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Preface to the Second Edition

The publication of the first edition of the Handbook of
Obesity occurred just as the Food and Drug Adminis-
tration requested the recall of fenfluramine and dexfen-
fluramine. Each drug alone and in combination with
phentermine had been associated with a rash of valvular
heart disease. These cases were similar to some seen with
the carcinoid syndrome that secretes serotonin. There
was an accumulation of material on the aortic valves in
the heart that made them leaky. The good news is that
many of these valvular lesions have been reversible
when the drugs were discontinued, and there are no
cases known to us of progression after the drugs were
stopped.

Thus, at the time the first edition of theHandbook of
Obesity was published, the chapters dealing with fen-
fluramine and combination therapy were already out of
place. In addition, there were few drug treatments on the
horizon.

In spite of this negative impact, the scientific advan-
ces preceding the publication of the first edition had
been substantial. As we began to plan the second
edition, we reviewed each of the 49 chapters in the first
edition. The major changes were in the therapeutic area
where many new drugs were under evaluation and
where new strategies for prevention of obesity were
being evaluated.

Based on these advances in the therapeutic area,
we added 12 new chapters, which made a substantially

longer volume with 61 chapters. We thus decided to
divide the handbook into two separate volumes. The
first deals with the prevalence, etiology, and consequen-
ces of obesity. In the second volume we have included
the chapters dealing with evaluation, prevention, and
treatment.

In this volume we cover the history, definition,
prevalence, etiology, and pathophysiology of obesity.
The prevalence of obesity continues to increase rapidly
(Chaps. 4, 6, and 7). At present more than 60% of adult
Americans are overweight and more than 30% are
obese. Important ethnic differences led to the addition
of a chapter dealing with this important subject (Chaps.
2 and 3). We also have a new chapter on the fetal origins
of obesity and the impact that the intra-uterine environ-
ment has on future risks for developing obesity. The
costs of obesity have become more important for indi-
vidual nations, and the chapter on this subject has been
expanded (Chap. 8).

Genetic and molecular biology are important areas
for research and are promising the pharmaceutical in-
dustry new approaches to the problem (Chaps. 9 and
10). The importance of animal models has resulted in
the addition of a second chapter on this area (Chap. 12).
The regulation of food intake in animals and humans
provides important new insights into the ways they
choose and regulate their energy intake (Chaps. 13–
16). The epidemic of AIDS has added a new variety of
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fat accumulation associated with treatment with pro-
teases and we have added a chapter to cover this area
(Chap. 19). The importance of visceral and total body
fat continues to expand. One of the key new develop-
ments of the 1990s was the recognition that the fat cell
is one of the most important endocrine cells in the body.
We have recognized this with several chapters on adi-
pose tissue (Chaps. 17, 18, 20, 21, and 22). We have also
recognized the importance of obesity in the function of
the classical endocrine glands such as the adrenal,
thyroid, pituitary and gonads (Chaps. 25, 26, and 27).
The other side of the energy balance from food intake is
energy expenditure. This subject too receives substan-
tial discussion in several chapters (Chaps. 23, 24, and
28). Muscle metabolism and nutrient partitioning are
the final two chapters in this section.

Obesity has a myriad of effects on the health of
human beings. Obesity increases the risk of death, as
discussed in Chapter 31. The metabolic syndrome, as a
collection of findings that predict health risks, has
become considerably more important in the past decade

and has been discussed by one of the scientists who
originated this concept (Chap. 32). We have also invited
chapters dealing with the cardiovascular system, blood
pressure, lipoproteins, diabetes, gall bladder disease,
pulmonary function, arthritis, and pregnancy. To end
this volume we have included a discussion of the role of
physical activity in health and the effect of obesity on
the quality of life (Chaps. 42 and 43).

We are indebted to a number of people for this vol-
ume. Ms. Nina Laidlaw and Ms. Heather Miller at
the Pennington Biomedical Research Center have pro-
vided able assistance to the editors. At Marcel Dekker,
Inc., Ms. Moraima Suarez has taken the principal role.
We are both indebted to each of these three people.
Without the excellent writing from each of the authors
and their collaborators, we would not have the superb
chapters that make up this volume. We thank all of
them.

George A. Bray
Claude Bouchard
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Preface to the First Edition

This volume has been designed to provide up-to-date
coverage of the range of subjects that make up the field
of obesity research. The chapters have been written by
many of the leading scientists and clinicians in the field.

We have divided the book into four sections. Part one
deals with the history, definitions, and prevalence of
obesity. The first of these nine chapters outlines the his-
tory of obesity using a series of timelines to put the
important events in the development of obesity research
into the historical context. This is followed by a chapter
written by the three editors on definitions that can be
used to frame the subjectmatter of obesity. A chapter on
the measurement of body composition follows. The
global prevalence of obesity in children and in the elder-
ly is then presented in three separate chapters. This
section ends with a discussion of the behavioral and psy-
chological correlates of obesity, and the cultural context
in which obesity is viewed by different ethnic groups.

The second section focuses on the etiological factors
involved in the development of this problem. The first
chapter is a detailed presentation of the genetics of
human obesity. A genetic approach has proved partic-
ularly important since the discovery of leptin and the
rapid mapping of genetic loci that are associated with
the development of obesity. A great deal has been
learned about obesity from the study of animals models,
a variety of which are presented by two of the experts in
the field. The third chapter deals with the rise of genetic

approaches to obesity, which has been aided by advan-
ces in molecular biology. There follow three chapters
on the intake of food. One of these deals with this
problem in humans, the second with the problem in
animals, and the third with the neural basis for the
intake of food in both humans and animals. Together
these chapters provide a vivid view of the current stand-
ing of the field of nutrient intake.

Our understanding of the importance of adipose
tissue has steadily increased, from regarding it as a
simple storage organ to recognizing it as a secretory
organ as well. The important differences between white
and brown adipose tissue have also been elucidated, and
their role in the development and maintenance of
human obesity defined. These concepts are developed
in the next four chapters. The final group of chapters in
the second section deals with energy expenditure. There
is a chapter on energy expenditure and thermogenesis
during rest and one on physical activity and its relation
to obesity and food intake. Finally, the roles of the
endocrine system, the autonomic nervous system, and
substrate handling are discussed. From this second
section the reader should obtain a detailed understand-
ing of the genetic basis of obesity; the role and control of
food intake in the development of obesity; the way fat
cells function as a storage, thermogenic, secretory or-
gan; and, finally, the way in which energy expenditure is
controlled and involved in the development of obesity.

v



The third section deals with the pathophysiology of
obesity, that is, the mechanisms by which obesity pro-
duces damaging effects on health. The first two chapters
in this section deal with the role of central fat and the
metabolic syndrome. This is followed by a detailed dis-
cussion of the effects of obesity on a variety of individual
organ systems. Three chapters are devoted to problems
of the cardiovascular system and lipoprotein abnormal-
ities, which are important consequences of obesity.
Diabetes is one of the most frequent problems associ-
ated with obesity, as explained in one chapter. The ways
inwhich obesity enhances the risk of gall bladder disease
are developed in another chapter. This is followed by a
clear discussion of the pulmonary problems arising
from obesity, one of which (the Pickwickian syndrome,
or sleep apnea) is named after the famous fat boy, Joe, in
Dicken’sPickwick Papers. Obesity has important effects
on the risk for gout and arthritis and this is discussed in
a separate chapter. Two chapters in this section deal
with the effects of obesity on endocrine function and
pregnancy. Finally, the problem of weight cycling and
the risk of intentional and unintensional weight loss are
discussed in two chapters that have picked up important
themes of obesity research and put them into a valuable
perspective.

The final section deals with prevention and treat-
ment. Since an ounce of prevention is worth a pound of
cure, the section begins with a chapter on prevention.
This is followed by a clinically useful set of guidances for

the evaluation of the overweight patient. The corner-
stones for treatment of obesity—behavior therapy, diet,
and exercise—are presented in three separate chapters.
These are followed by three important chapters on the
management of diabetes, hypertension, and hyperlipi-
demia in the obese individual. Finally, there is a chap-
ter on the current status of pharmacological treatment
of obesity and a chapter on the surgical approaches
that can be used for an individual for whom other
approaches to treatment have failed.

The preparation of this volume has required the work
of many people. First, we want to thank the authors and
their secretarial assistants for submitting the chapters so
promptly. This will make the entire volume timely.
Several individuals in the editors’ office have also played
key roles in moving this forward. We want to thank
especially Ms. Millie Cutrer and Terry Hodges in Baton
Rouge, Ms. Karen Horth and Ms. Diane Drolet in
Quebec City, and Ms. Jean James in Aberdeen. The
guiding hand at Marcel Dekker, Inc., who has been so
valuable in nudging and cajoling us along when we
needed, is Ms. Lia Pelosi. We thank you all and hope
that the readers appreciate the important role each of
you, and others we have not mentioned, including
especially our long-suffering families, has made to the
success of this volume.

George A. Bray
Claude Bouchard
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Historical Framework for the Development of Ideas
About Obesity

George A. Bray

Pennington Biomedical Research Center, Louisiana State University, Baton Rouge, Louisiana, U.S.A.

I INTRODUCTION

Religions dissipate like fog, kingdoms vanish, but
the works of scientists remain for eternity.

Ulug Beg, 15th century
(cited in Uzbekistan:

Macleod and Maghew, p 17.)

We do not live in our own time alone; we carry our
history within us.

Gaarder (1:152)

The goal of historical scholarship is said to be to
reconstruct the past, but the only past available for
reconstruction is that which we can see from the
present. The nature of science as an analytical
discipline, involved at one and the same time in the
uncertainties of discovery and in the accumulation
of a body of objective knowledge, raises some
special problems of historical reconstruction.

Crombie (2:4)

This last quote applies admirably to this chapter on the
history of obesity ‘‘as an analytical discipline. . . and the
accumulation of a body of objective knowledge.’’ In this
chapter I will explore the historical framework in which
this accumulation of a body of objective knowledge
about obesity has occurred. I am not a historian and
thus lack the perspective of someone trained in that

field. I am rather a practicing scientist who has tried to
understand the processes of experimental science to
apply them to improving my own science. In an earlier
review (3) I covered a number of concepts in the history
of obesity. Other historical milestones for obesity have
been examined in the selections I wrote for the Classics
in Obesity section of the journal Obesity Research (4–
33). This book will build on these earlier papers and
attempt to place these contributions to the field of
obesity into a broader historical context (34,35).

This part of the chapter is divided into sections. The
first will review the limited data on obesity in prehistoric
times. The second section will consider obesity from the
beginning of recorded history (ca 3600 BC) to the onset
of the scientific era (ca AD 1500). The third section will
cover the development of concepts about obesity in the
scientific era from AD 1500 to 1900, and the fourth
section will deal briefly with the 20th century. Although
these divisions are arbitrary, they provide the frame-
work that will be used in this chapter.

To facilitate placing the scientific events discussed
in this chapter into a broader historical context, I have
prepared a series of timelines beginning in AD 1500.
Each one covers one century, and places historical
developments in the fields of science and other social
and political events in relation to milestones in obe-
sity. Although the discussion will range into fields
prior to the beginning of the period called the ‘‘scien-
tific era’’ (AD 1500 to the present), the timeline begins
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with the period which I have called the scientific era
(ca AD 1500) and continues to the present. The
prescientific era is defined for the purpose of this
paper as prior to the development of the printing
press by Gutenberg in 1456, but for convenience, it
will be dated at AD 1500.

Clearly, there were many important scientific and
mathematical advances before 1500 (36,37). However,
the advent of printing with movable type and the
appearance of the scientific method led to an accel-
erating rate of scientific advance after AD 1500. The
timeline consists of 11 separate lines, showing develop-
ments in science and technology, anatomy and histol-
ogy, physiology, chemistry/biochemistry, genetics,
pharmacology, neuroscience, and clinical medicine.
Observations in clinical medicine related to obesity
antedate 1500, but the impact of many discoveries on
scientific medicine was delayed until the beginning of
the 19th century. If one wanted a demarcation line for
the beginning of modern medicine, it might well be the
French Revolution (1789–1800) (38,39).

II PREHISTORIC MEDICINE

(f3000 BC)

A Paleomedicine

The study of medicine prior to written history can be
done from artistic representations, from skeletal finds
and related artifacts. Among the earliest evidence of
man’s therapeutic efforts were those aimed at the relief
of fevers and burns, attempts to relieve pain and to stop
bleeding. Trepanning, or drilling holes in the skulls to let
out ‘‘evil spirits,’’ to treat ‘‘epilepsy,’’ or to relieve skull
fractures, was practiced inmany parts of the world up to
the 19th century. The medicine man and the relation of
magic and religion to healing and disease are prominent
features of prehistoric medicine are present and in some
rural cultures, even today. That obesity was known in
this early period is evident from Stone Age artifacts.

B Stone Age Obesity

1 Paleolithic Artifact

Table 1 is a list of several artifacts from the paleolithic
stone age that depict obesity. These artifacts were found
across Europe from southwestern France to Russia
north of the Black Sea. The location in which they were
found and their appearance is shown in Figure 1. They
were produced during a fairly narrow time frame in the
early Upper Paleolithic period (Upper Perigordian or
Gravettian) some 23,000–25,000 years ago (40). They

are distributed over >2000 km from west to east. Their
composition is ivory, limestone, or terracotta (baked
clay). The most famous of these is the Venus of Wil-
lendorf, a small statuette measuring 12 cm in height with
evidence of abdominal obesity and pendulous breasts
(41). The similarity in design of these artifacts as shown
in Figure 2 suggests that there may have been commu-
nication across Europe during this period of glaciation.

This and the other paleolithic female figurines are
frequently viewed as primordial female deities, reflect-
ing the bounty of the earth (42). In a review of
historical ideas published as a thesis in 1939, Hautin
(43) concludes that these figures prove the existence of
obesity in the paleolithic era and that they also symbol-
ize the expression and possible esthetic ideals of the
period. ‘‘The women immortalized in stone age sculp-
ture were fat; there is no other word for it. . . [O]besity
was already a fact of life for paleolithic man—or at
least for paleolithic woman’’ (42).

2 Neolithic Artifacts

The Neolithic period spans the time from 8000 BC to ca
5500 BC. This period saw the introduction of agricul-
ture and establishment of human settlements. The Neo-
lithic age and the Chalcolithic or Copper age, which
continued to 3000 BC, were notable for numerous
Mother Goddess artifacts found primarily in Anatolia
(currently Turkey). The richest finds are from the
excavations at Catalhoyuk and Hacilar and are from
the period between 5000 and 6000 BC. Most of these
figurines are made of terracotta, but a few are of lime-
stone or alabaster. Their corpulence is abundantly
evident in the pendulous breasts and large abdomino-
gluteal areas. They range in height from 2.5 to 24 cm,
but most are between 5 and 12 cm. They are seated,

Table 1 Paleolithic Venus Figurines with Prominent
Obesity

Place found
Number
found Height Composition

Willendorf, Austria One 11 cm Limestone
Dolni Vestonice,

Czeckoslovakia

Many 11.4 cm Terracotta

Savignano, Italy One 24 cm Serpentine
Lespugue, France One 14.7 cm Ivory
Grimaldi, France Many Terracotta

Laussel, France Many 40 cm Terracotta
Kostenki, Russia Many 47 cm Ivory
Gagarino, Russia Many Ivory
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standing, or lying. One of the most famous from Cata-
lhoyuk is 20 cm tall. She sits on a throne with two lions
serving as her arm rests. The figurines from this period
show exaggeration of the hips, belly, and breasts, with
genital areas indicated by triangular decoration, sym-
bolizing motherhood and womankind, attributes which
are shared by later Mother Goddess figurines from
Kybele to Artemis. It is important to note that no deity
or mythological figure has ever borne as many different
names as the Mother Goddess. On the Kultepe tablets
(1800 BC) she is known as Kubaba; the Lydians called
her Kybebe; the Phrygians, Kybele; and the Hittites,
Hepat. In ancient Pontic Comana (near Tokat) and
Cappadocian Comana (Kayseri), she was known by the
ancient Anatolian name of Ma. She was Marienna and
Lat to the Sumerians, Arinna to the people of the Late
Hittite period, Isis to the Egyptians, Rhea to theGreeks,
Artemis to the Ephesians, and Venus to the Romans.
The name Kybele has even survived into modern times
as the Anglo-Saxon Sybil and its variants, and Turkish

Sibel. At Catalhoyuk she is depicted as giving birth to a
child; at Hacilar she is holding a child. This child is
represented in later mythology by gods such as Attis,
Adonis, and Tammuz (44).

III MEDICINE AND OBESITY FROM

RECORDED HISTORY TO AD 1500

(PRESCIENTIFIC MEDICINE)

Medical traditions have developed in all cultures.
Several of these are described below, along with
evidence that obesity was present. Evidence for obe-
sity has been identified in all of these medical tradi-
tions and geographic regions, suggesting that
independent of diet, the potential to store nutrients
as fat was selected for by evolution at an early period
in human development.

Medical traditions are an integral part of all soci-
eties. Many factors influence the cultural sophistica-

Figure 1 Map showing location of the paleolithic ‘‘Venus’’ figurines. Note that obese figurines have been found throughout

Europe and in the Middle East.
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tion achieved by these societies, including agricultural
practices, development of writing and metallurgy, and
the political climate. Several of the most sophisticated
cultures have developed between two great river
systems, and this has given rise to the two-rivers
hypothesis of cultural development. These rivers are
the Yellow River and the Yangtse River in China; the
Ganges and Indus Rivers in India; the Amu Darya
and Syr Darya Rivers in Central Asia; and the Tigris
and Euphrates Rivers in the fertile crescent of the
Middle East. In all of these societies, whether in two
rivers or otherwise, there have been many examples
of ‘‘obesity.’’

A Mesopotamian Medicine

The Tigris and Euphrates River basin was the land of
healers and astrologers. Cuneiform writing, libraries,
sanitation, and medical knowledge are evident by 3600

BC. Of the 30,000 clay tablets with cuneiform writing
that were recovered in the library at Ninevah from ca
2000 BC, 800 are related to medical matters. The
medical armamentarium of Sumerian physicians con-
sisted of more than 120 minerals and 250 herbs
including cannabis, mustard, mandragora, belladonna,
and henbane (45). A terracotta statuette showing
enormously fat thighs and arms was found at Susa
in the middle Elamite period in the 12th century BC
(46,47), indicates the continuing representation of
obesity in artifacts of the female body.

B Egyptian Medicine

Paralleling theMesopotamianmedical traditionwas the
tradition of medicine in Egypt where the relationship
between priests and physicians was very close. Imhotep,
who became the god of healing, began as a Viser toKing
Zoser (2900 BC). Imhotep was a man of great accom-
plishment who in addition to being a physician was an
architect, a poet, and a statesman. Two major archeo-
logical finds, the Edwin Smith papyrus (48), written
between 2500 and 2000 BC, and the Ebers papyrus,
written ca 1550 BC, provide major knowledge about
medicine in Egypt. Obesity was known to the Egyptians.
A study of royal mummies showed that both stout
women (Queens Henut-Tawy and Inhapy) and stout
men were not uncommon in Egypt, at least not among
the higher classes, although ‘‘obesity was regarded as
objectionable’’ (49). Several examples of obesity are also
seen in the stone reliefs which were the principal artistic
medium. A doorkeeper in the temple of Amon-Ra
Khor-en-Khonsu; a cook in Ankh-ma-Hor’s tomb
(6th dynasty) (50); a fat man enjoying food presented
to him by his lean servants inMereruka’s tomb; the local
yeoman, the famed Sheikh et Balad (49); and the grossly
obese harpist playing before the prince Aki (Middle
Kingdom) (51). Studies of the skinfolds of mummies
such as Amenophis III and Ramses III show that they
were fat (51). One of the most interesting figures is that
of the Queen of Punt from the temple of Queen Hat-
shepsut, Deir el-Bahri (18th dynasty). She has marked
steatopygia and appears to have shortening of the lower
extremities, suggesting dyschondroplasia or dislocated
hips (49–52).

C Chinese and Tibetan Medicine

The early Chinese believed that disease was sent by the
gods or by demons. Bone inscriptions indicate the
presence of leprosy, typhoid fever, cholera, and plague.
Anatomic dissection was not permitted because of

Figure 2 Similarity in design of the ‘‘Venus’’ figurines. All
of the figures identified have similar structural features,
although they were composed of several different materials.
This similarity suggests that there may have been

communication or migration among these sites during the
Upper Paleolithic period.
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ancestor worship. The Yellow Emperor (HuangDi) and
the Divine Farmer (Shen Nong Bencaojing) are the
legendary founders of Chinese Medicine (53). The Chi-
nese pharmacopeia contains 365 herbal medicines. The
Hung Tu Hei Ching (Yellow Emperor’s Inner Canon)
dates from 200 BC and is a dialogue on bodily functions
and disease. In China, Zhang Zhongjing was considered
the Father ofMedicine, the equivalent ofHippocrates in
Greece. Zhang described symptoms and treatment for
many diseases. Hua Toh (3rd century AD) is the only
known surgeon from ancient China. Acupuncture, the
art of treatment by inserting sharp needles into the
body, was developed and reached its zenith in China.
This technique of placing sharp objects in the pinna of
the ear to reduce ‘‘appetite’’ has been used to treat
obesity.

The Tibetan offspring of the Chinese Tradition is
beautifully illustrated in the 17th-century treatise The
Blue Beryl, composed by Sangye Gyamtso, the scholar
and regent of Tibet. It is an erudite yet practical
commentary on the ancient text entitled The Four
Tantras (54). In this text obesity is described as a
condition requiring catabolic treatment. It also notes
that ‘‘overeating. . . causes illness and shortens life span.
It is a contraindication to the use of compresses or mild
enemas.’’ For treatment of obesity two suggestions are
made: ‘‘The vigorousmassage of the bodywith pea flour
counteracts phlegm diseases and obesity. . .. The gullet,
hair compress and flesh of a wolf remedy goiters, dropsy
and obesity’’ (54).

D Indian Medicine

The fourth great medical tradition is that of Indian
medicine (53). In the sacred medical texts of Ayurvedic
medicine, sin was viewed as the cause of disease, and
medical knowledge was closely interwoven with religion
and magic. The Caraka Samhita was the first document
on Indian medicine, and the Susruta Samhita was the
second great medical Sanskrit text. The Caraka Samhita
described 20 sharp and 101 blunt instruments as well as
an operating table. At least 500 drugs are listed along
with 700 medicinal herbs including, among others,
cinnamon, borax, castor oil, ginger, and sodium car-
bonate. The Ayurveda recommended the administra-
tion of testicular tissue (organotherapy) as a cure for
impotence as well as for obesity (55).

E Meso-American medicine

Prior to the ‘‘discovery’’ of the New World by Colum-
bus in 1492, there were three high cultures in the Meso-

American world. The Incas occupied the highlands
along the west coast of what is now Peru. The Mayan
culture occupied the Yucatan Peninsula and surround-
ing areas of Central America, and the Aztecs con-
trolled the central plateaus of Central America. When
Columbus, Cortez, and their compatriots arrived in
the new world, the Meso-American cultures were
exposed to several devastating diseases, including
measles, smallpox, and chickenpox, which were more
lethal than the military armaments the invaders
brought. The Pre-Columbian Americans still lived in
a Stone Age culture, but were highly sophisticated in
their knowledge of mathematics, astronomy, and lan-
guage. Among the most useful drugs discovered in the
New World was the Cinchona bark (quinine), which
was used to treat fevers, including malaria. Diseases
were believed to be caused by supernatural, magical,
and natural causes. Treatment was related to the
cause (56). One of the sources of information about
disease in Pre-Columbian societies is their sculptured
artifacts. These figurines represent malnutrition,
deformity, and physical illness (57). Some of the
individuals represent people suffering from various
diseases including spinal defects, endemic goiter, obe-
sity, eye diseases, and skin ailments (57).

F Greco-Roman Medicine

From the vantage point of Western civilization, Greco-
Roman medicine has been the major source of our
medical tradition. The health hazards associated with
obesity were clearly noted in the medical writings of
Hippocrates, where he states, ‘‘Sudden death is more
common in those who are naturally fat than in the lean’’
(58). These traditions also note that obesity was a cause
of infertility in women and that the frequency of menses
was reduced in the obese.

Galen was the leading physician of Roman times.
His influence on medicine and medical teaching lasted
more than 1000 years. He identified two types of obe-
sity, one he called ‘‘moderate’’ and the other ‘‘immod-
erate.’’ The former is regarded as natural and the other
as morbid.

Descriptions of sleep apnea associated with obesity
also date from Roman times. Dionysius, the tyrant of
Heracleia of Pontius, who reigned ca 360 BC, is one of
the first historical figures afflicted with obesity and
somnolence. This enormously fat man frequently fell
asleep. His servants used long needles inserted through
his skin and fat to awaken him when he fell asleep.
Kryger cites a second case of Magas, King of Cyrene,
who died in 258 BC. He was a man ‘‘weighted down
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with monstrous masses of flesh in his last days; in fact
he choked himself to death’’ (59,60).

G Arabic Medicine

With a decline of Roman influence after AD 400,
scholarly activity shifted from Rome to Byzantium
and then to the broader Arabic world following the
rise of Islam in the 7th century. One of the leading
figures of this medical tradition was Abu Ali Ibn Sina,
or Avicenna in its Westernized form. Like Galen, he
was an influential author who published more than 40
medical works and 145 works on philosophy, logic,
theology, and other subjects. Obesity was well known
to this Arabic physician. His approach to treating
obesity is described later.

With increasing trade and travel, the European cul-
ture gradually reestablished contact with Arabian med-
icine and the Roman traditions it absorbed. Both the
Crusades and the invasions by the Arabs of the Pelo-
ponessus and southern Spain brought an infusion of
classical knowledge from which came the Renaissance
and the beginning of the ‘‘scientific era’’ (2,61).

IV SCIENTIFIC MEDICINE

(1500 TO PRESENT)

The remainder of this chapter will focus on science and
medicine since 1500. Medieval science (1150–1450) was
constrained by the earlier Greek paradigm of Aristote-
lian science and the Arabic renderings of these teachings
by Avicenna.With the introduction of instruments such
as the mechanical watch, the magnetic compass, and the
magnifying glass, it became possible to quantify and
critically examine some features of human experience
and the underlying philosophical tradition. Out of this
interaction grew the experimental method of verifica-
tion and falsification which provides the basis of the
Scientific Era (62).

In the following sections, I will review each of the
major areas that affect the development of the ‘‘science
of obesity.’’ To put this in the broader context, the
reader is referred to the timeline in Figures 3–7.

A Anatomy

The date 1543 is pivotal in the story of anatomy and for
scientific thought in general. That was the year that
Vesalius published his treatise on human anatomy (63),
the first truly modern anatomy based on his own

dissections. Andreas Vesalius was only 28 years old
when he published his masterpiece. In 1543, Copernicus
(64) also published his book on the solar system, argu-
ing that planets revolved around the sun. In his accurate
and careful dissections, Vesalius showed that the human
body could be directly explored by appropriate exper-
imental methods. In so doing, he applied the concept of
direct verification and experimental manipulation and
identified a number of inaccuracies in the anatomy of
Galen, which appears to have been based on animal
dissections and treatment of wounded gladiators.

A key element in communicating these discoveries,
including those of Vesalius and Copernicus, was the
process of movable type and printing invented by
Gutenberg. This technical development was followed
by the steady distribution of printing presses through-
out Europe over the next 50 years. The printing press
made classical literature widely available and made it
possible to communicate original observations to an
ever-growing audience in a relatively short time, as
contrasted to handwritten books. The revolution in
communication had begun, and the age of anatomy,
ushered in at the beginning of the 16th century,
expanded rapidly. This was also the peak of the Ren-
aissance. Up to the 16th century, Galen and his writ-
ings from Roman times and the Canons of Avicenna
from Arabic medicine had been the main source of
information about anatomy, physiology, and clinical
medicine. Although there is no clear evidence that
either Galen or Avicenna ever dissected a human
cadaver, their influence was only broken by the appli-
cation of direct observation and verification after hun-
dreds of years.

The first anatomical dissections of obese individuals
are attributed to Bonetus (65). Other descriptions ap-
pear in the publications by Morgagni (66), by Haller
(67,68), and most particularly by Wadd (69). Of the 12
cases presented in Wadd’s book, Comments on Corpu-
lency, Lineaments of Leanness, two had been examined
at postmortem and had been found to have enormous
accumulations of fat. This was the first instance of a
monograph devoted to obesity that contained anatom-
ical dissections.

B Microscopic Anatomy (Histology)

The invention of the microscope in the 17th century
moved anatomy to the next level. By the middle decades
of the 17th century, early microscopists had begun to
publish the results of their histologic investigation using
simple microscopes. The important initial observations
by Malpighi (70), Hooke (71), and Leeuwenhoek (72)
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Figure 3 Timeline for developments in science, obesity, and contemporary events in the 16th century.
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Figure 4 Timeline for developments in science, obesity, and contemporary events in the 17th century.
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Figure 5 Timeline for developments in science, obesity, and contemporary events in the 18th century.
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Figure 6 Timeline for developments in science, obesity, and contemporary events in the 19th century.
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Figure 7 Timeline for developments in science, obesity, and contemporary events in the 20th century.
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identified the pulmonary circulation, the fine structure
of small animals and red blood cells, among others.

Gradually, the sophistication of the microscope
improved, first with the introduction of the compound
microscope and then with achromatic lenses. These
developments made microscopes sufficiently powerful
to define intracellular structures. This led to the concept
of the ‘‘cell’’ as the basic unit of life by the middle of the
19th century. It was the combination of the compound
achromatic microscope, which allowed sufficient reso-
lution to distinguish the multiple intracellular compo-
nents of cells, coupled with the intellectual genius of
Schwann (73) and of Schleiden (74) that recognized the
unifying principles of the cell wall, nucleus, and an area
of structures surrounding this nucleus as the basic
elements of cell biology. Shortly afterward, the first
substantial textbooks of microscopic anatomy were
published (75,76), and shortly after that, the recogni-
tion of the fat cell as a member of this group. A
description of the growth and development of fat cells
was published in 1879 by Hoggan and Hogan (77). In
his early observations on the development of the fat
vesicle, Hassall (78) suggested that certain types of
obesity might result from an increased number of fat
cells. It was more than a century later that the work of
Bjurlf (79), of Hirsch (80), and of Bjorntorp (81)
elaborated this important concept as the ‘‘hyperplas-
tic’’ form of obesity. Within 20 years following the
promulgation of the cellular theory of biology (73,74),
Virchow (82) provided a cellular interpretation of
pathology. The next advance in microscopic anatomy
was the introduction of the electron microscope by
Knoll and Ruska in 1932 (83), which has provided a
detailed look at all elements of the fat cell (84).

C Physiology

The application of experimental methods is nowhere
better illustrated than in the discovery of the circulation
of the blood by William Harvey in 1616, which he
published in 1628 (85). His theory is monumental in
the way that experimental observations and human
reasoning were brought together. His theory of the
circulation of the blood was published before the capil-
laries that connect the arterial and venous circulations
had been described (70). While in medical school in
Padua, Harvey had seen his professor, Fabrizio of
Aquapendente, demonstrate the presence of valves in
the veins that only allowed blood to flow one way. At
some point between his graduation from Padua in 1596
and his anatomic dissections at the Royal College of
Physicians in London in 1616, he realized the impor-

tance of the valves in the veins (86). He presented his
‘‘discovery’’ to the Royal College of Physicians in 1616
to a ho-hum reception. Gradually, the importance of
the discovery and of the method by which he argued
its cogency became apparent. He demonstrated exper-
imentally that the valves in the veins allowed blood to
travel in only one direction. From the limited quantity
of blood in the body, he argued that the blood must
circulate and be reused. It was, however, not for
another 50 years that the capillary circulation was
demonstrated by Malpighi (70).

The early physiological studies by Harvey on the
circulation of the blood set the stage for further work in
physiology. Two of these themes are particularly rele-
vant to obesity. The first is metabolism and the second
digestion. In 1614, Santorio (87,88) described his meta-
bolic balance, a pulse watch for measuring the pulse and
a way of measuring temperature. He was following the
dictum of his contemporary, Gallileo, who said: ‘‘Meas-
ure what can be measured, and make measurable what
cannot be measured’’ (1). The balance that Santorio
constructed consisted of a platform on which he could
sit, counterbalanced by a beam towhichweight could be
added or subtracted to record changes in his weight
related to bodily functions. With this system, he could
measure his food intake and his excretory losses. In
more recent times, Newburgh and his colleagues (89)
used a similar method to record the loss of water with
respiration and showed that it accounted for f24% of
the heat produced by the body. The seminal contribu-
tions to metabolic work qualify Santorio Santorio for
the title of Father of Metabolic Obesity.

The second group of physiological studies that relate
to obesity were those on the gastrointestinal tract and
digestion. In 1752, Reamur (90) succeeded in isolating
the gastric juice from his pet kite and showed that it
digested food. Later in the 18th century, Spallanzani
(91,92) showed that gastric juice would digest food and
prevent putrefaction outside the body. The American
William Beaumont (93) published data from his direct
observation of digestion made possible by studies of a
patient, Alexis St. Martin, who suffered a bullet wound
in his abdomen that healed with a fistula allowing direct
observation of the stomach and its contents (93).
Understanding of the way food was digested and
absorbed was advanced by Magendie and his distin-
guished pupil Claude Bernard, one of the leaders of the
French physiological school. It was Bernard who dem-
onstrated the digestive function of the pancreas (94).

These 18th- and 19th-century observations on diges-
tion were followed in the early 20th-century by the
seminal and long-lasting theory that hunger resulted
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from gastric contractions. This theory was based on
direct measurements of the association of gastric con-
traction with hunger by Washburn and Cannon (95)
and independently by Carlson (96).

D Chemistry and Biochemistry

Modern chemistry might be traced to the l7th century
work of Robert Boyle, who established the concept of
chemical elements (97,98). By the late 17th century,
Boyle (98) recognized that when a lighted candle went
out, a mouse living in the same environment rapidly
died. It was clear that some important element was
present in the air that was essential for life and for the
candle to burn. At the beginning of the 18th century,
Georg Stahl (99) postulated that this substance was
phlogiston. It was not until the work of Priestley (100),
of Scheele (who simultaneously discovered what we
now call oxygen) (101), and particularly of Lavoisier
(102), that the Phlogiston Theory was replaced by the
Oxygen Theory of Combustion.

The Oxygen Theory culminated from the research of
Lavoisier in the last three decades of the 18th century.
Lavoisier recognized that oxidation meant combining
with oxygen. His experimental work showed that
metabolism was similar to combustion (102). Lav-
oisier’s death at the hands of Revolutionary French
government in 1794 deprived humanity of one of its
great intellects.

The legacy of Lavoisier from the 18th century served
as the basis for the laws of the conservation of mass and
energy (103) and formed the basis for the work of
Rubner (104,105), who formulated the Law of Surface
Area based on the observation of a linear relationship
between metabolic expenditure of animals of many
sizes and their surface area [body weight]0.7. This Law
of Surface Area and the work of Voit and Pettenkofer
(106) in Germany were the framework on which
Atwater and Rossa constructed the first functional
human calorimeter at Wesleyan College in Middle-
town, CT, in 1896 (107). The instrument served as a
tool for extensive studies on metabolic requirements
during food intake and on the effects of starvation by
Atwater (108) and by Benedict (109,110).

Following the work of Atwater and Benedict in the
early 20th century, studies using metabolic chambers
languished until after World War II. The earliest of
these post–World War II chambers was built in Paris,
France, and at the National Institutes of Health in
Bethesda, MD. However, it was the chamber built in
Lausanne, Switzerland, by Jequier (111) that provided
the most extensive and continuing series of studies on

energy expenditure in human subjects in the post–
World War II period. This chamber and similar units
built in Phoenix, AZ, are patterned after the one in
Lausanne and the one in London built by Garrow
(112), have shown that for human beings, fat-free mass
provides a slightly better relationship for energy
expenditure than surface area. Utilizing this informa-
tion, several predictors of obesity have been developed
including a low metabolic rate, a high rate of carbo-
hydrate oxidation as indicated by a high RQ, and
insulin sensitivity (113).

The study of energy expenditure in human beings and
animals has advanced rapidly in the past two decades
following the introduction of doubly labeled water as a
technique for measuring total energy expenditure in
free-living subjects (114). Doubly labeled water meas-
ures energy expenditure by following the path of
deuterium and oxygen through the metabolic path-
ways in the body. Deuterium can only be excreted as
water, while 18O can be excreted as water or as carbon
dioxide following respiratory combustion of carbon
containing compounds. Thus, the ratio of deuterium
to 18O gradually diverges following the administration
of these isotopes as water, and this rate of diversion can
be used to calculate energy expenditure if the respira-
tory quotient is known. Application of this technique to
human beings shows that overweight people under-
estimate their dietary intake more than do normal-
weight people (111,115). This tool has provided a new
paradigm in which to assess energy needs and questions
the validity of data obtained from dietary records.

The chemistry of biological systems was the natural
outgrowth of chemistry. The term ‘‘biology,’’ as the
study of living things with the ‘‘cell’’ as its basal unit,
was a 19th-century concept. Biological chemistry or
biochemistry is also a 19th-century concept that may
be dated from the demonstration by Wohler (116) in
1828 that urea, an organic molecule, could be synthe-
sized from inorganic materials.

The study of body composition was also an impor-
tant 19th-century contribution to the biochemistry of
obesity. Chemical analysis of human cadavers was
conducted, and the fat stores in adipose tissue were
demonstrated to be primarily triglyceride (116).

Biological chemistry in the mid-19th century was
dominated by Claude Bernard (117) and his teacher
Magendie (118) France and by Liebig and his studies
of food chemistry in Germany (119). Magendie was a
leader in the application of the experimental method
to the study of living animals. His pupil, Claude
Bernard, discovered liver glycogen as the source of
blood glucose (117). He also showed that damage
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(piqure) to the hypothalamus could produce glycosu-
ria. His scientific philosophy was one of ‘‘gradualism.’’
Scientific theory would naturally lead to step-by-step
progress, a concept that was a dominant element in
the 19th-century philosophy of science. This concept
of gradualism is in sharp contrast to the concept of
paradigm shifts (120) and scientific revolutions (121)
(see Sec. V).

Claude Bernard’s contemporary in Germany was
Liebig. His concept that the carbohydrates, proteins,
and fat were all that were needed for human nutrition
served as the basis for nutritional science during much
of the 19th century. Overthrow of this theory by the
discovery of vitamins at the turn of the 20th century
gave birth to a new and broader field of nutrition
(122). The development of nutrition through the first
half of the 20th century is epitomized by the discovery
of vitamins and their function. This era largely closed
in 1948 with the elucidation of the structure of vitamin
B12. With the closing of this era, the impact of macro-
nutrients again took center stage through the recogni-
tion of the role of dietary fats and obesity as ‘‘causes’’
of chronic disease (123,124).

The 20th century saw an explosion in the application
of chemical and biochemical techniques to the study of
obesity. Sophistication in the measurement of body
components has greatly expanded. The work by Benke,
Feen, and Wellman applied the techniques of density
for quantitating the fat and nonfat compartments of
the body (125). This methodology has been supple-
mented since World War II by the application of
radioactive isotopes (126) to the study of body compo-
sition by many workers (127). New techniques have
continued to provide ever better ways of characterizing
the human body. Radioactive isotopes have largely
been replaced by stable isotopes. The introduction of
ultrasound for measuring fat thickness, of computed
axial tomographic (CT) scans, and magnetic resonance
imaging (MRI) scans to measure regional fat distribu-
tion, the use of dual-energy x-ray absorptiometry to
measure body fat, lean body compartments, and bone
mineral, and the use of whole body neutron activation
have provided sophisticated techniques for accurate
and detailed determination of body composition in
vivo (128).

E Genetics and Molecular Biology

The setting for the biological revolution of the last
quarter of the 20th century had its roots in the mid-
19th century with the publication by Darwin of the
Origin of the Species (129) and byMendel of the unitized

inheritable traits subsequently called genes (130). In the
early 20th century, Garrod suggested the concept of
‘‘metabolic’’ disorders in a classic monograph (131).
Genetic work was greatly aided by the use of the fruitfly,
Drosophila, with their giant chromosomes, and of mice,
whose breeding cycle was relatively short. Gradually,
genetic material was traced to the nucleus and to
deoxyribonucleic acid (DNA). A new field of molecular
biology was born from the seminal work ofWatson and
Crick published in 1953 (132), who proposed the dou-
ble-helix model for the structure of this DNA leading to
the ‘‘cracking’’ of the genetic code and the development
of the tools of molecular biology. With these techniques
it became possible to identify and isolate the genes
underlying the rare forms of inherited obesity in ani-
mals and human beings (133–135). The Human
Genome Project has now completed the sequencing of
all of the genes in Drosophila melanogaster (136) and
the human genome.

The first genetic breakthrough in the study of obesity
came in 1992 with the identification of the genetic defect
in a mouse called the Yellow Obese mouse. The agouti
gene that produces this defect provides the information
to make a 133–amino acid peptide (133). In the Yellow
Obese mouse, the agouti gene is expressed in many
tissues where it is not normally expressed. The resulting
agouti protein serves as a competitor for melanocortin
receptors and through this mechanism can account for
the yellow coat color, hyperphagia, and obesity present
in these animals.

Shortly after the discovery of the agouti gene, the
genetic defect in the ob/ob mouse was identified (134).
The ob gene is altered with a stop message (codon) at
amino acid 105. This truncates the normal 167–amino
acid protein called leptin. Leptin in the normal animal
appears to signal the brain about the state of peripheral
fat stores and their adequacy for reproduction. Leptin is
also involved in modulating a number of other steroid
messages. In the obese (ob/ob)mouse, leptin will reverse
the obesity and correct the other defects.

The third obesity gene to be cloned was the gene
for the recessively inherited FAT mouse (135). The
nature of this gene defect was suspected from the
high levels of pro-insulin in these animals. Cleavage
of insulin to proinsulin requires the enzyme carbox-
ypeptidase-E. It was subsequently determined that
this gene was defective, resulting in defective syn-
thesis of hormones and neuromediators, from pro-
hormones and pro-neuromediators.

Genetic susceptibility for human obesity has also
benefited from the advances in genetics and molecular
biology (136). Beginning with the work of Davenport
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(137) on the inheritance of body mass index in families
and the work of Verscheuer on identical twins (138), a
growing body of data argues that important compo-
nents of total body fat mass and fat distribution are
inherited (139,140). From this basis in epidemiological
data, a search has begun for the genes involved in
human (141) and animal forms of obesity. From the
studies of responsiveness to dietary fat in animals, at
least 12 different genes have been identified as playing
a role (142,143). In human beings, a large and growing
number of candidate genes have been explored for
their possible relationship with the development of
obesity and several have been shown to contribute in
small ways to this syndrome (141).

F Pharmacology

The field of pharmacology, the study of drugs and their
biological effects, grew from a base in chemistry (144)
and the early findings in biology. Its early successes
included the isolation of morphine, strychnine, emetine,
and quinine, and the publication of the first Pharmaco-
peia by Magendie in 1822 (145). One of the major
advances in this field in the 19th century was the
introduction of anesthesia, which was discovered
almost simultaneously by three Americans—Crawford
Long, W.T.G. Morton, and Horace Wells—between
1842 and 1846 (146–148). The first effective public
demonstration was given in the Ether Dome of the
Massachusetts General Hospital in Boston in October
1846. This was followed by the introduction of car-
bolic acid to reduce infection in the operating room by
Sir Joseph Lister in 1865 (149,150).

The 19th century also saw a number of efforts at
‘‘pharmacologic’’ treatment of obesity. Among these
were the use of hydrotherapy and various laxatives
and purgatives. Thyroid extract was also initially used
to treat obesity in the late 19th century, beginning in
1893 (151).

A key element in the entire field of pharmacologywas
the discovery of aniline in the 19th century (152).
Developed by the dye industry, aniline served as the
base for synthesizing numerous drugs in the 20th
century and for the ‘‘magic bullet’’ concept of Ehrlich
(153). Dinitrophenol was one of those aniline products.
It was introduced for treatment of obesity, when
weight loss was noted in workers in the chemical
industry who handled dinitrophenol. This drug was
subsequently abandoned after it produced cataracts
and neuropathy. This tragedy of treatment shows the
need for careful clinical evaluation of drugs before they
are made available for general clinical use (154).

Amphetamine was a second product of the syn-
thetic organic chemical industry that was used for
treatment of obesity. In the 1930s, dextroamphet-
amine, which was synthesized in 1887 (155), was
shown to produce weight loss in individuals being
treated for narcolepsy (156). Because amphetamine is
addictive, it fell into disrepute and led to a negative
view of all drugs with a similar chemical structure.
However, the similarity of chemical structure on
paper proved misleading pharmacologically. The h-
phenethylamine chemical structure is the backbone of
amphetamine (a-methyl-h-phenethylamine). Amphet-
amine affects two neurotransmitters, dopamine and
norepinephrine. Modifying the h-phenethylamine
structure can completely change the effect on neuro-
transmitters. Phentermine is a h-phenethylamine
cousin of amphetamine that affects primarily norepi-
nephrine. Fenfluramine, another h-phenethylamine
cousin, is pharmacologically unrelated to amphet-
amine since it only affects serotonin.

G Neuroscience

A neural basis for some kinds of obesity became evident
at the beginning of the 20th century. The case reports by
Babinski (157) and byFrohlich (158) were preceded by a
case reported by Mohr (159). Each report described
single individuals who developed obesity in association
with a tumor at the base of the brain. This important
clinical finding opened a new field of research and
heralded the development of techniques to produce
obesity by injection of toxic material such as chromic
oxide at the base of the brain (160) or, more specifically,
by localized electrolytic or thermal damage to specific
hypothalamic nuclei (161). Such a specific anatomic
localization of hypothalamic centers where damage
would produce either increased food intake (damage
to ventromedial hypothalamus) or decreased food
intake (damage to lateral hypothalamus) (162) led,
in 1954, to the dual center hypotheses of Stellar (163),
which served as the basis for thinking about hunger
and satiety for the next 20 years.

It soon became clear that hyperphagia was not
essential for the development of obesity after a hypo-
thalamic lesion (164) or in genetically obese mice
(165). One explanation for the development of obesity
without hyperphagia was provided by the autonomic
hypothesis (166) based on the observations of
increased activity of the parasympathetic nervous sys-
tem (vagus nerve) (167) and reduced activity of the
sympathetic nervous system (168). This insight,
coupled with the role of brown adipose tissue and
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the thermogenic component of the sympathetic ner-
vous system in heat generation in small animals and in
inhibiting food intake, has been central to the develop-
ment of h-adrenergic drugs as potential agents for
treating obesity (169).

The discovery of a number of peptides that are
present in both the brain and the gastrointestinal tract
has brought together the areas of neuroscience and
physiology in the control of body fat and obesity.
Secretin was the first GI hormone found (170). Sub-
sequently, cholecystokinin was found to stimulate con-
traction of the gallbladder and then to reduce food
intake (171). Of the many peptides now known, neuro-
peptide-Y is among the more interesting because it will
stimulate food intake and produce obesity when given
continuously (172).

H Clinical Medicine and Obesity

Well before the Scientific Era, which I have dated as
beginning in AD 1500, individuals with massive obesity
have been noteworthy. Table 2 lists some of the largest
individuals on record. Cases of monstrous obesity have
been noted since antiquity (59,60,173,174). In the 19th
century, Dubourg (175) discussed 25 cases, Schindler
(176) identified 17 such cases, and Maccary 11 (177).
Individual cases have also been reported by many other
authors (178–187). These individuals were frequently
noted for their ‘‘odd’’ or ‘‘monstrous’’ appearance. The
outlook for this group was particularly bleak from both
a clinical and a social perspective.

These case reports beg a very important question that
has only recently begun to be answered: Are all cases of
obesity the same? Classification of obesity can be viewed
as one component of the more general efforts to classify
diseases that began when Galen labeled them moderate
or immoderate. Although many classifications of dis-
ease exist, one of the most interesting was the effort to
classify disease based on the classification of plants and
animals introduced by Linnaeus (188). His system
involved giving each individual a genus and species
name and categorizing the genera into classes, orders,
and phyla. Although Sydenham began such a system-
atic classification of disease, the two best-known efforts
to classify diseases in this way were published by
Sauvages (189) and Cullen (190). In both of them
obesity was called ‘‘polysarcie.’’ In the English trans-
lation of Cullen’s work, Obesity is in Class III, The
Cachexieas: It is listed under the second order called
Intumescentiae with a genus name of Polysarcia (Corr-
poris pinguedinosa intumescentiamolesta). Obesity, as a
word to describe increased fatness, gradually replaced

polysarcie, embonpoint, and corpulence during the 19th
century. A more detailed discussion of the classifica-
tions of obesity beginning with the division into endog-
enous and exogenous by Von Noorden can be found in
elsewhere (155).

The small monograph written by William Wadd in
1829, entitled Comments on Corpulency, Lineaments of
Leanness (69), presents a series of clinical cases of
morbidly obese individuals presented both descriptively
and in several cases graphically. Most of the cases were
from his medical correspondence, a characteristic way
of evaluating patients by ‘‘consulting physicians’’ since
the physical examination was not a part of the usual
clinical visit in the early 1800s. Of the 12 cases in his
book, all but one was in men. Weights were noted in
five cases and ranged from 106 kg (16 st; 10 lb; or 234
pounds) to 146 kg (23 st; 21b; or 324 pounds). Two of
the cases examined at postmortem had enormous
accumulations of fat. Although autopsy observations

Table 2 Cases of Extraordinary Obesity

Name Gender
Age at
death

Maximum
weight (kg) Ref.

Lambert M 39 335 (1)
Bright M 280 (182)

Darden M 59 462 (3)
Campbell M 22 332 (174)
Valenzuela M 39 385 (3)

Titman — 36 318 (2)
Zadina M 29 332 (2)
Raggio M 27 381 (2)

F 385 (174)

Maguire M 31 367 (2)
Karns F 28 338 (2)
Nunez F 23 343 (2)

Hall M 37 318 (2)
Pontico F 35 350 (2)
Hughes M 32 485 (3)

Craig M 38 411 (3)
Knorr M 46 408 (3)
King F 35 381 (3)

Sporadic cases of obesity have been noted since antiquity. Gould and

Pyle (174) describe a large number of cases of massive obesity in

children and adults. They cite the writings of Athenaeus who

described Denys, the tyrant of Heraclea, as so enormous that he was

in constant danger of suffocation, which was treated by putting

needles in the back of his chair. Several other very fat people

identified by Gould and Pyle are William the Conqueror; Charles le

Gros; Louis le Gros; Humbert II, Count of Maurienne; Henry I,

King of Navarre; Henry III, Count of Champagne; Conan III, Duke

of Brittany; Sancho I, King of Leon; Alphonse II, King of Portugal;

the Italian poet Bruni who died in 1635; Vivonne, a general under

Louis XIV; Frederick I, King of Wurtemberg, and Louis XVII.
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of obese individuals had been made previously, this
was the first instance in which they were included in a
monograph devoted to obesity and leanness.

Wadd notes that sudden death is not uncommon
in the corpulent, thus revalidating Hippocrates. His
statement, ‘‘A sudden palpitation excited in the heart of
a fat man has often proved as fatal as a bullet through
the thorax’’ is consistent with the association of obesity
and sudden death noted in the ongoing Framingham
Study. In several of the cases, corpulent patients were
seeking specific pills to treat their obesity. Wadd makes
a distinction between the therapeutic activists and those
favoring less aggressive therapy with the homeopathists
being at the far extreme with minimal dosage of med-
ication. ‘‘Truly it has been said—some Doctors let the
patient die, for fear they should kill him; while others
kill the patient, for fear he should die.’’

One important lesson from the study of massively
obese individuals was the association of obesity with
sleep apnea, a disease often referred to as the Pickwick-
ian syndrome (191,192). Patients with alveolar hypo-
ventilation, which produces this syndrome, date back
to Greco-Roman times (59,60). The earliest published
medical report of hypoventilation and its consequences
was that by Russell in 1866 (193), although he did not
know its cause.

Other clinical subtypes of obesity, in addition to the
massively obese, have been gradually defined. Cases of
hypothalamic injury with obesity have been identified
since 1840 (159), and received particular attention fol-
lowing the reports by Babinski (157) and by Frohlich
(158). In the early 20th century, Cushing recognized
(194) that obesity was associated with basophilic adeno-
mas of the pituitary gland (195). Cushing’s syndrome
can also be caused by medication with adrenal steroids.
A number of nonsteroidal drugs, including pheno-
thiazines, some antidepressants (amitriptyline), some
anticonvulsants (valproate), antiserotonin drugs (cy-
proheptadine), and antidiabetic drugs can also cause
weight gain. Other endocrine diseases such as hypogo-
nadism and isolated growth hormone deficiency are also
associated with increased fat deposits. Several rare
genetic disorders have obesity as finding (141). Finally,
a sedentary life-style and a high-fat diet, particularly in
animals, have been reported to produce obesity.

Besides the lessons from individual patients, which
have been provided by these case reports, there are the
lessons that come from evaluation of collective data.
Quetelet (196) was one of the leaders in developing
‘‘mathematical’’ methods to evaluate populations. He
developed the concept of the ‘‘average man’’ and used
the ratio of weight divided by the square of stature or

height (kg/m2) as a measure of an individual’s fatness.
This unit, the body mass index, might be termed the
Quetelet Index (QI) in honor of the man who developed
what has become a widely used way of evaluating
weight status.

The life insurance industry has extended the popula-
tion-based view of obesity (124). As early as 1901, data
began to appear showing that both excess amounts of
weight and central distribution of this weight were
associated with shortened life expectancy. Because of
the financial need to relate risk to the cost of life
insurance, the insurance industry has continued to
provide data showing these relationships. These data
were responsible for stimulating evaluation of the asso-
ciation of weight status with mortality risks in several
population-based studies (197–201). In all of these
studies, a curvilinear increase in risk of mortality is
associated with rising weight or body mass or QI index.

Although the relationship of central fat to increased
mortality could be discerned in these early insurance
studies, it remained for Vague (202) to bring this con-
cept to the attention of health professionals. Although
Vague’s data are clear, the adipomuscular ratio that he
used to measure fat distribution was a complex one and
it remained for the simpler measurement of waist cir-
cumference divided by hip circumference (WHR) and
the subscapular skinfold measurement to provide the
wide recognition for the risk that centrally located fat
poses. With better methods of measuring fat distribu-
tion with CT and MRI scans, it is now clear that
increased visceral fat is an important component in
the health risks associated with obesity.

I Treatment of Obesity

1 Treatment with Diet and Exercise

In America there are fewer cures for obesity
undertaken than abroad . . . because . . . there are
fewer obese people here.

Carter et al. (203)

This statement was made in 1917, but time and the
tides have now produced an epidemic of obesity in
America (204).

The clinical approach to treatment of obesity long
antedates the Scientific Era. From the time of Hippo-
crates (205) and Galen (206) in the prescientific era, diet
and exercise were an integral part of the therapeutic
regimen for obese patients. Hippocrates, the ‘‘Father of
Medicine,’’ suggested in the 5th century BC:

Obese people and those desiring to lose weight
should perform hard work before food. Meals
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should be taken after exertion and while still
panting from fatique and with no other refresh-
ment before meals except only wine, diluted and
slightly cold. their meals should be prepared
with a sesame or seasoning and other similar
substances and be of a fatty nature as people get
thus, satiated with little food. They should, more-
over, eat only once a day and take no baths and
sleep on a hard bed and walk naked as long as
possible (205).

Galen, nearly 2000 years ago, outlined his approach
to treatment of the obese as follows:

I have made any sufficiently stout patient
moderately thin in a short time, by compelling
him to do rapid running, then wiping off his
perspiration with very soft or very rough muslin
and then massaging him maximally with dia-
phoretic unctions, which the younger doctors
customarily call restoratives, and after such
massage leading him to the bath after which I
give him nourishment immediately but bade him
rest for a while or do nothing to which he was
accustomed, then lead him to a second bath and
then gave him abundant food of little nourish-
ment so as to fill him up but distribute little of it
to the entire body (206)

From this Greco-Roman beginning dietary treat-
ment can be traced to the Arabic tradition in medicine.
In the first book of his Cannon, Avicenna describes how
to reduce the overweight individual:

The regimen which will reduce obesity. (1)
Produce a rapid descent of the food from the
stomach and intestines, in order to prevent
completion of absorption by the mesentery. (2)
Take food which is bulky but feebly nutritious.
(3) Take the bath before food often. (4) Hard
exercise. . . (207)

When the Western medical tradition moved to
Europe in the 11th to 13th centuries, so did the concepts
of hygiene, diet, and exercise. These were embodied in
the ‘‘institutes of medicine,’’ a major component of
medical education for centuries. One of the most widely
used guides was the Regimen Sanitatis (208) developed
in the school at Salerno, Italy, in the 12th century, which
did not specifically provide advice for obesity. Chaucer,
the 14th-century poet, did reiterate the advice flowing
from Hippocrates when he said; ‘‘Agonys glotonye, the
remedie is abstinence.’’ (Against gluttony the remedy
is abstinence.)

Dietary treatment in the 18th century was summar-
ized by Tweedie:

In attempting its cure, when the habit is
threatened with any morbid effects, from the
plethora existing either in the head or lungs, this
must be removed by a bleeding or two; and as
corpulent people do not bear blood-letting well,
purging is most to be depended upon for the
removal of the plethora (209).

He also says, ‘‘The diet should be sparing. They
should abstain from spirits, wines and malt liquors,
drinking in their stead, either spring water, toast and
water or else water agreeably acidulated by any pure
vegetable acids.’’Finally he increases exercise gradually.

The 18th-century Italian layman Cornaro (210)
became a champion of dietary moderation after he
successfully conquered his own obesity. At the begin-
ning of his book he says: ‘‘O wretched, miserable Italy!
Does not though plain see, that gluttony deprives [us]
of more soul years, than either war, or the plague itself
could have done?’’ Cornaro’s doctor’s advice was to
eat or drink nothing that was not wholesome and that
only in small quantities.

Comments on obesity have occasionally come from
the field of gastronomy, the classic work by Brillat-
Savarin in 1826 being the best known. This masterpiece
has been published in many attractive and beauti-
fully illustrated editions (211). He attributes obesity to
several causes:

1. The first is the natural temperament of the
individual.

2. The second principal cause of obesity lies in the
starches and flours which man uses as the base for his
daily nourishment.

3. A double cause of obesity results from too much
sleep combined with too little exercise.

4. The final cause of obesity is excess, whether in
eating or drinking.

From this, Brillat-Savarin moves to treatment. He
says: ‘‘Any cure of obesity must begin with the three
following and absolute precepts: discretion in eating,
moderation in sleeping, and exercise on foot or on horse-
back.’’ Having said this much he goes on to say: ‘‘Such
are the first commandments which science makes to us:
nevertheless I place little faith in them. . .’’He then goes
on to recommend a diet low in grains and starches.

In spite of the long history of dietary recommenda-
tions for treatment of obesity, it wasn’t until 1863 that
the first ‘‘popular’’ diet book appeared. This was a
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small, 21-page pamphlet published privately byWilliam
Banting entitled ‘‘A Letter on Corpulence Addressed to
the Public’’ (212). The demand was so great that a
second, hardcover edition was published within a year.
In this pamphlet, he recounted his successful weight loss
experience using a diet prescribed by his ear surgeon,
William Harvey (213). The immediate success of this
pamphlet led to reprinting worldwide and a popu-
larization of the term ‘‘Bantingism’’ as a reference
to dieting.

Banting’s Cure (very severe)

Breakfast, 8 AM: 150–180 g (5–6 oz) meat or
broiled fish (not a fat variety of either); a small
biscuit or 30 g (1 oz) dry toast; a large cup of
tea or coffee without cream, milk, or sugar.

Dinner, l PM: Meat or fish as at breakfast, or any
kind of game or poultry, same amount; any
vegetable except those that grow underground,
such as potatoes, parsnips, carrots, or beets;
dry toast, 30 g (1 oz); cooked fruit without
sugar; good claret, 300 cc (10 oz). Madeira
or sherry.

Tea, 5 PM: Cooked fruit, 60–90 g (2–3 oz); one
or two pieces of zwieback; tea, 270 cc (9 oz)

without milk, cream, or sugar.
Supper, 8 PM:Meat or fish, as at dinner, 90–120 cc

(3–4 oz); claret or sherry, water, 210 cc (7 oz).
Fluids restricted to 1050 cc (35 oz) per day.

From these humble beginnings, diet books by pro-
fessionals, self-styled professionals, and lay people have
continued to appear, particularly as the concerns about
obesity as a health and cosmetic problem have increased
(35).

I have summarized two diets from the early 20th
century to show the approaches that were used at that
time (203).

Von Noorden’s Diet

Von Noorden, one of the leading scholars of
obesity at the beginning of the 20th century, based
his dietary approach on an estimate of an
individual’s caloric requirement. Basal calorie
needs were estimated from ideal weight. For this
he assumed that a 70-kg individual would require
37 kcal/kg, or 2590 calories. If the individual
weighed an extra 30 kg, they would need 1110
extra calories to feed this extra 30 kg. Von
Noorden’s first-degree reduction diet reduced
energy to 80% of the basal needs, or for the 70-
kg individual to 2000 kcal/day. His second-degree
reduction diet reduced intake to 60%or 1500 kcal/

day for the individual requiring 2500 kcal/day.His
third-degree reduction, which was only infre-
quently used, lowered calories to 40% or 1000
kcal/day. His dietary approach also reduced fat to
30 g/day.His protein allowancewas 120–180g/day
with carbohydrate in the neighborhood of 100 g/
day. His menu plan, adapted from Carter et al.
(203), is summarized below:

Asampleof theVonNoordenDiet is shownbelow:

Breakfast: Lean meat, 80 g (2 2/3 oz); bread, 25 g
(1 oz); tea, 1 cup with milk, no sugar

Midforenoon: One egg
Luncheon: Soup, 1 small portion; lean meat, 160

g (5 1/3 oz); potatoes, 100 g (3 1/3 oz); fruit,
100 g (3 1/3 oz);

Afternoon: 3 PM: Cup of black coffee,
4 PM: Fruit, 200 g (6 2/3 oz)
6 PM: Milk, 250 cc (8 oz)

Dinner: Meat, 125 g (3 1/6 oz); bread (graham),
30 g (1 oz); fruit, small portion as sauce without
sugar; salad, vegetable or fruit, radishes, pickles

Ebstein’s Diet

At the other extreme is the high-fat diet illustrated
by Ebstein. Ebstein modified existing diets by al-
lowing a considerable amount of fat and restrict-
ing the carbohydrates by forbidding all sugar,
sweets, and potatoes, but allowing 180–210 g (6–7
oz) of bread. Vegetables that grow aboveground
are allowed, and all sorts of meat, especially fat
meat, is permitted. Fats are allowed, 120–180 g (4–
6 oz) per day. He used a three-meal plan with the
largest meal at midday.

Breakfast: One large cup of black tea, without
cream or milk, or sugar; white or brown
bread, 60 g (2 oz) with plenty of butter

Dinner: 2 PM. Clear soup, meat 120–180 g (4–
6 oz) with gravy, and fat meat is especially
recommended; vegetables in abundance (as
noted above); small amount of fresh or stewed

Minimal Maximal

Protein 120 g (4 oz)
492 cal

180 g (6 oz)
738 cal

Fat 30 g (1 oz)
280 cal

30 g (1 oz)
280 cal

Carbohydrate 100 g (3 1/3 oz)

410 cal

120 g (4 oz)

492 cal
1182 cal 1510 cal
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fruit (without sugar) or salad; two or three
glasses of light white wine. Shortly after dinner
a cup of tea is allowed with sugar or milk.

Supper: 7:30 PM. Large cup of tea, without sugar
or milk; one egg with or without a small
portion of meat, preferably fat. Occasionally a
little cheese or fresh fruit.

Total values: Protein, 100 g (3 1/3 oz); fat, 85 g
(3 oz); carbohydrate, 50 g (2 2/3 oz)

These two themes, the low-fat/high-protein/high-
carbohydrate diet and the high-fat/low-carbohydrate
diet were repeating themes through the 20th century,
but their origins were in the late 19th century. Had
either of these approaches ‘‘cured’’ obesity, as their
proponents often suggested, there would have been
no need for the continual supply of new diets which
we saw throughout the 20th century (35).

As a prelude to its clinical application the metabolic
features of starvation were explored by Benedict using
metabolic chambers (109,110) and the suggestion that
calories could be dissipated by luxuskonsumption, or
burning off of unneeded calories, was promulgated by
Gulick (214) and Neumann (215) but challenged by the
critical studies of Wiley and Newburgh (216).

A practical application of the work on starvation
was published by Evans et al. (217), who showed the
potential benefits of a very low calorie diet. Although
Evans continued to publish on this approach to diet
until the beginning of World War II (217), this idea
was lost sight of until ‘‘fasting’’ was reintroduced as a
treatment for obesity by Bloom in 1959 (218). Follow-
ing his enthusiastic report, the use of liquid formula
diets that were initially popularized from the Rock-
efeller University metabolic ward increased gradually
and then rapidly increased until a major crisis fol-
lowed with the report of 17 deaths in patients using a
formula diet compounded from gelatin (219).
Although the Gelatin Commission in France in the
19th century (220) had concluded that gelatin was an
inadequate protein, this lesson was relearned painfully
in the 1970s (122,221). New diets subsequently
appeared using high-quality protein, and sales reached
another peak in the late 1980s. When the U.S. Gov-
ernment raised concerns about these diets and other
‘‘commercial weight control’’ programs (222), there
was a rapid and sudden decrease in public interest and
a loss of commercial profitability.

2 Behavior Modification

One of the central developments in the treatment of
obesity in the 20th century was in the behavioral field.

Following the introduction of psychoanalytic techni-
ques by Freud and his colleagues (223), several theories
were proposed suggesting that obesitymight result from
‘‘personality’’ disorders. These were carefully tested and
found to be wanting (224). That obesity had important
social components, however, became clear from its
relation to socioeconomic status (225). The prevalence
of obesity was found to be much higher in the lower
social and economic groups than in the higher social and
economic groups in the seminal Manhattan study.

Although psychoanalytic approaches were unpro-
ductive as a basis for treatment, other avenues of
behavioral research were productive. One of these flows
from the work on conditioned reflexes by Pavlov and
his followers (226), and another from the work on
operant behavior by Skinner (227,228). It was an
adaptation of these latter techniques that was used by
Stuart (229) in his classic study in 1967. Stuart treated
11 patients, 8 of whom were available for follow-up at
the end of the year. In this group, weight losses using
techniques of monitoring food intake and manipulating
the environment in which it was eaten were indeed
striking. Subsequent to this seminal work, the princi-
ples of behavior modification have been widely applied,
and some would consider them to have been central to
the treatment of obesity in the late 20th century.

3 Pharmacotherapy

As the understanding of pharmacology has increased,
so too has its application to treatment of obesity
become more focused. Although one might call With-
ering the Father of Pharmacology because he pub-
lished his findings on digitalis (230) in 1785, the first
chemical work was in the early 19th century and
during the important period of French hegemony in
medicine (38). A summary of 19th century treatments
is provided by Sajous (231):

Besides the familiar dietetic treatment, thyroid
gland is used to enhance catabolism, but not in
the large doses usually prescribed, which provide
hypercatabolism and greatly weaken the patient.
From 2 to 3 grains (132 to 196 mg) t.i.d. are
enough to increase gradually the lipolytic power
of the blood. Potassium iodide in increasing doses
can be used instead, when thyroid extract cannot
be obtained. Hyoscine hydrobromate 1/100 grain
t.i.d. assists the reducing process by increasing the
propulsive activity of the arterioles and causing
them to drive an excess of blood into the fat-laden
areas. Carlsbad, Homburg, and Marienbad
waters owe their virtues mainly to the alkaline
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andpurgative salts they contain, especially sodium
sulphate. As a beverage alkaline Vichy water is
advantageous to enhance the osmotic properties
of the blood and facilitate the elimination of
wastes.

Shortly after their discovery in the 19th century,
endocrine organ extracts were used for the treatment
of obesity as early as the 1890s (231):

The fact that thyroid preparations in sufficient
doses promote the rapid combustion of fats has
caused them to be used extensively in this dis-
order. In large doses (thyroid gland) . . . imposes
hyperoxidation upon all cells . . . we behold grad-
ual emaciation beginning with the adipose tissues,
which are the first to succumb. Hence the use of
thyroid preparations in obesity. Sajous goes on to
say that small doses (66 mg or 1 grain) are
indicated in all cases to begin with: ‘‘Briefly, in all
cases of obesity in which thyroid gland is ration-
ally indicated, the feature to determine is whether
directly or indirectly hypothyroidia underlies the
adiposis’’ (231).

Sajous also describes the use of testicular extracts:
‘‘Testicular preparations, including spermine, have
been recommended in a host of disorders, particu-
larly . . .obesity . . . but others again have failed to
obtain any favorable results’’ (231).

The first serendipitous observation on the use of
aniline-derived drugs was the publication by Lesses
and Myerson (156) of the hypothesis that amphet-
amines might be useful in the treatment of obesity.
This molecule underwent many chemical medications
including the synthesis of fenfluramine, a drug that was
shown to act on serotonergic mechanisms. Realizing
that both serotonergic and noradrenergic receptors
were involved in modulating food intake, Weintraub
et al. in 1992 published a 4-year study showing that
combination therapy might be better than monother-
apy (232). This classic series of papers has opened a
whole new pharmacologic approach to obesity. As has
often happened in obesity, this strategy came to an
abrupt end in 1997 when valvular insufficiency was
reported (233), leading to withdrawal of fenfluramine
and dexfenfluramine from the market.

4 Surgery

Surgical intervention for excess fat can be dated from
Talmudic days. According to Preuss (234), Rabbi Ele-
azar was given a sleeping potion and taken into amarble
chamber where his abdomen was opened and many

basketfuls of fat were removed. ‘‘Plinius also describes
a very similar ‘heroic cure for obesity’: the son of the
Consul L. Apronius had fat removed and thus his body
was relieved of a disgraceful burden.’’More recently, in
AD 1190, a surgeon cut open the abdomen of Count
Dedo II of Groig in order to remove the excessive fat
from him (p 215). Following the advent of anesthesia in
1846, this procedure has been revived.

The historical view of gastrointestinal function in
relation to obesity may be perceived to have reached
its zenith (or nadir, depending on one’s perspective)
with the introduction of gastrointestinal operations for
obesity. Three operative approaches have been devel-
oped to treat obesity.

The first procedure reported by Kremen (235) was a
jejunoileal bypass on a single patient. Believing that if
weight were lost, patients would be able to maintain the
weight loss, Payne andDeWind performed a series of 11
jejunocolic anatamoses that produced significant diar-
rhea and weight loss (236). When the patients were
reanastamosed, they regained weight. Against this
background, these authors and many others carried
out jejunoileal bypass operations that were associated
with numerous metabolic and infectious complications
and were largely discontinued as a surgical approach to
obesity in the 1970s.

An alternative approach to altering gastrointestinal
function to treat obesity was developed by Mason and
Ito (237) who performed the first gastric reduction
operation. These procedures have now become the
dominant operative procedures for the treatment of
obesity and are the subject of a major clinical trial in
Sweden (238).

V TOWARD A SCIENCE OF OBESITY

Toward the end of the Middle Ages, two historical
and philosophic traditions, one of Indo-European
origin with Greco-Roman philosophy as its base,
and the other of Semitic origin with the Hebrew and
Christian traditions as its base, reached a form of
resolution synthesis in the Hegelian sense (239) from
which the Renaissance and Modern Science both took
their roots (1,240).

The modern scientific tradition is the tradition of
‘‘experimental’’ science. That is, progress was made by
designing ‘‘experiments’’ to test hypotheses and apply
mathematical analysis to the results. The fruitfulness
of this tradition is everywhere around us. Its applica-
tion to obesity has come, as it has come to all other
areas, but progress has been slow. From the beginning
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of the Scientific Era (AD 1500) to the beginning of
Modern Medicine (AD 1800), only a few scholarly
theses with obesity as the subject matter had been
published (241–246). In general, these theses reflected
the traditions of Hippocrates, Galen, or Avicenna, as
interpreted in the more contemporary traditions pro-
vided by the iatrochemical and iatromechanical views
of the words originating in the mechanical and chem-
ical explanations of life. As interest in obesity
increased, a much larger number of theses with obesity
as the subject were published in the 18th century (247–
280), which also saw publication of the first mono-
graphs on the subject (281,282). Table 3 is a list of
most English, French, and German monographs up to
1950 (281–321).

There were two works published in English before
1800. The first of these was by Thomas Short (281). He
begins by saying, ‘‘I believe no age did ever afford
more instances of corpulency than our own.’’ From
Short’s perspective, treatment of obesity required
restoring the natural balance and removal of the
secondary causes. One should, if possible, pick a place
to live where the air is not too moist or too soggy, and
one should not reside in flat, wet countries or in the
city or the woodlands. He thought that exercise was
important and that the diet should be ‘‘moderate spare
and of the more detergent kind.’’

A second monograph by Flemyng (282) listed four
causes of corpulency. The first cause is ‘‘the taking in of
too large a quantity of food, especially of the rich and
oily kind.’’He went on to note that not all obese people
were big eaters. The second cause of obesity is ‘‘too lax a
texture of the cellular or fatty membrane. . .whereby its
cells or vesicles are liable to be too easily distended.’’
The third cause was an abnormal state of the blood that
facilitated the storage of fat in the vesicles.

Finally, defective evacuation was also an important
cause. Since Flemyng believed that sweat, urine, and
feces all contained ‘‘oil,’’ he believed that the treatment
for obesity was to increase the loss of ‘‘oil’’ by each of
these three routes. Thus, laxatives and diuretics could be
used for treatment.

From the beginning of the 19th century, the base of
medical literature relating to obesity increased rapidly.
Corpulency and polysarcy were the terms most in use at
the beginning of the 19th century, but by the end of the
century, obesity had replaced both of them. Additional
monographs on obesity appeared in English, French,
and German. The cell theory was proposed and fat cells
were identified. The laws of thermodynamics were
developed and tested in animals and human beings by
the first part of the 20th century.

I have picked the year 1850 as a dividing line for the
beginning of a modern science of obesity (283). This was
the time when the French Clinical School which began
at the French Revolution went into its long decline and
the German Laboratory School began its rapid ascent.
This was after the fat cell had been described, the
Quetelet (BMI) Index had been published, and the
conservation of energy had been proposed (284). From
1850 to the beginning ofWorldWar II, the hegemony of
German Laboratory Science in the field of obesity and
elsewhere was evident (283).

With the advent of the 20th century, concerns about
the relation of obesity to health risks gradually replaced
concerns about being underweight (35). As the 20th
century progressed, four themes coalesced to form the
basis of a modern science of obesity. These include the
behavioral or psychological aspects of obesity, the phys-
iological approach to a controlled system of food
intake, the cellular basis for obesity centered in the
growing diversity of cellular functions for the fat cell,
and the genetic and molecular biological approaches to
understanding the problem.

From the beginning of World War II and the
monograph by Rony (306), a period of American
hegemony began. In the post–World War II period,
the growth of the National Institutes of Health has
served as a major stimulus for research in obesity

Table 3 Monographs on Obesity

English French German

18th century
Short (281)

Flemyng (282)
19th century

Wadd (69,296) Maccary (177) Kisch (302)

Chambers (297) Dancel (300) Ebstein (303)
Harvey J (298) Worthington

(301)Harvey W (299)
20th century

Williams (304) Leven (313) Von Noorden (318)
Christie (305) Haeckel (314) Pfaundler (319)
Rony (306) Le Noir (315) Gries et al. (320)

Rynearson and
Gastineau (307)

Boivin (316)
Cref and

Herschberg

(317)

Bray (321)

Craddock (308)

Bruch (309)
Mayer (310)
Garrow (311)
Stunkard (312)
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(285). Several important events occurred which
brought the scientific threads of obesity together. The
first was the formation of many associations for the
study of obesity. The first of them was formed in the
United Kingdom and held its first meeting in 1968
(286). This was followed in 1972 by the first Fogarty
Center Conference on Obesity (287), and 1 year later
by the First International Congress on Obesity (288).
Following that congress, it was clear that a journal
devoted to obesity was needed, and the International
Journal of Obesity began publication in 1976 under
the editorship of Dr. Alan Howard and Dr. George
Bray. The first meeting of the North American Asso-
ciation for the Study of Obesity was held at Vassar
College in Poughkeepsie, NY, in 1982. Subsequent
International Congresses were held in 1977 in Wash-
ington, DC (289); in 1980 in Rome (290); in 1983 in
New York City (291); in 1986 in Jerusalem (292) in
1990 in Kobe, Japan (293); in 1994 in Toronto (294);
in 1998 in Paris (295); and in 2002 in Sao Paulo. In
1986 the International Association for the Study of
Obesity was formed under the leadership of Dr.
Barbara Caleen Hansen. As growth continued, a
second journal appeared in 1980 under the title
Obesity and Weight Regulation. This journal, like so
many others, succumbed in part because it was not
part of one of the national associations. Obesity
Surgery was the third journal to be founded and
was followed in 1993 by Obesity Research, published
by the North American Association for the Study of
Obesity. This rapid growth of scientific institutions
surrounding a scientific discipline is characteristic of
developments which have sprung up throughout the
scientific sphere to provide a way of focusing the
activities of scientists in a manageable way.

REFERENCES

1. Gaarder J. Sophie’s World. (Translated by P. Moller.)

London: Phoenix House, 1995.
2. Crombie AC, ed. Scientific Changes. Historical Studies

in the Intellectual, Social and Technical Conditions

for Scientific Discovery and Technical Investigation,
fromAntiquity to the Present. NewYork: Basic Books,
1963.

3. Bray GA. Obesity: historical development of scientific

and cultural ideas. Int J Obes 1990;14:909–926.
4. Bray GA. Temperature, food intake, and the internal

milieu. Obes Res 1997;5(6):638–640.

5. Bray GA. Anorexia nervosa and socio-economic
status. Obes Res 1997;5(5):489–491.

6. Bray GA. Amino acids, protein, and body weight.

Obes Res 1997;5(4):373–376.
7. Bray GA. Growth of a molecular base for feeding: the

mind body dualism. Obes Res 1997;5(3):271–274.

8. Bray GA. Archeology of mind—obesity and psycho-
analysis. Obes Res 1997;5(2):153–156.

9. Bray GA. Energy expenditure using doubly labeled
water: the unveiling of objective truth. Obes Res 1997;

5(1):71–77.
10. Bray GA. Methods and obesity research: the radio-

immunoassay of insulin. Obes Res 1996;4(6):579–582.

11. Bray GA. Static theories in a dynamic world: a gluco-
dynamic theory of food intake. Obes Res 1996;4(5):
489–492.

12. Bray GA. Eat slowly—from laboratory to clinic; be-
havioral control of eating. Obes Res 1996;4(4):397–
400.

13. Bray GA. Obesity and surgery for a chronic disease.
Obes Res 1996;4(3):301–303.

14. Bray GA. Body fat distribution and the distribution of
scientific knowledge. Obes Res 1996;4(2):189–192.

15. Bray GA. Hereditary adiposity in mice: human lessons
from the yellow and obese (OB/OB) mice. Obes Res
1996;4(1):91–95.

16. Bray GA. The tide shifts again: the ebb and flow of
history. Obes Res 1995;3(6):605–608.

17. Bray GA. Luxuskonsumption—myth or reality? Obes

Res 1995;3(5):491–495.
18. Bray GA. Laurence, Moon, Bardet, and Biedl: reflec-

tions on a syndrome. Obes Res 1995;3(4):383–386.
19. Bray GA. The indexing waltz. Obes Res 1995;3(4):

357–359.
20. Bray GA. Measurement of body composition: an

improving art. Obes Res 1995;3(3):291–293.

21. Bray GA. From very-low-energy diets to fasting and
back. Obes Res 1995;3(2):207–209.

22. Bray GA. Life insurance and overweight. Obes Res

1995;3:97–99.
23. Bray GA. Obesity research and medical journalism.

Obes Res 1995;3:65–71.

24. Bray GA. The inheritance of corpulence. Obes Res
1994;2:601–605.

25. Bray GA. Harvey Cushing and the neuroendocrinol-
ogy of obesity. Obes Res 1994;2:482–485.

26. Bray GA. What’s in a name? Mr. Dickens’ ‘‘Pickwick-
ian’’ fat boy syndrome. Obes Res 1994;2:380–383.

27. Bray GA. Lavoisier and scientific revolution: the

oxygen theory displaces air, fire, earth and water.
Obes Res 1994;2:183–188.

28. BrayGA. Commentary on classics in obesity. 6. Science

and politics of hunger. Obes Res 1993;1(6): 489–493.
29. Bray GA. Commentary on Classics in Obesity 5. Fat

cell theory and units of knowledge. Obes Res 1993;

1(5):403–407.
30. Bray GA. Commentary on Classics of Obesity 4.

Hypothalamic obesity. Obes Res 1993;1(4):325–328.

Historical Framework 23



31. Bray GA. Commentary on Atwater classic. Obes Res

1993;1(3):223–227.
32. Bray GA. Letter on corpulence. Obes Res 1993;1:153–

163.

33. Bray GA. Commentary on Banting letter. Obes Res
1993;1(2):148–152.

34. Martinie J. Notes sur l’Histoire de l’Obesité. Thesis de
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acromégalie et avec le développement des organes
génitaux. Rev Neurol 1900;8:531–533.

158. Frohlich A. Ein fall von tumor der hypophysis cerebri

ohne akromegalie. Wiener Klin Rdsch 1901;15:883–
886.

159. Mohr B. Hypertrophie der Hypophysis cerebri und

dadurch bedingter Druck auf die Hirngrundflache,
insebesondere auf die Sehnerven, das Chiasma dersel-
ben und den linkseitigen Hirnschenkel. Wschr Ges

Heilk 1840;6:565–571.
160. Smith PE. The disabilities caused by hypophysectomy

and their repair. The tuberal (hypothalamic) syndrome

in the rat. JAMA 1927;88:159–161.
161. Hetherington AW, Ranson SW. Hypothalamic lesions

and adiposity in the rat. Anat Rec 1940;78:149–172.

162. Anand BK, Brobeck JR. Hypothalamic control of

food intake in rats and cats. Yale J Biol Med 1951;24:
123–146.

163. Stellar E. The physiology of motivation. Psychol Rev

1954;5:22
164. Han PW. Hypothalamic obesity in rats without

hyperphagia. Ann NY Acad Sci 1967;30:229–242.
165. Coleman DL. Obese and diabetes: two mutant genes

causing diabetes-obesity syndromes in mice (review).
Diabetologia 1978;14:141–148.

166. Bray GA, York DA. Hypothalamic and genetic

obesity in experimental animals: an autonomic and
endocrine hypothesis. Physiol Rev 1979;59:719–809.

167. Powley TL, Opsahl CA. Ventromedial hypothalamic

obesity abolished by subdiaphragmatic vagotomy. Am
J Physiol 1974;226:25–33.

168. Nishizawa Y, Bray GA. Ventromedial hypothalamic

lesions and the mobilization of fatty acids. J Chem
Invest 1978;61(3):714–721.

169. Rothwell NJ, Stock MJ. A role for brown adipose
tissue in diet-induced thermogenesis. Nature

1979;281: 31–35.
170. Bayliss WM. Principles of General Physiology. Lon-

don: Longmans, Green, 1918, 2d ed rev.

171. Gibbs J, Young RC, Smith GP. Cholecystokinin elicits
satiety in rats with open gastric fistulas. Nature
245(5424):323–325,1973.

172. Stanley BG, Kyrkouli SE, Lampert S, Leibowitz SF.
Neuropeptide Y chronically injected into the hypo-
thalamus: a powerful neurochemical inducer of hyper-
phagia and obesity. Peptides 1986;7:1189–1192.

173. Celsus AAC. De Medicina with an English Trans-
lation by W.G. Spencer. London: Heinemann, 1935–
1938, 3 vols.

174. Gould GM, Pyle WL. Anomalies and Curiosities of
Medicine. New York: Julian Press, 1956.

175. Dubourg L. Recherches sur les causes de la polysarcie.

Paris: A. Parent, 1864;54.
176. Schindler CS. Monstrose Fettsucht. Wiener Med

Presse 1871;12:410–412, 436–439.

177. Maccary A. Traite sur la Polysarcie. Paris: Gabon,
1811.

178. Glais J. De la Grossesse Adipeuse. Paris: A. Parent,
1875;1–36.

179. Dupytren. Observation sur un cas d’obesité, suivie de
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313. Leven G. Du Obésité. Paris: G. Steinheil, 1901.
314. Haeckel F. Grandes et Petites Obésité. Cure Radicale.
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I INTRODUCTION

Quantifying the amount and distribution of adipose
tissue and its related components is integral to the study
and treatment of human obesity. Body composition
research is a field devoted specifically to the develop-
ment and extension of methods for in vivo quantifica-
tion of adipose tissue and other biochemical and
anatomical components of the body. This review focu-
ses on methods of estimating body composition com-
ponents in the context of evaluating human obesity and
its associated risks.

The chapter first describes the organization of
human body composition with an emphasis on body
adiposity. The human body can be organized into five
levels of increasing complexity—atomic, molecular,
cellular, tissue system, and whole body. Obesity-related
components are recognized at each of the five body
composition levels.

A general review is next provided on approaches
to measuring body composition components, espe-
cially fat mass, adipose tissue, and related compo-
nents. Two main groups of methods are reviewed:
those that are useful mainly in research laboratories
as reference methods, including whole-body 40K
counting, neutron activation analysis, hydrometry,
underwater weighing/air plethysmography, dual-
energy x-ray absorptiometry, multicomponent mod-
els, and imaging methods such as computerized
axial tomography and magnetic resonance imaging;
and those that are applicable in field settings
including anthropometry and bioimpedance analysis.
An overview of method errors is included in the
next section.

Body composition methods for quantifying regio-
nal and whole-body obesity-related components are
now available for the quantitative in vivo study of
human obesity.
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II BODY COMPOSITION AND

ENERGY EXCHANGE

An individual’s body mass reflects total lifetime
nutrient and energy balance. Energy balance, or stores,
the difference between energy ingested as food and
organic compounds oxidized as fuel, can be physiolog-
ically allocated into three main molecular compo-
nents—the small storage carbohydrate glycogen pool,
the larger structural and functional protein pool, and
the variable lipid or fat storage pool (Fig. 1) (1). Taken
together with associated water and minerals, the col-
lective energy compartment is reflected by and changes
parallel with body mass. It is within this dynamic model
of energy exchange and storage that the study of human
body composition and obesity resides.

While the molecular level is ideally suited for ther-
modynamic analysis, energy stores can be envisaged as
comprising the six classic levels of biology, atomic,
molecular, cellular, tissue-organ, whole-body, and pop-
ulation. The first four of these levels are depicted in
Figure 2 (2). In this reviewwe examine each of the major
compartments at these four levels and explore means by
which they can be quantified in laboratory and field
settings. Our focus is on measurement of adiposity-
related components in the overall context of this book.
Other reviews and monographs examine body compo-
sition in general with specific areas of focus including
elements, molecular components, body cell mass, tissues
including bone and skeletal muscle, and visceral organs
(see Appendix).

III ADIPOSITY COMPONENTS

Adiposity generally reflects energy stores, and excess
stored energy and body weight are the hallmark of hu-

man obesity. Each body composition level of the indi-
vidual has a representation of adiposity (3). We now
review the main features of the five body composition
levels with a focus on adiposity-related components.

A Atomic Level

The human body is composed of 11 elements that
account for >99.5% of body weight (Fig. 3) (1). Three
of these elements, carbon, hydrogen, and oxygen, are
found in storage triglycerides or ‘‘fat’’ (Table 1). The
average proportions of triglyceride as carbon, hydro-
gen, and oxygen are considered stable at f76.7%,
12.0%, and 11.3%, respectively. These stable elemental
proportions allow the development of methods for
deducing total body fat from total body carbon and
other elements.

Carbon is the characteristic component of adiposity
at the atomic level. Reference Man, for example, con-
tains 16 kg carbon, and 60% or 9.6 kg of carbon exits in
adipose tissue (4).

B Molecular Level

The main atomic level elements, including trace ele-
ments that occur in low but essential concentrations,
combine to form various chemical compounds that may
be grouped into the broad classes that define the molec-
ular level of body composition. The main components
of the molecular level are shown in Figure 4 and include
water, lipids, proteins, minerals, and glycogen (3). Each
of the nonaqueous components represents many differ-

Figure 1 Interrelations between energy intake, output, and

stores. (From Ref. 1.)

Figure 2 First four of the five levels of human body
composition. Components related to ‘‘fatness’’ are identified
by bold enclosure. ECS and ECF are extracellular and

intracellular solids, respectively. (From Ref. 2.)
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ent but closely related chemical compounds. For exam-
ple, the ‘‘protein’’ component consists of several hun-
dred different specific proteins.

Lipid is the main molecular-level component of
interest in the study of human obesity. The term lipid
refers to all chemical compounds that are insoluble or
weakly soluble in water, but are soluble in organic
solvents such as chloroform and diethyl ether (5). Lipids
isolated from human tissues include triglycerides,
sphyngomyelin, phospholipids, steroids, fatty acids,

and terpenes. Triglycerides, commonly referred to as
‘‘fats,’’ are the primary storage lipids in humans, and
comprise the largest fraction of the total lipid compo-
nent. At present there is limited information on the exact
proportion of total lipids as triglycerides, or the amount
of within and between-person variability. Comizio et al.
(6) examined the proportion of total body lipid as
triglyceride in the adult rat under usual dietary condi-
tions and with dietary energy restriction without and
with swimming exercise. The authors observed that with
negative energy balance and weight loss there were
parallel losses of total body triglyceride and lipid. The
fraction (mean F SD) of total lipids as triglyceride
was 0.83 F 0.08 in the control rats with lowering at 2
and 9 weeks of energy restriction to 0.82F 0.04 (P=NS
vs. control) and 0.70 F 0.15 (P=.05) and at 9 weeks
for energy restriction plus exercise to 0.67 F 0.09
(P=.003). The Reference Man reportedly has 13.5 kg
of total lipid, of which 12.0 kg, or 89%, is ‘‘fat’’ (4).

A summary of molecular-level component character-
istics is presented in Table 2. These characteristics are
used in developing body composition methods, and
their application will be presented in later sections. An
important feature of the molecular level is the ‘‘stable’’
relationships that exist between the various compo-
nents. These stable relations form the basis of many
widely used body composition methods. The three most
important of these are the hydration of fat free mass
(i.e., TBW/FFM), potassium content of fat free mass

Figure 4 Main components of the molecular level of body
composition. (From Ref. 3.)

Table 1 Chemical Formulae and Elemental Stoichiometry
of Representative Triglycerides

Elemental content (%)

Formulae Carbon Hydrogen Oxygen

C57H104O6 77.4 11.8 10.9
C51H98O6 75.9 12.2 11.9
C55H102O6 76.9 11.9 11.2

C55H104O6 76.7 12.1 11.2
‘‘Average’’ triglyceride 76.7 12.0 11.3

Source: Ref. 4.

Figure 3 Atomic level of body composition. (From Ref. 3.)
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(i.e., TBK/FFM), and densities (D) of fat and FFM.
These assumed stable or relatively stable relations allow
development of two component molecular level models
consisting of fat and FFM.

The hydration of FFM is among the most important
stable relations applied in body composition research
(7–9). A strong correlation with an intercept not signifi-
cantly different from zero was observed between total
body water (TBW) and FFM across mammals ranging
in body mass from mouse to gray seal (10). The mean
ratio of TBW/FFM for the mammals was f0.73 and
this ratio is among the best-known stable body compo-
sition associations. This constancy provides a means of
estimating total body fat in vivo: body fat = body mass
� FFM= body mass � TBW/0.73.

The total body potassium (TBK) to FFM ratio was
historically important as it formed the basis of many
classic body composition studies that explored fat and
FFM relations. A mean TBK/FFM ratio of 68.1 F 3.1
mmol/kg was derived by Forbes et al. (11) based on the
whole-body chemical analysis of four human cadavers.
This ratio was then introduced and applied as an in vivo
method for estimating total body fat mass in vivo: body
fat = body mass � FFM; = body mass � TBK/68.1.
However, this ratio actually varies considerably across
sex and age (12). The total body potassium to FFM
ratio is thus not widely used today as improvedmethods
of evaluating total body fat in vivo are available.

The relatively stable densities of fat (0.9007 g/cm3)
and FFM (1.100 g/cm3) are the basis of many body
composition models and were first suggested six
decades ago by Behnke et al. (13). The simplest model
consists of two components and is derived from two
simultaneous equations:

body mass ¼ fatþ FFM ð1Þ
body mass=Db¼ fat=0:9007þ FFM=1:100 ð2Þ

Solving the two simultaneous equations,

body fat mass ¼ ð4:95=Db�4:50Þ � body mass ð3Þ
where Db is body density measured by the underwater
weighing technique. However, the assumption of a con-
stant FFM density of 1.100 g/cm3 causes some model
error as FFM density actually varies, although within a
relatively narrow range (14). To avoid this model error,
three-, four-, and/or five-component models were devel-
oped for measuring total body fat with improved accu-
racy (15).

C Cellular Level

The cellular level includes three main components, cell
mass, extracellular fluid, and extracellular solids (Fig. 5).
Cells can be divided into specific types such as connec-
tive, epithelial, nervous, andmuscular.Adipocytes or fat
cells serve as the primary storage site for triglycerides.
All mass can be separated into two components, one
metabolically active ‘‘body cell mass,’’ and the other
triglycerides, or ‘‘fat.’’ The concept of body cell mass
was originated byMoore and refers to the compartment
actively involved in energy consumption and heat pro-
duction (7). Extracellular solids consist mainly of bone
minerals and collagen, reticular, and elastic fibers.

The following are some of the important assumed
stable cellular level relationships applied in body com-
position models: K/intracellular water=159 mmol/kg
H2O=6.22 g/kgH2O;K/body cell mass=4.69 g/kg; Ca/
extracellular solids=0.177 kg/kg; and extracellular
water/ extracellular fluid=0.92.

D Tissue Organ Level

The main components at this level are adipose tissue,
skeletal muscle, bone, and visceral organs (e.g., liver,
kidneys, heart, etc.) (Fig. 6). The adipose tissue com-
ponent includes adipocytes with collagenous and elastic
fibers, fibroblasts, capillaries, and extracellular fluid.

Human adipose tissue is often assumed to have an
average composition consisting of 80% lipid, 14%

Table 2 Characteristics of Molecular-Level Components

Component

Density

(g/cm3
)

Elemental

stoichiometry

Water 0.99371 at 36jC 0.111 H; 0.889 O
0.9934 at 37jC

Protein 1.34 at 37jC 0.532 C; 0.070 H;

0.161 N; 0.227 O;
0.01 S

Glycogen 1.52 at 37jC 0.444 C; 0.062 H;
0.494 O

Minerals 3.042
Bonea 2.982 at 36-36.7jC 0.398 Ca; 0.002 H;

0.185 P; 0.414 O

Nonbone 3.317
Lipid

Adipose tissue

extracts

0.9007 at 36jC 0.767 C; 0.120 H;

0.113 O

a Calculated from the largest component of bone mineral, calcium

hydroxyapatite [Ca3(PO4)2]3Ca(OH)2. Other small elemental contri-

butions to bone, such as Na, are recognized.

Sources: Refs. 4–6.
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water, 5% protein, and <1% mineral, and a density of
0.92 g/cm3 at body temperature (4). However, this
average belies the large variation observed in adipose
tissue composition. Level of adiposity, age, gender, and
heredity all play an important role in determining
adipose tissue composition, notably fat content. Martin
and colleagues suggest that for every 10% increase in
relative adiposity there is a corresponding rise in adipose
tissue lipid fraction of 0.124 (16). A notable feature of
adipose tissue is the large extracellular fluid compart-
ment relative to cell mass. Of the 14% of average adi-
pose tissue samples as water, 11% is extracellular water.

An important aspect of obesity research is examina-
tion of regional adipose tissue biology. Adipose tissue
can be classified as two main types, subcutaneous and
internal (Table 3) (4,17). Adipose tissue occurs in abun-
dance in subcutaneous sites and is known to gross
anatomists as superficial fascia, defined as the adipose
tissue between the skin and the muscles. Subcutaneous
adipose tissue also occurs in and around female breasts.
Subcutaneous adipose tissue has also been partitioned
by Kelly et al. into the plane superficial to the fascia
within subcutaneous adipose tissue and that below this
fascia, so-called deep subcutaneous adipose tissue (18).

Internal adipose tissue is found in the visceral com-
partment and in nonvisceral sites. The most important
internal adipose tissue component in the obesity field is
found in the visceral compartment. The word viscera is
Latin for ‘‘organs in the cavities of the body,’’ usually
applied to the heart and lungs as thoracic viscera and the
stomach and intestines as abdominal viscera. Since
there are three main body cavities—thoracic, abdomi-
nal, and pelvic—there are three corresponding visceral
adipose tissue (VAT) components (Table 3). However,
the medical literature varies widely in defining VAT
based on imaging methods. This topic is reviewed in the
section on imaging methods. Very few human studies in
the obesity field examine intrathoracic VAT, including
pericardial, epicardial, and periaortic adipose tissue.

Of the nonvisceral internal adipose tissue, interstitial
adipose tissue is interspersed within the cells of a tissue
(e.g., skeletal muscle) so tightly that it may be included
with the tissue/organ at dissection. Adipose tissue is
almost absent in some anatomic sites such as the penis,

Figure 5 Cellular level of body composition. BCM, body
cell mass; ECF, extracellular fluid; ICW, intracellular water;
ECS, extracellular solids; and ECW, extracellular water.

(From Ref. 3.)

Figure 6 Tissue-organ level of body composition. (From
Ref. 3.)
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scrotum, labia minora, nipple, nose, ear, eyelids, and
brain. Some triglyceride exists within skeletal muscle,
liver, and other nonadipose tissue cells, although this
component is classified as intracellular lipid. Each
anatomic adipose tissue component has specific meta-
bolic and functional characteristics.

Illustrations of the subcutaneous, visceral (i.e., peri-
and pararenal, mesenteric, omental), interstitial, and
marrow adipose tissue compartments of the Visible
Man are shown in Figures 7 and 8 for themidabdominal
region and leg, respectively (17).

E Whole-Body Level

Skinfolds, circumferences, and linear dimensions are
all measurements at the whole-body level. These
measurements are often used with prediction equa-

tions to estimate components at the other four body
composition levels.

IV MEASUREMENT METHODS

A Body Weight and Stature

Standardized methods have been described for measur-
ing weight and stature, as well as other anthropometric
variables (19). For most clinical research purposes, it is
desirable tomeasure bodyweight to the nearestF 0.1 kg
using a high-quality calibrated beam-balance or elec-
tronic scale. Subjects should be measured either nude
or wearing standardized light clothing of knownweight.

Figure 8 Cross-sectional photograph of National Library of
Medicine’s Visible Man at the mid–upper arm region with
identified adipose tissue components. (From Ref. 17.)

Figure 7 Cross-sectional photograph of National Library of
Medicine’s Visible Man at the midabdominal region with

identified adipose tissue components. (From Ref. 17.)

Table 3 Anatomic Distribution of Adipose Tissue

Subcutaneous adipose tissue
including adipose tissue of female breast
Retromammary adipose tissue

Intramammary adipose tissue
Internal adipose tissue

Visceral adipose tissue
Intrathoracic

Cardiac adipose tissue
Pericardial adipose tissue
Epicardial adipose tissue

Periaortic adipose tissue
Retrosternal adipose tissue
Adipose tissue of superior mediastinal areas

Intra-abdominal adipose tissue
Intraperitoneal adipose tissue
Omental adipose tissue
Mesenteric adipose tissue

Retroperitoneal adipose tissue
Perirenal adipose tissue
Pararenal adipose tissue

Periaortic adipose tissue
Peripancreatic adipose tissue

Intrapelvic

Intraperitoneal adipose tissue
Mesenteric adipose tissue

Retroperitoneal adipose tissue

Postabdominal wall adipose tissue
Nonvisceral internal adipose tissue

Adipose tissue in bone marrow
Interstitial adipose tissue

Paravertebral adipose tissue
Retro-orbital adipose tissue
Localized pads in the synovial membrane of

many joints
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If heavier clothing is worn, it is necessary to estimate
and record the additional weight of this clothing. The
presence of edema, a common problem in severely obese
subjects, should be noted. A variety of practical prob-
lems may be encountered when measuring the weight of
obese subjects. Severely obese patients may have diffi-
culty standing on standard scales, which may be too
narrow or too high above the floor for an individual
with balance problems. Specially designed chairs or
sling-scales may be used.

The preferred method of measuring stature is to the
nearestF1 cm using a wall-mounted stadiometer. Inex-
pensive, plastic stadiometers are available for clinical
use that have acceptable accuracy. Close attention
should be paid to standardized positioning of the
subject when making the measurement (19). As for
weight, a variety of practical problems may be encoun-
tered when measuring the stature of obese subjects. For
example, the standard method requires the subject to
stand erect with head, shoulders, and buttocks against
the stadiometer board. This positioning may be diffi-
cult to achieve for obese individuals with large, pro-
truding buttocks.

It is sometimes considered difficult and expensive to
measure weight and stature in very large epidemiolo-
gical surveys, and it is usually not possible to obtain
measurements of past weight or stature for retrospec-
tive studies. In these settings many investigators have
relied on self-reported weight and stature. This re-
quires the assumption that the subjects know and can
report their weight and stature both accurately and
reliably. It is possible to verify this assumption in a
subsample of participants with measured values in a
cross-sectional survey, but this is difficult in retrospec-
tive studies where recalled weight or stature may be
many years in the past.

Among adults, self-reported weight and height are
generally highly correlated with measured weight and
height. Correlations for reported stature range from
0.53 (20) to 0.99 (21); and those for weight range from
0.89 to 0.99 (21). The magnitudes of the correlations
vary somewhat across studies and in relation to age and
sex. In any event, high correlations do not necessarily
reflect accuracy, since systematic differences (i.e., con-
stant and relative biases) between self-reported and
measured values may exist regardless of the strength of
the correlations. Biases in the self-reporting of weight
and height have been documented. Obese people tend
to underreport their weight more than nonobese peo-
ple. Women consistently underreport their weight and
men tend to underreport it when they are overweight
and over-report it when they are underweight.

Recall of weight and height at earlier ages, reports by
surrogates (e.g., parents, spouses, children, siblings),
and records from driver’s licenses (22) can also be used
in place of measured variables. These can be expected
generally to have less reliability and accuracy than self-
reported current weight, and correlations with meas-
ured weight are considerably less. There is little evidence
that self-measurements are any more accurate or reli-
able than simple self-reported estimates.

Body weight and stature can be used to estimate
‘‘relative weight.’’ The more common approach now
used worldwide is to calculate body mass index (BMI)
(weight/stature2). The objective of weight-stature indi-
ces such as body mass index is to obtain a measure of
body weight (W) that is independent of stature (S). An
example of such an index is given in Eqs. (4) and (5),
which are based on the assumed relationship

W=Sb¼ a ð4Þ
and

W ¼ aSb ð5Þ
In Eq. (4) and (5), a and b are constants. These

equations indicate that for any increment in Sb, body
weight changes in a proportional manner so as to keep
the W/Sb ratio constant. The great statistician and
anthropometrist Lambert-Adolphe-Jacques Quetelet
first observed that among adults weight in kilograms
seemed to increase in proportion to the square of
stature in meters (23). Quetelet’s Index, W/S2, was
further established to be a useful index for grading
adiposity in population studies by Keys, who appears
to have been responsible for renaming it the ‘‘body
mass index’’ (24). It is now conventional to refer to W/
S2 as the BMI, but the reader should be aware that an
infinite number of weight-stature indices can be con-
structed using different powers of stature, as well as
weight (25). Historically, various investigators have
presented arguments for the merits of different values
of b in W/Sb, based on the influence of age, gender,
race, and even disease risk on the association between
weight and stature (26–30). Benn even suggested that
the power coefficient, b, should be established empiri-
cally within a population rather than applying a com-
mon coefficient across all populations (31).

It is important to keep in mind that the underlying
assumption in the use of body mass indices is that they
reflect variation among people in body adiposity (32).
Garn et al. (33) cogently reminded us of three limita-
tions to this assumption: (1) the correlation of BMIs
with stature may be influenced by age; (2) BMIs may be
influenced by body proportions, specifically leg length
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relative to trunk size; and (3) BMIs may be correlated
with lean aswell as fatmass. Quetelet’s Index, or BMI, is
not perfectly correlated with body fatness: r’s with
percent body fat range widely from about .40 to .90
across various studies. Moreover, the association of
BMI with percent body fat may be nonlinear, especially
at higher levels of adiposity (34). This suggests that the
index can vary in sensitivity for grading body fatness
among populations. Abdel-Malek and associates (25)
presented a method for empirically determining powers
for both weight and stature that would maximize the
association between total body fat or percent body fat
and weight-stature indices in a group or subsample of a
population. As for the approach of Benn (31), this
method has not been widely applied.

A potentially more troublesome problem is the fact
that body mass indices are also associated with FFM.
This is because weight includes FFM and stature is not
correlated perfectly with FFM. As a result, body mass
indices tend to retain significant correlations with FFM
even when powers of b are found that minimize the
correlation between weight and stature. The net result is
that there may be a considerable range of body fatness
(or leanness) among individuals with the same body
mass index (35,36). The magnitudes of the associations
of body mass indices with fat and fat free components
are also influenced by age, gender, and racial differences
in body composition, and by variation in body propor-
tions. Substantial misclassification bias can result when
people are classified as ‘‘overweight’’ or ‘‘obese’’ using
cutoff values that do not take these factors into consid-
eration (36,37).

Body weight and stature, or indices such as BMI, can
also be used in equations to estimate body composition.
As an example, percent body fat can be calculated using
the following equation:

%fat ¼ 64:5� 848� ð1=BMIÞ þ 0:079� age

�16:4� sexþ 0:05� sex� ageþ 39:0

� sex� ð1=BMIÞ ð6Þ
with sex = 1 for male and 0 for female (38). Body fat in
this investigation was evaluated using a four-compo-
nent model as the reference method. The percent fat
prediction formula is applicable in Caucasians and
African Americans and a separate equation is available
for use in Asian subjects.

B Component Reference Methods

Body composition methods vary in several character-
istics including cost, safety, technical complexity, port-

ability, accuracy, reproducibility, and requirement for
subject participation. In the section that follows we
organize methods for convenience into two main
groups, ‘‘reference’’ methods that are often applied in
small-scale studies requiring high accuracy and repro-
ducibility, and ‘‘field’’ methods that require reference
method calibration and that are appropriate for use in
epidemiological studies.

1 40K Counting

Whole-body 40K counting is a classic and widely used
technique for evaluating adiposity (11). The natural
abundance of 40K in the human body is constant at
0.0118% of total body potassium. 40K is radioactive
and emits a characteristic 1.46 MeV g-ray that can be
counted by detection systemswith appropriate shielding
from natural background radioactivity.

The procedure is to firstmeasure 40K in awhole-body
counter and then calculate total body potassium from
40K. Once total body potassium is known, FFM can be
estimated by assuming a constant relationship between
total body potassium and FFM,

FFM ¼ TBK=ratio ð7Þ
where ‘‘ratio’’ is the assumed constant proportion of
FFM as potassium. The estimated ratio for Reference
Man is 63.3 mmol/kg and reflects the summed potas-
sium proportions of all organs and tissues, notably
skeletal muscle mass (Table 4) (4,39). Relative organ
proportions vary among individuals and, accordingly,
several suggested sex- and age-specific TBK/FFM
ratios are recognized and applied in estimating FFM
(12). Total body fat is calculated as the difference
between body weight and FFM.

The total body potassium method of estimating
FFM and fat mass is of great historical significance.
Many early obesity studies were carried out with total
body potassium measured by whole-body counting as
the referencemethod for fat and FFM.Whole-body and
regional counters are costly, and there are important
technical issues that require attention to achieve accu-
rate results. Today there are methods of equivalent, if
not greater, accuracy for quantifying fat and FFM that
are more available to research laboratories and are of
equal or lower cost.

Total body potassium can also be measured using
dilution of the radioactive isotope 42K (7). This method
is useful in specialized whole-body counter calibration
studies, but has no practical application in the study of
human obesity. The 12.4-hr half-life of 42K and the
radiation exposure involved preclude the routine use of
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this isotope. Exchangeable potassium (Ke), which
accounts for most of total body potassium, can also
be measured using a combination of exchangeable
sodium and total-body water measurements and this
might be a useful approach at centers in which whole-
body counters are unavailable.

Although the application of total body potassium
as a measure of adiposity in human obesity research
in limited, total body and exchangeable potassium
provide useful measures of body cell mass. The body
cell mass compartment is often considered a measure
of metabolically active tissue. The measurement and
interpretation of body cell mass is discussed in detail
by Moore and colleagues (7). Recent studies also
support the use of total body potassium in skeletal
muscle mass measurement.

2 In Vivo Neutron Activation Analysis

A group of methods referred to as whole-body coun-
ting/in vivo neutron activation analysis can be used to
estimate adiposity-related components. The methods
share in common the ability to quantify all main
elements at the atomic body composition level in vivo
including H, C, N, O, P, Ca, Cl, K, and Na (3). Once
these elements are known, it is possible to calculate,

using simultaneous equations, the main molecular
level components such as fat, protein, water, and
minerals. Components at other levels, such as body
cell mass, extracellular fluid, intracellular fluid, and
skeletal muscle can also be calculated using models
based on measured elements.

Only a few centers throughout the world are capa-
ble of measuring all of the major elements, while
several additional centers are capable of measuring
one or two elements. Whole-body counting alone can
measure naturally occurring 40K. When subjects are
activated with a neutron source first and then placed
back in a whole-body counter, additional elements
such as Na, Cl, Ca, and P can be quantified by
‘‘delayed-gamma’’ neutron activation. Two other
methods, prompt-gamma neutron activation and
inelastic neutron scattering methods are used to mea-
sure elements such as N, H, C, and O. Each neutron
activation system is unique and many alternative meth-
ods have been advanced over the years.

In this section we provide a selective review of
one representative adiposity measurement method,
the multicomponent total body carbon method of
estimating total body fat mass. This method pro-
vides the main concepts related to all in vivo neutron
activation methods.

The total-body carbon method represents an evolu-
tion of neutron activation methods at the Brookhaven
National Laboratory in Upton, NY. The total body
carbon method provides fat estimates that are inde-
pendent of the two-component total body potassium,
water, and underwater weighing methods. This method
can be used as a reference method for evaluating other
body composition methods.

The initial model for estimating fat mass developed
by Cohn and colleagues at Brookhaven was relatively
simple (40). There were two measured elements, N and
Ca, which were used to calculate total body protein and
bonemineral, respectively. Tritium dilution volume was
used to estimate total body water, and fat mass was then
calculated as the difference between bodyweight and the
sum of total body protein, water, and minerals. Addi-
tional improvements in themodel weremade byHeyms-
field et al. as new information became available (41).
The most recent advance occurred when Kehayias and
colleagues introduced inelastic neutron scattering for
measuring total body carbon (42,43).

The total body carbon method is based on the
observation that almost all body carbon is incorporated
into four components at the molecular level of body
composition, fat, protein, glycogen, and bone mineral.
Kyere and colleagues (44) first proposed a model in

Table 4 Reference Man’s TBK/FFM Ratio Calculated
from 14 Tissues/Organs

Tissue/organ
Fat-free
mass (kg) fFFMi (K/FFM)i

(K/FFM)i�
fFFMi

Skin 2.34 0.041 24.0 0.98

GI tract 1.13 0.020 33.9 0.68
Adipose tissue 3.00 0.053 40.9 2.17
Blood 5.46 0.096 41.2 3.96

Skeleton 8.10 0.143 47.4 6.77
Lung 0.99 0.018 49.1 0.88
Kidney 0.29 0.005 52.0 0.26

Urinary bladder 0.095 0.002 53.8 0.11
Heart 0.30 0.005 61.4 0.31
Pancreas 0.09 0.002 65.4 0.13
Liver 1.68 0.030 68.5 2.06

Skeletal muscle 27.38 0.483 78.5 37.90
Spleen 0.18 0.003 79.6 0.24
Brain 1.25 0.022 85.9 1.89

Total 52.29 0.922 58.34

Abbreviations: fFFMi, fraction of whole-body fat free mass (56.7 kg)

as individual tissue/organ fat free mass; (K/FFM)i, ratio of potas-

sium to fat free mass of individual tissue/organ. Whole-body TBK/

FFM can be calculated as TBK/FFM=S [(K/FFM)i � fFFMi]/

S ( fFFMi)=58.34/0.922=63.3 mmol/kg.

Source: Ref. 39.
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which fat could be calculated from total body carbon.
This model was later improved by Kehayias et al., who
proposed four simultaneous equations (42,43),

TBC ¼ 0:77� fatþ 0:532� proteinþ 0:444

�glycogenþ carbon in bone mineral ð8Þ
TBN ¼ 0:16� protein ð9Þ
Glycogen ¼ 0:044� protein ð10Þ
Carbon in bone mineral ¼ 0:05� TBCa ð11Þ

where all units are in kg, and TBC, TBN, and TBCa
represent total body carbon, nitrogen, and calcium,
respectively. Solving the simultaneous equations for
fat mass,

total body fat ¼ 1:30� TBC� 4:45� TBN

�0:06� TBCa ð12Þ
This last equation indicates that the total body car-
bon method measures total body fat as a function of
three elements, C, N, and Ca.

There are two important issues to consider with
respect to Eq. (12) are the coefficients constant, and
can total-body carbon, nitrogen, and calcium be
measured accurately? Equation (8) includes the pro-
portions of total body carbon as fat, protein, glyco-
gen, and bone mineral. Equations (9), (10), and (11)
include the ratios between protein and nitrogen,
glycogen and protein, and carbon and calcium in
bone mineral. All of the ratios in Eqs. (9)–(11) are
assumed constant, and it is useful to consider this
assumption in some detail.

Although triglycerides extracted from human tissues
vary in fatty acid composition, their carbon/triglyceride
ratios (C/TG) are very close to 0.77 (Tables 1 and 2).
The various stoichiometries indicate that the C/TG
ratio varies within a narrow range (0.759–0.774). It is
therefore reasonable to assume a constant C/TG ratio
of 0.77 in Eq. (8), (13).

Total-body protein can be calculated from total
body nitrogen, and nitrogen can be measured by
prompt-g neutron activation analysis. This calculation
is based on the assumption that a constant ratio (0.16)
exists between nitrogen and protein [Eq. (9)]. Protein
includes almost all compounds containing nitrogen,
varying from simple amino acids to complex nucleo-
proteins (45). The current suggested chemical formula
for protein is C100H159N26O32N0.7. The C/protein and
N/protein ratios in this widely accepted formula are
0.532 and 0.16, respectively. Chemical analysis con-
firmed the ratios’ validity for most proteins analyzed,
although a few specific proteins have N contents that

are different from 0.16 (e.g., 0.137 and 0.172 for
albumin and collagen, respectively). The chemical
analysis of two cadavers, however, yielded whole body
N/protein ratios of 0.156 and 0.158, close to the
assumed value of 0.16 (46).

Glycogen is not included in most body composition
models owing to its small amount. In the total body
carbon method for estimating fat, glycogen content was
included because of the high C/glycogen ratio of 0.444.
In the model of Kehayias et al. the glycogen/protein
ratio was assumed constant at 0.044 (42). This consid-
eration must be approximate because the concentra-
tions of glycogen in liver, skeletal muscle, and heart vary
significantly with fasting and feeding. Total body gly-
cogen content isf 0.3–0.5 kg and thus the total amount
of carbon in glycogen is onlyf0.2 kg. The model error
from the assumed constant glycogen/protein ratio
therefore has only a small effect on the accuracy of total
body fat estimates.

The main compound of bone mineral, calcium
hydroxyapatite [Ca3(PO4)2]3 Ca(OH)2, does not contain
carbon. Biltz and Pellegrino found that the ratio of
carbon to bone calcium is 0.05 g/g (47). It is known that
almost all body calcium is incorporated into bone
mineral. The total body carbon method estimates car-
bon in bone mineral, presumably incorporated as car-
bon in bicarbonate, from total body calcium [Eq. (6)].
Although the carbon/calcium ratio is an approxima-
tion, errors in this proportion have only a small effect on
fat estimates as with glycogen.

The total body carbon method does not consider the
carbon in soft tissue minerals as HCO3

�. This is because
the very small amount of carbon in soft tissue minerals
has almost no impact on fat estimates.

From the above discussion it is clear that many
assumptions are needed in developing the total body
carbon method for measuring total body fat. The
main assumptions, however, appear to be highly
stable, and position the total body carbon-fat estima-
tion method as a means of analyzing human chemical
composition in vivo. Returning to the second aspect
of the total body carbon method, measurement of C,
N, and Ca, all three elements are quantified by
neutron activation analysis.

Total body carbon is measured by inelastic scattering
which is based on the reaction (42,43)

nV

12Cþ n���!12 C*���!12Cþ cð4:44 MeVÞ ð13Þ
Fast incoming neutrons that interact with matter by
inelastic collisions result in prompt nuclear de-excita-
tion with g-ray release (n,nVg). Total-body nitrogen is

—!
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measured using prompt-g neutron activation analysis,
and its reaction is (48):

f10�15s

14Nþn���!15N*���!15N ðstableÞþg ð10:83 MeVÞ
ð14Þ

Delayed-g neutron activation is used to measure total
body calcium based on the reaction (49):

þb�
48Caþn���!49Ca���!49Sc*���!49 Sc

þc ð3:084 MeVÞ ð15Þ
The notation for this reaction is given as [48Ca(n,g)49Sc]
for [target nucleus (incident particle, emitted particle)
residual nucleus]. All three of the neutron activation
analysis methods involve radiation exposure, and this is
themain disadvantage of the total body carbonmethod.
The average exposure is 80, 575, and 50 mrem for
prompt-g, delayed-g, and inelastic scattering neutron
activation analysis, respectively.

The between-measurement coefficients of variation
for total body carbon, nitrogen, and calcium are 3.0%,
2.7%, and 0.8%, respectively. The propagated error in
the total body carbon method of measuring total body
fat is 3.4–4.0% (42).

The total body carbon method is not widely used in
the study of body composition since only a few labo-
ratories in the world have the necessary three neutron
activation systems. However, the total body carbon
method is important because it is based on highly stable
models that are not affected to an appreciable degree by
age, sex, ethnicity, or disease. In some respects, at least
conceptually, the total body carbonmethod approaches
the potential accuracy in estimating total body fat
afforded by lipid extraction of human cadavers.

3 Hydrometry

Dilution methods, including those for total body water,
or ‘‘hydrometry,’’ include a group of body composition
methods designed to quantify fluid compartments and
the components that exist entirely within body fluid
compartments such as exchangeable potassium,
sodium, and chlorine. All dilution methods are based
on the use of a labeled tracer with three properties: (1) it
has the same or similar distribution space as the com-
ponent analyzed; (2) it has a distinct property (e.g.,
radioactivity or color) that can be quantitatively meas-
ured; and (3) it is nontoxic in the amounts used. A dose
of tracer (T) is administered to the subject, and after an
equilibration interval, a portion of the tracer exchanges

with other molecules or is excreted; any excreted tracer
can be measured in urine. The tracer that remains in the
body (TV) then homogeneously distributes within the
unknown component (C) volume. The following model
then applies (50),

P*¼ R� ðCþ TVÞ ð16Þ
where TV represents the known amount of tracer in the
body at equilibrium, P* is the known measured distinct
tracer property, and R is the ratio of P* to the sum of C
and TV. Because TV is much smaller than C, the model
can be simplified to

P*¼ R� C ð17Þ
One can analyze a sample of the unknown component
such as blood or a piece of tissue. Because the tracer is
homogeneously distributed in the unknown compo-
nent,

DP*¼ R�DC ð18Þ
where DC and DP* are the measured unknown compo-
nent mass and tracer property, respectively. Combining
this formula with the above equation, a dilution model
is derived,

C ¼ ½P*�DC�=AP* ð19Þ
In the model, P* is known and DC and DP* can be
measured in samples. The unknown component (C)
volume can thus be calculated.

Although dilution methods are widely used in the
measurement of extracellular fluid, plasma volume, and
exchangeable electrolytes (Ke, Nae, and Cle) (50), the
most important use in the obesity field is measurement
of total body water. This is because water is the largest
component at the molecular body composition level in
normal adults and also because water occupies a rela-
tively constant fraction of FFM, usually assumed as
0.73 based upon classic in vitro experiments. The stable
hydration fraction of ~0.73 is recognized from human
cadaver studies (Table 5) and, within a reasonable
range, is also observed across all adult mammals (Fig.
9)(8–10).

Water labeled with either of two isotopes of hy-
drogen (deuterium, 2H2O; tritium, 3H2O) or oxygen
(H2

18O) has been used to quantitate total body water
by the dilution method in healthy and diseased individ-
uals (51). The use of deuterium and 18O-labeled water-
stable isotopes is safe and preferred for children and
pregnant women. The assays for these two isotopes in
biological fluids rely on labor intensive techniques such
as mass spectrometry. Tritium is radioactive and should
not be used in children or in pregnant women. On the

—!
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other hand, it is somewhat easier tomeasure with widely
available scintillation counters (51).

Once the dilution volume is known, total body water
volume and mass can be calculated from isotope
exchange fraction and water density. Each of the three
isotopes measures a specific dilution volume that is
somewhat larger than the actual volume. For the two
hydrogen isotopes, tritium and deuterium, the dilution
volume is larger than actual total body water because
the H atoms in the tracer exchange with H atoms bound
to carboxyl, hydroxyl, and amino groups (52). Similarly,
the 18O tracer exchanges with oxygen atoms in carboxyl
and phosphate groups (53). Exchange of labeled atoms

with unlabeled atoms from molecular components may
vary owing a number of factors, but most investigators
assume a stable exchange of f4% for tritium and
deuterium andf1% for l8O(53). Thus, total bodywater
is calculated as the product of isotope dilution volume
and a correction factor that accounts for isotope
exchange (e.g., 3H2O and 2H2O dilution volumes �
0.96; H2

18O dilution volume � 0.99). At present, there
does not appear to be a universally accepted, fully valid
method of estimating isotope exchange. Total-body
water volume is converted to mass using the density of
water at body temperature (0.9937 g/cc at 36jC or
0.9934 g/cc at 37jC). Total body water, once known,
can then be used to estimate total body fat and FFM as:
FFM = 1.37 � TBW, and fat = body weight � FFM.

The total body water method is widely used, and the
specific isotope selected depends on available funds,
analytical facilities, and subject characteristics. An
important feature of the total body water method is
the availability of stable isotopes, thus eliminating
radioactivity from the analysis for use in children or
pregnant women. The subject evaluation portion of the
total body water method can be carried out in field
settings, and some investigators use this approach in
phenotyping subjects in remote settings. The total body
water method can also be used as the reference for total
body fat in remote settings when developing ethnic-
specific calibration equations for calibrating bioimped-
ance and anthropometric methods. The total body
water method is also a reasonable approach for estimat-
ing adiposity inmorbidly obese patients for whom other
methods may not be suitable. The validity of the
assumed stable FFM hydration (0.73) in morbidly
obese subjects is unknown.

Table 5 Fat-Free Body Mass Hydration (TBW/FFM) Evaluated in Nine Adult Human Cadavers

Gender Age (yr) BM (kg) TBW (kg) FFM (kg) TBW/FFM Cause of death

M 46 53.8 29.7 43.3 0.686 Skull fracture

M 60 73.5 37.2 53.0 0.702 Heart attack
M 25 71.8 44.4 61.1 0.726 Uremia
M 63 58.6 35.0 48.0 0.729 Esophageal cancer

F 59 25.9 13.3 18.2 0.731 Extreme cachexia
F 42 45.1 25.3 34.5 0.733 Drowning
M 48 62.0 43.9 59.3 0.740 Infective endocarditis
M 35 70.6 47.9 61.7 0.776 Mitral insufficiency

F 67 43.4 32.0 39.6 0.808 Advanced malignancy
Mean 49 50.1 34.3 46.6 0.737
SD 14 15.8 10.8 14.5 0.036

BM, body mass; F, female; FFM, fat-free body mass; M, male; TBW, total body water; TBW/FFM, ratio of total body water to fat-free body

mass.

Source: Ref. 10.

Figure 9 Total body water versus fat-free body mass, both
expressed in logarithms, for humans and eight mammalian
species. (From Ref. 10.)
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An important concern is bias error due to systematic
variation in the TBW/FFM ratio with age, gender, race,
obesity, disease, or other factors. As an example, TBW/
FFM is known to be higher in infants and young
children than in adults (54). Some have speculated that
the TBW/FFM ratio is decreased in obesity and ele-
vated in elderly people (55,56). Certain diseases (e.g.,
renal disease, congestive heart failure) clearly result in
alterations in the TBW/FFM ratio. Lastly, the early
phase of weight loss (i.e., the first 1–2 weeks) with
obesity treatment may be associated with relatively
greater water loss than of other FFM components and
thus the assumed TBW/FFM ratio may not be constant
during the phase of dynamic weight change (57).

4 Hydrodensitometry/Air Displacement
Plethysmography

a. Hydrodensitometry

Hydrodensitometry, often referred to as under-
water weighing, is one of the oldest in vivo methods of
analyzing human body composition as a two-compo-
nent (i.e., fat and FFM) model (58).

Hydrodensitometry is based on the Archimedean
principle that a solid object submerged in water is
subject to a buoyant force that is equal to the weight
of the water displaced by the object, or the loss in
weight of the object when it is weighed while submerged
in the water. Thus, the specific gravity or ‘‘density’’ of
the object can be determined from the weight of the
object divided by the loss in weight when submerged in
water. The human body generally has a density close to
that of water (i.e., 1.0 g/cm3). Individual deviations
from this value are mainly due to the amount of fat in
the body. Because fat is less dense than water, the lower
the body density, the greater the amount of body fat.
Behnke was the first to show that this method could be
used to deduce the percentage of weight that is fat from
body density using a simple two-component model that
assumes specific densities for fat and fat-free fractions
of body weight (13,59).

Lipid extracts of human adipose tissue, which are
mostly triglycerides, have a mean density of 0.9007 g/
cm3 at body temperature (60) (Table 2). The density of
FFM has been estimated to be 1.100 g/cm3 based on
data from cadaver studies (61). Fat-free body mass is
assumed to be composed of constant proportions of
water (73.2%), minerals (6.8%), and protein (19.5%)
with residual amounts (<1%) of other chemical com-
ponents (e.g., glycogen). The densities of these individ-
ual chemical components are also considered to be
constants at body temperature (Table 2). Human body

densities generally vary between 1.08 g/cm3 (very lean)
and 1.03 g/cm3 (moderately obese). Obese subjects will
have body densities <1.03 g/cm3, and severely obese
people may have densities <1.00 g/cm3.

The most commonly used two-component model for
estimating body composition from body density mea-
sured by underwater weighing was derived originally by
Siri [Eq. (1)](62). A revised model proposed by Brozek
et al. (61) gives slightly lower estimates in obese subjects
due to somewhat different underlying assumptions
regarding the densities of fat (0.8888 g/cc) and fat-free
(1.1033 g/cc) components. Additional revised models
have been proposed that adjust the coefficients in two-
component equations for systematic differences in the
composition of FFM associated with age, sex, ethnicity,
and level of fatness (14,54,56). These adjusted equations
should not be applied without, verifying in a random
subsample of a study population that the assumed
deviations in fat-free composition actually occur. None
of these equations consider human individual variabil-
ity in the composition of FFM that may occur inde-
pendent of age, sex, ethnicity, or obesity. As the
composition of FFM may change with short-term
weight loss, two-component models based on body
density alone may provide inaccurate estimates of the
amount of fat lost during the early phase of obesity
treatment (63).

A limitation of the underwater weighing method is
that accurate measurements require active participation
and effort by the subject being measured. In the conven-
tional approach, the subject must submerge their body
completely while exhaling maximally, and then hold
their breath and body position for several seconds until
a weight measurement is obtained. Some individuals
cannot perform adequately, and underwater weighing is
not feasible in very young children, frail elderly, or those
with serious cardiovascular or pulmonary diseases. In
those who can perform the procedure, errors may occur
owing to body movement and the buoyant effects of air
in the gastrointestinal tract and lungs. Errors due to
movement during submersion may be reduced by the
use of electronic load cells and stable chair systems,
rather than spring scales and body slings. It is not
feasible to measure the amount of air and gas in the
stomach and intestinal tract, and a fixed value is usually
assumed (f100 mL).

The larger air volume in the lungs is adjusted for by
measuring residual lung volume when the subject is out
of the water using a spirometer with He dilution or N
washout, or during weighing with systems designed for
this purpose. The simultaneous measurement of resid-
ual lung volume and underwater weight may be pre-
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ferred because it controls for the effects of the increased
pressure of water on the thorax during immersion.
Some studies suggest, however, that these effects are
small and result in only a slight reduction in residual
volume in normal subjects (64). Maximum effort and
compliance by the subject during spirometry, whether
in or out of the water, and repeated measurements of
residual lung volume may be more important. Inaccu-
rate measurements of air in the lungs can be a major
source of error when estimating body density from
underwater weighing.

Although feasible, underwater weighing of obese
subjects may present special problems. Obesity is often
association with respiratory problems and reduced lung
function, which may make it more difficult to obtain
accurate measurements of residual lung volume. As
obese subjects have a strong tendency to float owing
to their low body density, it may be necessary to use a
weight belt, or other tare weight system, to completely
submerge the body. The tare weights must be measured
and recorded carefully to obtain an accurate underwater
weight. Despite these limitations, high levels of preci-
sion can be achieved in most obese subjects with under-
water weighing. Moreover, underwater weighing may
be the only practical method of measuring body fat in
very obese subjects who cannot be evaluated by other
methods. The minimum possible technical and biolo-
gical errors from all sources for percent body fat by
underwater weighing has been estimated to be about F
2.5% (65). This represents an ideal, however, that can be
achieved only if careful attention is given to optimizing
the performance of subjects and the quality of the
equipment, and if all model assumptions are valid.

Assuming subjects are comfortable with water sub-
mersion, the hydrodensitometry method is very safe.
Underwater weighing systems range in price and at the
low end can be built quickly at low cost. Once built, the
systems are usually not transportable.

b. Air Displacement Plethysmography

Air displacement plethysmography (ADP) is a tech-
nique designed to replace hydrodensitometry in the
approximation of body composition (66). The govern-
ing principle is essentially that of hydro-densitometry—
that the density of a human body can be used to
approximate two-compartment body composition, fat
and FFM. In ADP, however, body volume is evaluated
by measuring air displaced by a body’s introduction to
a controlled environment.

Attempts in a number of forms have been made
throughout the years to replace hydrodensitometric

measurement with ADP. However, these approaches
were unsatisfactory for a number of reasons, but owing
particularly to complications arising from the introduc-
tion into the measurement chamber of the human body
itself (e.g., changes in temperature, air composition,
etc.). Such problems have largely been addressed with
the commercial ADP system now available (BOD POD
Body Composition System, Life Measurement Instru-
ments, Concord, CA) (66).

The BOD PODmeasurement system is comprised of
an electronic scale and the BOD POD unit itself, both
routed through a computer operated by a technician
(66). The measuring process is relatively simple. First,
the subject, wearing a form-fitting bathing suit and
swim cap, is weighed on the scale. The subject is then
seated in the front chamber of the calibrated BOD POD
unit. An egg-shaped capsule, the unit has a large win-
dow that allows the subject to see outside, making for a
more comfortable environment. A moving diaphragm
mounted between the front and rear chambers, 450 and
300 L, respectively, oscillates during the measurement
process to create in the two chambers volume perturba-
tions of exactly equal magnitude. Air between the two
chambers is constantly mixed during measurement, and
the subject breathes through a filtered tube as thoracic
volume change due to breathing is recorded. Thus are
addressed the effects of changes in isothermal condi-
tions and air composition.

Once measurement is complete, the software pro-
vided with the system records the subject’s volume and
density and, using the Siri equation [Eq. (1)], calculates
and records the subject’s body composition. Studies
have indicated that the reproducibility of percent
adiposity measurement using the BOD POD is high,
with between-trial SD reported at 0.4% and CV 1.7%
F 1.1%, both marginally lower than for hydrostatic
weighing (67). Some investigators have found a trend
in the BOD POD toward underestimation of body
density as compared to hydrodensitometry, creating a
small but statistically significant difference in percent
fat (68). There are now many studies reporting good
agreement between BOD POD percent fat estimates
and those provided by other reference methods such as
DXA. Systems are reportedly in development that are
suited for young children for whom the present BOD
POD is not ideally designed.

Benefits of this ADP system include the ease of use
relative to hydrodensitometry, minimal requirement
for subject participation, and high level of reproduci-
bility. Subjects and technicians also require a minimal
amount of instruction, the process takes only a few
minutes for each subject, and the chamber is relatively
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accessible for the elderly, disabled, and obese. A
limitation of the ADP system is that the chamber,
while mobile for field use, weighs>135 kg, and trans-
porting the entire system might prove difficult. Never-
theless, BOD POD systems are in use at settings
involved in phenotyping remote populations. Clothing
restrictions can be of some concern for individual
patients; for example, the manufacturer’s instructions
advise that subjects should wear a swim cap and tight-
fitting swimsuit to ensure accuracy. Furthermore, the
size of the chamber may be restrictive for very large
people. Finally, the cost of the BOD POD may be
prohibitive for some who would wish to use the
system.

5 Dual-Energy X-Ray Absorptiometry

Anthropologists and health care workers in the field of
metabolic bone disease have long required a means for
quantifying bone mass. In the past, the preferred
approach was to expose one side of the subject’s wrist
to a photon-emitting radioactive source while a scin-
tillation counter was positioned on the other side of
the wrist (69). The number of counts detected served
to indicate the amount of attenuating calcium or bone
present. The wrist was typically the site of choice for
measurement because at that part bone is the main
attenuating tissue, unlike conditions at the hip or spine

where soft tissue is also present. Later, investigators
explored means of evaluating hip and spine, as those
are two bone areas of clinical concern for the study of
osteoporosis. The single-photon system evolved to a
dual-photon system, and is now based on a filtered x-
ray source and is commonly called dual-energy x-ray
absorptiometry (DXA) (69). In order to quantify bone
mineral within a soft-tissue containing pixel, DXA
systems required information about soft tissue compo-
sition. The capacity for quantifying the fat and lean
soft tissue content of a pixel evolved into DXA’s
central role in modern body composition analysis.

All DXA systems in general operate on similar
principals, although important technical details prevail
(70) (Fig. 10). An x-ray source provides a broad
photon beam that is usually filtered, thus yielding
two main energy peaks. Some systems use a pulsating
voltage source to produce the two energy peaks. The
emitted photons traverse the subject’s tissues; the ex-
tent of the attenuation that follows depends on the
tissue’s elemental makeup. Elements of low atomic
weight, such as hydrogen, minimally attenuate photons
whereas elements such as calcium are highly attenua-
ting. The difference in attenuation between the two
energy peaks is particular to each element, and thus to
each tissue. The characteristic attenuation signature
for fat, lean, and bone mineral allows one to develop
pixel-by-pixel composition estimates using a series of

Figure 10 Schematic representation of DXA system (left) and three-component model consisting of bone mineral, lean soft
tissue, and fat. (From Ref. 17.)
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assumptions and reconstruction algorithms (70). Some
systems use a simple ‘‘pencil beam’’ configuration as
the patient is scanned, while others are based on a ‘‘fan
beam’’ configuration of x-ray source and detector. Fan
beam systems tend to be faster, requiring just several
minutes for each scan; pencil beam models have a
longer scan time. Accuracy varies between system
designs and software. The manufacturer performs
calibrations that allow resolution of the three mole-
cular level components, bone mineral, fat, and lean
soft tissue (Fig. 4). Once systems are operational,
system calibration and functional evaluations are also
carried out on a regular basis. DXA x-ray exposure is
minimal (<1 mrem), allowing for safe longitudinal
studies in children and adults.

DXA estimates the three molecular level compo-
nents for the whole body and separately for the arms,
legs, and trunk. The body segment estimates are
somewhat less precise and accurate than those for
the whole body (69). The accuracy of DXA systems
is influenced by the thickness of the energy-absorbing
tissues in the path of the x-ray beam, and accuracy
decreases with increasing thickness due to beam har-
dening. Manufacturers of DXA systems include cor-
rection algorithms in their operating software for the
effects of body thickness, although different versions
of software may provide somewhat different body
composition estimates (71).

Several studies have compared DXA with physico-
chemical analyses of pig carcasses, and generally show
better results for larger animals, and application in
infants and small children is now well accepted (72–
74). New, specially designed DXA systems are proving
useful in phenotyping fatness in small animals such as
the mouse. DXA has also been evaluated using exper-
imental models composed of measured amounts of
biological tissues or non-biological tissue-equivalent
materials (75,76).In vivo studies of DXA accuracy
can be separated into experimental versus observa-
tional groups. In experimental studies, packets of lard
have been placed on lean subjects to simulate increased
amounts of adipose tissues (74,77). These studies have
produced mixed results that seem to depend on where
the additional lard was placed on the body (trunk vs.
legs), the type of scanner, and the version of software
used. Other experiments have tested the effects of
changes in hydration of the FFM using either patients
undergoing hemodialysis or volunteers ingesting large
amounts of water. Generally, DXA has been shown to
measure changes in body fluids accurately and to
correctly attribute these changes to the lean soft tissue
mass (78). A recent study with phantoms supported by

theoretical calculations suggests that percent fat esti-
mates by DXA are minimally influenced by changes in
hydration within the physiological range (79). Obser-
vational studies have compared DXA, with favorable
outcomes, to estimates from hydrodensitometry, total
body water, and multicomponent models in subject
groups over wide ranges of body fatness (80,81). It is
important to note that few studies were specifically
designed to test the accuracy of DXA in moderately or
severely obese subjects.

Most studies show that DXA estimates of body
composition are highly reproducible. This has been
evaluated in a variety of experiments. Reported techni-
cal errors for estimates of percent fat ranged from 0.3%
to 1.4%; errors for FFM range from 0.3 to 0.9 kg
(69,80). Reported coefficients of variation range from
0.5% to 4% for percent body fat, 1% to 1.7% for fat
mass, and 0.7%, to 1.0% for FFM (78,82). Although
there is substantial evidence that DXA estimates lose
accuracy with increasing body thickness, reports are
conflicting as to whether thickness results in a system-
atic bias toward either over- or underestimation of body
fatness (76). These conflicting results might be attribut-
able to the use of different scanners and versions of
software incorporating different calibration standards
and thickness corrections. In any event, it is reasonable
to expect that DXA estimates will lose both accuracy
and precision in thicker obese subjects.

The DXA approach is rapidly becoming the most
available and established of the reference body com-
position methods as systems are well designed and
provide accurate and reproducible results, studies in
children are possible, and there exists the possibility of
transporting systems in a mobile van. The disadvan-
tages of DXA are that it cannot be used in pregnant
women, the cost of purchasing and operating the
system is relatively high, and very large or obese
subjects cannot be easily accommodated on most
available systems. An ongoing and unresolved debate
centers on the superiority of fan beam versus pencil
beam systems, and on other system characteristics that
differ among manufacturers.

The application of DXA to the body composition
analysis of obese patients is subject to additional prac-
tical limitations. Many obese individuals will simply be
too wide for the scan field (f190 � 60 cm) as the soft
tissue falling outside of the scan field will not be included
in the body composition analysis, resulting in biased
estimates. As a result, DXAmanufacturers generally do
not recommend scanning individuals>100 kg body
weight. This represents a serious limitation to the appli-
cation of DXA body composition analysis, and it also
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may limit the accuracy of regional body composition
data. For example, it may not be possible to abduct the
arms sufficiently from the trunk, or to separate the legs
sufficiently at the thighs, in obese subjects to obtain
accurate estimates of separate arm and leg soft-tissue
masses. Tataranni and Ravussin (82) described an
approach that combines information from two DXA
scans taken for each side of the body in obese subjects.
This approach appears to provide reasonably accurate
estimates, compared to those from hydrodensitometry,
but requires careful attention to subject positioning in
the scan field and also adds significantly to total scan
and data analysis time. As an alternative, the authors
suggest multiplying body weight by percent fat esti-
mates from a half-body scan in order to derive total
body estimates. This method is likely to be accurate,
albeit only in subjects with little anatomical asymmetry
between the right and left halves of the body.

6 Multicomponent Models

A supplementary approach to the two-compartment
hydrodensitometry or ADP methods is to use multi-
component methods that include measures of total
body water, bone mineral mass, and soft tissue
mineral mass in addition to body density, assuming
fixed densities for each component (Table 2) (83–85).
Multicomponent models are designed to provide esti-
mates of three or more components. Adding more
measured components reduces the number of applied
model assumptions and multicomponent methods are
often applied as the criterion against with other
methods are compared (86).

Selected examples are provided in Table 6 of three-,
four-, and five-component methods of estimating fat
mass along with the measurable quantities and simul-
taneous equations upon which they are based (83–90).
The equations in Table 6 are based on component
densities at body temperature, which ranges between
36jC and 37jC (Table 2). In certain groups, such as
children, elderly, African-American, or sick patients,
these methods may provide more accurate estimates
of body fatness than the simpler, two-component
models. Precise measures of total body water, bone
mineral mass, and soft tissue mineral mass are required,
however, to avoid swamping the gain in accuracy with
increased propagated errors of the additional mea-
surements (91). In addition, the benefit in terms of
improved accuracy should always be evaluated in rela-
tion to the increased cost associated with obtaining the
additional measurements of total body water, total
body bone mineral, and soft tissue mineral (86). These

costs may be justified when the goal is to estimate
changes in body fat over time, as in clinical weight loss
studies, and in evaluating the accuracy of other poten-
tial reference methods.

7 Imaging Methods

Imaging methods, such as CT and MRI, are consid-
ered the most accurate means available for in vivo
quantification of body composition on the tissue sys-
tem level. Although access and expenses remain
obstacles to routine use, these imaging approaches
are now used extensively in body composition re-
search. CT and MRI are the methods of choice for
calibration of field methods designed to measure adi-
pose tissue and skeletal muscle in vivo, and are the only
methods available for measurement of internal tissues
and organs. More recently both methods have been
employed to measure the quality of various tissues, in
particular, skeletal muscle tissue.

a. Computed Tomography

The basic CT system consists of an x-ray tube and
receiver that rotate in a perpendicular plane to the
subject. CT measures are 0.1–0.2 Å, 60–120 kVp x-rays
that are attenuated as they pass through tissues (92).
Attenuation is expressed as the linear attenuation co-
efficient or CT number. The CT number is a measure
of attenuation relative to air and water. The CT
numbers of air and water are defined as �1000 and
0 Hounsfield number (HU), respectively. The x-ray
beam attenuation is related to three factors: coherent
scattering, photoelectric absorption, and Compton
interactions (92). Physical density is the main deter-
minant of attenuation and, therefore, CT number.
There is a linear correlation between CT number and
tissue density (93,94). Each of the image pixels or
voxels has a CT number which gives contrast to the
image. Image reconstruction is usually done with
mathematical techniques based on either two-dimen-
sional Fourier analysis, filtered back-projection, or a
combination of these methods.

CT body compositionmethods are designed to quan-
tify components at the tissue system level of body
composition. The main components are adipose tissue,
skeletal muscle, bone, visceral organs, and brain. Cross-
sectional images are composed of picture elements or
pixels, usually 1� 1 mm squares. Slice thicknesses vary,
and when considered in three dimensions, the image
consists of volume elements or voxels. Each pixel/voxel
is assigned a value on a gray scale that reflects the
composition of the tissue.
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Quantifying tissue volume by CT requires two steps.
First, the tissue area (cm2) on each cross-sectional CT
image is determined using one of two methods (95,96).
In one technique, the investigator traces the perimeter of
the target tissue with a light pen or track ball controlled
cursor. The area of the circumscribed tissue is then
calculated, usually with software installed on the CT
scanner console. The second approach employs a com-
puterized edge detection procedure that identifies the
area of the target tissue by selecting pixels within a given
HU range, for example �190 to � 30 HU for adipose
tissue (96). Automated procedures are now becoming

available. Once the tissue areas (cm2) are quantified for
a series of images, the total volume can be calculated by
integrating data from multiple contiguous slices. The
tissue mass can be then calculated if a value for the
density of the tissue is assumed.

CT tissue area and volume measurements have been
shown to be highly reproducible. Kvist et al. (96) repor-
ted an average error ofF0.6% for whole body adipose
tissue volume for duplicate measures in four subjects.
Chowdhury et al. (95) reported intraobserver errors for
a large number of CT-measured body composition com-
ponents. Some examples are for skin=2.4%, total adi-

Table 6 Representative Multicomponent Methods for Measuring Total Body Fat

Required measurements

Reference Properties Components Simultaneous equations Fat mass equation

Siri(62) BW, BV Water BW=FM+water +protein+mineral FM=2.057�BV�0.786
�water�1.286�BW

BV=FM/0.900+water/0.994
+protein/1.34+mineral/3.04

protein=2.40�mineral
Lohman (54) BW, BV Mineral BW=FM+water+protein+mineral FM=6.386�BV+3.961�

mineral�6.09�BW

BV=FM/0.9007+water/0.994
+protein/1.34+mineral/3.04 water
=4.00�protein

Baumgartner et al. (88) BW, BV Water,
TBBM

BW=FM+water+protein+
TBBM+Ms

FM=2.75�BV � 0.714�
water+1.148�mineral
� 2.05�BW

BV=FM/0.9007+water/0.994

+protein/1.34+TBBM/2.982
+Ms/3.317

Ms=0.235�TBBM

Selinger (89) BW, BV Water,
TBBM

BW=FM+water+protein
+TBBM+Ms

FM=2.75�BV�0.714
�water

BV=FM/0.9007+water/0.994

+protein/1.34+TBBM/2.982
+Ms/3.317

+1.129�TBBM�2.037
�BW

Ms=0.0105BW

Heymsfield (90) BW, BV Water,
TBBM

BW=FM+water+TBBM+residual FM=2.513�BV� 0.739
�water

BV=FM/0.9907+water/0.99371
+TBBM/2.982+residual/1.404

+0.947�TBBM�1.79
�BW

Wang (86) BW, BV Water,
Mo, MS

BW=FM+water+protein
+Mo+Ms

FM=2.748�BV�0.715
�water+

BV=FM/0.9007+water/0.99371

+Protein/1.34+Mo/2.982
+Ms/3.317

1.129�Mo+1.222�Ms

�2.051�BW

Abbreviations: BV, body volume (liter); BW, body weight (kg); FM, fat mass (kg); Mo, osseous mineral; Ms, soft tissue mineral (kg); TBBM

(kg)=ashed bone from DXA�1.0436.

Source: Ref. 15.
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pose tissue=0.4%, and heart=3.4%. An earlier report
by Brummer et al. (97) indicated interobserver errors of
0.7%, 0.4%, and 2.1% for total adipose tissue, skeletal
muscle, and visceral organs, respectively.

Several studies have established the accuracy of area
and volume measurements from CT. Heymsfield et al.
(98) reported that organ masses estimated using CT
were highly reproducible and agreed with actual mass to
within 5–6%. Rossner and colleagues (99) found good
agreement between CT and cadaver adipose tissue areas
and ratios (r’s ranged from .77 to .94). Chowdhury and
colleagues (95) reported that the average difference
between body weight and mass determined from CT
measured tissue volumes was 0.024F0.65 kg and the
coefficient of variationwas 0.85%.Wang and colleagues
(100) reported that body volume calculated from 22 CT
slices was highly correlated with body volume from
underwater weighing in seventeen men (r=.99, P=
.0001, SEE=1.9 L, n=17), although there was a stat-
istically significant difference between the mean values
(CT=74.8F13.9 L vs. UWW=73.6F13.7 L, P<.02).
This difference between mean volumes may be due to
difficulty in accurately estimating residual lung volumes
and in quantifying lung parenchymal volume by CT.

Heymsfield and colleagues were among the first to
explore the use of CT in body composition research.
They initially used CT to quantify the cross-sectional
area of arm muscle in 1979 (101); subsequent reports
described methods of estimating visceral organ volumes
(98) and VAT (102). Borkan and colleagues were the
first to systematically evaluate VAT in 1982 (103).
Sjöström and colleagues introduced whole-body ima-
ging and multicomponent analysis to quantify total
body and regional adipose tissue, skeletal muscle, bone,
and other organ/tissue volumes (104).

In recent years CT has been employed tomeasure the
quality of various tissues—in particular, skeletal muscle
tissue. The focus has been to establish the lipid content
as altered fat deposition in skeletal muscle is linked to
reduced insulin-stimulated glucose uptake. An in-
creased muscle lipid content has also been noted in
older persons and is associated with muscle wasting
diseases (105,106). As noted above, CT is capable of
distinguishing different tissue types on the basis of their
attenuation characteristics, which in turn are a function
of tissue density and chemical composition. Skeletal
muscle attenuation is determined by measuring the
mean attenuation value from all pixels within the range
of 0–100HU. The lower themean attenuation value, the
greater the infiltration of lipid within the muscle. As an
additional means of characterizing muscle composition,
the distribution of attenuation values is described as

representing two components on the basis of muscle
density. One-component, normal-density muscle is
defined as muscle pixels with attenuation values within
2 SD of the mean attenuation value observed in lean,
normal muscle (31–100 HU). The second component,
low density muscle, is defined as muscle with below
normal attenuation values (0–30 HU).

The reliability and validity of in vivo measurement of
skeletal muscle attenuation was recently studied by
Goodpaster et al. (107). Single-slice CT scans performed
on phantoms of varying lipid concentrations revealed
good agreement between attenuation and lipid concen-
tration (r2=.995). The test-retest coefficient of variation
for mean attenuation values obtained from two CT
scans performed on six volunteers was 0.51% for the
midthigh and 0.85% for the midcalf. Although addi-
tional validation studies would be useful, preliminary
findings suggest that the variability of muscle composi-
tion values by CT is low and that the method provides
accurate estimates of lipid content, albeit by compar-
ison to phantoms.

Early studies that employed CT to measure muscle
composition found associations between reduced skel-
etal muscle attenuation and aging (108), Duchenne
muscular dystrophy, and other myopathies (109). More
recently, Goodpaster et al. have observed that the mean
muscle attenuation within skeletal muscle is reduced in
obesity and type 2 diabetes mellitus (110), and that
weight loss increases the mean attenuation value of
muscle (111). These unique applications of CT represent
a major advance in the study of altered muscle compo-
sition in vivo with numerous applications in both
applied and clinical medicine. An example of this
approach is given in Figure 11.

In amanner similar to that used to determine skeletal
muscle density, CT has also been employed to determine
the density of liver tissue (112).Aswithmuscle, the lower
the Hounsfield units, the lower the liver density and the
greater the fat content of the liver. Therefore liver
density is inversely related to liver fat and thus is a
surrogate for it (113). Several investigators have em-
ployed CT to measure liver composition in various
cohorts. A focus of this research has been to determine
possible links between fatty liver and insulin resistance
(114). Determination of liver fat ‘‘fatty liver" may
provide novel insight into the relationship between
abdominal obesity, in particular visceral fat, and
increased metabolic risk. Björntorp hypothesized that
the metabolic importance of visceral fat may be due to
the delivery of free fatty acids into the portal system
exerting potent anddirect effects on the liver. Indeed, it is
now well established that the plasma free fatty acid
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concentration is a primary modulator of hepatic insulin
resistance (115). This is consistent with the knowledge
that in men and women omental and mesenteric adipo-
cytes are metabolically more active by comparison to
abdominal subcutaneous adipocytes. Thus sustained
differences in portal concentration of free fatty acids
may at least partially explain the hepatic and peripheral
insulin resistance that characterize viscerally obese older
persons. Although it is not possible to readily access the
portal circulation in vivo, it is reasonable to expect that
sustained delivery of free fatty acids to the liver would
cause an increase in the infiltration of lipid within the
liver—hepatic steatosis or ‘‘fatty liver.’’Consistent with
this position, evidence suggests that visceral fat is a
positive correlate of liver fat in men (112), but not
women (116).

b. Magnetic Resonance Imaging

The estimation of body composition components on
the tissue system level using MRI is essentially the same
as for CT. The two methods differ mainly in the manner
in which the images are acquired, which has subsequent
bearing on practical considerations of cost and ap-
plicability, as well as technical aspects of image analy-
sis, relative accuracy, and reliability.

MRI does not use ionizing radiation. Instead, it
is based on the interaction between hydrogen nuclei
(i.e., protons), which are abundant in all biological
tissues, and themagnetic fields generated and controlled

by the MRI system’s instrumentation. Hydrogen pro-
tons have a nonzero magnetic moment which cause
them to behave like tiny magnets. When a subject is
placed inside the magnet of a magnetic resonance
imager, where the field strength is typically 10,000 times
stronger than the earth’s, the magnetic moments of the
protons align themselves with the magnetic field. Hav-
ing aligned the H protons in a known direction, a pulsed
radiofrequency field (RF) is applied to the body tissues
causing a number of hydrogen protons to absorb
energy. When the RF is turned off, the protons gradu-
ally return to their original positions, releasing in the
process the energy that they absorbed in the form of an
RF signal. It is this signal that is used to generate the
magnetic resonance images by computer.

Foster et al. (117) were among the first to illustrate
the applicability of MRI to body composition analysis.
Hayes et al. (118) first demonstrated the quantification
of subcutaneous adipose tissue distribution in human
subjects using MRI. A variety of studies have subse-
quently used MRI to quantify adipose tissue and/or
lean tissue areas or volumes in children (119), normal
males and females (120–122), obese males and females
(123,124), diabetics (124), and elderly people (125). To
date several groups have employed MRI to evaluate
whole body adipose tissue and lean tissue distribution in
human subjects (120–122c).

Historically, an important problem with the appli-
cation of MRI to body composition analysis has been
the substantial time needed to obtain images of

Figure 11 CT images of the proximal thigh for a lean (left) and obese (right) subject. The darker-appearing pixels within the
skeletal muscle tissue of both subjects have attenuation values (Hounsfield Units) between 0 and 100. Skeletal muscle attenuation
is determined by measuring the mean attenuation value from all pixels within the range of 0 to 100 HU. The lower the mean

attenuation value, the greater the infiltration of lipid within the muscle. The mean attenuation value of the skeletal muscle of the
obese subject is lower (i.e., darker pixels) by comparison to the lean subject.

Heymsfield et al.52



sufficient quality and resolution for reliable measure-
ments. For example, depending on the pulse sequence
used, the acquisition of a set of MRI images for the
abdomen could require between 8 (120) and 16 min
(126). Recent advances in MRI technology have
reduced the time needed to obtain the same quality
images of the abdomen to f25 sec, and a series of
images for whole body analysis can be acquired in
<30 min (127). These advances should make MRI a
much more accessible instrument for body composi-
tion studies in the future.

AmultisliceMRI protocol for whole body analysis is
illustrated in Figure 5 (127). The pulse sequence used to
obtain images of the abdomen in this protocol requires
26 sec. During this time the subject must hold his/her
breath to reduce the effects of respiratory motion on
image quality.

A factor that has impeded the use of MRI in body
composition analysis has been the availability of
appropriate image analysis software. In contrast to
CT, this software is not generally included on most
MRI control consoles. As a result, MRI image data
usually must be translated and downloaded to a
separate workstation with image analysis software.
Once this is accomplished, the approach to the anal-
ysis of MRI images is similar to that used for CT
images. The perimeter of the tissue of interest can be
traced using a light pen or mouse-controlled pointer,
and the area within the perimeter can be calculated by
multiplying the number of pixels in the highlighted
region by their known area (128,129). Alternatively,
image segmentation algorithms can be used that high-
light all pixels within a selected range of intensities
believed to be representative of a specific tissue. The
latter approach, however, is considered more problem-
atic when applied to MRI than to CT images for three
reasons: (1) the distributions of pixel intensity (gray
scale) values for different tissues overlap more for
MRI than for CT images; (2) noise due to respiratory
motion blurs the borders between tissues in the abdo-
men to a greater extent in MRI than in CT; and (3)
inhomogeneity in the magnetic field can produce
‘‘shading’’ at the peripheries of MRI images.

Once tissue areas have been quantified from MRI
images, volumes (cm3) and masses may be calculated in
a manner similar to that described above for CT. Ross
(120), however, has defined a somewhat different math-
ematical formula for deriving tissue volumes from
measurements of a series of axial MRI images. This
formula recognizes that each image has a slice thickness
and that the pixels identified for a tissue are actually
volume elements, or voxels. Thus, the formula is based

on volumes of truncated cones defined by pairs of
consecutive images as follows:

V ¼ d�
Xn
i¼1

h=3� ðAi þ Aiþ1Þ þ ðAi þ Aiþ1Þ0:5
h in o

ð20Þ

where V is total tissue volume, A and Ai+1 are the two
consecutive images, and h is the distance between slices.

Several studies support the accuracy of MRI esti-
mates of human adipose tissue and skeletal muscle and
some examples are presented in Table 7. Using a rat
model, Ross et al. (130) reported that whole carcass
chemically extracted lipid was highly correlated with
MRI adipose tissue mass (r=.99, P<.01) and that the
standard error of estimate was 8.7%. Fowler et al. (128)
compared MRI adipose tissue measurements to those
obtained by dissection in a group of lean and obese pigs.
The authors observed that the distribution of MRI
adipose tissue correlated strongly with adipose tissue
distribution by dissection (r=.98), and that the mean
square error was 2.1%. Engstrom et al. (131) compared
the cross-sectional areameasurements of skeletalmuscle
determined from the proximal thigh in cadavers to the
correspondingMRI-measured cross-sectional areas and
reported that the correlation coefficient between the two
approached unity (r=.99). Abate et al. (129) compared
MRI measures of abdominal subcutaneous and visceral
adipose tissue to that obtained by direct weighing of the
same adipose tissue compartments after dissection in
three human cadavers. In this study the authors sub-
divided VAT into intraperitoneal and retroperitoneal
depots. For the various compartments the mean differ-
ence between the two methods was 0.076 kg or 6%.

Overall, the reported reliability of body composition
estimates from MRI is somewhat less than that for CT
as shown by the examples in Table 8. Seidell et al. (134)
reported CV%’s for repeated measurements of total,
visceral, and subcutaneous adipose tissue areas for the
abdomen of 5.4, 10.6 and 10.1%, respectively. Baum-
gartner et al. (135,136) reported CV%’s of <5% for
total and subcutaneous adipose tissue and 16% for
VAT, which were calculated from two repeated meas-
urements by two independent observers on 25 sets of
images. For skeletal muscle, Mitsiopoulos et al. (133)
report that the intraobserver correlation for duplicate
MRI measurements obtained at the midthigh level in
vivo is 0.99 with a standard error of 8.7 cm2 or <3%.

It is important with MRI to distinguish error asso-
ciated with repeated analyses of the same image from
that associated with repeated acquisition of the image.
There are at least three studies that report reliability
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data for repeated image acquisitions (128,129,160,188).
The CVs for measurements of subcutaneous abdominal
adipose tissue areas measured for two images taken at
the same level range from 1% to 10%.The reportedCVs
for VAT are somewhat higher, ranging from 6% to 11%
(Table 8)Overall, these reportedCVs forMRI are about
two to three times greater than those for studies using
CT.

Ross et al. (120) described special, interactive image
analysis software that allows the analyst to correct
misclassified pixels. Although training and experience
are needed to use this software, reliability equivalent
to those for CT can be achieved. Decreased scan times
and other improvements in imaging techniques should
further increase the reliability of future MRI body
composition analyses. A more detailed review of the

procedures used to determine body composition using
MRI can be found elsewhere (138,140).

To date the principal application of MRI in human
body composition research has been to characterize the
quantity and distribution of adipose tissue and skeletal
muscle. MRI has been employed to measure adipose
tissue and lean tissue in fetuses (142), children (119),
normal-weight males and females (120–122), obese
males and females (123,124), and diabetic (124) and
(125) elderly populations. While the aforementioned
studies base their observations in large measure on a
single MR image, it is also possible to acquire whole
bodyMRI data inf30min (Fig. 12). The acquisition of
whole-body MRI offers distinct advantages in assessing
the influence of weight loss on body composition. For
example, weight reduction scenarios may induce re-

Table 8 Reliability Studiesa

Coefficient of variation (%)

Reference Subject (N) T MRI Sequence Anatomical position SCAT Visceral AT Total AT LT

Staten et al. Human (6) 0.5 SE Midabdomen 5.0 10.0 3.0 —

Seidell et al. (134) Human (7) 1.5 IR Umbilicus 10.1 10.6 5.4 —
Garard et al. (138) Human (4) 1.5 SE 6 Abd. images 3.0 9.0 — —
Ross et al. (130) Rats (11) 1.5 SE Whole body — — 4.3 —

Ross et al. 1993 (139) Human (3) 1.5 SE L4-L5 1.1 5.5 — —
Whole body — — 2.5 —

Sohlström et al. (121) Human (3) 0.02 SR Whole body 1.7 5.3* 1.5 —

Ross et al. (140) Human (11) 1.5 SE Proximal thigh — — — 1.2
Abate et al. (129) Cadavers (3) 0.35 SE Abdomen 2.2 6.0 — —
Ross et al. (141) Human (19) 1.5 SE L4-L5 — — — 1.0

Mitsiopoulos et al. (133) Cadavers (6) 1.5 SE Arm and leg slices 2.5 — — 2.6

a Reported as nonsubcutaneous adipose tissue (SCAT).

AT, adipose tissue; IR, inverse recovery; SC, subcutaneous; LT, lean tissue; SE, spin-echo; SR, saturation recovery; T, strength of magnet in

Tesla.

Table 7 MRI Validation Studies

Correlation (SEE, %)

Reference Subjects (N) IV SCAT Visceral AT Total AT SM

Comparison with CT
Seidell et al. (126) Human (7) Midabdomen 0.79 (4.9) 0.79 (12.8) 0.99 (4.4) —
Sobel et al. (132) Human (11) Umbilicus 0.98 (8) 0.93 (20) — —

Ross et al. (130) Rats (21) Whole body 0.98 (12) 0.98 (13.6) 0.99 (8.7) —
Comparison with cadavers

Engstrom et al. (131) Human (3) Thigh muscle CSA — — — 0.99

Mitsiopoulos et al. (133) Human Arm and leg muscle CSA 0.99 (7.6) — — 0.97 (10)

AT, adipose tissue; IV, independent variable; SC, subcutaneous; SEE, standard error of estimate; SM, skeletal muscle; SCAT, subcutaneous

adipose tissue; %, percent; CSA, cross-sectional area.

Source: Ref. 129a.
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gional changes in adipose tissue or muscle. Thus, if an
increase in skeletal muscle in one anatomical region is
masked by a loss of skeletal muscle in another, only
MRI studies could discover it. Indeed, whole-bodyMRI
protocols have been employed to make important
observations with respect to the effects of various per-
turbations on total and regional adipose tissue (143,144)
and skeletal muscle distribution (145). Whole-body
MRI has also been used to describe age-related muscle
loss ‘‘sarcopenia’’ (146). Using fewer images, several
investigations have employed MRI to assess the influ-
ence of weight loss (145), inactivity (146,147), and
resistance training (148) on region-specific changes in
skeletal muscle.

Similar to CT, recent evidence suggests that MRI
may also be employed to measure the quality of in vivo
skeletal muscle (149). Because proton MR imaging
integrates, rather than separates, the signals from dis-
tinct protons within the image voxel, conventionalMRI
is not useful for determining, for example, the concen-
tration of lipid or water in skeletal muscle. To obtain

basic information within the tissue volume of interest
requires application of ‘‘chemical shift’’ imaging tech-
niques. Several chemical shift methods have been deve-
loped which separate the water and fat signals from the
region of interest, creating the potential to determine
water and fat contents of skeletal muscle. Tsubahara
et al. (150) demonstrated a 1H chemical shift imaging
technique (Dixon method) to measure the fat and water
content of skeletal muscle in men and women varying
widely in age. Ross et al. reported preliminary findings
using a spiral MR imaging scheme for direct quantifi-
cation of the lipidMRI signal in skeletalmuscle (149). In
this approach, the signal from the water protons is
selectively spoiled prior to excitation and spatial enco-
ding of the signal from the lipid protons. The acquisition
scheme is combined with the use of a three-point Dixon
technique, short echo times, and mapping of radiofre-
quency inhomogeneities in order to minimize known
biases in the MRI signal.

Figure 13 illustrates a representative comparison
between conventional and lipid images obtained from

Figure 12 Illustration of the MRI protocol used to acquire axial images throughout the whole body. Both sequences employ a
T1-weighted spin-echo scheme. The principal difference is that the abdomen sequence uses a one-half Fourier transformation
pulse sequence (l/2 NEX). Using these parameters reduces the time required to obtain the data set to 26 sec during which the
subject is asked to hold his/her breath. Although the signal-to-noise ratio is decreased using this scheme, the limitation is offset by

the reduction in respiratory motion artifact normally associated with the acquisition of MR images in the abdomen region.
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a single subject. Absolute lipid concentration is achieved
by aligning cylindrical lipid phantoms of known con-
centration within the field of view during image ac-
quisition. The signal intensity for each phantom is
determined and subsequently used to derive a regression
equation (i.e., signal intensity vs. concentration). The
signal intensity from various regions of interest (ROIs)
within skeletal muscle are then obtained and applied
within the regression formula to determine absolute
lipid concentration for the given ROI. Although pre-
liminary evidence suggests that this method may be
employed to characterise and distinguish the lipid con-
centration in lean and obesemuscle (149), it is noted that
with this MRI method it is not possible to separate the
lipid measurement into intra- and extramyocellular
compartments. Partitioning the lipid signal into sepa-
rate compartments is accomplished using 1H MRS
(magnetic resonance spectroscopy), details of which
are reported elsewhere (151).

In addition to quantification of muscle lipid using 1H
MRI, Constandinides et al. (152) have recently demon-
strated the feasibility of using sodium (23Na) MRI to
quantify sodium concentration in human muscle and,
using a 3D Twisted Projection Imaging scheme with a
1.5-T scanner, provide evidence that 23Na MRI can
accurately and reliability measure variations in sodium

content that are characteristic of normal and diseased
muscle. In this study it was also shown that 23Na MRI
may be used to characterize the selective recruitment of
muscle during exercise, knee cartilage degeneration in
osteoarthritis, and atrophy in myotonic dystrophy. The
potential application of 23Na MRI for the diagnosis of
muscle dystrophy in aging muscle is particularly prom-
ising. Although 1H MRI facilitates diagnosis of muscle
atrophy in advanced states, elevations in sodium con-
centration within skeletal muscle, characteristic of the
imbalance in sodium homeostasis in muscle dystrophy,
by 23Na MRI may foreshadow the onset of muscle
dystrophy and/or muscle wasting commonly observed
in the elderly.

Although these initial observations for both 1H and
23Na MRI are restricted to skeletal muscle of the lower
limb, they represent unique applications of MRI that
can be utilized to obtain novel insight into the compo-
sition of skeletal muscle and its metabolic capacities,
insights which are highly relevant to the adverse health
consequences of, for example, obesity, diabetes and
aging.

c. Imaging Abdominal Adipose Tissues

One of the more common applications of CT and
MRI imaging methods in obesity-related body com-

Figure 13 Illustration of conventional T1-weighted image (left) with corresponding water suppressed lipid images (right)

obtained from a normal weight subject. The lipid image is obtained using a spiral MR imaging scheme for direct quantification of
the lipid MRI signal in skeletal muscle.
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position is the measurement of abdominal adipose
tissue distribution. CT and MRI are uniquely capable
of distinguishing between the subcutaneous and vis-
ceral adipose tissue depots that comprise abdominal
obesity. Clearly, the ability to measure abdominal
subcutaneous and visceral adipose tissue using these
methods represents a major advance in our understand-
ing of the relationships between obesity phenotype and
health risk. Numerous studies have now clearly identi-
fied that division of abdominal adipose tissue into vis-
ceral and subcutaneous depots provides novel insight
into the relationship between abdominal obesity and
related comorbid conditions; however, the independent
contribution of these adipose tissue depots to metabolic
risk remains a topic of debate (153,154).

Abdominal subcutaneous and intraabdominal adi-
pose tissue depots can be further subdivided according
to differences in anatomical and metabolic character-
istics. This topic was introduced in an earlier section and
an anatomic classification of adipose tissue is presented
in Table 3. Abdominal subcutaneous adipose tissue
measured by CT can also be subdivided into superficial
and deep compartments using the fascia superficialis
(Fig. 14). The rationale for such a division comes from

animal studies indicating that adipocytes within the
deep compartment are more metabolically active than
superficial adipocytes (155). If the same heterogeneity
exists in humans, segmentation of the subcutaneous
depots may clarify which subcutaneous abdominal adi-
pose tissue depot is the stronger correlate of insulin
resistance. Indeed, Kelley et al. (18) report that among
men and women combined, glucose uptake is strongly
correlated with both visceral and deep subcutaneous
adipose tissue.

As the fascia superficialis is not visible withMRI, it is
not possible to determine deep and superficial adipose
tissue depots in a manner similar to CT. However,
because the majority of deep subcutaneous adipose
tissue is located in the posterior half of the abdomen,
a line can be drawn dissecting the abdomen into poste-
rior and anterior depots (Fig. 14). In this way it is
assumed that posterior subcutaneous AT measured by
MRI is analogous to deep subcutaneous AT measured
by CT. This is reasonable given that approximately
three-fourths of the ‘‘deep’’ subcutaneous AT is located
in the posterior abdomen (18,156). Using this method
Misra et al. (157) report that the posterior compartment
(analogous to deep subcutaneous AT), when compared

Figure 14 (Left) CT image of the abdomen illustrating the subdivision of abdominal subcutaneous adipose tissue (AT) into

‘‘deep’’ and ‘‘superficial’’ depots using the fascia superficialis (highlighted for clarity). The ‘‘deep’’ layer surrounds the abdomen
but the majority of deep subcutaneous AT is located posteriorly. (Right) MRI image of the abdomen at the L4-L5 level. The
fascia superficialis on MR images is often difficult to observe using standard acquisition sequences thus, an arbitrary line is drawn
horizontally using the vertebral disk as an anatomical landmark to divide abdominal subcutaneous AT into ‘‘anterior’’ and

‘‘posterior’’ depots. In men ‘‘posterior’’ AT is analogous to ‘‘deep’’ subcutaneous AT because a majority the deep AT is located
in the posterior region. This assumption is likely untrue for women.
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to anterior compartment mass, displayed a stronger
relationship with insulin-mediated glucose disposal.

The subdivision of abdominal subcutaneous adipose
tissue based on metabolic characteristics is analogous
to the partitioning of intra-abdominal adipose tissue
into intraperitoneal and retroperitoneal depots on the
premise that nonesterified fatty acids from intraperito-
neal adipose tissue alone (i.e., omental and mesenteric
adipocytes) are delivered directly to the liver, the so-
called portal theory (115). Subdivision of visceral AT
into intraperitoneal and retro-peritoneal depots on
MRI or CT images is not straightforward because the
peritoneum is not visible using either method (Fig. 14).
Thus intra-abdominal adipose tissue is subdivided into
intraperitoneal and extraperitoneal adipose tissue areas
(cm2) at the L4-L5 level using the mouse pointer to
draw a straight line across the anterior border of the
L4-L5 disk and the psoas muscles continuing on a
tangent toward the inferior borders of the ascending
and descending colons and extending to the abdominal
wall. For images in which the kidneys appear, an
oblique line is drawn from the anterior border of the
aorta and inferior vena cava to the anterior border of
the kidney extending to the abdominal wall. On all
images extraperitoneal adipose tissue is defined as the
adipose tissue located posterior to the lines drawn (Fig.
14). Whether subdivision of visceral adipose tissue into
intraperitoneal and retroperitoneal depots provides
additional insight into the relationships between vis-
ceral adipose tissue and metabolic risk per se remains
unclear. Whereas some report that intraperitoneal adi-
pose tissue is a srong correlate of insulin resistance
(158), others report that subdivision of visceral adipose
tissue into intraperitoneal and retroperitoneal depots
provides no additional insight (159).

Apart from the segmentation of abdominal adipose
tissue depots, there is considerable variation among
studies using multiple image protocols for both the
number and location of the CT or MRI images used
to determine either abdominal subcutaneous or intra-
abdominal adipose tissue volume (121,160). This may
also partly explain large differences among studies for
estimated intraabdominal adipose tissue volumes in
apparently similar populations. To be consistent with
the definition of intra-abdominal adipose tissue as
adipose tissues that are portally drained, it is suggested
that the L9-L10 and S2-S3 intervertebral spaces be
used to define the upper and lower intra-abdominal
adipose tissue landmarks. The L9-L10 space corre-
sponds to an anatomical position marginally above
the hilar region of the spleen, whereas the S2-S3 space
corresponds anatomically to the rectosigmoid junc-

tion. These two landmarks define a region within
which the majority of intra-abdominal adipose tissue
is portally drained.

It is not yet firmly established whether single or
multiple images are needed to accurately estimate
intra-abdominal adipose tissue. The area of intra-
abdominal adipose tissue from a single L4/L5 image
correlates highly with intraabdominal adipose tissue
volume (96,120). In addition, intra-abdominal adipose
tissue area determined from a single slice appears to
correlate as strongly with metabolic variables as do
volumes frommultiple images (122). On the other hand,
it may be preferable to quantify intra-abdominal adi-
pose tissue volumes in studies designed to develop
anthropometric prediction equations. Sjöström et al.
(104) presented data suggesting that the error associated
with total adipose tissue prediction by anthropometry
can be reduced if intra-abdominal adipose tissue volume
is measured using multiple images.

d. Imaging Summary

Several factors should be considered when choosing
a study imaging method. Both CT and MRI produce
high-resolution scans of all major tissue system level
body composition components. Both methods are very
expensive and require high technical skill for applica-
tion. In general, CT has been shown to provide more
reliable data than MRI, although this is changing
rapidly with the introduction of new imaging techniques
and image analysis software. A major advantage of
MRI is the lack of ionizing radiation. There are no
known health risks associated with MRI at the current
magnet field strengths of about 1.5 T. Newer scanning
protocols are rapid and cost is usually reduced. The
small-bore magnets create a problem for claustrophobic
patient, and very obese patients cannot usually fit within
the magnet core. An important advantage of CT is that
instruments are widely available. A second advantage of
CT is the high resolution of images and the consistency
of tissue attenuation values from scan to scan. Within
reasonable limits, water, skeletal muscle, adipose
tissue, and other components have similar Hounsfield
unit distributions within and between scans. The con-
sistency of attenuation data allows development of
standardized protocols for reading scans and separating
various tissues from each other.

The cost of CT scanning is variable and access
during peak patient hours may be limited. The major
disadvantage of CT is the associated radiation expo-
sure. This limits the study of children and of women
in childbearing years. Regional studies with appropri-
ate scanner settings substantially lower radiation dose
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compared to whole-body studies. Radiation exposure
is still a concern in long-term longitudinal studies
with repeated measurements over time. Lastly, some
very obese patients may be too large to fit within the
scanner and our experience is that CT study is limited
to patients below about BMI 35 kg/m2.

C Component Field Methods

1 Anthropometry

Anthropometry is the least expensive, most widely used
method of assessing human body composition. Anthro-
pometric measurements are used in clinical and epide-
miological studies to grade the degree of adiposity in
individuals and groups and to estimate the prevalence of
overweight and obesity in populations. The measure-
ments are also used to describe the anatomical distri-
bution of adipose tissue and to classify individuals and
groups with regard to the ‘‘type’’ of obesity—’’central-
ized’’ or ‘‘peripheral.’’ The various measures, and the
ratios or indices derived from them, are important for
evaluating the health risks associated with excess body
fatness or obesity and any changes that occur during
treatment of obese patients (36,161).

The anthropometric measurements considered as
most useful in assessing obesity include weight, stature,
skinfold thicknesses, circumferences of the trunk and
limbs, and sagittal trunk thickness. Ultrasound is con-
sidered in this section as a ‘‘quasi-anthropometric’’
method that is being applied increasingly in clinical
studies to quantify adipose tissue distribution. It is
placed here, instead of in the section on imaging,
because of the limited nature of the regional body
composition information provided.

Anthropometric variables do not correspond directly
to body composition components but are superficial,
somatic measures that are influenced by, and conse-
quently correlated with, variation in the underlying
components. Anthropometric variables can therefore
be used either as ‘‘proxy variables’’ for the underlying
components or in body composition prediction equa-
tions. The following sections will consider the merits
and limitations of these two different approaches to
using weight, stature, skinfold thicknesses, circumfer-
ences, and sagittal trunk thickness to grade or predict
body adiposity, classify individuals or groups as
‘‘obese,’’ and describe adipose tissue distribution.

a. Skinfolds

These are measurements of a double thickness or
‘‘fold’’ of skin, underlying fascia, and subcutaneous

adipose tissue that are taken using calipers at stan-
dardized locations on the body. The essential tech-
nique is to pinch and elevate a skinfold at specific
anatomical sites using the thumb and fingers and to
measure the thickness of the fold with specially designed
calipers. These measurements are correlated with, but
are not directly representative of, the actual thickness of
subcutaneous adipose tissue. This has been illustrated
by comparisons of skinfold thickness measurements
with radiographic and ultrasound measurements of
subcutaneous adipose tissue thickness at different ana-
tomical sites (51,162,163). Because f70–90% of total
adipose tissue is subcutaneous, skinfold thicknesses can
be used to grade or predict total body fat (164). In
addition, since the thickness of subcutaneous adipose
tissue varies among anatomical locations, skinfold
thicknesses are useful for describing subcutaneous adi-
pose tissue distribution or ‘‘fat patterning.’’ They are
not useful, however, for predicting amounts of intra-
abdominal adipose tissues.

Carefully standardized methods of measuring skin-
fold thicknesses have been developed and it is important
to adhere strictly to these to ensure reliable measure-
ments that are comparable with published tables of
reference data, and that can be used in appropriate
equations for predicting body fat (165). A variety of
skinfold calipers are available and measurements may
differ systematically among brands depending on qual-
ity and the control of pressure between the jaws of the
calipers. Jaw pressure is important because skinfolds
vary within and between individuals in compression
when measured (162,165). Variability in compression
is a major factor affecting the reliability of skinfold
thickness measurements. Calipers with different jaw
pressures will produce systematically different readings,
and those withmanually controlled jaw pressures will be
less reliable than those with built-in spring mechanisms.
As a result, the use of different brands of skinfold
calipers within a study is not recommended unless their
systematic differences are known. Research-quality cal-
ipers (e.g., Holtain, Lange, Harpenden) exert a constant
pressure of 10 g/cm3 between the jaws and have a finer
scale of measurement (i.e., 0.1-mm intervals) than the
inexpensive, plastic calipers marketed for clinical use
(165).

In theory, skinfold thicknesses can be measured any-
where on the body that a double fold of skin and sub-
cutaneous adipose tissue can be pinched and elevated. In
practice, only a few standard sites are commonly mea-
sured based on their accessibility, ease of measurement,
and high correlation with measures of total body fat.
The triceps and subscapular sites meet these criteria best
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in most sex, ethnic, and age groupings, and are used
widely for grading adiposity (19,165).

Skinfold thicknesses are also used in equations that
predict body density, total body fat mass, or percent
body fat. The most widely used equations are those of
Jackson and Pollock (163) and Dumin and Womersely
(164). When applied with close attention to proper
measurement technique, these equations can predict
percent body fat with errors of 3.5–5% and a 95% con-
fidence interval betweenF7–10% (65). An advantage to
the use of skinfold thickness prediction equations is that
they estimate rather than grade the underlying variables
of interest (e.g., body density, total body fat, percent
body fat). Subsequent analyses can then deal directly
with associations between the estimates and the various
outcomes of interest, rather than with indirect associa-
tions with imperfect proxy variables or indices. This can
greatly facilitate interpretation of some associations as
long as the predicted values can be considered accurate.
A disadvantage is that body composition prediction
equations based on skinfold thicknesses are ‘‘popula-
tion specific.’’ As a result, they must always be cross-
validated in at least a subsample of a study population
before general application. This clearly adds to the
expense and difficulty of using these equations. Lohman
(65) and Roche and Gue (165) have developed explicit
criteria for the evaluation of the accuracy of prediction
equations in cross-validation studies.

An important problem is the simple feasibility of
obtaining reliable data for very obese subjects. Skinfold
calipers can accurately measure skinfolds only up to 40
mm (Holtain) or 60 mm (Lange) in thickness. This may
limit the ability tomeasure skinfolds at some sites and in
obese subjects. In addition, the reliability of the mea-
surements may decrease with increasing thickness (162).
As a result of these limitations, some may prefer the use
of circumference measurements for grading or predict-
ing body fatness or quantifying adipose tissue distribu-
tion in obese subjects.

b. Ultrasound

Ultrasonic measurements of subcutaneous adipose
tissue thickness have been explored as an alternative to
skinfolds (166). The benefits to ultrasound are: (1) the
measurements theoretically have greater validity in
relation to actual subcutaneous adipose tissue thick-
ness; (2) they are not affected by variation within and
between persons for tissue compressibility; (3) greater
thicknesses can be measured than with currently avail-
able skinfold calipers; and (4) sites can bemeasured that
are inaccessible to calipers, for example, paraspinal
adipose tissue in the lumbar region. There are also two

major drawbacks: (1) the measurements are obtained at
considerably increased cost; and (2) reliable mea-
urements can only be made using B-mode imaging
ultrasound by highly trained technicians (167). B-mode
imaging ultrasound provides a real-time two-dimen-
sional image of skin and subcutaneous adipose tissue
and underlying interface with muscle. The image can be
frozen and printed, providing a permanent record, and
the subcutaneous adipose tissue thickness can be meas-
ured using a ruler or digitizer. Considerable skill may be
needed in obtaining the images, depending on the ultra-
sound equipment used, and in identifying correctly the
adipose tissue–muscle interface on the image. At some
sites, this interface may be easily confused with other
fibrous tissue interfaces and bone reflections.

Ultrasound has also been explored as a method of
quantifying the amount of intra-abdominal adipose
tissues (166,167). This approach appears promising
and merits further development since the alternatives
are either very expensive (e.g., CT or MRI) or inaccu-
rate (e.g., circumference ratios or prediction equations).

c. Circumferences

Body circumferences are useful in that, unlike skin-
fold thicknesses, they can always be measured, even in
extremely obese subjects. Circumferences reflect inter-
nal as well as subcutaneous adipose tissue, but are also
influenced by variation in muscle and bone. As a result,
the interpretation of circumference measurements, and
especially circumference ratios, is often not straightfor-
ward. As for all anthropometric variables, body circum-
ferences should be measured with close attention to
standardized procedures (19). Flexible, inelastic cloth
or steel tapes are recommended.

The most useful circumferences for grading or pre-
dicting body fat and for describing adipose tissue dis-
tribution are upper arm, chest, waist or abdomen, hip or
buttocks, proximal or midthigh, and calf (19,165).
Waist or abdomen circumferences are usually very
highly correlated with total fat mass and percent body
fat in men (r>.85); in women, hip or thigh circum-
ferences may have slightly higher correlations. Correla-
tions of upper arm, thigh, and calf circumferences with
measures of body fat are somewhat lower, and these
circumferences tend to be more strongly influenced by
variation in appendicular skeletal muscle.

d. Adipose Tissue Distributions

Numerous epidemiological and clinical studies have
established that centralized obesity, in which fat is
stored preferentially in adipocytes on and within the
trunk rather than the extremities, represents the obesity
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phenotype that conveys the largest risk for morbidity
and mortality from the major chronic diseases: heart
disease, cancer, and diabetes (36,168). A variety of
anthropometric approaches have been developed to
grade or classify centralized adipose tissue distribution.
Recent efforts have been focused on developing equa-
tions for predicting the amount of VAT, which
is believed to be the main aspect of centralized obesi-
ty associated with risk. The following section reviews
the merits and limitations of these anthropometric
approaches.

Skinfold thicknesses have been used to describe
primarily the distribution of subcutaneous adipose
tissues. This aspect of the adipose tissue distribution
has been called ‘‘fat patterning,’’ to distinguish it from
the more general form that includes the amounts and
distribution of internal adipose tissues (169,170). Histo-
rically, three main approaches have been used to
describe fat patterning: pattern profile, ratio, and prin-
cipal-components methods. The pattern profile method
was first applied by Garn (169) and compares two or
more groups graphically for mean values of skinfold
thicknesses across several anatomical sites. It provides
a useful, visual comparison of differences or similarities
between groups for anatomical variation in subcuta-
neous adipose tissue thickness. Cluster analysis pro-
vides a more sophisticated, statistical approach to
defining pattern profiles (171).

A variety of skinfold thickness ratios have been used
to index fat patterning. The ratio of the subscapular to
triceps skinfolds is one of simplest and most widely
used. Some consider it to be important to include a
skinfold on the leg, such as the lateral calf or medial
thigh skinfold (172). The advantages of the ratio
approach are that it requires few variables and simple
computation, and provides a single continuous variable
for grading subjects. Three problems can be identified,
however, with ratio indices of fat patterning: (1) they
tend to be correlated with total fat mass or percent body
fat; (2) they may have poor sensitivity and validity with
regard to the latent variable, subcutaneous adipose
tissue distribution; and (3) it may be difficult to deter-
mine whether a correlation with another variable (e.g.,
serum HDL cholesterol) is due to variation in the
numerator or denominator of the ratio. The use of a
greater number of skinfolds and the sum of all skinfolds
in the denominator may partly alleviate these problems.
Principal components analysis is a more sophisticated
statistical approach to constructing fat pattern indices.
This approach summarizes the information in several
skinfold variables in a smaller number of new, statisti-
cally independent indices (173). When this method is

applied to data for several skinfold variables, it provides
the best ‘‘reference’’ measures for judging the validity
and sensitivity of simpler ratio indices.

The main criticism of skinfold thickness methods in
the study of obesity is that they do not capture variation
in the amounts of internal adipose tissues, especially
those surrounding the viscera. Visceral adipose tissue
has been recognized as the main aspect of adipose tissue
distribution that is associated with increased risk for
chronic disease (168). As a result, many prefer indices
based on circumferences that are believed to include
variation in VATs. The most popular circumference
index is the ‘‘waist/hip ratio’’ (WHR), followed by the
‘‘waist/thigh ratio’’ (WTR). The waist/hip ratio was the
first used to assess the associations between adipose
tissue distribution and chronic disease morbidity and
mortality (173–177). Numerous studies have now
shown that WHR is an independent predictor of meta-
bolic disturbances including insulin resistance, dyslipi-
demia, hypertension, and atherosclerosis (178–180).
Similar associations have been also been reported for
WTR, as well as for skinfold thickness indices and some
other circumference indices such as the ‘‘conicity index’’
(180,181). In general, the association of risk factors, as
well as morbidity and mortality, with circumference
indices tends to be somewhat stronger than with skin-
fold thickness indices of adipose tissue distribution. This
is generally thought to be due to either the increased
measurement error in skinfold thicknesses, or the influ-
ence of VAT volume on waist circumference. As for
BMI or skinfolds, cutoff values for WHR have been
recommended for defining ‘‘upper-body obesity’’ (179).
The recommended values generally used are >0.95 in
men and >0.80 in women. It is important to recognize
that these values were selected based on the increase in
risks with increasing WHR and not on the association
with adipose tissue distribution.

There are several problems in the use of circum-
ference ratios as indices of adipose tissue distribution.
First, standard definitions of the circumferences are not
always followed, making it difficult to compare results
across studies (182). For example, the ‘‘waist’’ circum-
ference has been defined variously as at the level of: the
smallest circumference on the torso below the sternum,
the umbilicus, the lower margin of the ribs, and the iliac
crests. The ‘‘hip’’ circumference has been defined as at
the level of: the iliac crests, the anterior iliac spines, the
greater trochanters, or maximum posterior protrusion
of the buttocks. There may be considerable differences
among circumferences measured at these locations.
Some may vary between subjects in relation to bone
landmarks (e.g., smallest circumference on torso below
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the sternum), or may be difficult to identify in obese
subjects. There is scarcely any difference between a
‘‘waist’’ circumference measured at the level of the
umbilicus and a ‘‘hip’’ circumference measured at the
level of the iliac crests in most subjects. Obviously,
‘‘waist’’ circumference in one study may be the same
as ‘‘hip’’ circumference in another when both are
defined as at the level of the iliac crests.

In obese subjects, the identification of the ‘‘waist’’
may be extremely subjective, if not impossible, and the
measurement is more correctly defined as an abdominal
circumference. The location of the abdominal circum-
ference in relation to a soft tissue landmark, such as the
umbilicus, is not recommended because many obese
subjects will have an extremely pendulous abdominal
adipose panniculus. The umbilicus may be directed
downward and located well below the horizontal, trans-
verse plane of the midabdomen. This may lead to
considerable variation among subjects in the definition
of this measurement. In addition, a pendulous pan-
niculus may result in overlapping of abdominal and
hip circumferences or interfere with the standard meas-
urement of hip circumference.

A second problem is that circumferences are influ-
enced by variation inmuscle and bone as well as adipose
tissues, as noted previously. These influences may be
particularly difficult to sort out when ratio indices are
used. It has been assumed conventionally that increased
WHRs mainly reflect increased VAT, based on studies
that report significant correlations between WHR and
VAT area, as measured using imaging methods. Some
studies, however, have reported significant correlations
with measures of cross-sectional muscle area also, in
particular those for the pelvis or hips (135). Thus,
variation in WHR may reflect the effects of increased
VAT on waist circumference (i.e., numerator) as well as
decreased gluteofemoral muscle on hip circumference
(i.e., denominator). This influence of muscle has been
recognized increasingly andmay be important in under-
standing the relationship of WHR to chronic disease
risk. Larsson et al. (175) reported that the risk of heart
disease was greatest in those with lower BMIs and high
WHRs. Filipovsky et al. (181) reported that all-cause
and cancer mortality over 20 years of follow-up in the
Paris Prospective Study was greatest in those with low
BMIs but highWTRs. The lowBMIs in this studymight
reflect low muscle mass, rather than low fat; subse-
quently, the high WHRs or WTRs might reflect a
combination of increased VAT and muscle loss (36). It
should be remembered that the phenotype originally
described by Vague (183), who first drew attention to
the association of body composition and metabolic

disease, consisted of an expanded abdominal fat mass
in conjunction with thin legs. The latter might reflect
muscle atrophy associated with disease as much as lack
of subcutaneous adipose tissue on the extremities. This
potentially important association between visceral
adiposity and skeletal muscle was reemphasized by
Björntorp (168).

A third problem is the strong correlation of circum-
ferences and circumference ratios with total adiposity.
This makes it difficult statistically to separate the effects
of centralized adipose tissue distribution from obesity.
This confounding is further exacerbated by the moder-
ate positive correlations of body fatness and centralized
adipose tissue distribution with age. Many early studies
that reported significant correlations between WHR
and VAT did not control for the confounding influences
of age and BMI. Seidell et al. (134) reported that WHR
did not correlate significantly with the ratio of visceral
to subcutaneous adipose tissue, as measured using CT,
after adjustment for age and BMI. Similarly, Ross et al.
(120) reported that, after controlling for both age and
adiposity, WHR explained only 12% of the variation in
absolute levels of VAT in men. Furthermore, the
observed relationship between WHR and relative
VAT was nonexistent. Thus, while WHR is an inde-
pendent predictor of numerous metabolic aberrations,
its association with risk may not be attributed simply to
its association with the amounts of either absolute or
relative VAT.

Several investigators have argued that simple waist
circumference is a better index of variation in VAT than
WHR (184,185a–185c); it is important to note, how-
ever, that waist circumference is very highly correlated
with total adiposity (r>90) in most populations. Also,
the error of prediction of VAT from waist circumfer-
ence, alone or in combination with other variables, is
large (120,134). Ross et al. (120) reported that the
sensitivity and specificity of waist circumference for
predicting absolute values of VAT was poor. These
observations are explained in large measure by the
intraindividual variation in the visceral to subcutaneous
adipose tissue ratio. It is important to establish whether
reductions in VAT are related to concurrent reductions
WHR or waist circumference. Some have reported that
WHR changes with weight loss, while others do
(120,186,187). Ross et al. (188) reported that diet and
exercise induced reductions in VAT that were signifi-
cantly associated with reduced waist circumferences in
obese male (r=.69) and female (r=.47) subjects. For
the two groups combined, a 1-cm reduction in waist
circumference was associated with a 4% reduction in
VAT (P<.01). The standard deviation associated with
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the 4% reduction in VAT per centimeter reduction in
waist circumference, however, was also 4%. This sug-
gests that the ability to quantify small changes in VAT
volume from waist circumference is limited by interin-
dividual variations in the reduction of abdominal sub-
cutaneous and lean tissue. Thus, whereas changes in
visceral obesity are clearly associated with changes in
waist circumference, it is not possible to accurately
predict small changes in VAT.

A final proviso is that hip circumference may have
predictive value for outcome in a direction opposite to
that of waist circumference. In a recent study, Seidell
et al. (185c) observed the traditional association
between a large waist circumference, dyslipidemia, insu-
lin levels, and glucose concentrations in Quebec City
residents. Narrow hips were also independently associ-
ated with an adverse metabolic profile. Accordingly, a
narrow waist and large hips may be protective against
cardiovascular disease and the authors suggest that the
specific effects of each circumference measurement are
not well captured in the WHR.

Efforts to develop equations for predicting VAT
have not generally been successful. The errors associ-
ated with these equations tend to be large: 25–40%
(120,134,184–187). This level of accuracy is clearly
insufficient for estimating changes in individuals and
may be inadequate for comparing groups. Few of
these equations have been cross-validated in independ-
ent samples. Future efforts to develop this approach
have value, however, given the inadequacies described
above for skinfold and circumference indices. At
present, it would appear that new or different anthro-
pometric measurements will be needed to increase the
accuracy of prediction equations to acceptable levels.
One measure that has been suggested is the sagittal
thickness of the trunk or abdomen.

Several studies have suggested that sagittal trunk
thickness correlates more highly than other anthropo-
metric variables with the volume of VAT quantified by
imaging methods (185,189). As a result, it may be useful
both as a simple index, like waist circumference, or as an
independent variable in equations for predicting VAT.
There is present no standardized technique for measur-
ing sagittal trunk thickness, and, to date, its at use has
been limited mostly to clinical studies.

Sagittal trunk thickness may be defined as the max-
imum diameter of the abdomen in the sagittal plane. As
for circumferences, this measurement may be obtained
technically in all subjects regardless of obesity level.
Bony landmarks for the standard location of this meas-
urement have not been identified: alternative possibil-
ities include the xiphoid process of the sternum, the

fourth lumbar vertebrae, or the iliac crests. It is impor-
tant to note that the choice between these landmarks
will result inmeasurements at very different levels on the
trunk or abdomen. Sliding calipers with long, parallel
blades are necessary for this measurement.

Although sagittal trunk thickness may be taken with
the participant standing, measurement in the supine
recumbent position may be preferred to maximize the
association with the latent variable, intra-abdominal
adipose tissue volume. Theoretically, when a person
with an enlarged intra-abdominal adipose tissue mass
lies supine, the mass shifts cranially, causing anterior
projection of the abdomen, which is measured as
increased sagittal thickness (189). When a person is
standing, gravity pulls the intra-abdominal adipose
tissuemass downward, and themaximum sagittal thick-
ness may be located somewhat lower. It is important to
keep in mind that the level of the maximum measurable
diameter, either supine or standing, will likely vary
among some subjects. The extent to which these meas-
urements are influenced by the amount of subcutaneous
abdominal adipose tissue, and shifts in its distribution
between supine and standing measurements, is not
well established.

Results for the use of sagittal thickness to grade or
predict VAT volume in several Swedish studies have
been summarized by Sjöström (189). VAT volume was
estimated using seven cross-sectional CT scans of the
abdomen. Sagittal thickness was measured on the CT
image at the level of L4-L5. VAT volume was regressed
on sagittal thickness (ST) in 17 men producing an
equation, VAT (L)=0.731�ST (cm)-11.5, (R2=0.81).
This equationwas later cross-validated in two independ-
ent samples of 7 and 13 men, respectively, with virtually
indistinguishable results. A similar regression equation
was developed using data for 10 women and cross-
validated in nine independently selected women: VAT
(L)= 0.370� ST(cm)� 4.85, (R2= .80). Sjöström and
associates also showed that changes in VAT volume
were accurately tracked by changes in sagittal thickness
in six patients with Cushing’s disease during treatment.

Pouliot et al. (185) analyzed associations of sagittal
thickness with VAT area on CT images at L4-L5 in 81
men and 70 women, 30–42 years of age. Sagittal thick-
ness correlated better with VAT area than waist/hip
ratio in both sexes; however, it was also correlated
strongly with subcutaneous abdominal adipose tissue
area. Taken together, the results of the studies by
Sjöström et al. (189) and Pouliot et al. (185) indicate
that sagittal thickness is somewhat more sensitive than
conventional indices such as waist/hip ratio for grading
or predicting the amounts of VAT.
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The measurements of sagittal thickness in these
studies were taken from the CT scans, rather than
anthropometrically. Sjöström and associates, however,
reported that the squared difference between sagittal
thicknesses measured anthropometrically and on the
CT images in their studies was only 1.7%. In an
independent study, Van der Kooy et al. (190) reported
a high correlation (r=.94) between sagittal thickness
measured with the subject standing and from MRI
images at the same level. It may be important to con-
sider that the errors of estimation for VAT averaged
f20% in these studies, which could allow for conside-
rable misclassification when subjects are grouped by
sagittal thickness. Lastly, the strong correlation with
abdominal subcutaneous adipose tissue areas reported
by Pouliot et al. (185) is bothersome since it suggests
that sagittal thickness may not accurately discriminate
visceral from subcutaneous abdominal adipose tissue.

Whereas establishment of the association of sagittal
diameter with the latent variable of interest, VAT, is
important, it is also important to examine the sensitivity
of this measure in relation to risk factors associated with
visceral obesity. Richelsen and Pedersen (191) recently
analyzed associations of sagittal thickness and other
indices of VAT with serum total cholesterol, triglycer-
ide, LDL and HDL, fasting insulin, and glucose con-
centrations in 58middle-agedmen. They concluded that
sagittal thickness was slightly better correlated with an
adverse lipid, insulin, and glucose risk profile thanwaist/
hip ratio. Similar findingswere also reported in the study
by Pouliot et al. (185). Taken together, these studies
suggest that sagittal diameter may be preferred to other
indices of VAT as a risk factor in epidemiologic studies
of obesity-associated chronic diseases. In this regard,
Seidell et al. (192) reported that abdominal sagittal
thickness was a strong predictor of mortality in younger
adultmen enrolled in the Baltimore Longitudinal Study.
Further studies are needed to establish the usefulness of
sagittal thickness for grading or predictingVATand as a
risk factor in different age, sex, and ethnic groups.

2 Bioimpedance Analysis

Bioimpedance analysis (BIA) is a technique for predict-
ing body composition based on the electrical conductive
properties of the human body. The ability of the body to
conduct an electric current is due to the presence of free
ions, or electrolytes, in the body water. The amount of
electricity that can be conducted is determined mainly
by the total volume of electrolyte-rich fluid in the body.
Measures of bioelectric conductivity are therefore pro-
portional to TBW and to body composition com-

ponents with high water concentrations such as the
fat-free and skeletal muscle masses. As a result, these
methods predict FFM, and fat must be derived secon-
darily as the difference between body weight and pre-
dicted FFM (193).

Many factors other than the amount and electrolyte
concentration of body water, however, influence meas-
urements of electrical conductivity. These include body
temperature, distribution of fluids between intra- and
extracellular spaces, body proportions or ‘‘geometry,’’
the amounts and structures of different conductive, as
well as nonconductive, tissues, and technical issues such
as correct calibration and application of the equipment.
The net result is that exact functional relationships
between measurements of bioelectric conductivity and
TBW or other fat-free components cannot be derived
from either physicochemical models or experimentally.
Thus, relationships between conductivitymeasurements
and body composition components must be established
indirectly by statistical calibration against criterion
measures (e.g., estimates of TBW from deuterium dilu-
tion analysis or DXA) in a sample of subjects.

Because it is portable, BIA is suitable for field use and
is being applied increasingly as a phenotypingmethod in
field settings. The most commonly used BIA method
injects a high-frequency, low-amplitude alternating
electric current (50 kHz at 500–800 mÅ) into the body
using distally placed electrodes and measures the volt-
age drop due to resistance with proximal electrodes.
Conventionally, surface gel electrodes are used with
standardized placements on the right ankle and hand,
although other electrode arrangements have been
described that allow estimation of segmental (e.g., arm
or leg) electrical properties (194). Stainless-steel contact
electrodes are also now used in some systems in place of
the conventional gel electrodes. The amount of resis-
tance measured (R) is inversely proportional to the
volume of electrolytic fluid in the body. It is also dep-
endent on the proportions or ‘‘geometry’’ of this volume
(i.e., ratio of length [L] to cross-sectional area [A], or Ra
L/A). These relationships have led to the use of the
simple formula V=UL2/R as the theoretical basis of
most BIA applications, where V is conductive volume
(e.g., TBW), L is a measure of body length (usually
stature), R is measured resistance, and U is an estimate
of the ‘‘specific resistivity’’ of the conductive material
(195).

There are a number of limitations to the validity of
this simple formula. The formula is accurate only for a
cylindrical conductor with uniform cross-sectional area
and homogeneous composition (e.g., a wire). The
human body could be described as a series of roughly
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cylindrical conductors with variable cross-sectional
area and heterogeneous, highly structured composition.
The value of U is influenced by all of these factors and
consequently cannot be deduced directly. As a result,
equations for predicting body composition must be
developed based on independent measurements of
resistance, stature, and other anthropometric variables,
and TBW or FFM in a sample of subjects. Least-
squares regression techniques are applied to the data
to derive an equation of the basic form:

Vði:e:;TBW or FFMÞ ¼ aþ bS2 =Rþ e ð21Þ
where a is intercept, b is slope, and e is residual error or
unexplained variation in V due to randommeasurement
errors and/or misspecification of the parameters (a and
b) in the equation. It is not possible to interpret the
parameter b in this equation as an estimate of U in the
formula V=UL2/R, unless the intercept (a) and residual
error (e) approach zero. These conditions are rarely, if
ever, met for the reasons given above. The equationmay
also contain body circumferences and skinfold thick-
ness, although the inclusion of these additional varia-
bles reduces the main benefit of BIA relative to
anthropometric prediction equations. The reason BIA
is becoming increasingly popular is that only a few
simple, highly reproducible measurements are needed.
Multiple frequency systems are available, but only a
small advantage over the conventional 50-kHz systems
are noted for estimation of TBW and FFM.

As for most prediction methods, BIA equations tend
to lose accuracy when applied to subjects who do not
resemble those included in the sample from which the
equations were developed. Thus, their generalizability
may be limited and all BIA equations should be cross-
validated in independent samples to verify their applic-
ability. Few, if any, equations have been developed that
can be demonstrated to be applicable to all individuals
without regard to age, gender, ethnicity, or obesity. Our
experience is that the performance of a particular
equation can be unpredictable, even when applied with
close attention to measurement techniques and equip-
ment to a sample with characteristics closely similar to
those of the source-sample. As a result, it is recommen-
ded that any externally-developed BIA equation be
cross-validated in a random subsample against esti-
mates from an accepted reference method before gen-
eral extension to an entire study population.

The relatively low cost, portability, ability to track
long-term body composition changes, operation sim-
plicity, and lack of radiation exposure make appro-
priately developed BIA methods a good choice for
field applications.

V ERRORS OF ESTIMATION

All in vivo body composition methods attempt to
estimate or predict the size, volume, or mass of an
unknown component from measurements of associated
properties or other components using various equations
or models. An important area of body composition
methodology is quantitative analysis of the magnitudes
and directions of the different types of errors that may
occur. A variety of previous efforts have been made to
address this complicated area (65,196–198), and it
would not be appropriate to provide a detailed review
in this chapter. The following provides a general over-
view of basic concepts.

Measurement error can be caused by instrument
error and observer error. Instrument error can be mini-
mized by appropriately and rigorously calibrating all
measuring devices on a regular basis. Training, periodic
evaluations, and a quality control program will help to
reduce observer error.

Accuracy is the level of agreement between the mea-
sured value and the ‘‘true’’ dimension. Accuracy of a
component measurement is usually established by
comparison to an accepted reference method or ‘‘gold
standard.’’ For example, subcutaneous adipose tissue
thickness estimated using a skinfold caliper can be com-
pared to corresponding reference estimates by CT or
MRI. Of course any such analysis also includes instru-
ment, observer, and model errors. In clinical situations
measurements by an anthropometrist are usually com-
pared to those of a designated ‘‘expert’’ as the reference.

Some body composition measurements are used
directly, as for example triceps skinfold thickness as a
measure of fatness. Mathematically transforming a
skinfold measurement to a component estimate, such
as body fat, involves error sources.Methods based upon
statistically derived prediction formulas are population
specific, and error may arise when applying the predic-
tion formula to a new subject group or outside of the
original subject range for age, weight, and stature.
Methods based on biological models, such as fat-free
mass density (i.e., 1/100 g/cc), include ‘‘model’’ errors.
For example, calculation of fat-free mass from the
assumed hydration of 0.73 is based on average popula-
tion values. Actual subject hydration may deviate from
the assumed model, and this introduces error into the
component (i.e., fat-free mass) estimate.

Precision, as distinct from accuracy, defines the qual-
ity of ameasurement in terms of being sharply defined or
exact. In this sense precision refers to the scale of
measurement, as for example a skinfold measured to
the nearest 1 mm is more precise than one measured to
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the nearest 0.5 cm. A highly precise measurement (e.g.,
body weight measured to the nearest gram) is not
necessarily accurate if the weight scale used is improp-
erly calibrated. The definition of precision overlaps to
some extent with that of ‘‘reliability.’’ Reliability is the
degree to which a measurement is replicable using the
same instrument by the same or a different observer. The
linkage to precision comes in that it is difficult for a
measurement to be precise or exact if it is unreliable.

The precision of a body composition estimate can be
quantified as the variability among repeated measure-
ments over a short time period in the same subject. One
approach for expressing precision is the technical error
ofmeasurement, which is the standard deviation (SD) of
repeated measurements on the same subject by the same
or different observers. The technical error of measure-
ment, which is expressed in the same units as the
measured quantity, can also be expressed in percent as
a coefficient of variation (i.e., SD/mean � 100).

Reliability is also referred to as ‘‘reproducibility’’ or
‘‘repeatability.’’ Reliability, as distinct from precision,
is more commonly expressed in terms of the intraclass
correlation among repeated measurements (197), some-
times called the ‘‘reliability coefficient.’’ Measures of
reliability often include both measurement error and
physiological variation.

The total variation of a component’s mass monitored
over time includes measurement variation and biolog-
ical variation (199). Biological variation occurs even in
the healthy individual as weight and fluid balance
fluctuate over time. This aspect of measurement varia-
bility is the difference between total component mass
variation over time and that due to measurement error.
Some measures, such as height, are extremely stable in
adults while others, such as fluid status, are moderately
variable over time. In practice, this biological compo-
nent of variability is often included in component reli-
ability estimates.

It is important to minimize biological variation for
some measurements, as for example impedance with
BIA. Impedance varies normally with posture, fluid sta-
tus, time of day, andmenstrual status. Controlling these
factors, to the extent possible, will keep the biological
component of measurement variability to a minimum.

VI REFERENCE VALUES

Once collected, body composition data are usually
compared to corresponding data from a reference pop-
ulation. Some reference data for the United States
noninstitutionalized population are available from the

National Health and Nutrition Examinations Surveys
(NHANES) (200). Bodyweight, height, andBMI values
by age, sex, and race fromNHANES III are presented in
Tables 9–11 (unpublished data).

Extensive reference data are available for skinfold
thicknesses at the triceps and subscapular sites that are
stratified by sex, ethnicity, and age (200). Additional
skinfolds that may be useful for grading adiposity or
describing adipose tissue distribution include suprailiac
and paraumbilical for abdominal adipose tissue, and
medial thigh and medial or lateral calf or leg adipose
tissue. Fewer reference data, however, are available for
these sites, which limits their usefulness in some con-
texts.

The commonest way to use skinfold thickness data is
to compare individual values or group means to tabu-
lated reference values for appropriate sex, ethnic, and
age groupings (200). An implicit assumption is that the
reference data are ‘‘representative,’’ in the sense of being
collected from a randomly selected sample of a well-
defined population as in the NHANES studies.

Skinfold thicknesses can also be used as continuous
variables grading adiposity or adipose tissue distribu-
tion within a study population. This approach works
well if the study population is relatively homogeneous.
It works less well if the study population is heteroge-
neous and the association of the selected skinfold thick-
ness with total fat mass or percent body fat varies by sex,
ethnicity, age, or other characteristics. As a result,
stratification on sex, ethnicity, and age is generally
recommended when skinfold thicknesses are used as
continuous measures grading levels of body adiposity in
analyses of relative risks or correlations with risk fac-
tors. Nationally representative reference data are avail-
able for abdominal, hip, and midthigh circumferences
from the NHANES III on CD-ROM (National Center
for Health Statistics, Hyattsville, MD).

Absolute compartment estimates are often adjusted
for body mass and expressed as a percentage or as a
height-normalized index (e.g., FFM/Ht2) (201). There
are as yet no appropriately derived and reported
‘‘healthy’’ body composition ranges, and investigators
have suggested two interim measures. The first involves
population means and ranges based on the NHANES
III bioimpedance analysis database (e.g., mean % fat
values vs. age by ethnic group; Tables 9–11) (unpub-
lished data). This information allows comparison of the
study subject or group to the sex-, age-, and race-specific
value observed in the U.S. population. Other large
subject databases with group averages for specific pop-
ulations are reported. The second approach provides
predicted percent fat estimates for sex, age, race, and
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Table 9 Selected Anthropometric and Impedance Measures According to Age and Sex for Non-Hispanic Whites: NHANES III
(unpublished data)

Non-Hispanic white males Non-Hispanic white females

Age (years)
Anthropometric

measure N Mean
Standard
deviation

Standard
error N Mean

Standard
deviation

Standard
error

12–13.9 Weight (kg) 88 51.7 12.3 1.5 101 52.1 13.3 1.6
Stature (cm) 159.6 8.4 0.9 157.8 8.2 1.0
BMI (kg/m2) 20.1 3.5 0.4 20.9 4.7 0.6
TBW (L) 31.3 6.3 0.8 28.5 4.2 0.6
%fat 18.4 7.3 1.0 24.8 9.7 1.2

14–15.9 Weight (kg) 82 68.3 20.5 2.5 120 57.8 10.5 1.2
Stature (cm) 172.2 7.6 0.8 162.6 6.0 0.7
BMI (kg/m2) 23.0 6.3 0.8 21.9 3.8 0.4
TBW (L) 40.6 7.0 0.9 29.9 3.7 0.5
%fat 18.4 8.3 1.2 29.1 6.5 0.8

16–17.9 Weight (kg) 96 70.9 13.8 1.6 104 61.1 14.5 1.7
Stature (cm) 177.0 7.9 0.8 164.5 6.6 0.8
BMI (kg/m2) 22.6 4.0 0.5 22.5 4.9 0.6
TBW (L) 43.1 6.2 0.8 30.7 4.0 0.5
%fat 17.7 6.8 0.9 30.7 6.9 0.9

18–19.9 Weight (kg) 76 73.1 15.0 1.9 90 63.7 15.0 1.9
Stature (cm) 176.9 6.7 0.8 164.9 5.8 0.7
BMI (kg/m2) 23.3 4.2 0.6 23.4 5.5 0.7
TBW (L) 43.2 5.8 0.8 31.9 4.2 0.6
%fat 19.6 6.9 1.0 30.8 7.9 1.0

20–29.9 Weight (kg) 384 79.2 16.6 0.9 426 63.2 14.3 0.8
Stature (cm) 177.5 6.7 0.3 163.6 6.7 0.4
BMI (kg/m2) 25.1 4.9 0.3 23.6 5.1 0.3
TBW (L) 45.5 6.9 0.4 31.8 4.5 0.3
%fat 21.8 6.2 0.4 31.0 7.5 0.5

30–39.9 Weight (kg) 436 84.0 17.1 0.9 543 69.1 18.0 0.9
Stature (cm) 177.8 6.8 0.3 164.6 6.3 0.3
BMI (kg/m2) 26.5 4.6 0.3 25.5 6.5 0.3
TBW (L) 47.2 7.6 0.4 33.5 5.1 0.3
%fat 23.6 5.8 0.4 33.0 8.5 0.5

40–49.9 Weight (kg) 410 86.0 17.0 0.9 454 70.7 16.8 1.0
Stature (cm) 177.3 6.7 0.3 163.4 6.1 0.3
BMI (kg/m2) 27.3 4.9 0.3 26.6 6.5 0.4
TBW (L) 48.0 7.8 0.5 33.3 5.2 0.3
%fat 24.2 5.7 0.4 35.4 6.9 0.4

50–59.9 Weight (kg) 396 86.9 15.0 0.8 454 73.9 17.4 1.0
Stature (cm) 176.7 6.2 0.3 162.4 6.0 0.3
BMI (kg/m2) 27.8 4.6 0.3 28.0 6.4 0.4
TBW (L) 47.9 6.5 0.4 33.8 5.1 0.3
%fat 25.1 6.0 0.4 37.3 7.1 0.4

60–69.9 Weight (kg) 465 84.9 14.7 0.8 447 70.3 15.1 0.9
Stature (cm) 175.3 6.3 0.3 160.8 6.1 0.4
BMI (kg/m2) 27.6 4.2 0.2 27.2 5.6 0.3
TBW (L) 46.2 6.6 0.4 32.5 4.8 0.3
%fat 26.2 5.5 0.3 36.9 6.9 0.4

70–79.9 Weight (kg) 447 79.3 13.3 0.7 538 67.1 14.5 0.8
Stature (cm) 172.4 6.7 0.3 158.3 6.8 0.4
BMI (kg/m2) 26.7 4.0 0.2 26.7 5.3 0.3
TBW (L) 44.0 6.4 0.4 31.6 4.9 0.3
%fat 25.1 5.5 0.3 35.9 6.9 0.4
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Table 10 Selected Anthropometric and Impedance Measures According to Age and Sex for Non-Hispanic Blacks: NHANES
III (unpublished data)

Non-Hispanic black males Non-Hispanic black females

Age
(years)

Anthropometric
measure N Mean

Standard
deviation

Standard
error N Mean

Standard
deviation

Standard
error

12–13.9 Weight (kg) 124 52.1 16.7 1.5 156 55.1 13.3 1.2
Stature (cm) 157.9 10.1 1.0 159.6 7.3 0.7
BMI (kg/m2) 20.7 5.2 0.5 21.5 4.4 0.4
TBW (L) 30.7 7.0 0.7 29.3 4.1 0.4
%fat 19.5 8.9 1.1 26.9 8.8 0.8

14–15.9 Weight (kg) 131 64.4 171.5 15.4 1.4 102 62.0 16.3 1.8
Stature (cm) 21.8 7.7 0.8 163.1 7.1 0.8
BMI (kg/m2) 38.9 4.7 0.4 23.2 5.3 0.6
TBW (L) 17.8 6.7 0.7 30.9 5.3 0.7
%fat 7.5 9.0 30.9 8.0 0.9

16–17.9 Weight (kg) 126 68.7 14.5 1.3 126 64.0 15.8 1.6
Stature (cm) 173.8 7.2 0.7 163.9 7.0 0.7
BMI (kg/m2) 22.7 4.1 0.4 23.8 5.7 0.6
TBW (L) 41.2 6.6 0.7 31.0 4.2 0.5
%fat 18.6 6.4 0.8 32.6 8.5 0.9

18–19.9 Weight (kg) 118 74.7 16.4 1.5 110 65.8 18.6 2.0
Stature (cm) 176.6 7.2 0.7 163.6 6.3 0.7
BMI (kg/m2) 23.8 4.4 0.4 24.6 6.7 0.8
TBW (L) 44.1 7.5 0.8 31.4 5.5 0.7
%fat 19.9 6.0 0.8 33.3 8.7 1.0

20–29.9 Weight (kg) 462 82.9 20.5 1.0 510 70.4 16.7 0.8
Stature (cm) 177.1 7.4 0.4 163.7 6.1 0.3
BMI (kg/m2) 26.3 5.8 0.3 26.2 6.0 0.3
TBW (L) 46.1 8.0 0.4 32.8 4.9 0.3
%fat 23.7 7.0 0.4 35.5 7.5 0.4

30–39.9 Weight (kg) 454 82.9 17.9 0.9 569 76.7 20.2 1.0
Stature (cm) 177.2 6.6 0.3 163.7 6.7 0.3
BMI (kg/m2) 26.4 5.4 0.3 28.6 7.4 0.4
TBW (L) 46.5 7.7 0.4 34.4 5.8 0.3
%fat 23.6 6.7 0.4 38.0 7.7 0.4

40–49.9 Weight (kg) 339 83.6 17.2 1.0 395 81.5 21.1 1.2
Stature (cm) 176.5 7.3 0.4 164.2 6.1 0.4
BMI (kg/m2) 26.8 4.8 0.3 30.2 7.4 0.4
TBW (L) 46.1 7.5 0.5 35.8 6.0 0.4
%fat 24.9 6.1 0.5 39.4 7.0 0.4

50–59.9 Weight (kg) 191 83.7 19.4 1.4 231 80.7 19.4 1.5
Stature (cm) 175.2 6.6 0.5 162.5 5.8 0.5
BMI (kg/m2) 27.2 5.7 0.4 30.6 7.1 0.6
TBW (L) 45.9 8.5 0.7 35.2 5.8 0.5
%fat 25.1 6.7 0.7 40.0 7.5 0.6

60–69.9 Weight (kg) 258 80.9 16.2 1.0 258 77.6 18.3 1.3
Stature (cm) 173.6 6.6 0.5 161.1 6.3 0.5
BMI (kg/m2) 26.8 4.9 0.3 29.9 7.0 0.5
TBW (L) 44.7 7.7 0.5 34.0 5.6 0.4
%fat 24.9 6.6 0.6 39.8 6.9 0.5

70–79.9 Weight (kg) 145 77.0 15.5 1.3 149 74.0 16.5 1.5
Stature (cm) 171.6 7.1 0.7 159.4 5.7 0.6
BMI (kg/m2) 26.2 4.8 0.4 29.1 6.3 0.6
TBW (L) 43.2 7.4 0.7 33.4 5.3 0.6
%fat 24.3 6.3 0.7 38.5 6.7 0.6
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Table 11 Selected Anthropometric and Impedance Measures According to Age and Sex for Mexican-Americans: NHANES III
(unpublished data)

Mexican-American males Mexican-American females

Age
(years)

Anthropometric
measure N Mean

Standard
deviation

Standard
error N Mean

Standard
deviation

Standard
error

12–13.9 Weight (kg) 132 52.7 14.1 1.5 139 53.3 12.3 1.2
Stature (cm) 156.0 9.2 0.9 155.4 6.5 0.7
BMI (kg/m2) 21.4 4.6 0.5 21.9 4.5 0.5
TBW (L) 30.2 6.2 0.7 27.9 4.2 0.5
%fat 22.0 8.2 1.0 28.6 7.6 0.8

14–15.9 Weight (kg) 108 62.5 16.6 1.9 113 56.2 10.7 1.2
Stature (cm) 167.2 8.5 0.9 157.7 6.0 0.7
BMI (kg/m2) 22.2 5.1 0.6 22.5 3.7 0.4
TBW (L) 37.2 6.9 0.9 28.1 3.7 0.4
%fat 18.8 7.7 1.1 31.8 6.3 0.7

16–17.9 Weight (kg) 126 67.9 12.2 1.3 112 62.2 15.5 1.7.
Stature (cm) 170.5 6.7 0.7 159.3 5.8 0.7
BMI (kg/m2) 23.3 3.7 0.4 24.5 5.7 0.7
TBW (L) 39.6 5.5 0.6 30.2 4.5 0.6
%fat 21.3 5.4 0.7 33.3 7.1 0.8

18–19.9 Weight (kg) 109 72.8 13.9 1.6 90 59.6 13.1 1.6
Stature (cm) 171.9 6.3 0.7 157.7 5.7 0.7
BMI (kg/m2) 24.6 4.4 0.5 23.9 4.9 0.6
TBW (L) 41.5 5.9 0.7 28.9 3.7 0.5
%fat 22.7 5.7 0.8 33.5 6.8 0.9

20–29.9 Weight (kg) 631 73.9 13.9 0.7 509 64.8 14.5 0.8
Stature (cm) 170.0 6.4 0.3 157.6 6.2 0.3
BMI (kg/m2) 25.6 4.2 0.2 26.1 5.5 0.3
TBW (L) 41.6 6.1 0.3 30.5 4.3 0.2
%fat 24.1 6.0 0.4 35.8 7.0 0.4

30–39.9 Weight (kg) 443 78.4 14.2 0.8 451 70.6 17.1 1.0
Stature (cm) 170.6 7.0 0.4 156.9 6.3 0.4
BMI (kg/m2) 26.9 4.3 0.2 28.6 6.4 0.4
TBW (L) 43.4 6.5 0.4 32.2 4.8 0.3
%fat 25.4 5.4 0.4 38.0 7.1 0.4

40–49.9 Weight (kg) 361 82.0 14.5 0.9 334 73.4 13.9 0.9
Stature (cm) 169.7 6.3 0.4 157.2 5.4 0.4
BMI (kg/m2) 28.4 4.4 0.3 29.7 5.6 0.4
TBW (L) 44.7 6.6 0.5 32.6 4.3 0.3
%fat 26.6 5.3 0.4 39.9 5.5 0.4

50–59.9 Weight (kg) 165 82.6 15.1 1.4 171 71.3 13.7 1.2
Stature (cm) 169.3 6.0 0.5 155.7 5.4 0.5
BMI (kg/m2) 28.7 4.5 0.4 29.5 5.5 0.5
TBW (L) 45.0 7.1 0.7 32.1 4.4 0.4
%fat 26.7 5.3 0.6 39.4 5.7 0.5

60–69.9 Weight (kg) 301 78.2 12.7 0.9 278 70.0 14.1 1.0
Stature (cm) 168.3 6.0 0.4 154.3 5.9 0.4
BMI (kg/m2) 27.6 4.0 0.3 29.5 5.9 0.4
TBW (L) 42.6 5.9 0.4 31.6 4.6 0.4
%fat 26.7 5.2 0.4 39.4 5.7 0.4

70–79.9 Weight (kg) 118 72.3 12.5 1.4 101 65.0 13.0 1.5
Stature (cm) 165.5 5.7 0.6 153.0 5.9 0.7
BMI (kg/m2) 26.3 4.0 0.4 27.8 5.5 0.7
TBW (L) 39.9 6.3 0.7 30.1 4.4 0.6
%fat 26.1 5.2 0.7 37.8 6.8 0.8
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BMI (38). A BMI-based prediction equation [Eq. (21)]
was presented in an earlier section for white and black
subjects. The prediction lines for this model are pro-
vided in Figure 15 for males and females in three age
groups (30, 50, and 70 years).This information allows
linkage of percent fat ranges with corresponding BMI
ranges for normal weight >17.5<25 kg/m2), over-
weight (z25<30 kg/m2), and obesity z30 kg/m2.

At present there are inadequate data for appropri-
ately derived population or other range categories of
subcutaneous, visceral, or other adipose tissue depots.

VII SUMMARY AND CONCLUSIONS

The remarkable technological advances over the past
decade provide investigators with the tools needed to
evaluate components at all five body composition levels.
The applications for body composition analysis abound
and dictate the selectedmethod requirements.While our
method organization was separated into two categories,
laboratory and field, each method has an array of
definable characteristics that ultimately determine
research and clinical utility. Most methods are capable
of providing estimates of more than one adiposity-
related component so that the investigator can choose
among them depending on instrument availability and
specific method features. Some of the qualitative char-
acteristics of the methods reviewed in this chapter are
summarized in Table 12. These ‘‘gradings’’ are subjec-
tive but should give the reader some idea of how to select
a method among those available with consideration for
the evaluated subject population. The present overview
should be supplemented by the interested reader with in-
depth body composition reviews and the available texts
published since 1985 are presented in the Appendix.

Body composition analysis is an indispensable
research and clinical component that provides impor-
tant insights into the pathogenesis and treatment of
obese animals and humans.

APPENDIX

Monographs on Body Composition Research Published

Since 1985

Norgan NG, ed. Human Body Composition and Fat
Distribution. EUR-NUT Report 8, 1985.

Roche AF, ed. Body-Composition Assessments in
Youth and Adults. Columbus, OH: Ross Labora-
tory, 1985.

Forbes GB. Human Body Composition: Growth,

Aging, Nutrition and Activity. New York: Springer-
Verlag, 1987.

Ellis KJ, Yasumura S, Morgan WD, eds. In Vivo Body
Composition Studies. Institute of Physical Sciences
in Medicine, 1987.

Lohman TG, Roche AF, Martorell R, eds. Anthro-
pometric Standardization ReferenceManual. Cham-
paign, IL: Human Kinetics, 1988.

Yasumura S, Harrison JE, McNeill KG, Woodhead
AD, Dilmanian FA eds. In Vivo Body Composition
Studies: Recent Advances. NewYork: Plenum, 1990.

Gibson RS. Principles of Nutritional Assessment.
Oxford: Oxford University Press, 1990.

Fidanza EF. Nutritional Status Assessment. London:
Chapman and Hall, 1991.

Himes JH, ed. Anthropometric Assessment of Nutri-
tion Assessment of Nutritional Status. Wiley-Liss,
1991.

Roche AF. Growth, Maturation and Body Composi-
tion: The Fels Longitudinal Study 1929-1991. Cam-
bridge: Cambridge University Press, 1992.

Figure 15 Total body fat, expressed as a percentage of body
weight, versus body mass index in females (upper panel) and

males (lower panel). The regression lines were developed
based upon the formula of Gallagher et al. (38).

Heymsfield et al.70



Marriott BM, Grumstrup-Scott J, eds. Body Composi-
tion and Physical Performance: Applications for the
Military Services. Washington: National Academy
Press, 1992.

Lohman TG. Advances in Body Composition Assess-
ment. Champaign, IL: Human Kinetics, 1993.

Ellis KJ, Eastman JD, eds. Human Body Composition:
In Vivo Methods, Models, and Assessment. New
York: Plenum, 1993.

Kral JG, VanItallie TB, eds. Recent Development in
Body Composition Analysis: Methods and Appli-
cations. London: Smith-Gordon, 1993.

Kreitzman SN, Howard AN, eds. The Swansea Trial:
Body Composition and Metabolic Studies with a
Very-Low-Calorie Diet (VLCD). London: Smith-
Gordon, 1993.

WHO Expert Committee. Physical Status: The Use
and Interpretation of Anthropometry. Geneva:
WHO Technical Report Series 854, 1995.

Davies PSW, Cole TJ, eds. Body Composition Tech-
niques in Health and Disease. Cambridge: Cam-
bridge University Press, 1995.

Heyward VH, Stolarczyk L. Applied Body Composi-
tion Assessment. Champaign, IL: Human Kinetics,
1996.

Roche AF, Heymsfield SB, Lohman TG, eds. Human
Body Composition: Methods and Findings. Cham-
paign, IL: Human Kinetics, 1996.

Grimnes S, Martinsen ØG. Bioimpedance and Bioelec-
tricity Basics. San Diego: Academic Press, 2000.

Yasamura S, Wang J, Pierson RN Jr, eds. In Vivo
Body Composition Studies. New York: New York
Academy of Sciences, 2000.

Pierson RN Jr, ed. Quality of the Body Cell Mass:
Body Composition in the Third Millenium. New
York: Springer-Verlag, 2000.
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Rybo E, Sjöström L. Distribution of adipose tissue
and risk of cardiovascular disease and death: a 12
year follow up of participants in the population study

of women in Gothenburg, Sweden. Br Med J 1984;
289:1257–1261,

175. LarssonBK, SvardsuddL,WelinL,Wilhelmsen, Bjorn-
torp P, Tibblin G. Abdominal adipose tissue distri-

bution, obesity and risk of cardiovascular disease and
death: 13 year follow up of participants in the study of
men born in 1913. Br Med J 1984; 288:1401–1404.

176. Ohlson LO, Larsson B, Svardsudd K, Welin L,
Eriksson H, Wilhelmsen L, Bjorntorp P, Tibblin G.
The influence of body fat distribution on the incidence

of diabetes mellitus, 13.5 years of follow-up of the
participants of the study of men born in 1913.
Diabetes 1985; 34:1055–1058.

177. Seidell JC, Deurenberg P, Hautvast JGAJ. Obesity

and fat distribution in relation to health—current
insights and recommendations. World Rev Nutr Diet
1987; 50:57–91.

178. Kissebah AH. Insulin resistance in visceral obesity. Int
J Obes 1991; 15:109–115.

179. Després JP. Lipoprotein metabolism in visceral

obesity. Int J Obes 1991; 15:45–52.
180. Bray GA. Pathophysiology of obesity. Am J Clin Nutr

1992; 55:488S–494S.

181. Filipovsky J, Ducimetiere P, Darne B, Richard JI.
Abdominal body mass distribution and elevated blood
pressure are associated with increased risk of death
from cardiovascular diseases and cancer in middle-

aged men. The results of a 15-20-year follow-up in the
Paris prospective study I. Int J Obes 1993; 17:197–203.

182. Houmard JA, Wheeler WS, McCammon MR, Wells

JM, Truitt N, Hamad SF, Holbert D, Israel RG,
Barakat HA. An evaluation of waist to hip ratio mea-
surement methods in relation to lipid and carbohydrate

metabolism in men. Int J Obes 1991; 15:181–188.
183. Vague J. The degree of masculine differentiation of

obesities: a factor determining predisposition to

diabetes, atherosclerosis, gout and uric calculous
diseases. Am J Clin Nutr 1956; 4:20–34.

184. Kekes-Szabo T, Hunter GR, Nyikos I, Nicholson C,

Snyder S, Lincoln B. Development and validation of

computed tomography derived anthropometric regres-
sion equations for estimating abdominal adipose tissue
distribution. Obes Res 1994; 2:450–457.

185. Pouliot MC, Després JP, Lemieux S, Moorjani S,
Bouchard C, Tremblay A, Nadeau A, Lupien PJ.
Waist circumference and abdominal sagittal diameter:
best simple anthropometric indexes of abdominal

visceral adipose tissue accumulation and related
cardiovascular risk in men and women. Am J Cardiol
1994; 73:460–468.

185a. Janssen I, Heymsfield SB, Allison DB, Kotler DP,
Ross R. The combination of body mass index and
waist circumference identifies a unique obesity pheno-

type. Am J Clin Nutr 2002. In press.
185b. Rankinen T, Kim SY, Pérusse L, Després JP,

Bouchard C. The prediction of abdominal visceral

fat level from body composition and anthropometry:
ROC analysis. Int J Obes 1999; 23:801–809.

185c. Seidell JC, Pérusse L, Després JP, Bouchard C. Waist
and hip circumferences have independent and opposite

effects on cardiovascular disease risk factors: the Que-
bec Family Study. Am J Clin Nutr 2001; 74:315–321.

186. Zamboni M, Armellini F, Turcato E, Todesto T,

Bissoli L, Bergamo-Andreis IA, Bosselo O. Effect of
weight loss on regional body fat distribution in pre-
menopausal women. Am J Clin Nutr 1993; 58:29–34.

187. Ross R, Rissanen J, Hudson R. Sensitivity associated
with the identification of visceral adipose tissue levels
using waist circumference in men and women: effects
of weight loss. Int J Obes 1996; 20:533–538.

188. Ross R, Pedwell H, Rissanen J. Effects of energy
restriction and exercise on skeletal muscle and adipose
tissue in women as measured by magnetic resonance

imaging. Am J Clin Nutr 1995; 61:1179–1185.
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I INTRODUCTION

Body composition information on humans can be
collected at various levels, such as atomic, molecular,
cellular, tissue, or whole-body level (1). In the case
of obesity, the main component of interest is body fat,
at the tissue [adipose tissue obtained by computer
tomography (CT) or magnetic resonance imaging
(MRI) scanning] or molecular level [body fat mass or
body fat percent as assessed by densitometry or dual-
energy x-ray absorptiometry (DXA) scans]. In addi-
tion, the distribution of fat over the body is important.
The latter can be evaluated by CT or MRI scans or
by anthropometry.

There are many methods to measure or assess body
composition, especially for body fat and body fat dis-
tribution. Apart from direct methods (chemical carcass
analyses or in vivo neutron activation analyses,
IVNAA), these methods can be described as indirect
and doubly indirect (2). Indirect methods are validated
against experimentally found or calculated quantitative
relationships between body parameters and compo-
nents of body composition as obtained from carcass
analyses or IVNAA. Doubly indirect methods assess
body composition based on statistical relationships
between easy measurable body parameters and an
indirect method. The resulting formulas are usually
population specific and have an estimation error

of 4–5% compared to the method of reference. Table 1
lists methods for the determination of body compo-
sition with special reference to body fat. Generally the
error of indirect methods is <3%. For doubly in-
direct methods, the estimation error is larger and is
usually f5%.

Chemical carcass analyses revealed that the chemical
composition of the body varies widely among subjects.
This is especially true for the amount of body fat. It was
found that the variation in body composition among
subjects is greatly reduced if the various components
are expressed in relation to the fat free body (3,4), and
with this the concept of the two-compartment model of
body composition was born (5). This concept divides
the body into a fat mass, which contains all ether-
soluble fat, and a fat-free mass, which is the difference
between body weight and the fat mass (FM). Chemi-
cally the fat-free mass (FFM) consists of water, miner-
als, protein, and a small amount of carbohydrate
(mainly glycogen and glucose). The carbohydrate com-
ponent is small and is normally neglected. Carcass
analyses revealed that the mean composition of the
fat free mass is f73% water, 20% protein, and 7%
minerals (5). This chemical composition of the fat-free
mass is confirmed in many modern studies in young
adults using in vivo techniques (6), although there are
slight variations among population groups (7–10).
These figures are the basis for a number of indirect
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measures of body fat, i.e., for densitometry and for
dilution methods.

Assuming a constant composition of the fat-free
mass (as above) and given the densities for water
(0.993 kg/L), protein (1.340 kg/L) and minerals (3.038
kg/L) at body temperature, the density of the fat-free
mass can be calculated as 1.100 kg/L. As the density of
the fat mass is 0.900 kg/L, it is obvious that the density
of the body will vary between 0.9 kg/L and 1.1 kg/L
depending on the amount of body fat. This forms the
basis for the densitometric method for the determina-
tion of body fat. The volume of the body is measured
by either water displacement, air displacement, or
underwater weighing (11), and body density is then
calculated as weight/volume. Using Siri’s (5) formula
(BF%=495/densitybody=450) or other similar equa-
tions, body fat percent can be calculated. Principles and
description of different densitometric techniques are
given elsewhere (11,12).

The amount of water in the human body can be
determined by dilution techniques (13). With these
techniques, the subject is given a tracer (usually deute-
rium oxide, tritium oxide or 18O-labeled water), and
after a suitable dilution time the concentration of the
tracer is determined in the body fluids (saliva, blood, or
urine). The amount of body water can be calculated
from the given dose and the tracer concentration in the
body fluid, and, assuming a constant water fraction of
the fat-free mass (i.e. 73%), fat-free mass and conse-
quently fat mass can be calculated (14).

II ACCURACY AND VALIDITY

OF REFERENCE BODY

COMPOSITION METHODS

How accurate are these techniques? The technical error
of these methodologies is small and is in experienced
hands with adequate instrumentation not beyond one
percentage point of body fat percent (15). Siri (5)
calculated that owing to variations in the assumed

constant composition of the fat-free mass, the densito-
metric method has a methodological error of maximally
2–3%. This was confirmed, for example, in a study by
Heymsfield et al. (6) Deuterium dilution results in about
the same level of error. For example, if an obese,
edematous subject is weighed underwater, the normal
calculation formula to convert body density into body
fat could overestimate body fat percent by two or three
percentage points (due to a larger amount of body water
in the fat free mass its density is <1.100 kg/L). In the
same subject deuterium oxide dilution would, however,
underestimate body fat percent by some two or three
percentage points.

With the development of new body composition
techniques such as IVNAA and dual-energy x-ray ab-
sorptiometry (DXA), and their combined use with
densitometry and deuterium oxide dilution, it has
become possible to measure body composition using
chemically defined multicompartment models (11). The
most popular models are a three-compartment model
(fat mass, water, and dry fat-free mass) in which varia-
tion of the water fraction in the fat-free mass is
accounted for, and a four-compartment model (fat
mass, water, minerals, and protein). In the latter model,
the variation of both the water and the mineral fraction
in fat-free mass is accounted for. Although the technical
error of these multicompartment models is not lower
compared to two-compartment models (15), they do
have a smaller methodological error, as the variation in
the composition of the fat-free mass is accounted for.
This makes the three- and especially the four-compart-
ment model suitable as a reference when it comes to
comparing groups in which the composition of the fat-
free mass might differ. Such differences are known to
exist between age groups (children vs. adults vs. elderly),
males and females, and also ethnic groups.

Table 2 provides examples for females from various
ethnic groups for body fat percent measured by densi-
tometry alone, (assuming a density of the fat-free mass
of 1.1 kg/L) and a four-compartment model. As can be
seen, body fat calculated from the Siri formula is gen-

Table 1 Methods to Determine Body Fat

Direct Indirect Doubly indirect

Chemical carcass analyses Densitometry Weight/height indices, e.g., BMI

In vivo neutron activation Dilution techniques, e.g., deuterium oxide dilution Skinfold thickness measurements
analyses (IVNAA) Dual-energy x-ray absorptiometry (DXA) Bioelectrical impedance

More compartment models Body circumferences

CT/MRI scanning

CT, computed tomography; MRI, magnetic resonance imaging; BMI, body mass index.
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erally lower in blacks and in Asians than body fat from
the four-compartment model. In Caucasian groups, the
differences between two- and four-compartment models
are not so obvious.

There are numerous studies (in vitro as well as in
vivo) showing that blacks (most studies refer to African-
Americans) compared to Caucasians have higher bone
density and bone mineral content as well as higher
muscle mass (16). The amount of water in the fat-free
mass, however, is not different. As minerals and pro-
teins are the densest components in the fat-free mass, it
can be calculated that the density of the fat-free mass
blacks is higher than in Caucasians (17,18), although
this was not found in all studies (8).

The same holds for the comparison between Asians
(Chinese) and Caucasians (10), although less informa-
tion is available on Asians. Recently it was shown that
there are also small differences in the composition of the
fat-free mass (in terms of water, mineral, and protein
fraction) among (Singaporean) Chinese, Malays, and
Indians (9).

Generally, studies among ethnic groups suggest that
the use of the classical densitometric method and the
use of the Siri (5) formula is likely to lead to biased
measurements of body fat percent. Thus for compara-
tive studies among ethnic groups this method is not
suitable, unless formulas based on measured rather
than assumed densities of the fat-free mass are used
(11). For comparative studies, the use of multicom-
partment models is recommended to avoid any system-
atic bias. Multicompartment methods are, however,
expensive, and the instrumentation is not available to
many researchers. As the water content in the fat-free

mass is (in most studies) not found to be different from
the assumed value of 73%, dilution methods may be a
good alternative for comparative studies among ethnic
groups (9,14). The method has the advantage that it is
‘‘portable,’’ and even researchers who do not have the
necessary instrumentation could use the methodology
as samples can be sent to specialized laboratories
for analyses.

III ACCURACY AND VALIDITY

OF PREDICTIVE BODY

COMPOSITION METHODS

Doubly indirect methods rely on a statistical relation-
ship between easily measurable body parameters and
body composition as measured by a direct or an
indirect method. There are many examples of such
methods, and the most often used for the prediction
or assessment of body fat are skinfold thickness meas-
urements, bioelectrical impedance measurements, and
weight/height indices. All these methods have in com-
mon that the standard error of estimate (SEE) of the
equation is f4–5 percentage body fat points and that
the prediction equations are not ‘‘general’’ but are
population specific. It has to be kept in mind that a
SEE of 5% means, that, even if the mean bias is zero in
34% of the population, the differences between meas-
ured and predicted body fat percent will exceed �5 or
+5 percentage body fat points. In 5% of the popula-
tion, the error will be higher than �10 or +10 percent-
age points. Thus, for individual assessments, these
methods are not very reliable. Unfortunately, many
prediction formulas also have a systematic bias if
applied to other populations than the one in which
they were developed.

Table 3 gives for three methods an example of
systematic bias. In this table, the predictive values
from a BMI-based prediction formula (19), an impe-
dance-based formula (20) and a skinfold based for-
mula (21) are compared in Indonesian and Caucasian
males and females of comparable age. It is obvious
that in Caucasians the differences between measured
and predicted values are much lower than in Indo-
nesians. This is not surprising, as the formulas used to
predict were all developed in Caucasians. These data
show that the interpretation of predicted values from
formulas developed in other populations has to be
approached with caution.

The reasons for those systematic biases are easy
to understand from the principles of the predictive

Table 2 Body Fat Percent in Females of Different Ethnic
Groups Measured by Two Body Composition Methodsa

Race Ref. BF2c BF4c Difference

Blacks 17 21.2 21.8 +0.6
Blacks 18 26.5 28.1 +1.6
Blacks 8 35.1 35.3 +0.2
Chinese 10 26.7 29.7 +3.0

Chinese 9 30.3 33.5 +3.2
Indian 9 35.5 38.2 +2.7
Malays 9 35.9 37.8 +1.9

Whites 17 24.2 23.6 �0.6
Whites 18 30.2 29.3 �0.9
Whites 8 30.2 30.5 +0.3

Whites 10 27.7 28.9 +1.2

a BF2c: body fat from two-compartment model; BF4c: body fat from

four-compartment model.
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methods. The skinfold methodology assumes that the
thickness of the subcutaneous fat layer, as it can be
measured using skinfold calipers, is representative of
the total-body fatness. Skinfold thicknesses at exactly
defined sites are then used in a formula that regresses
the skinfold thicknesses against a measure of body fat,
generally body density. Differences between sexes and
age groups are accounted for in most formulas, but less
is known about the relationship between subcutaneous
fat layer and total fat among ethnic groups. Little is
also known about the representativeness of different
body sites for the total subcutaneous fat layer in
various ethnic groups. What is known, however, sug-
gests that ethnic groups differ in subcutaneous fat
pattern. For example, blacks tend to have less subcuta-
neous fat in the extremities and more subcutaneous fat
on the back of the trunk, resulting in a higher trunk-to-
extremity skinfold ratio compared to Caucasians. The
amount of intra-abdominal or visceral fat is, however,
for the same amount of total body fat, lower in blacks.
There are indications that the skinfold patterns of other
ethnic groups differ also from that of Caucasians
(23,24). It is therefore not surprising that the applica-
tion of skinfold formula often results is biased mean
estimates of body fat percent (24). Differences in sub-
cutaneous fat pattern also may explain why formulas
using different combinations of skinfolds [as for exam-
ple the Dumin and Womersley equations (21)] can give
different results in the same population. Apart from the
problem of different fat patterning, there is the addi-
tional problem that the method of reference used to
develop the prediction equation may give biased values
of body fat in various ethnic populations. Also, differ-
ent types of skinfold calipers measure different skinfold
thicknesses (25). Generally, the skinfold methodology

is less valid in very thin subjects and in the very obese,
and the methodology needs trained observers to obtain
valid and reproducible results. More research in vari-
ous ethnic groups has to be done in the area of
subcutaneous fat pattern and its relationship with body
fat percent based on valid reference methods.

Total body bioelectrical impedance is related to the
water content of the body, but it is affected by many
other parameters, some of which can be controlled for.
The formulas for the prediction of body fat percent
using bioelectrical impedance analyses generally have
an estimation error of about five percentage body fat
points (11). As for skinfolds, also impedance formulas
are population specific, and thus predictive values are
often strongly biased (see Table 3). The reason for those
biases are, in most situations, differences in body build.
Also technical error due to lack of standardisation or
the use of different instruments can contribute to sys-
tematic biases.

In total-body bioelectrical impedance analysis a
small alternating current is applied to the body and
the resistance or impedance of the body to that current
is measured. It is assumed that the human body is a
homogeneous conductor. However, the conductivity
of the total body is for a large part (>80%) deter-
mined by the extremities, whereas most of the body
water is in the trunk. This leads to the observation
that subjects with relatively long legs and/or long arms
will have relatively (too) high impedance values for
their total body water. As a consequence, total body
water and fat-free mass will be underestimated by the
usual formulas and hence body fat will be overesti-
mated. Relative leg length was discussed as one of the
reasons that in Indonesians and Chinese bioelectrical
impedance underestimates BF%, as Asians have rela-

Table 3 Measured and Predicted Body Fat Percent in Dutch and Indonesian Adult Males and Females

Females Males

Indonesian (51) Dutch (42) Indonesian (59) Dutch (64)

Mean SD Mean SD Mean SD Mean SD

Age (years) 35 9 34 8 41 7 40 8
BMI (kg/M2) 22.7 4.7 24.4 4.9 24.3 3.3 26.2 3.6
BF deuterium % 36.0 6.4 33.2 9.2 28.3 6.2 26.5 7.6
BF BMI (%) 29.8 7.1 31.7 7.0 22.3 4.9 24.4 5.7

BF imp (%) 27.4 8.9 33.1 6.9 22.3 4.9 26.4 7.3
BF skfd (%) 32.6 6.4 33.9 5.2 27.3 6.6 25.8 6.1

BMI: body mass index; BF deuterium, body fat from deuterium oxide dilution; BF BMI: body fat predicted from body mass index using a sex-

and age-specific Caucasian prediction formula (19); BF imp: body fat predicted from bioelectrical impedance (20); BF skfd: body fat

predicted from skinfolds (21).
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tively short legs compared to Caucasians (23,26,27).
As relative leg length and relative arm length differ
remarkably among ethnic groups (see also Fig. 1), this
is something to keep in mind if impedance is used for
body composition analyses.

In addition to the ‘‘classical’’ total-body impedance
analyzers, which measure the conductivity of the sub-
ject from foot to hand while lying supine, there are
now various commercially available impedance ana-
lyzers that measure impedance from hand to hand
(standing) or from foot to foot while standing on a
weighing scale. Weight, height, age, and gender are
included in the formulas that are incorporated in these
instruments. Although these instruments are more
convenient to use than the classical impedance ana-
lyzers where the subjects had to lie supine, they do not
provide better information, and the population speci-
ficity of formulas may be even a greater problem. This
is understandable, as the ‘‘assessed’’ water content of
the extremities (arms or legs) is assumed to be repre-
sentative for the whole body. It is obvious that this is
not true across populations where there are obvious
differences in relative leg and/or arm length, but also
not in ethnically homogeneous populations. For exam-
ple, in a subject with relatively highly developed leg
muscles, the foot-to-foot impedance analyzer is likely
to underestimate body fat percent.

Apart from biases caused by body build differences,
the impedance methodology has many other pitfalls,

despite its easy and convenient application. Standard-
ization is very important, not only regarding body
position but also regarding environmental temperature.
In addition different machines give different readings,
and the correct type of electrodes is important as well.
However, when compared to skinfold measurements,
less experience is needed to perform an accurate meas-
urement. A report of a consensus meeting on the use of
bioelectrical impedance in body composition studies has
been published (28).

Both the impedance methodology and skinfold
thickness measurements are ‘‘portable’’ methods, which
can be used in large population studies. Skinfold meas-
urements have the disadvantage that the subject has to
be partly undressed and that there is physical contact
between the researcher and the subject, which may limit
its practical application in certain populations. As
increasing fatness results in increasing weight, weight
corrected for height methods can also be used as indi-
cators for body fatness.

An appropriate weight/height index has to have a
high correlation with body fat, but also a low correla-
tion with body height, as otherwise body fat percent
would be systematically over- or underestimated in
short people. The most popular of all indices is the
body mass index (BMI) or Quetelet Index. The WHO
(29,30) recommends the BMI as an indicator of over-
weight and obesity. The correlation between BMI and
body fat percent body fat percent (BF%) is high
(depending on the age group ranging from 0.6 to
0.8), and the correlation found with body height is
generally low and not significant.

The BMI can also be used as a predictor for BF%.
Several studies have demonstrated a good relationship
between the BMI and the amount of body fat if age
and sex are accounted for (19,31–33). When using such
age- and sex-specific equations percent body fat can
be predicted with an error of 3–5%, an error compa-
rable with the prediction error of skinfold thickness or
impedance measurements.

In some subjects or groups of subjects, BMI cannot
be used to predict body fat, as for example in preg-
nancy and in body builders. It has to be kept in mind,
however, that the BMI also correlates with the fat-free
mass. The BMI is in fact not more than a weight index,
and as a measure of body fatness it assumes that a
fixed part of the index consists of fat-free mass,
whereas all exceeding mass is body fat. The situation
is not so simple, however, as with increasing body
fatness the amount of fat-free mass also tends to
increase (more muscle needed to ‘‘carry’’ excess body
fat and more bone mass to support the heavier weight).

Figure 1 Body build and composition data from a Cau-
casian (Dutch) subject and a Chinese (Singaporean) subject.
BMI, body mass index; BF4c, body fat from four-compart-

ment model. (From Ref. 1.)
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Moreover, the index assumes that the weight distri-
bution over the body length is homogeneous. How-
ever, weight per unit length is higher in the trunk than
in the legs. This means that subjects with relatively
longer legs will generally have a lower BMI, and thus
in those subjects body fat tends to be underestimated
with a BMI-based formula. It has been discussed in
the literature (34) that the long-leggedness in the
Australian Aboriginal accounts for about 2 kg/m2 of
their low BMI. There are considerable differences in
relative leg lengths among ethnic groups (27), with
blacks generally having longer legs than Caucasians
and some Asians groups having shorter legs than
Caucasians. It is clear that this has an impact on the
validity of the BMI as predictor of BF%. However, it
has to be kept in mind that differences in relative leg
length also exist among various African groups (e.g.,
Ethiopians vs. West African groups) and Asian groups
(e.g., Chinese vs. Indians). Also, there is generally a
wide variation in relative leg length within a given
(homogeneous) ethnic group.

In addition, body build has been shown to have an
impact on the BMI/BF% relationship. Although the
effect of body build is often not found to be strong in
homogeneous populations (35,36), comparisons be-
tween different (ethnic) population groups have shown
that body build is a contributing factor (37–39).

Figure 2 demonstrates how body build and leg
length affect relationship between BMI and body fat-
ness, and Figure 3 shows the impact of relative leg

length and body build on the BMI/BF% relationship
in a group of sex- and age-matched Beijing Chinese,
Singapore Chinese, and Dutch Caucasians. As can be
seen the relationship between BMI and BF% is differ-
ent among the three groups, but after correction for
relative leg length and/or body build, the differences
completely disappear (38). The effect of body build on
the BMI/BF% relationship was confirmed in two other
studies among ethnic groups (37,39). To visualize how
different Caucasians are in relation to Singapore Chi-
nese, two typical subjects from recent studies are shown
in Figure 1.

Several studies in different ethnic groups confirm a
fairly good relationship between BMI and BF% as
long as age and sex are taken into account. In addi-
tion ethnicity can have a clear impact on the relation-
ship. From this it may be concluded that if BMI is
used to classify people in categories of body fatness,
the cutoff points for those categories should ideally
be ethnic specific (40).

IV DEFINITION OF OBESITY AND BMI

CUT-OFF POINTS

TheWHO (30) defines obesity as a conditionwith excess
body fat to the extent that health and well-being are
adversely affected. The body mass index is used for the
purpose of classification. The suggested cutoff points for
overweight (BMIz25 kg/m2) and obesity (BMIz30 kg/
m2) are based on observational studies on the relation-
ship between morbidity andmortality and BMI primar-

Figure 2 Subject A has the same BF% as subject B, but

because he has shorter legs his BMI will be higher (more
mass per cm length in the trunk. Subject C has the same BMI
as subject D, but as his frame is bigger (stockier), he will have

more skeletal mass, more muscle mass, and more connective
tissue. Therefore for the same BMI he will have less BF%.

Figure 3 BF%: body fat percent. Bias: measured BF% mi-

nus predicted BF% (19). A: without correction; B: corrected
for relative leg lengths; C: corrected for frame size; D: cor-
rected for relative leg lengths and frame size. (From Ref. 38.)
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ily in Caucasians from Europe and the United States. In
Caucasians, a BMI of 30 kg/m2 corresponds to a BF%
of f25% in young adult males and f35% in young
adult females (29), although there are variations around
those estimates.

In cross-country or cross-ethnic group comparisons
on obesity, two factors should be kept in mind: the
body composition part, i.e., the level of body fatness;
and the health risks related to overweight/obesity.
Because of the differences in the BMI/BF% relation-
ship among ethnic groups, it is clear that a general
BMI cutoff point can be questioned. More specifically,
a comparison between groups should be based on
comparable levels of body fatness, which could be at
different levels of BMI. Figure 4 shows calculated
BMI cutoff points for obesity in different ethnic
groups having the same body fat percent (40). Accord-
ing to this, the cutoff points for obesity might be
considerably lower in many ethnic groups than the
advocated level of 30 kg/m2 in Caucasians. The main
limitation of the data in Figure 4 is that BF% in the
different populations was determined using different
techniques, of which the validity in the population
under study is not sure. For a comparative study on
the relationship between BF% and BMI among (eth-
nic) groups, a prerequisite is that the reference method
to determine body fat percent is valid. As discussed
earlier in this chapter, such a method should ideally be
a multicompartment model or, alternatively, deute-
rium oxide dilution.

A recent study in Singapore using a four-compart-
ment model clearly showed differences in BMI/BF%
relationship among Chinese, Malays, Indians, also in

comparison to Caucasians (39). The cutoff point that
was calculated based on this study was 27 kg/m2, which
is similar to that suggested by Guricci et al. (22) and
currently used in Indonesia. This BMI cutoff point is
slightly higher than the one suggested by Ko et al. (41)
for Hong Kong Chinese, which is 26 kg/m2. Unfortu-
nately, in the study of Ko et al. (41) BF% was assessed
by impedance. Although the methodology was vali-
dated against DXA, no correction was made for the
slight overestimation of impedance against DXA.
Moreover, DXA cannot be regarded as a reference
technique, and there are numerous studies showing
either an under- or overestimation (9,42,43) of BF%
from DXA, in some studies also ethnic dependent
(9,44). Studies on the relationship between BMI and
BF% from impedance were published earlier (45,46).
The validity of those studies remains obscure, BIA is too
much affected by body build factors (that may differ
among groups) to be a reliable reference method. A
study showing that the relationship between weight and
impedance among some different ethnic groups has
similar slopes has been published (47), but this study
does not allow any conclusion as the different groups
may have differed in body composition. More informa-
tion on the relationship between BMI and BF% in
different (ethnic) groups is needed and ideally multi-
centre studies have to be carried out with strict stan-
dardisation of methodologies. Those studies should
include parameters of body build to enable explana-
tions of possible differences and perhaps to enable
corrections of BMI for differences in body build.
Implementation of these lower BMI cut-off points
for obesity in the population will result in a much

Figure 4 Adjustments to be made in BMI to reflect equal levels of body fat percent compared to Caucasians of the same age and

sex. (From Refs. 39, 40.)
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higher prevalence of obesity in many countries/ethnic
groups, whereas in other groups the prevalence might
become lower.

However, a lowering of cutoff point is not appro-
priate if there would be no elevated health risk at those
lower levels of body mass index. This second aspect
should also be carefully studied among different ethnic
groups. It is known that in several Asian populations,
cardiovascular morbidity and mortality are high and
that the risk factors for CVD are high already at very
low levels of BMI. For example, Ko et al. (48) showed
that Hong Kong Chinese have at a very low BMI a
high odds ratio for diabetes, hypertension, dyslipide-
mia, and albuminuria. Similarly, Figure 5 shows that in
Singapore, the odds ratio of having at least one CVD
risk factor is high at very low levels of BMI (49,50).
Currently the International Obesity Task Force (IOTF)
(51) is discussing a revision of BMI-based cutoff points
for obesity in the Asian region, suggesting a BMI
cutoff as low as 23 kg/m2 for overweight and a BMI
of 25 kg/m2 for obesity. It seems necessary that
redefining cutoff points should be extended to other
ethnic groups as well. In the earlier-mentioned meta-
analyses (40), it was shown not only that there are
differences among clearly different ethnic groups (as
Caucasians and Asians), but also that within the
‘‘same’’ ethnic group there might be differences in the
BMI/BF% relationship. For example, American Cau-

casians apparently have a lower body fat percent at the
same BMI than do Caucasians in Europe (33,40). As
both the American and the European data came from
various laboratories, most of them using densitometry,
it is unlikely that this difference is due to differences in
methodology. The black populations groups studied
by Luke et al. (46) differed as well, which is confirmed
by a study of Long et al. (52). Also, Northern and
Southern Chinese differ (38,40), a difference that could
be ascribed to body build differences. Wagner et al.
(16), in a recent review also stress the need for in-depth
studies in blacks to avoid biased estimations of obesity
prevalence.

With regard to the relationship between BMI and
body composition in different ethnic groups, there are
two other interesting points to consider. There is first
the definition of underweight. Many Asian popula-
tions have a large number of people with a BMI lower
than 20 kg/m2 or even lower than 18.5 kg/M2, the BMI
value that is suggested by the WHO as cutoff for
underweight (30). Those low BMI values are hardly
prevalent in adult Western (Caucasian) populations.
In the recent (1998) National Health Survey in Singa-
pore, as many 11% of the females and 7% of the
males had a BMI below 18.5 kg/m2. The proportion of
Singaporeans with a BMI <20 kg/km2 were 25% and
l5% for females and males, respectively (50). There is
no reason at all to assume that undernutrition is
epidemic among Singaporeans. This suggests that
‘‘healthy’’ BMI values in those populations could be
shifted to the left, causing on the one hand higher
obesity prevalences, and on the other hand lower
undernutrition prevalences.

A second point is that if some ethnic groups have
higher body fat percent at a given BMI, their fat-free
mass will be lower, resulting in lower metabolic rates for
a given weight and height (age and sex). This may shed
new light on some reported low values of resting meta-
bolic rate and total daily energy expenditure in certain
population groups (53).

V BODY FAT DISTRIBUTION

Since the early work of Vague (54), confirmed by many
other studies [e.g., by Larson et al. (55)], it is clear that
body fat distribution, specifically the amount of intra-
abdominal (visceral) fat, is a more important risk
factor for metabolic disorders than total body fat.
The amount of visceral and subcutaneous abdominal
adipose tissue can be assessed by computer tomography
(CT) or magnetic resonance imaging (see Sec. 3).

Figure 5 Risk factors: elevated serum cholesterol (z6.2
mmol/L), elevated total cholesterol/HDL cholesterol ratio
(>4.4), elevated triglyceride (z1.8 mmol/L), elevated blood

pressure (z140/90mmHg), diabetes mellitus (OGGT z11.1
mmol/L). Data are corrected for age, ethnicity, educational
level, occupation, physical activity, smoking, and waist/hip

ratio. (From Ref. 20.)
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Various anthropometric techniques have been used to
predict body fat distribution, for example trunk to total
skinfold thickness ratio, sagittal diameter, waist-thigh
circumference ratio, waist-hip circumference ratio
(WHR), or waist circumference (WC) alone (56). Many
epidemiological studies have shown that there is a
clearly increased risk for metabolic disorders such as
hypertension, glucose intolerance, and hyperlipidemia
with increasedWHR orWC, and theWHO (30) defines
cutoff points for abdominal obesity at a waist circum-
ference level of 80 cm and 95 cm for females and males,
respectively, and a WHR of 0.85 and 1.00 for females
and males, respectively. Like BMI, these cutoff values
are based on observational studies mainly among Cau-
casians (30). Although all studies in various ethnic
groups show a positive relationship between parame-
ters of body fat distribution and morbidity, recent
studies suggest that the relationship between anthro-
pometric parameters and the actual amount of visceral
fat might differ among ethnic groups. Data from the
MONICA study (57) suggest that optimal screening
cut-off points (action levels) for WCmay be population
(ethnic) specific.

However, there is not yet sufficient evidence on the
relationship between these indices and visceral fat to
justify ethnic specific cutoff points for body fat distri-
bution (58–61), and there is not yet enough information
about the relation with these indices with morbidity.
Generally African-Americans (children as well as
adults) have less visceral adipose tissue as found by
CT orMRI than their white counterparts (59,60,62,63).
On the other hand, a comparative study among Pima
Indians showed that there were no differences in visceral
and subcutaneous abdominal fat areas (MRI) with age-,
sex-, and BMI-matched Caucasians (64). The main
limitation of most studies is the relatively small number
of subjects, due to the nature (cost and radiation
exposure) of the measurements. Data from NHANES
III (65) show that for the same level of apparent body
fatness (BMI) the corresponding WC values are higher
in Caucasians than in Hispanics and African-Ameri-
cans. This seems contradictive to the fact that Afri-
can-Americans have a relatively higher truncal
(subcutaneous) fat distribution (16). This shows that
anthropometric indicators for body fat distribution
have to be interpreted with caution, as the correlation
with visceral fat is relatively low (0.4–0.7), which can
easily result in misclassification.

Several comparative studies concluded that Amer-
ican blacks and whites differ in their metabolic
relationships with body fat and body fat distribution
(66,67). On the contrary, Despres et al. (68) showed

that ethnicity per se contributed only little to the var-
iation in lipid profile between blacks and whites after
controlling for differences in other variables (among
them body mass index and body fat distribution).

In a recent study in Singapore we found that the
relative risk for having at least one cardiovascular
risk factor (e.g., elevated cholesterol, hypertension,
diabetes mellitus) is elevated at levels of WC or
WHR far below the WHO cutoff points (50). Using
WHO cutoff points for classification of abdominal
obesity (30) would miss a large part of the population
at risk. This elevated risk could be due to a higher
amount of visceral fat at low WC or to other factors,
e.g., genetic factors. Further studies in Singapore are
needed to determine the relationship between anthro-
pometric measurements (WC and WHR) and the
amount of visceral fat by CT or MRI.

Generally, more studies among ethnic groups have to
be done to establish the relation between anthropomet-
ric indices of body fat distribution and visceral fat.
These studies should be complementary to epidemio-
logical studies on the relationship between indices of
body fat distribution and disease risks. Results of both
laboratory studies and epidemiological studies will pro-
vide necessary information to accept existing universal
WC and WHR cutoff points or to redefine ethnic-
specific cutoff points. As in the case of the relation
between BMI and BF%, the use of standardized meth-
odology is of utmost importance to avoid biased out-
comes of studies. This standardization would include
landmarks for waist and hip circumference and meas-
urements of CT/MRI.

VI SUMMARY

There is a need for multicenter multiethnic studies on
body composition in which methodologies are highly
standardized and in which reference methods like a
chemically defined four-compartment model or (as a
second choice) deuterium oxide dilution for total body
fat and scanning techniques for body fat distribution are
used. Ideally, those studies should also investigate the
validity of predictive methods and search for possible
explaining factors in order to possibly generalize pre-
diction equations. Such studies could help in redefining
BMI cutoff values for obesity and underweight when
combined with data on risk factors such as cardiovas-
cular disease. Similarly, cutoff points for body fat dis-
tribution (i.e. waist or waist-hip ratio, skinfold thickness
ratios) should be validated and if needed redefined in
different ethnic groups.
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I CLASSIFICATION OF OBESITY

AND FAT DISTRIBUTION

The epidemiology of obesity has for many years been
difficult to study because many countries had their
own specific criteria for the classification of different
degrees overweight. Gradually during the 1990s, how-
ever, the body mass index (BMI) (weight/height2) be-
came a universally accepted measure of the degree of
overweight and now identical cutoff points are recom-
mended. This most recent classification of overweight
in adults by the World Health Organization is the
following (1):

In many community studies in affluent societies, this
scheme has been simplified and cutoff points of 25 and
30 kg/m2 are used for descriptive purposes. Both the
prevalence of very low BMI (<18.5 kg/m2) and very
high BMI (40 kg/m2 or higher) are usually low, in the
order of 1–2% or less. Already researchers in Asian
countries have criticized these cut points. The absolute
health risk (particularly of type 2 diabetes mellitus)
seems to be higher at any level of the body mass index
in Chinese and South Asian people, which is probably
also true for Asians living elsewhere. There are some
suggestions to lower the cut points to designate obesity
or overweight by several units of body mass index (e.g.,
23 kg/m2 for overweight and 25 kg/m2 for obesity) in
Asian populations. In countries such as China and
India, each with over a billion inhabitants, small
changes in the criteria for overweight or obesity poten-
tially increase the world estimate of the number of obese
people by several hundredmillion (current estimates are
f250 million worldwide).

Much research over the last decade has suggested
that, for an accurate classification of overweight and
obesity with respect to the health risks, one needs to
factor in abdominal fat distribution. Traditionally this
has been indicated by a relatively high waist-to-hip
circumference ratio. Recently it has been proposed

93

Classification BMI (kg/m2) Associated health
risks

Underweight <18.5 Low (but risk
of other clinical
problems
increased)

Normal range 18.5–24.9 Average
Overweight 25.0 or higher
Preobese 25.0–29.9 Increased
Obese class I 30.0–34.9 Moderately

increased
Obese class II 35.0–39.9 Severely increased
Obese class III 40 or higher Very severely

increased



that the waist circumference alone may be a better and
simpler measure of the health risks associated with
abdominal fatness (2). In 1998 the National Institutes
of Health (National Heart, Lung, and Blood Institute)
adopted the BMI classification and combined this with
waist cutoff points (3). In this classification the combi-
nation of overweight (BMI between 25 and 30 kg/m2)
and moderate obesity (BMI between 30 and 35 kg/m2)
with a large waist circumference (z102 cm in men
or z88 cm in women) is proposed to carry additional
risk (3).

In this chapter, we focus on the prevalence of over-
weight and obesity as indicated by the body mass
index. The emphasis is on recent surveys and time-
trends, and data have been selected that are based on
representative population surveys with measured
weight and height.

II PREVALENCE OF OBESITY

BY WHO REGION

A Africa

Table 1 shows the levels of overweight and obesity in
women living in Sub-Saharan African countries (4).
Obesity is relatively uncommon in all countries. This
region is increasingly devastated by the AIDS epidemic

and by chronic malnutrition due to wars and natural
disasters. A closer inspection of the data revealed that
obesity is relativelymore common in urban than in rural
areas and more prevalent in women with high socio-
economic status. Data on men are very scarce from
this region. There are fragmented data from South
Africa which suggest that obesity is relatively com-
mon there in both rural and urban areas (5). Table 2
shows the prevalence of obesity in various regions
and ethnic groups in South Africa. Mauritius is one
of the best-studied parts of Africa with respect to
cardiovascular risk factors, but it is also one of the
least representative. Over 5000 people were studied in
1987 and 1992. The prevalence of obesity increased
from 3.4% to 5.3% in men and from 10.4% to 15.1%
in women (6).

B The Americas

Figure 1 shows the time trends of the prevalence of
obesity in men and women throughout the 1990s. The
prevalence increased by about 1 percent point per year
(7). These data are based on self-reported weight and
height, and this probably leads to a considerable
underestimation of the prevalence of obesity. The
most recent (1988–1994) estimates of obesity in adults
in the United States, based on measured weight and
height, are f20% in men and f25% in women (8).

Table 1 Overweight (BMI 25–29.9 kg/m2) and Obesity (BM1 z 30 kg/m2) Levels in
Women Aged 15–49 Years in Sub-Saharan Africa

Country Year of survey Sample size % Overweight % Obese

Benin 1996 2266 6.9 2.1

Burkina Faso 1992/1993 3161 5.9 1.0
Central African Republic 1994/1995 2025 5.5 1.1
Comoros 1996 773 15.9 4.4

Cote d’Ivoire 1994 3108 11.0 3.0
Ghana 1993 1773 9.3 3.4
Kenya 1993 3294 11.4 2.4

Malawi 1992 2323 8.1 1.1
Mali 1996 4327 7.2 1.2
Namibia 1992 2205 13.8 7.1
Niger 1992 3292 6.2 1.2

Senegal 1992/1993 2895 12.0 3.7
Tanzania 1991/1992 4597 9.3 1.9
Tanzania 1996 3721 10.8 2.6

Uganda 1995 3199 7.3 1.2
Zambia 1992 3239 11.8 2.4
Zambia 1996/1997 3838 10.5 2.3

Zimbabwe 1994 1968 17.4 5.7

Source: Ref. 4.
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There are important ethnic differences in the preva-
lence of obesity, particularly in women (Table 3). The
women/men prevalence ratio is highest among non-
Hispanic blacks (ratio f1.8), lower in Mexican-
Americans (ratio f1.5) and lowest in non-Hispanic
whites (ratios f1.1).

The prevalence of obesity in Canada is less than in
theUnited States although themost recent estimates are
already a decade old. Canada has experienced also an
increase in the prevalence of overweight and obesity,
particularly in men (Fig. 2, top). The most recent esti-
mates of the prevalence of obesity are 13.4 percent in
men and 15.4 in women (9).

Table 4 summarizes some of the prevalence data
found in Latin American countries (10–12). Surveys
show that obesity is quite common throughout South
America and Mexico, particularly among women.
Table 5 shows lower estimates of obesity among young
adult women, but with the exception of Haiti, all
prevalences are of the order of 10% (4). It is likely that
these lower estimates are due to the fact that the studies
by Filozof et al. (10) also covered middle-aged men and
women among whom obesity is much more common
than at younger ages.

Socioeconomic conditions in many developing
countries are very different from those in countries

Table 2 Prevalence of Obesity (BMI z 30 kg/m2) in South Africa

Year Area Ethnic group Men % Women %

1982 Urban Cape Town ‘‘Coloured’’ 7.2 31.4

1990 Urban Cape Town African 13.9 48.6
1990 Rural Western Cape White 17.6 20.4
1990 Rural QwaQwa African 12.7 40.2

1990 Urban Mangaung African 12.9 43.9
1990 Urban Durban Indian 3.5 17.6

Source: Ref. 5.

Figure 1 Time trends of the prevalence of obesity (BMI z 30 kg/m2) in the United States based on the behavioral risk factor
surveillance system (self-reported height and weight). The NHANES III (National Health and Nutrition Examination Survey
III) was conducted between 1998 and 1994 (depicted here as the midpoint of the survey in 1991) in a nationally representative

sample based on measured weight and height. (From Refs. 7 and 8.)
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with established market economies. In such affluent
countries, obesity is increasingly limited to those
with low socioeconomic status whereas in developing
countries obesity is more common in those with
relatively high socioeconomic status. In countries
undergoing economic transition these socioeconomic
relations to obesity may change over time. Opposing
trends may be seen within a single country. One
interesting illustration of the changing socioeco-

Table 3 Sex-Specific Prevalence Data of Obesity (BMI z 30
kg/m2) and Sex Ratio by Ethnicity in Men and Women Aged

20–74 in the United States, 1988–1994

Race/ethnic group Men Women Sex ratio

Non-Hispanic white 20.0 22.4 1.12
Non-Hispanic black 21.3 37.4 1.76

Mexican-American 23.1 34.2 1.48

Source: Ref. 8.

Figure 2 Time trends in the prevalence of overweight (BMI 25–29.9 kg/m2) and obesity (BMI z 30 kg/m2) in Canadian men

(top) and women (bottom). (From Ref. 9.)
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nomic dimensions can be found in a paper by
Monteiro et al. (13), who have looked at time trends
in Brazil by income and degree of urbanization (11).
Their results show rapid increases in obesity in
Brazilian men in all groups (Fig. 3, top), although
the levels of obesity in those with low income from
rural areas are still only slightly above 1%. This is
low compared to the prevalence of f10% in urban
men with high incomes.

In women, the situation is quite different. Obesity
rates are generally higher compared to men in all
groups. There were rapid continuing increases in
women with low income but in those with high income
there seems to be a stabilization or even a decline (Fig. 3,
bottom). Such data highlight the profound effect of
socioeconomic conditions on the prevalence of obesity.

Cuba is one of the few examples of Latin American
countries where the prevalence of obesity has decreased

(14). The collapse of the Soviet Union in 1990 had
dramatic effects on the food supply and transportation,
leading to decreased energy intake and increased energy
expenditure. The resulting drop in the prevalence of
obesity is unique in the world (see Fig. 4).

C Southeast Asia

Overweight and obesity are still relatively uncommon in
Asia, but this is rapidly changing (15). Table 6 shows
that the prevalence of obesity in most large countries is
still in the order of 1–5%.

Despite the relatively low prevalence of obesity in
Asian populations, the situation there is of particular
concern for two reasons. The first is that the preva-
lence seems to be increasing rapidly, particularly in
urban areas (16). Secondly, Asian populations already
seem to be particularly prone to develop type 2

Table 4 Overweight (BMI 25–29.9 kg/m2 and Obesity (BMI z 30 kg/m2) in Adults in
Latin American Countries

% Overweight % Obese

Country Year of survey Men Women Men Women

Argentina 1997 — — 28.4 25.4
Brazil 1997 — — 6.9 12.5
Chile 1992 — — 15.7 23.0

Mexicoa 1992/1993 41 36 14.9 25.1
Mexicob 1995 39 35 11 23
Paraguay 1991/1992 — — 22.9 35.7

Peru 1996 — — 7.2 16.4

a Arroyo et al. (11).
b Sanchez-Castillo et al. (12).

Source: Ref. 10 except where noted.

Table 5 Overweight (BMI 25–29.9 kg/m2) and Obesity (BMI z 30 kg/m2) Levels in
Women Aged 15–49 Years in Latin America

Country Year of survey Sample size % Overweight % Obese

Bolivia 1994 2347 26.2 7.6
Brazil 1989 10189 25.0 9.2

Brazil 1996 3158 25.0 9.7
Colombia 1995 3319 31.4 9.2
Dominican Republic 1991 2163 18.6 7.3

Dominican Republic 1996 7356 26.0 12.1
Guatamela 1995 4978 26.2 8.0
Haiti 1994/1995 1896 8.9 2.6

Honduras 1996 885 23.8 7.8
Mexico 1987 3681 23.1 10.4
Peru 1992 5200 31.1 8.8
Peru 1996 10747 35.5 9.4

Source: Ref. 4.
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diabetes mellitus at low levels of fatness. Uncontrolled
diabetes mellitus is a major cause for nephropathy,
neuropathy, retinopathy, and arteriosclerosis. The
WHO has projected that the number of diabetics
worldwide will increase from f130 million patients
today to f300 million in 25 years (see Fig. 5). The
largest contribution to this increase is expected to
come from Asian populations, particularly China
and India (17).

D Europe

In many reviews it has been shown that obesity (defined
as a body mass index of 30 kg/m2 or higher) is a
prevalent condition in most countries with established
market economies (8,16). There is awide variation in the
prevalence of obesity between and within these coun-
tries. It is quite easy to find places with at least a twofold
difference in the prevalence of obesity within one single

Figure 3 Time trends in the prevalence of obesity (BMI z 30 kg/m2) in Brazil by income (highest and lowest quartile of income)
and degree of urbanization, in (top) men and (bottom) women. (From Ref. 11.)
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country. In countries with established market econo-
mies, obesity is usually more frequent among those with
relative low socioeconomic status, and the prevalence
increases with age untilf60–70 years of age after which
the prevalence declines (18). Inmost of these established
market economies it has been shown that the prevalence
is increasing over time (8,16). Tables 7 and 8 show the
increases in the prevalence of obesity in men andwomen
aged 35–64 years in several centers participating in the
WHO MONICA project (19). It is clear that there is a
rapid increase in the prevalence of obesity in most
centers from countries in the European Union, partic-
ularly in men. The prevalence of obesity in men and
women inEuropean countries in theEU region (Table 7)

is similar with a women/men prevalence ratio of 1.07
(range 0.56–1.29). In central and eastern European
countries (Table 8), the prevalence is generally much
higher in women than in men (average women/men
prevalence ratio 2.03; range: 1.27–2.87).

In central and eastern Europe countries, the preva-
lence of obesity in women may have stabilized or even
slightly decreased but still it still remains among the
highest in Europe. A study by Molarius et al. (19)
showed that the social class differences in the prevalence
of obesity are increasing with time. Obesity is fast
becoming a lower-class problem in Europe.

Figure 6 shows the secular time trends of the preva-
lence of obesity in the United Kingdom and the Nether-
lands. In the mid-1980s the prevalence of obesity in men
was similar in these two countries but in the United
Kingdom the increase in the prevalence has been much
more dramatic than in the Netherlands.

Figure 7 shows the women/men prevalence ratio in
1997 in the United Kingdom. The prevalence is similar
in 25 to 65-year-oldmen andwomen but is progressively
higher in women aged > 65 years. It is also higher in
women than men in the youngest age group (16–24
years). There are several possible explanations for the
higher prevalence in women at older ages. It may be the
result of a secular trend in which the prevalence of
obesity has increased more in men from more recent
birth cohorts than in women of the same age. An

Table 6 Sex-Specific Prevalence Data of Obesity (BMI z 30

kg/m2) and Sex Ratio in Selected Studies in Southeast Asia

Country Study Age Men Women

India 1988–1990 Adults 0.5a

Malaysia 1990 18–64 7.9 6.1
Thailand National Health

Examination Survey
1991, n=13,300

20+ 4.0 5.6

a Men and women combined.

Source: Ref. 1.

Figure 4 Time trends in the prevalence of obesity (BMI z 30 kg/m2) in Havana, Cuba (before and after the collapse of the
Soviet Union). (From Ref. 14.)
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Figure 5 Current and predicted worldwide prevalence of type 2 diabetes mellitus. (From Ref. 17.)

Table 7 Prevalence of Obesity (age-standardized % with BMI z 30) of Centers in EU Countries Participating in the First
Round of the MONICA Study (May 1979 to February 1989) and the Third Round (June 1989 to November 1996)

Men Women
Women/men

Country (center) 1st 3rd 1st 3rd (sex ratio) 3rd

Belgium (Ghent) 9 10 11 11 1.10
Denmark (Glostrup) 11 13 10 12 0.92
Finland (north Karelia) 17 22 23 24 1.09

Finland (Kuopio) 18 24 20 25 1.04
Finland (Turku/Loimaa) 19 22 17 19 0.86
France (Toulouse) 9 13 11 10 0.77

France (Lille) 13 17 17 22 1.29
Germany (Augsburg, urban) 18 18 15 21 1.17
Germany (Augsburg, rural) 20 24 22 23 0.96
Iceland (Iceland) 12 17 14 18 1.06

Italy (area Brianza) 11 14 15 18 1.29
Italy (Friuli) 15 17 18 19 1.12
Spain (Catalonia) 10 16 23 25 1.56

Sweden (North) 11 14 14 14 1.00
Switzerland (Vaud/Fribourg) 12 16 12 9 0.56
Switzerland (Ticino) 19 13 14 16 1.23

United Kingdom (Belfast) 11 13 14 16 1.23
United Kingdom (Glasgow) 11 23 16 23 1.00
Mean 13.7 17.0 16.4 18.8 1.07

Source: Ref. 19.
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alternative plausible explanation is a biological one.
After menopause women may experience a greater
increase in body fat mass compared to men as a result
of the drop in estrogen levels. A third explanation may
be that obese men die more often prematurely than
obese women do. The age-standardized absolute risk of
some obesity-related diseases such as coronary heart
disease is higher among men than among women.

Table 9 shows the prevalence of obesity in some less-
studied countries including some countries that were

previously part of the former Soviet Union. In most of
these surveys, the prevalence in women was in the order
15–20%, considerably higher than the prevalences
observed in men.

E Eastern Mediterranean

Generally, there is a lack of good representative data
(e.g., national surveys) from this region. Table 10 shows
the prevalence of overweight and obesity in Northern

Table 8 Prevalence of Obesity (age-standardized % with BMI z 30 kg/m2) in Centers of Countries in Central and Eastern
Europe Participating in the First Round of the MONICA Study (May 1979 to February 1989) and the Third Round (June 1989

to November 1996)

Men Women
Women/men

Country (center) 1st 3rd 1st 3rd (sex ratio) 3rd

Poland (Warsaw 18 22 26 28 1.27
Poland (Tarnobrzeg) 13 15 32 37 2.47

Russia (Moscow) 14 8 33 21 2.63
Russia (Novosibirsk) 13 15 43 43 2.87
Czech Republic (rural CZE) 22 22 32 29 1.32

Yugoslavia (Novi Sad) 18 17 30 27 1.59

Mean 16.3 16.5 32.7 30.8 2.03

Source: Ref. 19.

Figure 6 Time trends in the prevalence of obesity (BMI z 30 kg/m2) in the United Kingdom (Health Survey for England) and
the Netherlands (data from the National Institute of Public Health in Bilthoven). (From Ref. 17.)
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Africa and the Middle East. The results show that the
prevalence of obesity is higher in women than in men
(particularly in the Middle East and the Gulf states).

F Western Pacific Region

Table 11 shows the prevalence of obesity in selected
countries from the western Pacific region (15). Trend
data on the prevalence of overweight and obesity are
available for Australia, China, Japan, and Samoa. The
prevalence of obesity in Australia and New Zealand
appears to be in the order of 10–15%, but recent data

from the 1990s are not available (1). Aboriginals have,
depending on their degree of ‘‘Westernization,’’ a much
higher or lower prevalence of obesity compared to the
general Australian population. In Japan, the preva-
lence of obesity is of the order of 2–3%. In the 1992
Nationwide Nutritional Survey, the prevalence of obe-
sity in China was f1.2% in men and f1.6% in wo-
men. Some of the Pacific Island populations have
extremely high rates of obesity. The prevalence of
obesity in Nauru, for example, was reported in 1987
to be f65% in men and f70% in women (1). Similar
high rates have been observed in urban areas of Papua

Figure 7 The gender ratio (women/men) of the prevalence of obesity (BMI z 30 kg/m2) by age in the Health Survey for England
(ages 16+), 1997. (From Refs. 17 and 18.)

Table 9 Overweight (BMI 25–29.9 kg/m2) and Obesity (BMI z 30 kg/m2) Levels in the Baltic States

% Overweight % Obese

Country Year of survey Sample size Men Women Men Women

Estonia 1997 1154 32.0 23.9 9.9 6.0
Latvia 1997 2292 41.0 33.0 9.5 17.4
Lithuania 1997 2096 41.9 32.7 11.4 18.3

Lithuaniaa 2000 2195 45.6 31.6 16.9 23.4
Kazakstanb 1995 3538 — 21.8 — 16.7
Uzbekistanb 1996 4077 — 16.3 — 5.4

a Finbalt study based on self-reported height and weight (Janina Petkeviciene, personal communication).
b Adapted from Martorell et al. (4).

Source: Ref. 20 except where noted.
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New Guinea (36% in men and 54% in women),
whereas the prevalence in the highlands was not higher
thanf5% in men and women. Urban Samoans in 1991
had a prevalence of 58% in men and 77% in women,
and the figures were high in rural areas as well (42% in
men and 59% in women).

The International Diabetes Institute has proposed
that the international classification of obesity should
be modified for Asian countries (15). It recommended
that overweight be classified as a BMI >23 and
obesity as a BMI of 25 or higher. If such a classifica-
tion is adapted, then the prevalence of obesity in large
countries such as China will be high and rapidly
increasing (Fig. 8) (21). There is, however, as of yet,
no consensus on this issue, and a large and coherent
body of data would be needed before such a proposal
could be implemented.

III EXPLANATIONS FOR THE GROWING

EPIDEMIC OF OBESITY

A Life-Style Changes

On an ecological or population level these time trends
are not too difficult to explain, although the exact
quantification of the various factors involved is almost
impossible. On the one hand there is an increase in the
average energy supply per capita. The World Health
Report (23) has estimated that the average energy
supply per capita in the world was 2300 kcal in 1963,
2440 kcal in 1971, 2720 kcal in 1992, and will be 2900
kcal by 2010. These increases are obviously not
evenly distributed across the world’s population and,
sadly, many remain undernourished although in Asia
(particularly China and India) and most of Latin

Table 10 Overweight (BMI 25–29.9 kg/m2) and Obesity (BMI z 30 kg/m2) Levels in Women Aged 15–49 Years in North Africa
and the Middle East

% Overweight % Obese

Country Year of survey Sample size Men Women Men Women

Bahrain 1991/1992 290 16.0 31.3 26.3 29.4
Kuwait 1993/1994 3435 35.2 32.3 32.3 40.6
Saudi Arabia 1996 13177 29.0 27.0 16.0 24.0

Jordan 1994/1996 2836 — — 32.7 59.8
Morocco 1984/1985 41921 18.7a 5.2a

Moroccob 1992 2850 — 22.3 — 10.5

Moroccoc 1998/1999 17320 28.0 33.0 5.7 18.3
Tunisiac 1997 2760 23.3 28.2 6.7 22.7
Egyptb 1995/1996 6769 — 31.7 — 20.1

Turkeyb 1993 2401 — 31.7 — 18.6

a Men and women combined.
b Adapted from Martorell et al. (4).
c Adapted from Mokhtar et al. (22).

Source: Ref. 21 except where noted.

Table 11 Sex-Specific Prevalence Data of Obesity (BMI z 30 kg/m2) and Sex Ratio in Selected Studies in the Western Pacific
Region

Country Study
Age

(years) Men Women
Ratio

women/men

China Chinese National
Nutrition Survey, 1992

20–45 1.0 (urban)
0.5 (rural)

1.7 (urban)
0.7 (rural)

1.70
1.40

Japan National Nutrition Survey,
1990–1994 n=12,926

35–64 1.9 2.9 1.53

Philippines Food and Nutrition Research
Institute, 1993 n=9585

20+ 1.7 3.4 2.00
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Figure 8 Time trends in the prevalence of overweight (BMI z 25 kg/m2) in China. (From Ref. 21.)

Figure 9 Hypothetical calculations of the magnitude of a positive energy balance to gain 10 kg over 10 years. It is estimated that
an excess of 20 kcal/day over a 1-year period leads to a weight gain of about one 1 kg. One kilogram of weight gain is estimated to
lead to about a 15 kcal/day increase in 24-hr energy expenditure. (From Ref. 24.)
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America, these numbers are declining. The number of
people with access to at least 2700 kcal has increased
from 0.145 billion in 1969–1971 to 1.8 billion in 1990–
1992 and is estimated to grow to 2.7 billion in 2010.
Even when corrected for the increase in the world’s
population, this implies a more than 10-fold increase in
the number of people having access to high-calorie
diets. The globalization of agricultural production
and food processing has affected not only the quantity
of energy available per capita, but also the energy
density.

At the same time there are continuing changes in the
physical demands of work and leisure time. Mechani-
zation of many types of work and changes in trans-
portation are causing ever-increasing numbers of people
to be sedentary for most of the time.

Increasing sedentary behavior has been proposed to
be one of the principal reasons for a further increase in
the prevalence of obesity in countries with established
market economies. Sedentary behavior is poorly meas-
ured by the number of hours engaged in sports only.
Large and important differences can be seen in the
number of hours spent at sedentary jobs and in front
of television or computer screens during leisure time.
Transportation is almost certainly a factor as well. For
example, in the Netherlands, 30% of short trips are
done by bicycle and 18% by walking. In the United
Kingdom these percentages are 8% by cycling and 12%
walking, and in theUnited States 1%by bicycle and 9%
by walking. Accumulated over a year, these daily activ-
ities can easily explain the small but persistent changes
in energy balance needed to greatly increase the preva-
lence of obesity.

Figure 9 shows the disturbances in energy balance
necessary to shift one individual’s BMI from 23 to
26 kg/m2. Energy intake in excess of energy expen-
diture needs only to be 20 kcal/day to produce weight
gain over a year. This is in the order of 5 min less of
brisk walking per day or an additional can of beer per
week. There are compensating increases in energy
expenditure, however, which may range from 15 to
25 kcal/day per kilogram of weight gain in women
and men respectively (24), so that the actual increase
in energy intake or reduction in energy expenditure to
achieve major weight change is much larger.

Given the changes in life-styles over recent decades
in many parts of the world, it is not surprising that
people gain weight on average. With small changes in
average body weight, the prevalence of obesity
increases rapidly. For every unit increase in BMI, there
is an increase in the prevalence of obesity of about five
percentage points (1).

B Social, Economic, and Cultural Determinants

of the Prevalence of Obesity

Many factors affect energy balance and determine
obesity. The major determinants can be grouped into
three groups (25):

1. Biological influences and unalterable fac-
tors (e.g., age, sex, hormonal factors, and
genetics).

2. Behavioural influences (which are the result of
complex psychological factors, including hab-
its, emotions, attitudes, beliefs, and cogni-
tions developed through a background of
learning history).

3. Environmental influences (physical, econo-
mic, and sociocultural environment).

With respect to the behavioural and sociocultural
factors that affect energy balance and obesity, there are
many that relate to eating habits and physical activity.
Of the many gender-related social determinants of
obesity, we briefly discuss the perception of overweight
as a desirable or undesirable trait. The attitudes toward
obesity vary greatly across social and ethnic groups, and
are related to the economic position of individuals and
groups. In many affluent countries women experience
social pressures to be thin. Katzmarzyk and Davis (26)
studied the body weight and shape of Playboy center-
folds in the period 1978 to 1998 as an example of
culturally ‘‘ideal’’ women, and noted that 70% of them
were underweight by WHO standards (BMI< 18.5 kg/
m2). They speculate that this phenomenon helps to
explain the high levels of body dissatisfaction and
disordered eating among young women. It has been
observed that these social pressures toward thinness are
greater among women than among men, and greater in
women with high educational level compared to those
with a low educational level.

The prevalence of obesity is also sharply inversely
associated with educational level. Black women in the
United States are more likely to be obese than white
women, even when adjusted for socioeconomic status,
but they are less likely to perceive themselves as being
overweight (27). Such epidemiological data would sug-
gest that the perception overweight as un undesirable
characteristic may play a role in the prevention of
overweight, particularly in young white women of high
socioeconomic background in affluent countries. This is
undoubtedly an oversimplification, but if true it does so
against the potential cost of an increased risk of body
dissatisfaction and perhaps disordered eating.
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Perceptions of overweight in black women in South
Africa from disadvantaged communities in Cape Town,
where food insecurity is a continuous concern, are in
sharp contrast (28). From a qualitative in-depth survey
of overweight women, it was shown that in these
communities the concept of an individual voluntarily
regulating food intake when food was available was
completely unacceptable. Increased body mass index
was regarded as a token of well-being in that marital
harmony was perceived to be reflected in increased body
weight. Overweight children were regarded as reflecting
health as it was associated with sufficient food supply
and intake. According to a survey in an urban black
population in the Cape Peninsula of South Africa, more
than half of the women above the age of 35 years were
obese (BMI > 30 kg/m2) whereas a considerable pro-
portion of the children were undernourished (5). The
Cape Peninsula is an example of a population that has
undergone rapid economic transition and which has
moved from undernutrition to extreme overnutrition.

Doak et al. (29) similarly described the coexistence of
overweight and underweight within households in Bra-
zil, China, and Russia. An underweight child coexisting
with an overweight nonelderly adult was the predom-
inant pair combination in all three countries. On an
international level, Martorell et al. (4) studied the
prevalence of obesity in women aged 15–49 years in
different regions of developing countries. The preva-
lence of obesity was estimated to be f17% in the
Middle East and North Africa, >15% in Central East-
ern Europe/Commonwealth of Independent States,
f6% in Latin America and the Caribbean, and <3%
in Sub-Saharan Africa. There was a clear positive
association between the gross national product (GNP)
and the percentage of obesity up to a level of $1500
GNP. With higher GNPs, the relationship was no
longer present. In these countries, obesity was more
prevalent in urban than rural areas and in those with
high educational level compared to those with low
educational level. The relationships between obesity
and these indicators of social class sharply diminished
with an increase in the countries’ GNP.

Such observations illustrate the complexities of the
social determinants of obesity. In affluent countries, the
social pressures to thinness seem to be more intense in
women than in men, and in developing countries the
pressures toward high body mass index seem also to be
directed mainly to women. In affluent countries, the
preoccupation with diet is more common in those with
high socioeconomic status, whereas in developing
countries a high body mass index is particularly appre-
ciated in those with low socioeconomic status. These

social pressures may reflect many underlying issues
among which the food insecurity may be an important
and often neglected element (30). In societies where
food security is never a problem, obesity is common but
not appreciated (particularly in women) whereas in
food-insecure societies obesity is uncommon in women
but regarded as a desirable trait. In countries under-
going an economic transition and in immigrants from
developing to developed countries, their traditional
perceptions of ideal body weight in women may be
sustained. At the same time, increases in food avail-
ability and decreases in energy expenditure promote
weight gain. Such a mixture of attitudes and changes of
socioeconomic conditions may, in part, explain the
exceptionally rapid increase in the prevalence of obe-
sity, particularly in the women in such populations.
Why the sociocultural ideals vary more by socioeco-
nomic conditions among women than among men may
be explained by the relative importance of energy
reserves in women under conditions where the food
supply is insecure. The energy reserves required for
pregnancy and lactation may provide a biological basis
for the cultural perception of an association between
obesity and fertility. In situations where food is abun-
dant throughout the year and no strenuous physical
activity is required, the cultural ideals about body
shape seem to disappear.

IV CONCLUSIONS

The prevalence of obesity is increasing at an alarming
rate in many parts of the world. In white populations
living in the west and north of Europe, in Australia, and
in the United States, the prevalence of obesity is equally
high in men andwomen. In countries with relatively low
gross national product, such as those in central and
eastern Europe, Asia, Latin America, and Africa, the
prevalence is 1.5–2 times higher among women than
among men. Within affluent societies, the rates of
obesity seem to be higher among women at older ages
(65 years) and in groups with relatively low socioeco-
nomic status. Obesity is particularly common among
women living in relatively poor conditions.
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I INTRODUCTION

Obese children tend to become obese adults, especially if
their parents are obese (1,2). One study showed that
80% of children who were overweight at f12 years of
age were obese at f30 years (3). Among a group of
elderly men and women in Helsinki, those who were
obese, defined by a body mass index (weight/height2)
of >30 kg/m2, had had above average body mass
indices at the age of 7 years (4). Such findings indicate
that adult obesity may be initiated or ‘‘entrained’’
during early life (5). There may be critical periods of
development when this occurs. Critical periods, during
which changes tend to be irreversible, may be distin-
guished from high-risk periods which occur throughout
life and are associated with reversible increases in body
weight. Pregnancy and times of emotional stress are
examples of high-risk periods. There is evidence for
three critical periods for body weight—prenatal, child-
hood, and adolescence. This chapter focuses on the
prenatal period, describing how this may influence later
obesity and how it interacts with obesity in childhood
and adult life to determine later disease.

II BODY SIZE AT BIRTH AND LATER

BODY COMPOSITION

People who had high birth weight or were heavy during
the first year after birth are at increased risk of obesity in
later life (6,7). The effect, however, is small. In a study of

military conscripts in Denmark, for example, mean
body mass index rose from 22.7 kg/m2 in men whose
birth weights were<2500 g to 24.9 kg/m2 in men whose
birth weights were >4500 g (8).

People who had low birth weight tend to accumulate
fat on the trunk and abdomen, a pattern of adiposity
found in the insulin resistance syndrome in which
central obesity, impaired glucose tolerance, hyperten-
sion, and altered blood lipid concentrations occur in the
same patient (9). This disorder is associated with an
increased risk of coronary heart disease (10). In two
studies in the United Kingdom men who had low birth
weight had high ratios of waist-to-hip circumference
after allowing for adult body mass index (Table 1) (11).
This association with low birth weight has been repli-
cated in a study of men in Sweden (12). In the Swedish
study birth weight was also associated with truncal fat,
as measured by a high ratio of subscapular to triceps
skinfold thickness. After allowing for current bodymass
index truncal fat increased by 0.30 standard deviations
with each kilogram decrease in birth weight.

In one of the U.K. studies placental weight was also
available (Table 1). Its association with the waist-hip
ratio was in the opposite direction to birth weight so
that the highest ratios of waist-to-hip circumference
were in men who had had a high placental weight in
relation to birth weight. High placental weight to birth
weight ratios are a known marker of fetal hypoxia or
undernutrition (13–15). The association with placental
weight has not been examined in other studies, and may
be inconstant because placental hypertrophy is only one
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of the fetus’s responses to undernutrition. It depends on
the timing of undernutrition and themother’s nutrition-
al state (14).

Low birth-weight has been shown to be associated
with truncal fat in young people. This association occurs
across the normal range of birth weight. Among 30-
year-old Mexican and non-Hispanic Americans low
birth weight was associated with truncal fat but not
with a high waist-to-hip ratio (16). Among English girls
aged 14–16 years, those who were smallest at birth but
fattest as teenagers also had the highest ratio of sub-
scapular to triceps skinfold (17). Among children aged
7–12 years in Philadelphia, there was a similar asso-
ciation between low birth weight and truncal fat
deposition with partial correlations between birth
weight and the ratio of subscapular to triceps skin-
folds of f0.20, after allowing for body mass index
(18). In 8-year-old Indian children the subscapular-to-
triceps skinfold ratio fell from 84.8 to 77.7 across what
is the normal range of birth weight in India, from 2.0
kgs or less to 3.25 kgs. Above 3.25 pounds the ratio
rose to 82.2, which may reflect macrosomia at birth
and persisting overweight in the offspring of mothers
with gestational diabetes or impaired glucose toler-
ance (19). No association between birth weight and
truncal fat was found in a comparison between 15-
year-olds who had low birthweight, <5.5 lbs, and
controls within the normal birth weight range (20).
This could reflect aspects of body composition specific
to babies weighing <5.5 lbs, since as adolescents these
low–birth weight babies were markedly thinner than
the controls.

High waist-hip ratio and high truncal fat may reflect
different aspects of body composition, hormonal status,
and metabolism (12). In the Swedish study low birth
weight predicted a smaller hip but not a larger waist and
therefore did not reflect abdominal obesity. A study of
youngAmericanmen applying formilitary service led to
the same conclusion (21). Birth weight was linearly

associated with body mass index and with the area of
thighmuscle but not with subcutaneous fat on the thigh.
The association between birth weight and body mass
index may therefore have reflected an association with
lean tissue rather than fat. Waist-hip ratio and truncal
fat also have different metabolic associations.Waist-hip
ratio is more strongly associated with serum triglyceride
and HDL cholesterol concentrations than is the sub-
scapular-triceps skinfold ratio (22). The associations
between low birth weight and these two measures of
body composition are likely to reflect influences in the
intrauterine environment that are either different or act
at different times.

III FETAL NUTRITION AND LATER

BODY COMPOSITION

Nutrition has a central role in the regulation of fetal
growth (15). Cross-breeding and embryo transplant
experiments in animals show that size at birth is
largely determined by the intrauterine environment,
with only a small effect from parental genotype
(23). The major hormonal mediators of fetal
growth are insulin and the insulinlike growth factors
(24). These in turn are regulated by fetal nutrient
supp1y (15,25). It is important that ‘‘fetal nutri-
tion,’’ which defines the supply of metabolic sub-
strata to the fetus, is distinguished from maternal
dietary intake because the mammalian fetus grows
at the end of a long and sometimes precarious supply
line, which includes the mother’s body composition,
metabolic and endocrine status, uterine blood flow,
and placental function (15). Notwithstanding this
complexity, it is clear from the effects of wartime
famine that a mother’s diet in pregnancy can influ-
ence the body composition of her offspring through
their lives.

A Undernutrition

Famine began abruptly in western Holland in Novem-
ber 1944 and ended with the liberation by the Allied
armies in May 1945. In the early months of 1945
official rations varied between 400 and 800 calories
per day. A study of f300,000 young military con-
scripts who were born around that time showed that
those who were conceived during the famine had higher
rates of obesity than those who were either in utero or
born when the famine began, or those who were never
exposed to famine (26). By the time the men and
women exposed to famine in utero reached 50 years

Table 1 Simultaneous Effects, Regression Coefficients (95%
CI) of Birth Weight, Placental Weight, and Adult Body Mass
Index on Waist-Hip Ratio (%) in Two Samples of Men in the

United Kingdom

Preston
(men aged 51)

Hertfordshire
(men aged 64)

Adult body mass

index (kg/m2)

0.70 (0.54–0.86) 0.83 (0.75–0.91)

Birth weight (lbs) �0.83 (�1.50 to �0.15) �0.29 (�0.52 to �0.05)

Placental

weight (lbs)

1.76 (�0.73 to 4.24)
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of age, the picture had changed (27). The men con-
ceived in famine were no longer more obese than other
men, but the women conceived in famine were on
average 7.9 kg heavier than women not exposed to
famine; their body mass indices were 7.4% higher, and
their waist circumference was 7.4 cm greater. These
associations did not depend on their body size at
birth: indeed, their birth weights were similar to those
of unexposed children—presumably because their
mothers became well nourished in the second half
of pregnancy.

These fascinating observations suggest that high
body mass index and high abdominal fat, for which
waist circumference is a validated indicator (28), can
originate through fetal undernutrition. The sex differ-
ences in response to undernutrition suggest that the
processes underlying its association with later obesity
are more likely to involve alterations in central hormo-
nal regulatory mechanisms rather than changes at the
level of the fat cell.

B Overnutrition

Studies of the children of women with diabetes during
pregnancy provide some of the clearest evidence that
obesity may be linked to metabolic experience in utero.
Figure 1 shows the change in body mass index from

birth to 17 years in a group of 139 children born to
diabetic mothers (29). They are compared with stand-
ard growth curves in the United States. Having been
heavy and macrosomic at birth, the children’s body
mass indices became similar to those of other children
at the age of 1 year. They remained similar until f4
years of age, after which they began to increase. They
remained overweight up to the age of 17 years. At 14–
17 years of age their mean body mass index was 24.6
kg/m2, compared with 20.9 kg/m2 in a group of control
children. The degree of overweight was not related to
birth weight or to the level of macrosomia at birth.
Because the children were similar to other children at 1
year, their overweight cannot reflect persistence of
excessive fat accumulated in utero. Some form of
‘‘metabolic programming’’ is implied. Overweight
was related to the concentration of insulin in the
amniotic fluid, which suggests that premature activa-
tion of the pancreatic beta cells in the offspring of
diabetic mothers could be linked to their later develop-
ment of obesity.

The effects of intrauterine exposure to the metabolic
consequences of maternal diabetes could be con-
founded, however, by genetic influences. To address
this, 52 families of Pima Indians were studied in which
at least one sibling was born after the mother was
found to have diabetes (30). The mean body mass index
in these siblings was 2.6 kg/m2 higher than in their
siblings from nondiabetic pregnancies. Since siblings
born before and after diabetes are at the same risk of
inheriting genes determining obesity, the difference in
body mass index is likely to reflect the effect of intra-
uterine exposure to diabetes.

IV INFANT FEEDING AND OBESITY

A recent study of 15,000 children aged 9–14 years found
that in those who had been only or mostly fed breast
milk, the odds ratio for being overweight was 0.78 (95%
CI 0.66–0.91) compared with children who had been
only or mostly fed infant formula (31). This apparent
protective effect of breastfeeding against obesity per-
sisted after adjustment for energy intake, physical
activity, mother’s body mass index, and other variables.
The same association has not been found consistently in
younger children, and there may be a latent period
during childhood before it is manifest. A mechanistic
explanation of the association is that breastfed babies
have greater control of their intake than bottle-fed
babies, and therefore develop better self-regulatory
mechanisms. Another possibility is that hormones and

Figure 1 Change in body mass index from birth to 17 years
in 139 children born to diabetic mothers. (From Ref. 29.)
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growth factors in breast milk permanently change the
baby’s metabolism. There is no specific evidence for
this, but breastfeeding has been shown to be associated
with lower levels of cardiovascular risk factors including
lower low-density lipoprotein concentrations (32). It
seems likely that associations between breastfeeding
and later adiposity will prove to be complex.

V FETAL GROWTH AND

OBESITY-RELATED DISEASE

INTERACTIONS BETWEEN FETAL

GROWTH AND CHILDHOOD

BODY MASS

Studies of the fetal and infant origins of obesity are part
of a wider field of research on the early origins of adult
diseases (33) It is now known that people who had low
birth weight, or who were thin or stunted at birth, are at
increased risk of type 2 diabetes, coronary heart disease,
and hypertension (34–40). These diseases, especially
type 2 diabetes, are associated with obesity (41). Their
association with small body size at birth has led to the
conclusion that they originate in persisting changes in
the body’s structure, physiology, and metabolism that
result from fetal undernutrition and are associated with
slow growth in utero (15,33).

Figure 2 shows the path of growth of boys who as
adults were either admitted to hospital with coronary
heart disease or died from the disease. They belong to

a cohort of 4630 boys born in Helsinki (40). Their
body size is expressed as mean standard deviation or
Z scores. The Z score for the cohort is set at zero,
and a boy maintaining a steady position as large or
small in relation to other boys would follow a hori-
zontal path on the figure. Boys who later developed
coronary heart disease, however, having been small at
birth and during infancy, had accelerated gain in
weight and body mass index thereafter. A 1-unit
increase in standard deviation score for body mass
index between 1 and 12 years was associated with a
hazard ratio of 1.20 (95% CI 1.08–1.33). The effect of
increase in body mass index, however, was conditioned
by birthweight and, more strongly, by ponderal index
at birth (birth weight/length3), a measure of fatness.

Table 2 shows that at any body mass index at 12
years, the latest age for which there are data, the risk
of coronary heart disease was greater in boys who
were thin at birth. Findings at younger ages in child-
hood were similar. In animals accelerated or ‘‘com-
pensatory’’ growth after a period of undernutrition
during development can have long-term costs, includ-
ing reduced life span (42). Whether this general bio-
logical phenomenon is related to the association
between rapid childhood weight gain and human
disease is not known.

The same general pattern of growth, small size at
birth and during infancy followed by compensatory
growth in childhood, is associated with type 2 diabetes
and hypertension (38,39). There are differences in detail

Figure 2 Growth of 357 boys who later developed coronary heart disease in a cohort of 4630 boys born in Helsinki.
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between the diseases and between the two sexes (43), but
the overall picture is the same. Disease is related to the
rate of increase in body mass index as well as to body
mass index attained at any particular age (38,39). The
diseases are therefore related to the tempo of weight
gain in childhood as well as to the state of being obese or
overweight in adult life. The data from Helsinki can be
used to estimate the number of cases of disease that are
statistically attributable to fetal, infant, and childhood
growth. If, for example, each man and woman in the
cohort had had (1) a birth weight above the median for
the cohort, 3.4 kg, (2) weight at 1 year above themedian,
10.0 kg, and (3) an increase in body mass index between
3 and 12 years below the median increase, 0.5 kg/m2,
there would have been a 44% (95%CI 27–59) reduction
in hospital admissions and deaths from coronary heart
disease, a 62% (95% CI 43–79) reduction in the inci-
dence of type 2 diabetes, and a 31% (95% CI 19–43)
reduction in the incidence of hypertension.

There are a number of possible processes by which, in
humans, undernutrition and small size at birth followed
by rapid childhood weight gain could lead to cardio-

vascular disease and type 2 diabetes in later life (38–40).
Babies who are thin at birth, having a low ponderal
index, lack muscle, a deficiency which will persist as the
critical period for muscle growth is f30 weeks in utero
and there is little cell replication after birth (44). If they
develop a high body mass index in childhood, they may
have a disproportionately high fat mass. This may be
associated with the development of insulin resistance, as
children and adults who had low birth weight but are
currently heavy are insulin resistant (19,45), and the
adults have high rates of the insulin resistance syndrome
(46,47).

VI INTERACTIONS BETWEEN FETAL

GROWTH AND ADULT BODY MASS

The effects of birth weight interact with the effects of
body mass index in adult life as well as in childhood.
Table 3 shows that the effect of increasing birth weight
on reducing systolic pressure is greater among men who
have a high body mass index (48). This interaction

Table 2 Hazard Ratios for Deaths from Coronary Heart Disease According to Ponderal Index at Birth (birth weight/length3)
and Body Mass Index at 12 Years

Ponderal index
Body mass index at 12 years (kg/m2)

at birth (kg/m3) �16 �17 �18 >18

V25 547a 426 288 233

�27 618 692 507 424
�29 458 614 475 436
>29 225 317 317 279
V25 2.0 (0.9–4.4)b 2.1 (1.0–4.7) 2.8 (1.2–6.2) 4.3 (1.9–9.5)

�27 1.3 (0.6–2.9) 2.5 (1.2–5.2) 2.5 (1.1–5.3) 2.2 (1.0–4.8)
�29 1.3 (0.6–3.0) 1.5 (0.7–3.2) 1.6 (0.7–3.6) 2.1 (0.9–4.6)
>29 1.0 1.1 (0.4–2.6) 1.9 (0.8–4.4) 1.5 (0.6–3.5)

a No. of men.
b 95% confidence intervals in parentheses.

Table 3 Slope of Relation of Systolic Pressure (mmHg) at Age 50 per Kilogram Increase in Birth Weight by Thirds of
Distribution of Body Mass Index Among 1333 Men in Uppsala, Sweden

Body mass index (kg/m2)

Men <23.5 Difference (95% CI) 23.5 to 25.9 Difference (95% CI) z26 Difference (95% CI)

All �1.3 (�4.3 to 1.7) �3.9 (�7.1 to �0.6) �4.1 (�7.6 to �0.5)

Born at term
(38–41 weeks’ gestation)

�1.4 (�7.6 to 4.7) �3.5 (�10.1 to 3.1) �9.1 (�16.4 to �1.9)

Height >176 cm �2.1 (�6.8 to 2.5) �2.3 (�7.l to 2.5) �9.3 (�14.8 to �3.8)
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between birth weight and body mass index was stronger
in men who were born at term, and whose low birth
weight is therefore due to slow fetal growth rather than
premature birth. It was strongest in men who were tall,
so that in men who were born at term, who were in the
top third of body mass index, and of above median
height, a 1-kg increase in birth weight was associated
with a 15.9 mm Hg (95% CI 5.2–26.5) fall in systolic
pressure. The authors suggested that tall men who had
low birth weight had sustained a greater failure to
realize growth potential in utero, and this failure that
led to a greater increase in blood pressure. Another
possibility is that these men had staged more rapid
compensatory growth and had therefore sustained
higher long-term metabolic costs.

A mechanism other than insulin resistance by which
the effects of birth weight and body mass index may
interact is through their effects on plasma cortisol
concentrations. A recent study showed that fasting
plasma cortisol concentrations in adult men and
women fell by 23.9 nmol (95% CI 9.6–8.2) with each
kilogram increase in birth weight (49). This is thought
to reflect persistingly increased cortisol secretion in
people who grew slowly in utero, and who may have
enhanced their glucocorticoid secretion in order to
accelerate maturation of key organs including, impor-
tantly, the lung (50).

Although obesity is associated with a reduction in
plasma cortisol concentrations (51), Table 4, which
combines studies in the United Kingdom and Aus-
tralia (49), shows that the association between high
plasma cortisol and raised blood pressure is stronger
in people who are overweight or obese. This suggests
the existence of a group of men and women who,
while becoming overweight, paradoxically maintain
elevated plasma cortisol concentrations. It is this
group that has the highest blood pressures. This
requires further study, but it is part of a framework
of ideas that may explain the consistent finding that

obesity amplifies the influence of low birth weight on
cardiovascular and metabolic disease.

VII CONCLUSIONS

Around the world the transition from chronic mal-
nutrition to adequate nutrition, the so-called nutri-
tional transition (52), is characterized by accelerated
childhood weight gain and the emergence of adult
obesity in people who were undernourished in utero
and during infancy. This is the path of growth that
leads to cardiovascular disease and type 2 diabetes.
The WHO study of the global burden of disease
found that, contrary to the preconception that these
diseases are ‘‘diseases of affluence,’’ the probability
of death from them and other noncommunicable
diseases is higher in low-income regions than in
high-income regions such as established marked
economies (53). One resolution of this apparent
paradox is that the high rates of maternal and
perinatal disorders, nutritional deficiencies and infec-
tive disease which characterize low-income regions
lead to poor fetal and infant growth and therefore
enhanced susceptibility to the effects of rapid weight
gain and obesity.

Although the epidemic of obesity in Western coun-
tries is linked to the epidemics of type 2 diabetes and
coronary heart disease, the paths of childhood growth
that lead to obesity and to these diseases differ. In the
Helsinki studies, children who became obese in later life
tended to be born with above average birthweight and
to continue to have above-average weight in childhood
(4). Children who developed obesity-related disorders
had below-average body size at birth and at 1 year, and
thereafter had accelerated weight gain so that their body
mass index reached the average at some point in child-
hood and thereafter exceeded it (38,39,54). This disso-
ciation in the paths of growth that lead to themmay help
to explain why despite an increasing prevalence of
obesity inWestern countries (55) coronary heart disease
is declining (56).

To understand the origins of obesity and the disor-
ders to which it is related, we may need to direct our
attention away from the lifestyles of adults, however
important these may be, to growth and development in
utero, and during infancy and childhood. We need to
understand how nutrition in early life establishes meta-
bolic and endocrine pathways that lead to obesity and
premature death (14). Strategies to prevent obesity-
related disorders should include improvements of fetal
growth and the prevention of obesity in childhood.

Table 4 Systolic Blood Pressure in 845 Men and Women
According to Fasting Plasma Cortisol Concentrations and
Current Body Mass Index

Plasma cortisol
Body mass index (kg/m2)

(nmol/L) �25 �30 >30 All

V300 146 (127) 147 (152) 152 (42) 148 (321)

�400 147 (98) 151 (105) 157 (31) 150 (234)
>400 150 (145) 154 (110) 166 (35) 153 (290)
All 148 (370) 150 (367) 158 (108) 150 (845)
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I INTRODUCTION

Overweight is one of the most prevalent nutritional
problems affecting children in developed countries. In
this chapter, we briefly describe the public health impor-
tance of pediatric overweight as well its identification,
definition, and prevalence. We then address the physio-
logic changes of adiposity with age, the critical periods
for the development of overweight, the associations and
potential risk factors in the physical and behavioral
environment, and implications for clinical practice.
The data reviewed support the assertion that effective
prevention and treatment of childhood overweight will
have a major impact on the prevalence of adult over-
weight and obesity and their complications.

Although the intent of this chapter is to provide a
perspective of childhood obesity, we will avoid the term
‘‘obesity,’’ instead using the term ‘‘overweight,’’ Calling
children obesemay have undesirable sequelae, including
various types of psychosocial dysfunction. Thus, we will
follow the more preferred terminology.

Today, the diagnosis of overweight connotes a state
of ill health and the potential for serious consequences
in childhood, adulthood, or both. In the past, it was
believed rare for overweight boys and girls to suffer
serious health consequences while they were still chil-
dren or adolescents, andmuch less was known about the
‘‘tracking’’ of childhood overweight into adulthood or
about the consequences for adult health of having been

overweight in childhood. Psychosocial dysfunction,
such as poor self-esteem (1,2), was considered the
primary reason that parents and pediatricians should
be concerned about the overweight child. Now that we
know that overweight children commonly have adverse
lipid, insulin, and blood pressure levels (3), elevated C-
reactive protein (4), type 2 diabetes (5), increased linear
growth and advanced bone age (6), hepatic steatosis (7),
cholelithiasis (8), as well as a variety of less common
disorders such as sleep apnea (9), and that overweight
tracks increasinglywith advancing age in childhood into
adulthood (10,11), we must accord overweight much
greater importance among the problems with which
pediatricians and families must deal. When we improve
our understanding of the consequences of childhood
overweight, the dramatic increase in prevalence compels
us to give this issue a high priority among our public
health concerns.

The adverse consequences of pediatric overweight
during childhood warrant more discussion. Of partic-
ular concern are the dramatic increase in the incidence
of type 2 diabetes in children and adolescents and the
fact that this disease is strongly associated with over-
weight children. In one study of 10- to 19-year-old
children in Cincinnati, the incidence of type 2 diabetes
increased from 0.7 per 100,000 in 1982 to 7.2 per 100,000
in 1994, and studies from several developed and de-
veloping countries document the emergence of type 2
diabetes among children (5). Freedman et al. found
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that compared to non-overweight children [body mass
index (BMI) <85th centile], overweight children
(BMI>95th centile) had a significantly increased risk
of having elevated fasting insulin levels [odds ratio
(OR)=12.1, 95%, confidence interval (CI)=10–16],
elevated triglycerides (OR=7.1, 95% CI=5.8–8.6),
elevated systolic blood pressure (OR=4.5, 95%
CI=3.6–5.8), low levels of high-density lipoprotein
(HDL) cholesterol (OR=3.4, 95% CI=2.8–4.2), high
levels of low-density lipoprotein (LDL) cholesterol
(OR=3.0, 95% CI=2.4–3.6), and elevated diastolic
blood pressure (OR=2.4, 95%CI=1.8–3.0) (3). Fifty-
eight percent of the overweight children were found to
have at least one risk factor, and using overweight as
their screening tool allowed them to identify 50% of
the children who had two or more risk factors (3).

There is evidence of adverse consequences of child-
onset overweight in adulthood as well. In a 55-year
follow-up study of adults who were overweight as
adolescents, the relative risks of coronary heart disease
and atherosclerosis were increased relative to adults
who had not been overweight during adolescence (12).
These analyses were adjusted for BMI and smoking
status at age 53 years. Among the men in this study,
there was a significantly greater risk of all-cause mortal-
ity and death from coronary heart disease, atheroscler-
otic cerebrovascular disease, and colorectal cancer (12).

In a second study examining the consequences of
child-onset overweight in adulthood, we demonstrated
that overweight present in older adolescents and young
adults had a substantial adverse impact on a variety of
psychosocial outcomes (13). As shown in Table 1,
obesity present in young women was associated with
an adverse impact on educational attainment, rates of
marriage, household income, and poverty status. The
persistence of these effects after controlling for a variety

of baseline measures, including self-esteem, parental
education, and the income of the family of origin,
suggests that obesity is an important determinant rather
than a consequence of socioeconomic status in women.
Short stature, however, appeared to play a role in men
comparable to the role of obesity in women on the social
and economic indicators examined. These results sug-
gest that discrimination against obese women is wide-
spread, with grave social and economic consequences.
However, although we anticipated that the effects of
discrimination would have an adverse impact on the
self-esteem of the women included in the study, no such
effect could be demonstrated.

Few long-term studies have examined the degree to
which excess adiposity in childhood predicts obesity in
adulthood. Fatness and fat distribution determined by
anthropometric measures in early childhood do not
correlate well with fatness and fat distribution present
at puberty (14). Retrospective data suggest that f30%
of obese women were overweight in adolescence, but
only 10% of obese men were overweight during the
same period (14). A review of the literature suggests that
almost 40% of overweight children become obese
adults, but only 15–20% of obese adults were over-
weight as children (14–16). However, there is a dose-
response effect. Children who are severely overweight
are more likely to remain obese as adults than are
children who are moderately overweight (17). Because
studies differ widely in design, populations considered,
definition of overweight, the age at which subjects were
measured, and the duration of follow-up, reports of the
percent of overweight children who became obese adults
vary from 26% to 63% (17).

More recent work on the tracking of overweight from
childhood to age 21–29 years shows that for overweight
young children, the risk of adult obesity is strongly
influenced by obesity in one or both parents. Indeed,
parental overweight has consistently been identified as a
risk factor for adult obesity (10,11,18–22). Whitaker et
al. (10) found among children <3 years of age that the
major predictor of obesity in young adulthood was their
parents’ obesity status. Compared to children <3 years
old whose parents were not obese, those with both
parents obese were nearly 14 times as likely to be obese
as an adult (OR=13.6, 95% CI=3.7–50.4). The <3-
year-old child’s weight status irrespective of BMI was
not predictive of adult obesity. As children aged, how-
ever, their BMI became more predictive: by age 6, the
child’s overweight status had become a significant pre-
dictor, and by age 15–17 an obese adolescent was 17.5
times as likely to become an obese young adult than was
a nonoverweight adolescent (95% CI=7.7–39.5) (10).

Table 1 Effects of Obesitya in Young Women on Psycho-
social Outcomes

Outcome Adjusted difference (95% CI)

School �0.3 year (�0.1 year, �0.6 year)
Marriage �20% (�13%, �27%)

Household income �$6710 (�$3942, �$9478)
Poverty +10% (+4%, +16%)

a Obesity was defined as a BMI greater than the 95th centile for

women of the same age studied in NHANES I. The data represent

the differences in the outcomes and the confidence intervals of the

differences between obese and nonobese women. Results controlled

for baseline income, parental education, chronic health condition,

height, self-esteem, age, and ethnicity.

Source: Ref. 13.
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Lake and colleagues found that children with two obese
parents were more likely to be overweight as children
and showed the strongest tracking of any group with an
elevated BMI from 7 years to age 33 years (19). In
another study, changes in childhood BMI appeared to
bemore related to adult obesity in females than in males
(11). Overweight Japanese school children became
heavier adults than the general population (20).

Evidence is still inconclusive as to whether it is
childhood overweight per se, the persistence of over-
weight, the length of time one is overweight, or being
obese as an adult that increases the risk of adult morbid-
ity andmortality (17).We have ample information from
the Bogalusa Heart Study (3,23) that childhood over-
weight has direct implications for adverse lipid, insulin,
and blood pressure levels. In this study, excess truncal
fat during childhood was associated with these risk
factors as well (23). Tracking studies demonstrate that
f40% of overweight children will be obese as adults
(9,15,16), and the tracking of overweight is stronger at
about age 18 than during early childhood and early
adolescence (10,11). Overweight in childhood is associ-
ated in adulthood with early mortality, primarily due to
coronary heart disease (17), type 2 diabetes mellitus,
colon cancer, gestational hypertension, gout, arthritis,
hip fractures, and menstrual problems (15,16).

II IDENTIFICATION AND DEFINITION

Adiposity, or the amount of body fat measured directly
or indirectly, is used to determine overweight status.
There are three key issues regarding the identification of
overweight children: (1) whether the same measures of
adiposity should be used for clinical and research pur-
poses; (2) whether indirect measures of adiposity are
adequate for screening purposes; and (3) the recom-
mended cutoff points for defining overweight. From the
point of view of those in epidemiology and public
health, measures of overweight should be internation-
ally standardized and accepted to ensure comparability
of prevalence estimates within and between studies. The
measures should have reasonable predictive value for
morbidity and mortality, and should be easily and
inexpensively obtained, especially in the clinical practice
setting. In addition, if the assessment tool is not a direct
measure of body fat, it should correlate well with a
child’s total fat.

Clinicians would no doubt share some of these
preferences and would likely add that the measure
should be highly specific. Having a specific measure is
probably more important than having one that is highly

sensitive (24) because of the great concern of psychoso-
cial dysfunction associated with the diagnosis of over-
weight and the high prevalence of eating disorders
among certain subsets of the pediatric population, such
as adolescent girls. Thus, clinicians are likely to favor a
measure that minimizes false positives, even if it does
not detect all children who are overweight.

Pediatricians commonly used an indirect measure of
adiposity, a weight-for-height index, to screen for over-
weight in children. Previously, weight-for-height was
used. However, the new Centers for Disease Control
and Prevention (CDC) growth charts provide weight-
for-height2, or BMI, percentiles for children ages 2–20
years, allowing a single screening tool to be used (and
compared) throughout the life span after 2 years of age
(25). For children <2 years of age, weight-for-height is
still the screening tool of choice to assess weight status
(25). With the exception of 3- to 5-year-olds, BMI is
more correlated with body fat than is weight-for-height.
Among children and adolescents ages 3–19 years, the
correlation coefficients between BMI and percentage of
body fatness defined by pooled dual-energy x-ray
absorptiometry (DXA), a direct measure of adipostiy,
range from 0.78 to 0.88, which are higher than those
found between DXA and weight-for-height (26). This
indicates that BMI-for-age is better than weight-for-
height for predicting both underweight and overweight,
except among 2- to 5-year-olds, for whom the two
approaches are equivalent (26). Thus, for indirectly
assessing overweight, BMI can be used for all children
ages 2 years and above, although weight-for-height
might be substituted for those aged 2–5 years.

More direct assessment of adiposity is possible by
several methods including DXA (27,28), underwater
weighing, bioelectrical impedance analyses, total body
water, and measurement of triceps skinfold thickness.
With the exception of triceps skinfold thickness, these
methods are still primarily used for research, because
they are more complex to obtain and require expensive
equipment. Each of these measurement techniques has
different assumptions and limitations, yet the percent fat
values derived from the methods are highly correlated
(28–30).Unfortunately,measurementof triceps skinfold
thickness requires calipers, which are not commonly
available in pediatrician’s offices. More importantly,
reproducible skinfold measurements may be a problem.
Obtaining reliable triceps skinfold measurements
requires practice, and between-observer measurements
are not as reproducible as measurements of height and
weight. Furthermore, skinfold measurement may
become less reliable as body fatness increases. Because
skinfold measurements are currently the only practical
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direct measure of adiposity available to most clinical
practice settings, we recommend using triceps skinfold
measurements as the primary diagnostic method for
confirming that those overweight are overfat. However,
adequate staff trainingandmonitoringof theaccuracyof
their measurements is crucial to obtain accurate results.

Although both triceps skinfold measures and BMI
are correlatedwithmorbidity (3,23), BMI is easier to use
as an initial screening tool. BMI and weight-for-height
also predict the persistence of obesity into adulthood
(10,11). Thus, given all their attributes, the use of BMI
(10,11,25,31) for children ages 2–20 years or weight-for-
height (25,26,32) for those ages from birth to 5 years
appears well suited to estimating the risks for chronic
diseases, persistent obesity, or other long-term sequelae
of childhood overweight.

These observations led the International Obesity
Task Force (33–35) to suggest that the internationally
accepted scheme of BMI cutpoints for adult morbidity
be used for children and adolescents. Cole et a1. (36)
used these criteria to create centile curves based on the
centile values identified by the adult cutpoints of 25 and
30 kg/m2 at age 18 years. These standards have been
further refined and clarified by an Expert Committee on
Pediatric Obesity established by theMaternal and Child
Health Bureau (37), which recommended that children
and adolescents with a BMI z85th centile be screened
for complications such as the presence of additional risk
factors, including family history, blood pressure, cho-
lesterol, and be evaluated and possibly treated (Fig. 1).

This committee recommended the following defin-
ing criteria: children with a BMI z85th centile and
<95th centile for the same age and gender be catego-
rized as at risk for overweight and those with a BMI

z95th centile for the same age and gender be defined
as overweight. Among children ages 2–20 years, if
BMI is at or exceeds the 95th centile for the same
age and gender, the diagnosis of excess adipose tissue
should be confirmed by triceps skinfold thickness. In
addition, it is also useful for selecting intervention
strategies to know if the child or adolescent is con-
cerned about his or her weight. Although these cut-
points were originally based on BMI cutpoints for
adult morbidity, Freedman et al. (3) found these
cutpoints were able to identify adverse lipid, insulin,
and blood pressure in childhood as well.

III PREVALENCE

Prevalence estimates based on BMI and on triceps skin-
folds have shown substantial increases in the prevalence
of obesity in the United States since the 1960s (21,21a).
The prevalence estimates of overweight summarized
in Table 2 were based on the new CDC growth chart
reference, using the gender- and age-specific 95th
weight-for-length and BMI percentile cutoffs to define
overweight. In 1999–2000 approximately 12% of 6–23
month olds, 10%of 2–5 yr olds, and 15%of 6–19 yr olds
were overweight. For the 2–19 yr olds, there were no
significant differences by gender in 1999–2000. Avail-
able data indicate that the greatest increases occurred
between 1976–1980 and 1988–1994 except for 6–23
month old girls, 2–5 yr old boys, and 12–19 yr old girls,
all of whom had greater increases between 1988–1994
and 1999–2000 (21a). Significant increases in the prev-
alence of overweight between 1988–1994 and 1999–2000
were found for non-Hispanic blacks and Mexican

Figure 1 Recommendations for weight goals. Patients with acute complications, such as pseudotumor cerebri, sleep apnea,
obesity hypoventilation syndrome, or orthopedic problems, should be referred to a pediatric obesity center. *Children younger

than 2 years should be referred to a pediatric obesity center for treatment. **Complications such as mild hypertension,
dyslipidemias, and insulin resistance. (From Ref. 37.)
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American 12–19 yr olds: their prevalence of overweight
increased from 13.4% to 23.6% and from 13.8% to
23.4% respectively (21a). The changes in the thickness
of the triceps skinfold were of the same order of mag-
nitude as those seen for BMI (21). Further analyses of
BMI and triceps skinfold data indicated that the dis-
tributions of these data at least through 1988–1994 have
become more right skewed (21,22). There were minor
increases in stature between NHANES II and III, but
these were not likely to have accounted for the trends
seen in BMI (22). Similar analyses of low-income pre-
school children using the 95th percentile of weight-
for-height as the cutoff documented an increase in
overweight from 8.5% in 1983 to 10.2% in 1995; using
the 85th percentile, the increase was from 18.6% to
21.6% (38). In addition to evidence from these large
national survey data, secular increases in relative weight
and adiposity have occurred among children in the
Bogalusa Heart Study (39).

Racial/ethnic and socioeconomic characteristics
affect the prevalence of overweight in children and
adolescents. For children and adolescents from 6
months to 19 yrs old, the prevalence of overweight
was greater among non-Hispanic blacks and Mexican
Americans than for non-Hispanic whites, with the
exception of 2–5 yr olds (21a). The presumed lower
acculturation of Mexican American children may be
associated with their higher prevalence of overweight, as
this association defined as adopting the language of a

culture in the first two generations has been observed in
Mexican American women (40). Native American chil-
dren appear at particularly high risk for overweight
(41,42): among Navajo 6 to 12 year-olds the prevalence
of overweight was 15.2% for boys and 21.1% for girls
(43). In contrast to adults, the prevalence of overweight
in NHANES III in childhood varied less consistently
with socioeconomic status than in previous national
surveys. In NHANES III, the only significant associa-
tion with socioeconomic status was an inverse relation-
ship between family income for non-Hispanic white
adolescents and the prevalence of overweight (21).

International comparisons of the prevalence of over-
weight (weight-for-height >2.0 SD above the NCHS/
WHO reference median) showed that preschool chil-
dren in Australia and Canada had a higher prevalence
of overweight than their counterparts in the United
States, while preschoolers in Japan and the United
Kingdom had a lower prevalence than did those in
the United States (44). A study of the prevalence and
trends of overweight among preschool children in 94
countries found a global prevalence of 3.3% with wide
variation (44). Developing countries with the highest
prevalence were in the Middle East (Qatar), North
Africa (Algeria, Egypt, Morocco), and Latin America
(Argentina, Chile, Bolivia, Peru, Uruguay, Costa Rica,
and Jamaica). Other countries with a high prevalence
that were not included in these regions were Armenia,
Kiribati, Malawi, South Africa, and Uzbekistan (44).

Table 2 Prevalence of Overweight (BMI z95th percentile for age and gender) Between 1963 and 2000 in the United States:
Children Aged 6 Months to 19 Yearsa

Prevalence of overweight (percent)

Age Gender 1963–1965b 1966–1970c 1971–1974d 1976–1980e 1988–1994f 1999–2000g

6–23 moh Boys 8.2 9.9 9.8
Girls 6.1 7.9 14.3

2–5 yr Boys 5.0 4.7 6.1 9.9

Girls 4.9 5.3 8.2 11.0
6–11 yr Boys 4.0 4.3 6.6 11.6 16.0

Girls 4.5 3.6 6.4 11.0 14.5

12–19 yr Boys 4.5 6.1 4.8 11.3 15.5
Girls 4.7 6.2 5.3 9.7 15.5

a BMI percentiles based on the CDC growth charts.
b National Health Examination Survey (NHES) II.
c NHES III.
d National Health and Nutrition Examination Survey I (NHANES I).
e NHANES II.
f NHANES III.
g NHANES.
h Weight-for-length z95th percentile is considered overweight.

Source: Ref. 21a.
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In Africa and Asia, the prevalence of wasting (weight-
for-height <2 SD below the NCHS/WHO reference
median) was 2.5–3.5 times higher than that of over-
weight (44). Other country reports found that mean
BMI appeared to be increasing rapidly among children
and adolescents in Denmark (45), Italy (46), Bahrain
(47), and Brazil (48).

In the 94-country study cited above, the prevalence of
overweight increased in 16 of 38 countries for which
trend data were available (44). In Latin American and
Caribbean countries, however, no increased trend in the
prevalence of overweight among preschool children was

apparent (49). Canadian researchers documented even
greater secular trends in the increase in prevalence of
overweight among children than has been reported
in the United States (50) (Table 3). Between 1981 and
1996, the prevalence of overweight (BMI>95th centile)
among 13- to 17-year-old Canadians increased from 5%
in both boys and girls to 13.5% in boys and 11.8% in
girls (50). In contrast, between 1976 and 1994, the
prevalence of overweight (BMI >95th centile) among
12- to 17-year-old Americans increased from 4.6% to
12.2% in white boys and from 4.2% to 9.4% in white
girls (21). Changes in prevalence over time are reported

Table 3 International Secular Trends in the Prevalence Overweight and at Risk for Overweight Among Children and

Adolescents

Country Reference Age Samples Indices Change in prevalence

Canada (national) 50 7–13 yr 1981: 4176 BMI >85th Boys: 15 to 28.8%
1996: 7847 Girls: 15 to 23.6%

>95th Boys: 5 to 13.5%
Girls: 5 to 11.8%

Great Britain (region, 51 2 yr 11 mo 1989: 2728 BMI >85th Children: 14.7 to 23.6%
Wirral Health

Authority)

to 4 yr 1998: 2633 >95th Children: 5.4 to 9.2%

France (national) 52 5–19 yr 1980: NA BMI >85th 1980: children 15%
1991: NA 1991: boys 18%,

girls, 20%
Germany (city, Jena) 53 7–14 yr 1985: 1536 BMI for French Boys: 11.8 to 16.3%

1995: 1901 children >90th Girls: 13.0 to 20.7%

>97th Boys: 6.1 to 8.2%
Girls: 5.3 to 9.9%

Spain (region, Aragón) 54 6–7 yr 1985 to 1996 BMI>85th Boys 6–7: f6 to f14%

13–14 yr 6–7 yr=90997 Girls 6–7: f10 to f18%
13–14 yr=106284 13–14 Boys: f3 to f6%

13–14 Girls: f1 to f1.5%
Chile (national) 55 5–8 yr 1987: NA Weight-for-height Boys: 6.5 to 13.1%

1996: NA (WHO)>2 SD Girls: 7.7 to 14.7%
Bolivia (national) 56 1–5 yr 1989: NA Weight-for-height

1997: 4860 >85th Children: 15.9 to 22.7%

>95th Children: 2.1 to 4.6%
Dominican Republic 56 1–5 yr 1986: NA Weight-for-height

(national) 1996: 2984 >85th Children: 12.3 to 15.3%

>95th Children: 2.6 to 4.6%
Guatemala (national) 56 1–5 yr 1981: NA Weight-for-height

1996: 6477 >85th Children: 4.9 to 10.0%

>95th Children: 0.5 to 2.0%
Peru (national) 56 1–5 yr 1992: NA Weight-for-height

1996: 11796 >85th Children: 20.6 to 23.9%
>95th Children: 3.9 to 4.7%

United States 56 1–5 yr 1975: NA Weight-for-height
(national) 1988–1994: 4112 >85th Children: 12.5 to 15.3%

>95th Children: 2.8 to 3.1%

NA = Not available.
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in Table 3 for a sample of developed and developing
countries.

IV CHANGES IN ADIPOSITY WITH AGE

Adiposity changes dramatically in childhood and ado-
lescence. In an early and important series of studies of
the body composition of children and adolescents,
Cheek described their changes in body fat, determined
by measuring body composition with deuterium oxide
(57). Based on Cheek’s data, body fat as a percentage of
body weight in boys increases in the prepubertal phase
of growth, then declines coincident with the growth
spurt. In contrast, fat as a percentage of body weight
remains relatively constant in girls prior to adolescence
but increases during the adolescent growth spurt.
Between the ages of 10 and 15 years, Cheek estimated
that body fat as a percentage of body weight declined
from 17.8% to 11.2% in boys but rose from 16.6% to
23.5% in girls. Similar changes were subsequently
described by other investigators (58).

Studies of adipocyte size and number in infancy and
childhood demonstrate substantial age-dependent var-
iations in their contribution to body fat mass (59,60).
Cross-sectional and longitudinal studies of adipocyte
numbers indicate that adipocyte numbers increase mod-
estly throughout infancy and childhood in nonover-
weight children, but that a pronounced and significant
increase occurs after age 10 years. In contrast, the size of
fat cells increases to adult levels in late infancy, after
which it decreases to the level observed in early infancy
in nonoverweight children (59), then remains constant
until adolescence. Fat cell size in overweight children
continues to increase to adult levels coincident with the
development of overweight, after which the cells do not
increase in size again until adolescence. In addition,
overweight children have more adipocytes than do non-
overweight children, regardless of the age at which they
are studied. These data indicate that in late infancy,
increases in body fat in nonoverweight children may be
primarily attributable to increases in adipocyte size,
whereas after age 10 years, increases in body fat in these
children reflect an increase in both adipocyte size and
number. Among overweight children, both adipocyte
size and number are increased from the time they
become overweight, irrespective of their age. Weight
loss reduces adipocyte size, but does not affect adipocyte
number (61).

Changes in the thickness of triceps skinfold parallel
the changes in body fat described by Cheek (62).
Beginning at age 4–5 years, the triceps skinfold begins

to increase slightly in girls, subsequently increasing
more rapidly coincident with the increases in body fat
that accompany their growth spurt. In boys, skinfold
thickness decreases around age 4 years, increases 1 or 2
years before adolescence, and subsequently decreases
coincident with the increase in fat-free mass and
decrease in fat mass that accompanies the male adoles-
cent growth spurt.

BMI increases over the first year of life in both boys
and girls, then declines to its nadir at age 4–7 years.
Thereafter, the BMI begins to increase again in both
males and females (63). Clinicians can use the triceps
skinfold to clarify whether an increased BMI reflects an
increase in frame size and muscle mass or an increase in
body fat.

Changes in the distribution of body fat begin imme-
diately prior to adolescence and continue to change
throughout this period of rapid growth (14,64). In both
genders, body fat shifts from a peripheral to a central
distribution. In girls, cross-sectional studies have found
that ratios of trunk-to-extremity skinfold thicknesses
begin to increase at f8 years of age and plateau by
about age 12 years. In comparable studies of boys, the
increase in the trunk:extremity skinfold ratio begins
between 10 and 11 years of age, perhaps coincident with
their preadolescent increase in fatness. In contrast to
girls, no plateau in these ratios appears to occur in boys.
By late adolescence, body fat distribution becomesmore
centralized in males than in females.

The limited studies available suggest that visceral
fat deposition also changes substantially through
childhood and adolescence. Visceral fat occupies
f50% of the cross-sectional abdominal fat area in
11- to 13-year-old children (65–67), but between ado-
lescence and adulthood, this area increases four- to
fivefold (68). However, these measurements are prob-
ably not as relevant metabolically as the ratio of intra-
abdominal adipose tissue to total body fat. As Goran
et al. have pointed out, the ratio of intra-abdominal
adipose tissue to total body fat almost triples from
early childhood to adulthood (65). Longitudinal or
cross-sectional studies to examine the interrelation-
ships between visceral and total body fat in adoles-
cents, and the relationship of changes in the ratio of
intra-abdominal to visceral fat to the timing of pub-
erty, have not yet been done.

Although the foregoing studies do not encompass the
entire range of childhood and adolescence, they suggest
that the most rapid increases in visceral fat occur in late
adolescence. In adults, body fatness relates directly to
the quantity of visceral fat deposition, and the relation-
ship between total and visceral fat differs by gender (68).
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No such data are yet available for adolescents, but a
similar relationship would be expected. The mecha-
nisms that control the location and quantity of fat
deposited, as well as those that control the changes in
body fat that occur at adolescence, remain unclear. As
for observed differences in relative weight and over-
weight between black and white, adolescents (21), anal-
yses of the Bogalusa Heart Study data have shown that
after controlling for height, mean relative weight of
black girls was consistently greater than that of white
girls after the age of 13, and that sexual maturation was
a stronger correlate of relative weight among black girls
than white girls (69), but we don’t know if the higher
weight is due to increased adiposity, lean body mass, or
heavier bones.

V CRITICAL PERIODS FOR THE

DEVELOPMENT OF OVERWEIGHT

The likelihood that childhood overweight will persist,
and therefore the likelihood of adverse consequences of
childhood obesity in adulthood, may be related to its
age of onset (70). There is a growing body of evidence
that two periods and possibly a third appear to con-
stitute specific periods of increased risk for persistence
and subsequent disease: the prenatal period, ‘‘adiposity
rebound,’’ and the period of adolescence. At present,
the mechanisms entrained at these periods to promote
the increased risk of persistence of obesity or its com-
plications remain poorly understood. In addition, stunt-
ing during childhood appears to put children at risk for
the development of overweight; this will briefly be
discussed in this section.

The most compelling data to suggest that the prena-
tal period constitutes a period of increased risk for
persistent adiposity derive from studies of infants of
mothers who had diabetes during pregnancy. Regard-
less of whether their diabetes was gestational, insulin-
dependent, or non-insulin-dependent, these infants tend
to be fatter at birth than those whose mothers were
nondiabetic or prediabetic during pregnancy (71).
Long-term follow-up of infants whose mothers had
diabetes suggests they have an increased prevalence of
obesity at later ages that extends through adolescence
(72). Shorter-term studies further suggest that body
weight in such infants normalizes by about 1 year of
age but subsequently begins to be higher than the norm
between ages 5 and 7 years (73). Pregravid overweight
status of the mother has been associated with macro-
somia independent of maternal age, smoking status,
race/ethnicity, height, parity, gestational age, and sex of

infant (74). In turn, children who were large for gesta-
tional age at birth have greater and progressively
increasing adiposity through 3–6 years of age than do
their normal-size counterparts (75).

The argument that fetal life represents a critical
period for adiposity has not been totally resolved, the
evidence from the infants of mothers with diabetes
notwithstanding. Several large studies have shown an
association between high birth weight and child adipos-
ity (75–78) or adult adiposity after controlling for gesta-
tional age (77,78), but most did not adjust for
confounding variables such as parental fatness, mater-
nal smoking, gestational diabetes, or socioeconomic
status (79). Conversely, low birth weight may be asso-
ciated with an increase in intra-abdominal fat deposi-
tion thatmay in turn account for an increased likelihood
of risk factors for cardiovascular disease, including
hypertension, diabetes, and hyperlipidemia (80). How-
ever, the association between lower birth weight and the
development of overweight has not been clearly dem-
onstrated. Although babies with lower birth weight
have been shown to have an increased risk of syndrome
X and of heart and pulmonary disease in adulthood
(81), it is not clear that these consequences are mediated
by excess adiposity.

The second period of apparent increased risk for later
obesity, ‘‘adiposity rebound,’’ involves early accelera-
tion of the BMI after its nadir at 4–7 years of age. This
phenomenon appears to be associated with an increased
risk of later obesity (82,83). That infants of mothers
with gestational or insulin-dependent diabetes during
pregnancy also appear to have onset of overweight
during this period (74) raises questions as to whether
early acceleration of the BMI after its nadir is a risk for
later obesity. Other research shows that parental obesity
is also associated with early adiposity rebound (84) and
that early rebound may reflect overweight associated
withmaternal diabetes. Thus, whether there exists a true
period of risk for the development of overweight at this
time, independent of maternal diabetes and/or parental
overweight, remains unclear.

Although adiposity rebound has been associated
with adult adiposity, this may only be an epiphenom-
enon (85). Increased BMI at rebound has not yet been
associated with higher body fat, nor do we know
whether the increased BMI observed in adults who
have had early rebound is attributable to greater body
fat. In addition, whether age at rebound or the size of
the BMI at rebound has the greater influence on adult
BMI remains unclear. New evidence shows that the
BMI at age 7 years and age at rebound both predict
adult BMI (86), and a positive association has been
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found between childhood height at age 5 years and
adult BMI (87).

The final developmental stage of increased risk,
adolescence, may be much more of a concern for
females than for males. Females, who mature earlier,
are at increased risk for greater BMIs as adults (88,89);
the relationship for males is less clear. In addition, while
f30% of obesity present in 36-year-old-women may
begin in adolescence, only about 10%may begin then in
males (32).

Some evidence from developing countries indicates
an increase in overweight among stunted children, but
this may be a spurious finding due to limitations in the
indices used to define overweight and metabolic differ-
ences. As indicated in the first section of this chapter,
indices used for evaluating relative weight, such as BMI
andweight-for-height, do not directlymeasure body fat.
In the case of stunted children, those with increased
BMIs may have an excess of body fat, heavier bones, or
larger muscles. On the other hand, metabolic defects
may contribute. In Brazil, mild stunting was associated
with the percentage of energy from fat and weight gain,
suggesting that stunted children may be more suscep-
tible to the effects of a high-fat diet than other children
(90). Still another possibility is that stunted children
may be more likely to have impaired fat oxidation (91).
Evidence from a longitudinal study in Guatemala has
shown that severely stunted children have increased
abdominal fatness as adults, after controlling for fatness
and other confounders (92).

VI ENVIRONMENTAL ASSOCIATIONS

Most of the variables associated with childhood and
adolescent obesity can be categorized under the phys-
ical, behavioral, or social environment.

A The Physical Environment

A U.S. study published in 1984 found that childhood
overweight (defined as triceps >95th centile among
those included in the study) was associated with region,
season, and population density (93), with each of these
variables doubling or tripling risk. Compared to the
West, the odds ratios for overweight adjusted for region
and season of were 3.0 in the Northeast, 2.6 in the
Midwest, and 1.2 in the South.Within each region, rates
of obesity increased in the winter and spring and
decreased in the summer and fall. Also in each region,
obesity was more prevalent in highly urbanized areas

than in those less densely populated. The mechanisms
that accounted for the environmental associations were
not clear.

B The Behavioral Environment

Dietary intake and the energy spent on activity repre-
sent the only discretionary components of energy intake
and expenditure. Over the past 30 years, important
changes have occurred in family eating patterns, includ-
ing greater consumption of fast food, carbonated bev-
erages, and preprepared meals. At the same time, some
children are less physically active because of increased
use of cars, concern for neighborhood safety, and
decreased opportunity for physical activity at school
or on the way to school. Children’s time spent watching
television and playing video games has increased. Both
the food intake and physical activity of young children
are strongly influenced by their parents. Although the
literature that examines the effect of the potential risk
factors for overweight in children is growing, as yet
there are few longitudinal studies of adequate duration
and rigor that have identified causal factors.

1 Breastfeeding

Breastfeeding may protect against subsequent over-
weight in childhood. Two review papers on this topic
published in 1999 and in 2001 both failed to find
conclusive evidence of a significant positive effect
of breastfeeding (79,94). Nonetheless, well-designed
studies with large samples that controlled for potential
confounders have demonstrated a protective effect
of breastfeeding against overweight in childhood.
Von Kries et al. (95) found that infants who were
ever breastfed were 0.75 (95% Confidence Interval
[CI]=0.57–0.98) times as likely to be overweight
(BMI >90th centile German schoolchildren) at 5–6
years of age. Gillman et al. (96) found that infants who
were exclusively or mostly breastfed were 0.78 (95%
CI=0.66–0.81) times as likely to be overweight (BMI
>95th centile NCHS/CDC reference) at 9–14 years of
age. Both studies found a dose-response effect: breast-
feeding of at least 6 or 7 months was more protective
than <3 months. Although the Hediger et al. study
(NHANES III) found an insignificant protective effect
(odds ratio for mostly breastfeeding was 0.84, 95%
CI=0.62–1.13) (97), the small sample size of over-
weight children in this study may have influenced their
ability to document a protective effect. Only f300
of f2700 children were overweight by 3–5 years of
age (97).
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2 Dietary Practice

The behavior and practices of parents strongly influ-
ences the dietary intake of their children. During
childhood, parental intake of carbohydrate, fat, and
energy appears to account for 23–97% of the variance
in children’s intakes of these nutrients (98). However,
family resemblances in nutrient intake may reflect
familial resemblances only in body size, since we do
not know from this study whether actual BMIs were
comparable. This possibility is strengthened by the
observation that the relationship between the prefer-
ences of parents and children for specific sets of foods
does not differ substantially from the relationship
between the preferences of children and unrelated
adults (99). Resemblances in nutrient intake, when
they occur, appear to reflect a common environment
rather than a genetically mediated preference for
macronutrients (100).

The family environment has the potential to promote
healthy eating. For example, children who eat meals
with their family consume more fruits and vegetables,
have a more nutritionally dense diet with less of their
energy intake derived from fat, and drink fewer carbo-
nated and sugared beverages than do children who do
not eat with their families (101). A recent summary of
the intakes of youth ages 2–19 years, based on the U.S.
Department of Agriculture’s 1989–1991 Continuing
Surveys of Food Intakes by Individuals, documented
that American children have a widespread need for
improvement in their diets (102). Indeed, the authors
found that only 1% of youth met their recommended
intake of nutrients, and membership in this small group
was associated with excess intake, especially of fat (102).
Daily consumption of three meals of approximately
equal energy content may be another potential strategy
to reduce adiposity in children (103). Further evidence
that food patterns may contribute to overweight is the
association between incident overweight and the con-
sumption of sugar-sweetened drinks in school children
(104). Interestingly, the available trend data on energy
intake among children suggest that it has not changed
over f20 years: total energy intake did not change
between 1973 and 1994 among 10-year-old children in
the Bogalusa Heart Study (105).

3 Child Feeding Practices

Children appear quite capable of self-regulating their
dietary intake in unsupervised settings. Their meal-to-
meal variation in energy intake is substantial, but
variation in day-to-day energy intake is considerably
lower (106). Certain parent-child interactions at feeding

may disrupt the ability of the child to regulate intake;
the more parents encourage the consumption of certain
foods, the less likely children are to eat them (107).
Conversely, restricting access to certain foods appears
to encourage their consumption when children have
access to them (107). In a setting in which the ability
of children to adjust their food intake in response to the
caloric density of the diet was measured, children whose
mothers were more controlling of their food intake were
less capable of self-regulation of food intake, and these
children had greater body fat stores (108). However,
whether the lack of self-regulation is a cause or a
consequence of the mother’s control remains uncertain.
At least two longitudinal studies of children suggest that
parental control of child intake is not associated with
energy intake and the development of overweight
(109,110).

Interestingly, lack of knowledge about a child’s
intake is also associated with impairment of self-regu-
lation. As a recent Danish study showed (111), the risk
of subsequent overweight among 9- to 10-year-old
children was not increased by their frequency of con-
suming sweets or when the mother accepted the child’s
consumption of sweets, but it was increased signifi-
cantly if the mother lacked knowledge about her off-
spring’s sweet-eating habits independent of their
degree of fatness in childhood, their gender, and their
social background.

Parental neglect has predicted overweight in young
adulthood independent of gender, age, socioeconomic
status, and childhood BMI (112). Additional observa-
tions have suggested that psychosocial stress is asso-
ciated with rapid rates of weight gain (113,114). The
greater effects of stress on weight gain in girls may
emphasize both their biologic susceptibility to obesity
in early puberty, as well as the adverse social effects
that obesity imposes on them. In the studies cited, the
retrospective collection of data represents a potential
source of bias. In addition, these observations do not
eliminate the possibility that rapid weight gain caused
an increase in psychosocial problems rather than
the reverse.

4 Physical Activity and Sedentary Behavior

Both activity and inactivity appear to affect the risk of
obesity and its complications in childhood and adoles-
cence. In preschoolers, for example, the energy spent on
activity appears inversely related to fatness (115).
Whether decreased nonbasal energy expenditure on
physical activity increases the risk for developing child-
hood or adolescent overweight has not been clearly
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established. As shown in Table 4, the proportion of
energy spent on activity, expressed as a ratio of total
energy expenditure, appears to increase from infancy
and early childhood to adolescence. One explanation
for this intuitively unlikely result is that lower nonbasal
energy expenditure of early childhood may reflect
increased time spent sleeping rather than a decrease in
the energy spent on activity.

Not surprisingly, the prevalence of physical activity
and sedentary behavior, as well as factors associated
with activity levels and overweight in children and
adolescents, has varied by study. Unfortunately, the
lack of consistency in measures or categories of physical
activity and sedentary activity and differences in the
samples or populations studied make comparing them
difficult. In general, physical activity among children
appears to have decreased significantly. For example,
research in the United Kingdom among 0- to 14-year-
old children found that between 1985 and 1992 the
average distance walked annually decreased by 20%
and the distance cycled by 26%, while the distance
traveled by car increased 40% (121). In their review of
studies, Parsons et al. found no association between
activity before children are old enough to walk and later
fatness; no consistent association was found between
activity after children could walk and subsequent
fatness (79). Analyses of the NHANES III data found
that 80% of 8- to 16-year-old children participated in
three or more episodes of vigorous activity each week;
rates were lower in non-Hispanic black and Mexican-
American girls (122). The Youth Risk Behavior Sur-
vey for 1999 and the National Longitudinal Study of
Adolescent Health data for 1996 found that approx-

imately two-thirds of youths in grades 7–12 partici-
pated in three or more episodes of vigorous activity
each week, and minority females other than Asians
had lower levels (123,124). One objective for Healthy
Peop1e 2010 is to increase vigorous physical activity
episodes of 20 minutes or more to at least 3 days per
week for 85% of adolescents (125). The survey data
above demonstrate that non-Hispanic black and His-
panic (or Mexican-American) females are not meeting
this objective.

A recent review of studies (126) conducted between
1970 and 1998 found consistent positive correlations of
physical activity in children (4–12 years old) with gender
(male), having overweight parents, healthy diet, pre-
vious physical activity, intention to be physically active,
preference for physical activity, access to facilities, and
time spent outdoors. The only consistent negative cor-
relate in this review was perceived barriers to physical
activity (126). No associations were found between
physical activity and socioeconomic status, race/ethnic-
ity, body image, self-esteem, perceived benefits, atti-
tudes toward sweating, other after-school activity,
alcohol use, smoking, caloric intake, neighborhood
safety, or parents providing transportation (126). In
the same review, among adolescents 13–l8 years old,
physical activity correlated with gender (male), race/
ethnicity (white), perceived competence in the activity,
intentions to be physically active, previous physical
activity, community sports, sensation seeking, parental
support, support from others, sibling physical activity,
direct help from parents, and opportunities to exercise.
The only consistently negative correlates were depres-
sion and sedentary activities after school and on week-
ends (126). In 1996, the Surgeon General’s Report
(Physical Activity and Health), which reviewed the
literature through 1995, found slightly different associ-
ations (127). To verify that the potential determinants
listed are causally related to physical activities, they
need to be examined prospectively and in concert with
other potentially associated variables.

Evidence is now available from cross-sectional stud-
ies that strongly suggest that television watching is a risk
factor for overweight (128,129). In their recent exami-
nation of the association among television watching,
energy intake, and overweight in U.S. children based on
the nationally representative NHANES III, Crespo et
al. found that the prevalence of overweight (BMI>95th
centile in NHANES II and III data) was lowest among
children who watched V1 hr of television per day and
highest among those who watched z4 hr daily (128).
Further analyses of the NHANES III data showed that
among the 26% of children who watched z4 hr of

Table 4 Ratio (SD) of Mean Energy Expenditure of
Activity to Mean Resting Energy Expenditure for

Children and Adolescents. Data Expressed as the Ratio
of Total Energy Expenditure (kcal/day)/Resting or
Sleeping Energy Expenditure (kcal/day) Metabolic Ratea

Age group (Ref.) Males Combinedb Females

Infants (116) 1.35 (.29)

5 years (117) 1.36 (.13) 1.40 (.17)
9–12 years (118) 1.61 (.23) 1.53 (.28)
12–18 years (119) 1.79 (.20) 1.69 (.28)

a All studies measured total energy expenditure using the doubly

labeled water method. The infant study (116) predicted basal energy

expenditure from body weight based on the equation from Schofield

(120). The other three studies used ventilated-hood indirect

calorimetry to determine basal or resting energy expenditure.
b Data not differentiated by gender.
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television per day, body fat and BMI were higher than
among those who watched <2 hr (122). Data from the
Framingham Children’s Study showed that when age,
television viewing, energy intake, baseline triceps, and
parents’ BMIwere controlled, inactive children were 3.8
times as likely to have increasing triceps skinfold meas-
urements between age 4 years and entry into the first
grade than were active children (130).

Activity levels seem to have a strong familial compo-
nent. The higher familial correlations for activity within
than across generations suggest that the environment is
more important than genetics (131). Intensive analyses
of a large cohort representing almost 400 families con-
firmed the observation that stronger correlations of
physical activity occurred within the same generation
(132), but they also demonstrated a heritability of 29%
for level of habitual physical activity. No genetic effect
was found for exercise participation (132). In recent
studies in which we compared parent and child patterns
of activity (personal communication, William H. Dietz,
May 25, 2001), measures of vigorous activity were better
correlated between spouses than between mother-
daughter or father-daughter pairs. In contrast, time
watching television was better correlated within fami-
lies. These results suggest that patterns of inactivity, but
not patterns of activity, are correlated within families.

C Social Environment

Socioeconomic status has not been consistently associ-
ated with overweight in childhood, but two studies that
controlled for parental fatness found negative associa-
tions between parental education and childhood BMI
(133,134). In contrast, there is a strong consistent,
positive relationship between low socioeconomic status
in childhood and fatness in adulthood (79). If women
change social class as adults, they are likely to reflect the
prevalence of obesity in the social class they join
(32,135).

VII SCREENING OVERWEIGHT

Now that we have an accepted standardized screening
tool for identifying overweight and risk of overweight in
children, it is important that all infants and children be
evaluated for their weight status by their primary care
physician. As mentioned previously, Figure 1 gives
recommendations for weight goals and referrals to
pediatric obesity centers recommended by the Expert
Committee on Pediatric Obesity (37).

The evidence that childhood overweight increases the
risk of comorbidity in both childhood and in adulthood
emphasizes the need to identify overweight children
with other risk factors as early as possible. The Expert
Committee (37) also recommends that all children and
adolescents with a BMI z85th centile be screened for
complications, evaluated, and possibly treated, depend-
ing on the findings. The complications that should be
sought include hypertension, dyslipidemias, orthopedic
disorders, sleep disorders, gallbladder disease, and insu-
lin resistance. In addition, a recent large change in a
child’s BMI should also be evaluated. The Expert
Committee emphasized that clinicians should also seek
signs of exogenous obesity such as genetic syndromes,
endocrinologic disease, and psychologic disorders. In
addition to screening, the committee advocated that an
in-depthmedical assessment be done for all children and
adolescents with a BMI z95th centile.

This committee also recommended early treatment
that involved the family as much as possible. The
family’s readiness to make changes in diet and lifestyle
should determine the pace and intensity of treatment.
The family’s ability to take responsibility for the lifestyle
changes is key to progress and success.

VIII SUMMARY AND IMPLICATIONS

FOR CLINICAL PRACTICE AND

PUBLIC HEALTH

In the past two decades, obesity has become one of the
most prevalent nutritional diseases among children and
adolescents in North America. Comparable interna-
tional data demonstrate that the prevalence of over-
weight is also increasing rapidly in developed and
developing countries outside of North America. The
substantial effects of childhood overweight on morbid-
ity and mortality indicate that effective prevention and
therapy for this problem may well have a large impact
on the incidence of adult disease. Programs aimed at
treatment of overweight children appear to have a
substantially better long-term success rate than similar
programs in adults (136). Effective interventions to
prevent childhood overweight, greater allocation of
health care resources, and reimbursement for the treat-
ment of obesity are needed for primary care practi-
tioners to be effective in preventing overweight during
childhood. Intervention strategies need to include inter-
ventions that address the range of potential risk factors
and critical periods. For example, improved under-
standing of the incentives that promote the initiation
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and extended duration of breastfeeding, and the elimi-
nation of the barriers that lead to early termination of
breastfeeding, must become high priorities. Work site
facilities and policies that allow mothers who must
return to work to continue to provide breast milk for
their infants may represent one of the policy shifts
necessary to help address the overweight epidemic (137).

In the public health sector, states are developing
state obesity plans that include targeting their high-risk
populations and testing intervention programs in these
groups. Fresh new ideas for increasing physical activity
need to be included at the community level. For
example, community planners need to consider oppor-
tunities for family physical activity, such as sidewalks,
neighborhoods with stores and schools within walking
distance, and community parks. Efforts must be direc-
ted toward the identification of children who are over-
weight or at risk for overweight in childhood and
toward the propagation of successful treatment and
prevention strategies.
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I INTRODUCTION

In young and middle-aged individuals, obesity is an
important metabolic and cardiovascular risk factor that
is associated with highly prevalent disorders such as
hypertension, diabetes, hyperinsulinemia, dyslipidemia,
and atherosclerosis (1). While older individuals may not
appear to be obese, they frequently suffer from these
obesity-related disorders. This has led some investiga-
tors in the field of aging to consider many older indi-
viduals as having a ‘‘covert’’ form of obesity. Because
the elderly are the fastest-growing segment of our
population and contribute disproportionately to overall
health care utilization and cost (2), the problem of
obesity and obesity-related diseases in this older pop-
ulation could have staggering repercussions to our
health care system as a whole, as well as to the lives of
many older individuals and their families (3).

This chapter will discuss the scope of the problem of
obesity in the elderly, define the body composition and
fat distribution changes that normally occur with aging,
outline possible etiologic factors in aging-associated
obesity and, finally, consider potential treatments.

II PREVALENCE OF OBESITY

IN THE ELDERLY

A Age-Related Changes in Weight

and Body Composition

Data from the NHANES III study demonstrate that the
prevalence of overweight reaches a maximum for both

men (42%, with a mean body mass index [BMI] of 27.6)
and women (52%, with a mean BMI of 28.5) between
the ages of 50 and 59 (4). In this cross-sectional study
(which had no upper age limit for subject entry and
specifically oversampled older individuals), both the
prevalence of overweight and the mean BMI tended to
drop in older age groups, falling to 18% in men (mean
BMI 24.7) and 26% in women (mean BMI 24.6) over
age 80. There were notable differences in the effects of
age on obesity in different racial/ethnic groups. African-
Americanmen had the highest prevalence of overweight
in the 20–29 age range, but their weight tended to
increase relatively less in the older age cohorts when
compared to either Caucasians or Hispanics. Hispanic
subjects had the highest prevalence of obesity in the 40-
to 69-year-old males (c50–55%). In women a different
picture emerged. Caucasian women had the lowest
prevalence of obesity in each age group, with a peak
(c50%) at 50–59 years. Hispanic women had their
highest prevalence of obesity (c55%) at a slightly
younger age (40–49 years). African-American women
had their peak prevalence of obesity (c60%) at a later
age (60–69 years) and had the highest prevalence of
obesity overall when compared to the other racial/
ethnic groups.

However, these findings may reflect a common prob-
lem in interpreting cross-sectional data, a bias due to
disproportionately higher death rates in middle-aged
obese subjects (5,6), leaving a thinner group of subse-
quent survivors. A truer understanding of the complex
age-related changes in weight or BMI requires longitu-
dinal data. A 15-year follow-up study of seven different
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age cohorts of men (21–80 yr at entry) demonstrated a
significant difference in the effect of aging on weight or
BMI in the different age cohorts (7). The men who were
the oldest at entry weighed the least and tended to
remain stable or lose a small amount of weight over
the period of follow-up, while the younger cohorts were
heavier at baseline and continued to gain weight with
time. Thus, there was a substantial cohort effect on the
relation between aging and body weight. More consis-
tent (and possibly more important) were the changes
observed in fat distribution, with all cohorts showing
increments in central distribution of fat during the
period of follow-up (see below).

The observed changes in weight and BMI with
aging are accompanied by profound changes in body
composition that can substantially influence the
interpretation of data. Studies have consistently
demonstrated clinically important losses of fat-free
mass (FFM) with age in both men and women.
More recent studies have used dual-energy x-ray
absorptiometry (DXA) techniques to show that these
changes appear to be predominantly accounted for
by the loss of muscle mass as represented by reduc-
tions in appendicular lean mass (8). This phenom-
enon has received the appellation ‘‘sarcopenia’’ (9).
When defined as an appendicular lean mass (kg/ht
in m2) of >2 SD below that for a young reference
group, sarcopenia occurs in 24% of older individuals
under age 70 and >50% of individuals over age
80 (10).

While the loss of FFM influences many important
geriatric care issues, such as strength, endurance and
overall functional ability (9–14), here we will consider
only how it might affect the determination of ‘‘obesity’’
in older individuals. Because FFM declines by as much
as 40% between the ages of 30 and 70 (15–20), at any
given body weight or BMI, older persons will be con-
siderably fatter (8,21). Since the content of fat within
lean tissues such as muscle is also greater with aging,
even the standard measurements of body composition
by methods such as computed tomography (CT), mag-
netic resonance imaging (MRI), andDXAmight under-
estimate actual total body adiposity.

Stature frequently declines (0.5–1.5 cm/decade) with
age (15), owing to decrements in the height of the
vertebral bodies and shrinkage of intervertebral disk
spaces. Therefore, the use of measured present height
commonly causes an overestimate of BMI in the elderly
(especially in women). This can be corrected by using
maximal historical height, but one must be concerned
with the usual caveats regarding recall data. A preferred
method is the use of knee height as suggested by

Chumlea (22), but, in fact, such corrections for loss of
height are seldom used.

Skinfold thickness correlates less well with total
adiposity in older individuals (23), making assess-
ment of adiposity by skinfold measurements also
difficult to interpret. Furthermore, the change in fat
distribution with age makes determination of most
peripheral subcutaneous skin fold measures less
clinically relevant.

Well-known age-related changes in the composition
of FFM can significantly affect the determination of
body density and, therefore, body composition using
the ‘‘gold standard’’ hydrodensitometry method (24).
While the density of fat changes little with aging
(0.9 g/mL), variation in hydration state and in bone
mineral can distort the actual density of FFM from
the value usually assumed in prediction equations
(1.10 g/mL). Tissue dehydration would increase the
true density of FFM while loss of bone mineral would
produce the opposite effect. The loss of total body
water with aging would have the more profound
effect, and, for any given total body density measure,
the established prediction equations would underesti-
mate the amount of adiposity (25). However, studies
are not consistent in finding a decline in the hydration
state of lean tissue in older subjects (26,27). Whereas
one study found no signifficant change in hydration of
lean tissue between young and older women (26), a
subsequent study by the same investigators (10) found
that total body water declined over a 5-year follow-up
period with a trend toward a greater loss in men
(�0.04 vs. �0.01 kg/yr). In another study, not correct-
ing for the measured total body water produced a 4%
underestimation of percent body fat (%BF) in older
women but no significant difference in older men
when compared to multicompartmental methods
(27). In the latter study, the variation in the measure-
ment of %BF between the two- and four-compart-
ment models was inversely related to the hydration
state of the FFM. A recent cross-sectional study
found that while total body water declined in both
men and women between ages 60 and 80 the decline
was significant only in the women (15). The loss of
water appeared to be mainly from intracellular fluid.
This cross-sectional study found that men lost FFM
twice as quickly as women (0.22 vs. 0.10 kg/yr), a rate
much greater than that observed in their prospective
study (10). Any observed changes in body water with
aging may also affect estimates of body composition
using total body water or bioelectrical impedance, the
latter being a measure that is exquisitely sensitive to
hydration state (28).
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While there is some disagreement, it appears that
significant declines in total body hydration state occur
in healthy older persons and may affect estimates of
adiposity. The direction of these changes would tend to
produce an underestimate of adiposity.

B Age-Related Changes in Fat Distribution

It has been well demonstrated that many of the
metabolic abnormalities associated with obesity are
strongly and independently related to a central dis-
tribution of adiposity (29–34). However, what is less
well recognized is that aging is associated with an
increasingly more central distribution of adiposity in
both men and women (7,35–38). At any given level of
adiposity, more fat will be centrally distributed in
older individuals. Of interest, a cross-sectional study
found no age-related change in fat distribution in men
or women between the ages of 60 and 80, suggesting
this accumulation may reach its maximum in middle
age and early old age (15). Again, the preferential
drop out of more obese subjects may bias the inter-
pretation of data from such a cross-sectional study.

Intra-abdominal fat accumulation, known to be
independently related to the metabolic concomitants
of obesity (39–44), has also been demonstrated to be
greater at any given BMI or %BF in older individuals
(45–47). While the accumulation of intra-abdominal
fat with aging may be progressive in men, it appears
to greatly accelerate in women following menopause
(62,48).

Although there are racial/ethnic differences in fat
distribution (see Chap. 3), relatively little is known
about how these are affected by aging. It appears that
African-American women have greater central fat
distribution than Caucasian women before meno-
pause (50) but that the slope of the increase with
age is not different between the two groups. Of
interest, NHANES I also noted that central adiposity
conferred relatively less risk for cardiovascular dis-
ease in black women (51). This finding agrees with
earlier reports that central adiposity was not a strong
risk factor for the development of non-insulin-
dependent diabetes (NIDDM) or atherosclerotic car-
diovascular disease in black women (52). Similarly,
the Charleston Heart Study determined that central
fat distribution did not predict all-cause or coronary
heart disease deaths in black women (53). Other
studies have found that while Hispanics have a
greater central distribution of fat, this was not asso-
ciated with excess all-cause mortality in subject over
age 45 (54). Studies in Japanese-Americans have

demonstrated relatively greater amounts of central and
intra-abdominal fat when compared to Caucasians,
and a strong relationship exists between intra-abdomi-
nal fat and the development of insulin resistance and
NIDDM frequently observed in this population
(43,44,55).

C Menopause and Obesity in Women

There are relatively few data on changes in adiposity
and fat distribution associated with menopause in
women. This is an important issue because of the
relationships that have been noted between obesity
and cardiovascular disease (5), and obesity and certain
cancers (56,57) in postmenopausal women. As noted
above, body weight reaches its maximum in women
very near the time of menopause, and there is an
increase in relative adiposity for any given weight or
BMI. While some studies find that the increase in
weight accompanying menopause is more related to
age than menopause itself (58,59), others have noted
specific menopause-related increases in BMI, overall
adiposity, central adiposity and intra-abdominal
adiposity (60–64). A recently published longitudinal
study that followed 35 women aged 44–48 for 6 years
(65) found that those women who experienced meno-
pause during the period of follow-up lost significantly
more FFM (�3 vs. �0.5 kg), and had greater increases
in fat mass (FM; 2.5 vs. 1.0 kg), waist-to-hip ratio
(WHR; 0.04 vs. 0.01) and insulin (11 vs. �2 pmol/L).
The changes were associated with greater reductions in
physical activity and resting energy expenditure in the
postmenopausal women. In two randomized, placebo-
controlled studies in which postmenopausal women
were prospectively studied for 2–3 years, hormone
replacement therapy prevented the accumulation
of abdominal adiposity while having no effect on
FFM (63,66).

III CAUSES OF OBESITY IN OLDER

PERSONS

A Intake Versus Expenditure

The accumulation of excess calories stored as adipose
tissue requires an imbalance in the usually tight relation-
ship between caloric intake and expenditure. While
adiposity has a tendency to increase with age, total
caloric intake either is unchanged (67) or declines (68)
when assessed in longitudinal studies. Furthermore, the
increment in adiposity with aging cannot be blamed on
increased relative fat intake in the diet (69), since this too
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appears to decline with aging (67,68). However, one
must always be careful interpreting data on reporting of
calorie intake. As compared to doubly labeled water
determination of calories intake, underreporting of
calorie intake has been found in both male and female
older subjects, with greater underreporting in heavier
individuals (70). The ability to appropriately detect and
respond to a change in body weight also appears to be
impaired in older subjects. Two well-controlled feed-
ing trials strongly suggest that in older subjects the
regulation of energy intake is impaired in response to
either an imposed increase or decrease in weight. After
weight loss, older subjects did not appropriately
increase their intake, and following weight gain they
did not properly reduce their intake when compared to
younger controls (71).

It is also likely that the age-related increase in
obesity is in some way related to deficits in energy
expenditure. This topic has been carefully reviewed
(72), and the relationship between resting metabolic
rate (RMR) and age appears to be curvilinear if
sufficient numbers of older individuals are included.
While three-fourths of this decline in RMR can be
accounted for by decrements in FFM, one-fourth
remains unexplained. Poehlman has suggested that this
decline in RMR may be related to inactivity and has
demonstrated normalization in older men after endur-
ance training (73). Others have not been able to dem-
onstrate an endurance training-related improvement in
RMR in older subjects (74). While the thermic effect of
feeding (TEF) may decline with age (75), this may be
more related to inactivity than to age itself (72).
Furthermore, variability in TEF does not predict sub-
sequent weight gain (76).

B Inactivity

The component of daily energy expenditure that is most
variable among individuals is the thermic effect of
exercise (TEE), the energy expended with physical
activity. Older individuals are usually less active than
their younger counterparts (77,78), and several inves-
tigators have proposed that this difference in activity
level may account formuch of the age-associated gain in
adiposity (79). This is supported by 10-year follow-up
data from the NHANES-I study, which looked at the
relationship between recreational physical activity and
subsequent weight gain (80). Both at baseline and at
follow-up, physical activity was inversely related to
body weight. Low physical activity at follow-up was
strongly associated with major weight gain (>13 kg),
and the relative risk of major weight gain, comparing

the low- and high-activity groups, was 3.1 in men and
3.8 in women. This activity component can best be
measured by evaluating free-living energy expenditure
using the doubly labeled water technique (81). Using
this method, reduced physical activity levels are asso-
ciated with increased %BF (82).

C Fat Oxidation

Another possible mechanism that could be associated
with obesity with aging is abnormal fat oxidation.
Indeed, recent studies have demonstrated that fat oxi-
dation is reduced in older individuals at baseline, with
exercise, and following a meal (83). It is not clear
whether the decrement in fat oxidation is due to the
absolute loss of lean mass, a reduced capacity for
fat oxidation by aging lean mass, or abnormal hormo-
nal regulation of fat oxidation by estrogen, testoster-
one, growth hormone, and/or dihydroepiandrosterone
(DHEA).

IV CONSEQUENCES OF OBESITY

IN OLDER PERSONS

A Metabolic

Many of the common obesity-related metabolic abnor-
malities found in young and middle-aged individuals
appear to be related to insulin resistance and hyper-
insulinemia, what has come to be called the ‘‘insulin
resistance’’ or ‘‘metabolic’’ syndrome (84). While the
exact components of this syndrome vary among dif-
ferent populations (85,86), in general it is made up of
central obesity (39,87); insulin resistance and hyper-
insulinemia (88); abnormal glucose metabolism (89);
dyslipidemias (41,90) such as high triglycerides, low
high-density lipoprotein (HDL) cholesterol and small,
dense, low-density lipoprotein (LDL) particles (91),
hypertension (84), and atherosclerosis (92).

These same metabolic disorders are extremely
prevalent in older populations. For example, it is well
known that glucose tolerance worsens with age, with
a 1–2 mg/dL increase in fasting glucose and a 10–20
mg/dL increase in postprandial glucose for each
decade after age 30 (93). NIDDM is the fifth most
common chronic disease in the elderly, affecting
>20% of individuals over age 65, with approximately
half of these being undiagnosed (94). Diabetes has
profound effects on health care utilization and costs,
with up to one-seventh of all health care dollars being
spent caring for diabetics (95). While in the past this
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high frequency of diabetes and glucose intolerance
has been considered to be attributable to aging, more
recent studies strongly suggest that most, if not all, of
the ‘‘age-related’’ changes in insulin sensitivity and
glucose tolerance can be accounted for by changes in
body composition, fat distribution, and inactivity
(45,96–100).

Similarly, there is an exceedingly high prevalence of
hypertension in older individuals (101). It is estimated
that between 30% and 50% of all persons over age 65
have hypertension (either systolic-diastolic or isolated
systolic), with somewhat lower prevalence rates in stud-
ies that require multiple readings to make the diagnosis
and higher rates in African-Americans.

Dyslipidemia is commonly noted in obese individu-
als, especially those with a central or intra-abdominal
distribution of fat (41,102). The most commonly
described abnormalities include elevations in triglycer-
ide and reductions in HDL cholesterol levels. While
similar abnormalities have been detected in older sub-
jects (103,104), these abnormalities occur in both obese
and ‘‘nonobese’’ older individuals (105). In two pro-
spective studies, plasma insulin level was found to
predict the development of dyslipidemia after either
3.5 or 8 years of follow-up. Apolipoprotein abnormal-
ities have also been described in older subjects, such as
increases in Apo B, reductions in Apo AI and the
development of dense LDL particles (106). These
abnormalities are all similar to those noted with central
adiposity (102) and are associated with an elevated risk
for atherosclerosis (92).

The relationship between obesity and overall mor-
tality in older individuals has been a point of major
controversy for a number of years. Many studies
demonstrate that obesity is related to increased mor-
tality in young and middle-aged individuals. The
relationship between body weight and mortality was
initially noted to be U-shaped, with excess mortality at
both extremes of the body weight range. It now seems
likely that this curvilinear relationship was due to
confounders such as excess cigarette smoking and
illness-related weight loss in the lowest weight group.
More recent analyses that controlled for these varia-
bles have found no increase in mortality in the lowest
weight group (5,6).

Andres has suggested that the weight associated with
the lowest mortality increases with age (107), while
others suggest this is not the case when the data are
corrected for smoking and early deaths (108,109). This
latter interpretation of the data is expressed in a new
review of guidelines for healthy weight (110). Nonethe-
less, it appears that the relationship between obesity and

mortality changes considerably in the oldest age groups.
In a recent evaluation of the very large Cancer Preven-
tion Study I (111), crude death rates (12-year follow-up)
did not rise with increasing BMI in subjects over age 75
years who had never smoked and had no evidence of
heart disease, stroke, or cancer at baseline. In these
subjects, the BMI associated with the lowest risk of all-
cause mortality or cardiovascular death was f28,
compared to 20 in the younger age groups. The relative
risk (RR) of death from cardiovascular disease was
1.08–1.10 in 30- to 44-year-olds compared to 1.02–
1.03 in 65- to 74-year-olds. The interaction between
BMI and age was significant for both overall and
cardiovascular mortality. When these authors calcu-
lated the BMI associated with 20% and 50% excess
all-cause and cardiovascular mortality, a sharp rise in
the computed BMI was noted after age 65 in both men
and women. A decline in the effect of obesity on mortal-
ity was also detected by these authors when they calcu-
lated other measures of effect such as rate ratio,
attributable deaths, excess years of life lost, and the
time period by which the rate of death was advanced
owing to obesity (112).

There are few data on ethnic differences in the
relationship between obesity and mortality in older
individuals, but one large prospective study found the
lowest mortality in the 60–84th centiles for weight in
white men compared to the 40–59th centiles in black
men (113). The opposite was true for women, with the
lowest mortality in the 40–59th centiles for weight in
white women and in the 60–84th centiles for the black
women. This study demonstrated a U-shaped curve,
with excess mortality at both the lowest and highest
centiles for body weight, even when corrected for smok-
ing or when only nonsmokers were included. It was
suggested that the added mortality at very low weights
in these older subjects might be accounted for by
osteoporosis and excess hip fractures.

B Functional

Functional status is of critical importance in assessing
and treating older individuals, and frailty has been
closely related to major health outcome measures
including mortality in several large prospective studies
(114). Therefore, it is reasonable to consider how obe-
sity might affect functional status in older patients.
While some studies show that low weight is a risk for
frailty (114), obesity has also been related to arthritis
(115) and functional decline in older subjects (116).

There are also new data relating both baseline waist
circumference and gain in waist circumference over 30
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years of follow-up predicted severity of sleep-disordered
breathing in older men (117).

V TREATMENT OF OBESITY IN OLDER

PERSONS

A Effects of Voluntary Weight Fluctuation

on Mortality

There is compelling evidence supporting the association
of obesity and weight gain with heart disease (118),
diabetes (119), and excess all-cause mortality (5). Less
clear, however, is the impact associated with losing
excess weight.

Several large studies in both middle-aged and older
adults find that weight fluctuations, either up or down,
are associated with excess cardiovascular and all-cause
mortality (120–122), with similar findings in two sep-
arate Asian populations (123,124). However, these
studies have mostly relied on self-reported weights.
In a recent study of 648 Caucasian women aged 65–69,
weight change was measured over three assessment
periods (baseline, 1 year, and 2 years), and then the
subjects were followed for an additional 4 years (125).
As with other studies, subjects who experienced weight
variability or ‘‘cycling’’ were found to have excess
mortality (20% vs. 11 % in weight-stable subjects).
Deaths were higher in the low-baseline BMI group
(22%) than in the average-weight BMI group (13%).
Subjects who lost 4.5% over the measurement period
had 25% deaths, and this mortality rate was not
greatly affected by the baseline BMI. Weight variabil-
ity has also been related to the incidence of specific
diseases, with higher relative risks found for myocar-
dial infarction, stroke, diabetes, lung cancer, and hip
fractures, with greater weight variability in the 33,834
women age 55–69 participating in the Iowa Women’s
Health Study (126).

These studies have been rightfully criticized because
they often did not distinguish between intentional and
unintentional weight loss (127) or failed to take into
account important preexisting disease (128). An
important study by Williamson et al. (129) has specif-
ically attempted to obviate these problems by evaluat-
ing the effects of ‘‘intentional’’ weight loss in >43,000
nonsmoking, middle-age (40–64 yr) Caucasian women
followed prospectively for 12 years. Early deaths,
within the first 3 years, were excluded. The data were
stratified by preexisting obesity-related illness, and
adjusted for age, baseline BMI, alcohol use, physical
activity, and overall health. This study demonstrated
that any amount of weight loss in subjects with

obesity-related illness was associated with a 20%
decrement in all-cause mortality, due to both a 40–
50% fall in cancer deaths and a 30–40% reduction in
diabetes-related deaths. The data were much less clear
in women without preexisting obesity-related disease
who intentionally lost weight.

While it appears that there are potential long-range
benefits to weight loss, especially in those in young and
middle-age patients with obesity-related disorders, a
caveat must be emphasized for the elderly, as weight
loss is a common part of the failure-to-thrive syndrome
frequently observed in older patients (130). A study by
Wallace in a group of outpatient veterans over age 65
demonstrated that involuntary weight loss of z4% in 1
year was associated with a 2.5-fold greater risk of dying
within the next 2 years of follow-up when compared to
non-weight-losers. This was despite a decrement in
central distribution of fat in the weight losers. These
results were not affected by adjusting for age, BMI,
tobacco, and health status. Surprisingly, the relative
risk of dying was almost identical in subjects whose
weight loss was apparently ‘‘voluntary.’’

A more recent study evaluated weight loss in 4714
community-dwelling men and women over age 65 as
part of the Cardiovascular Health Study (131). Over the
first 3 years of examination, 16–19% of subjects met the
5% criteria for losing weight, while 11–16% gained 5%
of weight. The hazard ratio for all-cause mortality
during a 4-year follow-up period was f2.0 for those
who lost z5% of body weight during the initial 3 years
of observation. Baseline weight or health status did not
affect this hazard ratio. The risks for weight loss
included older age, multiple drugs, disability, slow gait,
weakness, and death of a spouse. Furthermore, the
hazard ratio was not affected by the reasons for the
weight loss (intentional versus unintentional). The sur-
vival curves during the follow-up period were not differ-
ent for those who were weight stable and those who
gained weight.

Another study evaluated 5-year weight change and
the 10- and 15-year mortality in 2628 Swedish men and
women who were 70 years old at the baseline examina-
tion (132). The BMI associated with the lowest 15-year
mortality in this older population was 27–29 for men
and 25–27 for women.After excluding deaths during the
initial 5-year period, the relationship between BMI and
mortality was flat in men and U-shaped in women.
Weight loss of z10% during the first 5-year period
was associated with higher mortality at 10 and 15 years
even when adjusted for smoking status.

Together, these data strongly suggest that while die-
tary weight loss in middle-aged patients with obesity-
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related illness may positively impact outcomes, weight
cycling may produce deleterious effects. In addition,
physicians should be very cautious prescribing weight
loss in otherwise healthy obese older patients. Some of
the discrepancies among studies in the relationship
between obesity and mortality may be due to the lack
of measurement of body composition. It is likely that
loss of fat is associated with improvements in health
while the loss of weight alone may be deleterious (133).
This concept is especially important in older people
where, under some circumstances, substantial loss of
lean mass may accompany weight loss.

B Dietary Weight Loss Studies in Older

Individuals

There have been few published reports of dietary weight
loss interventions specifically in older subjects. While
the study by Williamson (129) supports a benefit to
intentional weight loss in middle-aged subjects, it is
possible that exacerbation of the usual age-related loss
of lean mass could be worsened by a weight loss diet.
However, in a recently published study of otherwise
healthy obese older men (mean of 60 yr) who underwent
a 10-month calorie restriction, only 23% of the 9.3 kg of
weight that was lost, was lost as FFM (134). This is
similar to studies in our laboratory (135) in which 16
healthy obese older men (mean 66 yr) lost 10 kg on a
1200-kcal dietary restriction (Phase I American Heart
AssociationDiet.). In this study only 20%of weight loss
was as FFM. The percentages of weight lost as FFM in
these relatively healthy older individuals is similar to
that found in younger subjects. In both of the above
studies, weight loss produced a small but significant
improvement in the waist-to-hip ratio. However, in our
study, despite a decrement WHR and in intra-abdomi-
nal adiposity measured by CT, there was no preferential
loss of intra-abdominal fat compared to fat from more
peripheral depots. It must be emphasized that subjects
in both of these studies were highly screened to be
healthy despite their moderate obesity and that these
findings may not be generalizable to the population
of older individuals who suffer from various clinical
disease states.

A recent randomized controlled study compared the
effect of a 9-month hypocaloric (AHA Phase I) diet on
insulin action and glucose tolerance in middle-aged and
older subjects (mean age 60 F 8 yr) with either normal
or impaired glucose tolerance (136). After an average
weight loss of 9 kg, there was a significant fall in the
glucose area (�22%) following an oral glucose chal-
lenge. This reduction in glucose area was related to the

decrease in waist circumference. In fact, almost half
of the subjects who initially had impaired glucose
tolerance normalized following weight loss. In a sub-
group of eight subjects, the weight loss was found to
induce a fall in both the first and second phase insulin
response to a hyperglycemic clamp and an improvement
in insulin action. Early (unpublished) analysis of data
from the Diabetic Prevention Program study appears to
also suggest that lifestyle-related (diet and exercise) loss
of weight off5% is associated with less progression to
diabetes in a high-risk (mostly middle-aged) population
with glucose intolerance at baseline.

In a study byDengel et al., weight loss was associated
with improvement in the lipoprotein profile, reductions
in the LDL/HDL cholesterol ratio and triglyceride
concentration and increments in the HDL2 cholesterol
(137). We have noted similar improvements in HDL
and triglyceride concentrations but no change in the
concentration of total or LDL cholesterol (135). How-
ever, there was a 22% decline in hepatic lipase consis-
tent with less dense and less atherogenic LDL
particles. Six of the seven subjects who initially had
the more atherogenic, small, dense LDL phenotype
pattern B reverted to a more favorable LDL pattern A
following weight loss. No change was noted in the
subjects with pattern A at baseline. Thus, while the
concentration of LDL failed to change with weight
loss, the size and composition of the LDL particles
became more favorable.

There is considerable interest in the potential benefits
of chronic calorie restriction to extend life and reduce
morbidity (138). This hypothesis that has been proven
in rodents is now being tested in nonhuman primates
and humans.

C Exercise Training in Older Individuals

Many important benefits of exercise training for older
persons have now been documented (139). Exercise
alone is not associated with large reductions in adipose
tissue mass in intervention studies (140), and it has been
estimated that a 6-month period of exercise training
alone would reduce fat mass by only 2.6 kg and%BF by
only 3%. However, in large population studies, greater
physical activity is associated with lower body weight,
and higher fitness levels are inversely related to all-cause
mortality in subjects at any BMI level (141). Interest-
ingly, the most impressive effect on mortality occurs in
subjects with BMIs z 30. There is also good evidence
that physical activity is associated with lower blood
pressure (142) as well as diabetes (143), dyslipidemia
and atherosclerosis (144), all disorders that are common
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in obesity. In addition, exercise has been demonstrated
to be essential in the successful maintenance of weight
loss after dietary restriction (145,146).

There are considerably fewer data on the metabolic
effects of an exercise intervention in older subjects, but
this has become an area of great interest in recent
years. As in other groups, endurance exercise training
in older subjects is associated with only modest losses
in weight and fat (147,148), consistent with the esti-
mates by Wilmore (140). However, recent studies
suggest that the fat lost comes preferentially from
intra-abdominal depots (145,146). This may appear
to be different from the more general loss of adipose
mass with caloric restriction (135). Associated with this
preferential loss of central adipose tissue following
exercise are improvements in lipid, glucose, and insulin
metabolism (97,149,150). For example, after 6 months
of intensive endurance exercise subjects lost only 2.5 kg
of weight and a similar amount of fat. This was
associated with a 20% loss of intra-abdominal adipose
tissue area on CT. With these changes, insulin sensi-
tivity improved by >33% despite no improvement in
oral glucose metabolism (97). There was a 23% reduc-
tion in triglyceride and an almost 70% increment in
HDL2 cholesterol (149).

Recent evidence suggests that most if not all of the
metabolic effects of exercise require weight loss and that
metabolic improvements are greatly lessened if body
weight is purposely maintained (151). Since energy
intake has been noted to be increased in free-living
subjects who are training (73,147), weight loss is felt to
be due to enhanced energy expenditure. While both the
thermic effect of exercise and RMR are increased with
exercise training (73), it is of interest that 24-hr energy
expenditure does not appear to increase in older men
with endurance training (152). This suggests that they
were more sedentary at other times of the day when they
were not exercising. Therefore, the true etiology of the
fat loss is unclear but may be related to enhancement of
sympathetic nervous system activity (153) or lipid oxi-
dation (154) associated with exercise training.

There are considerably fewer data on the effects of
resistance training on adiposity andmetabolism in older
subjects. While it is now well known that the elderly can
improve both their FFM and strength with resistance
training (9,155), only recently has it been demonstrated
that there are also reductions in both fat mass and intra-
abdominal fat mass (156). Newer studies suggest that
resistance trainingmay also have positive effects, similar
to endurance training on insulin action (157,158), but
little or no improvement in lipoprotein profile seems to
occur (159).

Numerous studies strongly indicate that both endur-
ance and resistance exercise are beneficial in the elderly.
While the amount of weight loss associated with train-
ing is small, it may preferentially come from the most
critical intra-abdominal depots and thus be associated
with substantial metabolic improvement. In addition,
exercise is associated with the maintenance or an incre-
ment in lean bodymass andmay be required tomaintain
dietary weight loss long term.

D Drug Treatment for Obesity in the Elderly

The use of appetite suppressants to treat obesity in older
patients will not be discussed here, and the reader is
referred to Chapters 55–59. However, because of the
continued interest in the use of trophic factor supple-
mentation in the elderly, it is reasonable to discuss
briefly how these factors may affect adiposity and fat
distribution.

Ample evidence confirms an age-related decrement in
the growth hormone (GH)/insulinlike growth factor-I
(IGF-I) axis. These changes have been implicated in the
decline in FFMwith aging, andmay also account for the
increase in central adiposity found in the elderly (160).
Indeed, studies in both growth hormone-deficient adults
replaced with GH and healthy older subjects supple-
mented with GH demonstrate reductions in both total
and central adiposity. It should be noted, however, that
supplementation of older subjects with GH is not with-
out significant side effects, and long-term positive effects
on lean mass, bone mass, fat mass, and, most impor-
tantly, strength and function, remain unproved is (161).

A newly published study found thatGHandGHplus
testosterone supplementation in healthy older men
caused within-group reductions in total, visceral, and
subcutaneous abdominal fat. Only the changes in sub-
cutaneous fat and total abdominal fat were significantly
different from placebo. There were no similar declines in
women treated with GHwith or without estrogen (162).

Testosterone concentrations also decline with aging
in men. There is no consensus about the role that this
may play in aging-related obesity or the effects of
testosterone supplementation alone on adiposity in
older men (163). While one study found no change
in weight, body fat, or WHR, another found no change
in total fat but a 10% decline in intra-abdominal
adiposity after 9 months of testosterone supplementa-
tion. As noted above, there are also some data that
suggest that estrogen replacement inwomen can prevent
the postmenopausal accumulation of central fat.

Dehydroepiandrosterone sulfate (DHEAS) is the
most abundant steroid hormone is humans. Peak
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levels are typically reached in the third decade of life
and decline steadily thereafter (164). Because it can be
converted to testosterone and aromatized to estradiol,
DHEAS level may be a determinant of sex hormone–
mediated changes in fat accumulation and distribution
that occur with aging. There have been few studies of
DHEA replacement in people with low DHEAS
levels, but there is some evidence for a fat-reducing
effect in a controlled trial of DHEA replacement (50
mg/d) for 6 months in 18 women and men, aged 64–
82 yr (165). In this study, fat mass was reduced by
�1.4 kg in response to DHEA supplementation, and
assessment by DXA indicated that the reduction
occurred entirely within central body regions in both
women and men. Larger clinical trials of trophic
factor supplementation in older subjects should be
completed in the next 2–3 years.
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I INTRODUCTION

Everyone working in the obesity area wants to know
the cost of obesity. They want a magic number, and feel
it must be a high dollar cost, which can be used in
advocacy with governments and health authorities. The
reason for this need is to ‘‘raise the profile’’ of obesity
on the health agenda. This, it is hoped, will enable
obesity to be treated more appropriately (in proportion
to the true public health impact), and for increased
resource allocation to obesity prevention. The expected
outcome of these invigorated treatment and prevention
approaches will reduce future health expenditures on
obesity and its related diseases. However, in most
countries or health areas, the amount of money avail-
able for health care is finite and limited. Given con-
straints of health care funding, allocation of additional
resources to obesity prevention and treatment requires
that effective programs must be available. A trade-off
therefore exists between prevention of weight gain and
obesity and the future health consequences of weight
gain. We emphasize both the use and the limitations of
calculating or knowing the costs of obesity. While a

costing can be used for advocacy, a change in the costs
of obesity may not be the most appropriate or desir-
able end point of such advocacy. Rather it may be
better to aim for changes in such things as disability-
adjusted life years (DALYs), quality-of-life measures,
or changes in incidence or prevalence of obesity-
associated diseases.

This chapter will therefore concentrate on a number
of aspects of the economic costs of obesity. Firstly a
broad outline of the types of costs will be consi-
dered and then a brief review of the reported costs
undertaken. Subsequent sections will highlight difficul-
ties in the present reported methods and then the major
section will suggest a practical, yet thorough, way to
establish the economic costs. It needs to be emphasised
at this stage that because of the nature of this Hand-
book of Obesity, this chapter cannot be a definitive text
of all health economics theory and applications, nor
can it give exhaustive discussion of all theories. It is our
aim to give a summary of reported costs and a practical
approach to the methods and requirements to develop
one’s own systematic approach to determining the costs
of obesity.
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II TYPES OF COSTS

When one is considering the economic cost of obesity
in direct monetary terms, there are three types of
Costs to be considered. These are direct, indirect, and
intangible costs.

A Direct Costs

Direct costs are the health care resources applied to
obesity and its attributable conditions. In general these
are prevalence studies, with knowledge of the cost
within a defined time period. Such studies are often
possible to perform given the usual data collection of
health departments and authorities. Others will argue
that incidence-based studies, which depend on calculat-
ing the cost of obesity and diseases occurring within a
defined time are preferable. Such studies are more
difficult to perform, the data may not be available
without a special collection study, and the information
they give in terms of monetary cost is no more robust
than that from prevalence studies. Most cost-of-obesity
studies in the literature are prevalence studies.

B Indirect Costs

Indirect costs are the reduction in the level of economic
activity due to the illness and premature death attrib-
utable to obesity. The economic activity is generally
considered to be that captured by the gross domestic
product (GDP) statistic. Examples are the wages and
productivity lost due to sickness and absenteeism pro-
duced by obesity or the loss of productivity due to the
mechanical difficulties caused by obesity which reduce
the efficiency of performing a task. Other factors con-
tributing to the indirect costs of obesity are the disability
pensions which are paid because of obesity or its
associated conditions and the loss of productivity pro-
duced by the premature deaths due to obesity. There are
several ways to calculate this cost and it is more difficult
to do and more varied in outcome than the health care
(or direct) costs.

C Intangible (Personal) Costs

These are the social and personal costs or losses asso-
ciated with obesity. While some of these may be rela-
tively easy to estimate, for example, the amount spent
on commercial weight loss programs, other aspects are
more difficult, variable, and subject to the whim of the
individual health economist. An example of the latter
would be an estimation of the monetary value of the

reduced quality of life experienced because of obesity.
This will require both quality-of-life measures in indi-
viduals and populations and an estimate of what is the
usual cost of a life-year. In addition, the degree of
obesity will have an effect. While there are suppositions
and estimations with the other type of economic costs,
such factors are probably greater and more variable for
intangible costs.

There are also other ways of looking at the economic
costs of obesity. These include years lost to disability
(YLDs) or disability-adjusted life years (DALYs), or
quality-adjusted life years. An example of the use of this
type of ‘‘cost’’ may be found in Mathers et al. (1), and
this can be contrasted with the ‘‘monetary cost’’
approach by the same authors (2). These different
approaches will be discussed later in this chapter.
Initially the concentration will be on the economic or
monetary costs of obesity. These too must be con-
trasted with the costs of disease treatment itself. For
example Brown et al. (3) have described the treatment
costs of type 2 diabetes in this way contrasting diet
treatment alone with drug treatment and the treatment
of complications. This is a further approach and will be
discussed later.

III REPORTED COSTS OF OBESITY

There are a large number of obesity cost or burden of
illness studies. Table 1 gives a summary of those recently
published from a variety of different countries and
continents. The range of direct costs reported is between
US$77million forNewZealand (14), a country in which
the prevalence of obesity is now 19%, andUS$70 billion
in the United States (15), where the prevalence of
obesity is some 25% of the adult population. Recently
it has been suggested that the direct cost of obesity in
Australia is now US$630 million (S. Crowley, personal
communication). The differences in costs reported may
reflect different obesity prevalence in the various coun-
tries or different absolute health costs in the treatment of
obesity and its related diseases. More likely, however,
are differences in the methodology of performing the
study. Some of these differences (e.g., the body mass
index [BMI] cut point used, the diseases included in the
costs) will be discussed in the following section.

As a general comment, it appears that the direct cost
of obesity in many countries is between 1% and 5% of
their health care budget (16). It appears that this cost
may be greater in the United States [most recently
reported to be 7% of the health care expenditure (15)].
We note that these costs are likely conservative as the
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range of conditions included in these estimates has been
somewhat limited. InGermany it was found that obesity
was associated with more visits to medical care, more
prescriptions, and therefore greater health care costs,
but obesity was ‘‘underreported’’ or underutilized as a
diagnosis in medical records and so the costs of obesity
were underestimated (17).

Fewer studies report the indirect costs of obesity, and
there is greater variation in these reported costs. Again
this reflects both the factors included in indirect costs
and the GDP of the country. It appears that indirect
costs are generally less than the direct health care costs
and vary betweenUS$140million for Australia in 1989–
90 (13) andUS$47.6 billion for theUnited States in 1995
(5). While acknowledging that good economic analysis
had yet to be performed, Seidell reports that there is
good data linking obesity with increased sick leave
and disability pensions in Finland, Sweden, and the
Netherlands (16). In studies in U.S. organizations,
obesity has been shown to be directly linked to absen-
teeism and therefore increased costs (18,19). Obesity
was associated with 1.74 times more ‘‘high’’ absentee-
ism and 1.61 times ‘‘moderate’’ absenteeism. Interest-
ingly, Burton reported that the BMI range that was the
nadir of absenteeism was BMI 25–27 (18). Jeffrey (20)
has looked at work site intervention programs and their
effect on absenteeism. Over 2 years, smoking cessation
programs reduced absenteeism, but weight control pro-
grams did not.

There are obviously many problems in calculating
the indirect costs of obesity and proper standardized

analyses need to be performed and reported so that
comparisons can be made. Difficulties in calculating
this cost include getting the average wage lost, the time
of absenteeism, the productivity lost, and the number
of instances.

A number of incidence studies have been performed.
Simply put, these studies take a cohort and follow them
for a number of years and document the obesity-related
costs of that time period. As the cohort is presumed to
be representative of the country or area the costs can be
extrapolated. As one example, Thompson and co-
workers (21) estimated the lifetime costs of being at
various BMI levels. In men at a BMI of 22.5 the lifetime
cost of obesity was estimated to be US$ 19,300; at a
BMI of 37.5, the costs were US$35,200. In women the
costs varied between US$18,600 and $34,700 for the
same range of BMIs. Clearly there is an increase in
cost as an individual or group of individuals has or
develops a greater BMI. In this study the costs over a
period were documented and then extrapolated to
obtained lifetime costs (future costs were discounted
at an annual rate of 3%). In another incidence study,
using a slightly different approach, Allison (22) calcu-
lated, using the data from Wolf and Colditz (5), the
direct health care costs of obesity over the age range
20–85 with and without accounting for obesity-related
deaths. They found the cost of obesity would be 0.89–
4.32% of the U.S. health care budget. It is interesting
to note that in the U.S. Navy, the cost of hospitali-
zations for obesity-related diseases was over US$5
million annually (23).

Table 1 Recently Reported Costs of Obesity from Several Countriesa

Country Year (Ref.) Type of cost Amount % Health care expenditure

United States 1995 (4) Direct US$ 70 billion 7

1995 (5) Direct US$51.6 billion 5.7
Indirect US$47.6 billion

1990 (6) Direct US$45.8 billion 6.8

Indirect US$23 billion
1993 (7) Direct 6

Canada 1997 (8) Direct C$829.4 million– C$3.4 billion
The Netherlands 1981–89 (9) Direct DG1 billion 2.4

France 1992 (10) Direct FF5.8 billion 4
Indirect FF0.58 billion

1992 (11) Direct FF4.2-8.7 billion 2

United Kingdom 1990–91 (12) Direct & Indirect GBP130 million 0.7–1.5
Australia 1989–90 (13) Direct AU$464 million

Indirect AU$272 million

New Zealand 1991 (14) Direct NZ$135 million >2

a These studies used a variety of BMI cut points for obesity and methods for obtaining costs. These are all prevalence studies.
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IV PROBLEMS WITH STUDY

COMPARISON

There are difficulties and inconsistencies in the reported
studies, which make comparisons of the direct costs of
obesity in different countries difficult. Some of these
problems are:

1. The use of different BMI cut points for over-
weight and obesity

2. Different obesity-associated diseases used in the
analysis

3. Lack of reliable data sets which enable relative
risks for obesity related diseases, in the specific
community, to be calculated

4. Which cost centers are available (or used) for
cost analysis

5. Great differences in the cost of the health care
system in different countries (in the United
States treatment costs far more than in other
countries)

There is even more variation in the factors or items
used for the calculation of indirect and intangible costs,
and a far greater variation in the health economics
methodology.While it may be possible to use a standard
approach and standard items for the calculation of
direct costs which will allow better comparison (and
one such approach is given below in this chapter), it is
far less likely that a standard approach to indirect or
intangible costs will be developed in the near future.

In the studies described in Table 1 there is variation in
the BMI cut points used. For example, in the study by
Seidell from the Netherlands (16), the costs were cal-
culated for both overweight and obesity, i.e., for a
BMI>25. It is interesting to note that this study esti-
mated that three-quarters of the costs incurred were for
the BMI range 25–30. One percent of health care costs
was due to obesity (BMI>30) itself. In other studies
where a BMI> 30 was used, it was found that up to 7%
of health care expenditure (15) could be attributed to the
direct costs of obesity. In the recent Canadian study,
obesity was defined as a BMI>27 (8). In the incidence
study of Thompson (21), several different BMI values
were utilized as representing the midpoint of the ranges
recommended by the WHO (BMIs of 22.5, 27.5, 32.5,
and 37.5 were used). It is difficult to compare costs
unless a standard definition of obesity is utilized. It is to
be hoped that with the recent publication of the WHO
Technical Report on obesity (24), the standard cut
points for overweight (called ‘‘preobese’’ in the WHO
report) and obesity suggested therein will be utilized.

Different studies use different obesity related dis-
eases. Examples of the diseases included in some of the
studies are given in Table 2. Of course costs will vary
with the number of diseases included as obesity-asso-
ciated and studies, which have chosen, for example, not
to include musculoskeletal diseases will have lower
overall health costs. It is interesting to note than none
of the recent studies have included costs due to non-
alcoholic steatohepatitis (NASH), which it is estimated

Table 2 Diseases Used for Calculation of Costs of Obesity in Various Studies

Disease
United States

(25)
Canada

(8)
France
(10)

United Kingdom
(12)

New Zealand
(14)

Australia
(13)

Type 2 diabetes mellitus X X X X X X
Coronary heart disease X X X

Hypertension X X X X X
Dyslipidemia X X X
Vascular disease X X

Stroke X X X
Gallbladder disease X X X X X
NASH

Cancer
Colon X X X X X
Breast (postmenopausal) X X X X X

Endometrial X X X X X
Osteoarthritis X X X
Venous thrombosis and

pulmonary embolism
X X

Overweight and obesity X
Gout X
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may be the cause of 10% of the cirrhosis in some
societies. The reasons for excluding diseases may be
practical (no data available, or it is difficult to calculate
a local relative risk) or because the disease is not
considered important or costly in a specific locality.
Still, unless a similar list of obesity-associated disorders
is utilized, it will continue to be difficult to compare
studies directly. As research continues and the impact
of obesity on an increasing range of conditions becomes
clearly documented, the evolution of this list of diseases
will continue to create problems in looking at the costs
of obesity either over time or even over publications
from different years. Recent data from the follow-up of
the Cancer Prevention Survey II at the American
Cancer Society indicate that at least 10% of cancer
mortality among men and 15% among women can be
attributed to obesity (BMI 30 or greater) (E. Calle,
personal communication December 2000). This is a far
higher proportion of cancer than previously allocated
to obesity in cost estimates.

One of the problems with doing any cost-of-illness
study is the calculation of the relative risk of any
particular disease in a community. To obtain this there
needs to have been a large population-based study with
both disease presence and BMI recorded. Even better
would be the availability in a community of a number of
such data collections over a period of time. This would
allow the incidence of disease and relationship to obe-
sity to be determined, which would allow the relative
risk of any particular disease to obesity to be calculated.
This relative risk is important, because it allows the
population attributable fraction (PAF) to be calculated.
This latter factor is used in any determination of direct

costs. While the United States has many of these data
available (admittedly mainly from studies with Cauca-
sian populations), other countries and communities do
not have these data readily available. There is therefore
a tendency in studies of the costs of obesity to use
relative risks obtained in communities other than the
one being studied. This does lead to inaccuracy. The
costs obtained can be swayed by the use of a conserva-
tive relative risk (RR), or of a higher one. For example,
the RR of type 2 diabetes mellitus that has been used in
studies ranges between 2.9 and 27.6 (see Table 3). The
choice of a particular RR will obviously influence the
population attributable fraction and hence the final
cost calculated.

The risk of any disease caused by obesity may vary
according to the composition of the population, such as
the ethnic makeup. It appears that the risk of metabolic
disease such as diabetes, hypertension, and dyslipidemia
is particularly influenced by ethnic origin. This may be
due to a greater propensity for abdominal fat distribu-
tion in a given group, or to a specific difference in the
relationship between obesity and the particular disease
in a given population. For example, it appears that the
Chinese population has a greater risk of diabetes, non-
alcoholic steatohepatitis (NASH), and dyslipidemia at
BMI in the preobese range (BMI 25–29.9) than does the
Caucasian population (26). Similarly, the Japanese
population has a far greater risk for hypertension. At
a BMI of 24.9 (in the healthy weight range) the risk for
diabetes is 3.0 and the nadir of risk appears to be at a
BMI of 22.6 (27). Until relative risks of obesity related
diseases are available for more communities, ethnic
groups, and countries, the standard Caucasian RRs will

Table 3 Relative Risk Values for the Obese Population Used in Recent Studies (see Tables 1, 2)

Disease U.S. Canada France New Zealand Australia

Type II diabetes 27.6 4.37 2.9 16.7 16.7
Coronary heart disease 3.5 1.72 — 3.3 3.3

Endometrical Ca 2 2.19 2 2 2
Hypertension 3.9 2.51 2.9 4.3 4.3
Gallstones/gallbladder disease 3.2 1.85 2 10 10

PM breast cancer 1.3 1.31 1.2 1.3 1.3
Colon cancer 1.5 1.16 1.3 1.3 —
Myocardial infarction — — 1.9 — —

Stroke — 1.14 3.1 — —
Venous thrombosis — — 1.5 — —
Hyperlipidemia — 1.41 1.5 — —
Gout — — 2.5 — —

Osteoarthritis — — 1.8 — —
Pulmonary embolism — 2.39 — — —

Ca, cancer; PM, postmenopausal.
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continue to be used, probably with an underestimation
of the true cost of obesity.

Another obvious problem is what cost centers to
include in direct costs. There are a number of obvious
possibilities such as visits to physicians and dietitians,
hospital and laboratory costs, and drug costs. A list of
potential inclusions is given in Table 4. Again, reported
costs of obesity will vary depending on which cost
centers are included and whether appropriate costings
are available in the specific community or country.

There is one final thing that needs to be considered in
any comparison of the costs of obesity. The cost of
health care varies from country to country. That is, the
cost of identical drugs, numbers of physician visits, days
in hospital, and so on, will vary. The populations of
countries also vary. The absolute cost of obesity will
therefore be different in different countries. This is well
shown by comparing the United States with New Zea-
land (Table 1). There is a difference in expenditure of
$45 billion! One way of reducing this difference is to
consider the direct cost of obesity as a percentage of
health care expenditure, but even this will not totally
eliminate discrepancies and differences. Unless there is
identical methodology, the use of appropriate relative
risks and the cost is expressed per head of population, it
will continue to be difficult to compare the cost of
obesity in one country with the cost in another.

DALYs are another possible way of looking at
potential ‘‘costs’’ of obesity. They can be calculated as
the number of years lost due to the premature mortality
caused by obesity plus the number of years of healthy
life lost due to the diseases associated with obesity. The
years of healthy life lost requires the estimation of the
incidence of the obesity related health conditions in a
specified time period. The methodology has been

described by Murray and Lopez (28). In a recent
Australian analysis, obesity itself accounted for 4.3
DALYs, and when this is added to the effect of asso-
ciated risk factors, physical inactivity (f6.8 DALYs),
and lack of fruit and vegetables (f2.7 DALYs), the
obesity associated cluster becomes a disease risk (and
cost) to rival cigarette smoking (12.1 DALYs in men
and 6.8 in women) (29).

V REQUIREMENTS FOR COST

OF OBESITY STUDIES

From the above discussion it can be seen that there are a
number of prerequisites before a meaningful cost of
obesity study can be performed. There needs to be a
good study of the prevalence of obesity (defined using
the WHO’s suggested BMI cut points). In addition, a
standard group of obesity-associated disorders should
be included and it is optimal if there are known local
RRs of these disorders from previous studies. Such
estimates of RR will account for details of ethnic
variation that may otherwise not be fully detailed in
an analysis. If there are no local RRs, then it would be
appropriate to use published values from other coun-
tries, trying as best as possible to match ethnic group-
ings and perhaps using a conservative risk factor as well
as a high value. This approach assumes that the phys-
iological and pathologic consequences of obesity are
consistent across communities, which is not unreason-
able. There also needs to be a standard approach to cost
centers used for direct costs. In this way, it will become
easier to compare costs across countries and perhaps a
little easier to perform the studies themselves if the type
of data utilized is standardized and collected.

To estimate the proportion of disease that could be
prevented by eliminating obesity, we calculate the
population-attributable risk percent (PAR%) or the
population attributable fraction. This is the maximum
proportion of disease attributable to the specific
exposure (such as obesity). PAR% is based on the
incidence of disease in the exposed (i.e., obese group)
as compared with the nonexposed, taking relative
risks from analyses that control for confounders
(e.g., age, smoking, dietary intake, etc.). PAR% is
calculated using

PðRR� 1Þ=1þ Pðrr� 1Þ
where P is the prevalence of exposure in the popula-
tion and RR the relative risk for disease.

A key issue in estimates of the proportion of disease
due to obesity is the reference group. Is the disease

Table 4 Cost Centers Used in Determination of

Direct Costs

Personal health care
Hospital care
Inpatient and outpatient

Public and private
Medical services
GP/primary care consultations

Physicians’ consultations
Dietitians’ consultations
Other allied health professionals’ consultation

Drugs

Laboratory services
Other professional services
Nursing home care
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burden estimated compared to those with a BMI < 25,
who are considered average weight, or is a BMI such as
22 used as the reference for estimation. The choice of
reference group has a substantial impact on the magni-
tude of the relative risk, and hence the estimate of the
proportion of disease due to obesity. As one compares
across studies, the distribution of BMI within the
normal range will thus have influence on the observed
RR. For example, as more of the population ap-
proaches overweight, the comparison of obese versus
normal weight is not as extreme a comparison as when
most of the population is in the lean end of normal
weight. Further, for many obesity-related conditions,
even within the normal weight range there is evidence of
increased risk with increasing BMI in the normal range.
[See figures in Willett et al. (30).] For example, in the
prospective Nurses’ Health Study, 10-year risk of being
diagnosed with diabetes for obese women (30–34.9 kg/
m2) is 10 (8.4–11.8) times that of women in the average
BMI range (<25). However, when BMI of 18.5–21.9 is
used as the comparison, the relative risk among obese
women is 17.8 (13.4–23.7). In sum, using average weight
(BMI < 25) as the reference for estimating the burden
of obesity will underestimate the true proportion of
disease that is attributable to excess adiposity.

Costs of services must also be estimated. As noted
earlier in this chapter these include direct, indirect, and
intangible costs. For the direct costs of health services it
is important to distinguish true resource costs from
typical charges. In countries with systems of health care
that use cost accounting and document resource allo-
cation, estimates for the resources used to treat obesity
and its consequences are more readily available than in
health systems that use mixed models of care including
fee for service.

Indirect costs represent the values of lost rather than
diverted resources as a result of temporary illness,
permanent disability, or premature death. Thus they
represent the value of productivity that is lost forever.
To estimate these costs one requires the earnings of
individuals, the level of labor force participation, and
the level of premature mortality according to level of
BMI or obesity. These labor force data are typically
generated by government agencies.

For both direct and indirect costs, comparisons
across nations will again be confounded by the value
of resources allocated to health care and the relative
earnings of individuals and labor force participation.
However, despite these limitations, the percentage of
the health expenditures consumed by obesity-related
conditions still represents a more intuitive measure
than the actual costs of obesity in a given country.

The use of the percentage of health expenditures helps
control for the population size.

VI CONCLUSION

The obesity epidemic is continuing to increase in mag-
nitude globally. Estimates of the costs of obesity pro-
vide one measure that integrates the public health
burden of this preventable condition and its health
consequences. Two factors drive the economic burden
of obesity—the prevalence of obesity, and the range of
conditions that arise as a consequence of obesity. Uni-
form classification of obesity will lead to more consis-
tent estimation of the costs of obesity. The prevalence
of obesity is, however, expected to rise in many coun-
tries given the recent global trends. While published
estimates may considerably underestimate the true
burden of obesity, the substantial proportion of health
expenditures consumed by conditions that arise as a
consequence of obesity indicates that perhaps greater
priority should be placed on prevention of excess
weight gain and the development of obesity. Future
studies of the costs of obesity should strive to adhere to
the methodologic points summarized in this chapter.
However, as new conditions become clearly linked to
obesity as our understanding of the health consequen-
ces of obesity continue to broaden, the costs of disease
will likely also increase purely as a consequence of these
new insights, regardless of the proportion of the pop-
ulation who are obese.
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I INTRODUCTION

There are about 250 million adults who are obese
and at least 500 million who are overweight in the
world at the moment (1). Given these numbers, it
is not surprising that the genetics of human obesity
is receiving increasing attention. The interest in the
causes of the present epidemic of obesity in the
Western world and the promise of finding new
potentially prophylactic and therapeutic means are
largely responsible for this new interest. Excess
weight has also become the most important public
health problem in the United States and Canada,
and this has contributed enormously to the present
interest for the molecular and genetic causes of the
problem. Several lines of research are currently being
explored in the effort to identify the genes involved
in causing obesity, rendering someone susceptible to
obesity, or determining the metabolic response to an
obese state.

This chapter will cover the followingmajor topics: (1)
the obesity phenotypes; (2) the findings from genetic
epidemiology studies; (3) specific genes and association
or linkage with obesity; (4) genotype-environment inter-

action effects; and (5) a brief discussion on useful
strategies to undertake the genetic dissection of human
obesity. The evidence for a role of genetic factors in
energy and macronutrient intake as well as in the
various energy expenditure components (resting meta-
bolic rate, thermic response to food, nutrient partition-
ing, and energy expenditure associated with physical
activity) will not be reviewed in any detail here. Two
other chapters are dealing with topics of relevance for
the understanding of the role played by genetic differ-
ences in obesity. One is Chapter 11 by York that reviews
the rodent models, including the evidence from trans-
genics and knockouts. The other is Chapter 10 by Chua
et al., which covers in detail the current understanding
of the biology of single gene defects leading to obesity in
rodents and humans.

II THE PHENOTYPES

Interest in the genetics of human obesities has
increased considerably over the past decade partly
because of the realization that some forms of obesity
were associated with higher risks than others for
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various morbid conditions and mortality rate. Obesity
can no longer be seen as a homogeneous phenotype.

Obesity is characterized by excess body mass or body
fat without any particular reference to the concentration
of fat in a given area of the body. Many obese individ-
uals are characterized by an excess amount of subcuta-
neous fat on the trunk, particularly in the abdominal
area, the so-called android obesity, or male type of fat
deposition. Another type is characterized by an exces-
sive amount of fat in the abdominal visceral area and
has been labeled abdominal visceral obesity. The last is
known as gluteofemoral obesity and is observed pri-
marily in women (gynoid obesity). Thus, excess fat can
be stored primarily in the truncal-abdominal area or in
the gluteal and femoral area. This implies that a given
body fat content, say, 30% or 30 kg, may exhibit
different anatomical distribution characteristics.

Strictly speaking, one should therefore talk about
the obesities rather than obesity. But the situation is
even more complex as the phenotypes are not of the
simple Mendelian kind. Segregation of the genes is not
readily perceived, and whatever the role of the genotype
in the etiology, it is generally attenuated or exacerbated
by nongenetic factors. In other words, variation in
human body fat is caused by a complex network of
genetic, nutritional, metabolic, energy expenditure,
psychological, and social variables, all playing a role
in the modulation of energy balance and nutrient
partitioning. Figure 1 depicts the key determinants
and suggests how genetic differences can lead to obesity
over time.

It is important to recognize that these phenotypes are
not fully independent of one another, as shown by the
data of Figure 2. The level of covariation among the

various body fat phenotypes ranges from f30% to
f50% and perhaps more in some circumstances. One
implication of the above is that studies designed to
investigate the causes of the individual differences in
the various body fat phenotypes, including genetic
causes, should control for these levels of covariation.

In clinical settings, the body mass index (BMI),
measured in kg/m2, is commonly used to assess the
normality of body weight in patients. This is perfectly
reasonable as most of the evidence from large-scale
prospective studies that have associated obesity with
morbidities and premature death is based on the BMI.
The correlation between the BMI and total body fat or
percent body fat is high in large and heterogeneous
samples. The predictive value of the BMI is, however,
much less impressive in a given individual, especially
when the BMI is <30 kg/m2 or so. Thus, the BMI is an
indicator of heaviness and only indirectly of body fat
(2,3). Any estimate of the genetic effect on BMI should
not necessarily be considered valid for adiposity, as it is
influenced in unknown proportions by the contribution
of the genotype to fat mass, muscle mass, skeletal mass,
and other components as well. Nevertheless, the BMI is
worth considering because of its clinical validity, sim-
plicity to measure, and widespread use.

The data summarized in Table 1 indicate why the
BMI is only a partially acceptable surrogate measure
of body fat content. The variance explained by BMI in
percent body fat derived from underwater weighing in
large samples of adult men and women, 35–54 years
of age, attains only f40%. At the extremes of the
body fat content distribution, BMI is more closely
associated with percent body fat; that is, the variance
explained may reach 60% and more. This is not

Figure 1 Diagram of the determinants of positive energy balance and fat deposition with indication about the sites of action of a
genetic predisposition.
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entirely satisfactory as genetic studies deal with indi-
vidual differences in the phenotype of interest and, for
them to be successful, the phenotype of a complex
multifactorial trait must be measured with a reason-
able degree of precision.

That percent body fat remains quite heterogeneous at
any level of BMI is further illustrated in Table 2, based
on data from middle-aged adult males. For instance, in
27 men with a BMI of 28–30, the mean percent body fat
was 28, but the range varied from 15% to 41%. We
have observed the same phenomenon and with as
much heterogeneity in women at all levels of BMI.

The same point can be made for regional fat distri-
bution phenotypes. Thus the correlation between the
waist-to-hip circumferences ratio (WHR) and ab-
dominal visceral fat is positive and generally significant
in various populations, but the association is charac-

terized by a wide scatter of scores. For instance, in a
study of 51 adult obese women, the correlation between
WHR and CT-assessed abdominal visceral fat reached
0.55 (4). However, for aWHR off0.80, the visceral fat
area at the L4-L5 level ranged from a low off50 cm2 to
a high of f200 cm2. Even though the covariation
between total body fat and abdominal visceral fat is
statistically significant, the relationship is also charac-
terized by a high degree of heterogeneity. As shown in
Table 3, when BMI and percent body fat (%BF) are
constrained to narrow ranges, one finds generally a
threefold range for the amount of CT-assessed abdomi-
nal visceral fat in adult males. Thus in 16 men with BMI
values of 30 or 31 and a percentage of body fat ranging
from 30 to 33, mean abdominal visceral fat was 153 cm2

with a range from 77–261 cm2. Again, the same lack of
coupling among BMI,%BF, and abdominal visceral fat
was observed in adult women.

Table 2 Heterogeneity of Body Fat Content for a Given
BMI Class in Males, 35–54 Years of Age

Percent body fata

N BMI Mean Min. Max.

27 20–22 17 8 32
76 23–25 22 11 35
46 26–27 26 16 40

27 28–30 28 15 41

a From underwater weighing.

Source: Ref. 219.

Table 1 Percent Variance (r2 � 100) Explained by BMI in
Body Composition in Adults, 35–54 Years of Age

BMI in 342 males BMI in 356 females

Percent fat 41 40

Fat-free mass 37 25
Sum 6 skinfolds 58 67
TER 10 8

Percent fat and fat-free mass were derived from underwater weighing

assessment of body density. TER = ratio of trunk to extremity

skinfolds. Trunk skinfolds are the sum of subscapular, suprailiac, and

abdominal skinfolds. Extremity skinfolds are the sum of triceps,

biceps, and medial calf skinfolds.

Source: Ref. 219.

Figure 2 Common variance between three body fat phenotypes. Percent fat estimated from underwater weighing: truncal-
abdominal fat assessed from skinfolds or CT scans; abdominal visceral fat estimated by CT scan at the L4/L5 vertebrae. (From
Ref. 219.)
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The above data suggest that even though it may be
necessary to use the BMI or waist circumference for the
prediction of abdominal visceral fat in clinical settings,
such practice is not desirable in the context of scientific
research designed to understand the causes and meta-
bolic consequences of variation in body fat content or in
fat topography.

In summary, useful data for the understanding of the
genetics of obesity are likely to be obtained if the
phenotype falls into one of the following categories: af-
fected (obese) vs. unaffected (nonobese); BMI; indica-
tors of adiposity (fat mass, percentage body fat, sum of
several skinfolds); indicators of leanness (fat-free mass);
indicators of abdominal obesity (abdominal fat,
abdominal visceral fat, waist girth, sagittal diameter).

III GENETIC EPIDEMIOLOGY

OF HUMAN OBESITY

There are several considerations in genetic epidemio-
logical studies of obesity (5). First, obesity is not a
simple Mendelian trait. For example, expression of
genetic propensities may depend on appropriate envi-
ronmental stimulation (i.e., gene-by-environment inter-
action), or developmental stage (i.e., age dependency),
or sex (i.e., sex limited). Second, obesity is not a
homogeneous trait stemming from a unique gene or
set of genes. Third, the trait measured may index other
traits such as bone and muscle mass, which also may
have separate genetic determinants.

Genetic epidemiological methods are useful for
addressing specific questions in human obesity, such
as determining if there are genetic factors underlying an
obesity phenotype, characterizing the sources of the
genetic influence through maternal vs. paternal trans-

mission, and whether the trait is sex limited or age
dependent, or if there is assortative mating, etc. Other
strategies include documenting the presumptive causes
of obesity (e.g., energy intake or energy expenditure),
and considering their complex biological and behav-
ioral interactions in a network design (i.e., multivariate
genetic epidemiological studies). Here, we briefly
describe the types of data and analytical methods
commonly used by genetic epidemiologists, and then
review the findings for several human obesity traits.

A Review of Methods

1 Multifactorial

Genetic epidemiological studies of human obesity use a
variety of family designs and a variety of statistical
methods to partition the underlying phenotypic var-
iance of a trait into genetic and environmental sources.
In multifactorial studies (i.e., with polygenic and com-
mon environmental effects), the basic model is:

VP ¼ VG þ VC þ VE

where the phenotypic variance (VP) is due to the additive
genetic variance (VG), common (shared) environmental
variance (VC), and the residual or nonshared environ-
mental variance (VE). These factors can be partitioned,
in turn, into more specific environmental (sibling vs.
spouse vs. between generations) and genetic (gene-by-
environment and gene-by-gene interactions, dominance
deviations) components. The genetic heritability of a
trait is expressed as the percent of total phenotypic
variance due to the additive genetic effects (h2=VG/
VP), and the common environmental component is the
percent due to the common environment (c2=VC/VP).

The specific parameters that can be estimated
depend on the study design, with typical designs
including family (i.e., parents and their biological off-
spring), twin, and adoption studies. Design issues have
been extensively covered elsewhere (e.g., 6–10), so we
will only briefly review them here. For each study
design, analytical methods range from relatively simple
ones such as computing the familial correlations to
more complex model-fitting using path or variance
components analysis (11). Each design allows for esti-
mation of specific types of familial effects, although
each has underlying assumptions that must be recog-
nized. For example, in the traditional family study
(12,13) parents and offspring share both genes and
familial environments to some degree, so it is difficult
to separate G and C components (see 7). However,
results from family studies are more easily generalized
to the population at large, and other sources of familial

Table 3 Variation in Amount of Abdominal Visceral Fat
for Given BMI and %BF Classes in Males, 35–54 Years

of Age

Visceral fat in cm2

N BMI % Fat (range) Mean Min. Max.

15 21–22 14–18 58 31 84
19 24–25 19–24 89 50 140

18 27–28 25–29 133 63 199
16 30–31 30–33 153 77 261

Abdominal visceral fat measured by CT scan at the L4–L5 level.

Percent fat derived from underwater weighing.

Source: Ref. 219.
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variance (e.g., spouse resemblance and additional sib-
ship resemblance) can be investigated. Twin studies
(14–16) allow for separation of the G component since
monozygotic (MZ) twins share 100% of their genes
while dizygotic (DZ) twins share half on the average.
Major concerns with twin data are that MZ twins
may share more common environmental effects (and
they do share more dominance deviations) than do DZ
twins that can inflate the genetic component (see 6).
The correlation between MZ twins reared apart is
a relatively unbiased estimate of the broad-sense
heritability (additive+ dominance), although one must
assume that the twins were reared in uncorrelated
environments. Full adoption studies (see 17) are useful
in separating common environmental effects since
adoptive parents and their adopted offspring (and
adopted sibling pairs) share only environmental sources
of variance while the adoptees and their biological
parents share only genetic sources of variance. As-
sumptions underlying adoption designs include no
selective (or late) placement into the adoptive home
and that adoptive families are representative of the
general population.

Longitudinal assessment (i.e., repeated measures
across time) can be applied to any of the family, twin,
or adoption designs (see 18–20). Longitudinal study
designs are particularly important in obesity research
since it is generally recognized that fat accumulates with
time, and trends in the familial effect may arise through
secular environmental effects, or through age-limited
developmental effects of genes as for example the
growth spurt at puberty (21). Even more importantly,
with body fat accretion up to a new body mass level
(e.g., a given obesity level), the causes of the positive
energy balance leading to obesity may be progressively
masked over time. For instance, an apparent deficit in
resting energy expenditure is compensated by an
increase in the metabolic mass associated with weight
gain (22), similarly for an apparent deficit in lipid
oxidation rate which is eliminated when the gain in fat
mass has been large enough to ensure a greater reliance
on lipid oxidation (23). It adds a dimension to the
complex task of understanding the causes of obesity
and defining the role of genes. To unmask the true
susceptibilities to be in positive energy balance, one
has to rely on longitudinal data that will make it possible
to define the relevant predictors of obesity and to specify
their genetic and molecular basis.

Multivariate assessment is another important design
issue in the study of obesity since there are likely to be
multiple relevant predictors, each having unique deter-
minants. Multivariate genetic epidemiology studies

simultaneously examine several traits and determine
the extent to which the separate measures may be
influenced by unique and common genes and environ-
ment. The fundamental concept underlying multivari-
ate studies is cross-trait resemblance between pairs of
relatives; for example, trait 1 in parents with trait 2 in
offspring (see 24). These methods are useful in docu-
menting the complex behavioral and biological inter-
actions in a network design.

2 Major Gene

Multifactorial effects typically arise from the action of
many genes each having a small and additive influence
on the phenotype (i.e., polygenic) that lead to a single
normal distribution. However, other types of genetic
effects are not necessarily additive (i.e., major gene) and
are characterized as a mixture of distributions. Segre-
gation analysis is used to determine whether the trait
is due to a major gene that is segregating in families
according to Mendelian expectations. In the mixed
model (25), the phenotype is composed of the indepen-
dent and additive contributions from a major gene
effect, a multifactorial background, and a unique envi-
ronmental component (residual). The major effect is
assumed to result from the segregation at a single locus,
and the transmission pattern from parents to offspring
is tested to verify if the gene is segregating according to
Mendelian expectations. Some models also allow for
genotype-dependent covariate effects [e.g., PAP (26,27),
and REGRES (28)]. For example, the major gene effect
may depend on the age of the individual (i.e., genes
turning on or off over time) or may have different effects
depending on sex. Pleiotropic (i.e., single gene influenc-
ing multiple traits) and oligogenic (i.e., multiple genes)
models also can be tested with multilocus-multitrait
segregation models (e.g., 29).

3 Combined Models

Complex traits such as obesity involve multiple inter-
correlated phenotypes, and it is highly unlikely that
we will discover anything close to ‘‘the gene’’ which
explains most of the variation for the phenotype.
Instead, we expect genetic effects in the oligogenic
(few genes) to polygenic (many genes) range, with an
elaborate interplay between many factors, including
gene-gene and gene-environmental interactions. While
a lot of analytic progress has been made using the
strategies discussed so far, a combined approach (see
30) is potentially much more powerful and holds great
promise for these traits. Combined approaches
describe models that include multiple sources of var-
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iance, as for example combined multifactorial and
segregation models (31–33) and combined segregation
and linkage models (28,34,35). Indeed, a combined
approach may be the only way to disentangle the
interplay of the multiple underlying processes for
obesity traits.

B Review of Findings

1 Excess Body Mass or Body Fat

While most multifactorial studies of the BMI show
significant familial resemblance, the relative impor-
tance of genes and common familial environments
varies. Some studies place more importance on the
familial environment as compared to polygenic effects
(36–40), and others suggest that genetic effects out-
weigh those of the familial environment (41–49). For
example, in MZ twins reared apart (44,48,50), the
correlations were very similar to those for MZ twins
reared together, suggesting that the shared familial
environment had little or no effect. Two of the larger
studies of the BMI [Norwegian sample of f75,000
individuals (51) and >9000 individuals in Tecumseh,
Michigan] (40), suggest that the total additive familial
effect may be between 30% and 40% in families. A
somewhat higher estimate (69%) was reported in the
large Virginia study of adult twins and their families
(nearly 30,000 indviduals) (52).

Table 4 describes the trends in the heritability levels
based upon a large number of studies (53). The results
are generally quite heterogeneous. The heritability level
is highest with twin studies, intermediate with nuclear
family data, and lowest when derived from adoption
data. When several types of relatives are used jointly in
the same design, the heritability estimates typically

cluster around 25–40% of the age- and gender-adjusted
phenotype variance. There is no clear evidence for a
specific maternal or paternal effect, and the common
familial environmental effect is marginal. The table is
based on the trends inf50 different studies. In most of
these studies, the BMIwas the phenotype considered. In
some cases, skinfolds or estimates of %BF or fat mass
were used.

Temporal trends (or age effects) in the familial
resemblance for BMI have also been explored (54).
Recent studies suggest that age trends in the familial
effects of BMI may be primarily genetic in nature and
that the trends diverge in different directions between
childhood and adulthood. Two studies using path
analysis techniques (20,55) suggested that the familial-
ity increased from birth to adulthood, which Cardon
(55), using adoptive and biological families measured
longitudinally, attributed to genetic rather than envi-
ronmental factors. In studies assessing familiality in
adults (56–59), there was a general decrease in the
genetic heritability during adulthood. Fabsitz et al.
(57) suggested that there were two major genetic effects
in male twins, one increasing at or prior to age 20, the
other decreasing after age 20. Similarly, a longitudinal
analysis of Polish twins suggested a peak additive
genetic effect at age f18 in males and f14 in females
(60). In fact, the largest estimates of genetic heritability
for BMI (>80%) are reported in twins during this age
range (e.g., 61). These and other studies (e.g., 62)
suggest that although some of the same genes are
active across time, there are unique genetic factors
active as well.

Different genes may also be responsible for adipos-
ity in the normal or moderate range as versus those
leading to massive obesity (63 for review). A common
observation is that the obese cases in familial studies
of obesity is, on the average, 10–15 BMI units heavier
than his/her mother, father, brothers, or sisters (64–
66). Such a large difference between a proband and
his/her first-degree relative is suggestive of the contri-
bution of a recessive gene having a large effect. In
further support, the risk for obesity when a first-
degree relative is extremely obese (BMI z 40) is higher
than when a relative is moderately obese (BMI z 30).
For example, Price and Lee (67) reported risks of five
to nine times higher when there was an extremely
obese relative, as compared to a risk of f2 if the
relative was moderately obese. This supports not only
a major gene hypothesis, but also that the genetic
factors leading to extreme obesity may not be the same
as those leading to moderate obesity. These hypoth-
eses can be tested by complex segregation analysis.

Table 4 Overview of the Genetic Epidemiology of Human

Body Fat/Obesity

Heritability/
transmission

Maternal/
patenal

Familial
environment

Nuclear
families

30–50 No Minor

Adoption
studies

10–30 Mixed
results

Minor

Twin

studies

50–80 No No

Combined
strategies

25–40 No Minor

Source: Ref. 53.
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While there is a great deal of heterogeneity among the
major gene studies for the BMI (or some measure
of height-adjusted weight) using segregation analysis
(see Table 5), support for a major gene generally
resulted when studies incorporated very large sample
sizes (68–70), used samples selected for obesity (7,72),
or allowed for genotype-dependent effects in the major
gene component (73).

The mixed evidence for a major gene for BMI may
be related to several factors, including gene-environ-
ment or gene-gene (epistasis) interactions. Gene-envi-
ronment interactions occur when some genotypes are
more susceptible than others; i.e., expression may
depend on having an ‘‘obesity’’ gene and exposure to
the relevant environmental conditions. Evidence of
this is suggested in the experiments on MZ twins’
response to overfeeding (see next section). Major gene
effects may also depend on ethnicity (68,74–77). For
example, Price and Lee (67) reported higher familial
risks for extreme obesity in Caucasians (5–9 times
higher) than in African-Americans (3–5 times higher).
Evidence for major genes also varies depending wheth-
er age and/or sex are factored into the model (78).
For example, in one family study the major gene
evidence for BMI was ambiguous (79) until geno-
type-dependent effects of age and sex were considered
(73). It is also noted that somewhat different modes
of inheritance result among the different studies. For
example, while some studies reported no evidence for
a major gene (77,79–81), most suggested a recessive
locus and a few supported a codominant effect (76). In
fact, Price et al. (78) reported a recessive mode when
pre– vs. post–WW II–born sibships were analyzed
together, but found that a codominant mode best
characterized each cohort when analyzed separately.
This finding further supports temporal trends (as
discussed above) due to cohorts.

Multiple genes, or gene-gene interactions, may also
account for the mixed evidence for BMI. For example,
Hasstedt et al. (82) and Borecki et al. (83,84) both re-
ported evidence consistent with at least two loci under-
lying BMI, one leading to extreme obesity and the other
for adiposity in the normal-to-moderate range. These
findings are appealing given the nature of the BMI
measurements; that is, the BMI is a general measure of
body build and incorporates fat mass, muscle mass, and
skeletal mass. Evidence suggests that there may be
major gene effects for fat mass (85,86) and skeletal
tissue (87). Moreover, other studies (88) suggest that
the major effect of the gene for BMI may be mediated
by energy intake and energy expenditure of activity that
may also have underlying major gene influences (89).

Further, Mitchell et al. (90) and Kaplan et al. (91)
suggested that exercise or activity levels had the poten-
tial to suppress the (polygenic) heritability of BMI.
Whether the same major gene affects several of these
traits (i.e., genetic pleiotropy) or the gene primarily
affects one trait (e.g., fat mass or energy metabolism)
that in turn affects the BMI, remains to be investigated.
Another indicator of overall fatness that is correlated
with the BMI is the waist circumference (e.g., 92).
Heritability for waist circumference ranged from 46%
to 51% in two family studies (93,94), but dropped to
<30% after adjusting for BMI in the former study.
Thus, similar to BMI, waist circumference appears to
index both overall fatness as well as some degree of
fat distribution.

Relatively less is known about direct measures of
general obesity (i.e., fat mass [FM] and %BF). In
Utah families, Ramirez (95) reported that the familial-
ity for %BF (measured with bioelectrical impedance)
was f25%. In the Quebec Family Study (QFS), the
familiality for %BF (measured with underwater
weighing) was 40% and dropped slightly to 36% after
adjusting for energy intake and energy expenditure
(96,97). In Quebec twins and adopted and biological
families, the genetic heritability for each of %BF and
FM was f25%, with an additional 30% due to
familial environmental effects (98). Together, these
studies suggest that between 25% and 40% of the
variance in total fat mass may be genetic due to
additive genetic effects.

Somewhat more variance in total fat is accounted for
when both multifactorial and major gene effects are
included in the models. In the QFS (86), the HERIT-
AGE Family Study (99) and the San Antonio Family
Heart Study (85), f60% of the variance in FM was
attributable to familial factors. In the QFS and the
San Antonio studies, a recessive locus accounted for
up to 45% of the variance (depending on sex), with an
additional 22–26% of the phenotypic variance due to
(additive) multifactorial effects. However, in the HER-
ITAGE study, the entire familial effect of about 60%
was due to a recessive locus with little additional
variance due to other familial sources. One of the
primary differences among these studies was that in
HERITAGE all subjects were selected to be sedentary
at baseline (i.e., ‘‘environmental’’ effects due to habitual
activity levels were controlled for) while the QFS and
San Antonio studies presumably included a range of
habitual activity levels among the subjects. Thus, a
comparison among these three studies with a greater
impact of the major gene in the sedentary sample
indirectly supports contentions by Mitchell et al. (90)

Genetics of Human Obesity 163



T
a
b
le

5
S
eg
re
g
a
ti
o
n
S
tu
d
ie
s
o
f
O
b
es
it
y

S
o
u
rc
e

S
a
m
p
le

In
d
iv
id
u
a
ls

(f
a
m
il
ie
s)

P
h
en
o
ty
p
e

%
V
a
ri
a
n
ce

fo
r

m
a
jo
r
g
en
e

%
V
a
ri
a
n
ce

fo
r

m
u
lt
i-
fa
ct
o
r

N
o
te
s

B
M
I
o
r
b
o
d
y
fa
t

K
a
rl
in

(8
1
)

L
R
C

1
1
6
7
(1
2
3
)

B
M
I

N
o

A
sc
er
ta
in
ed

a

Z
o
n
ta

(7
7
)

It
a
li
a
n

(1
7
9
)

B
M
I

N
o

A
sc
er
ta
in
ed

b

P
ri
ce

(6
9
)

L
R
C

2
9
3
5
(9
6
1
)

B
M
Ic

1
4
%

3
4
%

A
sc
er
ta
in
ed

a

P
ro
v
in
ce

(7
0
)

T
ec
u
m
se
h

9
2
2
6
(3
2
8
1
)

B
M
I

2
0
%

4
1
%

O
ff
sp
ri
n
g

2
0
%

P
a
re
n
ts

N
es
s
(6
8
)

L
R
C

w
h
it
e

3
9
2
5
(8
6
1
)

B
M
I

1
4
%

3
4
%

L
R
C

b
la
ck

2
3
1
(6
0
)

N
o

5
0
%

M
o
ll
(7
1
)

M
u
sc
a
ti
n
e

1
3
0
2
(2
8
4
)

B
M
I

3
5
%

4
2
%

A
sc
er
ta
in
ed

d

T
ir
et

(7
6
)

F
re
n
ch

2
5
3
4
(6
2
9
)

B
M
Ie

N
o

3
5
–
4
0
%

R
ic
e
(7
9
)

Q
F
S

1
2
2
3
(3
0
1
)

B
M
I

N
o

4
2
%

B
o
re
ck
i
(7
3
)

Q
F
S

1
2
2
3
(3
0
1
)

B
M
I

Y
es

f
3
0
%

G
en
o
ty
p
e-
d
ep
en
d
en
t

P
ri
ce

(7
8
)

P
IM

A
In
d
ia
n
s

2
6
2
5
(6
1
8
)

B
M
I

Y
es

g
R
ec
es
si
v
e
(c
o
m
b
in
ed

co
h
o
rt
s)

v
s.
co
d
o
m
in
a
n
t
(s
ep
a
ra
te
ly

b
y
co
h
o
rt
s)

P
ri
ce

(7
5
)

L
R
C

w
h
it
e

(4
0
3
)

B
M
I

1
2
%

6
6
%

L
R
C

b
la
ck

(2
9
)

3
4
%

5
3
%

H
a
ss
te
d
t
(8
2
)

U
ta
h

6
1
6
(4
2
)

B
M
I

3
3
%

3
5
%

2
L
o
ci
,
ex
tr
em

e
v
s.
m
o
d
er
a
te

o
b
es
it
y
,
a
sc
er
ta
in
ed

h

G
in
sb
u
rg

(7
4
)

K
ir
g
h
iz
ia
n

3
9
7
(7
4
)

B
M
I

1
7
%

N
o

T
u
rk
m
en
ia
n

5
5
8
(1
9
7
)

4
0
%

N
o

C
h
u
v
a
sh
ia
n

5
1
6
(1
3
5
)

4
0
%

N
o

Is
ra
el
i

6
7
2
(1
6
5
)

3
0
%

N
o

M
ex
ic
a
n

1
7
4
2
(8
7
)

1
4
%

1
9
%

B
o
re
ck
i
(8
4
)

N
H
L
B
I-
F
H
S

ra
n
d
o
m

2
4
6
1
(5
4
1
)

B
M
I

4
4
%

3
0
%

G
en
et
ic

h
et
er
o
g
en
ei
ty

i

R
ic
e
(7
2
)

S
O
S

1
1
2
0
4
(2
5
8
0
)

B
M
I

8
–
3
4
%

(a
g
e)

l
1
7
–
2
4
%

(a
g
e)

A
sc
er
ta
in
ed

j
a
g
e
=

g
en
o
ty
p
e-

d
ep
en
d
en
t

G
in
sb
u
rg

(1
1
5
)

K
ir
g
h
iz
ia
n

3
3
5
(7
1
)

P
C
2
(f

B
M
I)

3
7
%

0
P
ri
n
ci
p
a
l
co
m
p
o
n
en
ts

o
f

a
n
th
ro
p
o
m
et
ri
cs

T
u
rk
m
en
ia
n

6
0
7
(2
0
1
)

4
4
%

0
C
h
u
v
a
sh
ia
n

4
9
3
(1
3
4
)

4
0
%

9
%

Bouchard et al.164



F
ei
to
sa

(8
8
)

In
d
ia

1
6
9
1
(4
3
2
)

B
M
I

3
7
%

5
3
–
8
%

O
ff
sp
ri
n
g
-p
a
re
n
ts

B
M
I-
ee
,
ei
k

N
o

8
0
%
–
1
4
%

O
ff
sp
ri
n
g
-p
a
re
n
ts

C
o
li
ll
a
(2
2
0
)

A
m
.
b
la
ck

3
1
5
(9
5
)

B
M
I

5
2
%

0
C
o
d
o
m
in
a
n
t

N
ig
er
ia
n

1
1
5
9
(4
0
0
)

4
2
%

l
0

R
ic
e
(8
6
)

Q
F
S

6
1
9
(1
7
5
)

%
B
F

4
5
%

2
2
%

F
M

4
5
%

2
6
%

C
o
m
u
zz
ie

(8
5
)

M
ex
ic
a
n
-A

m
.

5
4
3
(2
6
)

F
M

3
5
–
4
2
%

2
0
–
3
5
%

M
a
le
s-
fe
m
a
le
s

R
ic
e
(9
9
)

H
E
R
IT

A
G
E

w
h
it
e

4
3
8
(8
6
)

F
M

6
4
%

0
B
a
se
li
n
e

L
ec
o
m
te

(2
2
1
)

F
re
n
ch

9
1
3
(2
2
0
)

F
M
-h
t

N
o

4
7
%

S
ex
-d
ep
en
d
en
t

B
o
re
ck
i
(8
3
)

Q
F
S

1
6
3
0
(3
0
0
)

B
M
I

F
M

6
4
%

4
7
%

2
P
le
io
tr
o
p
ic
/o
li
g
o
g
en
ic

lo
ci
—
7
8
%

o
f
co
v
a
ri
a
n
ce

R
ic
e
(1
2
0
)

H
E
R
IT

A
G
E

w
h
it
e

4
4
0
(9
8
)

F
M

3
1
%

N
o

T
ra
in
in
g
re
sp
o
n
se

d
o
m
in
a
n
t

U
p
p
er

o
r
lo
w
er

b
o
d
y
fa
t

P
a
g
a
n
in
i-
H
il
l
(2
2
2
)

S
-l
eu
t

7
8
4
(8
9
)

T
ri
ce
p
s
S
F

8
3
%

S
u
b
sc
a
p
u
la
r

2
6
%

Z
o
n
ta

(7
7
)

It
a
li
a
n

(1
7
9
)

D
is
cr
im

in
a
n
t

sc
o
re

m
Y
es

A
sc
er
ta
in
ed

b
d
o
m
in
a
n
t

H
a
ss
te
d
t
(3
5
)

U
ta
h

7
4
4
(5
9
)

R
F
P
I

4
2
%

1
0
%

A
sc
er
ta
in
ed

n

P
ro
v
in
ce

(7
0
)

T
ec
u
m
se
h

(3
2
8
1
)

T
E
R

N
o

B
o
re
ck
i
(5
4
)

Q
F
S

1
2
2
3
(3
0
1
)

T
E
R
-f
m

3
7
%

3
9
%

S
F
6
-f
m

3
4
%

3
6
%

T
ru
n
k
S
F
-f
m

N
o

—
%

F
ei
to
sa

(1
1
4
)

In
d
ia

1
6
9
1
(4
3
2
)

T
E
R

3
4
%

2
5
%

P
a
re
n
t-
o
ff
sp
ri
n
g

T
E
R
-e
e,
ei

3
4
%

2
5
%

T
E
R
-s
f

3
5
–
5
1
%

l
6
1
–
1
7
%

G
in
sb
u
rg

(1
1
5
)

K
ir
g
h
iz
ia
n

3
3
5
(7
1
)

P
C
1

5
5
%

9
%

P
ri
n
ci
p
a
l
co
m
p
o
n
en
ts

o
f

a
n
th
ro
p
o
m
et
ri
cs

T
u
rk
m
en
ia
n

6
0
7
(2
0
1
)

(f
S
F
)

5
0
%

N
o

C
h
u
v
a
sn
ia
n

4
9
3
(1
3
4
)

4
4
%

N
o

G
in
sb
u
rg

(1
1
5
)

K
ir
g
h
iz
ia
n

T
u
rk
m
en
ia
n

3
3
5
(7
1
)

6
0
7
(2
0
1
)

P
C
3
(f

in
te
rn
a
l

u
p
p
er

v
s.
lo
w
er
)

5
7
%

3
3
%

4
%

P
ri
n
ci
p
a
l
co
m
p
o
n
en
ts

o
f

a
n
th
ro
p
o
m
et
ri
cs

C
h
u
v
a
sn
ia
n

4
9
3
(1
3
4
)

3
5
%

N
o

N
o

G
in
sb
u
rg

(1
1
5
)

K
ir
g
h
iz
ia
n

3
3
5
(7
1
)

P
C
4
(f

su
b
cu
ta
n
eo
u
s

u
p
p
er

v
s.
lo
w
er
)

6
0
%

N
o

P
ri
n
ci
p
a
l
co
m
p
o
n
en
ts

o
f

a
n
th
ro
p
o
m
et
ri
cs

T
u
rk
m
en
ia
n

6
0
7
(2
0
1
)

3
0
%

N
o

C
h
u
v
a
sn
ia
n

4
9
3
(1
3
4
)

3
0
%

N
o

Genetics of Human Obesity 165



T
a
b
le

5
(c
o
n
ti
n
u
ed

)

S
o
u
rc
e

S
a
m
p
le

In
d
iv
id
u
a
ls

(f
a
m
il
ie
s)

P
h
en
o
ty
p
e

%
V
a
ri
a
n
ce

fo
r

m
a
jo
r
g
en
e

%
V
a
ri
a
n
ce

fo
r

m
u
lt
i-
fa
ct
o
r

N
o
te
s

A
n
(1
0
5
)

H
E
R
IT

A
G
E

4
8
2
(9
9
)

S
F
6

4
7
%

3
0
%

T
E
R

5
4
%

1
7
%

A
d
d
it
iv
e

T
E
R
-s
f

5
6
%

1
8
%

A
d
d
it
iv
e

W
H
R

4
8
%

N
o

A
d
d
it
iv
e

W
H
R
-s
f

N
o

5
0
%

F
ei
to
sa

(1
0
6
)

N
H
L
B
I-
F
H
S
ra
n
d
o
m

2
7
1
3
(1
0
3
8
)

W
H
R

3
5
%

N
o

A
d
d
it
iv
e

W
H
R
-B
M
I

N
o

3
5
%

A
b
d
o
m
in
a
l
v
is
ce
ra
l
fa
t

B
o
u
ch
a
rd

(1
1
8
)

Q
F
S
p
h
a
se

2
3
8
2
(1
0
0
)

A
V
F

A
V
F
-f
m

5
1
%

N
o

2
1
%

4
4
%

R
a
n
d
o
m

+
o
b
es
e

R
ic
e
(9
9
)

H
E
R
IT

A
G
E

w
h
it
e

4
3
8
(8
6
)

A
V
F

5
4
%

1
7
%

B
a
se
li
n
e

A
V
F
-f
m

N
o

4
2
%

R
ic
e
(1
2
0
)

H
E
R
IT

A
G
E

w
h
it
e

4
4
0
(9
8
)

A
V
F

1
8
%

N
o

T
ra
in
in
g
re
sp
o
n
se
s

A
V
F
-f
m

2
6
%

N
o

N
o
te
:
M
a
jo
r
g
en
e
eff

ec
t
is
re
ce
ss
iv
e
u
n
le
ss

o
th
er
w
is
e
n
o
te
d
.

A
b
b
re
vi
a
ti
o
n
s:

A
T
F

(a
b
d
o
m
in
a
l
to
ta
l
fa
t)
,
B
M
I
(b
o
d
y
m
a
ss

in
d
ex
),
ee

a
n
d
ei

(e
n
er
g
y
ex
p
en
d
it
u
re

a
n
d
en
er
g
y
in
ta
k
e)
,
%
B
F

(p
er
ce
n
t
b
o
d
y
fa
t,
u
n
d
er
w
a
te
r
w
ei
g
h
in
g
),
F
M

(f
a
t
m
a
ss
,

u
n
d
er
w
a
te
r
w
ei
g
h
in
g
o
r
D
X
A

sc
a
n
),
R
F
P
I
(r
eg
io
n
a
l
fa
t
p
a
tt
er
n
in
d
ex
),
S
F
(s
k
in
fo
ld
s)

T
E
R

(t
ru
n
k
-e
x
tr
em

it
y
sk
in
fo
ld

ra
ti
o
),
W
H
R

(w
a
is
t-
h
ip

ci
rc
u
m
fe
re
n
ce

ra
ti
o
),
A
V
F
(a
b
d
o
m
in
a
l

v
is
ce
ra
l
fa
t,
co
m
p
u
te
d
to
m
o
g
ra
p
h
y
sc
a
n
),
P
C

(p
ri
n
ci
p
a
l
co
m
p
o
n
en
t)
,
R
Q

(r
es
p
ir
a
to
ry

q
u
o
ti
en
t)
,
T
E
R
-s
f
o
r
T
E
R
-f
m

o
r
T
E
R
-e
e,
ei
(T
E
R

a
d
ju
st
ed

fo
r
S
F
o
r
F
M

o
r
en
er
g
y
ex
p
en
d
it
u
re
/

en
er
g
y
in
ta
k
e)
,
W
H
R
-B
M
I
(W

H
R

a
d
ju
st
ed

fo
r
B
M
I)
,
A
V
F
-f
m

(A
V
F
a
d
ju
st
ed

fo
r
F
M
),
L
R
C

(L
ip
id

R
es
ea
rc
h
C
en
te
r)
,
Q
F
S
(Q

u
eb
ec

F
a
m
il
y
S
tu
d
y
),
N
H
L
B
I-
F
H
S
(N

a
ti
o
n
a
l
H
ea
rt
,

L
u
n
g
,
a
n
d
B
lo
o
d
In
st
it
u
te
,
F
a
m
il
y
H
ea
rt

S
tu
d
y
),
S
O
S
(S
w
ed
is
h
O
b
es
e
S
u
b
je
ct
s)
.

a
B
o
th

ra
n
d
o
m

a
n
d
a
sc
er
ta
in
ed

(f
o
r
h
ig
h
li
p
id

v
a
lu
e
o
f
p
ro
b
a
n
d
s)

sa
m
p
le
s.

b
A
sc
er
ta
in
ed

fo
r
o
b
es
e
a
n
d
n
o
n
o
b
es
e
sc
h
o
o
lc
h
il
d
re
n
.

c
B
M
I
a
d
ju
st
ed

fo
r
so
ci
a
l
cl
a
ss

a
n
d
L
R
C

cl
in
ic
.

d
F
o
u
r
a
sc
er
ta
in
ed

g
ro
u
p
s:
ra
n
d
o
m
,
le
a
n
,
h
ea
v
y
,
a
n
d
g
a
in

g
ro
u
p
s
o
f
sc
h
o
o
lc
h
il
d
re
n
.
T
h
e
g
a
in

g
ro
u
p
in
cl
u
d
es

fa
m
il
ie
s
o
f
st
u
d
en
ts

w
h
o
g
a
in
ed

a
t
le
a
st

tw
o
q
u
a
rt
il
es

o
f
re
la
ti
v
e
w
ei
g
h
t

b
et
w
ee
n
tw

o
su
rv
ey
s.

e
B
M
I
is
h
ei
g
h
t
(l
in
ea
r
a
n
d
q
u
a
d
ra
ti
c)
-a
d
ju
st
ed

w
ei
g
h
t
u
si
n
g
re
g
re
ss
io
n
a
n
a
ly
si
s.

f
M
u
lt
if
a
ct
o
ri
a
l
eff

ec
t
in
fe
rr
ed

b
y
d
o
u
b
li
n
g
a
v
er
a
g
e
re
si
d
u
a
l
fa
m
il
ia
l
(s
ib
li
n
g
a
n
d
p
a
re
n
t-
o
ff
sp
ri
n
g
)
co
rr
el
a
ti
o
n
s;
th
e
m
a
jo
r
g
en
e
eff

ec
t
is
g
en
o
ty
p
e
d
ep
en
d
en
t
o
n
a
g
e
a
n
d
se
x
,
a
n
d
p
er
ce
n
t

o
f
v
a
ri
a
n
ce

a
cc
o
u
n
te
d
fo
r
w
a
s
n
o
t
re
p
o
rt
ed
.

g
P
re
–
v
s.
p
o
st
–
W
W

co
h
o
rt
s,
n
u
cl
ea
r
fa
m
il
ie
s
v
s.
si
b
sh
ip

a
n
a
ly
si
s,
tr
a
n
sf
o
rm

ed
v
s.
u
n
tr
a
n
sf
o
rm

ed
;
%

v
a
ri
a
n
ce

d
u
e
m
a
jo
r
g
en
e
n
o
t
re
p
o
rt
ed
.

h
A
sc
er
ta
in
ed

v
ia

N
ID

D
M

si
b
s.

i
2
n
d
m
a
x
im

a
w
a
s
o
b
ta
in
ed

b
u
t
n
o
n
-M

en
d
el
ia
n
,
d
ep
en
d
in
g
o
n
fi
el
d
ce
n
te
r.

j
A
sc
er
ta
in
ed

v
ia

m
a
ss
iv
el
y
o
b
es
e
p
ro
b
a
n
d
s.

k
B
M
I
a
d
ju
st
ed

fo
r
en
er
g
y
in
ta
k
e
a
n
d
en
er
g
y
ex
p
en
d
it
u
re

o
f
a
ct
iv
it
ie
s.

l
M
a
jo
r
n
o
n
-M

en
d
el
ia
n
eff

ec
t.
T
h
a
t
is
,
re
su
lt
s
ca
n
n
o
t
ru
le
o
u
t
m
a
jo
r
g
en
e
w
h
o
se

eff
ec
t
is
m
a
sk
ed

b
y
o
th
er

fa
ct
o
rs

(i
.e
.,
a
n
o
th
er

g
en
e,
g
en
o
ty
p
e-
d
ep
en
d
en
t
eff

ec
ts
,
et
c.
).

m
D
is
cr
im

in
a
n
t
sc
o
re

(o
b
es
e
v
s.
n
o
n
o
b
es
e)

o
f
w
ei
g
h
t,
su
b
sc
a
p
u
la
r
sk
in
fo
ld
,
ch
es
t
d
ep
th

a
n
d
a
d
ju
st
ed

fo
r
a
g
e,

se
x
,
h
ei
g
h
t.

n
A
sc
er
ta
in
ed

th
ro
u
g
h
p
ed
ig
re
es

w
it
h
v
a
ri
o
u
s
ca
rd
io
v
a
sc
u
la
r,
co
ro
n
a
ry

h
ea
rt
,
a
n
d
h
y
p
er
te
n
si
v
e
d
is
ea
se
.

Bouchard et al.166



and Kaplan et al. (91) that activity may suppress the
heritability levels for total fat.

2 Upper Body Fat (Android Obesity)

For the WHR, familiality estimates varied from 28% in
adoptive and biological families (100) to 40–50%
in traditional nuclear families (101,102) to over 60%
in longitudinal family data (Fels Longitudinal Study)
(103) In two other studies (95,104) the familial correla-
tions were either nonsignificant or inconsistent across
different family pairs. Two segregation studies of the
WHRwere recently reported (105,106). In both, amajor
additive locus was detected accounting for 35–48% of
the variance with no additional familial sources of
variance detected. However, after removing the effects
of total body fat the familial variance was due to multi-
factorial (polygenic and/or familial environmental)
rather than major gene sources, suggesting that the
major gene component for WHR may be pleiotropic
with respect to total body fat.

Comparison of results across studies for fat distribu-
tion using measures of skinfolds is complicated by the
fact that different skinfolds are measured in different
studies. One of the more widely used measures of fat
distribution is the trunk-to-extremity subcutaneous
skinfold ratio (TER). Most often, the simple ratio of
trunk sum to extremity sum is used, although a few
studies use principal components analysis to extract the
relevant factors underlying a set of skinfolds. The first
component derived from such analysis is generalized fat
with nearly equal loading across all skinfold measures.
The second component is usually a trunk-to-extremity
contrast, and the third (not often reported) is an upper-
to-lower contrast. The familiality for the second (33–
52%) and third (31–49%) components (107,108) was
likely to be due to genetic factors since spouse correla-
tions were not significant. Path analysis of the second
component in French-Canadian biological and adop-
tive families (109) accounted for f40% of the familial
variance, of which 18% was genetic in origin. After
adjusting the second component for BMI (107,108) or
total body fat content (110), the genetic heritability
increased to 30–50%.

In another study, the phenotypic, genetic, and non-
genetic correlation matrices extracted from an analysis
of eight skinfold measures in Mexican-American fami-
lies were analyzed using principal components analysis
(111). The results suggested that the pattern of central
vs. peripheral fat distribution was largely a function of
the genetic correlation structure and was interpreted as
evidence for global genetic pleiotropy among the skin-

folds. Familial estimates for the TER using the ratio of
simple skinfold sums isf37% (100) in a large survey of
the Canadian population (>18,000 individuals from
>11,000 households). As with the principal compo-
nent, after adjusting TER for percent body fat, the total
familiality increased to >63%, of which 28% was
genetic in origin. Similar results were obtained in the
sample of twins and adoptive and biological families of
the QFS (98).

These results for regional fat distribution suggest that
there is a significant familial influence on the pattern of
subcutaneous fat distribution and that adjusting for
total body fat usually results in an increased familiality.
This implies that for a given level of fatness, some
individuals generally store fat on the trunk or abdomi-
nal area (android) while others store primarily on the
lower body (gynoid). This pattern is consistent with a
hypothesis of both genetic pleiotropy (i.e., similar genes
affecting both fat distribution and total body fat) and
oligogenic (an additional major genetic system specific
to fat distribution). This question was more specifically
addressed in the QFS using a trivariate familial corre-
lation model (112). In that study, cross-trait familial
resemblance (e.g., trait 1 in parents with trait 2 in
offspring, or interindividual cross-trait correlations)
was examined among%BF, BMI, and TER. The results
suggested that although all three measures were signifi-
cantly correlated within individuals, the interindividual
(familial) cross-trait resemblance was significant for
BMI with each of %BF and TER (bivariate heritabil-
ities of 10% and 18%, respectively), but %BF and TER
showed no cross-trait familial resemblance. Similarly, in
another multivariate study using twins, a common
genetic component for BMI and WHR accounted for
>50% of the covariation (113). The latter study also
reported that the genetic correlation betweenWHR and
a skinfold ratio (subscapular to triceps) was not signifi-
cant, suggesting multiple dimensions of fat pattern-
ing. Together, these results support the hypotheses that
1) the BMI may index both total body fat and fat
distribution to some degree, 2) some of the same genes
may influence total fat and fat distribution (pleiotropic),
3) each of total fat and fat distribution also may be
influenced by unique genes and/or environmental fac-
tors (oligogenic), and 4) there may be multiple fat to-
pography dimensions.

Relatively few segregation studies have been re-
ported for fat distribution measures. For the TER, no
support for a major gene was found in the large Tecum-
seh sample (70) or in the QFS (54). However, after ad-
justing the fat distribution measure for overall level of
fatness (54), a recessive locus accounted for 37% of
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the variance with an additional 29% due to a multi-
factorial component. These findings are consistent
with the hypothesis that there is more than one genetic
factor underlying fat distribution, and that removal
of the ‘‘gene’’ for total fat allows for a second locus
specific to fat distribution to be detected. However, in
the HERITAGE study (105), an additive major gene
accounting for >50% of the variance was found, but
total fat adjustment had no effect on the major gene
inference. This was in contrast to results for WHR in
the same study (previously discussed), in which total fat
adjustment reduced the major gene inference. Together,
these studies support the previous multifactorial studies
suggesting that both pleiotropic and oligogenic loci
underlie body composition. A putative major locus
was also reported in Utah pedigrees (35) for a relative
fat pattern index [RFPI= subscapular/(subscapular +
suprailiac)], and two recent studies also support major
gene effects for fat distribution in other ethnic groups
from India (114) and Eastern Europe (115).

3 Abdominal Visceral Fat

We are aware of only two family studies investigating
abdominal visceral fat—the QFS and the HERITAGE
Family Study. Familial correlations in the QFS (116)
for abdominal total, abdominal visceral, and abdominal
subcutaneous fat tissue were f0.35, with somewhat
lower spouse correlations for total (0.30) and subcuta-
neous (0.21) and higher spouse correlations for abdomi-
nal visceral fat (0.36). The heritability was f70% for
each of the three measures. The effect of adjusting each
of these measures for total body fat was to reduce the
magnitude of the familial correlations and thus the
heritability estimates (>55% for total and visceral
abdominal fat and 42% for subcutaneous abdominal
fat). This suggests that some of the same multifactorial
factors (polygenic and/or familial environmental)
impact similarly on total body fat and visceral fat.
Similar results were obtained in the HERITAGE Fam-
ily Study (117).

A major gene hypothesis for abdominal visceral fat
was examined in the QFS (118) and the HERITAGE
(99). In each study, a putative recessive locus accounted
for about 50% of the variance, with an additional 20%
due to a multifactorial component. However, after
adjusting for fat mass, support for a major gene was
reduced; although the major effect was significant, the
Mendelian and no-transmission (i.e., environmental)
models were not resolved. It was suggested that the
major gene previously noted for fat mass in these data
(86) was also responsible for the major gene detected for

abdominal visceral fat. In other words, genetic plei-
otropywas inferred, where the samemajor gene affected
both fat mass and the abdominal visceral fat traits. A
cross-trait study conducted between fat mass and
abdominal visceral fat (119) supported the pleiotropy
hypothesis. The bivariate (cross-trait) familiality was
29–50% (with sex differences), indicating genetic plei-
otropy. Moreover, since the univariate familiality for
each trait was even higher (55–77% for fat mass and
55–65% for abdominal visceral fat), each trait was
assumed to be influenced by additional familial fac-
tors that were specific to each (i.e., oligogenic). Given
the significant spouse cross-trait correlations, at least
some of the bivariate familial effect may be envi-
ronmental in origin. Finally, the visceral fat response
to exercise training was also a function of a recessive
major gene accounting for 20–25% of the variance
(120). However, in this case, adjusting for total fat
did not change the major gene inference. This suggests
that the genes for visceral fat response to exercise
training may be independent from those affecting total
level of fatness.

4 Lower Body Fat (Gynoid Obesity)

All studies reviewed in the section on android obesity as
assessed from WHR, TER, or principal components of
sets of skinfolds apply equally well to the evaluation of
the genetic components of gynoid obesity. In addition,
one other study purported to measure gluteofemoral
fat. In a study based on the Danish Adoption Register,
participants were asked to match their (and other
relatives’) body types to one of nine silhouette pictures
that ranged from very thin to obese (121). While this
measure correlated with the BMI (ranging from 0.63 to
0.88) and with the sum of several skinfolds (ranging
from 0.39 to 0.66), the authors suggested that it favored
the gynoid type of fat distribution. Relatives were
placed in four classes as determined by weight of the
adoptee. The mean silhouette score of the adoptees’
biological mothers and siblings increased significantly
across weight classes, while no mean differences were
observed for adoptive relatives, suggesting primarily a
genetic control for this measure.

5 Relationship Between Total Fat and Fat
Topography

The genetic epidemiological studies reported in this
chapter regarding total fat and fat topography suggest
a complex relationship underlying the etiological
causes of their covariation. Most of the evidence comes
from studies comparing the multifactorial and major
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gene evidence for fat distribution phenotypes both
prior to and after adjusting for total fat (using multiple
regression). In general, total fat adjustment alters the
familial inferences for topographical measures. These
studies suggest substantial shared major gene and mul-
tifactorial determinants between total fat and abdomi-
nal visceral fat, but only the major gene component
for total fat mass appears to influence subcutaneous
fat distribution.

Regarding the major gene component for subcuta-
neous fat distribution, prior to adjustment for total fat
there was evidence for a major (non-Mendelian) effect
for TER, but only after adjustment did the transmission
appear to be Mendelian. In other words, the TER may
be both a pleiotropic and oligogenic trait, in that
removal of the effects due to a putative major locus
for total fat leads to the detection of a secondary locus
specific to fat distribution. In contrast, adjusting
abdominal visceral fat for total fat reduces the evidence
for a putative major locus. Together, these results sug-
gest at least two putative major loci underlying obesity
phenotypes, one determining total and abdominal vis-
ceral fat, and the other determining how subcutaneous
adipose tissue is distributed.

Regarding the multifactorial (polygenic and/or
common environmental) causes of the covariation be-
tween the traits, similar patterns are noted. For sub-
cutaneous fat distribution, the generalized heritabilities
increase after total fat adjustment, while bivariate
studies find no evidence for a genetic correlation. To-
gether, these results suggest that there are entirely
different multifactorial causes for the variations in
total fat and subcutaneous fat distribution. For
abdominal visceral fat, however, total fat adjustment
leads to decreased generalized heritability estimates,
with bivariate studies suggesting a substantial bivariate
heritability. Thus, total fat and abdominal visceral fat
may share many of the same polygenic and/or common
environmental factors.

IV GENES AND MOLECULAR MARKERS

OF HUMAN OBESITY

A Review of Methods

This section focuses on association studies with can-
didate genes and on the results of genomic scans
designed to identify genomic regions that harbor genes
of importance for obesity. The molecular dissection of
complex phenotypes such as obesity is based on two
strategies: linkage and association studies. Both rely

on the same principle, i.e., the coinheritance of adja-
cent DNA markers, with the difference that linkage
focuses only on recent and usually observable gener-
ations, while association relies on the fact that partic-
ular DNA markers can remain together on ancestral
haplotypes for several generations, leading to a phe-
nomenon known as linkage disequilibrium (122,123).
Reviews of methods and strategies to identify genes
underlying complex phenotypes can be found else-
where (123–126). The number of genes and DNA
sequence variations that have been shown to be asso-
ciated and/or linked with obesity has increased con-
siderably since the first edition of this volume. The
yearly updates of the obesity gene map published since
1996 (127–134) provide a good indication of the
progress accomplished in the past several years in the
search for genes determining human obesity. Other
topics of relevance for the understanding of the molec-
ular basis of human obesities can be found in Chapter
10 by Chua et al. All the gene symbols, names, and
chromosomal locations of the genes listed in this
section are given in the Appendix found at the end
of this chapter.

B Review of Findings

1 Association Studies

The search for genes influencing overweight and obesity
in humans has been thus farmostly based on association
studies with candidate genes, those with known chro-
mosomal locations that are metabolically or physio-
logically relevant for the phenotype under study
(functional candidate genes). They could also be genes
targeted because of their position in a region of the
genome (positional candidate gene), near a Mendelian
obesity syndrome, within a quantitative trait locus
homologous to a locus linked to obesity in animal
models (see below) or identified through genome-wide
scans of human obesity (see below). The genes showing
positive evidence of association with obesity-related
phenotypes are listed in Table 6, which provides the
chromosomal location of the gene, the phenotypes that
were shown to be associated with the gene, and the
range of P values from the various studies. This list
shows that a total of 51 candidate genes have been
shown to be associated with obesity-related phenotypes.
It should be noted that the table does not include the
results of early association studies performed with the
ABO (9q34) blood group and the human leukocyte
antigen (HLA) system on chromosome 6p21.3. A review
of these studies (135) revealed that the results were
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Table 6 Evidence for the Presence of an Association Between Markers of Candidate Genes with BMI, Body Fat, and Other
Obesity-Related Phenotypes

Gene Location Phenotype P value Ref.

TNFRSF1B 1p36.3-p36.2 BMI, overweight, leptin <.05 (223,224)
LEPR 1p31 %Fat, fat mass, fat-free mass, obesity,

BMI, abdominal fat, weight loss,

hip girth, leptin

.003<P<.05 (225–231)

HSD3B1 1p13.1 Subcutaneous fat .04 (232)
LMNA 1q21.2-q21.3 Leptin, BMI, WHR, lipodystrophy .0001<P<.05 (233–235)

ATP1A2 1q21-q23 %Fat, respiratory quotient .0001<P<.05 (236,237)
AGT 1q42-q43 WHR, fat mass .007<P<.02 (238,239)
ACP1 2p25 BMI .002<P<.02 (240,241)
APOB 2p24-p23 BMI, %fat, abdominal fat .005<P<.05 (242,243)

POMC 2p23.3 Leptin, early-onset obesity <.01 (170,244)
ADRA2B 2p13-q13 Basal metabolic rate .01 (245)
IRS1 2q36 BMI, leptin .03<P<.05 (246–248)

PPARG 3p25 Leptin, BMI, body weight, fat-free
mass, fat mass, waist and hip girths,
obesity, overweight

.001<P<.05 (249–258)

APOD 3q26.2-qter BMI .006 (259)
CCKAR 4p15.2-p15.1 %Fat, leptin .003–.041 (260)
FABP2 4q28-q31 Abdominal fat, BMI, %fat, fat oxidation .008<P<.01 (261–263)
UCP1 4q28-q31 High fat gainers, weight, BMI .001<P<.05 (264–266)

NPY5R 4q31-q32 Morbid obesity <.05 (267)
CART 5q WHR in men .0021 (268)
GRL 5q31-q32 Abdominal visceral fat, BMI, WHR, leptin .001<P<.039 (269–271)

ADRB2 5q31-q32 BMI, fat mass, fat cell volume, body weight,
waist and hip girths, WHR, obesity, leptin

.001<P<.05 (154,254,272–279)

TNFA 6p21.3 %Fat, BMI, obesity .004<P<.035 (224,280–284)

ESR1 6q25.1 Android obesity .0001 (285)
GCK 7p15.3-p15.1 Birth weight .002 (286)
NPY 7p15.1 Birth weight, BMI, WHR .03<P<.04 (287,288)

PON2 7q21.3 Birth weight <.05 (289)
LEP 7q31.3 Weight loss, body weight, leptin, BMI,

obesity, overweight
.005<P <.05 (290–297)

LPL 8p22 BMI (leanness) .05 (298)

ADRB3 8p12-p11.2 Weight gain, weight, WHR, BMI, obesity,
abdominal fat, fat mass, hip and waist
girths, fat mass

.002<P<.05 (136–156)

CBFA2T1 8q22 %Fat, BMI, waist and hip girths .0002<P<.02 (299)
ADRA2A 10q24-q26 Abdominal fat, TER .002<P<.012 (154,300)
SUR1 11p15.1 Morbid obesity .02 (301)

IGF2 11p15.5 BMI .02 (302)
INS 11p15.5 Birth weight, WHR, BMI .0002<P<.009 (302–304)
UCP2 11q13 Obesity, BMI, body weight, energy

expenditure, fat oxidation, respiratory
quotient, percent fat, fat mass

.001<P<.05 (305–311)

UCP3 11q13 BMI, body weight, fat oxidation, respiratory
quotient, WHR

.0037<P<.04 (312–316)

APOA4 11q23 BMI, WHR, %fat .004<P<.023 (317,318)
DRD2 11q23 Relative weight, subcutaneous fat,

obesity, BMI
.002<P<.05 (319–321)

GNB3 12p13 BMI, body weight, waist and hip girths,
subcutaneous fat, birth weight

.001<P<.05 (322–326)
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rather ambiguous, some studies finding associations
with obesity, while others did not.

Despite the large number of positive findings
reported in Table 6, it is important to keep in mind that
for most of these genes, very few replications in inde-
pendent populations have been reported and that for
many of these genes, there are as many negative as
positive results that have been reported. A good exam-
ple of this is the results obtained with the beta-3-
adrenergic receptor (ADRB3) gene. The ADRB3 gene
is probably the candidate gene that has been the most
widely tested for association with obesity-related phe-
notypes with positive findings reported for weight gain
(137–139), obesity, BMI, and/or body fatness (140–
155), and various indicators of abdominal fat
(139,146,148,151,154,156) and changes in BMI during
pregnancy (137). Despite these positive findings, a
whole series of negative results, reviewed elsewhere
(129,157,158) has also been reported for the ADRB3
gene. Finally, three independent meta-analyses yielded
contradictory results, one concluding that the ADRB3
gene has no effect on obesity (159), another one finding
an effect (160), while a third one based only on Japanese
studies concluded that the mutation in ADRB3 was
associated with obesity (161).

Among the genes listed in Table 6, a few have been
shown to be associated with obesity-related phenotypes
in at least five different studies. These include the LEPR
gene, the PPARG gene, the ADRB2 gene, the TNFA

gene, the LEP gene, the UCP2 and UCP3 genes, the
GNB3 gene, and the LDLR gene. Other genes that were
found to be associated with obesity phenotypes include
the TNFRSF1B, HSD3B1, LMNA, ATP1A2, AGT,
ACP1, APOB, POMC, ADRA2B, IRS1, APOD,
CCKAR, FABP2, UCP1, NPY5R, CART, GRL,
ESR1, GCK, NPY, PON2, LPL, CBFA2T1, SUR1,
IGF2, INS, APOA4, DRD2, IGF1, CD36L1, HTR2A,
HSPA2, NMB, MC5R, MC4R, INSR, LIPE, GYS1,
ADA, and HTR2C genes.

2 QTLs from Cross-Breeding Experiments

The molecular signature of complex traits such as
obesity can also be investigated using experimental
crosses among various animal strains. Crosses between
two inbred strains of animals diverging for a quantita-
tive trait will create linkage disequilibrium between loci
that differ between the two strains, which results in
associations between marker loci and linked segregat-
ing quantitative trait loci (162). A quantitative trait
locus (QTL), thus, simply refers to a locus at which
segregation contributes to a quantitative trait. Since the
homology between human and several animal genomes
is increasingly well characterized, QTL mapping offers
a powerful strategy to begin characterizing the molecu-
lar basis of complex traits in humans as the QTL
identified in animals can lead to the identification of a
target human chromosomal region. Reviews of the

Table 6 (continued)

Gene Location Phenotype P value Ref.

IGF1 12q22-q23 %Fat, fat mass, fat-free mass,
changes in fat-free mass after

20-week endurance training

<.05 (327)

CD36L1 12q24.1-q24.3 BMI in lean women .004–.03 (328)
HTR2A 13q14-q21 Total energy, carbohydrate, and

alcohol intake in obese subjects
.028–.047 (329)

HSPA2 14q21 Obesity <10�6 (330)
NMB 15q22-qter Obesity, body weight .03 (331)
MC5R 18p11.2 BMI in females .003 (332)

MC4R 18q22 Fat mass, %fat, fat-free mass
in females

.0022<P<.004 (332)

INSR 19p13.3-p.13.2 Obesity (BMI >26) in hypertensives .05 (333)

LDLR 19p13.3 BMI in hypertensives and normotensives,
obesity, subcutaneous fat

.001<P<.04 (197,334–337)

LIPE 19q13.1-q13.2 Obesity .002 (338)
GYS1 19q13.3 Obesity .03 (339)

ADA 20q12-q13.11 BMI in diabetic subjects .0004–.01 (340)
HTR2C Xq24 BMI > 28 kg/m2 .0009–.02 (341)

See Table 5 legend for definitions.
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methodology underlying QTL mapping in animals can
be found elsewhere (125,162–164).

The number of obesity QTLs identified using this
strategy has expanded considerably in the past 5 years.
In the first edition of this chapter, eight obesity QTLs,
all identified from mice crosses, were mapped. The
results reviewed in the 2000 update of the obesity gene
map (133) reveal that the number of obesity QTLs
reached 115. These QTLs have been identified from 19
different mice crosses (81 QTLs), eight different rat
crosses (21 QTLs), eight different pig crosses (12 QTLs),
and one chicken cross (1 QTL). These QTLs were found
to affect a wide variety of phenotypes, including body
weight, weight gain, total adiposity, specific fat depots,
percentage body fat, heat loss, and food intake and their
human homologs are distributed over all human chro-
mosomes, except the Y chromosome. Details about the
chromosomal locations of these QTLs and their human
homologs can be found in the review paper (133).

3 Linkage Studies

Several studies have tested linkage with obesity-related
phenotypes. These linkage studies were performed with
candidate gene markers or with a variety of anonymous
polymorphic markers such as microsatellites. Most of
the linkage studies are performedwith a large number of
polymorphic markers selected to cover the whole
genome and test for linkage with a variety of obesity
phenotypes in order to detect QTLs. The obesity QTLs
uncovered in such genomewide scans provides the iden-
tification of chromosomal regions, or in some cases of
positional candidate genes, that can be further inves-
tigated for their role in the phenotype of interest. The
methodology underlying the identification of human
obesity QTLs can be found elsewhere (124). The results
of the genomewide scans for obesity are reviewed in
detail here (Table 7).

C Linkages from Genomewide Scans of Obesity

1 Pima Indians

The first genomewide scan for obesity was performed in
Pima Indians and used percent body fat as the pheno-
type (165). A total of 674 genetic markers with an
average intermarker distance of 8.3 cM were tested for
linkage with percent body fat measured by underwater
weighing in 283 sibling pairs from 88 Pima Indian
families. Significant evidence of linkage was reported
on 11q2l-q22 with a peak LOD score of 2.8 between
markers D11S2000 and D11S2366. Another genomic

scan for obesity (451 sibpairs from 127 families) and
energy metabolism (236 sibpairs from 82 families) was
performed in the same population using 576 markers
with a mean spacing of 6.4 cM (166). The phenotypes
investigated included, in addition to percent body fat,
the ratio of waist-to-high circumference (WTR), 24-hr
energy expenditure (EE) and 24-hr respiratory quotient
(RQ) measured in a respiratory chamber. For percent
body fat, the strongest linkages were detected at llq21-
q22 with marker D11S2366 (LOD = 2.1) and 18q21
with marker D18S877 (LOD = 2.3). No strong evi-
dence of linkage was observed for WTR with all multi-
point LOD scores <1.5. For 24-hr EE, the strongest
linkage was observed at 1lq23 with marker D11S976
(LOD=2.0), while for 24-hrRQ linkages were found at
1p3l-p21 (LOD= 2.8 with D1S550) and 20q11.2 (LOD
= 3.0 with D20S601). Another genomic scan for phe-
notypes related to diabetes revealed evidence of linkage
to BMI (LOD = 3.6) between markers D11S4464 and
D11S912 at 11q24 (167) near the dopamine D2 receptor
gene. Finally, a fourth genomewide linkage scan based
on 770 subjects from 239 famines revealed evidence of
linkage between plasma leptin levels near marker
D6S271 (LOD = 2.1) at 6p21-p12 (168).

2 San Antonio Family Heart Study

The results of the genome scans for obesity-related
phenotypes in the San Antonio Family Heart Study
(SAFHS) has been reported in three papers (169–171).
The phenotypes investigated in SAFHS include BMI,
body fat mass measured by bioelectric impedance, and
plasma leptin levels measured in a sample of up to 470
Mexican-Americans from 10 large multigenerational
families. The first study based on a 20-cM map (169)
revealed strong evidence of linkage at 2p21 between
marker D2S1788 and fat mass (LOD = 2.8) as well as
plasma leptin levels (LOD = 4.9). Evidence of linkage
with leptin was also observed at 8q11.1. In a second
study in which six additional markers were typed
around the peak linkage for leptin at 2p21, in addition
to the 15 that were already available in the first study,
the LOD score for leptin was increased to 7.5 (170). The
QTL for leptin identified in SAFHS at 2p21 was partly
replicated in a study performed in African-Americans
(172). Finally, a genome scan of BMI performed using a
10 cM map revealed evidence of linkage at 6q25, 8p12-
p11.2 near the ADRB3 gene and 17q11 (171).

3 Paris-Lille French Study

A genome scan for obesity was undertaken in 158
French families from the Hôtel-Dieu Hospital in Paris
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Table 7 Summary of Genome Scan Studies for Obesity-Related Phenotype

Location Trait Markers LOD score Candidate gene

Pima Indians (165–168)

1p31-p21 24-h RQ D1S550 2.8 LEPR
6p21-p12 Leptin D6S271 2.1 TNFA
11q21-q22 %fat D11S200–D11S2366 2.8

11q23 24-h EE D11S976 2.0
11q24 BMI D11S4464–D11S912 3.6 DRD2
16q21 Leptin D16S265 2.0
18q21 %fat D18S877 2.3 MC4R

20q11.2 24-h RQ D20S601 3.0 ASIP

San Antonio Family Heart Study (169–171)
2p21 Fat mass D2S1788 2.8 POMC

Leptin D2S1788 4.9–7.5

6q25 BMI D6S1008 1.5
8p12-p11.2 BMI D8S1121 3.2 ADRB3
8q11.1 Leptin D8S1110 2.2

17q11 BMI D17S1293 2.3

Paris-Lille French Study (173)
2p21 Leptin D2S165–D2S367 2.4–2.7 POMC
5p11 Leptin D5S426 2.9

10p12 Obesity (BMI>27) D10S197 4.9

University of Pennsylvania Family Study (176)

20q13 Obesity (BMI>30) D20S476, 211, 149 1.5–3.2 ASIP, GNAS1,
MC3R

Quebec Family Study (177,178)
1p11.2 ASF D1S534 2.3 NHLH2, HSDB3

4q32.1 ASF D4S2417 1.8 NPY2R
4p15.1 ASF D4S2397 2.3 PPARGC1
7p15.3 FFM D7S1808 2.7 NPY, GHRHR

7q31.1 ASF D7S1875 2.0 LEP, CAV2
9q22.1 ASF D9S1122,257 2.1–2.3 HSD17B3
12q22-q23 ASF IGF1 1.9 IGF1

12q24.3 ASF D12S2078, 1045 1.5–2.9 TCF1
13q34 ASF D13S285 1.9 NA
15q25-q26 FFM IGF1R 3.6 IGF1R
17q21.1-q21.3 ASF D17S2180, 1290, 1302 1.5–2.2 HSD17B1, PYY,

PYY
18q12 FFM D18S535 3.6

Finnish Families (179)
18q21 Obesity (BMI z 30) D18S1155 2.4 MC4R

Xq24 Obesity (BMI z 30) DX6799–DX6804 3.5 HTR2C

TOPS Family Study (180)
3q27 BMI, waist

circumference
D3S2427 2.4–3.3 SLC2A2, APM1

17p12 Leptin D17S947 5.0 SLC2A4

HERITAGE Family Study (181,182)
2p14 ASF D2S441 1.88
2q22.1 AVF D2S1334, D2S1399 1.97–2.33
2q36.1-q36.3 AVF D2S434, IRS1 1.87–2.49 IRS1
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and the Institut Pasteur in Lille with a morbidly obese
(BMI z 40 kg/m2) proband (173). Strong evidence of
linkage with obesity (defined as a BMI> 27 kg/m2) was
found at 10p12 (LOD = 4.9 with marker D10S197)
and with leptin at 2p21 (LOD = 2.7 between markers
D2S165 and D2S367) and 5p11 (LOD = 2.9). Two
independent studies attempted to replicate the linkage
found on 10p12 with obesity in the French population.
The first study was performed in 386 subjects from 93
German families with at least two obese children using
11 markers spanning a 23-cM region on chromosome
10 (174). Although the linkage with marker D10S197
was not as strong (LOD = 1.7) as in the French
families, evidence of linkage with obesity was observed
with 4 other markers (LODs ranging from 1.1 to 2.4)
located within 5 cM of the peak linkage found in the
French population. The second study investigated link-
age between obesity and 13 markers spanning f110
cM on chromosome 10 in two cohorts: one comprising
862 subjects from 170 Caucasian families, the other
comprising 212 individuals from 43 black families
(175). Evidence of linkage was found with markers
located on 10p in both Caucasians (P = .03 with
marker D10S208) and blacks (P = .01 with marker

D10S582) as well as in the combined cohort (P= .0005
with D10S197).

4 University of Pennsylvania Family Study

The fourth genomic scan for obesity was undertaken in
513 individuals from 92 families ascertained through a
morbidly obese proband as part of an ongoing linkage
study at the University of Pennsylvania (176). Several
obesity phenotypes were measured in these subjects
including BMI, percent body fat measured by bioelec-
tric impedance, the waist-to-hip circumference ratio and
plasma leptin levels. The strongest evidence of linkage
reported in that study was between obesity, defined as a
BMIz 30 kg/m2, and three markers spanning 12 cM on
chromosome 20q13 (176).

5 Quebec Family Study

The QFS is an ongoing longitudinal family study aimed
at the identification of genes associated with obesity
and its various metabolic complications in French-
Canadian families. Two genomic scans for phenotypes
related to obesity were published from this population.
One investigated linkage with fat-free mass (FFM)

Table 7 (continued)

Location Trait Markers LOD score Candidate gene

3p26.3 ASF D3S2387 2.16

3q29 ASF D3S1311 2.45
4q31.22 ASF D4S2431 2.34 CPE
5q31.2-q31.3 ASF, ATF D5S658, D5S1480 1.84–2.06

7q36.2-q36.3 ASF, ATF D7S3070, NOS3, D7S559 1.74–2.53 NOS3
8q23.3 BMI D8S556 2.0
9q34.3 BMI D9S158 2.3
10p15.3-p15.1 BMI, FM D10S1435, 189 2.1–2.7

11p15.2-p14.1 ASF C11P15_3, GATA34E08 1.75–1.85 SUR, CCKBR,
TUB

12p12.1 BMI, FM D12S1042 2.1–2.2

14q24.1 ASF D14S588 2.38
14q11-q11.2 BMI, FM, FFM D14S283, 742, 1280 1.7–2.4 ANG
19p13 Leptin LDLR P = .0009 LDLR

22q11.23 ASF D22S264 1.96

Old Order Amish (183)

3p25.2 %fat D3S3608 1.6 PPARG
7q31-q36 Leptin-BMI D7S640, 636 1.8 LEP
10p12-p11 Leptin-BMI D10S220 2.7

14q22-q31 Waist circumference D14S276 1.8
Leptin-BMI D14S74, 280 2.5

16p BMI D16S510 1.7

Leptin D16S407 1.7

ASF, abdominal subcutaneous fat; AVF, abdominal visceral fat; FFM, fat-free mass; RQ, 24-hr respiratory quotient.
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derived frombody densitymeasurements obtained from
underwater weighing in 748 subjects from 194 families
(177), while the other investigated linkage with abdomi-
nal fat assessed by computed tomography in 521 sub-
jects from 156 families (178). Results of the study with
FFM revealed evidence of linkage on three different
regions: 7p15.3 with marker D7S1808 (LOD = 2.7),
15q25-q26 with a polymorphism within the insulinlike
growth factor 1 receptor (LOD = 3.6) and 18q12 with
marker D18S535 (LOD = 3.6). In the other genome
scan, CT-assessed abdominal fat was adjusted for total
body fatness and tested for linkage with 293 markers
with a mean spacing of 11.9 cM. A total of nine QTLs,
all affecting abdominal subcutaneous fat, were uncov-
ered (178). Two of these QTLs were found to be close
to genes involved in the regulation of food intake
(4q32 and 17q21), while three others (1p11.2, 9q22 and
17q21) were found close to genes influencing sex ste-
roids. No significant linkage with abdominal visceral fat
was uncovered.

6 Finnish Families

Another genome scan performed in 367 obese individ-
uals from 166 Finnish families revealed evidence of 2
QTLs influencing obesity, defined as a BMI z 30 kg/m2

(179). The strongest evidence of linkage was uncovered
on chromosome Xq24 between markers DX6799 and
DX6804 (LOD = 3.5) in a region where the serotonin
2C receptor (HTR2C) gene is located. Evidence of
linkage with obesity was also observed in a region of
chromosome 18q21 (LOD=2.4 with D18S1155) flank-
ing the MC4R gene.

7 TOPS Family Study

In an attempt to identify QTLs influencing phenotypes
associated with the metabolic syndrome, Kissebah et al.
(180) tested 2209 individuals distributed over 507 Cau-
casian families recruited from the TOPS (Take Off
Pounds Sensibly) membership. A total of 387 markers,
including 17 X-linked and four Y-linked markers, with
an average genetic spacing of 10 cM were tested for
linkage with seven phenotypes including the following
obesity phenotypes: BMI, waist circumference, and
plasma leptin levels. The peak LOD scores for BMI
(LOD = 3.3) and waist circumference (LOD = 2.4)
were found on the same region of chromosome 3 (3q27)
close to the marker D3S2427. The candidate genes
located in this region of chromosome 3 include glucose
transporter 2 (GLUT2) and the adipose tissue–secreted
protein adiponectin. Plasma leptin levels showed
its strongest linkage signal on chromosome 17p12

(LOD = 5.0) near marker D17S947 in a region where
the glucose transporter 4 (GLUT4) and the peroxisome
proliferative-activated receptor-alpha (PPARA) genes
are located.

8 HERITAGE Family Study

In an attempt to identify genes associated with body
composition phenotypes and their response to exercise
training, Chagnon et al. (181) measured BMI, subcuta-
neous fat, %BF, fat mass (FM), FFM, and plasma
leptin levels in 522 subjects from 99 Caucasian families
of the HERITAGE Family Study cohort before and
after 20 weeks of endurance training, and performed a
genome scan of the baseline and response (difference
between pre- and posttraining values) phenotypes using
344 autosomal markers. Only results from the baseline
analyses are presented in Table 7. The strongest multi-
point linkages were found on chromosomes 8q23.3
(BMI), 9q34.3 (BMI), 10p15.3-p15.1 (BMI and FM),
12p12.1 (BMI and FM), 14q11-q11.2 (BMI, FM, and
FFM). For plasma leptin level evidence of singlepoint
linkage was found on chromosome 19p13 with the LDL
receptor gene (P = .0009). From the same study, a
genomic scan focusing on abdominal subcutaneous fat
and abdominal visceral fat has also been published.
For pretraining abdominal fat measures assessed with
computed tomography, promising linkages were noted
for AVF on 2q22 and 2q36, and for ASF on several
different chromosomes as shown in Table 7 (182). How-
ever, the results for ASF on 4q and 11p are considered
strongest since they replicate those from the only other
genome scan of these abdominal phenotypes (the QFS).
For the abdominal fat training responses, promising
results were limited to ASF on 7q36.2 (including
NOS3), with suggestive findings (P < .01) on 1q21.2-
q24.1 (S100A, ATP1A2, ATP1B1) , 10q25.2
(ADRA2A), and 11p15.5 (IGF2).

9 Old Order Amish Population

A genomewide scan of obesity-related traits was also
performed in the Old Order Amish population, a rural-
living population characterized by considerable homo-
geneity in lifestyle (183). BMI, waist circumference,
%BF estimated by bioelectric impedance and serum
leptin concentrations were measured in 672 individuals
from 28 extended families ranging in size from three to
69 subjects. Linkage between 357 autosomal markers
with average intermarker distance of 10.2 cm and the
obesity phenotypes and between leptin concentrations
adjusted for BMI (leptin-BMI) was tested using a
variance component method. Peak linkages were found
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on chromosomes 3p25.2, near the PPARG gene, for
%BF, 7q31-q36 and 10p12-p11 for leptin-BMI, 14q22-
q31 for waist circumference and leptin-BMI, and 16p
for BMI and leptin concentrations. The strongest link-
age for leptin-BMI on 10p12-p11 (LOD = 2.7) was
f10–20 cM telomeric to the obesity QTL reported in
the French population (173) and replicated in other
studies (174,175).

In summary, nine genomewide scans relevant to
obesity have been reported to date. They were under-
taken among many different ethnic groups. The sam-
pling strategy varies from study to study. The density of
the markers used for the genomic scans is also quite
variable. Phenotypes and analytical strategies are also
different across the nine studies. As is evident from the
preceding review, a large number of QTLs have been
observed with considerable differences across family
cohorts. The latter should not be surprising, considering
how little the cohorts, experimental designs, panels of
markers, and analytical strategies have in common.

What is of great interest, however, is that in 10 cases,
two or three of the nine studies have detected evidence
for a QTL in the same chromosomal regions. Table 8
lists these 10 regions and identifies the studies with
convergent findings in each case. Two of these regions
(10p12-15 and 18q12-21) are each supported by the
results of three family studies. Overall, these observa-
tions suggest that there are probably some common
genes and sequence variants involved in the genetic
predisposition to obesity among a whole variety of
populations or ethnic groups. Further, they suggest that
the predisposition to obesity could also be influenced by
other genes and alleles whose prevalences and effect
sizes vary from population to population.

D Linkages with Candidate Genes

and Other Markers

Besides the genomewide scans, others have reported
evidence of linkage for obesity-related traits with poly-
morphisms within or around candidate genes. A sum-
mary of the positive findings is given in Table 9. The
genes involved in the positive finding of linkages are:
PGD, LEPR, ATP1B1, ATP1A2, ACP1, POMC,
IGKC, GYPA, ISL1, GRL, ADRB2, BF, TNFA,
GLO1, NPY, LEP, KEL, ADRB3, ORM1, AK1,
SUR1, CCKBR, UCP2 and UCP3, IGF1, ESD,
MC5R, MC4R, ADA, MC3R, and P1 genes. None of
these linkages was replicated in independent studies.

V GENE-ENVIRONMENT AND

GENE-GENE INTERACTIONS

Genotype-environment interaction (G � E) arises
when the response of a phenotype (e.g., fat mass) to
environmental changes (e.g., dietary restriction)
depends on the genotype of the individual. Although
it is well known that there are interindividual differ-
ences in the responses to various dietary interventions,
whether in terms of serum cholesterol changes to high-
fat diet (184) or in terms of body weight gains follow-
ing chronic overfeeding (185), very few attempts have
been made to test whether these differences are geno-
type dependent. Most of the genetic epidemiology
studies of human obesity have assumed the absence
of genotype-environment interactions simply because
of the difficulty in handling such interaction effects in
quantitative genetic models. Methods from both ge-
netic epidemiology (unmeasured genotype approach)
and from molecular epidemiology (measured genotype

Table 8 Genomic Regions with Obesity QTLs from at Least
Two Studies

Gene Studies Ref.

1p11-31 Pima Family Study (165,166)
Quebec Family Study (177,178)

2p21 Paris-Lille Family Study (173)

San Antonio Family
Heart Study

(169–171)

7q31 Old Order Amish
Family Study

(183)

Quebec Family Study (177,178)
8q11-23 HERITAGE Family Study (181,182)

San Antonio Family

Heart Study

(169–171)

9q22-34 HERITAGE Family Study (181,182)
Quebec Family Study (177,178)

10p12-15 HERITAGE Family Study (181,182)
Old Older Amish Family Study (183)
Paris-Lille Family Study (173)

14q11-31 HERITAGE Family Study (181,182)
Old Order Amish Family Study (183)

17q11-21 Quebec Family Study (177,178)
San Antonio Family

Heart Study

(169–171)

18q12-21 Finnish Family Study (179)
Pima Family Study (165–168)

Quebec Family Study (177,178)
20q11-13 Pima Family Study (165–168)

University of Pennsylvania

Family Study

(176)
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Table 9 Evidence for the Presence of Linkage with Obesity-Related Phenotypes

Genea Markers Location Phenotypes P or LOD value Ref.

PGD 1p36.2-p36.13 Subcutaneous fat .03 (341)

D1S193, 200, 476 1p35-p31 BMI, subcutaneous fat,
fat mass

.009<P<.02 (157)

LEPR Q223R, CA (IVS 3),

CTTT (IVS 16)

1p31 BMI, subcutaneous fat,

fat mass, fat free mass

.005<P<.05 (225)

ATP1B1 1q22-q25 Respiratory quotient .04 (236)
ATP1A2 1q21-q23 Respiratory quotient .02 (343)
ACP1 2p25 BMI, subcutaneous fat .004<P<.02 (341,344)

POMC D2S2337 2p23.3 Leptin LOD = 2.0 (244)
IGKC 2p12 Subcutaneous fat .03 (342)
GYPA 4q28.2-q31.1 TER .02 (345)

ISL1 5q22.3 Obesity, BMI, leptin .0004<P<.03 (346)
GRL 5q31-q32 BMI > 27 .009 (347)
ADRB2 5q31-q32 TER .02 (300)

BF 6p21.3 Subcutaneous fat .01<P<.03 (342)
TNFA TNFir24,

D6S273,291
6p21.3 %Fat .002<P<.05 (283)

GLO1 6p21.3-p21.1 Subcutaneous fat,
relative weight

.004<P<.05 (342)

NPY 7p15.1 Principal component
of height, weight, skinfolds,

abdominal and hip
circumferences, obesity

.04<P<.05 (348)

LEP D7S680,514, 530,

504, 1875, 495

7q31.3 Obesity, fat mass, BMI,

subcutaneous fat, waist
circumference, WHR

.0001<P<.04 (343,348–353)

KEL 7q33 BMI, subcutaneous fat,

trunk to extremity
skinfolds ratio

.0001<P<.04 (345)

ADRB3 D8S1121 8p12-p11.2 BMI LOD = 3.2 (171)

ORM1 9q31-q32 Subcutaneous fat .03 (342)
AK1 9q34.1 Subcutaneous fat .01 (342)

D10S204,193,178
1 and TCF8

10p11.22 Obesity 1.1<LOD<2.5 (174)

SUR1 D11S419 11p15.1 BMI .003 (301)
CCKBR 11p15.4 Leptin .01 (346)
UCP2/UCP3 11q13 Resting metabolic rate .000002 (354)

IGFI 12q22-q23 Visceral fat .02 (327)
ESD 13q14.1-q14.2 Subcutaneous fat, % fat <.04 (345)
MC5R 18p11.2 BMI, subcutaneous fat,

fat mass, %fat,
fat-free mass, resting
metabolic rate

.001<P<.02 (332)

MC4R 18q22 Respiratory quotient, obesity .001<P<.04 (332)

ADA D20S17,120 20q12-q13.11 BMI, subcutaneous fat,
fat mass, %fat

.004<P<.02 (345,355)

MC3R 20q13.2-q13.3 BMI, subcutaneous fat,

fat mass

.008<P<.02 (355)

P1 22q11.2-qter Relative weight .03 (342)

a The absence of gene symbol indicates that the linkage study involved a targeted chromosomal region.

See Table 5 legend for definitions.
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approach) can now be used to detect G � E effects in
humans. These methods will first be briefly reviewed
followed by a summary of our current knowledge about
the importance of G � E effects for phenotypes related
to obesity.

A Review of Methods

An epidemiologic approach was proposed by Ottman
(186) to investigate the relationship between genetic
predisposition and associated risk factors and deter-
mine if there is support for aG�E interaction, and if so,
the form it may take. For example, Figure 3 illustrates
five plausible models as described by Ottman (186).
These models are not path diagrams, but rather are
more similar tometabolic paths, and the direction of the
arrows denotes direction of causality. The model in
Figure 3(A) posits that the genotype increases the
expression of the risk factor. In Figure 3(B), the geno-
type exacerbates the effect of the risk factor. In both
cases, only the presence of the risk factor is necessary for
disease expression, although the genotype will have
some additional effect. Figure 3(C) is the reverse of
3(B), where the risk factor exacerbates the effect of the
genotype; only the latter is ‘‘required’’ for disease
expression. In Figure 3(D), both the genotype and the
risk factor are required to raise risk, and in Figure 3(E),

the genotype and the risk factor each influence risk of
disease individually.

The basic approach involves classifying individuals
into four groups based on the presence or absence of
genetic susceptibility and presence or absence of the risk
factor (186). Genetic susceptibility can be measured
directly if the susceptibility gene is known or if there
are closely linked markers. Even in the absence of any
molecular data, however, family history of the disease
can be used to develop indicators of genetic suscepti-
bility. In the most simplistic analysis, the pattern of hits
andmisses in the four groups (assessed with odds ratios)
suggests whether or not a particular type of G � E
interaction (as illustrated in Fig. 3) is consistent. The
basic method has been expanded to include assessing
relative risks in affected twin pairs with known exposure
(187), and in assessing the preventive effects of targeted
environmental exposures to genetically susceptible per-
sons in population studies (188). Familial aggregation
of disease was also examined within strata based on
classifying probands with respect to their relative risks
(189). However, none of these methods have been
applied to the study of obesity.

Several other genetic approaches can be used to
detect G � E effects. Two of these strategies are of the
unmeasured-genotype approach. The first one would be
to incorporate G � E effects in the statistical genetic

Figure 3 Five hypothetical relationships between genetic susceptibility to disease and risk factors for disease. The genetic
susceptibility may be either polygenic or due to a dominant, recessive, or X-linked major locus. The risk factor may be only one

of many factors associated with disease risk, and may itself have either genetic or nongenetic origins. (From Ref. 186.)
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models (190–193). Ignoring such interaction effects
when they exist has been shown to reduce the power
to detect major gene effects (73,194). Second, using
intervention studies we have proposed that one way to
test for the presence of a G � E effect in humans is to
challenge several genotypes in a similar manner by
submitting both members of MZ twin pairs to a stand-
ardized treatment (environment) and compare the
within- and the between-pair variances of the response
to the treatment (195). This comparison can be done
using a two-way analysis of variance (ANOVA) for
repeated measures on one factor (the treatment effect),
in which the genotype effect is random, the treatment
effect is fixed and twins are nested within pairs. Using
this ANOVA, F ratios for the treatment effect and for
genotype-treatment effect can be easily obtained. The
intraclass correlation can be computed from the within-
and between-pair mean squares. The finding of a sig-
nificantly higher variance in the response between pairs
than within pairs suggest that the changes induced by
the treatment are more heterogeneous in genetically
dissimilar individuals, which will translate into a higher
intrapair resemblance in the response.

Some of the conditions that are important to fulfill in
this intervention design include (195): (1) determine the
twin zygosity as precisely as possible; (2) keep age
variation at a minimum; (3) use same-sex twin pairs or
control for sex differences if both male and female twin
pairs are involved; (4) apply the treatment in exactly the
same manner to all twins under rigorously controlled
conditions; (5) select phenotypes that are not greatly
influenced by prior exposure to the treatment used in the
study. In a series of experiments conducted on maleMZ
twins over the last 10 years in our laboratory, we used
either exercise training or overfeeding as treatments to
investigate G � E effects in obesity-related phenotypes
(results described below). Although the design is useful
to detect G � E effects, there are some important
limitations associated with it. First, for obvious ethical
reasons, there are limitations regarding the experimen-
tal treatments that can be undertaken with human
subjects regarding the severity of the nutritional stress
imposed and the duration of the treatment. Second,
even though it is possible to exert a satisfactory exper-
imental control and reach full standardization over
energy intake, it is not possible to fully standardize
energy expenditure in positive or negative energy bal-
ance studies. Indeed, because of individual differences
in resting metabolic rate, thermic effect of food, fidget-
ing, or variations in the energy cost of weight main-
tenance associated with changes in body mass, subjects
will invariably differ in their levels of energy expendi-

ture. Third, such intervention studies, in addition to
being very expensive to undertake, are very difficult to
conduct over a long period of time on a large number
of subjects.

Four methods can be used to provide evidence for
G � E effects in humans when molecular markers are
available. The first is to compare the influence of a
gene on a given phenotype between populations of
different ethnic and cultural backgrounds. An exam-
ple of this approach is provided by the study of
Hallman et al. (196), who showed that the effect of
apolipoprotein-E polymorphism on total cholesterol
levels varied among populations with different
amounts of fat in their diet. The cholesterol-raising
effect of the q4 allele, for example, was found to be
highest in populations on high-fat diets like Tyrolea
and Finland, and lowest in populations on low fat
diets like Japan and Sudan, which provides evidence
of gene-diet interaction. The second method consists of
comparing the effect of a gene between subgroups
of individuals within the same population, but cate-
gorized on the basis of variables that can potentially
affect the phenotype under study (e.g., sex, age, race,
disease status, etc.). An example of this approach
could be found in the results of Zee et al. (197), who
reported an association between a polymorphism in
the LDL receptor gene and hypertension, but only in
overweight or obese subjects. In the third method,
the response to an environmental stimulus (diet,
exercise training, medication, or others) is investi-
gated among individuals with different genotypes at
a given gene or marker locus. For example, using an
approach similar to the MZ twin experimental design
described above, but with singletons instead of twins,
it would be possible to study the response to chronic
alterations in energy balance as a function of genetic
characteristics at specific candidate genes or marker
loci. A fourth method is based on the ‘‘variability
gene’’ concept introduced by Berg (198). Compared
to a ‘‘level gene,’’ which influences the level of a
phenotype, a ‘‘variability gene’’ is one that contrib-
utes to the framework within which environmental
factors cause phenotypic variation or, in other words,
to the susceptibility to changes in the environment.
To detect this G � E effect, it has been proposed
that phenotypic differences between members of MZ
twins of various genotypes at the genetic locus be
compared (199).

An important advantage of the measured genotype
approach over the unmeasured genotype approach in
the study of G � E is that it makes possible the
identification of the responsible genes, thereby provid-
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ing a means of recognizing individuals at higher risk
of disease because of differences in susceptibility to
risk factors.

B Review of Findings

Evidence from both the unmeasured and measured
genotype approaches is available regarding the presence
of G � E effects in obesity-related phenotypes. Using
appropriate statistical modeling, three studies reported
major gene effects for measures of height-adjusted
weight, but only after accounting for age and/or gender
effects in the model (73,76,86), suggesting that the effect
of this putative gene on body mass is dependent on the
sex and the age of the individual, which is a special case
of genotype-environment effect.

Using the unmeasured genotype approach, we
studied the role of the genotype in determining the
response to changes in energy balance by submitting
bothmembers ofMZ twin pairs to either positive energy
balance induced by overfeeding (200,201) or negative
energy balance induced by exercise training (202–204).
The objective of these studies was to determine whether
the sensitivity of individuals to gain fat when exposed to
positive energy balance or to lose fat when exposed to
negative energy balance was modulated by the geno-
type. The results of these studies (reviewed below)
revealed the presence of significant genotype-energy
balance interaction effects for body weight, body fat,

and fat distribution phenotypes, suggesting that genetic
factors are important in determining how an individual
will respond to alterations in energy balance.

1 Positive Energy Balance Experiments

It is generally recognized that there are some individuals
prone to excessive accumulation of fat, for which losing
weight represents a continuous battle, and others who
seem relatively well protected against such a menace.
We have tried to test whether such differences could be
accounted for by inherited differences. In other words,
we asked whether there were differences in the sensitiv-
ity of individuals to gain fat when chronically exposed
to short- and long-term positive energy balance and
whether such differences were dependent or independ-
ent of the genotype.

Twelve pairs of male MZ twins ate a 2.4 MJ/day
(1000 kcal/day) caloric surplus, 6 days a week, during a
period of 100 days (201). Significant increases in body
weight and fat mass were observed after the period of
overfeeding. Data showed that there were considerable
interindividual differences in the adaptation to excess
calories and that the variation observed was not
randomly distributed, as indicated by the significant
within pair resemblance in response. For instance,
there was at least three times more variance in
response between pairs than within pairs for the gains
in body weight, fat mass, and fat-free mass (Fig. 4,
left panel). These data, and those of the response to

Figure 4 Intrapair resemblance in the response of identical twins to long-term changes in energy balance. Left panel: 12 pairs of
identical twins were submitted to an 84,000-kcal energy intake surplus over 100 days. Right panel: 7 pairs were subjected to a
negative energy balance protocol caused by exercise. The energy deficit was 58,000 kcal over 93 days. (From Refs. 201 and 204.)
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short-term overfeeding, demonstrate that some indi-
viduals are more at risk than others to gain fat when
energy intake surplus is clamped at the same level for
everyone and when all subjects are confined to a
sedentary lifestyle. The within-identical-twin-pair
response to the standardized caloric surplus suggests
that the amount of fat stored is likely influenced by
the genotype. Similar results were essentially obtained
in a shorter (22 days) overfeeding experiment (200).

The long-term overfeeding study also revealed that
there was six times more variance between pairs than
within pairs for the changes in upper body fat and in
CT-determined abdominal visceral fat when both
were adjusted for the gain in total fat mass. These
observations indicate that some individuals are stor-
ing fat predominantly in selected fat depots primarily
as a result of undetermined genetic characteristics. It
also suggests that variations in regional fat distribu-
tion are more closely related to the genotype of the
individuals than variations in body mass and in over-
all body composition.

At the beginning of the overfeeding treatment,
almost all the daily caloric surplus was recovered as
body energy gain, but the proportion decreased to
60% at the end of the 100-day protocol (205). The
weight gain pattern followed an exponential with a
half-duration of f86 days. We have estimated that
the weight gain attained in the experiment would have
reach about 55% of the anticipated maximal weight
gain had the overfeeding protocol been continued
indefinitely (205). The mean body mass gain for the
24 subjects of the 100-day overfeeding experiment was
8.1 kg, of which 5.4 kg was fat mass and 2.7 kg was
fat-free mass. Assuming that the energy content of
body fat is f22 MJ/kg (9300 kcal/kg, assuming a
100% triglyceride content) and that of fat-free tissue is
2.42 MJ/kg (1020 kcal/kg), then about 63% of the
excess energy intake was recovered on the average as
body mass changes. This proportion is of the same
order as that reported by other investigators (206,207),
i.e., between 60% and 75% of total excess energy
intake. There were, however, individual differences
among the 24 subjects with respect to the amount of
fat and fat free tissue gained.

Restingmetabolic rate in absolute terms increased by
f10% with overfeeding. However, the increase was
only marginal when expressed by unit of fat-free mass
(208,209). The intrapair resemblance for the changes in
resting metabolic rate brought about by overfeeding
was significant but became nonsignificant when the
changes in body mass or body composition were taken
into account. The thermic response to food, as assessed

by indirect calorimetry for a period of 4 hours following
the ingestion of a 2.4 MJ (1000 kcal) meal of mixed
composition, did not increase with overfeeding when
restingmetabolic rate was subtracted from postprandial
energy expenditure (208). In contrast, postprandial
energy expenditure and the total energy cost of weight
maintenance increased significantly but the increments
were mostly due to the gain in body mass. Interestingly,
resting metabolic rate and thermic response to a stand-
ardized meal did not correlate with the body mass and
adiposity changes just as they did not in a separate
overfeeding protocol conducted with singletons (210).

Attempts have been made to identify genetic variants
that could account for the differences in response to
overfeeding among the 12 pairs of twins. No associa-
tions were seen between markers in UCP1, UCP2, and
UCP3 genes and body weight or body fatness increases
(211). On the other hand, theGln223Arg polymorphism
in the LEPR gene was related to plasma leptin induced
changes in response to the long-term overfeeding pro-
tocol, with the Gln/Glu genotypes experiencing the
largest increases, but it was not associated with body
mass and adiposity changes (212). In contrast,
Gln27Gln twins at the ADRB2 gene gained more
weight and subcutaneous fat than other genotypes with
exposure to 100 days of overfeeding (213). Finally, the
GG twins at an ApaI (restriction enzyme) polymor-
phism in the IGF2 gene gained more fat mass and
subcutaneous fat with overfeeding than the AA and
AG twins (214). These exploratory studies with a small
sample size suggest that it may be possible to eventually
identify the genes and sequence variants responsible
for the genotype-overfeeding interaction effects
observed in the 100-day overfeeding experiment with
identical twins.

2 Negative Energy Balance Experiment

Seven pairs of young adult male identical twins com-
pleted a negative energy balance protocol during which
they exercised on cycle ergometers twice a day, 9 out of
10 days, over a period of 93 days while being kept on a
constant daily energy and nutrient intake (204). The
mean total energy deficit caused by exercise above the
estimated energy cost of body weight maintenance
reached 244 MJ. Baseline energy intake was estimated
over a period of 17 days preceding the negative energy
balance protocol.Mean body weight loss was 5.0 kg and
was entirely accounted for by the loss of fat mass. Fat-
free mass was unchanged. Body energy losses reached
191 MJ, which represented f78% of the estimated
energy deficit. Decreases in metabolic rates and in the
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energy expenditure of activity not associated with the
cycle ergometer protocol must have occurred to explain
the difference between the estimated energy deficit and
the body energy losses. Subcutaneous fat loss was
slightly more pronounced on the trunk than on the
limbs as estimated from skinfolds, circumferences, and
computed tomography.

The reduction in abdominal visceral fat area was
quite striking, from 81 cm2 to 52 cm2. At the same
submaximal power output level, subjects oxidized
more lipids than carbohydrates after the program as
indicated by the changes in the respiratory exchange
ratio. Intrapair resemblance was observed for the
changes in body weight (Fig. 4, right), fat mass,
percent fat, body energy content, sum of 10 skinfolds,
abdominal visceral fat, and respiratory exchange ratio
during submaximal work. Even though there were
large individual differences in response to the negative
energy balance and exercise protocol, subjects with
the same genotype were more alike in responses than
subjects with different genotypes particularly for body
fat, body energy, and abdominal visceral fat changes.
High lipid oxidizers and low lipid oxidizers during
submaximal exercise were also seen despite the fact
that all subjects had experienced the same exercise
and nutritional conditions for f3 months.

Thus, changes in body mass, body fat, and body
energy content were characterized by more heteroge-
neity between twin pairs than within pairs. These
results are remarkably similar to those we reported
earlier for body mass, body fat, and body energy gains
with 12 pairs of twins subjected to a 100-day over-
feeding protocol.

VI RECOMMENDATIONS

The evidence reviewed herein suggests a significant
genetic component in human obesity. However, the
nature of the evidence and the magnitude of the genetic
component varied a great deal depending on the phe-
notype, and the particular type of genetic epidemiolog-
ical method used. A picture that is clearly emerging
from the diverse findings is that multiple genetic loci are
involved in human obesity.

In the present context, it may be helpful to distin-
guish between primary and secondary obesity genes,
which collectively contribute to and determine the
variability in obesity. We define primary genes as those
whose effect sizes may be large enough to be detected.
Likewise, the secondary genes for human obesity are
those whose effects are likely much smaller and their

detection in the context of obesity may be very difficult.
The combined effects of the primary genes may be
characterized as oligogenic (few genes each with a large
enough effect), and the aggregate effects of the secon-
dary obesity genes may be regarded as polygenic (many
genes, each with a small effect). Regardless of the
terminology, it is commonly recognized that human
obesity involves multiple genes, some with large and
some with small effects.

While the model-fitting approaches in genetic epi-
demiology have been largely successful in demonstrat-
ing the underlying complexity in the transmission of
human obesity, there are limitations in such studies that
necessitate alternatives. One limitation arises because
most model-fitting approaches are based on largely
untestable assumptions. However realistic some of these
assumptions may be, there is always some degree of
uncertainty. Second, analysis of multilocus traits like
obesity requires more advanced and complex models
that are mostly lacking or highly specialized (see 29).
For example, when segregation analysis based on
single-locus models is applied to a trait determined by
two genes, it fails to characterize either gene accurately
[even though it can sometimes succeed in inferring a
gene with a large effect (215)]. Finally, such model-
fitting approaches alone are inadequate for evaluating
the specific genetic determinants of human obesity,
although they are useful in suggesting possible genetic
mechanisms. DNA sequence variants in targeted genes
are essential.

We believe that an optimum strategy for complex
multifactorial traits such as obesity should combine the
strengths of three companion methods so as to max-
imize our chances of finding the primary genes. Only
after finding the primary genes can specialized methods
be fruitful in finding the secondary genes.

A Genetic Epidemiological Model-Fitting

Approach

While this approach alone is unlikely to yield major
findings, the results can guide our subsequent inquiries,
especially when multivariate models and longitudinal
studies are employed. This approach could be even
more useful after finding specific obesity genes using
the molecular approaches discussed below. They will
aid in evaluating gene-gene and gene-environment inter-
actions and in characterizing the gene effects. They will
also enable investigation as to whether any additional
familial (genetic) component exists, after accounting for
all known obesity genes, something that can motivate
the search for additional genes.
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B Genomewide Explorations

Auseful method involves nonparametric sibpair linkage
using evenly spaced anonymous markers. To maximize
the power, we propose that full sibships be used for this
purpose. Each sibship should contain at least two sibs,
and at least one of them must be obese or very obese.
Sampling from the upper tail is known to be more
powerful, and hence requires smaller sample sizes
(216). Variance components linkage methodology can
then be used to exploit the full variability within sibships
[e.g., SOLAR (217) and SEGPATH (218)].

For a trait with a sibling correlation of 0.25, to
detect a gene with 80% power that explains 27% of
phenotypic variance, one needs a sample of 110 sib-
pairs (220 subjects) where each pair contains at least
one sib whose BMI is in the upper decile. One can
attain 90% power with 146 such sibpairs (292 subjects).
One can also attain 80% power with 47 sibling triplets
(141 subjects) or 90% power with 64 triplets (192
subjects), where each triplet contains at least one sib
whose BMI is in the upper decile. These calculations
are based on single gene models and zero recombina-
tion between the trait and marker loci. Multiple trait
loci and nonzero recombination both require consid-
erably larger samples. A sample of f300 sibships of
varying sizes, each with at least two sibs and at least
one of them above the 90th centile, may be regarded as
a minimal design.

Since the gene effects are quite likely mediated by a
host of lifestyle and other metabolic factors, it is desir-
able to obtain as much information on each subject as
possible, including detailed phenotypic characteriza-
tions. That way, the possible role of these covariates
can be incorporated in the data analysis. Also, even
though the sampling may be based on BMI, the QTL
analysis should be performed for each of the correlated
phenotypes (e.g., BMI, %BF, etc.). This will maximize
the yield, since different genes may primarily contribute
to different components of obesity.

C Implicating Specific Genes and Mutations

The ultimate goal of the studies designed to understand
the genetic and molecular basis of human variation in a
trait such as obesity is to resolve the issue in terms of the
specific genes andDNA sequence variants. As a result of
the advances in the sequencing of the human genome by
the public and private institutions, f55% of the
sequence is now said to be complete and highly reliable.
In addition, a draft sequence is also available for>90%
of the human genome. For a substantial fraction of the

genome, a reasonably reliable physical map can thus be
defined. For some chromosome regions, a complete and
fully reliable sequence map exists.

These advances together with the progress in the
development of large panels of single nucleotide poly-
morphisms (SNPs), the availability of efficient high
throughput sequencing technologies, and the large
repertoire of mapped expressed sequences (ESTs)
have increased the ability of investigators to resolve
genetic effects in terms of genes and sequence differ-
ences. The investigator is typically confronted with
two different situations. In the first case, a strong
candidate gene has been identified through a variety
of strategies, e.g., based on physiopathological rea-
soning, evidence from a knockout mouse, etc. The
goal then becomes one of establishing whether DNA
sequence variation in this gene contributes to human
heterogeneity in the trait of interest. Informative
SNPs and sequencing of targeted regions of the gene
such as exons, intronic splicing sequences, short and
long promoter regions among affected and nonaf-
fected carefully matched subjects would be the meth-
ods of choice. Alternatively, one could apply the same
technologies to a large sample of unrelated subjects
exhibiting considerable heterogeneity in phenotype
and test for genotype differences using a variety of
statistical tools.

In the second case, a candidate chromosomal posi-
tion (for instance, a QTL from a genomic scan) is the
starting point. The inventory of genes and ESTs
encoded in the region covered by the QTL does not
yield strong candidate genes or generate a number of
candidate genes, but none with compelling evidence to
justify taking it to the next step (see first case). This case
is decidedly more complex. The strategy described
below will clearly work best when a valid physical
map of the region is available.

Increasing the density of polymorphic markers to
narrow the size of the DNA fragment underlying the
QTL is a critical first step. Adding such markers may
typically reduce the size of the chromosomal segment of
interest to about one or two megabases. Further
decrease in the size of the region can often be achieved
by typing a number of SNPs to cover the entire QTL. A
combination of single SNP and haplotype studies are
then conducted, using association analytical strategies
as well as quantitative TDT analysis (QTDT). Constant
comparisons between the results of such studies and the
features of the physical map and panels of candidate
genes and ESTs are absolutely necessary, the goal being
to evolve toward one or a few candidate genes or a
fragment size amenable to sequencing studies. The
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success of this complex process is highly dependent on
the quality and informativeness of the populations of
normal weight and obese subjects upon which the
project is anchored.

Finally, when some obesity genes are found, it would
be very useful to type these genes in a large random
sample. This will enable estimation of the relevant gene
frequencies in the underlying population. More impor-
tantly, detailed phenotypic characterization and studies
of additional covariates will enable characterization of
the gene effects and investigations of gene-gene and
gene-environment interactions. This can be achieved
through one of several means, for example, by regres-
sion of a phenotype (say %BF) on all covariates,
measured genotypes, and interactions among them.

This chapter summarizes the data pertaining to the
heritability and the contribution of major genes for
phenotypes of total body fat and fat topography based
on the genetic epidemiology methods. The evidence for
a contribution of genetic-environment interaction
effects to variation in body mass, body fat, and fat
distribution was also considered. The current status of
associated and linkage studies conducted on human
samples was reviewed. Finally, the chapter suggests a
variety of strategies to optimize the search for the genes
associated with the susceptibility to obesity and to
define the inheritance patterns. This overview of the
available evidence highlights the need for the develop-
ment of longitudinal databases that will increase the
chance of untangling causes versus effects of positive
energy balance.

APPENDIX Symbols, Full Names, and Cytogenetic

Location of Genes and Loci Listed in this Chapter**

Gene or

locus Name Location

A
ACP1 Acid phosphatase 1,

soluble
2p25

ADA Adenosine deaminase 20q12-q13.11
ADRB2 Adrenergic, beta-2-,

receptor, surface
5q31-q32

ADRA2A Adrenergic, alpha-2A-,

receptor

10q24-q26

ADRA2B Adrenergic, alpha-2B-,
receptor

2p13-q13

ADRB3 Adrenergic, beta-3-,
receptor

8p12-p11.2

AGT Angiotensinogen 1q42-q43

Gene or
locus Name Location

AK1 Adenylate kinase 1 9q34.1

ANG Angiogenin, ribo-
nuclease, RNase A
family, 5

14q11.1-q11.2

APM1 Adipose most
abundant
gene transcript 1,

adiponectin

3q27

APOA4 Apolipoprotein A-IV 11q23
APOB Apolipoprotein B

(including Ag (x)
antigen)

2p24-p23

APOD Apolipoprotein D 3q26.2-qter
ASIP Agouti (mouse)

signaling protein

20q11.2-q12

ATP1A2 ATPase, Na+ K+

transporting, alpha 2

(+) polypeptide

1q21-q23

ATP1B1 ATPase, Na+ K+

transporting, beta 1

polypeptide

1q22-q25

ATRN Attractin (with dipepti-
dylpeptidase IV activity)

20p13

B, C
BBS2 Bardet-Biedl

syndrome 2 gene
16q21

BBS4 Bardet-Biedl

syndrome 4 gene

15q22.3-q23

BF B-factor, properdin 6p21.3
BSCL2 Berardinelli-Siep

congenital lipo-
dystrophy 2 gene

11q13

CART Cocaine- and ampheta-

mine-regulated transcript

5q

CAV2 Caveolin 2 7q31.1
CBFA2T1 Core-binding factor,

runt domain, alpha

subunit 2; trans-
located to, 1;
cyclin D-related

8q22

CCKAR Cholecystokinin A
receptor

4p15.2-p15.1

CCKBR Cholecystokinin B

receptor
(or gastrin receptor)

11p15.4

CD36L1 CD36 antigen (collagen

type I receptor,
thrombospondin
receptor)-like 1

12q24.1-q24.3

CPE Carboxypeptidase E 4q32

D–F
DRD2 Dopamine receptor D2 11q23
ESD Esterase D/formyl-

glutathione hydrolase

13q14.1-q14.2
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Gene or
locus Name Location

ESR1 Estrogen receptor 1 6q25.1

FABP2 Fatty acid binding
protein 2, intestinal

4q28-q31

FBS Fanconi-Bickel

syndrome

3q26.1-q26.3

FGR3 Fibroblast growth
factor receptor 3

(achondroplasia,
thanatophoric
dwarfism)

4p16.3

FGF13 Fibroblast Growth
Factor 13

Xq26

G–I, K
GCK Glucokinase

(hexokinase 4,
maturity onset
diabetes of the

young 2

7p15.3-p15.1

GHRH Growth hormone
releasing hormone

20q11.2

GHRHR Growth hormone
releasing hormone
receptor

7p14

GLO1 Glyoxalase I 6p21.3-p21.1
GNAS1 Guanine nucleotide

binding protein
(G protein), alpha

stimulating activity
polypeptide 1

20q13.2-q13.3

GNB3 Guanine nucleotide

binding protein
(G protein),
beta polypeptide 3

12p13

GPC3 Glypican 3 Xq26.1
GPC4 Glypican 4 Xq26.1
GRL Glucocorticoid

receptor
5q31-q32

GYPA Glycophorin A
(includes MN
blood group)

4q28.2-q31.1

GYS1 Glycogen synthase
1 (muscle)

19q13.3

HSD3B1 Hydroxy-delta-5-steroid

dehydrogenase,
3 beta- and steroid
delta-isomerase 1

1p13.1

HSD17B1 11-Hydroxysteroid
(17-beta)
dehydrogenase 1

17q11-q21

HSD17B3 11-Hydroxysteroid

(17-beta)
dehydrogenase 3

9q22

HSPA2 Heat shock 70kD

protein 2

14q21

Gene or
locus Name Location

HTR2A 5-hydroxytryptamine

(serotonin)
receptor 2A

13q14-q21

HTR2C 5-hydroxytryptamine

(serotonin)
receptor 2C

Xq24

IGF1 Insulin-like growth

factor 1
(somatomedin C)

12q22-q23

IGF1R Insulin-like growth

factor 1 receptor

15q25-q26

IGF2 Insulin-like growth
factor 2
(somatomedin A)

11p15.5

IGKC Immunoglobulin
kappa constant

2p12

INS Insulin 11p15.5

INSR Insulin receptor 19p13.3-p13.2
IRS Insulin Resistance

syndromes
19p13.3

IRS1 Insulin receptor
substrate 1

2q36

ISL1 ISL1 transcription

factor, LIM/homeo-
domain (islet-1)

5q22.3

KEL Kell blood group 7q33
L

LDLR Low-density lipoprotein
receptor (familial
hypercholesterolemia)

19p13.3

LEPR Leptin receptor 1p31
LEP Leptin (murine

obesity homolog)
7q31.3

LIPE Lipase, hormone
sensitive

19q13.1-q13.2

LMNA Lamin A/C 1q21.2-q21.3
LPL Lipoprotein lipase 8p22

M–O
MC3R Melanocortin 3 receptor 20q13.2-q13.3
MC4R Melanocortin 4 receptor 18q22

MC5R Melanocortin 5 receptor 18p11.2
MKKS McKusick-Kaufman

syndrome
20p12

NDN Necdin(mouse)
homolog

15q11.2-q12

NHLH2 Nescient helix loop

helix 2

1p12-p11

NMB Neuromedin B 15q22-qter
NOS3 Nitric oxide

synthase 3

(endothelial cell)

7q36.2

NPY Neuropeptide Y 7p15.1
NPY2R Neuropeptide Y

receptor Y2

4q31
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I INTRODUCTION

The existence of a biological basis for the regulation
of body composition was established by the charac-
terization of rodent models of obesity caused by
single gene mutations and experimental hypothalamic
lesions (1). Obesity induced by hypothalamic lesions
clearly demonstrated the major impact of the central
nervous system and the neuroendocrine system in
regulating ingestive behavior and energy expenditure.
The identifications of the leptin/leptin receptor and
the melanocortin systems by molecular genetics and
positional cloning methodologies provided clear
molecular and cellular substrates for the interactions
between peripheral tissues (adipocytes in the case of
leptin, and pancreatic beta cells in the case of insulin)
and the brain. Other elements of the neuroendocrine
system such as growth hormone, cortisol, thyroid
hormone, and sex steroids/gonadotropins influence
the disposition of ingested calories toward expendi-
ture or storage in various tissues as specific molecules
(‘‘partitioning’’). This chapter reviews the insights
regarding the control of energy homeostasis that have
come from the identification and functional charac-
terization of the monogenic mouse obesities and their
human orthologs.

Obesity is the presence of excessive adipose tissue.
The excess can be absolute, relative to lean tissue,

or (in most clinical instances) both. Excess absolute
fat mass can be achieved only by a chronic positive
imbalance between energy intake and expenditure.
In humans and animals in which such imbalance is
induced by manipulation of diet or the central
nervous system (CNS), the increments of body fat
are usually greater (out of proportion) to gains in
lean body mass, resulting in increased absolute and
relative fat mass. It is possible, however, to prefer-
entially affect body composition (vs. mass) by met-
abolic shunting (partitioning) of ingested calories
to fat (by virtue of metabolic ‘‘steal’’ or deficient
fatty acid oxidation in muscle), hyper- or hypoplastic
development of adipose tissue (SREBP) or mus-
cle (myogenin). Rodent obesities due to primary
derangements of energy intake, expenditure, and
partitioning have been identified and are described
below. Our discussion of rodent obesities is focused
primarily on those occurring as a result of sponta-
neous mutations in single genes. Induced mutations
and studies of quantitative trait loci (QTLs) mod-
ifying body composition have been extremely im-
portant in helping to understand the molecular
physiology of weight regulation. Several of these
are discussed here when they shed light on major
pathways affected by the spontaneous mutations.
Otherwise, these genes are described elsewhere in
this handbook.

201



II NATURALLY OCCURRING SINGLE

GENE OBESITY MUTATIONS

IN RODENTS

A Agouti-Yellow (Dominant Yellow

Allelic Series)

The yellowmutation (Ay) is a dominant allele, as are the
other alleles that produce yellow pigmentation and
obesity (MGI accession ID 87853). The original yellow
mutation is descended from amutation that arose in the
so-called Japanese ‘‘mouse fancy’’ that involved collec-
tion and display of unusual-looking mice. Other dom-
inant yellowmutations have been collected as part of an
interesting allelic series. Mice carrying any one of these
dominant yellow mutations are obese (2). The degree of
obesity correlates with the amount of yellow pigmenta-
tion, suggesting that the degree of expression of the
agouti protein is directly responsible for producing
obesity. The yellow obese mice exhibit increased linear
growth, reflecting an auxotrophic effect of their
increased caloric intake. Obesity is not clearly manifest
until the mice are adults (6–8 weeks), although hyper-
phagia is present prior to the development of obesity.
The hyperphagia is amajor factor in the development of
obesity since pair-feeding yellow mutant mice to wild
type mice produces yellow mice of near normal body fat
content (3). Diabetes and glucose intolerance are asso-
ciated with the obesity of yellow mice. The yellow mice
are mildly insulin resistant, with elevated fasting insulin
levels. The diabetes syndrome is clearly regulated by
other genetic factors, as genetic background controls
diabetes risk. On the C57BL/6J background, obese
yellow mice are nearly euglycemic and mildly glucose
intolerant. With the yellow mutation on the KK back-
ground, obese yellow mice are hyperglycemic (4). Both
sexes of the yellow mice are fertile, although fertility is
reduced as the obesity increases (Table 1).

The original Ay mutation is due to a large deletion of
the 5V region of the agouti gene and a neighboring gene,
Raly (hnRNP-associated with lethal yellow). The dele-
tion juxtaposes the ubiquitously and strongly expressed
Raly promoter to the agouti coding sequence, causing
expression of agouti mRNA in all tissues (5,6). The
other dominant yellow alleles arise owing to insertion of
retroviral sequences (6,7) that juxtapose the promoter
elements of their long terminal repeats (LTRs) to drive
expression of the agouti coding sequence. Presumably,
either the specific LTR sequence or the insertion site
determines the strength of expression of the agouti
allele. Indeed, the Avy allele displays variable expression
such that pseudo-agouti individuals are observed that

are lean and nonyellow. Whereas the Ay mutation is
lethal in the homozygous state because the Raly gene
product is required during embryogenesis, the other
yellow alleles are viable in the homozygous state since
the Raly locus has not been affected.

A large number of dominant yellow mutations have
been described, and almost all are due to retroviral
insertions between the agouti coding sequences and its
various promoters. The large (>100 kbp) distance,
between the proximal hair cycle-specific promoters
and the ventral hair-specific promoter is probably
responsible for the frequency of insertional mutations
within the agouti gene. The agouti gene’s large size also
makes it a good target in x-irradiation mutagenesis
screens that have produced numerous agouti alleles.
In fact, it was the availability of numerous deletions and
rearranged alleles of agouti that aided in its initial
identification by positional cloning.

1 Molecular Clues to the Identification of Agouti
(agouti signaling protein=ASP)

The large number of dominant and recessive alleles,
comprising deletions, insertions, and inversions, were
extremely helpful in the eventual cloning ofAgouti (8,9).
At the time of agouti’s identification, genomics tools
such as detailed chromosomal maps and large insert
clone libraries were either crude or nonexistent. The
task was made easier by fortuitous events, such as the
discovery of a large inversion that simultaneously pro-
duced two new alleles ofAgouti and limb deformity. This
allele provided a molecular breakpoint that was within
the Agouti gene and allowed the accurate mapping of
molecular probes to Agouti and the eventual realization
that the Ay mutation was due to a large deletion. The
application of electrophoretic separation of DNA frag-
ments in the 100 kbp to 1 Mbp by pulsed-field gel
electrophoresis was instrumental in this discovery.
However, most deletions result in a loss-of-function
mutation, and further work was needed to account
for the dominant nature of some agouti mutations.
The eventual identification of the molecular basis of
the gain-of-function mutation was foreshadowed by the
identification of a ubiquitously expressed fusion tran-
script that was the result of splicing the 5V untranslated
region of an ubiquitously expressed gene (Raly) to a
gene that was normally expressed exclusively in skin
(Agouti) (10,11) (Fig. 1).

Ectopic Agouti (ASP) overexpression causes obe-
sity mainly by causing hyperphagia. ASP is an antag-
onist of melanocortin receptors with an affinity in the
nanomolar range (12). The melanocortin receptors are
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a family of G protein coupled receptors that cause
intracellular accumulation of cAMP upon binding of
melanocyte-stimulating hormone (MSH). ASP inhibits
the accumulation of cAMP by MSH stimulation.
Since the loss of melanocortin receptor 4 (MC4R)
causes hyperphagia and obesity (13), ASP overexpres-
sion in the brain leads to inhibition of MC4R, simu-
lating the syndrome of MC4R deficiency. Single ICV
injections of agouti-related protein (AGRP) increase
food intake for up to 7 days (14), indicating the
powerful antagonistic effect of this protein on MC4R
activity. In addition, the relative binding affinities of
agouti and MSH for MC4R differ by nearly an order
of magnitude: ASP binds to MC4R in the low nano-
molar range while MSH binds to MC4R between 20
and 40 nM (15). This discrepancy highly favors the
inhibitory effect of agouti on MC4R and the induction
of hyperphagia.

It has been suggested that ASP acts as an inverse
agonist at the melanocortin receptors. Inverse agonists
are ligands that suppress spontaneous receptor signal-
ing. In the case of inducing hyperphagia, it is possible
that ASP acts by suppressing spontaneous activity of
melanocortin receptors, MC3R andMC4R, in addition
to antagonizing MSH stimulation.

2 Normal Action of Agouti and Various Alleles
of Agouti

The agouti gene (ASP) is normally expressed only in the
skin, acting as a paracrine factor on melanocytes. The
intermittent expression of ASP and the continuous
expression of MSH are responsible for the alternate
bands of eumelanin (black pigment produced during
MSH action) and pheomelanin (yellow pigment under
ASP control/lack of MSH stimulation) on hair follicles
of agouti-pigmented rodents (16). Eumelanin is a
brown/black pigment produced by the combined action
on tyrosine of at least three enzymes: tyrosinase, TRP1
(tyrosinase-related protein 1), and TRP2 (17). Pheo-
melanin is a yellowish pigment also derived from the
action of tyrosinase on tyrosine. Only tyrosinase, in the
presence of cysteine, is required to produce pheomela-
nin. ASP action reduces total melanin content through
inhibition of tyrosinase, and near complete inhibition
of TRP1 and TRP2 activity. The actual ratio of eumel-
anin to pheomelanin is altered by ASP such that more
pheomelanin than eumelanin is produced. This is an
important point to consider since reductions of tyrosi-
nase activity, as seen in hypomorphic mutations of
tyrosinase, result in a reduction of eumelanin content
without significant alterations in pheomelanin content.

An understanding of this capacity of agouti could be
relevant to the various actions of ASP, AGRP (see
below), and MSH within the hypothalamus and their
effects on food intake and energy balance.

In the Aw (Agouti white belly) allele, an upstream
skin-specific promoter causes increased ASP expression
in ventral (abdominal) skin which causes a further
decrease in pigment deposition, resulting in a light
cream to white pigmentation (16). Interestingly, black
mice of the C57 strains and other derivatives are due to a
retroviral insertion before the first coding exon of agouti
such that no Agouti mRNA is detected (7). It has not
been determined whether the inserted VL30 element
interferes with transcription of the agouti gene or splic-
ing of the agouti transcript, or both. Several embryonic
lethal a alleles are the result of large deletions that span
the Agouti and Raly genes. Agouti expression is nor-
mally restricted to skin in rodents, although human
adipocytes express ASP at low levels.

3 Pigmentation Phenocopies of Agouti Alleles
Generated by Alleles at Mc1r

So-called recessive yellow is another mutation in mice
that produces yellow fur. It is a recessive allele of an
allelic series at the Extension locus that encodes a skin-
specific MSH receptor, MC1R. The recessive yellow
allele inactivates theMc1r gene, producing a pigmenta-
tion phenocopy of the dominant yellowmutation, with-
out producing obesity (18). This observation also
suggested that the brain melanocortin receptors were
primarily responsible for the obesity resulting from
ectopic overexpression of agouti. Interestingly, semi-
dominant point mutations that produce constitutively
active MCIR alleles of Mc1r produce darkening of
pigmentation such that homozygotes are indistinguish-
able from nonagouti mice (a/a).

4 Modifiers of AgoutiAction—Mahogany (Attractin)
and Mahoganoid Mahogunin

Two genesmodifyingAgouti action have been identified
by virtue of their ability to darken agouti pigmenta-
tion—mahogany and mahoganoid. Both of these loci
appear to act as codominants; homozygosity produces a
dark coat that is dissimilar to pure black (a/a) colora-
tion due to the persistence of yellow pigment (19). The
mahogany locus results from inactivating mutations of
Attractin (20), whereas mahoganoid remains to be char-
acterized in molecular terms. Attractin was initially
described as a human serum glycoprotein that caused
the spreading of monocytes that attract nonproliferat-
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Figure 1 Structure of Agouti locus. (A) Gene structure of Raly and Agouti in normal mice, including resulting transcripts and
appearance of mice with normal brown coat color. (B) Structure of Agouti locus in Ay mice, with altered transcript and obese

mice with yellow coat color. (C) Structure of Agouti locus, transcripts, and mouse appearance for Avy, Aiy, Ahvy mice. (D)
Structure of Agouti locus, transcripts, and mouse appearance (normal weight, black coat color) for a mice. (E) Photographs of
wild-type mice (a/a), agouti mice (A/A), heterozygous mouse for yellow mutation (Ay/a), and double homozygous mouse for
agouti and mahoganoid (A/A, md/md).
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ing T-lymphocytes (21). The two mRNA species, 8.5 kb
and 4 kb, correspond to proteins that encode mem-
brane-bound and soluble forms of attractin. The
membrane-bound form is found in the brain, skin,
heart, kidney, liver, and lung, while the soluble form is
specific to hematopoietic tissues. The protein has several
putative motifs: serine protease, EGF-like regions, a
CUB domain, c-type lectin domain, and a ligand-
binding domain for gamma chain cytokines.Mahogany
mouse mutants are hyperphagic but remain lean,
perhaps owing to increased energy expenditure. The
mahoganymutation was also able to prevent the obesity
and the yellow pigmentation caused by the dominant
Yellow mutation. Surprisingly, mahogany is unable to
prevent the obesity resulting from transgenic over-
expression of AGRP, a peptide clearly related to ASP
(see below). However, the identification of an Attractin
mutation in the rat neurologicalmutation zitter suggests
that a reassessment of the mahogany phenotype may be
necessary (20,22,23). Transgenic complementation with
the membrane bound form of attractin corrected the
neurological defect as well as the abnormal pigmenta-
tion of zitter rats, whereas the soluble attractin did not
affect either phenotype. All of the rodent Attractin
mutations cause spongiform encephalopathy and hypo-
myelination. Thus, the lean phenotype of Attractin
mutants might be due to a wasting syndrome caused by
encephalopathy and/or the movement disorder caused
by hypomyelination rather than being due to a specific
effect on Agouti (ASP) or AGRP action.

The mahoganoid mutation was recently cloned and
identified as a 54 kDa RING-containing protein with
E3 ubiquitin ligase activity. The gene has been named
Mahogunin (gene symbol, Mgrn1). The allelic series is
due mostly to spontaneous IAP (intracisternal particle)
insertions; theMgrn1nc (nonagouti curly), a chemically-
induced mutation, may be due to a T!A mutation in
intron 9. Based on the failure of overexpression of At-
tractin (Atrn) to rescue the phenotype of md animals,
Atrn is placed proximal toMgrn1 in a pathway that op-
erates at or proximal to the melanocortin receptor 1 and
possibly 3/4. Levels ofMgrn1 expression are not affected
by Atrn, and vice versa. Like Atrn, Mgrn1 is widely ex-
pressed in adult tissues, with similar expression patterns
throughout the brain. The patterns of spongiform de-
generation in brain (hippocampus, thalamus, stem and
cerebellum) are similar in md and mg affecteds, and are
proportionate to the apparent degree of inactivation
of gene expression. For example, both Atrnmg-L and
Mgrn1mdmutants (apparent hypomorphic alleles) show
no evidence of brain degeneration up to 8 and 12
months, respectively, whereas the Mgrn1md-nc, Atrnmg,

and Atrnmg3J (putative nulls) do (23a; 23b). The mecha-
nisms by whichmg andmd rescue the obesity phenotype
of Ay, may be related to anatomic effects within the
hypothalamus and/or to effects on increased energy
expenditure due to tremor. However, neither mg (23c)
or md (unpublished data) appears to rescue the obese
phenotype of the Lepob mouse, creating the possibility
that, as implied by the coat color effects conveyed via
MC1R, that the mg and mdmutations are quite specific
to the melanocortin pathway with regard to effects on
energy homeostasis, and/or that the magnitude of the
aberration in the Lepob overwhelms any compensation
provided by md or mg.

5 Agouti Gene-Related Peptide (Agrp) [Agouti
Related Transcript (Art)]

The cloning of the agouti gene and understanding of
the effects of its protein product, ASP, on food intake
led to the proposal that an endogenous ligand/receptor
system existed that was being modulated by the over-
expression of ASP. As agouti protein is not normally
expressed within the brain, an endogenous ligand(s) and
its cognate receptor(s) was postulated to mediate the
obesity-producing effects of agouti overexpression.
Homology searches through a cDNA database and an
actual cDNA library identified a transcript that is ex-
pressed in the ventral hypothalamus and adrenal gland,
as well as in testis and kidney (24,25). The gene,
‘‘agouti-related peptide’’ (Agrp), encodes a peptide that
has 25% overall homology to agouti protein, with a
higher degree of homology within the carboxyl termi-
nus. The bioactive peptide may be a smaller cleavage
product of AGRP, as the peptide derived from the
carboxyl terminus (26) is equipotent to the full-length
AGRP in evoking feeding, and hypothalamic extracts
contain this smaller peptide rather than the full-length
AGRP. The putative protease and the steps in process-
ing and secretion of AGRP remain to be elucidated.

6 Regulation of Agrp Expression by Fasting
and Leptin

AGRP mRNA concentrations in the hypothalamus are
regulated by nutritional state: fasting increases AGRP
mRNA (about four- to 10-fold increases in the mouse
and about two- to four-fold increases in the rat), and
refeeding promptly reduces these levels to the basal
state. These nutritional effects may be mediated parti-
ally by leptin since, ad libitum–fed leptin- and leptin
receptor–deficient mice have elevated concentrations of
AGRP in the hypothalamus. This may not be a univer-
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sal phenomenon, however, since leptin receptor–defi-
cient rats do not show the elevated hypothalamicAGRP
mRNA levels seen in mice. Since nonmutant rats do
show fasting-induced increases in AGRP mRNA, it is
possible that other factors influence AGRP expression.
Since AGRP/NPY neurons bearing MC3R are respon-
sive to melanocortins, it is probable that Agrp expres-
sion is regulated by melanocortin agonists, such as
MSH peptides, and antagonists, such as AGRP itself.
In Ay mice, hypothalamic AGRP mRNA is consider-
ably suppressed, presumably due to the inhibitory effect
of high levels of ASP on melanocortin receptors. It is
quite possible that there exists an ultrashort feedback
autoregulatory loop for Agrp expression. For example,
AGRP, upon its release and inhibition of melanocortin

receptors on AGRP/NPY neurons, inhibits its own
synthesis and release (Fig. 2).

Overexpression of anAgrp transgene behind an actin
promoter for ubiquitous expression simulates the obe-
sity (24) produced by overexpression of agouti (ASP) as
well as the obesity syndrome of melanocortin receptor-4
deficiency (seeMC4R below). Both ASP andAGRP are
antagonists ofMSH peptides at the melanocortin recep-
tors. However, AGRP does not bind to MC1R, the
MSH receptor in skin, explaining the inability of AGRP
to affect pigmentation. AGRP and ASP bind well to
melanocortin receptors found in the brain (both MC3R
and MC4R), and both prevent the accumulation of
intracellular cAMP that normally occurs with binding
of MSH.

Figure 2 Genes regulating body fat. This figure includes only some of the genes known to participate in regulating body fat. The
genes in boldface have been shown by mutation and pedigree analysis to be capable of causing human obesity. See Table 1 for other

candidate genes (272): ARCuate, ParaVentricular Nucleus, Lateral HypothAlamus. The receptors for the various peptides are not
shown, but are also candidate genes in the context of this proposal. For example, POMC is processed to aMSH, ACTH, and
various opioid peptides. aMSH is a ligand for the MC4 receptor (MC4R) that it engages to reduce food intake and energy

expenditure. AGRP interferes with the action of aMSH at this receptor, and hence has the effect of increasing food intake and
energy expenditure. PCSK1 is a processing enzyme for many of these peptides, and PPARg is a transcription factor that affects
adipocyte differentiation. Genes such as the ADRB3 and members of the UCP family may play roles in energy expenditure.

Symbols: aMSH (a melanocyte stimulating hormone); ADRB3 (h 3 adrenergic receptor), AGRP (agouti-related peptide); ARC
(arcuate nucleus); BBB (blood-brainbarrier); CART (cocaine-amphetamine related transcript); CRH (corticotropin releasing
hormone); HCRT/orexin (hypocretin); LEP (leptin); LEPR (leptin receptor); LHA (lateral hypothalamus);MC4R (melanocortin
4 receptor); MCH (melanocyte-concentrating hormone); NPY (neuropeptide Y); PCSK1 (pro-protein convertase); POMC (pro-

opiomelanocortin); PPARg (peroxisome proliferator activated receptor gamma); PVN (paraventricular nucleus); TRH
(thyrotropin-releasing hormone); UCP (uncoupling protein).
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7 Modifier of AGRP Action—Syndecan-3

Obesity was present in a transgenic mouse expressing
syndecan-1 (27). Syndecans are extracellular heparan
sulfate glycoproteins that bind a variety of macromol-
ecules, including extracellular matrix proteins and cyto-
kines (28). Transgenic syndecan-1 expression was
found within the brain and hypothalamus, and binding
studies showed a strong interaction between syndecan-
1 and AGRP. As syndecan-3 is expressed within the
brain, whereas syndecan-1 is not found in the brain, the
role of syndecan-3 in energy balance and ingestive
behavior was tested. Syndecan-3 protein is induced in
the hypothalamus severalfold by a prolonged fast.
Syndecan-3 knockout mice were tested for abnormal
energy homeostasis. The mice had normal body weights
and appeared to be healthy. However, when challenged
with a prolonged fast, the syndecan-3 mutants did not
show the anticipated hyperphagic response. Thus, it is
likely that syndecan-3 modulates AGRP action and
ingestive behavior within the brain.

8 Coexpression of AGRP with Neuropeptide Y
in the Arcuate Nucleus of the Hypothalamus

The discrete expression of AGRP within the medial
area of the arcuate nucleus in the rodent hypothalamus
led to the finding that two orexigenic peptides, AGRP
and NPY, were coexpressed, defining a unique popu-
lation of neurons (29). This finding is remarkable since
NPY was the most potent orexigenic neuropeptide
known until the characterization of AGRP. Neuro-
peptide Y was initially isolated from pig brain extracts
as an amidated peptide of unknown function and high
abundance (30). Intracranial injections of NPY into
male rats resulted in increased food intake and a
decided preference of the rats to ingest chow, even
when exposed to sexually receptive females (31). Neu-
ropeptide Y has been shown to elicit ingestive behavior
in numerous mammalian and avian species. In a man-
ner similar to Agrp, Npy gene expression in the hypo-
thalamus is regulated by nutritional state and overall
energy balance; increases of hypothalamic NPY or its
mRNA are observed during fasting (32), insulinopenic
diabetes (33), pregnancy/lactation (34), and cold expo-
sure (35). The correction of the negative energy balance
restores NPY mRNA concentrations to the basal state.
These alterations are probably mediated by ambient
leptin concentrations since leptin receptor–deficient ad
libitum–fed rats and mice show equivalent increases in
hypothalamic NPY mRNA (36,37), unlike the situa-
tion for Agrp (38) in rats. However, NPY is widely
distributed in neural tissues, as well as the adrenal

medulla and vasa vasorum, unlike the discrete neuro-
anatomical localization of Agrp expression in the
medial arcuate hypothalamus.

9 Proopiomelanocortin (POMC)

The function of POMC-derived peptides in ingestive
behavior and energy balance was not well appreciated
until the characterization of naturally occurring and
induced obesity-producing mutations of genes within
the melanocortin system and the development of potent
agonists and antagonists for melanocortin receptors.
Well known as the precursor for adrenocorticotropin,
endorphin, and melanocyte-stimulating hormone,
Pomc expression in the hypothalamus results primarily
in the synthesis and release of alpha MSH, gamma
MSH, and endorphin as the processing enzymes cleave
the ACTH sequence to produce alpha MSH (39).
Inactivation ofPomc using gene-targetingmethodology
produced homozygous mutant mice unable to produce
POMC and its peptides (40). The mutation acted as a
recessive allele. The initial report describes the effects of
POMC deficiency on energy balance and pigmentation.
Surprisingly, the mutant mice did not exhibit a lethal
phenotype, given the predicted lack of ACTH and
adrenal steroid secretion. However, some early mortal-
ity was described, presumably due to adrenal insuffi-
ciency. Indeed, the mutants have aplastic/hypoplastic
adrenal glands, suggesting a critical role for POMC
peptides in adrenal development. The surviving mutant
mice exhibited hyperphagia and early onset obesity. The
mutants, bearing agouti coloration, exhibited a some-
what lighter coat (less eumelanin) than wild-type agouti
controls and the pigmentation could be darkened by
MSH injections (Fig. 3).

The phenotypes of the Pomc knockout mouse can be
understood through analysis of the various melanocor-
tin receptors: (1) MC1R, the MSH receptor found in
skin; (2) MC2R, the ACTH receptor in the adrenal
cortex; (3) MC3R, a brain melanocortin receptor; (4)
MC4R, a brainmelanocortin receptor; and (5)MC5R, a
melanocortin receptor in exocrine glands (including
lacrimal and sebaceous) (41,42). The loss of alpha
MSH causes a decrease in stimulation of MC1R and
increased synthesis of pheomelanin. However, the mice
are not completely yellow, as is the case with inactivat-
ing mutations of MC1R, and as might have been
expected by the intermittent expression of agouti dur-
ing mouse hair follicle development. The adrenal apla-
sia is a somewhat unexpected phenotype, considering
the lack of proliferation induced by ACTH on adrenal
cortical cells. However, gamma MSH stimulates adre-
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nal cortical cells to proliferate and an adrenal secretory
protease that specifically cleaves gammaMSH from the
POMC precursor has been identified. Moreover, ex-
pression of adrenal secretory protease is induced in the
proliferative zone of the adrenal cortex after unilateral
adrenalectomy. However, there may be an unidentified
member of the MC receptor family since knockout al-
leles of MC1R to MC5R have been generated but none
have the phenotype of adrenal aplasia. The lack of
MSH stimulation at MC3R and MC4R is responsible
for the obesity and hyperphagia of POMC-deficient
mice since mice deficient for either MC3R orMC4R ex-
hibit obesity. The POMC-deficientmousewas not tested
for the exocrine gland secretory deficiency of MC5R-
null mice.

10 Melanocortin Receptors—MC4R
and MC3R

The discovery of melanocortin receptors unique to the
brain provided strong evidence for functions of mela-
nocortins that were mediated via the central nervous
system. The melanocortin receptors form a gene family
that encodes G-protein coupled receptors that are
coupled to Gs, having the traditional seven transmem-

brane domains. However, at the time of their discovery,
the nature of these functions was unclear. There were
some indications that MSH andmelanocortin receptors
might be involved in regulating ingestion, based on the
information about agouti and the dominant yellow
mutation. The task of providing conclusive evidence
regarding the functions of central melanocortin recep-
tors fell to mice with targetedmutations ofMc3r (43,44)
and Mc4r (13). Mice that are homozygous for the
knockout allele of Mc4r develop adult onset obesity
accompanied by diabetes, a phenotype very similar to
the obesity/diabetes syndrome observed in dominant
Yellow mice. The mutants also have increased linear
growth as seen in Ay mice. Indeed, heterozygous
Mc4r+/� mice have a mild degree of obesity, suggesting
a degree of haploinsufficiency that may be considered a
semidominant phenotype.

Mice that are homozygous for the knockout allele of
Mc3r develop late onset, mild obesity that appears to be
mediated by metabolic aberrations rather than changes
in ingestive behavior. The obesity is exacerbated by
providing a high fat diet that is calorically denser than
regular chow, and the increased adiposity is attained
without an apparent increase in caloric intake. There-
fore, metabolic alterations mediated by the loss of

Figure 3 POMC posttranslational processing. POMC is a 267–amino acid length precursor molecule which is processed in the

pituitary to several peptides, the major peptides being ACTH (39 amino acids), a-MSH (13 amino acids), and h-endorphin (30
amino acids). The POMC precursor has basic residue cleavage sites listed above the diagram showing sites at which processing of
the prohormone occurs. PC1 cleaves POMC into ACTH and h-lipotropin, whereas PC2 cleaves POMC into h-endorphin and a-
MSH. Carboxypeptidase E (CPE) is a proprotein processing exopeptidase, cleaving at C-terminal basic residues, and may
function as a regulated secretory pathway sorting receptor, using a sorting signal sequence in the N-terminal region of the POMC
precursor molecule. JP, joining peptide.
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MC3R are responsible for the obesity of the mutant
mice. It remains to be determined whether the alteration
is mediated via a specific expansion of adipose tissue or
differential utilization of caloric stores (‘‘partitioning’’).

As both of these receptors bind MSH and AGRP, it
is reasonable to propose that both of these receptors
mediate the functions of MSH and AGRP. The exact
nature of the interactions between the receptors and
their ligands remains to be fully explored. Since the
melanocortin receptors are found presynaptically and
postsynaptically, short and long feedback loops must be
present that are made more intricate by the reciprocal
innervations of NPY/AGRP and POMC/CART neu-
rons (45) (see Fig. 2).

Superpotent agonists (NDP-MSH and Melanotan
II/MTII) and antagonists (SHU9119) are relatively
poor discriminators between MC3R and MC4R, and
the results of intracranial injections of these compounds
reflect this nondiscriminatory behavior. Effects are
observed on both ingestive behavior as well as nutrient
partitioning (46,47). The data are also consistent with
the phenotypes of the two knockout mouse models,
showing that obesity is produced via hyperphagia as
well as preferential fat deposition, although the meta-
bolic effects result in much smaller amounts of excess
fat accumulation.

III LEPTIN (OBESE )

The obesemutation was initially identified in an outbred
colony of mice (‘‘stock V’’) carrying the waltzer (v)
mutation (48). The recessive mutation causes hyper-
phagia with early-onset obesity, insulin resistance with
glucose intolerance, cold intolerance, and infertility
(49). Almost all of these phenotypes are modified by
other downstream effectors and have proven to be an
extremely rich area of investigation (see Fig. 1). Posi-
tional cloning of the obese mutation revealed a gene,
later called Leptin, that encodes a novel, adipocyte-
specific hormone (50) that belongs to the cytokine
superfamily. The hormone is processed to a mature
form that circulates in a form bound to serum proteins
that include a soluble form of the leptin receptor (51).
The concentrations of leptin in blood are directly related
to the amount of fat in the body and show an extremely
good correlation to total fat mass (52). Most of the
leptin found in blood is derived from white adipose
tissue; smaller amounts of leptin are derived from
brown adipose tissue. In neonatal rodents, initially all
circulating leptin comes from BAT since rodent pups
have no white adipose tissue at birth.

A Mechanisms Causing Obesity

in Leptin Deficiency

1 Hyperphagia and Obesity

Leptin-deficient mice (Lepob) exhibit early-onset hyper-
phagia and obesity, being obese to inspection at the time
of weaning at postnatal day 21 or up to a week later.
After weaning, the mutant mice ingest up to twice the
calories of lean littermates and rapidly gain weight and
adipose tissue. On the C57BL/6J strain, mutant mice
of both sexes are twice the weight of lean siblings at 8
weeks. The mutants maintain this extreme adiposity as
long as circulating insulin concentrations are sufficiently
elevated above physiological concentrations. In some
strains of mice (such as C57BLKS/J), leptin deficiency
leads to insulinopenia and severe hyperglycemia with
persistent insulin resistance (53). In this state of absolute
and relative insulin deficiency, the mutant mice rapidly
lose weight and adipose tissue. The importance of hy-
perphagia in the development of the obese state is shown
by pair-feeding studies in which obese mice are fed the
amount of food taken spontaneously by genetically lean
mice. In such studies, the obese animals still gain slightly
more weight than the lean animals, but a much higher
fraction of the additional weight is adipose tissue (54).
Thus, the increased body fat of the obese mice reflects
the confluence of leptin’s effects on energy intake, ex-
penditure and partitioning.

2 Glucose Intolerance

Leptin-deficient mice are glucose intolerant and this is
readily evident upon weaning onto standard laboratory
chow that is carbohydrate rich (55). The mutant mice
develop hyperglycemia when ingesting standard rodent
chow; a prolonged fast reduces blood glucose concen-
trations to the normal range. The hyperglycemia is
caused by insulin insensitivity, probably due in part to
hypothalamic defects in the regulation of autonomic
nervous system outflow.

As the tissues of mutant mice are insulin resistant, it
is counterintuitive to think that adipose tissue, which is
dependent on insulin for its growth and maintenance,
would be greatly expanded. However, the insulin con-
centrations that are attained in mutant mice can be >
100-fold elevated over lean mice, providing sufficient
stimulation of insulin pathways to maintain adipose
tissue mass. This proposition is supported by the
extreme fat mass loss of mutants that are insulinopenic,
for example, C57LBKS/Jmice. Furthermore, the loss of
calories by glycosuria is probably offset by the massive
caloric intake of these mutants.

Rodent and Human Single Gene Mutations 217



The role of leptin in modulating carbohydrate
metabolism remains to be fully described. While
humans with leptin and leptin receptor deficiencies do
not show overt glucose intolerance, humans and mice
with lipodystrophy show extreme glucose intolerance
and diabetes. Moreover, in some lipodystrophic mice,
diabetes is reversed by transplantation of adipose tissue,
leptin injections, or expression of a leptin transgene (see
Modifiers of Leptin Action).

3 Cold Intolerance

In rodents, leptin deficiency results in hypothermia and
cold intolerance (56).Mutant mice usually display basal
hypothermia when raised under standard vivarium
temperatures (f22jC). The mutant mice are also
unable to maintain core temperature during a moderate
cold challenge (4jC over 1–2 hr). This thermal defect
can be partially corrected by prolonged rearing under
mild cold challenges (12–14jC) over a period of several
weeks (57,58). Upon examination of the physiological
response to a cold challenge, the leptin deficient mice are
able to shiver but fail to activate brown adipose tissue
via the sympathetic nervous system. Prolonged cold
rearing allows a direct trophic effect on BAT since
BAT from mutants raised under cold thermal challenge
is nearly normal inmass and function. In conventionally
reared mutants, the BAT is atrophic with a severe
reduction in mitochondrial content and uncoupling
protein 1, showing morphology reminiscent of white
adipose tissue. Therefore, there appear to be two defi-
ciencies in the mutants—an acute inability to activate
BAT via the sympathetic nervous system (SNS), and the
absence of a trophic stimulation on BAT. The pro-
longed cold rearing probably activates BAT via direct
stimulation from cold sensitive neurons in the periph-
eral nervous system.

Rearing obese mice at thermoneutrality (f35jC)
does not prevent the appearance of obesity (59). In
addition, as mentioned above, cold rearing to induce
the development of BAT in obese mice does not signifi-
cantly affect the development of obesity. Thus, the
thermogenic defect does not contribute substantially
to the obesity of these mice.

4 Caloric Partitioning

Hyperphagia per se should not lead to obesity in a
continuously growing animal such as mice and rats
during their rapid postweaning growth phase. Increased
caloric intake can lead to symmetric expansion of all
body compartments, leading to a larger organism.
There are apparent developmental and genetic factors

in the regulation of growth of various tissue compart-
ments, such as preferential expansion of white adipose
tissue, to lead to obesity. Body composition analyses in
mice consistently show that leptin deficiency causes an
excessive absolute and relative accumulation of white
adipose tissue, with a reduction in skeletal muscle,
diminished linear growth, and reduced brain weights.
There are several candidate mechanisms for this effect,
each of which has been observed in leptin deficient mice:
(1) defective growth hormone axis; (2) defective thyroid
hormone axis; (3) hypothalamic hypogonadism; and (4)
reduced physical activity. The caloric partitioning effect
is dramatically demonstrated during pair-feeding stud-
ies in which the ingested calories of mutant mice are
yoked to genetically lean control mice (60). After a
period of such restricted feeding, the mutant mice attain
slightly greater body weights than lean mice. However
body composition analysis shows that the mutant mice
have increased absolute fat content (about twofold)
(55). Therefore, the obesity of leptin deficiency is due
to both hyperphagia and to preferential deposition of
stored calories as fat.

5 Infertility and Hypothalamic Hypogonadism

It is well known that hypogonadism alters body com-
position and increases fat accumulation in both sexes.
Leptin deficiency, in most of the strains tested (C57BL/
6J, C57BLKS/J, DBA/2V, and V), causes hypothalamic
hypogonadism and infertility (53). The low sex hormone
levels probably contribute to the adiposity of the
mutant mice. However, the original strain of leptin
receptor deficient rats (Zucker fatty strain) can be
selected for fertility inmutantmales. Recently, theLepob

mutation has been transferred to the BALB/cJ strain
(61). Both male and female mutants of this strain are
obese, yet fertile and produce normal pups. This striking
strain difference between C57BL/6J, the standard obese
inbred strain host, and BALB/cJ could be utilized to
identify allelic variants of genes that modify leptin
effects on the integrity of the gonadal axis.

B Leptin Effects on Normal and obese Mice

The production of synthetic leptin led to the rapid
evaluation of leptin’s actions on normal and mutant
mice (62–64). When injected either into the periphery or
into the brain, leptin can correct all of the abnormalities
of obese mice. Indeed, if treated for a sufficient period of
time, the mutant mice become phenotypically lean and
reproduce in a normal fashion. Treatment of rodents
with leptin that maintains leptin concentrations in the
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high physiological range actually depletes adipose tissue
depots, resulting in leaner animals (65). Similar re-
sponses occur if leptin is delivered either via an adeno-
virus (66) or a transgene (67), indicating that normal
mice can respond to elevations in leptin concentrations
and reduce adipose depots. In addition, these results
indicate that it is unlikely hyperleptinemia per se causes
leptin resistance. However, diet-induced obese rodents
are hyperleptinemic and resistant to the effects of leptin.
Therefore, the hyperleptinemia of diet-induced obesity
may reflect effects of increased adiposity as well as leptin
insensitivity. The factors that are involved in causing the
leptin resistance of diet-induced obesity should prove to
be an interesting area of research.

C Regulation of Leptin in Adipose Tissue

Leptin secretion and blood levels are regulated by nutri-
tional factors, in addition to their correlation to fat
mass. Leptin is secreted via the constitutive synthetic
and secretory pathway that is highly sensitive to adipo-
cyte volume (68). The mechanism for this sensitivity to
adipocyte volume is not known, but provides an explan-
ation for the correlation of circulating leptin concen-
trations with adipose tissue mass. Insulin has a
stimulatory effect on leptin gene transcription and
translation, and causes release of a leptin from a pool
of stored leptin (69). Glucocorticoids have a similar

stimulatory effect on leptin gene transcription and syn-
thesis of leptin, although glucocorticoids do not stim-
ulate the release of stored leptin.

The insulin-mediated stimulation of leptin transcrip-
tion could be mediated directly, via stimulation of the
phosphorylation cascades initiated by the insulin recep-
tor, or indirectly, via metabolites produced during
glucose metabolism, such as UDP-glucosamine (70).
Initial characterization of the leptin promoters from
man and mouse indicated the presence of a CCAAT
enhancer-binding protein (C/EBP) site (71) that could
stimulate transcription in preadipocytes and that C/
EBP alpha could stimulate leptin transcription (72).
Subsequent studies have indicated that C/EBP alpha is
downregulated during insulin treatment of fully differ-
entiated adipocytes, suggesting that stimulation of C/
EBP alpha activity is not the mechanism for insulin-
mediated stimulation of leptin transcription (73). These
results need to be more fully explored in order to
reconcile the discrepancies (see Fig. 4).

Treatment of rodents and adipocytes with a class
of drugs called thiazolidinediones (TZDs; used as insu-
lin-sensitizing agents in type 2 diabetes mellitus) have
been found to suppress leptin gene expression. In ad-
dition, TZDs can increase fat accumulation, probably
by stimulating adipocyte proliferation and differentia-
tion. TZDs activate PPAR gamma, a transcription fac-
tor that positively regulates adipocyte differentiation.

Figure 4 Regulation of leptin synthesis. Insulin and glucocorticoids stimulate leptin gene transcription and synthesis, whereas
fatty acids that activate PPARg are inhibitory to leptin synthesis.
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However, in contrast to its stimulatory effect on some
adipose-specific genes, PPAR gamma inhibits leptin
gene transcription (74). While PPAR gamma does not
appear to bind directly to the site of the leptin pro-
moter responsible for the inhibitory effect of TZDs on
leptin transcription nor to C/EBP alpha, it is possible
that the two transcription factors compete for a critical
cofactor (75).

D Leptin Expression in Nonadipose Tissues

Leptin has been reported to be expressed in numerous
tissues in addition to adipose tissue. LeptinmRNAand/
or protein have been reported in the stomach (76),
skeletal muscle (70), and the trophoblast of the devel-
oping embryo (77). Leptin secreted from the stomach
during or after amealmight contribute to inhibit further
feeding. Among other postulated roles of gastric leptin
is a cytoprotective effect against the formation of muco-
sal ulcers (78). Within skeletal muscle, leptin gene ex-
pression is induced by increased leptin concentrations
and glucosamine, a metabolic intermediate of a pro-
posed nutrient-sensing pathway in skeletal muscle and
adipose tissue. Leptin has been found in the preimplan-
tation embryo, and it is derived from maternal leptin
mRNA. Leptin is found in a gradient and eventually
localizes to outside cells of the morula that are destined
to become trophoblastic cells. However, leptin is not
absolutely necessary for ontogenesis since embryos
from leptin-deficient dams develop into normal fetuses
and pups.

E Circulating Leptin and Soluble

Leptin Receptor

Leptin circulates in a bound form in most lean individ-
uals. The leptin binding protein in humans is probably a
proteolytically shed form of membrane bound leptin
receptor since the 3V terminal exon for the soluble leptin
receptor isoform is nonfunctional in humans, due to
absence of a polyadenylation signal (79). In rodents, a
transcript (LEPR-E) directly encodes a soluble leptin
receptor. In obese individuals, circulating leptin con-
centrations are higher and the ratio of bound leptin to
free leptin is altered in favor of free leptin, presumably
due to independent mechanisms that modulate leptin
and soluble leptin receptor (51,80).

Leptin is cleared primarily by the kidneys. In end
stage renal disease, leptin concentrations are elevated,
owing to diminished leptin clearance (81). These ele-
vated leptin levels could be partially responsible for the

anorexia and wasting associated with renal failure.
Interestingly, the kidneys and the lungs are organs with
high levels of expression of LEPR-A isoform, suggest-
ing that LEPR-A might be involved in leptin clearance
and degradation.

Circulating leptin is extremely elevated during preg-
nancy in the mouse (82), whereas a modest twofold
elevation is seen during pregnancy in rats (83,84) and
humans (77,85). In the mouse, the soluble leptin
receptor is produced via a placental-specific promoter
driving synthesis of the soluble LEPR-E isoform. This
increase in LEPR-E leads to increased amounts of
LEPR-bound leptin and diminished clearance of lep-
tin. An interesting difference between the hyperlepti-
nemic states of pregnancy and obesity accounts for the
increased leptin concentrations. Increased adipose tis-
sue mass produces increased amounts of leptin, lead-
ing to increased free leptin. During pregnancy, the
increased amounts of soluble leptin receptor bind
leptin, increasing the amount of bound leptin and
decreasing the clearance of leptin. The evolutionary
advantage of such leptin accumulation could be
related to the extreme energy demands of gestation
and lactation in a small homeotherm, the mouse.
Maintaining the health of the pregnant dam and the
developing fetuses requires a constant, high level of
caloric intake and prolonged caloric deficits would be
deleterious to both the dam and the developing pups.
Therefore, it is reasonable to argue that the decreased
availability of free leptin during pregnancy is a mech-
anism to drive feeding even in the face of increasing
adipose depots and increased leptin biosynthesis.
Apparently, the rat and human LEPR genes do not
have such a strong placental promoter, leading to the
much more modest increases in circulating leptin dur-
ing gestation in rats and humans.

F Effects of Leptin Outside of the Brain

and Neuroendocrine System

Leptin receptors are found in numerous tissues outside
of the brain. Leptin receptors, particularly LEPR-B,
are found in abundance in developing long bones and
cartilage (86). Moreover, leptin-deficient mice have
increased cortical bone thickness and leptin treatment
of ob/ob mice normalizes bone thickness (87),
although it has also been reported that leptin pro-
motes bone growth in ob/ob mice (88). Moreover,
leptin deficiency causes mild growth hormone defi-
ciency with associated decreased linear growth. Thus,
the effects of leptin on the skeletal system remain to be
further elucidated.
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Leptin-deficient mice have a mild immune system
deficiency, and LEPR-B is expressed in lymphocytes at
levels equivalent to the hypothalamus (89). Because
leptin is a cytokinelike molecule, it is not surprising
that immune cells respond to leptin (90). Since fasting
and caloric restriction produce a mild repression of
immune function, it is possible that the decreased lep-
tin concentration associated with negative energy
balance is partly responsible. High turnover of circu-
lating immune cells is energy costly and might be
dispensable under conditions of nutritional deficit
and might have evolved as a means of maximizing
metabolic fuel efficiency.

Leptin has angiogenic properties, stimulating the
growth of new capillaries (91). LEPR-B is expressed in
human endothelial cells, and the control of capillary
growth could be important to the delivery of metabolic
substrates to various tissues—in particular, adipose
tissue. It is possible that differential blood flow to
various adipose depots could be responsible for the
substantial metabolic differences between subcutaneous
and visceral adipose depots.

G Mutant Alleles of Leptin

The leptin transcript is remarkable for a long 3V
untranslated region. The transcript comprises two
exons, and the first Lepob mutation is a point mutation
in the second exon that generates a premature termi-
nation codon (50). Since the mutation occurs in the 3V
terminal exon, the mutant transcript is not susceptible

to nonsense-mediated mRNA decay and accumulates
at much higher concentrations than the wild-type allele.
Although cytoplasmic concentrations of Lepob leptin
have not been measured, the protein is certainly not
secreted from the adipocyte. In humans, a similar
mutation generating a premature termination codon
has been described. In these individuals, mutant leptin
remains within the cytoplasm of adipocytes and is not
secreted (see below). While such accumulation might be
attributable to high levels of stimulation due to high
concentrations of insulin, it is also possible that there is
an autoregulatory feedback loop for leptin gene expres-
sion in the adipocyte and that the lack of leptin auto-
inhibition leads to increased leptin gene transcription.

The Lepob2J mutation is due to an insertion of a
transposon element within the proximal promoter of
the leptin gene (92). Very little if any leptin transcript is
observed with this mutation. The mutation arose on the
SM/J strain and the mutant mice of this strain are not
severely hyperglycemic, suggesting the presence of
alleles that are protective against type 2 diabetes (see
Fig. 5).

H Mediators and Modifiers of Leptin Action

in the Hypothalamus

The proximal mediators of leptin action relevant to
energy balance are leptin-sensitive neurons within the
hypothalamus and their constituent neurotransmitters
(93). This is highlighted by the fact that intracerebro-
ventricular injections of small doses of leptin are

Figure 5 Genetic structure of the Lepob and Lepob2J loci. Lepob contains a point mutation in the second exon, R105X, that leads
to premature chain termination. Lepob2J has a transposon element inserted into the promoter. This transposon element is from

the ETn family of transposons and contains multiple splice-acceptor sites that interfere with normal splicing.
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sufficient to correct the obese phenotype, as noted
previously (62). In addition, these leptin injections
into the brain can correct the glucose intolerance prior
to the appearance of the effects on feeding (94),
suggesting that there may be different thresholds for
the various actions of leptin. A large number of leptin-
sensitive neurons have been identified, and each type
contributes to the obesity/diabetes syndrome of leptin
deficiency. Upon binding to its receptor, activation of
the JAK/STAT pathway is responsible for leptin’s
effects (89,95,96), although the stimulatory and inhib-
itory effects on specific neuropeptide genes remain to
be fully explained. The genes encoding orexigenic
peptides (NPY, AGRP, MCH [melanocyte-concen-
trating hormone]) are downregulated by leptin while
the genes encoding anorectic peptides (POMC and
CART [cocaine- and amphetamine-regulated tran-
script] in arcuate nucleus neurons) are upregulated
[reviewed by Spiegelman and Flier (93)]. Leptin also
can hyperpolarize hypothalamic neurons (97), an
effect perhaps mediated by the activation of ATP-
sensitive potassium channels, probably contributing
to decreased release of the orexigenic peptides. How-
ever, this action would not be expected to be correlated
with leptin’s effect on POMC neurons since hyper-
polarization would inhibit release of POMC-derived
peptides. Indeed, leptin depolarizes POMC neurons
directly and relieves GABA-mediated inhibition (45).
Thus, leptin can have directly opposite actions on
resting potential, depending on neuronal cell type. This
action will require much farther investigation to elu-
cidate its mechanism.

These actions of leptin appear to orchestrate a
coordinated response to alterations in circulating leptin
concentration. Under conditions of negative energy
balance and decreased leptin concentrations, the neu-
rons secreting orexigenic peptides, such as NPY (98)
and MCH, are activated and increase release of their
orexigenic peptides. Simultaneously, the decreased lep-
tin concentrations stimulate the transcription of the
same neuropeptide genes to allow for increased syn-
thesis of the neuropeptides being released. The POMC/
CART neuron is controlled in a reciprocal fashion to
maximize the drive to feed. Decreased leptin concen-
trations decrease POMC and CART synthesis (99–
101). Correction of the leptin concentrations to the
basal state normalizes neuronal activity and neuropep-
tide gene transcription/translation.

In normal rodents, exogenous leptin administration
via leptin infusion or gene transfer techniques (viral
vectors or transgenes) causes hypophagia and dimin-
ished adipose tissue mass. Leptin infusions that

increase leptin concentrations at the high end of phys-
iological concentrations (10 ng/mL) do not appear to
cause alterations in NPY mRNA, but other neuro-
peptides remain to be studied. It is remarkable that
the lack of adipose tissue in these leptin-treated animals
does not lead to insulin resistance and diabetes usually
associated with lipodystrophy, a syndrome character-
ized by diminished adipose depots. In fact, leptin trans-
genic mice are exceptionally lean and have increased
glucose tolerance, implying that high leptin concentra-
tions in normal lean organisms cause enhanced glucose
metabolism. The paradox remains as to the lack of
efficacy of leptin in correcting obesity and insulin
resistance in diet-induced obesity.

IV LEPTIN RECEPTOR (DIABETES
AND FATTY )

The diabetes mutation arose in the C57BLKS/J strain;
obese mice of this strain are susceptible to developing
insulinopenia and severe diabetes (102). The pheno-
types of young db/db mice are strikingly similar to that
of young ob/ob mice: early-onset hyperphagia and
obesity with the attendant thermogenic defect. In addi-
tion, both mutations cause early onset hyperglycemia
and hyperinsulinemia that diverge only later in life,
with db C57BLKS/J mice developing severe insulino-
penia and early mortality. When the ob and db muta-
tions were both transferred to the C57BL/6J strain, the
two mutations showed identical phenotypes, suggesting
that the diabetes susceptibility of C57BLKS/J db mice
was due to a strain-specific combination of allelic
variants (103,104). These similarities in phenotypes
led Douglas Coleman to perform parabiosis studies
to test the hypothesis that the normal ob and db gene
products constituted a ligand-receptor system (105).
Coleman found that ob:ob pairs and db:db pairs
showed no differences in the partners of the pairs.
However, in ob:db pairs, the ob partners lost weight
and occasionally succumbed to starvation. While this
might be a strong indication that the ob gene product
was a diffusible substance and that the db gene product
was its receptor (as later shown by molecular cloning of
both genes), parabiosis between ob and lean animals
did not produce such clear-cut results. Both partners of
the ob:lean pairs thrived and gained weight in nearly
the same fashion as singleton animals of the same
genotypes. One would have predicted that the ob
partners of ob:lean pairs should have lost weight upon
exposure to the diffusible substance provided by the
lean partner.

Chua et al.222



Remarkably, two rat mutations, fatty [Zucker
(106)] and fatty-f [Koletsky (107)], caused a nearly
identical obesity/diabetes phenotype as obese and dia-
betes mouse mutants. The mutations were recessive
and caused early onset obesity with hyperphagia, cold
intolerance, hyperglycemia and insulin resistance, and
infertility. The similarities of the phenotypes suggested
that diabetes and fatty might be molecular orthologs.
This was confirmed upon the mapping of the fatty
mutation to a segment of rat chromosome 1 (108) that
was orthologous to a segment of mouse chromosome 5
that contained diabetes.

A Molecular Clues to the Identification

of diabetes

Various approaches were combined to provide the
conclusive evidence that mutations of the leptin recep-
tor gene and diabetes and fatty alleles were one and the
same. Mapping studies had shown that the mouse
diabetes mutations and the rat fatty alleles were ortho-
logs. A positional cloning approach by two groups had
narrowed the critical chromosomal interval to f1
Mbp (109,110). A leptin-binding protein expression
cloned from the choroid plexus mapped to this critical
interval (111). However, analysis of the most fre-
quently studied alleles of diabetes and fatty initially
proved to be uninformative in terms of providing the
evidence that mutations were present in the leptin
receptor gene. It fell to the infrequently studied dbPas

allele to provide the proof. Genomic analysis of the
leptin receptor in dbPas showed the presence of a
partial duplication, eventually shown to be a duplica-
tion of four exons, which eliminated all leptin receptor
transcripts (110,112). While the original db allele was
found to have a mutation that generated a new splice
donor site in one of the alternative 3V terminal exons
(109,113), preventing the translation of one of the
isoforms (‘‘Rb’’), the mutation did not eliminate three
other membrane-bound leptin receptor isoforms, pro-
viding a puzzle that could only be explicated with
further studies of the molecular properties of the
leptin-leptin receptor signaling system.

The homology of the leptin receptor to cytokine
receptors was not surprising, given the structural sim-
ilarity of leptin to cytokines (111). Given this structural
similarity, the diabetes mutation’s elimination of the
STAT signaling-competent isoform. LEPR-B, proved
to be a critical element in highlighting the importance of
LEPR-B function and the hypothalamus in the obesity/
diabetes syndrome (89,95), given the normal expression
of the other LEPR isoforms in db/db mice.

B Alternative 3V Terminal Exons Provide a

Variety of Leptin Receptor Isoforms

The leptin receptor gene has multiple 3V terminal exons
(79) that may be alternatively spliced in a tissue-specific
manner (89) (Fig. 6). Each of these 3V terminal exons
contains a stop codon and a polyadenylation signal.
Two of the exons, 14V and 17V, are extensions of the pre-
ceding exons and start with a canonical splice donor site,
an arrangement for 3V terminal exons that is not uncom-
mon in genes that are differentially spliced in cells that
undergo differentiation and maturation, such as the
gene encoding the heavy chains of immunoglobulins.
The presence of multiple 3V terminal exons was a com-
plication in the initial identification of disruptive muta-
tions of Lepr (109,110,113). However, the identification
of the single nucleotide alteration for Leprdb was highly
instructive regarding the singular critical role of the
membrane-bound B isoform of LEPR. Analysis of
cDNA clones indicated that there was heterogeneity in
the 3V terminus of transcripts that Lepr encoded. All of
the transcripts contain the same ligand-binding domain
(present in exons 8, 9, 10, and 11) so that all of the LEPR
isoforms should bind leptin equally. There is a short
transcript that includes coding exons l–14 and the 3V
terminal exon that has been called exon 14V This soluble
receptor (LEPR-E) is found in the circulation and its
production is strikingly increased during pregnancy in
the mouse due to a placenta-specific promoter (82), re-
sulting in extreme hyperleptinemia (10-fold elevation
of total leptin in the blood). However, the hyperlepti-
nemia in pregnant rats or humans is only twofold, sug-
gesting that any advantages conferred by the extreme
hyperleptinemia of pregnancy in the mouse may not be
necessary for satisfactory gestations in other species
(114). In fact, the human gene does not contain a func-
tional exon 14V, since it lacks a polyadenylation site. The
human LEPR does not produce LEPR-E mRNA al-
though there is soluble LEPR in the circulation. Human
LEPR-E is produced by proteolytic cleavage of mem-
brane bound LEPR isoforms; this phenomenon is seen
frequently amongst members of the cytokine receptor
superfamily (79).

There are several membrane-bound LEPR isoforms,
all of which include coding exons 1–17 and one of sev-
eral 3V terminal exons. Exon 16 encodes the transmem-
brane domain while exon 17 encodes a membrane
proximal segment containing the JAK activation region
to which JAK and SOCS3 bind. Two of the alternative
terminal exons, 17V and 18a, encode short cytoplasmic
tails that do not appear to have functional motifs. The
number of these 3V terminal exons and LEPR isoforms
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is species dependent; rats and humans have at least four
of membrane-bound isoforms (rat LEPR-D and human
B219, in addition to the ones described in detail) as op-
posed to the three isoforms in the mouse. Interestingly,
only one LEPR isoform, LEPR-B, has a long cytoplas-
mic tail (accounting for its common designation as the
‘‘long-form’’ leptin receptor) that can activate STAT
(signal transduction and transactivation) proteins. The
sole loss of LEPR-B caused by the Leprdb mutation
produces an obesity/diabetes/infertility syndrome that
is identical to the loss of all LEPR isoforms by the other
Lepr mutations (112,115), such as LeprdbPas and
Leprdb3J, indicating the crucial role performed of STAT
activation by the LEPR-B isoform. LEPR-B is the
major isoform only in some tissues, such as in neurons
of the hypothalamus and lymphocytes (89). The nature
of the tissue specificity of splicing of the terminal exons
remains obscure, although any investigations that sug-
gest regulation of specific LEPR isoforms need to
address this issue. Specific alterations in the ratios of
LEPR isoforms are probably mediated via splicing
rather than regulation via effects on transcription rates.

Another surprising aspect of LEPR isoforms is
that studies have failed to detect heterodimer forma-

tion in cells transfected with two different membrane-
bound LEPR isoforms—LEPR-A and LEPR-B.
LEPR appears to form homodimers prior to ligand
binding (116), and one can postulate that the cyto-
plasmic tails of the isoforms dictate preferential
self-dimerization or differential sorting to various sub-
cellular compartments.

C LEPR-B, a STAT-Competent Signaling

Isoform, Is Critical for Leptin Signaling

Complete loss of LEPR mRNA results in an obesity/
diabetes syndrome that is identical to that produced
by the loss of the LEPR-B mRNA. This finding indi-
cates that LEPR-B is necessary and sufficient tomediate
all of leptin’s actions regarding energy regulation. How-
ever, the other LEPR isoforms may perform functions
outside of this context that remain to be more fully ex-
plored. LEPR-B is the only isoform that bears a STAT-
activating motif (111), indicative of the critical function
of STAT3 in transducing leptin receptor activation. All
membrane-bound LEPR isoforms (A, B, C, and D) can
bind and activate JAK. Interestingly, leptin activates

Figure 6 Genomic structure of Lepr and alternative transcripts. (A) Genomic structure of Lepr. Coding exons are in blocks and
numbered. Terminal exons are denoted by numbers under the exons while coding exons are numbered above the exons (exon 16
bears a transmembrane domain). Colored blocks within exons represent sequence motifs: yellow represents a JAK box, white

represents a STAT box, while a black block represents the single transmembrane domain. (B) Alternative transcripts of Lepr.
Four isoforms of LEPR are represented. LEPR-E is a soluble receptor, terminating at exon 14V and excluding the transmembrane
domain (black) in exon 16. All of the membrane bound receptors (LEPR-A, LEPR-B, LEPR-C) include exon 17, which has a

JAK box. The LEPR-B isoform is the sole receptor that contains the STAT box.
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STAT3 within the hypothalamus (95), whereas leptin
can activate STAT3 and STAT5 in vitro (89).

D Alleles of Lepr in Mice and Rats

Several additional diabetes alleles have been detected
since the initial identification of db. The large size of
Lepr (>100 kbp) and easy phenotypic discrimination
(severe obesity) may produce an ascertainment bias
contributing to the apparent high frequency of muta-
tions. All of theLeprmutations are recessive and cause a
similar phenotype, minor differences being attributable
to the strain on which the specific allele is characterized.
The variety of the nature of the mutations also suggests
that the size of the gene provides a large target for
mutational mechanisms. A relatively large number of
potentially significant sequence variants have also been
described in humans (see below).

1 db

The nature of the db allele has been described above.
The molecular consequences of this allele are relatively
minor in terms of its effects on amount of RNA. The
mutation’s major impact lies in the prevention of the
translation of the LEPR-B isoform through the inter-
position of the 3V terminal exon for the LEPR-A isoform
in the LEPR-B transcript. Originally arising in the
C5BLKS/J strain, this allele has been subsequently
transferred to multiple strains (117). The variation in
severity of diabetes in obese animals of different strains
has been exploited to look for modifiers of diabetes.

2 db3J

A 17-bp deletion within an exon disrupts the reading
frame (118,119). As the exon is within the middle of
the coding sequence and prior to the transmembrane
spanning region, any leptin receptor that is produced
is found as a soluble protein. Owing to the premature
termination, a considerable reduction in LEPR
mRNA results. The db3J mutation arose on the 129/
J strain and showed a unique phenotype of extreme
hyperinsulinemia so severe that older mutant mice
were found to be hypoglycemic.

3 dbPas

A large interstitial duplication exists of coding exons 3,
4, 5, and 6 (112,120). The disruption of the coding
sequence probably leads to an unstable transcript and
a significant reduction in LEPR mRNA. The duplica-
tion occurs prior to the putative ligand-binding domain
and any LEPR produced would be predicted to be

unable to bind leptin. This allele was discovered in the
DW strain maintained at the Pasteur Institute.

4 dbNCSU

A single basepair deletion in an exon reduces LEPR
mRNA and shifts the reading frame of all LEPR
isoforms (121). No membrane bound isoforms are
expressed by this mutant allele. This mutation
occurred in an outbred population of CD1 mice
maintained at North Carolina State University. The
stock is directly descended from Swiss albino mice
and is genetically unrelated to most of the mouse
stocks on which ob and db have been analyzed. The
severe diabetic phenotype of these mice highlights the
importance of strain background in determining dia-
betes susceptibility in rodents.

5 LeprTg(Mth11)1Aig

This is a mutation due to a transgenic insertion
coupled with deletion of all exons 3V to coding exon
17V (122,123). This mutation illustrates some of the
difficulties encountered with molecular analysis due to
transgenesis. The insertion of the transgene would
probably have been sufficient to inactivate Lepr tran-
scription. However, additional molecular events, such
as large-scale deletions or rearrangements, are possi-
ble and compound the analysis of the effects of the
mutational event.

E Extinct Leprdb Mutations

Two documented alleles for db were described although
no DNA is available for molecular analysis. The two
alleles are dbad and db2J. The dbad allele was described in
1959 and demonstrated to be allelic to db (124). Inter-
estingly, this allele was also discovered in mouse lines
that were being selected for large size and increased
growth, similar to the background for discovery of fatty
and the Socs2hg mutations. The db2J mutation was
discovered at Jackson Laboratories as indicated by its
allelic designation and found to be allelic to the first db
mutation (104). This was the mutation with which some
of the initial comparisons of strain effects on the obesity-
diabetes syndrome were performed.

1 fatty

The fatty mutation arose in an outbred population of
rats that had been generated to study genetic effects on
nutrition and body weight regulation (106). The 13M
stock was made heterogeneous by outcrosses of at
least four different rat strains at the outset of the
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experiment to maximize diversity in the gene pool. The
spontaneous recessive fatty mutation produced the
obese phenotype. Obese rats of the outbred Zucker
stock are obese and mildly glucose intolerant but never
develop overt hyperglycemia and glycosuria. In keep-
ing with the minimal pathology associated with obesity
in the Zucker stock, obese males are occasionally
fertile. This trait can be selected for and the proportion
of fertile obese males can be significantly enhanced by
this procedure. This is in contrast to two inbred rat
strains derived from the original 13M fatty stock—the
Zucker Diabetic Fatty [ZDF (125)] and the Wistar
Diabetic Fatty [WDF (126,127)]. The ZDF rats were
derived by initial selection of the 13M stock for pairs
that produced obese diabetic progeny, and subsequent
inbreeding to fix the diabetic trait. The WDF rats were
produced simply by transferring the fatty mutation to
the WKY/N inbred strain. The resulting co-isogenic
WDF strain produced obese rats with severe diabetes.
Obese males of the ZDF and WDF strains are much
more severely affected in terms of diabetes than obese
females, following a trend of some protective effect of
female sex found in most obese mice. It has been
proposed that sulfurylation of estrogens by sulfotrans-
ferases differentially expressed between the sexes might
be responsible for this effect (128).

The fatty mutation is a point mutation that substi-
tutes a proline for glutamine at residue 269 (129,130).
The effect of this mutation on RNA abundance and
protein abundance is negligible. In fact, the mutant pro-
tein binds leptin with an affinity equal to the native
receptor. Thus, the mutation was not helpful in the
initial attempts to show that leptin receptor mutations
were responsible for the obese phenotype. However, the
mutant protein fails to be expressed at the cell surface,
presumably owing to misfolding and inappropriate
subcellular sorting. Thus, the mutation abrogates lep-
tin-dependent STAT3 activation. However, the mutant
protein has constitutive STAT activating activity,
although at a much lower level than the native receptor.

2 fatty f

Thismutation arose in a cross between Sprague-Dawley
and spontaneously hypertensive rats (SHR). The muta-
tion was given a provisional symbol ‘‘f ’’ by its discov-
erer, Koletsky (107). The stock has been maintained as
such and has been duly named the Koletsky mutation
( faK). Owing to the SHR background, obese rats
showed profound pathology associated with obesity,
hyperglycemia, hyperlipidemia, and hypertension. Sub-
sequently, the mutation was transferred to two other

inbred strains (131,132), LA/N and SHR/N, and was
given another name, corpulent. The obese LA rats are
mildly hyperglycemic and are quite similar in phenotype
to obese C57BL/6J mice, whereas obese SHR rats are
obese and overtly hyperglycemic, suffering earlymortal-
ity due to the diabetes and hypertension imposed by the
strain background. In order to limit the profusion/
confusion of names, and to comply with terminology
precedents, it is preferable to use the initial symbol
given, fatty f.

The fatty f mutation is a single base substitution that
generates a premature termination codon prior to the
transmembrane domain (133,134). The amount of
LEPR mRNA is greatly reduced by the mutation,
probably due to degradation of the mutant transcript
by nonsense-mediated decay. However, sufficient
amounts of LEPR mRNA remain to permit amplifica-
tion and subsequent sequence analysis as the mutation
was identified from amplified cDNA.

F Critical Tissues and Cells That Mediate

Leptin’s Actions

All of leptin’s actions on hyperphagia and glucose
metabolism appear to be mediated by the brain since
small intracranial infusions of leptin can normalize
ingestive behavior and glucose tolérance in ob mice.
However, it remains to be determined whether all of
leptin’s actions on metabolism and ingestion are medi-
ated by the brain. Due to the specific actions of leptin
on lymphocytes and vascular endothelium, which are
not mediated by the brain, it is possible that adipo-
cytes, hepatocytes, pancreatic beta cells, and muscle
cells can be directly affected by leptin. However, these
extrahypothalamic contributions toward energy
homeostasis must be of a small magnitude since
LEPR-B expression within the brain is sufficient to
correct most or all of the obesity/diabetes syndrome of
leptin receptor deficiency (135).

LEPR-B is expressed in many of the critical hypo-
thalamic neuronal populations that regulate energy
balance—NPY/AGRP, POMC/CART, TRH, CRH,
and MCH. Moreover, leptin regulates the expression
of these neuropeptide genes (via STAT-mediated tran-
scription effects) and modulates their release (probably
by effects on membrane potential). These effects of
leptin occur over a longer time interval than most
effectors, taking f20–30 min to attain maximal effect
(45,97). However, these effects are also long-lasting and
take up to an hour to dissipate after the initial stimulus.
While the stimulatory effect of leptin on POMC activity
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can be explained by stimulatory effects of STAT3 on
Pomc transcription, it is more difficult to relate STAT3
activation to the suppression of Npy and Agrp tran-
scription. There is no doubt regarding the effects of
leptin on these genes (136) since leptin can reverse the
fasting-induced changes in Pomc (leptin reverses fast-
ing-related inhibition) and Npy (leptin reverses fasting-
related induction).

Since it has been identified that leptin, upon binding
to its receptor, activated STAT3 in the hypothalamus, it
was interesting to note that ciliary neurotrophic factor
(CNTF), another cytokine, could mimic the anorexi-
genic effects of leptin (137). Similar to leptin, CNTF and
its analogs activate STAT3 within the hypothalamus by
a mechanism that is not dependent upon LEPR, since
the effect is seen in db/db animals. Presumably, there is
considerable overlap between the distributions of LEPR
and CNTFR, although this has not been directly deter-
mined. The drug axokine, which activates CNTFR, is
under trial as a weight-reducing agent.

G Modulation of the Hyperglycemia and

Insulinopenia of C57BLKS-db Mice

The severe diabetic syndrome of db/dbC57BLKS/Jmice
is not an irremediable phenotype. Food restriction can
ameliorate the diabetes and prevent early mortality
although the mutant mice still develop hyperglycemia
(138). The diabetes is not an autoimmune phenomenon
although some autoimmune markers can be observed,
such as islet immunoreactive antibodies (139). An intact
immune system, either T-cells, B-cells, or both, is not
necessary for the development of the diabetes. How-
ever, a simple nutritional modification, substitution of
all carbohydrate sources in the diet with protein, can
prevent the development of hyperglycemia, insulinope-
nia, and pancreatic beta-cell loss (138). There appears
to be a critical period for this protective effect of dietary
manipulation since it is most effective within the first 1
or 2 weeks after weaning. Mutant mice that are older
cannot be rescued by this diet, suggesting that there has
been a depletion of precursor stem cells or that a block
in capacity for differentiation has occurred. The molec-
ular bases of this diabetes susceptibility remains to be
further explored since there are numerous well-charac-
terized inbred strains that differ in their diabetes sus-
ceptibility. While it is possible that a simple two-allele
system is responsible for this diabetes susceptibility, it is
just as likely that a large set of genes and their allelic
variants are responsible for differential diabetes sus-
ceptibility among different rodent strains. These genes

may affect beta-cell development and function, and
insulin sensitivity in muscle, liver, and adipose tissue.

H Adrenal Steroids Affect the Progression

of Obesity

Adrenalectomy can halt or reverse the development of
obesity in virtually all genetically obese rodents. Obese
ob and db mice have supraphysiological circulating
concentrations of corticosterone, the main glucocorti-
coid in rodents (140,141). After adrenalectomy, sub-
physiological replacement doses of corticosterone allow
the full expression of the obesity (142). Thus, these
mutant animals are apparently hypersensitive to these
effects of corticosterone. The full physiological impact
of glucocorticoids requires further exploration. How-
ever, it has been shown that many of the neuropeptide
genes within the hypothalamus are modulated by glu-
cocorticoids. Whether it is all of these genes that are
affected by adrenal steroids or a select few remains to
be determined.

V CARBOXYPEPTIDASE E ( fat)

The fat mutation was identified in a colony of HRS/J
mice (carrying the hairless mutation) and subsequently
transferred to the C57BLKS/J strain for ease of prop-
agation and comparative studies with other obesity
mutations (143). The obesity develops in adult animals
and is obvious at approximately a similar age as in Ay

mice. Mutant mice of both sexes are infertile, as has
been found for many of the recessive obese mutations
maintained on the C57BL strains. The mutants are also
glucose intolerant with hyperinsulinemia of a sort that is
unlike that seen in any of the other mouse obesity
mutants. The insulin found in the blood is primarily
proinsulin produced from the two insulin genes of the
mouse genome (144). This remarkable observation,
coupled with the chromosomal mapping of the muta-
tion, was crucial to the eventual identification of the
fat mutation.

The gene that is mutated in fat mice was, at the time
of the identification of the mutation, a well-character-
ized enzyme, carboxypeptidase E, a member of a family
of carboxypeptidases that have similar and overlapping
activities (145). The carboxypeptidases cleave the car-
boxyl residues from proteolytically cleaved substrates
of proprotein convertases. Some substrates can be
cleaved by multiple carboxypeptidases, such as carbox-
ypeptidase D cleaving similar substrates as CPE. CPE
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is found in many secretory tissues (islet beta cells and
salivary glands among them) as well as the brain and
neuroendocrine organs. While the activity of CPE was
well known, it remained for studies of the CPE muta-
tion to highlight the central role of CPE in processing of
many hormones and neuropeptides.

A Molecular Clues to the Identification of the

Cpefat Mutation

As previously mentioned, Ed Leiter had observed the
profound hyperproinsulinemia of fat mutants. He had
also mapped the fat mutation to chromosome 8 within
an interval that contained the Cpe locus. Further
characterization of the nature of the circulating proin-
sulin indicated that the proinsulins were extended by an
amino acid at the carboxy terminus, a defect that was
consistent with a lack of carboxypeptidase processing.
The identification of the fat mutation highlights the
value of key observations regarding the basic patho-
logical processes affected by a mutation combined with
relatively crude genetic mapping—an excellent candi-
date gene was immediately identified.

B Nature of the fat Mutation

These observations led to the direct test for mutations
of the Cpe gene in fat mutants and the identification of
a point mutation in theCpe coding sequence that causes
a Ser202Pro substitution. Although the mutation did
not alter mRNA abundance or protein levels, there was
a complete loss of CPE enzymatic activity. The simple
amino acid substitution would not be predicted to alter
transcript size or abundance or to affect translation.
However, the amino acid substitution presumably
affects the three dimensional structure of the protein
so that the protein is misfolded leading to either an
inactive conformation or defective sorting to the appro-
priate subcellular compartments.

C CPE Functions as a Sorting Enzyme in the

Regulated Secretory Pathway

A characterization of the proteolytic products and the
secretory pathways of protein in CPE-deficient cells and
tissues led to discovery of another previously unknown
function of CPE. There are twomajor cellular pathways
for protein secretion: the constitutive secretory path-
way, and the regulated secretory pathway (146). The
constitutive pathway secretes proteins continuously and
these proteins are mainly minimally processed in terms
of proteolytic cleavage and other posttranslational

modifications. The regulated secretory pathway is used
by many secretory cells, including neuroendocrine cells,
to control the timing and rate of secretion of many
extensively processed hormones and neuropeptides,
e.g., POMC (147) and preproinsulin. CPE-deficient cells
constitutively secrete neuropeptides and hormones in
their partially processed states that are usually inactive
or retained only partial activity (148). It was discovered
that CPE has a membrane-bound form that is the sort-
ing protein that funnels prohormones to the regulated
secretory pathway by recognizing sequence motifs
within the prohormones. This function could be the
major defect in fat mice, since other carboxypeptidases
could compensate for proteolytic deficiency. The inabil-
ity to sort most peptide hormones and neuropeptides to
the appropriate secretory pathway would effectively
inactivate regulated secretion of neurons, neuroendo-
crine and endocrine cells, preventing effective regulation
of the intricate networks that rely on cosecretion and
feedback stimuli (both positive and negative).

D Defective Neuropeptide Processing Probably

Underlies the Obesity of fat Mutants

As would be expected, the brains of fat mice show nu-
merous abnormalities in neuropeptide content. Almost
all neuropeptides are processed via the regulated secre-
tory pathway and require CPE function, both for pro-
teolytic cleavage and for sorting (149). Chief among
these defects are deficiencies in the processing of POMC
and CCK (150) that might be predicted to lead to a loss
of inhibition of food intake. Orexigenic peptides such as
MCH are also improperly processed in fat mice, per-
haps muting somewhat the increase in food intake that
might occur if only anorexiant peptides were affected.
However, the action of the extremely potent orexiant,
AGRP,may actually be enhanced by CPE deficiency. In
the AGRP transgenic mouse, constitutive expression of
unprocessed AGRP is sufficient to promote hyperpha-
gia and obesity. Thus, the net effect of CPE deficiency
on anorexigenic and orexigenic peptides and neurons
could result in obesity.

VI TUBBY

The tubby mutation was identified as a recessive allele
that producedmild, late onset obesity in C57BL/6Jmice
(143). Subsequently, the mice were also found to suffer
from vision and hearing loss, owing to retinal degener-
ation and the loss of cochlear hair cells, respectively, by
apoptosis (151). The identification of the gene and the
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mutation were achieved through positional cloning
approaches by two groups (152,153). The gene encodes
the founding member of a novel gene family that
includes TULP1, TULP2, and TULP3. TULP1 muta-
tions are responsible for some forms of retinitis pigmen-
tosa in nonobese humans (154), suggesting that there
may be common features and functions between mem-
bers of this family. The tubby mutation alters 3V splice
donor site causing the loss of 44 carboxyl terminal
amino acids and their replacement by 22 intron-encoded
amino residues. Thus, the carboxyl terminus is essential
for the function of tubby protein.

A Molecular Clues to the Identification of the

Tubby Mutation

The Tubby gene was isolated by positional cloning
(152,153). A physical contig was generated that was
analyzed by exon trapping and direct sequencing. Puta-
tive exons were found that hybridized to a transcript
that was increased in size by f 400 bp (7.5 kb in tubby
brain vs. 7 kb in normal brain) and was increased in
amount in themutant. The eventual identification of the
splice donor site mutation in the penultimate exon (exon
11 of a total of 12 exons) fully explained the anomalous
mutant transcript’s size and quantity. The loss of the
donor splice site prevented the excision of the last in-
tron (f 400 bp in length), leading to the increased
transcript size. The increased transcript amount could
be explained by lack of possible feedback inhibition,
and the premature termination codon in the now ter-
minal exon that protected the mutant transcript from
nonsense-mediated mRNA decay that usually acts on
mutations occurring prior to the terminal exon.

B Tubby Encodes a Transcriptional

Transactivator Activated by

Gq-Coupled Receptors

The tubby protein is expressed in neural tissues, primar-
ily in the hypothalamus (arcuate, PVN, and VMN) and
other regions of the brain, as well as the retina and
cochlea. Within neuronal cells, the tubby protein is
localized to the nucleolus (155). While increased apop-
tosis has been implicated as a causal mechanism for the
loss of hearing and vision, this is unlikely to be the case
for the obesity and hypothalamic neurons. Expression
studies show that tubby mRNA is increased in the
hypothalamus of mutant mice. This would be unlikely
to be the case if neurons were being eliminated via
apoptosis. A selective reduction of a subpopulation of
neurons is possible since there is a small reduction of

NPYmRNA in the arcuate nucleus of tubbymice with a
concomitant induction of NPY expression in the VMN
and theDMN (156). This is very similar to the pattern of
expression of NPY mRNA in Ay mice, suggesting that
altered neuropeptide gene expression, as a result of
faulty TUBBY transactivation,might be the responsible
obesity-producing mechanism. Also, POMC mRNA is
greatly reduced in mature, obese tubby mutants
although this has not been observed in young, preobese
mutant mice. In favor of selective apoptosis of a neuro-
nal subpopulation is that a similar phenomenon of
ectopic induction of NPY mRNA is observed in mice
with lesions of the hypothalamic arcuate nucleus gen-
erated by gold thioglucose (GTG treatment of adult
mice) and glutamate (MSG treatment of neonates).
Therefore, the mechanism causing obesity in tubbymice
remains to be determined, at both the molecular and
cellular levels.

In a novel approach to understanding the function
of tubby protein, structural analyses were conducted to
determine the conformation of the protein (157,158).
The amino terminus has a simple sequence that is a
characteristic of transactivating domains while the
carboxyl terminus bears a large groove lined with
positively charged amino acids that binds and bends
double strandedDNA, a characteristic of DNA binding
domains of transcriptional transactivators. An interest-
ing feature of the tubby protein is its dual localization to
the plasma membrane and the nucleus, having a
sequence motif in its carboxyl terminus that binds
phosphotidylinositides, anchoring it to the plasma
membrane as well as a nuclear localization sequence
near the carboxyl end.

Tubby is functionally coupled to Gq protein andGq-
coupled receptors. HTR2C is such a receptor (see
below). Activation of HTR2C and Gq-coupled recep-
tors causes the release of tubby protein from its plasma
membrane anchor resulting in translocation into the
nucleus, presumably to function as a transcriptional
transactivator of target genes that remain to be identi-
fied. Given the similarities in the obese phenotypes of
tubby andHtr2c knockout mice, it is quite possible that
the functional coupling described in vitro faithfully
reflects the situation in the brain.

There have been no studies of the ingestive behavior
of tubbymice, and it remains to be resolved whether the
mild obesity is due to hyperphagia or increased meta-
bolic efficiency. However, the late-onset obesity and
degree of adiposity are similar to the phenotype of
Htr2c knockout mice, which have been reported to be
purely hyperphagic. One can surmise that tubby mutant
mice develop obesity due to mild hyperphagia, but it
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remains to be determined whether there is a metabolic
component to the weight gain.

C Modifier of Tubby Hearing—Moth1

In outcross progeny, Tubby homozygotes are not uni-
formly deaf. A modifier gene, moth1, for modifier of
tubby hearing, was localized to chromosome 2 (155).
Analysis of the mode of inheritance indicated that the
B6 allele was recessive suggesting that a loss-of-function
mutation is present in the C57BL/6J strain that is only
manifest in the absence of tubby protein. Because no
other phenotypes were analyzed, it is not known
whether the modifier affects the degree of obesity and
the retinal degeneration. However, since retinal degen-
eration due to TULP1 mutations (humans and mice) is
the only phenotype, and the mutations do not produce
obesity or deafness, it is quite possible that tissue-
specific expression of moth1 would only manifest as an
effect on hearing.

VII CCK AND CCK RECEPTORS

Cholecystokinin has satiety-producing effects during
the ingestion of a meal (159). Exogenous CCKwill limit
meal size, and the prevention of intestinal CCK release
will lead to continuous ingestion, asmodeled in rats with
gastric cannulae during sham-feeding studies. The ac-
tion of intestinal CCK appears to be mediated by CCK
receptors on afferent vagal neurons, although a direct
action of CCK in the brain has also been suggested.

A spontaneous mutation of the CCK-A receptor has
been identified in a rat model of adult-onset obesity and
diabetes, the Otsuka Long-Evans Takashima Fatty rat
(OLETF) (160). The recessive mutation is due to a
deletion of a large segment of the CCKAR gene. The
affected rats ingest larger meals, consistent with a defect
in satiation mediated by the CCK receptor (161,162).
However, mutant mice with a knockout of theCck (163)
or the Cckbr (164) genes do not develop obesity,
although they are resistant to the satiety effects of
CCK. In addition, humans with apparent inactivating
mutations of CCKAR are not obese.

It appears that the role of CCK differs among mice,
rats, and humans. CCK appears to play a more central
role in satiation in rats. Alternatively, the OLETF rat
may have another mutation in another locus that inter-
acts with the CCKAR deficiency to produce obesity.
This is quite possible since a diabetes phenotype in
OLETF rats is dependent on two loci. This rat obesity
model suggests that mutations at multiple loci can

interact to produce an obese phenotype that mimics
the effects of single gene mutations.

VIII HUMAN SINGLE-GENE OBESITIES

Human orthologs for all of the spontaneous rodent
single gene obesities have been identified. Mutations in
human orthologs of Lep,Lepr, andCpe (PCI in human)
that result in obesity have been described (see below).
These important instances confirm the role of these
genes and their constituent pathways in the regulation
of body fat in humans. However, such mutations, and
other single-gene obesities, account for only a small
number of instances of human obesity (165)]. Associa-
tion and linkage studies, as well as physiological data,
indicate that most instances of human obesity are not
due to mutations in a single gene. However, such
instances are of great importance for the insights they
provide with regard to the molecular physiology of
weight regulation.

A Orthologs of Single-Gene Obesities

in Rodents

1 Leptin. LEP (7q31.3)

a. LEP G398!Del

Montague et al. (166) reported a consanguineous
Pakistani family with two children who were homozy-
gous for an inactivating G398!Del leptin mutation.
The children (8-year-old girl, BMI 45.8; 2-year-old boy,
BMI 36.6) were identified because of their extreme
obesity and hyperphagia; both had heights at the 75th
centile for their ages. The mutation creates a frameshift
resulting from the deletion of a guanine nucleotide at
position 398, codon 133. Fourteen amino acids are
introduced into the reading frame of themutant protein,
followed by a premature stop codon. Transient trans-
fection experiments of CHO cells with the mutant
protein demonstrated the presence of mutant leptin in
the cell lysates but none was secreted, suggesting abnor-
mal protein transport within the cell. Western blot
analysis of the sera of the affected children showed no
serum leptin, supporting the prediction that the muta-
tion prevented protein secretion. In this sense, the func-
tional effect of this human mutation closely resembles
that of Lepob.

Similar to ob/ob mice with inactivating leptin muta-
tions, these children developed early-onset, severe
hyperphagia and obesity. These children had few asso-
ciated endocrine abnormalities, mainly mild euglycemic
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hyperinsulinemia. The older child had much higher
insulin concentrations than the younger child, suggest-
ing an increase of insulin resistance with age. Of note,
however, the. mild hyperinsulinemia wasmuch less than
the striking elevations seen in ob/ob mice. The young
children also had gonadal axis profiles consistent with a
pre-pubertal state. In distinction to the ob/obmice, both
children had normal plasma cortisol and body tem-
perature; the older child responded normally to a 1-mg
dexamethasone suppression test. Both children showed
slight elevations of TSH, in contrast to the mild hypo-
thalamic hypothyroidism of the ob/ob mouse. Growth
hormone was not studied, though the older child’s
growth velocity was normal and she had an advanced
bone age (at age 9 years, bone age was 12.5 years) (167).
As indicated earlier, ob/ob mice display hypogonado-
tropic hypogonadism, as have human subjects found to
have inactivating LEP and LEPRmutations. However,
at least one female with an inactivating LEPRmutation
has entered spontaneous puberty at age 21 years (per-
sonal communication, K. Clement). Thus, as for the
effects of ob on sexual maturation in mice (see above)
(168,169), there may be important genetic modifiers of
leptin actions on the gonadal axis in humans. The older
child was subsequently treated with a 12-month course
of daily subcutaneous recombinant leptin, 0.028 mg/kg
lean body mass (167). This dose was chosen to achieve
peak serum leptin concentrations of 10% of the pre-
dicted normal leptin for this obese child (70 ng/mL). She
experienced a 16.4-kg weight loss during the 12-month
treatment period; 95% of the weight loss was due to
loss of body fat. She also had a significant and rapid
change in her eating behavior (within 1 week of initiat-
ing leptin injections): she ate much less food, at a slower
rate, and did not seek or request food between meals.
The reduction in food intake was sustained throughout
the study. She had similar total energy expenditure
before and after 12 months of therapy, so the leptin
therapy primarily affected her energy intake, not her
energy expenditure. At the start of therapy, the subject
had endocrinologic studies consistent with a prepuber-
tal state; after 1 year of therapy (at age 10), she had a
profile consistent with early puberty: nocturnal, pulsa-
tile gonadotropin secretion.

b. LEP Arg105Trp C!T

A second family with an inactivating missense leptin
mutation was described by Strobel et al. (170). Two
homozygous subjects were members of a highly con-
sanguineous Turkish family. The mutation was a C!T
missense mutation leading to Arg105Trp, which is

similar to obmice that have an Arg105STOP mutation.
COS-1 expression studies showed the presence of im-
munoreactive protein in cell lysates but no secretion,
similar to the G398!Del mutation in the Pakistani
kindred. One subject was a 22-year-old male, BMI 55.8,
and the second was a 24-year-old female, BMI 46.9.
Both had early-onset hyperphagia and obesity. The
affected woman had primary amenorrhea, and the male
had evidence of hypothalamic hypogonadism. The
adult male subject also had evidence of reduced sym-
pathetic autonomic nervous system tone (low systolic
blood pressure in response to cold pressor test, reduced
sympathetic skin response, and mild orthostatic hypo-
tension). The homozygous Arg105Trp C!T mutation
was found in three additional obese relatives of these
individuals. Family members heterozygous for the LEP
mutation were said to be of normal body weight and to
have normal plasma leptin concentrations. Subsequent
studies of three nominally unrelated Pakistani families
segregating for a del G133 (glycine deletion) mutation
in LEP have found increased body fat and low circu-
lating leptin in heterozygous individuals (171). These
findings are remarkably similar to those reported ear-
lier in mice heterozygous for the Lepob and Leprdb

mutations (172), and support the idea that moderate
deficiency of leptin may have physiological consequen-
ces (173). While several large studies have demonstra-
ted the rarity of major LEPmutations in obese humans
(174,175), minor differences in LEP coding or regu-
latory sequences could contribute to variation in body
fat in humans (Table 2). As possible evidence of such
effects, among humans with the same body fat, serum
leptin concentrations vary considerably, either higher
or lower than expected given the subject’s degree of
adiposity (176,177). Also, molecular markers in the
region of LEP (7q31.3) have been linked to skinfold
thickness using a sibship database of Mexican-Ameri-
can probands with type 2 diabetes (178), and a LEP
polymorphism (A19G in first [untranslated] exon) has
been associated with severe obesity in some studies
(179). And, finally, that humans, mice, and rats hetero-
zygous for mutations in leptin or the leptin receptor are
fatter than wild-type individuals indicates that the
systems regulating body composition are sensitive to
partial deficiencies of these molecules (173).

2 Leptin Receptor. LEPR (1p31-p22)

Clement et al. (180) described three sisters from a con-
sanguineous Algerian family (Berbers) who were homo-
zygous for an inactivating LEPR mutation: IVS16,
G!A, +1. The mutation is in the 3V donor splice site
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of exon 16 and results in skipping of this exon. The
resulting protein is truncated (831 amino acids) and
lacks the transmembrane and intracellular domains.
Accordingly, the long form of the leptin receptor
(1162 amino acids with STAT binding domain) is
completely absent in these subjects, similar to the db/
db mouse. The three affected sisters had early-onset
obesity and severe hyperphagia. At ages 13, 19, and 19
(now deceased) years, they had BMIs of 71.5, 65.5, and
52.5, respectively, and had heights considered low for
their degree of obesity (25–50th centile for age) (181).
Leptin concentrations were much higher than predicted
based on their degree of adiposity (670 and 600 ng/mL,
respectively). The five heterozygous family members
had intermediate levels of circulating leptin and were
moderately obese (BMI range 26.5–31). Interestingly, in
both homozygous and heterozygous individuals, 80%
of circulating leptin was in a high molecular weight
(MW) complex (f450 kDa), whereas in nonmutant
individuals, only 5–20% of circulating leptin is present
in the high MW form (51,182).

Endocrine studies of the surviving homozygous sub-
jects showed absence of a nighttime GH surge with
reducedGH release in response to secretagogues. IGF-1
concentration was low, but increased after GH admin-
istration, a response also characteristic of GH-deficient
subjects. The affecteds had no physical changes sugges-
tive of puberty and had low estradiol, LH, and FSH
levels consistent with central hypogonadism. However,
as indicated above, one of the females has entered
puberty spontaneously at age 21 years.

Besides this Berber family reported by Clement et al.
(180), several studies of obese humans have found a
high frequency of sequence variation in the coding
sequences of LEPR but none which unequivocally lead
to obesity (183). Also, several association studies
showed no connection between LEPR allelic variation
and adiposity (184–186), and a Danish study found no
association between LEPR variations and early-onset
obesity (187). A recent meta-analysis of data from nine
independent studies (3263 individuals) also showed no
significant linkage of these sequence variants to BMI
(188) (Table 3).

3 Melanocortin 4 Receptor.
MC4R (18q21.3-q22)

The molecular physiology of the melanocortin system
is described above. Inactivating MC4R mutations were
originally described in two nonconsanguineous fami-
lies; all subjects were heterozygous for mutations that
segregated in a dominant fashion (189,190). These are
the only reported cases of dominantly expressed obe-
sity in humans, similar to the codominant obesity of
Mc4r null mice. One family had a 4-bp deletion at
codon 211 (4-BP DEL, NT631), and the second family
had a 4-bp insertion at codon 244 (4-BP INS, NT732).
In both cases, these frameshift mutations led to
truncation of the protein in either the fifth or sixth
transmembrane region, respectively. Since the trans-
membrane regions are critical for obtaining proper
receptor conformation, mutations affecting/obliterat-

Table 2 LEP Mutations in Human Subjects

Mutation Association with obesity Refs.

G398!Del Yes (166)

Arg105Trp C!T Yes (170)
A19G Variable association (323–325)
�2548 G!A Effects on BMI in response to diet;

polymorphism more frequent in
obese population

(323,326)

�2437 T!G Effects on BMI in response to diet (323)
�1887 C!T Effects on BMI in response to diet (323)

�1823 C!T Effects on BMI in response to diet (323)
�1387 G!A Effects on BMI in response to diet (323)
�633 C!T Effects on BMI in response to diet (323)

�188 C!A Effects on BMI in response to diet (323,327)
Gln25Gln (nucleotide 131) None (328)
G144A Decreased leptin concentration in 2 subjects (324)

G328A; Ala110Met Decreased leptin concentration in 2 subjects (324)
C538T None; silent mutation (324)
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ing specific transmembrane regions would be predicted
to significantly affect receptor functioning. The affected
subjects had childhood-onset hyperphagia and obesity
with elevated leptin concentrations consistent with
their level of adiposity.

To date, 27 mutations have been described inMC4R,
the majority of which are associated with obesity. How-
ever, for some apparently significant deletions (191) and
missense mutations (192), variable or no phenotypic
impact has been reported. In some studies, 5% of mor-
bidly obese subjects have been reported to be hetero-
zygous for MC4R mutations (193).

4 Pro-opiomelanocortin. POMC(2p23.2)

POMC is synthesized as a large precursormolecule, pre-
POMC, that is processed in the pituitary into several
transcripts, including ACTH, aMSH, h-lipotropin, and
h-endorphin (see Fig. 3). PC1 cleaves POMC into
ACTH and h-lipotropin, whereas PC2 cleaves POMC
into h-endorphin and aMSH (see Fig. 3). Krude et al.
(194) described two unrelated children with inactivating
POMCmutations. Both had severe, early-onset obesity,
adrenal insufficiency, and red hair. The phenotypes are
consistent with absence of the pre-POMC cleavage
products: ACTH and aMSH. The functional conse-
quences of absence of ACTH and aMSH ligand/recep-
tor activity are discussed with regard to the relevant
mouse mutations above. The light skin and hair of the
children with these mutations are due to reduced MSH
activity at MC1R.

One patient was a 3-year-old girl who weighed 32 kg
and was a compound heterozygote for mutations in
exon 3: G7013T and C7133Del (194). Bothmutations in
the 3-year-old led to premature termination of POMC,
at codons 79 and 131, respectively, and absence of
ACTH, a MSH, and h-endorphin. She had no detect-
able circulating ACTH or cortisol after CRH stimula-

tion, but the other anterior pituitary hormones were in
the normal range. Her older brother, who had died at 7
months, was found on autopsy to have bilateral adrenal
hypoplasia, which led to recognition of his sister’s
similar status at 23 days of life. His newborn screening
filter paper blood specimen was located after his death
and used for POMCmutation analysis; he had the same
POMC genotype as his sister.

The second subject was a 5-year-old boy who
weighed 48 kg, had adrenal insufficiency and red hair,
and was homozygous for C3804A which is 11 bp 5V of
the normal start site of the 5VUTR in exon 2 (194).
This mutation adds an out-of-frame start codon within
a consensus sequence for translation initiation and is
thus predicted to abolish POMC translation. Consist-
ent with this prediction, the subject had no detectable
circulating ACTH. The obligate heterozygote parents
were described as having normal body weight and
dark hair.

There have been at least 14 other POMC mutations
described, but none with complete loss of POMC cleav-
age products, though most are associated with obesity
(except for several silent mutations) (192) (see Table 4).
Linkage studies have shown that a region on chromo-
some 2 that includes POMC accounted for 32% of
variation in fat mass and 47% of variation in serum
leptin concentration (195,196).

5 PC1 (5q15-q21)

Prohormone convertase 1, also called PCSK1 or PC3, is
a member of the family of serine proteases of the sub-
tilisin family that are located in acidic secretory vesicles
(197). PC1 acts just proximal to carboxypeptidase E
(CPE) in the posttranslational processing of many
prohormones and proneuropeptides, including insulin.
Specifically, PC1 cleaves proinsulin at a dibasic peptide,
Arg31-Arg32, joining the B-chain and C-peptide. Thus,

Table 3 LEPR Mutations in Human Subjects

Mutation Association with obesity Ref.

Lys109Arg Variable (183,185,187,329,330)

Lys204Arg No association with obesity (187,331)
Gln223Arg Variable (183,185–187,329,330,332–335)
Ser343Ser No association with BMI (185)

Lys656Asn Variable (183,185–187,330)
Ser675Thr Found in 2 subjects (331)
Pro1019Pro Variable (185,332)
Codon 986 (silent) Associated with BMI among lean subjects (185)

IVS16, G!A, +1 Found in 3 subjects (180)
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PC1 is crucial to the regulation of insulin biosynthesis.
In the fat mouse (see above for details), CPE deficiency
leads to altered processing of proinsulin, POMC, GH,
CCK, neurotensin, MCH, and gastrin. The Cpefat mice
display a late-onset, moderate obesity (198–202).

While no CPE mutations leading to obesity have
been described in humans, there has been one instance
of obesity associated with mutations in PC1 (203).
O’Rahilly et al. (203) described a morbidly obese 43-
year-old woman (89.2 kg) with childhood-onset extreme
obesity (36 kg by age 3 years). She was found to be a
compound heterozygote for mutations in PC1: G483R
and A!C +4 at the donor splice site of exon 5
(IVS5DS, A-C, +4) (203). G483R prevents processing
of the proPC1 molecule, and the second mutation
(IVS5DS, A-C, +4) causes a frameshift and a prema-
ture stop codon. The patient’s endocrine phenotype was
characterized by extremely high circulating proinsulin

concentration, nearly undetectable insulin, hypocortis-
olism, and hypogonadotropic hypogonadism, all con-
sistent with impaired processing of the respective
prohormones. Interestingly, the Cpefat mice display
hyperproinsulinemia, consistent with their more distal
enzymatic defect in carboxypeptidase E.

6 PPARg (3p25)

PPARg2 is specifically expressed in adipose tissue, is
induced early in adipocyte differentiation, and, when
experimentally expressed in fibroblasts, induces the
fibroblasts to differentiate into adipocytes. Since
PPARg2 leads to adipocyte differentiation and thus
fat cell accumulation, the more active the PPARg2
protein (activating mutations), the higher the BMI
and the higher the risk for insulin resistance. Similarly,
the less active the PPARg2 molecule is at inducing
adipocyte differentiation (inactivating mutations), the
lower the BMI with improved insulin sensitivity. When
activated by agonists such as thiazolidinediones,
PPARg2 acts an insulin sensitizer in adipose tissue,
liver, skeletal muscle, and kidney. There have been six
mutations described in PPARg2 with inconsistent asso-
ciations with obesity.

In expression studies, Pro12A1a decreases TZD-
mediated transcriptional activation and adipogenesis
(204). Pro12A1a was associated with higher insulin
sensitivity and reduced BMI (205,206), but the appa-
rent effect on insulin sensitivity was eliminated by
correction for BMI. Other studies have found an
association with an increased BMI (207,208), while
two studies have not found such an association
(209,210). Meta-analysis indicated that Pro12A1a was
associated with a decreased risk for type 2 diabetes
mellitus (211). A potential explanation of these con-
flicting findings comes from the recent paper of Has-
stedt et al. (212), in which Pro12A1a was found to act as
a recessive mutation with effects on many traits asso-
ciated with the insulin resistance syndrome (including
BMI, blood pressure, triglyceride levels, and glucose
tolerance), and had a homozygote frequency of 1–2%
of the population. The varying associations with
Pro12A1a found in the literature could be due to
population differences in the frequency of the mutation
(212).

Meirhaeghe et al. (213) examinedwhether a relatively
common, silent polymorphism (C161T in exon 6) was
associated with phenotypes related to obesity. The au-
thors found no association between the polymorphism
and BMI, body weight, leptin concentration, waist-hip
ratio, but did find a statistically significant interaction

Table 4 POMC Mutations in Human Subjects

Mutation in POMC;

location Mechanism (Ref.)

G7013T, C7133del
exon 3

Interference with appropriate
synthesis of ACTH and a-
MSH (194)

C3804A exon 2 Abolishes POMC translation
(194)

Nucleotide 51 (promoter)
G!C

Silent (336)

Nucleotide 670 (5VUTR)
G!A

Nucleotide 4512

(codon 6) C!T, Cys/Cys
Nucleotide 7726 (codon

116) C!T, Leu/Leu

Nucleotide 8246
(3VUTR) C!T

Nucleotide 8086 (codon

236) G!C, Arg/Gln

Seen in only 1 subject (336)

In-frame 9-bp insertion
and 18-bp insertion
between codons 73, 74

Insertion of either
Ser-Ser-Gly or
Ser-Ser-Gly-Ser-Ser-Gly (337)

Out-of-frame 6-bp inser-
tion within codon 176,
GGG CCC

Insertion of Arg-Ala (337)

Glu188Gly Missense (337)
G7016A, Asp80Asn Missense (337)
C6982T, C7285T Silent (337)

C3832T Silent (337)
C7111G Silent (337)
G7316T, Glu180Stop Premature stop codon within

g-LPH sequence (337)
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between the polymorphism, BMI, and plasma leptin. At
any given leptin concentration, obese subjects (BMI
>30) who were heterozygous or homozygous for the
polymorphism had relatively lower BMIs than obese
wild-type subjects (213). A study of the same mutation
by Wang (214) also showed no association with obesity
but did find a decreased risk of cardiovascular disease in
heterozygous and homozygous subjects.

A Pro115Gln mutation affects phosphorylation at
the adjacent Ser114, accelerating adipocyte differentia-
tion and possibly reducing insulin responsiveness (215).
Pro115Gln was studied in a cohort of 358 Germans
(mean age 59 years) (215). Fourmarkedly obese subjects
were heterozygous carriers of the mutation, which was
not found in any nonobese individuals. Of note, the four
carriers of the mutation had BMIs greater than the
obese (BMI >29) noncarriers of the mutation: affected
BMIs ranged from 37.9 to 47.3; obese, noncarriers mean
BMI 33.6.

A silent mutation, C1431T in exon 6, has been linked
to severe overweight and increased fat mass in obese
women (207). Postmenopausal Japanese women who
were either heterozygous or homozygous for the mutant
T-allele were also shown to have reduced bone mineral
density in comparison to individuals with the C allele
(216). The same mutation was also weakly associated
(P<.03) with circulating leptin concentration in 820
French subjects (213).

Barroso et al. (217) described twomutations, Val290-
Met and Pro467Leu, which destabilize helix 12 in the
ligand-binding domain and lead to transcriptional
impairment by apparent dominant negative effects on
the nonmutant transcripts. A mother and her son were
identified who were heterozygous for Pro476Leu. Both
subjects had type 2 diabetes and hypertension, but were
not obese (55-year-old woman, BMI 24.9; 3l-year-old
male, BMI 25.9). A 15-year-old girl was identified who
was heterozygous for Val290Met. She also had type 2
diabetes and hypertension, and was not obese (BMI
25.6) (Table 5).

7 SIM1 (6q16.3-q21)

SIM1 is the human ortholog of the Drosophila Sim
(‘‘single-minded’’) transcription factor that is involved
in midline neurogenesis and is essential for develop-
ment of several neuroendocrine lineages in the supra-
optic nuclei and PVN in the hypothalamus, including
arginine vasopressin, oxytocin, corticotropin-releasing
hormone, and thyrotropin-releasing hormone (218).
Haploinsufficient mice have a reduction in cell number
in the PVN, and are obese (219). Holder et al. (220)
described a girl with a balanced translocation between
1p22.1 and 6q16.2 that disrupted SIM1. She displayed
hyperphagia and early-onset obesity (weight 47.5 kg
at age 5 years), and had normal energy expenditure.

Table 5 PPARc Mutations in Human Subjects

Mutation in PPARc; location Mechanism (reference)

Pro12Ala exon B (unique to PPARg2) C!G Missense C!G; expression study (204) showed mutant with
decreased ability to mediate transcriptional activation and
adipogenesis induced by TZDs; Ala allele has decreased

binding affinity to cognate promoter elements and decreased
ability to transactivate responsive promoters (206); less
active PPARg: decreased BMI, improved insulin sensitivity

(208,211).
C161T; exon 6 (ligand-binding domain) Ligand-binding domain (213).
Pro115Gln; exon 6 (ligand-binding domain) Overexpression in fibroblasts produces a protein with defective

serine phosphorylation at position 114, accelerated adipo-

cyte differentiation greater triglyceride accumulation than
wildtype. More active PPARg may result in increased BMI
and increased insulin resistance (214,215).

Val290Met Mutations destabilized helix 12 in the ligand-binding domain
leading to transcriptional impairment by dominant negative
effects on non-mutant transcripts (217).

Pro476Leu
His478His, C1431T, exon 6 Silent; association between this SNP, RFLP, and bone mineral

density in postmenopausal Japanese women (216).
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Holder suggested that her obesity could be due to
SIM1 haploinsufficiency.

IX HUMAN GENETIC OBESITIES

WITHOUT MOUSE HOMOLOGS

A Obesity Syndromes with Single or Oligo/

Contiguous Gene Basis

1 Albright Hereditary Osteodystrophy

Albright hereditary osteodystrophy (AHO) (pseudo-
hypoparathyroidism) is a genetically heterogeneous
syndrome (generally autosomal dominant) character-
ized by skeletal and developmental abnormalities (short
stature, brachydactyly, subcutaneous ossifications),
mental retardation (in some cases), and obesity. Some
instances are due to mutations in the GNAS1 gene, a
complex locus that encodes several overlapping tran-
scripts. AHO has resulted from heterozygosity for
inactivating mutations in the alpha subunit of a stim-
ulatory G protein [G(s)alpha] encoded by GNAS1.
Mutations in Gs may lead to obesity based on reduced
function of this stimulatory G-protein in the lipolytic
pathway, where Gs transduces lipolytic signals through
the h-adrenergic receptor. There is evidence for genomic
imprinting at the GNAS1 locus. When the mother
transmits the mutation, the phenotype is usually PHPIa
(pseudo-hypoparathyroidism type Ia) with low serum
calcium and elevated PTH, whereas paternally trans-
mitted mutations lead to PPHP (pseudo-pseudo-hypo-
parathyroidism) with normal calcium levels and no
generalized hormone resistance; all patients manifest
osteodystrophy. In both PHPIa and PPHP patients,
levels of Gsa expression and activity are 50% normal in
the affected tissues. Almost 40 different inactivating
mutations distributed throughout the GNAS1 gene
have been described in association with AHO; most
are either frameshift mutations, creating premature stop
codons, or missense mutations (221).

Of note, several activating mutations inGNAS1 have
also been described in association with McCune-
Albright syndrome and several endocrine tumors (such
as pituitary adenomas, pheochromocytomas, and thy-
roid carcinomas; the GNAS1 gene is designated ‘‘gsp
oncogene’’ in tumor tissues). Patients with McCune-
Albright are somatic mosaics for gain-of-function
GNAS1 mutations and have abnormalities in bone,
skin, and endocrine tissues, with widely varying symp-
toms depending on the tissue expressing the mosaicism.
Common findings in this autosomal dominant, embry-
onic lethal (unlessmosaic) condition include polyostotic
fibrous dysplasia, large café au lait spots (irregular

margins, ‘‘coast of Maine’’), hyperthyroidism, and pre-
cocious puberty (due to constitutively activated gonadal
LH and FSH receptors) (222).

2 Bardet Biedl Syndrome 1–6 (BBS)

BBS is a heterogeneous autosomal-recessive disorder
with six different chromosomal regions implicated,
termed BBS types 1–6: 11q13, 16q21, 3p12, 15q22.3-
q23, 2q31, 20p12. Three genes have been identified to
date as causative: BBS2, which encodes a protein of
unknown function; myosin IX A (MY09A) for BBS4;
and MKKS, a putative chaperonin, for BBS6. A recent
report (223,224) described triallelic inheritance for BBS.
They screened 163 BBS families for mutations in BBS2
and BBS6 and found three mutant alleles in 4 pedigrees
of affected individuals. In one family, affected subjects
had 3 mutant alleles: homozygous BBS6 mutation,
heterozygous BBS2 mutation. In a second family,
affected subjects were heterozygous for two different
BBS2 nonsense mutations and also were heterozygous
for a single BBS6 nonsense mutation. However, several
pedigrees with BBS2mutations in this report do have a
classic recessive segregation pattern, so some cases of
BBS 2 or 6 may be due to alterations in a single gene.

The phenotype does not differ substantially among
the different BBS types, and includes mental retarda-
tion, obesity, postaxial polydactyly, hypogonadism
(apparently at both the hypothalamic and gonadal
level), pigmentary retinopathy, and renal disease. The
incidence of congenital cardiac anomalies (wide variety
of lesions) is increased (225,226), as is that of type 2
diabetes mellitus and hepatic fibrosis (227). BBS1 and 4
are more prevalent in European populations while
BBS2 and 3 are typically found in Arab-Bedouin fam-
ilies. Of note, obesity, pigmentary retinopathy, and
renal disease are present in almost all patients, while
polydactyly and mental retardation are present in only
one-third to one-half of patients.

Myosin IX A (MYO9A) is implicated in BBS4.
MYO9A is expressed throughout the nervous system,
neural layer of the retina, inner ear, kidney, thyroid, and
teeth. The mechanism(s) by which loss of function of
this molecule produces the BBS phenotype are unclear.

TheMKKS (BBS6) predicted protein has amino acid
sequence homology to the chaperonin family of proteins
that are involved in protein folding and assembly (228).
Chaperonins share a common ring structure with a
central cavity where incorrectly folded proteins bind
(not in a sequence-specific manner), and via ATP-
hydrolysis, the chaperonin enables the misfolded
protein to achieve its native shape. The well-studied
eukaryotic cytosolic chaperonin, CCT, is composed of
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two rings, each with eight dissimilar units, in a cylin-
drical assembly. Inactivating mutations of MKKS lead
to BBS6, whereas less severe mutations (missense,
frameshift) result in the McKusick-Kaufman syndrome
(hydrometrocolpos, postaxial polydactyly, and congen-
ital heart disease). It is possible that inactivation of
MKKS leads to misfolding of target proteins whose
resulting malfunction results in BBS. Alternatively,
MKKS may be part of an oligomeric protein whose
function is disrupted by the absence or aberrant
sequence of MKKS.

Heterozygosity effects have been described for BBS.
Croft found that heterozygous BBS subjects (type
unspecified) had increased frequency of obesity,
hypertension, diabetes mellitus, and renal disease
(229). In a study of 34 heterozygotes, again without
specifying BBS types (230), the proportion of over-
weight (defined as BMI>31.1) male heterozygotes
(26.7%) was significantly higher than age-matched
U.S. white males (8.9%).

3 Borjeson-Forssman-Lehmann Syndrome
(BFLS) (Xq26.3)

BFLS is an X-linked syndrome with incompletely
recessive inheritance characterized by obesity, hypome-
tabolism, hypogonadism, characteristic facies (swollen
subcutaneous facial tissue, deep-set eyes, narrow pal-
prebral fissures), epilepsy, and mental retardation.
Although BFLS is primarily manifest in males, there
have been a few cases described in females. One female
with BFLS had extremely nonrandom X-inactivation,
which accounted for the manifestation of this X-linked
disorder (231). Gecz et al. described a male infant with
BFLS-like features and a duplication: 46,Y, dup
(X)(q26q28), with the duplication breakpoint contain-
ing the fibroblast growth factor-13 gene (FGF13) (232).
In 10- to 12-week human fetal tissue, FGF13 showed
maximal expression in brain and skeletal muscle.

Another gene that localizes to the same region,
SOX3, is also a candidate for causing BFLS. SOX3,
SRY-related HMG-box 3, is a member of a family of
genes that are related to SRY, the testis-determining
gene. The homology between SOX3 and SRY is in the
region of SRY encoding the HMG-box class DNA-
binding motif. SOX3 is expressed in the human fetal
brain and spinal cord, and the murine homolog is
expressed at very high levels in neuronal tissues during
development. Thus, mutation or deletion of SOX3
could conceivably result in hypothalamic and CNS
cortical dysfunction, consistent with the BFLS pheno-
type. Rousseau et al. described a male patient with

SOX3 deletion who had hemophilia and mental re-
tardation, and partial primary testicular failure, re-
capitulating several features of BFLS (mild mental
retardation, small testes) (233).

4 Congenital Disorder of Glycosylation Type
1a (CDG1a) (16p13.3-p13.2)

The CDG1a syndrome, also known as Jaeken syn-
drome, is a severe, multisystemic, autosomal-recessive
disorder that usually presents in the neonatal period
and is characterized by the defective glycosylation of
glycoconjugates (especially asparagine-N-linked oligo-
saccharides in the ER) (234). The syndrome includes
severe encephalopathy, axial hypotonia, abnormal eye
movement, pronounced psychomotor retardation,
peripheral neuropathy, and serum glycoprotein abnor-
malities. Patients have a peculiar distribution of sub-
cutaneous fat (fat pads above buttocks, lipodystrophy),
moderate obesity, and hypogonadism. PMM2, phos-
phomannomutase 2, has been implicated as the respon-
sible gene, which is required for the synthesis of GDP-
mannose (converts mannose 6-phosphate to mannose
1-phosphate). Nearly 60mutations have been described,
mostly in exons 5 and 8, with 90% accounted for by
two mutations: F119L and R141H (not seen in homo-
zygous state, mutant protein with zero activity in in
vitro assay).

5 Prader-Willi Syndrome (15q11.2-q12)

Prader-Willi syndrome (PWS) is a contiguous deletion/
disruption defect involving the region between 15q11.2-
q12, likely due to the disruption of SNRPN, necdin, and
potentially other genes (235). This region of chromo-
some 15 is imprinted. Maternal uniparental disomy
(UPD) for these genes results in PWS; paternal unipar-
ental disomy and disruption of the E6-associated pro-
tein, ubiquitin-protein ligase (UBE3A), results in
Angelman syndrome (236).

PWS is characterized by diminished fetal activity,
failure to thrive in infancy, hypotonia, followed by the
onset of hyperphagia with rapid weight gain after 1 year
of age, leading to massive obesity. Body composition is
altered, however, even before the subjects develop obe-
sity: PW infants have increased fractional body fat
content even during their period of slow postnatal
growth (237). Mental retardation, short stature, hypo-
gonadotropic hypogonadism, relative pain insensitivity,
and thick saliva are other characteristic features. Most
of the features are consistent with CNS effects, but not
all (narrow bitemporal diameter, almond eyes, small
narrow hands, small feet, skin depigmentation) (238).
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Most cases of PWS are sporadic, resulting either
from spontaneous interstitial deletions (often micro-
deletions), de novo unbalanced translocations, or
maternal uniparental disomy. Seventy percent of instan-
ces are due to microscopic 15q11 deletions, 25% to
maternal UPD (often with balanced translocation),
<5% to imprinting center mutation and transmitted
unbalanced translocation (235). There have been fam-
ilial cases of PWS, but these are very rare. The recur-
rence rate in siblings of affected patients is f1:1000,
versus a population risk of f1:25,000. Most of the
instances of maternal UPD result frommeiosis-1 errors,
whereas paternal UPD cases of Angelman syndrome
usually result from meiosis-2 or mitotic errors (239).

There are slight phenotypic differences among
patients with different molecular defects leading to
PWS. For example, subjects with paternal deletions
manifest the classic PWS phenotype, whereas subjects
with maternal UPD generally manifest a milder pheno-
type and have better cognitive function. Subjects with
bothmaternal UPD andmosaic trisomy 15 are the most
severely affected and also have a high incidence of
congenital heart disease. Maternal age is higher in
patients with disomy, in line with the expected findings
of a nondisjunction event (240). Depigmentation is
more frequent in subjects with deletions (77%) than in
those withUPD (39%). Also, female subjects with UPD
have slightlymilder phenotype than those with deletions
(241). The differences in phenotype point to underlying
differences in the respective regions and amounts of
chromosome 15 that are affected.

SNRPN (15q12) has been implicated in the patho-
genesis of PWS. SNRPN encodes small ribonucleopro-
tein polypeptide N, a protein found in spliceosomes,
and possibly has a role in mediating alternative splicing
of CNS mRNA transcripts. Reed et al. showed there is
maternal imprinting of SNRPN and that the maternal
allele is not expressed in the human fetal brain (242).
Ishikawa et al. reported two siblings with PWSwho had
deletions in SNRPN by FISH (243). Sun et al. described
another PWS patient with a paternal balanced recipro-
cal translocation t (15; 19)(ql2; q13.41) with the break-
point occurring between exons 0 and 1 of SNRPN
(exons numbered �1 to 8) (244). No complete SNRPN
mRNA transcript was identified in this patient. Simi-
larly, Kuslich et al. described a PWS patient with a de
novo balanced translocation (4; 15)(q27; q11.2) between
SNRPN exons 2 and 3 (245). The reports by Sun and
Kuslich support the inference that the region between
SNRPN exons 2 and 3 is critical, and that mutations
affecting this region contribute to the major phenotypic
manifestations of PWS.

Dittrich et al. described a model involving an im-
printing center mapping to 15q11-q13 (246). Their
model proposed that the imprinting center (IC) con-
tained an imprintor and an imprint switch initiation site
(involving exon 1 of SNRPN), and that the imprintor is
transcribed only from the paternal chromosome. There
are numerous transcripts encoded in the IC that are
alternatively spliced and that are only expressed from
the paternal chromosome. Since some subjects with
PWS (and Angelman’s) have mutations affecting the
IC, the transcripts are not expressed. Thus, the IC may
be critical in regulating alternative RNA splicing in the
SNRPN transcripts. Lyko et al. studied this region in
Drosophila and showed that a 215-bp region containing
the SNRPN promoter region has a silencer of maternal
SNRPN (247). Lyko suggested that this silencer element
may play a role in the imprinting of 15q11-13 and may
repress SNRPN expression from the maternal allele.

Bressler et al., however, showed that a deletion of
exon 1 of mouse Snrpn (f1 kb) did not elicit any
obvious phenotypic change, while a 4.8-kb deletion
including the same region led to a partial imprinting
defect and perinatal lethality when paternally inherited
(248). Also, Schulze et al. reported a PWS patient with a
balanced 9:15 translocation whose breakpoint was
between SNRPN and an adjacent gene, PAR1, with
SNRPN unaffected by the translocation (249). This
patient met formal criteria for PWS, including obesity
(moderate), hypopigmented in relation to his family,
PWS facies, and delayed puberty, but he displayed no
hyperphagia (250). These data suggest that SNRPN
may play a role in regulation of food intake, but not
in the other somatic and endocrine phenotypes associ-
ated with PWS.

It is unlikely a single gene will be implicated as the
cause of the diverse range of PWS phenotypic features
given the sizeable deletion in most PWS patients and the
number of genes (at least two) in that interval (251).
Drosophila or mice harboring Snprn deletions and con-
tiguous gene interruptions may help to clarify the
molecular pathogenesis of the PWS.

6 Simpson-Golabi-Behmel 1 Syndrome (SGBS)
(Xq26)

SGBS is an X-linked overgrowth-obesity syndrome.
Affected subjects have weights and heights over 97th
centile at birth, and manifest postnatal overgrowth,
cardiac abnormalities (conduction defects, ventricular
septal defects, pulmonic stenosis, transposition of the
great vessels, and cardiomyopathies), risk for embry-
onal tumors, and in general, show significant pheno-
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typic overlap with Beckwith-Wiedemann syndrome
(neonatal exomphalos, macroglossia, and gigantism).

Two genes have been implicated, glypican 3 and 4
(GPC3, 4). Pilia et al. reported two SGBS patients
with X/autosome translocations with breakpoints near
the ends of the 500-kb GPC3 gene at Xq26 (252). In
three families, microdeletions in GPC3 cosegregated
with SGBS. Veugelers et al. reported on one of the
patients initially described by Pilia and found a dele-
tion of the last two exons of GPC3 as well as the entire
GPC4 gene (253).

GPC3 and GPC4 are members of a family of cell
surface proteoglycans that appear to control growth
and cell division, especially of embryonic mesodermal
tissues. GPC3 seems to act by forming a complex with
IGF2. This is reminiscent of another overgrowth syn-
drome, Beckwith-Wiedemann, which appears to be
caused by overexpression of IGF2 (254).

7 Ulnar Mammary Syndrome (UMS) (12q24.1)

UMS is an autosomal-dominant syndrome character-
ized by obesity; delayed growth and puberty; and com-
plex malformations of the ulnar ray, teeth, axillary
apocrine glands, and urogenital system. The TBX3 gene
(12q24.1) has been implicated as causative by Bamshad
et al. (255). TBX3 encodes a transcription factor that
seems to be critical to the morphogenesis of several or-
gans. Mutations in a related gene, TBX5, are associated
with anterior limb malformations in the Holt-Oram
syndrome; TBX3 appears to be associated with the pos-
terior limb malformations of UMS. The affected sub-
jects were doubly heterozygous for mutations predicted
to alter DNA binding: 1 bp del 227T leading to a pre-
mature stop codon; IVS 2ds, G!C, +1. Further study
by Bamshad found additional novel TBX3mutations in
families with UMS, but identified no obvious pheno-
typic differences between those with missense muta-
tions, frameshifts, or deletions (256). The molecular
mechanism for the obesity in this syndrome is unknown.

8 Human Alleles of UCPs

The role of allelic variation/mutation inUCPs in human
energy homeostasis remains unclear. A number of
studies have reported associations with allelic variants
of UCPI (4q31) with obesity-related phenotypes in
humans (some in interaction with an allele of B3AR)
(257) (258), while others have not found such associa-
tions (259). Because BAT is apparently not an impor-
tant thermogenic organ in humans outside of the
neonatal period, UCP1 is not a particularly strong

candidate for a role in human obesity. UCP2 and
UCP3 are adjacent to each other on chromosome
11q13. Microsatellites in the region of UCP2/UCP3
have been associated with aspects of metabolic rate
and body composition (260). Three alleles of UCP2 or
UCP3 have been associated with measures of metabolic
rate in Pima Indians (261), and Esterbauer et al. (262)
reported an association between a promoter polymor-
phism in UCP2 (11q13) and obesity in adults. Because
of its primary expression in skeletal muscle, UCP3 is
perhaps the best candidate for effects on energy expen-
diture in humans. Homozygosity for a V102I mutation
in UCP3 was associated with obesity in three Gullah-
speaking African-Americans, and compound hetero-
zygosity for an R143X mutation and a splice junction
mutation eliminating the terminal (6) exon (IVS6, G-A,
+1) was found in a morbidly obese 16-year-old with
type 2 diabetes (263). However, homozygosity for the
splice mutation was detected in obese and lean African-
Americans, and was not associated with any abnormal-
ity in metabolic rate or skeletal muscle mitochondrial
coupling (264). No association of this allele with BMI or
diabetes was detected in an analysis of a large group of
African-Americans (264). An Arg70Trp mutation was
found in a severely obese, diabetic 15-year-old Chinese
male (265,266).

B Lipodystrophy Syndromes

with Single-Gene Basis

These mutations are included in this discussion because
of their profound effects on adipose tissue mass. The
genes and pathways involved may also have roles in
obesity by virtue of reciprocal effects.

1 Berardinelli-Seip Congenital Lipodystrophy
Syndrome (BSCL) (9q34)

During the neonatal period affected patients manifest
generalized lipodystrophy, low fat mass, insulin-resist-
ant diabetes mellitus, acanthosis nigricans, elevated
basal metabolic rate, and hypertrigycleridemia. Some
patients subsequently develop polycystic ovaries and
muscular hypertrophy. BSCL is caused by mutations in
BSCL2 (11q13) and RXRA (9q34) (267). BSCL2 is
highly expressed in most regions of the central nervous
system. All affected subjects with BSCL2 mutations
have been either homozygous or compound heterozy-
gous for mutations that severely disrupt the protein
structure (usually frameshifts with premature termi-
nation). RXRA encodes a nuclear receptor that can
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function as either a homodimer or as a heterodimer
(RXRA/RAR) and has a crucial role in adipocyte
differentiation. A mouse model lacking functional he-
patic Rxra (via CRE-mediated recombination) had
wide-ranging hepatic metabolic abnormalities, showing
the importance of intactRxra function to the regulation
of cholesterol, fatty acid, bile acid, and steroid metab-
olism (268). As there are two genetic loci implicated in
cases of BSCL, it is possible that each encodes a protein
with effects on the same pathway, possibly affecting G
proteins or transcription factors involved in activating
genes involved in the fatty acid synthetic pathway.

2 Familial Partial Lipodystrophy Dunnigan
(FPLD) (1q21.2)

Mutations in the lamin A/C gene (LMNA; 1q21.2) lead
to an autosomal dominant form of insulin resistant
diabetes mellitus. Affected patients often manifest acan-
thosis nigricans and pubertal-onset lipoatrophy. Once
puberty commences, the patients experience a slow loss
of subcutaneous fat from the extremities, buttocks, and
truncal areas while simultaneously accumulating fat
tissue on the face and neck, leading to a cushingoid
appearance. LaminA andLaminC are both encoded by
LMNA, with alternative splicing of exon 10 leading to
two different transcripts for A and C. Lamins A, B, and
C comprise the nuclear lamina in mammals and are
highly conserved throughout evolution. The nuclear
lamina is a protein-rich layer that is juxtaposed to and
interacts with proteins in the inner nuclear membrane.
Cao andHegele described anLMNAArg482G1nmuta-
tion in fiveCanadian FPLD families (269).Mutations in
LMNA also lead to muscle wasting in the autosomal-
recessive and -dominant forms of Emery-Dreifuss mus-
cular dystrophy (270) as well as a familial dilated
cardiomyopathy with conduction defects (CMD1A).
Mutations in the globular C-terminal domain have been
found in subjects with FPLD, mutations in the head or
tail domains have been found in cases of Emery-Drei-
fuss muscular dystrophy, and mutations in the rod
domain have been found in CMD1A subjects (271).
Possibly mutations at each of the aforementioned
domains uniquely altersLMNA interactions with differ-
ent components of the inner nuclear membrane, leading
to the disparate disease phenotypes.

X SUMMARY

Human obesity is an apparently simple convergent
phenotype that actually resolves extremely complex

genetic, developmental, and environmental processes.
None of these is sufficiently well understood to be able
to ‘‘fix’’ it experimentally in efforts to understand the
others. It is now clear that the genetic contribution to
human obesity is substantial, but, in most instances,
strongly dependent for expression upon the other two
factors. The single-gene obesities in humans and mice
are the exception to this general principle, because they
are phenotypically apparent in virtually all environ-
mental and developmental circumstances. The inacti-
vating mutations of these genes account for only a small
fraction of human obesity, but the pathways that they
affect must be crucial in the regulation of body fat. For
this reason alone these mutations (and those yet to be
identified) are of critical importance to our understand-
ing of human energy homeostasis. And, it remains a
formal and likely possibility that subtle variation in
expression/function of these genes may account for
much or all of the genetic contribution to body weight
regulation (173).
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I INTRODUCTION

Since publication of the initial chapter on animal
models in 1998 (1), there has been an explosive increase
in the number of animal models in mice. This has
arisen from two major avenues of research—the use
of transgenic and gene-targeting approaches for proof
of function for several genes that were thought to alter
energy balance or through the use of similar ap-
proaches to study genes that had not previously been
associated with obesity but in which a phenotype of
altered body composition and/or food intake has
emerged. These genes (Table 1) have a wide range of
functions including effects on food intake, energy
expenditure and physical activity, tissue metabolism,
and adipose tissue differentiation. Further important
developments have been the identification of the tub
gene as an insulin-signaling molecule expressed in the
nervous system and the elucidation of the signaling
pathways associated with leptin activation of its long
form of receptor in the hypothalamus. Thus, the
identity of all of the spontaneous single gene mutations
that cause obesity is now known. While these models
were a major focus of the previous review, this chapter
will concentrate on new information that has been
published in the interim period. Readers are referred
to the original chapter (1) and other chapters in the
present edition of the Handbook of Obesity for more
detailed information on the single gene models and
other nonrodent models of obesity.

Until the recent past, the animal models that were
available for the study of obesity either were of sponta-
neous origin or were the result of experimental manip-
ulation of the environment or the hypothalamic centers
that regulate food intake and energy balance (2–4).
Much emphasis has been placed recently on dietary
obesity in which a wide species-dependent variability
has been described. Indeed, bodyweight gain when fed a
high-fat diet has become a standard ‘‘test phenotype’’
for mice with experimentally altered gene expression.
Interest in virally mediated obesities has also been
renewed in recent years.

The research to date with animal models has pro-
vided substantive insight into the hypothalamic control
systems and physiological disturbances that can lead to
obesity. However, the recognition that so many gene
manipulations can alter body composition and energy
balance emphasizes the complexity of the systems
involved and the research effort needed to obtain a
fuller understanding of the role each of these genes play.
Nevertheless, we can be encouraged by the human
research that is establishing the relevance of many of
the genes identified from studies of rodent models to
human obesity.

Historically, the animal models have been subdi-
vided into three groups, genetic, dietary, and neuro-
endocrine, according to the origin of the disorder.
The explosion of information that has come from
genetic and molecular studies of the obese models has
emphasized the inappropriateness of this classification
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as we have identified the peripheral and central
mechanisms for controlling energy balance and their
interdependence. While identification of the five single
genes (Ay, lepob, leprdb, leprfa, Cpefat, and tub) that
cause obesity in rodents provided the catalyst that
promoted the research focus on obesity, the wide
range of experimental genetic manipulations that have
been shown to alter the susceptibility to develop
obesity emphasize the multicausational nature of the
disease. While the spontaneous single gene rodent
models emphasize the overriding effects of single
genes, numerous experimental genetic manipulations
have been shown only to cause obesity with the
appropriate environment, such as a high-fat diet. Rat
and mouse strains vary greatly in their sensitivity to
this form of obesity (5), and this characteristic has
facilitated genomewide linkage studies of this re-
sponse. Another example is the obesity that develops
in desert rodents when they are fed a laboratory chow
diet.

The animal models also vary in the age of onset and
in the severity of the obesity. More importantly, they
illustrate the importance of the background genome on
the phenotype that results from any particular gene
mutation. Likewise, within primate colonies there are
wide-ranging individual differences in responses (6).
The multigenic factors that predispose animals to this
form of obesity make them probably the closest models
for the study of human obesity.

The neurochemical explanations for the hyperphagia
and obesity that results from lesions of the ventromedial
hypothalamus and the paraventricular nucleus and for
the aphagia and leanness that follows lesions of the
lateral hypothalamus (3,4,7) has become apparent in
recent years. Studies with these models have illustrated
the inextricable links between regulation of feeding
behavior and autonomic regulation of peripheral me-
tabolism and endocrine activity. The effects of these
lesions may now be mimicked by infusions of specific
neuropeptides or manipulations of the expression of
specific genes. This provides the functional neuro-
chemical links to the anatomical circuitry that had
been previously identified. The mechanisms through
which endocrine, e.g., insulin and leptin manipula-
tions, alter feeding behavior and body composition
are also now becoming clearer as their interactions
with the central neuropeptide circuits are identified.
Finally, it is becoming evident that the natural sea-
sonal and migratory changes observed in several
species may well be explained by changes in the
activity of the peripheral and central pathways that
have been identified from studies of laboratory animal
models (8).

A Advantages and Disadvantages of Animal

Models for the Study of Human Obesity

The advantages and disadvantages of animal models
for the study of human obesity were discussed in our
previous review (1). What has become evident in the
intervening years is the relevance of these animal
models to human disease. Thus while mutations in
the leptin gene or leptin receptor gene are rare, linkages
of several indices relating obesity to chromosomal
regions of these genes have been documented (9).
Further, a number of mutations in either the pro-
opiomelanocortin gene or in the melanocortin recep-
tors have been linked with morbid obesity in humans
(10), emphasizing the importance of this system to
human energy balance. We are confident that, as the
polygenic nature of the susceptibility of human subjects
to obesity (9) is further explored, many of the genes that
have been shown to cause or prevent animal obesity will
also be implicated in human obesity.

In this chapter, we shall review the recent develop-
ments in our understanding of obesity that has been
obtained through the study of the wide range of rodent
models and review the many new experimental genetic
manipulations that have provided insight into the func-
tion of known, or heretofore unknown gene products.
The chapter will not be a comprehensive review of the
literature in this field, but rather an update of animal
models with a focus on the genetic basis of obesity.

II GENETIC MODELS OF OBESITY

A Single-Gene Obesities

1 Genes of the Leptin Signaling Pathway

Mutations in both the leptin gene and the leptin receptor
gene underlie the phenotype of three single-gene obesity
models. The obese mouse (lepob/lepob) inherits its obe-
sity as a result of a C428T mutation of the leptin gene
which changes an arginine codon (CGA) to a stop
codon (TGA) at codon 105, resulting in a shortened
nonfunctional product (11). Despite very high levels of
expression of the lepob gene in adipose tissue of the
lepob/lepobmouse, no leptin can be detected in the serum
of these mice. A second mutation ob2j/ob2j has been
mapped 7 kb upstream of the 4.5-kb ob RNA start site
and is assumed to be the result of a structural alteration
or a mutation in the promoter region.

As predicted from the classical parabiotic studies of
Coleman (12) and Hervey et al. (13), the mutations
responsible for the obesity phenotype of the diabetes
mouse (leprdb/leprdb) and the Zucker fatty (leprfa/leprfa)
rat are both in the leptin receptor. The long intracellular
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signaling domain of the leptin receptor is not translated
in leprdb/leprdb mice since a G-to-T mutation (14,15)
introduces a novel consensus splice donor site (AGG-
GAAA sequence to an AGGTAAA sequence). As a
result of this mutation, a 106-base sequence of the
terminal exon of the short form of the receptor is spliced
into the long form of the receptor mRNA. This intro-
duces a stop codon that prevents translation of the long
intracellular domain of the receptor. In contrast the
mutations in the Zucker rat (16,17) and the Koletsky rat
(18) are both in the extracellular domain of the leptin
receptor; in the leprfa/leprfa rat an A880C (G1n269Pro)
mutation reduces the localization of the receptor in the
cell membrane (19), whereas in the Koletsky rats a
T2349A nonsense mutation results in no expression of
the gene (18).

It is thus not surprising that these animals share a
similar phenotype, the variation appearing to result
mainly from the background genome on which the
mutation is expressed. The phenotype is of an early-
onset form of obesity associated with hyperphagia,
impaired sympathetic activationof brownadipose tissue
(BAT) thermogenesis, an enhanced insulin secretory
activity, overactivity of the hypothalamic-pituitary-
adrenal axis, decreased growth hormone secretion,
stunted growth, impaired thyroid hormonemetabolism,
and infertility together with some immune function
deficits. The reader is referred to our previous review
for a fuller description (1). The phenotype of leprdb/
leprdb mice can be partially corrected by transgenic
expression of the long form, but not the short form, of
the leptin receptor (20).

The severity and temporal characteristics of diabetes
vary with the background strain in these obese mice
models; hyperglycemia and hypertension are significant
phenotypic variations across the rat mutations with
strain. By introducing the Koletzky (facp) gene onto
an inbred strain of rats derived from the hypertensive
Okamoto strain (SHR/N) and further crossing onto
other strains, e.g., LA/N, a variety of strains exhibiting
various aspects of the Syndrome X metabolic profile
have been developed (21). By transferring the leprfa gene
from its Brown-Norway background strain, on which
diabetes is normally absent, to other backgrounds,
long-lasting severe diabetes may become characteristic,
e.g., diabetic fatty (ZDF/Drt-fa), the Wistar Kyoto
fatty (WKY/NDrt-fa), or the Wistar Kyoto diabetic
(WDF/TA-fa). Transgene insertion to prevent the
expression of the long form of the leptin receptor in an
outbred strain of mice led to wide divergence in the
diabetes phenotype and provides another model for
studies of the interactions of the leptin system with the
background genome (22).

The other major difference across these models is the
obvious one that those with mutations in the leptin
receptor are partially or totally resistant to the effects
of leptin whereas the obese mouse has a supersensi-
tivity to exogenous leptin (23–25). Treatment of the
lepob/lepob mouse with leptin reverses all of the pheno-
typic characteristics, reducing body fat, food intake,
insulin secretion, and corticosterone levels and restoring
sympathetic activity and brown adipose tissue thermo-
genesis to yield a lean mouse that is also fertile (23–25).
Likewise, transgenic overexpression of leptin in normal
mice leads to a very lean animal (26).

2 The Fat Mouse (fat/fat or Cpefat/Cpefat)

The fat mouse, unlike the lepob/lepob and leprdb/leprdb

mice and the leprfa/leprfa rat, is an example of a late-
onset form of obesity (27). The obesity may be severe
(60–70 g body weight at 24 weeks) and is expressed in
all adipose depots. In this mutant the obesity is not
normally evident until 8–12 weeks of age and is not
pronounced until 16–20 weeks of age. It arose out of an
inbred HRS/J strain of mice and has been crossed onto
the C57BLKS/J background strain to facilitate com-
parison with the obese and diabetes mutations. The fat
mouse is characterized by massive hyperinsulinemia
without significant hyperglycemia from weaning, sug-
gestive of extreme insulin resistance, but does not dis-
play the pancreatic failure and severe diabetes that are
evident in older lepob/lepob and leprdb/leprdb mice (27).
When the mutation is transferred to the C57BLKS/
J(HKS) background strain, the fat/fat mouse is dia-
betic, but the diabetes is still less severe than that seen
with lepob/lepob and leprdb/leprdb mice on the same
background. Indeed, the mouse remains extremely
sensitive to exogenous insulin. This paradox has been
explained by the recognition that the apparent hyper-
insulinemia is in fact a hyperproinsulinemia (2). The fat
gene, located on chromosome 8 codes for carboxypep-
tidase E (2). A single base mutation that results in a
ser202pro substitution severely reduces or completely
abolishes the activity of carboxypeptidase E in the
pancreatic islet, hypothalamus, pituitary, gastrointesti-
nal tract, and other tissues (28). The functional effect of
this mutation was confirmed by site-specific mutagen-
esis of the Cpe gene and its expression in a baculovirus
system. Indeed immunoreactive carboxypeptidase E
protein is undetectable in pancreas and pituitary of
fat/fat mice, suggesting that the mutation affects either
transcriptional or translational activity or stability of
the mRNA or protein.

Carboxypeptidase E (also known as carboxypepti-
dase H) is required for cleavage of two arginine
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residues from the B-chain of insulin during its pro-
cessing from proinsulin. The impairment in enzyme
activity in Cpefat/Cpefat mice explains their 10-fold
increased proinsulin to insulin ratios in the pancreas
and the very high level of proinsulin rather than
insulin in the circulation. The obesity, however, results
from the role of carboxypeptidase E in the posttrans-
lational processing of numerous neuropeptides includ-
ing pro-opiomelanocortin to a-MSH, h-endorphin
and h-lipotropin, proenkephalins, preproNPY, vaso-
pressin, oxytocin, gastrin, and CCK. While Naggert et
al. (2) suggest that the obesity of Cpefat/Cpefat mouse
is likely to result from a complex pattern of alterations
in neuropeptide activity and secretion within the
hypothalamic-pituitary system rather than the hyper-
proinsulinemia, it is not surprising that it has many
similarities to the obesity of the MC4 receptor knock-
out mouse (29). The mutation also appears to have
differential effects on postranslational processing in
the CNS and the periphery. The processing of pro-
cholecystokinin provides an example of this. In Cpefat/
Cpefat mice bioactive CCK was reduced in neural
tissue but not in gastrointestinal endocrine cells,
although the level of the enzyme substrate glycylargi-
nine-extended CCK was greatly elevated in both
tissues (30).

3 Tubby (tub/tub) Mouse

Thismutation was first reported byColeman andEicher
in 1990 (27). It is an autosomal-recessive mutation on
chromosome 7 in the gene coding for the tubby protein,
one of a family of four proteins that also includes
TULPs 1–3. A characteristic of these proteins is the
f260–amino acid domain at the carboxyl terminus that
forms a helix barrel structure that binds avidly to DNA.
The tubby mutation introduces a splice site at the
junction of the 3V-coding sequence that leads to the loss
of this carboxyl terminus domain (31). Knockout of tub
confirmed that the tubby gene mutation is a loss of
function mutation (32).

The wild-type tub protein is expressed in the hypo-
thalamus and other brain regions, where it is localized to
plasma membranes, released by activation of Gaq
protein, and translocated into the nucleus (33). This
process may be activated by 5HT2c receptor activity.
Studies of CHO cells expressing the human insulin
receptor have shown an insulin-dependent phosphory-
lation of tyrosine residues on the tub protein. This has
led to the suggestion that tub acts as an adapter protein
linking the insulin receptor to protein tyrosine kinases
and may function as part of a neural insulin signaling
mechanism (34).

On the C57BL/6J background, Tubby mice are
phenotypically very similar to 5HT2c receptor knock
out mice and to fat mice except that the obesity in fat
mice develops more slowly, not being visually apparent
until 9–12 weeks of age. All fat depots are enlarged. The
tub mutation is associated with distinct sexual dimor-
phism in blood glucose, serum insulin, islet hypertrophy
and hyperplasia, and h-cell degranulation, all changes
being more pronounced in male mice. The hyperinsu-
linemia, mild at weaning, progressively increases with
age. Morphological changes in the pancreatic islets
occur earlier and are more pronounced in males. How-
ever, the tub mice remain mildly hypoglycemic, indicat-
ing the absence of the pronounced insulin resistance
common to other mouse models of obesity. This insulin
resistance appears to be centrally expressed since NPY
mRNA levels are massively elevated in tubbymice (35).
Infertility is also a feature of this mouse when severe
obesity develops.

4 The Yellow (Ay/a) Obese Mouse

The agouti gene of the Yellow (Ay/a) obese mouse was
the first single-gene mutation for obesity to be identified
in mice (see (36) for review). The Yellow (Ay/a) obese
mouse and the KK mouse (37) discussed below are the
only models of dominant inheritance of obesity so far
described. The obesity of the yellow mouse is inherited
as a mutation in the agouti protein coded on chromo-
some 2, and is associated with a moderate obesity and a
high incidence of tumor growth. Although the homo-
zygous (Ay/Ay) mouse is lethal in utero, there are a
number of different alleles (Avy/Avy, Aiy/Aiy) at the
agouti locus in which the defects are less severe and in
which the degree of obesity is linked directly to the level
of yellow pigmentation in the coat (38). The obesity of
the yellowmice is less pronounced than in the obese and
diabetes mice and is of later onset (8–12 weeks of age).
While these animals share many of the characteristics
common to all rodent obesities, they do differ in the
clear sexual dimorphism of the associated hyperglyce-
mia (39) and in the apparently normal activity of the
hypothalamic-pituitary-adrenal axis (39,40). The Ay/a
mouse is extremely leptin resistant. This appears to be
mainly of central focus since transgenic overexpression
of leptin inAy/amice improves the diabetes but does not
ameliorate the obesity (24).

The agouti (a) gene encodes a 131–amino acid pro-
tein that is normally uniquely expressed in the hair
follicle where it acts to inhibit eumelanin synthesis in
response to stimulation by a-melanophore-stimulating
hormone (a-MSH). In the Yellow mouse exon 1 of the
agouti gene is replaced by a unique sequence, but exons
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2–4, which contain the full coding sequence, are normal.
The result of this mutation is the ubiquitous expression
of the agouti gene in a wide range of tissues including
white adipose tissue and brain (41). Transgenic mice
expressing agouti unregulated and ubiquitously driven
by the humanh-actin promoter also develop yellow coat
color and become obese (42–44), confirming that
ectopic expression of normal agouti protein results in
the obese yellow phenotype.

Two potential actions of agouti protein have been
identified. Its ability to increase intracellular calcium
levels may promote insulin resistance (45). Intracellu-
lar calcium levels are related to the level of expression
of agouti protein and to body weight and degree of
coat color. Using a murine melanoma cell line, Lu
et al. (46) were able to demonstrate that agouti protein
inhibited the stimulation of adenylyl cyclase by a-
MSH, shifting the dose required for half-maximal
stimulation from 1.7 to 13.4 nM by acting as a potent
antagonist of the melanocortin-4 receptor (MC4-R).
However, agouti had no effects on MC1, MC2, MC3,
or MC5 receptors.

Identification of agouti and its interactions with the
melanocortin 4 receptor led to the cloning of a natural
MC4 receptor antagonist, agouti-related protein
(AgRP) (47) that is expressed in the hypothalamus.
Transgenic and gene-knockout studies have provided
new insight into the role of thismelanocortin pathway in
regulating energy balance. A fuller description is pro-
vided in Section B.1.

5 KK Mice

Since the original description of the KK mouse (48),
several different strains have been identified (see 19,
35 for review). While the obesity and diabetes were
originally thought to be inherited as a polygenic trait,
the KK gene is now regarded as a dominant gene with
low (25%) penetrance (37). The obesity and hyper-
insulinemia are relatively mild, although the hyper-
glycemia may be severe. The KK mice are, however,
very sensitive to diet, and obesity may be prevented
by dietary restriction. The temporal changes in this
mouse are also very different from the other mouse
models in that changes to or toward normality of body
composition, insulin secretion, and insulin resistance
may be evident in older (>6 months) animals. In these
mice the pancreas appears to have the ability to in-
crease insulin secretion without the subsequent necro-
sis seen in ob/ob and db/db mice. Once again there
are major variations across the different strains of
KK mice.

B Transgenic and Gene Knockout Models

During the past four years extensive use of transgenic
and knockout approaches has identified 60 genes that
modulate energy balance, either increasing energy
storage and obesity, or reducing or eliminating energy
storage in white adipose tissue (Table 1). While many
of these studies have aimed to substantiate a function
which prior experimental data had suggested for the
gene product on energy balance, other studies were
designed primarily to identify a function for the spe-
cific gene.

To help in reviewing the large number of animal
models, I have subdivided the genes into those that can
be related to receptors and transporters, hormone and
neuropeptide systems, metabolic genes, signaling pro-
teins, transcription factors/nuclear proteins, and finally
to structural genes.

1 Hormones and Neuropeptide Systems

a. The Melanocortin System

Studies of the Yellow obese syndrome (Ay/a, Avy/a,
etc.) led to the identification of the important role of
a-MSH, an anorectic peptide (49) derived from the
precursor pro-opiomelanocortin (POMC), and the
antagonist AgRP peptide as the major regulators of
this system (47, 50–52),which affects feeding behavior,
energy expenditure, and insulin secretion. Several
genetic models have been used to illustrate the func-
tionality of this system. Transgenic mice ectopically
expressing agouti recapitulate the obese yellow syn-
drome of the Ay/a mouse (43). Likewise, expression
of the hypothalamic homolog protein AgRP produces a
similar obesity but without the coat color changes
associated with antagonism of the MC1 receptor (53).
a-MSH, a product cleaved from the POMC precursor
protein, is an agonist for all melanocortin receptors
except MC2. Knockout of the precursor POMC gene
produces obesity (54). Knockout of the 7B2 gene
(Sgne1), which prevents the production of proconver-
tase 2 and the cleavage of ACTH and a-MSH, also
produces obesity (55). The effect of a-MSH on energy
balance appears to result from actions at both the MC4
and MC3 receptors. MC4 receptor knockout mice (29)
are hyperphagic and obese, whereas MC3 receptor
knockout mice become obese in the absence of signifi-
cant hyperphagia (56) while exhibiting decreased loco-
motor activity and an atypical increase in respiratory
quotient on a high fat diet (57). These observations
suggest that a-MSH may primarily inhibit feeding
through MC4 receptors and enhance energy expendi-
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ture and influence energy partitioning through MC3
receptors. Indeed, the double knockout Mc3r�/�/
Mc4r�/� becomes more obese than either of the
individual receptor knockouts.

The expression of the agouti gene in humans differs
from that in mice, where it is only transiently expressed
in hair follicles. In humans, agouti is also expressed in a
variety of peripheral tissues, including adipose tissue.
To develop a model of human agouti, Mynatt and
colleagues (58,59) have created transgenic mice express-
ing agouti in adipose tissue. These transgenic mice
develop amild obesity and show an enhanced sensitivity
of adipose tissue to insulin.

Neural tracing and immunohistochemical ap-
proaches have been used to identify the functional
neuroanatomy of the melanocortin system. Two sub-
sets of neurons in the arcuate nucleus, coexpressing
either POMC and CART or NPY and AgRP, send
axonal projections to both the PVN and LH to
synapse with cell bodies that express either MC3 or
MC4 receptors, and may regulate secretion of mela-
nin-concentrating hormone and orexin. The presence
of leptin receptors on the arcuate POMC and AgRP
neurons provides the link among leptin, the melano-
cortin system, feeding behavior, and energy expendi-
ture. Of all the animal models, the natural mutations
and the experimental manipulations of this melano-
cortin system appear to be most relevant to human
obesity, where a number of mutations have also been
linked to severe obesity and changes in hair color
(9,10).

In addition to the agouti mutation, two other genes,
mahogany (mg) and mahoginoid (md) (60) have
effects on both body weight and coat color. Several
mutations have been identified at the mg locus giving
total or partial loss of function but, to date, only a
single md mutation has been reported. The phenotypes
of these mutant animals are similar, although the
degree of obesity is variable. Both md and mg muta-
tions inhibit agouti-related obesity and its associated
changes in linear growth and insulin secretion, but do
not alter the hyperphagia. Mg andmd (Atrn) mutations
appear to enhance food intake, and mg also increases
physical activity.

Mahogany, a transmembrane protein, has been
identified as a member of the Attractin (Atrn) gene
family (61). It is expressed widely in the CNS, includ-
ing the major regions known to be important for the
regulation of energy balance (62). The site of action
of mg is unknown. Since the mg mutation has no
effect on energy balance in MC4R knockout mice or
in leprdb/leprdb, tub/tub, or Cpefat/Cpefat mice, it is

thought to act upstream of the MC4 and MC1 re-
ceptors. However, mg can suppress diet-induced obe-
sity (63).

b. The Syndecans

Syndecans are a family of cell surface heparin
sulphate proteoglycans that show differential tissue
distribution. The extracellular domains of the synde-
cans are released from the cell surface and may act as
either positive or negative paracrine regulators. Trans-
genic overexpression of Syndecan I (Sdc1) using the
CMV promoter (64) led to a maturity-onset type of
obesity that was phenotypically very similar to the
obesities associated with agouti or agouti-related pro-
tein. While Syndecan I is not normally expressed in the
brain, Syndecan III null mice (a neural syndecan),
while of normal body phenotype, show an impaired
feeding response to fasting (64). Reizes et al. (64)
propose that the released ectodomains of the syndecans
modulate the interactions between a-MSH and agouti-
related protein with the MC4 receptor, and that the
hypothalamic Syndecan III levels are physiological
modulators of feeding behavior.

c. The NPY System

Neuropeptide Y (NPY) is recognized as the most
powerful orexigenic peptide yet to be identified. Phys-
iological and pharmacological evidence support a
role for NPY in the regulation of feeding behavior.
However, experimental genetic manipulations of the
NPY system have failed to show that it is essential for
normal feeding. Recently, however, NPY knockout
mice have been shown to have an attenuated response
to fasting (65). When obob mice are made Npy�/�,
there is an attenuation of the level of obesity (66).
However, Npy�/� mice grow normally, and knock-
out of NPY1, Y2, and Y5 receptors does not attenu-
ate food intake or weight gain as would have been
predicted from pharmacological studies. Indeed, sur-
prisingly, both Y1 and Y5 receptor-deficient mice
develop a mild obesity with aging, and Y2 receptor-
deficient mice become obese when provided with a
high-fat diet.

Pancreatic polypeptide, another member of the NPY
family, is expressed at high levels in the pancreas and
gut. Overexpression regulated by a cytomegalovirus h-
actin promoter was lethal to many of the transgenic
mice, but surviving animals were characterized by
reduced growth, lower body fat, and lower food intake
and oxygen consumption (67).
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d. The CRH/Urocortin-Glucocorticoid System

In addition to a role in regulation of pituitary-adre-
nal function, CRH and Urocortin inhibit food intake
and promote energy expenditure, particularly the sym-
pathetically mediated BAT thermogenesis. Numerous
models, targeting specific components of this system,
have identified the ability to alter homeostasis. These
models generally produce a cushingoid-type of central
adiposity. The models include the transgenic overex-
pression of antisense cDNA to the brain type II
glucocorticoid receptor (GR) (68,69), knockout of
the brain type II GR, and transgenic expression of
CRH (70,71). The concentration of free CRH in the
CNS is affected by the levels of the CRH-binding
protein. Knockout of this gene results in a hypophagic
small mouse whereas overexpression regulated by the
metallothionin promoter caused obesity (72,73).
Despite these effects, knockout of CRH1 and CRH2
receptors does not have any major phenotypic effects
on body weight or food intake although the response
to exogenous urocortin or CRH may be absent or
diminished (74–77).

e. Melanin Concentrating Hormone (MCH)

This peptide is synthesized in lateral hypothalamic
neurons that are innervated by POMC/CART or NPY/
AgRP axons from the arcuate nucleus. AlthoughMCH
has only a modest orexigenic effect when given intra-
cerebroventricularly, MCH knockout mice have re-
duced body weight and are hypophagic and lean (78).
Absence of MCH release could explain the effects of
lateral hypothalamic lesions. In contrast, transgenic
overexpression of MCH increases body weight of mice
fed a chow diet and induces obesity in mice fed a high
fat diet (79).

f. Orexin

Orexin is also expressed in the LH. While orexin
appears to have moderate orexigenic effects, mutations
in this receptor appear to be related to narcolepsy (80),
suggesting that orexin has a primary role in arousal
rather than energy homeostasis. However, ablation of
orexigenic neurons by specific expression of a truncated
Machado-Joseph disease product Ataxin-3 produced a
late-onset obesity in addition to a narcoleptic pheno-
type (81).

g. Insulin/Insulinlike Growth Factor (IGF)-1
and Amylin

Like leptin, insulin has been proposed as a long-
term signal to the brain on the status of the energy

reserves of the body. When given ICV, it may reduce
food intake and body weight, although, like leptin,
this effect is absent in obese rats. Strong evidence for
the importance of this regulatory system comes from
the neuron-specific knock out of the insulin receptor.
These mice become obese when given a high fat diet
and develop mild insulin resistance and hypertrigly-
ceridemia. Hyperphagia was only evident in female
mice (82). The importance of insulin sensitivity in
muscle for the prevention of obesity is emphasized
by the observation that transgenic overexpression of
dominant-negative insulin receptors in muscle, which
causes muscle insulin resistance, results in a major
increase in body fat (22–38%) and a loss of lean body
mass (83).

Amylin is a 361–amino acid protein cosecreted with
insulin from pancreatic h-cells. It has been shown to
have multiple effects including suppression of food
intake and inhibition of gastric emptying. Amylin
knockout mice of both sexes show an approximate
20% increase in body weight and body fat (84).

Transgenic mice overexpressing the IGF-1-binding
protein in adipose tissue have been used to explore
the effects of IGF-1 on adipocyte differentiation (85).
IGF-1-binding protein overexpression attenuated the
weight gain and increase in adipose tissue mass and fat
cell size of mice provided a sucrose-enriched diet.
These data, together with some in vitro studies, sug-
gest that IGF-1 has a critical role in the differentiation
of preadipocytes and in the development of obesity.

h. Cholecystokinin (CCK)

CCK is expressed both in the gastrointestinal tract
and in the CNS. When given both peripherally and
centrally, CCK inhibits food intake through actions
mediated by CCKA receptors (86). A natural mutation
which prevents the expression of CCKA receptors has
been identified in OLETF rats (87). These are hyper-
phagic and heavier than the wild-type LETO rats.
Further, they fail to suppress food intake normally in
response to a dietary supplement of fat (88). In contrast,
knockout of CCKA receptors in mice does not appear
to have any effects on energy balance (89,90).

i. Bombesin

Bombesin is one member of a family of peptides
that are also expressed widely in the CNS and GI tract.
They inhibit food intake and stimulate sympathetic-
related energy expenditure. Of the three receptors
identified, the bombesin receptor subtype 3 (BRS-3)
appears to be important for energy balance, since
BRS-3 knockout mice develop mild obesity, hyper-
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tension, and impaired glucose tolerance (91). BRS-3-
deficient mice also show changes in sensitivity to nu-
trient stimuli, showing an enhanced preference for
saccharin solutions but also a stronger aversive re-
sponse to LiCl (92).

j. Growth Hormone (GH)

Both overexpression and knockout approaches have
been used to study the effects of GH on energy balance
and body composition. GH deficiency, as in ‘‘little’’
mice, is associated with decreased somatic growth but
increased body fat (93) despite normophagia (per gram
body weight). In contrast, overexpression of GH is
associated with increased somatic growth and decreased
body fat (94), which has been related to a severe insulin
resistance of adipose tissue (95). Overexpression of an
ovine GH transgene driven by a metallothionein pro-
moter (96) leads, as expected, to larger mice. However,
when expression of this transgene is switched off by
removal of dietary zinc, significant obesity results,
suggesting downstream effects in the GH pathway.
Overexpression of GHRH, which results in elevated
GH levels, results in hyperphagic mice of increased
body mass but, unexpectedly, also increased body fat
(97). The reason for the increased body fat is unclear but
may be related to a dysregulation of the leptin receptor
system in the hypothalamus.

k. TNFa and Other Cytokines

With the recognition of adipose tissue as an endo-
crine organ and the suggestion that TNFa secretion was
linked to insulin resistance (98), attention has focused
on the possibility that TNFa and other cytokines may
have an important role in the physiological control of
energy balance as well as their pathological role in
cancer cachexia. Divergent results have been reported.
TNFa-null mice either may be of normal weight or even
gain weight normally when fed a high-fat diet (99) or
they may be characterized by a significant reduction in
body weight (100). To date, two receptor subtypes (P55
and P75) have been identified. Mice that are P75�/�
have lower body weight than wild type mice (101) when
fed a high fat diet whereas P55�/� mice exhibit an
attenuated cachectic response to tumors (102). Simi-
larly, mice lacking the IL6 gene do not exhibit the tumor
related reduction in food intake (103). Genetic studies in
which the expression of IL1 receptor antagonist (Il1ra)
is manipulated also suggest a role for IL1 in energy
regulation and cancer cachexia. Transgenic overexpres-
sion of IL1ra, which blocks the binding of IL1 to its
receptor, promotes weight reduction as would be
anticipated (104).

l. Adrenergic Receptors (h3AR and �2AR)

h3-AR knockout mice do not become obese despite
the role of this receptor in signaling sympathetically
mediated BAT thermogenesis (105). This may result
from a number of compensatory changes. However,
of particular interest with these mice has been the
ability to show, using tissue-specific knockins of h3AR
in h3-AR knockout mice, that the h3-adrenergic sup-
pression of food intake is mediated by white adipose
tissue h3ARs (106). The chemical mediator(s) of this
response have yet to be identified. Transgenic over-
expression of a2-adrenergic receptors in h3-AR-null
mice leads to obesity and adipocyte hyperplasia in
mice fed a high-fat diet (107). This model emphasizes
the importance of a2ARs in the stimulation of adipo-
cyte hyperplasia.

m. Neurotransmitters

The anorectic response of 5HT is diminished in both
5HT2c and 5HT1b receptor knockout mice. This sug-
gests that both receptor subtypes are necessary for this
activity. The 5HT2c knockout mice become obese with
age and show a greater sensitivity to high-fat diets than
wild-type mice (108,109). These mice also appear to
have an enhanced preference for dietary fat (Brenda
Richards, personal communication). However, 5HT1b
null mice are indistinguishable from wild-type mice in
body weight and daily food intake.

Dopamine appears to be essential for the motor
components of feeding. Knockout of tyrosine hydroxy-
lase (an enzyme necessary for dopamine and norepi-
nephrine synthesis) is lethal (110). However, when
norepinephrine synthesis is restored, the dopamine-
deficient mice live tof4 weeks of age. They are aphagic
and hypoactive (111). Both D1 receptor and D2 recep-
tor knockout mice have reduced body weight, and the
lattermice are hypoactive (111–113). In contrast, theD3
receptor knockout mouse is hyperphagic on a high-fat
diet and becomes obese (Stephen Woods, personal
communication).

Histamine also appears to be an important neuro-
transmitter for feeding behavior. Knockout of the H1
receptor has no effect in mice fed a regular chow diet,
but is associated with excessive weight gain on a high-fat
diet and a reduced response to ICV leptin (114). Ace-
tylcholine is widely distributed in the central and auto-
nomic nervous systems. Mice that are deficient in the
M3 muscarinic receptors are hypophagic and have a
reduced body weight (115).

Gamma-aminobutyric acid (GABA) is a major
inhibitory neurotransmitter within the CNS. Ubiqui-
tous overexpression of the GABA transporter I gene

Rodent Models of Obesity 265



caused a moderate obesity that was characterized by an
altered feeding pattern and a small reduction in physical
activity (116).

n. Other Hormone Receptors

Estrogens have been recognized to have significant
effects in feeding behavior. Knockout of the estradiol
a-receptor is associated with increased white but not
brown adiposity, which appears to develop after the
onset of puberty (117) in both males and females
(118). As in aromatase-deficient mice, the obesity
appears to be associated with a decrease in energy
expenditure rather than hyperphagia. Similarly, knock-
out of the FSH receptor, which causes severe estrogen
deficiency from an early age, induces obesity and skele-
tal abnormalities that give a hunchback appearance to
the mice (119).

2 Metabolic Genes

a. Lipid Metabolism

1 Acetyl CoA carboxylase 2 (Acc2) Acc2 is
predominantly expressed in heart and muscle as
opposed to the hepatic and adipose tissue expression
of acetyl CoA carboxylase 1. Knockout of the muscle
ACC2 results in lean mice that had reduced tissue
malonyl CoA levels and enhanced muscle fatty acid
oxidation rates by 30% (120). Adipose tissue depot size
of the Acc2-null mice was only 50% of that on the wild
type. This occurred despite a 20–30% increase in food
intake thatmight be either associated with the low leptin
levels or a direct effect of the reduced levels of malonyl
CoA in hypothalamic centers (121).

2 Perilipin Although only a single gene codes for
perilipin, there are multiple tissue-specific isoforms as
the result of alternative splicing. Perilipin A coats
the trigylceride droplets in adipose tissue, where it
protects the lipid from hydrolysis by hormone sensitive
lipase. Activation of perilipin by protein kinase A is
necessary for hormone-sensitive lipase activity. The
perilipin (plin)-null mice have enhanced basal lipolysis
but severely impaired stimulated lipolytic activity.
Perilipin-null mice have normal body weight but a
greatly reduced adipose tissue mass, an increased lean
body mass, an increased metabolic rate, and a tendency
to develop insulin resistance (122,123). Food intakemay
be normal or increased, and the mice are resistant to
high-fat diet–induced obesity. A similar phenotype has
been reported for the protein kinase A RIIh subunit
(Pkar2b) null mouse (124), suggesting that failure to

activate perilipin might also explain the phenotype of
this mouse, although PKA activity is increased. Trans-
ferring the perilipin (plin)-null mutation into the dia-
betes mouse (Leprdb /Leprdb) dramatically attenuates
their obesity (122,123).

3 Hormone-sensitive lipase (Lipe) This enzyme
catalyzes the initial stage of the hydrolysis of stored
triglycerides to fatty acids and glycerol. Its activity is
regulated by numerous endocrine and neural inputs
to the adipose tissue. Lipe-null mice did not become
obese, although fat cells in white and brown adipose
tissue were significantly enlarged by two- and fivefold,
respectively (125). Brown adipose tissue mass was
increased. No differences in metabolic rate or response
to a cold environment could be detected in Lipe-null
mice where the major phenotype was male sterility.

4 Adipocyte binding protein (aP2; Fabp4) This
protein is expressed mainly in adipose tissue and binds
intracellular fatty acids. Its promoter is frequently used
to target gene expression to adipose tissue. Fabp4-null
mice grow normally but show an exaggerated obesity
when placed on a high-fat diet. This obesity is unique in
that insulin resistance does not develop (126). Transfer
of the Fabp4 null allele onto the lepob/lepob mouse
increases its level of obesity yet enhances the insulin
sensitivity compared to lepob/lepob mice expressing the
Fabp4 gene (127).

5 Acyl COA: diacylglycerol acyl transferase
(Dgat) This enzyme transfers a fatty acid to convert
diglycerides into triglycerides. Dgat-null mice have
normal body weight, but lower body fat when fed a
standard chow diet. Despite the absence of enzyme
activity, the Dgat-null mice gain significant weight
and body fat when fed a high-fat diet to reach levels
similar to those in wild-type mice (128).

b. Carbohydrate Metabolism

1 Glucose transporters Glut4 is an insulin-regula-
ted glucose transporter expressed in adipose tissue and
muscle. In adipose tissue glucose carbon is re-
quired for glyceride synthesis and for fatty acid syn-
thesis. Overexpression of the Glut4 gene (Slc2a4) in
adipose tissue using the aP2 promoter results in an
obese mouse with enhanced glucose clearance that is
not further exaggerated by feeding a high-fat diet
(129). Expressing Glut4 in muscle with the myosin
light chain promoter has no effects on body weight or
body composition, but does again improve insulin-
stimulated glucose disposal (130,131). In contrast,
Glut4 (Slc2a4)-null mice have little white adipose
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tissue and have a lower body weight but decreased
sensitivity to insulin (132).

2 Glutamine:fructose-6-phosphate amidotransferase
(GFAT) GFAT is the rate-limiting enzyme for hex-
osamine synthesis in the liver. Transgenic overex-
pression of the GFAT gene (Gfptl) using the PEPCK
promoter resulted in mice that appear to have en-
hanced or normal insulin sensitivity and elevated
hepatic glycogen when young, but which become
obese when old (133).

c. Converting Enzymes

1 Aromatase Aromatase is responsible for the
final step in estrogen biosynthesis from C19 steroids.
Human mutations in the aromatase gene have been
associated with visceral obesity, insulin resistance, and
the metabolic syndrome. The aromatase gene (Cyp19)
knockout mouse of either sex likewise accumulates
excess abdominal fat deposits. This phenotype occurs
despite a reduction in food intake and normal metabolic
rate, and reflects the 50% reduction in the level of
spontaneous physical activity (134).

2 Interleukin 1h converting enzyme This enzyme
is responsible for the production of biologically active
IL1h. Mice lacking the enzyme fail to demonstrate the
hypophagic response to lipopolysaccharide (135).

3 7B2 The 7B2 protein is necessary for the
expression of proconvertase 2. Obesity that occurs in
7B2 (Sgne)-null mice probably reflects their inability to
process POMC into a-MSH (54).

d. Thermogenic Pathways

1 a-Glycerol phosphate dehydrogenase (aGPDH)
This enzyme forms part of a substrate cycle that
effectively shuttles protons from NADH to FADH so
releasing the equivalent of 1ATP energy as heat, in
addition to its role in the supply of glycerophosphate
for triglyceride synthesis. Over-expression of the
aGPDH gene (Gapd) at high levels leads to a lean
mouse devoid of white adipose tissue (136) and
resistant to both dietary-induced obesity and gold
thioglucose–induced obesity (137). Knockout of the
aGPDH gene also leads to a small mouse, possibly
by impairing lipid deposition and phospholipid
biosynthesis (138).

2 Uncoupling proteins (UCPs) Multiple ap-
proaches have been used to alter the expression of

genes coding for UCPs. Targeted expression of a
diptheria toxin A chain gene has been used to
selectively knock out tissue functional activity. By
coupling the gene to uncoupling protein gene
expression, brown adipose tissue thermogenic function
was abolished, and mice became obese (139) and
developed hyperphagia. This model not only illustrates
the importance of BAT thermogenesis to energy
balance in rodents but also emphasizes that BAT may
reciprocally affect food intake (140), probably through
a sympathetically mediated signal, e.g., heat (141). This
approach appears to be more successful than knock-
out of the h3-adrenergic receptor gene in white and
brown adipose tissue (142), as this yields only a mod-
erate form of obesity in which BAT remained mor-
phologically normal and responded normally to cold
acclimation. This questions the relationship between
BAT thermogenesis and feeding behavior proposed
by Himms-Hagen (141). Surprisingly, however, Ucpl
knockouts do not induce obesity although they do
induce an impaired thermogenic response to a cold
environmental stimulus (143). This suggests that other
thermogenic mechanisms can replace the dietary
thermogenic needs but not the greater thermogenic
requirement imposed by cold temperatures.

Targeted overexpression of Ucp 1 to adipose tissue
using the aP2 promoter had no phenotypic effect until
mice were placed on a high-fat diet on which they were
resistant to becoming obese (144). Likewise, targeting
Ucpl gene expression tomuscle with the rat myosin light
chain 2 promoter reduces body size and confers resist-
ance to high-fat dietary obesity (145), but the physio-
logical significance of high expression of this gene in
muscle has to be questioned.

The identification of other members of the uncou-
pling family of genes promised the possibility of multi-
ple approaches to manipulate thermogenesis. This
promise is largely unfulfilled and it does not appear that
the major physiological role of UCP2 and UCP3 is
regulation of body temperature or diet induced thermo-
genesis. Ucp2 knockout mice do not become obese and
have a normal response to both cold exposure and high-
fat diets (146).

Ucp3 gene expression is primarily in muscle. How-
ever, while knockout of the Ucp3 gene reduces the
mitochondrial proton leak in muscle, null mutation
mice remain lean (147), and the double-null mutation
of Ucp1 and Ucp3 retains the phenotype of the UCP1
knockout mouse. While massive overexpression of
Ucp3 in muscle induces hypophagia and leanness
(148), it is doubtful that this reflects any physiological
role of UCP 3 on energy balance.
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e. Other

1 Metallothionein I and II (MtI and MtII)
Targeted disruption of both MtI and MtII genes
leads to a moderate obesity that first becomes evident
at 5–6 weeks of age (149). However, the mechanism
through which proteins associated with copper and
zinc homeostasis and free radical metabolism induce
changes in energy balance is not clear at this time.

2 Acylation-stimulating protein (ASP) This pro-
tein is a product of the cleavage of complement C3.
ASP gene (C3) null mice exhibit sexual dimorphism in
body weight, male null mice being of normal weight
whereas female null mice are smaller than wild-type
females. Body fat is reduced in both sexes but food
intake is increased, suggesting that there is also an
increase in either basal metabolic rate or physical
activity (150).

3 Signaling Proteins

a. PKARIIh

Protein kinase A (PKA) is a multiunit complex
enzyme consisting of two catalytic and two enzymatic
subunits. Mice lacking the PKARIIh subunit, nor-
mally expressed in both white and brown adipose
tissue, have greatly reduced levels of white adipose
tissue when fed a normal chow diet. Additionally,
PKARIIh (Pkar2b) null mice are resistant to the
development of obesity when placed on a high-fat diet
(151,152). The lean phenotype may arise from multiple
effects that include enhanced brown adipose tissue
thermogenesis (124) and enhanced basal levels of li-
polysis (153). In contrast, targeted knockout of protein
kinase Bh or the Pkakt gene has no apparent effect on
growth and development but induces an insulin resist-
ant state (154).

b. G Protein Alpha Subunit (Gnas)

Previously known as Gsa, Gnas is a stimulatory G
protein linked with receptor-mediated activation of
adenyl cyclase and other membrane-related proteins.
The phenotype associated with knockout of the Gnas
gene depends on the parental origin of the mutation.
Homozygous null mice die in utero. Obesity is associ-
ated with maternal origin of the heterozygote null allele,
but leanness is the result with paternal origin of the
mutation. The changes in body composition are related
to alterations in energy expenditure rather than food
intake.Male Gnas�/+mice have increased basal meta-
bolic rate and physical activity whereas female Gnas�/

+ mice have low metabolic rate and decreased physical
activity (155).

c. Protein Tyrosine Phosphatase 1B (PTRB)

Activity of this enzyme appears to attenuate the
metabolic response to insulin. The mice null for the
PTRB gene (Ptrb) mutation have increased insulin
sensitivity of muscle and liver but not adipose tissue,
and are resistant to development of a high-fat diet–
induced obesity (156). Both heterozygote Ptrb�/+ and
homozygous null Ptrb�/� mice are similarly resistant
to the development of obesity, indicating the need for
full activity of PTR1B for the development of obesity.
Food intake is unaltered in�/�mice suggesting that the
obesity of the knockout mice results from changes in
energy expenditure.

d. Signal Transducers and Activators
of Transcription (STATs)

The STATs are a family of proteins that mediate the
transcriptional responses to cytokines such as growth
hormone and leptin. STAT5 is phosphorylated in
response to numerous signals including growth hor-
mone, prolactin, and IL2. Knockout of the STAT5
gene (Stat5) results in a phenotype of growth hormone
deficiency that includes reduced longitudinal growth,
decreased adiposity in young, but obesity in older
mice (157).

4 Transcription Factors

a. Lipin (fld)

Lipin is an 891–amino acid protein predominantly
localized in the nucleus that appears to be necessary for
adipose tissue development and metabolism.

Natural mutations in the gene (Lpin 1) that encodes
the protein have been described in BALB/c and C3H
mouse strains and are associated with a lipodystrophic
phenotype, fatty liver, and neuropathy of peripheral
nerves (158).

b. PPARa

The peroxisome proliferator-activated receptors
(PPARs) are a family of transactivating proteins related
to the steroid/thyroid/retinoid receptors. PPARg is
essential for adipose tissue development (159). PPARa
gene (Ppara)-null mice develop a late-onset obesity that
shows a sexual dimorphism in the temporal develop-
ment, females becoming obese at a much younger age
than males (160). The cause of this obesity remains
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unclear since investigators have been unable to identify
changes in either food intake (160) or metabolic rate
(161). Pparb null mice also have reduced adipose tissue
stores (162).

c. SREBP-1c

The sterol regulatory element binding proteins
(SPEBPs) are expressed in multiple tissues. Overexpres-
sion of a truncated form of the adipose tissue form
(SREPB-1c) gene (Srebf1) from the aP2 promoter leads
to a mouse of similar phenotype to the A-ZIP/F-1
mouse described below, with a general lipodystrophy,
severe diabetes, and liver engorged with lipid (163).
Leptin treatment normalizes insulin and glucose levels
(164). Transgenic overexpression of the liver form pro-
tein (SREBP-1a) gene (Srebf2) on the PEPCK promot-
er results in a similar but less severe phenotype (165).

d. A-ZIP/F-1

A-ZIP/F is a protein that prevents the binding of
B-ZIP transcription factors to both C/EBP and Jun
DNA binding sites. Transgenic expression of the
A-ZIP/F gene under the control of the aP2 promoter
results in a mouse devoid of white adipose tissue that
is severely diabetic, has enlarged internal organs and
reduced fecundity, and often dies prematurely. Body
weight is normal (males) or increased (females) despite
the absence of white adipose tissue (166). It has been
proposed as a model of human lipoatrophic diabetes.
Transplantation of adipose tissue and transgenic lep-
tin overexpression reverses the metabolic phenotype
(167,168), illustrating again the role of adipose tissue
and or leptin in the control of insulin sensitivity and
glucose metabolism.

e. C/EBP

The CCAAT enhancer-binding proteins (CEBPs) are
a family of transcriptional regulator proteins. At least
two of these, CEBPa and CEBPh, are thought to be
important regulators of preadipocyte differentiation.
CEBPa gene (Cebpa) knockout has high lethality, but
surviving mice are devoid of white adipose tissue (169),
consistent with the observations described above for the
transgenic overexpression of A-ZIP-F. Further, mice
with the double knockout of Cebpa and Cebpb genes
also have a partial lipodystrophy (170).

f. Nh1h2

This transcription factor gene is expressed in neural
tissue particularly in those hypothalamic areas that

have been implicated in the regulation of energy
balance, the arcuate nucleus, and the ventomedial
and lateral hypothalamus. Both homozygous and
heterozygous knockout mice develop a severe matu-
rity-onset obesity yet do not develop diabetes on the
129 � C56BL/6J background. Hypogonadism is also
characteristic (171).

g. Vgf

The function of the protein encoded by the Vgf gene
is unknown at this time. However, it is expressed in
neural tissue and particularly in the hypothalamus. Null
mutations of this gene are particularly interesting since
they cause a phenotype of increased physical activity,
increased basal metabolic rate, relative hyperphagia
related to their reduced body weight and decreased
adipose tissue stores (172).

5 Structural Genes

a. Hmgic

Hmgic are a family of 3 proteins that function as
structural components of the enhancesome. Hmgic is
expressed in undifferentiated cells during proliferation,
and is expressed highly and selectively in adipose
tissue. Both heterozygote Hmgic gene (Hmga2)�/+
and null mutant Hmga2�/� are completely resistant
to obesity induced by a high-fat diet, while Hmgic
deficiency attenuated the obesity of obese lepob/lepob

and diabetes leprdb/leprdb mice in a gene-dosage-
dependent manner (173). This effect results from an
inability of Hmgic-deficient preadipocytes to differen-
tiate into mature adipocytes.

b. Intercellular adhesion molecule 1 (ICAM-1)

ICAM-1 is a membrane protein that interacts with
h-integrins to facilitate the migration of leucocytes.
ICAM-1 gene (Icaml)-null mice develop a late-onset
moderate form of obesity, where excess adipose tissue
is predominantly deposited in subcutaneous depots
(174). Food intake appears to be similar to that of
wild-type mice.

C Obesity and Related Phenotypes Associated

with Multiple Genes

The polygenic forms of obesity provide a particular
challenge to identify the individual genes and their
contributions to the phenotype. In general, polygenic
obesity has been related to those mouse strains that will
develop obesity either spontaneously or in response to a
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dietary influence, although there are also numerous
examples in rats and other animal species (175). The
Sand Rat (Psammomys obesus) becomes obese when it
is transferred from its usual herbivorous desert diet to a
high-carbohydrate laboratory chow. A similar murine
obesity and diabetes has been reported in the Spiny
Mouse (Acomys caharinus) (176). There is a relatively
low frequency of diabetes and large variance in the
severity of the syndrome in those animals affected. The
NZO mouse, originally described by Bielschowsky and
Bielschowsky (177), develops a moderate form of obe-
sity from early life and has many of the features of the
metabolic syndrome (hypertension, elevated blood lip-
ids, hyperglycemia) (178). While these mice have a
variant leptin receptor (A720T/T1044I), that alone
does not explain the obesity. However, interaction with
other genes (eg Nob1 on chromosome 5) may be a
significant contributor to the obesity (179).

More recently, the variation in susceptibility to
become obese in the offspring of crosses of individual
inbred strains that differed in their propensity to become
obese, has become a popular form of polygenic obesity
to study. BSB mice, derived from a backcross of Mus
spretus and C57BL/6J strains, have a body fat content
that shows individual variation from 1% to 50%
(180,181). Backcrosses between AKR/J and C57BL/J
mice likewise give a variation in body fat that has
allowed the identification of linked chromosomal
regions (182). The full range of linkages gained from
genomewide scans in crosses of different mouse strains
has been summarized elsewhere (9,10).

The susceptibility to dietary-induced obesity has
been a popular model for the identification of genetic
linkages. We described the wide range of dietary ma-
nipulations that can induce the development of obesity
in our previous review (1). A prominent feature of all of
the dietary manipulations is the variability of response
across individuals and strains of rodents (5,183,184),
indicating a strong interaction between genotype and
diet. This characteristic may be particularly relevant to
the current epidemic of obesity in humans. The strain
variability also provides the experimental opportunity
for genetic analysis of these differences (185,186).

Several laboratories have mapped quantitative trait
loci (QTLs) that influence body fat, particularly after
feeding a high-fat diet. Numerous linkages on multiple
chromosomes have been identified, many in regions not
known to contain an obesity gene (180–182,185–187).
Congenic mice or radiation-induced chromosomal de-
letions have been used to try to narrow the DNA re-
gion and identify the specific gene. This approach has
successfully identified a novel ATPase coded on chro-

mosome 7 as a potential obesity-related gene (188),
although no functional studies have yet been made for
proof of function.

D Hypothalamic Obesity

The use of animal models to study the causes and
consequences of obesity really began with the destruc-
tive lesioning of specific hypothalamic areas (3,4).
Since that time a wide range of methods have been
used to damage or activate specific brain sites includ-
ing selective knife cuts and electrical, chemical (gold
thioglucose, bipiperidyl mustard, monosodium gluta-
mate, ibotenic acid, neurotransmitters, neuropeptides),
or viral routes. These models were reviewed exten-
sively previously (1,3,4). During the past few years, the
possibility of a viral cause of obesity has received
increased attention.

Four animal viruses and one human virus have
been shown to induce obesity or some degree of addi-
tional adiposity in animal models. These are the canine
distemper virus in mice (189), the Rous-associated
virus in chickens (190,191), the Borna disease virus
in rats (192), the adenovirus SMAM-1 in chickens
(193), and the related human adenovirus Ad-36 in
chicken and mice (194). These have been reviewed
recently (195).

In general, there is variability in the level of obesity
and the metabolic changes that depend on the age of
infection and the animalmodel. The demonstration that
a human adenovirus can induce obesity has raised
interest particularly since antibodies to the virus have
been reported to be linked to higher body weight in
small numbers of humans (196). However, the effect size
is small, and has been linked with an atypical reduction
in serum cholesterol, making it unlikely to be a major
cause of human obesity. Similarly, in mice and chicken
the increase in body fat in response to adenoviral
infection is small, <10% (194). While the mechanisms
of action of all of the viruses has not been demonstrated,
evidence of neuronal damage supports the hypothesis
that the virus may have their effects through changes in
the activity of the hypothalamic neuropeptide circuits
that are modulated by leptin (197,198).

The hypothalamic models of obesity have led to the
recognition of the different but overlapping functions of
specific hypothalamic regions in the control of energy
balance. The VMH is recognized as a primary center
regulating the autonomic outflow in response to dietary
related signals (3,4,199). The lateral hypothalamus has
opposing actions to the VMH on the autonomic ner-
vous system, but also is responsible for feeding behav-
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ior. In contrast the PVN region has less to do with
sympathetic regulation of brown adipose tissue and
vagal regulation of insulin secretion, but is a powerful
site for the regulation of feeding behavior. It is only in
recent years, with the benefit of molecular and genetic
studies, that the neurochemical basis for the activities of
these centers has been identified. In particular, the two
subpopulations of neurons in the arcuate-PVN path-
way (NPY/AGRP neurons and POMC/CART neu-
rons) and the identification of MCH and Orexin
(hypocretin) in LH neurons have provided neurochem-
ical insight into function of these sites.

E Endocrine Obesity

Endocrine manipulations have long been known to
influence feeding behavior and body composition
(1,3,4). These include peripheral injections of insulin
(200), excessive glucocorticoid activity (70), and ovari-
ectomy (201–204). The use of transgenic and gene
knockout approaches (see Sec. B above) to manipulate
hormone and receptor levels has helped to study the role
of insulin, adrenal, and gonadal steroids. In addition,
these approaches have identified effects of numerous
other endocrine influences including pancreatic poly-
peptide, amylin, IGF-1, CRH, growth hormone, and
CCK on energy balance.

F Features Common to Many Models

of Obesity

In our previous review we identified numerous features
that were common to virtually all animal models of
obesity. These included the hypersecretion of insulin
and the development of insulin resistance, the hyper-
phagia and/or autonomic dysfunction, and the gluco-
corticoid dependence of the obesities (1). It is not our
intent to review these characteristics again. However, it
is appropriate to identify some significant advances in
these areas.

Serum leptin levels are closely related to body fat.
Increased levels of leptin gene expression have been
reported in all obese models, including the Zucker fa/
fa rat (205,206), the diabetes db/db mouse (11), and rats
made obese by VMH lesions (207), in rats fed a high-fat
diet (208), in the obesity associated with aging (209), and
in nonhuman primates (207). The coincidence of hyper-
leptinemia and obesity is indicative of a failure of leptin
to modulate food intake and energy expenditure appro-
priately, a state of leptin resistance.

A number of studies have sought to identify the site
of this leptin resistance by comparison of the responses

to peripheral and centrally administered leptin. The loss
of response to peripheral leptin, but not to central
leptin, has been noted in high-fat diet–induced obesity
in both mouse and rat models (210–213) and in CCKA
receptor-deficient rats (214), suggesting that transport
of leptin across the blood brain barrier is reduced in
obesity. This has been confirmed by direct measurement
of leptin transport in high-fat-fed obese mice (215).
However, this effect may be related to the dietary fat
rather than the obesity, since we (216) have shown that
the response to peripheral leptin is lost within 24 hr of
feeding a high-fat diet. It is likely, though, that the
temporal sequence and magnitude of this response are
variable across animal models (212).

Leptin resistance is probably manifest at multiple
sites in addition to transport across the blood brain
barrier. It is now clear that there are significant
changes within the signaling pathways in the hypothal-
amus that also contribute to leptin resistance. Leptin
appears to express its biological activity through reg-
ulation of the expression and release of several neuro-
peptides within specific hypothalamic neurons known
to affect energy balance. This includes NPY, a-MSH,
AgRP, CART, and CRH. The reduced inhibition of
arcuate neurons by leptin in overfed rats has been
directly demonstrated by electrical recording of nerve
activity (217). Decreases in either message or protein
levels of the long form of the leptin receptor have been
documented (208,218,219), including attenuated trans-
port of leptin across the blood brain barrier as well
as reduced activity of the signaling pathways (JAK-
STAT, MAP kinase, K-dependent ATPase) or en-
hanced activity of the suppressors of cytokine signaling
(SOCS3) that regulate the release and synthesis of these
neuropeptides (210,220). This central leptin resistance
might result from effects of leptin itself (221), from
downregulation in response to insulin (222), or from
the effects of glucocorticoids (223). Readers are re-
ferred to other chapters for a full description of these
signaling pathways.

III SUMMARY

Obesity is now recognized as the major nutritionally
related disease in theWestern world. The rapid develop-
ment in our understanding of the causes and conse-
quences of obesity owes much to the intensive studies of
a wide range of animal models, ranging from rodents to
nonhuman primate colonies. In rodents, the application
of transgenic and gene knockout technologies has cre-
ated many new models and provided the tools for proof
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of function of particular genes in causing obesity,
affecting adipocyte development or altering feeding
behavior and energy expenditure. These models have
provided tools for investigation and identification of the
hypothalamic pathways and neuropeptidergic systems
that regulate feeding behavior and the autonomic ner-
vous system control of energy expenditure. Genetic
studies increasingly show the relevance of these animal
models to human obesity.

The genes causing a number of spontaneous obesities
have been identified; identification of the agouti gene in
the Yellow Obese mouse has led to the discovery of the
melanocortin pathways; identification of the carboxy-
peptidase E gene mutation in the Fat (Cpefat/Cpefat)
mouse has identified the importance of posttransla-
tional processing of peptides; and the identification of
the mutations in the Obese and the Diabetes mice and in
the Zucker rat led to the discovery of leptin and its
signaling pathway. The interaction of environment and
genes and its importance for the development of obesity
has been studied in crosses of mouse strains and after
genetic manipulations that enhance or attenuate the
sensitivity to induction of obesity on a high-fat diet.
Linkage analysis has identified other gene loci that can
be linked to obesity. Age and sex may also be important
factors in determining the degree of obesity and the
intensity of the associated disorders, particularly dia-
betes. The possibility of a viral cause of obesity has also
been raised.

The application of imaging systems to identify spe-
cific mRNA or proteins has linked the genetic and
molecular studies to the neuroanatomical networks that
had previously been demonstrated to regulate feeding
behavior and autonomic control of thermogenesis and
insulin secretion. They have also identified abnormal-
ities in these systems that promote obesity.

By study of such divergent experimental models, it
has become clear that there may be many different
causes of the obesity, but also that there are a number
of features that are common to all obesities. Further,
it has illustrated the potential for significant gene �
gene interactions to enhance or reduce the suscepti-
bility to obesity. The new insight that has been gained
from genetic manipulations in mice and from the
identification of the function of those genes respon-
sible for the genetically inherited obesities has led to
the identification of new targets for the therapeutic
prevention and treatment of obesity. The continuing
use of genetic manipulations in animals and the
identification of genes responsible for linkage traits
in animals and humans is likely to identify even more
genes that will affect energy balance. Understanding

the interactions of these multiple systems is a challenge
for the next decade.
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I AGING-ASSOCIATED NATURALLY

OCCURRING SPONTANEOUS

OBESITY IN NONHUMAN PRIMATES

Within the class Mammalia, obesity has been identified
in a number of orders, including the Rodentia, the
Carnivora (e.g., dogs, bears), the Artoidactyla (pigs,
cattle), and the order Primates (which includes, for
example, lemurs, monkeys, apes, and humans, a total
of f200 primate species), as well as in other orders
which include such mammals as the whale, walrus,
manatee, hedgehog, and rhinoceros. Within the sub-
order Anthropoidea, obesity has been described in two
of three superfamilies: Cercopithecoidea (Old World
monkeys, including many species of macaques) and
Hominoidea (including orangutans, chimpanzees and
gorillas—with specimens of this last sometimes found to
weigh >180 kg 400 lb). Obesity may also occur in the
third superfamily Ceboidea (New World monkeys);
however, to date it has not been well documented. Most
commonly, within the genus Macaca, obesity has been
described in the species Macaca fascicularis (cynomol-
gus monkeys), Macaca nigra (misnomered the Celebes
ape), and most of all, in Macaca mulatta (rhesus mon-
keys)(1–3).

Spontaneous, naturally occurring obesity is common
both in free-ranging and in laboratory or zoo-main-
tained nonhuman primates and has been described in a
wide range of primate species. In addition, primate
models of obesity have been experimentally induced.

Previous reviews have described the various measures
used to produce experimental obesity in primates (4,5),
including the production of hypothalamic lesions to
induce weight gain and diabeteslike syndromes, drug
and hormonal approaches, and diet manipulations (6)
or forced overfeeding (7,8) to produce weight gain.
These methods have received little use in the past 10
years, probably because, as monkeys have been held
longer under laboratory conditions, well into middle
age, more and more spontaneously obese animals
have been identified, thus reducing the need to exper-
imentally create obese primate models. Further, the
induced obese models may deviate significantly from
the ‘‘normal’’ naturally occurring form(s), both in
underlying mechanisms and in responses to treatment.
The present review will, therefore, focus on sponta-
neous obesity in both free-ranging and laboratory-
maintained monkeys.

One of the first surveys aimed at identifying the
prevalence of obesity in a colony of group-housed mon-
keys examined the medical records of >800 pig-tailed
macaques (Macaca nemestrina) in a large breeding
facility (9). Tritiated water was then used to determine
the relative body composition of those selected on the
basis of heavy body weight for age. Several spontane-
ously obese individuals were identified; however, the
incidence appeared to be very low. Retrospective con-
sideration of this study, based on further understanding
of obesity in primates gained over the past 20 years,
suggests that the reason for the finding of a very low
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number of obese animals was the relatively young age
distribution of the breeding colony. It is, in fact, unusual
to findmonkeys of either sex over the age of 15 years in a
breeding colony, as they are usually moved before
reaching such an age.

The obesity of nonhuman primates is clearly of adult
onset, with no cases of obesity having yet been identified
in an animal under the age of 7 years. For reference,
sexual maturity is reached in the female between 3 and 5
years (10) with completion of growth at 6–7 years of age,
while in the male the corresponding ages are 4–6 years
(11) and 8 years. The obese monkeys, identified in a
survey of a free-ranging chow-provisioned colony living
on the island of Cayo Santiago, ranged in age from 9 to
16 years (12,13). Peak bodyweight on average is reached
around the age of 15 years in Macaca mulatta.

Obesity in male monkeys has been associated with
abnormal androgen metabolism, with obese males
having lower serum testosterone and lower dihydro-
testosterone than leans (5). Females had lower serum
androgen levels than males, but there were no differ-
ences between obese and lean females. Gonadectomy in
male and in female monkeys reduced body weight
relative to intact animals; however, replacement therapy
with testosterone propionate or dihydrotestosterone
propionate resulted in an increase in lean body mass,
but not in adiposity (14).

No early markers for the propensity to develop obe-
sity at a later age have yet been found that could be
used to identify in young adult monkeys (or in, for that
matter, humans) the predisposition toward obesity—
with the exception of family history (and an uncon-
straining environment).

II DIET, FOOD INTAKE, ACTIVITY,

AND ENERGY EXPENDITURE IN

NONHUMAN PRIMATE OBESITY

In spontaneously obese male rhesus monkeys ranging
from 10 to 17 kg, no differences in food intake were
observed between the most obese and the least obese
groups, suggesting that differences in energy expend-
iture may contribute principally to the development of
obesity. Obese animals showed reduced physical activ-
ity (15); however, it has not been possible to document
reduced activity in advance of the development of
obesity (16). In some studies obese monkeys have been
found to ingest fewer calories than lean monkeys (17),
thus providing no evidence for hyperphagia as an
important contributor to the development of obesity
or its sustaining. Prevention of obesity by restraint of

calories neither increased nor decreased physical ac-
tivity relative to similar-weight animals (15). Energy
expenditure per kg lean body mass was significantly
reduced by a degree of calorie restriction sufficient only
to prevent the development of obesity (15).

Although several studies have involved dietary
manipulations thought to facilitate the development of
obesity, where these dietary regimens have been tested
in young animals, obesity has not developed (18). Some
very high fat diets, for example, 60% fat, have been
found to produce weight gain in young monkeys. High-
fat diets have been used to alter lipoprotein composition
(19). The usual dietary regimen of laboratory monkeys,
primate chow, would be expected to be optimal in the
prevention of obesity, as it is high in fiber, low in fat
(17%), and relatively low in caloric density (4 kcal/g). In
colonies where the calorie allocation to each monkey is
strictly controlled, that is, restricted below ad libitum
levels, obesity does not develop. Under conditions of ad
libitum feeding (food continuously available for 8–24
hr/d), obesity will eventually develop in perhaps 50%
or more of the laboratory-maintained animals, despite
the presumed optimal diet composition. As discussed
below, long-term experimental limitation of calories,
adjusted on an individual basis to prevent body weight
increase, can prevent the development of this middle-
age-onset obesity (20).

III MEASUREMENT OF ADIPOSITY

IN MONKEYS

The assessment of obesity in monkeys can be made by
body weight alone, since, in adult animals, body weight
and percent fat are highly correlated (within each sex)
(r=.62, p<.01)(21). The body mass index, or Quetelet
index (weight/height2), was adapted for use in monkeys
by substitution of the crown-rump length (in cm) for
height (21). This body mass index, termed the Obesity
Index Rh (for rhesus monkeys), was shown to be highly
correlated with percent weight as fat (r=.80, p<.01),
midgirth circumference (r=.82, p<.001), and body
weight (r=.80, p<.001), but not with height, and is
therefore the best simple measurement of body fatness
in monkeys. Total height is not readily or accurately
measured in monkeys, particularly as they age, and thus
the usual body mass index used for humans is not
sufficiently reliable. All rhesus monkeys over the body
weight of 15 kg had >25% of weight as fat. In obese
male rhesus monkeys, body fat can reach 50% of body
weight. The tritiated water dilution method has also
been reliably used to estimate total body fat content,
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and is highly correlated with the body mass index
for monkeys.

Computed tomography has been used to assess ab-
dominal fat distribution, with the observation in Ma-
caca fascicularis of very strong positive correlations
between body mass index and intra-abdominal fat, sub-
cutaneous fat, and total abdominal fat (r’s>.89)(22).
Sharma et al. (23) compared magnetic resonance imag-
ing (MRI) and various anthropometric measures in
Macaca fascicularis, and found significant heterogene-
ity in the amounts of intra-abdominal and subcutane-
ous fat. Body weight correlated with intra-abdominal
fat in these male cynomolgus monkeys. Although little
has yet been published on the use of the DXA (dual-
energy x-ray absorptiometry) method in non-human
primates, it is likely with careful standardization to
become the ‘‘gold standard’’ for assessing body compo-
sition. Female cynomolgus monkeys have been exam-
ined by DXA for body composition against a standard,
with the observation that percent body fat of soft tissue
mass is a better index of obesity than body weight and/
or anthropometry (24).

IV FEATURES COMMON TO MANY

PRIMATE MODELS OF OBESITY

Obese rhesus monkeys, followed longitudinally, show
a gradual slow decline in glucose tolerance, many
years before the development of overt diabetes (25),
and this has been observed in cynomolgus monkeys as
well (26–29). This deterioration takes place at the same
time as pancreatic insulin output is increased both
basally and under stimulated conditions. h-cell hyper-
responsiveness to a glucose load has been shown to be
a very early defect in obesity, possibly preceding the
development of significant insulin resistance and
hyperinsulinemia (30). In obese monkeys, prior to
the development of overt diabetes, deKoning et al.
(31) found beginning changes in pancreatic h-cells,
with proliferation of h-cell mass, and small deposits
of islet-associated polypeptide as islet amyloid, as also
noted in cynomolgus (28).

The insulin resistance is not a requirement for
the development of obesity in rodents or primates.
Furthermore, the hepatic insulin resistance as evidenced
by the failure of insulin to suppress hepatic glucose
production is not associated with obesity per se, but has
been directly related to the subsequent development of
overt type 2 diabetes mellitus in monkeys (32).

Reduced hepatic extraction of insulin has also been
shown to be involved in the sustaining of hyperinsuli-

nemia (33). Nevertheless, this reduction does not appear
to be primary, occurring only as insulin levels increase
above a portal insulin level of 700–1000 pmol/L (periph-
eral insulin level of >350 pmol/L). Thus at the early
stages in the development of both obesity and hyper-
insulinemia, there appears to be no defect in hepatic
insulin uptake (34).

V IN VIVO METABOLIC AND

ENDOCRINE DEFECTS ASSOCIATED

WITH OBESITY AND DIABETES

IN PRIMATES

Abdominal obesity in humans, as well as in monkeys,
has been shown to be associated with diabetes mellitus.
Monkeys with central or abdominal obesity could be
classified as insulin-sensitive or insulin-resistant and
showed a strong linear relationship between abdominal
circumference and fasting plasma insulin and an inverse
relationship with insulin resistance. Within the obese
group there was, however, a diversity of degrees of
insulin resistance (33).

In primates, spontaneous obesity has been shown to
be associated with an increased frequency of dyslipide-
mia. Monkeys, like humans, show individual variability
in susceptibility to diet-induced or spontaneous athero-
sclerosis (35), and these primates develop athero-
sclerotic lesions similar to humans (36). There was,
however, no significant relationship in this study be-
tween abdominal circumference and various lipoprotein
fractions. Hannah et al. (37) showed that obese hyper-
insulinemic normoglycemic monkeys have beginning
increases in VLDL triglycerides, small reductions in
HDL cholesterol, and no change in LDL cholesterol.
This dyslipidemia was significantly exacerbated in those
monkeys with type 2 diabetes mellitus.

As previously described, many but not all obese
monkeys go on to develop impaired glucose tolerance
and then progress to overt type 2 diabetes mellitus
(4,20). This longitudinal process was first described by
Hamilton and Ciaccia (38) as a period of middle-aged
obesity and normal glucose tolerance associated with
hyperinsulinemia, followed by glucose intolerance and
frank diabetes. The progressive process was further
defined as a series of successive phases leading from
normal lean young animals to older monkeys with
or without obesity (39). Among the obese, some then
progress through successive phases of increasing hyper-
insulinemia and insulin resistance, progressive impair-
ment of glucose tolerance, and finally overt diabetes
(39). Glucose tolerance, one measure of this progressive
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process, has been calculated using a number of different
formulas, the optimal of which is defined by the slope
of the time points 5 and 20 min of an IV glucose
tolerance test using a glucose load of 0.25 g/kg body
weight. This time period was determined to be opti-
mally applicable to monkeys across the entire range of
tolerance from young normal to severe diabetic (12).
Kemnitz et al. (5,14) showed that during pregnancy, a
deterioration of glucose tolerance and an increase in
fasting plasma insulin levels occur in the rhesus mon-
keys in the highest preconception tertile of adiposity.
Wagner et al. (40) also showed a similar effect in
cynomolgus monkeys.

VI GENETICS OF OBESITY

IN PRIMATES

A Gene-Environment Interactions

Nonhuman primates provide excellent models for
examining gene-environment interactions and for seek-
ing the mechanisms underlying the development of
aging-associated non-dietary-induced obesity, and pos-
sible mechanisms for its mitigation (41). Both the
induction and the remission of obesity require cellular
events involving overall energy balance (42). As in
humans, several studies have documented a familial
association in the development of obesity. A mother
and daughter pair was identified in the 1977 survey of
Macaca nemestrinamentioned above (9), and Schwartz
et al. (13,43,44) noted several primary familial relation-
ships among the obese animals of the Cayo Santiago
colony. Environmental factors, principally ready access
to food, also influence the incidence of obesity, which
has been reported to range from 7% among the free-
ranging Cayo Santiago troops ranging up to age 16, to
50% or more in individually housed animals in an age
range up to 40 years.

Further support for a genetic basis of nonhuman
primate obesity comes by inference from studies of
groups of Macaca mulatta held under identical and
constant environmental and dietary conditions, in
which some animals have become significantly obese,
while others have remained lean throughout their
lives (44a).

B Candidate Genes for Obesity

No single-gene induced cases of obesity have been
reported in nonhuman primates. Examination of the
genetics of obesity in nonhuman primates has, to

date, focused on a wide range of candidate genes,
some specific to adipose tissue, and others poten-
tially involved in insulin action and insulin sensitiv-
ity. Several candidate genes have, however, recently
received special attention for their possible roles in
obesity. Both human and mouse sequence data have
assisted in the characterization of the molecular
features of nonhuman primate obesity, and physio-
logic and molecular data from monkeys have assis-
ted in the evaluation of the relevance of these genes
and their products to human obesity. Although
many candidate genes have been considered, we will
deal specifically here with leptin and the ob gene,
adiponectin, the h-3 receptor, the peroxisome pro-
liferator-activated receptors, insulin and its insulin
receptor, and the newest adipose specific protein,
galectin-12.

Adipose tissue is now known to be the largest of the
endocrine organs, secreting many different products
into the circulation, including, for example, leptin,
adiponectin, interleukin-6, TNFa, angiotensinogen,
plasminogen activator-inhibitor 1(PAI-1), adipsin
(complement factor D), sex steroids, and glucocorti-
coids. In addition, some adipocyte products apparently
act in a paracrine manner. Prior to 1994, several such
products were known, but despite efforts to do so, they
were not successfully connected to the pathophysiology
of obesity or to causal mechanisms (45). Recent reviews
have summarized the expanding knowledge of adipose
tissue as an endocrine organ and its role in the regu-
lation of energy balance and obesity (42,46).

C Leptin, the Circulating Protein, the OB Gene,

and the OB Receptor

Evidence for the existence of one or more circulating
factors emanating from adipose tissue and playing a
role in regulating body weight came first from the
parabiosis experiments of Coleman and colleagues
more than 30 years ago (47,48). Mice with genetic forms
of diabetes (47) and with genetic forms of obesity (48)
were parabiosed with normal mice, with the results
suggesting that the obese mice lacked a substance
secreted by normal mice and that the diabetic mice
lacked the ability to respond to this factor. Much later
the ob genewas cloned and characterized by Zhang et al.
(49), and shown to be located on human chromosome
7q31.3. The product of this gene, leptin, is an adipocyte-
derived 16-KDa circulating protein that clearly is
involved in body weight regulation. Administration of
this product, now called leptin, to obese ob/ob mice re-
versed many of the consequences of the ob/ob gene mu-
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tation, including reducing food intake and decreasing
body weight (50). The db gene was subsequently shown
by Tartaglia et al. to encode the ob receptor, OB-R,
which is the receptor for leptin (51,52), and was found
to be highly expressed in the central nervous system.

With the discovery of the gene responsible for obesity
in the ob/ob mouse, and the identification of the circu-
lating protein that it encodes (leptin) and its receptor,
exploration of the possible role of leptin in the sponta-
neous obesity of monkeys was pursued. Interestingly,
cross-circulation experiments in monkeys (53), carried
out about the same time as the parabiosis studies in
mice, did not lead to a prediction of any abnormal
circulating factor or receptor regulating short-term
feeding behavior in the monkey. The absence of such
an abnormal gene or gene product in monkeys was
subsequently proved to be true (see below). Cross-
circulation studies in nonhuman primates accurately
predicted the absence of a powerful circulating factor
controlling short term energy regulation and short-term
food intake (53). In these studies, various paradigms
were tested, but the most informative one was the
sustaining of pairs of monkeys for 4+ days in complete
rapid cross-circulation, with one but not the other of the
pair of monkeys allowed free access to food. It was
anticipated that, in making the equivalent of one mon-
key ‘‘pregnant’’ with a whole second monkey’s body,
that the first monkey would regulate to ‘‘eat for two.’’
This did not happen, despite the lack of any gastro-
intestinal limitations on increased chow consumption.
On the contrary, the ‘‘feeding’’ monkey ate normally,
ignoring the presence of the second monkey in his
circulatory bed. (And by short-term tests, the non-
feeding monkey remained acutely hungry, even during
the postmeal period of its partner.) This cross-circula-

tionwas engineered to be femoral artery to femoral vein,
and thus, only the GI tract and the liver of the feeding
monkey ‘‘saw’’ a different environment (the absorption
of nutrients). The neural signals to the CNS from the
gut of the feeding monkey undoubtedly differed from
those of the parabiosed monkey, while the circulating
signals were undoubtedly shared by both. We interpret
this to mean that the humoral signals, whatever they
may be, are relatively weak in controlling short-term
feeding. Alternatively, those humoral or bloodborne
signals must be received in the CNS in concert with
the gut neural signals. Given contradictory information
(fed state in the circulation and fasted state in the gut),
the humoral signals were insufficient to produce satiety
in the nonfeeding monkey. Further, in the feeding
monkey, the signals (both humoral and neural) from
the GI tract and liver were strong enough to overcome
any such signals. The feeding animal lost a small
amount of weight, but despite this, did not increase
feeding to ‘‘eat for two.’’

The ob cDNA of the monkey was cloned from
adipose tissue and shown to have at least 47 bp of 5V
noncoding region, 501 bp of coding region, and 219 bp
of 3V noncoding region (54). The ob mRNA is 0.8 kb
long, which is shorter than that of rodents or humans
due principally to a shorter 3V noncoding region. The ob
protein is 167 amino acids in length, as in humans and
rodents, and has 91% amino acid similarity to the
human ob protein. The ob mRNA was only expressed
in adipose tissue (55).

Among a group of normal weight 7-year-old mon-
keys, the level of ob mRNA in adipose tissue was
correlated to body weight and body fat. In a larger
group of older animals, plasma leptin levels were cor-
related to obesity (% body fat), as shown in Figure 1;

Figure 1 Relationship between fasting plasma leptin levels and percent body fat in rhesus monkeys varying in degree of
adiposity. (From Ref. 56.)
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however, this association was found to be reduced due
to a subgroup of animals showing no relation between
body weight and leptin. In 10 of 13 older monkeys
examined during the development of increasing body
weight and increasing adiposity, an increase in circulat-
ing leptin was positively associated with the increase in
body weight (56). There was a tendency for ob mRNA
to be increased in the hyperinsulinemic obese group of
monkeys and reduced relative to normals in a group of
diabetic animals that had previously lost body weight.

Figure 2 shows leptin levels across a longitudinal
study period for two monkeys. The data shown in the

top 4 panels represent a monkey that ‘‘tracked’’ body
weight with leptin level changes very closely. On the
bottom 4 panels, however, is another example, a mon-
key that, despite a similar degree of obesity, showed no
elevation of leptin at all. These extremes are also seen
across humans (57) and suggest that leptin is not solely
an indicator of the amount of adipose tissue, but that
other factors must also significantly alter its levels. Since
the two animals shown in Figure 2 were maintained and
studied under identical laboratory, diet, and environ-
mental conditions, one must speculate on other genetic
influences as contenders for inducing such differences.

Figure 2 Longitudinal changes in plasma leptin levels compared to changes in plasma insulin, plasma glucose, and body weight

in two monkeys. Panel A shows a monkey in which leptin and body weight changes are highly related, while panel B shows a
monkey that is equally obese but shows no elevation in plasma leptin levels.
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Indeed, we now know that leptin plays a role in a wide
range of physiologic processes, and that while its
absence (no leptin production or no functional receptor)
has profound effects to increase body fatness in rodents
and in humans, its presence in varying amounts in
individuals with normal receptors appears to be without
consequence. It has been suggested that leptin may play
a role in puberty; however, a longitudinal analysis of
male rhesus monkeys found no significant fluctuations
in leptin levels prior to or during the puberty associated
rise in testosterone secretion (58).

The ob or leptin receptor, primarily acting through
its obRb form in the arcuate nucleus, seems to transduce
leptin signals to two sets of neurons—one set with
properties leading to feeding inducing (which are re-
duced by leptin), and another set with appetite sup-
pressing properties (which are induced by leptin) (42).
The monkey leptin receptor cDNA has been cloned and
its sequence analyzed (59). Two alternatively spliced
variants were identified, one with homology to the
mouse obRb (long form) and the other a short form
homologous to the mouse obRa. The long form in the
rhesus monkey was found to be 96% homologous to the
human long form (59). The receptor was expressed in
liver and in kidney as in humans, suggesting that leptin
may act not only through the CNS, but also through
various peripheral tissues. The mRNA levels of the
leptin receptor in the monkey were not related to
obesity, hyperinsulinemia, or type 2 diabetes.

D Effects of the Administration of Leptin

The pharmacokinetics of human leptin administered to
monkeys indicates a half-life of f96 min after IV
administration, and >8 hr after SC dosing, and was
similar to that observed in humans (60). Attempts to
alter feeding regulation and fatness via peripheral
administration of leptin to monkeys (61,62) and to
humans (63) had little if any effect on body weight.
Although there was no acute effect of centrally admin-
istered leptin to lower food intake in monkeys, a day
after the central leptin administration, food intake was
reduced by 40–50% (61). The cause of this effect was not
readily discerned.

The failure of peripheral leptin administration in
monkeys and humans to alter food intake and body
weight significantly may be due to the absence of a
defect in the leptin molecule of these subjects. Clearly
in children with congenital leptin deficiency, leptin
treatment can reduce body weight and adiposity and
improve reproductive hormone activity (64). Leptin
administration to monkeys had no effect on the

fasting-induced acute changes in growth hormone,
luteinizing hormone, or cortisol secretion, although
the fasting-induced fall in leptin was prevented (65).
Leptin also did not have effects to acutely regulate
either basal or ACTH-stimulated adrenal cortisol
secretion (66). During food restriction, leptin levels
(67) and reproductive hormones (68) are acutely sup-
pressed. Replacement of leptin, however, had no
effect on the other hormones; therefore, leptin does
not mediate the effect of food deprivation on repro-
ductive hormones (68).

What, if any, physiological signal is produced by the
relatively high leptin levels frequently seen in obese
humans and in obese monkeys is unknown. Further,
while the concept of ‘‘leptin resistance’’ has been pro-
posed, there is, to date, no evidence to support such a
phenomenon other than its inference from the absence
of apparent consequences of high leptin. Thus, the
original view of leptin as the ‘‘adipostat,’’ sensing the
amount of adipose tissue in the body and signaling that
information to the brain, thus acting as a mediator of
food intake and body weight, does not appear to be
the case.

We conclude that the leptin pathwaymay not serve as
a simple ‘‘servomechanism/feedback loop’’ for regulat-
ing obesity or food intake, and should be considered not
for a primary role in obesity for most humans, but as a
far more complex hormone interacting with many sys-
tems, as yet not fully understood.

E Adiponectin (Acrp3, AdipoQ, apM1, GBP 28)

In searching an adipose specific cDNA library for
novel genes expressed abundantly in fat tissue, Maeda
et al. (69) identified an adipose specific collagenlike
factor that was termed apM1 for AdiPoseMost abun-
dant gene transcript 1. The protein expressed by this
gene was separately identified in plasma by Nakano et
al. (70) as GBP28, a novel gelatin-binding protein of
244 amino acids with a secretory signal sequence at
the amino terminal. The gene was located on chro-
mosome 3q27 and consists of three exons and two
introns. Two polymorphisms have been identified in
humans, but neither was associated with obesity (71).
This protein, specifically secreted by adipose tissue,
was subsequently named adiponectin, and was ini-
tially thought to function in lipid metabolism and fat
storage. Unlike leptin, adiponectin is lower in obesity.
In cultured cell lines, adiponectin inhibits the phago-
cytic activity of macrophages and the production of
TNFa, thus raising the possibility that adiponectin
plays a role in ending inflammatory responses (72).
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Adiponectin also suppressed macrophage to foam cell
transformation (73).

Monkey adiponectin was cloned and sequenced and
shown to bef 96% homologous to human adiponectin
and specifically expressed in adipose tissue, as it is in
humans (69,74). Body fat weight was determined by the
tritiated water method for three groups of monkeys—
lean, obese with insulin resistance, and overt type 2
diabetes. Fat weight was then compared to plasma
leptin levels and plasma adiponectin levels for the three
groups, as shown in Figure 3. We also sought to
determine the longitudinal changes in plasma adiponec-
tin levels during the progression from normal to insulin
resistant/obese to overtly diabetic in nonhuman pri-
mates with a high predisposition to type 2 diabetes
and dyslipidemia. Plasma adiponectin levels declined

as insulin sensitivity declined, and then remained at
low levels as insulin resistant animals progressed to
overt diabetes (74), as shown in Figure 4. The glucose
uptake rate during a euglycemic hyperinsulinemic
clamp was highly correlated to plasma adiponectin
levels (r=.66,P<.001). There was no clear association
between the plasma adiponectin levels and the mRNA
expression in adipose tissue, nor were these related to
total body fat mass.

Low levels of adiponectin have been associated in
humans with cardiovascular disease (75) and with
diabetes (76) and insulin resistance (77). Adiponectin
has been administered to rodents with promising re-
sults; however, there are not yet reports of its admin-
istration to nonhuman primates. It is hypothesized that
changes in metabolism induced by this hormone would

Figure 3 Comparison of fat weight, plasma leptin levels, and plasma adiponectin levels in three groups of monkeys—lean, obese
with insulin resistance, and obese with type 2 diabetes. *P<.05, **P<.01, ***P<.001. (From Ref. 74.)

Figure 4 Longitudinal changes in plasma adiponectin levels (left panel) and insulin sensitivity as measured by a euglycemic
hyperinsulinemic clamp (M rate, glucose uptake rate) as monkeys progress from normal/lean (phase 1) to obese with increasing
insulin resistance (phases 3–6), to impaired glucose tolerance (phase 7), to overt type 2 diabetes mellitus (phase 8).
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reduce markers of the metabolic syndrome and po-
tentially mitigate the risk of cardiovascular disease
and diabetes.

VII ENERGY EXPENDITURE AND

THE ADRENERGIC RECEPTORS

IN PRIMATES

A The hhhhhhhhh-3 Adrenergic Receptor and Agonists

On the energy expenditure side, attempts have been
made to increase energy output selectively in the adipose
tissue by activation of the h-3 adrenergic receptor. The
h-3 adrenergic receptor, which is specifically expressed
in adipose tissue, has been sequenced in the rhesus
monkey (78). It shows 95% amino acid identity with
the human h-3 receptor, differing between the two
species in 22 of 408 amino acids. The rhesus monkey
receptor contains an arginine at position 64, an amino
acid that has been found in greater frequency in several
groups of humans with a high propensity to obesity.
Because of the similarity of the monkey to the human h-
3 receptor, nonhuman primates have been used to
examine the potential of h-3-specific agonists to alter
the metabolism of adipose tissue, with the goal of
producing adipose tissue specific weight loss in humans
(79). Early agents, such as BRL-37344, CL-316243, ICI-
D7114, and SR58611A, were found to be lipolytic in rat
and dog adipocytes, but proved to be only weakly
lipolytic or not at all active in baboon, macaque, and
human cells. L757,793 and GR5261X are human selec-
tive h-3-specific agonists that stimulate lipolysis and
show other metabolic effects. In nonhuman primates,
chronic dosing produced no change in food intake and
no decline in body weight, despite evidence of lowering
of nonesterified fatty acids, triglycerides, and plasma
insulin levels (79). While the theory remains seductive,
as yet, there is no h-3-specific agonist that has been
reported to have strong clinical potential for use in
humans. Further, it is recognized that with weight loss
itself, energy expenditure may be disproportionately
reduced, thus potentially limiting further weight loss.

B Other Means of Sympathetic Activation

Other methods to increase energy expenditure are based
on the hypothesis that a contributing factor in obesity is
low sympathetic nervous system activity (SNS). One
study has attempted to promote weight loss in obese
monkeys using this approach (17). The agents used were
ephedrine (6 mg) and caffeine (50 mg) three times per
day. Food intake was reduced and energy expenditure

increased with the net effect of a reduction in body
weight of f7% over 8 weeks in the obese monkeys.
These effects too may be mediated via the h-adrenergic
receptors. Weight was regained within 5 weeks of the
end of the study.

VIII PEROXISOME PROLIFERATOR-

ACTIVATED NUCLEAR RECEPTORS

AND THEIR AGONISTS

A family of nuclear receptors termed the peroxisome
proliferator-activated receptors has been identified, ini-
tially on the basis of the identification of pharmaco-
logical ligands. They are of three subtypes, PPARa,
PPARg, and PPARy, and they are the products of
different genes on different chromosomes. They were
first cloned as ‘‘orphan’’ receptors, but the past 10 years
has shown a proliferation of papers on the PPARs, and
with those, a growing understanding of their diverse
roles, particularly in the areas of insulin sensitizing and
amelioration of dyslipidemias. Concerning obesity,
these PPARs have not been found to be causally
involved; however, the association of obesity with insu-
lin insensitivity and dyslipidemia has made the agonists
of these receptors particularly of interest for addressing
the pathophysiology associated with obesity. Nonhu-
man primates have been used effectively in the exami-
nation of ligands for each of the three subtypes, and
have been shown to be predictive of the effects in
humans (80).

Species specificity has proved to be important, since
many of the PPAR agonists act at the human and
nonhuman primate receptors, but not at the rodent
receptors (or have different effects at the rodent recep-
tor). Thus, human cell lines have been used to predict
activity in primates.

A PPARaaaaaa Receptor and Agonists

The PPARa receptor gene has been mapped to chro-
mosome 22q12-q13.1, and its tissue distribution shows
increased expression in metabolically active tissues such
as heart, liver, kidney, and muscle. No single high-
affinity natural ligand for the PPARa receptor has been
found, but this receptor may sense the flux of free fatty
acids in the tissues where it is expressed. Among the
known activators of this receptor are the fibrates.
Although compounds that activate these receptors in
rodents induce peroxisome proliferation and hepato-
megaly in man following years of extensive use of the
fibrates, PPARa ligands are not believed to have these
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effects. Thus, there appear to be functional and physio-
logical differences that are species specific. In humans
and nonhuman primates, the PPARa ligands generally
function in lipid and fatty acid homeostasis. In addition
to pharmaceutical agents, these receptors are probably
activated by fatty acids and their metabolites. Mon-
keys share with humans 97% cDNA identity, and 99%
identity with the putative protein of the PPARa
receptor (81).

The fibrates were developed before the receptor was
known, based on their lipid-lowering properties, and
include such agents as fenofibrate, clofibrate, and beza-
fibrate. Fenofibrate, for example, is a dual activator of
both PPARa and PPARg, but has 10-fold higher
selectivity for PPARa, while bezafibrate acts at all three
receptor types. Fenofibrate has been shown to lower
triglycerides (50%), to lower LDL cholesterol (27%),
and to increaseHDL cholesterol (35%). Apoproteins B-
100 and CIII were also lowered (70% and 29%, respec-
tively). Elevated plasma insulin levels were reduced by
40% in monkeys, supporting a role as an insulin sensi-
tizer (81). Thus, this PPARa agent improved features of
the metabolic syndrome including reducing the insulin
resistance of obesity, but did not produce weight loss.

We have termed another PPARa activator, BM
17.0744, a calorie restriction mimetic agent as, in obese
insulin-resistant monkeys, it appears to exert many of
the positive features associated with-long-term calorie
restriction (see below). This agent is not in the fibrate
class [it is 2,2-dichlorophenyl dodecanoic acid, and its
general features have been described (82)]; however, it
seems to carry significant PPARa activity, acting as
both an antidyslipidemic and antidiabetic agent. In
overweight insulin-resistant male rhesus monkeys, body
weight was significantly reduced in a dose-related man-
ner across six of six subjects, an effect not observed with
other PPARa agents. Hyperinsulinemia declined,
although it was not normalized, and insulin sensitivity
was greatly improved. Triglycerides were substantially
reduced, particularly the VLDL triglycerides. While
total cholesterol and LDL cholesterol were not signifi-
cantly affected, HDL cholesterol was nearly doubled,
suggesting improvement in the lipid profile of these
monkeys (83).

B PPARggggggggggg Receptor and Agonists

Since 1994, when a ligand class of insulin sensitizers
called the thiazolidinediones were recognized to interact
with the PPARg receptor, and the three classes of

PPARs clearly delineated, great attention has been
given to finding better ligands for this receptor (84).
The role of PPARg has been particularly of interest in
the field of obesity because this nuclear transcription
regulator is essential to adipocyte differentiation. The
PPARg protein is well conserved across species, and its
gene has been mapped to chromosome 3p25. There are
two principal isoforms, PPARg1 and PPARg2. This
receptor, and particularly its PPARg2 isoform, is found
primarily in adipose tissue, but also is expressed in the
colon and in macrophages. The monkey PPARg2
protein showed 99% identity with the human protein.
PPARg2 is a critical transcription factor in adipose
cell differentiation. This adipogenesis appears to require
the coordinated expression of other transcription fac-
tors including C/EBP and ADD-1/SREBP-1. ADD-1/
SREBP-1 are known to control several enzymes of fatty
acid metabolism (85). PPARg1mRNAwas shown to be
most abundant in adipose tissue, but it is expressed in
various other tissues, while PPARg2 is primarily in
adipose tissue. The mRNA levels of C/EBPa, LPL,
and GLUT4 were highly correlated to that of total
PPARg mRNA and these appear to be coordinately
regulated (86). (Note that Total was not related to the
amount of adipose tissue.) The ratio of the expression of
the two isoforms apparently changes in obesity, with the
ratio of PPARg2 to total PPARg showing a high
correlation to degree of obesity both in humans and in
monkeys (86,87).

Several polymorphisms have been identified in the
PPARg gene of humans (88), with much attention
focused upon the Pro12Ala missense mutation. This
mutation may in fact convey some diabetes protective
feature, as at least in some human groups insulin
sensitivity is improved (89).

The ligands for the PPARg receptor include fatty
acids, especially those of the eicosinoids such as pros-
taglandin J2, and the glitazones or thiazolidinediones.
PPARg plays an important role in adipogenesis, and, in
fact, without PPARg, no fat cells are made. Separately,
and perhaps at another developmental stage, PPARg
agonists show antidiabetic and insulin-sensitizing prop-
erties that do not appear to be directly related to the
adipogenic properties, probably by influencing the
expression of a different cohort of genes.

Several thiazolidinediones have been reported to be
active in nonhuman primates. Pioglitazone administra-
tion to rhesus monkeys resulted in a reduction in plasma
insulin levels of 64% at a dose of 3.0 mg/kg/d. Trigly-
cerides in this study were lowered by 44% (90). Another
thiazolidinedione, R-102380, lowered glucose in those
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monkeys with moderate increases in plasma glucose,
but did not affect glucose in those with initially normal
glycemia. Similarly, those with the greatest elevations of
plasma triglycerides showed the greatest triglyceride-
lowering effects. This agent showed evidence of direct
effects on insulin sensitizing of skeletal muscle, even
though at the whole-body level, the insulin sensitivity as
measured by a euglycemic hyperinsulinemic clamp was
not significantly altered (91).

Rosiglitazone (BRL49653) has also been used in
nonhuman primates, and is in clinical use in humans
as an insulin sensitizer. Inmonkeys, this PPARg agonist
significantly reduced plasma insulin levels as well as
plasma triglycerides, and increased in vivo insulin action
on skeletal muscle. Rosiglitazone induced an increase in
the insulin-induced activation of glycogen synthase,
without change in glycogen content (92).

Another PPARg agonist, GI262570, has been shown
to be highly potent in nonhuman primates and in
humans. In monkeys, this agent produced a 63% reduc-
tion in plasma insulin levels and a 54% reduction in
plasma triglycerides, while raising HDL cholesterol by
23% (93).

C PPARyyyyyy

The PPARy receptor is ubiquitously expressed, and
until recently was of unknown function, there being
no known ligand for it until the presentation of a highly
specific y agonist in monkeys (80). Interestingly, despite
its wide tissue distribution, it has shown highly specific
lipid regulating properties.

PPARy has been mapped to chromosome 6p21.1-
p21.2 and is widely expressed in all tissues that are
involved in lipid metabolism (94). The eicosinoid
PGA1 and PGD2 have been found to activate PPARy.

New agonists selective for the PPARy receptor sub-
type are under study in nonhuman primates to examine
the potential for development for human applications
(80). GW501516 is such an agent, and has been shown in
human cell lines to increase the expression of the reverse
cholesterol transporter ATP-binding cassette, and to
induce apolipoprotein A1-specific cholesterol efflux.
Although inactive in rodent models, this agent caused
a dose-dependent rise in HDL cholesterol, lowered
small dense LDL cholesterol, lowered fasting VLDL
triglycerides, and reduced fasting plasma insulin levels
(80). These results suggest a potential for addressing the
Metabolic Syndrome, and potentially reducing the risk
of cardiovascular disease with such a PPARy receptor
subtype agonist.

IX INSULIN AND THE INSULIN

RECEPTOR

Defects in the insulin molecule, the insulin receptor,
and/or its variants have long been considered possible
candidates for the underlying cause of insulin resistance
and obesity. The insulin molecule of the monkey is
identical in structure to that of human, and the proin-
sulin differs in only one amino acid (95). The monkey
insulin receptor has been cloned and sequenced and
found to have 99%amino acid identity to that of human
(96). The two identified nonconservative amino acid
changes have been examined by site-directed mutagen-
esis of the human insulin receptor, and found to have no
effect on insulin receptor affinity or autophosphoryla-
tion, thus indicating that these are not responsible for
the heightened insulin resistance of monkeys relative to
humans (97).

Since obesity has not been shown to be associated
with any defect in the insulin receptor structure, nor
with a defective insulin molecule in most humans or
monkeys (although there are a few well-documented
cases of each of these defects in extreme cases of
insulin resistance in humans), the possibility of a
defect in expression of the major insulin receptor
variants was considered. Differential expression of
the two primary naturally occurring variants of the
insulin receptor has been proposed to be involved in
insulin resistance. Huang et al. (96) studied the rel-
ative expression of the type A insulin receptor iso-
form lacking exon 11 and of the type B isoform
containing exon 11 in muscle of monkeys. Increased
expression of the type A (higher-affinity) isoform in
obese hyperinsulinemic monkeys was observed com-
pared to either normal or diabetic animals, indicat-
ing that alterations in the insulin receptor mRNA
splicing may be involved in the mechanisms of in-
sulin resistance.

X GALECTIN-12

Another new gene that has been recently cloned and
sequenced is galectin-12, a member of the galectin
family of beta-galactoside-binding lectins. The galec-
tins are involved in the regulation of a variety of
processes, including cell adhesion, cell migration, cell
growth (98), and apoptosis (99,100). While many galec-
tins are widely expressed, galectin-12 is specifically
expressed in adipose tissue. The cDNA coded for a
336–amino acid protein.
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Galectin-12 mRNA levels were examined in monkey
subcutaneous and omental adipose tissue (100). There
were no differences between the mRNA levels of nor-
mal, obese, or type 2 diabetic monkeys, nor were there
differences between subcutaneous and omental adipose
tissue. Galectin-12 expression levels were increased by
treatment with troglitazone, an insulin sensitizer. This
treatment in rats was paralleled by an increase in the
number of apoptotic cells. Another treatment that
increases insulin sensitivity in both rodents and mon-
keys is sustained calorie restriction. Comparison of
long-time calorie-restricted monkeys to ad libitum–fed
animals showed a significant increase in the number of
apoptotic cells, suggesting that galectin-12 may be
involved in regulating adipose tissue growth, as shown
in Figure 5.

XI OTHER CANDIDATE GENES

Other specific candidate genes, including adipose-
specific genes (101), are being identified and studied in
nonhuman primates (102), and their ongoing study in
spontaneously obese primates should offer insights into
their roles in obesity.

In addition, the development of new antiobesity
compounds directed toward new target genes or their
receptors suggests further possibilities for themitigation
of obesity. The GLP-1 receptor is one such target, with
at least two new long-acting agents having been exam-
ined in monkeys (103,104). We had previously shown
the ability of GLP-1 to raise insulin levels; however,
GLP-1 itself is too short-acting to be considered an
attractive therapeutic agent (79).

Figure 5 Expression of Galectin-12 in the subcutaneous and omental adipose tissue of four groups of rhesus monkeys: lean,
obese, type 2 diabetic, and long-time calorie restricted. (From Ref. 100.)
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XII PREVENTION OF OBESITY IN

NONHUMAN PRIMATES HAVING

A HIGH PROPENSITY TO

DEVELOP OBESITY

Obesity is well recognized to be closely associated with
the development of type 2 (non-insulin-dependent) dia-
betes mellitus (NIDDM) in human and nonhuman
primates. A long-term study, still ongoing, has attemp-
ted to prevent the development of adult-onset obesity in
a group of monkeys through a calorie titration regimen
in which calories have been adjusted weekly on an
individual animal basis to prevent the development of
obesity or weight gain. Thus, under this protocol, any
gain of weight in fully adult monkeys was met with a
reduction in allocated calories, and conversely, weight
loss was the trigger for increasing the calories allowed to
each adult animal.

Primary prevention of obesity in adult rhesus mon-
keys has been shown to powerfully and completely
prevent the development of type 2 diabetes mellitus
(105). At the least, the onset of overt diabetes has been
indefinitely delayed. Chronic long-term restriction of
calories to prevent the development of obesity appears
to have major effects on several metabolic pathways
of insulin action. The development of insulin resist-
ance has been shown to be mitigated (105), and plas-
ma insulin levels were reduced by calorie restriction
(106). Basal glycogen synthase activity was greatly
increased above the levels of normal lean young
monkeys, and the normal effect of insulin to activate
glycogen synthase was absent in the calorie-restricted
monkeys (107). The change in glycogen synthase
activity was inversely related to the change in glycogen
phosphorylase activity (108). Nevertheless, despite
prevention of the development of obesity, calorie re-
striction appeared to unmask some early defects po-
tentially associated with the propensity to ultimately
develop obesity.
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I INTRODUCTION

An animal’s brain monitors energy in the environment
and within the body and then adjusts eating behavior,
energy utilization, and fat stores to maintain a balance.
This chapter will discuss how the brain performs this
life-giving task. The brain integrates energy-related
sensory information from the eyes, ears, nose, tongue,
gastrointestinal tract, liver, pancreas, and blood. In
many parts of the body and brain, there are specialized
receptors to detect nutrient-rich molecules. The hypo-
thalamus is one of the areas that use this information to
adjust physiological functions for storing or utilizing
energy at appropriate times. The hypothalamus also
contributes to the control of food intake by interacting
with mechanisms for voluntary behavior that are essen-
tial for obtaining food. This physiological and behav-
ioral control involves connections to the pituitary for
endocrine regulation and feedback actions of hormones
impacting on the brain. It also involves connections to
the hindbrain, which subserve essential feeding reflexes
and gut responses. The whole system is integrated by
circuits extending to forebrain systems for choosing,
instigating and reinforcing food choices. These circuits
allow the brain to adjust its physiology and behavior to
meet the economic demands of the ecological niche in

which the animal lives. This introductory section briefly
summarizes the different hormones, neurochemicals
and brain areas that are required to perform these
functions. These are listed in Table 1, together with
the abbreviations used in the sections below.

A Hormones

An important function of the hypothalamus is to
synthesize neuropeptides, which control hormone se-
cretion from the pituitary that, in turn, influences
hormone synthesis in target organs. Hypothalamic
neurosecretory cells produce peptides that are delivered
to the portal blood vessels and transported to the
anterior pituitary. These brain peptides include cortico-
tropin-releasing hormone (CRH), luteinizing hormone-
releasing hormone (LHRH), and thyrotropin-releasing
hormone (TRH). They regulate the release of three
pituitary hormones—adrenocorticotropic hormone
(ACTH), luteinizing hormone, and thyroid-stimu-
lating hormone (TSH). These pituitary hormones,
then, travel in the bloodstream and impact on target
glands to stimulate the production, respectively, of the
adrenal steroid, corticosterone (CORT), the gonadal
steroids, estradiol (E2), progesterone (P), and the thy-
roid hormone, thyroxine. In addition, there are other
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Table 1 Abbreviations of Hormones and Neurochemicals
Reviewed in This Chapter

Hormones involved in eating and body weight regulation
ACTH, adrenocorticotropic hormone
CORT, corticosterone
E2, estradiol
GH, growth hormone
Glucose
HPA, hypothalamo-pituitary-adrenal
Insulin
Leptin
Lipids
P, progesterone

Peptides that increase eating and body weight
AGRP, agouti-related protein
Amandamide
Beacon
DYN, dynorphin
GAL, galanin
GALP, galaninlike peptide
Ghrelin
GHRH, growth hormone–releasing hormone
GHRP, growth hormone–releasing peptide
GnRH, gonadotrophin-releasing hormone
MCH, melanin-concentrating hormone
NPY, nueropeptide Y
Opioid peptides
ORX, orexin
PRL, prolactin
PYY, peptide YY
VGF (nonacronym)

Peptides that reduce eating and body weight
a-MSH, alpha-melanocyte-stimulating hormone
aFGF, acidic fibroblast growth factor
Amylin
apo A-1V, apolipoprotein A-IV
apo D, apolipoprotein D
AVP, arginine vasopressin
BBS, bombesin
Calcitonin
CART, cocaine- and amphetamine-regulated transcript
CCK, cholecystokinin
CGRP, calcitonin gene-related peptide
CNTF, ciliary neurotropic factor
CRH, corticotropin-releasing hormone
Cyclo(his-Pro)
Cytokines
ENT, enterostatin
GLP-1, glucagon-like peptide 1
Glucagon
IL, interleukin
Melanocortins
MSH, melanocyte-stimulating hormone
NMU, neuromedin U
NT, neurotensin
OT, oxytocin
POMC, pro-opiomelanocortin
PrRP, prolactin-releasing peptide
TNFa, tumor necrosis factor-alpha
TRH, thyrotropin-releasing hormone

Biogenic amines in the control of eating behavior
and metabolism
5HIAA, 5-hydroxy-3-indole acetic acid
5HT, serotonin
AMPH, amphetamine
DA, dopamine
Histamine
NE, norepinephrine

Acetylcholine and amino acids in feeding-related circuits
ACh, acetylcholine
GABA, gamma-aminobutyric acid
GLUT, glutamate

Receptors
a1,2 -noradrenergic receptors
h1,2 -adrenergic receptors
5HT1B/2C receptors, serotonin receptor subtype 1B/2C
CCKA receptor, cholecystokinin receptor subtype A
CRH1 receptor, corticotropin-releasing hormone

receptor subtype 1
CRH2 receptor, corticotropin-releasing hormone

receptor subtype 2
D1 receptor, dopamine receptor subtype l
D2 receptor, dopamine receptor subtype 2
GHS receptor, growth hormone secretagogue receptor
GALR1 receptor, galanin receptor subtype 1
GALR2 receptor, galanin receptor subtype 2
H1 receptor, histamine receptor subtype 1
M5 receptor, muscarinic receptor subtype 5
MC1,3,4-R, melanocortin receptor subtype 1,3,4
Ob-Ra, short leptin receptor isoform
Ob-Rb, long leptin receptor isoform
Y1 receptor, neuropeptide Y receptor subtype 1
Y5 receptor, neuropeptide Y receptor subtype 5

Signaling factors
ATP, adenosine triphosphate
JAK, Janus kinase
K+, potassium
K-ATP, potassium adenosine triphosphate
mRNA, messenger ribonucleic acid
SHP-2, SH2 domain-containing tyrosine phosphatase

type 2
SOCS-3, suppressor of cytokine signaling-3
STAT, signal transducer and activator of transcription

Brain areas
ARC, arcuate nucleus
DMN, dorsomedial nucleus
GP, globus pallidus
LH, lateral hypothalamus
ME, median eminence
MH, medial hypothalamus
MPO, medial preoptic area
NAc, nucleus accumbens
NTS, nucleus tractus solitarius
PBN, parabrachial nucleus
PFC, prefrontal cortex
PFLH, perifornical lateral hypothalamus
PVN, paraventricular nucleus
SCN, suprachiasmatic nucleus
VMH, ventromedial hypothalamus
VTA, ventral tegmental area

Leibowitz and Hoebel302



hypothalamic neurons that synthesize the peptides,
arginine vasopressin (AVP) and oxytocin (OT), and
send axons to the posterior pituitary. Here, they end in
close proximity to the vascular bed of the gland to store
and release these neurosecretory products directly into
the bloodstream.

Each of these hormones, controlled by the hypothal-
amus and released by the pituitary, has potentmetabolic
actions in peripheral tissues that affect body fat. In
addition, they have direct impact on the brain, where
they produce complex behavioral and physiological
responses related to the intake and metabolism of
nutrients. These responses are believed to be mediated
through the feedback actions of these hormones on
brain peptides and monoamines. In addition to the
adrenal and gonadal hormones, the pancreatic hor-
mone, insulin, and the adipocyte hormone, leptin, also
have important effects on central and peripheral neuro-
chemical systems that are involved in energy and
nutrient balance.

Section II below, on circulating hormones, provides a
general overview of our current understanding of these
peptide and steroid hormones. It also includes a dis-
cussion of the metabolic fuels, glucose and triglycerides,
which like hormones are greatly altered by food
ingestion and weight gain and, in turn, have marked
effects on both peripheral and central tissues. It is
energy-rich molecules such as these that provide the
fuel for living. Thus, a major function of the body
and brain is to obtain and regulate these metabolites
and keep them in balance with other physiological and
neurochemical processes.

B Neurochemicals

Recent investigations of neurochemical mechanisms
underlying obesity focus on a variety of peptides
that modulate nutrient balance and body weight. As
illustrated in Figure 1, these peptides include the
original feeding-stimulatory peptides, neuropeptide Y
(NPY) and galanin (GAL), which have cell bodies in
the hypothalamus.

A newly discovered ‘‘feeding peptide,’’ agouti-
related protein (AGRP), which colocalizes with NPY,
is also depicted with a plus sign in Figure 1. In addition
to acting as an agonist for the feeding system, AGRP
is an endogenous receptor antagonist, which blocks
the inhibitory action of the ‘‘satiety peptide,’’ alpha-
melanocyte stimulating hormone (a-MSH). As shown
in Figure 1, a-MSH is colocalized with a more recently
discovered satiety peptide, cocaine- and amphetamine-
regulated transcript (CART). These ‘‘satiety peptides’’

are shown in Figure 1 as inhibiting a lateral hypothala-
mic feeding system that uses the feeding-stimulatory
peptides, orexin and DYN. Also listed in Figure 1 are
additional satiety peptides. The classic example is cho-
lecystokinin (CCK), which inhibits feeding through its
actions in the gut as well as the brain. Recent research
links both the feeding and satiety peptide systems to the
powerful endocrine influences mentioned above: insu-
lin, leptin, CORT, and the gonadal steroids, E2 and P.
The interactions of these hormones with brain neuro-
transmitters and neuromodulators are critical in deter-
mining specific states of nutrient balance and weight
gain. This is illustrated in Figure 1, by insulin and
leptin inhibiting the production of the feeding-stimu-
latory peptides, NPY and AGRP, while stimulating the
feeding-inhibitory peptides, a-MSH and CART. These
and other neuropeptide systems are reviewed in detail

Figure 1 Diagram of selected neurochemical features of the
hypothalamus. Note that insulin and leptin have effects in the
ARC indicated by plus and minus signs. These hormones are

shown as inhibiting (minus sign) feeding-stimulatory pep-
tides, such as GAL and NPY-AGRP pathways in the ARC,
which thereby disinhibits the TRH and CRH satiety outputs

of the PVN. The a-MSH-CART pathway, on the other hand,
is activated by insulin and leptin (plus sign), which thereby
inhibits the ORX-DYN or MCH feeding outputs of the

PFLH. Thus, satiation is promoted in both cases. The dia-
gram also illustrates the projection to the PFLH, where
AGRP acts as an endogenous receptor antagonist to block
a-MSH and thereby promote feeding. This diagram includes,

and the text discusses, additional steroid and protein hor-
mones (Sec. II), peptides for feeding (Sec. III) and for satia-
tion (Sec. IV), the monoamines (Sec. V), acetylcholine and

amino acids (Sec. VI), behavioral systems (Sec. VII), and
relationships to the autonomic nervous system (Sec. VIII).
Abbreviations are given in Table 1.
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in Sections III and IV below. These sections summarize
our present knowledge of different peptides that stim-
ulate or inhibit eating behavior and body weight.

In addition to these peptides, there is considerable
evidence to suggest a role for the biogenic amines, nor-
epinephrine (NE), serotonin (5-HT), dopamine (DA),
and histamine, in the control of food intake and related
behaviors. A DA pathway is illustrated in Figure 2.

In Section V below, these neurotransmitters are dis-
cussed in terms of their roles in modulating the peptide

systems as a function of states of sleep, arousal, selec-
tive attention, and stress. This is followed by Section
VI, which reviews evidence supporting two different
roles for acetylcholine (ACh) in the reinforcement of
feeding (Fig. 2). Specifically, the release of ACh is
necessary to arouse a DA motivation system in the
midbrain, whereas ACh interneurons inhibit eating by
counteracting DA when it is released in the forebrain.
The amino acid neurotransmitters, glutamate and
gamma-amino butyric acid (GABA) also have interest-

Figure 2 Schematic side view of the brain with emphasis on the hypothalamic area (in the expanded cross section) and the two
neural circuits (shown with bold arrows). The expanded view of the hypothalamus indicates some of the local feeding and satiety

neurons and their inputs (see Fig. 1). The hypothalamus is part of a much larger feeding circuit. Starting in the lower right corner,
signals from the tongue and gut enter the brainstem. The hypothalamus also senses chemical information and sends it to the
brainstem. The NTS output goes to the PBN and from there, via the thalamus, projects to the areas labeled, sensory cortex,
amygdala, and hippocampus. Here chemosensory information is combined with other sense modalities, such as sights, sounds,

locations, and codes for safe nutrition vs. toxic foods. The arrows from the hippocampus (place memory), amygdala (emotion
memory), and prefrontal cortex (complex choice memory) sweep into the nucleus accumbens (NAc) and hypothalamus on
GLUT neurons (input to NAc is shown). The NAc is a sensorimotor interface in the cognitive/limbic loop drawn in bold lines

from PFC to NAc then GP and back to the PFC via the thalamus, with commands branching off to motor output circuits. The
ACh interneurons in the NAc may act as gates that counteract DA input from the VTA. Other monoamines and opioid peptides
that act in this circuit are discussed in the text (Secs. V–VII). The medial and lateral hypothalamus help control the NAc via the

pathways shown descending from the hypothalamus to the brainstem, including an ORX/DYN output for feeding and a CRH
pathway for satiation. The circuit ascends via cholinergic cell groups 5 and 6, to the VTA where DA cells project to the NAc and
to the rest of the limbic system. The NAc projects back to the hypothalamus. By this route, feeding and satiety signals generated

in the hypothalamus can influence DA/ACh balance in the NAc to reinforce or inhibit instrumental behavior and motivation.
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ing functions, as described in Section VI. Glutamate in
the hypothalamus stimulates feeding, whereas GABA
rises as the meal progresses and brings it to a close
(Fig. 2).

C Brain Areas

In studying brain neurochemicals that control appetite,
it is essential to identify and examine the different brain
areas and hypothalamic nuclei that are critical for their
effects on eating behavior and body weight regulation.
In addition to the hormones and neurochemicals, Table
1 lists the areas and nuclei, together with their abbrevi-
ations, that are discussed in the chapter. Studies of the
hypothalamus in laboratory animals reveal specific
nuclei that have a direct role in maintaining energy or
nutrient balance. Figure 1 illustrates a few of these
nuclei and gives specific examples of interactions that
occur between circulating hormones and hypothalamic
neurochemicals. The nuclei in the medial hypothalamus
(MH) include the paraventricular nucleus (PVN), arcu-
ate nucleus (ARC), ventromedial hypothalamus
(VMH) and dorsomedial nucleus (DMN), which con-
trol both nutrient intake and metabolism. The figure
displays nerves that synthesize the peptides, OT, CRH,
and TRH, which have satiety functions (1). The medial
preoptic area (MPO) anterior to the PVN is involved in
reproductive physiology, which shifts with metabolic
fuels and body weight most notably at puberty and
during pregnancy. The suprachiasmatic nucleus (SCN)
is the master controller of circadian rhythms for both
physiological and behavioral processes. The ARC and
median eminence (ME) in the basomedial hypothala-
mus control the secretion of anterior pituitary hor-
mones in relation to nutrient balance. The ARC and
ME also transport leptin and insulin across the blood
brain barrier and bring these hormones into contact
with hypothalamic peptide systems that control eating
and satiety. These hormones, then, inhibit such peptides
as NPY and AGRP to reduce the tendency to excite the
feeding outputs.

Along with these MH nuclei, there is the lateral
hypothalamus (LH), which is like a city train station
with a welter of nerve fibers passing through local
circuitry and sensory cell groups. The complexity of
the LH is reflected in the scientific history of this
region, which Stellar characterized as a feeding center
(2). The LH contains glucose-sensitive cells, feeding-
related neurons with monoamine and peptide recep-
tors, nerve fibers involved in feeding reward, and fibers
of passage subserving motive functions. The perifor-
nical (PF) area along the medial aspect of the LH,

together referred to as the PFLH, may be specialized
for potentiating feeding reflexes and reinforcing volun-
tary motor functions of ingestive behavior. Cells that
synthesize orexins and MCH lie at the heart of this
PFLH area (1), which has long been allied with stim-
ulation-induced eating and a site where self-stimulation
varies with appetite (3).

Section VII takes the hypothalamic systems por-
trayed in Figure 1 and places them in the larger context
of the whole brain, as shown in Figure 2. Some LH fi-
bers are part of a reinforcement circuit from the PFLH
to brainstem nuclei, such as the parabrachial nucleus
(PBN) and nucleus of the solitary tract (NTS). These
nuclei integrate descending information with primary
taste input and ascending autonomic signals from the
gut (4). Part of the brainstem output goes to cortical
sensory areas, whereas another part goes to midbrain
ACh neurons that connect to midbrain DA fibers in the
ventral tegmental area (VTA). These DA fibers ascend
forward through the LH on their way to the entire
limbic system, including the nucleus accumbens (NAc).
The NAc is one of the limbic areas projecting to the
LH thus forming the loop through the hypothalamus
shown in Figure 2.

Complex ‘‘cognitive’’ sensory information about
food is funneled into the NAc from several higher brain
regions, such as the cortex, hippocampus and amygdala.
These areas also project directly to the hypothalamus,
but for the sake of clarity, the diagram is simplified and
only depicts the inputs to the NAc. The prefrontal
cortex (PFC) takes cortical sensory taste information,
transforms it to reflect sensory specific satiety (5), and
probably sends it in part to the LH and NAc (6). The
anterior piriform cortex has a region specialized to
respond to repletion of indispensable amino acid imbal-
ance by sending signals to the LH and NAc (7). The
NAc also receives multimodal sensory information
from the amygdala and hippocampus, reflecting good
and bad experiences with tastes, smells, sights, sounds,
and important places in the environment. The NAc
output courses its way to motor command systems,
with a prominent component for feeding.

As seen in Figure 2, part of the NAc output goes via
the globus pallidus (GP), and another part descends to
the hypothalamus. The GP instructs the motor system
and feeds back in the loop shown going to the PFC.
Thus, the NAc lies at the intersection of the hypothala-
mic and PFC loops. It serves as a sensorimotor interface
for appetitive motivation, and it is gated, in part, by
signals from the hypothalamus (8).

The NAc is also known to be involved with addic-
tion to drugs of abuse. Since it is at the crossroads of
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systems controlling the motivation to eat, there is the
hypothetical possibility of becoming addicted to cer-
tain foods. In fact, the addiction process may have
evolved for that purpose. Various brain opioids are
released by starvation and by palatable foods. Thus,
intermittent fasting and bingeing may release sufficient
endogenous opioids to create signs of addiction in rats,
with similarities to human eating disorders. These
circuits, together with evidence for sugar dependency,
are described in greater detail in Section VII.

Section VIII deals in broad strokes with the periph-
eral and central components of the autonomic nervous
system in regulatory physiology and regulatory behav-
ior. Low sympathetic tone in the system controlling
brown adipose tissue, for example, is associated with
many types of obesity. Apparently, it causes the poten-
tial to overeat until such time as the animal becomes
sufficiently obese to counteract the process. Leptin and
other adipocyte hormonesmay play a role in curbing the
motivation to eat, by inhibiting the feeding-reinforce-
ment pathway, as the animal gains weight. It is interest-
ing that the sympathetic system, itself, may strongly
influence leptin production. This discussion is followed
by Section IX, which provides a brief summary and
overview of the different systems that are involved in
maintaining energy homeostasis.

II HORMONES INVOLVED IN EATING

AND BODY WEIGHT REGULATION

Many peptides, proteins, steroids, metabolites, and
other molecules circulating in the blood are likely to
have a role in energy balance. There are a few, however,
that have received greatest attention, particularly in
terms of their impact on neurochemical systems in the
brain. These are the pancreatic and adipocyte hor-
mones, insulin and leptin, and the adrenal and gonadal
steroids. A subsequent section discusses themetabolites,
glucose and lipids, which are also believed to have
impact on the brain.

A Insulin

Insulin is the major hormone that enables tissues to
remove glucose from the blood. Thus, its secretion from
pancreatic h-cells is directly responsive to circulating
glucose levels (9). Insulin secretion also varies in pro-
portion to body adiposity, with a heavier individual
secreting proportionally more insulin to a given increase
in glucose. Thus, insulin levels reflect both ongoing
metabolic needs and level of body fat accrual. The im-

portance of insulin as an adiposity signal to the brain is
revealed by evidence that insulin-deficient animals are
hyperphagic, an effect reversed by administration of
insulin (10–14).

To control body weight, insulin is believed to gain
access to the brain through areas with a reduced blood
brain barrier and by a saturable, receptor-mediated
mechanism that transports insulin through the blood-
brain barrier and into the interstitial fluid (14,15). In
the brain, it acts as a humoral feedback regulator of
food intake and energy balance. Insulin injections into
the brain reduce food intake, meal size, and weight
gain and stimulate the sympathetic nervous system.
Consistent with these observations, the tubby mouse,
characterized by hyperphagia and obesity, is found to
have a mutation in the intracellular insulin-signaling
pathway within the ventral hypothalamus (16). One
site of insulin’s action is the hypothalamus, where
insulin receptors and intracellular signaling molecules,
e.g., insulin receptor substrate-1, are concentrated and
where insulin-specific antibodies have opposite effects
to insulin itself.

This metabolic hormone may act, in part, through its
effects on the production of brain neurochemicals
(10,11,17–19), as described in Sections III and IV. For
example, insulin inhibits gene expression of peptides,
such asNPY andGAL, that enhance food ingestion and
exert anabolic effects. The insulinlike growth factor 2,
which has anorexic actions, also reduces NPY release in
vitro. Conversely, insulin stimulates the activity of
peptides, such as CCK, CRH, and a-MSH, which have
satiety or catabolic actions. Thus, overall insulin secre-
tion may link short-term changes in energy intake and
expenditure with long-term bodyweight regulation (11).
Obese states are invariably associated with hyperinsuli-
nemia and insulin resistance, which produce marked
disturbances in the expression and production of these
hypothalamic peptides.

B Leptin

Leptin, a product of the ob gene, is mutated in the obese
ob/ob mouse and is produced almost exclusively in fat
cells (20). The leptin receptor, found in various periph-
eral tissues as well as the brain, has also been cloned
(21), and a mutation of this receptor produces the
syndrome of the diabetic db/db mouse (22). This struc-
ture belongs to the class I cytokine receptor family, and
one of the binding proteins may be the extracellular
domain analogous to the growth hormone–binding
protein, another member of the cytokine family (23).
Leptin produces its biological effects by acting on the
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long-form receptor isoform, which contains intracel-
lular motifs required for activation of the JAK-STAT
signal transduction pathway (see Table 1). Whereas a
primary defect in leptin expression may lead to human
disease, as shown in studies of consanguineous kindreds
with extreme obesity, mutations of the genes that pro-
duce leptin or its receptor are rare in humans (22,24).

Leptin expression is influenced by the status of
energy stores in body fat, with adipocyte size an impor-
tant determinant of leptin synthesis (25).Whereas leptin
levels in blood correlate strongly with total body fat
stores, it is unknown whether leptin expression is influ-
ence by triglyceride levels, lipid metabolites, or mechan-
ical factors associated with increased adipocyte size
(22,23). Since changes in leptin expression after fasting
and feeding do not necessarily correspond with changes
in body fat, leptin may serve as a mediator of energy
balance, as well as an indicator of energy stores. Regu-
lation of leptin expression by nutrition may be medi-
ated, in part, by insulin, which is positively related to
leptin levels, and also to glucocorticoids, which are
negatively related (22,23,26). Cytokines also stimulate
the synthesis of leptin, which may contribute to the
anorexia and weight loss in response to inflammation.

Anatomical and functional studies suggest that
leptin exerts its effects on energy balance primarily
by acting in the brain. This protein is secreted into the
circulation and enters the brain through a saturable
transport mechanism (9,22,27,28). Peripheral leptin
injection activates neurons in hypothalamic feeding-
regulatory areas that have dense concentrations of
leptin receptors. Peripheral as well as central injection
of leptin reduces food intake, insulin secretion and
adiposity (28), with centrally administered leptin pro-
ducing more potent effects. Leptin also increases
energy expenditure and normalizes blood glucose
concentrations in obese mice (29). Hyperleptinemia,
produced in normal-weight rats through adenovirus
gene transfer of the ob gene, causes loss of virtually all
body fat, an effect that is absent in rats with MH
lesions (30).

Leptin-sensitive neurons in the hypothalamic nuclei
express neuropeptides and neurotransmitters that are
implicated in the central regulation of energy balance
and, thus, may mediate leptin’s actions (1,22,31). The
long-form leptin receptor in the ARC is coexpressed
with peptides that stimulate feeding, as well as with
those that inhibit feeding. In general, the expression
or synthesis of neurochemicals that potentiate feeding
behavior is inhibited by leptin injection and elevated
in leptin-deficient or food-deprived rodents. Diametri-
cally opposite changes, in contrast, are seen with

neurochemicals that suppress food intake. By modu-
lating these peptides in the ARC, leptin may also
influence feeding by controlling the expression of
orexigenic peptides in other hypothalamic sites, such
as the PVN and LH, which are possibly controlled by
projections from the ARC. To understand the physio-
logical significance of these findings obtained with
leptin injections or gene mutations, further studies
of this hormone performed under natural feeding
conditions are needed. A fall in leptin levels during
fasting, accompanied by a rise in feeding-stimulatory
peptides, has been suggested to signal starvation (1).
However, a reevaluation of leptin’s physiological
functions and its relationship to specific peptides has
been encouraged by specific evidence, for example,
that leptin corrects the neuroendocrine abnormalities
of ob/ob mice at considerably lower doses than those
required to reverse the overeating and obesity (32).
Moreover, its effects in intact mice may not be altered
by targeted mutations of the feeding-regulatory pep-
tide gene (33).

The evidence that leptin injection produces feeding
suppression and weight loss restricted to adipose tissue,
while increasing energy expenditure and lipid oxidation
(22,34–36), supports a role for this hormone as an
antiobesity hormone. However, this is inconsistent with
the finding that circulating leptin concentrations rise in
direct proportion to the amount of adipose tissue (31).
This rise in leptin with obesity has been interpreted as an
indication of ‘‘leptin resistance’’ (22), possibly resulting
from a dysregulation of leptin synthesis and secretion or
from abnormalities of brain leptin transport, leptin
receptors, and/or postreceptor signaling. Potential mo-
lecular mediators of leptin resistance may include
SOCS-3, a member of the suppressors of cytokine sig-
naling family, as well as SH2-containing tyrosine phos-
phatase, SHP-2, and molecules downstream from the
initial step of receptor interaction (see Table 1 for
abbreviations). Evolutionarily, it is extremely impor-
tant to be efficient in the storage of energy when food is
available.

Thus, the common occurrence of leptin-resistant
obesity suggests that the predominant function of this
hormone in energy balance is not to reduce body fat but
is to mediate physiological processes of adaptation
during fasting and promotion of energy conservation
(22,37). Starvation triggers complex neural, metabolic,
hormonal, and behavioral adaptations to maintain
energy substrates, protect lean mass, and promote
survival. This is accomplished by switching from a
carbohydrate- to fat-based metabolism, mediated by a
decline in insulin and rise in counterregulatory hor-
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mones. Starvation also involves suppression of energy
utilization, reproductive function, and growth through
a decline in gonadal and thyroid hormones and rise in
adrenal glucocorticoids. The main effect of these adap-
tations is to stimulate gluconeogenesis, to supply glu-
cose for vital cellular function and fatty acids for use by
skeletal muscle. These endocrine and metabolic adapta-
tions are accompanied by a reduction in leptin caused,
in part, by an increase in sympathetic nervous system
activity (38). That this decrease in leptin during starva-
tion mediates many of the adaptive responses to fasting
is supported by evidence that this state can be reversed
or prevented by exogenous leptin, in the absence of a
change in adiposity (22). Moreover, leptin restores
fertility in female ob/ob mice independent of any effect
on weight gain, and it advances the time of first estrus in
normal mice (39). This may reflect the close relationship
between fat accumulation at puberty and activation of
the hypothalamic-pituitary-gonadal axis, with leptin
informing the brain of the adequacy of fat stores needed
for reproduction.

Thus, independent of its role in long-term weight
regulation, leptin exerts acute effects on metabolism
(22,38,40,41). These include an increase in gluconeo-
genesis, glucose metabolism, and lipolysis, as well as
thermogenesis in brown adipose tissue. Also, leptin
prevents triglyceride overload in skeletal muscle and
stimulates fatty acid metabolism in liver and sympa-
thetic nervous system activity. Evidence presented in
Sections III and IV below provides strong support for
the idea that these effects of leptin, while involving direct
actions on peripheral tissues, are also mediated through
its modulatory actions on the hypothalamic neuropep-
tide circuitry.

C Adrenal Steroid Hormones

There is a vast literature on the adrenal steroids and
their role in controlling feeding and body weight. This
literature, which has been extensively reviewed (42–46),
leads to the conclusion that, at normal physiological
levels, the steroids CORT and aldosterone have specific
functions in maintaining carbohydrate and fat stores
across the daily light/dark cycle. This process is accom-
plished through behavioral and metabolic actions,
which involve the mediation of both the type I and
type II steroid receptors. These receptors exist in the
brain and act, in part, through their permissive inter-
actions with neurochemical systems that modulate
nutrient balance. Under conditions of obesity and
repeated stress, the adrenal steroids are elevated, result-
ing in chronic disturbances in the steroid-neurochem-

ical interactions. In the absence of these steroids, such
as after adrenalectomy, all forms of obesity are attenu-
ated (46).

1 Type I and Type II Steroid Receptors

Studies of the natural light/dark cycle in normal-
weight animals have led to the proposal that distinct
functions are performed by the different steroid recep-
tors (42). The type I receptor is activated under con-
ditions of low levels of circulating CORT (0.5–2.0 Ag/
dL), and it functions tonically throughout the daily
cycle to sustain feeding, particularly fat intake, and
enhance fat deposition. Fat intake occurs at a fairly
constant level across the feeding cycle in almost every
meal, although it rises toward the second half of the
active phase. This stable behavioral pattern provides a
continuous supply of a high-caloric nutrient, which can
be readily stored in the gastrointestinal tract or adipose
tissue for short- or long-term use, respectively. This
tonic control of fat intake, possibly mediated through
hypothalamic type I receptors, may be analogous to
their function in the basal forebrain for maintaining
salt balance (47) and in lower brainstem for monitoring
blood pressure (48).

The type II receptor, in contrast, is activated under
conditions of somewhat higher or moderate levels of
CORT. This receptor may function phasically during
the early hours of the active cycle when CORT nor-
mally rises to levels of 3–10 Ag/dL, and it also comes
into play also during periods of stress when even higher
levels are achieved (42). A primary function of the type
II receptor at the onset of the feeding cycle is to
replenish and defend the body’s carbohydrate stores
through both ingestion and storage. This immediate
defense is required to prevent the hypoglycemia that
may develop after periods of little eating and continued
utilization of carbohydrate stores. This defense pro-
vides adequate supplies to the brain to stabilize neuro-
nal processes (49,50). The phasic, anabolic effect of
moderate levels of CORT may be contrasted with the
type II receptor actions of high CORT levels, such as
after severe stress or starvation. In addition to stimu-
lating nutrient ingestion, unusually high CORT con-
centrations actually have catabolic actions on the
body’s fat and protein stores to provide additional
substrates for maintaining normal carbohydrate bal-
ance. Under stable conditions, however, the type II
receptor subtype is very likely inactive at times of the
circadian cycle or in physiological states when glycogen
stores are plentiful, cellular glucose uptake is normal,
and circulating CORT levels are low.
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Thus, these two receptor subtypes work towards a
common goal in maintaining the body’s nutrient stores
from day to day. Through ingestion and metabolism,
they provide the nutrients essential for maintaining the
body’s carbohydrate stores under different environmen-
tal conditions. As circulating CORT levels rise, the
priorities of nutrient partitioning favor the actions of
type II receptors, which restore carbohydrate through
behavioral and metabolic processes. Thus, at any
moment across the light/dark cycle, but particularly
during the initial phase of the feeding cycle, there exists
an inverse relation between the carbohydrate and fat
content of a meal (51). The differential functions of the
receptor subtypes, however, are most evident under
conditions of abnormally high CORT levels, when type
II receptor activation exerts catabolic effects on certain
tissues to shift essential nutrients towards carbohydrate
replenishment and storage. Transgenic mice with dis-
turbed expression of the type II glucocorticoid receptors
exhibit increased food intake, weight gain, and body fat
accrual and a characteristic phenotype of a hyperactive
hypothalamopituitary-adrenal axis (HPA) (52).

2 Corticosterone Interactions with
Hypothalmic Peptides

Receptors mediating these actions of the adrenal ste-
roids across the circadian cycle are located in the brain
(42). As described below, they are particularly respon-
sive in the hypothalamic PVN, which plays a primary
role in controlling CORT release as well as nutrient
balance. Neurons in theARCare similarly responsive to
CORT. In maintaining carbohydrate stores, the type II
receptors act in part through central neurochemical
systems that synthesize NPY in the ARC and NE in
the brainstem. Circulating CORT enhances gene
expression, transport, and receptor activity, ultimately
potentiating the action of NPY and NE released in the
medial PVN, and it very likely determines the circadian
rhythm of endogenous NPY and noradrenergic activity
detected in the hypothalamus. Natural rhythms of
circulating steroids and their receptor subtypes are
critical in maintaining normal control of physiological
processes (53,54). These rhythms allow for necessary
shifts in phases of priming, activation and rest. Without
these rhythms, a chronic state of activation, which
constitutes a stress to the organism, will eventually
result in pathology. In the control of nutrient balance,
the dual-control receptor systems involving type I and
type II receptors provide a mechanism that responds to
shifts in circulating CORT and assists in coordinating
metabolic processes appropriate for specific circadian

periods or environmental challenges. The loss of these
rhythms in states of obesity has clear negative conse-
quences on cellular and physiological functions. Evi-
dence indicates that the obesity-promoting effects of
NPY require the presence of glucocorticoids (55).

3 Corticosterone Interactions with Insulin
and Leptin

In evaluating the anabolic and catabolic effects of
CORT, it is important to consider its actions in relation
to the primary metabolic hormone, insulin (42,43).
Corticosterone and insulin are well known for their
antagonistic actions, particularly in their effects on
glucose uptake and metabolism in the periphery. This
antagonism is also evident in their behavioral actions,
whereby insulin is released in proportion to the body’s
fat mass, reduces food intake, and attenuates the ster-
oid’s stimulatory action on feeding. This antagonistic
interaction between CORT and insulin may occur
within the brain as well as in peripheral tissues, possibly
involving differential effects on brain neurochemicals,
such as NPY. It may differ, however, in other tissues,
such as the liver, whereCORT and insulin act synergisti-
cally to increase lipogenesis and glycogen synthesis. It
may also vary at different times of the daily cycle, such
as at the onset of the natural feeding cycle when both
hormones normally peak, with CORT potentiating
eating and insulin allowing efficient postprandial stor-
age of the ingested carbohydrates. In states of obesity,
the antagonism between CORT and insulin becomes
exaggerated when circulating CORT levels are abnor-
mally and chronically high. There occurs a compensa-
tory rise in insulin secretion along with increased insulin
resistance. The resulting chronic hyperinsulinemia and
hypercortisolemia increase hepatic lipogenesis, while
reducing gluconeogenesis, and they produce catabolic
effects within muscle where CORT’s actions outweigh
those of inselin.

In addition to insulin, there is an antagonistic inter-
action between leptin and CORT (56,57). Leptin’s
inhibitory effect on food intake and body weight is
markedly enhanced in adrenalectomized rats. More-
over, it is attenuated after glucocorticoid administra-
tion. As indicated above, this antagonism between
leptin and CORT is evident in terms of their opposing
effects on NPY production in the ARC. There is evi-
dence that the obesity syndrome produced by chronic
central infusion of glucocorticoids may be attributed, in
part, to an increase in hypothalamic NPY, as well as a
decline in CRH, effects that may result from a steroid-
induced reduction in leptin’s actions (57).
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D Gonadal Steroid Hormones

Reproductive physiology and behavior depend on the
availability of oxidizable metabolic fuels. Energetic fac-
tors that affect reproduction, such as food availability,
ambient temperature, exercise, and storage and mobi-
lization of fatty acids, all affect the availability of
metabolic fuels (58,59). These changes in metabolic
fuels influence reproduction through actions at multiple
sites. These include key sites in the brain and involve
alterations in the activity of neurons that synthesize
gonadotrophin-releasing hormone (GnRH) and growth
hormone-releasing hormone (GHRH) or have steroid
receptor binding sites. The ovarian steroids, E2 and P,
play a major role in this process, producing changes
in nutrient ingestion, partitioning and utilization of
fuels that differ markedly from the anabolic actions
of testosterone.

Estradiol is associated with a reduction in eating
behavior, adiposity, and body weight in adult rats
(58). Ovariectomy produces the opposite effect, such
that animals gain weight in an E2-reversible manner. As
described in subsequent sections, these effects of E2 may
be mediated through its influence on hypothalamic
peptide systems, such as NPY, CRH, and CCK (60–
63). For example, E2 replacement after ovariectomy
reduces NPY gene expression in the ARC and NPY
release in the PVN,which is likely to result in a decline in
food intake and loss of body weight.

The reverse pattern is seen with steroid effects on
CRH and CCK. Estradiol stimulates the production or
function of these peptides, which normally act to inhibit
feeding and decrease weight gain. This combination of
hypothalamic events, enhanced catabolic signaling
combined with impaired compensatory activation of
anabolic pathways, leads to body weight loss during
chronic high levels of E2 in adults. There is recent
evidence that estradiol cyclically increases the activity
of the CCK and glucagon satiation-signaling pathways,
causing a reduction in meal size and food intake during
the estrous phase of the ovarian cycle (64,65).

In understanding the role of gonadal steroids in
feeding andmetabolism, onemust additionally consider
the impact of P, which has diverse actions that may
involve an early enhancing effect followed by an inhi-
bition. Thus, while E2 inhibits NPY, P actually stim-
ulates this peptide’s production in E2-primed animals
(66), suggesting an antagonism between the two ste-
roids. In contrast, GAL is activated by E2 alone, and
this effect is enhanced by administration of P (67,68).
The resulting pattern, of increased NPY and GAL
production under the influence of the two steroids

together, may explain the finding of increased caloric
intake and body weight that occurs in females at pub-
erty, when the gonadal steroids and peptides rise to peak
levels (69–71). Thus, the role of P contrasts with that of
E2. It builds energy stores through behavioral as well as
metabolic actions, in contrast to the anorexic and lip-
olytic actions of E2 (58,59). The precise nature and site
of the steroid-neurochemical interactions underlying
these physiological effects remain to be characterized.

E Glucose

The brain is among the most metabolically active
tissues. It is dependent almost exclusively on plasma
glucose, rather than alternative substrates, such as fatty
acids and ketone bodies, and it is responsive to changes
in glucose levels (73,713). In the brain, there exist
neurons that sense a dangerous decline in circulating
glucose levels and utilization and perform the function
of reducing neuronal activity and, consequently, meta-
bolic demand. In addition, the brain appears to
respond to physiological changes in blood glucose
and its utilization. These changes can either stimulate
or inhibit the activity of neuroendocrine neurons with
integrative metabolic functions, including counterregu-
latory responses, food intake, and metabolic rate.
These neurons, largely confined to the hypothalamus,
are referred to as ‘‘glucose-responsive’’ or ‘‘glucose-
sensitive’’ if stimulated, respectively, by a rise or fall in
glucose levels. The physiological relevance of glucose-
responsive neurons is underscored by the observation
that they cease firing just before a meal and, then, begin
to fire once again as the meal progress (72). It is
suggested that local concentrations of glucose to which
neuroendocrine hypothalamic neurons are exposed
may be higher than those to which other neurons are
exposed, owing to the presence of specialized hypo-
thalamic glucose transporters (73).

Evidence has accumulated to suggest that glucose-
sensing mechanisms of glucose-responsive neurons and
pancreatic endocrine cells share common features. In
addition ATP-sensitive K+ (K-ATP) channels, a key
element in this mechanism is the presence of glucoki-
nase (73). This enzyme has properties that allow cells
to metabolize glucose in proportion to plasma levels of
glucose in the physiological range. It may serve as a
glucose transduction mechanism, which links the
effects of small changes in glucose to ATP generation.
There is recent evidence showing that neurons in the
ARC that synthesize the feeding-stimulatory peptide,
NPY (see below), colocalize glucokinase mRNA as
well as Kir6.2 mRNA, the pore-forming subunit of the
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ATP-sensitive K+ channel (74). The mechanisms un-
derlying the response of glucose-sensitive neurons,
which are more concentrated in the LH, remain to
be characterized (75).

Both obesity and diabetes are associated with alter-
ations in brain glucose sensing (76). Rats with diet-
induced obesity, hyperinsulinemia, or insulin-depen-
dent diabetes have abnormalities in glucose-responsive
neurons. These include disturbances in neurotransmit-
ter systems, specific peptides, monoamines, and amino
acids that are involved in glucose sensing. A functional
relationship between circulating glucose and central
neurochemical systems is suggested by the finding that
glucose-responsive neurons in the ARC are hyperpolar-
ized by the actions of both leptin and insulin on the
K-ATP channel (76). Further, the expression and
production of brain peptides, such as NPY in the
ARC, or ligand binding to specific a2-noradrenergic
receptors in the PVN, for example, are stimulated by
the injection or ingestion of glucose (77,78), suggesting
the involvement of glucose-responsive neurons.

F Lipids

In addition to glucose, there is evidence that circulating
lipids have impact on the brain (79). Except for adipose
tissue, the brain has a higher lipid content and greater
diversity of lipid species than any other organ.
Although many fatty acid constituents of the brain
can be synthesized de novo, essential fatty acids must
be transported into the brain from the plasma. Albu-
min is considered the physiological vehicle for taking
fatty acids into target tissues. Ingested fatty acids bind
to albumin in several forms, including triglycerides,
which are incorporated into chylomicrons or are bound
to lysophosphotidylcholine.

In order to enter the brain, triglycerides are rapidly
hydrolyzed in capillary endothelial cells. They are trans-
ported, possibly via specific transporters, to astrocytes
surrounding the endothelium and, then, to neurons and
other cells. Brain microvessel endothelial cells, astro-
cytes, and neurons readily take up polyunsaturated
fatty acids. Radiolabeled lipids injected into the carotid
artery are found in the brain within 15 mins, and they
remain for up to 17 days (80). Ingested fatty acids are
also found in the adult brain (81). Whereas lipids can
enter the brain through passive diffusion, protein-medi-
ated transport mechanisms have also been proposed
(79). This latter model implies that lipid membranes
introduce permeability barriers to fatty acids and that
selective transport of fatty acids into brain is accom-
plished by specific protein transporters.

There is evidence that extracellular fatty acids affect
neuronal function in the brain. For example, they
inhibit the reuptake of glutamate in synaptosomes
(82). They also activate a novel type of K+ channel in
neurons (83). Consumption of a high-fat diet is found to
stimulate the expression and production of the feeding-
stimulatory peptide, GAL, in the PVN (84), in addition
to the opioid peptide, DYN (85). Recent evidence
demonstrates a strong, positive correlation between
PVN GAL mRNA and circulating triglyceride levels
in several different animal models (86). Thus, in addi-
tion to certain hormones, circulating lipids may have
impact on neurochemical systems in the hypothalamus
that control eating and body weight.

III PEPTIDES THAT INCREASE EATING

AND BODY WEIGHT

Through pharmacological and biochemical studies,
specific peptides and neurotransmitters have been iden-
tified within the hypothalamic areas and implicated in
physiological and behavioral processes that impact on
body weight. It is now clear that there is great redun-
dancy involving multiple neurochemicals and actions,
both stimulatory and inhibitory, on eating and metab-
olism. These systems are activated under diverse phys-
iological states and environmental conditions that
affect an organism during its lifetime. This section
reviews evidence obtained with peptides that have
stimulatory effects on eating behavior and weight gain
and are implicated in the development of obesity
(Table 1).

A Neuropeptide Y

Neuropeptide Y (NPY) is a 36–amino acid member of
a highly conserved group of peptides. It is one of the
most abundant peptides in the mammalian brain and a
very potent stimulator of feeding that, with repeated
injection, stimulates weight gain (31,57,87). The avail-
able evidence demonstrates that NPY neurons are
highly responsive to states of energy deficiency, in-
creased metabolic demand, and disturbed glucoregu-
lation (88). When enhanced, this peptide helps to
reverse these disturbances and maintain glucose
homeostasis by stimulating processes of carbohydrate
ingestion and utilization that gear substrates toward fat
synthesis (69,89,90). The neurocircuit underlying this
neurochemical action involves a dense NPY projection,
which originates in neurons of the ARC, projects to the
PVN and PFLH (Fig. 1), and function through NPY
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receptors of the Y1 and Y5 subtype that are concen-
trated in these areas (31,91).

The effects produced by hypothalamic NPY injec-
tions support the proposed role of this peptide in
maintaining carbohydrate balance. These actions of
exogenous NPY, summarized in greater detail in vari-
ous reviews (69,89,90,92), include a stimulatory effect
on feeding behavior, with a preferential effect on carbo-
hydrate intake. The endocrine effects of NPY (56,93,94)
involve enhanced release of CORT, which favors the
availability and utilization of glucose, and increased
pancreatic secretion of insulin, which functions together
with CORT to promote lipogenesis (95). These behav-
ioral and endocrine effects of NPY are accompanied by
metabolic changes effecting enhanced parasympathetic
nervous system activity and reduced sympathetic activ-
ity (93,96). The effects include a reduction in energy
expenditure and thermogenesis, decreased glucose
uptake in muscle, and a diversion of excess energy and
glucose towards fat synthesis in white adipose tissue.

Pharmacological and anatomical studies (31,91) sug-
gest that these effects of NPY, involving the neuro-
circuit from the ARC to the PVN, may be mediated, in
part, through connections with other neural systems
involved in energy homeostasis (Fig. 1). These include
reciprocal connections with systems that inhibit feed-
ing, such as CRH in the PVN, melanocortin neurons in
the ARC, and 5HT in the midbrain. They also involve
peptides that stimulate feeding, including MCH and
orexin in the PFLH. The demonstration that NPY
neurons in the ARC also express the peptide AGRP,
an endogenous antagonist of the feeding-inhibitory
melanocortin system, provides evidence for another
avenue of communication between NPY and other
neuropeptides modulating feeding (91,97–99).

Endogenous NPY has a role in mediating natural
feeding. With acute administration, injections of NPY
antisera, receptor antagonists, and antisense oligo-
deoxynucleotides to NPY mRNA invariably reduce
food intake (100–102). Moreover, with repeated injec-
tions, NPY produces overeating, obesity, and related
endocrine and metabolic disturbances (56,87). Anti-
sense oligodeoxynucleotides to NPY mRNA reduce
endogenous NPY levels in the ARC and suppress
body weight gain (102). In light of these findings, it
was surprising that NPY knockout mice and NPY
overexpressing mice showed little change in eating or
body weight (33,88). The ability of NPY-deficient
mice to maintain normal eating patterns may be
attributed, in part, to a compensatory increase in the
production of other peptides, such as AGRP and
GAL, which also enhance food intake and weight

gain (103). There is evidence, however, that a knock-
out of the NPY gene can reduce weight gain in mice
that have a mutation of the leptin gene or diabetes,
indicating a role for endogenous NPY in mediating
some effects of leptin or insulin deficiency (104).
Moreover, a recent genetic study demonstrates that,
in homozygous mice, NPY overexpression in the brain
leads to an obese phenotype on a sucrose-loaded diet,
accompanied by overeating, hyperglycemia, and
hyperinsulinemia (105).

A variety of endocrine signals feed back to regulate
NPY synthesis in the ARC-PVNneural projection. This
is reflected in measures of gene expression or trans-
lation, in addition to peptide synthesis, transport,
release, and receptor activity. In these hypothalamic
areas, the adrenal steroid CORT acts through gluco-
corticoid type II receptors to stimulate NPY gene
expression, synthesis, and receptor activity (42,106–
109). Moreover, the behavioral action of NPY is sim-
ilarly enhanced by CORT, while antagonized by a
glucocorticoid receptor blocker. These effects of CORT
on NPY may be direct as well as indirect via the CRH
system (109). This suggests that NPY helps to integrate
the activities of the hypothalamic feeding systems and
the HPA axis, which are important for the circadian
rhythmicity of physiological processes (109). A different
pattern becomes evident with the gonadal steroids, E2

and P. Administration of E2 inhibits NPY gene expres-
sion in the ARC and its release in the PVN, and E2

deficiency increases NPY in the PVN. This suggests a
role for this peptide in the anorexic action of E2 (31). In
contrast, administration of P has a stimulatory effect on
NPY in E2-primed animals (60,110–112). This evidence
obtained with P, similar to CORT, suggests that both
steroids promote weight gain and body fat accrual
through their stimulatory effect on NPY in the ARC
(108,113).

In contrast to these steroids are the hormones insulin
and leptin, which are released in relation to the amount
of body fat. These hormones have a potent, inhibitory
effect on NPY gene expression in the ARC, NPY
peptide levels in the PVN, and feeding induced by
NPY injection (1,114). These suppressive effects may
explain the enhanced expression of NPY after food
deprivation, which reduces levels of insulin and leptin
and, conversely, the satiety-producing effects seen with
injections of these hormones (11). Further support for
this close relationship between NPY neurons and the
circulating hormones is obtained from the findings that
leptin and insulin receptors are densely expressed in the
ARC. A subpopulation of NPY neurons coexpresses
the leptin receptor. The expression of NPY in these
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neurons is invariably elevated in rats deficient in insu-
lin, leptin, or the leptin receptor (31,91,97).

Studies of physiological or pathological states reveal
associations between dietary macronutrients, circulat-
ing hormones, metabolic processes, and hypothalamic
NPY (10,115–118). For example, the relationships
among carbohydrate intake, circulating CORT levels,
lipogenic processes, and NPY levels are evident in adult
rats given a choice of macronutrient diets. They exhibit
strong, positive correlations amongNPY, CORT levels,
and spontaneous intake of carbohydrate, as opposed to
fat or protein (42,51,108,119,120). These relationships
are seen at the start of the active feeding period.
Carbohydrate is the preferred dietary nutrient at this
time, when CORT levels and NPY gene expression
naturally peak, and both gluconeogenesis and glycoge-
nolysis are elevated to support the utilization of carbo-
hydrate. Dietary and pharmacological manipulations
also reveal enhanced NPY expression and CORT under
conditions of diet-induced insulin resistance or after
2-deoxy-D-glucose blockade of glucose utilization
(121–123). In fact, in weanling animals, both the
NPY system and the HPA axis reach peak develop-
ment at an age when carbohydrate accounts by choice
for >65% of the animals’ diet and lipogenesis is
elevated (70,71,124,125).

Similar to CORT, a possible stimulatory effect of P
on NPY is evident across the 4-day female cycle.
Proestrus reveals peak levels of NPY in the MPO, as
well as the ARC and PVN. This occurs with a rise in
circulating levels of P, subsequent to E2 priming, and
an increase in lipogenesis (112,126,127). The inhibitory
relationship between NPY and both leptin and insulin
is clearly evident in studies of obesity-prone rats (128–
130). In a preobese state, when leptin and insulin levels
are relatively low, NPY mRNA is elevated in the
obesity-prone subjects, sugesting a role for this peptide
in the early stages of weight gain. This is in contrast to
a reduction in NPY detected in the postobese state,
when leptin and insulin levels rise significantly with
body fat accrual in the obesity-prone subjects. A
strong, inverse relationship between NPY and circu-
lating leptin or insulin is underscored by the findings
that NPY is reduced in a variety of obese states, such
as those produced by a high-fat or high-energy diet,
VMH lesions, neurotoxins, or a mutation of the tubby
gene (131–134). These findings lead one to question the
function of NPY in the maintenance of obesity and
contrast with those obtained for other feeding-stimu-
latory peptides, such as GAL and the endorphins.
These latter peptides are elevated in different states
of obesity and are less responsive or even stimulated

by the elevation of leptin or insulin, suggesting their
role in promoting obesity in already obese subjects
(31,88,132,135).

B Galanin and Galaninlike Peptide

Galanin (GAL) is widely distributed through the brain
and has a number of physiological and behavioral
effects that are mediated via distinct GAL receptor
subtypes (136). Similar to NPY, GAL stimulates feed-
ing behavior and has a variety of endocrine and meta-
bolic effects. Although these peptide systems may
overlap anatomically (31), an abundance of evidence
indicates that they are functionally distinct (69). In ad-
dition to the ARC where NPY neurons are concen-
trated, GAL-expressing neurons also exist in the PVN,
in both its medial parvocellular and lateral magnocel-
lular areas, and in the PFLH andMPO (Fig. 1). The be-
havioral, endocrine, and metabolic actions of GAL in
the PVN, mediated by two receptor subtypes, GALRI
and GALR2, are very different from those of NPY
(69,137–140). The GAL-induce feeding response is
smaller and shorter-lasting than that of NPY, although
it may involve the release of endogenous NPY (141).

Although GAL has little effect on an animal’s pref-
erence for carbohydrate or fat, a variety of evidence
links this peptide’s feeding-stimulatory response to diet-
ary fat (142–144). In contrast to NPY, GAL-elicited
feeding is stronger and more prolonged in subgroups or
strains of rats that naturally prefer fat or in subjects
maintained on a high-fat compared to low-fat diet.
Further, GAL but not NPY is suppressed by the
pentapeptide enterostatin, which selectively reduces
the consumption of fat (145). It is also blocked by
the GAL antagonist M40, which reduces fat intake
(146,147). Repeated PVN injections of antisense oligo-
nucleotides to GAL mRNA produce a marked reduc-
tion in fat ingestion andweight gain, in conjunctionwith
a decline in PVN GAL levels (148,149). Whereas both
GAL and NPY reduce energy expenditure and inhibit
sympathetic nervous system activity (150,151), GAL’s
endocrine and gastrointestinal effects are, in some cases,
diametrically opposite to those of NPY (42,152,153).
They include a suppression of CORT, insulin, and AVP
release, and an increase in gastric acid secretion. In
contrast to NPY, GAL has little impact specifically on
carbohydrate or fat metabolism (150).

Differences between these two peptide systems are
also evident in their responsiveness to endocrine and
physiological feedback signals. In contrast to the robust
stimulatory effect of CORT on NPY expression and
feeding response, this steroid has little impact or tran-
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siently inhibits GAL gene expression in PVN neurons,
and has no effect on GAL’s feeding behavioral action in
this nucleus (42,154,155). Moreover, E2 alone or in
combination with P has a potent stimulatory effect on
GAL in the PVN, MPO, and ME (67,156–158), which
is not seen with NPY in the ARC. Insulin suppresses
both GAL and NPY (18), but these peptides in the
ARC show a markedly different response to leptin. This
hormone has a potent inhibitory effect on NPY but
produces no change in basal GAL expression in the
ARC, only a small suppression of PVN GAL, and little
change in GAL-induced release of CRH (141,159). This
differential responsiveness to leptin, possibly due to the
low concentration of leptin receptors on GAL neurons
(159), may explain their different responses to food
restriction, which reduces leptin levels and markedly
enhances NPY in the ARCwhile having little impact on
GAL (160). It may also be related to the finding that
GAL, but not NPY, is suppressed by an inhibitor of fat
oxidation (161), and NPY but not GAL is stimulated
by an antagonist of carbohydrate oxidation (162).

These differences between NPY and GAL, in both
their physiological actions and feedback regulation,
suggest that they may function through distinct mech-
anisms and in different physiological states or condi-
tions. The clearest finding, demonstrated in a number
of studies and animal models (143,163–165), is that
GAL gene expression and peptide production in the
PVN, but not the ARC, are positively related to
amount of dietary fat, and they also rise in direct
proportion to body fat. This is in contrast to NPY,
which is reduced by fat consumption and declines in
relation to body fat, possibly owing to an increase
in leptin to which GAL in less responsive (128,166). In
recent studies, GAL in the PVN is strongly, positively
related to circulating levels of triglycerides, in addition
to measures of fat oxidation in muscle (86). This rela-
tionship is robust, seen in different models of dietary
obesity but also under conditions of acute exposure (2–
24 hr) to a high-fat diet, indicating its independence of
changes in body fat and leptin (86). Fat-preferring,
obesity-prone rats exhibit higher levels of GAL mRNA
and production in the PVN, while NPY in the ARC is
reduced (128,142). They are also more responsive to the
feeding-stimulatory effects of GAL, but not NPY (167).
Circulating levels of GAL are found to be significantly
elevated in obese women (168).

The biological rhythms of GAL also differ from
NPY (69,137). Across the light/dark cycle, PVN GAL
neurons show peak levels during the middle of the
feeding cycle, when fat ingestion spontaneously rises.
Levels of GAL also rise during proestrous in the MPO

and PVN, in association with a rise in circulating E2

and P and a preferential increase in fat ingestion
(126,156,158,169). A marked increase in GAL is also
seen at puberty, specifically in the ARC of male rats,
possibly attributed to a rise in testosterone and growth
hormone (GH). An increase occurs in the PVN and
MPO of females, attributed to an elevation of E2 and P
levels and accompanied by a rise in fat ingestion and
body fat accrual (70,71,170–172). A genetic study
shows that GAL-deficient mice feed and grow normally
and have unaltered NPY in the hypothalamus (173),
suggesting that GAL is not an essential peptide in the
early stages of development.

A 60–amino acid, GAL-like peptide (GALP), was
recently isolated from the porcine hypothalamus (174).
This peptide shares sequence homology with GAL and
binds with high affinity to GAL receptors. However,
studies to date reveal clear differences between these
two peptides. In contrast to GAL, GALP is expressed
almost exclusively in the ARC (175), and these GALP-
synthesizing neurons do not project to the ME (176).
Whereas GAL mRNA in this nucleus is not altered by
leptin administration, GALP mRNA in the ARC is
markedly reduced in leptin-deficient ob/ob mice, while
stimulated by intracerebroventricular infusion of lep-
tin (177). Moreover, GALP is similarly decreased by
fasting, an effect reversed by leptin injection (177).
While GAL acts via both receptor subtypes, GALR1
and GALR2, GALP appears to be selective for
GALR2 (175). Further studies are needed to determine
the physiological effects and hormone regulation of
this peptide.

C Agouti-Related Protein

Agouti-related protein (AGRP) is a naturally occur-
ring antagonist that binds to a receptor to prevent its
response to another molecule (178). This protein
inhibits the activity of melanocortins, small peptides
derived from a large precursor, pro-opiomelanocortin
(POMC), which also gives rise to h-endorphin. As
described in Section IV, the melanocortins have an
inhibitory effect on feeding and body weight, and
AGRP, while having little intrinsic signaling activity,
binds directly to melanocortin receptors primarily to
inhibit melanocortin binding.

A variety of evidence suggests a close relationship
between AGRP and the NPY neurocircuit. AGRP
colocalizes almost 100% with NPY in neurons of the
ARC (98,179). As with NPY, AGRP is a very potent
stimulant of feeding behavior, and it promotes body fat
accrual. In fact, this peptide is even more potent than
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NPY over the long term, because its actions outlast the
drug itself and increase eating for days (180). The
endocrine profile for AGRP is similar to that for
NPY, including an increase in insulin levels (181,182).
There is evidence that AGRP and NPY send similar
types of signals that reinforce one another, possibly
through the inhibition of a Gs-coupled receptor by
AGRP and the activation of Gi-coupled receptor by
NPY (183). The possibility that these two peptides
represent redundant components of a parallel circuit
may help to explain why NPY-deficient animals show
only minor defects in eating behavior and leptin signal-
ing (33). However, some differences between the AGRP
andNPY neurocircuits appear to exist. The stimulatory
effect of AGRP on food intake is longer-lasting than,
and additive with, that of NPY, and it is accompanied
by a somewhat different pattern of c-Fos immunoreac-
tivity in extrahypothalamic areas (184,185).

That the endogenous peptides function in a similar
manner is supported by evidence revealing similar
changes in endogenous AGRP and NPY expression
under physiological conditions (186,187). For example,
both peptides in the ARC are stimulated by conditions
of negative energy balance and reduced leptin levels.
This is evident in leptin-deficient or streptozotocin-
induced diabetic mice, after food deprivation or on a
carbohydrate-rich diet, and in response to glucopenia
induced by 2-deoxy-D-glucose (122,181,188,189). Fur-
ther, these peptides are both suppressed under condi-
tions of positive energy balance or enhanced leptin
levels. This is evident in obese or leptin-injected rodents
(187,188), in adrenalectomized rats with reduced gluco-
corticosteroid levels (190,191), or after insulin injection
in streptozotocin-induced diabetes (189). As described
in sections below, these patterns observed with endog-
enous NPY andAGRP expression are opposite to those
seen with measurements of POMC and a-MSH. This
supports the idea that the NPY/AGRP and melanocor-
tin systems interact antagonistically in the control of
eating and body weight.

D Orexins

The orexins are a recently identified class of neuropep-
tides, also described as hypocretins (192,193). Orexin A
and orexin B, sharing 46% identity, are coded by the
same gene, and are localized in neurons of the PFLH.
Administration of orexin A stimulates feeding behavior
more effectively than orexin B, possibly through acti-
vation of orexin-1 and orexin-2 receptors (192). This
effect, localized to the PFLH and PVN (31), is consid-
erably smaller and of shorter duration than that pro-

duced by NPY or AGRP. In addition to this feeding-
stimulatory effect, orexin A injection increases energy
metabolism and vagal nerve–dependent gastric acid
acid secretion (194,195). The importance of the orexins
in feeding behavior is suggested by evidence from
genetic studies, revealing an increase in food intake in
orexin-overexpressing mice and a decrease in orexin-
deficient mice (196).

Neuroanatomical studies demonstrate reciprocal
synaptic contacts between orexin cells in the PFLH
and leptin-responsive neurons in the ARC that express
NPY, AGRP, POMC (197–199). This suggests that
orexin may function as a downstream effector mole-
cule of these peptide systems. Orexin-containing axons
also contact other orexin cells that express leptin
receptors, indicating possible autoregulation of orexin
function (199). These orexin-expressing neurons in the
PFLH lie adjacent to, but do not overlap, another cell
population, described below, that produces a different
feeding-stimulatory peptide, melanin-concentrating
hormone (197,198,200).

Despite their close anatomical relationship, it is clear
that the orexins in the PFLH function differently from
other feeding-stimulatory systems in the ARC, suggest-
ing that the regulatory mechanisms of these peptides
differ (201). Whereas the PFLH and ARC systems may
be upregulated by food deprivation (192,202,203), dia-
metrically opposite results are obtained in genetically
obese mice, which show a decrease in hypothalamic
orexin mRNA (204,205) but an increase in NPY and
AGRP (204,205). Further, in contrast to the ARC
peptides that are inhibited by leptin and invariably
elevated when leptin is low (see above), functional
evidence for a direct interaction between leptin and
orexin neurons in the PFLH is lacking, despite the
presence of leptin receptors (199,201). Orexin mRNA
or peptide level is reduced both when leptin is deficient
and when it is injected (204,206). Moreover, the orexins
remain stable in conditions or states with markedly
altered leptin levels, including overfeeding, dietary
obesity, or food restriction with leptin treatment (203,
205–207).

Whereas leptin may not be a key regulator of the
orexins, there is evidence suggesting that the orexin
neurons are controlled by changes in circulating glucose
and may stimulate feeding specifically under conditions
of hypoglycemia. Prepro-orexin mRNA in the PFLH is
elevated when plasma glucose falls and food is withheld
(203,208), and it is reduced by food ingestion (209),
suggesting a role in short-term feeding behavior. Some
neurons in the LH are known to be glucose sensitive,
that is, stimulated by a decline in glucose (75). These
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glucose-sensitive cells include orexin neurons, which are
stimulated by insulin-induced hypoglycemia (208,210).
Recent evidence (211) indicates that the orexin neurons
are the same as those identified as containing ‘‘prolac-
tinlike immunoreactivity’’ that are also activated by
hypoglycemia. In addition to being stimulated by hypo-
glycemia following insulin injection, the orexin neurons
are inhibited by signals related to nutrient ingestion and
are functionally linked to neuronal activity in the hind-
brain (209).

It is unclear whether the orexin neurons have a role
in obesity. Knockout of the orexin gene, while reducing
food intake, actually leads to obesity (196). This may
reflect an underlying reduction in energy expenditure
due to decreased motor activity, lower basal metabolic
rate, or both. That the orexins have a role in controlling
energy metabolism is suggested by studies showing that
orexin A injection stimulates metabolic rate in mice
independently of an increase in food intake or activity
(194). In freely feeding mice, this orexin-induced
increase in metabolic rate is accompanied by a decrease
in respiratory quotient, indicating the use of lipids as
energy substrates. This is in contrast to the increase in
respiratory quotient and carbohydrate metabolism pro-
duced by food deprivation. Consistent with a role for
the orexins in lipid metabolism, recent findings show
that orexin gene expression is stimulated by consump-
tion of a high-fat diet compared to a low-fat diet, and
orexin mRNA rises even further in association with
obesity on a high-fat diet. This increase in orexins is
closely associated with circulating triglycerides, leading
to the proposal that the orexins, like GAL, belong to a
class of fat-stimulated peptides (212,213).

In addition to controlling feeding and energy
homeostasis, the orexins act at different levels of the
neuroaxis to modulate hypothalamic regulatory sys-
tems involved in arousal, neuroendocrine, and auto-
nomic processes. This is supported by the extensive
projections of orexin fibers to many areas of the brain
and spinal cord (200,214–216). The importance of the
orexins in the sleep-wake cycle is underscored by the
discoveries that a knockout of the mouse orexin gene
or a mutation affecting the orexin-2 receptor gene in
dogs induces narcolepsy (196,217–219). Moreover,
orexin injections produce an increase in locomotor
activity, grooming, and searching behaviors, suggest-
ing a role for the orexins in vigilance and regulation of
arousal states (220). A possible relationship between
these effects and those of orexin on energy balance is
supported by evidence showing obesity in narcoleptic
animals (201). Orexin is localized with DYN in neu-
rons that may perform a function in feeding behavior
based on opioid effects in the PBN. This is discussed in

the opioid peptide section below and is illustrated in
Figures 1 and 2.

There is further evidence indicating the involvement
of an orexin peptide system in neuroendocrine and
autonomic functions. This is demonstrated by the stim-
ulatory effect of orexin A injection on blood pressure
and heart rate, on autonomic efferent nerve activity and
gastric acid secretion, and on luteinizing hormone
secretion, at lower doses than those required to stim-
ulate feeding (221–223). This pressor response to orexin
A is accompanied by an increase in renal sympathetic
nerve activity and plasma catecholamines in conscious
rats (224). The finding that orexins act on medullary
neurons to increase sympathetic nerve activity to the
heart and blood vessels (225) raises the possibility that
this peptide system underlies the increased sympathetic
activation and risk of high blood pressure associated
with obesity (226).

E Melanin-Concentrating Hormone

In addition to the orexins, other neurons in the LH and
zona incerta produce melanin-concentrating hormone
(MCH), a cyclic 19–amino acid neuropeptide originally
isolated from salmon pituitaries (227,228). This peptide
acts via a specific receptor with a typical seven-trans-
membrane domain region seen with G-protein-coupled
receptors (229,230). The involvement of MCH in the
control of feeding behavior was first suggested by
studies showing that central administration of MCH
potentiates food intake (231,232). This MCH-induced
feeding response is relatively small and of short dura-
tion compared to the responses induced by NPY and
AGRP. Also, long-term administration of this peptide
has little effect on daily food intake and body weight
(232).

Studies of endogenous MCH provide support for its
role in feeding and body weight regulation. The expres-
sion of MCH is stimulated by fasting, augmented in ob/
ob mice with leptin deficiency, and decreased by leptin
(56,231,232). This peptide is potentiated by insulin-
induced hypoglycemia, similar to the orexins in the
PFLH but contrary to the ARC NPY/AGRP system,
as described above. MCH is also increased by com-
pounds that block glucose and fatty acid oxidation,
suggesting that it responds to changes in the availability
of immediate fuel sources, perhaps by stimulating food
intake. Further, the expression of MCH is responsive to
E2, which inhibits hypothalamic MCH expression in
ovariectomized rats and blocks deprivation-induced
increase in MCH (233,234). This suggests that de-
creased MCH signaling may contribute to the patho-
genesis in certain types of anorexia.
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A physiological role for MCH in energy homeostasis
is strongly supported by genetic studies. For example,
targeted ablation of the MCH gene leads to a thin
phenotype associated with hypophagia and an inappro-
priate increase in metabolic rate (235). Moreover, tras-
genic mice that overexpress MCH in the LH exhibit
hyperphagia, hyperleptinemia, hyperglycemia, and
insulin resistance on a high-fat diet compared to wild-
type animals (236). The finding that MCH-deficient
mice show low levels of leptin and POMC mRNA is
unexpected, given the anorexia in this strain. The lean-
ness in mice with deletion of the MCH gene, despite
other intact orexigenic systems, suggests that this pep-
tide acts downstream of leptin as well as the NPY/
AGRP and POMC/melanocortin signaling cascades.
This is supported by the immunohistochemical demon-
stration of a projection from the ARC neurons, which
synthesize NPY/AGRP or melanocortins, to MCH
neurons in the LH (197,198). It also agrees with the
finding that leptin administration decreases MCH
expression as well as MCH-induced feeding (56,237).

F Opioid Peptides

The opioid system is composed of three families of
biologically active peptides—DYN, h-endorphin, and
enkephalin. One of the many functions of opioid
peptides is their role in mediating the component of
food intake control that is enhanced by both food
palatability and food deprivation. Therefore, opioid
systems may be important in binge eating and diet-
induced obesity. Systemic morphine increases food
ingestion, and the opioid receptor antagonist naloxone
reduces intake of palatable food (238,239). When mac-
ronutrient diets are available, opioid agonists preferen-
tially enhance ingestion of fat-rich diets (240). Patterns
of ingesting sweet solutions under the influence of
morphine or naloxone suggest that opioids inhibit
aversive components of overeating and, thereby, in-
crease the amount of food ingested (241–243). Opioids
released in the nervous system by eating palatable food
can also cause analgesia in rats and humans (244–246).
Therefore, eating may occur to suppress pain or dis-
comfort.

1 Opioid Subsystems

It has been difficult using systemic injections to unravel
the roles of various mu, kappa, and delta systems and
their multiple receptors. Progress is being made, how-
ever, as summarized in several reviews (238,247–249).
The opioid peptides DYN, h-endorphin, and enkepha-
lin act primarily via kappa, mu, and delta receptors,

respectively (238,250–253). When labeling the brain for
opioid peptides and their receptors, the regions involved
with taste, autonomic control, feeding, and reward
stand out. Evidence suggests that mu1 receptors affect
body weight and alter physiological responses of the
glucostatic and lipostatic systems, whereas some of the
kappa receptor systems stimulate food palatability and
promote feeding by blocking satiety (254,255).

Early work involving local brain injection in the
PVN-MH region showed that h-endorphin, DYN, or
an enkephalin analog each induces feeding (256,257).
If one starts with the hypothalamus in Figure 2 and
follows the hypothalamic loop to the PBN, NTS,
VTA, and back to the hypothalamus, there are opioid
influences at each step of the way and in the amygdala
as well. There may be a specific opioid pathway
involved in feeding and its reinforcement (250). The
threshold for feeding induced by LH stimulation is
raised by specific antibodies against DYN-A (258).
Naloxone also raises the threshold for stimulation-
induced eating, and this effect, unlike the classic
anorexic action of amphetamine (AMPH) and phenyl-
propanolamine, is potentiated by eating. A site where
naloxone exerts its anorexic effect via kappa or mu
receptors lies in the PBN, a brainstem region that
relays taste and vagal information to and from the
forebrain. Thus, an identified DYN path from LH to
PBN may potentiate eating for taste and by inhibiting
satiation (250,259,260). In addition, food intake and
decreased sympathetic activity produced by PVN
injection of NPY is blocked by naloxone in the NTS.
Thus, NPY-induced feeding depends, in part, on
opioids in the NTS (238,261). One or more opioid
systems may be involved in GAL-induced eating as
well (262). In the VTA, local injection of morphine has
a potent feeding-stimulatory effect that is mimicked by
DYN (263). A mu opioid antagonist injected in the
VTA blocks food-induced release of DA in the NAc,
but not in the PFC, and it reduces the animal’s
appetite (264). This result may depend on the palat-
ability of the food (265). In the NAc, a specific mu
opioid agonist induces eating of preferred foods
(266,267). A mu agonist in the amygdala also stimu-
lates eating, and this effect is blocked by an opiate
antagonist in the NTS (239,268). Studies of feeding
with transgenic animal models of opioid abnormalities
have also been reviewed (56,97,269).

2 Opioid Reward and Eating

The next question is whether the LH-PBN opioid-
related path is involved in self-stimulation and feeding
reinforcement, as well as in the prolongation of a meal.
In support of this proposal electrodes in the LH that
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induce feeding also support self-stimulation (3). Opiate
antagonists sometimes decrease self-stimulation (270).
The self-stimulation rate at eating sites in the LH is
inhibited by a meal. This clearly reflects loss of appetite,
as long as control is used for motor effects on bar press
rate (3,270–272). In a majority of such studies, the
converse is also true, whereby food deprivation
increases the LH self-stimulation rate or lowers the
threshold (250,273). This effect is reversed by ventricu-
lar infusion of naltrexone (250). Therefore, opioids
potentiate the behavior reinforcement system,which is
defined by LH self-stimulation in the PFLH, when it is a
stimulation-induced eating site.

It is hypothesized that a natural incentive mecha-
nism for eating is stimulated by palatable tastes via an
opioid system, which is sensitized by the metabolic
needs imposed by weight loss (250). This appetite
enhancement mechanism seems to involve several lim-
bic regions, including the DYN pathway that starts in
or near the PFLH and projects to the PBN (259). This
may be part of the feeding reinforcement system that is
modulated by food intake, food deprivation, and insu-
lin (271). It is potentiated by DYN release and sensi-
tized by an opioid process in response to weight loss or
diabetes (250). Therefore, DYN can be envisioned in
Figure 2 as part of the feeding and reinforcement
system drawn from the LH to the PBN. In light of
recent evidence for orexin-expressing cells in the PFLH
region that project axons to the hindbrain as well as the
prefrontal cortex (216), the orexins may also be excel-
lent candidates for part of the feeding reinforcement
circuit. In fact, DYN and orexin coexist in cells of the
LH (274).

Opiates are behavior reinforcers in the VTA, as
shown by morphine self-injection, conditioned place
preference, and potentiation of self-stimulation (270,
275–278). In the NAc, rats self-inject morphine or
enkephalin (279,280). From a clinical point of view, it
is conceivable that this feeding reinforcement system
depicted in Figure 2 is themetabolism-modulated, taste-
activated appetitive system that drives bingeing behav-
ior (281). Enterostatin, a peptide released by a fatty
meal, may suppress food intake by inhibiting a kappa
opioid feeding component (282), which may also be
linked to GAL. Logically, enterostatin may inhibit the
LH-PBN orexin/DYN pathway of the feeding rein-
forcement system, but this is yet to be demonstrated.

3 Inhibition of Opioid Reward and Feeding

Kappa agonists have either stimulatory or inhibitory
effects on feeding in different parts of the brain. As

reviewed above, food deprivation potentiates behavior
in part by releasing DYN-A in the PBN (250). On the
other hand kappa agonists in the VTA or NAc inhibit
the mesolimbic DA system (283) and may play a role in
stopping food intake or generating aversion. Thus, there
seems to be more than one kappa opioid system
involved in the circuitry for eating (284). Naloxone
injected locally in the NAc to block opioid receptors,
probably themu subtype, can release ACh, and theACh
can inhibit feeding. Naloxone works in the NAc when
something has been done to release endogenous opioids,
such as food deprivation or morphine treatment (285).
After a week of daily morphine injections, local or
systemic naloxone precipitates withdrawal, and in the
NAc, the release of DA decreases while ACh increases
(285). The same response occurs with systemic naloxone
injection after a few weeks of drinking excessive
amounts of sugar in the binge-eating model described
in Section VII below.

G Amandamide

The endogenous cannabinoid, amandamide, can in-
duce eating and may interact with opioid systems
(286). Tetrahydrocannabinol (THC) induces accum-
bens DA release that can be blocked by an opioid
antagonist in the VTA. Thus, marijuana reinforces
behavior, in part, by releasing DA via an opioid system.
This may also be the mechanism through which mar-
ijuana induces appetite for food (287). A cannabinoid
receptor antagonist reduces food intake in rats (288).
The same drug causes a small but significant decrease in
body weight in people (289).

H Growth Hormone-Releasing Hormone

Growth hormone regulates overall body and cell
growth, in addition to nutrient metabolism (290). Its
release is stimulated by GHRH, while inhibited by
somatostain. Evidence suggests a stimulatory role for
GHRH in feeding behavior (Fig. 1) (291–294). Central
injections of GHRH enhance food intake in rats and
sheep. The hypothalamic regions most responsive to
this peptide effect are in the area of the MPO and SCN,
which have a high concentration of GHRH-containing
terminals. This feeding-stimulatory action is centrally
mediated and independent of the growth hormone-
promoting properties.

From injection studies at different times of the circa-
dian cycle, it seems that endogenous GHRH may con-
tribute to the burst of feeding exhibited at the start of
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the active cycle (292–294). This proposal receives sup-
port from experiments with antiserum raised against
GHRH, which suppresses spontaneous feeding. Injec-
tions of GHRH stimulate intake of protein, having
little impact on carbohydrate or fat intake. Moreover,
an antiserum against GHRH preferentially inhibits
protein consumption at the onset of the natural feeding
cycle. This may reflect a role for endogenous GHRH, in
the MPO/SCN area, in stimulating both growth and
the ingestion of the nutrients important for growth.

There is evidence that growth hormone–releasing
peptides (GHRP), acting within the brain, mimic an
unidentified native GH-releasing hormone-amplifying
hormone. Systemic administration of GHRP-6 induces
c-Fos protein in the ARC (295). Further, intracerebro-
ventricular administration of low doses of the GHRP,
KP-102, stimulates feeding in rats, while having no
effect after systemic administration, and it amplifies
the feeding-stimulatory effect of GHRH through a
specific GHRP receptor, possibly in the hypothalamus
(296). There is also evidence that GHRH may interact
with other neurochemical systems in the brain to control
eating and body weight. For example, the GHRH
system is closely associated with, and may depend on,
the opioid system in the PVN. Opiate agonists stimulate
the ingestion of protein as well as fat, an effect blocked
by GHRH antiserum, and the action of GHRH is an-
tagonized by PVN injections of opioid receptor antag-
onists (291,297). Also, GHRH-expressing neurons in
the ARC coexpress GAL, which stimulates feeding and
increases adiposity after chronic administration (see
above). Studies demonstrate that, in these ARC neu-
rons, GAL expression is induced by GH and reduced in
the absence of GH, suggesting that the pattern of
GHRH and GH release may, in turn, be shaped by
GAL (172). In a recent study, double-labeling immu-
nohistochemistry indicates that orexin-containing, but
not MCH-containing, neurons in the LH are activated
by central administration of GHRP-6 (298).

In obesity, GH secretion is impaired, secondary to
the rise in body fat and circulating lipids, and treatment
with GH decreases adiposity, reduces triglyceride accu-
mulation, and enhances lipolysis (290,299). A role for
GH in body fat accumulation is confirmed by the
observation that mice overexpressing GH have
increased abdominal fat (300). They are larger and
exhibit hyperphagia and increased levels of insulin and
leptin, in association with reduced responsiveness of the
leptin receptor to fasting. Whereas the physiological
mechanisms underlying this obese state remain to be
defined, this mouse model points to the importance of
GHRH in the regulation of body composition.

I Ghrelin

Recent evidence suggests that, in addition to GHRH,
there exists another peptide, ghrelin, which stimulates
the release of GH (301). Ghrelin is a 28–amino acid
peptide, and its mRNA is expressed in the stomach. It is
secreted into blood vessels to act directly on pituitary
cells to stimulate GH release (302). Although ghrelin
content in the brain is low, a population of ghrelin-
containing neurons exists in the ARC. In addition to
producing a dose-dependent rise in GH, intracerebro-
ventricular administration of ghrelin potentiates food
intake (303–306) and stimulates gastric acid secretion
and motility (307). In contrast to the other feeding-
stimulatory peptides described above, ghrelin also stim-
ulates eating when administered peripherally, although
the response is not as strong or sustained as that seen
with central ghrelin. Antighrelin antibodies suppress
feeding behavior with central as well as peripheral
administration, supporting a role for endogenous ghre-
lin in this behavioral response. The feeding-stimulatory
effect of ghrelin is independent of this peptide’s ability to
stimulate GH secretion (305). Ghrelin may stimulate
feeding to ensure the provision of calories that GH
requires for growth and repair (308).

Ghrelin acts through the growth hormone secreta-
gogue (GHS) receptor. This receptor is expressed at
high levels in the ARC. Systemically administered ghre-
lin increases the electrical activity and c-fos gene expres-
sion in ARC neurons (309), suggesting that it reaches
these receptors through the general circulation. The
GHS receptor mRNA is found in essentially all neurons
expressing NPY, but it exists in only a small percentage
of POMC- or GHRH-expressing neurons. Ghrelin
injection increases NPY as well as AGRPmRNA, while
having no effect on POMC mRNA (303,304,306,310).
Further, NPY antagonists inhibit ghrelin-induced feed-
ing (298).Whereas these findings suggest a role for NPY
in mediating ghrelin’s action, this peptide is not essen-
tial, since ghrelin can increase feeding and body weight
in NPY-deficient mice (305).

There is some evidence indicating the involvement of
ghrelin in obesity.With chronic subcutaneous injections
in mice, ghrelin increases body weight, with a significant
gain in fat mass but no change in lean body mass (305).
This is accompanied by an increase in respiratory
quotient, reflecting a decrease in fat metabolism.
Whereas one study shows that ghrelin mRNA in the
stomach is stimulated by chronic administration of
leptin (311), other evidence reveals a competitive inter-
action between ghrelin and leptin. Ghrelin concentra-
tions in the blood and mRNA in the stomach are
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increased by fasting that reduces leptin, and ghrelin is
suppressed by feeding (303,305). Further, ghrelin
mRNA is elevated in leptin-deficient ob/ob mice and
reduced by acute leptin injection (308). The role of
ghrelin in weight gain is suggested by evidence that the
obese phenotype of ob/ob mice is partially reversed by
antighrelin antiserum (303). Also, the reduction in
weight gain induced by a pro-inflammatory cytokine is
attenuated by ghrelin administation (303). Circulating
ghrelin levels are decreased in states of obesity in
humans (308). Ghrelin is also reduced by carbohydrate
diets and glucose in rodents (303,305). This suggests the
involvement of this peptide in physiological mecha-
nisms of glucose homeostasis.

J Beacon

The beacon gene was recently identified by differential
display polymerase hypothalamic mRNA from a poly-
genic animalmodel of obesity and type II diabetes (312).
This gene is overexpressed in the hypothalamus of obese
animals, and its mRNA level is positively correlated
with body fat content. Immunohistochemical studies
localize beacon mRNA to the retrochiasmatic area of
the hypothalamus. Central administration of beacon
stimulates food intake and increases NPY expression in
the ARC (312). Repeated injections of beacon increase
feeding behavior and weight gain, primarily owing to an
increase in body fat accrual (313). With no detectable
effect of beacon on nutrient partitioning, physical activ-
ity, or energy expenditure, the accumulation of body fat
is attributed primarily to the changes in food ingestion
(313). This contrasts with other feeding-stimulatory
peptides, described above, which have potent and di-
verse effects on metabolic processes.

K VGF

VGF was originally identified as a nerve growth factor–
regulated transcript, which is rapidly stimulated by
neurotrophins (314). Its mRNA and encoded protein
are selectively synthesized in neuroendocrine and neu-
ronal cells, and VGF is stored and released from dense
core vesicles through the regulated secretory pathway.
The VGF polypeptide sequence is rich in paired basic
amino acids, potential sites for proteolytic processing. A
range of low-molecular-weight VGF peptides have been
identified that are preferentially released by nerve ter-
minals upon stimulation (315). This suggests that VGF
is the precursor of one or more biologically active
peptides and that it may play a role in the regulated
release of other peptides from secretory vesicles (314).

While widely expressed through the central and
peripheral nervous systems, VGFmRNA is particularly
abundant in the hypothalamus (316). In the suprachias-
matic nucleus, VGF mRNA is induced by light and
exhibits a circadian rhythm in animals kept in constant
light (314). An investigation of VGF knockout mice
(317) suggests the involvement of VGF in energy
homeostasis. Mice lacking the protein display markedly
reduced body weight, body fat, and leptin, indicating a
possible stimulatory role for this protein in weight
regulation. The major defect in these mice is excess
energy expenditure and locomotor activity, rather than
reduced food intake. Fasting stimulates VGFmRNA in
the ARC (314). Further, the VGF knockout mice
exhibit altered expression of hypothalamic peptides in
the ARC that affect feeding and metabolism. Whereas
VGF-deficient mice have elevated NPY and AGRP
mRNA, they show a reduction in POMC expression.
Thus, VGF’s mechanism of actionmay involve an effect
on the synthesis and release of these peptides known to
be involved in energy homeostasis.

L Prolactin

Prolactin (PRL) is a peptide hormone, which is elevated
during lactation, a physiological culmination of the
reproductive cycle in female mammals (58). This hor-
mone is synthesized in the anterior pituitary gland but is
also expressed, albeit in low concentrations, by cells in
the brain, notably the medial basal hypothalamus (318).
As the mammary tissue develops the capacity for milk
production, there occurs an increase in demand for
nutrients, leading the lactating female to look to both
metabolic and behavioral adaptations to meet these
demands (58). These adaptations include hyperphagia,
conservation of energy by reduced activity, decreased
rates of nonshivering thermogenesis, lipid synthesis,
triglycerol turnover, and more efficient use of nutrients
through a change in insulin responsiveness.

Injection studies reveal multiple behavioral as well
as physiological actions of PRL related to reproduc-
tion. In addition to its well-known actions of enhanc-
ing milk production and stimulating growth, PRL acts
on behavioral systems. It increases grooming, facili-
tates sexual receptivity, and promotes maternal behav-
ior (319). Prolactin also stimulates eating behavior in
mammals and birds. Lactation in rodents is charac-
terized by marked hyperphagia. Prolactin levels and
hyperphagia are directly proportional to litter size,
suggesting a causal relationship (58,320,321). An
increase in food intake is also seen after systemic
administration of PRL in female rats. Interestingly, a
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protein-rich diet is preferred after PRL injections, as
well as during lactation (58,320,322). Prolactin is
effective when administered into the brain, where it
functions independently of ovarian hormones (323).
Sites of action include nuclei of the MH where PRL
receptors are concentrated (319,324). A feedback loop
may involve the eating-stimulatory peptide GAL,
which is synthesized in PVN neurons and stimulates
the release of PRL from the pituitary (325). A hypo-
thalamic h-endorphin-containing circuit may also play
a role (326).

The possibility that PRL controls fat synthesis is
suggested by the findings that the PRL receptor exists
in mouse adipocytes (327) and that DA-induced inhi-
bition of PRL secretion decreases fat stores and blocks
lipogenic responsiveness to insulin (328). In addition,
fat deposition in migrating species is promoted or
inhibited in close relation to circulating levels of PRL
aswell as CORT.An increase in plasma prolactin is seen
in females following puberty, a time of fat deposition
(329). Responses to PRL and the circadian rhythm of
PRL release are altered in adult obesity, perhaps owing
to hyperinsulinemia, and these disturbances are nor-
malized by weight reduction. In obese men, a strong,
positive correlation is evident between fasting levels of
leptin and prolactin (330).

IV PEPTIDES THAT REDUCE EATING

AND BODY WEIGHT

Many peptides have been discovered that have inhib-
itory effects on feeding and weight gain (Table 1). An
important question addressed in the investigation of
these substances is whether their behavioral or physio-
logical effects are both specific and meaningful in the
overall control of energy balance. Discussed below are
most of the satiety peptides that have sufficient evidence
to support their role in the control of feeding and
metabolism. In most cases, the peptides are synthesized
in the brain to act through local neurocircuits. In others,
these substances are synthesized in peripheral organs
and send signals to the brain via the circulation, vagus
nerve, or sympathetic afferents.

A Melanocortins

Pro-opiomelanocortin (POMC) is a 267–amino acid
precursor protein that is synthesized in the ARC as
well as the anterior pituitary. The posttranslational
processing of POMC results in a number of peptides
with very different biological activities. In the anterior

pituitary, it is processed predominantly to ACTH as
well as to h-lipoprotein. In the ARC, ACTH is further
processed to produce a-MSH, whereas h-lipoprotein is
cleaved to h-endorphin. Pharmacological studies show
that central injections of a-MSH and other MSH
agonists suppress food intake and reduce body weight
(331). Mice with a mutation in the coding region for
the POMC-derived peptides have defective adrenal
development and lack corticosteroids (332). They also
develop hyperphagia and obesity, which are reversed
by injections of a-MSH (332). A similar phenotype is
seen in humans with a genetic POMC mutation result-
ing in a deficiency of a-MSH (333).

The biological actions of the MSH peptides are
mediated by interactions with at least five G-protein-
coupled receptors, with theMC3-R andMC4-R heavily
expressed in the brain. Whereas the MC3-R is localized
to the hypothalamus and limbic system and is richly
expressed in the ARC including in POMC neurons, the
MC4-R is more widely distributed throughout the brain
and, within the hypothalamus, is highly expressed spe-
cifically in the PVN and PFLH (334). Pharmacological
blockade or targeted disruption of MC4-R in rodents
produces hyperhagia, increased fat mass, and hyper-
insulinemia (24,335,336), and spontaneous MC4-R
mutations have been linked to morbid obesity in
humans (24,337). The additional importance of the
MC3-R in energy homeostasis is indicated by the find-
ing that mice lacking this receptor have increased fat
mass but not hyperphagia, whereas mice lacking both
the MC3-R and MC4-R weigh more than mice lacking
only the MC4-R (338). A recent study in MC4-R-null
mutant mice suggests a role for this receptor, independ-
ent of leptin, in mediating high-fat diet–induced ther-
mogenesis and increase in physical activity (339).

Two naturally occurring MSH antagonists, agouti
protein and AGRP (see Section III), have been identi-
fied. Agouti, which is normally expressed in hair fol-
licles, antagonizes the effects of a-MSH at the MC1-R
and, consequently, blocks the synthesis of pigments,
resulting in a lighter coat color (334). Ectopic expression
of agouti seen in the yellow mouse obesity syndrome,
similar to that seenwith targeted disruption of theMC4-
R (340), leads to the blockade of MC4-R in the brain,
and this causes a phenotype of hyperphagia, hyper-
insulinemia and obesity (341). In transgenic mice, the
overexpression of AGRP in ARC neurons also causes
hyperphagia, hyperinsulinemia, and obesity (178,182).
Injections of AGRP, as well as other synthetic melano-
cortin receptor antagonists, can block the inhibition of
food intake induced by a-MSH and, by themselves, can
stimulate feeding, indicating a role for endogenous a-
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MSH in food intake control (342). The interaction of
these melanocortin antagonists with the melanocortin
receptors may be mediated or facilitated by the protein
mahogany. This neuroactive protein may increase the
concentration of agouti/AGRP antagonists in the vicin-
ity of the MC1-R or MC4-R or affect the process of
receptor desensitization via posttranslational modifica-
tions or cellular internalization (343).

A complex neuronal system involves a variety of
downstream MC4-R- and MC3-R-containing neurons
in the ARC. The endogenous antagonist AGRP is ex-
pressed in separate neurons medial to those expressing
POMC, and AGRP-immunoreactive fibers form a pro-
jection that is separate from, but overlaps, the a-MSH
fibers (183). This indicates that the melanocortin system
may function either through agonists released by
POMC neurons or through an endogenous antagonist
released from non-POMC neurons (Fig. 1). Despite
this dissociation, the a-MSH and AGRP peptides very
likely interact at the hypothalamic MC4-R in their role
in maintaining energy homeostasis. These peptides are
modulated in a reciprocal fashion by various manipu-
lations, such as leptin or food deprivation, and also in
obese, leptin-deficient, or leptin receptor–deficient mice
(183,344). Although this reciprocal relationship bet-
ween the agonist and antagonist is not apparent under
all conditions (344), the evidence generally suggests that
leptin can regulate the melanocortin system either by
increasing levels of the agonist, a-MSH, or by decreas-
ing levels of the antagonist, AGRP. The importance of
the melanocortin system in the signaling cascade of
leptin in the brain is further revealed by evidence that
antagonists of the melanocortin receptor block the
feeding-inhibitory and metabolic-stimulatory actions
of leptin (345,346). There is electrophysiological evi-
dence that leptin increases the frequency of action
potentials in the anorexigenic POMC neurons, either
by depolarization or by reducing the inhibitory effect of
local orexigenic NPY neurons (347).

As indicated above, the melanocortin system and
NPY neurocircuit are closely related. The POMC and
NPY neurons are concentrated in the ARC and project
to similar nuclei of the hypothalamus, including the
PVN where MC4-R immunoreactivity is dense (334).
Moreover, pharmacological studies demonstrate a
complete suppression of NPY’s orexigenic effect with
injection of the melanocortin agonist, MTII (348).
Electrophysiolocal studies provide evidence supporting
a cellular basis for this interaction (24). The melano-
cortin antagonist, AGRP , which colocalizes with NPY
in ARC neurons (98,179), is a potent stimulant of
feeding behavior. As described in Section III, injection

of AGRP, like NPY, promotes body fat accrual and
increases insulin levels (181). Moreover, measurements
of endogenous NPY and AGRP expression reveal
opposite patterns to those detected with measurements
of POMC and a-MSH (349). This evidence supports
the idea that the melanocortin and NPY systems inter-
act antagonistically in the control of eating and body
weight.

B Cytokines

Cytokines are protein molecules released by lympho-
cytes and/or monocyte macrophages during various
disease states, such as infection and cancer. Several
proinflammatory cytokines, most notably tumor
necrosis factor-alpha (TNFa), interleukin (IL)-1, IL-6,
and ciliary neurotropic factor (CNTF), induce anorexia
and body weight loss (88,350,351). Evidence suggests
that the anorexia is mediated by central neural mecha-
nisms, most notably in the hypothalamus where the
receptors for most cytokines are particularly dense
(352). Peripherally administered TNFa and IL-1B pro-
duce anorexia in rats at doses estimated to yield path-
ophysiological concentrations in the cerebrospinal fluid
of animal models or patients with wasting disorders
(353). These peripheral cytokines are released into the
circulation and, through the blood brain barrier and
circumventricular organs, are transported into the
brain, where they exert their effects via the vagus nerve
or second messengers, such as nitric oxide and prosta-
noids in the brain vasculature. Cytokines are also
produced by neurons and glia within the brain, includ-
ing the hypothalamus, in response to microbial and
inflammatory products or peripheral cytokines.
Whereas the absence of TNFa does not prevent the
development of obesity, targeted mutation of the TNFa
gene or its type 1 and 2 receptor subtypes improves
insulin sensitivity, supporting a role for TNFa as a
mediator of insulin resistance in obesity-diabetes mod-
els (88,354). Furthermore, IL-1B and IL-6 mutant mice
resist anorexia, body weight loss, and fever caused by
inflammatory-inducing agents, and IL-1 receptor
antagonist–null mice have reduced body weight (88).

The idea that circulating signals generated in pro-
portion to body fat mass influence appetite and energy
expenditure through central mechanisms has been
clearly demonstrated with the cloning of the leptin gene
(20) and the finding that leptin, which is positively
related to body fat mass, reduces food intake through
leptin receptors in the hypothalamus (22). Leptin is a
member of the IL-6 superfamily of proteins, with many
biochemical features of a cytokine molecule (20),
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and the leptin receptor is most closely related to glyco-
protein 130, a common signal transducer among recep-
tors for members of the IL-6 superfamily (355,356).
Evidence suggests that leptin increases hypothalamic
production of cytokines (357) and activates cytokinelike
signal transduction pathways, by stimulating JAK-
STAT via the leptin receptor (358–360) (see Table 1
for abbreviations). Leptin also activates SOCS-3,
which reduces intracellular signaling by inhibiting
JAK activity, a potential mechanism underlying leptin
resistance (360). Thus, excessive leptin or leptinlike
signaling, resulting from increased inflammatory cyto-
kines in overlapping and redundant cytokine networks,
may contribute to the anorexia and weight loss in
wasting illnesses (361), although it is not essential to
this response (362).

In light of the inhibitory effect of leptin on NPY
expression in the ARC described above, it is not sur-
prising to find a similar relationship between circulating
cytokines and the NPY feeding system in the develop-
ment of anorexia (361). Cytokines such as IL-1 and
CNTF antagonize NPY gene expression in the ARC
and reduce NPY-induced feeding as well as Y1 receptor
abundance (363,364). Whereas this effect may occur
indirectly via stimulation of leptin secretion (361), a
direct action is supported by the finding that a CNTF
derivative corrects the obesity and metabolic disorders
of mice deficient in leptin or its receptor and also of diet-
induced obesity models unresponsive to leptin (358).
Further evidence supporting the involvement of NPY in
cytokine effects is obtained in anorexic, tumor-bearing
rats, which show a reduction in NPY levels or release,
NPY-induced feeding, and NPY receptor affinity in
association with anorexia and weight loss (353,365).

Whereas cytokine-induced anorexia may also
involve other neurochemicals, such as CRH, CCK,
and 5HT, that suppress feeding and modulate NPY
(88,361,366), there is compelling evidence supporting a
key role for the melanocortin system that provides a
bidirectional tuning necessary to maintain energy
stability under different conditions (367,368). This
includes the finding that anorexia and weight loss
induced by sarcoma growth are both reversed and
prevented by administration of AGRP, the endogenous
melanocortin antagonist. Further, both genetic and
pharmacologic blockade of central melanocortin recep-
tor signaling prevents the complex cytokine response
and the weight loss that accompanies lipopolysacchar-
ide injection. Whereas a close relationship is known to
exist between leptin and the melanocortin system, the
effects of melanocortin blockade occur independently
of this hormone.

Since the discovery that CNTF produces severe
anorexia and weight loss in rodents and humans,
further studies have been conducted to more fully
characterize this effect (358,366). A CNTF derivative,
CNTFAx15, is highly effective in correcting obesity and
resulting metabolic disorders in mice, apparently with
minimal side effects. It is believed to act by penetrating
the blood brain barrier and impacting on the alpha
subunit of the CNTF receptor complex in the hypo-
thalamus. It mobilizes intracellular signal transduction
pathways that are similar to those activated by leptin,
but not the prototype cytokine, IL-1. Like leptin,
CNTF reduces NPY-induced feeding and NPYmRNA
and peptide in the ARC and PVN. However, it func-
tions independently of leptin, as well as the melanocor-
tin system. In fact, it is effective in diet-induced obesity
models that are resistant to leptin (358). The ability of
CNTF to produce weight loss and improve insulin
sensitivity in humans makes this compound an attrac-
tive agent for obesity treatment, given that certain side
effects can be controlled (366,369).

C Cocaine- and Amphetamine-Regulated

Transcript

Cocaine- and amphetamine-regulated transcript
(CART) was originally identified by differential dis-
play polymerase chain reaction as a novel mRNA
stimulated after acute administration of psychomotor
stimulants (370). The predicted protein product of
CART mRNA has a leader sequence and several pairs
of basic amino acids, suggesting that it is processed
and secreted. The mature peptide contains several
cleavage sites, indicating that CART may be posttran-
scriptionally processed into long and short fragments,
with both forms of CART peptides found in the rat
and only the short-form peptide found in humans
(370,371). In the rat, CART mRNA and the short-
form CART peptide (amino acids 42–89) are found in
various nuclei of the hypothalamus, including the
ARC, PVN, and LH, as well as in extrahypothalamic
areas (372–374). Moreover, CART coexists with pep-
tides involved in the control of energy balance. Virtual-
ly all CART neurons in the ARC also express POMC
(375), as well as the long-form leptin receptor (376).
Hypothalamic CART neurons outside the ARC coex-
press DYN and MCH and, as in the ARC, are direct
targets of leptin (376). Further, in the PVN, 25–50%
of CART-expressing neurons express GAL (377,378),
and CART coexists with GAL or MCH in neurons of
the PFLH (377,379).
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A number of studies suggest that CART has a role in
eating behavior and obesity. Administration of this
peptide produces a dose-dependent decrease in food
intake and reduces feeding stimulated by NPY
(380,381). Moreover, antibodies that block CART
increase nocturnal feeding, suggesting that this peptide
has a tonic inhibitory effect on food intake (382). Other
effects of CART include a stimulation of uncoupling
proteins (383) and inhibition of gastric acid secretion
(384). Chronic administration of CART leads to a
marked decrease in body weight in rats (385).

Investigations of the endogenous peptide show that
CART expression is regulated by leptin (380). It is
stimulated by leptin administration and is reduced in
genetically obese fa/fa rats, leptin-deficient ob/ob mice,
and food-deprived rats. Whereas this decline in CART
may contribute to the hyperphagia characteristic of
these animals, overeating and obesity induced by a
high-fat diet is similarly associated with elevated levels
of leptin, together with CART in the hypothalamus
(386), in particular the ARC and PVN (387). Since
obesity induced by a high-fat diet is less marked than
that of genetically obese rodents, this higher expression
of CART on a fat-rich diet may function in limiting the
level of body fat accrual. Supporting this idea are recent
studies showing that targeted deletion of the CART
gene in mice on a high-fat diet induces hyperphagia and
increased body weight and fat mass compared to wild-
type mice on the same diet (388). Other genetic studies
provide further evidence that variation in the CART
locus may influence fat distribution and variables re-
lated to syndrome X (389).

D Corticotropin-Releasing Hormone

A well-known role of corticotropin-releasing hormone
(CRH) is to control the HPA axis, exerting powerful
regulatory effects on the release of ACTH and gluco-
corticoids. In addition, however, this peptide has been
implicated in the mediation of the integrated physio-
logical and behavioral responses of stress, which are
largely independent of the activation of the HPA axis
and involve a direct action of CRH on brain receptors.

Included in the responses of endogenous CRH are
changes in eating behavior and metabolism, involving a
constellation of effects favoring a state of negative
energy balance (88,390–394). The specific effects
observed with CRH injections into the MH or PVN
include a marked suppression of spontaneous or fast-
ing-induced feeding. This is coupled with stimulation of
sympathetic outflow, which increases lipolysis and
energy expenditure and raises blood glucose, while

inhibiting any increase in insulin secretion. Chronic
central CRH administration causes a sustained reduc-
tion in food intake and body weight. Urocortin, an
endogenous peptide related to CRH, is considerably
more potent than CRH in suppressing feeding, and is
more selective in binding to the CRH2 receptor subtype,
which may mediate the anorexic and thermogenic
responses (395). Studies in knockout mice suggest that
the feeding-suppressive effect induced by urocortin may
actually have two phases, with the early phase mediated
by the CRH1 receptor and the long-term phase by the
CRH2 receptor (394).

A role of endogenous CRH or urocortin in energy
balance is suggested by evidence showing an increase
in feeding after pharmacological blockade of CRH
receptors, expression, or synthesis (88,394,396). This
receives further support from the finding that food
intake is reduced by chronic administration of a CRH-
binding protein inhibitor, which increases CRH/uro-
cortin availability in the hypothalamus (397). In states
of glucocorticoid insufficiency induced by adrenalec-
tomy, CRH expression in the PVN is enhanced, and
this neurochemical change is associated with a decline
in eating and body weight, impaired recovery of weight
loss after food deprivation, and the prevention of
experimentally induced obesity (392). Circulating glu-
cocorticoids normally released by CRH may provide
the feedback signal for inhibition of CRH and regu-
lation of adipose tissue. Other studies have suggested
the involvement of CRH or urocortin in the anorexic
effects induced by restraint stress, treadmill running,
E2, and caffeine and in the thermogenic actions of 5HT
agonists (394). Possible sites of action include the PVN
and MPO (31,398). The finding that MC4-R-deficient
mice are hypersensitive to the anorexic effects of CRH
provides evidence for crosstalk between the melanocor-
tin and CRH pathways (399,400).

There is further evidence supporting the possibility
that CRH has a role in the development of obesity.
Chronic injections of CRH or an inhibitor of the CRH-
binding protein reduce weight gain in genetically obese
rats with normally reduced CRH content in the hypo-
thalamus (397). Moreover, the expression of the CRH2

receptor in the VMH is reduced in obese rats, and leptin
suppresses the synthesis and release of CRH (394). A
variety of evidence focuses attention on CRH as an
important mediator of the actions of leptin. The behav-
ioral and metabolic effects of CRH are similar to those
produced by leptin, and the anorexic effects of leptin are
attenuated by CRH antagonists (394,401). In addition,
central injection of leptin increases hypothalamic CRH
content (401).
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A variety of evidence demonstrates a close, inverse
relationship between CRH and the feeding-stimulatory
peptide NPY (396,402,403). Administration of CRH
reduces NPY-elicited feeding as well as NPY gene ex-
pression in the ARC (404), and CRH antagonists
enhance NPY feeding (396,402). In addition, adrenal-
ectomy, which enhances CRH expression in the PVN,
suppresses NPY mRNA in the ARC, and these effects
are reversed by glucocorticoids (405,406). Thus, con-
ditions associated with changes in eating behavior and
body weight have opposite effects on CRH and NPY.
These studies support the possibility that the effects of
CRH may be mediated, in part, by inhibition of endog-
enous NPY, whereby a reduction in CRH release medi-
ates the stimulatory effect of glucocorticoids onNPY. A
role for leptin in this relationship between CRH and
NPY is suggested by the evidence demonstrating a
negative feedback loop between leptin and glucocorti-
coids (406).

Central CRH blockade also inhibits anorexia evoked
by stress, such as physical restraint, suggesting a direct
relation between endogenous CRH and stress-related
changes in feeding (407,408). The actions of CRH on
metabolism and energy balance, as well as gastric
emptying, may also involve alterations in immune
signals, particularly cytokines (393,409). This is
reflected in the similarity of their effects, in the stim-
ulatory effect of cytokines, such as IL-1, on CRH
release and HPA axis, and in the essential role of
CRH in the hypophagic effect of IL-1 and its impact
on fever, thermogenesis, and ACTH release. The pos-
sibility of bidirectional communication is suggested by
the influence of CRH on immune and inflammatory
responses. Thus, the role of this peptide in energy
balance must be evaluated in a broader context, as an
integrator of the physiological responses to stress in
relation to immunity and infection.

E Enterostatin

Enterostatin (ENT) is the intestinal amino-terminal
pentapeptide that is released from pancreatic procoli-
pase in response to fat intake, with the remaining
colipase serving as an essential cofactor for pancreatic
lipase during the digestion of fat (410). Procolipase gene
transcription and ENT release into the lymph and
circulation are increased by high-fat diets. Also, system-
atically or centrally injected ENT selectively inhibits
voluntary intake of fat as opposed to carbohydrate.
This pentapeptide acts through sites in the brain as well
as the periphery, and peripheral responses to ENT are
dependent on an afferent vagal signaling pathway to the

brain (145,411,412). Systemically administered ENT
activates neurons in the PVN, where injections of this
peptide also reduce food intake, performing a function
that parallels its actions in the gut (413).

An ENT circuit in the brain causes satiety through
both serotonergic and opioid interactions in the brain
(410). It inhibits the opioid system that promotes fat
ingestion (282). Enterostatin antagonizes kappa ago-
nists that stimulate fat intake, and, conversely, a kappa
agonist (U50488) at low doses can interfere with the
suppression of fat intake normally caused by ENT.
Also, both ENT and kappa antagonists suppress an
animal’s choice of fatty food. Thus, York and Lin (413)
propose the existence of a kappa opioid system in the
PVN that controls appetite for fat and that is inhibited
by ENT. They also demonstrate that ENT reduces
the consumption of a fat-rich diet induced by GAL,
whereas it has no effect on NPY-elicited feeding (414).
This is consistent with the evidence showing endoge-
nous GAL to be stimulated by high-fat diet consump-
tion, while NPY expression is reduced (see Sec. III). As
described below, the GAL-ENT-kappa system sup-
ported by this evidencemay control the balance between
DA and ACh in the NAc for the promotion and
inhibition of instrumental responses for fatty food (see
Sec. VI).

A possible role for ENT in obesity is indicated by
evidence that chronically administered ENT reduces fat
intake and body fat accrual (415). This effect may result
from multiple metabolic actions of ENT. These include
a decrease in insulin secretion, activation of the sym-
pathetic nervous system and stimulation of the HPA
axis. Studies show low ENT production or responsive-
ness in rats that are fat preferring and become obese. In
humans, there is some evidence that obesity is associ-
ated with reduced secretion of pancreatic procolipase
(410) or ENT (416) after a test meal.

F Neurotensin

Neurotensin (NT), a 13–amino acid peptide, increases
in the plasma of humans after eating a meal, and the
increase is significantly larger if the meal is hot and
palatable rather than cold and poorly accepted (417).
When NT is injected peripherally in rats, there is no
compelling evidence that it causes satiety by itself (418),
although large doses are reported to inhibit feeding and
grooming behaviors (419). Peripheral NT may act
physiologically in synergy with other satiety peptides
normally released at the same time.

When injected into the PVN-MH region, NT de-
creases food intake, provided the active portion of the
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peptide chain is used (418,420). It also inhibits the
orexigenic effect of MCH, but has no impact on NPY
(421). Neurotensin is expressed and synthesized in the
ARC, PVN and DMN. Its expression in the hypothal-
amus is elevated in rats consuming a high-carbohydrate
diet (422) and is reduced in associationwith the develop-
ment of obesity in ob/ob mice and fa/fa rats (423,424).
There is evidence that NTmay be involved in mediating
the central effect of leptin on feeding. Both NT anti-
serum andNT receptor antagonist completely block the
inhibitory effect of leptin on food intake (425). Further,
leptin injection stimulates NT expression in the hypo-
thalamus (426) and potentiates NT’s satiety-producing
effect (427). In fat-preferring rats, NT concentrations in
the PVN are increased and positively correlated with
elevated levels of leptin (427).

This peptide interacts closely with the monoamines,
which are reviewed in more detail in Section V below.
Neurotensin modulates hypothalamic NE release (428)
and inhibits feeding induced by NE (420). In the
mesolimbic system, NT is colocalized with DA in
neurons that project from the VTA to the NAc.
Neurotensin iontophoresed into the VTA increases
DA cell firing rate. These clues have led to the dem-
onstration that rats self-inject NT into the VTA (429).
Repeated NT injections in the VTA sensitize animals
to the hyperactivity produced by subsequent injec-
tions, due to increased responsiveness of DA neurons
(430). In the posterior, medial NAc where NT is core-
leased with DA, injections of NT are like CCK in
potentiating self-stimulation (431). On the other hand,
NT in parts of the NAc can prevent dopaminergic
effects and, thus, alter motivation. Glucocorticoids
may also affect motivation by acting on peptide ex-
pression in the NAc (432).

G Apolipoproteins

Apolipoprotein A-IV (apo A-IV) is a glycoprotein pro-
duced by the small intestine and released into the blood
in response to a lipid meal (433–436). The increased syn-
thesis of apo A-IV in response to fat absorption, rather
than related to the uptake or reesterification of fatty
acids to triglycerides, is induced by the formation of
chylomicrons. It may also be responsive to a factor from
the ileum, probably peptide tyrosine-tyrosine (PYY).
The evidence that other apolipoproteins in the intestine
are unresponsive to fat consumption indicates a specific
role for apo A-IV in relation to dietary fat. After
systemic or central administration, apo A-IV causes a
significant, dose-dependent suppression of feeding.
Since the secretion of apo A-IV is rapid, this protein

may play a role in the short-term control of food intake,
acting as a circulating satiety signal produced specifi-
cally by a high-fat meal. Apo A-IV may also be
involved in the long-term regulation of food intake
and body weight. Chronic ingestion of a high-fat diet
blunts the intestinal apo A-IV response to lipid feeding,
in conjunction with a rise in leptin. This suggests a
possible mechanism whereby a high-fat diet promotes
obesity. Pharmacological studies show that apo A-IV
synthesis is reduced by leptin administration (436).

De novo synthesis of apo A-IV in the brain is under
investigation (437). Studies support the possibility that
apo A-IV released by the small intestine traverses the
blood brain barrier, enters the cerebrospinal fluid, and is
taken up by astrocytes (436). A recent investigation,
however, has revealed apo A-IV mRNA in the hypo-
thalamus, particularly in the ARC, and has demonstra-
ted an increase in expression after consumption of a
high-fat diet (438). The existence of apo A-IV in the
ARC suggests a possible relationship with neuropep-
tides, such as NPY, in the control of feeding. This
receives support from the finding that NPY injection
stimulates the expression of ap A-IV in the hypothal-
amus (438). This is interesting in light of the evidence
(436) that apo A-IV synthesis and secretion in the
intestine are stimulated by PYY, a member of the
peptide family that includes NPY. This peptide is
believed to mediate the stimulatory effect of a high-fat
diet on apo A-IV and possibly to act centrally by
sending signals through the vagus nerve.

There is evidence that another apolipoprotein, apo
D, may also have a role in body weight regulation.
In contrast to other apolipoproteins, apo D is heavily
expressed in the brain, most abundantly in the hypo-
thalamus, and it exists at low levels in peripheral
tissues (438). To clone genes that regulate food inges-
tion and body fat accrual, a recent study (438) used
both representational difference analysis to identify
genes responsive to dietary fat and the yeast two-
hybrid system to isolate proteins that interact with
the leptin receptor, Ob-Rb. This report demonstrates
that apo D mRNA in the hypothalamus is stimulated
by consumption of a high-fat diet. Moreover, this pro-
tein interacts with the cytoplasmic portion of Ob-Rb
and not with the short-form receptor, Ob-Ra. Anatom-
ical studies show that apo D and Ob-Rb are coex-
pressed in neurons and other cell types in the ARC
and PVN (438). In addition to being stimulated by
dietary fat, hypothalamic apo D mRNA is elevated in
rats and inbred mice that become obese on a high-
fat diet. This phenomenon may occur in response
to changes in leptin and body fat, which are also
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increased and strongly, positively correlated with apo
D mRNA. This positive association with body fat,
however, is lost in obese ob/ob and db/db mice, which
exhibit markedly reduced levels of hypothalamic apo
D mRNA compared to that of wild-type mice. This
suggests a role for apo D in obesity on a high-fat diet.

Although designated an ‘‘apolipoprotein,’’ apo D is
atypical in that it actually belongs to the lipocalin
family of proteins that bind and transport small hydro-
phobic ligands (5,439–441). However, the specific
ligand to which apo D binds has not been unequiv-
ocally identified. Numerous reports suggest that it may
bind to a variety of small molecules (5,442). That apo
D binds with progesterone in breast cyst fluid (443)
and with an axillary odorant in apocrine glands (444)
suggests that the ligand may be specific to the tissue or
cell type where apo D is expressed. In hypothalamic
neurons, apo D may have a specific ligand where it
exerts signaling functions similar to that of other
apolipoproteins (445). This putative ligand may be
produced as a consequence of the leptin stimulation
of Ob-Rb. In fact, previous work has suggested the
existence of a ligand generated following the activation
of Ob-Rb (446). This apo D–specific ligand may be
either a small molecule that functions as a paracrine
signal within particular hypothalamic nuclei or a hor-
mone that enters the circulation, possibly via the pitui-
tary, where both apo D and Ob-Rb are expressed in
moderate levels. Pregnenolone may be one such candi-
date that deserves further investigation as a specific
ligand that binds apo D in the hypothalamus and
participates in body weight regulation. This steroid is
present in the brain and associates with apoDwith high
affinity (447,448). Further, its production is modulated
by leptin (449), and high plasma levels of pregnenolone
are associated with hyperphagia in rats (450) and
obesity in humans (451). Taken together, this evidence
suggests that apo D in the hypothalamus is involved in
the leptin/Ob-Rb signal transduction pathway and that
a deficiency of apo D protein contributes to the devel-
opment of obesity, particularly on a high-fat diet (438).
This proposed function of hypothalamic apo D is
consistent with previous reports that a Taq I apo D
polymorphism is linked to obesity and hyperinsuline-
mia, as well as to non-insulin-dependent diabetes mel-
litus, a condition commonly associated with obesity in
animals and humans (438).

H Glucagon

Glucagon is released from the pancreas during a meal
(452,453). Pharmacological studies indicate that portal

vein administration of glucagon reduces the size of
spontaneous meals, whereas highly specific glucagon
antibodies increase meal size, suggesting a physiological
role in controlling food intake. The mechanism for
glucagon’s satiety action may involve signals within
the liver, as well as the hepatic branch of the abdominal
vagus. Further studies are needed to determine whether
glucagon acts via stimulation of hepatic glucose pro-
duction or fatty acid oxidation. The finding that this
pancreatic peptide interacts synergistically with other
gut-brain peptides, such as CCK, suggests that it may
contribute in a complex manner to the array of periph-
eral signals controlling meal size. There is evidence that
hyperglucagonemia in the tumor-bearing state may be
the most important hormonal alteration causing ano-
rexia and abnormal carbohydrate metabolism, effects
reversed by inhibiting glucagon secretion (88).

I Glucagon-like Peptide 1

The peptide hormone, glucagon-like peptide 1 (GLP-1),
results from posttranslational processing of progluca-
gon in the gastrointestinal tract (454). It is secreted
into the circulation, in a vagal-dependent manner, in
response to the ingestion of meals, primarily fat and
carbohydrates. This peptide, functioning through sev-
eral diverse but complementary physiological systems,
plays an important role in the control of blood glucose
levels (454). It lowers circulating glucose by stimulating
insulin secretion and inhibiting glucagon secretion,
thereby decreasing hepatic glucose production. It also
inhibits gastric emptying and gastric acid secretion.

Whereas circulating GLP-1 may have central effects
through receptors in the area postrema and subforn-
ical organs, recent studies indicate that GLP-1 is also
synthesized in the brain (454–456). Neurons expressing
GLP-1 exist in the brainstem, mainly the solitary tract,
and send projections to different nuclei of the hypo-
thalamus, where its receptors are concentrated. Cen-
tral administration of GLP-1 inhibits feeding, while a
GLP-1 antagonist stimulates feeding, enhances NPY-
elicited feeding, and blocks leptin-induced inhibition
of food intake, suggesting a physiological role (457,
458). A possible site of action is the PVN, where the
peptide’s receptors are concentrated and the immedi-
ate early gene, c-fos, is stimulated by GLP-1 (457,459).
This and other evidence has led to the hypothesis
that GLP-1 is a natural mediator of satiety, possibly
responding to the postmeal rise in circulating glucose
levels. This idea is supported by the finding that the
feeding-suppressive effect of this peptide is strongest
in rats fed a high-carbohydrate diet, which raises
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glucose levels (460). In addition, acute onset of ano-
rexia occurs in animals receiving transplantable gluca-
gonoma tumor lines, which produce highly elevated
levels of proglucagon mRNA and plasma GLP-1 and
glucagon (461).

A possible role for GLP-1 in obesity is suggested by
evidence that chronic administration of GLP-1 reduces
feeding and body weight, and a GLP-1 antagonist
produces the opposite effect (409,456,462). Also, obese
subjects exhibit lower levels of GLP-l in response to a
meal (463). However, the involvement of this peptide
in normal body weight regulation is not substantiated
by genetic studies (454,464). Targeted disruption of
the GLP-1 receptor gene has little effect on feeding
and weight gain in mice, even after several months on
a high-fat diet, despite fasting hyperglycemia and
reduced insulin secretion. Moreover, a combined dis-
ruption of leptin and GLP-1 action produces mice of
comparable body weight to those with leptin defi-
ciency alone. Also, transgenic mice with sustained
elevations in circulating exendin-4, a potent GLP-1
agonist, eat normally.

An alternative possibility is that GLP-1 acts on
neurons involved in the stress response (454,465). Cen-
tral administration of GLP-1 produces conditioned
taste aversion and has aversive side effects. It induces
similar patterns of neuronal c-fos activation to that
caused by lithium chloride, which can be blocked by a
GLP-1 receptor antagonist. Further, deletion of the
GLP-1 receptor gene results in an exaggerated CORT
response to restraint stress. The available evidence
indicates that different central pathways mediate
GLP-1 induced satiety and taste aversion (465). This
peptide is a likely candidate in mediating cancer-
induced anorexia (88).

J Cholecystokinin

As an integrative peptide for satiety, CCK has parallel
functions in the gut and certain brain regions, such as
the PVN-MH (466–471). This peptide also has roles in
the mesolimbic DA system, which provides a challenge
to any simple overall explanation of function (472).

Although CCK-8 is the form of the active peptide
that is typically studied in paracrine and neurotrans-
mitter research, CCK-33 is more effective in the periph-
ery due to its endocrine actions at distant sites including
the liver (473). This peptide can stimulate the release of
OT, which in rats is involved in nausea (474,475).
However, CCK satiety without nausea has also been
demonstrated (461,472,476,477). The overall effect of
CCK at an appropriate dose in humans is to suppress

food intake without nausea (478,479). As further evi-
dence for CCK satiety, CCK antagonists can increase
food intake when given peripherally or locally in
regions, such as the PVN-MH (480).

Functioning as a paracrine hormone, CCK is
released from secretory cells and nerve fibers in the
upper intestine, where it works locally to stimulate
pancreatic secretion and gallbladder contraction. The
peptide also inhibits gastric emptying by constricting
the pyloric sphincter (470). Receptors for CCK in-
volved in feeding suppression exist, for example, in
the pyloric sphincter, the sensory vagus nerve where
they are transported to vagal nerve terminals, and the
PBN and PVN. These sites may all be part of a CCK
pathway involved in the control of feeding. The
sequence of events after a meal to promote satiety
may include the release of peripheral CCK, which acts
on vagal nerve endings in the gut, followed by signals
to the hindbrain and hypothalamus through central
CCK neurons.

To suppress feeding, CCK in the PVN may act by
counteracting the a2-noradrenergic feeding response,
synergizing with 5HT (481,482) or leptin (14,471), and
interacting with E2 during the estrous period (439,483).
There is evidence that CCK’s satiating action increases
during estrus in female rats (484) and is attenuated by
consumption of a high-fat diet (485). The hypothalamic
output under the influence of CCK is presumably biased
to adjust the hindbrain centers to stop feeding reflexes.
The PVN projects back to the vagal motor nucleus,
where there are cells excited byCCK. Thismay involve a
hindbrain DA-CCK interaction (486). The vagal out-
put, in turn, projects back to the gastrointestinal tract.
Technical approaches used to demonstrate this circuit
include CCK suppression of sham eating, sphincter
extirpation, selective vagotomy, CCK receptor binding,
local CCK brain injections, receptor antagonists, c-Fos
immunoreactivity, and electrophysiological recording
(469,470,487–490). Thus, CCK acts in both the body
and the brain, and it sends neural information from one
to the other but does not seem to cross the blood brain
barrier. The primary receptor for CCK satiety is the
CCKA subtype, which has the same sequence and over-
all function in the brain and body (491,492). Mice
lacking the CCKA receptor are hyperphagic, diabetic,
and obese (493). An antagonist of the CCKA receptor
can attenuate satiety without affecting preference con-
ditioning, suggesting separate mechanisms (494).

Cholecystokinin can inhibit the learning of food
incentives (495). Rats perform fewer responses for food
if they have prior experience performing the response
under the influence of CCK injections. Apparently,
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CCK can devalue the incentive properties of food in
hungry animals, and this is manifest later when the
animals work for less of that food. Similarly, CCK is
more effective at suppressing the intake of a flavored
solution if the flavor is linked to a caloric reward,
ethanol (496). Given that a flavor paired with calories
can release DA in the NAc (497), CCK through the
circuitry of Figure 2 may inform the brain of ‘‘nutritive
expectations’’ (496). The hypothalamus may be one
region where CCK can inhibit conditioned mesolimbic
DA release. When injected into the PVN, CCK inhibits
DA release in the NAc. It also synergizes with 5HT to
release accumbens ACh, which apparently contributes
to satiation by counteracting DA (498).

Some of themesolimbicDAneurons containCCKas
a cotransmitter. Thus, CCK is a neurotransmitter in
some DA projection sites, such as the NAc (499). The
NAc has intrinsic CCK neurons as well. There are
studies showing the effects of satiety peptides on dop-
aminergic reinforcement processes, as reflected in hypo-
thalamic self-stimulation (500). Ventricular injection of
CCK-8 decreases self-stimulation as one might predict
for a satiety factor when self-stimulation is related to
appetite. However, the same dose of CCK increases self-
stimulation rate when injected into the posterior, medial
NAc, where CCK is a DA cotransmitter. One may
speculate that CCK potentiates some of the reinforcing
effects of DA when the two are released together in the
NAc. Thus, CCK in the posterior, medial shell of the
NAc is probably involved in locomotion and in some
aspects of the primary or secondary reinforcement of
eating (501).

K Bombesin

Soon after bombesin (BBS) was found in the mamma-
lian gut, the satiety properties of this peptide were
discovered (502). The evidence suggests that BBS-like
peptides fit most of the criteria for an integrative peptide
with parallel functions in the body and brain (503).
Peripheral BBS shortensmeals and lengthens the time to
the next meal, without behavioral or subjective signs of
illness (504). Central injection of BBS into different sites
of the hypothalamus and forebrain also reduces feeding
(505,506). There exist several BBS-like peptides, such as
gastrin-releasing peptide and forms of neuromedin,
which may act within the brain or body (507). Periph-
erally administered BBS can stimulate the release of
gastrin, CCK, insulin, and other gut peptides that
contribute to satiety. When given chronically on an
appropriate schedule, BBS can cause weight loss (508).
Evidence that BBS receptor knockout mice become

obese (509) suggests a role for this peptide in body
weight regulation.

L Neuromedin U

Neuromedin U (NMU) is a neuropeptide that is dis-
tributed throughout the gut and brain (510). Peripheral
activities of NMU include regulation of adrenocor-
tical function and stimulation of smooth muscle. Two
NMU receptors have recently been identified. These
are G-protein-coupled receptors, with NMU1R ex-
pressed predominantly in peripheral tissues and
NMU2R in specific regions of the brain, including the
PVN and the ependymal layer of the third ventricle
(510). Neuromedin U is expressed in the VMH, and
fasting downregulates NMU mRNA. Moreover, intra-
cerebroventricular injection of NMU markedly sup-
presses food intake and body weight in rats (510,511),
while anti-NMU antiserum increases feeding (512).
Central injection of NMU also stimulates activity level,
body temperature, and heat production (511). These
findings suggest that NMU, a potent anorexic peptide,
is a catabolic signaling molecule in the brain, possibly
involving neural mechanisms in the ventromedial region
of the hypothalamus.

M Amylin

Amylin, also known as islet amyloid polypeptide, is a
37–amino acid peptide with extensive sequence overlap
with calcitonin gene-related peptide (513). It is core-
leasedwith insulin frompancreatich-cells in response to
a variety of stimuli. These include meal ingestion and
elevated blood concentrations of glucose, arginine,
and h-hydroxybutyrate.

Amylin has multiple biologic actions related to glu-
cose (513,514). Although it is coreleased with insulin, it
inhibits insulin secretion and counteracts insulin’s met-
abolic actions. In vivo studies indicate that amylin alone
stimulates glycogenolysis, decreases glucose uptake,
enhances blood glucose and lactate levels, and induces
insulin resistance, although these effects generally re-
quire supraphysiological concentrations. In addition to
altering glucose homeostasis, peripheral injections of
amylin reduce food intake in rodents (514). Unlike the
satiety actions of CCK, this effect of amylin is not
altered by abdominal vagotomy, nor is it mediated by a
change in gastric emptying. Precise meal pattern anal-
yses reveal a specific action of amylin on the satiety
processes at the end of a meal, rather than on feeding
rate or on the size and duration of subsequent meals
(515). Amylin and insulin, cosecreted by pancreatic
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h-cells in response to a nutrient stimulus, interact to
reduce food intake and, ultimately, body weight (516).

Amylin, like insulin and leptin, is synthesized periph-
erally and is rapidly and efficiently transported across
the blood brain barrier into discrete brain regions,
including the hypothalamus, where amylin binding sites
are located (517–519). Central injection of amylin sup-
presses feeding behavior (520,521). Moreover, repeated
intracerebroventricular injections of this peptide po-
tently and dose-dependently reduce daily food intake,
weight gain, and body fat accrual (522).Insulin and
amylin combine synergistically to reduce food intake,
leading to the proposal that amylin, like insulin and
leptin, is a circulating adiposity signal to the brain (520).
Systemic administration of amylin causes a rise in
hypothalamic concentrations of 5HT, and it reduces
forebrain DA metabolism (523). Thus, amylin may act
centrally, through these and other neurochemical
changes, in the long-term regulation of food intake
and energy balance. This hypothesis receives further
support from the finding that repeated injections of an
amylin antagonist into the third ventricle increase feed-
ing, adiposity, and circulating insulin levels (522). In
addition, targeted deletion of the amylin gene, resulting
in amylin deficiency, also stimulates weight gain (524).

Amylin function is disturbed in both type I insulin-
dependent and type II insulin-independent diabetic
conditions (513). This peptide is the predominant
component of the amyloid deposits in the pancreatic
islets of type II diabetic patients. These excess peptide
concentrations may contribute to disordered glucose
homeostasis, e.g., glucose intolerance and insulin re-
sistance, suggesting that amylin antagonists may be
potential therapeutic agents in these patients. Type I
diabetes, however, is associated with decreased pro-
duction of amylin and decreased release after a meal.
In this condition of insulin insufficiency, intravenous
infusion of an amylin analog may help to reduce post-
prandial hyperglycemia.

N Calcitonin

Calcitonin belongs to a family of peptides that include
calcitonin gene-related peptide (CGRP), adrenomedul-
lin, and islet amyloid polypeptide. These peptides are
each found to reduce food intake when centrally
injected (521,525–528). The hypothalamus is a main
targe site for calcitonin-induced anorexia, and it con-
tains high concentrations of calcitonin receptors. As
indicated above, CGRP is structurally similar to amy-
lin, and these peptides have similar biological effects,
including feeding suppression. Consumption of a high-

fat meal causes a significant rise in circulating CGRP
levels. In obese women, plasma CGRP concentrations
are found to be elevated (529).

O Prolactin-Releasing Peptide

Until recently, the hypothalamic peptide hormone reg-
ulating the secretion of PRL from the anterior pitui-
tary was unknown. A new peptide, prolactin-releasing
peptide (PrRP), has been identified which is proposed
to perform this function (530). This peptide, however,
is not found in the external layer of the ME, preclud-
ing its role as a classical hypophysiotropic hormone.
Additional studies, however, suggest that this peptide
has other functions related to energy homeostasis. The
expression of PrRP is concentrated in the DMN and
brainstem, with PrRP receptor mRNA highest in the
DMN and PVN (531). A recent study shows that PrRP
and mRNA is reduced in obese Zucker rats (532) and
in situations of negative energy balance, including fast-
ing and lactation (516), when leptin levels are low.
Moreover, central administration of PrRP reduces
food intake and weight gain, producing its strongest
effect after injection into the DMN (516,533). Further,
in vitro studies demonstrate a stimulatory effect of
PrRP on the release of a-MSH and NT, two feeding-
inhibitory peptides (533), suggesting possible mecha-
nisms through which this peptide may act to control
feeding behavior.

P Oxytocin and Vasopressin

An oxytocinergic pathway for the inhibition of feeding
has been suggested (474,534). Pituitary OT in rats
inhibits food intake under conditions other than normal
satiety, e.g., in states of nausea or dehydration. Central
OT injections reduce food intake as well as sodium
appetite (535–537). Also, OT receptor antagonists stim-
ulate feeding (538). Arginine vasopressin replaces OT
for these functions in primates and, like OT, inhibits
feeding in rats (539,540). This feeding-suppressive effect
of AVP is not affected by vagotomy, indicating that its
peripheral mechanisms of action are different from
those of CCK and ENT (541).

Evidence suggests the involvement of other neu-
romodulators in OT’s action. These include 5HT,
which has a stimulatory effect on the release of OT.
d-Fenfluramine increases pituitary OT release via the
PVN and inhibits it via the DMN (542), suggesting a
possible function of OT in the action of this seroto-
nergic anorexic compound. The peptide CRH also
stimulates OT, which may be an additional factor
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underlying its feeding-suppressive effect (543). Con-
versely, brain GAL, which stimulates feeding, plays a
role in inhibiting pituitary OT release (544).

Q Acidic Fibroblast Growth Factor

Acidic fibroblast growth factor (aFGF) is one of several
growth factor peptides that do more than promote
mitosis and tissue repair (545). It facilitates learning
and memory and, in addition, inhibits eating behavior
(546). Proof of a role in satiety comes from an increase
in nighttime eating in rats given aFGF antibodies. This
peptide is found in both the body and brain, where it is
synthesized and released from storage sites in ependy-
mal cells of the gut and ventricular walls. When aFGF is
released into the CSF by a meal, it permeates the
hypothalamic structures and inhibits the same glu-
cose-sensitive cells in the LH that are inhibited by
glucose itself. Evidence suggests that blood glucose
stimulates both insulin release from the pancreas and
aFGF release from the ventricular lining, with both
cooperating in the inhibition of eating via hypothalamic
mechanisms. There is evidence that an aFGF increases
the release of CRHwhich, in turn, activates sympathetic
outflow after feeding (547). This idea is consistent with
the fact that exogenous and endogenous aFGF both
induce reactions similar to the integrated physiological
responses induced by CRH (see above).

R Cyclo(His-Pro)

Cyclo(His-Pro) is a dipeptide derived from TRH. It is
distributed widely throughout the brain and gastro-
intestinal tract (548). This dipeptide at high doses
reduces food intake and causes a reduction in body
weight (548). Levels of cyclo(His-Pro) are increased in
the LH of obese Zucker rats, and these elevated levels
are reduced by dehydroepiandrosterone, which itself
reduces feeding and weight gain (549). Plasma levels
are altered by oral glucose ingestion, and administration
of cyclo(His-Pro) causes higher insulin levels, possibly
by decreasing hepatic insulin clearance (550). There is
evidence (551) that decreased levels of cyclo(His-Pro)
may contribute to the hyperinsulinemia of obesity.

V BIOGENIC AMINES IN THE CONTROL OF

EATING BEHAVIOR AND METABOLISM

The peptide systems in the hypothalamus, reviewed in
Sections III and IV, are modulated by the biogenic
amines. Apparently, the monoamines potentiate or

‘‘prime’’ different systems at different times. For exam-
ple, one major role is to impose a circadian rhythm on
the feeding systems. Biogenic amines may also selec-
tively potentiate subsystems for selection of specific
macronutrients, which vary across the light-dark cycle.
Norepinephrine has another feature of particular inter-
est. This monoamine can modulate opposing systems
depending on which noradrenergic pathway is active
and which receptors are upregulated at the time.
Remarkably, changes in receptor binding and gene
expression can occur in a matter of hours and perhaps
minutes. These and other mechanisms of action are
reviewed below.

A Norepinephrine

There is support for a strong circadian rhythm of
hypothalamic norepinephrine (NE) and its receptors,
suggesting that it plays an important role in the animal’s
overall state of arousal. Measurements of NE release,
receptor activity, and neuronal firing demonstrate a
peak at the onset of the natural feeding cycle
(420,552). The more excited the animal becomes, the
faster noradrenergic neurons fire (553). While this sug-
gests a general role for NE in brain arousal and selective
attention, NE additionally modulates specific types of
motivation, such as food consumption.

Hypothalamic injections of NE can have very spe-
cific behavioral effects (554–556). When injected into
the PVN, it enhances lab chow intake, and when a
choice of macronutrients is allowed, NE causes a
preferential increase in the ingestion of carbohydrate,
compared to fat or protein. This catecholamine indu-
ces feeding via a2-noradrenergic receptors concen-
trated in the PVN. Local injections of antagonists of
a2 receptors reduce feeding. The strongest effect of NE
can be seen at the onset of the natural feeding cycle,
showing that natural rhythms are critical in under-
standing its function. The same is true for peptides,
notably NPY, with which NE coexists.

The arousal effect of NE is consistent with its close
interaction with the adrenal steroid, CORT (42,556).
Blood levels of this glucocorticoid rise just prior to the
active cycle when it has an important role in arousal.
It also activates the NE system in the PVN by potenti-
ating a2-receptor binding and increasing NE-induced
feeding responses. The rise in circulating CORT coin-
cides with a natural rise in extracellular NE in the
PVN at the onset of the active period (552,557), in
association with an increase in appetite for carbohy-
drate (51). Also, CORT fosters a rise in blood glucose as
it potentiates carbohydrate intake (42), which in turn
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has a stimulatory effect on a2-receptor-binding sites in
the PVN (558).

As a consequence of this relationship with CORT
and perhaps other feeding-stimulatory neurochemicals,
NE injections in the MH region have effects that are
similar to those produced by lesions in this region,
including increased food intake, parasympathetic activ-
ity, and body weight gain. Therefore, it appears that
NE inhibits, and MH lesions destroy, various satiety
signals (559) and sympathetic functions (560). The
dorsal noradrenergic bundle may be a source of the
NE that acts via a2-receptor sites to inhibit satiety and
increase eating (559).

There are several studies suggesting that NE stimu-
lation of hypothalamic a2 receptors contributes to the
development of obesity. Norepinephrine increases body
weight in rats after repeated injections into the PVN,
which cause hyperphagia for carbohydrate (561).More-
over, in a recent study (562), chronic NE infusion in the
VMH produces a full set of changes characteristic of
obese, insulin-resistant animal models. Norepinephrine
increases feeding and body fat accrual, causes marked
endocrine changes, including hyperinsulinemia, hyper-
leptinemia, and hypertriglyceridemia, and affects me-
tabolism, producing increases in white adipocyte
activities, whole body fat oxidation, and glucose intol-
erance. In obesity-prone Sprague-Dawley rats, a variety
of disturbances in the hypothalamic noradrenergic sys-
tem are evident, supporting its role in obesity (563,564).
Obesity-prone subjects have higher levels of circulating
NE, reflecting a decline in NE turnover and low sym-
pathetic nervous activity, an increase in glucose-stimu-
lated NE, and an altered ratio of a2/a1 noradrenergic
receptors in the hypothalamus (565). In an animal
model of the Dutch famine during World War II, male
rats born of mothers deprived of food early in preg-
nancy grew up to be overweight and have increased
NE in the PVN (566). Distubances in the hypothalamic
noradrenergic system are also detected in genetically
obese ob/ob or fa/fa rodents. Compared to their
wild-type controls, they have higher levels of medial
hypothalamic NE, reduced NE turnover, increased a2-
receptor binding, and greater responsiveness to the
feeding-stimulatory effect of NE or the a2-agonist,
clonidine (567–571). Increased VMH noradrenergic
activities are also associated with other glucose-intol-
erant conditions that accompany seasonal, genetic or
experimentally induced obesity (562).

In contrast toNE’s feeding-stimulatory action on a2-
noradrenergic receptors, the a1-receptor subtype in the
PVNmediates feeding suppression (555,572). Injections
of a1 agonists reduce food consumption, while specific

a1-receptor antagonists stimulate feeding. A notable
example of a drug that acts on these receptors is phenyl-
propanolamine. It is effective in the short term in
reducing body weight (573) and inhibiting feeding by
acting on a1 receptors in the PVN (574). The density of
both a1 and a2 receptors can vary with body weight
(565), which provides support for their role in weight
regulation. Radiolabeled anorexic drugs can be used to
mark sites in the brain where they bind (575). AMPH
and mazindol bind particularly well in the PVN and
VMH. This binding is reduced by food deprivation in
association with a decline in blood glucose.The phe-
nomenon is similar to a glucose-dependent decline
reported for a2-receptor binding in the PVN (78). Based
on this, it was hypothesized that anorexic drug binding
inhibits a2 receptors, thereby reducing carbohydrate
intake (575). AMPH is also effective in the LH via other
monoamine receptors, as discussed below.

Whereas the focus of these studies has been on NE’s
action ona1- anda2-noradrenergic receptors in theMH,
there is evidence that the LH responds differently. In the
PFLH, NE or epinephrine suppresses feeding behavior
via h-adrenergic receptors (576,577). Destruction of a
subset of noradrenergic and adrenergic neurons, which
project in part to the hypothalamus, causes hyperphagia
and body weight gain (573,578). This selective lesion of
the ventral noradrenergic bundle also disinhibits LH
self-stimulation and reduces AMPH-induced anorexia
(579). Thus, adrenergic inputs can have different effects
on feeding depending on the site of innervation and the
receptors that predominate. As a general rule, a2 recep-
tors foster feeding, while a1- and h-adrenergic receptors
reduce feeding. This pattern of control in the brain may
have its counterpart in the periphery, where the net
lipolytic effect of catecholamines is dependent on a
similar functional balance between a2- andh-adrenergic
receptors in fat cells (580). Whereas genetically obese
rodents show greater responsiveness to the feeding-
suppressive effects of a h3-agonist, they exhibit reduced
activity of the h2-adrenergic receptors that decrease
feeding (571).

B Serotonin

As with NE, circadian changes in the firing rate of
serotonergic neurons suggest that they also play an
important role in the animal’s overall state of arousal
and feeding pattern. An animal’s level of excitement
rises as 5HT neurons fire faster (553). Serotonergic
activation is most evident at the onset of the natural
feeding cycle. Central injection studies show that 5HT,
specifically at this time, suppresses food intake, prefer-
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entially carbohydrate intake, by an action on MH
nuclei, including the PVN and VMH (581,582). There
is evidence that serotonergic drug treatment can also
reduce intake of dietary fat (583). Microdialysis studies
show a significant increase in extracellular 5HT release
during the meal (584), as well as before the meal in
response to the sight and smell of food (584,585). Addi-
tional 5HT is released as the animal consumes the food,
but it declines over the next 30 min to baseline levels.
This time course is consistent with an anticipatory and
short postingestive satiety effect for 5HT, rather than a
long-lasting action.

Evidence strongly suggests that 5HT potentiates
systems that respond to postingestive signals. Micro-
dialysis in the PVN/VMH region demonstrates that a
carbohydrate meal is particularly effective in releasing
5HT, whereas a protein or fat meal has the opposite
effect (586). Serotonin and DA release are related to
satiety in normal rats and Zucker rats (587–589). A
conditioned aversive taste releases hypothalamic 5HT
as part of a life-saving reaction to poisonous food (584).
Hypothalamic 5HT also increases in response to
peripheral tryptophan, d-fenfluramine, fluoxetine, and
a low-dose AMPH challenge after lithium treatment.
The results indicate roles for 5HT in pharmacotherapy
for appetite, depression, and bipolar disorder (590–
592). Disturbances in the serotonergic system in rela-
tion to overeating and obesity are indicated by the
finding that obese rodents have decreased hypothala-
mic levels of the 5HT metabolite, 5-hydroxy-3-indole
acetic acid and they exhibit decreased responsiveness to
5HT administration (567–570,593,594).

Biogenic amines often have effects that depend on
other local neurochemical signals. Hypothalamic 5HT
may act in synergy with other peptides that produce
satiety (595), acting when postingestive signals are
present to release cofactors, such as CCK, in the hypo-
thalamus. This peptide may come from serotonergic
neurons as a cotransmitter and have longer-lasting ef-
fects on feeding than the monoamine alone. CCK may
also be released in the hypothalamus in response to
vagal inputs that are relayed from the stomach to the
hypothalamus (578). The proposal that 5HT and CCK
work together is further supported by the finding that
5HT receptor blockers antagonize CCK’s anorexic ef-
fect (439,472), and conversely, a CCK antagonist blocks
5HT’s effect (596). Serotonin and CCK injected to-
gether into the PVN have a superadditive effect in
the NAc by releasing ACh that inhibits eating
behavior (498).

The compound d-fenfluramine is an anorexic drug
that is a 5HT reuptake blocker at low doses and a

releaser of 5HT at higher doses (597–599). Consistent
with results obtained with 5HT, the feeding-suppressive
effect of d-fenfluramine is attenuated by various 5HT
receptor antagonists (600). Thus, the actions of d-
fenfluramine, or its active metabolite nor-fenfluramine,
may involve specific 5HT receptors that provide some
degree of behavioral specificity. d-Fenfluramine addi-
tionally increases background metabolism by enhanc-
ing utilization of the body’s fuels (601). This increased
metabolism contributes to weight loss. Owing to the
toxicity of d,l-fenfluramine in combination with phen-
termine (602), attention has shifted to sibutramine. This
NE and 5HT reuptake blocker fosters the sympathetic
state, while attenuating NPY production and affecting
the melanocortin system (603).

Serotonin may act, in part, via an inhibitory action
on the a2-noradrenergic system of the MH (447,555).
Serotonin and d-fenfluramine reduce the hyperphagic
actions of NE in the PVN. This may explain why sero-
toneric drugs are used to treat carbohydrate craving
and related obesity (448). The interaction between NE
and 5HT may also be a mechanism through which
these drugs inhibit a component of the self-stimulation
system related to feeding reinforcement (449), thereby
contributing to their appetite-reducing properties (450).
However, in hamsters, long-term excess of NE and
5HT in the VMH leads to hyperinsulinimia and insulin
resistance (604).

It is clear that there are other sites, besides the MH
and LH regions, where 5HT acts in the control of
feeding behavior and metabolism. For example, diets
with an amino acid imbalance cause primary anorexia
and conditioned taste aversion. This effect, which is
blocked by 5HT antagonists, is mediated in part
through actions in the piriform cortex (451). Serotonin
also contributes to postingestive onset of satiety
through brainstem structures (605), as well as through
its potent actions in the periphery (606). In a genetic
model of obesity, 5HT2Cmutant mice overeat and gain
weight in adulthood (97) and display reduced sensitivity
to d-fenfluramine (607). Confirmation by pharmacolog-
ical studies (608) has focused attention on this 5HT
receptor subtype as a therapeutic target. However, there
is abundant evidence that attacking multiple DA, NE
and 5HT targets affords a better strategy for suppres-
sion of the appetite for food and drugs, if a safe
combination can be found.

C Dopamine

Dopamine and AMPH-related compounds have long
been known to suppress feeding through their action in
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the hypothalamus. However, the full story of DA’s
actions in the brain is only beginning to unfold.
Dopamine has effects in the LH and MH. It also
has powerful actions related to feeding behavior in
other brain regions, notably the NAc where it is a
behavior reinforcer and generates incentive motivation
(Fig. 2).

1 Dopamine in the Hypothalamus

Hypothalamic DA contributes to AMPH-induced ano-
rexia (609–611). This is of renewed interest due to the
recent upsurge in the use of phentermine, which is a
dopaminergic and noradrenergic drug (612). A variety
of DA-related effects may occur in the hypothalamus,
depending on the site of intervention and experimen-
tal technique used. Hypothalamic DA is released, in
part, from an incertohypothalamic cell group, also
MH neurons intimately involved in the control of
pituitary functions (613), and from one or more DA
cell groups (A8, A9, A10) with branches that ascend
from the midbrain. Injections of DA in the LH sup-
press food intake, an action blocked specifically by
DA receptor antagonists (609,610). Anorexic doses of
AMPH injected in the LH increase extracellular DA,
although NE and 5HT are also increased (614). All
three monoamines may suppress feeding and mediate
the actions of AMPH under different conditions (559,
577,584,611,615).

As further evidence of a DA satiety function in the
LH, some compounds that block DA receptors stim-
ulate eating behavior. This was demonstrated with the
nonspecific receptor antagonist chlorpromazine and
with the specific D2 receptor antagonist sulpiride
(559,616). Chronic peripheral injections of sulpiride
cause hyperphagia and obesity in rats, analogous to
the effect sometimes seen in schizophrenic patients
undergoing antipsychotic treatment with D2 antago-
nists (610,616). This effect may be due, in part, to
dopaminergic control of pituitary functions, such as
E2 release (617), or to disinhibition of a behavior re-
inforcement system that leads to overeating. Sulpiride
in the LH has locomotor and reward effects. Remark-
ably, rats will even self-inject sulpiride into their own
LH (616). This suggests that DA agonists can act at
hypothalamic D2 receptors to inhibit instrumental
responses, including responses involved in the rein-
forcement of eating.

In studies using microdialysis, the release of DA in
the MH is positively correlated with eating behavior
(618). It is proposed that taste and smell may enhance
the release of hypothalamic DA at the start of a meal, to

organize autonomic reflexes for receiving food (619).
Diabetic rats that are hyperphagic also exhibit enhanced
DA turnover in the VMH (620). Thus, DA release may
influence eating as well as satiety, depending on which
DA system is activated and the state of their multiple
receptor subtypes.

Recording studies in monkeys find taste-responsive
cells in the hypothalamus that are sensitive to DA (621).
Some of these cells are tuned to features of the animal’s
external environment. Other cells that are glucose sen-
sitive are for monitoring the internal state (621). Cells in
the hypothalamus, some of which are responsive to DA,
influence feeding via an output that connects to the
mesolimbic DA system. The mesolimbic system passes
through the hypothalamus on its way to the NAc (Fig.
2). As a clear demonstration of this, a DA antagonist,
sulpiride, injected in the LH causes the release of DA in
the NAc (622).

2 Dopamine as a Behavior Reinforcer in the
Mesolimbic System

Neurons projecting from the VTA to the NAc can
reinforce behavior and are involved in generating the
incentive to eat (622–626). This seems to be based on a
dual role in instrumental and classical conditioning.
Dopamine is released in the NAc by behavior, such as
self-stimulation, psychostimulant self-administration,
and eating (275,627–630). Self-stimulation or stimula-
tion-induced feeding in the LH releases DA in the
NAc, with or without food present (631). When food-
deprived rats eat a meal, DA release in the NAc may be
especially salient because the DA baseline level is low
(382,386,632). In addition, DA can be released in the
NAc by classically conditioned stimuli, as discussed
below. As a meal continues, DA release diminishes,
suggesting that it plays a larger role in initiating the
meal and responding to food novelty than in maintain-
ing a meal (264,633).

An increase in extracellular DA in the NAc can be a
positive reinforcer. This is shown in rats with NAc
cannulas for self-injection of AMPH or DA directly
into that region (634,635). When rats self-administer
cocaine intravenously, they respond in a manner that
raises extracellular DAwhenever it falls to a trigger level
(636). Neurochemicals are reinforcers if they stimulate
DA cells in the VTA, the prime examples being opiates,
nicotine, and NT (637–640). This means that the mes-
olimbic DA system activates a reinforcement process
(by definition, a reinforcer increases instrumental
responding). Therefore, DA is probably a reinforcer
when it is released by self-stimulation, drugs, or natural
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behavior such as eating, mating, aggression, and asso-
ciated stimuli. It appears from a teleological point of
view that animals perform voluntary behavior in order
to get the effects of DA release in the NAc and perhaps
in other forebrain sites such as the PFC (641). Record-
ing from VTA cells in the awake monkey suggests that
neural activity signals a salient change in the environ-
ment (642). The debate as to whether DA creates a
simple error signal, a reward (pleasure and liking), or an
incentive (motivation and wanting) seems to hinge on
which component of the ascending DA system is being
addressed. Evidence is accumulating to indicate that
DA in the NAc shell region generates ‘‘wanting,’’ or
what in the feeding field is usually referred to as appetite
(625,643).

Dopamine in the NAc is also involved in reinforc-
ing behavior to escape an aversive stimulus. Extra-
cellular DA increases during MH stimulation escape
behavior, but not during the same stimulation when
it is inescapable (622). Thus, DA may be a negative
reinforcer for active escape, as well as a positive
reinforcer for active approach in feeding situations.
Its role in these reinforcement processes could be in-
centive motivation.

3 Taste Reactions and Dopamine

Dopamine antagonists administered systemically or
directly into the NAc block locomotion, instrumental
behavior, and sucrose intake (241). Results with the
DA antagonist raclopride are particularly interesting.
An animal drinking sucrose, with a fistula so it never
gets full, acts as if the sucrose has been diluted when
treated with this DA blocker. The avidity for sweet
taste diminishes when raclopride is given systemically
or locally into the NAc (644). Reinforcement may
involve both D1 and D2 receptors. The literature is
not clear on this, due to the discovery of new receptor
subtypes, the nonspecificity of some pharmaceutical
agents, multiple facets of reinforcement, and multiple
actions in many brain regions such as the hypothal-
amus and NAc (645).

A definitive role for mesolimbic DA has been
demonstrated by neural recordings from DA cells in
the VTA of awake monkeys. Some of the neurons
that project to the NAc increase their firing rate
during eating (646). As the monkey gains practice at
the feeding task, neural activity precedes food pre-
sentation, coinciding with discriminative stimuli that
are a sign of forthcoming food. Thus, with experi-
ence, DA release becomes allied with conditioned
stimuli and perhaps with secondary reinforcers. This

suggests that mesolimbic DA in primates is involved
in learning what, where, and when to eat, more than
in the act of eating. Dopamine is an anticipatory
signal that reflects novelty, and it may be one factor
that makes satiety ‘‘sensory specific.’’ A new taste can
reinitiate eating with the help of renewed DA release
(647). The taste and anticipation may release DA in
the NAc shell and core differentially (648).

4 Body Weight and Dopamine

Microdialysis shows that basal extracellular DA may
be as low as half normal in rats at 80% of free-feeding
body weight (382,386). Given the demonstration that
rats respond for cocaine when accumbens DA de-
creases to a certain level (636), it is quite possible that
animals also respond for food when DA reaches a low
level. Drug self-administration, self-stimulation, and
eating are all potentiated by food deprivation
(273,649,650), and they all can increase extracellular
DA in the NAc. It is therefore likely that animals or
people with diminished amounts of DA, for any
reason, may have a tendency to take foods or drugs
that restore synaptic DA.

Although DA depletion in the nigrostriatal path-
way causes aphasia and weight loss (651), rats can still
eat when DA is depleted in the NAc. For example, 6-
hydroxydopamine was used to deplete accumbens DA
to 16% of normal, but the rats could still swallow a
normal amount of sucrose when delivered directly into
the mouth (486). Dopamine-depleted animals eat nor-
mally when the food is easy to get, but they opt not to
perform difficult tasks (652). Rats that bar-press
for cocaine and food pellets in alternation stop re-
sponding for the dopaminergic drug when DA is
depleted, but they still bar-press for food (653). Appa-
rently, accumbens DA serves partly as a priming signal
that activates the systems needed for difficult tasks, for
learning or switching behavior (654,655). For simple
tasks, other areas such as the striatum, hypothalamus,
midbrain, and brainstem may be sufficient. A decere-
brate rat, with no forebrain at all, can still swallow
food put in its mouth and reject it when full. Thus, the
caudal brainstem participates strongly in neural con-
trol of feeding (656).

5 Classical Conditioning of Neurotransmitter
Release

Dopamine that is released by a conditioned stimulus,
such as a taste, a special place or even an advertisement,
may prime instrumental behavior leading to more DA
release. When DA is low, as during food restriction, a

Behavioral Neuroscience and Obesity 335



conditioned stimulus is needed to release the initial DA
and help start the behavior. Dopamine release in the
NAc can be conditioned with food flavors. A flavor
associated with intragastric feeding becomes a preferred
flavor (657) that releases DA in the NAc (585). Con-
versely, a flavor that reminds the animal of lithium-
induced nausea causes extracellular DA to decrease
(658). Thus conditioned DA release in the NAc may
play an important role in the animal’s decision to
approach or avoid food.

There are several components to behavior reinforce-
ment. These include the facets people think of as
motivation, drive, wanting, incentive, or willingness to
work. In addition, they include the hedonic aspect
involved in liking and pleasure and other related con-
cepts, such as satisfaction. Researchers are currently
engaged in the fascinating enterprise of dissecting out
the roles of DA, as well as opioid peptides and other
neurotransmitters, in these different aspects of the total
reinforcement process (623,624,641,659–661).

D Histamine

Histamine, which is synthesized from histidine, is well
known for its role in regulating body temperature
and stimulating drinking (662,663). Neuronal hista-
mine, in addition, is involved in the regulation of
feeding, mastication, and circadian rhythms (662,664–
667). Peripheral histidine injections which increase
brain histamine levels cause a concomitant decrease
in food intake. Peripheral or ventricular administra-
tion of drugs which block histamine receptors en-
hance feeding. In the hypothalamus, food-deprived
rats show increased levels of endogenous histamine,
and obese rats exhibit reduced levels (668,669). Phar-
macological activation of hypothalamic histamine
suppresses feeding through the H1 receptor subtype.
Sites of action include the PVN and VMH, areas
richest in histamine and H1 receptors. Iontophoretic
application of H1 antagonists suppress neuronal ac-
tivity in these areas.

Sakata et al. (670,671) propose a role for hypothala-
mic histamine in the homeostatic control of energy
stores. Fasting and 2-deoxy-D-glucose, as well as insu-
lin-induced hypoglycemia, all stimulate the turnover of
histamine. The essential stimulant is a reduction in glu-
cose utilization and a consequent histamine-dependent
decrease in brain glycogen to maintain brain glucose
availability. A further role for histamine may be re-
flected in the impact of high ambient temperatures,
which elevate hypothalamic histamine and suppress
food intake (669). Histamine injected into the preoptic

area reduces body temperature (672). This process of
histaminergic thermoregulation raises the possibility
that this biogenic amine is also involved in the changes
in ingestive behavior and body temperature induced by
EL-1h, which is released in response to infection, injury
and inflammation (669). Ventricular injection of the
cytokine suppresses food intake and induces thermo-
genesis (673,674). These responses, which are accom-
panied by a rise in histamine turnover, are attenuated by
depletion of neuronal histamine in the hypothalamus
(675). Histamine may mediate the anorexic action of
some peptides, such as amylin (676). The finding that
Zucker fatty rats have lower hypothalamic levels of this
biogenic amine and are unresponsive to the feeding-
stimulatory actions of histamine receptor antagonists
(668,677) provides support for a role of central hista-
mine in obesity.

VI ACETYLCHOLINE AND AMINO ACIDS

IN FEEDING-RELATED CIRCUITS

It has long been known that nicotine in cigarettes
suppresses appetite, and smoking cessation leads to
increased body weight. Thus, acetylcholine, acting on
nicotinic receptors, is particularly relevant to the dis-
cussion of obesity. Amino acids are very important in
several contexts, including neurotransmission that con-
trols meal size in the hypothalamus. In addition to their
direct actions, new evidence suggests that the brain can
detect amino acid imbalance in the diet and, thereby,
affect food choice.

A Acetylcholine

Acetylcholine (ACh) has several roles at nicotinic as
well as muscarinic receptors in the circuits that control
eating. In the LH, the muscarinic agonist carbachol
potentiates eating and drinking (395,678–680), and
cholinergic drugs influence locomotion related to eating
(681). Hypothalamic stimulation that supports self-
stimulation or stimulation-bound eating causes the
release of ACh in the VTA (682). Figure 2 shows this
circuit by which cholinergic cells of the midbrain proj-
ect onto DA cell bodies of the VTA. When injected
into the VTA, antisense to the M5 muscarinic receptor
blocks LH self-stimulation, and atropine also sup-
presses self-stimulation and feeding (682,683). Nicotine
in the VTA, as well as the NAc, stimulates the release of
DA in the NAc (639,640,684,685), showing that the
VTA has nicotinic as well as muscarinic receptors.
Thus, cigarettes have a double dopaminergic action,

Leibowitz and Hoebel336



by activating the mesolimbic DA projection at both its
origin and terminals.

Acetylcholine interneurons in the NAc may contrib-
ute to the inhibition of eating behavior. Most, if not all,
of the ACh in the NAc comes from interneurons that
play a special role in gating motivated behavior output.
As a working hypothesis, it is suggested that these ACh
interneurons act as gates that control instrumental
behavior for reinforcers such as food (686). Just as stri-
atal DA/ACh balance is a factor in Parkinson’s disease
and Huntington’s chorea, accumbens DA/ACh balance
may be a factor in disorders of motivated behavior,
such as anorexia and binge eating. Measurements of
ACh during a meal show that the highest levels coincide
with the slowing of eating (686). Neostigmine infused
into the NAc to elevate endogenous ACh can stop an
ongoing meal. This suggests that accumbens ACh is
involved in a ‘‘no-go’’ command that counters the DA
‘‘go’’ signal.

A conditioned taste aversion releases ACh in the
NAc when the taste stops the animal from ingesting a
flavor associated with nausea. Thus, the conditioned
stimulus raises extracellular ACh at the same time as it
lowers the release of DA (687). This may contribute to
inhibition of behavior output such as eating. The DA/
ACh imbalance, with low DA and high ACh release, is
very different from what occurs with a normal satiating
meal that can raise first extracellular DA and then ACh
at the same time (686). A nicotinic antagonist injected in
the NAc can block the conditioned taste aversion
caused by a cholinergic agonist (688). This supports
the hypothesis that ACh in the posterior, medial NAc,
through nicotinic receptors, can contribute to stopping
eating behavior.

ACh in the major projection system to the neocortex
and hippocampus is probably involved in all kinds of
cognitive behaviors, including memory formation and
retrieval, foraging, and social factors in eating (689,
690). Four ACh system components have been de-
scribed above, in the hypothalamus, midbrain, accum-
bens, and cortex. The hypothalamic and midbrain
components may have similar cells of origin, whereas
the others are totally separate systems. This is one
reason that systemic cholinergic drugs have not yet
found a use in treating eating disorders, other than
nicotine, which is addictive.

B Amino Acids

The metabolism of energy in the brain is coupled to the
formation of several amino acids, including glutamate
and GABA, which serve neurotransmitter roles. This

may confer on them a special role in brain mechanisms
for eating and body weight regulation. Obese Zucker
rats have disturbances in brain GABA that may con-
tribute to their overeating (691). They are refractory to
the anorexic effects of the GABA-transaminase inhib-
itor EOS, which elevates GABA levels in the brain.
Moreover, transgenic mice that ubiquitously overex-
press GABA transporter subtype I exhibit heritable
obesity, which features increased body weight and fat
deposition (692).

The role of GABA in feeding varies in different brain
areas. The PVN is the most sensitive site to the feeding-
stimulatory effects induced by injections of GABA
agonists and the feeding-inhibitory effect of a GABA
antagonist (693–695). In the VMH, mixed results with
injections of GABA agonists have been obtained (693–
696). GABA is released during hypoglycemia (697).
There may be a metabolically distinct GABA-ergic sys-
tem that exerts inhibitory control over feeding (696).
This is based on the finding that levels of endogenous
GABAare high in theVMHduring the light phasewhen
natural feeding is low (698). Other conditions associated
with decreased feeding also cause enhanced levels of
VMH GABA (699). The release of GABA in the LH
correlates with the end of a meal and may have a very
different function than in the PVN (700).

As indicated in Figure 2, complex sensory inputs to
the NAc arrive on glutamate pathways from the PFC,
amygdala, and hippocampus. Output signals leave the
NAc on GABA pathways of the extrapyramidal motor
system to the VTA, GP, and LH. Glutamate projec-
tions to the NAc shell stimulate feeding that can be
blocked by GABA antagonists in the LH (701,702).
There are also glutamate inputs directly to the LH that
stimulate feeding (703–705), and these may be inhibited
by GABA agonists (702). Microdialysis coupled to
capillary electrophoresis was used to measure gluta-
mate and GABA simultaneously in the LH every 30
sec during a meal. Glutamate peaked near the start of
the meal and then decreased, while GABA peaked at
meal’s end. This strongly supports the hypothesis that
glutamate helps start the meal, and GABA participates
in satiation (700). In the NTS, glutamate has been
implicated in the suppression of feeding by CCK and
by glucose-induced satiety (706). A benzodiazepine-
GABA system is involved in responses to palatable
tastes (707).

Further evidence demonstrates that the anterior piri-
form cortex can detect and respond to indispensable
amino acid imbalance. One of the responses to threo-
nine injection in the piriform cortex of threonine-
depleted rats is an increase in neural activity in the
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LH. Under natural conditions, this may initiate life-
saving ingestive behavior (7).

VII BRAIN AND BEHAVIOR:

REINFORCEMENT SYSTEMS

AND OVEREATING

Motivation to eat is a major factor in the development
and maintenance of obesity. Neural mechanisms have
evolved to anticipate the animal’s energy needs and to
avoid past mistakes. The brain learns and remembers a
myriad of responses for finding, storing, and rationing
food supplies. The animal is both consciously and
unconsciously aware of fuel sources within its ecological
niche and its own body. It uses innate reflexes plus
classical and instrumental conditioning to get food, to
know how hard to work for it, and to know how much
to eat. Responses that engage the environment are
particularly clever when they involve motivation and
learning of complex and arbitrary motor sequences that
must be chained together from the animal’s repertoire of
simpler responses. To survey the chemical neuroanat-
omy of classical and instrumental conditioning of feed-
ing behavior in a few pages is to leave out most of the
available information. Nonetheless, some basic princi-
ples can be drawn from the above discussion during a
brief tour of the feeding reinforcement circuit, as we
now know it (578,641,708).

An overview of Figure 2 indicates that sensory
signals from vision, audition, somesthesis, and the
chemosenses are entered separately or as multimodal
signals into the inputs of two major circuits or loops.
One loop from PFC to NAc (the vertical oval) uses
sensory information to generate motor output patterns.
Thus, the NAc is often referred to as a sensorimotor
interface (709). The other loop from the LH to the NAc
(the horizontal oval) reinforces output from the sensor-
imotor interface.

A Sensory Inputs

Chemosensory inputs for taste, olfaction, metabolism,
and fuel storage are fed into the NTS, PBN (710,711),
hypothalamus, and amygdala (239). Glucoreceptors
are widespread in a network throughout much of the
brain (712,713). The prime example of chemosensory
processing is the taste signal that has been traced from
the tongue to NTS, where some of it combines with
hepatic vagal inputs representing glucose and amino
acids in the liver (714). This signal travels on to the PBN
and thalamus (directly to the hypothalamus in rodents)

and, then, taste sensory cortex, where more cells
respond to stimuli on the tongue. Electrophysiological
studies in monkeys follow this trace from the classic
taste cortex to the orbital PFC, where cells respond to
tastes as a function of appetite and satiety. As a monkey
eats a flavorful food and gradually becomes satiated, the
PFC cells gradually stop responding to the flavor. This
effect is specific for the flavor of a particular food (6).
The animal, like the cells in its PFC, no longer responds
to one food when satiated, but it still responds to
another. This neurological phenomenon corresponds
to sensory-specific satiety.

B Behavior Generator System

As shown in Figure 2, complex sensory information that
enters the NAc on glutamate neurons is gated by ACh
neurons and leaves the NAc on the GABA neurons of
the motor systems. The PFC is involved in making
choices, including choices of foods. It projects strongly
via glutamate neurons to the NAc and other parts of the
striatum. The NAc has various rostral-caudal and shell-
core inputs and outputs with functionally distinct neu-
ronal ensembles (715,716). Acetylcholine interneurons
in the NAc may act as gates that stop instrumental
motor output (686,687). These gating neurons are
modulated by DA and other transmitters, including
5HT (717) and certain opioids (53) as well as other
peptides. Excitatory influences on the GABA output
neurons cause downstream excitation of the instrumen-
tal motor output. The output from the NAc goes, in
part, to the ventral GP, then to the thalamus, and out to
motor systems (718,719). The information also loops
back from the thalamus to the PFC (75,720), as shown
in Figure 2.

C Behavior Reinforcement and Inhibition Systems

The hypothalamus is part of a system that evaluates the
sensory outcomes of behavior and, then, reinforces
behavior. These functions are important for maintain-
ing a normal body weight. As indicated in the lower
center of Figure 2, cells sensitive to insulin and leptin in
the ARC influence feeding-related cells in the PVN.
Figure 2 further suggests that the PFLH feeding rein-
forcement path descends (260,627,721) and connects to
the VTA, PBN, and NTS. Recording studies show that
PFLH stimulation, which is capable of inducing eating
and brain stimulation reward, has effects on NTS cells
that mimic the effects of palatable tastes on the tongue
(722). The descending components of these systemsmay
connect to the ascending ACh path that stimulates the
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VTA cells of the mesolimbic DA system, as discussed
above (682,723). The VTA projects to forebrain limbic
structures, including the NAc, ventral globus pallidus,
amygdala, hippocampus, and PFC, which have inputs
back to the LH (702,724). Overall, these projections can
be viewed as a behavior reinforcement circuit that
increases the rate or force of ongoing behavior and
recruits responses to associated signals for incentive
motivation (623). Both positive and negative reinforce-
ment of behavior can release DA, as shown by the
increased extracellular DA in the NAc during LH self-
stimulation or stimulation escape (725,726). This is a
major portion of the system for reinforcing eating
behavior and for appetitive and aversive motivation.
Thus, it is very likely to play important roles in eating
disorders (8,727).

In the NAc, DA helps to reinforce behavior in a
variety of ways (623,728,729). The time course of DA
release in the NAc fails to fit a simple notion of a feeding
reward.Microdialysis experiments have found bothDA
release and decrease while the animal is still eating but
often DA remains elevated for up to an hour after the
meal is over (631,730). The synaptic overflow of DA
into the extracellular space revealed by microdialysis is
functional DA. It can have synaptic actions on dopa-
minergic receptors and at uptake sites some distance
from the release site in the manner of ‘‘volume trans-
mission’’ (731). Sometimes DA is released in anticipa-
tion of eating, as reflected in a conditioned rise in
extracellular DA before a meal (497,732). This agrees
with recording studies in monkeys, showing that
‘‘naı̈ve’’ DA cells in the VTA fire during eating but later
‘‘learn’’ to fire during the presentation of discriminative
stimuli that signal forthcoming food (646). Therefore, as
described in the section above, these cells can releaseDA
in response to conditioned discriminative stimuli that
predict food.

D Hypothalamic Control of Reinforcement

It has been known for 30 years that the hypothalamus
influences complex responces for food, but only now is
the mechanism becoming clear. The above discussion
depicts a pathway from the LH to the NAc by which
the hypothalamus influences operant eating responses.
As evidence for this idea, GAL injections into the PVN
cause a significant increase in DA release in the NAc
(733). This occurs in the absence of food and only in
animals that, in a separate test with food present,
exhibit a GAL induced-feeding response. Thus, it is
feeding behavior that is likely to be reinforced by the
DA-activated circuit in the NAc. Eating or associated

stimuli can release more DA, which further reinforces
the behavior. This positive feedback may contribute to
bingeing on the kinds of foods, rich in fat and carbohy-
drate, which are enhanced by GAL (69). As mentioned
in the earlier dopamine section of this review, hypo-
thalamic injection of GAL not only releases DA that
may accelerate eating; it also decreases extracellular
ACh in the NAc. This is thought to disinhibit eating
(733). Conversely, CCK and 5HT injected in the PVN
cause satiation and, in separate tests, inhibit accumbens
DA while synergizing to release ACh (498).

Hypothalamic injection of the D2 antagonist sulpi-
ride is another way to induce eating (734). When
injected in the LH, sulpiride causes the release of DA
in the NAc in the absence of food, much like GAL. In
this case, we have direct evidence of the reinforcing
effect, as rats self-inject sulpiride into their own hypo-
thalamus (616). Perhaps any hypothalamic manipula-
tion that releases accumbens DA, without also releasing
accumbens ACh, can motivate the animal to repeat its
behavior. This may contribute to hyperphagia when
there is no natural satiety factor sufficient to stop it.

In the course of eating ameal, a rise in ACh release in
the NAc very likely contributes to the stopping or
switching behaviors (735). When hypothalamic stimu-
lation is aversive, one finds that stimulation releases
ACh in the NAc. If the rats are allowed to work to
escape the stimulation, they succeed in lowering the
ACh (725). Apparently, ACh not only inhibits feeding,
but, if ACh is excessive relative to DA, this creates an
aversive state. This condition is seen under natural
conditions when experiencing a conditioned taste aver-
sion or drug withdrawal (285,687,736). It also occurs
during withdrawal from sugar in the animal model of
sugar addiction described below.

E Models of Food Addiction

The neural systems for reinforcing eating are the same
as those involved in addiction (8,625,737–739). This
suggests that certain foods might be addictive under
appropriate conditions. There are remarkable overlaps
between the effects of palatable foods and addictive
drugs. Food deprivation potentiates consumption of
food and self-administration of drugs (740,741). Hypo-
thalamic self-stimulation that is sensitive to hunger and
appetite also responds to drugs of abuse (3,740,742). In
a model in which young rats undergo periods of de-
privation-induced weight loss and refeeding (743), there
is a proclivity to drug self-administration (744). Ani-
mals will even substitute a sweet flavor for an addictive
drug that is in short supply (745,746). There are also
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‘‘gateway effects’’ such as motivation for sugar that is
engendered by sensitization to AMPH (747). Some
animals are born with a proclivity to drink sweet fluids
and take drugs of abuse (748,749). Dopamine release in
the NAc is clearly one of the underlying substrates that
is common to the reinforcement of food and drug
intake (750). Opioid receptor activation is another.
Sweet flavors can suppress pain (751) and potentiate
morphine-induced analgesia (427). Likewise, morphine
can potentiate ingestion of sweet foods, and naloxone
blocks it (239). Naloxone can also precipitate with-
drawal with somatic symptoms, such as teeth chattering
and shakes, in rats fed a cafeteria diet or a sugar-
enhanced diet (422,752,753).

This suggested that some foods might have addictive
properties under certain conditions. It has been
hypothesized that long-lasting changes occur in the
brains of rats on a cycle of fasting and refeeding. These
may be similar to the changes caused by intermittent
intake of drugs of abuse. To test this hypothesis, rats
were deprived for half of each day and given highly
palatable glucose to drink with chow a few hours after
they would normally have started eating. With this
paradigm, they gradually double their daily sugar
intake and develop a binge pattern of glucose ingestion.
This excessive sugar intake results in increased D1

receptor and mu receptor binding in the NAc shell
(422). Moreover, opioid receptor blockade with nalox-
one causes withdrawal symptoms, including teeth chat-
tering, anxiety, and disruption of DA and ACh
balance. During withdrawal, extracellular DA is low
and ACh is high, similar to withdrawal from morphine.
These animals also show signs of craving, such as
reinstatement of excessive sugar intake after 3 months
of sugar abstinence (unpublished). Given this evidence
for three stages of addiction, namely, sensitization with
receptor changes, withdrawal with neurochemical
imbalance, and craving in terms of memorized motiva-
tion, one can conclude that animals may become
addicted to highly palatable food, as hypothesized ear-
lier (8,752).

This may apply to some cases of binge-eating disor-
der or bulimia in humans (754–759). Sugar-dependent
rats and obese people both show decreased D2 receptor
binding in the striatum (422,760). Binge eaters also have
decreased 5HT transporter binding (761). Opioid antag-
onists have been tested in humans with obesity, binge-
eating disorder, or bulimia, with limited success in
certain cases (762–767). The therapeutic paradox in
using opioid antagonists lies in blocking the motivation
to abuse palatable food, without precipitating with-
drawal symptoms that promote relapse.

VIII SYMPATHETIC AND

PARASYMPATHETIC NERVOUS

SYSTEMS

The sympathetic nervous system is defined as primarily
an energy output system that is activated in times of
stress (‘‘fight and flight’’). The parasympathetic system,
in contrast, is considered on the input side of the
equation (‘‘rest and digest’’). It is not a simple matter
to classify feeding, which involves both energy output to
find food and energy input during ingestion. The proper
distinctions may come with full understanding of these
systems, which have many components that can be
activated separately or all together. For example, the
sympathetic system has a subdivision for the body
extremities and another for the visceral region that, in
turn, is further subdivided (768). The subcomponents
can be activated by the appropriate spinal sympathetic
afferents, and the larger units can be activated by
adrenal catecholamine hormones, epinephrine, and
DA. For the sake of clarity, this discussion focuses
primarily on the sympathetic system; although as a
general rule the parasympathetic system plays an
equally important and opposite role.

A Three Components of Sympathetic Output

Sympathetic energy output on a given food ration can
be divided into the thermic effect of food (body heat
production), physical exercise, and metabolic rate, all
of which affect body weight. A person or animal that is
eating normally but gaining weight might have low
levels of any of these three outputs. The thermic effect
of food refers to the amount of heat produced (thermo-
genesis) above and beyond the basal metabolic rate
(769). This changes with the animal’s weight and is
closely related to body fat. When a normal animal or
person gains weight by overeating and depositing fat,
the thermic effect of a meal increases. This allows the
subject to adapt to the extra fat by squandering heat
and curtailing further weight gain. Prostaglandin-E1 is
partially responsible for activating the sympathetic
system and causing thermogenesis via the VMH
(770). During the dynamic phase of overeating after
VMH lesions, the thermic effect of food remains low,
while the animals gains weight rapidly. This low heat
production may signal an impaired sympathetic state
that occurs in cases of impending obesity (771). High
body temperature not only gets rid of unneeded calo-
ries; it also inhibits food intake via a histaminergic
system in the hypothalamus (772). A hot rat usually
eats less (773), and histamine and its receptors may play
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a role in producing this response, providing a pharma-
cological avenue to control appetite.

Second, physical activity accounts for a large amount
of energy expenditure. Low physical activity is a major
factor in obesity (774). Hyperactivity contributes to
weight loss, whereas a sedentary life can lead to obesity.
Food-restricted rats conserve energy by becoming less
active andmore reactive (775).With the availability of a
running wheel, underweight rats may display hyper-
activity that exacerbates their weight loss (776). When
food is restricted to achieve f80% of normal body
weight, rats exhibit marked changes in the brain, such as
a decline in basal levels of DA in the NAc (382,386),
leading them to engage in behaviors that release DA.
Low basal DA is also observed in theNAc of genetically
obese Zucker rats (777). Both the underweight rat with-
out the opportunity to run and the obese rat are
hypoactive compared to normal rats.

The third factor on the output side is basal metabolic
rate. With a computerized metabolism cage that cor-
rects for temperature and activity, a decline in back-
ground metabolism can be detected just before a meal
(601). Blood glucose also falls before a meal, and as the
body’s metabolism changes and glucose levels start to
rise, the animal initiates the meal (778). Under con-
trolled conditions, the nadir in blood glucose level is so
reliable as a predictor of a meal that one must assume
the brain can respond to glucose dynamics or, more
likely, to the chemical factors that reverse the decline in
glucose. This is a revival of Mayer’s glucostatic theory
(779). However, the liver plays a powerful role in
responding to fat, as well as glucose, and it creates
‘‘metabolic sensations’’ via vagal signals that are trans-
formed into brain perceptions (780). Ghrelin, a newly
discovered peptide from the stomach wall, varies in the
bloodstream in accordance with meals; it predicts meals
accurately and is closely associated with insulin and
glucose metabolism (303,305,781). Measurements of
the immediate early gene product, c-fos, as an indica-
tion of cellular activity, confirm that the hypothalamus
is one of several brain areas that change their activity
in response to decreased utilization of either glucose or
fat (782). In an attempt encompass both glucostasis
and lipostasis, it is proposed that fuels for the brain are
monitored in the hypothalamus as a microcosmic re-
presentation of the whole body (601). The LH may
sense its own intermediary metabolism, and this may
be related to the DMN, which is an important locus of
the CRH output pathway that is part of the sympa-
thetic system (75,783). It is clear that the hypothalamus
exerts control over the various components of the
multifaceted sympathetic nervous system.

B High Symphatetic (Low Parasympathetic) Tone

High sympathetic tone in the brown adipose tissue
system is associated with loss of the urge to eat. In the
MH, electrical stimulation can increase sympathetic
neural output to brown adipose tissue and stimulate
glucose uptake in skeletal muscles (784). Stimulation
tends to be aversive, and it inhibits or interrupts eat-
ing. Lesions in the LH have some of the same effects as
stimulation of the MH. Depending on the exact size
and location, LH can cause various aspects of the well-
known syndrome of aphagia, sensory neglect, and
motor impairment (440,785) and can disinhibit sym-
pathetic signs, such as peripheral NE release. Leptin
from the adipose tissue has similar effects to MH
stimulation or some excitotoxic LH lesions. This hor-
mone heightens some facets of satiation and stimulates
the component of the sympathetic system that projects
to brown adipose tissue. It does this, in part, by
indirectly exciting and disinhibiting the CRH and/or
TRH satiety output, as shown in Figure 1. It also tends
to indirectly inhibit a feeding system. It is interesting
that regulation of leptin release may itself be a function
of the sympathetic system, as well as of the amount of
adipose fat (38). The hypothalamic peptide compo-
nents of this sympathetic satiation system include a
variety of satiety-producing peptides, namely, CRH,
CART, CCK, BBS, ENT, and a-MSH (768). Bomb-
esin, for example, acts via the CRH system to promote
activation of the HPA axis to cause a rise in plasma
ACTH, CORT, epinephrine, and glucose (786). Also,
sympathetic activity and satiation are potentiated by
5HT, acting at 5HT1B/2C receptors, and by NE,
acting at h2- and h3-adrenergic receptors. These influ-
ences cause lipolysis and provide fuel while augment-
ing sympathetic tone (787).

C Low Sympathetic Tone

Lesions of the MH region or PVN do the opposite of
MH stimulation and leptin. The MH lesions cause
overeating and an elevated plateau for body weight
maintenance (561,788), with low sympathetic activity
occurring during the dynamic weight gain phase.
Ventromedial hypothalamic damage may also destroy
neurons necessary for inhibition of peripheral insulin
secretion (789). This leads to hyperinsulinemia that
is proportional to the elevated level of body weight
(790). Thus, these lesions unsettle the autonomic
nervous system by creating an animal with low sym-
pathetic tone, which is accompanied by an increase
in parasympathetic tone (443). A similar state of
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parasympathetic dominance occurs in the obese state,
as shown in animals that are genetically obese (791)
and in obese men (792). They deposit excess fat with or
without overeating, although they generally do overeat,
and this hyperphagia further exacerbates their obesity.
Spontaneous food intake is usually inversely correlated
with the sympathetic activity that is measured in terms
neural activation of brown adipose tissue (560). Para-
doxically, low sympathetic tone can be found in both
underweight and overweight animals. One possible
explanation is that the ‘‘overweight’’ animals may
actually be ‘‘underweight’’ in relation to their weight
plateau. This is the familiar description of VMH-
lesioned animals, which in their dynamic phase are
overeaters and gain weight but are actually underweight
relative to their own eventual weight level (788). Thus,
low sympathetic activity in brown adipose tissue and
related systems reflects not only high food intake but
also the tendency or ‘‘potential’’ to eat (771). Perhaps
any animal that is under its preferred weight level for a
given diet can have a large feeding potential coupled
with low sympathetic activity. This may include food-
deprived animals, VMH-lesioned animals in the
dynamic phase, genetically obese animals, or dietary
obese animals that are denied their palatable diet.

Some of these effects can be seen with electrical
stimulation of the PFLH region. Self-stimulation of this
site can promote eating to the extent of causing obesity
(793). Stimulation also causes parasympathetic func-
tions in peripheral tissues, as evidenced by increased
cholinergic tone (442–444,784). The LH stimulation site
most relevant to this discussion is in the PFLH, where
orexin and MCH cell bodies are located. Orexin neu-
rons extend, in part, to medullary sympathetic outputs
and may play a role in the control of cardiovascular
sympathetic responses (225,794). However, this pressor
response system is different than the brown adipose
thermogenesis system, even though both are part of
the sympathetic nervous system. Thus, the complex
orexin systemmay be involved in both parasympathetic
feeding processes as well as sympathetic arousal via the
spinal cord. There is evidence that CCK, bombesin and
leptin can inhibit the self-stimulation reward system
(795,796). This may occur through the connection to
the orexin/DYN system shown in Figures 1 and 2.

IX CONCLUSION

As evident from the new references in this review, the
study of ingestive behavior and obesity from the neuro-
science perspective is a burgeoning field. There aremany

exciting discoveries, including the revelation of peptides
for eating and satiation that were hitherto unknown.
Two examples serve to illustrate the panoply of inter-
actions that are described above. The first ‘‘feeding
peptide’’ discovered was NPY. This peptide not only
induces a strong appetite; it causes vital metabolic
adjustments. A variety of endocrine signals feed back
to regulate NPY and its receptors. For example, leptin
and insulin control the production of NPY, and CORT
controls NPY receptors. Now, NPY is known to be
colocalized with AGRP, which acts as an endogenous
antagonist to block a CART/a-MSH satiety system and
induce increased food intake over a period of several
days. This long-lasting effect, which may occur through
some yet-to-be-discovered change in gene expression,
involves the newly discovered orexin pathway, which
induces feedingwith its axons that travel from the LH to
both the hindbrain and frontal cortex. Orexin is colo-
calized with the opioid peptide DYN. Therefore, this
orexin-DYN path may be a major component of the
classic LH feeding systems that subserve appetite and
reinforcement, as displayed in stimulation-induced eat-
ing and self-stimulation.

The behavior reinforcement pathway is a circuit that
includes both the hindbrain centers for the taste and
visceral integration, and the forebrain centers for cog-
nitive integration. For example, in the NAc, DA poten-
tiates eating, and ACh potentiates satiation. Release of
these neurotransmitters is part of a learning process that
allows the animal to plan ahead to acquire nutritious
food, coded as palatable, and avoid poisonous items
coded as unpalatable. The output is motivation to eat,
conditioned cephalic reflexes for eating, and adjust-
ments of the autonomic nervous system for energy
homeostasis. The most palatable and, therefore, pre-
ferred foods cause the release of opioids that prolong a
meal and may even create signs of dependency.

The remarkable aspect of all that is reviewed above is
the wealth of information about neural mechanisms
that extend all the way from the gut and liver that send
signals to the hindbrain and then to the motivational
centers for feeding in the accumbens and the cognitive
processes in the frontal cortex. The hypothalamus
serves as ‘‘base of operations’’ that receives much of
this neural information, plus its own hormonal signals
and energy-rich molecules, and coordinates an output
that sustains the energy needs for life. A major mis-
calculation at any step can lead to starvation or obesity.
The unfolding beauty and intricacy of the neural and
hormonal systems is a thing of awe. However, its
application in modern times is impossible without par-
allel appreciation of the enormous impact of the envi-
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ronment, food availability, and food taste. The neural-
hormonal system of energy homeostasis evolved in an
environment of scarcity. It needs sociopolitical help in
coping with problems created by refugee migrations on
the one hand, and advertised superabundance on the
other. An understanding of the neuroscience of inges-
tive behavior and obesity must bring with it a sensible
food distribution and education system. Otherwise, it
will just be science for the sake of treatment, without all
the benefits that could accrue from prevention of star-
vation and overeating.
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Experimental Studies on the Control of Food Intake

Henry S. Koopmans

University of Calgary, Calgary, Alberta, Canada

I INTRODUCTION: INTERNAL SIGNALS

CONTROL FOOD INTAKE

The amount of food eaten is an essential component of
the control of body weight. Food provides the chem-
ical energy required for metabolism and for the storage
of nutrients for later use. If the amount of ingested
food is inadequate for the body’s needs, the animal will
burn its endogenous stores of fat and protein and will
lose weight. If food is eaten in excess of needs, some of
that food will be stored in fat, muscle, and liver for
later use. Thus, the proper control of food intake is
essential for maintaining a healthy body composition
and avoiding obesity.

There is little doubt that daily food intake is con-
trolled by internal signals. If rats are force-fed for a
period of time until they become obese, they will reduce
their food intake, when allowed to do so, and will bring
their body weight back down to normal levels (1).
Conversely, when the rat’s food intake is restricted for
a period of time so that they lose weight and become
thin, they will increase their food intake, when they are
allowed to do so, and will again bring their body weight
up to normal levels. Although several studies clearly
show that there are internal mechanisms that will adjust
daily food intake following changes in body weight,
they do not show how the task is accomplished. During
force-feeding and partial starvation there are changes in
the degree of stimulation of the gastrointestinal tract, in
the internal metabolic pathways of the liver and other

organs, in the nutrients present in the blood and trans-
ferred to tissue, and in the storage of nutrient in muscle
and fat. When force-feeding or starvation stop, any or
all of these organs could be responsible for generating
an internal signal that brings cumulative food intake
and body weight back to normal levels.

Since food intake is a behavior, it must be mediated
by the brain. Although many regions of the brain are
involved in the control of daily intake, several important
studies have shown that two major regions, the para-
ventricular or ventromedial hypothalamus and the lat-
eral hypothalamus, are critically involved in the control
of daily food intake and body weight (2). If lesions are
made in the ventromedial hypothalamus or in the para-
ventricular nucleus, an animal will begin to eat soon
after coming out of the anesthesia, will gorge itself for
several hours, and will continue overeating for weeks or
months until a new level of body weight has been
achieved. Thereafter, food intake is stabilized and the
new level of body weight will be defended (3). As with
normal rats, if these lesioned, obese rats are overfed and
forced to reach a new level of body weight, they will
voluntarily reduce their daily food intake and bring
body weight back to the previous obese levels (see
Fig. 1). If they are starved, they will subsequently
increase their food intake until they again reach their
previous level of obesity. These obese rats are no longer
as accurate in their control of food intake: they become
finicky, that is, they respond to improved food quality
by overeating and to food adulteration by undereating.
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Thus, they are more likely to change their food intake
and body weight in response to changes in the quality of
their diet than are normal rats. They are also less willing
to work for food: if they are required to press a lever
several times to get access to food, they will eat less and
lose some of their body weight.

Lesions to the lateral hypothalamus cause animals to
eat less and lose weight. If the lesions are large, the rats
have to be nursed back to health by feeding or intubing
liquid diets (4). If the lesions are relatively small, the rats
reduce their food intake for a period of time until they
have arrived at a lower bodyweight, and then they eat to

maintain that weight. Lesions that limit or inhibit food
intake are difficult to interpret since the absence of a
behavior can have several causes. The lesion may have
damaged a regulatory center and reset body weight at a
new lower level. Alternately, the lesion may have
destroyed the motor capabilities that underlie feeding
or a sensory quality that makes feeding attractive. The
possibility that a motor or sensory deficit may result
from a lesion can be explored by depriving the rat of
food and lowering its body weight before the lesion is
performed (5) (see Fig. 2). Rats that are starved before
the lesion increase their food intake after the brain

Figure 1 Body weight and food intake of rats given ventromedical hypothalamic lesions, allowed to reach a new level of body
weight, and then force-fed or starved. After being force-fed or starved, the rats alter their food intake and bring their body weight
back to their new obese level. (From Ref. 3.)

Figure 2 Body weight of rats that were free-fed or starved before being given two different sizes of lesions in the lateral
hypothalamus. The rats reach a level of body weight related to the size of the lesion and the starved rats increase their food intake
after lesion. (From Ref. 5.)
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surgery showing that the lesion did not affect their
ability to eat or the attractiveness of food. These
deprived rats actually ate more than normal after the
surgery and stabilized their body weight at the same
lower level as nondeprived rats with the same-size
lesion. These studies demonstrate that the lesion acts
by changing the set point for body weight. The
combination of the results from VMH and LH lesions
show that there are two major regions of the brain
that respond to internal signals in a way that controls
daily food intake. In fact, the internal circuitry regu-
lating food intake is quite complex (6,7). Again, it is
important to remember that the relationship of these
brain regions to peripheral signals generated in the
gut, through metabolism or in storage organs, has not
been clarified by these lesion studies. The overfeeding
or underfeeding of the rats has affected all of the
body’s organs and all of the processes involved in
digesting, absorbing, transporting, metabolizing, and
storing food. It has also altered a large number of
endogenous signals.

Internal regulation of food intake is also demon-
strated in nature (8). Rodents that hibernate gain
weight during the summer and autumn and then
gradually lose weight during the winter as their body
temperature drops to just above freezing. Bears also
gain weight in the autumn and then retire to their dens
where they lower body temperature by a few degrees
and slowly lose weight. Some birds gain weight twice a
year before their biannual migrations and arrive at
their destinations with little body fat. Deer and wal-
ruses gain weight before mating season and then make
little effort to eat and lose weight throughout their
courtship period. Some birds and mammals reduce
their intake during periods when they are incubating
eggs or looking after young. Thus, the signals that
control daily intake and the deposition of fat are
under internal control and vary with external condi-
tions. However, none of these natural experiments
demonstrate which internal changes involved in caus-
ing the readily observed changes in food intake and
body weight. These internal signals have been shown
to be regulatory because birds incubating eggs eat very
little of the food fat that is made readily available, and
they continue to lose weight until the season is at an
end (9). After forced starvation, they will eat more
to put themselves back on a standard, predetermined
pattern of weight loss.

Other types of external challenges have been shown
to cause large changes in daily food intake to limit
loss of body weight. When there is a large need for
calories, daily food intake can be doubled. Lactating

mammalsmore than double their food intake to provide
milk for their young (10). Rats exposed to the cold show
large increases in food intake to provide the heat needed
to maintain body temperature (11,12).

Internal regulation of food intake can also be
demonstrated in pairs of parabiotic rats in which a
30-cm segment of one rat’s upper small intestine is
disconnected from its own digestive tract and sewn
into the intestine of its partner (see Fig. 3). This
surgery requires three transections of the small intes-
tines in two rats, but none of the major nerves or
blood vessels are cut. As a result of this surgery, one
rat in the pair continually loses some of its ingested
food into the crossed intestinal segment and into the
bloodstream of its partner. The partner, on the other
hand, has its own digestive tract shortened by con-
necting its upper duodenum end-to-end to its lower
jejunum. All of the food eaten by the partner is re-
tained in its own gut and is absorbed into its own
bloodstream. One consequence of this surgery is that
the rat that loses food into its partner’s small intestine

Figure 3 Diagram of a one-way crossed-intestines rat. The
stippled gut belongs to the rat on the left. The right rat is

continually losing food into the intestine and bloodstream
of its partner. No major nerves or blood vessels are cut.
(From Ref. 11.)
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and bloodstream exhibits a large 50% increase in daily
food intake, while its partner reduces its daily food
intake by about the same amount (13) (see Fig. 4). The
pair as a whole continues to eat the same total quan-
tity of food and to gain weight at the same rate as
controls. The threefold difference in daily food intake
between the two rats in a crossed-intestines pair is
sustained for the rest of these animals’ lives. This study
clearly shows that daily food intake is internally re-
gulated. The rats show large and sustained changes in
daily food intake due to relatively minor surgery. The
surgery involves only three transections and reconnec-
tions of the small intestines, which in themselves would
not cause a sustained change in food intake (14). The
altered feeding results from the rerouting of food
through the gut, the altered stimulation of the rats’
internal organs, and the change in the amount of
ingested food that has been absorbed into each ani-
mal’s bloodstream.

II TYPES OF INTERNAL SIGNALS

The most convenient way to describe the possible
internal signals that are involved in the control of food
intake is to trace the route that the food moves through
the body from the moment when it is first touches the
tongue until it is excreted as waste by the kidney or

rectum, or is reduced through metabolism to water and
carbon dioxide, or is stored in tissues for later use.
When an animal becomes hungry, it begins to search
for food and often uses strategies that minimize its cost
in obtaining the food (15–16). Once food is encoun-
tered, it is explored through smell and taste. Once
identified, the sensory qualities of the food can be
compared to previous experiences, and an estimate
can be made of its satiating properties (17). If the food
is found to be acceptable, it is ingested and comes into
contact with the mucosa of the tongue, where it stim-
ulates taste receptors. At the same time, volatile sub-
stances in the food excite odor receptors in the nose.
When the food is swallowed, it passes from the mouth
through the throat and esophagus into the stomach,
and can stimulate various stretch and chemoreceptors
in these organs. These neural messages may provide
part of a short-term signal for the control of intake
during a meal. Some of the food in the stomach passes
rapidly as a small bolus into the upper small intestine
(18). The presence of food in the intestine inhibits and
controls stomach emptying (18–19). Within a few
minutes after the beginning of a meal, glucose derived
from laboratory chow is absorbed from the gut and is
present in the bloodstream (20) (see Fig. 5). This leads
to a shift in the release of gut hormones and, once the
critically important pancreatic hormone insulin has
been released (21), to the transport of some of the

Figure 4 Daily food intake of one-way crossed-intestines rats. The surgery was done on day 9. The rat on the right in Figure 3

that lost food or chyme into the partner’s crossed intestinal segment showed a large increase in daily food intake while its partner
reduced its daily intake. These large changes in daily food intake are sustained for the rest of the animals’ lives.
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absorbed nutrient into tissues. Since most of these
changes occur within the first few minutes after feeding
and since animals usually require 5–30 min to complete
a meal, a large number of internal changes provide
possible short-term satiety signals. Our major task is to
determine which of these signals are needed to cause
the termination of a meal. After a meal ends, the
ingested nutrients are transferred slowly from the gut
to the bloodstream and then to the tissues, where they
enter various metabolic pathways and provide energy
for the cells. Changes in the rate of nutrient transfer
may provide signals that terminate one meal or initiate
another, and may control the subsequent meal pat-
terns throughout the day. Excess nutrients are stored
mainly in liver, muscle, and fat, and these tissues
may provide possible long-term signals that control
daily food intake and energy balance.

In short, there are three main types of internal
signals that may be involved in the control of food
intake. Signals will arise quickly from the gastrointes-
tinal tract due to the stimulation of the mucosa with
food and the absorption of nutrients across the gastro-
intestinal wall. These signals could be involved in the
termination of a single meal. Both short-term and
medium-term signals can arise from the presence of
absorbed nutrients in the bloodstream and their depo-

sition into tissues where they can be used for metabo-
lism or for storage of excess food. Long-term signals
that are involved in controlling food intake over several
days are more likely to arise from shifts in metabolism
and from the storage organs. The relative importance
of all of these types of signals for the control of meal
and daily food intake is still in considerable dispute.
There are a wide range of theories about food intake
regulation with some supporting evidence for each
possibility, but there are few definitive explanations
of the underlying control mechanisms.

III SIGNALS ARISING IN THE

GASTROINTESTINAL TRACT—

TASTE AND SMELL

The nose and mouth are the first organs to come into
contact with food. The neural messages generated by
the smell and taste of food are sent to the olfactory bulb
or to the brainstem and are relayed up to higher centers
of the brain. Taste and smell are usually thought to
provide chemical messages for the decision about
whether and how much to ingest, but they can become
rewards in themselves and lead to overeating and
obesity. While stimuli from the gut and from other
internal organs are certainly involved in the control of
feeding behavior, there is definitely a cognitive compo-
nent. Animals need to decide when and where to feed
and to remember their past encounters with food. The
particular flavors and textures can then be used to guide
feeding behavior. Collier and his collaborators have
been the major contributors to laboratory studies that
examine the decisions that are made about the cost
requirements of finding food and ingesting it. They
have shown that increasing the cost of obtaining food
by increasing the number of lever presses needed to gain
access to a food source leads to a decision to reduce the
number of meals each day (22) (see Fig. 6). While meal
number goes down, the size of the average meal
increases so that total daily food intake is held fairly
constant (22,23). If the tasks become very complex or
require too much effort, the animal may choose to eat
somewhat less than its normal daily portion and,
thereby, trade off the amount of effort in obtaining
food against its level of body weight. Daily food intake
may decrease to 80–90% of its previous level. Collier
has argued that there is too much emphasis upon a
depletion-repletion model of the control of food intake
(24). He notes that changes in external requirements
cause large changes in meal patterns, but not in daily
intake. He questions whether there are fixed internal

Figure 5 Changes in plasma glucose and free fatty acid
levels occur within minutes of the initiation of a laboratory

chow meal in 24-hr-food-deprived rats. These changes begin
well before the meal has come to an end. (From Ref. 20.)
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signals controlling meal intake and believes that the
choice of meal size has a large cognitive component.
The counterargument is that a hungry animal with free
access to food will eat much more food when the food is
removed at the same time from the esophagus, stom-
ach, or intestine (13,25). Some internal signals from
the gastrointestinal tract or elsewhere in the body must
be involved in terminating a meal. Thus, the amount
eaten may depend on cognitive estimates of the food’s
calorie value and availability as well as on tentative
satiety signals generated in the gastrointestinal tract or
beyond. The cognitive component would be influenced
or conditioned by subsequent information generated by
the metabolism and storage of absorbed nutrients. The
cognitive component would have to be controlled by
some unconditioned stimulus which, in the case of food
intake, is probably the same signal that controls the
amount of food eaten.

IV ESOPHAGEAL AND GASTRIC FISTULI

Once a decision has been made to swallow food, it
passes down through the throat and esophagus to the
stomach. The early physiologists, Bernard and Pavlov,

did experiments using an esophageal fistula that
allowed food that was eaten to pass out of the body
before it could reach the stomach. They were trying to
determine whether internal signals led to the termina-
tion of feeding behavior. They discovered that dogs and
horses with esophageal fistuli greatly overate (26).
These experiments have been replicated on other types
of animals in more recent times and have been given
clearer definition. Hull et al. (27) did an experiment on a
single dog and showed that on the first and second sham
feeding session, the dog greatly overate. Their 10-kg
dog ate nearly its body weight in food before pausing
for 5 min. This group also showed that the dog was
gradually able to realize that it was losing the ingested
food (sham-feeding) during the experimental test and,
by the eighth day, the dog refused to eat in the exper-
imental cage. However, when returned to its home cage
and offered food, the dog sham-fed, showing that there
was a cognitive component the dog’s previous cessation
of sham-feeding behavior. This result of excessive feed-
ing after an esophageal fistula was confirmed by Jano-
witz and Grossman, who found that dogs sham fed four
to five times their normal intake (28).

The sham-feeding paradigm has also been demon-
strated in rats. Mook created an esophageal fistula in

Figure 6 Number of daily meals taken by each of three rats (1, 2, 3) when they are free-feeding (FF) or when they have to press
one (CRF) or more times to gain access to food. As the lever-pressing requirement increases, the rats take fewer but larger meals.

They maintain their normal level of daily food intake until they reach the highest levels of bar pressing, when they reduce daily
intake a little. (From Ref. 22.)
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rats and fed them glucose, sucrose, and saline solu-
tions (29). He found that when the nutrients were
prevented from reaching the stomach, intake was
greatly increased in a 1-hr test. In addition, the rats
showed a preference for higher concentrations of the
ingested solution. After doing a gastric fistula in rats,
Smith et al. (30) found that the rats continued feeding
for more than 2 hr. A rat with an open gastric fistula
will eat at a normal rate for 15–20 min and, thereafter,
will continue to feed over the next 100 min at a rate
that is about half its previous rate (see Fig. 7). The fact
that the well-trained rat continues to feed suggests that
distension or chemical cues arising in the stomach, in
the small intestine, or beyond are important for the
inhibition of intake during a single meal. The decrease
in the rate of food intake after 20 min shows that
mucosal stimulation inhibits the rat’s avid desire for
food or that the animal tires of the motor movements
involved in feeding.

There are advantages and disadvantages to the use of
either esophageal or gastric fistuli. With an esophageal
fistula, the esophagus is transected, usually in the neck,
and both ends of the esophagus are externalized, or,
alternatively, the end leading to the stomach is closed
and a gastric tube is inserted. Thus, the food eaten by the
animal as well as its salivary secretions pass entirely out
of the animal and do not reach the stomach or intestine.
Sufficient food and water can be given to the animal by

putting the food into the externalized lower esophagus
or through the gastric tube. The major advantage of the
esophageal fistula is that one can be certain that only the
mucosa of the mouth, throat, and upper esophagus is
stimulated by food: none of the food can stimulate the
wall of the stomach or pass into the intestine and be
digested and absorbed.

The main drawbacks of the esophageal fistula prepa-
ration is that the feeding procedure is often quite messy,
the animal must be fed by tube, and the fluid and
electrolyte content of the saliva must be appropriately
replaced. If replacement is inadequate, then subsequent
intake may be affected by deficits that the animal cannot
correct for itself. The gastric fistula does not suffer from
these difficulties because most of the time the fistula is
closed and food moves through the digestive tract in its
normal fashion. Only at the time of the experiment is the
fistula opened, the stomach flushed, and the experiment
begun. If the animal is fed a liquid diet, most of the food
will drain out of the gastric cannula, preventing the
distension of the stomach and the associated neural or
hormonal signals. However, two studies have shown
that some of the nutrient ingested is emptied through the
pylorus into the intestine and is absorbed into the
bloodstream (31,32). Thus, the weakness of the gastric
fistula is that the stomach and the rest of the gut will
receive some stimulation of the mucosa by food which
makes the results more difficult to interpret. Of course,

Figure 7 Food intake of rats that have a gastric fistula that is either open or closed. When the fistula is closed, a 17-hr-deprived
rat will complete its meal in 15 min and then take a few small meals in the next 2 hr. When the fistula is open and the food drains
out of the body, the rat will continue to feed throughout the 2-hr period. (From Ref. 30.)
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the bulk of the food has been lost through the fistula,
and the intensity of downstream signals is greatly
reduced. The use of both the esophageal and the gastric
fistula leads to considerable overfeeding, called sham-
feeding. The sham-feeding animal receives taste stimuli
but little or no postingestive stimuli. Sham feeding will
continue well beyond the usual time when feeding ceases
in an intact animal.

All of the experiments agree that signals arising from
stimulation of the mucosal lining of the mouth, throat
and esophagus by food are not enough to stop feeding
behavior. Some additional signals must arise at the level
of the stomach or the small intestine to inhibit intake
during a single meal. These results are entirely consis-
tent with the results from the crossed-intestines rats
mentioned above (13). After the intestinal surgery (see
Fig. 3), these rats exhibit a threefold difference in daily
food intake. Since all of the food necessarily passes
through the mouth, throat, and esophagus, these upper
gut organs are stimulated three times as much in one rat
as in its partner. If stimulation of these organs were the
main signals controlling daily food intake, then the large
differences in food intake would not have been seen in
these rats. The large, long-term differences in food
intake of these one-way crossed intestines rats show
that these mucosal signals can play only a minor regu-
latory role in the control of daily food intake.

V SIGNALS ARISING IN THE STOMACH

The stomach has been thought to be a storage site for
food and an inhibitor of food intake since the ancient
Greeks understood the anatomy of the gastrointestinal
tract (33). In man and large animals, the bulk of the
meal eaten over a relatively short period of time remains
in the stomach for more than an hour. After a short
period of adjustment following the beginning of a meal,
the rate of gastric emptying becomes steady, and a fixed
number of calories is delivered to the small intestine per
unit time (18,34,35). Because the bulk of the ingested
food stays in the stomach after ameal, gastric distension
is one obvious mechanism for the short-term inhibition
of food intake. An assessment of the total amount of
food eaten during a meal would appear to depend to a
large extent upon two types of signals: (1) the degree of
distension of the stomach, and (2) the activation of
chemoreceptors in the gastric or intestinal wall.

Distension can not be the only signal involved in the
regulation of food intake. Animals will increase their
food intake when nonnutritive diluents are added to the
diet. Adolph found that rats will adjust their food intake

to compensate when the amount of dilution was not too
large (36). At higher concentrations of diluents, the rats
compromised by reducing intake. Janowitz and Gross-
man showed a less complete and gradual adjustment to
the addition of diluents in the food of dogs and cats (37).
A recent study using a liquid fiber that gels in the
stomach found diminished reports of hunger in human
subjects, but food intake was only slightly reduced and
then only after a delay of several hours (38). Thus,
gastric distension by itself, without activation of chemo-
receptors, is not a major regulator of food intake. The
determination of the nutritive characteristics of the food
is also essential.

Davis and Campbell (25) did studies that focussed on
the role of the stomach in the inhibition of food intake.
They placed a tube in the stomach of 4-hr food-deprived
rats fed a liquid milk or elemental diet and then with-
drew the food during the timewhen the rats were feeding
or at various times after the meal was complete. They
found that on the first day of continual withdrawal of
diet and sham-feeding, the rats nearly doubled their 30-
min intake. Some food must have remained in the
stomach to allow continued removal of the liquid diet
by suction, and some may have emptied into the duo-
denum. On subsequent days, their intake increased even
further until the rats ate four to five times their usual
amount of liquid food in a 30-min period. In a second
experiment, the rats ate about 17 mL of an attractive
liquid diet, sweetened condensed milk. When 8–10 mL
of their stomach contents were withdrawn at 10, 30, or
50 min after the meal, the rats responded by eating a
nearly equivalent amount of food, which showed that
the rats noticed the withdrawal of food and compen-
sated for it by eating more. There are two difficulties
with this experiment. Even though the rats were only 4
hr deprived, they ate 17 mL of this attractive, high-
energy diet: an amount that should either match or
exceed stomach capacity. Perhaps the animals were
eating to reach full distension and they were not con-
cerned about the number of calories ingested. Further-
more, some of the ingested food would have moved into
the duodenum, making it impossible to conclude that
the signals that inhibited food intake arose solely in the
stomach. There may have been an added intestinal
component. Nevertheless, these experiments did point
to gastric distension as having an important role in the
inhibition of a single meal.

Deutsch et al. (39) extended and clarified these
studies through the use of a pyloric cuff which was
intended to prevent the food from leaving the stomach.
In addition, they added a gastric tube that could drain
stomach contents so that the level of gastric pressure
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would not exceed the normal level after ameal. They fed
12-hr-deprived rats a milk meal while measuring gastric
pressure with a water manometer. The rats drank 13.6
mL with the pyloric cuff open and 11.5 mL with the cuff
closed. These values were not significantly different and
showed that the rats stopped feeding on the basis of
gastric distension and chemoreception and did not
appear to require stimulation of the duodenum with
food. However, the rats drank to stomach capacity,
which was demonstrated in overflow experiments to be
f13.6 mL. Thus, it was not clear whether the intake
was regulatory for calories eaten or was inhibited by the
limits of gastric distension. In a subsequent study,
Deutsch and his associates showed rats could eat
smaller meals of a liquid diet without noticing the
surreptitious delivery of saline into the stomach (40).
This study showed that the calories present in the
stomach were somehow sensed by the animal. Deutsch
(41) claimed that there were nutrient receptors embed-
ded in the wall of the stomach, which would become
exposed to the lumenal contents as the gastric volume
increased. The combination of gastric distension and
the caloric concentration, as determined by exposure to
the ‘‘nutrient receptors,’’ would provide information to
the brain to inhibit feeding behavior.

One difficulty with the Deutsch theory is that it pays
little attention to the anatomy of the stomach when
describing the hypothetical nutrient receptors. Neural
receptors are not likely to be present in the lumen of
the stomach or in the lumen of the gastric glands or
pits. First of all, the gastric contents are highly corro-
sive and nerve terminals would be readily destroyed.
Moreover, there is a constant turnover of mucosal
cells throughout the digestive tract, and these rapidly
dividing cells migrate continuously along the basement
membrane. They would override nerve terminals that
might be aimed toward the lumen. Furthermore, there
have been no descriptions of nerve terminals beyond
the lamina propria, the support tissue for the gastric
mucosa. Thus, nerves would be able to sense the
presence of food in the gastric lumen only if the food
was absorbed into the wall of the stomach. Relatively
little nutrient is absorbed through the gastric mucosa
(42). It remains possible that the food could release
gastric hormones from cells that have villus tufts
projecting into the gastric lumen and that these hor-
mones would stimulate vagal afferents (see below).

Recently, Kaplan et al. (43,44) have challenged the
interpretation of the pyloric cuff experiments. They
confirm that rats eat the same amount of food whether
a pyloric cuff is open or closed, which is the fundamental
observation in previous studies (31,39,45). However,

they have shown that during the first meal of a food-
deprived rat there is a rapid emptying of the stomach
that may be as much as 25–40% of the meal (46). When
they measure the amount of nutrient in the stomach
after a meal with the cuff either open or closed, they find
that the gastric contents were 30%greater in the rat with
the cuff closed. They conclude that although the rats
with a closed cuff eat the same amount of food as rats
with an open cuff, they require a larger gastric distension
signal to terminate a meal. In short, they believe that the
amount of food in the gastrointestinal tract, not just the
amount of food in the stomach, controls short-term
food intake.

Phillips and Powley (47) looked more closely at
whether gastric volume or nutrient sensing occurred in
rats with pyloric cuffs. They found that when the cuffs
were closed, the rats showed an equivalent reduction of
food intake when 5 mL of either saline or 10%, 20%, or
40% glucose was delivered to the stomach before injec-
tions. Furthermore, it did not matter whether the
infused substance was 40% glucose, fructose, or sucrose
with different chemical structures, metabolic pathways,
and caloric values. However, when the cuffs were open,
the nutritional content of these sugars as well as of the
more balanced liquid diet, Isocal, did inhibit food
intake. They conclude that gastric distension inhibits
food intake, not gastric nutrient sensing, while ingested
nutrients work at the level of the intestine to inhibit
gastric emptying and to limit food intake.

The role of the stomach in the inhibition of food
intake has to be affected by the rate of stomach empty-
ing. As food empties, there is less food in the stomach
and less gastric distension. McHugh and Moran have
done a series of experiments on gastric emptying in rats
and monkeys (48–50). They have found that saline
empties rapidly in an exponential way from the stom-
ach. On the other hand, nutrients empty rapidly from
the stomach for the first 4–5 min, but, thereafter, the
presence of nutrient in the small intestine slows down
the emptying rate to a steady state until themeal is gone.
A fixed number of calories empty from the stomach per
unit time regardless of the composition of the food
placed in the stomach (34,48). They argue that the
intestine inhibits stomach emptying and that distension
of the stomach inhibits food intake. Both stomach and
intestinal signals are important.

Although there is general agreement that the stom-
ach provides part of the signal that inhibits food
intake during a single meal, we still do not know the
nature of the signal or how it is transmitted to the
brain. Nerves are the most likely route of transmission.
The information about the degree of gastric distension
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or the presence of nutrients in the gastrointestinal walls
could be transmitted to the brain through either nerves
or hormones. Paintal (51) and Iggo (52) have shown
that there are vagal stretch receptors in the stomach.
These nerves increase their discharge rate as a linear
function of the degree of gastric distension (see Fig. 8).

In a recent review paper, Phillips and Powley (53)
describe two distinctly different types of afferent recep-
tors in the stomach wall. One type has characteristics of
an ‘‘in-series’’ tension receptor, and the other appears to
be a stretch receptor. While the current electrophysio-
logical evidence does not establish the presence of more
than one receptor type, the nerve cell anatomy strongly
supports the conclusion that there are two types of re-
ceptors. In another paper, Powley has suggested that
one sensor might respond to small changes in gastric
volume, while the other would respond as a stretch re-
ceptor responding to large, sustained changes in gastric
contents (54). Gonzalez and Deutsch have argued that
vagotomy eliminates the satiety signals that results from
gastric distension after a very large meal, but that gas-
tric nutrient content of the stomach can still be sensed
(55–56).

A study inwhich the stomach and upper intestinewas
transplanted from one inbred rat into another suggests
that an unidentified gastric hormone may inhibit food

intake (57). Four rats given multiple feeding tests
showed a compensatory reduction of food intake when
food was infused at the standard feeding rate into the
completely denervated and supplementary stomach and
upper small intestine. At the time of the feeding test, the
rats’ natural digetive tract was intact, empty, and nor-
mally innervated. Recently, two new peptides have been
discovered in the stomach—ghrelin (58) and leptin (59).
Both peptides affect food intake when given centrally (7)
and may play some role in the peripheral inhibition of
food intake. Ghrelin is a peptide of 28 amino acids that
is a growth hormone secretagogue and is quite distinct
from growth hormone–releasing hormone (GHRH)
(58). Its sequence differs between rat and human by
only 2 amino acids, which indicates a highly conserved
structure during evolution. Its highest concentration is
in the stomach, where it is found in X/A-like endocrine
cells in the oxyntic mucosa (60). These cells do not make
contact with the lumen of the glands (61). Serum con-
centrations of ghrelin are increased by fasting and
reduced by refeeding (62,63), suggesting that the pres-
ence of food in the stomach may inhibit ghrelin release.
Ghrelin is also found in a few cells in the arcuate nucleus
of the hypothalamus and the upper small intestine.
Intracranial injection of ghrelin stimulates food intake,
gastric acid secretion and releases growth hormone

Figure 8 Rate at which single fibers isolated from the vagus nerve of a cat fire as the amount of air in an intragastric balloon is
increased to the designated volume. (From Ref. 51.)
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(64,65). It is possible that increasing secretion of ghrelin
during fasting induces food intake and that its decreased
release after feeding augments the feeling of satiety
generated by other gastric and intestinal signals.

Leptin is a peptide discovered by cloning the defec-
tive gene in ob/ob mice (66). It is a secretion product of
adipocytes (see section on Storage Signals) and is
known to inhibit food intake and increase energy
expenditure when given intraperitoneally or intraven-
tricularly (67,69). It is also present in the gastric mucosa
(59,69) and is released into the bloodstream. It appears
to be present in both the chief cells which make contact
with the gastric lumen and secrete pepsinogen as well as
in a specialized endocrine cell, called a P-cell. Leptin is
secreted into the gastric lamina propria from which it is
absorbed into the bloodstream (70,71). Its plasma levels
have a circadian rhythm with low levels during the day
and high levels at night (63,72). Leptin levels appear to
fall just after a meal and then rise gradually as the meal
is digested and absorbed. The diurnal pattern is quite
similar to that of ghrelin (63) with smaller changes for
leptin just before and after meals. Leptin receptors have
recently been found on the afferent and efferent termi-
nals of the vagus nerve (73,74). Since IV leptin inhibits
and IV ghrelin stimulates food intake, it is possible that
their modulated release from the stomach might fine-
tune the changes in food intake during meals.

While hormones and nerves may provide gastric sig-
nals that alter meal intake, it is unlikely that changes in
intragastric pressure are major determinants of satiety
since the relaxation reflex prevents an increase in pres-
sure beyond a fixed level (75,76). However, increases in
abdominal pressure may inhibit meal intake, as shown
in one human study (77). Since there is relatively little
absorption of food from the stomach (42), a gastric
signal is unlikely to be an absorbed nutrient, but could
be neural or hormonal.

There are at least two limitations to a gastric theory
of the control of food intake. It is well known that most
animals have a circadian rhythm of feeding behavior
with meals occurring at times that are appropriate for
the animals’ nocturnal or diurnal orientation. Rats eat
heavily during the early dark phase (78). As implied
above, if food empties from the stomach at a fixed
caloric rate, then repeated bouts of food intake during
the early part of the dark phase should greatly distend
the stomach. New meals would have to initiated while
the stomach remains relatively full.

This prediction has recently been confirmed using a
noninvasive technique for measuring gastric filling and
emptying over a period of several hours. Van der Velde
and Koopmans (79) added a radioactive tracer, techne-

tium 99m sulfur colloid, to a standard liquid diet and
were able to view three regions of interest within the
rat’s body every 2 min using a gamma camera. The
regions were the stomach, measuring gastric nutrient
filling or, indirectly, distension; the intestines, measur-
ing gastric emptying; and the total rat, measuring
cumulative food intake. They found that the rats ate
five or sixmeals over 6.5 hr. Fourmeals were analyzed in
detail: the first and second meal after a 7-hr fast, a meal
just after the middle of the 6.5-hr period, and the last
meal eaten. All meals were of approximately the same
size. In accordance with Kaplan et al. and others
(46,80), they found that the gastric contents emptied
during feeding at more than three times the average rate
and that f25% of the ingested food emptied from the
stomach during the meal. This was true not just of the
first meal but of all meals analyzed over 6.5 hr. In the 10
min following a meal, there was a significant reduction
of emptying rate as intestinal signals kicked in. One of
their most interesting findings was that rats initiated
new meals at times when the stomach was still quite full
and, therefore, inhibition of food intake required even
greater distension of the stomach for later meals. In the
later part of the 6.5-hr feeding session, the rats initiated
meals when gastric nutrient filling was greater than it
was at the termination of the first meal. Thus, the degree
of gastric distension necessary to provide an inhibitory
signal for feeding behavior has to vary throughout the
day. Most of the experiments on stomach emptying
have been done on deprived rats, dogs, pigs, ormonkeys
at a fixed time of day. This procedure would tend to
show that food intake is inhibited by gastric distension
while studies done over 24 hr show that the degree of
gastric distension necessary to inhibit food intake
depends on the time of day. These new results using a
gamma camera in conscious, free-feeding rats undoubt-
edly complicate the theory that gastric distension is a
major inhibitor of food intake and shift attention
toward the brain as an interpreter of the importance
of gastric distension relative to time of day.

Another limitation of a gastric theory can be seen
from the results of the one-way crossed-intestines
study previously described (see Fig. 3). Following
the surgery, one rat in the pair eats three times as
much as its partner and this change persists for the
rest of the animals’ lives. This means that three times
the amount of food passes through the stomach of the
rat that eats more relative to its partner that eats less.
If the stretch or nutrient receptors in the mucosa or in
the muscular wall of the stomach were sensing the
total calorie value of the food passing through the
stomach and using this information to control daily
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food intake, then the food intake of these rats would
not change after the surgery. Instead, the food-losing
rat would lose weight while its partner would gain
weight. Since daily food intake did change dra-
matically and body weight changed only a little, the
stomach must not have a way of sensing the total
amount of food passing through it. However, gastric
distension could retain its importance in the control of
food intake if there were changes in the rate of
stomach emptying in these rats. If, for example, there
were a threefold difference in the rate of gastric
emptying for the two rats in a pair (matching the
observed difference in food intake), then the degree of
distension and chemical stimulation of the two rats’
stomachs might remain the same. Preliminary data sug-
gest that there are large changes in the rate of gastric
emptying in these rats and, thus, gastric signals may
still be partially responsible for the control of daily
intake. However, the intestinal mechanisms involved
in the control of gastric emptying would become im-
portant regulators of daily food intake.

The results of the crossed-intestines study show that
the ultimate control of daily food intake must occur at
the level of the small intestine or beyond. It is not yet
clear whether intestinal or metabolic signals influence
food intake by controlling stomach emptying or by
some other response to the absorbed food. Neural or
hormonal signals generated in the small intestine may
act directly on the brain to inhibit food intake, or they
may act indirectly on food intake, by changing the rate
of gastric emptying. These neural or hormonal satiety
signals would be generated as the food comes into
contact with or is transported into the absorptive cells
of the intestinal mucosa or as the absorbed nutrients or
released hormones come into contact with the nerves
that terminate in the wall (lamina propria) of the small
intestine (54).

VI SIGNALS ARISING IN THE INTESTINE

The studies cited above indicate that gastric distension is
an important short-term signal that inhibits food intake.
However, it is possible that other signals are involved
in the termination of a meal. Messages arising in the
intestine or in other organs may also be involved in
generating satiety signals. Some early studies have
shown that the intestine can be a source of signals for
the inhibition of food intake (81,82). These investigators
found that the delivery of hyperosmotic nutritive and
nonnutritive solutions to the duodenum reduced meal
size in the rat. One interpretation of the results of these

early infusion experiments is that the intestine is a
source of satiety signals during a meal. Another inter-
pretation is that the infusions cause some discomfort or
intensify signals in an abnormal way.

Many of the recent studies of intestinal satiety have
used the paradigm of the sham-feeding rat. A gastric
fistula is implanted into the animal and it is opened
during the feeding test. At various times before or after
feeding, an infusion of glucose or some other nutrient is
made into the duodenum. One rat study found that
infusing 2.25 kcal of an elemental liquid diet over 6 min
into the duodenum reduced sham-feeding most effec-
tively when the infusion began 12min after the rat began
eating (83). This delaymay correspond to the time when
a rat normally begins to end a feeding bout. Oddly
enough, the same substantial infusion of the diet 6–12
min into the duodenum before the rat began sham-
feeding had no effect on its feeding behavior. This result
suggests that the intestinal signal is quite transient and
that oral, gastric, and intestinal signalsmust occur at the
same time for feeding to be inhibited.

Most of the intestinal satiety studies have been done
in rats and monkeys. In one rat study, Liebling et al.
(84) infused a liquid diet with a caloric value of .375
kcal/mL directly into the doudenum of rats. They
found a small reduction in sham feeding when 3 mL
was infused over 3 min and a larger reduction when 6
mL was infused over 6 min. This rate of infusion is
double the normal rate of nutrient delivery to the
intestine. In a similar study in rhesus monkeys, 20, 40,
and 60 mL of a liquid diet containing 1 kcal/mL was
delivered into the duodenum at a rate of 5 or 7.5 mL/
min (85). The 20-mL infusion produced a small signifi-
cant inhibition of sham feeding, which increased with
increasing doses. In most of these sham-feeding studies,
feeding continues throughout the test period in part
because gastric distension is not available as a signal to
inhibit food intake.

Most of these studies suggest that there is an
intestinal signal that inhibits food intake. Such a sa-
tiety signal could be transmitted to the brain through
the peripheral nerves. Several investigators have
recorded from the vagus and from mesenteric nerves.
They have found that there is an increased firing rate
when glucose or amino acids are placed in the lumen
of the intestine (86–89). Other studies have shown that
vagotomy prevents the reduced food intake caused by
intestinal infusions (82,90). In recent years, Yox et al.
have continued the exploration of the way in which
intestinal satiety is communicated to the brain. They
used an infusion rate that they determined was the
equivalent of the gastric emptying rate of their rats.
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The infusion of 10 cc of maltose or oleic acid at a rate
of 0.13 kcal/min reduces food intake while octanoic
acid and casein hydrolysate has minimal effects. The
effects of maltose and oleic acid on sham-feeding can
be blocked by capsaicin treatment or by vagotomy
(91,92), which again shows that the intestinal signal
may travel through the vagal afferents to diminish
food intake.

In a very interesting study, McHugh andMoran (93)
allowed monkeys to drink 150 mL of a 1 kcal/mL
glucose solution and found that 21.6 mL passed into
the duodenum in the first 5 min. Then, they infused the
21.6 mL into the intestine of fasted monkeys over 3–5
min and observed their feeding behavior for the next 4
hr. The monkeys with glucose infused directly into their
intestine showed a substantially reduced food intake
during the first hour compared to monkeys that had
delivered the same amount of glucose into their own
intestine through normal gastric emptying. Only after
3–4 hr did their food intake return to the same levels
as the controls. Thus, the delivery of an appropriate
amount of glucose directly into the intestine, but in a less
than physiological way, caused an extra large suppres-
sion of food intake. The authors conclude that an
intestinal infusion, without the stimuli associated with
the taste and swallowing of food and without gastric
distension, may have reduced food intake in an abnor-
mal way. They question whether the infusion of nu-
trients into the intestine produces a normal satiety. If the
delivery of food to the intestine makes the animal feel
discomfort or malaise, then the reduction of food intake
cannot be accurately ascribed to internal mechanisms
that normally produce satiety.

What would be a physiological mode and rate of
delivery of food into the small intestine? It is obvious
that food normally arrives in the intestine after it has
been mixed with saliva and partially digested by acid
and digestive enzymes in the stomach. The release of
food from the stomach is periodic and results from a
pressure differential between the gastric antrum and the
duodenal bulb (76). A small spurt of food is delivered
into the upper doudenum at the end of some of the
gastric contractions depending on local pressure levels.
This food is then distributed along the upper small
intestine by repeated constrictions of the intestinal
circular muscles, which mix the chyme rapidly with
bicarbonate and digestive enzymes secreted from the
pancreas and with bile secreted from the liver and
gallbladder. Thus, under normal physiological condi-
tions, the food is already partially processed before it
reaches the duodenum, and then it is immediately mixed
with the current intestinal contents. The food must

arrive at the duodenal bulb in a predigested state for
delivery to be considered normal. Complex foods such
as plant or animal tissues would be most changed by the
digestive process while simplified foods, such as pure
sugar or amino acid solutions, would change little.
These latter simple foods are most often used in experi-
ments but they rarely occur in nature and are even
limited in the kitchen cupboard. Most importantly,
the food must be delivered at a rate that is within the
normal physiological range. That rate can be estimated
by examining the total food intake of a rat or any other
animal during a 24-hr period. Adult rats eat between 60
and 100 kcal/d depending upon the strain and the
physical conditions of the experiment. If this amount
of food were delivered to the duodenum at a constant
rate throughout the day, then 0.04–0.07 kcal would
arrive perminute. As discussed above, the rate of gastric
emptying increases during a meal to a level that is three
to four times the average rate between meals and then
slows to about half the normal rate in the 10 min after
the meal ceases. A reasonable estimate of the rate of
delivery of food to the small intestines of the rat is 0.14–
0.25 kcal/min during a meal and 0.02–0.04 kcal/min in
the 10 min thereafter. Deliveries of liquid food to the
small intestine at a much higher rate are common in the
feeding behavior literature.

An important test of the value of an food intake
experiment is whether the delivery of food to the intes-
tine has approximated physiological conditions. Many
studies in the literature deliver food at a rate that goes
beyond normal physiological limits and, in almost all
studies, the infused food has not been processed by the
digestive tract. The study that comes closest to using
physiological procedures to assess the importance of
intestinal satiety has been done with crossed-intestines
rats (94). These rats are parabiotic pairs that have a
further intestinal surgery in which a 30-cm segment of
lower duodenum or upper jejunum is isolated from the
small intestine of each rat in the pair and then surgically
connected to the intestine of its partner (see Fig. 9).
After the surgery is complete, the food eaten by each rat
in the pair arrives in the rat’s own stomach, travels
through a 5-cm segment of upper duodenum that in-
cludes the entrance of the common bile and pancreatic
duct and then passes into the 30-cm crossed segment of
its partner. Thus, the food ingested by these rats has
been mixed with saliva and gastric secretions before
entering the small intestine, where it is also mixed with
pancreatic and hepatic secretions before it crosses into
the intestinal segment of its partner. Some of this food is
digested and absorbed in the partner’s upper small
intestine, and then the remaining food passes back into
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the lower jejunum of the rat that fed and travels down
along the rest of the length of that rat’s small intestine
and lower gut. The surgery is symmetrical, so that each
rat loses some of the food that it eats into the upper
small intestine of its partner.

The short-term experiment testing the role of the
intestine in the termination of a meal, is done by feeding
one rat in the pair 10 or 30 min before the partner and
then measuring the partner’s intake after the crossed
segment has been stimulated by food. A rat will nor-
mally complete its first meal after a 7-hr fast in 6–8 min.
The results of several experiments show that the food
intake of both rats is not affected by having a delay of 10
or 30 min (94). The rat allowed to feed first does not
overeat even through its own lower duodenum and
upper jejunum have not come into contact with ingested
food. The unfed partner does not reduce its food intake

when allowed to eat even through the ingested food of
the feeding rat can definitively be shown to be present in
the crossed segment and some of it has been absorbed
into the bloodstream within minutes after the beginning
of the first rat’s meal. Thus, endogenous signals arising
in a 30-cm segment of the small intestine do not alter
food intake during a meal after a 7-hr fast, especially
when the food has been processed by the gut in a highly
physiological way.

The major limitation of the crossed intestines experi-
ment is that the 30-cm crossed segment is only part of
the normal length of the rat’s small intestine, which has
a total length of 100–110 cm. Of course, the top third of
the small intestine sees the ingested food more rapidly
and is a major site for the absorption of nutrients (95).
Nevertheless, it could be argued that it is necessary to
stimulate a longer length of intestine to show ‘‘intestinal
satiety.’’ On the other hand, the experiment is excep-
tional in its physiological delivery of food into this
critical upper intestinal segment. The food has been
processed through the mouth, stomach, and upper
duodenum and has been mixed with digestive enzymes
and other salivary, gastric, pancreatic, and intestinal
secretions. Experiments have shown that the rate of
gastric emptying is slightly higher during the first 10 min
after a meal in the crossed-intestines rats than in control
parabiotic pairs (94). Thus, feeding one rat in the pair
should have delivered slightly more food than is normal
to the crossed segment of the partner. Still, there was no
effect on the partner’s food intake when measured at 10
or 30 min. Measurements were made of the rate of
absorption of radioactive glucose and amino acid that
were added to the diet, and it was found that at 10 min
there was significantly more radiolabel in the blood-
stream of the unfed and hungry rat than in the blood-
stream of the fed and satiated rat (94). The conclusion
from this experiment is that the combined signals arising
in the 30-cm crossed-intestinal segment, including neu-
ral, hormonal, and metabolic signals, were insufficient
to inhibit short-term food intake. Since the upper small
intestine is a major site for the absorption of ingested
food, these results suggest that the upper intestine may
not generate signals that inhibit food intake. If intestinal
signals are normally involved in the control of food
intake during a meal, then it is also puzzling that a free-
feeding crossed-intestines rat that lacks signals arising in
its own 30-cm crossed-intestinal segment does not over-
eat, since ‘‘satiety’’ signals are missing in this animal.

The reader might be confused by the seemingly
contradictory conclusions drawn between the results
from the above study (94) (see Fig. 9) and from the one-
way crossed-intestines experiment (13) (see Fig. 3) in

Figure 9 Diagram of two-way crossed-intestines rats. A 30-
cm segment of lower duodenum and upper jejunum is iso-

lated from the gastrointestinal (GI) tract of each rat and is
connected to the intestine of its partner. The preparation is
symmetrical. Each rat loses food into the upper small
intestine of its partner, and some of that food returns to its

own lower jejunum. The stippled GI tract belongs to the rat
on the right.
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which there was a large change in the daily food intake
of both partners in a parabiotic pair when one rat
continuously lost food into the crossed segment of its
partner. It is important to note that the study described
in this section used a symmetrical surgical preparation
and was designed to investigate changes in short-term
food intake, while the second study (Fig. 3) was
designed to investigate changes in daily food intake
due to the continuous loss of calories from one rat into
the intestine and bloodstream of the other. The seeming
contradiction about the role of the intestine in the
control of short- and long-term intake can be readily
investigated in the left rat of the one-way crossed-
intestines model (Fig. 3). By feeding the rat on the
right 30 min before or after its partner, the rat on the
left, which receives nutrients into its 30-cm crossed-
intestinal segment, either can have its crossed segment
stimulated by predigested food when it begins to feed
or the intestinal segment can remain empty during
feeding. If the signals in the crossed-intestinal segment
were to inhibit food intake during a meal, then the rat
on the left, which has its crossed segment stimulated
with food, should eat less while the same rat with an
empty crossed segment should eat more. In fact, these
rats ate the same amount of food whether fed before or
after their partners (13). Thus, we can conclude that
even in this one-way crossed-intestines preparation
where the rats have dramatically changed their daily
food intakes, there is still no effect of the physiological
stimulation of the 30-cm crossed-intestinal segments on
short-term food intake. Indeed, the two crossed-intes-
tines experiments are consistent in providing data from
which one can draw the conclusion that the physiolog-
ical stimulation of the 30-cm crossed segment does not
alter short-term food intake.

Another important conclusion from the one-way
crossed-intestines experiment is that the short-term
and the long-term controls of food intake are clearly
different. In the same animals that show large and
sustained changes in daily food intake, there is no effect
of intestinal stimulation on short-term intake. In other
words, the same surgery that alters daily food intake in a
dramatic and long-lasting way has no effect on meal
intake after a 7-hr fast. The results from this model
strongly argue for two separate physiological mecha-
nisms: the first involved in the control of short-term or
meal intake, and the second, in the control of long-term
or daily food intake.

In summary, several experiments have shown that
infusion of nutrients into the small intestine can inhibit
food intake during a single meal. This inhibition is often
blocked by vagotomy. When nutrients are infused into

the duodenum of rhesus monkeys at the same rate that it
is normally released from the stomach, there is an
inhibition of food intake that is much greater than when
the same amount of food is delivered to the intestine by
gastric emptying. In addition, when nutrients are deliv-
ered to a limited segment of the upper small intestine in a
physiological way, there is little change in short-term
food intake. Furthermore, most studies that deliver
food directly to the intestine do so at nonphysiological
rate and in a nonphysiological form. Thus, the presence
of a short-term ‘‘intestinal satiety’’ signal during normal
feeding remains possible but has not been adequately
demonstrated. The results of the one-way crossed-intes-
tine studies show that there are signals arising at the
level of the upper small intestine and/or resulting from
the absorption of food that have no effect on short-term
food intake, but that do control daily food intake in a
very large and significant way. The importance of ‘‘sa-
tiety’’ signals arising in the stomach and small intestine
can also be assessed by observing the effect of the in-
fusion of intravenous nutrients that bypass the gut.
These studies will be reviewed in a later section of this
paper on Metabolic Control of Food Intake.

VII EFFECT OF GASTROINTESTINAL

HORMONES ON FOOD INTAKE

The issue of whether the stomach and small intestine are
sources of short-term satiety signals also has direct
implications for the role of gastrointestinal hormones
in the control of food intake. If an organ generates
signals that induce satiety, then the hormones it releases
may also be part of the that signal.

During a normal meal, the ingested food is de-
livered to the stomach, which allows some food to
pass rapidly into the duodenum until intestinal mech-
anisms inhibit gastric emptying (18). Thus, soon after
the beginning of a meal, the mucosal surface of the gut
from mouth to mid-ileum has been partially stimulated
with nutrients. As previously mentioned, plasma glu-
cose and fatty acid levels change within minutes after
the beginning of a meal of laboratory chow (20).
Plasma insulin levels also increase rapidly, in part
due to cephalic insulin release (96) and in part due
to the sustained absorption of glucose and the release
of intestinal hormones, such as gastric inhibitory pep-
tide (GIP) and glucagon-like peptide 1 (GLP1) (97).
Thus, food has been digested and absorbed and gut
hormones have been released long before the end of a
meal. This fact leaves the distinct possibility that
hormones released by the small intestine during the
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absorption of food could be part of the signal that
terminates a meal.

The gut is the largest endocrine organ in the body
(98). After a meal, a large number of gastrointestinal
hormones are released including gastrin, somatostatin,
secretin, cholecystokinin (CCK), GIP, neurotensin,
GLP-1, GLP-2, and peptide YY (PYY) (99). Any of
these hormones, especially those arising in the stomach
or upper small intestine, would be considered prime
candidates as possible gastrointestinal satiety signals.
The first gut hormones to be examined for a role in the
control of food intake during a meal were secretin and
cholecystokinin (CCK). Glick et al. (100) injected se-
cretin and CCK separately or together into the peri-
toneal cavity or into the aorta of rats and found that
neither hormone produced a significant reduction of
food intake. There was a tendency for the IP injection
of CCK to reduced food intake, but the result with
multiple tests on six rats was not significant at P=.05.
Koopmans et al. (101) injected CCK into the perito-
neal cavity of mice and found that the mice reduced
both their food and water intake, suggesting that the
dose of CCK was not specific to feeding behavior and
may have been causing malaise in the animals. There-
after, Gibbs et al. (102,103) injected CCK and its
octapeptide into the peritoneal cavity of rats and
found a dose-dependent reduction of food intake for
both forms of CCK. Secretin alone or in conjunction
with CCK had no effect on food intake. They injected
an intermediate dose of CCK, 20 U/kg IP, and found
no effect on water intake.

To test the possibility of malaise resulting from the
CCK injection, they used a relatively weak test. A one-
bottle conditioned aversion paradigm was used with the
attractive substance, saccharin, added to water paired
with the injection of CCK. They found that a high dose
of CCK, 40 U/kg, failed to generate a conditioned taste
aversion in these rats, although lithium chloride, a
nauseating poison, was very effective. Deutsch and
Hardy (104) challenged these results by doing a more
sensitive, two-bottle conditioned aversion test with
different neutral flavors associated with CCK and
vehicle administration. They found that intake of the
flavored water associated with the 40 U/kg CCK injec-
tion was reduced from 9.4 mL to 3.3 mL for the flavor
paired with CCK injection. Thus, at the highest dose,
they found a mild conditioned taste aversion which can
be interpreted as due to either malaise or the aversive
side of excessive satiety.

The importance of CCK as a satiety signal remains
controversial. CCK injected into the peritoneal cavity
causes an inhibition of gastric motility and an excitation

of duodenal phasic activity (105). A meal usually gen-
erates an increase in gastric motility and an inhibition of
duodenal activity. Thus, exogenous CCK could be
causing unusual gut motility patterns that are commu-
nicated by nerves to the brain to inhibit food intake. It is
now well established that exogenous CCK requires an
intact vagus nerve to cause an inhibition of food intake
(106–108). There is also evidence hat doses of CCK that
inhibit food intake produce plasma levels that are an
order of magnitude higher than normal postprandial
CCK levels (109). Moreover, IV infusion of a mono-
clonal antibody to CCK blocked CCK-stimulated pan-
creatic enzyme secretion, but had no stimulatory effect
on food intake (110).

One of the most convincing pieces of evidence that
endogenous CCK acts to reduced food intake is that
specific CCK antagonists cause an increase in food
intake (111–113). Since these antagonists cause an
increase in feeding behavior, it is unlikely that the
change can be due to some nonspecific cause. There
are two known types of CCK receptors: (1) CCK-A
receptors that are present in the pancreas, gallbladder,
pyloric sphincter, afferent vagal fibers (114,115), and
specific brain regions, including the area postrema, the
nucleus tractus solitarius, and the hypothalmus, and (2)
CCK-B receptors that are distributedwidely in the brain
and in the stomach (116). Specific blockade of type A
receptors, but not of type B receptors, attenuates the
inhibition of food intake caused by CCK (117,118).
However, these antagonists cross the blood brain bar-
rier, are distributed throughout the body, and could
have their effects either in the periphery or in the brain.
Since CCK-A receptors are found in both the brain and
the periphery, it is not yet clear where the antagonists act
(119). It is possible that CCK-A antagonists act in the
brain to increase food intake and not in the periphery.
Another indication that the CCK-A receptor is involved
in the inhibition of food intake is the existence of
OLETF rats that have been shown to have a deletion
in the CCK-A receptor that makes it nonfunctional
(120). These rats are hyperphagic, have an overexpres-
sion of NPY in the dorsomedial hypothalamus, and
become moderate obese (121). As mentioned above, the
role of the mutant CCK-A receptor could be either
central or peripheral.

The ability of the upper gut peptides gastrin, secretin,
and GIP to reduce food intake has been tested using a
sham-feeding paradigm on rats with open gastric fistuli
(119). It was found that even at relatively high doses,
none of these peptides had an inhibitory effect on
feeding behavior.However, CCKandCCKoctapeptide
were effective in inhibiting sham feeding.
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Another peptide that has been reported to reduce
food intake is bombesin. Its intraperitoneal delivery
induced a dose-dependent reduction of food intake
(122,123) (see Fig. 10). Bombesin is isolated from
amphibian skin and has some sequence homology with
the mammalian neurotransmitter, gastrin-releasing
polypeptide (GRP). It normally does not circulate in
mammals, but its injection into the bloodstream causes
the release of several pancreatic and gut hormones
(124), making it difficult to asses the specific action of
GRP. Injection of bombesin into the lateral ventricle
reduced food intake and produced an increase in
grooming and resting at a dose below that needed to
inhibit food intake (125). There is controversy about
the way in which bombesin inhibits food intake. One
study disconnected all the nerves to the gut by doing a
vagotomy and cord transection. They found that com-
plete denervation, but not vagotomy alone, inhibited
bombesin’s effect on food intake (126). However, the
rats were 18-hr food deprived and ate more than
normal stomach capacity. This study suggests that
bombesin acts peripherally to inhibit food intake. On
the other hand, other studies suggest that bombesin
may act on the central nervous system. Bombesin-like
peptides are present in the paraventricular nucleus,
drop during feeding behaviour, and rise after the meal
is finished (127). In addition, the reduction of food
intake induced by peripheral bombesin can be blocked

by the intraventricular injection of a bombesin recep-
tor antagonist (128). A bombesin antagonist adminis-
tered at high doses had no effect on normal food intake
but was able to block bombesin-induced satiety (129).
It appears to act independently of CCK.

Serotonin is present in many endocrine cells in the
gut (ECL cells) and is released by a wide variety of
stimuli (130). Its major effect is local since serotonin is
rapidly inactivated in the bloodstream. It appears to
stimulate afferent vagal neurons that terminate in the
intestinal mucosa and project to the brain (131). Re-
cent work has shown that CCK and serotonin activate
different vagal afferents (132) and that glucose stim-
ulates 5HT release while peptides stimulate CCK re-
lease from endocrine cells (133). Serotonin has also
been shown to inhibit the intake of all the major mac-
ronutrients when injected IP (134). Its precursor,
trytophan, also reduces food intake in humans (135).
Both of these studies delivered serotonin (or its pre-
cursor) to the periphery, making it difficult to deter-
mine whether the effects were central or peripheral
because brain serotonin also inhibits food intake (7).

Another set of hormones are present in endocrine
cells of the lower gut, and some of these have been
shown to inhibit food intake. The hormones, neuro-
tensin (NT), peptide YY (PYY) and glucagon-like pep-
tide 1 and 2 (GLP-1 and GLP-2), are present in
endocrine cells that have an increased frequency as

Figure 10 Percent suppression of food intake during the first 15 min of food presentation as increasing amounts of the gut
peptides cholecystokinin octapeptide (CCK8) and bombesin (BBS) are injected into the peritoneal cavity of rats. (From Ref. 122.)
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one moves down the small intestine (97). A description
of these hormones will be presented in the section on
Signals Arising in the Lower Gut (see below).

VIII EFFECT OF PANCREATIC HORMONES

ON FOOD INTAKE

When nutrients stimulate the surface of the small intes-
tine, GI hormones are released. Two hormones, one
from the upper small intestine, gastric inhibitory poly-
peptide (GIP), and another from the lower small intes-
tine, glucagon-like peptide 1 (GLP-1), have been shown
tobe incretins for the releaseof thepancreatic hormones,
insulin and amylin, and to indirectly inhibit the release
of glucagon (97). Thus, after a meal containing carbo-
hydrate, plasma insulin and amylin levels rise and
glucagon levels fall. Glucagon may continue to be re-
leased if there is protein in the diet since it helps to
mediate amino acid disposal (136).

The pancreatic hormone glucagon has long been
known to suppress food intake in man and rodents
(137,138). This suppression can be blocked by vagot-
omy (139) and, more specifically, by hepatic vagotomy
(140). Glucagon is the hormone of starvation and
catabolism, and its plasma levels increase during a
fast. It falls soon after a carbohydrate meal or an oral
glucose tolerance test, but can remain elevated or even
go up slowly after a meal containing protein and fat
(136,141). Sometimes it even goes down after a mixed
meal (142). If it has a role in satiety, it must be rather
specific for the noncarbohydrate macronutrients. The
most convincing piece of evidence that glucagon may
be acting as a satiety agent is that the injection of
glucagon antibodies causes an increase in food intake
(143,144). Glucagon reduces food intake when it is
infused into the portal vein (138) and is less effective
when it is infused into the vena cava (145). All of these
results suggest that the glucagon acts on the liver to
inhibit food intake and that the information about the
presence of glucagon is sent to the brain through the
hepatic vagal nerve. Whether its effect is the result of
normal physiology or malaise is not clear. The major
difficulty with the glucagon hypothesis is that glucagon
is the hormone of starvation, provoking both glyco-
genolysis and gluconeogenesis, and glucagon has its
highest concentration in the blood during a fast when
the animals are usually hungry.

Another pancreatic hormone, insulin, has long been
thought to be involved in the control of food intake.
Insulin rises after a meal and gradually declines as
carbohydrate absorption diminishes (21). The ‘‘gluco-

static’’ theory originated by Jean Mayer in the 1950s
asserted that rats became satiated when there was an
arteriovenous difference in blood glucose levels, indicat-
ing that there was a significant uptake of glucose by
peripheral tissues and that they became hungry when
the A-V difference disappeared (146). Since insulin is the
main hormone that moves glucose out of the blood-
stream into cells and, thereby, causes an A-V difference,
the theory was essentially an insulin theory of the
termination of food intake. Woods and Porte (147)
extended this theory and claimed that the average
plasma insulin level feeds back on the brain to inhibit
food intake. Investigators have noted that blood in-
sulin levels tended to increase with increasing obesity,
demonstrating the phenomenon of insulin resistance
(148,149). Woods and Porte postulated that these ele-
vated blood insulin levels provide a feedback signal that
informs the brain about the amount of adipose tissue
and, if adipose tissue is excessive, inhibits food intake.
One difficulty with this theory is that obese individuals
tend to eat more, rather than less, than their lean coun-
terparts (150), so well-documented increases in plasma
insulin could not be inhibiting their food intake. The
Woods and Porte theory is supported by a number of
studies that have shown that insulin delivered intra-
cranially causes a reduction of food intake and a loss of
body weight (151,152).

However, the critical question is whether peripheral
insulin crosses over into the brain to inhibit food
intake. It has been shown in dogs that peripheral
insulin crosses slowly into the brain and appears in
the cerebral spinal fluid (153). Does this insulin alter
food intake? There is conflicting evidence. Vanderweele
et al. (154) infused 1, 2, and 6 units of insulin in the
peritoneal cavity of rats by osmotic minipump and
found a small reduction of daily food intake, but it was
not dose dependent. In diabetic animals that had been
allowed to become hyperphagic, increasing doses of
insulin reduced daily food intake but failed to bring
food intake back to normal levels (155). In another rat
study, very low doses of insulin, either 1 or 2 mU, were
infused into the hepatic portal vein during each volun-
tary meal throughout the daylight hours (156). Meal
size decreased in a dose-dependent manner while there
was no change in the number of meals. Daily intake
was not measured. In contrast, Willing et al. (157,158)
continuously infused 2–4 units of insulin into the vena
cava of rats that had been made diabetic 1 day before
infusion. The rats’ food intake increased with increas-
ing dose until it reached 30–40% above baseline levels
(see Fig. 11). During this time, urinary glucose was
gradually reduced to zero, showing that the insulin was
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effective in moving glucose into cells. Overfeeding
occurred before glucose had been cleared from the
urine and while blood glucose levels were greatly
elevated. The same increases in intake were observed
whether insulin was infused in the vena cava or into the
portal vein. To test whether insulin might cross the
blood brain barrier to affect food intake, Walls and
Koopmans (159) continuously infused insulin into the
carotid artery leading to the brain. Since blood flow to
the brain is 2–3% of cardiac output, blood insulin
levels enhanced by the infusion would be greatly
elevated while passing through the brain. They found
that carotid insulin was no more effective in altering
food intake than vena cava insulin, and in both cases,
food intake was significantly increased.

When human studies are examined, insulin infusion
during a meal either produced no effect or caused an
increase in food intake. Woo et al. (160) infused both
insulin and glucose to mimic their postprandial levels
before the meal began. They found no change in meal
size even with substantially elevated insulin levels.
Rodin et al. (161) infused insulin while maintaining
plasma glucose levels. They recorded increased hunger
ratings with a high insulin infusion and a substantially
increased meal at the end of the infusion. Holt and
Miller (162) tested different types of rice meals and
found that those meals that allowed rapid absorption

of glucose and high plasma insulin levels produced
higher hunger ratings and increased food intake at the
end of the 2-hr session. Most clinical studies have found
that insulin infusion leads to a gain in bodyweight (163).
In short, human studies have tended to find that insulin
increases rather than inhibits food intake.

A third pancreatic hormone, amylin, is cosecreted
from the beta-cells with insulin and has been shown to
inhibit food intake in mice and rats (164,165). Amylin
reduces basal and glucose-stimulated insulin secretion
(166) and is normally released after a meal. Amylin also
decreases food intake when injected intraventricularly
(167,168). High-affinity binding sites have been found
for amylin in several brain regions (169). Recent work
has shown that peripheral amylin inhibits food intake
and gastric emptying at close to physiological doses
(170). Subdiaphragmatic vagotomy does not block
peripheral amylin’s effect (171).

Another islet hormone is somatostatin, which is a 14–
or 28–amino acid peptide that was originally isolated
from sheep hypothalamus (172) but is present in many
of the organs of the gut, including stomach, pancreatic
islets, and small intestine (97). Somatostatin (SOM) has
been found in the CNS and enteric nerves as well as
endocrine cells (173) and cells with short paracrine
processes that terminate on other endocrine cells
(174). Its main effect is to inhibit the release of other

Figure 11 Daily food intake of rats made diabetic after the baseline infusion of saline and, thereafter, infused intravenously

with increasing daily doses of insulin. The open bars indicate the amount of glucose lost in the urine of these rats. Daily food
intake increases at the lower doses of insulin even though there is an elevated blood glucose and substantial loss of glucose
through the urine.
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hormones or to inhibit various physiological functions,
such as gastric acid and pepsin secretion (175,176),
pancreatic exocrine secretion (177), endocrine secretion
(178), and intestinal absorption (179).When injected IP,
SOM has been shown to inhibit food intake in rats
(180). This result is very hard to interpret since one
would expect that SOM injectionwould alter the plasma
levels of several brain or gut hormones, including
growth hormone, gastrin, cholecystokinin, insulin,
and glucagon, all of which could have effects on food
intake, not to mention a lot of other changes in gut
activity and function. A recent study reports that a
somatostatin analog reduced the rate of gastric empty-
ing during the period of time when the stomach was
being filled (181).

IX UNUSUAL GUT-RELATED PEPTIDE

HORMONES

Several unusual peptides have been shown to have an
effect on food intake. These peptides are generated
during the processes of digesting and absorbing food
and could provide an indirect signal to the brain of the
amount and type of food that has been absorbed. The
previous studies on one-way crossed-intestines rats (see
Fig. 3) have shown that the absorption of food provides
the major signal that controls long-term food intake.
The three gut-related peptides that affect food intake are
enterostatin, B-casomorphin, and apo A-IV.

Enterostatin has been shown to inhibit food intake
when injected into the stomach, intestine, or peritoneal
cavity (182). It is a pentapeptide that is released by the
cleavage of procolipse by trypsin in the lumen of the
digestive tract to produce enterostatin and colipase
(183). Enterostatin’s amino acid sequence is well pre-
served across many animal species. Procolipase is
secreted from the pancreas in response to CCK and
specifically inhibits fat intake if animals are given a
choice of diets or dietary components (184). If fat is a
sustained portion of the diet, more procolipase is
secreted and could inhibit feeding behavior. One diffi-
culty with the belief that enterostatin inhibits food
intake under normal circumstances is that enterostatin
is degraded by membrane peptidases in the intestinal
brush border (185) and is, therefore, unlikely to be
absorbed intact unless some special transport mecha-
nism exists. However, Mei and Erlanson-Albertsson
(186) have shown that plasma levels of enterostatin
increased significantly after a meal and respond to the
fat content of the meal. An interesting finding is that
mRNA for procolipase and the procolipase protein are

present in endocrine cells in the fundic region of the
stomach as well as in the antrum and duodenum (187).
The gastric procolipase was cloned, sequenced, and
found to be identical to pancreatic procolipase (188).
Colipase has been found in the lumen of the stomach
(189), and it is possible that cleaved enterostatin could
be released into the bloodstream. Injection of small
amounts of enterostatin into cereberal ventricles sup-
press fat intake. There is reasonably strong evidence the
enterostatin inhibits the intake of fat after a fast, but the
role of enterostatin in the long-term control of food and
fat intake under the free-feeding conditions has been
questioned (190).

Another peptide, beta-casomorphin, is a cleavage
product of milk casein that stimulates food intake when
delivered intraperitoneally. This septapeptide was first
discovered from a digest of milk because of it’s mor-
phine-like activity (191). It has been found to increase
fat intake, to inhibit intestinal motility (192,193), and to
stimulate sleep in neonates (194). It appears to interact
with enterostatin by preventing enterostatin’s usual
suppression of fat intake. Indeed, based on their feeding
behavior curves, White et al. (195) hypothesize that
beta-casomorphin may be an enterostatin receptor
antagonist. The role of beta-casomorphin in the control
of food intake has the same explanatory problem as
enterostatin: How does the peptide avoid digestion and
get transferred into the GI tissue or the bloodstram in
order to have a systemic influence? Of course, its im-
portance for the control of food intake is based on the
presence of milk in the diet. Since beta-casomorphin
stimulates food intake, it is possible that its main role is
to override satiety signals in the early stages of life, when
milk is a large part of the animal’s diet and when rapid
growth is important for survival. Indeed, it has been
known for a long time that satiety signals are quite
limited in neonatal rats (196).

The third gut-related peptide that affects food intake
is a glycoprotein (with a molecular weight off 46,000)
that is attached to newly synthesized fat particles, called
chylomicrons, in the intestinal absorptive cell (197). The
apoproteins, apo A-I and apo A-IV, are added to the
surface of the chylomicron in order to solubilize it for
transport through the lamina propria of the intestine
and through the intestinal lymph ducts before these
chylomicrons enter the bloodstream near the heart.
Apo A-IV is readily displaced from chylomicrons to
other lipoproteins, such as HDL, in the bloodstream,
and 80% of it circulates in the bloodstream as a free
protein. Only the intestine makes Apo A-IV (198,199).
Patrick Tso and colleagues have shown that Apo A-IV
is effective in reducing food intake (200,201). They
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collected intestinal lymph before and at 6–8 hr after a
meal and then infused it intravenously into rats that had
been deprived of food for 24 hr. They found that
postmeal lymph caused a substantial reduction of food
intake in the first 30 min of feeding compared to rats
that had a saline or a fasting lymph infusion. An
infusion of the equivalent amount of lipid and phos-
pholipid (2% intralipid infusion) had very little effect on
short-term food intake which is consistent with the long-
term lipid infusion studies (see Metabolic Signals
below). However, infusion of three increasing doses of
apo A-IV demonstrated a clear dose-dependent inhi-
bition while infusion of Apo A-I had no efect on food
intake. Immunoprecipitation of Apo A-IV in postmeal
lymph returned food intake back to normal levels,
demonstration a very specific Apo A-IV effect. Apo
A-IVwas also effective in inhibiting intake when infused
in small amounts intracranially, while antirat Apo A-IV
delivered ICV increased food intake (202). Intracister-
nal Apo A-IV also increased gastric acid secretion and
motility (203,204). Apo A-IV or a related fragment has
been found in cerebrospinal fluid (202). It is difficult to
understand how such a large peptide as Apo A-IV
would enter the brain unless actively transported.
Although IV infused Apo A-IV has effects on short-
term food intake, the normal stimulus and route of entry
of Apo A-IV into the bloodstream suggest a regulatory
effect on long-term food intake, which is supported by
the fact that IV infusion of Apo A-IV decreases food
intake in ad libitum rats (201,205).

X CYTOKINES AND INFLAMMATORY

PEPTIDE REGULATORS

OF FOOD INTAKE

Not only do various gastrointestinal peptides alter food
intake during a meal, but cytokines released in the gut
wall or elsewhere as a result of infection, inflammation,
or malignancy also tend to inhibit food intake (206–
208). These cytokines are released by leukocytes and
surrounding tissue. The most prominent cytokines that
produce anorexia are interferon-a (IFNa); interleukin
1, 6, and 8 (IL-1, IL-6, IL-8); and tumor necrosis factor-
alpha (TNFa). They can have multiple peripheral
effects including changes in hormone levels (209), GI
motility (210), and metabolic pathways (211), as well as
changes in neurotransmitter levels in the hypothalamus
(212). They may also elevate temperature and induce
sleep. These cytokines can act on specific receptors in
the central nervous system. IFNa and IL-1b excite the
glucose sensitive neurons in the ventromedial hypo-

thalamus and suppress neuronal activity along with
TNFa in the lateral hypothalamus. The intracerebral
injection of a specific IL-1 receptor antagonist blocks
food intake suppression induced by IL-1b (213), show-
ing that the site of action of IL-1 was in the brain.

Cytokines rarely act alone because they stimulate the
release of other cytokines (214). Often, they enhance
each other’s effectiveness in producing anorexia or, in
more serious conditions such as cancer, in producing
cachexia, a type of wasting syndrome that includes
reduced food intake. Studies have shown that IL-1
and TNFa act synergistically to reduce food intake
(215). There are several ways to limit anorexia. Feeding
n-3 polyunsaturated fatty acids (216), giving cytokine
receptor antagonists or antibodies (213), or administer-
ing hormones, such as glucocorticoids or, more specif-
ically, megesterol acetate (217) seems to limit the mild
nausea and lack of interests in food. Another peptide
closely relate to IL-6, called ciliary neurotrophic factor
(CNTF), has been added to the list of cytokinelike mol-
ecules that inhibit food intake (218).

Although cytokines have now been clearly shown to
have direct effects on the inhibition of food intake, these
effects are probably not intended to limit body weight.
The more likely goal is to limit the animal’s desire for
food which, if acted upon, would expose the animal to
the risk of predation at a time when it is not capable of
peak physical activity. The long-term need for calorie
balance may be temporarily set aside for the more
immediate goal of survival. There may also be some
benefit to recovery by having elevated temperature or a
limited use of joints, muscles, and bone (219,220). The
effect of these peptides on intake should not be thought
of as regulators of energy balance, but as defenders from
further tissue damage.

XI CROSS-CIRCULATED RATS AND GUT

NERVE SECTIONS

All of the above studies show that many gut-related
peptides or hormones play a role in the inhibition of
food intake. Another way of testing the role of hor-
mones in the control of food intake is to cross the
circulation of two rats in a parabiotic pair. This can
be done by connecting the abdominal aorta of each rat
with the ascending vena cava of its partner (see Fig. 12).
After this surgery, the blood of the two rats is com-
pletely mixed every minute (221). The role of blood
factors in the control of feeding behavior can be tested
by feeding one of the rats in a pair 10 or 30min before its
partner after a 7-hr deprivation. Rats deprived for 7 hr
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will normally stop eating after 6–8 min based on their
own internal satiety signals. The rat fed first will have all
of its released hormones and absorbed nutrients diluted
into twice its normal amount of blood and removed by
twice the amount of tissue. This should lower the plasma
levels of the hormones released by themeal and of all the
absorbed nutrients. If these humoral factors are impor-
tant in the control of meal intake, the rat fed first should
eat a larger-than-normal meal in order to bring these
humoral signals up to some specified level. On the other
hand, its partner fed 10 or 30 min later will already have
elevated hormones and nutrients present in its blood. If
these humoral signals are important in the termination
of a meal, these rats should eat a smaller meal. The
results of this experiment were that the rats ate the same
size meal regardless of whether they ate first, and had a
low plasma level of hormones or nutrients or ate second
when they were already stimulated by these humoral

signals. The natural conclusion from this study is that
the combination of released hormones and absorbed
nutrients is not an important signal in the termination of
a meal when these substances flow through the systemic
circulation from one rat to the other. Hormones and
nutrients may have an effect on food intake by stimulat-
ing the liver, since all gut hormones released and all
water-soluble nutrients absorbed by the intestine must
pass through the liver before entering the general circu-
lation. Thus, released hormones could act on the nerves
in the wall of the gut or on nerves terminating in the
portal vein and liver. However, once these humoral
substances have passed into the vena cava which leads
to the heart, they have already been diluted by the blood
of the partner which has also been arriving into the
ascending vena cava. Thus, the results of this study limit
the possible satiety signals derived from ameal to neural
signals generated in the gastrointestinal tract and the
liver. These neural signals could be generated in the
gastrointestinal tract and the liver. These neural signals
could be generated by the local presence of hormones,
for example, the high levels of hormones released into
the lamina propria of the GI tract.

The results of the cross-circulation studies do chal-
lenge many of the theories that argue that nutrients or
hormones present in the blood are involved in the
control of meal intake. In fact, the results show that
the combination of hormones released by the meal and
nutrients absorbed as a result of feeding do not affect
short-term food intake. Theorists with a different point
of view may argue that results from parabiotic rats are
not typical of normal, single animals. While it is true
that these rats are restrained in their movement by the
presence of the attached partner, the parabiotic surgery
is relatively minor and there is no interference with any
of the rat’s internal organs other than end-to-side con-
nections to their major blood vessels. No drugs or
exogenous hormones have to be given to these animals
at the time of testing: there are no worries about dose,
site of action, type of injection, or possible malaise. The
only change isf30% of their cardiac output is lost into
their partner’s bloodstream during each 15-sec recircu-
lation time and, of course, 30% of the partner’s blood
returns continuously to the first rat. In short, the cross-
circulated rats are normal parabiotic rats that live for
more than a year without special attention. This surgical
preparation has the enormous advantage of testing the
role of not just one nutrient or hormone at a time, but of
testing the role of all of the hormones released from the
gut into the bloodstream after a meal and all of the
absorbed nutrients at the same time. Since these sub-
stances are released or absorbed by normal body pro-

Figure 12 Diagram of conscious rats with continuous cross-

circulation of the blood between the two rats. Grafts from
other inbred rats are used to connect the descending aorta of
one rat to the ascending vena cava of its partner. Thirty

percent of cardiac output crosses in each 15-sec circulation
time, and the blood is completely mixed every minute. The
stippled vessels are those that carry only arterial blood.

Koopmans394



cesses that follow a meal, their plasma levels should
remain within the normal range although levels are
likely to be below normal concentrations. Although
these rats have some restricted movement, their daily
food intake is normal and they do provide a critical test
of the role of all gut hormones and absorbed nutrients
on the termination of a meal.

One difficulty in interpreting the cross-circulation is
that these results seem to imply that nerves provide the
only signals that inhibit food intake during a single
meal. In many ways, an important role for nerves in
the termination of a meal is a reasonable hypothesis.
The bulk of the food eaten during a meal remains in the
stomach and only empties slowly into the intestine. The
combination of gastric distension receptors and intesti-
nal neural chemoreceptors would be needed to inform
the brain about the amount of food ingested. Since the
stomach of a free-feeding rat is rarely empty, new food
eaten can only be recognized by increased gastric dis-
tention or intensified signals from intestinal chemo-
receptors. Thus, the expected internal changes suggest
that neural messages are involved in the termination of
food intake. On the other hand, there are many studies
in which vagotomies have been done with no major
long-term effect on food intake. Animals with vagoto-
mies usually lose some weight and have changes in
stomach emptying depending on their diet (222,223).
However, their food intake usually does return to and
stabilize at near normal levels. If the vagus nerve is not
essential for production of a satiety signal and humoral
signals play no role in the control of intake, then how
does the animal know when to stop feeding? Are the
splanchnic nerves essential? Or can the animal shift its
attention from one type of signal to another when the
internal signals do not produce the expected changes
that normally follow feeding?

Very few studies have attempted a complete gut
denervation which requires extensive surgery. There
are four reports that claim that all nerves to the GI
tract have been severed. Grossman et al. (224) did a
three-stage operation over several months on dogs that
had complete section of the vagus and sympathetic
nerves. After recovery of several months, food intake
was measured and they found that denervated dogs ate
the same-size meals as intact dogs. When the dogs were
given insulin injections, food intake for both dogs
increased by the same amount. Harris et al. (225)
followed the same surgical procedure and confirmed
that there were no lasting results of nerve section on
feeding behavior, and found that amphetamine caused a
similar decrease in food intake in denervated and intact
dogs. Both of these studies showed that the recovered

dogs ate normally and responded to substances that
alter food intake in the same way as normal dogs.
However, neither group of experimenters reported a
postmortem confirmation that the surgerywas complete
and that nerve regeneration had failed to occur in the
many months between surgery and behavioral testing.

More recently, Stuckey et al. (126) did a two-stage
operation on rats doing dorsal rhizotomy and cord
section first, allowing the rats to recover for 2–3 weeks,
doing some behavioral tests and thereafter doing bilat-
eral vagotomywith another week of recovery. The main
objective of this study was to determine how bombesin
affected food intake, so no data onmeal pattern or daily
intake were presented although the authors state that
grossly normal feeding behavior was maintained. It was
mentioned that the rats initially lost weight and then
maintained it at a reduced level. This is not surprising
since the spinal cord section would have eliminated
movement in the back limbs, making both eating and
exercising difficult. At postmortem, nerve section was
confirmed with the aid of a dissecting microscope, but
no histochemical or functional tests were done. These
studies suggest that several months after complete
denervation surgery, dogs and rats will feed in a grossly
normal way. All of these studies required considerable
recovery time.

To reexamine this important question, we have
recently done a complete gut nerve section in rats
(226). Four groups of rats had either bilateral vagot-
omy, bilateral splanchnectomy (elimination of the sym-
pathetic nerves to the gut tissue), the combination of
these two surgeries, or complete sham surgery including
mobilization of the nerves and preparation for section
but without an actual transection. We were determined
to transect all of the accessory branches to each set of
bilateral nerves. Because the nerves branch into fibers
that are barely visible under a disecting microscope, our
procedure included the cutting of the mesenteric mem-
branes through which these nerves are known to travel
as well as the visible nerves themselves. The rats were fed
the liquid diet Ensure for 17 overnight hours per day,
and the results were quite interesting. The vagotomy
produced a large reduction of daily food intake (sus-
tained at 20% below normal) and a substantial loss of
body weight, which remained depressed by 25% below
the level of controls at 26 days when we sacrificed the
rats and took blood and tissue samples. The splanch-
nectomy had no effect on food intake or body weight
when done alone even though we cut all of the four or
five branches of the splanchnic nerve that leave the
celiac and mesenteric ganglia on each side and travel
toward the sympathetic ganglia and spinal cord.
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Splanchnectomy combined with vagotomy was no dif-
ferent from vagotomy alone, showing once again that
the sympathetic gut nerves did not alter energy balance,
but section of the vagus nerve was very effective in
lowering food intake and body weight. Our study of
vagotomy produced a larger effect than that found in
most other studies in the literature (222,223). We also
tested the size of the first meal after a 7-hr fast and found
that 15-min meal size was not different across any of the
surgical groups even though vagotomy caused a large
reduction in daily intake. Apparently, the section of
both extrinsic afferent and efferent gut nerves had no
effect on short-term intake. We also measured the rats’
response to a 50% dilution of the liquid diet by water.
The rats adjusted both the size of their first meal and
their daily intake on the first day so that caloric intake
did not change. This result suggests that vagotomized
rats were somehow regulating ingested calories and not
just responding to food volume.

The dramatic effect of our vagotomies on energy
balance and body weight loss can be interpreted in
one of two ways. Either we were very effective in cutting
all the branches of the vagus nerve and the resulting
complete vagotomy led to a substantial reduction in
food intake and body weight relative to other studies in
the literature, or our cutting of the mesenteric mem-
branes supporting the esophagus, stomach, and liver led
to changes in the rats’ comfort that exacerbated the
reduction in food intake and body weight after vagot-
omy. In the later case, the changes would be nonregu-
latory.We used a histochemicalmethod at the end of the
study for verifying that the nerves had been sectioned:
the calcitonin gene-related peptide (CGRP) fibers dis-
appeared from the gastric wall and the duodenal
mucosa after total nerve section, showing that afferent
nerves had been destroyed. The observed large decrease
of food intake and body weight following vagotomy is
complicated from a theoretical perspective. If trans-
ection of the nerve simply cut vagal sensory fibers that
increase their firing rate to inhibit food intake [as seen in
Paintal’s gastric distension vagal nerve fibers (51)], then
vagotomy would be anticipated to cause an increase in
food intake. If, on the other hand, the transections cut
nerves that stimulate food intake when activated or
reduce their firing rate to signal inhibition [as found in
Niijima’s hepatic nerve recordings to portal glucose
infusion (227)], then one would expect that food intake
would decrease as has actually been found after most
studies of vagotomy. These alternate explanations
require further research with more selective afferent or
efferent nerve sections. In fact, both vagotomies and
sympathectomies cause large changes in the sensory

nerve cells found, respectively, in the nodose and dorsal
root ganglia. These cell bodies actually change their
dominant neurotransmitters (228,229), which suggests
that peripheral nerve section may be followed by a large
central nervous system reorganization.

At the present time, the conflicting results from the
cross-circulation and denervation studies suggest that
animals may be able to shift their attention from one
signal to another. The cross-circulation studies do not
interfere with any of the possible communicating signals
within the body because no major nerves or blood
vessels are severed and blood flows continuously
throughout the bodies of both rats. However, there is
about a week of recovery from the time of surgery until
the behavioral testing begins. During this time, the rats
could learn to ignore changes in blood levels of hor-
mones or nutrients and rely only on intact neural
messages to inhibit food intake. In contrast, the dener-
vation studies interfere with one of the major signal
systems in the body, but the animals survive and recover
over several weeks or months. Even with probable total
gut denervation, dogs, cats, and rats are able to feed in a
fairly normal way although the level of food intake and
body weight may be reduced, especially after vagotomy.
Perhaps during this long adjustment period, they learn
to pay attention to mouth and throat signals or to the
changes in the blood levels of hormones and nutrients.
A possible shift over time to different internal signals
seems to be one way to reconcile the two sets of studies.

Another way to reconcile the results is to examine
whether some combination of signals is needed to
inhibit food intake. A number of studies have shown
that a combination of neural and hormonal signals may
together produce an effective signal that inhibits food
intake. Neither signal alone would be enough. Davison
and Clarke found that there were CCK receptors on
gastric afferent nerve terminals and that the combina-
tion of CCK release by the intestine and gastric dis-
tension might together produce satiety signals (230).
These studies were extended to show a clear increase
in nerve activity when CCK and gastric load were in-
creased together (231). Some studies have shown that
peripheral CCK and intraventricular leptin interact to
produce a larger inhibition of food intake (232,233).
More recently, it has been shown that intraventricular
leptin enhances satiety caused by a gastric nutrient
preload (234). These studies suggest that a complex
combination of neural and hormonal signals may be
needed to produce satiety and that focusing on just one
or the other signal system independently may fail to
demonstrate a major effect on short-term or daily food
intake. Further investigation is needed to obtain a clear
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understanding of the nature of the signals that inhibit
food intake after a meal. It has recently been shown that
there are leptin receptors on some of the gastric afferent
neurons of the vagus nerve (74). It would be interesting
to know if ghrelin released into the gastric lamina
propria could also inhibit food intake by attaching to
receptors on vagal afferents.

XII SIGNALS ARISING IN THE LOWER

GUT

Jejunoileal bypass surgery has been one of the most
successful ways of causing weight loss in morbidly
obese patients. In this surgery, the upper jejunum is
connected to the lower ileum so that the food bypasses
80–90% of the length of the small intestine, and as a
result, the ingested food is not fully digested and
absorbed. Following this surgery, obese patients lose
40% of their body weight and retain this weight loss
after 2–5 years (235–237). The original theory behind
the surgery was that, by shortening the length of the
small intestine, one would reduce the absorptive surface
of the gut and prevent the absorption of much of the
ingested food. The patients could eat as much as they
wanted, but most of the food would pass right through
the digestive tract before it could be absorbed. Presum-
ably, patients who were unable to control their food
intake would still lose weight. In fact, a major conse-
quence of the surgery was that the patients chose to eat
less which contributed to the substantial weight loss
(238,239). This effect has also been observed in rats
(240). In fact, the weight loss was largely caused by
reduced food intake and not by malabsorption. Part of
the reason for this reduction of intake may have been
the discomfort of their lower gut symptoms. These
jejunoileal bypass patients experienced severe diarrhea,
bloating, and flatulence and were running frequently to
the toilet to relieve their recurrent discomfort. Thus,
there may have been some aversive conditioning that
led to their reduction of food intake.

Jejunoileal bypass surgery induced a large number of
medical complications due to malabsorption or to the
large segment of bypassed bowel, and, because of these
complications, the surgery is no longer done in major
medical centers. Instead, the surgeons have focussed
on gastric restriction or gastric bypass operations
(241,242). These surgeries attempt to restrain food
intake by producing a small gastric pouch that provides
strong distension cues if the right food is eaten. Both of
these operations do cause an initial major loss of body
weight, but, in the case of gastroplasties or gastric ver-

tical binding, the weight loss depends on patient com-
pliance in food selection. If the selected foods can pass
easily through the narrowed opening of the stomach
pouch, as canmilk shakes or blenderizedmeals, then the
patients rapidly regain their lost weight. In recent years,
obesity surgeons have returned to the gastric bypass op-
eration (243), which combines the restriction of a stom-
ach pouch with the stimulation of the lower gut. In the
gastric bypass surgery, a small isolated pouch of upper
stomach is connected through a restricted outlet to
the upper jejunum. This procedure bypasses the usual
controls of gastric emptying and spreads the emptied
food more rapidly into the lower gut (244). Indeed, the
plasma levels of lower gut hormones following a meal
in gastric bypass patients (245–248) were quite similar
to those found after jejunoileal bypass. The 15-fold
integrated postprandial enteroglucagon response after
gastric bypass was comparable to the 14-fold increase
found after j-i bypass (249). Thus, the current sur-
gery of choice, gastric bypass, has a large lower-gut
component. New experimental surgeries are following
the same strategy of greater stimulation of the lower
gut (243).

Greater stimulation of the lower small intestine could
cause reduced food intake and increased weight loss by
stimulating the nerves in the ileum or by greater release
of lower gut hormones. The role of ileal nerves in long-
termweight loss has not yet been investigated. There are
four hormones that are released from the lower small
intestine and might play a role in the inhibition of food
intake. Neurotensin (NT) is a tridecapeptide that was
originally isolated from the hypothalamus and has the
same structure in rat, dog, and human. It is found in the
N-cells of the gut, which are present in increased
frequency as one moves down the small intestine
(250). The N-cells have microvilli that make contact
with the lumen of the small intestine and may thus
directly sense luminal contents. Neurotensin is released
after a normal meal or after the infusion of fat into the
duodenum (251). Gastric secretion and motility are
inhibited by high doses of NT (97). When injected IP,
neurotensin causes a reduction of food intake and
grooming and an increase in drinking (252), but plasma
levels were not measured and an effect on gut motility
cannot be ruled out as an explanation of reduced
feeding. A recent study involving the IP injection of a
novel neurotensin analog also appears to inhibit food
intake (253).WhenNT is injected into the hypothalamic
paraventricular nucleus, it causes a dose-dependent
reduction of food intake without associated changes in
water intake, grooming, or sleeping behavior (254), but
these investigators found no effect of IV infusion.
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There are three other hormones originating in the
lower gut, and all are found in endocrine cells, labeled L-
cells, which have microvillous tufts that protrude into
the intestinal lumen and, thus, could be stimulated by
lower gut contents. Like N-cells, L-cells increase in
number as one progresses down the small intestine,
and large amounts of PYY are found in the ileum and
colon (255). Pancreatic peptide YY (PYY) is a 36–
amino acid peptide that was first discovered using a
chemical method that detected amide groups (256). It is
released after a normal meal and after oleic acid is in-
fused into the duodenum and, in much higher amounts,
after a large meal (257). It inhibits gastric acid and
pancreatic enzyme secretion and causes gallbladder
contraction (97). PYY also limits gastric emptying and
inhibits intestinal motility, acting as an ileal brake (258).
Recent work has shown that peripheral PYY acts on the
dorsal vagal complex to inhibit gastrointestinal motility
(259). Hormonal PYY has not been shown to alter food
intake, although its close cousin, neuropeptide Y, great-
ly enhances food intake when injected into the cerebral
ventricles or the hypothalamus (260,261). Several stud-
ies have shown that injection of PYY into the ventricles
enhances food intake (262,263), in contrast to increased
lower gut stimulation, which reduces food intake (264)
and releases hormonal PYY. If peripheral PYY gains
access to the hypothalamus, it probably works on NPY
receptors in the brain to increase intake.

The two other identified lower gut hormones, the
glucagonlike peptides 1 and 2 (or GLP-1 and GLP-2)
are produced by alternate processing of the proglucagon
gene in the small intestine and colon (265,266). When
released, GLP-1 acts as an incretin in the stimulation of
insulin release (267). It interacts with both glucose and
GIP to enhance insulin release. GLP-1 also inhibits
stomach emptying and thereby lowers blood glucose
levels (268). Recent studies have shown that the intra-
venous infusion of GLP-1 will reduce food intake and
lower plasma glucose in humans (269,270), but there is
also evidence that GLP-1 may cause visceral malaise
(271,272).

The other major enteroglucagon is GLP-2. GLP-1
and GLP-2 are released by the same cells in equimolar
quantities (265,267). GLP-2 increases the activity of
brush border enzymes and increases the rate of absorp-
tion of peptides and fats (273). It may also act as an ileal
brake, inhibiting the delivery of food to the lower gut
(274). The specific receptor for GLP-2 has been cloned
and identified (275). It has been found only in the
stomach, small intestine, hypothalamus, and brainstem.
In the small intestine, the receptors appear to be present
only on other endocrine cells (276). A recent study

involving the central injection of GLP-2 demonstrated
a small, 2-hr reduction of food intake that was not
associated with conditioned aversion using a weak one-
bottle saccharin aversion test (277). These authors
identified the presence of GLP-2 neurons originating
in the nucleus tractus solitarius of the brainstem and
projecting to the dorsomedial nucleus of the hypo-
thalamus. They argued that GLP-2 was acting as a neu-
rotransmitter to decrease food intake, but their evidence
does not exclude the possibility that peripheral GLP-2
may also act centrally as an inhibitor of food intake.

All of the lower-gut peptides can be released by
glucose, 5% peptone solution, and oleic acid delivered
to the lumen of the small intestine (278,279). Recent
studies have shown that they all may play some role
in the peripheral control of food intake, although di-
rect evidence for a role of peripheral PYY on intake is
not available. In addition, a physiological effect of NT,
GLP-1, and GLP-2 on the inhibition of food intake is
not yet certain. At present, the internal signals that
cause the sustained lower level of daily food intake and
body weight after jejunoileal and gastric bypass are not
fully understood.

Another way to test the importance of the lower
small intestine in the inhibition of food intake is tomove
a segment of the lower small intestine to the upper
regions of the gut without causing any change in the
length of the small intestine. In one experiment, a 10- or
20-cm segment of lower ileum was isolated from the
lower small intestine and was reconnected to the mid-
duodenum or upper jejunum (264,280). These rats with
ileal transposition showed a decrease in food intake that
led to a substantial loss of weight. The ileal transposi-
tion surgery was more effective in obese than in lean
rats, although the effect was significant in both. These
data suggest that overstimulation of the ileum might
lead to a reduction of food intake by intensification of
lower-gut signals.

The ileal transposition studies have shown that mal-
absorption and its associated discomfort were not the
essential components of the reduction of food intake
that followed jejunoileal bypass (280). Increased lower-
gut stimulation was sufficient to cause a large reduction
of food intake. However, these studies failed to prove
that the intensification of ileal signals was reducing food
intake through a normal physiological mechanism. It
was still possible that the intensified signals were causing
a reduction of intake by making the animal uncomfort-
able, that is, by generating physiological signals that
were outside their usual range. One suggestion that the
level of stimulation was abnormal was the large number
of morphological changes that resulted from the inten-
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sified ileal stimulation. There was a 50% increase in the
wet weight of the stomach, pancreas, and remaining
jejunoileum, as well as a fivefold increase of the trans-
posed ileal segment (264,281). These changes in organ
size could be interpreted as an hard-wired attempt by
the body to reduce ileal stimulation. In a normal rat,
similar changes could increase the holding capacity of
the stomach, provide more digestive enzymes for the
processing of food in the upper small intestine, and
increase the absorptive surface of the gut. In addition,
ileal stimulation would reduce intestinal transit leading
to less stimulation of the lower gut (282,283). Reduced
food intake could be interpreted as another way in
which the organism could prevent food from reaching
the lower small intestine (281). However, all of these
signals might still be outside the usual physiological
range: the intense stimulation of the transposed ileal
segment could be making the animal sick. After all,
almost all of the ingested food had to pass through this
ileal segment before it could be absorbed, which was far
from the normal level of stimulation by f3–5% of the
ingested and digestible food. Was there a way to reduce
the stimulation of this ileal segment and bring it closer to
the normal physiological range?

The degree of the stimulation of the lower gut
could be altered by using surgery on another type of
parabiotic rat pair. In this surgical preparation, the
small intestine of one rat in the pair was transected
at the jejunoileal junction or about halfway down the
lenght of the small intestine. The upper jejunal end
of this rat’s small intestine was connected end-to-side
to the partner’s small intestine at the same level (see
Fig. 13). The lower ileal end was simply closed so
that no more ingested food could enter into its lumen.
The result of this surgery was that one rat in the pair (the
rat on the right) no longer has its ileum, cecum, and
colon stimulated by exogenous food, while its partner
had its lower gut doubly stimulated. Instead of the 20- to
30-fold increase in the amount of ileal stimulation that
might be expected in the ileal transposition rats, these
rats had their full lower gut either unstimulated or
doubly stimulated by chyme that had been appropri-
ately processed for the level of intestinal stimulation
(284). Of course, in this preparation, there was also a
continual loss of food from the intestine of one rat into
that of its partner. The rat that lost food into its partner
and that had its lower gut unstimulated increased its
daily food intake by 30–40% while its partner that had
its lower gut doubly stimulated reduced its own intake
by about the same amount. On the surface, this result
would suggest that food intake is controlled by the
lower small intestine, but the results need to be inter-

preted carefully. Is the change in daily food intake due
to the loss of food from one rat to the other or due to the
change in lower-gut stimulation? To answer this ques-
tion, one needs to look at the changes in body weight
that occur over an extended period of time. When the
rats were sacrificed 24 days later, it was found that the
two rats did not differ significantly in body weight or in
the size of their retroperitoneal fat pads. Therefore, the
adjustments of daily food intake were appropriate for
the amount of food lost from one rat into the intestine of
its partner. This result showed that doubling or reducing
to nil the exogenous stimulation of the lower gut had no
specific effect on the daily food intake of the rats. The
changes that were observed could be attributed to the
loss of chyme from one rat to the other. The major
controller of food intake was the amount of absorbed
food and not the stimulation of the lower gut. From
these results, one can conclude that stimulation of the

Figure 13 Diagram of rats with doubly stimulated lower
guts. The rat on the right has its small intestine transected at
the junction between jejunum and ileum. The jejunum is

connected end-to-side to the partner’s intestine at the
jejunoileal junction. The stippled GI tract belongs to the
rat on the left. After the surgery, the rat on the left has its

lower gut doubly stimulated with chyme while the right rat
has no further food enter its ileum, cecum, or colon. (From
Ref. 284.)
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lower gut has only aminor role in the regulatory control
of food intake. At greatly elevated levels, it may be
effective in causing reduced food intake and sustained
weight loss, but, at near normal levels, it does not appear
to be a major peripheral controller of food intake.

XIII SIGNALS ARISING IN THE LIVER

The liver originates as an outgrowth of gut tissue and
plays a significant role in the secretion of bile and the
absorption of fat. One of its major functions within
the body is the control of the metabolism of glucose,
amino acids, and fat. Therefore, the role of the liver in
the control of food intake could be seen from the per-
spective of a gut organ coming in early contact with
food or as a mediator and regulator of metabolism. It
is appropriate to review its role in the control of food
intake in a section that moves from gut signals to meta-
bolic signals.

The liver is the only organ, other than the gut, that
comes into direct contact with a substantial amount of
the ingested food. All of the absorbed water-soluble
nutrients, including sugars and amino acids, pass
through the liver on their way into the general circu-
lation. The liver removes many of these nutrients
during the absorptive phase and works to control
their levels in the bloodstream. Thus, the liver would
be in a position to assess or monitor the total amount
of carbohydrate and protein entering from outside,
which could be as much as 60–90% of ingested
calories. However, the liver does not come into direct
initial contact with most of the absorbed fat, since
ingested long-chain fatty acids are resynthesized into
triglycerides and formed into fat particles called chy-
lomicrons. These fat particles do not enter the portal
vein, but instead pass into the intestinal lymphatics,
travel through the thoracic duct, and enter the blood
at the level of the large veins leading into the heart
(285). Thus, the absorbed fat bypasses the liver before
it enters the bloodstream at the heart, where it is
diluted in all of the blood. Some of the absorbed fat
will go directly to muscle and adipose tissue for use
or for storage and never pass through the liver,
making it impossible for the liver to determine the
total amount of absorbed long-chain fat by direct
contact. Of course, the liver could still have some in-
direct way to count absorbed fat calories by assessing
some change in internal signals or changes in specific
metabolic pathways.

Russek was the first person to propose that the liver
was a major organ involved in the regulation of food

intake (286). He suggested that hepatic nerves respond
to changes in the metabolic activity and the resulting
hyperpolarization of the hepatocyte membrane. He
argued that these changes were communicated to the
brain through the hepatic vagus nerve. Niijima has
shown that the nerves in the hepatic branches of the
vagus decrease their firing rate in an inverse relationship
to the glucose concentration in the portal vein (227).
Novin and his collaborators infused isotonic glucose
into the portal vein of free-feeding rabbits and found
that it had little effect on meal intake, but when the
glucose was infused into the portal vein in 17-hr-
deprived animals, it did reduce food intake over a period
of 3 hr (287,288). In contrast, infusion of glucose in the
duodenum reduced food intake in free-feeding rabbits
but had little effect in deprived rabbits. These data are
confusing because glucose infused into the duodenum
should be very rapidly absorbed into the portal vein
and, thus, ought to act in a similar way as direct portal
vein infusion. Like portal infusion, duodenal infusion
should have reduced the food intake of the deprived
rabbits, unless a duodenal signal somehow blocks a later
hepatic signal.

The role of the liver in the control of food intake has
been more recently investigated by Tordoff and asso-
ciates. They infused glucose into the portal vein and
found that it was more effective than equimolar con-
centrations of NaCl only at the lowest concentration of
0.3 M (289,290). As the dose doubled and quadrupled,
the 2-hr food intake of the rats infused with salt
continued to decrease, while those infused with glucose
remained at the same level (see Fig. 14). In comparison,
infusion of the same amount of glucose into the jugular
vein had relatively little effect on 2-hr food intake. They
also found that the rats with portal glucose infusion had
lower plasma glucose levels and increased hepatic gly-
cogen compared to jugularly infused rats. This result is
consistent with the fact that the infused portal glucose
was altering hepaticmetabolism andwas being stored as
glycogen. One puzzling aspect of these data was that
increasing the dose of glucose caused no greater reduc-
tion of food intake even though the highest dose was the
equivalent of 104 kcal/day or more than a rat would
normally eat. The hepatic sensor did not seem to be
measuring the amount of water-soluble nutrient passing
through the liver during this short time frame. It regis-
tered the presence of glucose, but not the amount.

A more recent study has measured daily food intake
over a 17-hr period when only 10 or 20 kcal of glucose
(0.57 or 1.15kcal/hr) was infused into the portal or
the jugular vein. It was found that using these slow
infusions of relatively small amounts of glucose pro-
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duced a significant 5- or 10-kcal reduction of food in-
take but there was no difference in intake between the
portal or vena cava infusions (291). Plasma levels of
glucose or amino acids passing through the liver would
be very different in these rats because only f20% of
cardiac output goes directly to the liver. Thus, the
elevation of infused glucose passing through the liver
would be five times greater in the portal than in the
vena cava–infused rats. This result suggests that the
liver does not sense the total amount of glucose ab-
sorbed from the intestine and use this information to
control daily intake.

One way to assess the role of the liver in the control of
meal intake is to allow a substantial amount of water-
soluble nutrient to pass through the hepatic sinusoids
and see whether the nutrient has a direct effect on food
intake during a single meal. This objective can be
achieved by feeding one rat in the two-way crossed-
intestines rat pairs, a symmetrical preparation in which

a 30-cm segment of each rat’s intestine is connected to
the intestine of its partner (see Fig. 9). This preparation
was described above (under intestinal signals), but can
be briefly described again to explore its implications for
the role of the liver in the control of short-term food
intake. Following this surgery, either rat in the pair
has its ingested food move into its own stomach, pass
through its upper duodenum, and then travel into the
crossed segment of its partner’s intestine at a level just
below the bile duct (94,284). Some of each rat’s
ingested food will be digested in the partner’s upper
small intestine and absorbed into the partner’s blood-
stream, and some will continue to travel down the
digestive track back into the lower jejunum of the
feeding rat. Water-soluble nutrients will be digested in
and absorbed from the crossed intestinal segment
and will be delivered directly to the portal vein of
the partner. The effect of these water-soluble nutrients
on the hepatic control of food intake can be assessed
in these rats by feeding only one rat of a pair after a 7-
hr fast. The rat fed first has a lower delivery of ab-
sorbed nutrient into its own bloodstream and less
stimulation of the liver by food during the 10 min fol-
lowing the beginning of a meal because its own crossed
30-cm segment of the upper intestine remains unsti-
mulated by food. Nevertheless, its food intake does
not increase, but remains at the same level as unfed
control rats with no hepatic nutrient stimulation. The
partner rat fed 10 or 30 min later has already had its
liver stimulated by the absorbed food, but these rats
ate the same amount as their partners fed earlier or as
control rats without their intestines crossed. In fact,
when the absorption of glucose-3H or of amino acids-
3H was measured in rat pairs where one of the rats
was fed a normal diet with these radioactive tracers, it
was found to be significantly higher at 10 min in the
rat that had not yet fed and was hungry than in the
feeding partner that had completed its meal and was
satiated. These results suggest that the passage of
water-soluble nutrients through the liver in a physio-
logically controlled way does not inhibit food intake
during meal. The liver does not appear to monitor the
amount of absorbed nutrient passing through its sinus-
oids and use this information to alter meal intake.

An alternative way of testing the capacity of the liver
to measure the amount of absorbed nutrient passing
through its sinusoids and to use this information to alter
food intake is to divert the blood coming from the gut
into the systemic circulation before it reaches the liver.
This can be done by use of a portacaval shunt. In this
surgery, the portal vein is clamped and tied just below
the liver. The vein is transected on the gut side of the tie,

Figure 14 Food intake of rats infused with increasing

concentrations of glucose and sodium chloride into the portal
vein. *Food intake is significantly different from the control
mock infusion. yThe two treatments at a single dose differ

significantly. There is no dose dependence of glucose infused
into the portal vein. (From Ref. 289.)
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and the loose end is sutured end-to-side to the ascend-
ing vena cava. As a result of this surgery, all of the blood
leaving the gut passes directly into the systematic circu-
lation and does not go through the liver on its first pass
into the body. The liver is supported only by blood
arriving through the hepatic artery, and over the next 10
days it is diminished by 30% in wet weight (292). If the
liver were monitoring the total amount of water-soluble
nutrient that was entering through the gut and using this
information to control food intake, one would predict
that the shunted rat would overeat on its first meal after
the surgery and would continue to overeat until hepatic
signals to the brain had adjusted for the reduced caloric
load passing through the hepatic artery. In fact, it was
found that the rats ate 3.6 F 0.7 kcal on their first meal
compared to 6.2 F 1.6 kcal for the controls (P = .18).

These results did not change in subsequent meals.
During the first night, the portacaval shunted rats ate
an average meal size of 5.1 F 2.4 kcal while the
controls ate 5.5 F 1.9 kcal ( p = .90). The shunted
rats also ate 7.4 F 1.7 meals while the controls ate 8.1
F 2.2 meals ( p = .80). During the next 8 days of
recovery, the shunted rats tended to eat less than
controls and they lost somewhat more weight (see
Figs. 15, 16). These results show that the shunted rats
ate less food than controls even though their livers
were deprived of contact with some of the absorbed
nutrient. Some of the absorbed food would pass from
gut to muscle or adipose tissue without ever coming
into contact with the liver. An increase in food intake
by shunted rats would be predicted by a theory that
argues that the liver measures or monitors the total

Figure 15 Daily food intake of rats provided with a portacaval shunt or given sham surgery. Measurements of meal patterns

were made on the first day after surgery and during the last 6 days, when the rats had returned to the baseline intake.
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amount of exogenous water-soluble food arriving from
the gut and sends a message that controls food intake.

To make sure that we were testing rats at their best
performance, measurements were also made of meal
patterns during the last 6 days of the study when the
rat’s daily food intake and rate of body weight gain had
stabilized for both the shunted and controls rats (154).
The rat’s firstmeal after a 7-hr fast was 10.7F 1.4 kcal in
shunted rats and 10.8 F 1.2 kcal in controls ( p = .98).
For their average meal during the day, the shunted rats
ate 5.1 F 0.5 kcal while controls rats ate 5.9 F 0.8 kcal
( p= .26). Their number of meals were 15.8F 1.6 versus
14.7 F 1.0, respectively ( p = .70). Clearly, the food
intake of the shunted rats was not larger than and, in
fact, not significantly different from, that of controls.
This results suggested that the liver does not use infor-
mation that it may obtain about the amount of ab-
sorbed food passing through it to control food intake.

Russek has argued that the diversion of the blood
away from the liver through the use of a portacaval
shunt does not change the stimulation of the liver by
absorbed food: within one circulation time, he argues,
the absorbed nutrients have passed into the hepatic
artery and elevated plasma levels (293). However, in
shunted rats, a substantial amount of the absorbed
nutrient will never pass through the liver. Some portion
of the absorbed glucose and amino acids will go directly
from the systematic circulation to muscle, fat, and other
tissues and will be taken up by these tissues before it can
ever reach the liver. Thus, the liver fails to have contact
with the full amount of water-soluble nutrient absorbed
from the intestine in these portacaval shunted rats and,
therefore, should not be able to assess the total content
of absorbed nutrient.

These last two studies show that the liver does not
determine the amount of absorbed nutrient and pass

Figure 16 Body weight of rats with either portacaval shunt or sham surgery. Rats with the portacaval shunt lose more weight
after surgery, but their subsequent weight gain is comparable to that of controls.
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this information to the brain to control food intake.
In the first study, there was a physiological delivery of
a substantial amount of nutrient from the upper small
intestine into the portal vein leading directly to the
liver. This delivery over a period of 10, 30, or 60 min
did not reduce food intake and, in fact, had no effect
upon the size of the first meal after a 7-hr fast. In the
second study, the diversion of the nutrient-containing
portal blood away from the liver did not cause an
increase in the first meal after the surgery, in the meals
throughout the first day, in the first meal after a 7-hr
fast over the last 6 days or in the meals taken
throughout a 6-day period when daily food intake
and body weight gain had stabilized 10 days after the
surgery. Thus, both studies show that the liver does
not monitor the amount of absorbed food and convey
that information to the brain to alter food intake.

Although the liver does not appear to sense the total
amount of nutrient absorbed from the gut, it could be
involved in relaying information to the brain about
metabolic changes taking place in the body, such as
the type of nutrient being used for fuel or the fasting-
refeeding state. This information may influence and
alter food intake. If the liver were involved in the control
of food intake, it would need to send messages to the
brain to produce a change. These messages would have
to be sent by nerves or through the bloodstream. A
partial denervation, hepatic vagotomy, has been done in
free-feeding rats and produced mixed results. Friedman
and Sawchenko (294) found a shift in the day/night
rhythm with increased feeding during the day and
reduced feeding at night. There was a small change in
daily intake but only in male rats. On the other hand,
Del Prete and Scharrer (295,296) have shown that
hepatic vagotomy caused no change in day/night feed-
ing but the pattern of daytime feeding was altered.
These are relatively minor effects of partial denervation
of the liver. When a total hepatic denervation is done,
the changes in meal pattern completely disappear (297,
298, 299, 300). A recent liver transplant study showed
only a small night-time decrease in daily intake in liver-
denervated and transplant rats (298). Thus, hepatic
denervations appear to have little effect on spontaneous
food intake, and the hepatic nerves are not much
involved in the control of meal patterns. On the other
hand, hepatic vagotomies have been shown to affect
food intake when intake is altered by external treat-
ments, such as infusion of total parenteral nutrition
(301) or glucagon (140). Thus, hepatic nervesmay play a
role in unusual, external challenges, but they do not
have much of a role in the normal control of food
intake. The other possible way in which the liver could

inform the brain about peripheral changes in metabo-
lism is by the release of some humoral factor. The type
and quantity of food eaten has an effect on the release of
somatomedins or insulinlike growth factors that alter
metabolism and enhance growth (302). A specific inhib-
itor of food intake secreted from the liver has not been
identified, but remains a possibility.

XIV METABOLIC SIGNALS

Although the liver does not seem tomonitor the amount
of water-soluble nutrient passing through it from the
gut and use this information to control intake, it still
responds to changes in the plasma levels of glucose,
amino acids, and fats by removing or releasing these
nutrients to maintain their blood levels within a well-
defined range. That the liver can release glucose in the
blood has been known since the days of Claude Ber-
nard. In fact, the liver and various regulatory hormones
are very effective in maintaining plasma glucose levels:
they are able to substantially limit the surge in plasma
glucose that follows a CHO meal and to maintain
plasma glucose levels even under conditions involving
extensive exercise when glucose is rapidly being used
by the muscles (303). Thus, the liver could acquire
some information about the flow of energy through
the body without having to monitor the total amount
of absorbed nutrient.

It is possible that the liver or some other tissue in the
body monitors the plasma levels of the macronutrients
and sends this information to the brain to alter food
intake. Indeed, there are many theories that claim that
plasma nutrient levels are important in the control of
food intake. The early version of the ‘‘glucostatic’’
theory stated that elevated plasma levels of glucose
inhibit food intake (304,305). When it was noted that
diabetic rats had very high plasma glucose levels and
were nevertheless hyperphagic, the theory was modified
to claim that the use of glucose by the tissues, which
produced an arteriovenous (A-V) difference in plasma
glucose, controlled daily food intake (305,306). Because
increased levels of plasma insulin are needed to generate
an A-V difference in plasma glucose levels in peripheral
tissues, the glucostatic theory has been closely associ-
ated with a theory that insulin inhibits food intake (see
section on Pancreatic Hormones above). One argument
against the glucostatic theory is that a meal of meat,
which contains mostly protein and fat, is highly satiat-
ing, suggesting that regulation of glucose transport into
cells cannot be the only mechanism involved in control
of meal intake. Grossman and associates have reported
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that the short-term injection of glucose into veins or the
peritoneal cavity in calorically significant amounts had
no greater effect on the food intake of dogs than a
control saline injection, but no evaluation of A-V differ-
ences was made (307,308).

In a complementary approach, the ‘‘aminostatic’’
theory states that increased levels of plasma amino acids
are associated with decreased appetite in man (309).
Amino acid levels were found to vary inversely with
ratings of hunger. A major amount argument against
the aminostatic theory is that increased protein content
of the diet leads to substantially lower levels of plasma
amino acids but no major increase in food intake
(310,311). Thus, amino acid levels themselves are
unlikely to control food intake. The final classic theory,
the ‘‘lipostatic’’ theory, states that the amount of body
fat controls daily food intake (312) and will be dis-
cussed in greater detail under Storage Signals.

One way of testing whether metabolic signals control
food intake is to infuse nutrients directly into the blood-
stream and to determine whether the infusion reduces
daily food intake. Such an infusion bypasses the gut and
tests the relevance of specific nutrients for the reduction
of daily food intake. All relevant studies have shown
that the slow, chronic infusion of nutrients into the

bloodstream produces a substantial reduction of daily
food intake (313–316). These studies show that the
presence of these nutrients in the bloodstream or the
metabolic consequences of their uptake into the body’s
tissues generates a signal that feeds back to the brain
to inhibit feeding behavior. Each of these nutrients
has its own specific effect on daily food intake (317)
(see Fig. 17). If 34 kcal of glucose is infused slowly
and continuously over a 17-hr feeding period, the rats
show a reduction of intake in 1 day that is equivalent
to 55% of the calories infused. When the infusion
stops, the rats return in 1 day to their previous base-
line levels of intake. In contrast, infusion of 10 or 20
kcal of an amino acid mixture causes a complete re-
duction of intake relative to the number of calories
infused. Daily food intake is decreased during the first
day of infusion and returns within a day to normal at
the end of the infusion. Finally, infusion of 20 or 40
kcal of IV lipid has no significant effect on daily food
intake during the first day and, then, provokes a grad-
ual reduction over 2–3 days that stabilizes at a lower
level after 4–6 days. The long-term compensation
averaged only 42% of the calories infused, showing
that IV lipid was the least effective in reducing volun-
tary food intake. When the infusion ceased, daily food

Figure 17 Average daily food and energy intake of rats infused intravenously with saline, glucose, amino acids, lipids, and an IV

diet that had the same composition as the oral diet. Slashed bars are the voluntary daily food intake; open bars are the total
number of calories infused. The total height of the bar is the total amount of calories ingested and infused. Rats show a 50%
compensation for glucose and lipids, nearly complete compensation for amino acids, and 75–80% compensation for the IV diet.

(From Ref. 317.)
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intake barely increased on the first day and then rose
very slowly over the next several days showing that the
pattern of response to fat infusion was greatly delayed
and very different from the patterns resulting from the
infusion of the water-soluble macronutrients. Since the
infusion of each of these macronutrients separately
might lead to a less than complete compensation be-
cause of a change in the relative amounts of the mac-
ronutrients available to the tissues, we also included an
infusion condition in which all of the nutrients were
infused in the same proportion as the nutrients in the
diet. Infusion of 20 and 40 kcal of IV diet produced
reductions of daily food intake that were f 77% of
the calories infused. In short, there was a better ad-
justment for all three nutrients together than for the
sum of the nutrients infused separately (317,318). The
body was responding partly to the altered macronu-
trient composition of the infusate. In addition, the
infusion of all three nutrients did not produce full
compensation showing that either signals originating
in the gut or signals associated with the circadian pat-
tern of food delivery were important in providing the
full signal for the inhibition of food intake. One study
showed that the circadian infusion pattern was impor-
tant, with infusion during the normal feeding hours
being the most effective in reducing daily intake (319).

All of the infusion studies show that the presence of
the infused nutrients in the blood or their metabolism
and storage in the tissues provides the major signal that
controls daily food intake. These infusions of nutrients
cause a reduction in food intake without there being a
concomitant change in metabolic rate. When glucose is
infused into the vena cava, the rats show an immediate
reduction of daily food intake, but metabolic rate re-
mains the same (320). There is, of course, a shift in
respiratory quotient which reflects the increase in the
amount of glucose that is being burned by the tissue.
There is also a small increase in metabolic rate on the
fourth day of glucose infusion, when there has been a
sustained increase in carbohydrate calories delivered to
the body, but the increase inmetabolic rate was only 5%
of baseline levels. On the other hand, when fat is infused
in the form of an intravenous intralipid, there were
gradual changes in food intake but no change in meta-
bolic rate before, during, or after the infusion. Even if
infusion of nutrients doesn’t change metabolic rate, it
leads to the deposit of excess calories in body fat (321).

Since the infusion of nutrients into the bloodstream is
a very effective way of reducing daily food intake, there
must be one or several sites within the body where the
infused food is translated into a signal that is sent to the
brain to alter food intake. One of themost likely sites for

the measurement of plasma levels of nutrients would be
the brain itself. Several studies have shown that there are
neurons in the ventromedial and lateral hypothalamus
that are responsive to glucose and amino acids as well as
insulin and other hormones (322). These neurons could
sense the plasma levels of these nutrients or hormones
and use this information to initiate and control the
feeding behavior of the animal. To test the role of these
brain sensors in the control of daily intake, infusions of
glucose or amino acids were made directly into the
internal carotid artery (323). Infusions of water soluble
nutrients directly into the carotid artery would greatly
elevate their plasma levels during the first pass of blood
through the brain, because the infused nutrients are
diluted into the 2–3% of the cardiac output that goes to
the rat brain. The infusions are made continuously for
24 hr. Calculations based on blood flows show that
plasma glucose levels in the brain should be increased by
44 mg% above background, which was confirmed by
direct glucose measurements made in the jugular vein.
Once the blood with the infused nutrients has passed
through the brain, it gets diluted by other blood entering
from the descending and ascending vena cava and has a
nutrient composition that is the same as the nutrient
content after nutrient infusion directly into the vena
cava, which is the control comparison condition. This
study found that the rats with carotid infusions of
glucose and amino acids showed the same reduction
of food intake as rats with vena cava infusions. There-
fore, substantially elevated glucose or amino acid levels
in the blood flowing through the brain did not alter food
intake any more than when the same nutrients were
infused into the vena cava and diluted in the total
volume of blood before reaching the brain. Plasma
levels of glucose and amino acids flowing through the
brain do not appear to alter food intake.

Another way to assess the effects of nutrients on the
control of daily food intake is to draw nutrients that
have already been absorbed out of the bloodstream.
This can be done with the cross-circulated rats des-
cribed above (see Fig. 12). One rat in a cross-circulated
pair can be deprived of food for 4 days while the food
intake of its partner is observed. If nutrients are im-
portant in the control of daily food intake, the feeding
rat that loses half of its ingested food into the blood-
stream and tissues of its partner should increase its
daily food intake. We observed that the rats did not
significantly change their food intake for 2 days and,
thereafter, increased food intake on the 3rd and 4th day
by f30–40%, which was less than compensatory for
the amount of food lost (221). The feeding rats should
have doubled their daily food intake to sustain both
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animals. As a result, the rats lost weight. When food
was again available to both rats, the long-term feeding
rats reduced their intake to baseline levels on the first
day, showing that the rats were capable of sensing
increased nutrient content within 1 day.

The overall result suggests that, in cross-circulated
rats, a decrease in the blood level of nutrients and the
amount of nutrient transferred into tissue fails to be
noticed by the mechanism that controls daily intake for
2 days. This result challenges the hypothesis that
metabolism controls daily intake. However, it is in
conflict with the results from studies using direct
nutrient infusion where water-soluble nutrients reduce
daily food intake within the first day of infusion
(317,318). It is possible that nutrients are more effective
in causing a reduction in food intake than in causing
food intake to increase. In any case, the cross-circu-
lation studies show that food absorbed from the gut
has little effect on meal intake and that daily food
intake increases only slowly when plasma metabolites
are lost into the bloodstream of the partner of a cross-
circulated pair.

Another way to approach the search for a metabolic
signal that controls food intake is to block various
metabolic pathways and see whether the blockade
causes a change in food intake. Since metabolism is
very central to the survival of the organism, one has to
be careful to select agents that do not make the animal
sick or uncomfortable. Indeed, the most convincing
metabolic blockers should cause an increase in food
intake showing that the agent works specifically on
feeding behavior and that the animal is healthy enough
to respond to the internal stimulus. A series of studies
using metabolic blocking agents have suggested that
there are metabolic signals that can alter food intake.

The first metabolic blocker that was shown to cause
an increase in food intake was 2-deoxyglucose (2-DG),
which is taken up by cells and interferes with glucose
utilization (324). 2-DG causes an increase in food
intake, activates the sympathoadrenal system, and sub-
stantially increases plasma glucose, FFA, epinephrine,
and glucagon levels (325 326 327). Small amounts of
2-DG injected into the brain stimulate food intake (328).
There are conflicting data about whether 2-DG acts on
the liver to reduce food intake. Some studies claim that
hepatic branch vagotomyattenuates the effect of periph-
erally injected 2-DG (329) while others claim that it
enhances the feeding response (330). Still others find no
effect of hepatic vagotomy (331,332) or total hepatic
denervation (333) on 2-DG-induced feeding. The main
effect, however, is that slowing down the cellular use of
glucose causes increased feeding behavior.

Another blocker, 2,5-anhydro-d-mannitol (2,5-
AM), also interferes with glucose metabolism and
increases food intake in a dose-dependent manner
(334). 2,5-AM inhibits glycogenolysis and gluconeo-
genesis (335). It also produces a small decrease in plas-
ma glucose and a significant increase in plasma fatty
acids, glycerol, and ketone bodies (336). It is as effec-
tive in increasing food intake in diabetic as in normal
rats, suggesting that elevated blood glucose and low
blood insulin levels are not detrimental to its effect.
Low doses of 2,5-AM probably act in the liver. When
infused intraportally, it has a faster and larger capacity
to increase food intake than when infused intrave-
nously. The effects of small doses of 2,5-AM are elim-
inated by hepatic vagotomy, although higher doses are
still effective in increasing food intake. 2,5-AM also
affects metabolism: it causes an increase in metabolic
rate during the first hour after injection but has no
long-lasting effect on whole body energy expenditure.
It does lower RQ with a decrease in carbohydrate
metabolism and an increase in fatty acid oxidation
(337). 2,5-AM lowers hepatic ATP, which may provide
a signal that increases food intake (338). On the other
hand, infusion of 100% TPN reduces food intake by
85%, but there are no associated changes in hepatic
ATP or ATP-to-Pi ratio. Thus, this ratio doesn’t seem
to control food intake during intravenous infusions of
nutrients (339). On the 5th day of this study, volun-
tarily daily food intake increased considerably but
there still no changes in hepatic ATP.

There are also a couple of inhibitions of fatty acid
metabolism that cause an increase in food intake. Mer-
captoacetate (MA) causes an increase in food intake
during the day in rats fed a high-fat diet but not a low-
fat diet (340). MA impairs mitochondrial beta-oxida-
tion of fatty acids (341) and causes elevation of plasma
free fatty acids, no change in plasma glucose, and a
reduction of the ketone, 3-hydroxybutyrate (340). The
effects of MA can be blocked by subdiaphragmatic
vagotomy and by capsaicin destruction of vagal affer-
ents (331), suggesting that the effects of MA are trans-
mitted through the vagus nerve. MA activates the sym-
pathetic nervous system and increases plasma levels of
norepinephrine, fatty acids, and glucose (327).

Another fatty acid oxidation inhibitor, methyl pal-
moxirate (MP), also causes an increase in food intake
(342). MP lowers fatty acid oxidation by inhibiting car-
nitine palmitoyltransferase I, which transports long-
chain fatty acids into mitochondria (343). It elevates
plasma free fatty acids and glycerol while lowering
ketone bodies (344).MP also interacts with 2-DGwhich
blocks glucose utilization to cause an increase in food
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intake at doses that are not effective when only MP was
given (see Fig. 18). MP causes an increase in food intake
when the rats are fed a high-fat diet rich in long-chain
fats but not when they are fed a high-fat diet rich in
medium-chain fats (345). Neither MP nor 2-DG alone
or together was able to cause an increase in food intake
in Syrian hamsters (346).

That these metabolic blockers are effective in increas-
ing food intake does not necessarily imply that the
metabolites with which they interfere are normally
involved in the control of meal size, meal patterns, or
daily food intake. It is clear from the studies cited above
that several metabolic blockers act in a specific way to
elevate food intake, but they also put unusual stress on
the animal and, in the process, elevate stress hormones
(327). It is certainly possible that these metabolic block-
ers could elevate food intake by activating an infre-
quently used escape pathway that is present only for
unusual circumstances when it is necessary to rapidly
boost plasma metabolite levels. Food intake may be

initiated as a last resort whenever metabolites fall to
very low levels at some regulating site. After all, when
other sources of metabolic fuel fail, feeding will provide
some rapidly absorbed nutrient (20), and can contribute
to maintaining an adequate metabolic rate. However,
sudden reductions in the availability of metabolic fuels
are not common in animals, and most meals are eaten
in a relatively relaxed state without metabolic stress.
The increase of food intake provoked by metabolic
blockers may provide more of an escape from a severe
metabolic deficit than a regular mechanism for the con-
trol of food intake.

XV STORAGE SIGNALS

Early studies by a number of investigators have shown
that bodyweight is regulated. If an animal is force-fed to
obesity, it will, when given free access to food, reduce its
food intake and return its body weight back toward
normal levels (1). In contrast, when an animal is starved
or its food intake is restricted, it will slowly lose weight,
but, when it is given food as lib again, it will increase
its daily food intake and decrease its energy expendi-
ture to bring its body weight back up toward normal
levels (347). Since the major change in these overfed or
underfed animals is the amount of stored fat, several
investigators have argued that there is some internal
mechanism that measures the amount of body fat and
that adjusts food intake and energy expenditure to bring
body fat back to its usual level. Unfortunately, these
studies show only the presence of internal regulation;
they do not show where or how a corrective signal is
generated and transmitted. Indeed, as mentioned in the
Introduction, the overfeeding or underfeeding of an
animal causes changes in the stimulation of the GI tract,
in delivery of soluble nutrient to the liver, in the me-
tabolic pathways that are used by the body, and in the
short- or long-term storage of nutrients in various tis-
sues. The response to any of these changes could be
responsible for bringing food intake and body weight
back to normal levels.

The idea that body fat could control food intake was
first proposed by Kennedy as a result of his studies on
weight change after VHM lesions. The ‘‘lipostatic’’
theory states that the amount of body fat controls daily
food intake in some way (312). However, the theory
doesn’t specify the nature of the signal system that
brings body weight back to normal. It could be a me-
tabolite, such as a fatty acid or glycerol, or a hormone
released by adipose tissue or a chalone, defined as a ne-
gative humoral feedback signal controlling tissue size.

Figure 18 Two-hour food intake of rats injected with the
combination of 2-deoxy-d-glucose (2-DG), an antimetabolite

for glucose, and methyl palmoxirate (MP), an inhibitor of
fatty acid oxidation. The drugs given together have a much
larger effect than either alone on increasing food intake.

(From Ref. 344.)
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A number of theorists have tested the role of glycerol
by injecting it subcutaneously (SC) or intracerebrally
(IC). Glycerol has received considerable attention
because glycerol is released by adipose tissue during
lipolysis in a one-to-one relationship with the break-
down of stored triglyceride. It is also released in an
amount that is directly proportional to the amount of
body fat and to adipocyte size (348,349). When injected
SC or IC, it causes a reduction of food intake and a
decrease in body weight (350). Glycerol has been fed to
rats and causes a somewhat more than compensatory
reduction of food intake (351,352), but high levels of
glycerol in the diet are highly unusual and adaptation to
a new diet would necessarily take time. Only one study
has infused glycerol into the bloodstream to try to
mimic plasma levels and investigate its effect on daily
intake. Glick found in 1980 that a 1-day intra-arterial
infusion of glycerol caused a reduction of daily intake
that was three times the amount of calories infused
(351). If his results are accurate, they argue for a role
for glycerol in the control of daily intake. These results,
however, have not been replicated.

One way to study the role of body fat in the control of
food intake is to remove some of the fat in one group of
rats and see whether these rats adjust their food intake
and energy expenditure to bring body fat back to
normal levels. Two studies have found that lean rats
that have the inguinal and epididymal fat pads removed
will bring their total amount of body fat back to control
levels in 3–6 weeks (353,354). Only one of these studies
measured food intake under very special conditions in
which Osborne-Mendel rats were fed a high-fat diet that
tended to make the rats obese. The reduction in the
amount of body fat did not produce an immediate
increase in food intake, as one might expect if the
amount of body fat were directly inhibiting food intake.
Instead, the investigators found that afterf 20 days of
rapid weight gain, the lipectomized rats began to reduce
their daily food intake relative to controls (353). It was
clear that it took several weeks to change their food
intake due to the loss of body fat. Indeed, the reduction
of intake after 20 days may have resulted from a
decreased capacity for storage: these high-fat-fed, lipec-
tomized rats had large fat cells that were the same size as
those of the controls on the same high-fat diet, but had
less body fat at postmortem. The fat cells may have
reached a maximum size which led on to an earlier
reduction of food intake in lipectomized rats. Another
study did lipectomy of inguinal, retroperitoneal, and
epididymal fat pads or sham-surgery in ground squirrels
just before they began their increase in body weight
prior to hibernation (355). The authors found that 4

months later there was no difference in body composi-
tion and no significant change in cumulative food intake
in the lipectomized squirrels relative to sham controls.
Indeed, the lipectomized ground squirrels ate slightly
less food and gained slightly more weight than their
sham controls, but neither result was significant. Again,
this study shows some regulation of body fat, but no
necessary connection between changes in body fat and
changes in food intake.

Many studies have shown that the energy balance
regulating mechanism has the most difficulty recogniz-
ing the caloric content of fat: people eating high-fat
diets tend to gain weight, and low-fat diets help them
to diet and lose weight (356). These well-established
phenomena are probably due to their body’s inability
to recognize fully the fat calories in their diets. The
lipid infusion studies (cited above under Metabolic
Signals) have shown that the adjustment to intrave-
nous body fat is slow and incomplete with rats reduc-
ing their daily food intake by only 42% of the calories
infused after 4 days of slow adjustment (317). A more
recent study has shown that both intragastric and
intravenous infusion of glucose was more effective in
reducing food intake than the same caloric amount of
fat (70% compared to 40% of calories infused, respec-
tively) (357). Intragastric infusion caused a greater
reduction of intake than intravenous infusion for both
macronutrients. Control rats overate on a high-fat
diet by 25 kcal/day (compared to a baseline intake
of f77 kcal). These studies suggest that there is not as
good a satiety mechanism for the fat component of the
diet as for the water-soluble macronutrients regardless
of route of delivery.

Another possible way in which food intake could be
disconnected from the amount of body fat is through the
deposition of ingested fat into adipose tissue before it is
noticed by the food intake regulating system. The
ingested or infused fat could be transferred into fat or
muscle by an enzyme, lipoprotein lipase (LPL), present
on the capillary linings of these (358,359) and other
tissues, such asmammary glands (360), before the food’s
caloric value has been recognized. This theory actually
assumes that once circulating metabolites are moved
into storage tissues, they are no longer recognized as
having been ingested. It also postulates that activation
of LPL should lead to overeating and obesity (358,359).
The expression of LPL in adipose tissue is controlled
and elevated by increased plasma insulin levels
(361,362), which, in the context of this theory, suggests
that insulin should increase rather than decrease food
intake (see discussion in Pancreatic Hormones above).
Greenwood (363) has argued that lipoprotein lipase acts
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as a gate keeper, directing ingested fat into adipose
tissue and away from other issues. She claims that the
level of adipose tissue LPL activity could alter feeding
behavior in both rodents and man by sequestering some
of the ingested fat away fromorgans thatmight sense the
amount of ingested food. One piece of supportive
evidence is that there are elevated LPL levels in young
fatty (fa/fa) rats before they become hyperphagic and
hyperinsulinemic (364). We now know that these rats
are leptin receptor deficient. Furthermore, obese women
have been found to have 3.5 times the level of adipose
tissue LPL than age-matched leans (365). Even after the
loss of 13 kg, or about half of their excess weight, the
obese women’s level of LPL in adipose tissue was still
three times higher than that of their lean counterparts,
suggesting that elevated LPL might move some of the
ingested fat into adipose tissue and thereby maintain
their obesity.

The idea that the fat component of ingested food
might be moved into adipose tissue before it can be
sensed by food intake regulating mechanisms has
become a central component of another theory of the
metabolic control of food intake (366,367). Friedman
claims that the oxidation of metabolic fuels in the liver
generates a signal that controls feeding behavior. If
ingested food bypasses these oxidative pathways, which
he believes take place in the liver, then this food will not
be noticed by the regulating system. He believes that
changes in the intramitochondrial oxidation of meta-
bolic fuels govern feeding behavior (368). If fuel is
partitioned so that more fuel moves into adipose tissue,
less fuel will be available for oxidation and the excess fat
moved into adipose tissue will thus not be noticed by the
system that regulates food intake. One problem with
this ‘‘oxidation’’ theory is that the intravenous infusion
of either glucose or fat into rats produces large changes
in daily food intake but no measurable changes in the
overall metabolic rate (320). Both of these theories are in
conflict with theory that leptin release from adipose
tissue is amajor controller of daily food intake and body
weight (see next section).

XVI ANIMAL MODELS OF OBESITY

AND NEW PEPTIDE REGULATORS

Another way to gain insight into the control of the
amount of body fat is to investigate the characteristics
of genetically obese mice and rats. There are several
strains of obese mice including ob/ob, db/db, agouti,
tubby, and fat, as well as several strains of obese rats,
fatty (fa/fa), corpulent, and OLETF (120,369,370). All

of these obese rodent strains occur because of the
presence of a recessive gene that leads to obesity. The
ob/ob and db/db mice have many characteristics in
common: hyperphagia, hyperglycemia, hyperinsuline-
mia, and marked obesity. ob/ob mice are infertile and
have difficulty maintaining body temperature under
cold stress (371). The first attempt to understand the
physiological signal system that was responsible for the
genetic obesity that was occurring in these obese
rodents was done with parabiotic mice. Coleman sur-
gically connected combinations of ob/ob, db/db, and
normal mice together into parabiotic pairs to see
whether the slow exchange of blood through the para-
biotic union would lead to changes in food intake and
body weight (372). Parabiotic connections of two nor-
mal, two ob/ob, or two db/db mice produced pairs that
grew well and exhibited no changes in intake. In con-
trast, when db/db mice were connected to either normal
or ob/ob mice, these latter mice reduced their food
intake, had reduced plasma insulin and glucose levels,
and continually lost weight. Some of these normal or
ob/ob partners eventually became so thin that they
apparently died from malnutrition and starvation.
Coleman hypothesized that the db/db mice produced
a bloodborne satiety factor that the db/db mice them-
selves could not sense, but which inhibited the food
intake of their partners and led to their slow emacia-
tion. In addition, Coleman found that when normal
mice were parabiosed with ob/ob mice, the ob/ob mice
reduced their food intake and rate of growth, suggest-
ing that normal mice also produced a satiety factor
which was lacking in ob/ob mice. In short, Coleman
concluded that the ob/ob mice failed to produce an
effective bloodborne satiety factor and that db/db
mice failed to sense its presence. With unusual pres-
cience, Coleman thought that the genetic defect in db/
db mice might be caused by a deficient sensor in the
hypothalamus.

Several investigations have used molecular biology
techniques to explore the character of the ob gene. These
interesting studies have shown that the ob gene codes
for an mRNA that is present in adipose tissue and this
mRNA translates into a protein that is released into the
bloodstream. Several studies have shown that when this
protein, called leptin, has been injected ip into mice,
there is a large reduction in food intake and body weight
(see Fig. 19). These reductions are most striking in ob/
ob mice that don’t make a functional protein them-
selves, but they also occur in normal mice (67). ob/ob
mice normally have a lower body temperature and lower
metabolic rate, but injection of leptin brings these values
back up to normal levels, showing that leptin is working
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on both food intake and energy expenditure to bring
body weight back to normal. Leptin also lowers serum
insulin and glucose, but these effects could easily be the
result of the reduced food intake.

As predicted from the parabiotic experiments of
Coleman, the injection of leptin into db/db mice had
no effect on food intake, showing that the db/db mice
do not have a functional receptor for leptin and are
thus not affected by the elevated blood leptin levels
presumed to be present because of their obesity (66).
Studies have shown that there is a splicing error in the
processing of the gene of the leptin receptor in db/db
mice (373). Leptin receptors have been isolated from
the choroid plexus and from the hypothalamus which
has a special long form of the receptor. Leptin is re-
leased by adipocytes and appears to act on the brain,
most probably the hypothalamus. Injection of one-
third of the intravenous dose of leptin into the ven-
tricles of ob/ob mice produced similar reductions in
food intake, suggesting that a brain region was sens-
ing the presence of leptin (68).

As previously mentioned (see section on Gastric
Satiety Signals), leptin has recently been found in
endocrine cells of the stomach (59). Plasma leptin levels
increase following a meal, and decline before the onset
of the next meal (63). There is an increase in plasma
leptin levels during the day, with the highest levels in
man at night (63,72). The relative proportion of plasma
leptin originating from stomach and adipose tissue has
not been determined.

Not long after the discovery of an ob gene protein
(66), researchers measured the expression of the ob gene
mRNA in the adipose tissue of obese and normal
human subjects and found that it was elevated in the

obese (374,375).More recently, measurements of immu-
noreactive leptin have beenmade in the blood of normal
and obese humans (376). These investigators found a
significant fourfold increase in the serum levels of leptin-
like molecules in obese individuals compared to normal
weight subjects, and there was a strong positive corre-
lation between serum concentrations of a leptinlike
molecule and the percentage of body fat (r = .85). It
is not clear whether these leptinlike molecules are
restraining food intake in these obese patients or are
altered and ineffective. When seven these patients were
given a low-calorie diet (800 kcal/d), there was a drop in
both serum leptinlike material and in the expression of
ob mRNA in their adipose tissue. Both of these changes
rebounded, in part, when the patients were put on a
weight maintenance diet and ate more food.

The physiological triggers of leptin release have been
explored by changes in the expression of the ob gene in
the adipose tissues of mice and rats. Fasting led to a
substantial fall in the ob mRNA in the epididymal fat
pad of ob/ob mice, and refeeding brought it back
toward normal levels (377). This reults was confirmed
in Sprague-Dawley rats and was shown to have a
circadian rhythm with the ob gene expression doubling
during the 12 hr of dark when the rats were fed (378).
Fasting prevented this cyclic fluctuation. A single large
injection of insulin (1 IU) into fasted rats led to an
increase in ob mRNA expression to the levels of fed
controls. Thus, insulin may play some role in ob gene
expression and leptin release. Injection of hydrocorti-
sone also led to an increase in ob mRNA and a cor-
responding decrease in food intake and body weight
(379). Although these studies are based only on gene
expression and not on blood leptin levels, they suggest

Figure 19 Food intake and body weight of ob/ob mice given a daily IP injection of ob protein for 34 days. n, rats receiving 5 lg/
g/day of ob protein; o and E, rats receiving vehicle or no treatment. Similar treatment of db/db mice produced no effect. (From
Ref. 66.)
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that release of leptin may be controlled by hormones
as well as by absorbed food.

After the initial discovery of the leptin gene, there
was tremendous excitement about the possibility of
finding a medical treatment for human obesity by
manufacturing a hormone analog of leptin. Some
cases of leptin deficiency were discovered in England
and Pakistan and were associated with severe human
obesity beginning soon after birth (380). These pa-
tients were excessively hungry and highly aggressive in
obtaining food. A Turkish family with three obese
members was also identified with a leptin mutation,
but only a small number of patients have been found
worldwide with the type of leptin deficiency that
occurs in ob/ob mice (381). In contrast, a French fam-
ily had three female siblings with excessive morbid
obesity which was caused by a mutation in the leptin
receptor gene, related to the receptor gene defect in
db/db mice (382). These sisters had very high plasma
leptin levels, reduced growth hormone and thyrotro-
pin levels, and no pubertal development, showing that
leptin is involved in many endocrine functions. Al-
though there are only a small number of confirmed
cases of mutation of leptin or its receptor in man,
leptin is effective in human subjects. In a randomized
double-blind placebo-controlled human trial, subjects
were given increasing doses of leptin (383). The in-
vestigators found that weight loss occurred in a dose-
dependent way and that most of the loss was caused
by reduced body fat.

The leptin results have provided some validation for
the ‘‘lipostatic’’ hypothesis (312) with the identification
of a possible blood factor released by adipose tissue and
which also inhibits food intake. There are, in fact,
several other factors released by adipose cells, but none
of these have the same clear-cut relationship to food
intake and energy expenditure as leptin (384). Adipose
tissue releases a number of complement related factors,
such as adipsin or adiponectin, as well as inflammatory
cytokines, such as TNFa or IL-6, which have been
shown to inhibit food intake when infused into rodents
(385) (see section on Cytokine and Inflammatory Pep-
tide Regulators of Food Intake, above). Several other
factors are released by fat cells, but only leptin appears
to act in a coordinated, physiological way by decreasing
food intake and increasing energy expenditure, both of
which limit body weight. Although leptin inhibits in-
take in man, a large amount of data shows elevated
leptinlike material in the blood of obese human sub-
jects, who normally eat more and exercise less than
their lean counterparts. This contradictory phenom-
enon has been called leptin resistance and provides a

challenge to the belief that leptin normally acts to
regulate body weight. Whether blood levels of ob pro-
tein are a result of release from stomach or adipose
tissue and whether these blood levels are involved in
the day-to-day control of food intake and energy ex-
penditure need further exploration.

XVII RELATIONSHIP OF FOOD INTAKE

AND OBESITY

Obesity occurs when food intake exceeds energy expen-
diture for an extended period of time (386). One cause of
obesity is the ready availability of a large variety of
food. The alluring tastes of attractive foods seem to
override the internal signals that normally inhibit food
intake. Rats are known to become obese when given an
attractive supermarket diet (387,388). Diets that are
high in both fat and carbohydrate have been shown to
cause overfeeding and weight gain (389,390). This result
is also true of modern man.

Mixed meals that have a high fat content tend to
cause overeating (390). Meals of high caloric value and
high fat content also prevent the oxidation of the fat
component of the diet. Fat oxidation is inhibited by
carbohydrate-containing meals because the absorbed
glucose releases insulin which, at low levels, inhibits
fatty acid release (391). Insulin also activates lipoprotein
lipase which moves some of the fat into adipose tissue
for storage rather than allowing the fat to be transferred
to tissues for oxidation (392). In addition, ingested fat is
stored at a lower energy cost than is fat synthesized from
carbohydrate and protein. The cost of storing fat in
adipose tissue is only 3% of the ingested calories while
the cost of converting carbohydrate into fat requires
23% of the calories consumed (393). When mice are
given an increased percentage of their diet as fat, their
body fat content increases and a larger percent of the
mice have >30% of their body composition as fat
(394). When human subjects have fat removed from
their diet, they lose weight (395). These studies suggest
that fat calories are less effective in inhibiting food
intake than are carbohydrate or protein calories. This
is confirmed in studies in which glucose and lipids
were infused intragastrically or intravenously in rats
(317,357). The lipid infusion by either route was less
effective in the inhibition of daily food intake. One
way to counteract a high fat content of the diet is to
burn fat calories by exercising (396).

The large increase in the proportion of people in
North America who have been identified as obese in the
past decade (397) shows that the recent increases in the
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percentage of body fat are not due to our genes but to
our behavior and lifestyle. These observations suggest
that the ready accessibility and pleasant taste of thewide
variety of foods available in developed countries and
their relatively high fat content play a large role in the
development of obesity. In addition, the decrease in
exercise resulting from desk jobs and television viewing
contributes to the reduced calorie output and to the
storage of excess energy. A similar phenomenon is seen
in laboratory rats that are fed a supermarket diet in a
small cage that restricts activity (387). To gain weight,
humans and rats must overeat, and most override the
internal signals that are normally involved in the control
of food intake.
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I INTRODUCTION: THE STUDY OF

HUMAN FOOD INTAKE

A Context

We live in a society that is virtually obsessed with the
influence of food on health, energy intake, and body
weight regulation. While much of life in preindustrial
societies has been concernedwith locating, obtaining, or
cultivating adequate quantities of appropriate foods,
many people living in industrialized societies spend
considerable time and effort in attempting to avoid
excess food intake. For many individuals this has
become an active process. The food industry in any
Western society is worth billions of dollars per annum.
In addition, consumers spend several billion dollars on
products they hope will help them avoid excess food
intake or remedy the consequences of overconsump-
tion. Feeding and food are central to our health and
well-being. Food characterizes cultural grouping and
identifies social and religious occasions. The composi-
tion of the diet we eat is now considered a primary cause
ofmorbidity andmortality [e.g., obesity, coronary heart
disease (1)]. Our growing knowledge of the effect of the
diet on health offers a potential means of preventing
certain illnesses or alleviating the effects of others
through nutritional support. The market economy has
recognized the potential in this area and now ‘‘func-

tional foods’’ and ‘‘nutraceuticals’’ are available with
the promise of increased consumer longevity, health,
and well-being.

A key problem, particularly for the layperson, is that
it appears difficult to pinpoint the major facts that
scientists have discovered about food intake. What are
the salient discoveries in the area of appetite and energy
balance? Researchers often find this a very difficult
question to deal with. Why is this so? Is it because there
are no facts (universally agreed statements)? Or is it
because we are dealing with a form of behavior that
operates according to probabilistic rather than deter-
ministic principles? This also has implications for those
seeking to unravel the specific molecular mechanisms
thought to be important in controlling feeding behavior.
There is a further reason why facts about food intake
appear to be relatively rare. Reliable quantitative and
qualitative facts about food intake appear difficult to
obtain since the act of measurement may influence what
is being measured. This is exemplified by current con-
cerns over the nature and extent of misreporting of
dietary intakes (2). Even more frustrating to both the
scientist and the general public is the problem of com-
municating the results of research to a population eager
to understand how to regulate their own body weight
and improve health and fitness. As soon as the media
reduces research results to readily digested ‘‘sound
bytes’’ deemed fit for public consumption, the informa-
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tion being relayed to the public has become distorted.
This is often so in science. However, the field of ingestive
behavior, energy balance, and obesity is constantly the
subject of media interest, so this problem of media
misrepresentation of our results is more acute.

It should be kept in mind that food intake is a form
of behavior commonly believed to be under voluntary
control. This behavior can be described by terms such
as amount of energy ingested, structure of dietary
pattern, or macronutrient profile. But all of these terms
are the consequences of behavior (food being seized by
the hands and transported to the mouth). Therefore a
study of food intake should concentrate on the way in
which environmental, cognitive, or biological events
can be translated into effects upon the act of behavior.
It is also a worth mentioning that ‘‘not-eating’’ (one
aspect of which is postingestive [PI]-satiety) is also a
form of behavior. Consequently, events that prevent
eating are also important. Understanding how energy
balance is maintained requires an understanding of the
forms of behavior that promote weight stability.
Understanding the etiology of obesity and developing
strategies for its treatment requires an elucidation of the
mechanisms that influence the behaviors leading to
weight gain and those that can bring about sustained
weight loss, respectively.

It is also important to recognize that certain environ-
mental contexts favor or constrain specific forms of
behavior. For example, a calorimeter environment con-
strains the ability of a subject to move about and select
food. In a given environmental context, eating behavior
bridges the gap between the nutritional environment
and the physiological/biochemical mechanisms of
weight control. One view of appetite regulation is that
it may be seen as the adoption of forms of behavior that
ensure an appropriate supply of energy and nutrients
for the optimal performance of the organism in a given
environment. It follows that strategies of appetite regu-
lation appropriate to a hunter-gatherer are not neces-
sarily the same behavioral strategies as those of a
bank clerk.

B Eating Behavior or Fuel Intake?

Food consumption is the target of scientific research for
a number of different researchers including physiolo-
gists, nutritionists, psychologists, biochemists, endocri-
nologists, and, increasingly, molecular biologists and
geneticists. All of these researchers share, as one of their
primary goals, the attempt to understand the mecha-
nisms responsible for human food consumption. How-
ever, the terminology that refers to this endpoint may

appear discordant. For one group of researchers the
phenomenon usually measured is called eating, human
feeding, or food intake. In other scientific domains the
phenomenon is called dietary intake, energy intake, or,
more commonly, spontaneous energy intake. Differe-
nces are also apparent at the level of scientific practice.
The first group is often concerned with qualitative
aspects of eating such as food choice, preferences, and
the sensory aspects of food together with subjective
phenomena such as hunger, fullness, and hedonic sen-
sations that accompany eating and which are sometimes
regarded as causal agents. The second group is primarily
concerned with quantitative aspects of consumption
and with the energetic value of food; at the present
time, particular importance is attached to the macro-
nutrient composition of food and its impact on energy
balance (3,4).

The identification of food consumption as either a
form of behavior or as fuel intake is not just a semantic
issue. It is fundamental to the theoretical paradigms we
develop to explain the existence, nature, and strength of
mechanisms concerned with the control of food intake.
The study of human appetite should attempt to recon-
cile these different approaches to the subject. What is
the relationship between the pattern of intake of meals
and snacks (behavioral profile), the tastes and other
sensory attributes of the foods consumed (qualitative
pattern), and the total food consumed over a 24-hr
period (spontaneous energy intake) together with the
proportions of macronutrients (fuel balance)? How do
the physiological consequences of nutrient ingestion
influence subsequent feeding behavior? Is obesity
brought about by enhanced feelings of hunger, weak-
ened PI satiety, sensorily induced overconsumption, or
hedonically mediated maladaptive food choices? Or is
obesity a result of errors in processes governing energy
balance such as inappropriate oxidation of fuels or
different neuroendocrine responses to varying dietary
intakes? Most critically, is energy balance truly regu-
lated in humans and if so, under what conditions and to
what extent?

If appetite research is to explain the mechanisms
responsible for human food consumption, it must be
multidisciplinary in nature. The outcomes of studies on
feeding behavior are probabilistic rather than absolute.
They are not as empirically reproducible as, for exam-
ple, the behavior of molecules in solutions, or of hypo-
thalamic peptide levels in response to changes in energy
balance. This means that the experimental environment
can be particularly important in determining the out-
come. A specific issue or factor thought to be important
in influencing feeding behavior needs to be examined in
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different groups of subjects and in different environ-
ments. If this factor is thought to be fundamental to
biological regulation, it should be shown to operate in a
number of different species.

II METHODOLOGICAL APPROACHES

TO STUDIES OF HUMAN

FOOD INTAKE

There are a number of key methodological issues that
should be borne in mind when designing and interpret-
ing studies of human feeding behavior.

A Precision Versus Naturalness

Since the experimental environmental itself can affect
the outcome of experiments, workers involved in the
study of human feeding behavior are faced with a major
methodological problem. Feeding behavior can be
studied either in free-living people where errors are large
but subjects are behaving naturally in their usual envi-
ronment, or factors affecting feeding behavior can be
examined in the laboratory with great precision and
accuracy, but there is a danger of creating artifacts due
to the artificiality of the experimental environment. This
relationship is described in Figure 1.

There has been a general shift in emphasis in
recent years from qualitative studies examining factors

such as eating styles, rate, and duration as potential
determinants of intake, to more quantitative work
based on the effects of controlled nutrient interventions
on energy and nutrient intakes. A number of excellent
reviews have discussed experimental techniques and
methods associated with the study of feeding behavior
(5–7). Various methods have their own inherent
strengths and weaknesses. It is probably worth keeping
in mind that neither calorimeter/cubicle environments
nor free-living systems have a monopoly on scientific
truth. The eating that goes on (and the nutrient and
energy computations that are subsequently made) will
be closely related to the nature of the research environ-
ment. For example, Shepherd (8) notes that sensory
attributes of foods associated with salt, sugar, and fat
may be important in influencing food choice when
specific sensory measures of foods are related to
nutrient intake or food consumption in the laboratory.
In the real world the picture is much less clear. There is
as yet little convincing evidence that the same sensory
attributes determine salt, sugar and fat intake in free-
living people. Other factors such as convenience, price,
nutritional beliefs, availability, brand image, and cul-
tural and social influences are likely to be more impor-
tant. Thus the ‘‘noise’’ created by environmental
influences in the real world obscures the relationships
observed in the laboratory. This ‘‘noise’’ is important,
however, since it influences food choice in the natural
environment of the subjects.

Figure 1 Constraints and limitations that the experimental environment places on studies of human feeding. In general, the

environment ranges from totally free-living, which is realistic but very difficult to make measurements in, to the laboratory, where
measurement are easy but may be contaminated by artifacts due to the artificiality of the laboratory surroundings.
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Studies are therefore measuring not ‘‘how the bio-
behavioral system functions,’’ but how it functions
under different circumstances. Is any of this relevant
to how the system functions when it is not in an experi-
ment and not being measured? Currently we favor
(where possible) a methodological approach which
attempts to bridge the gap between the laboratory and
the real world by overlapping protocols that explore the
same issue in different environmental contexts. Few
individual studies are likely to unequivocally resolve
major issues in appetite research.

B Demand Characteristics

Although as scientists we may suppose that we can
investigate the food intake of human subjects as if it
were a piece of tissue in a test tube, this is unlikely to be
the case. In any experimental circumstances subjects
bring with them their past history of eating, beliefs,
about food, and also their beliefs about what they are
supposed to do to be a ‘‘good subject’’. These beliefs,
which will influence the volitional control over
responses (namely eating), are often referred to as
‘‘demand characteristics’’ and are widely ignored
(by researchers).

Misreporting of dietary intakes is a case in point (2).
It may be that the more we bombard the public with
information about what we think they should eat (e.g., a
low-fat diet), the more they tell us they are eating what
they think we want them to eat.

C Power, Sensitivity, and Effect Size

These issues are of course relevant to all research but
may assume special importance where a form of behav-
ior is the measured variable. This is because there is
likely to be large intersubject variability. As an example,
attention can be drawn to short-term studies on appetite
using some variant of the preload test meal paradigm.
The problem concerns negative outcomes, i.e., where
manipulations produce no significant effect (on the test
meal intake). Negative outcomes may obviously arise
from experiments conducted under low power (the type
II error). This could be brought about by small numbers
of subjects, small manipulations (at the border of
detection threshold) and noise in the system. In certain
cases an effect size of 10% may not be statistically
significant. This can be contrasted with an epidemio-
logical type of study using hundreds of subjects in which
an effect size of 0.05%may be statistically significant. In
these cases different arguments apply to achieve the
optimum interpretation.

For those small-scale studies that fail to detect a
change in the dependent variable, a problem of
interpretation arises. Is the manipulated (independ-
ent) variable truly without effect, or is the experimen-
tal system insensitive? Most scientists could design a
legitimate-looking experiment, whose methodology
could pass peer review scrutiny, but which would
inevitably lead to a negative outcome. It has been
pointed out that the major problem to be overcome in
biobehavioral experiments is the type II error (not the
type I, which most scientists dread because they can
be accused of fudging the data). The preload para-
digm is vulnerable to type II errors from a number of
sources such as small quantity of nutrient given or
small number of subjects, or the test meal may be
consumed at a time when the effects of the preload
have decayed to the point where they are no longer
significant. Studies conducted in the clinical setting
are vulnerable to both type I and type II errors, often
because of small sample sizes. Type I errors can occur
due to confounding factors such as secondary compli-
cations of disease or medication.

D Relevance of Questions Asked and

Veridicality of Results

Research strategies should be formulated to address
key theoretical or practical issues that are important
to the study of human feeding behavior. The research
question asked will, in part, influence the interpre-
tation of results. For example high-fat, energy-dense
diets promote higher energy intakes than lower-fat,
less energy dense diets (9–11). The common interpre-
tation of this result is that fat is poorly recognized by
the body and that dietary fat per se promotes excess
energy intakes. Other studies show isoenergetically
dense high- and low-fat diets to produce similar
energy intakes (12,13). These observations have led
to a somewhat confused debate on the role of energy
density in determining energy intake. In reality dietary
fat, energy density, and their effects on energy intake
are interrelated (14).

There is relatively little standardization of defini-
tions and approaches in this area of research, and this
often makes comparisons of studies difficult. Further-
more, the problems of precision versus naturalness
demand characteristics and of sensitivity mean that
the literature is awash with studies that provide
conflicting results about the same issue. It is often
only possible to gain a clearer view of an issue by
examining all of the studies that have addressed that
issue after careful consideration has been given to
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methodologies employed. The literature on the influ-
ence of sweetness on appetite, and publications on the
influence of dietary fat on PI satiety and the role of
CCK as a PI satiety hormone are three clear examples
where a number of conflicting results can be obtained
from various studies in the literature. At the present
time there is a considerable degree of selective pre-
sentation of research results by interested parties who
aim to use the scientific literature to market products
which may or may not influence human feeding
behavior or energy balance. The appetite literature
is a spin doctor’s paradise. It is therefore important to
consider all of the literature on a given area.
Researchers have a responsibility to acknowledge
the limitations of their own experimental designs
and to avoid overgeneralizing results or drawing
premature conclusions from individual studies con-
ducted in specific experimental environments, on
small numbers of subjects. Since the majority of
positive results usually provide indirect support for
a hypothesis, the limitations of that support should be
acknowledged. The perfect experimental protocol to
study human feeding behavior does not exist.

E Bottom-Up or Top-Down Research?

There is currently a tendency to view the relative
‘‘sexiness’’ of biological science in terms of its ability
to explain biological systems at the molecular and
biochemical level. However, for any mechanism to be
important to feeding behavior and body weight reg-
ulation it must operate physiological conditions in the
intact animal. We believe that it is useful to study
human feeding by considering the way that feeding
behavior operates as a system within the intact per-
son. In addition, an understanding of how the intact
system operates can be used as a reference when
attempting to interpret the mechanisms underlying
the development of obesity. After all, overweight
and obesity now affect the majority of Western adults
going about their normal lives. It is equally important
to examine how changes in the key features of the
system may affect its overall functioning, for example,
by understanding the role of CCK in meal termina-
tion and the maintenance of PI satiety. However these
components should always be viewed as parts of a
more complex system, rather than the prime movers
in a simple feedback loop. It is therefore necessary
to attempt to understand the nature of the system
and how it responds to changes in the nature in
the environment.

F The Thorny Question of Regulation

It is often assumed that the ‘‘natural’’ state of the
subject in the laboratory, when not subject to an
experimentally induced manipulation, should one be
one of energy and nutrient balance regulation. There
is no clear reason why this should be the case,
especially in short-term experiments. Indeed, given
that >50% of the adult population are now collec-
tively overweight and obese (15), perhaps the assumed
‘‘nonmanipulated’’ state should be characterized by a
tendency to overeat! Nevertheless, experiments that
claim to address the issue of energy balance (EB)
regulation should include a no-treatment control, in
which subjects should be in approximate EB. If
subjects are in a gross energy imbalance on such a
‘‘control,’’ then the effect of the experiment itself on
the ‘‘regulatory’’ system under investigation should be
given serious consideration.

III THE NATURE OF THE

APPETITE SYSTEM

A Behavior of the Appetite System

Feeding is determined by a redundant biological system
which operates through changes in behavior (by redun-
dant we mean the system is actually a series of over-
lapping subsystems, which do not all need to be fully
operational or intact for the whole system to function
appropriately). The physiology of appetite is therefore
the physiology of feeding behavior. Anatomically, this
system can be divided into the central nervous system
and the neural pathways, which communicate with
peripheral physiology and metabolism (Fig. 2). The
whole system operates through changes in behavior in
response to changes in the internal or external environ-
ment. Both central and peripheral factors operate
together to evaluate and reinforce ‘‘appropriate’’
responses and to avoid inappropriate forms of behav-
ior. The adaptability of this system lies in its redun-
dancy. The fact that changes in plasma profiles of
metabolites or stores of nutrients do not translate
directly into feeding behavior is an important feature
of a flexible system capable of adjusting to changes in
the environment by learning about the sensory and
physiological consequences of feeding-related actions.
These aspects of feeding behavior are all too often not
appreciated or even ignored by those exploring molec-
ular mechanisms of energy balance control. In spite of
the fact that there are few clear facts about food intake,
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there do appear to be a number of well-understood
ways in which the system usually behaves, or its prob-
abilistic outcomes.

1. Feeding behavior is governed by a redundant
system that has numerous afferent inputs. Not all of
these inputs are necessary for the system to function.
Feeding behavior can change in a number ofmeasurable
ways such as meal size, frequency, and the composition
of foods selected, or the rate and manner in which foods
are ingested.

2. The system uses multiple sensory cues to learn
about the consequences of ingesting certain foods.
Mimicking the cues associated with certain foods can
therefore, transiently at least, ‘‘mislead’’ the system.

3. The system is sensitive to certain changes in the
external and internal environment (e.g., temperature
or pregnancy, respectively) and to changes in the
supply of energy and nutrients. With respect to energy
and nutrients, the sensitivity of the system (i.e., the
capacity of the system to recognize changes in the
environment) can often be greater than its responsive-
ness (i.e., tendency to alter behavior in order to
maintain the constancy of the internal environment).
This may in part due to the plasticity of intermediary
metabolism in response to changes in energy and
nutrient intake.

4. Evolution has selected our physiology and
behavior to favor overconsumption rather than under-
consumption (16). This mean that the system is more
responsive to deficits in energy and nutrients than to
increments. Being overweight is probably the result of
largely ‘‘normal’’ feeding responses when exposed to a
Western diet under modern sedentary conditions.

5. The system tends to exist in equilibrium between
energy intake and expenditure that maintains a stable
bodyweight. This equilibrium can be disrupted in such a
way that shifts body weight upward. A new equilibrium
may then be achieved at a higher body weight.

6. The system is interconnected with other biolog-
ical systems that influence motivation and behavior.
Other external and internal influences can greatly per-
turb the system in such a way that food (energy and
nutrient) intake patterns become maladaptive. Other
biobehavioral drives can override and distort the cues
associated with feeding. This is especially so in the gen-
esis of eating disorders.

At the present time there is considerable doubt in
our minds about the presence of regulatory signals that
protect humans from slow, continuous weight gain.
This is especially so given that over half of the adult
population of the Western world are overweight and
obese (15). Why does energy intake rise above energy

Figure 2 Anatomy of the human appetite system is represented by the relationship between peripheral physiology and the
central nervous system. Only the main sites of physiological signals thought to be important in producing feedback signals that
affect feeding are outlined. It is of note that all putative signals identified operate along the sequence of ingestion, absorption,

metabolism, and storage. All such putative satiety signals have other primary functions.
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expenditure? Why is it that a decrease in energy expen-
diture does not exert a restraining effect over food
intake? (Are these the same questions?) Why does a
positive energy balance fail to generate a negative signal
to suppress food intake? Does the body contain a
mechanism(s) capable of detecting a positive energy
balance (or positive nutrient balances)?

Can we attribute current secular trends in body
weight to a greater per capita drive to consume more
food and energy, or could it be that the mechanisms
concerned with resisting overconsumption are simply
too weak?

B Satiety Signals

Some physiological responses which follow food con-
sumption are believed to terminate eating and/or main-
tain inhibition over further intake. These responses are
usually referred to as ‘‘satiety signals’’ (17).What are the
features of foods that are believed to be monitored and
which give rise to ‘‘satiety’’ signals?What is the status of
the putative ‘‘satiety’’ signals?

It has been assumed or claimed that volume, weight,
energy content, macronutrient proportion, and energy
density may all be monitored and constitute the source
of specific satiation or postingestive (PI) satiety signals.
These may be divided into general factors (e.g., weight,
volume) which apply to all foods, and specific factors
(nutrient content, taste, and smell) which depend on the
particular food consumed. Why should weight and
volume appear as important features that affect food
intake in some studies? (A liter of water would have
weight and volume but would provide no energy or
nutrients.) The ultimate function of satiation and PI
satiety signals is to monitor the biological value of
foods and to play a role in the processing of ingested
nutrients (all physiological signals involved in satiation,
e.g., rate of gastric stretch, release of CCK, gastric
emptying, nutrient oxidation, etc., have functions in
addition to their role in a negative feedback system). A
satiety signal is a function assumed by some underlying
physiological property. Given a history of food seeking
and consumption, it is inevitable that weight and
volume of food will have become associated with (con-
ditioned to) the important biological components of
food, namely, energy value and nutrient composition.
The system has learned how to operate in a real envi-
ronment, and the objective of the system is to produce a
veridical response.

Brunswik’s theory of perception provides a model
for understanding this (18). Weight and volume are
learned cues with high functional validity (proximal

cues that correlate well with more distal cues such as
hormone release contact with gastrointestinal recep-
tors, etc.). This is why weight and volume often
appear to be important monitored variables (rather
than energy or nutrient content) when nutritional
composition of food has been surreptitiously manip-
ulated. The system is operating sensibly according to
its previous experience, but it does not mean that
weight is fundamentally more important than energy
content. Indeed, we have recently shown that the
macronutrients protein, carbohydrate, fat, and alco-
hol, together with water and energy density, collec-
tively account for f40% of the total variability in
energy intake in 102 adults, self-recording their food
intake for 7 days. However, each individual dietary
component only explained a relatively minor propor-
tion of variability in energy intake, suggesting that no
one single dietary constituent has an overriding effect
on energy intake (14).

C Satiation and Satiety

In discussing the function of ‘‘satiety signals’’ it would
be useful to specify what aspects of eating behavior they
are supposed to inhibit. Is their function to prevent
weight gain? Some authors have distinguished between
intrameal and intermeal satiety (19); others, such as
Blundell (17), have called these process satiation and PI
satiety. They distinguish between events which (i) bring
eating to a halt and (ii) maintain inhibition over further
eating after consumption—so-called postingestive sati-
ety. For the purposes of this work, ‘‘satiation’’ refers to
intrameal satiety or the process that brings a meal to an
end; ‘‘postingestive satiety’’ (abbreviated to PI satiety)
refers to the inhibition of eating between meals (inter-
meal satiety).

In considering the control of patterns of food intake
it would seem important to distinguish between those
factors (in food, in the biological system, or in the
mind) that operate to adjust either the size of an eating
episode as the interval between episodes. For example,
CCK is often referred to as a satiety hormone; is this
correct? The original studies carried out by Smith and
colleagues indicated that CCK terminated eating in
sham-feeding rats (20). Subsequent studies indicated
that CCK reduced meal size but did not influence the
frequency of meals (21). Therefore CCK should more
correctly be termed a satiation hormone.

This analysis draws attention to those factors that
influence food (1) while it is being eaten and (2) after it
has been consumed. It would be expected that weight
and volume would influence satiation, but not PI
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satiety. Evidence suggests that this is so (14). Addi-
tionally, the palatability (and variety) of food would
exert a major influence during consumption but less
influence afterward. It may be inferred that cognitions
would be markedly different during and after inges-
tion. Consequently, biological, environmental, and
cognitive influences differ during the operation of
satiation (intrameal satiety) and (intermeal) satiety.
As regards overconsumption, there is little if any direct
evidence that satiety signals function in a manner
consistent with mechanisms geared to the tight regu-
lation of body weight. It follows that speaking about
satiety ‘‘in general’’ can be quite confusing. Concep-
tual understanding would be improved by an increase
in semantic precision. A scheme illustrating the rela-
tionship among hunger, appetite, satiation, and PI
satiety and their purported influence on feeding behav-
ior is illustrated in Figure 3.

D The ‘‘Hunger State’’

In 1955 Mayer pointed out that one of the key features
of a short-term model of food intake is that it should be
able to account for the hunger state (22). As mentioned
above, this does not just have theoretical significance.
There is an immense interest in pharmacological agents
as tools that can be used to manipulate the hunger state
(23). Parenthetically, it is of academic, and perhaps ap-
plied, interest to consider whether hunger and satiety
can be dissociated. Being able to blunt the drive to eat

should enhance compliance on weight-reducing pro-
grams. Being able to increase the drive to eat may
increase longevity and quality of life in patients experi-
encing cachexia. Understanding how to manage hunger
and satiety also has important implications for the
nutritional support of a number of clinical conditions.
One of the great benefits of using human subjects is that
they can be asked about their sensations and motiva-
tions. Understanding the profile of physiological
changes that attend and underlie changes in the hunger
state offers key sites for intervention and manipulation
of the hunger state. Both indices of carbohydrate
oxidation (24) and a preprandial drop in plasma glu-
cose have been shown to predict the onset of feeding in
rats (25) and humans (26). Furthermore, in animals,
abolition of the small but reproducible preprandial
drop in blood glucose, by a small intravenous infusion,
has been shown to inhibit eating for several hours (27).
Under these conditions satiety is maintained and hun-
ger is inhibited.

While there is little evidence that satiety signals
strongly defend against overconsumption, there is
ample evidence that acute (28,29) or prolonged neg-
ative energy balance (30) leads to an elevation of
hunger. In extremis, significant loss of body tissue
leads to an obsessive and unabating drive to eat.
Understanding how the intact system operates and
which physiological events underlie changes in moti-
vation to eat and feeding behavior can help unravel
and manipulate the mechanisms that influence meal

Figure 3 Schematic representation (not to scale) of the relationship between the subjectively expressed constructs of motivation
in relation to feeding, and their relationship to quantitative and qualitative feeding behavior.
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size, frequency, and composition. New technological
advances now enable real-time monitoring of brain
activity and neurendocrine profiles (31). Bringing these
approaches together with methods used to monitor
human feeding behavior will provide unique insights
into the physiological processes underlying normal
daily fluctuations in energy and nutrient balance. By
doing this it may become possible to explore how these
mechanisms are perturbed in disease states. Con-
versely, specific disease states can shed light on the
normal functioning of intact processes involved in
feeding behavior. Determining the mechanisms that
influence feeding behavior necessarily entails under-
standing how parts of the system interact (i) with the

environment (especially the food component) and (ii)
with each other to facilitate or inhibit eating and
selection of foods.

IV COMPARTMENTS OF THE APPETITE

CONTROL SYSTEM

Figure 1 illustrates the anatomy of the system, its
components, and their main functions. Figure 4 illus-
trates the way in which physiology and behavior
interact in their response to food and food-related
environmental stimuli. Together, these two figures
outline the nature of the system. The biobehavioral

Figure 4 Interaction between physiology and behavior in their response to food and food-related environmental stimuli. It is
notable that food illicits potent cognitive, learned behavioral and physiological responses which together determine the feeding

strategies of an individual.
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system controlling feeding can be artificially divided
into the following components:

1. Orosensory components
2. Gastrointestinal components
3. Circulating factors such as hormones, peptides,

cytokines, and nutrients
4. Nutrient stores—gut contents, glycogen, muscle,

and adipose tissue
5. Nutrient metabolism—whole-body ATP turn-

over, cellular mechanisms associated with oxida-
tion of the major metabolic fuels, e.g., sodium
pump activity

6. The central and peripheral nervous systems in-
cluding neurotransmitters, peptides, and other
centrally acting compounds

These components of the system interact to produce
facilitatory or inhibitory contributions to overall feed-
ing patterns. Most components of the diet that are
ingested are likely to act at multiple sites. Simply
drinking a glass of water will influence gut motility,
osmoreceptors, hormones (e.g., ADH), and the central
nervous system.

A Orosensory Components

Nutrient-associated orosensory components of food
are generally believed to provide facilitatory signals
which increase food intake. However, it is of interest
that removal of the sense of smell barely inhibits the
intake of readily available food in pigs, presumably
because the animals will learn to use other cues (32).
Clearly, for many animals, olfaction is critical to the
location and acquisition of foods. When combined
with learning, olfaction is a primary cue for identifying
foods as being acceptable or not. As Le Magnen (33)
puts it, ‘‘The particular property of the olfactory
system, compared to taste, is to individualise practi-
cally all active molecules by a discriminable odour. . . .’’
Taste, texture, and smell of foods warn against toxins
and other damaging components of food. The strength
of this mechanism is indicated by the phenomenon of
conditioned aversion to foods that have produced
subsequent illness (34–36). Rozin suggests that rats
learn sensory preferences/aversions for diets that are
adequate/deficient in micronutrients in this way only
after a trial-and-error period during which they sample
a variety of diets offered to them (37,38). During this
time, they learn to associate the nutrient quality of the
diet with its particular smell, flavor, or appearance.
The same mechanisms are likely to operate in relation
to dietary macronutrients. Increasing the sensory qual-

ities and variety of these diets can lead to obesity in
some strains of rats and may also be important for the
maintenance of the obese state in humans (33). How-
ever, it is important to note that, while people obvi-
ously select what they like, this does not necessarily
suggest that increasing the sensory quality or the
variety of sensory attributes of a diet will lead to
obesity. Recent evidence in humans suggests that
increasing only the sensory variety of a nutritionally
controlled diet leads to elevated energy intake over 7
days (39). The longer-term effects of changes in the
sensory attributes of foods per se on energy balance
are unknown. This may simply be due to the difficulty
of conducting such an experiment. Sensory factors
may interact with other factors such as diet composi-
tion or genetic predisposition to precipitate hyperpha-
gia. Internal cues interact with sensory information to
help formulate appropriate food (nutrient) selection or
foraging strategies (33–37). Aspects of sensory experi-
ence have been rated by healthy, free-living adults
among the top three determinants that guide their
food detection and ingestion (40,41). Mattes (6)
suggest that in the clinical setting where many environ-
mental considerations are less prominent pathologi-
cally induced sensory disturbances can be important,
particularly in affecting the acceptability of specific
foods, e.g., clinical supplements.

B Gastrointestinal Components

The gut is known to have an important role to play in
the short-term control of feeding behavior. It was
initially believed that hunger sensations arose in the
stomach (42). It is now accepted that a major role of
the stomach is to regulate the flow of energy and
nutrients into the small intestine. The stomach also
places a physical constraint on the amount of food
that can be consumed at a given meal. This fact has
been applied, in extremis, during gastroplasty surgery
as a means of obesity treatment. Stomach size adapts
to the amount of food habitually eaten. This effect
means that previously undernourished people have to
eat small frequent meals, during the initial stage of
nutritional rehabilitation, although as refeeding pro-
gresses, energy intakes can reach spectacular levels
(30,43). Stretch and CCK receptors inform the CNS
of the status of the stomach. The small intestine itself
places a further constraint on the amount of food that
can be ingested, since a certain time is taken to
complete digestion and absorption. Both of these
processes appear to be particularly important in
releasing cascades of signals (hormones, peptides,

Blundell and Stubbs436



action potentials along gastrointestinal nerves) includ-
ing the nutrients themselves to the postabsorptive
circulation (44). It is interesting that patients with
short intestines (and few secondary complications)
attempt to eat to energy requirements. This means
they are hyperphagic, presumably to compensate for
the decreased absorptive capacity of the shortened
small intestine (M. Elia, personal communication). In
addition, stretch, CCK receptors and osmoreceptors,
and a variety of gastrointestinal peptides all appear to
play some role in affecting short-term feeding.

C The Liver

The liver is the main organ that receives and deals with
the digestion products of a meal, except for chylo-
microns, which initially bypass the liver, since they are
absorped through the lymphatic system. It has been
suggested that this effect contributes to the delayed
effects of fat in suppressing appetite (32). It has been
suggested from preference-conditioning experiments
using portal infusions of fructose (45) that the liver
also functions as a sensory organ. This is because rats
learn to prefer flavors that are paired with a glucose
infusion into the hepatic portal vein. The liver pos-
sesses extensive neural connections to the brain which
appear to be involved in glucoprivic and lipoprivic
feeding, at least in rodents (46). Pharmacological
impairment of nutrient oxidation in the liver stimu-
lates intake (47). A detailed discussion of these links
between nutrient metabolism and the CNS is given
below. The liver is the main site of assimilation,
metabolism, and distribution of nutrients subsequent
to ingestion. The liver is most likely the central organ
that communicates information about peripheral fuel
status to the brain (48).

D Circulating Factors

The circulation and the peripheral nervous system
together inform the brain of the overall status of
energy and nutrients that are 1) in the circulation, 2)
moving into the circulation from the gut (and hence
indirectly of their concentration in the gut), and 3)
available in nutrient stores. While the gut provides
important cues which probably alert the brain to the
likely influx of energy and nutrients, failure to rein-
force this message by actual delivery of energy and
nutrients will lead to diminished sensations of satiation
and PI satiety. Thus, sham-feeding dogs (49) and rats
are hyperphagic (50,51). On the other hand, nutrient
infusions as lipid or glucose fail to elicit the same

degree of caloric compensation as oral loads of
nutrients (52).

E Monitoring of Energy and Nutrient Flux

by the Nervous System

It is important to note that macronutrients exert
important influences on appetite and energy intake
(EI) at the preabsorptive level. These effects have been
considered in detail elsewhere (6,44,53,54). Numerous
models have been put forward to suggest that the
stores of a single nutrient exert negative feedback on
EI. These include the aminostatic (55), glucostatic
(56), and lipostatic (57) hypotheses. Single nutrient
based feedback models and their limitations have been
described in previous discussions (see 3,58,59 for
review). It is now apparent that models examining
the effects of macronutrients on satiety should include
the effects of all three macronutrients. Such integrative
models explain a greater proportion of the variance in
appetite and energy balance than single-nutrient feed-
back models (59).

A further development in the field of ingestive
behavior in recent years has been the general accept-
ance that macronutrients exert multiple feedbacks on
appetite and feeding behavior at the different levels of
nutrient ingestion, digestion, absorption, assimilation,
and metabolism (58,59). Furthermore, there is growing
evidence that the major macronutrients protein, CHO,
and fat simultaneously exert different effects on satiety
at these different levels of organization (58,59). Thus,
the effects of a given nutrient on appetite need to be
considered, inter alia, in the context of (i) the presence
or absence of other nutrients, (ii) the levels of physio-
logical organization it operates at, and (iii) the meta-
bolic state and EB profile of the subject concerned.
There is now a growing body of evidence that suggests
that in the fed state, increases in the oxidative disposal
of recently ingested macronutrients correlate with sati-
ety (6,7,49, 56–59). It has been suggested that nutrient
oxidation in the liver influences hepatocyte membrane
potentials (48). These changes apparently induce neu-
ronal activity in vagal afferents connected to the mid-
brain (48,58).

Conversely, it has been shown that specific agents
that competitively block carbohydrate and fat oxi-
dation (2-deoxyglucose and methylpalmoxirate,
respectively), increase food intake in rodents in a dose-
dependent manner (60). 2-DG also increases hunger in
man (61). The combined use of these metabolic inhib-
itors induces a massive emergency increase in food
intake in rodents (60). These data suggest that when
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the oxidation of one nutrient is blocked, other energy-
providing nutrients can to some extent be used.
However, inhibition of the oxidation of both major
energy-providing macronutrients leads the rat to seek
metabolic fuels from the environment (60). This in turn
suggests that the CNS is responsive to the combined
effects of macronutrient metabolism rather than being
driven by negative feedback from a single nutrient.

What, then, are the combined effects of nutrient
oxidation on appetite and subsequent feeding likely to
be? As regards diet composition, nutrient processing,
and peripheral signals related to feeding, there is now
sufficient evidence to provisionally link changes in diet
composition to changes in the signaling systems con-
cerned with the control of macronutrient balance. This
notion is schematically illustrated in Figure 5 and
summarized as follows:

1. Changes in energy and nutrient intake can influ-
ence peripheral fuel selection (62–69).

2. Peripheral changes in fuel selection are deter-
mined by physiological and thermodynamic constraints
which define a hierarchy in the immediacy with which
the balance of recently ingested macronutrients are
autoregulated by increases in their own oxidative dis-
posal (protein>carbohydrate>fat) (3,11,58,59).

3. This hierarchy appears to parallel a hierarchy
in the satiating efficiency of the macronutrients (3,58).
Thus while protein, carbohydrate, and fat each contrib-
ute to satiety, they do so to differing degrees.

4. These two hierarchies may be causatively related
since a growing body of literature suggests that nutrient
oxidation in the periphery is monitored by the CNS as a
component of satiety (46,60). In particular, Ritter and
Calingasan have provided important evidence which
suggests that neural pathways monitor fat oxidation
in the periphery and CHO oxidation (perhaps more
precisely) in both the periphery and the CNS (46).
Currently less is known about protein oxidation, except
that at the level of nutrient metabolism, protein is the
most satiating macronutrient (58).

5. Langhans notes that the midbrain centers, con-
cerned with monitoring peripheral fuel utilization, are
connected via extensive neural relays to the areas of the
forebrain (especially the hypothalamus and the para-
ventricular nucleus) that are the sites of action of
peptide systems concerned with the control of protein,
CHO, and fat balance (70).

Thus, an integrative model is beginning to emerge
which may account for the manner in which the CNS is
capable of monitoring physiological signals concerned
with overall macronutrient intake and fuel flux (58–60).
This model accounts for the manner in which feeding

behavior responds to changes in peripheral physiology
and is illustrated in Figure 5. The CNS appears capable
ofmonitoring overall fuel flux rather than responding to
negative feedback from any single nutrient. In essence,
feeding responses are coupled to physiological changes
rather than being directly determined by them. The
evolution of a flexible and adaptive system, concerned
with the control of feeding behavior, is likely to have
bestowed a far greater survival advantage on an oppor-
tunistic foraging species such as humans (or for that
matter rodents) than a system in which behavior is an
inevitable outcome of rigid physiological signals. Hav-
ing considered how macronutrients and their metabolic
fate influence feeding behavior, it is worth considering
whether changes in macronutrient stores influence lon-
ger-term appetite and energy balance.

F Do Nutrient Stores Exert Long-Term

Feedback on Energy Balance?

There has long been a belief that changes in macro-
nutrient stores exert negative feedback on energy
intake. It is interesting in this context that, despite the
critical role of protein-energy relationships for survival
time during under nutrition (30,68,69,71), few models
have considered lean tissue changes as a major source
of feedback signals that influence appetite control
(see below).

Mayer proposed that peripheral CHO utilization
exerts negative feedback on EI through the actions of
hypothalamic glucosensors (22), which could be cor-
rected by longer-term ‘‘lipostatic’’ regulation. In 1963,
Russek postulated the presence of glucose receptors in
the liver and formulated the hepatostatic theory of EB
regulation (72). These receptors have never been local-
ized, although it has recently been suggested that sen-
sory vagal afferents function as hepatic glucosensors
(48,70). Flatt proposed that CHO stores exert negative
feedback on EI in 1987 (65). The robustness of these
models has been reviewed elsewhere (58,59).

Kennedy in 1953 argued for feedback information
reaching the hypothalamus from adipose tissue, which
he presumed to be closelymonitored in normal rats (57).
The simplest way that such lipostasis could operate
would be through the sensitivity of the hypothalamus
to the concentration of circulating metabolites. Hervey
in 1969 (73) proposed a mechanism for lipostatic regu-
lation, based on endogenous measurement of the fat
mass by means of a fat-soluble hormone. It was pro-
posed that such a hormone would act as a physiological
tracer that monitors adipose tissue mass by the dilution
principle. Experiments in parabiotic rats (74,75) suggest
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Figure 5 Schematic diagram illustrating putative connections between diet composition, fuel metabolism, peripheral satiety

signals, and central control of feeding. Diet composition affects satiety. Protein is more satiating than carbohydrate, which is
more satiating than fat. Diet composition also affects postingestive fuel metabolism, since increases in protein and carbohydrate,
but not fat balance, are tightly modulated by autoregulatory increases in their oxidative disposal. It is known that nutrient

oxidation in peripheral tissues appears to be associated with satiety. The hierarchical regulation of macronutrient balance by
oxidative disposal may partially underlie the hierarchy in the satiating efficiency of the macronutrients. Indeed, high levels of
protein and carbohydrate (but not fat) oxidation are indicative of the fed state. High rates of fat oxidation are usually
synonymous with energy deficits. It has also been suggested that changes in peripheral fuel metabolism may act as and trigger

additional peripheral satiety signals that are relayed to feeding centers of the brain believed to be concerned with the control of
macronutrient balance.
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there is an exchange of some bloodborne factors be-
tween lean and obese animals that affects the food
intake of the lean rat.

Similar experiments in the late 1970s using genet-
ically obese rodents (76) created the conceptual context
for the studies that have led to the identification of the
protein leptin (77). Since the discovery of leptin in 1994,
there has been an intense focus on signals from adipose
tissue as key controllers of longer-term energy balance.
The importance of leptin should not be underplayed.
However, the strength of negative feedback arising
from adipose tissue in humans should not be overes-
timated. It is abundantly clear from the current prev-
alence of overweight and obesity (15) that adipose
tissue accumulation does not exert strong negative
feedback which restores energy balance, at least from
the point of excess EI. There is far more evidence that
loss of adipose tissue leads to its regain. For instance,
the majority of people who lose weight eventually
regain it (78). There is now an extensive literature on
leptin and other putative feedback signals arising from
adipose tissue (see 79 for a recent review). There is a
minuscule literature on the extent to which changes in
adipose tissue exert feedback on appetite and energy
intake at the whole body level. Neither the metabolism
nor size of storage of any single nutrient per se exerts a
powerful unconditioned negative feedback on quanti-
tative feeding behavior (3,4,11,14). It is therefore
important to examine how changes in nutrient stores
and metabolism collectively influence appetite and
energy balance, longitudinally under conditions where
specific components of energy balance have been per-
turbed. It is critical that putative physiological and
molecular mechanisms of appetite control should be
related where possible to the actual feeding behavior
they are supposed to influence. In this context it is
useful to consider the value of underfeeding studies as a
means of assessing the relationship between tissue loss
and subsequent feeding behavior.

As regards disturbances of this system in the devel-
opment of obesity, the evidence from the human liter-
ature suggests the following.

1. In the short term, it is remarkably easy to perturb
energy balance in either a positive or a negative direc-
tion. Modifications of the composition or energy den-
sity of the diet can be used to generate considerable
energy imbalances (3,4,14).

2. In the medium to longer term, the evidence
suggests that humans defend against induced energy
deficits, regardless of body weight at the outset of the
induced deficit (15,78). Over the same time window,
humans are remarkably tolerant of moderate increases

in energy balance. Thus American adults on average
gain 0.2–2.0 kg per year (80).

3. While tolerant of excess energy balances, humans
do not eat anywhere near the maximum levels of energy
intake that are readily obtainable by selecting certain
foods available in the Western diet. This behavior is
apparent in certain pathological states such as binge
eating, where intakes of up to 30 MJ/day have been
reported (4).

4. It therefore seems that there is a tonic control on
energy intake, which limits a very rapid weight gain in
most people. There is little evidence that such tonic
control operates via negative feedback loops, as for
tightly regulated physiological systems. In other words,
there is little evidence that, as fat mass accumulates,
physiological signals become stronger and limit further
gain in fat mass (81). The exact nature and strength of
the mechanisms that restrain excess energy intake in
humans are unclear.

5. There is greater evidence that energy deficits do
induce signals that elevate appetite and energy intake.
As weight loss proceeds, these signals appear to
become stronger, until they become the primarily
motivational forces governing an individual’s behav-
ior (82). There are a number of signaling systems in
the periphery that interlink with the peptide messen-
ger systems of the brain to increase intake when
energy deficits significantly deplete tissue stores (83).
The extent to which these systems are involved in the
control of day-to-day feeding behavior in humans is
less clear.

6. As regards depletion of body tissues during
periods of energy deficit, most research has focused
almost exclusively on fat (83) despite the fact that in
the clinical setting a negative nitrogen balance and loss
of lean tissue are known to compromise physiological
function. Loss of lean tissue during therapeutic weight
loss may be a major factor which signals to the brain
that physiological integrity is being eroded. The signals
are as yet unknown.

To explore the system determining human feeding
behavior, it is appropriate to consider how central
features and components of that system change under
different environmental conditions. The most central
feature of feeding behavior is food. Food varies in
orosensory qualities and in composition. Until recently
the orosensory qualities of foods acted as reliable cues
that gave accurate information about the nutrient con-
tent of food and the physiological consequences of in-
gesting it. A growing number of advances in food
technology have changed this relationship between the
sensory attributes of the diet and its nutrient composi-
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tion. Figure 6 summarizes the main ways in which food
can affect this feeding system.

V DIET COMPOSITION AND FEEDING

BEHAVIOR

Given the current prevalence of obesity worldwide and
the role of overconsumption in generating a positive
energy balance which is converted into weight gain, it is
important to consider the composition of foods which
form the basis of overconsumption. In turn, this intro-
duces the key concept of diet composition and feeding
behavior. How do the relative amounts of the energy-
yielding macronutrients influence the control of food
intake? There is a good deal of variation in the exper-
imental results from research on this issue, and findings
have purported to show inter alia that all macronu-
trients have equal power to suppress subsequent energy
intake, protein exerts a greater suppressive effect on
subsequent energy intake than carbohydrate or fat,
carbohydrate and fat have similar effects on caloric
suppression, fat generates strong signals which suppress
appetite, and fat is the least effective of the macro-
nutrients at suppressing appetite.

A Macronutrients, Satiation, and PI Satiety

1 Protein

Protein appears to be the macronutrient which sup-
presses energy intake to a greater extent than any of the
other macronutrients. Careful retrospective analysis of
food records (14,84) indicate that protein exerts post-
ingestive action over and above the contribution from
energy per se. In studies where subjects record their food
intake, the percentage energy intake from protein has
been found to predict decreases in intake. Percent
energy intake from fat is a significant predictor of in-
crease in energy intake and carbohydrate is very weakly
related to energy intake. (14,84,85).

Protein also exerts a large influence on satiety in
the laboratory. Some studies using pure macronu-
trient loads delivered to the stomach or solutions
quickly swallowed by subjects wearing noseclips
(86,87) have found that all macronutrients have equal
satiating power. It is intriguing in this regard that
sensory cues (especially taste) may be important in
clearly identifying the effects of nutrient ingestion.
Miller and Teates (88) found that male Sprague–
Dawley rats were able to select from nutritionally
different diets in a way that stabilized the protein

Figure 6 Primary ways in which food and nutrient ingestion influences the main compartments of the human appetite system.
Food influences this system through multiple feedbacks at multiple levels which can be traced through the processes of food

location, ingestion, digestion, absorption, and metabolism. Satiety is therefore maintained by a functional sequence or cascade of
sequential physiological events which reinforce each other. Removing parts of a food or nutrient’s effects on this sequence will
therefore diminish its impact on satiety.
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energy ratio at 0.14. However, when rats were sub-
jected to impairment of oral somatosensory input,
they were unable to maintain a stable selection pat-
tern. The authors hypothesized that selection between
protein and carbohydrate (or energy) at least
‘‘involves an associative learning process in which
somatosensory inputs effect feeding activity and/or
the properties of the food link dietary choice behav-
iour to later metabolic consequences.’’

It also appears that there may be a critical threshold
in the amount of protein required to suppress subse-
quent energy intake since studies that have found little
effect of protein relative to other macronutrient pre-
loads have only used small amounts of energy as protein
in the preload (86,89). Hill and Blundell (90) found that
a high-protein (HP) meal (31% of 2.1 MJ) produced a
greater sensation of fullness and a decreased desire to
eat, relative to a high-carbohydrate (HC) meal (52%) of
the same energy content. Hill and Blundell (91) also
found that both obese and normal-weight subjects
reduced their subsequent meal intakes by 19% and
22% respectively after a HP (54% of 2 MJ) meal
compared to a HC meal (63% of 2 MJ) with weight of
food held constant. Barkeling et al. (92) gave 20 normal-
weight women a high-protein (43%of 2.6MJ) or a high-
carbohydrate (69% of 2.6 MJ) lunch and measured the
energy intake at a subsequent evening meal. They found
that energy intake was depressed by 12% after con-
sumption of the HP meal. Booth et al. (93) also found
that an HP meal reduced the intake of a subsequent test
meal by 26% relative to a virtually protein-free meal in
normal-weight individuals. Thus, protein appears to be
particularly satiating when given at moderate and
large amounts.

This apparent appetite-restraining effect of protein
has not yet been given a strong theoretical basis, and
there has been little recent investigation of the ‘‘protein-
stat.’’ It is perhaps pertinent to note that essential amino
acids when ingested in excess of requirements form a
physiological stress that must be disposed of by oxida-
tion. It is known than animals will alter feeding behavior
in order to alleviate a physiological stress (94). Pigs, in
particular, appear capable of learning to select a pro-
tein:energy ratio in the diet that is optimal for growth
(95,96), as can rats (88). There is also evidence that the
kind of animo acids ingested may influence satiety.
Imbalances in single essential amino acids can greatly
affect the feeding behavior of rats (97). The protein:
energy ratio of foods may be important in influencing
feeding. Malnourished children find it difficult to toler-
ate nutritional supplements whose protein:energy ratio
is too high. Millward has hypothesized that lean tissue

deposition may be an important factor driving appetite
during catchup growth in children (98).

Stubbs and Elia have recently suggested that lean
tissue depletion during weight loss may be at least as
important as adipose tissue depletion in increasing
appetite and driving intake upward (99). This concept
has been long neglected. One seminal study has enabled
the relationship between tissue loss and subsequent
feeding behavior to be determined (30). The results were
quiet remarkable and have recently been revisited by
Dulloo (100,101). During theMinnesota semistarvation
study a group of lean men were chronically underfed
for 24 weeks, consuming f40% of their normal EI
throughout this period. During this time they lost
f70% of their fat mass and f18–20% of their lean
body mass. For the next 12 weeks, they were incremen-
tally refed in a mandatory manner. By the end of this
period, they were still in a deficit off25% for fat mass
and 12–15% for lean body mass. During the final 8
weeks subjects had ad libitum access to a range of foods.
During this period energy intake initially increased to
160% of requirements and gradually subsided to pre–
weight loss levels. However, by this time fat mass
had reached 170% of pre–weight loss values, while
lean body mass had returned to pre–weight loss levels
(99,100). These relationships are depicted in Figure 7A.
Thus the cessation of post–weight loss hyperphagia
coincided with a massive overshoot of fat mass, but
precise repletion of lean body mass. There are very few
datasets of this quality available, which highlights the
importance of conducting more detailed longitudinal
studies with this degree of precision and accuracy. If
depletion of lean tissue during weight loss stimulates
hunger, then increased protein intake, subsequent to
significant weight loss, may replete lean tissue faster and
help stabilize body weight at a new, lower level. This
hypothesis is currently under test. The concept is illus-
trated in Figure 7B.

It can be seen from the arguments outlined in this
discussion that the physiological regulation of lean
tissue may be a critical factor which exerts feedback
on subsequent EI. When subjects are in energy
balance, excess protein intake does not increase the
size of lean body mass (69). Instead, it is disposed of
by transamination, deamination, and urea produc-
tion. This regulation of protein balance by obligatory
oxidative disposal predicts a suppression of subse-
quent energy intake (11). During undernutrition, lean
body mass becomes depleted (30,68,69). The Keys
data from the Minnesota semistarvation study sug-
gest that when food is available ad libitum, subjects
do not stop eating when fat mass is repleted but when
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lean body mass is repleted. Thus there is evidence
that the regulation of lean tissue (which helps main-
tain normal physiological function), through oxida-
tion of excess and repletion of deficits in protein
intake, may exert some negative feedback effect on
longer-term energy intake (99). The role of lean tissue
in this respect has been largely ignored. It is impor-
tant to understand how both lean and adipose tissue
changes relate to longer-term energy balance (30,99–
101). This is again important in the clinical setting
since loss of lean tissue in disease compromises
physiological function and can complicate further
the effects of disease. Understanding how loss of fat
and lean tissue relate to other aspects of function,
health, and well-being will be critical in improving
sustained weight loss.

2 Carbohydrates

The public perception of carbohydrates has oscillated
in recent decades. Throughout the 1970s there was a
tendency for a number of nutritionists to view carbo-
hydrates (especially refined forms) as conducive to
weight gain. This reached its logical extreme with

perceptions of sugars as ‘‘pure, white, and deadly’’
by Yudkin (102). Since that time the nutritional per-
ception of carbohydrates has improved dramatically.
By the mid-1990s, dietary fat had developed a reputa-
tion of near demonic proportions as the dietary villain
of the late 20th century and was squarely blamed as
the major dietary constituent promoting excess EI.
During this time, dietary CHO was generally viewed
in generic terms as a beneficial nutrient whose inges-
tion could promote all manner of positive outcomes
with reference to weight control (103). The positive
effects of carbohydrates on energy balance were
enshrined in the predictions of Flatt’s glycogenostatic
model of energy balance control. The general percep-
tions about carbohydrates and energy balance at this
time were as follows:

1. It was generally accepted that carbohydrates are
absorbed, metabolized, and stored with less bioener-
getic efficiency than dietary fat and, per MJ of energy
ingested, were protective against weight gain. Indeed, a
general perception was developing that because de novo
lipogenesis appears limited when humans feed onWest-
ern diets, that carbohydrate ingestion does not promote
fat storage (104,105).

Figure 7 (A) Relationship between energy intake and tissue change during 6 months’ severe undernutrition, 3 months’

rehabilitation, and 2 months’ ad libitum feeding in 12 of the subjects who took part in the Minnesota study. Of particular note is
the fact that ad libitum energy intake returned to preunderfeeding levels at approximately the time lean tissue returned to baseline
values. By this time fat mass had overshot baseline and reached f170% of original levels. (B) predicted effects of protein
supplementation on the relationship between tissue deposition and post–weight loss hyperphagia. Depletion of lean tissue may

act as a signal for hyperphagia once original fat mass has been repleted. Dietary protein supplements, after weight loss, may help
replete lean tissue more rapidly, diminish post–weight loss hyperphagia, and promote weight stability below pre–weight
loss levels.
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2. At the same time, there was a renaissance of
interest in carbohydrate-specific models of feeding.
The notion that carbohydrate metabolism or stores
exert powerful negative feedback on EI became quite
firmly established in the field of energy and nutrient
balance (59,81).

3. The simultaneous focus of researchers and health
professionals on dietary fat as the pivotal nutrient
promoting high levels of EI reinforced carbohydrate-
specific models of feeding. HF hyperphagia was seen as
due to the tendency for subjects to eat to carbohydrate
balance rather than energy balance. Thus hyperphagia
on high-fat (HF) diets (which are by definition low in the
percentage of energy from carbohydrate) was seen as
being driven by the need to ingest a certain level of car-
bohydrate (59,81).

4. By the same reasoning, diets high in carbohy-
drates were deemed to be more satiating, specifically
because they were high in carbohydrates.

5. The extension of this logic led to the notion
among some that it was difficult if not virtually impos-
sible to overeat on a high-carbohydrate diet (104,105).

6. Finally, epidemiological observations have
shown that, in subjects recording their food intakes,
the percentage of EI from fat and carbohydrates are
reciprocally related to each other. One form of this
relationship has been termed the fat-sugar seesaw. It
has been noted in one seminal study that high-sugar
consumers also tend to be thinner than HF consumers
are (106). This led to the suggestion that sugar displaces
fat energy from the diet, and since fat is conducive to
weight gain, high sugar intakes may well protect against
obesity (107).

Carbohydrates had never had it so good. These
messages percolated through the scientific community
to governments, consumers, and industry who were
(and still are) deeply concerned about diet-induced
obesity in developed and developing countries. Fat
reduction became the order of the day and the low-fat
(LF) food market rapidly expanded (108,109). The fat
reduction message has now become so strong that
consumers appear to have focused on fat avoidance as
a primary nutritional objective while foraging for food
in local supermarkets. The food industry has gone to
great lengths to diversify products in the direction of
LF, lower-fat, and high-carbohydrate foods, which
have sufficient sensory appeal that consumers will con-
tinue to select and ingest them. A major sensory attrib-
ute of high-carbohydrate foods, which is almost
ubiquitously appealing, is sweetness.

In recent years, there have been some doubts about
the paramount role of carbohydrates as the central

nutrient around which energy balance is regulated and
body weight controlled (59,81):

1. While there is evidence that excess carbohy-
drate is stored with less efficiency than fat, the rele-
vance of these effects to free-living Western consumers
has been questioned.

2. Several rigorous tests of carbohydrate specific
models of feeding have suggested that carbohydrate
oxidation or stores per se do not exert such powerful
unconditioned negative feedback on EI (14,59,81,110).
Rather, as macronutrients come in the diet (where fat is
disproportionately energy dense), there appears to be a
hierarchy in the satiating efficiency of the macronu-
trients protein, carbohydrate, and fat. Per MJ of energy
ingested, protein induces supercaloric compensation,
carbohydrate generates approximately caloric compen-
sation, and fat precipitates subcaloric compensation,
and hence often excess EI. Furthermore, simple statis-
tical modeling has shown that models that include all
three macronutrients explain far more of the variance in
EI, either in the laboratory or among free-living subjects
recording their own intakes (14). When energy density
(ED) is controlled, protein is still far more satiating than
carbohydrates or fats (at least when ingested in excess of
1–1.5 MJ loads). Under these conditions, differences in
the satiating efficiency of carbohydrates and fats
become more subtle (4,14,59) (see below).

3. HF hyperphagia can be explained by the high
palatability and ED of HF foods (which facilitate
greater levels of intake) and the low postabsorptive
satiety value of fat (which prevents subsequent com-
pensatory decreases in EI). While carbohydrate is
more satiating than fat, excess fat intake is not
necessarily driven by a need to eat to maintain carbo-
hydrate balance.

4. There appear to be several reasons why many
high-carbohydrate foods are more satiating than HF
foods. First, they are usually (but not always) less
energy dense that HF foods. Many high-carbohydrate
foods contain dietary fiber, which limits rates of inges-
tion and digestion, both of which can have a limiting
effect on EI. High-carbohydrate foods that are dry will
tend to exert a higher osmotic load in the gut than will
HF foods of similar moisture content. When the energy
content and ED of high-carbohydrate andHF foods are
controlled, readily assimilated carbohydrate is more
satiating than fat. This difference in the satiating ca-
pacity of fat and carbohydrate can be deemed to be
independent of ED or palatability. However, this effect
is weaker than when HF, ED foods are compared to
lower fat, less ED foods that are high in carbohydrate
(103). Thus, the nutrient-specific differences in the sati-
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ating effects of fats and carbohydrates need to be
considered in relation to the structure and composition
of the foods in which those nutrients abound (103).

5. It has frequently been stated that there is no
evidence that foods high in carbohydrates promote
overconsumption. This may be due to the fact that the
majority of studies examining the effects of high
carbohydrate and HF foods on feeding behavior,
compared HF, more energy-dense foods to high-car-
bohydrate (LF) less energy-dense foods. The majority
of studies that demonstrate the effects of fat in
promoting excess EI examined how adding fat to the
diet influences feeding. Very few studies have exam-
ined how adding carbohydrates to food affects feeding
behavior or EI (103). In one study at least, increasing
the ED of the diet by dramatically increasing the
maltodextrin content, led to marked elevations of EI
over 14 days (110).

6. While the fat-sugar seesaw has become a well-
recognized phenomenon, the phenomenon itself has
been harder to pin down. That fat and sugar or even
fat and carbohydrate are reciprocally related to each
other in the diet is almost inevitable, given that they
are the main energy providing macronutrients.
Indeed, we have found a strong fat-sugar seesaw in
1032 ready-to-eat foods taken from the British food
tables. Gram for gram, the reciprocal relationship
between fat and carbohydrate (or fat and sugar) is
far less evident (4).

There is very little known about the vast range of
different starches and their various structures in relation
to appetite and energy balance (103). These are still
uncharted landscapes on the research horizon. The
foods most capable of limiting EI (both voluntary and
metabolizable) are those rich in unavailable complex
carbohydrates. However, there is a catch, because in
general humans are not too fond of these foods, and as
typified by the average Western diet, when given the
choice they tend to select a diet comprising 37–42% fat,
10–20% sugar, and a variable amount of high glycemic
index starches. The average Western adult’s fiber intake
is spectacularly low.

The evidence relating to the glycemic index of
carbohdyrates cannot be interpreted owing to the
heterogeneity of study designs, vehicles and treat-
ments used, and indeed doubts as to whether the
glycemic index of food is a physiological constant.
This should be an area of future research. Given the
range of CHO structures available to the food market
and the different physicochemical properties they
possess, it is particularly important to identify how
these potentially beneficial effects of CHO structure

can be used to enhance preabsorptive and absorptive
phase satiety signals.

3 Fat

Numerous laboratory studies have now shown that
when humans or animals are allowed to feed ad
libitum on high-fat, energy-dense diets, they consume
similar amounts (weight) of food but more energy
(which is usually accompanied by weight gain) than
when they feed ad libitum on lower-fat, less energy-
dense diets (9–11). The ingestion of systematically
manipulated HF, energy-dense diets does not appear
to elicit compensatory feeding responses. Interest-
ingly, if single midday meals are covertly manipu-
lated, by increasing or decreasing their energy density
using fat or carbohydrate, under conditions where
subjects feed on range of familiar food items, com-
pensation appears to be more precise (111,112).
When experiments are conducted over similar time
frames but the diet is systematically manipulated (i.e.,
subjects cannot select food items of differing compo-
sitions), compensation for the fat content of the diet
is again poor (113). These observations further sug-
gest that both learning and preabsorptive and ab-
sorptive-phase factors play a major role in meal to
meal compensation. Furthermore, a number of pro-
spective observational epidemiological studies show
that fat consumption is a risk factor for subsequent
weight gain (114). However, it is not likely to be
the only risk factor, and few analyses take account
of how fat may interact with other types of carbo-
hydrates. For instance, in the short term, sweet high-
fat foods have potent effect at stimulating energy
intake.

We are beginning to gain insights into the effects
of types of fat on appetite control, owing to the
search for forms of fat which do not predispose the
general population to weight gain. Fat structure
varies in terms of (i) chain length, (ii) degree of
saturation, (iii) degree of esterification, and (iv) by
combining (i–iii), through the development of novel
structured lipids. Data are scarce and fragmentary in
this area, but some provisional patterns are beginning
to emerge. Substitution of long-chain triglyceride
(LCT) for medium-chain triglyceride (MCT) limits
the high levels of energy intake that usually occurs
when animals or humans ingest high-fat, energy-
dense diets (115). However, very large doses of
MCT are required in order to achieve these effects.
MCTs may suppress appetite relative to LCT as they
are more readily absorbed and oxidised. There are
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few data on whether short-chain fatty acids inhibit
appetite in nonruminants. There is some preliminary
evidence that ketone bodies (specifically beta-hydrox-
ybutyrate) are appetite suppressants when given
orally (116), and this may enhance compliance when
subjects attempt to lose weight using very low calorie
diets. Currently there is little evidence that degree of
fatty acid esterification influences appetite and EI
(117,118).

It has been suggested that polyunsaturates (PUFAs)
are protective against obesity since they aremore readily
mobilized and oxidized and may influence gene expres-
sion of appetite-controlling peptides (119). Recent work
in humans suggests that saturated fats are less satiating
than mono-or polyunsaturates (120,121). An intriguing
study in humans has reported that supplementation
with very high levels of gamma-linolenate (at 5 g/d
compared to 5 g/d olive oil) significantly reduced weight
gain over 12 months after extensive weight reduction
using very low calorie diets (122). Currently there are
few or no reports on the effects of structured lipids on
appetite and energy balance. However, it can be envis-
aged that structured lipids could be developed to com-
bine some of the individually modest effects of fat type
on appetite and feeding behavior. In the future, specific
nutrients could be tailored to exert quantitatively sig-
nificant effects on appetite control, tissue deposition,
and energy balance. In this context it is of note that
certain isomers of CLA can be used to influence appetite
and tissue disposition in animals (123) and perhaps
humans (124). The effects of conjugated linoleic acid
(CLA) are not entirely understood but appear to be near
pharmacological in nature.

4 The Fat Paradox

The apparently ambivalent effects of fat have gener-
ated a phenomenon referred to as the fat paradox. On
the one hand, a fat such as corn oil infused into the
jejunum has been shown to slow gastric emptying,
increase feelings of fullness, and reduce food intake in
a test meal. Infusions into the ileum bring about
similar effects and also reduce feelings of hunger
(125). On the other hand, similar infusions made
intravenously exerted no effect on gastric emptying
or measures of appetite. Lipid infusions at f80% of
resting energy requirements, over 3 days, produce
only partial compensation (43%) of energy intake
(126). Similar experiments have been carried out in
rats where intraduodenal infusions inhibited food
intake whilst intravenous infusions did not (127).
These findings imply that, after the ingestion of fat,

potent fat-induced satiety signals are generated by
preabsorptive rather than postabsorptive physiologi-
cal responses. In addition, a number of studies of
short-and medium-term duration have demonstrated
the existence of high intakes of energy with high-fat
foods (9–11). How can these two features be recon-
ciled? It appears that, in normal feeding, the stomach
controls the rate at which nutrients are delivered to
the duodenum, on an approximately caloric basis.
Thus, the high levels of satiety seen in gastrointestinal
infusions studies may well be due to supraphysiolog-
ical saturation of satiety mechanisms arising from the
small intestine.

5 Combined Effects of Macronutrients
and Energy Density on Energy Intake

There has recently been a considerable debate as to
whether the effects of diet composition on energy
intake can be simply explained in terms of dietary
energy density. Energy density should be defined in
terms of the metabolizable energy per unit weight of
ready to eat food. The major determinants of dietary
energy density are water and fat, with water having
the greatest effect. In general, the energy density of
ready to eat foods is largely determined by a fat-water
seesaw, with energy density falling as the water con-
tent of food rises and as the fat content of food falls.
Protein and carbohydrate contribute relatively little to
dietary energy density. There is considerable scope for
technological developments that can alter the energy
density of foods without compromising palatability.
This is a major research challenge for the food indus-
try (14).

At the present time, studies of energy density and
energy intake are biased in favor of short-term inter-
ventions or longer studies where the composition of
the diet is systematically altered (14). There are far
fewer data from more naturalistic environments. These
biases in the literature have led to an impression that
energy density exerts powerful if not overriding deter-
ministic effects on EI. Longer-term interventions are
urgently needed.

As foods occur in real life, there is a hierarchy in
the satiating efficiency of the macronutrients (see
above discussion). The main effect of controlling
energy density is to diminish the impact of differences
in the satiating effects of fat and carbohydrate. Energy
density exerts profound effects in constraining energy
intake in short- to medium-term studies. Subjects
behave differently in longer-term interventions.
Energy density is a factor that at high levels can
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facilitate excess EI, and at low levels constrains EI
(14). However, the effects that dietary energy density
may exert on appetite and EI should be considered in
the context of other nutritional and nonnutritional
determinants of EI rather than as a substitute for
those considerations.

In considering the nutritional determinants of EI in
102 free-living adults recording their food intake for
7 days, both macronutrients and energy density deter-
mine energy intake (14). The notion that energy density
alone drives energy intake is oversimplified. Multifac-
tor models appear more appropriate to explain nutri-
tional determinants of feeding. This is illustrated in
Figure 8. It is recommended that modeling work such
as this be extended in order to better appreciate and
predict the way in which the nutritional characteris-
tics of the diet affect energy intake in people at large.
Since differences between subjects can account for al-
most half of the variance in the relationships between
food composition and energy intake (Fig. 8), models
should help to identify key factors that predict a sig-
nificant proportion of intersubject variation in feed-
ing behaviour.

Drewnowski has provided evidence that energy den-
sity affects the sensory stimulation to eat (128). People
tend to prefer more energy-dense foods. The implica-
tions this has for appetite control are unclear but it is

our opinion that EI does not simply vary as a function
of the energy density of the diet. We urgently need to
understand how different types of people respond to
changes in dietary energy density in the real world. The
implications for consumers are that increasing con-
sumption of foods lower in energy density may protect
against weight gain but is unlikely to induce any
spontaneous weight loss in subjects not attempting to
control their weight. Furthermore, people appear to
prefer more ED foods and so are likely to continue to
select them (14,128). Psychological and possibly phys-
iological disposition of the subjects will greatly affect
their preference for and response to the energy density
of foods.

6 Micronutrients

There are very few data on the effect of micronu-
trients on feeding behavior and body weight under
normal feeding conditions. There is evidence that
rodents will learn to select a diet whose ingestion
will alleviate a micronutrient deficiency (38,94). It
may also be supposed that the administration of a
micronutrient that will, for instance, improve a defi-
ciency-related defect in nutrient metabolism, will
improve appetite for that nutrient, and perhaps
appetite in general.

Figure 8 Pie charts illustrating the percentage of the variability in energy intake ascribable to different sources in 102 subjects

recording their food intake for 7 consecutive days. Approximately 39% of the variability was due to diet and f40% was due to
intersubject variability. These two major sources of variation are subdivided further. These charts clearly illustrate that the
determinants of energy intake in human adults are multifactorial.
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B Issues Concerning Satiety Signals

Two further issues can be envisaged which are impor-
tant and still to be resolved.

1 Postabsorptive Satiety

The pattern of food intake and the physiological events
that occur at the end of a meal indicate an important
role for preabsorptive signals in terminating eating and
in determining the episodic nature of eating. What role
is played by postabsorptive processes? The energy (fuel)
balance approach to appetite control is based on the
idea that the metabolic fate of nutrients in the body
exerts important influences over behavior (65). Some
hypotheses, such as the idea of linking food selection to
serotoninergic activity (129), are based exclusively on
the understanding that nutrient-induced metabolic
activity exerts a directional influence on food consump-
tion. However, some recent studies have indicated that
large differences in the oxidation patterns of nutrients
(fat and carbohydrate) can occur (after dietary manip-
ulations) which do not appear to exert any influence
over the quantitative aspect of food intake (130) at least
for the following 24 hr. The same group has provided
evidence that nutrient metabolism does exert potential
influences on energy intake when these relationships are
examined over a number of days (11). Logic demands
that the requirement for nutrients by the body will exert
an influence over the form of behavior that provides
these nutrients, but what is the evidence for this, what is
the nature of the mechanism involved, and what are the
physiological limits within which the mechanism oper-
ates? Postabsorptive signals are probably far more
effective at stimulating hunger during negative energy
balance than they are at elevating satiety in the fed state.
That is, tissue depletion during negative energy balance
may exert a far greater physiological feedback on
appetite than does tissue deposition during periods of
positive energy balance.

Some studies have suggested that the rate of oxi-
dation of fat and carbohydrate exerts an inhibitory
effect on appetite (46–48,60). Specific proposals have
been made by Langhans and Scharrer (48) regarding
the increase in intracellular metabolism in hepato-
cytes. Some of this evidence is indirect. The most
potent evidence relates to physiologically induced
nutrient ‘‘deficits.’’ The blockade of glucose oxidation
by 2-DG or 2,5-AM (47) or fat oxidation by methyl-
palmoxirate or 2-mercapto acetate leads to an
increase in food intake in animals (46–48,60). These
phenomena have been termed glucoprivic and lipo-

privic forms of feeding. These effects are strong
phenomena in animals [and for 2-DG, in humans
(85)] and form the basis for useful experimental
models; their respective pathways through the brain
can be traced by lesioning or biochemical procedures.
This work by Ritter’s group is extremely important
since it indicates the neurochemical processing of
metabolic activity (46).

Thus, decreases in nutrient oxidation appear to
stimulate intake. Evidence that increases in nutrient
oxidation comprise part of satiety are less direct. Con-
sidering carbohydrate metabolism, experimental results
of Astrup and Raben indicate an extremely high corre-
lation (r=.9) between hunger and postingestive meas-
ures of carbohydrate oxidation, AUC plasma glucose,
insulin, and norepinephrine (24,104). Stubbs et al. (11)
have also found statistically significant negative rela-
tionships between protein and carbohydrate stores and
oxidation and the subsequent day’s food intake, in
normal men living in a calorimeter for 7 days at a time.
The same relationships were significant for fat oxidation
but not stores. Stubbs et al. (11) have interpreted these
data as suggesting that the regulation of nutrient stores
by increases in oxidationmay partly underlie the greater
capacity of protein and carbohydrate to suppress sub-
sequent intake.

A key question here is whether or not the different
profiles of nutrient oxidation arising from variations in
the diet composition exert an influence over eating
behavior. From a biological perspective, an animal
could deal with extreme forms of diet composition
through metabolic adaptation—with no consequences
for behavior. There is unlikely to be any obligatory
requirement to adjust behavior unless the process of
metabolic adaptation incurs a physiological stress or
strong benefit. It therefore seems important to estab-
lish the conditions under which nutrient-induced meta-
bolic activity exerts either a quantitative or directional
influence over eating behavior and whether it is possible
to condition these effects. It seems reasonable to
hypothesize that under conditions where prior learn-
ing cues are removed and extremes of metabolic adap-
tation are reached, then feeding behavior will be
altered. Feeding behavior may subsequently be altered
before such extremes are reached if the metabolic
change is a cue for learning. Since the majority of
Western adults are now overweight and obese, few
satiety signals appear effective enough to restraint our
inherent mammalian tendency to gain weight, when the
environment permits.

In addition, it is possible that metabolic (postabsorp-
tive) events only achieve biological relevance if they are
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accompanied (preceded) by preabsorptive signals. This
would indicate that appetite control is achieved jointly
by physiological responses generated at different stages
in the handling of nutrients following ingestion. The
organism presumably recognizes these physiological
changes as sequential cues that, by reinforcing each
other, cumulatively constitute the ‘‘satiety cascade’’
(131). Removing individual cues from the sequence
maywell weaken the overall impact of a food or nutrient
on satiation or PI satiety.

C Specific Macronutrient Selection

in Humans?

It is clear that human beings display preferences for, and
selection of, different types of foods. These foods vary in
taste, texture, energy density, and nutrient composition
together with a host of cognitively mediated attributes.
Under extreme physiological circumstances, animals
and presumably humans can display a strong preference
for a dietary component that is in deficit. The literature
on salt appetite and on preferences of vitamin-deficient
animals for foods that alleviate the deficiency are exam-
ples of this (see 94 for an introductory discussion of
these phenomena). Nutrient deficits are not a necessary
condition of a physiologically induced preference or
aversion. To what extent can humans display a prefer-
ence or aversion toward a particular macronutrient?
What is the mechanism that could mediate this form of
behavior? It is likely that a nutrient-based preference
could develop through a process of learning. This would
need a clearly defined unconditioned signal (arising
from the physiological system)—a detection mecha-
nism—linked to a particular sensory or environmental
cue. For instance, rats learn to prefer flavors that are
associated with fructose infusions into the portal vein
(32,45). These phenomena are most likely to be best
observed under conditions where a learned change in
feeding behavior will alleviate some physiological stress.
The metabolic handling of protein loads constitutes a
greater physiological stress than the oxidation/storage
of fat or carbohydrate. Under experimental conditions,
a number of animal species adopt selection strategies to
optimize the protein:energy ratio of their diet and avoid
an intake of excess protein (32,94,95).

It is worth considering whether there is any other
unconditioned physiological signal that could serve as
the source of food-selecting behavior directed to a
particular macronutrient under more naturalistic con-
ditions. For instance, athletes tend to consume greater
amounts of carbohydrates than the general popula-
tion. Is any of this selection driven by physiological

changes induced by exercise per se? The organoleptic
properties of the diet may influence nutrient selection
for nonphysiological reasons. It is also important to
bear in mind that selection of foods can be influenced
by a number of non-physiological- and non-sensory-
associated factors. Examining the relative and quanti-
tative importance of physiological versus nonphysio-
logical determinants remains an important area for
future investigation.

D Macronutrients, Appetite, and Obesity

1 Food and Macronutrient Intake in the
Etiology of Obesity

Considerable attention has recently focused on the issue
of how the macronutrient composition of the diet can
influence the current epidemic of obesity in western
society (3,4,15). Ingestion of dietary fat does appear to
be a risk factor for subsequent weight gain (114),
although it is possible to become obese on a high-
carbohydrate diet (132). In particular, certain types of
carbohydrates may interact with fat to facilitate higher
levels of intake. Drenowski et al. and Mela et al.
(133,134) have produced data that suggest that fatter
people prefer fattier foods. There is not a great deal of
direct evidence that preference per se will influence
quantitative intake (i.e., how much food is eaten) to
an extent that will influence body weight. It is, however,
very likely that preference influences qualitative food
intake—i.e., what foods are eaten. This is important
because the phenomenon of passive overconsumption
of energy on high-fat diets is not an issue of quantitative
increases in food intake but of qualitative selection of
high-fat, energy-dense foods. It has also been suggested
that a genetic predisposition to store rather than oxidize
fat may predispose certain individuals to rapid weight
gain when they are exposed to a high-fat diet.

Lissner and Heitmann (114) have recently examined
prospective data on fat intake and subsequent weight
gain and have found that in women, those who
exhibited a genetic susceptibility to weight gain showed
the greatest tendency to gain weight when exposed to a
high-fat diet. In the 1950s Jean Mayer highlighted the
need to distinguish between the dynamic period of rapid
weight gain and the stable plateau that body weight
appears to reach in obesity. The truth is, we are remark-
ably ignorant of exactly how and at what rate different
people gain weight. It appears from laboratory experi-
ments that satiation, PI satiety, and hunger are influ-
enced by food intake in obese subjects in a similar way as
in lean people (90). Spitzer and Rodin (5) also note that
the majority of studies on eating behavior in normal
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weight and overweight individuals conducted between
1969 and 1981 were ‘‘impressive in their demonstration
of the lack of clear overweight-normal weight differ-
ences in eating behaviour.’’ The situation has not
changed much today. They did, however, note that in
short-term studies palatability appeared to be the most
consistent variable in producing overweight-normal
differences in amount of food eaten.

The physiological features and psychological pro-
files that characterize the obese and may be involved in

the maintenance of the obese state may not necessarily
be the same features that led to obesity in the first place
(22). Understanding the factors that produce sustained
increases in energy intake over expenditure and the time
course over which this occurs is crucial for understand-
ing the etiology of obesity. It is also worth mentioning
that obesity is a generic category which, like skin color,
identifies an obvious recognizable feature of individu-
als, but explains little of the behavior of those individ-
uals. There are likely to be a number of different factors

Figure 9 Scheme illustrating the selection and study of phenotypes believed to be resistant and susceptible to diet-induced
obesity. At the present time it is important to characterize the differences between these phenotypes at the psychometric,

behavioral, physiological, and even genetic levels.
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that, individually or together, influence body weight.
For instance, it is well known that not all obese subjects
are restrained eaters. Similarly, not all obese subjects are
insulin resistant. Since it is difficult to categorize which
‘‘type’’ of obesity a person belongs to or indeed how
many ‘‘types’’ there are, it is equally difficult to identify
the factors bringing about these characteristics. Thus,
while there is abundant evidence that certain aspects of
diet composition (e.g., dietary fat) are risk factors for
weight gain, weight gain on a high-fat diet is not a
biological inevitability. It should be remembered that
often f40–50% of the variance in energy intake or
subjective appetite in a group of subjects is due to
differences between the subjects themselves. This raises
the issue of phenotypes (135,136). As regards dietary fat
and phenotypes, it is becoming clear that certain high fat
consumers (and high energy consumers) do not gain
weight while others do so readily. We have recently
begun to use these groups of subjects as models for
phenotypes resistant or susceptible to diet-induced obe-
sity (DIO). The concept is illustrated in Figure 9. This is
no trivial matter. Currently the main practical solution
to the current pandemic of obesity is to prevent weight
gain in the preobese. How do DIO-resistant and DIO-
susceptible phenotypes (the majority of us) differ?What
can we understand about the psychometric, behavioral,
and physiological profiles of people who are resistant to
weight gain on a high-fat diet? Can this knowledge be
used to benefit those who are susceptible to weight gain
on Western diets?

VI PALATABILITY AND SENSORY

FACTORS

A Palatability and Food Intake

In considering the capacity for energy intake to rise
above energy expenditure, the weakness of inhibitory
factors has to be set against the potency of facilitatory
processes. The palatability of food is clearly one
feature that could exert a positive influence over
behavior. The logical status of palatability is that of
a construct (it is not objective feature such as protein
content or blood glucose) (137,138). Palatability can
be influenced by a number of factors including envi-
ronmental cues and the physiological state of the
organism. However, palatability can be operationally
defined according to the amount of food consumed,
although some authors feel that this is inappropriate
for animal studies (26). The independent index of
palatability is usually considered to be the subjective
appreciation of pleasantness. This subjective sensation

is quantified by expressing it on an objective scale
according to standard psychophysical procedures
(139). This sensation is usually taken to reflect the
hedonic dimension of food. The nature of the relation-
ship among palatability, food consumption, and
energy balance has never been systematically deter-
mined, although palatability has been invoked as a
mediating principle to account for the prolongation of
ingestion from a variety of foods due to sensory
specific satiety operating in short-term studies.

It may be hypothesized that palatability would exert
a powerful effect on intrameal satiety (while food was
being consumed), but is there an enduring legacy which
influences postingestive satiety? In addition, what is the
effect of the expectation of getting pleasure from food
on the initiation and maintenance of eating? Although
almost everyone would agree that palatability exerts a
powerful influence on eating behavior, there is no
systematic body of data to explain the strength of the
limits of the effect (140).

B Sweetness, Sucrose, and Sweeteners

For the last decade, there has been a healthy debate
about the effects of sweetness, sucrose, and artificial
sweeteners (141,142) on EB. The key issue relates to
what effects sweetness, plus or minus carbohydrate
energy, has on appetite and energy balance. There
are three main hypotheses: (i) adding sweetness with-
out calories to foods leads to lower levels of EI than
when sweetness with calories are added; (ii) sweetness
without calories leads to a cephalic phase stimulation
to eat; and (iii) ingestion of sugars (sweetness with
calories) correlates with thinness and lowers fat intake,
which is itself the reason for the lower body weight.
Clearly these hypotheses have enormous implications
for appetite and EB control in consumers at large.
Sweetness is a factor favoring the selection and sub-
sequent ingestion of sweet foods. Most animals display
a preference for sweetness at a very early age, and
(until the advent of intense sweeteners) sweetness was a
reliable sensory cue that a food was a source of readily
available energy in the form of sugars. Conversely,
different people exhibit markedly different preferences
for sweetness intensities, so simply adding sweetness to
foods will not stimulate everyone to eat. Assuming that
sweetness does in general stimulate the selection and
consumption of these foods, it is pertinent to inquire
whether sweetness with or without calories affects
appetite and EI.

Despite the common assumption that replacing diet-
ary sugars with intense sweeteners will promote a more
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negative energy balance, there is a remarkable paucity
of data to demonstrate this effect. There is certainly little
epidemiological evidence to suggest that artificial sweet-
ener consumption correlates with lower BMIs, or that
increased artificial sweetener consumption in the pop-
ulation has contributed to any reduction in the preva-
lence of overweight or obesity. According toMela (143),
this effect may be accounted for by the fact that artificial
sweeteners tend not to be used so much as a substitute
for sugar. Rather, they are added to foods to enhance
their appeal. The majority of studies that examine the
effect of sweetness, sugars, and artificial sweeteners are
short-term and therefore do not address the issue of
energy balance (144).

Most authors seem to be in agreement that the
purely postingestive effects of aspartame do not stim-
ulate intake. Blundell and Rogers initially reported
that artificially sweetened drinks can actually stimulate
appetite. They suggested that sweetness per se provides
a sensory cue for carbohydrate calories, which leads to
cephalic-phase physiological changes that anticipate
energy intake (145). They note that intense sweeteners
have only been found to stimulate intake when a food
has been sweetened with intense sweeteners or when a
less sweet food has been compared with an isoenergeti-
cally equivalent food to which sweetness has been
added (their ‘‘additive principle’’) and not when two
foods of differing energy density but the same level of
sweetness are compared. This they call the ‘‘substitu-
tive principle.’’ Again this area is bedevilled by method-
ological controversies, such as the appropriate drink
vehicle for the sweetener (water or a familiar soft
drinks), the time course of the experiment, and the
subjects used. Blundell and Rogers (145) argue that
the strongest experimental designs contain test of both
the additive and substitutive principle. No long-term
studies that address energy balance have yet achieved
this dual testing.

Black and Anderson (146) report that the use of
aspartame-sweetened water leads to an acute short-term
increase in subjective appetite in lean men, but that
aspartame-sweetened carbonated soft drinks induce a
transient suppression of appetite in similar subjects over
a similar time frame. The issue is complicated by the fact
that satiety can be transiently conditioned by starch-
containing drinks that are paired with a given sensory
cue such as flavor (147). Once conditioned, similar levels
of satiation can be transiently induced by the condition-
ing stimulus alone. Therefore, the effects of prior con-
ditioning could influence the outcome of short-term
studies using vehicles that mimic the sensory properties
of similar foods.

In summary, there is little evidence that artificial
sweeteners reliably decrease appetite or reduce energy
intake, but they could perhaps prevent excess energy
intake which would otherwise occur when calories are
provided as drinks. There are conditions where artifi-
cially sweetened drinks have been found to stimulate
appetite and less often energy intake, but there is little
evidence to suggest that sweeteners reduce intake. Crit-
ically, the fact that intense sweeteners appear to be used
as food additives rather than sugar substitutes, suggests
that their current use is unlikely to promote a net
reduction of energy intake in consumers at large (143).
Understanding the applicability of these findings to
free-living humans is an important area yet to be
resolved. It is also important to bear in mind that a
number of experiments examining these issues have
used drinks and not solid foods. Mattes (148) has
conducted ameta-analysis of feeding responses to either
liquid or solid manipulations of the nutrient and energy
content of the diet. The analysis suggests that the
physical state of ingested CHO intakemay be important
in influencing subsequent caloric compensation. The
reasons for this are unclear but may relate to the
rate, timing, and density at which the energy is ingested.
There may be a threshold in these parameters, below
which energy is poorly detected.

C Fat and Fat Mimetics

There are a number of low-calorie or acaloric fat
mimetics under development. These compounds are
poorly absorbed across the gastrointestinal wall and
are not metabolized by the calonic microflora. The
most extensively studied of these are the olestras,
which are a group of compounds that possess a
sucrose (rather than glycerol) backbone with more
than three fatty acid side chains. To date, 24 studies
have examined the impact of olestra-containing foods
on aspects of feeding behavior, which are published in
20 reports (see 148 for a review). The general response
of human subjects to olestra-based decreases in dietary
energy density (ED) is either poor caloric compensation
or partial (non-macronutrient-specific) increases in EI.
Averaging the degree of energy compensation across 22
studies gives a value of 27% (nonweighted mean). In
studies where compensation occurred, fat intake but
not energy intake was reduced (149). These effects
appear to occur in lean and obese, in men and women,
and under a variety of conditions ranging from the
laboratory to real life. However, all but two of these
studies were short-term. One study suggests that in
subjects for whom weight loss is desirable, these deficits
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can persist for up to 3 months (150). Subjects with no
wish to lose weight may compensate better over longer
periods. In another 3-month study, ingestion of olestra-
based foods did not induce energy deficits but limited
the significant weight gain seen on a full fat control
(151) The longer-term effects of olestra on body weight
requires further investigation. There is evidence that
restrained eaters tend to eat slightly more of olestra-
based foods if they know that they are reduced in fat
and energy (152,153). This is probably a general
response to low-fat foods rather than to olestra per
se. That olestra-based foods have the potential to
provide the sensory qualities of real fat suggests that
these foods may be particularly effective in habitual
high fat consumers with a sensory preference for diet-
ary fat.

D Variety

It has been suggested from a number of short-term
studies that have been conducted (154–156), together
with the cafeteria-diet model, that sensory variety of
foods promotes overconsumption of energy. Further-
more, LeMagnen has shown in rats that simply increas-
ing sensory variety can lead to excess energy intake and
weight gain, provided the variety is constantly rotated.
Increases and decreases in sensory variety that were
stable over time had a much less pronounced effect (33).
It has also been hypothesized that this effect may be
pronounced in people who are more susceptible to
environmental cues (157). We have recently shown that
simply increasing the variety of sensorially distinguish-
able foods of identical nutrient content significantly
elevated energy intake in men over 7 days (39). The
longer-term effects of sensory factors on appetite and
energy have yet to be elucidated. However, the extent to
which the food industry invests in and refuses to com-
promise the sensory attributes of their products bears
testimony to the importance of sensory factors in food
choice and purchase.

There is therefore a good deal of work to do in
considering the relative contribution of sensory versus
nutritional determinants of feeding behavior and energy
balance. This area of research is of growing importance,
since the sensory qualities of the diet no longer neces-
sarily provide reliable information regarding its nutri-
tional content. Some individuals may be more disposed
to cues such as palatability or olfactory cues associated
with certain foods than to internal (physiological) cues.
Disturbed sensory functioning is a major factor in-
volved in the loss of appetite due to pathologies or side
effects of the drugs used to treat certain illnesses (6).

E Meal Patterns

It has been noted that snacking and commercially
available snack food are often believed to elevate EI
(158–161). However, there is considerably less evidence
that meal or snack patterns contribute to the develop-
ment of obesity. It is important to note at this point that
the relationship between a meal and a snack relates to
timing and size of ingestive events in meal-feeding
animals. In nonhuman species (and indeed humans)
who engaged in numerous small feeding bouts through-
out their diurnal cycle, there is little if any distinction
between a meal and a snack. Meal-feeding animals are
conditioned to ingest the majority of their energy intake
in a few large ingestive events in their diurnal cycle,
usually at approximately the same time points. Under
these conditions, a snack can be defined as an energeti-
cally small, intermeal ingestive event (SIMIE). To avoid
confusion with a common use of the word to describe a
certain type of commercially available food, we use the
phrase ‘‘commercially available snack foods’’ to
described those specific foods. Commercially available
snack foods tend to differ from the rest of the diet in that
they are more energy dense, high in fat and carbohy-
drate, and low in protein and usually contain a large
fraction of their edible mass as dry matter. They are by
no means the only food eaten as a SIMIE in many
people at large.

There are two alternative hypotheses about how
snacking may influence energy intake and body weight:
(i) snacking helps ‘‘fine-tune’’ mealtime EIs to match
intake with requirements, or (ii) habitual consumption
of calorific drinks and snacks between meals is a major
factor driving EI up and predisposing people to weight
gain and obesity (162).

The evidence in relation to meal patterns, appetite,
EI, and body weight is however, indirect and fragmen-
tary. On aggregate, cross-sectional studies tend to sup-
port no or a negative relationship between meal
frequency and BMI (163–165). However, Bellisle et al.
(166) convincingly argue that examinations of the rela-
tionship between snacking and energy balance in free-
living subjects are extensively flawed by misreporting,
misclassification of meal and snacks, and potentially by
reverse causality. Under these conditions, it is difficult
to draw clear conclusions about the effects of snacking
in cross-sectional studies. It is therefore important to
conduct controlled laboratory interventions over a
number of days in humans.

It is well known in the animal literature that a variety
of species can learn to adapt to meal feeding, snacking
or totally ad libitum conditions in order to match EI to
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requirements (32,33). This suggests some flexibility in
adjusting feeding behavior to feeding schedules in order
to meet energy requirements. There appears to be very
little direct empirical evidence in humans as to whether
ingesting snacks per se affects appetite and EI. There is
some evidence that people who snack frequently exhibit
a greater capacity to compensate for changes in the
energy content of specific meals, relative to subjects who
derive most of their energy intake from fewer, larger
meals (167). A recent series of studies by Mazlan have
been conducted in which zero, 1.5, and 3.0 MJ of snack
foods were consumed as a mandatory intake by human
subjects over a week (168). The snacks were similar in
taste, texture, appearance, and energy density but not
composition. Whybrow has conducted a series of sim-
ilar studies using commercially available snack foods.
Under these conditions where snack foods are con-
sumed as mandatory increments in intake, subjects
compensated to some degree, but the net effect was an
elevation of energy intake over 7 days. The longer-term
effects of such interventions on energy intake and body
weight is an area for urgent enquiry.

VII CONCLUSION

This present chapter aims to represent the current state
of research findings in relation to diet and food intake in
humans. We hope to point the reader in the direction of
some major unresolved and therefore contentious issues
that still surround the study of human feeding, rather
than construct an uncritical list of major findings in the
area. The importance of (frequently ignored) methodo-
logical differences in experimental approaches is high-
lighted, and these are considered in relation to the
nature of the appetite system in humans. By considering
these together, the strengths and limitations of whole-
body human studies of diet and food intake become
apparent, as does the importance of supporting these
studies with animal models and epidemiological com-
parisons. Particular emphasis is given to the interactions
between physiology and behavior, which characterize
human feeding responses. Considerable attention is giv-
en to diet composition and feeding behavior, with
emphasis being placed on explaining some of the appa-
rent contradictions in the literature and discussing some
perhaps premature conclusions that are becoming gen-
erally accepted. We discuss the evidence and controver-
sies concerning the influence of dietary macronutrient
composition and associated sensory stimuli on (i) quan-
titative intake, (ii) possible effects on subsequent nutri-
ent selection, (iii) their influence on putative appetite

signalling systems, and (iv) how macronutrient mim-
etics may influence feeding responses. While a number
of issues are becoming resolved (e.g., the role of dietary
fat vs. energy density in producing hyperphagia), other
important issues emerge—for instance, the role of lean
tissue depletion as a signal for post–weight loss hyper-
phagia and the characterization of phenotypes suscep-
tible and resistant to diet-induced obesity. Greater
progress has been made in understanding specific
aspects of the appetite system and in identifying its
components (through molecular and biochemical stud-
ies, often in animal models) than in understanding how
these components operate and interact to influence
patterns of feeding behavior linked to weight control
and weight gain in humans.

The field of appetite and energy balance is becoming
increasingly specialized and fragmented. Many re-
searchers concerned with elucidating molecular and
genetic mechanism of appetite control have become
somewhat divorced from whole body studies of feeding
behavior. In some cases, there is less evidence at the
whole-body level of the phenomenon being regulated
than there is for the mechanisms supposed to regulate it!
Thus, the unravelling of the leptin system, believed
important in regulating fat mass, proceeds apace. How-
ever, clear, direct, empirical evidence that fat mass is
actually regulated in humans is embarrassingly scant. It
is of critical importance that putative mechanisms of
appetite and energy balance control be related to the
behavior of the intact organism. Human studies of diet
composition and food intake control need to be related
to mechanistic work in other species, in order to assess
the relevance of these mechanisms to our own species.
Feeding studies of our own species in the laboratory
need to be related to the general population going about
their everyday lives in their natural setting. Given the
current emphasis on directing research toward promot-
ing greater human health and well-being, animal and
molecular models of compartments of the appetite
system provide invaluable information if related to
parallel (but less invasive) protocols in human. How-
ever, these models need to be made more relevant to
appetite and energy balance control in humans.

It is now more important than ever to attempt to
integrate the increasingly disparate areas of research
specializing in aspects of appetite and energy balance
control. We still do not have a synthetic theory of
feeding behavior as exists, for example, for biological
evolution or quantum physics. A multidisciplinary
approach to the construction of integrated models
that provide a satisfactory theoretical basis for under-
standing mechanisms of feeding behavior and inter-
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ventions that will successfully manipulate it, is now a
clear necessity.

As the food we eat is changed and transformed by
food producers and manufacturers for a variety of
reasons, understanding the role of the diet in feeding
behavior and energy balance is also more important
than ever. Structured research strategies that seek to
understand the mechanisms underlying quantitative
and qualitative feeding behavior, within the context of
energy and nutrient balance, may help us keep pace with
the rapidly changing nature and effects of the diet that
we eat. This knowledge will be vital for the development
of successful dietary approaches toweightmanagement,
in terms of preventing weight gain in the majority of
humans who are susceptible to diet-induced obesity,
and developing strategies that lead to sustained weight
reduction in the obese.
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I INTRODUCTION

Recent advances in the biology of energy balance have
provided a rich cast of molecular players and new
pathways underlying the central and peripheral regu-
lation of energy balance. These advances in this
dynamic field have invigorated, energized, and added
new foci to the obesity research agenda. Several lines of
converging evidence have identified the brain integra-
tion of central and peripheral neuroendocrine, neuro-
peptide, and neural signals in the regulation of energy
balance as an important research area. This growing
area of research activity is the subject of this chapter.

In this chapter, the major peripheral and central
neuroendocrine and neural signals in the regulation of
energy balance will be identified and discussed. The
current understanding of the brain integration of pe-
ripheral signals and central neuropeptides in the regu-
lation of energy balance will be discussed. Specific
molecules (e.g., leptin, insulin, and NPY) and pathways
are then used as examples to illustrate the general prin-
ciples and overall scheme. The available knowledge
about the brain leptin and insulin pathways will be re-
viewed. This understanding is based on in vitro experi-
ments as well as studies conducted in laboratory animals

and humans. This research has revealed that leptin, by
acting on diverse brain structures and mechanisms,
regulates ingestive behavior, metabolism, and neuro-
endocrine rhythms, and controls body energy balance.
These brain structures and mechanisms form the brain
leptin and insulin pathways. The concept of reduced
brain sensitivity to leptin in obesity is discussed.

The interaction of leptin with other brain mecha-
nisms is then summarized. When these mechanisms are
understood at the molecular level, they should provide
new targets for therapeutic interventions that will re-
duce and maintain body fat at reduced levels and, there-
fore, increase metabolic fitness, reduce risk factors, and
promote improved health of obese individuals (1–3).

The elucidation of the properties, target tissues,
pathways, and actions of the circulating hormone lep-
tin (also known as OB protein), which is the product of
the ob gene, has provided a new pathway and a new
context to increase our understanding of the regulation
of energy balance. The circulating concentrations of
leptin are proportional to adiposity and increase with
increasing levels of body fat (4,5). The leptin pathway is
one of the long-sought hormonal signal pathways from
adipose tissue to the brain that plays a critical role in
the regulation of energy balance (1,3,6–8). The brain
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insulin system is the other peripheral hormonal path-
way from adipose tissue to the brain that is critical in
the regulation of energy balance (9,10).

Leptin is a polypeptide hormone that is secreted
primarily from adipose tissue, circulates in the blood,
is bound to a family of binding proteins, enters the
brain, binds to its receptors in hypothalamic nuclei and
other brain areas, and acts on central neural networks.
The ob gene is expressed in adipose tissue, bonemarrow,
and placenta, and leptin is synthesized and secreted

from adipose tissue in proportion to adipocyte volume
(11). Several lines of evidence suggest that leptin plays a
major role in the control of body fat stores through
coordinated regulation of feeding behavior, metabo-
lism, neuroendocrine responses, autonomic nervous
system, and body energy balance in rodents, primates,
and humans. Leptin expresses these actions through
its role in the brain integration of the central and pe-
ripheral signals involved in these responses (1,3,7,8).
The key elements of the leptin pathway are shown in

Figure 1 Schematic model of some of the important elements of the leptin signaling pathway that regulates body energy
balance. See text for additional details. (From Ref. 8.)

Figure 2 Schematic representation of the brain insulin hypothesis. (From Ref. 9.)
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and erroneous integration within the brain. However,
results of available studies suggest that these alterations
in general, and the brain leptin pathway in particular,
play a role in this ‘‘resetting response’’ that is respon-
sible for weight regain following weight loss (1,3,14).

III REGULATION OF ENERGY BALANCE:

BRAIN INTEGRATION OF PERIPHERAL

NEUROENDOCRINE SIGNALS

Energy balance is the result of the control of ingestive
behavior, metabolism, energy expenditure, and energy
storage in adipose tissues (1,3,9,14). While energy
intake is a discrete process as individual meals are
separated by intermeal intervals, energy expenditure
and storage in adipose tissue are continuous physio-
logical processes (15–18). The complex molecular
mechanisms by which discrete ingestive behavior,
continuous energy expenditure, and dynamic energy
storage in adipose tissue are integrated and matched
remain largely unknown. The brain insulin system
and leptin pathway are two candidate signals for
matching intake and expenditure (1,3,9,14). Since the
responsiveness of both of these systems to insulin and
leptin decreases markedly in obesity, appropriate and
accurate matching of intake and expenditure will
become more unlikely as obesity begins to develop
and becomes established.

A Control of Food Intake: An Integrated

Behavioral Response Dependent on Leptin,

Insulin, and Central Neuropeptides

Feeding behavior is the result of the complex central
nervous system integration of central and peripheral
neural, hormonal, and neurochemical signals relating to
brain and metabolic states. Meals are initiated, main-
tained, and terminated by specific sets of these central
and peripheral signals several times a day separated by
intermeal intervals without food intake (15–18). These
signals include patterns of neural afferent traffic; metab-
olites (glucose); energy flux (fatty acid oxidation, ATP);
and hormones (insulin concentrations in plasma and
brain, leptin concentrations in plasma, and neuropep-
tide concentrations in brain) (19,20). The brain struc-
tures and mechanisms involved in the detection of these
signals and the mapping of them into altered feeding
behavior are beginning to emerge. One hypothesis for
this integrated neural, metabolic, and hormonal control
of food intake postulates the interaction of five classes

of signals: (1) hypothalamic neuropeptides and neuro-
transmitters; (2) brain insulin; (3) leptin; (4) metabolic
signals including transient declines in blood glucose
concentrations; and (5) ascending and descending
neural inputs (1,17,18,21). These signals interact and
provide the central and peripheral integration necessary
to regulate food intake and match energy intake to
energy expenditure to maintain body energy balance
and composition.

Many experimental studies in mice, rats, and many
other species demonstrate that several neuropeptides
modulate food intake when injected centrally and, in
some cases, peripherally (see Chaps. 13 and 14).
Among the neuropeptides that have been extensively
studied and have major effects on food intake are
neuropeptide Y (NPY), cholecystokinin (CCK), cor-
ticotropin-releasing hormone (CRH), and enterostatin
(9,10). Synaptic concentrations of central neuropep-
tides and classical monoamine neurotransmitters are
thought to be modulated by the central representations
of peripheral metabolic state and act on postsynaptic
receptors to control energy intake (1,3,9,14,17). Al-
though some investigators still seek the identity of the
‘‘one’’ major neuropeptide controlling human feeding
behavior, most of the field has adopted a ‘‘parallel’’
model in which multiple neuropeptides and hormones
involved each play a role in determining human feeding
behavior (1,3,8,18).

B Control of Energy Expenditure

Total daily energy expenditure can be partitioned into
resting metabolic rate, dietary and cold-induced ther-
mogenesis, and the energy cost of physical activity
((5–18,22–24) see Chaps. 23 and 24). The energy cost
of various kinds of voluntary physical activity (e.g.,
walking, jogging, swimming) and thermogenesis due to
digestion and absorption of food as well as thermo-
genesis induced by a cold environment have been calcu-
lated for both men and women as a function of lean
bodymass (or ‘‘fat-free mass’’). Small repeated errors in
the ‘‘matching’’ of energy expenditure to energy intake
over individual bouts or a series of bouts of physical
activity could easily lead to positive energy balance. The
effects of exercise on perceptions of hunger are time
dependent, complex, and highly variable. Thus, some
individuals may experience hunger after exercise, while
others may not (25).

The regulation of resting metabolic rate is a complex
function of energy intake, energy balance, and hormo-
nal and autonomic neural activity. Resting metabolic
rate decreases when an individual reduces caloric intake
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and shifts into a state of negative energy balance. This
regulatory adaptation appropriately reduces obligatory
energy expenditure when energy intake is reduced.
Adaptation to reduced caloric intake by reducing meta-
bolic rate requires falling concentrations of both circu-
lating insulin and leptin. However, this same adaptation
causes a deceleration of weight loss following voluntary
caloric restriction for the purpose of weight loss and
contributes to the difficulty of maintaining weight loss,
once achieved, over time (22,24).

C Control of Fat Balance

Just as energy balance is the comparison of total body
energy intake and expenditure, a similar balance exists
for each macronutrient. The matching of carbohydrate-
and protein-derived energy flux and the rates of oxida-
tion and storage are generally well regulated (see Chap.
28). However, fat balance is not closely regulated. Two
major problems in the regulation of fat balance predis-
pose individuals to obesity. First, it is known that
excess dietary fat does not acutely increase the oxida-
tion of fat for energy. Second, the capacity for fat
storage in humans is practically unlimited. Excess
calories in the form of fat are readily stored as trigly-
ceride in adipose tissue, with a very high (>96%)
efficiency (25).

It is becoming clear that positive energy balance
most often results from disruptions in fat balance.
However, over the long term, fat balance has to be
regulated in order to achieve macronutrient and thus
energy balance, and a steady-state body weight. The
reestablishment of fat balance following a period of
positive energy balance requires a change in the body
fat mass. The rate of fat oxidation, which is related to
body fat mass, must increase and eventually become
equal to the rate of fat intake, and then body fat mass
comes into balance and remains in steady state. It is
known that fat oxidation varies directly with body fat
mass (26), but the mechanisms linking these two
parameters are not yet clear. If the dietary fat is
increased without a rapid change in fat oxidation, this
will produce positive fat balance and thus an increase
in body fat mass. As body fat increases, fat oxida-
tion will eventually also increase. Body fat mass will
then increase to a new level at which fat oxidation
matches fat intake, and the body fat stabilizes at this
new, higher level (25). Another possibility is that
carbohydrate oxidation may not be appropriately
inhibited when some individuals are consuming a high
fat diet. This would lead to positive energy balance
and fat balance.

IV EXPERIMENTAL MODELS OF

OBESITY DUE TO ALTERED

LEPTIN PATHWAY

The obese ob/ob mice were discovered on the C57BL/
6J background in the early 1950s; this mutation results
in profound obesity (27). Mice with mutations in the
ob gene have a premature stop signal and thus fail to
synthesize and secrete leptin from their fat cells. These
mice have no measurable leptin in their blood and
have an early-onset, severe obese phenotype. When
treated with small doses of leptin, these mice markedly
reduce their food intake, lose weight, and mobilize
stored triglyceride. The db/db mouse, which arose on
the C57BL/KsJ background, is similarly obese and is
also characterized by hyperglycemia. When the ob gene
was transferred to the C57BL/KsJ background, a phe-
notype almost identical to that of db/db mice was
observed (28–32). The db/db mice have a mutation in
the gene coding for leptin receptor, ob-r gene, that
results in a splice variant in which all the leptin recep-
tors are in the short or nonsignaling form. These mice
have high levels of leptin in their blood but are unable
to respond to it.

When cross-circulation (or parabiosis) experiments
were performed between ob/ob and db/db mice, the ob/
ob partner reduced its food intake and lost weight,
while the db/db partner maintained both its food intake
and body weight. In some experiments, the ob/ob
partner actually died when parabiosed with db/dbmice.
[However, these extreme effects have not been observed
in studies with chronic leptin treatment in rodents (8).]
These studies led Coleman to conclude that ob/ob
mice fail to secrete a circulating factor (now known as
leptin) from their adipose tissue, although their brain
can respond to it and reduce food intake, while db/db
mice secrete the circulating factor, but their brain can-
not respond to it (28,29). Thus, an operational leptin
pathway is required for the regulation of lean body
composition, and the absence of functional leptin or
functional leptin receptors results in obesity. Studies
have also demonstrated that the mutated ob gene has
no effect on the marked hyperglycemia seen when the
mutated ob gene is on the diabetogenic C57BL/KsJ
background; instead, hyperglycemia is thought to be
the result of other genes in the KsJ background that
render the pancreatic beta cell vulnerable, and even-
tually to fail to produce adequate amounts of insulin.
Low-protein diets have been shown to prevent pancre-
atic failure in C57BL/KsJ mice with the mutated ob or
db genes. These and other studies demonstrate that
mutated ob or db genes cause obesity, which may or
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than in the periphery; that insulin in the brain could
potentiate the effects of neuropeptides such as neuro-
peptide Y (NPY) and CCK; and that circulating ste-
roids interact with the brain insulin in important ways,
provided the basis for the paradigm of central/periph-
eral integration in the regulation of food intake and
body energy balance (9).

The brain insulin hypothesis has also provided
strong evidence for the involvement of brain neuro-
peptides, in addition to monoamine neurotransmitters,
in the control of food intake. These investigators also
demonstrated that central administration of insulin
decreased the expression of NPY mRNA in the arcu-
ate nucleus of the hypothalamus. In addition, they also
showed that the central administration of insulin
increased the expression of corticotropin-releasing
hormone (CRH) mRNA in the paraventricular nu-
cleus of the hypothalamus (9,37,73). Thus, central
administration of insulin altered the gene expression
of two major neuropeptides (decreased NPY and
increased CRH mRNAs) that are important regulators
of food intake and body energy regulation as well as
other biological processes.

IX INTERACTION AND CENTRAL

INTEGRATION OF LEPTIN AND

INSULIN WITH OTHER BRAIN

HORMONES AND NEUROPEPTIDES

Research on the brain mechanisms involved in leptin
action has been stimulated by the long-lasting reduc-
tions in food intake and body weight of obese ob/ob
mice observed following ICV leptin administration
(40,41) together with the observation that the circulat-
ing leptin concentration was proportional to body fat in
humans (4). Central administration of leptin reduced
food intake and body weight, altered metabolism, and
inhibited NPY-induced feeding of obese ob/ob mice,
lean mice, and rats.

The neurotransmitters and neuropeptides that
directly mediate the actions of leptin have not yet been
identified, but experimental evidence is consistent with
leptin acting through several brain mechanisms (NPY,
AgRP, CART, POMC) to coordinate the regulation of
energy balance (74–81) (see Chap. 13). In addition,
leptin has been shown to interact with CRH and
CRH-dependent neuronal pathways in the regulation
of energy balance (63,82). Which if any neurotransmit-
ters and neuropeptides are responsible for the decreased
responsiveness to leptin in obesity is not known. How-
ever, the neuronal network controlling energy balance

and the descending sympathetic nervous system follow-
ing peripheral and central administration of leptin is
beginning to emerge (81).

Studies of neuronal activity indicate that multiple
brain regions contain neurons that are responsive to
leptin and are involved in detection of its presence and
in generation of its effects. Hyperpolarization of glu-
cose-receptive ATP-sensitive potassium channels and
stimulation and inhibition of firing rates have been
reported in ventromedial and lateral neurons (83).
Direct application of leptin to VMH and LH neurones
resulting in both stimulation and inhibition of firing
rates have been reported (84). Patterns of activation of
brain areas in response to central or peripheral admin-
istration of leptin have been measured using c-fos
immunoreactivity. Numerous studies have implicated
hypothalamic nuclei (arcuate, VMH, DMH, PVN) and
other brain areas thought to be involved in the control
of energy balance (52,84,85). Brain administration of
leptin leads to neuronal activation in many brain areas
known to be involved in regulation of food intake and
body energy balance including the hypothalamus, peri-
form, and cortex. In addition, brown fat was clearly
activated in the periphery. This demonstration of leptin
activation of the sympathetic nervous system was con-
sistent with norepinephrine turnover studies in brown
fat (86) and c-fos studies (63,87,88). In addition, direct
recording of efferent sympathetic fibers innervating
multiple organs in anesthetized rats demonstrated that
intravenous administration of leptin increased sympa-
thetic nerve activity to multiple target organs (89).
Colocalization studies using selective antibodies have
demonstrated that leptin acts through its receptor on
neurons that contain NPY, ACTH, POMC, and mel-
anin-concentrating hormone (MCH) (87). These con-
verging lines of evidence strongly suggest that in
addition to several nuclei of the hypothalamus (ven-
tromedial, dorsomedial, paraventricular, and arcuate),
other brain areas are involved including periform cor-
tex, brainstem, cerebellum, basal ganglia, and cortex
(3,14) Thus, the biological actions of leptin to regulate
energy balance are the result of a distributed leptin-
responsive neural network within the brain.

Recent studies focusing on the arcuate nucleus has
provided important insights into the integration of
peripheral signals within the brain. Leptin and insulin
have been shown to interact on specific receptors on
neurons in the arcuate nucleus of the hypothalamus,
and the local application of each peripheral signal
within the vicinity of the arcuate has profound and
predictable effects on food intake and body weight
(10,74,77,78,80). Specifically, elevations of either hor-
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mone in the hypothalamus cause reduced food intake
and weight loss, and reductions of the activity of either
in the brain cause increased food intake andweight gain.
The arcuate contains two groups of neurons sensitive to
leptin and insulin. One group synthesizes neuropeptide
Y (NPY) and agouti-related protein (AgRP), neuro-
transmitters that act throughout the hypothalamus to
increase food intake and reduce energy expenditure.
Both leptin and insulin inhibit the activity of these
anabolic NPY/AgRP neurons. The other group of
arcuate neurons synthesizes POMC, which is then pro-
cessed to several small peptides, including desacetyl-
MSH, which is in turn acetylated at the N-terminus to
produce alpha-melanocyte-stimulating hormone
(alpha-MSH) and cocaine-amphetamine-elated tran-
script (CART), neurotransmitters that act throughout
the hypothalamus to decrease food intake and increase
energy expenditures (75,76,79,90–92). Leptin and insu-
lin stimulate activity of these alpha MSH/ CART
neurons. The NPY/AgRP and the alpha-MSH/CART
neurons influence many of the brain controls over the
pituitary, the autonomic nervous system, and the con-
trol of food intake (10,74,76). It is very likely that
similar neural substrates for the integration of periph-
eral signals regulating energy balance will be elucidated
throughout the brain (10).

A Example 1: NPY and Leptin

Early in the story of leptin, it was proposed that NPY, a
potent stimulator of feeding (49,93,94), was the major
mediator of the actions of leptin (41,94,95). This pro-
posal was based on the inhibitory effects of leptin on
NPY gene expression (41,46,80,84) and secretion (41)
observed in studies of biological activity of leptin. We
examined the interaction of brain administration of
leptin and NPY on the feeding behavior of ob/ob mice
to test this hypothesis. We found that leptin inhibited
the expected feeding following NPY administration as
shown in Figure 4. The magnitude and time course of
food intake were determined by the presence of leptin.
However, at low doses of leptin, NPY was able to
stimulate food intake, indicating a complex interaction
exists between leptin and NPY. Similar results have
been reported by others (96).

These results suggest that leptin determines the
sensitivity (or gain) of the feeding response to exoge-
nous NPY. Leptin, when placed into the lateral ven-
tricle, may alter the binding of exogenous NPY to its
receptors. These receptors are critical for feeding or/and
may inhibit downstream signal transduction (97). This
indicates that leptin can attenuate the actions of exog-

enous NPY and suggests that the receptor-mediated
actions of NPY on feeding can be modulated by leptin
(97). Thus, it appears that NPY interacts, particularly
in the early postinjection period, with leptin or leptin-
dependent signaling processes that contribute to the
regulation of body energy balance. However, our
results are also consistent with other mediators, besides
NPY, of leptin action. This possibility has been
strengthened by the report that normal-weight mice
lacking NPY respond to peripheral administration of
leptin (98). When both the ob and npy loci are disrupted
in mice, the double knockout mice were still obese but
the degree of obesity was attenuated by f25–40%.
These authors conclude that leptin-mediated antago-
nism of the hypothalamic NPY system is required for
normal regulation of body energy balance (99). The
mechanism of the functional antagonism of NPY recep-
tors by leptin remains to be determined.

B Example 2: Circulating Glucocorticoid

and Leptin

Strong evidence that NPY and glucocorticoids, acting
centrally, play a major role in the development and
maintenance of obesity in rodents has been provided

Figure 4 Effects of ICV administration of leptin on the

feeding response to ICV doses of NPY in free-feeding ob/ob
mice. Cumulative food intake during the 4 hr after the second
ICV injection (time=0) is shown. Panels show: (a) increased

food intake after doses of NPY alone (n=8); (b) decreased
food intake after doses of human leptin alone (n=7–10); (c)
the interaction of 1 Ag/mouse human leptin and increasing

doses of NPY (n=5–9). Cumulative food intake following
injection of CSF (n=25) is shown in each panel for compari-
son. Food, but not water, was removed from the cage during

the 1-hr period between ICV injections. Values represent the
mean F SEM. Differences were tested using Student’s t-test
with unpaired samples with P<.05. (From Ref. 97.)
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by the work of Bernard Jeanrenaud and colleagues
(48,100–105). Chronic intracerebroventricular infu-
sions of NPY or glucocorticoids (dexamethasone) have
led to an obesity syndrome: animals with increased
body fat, food intake, insulin and leptin concentrations,
and elevated triglycerides (103,106). In addition, ICV
NPY infusions led to elevated corticosterone (104),
while glucocorticoid ICV infusions led to suppressed
corticosterone, increased the hypothalamic levels of
NPY, decreased those of CRH, and decreased the
expression of uncoupling proteins 1 and 3 (106). Adre-
nalectomy has been shown to completely prevent the
obesity syndrome following ICV NPY infusions
(101,104). Replacement of corticosterone in these rats
restores the ability of ICVNPY to promote the develop-
ment of obesity (103). When NPY and glucocorticoid
are both infused ICV into adrenalectomized rats, an
obesity syndrome was observed. Infusion of NPY or
glucocorticoid alone failed to reproduce this obesity
syndrome (103).

When leptin was administered into the third ven-
tricle of the brain of lean rats, NPY gene expression in
the arcuate nucleus was decreased, while corticotro-
phin-releasing hormone (CRH) gene expression in
the paraventricular nucleus was increased in some
studies (63). However, other investigators found that
leptin decreased CRH gene expression in the PVN
(82,92). Since CRH treatment inhibits feeding of ro-
dents when administered ICV (9,37), these results sug-
gest that part of the activity of leptin to inhibit feeding
may be mediated through decreased NPY and in-
creased CRH protein levels in specific hypothalamic
nuclei critical for the regulation of food intake and
body energy balance.

That leptin may interact with the glucocorticoid
system is illustrated by (1) the finding that adrenalec-
tomy can restore sensitivity of obese Zucker (fa/fa) to
centrally administered insulin (9); (2) the well-estab-
lished effects of glucocorticoids in animal models of
obesity (100,101,107), and (3) the actions of leptin on
the hypothalamic-pituitary-adrenal axis in fasted mice
(108). A series of experiments were conducted in which
leptin was administered centrally in adrenalectomized
and sham-operated lean rats. A marked increase in po-
tency of the leptin to reduce food intake was observed in
adrenalectomized rats (102). When glucocorticoid was
replaced using increasing doses, the potency of leptin to
reduce food intake was decreased (100–102). Clearly,
peripheral corticosterone concentrations can modulate
the responsiveness of the brain to leptin. These results
provide support for an important interaction between

leptin and the glucocorticoid system in animals and,
potentially, in humans.

C Example 3: Melanocortin and Leptin

Recent genetic and pharmaceutical research has pro-
vided strong evidence that the melanocortins and their
receptors, particularly MC4-R and MC3-R, play an
important role in the regulation of energy balance. In
mice lacking MC4-R, late-onset obesity and altered
peripheral metabolism have been observed (109). This
result, combined with experiments with MC3,4-R ago-
nists (decreased food intake) and antagonists (increased
food intake) that are based on alpha-MSH, indicates
that theMC4-R participates in a physiological pathway
that normally inhibits food intake and fat storage, and
may play an important role in late-onset obesity (91).
The naturally occurring ligand for MC4-R is unknown,
but is widely believed to be alpha-MSH. However, an as
yet unidentified protein product of pro-opiomelanocor-
tin (POMC) processing could also be natural ligand.
Two other peptides, melanin-concentrating hormone
(MCH) (110–112) and agouti-related peptide (AgRP)
(92), also act to stimulate feeding.

The evidence for the interaction between leptin and
the melanocortin system includes (1) central adminis-
tration of leptin increases the expression of the POMC
gene in the arcuate nucleus (113); (2) a nonselective
peptideMC3,4-R antagonist blocked inhibition of food
intake by leptin (however, the same antagonist also
blocks NPY induced feeding); (3) mice lacking MC4-R
responded to ICV leptin by decreasing food intake; (4)
when agouti (Ay/a) mice and ob/ob mice were crossed,
the combined phenotype appeared to be independent
and additive (114); (5) mice lacking MC3 receptor
(MC3-R) were also obese (115,116); and (6) when mice
lacking MC4-R and MC3-R were crossed, mice with
even greater obesity resulted (115), strongly suggesting
that the MC4-R and MC3-R are involved in the regu-
lation of energy balance (117). These studies suggest
that the melanocortin signaling pathway appears to be
downstream of the leptin pathway and that the
two pathways converge and may interact at one or
more points.

The mouse mutations mahogany (mg) and ma-
hoganoid (md) are negative modifiers of the Agouti
coat color gene, which encodes a paracrine signaling
molecule that induces a switch in melanin synthesis.
Both md and mg suppressed the effects of mutation Ay

on both coat color and obesity. These results suggest
that md andmg interfere directly with Agouti signaling,
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possibly at the level of protein production or receptor
regulation (118).

D Example 4: CCK and Insulin and Leptin

The important role of the cholecystokinin (CCK)
hypothesis in the study of ingestive behavior is widely
acknowledged (119,120). The CCK hypothesis postu-
lated that food in the intestine causes the release of CCK
that acts on CCK-A receptors in the vagus nerve to
provide sensory information to the brain, which causes
meal termination. The critical pieces in that hypothesis
were identification of the dependence on the vagus
nerve, the identification of a peripheral CCK-A receptor
and a receptor in the brain, initially called CCK-B
but now known to be the gastrin receptor, and the
demonstration that CCK-A antagonists increased food
intake (121).

Evidence suggests that insulin may increase the sen-
sitivity of the brain to signals such as CCK (20). That is,
when very low amounts of insulin are slowly infused
into the brain, doses of CCK that would otherwise have
no effect become very effective at reducing meal size
(20,122). Similar results have been reported for leptin.
Hence, if an individual has lost bodyweight, the reduced
levels of insulin in the brain make the brain less sensitive
to CCK. The result is that during meals, more food will
be eaten before CCK (and the other satiety signals)
elicits satiety, and this will continue until body weight is
restored (20).

X INTERACTION WITH OTHER

NEUROENDOCRINE SYSTEMS

Leptin not only is linked to the regulation of energy
balance but also may have a number of additional roles,
such as maintaining the normal neuroendocrine activity
that is important in the adaptation to starvation and
controlling stress responses and functions such as repro-
duction. Starved mice and leptin-deficient ob/ob mice
were found to have similar neuroendocrine abnormal-
ities, including an activated hypothalamic-pituitary-
adrenal response and depressed thyroid function. In
addition, male mice had low levels of testosterone, and
female mice had delayed ovulation. When fasted mice
were treated with leptin, these neuroendocrine abnor-
malities were reversed (108,123). Administration of
leptin to female ob/ob mice restored reproductive func-
tion to near normal, and the mice became pregnant
and successfully carried litters to term (123). The few

adult cases of human mutations in the ob-r genes
present with severe obesity and incomplete sexual matu-
ration (124,125).

XI ROLE OF THE LEPTIN PATHWAY

IN THE BRAIN: A SUBSTRATE

FOR INTEGRATION

One possible role for leptin is that of a modulator of
gene expression and the resultant synthesis of one or
more neurotransmitters and/or neuropeptides within
the brain. Much of the research conducted on the leptin
pathway has focused on the identification of down-
stream genes that are regulated by leptin. Five such
genes are npy, crh, cart, agrp, andPOMC because leptin
has been shown to decrease NPY mRNA and AgRP
mRNA levels and increase POMC and CART mRNA
in arcuate nucleus and CRH mRNA levels in different
areas of the hypothalamus (1–3,7).

Another possible role for leptin is that of amodulator
of synaptic transmission within the brain. This could
involve alteration of the release or postsynaptic action
of one or more neurotransmitters and/or neuropeptides
and/or states of one or more presynaptic and/or post-
synaptic ion channels. Since recent electrophysiological
studies have demonstrated that this hypothesis is cor-
rect, then behavioral and metabolic responses to the
administration of leptin may be expected to depend on
the ‘‘background’’ amounts of these neurotransmitters
and/or neuropeptides in synapses or nerve terminals.
Since the amounts of these neurotransmitters and neu-
ropeptides change with time, variability in behavioral
and/or metabolic responses to administration of leptin
would be expected. However, in experiments with
sequential administration of leptin and NPY, we were
impressed with the very reproducible, rather than var-
iable, nature of these interaction data (97).

Another, alternative role for leptin would be a
‘‘coordinator’’ or ‘‘organizer’’ of the seemingly dispa-
rate neurotransmitter and neuropeptide effects on, and
responses to, ingestive behavior and body energy bal-
ance. The recent demonstration of ‘‘coordinated’’
response of NPY, POMC, CART, and AgRP gene
expression to leptin administration (inhibition of NPY
and AgRP mRNA, and increased POMC and CART
mRNA in arcuate nucleus) provides support for this
concept (92). In addition, leptin has been shown to
increase CRH mRNA in the paraventricular nucleus
in response to central administration of leptin and to
interact with CRH-dependent neuronal pathways
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(63,82). These responses were ‘‘coordinated’’ in both
space (two different anatomical locations) and time
(both changes were seen at a common time point that
was correlated with the behavioral response) (1–3,7).

These three possible roles do not have to be, and are
probably not, mutually exclusive. Indeed, the ‘‘coordi-
nator’’ or ‘‘organizer’’ function of leptin within the
brain may emerge from at least two distinct regulatory
components mediated by the leptin receptor. One, the
action of leptin to regulate gene expression within areas
of the brain critical for regulation of energy balance, can
be considered responsible for the ‘‘long-term’’ or
‘‘chronic’’ biological effects (e.g., critical molecules
which determine the brain responsiveness to leptin,
‘‘settling point’’ for body fat content). Two, the action
of leptin to modulate synaptic transmission within the
brain by altering the release or postsynaptic action of
one or more neurotransmitters and/or neuropeptides

and/or states of one or more presynaptic and/or post-
synaptic ion channels can be considered responsible for
the ‘‘short-term,’’ ‘‘acute,’’ or ‘‘immediate’’ behavioral
(suppression of food intake) and metabolic effects
(decreased serum concentrations of insulin and glu-
cose). This ‘‘dual-function’’ mechanism of action, reg-
ulation of gene expression and modulation of ongoing
cellular function such as neurosecretion, is a common
and classical property of hormones. If additional experi-
ments support this dual-function mechanism of action
for leptin, it would provide additional evidence for the
concept that leptin is a hormone that plays a critical role
in the regulation of brain mechanisms involved in the
regulation of energy balance.

One representation of this hypothesis at the molec-
ular levels in the hypothalamus is shown in Figure 5.
Several ‘‘classes’’ of parallel neural pathways are repre-
sented by the five model neurons depicted. Each neuron

Figure 5 Schematic diagram of hypothetical neural networks controlling energy balance. Several ‘‘classes’’ of parallel neural

pathways are represented by the four model neurons depicted. Each neuron is assumed to express the gene, synthesize and release
one dominant type of neuropeptide—NPY, CRH, POMC, AgRP (ARP)? Each neuron has the long form of the OB-R receptor
(ellipses) and the ‘‘final common pathway,’’ the neuronal network controlling ingestive behavior, metabolism, and energy
balance, and has distinct receptors for OB, NPY, CRH, POMC, AgRP and ? Leptin is shown as circles containing OB. Note that

leptin can express its biological action through five parallel paths, each mediated by a different neuropeptide—NPY, CRH,
POMC, AgRP or ? The ability of leptin to inhibit the actions of released NPY is also shown. (From Ref. 8.)
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shown is assumed to have the gene and to synthesize and
release one dominant type of neuropeptide—NPY,
CRH, POMC, AgRP and ? Each neuron has the long
form of the leptin receptor (OB-R) (ellipses), and the
‘‘final common pathway,’’ the neuronal network con-
trolling ingestive behavior, metabolism, and energy
balance, has distinct receptors for leptin (OB), NPY,
CRH, POMC, AgRP and ? The demonstrated ability of
leptin to inhibit responses toNPY is shown by the heavy
line blocking the NPY receptor. In this theoretical
construct, leptin would fulfill the role of ‘‘conductor’’
integrating the distinct ‘‘sections’’ of the ‘‘orchestra’’ to
behave as one while it plays the ‘‘symphony.’’ In this
analogy, the ‘‘symphony’’ is the integrated behavioral,
neuroendocrine, and metabolic response of an individ-
ual; the ‘‘orchestra’’ is the spatially distributed neural
network controlling ingestive behavior, metabolism,
and energy balance; and the ‘‘sections’’ would be the
elements and subsystems of this neural network. This
attractive hypothesis has held up since it was proposed
in 1995 but must wait further experimental testing in
future studies.
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I INTRODUCTION

The development of white adipose tissue (WAT) repre-
sents a dynamic process throughout life. It was long
assumed that the acquisition of fat cells was irreversible,
but recent observations suggest that apoptosis may also
occur in WAT, although to a much smaller extent than
in brown adipose tissue (BAT). At the cellular level,
there is still limited and partially contradictory infor-
mation about the characteristics of the cells constituting
the adipose tissue organ. This leads in turn to the
question of the nature of the factors that regulate the
formation of new fat cells from dormant adipose pre-
cursor cells or evenmultipotentmesenchymal stem cells.
Once adipose tissue is formed, adipocytes represent
between one-third and two-thirds of the total number
of cells. The remaining cells are blood cells, endothelial
cells, pericytes, adipose precursor cells of varying degree
of differentiation, and, most likely, other cell types (1).
The existence of very small fat cells in addition to
mature adipocytes has also been documented (2). Figure
1 summarizes the various cell types present in this tissue,
based on ultrastructural studies in vivo and biological
studies in vitro (3).

At present, it cannot be assessed to which extent
various morphological descriptions represent only
different stages of the cell lineage leading to the
characteristic adipocyte phenotype. From a biological

perspective, all different cell types present in the
whole body arise from a single fertilized egg. With
development, stem cells become increasingly commit-
ted to specific lineages. The establishment of embry-
onic stem (ES) cell lines but also of adult stem cells
has opened new experimental approaches (4). The
adipose lineage originates from multipotent mesen-
chymal stem cells that develop into adipoblasts by
largely unknown mechanisms. Commitment of adipo-
blasts gives rise to preadipose cells (usually termed
preadipocytes), i.e., cells that have expressed early but
not yet late markers and that have not yet accumu-
lated triacylglycerol stores. However, it is becoming
more and more likely that multipotent stem cells as
well as adipoblasts, which are formed during embry-
onic development, are still present postnatally.
Clearly, in vitro studies with ES cells should provide
clues to answer these critical questions and to char-
acterize the key molecular events during adipocyte
formation. In vitro, lipid-free, fibroblastlike preadi-
pose cells undergo terminal differentiation into imma-
ture adipose cells containing small lipid droplets and
then into mature fat cells filled with a few or only one
large lipid droplet (Fig. 1). The relationships between
brown and white fat during development still remain
an open question. The occurrence of brown adipo-
cytes can be detected among all white fat pads, their
proportions differ according to the localization of
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the deposit, the ambient temperature, and the species.
During postnatal development, the transformation of
typical brown fat into white fat can occur rapidly in
numerous species and deposits, suggesting a possible
transformation of brown into white adipocytes. Con-
versely, in adult mice as well as in adult dogs, all
white deposits can be rapidly and massively converted
into brown fat. Using a transgenic approach, it
appears that most white adipocytes, if not all, emerge
independently of the brown adipocyte lineage during
adipose tissue development (5).

II REGULATION OF ADIPOSE TISSUE

MASS IN VIVO

A Phylogeny and Ontogeny of Adipose Tissue

Among invertebrates, adipose tissue represents an
important organ in insects whereas its quantitative
importance decreases in arachnids, crustaceans, and

mollusks. Among vertebrates, adipose tissue develops
extensively in homeotherms, although its proportion of
body weight can vary greatly between species (up to
40% of body weight in cetaceans) or within a species, as
is the case in migrating birds and hibernating mammals.

The development of WAT shows wide differences
between species. It cannot be detected macroscopically
during embryonic life or at birth in most rodents
(mouse, rat), whereas it is present at birth in the
guinea pig, rabbit, pig, and human. Studies of embry-
onic development in pigs (6) and humans (7) have
emphasized the tight coordination of angiogenesis in
time and space with the formation of fat cell clusters.

Histologically, WAT appears well vascularized,
many adipocytes being actually in contact with a single
capillary. Thus, blood supply is adequate to support the
active entry and release of metabolites as well as
the secretion of various peptide and nonpeptide factors
(8). In the rat, the sole innervation is postganglionic,
sympathetic, and noradrenergic. However, sympathetic

Figure 1 Relationships between morphological types in vivo and stages of cell differentiation in vitro. The adipocyte fraction
corresponds to adipocytes and very small fat cells. The stromal cell fraction corresponds to a mixture of the other cell types.
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innervation of WAT has been reported, albeit less
extensively than that of BAT, where sympathetic adre-
nergic neurons innervate brown adipocytes directly (9).

The characterization of specific growth factors
able to trigger and modulate the development of
capillaries and fat cell clusters is still in its infancy.
Ubiquitous angiogenesis factors have been described,
some of which [transforming growth factor-h (TGF-
h), prostaglandin E2 (PGE2), vascular endothelial
growth factor (VEGF), angiopoietin-1] are synthe-
sized and secreted by adipocytes. 1-Butyrylglycerol is
solely secreted by adipocytes and appears to act as a
potent angiogenesis factor only in this tissue (10).
Secreted leptin also appears to act as a highly potent
angiogenic factor, consistent with the presence of
functional leptin receptors on the surface of endo-
thelial cells (11,12). In addition, endothelial cells as
well as fibroblasts and other cells of mesenchymal
origin, including preadipocytes and adipocytes,
secrete insulinlike growth factor-1 (IGF-1) and
IGF-1 binding proteins. This suggests an involvement
of IGF-1 in the hyperplastic development of adipose
tissue during embryogenesis.

B Adipose Tissue Development in Early Life

Most studies on the early development of adipose
tissue are exclusively based on morphological methods
owing the lack of appropriate cell culture models. The
‘‘primitive fat organ’’ of Wassermann develops in the
embryo from poorly defined predetermined ‘‘Anla-
gen’’ long before a visible fat deposition takes place.
At this early stage, cells that later will develop into
adipocytes are morphologically undistinguishable
from other cell types of the connective tissue (13).
Only later does fat deposition allow the retrospective
identification of these cells as designated preadipo-
cytes. Light microscopy studies in human fetuses
suggest that the first traces of a fat organ are detect-
able between the 14th and 16th weeks of prenatal life.
Aggregation of mesenchymal cells in close association
with the formation of blood vessels was described as
the first indication of adipogenesis in humans.

The first primitive organ structures to be identified at
sites where fat accumulates characteristically are fat
lobules, long before typical vacuolated fat cells are
distinguishable. After the 23rd week of gestation, the
number of fat lobules remains constant, while in the
subsequent weeks the size of the lobules is continuously
growing (14). At the sites of early fat development, a
multilocular appearance of adipocytes predominates
and probably reflects the early developmental stage

(7). This is interesting, since the morphological develop-
ment in vitro resembles the developmental steps in vivo.
Preadipose cells either from clonal cell lines or from
primary cultures usually exhibit a multilocular mor-
phology, not only during early, but also during late
stages of in vitro differentiation when the characteristic
markers of mature fat cells are fully expressed. The
available data do not provide any evidence of significant
site- and sex-related differences in early development,
supporting the concept that the marked regional differ-
ences in adipose tissue distribution in males and females
develop later in life, presumably under the control of sex
steroids and other hormones. Although some micro-
scopic studies postulate that the second trimester may
be a critical period for the development of obesity in
later life, the descriptive nature of these data does not
allow any firm conclusion in this respect.

At the beginning of the third trimester, adipocytes
are found in the principal fat depot areas but are still
rather small (7). At birth, body fat accounts for 16% of
body weight as assessed by whole-body counting of
40K. Analysis of biopsy samples of adipose tissue
revealed that the increase in body fat during the first
year of life from about 0.7 to 2.8 kg is entirely due to an
increase in fat cell size, while fat cell number remains
unchanged (15). Other studies on this issue gave con-
troversial results, particularly with regard to the devel-
opment of fat cell number during the first year of life.
Such differences may be largely explained by variations
in methodology and the general difficulties in assessing
total-body fat cell number. In addition, most studies
were cross-sectional, which makes interpretation of
results more difficult. Longitudinal studies showed a
continuous increase in fat cell weight between 1 and
12 months of age (16). It has also been pointed out that
in fetal life and early infancy adipose tissue is composed
of different cell populations: lipid-containing cells but
also many cells that are essentially lipid-free and not
readily recognized as adipocytes. Small fat cells in the
early stages of fat accumulation may make an impor-
tant contribution to the adipose cell mass at this age.
Therefore, it is tempting to conclude that a gradual
accumulation of body fat after birth is mainly reflected
by increasing fat cell size (17).

C Physiology of Adipose Tissue Cellularity

in Humans

Apart from species differences, the development of
adipose tissuevaries according tosexandage.Moreover,
the ability of rodents and humans to increase the
number of adipocytes also depends on the nature
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of the diet and the localization of the adipose depot.
The formation of new fat cells following the prolifer-
ation of ‘‘dedifferentiated’’ cells during refeeding after
a prolonged period of food deprivation, as well as
the proliferation of mature adipocytes, still remain
controversial events which, if present, should be of
low magnitude.

Many studies during the past 25 years have been
dealing with changes of adipose tissue cellularity
throughout life. Based on such observations, a hypoth-
esis was early established that postulated the existence
of sensitive periods in adipose tissue development dur-
ing childhood. Two peaks for accelerated adipose tissue
growth were reported: one after birth, and another be-

Figure 2 Human adipose precursor cells before and after terminal differentiation. Human adipose precursor cells were
maintained in differentiation medium (23) for 12 hr (a), 4 days (b), and 15 days (c). Micrographs were taken with interference
contrast. Magnification �250.
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tween 9 and 13 years (18). Later studies using different
techniques support this hypothesis. When thymidine
kinase activity was measured as an index of cellular
proliferation, Baum and coworkers found that adipose
tissue enzyme activity was highest in infants during the
first year after birth. A second, but much smaller, peak
in enzyme activity was found in the preadolescent years
(19). There is only one study in which cell proliferation
and differentiation were measured in cultured stromal
cells isolated from adipose tissue samples of children at
different ages. Despite some limitations, the results of
this study also suggest that the capacity for cell prolif-
eration and differentiation in adipose tissue is highest
during the first year of life and less pronounced in the
years before puberty (20). Irrespective of the debate on
the existence of sensitive periods in adipose tissue
growth, Knittle and coworkers demonstrated in a large
cohort of children that, starting by the age of 2, children
show a small but continuous increase in both cell size
and number during childhood over a 4-year observation
period (21).

The rate of cell proliferation in adipose tissue slows
down during adolescence, and, at weight stability, fat
cell number seems to remain fairly constant in adult life.
An expansion of adipose tissue mass is believed to be
largely due to an enlargement of existing fat cells; only in
severe obesity can total fat cell number increase up to
threefold (22). However, a recent in vitro study showed
that adult humans are able to form new adipocytes at
any age; even adipose tissue samples obtained from
individuals above the age of 60 contain a significant
proportion of cells that can undergo differentiation (23).
In contrast to established preadipocyte cell lines from
rodents, most stromal cells from human adipose tissue
seem to be already in a late stage of development They
obviously do not require postconfluent cell division to
enter the terminal differentiation program (24). The
morphological appearance of the stromal cell fraction
isolated from human adipose tissue is rather homoge-
neous (Fig. 2). The majority of cells exhibit tiny lipid
droplets arranged around the nucleus, which can be
easily detected by Oil RedO staining or electronmicros-
copy. However, a recent study suggested that these cells
are not definitely committed to become adipocytes, but
retain a potential to enter other developmental pro-
grams under appropriate hormonal stimulation (25).

D Hormonal Effects on Adipose Tissue Growth

Lessons learned from defined endocrine disorders in-
dicate that hormones can affect both the adipose tissue
mass and its distribution pattern. The various hor-

mones reported to be related with dynamic changes of
adipose tissue so far are summarized in Table 1. The
role of some hormones that may be of particular phys-
iological importance is described next in more detail.

1 Macrophage Colony-Stimulating Factor

Macrophage colony-stimulating factor (MCSF) has
been implicated in adipocyte hyperplasia. MCSF
mRNA and the protein are expressed in human
adipocyte and this expression is upregulated in humans
gaining weight with overfeeding. Overexpression in
rabbits of MCSF by adenoviral-mediated gene transfer
increases WAT growth by hyperplasia (26).

2 Thyroid Hormones

Hypothyroidism in rats induces a transient hypopla-
sia, whereas hyperthyroidism results in a transitory
hyperplasia of retroperitoneal and epididymal fat
tissues (27), which is in favor of an accelerating effect
of tri-iodothyronine (T3) on the precocious formation
of mature fat cells. Interestingly, in hypophysectom-
ized pig fetuses, but not in intact fetuses, thyroxine
(T4) profoundly enhances adipose tissue development
by hyperplasia and hypertrophy, which points to a
role of T4 as an adipogenic agent, at least in early
developmental stages, and suggests that growth hor-
mone (GH) antagonizes the adipogenic potential of
thyroid hormones (28).

Table 1 Effect of Selected Hormones, Cytokines, and

Growth Factors on Adipose Tissue Cellularity from In Vivo
and In Vitro Studies

Factor
Fat cell
size

Fat cell
number

Fat
mass

Insulin

Excess z (z) z
Cortisol

Excess z (z) z
Growth hormone

Excess # z #
Deficiency z # z

Testosterone
Deficiency z n.d.a z

Tri-iodothyronine
Excess # z Normal

Deficiency Normal # #
TNFa # n.d. #
EGF # # #
MCSF Normal z z
a Not determined.
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3 Insulin

Insulin is an anabolic hormone that potently supports
lipid storage in adipose tissue, but is also a powerful
growth-promoting factor. Insulin favors lipid accumu-
lation not only via stimulation of glucose uptake and
increased lipoprotein lipase (LPL) activity but also by
inhibition of catecholamine-induced lipolysis. The lipo-
genic effect of insulin is already evident in fetal life, since
hyperinsulinemia in the fetal circulation ofmothers with
gestational diabetes frequently results in macrosomia
with an increase in fat mass. In streptozotocin-diabetic
rats, insulin stimulates the in vivo cell proliferation in
white adipose tissue. This growth-stimulating effect was
observed in interstitial cells rather than in other cell
types, including lipid-containing cells (29). In cell cul-
ture experiments, insulin was found to be both an
adipogenic hormone in 3T3-L1 fibroblasts (30,31) and
a positive modulator of adipose differentiation in clonal
Ob17 preadipocytes (32) as well as in rat and human
adipocyte precursor cells in primary culture (23,33). The
growth-promoting effect of supraphysiological insulin
concentrations may be exerted via the IGF-1 receptor.
An interesting phenomenon in this context is insulin-
induced lipohypertrophy in diabetic subjects. This clin-
ical observation is frequently made when insulin is
repeatedly injected at the same subcutaneous site, par-
ticularly in young women. Analysis of adipose tissue
cellularity revealed that the mean fat cell size is only
moderately increased in lipohypertrophic areas as com-
pared to unaffected sites, strongly suggesting that, in
addition, adipocyte precursor cells are recruited (Hau-
ner and coworkers, unpublished observations).

4 Growth Hormone

Growth hormone (GH) deficiency is known to be
associated with an increased body fat mass. Children
with GH deficiency have enlarged fat cells but a
reduced number compared to healthy children (34).
Treatment with GH normalizes these disturbances of
adipose tissue cellularity (34,35). The increased body
fat mass in GH-deficient subjects is mainly localized in
the abdominal region, and administration of GH
results in preferential reduction of fat cell size in the
abdomen (35). Studies using computerized tomography
(CT) suggest that the visceral depots are particularly
sensitive to the effect of GH. A 6-month treatment with
recombinant GH of patients with adult-onset GH
deficiency resulted in a 4.7-kg reduction of adipose
tissue mass. Subcutaneous adipose tissue decreased by
an average of 13%, whereas visceral adipose tissue was
reduced by 30% (36). In contrast, in patients with

acromegaly, a reduced fat mass was observed that
returned to normal after treatment of the hormone
excess by octreotide or pituitary surgery.

The mechanisms of the slimming effects of GH are
only partially understood. Chronic administration
of GH to GH-deficient children was found to induce
a significant reduction in basal lipogenesis and a
decreased antilipolytic action of insulin leading to a
significant reduction of adipocyte size, but only in the
abdominal depot (35). In cultured human adipose
tissue pieces, GH counteracted the stimulatory effects
of glucocorticoids on LPL activity without affecting
LPL mRNA levels (37). On the other hand, recent
data suggest that GH has an intrinsic lipolytic activ-
ity, which can be demonstrated in fat cells from GH-
deficient adults and is even enhanced after long-term
GH administration (38). As many biological actions
of GH are mediated via the induction of IGF-1
synthesis, attention has been paid to the question of
whether the metabolic effects of GH on adipose tissue
are exerted by IGF-1. Studies in porcine preadipocyte
cultures have shown that GH is able to increase IGF-
1 mRNA at least twofold. Since the increase in local
IGF-1 production was associated with a decrease in
adipocyte development, the authors concluded that
local IGF-1 may contribute to the suppression of the
adipocyte phenotype (39). In contrast, IGF-1
increased adipose conversion in rabbit adipocyte pre-
cursors. The stromal-vascular cells from the perirenal
adipose tissue were found to secrete large amounts of
IGF-1 and IGF-binding proteins (40). In cultured
human preadipocytes, GH was found to considerably
reduce adipose cell differentiation. Upon stimulation
by GH, stromal cells responded with an increased
synthesis and release of IGF-1, which was followed
by increased DNA synthesis as assessed by tritiated
thymidine incorporation. It was also demonstrated in
this study that human adipose cells have specific GH
receptors and that the hormone exerts a variety of
direct metabolic effects such as inhibition of glucose
uptake and stimulation of lipolysis, which may cause
a net loss of stored lipids (41).

5 Glucocorticoids

Clinical observations suggest that patients suffering
from glucocorticoid excess develop an increased adi-
pose tissue mass with a characteristic preferential accu-
mulation of fat in the trunk and neck region. In a recent
study using CT, surgical treatment of women with
Cushing’s disease was associated with a significant
reduction of all adipose tissue depots except for leg
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adipose tissue. However, visceral, head, and neck adi-
pose tissue depots were more markedly reduced than
other depots (42). Studies of adipose tissue cellularity in
Cushing’s syndrome have shown that this expansion is
primarily due to enlarged abdominal fat cells (43). This
effect can be at least partly explained by the finding that
fat cells from the abdominal depot exhibit more cyto-
plasmatic glucocorticoid receptors and higher receptor
mRNA compared with adipocytes from other regions
(44). In Cushing’s syndrome, fat cell hypertrophy in the
abdomen appears to be due to elevated adipocyte LPL
activity and also to low lipolytic activity (43).Moreover,
glucocorticoids are known to be potent promoters of the
adipose differentiation process, a mechanism that may
also contribute to adipose tissue expansion during
glucocorticoid excess (23).

The role of glucocorticoids and the importance of
the hypothalamic-pituitary-adrenal axis in the exces-
sive development of adipose tissue have been docu-
mented in two models of transgenic mice. In one
model (45), a reduction of the glucocorticoid receptor
in the brain and also in liver and kidneys was
obtained with an antisense mRNA, whereas in a
second model (46) overexpression of corticotropin-
releasing factor (CRF) was achieved. In both cases,
the observed increase in corticotropin and cortico-
sterone levels was accompanied by an increase in
adipose tissue mass, with the development of Cush-
ing’s syndrome in CRF-overexpressing mice.

6 Sex Steroids

The role of sex steroids in the hyperplastic development
of adipose tissue has not been well documented. Direct
effects of sex steroids have been postulated for decades,
but information on their molecular receptors in
adipocytes of animals and humans remains scanty.
Androgen receptors and estrogen receptors (ER)
have been originally characterized in rat adipose tissue
(47,48). It was recently demonstrated that both estrogen
receptor subtypes are detectable in human adipocytes in
a striking depot-specific distribution. The ER-h is mark-
edly reduced in intra-abdominal adipose tissue as com-
pared to subcutaneous adipose tissue, and the visceral
adipose tissue of men contains less ER of both subtypes
than the visceral fat obtained fromwomen (49). There is
some evidence for the expression of progesterone recep-
tors by adipose cells (50), but subsequent studies found
only very low levels. As adipocyte precursor cells are
well known to be an important site of estrogen produc-
tion, particularly after menopause, a paracrine effect of
estrogens on adipocytes is rather likely.

Studies by magnetic resonance imaging (MRI) indi-
cate that puberty in girls is associated with the prefer-
ential accumulation of adipose tissue in the gluteal and
femoral region (51), suggesting that the divergence of
sex steroid metabolism and serum levels among boys
and girls may be responsible for the development of sex-
specific fat distribution patterns at this age (52). In
women, decreased ovarian estrogen production during
menopause and the subsequent change in the balance
between estrogens and androgens may cause a shift in
fat distribution toward more abdominal pattern. Estro-
gen replacement therapy appears to result in a reduced
amount of trunk adipose tissue as determined by dual-
energy x-ray absorptiometry (53).

In men, low testosterone levels are associated with
enlarged visceral adipose tissue depots (54). When mid-
dle-aged, abdominally obese men are treated with tes-
tosterone, a small decrease in visceral fat mass in
conjunction with an improvement of insulin resistance
and associated metabolic disturbances is observed (55).
A possible explanation for this observation is that
androgens are positive effectors of lipolysis in concert
with GH, thereby decreasing the size of the abdominal
fat cells, but may not be directly involved in the regu-
lation of fat cell formation (54). Another interesting
finding is that alcoholic men have more adipose tissue
localized in the intra- and retroperitoneal depots than
abstinent men, also possibly due to a lower androgen
activity (56).

7 Nutrients

Long-chain fatty acids (FAs) have been shown to trigger
in vitro differentiation of preadipose into adipose cells
(57). In vivo, the effects of increased FA uptake on
adipose tissue development have been remarkably illus-
trated in transgenic mice overexpressing human LPL in
skeletal and cardiac muscle. Increased FA entry in both
both tissues is associated with weight loss due to some
loss of muscle mass and, quite strikingly, to the virtually
complete disappearance of adipose tissue (58). In vivo
also, the nature of FA present in triacylglycerol mole-
cules is of importance in adipose tissue development as
feeding rats a diet rich in saturated fat leads to a
threefold increase in the number of adipocytes in the
retroperitoneal depot compared to the number of adi-
pocytes in animals fed a diet rich in polyunsaturated fat,
which indicates that saturated FAs are more potent
than unsaturated FAs in promoting mitotic clonal
expansion and/or terminal differentiation of preadipose
cells (59). In a recent study, Cleary and coworkers
investigated the effects of diets containing either
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coconut oil (rich in saturated fatty acids) or safflower oil
(rich in mono- and polyunsaturated fatty acids) on
adipose tissue cellularity in various fat depots in
Zucker rats. It turned out that feeding unsaturated
fatty acids favored fat cell hyperplasia, probably
through enhanced recruitment of adipocyte precursor
cells, whereas saturated fatty acids preferentially pro-
moted hypertrophy through enhanced triacylglycerol
accumulation of existing adipocytes (60).

In addition to hormones, normal glucose homeosta-
sis appears to be essential for adipose tissue devel-
opment. Transgenic mice overexpressing the glucose
transporter GLUT4 selectively in adipose tissue have
enhanced glucose disposal in vivo and develop increased
adiposity due to adipocyte hyperplasia (61). In contrast,
mice deficient in GLUT4 exhibit growth retardation
accompanied by a severe reduction in adipose depots
despite a nearly normal glycemia (62).

E Lipectomy

Surgical removal of adipose tissue and careful observa-
tion of its regeneration is another appropriate approach
to study the regulation of adipose tissue growth and
body weight in vivo. To date, many studies have been
performed to investigate the effect of lipectomy on
adipose tissue regeneration in a variety of species and
depots and under various conditions. However, the
results of these studies were inconclusive, since the
response to lipectomy was found to depend on various
factors such as species, region of excision, time after
operation, extent of removal, and type of diet. Never-
theless, in most animal studies a clear tendency for
regeneration of the lost tissue was apparent at least in
the perirenal and subcutaneous fat depots, but restora-
tion at the site of excision was not always complete. In
both rat and rabbit, the regenerative response was
highest in the perirenal fat depot (63,64). In contrast,
surgical removal of the epididymal fat pads did not lead
to regeneration. These data are to some extent compat-
ible with in vitro findings indicating that adipocyte
precursor cells from the perirenal region have a higher
capacity for proliferation and differentiation than stro-
mal cells from other depots (33,65). Morphological
studies in rats showed that adipose tissue regeneration
at the inguinal site occurred in close association with
revascularization and blood supply. Immediately after
lipectomy, thymidine kinase activities are elevated at the
sites of removal, but subsequently slowly drop to a level
that is still above normal. Both total fat cell number and
average fat cell size continuously increase during this
process. Thus, the regeneration of adipose tissue resem-

bles the processes that occur in developing adipose
tissue and involves the new formation of fat cells from
preadipocytes (66).

Two other aspects are of potential importance.
One is related to the question whether adipose tissue
regrowth after lipectomy can also occur at other sites,
thereby replacing the lost tissue mass. Faust and
coworkers reported a compensatory fat deposition in
nonexcised tissues after removal of epididymal and
inguinal fat pads in rats (63). In a recent study,
lipectomy of >50% of subcutaneous adipose tissue
in adult female Syrian hamsters led to similar levels of
body weight after 3 months on a high-fat diet. How-
ever, there was no visible regrowth of subcutaneous
adipose tissue, but an increase in the intra-abdominal
fat together with higher insulin and triglyceride con-
centrations than in sham-operated animals. The
authors concluded from the data that subcutaneous
adipose tissue acts as a metabolic sink that protects
against visceral obesity and its metabolic disturbances
(67). In another study, in moderately obese rats,
surgical removal of visceral fat resulted in improve-
ment of hepatic insulin resistance and, interestingly, a
marked decrease in gene expression of both tumor
necrosis factor-a (TNFa) and leptin in subcutaneous
adipose tissue (68). If these latter observations hold
true in humans, surgical removal of significant
amounts of subcutaneous adipose tissue could cause
a redistribution of lipid stores to visceral sites, thereby
favoring undesirable metabolic effects, whereas reduc-
tion of the visceral fat mass may result in an ameli-
oration of insulin resistance and its associated
metabolic disturbances.

It is largely unknown whether the site-specific differ-
ences in regenerative capacity are due to inherent
characteristics of the local tissue or to differences in
the local environment. Circumstantial observations in
humans are apparently in favor of the former possi-
bility; skin transplantation from the abdomen to the
forearm or to the back of the hand can lead to local
hypertrophy of the transplant in case of body weight
gain. The cellular composition of the subcutis may
vary substantially depending on the anatomical loca-
tion, and some particular skin areas may lack preadi-
pose cells, which normally excludes the development of
fat cells. Systematic studies on adipose tissue regrowth
are missing in humans despite the widespread applica-
tion of suction lipectomy and dermolipectomy for
cosmetic reasons, particularly in women. Much work
needs to be done to ascertain to which degree and
under which conditions adipose tissue regrowth can
occur in humans.
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F Regional Differences in Adipose

Tissue Growth

Many studies in animals and humans indicate that
various aspects of adipocyte growth and function
depend on the anatomical origin of the cells (52,69).
The available methodology may not always allow an
accurate assessment of differences, particularly if they
are only modest. Regional differences may concern not
only the metabolism of adipocytes but also the capacity
to form new adipocytes.

Most cell culture studies on possible regional differ-
ences in adipose tissue growth were performed in
rodents. In rats, it has been repeatedly demonstrated
that perirenal preadipose cells replicate more exten-
sively under cell culture conditions than epididymal
cells (65). In addition, perirenal cells differentiated more
readily by morphological and biochemical criteria
(33,65). In vitro differentiation of epididymal preadipo-
cytes was also less pronounced than that of inguinal
subcutaneous preadipocytes (70). These results are in
good agreement with those obtained in adipose tissue
cellularity studies. Available data also suggest that the
composition of the preadipocyte precursor pool differs
from region to region (65,71). Djian and coworkers
reported that the adipocyte precursor populations
derived from rat perirenal and epididymal fat are com-
posed of cell clones that vary in capacity for replication
and differentiation. Since these differences between rat
perirenal and epididymal depots were still detectable
during secondary culture, the authors speculated that
this variation among fat depots may have an intrinsic
basis (65).

It was hypothesized that regional differences in adi-
pose tissue growth may result from variations in the
distribution of hormone receptors, but there is also
growing evidence that regional differences are due to
differences in the local environment of the cells. Inner-
vation and blood flow are two major determinants of
the local milieu. Comparative studies have noticed that
mesenteric fat cells receive more blood than subcuta-
neous cells (8,72). In accordance with this finding, the
stromal-vascular cell fraction of omental adipose tissue
contains a high proportion of endothelial cells, while the
same fraction obtained from subcutaneous adipose
tissue is almost free of endothelial cells. It is obvious
that a better blood supply may provide greater levels of
humoral factors that are involved in the regulation of
adipose tissue growth and also more substrates for lipid
accumulation or removal. In an elegant approach,
Cousin and coworkers have recently demonstrated that
a local sympathetic denervation of white adipose tissue

in rats induces preadipocyte proliferation without
affecting metabolic function. The surgical denervation
also resulted in an accelerated recruitment of precursors
as assessed by increased expression of an earlymarker of
differentiation (73).

Only sparse data are available on site-specific differ-
ences in adipose tissue cellularity and growth in
humans. They indicate that intra-abdominal fat cells
are smaller than subcutaneous cells, while published
results on variations in fat cell size among subcutaneous
depots are inconclusive or found to be influenced by
many factors, such as age, hormonal status, and diet. A
comparison of adipose tissue cellularity between young
and middle-aged women revealed that the latter have
more body fat than the former. This difference was
exclusively explained by larger fat cells in all depots,
while the younger women had a significantly higher
total fat cell number. The age-related increase in fat cell
size was particularly pronounced in the abdominal
depot. The authors conclude that abdominal fat cells
are more sensitive to nutritional and/or hormonal fac-
tors than those from other regions (74).

Very limited information is available on regional
differences of adipose tissue development in humans.
Pettersson and coworkers compared the capacity for
adipose differentiation in stromal cells from omental
and subcutaneous adipose tissue. They reported that
more omental than subcutaneous cells were converted
into adipocytes in an enriched viscous suspension
medium (75). However, in this system high serum con-
centrations were used, which are now known to strongly
inhibit adipose differentiation in human cells due to a
high mitogenic and antiadipogenic activity. In two
recent studies, the relative capacities of stromal cells
from subcutaneous and omental adipose tissue to
undergo adipose differentiation were studied using
serum-free culture conditions in the presence of thiazo-
lidinediones, a new class of antidiabetic agents known to
activate the nuclear transcription factor of peroxisome
proliferator-activated receptor-g (PPARg). In the study
by Adams and coworkers, only stromal cells from sub-
cutaneous fat were able to develop into adipotcytes
upon exposure to thiazolidinediones, although PPARg
was expressed at similar levels in both depots (76). In
contrast, Van Harmelen and coworkers were unable to
find a depot difference in response to thiazolidinediones
between stromal cells from the two adipose tissue
depots (77). This discrepancy may be partly due to
differences in the methods applied as well as in the
populations studied, but further investigations are
required to clarify this issue. In another study, the
capacity for adipose differentiation was compared in
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cultured stromal cells from the abdominal and femoral
adipose tissue obtained from obese women by needle
biopsy. Under serum-free, hormone-supplemented cul-
ture conditions, glycerol-3-phosphate dehydrogenase
(GPDH) activities used as an index of adipose differ-
entiation were significantly higher in the cells from the
abdominal region, while other parameters such as
number of stromal cells per gram adipose tissue were
not significantly different (78).

III DEVELOPMENTAL ISSUES IN THE

LEAN AND OBESE STATE

A Adipose Tissue Cellularity

An excessive amount of body fat can result from
enlarged fat cells or an increase in fat cell number or
both. In humans, the study of Salans and coworkers
emphasized that childhood-onset obesity is character-
ized by a combination of fat cell hyperplasia and
hypertrophy, in contrast to adulthood-onset obesity
where fat cell hypertrophy is predominant (18). Indeed,
studies in lean and obese children suggest that obese
children exhibit more rapid and earlier elevations in
both fat cell number and cell size during childhood and
adolescence (21). In contrast, studies in adults indicated
that obese subjects have larger adipose cells than lean
subjects but no significant increase in fat cell number
(18). However, further studies revealed that develop-
ment of hyperplasia can also occur in adult life. During
excessive weight gain, as seen in severely obese adults,
both fat cell size and fat cell number increase indepen-
dent of the time of onset of obesity (22). It was con-
cluded from such studies in humans and rodents that an
increase in the number of mature fat cells did not occur
until existing cells reach a critical cell size (22,79). Since
fat cell size is varying in different adipose tissue depots,
it was speculated that this phenomenon is regulated at
the local level (16,79). In addition, there is now con-
vincing evidence that new adipocytes can be recruited
throughout the whole lifetime (23).

The few studies comparing adipose tissue growth in
lean and obese humans do not allow any firm conclu-
sions concerning the main characteristics of fat cell
proliferation and differentiation. Pettersson and co-
workers reported that the replication rates of stromal-
vascular cells isolated from adipose tissue of lean and
obese subjects were similar. In addition, no difference in
the capacity for differentiation was observed between
cells from nonobese and obese individuals regardless of
tissue site, arguing against a genetic predisposition at

the cellular level (75). On the other hand, Roncari and
coworkers reported an exaggerated replication and
differentiation of cultured adipocyte precursor cells
from massively obese subjects as compared to lean
controls, which may indicate that in this particular
subgroup an intrinsic defect could be responsible for
fat cell hyperplasia and facilitate the development of
massive obesity in humans (80). Up to now, these data
await confirmation from other groups.

Apart from these limited data in humans, many in
vitro studies have been performed in animal models of
obesity to determine if there are significant differences in
the capacities and mechanisms to form new adipocytes
between obese and lean animals and, in particular, to
look for intrinsic differences in genetic models of obe-
sity. Most studies have been carried out in Zucker rats.
Compared with lean rats, a decreased as well as an
increased adipogenic capacity of preadipocytes derived
from obese Zucker rats has been reported. However,
under strictly controlled serum-free culture conditions,
the only difference between lean and obese animals was
that adipose conversion in cells from older obese rats
was lower than from lean controls (81). It may be
speculated that, owing to higher adipogenic activity,
preadipose cells in advanced stages of development are
recruited more extensively and rapidly in obese than in
lean animals. Thus, the conclusion could be that obesity
and its metabolic consequences induced by the fa gene
cause secondary changes in the cellular composition of
the stromal cell fraction. Other studies on this issue did
not describe consistent differences in the capacity for
preadipocyte proliferation and differentiation between
obese and lean animals, arguing against an intrinsic
basis for the above-mentioned differences in adipose
tissue cellularity.

B Modulation of Adipose Tissue Cellularity

by Diet and Weight Change

The relationship between nutrition and adipose tissue
cellularity is crucial for the understanding of adipose
tissue expansion. There is evidence from many studies
that early nutrition can affect fat cell number in adult
life. Fetal overnutrition as seen in gestational diabetes
leads to larger birth weight and to subsequent obesity in
childhood and later life, whereas data are inconsistent as
to whether undernutrition during fetal growth is a risk
factor for increased body weight later in life (82). To
date, there is no information on whether early human
nutrition affect fat cell development and cellularity.

In adult rats, feeding a high-fat diet can increase fat
cell number (79), while energy restriction is only asso-
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ciated with a decrease in fat cell size but not in number,
indicating that dietary manipulation in adulthood can-
not reduce fat cell number. This has been elaborated in
experiments where rats were overnourished for a long
period of time, which resulted in an increase in both fat
cell size and number. Discontinuation of the experimen-
tal diet was followed by a decline in average fat cell size
until it reached the level of normal control rats. How-
ever, fat cell number remained at the high level achieved
during overfeeding.

It is also uncertain whether extreme dietary restric-
tions can affect fat cell number. In a study of severe
long-term food deprivation causing up to 99% reduc-
tion in white adipose tissue mass, there was no evidence
that fat cells were lost. After refeeding, no change in
fat cell number was observed despite marked changes
in endothelial and nonadipocyte mesenchymal cell
number adipose tissue (83). These data are not consis-
tent with the results of some older studies that showed
a decrease in fat cell number after long-term weight
reduction (84). In a more recent study, induction of
diabetes in rats by streptozotocin resulted not only in
a marked reduction in fat cell size, but also in a decrease
in white adipose tissue cellularity as assessed by quan-
titative cellular analysis. Interestingly, the tiny adipo-
cytes were characterized by the presence of multilocular
triglyceride droplets (85). It would also be interesting to
know whether fat cell hyperplasia found in the obese
state can decline during prolonged maintenance of
reduced weight. Again, in most studies, the number of
fat cells was not normalized in either form of obesity
even after extended periods of weight reduction. Obvi-
ously, an established fat cell hyperplasia cannot be
reversed by extreme nutritional intervention including
extreme starvation (83,84). However, one has to keep in
mind that some of the contradictory findings can be due
to limitations of the applied methods. For various
reasons, the classical methodological approaches for
the determination of adipose tissue cellularity are inac-
curate and do not allow a reliable identification of the
cell populations present in adipose tissue. This makes
it extremely difficult to distinguish early preadipocytes
as well as tiny fat cells from other cell types in adi-
pose tissue.

In humans, short-term studies have demonstrated
that moderate weight changes are associated only with
changes in fat cell weight but not in fat cell number
(86,87). To date, there is only one study that investi-
gated the long-term effects of weight change on adipose
tissue cellularity. The authors reported that prolonged
reduction in body weight in adult women over 6–9 years
reduced the number of monolocular adipocytes (16).

Other evidence for a possible reduction of fat cell
number by weight loss comes from a study of morbidly
obese subjects undergoing gastric surgery. After a mean
weight loss of 30–40 kg, fat cell size was markedly
decreased in all adipose tissue depots. In addition, the
calculated fat cell number was significantly reduced
(88). Irrespective of methodological limitations, these
reports raise the possibility that at least some adipo-
cytes can completely lose their lipids and regain a state
of lipid depletion. This remains an important issue,
since it was repeatedly hypothesized that persistence of
hypercellularity may contribute to the difficulties en-
countered by postobese subjects to maintain a reduced
body weight.

Adipose tissue growth seems to depend not only on
total caloric intake but also on the composition of the
diet. Older animal studies suggested that dietary fat
can induce hyperplastic adipose tissue growth inde-
pendent of body weight gain (89,90). This effect was
also observed when strictly isocaloric diets were fed
(91). This close relationship between fat intake and
adipose tissue growth may be substantiated by recent
in vitro data demonstrating that exogenous triglycer-
ides via fatty acids released after hydrolysis can pro-
mote adipose differentiation. These new findings may
provide a better insight at the cellular level as to why
a fat-rich diet favors adipose tissue expansion in
humans (57).

C Apoptosis and Dedifferentiation of White

Adipose Cells

There is now abundant information on the role of cell
proliferation and differentiation to determine adipose
cellularity. In contrast, little is known about possible
mechanisms to decrease fat cell number. Only recently
evidence is emerging that white adipose cells can
undergo apoptosis or programmed cell death. It was
recently reported that in vitro apoptosis is enhanced by
growth factor deprivation (92) and TNFa (93). Partic-
ularly, in the presence of TNFa, apoptotic cells were
seen in cultures of both human preadipocytes and
adipocytes at rates between 5% and 25% (93). This
effect of TNFamay be partly mediated by an increased
adipose expression of the proapoptotic interleukin-1h
(IL-1h), as recently observed in human preadipocytes
and adipocytes. In the same study, TNFa-induced
apoptosis was inhibited by glucocorticoids (94).

Insulin also appears to be involved in the regulation
of fat cell apoptosis. Depletion of insulin in mice led to
adipose-specific cell death in obese but not in lean
animals (95). Feeding a diet supplemented with con-
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jugated linoleic acid (CLA) to mice resulted in a reduc-
tion of body fat due to apoptosis. Under these condi-
tions, TNFa andUCP-2 expressionwere 12- and sixfold
upregulated in adipocytes from CLA-fed mice com-
pared to fat cells from control mice. With decreasing
body fat the mice developed lipodystrophy associated
with hepatomegaly and insulin resistance (96).

In humans, it has been demonstrated that patients
with some malignancies exhibit signs of adipocyte
apoptosis in vivo (97). This and another report (98)
showed that apoptosis is higher in omental than in
subcutaneous adipose cells indicating that regional fat
distribution may be partly regulated by differences in
apoptosis. The in vitro data currently available suggest
that apoptosis is mainly found in human preadipocytes.
During in vitro differentiation, preadipocytes appear to
acquire a relative resistance to apoptosis due to an
increasing synthesis of the cell survival proteins Bcl-2
and neuronal apoptosis inhibitory protein (99).

Other studies suggest that mature fat cells can be
induced to reverse the adipocyte phenotype under cer-
tain circumstances. TNFa was found to cause a dedif-
ferentiation of cultured human fat cells after long-term
exposure leading to a complete loss of stored lipids
without a change in total cell number (100). It was
recently reported that adenovirus-induced hyperlepti-
nemia in normal rats results in rapid body fat loss. The
elevated leptin concentrations not only depleted adipo-
cyte lipids but transformed the adipocytes into cells that
oxidize lipids, lose characteristic adipocyte markers,
and express preadipocyte markers (101).

Although the existence of apoptosis and dedifferen-
tiation in white adipose tissue is now established the
physiological importance of these phenomena is still
unknown. It is also unclear whether apoptosis is
involved in the pathophysiology of obesity and, if so,
to what extent and by what mechanisms. The question
may also arise whether this new insight can be used to
develop new therapeutic strategies.

IV STUDIES OF ADIPOSE TISSUE

DEVELOPMENT IN VITRO

A Cellular Models for the Study of

Adipogenesis and Adipose Cell Plasticity

Cell culture techniques have the advantage that the
effects of single factors can be studied under strictly
defined conditions. This methodology is an ideal tool to
unravel mechanisms of hormone action or cell develop-
ment. However, in vivo, the physiological function of a

specific cell type or organ strongly depends on its
communication with the environment. As part of a
complex, highly integrated organism, the adipose tissue
depots are interacting with surrounding and also with
distant tissues. To fully understand and corroborate the
physiological importance of in vitro findings in any
tissue it is essential to perform additional in vivo studies
that consider the cross-talk among the various tissues.
This point has been remarkably illustrated in recent
years with the cloning of the ob gene and the various
roles played by leptin.

Cells of clonal lines fall into three categories: (1)
totipotent embryonic stem cells (ES cells) giving rise to
embryoid bodies able to generate cells of all lineages; (2)
multipotent stem cells that follow myogenic, chondro-
genic, osteogenic, and adipogenic pathways; and (3)
cells that have been considered as unipotent cells,
termed preadipocytes (Table 2). ES cells can differen-
tiate spontaneously into various lineages and, quite
recently, conditions to induce an adipocyte lineage
and adipocyte formation at a high frequency from ES
cells have been described. This provides a means to
identify novel regulatory genes implicated in early
determination events of adipogenesis (102). So far, most
studies on adipogenesis have relied on the use of sup-
posedly unipotent adipoblastic cells and rarely onmulti-
potent cells of mesodermal origin (Table 2). Recent
evidence indicates that some preadipocyte clonal lines
still exhibit multipotency. However, the gene(s) that
commit progression from the multipotent mesodermal
stem cell to the adipoblast stage of development have
been not been identified nor have been the factors
involved in self-renewal of adipoblast stem cell precur-
sors and specific adipoblast markers.

The process of adipose cell differentiation has been
primarily investigated in cells of preadipocyte clonal
lines such as 3T3-L1, 3T3-F442A, Ob17, 1246, 3T3-T,
and ST13, which are all aneuploid. Adipose precursor
cells derived from the stromal-vascular fraction of
adipose tissues from various species are diploid but have
a limited life span. When transplanted into animals,
cells from both sources develop into mature fat cells. In
vitro they differentiate, in the presence of an appropriate
hormonalmilieu, to yield cells that havemost character-
istics of adipocytes, including hormonal responses.
However, recent data indicate that one or more tran-
scriptional programs are only activated in vivo to gen-
erate the full adipocyte phenotype (110).

One of the most exciting findings in the recent
years is the possibility, on the one hand, to direct
adipogenesis from multipotent cells and, on the other
hand, to induce transdifferentiation into adipocytes
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from supposedly unipotent cells. Clonal 3T3-F442A
preadipocytes can undergo osteoblastic differentiation
after exposure to bone marrow morphogenetic pro-
tein-2 (104), whereas human osteosarcoma SaOS-2B10
and MG-63 cells as well as murine stromal BMS2 cells
can convert to adipose cells (111,112). Cells that exhibit
the characteristics of mesenchymal stem cells have
been isolated from human bone marrow. These cells
differentiate into the adipose chrondrocytic and osteo-
cytic lineages, and individual stem cells retain their
multilineage potential (107). Even more striking, de-
pending on the composition of the culture medium,
stromal-vascular cells from human WAT can be di-
rected to undergo differentiation into adipogenic, chon-
drogenic, osteogenic and myogenic cells (25). However,
it remains to be shown that the latter observations
relate to the presence of individual stem cells and

not to that of multiple lineage-committed cells pre-
sent in the cell population. Transdifferentiation ap-
pears also possible as both myoblasts of C2C12 clonal
line and muscle satellite cells are able to convert sig-
nificantly to adipose cells upon exposure of the cells
to long-chain fatty acids or BRL49653, a ligand ago-
nist of PPARg (113).

Wnts, which are secreted signaling proteins regulat-
ing developmental processes, behave as molecular
switch, likely through Wnt 10-b, which governs adipo-
genesis. Active Wnt signaling is required for commit-
ment to the myocyte lineage, whereas prevention of
active Wnts signaling pathway triggers adipogenesis
(114). Collectively, these observations emphasize that
cell plasticity is more important than anticipated and
that unipotentiality should be better and more cau-
tiously defined in vitro as the only pathway that

Table 2 Cellular Models of Adipogenesis

Cell lines Origin Phenotypes Ref.

Totipotent

Embryonic stem cells Mouse blastocysts All 102
Multipotent
10T1/2 Mouse embryo Muscle cells, white adipocytes,

chondrocytes, osteocytes

3,103

3T3-F442A Swiss mouse embryo (3T3 cells) White adipocytes, osteocytes 104
Unipotent

3T3-L1 Swiss mouse embyro White adipocytes 3,103
Ob17 Epididymal fat pad of ob/ob mice White adipocytes 3,103
BFC-1 Mouse BAT White adipocytes 3,103
TA1 Subclone of 10 T1/2 treated with

5-azacytidine

White adipocytes 3,103

Lisa-2 Human liposarcoma White adipocytes 105
BIP Bovine intramuscular WAT White adipocytes 106

Cell strains
Subcutaneous, epididymal,
retroperitoneal WAT of newborn

and adult

Rat White adipocytes 3,103

Bone marrow Rat White adipocytes 3,103
Epididymal fat pad Mouse White adipocytes 3,103
Bone marrow Mouse White adipocytes 3,103

Perirenal WAT Rabbit White adipocytes 5,103
Subcutaneous and perirenal WAT
of foetus and newborn

Pig White adipocytes 3,103

Subcutaneous WAT Bovine White adipocytes 108
Subcutaneous and omental WAT Ovine White adipocytes 108
Subcutaneous and abdominal WAT

of newborn and adult

Human White adipocytes 3,103

Bone marrow Human White adipocytes 107
Subcutaneous WAT of an infant with

SGB syndrome

Human White adipocytes 109
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a precursor cell can follow in response to a given
hormonal milieu.

B Sequential Events of Adipogenesis

1 General Considerations

Adipogenesis is a multistep process characterized by a
sequence of events during which adipoblasts divide
until confluence (Fig. 3). Adipoblasts are fibroblast-
like cells, and no specific markers of that stage have
been identified so far. Growth arrest at the G1/S
stage of the cell cycle (stage 2), rather than contact
among arrested cells, is necessary to trigger the
process of cell commitment to preadipocyte which is
associated with the induction of genes such as those
encoding a2 chain of collagen VI (A2COL6/pOb24),
clone 5, adipocyte differentiation related protein
(ADRP), lipoprotein lipase (LPL) mRNA, and LPL
activity. The regulation of expression of these genes
takes place primarily at a transcriptional level and
does not require the various hormones which, in
contrast, are required for subsequent steps. The
dramatic changes observed in cell morphology are
associated with alterations in extracellular matrix
components. The expression of late and very late
markers is associated with limited growth resumption
of these committed early marker-expresssing cells. At
least one round of cell division has been consistently
observed in rodent cells, and this process of clonal
amplification of preadipocytes (defined as postconflu-
ent mitoses or clonal expansion) is limited both in
magnitude and duration. Terminal differentiation to
adipocytes (defined by the emergence of GPDH activity
and triacylglycerol accumulation) then takes place,
provided that cell contacts exist and that cells are
exposed to the appropriate hormonal milieu. Mature
fat cells then become able to secrete dozens of proteins.
These observations made in vitro are consistent with
those made in vivo concerning the relationships in
rodent adipose tissue between cell proliferation and
differentiation. Although the presence of adipoblasts
cannot be excluded, the differentiation process of adi-
pose precursor cells isolated from fat tissue corre-
sponds primarily to the sequence: preadipose cell
(preadipocyte) nZ�������� immature adipose cell nZ�������� mature
adipose cell (adipocyte). When seeded at clonal den-
sities, stromal-vascular cells from rat perirenal and
epididymal fat depots show varying capacities for
replication and differentiation, irrespective of donor
age. At any given age, stromal-vascular cells from
perirenal fat tissue showed a greater proportion of
clones with a high frequency of differentiation than in

epididymal fat tissue (3). Both in rat for the perirenal
and epididymal adipose tissues (115) and in human for
the subcutaneous adipose tissue (23), aging is associ-
ated with a decrease in the proportion of cells under-
going differentiation.

2 Receptor Equipment and Adipogenesis

Table 3 summarizes the receptor composition of adipo-
blasts, preadipocytes, and adipocytes. Not unexpect-
edly, preadipocytes express the cognate receptors of
adipogenic hormones required for subsequent events
to occur. The alterations in hormone responsiveness as a
function of differentiation correspond to a critical ‘‘time
window’’ of action in preadipocytes during which adi-
pogenic hormones induce the terminal differentiation
process.

Growing adipoblasts express cell surface receptors
of the major prostaglandins which are produced
by these cells [prostacyclin (PG12), prostaglandin
F2a (PGF2a), and prostaglandin E2 (PGE2)] as well
as nuclear receptors recognizing glucocorticoids, T3,
and retinoic acid (RA). The adenosine receptor A2

subtype, the prostacyclin IP receptor, and the PGE2

receptor (EP4 subtype), all positively coupled to
adenylate cyclase, are present in preadipocytes and
then become expressed at low levels, if any, in
adipocytes, consistent with the importance of the
protein kinase A (PKA) pathway to trigger terminal
differentiation of preadipocytes (see Sec. IV. C. 1).
These observations are also consistent with those
made in the comparative study of prostaglandin
sensitivity of adenylate cyclase of rat primary pre-
adipocytes and isolated adipocytes which show that
Gi activity is reduced or absent in preadipocytes
(116). The EP3 subtype (a, h, and g isoforms) of
the PGE2 receptor and the adenosine receptor A1

subtype (118–121), all coupled negatively to adeny-
late cyclase, then become detectable in adipocytes,
consistent with the well-known antilipolytic effects of
PGE2 and adenosine observed in mature fat cells.
Commitment to preadipocytes is characterized by the
emergence of the cell surface receptor of leukemia
inhibitory factor (LIF) as well as that of nuclear
receptor PPARy and transcription factors C/EBPh
and y (117).

Of growing interest are cell surface proteins
which are membrane associated or potentially
secreted (122,123). Pref-1 and dlk proteins are mem-
bers of the EGF-like homeotic family of proteins
and are polymorphic variants of the same dlk
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Figure 3 Multiple stages of adipose cell differentiation. The scheme is based on data obtained with 3T3-L1, 3T3-F442A, and
Ob17 cells as well as with rodent adipose precursor cells. Abbreviations: Pref-1, preadipocyte factor-1; LPL, lipoprotein lipase;

A2COL6/pOb24, a2-chain of collagen VI; LIF-R, leukemia inhibitory factor-receptor; ADRP, adipocyte-differentiation related
protein; PGAR/FIAF, PPARg-angiopoietin related/fasting-induced factor; C/EBP, CCAAT/enhancer-binding protein;
PPAR, peroxisome proliferator–activated receptor; IGF-1, insulinlike growth factor-1; ADD-1, adipocyte determination and

differentiation factor-1; FAT/CD36, fatty acid translocase; ALBP, adipocyte lipid-binding protein (aP2); ACBP, acyl CoA
binding protein; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; GLUT4, insulin-sensitive glucose transporter-4;
GPDH, glycerol-3-phosphate dehydrogenase; GPAT, glycerophosphate acyltransferase; LPAT, lysophosphatidate acyltransfer-
ase; DGAT, diglyceride acyltransferase; PEPCK, phosphoenolpyruvate carboxykinase; h2-AR, h2-adrenoreceptor; h3-AR, h3-
adrenoreceptor; low Km PDE, low Km phosphodiesterase; HSL, hormone-sensitive lipase; PAI-1 plasminogen activator
inhibitor-1.



gene. The soluble form of pref-1/dlk is present in
preadipocytes and acts as a negative regulator of
adipogenesis (123). In contrast, Notch-1, another
transmembrane protein of the family of EGF-like
homeotic genes, appears required for adipogenesis as
antisense Notch-1 prevents PPARy and PPARg
expression (144).

C Adipogenic Factors and Second-Messenger

Pathways

The responsiveness of preadipose cells to external sig-
nals may vary according to differences in the stage of
adipose lineage at which clonal lines have been estab-
lished and that at which cells of a given line are exposed

Table 3 Cell Surface Receptors, Nuclear Receptors, and Transcription Factors of Adipose Precursor Cells and Adipocytes

Markersa Adipoblastsb Preadipocytesb Adipocytesb Ref.

Cell surface receptors

LIF-R � + + 117
IP-R ++ + (+) 118,119
FP-R ++ + � 120

EP1-R ++ + (+) 119
EP4-R ++ + (+) 119
EP3-R (a, h, g isoform) � � + 119

A1-R n.d.c � + 121
A2-R n.d. + (+) 121
GH-R n.d. + + 103
IR + ++ ++ 103

Pref-1/dlk + + � 122,123
Nuclear receptors

GR + + + 3,103

AR n.d. (+) + 47,124
ER n.d. (+) + 48,49,124,125
PR n.d. + (+) 50,124

RARa and RARg + ++ +++ 126
RARa and RARh + ++ +++ 126
TR + + ++ 127,128
PPARy (NR1C2) � + ++ 129

PPARg (NR1C3) � (+) ++ 130
AhR + (+) � 131–134
Arnt + (+) � 131,132

Transcription factors
CREB + + + 135
C/EBPh and C/EBPy (+) + (+) 117,136

ADD1/SRBP-1c � + + 137
C/EBPa � (+) ++ 138,139
AP-2a + (+) � 140

Id2 + (+) � 141,142
Id3 + (+) � 141,142
GATA-2&3 + (+) � 143

Based upon data obtained in cells of clonal lines and primary cultures.
a Abbreviations: LIF-R, leukemia inhibitory factor receptor; IP-R, prostacyclin receptor; FP-R, PGF2a receptor; EP-R, PGE2 receptor; Al-R

and A2-R, adenosine (subtypes 1 and 2) receptor; GH-R, growth hormone receptor; IR, insulin receptor; pref-1/dlk, preadipocyte factor-1/delta

like factor; GR, glucocorticoid receptor; AR, androgen receptor; ER estrogen receptor; PR, progesterone receptor; RAR, retinoic acid receptor;

RXR, retinoic X receptor; TR, triiodothyronine receptor; PPAR, peroxisome proliferator–activated receptor; AhR, arylhydrocarbon receptor;

Arnt, Ahr nuclear translocator; CREB, cAMP response element–binding protein; C/EBP, CCAAT/enhancer binding protein; ADD1/SREBP-1c,

adipocyte determination and differentiation factor-1/sterol regulatory element binding protein-1c; Id, inhibitory protein of DNA binding.
b The signs refer to comparative levels of each mRNA or protein between adipoblasts, preadipocytes, and adipocytes, i.e., the absence (�) or the

presence at very low levels (+), low levels +, or higher levels ++ and +++.
c Not determined.
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to various agents. Moreover, the requirement for adi-
pogenic hormones shows differences between clonal and
primary preadipocytes. Last but not least, serum-sup-
plemented media are (too) often used, as many serum
components are uncharacterized and thus not control-
lable, this renders comparisons between various studies
rather difficult. The use of serum-free, chemically
defined media appears more appropriate. In serum-free
conditions, the most common requirements of primary
preadipocytes appear to be glucocorticoids, IGF-1, and
insulin. Clonal preadipocytes also require GH and T3

and/or retinoids. A salient feature is that the required
hormones have to be present simultaneously within a
physiological range above threshold concentrations to
trigger terminal differentiation.

1 Glucocorticoids, cAMP-Elevating
Agents, and Leukemia Inhibitory Factor

Glucocorticoids, including the synthetic glucocorticoid
dexamethasone, stimulate the differentiation of clonal
preadipocytes and that of primary preadipocytes of
various species including human, and are presumed to
act via their cognate nuclear receptor GR. Dexame-
thasone reduces the expression of pref-1/dlk, a nega-
tive regulator of adipogenesis (145). Glucocorticoids
are known to increase on a long-term basis the pro-
duction confined to preadipocytes of prostacyclin, a
potent adipogenic hormone (146,147). Dexamethasone
is also known to upregulate the expression of C/EBPy
(148), possibly through prior production of prostacy-
clin, as carbacyclin—a stable analog of prostacyclin—
can substitute for glucocorticoids in promoting adipo-
genesis (146).

Prostacyclin and carbacyclin, through binding to
their cognate receptor IR-R, raise cAMP levels and
induce intracellular mobilization of calcium (149). The
critical role of prostacyclin as a locally produced hor-
mone raising cAMP and Ca2+ levels cannot be disso-
ciated from the developmental stage of the cells at
which the effectors trigger transducing pathways. First,
cAMP promotes the initiation of differentiation of 3T3-
F442A preadipocytes but inhibits the late stage(s) of
this process (150). Second, the Ca2+-calmodulin-sensi-
tive protein kinase II, which is required for the differ-
entiation of 3T3-L1 preadipocytes, exhibits at an early
stage within a few hours two temporally distinct phases
of activity after stimulation of adipogenesis. It is likely
that the time frame of exposure of clonal preadipocytes
to calcium ionophores, i.e., the developmental stage at
which the cells respond, explains the inhibitory or
stimulatory effect previously reported (151). Synthetic

cAMP analogs and methylisobutylxanthine, which
increases cAMP levels, trigger adipogenesis. Enhancing
cAMP levels upregulates rapidly the expression of the
critical early transcription factors C/EBPh and C/EBPy
(152).

In addition to activation of the PKA pathway,
activation of leukemia inhibitory factor receptor (LIF-
R) by LIF, which is exclusively produced and released
by preadipocytes, upregulates also C/EBPh and C/
EBPy via the extracellular signal-regulated kinase
(ERK) pathway (117). Both pathways share CREB/
ATF-1 as common downstream effectors that upregu-
late both C/EBPs and promote adipogenesis (153).

2 IGF-1, Insulin, and Lysophosphatidic Acid

IGF-1 has been shown to stimulate adipogenesis of
clonal mouse 3T3-L1 preadipocytes and primary pre-
adipocytes (rat, rabbit, porcine). In addition to IGF-1,
clonal andprimarypreadipocytes also secrete insulinlike
growth factor–binding proteins (IGFBPs) as a function
of differentiation (39,40). The IGF-1/IGFBPs system is
assumed to act in a paracrine/autocrine manner upon
GH stimulation, although conflicting results have been
reportedwith respect to the adipogenic activity ofGH in
vitro (see Sec. IV.C.3). In addition to its well-known
effect on lipogenesis, insulin can now be considered as
triggering adipogenesis, and targeted invalidation of the
insulin receptor in 3T3-L1 preadipocytes impairs their
ability to differentiate into adipocytes (154).

Both IGF-1 and insulin stimulate Ras, which acti-
vates the ERK pathway, consistent with the induction
of adipogenesis by ectopic expression of Ras in the
absence of hormonal stimulation (155). Insulin upregu-
lates prenylation of Ras and Rho protein, and this
covalent modification ensures proper phosphorylation
and activation of cAMP-responsive element binding
protein (CREB) which is required for adipogenesis
(135,153,156). The phosphoinositide (PI)3-kinase/pro-
tein kinase B(PKB also termed Akt)/p70S6 kinase path-
way is also implicated in insulin-dependent events.
Ectopic expression of PKB and activation of PI-3 kinase
are required for adipogenesis (157,158), consistent with
the impairment of this process by inhibition of PI-3
kinase (159). Growth-arrested preadipocytes respond to
IGF-1 by stimulation of the ERK pathway, and this
activation disappears rapidly during terminal differen-
tiation triggered by adipogenic factors (160). Shc, an
SH2 domain-containing protein that is a direct sub-
strate for the tyrosine kinase activity of the IGF-1
receptor, is implicated in this loss of IGF-1 response,
whose relationships with postconfluent mitoses remain
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to be shown (161). Taken together, there is a critical and
early window of time during which the ERK pathway is
triggered in preadipocytes through binding of IGF-1,
insulin, LIF, and prostacyclin to their cognate recep-
tors. This time frame is critical since PPARg, which
appears after PPARy, C/EBPh and C/EBPy during the
differentiation process, is in contrast inhibited by direct
phosphorylation of Ser112 by ERK1 and ERK2

(162,163). Lysophosphatidic acid (LPA) is a bioactive
phospholipid which, upon release from adipocytes
stimulated by a2-adrenoreceptor agonists, increased
proliferation and spreading of preadipocytes through
a Ca2+-independent phospholipase A2 event (164,165).
The endothelial differentiation gene-2 receptor appears
involved in these effects through the Ras/ERK and the
p21rhoA/cytoskeleton pathway, respectively (166). Thus
it is assumed that the mitogenic and paracrine effect of
LPA is implicated in adipocyte hyperplasia.

3 Growth Hormone and Prolactin

Growth hormone triggers IGF-1 gene transcription,
IGF-1 secretion, and adipogenesis of 3T3-F442A and
Ob1771 preadipocytes (167,168). GH promotes also
diacylglycerol production from phosphatidycholine
breakdown and thus activates protein kinase C
(PKC). PKC activators can substitute for GH in mod-
ulating cell proliferation, but the presence of IGF-1 is
still required for adipogenesis (169). To add to this
compexity, it appears that the Janus kinase/Signal
transducers and activators of transcription (JAK-
STAT) signaling pathway via STAT5 is also implicated
in transducing GH-dependent signals during the initia-
tion of 3T3-F442A preadipocyte differentiation (170).
This conclusion is in agreement with the generation by
homologous recombination of GH receptor–deficient
mice or STAT5a- and STAT5b-deficient mice in which
fat deposit was reduced (171).

Despite all these observations, the role of GH in
adipogenesis remains somewhat confusing. In rat pri-
mary preadipocytes, although GH increases IGF-1
production and although IGF-1 promotes cell prolifer-
ation, GH still exhibits antiadipogenic properties inde-
pendent of IGF-1 mitogenic activity (172). This
inhibition appears to be due to the maintenance of high
levels of pref-1 (173). To reconcile conflicting data in
GH action, it is assumed that clonal and primary
preadipocytes represent early and late stages of the
differentiation process, respectively, as primary preadi-
pocytes should have been previously exposed to GH
and, ‘‘primed’’ in vivo. Prolactin stimulates in prolactin
receptor–expressing fibroblasts the expression of C/

EBPh, PPARg, and adipogenesis (174), but its adipo-
genic activity on authentic target cells, i.e., preadipo-
cytes, remains to be shown.

4 Tri-iodothyronine and Retinoids

Tri-iodothyronine appears to be required for the differ-
entiation of clonal preadipocytes (127,175). This
requirement remains questionable, as no obvious
requirement for T3 is observed in primary preadipocytes
isolated from pig, rat, rabbit, and human, suggesting as
for GH that prior exposure to T3 in vivo has ‘‘primed’’
the cells (3,176).

The ability of retinoic acid (RA) and synthetic reti-
noids to promote or inhibit differentiation processes has
been recognized for several years. At supraphysiological
concentrations, RA inhibits adipogenesis of clonal and
primary preadipocytes via RA receptors (RARs). Inhi-
bition appears to take place at an early stage, i.e.,
through C/EBPh repression (177). In contrast, at con-
centrations close to the Kd values of RARs, RA and
retinoids behave like potent adipogenic hormones in
triggering the differentiation of Ob1771 preadipocytes
and primary rat preadipocytes (126).

5 Fatty Acids and Metabolites

Both long-chain FA (saturated, unsaturated, nonme-
tabolizable) and peroxisome proliferators, which are
like FA amphipatic carboxylate molecules, are able in
clonal preadipocytes to act like hormones, by activating
the transcription of several lipid-related genes and
promoting adipogenesis in synergy with other adipo-
genic factors (57,178). Similar observations have been
made in rat and human preadipocytes. Moreover, the
main adipogenic component of serum is arachidonic
acid (ARA) (179). Its adipogenic effect is blocked by
cyclo-oxygenase inhibitors, suggesting that prosta-
noid(s) are involved. Prostacyclin (used in the form of
stable carbacyclin) is the only active prostanoid in
promoting adipogenesis (180), and this stimulatory
effect can be extended to rat and human primary
preadipocytes (149). In addition to binding to the cell
surface prostacyclin receptor (IP-R), carbacyclin binds
to the nuclear receptor PPARy (181). This suggests a
dual role of ARA—directly, as agonist of PPARs, and
indirectly, as a precursor of prostacyclin then active via
IP-R at the cell surface and via PPARy within the
nucleus. The natural ligand(s) of PPARy may differ
from prostacyclin, but this prostanoid along with PGE2

and trace levels of PGF2a is the only metabolite of ARA
so far characterized in preadipocytes (182).
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6 Angiotensin II

Angiotensin II (AngII) is secreted from WAT in vivo
and also from adipocytes in vitro. WAT represents an
important extrahepatic source of angiotensinogen
which accumulates and is released in late differentiated
cells (183,184). AngII binds to its cognate receptor(s) in
adipocytes, which respond by increased lipogenesis
(185) and release of prostacyclin (186). The renin-
angiotensin system (RAS), which gives rise to AngII
from angiotensinogen, is present in WAT and adipo-
cytes from rodents and human, suggesting that RAS
plays a role in WAT development (187). An autocrine/
paracrinemechanism has been shown to operate in vivo,
leading to an increased fat mass due to triglyceride
accumulation in adipocytes (188).

7 Extracellular Matrix Components
and the Plasminogen Cascade

Extracellular proteolysis mediated by plasma kallikrein
and the substrate plasminogen is required for adipo-
genesis, presumably through the formation of plasmin
which subsequently cleaves fibronectin. Inhibition of
generated plasmin by a-2-antiplasmin but not by plas-
minogen-activator inhibitor-1 (PAI-1) impaired adipo-
genesis. Early inhibitory events are then taking place
in preadipocytes, i.e., blockade of rounding up and C/
EBPh expression. Since fibronectin is a component of
the preadipocyte extracellular matrix, it is assumed that
activation of the plasminogen cascade induces cytoske-
leton remodeling and/or bioavailability of IGF-1, which
are required for later events of adipogenesis (189).

D Antiadipogenic Factors

Various factors that decrease or abolish differentiation
of adipose precursor cells have been reported, including
a variety of cytokines (TNFa, IL-1, IL-6), platelet-
derived growth factor (PDGF), and TGFh. The most
intriguing results are those obtained in preadipose cells
with TGFh since, except for pig preadipocytes (3),
terminal differentiation appears irreversibly blocked
after its removal in contrast to various other factors
where partial or complete recovery of the differentiated
phenotype is observed (190). The situation remains
unclear with regard to fibroblast growth factor (FGF)
and epidermal growth factor (EGF), which have been
claimed to be either inhibitory or without effect,
depending on the origin of target cells. In vivo, subcuta-
neous administration of EGF to newborn rats results in
a large decrease in the weight of inguinal fat pads, which
suggests the delayed formation of adipocytes from

preadipocytes (3). A downregulation of PPARg gene
expression appears to contribute to the antiadipogenic
effect of TNFa (191). The inhibitory effect of TNFa on
adipocyte differentiation is also observed if it is admin-
istrated at an early stage. TNFa disrupts the normal
pattern of expression of p107 and p130 proteins, two
members of the retinoblastoma family of proteins, and
leads to a complete block in clonal expansion (192).

Among flavonoids, which are polyphenolic com-
pounds that exist widely in plants, genistein inhibits
both adipoblast proliferation and adipogenesis (193).
Many fat-soluble vitamins, as well as dehydroepian-
drosterone and some structural analogs, are also known
to abolish terminal differentiation of clonal preadipo-
cytes (3,194). Retinoids have been reported to inhibit
differentiation, but the supraphysiological concentra-
tions used in those studies raise serious doubt about
their physiological relevance. So far, one of the most
interesting antiadipogenic agent appears to be PGF2a. It
inhibits differentiation of clonal and primary preadipo-
cytes, most likely via the cognate cell surface PGF2a

receptor (FP-R) (120). Inhibition of adipogenesis by
PGF2a appears to occur through ERK-mediated phos-
phorylation of PPARg, thus inhibiting its transcrip-
tional activity (163). Nevertheless, this inhibition is
rather unlikely to take place during the differentiation
process, as PGF2a is only synthesized in preadipocytes
at trace levels compared to prostacyclin (182) and as its
effect is fully reversed by carbacyclin (190).

V MOLECULAR MECHANISMS

OF ADIPOGENESIS

A Transcriptional Activators and Repressors

of Adipogenesis

Postmitotic growth arrest is followed by terminal differ-
entiation of preadipocytes to adipocytes (stages 4 and 5)
(Fig. 3), which are states of irreversible growth arrest as
mature fat cells do not divide. Upon activation by FAor
specific agonists, PPARy mediates postconfluent mito-
ses in a cAMP-dependent manner (195,196). As PPARy
is implicated in the activation of a limited set of genes
including PPARg (196–198) and as PPARg induces cell
cycle withdrawal and irreversible growth arrest, it
would appear that PPARy and PPARg are playing
both opposite and complementary roles (199). Recent
evidence indicates that PPARg is essential for cardiac
and adipose tissue development during mouse embryo-
genesis (200,201). Various redundant signaling path-
ways as well as several transcription factors are
converging to upregulate PPARg, which acts as com-

Development of White Adipose Tissue 499



mon and essential regulator of terminal events of adipo-
genesis and also as a regulator of adipocyte hypertrophy
(Fig. 4), emphasizing the importance of adipose tissue
development to ensure physiological functions.

Forced ectopic expression of C/EBPh in cells of
various clonal lines of fibroblastic origin, which nor-
mally express very low levels of C/EBPh, C/EBPa,
and PPARg, induces adipogenesis, with C/EBPy act-
ing in synergy with C/EBPh (136). In most studies,
significant adipogenesis of stable fibroblast transfec-
tants requires the simultaneous presence of PPARg
ligands, in contrast to authentic preadipocyte target
cells (3T3-L1,3T3-F442A, Ob1771 cells), suggesting
that authentic differentiating cells are able to express
PPARg and simultaneously to synthesize uncharac-
terized PPARg ligand(s).

Intracellular pathways that upregulate in clonal pre-
adipocytes the expression of C/EBPh and C/EBPy are
also able to trigger adipogenesis. It has been shown that
preadipocytes have the unique capacity both (1) to syn-
thesize and secrete LIF and prostacyclin, and (2) to
express at the same time their cognate cell surface re-
ceptors LIF-R and IP-R. Binding to L1F-R and IP-R
triggers the ERK and PKA pathways, respectively,
which in turn activate the critical expression of C/EBPh
and C/EBPy and promote adipogenesis (117,152). Sig-
nal transduction proteins involved in the upregulation
of transcriptional activators may also regulate adipo-
genesis as reported for ectopic expression of the differ-
entiation-enhancing factor-1 (DEF-1) in NIH-3T3 and

BALB/c-3T3 fibroblastic cells (202). Forced expression
of adipocyte determination and differentiation factor-1/
sterol regulatory element binding protein-1c (ADD1/
SREBP-1c) or ADD-1 403, a superactive truncated
form of ADD-1, upregulates the expression of
PPARg in 3T3-L1 cells (203). This transcription factor
is expressed early during adipogenesis and is part of
the SREBP family, which are synthesized as mem-
brane-bound precursors released through proteolytic
processes and translocated into the nucleus. ADD-1/
SREBP-1c appears to be positively controlled by insu-
lin, thus establishing a link between this transcription
factor and carbohydrate availability (204). Other stable
transfectants able to express constitutively various
components of the insulin signaling pathways have also
been shown to trigger adipogenesis, i.e., activated Ras
mutants, Raf, PI3-kinase, p70S6 kinase, and more
recently PKB (c-Akt), which appears to act down-
stream of PI3-kinase but upstream of p70S6 kinase
(205).

Taken together, these studies emphasize the exis-
tence of redundant signals of adipogenesis and the wide
panoply of transcription factors and their link with the
nutritional status, i.e., first PPARs and fatty acid avail-
ability and second ADD-1 and carbohydrate availabil-
ity. It is important to note that heterozygous PPARg
+/� mice appear, at least in part, protected from in-
creased fat mass upon high-fat feeding as compared to
wild-type mice. Adipocyte size is significantly smaller in
these mice with no change in adipocyte number (206).
Thus, it cannot be excluded that subtle alterations be-
tween individuals in the activity level of some compo-
nents regulating expression and/or activity of PPARg
may bring significant differences in fat tissue mass.

Transcriptional repression may involve passive
mechanisms by which the negative regulator binds to
activators and forms inactive heterodimers, thus play-
ing a dominant-negative role. Alternatively, active
repression may occur when the repressor binds to cis-
acting sequences of a gene promoter and interferes with
the transcriptional machinery. Both types of repression
take place in preadipocytes (Fig. 4). Passive repression
by Id2 and Id3 proteins (inhibitors ofDNAbinding) has
been reported. Id2 and Id3 decrease dramatically during
adipogenesis, and forced expression of Id3 protein
blocks this process (141). Direct interaction of Id2 and
Id3 with ADD-1 takes place, and this postulated heter-
odimerization decreases the functional capacity of
ADD-1 to upregulate genes controlled transcriptionally
by ADD-1 (142). C/EBP homologous protein-10
(CHOP-10/GADD153) is a member of the C/EBP
family and acts also as a dominant-negative inhibitor

Figure 4 Transcriptional activators (bold face) and tran-
scriptional repressors (italics) of adipogenesis. (See text for

comments and abbreviations.)
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of transcription (207). CHOP-10 sequesters C/EBPh by
heterodimerization. As preadipocytes reach the S phase,
which precedes postconfluent mitoses, downregulation
of CHOP-10 allows the release of C/EBPh, which binds
to C/EBPa promoter and activates C/EBPa gene
expression (208). Another member of the basic helix-
loop-helix (bHLH) proteins is the arylhydrocarbon
receptor (AhR). Although a physiological ligand of
AhR has yet to be identified, it binds 2,3,7,8-tetrachlor-
odibenzo-p-dioxin (TCDD) and related compounds.
After ligand binding, AhR dissociates from cytosolic
complex and translocates to the nucleus where it heter-
odimerizes with the AhR nuclear translocator (Arnt).
This heterodimer then binds to xenobiotic response

element (XRE) present within the promoter region of
various genes. Both AhR and Arnt proteins are present
in adipoblasts and disappear rapidly in differentiating
preadipocytes. TCDD appears effective only when
added at the adipoblast or at the early preadipocyte
stage and decreases C/EBPa and PPARg2 but not C/
EBPh and C/EBPy levels (131).

TCDD clearly inhibits adipogenesis through the
AhR pathway, as shown in AhR�/� mouse embryo
fibroblasts (132). Moreover, TCDD increases phos-
phorylation of the repressor chicken ovalbumin
upstream promoter transcription factor (COUP-TF),
thus preventing PPARg/RXRa to bind to their
response element DR-1 (133). In addition, Arnt may

Table 4 Overexpression/Reexpression of Lipid-Related Genes in Adipose Tissue: Relationships with WAT Development

Gene

Tissue

specificity

Fat depots and/or

fat mass Remarks Refs.

Cell surface receptors
and transporters
h1-AR Adipose WAT Resistance to HFD 210

tissue Adipocyte hypotrophy
a2-AR (h3-AR �/� Adipose WAT HFD-induced obesity 211
background) tissue Adipocyte hyperplasia

GLUT-4 Adipose
tissue

WAT Low glucose levels and enhanced
glucose disposal

61

Adipocyte hyperplasia
Mitochondrial proteins

UCP-1 Adipose
tissue

WAT Sex dimorphism (female>male)
significant at age 3 months

212

Adipocyte hypotrophy and hyperplasia

Secreted proteins
Agouti Adipose

tissue
WAT with the daily
insulin injections

AGOUTI expression alone
insufficient for weight gain

213

Angiotensinogen Adipose WAT Increased lipogenesis in WAT 188
tissue Decreased locomotor activity

Adipocyte hypertrophy and hypoplasia
Transcription factors

A-ZIP/F Adipose WAT absent Insulin resistance 214
tissue (lipoatrophy) Dyslipemia

Increased metabolic rate

ADD1/SREBP-1c Adipose WAT Immature fat depots 215
tissue Enlargement of liver, spleen and pancreas

FOXC2 Adipose WAT) Resistance to HFD 216

tissue (intra-abdominal UCP-1 induction in WAT
depot BAT hypertrophy

Increased sensitivity of h-adrenergic/
cAMP/PKA pathway

Increased insulin sensitivity

UCP-1, uncoupling protein-1; a2-AR, a2-adrenoreceptor; h1-AR, h1-adrenoreceptor; GLUT-4, glucose transporter-4; ADD-1/SREB-1c, adipocyte

determination and differentiation factor-1/sterol regulatory element binding protein-1c; HFD, high-fat diet.
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Table 5 Gene Invalidation Affecting WAT Development

Genes

Tissue

specificity

Fat depots and/or

fat mass Remarks Ref.

Enzymes and regulators
HSL — WAT Male sterility 217

BAT Adipocyte hypertrophy

Dispensable for
lipolysis

Perilipin — WAT Hyperphagy 218

Resistance to HFD
Resistance to h-AR

agonist stimulation
with increased basal

lipolysis
Adipocyte hypertrophy

DGAT — WAT Resistance to HFD 219

Increased energy
expenditure

PTP-1B WAT Lean and resistance

to HFD

220,221

— Increased energy
expenditure

Increased insulin

sensitivity
ACC-2 — WAT Hyperphagy 222

Increased h-oxidation
in muscles

Decreased hepatic fat
Adipocyte hypotrophy

MT-I and MT-II — WAT at age 5-6 weeks Hyperphagy 223
Tub — WAT at age 7-8 weeks Retinal degeneration 224

Heterozygous +/tub

indistinguishable
from wild-type

RIIh (subunit of PKA) — WAT Resistance to HFD 225
Smaller length than

wild-type
Adipocyte hypotrophy

Secreted proteins

Angiotensinogen — WAT at weaning
and onwards

Decreased lipogenesis
in WAT

226

Increased locomotor

activity
Adipocyte hypotrophy

Cell surface receptors

and transporters
ICAM-1 — WAT No change in food

intake
227

Mac-1 WAT

GLUT-4 — WAT Growth-retarded 62
Postprandial

hyperinsulinemia

PRL-R — WAT
(female>male)

Abdominal fat more
affected than other
depots

228

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

nZ�������

Ailhaud and Hauner502



play a role independent of its binding to AhR as it
heterodimerizes with hypoxia inducible factor-la (HIF-
1a), which is also induced at early stage of adipogenesis
(134). Active repressors which bind to regulator sequen-
ces of promoters of the C/EBPa promoter have also
been reported. Two repressor-binding sites are present
in the C/EBPa promoter and are recognized by an
isoform of the AP-2 transcription factor family, termed
C/EBPa undifferentiated protein (CUP/AP-2a1). This
factor inhibits the transcriptional activation of the C/
EBPa gene and thus may be implicated in the main-
tenance of this gene in a repressed state as well as in the

maintenance of the preadipocyte stage (140). A member
of the Sp family, Sp1, binds to a consensus Sp-binding
site of C/EBPa unique among the promoters of adipo-
cyte genes. By doing so, it prevents the trans-activation
of C/EBPa gene by C/EBPs. Raising cAMP levels cause
downregulation of Spl, consistent with the initial PKA-
mediated events of adipogenesis (209).

The GATA family of transcription factors, i.e.,
GATA-2 and GATA-3 expressed in white adipocyte
precursors and testis but not in BAT or other organs,
are repressing adipogenesis, at least in part by inhibiting
PPARg2 gene expression through binding to consensus

Genes

Tissue

specificity

Fat depots and/or

fat mass Remarks Ref.

VLDL-R — WAT Resistance to HFD 229
Increased plasma

triglycerides

after high-fat
feeding

Adipocyte

hypotrophy
Nuclear receptors and

transcription factors
PPARa (NCR1C1) — WAT at late age

(female>male)

Dyslipemia

Steatosis

230

PPARy (NR1C2) — WAT Smaller length than

wild-type

231

Hyperphagy
PPARg (NR1C3) — WAT absent Lethality in utero

or at birth

200,201,206

C/EBPa — WAT and BAT Hypoglycemia due
to failure of
gluconeogenesis

and early death

232

C/EBPh and C/EBPy — WAT and BAT Adipocyte
hypoplasia

233

RXRa Excision in WAT and
BAT at age 4 weeks

WAT on standard
diet

Resistance to HFD
Impaired lipolysis

234

Adipocyte

hypotrophy
Hmgic (architectural

transcription factor)
— WAT Resistance to HFD

Smaller than

wild-type

235

Adipocyte hypoplasia

HSL, hormone-sensitive lipase; DGAT, diacylglycerol acyltransferase; ACC-2, acetyl-CoA carboxylase-2; MT, metallothioenia; PKA, protein

kinase A; PTP-1B, protein tyrosine phosphatase-1B; ICAM-1, intercellular adhesion molecule-1; PRL-R, prolactin receptor; VLDL-R, receptor

of very low density lipoproteins; PPAR, peroxisome proliferator–activated receptor; C/EBP, CCAAT/enhancer B, protein tyrosine phosphatase-

1B; BP, binding protein; RXR, retinoic X receptor; HFD, high-fat diet.
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DNA sequence present in its promoter. Consistently,
GATA-3-deficient ES cells exhibit enhanced capacity to
differentiate into adipocytes (143). It thus seems that
passive mechanisms, which are functional at the time of
C/EBPh and ADD-1 expression, are reinforced by
specific and active mechanisms. Both mechanisms then
become nonfunctional at the onset of terminal differ-
entiation, which leads to the adipocyte phenotype.

B WAT Development After Gain of Function

or Loss of Function

The recognition of the prime importance of an adequate
mass of WAT, coupled with the dramatic improvement
of our understanding of regulatory mechanisms of
adipogenesis, have led to numerous in vivo gain- or
loss-of-function experiments.

In most cases of gain-of-function experiments
(Table 4), use was made of the adipocyte-specific pro-
moter/enhancer of the ALBP gene, which allows tar-
geted expression in WAT and BAT of various genes of
interest. Compared to wild-type control mice, and in
agreement with their postulated physiological role,
overexpressing the lipolytic h1-adrenoreceptor (210) or
overexpressing the antilipolytic humana2-adrenorecep-
tor (on a h3 adrenoreceptor -/- background) (211) leads
to a decreased or increased fat mass, respectively. Over-
expression of agouti (213), angiotensinogen (188) (likely
acting in a paracrine/autocrine manner), or the glucose
transporter-4 (GLUT-4) (62) enhances fatmass. A high-
fat diet magnifies this weight increase. Notably, depend-
ing on the overexpressed gene, fat mass alterations are
due to change in fat cell number or in fat cell size.

The most dramatic effect of overexpression is
observed in the case of genes encoding transcription
factors. Mice overexpressing A-ZIP/F protein, a dom-
inant-negative protein which binds transcription factors
of the C/EBP and c-jun families, are fat-free and exhibit
the features of human lipoatrophic diabetes (214)
whereas mice overexpressing ADD-1/SREBP-1c
exhibit many of the features of human congenitial
generalized lipodystrophy (215). Overexpression of the
transcription factor FOXC2 in adipose tissue leads to a
lean and insulin sensitive phenotype. Interestingly, the
sensitivity of the h-adrenoreceptor/cAMP/PKA path-
way is also increased although the relative importance
of h1-, h2-, and h3-adrenoreceptor remains to be inves-
tigated. As FOXC2 gene levels are upregulated by high-
fat feeding and as transgenic mice exhibit resistance to
diet-induced obesity, it appears that FOXC2 overex-
pression counteracts the major symptoms associated
with obesity (216).

Adipose tissue development can be also impaired or
enhanced after gene invalidation (Table 5). For the sake
of clarity, genes expressed in the central nervous system
have been excluded, the invalidation of which has
revealed a key role in the control of body weight
regulation and/or food intake. In a few cases, KO mice
exhibit smaller size than wild-type mice, with a dispro-
portionate decrease in fat mass, i.e. PPARy -/-, Hmgic
-/-, RIIh -/-, and GLUT-4 -/- mice. Surprisingly,
although lipolysis is associated with phosphorylation
of hormone-sensitive lipase and that of perilipin, an
adipocyte protein coating triglyceride droplets, only the
invalidation of perilipin leads to resistance to diet-
induced obesity (217,218). The invalidation of diacyl-
glycerol acyltransferase gene, which encodes a key
enzyme implicated in triglyceride synthesis, leads to
the same phenotype but also to an unexpected increase
in energy expenditure (219). An increase in energy
expenditure is also observed in protein tyrosine phos-
phatase-1B-deficient mice which exhibit increased insu-
lin sensitivity and resistance to diet-induced obesity
(220,221). The invalidation of the gene encoding the
cell surface receptor of very low density lipoproteins
leads to increased plasma postprandial triglycerides
and, on a long-term basis, to resistance to diet-induced
obesity (229). Of interest is the invalidation of mito-
chondrial acetylCoA carboxylase-2, as the decrease of
malonyl-CoA levels is associated with higher fatty acid
oxidation in muscles and lower fat tissue mass despite
hyperphagy (222).

Some rationale emerges with respect to invalidation
of genes encoding C/EBPs and nuclear receptors of the
PPAR family and the gene encodingHmgic, a partner of
the transcriptosome, as reduced fat mass is observed as
compared towild-typemice (230–235). That C/EBPh -/-
C/EBPy -/- mice exhibit reduced fat mass with normal
levels of C/EBPa and PPARg strongly suggests that
alternative routes to upregulate PPARg, i.e., PPARy
and ADD-1/SREBP-1c, are functional in these double
KO mice (233). Interestingly, the time-dependent spe-
cific excision of RXRa from WAT and BAT leads to
impaired lipolysis and resistance to diet-induced obesity
(234). Despite this wealth of information, data from
these various investigations are rather difficult to com-
pare, as WAT cellularity, food intake, energy expendi-
ture and resistance to high-fat diet have not been
systematically reported. In summary, it is clear from
the data in Tables 4 and 5 thatWATmass can be altered
by predicted but also by rather unexpected ways. This
situation adds further complexity to devise well-defined
molecular targets at the peripheral level, which will
prove ultimately to be efficient in treating obese patients.
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I INTRODUCTION

Adipose tissue is the body’s largest energy reservoir.
Energy is stored in fat cells as triacylglycerols (TG).
Factors that control the storage and mobilization of
TG in adipocytes are important regulators of fat
accumulation in various fat areas (1). The major source
for adipocyte TG comes from chylomicrons and very
low density lipoproteins (VLDL). TG in the lipoprotein
particles are hydrolyzed by lipoprotein lipase (LPL)
located on the capillary walls of adipose tissue so that
nonesterified fatty acids (NEFA) and monoacylgly-
cerol are formed. NEFA are probably taken up by
the fat cell through passive and active transport.
Indeed, specific NEFA-transporting proteins have been
described (2–4). Once taken up by the fat cells, NEFA
are esterified to TG. The circulating albumin-bound
NEFA can also be taken up by the fat cells and
esterified to TG.

Adipose tissue lipolysis, i.e., the catabolic process
leading to the breakdown of triglycerides into NEFA
and glycerol, is often considered as a simple and well-
understood metabolic pathway. However, it is not
firmly established what truly sets the rate of adipose
tissue lipolysis. Newly released NEFA can be reesteri-
fied in the adipocytes. Quantitative studies are lacking in
vivo. Catecholamines and insulin represent the major
regulators of lipolysis. However, the physiological role
of a number of other lipolytic and antilipolytic agents

remains to be elucidated. During lipolysis, intracellular
TG undergo hydrolysis through the action of a neutral
lipase located inside the fat cell, hormone-sensitive
lipase (HSL). NEFA and glycerol leave the fat cells
and are transported by the bloodstream to other tissues
(mainly liver for glycerol; liver, skeletal muscle, and
heart for NEFA). NEFA act as signaling molecules as
well as metabolic substrates.

In addition to their role in adipose tissue metabolism,
they can regulate glucose utilization in muscle and are
important signals to the liver and beta cells as well.
Some of the NEFA that are formed during lipolysis do
not, however, leave the fat cell and can be reesterified
into intracellular TG. The glycerol formed during lip-
olysis is not reutilized to a major extent by fat cells
because they contain only minimal amounts of the
enzyme glycerol kinase. In normal-weight man, the
mean turnover rate of TG in the total fat mass is
f100–300 g TG per day. An imbalance between hydrol-
ysis and synthesis of TG can be important for the
development of obesity. Altered lipolysis could be an
element leading to obesity and interindividual varia-
tions in AT lipolysis are of importance for the rate of
weight loss. Conversely, excessive lipolytic rates, in
conjunction with impairment in NEFA utilization by
muscle and liver, may be a major contributor to the
metabolic abnormalities found in persons with android
or upper-body obesity and lead to non-insulin-depend-
ent diabetes mellitus (NIDDM).
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This chapter reviews quantitative and regulatory
aspects of lipid mobilization in human adipose tissue.
Several hundred articles have been published relating to
adipose tissue metabolism. In light of space limitations,
we will as often as possible cite reviews that cover a large
number of major publications in the area. A diagram of
themechanisms involved in the control of human fat cell
lipolysis is given in Figure 1.

II TRIGLYCERIDE HYDROLYSIS

A Protein-Lipid Interactions

The hydrolysis of the triglycerides stored in the fat cell
lipid droplets is a complex phenomenon. One mole of

triglyceride is broken in a stepwise fashion via digly-
ceride and monoglyceride intermediates into 3 moles
of free fatty acid and 1 mole of glycerol. In vitro, HSL
catalyzes the hydrolysis of triglycerides into diglycer-
ides, and diglycerides into monoglycerides. The first
step occurs at a 10-fold lower rate than the second
step. The enzyme is also responsible for the hydrolysis
of cholesterol and retinyl esters. Although HSL has
the capacity to hydrolyze monoglycerides in vitro,
monoglyceride lipase (MGL) is required to obtain
complete hydrolysis of monoglycerides in vivo. It is
important to note that MGL also hydrolyzes 2-mono-
glycerides resulting from the action of lipoprotein
lipase. Unlike other known mammalian triglyceride
lipases, HSL phosphorylation by protein kinase A

Figure 1 Control of human adipocyte lipolysis. Diagram of signal transduction pathways for catecholamines via adrenergic
receptors (AR), atrial natriuretic peptide via type A receptor and insulin. Protein kinases (PKA, PKG, and PKB) are involved in

target proteins phosphorylations. HSL phosphorylation promote its translocation from the cytosol to the surface of the lipid
droplet. Perilipin phosphorylation induces an important physical alteration of the droplet surface that facilitates the action of
HSL and lipolysis. Docking of ALBP to HSL favors the evacuation of NEFA released by the hydrolysis of triglycerides.

Question marks show pathways which are still hypothetical or the relevance of which has not been fully demonstrated in human
fat cells. Abbreviations: AC, adenylyl cyclase; ALBP, adipocyte lipid-binding protein; AR, adrenergic receptor; FA, fatty acid;
GC, guanylyl cyclase; Gi, inhibitory GTP-binding protein; Gs, stimulatory GTP-binding protein; HSL, hormone-sensitive lipase;
IRS, insulin receptor substrate; NEFA, nonesterified fatty acid; PDE-3B, phosphodiesterase 3B; P13-K, phosphatidylinositol-3-

phosphale kinase; PKA, protein kinase A; PKB, protein kinase B; PKG, protein kinase G.

Langin and Lafontan516



(PKA) leads to an activation of the enzyme. Through
modulation of 0cAMP levels, catecholamines and insu-
lin therefore control HSL activity. Three phosphoryla-
tion sites have been characterized—Ser563, Ser659, and
Ser660 (5). The latter two were shown to be responsible
for in vitro activation of HSL, whereas the role of
Ser563 remains elusive. Activation of the extracellular
signal-regulated kinase pathway is able to activate
lipolysis by phosphorylating HSL on Ser660 (6).
Whether this pathway is important in vivo remains to
be demonstrated.

Comparison of in vitro and in vivo activation of HSL
implies that a simple conformational change of phos-
phorylated HSL leading to a higher affinity for its
substrate does not fully account for fat cell lipolysis
stimulation. By analogy with other lipases, HSL may
exist in two conformational states—an active, open
formwith exposure of a hydrophobic area that interacts
with lipids to unmask the catalytic site, and an inactive,
closed form (7). Phosphorylation of HSL would be
required to trigger the transition from the closed to
the open form. In vivo, an important step in lipolysis
activation seems to be the translocation of HSL from a
cytosolic compartment to the surface of the lipid droplet
(8–10). In unstimulated cells, HSL is diffusively distrib-
uted throughout the cytosol. Upon stimulation with a
beta-adrenergic agonist, the enzyme translocates con-
comitantly to the onset of lipolysis. This rapid process
does not require protein synthesis and apparently does
not involve cytoskeleton.

HSL is classically considered as the key enzyme
catalyzing the rate-limiting step of adipose tissue lipo-
lysis. Mice lacking HSL are not obese (11,12). Cat-
echolamine-induced lipolysis is markedly blunted as
expected, but basal (or unstimulated) lipolysis is unal-
tered in isolated adipocytes. Accumulation of diglycer-
ide inAT shows thatHSL is the rate-limiting enzyme for
the catabolism of diglycerides but not triglycerides (13).
The data therefore suggest the existence of a triglyceride
lipase different from HSL. It is not known whether the
high activity of the novel lipase does result from a
compensatory mechanism associated with the lack
of HSL.

Proper activation of lipolysis relies on proteins that
are not directly involved in the catalytic process. Two
proteins have recently been shown to interact withHSL:
adipocyte lipid-binding protein (ALBP or aP2), and
lipotransin (14,15). ALBP is an intracellular fatty
acid–binding protein highly expressed in adipocytes.
ALBP interacts with HSL N-terminal region and
increases the lipolytic activity of HSL through its ability
to bind and sequester fatty acids and via specific pro-
tein-protein interaction. Consistent with such a role for

ALBP is the observation that ALBP-null mice exhibit
decreased lipolytic capacity (16,17). Lipotransin is a
member of the katanin family that may dock the protein
to the surface of the lipid droplet. The exact contribu-
tion of lipotransin to catecholamine lipolytic and insulin
antilipolytic effect awaits further studies.

Access to the lipid droplet constitutes another
potential mechanism for the control of lipolysis. Peri-
lipins are proteins covering the large lipid droplets in
adipocytes (18): They shield stored triglycerides from
cytosolic lipases. It has been hypothesized that, upon
phosphorylation, perilipins allow access to the lipid
droplet and thereby allow lipase to interact with its
substrates. In two independent studies, ablation of
perilipin results in mice with decreased fat mass and
increased lean body mass (19,20). The mice are resist-
ant to diet-induced obesity. Moreover, double mutant
Leprdb/db/Plin-/- mice are protected against the obesity
phenotype owing to mutation in the leptin receptor.
No hepatic steatosis or alteration of the lipid profile
was observed, which might be due to the increased
metabolic rate of the mutant animals. Basal lipolysis is
increased in perilipin-deficient adipocytes, which is in
line with a role of perilipin as a suppressor of lipolysis
in quiescent cells.

B Selective Mobilization of Fatty Acid

The selectivity of fatty acid mobilization from rat and
human adipose tissue has been reported during fasting
in vivo (21,22) and during stimulated lipolysis on iso-
lated fat cells (23,24). The composition of NEFA
released by adipose tissue was compared to that of the
triglycerides fromwhich they originated. For some fatty
acids, their percentage in NEFAwas different from that
in TAG. As a rule, the relative mobilization decreases
with increasing chain length for a given unsaturation
degree and increases with increasing unsaturation for a
given chain length. The contribution of HSL to the
selective mobilization was studied using purified HSL
and stable lipid emulsions (25,26). The fatty acid spe-
cificities of HSL do not seem to be oriented toward a
special demand by tissues or toward a preferential
sparing of particular fatty acids. Comparison of the
relative hydrolysis of fatty acids by HSL and their
mobilization rates from adipocytes supports the view
that the low mobilization of some fatty acids could
derive from a low release of fatty acids by HSL, whereas
the high mobilization of other fatty acids seems unre-
lated to the enzymological properties of HSL. Because
HSL can explain only part of fatty acid mobilization, it
is possible that ALBP and perilipin contribute to the
fatty acid selectivity.
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C Control of HSL Gene Expression

Factors modulating HSL gene expression have been
studied in mature adipocytes using murine preadipose
cell lines. cAMP and phorbol esters were shown to
decrease HSL mRNA and lipase activity levels through
independent mechanism, suggesting that sustained acti-
vations of protein kinase A and C pathways exert a
negative control onHSL gene expression (27). In rodent
and human adipocytes, glucose is a positive regulator of
HSL expression. Glucose deprivation results in a
decrease of HSL mRNA and lipase activity levels (28).
The effect of glucose is reversible and is not due to an
impairment of the differentiation program. In primary
culture of rat adipocytes, prolonged treatment with
glucose and insulin results in an increase of basal and
stimulated lipolysis and a maintenance of HSL protein
levels (29). Long-chain fatty acids do not seem to affect
HSL expression.

The 775-amino-acid-long adipocyte HSL is encoded
by nine exons spanning 11 kb (30). A short 5V noncoding
exon located 1.5-kb upstream of exon 1 contains the
transcriptional start site (31). The proximal 5V flanking
region contains an E-box that binds upstream stimula-
tory factors, and two GC-boxes that bind Sp1 and Sp3
(32). The cis-acting elements are essential for promoter
activity. The E-box also mediates the response to glu-
cose, but the nature of the transcription factor complex
responsible for glucose induction is unknown. Besides
transcriptional mechanisms, alternative splicing of pre-
mRNA has an important role in the regulation of gene
expression. An alternatively spliced form of human
HSL has been identified in AT (33). In-frame skipping
of exon 6 generates a catalytically inactive but phos-
phorylatable protein. The short-form HSL mRNA
represents f20% of HSL transcripts.

III MECHANISMS OF THE HORMONAL

CONTROL OF LIPOLYSIS

A G-protein-Coupled Receptors and Adenylyl

Cyclase Regulation

Activators and inhibitors of the adenylyl cyclase sys-
tem and hormones and enzymes controlling intracel-
lular cyclic AMP levels are direct regulators of
lipolysis. Intracellular cyclic AMP (cAMP) increases
lipolysis while antilipolysis is associated with the low-
ering of cAMP levels. In vitro studies on human fat
cells have established that the tuning of cAMP levels
and lipolysis by hormones and paracrine agents is
dependent on the balanced cross-talk between stimu-

latory and inhibitory pathways mediating the control
of adenylyl cyclase on one hand and fat cell cyclic
nucleotide phosphodiesterases (PDEs) on the other.
PDEs, by hydrolyzing cAMP and cyclic GMP, are
critical in terminating cyclic nucleotide signals and
therefore regulate biological processes mediated by
second messengers. Activation of adenylyl cyclase
activity stimulates the formation of cAMP from
ATP. Stimulating receptors coupled to Gs-protein
activate adenylyl cyclase while activation of inhibitory
receptors coupled to Gi-proteins inhibit the activity of
the enzyme.

1 Gs-protein-Coupled Receptors

In human fat cells, both beta1- and beta2-adrenergic
receptors are known to stimulate cAMPproduction and
lipolysis in vitro (34) and in vivo (35). The physiological
role of the beta3-adrenergic receptor in human adipose
tissue remains questionable. The receptor does not
contribute to catecholamine-induced lipolysis in human
subcutaneous adipocytes (36). The action of beta3-
agonists exerting some lipolytic activity in vitro has
not been convincingly validated in vivo. Moreover,
one of these agonists, CGP 12177, exerts its effect
through a so-called beta4-adrenergic receptor effect,
which was, in fact, atypical interaction of the drug
with beta1-adrenergic receptors (37–40). Confirmation
of the lack of beta3-adrenergic effect in humans has also
been provided by in vivo studies. During isoproterenol
infusion at dosages<200 ng/kg min, there was no
evidence for a beta3-adrenergic receptor-mediated
increase in human lipolysis, energy expenditure and
lipid oxidation (41).

Similar conclusions were obtained when using in situ
microdialysis (35). The other hormones which are
known to exert lipolytic effects in rodent fat cells
through Gs-protein-coupled receptors, such as gluca-
gon, parathyroid hormone, TSH, a-MSH, and ACTH,
are either ineffective or very weak activators of lipolysis
in human adipocytes.

2 Gi-protein-Coupled Receptors

In addition to lipolysis-promoting agents neuropep-
tides, paracrine factors, and autacoid agents (adenosine,
prostaglandins and their metabolites) originating from
the adipocytes themselves, preadipocytes, endothelial
cells, macrophages, and sympathetic nerve terminals are
known to negatively control adenylyl cyclase activity
and inhibit lipolysis by their interaction with plasma
membrane receptors belonging to the seven-transmem-
brane domain receptor family. The major antilipolytic
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pathways involve alpha2-adrenergic receptors, A1-
adenosine-receptors, EP3-prostaglandin E2 receptors,
and neuropeptide Y/peptide YY (NPY-1) receptors.
Existence of inhibitory nicotinic acid-receptors is pro-
posed to explain the well-known antilipolytic action of
nicotinic acid, but as yet, the receptor protein has not
been identified. Antilipolytic responses (initiated by
alpha2-adrenergic receptor agonists, prostaglandins,
adenosine, NPY/PYY) are less easy to investigate than
simulating effects in vitro, and some controversies exist
in the design of the experiments and the results.

Recent studies have focused on the diversity and
the abundance (number of binding sites) of lipolysis-
inhibiting receptors in human fat cells. The human fat
cell NPY receptor is an NPY-1 receptor subtype which,
when stimulated, sustains a strong antilipolytic effect
(42). Adrenaline and noradrenaline have a higher affin-
ity for alpha2- than for betal/beta2-adrenergic receptors,
suggesting the existence of a role for the alpha2-adre-
nergic pathway in the control of lipolysis in humans
(43). Concerning adenosine and prostaglandins, these
compounds are probably metabolized very rapidly in
vivo as well as in vitro (44,45). Nevertheless, substantial
amounts of adenosine were found in the interstitial fluid
of adipose tissue (46). Endogenous inhibitory agents
may therefore have a stronger effect on TG hydrolysis
than previously suspected. Gia2 is a major transducer of
the inhibitory response in adipose tissue, and provides
tonic suppression of basal adenylyl cyclase activity in
vivo (47). The fact that unrestrained fat cell adenylyl
cyclase proceeds at increased rates suggests that a
certain degree of inhibition might be necessary for fat
cell adenylyl cyclase to be susceptible to stimulation.
Under in vivo conditions, in the presence of the endog-
enous ligands, Gi-dependent inhibitory pathways may
be undersustained and permanent inhibition, since the
inhibitory pathways driven by prostaglandins, catechol-
amines, and adenosine are always activated at the low
concentrations of the agents (43,48). Convincing in vivo
demonstration of existence of such mechanisms in
human adipose tissue is necessary.

B Tyrosine-Kinase Receptors

and Signaling Pathways

Insulin and IGF-1 receptors are prototypic members of
this family of receptors that are characterized by an
extracellular binding domain, a single transmembrane
portion, and a large intracellular catalytic domain. In
parallel to their control of glucose uptake by fat cells,
insulin and IGF-1 control cAMP levels and lipolysis
through PDE3B-dependent degradation of cyclic AMP

to 5VAMP, decrease in cyclic AMP level, inactivation of
PKA, and reduced phosphorylation of HSL. Insulin
and IGF-1 tyrosine-kinase receptors are coupled to
phosphatidyl inositol kinase-3 (PI3-K). PI3-K is a
heterodimer composed of two subunits: a p85 regula-
tory subunit, which contains two Src homology 2 (SH2)
domains, and one Src homology 3 (SH3) domain, as
well as the p110 catalytic subunit. PI3-K possesses both
lipid-kinase and serine-kinase activities. The antilipo-
lytic effect of insulin is mediated through the activation
of the cGMP-inhibited phosphodiesterase3B (PDE3B).

The activation cascade is rather complex, and some
points remain unclear. When insulin binds to its recep-
tor, the receptor is activated by phosphorylation on
tyrosine residues, which causes tyrosine phosphoryla-
tion on intracellular substrates such as insulin receptor
substrate I, II and (IRS-I and II), and binding of the p85
subunit of PI3-K. This binding activates the lipid-
kinase, which phosphorylates the phosphoinositol at
the D-3 position of the inositol ring. In addition, the
PI3-K serine kinase autophosphorylates both the p85
regulatory subunit and the p110 catalytic subunit. This
step is followed by PKB/Akt phosphorylation/activa-
tion, PDE3B activation, and cAMP breakdown (49).

Recent studies in human adipocytes have shown that
PDE3B is associated with the insulin receptor; its asso-
ciation does not appear to be regulated by insulin.
Insulin increases binding and capacity of the PI3-K-
serine kinase associated with the insulin receptor, lead-
ing to an increased phosphorylation and activation of
PDE3B (50). cAMP-mediated pathways may either
oppose or facilitate the actions of insulin and/or growth
factors that signal via receptor tyrosine kinases (51).

C Other Lipolytic Pathways

1 Natriuretic Peptides

A new hormonal lipolytic pathway has been discovered
in human fat cells (52). Atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP) stimulate human
fat cell lipolysis as much as isoproterenol. The rank or-
der of potency for stimulation of lipolysis (ANP>BNP
>CNP) and the existence of an ANP-induced cyclic
GMP production suggested the presence of a functional
type A natriuretic peptide receptor in human fat cells.
Expression of ANP receptors mRNAs and binding
studies have confirmed the presence of type A and C
ANP receptors. Activation or inhibition of PDE-3B and
inhibition of adenylyl cyclase activity do not modify
ANP-induced lipolysis (52). In vitro studies have shown
that HSL could be phosphorylated by cyclic GMP-
dependent protein kinase (53). Cyclic GMP–dependent
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activation of protein kinase G and phosphorylation of
HSL occur after ANP stimulation in human adipocytes
(Sengenes et al., unpublished results). In situ micro-
dialysis experiments have confirmed the potent lipolytic
effect ofANP in abdominal subcutaneousATof healthy
subjects, and intravenous administration of ANP pro-
motes a striking rise in plasma levels of NEFA and
glycerol in normal and obese subjects (54). ANP-
induced lipid mobilizing effect was enhanced after a
low-calorie diet in obese subjects (55). These results
raise questions about the physiological and/or patho-
logical relevance of this novel lipolytic pathway in
normal subjects and obese patients.

2 Growth Hormone

Growth hormone (GH) stimulates lipolysis in human
adipocytes; however, the exact mechanism of action is
not fully clarified. Although GH treatments in adults
reduce abdominal obesity and improve insulin sensitiv-
ity as well as blood lipid profiles, the physiological
contribution of GH to the control of human adipose
tissue lipid mobilization has remained elusive and is not
yet entirely clear. Recent studies have assessed its role;
small physiological GH pulses increase interstitial glyc-
erol concentrations in both femoral and abdominal
adipose tissue (56). Moreover, normal nocturnal rise
in plasma GH concentrations also leads to site-specific
regulation of lipolysis in adipose tissue (57). Of putative
pharmacological interest, a small synthetic peptide
sequence of human GH (AOD-9041) has been shown
to increase human and rodent fat cell lipolysis in vitro.
Its efficiency on lipid mobilization has been observed
after chronic oral administration in rodents; mecha-
nisms of action remain to be clarified (58).

3 Tumor Necrosis Factor-a

TNFa is a macrophage product, also released by fat
cells, which has been suggested to signal the loss of body
weight through the decrease in AT and muscle mass.
Macrophages release cytokine(s) in response to lipopo-
lysaccharide that stimulate lipolysis in freshly isolated
rat adipocytes. TNFa can account for most of the
action on adipocytes. Stimulation of lipolysis by TNFa
is not direct, since it becomes apparent only after long-
lasting exposure of human and rodent adipocytes to the
cytokine (59). Exploration of TNFa mechanisms of
action has been performed in rodent fat cells.

To demonstrate the role of the different TNFa
receptors in the induction of the lipolytic effects, experi-
ments were performed on preadipocyte cell lines estab-
lished from wild-type mice (TNFR1 +/+ R2 +/+) and

from mice lacking TNFR1 (TNFR1 -/-), TNFR2
(TNFR2 -/-) or both (TNFR1 -/- R2 -/-). The studies
demonstrated that TNFa-induced lipolysis as well as
inhibition of insulin-stimulated glucose transport are
predominantly mediated by TNFR1 (60). Additional
experiments have demonstrated that TNFa could reg-
ulate lipolysis, in part, by decreasing perilipin protein
levels at the lipid droplet surface (61). Blunting the
endogenous inhibition of lipolysis through Gi protein
downregulation is another possible mechanism (62). In
human fat cells, TNFa activates the three mammalian
mitogen activated protein kinases (MAPK) in a distinct
time- and concentration-dependent manner. TNFa-
induced lipolysis is mediated by only p44/42 and Jun
Kinase but not by p38 (63).

4 Miscellaneous Agents

Nitric oxide (NO) or related redox species like NO+/
INO� have been proposed as potential regulators of
lipolysis in rodent and human fat cells (64,65). A
number of experiments have reported the production
by cachexia-inducing tumors of a lipid-mobilizing fac-
tor (LMF) that causes immediate release of glycerol
when incubated with murine adipocytes. Induction of
lipolysis by LMF was associated with an increase in
intracellular cAMP levels. LMF has not yet been char-
acterized, but its activity was shown to be attenuated by
eicosapentaenoic acid (66). The serum and urine of
cachectic cancer patients contain LMF, the activity of
which correlated with the extent of weight loss (67).

IV IN VIVO REGULATION OF LYPOLYSIS

IN HUMAN ADIPOSE TISSUE

In normal subjects, regulation of lipolysis in response
to feeding, fasting, and exercise is based on HSL
expression/activity upon and interactions with several
regulators discussed above, principally plasma insulin
and sympathetic nervous system activity modulation
(68). In humans, several studies have been performed to
explore the relationship between HSL expression and
lipolytic rate in physiological and pathological situa-
tions. In human subcutaneous adipocytes, a good
correlation was found between HSL protein and
mRNA levels and maximal lipolysis independently of
fat cell size (69).

Concerning the various regulators, in vitro studies
on human fat cells have established that the tuning
of cAMP levels and lipolysis by catecholamines is
dependent on the balanced cross-talk between beta-
and alpha2-adrenergic receptor–dependent pathways
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(43,70–72). A number of in vitro studies have clearly
established that the repertoire and the expression level
of human adipocyte adrenergic receptors largely differ
according to anatomical location of AT depots, sex, and
age of the subjects and genetic determinants.

A Body Fat Distribution and Lipid Mobilization

Body fat distribution differs between normal-weight
men and women. A peripheral distribution is usually
found in women while a more central one is described in
men. Human adipose tissue displays significant regional
differences in preadipocyte capacities for replication
and differentiation, adipocyte size, basal metabolic
activities, and hormonal responsiveness (73). These
differences appear to determine regional fat deposi-
tion. Adipose site-related differences in the regulation
of lipolysis have been shown in vitro and in vivo in
normal-weight subjects (43,71,74–76). Lipolytic res-
ponse of isolated fat cells to catecholamines is weaker
in the subcutaneous gluteal/femoral than in the subcu-
taneous abdominal and visceral adipose tissue. These
site-related differences are more noticeable in women
than in men. In vitro studies have revealed an enhanced
alpha2-adrenergic responsiveness associated with a con-
comitant decrease in beta-adrenergic responsiveness
explains the lower lipolysic effect of catecholamines in
gluteal/femoral fat cells of women. Conversely, visceral
fat adipocytes exhibit the highest lipolytic responsive-
ness to catecholamines. In vitro studies have shown that
concomitant variations in beta2- and alpha2-adrenergic
sensitivity in adipocytes may be predictive of weight loss
during dieting or very low calorie diets (77,78). The
mechanisms explaining the regional differences have
been investigated in vitro (72,79,80). Moreover, micro-
dialysis studies have confirmed the sex-related differ-
ences revealed in in vitro assays.

Site-related differences are also found in the antili-
polytic action of insulin, prostaglandins, and adenosine.
In vitro studies have demonstrated that regional differ-
ences exist in the antilipolytic effects of insulin. Omental
adipocytes are less sensitive to the antilipolytic effect of
insulin than abdominal subcutaneous adipocytes;
mechanisms have been explored (81). Regional hetero-
geneity of insulin-regulated NEFA release has been
confirmed in vivo, indicating that visceral adipose tissue
lipolysis is more resistant to insulin suppression than is
leg lipolysis in humans (82). Whatever the mechanistic
interest of the in vitro approaches, tissue-specific inves-
tigations, using in situ microdialysis, must be extended
to delineate the physiological relevance of previous
studies on antilipolytic agents.

B Aging

Aging is associated with a diminished ability to mobi-
lize fatty acids and to use fat as a fuel (increase skeletal
muscle fatty acid uptake and oxidation) during beta-
adrenergic receptor stimulation (83). There is a selective
decrease in the beta-adrenergic lipolytic capacity with
aging, which may be caused by disturbances at the ad-
renergic receptor level or at the postadrenergic receptor
level. These alterations are independent from the age-
expected increase in total adiposity (84). The impair-
ment in sympathetic nervous system (SNS)-mediated
lipolysis and fat oxidation may be of importance in the
age-related increase in adiposity and obesity.

C Stress

In diverse stressful conditions such as surgery, trauma,
or severe burns, most of the studies have described
incremental lipolysis which could be activated to an
inappropriate level and lead to excess of plasmaNEFA.
Activation of lipolysis is due to an increased SNS drive
and stress hormones secretion, which both facilitate
lipid mobilization and reduce insulin secretion (68,85).
Sustained changes in SNS activity or plasma catechol-
amine levels have commonly been associated with
altered beta-adrenergic function in target cells leading
to desensitization. Desensitization of beta-adrenergic
receptor–mediated lipolysis to catecholamines exposure
has extensively been studied in vitro (70). Repeated
adrenaline treatment has been shown to suppress basal-
and adrenaline-stimulated lipolysis in lean and obese
subjects. Plasma insulin concentration increased after
repeated adrenaline treatment, and could contribute to
the loss of adrenaline efficacy (86). The in vivo lipolytic
response of the AT to adrenaline is desensitized by
prior adrenaline exposure (87). However, no cardio-
vascular desensitization was observed in these condi-
tions. It remains to be established if this phenomenon is
related to a noticeable beta-adrenergic receptor desen-
sitization, to the appearance of a change in the balance
between beta- and alpha2-adrenergic receptor–depend-
ent effects, or to an incremental increase in plasma
insulin level.

D Exercise

Exercise represents, with fasting, the main physiological
situation of increased lipolysis; sustained exercise of
moderate intensity is characterized by marked increases
in lipolysis (88). Much of the lipolytic response to
exercise can be blocked by beta-adrenergic receptor
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antagonists. Possible limiting factors to exercise while
taking beta-blockers include local alterations to AT
blood flow and reduction of adipose tissue and intra-
muscular lipolysis (89). Aerobic physical training in
obese male subjects, when designed to have no effect
on body weight, modifies AT lipolysis through an
enhancement of beta-adrenergic responses and a con-
comitant blunting of adipocyte antilipolytic activity
(90–92). Adrenaline- and isoproterenol-stimulated lip-
olytic responses in vitro are higher in fat cells of trained
than of sedentary women, whereas alpha2-adrenergic
responses are lower. Maximal lipolysis initiated by
agents acting at the postreceptor level is also higher
(93). Microdialysis studies have revealed a higher exer-
cise-induced lipolysis in trained than in untrained sub-
jects; beta-adrenergic response is largely responsible
for this effect, since the alpha2-adrenergic receptor–
mediated antilipolytic action is not involved in the
regulation of lipolysis in subcutaneous abdominal adi-
pose tissue of the trained subjects during exercise (94).

V DYSREGULATION OF LIPOLYSIS

IN OBESITY

As in normal-weight subjects, the distribution of body
fat is subject to variation, with noticeable differences
between sexes in obesity. Gender and obesity appear to
influence these regional differences. Obese men have a
tendency to develop central (abdominal) obesity, while
a more peripheral form of obesity usually exists women.
Epidemiological studies have suggested that visceral
obesity has strong associations with metabolic and
cardiovascular complications (73). An extended intra-
abdominal fat depot appears to be the major factor
contributing to increased endocrine and metabolic dis-
orders. However, not all investigators attribute the
metabolic complications of obesity to visceral adiposity
(75,95). In vitro studies of adipocytes taken from differ-
ent body fat regions suggest substantial differences in
lipolysis between intra-abdominal (omental, visceral),
lower-body subcutaneous, and abdominal subcutane-
ous regions.

In situmeasurements of glycerol release from adipose
tissue have provided further evidence that regional
heterogeneity of lipolysis occurs in humans (76). In
upper-body obesity, the regional variations in lipolysis
between visceral and subcutaneous fat cells are more
important than in normal-weight subjects. It is not
clearly established whether NEFA reesterification is
altered in obesity. Theoretically, primary defects might
exist in adipose tissue of certain obese individuals.

Approximately 50% of newly hydrolyzed NEFA are
reesterified in subcutaneous adipose tissue of weight-
stable obese individuals; during weight reduction, this
proportion drops to 10% (96). The true role of NEFA
reesterification remains to be clarified in normal-weight,
obese, and postobese, weight-stable subjects.

A Basal Rate of Lipolysis

The basal rate of lipolysis in vitro is increased in
enlarged fat cells of obese subjects. The differences
existing in the basal rate of lipolysis in vitro between
lean and obese subjects disappears when fat cell size is
taken into account. It is known that circulating NEFA
levels are increased in obese subjects and that an in vivo
increase in the overall rate of lipolysis exists during
fasting in obesity. Interpretation of results is more
complex since when fat mass is taken in account, the
increase is not observed (68). Microdialysis studies
performed after an overnight fast in obese subjects have
revealed that the lipolytic rate per tissue weight was
normal in obesity (97). The mass effect due to the
enlargement of body fat deposits might explain the
increased overall rates of ‘‘basal’’ lipolysis in vivo, and
probably explains the origin of increased plasmaNEFA
levels commonly found in obese subjects. The relative
contribution of the various fat deposits to this increase
in plasma NEFA levels represents an important factor
which merit attention.

B Differences in HSL Activity

Larger fat cells, usually found in subcutaneous deposits
of obese subjects, have higher lipolysis rates, HSL
activity, and HSL mRNA expression levels. Lipolysis
rates correlate with fat cell size regardless of the adipose
tissue region (98). Comparison of two groups of young
adult nonobese subjects with or without a family trait
for overweight showed that adipocyte maximal lipolytic
capacity and HSL expression were lower in subjects
with obese relatives (99). The data suggest a defect in
fat cell lipolysis caused by an impaired expression of
HSL in normal-weight subjects with a family history of
obesity. Impaired lipolysis could therefore constitute an
early event in the development of obesity. Moreover, a
defect in HSL expression linked to an impaired lipolytic
capacity in subcutaneous adipocytes was observed in
massively obese subjects (100).

During a 4-week very low calorie diet, an increase in
HSL expression in subcutaneous AT of obese women
was reported (101). This physiological adaptationmight
be important to allow an intense mobilization of fatty
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acids which are, during this type of calorie restriction,
the preferred fuels in the body. In two independent
weight reduction programs combining hypocaloric diet
followed by stabilization at the new weight, the level of
HSL after weight stabilization was lower than the HSL
level before the program (102,103). These data show
that variations in AT lipolysis and HSL expression
differ between the hypocaloric and isocaloric phases of
weight reduction programs. It is tempting to speculate
that hereditary alterations in the regulation of fat cell
lipolysis may contribute to the increase in fat mass in
some subjects.

C Catecholamine Action

It is commonly accepted that the action of catechol-
amines is impaired in obesity. This defect might be an
early event since it has been observed in obese adoles-
cents (104,105). A summary of the modifications of the

lipolytic responses described on human isolated fat cells
in vitro or when using in situ microdialysis is given in
Table 1. It is probable that this link between abnormal
in vivo regulation of lipolysis and upper-body obesity is
caused by regional variations of lipolysis regulation.
Greater resistance to the lipolytic effect of catechol-
amines and the antilipolytic effect of insulin is found in
subjects with abdominal than in those with peripheral
obesity (71). Another important AT component, modu-
lated by SNS activity, insulin, paracrine factors, and
autacoid agents released by the adipocytes could also
interfere with adipocyte function and AT physiology,
which is adipose tissue blood flow (ATBF). Changes in
ATBF contribute to TG clearance and facilitate the
removal of NEFA and glycerol produced during lip-
olysis. Failure to regulate ATBF may be a feature of
obesity and insulin resistance (106).

The theory on regional fat lipolysis results from a
number of in vitro observations. Differences in the

Table 1 Physiological and Pathological Modifications of the Human Lipolytic Responses to Catecholamines In Vitro in
Isolated Fat Cells and In Situ Using Adipose Tissue Microdialysis

Physiological and pathological situations Lipolytic responsea Modulatory effects Ref.

Neonatal period Decreased1 a2-adrenergic responsiveness z 142

Aging Decreased1 Activation of HSL # 143
Sex-related differences Variable1 Changes in the balance between

a2- and h-adrenergic effects 78

HSL expression correlated
positively with fat cell size 144

Anatomical differences Variable1 idem 107,108
Very low calorie diet Increased1 HSL expression z 101

Endurance training Increased1,2 h-adrenergic response z 91
Obesity Decreased1 HSL expression # 100

h2-adrenergic receptor expression # 145

a2-adrenergic receptor response z 107
Insulin resistance Decreased1 HSL activation # 117
syndrome h2-adrenergic receptor number #

Catecholamine resistance Decreased1 h2-adrenergic response # 80
in normal population h2-adrenergic receptor number #

Combined familial Decreased1 HSL expression # 146
hyperlipidemia

Polycystic ovary Decreased1 HSL activation # 147
syndrome h2-adrenergic receptor number #

Hypothyroidism Decreased1 HSL activation 148

Hyperthyroidism Increased1 h-adrenergic receptor number z 148
Cushing syndrome Decreased1 Unknown 79
Phaeochromocytoma Decreased1 Unknown 149

Type I diabetes Increased2 h-adrenergic response z 150
Microgravity Increased2 h-adrenergic response z 151
Adrenaline infusion Decreased2 h-adrenergic response # 87

HSL, hormone-sensitive lipase.
a Data obtained in vitro (1) and situ (2).
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lipolytic response of adipocytes to catecholamines in
obese compared with lean subjects are associated with
variations in the functional balance between beta- and
alpha2-adrenergic receptors in AT (107,108). Reduced
beta2-adrenergic lipolytic responsiveness has been
reported in subcutaneous fat cells from obese subjects
(109) or subjects with a reduced isoprenaline sensitivity
(80). In addition, an increased antilipolytic responsive-
ness linked to alpha2-adrenergic receptors stimulation
has also been found in subcutaneous adipocytes of
obese of both sexes (107). Conversely, in visceral fat,
catecholamines action is increased owing to an
increased beta-adrenergic responsiveness and decreased
alpha2-adrenoceptor function (110). To sum up, the
lipolytic defects described in the adipose tissue of obese
subjects can originate from direct HSL alterations
(expression and/or function) or from multiple defects
in catecholamine signal transduction pathways (beta/
alpha2-adrenergic receptor balance, Gs/Gi-proteins
level, and function and decreased ability of cyclic
AMP and PKA to stimulate HSL).

A number of in vivo studies have shown blunted
catecholamine-induced lipolysis in subcutaneous fat
cells of obese subjects. Studies performed in adults with
long-standing obesity have shown a reduced lipolytic
sensitivity to catecholamines in subcutaneous abdomi-
nal adipose tissue. Unresponsiveness of the subcutane-
ous adipose tissue to neurally stimulated lipolysis has
been described in obese subjects (111). The lipolytic de-
fects in obese subjects have been confirmed by different
groups (104,112,113). Using in situ microdialysis, a spe-
cific impairment in the capacity of beta2-adrenergic
receptor agonists to promote lipolysis has been reported
in the subcutaneous abdominal adipose tissue of obese
adolescent girls (105). Moreover, when performing IV
administration of selective beta1- and beta2-adrenergic
receptor agonists, the increase in lipolysis and thermo-
genesis promoted by a selective beta2-adrenergic stim-
ulation (salbutamol) was reduced in obese subjects.
Conversely, beta1-adrenergic receptor-mediated (dobu-
tamine) metabolic processes (i.e. lipolysis, thermo-
genesis, and lipid oxidation) were similar in obese and
lean men. In conclusion, beta2-adrenergic-mediated in-
creases in thermogenesis and lipid oxidation are
impaired in the obese. It is suspected that a dysfunction
of the beta2-adrenergic pathway or of the beta2-adre-
nergic receptor density may play a role in the etiology
or maintenance of a relatively increased fat mass and,
consequently, obesity. A lipolytic defect associated
with a reduced NEFA availability may be the cause
of an impairment of responses in energy expenditure
and lipid oxidation during beta-adrenergic receptor
stimulation (114).

In vivo studies of regional NEFA release have
confirmed that adipose tissue lipolysis varies between
upper- and lower-body fat. Release of NEFA from
lower-body adipose tissue is less than that from upper-
body adipose tissue in obese men and women (76).
Although women have a higher percentage of body fat
than men, there are a number of studies showing that
lipolysis and the proportion of energy derived from fat
during exercise is higher in women than in men (115).
A recent study has demonstrated that the physiolog-
ical activation of antilipolytic alpha2-adrenergic recep-
tors could inhibit lipid mobilization in subcutaneous
AT of exercising obese men. The physiological stim-
ulation of adipocyte alpha2-adrenergic receptors dur-
ing exercise-induced SNS activation contributes to the
blunted lipolysis observed in subcutaneous AT of
obese men (116).

However, the alpha2-adrenergic effect is weaker in
the subcutaneous adipose tissue of obese women (Stich
V., unpublished results). These in vivo results provide
evidence of the contribution of fat cell alpha2-adrenergic
receptors on the physiological control of lipolysis in
subcutaneous AT of obese men. In hypertrophic human
fat cells which express a high level of alpha2-adrenergic
receptors, any reduction of the beta-adrenergic recep-
tor–mediated lipolytic response will disturb the func-
tional balance between alpha2- and beta-adrenergic
receptor–mediated effects and amplify the reduction of
the lipolytic response initiated by the physiological
amines. Alpha2-adrenergic receptors in subcutaneous
AT of obese subjects may have important physiopatho-
logical implications in men developing large subcuta-
neous fat deposits and in women with excessive hip and
femoral fat deposits. Reduced AT lipolytic sensitivity to
catecholamines occurring in subcutaneous AT deposits
probably represent an adaptive process of the hyper-
trophied adipocyte. A rise in alpha2-adrenergic recep-
tors and alpha2-adrenergic activity has beneficial effects
by limiting excessive rates of lipolysis andNEFA release
into the systemic circulation. Such a regulation could
represent a valuable adaptative process to adjust lipo-
lytic responsiveness to catecholamines to fat accumu-
lation; the mechanisms leading to alpha2-adrenergic
receptor overexpression are not established. It is tempt-
ing to speculate that adipocyte alpha2-adrenergic re-
ceptors may have a major contribution to the resistance
of subcutaneous AT to fat loss during very low cal-
orie diets and during physical training programs in
obese subjects.

Taken together, these in vitro and in vivo findings
suggest that catecholamine-induced lipolysis is
decreased in subcutaneous fat but increased in visceral
fat following SNS activation. This would promote a

Langin and Lafontan524



marked increase in portal NEFA in relation to periph-
eral venous NEFA. Excess in portal NEFA could be a
mechanism responsible for the hepatic insulin resistance
usually observed in abdominal obesity. Unfortunately,
a number of these speculations are based on in vitro
studies and in vivo measurements of subcutaneous
adipose tissue responses. For practical and ethical rea-
sons, it is difficult to perform a direct study of portal
NEFA flux in vivo in humans; it is the major limitation
of such studies.

Moreover, in addition to catecholamines, and owing
to technical limitations, the contribution of other hor-
mones and paracrine agents exerting antilipolytic
actions has not been investigated so deeply in visceral
obesity. It is not clear to what extent insulin action is
altered in obesity. Controversial results have been pub-
lished. Insulin resistance has been demonstrated in
obese subjects when insulin action is studied on glucose
transport and glucose uptake by adipose tissue. Data on
insulin-induced antilipolysis have shown that insulin
exerts a stronger antilipolytic action in subcutaneous
than in visceral fat deposits; controversies persist prob-
ably owing to the difficulties existing for the investiga-
tion of the antilipolytic actions of insulin in obese
subjects. Increased, decreased or normal antilipolytic
actions of insulin have been described in fat cells
obtained from obese subjects (79,117). Preservation or
partial or tissue-dependent reduction of antilipolytic
actions of insulin could be important for the mainte-
nance or acceleration of obesity in overweight subjects.
There is a generalized resistance to insulin suppression
of lipolysis in type 2 diabetes compared with equally
obese nondiabetic individuals (118). Modifications of
other antilipolytic mechanisms may also be involved in
the adipocyte of obese subjects. Decreased antilipolytic
actions of prostaglandins and adenosine have been
reported in subcutaneous fat cells of obese subjects in
vitro. These results must be interpreted cautiously since
the design of in vitro assays for in vivo demonstrations
do not exist for the moment. Whatever the number of in
vitro studies on isolated adipocytes and small tissue
samples, it is still difficult to extrapolate a number of in
vitro findings to the in vivo situation.

VI GENETICS OF FAT CELL LIPOLYSIS

Hereditary influences have repeatedly been reported
in the control of catecholamine-induced lipolysis
(101,119–121). Beta-adrenergic receptors are candidate
genes for obesity because of their role in catcholamine-
induced lipolysis and energy homeostasis. Polymor-
phisms in the beta1-, beta2-AR-, and beta3-adrenergic

receptors could influence adipocyte lipolysis and have
an effect on the development of obesity-related meta-
bolic disorders. Altered coupling properties of the
Arg389Gly gene variant of the beta1-adrenergic recep-
tor have been reported in recombinant cells. Never-
theless, distribution of the Arg389Gly polymorphism of
the beta1-adrenergic receptor is similar in lean and obese
subjects, and has no apparent effect on the lipolytic
responsiveness (122). The rare beta2-adrenergic recep-
tor polymorphism Thr164Ile is associated with a de-
creased lipolytic responsiveness of subcutaneous fat
cells, suggesting that the genetic variance of the beta2-
adrenergic receptor might be an important determinant
of catecholamines responsiveness in fat cells (123). In
addition, the Gln27Glu substitution in the beta2-AR
was found twice as common in obese as in nonobese
subjects in a group of women with a large variation in
body fat mass.

Homozygotes for Glu27 had an average fat mass in
excess of 20 kg and f50% larger fat cells than controls
(124,125). Nevertheless, change in beta2-AR lipolytic
function was not observed. The frequency of the Glu27
is also higher in patients with type 2 diabetes, but this
association could be secondary to obesity. The problem
is complex and probably depends on sex-related deter-
minants, since the positive association between obesity
and the Glu27 variant in the beta2-AR exists in females,
while, conversely, in males there is a negative correla-
tion between the Glu27 variant and obesity (126).

The Arg16Gly polymorphism was associated with
altered beta2-AR function with Gly16 carriers showing
a fivefold increased agonist sensitivity. The frequency of
Gly16 homozygotes was lower in obese than in non-
obese women; women bearing the Arg16 allele had
higher BMI values than Gly16Gly women. Women
carriers of the Arg16Arg genotype had lower fasting
plasma NEFA and greater suppression of NEFA after
an oral glucose load than women bearing the Gly16
allele. Moreover, the effect of the Arg16Arg genotype
on the suppression of NEFA levels was modified by
physical activity level (127).

A recent population study on unselected subjects of
theWHO-MONICA project in the North of France has
shown that the Glyl6Arg and Gln27Glu polymorphism
were in strong linkage disequilibrium, as two-thirds of
the women investigated carried both Gly16 and Glu27
in a hetero- or homozygous form. The study has also
shown that men bearing the Gln27Gln genotype had
higher body weight, body mass index, and waist-hip
ratio and increased risk of obesity. If Gln27Gln men
were bearing in addition the Arg16 allele, the increase in
body weight and BMI, and waist-to-hip ratio was more
important (128). Physical activity counterbalanced the
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effect of the genetic predisposition to increase body
weight, body fat, and obesity described in Gln27Gln
subjects. Obese individuals with the beta2-AR
Gln27Gln genotype may benefit from physical activity
to reduce their weight (129). These findings suggest that
polymorphisms in the coding sequence in the human
beta2-AR gene could be of importance for obesity,
energy expenditure, and beta2-AR-dependent lipolytic
function in AT. Since some controversies still exist
(130,131), deeper investigations are required before final
conclusions may be reached. Determination of putative
alterations of in vitro lipolysis and whole body lipolytic
sensitivity to adrenaline is needed to complete the
delineation of the various phenotypes.

Missense mutation of beta3-AR gene (Trp64Arg) has
been reported to be associated with high BMI, abdomi-
nal obesity, increased capacity to gain weight, and
resistance to insulin and early onset of type 2 diabetes.
However, a number of controversial reports exist. Some
studies did not reveal any phenotypic effect of the
polymorphism. It is difficult to reach a consensus at
the present time (132). The Trp64Arg polymorphism
may have some influence on body weight and various
metabolic parameters. However, the beta3-AR gene
cannot be considered as a major obesity gene. Poly-
morphism-related questions become more complex
when combinations of polymorphisms are considered.
A recent report has shown that common variants in the
beta2-(Gln27G1u)- and beta3-(Trp64Arg)-adrenergic
receptor genes are associated with increased fasting
insulin and NEFA concentrations, and could increase
susceptibility to type II diabetes. Subjects homozygous
for the protective alleles (Glu27 and Trp64) had a lower
prevalence of diabetes than subjects with other pheno-
types combinations (133).

The HSL gene is a candidate gene in obesity and
related disorders because of its pivotal role in the
control of lipid metabolism. Two highly polymorphic
dinucleotide repeats have been found within introns 6
and 7. The microsatellites have been used in association
and family studies within the Caucasian population.
Two independent studies showed an association
between the polymorphisms and obesity and type 2
diabetes (134,135). Moreover, allele 5 of the intron 6
polymorphism is associated with a marked decrease in
the lipolytic rate of subcutaneous fat cells (136). Link-
age analysis on families with one or more morbidly
obese subject(s) was negative (137). In families with type
2 diabetes, an extended transmission disequilibrium test
showed distorted transmission of alleles to abdominally
obese offspring (135). The data suggest that the HSL
gene may participate in the polygenic background of

obesity and/or may be a susceptibility gene important
for obesity-related phenotypes.

Quantitative sib-pair linkage analysis was recently
performed in dizygotic women twins to study the pos-
sible involvement of loci for lipases in changes of lip-
oprotein variables over 10 years (138). A linkage was
demonstrated between the HSL locus and age-adjusted
changes in plasma triglyceride levels, suggesting that
variation at the locus may underlie a portion of the
interindividual variations in this coronary heart disease
risk factor. Several amino acid polymorphisms have
been identified in the HSL gene. The Arg309Cys muta-
tion found in the Japanese population is extremely rare
in Caucasians (139). The more prevalent Glu620Asp
and Ser681Ile have no impact on insulin sensitivity of
lipolysis or glucose disposal in a lean, healthy popula-
tion (140). The impact of these mutations in obese and
diabetic subjects has not been investigated. A C to G
change was found in the proximal adipocyte promoter
and appeared to affect promoter activity (139). Women
with the -60G allele may be protected against insulin
resistance (141).

VII CONCLUSIONS AND FUTURE TRENDS

The last decade has been marked by the discovery of a
number of mechanisms able to clarify the control of fat
storage and mobilization. Genetic variation and altered
gene expression may modify HSL and adrenergic recep-
tor function and play a noticeable role in the develop-
ment of obesity. Future studies must be devoted to the
delineation of the defects affecting genes encoding the
various elements of the transduction pathways and
the enzymes involved in the regulation of the lipolytic
and antilipolytic mechanisms as well as lipogenesis.
Further work will also help to understand the complex
interplay between genetic and nongenetic determinants
of AT function.

Altered SNS impact on its target cells could lead to
the development of obesity. Reduced efficiency of beta-
adrenergic receptor–dependent lipolysis and/or
enhanced alpha2-AR-mediated antilipolysis could both
impair lipolysis and lead to catecholamine resistance
and promote the development and/or stabilization of
obesity. It is the increased rate of visceral fat cell lip-
olysis that is commonly believed to play a pathophysio-
logical role. The reduced lipolysis commonly reported
in subcutaneous AT of obese subjects could be viewed
as a physiological adaptive mechanism limiting excess
rate of lipolysis. Sequestration of NEFA, in the form
of TG, in hypertrophic subcutaneous fat cells may limit
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deleterious metabolic actions of these metabolites.
Environmental factors such as sedentary life-style may
worsen a hereditary defect affecting beta-adrenergic
receptor-dependent lipolysis, while physical exercise
may counterbalance the influence of the hereditary
defect. Much information is needed about the distur-
bances affecting all the steps of the lipolytic cascade
and the genetic factors impacting these events. There
is no doubt that studies of the interactions between
genetic factors and environmental conditions will be of
great interest to explain why energy storage differs
so widely.
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Eriksson P, Lannfelt L, Arner P. Human beta2-
adrenoceptor gene polymorphism are highly frequent

in obesity and associated with altered adipocyte beta2-
adrenoceptor function. J Clin Invest 1997; 100:3005–
3013.

125. Ishiyama-Shigemoto S, Yamada K, Yuan X, Ichikawa

F, Nonaka K. Association of polymorphisms in the
beta2-adrenergic receptor gene with obesity, hypetri-
glyceridemia and diabetes mellitus. Diabetologia 1999;

42:98–101.
126. Hellström L, Large V, Reynisdottir S, Wahrenberg H,

Arner P. The different effects of a Gln27Glu beta2-

adrenoceptor gene polymorphism on obesity in males
and females. J Intern Med 1999; 245:253–259.

127. Meirhaeghe A, Luan J, Selberg-Franks P, Hennings S,
Mitchell J, Halsall D, O’Rahilly S, Wareham NJ. The

effect of the Gly16Arg polymorphism of the beta2-
adrenergic receptor gene on plasma free fatty acid
levels is modulated by physical activity. J Clin

Endocrinol Metab 2001; 86:5881–5887.
128. Meirhaeghe A, Cottel D, Helbecque N, Amouyel P.

Impact of polymorphisms in the human h2-adreno-
ceptor gene on obesity in French population. Int J
Obes 2000; 24:382–387.

129. Meirhaeghe A, Helbecque N, Cottel D, Amouyel P.

h2-Adrenoceptor gene polymorphism, body weight
and physical activity. Lancet 1999; 353:236.

130. Oberkofler H, Esterbauer H, Hell E, Krempler F,
Patsch W. The Gln27Glu polymorphism in the beta2-

adrenergic receptor gene is not associated with morbid
obesity in Austrian women. Int J Obes 2000; 24:388–
390.

131. Kortner B, Wolf A, Wendt D, Beisiegeel U, Evans D.
Lack of association between a human beta2-adreno-
ceptor gene polymorphism (Gln27Glu) and morbid

obesity. Int J Obes 1999; 23:1099–1100.
132. Allison DB, Heo M, Faith MS, Pietrobelli A. Meta-

analysis of the association of the Trp64Arg poly-

morphism in the h(3-adrenergic receptor with body
mass index. Int J Obes 1998; 22:559–566.

133. Carlsson M, Orho-Melander M, Hedenbro J, Groop

Lipolysis and Lipid Mobilization 531



LC. Common variants of the beta2-(Gln27Glu) and

beta3-(Trp64Arg)-adrenoceptor genes are associated
with elevated serum NEFA concentrations and type II
diabetes. Diabetologia 2001; 44:629–636.

134. Magré J, Laurell L, Fizames C, Antoine PJ, Dib C,
Vigouroux C, Bourut C, Capeau J, Weissenbach J,
Langin D. Human hormone-sensitive lipase: genetic
mapping, identification of a new dinucleotide repeat

and association with obesity and NIDDM. Diabetes
1998; 47:284–286.

135. Klannemark M, Orho M, Langin D, Laurell H, Holm

C, Reynisdottir S, Arner P, Groop L. The putative
role of the hormone-sensitive lipase gene in the
pathogenesis of type II diabetes mellitus and abdomi-

nal obesity. Diabetologia 1998; 41:1516–1522.
136. Hoffstedt J, Arner P, Schalling M, Pedersen NL,

Sengul S, Ahlberg S, Iliadou A, Lavebratt C. A

common hormone-sensitive lipase i6 gene polymor-
phism is associated with decreased human adipocyte
lipolytic function. Diabetes 2001; 50:2410–2413.

137. Clément K, Dina C, Basdevant A, Chastang N, Pelloux

V, Lahlou N, Berlan M, Langin D, Guy-Grand B,
Froguel P. A candidate gene study in French families
with morbid obesity: indication for linkage with islet 1

locus on chromosome5q.Diabetes 1999; 48(2):398–402.
138. Friedlander Y, Talmud PJ, Edwards KL, Humphries

SE, Austin MA. Sib-pair linkage analysis of longi-

tudinal changes in lipoprotein risk factors and lipase
genes in women twins. J Lipid Res 2000; 41:1302–
1309.

139. Talmud PJ, Palmen J, Walker M. Identification of

genetic variation in the human hormone-sensitive
lipase gene and 5Vsequences: homology of 5V Sequences
with mouse promoter and identification of potential

regulatory elements. Biochem Biophys Res Commun
1998; 252:661–668.

140. Stumvoll M, Wahl HG, Jacob S, Rettig A, Machicao

F, Haring H. Two novel prevalent polymorphisms in
the hormone-sensitive lipase gene have no effect on
insulin sensitivity of lipolysis and glucose disposal.

J Lipid Res 2001; 42:1782–1788.
141. Talmud PJ, Palmen J, Luan Ja, Flavell D, Byrne CD,

Waterworth DM, Wareham NJ. Variation in the
promoter of the human hormone sensitive lipase gene

shows gender specific effects on insulin and lipid levels:

results from the Ely study. Biochim Biophys Acta

2001; 1537:239–244.
142. Marcus C, Karpe B, Bolme P, Sonnenfeld T, Arner P.

Changes in catecholamine-induced lipolysis in isolated

human fat cells during the first year of life. J Clin
Invest 1987; 79:1812–1818.

143. Lönngvist F, Nyberg B, Wahrenberg H, Arner P.
Catecholamine-induced lipolysis in adipose tissue of

the elderly. J Clin Invest 1990; 85:1614–1621.
144. Reynisdottir S, Dauzats M, Thörne A, Langin D.

Comparison of hormone-sensitive lipase activity in

visceral and subcutaneous adipose human adipose
tissue. J Clin Endocrinol Metab 1997; 82:4162–4166.

145. Reynisdottir S, Wahrenberg H, Carlström K, Rössner
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I INTRODUCTION

Excess adipose tissue is associated with metabolic dis-
turbances and disease, i.e., the metabolic syndrome
(1,2). Somewhat paradoxically, inadequate adipose tis-
sue manifests itself in a similar fashion (3,4). This
observation demonstrates that adipose tissue is required
for normal metabolic function. The inherited and
acquired lipodystrophies constitute a heterogeneous
group of disorders that share the common feature of
inadequate adipose tissue stores.

Although the lipodystrophic disorders represent a
variety of underlying pathophysiological states, their
common sequelae are instructive, as they are likely to be
similar to the metabolic complications associated with
‘‘garden-variety’’ obesity/metabolic syndrome X. Our
understanding of the pathophysiology of these patients
and parallel models of lipodystrophy in animals point
toward the concept of an ‘‘optimal’’ adipose tissue mass
that matches the energy requirements of the organism.
In addition, these disorders illustrate the central role of
adipose tissue to (1) sequester lipid, and (2) adipose
tissue as an endocrine organ.

This chapter is divided into three main sections.
First, the characterized lipodystrophies and their sali-
ent features will be briefly reviewed. Second, the
common pathophysiological mechanisms will be dis-
cussed in light of the available animal models. Last,
based on the mechanisms by which inadequate adipose

tissue leads to disease, potential therapeutic strategies
are discussed.

The following classification schema follows that of
Garg (5), with reference to the schema presented by the
Online Mendelian Inheritence in Man (OMIM) by
McKusick (6). The reader is referred to the latter
reference for a continual update of the rarer lipodys-
trophy syndromes and a comprehensive bibliography:
http://www.ncbi.nlm.nih.gov/Entrez/.

II LIPODYSTROPHIES

A Congenital Generalized Lipodystrophy (CGL)

CGL, OMIM 269700, i.e., Berardinelli-Seip syndrome,
is an autosomal-recessive disorder that manifests at
birth as a complete absence of adipose tissue, hepato-
megaly, and severe nonketotic insulin resistant diabetes.
Additional features include acanthosis nigricans and an
elevated basal metabolic rate. Mechanical fat in the
hands, feet, orbit, scalp, and periarticular fat are usually
preserved (3).

B Familial Partial Lipodystrophy (FPL)

FPL, OMIM 151660, familial partial lipodystrophy, an
autosomal-dominant disorder, is differentiated from
congenital generalized lipodystrophy, an autosomal-
recessive disorder, by the timing of the onset (4). FPL
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manifests during or after puberty, while CGL is present
from birth. The FPL syndrome occurs in both men and
women, but is most apparent in women owing to the
muscular appearance of the extremities and the greater
amount of body fat of women in general. Patients are
severely insulin resistant, have dyslipidemia with ele-
vated triglycerides and a low HDL, and often develop
overt diabetes at an early age. Three ‘‘varieties’’ have
been described.

The Dunnigan variety (OMIM 151660) is character-
ized by loss of fat in the limbs and trunk, except for the
vulva. Excess fat can accumulate in the neck, supra-
clavicular space, and face, and is sometimes confused
with Cushing’s syndrome. Acanthosis nigricans and
polycystic ovarian syndrome are uncommon. The Köb-
berling variety (OMIM 151660) is characterized by loss
of subcutaneous fat in the limbs; however, the face and
trunk are spared. The mandibuloacral dysplasia variety
(OMIM 248370) demonstrates other congenital defects
such as a hypoplastic mandible, severe dental crowding,
persistently wide cranial sutures, andmultipleWormian
bones. Acro-osteolysis is a hallmark of this syndrome.

C Acquired Lipodystrophy

There are at least three forms of acquired lipodys-
trophy. Acquired generalized lipodystrophy (AGL) is
most likely an autoimmune disease. It is characterized
by a generalized progressive loss of adipose tissue,
with women more commonly affected than men. Loss
of fat from the soles of the feet and palms of the hands
may occur. Acquired partial lipodystrophy (APL; Bar-

raquer-Simons) affects the face and neck and spreads
downward with sparing of the pelvic girdle and lower
extremities (7). Many of these patients exhibit altered
complement activation and develop glumerulonephri-
tis with subsequent renal failure. Metabolic complica-
tions, such as insulin resistance and dyslipidemia, are
uncommon. This is probably due to the sequestration
of lipid in the lower extremities and the absence of
increased visceral adiposity.

HIV and HIV therapy are associated with an
acquired lipodystrophy (8–10). This association was
recognized prior to the advent of highly active antire-
troviral therapy (HAART). HIV-HAART-associated
lipodystrophy was first described in individuals taking a
new class of anti-HIV drugs known as the protease
inhibitors, althoughmost antiretroviral drugs have been
associated with the syndrome. The first features recog-
nized were a ‘‘buffalo hump’’ similar to that seen in
Cushing’s disease, central-visceral obesity, and loss of
fat on the extremities. More recently, the syndrome is

known to include elevated triglycerides, insulin resist-
ance, a decrease in facial fat, particularly in the cheeks
and temporal area, and loss of subcutaneous fat in the
buttocks, arms, and legs. These latter changes have been
described as ‘‘roping’’ of the superficial veins in the arms
and a muscular appearance to the lower extremities.

III SHARED PATHOPHYSIOLOGY

Several features are shared across the lipodystrophic
syndromes. Several of these features are indicative of
inadequate adipose tissue to sequester adipose tissue,
but may also occur as a manifestation of endocrine
deficits, such as hypoleptinemia, that coincide with the
decreased adipose tissue mass. A hallmark of the lipo-
dystrophic syndromes is elevated triacylglycerol levels.

At least two anatomic sites exhibit increased lipid
infiltration in lipodystrophic patients—skeletal muscle
and liver. The aberrant lipid storage manifests as hepa-
tic steatosis, hepatomegaly, and an increase in skeletal
muscle lipid on NMR spectroscopy. The pancreatic
beta-cell has been proposed as a third site of aberrant
lipid storage, but direct evidence of this in humans is
lacking. These sites are also affected in patients with the
metabolic syndrome X (11–13).

The insulin-resistant state associated with the lipo-
dystrophic syndrome is frequently severe, leading to
early-onset diabetes mellitus. Indeed, large doses of
insulin are often ineffective at controlling blood glu-
cose. Recent reports suggest that cardiovascular dis-
ease is accelerated, with a greater incidence in women
than men (14).

A Specific Pathophysiology/Genetics

1 Familial Partial Lipodystrophy

Simultaneous mapping efforts from several laboratories
resulted in the determination that the genetic defect in
FPL was located at chromosome 1q21-q22. The lamin
A/C gene was identified as a positional candidate, and
mutations in this gene were subsequently identified in
patients with FPLD in 2000 (15,16). The lamins are
structural components of the nuclear pore that are
thought to be involved in the trafficking of molecules
between the cytoplasm and nucleus (17). Lamins A and
C differ only in their differentially spliced C-terminal
domains. Curiously, FPLmutations are clustered in one
portion of the molecule. Mutations in other regions are
associated with Emery-Dreifuss muscular dystrophy
(18), limb girdle muscular dystrophy 1B (19), or auto-
somal-dominant dilated cardiomyopathy and conduc-
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tion system disease (20). The exact mechanism(s) by
which Laminin mutations result in a partial loss of
adipose tissue are not known (21).

2 PPAR-g and Familial Partial Lipodystrophy

Recently, several pedigrees were described with severe
insulin resistance, diabetes, and peripheral fat wasting
(21a). The manifestation of this inherited partial lip-
odystrophy syndrome is quite similar to the metabolic
syndrome X, with the exception that these patients do
not respond to the antidiabetic thiazolidinediones
(TZDs). These families were found to have mutations
in the PPAR-g nuclear transcription factor gene at the
ligand-binding pocket (21b). This results in impaired
activation of gene transcription by the TZDs. Newer
PPAR-g ligands with a different structural backbone
may bypass this mutation in vitro. Although rare, these
mutations are instructive in the sense that the metabolic
sequelae are almost identical to the ‘‘garden-variety’’
obesity/syndrome X.

3 Congenital Generalized Lipodystrophy

Lamin does not appear to be involved in congenital
generalized lipodystrophy, and the genetic mutation for
CGL is unknown. Mapping studies demonstrate link-
age to chromosome 9q34. The exact mutation has not
been identified (22).

4 Acquired Lipodystrophy

Little is known about the immunological mechanisms
that lead to the development of the acquired lipodys-
trophies. Many of these patients exhibit laboratory
features of an autoimmune syndrome and glomerulo-
nephritis (23).

5 HIV-HAART-Associated Lipodystrophy

The drugs used to treat HIV, i.e., highly active antire-
troviral therapy, HAART, have themselves been asso-
ciated with metabolic disturbances in individuals
without HIV. However, lipodystrophy syndromes were
present before HAART. As such, it is unclear at this
time whether the HIV-HAART-associated lipodystro-
phy can be solely blamed on the pharmacotherapy.
Several studies suggest that activation and rebound of
the immune system during HAART are associated with
lipodystrophy (8,9). In addition, almost all of the effec-
tive HIV drugs are associated with lipodystrophy. This
is unusual for diverse chemical classes to manifest
similar toxicities. Because of these paradoxes, it is
possible that reconstitution of the immune system plays

a role in the development of HIV-HAART associated
lipodystrophy.

B Animal Models

Recent progress in our understanding of the transcrip-
tional cascade involved in the differentiation of adipo-
cyte precursors into mature adipocytes led to the
development of transgenic models of lipodystrophy.
Thesemodels came from the laboratories of Shimomura
(24) and Reitman (25). The models are instructive
regarding the pathophysiology of the adipose tissue
deficiency and are useful in testing pharmacological
interventions. A spontaneous mutation in the lipin gene
is responsible for the fld lipodystrophic mouse, a novel
model of the complete lipodystrophy syndrome (26,27).
Detailed studies of these animal models may reveal
unexpected mechanisms by which a failure to develop
adipose tissue results in diabetes andmetabolic derange-
ments (28–31).

IV THERAPY

Because of the rarity of these syndromes, little is known
regarding specific therapies for lipodystrophy. There are
three basic approaches based on the pathophysiology of
the syndromes.

First, given that an inability to sequester lipid in
adipose tissue is likely to lead to the accumulation of
lipid in abnormal locations such as the liver and skeletal
muscle, creating a negative fat and calorie balance is
recommended. This is difficult in practice, however, and
may be due to anecdotal reports of increased appetite,
especially in the setting of uncontrolled diabetes. Along
these same lines, the ‘‘standard’’ medical therapies for
dyslipidemia are indicated, but for patients with hyper-
triglyceridemia in the face of maximal lipid and diabetes
medications, plasmapheresis may be necessary. Newer
therapies that target specific metabolic defects are likely
to supplant this therapy.

A second approach is based on the known pathways
affecting insulin sensitivity. For example, the thiazoli-
dinediones have been used with success in the treat-
ment of these patients (32). As a cautionary note, one
of these patients developed liver complications during
therapy with troglitazone, and liver enzyme testing at
regular intervals may be more important than in the
routine diabetic patient. Given this caveat, the newer
TZDs, which are less likely to cause liver toxicity, are
likely to become a first-line therapy for lipodystrophic
metabolic syndromes.
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A third approach is based on the observation that
patients with CGL and FPL have low leptin levels.
Preliminary data from the lipodystrophy groups in
Dallas and Bethesda support the concept that leptin
replacement is a useful therapeutic strategy. Short-term
therapy with leptin resulted in a fall in triglyceride levels
and a reduction in hepatomegaly in patients with lipo-
dystrophy. This suggests that the actions of leptin to
increase fat oxidation results in a decrease in tissue
stores of fatty acids. This makes sense given that in in
vivo systems, leptin regulates fat oxidation (33,34). As
more patients are enrolled in these experimental proto-
cols and our understanding of the pathophysiology
progresses, specific therapies are likely to follow these
encouraging results.

V THE FUTURE

Understanding the underlying genetic causes of the
CGL syndrome is an important short-term milestone.
As we understand the common mechanism by which
inadequate adipose tissue stores contribute to disease,
we will develop specific therapies. These therapies will
consist of treatment not only for the metabolic sequelae
but also for the defects in adipocyte proliferation and/or
differentiation that cause these diverse syndromes. Sev-
eral of these can be anticipated; i.e., drugs that increase
fat oxidation, improve insulin resistance, or replace
decreased hormones (e.g., leptin) are likely to occur in
a shorter time span. Other therapies will not be obvious
until we understand the complex mechanisms of genes
such as laminin A/C or lipin and the pathophysiology of
CGL.

NOTE ADDED IN PROOF

Recent genetic studies revealed mutations in the trigly-
ceride synthetic enzyme AGPAT2 as the cause of some,
but not all, cases of CGL (35). Other cases are due to
mutations in Seipin (36), also known as guanine nucleo-
tide binding protein, gamma 3. The exact mechanism(s)
responsible for the lack of adipose tissue development
are still unclear (37–39).
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I INTRODUCTION

The coupling of respiration to ADP phosphorylation in
mitochondria represents the coupling of exergonic and
endergonic processes. Actually, such a coupling is never
complete and results in energy dissipation as heat. Apart
from a role in thermogenesis, uncoupling of respiration
limits ATP synthesis and allows NADH reoxidation. In
the absence of uncoupling mechanisms, a high level of
ATP would inhibit respiration and NADH reoxidation.
Two types of mechanisms have been proposed to
explain the molecular basis of respiration uncoupling.
The first is based on a decreased efficiency of the
respiratory chain or ‘‘slippage’’ of respiratory chains;
the second one postulates the existence of proton leaks
in the mitochondrial inner membrane. Analysis of
thermogenic mechanisms in brown adipocytes has
established that UCP1 in the inner mitochondrial mem-
brane works as a regulatable proton leak and an uncou-
pler that stimulates fatty acid oxidation (see below). The
recent identification of homologues of UCP1 has
extended this regulatory mechanism based on the pos-
sible mitochondrial proton leaks to virtually all other
tissues. Accordingly, this phenomenon of mitochon-
drial proton leaks represents a widespread strategy for
controlling substrate utilization, and energy partition-
ing through changes in metabolic efficiency.

II UCP1

A UCP1 in Energy Expenditure and Body

Weight Regulation

Pharmacological and genetic manipulations of exper-
imental rodents suggest that nonshivering thermogen-
esis is one of the most effective strategies for reducing
adiposity in obese individuals. While there are many
systems of thermogenesis that are theoretically capable
of increasing energy expenditure, in fact, a body of
evidence confirming that a specific mechanism for
increasing thermogenesis is effective in reducing
adiposity is available only for mitochondrial uncou-
pling protein (UCPI)-dependent thermogenesis of
brown adipose tissue. The previous edition of the
Handbook of Obesity described the biology of brown
adipose tissue, the biochemistry of UCP1, and the
adrenergic signaling mechanisms that controlled the
activation of nonshivering thermogenesis. Although
the effectiveness of UCP1 in reducing adiposity in
obese rodents is clear its relevance to obesity in
humans has remained questionable because of the
paucity of brown adipocytes in adult humans. Since
the previous edition of the handbook was issued,
important developments in mitochondrial uncoupling
proteins and the regulation of brown adipocyte differ-
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entiation research suggest that a review of uncoupling
proteins in body weight regulation is indicated.

The prevailing paradigm guiding obesity research for
the past several decades has been the thrifty metabolism
ideas originally formulated by Neel (1) and subse-
quently developed by Coleman (2) and others in their
interpretation of not only of human obesity, but also of
obesity in rodent models. Briefly, modern human beings
are descended from individuals who have adapted to
survive during a time when caloric deprivations were
common and when high levels of daily physical activity
were the norm. In this environment, human evolution
selected for individuals with an efficient metabolism—
i.e., a maximum level of productive work per unit of
food consumed. However, this efficient metabolism in
the current world of plentiful food with a high caloric
density and physical inactivity has resulted in an epi-
demic of obesity. One solution to this problem is to
develop strategies that reduce metabolic efficiency. The
most direct means would be to increase energy expendi-
ture by thermogenesis, i.e., to maximize metabolic
inefficiency. As noted above, uncoupling respiration
from oxidative phosphorylation is an effective mecha-
nism for heat production, but as important as the
mechanism for producing heat itself is, the mechanism
for the regulation of nonshivering thermogenesis is
equally important. This regulation is controlled by the
hypothalamus and mediated by the sympathetic nerv-
ous system. As long as adrenergic signaling mechanisms
are associated with the control of expression, it is
probable that the consequences of overexpression—
namely, hyperthermia—will be avoided. In this section
we will describe efforts to utilize heat production by the
brown fat specific UCP1 for manipulating energy
expenditure and adiposity.

The underlying assumption underpinning the hy-
pothesis that UCP1-based thermogenesis could be used
to reduce excess body weight, is that this mechanism of
thermogenesis functions to regulate the efficiency of
energy metabolism as well as to protect the animal from
cold exposure. The brown fat is therefore viewed as a
pathway for dissipating excess calories by thermogene-
sis, thereby increasing metabolic inefficiency. This view
of brown fat emerged following the landmark paper of
Rothwell and Stock (3), who showed that a cafeteria
diet could induce nonshivering thermogenesis in rats.
The implication of this finding was that in rodents,
brown fat thermogenesis was not only induced by
exposure to cold, but also by dietary conditions that
would lead to an increased, abnormal deposition of fat.
In support of this hypothesis are much data indicating
that mice and rats with single gene mutations and

lesions to the hypothalamus causing hyperphagia and
obesity almost invariably have reduced nonshivering
thermogenesis [see review by Himms-Hagen (4)]. It
suggests that in rodents a normal function of UCP1-
based thermogenesis is the regulation of body weight.

However, we do not understand how this putative
function of brown fat in body weight regulation is
balanced and integrated with its role in regulating body
temperature. Evidence that Ucp1 expression is modu-
lated by leptin and other orexigenic and anorexic pep-
tides provides a biological basis for the idea that the
regulation of body weight by these hormones includes
the regulation of energy expenditure by UCP1. The rel-
ative balance of these functions for brown fat becomes
important when attempting to extrapolate from the
mouse to the human, because small body size has made
brown fat much more important for the regulation of
body temperature in the mouse than in the human.
Does the primary and dominant role for UCP1 in main-
taining body temperature in the rodent provide a sec-
ondary but important role in body weight regulation?

The possibility that agents that stimulated brown fat
thermogenesis could be useful as antiobesity agents
quickly led to the identification of a class of pharmaco-
logical agents that were selected on the basis of their
ability to stimulate lipolysis and respiration in isolated
brown adipocytes (5–7). These agonists were found to
interact with atypical beta-adrenergic receptors on adi-
pocytes (8) and were subsequently cloned and called the
h3-adrenergic receptor (9). While the h3-adrenergic
receptor agonists have proven to be effective agents to
stimulate brown fat respiration, lipolysis, Ucp1 expres-
sion, and thermogenesis and to reduce body fat in
rodents and dogs (10,11), their effectiveness in treating
human obesity has not been established.

There is strong evidence emerging that the discovery
of mechanisms for stimulating brown adipocyte ther-
mogenesis in a controlled manner could be an effective
means for reducing adiposity. Because of the low levels
of UCP1 and brown adipocytes in humans, the primary
strategy will be to determine mechanisms that control
both the regulation of the Ucp1 gene and the prolifer-
ation and differentiation of the brown adipocyte in
adult fat tissue. Molecular genetic approaches that have
been used to explore these regulatory problems in the
mouse and rat will be described below.

B Overexpression of Ucp1 with Heterologous

Promoters in Transgenic Mice

Treating mice, rats, and dogs with h3-adrenergic
receptor agonists has increased the expression of Ucp1
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and brown adipocytes, stimulated lipolysis, and reduced
both dietary and genetic obesity (10–13). These weight-
reducing effects of the h3-agonists could be due to the
effects of adrenergic stimulated breakdown of triglyc-
erides in fat and subsequent oxidation of fatty acids in
themuscle. However, two geneticmodels—one in which
Ucp1 was constitutively expressed in both white and
brown fat from the aP2 gene promoter (14), and the
other in which Ucp1 was expressed in muscle from the
myosin light chain promoter (MLC-Ucp1)—both gave
very similar phenotypes (15). The aP2-Ucp1 transgenic
mice were resistant to both genetic and dietary obesity
(14,16), and theMLC-Ucp1 transgenic mice were resist-
ant to dietary obesity, and both transgenes reduced the
hyperglycemia and insulin resistance that develops in
the background strains used when fed a high-fat diet.

Transgenic systems for overexpression of Ucp1 have
underscored the effectiveness of UCP1-mediated
uncoupling on reduction of adipose stores and increas-
ing insulin sensitivity. Since the levels of UCP1 in white
fat and the level of UCP1 in muscle in transgenic mice
hemizygous for the transgenes were both f1% of
normal brown fat levels, it indicates that very small
increases in uncoupling-based thermogenesis are effec-
tive in reducing adiposity (15). They also show that it is
not necessary to have expression of UCP1 in brown fat
or even in white fat to be effective. However, the experi-
ments also illustrate how important it is to control the
limits of overexpression. Transgenic mice homozygous
for the aP2-Ucp1 transgene lose f95% of their brown
adipocytes owing to cytotoxicity of UCP1 at excessive
levels in brown adipocytes (17), and mice homozygous
for the low-expressing MLC-Ucp1 transgenic animal
have severely reduced body weights (15). Since the levels
of muscle phosphocreatine and ATP were 60% of
normal in mice homozygous for the MLC-Ucp1 trans-
gene, it suggests that excessive uncoupling by UCP1 is
lethal to the cell. The inability of the muscle to maintain
ATP levels in the face of excessive uncoupling suggests
that normal mechanisms of controlling proton flux at
the membrane level are not sufficiently effective in
preventing excessive uncoupling (18). Although the
transgenic mice were not hyperthermic, it is clear that
controlling the level of UCP1 is very important if one is
to avoid serious side effects. One problem with an
approach to overexpression that is modeled after the
transgenic mice described above, is that unlike the
normal endogenous Ucp1 gene, which is stringently
regulated by the adrenergic nervous system, the aP2
andMCLpromoters are constitutive promoters that are
not known to modulate expression through the action
of effectors, hormones, etc. Thus, any approach to

upregulating the Ucpl gene must occur where tight
regulatory control is maintained, optimally its own
adrenergic signaling system. The value of these trans-
genic animals is that they have established the principle
that upregulation of UCP1 can reduce both obesity and
insulin resistance.

C Natural Variation in the Expression of Brown

Adipocytes in White Fat Depots

An alternative approach to increasingUcpl gene expres-
sion is based on increasing the number of brown adipo-
cytes in an individual. This approach directly addresses
the problem of limiting numbers of brown adipocytes in
adult humans that preclude a robust response to an
adrenergic agonist. It has been observed among several
mammalian species that chronic sympathetic stimula-
tion by either cold exposure or adrenergic agonists leads
to an increase in brown adipocytes in traditional white
fat depots as evidenced by increases in the Ucpl expres-
sion or by the histological appearance of adipocytes
with a multilocular morphology (10,11,19,20). This
inductive response may also occur in humans. For
example, Finnish laborers working outdoors in the
winter months are reported to have larger deposits of
brown adipocytes (21), and patients carrying catechol-
amine-secreting pheochromocytoma develop large
depots of brown fat (22). The former report suggests
that the increase in brown adipocytes enhances the
thermogenic capacity of the laborers; the latter report
underscores the possibility that humans have the
capacity to increase the number of brown adipocytes.

There is evidence that increased numbers of brown
adipocytes in rats treated with h3-adrenergic agonists
reduce obesity caused by either a mutation to the leptin
receptor or a high-fat diet (11,13). Rats treated with the
drugs lost weight and also had elevated numbers of
brown adipocytes. However, it is not clear whether rats
with induced levels of brown adipocytes lost weight
because of increased energy expenditure derived from
increased numbers of brown adipocytes or weight was
lost by some other mechanism. Similarly, when inbred
strains of mice that varied in the numbers of brown
adipocytes were treated with a h3-agonist, those strains
with more brown adipocytes lost more adipose tissue
(23). The same caveat holds for this experiment, since it
is possible that other biochemical differences, rather
than brown adipocyte number among the strains,
affected adiposity.

There has been a careful quantification of UCP1
expression in human adipose tissue from lean and obese
individuals by quantitative RTPCR (24). In this study,
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it was estimated that approximately one of every one to
two hundred adipocytes in human fat depots is a brown
adipocyte (24). This is quite a significant level of expres-
sion given the fact that expression of aUcp1 transgene in
mouse muscle at only 1% the level detected in brown fat
is able to reduce adiposity and insulin resistance (15).
The data of Oberkofler et al. (24) also suggested that
Ucp1mRNA levels were reduced in the fat depots of the
obese individuals, and those researchers speculated
that this reduction could reduce energy expenditure in
these individuals. Further work needs to be done in
both nontransgenic obese animal models and obese
humans to establish whether variation in Ucpl expres-
sion in white adipose tissue can contribute to the level
of adiposity.

With the finding that the induction of brown adipo-
cytes in white fat depots varied among inbred strains
of mice (23,25), an effort is under way to identify novel
cell signaling and transcriptional pathways that can
be used to induce brown adipocyte numbers in tradi-
tional white fat depots. The objective is to use quanti-
tative genetic methods to map and clone genes that
control brown adipocyte differentiation. Quantitative
trait locus (QTL) analysis has defined regions on chro-
mosomes 2, 3, 8, and 19 that control brown fat in-
duction in mice (26). Only the QTL on chromosome 8
carries a known gene that could be involved in UCP1
expression and that gene is Ucp1 itself. However, the
genetic data cannot define with sufficient precision the
location of the variant genes to any of the QTLs,
including those on chromosome 8, to ascribe confi-
dently to them a function in Ucp1 induction. Since the
QTLs on chromosomes 2, 3, and 19 do not carry genes
known to be associated with either Ucp1 expression or
adipogenesis, it is highly probable that novel rate-con-
trolling steps in the signaling or transcription of Ucp1
expression will be discovered from these genetic studies.
The evidence that complex interactions between chro-
mosomes 8 and 19 are involved in the regulation ofUcp1
induction suggests that epistatic gene interactions are
controlling Ucp1 expression.

These genetic studies on brown adipocyte induction
are still at early stages. In addition, they have only
addressed the regulation of Ucp1 expression and have
not yet investigated the regulation of mitochondrial
biogenesis nor other aspects of brown adipocyte differ-
entiation. While Ucp1 expression and mitochondrial
biogenesis will likely share some regulatory mecha-
nisms, such as the known involvement of PGC1 in both,
we expect that there will be mechanisms that are unique
for each process. Considering that the brown adipocyte
in the human is similar to that in other species in its

dependence on adrenergic signalling, it is quite possible
that the pathways that control variation in the expres-
sion of brown adipocytes in the mouse will also exist in
the human. The genetic dissection of the regulation of
brown fat induction in mice will hopefully identify the
details of the inductive pathways and provide alterna-
tives sites for pharmacological intervention.

D Variation in Ucp1 Expression in Transgenic

and Knockout Models

Transgenic mice have the potential to provide insight
into the regulation of brown adipocyte expression. To
date, the major phenotype is one in which hypertrophy
of interscapular brown fat occurs because of the effects
of the transgene on energy expenditure and thermo-
genesis. Overexpression of the cytoplasmic glycerol-3-
phosphate dehydrogenase induces thermogenesis
systemically, possibly by a substrate cycling mecha-
nism, with the consequence that a large increase of the
lipid droplets occurs in the brown adipocytes because
of reduced lipolysis and thermogenesis as evidenced by
reduced Ucp1 expression and elevated leptin (27).
Inactivation of the hormone-sensitive lipase gene
causes a similar hypertrophy because of the reduced
capacity of the tissue to utilize its lipid stores (28). A
dramatic increase in brown fat due to accumulation of
lipid occurs in mice carrying the sterol regulatory
element-binding protein (29). These mice have virtu-
ally undetected levels of Ucp1 mRNA, in brown fat,
which is peculiar since the levels of leptin mRNA are
also very low. Normally, if brown fat is inactive owing
to reduced sympathetic input, leptin expression is
increased. The phenotype of this mouse in which
brown fat is enlarged, white fat is shrunken, and both
leptin and Ucp1 expressions are reduced suggests that
overexpression of SREBP-1 by the aP2 promoter has
caused a major disruption of the adipocyte differentia-
tion program.

An important mechanism for both enhancing the
expression ofUcp1 in the brown fat and stimulating the
conversion of brown adipocytes in white fat depots has
emerged from two disparate studies. In one study, the
targeted gene inactivation of the RIIh regulatory sub-
unit of protein kinase A resulted in animals that showed
striking reductions in adiposity, especially in mice fed a
high-fat diet (30). These animals had elevated levels of
UCP1 in brown fat owing to an increase in protein
kinase A activity that occurred when the inactivation
RIIh subunit gene was compensated by an increase in
the levels of theRIa regulatory subunit. Inmutantmice,
the holoenzyme of protein kinase A with the RIa
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subunit binds cAMP with higher avidity than in wild-
type mice, thereby lowering its threshold for activation
and subsequent stimulation of CREB-mediated tran-
scription. In a second study, a winged helix/forkhead
transcription factor FOXC2 was overexpressed in adi-
pose tissue of transgenic mice with the aP2 promoter
(31). Similar to the RIIh regulatory subunit targeted
mice, the FOXC2 transgenic mice had increased expres-
sion of Ucp1 in brown adipose tissue and, in addition,
had an increase in the expression of the brown adipo-
cytes in white fat depots. The increase in PGC1,
PPARg, and ADD1/SREBP in the white fat depots of
transgenic mice suggests that the overexpression of
FOXC2 stimulates the brown adipocyte differentiation
program in the white fat depots. The mechanism by
which FOXC2 induces these changes appears to be
mediated by changes in the expression of the regulatory
subunits of protein kinase A. FOXC2 preferentially
stimulates the expression of the RIa regulatory subunit,
thereby establishing a cAMP system with heightened
activity. The results with FOXC2 show how the induc-
tion of both Ucp1 expression and the brown adipocyte
differentiation are exquisitely sensitive to cAMP signal-
ing. Consistent with these models is an earlier transgenic
model in which the h1-adrenergic receptor was overex-
pressed from the aP2 promoter and resulted in an
increase in brown adipocyte expression (32). However,
in a follow-up analysis of the effects of the RIIh subunit
gene inactivation on gene expression associated with
lipolysis and gene expression in white fat depots, those
effects that would indicate a striking increase in brown
adipocyte expression in the white fat of the knockout
mice were much more modest (33). Whether the differ-
ences between the RIIh knockout and FOXC2 over-
expression systems are due to background strain effects,
sex, or type of fat pads analyzed need to be resolved.

In summary, alternative strategies are being discov-
ered by which an enhancement of cAMP signalling can
activate the brown adipocyte differentiation program in
white fat as follows: 1.) The FOXC2 transgenic model
has revealed a novel mechanism by which sensitivity of
PKA signalling can be modulated by regulating expres-
sion of the PKA regulatory subunits; 2.) the genetic
analysis of brown fat induction in mice has identified at
least four more chromosomal regions in which reside
novel genes that can also stimulate Ucp1 expression.
Accordingly, it is possible that additional strategies for
upregulating brown adipocyte differentiation will be
discovered. The fact that FOXC2 is abundantly
expressed in human adipose tissue suggests that the
machinery for inducing brown fat expression also exists
in the human (31).

E UCP1 and Hormones of Feeding Behavior

Shortly after the discovery of ob/ob mice, Alonso and
Maren (34) demonstrated that the total body weight of
ob/ob mice pair-fed with nonmutant littermates was
similar to that of controls, but the percent body fat was
still similar to that of ob/ob mice fed ad libitum. Several
years later, in a repeat of this experiment that included
db/db mutant mice, Coleman noted that hyperphagia,
although a major contributory factor to the amount of
fat accretion, was not essential for the development of
either obesity or diabetes (35). Rather, he concluded, the
ob and db genes havemajor effects on the partitioning of
calories. With the cloning of the ob gene, the effects of
leptin on body composition, presumably through its
action on energy expenditure, was confirmed when ob/
ob mice treated with leptin showed normalized food
intake and total body weight as well as a normal body
composition (36). Several laboratories have now dem-
onstrated that in addition to the effects of leptin on
food intake, it also increases energy expenditure by
stimulating Ucp1 expression in brown fat via the sym-
pathetic nervous system (37–40). The ability of neuro-
peptides of food intake to have peripheral effects on
energy expenditure is not restricted to leptin, but is a
property shared by other anorexic agents, including the
melanocortin system.

Similar to leptin action, the melanocortin system for
the regulation of food intake and body weight is a
system of agonists (a-MSH) and antagonists (agouti-
related protein and agouti protein) acting on the
MC3R and MC4R receptors. Inactivation of the recep-
tors by gene targeting or treatment with antagonists
causes increases in food intake and the development of
obesity in a manner resembling mutations to leptin or
the leptin receptor (41,42). In fact, the pathway for
action of leptin signaling in the hypthalamus appears to
be partially mediated by MC3R and MC4R (43,44).
Although the evidence is not as clear as in the experi-
ments with ob/ob mice, mice with mutated MC3R or
MC4R genes or mice treated with an antagonist have
an increase in adiposity even when pair-fed to control/
untreated animals (45).

An important finding in these studies is that Ucp1
expression is upregulated when energy expenditure is
increased and downregulated when energy expenditure
is reduced. The emerging conclusion is that leptin anda-
MSH inhibition of food intake stimulates sympathetic
nervous activity to brown adipose tissue to induceUcp1
expression, while AGRP and NPY stimulate food
intake and attenuated expression of Ucp1 (46,47). The
implication of these phenotypes is that UCP1 plays a
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role in determining changes in peripheral energy expen-
diture initiated by the action of leptin. Given that even
UCP1-deficient mice are not obese (48), the relative
contributions that changes inUcp1 expressionmay have
in modulating energy expenditure and adiposity by
anorexic and orexigenic peptides remains uncertain.
Even more uncertain is the contribution that this mech-
anism has in modulating energy expenditure in humans.

F Regulation of the Endogenous Ucp1 Gene

Ucp1 is activated in response to growth and develop-
ment, environmental temperature, and nutrition status.
Much of this regulation is coordinated centrally from
the hypothalamus via the sympathetic nervous system;
however, other aspects of regulation appear to proceed
independent of the sympathetic nervous system, and
some regulation may require both the SNS and mech-
anisms independent of the SNS. In parallel with these
expression studies, several research groups have been
characterizing the regulatory motifs, located in the 5V
flanking region of the gene, and identifying the tran-
scription factors that interact with these motifs. The
picture emerging from these studies is that a number of
motifs and factors have been identified that may inter-
act in various combinations to regulate Ucp1 tran-
scription under a specific set of conditions. What these
combinations may be for a given function remains to
be determined.

The general structure of the 5V regulatory region
of Ucp1, depicted in Figure 1, highlights two major
domains—the proximal promoter, and a distal en-
hancer region. These regions are highlighted because
expression studies based on transgenic mice and tran-
sient expression assays in cultured cells of the regulatory
motifs from the mouse and rat genes have shown
consistent results. Other motifs, principally those
located between the proximal promoter and the distal
enhancer, have been identified by comparative sequence
analysis, but have not been clearly verified by expression
studies. In addition, there is evidence for a silencer
located f1 kb from the transcription start site, but the
identity of the sequences specifying this function has not
been determined. Finally, strong DNase hypersensitive
regions 16 kb upstream of the transcription start site of
Ucp1 have been mapped. Whether these sites are the
location of Ucp1 regulatory motifs, such as a distal
locus-controlling element, is not known.

An absolute requirement for a CRE in the proximal
promoter has been shown by site-direct mutagenesis of
the CRE in both the mouse and the rat gene (49,50). It is
probable that cJun is involved in regulation from this

site, but it is not determining the differentiation-depen-
dent expression of Ucp1 (50). Whether the proxima
CRE is required for retinoic acid–dependent induction
of gene expression is not known. Sp1 and NF1 motifs
have been identified by sequence analysis; however,
there is no other evidence that these motifs have a
function in the promoter (51).

The distal enhancer region is extremely complex
with evidence for the involvement of 10 or more
transcription factors (Fig. 1). The importance of this
region was first identified in transgenic mice (52) and
subsequently by deletion and mutation analysis in
transient expression assays in brown adipocyte cul-
tures (49,53). PPRE region in the distal enhancer was
rigorously characterized as the PPARg-binding site by
Sears et al. (54), thereby providing the groundwork
that led to the discovery of PGC1 as a coactivator of
PPARg together with RXRa (55). Corroboration of

Figure 1 Schematic representation of the 5V flanking regu-

latory region of the Ucp1 gene. Known transcription factors
and effectors are listed. The nucleotide positions of the
enhancers and proximal promoter regions are those that have
been determined for the mouse gene, but the mouse and

human genes have comparable locations for these regulatory
elements. The overall size and relationship of transmembrane
domains to exon/intron structure is also similar among the rat,

mouse, and human (173–175). Additional elements are likely
to reside between the proximal promoter and distal enhancer,
but these have not been well characterized at this time.
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the importance of the PPRE site and its interaction
with PPARg and RXRa and its role in Ucp1 regu-
lation has also established by analysis of the rat Ucp1
gene (56). Importantly, not only PPARg, but also
PPARa, has a role in the regulation of Ucp1 (56). A
second site in the distal enhancer contains motifs for
regulation by retinoic acid and thyroid hormone (57–
59). Mutation analysis in both the mouse and rat genes
has also identified an ETS binding domain located
between the PPRE/CRE region and the more proximal
RARE/TRE domain (49,51).

The human UCP1 gene also has a multipartite
element in an upstream enhancer (located between
-3.82 and -3.47 kb from the transcription start site) that
mediates its expression. As determined in mouse cells by
transient expression analysis, maximal expression
depends on simultaneous addition of retinoic acid,
isoproterenol and thiazolidinediones (60). Very little
expression could be detected with addition of only one
of these effectors independently, and only low expres-
sion was detected when one of the three effectors was
absent. The requirement for thiazolidinediones oc-
curred even though a consensus PPRE motif could
not be detected. These results suggest that upregulation
of the humanUCP1will depend on transcription mech-
anisms similar to those that control the rodent gene.

Why does there seem to be so much redundancy
built into the regulatory mechanisms? Does regulation
of the Ucp1 require all of these transcription factors
all the time, or are there physiological conditions
when only a subset of factors is required? It has been
proposed by Villaroya and colleagues that retinoic
acid, which has been shown to induce Ucp1 expres-
sion, as well as norepinephrine, albeit with a delayed
time course (57,59), could be the primary transcrip-
tion mechanism controlling Ucp1 expression during in
utero development between 18 and 19 days (61). This
mechanism assumes that in utero Ucp1 is not capable
of being stimulated by adrenergic signaling. Given
that dopamine h-hydroxylase-deficient mice die in
utero and that h-adrenergic signaling stimulates
brown adipocyte proliferation and differentiation
(62,63) in tissue culture, further experimentation
needs to be performed to understand the effects of
adrenergic signalling on Ucp1 expression in utero.
The discovery by Villarroya and colleagues that
Ucp1 is regulated by effectors of PPARa as well as
PPARg (56) suggests that while PPARg is required
for expression of Ucp1 during BAT differentiation,
PPARa upregulates Ucp1 during active thermogenesis
when PPARa also controls the expression of genes
encoding enzymes for fatty acid oxidation.

G Genetic Variants in UCP1 and Susceptibility

to Obesity

Whether genetic variation in UCP1 expression could
increase susceptibility to obesity in humans is a question
that is still unresolved. Genetic studies evaluating this
issue are inconclusive, since some studies have reported
significant associations between UCP1 polymorphisms
and body weight (64–66) while others have not (67–69).
Without knowledge of some functional change associ-
ated with a given polymorphism, it is difficult to inter-
pret these association and linkage data, and there is little
information on UCP1 function. Oberkofler et al. (24)
found lower UCP1 mRNA levels in the intraperitoneal
fat depots, but not extraperitoneal fat depots, of mor-
bidly obese subjects compared to lean controls.
Whether this difference is indicative of lower energy
expenditure in the obese individuals and is causally
linked to the development of obesity is unknown.

H Perspectives on UCP1

Even a small increase in the expression ofUcp1 has been
shown to have strong effects in reducing the develop-
ment of obesity and type 2 diabetes in rodent models.
Much of this information has come from transgenic and
gene knockout models. However, these genetic models
have not only established that stimulation of UCP1 is
effective as an antiobesity target, but they have also
revealed novel signalling and transcription pathways
that will promote the emergence of differentiated brown
adipocytes in white fat tissues. As this manuscript goes
to press, two studies have elegantly shown this, one on
the effects of overexpression of FOXC2, a transcription
factor (31), and the other on the targeted inactivation of
4E-BP1, an inhibitor of translation (70). Both mecha-
nisms for the control of gene expression result in the
same phenotype, that is, increases in brown adipocytes
in traditional white fat depots and concomitant reduc-
tions in adiposity. The emergence of a multitude of
targets for unregulating Ucp1 in the mouse provides
much hope that some of these will become effective
targets for the unregulation of UCP1 and brown adi-
pocyte–derived thermogenesis in human.

III THE NOVEL UCPS

Brown fat mitochondria are characterized by an active
proton pathway that can be uncoupled by an adrener-
gic stimulation by activation of UCP1. Data from
several studies finding that the coupling of respiration
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to ATP synthesis in mitochondria from several tissues
was less than perfect and also due to proton leaks (71).
With the identification of UCP2 and UCP3, two homo-
logs of the brown fat UCP in 1997, the hypothesis
emerged that mitochondrial proton leaks in skeletal
muscle or in liver or brain mitochondria were due to
proteins homologous to brown fat UCP. UCP2 is
widely expressed in tissues, whereas UCP3 is mainly
expressed in skeletal muscle and brown adipose tissue.
The high level of identity among UCP2, UCP3, and
UCP1, as well as preliminary functional, physiological,
and genetic studies (72–77), supported a putative role
for these novel UCPs in energy expenditure and meta-
bolic regulation. However, subsequent studies, in par-
ticular the observation that UCP2 and UCP3 gene
expression was induced in skeletal muscles in humans
(78) or rodents (79) during starvation and that UCP2
was present in ectothermic vertebrates (80), questioned
the role for the novel UCPs in energy expenditure. In
this chapter, we will not discuss the roles of other
mitochondrial carriers identified in mammals, plants,
or birds that are more or less related to the UCPs and
are referred to as BMCP1 (81), UCP4 (82), plant UCP
(83), and avian UCP (84,85). This section of the review
on UCP2 and UCP3 will present data from biochem-
ical, genetic, physiological, and pathophysiological
studies in human and rodent models as well as data
from the analysis of transgenic mice.

A Biochemical Studies

The questions to address are: Are the novel UCPs true
uncouplers of respiration? Do they work as proton
translocators? Are they regulated by fatty acids or
nucleotides? Do they affect ATP level in cells?

Expression of UCP1 in yeast or reconstitution stud-
ies of UCP1 into liposomes was previously used to
demonstrate its ability to uncouple respiration and
translocate protons. In these systems, UCP1 uncoupling
activity is increased by addition of fatty acids and is
decreased in presence of nucleotides, as it is in brown
adipocyte mitochondria (86–88). Similarly, expression
of human or rodent UCP2 or UCP3 in yeast induces a
marked uncoupling of respiration and thermogenesis
(73,74,89–92). In addition, liposomes reconstituted with
UCP2 or UCP3 purified from recombinant bacteria
were able to catalyze an electrophoretic flux of protons
(93). Using a similar approach, Echtay et al. also
observed a proton transport activity in lipidic vesicles
reconstituted with UCP2 or UCP3 (94). However, the
physiological significance of uncoupling activity of
UCP2 or UCP3 in recombinant yeast was recently

criticized by Brand and colleagues who reported that
physiological levels of UCP2 were unable to signifi-
cantly uncouple respiration of yeast mitochondria
(95). These authors claimed that the observed uncou-
pling of respirationmight be due to damagedmitochon-
dria from the large excess of recombinant proteins. They
also draw attention to the fact that the increase of UCP3
mRNA in the skeletal muscle of starved rats was not
accompanied by a change of proton conductance (96).
A problem with interpretation of many of the recon-
stituted systems, whether from yeast or liposomes, has
been the lack of careful quantification of the protein in
these preparations.

In isolated yeast mitochondria, unlike UCP1, UCP2,
or UCP3, activity is regulated by neither fatty acids nor
nucleotides (91,92). However, a direct activation of
UCP2 by retinoids was observed in yeast mitochondria
(92). This effect of retinoids onUCP2was confirmed in a
reconstitution system (97). In contrast to studies in
yeast, the reconstituted proton transport activity of
UCP2 or UCP3 in liposomes has an obligatory require-
ment for fatty acids (94,98). Proton flux was also
inhibited by nucleotides in liposomes, but with much
lower affinity than observed with UCP1 (98). Klingen-
berg and coworkers have recently reported on the
striking effects of coenzyme Q as an obligatory cofactor
for the H+ transport in liposomes reconstituted with
UCP1, UCP2, and UCP3 (99). They also proposed that
these H+ transport activities conducted in the presence
of coenzyme Q are regulated by the concentration of
free ATP and ADP and by the ATP/ADP ratio (94).

The biochemical functions of UCP2 and UCP3 have
been explored by overexpression of the proteins in
mammalian cells and transgenic mice, and by inactiva-
tion of their genes in mice targeted by homologous
recombination (the data referring to transgenic mice
are reviewed below). Overexpression of UCP2 in rat
pancreatic islets (100,101) or insulinoma cells (102)
resulted in a severe blunting of glucose-stimulated
insulin secretion and significantly reduced ATP content
(101,102) and mitochondrial membrane potential (101).
Consistent with these effects of overexpression, UCP2-
deficient mice had higher islet ATP levels and increase
of glucose-stimulated insulin secretion. These studies
support a true uncoupling activity of UCP2 and a
negative role for UCP2 in the control of insulin secre-
tion. The presence of UCP2 in pancreas (73,74,
101,103–105) and the well-known control of insulin
secretion by ATP/ADP ratios in h-cells also support
their findings from these genetic studies. Overexpres-
sion of human UCP3 in L6 myotubes or H9C2 cardio-
myoblasts stimulates glucose uptake and GLUT4
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translocation to the cell surface by activating a PI3K-
dependent pathway (106). Such an effect could be
related to uncoupling activity of UCP3 and a subse-
quent requirement for substrate utilization. Another
study of overexpression of human UCP3 in cultured
human muscle was shown to favor fatty acid over
glucose oxidation (107).

In summary, it is obvious that unphysiological levels
of UCP2 or UCP3 can uncouple respiration in yeast or
mammalian cell and translocate protons through a
membrane, but it is not certain whether the low phys-
iological levels of these proteins may be sufficient to
induce a net uncoupling of respiration in vivo. The
divergent observations of the regulation of the activities
of UCP2 or UCP3 by fatty acids or nucleotides will
require further studies. Interestingly, Moore et al.
recently proposed that UCP2 and UCP3 could export
fatty acid anion under conditions of elevated fatty acid
oxidation (108). Expression studies of UCP2 in pancre-
atic cells agree with an uncoupling activity, but the
demonstration that a concomitant decrease of ATP
content directly results from respiration uncoupling
should be further confirmed. Another important role
for UCP2 and UCP3 may be related to the control of
reactive oxygen species (this point is discussed in the
section on transgenic mice).

B Genetic Studies

The UCP2 and UCP3 genes are adjacent genes on
human chromosome 11 and mouse chromosome 7
(109–112). Sequence analysis has shown a similar dis-
tribution of the coding domain over six exons and a
similar localization of exon/intron boundaries, which
suggests that UCP2 and UCP3 have evolved by dupli-
cation from a common ancestor, as their juxtaposition
on the chromosome predicts (109,112–116). In compar-
ison with the UCP1 gene, the UCP2 gene contains two
additional exons in the 5V side, whereas the UCP3 gene
contains one additional untranslated exon in the 5V side.
Exon 1 ofUCP2 is untranslated and exon 2 contains an
open reading frame of an unknown 36–amino acid
peptide (112). Actually, exon 2-ORF seems to limit
UCP2 synthesis and may be important for the transla-
tional regulation of theUCP2 gene (117). In contrast to
UCP3 promoter (116), the UCP2 promoter lacks both
TATA and CAAT boxes and is GC rich (112,115).
Promoter studies have identified a positive regulatory
region in the proximal part of UCP2 and UCP3 pro-
moters (112,114,116), and a double E-box mediating
PPARg response in UCP2 promoter (118). The UCP3
promoter contains several MyoD-binding motifs (119),

and its activity in vitro is largely dependent on MyoD
(120).

The genetic linkage of the Ucp2 locus to hyperinsu-
linemia in mouse (73) and the putative respiration
uncoupling activity of the novel UCPs stimulated
geneticists to investigate the contribution of these genes
to metabolic physiology and pathophysiology in hu-
mans. The first genetic analysis in the human revealed a
significant linkage of an anonymous marker, D11S911,
lying close to the UCP2 and UCP3 genes, to resting
metabolic rate in Caucasians (77). This first study hinted
at a potential role of the novelUCPs in energy expendi-
ture. A genomic scan for genes affecting body compo-
sition before and after exercise training in Caucasians
identified the UCP2/UCP3 locus as a region linked to
change in percent fat (121). However, another study
failed to find significant linkage between the UCP2/
UCP3 region and obesity in familial type 2 diabetes
(122). In another analysis, the D11S911 marker in the
UCP2/UCP3 gene cluster was associated with anorexia
nervosa in a cohort of 170 female Caucasians (123).

Two common polymorphisms were identified in
human UCP2 gene: one nucleotide substitution at
codon 55 in exon 5 replacing an alanine with a valine
(124–126), and a 45-bp insertion/deletion variant in the
untranslated region of exon 8 (127). A rare variant
resulting in an alanine/threonine substitution at posi-
tion 232 was also described (128). The alanine/valine
substitution polymorphism was related to metabolic
efficiency, fat oxidation, and energy cost of physical
exercise in a Danish population (129,130). However,
this alanine/valine polymorphism was not associated
with the pathogenesis of juvenile or maturity-onset
obesity or insulin resistance in Caucasians (124,131) or
with basal metabolic rate and susceptibility to obesity in
Caucasians or Japanese (126,128). The 45-bp insertion/
deletion polymorphism in exon 8 is associatedwith body
mass index in South Indian subjects but not in obese
Caucasians (132) or in morbidly diabetic obese French
subjects (131). Confirming a genomic scan analysis, the
insertion/deletion polymorphism in the 3V untranslated
region of exon 8 was calculated to be associated with
gain in fat mass over 12 years, suggesting that UCP2
might be associated with an increased susceptibility to
gain fat with age (121). Yanovski et al. reported that this
polymorphism was associated with body mass index in
childhood-onset obesity (133). An association with obe-
sity was also observed in German adults (134).

More recently, another common variant in the pro-
moter region of human UCP2 was described (G/A at
position bp -866 relative to the transcriptional start
site); this variant is associated with decreased risk of
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obesity in middle-aged humans in a cohort of 790
individuals (135).

The different variants identified in the human UCP3
gene are the following: four nucleotide substitutions in
the intron 3, and two silent amino acids (Tyr/Tyr at
position 99 in exon 3, Tyr/tyr at position 200 in exon 5);
substitution of a glycine residue for a serine residue at
position 84 of amino acids in exon 3 (113); substitution
of a valine for an isoleucine at position 102 in exon 3; a
mutation introducing a stop codon in exon 4 (arginine
residue at position 143); a terminal polymorphism in the
splice donor junction of exon 6, resulting in a short form
of UCP3 protein lacking the N-terminal transmem-
brane helix (136); substitution of a valine for a methio-
nine at position 9 in exon 2; and substitution of an
arginine for a tryptophan at position 308 in exon 7 (137).
It is unlikely that variants in exons 3 and 4 of the UCP3
gene contribute to the pathogenesis of juvenile-onset
obesity among Danish Caucasians (113) or obesity in
French (137) or Isle of Ely Caucasians (138). In contrast
with these studies, Argyropoulos et al. (136) observed
that the exon 6–splice donor polymorphism correlated
significantly with basal fat oxidation and respiratory
quotient in morbidly diabetic obese Gullah-speaking
African-Americans (but not in Caucasians). They pro-
posed a role for UCP3 in metabolic fuel partitioning.
However, these data were not confirmed in an inde-
pendent population of African-Americans (139). In
other respects, a GA polymorphic site in intron 6 of
UCP3 gene was calculated to be strongly associated
with body mass index and body fat content in the
Quebec family study (140). C-to-T substitution in the
UCP3 promoter, 55 bp upstream of the transcriptional
start site, has been detected; this polymorphism is
associated with UCP3 mRNA levels (141,142). The C-
to-T polymorphism in the 5V sequence of theUCP3 gene
is negatively associated to body mass index (138,143).
Interestingly, in the group with the C/C genotype, body
mass index was negatively associated with physical
activity, suggesting that the UCP3 gene might contrib-
ute to corpulence and alter the benefit of physical
activity (143). Therefore, although the UCP2 and
UCP3 genes are not major genes for human obesity or
metabolic diseases, several studies identified the UCP2/
UCP3 locus as a region possibly implicated in the
control of resting metabolic rate, fat oxidation, and
adiposity in humans.

C Physiological and Pathophysiological Studies

Several studies have aimed at understanding the phys-
iological significance and regulation of UCP2 and

UCP3. These studies were related to (1) effects of hor-
mones, substrates or drugs on UCP expression, (2)
status of UCPs in obese or diabetic patients, and (3)
the relationship between UCP2 and UCP3 and phys-
ical exercise.

The identification of UCP homologs able to uncou-
ple respiration in recombinant systems prompted the
authors to propose that such proteins were involved in
basal or regulatory thermogenesis. In agreement with
this hypothesis, Barbe et al. reported that the level of
UCP2 mRNA in adipose tissue of obese humans after
25 days of hypocaloric diet correlated with resting
metabolic rate adjusted for lean body mass (144). The
hypothesis that the UCP homologs could stimulate
thermogenesis is supported by several studies showing
that they were upregulated by thyroid hormones in
rodents (76,145,146). The effect of thyroid hormones
was tested in humans receiving an amount of T3 causing
a 1.7-fold increase in plasma-free T3 level, a 14%
increase in resting metabolic rate, a small decrease in
respiratory quotient, and no change in plasma level of
nonesterified fatty acids (147). In this study, T3
increased UCP2 mRNA levels in adipose tissue as well
asUCP2 andUCP3mRNA levels in skeletal muscle. In
addition, the direct effect of T3 on skeletal muscle and
adipose tissue UCP2 and UCP3 mRNA was demon-
strated in vitro with human primary cultures. A marked
upregulation of UCP2 mRNA was also described in
adipose tissue of hyperthyroid patients (148).

Soon after the discovery of UCP2 and UCP3, an
upregulation of UCP2 and UCP3 mRNAs upon star-
vation was described both in humans (78) and rodents
(79,149). Such data questioned the hypothetical role
for the novel UCPs in energy expenditure in the face of
depleted energy reserves; however, it was suggested
that the UCPs could provide for the important func-
tion of maintaining body temperature that could occur
during starvation. Dulloo and Samec have proposed
that the function of UCP2 and UCP3 was rather to
adapt cell metabolism to lipid utilization rather than
thermogenesis (149). In agreement with this proposal,
the upregulation of UCP2 and UCP3 mRNAs by a
high-fat diet in humans is more pronounced in humans
with high proportions of type IIA fibers, which are
known to have a high capacity to shift from carbohy-
drate to fat oxidation (150).

To explain Ucp3 induction in skeletal muscle during
food restriction of rats, Weigle et al. proposed that the
free fatty acids are the mediators of such a change (151).
In agreement with this work, infusion of lipids for 5 hr in
human volunteers induces a rise in nonesterified fatty
acids and a doubling of UCP3 mRNA level in skeletal
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muscles (152). Thiazolidinediones stimulate UCP2 ex-
pression in rat or human skeletal muscle cells in culture
(153,154). A positive effect of a PPARh agonist on
UCP3 mRNA levels in rat L6 myotubes was obtained
(155). Chevillotte et al. demonstrated that omega-6
polyunsaturated fatty acids, acting through PPARh,
can stimulate UCP2 expression in primary culture of
human skeletal muscle cells (154). Fatty acids have been
shown to induceUCP2 expression in adipocyte cultures
of both rodents (153,156) and humans (157).

A survey of articles reporting on UCP2 or UCP3
mRNA levels in humans does not give a clear picture.
Identical (78,158) or reducedUCP2 gene expressionwas
measured in skeletal muscle (159) and intraperitoneal
adipose tissue (160) of human obese subjects compared
to lean individuals. Although body mass index was
negatively correlated with UCP2 expression in skeletal
muscle of Pima Indians (161), in two other studies it was
found that UCP3 mRNA levels in skeletal muscle did
not differ between obese and lean subjects (78,162).
However, a prolonged hypocaloric diet downregulated
UCP3 mRNA expression in muscle of obese patients
(162). No difference in the mRNA level of UCP2 in
skeletal muscle was measured between NIDDM and
control subjects; in contrast, mRNA levels of UCP3 is
significantly reduced in skeletal muscle of NIDDM
patients (163).

In comparison with untrained subjects, exercise-
trained subjects exhibit lower levels of UCP3 mRNA
in their skeletal muscle (141). These data led the authors
to hypothesize that endurance training makes athletes
more energy efficient. The status of UCP2 and UCP3
was also investigated in skeletal muscle of tetraplegic
subjects before and after an 8-week exercise program
consisting of electrically stimulated leg cycling (164). In
agreement with data of able-bodied people trained to
physical exercise (141), tetraplegia was shown to be
associated with increased expression of UCP2 and
UCP3 in skeletal muscle, and exercise training of tetra-
plegic patients normalized UCP2 mRNA levels.
Although it is difficult to understand the significance
of decreased UCP expression during exercise and
increased UCP expression in absence of exercise, it
appears that physical activity regulatesUCP expression
in skeletal muscle. Whether expression of UCP2 and
UCP3 in skeletal muscle is related to oxygen utilization
remains to be investigated.

In conclusion, an unclear picture emerges from anal-
ysis of UCP2 and UCP3 expression in physiological or
pathophysiological situations. On the one hand, the
upregulation of the UCPs in skeletal muscle during
starvation, as well as the level of mRNAs in obese

individuals compared to lean individuals do not illus-
trate an obvious role for UCP2 or UCP3 in substrate
utilization and energy partitioning. On the other hand,
the positive effect of T3, a hormone known to induce
mitochondrial proton leak and substrate oxidation, on
expression ofUCP2 andUCP3 in tissues, supports their
possible role in energy dissipation. Analysis of UCP2
and UCP3 function in nonactive or activated skeletal
muscle of tetraplegic patients indicates that a role for the
UCPs in thermogenesis and maintenance of body tem-
perature cannot be ruled out.

D Studies from Transgenic Mice

Mice overexpressing human UCP3 in skeletal muscle
were created (165). These mice weigh less than the wild-
type littermates although they are hyperphagic. The
predominant factor contributing to reduced body
weight is a 50% decrease in the amount of adipose
tissue in the transgenic mice. Moreover, these mice
exhibit a lower insulinemia and lower fasting glycemia.
Muscle temperature is increased but core temperature is
not affected. The resting oxygen consumption of the
transgenic mice is markedly increased. These data sup-
port a role for UCP3 in activating substrate oxidation
and decreasing body fat content. A decrease in respira-
tory control ratio illustrated by increased state 4 respira-
tion and decreasedmembrane potential inmitochondria
isolated frommuscle of the transgenic animals, confirms
that overexpression of UCP3 induces respiration
uncoupling. These data are in agreement with a respi-
ration uncoupling activity of a high level of UCP3 and
its potential role in treatment of obesity. However, a
critical point seems to be the question of the amount of
UCP3 necessary to induce a significant respiration
uncoupling and have an effect on body weight, since
Clapham et al. (165) created mice with a very high level
of UCP3. Curiously, the same authors concluded that
UCP3 in normal mice had no uncoupling activity since
UCP3 induction in skeletal muscle of starved rats does
not change the mitochondrial proton conductance (96).
Moreover, it was shown that treatment of rats by T3
increases mitochondrial ATP production in oxidative
muscle despite increased expression of UCP3 (166). No
data corresponding to transgenic mice overexpressing
UCP2 have been published yet.

Coincident with the creation of transgenic mice over-
expressingUCP3, two other teams inactivatedUCP3 by
gene targeting (167,168). In contrast to the marked
decreased in fat content of mice overexpressing UCP3
(see above), the Ucp3 -/- mice are not obese; they have a
normal body temperature and no change in oxygen
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consumption. The absence of phenotype is surprising
since analysis of the mitochondria of the Ucp3 -/- mice
showed a reduced proton leak (167), a decreased state 4
respiration, and increased ROS production (168), these
three changes supporting the hypothesis of respiration
uncoupling activity of UCP3. Moreover, the rate of
ATP synthesis, measured by NMR analysis, is strongly
increased in skeletal muscle of Ucp3 -/- mice, and this
increased efficiency of ATP production in mutant mice
is consistent with a role for the uncoupling activity of
UCP3 in skeletal muscle in vivo in controlling energy
status (169). Therefore, the data obtained from mice
made null for the UCP3 gene are rather contradictory,
since it appears that disruption of a mitochondrial
protein able to uncouple respiration does not induce
phenotypic changes.

Similar to the observation with Ucp3 -/- mice, the
disruption of the UCP2 gene did not induce obesity of
the mice, even when they were put on an adipogenic diet
(105,170). These data challenge the expected role of the
novel UCPs in energymetabolism.However, analysis of
the Ucp2 -/- mice identified two interesting roles of
UCP2. Guided by the fact that UCP2 is expressed at
high level in the immune system (73), Arsenijevic et al.
found that the mutant mice were more resistant to
infection by a parasite (170). In fact, disruption of the
Ucp2 gene provokes an elevation of ROS level that
facilitates the killing of the pathogens. It is unknown
whether such an effect results directly from a net change
in respiration coupling in mitochondria or from a
modification of the mitochondrial membrane potential
that controls mitochondrial ROS production. More-
over, whether the increase of ROS in macrophages of
Ucp2 -/- mice represents themain effect on pathogens or
precedes an activation of NADPH oxidase in phago-
cytes remains to be studied. These data support a role
for UCP2 in limiting ROS level in cells as predicted
(171,172). In other respects, Zhang et al. observed that
the Ucp2 -/- mice were hypoglycemic and hyperinsuli-
nemic (105). This is due to a higher insulin secretion in
response to glucose by pancreatic islets. The authors
explained this higher insulin secretion as a consequence
of increased ATP levels in the absence of UCP2 uncou-
pling activity in islets of mutant mice. The more pro-
nounced insulin secretion by pancreatic islets of the
Ucp2 -/- mice was confirmed in another study (Picard
et al., unpublished data). These data are in agreement
with experiments of overexpression of UCP2 in pancre-
atic islets (see above). Therefore, UCP2 controls neg-
atively insulin secretion.

To summarize studies from genetically modified
mice, strong overexpression of UCP3 or deletion of

the UCP3 gene or the UCP2 gene tends to support an
uncoupling activity ofUCP3, but the in vivo uncoupling
activity of UCP2 is still a matter of debate. Whereas
disruption of the UCP3 gene did not clarify its physio-
logical role, disruption of the UCP2 gene reveals its
significant physiological role both in the control of ROS
production and insulin secretion.

E UCP2 and UCP3, Conclusions and Perspectives

Besides UCP1, which has a well-demonstrated uncou-
pling activity and an essential role in maintenance of
body temperature in small rodents exposed to the cold,
the exact biochemical and physiological roles of UCP2
and UCP3 remain to be further identified. Certain data
support a true activity of these UCPs in respiration
uncoupling; other data do not agree with a role for these
UCPs in controlling body weight or adiposity. Whereas
the physiological role of UCP3 remains rather
unknown, UCP2 and UCP3 appear to be genes limiting
ROS level in cells and UCP2 as a gene controlling
insulin secretion.

Figure 2 Models of physiological activities of UCP1, UCP2,
and UCP3. The UCP1 gene is only transcribed in brown
adipocytes. TheUCP1 gene is activated following exposure of

animals to the cold whereas the activity of the UCP2 and
UCP3 genes can be modulated in response to the flux of
glucidic or lipidic substrates. The activity of the UCP2 gene

can also be activated during inflammatory responses in
macrophages. Activated UCPs tend to decrease the mitochon-
drial proton gradient. This gradient controls ATP synthesis
and ROS production. Physiologically, the main effects of

UCP1 are substrate oxidation and regulatory thermogenesis.
The roles of UCP2 and UCP3 in cellular thermogenesis and
control of ATP level require further studies. These two

UCPs decrease ROS production by mitochondria.
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Since UCP2 and UCP3 homologues exist in ecto-
thermic animals, it may be hypothesized that UCP2
and UCP3 are closer to a UCP ancestor than is UCP1,
which only exists in mammals. The UCPs belong to the
family of the mitochondrial anion carriers. UCP1 trans-
locates protons, whereas UCP2 and UCP3 can also
transport protons. The ability of UCP2 and UCP3 to
transport ions other than protons should be investi-
gated. A depiction of the putative functions for the
UCPs is provided in Figure 2.

Undoubtedly, a central question is that of the
amount of UCP2 and UCP3 in tissues. Experiments of
overexpression of the novel UCPS in transgenic mice or
mammalian cells have shown that these proteins can
uncouple respiration from ATP synthesis and therefore
represent putative targets for antiobesity compounds.
However, the amount of UCP2 or UCP3 normally
present in vivo seems to be very low and insufficient to
provoke a discernible uncoupling of respiration. It
remains to be determined whether the amount (or
activity?) of UCP2 or UCP3 in cells can be sufficiently
elevated to uncouple respiration under selective natural
or pharmacological conditions. The observation that
the level of UCP2 protein can be rapidly and strongly
increased in tissues in absence of variation in the
amount of UCP2 mRNA indicates that a rather high
level of UCP2 can be obtained, at least in certain cells. It
should not be forgotten that a very small, but pro-
longed, change in level of coupling of mitochondrial
respiration, i.e., change in efficiency of substrate oxida-
tion, can significantly affect body adiposity.
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I INTRODUCTION

The peroxisome proliferator–activated receptor gamma
(PPARg) is one of three PPARs, which together
constitute a distinct subfamily of the nuclear receptor
superfamily and which are all activated by naturally
occurring fatty acids or fatty acid derivatives. PPARg
heterodimerizes with retinoid X receptors (RXR) and
alters the transcription of numerous target genes after
binding to specific response elements or PPREs,
which are found in several genes involved in fat
metabolism. Coordinate regulation of genes involved
in fat uptake and storage by PPARg underlies its
effects on adipocyte differentiation. PPARg’s claim to
fame is due to its pivotal roles in adipogenesis and its
implication in insulin sensitization. A number of
additional functions were attributed to PPARg, which
suggests a more pleiotropic role affecting multiple
fundamental pathways in the cell with wide-ranging
biomedical implications.

II THE PPAR; GENE, RNA, AND PROTEIN

The human PPARg gene, which is mapped to a locus
on chromosome 3p25, has nine exons and spans over
100 kb of genomic DNA (1). In contrast to mice, in
which only two PPARg isoforms have been described

so far (2), in man, three PPARg mRNA isoforms have
been identified—PPARg1, g2(1), and g3 (3). Alternate
transcription start sites and alternative splicing gen-
erate these three PPARg mRNAs, which differ at their
5V ends. Consistent with the production of three
PPARg mRNAs, there are three PPARg promoters,
each with a specific and distinctive expression pattern,
(1,3). Whereas the PPARg1 and g3 mRNAs give rise to
an identical protein product, i.e., PPARg1, the
PPARg2 mRNA encodes for the PPARg2 protein,
which in man contains 28 additional amino acids
encoded by the B exon.

Little is known about the expression of PPARg
during development in mammals (4). In adult animals,
PPARg expression is relatively confined. Adipose tis-
sue, large intestine, and hematopoietic cells express the
highest levels of PPARg; kidney, liver, and small intes-
tine have intermediate levels; whereas PPARg is barely
detectable in muscle (1,5). Related to the subtype
distribution, PPARg2 is much less abundant in all
tissues relative to PPARgl, the predominant PPARg
form. The only tissue expressing significant amounts of
PPARg2 is adipose tissue, where PPARg2 mRNA
makes up 30% of total PPARg mRNA (5). PPARg3
mRNA expression is restricted to macrophages and
large intestine (3,6).

In man, short-term changes in food intake do not
affect the expression levels of PPARg (5), whereas
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hypocaloric diets for a longer period result in a down-
regulation of PPARg expression (7). In rodents, PPARg
was downregulated by fasting and insulin-dependent
diabetesmellitus (8), whereas its expression was induced
by a high-fat diet. Most interesting, however, was the
observation that in normal-weight subjects PPARg
expression is highly enriched in subcutaneous fat,
whereas its expression in visceral adipose tissue is sig-
nificantly higher in obese subjects (9). Insulin and
glucocorticoids induce PPARg expression in cultured
human adipocytes (7,10), whereas TNFa was reported
to decrease PPARg expression (11,12).

III SOME STRUCTURAL ISSUES

As in all nuclear receptors (NRs), PPARg has a
modular structure composed of several domains: the
NH2 terminal A/B domain, harboring a ligand-inde-
pendent transcriptional activation function (AF-1); the
C domain, which contains two zinc fingers, responsible
for DNA binding; the D or hinge region, which is
important for cofactor docking; and the E COOH-
terminal region, which among others contains the lig-
and-binding domain (LBD) and the ligand-dependent
activation domain AF-2 (reviewed in 13). In recent
years a large body of information has accumulated re-
lated to the three dimensional structures of the LBDs
of multiple NRs (14). In general, the unliganded (apo)
LBD of a prototypical NR is organized in 12 highly
conserved a-helices which are folded into three layers
to create a central hydrophobic ligand-binding pocket.
The x-ray crystallographic structures of the LBD of
PPARg are similar to those reported for the other
receptors (15,16).

The ligand-binding pocket of PPARg is formed by
residues from helix (H), 2V, H3, H5, H7, H11, H12, and
the h-sheet (Fig. 1). In contrast to the LBDs of other
NRs, the PPARg ligand-binding pocket is exposed to
the solvent between H3 and the h-sheet, and PPARg
has a more accessible ligand-binding cavity, which
at c1300 Å3 is almost twice the size of that of other
receptors (c600 Å3) (15–17). The PPARg apo-LBD
(unliganded receptor) has a highly dynamic character,
and agonist binding leads to a strong decrease of
conformational freedom (18). In the crystal structure
of the PPARg apo-LBD homodimer (15), the activa-
tion helix H12 extends one subunit away from the
LBD core, as in the RXR apo-LBD (19), while in the
other subunit H12 is packed against the LBD core,
sealing the pocket on one side, as in the retinoic acid
receptor (RAR) bolo-LBD (liganded form) (20). This

indicates that H12 is in equilibrium between at least
these two conformations that are trapped by the
crystal packing. In the PPARg (16) apo-LBD mono-
mer structure, H12 is also in a ‘‘hololike’’ conforma-
tion, folded against the LBD core. The structure of
rosiglitazone-bound PPARg LBD homodimer as a
ternary complex with a fragment of the SRC-1 coac-
tivator has also been reported (15). Rosiglitazone
occupies f40% of the ligand-binding pocket and is
stabilized there by a combination of hydrogen bonds
and Van der Waals contacts. The SRC-1 fragment
contains two conserved LXXLL motifs (‘‘NR boxes’’)
with each LXXLL motif bound to one LBD monomer
(21–23). The helix of the LXXLL peptide is positioned
in a hydrophobic cleft on the LBD surface, formed by
H3, the loop H3-H4, H4, and H12, through what has
been called a ‘‘charge clamp.’’ When H12 is in a
hololike conformation in the PPARg apo-LBD crystal
structures, its position is slightly different from that in
the agonist-bound structure. This emphasizes the cru-
cial role of the direct or indirect contacts between the
ligand and H12 in the transactivation process. The
bound agonist tightens the position of H12 to provide

Figure 1 Crystallographic structure of the ternary complex

hPPARg LBD homodimer/rosiglitazone/coactivator peptide
((27) and PDB entry 2PRG). One LBD monomer is in green
and the other one in yellow. Helices are depicted as cylinders

and h-strands as arrows. In one monomer (the green one),
residues 239–247 and 257–272 are not seen in the electron
density map, and thus s0 and H2V are not present. Rosiglita-

zone is in blue and the coactivator peptide is depicted as a red
ribbon. Only the NR boxes of the coactivator peptide are seen
in the electron densitymap; eachNRbox forms a helix that fits

in a hydrophobic cleft on the LBD surface comprising the C-
terminus of H3, loop H3-H4,H4, and H12.
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a precise anchoring surface for the coactivator to-
gether with H3-H4. Interestingly, in the structure with
the partial agonist GW0072, H12 does not seem to
interact directly with the ligand and hence is found in a
position more similar to the unliganded (apo) than to
the liganded (holo) structure (24). Unlike full agonists,
partial agonists would therefore not be able to stabi-
lize the activation helix in the proper position, owing
to the lack of a few key interactions, and such a slight
malpositioning of H12 may result in an attenuated
transcriptional response.

Recently, the structure of a PPARg-RXRa LBD
heterodimer was reported (25). The heterodimerization
interface is topologically the same as the homodimeri-
zation interface in RXR (19), ER (26), and PPAR (15),
and as the heterodimerization interface in the RARa-
RXRa heterodimer (27). An interesting feature is the
salt bridge between the C-terminal carboxylate of
PPARg (Tyr477, 4 residues downstream of H12) and
Lys431 in H10 of RXRa. In the case of heterodimers,
transcription may be regulated by the respective ligands
for both receptors, such as is the case in the permissive
PPAR-RXR heterodimer, whereas this is not the case
for the nonpermissive RAR-RXR and TR-RXR heter-
odimers (28). The interaction between the C-terminus of
the PPARg LBD and H10 of RXR suggests a structural
basis for such permissiveness, as it may stabilize H12 of
PPARg in the holo conformation allowing the recruit-
ment of coactivators, even in the absence of a bound
agonist (25).

IV A COORDINATOR FOR THE

THRIFTY RESPONSE

Adipose tissue is mainly composed of adipocytes,
which store energy in the form of triglycerides during
periods of nutritional affluence and release it as free
fatty acids at times of nutritional deprivation (for
review see 29,30). Excessive accumulation of adipose
tissue leads to obesity, whereas its absence is associ-
ated with lipodystrophic syndromes. The molecular
mechanisms that control adipocyte differentiation
from adipose precursor cells (adipoblasts) are com-
plex and are affected by numerous signaling path-
ways. The adipocyte differentiation process starts
after fibroblastic precursor cells become contact-
hibited in their growth. Those cells then re-enter the
cell cycle after appropriate hormonal induction, in a
process termed clonal expansion. Later on, cells arrest
this second proliferation phase again, undergo termi-
nal adipocyte differentiation, and start to accumulate

lipids (Fig. 2). We will discuss these two phases
separately in the sections below.

A Control of the Early Phases of Adipogenesis

Whereas the terminal stages of adipocyte differentia-
tion are well understood, the molecular mechanisms
underlying the transition between cell proliferation
and differentiation of preadipocytes remain elusive.
Since these early phases of adipogenesis involve clonal
expansion of the precursor cells, it was logical to start
looking for factors that are involved in the control of
the cell cycle as potential triggers for these early
phases. The E2F family of transcription factors, which
are major regulators of the cell cycle and which have
been shown to have an important role in the regu-
lation of other differentiation systems, were hence
good candidates (31–33). E2Fs trigger the expression
of PPARg directly by binding to and transactivating
the PPARgl promoter during the clonal expansion of
the adipocyte differentiation process. In contrast to
E2Fs, the role of the retinoblastoma (RB) protein
family members, or the pocket proteins RB, p130,
and p107, in adipocyte differentiation seems more
complex. The negative role of pocket proteins in cell
cycle progression, repressing the expression of the E2F
target genes, has been demonstrated in several settings
(for review see 34,35). Pocket proteins are inactivated
by phosphorylation by the cyclin-dependent kinases,
resulting in the activation of the E2F target genes.
Consistent with an active cell cycle in the early stages
of adipogenesis, pocket proteins have been found to
be hyperphosphorylated following hormonal induc-
tion of preadipocytes (36). However, an apparent
paradox arises from the finding that pRB inactivation
by SV40 large T-antigen inhibits adipogenesis (37).
Moreover, pRB-deficient fibroblasts fail to differenti-
ate into adipocytes when properly stimulated (38,39).
This apparent paradox was explained by the partic-
ipation of RB in the growth arrest following clonal
expansion (39a). This suggests that RB is involved in
two phases of adipocyte differentiation. First, inacti-
vation of RB enables clonal expansion, whereas
growth arrest after this expansion phase requires
active RB, which positively influences adipocyte differ-
entiation. A different role, independent of the control
of cell cycle, has also been attributed to RB in another
aspect of the regulation of adipogenesis, i.e., the
enhancement of the transactivation capability of C/
EBPa and h, via direct protein-protein interaction
(39). In contrast to RB, the other members of the
retinoblastoma family, p130 and p107, have been
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reported to negatively regulate adipogenesis (36,38).
Indeed, fibroblasts deficient in both p130 and p107
differentiate spontaneously into adipocytes, whereas
the wild-type cells do not (38). Furthermore, reintro-
duction of p130 and p107 in these cells inhibits
adipocyte differentiation. These effects of p107 and
p130 in adipogenesis have been suggested to be medi-
ated through downregulation of PPARg activity.

In the context of the early phases of adipocyte differ-
entiation, we will now discuss the transcriptional regu-
lators that have been shown to inhibit adipogenesis. The
adipocyte enhancer-binding protein 1 (AEBP-1) is a
carboxypeptidase which was first described as a tran-
scriptional repressor that inhibits the expression of the
adipocyte fatty acid–binding protein aP2 (40). Expres-
sion of AEBP-1 is downregulated during the adipocyte
differentiation process (40). Recently, it was shown that
the g5 subunit of the heterotrimeric G protein binds to
AEBP-1 and that it attenuates its transcriptional repres-
sion activity (41). Adipogenic stimulation selectively
decreased Gg5 level and enhanced the transcriptional

repression activity of AEBP-1 during the mitotic clonal
expansion at the onset of adipogenesis (41).Which set of
genes is inhibited by this increased AEBP-1 activity
during clonal expansion phase is at present unknown,
but it is tempting to speculate that some of the genes
driving terminal adipocyte differentiation, such as
PPARg and the C/EBP family of transcription factors,
could be AEBP-1 targets.

It has been suggested that adipogenesis is also
inhibited by several transcription factors of the
GATA-binding protein family (42). GATA-2 and -3
are strongly and selectively expressed in adipose tissue
(42). Although these GATA factors are enriched in
adipose tissue, there is good evidence that they play
a negative role in adipogenesis. This is based on the
observation that in four independent mouse models
of obesity, including the ob/ob, db/db, and tub/tub,
and KKAy mice, expression of GATA-2 and GATA-3
was decreased in adipose tissue (42). Constitutive ex-
pression of GATA-2 and GATA-3 results furthermore
in a decrease in PPARg expression and a consequent

Figure 2 Coordinate regulation of adipogenesis by E2Fs, PPARg, C/EBPs, and ADD-1/SREBP-1. Interactions among these
different transcription factors determine the cascade of events during adipocyte differentiation. The right part of the figure depicts
the three different cellular stages—adipocyte precursors, adipoblasts, and adipocytes. The quiescent adipocyte precursor cells
undergo an obligatory phase of clonal expansion which requires reentry into the cell cycle. This phase generates adipoblasts,

which upon further lipid accumulation become mature adipocytes.

Fajas and Auwerx562



inhibition of adipocyte differentiation (42). This effect is
mediated by a direct inhibitory effect of these GATA
factors on PPARg transcription. Consistent with such
an inhibitory effect of GATA-3 on adipocyte differen-
tiation, it was shown that GATA-3 -/- embryonic stem
cells differentiatedmuchmore efficiently into adipocytes
than wild-type ES cells (42).

The retinoic acid receptor (RAR) is another tran-
scription factor of the NR family that is capable of
blocking early steps of adipocyte differentiation. In
fact, downregulation of RARg 1 expression during adi-
pocyte differentiation correlates well with the loss of
responsiveness to the inhibitory effects of retinoic acid
on adipocyte differentiation (43). Along similar lines,
ectopic expression of RAR extends the retinoic acid
responsive period (43). One mechanism by which reti-
noic acid might block adipogenesis is by interfering
with C/EBPh-mediated transcription, which is only
essential in the early stages of adipogenesis (44),
thereby explaining why retinoic acid is less effective
when added later in the adipocyte differentiation pro-
gram. In addition, retinoic acid can inhibit PPARg
action by favoring the formation of the nonpermissive
RAR/RXR heterodimer over the PPAR/RXR dimer
(45) (see also Fig. 2). Alternatively, RA has been shown
to induce the expression of the repressive orphan
receptor COUP-TF (46), which also competes with
PPARg for binding to a DR-1.

Several other signaling pathways have been sug-
gested to inhibit this early phase of adipogenesis; tumor
necrosis factor alpha (TNF)-a, Pref-1, and Wnt. TNFa
is a potent inhibitor of adipocyte differentiation and
exposure of 3T3-L1 adipocytes or primary adipocytes to
TNFa results in lipid depletion and a complete reversal
of adipocyte differentiation (47). An important mecha-
nism by which TNFa exerts its antiadipogenic action is
downregulation of the expression of adipogenic factors
such as C/EBPa (48,49) and PPARg (11,47). Interest-
ingly, several other polypeptides, such as TGFh and
bFGF, as well as PKC-activating agents and calcium
ionophores, are capable of reversing adipocyte differ-
entiation through a decreased expression of adipogenic
transcription factors (11,50). How these agents mediate
this decrease in expression is unclear, but further studies
are required to investigate the role of NF-nB, AP1, and
other transcription factors in the inhibition and reversal
of adipocyte differentiation.

Pref-1 is a 45 to 60 kDa transmembrane protein with
six tandem EGF-like repeats, which has some similar-
ities to the Drosophila cell-fate determination proteins
Notch and Delta (51). Pref-1 is expressed in preadipo-
cytes but is absent in adipocytes (51), and its constitui-

tive expression inhibits expression of PPARg and C/
EBPa and blocks adipocyte differentiation (52), sug-
gesting that it functions as a negative regulator of
adipogenesis. The inhibitory action of Pref-1 can be
exerted either in a juxtacrine manner, as a transmem-
brane protein affecting adjacent cells, or in a paracrine
manner, as a soluble inhibitor of adipocyte differentia-
tion, released by cleavage of the membrane-associated
form (52). There are four major forms of Pref-1 which
result from alternate splicing (53). Although all four
transcripts generate transmembrane Pref-1, only two of
them undergo processing to a soluble form of Pref-1,
corresponding to their respective complete ectodo-
mains. The other two Pref-1 proteins have a deletion
that includes the putative processing site proximal to the
membrane, and therefore do not produce a soluble form
(53). The mode of inhibition, i.e., juxtacrine or para-
crine, therefore depends on the specific alternate Pref-1
form expressed, and underscores the importance of
alternate splicing in the determination of Pref-1’s range
of action (53). However, the mechanism of action of
Pref-l or which signaling pathway is implicated remains
to be elucidated. Some pro-adipogenic hormones, such
as dexamethasone, have been shown to inhibit expres-
sion of Pref-1 (54).

Finally, the Wnt family of signaling factors also
negatively affects adipocyte differentiation (55). Wnts,
signaling molecules that play a major role in the regu-
lation of cell growth and development (56), have been
implicated in the inhibition of adipocyte differentia-
tion. It was recently demonstrated that forced ex-
pression of Wnt-1 in 3T3-F442A cells inhibited the
formation of adipose tissue when these cells were
grafted into nude mice (55). Furthermore, 3T3-L1 cells
ectopically expressing a dominant negative form of
TCF4, a transcriptional mediator of Wnt signaling,
undergo adipogenesis without any hormonal induction
(55). Repression of PPARg and C/EBPa expression
was suggested as the mechanism by which activation
of the Wnt signaling inhibited adipogenesis.

B The Terminal Phases of Adipocyte

Differentiation

The terminal phases of adipogenesis are relatively well
understood (for review see 30,57), and it is at this stage
that PPARg is suggested to be the predominant player.
This was initially based on the fact that the infection of
fibroblasts with a retrovirus encoding PPARg-induced
fibroblast (58) and muscle cells (59) undergo terminal
adipocyte differentiation. This adipogenic property,
however, seems hardly unique, since a whole range of
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transcription factors affect adipogenesis. It is currently
thought that full-fledged adipogenesis requires an inter-
play between the PPARg/RXR heterodimer and two
other groups of transcription factors: the CCAATT
enhancer-binding proteins (C/EBP), and ADD-1/
SREBP-1 (reviewed in 29,30) (Fig. 2). Although all of
these transcription factors can independently induce
adipocyte differentiation in vitro, they act synergisti-
cally in vivo.

During the initial phases of these terminal stages of
adipogenesis, C/EBPh and y are induced in response
to adipogenic hormones such as insulin or glucocorti-
coids (60–62). Both these C/EBPs induce the tran-
scription of PPARg2, via interaction with a C/EBP
site in the PPARg2 promoter (63). Ectopic expression
of C/EBPh is sufficient to induce differentiation of
3T3-L1 cells in the absence of hormonal induction,
whereas overexpression of C/EBPy accelerates adi-
pose conversion, but only in the presence of hormo-
nal inducers (60). Furthermore, induction of C/EBPh
levels results in the differentiation of NIH-3T3 fibro-
blasts, which cannot differentiate spontaneously.
Additional evidence that both these C/EBPs play an
important role in the control of the adipocyte differ-
entiation process in vivo comes from the character-
ization of animals with mutations in the C/EBPh and
y genes. Mice lacking either of these factors have
normal white adipose tissue, although their brown
adipose tissue accumulates less lipids (64). The
reduced fraction of mice (15%) that survive the
deletion of both C/EBPh and y genes have a severe
decrease in both brown and white adipose tissue
mass, despite normal levels of expression of PPARg
and C/EBPa (64). In contrast to the role of C/EBPh
and y in regulating the expression of PPARg2,
expression of PPARg1 seems to be independent of
these factors. Indeed, a dominant negative C/EBPh
isoform (also termed LIP) suppresses adipogenesis
and the expression of PPARg2, whereas PPARg1
was still expressed (65). However, addition of PPARg
agonists bypassed the block in adipogenesis imposed
by LIP, suggesting that C/EBPh might not only
induce the expression of PPARg2 (63), but also
participates in the generation of PPARg ligands dur-
ing adipogenesis (65).

RXR, the obligate heterodimeric partner of PPARg,
constitutes another pivotal sensor during adipocyte
differentiation (45). On DR-1 response elements, such
as most PPREs, RXR is a nonpermissive inactive
partner when heterodimerized with RAR, whereas it is
a permissive partner in the context of the PPARg/RXR
heterodimer. The levels of RAR and PPARg change

considerably during the induction of adipocyte differ-
entiation, with RAR expression being strongly reduced
and PPARg levels being induced (43). A change in the
relative levels of RAR and PPARg in the differentiating
adipocytes will hence induce a switch for RXR from one
partner to another one (43,45). This will change RXR
activity from the nonpermissive state when bound to
RAR to the permissive state when complexed to
PPARg. This switch in partners induces the recruitment
of a distinct set of cofactors, ultimately translating in an
alteration of the transcriptional activity of the down-
stream target genes (Fig. 3) (45). Such a switch in
partners might underlie not only how PPARg agonists
but also how RXR agonists exert their effects on adipo-
genesis and glucose homeostasis. Proof that RXR is
involved in adipose tissue homeostasis in vivo was
recently provided by the spatiotemporally controlled
mutagenesis of the RXRa gene in adipose tissue (66).
Mice lacking RXRa in fat tissue have significantly
reduced fat mass and are resistant against the induction
of obesity (66). This model further points out that most
likely both partners of the RXR/PPARg heterodimer
are important in inducing and maintaining adipose
tissue homeostasis.

The basic helix-loop-helix (bHLH) protein ADD-1/
SREBP-1c is also induced during terminal adipocyte
differentiation (67,68). ADD-1/SREBP-1c accelerates

Figure 3 Switch in RXR partners stimulates adipocyte

differentiation. PPAR/RXR and RAR/RXR heterodimers
respectively activate and repress DR-1 containing promoters.
When the RAR/RXR heterodimer is bound to a DR-1, RAR
blocks the binding of ligands to RXR, keeping the

heterodimer in an inactive state due to the binding of
corepressors such as N-CoR or SMRT. In contrast, the
PPAR/RXR heterodimer configuration permits ligand bind-

ing to RXR, allowing for activation of both partners in the
PPAR/RXR heterodimer.
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adipocyte differentiation when coexpressed in fibro-
blasts, which also contain PPARg. ADD-1/SREBP-1
belongs to a family of transcription factors that are
synthesized as membrane-bound precursors that are
released by proteolysis (69). Whereas the proteolytic
cleavage of SREBP-2 is regulated by cellular cholesterol
levels, it is at present unknown what controls the
cleavage of ADD-1/SREBP-1 (69). ADD-1/SREBP-1c
induces the expression of several genes involved in
lipogenesis in both adipocytes and liver. These genes
include the genes encoding for fatty acid synthase
(68,70,71), acetyl coenzyme A carboxylase (71,72), glyc-
erol-3-phosphate acyltransferase (73), and the lipopro-
tein lipase (LPL) gene (68,71) (74). Stimulation of
lipogenesis contributes to the massive cholesterol and
fatty acid accumulation seen in the livers of transgenic
animals expressing the mature form of SREBP-1a (71),
and to the more moderate fatty acid accumulation
observed upon overexpression of the weaker transacti-
vator SREBP-1c (75). The observation that transgenic
mice overexpressing SREBP-1c under the control of the
adipose tissue-specific aP2 promoter are lipodystrophic
(76) appears inconsistent with these adipo- and lipo-
genic effects (68,71,75) and suggests that SREBP-1c,
under certain conditions, could also negatively influence
adipogenesis. The differences between this last study
(76) and previous work (68,71,75) are unclear and will
require further investigation.

Finally, terminal adipocyte differentiation requires
the concerted action of PPARg and C/EBPa (58,59,
77), another C/EBP family member which appears only
relatively late in the differentiation process. In contrast
to the relatively early effects of C/EBPh and y, C/EBPa
seems to play an important role in the later stages of
differentiation by sustaining high levels of PPARg
expression and by maintaining the differentiated adi-
pocyte phenotype. Several lines of evidence support an
important role of C/EBPa in adipocyte differentiation.
First, temporal activation of C/EBPa expression occurs
immediately before the coordinate expression of a
group of adipocyte-specific genes, suggesting its
involvement in their regulation. Second, antisense C/
EBPa RNA can inhibit adipocyte differentiation.
Third, premature induction or overexpression of C/
EBPa triggers adipocyte differentiation. And finally,
adipocytes from C/EBPa -/- mice failed to accumulate
lipids in adipose tissue (78,79). PPARg controls not
only the expression of C/EBPa, but this last factor in its
turn also induces PPARg gene expression, via interac-
tion with C/EBP response elements present in the
human (63) and mouse (2,77) PPARg promoter. Inter-
estingly, introduction of PPARg in cells deficient for

C/EBPa enabled adipocyte differentiation, whereas
the reverse, i.e., overexpression of C/EBPa in PPARg
deficient cells, did not result in differentiation.

C Other Factors Involved in Adipogenesis

1 Signal Transducers and Activators
of Transcription (STATs)

The STAT family of transcription factors is composed
of six family members that are phosphorylated as a
cellular response to various cytokines and peptide hor-
mones (80,81). After phosphorylation and transloca-
tion to the nucleus, they regulate the transcription of
specific target genes. Three members of the STAT
family—STATs 1, 3, and 5a and b—are highly induced
during adipocyte differentiation in a manner similar to
C/EBPa and PPARg (82). Furthermore, inhibition of
adipogenesis by TNFa correlates with the repression of
STATs in 3T3-L1 cells (82). Adipose tissue contains
several receptors of the cytokine receptor superfamily,
such as the growth hormone and the prolactin receptor,
both of which are induced during the differentiation
process (83,84) and which have been shown to control
the expression of adipocyte genes, such as LPL (85,86).
Interestingly, prolactin, a lactogenic hormone that trig-
gers the STAT pathway, was shown to increase C/EBPh
and PPARgmRNA expression and stimulate adipocyte
differentiation of NIH-3T3 cells (87). Furthermore, it
was shown that STAT5a transactivated the expression
of the aP2 promoter in a prolactin-dependent manner.
Further support for a role of STAT5a and b in adipo-
genesis came from the analysis of mice deficient in these
transcription factors. Targeted deletion of either
STAT5a or STAT5b results in animals with markedly
reduced adipose tissue mass (88). In contrast to STAT5,
participation of STAT3 in the adipocyte differentiation
process seems to be restricted to the proliferative phases
of the clonal expansion (89). Unfortunately, STAT3-
deficient mice are not viable (90), and tissue-specific
STAT3-deficient animals will be required to further
assess the role of this member of the family in adipo-
genesis. Altogether, these data suggest that cytokines
and peptide hormones, through their effects on STAT-
mediated gene expression (and perhaps other transcrip-
tion factors), could play a significant role in the develop-
ment and/or maintenance of the adipose phenotype.

2 Glucocorticoid Receptor

Activated glucocorticoid receptor (GR) is thought to
have multiple pro-adipogenic effects, several of them
enhancing PPARg activity. First, glucocorticoids in-
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hibit the expression of Pref-1 (54). The transcriptional
repression of Pref-1 is an early action of dexamethasone
in 3T3L1 adipocyte differentiation, suggesting that
downregulation of Pref-1 by glucocorticoids may be a
prime mechanism for promoting adipogenesis. Second,
activated GR will increase the expression of early
adipogenic genes, including the C/EBPs, which in their
turn will switch on PPARg. It has also been suggested
that GR might directly stimulate the expression of
PPARg, although further studies are required to eluci-
date whether there is a functional GR binding site in the
PPARg promoter. In addition, glucocorticoids are
known to activate phospholipase A2, stimulating the
production of prostanoid ligands of PPARg (91).
Another important issue to bring up at this time is
the relationship between hypercorticosteroidism and
insulin resistance. Corticosteroid activity is in part
regulated by the activity of the enzyme 11h-hydroxy-
steroid dehydrogenase (11h-HSD), which converts cor-
tisone into the active glucocorticoid cortisol. Activation
of PPARg has been shown to reduce 11h-HSD activity
in adipose tissue, and the ensuing decrease in cortisol
levels will contribute to the antidiabetic effects of
PPARg activators (92).

D Adipocyte Apoptosis

PPARg is a crucial element not only in the control of
adipocyte differentiation but also in the modulation of
programmed cell death in the adipocytes (93) (J.
Auwerx, unpublished results). Activation of PPARg
has been shown to induce adipocyte apoptosis, an event
mainly restricted to large fully differentiated adipocytes,
which express high amounts of PPARg. This pro-apop-
totic effect of PPARg activation on large adipocytes,

coupled with its capacity to enhance de novo differ-
entiation of adipocytes, favors the formation of small
adipocytes which tend to replace the large adipocytes
normally constituting white adipose tissue (93,94). It is
therefore tempting to speculate that PPARg activation
results in a continuous remodeling of adipose tissue
(Fig. 4). The ultimate fate of these small freshly differ-
entiated adipocytes remains unclear. It will therefore be
important to determinewhether over time theywill store
more and more energy and finally become hypertrophic
leading to a state of resistance to PPARg activation.

V PPARg CONTROLS ADIPOCYTE-

SPECIFIC GENE EXPRESSION

The enhanced adipocyte differentiation, which ensues
from PPARg activation, translates in the induction of
the expression of adipocyte-specific genes. In fact, func-
tional PPREs have been identified in several genes
implicated in adipocyte differentiation, most of them
involved in lipid storage and control of metabolism.
Good examples are the lipid-binding protein aP2 (95),
phosphoenolpyruvate carboxykinase (PEPCK) (96),
acyl-CoA synthase (ACS) (97), fatty acid transport
protein-1 (FATP-1) (98), and LPL (99), which are all
regulated by PPARg. PPARg can also influence and
control the generation and cellular uptake of its own
ligands or activators, suggesting that PPARg and its
target genes play an interdependent role in adipocyte
differentiation. This hypothesis is supported by the
observation that fatty acids and fatty acid analogs
induce the expression of adipocyte-specific genes,
enhance adipocyte conversion, andmaintain themature
adipocyte phenotype by creating a positive feedforward
loop, which involves PPARg and several of the above
mentioned target genes (for review see 29,30,100). Some
of these adipocyte-specific genes are also coordinately
regulated by the other transcription factors discussed
above (74,99), resulting in a strong and sustained
expression of these genes.

In addition to these genes, which are mainly involved
in adipocyte metabolism, cytokinelike signaling factors
produced by the adipocytes, such as leptin, TNFa, and
resistin, also appear to be functioning in this adipocyte
sustaining positive regulatory loop. Leptin is an adipo-
cyte-derived signaling factor which after interaction
with specific cytokinelike receptors induces a pleiotropic
response including control of body weight and energy
expenditure (reviewed in 101). Leptin gene expression
is regulated in an opposite fashion by PPARg and C/
EBPa, the first one reducing its expression (102–104),

Figure 4 Remodeling of white adipose tissue by PPARg
activation. Activation of PPARg in adipocytes will not only
translate in apoptosis of the fully differentiated adipocytes, but
will also induce de novo differentiation of preadipocytes. This

will result in a continuous remodeling of the adipose tissue.
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whereas the second induces its expression (105–107).
The decrease in circulating leptin levels upon PPARg
activation is associated with an increase in food intake,
which will provide substrates, subsequently to be stored
in the adipocytes. A similar hypothesis can be formu-
lated in relation to adipose tissue TNFa production.
TNFa, which was originally described as cachectin, is a
potent inhibitor of adipocyte differentiation, and expo-
sure of 3T3-L1 adipocytes to TNFa results in lipid
depletion and a complete reversal of adipocyte differ-
entiation (108) (reviewed in 109). TNFa exerts this
antiadipogenic action in part by the downregulation
of the expression of adipogenic factors such as C/EBPa
(48,49) and PPARg (11,12,110). Interestingly, obesity
characterized by increased adipose tissue mass is asso-
ciated with increased TNFa expression in adipose tis-
sue. Although the exact role of high TNFa levels in
obesity is unclear, it might constitute a regulatory
mechanism to limit further increase in adipose tissue
mass. This increase in TNFa levels in obesity also
interferes with the insulin signaling pathways (111),
contributing to the insulin resistance characteristic of
the obese state (112,113). Consistent with the opposing
effects of PPARg and TNFa in adipose tissue, treat-
ment of obese animals with PPARg agonists reduces
adipose tissue expression of TNFa, contributing to
weight gain (93,114). PPARg activation furthermore
blocks the inhibitory effects of TNFa on insulin signal-
ing (110) as well as the TNFa-induced glycerol and free
fatty acid release (115). PPARg activation would not
only favor adipocyte differentiation by affecting adipo-
cyte metabolism, but in addition would trigger an
adipocyte-sustaining endocrine, paracrine, or autocrine
response consisting of decreased levels of two important
adipocyte-derived signaling factors, leptin and TNFa.
PPARg therefore seems to be a master gene controlling
a coordinated thrifty response.

Another adipose tissue protein whose expression has
been shown to be decreased by PPARg activation is
resistin (116). Resistin was identified in a screen of genes
downregulated by the PPARg agonist rosiglitazone in
fully differentiated adipocytes (116). Resistin is a
secreted protein, and its levels in plasma are increased
in several animal models of obesity. The group of Lazar
et al. hypothesized that resistin is a signaling molecule,
which reduces glucose utilization by insulin-sensitive
tissues. To prove this point, it was shown that decreas-
ing resistin levels by injection of resistin antibodies
improves glucose homeostasis, whereas a deterioration
of glucose homeostasis is observed after administration
of recombinant resistin to animals (116). Two new
resistinlike molecules, RELMa andRELMh, have been

described recently (117). Interestingly, the expression
pattern of these two proteins is restricted to two tissues
with high levels of PPARg expression, i.e., adipose
tissue and colon (117). Further studies are required to
elucidate the exact function of the resistin protein
family, but it is highly likely that they act as signaling
molecules.

VI NATURAL AND SYNTHETIC PPARggg
ACTIVATORS

PPARg, like the other PPARs, seems to be a very
promiscuous receptor when it comes to activation,
which can be achieved by a wide variety of naturally
occurring and synthetic compounds (118). This prop-
erty could be linked to its spacious ligand-binding
cavity (15,16). For some of these PPARg agonists, it
was subsequently shown that they not only activate,
but also bind to, the receptor. Most attention has been
paid to some of the naturally occurring arachidonic
acid metabolites derived from the cyclooxygenase
pathway, such as 15-deoxy-D12,14-prostaglandin J2
(119–121) and D12-prostaglandin J2 (122). Although
15-deoxy-D12,14-prostaglandin J2 was shown to be the
most potent of the naturally occurring ligands, it is still
unclear whether it is produced in sufficient quantities
in vivo in cells expressing PPARg. In contrast, D12-
prostaglandin J2 has been demonstrated to be made
in vivo. A report that estrogen induces the production
of D12-prostaglandin J2 in duck uropygial gland was
interesting in this context, since it could point to an
especially interesting dialog between estrogen and
peroxisome proliferator–stimulated signaling path-
ways (122). Other eicosanoids and unsaturated fatty
acids are also reported to bind and activate PPARg
(121,123,124). This has been demonstrated for the N-3
polyunsaturated fatty acids, a-linolenic (18:3), eicosa-
pentaenoic (20:5;EPA), and docohexanoic acid (22:6;
DHA) (121,123,124). Two eicosanoids present in oxi-
dized low-density lipoproteins (oxLDL), 9-hydroxyoc-
tadecadienoic and 13-hydroxyoctadecadienoic acid,
are also potent PPARg ligands (125). Finally, an oxi-
datively modified alkyl phospholipid, hexadecyl aze-
laoyl phosphatidylcholine (azPC), which is present in
the oxLDL particles, has been identified as a high-
affinity ligand of PPARg.

In addition to the above-mentioned natural PPARg
ligands, several classes of synthetic PPARg agonists
have been described (Fig. 5). Most is known about the
thiazolidinediones (TZDs), which are potent insulin
sensitizers currently used in the treatment of type 2
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diabetes mellitus (126). L-tyrosine-based PPARg
ligands are another group of promising synthetic
PPARg agonists, which are under development (127).
Finally, certain nonsteroidal anti-inflammatory drugs
(NSAIDs) (128) were demonstrated to be high-affinity
ligands for PPARg. It is interesting that the relative
potency of most TZDs to bind to and to activate
PPARg in vitro seems to correlate with their antidia-
betic potency in vivo, suggesting that PPARg mediates
at least in part their antidiabetic effect (126,129). The
involvement of PPARg in insulin sensitization and
glucose homeostasis is furthermore supported by the
observation that activation of RXR, the heterodimeric
partner of PPARg, also induces a certain degree of
adipocyte differentiation and improves glucose homeo-
stasis (130). These observations argue that the active
moiety involved in ameliorating glucose metabolism is
the heterodimer PPARg/RXR. Move recent work,
however, clearly underscores that PPARg and RXR
activation can also have distinct biological effects (131),
although a fair number of overlapping effects exists.

Furthermore, the recent observation that synthetic as
well as natural PPARg ligands retain the capacity to
exert some modulatory effects in PPARg -/- macro-
phages (132,133), points to the fact that certain of these
compounds also could have PPARg independent effects
in glucose homeostasis.

Since the current PPARg agonists are rather weak in
monotherapy and because these compounds all have
some unwanted side effects (118), there is no doubt that
the future will bring another dimension to the develop-
ment of PPARg modulators, which until now was
focused on the development of simple agonists. First,
novel ligands, such as the TZD derivative, KRP-297
and JTT-501, with activity toward both PPARa and g
are being developed, widening both their tissue-specific
activity and pharmacological properties (134,135).
Administration of a combination of PPARa and g
agonists (136) or a single dual-agonist (134), with effects
on both liver and adipose tissue, can clearly widen the
therapeutic window and enhance their efficacy in com-
plex metabolic disturbances such as insulin resistance

Figure 5 Natural and synthetic PPARg ligands. Rosiglitazone, troglitazone, pioglitazone, and MCC-555 are members of the
thiazolidinedione family of PPARg ligands, whereas L-tyrosine-based ligands and JTT-501 are not. Rosiglitazone, troglitazone,

and pioglitazone have all received market approval, but only rosiglitazone and pioglitazone are actually on the market.
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and type 2 diabetes. Although little is known about their
pharmacological properties, ligands capable of binding
and activating both PPARg and h have recently been
reported (137). These dual PPARg and h agonists could
become highly relevant compounds in the treatment of
the many facets of the metabolic syndrome, since they
might combine the insulin sensitizing activities of
PPARg activation with the HDL raising activities of
PPARh activation.

Second, the discovery of a novel TZD, MCC-555,
with significant antidiabetic properties but only weak
capacities to bind to PPARg, makes a notable excep-
tion to the rule that PPARg binding correlates with
clinical efficacy (126,129). MCC-555 can function either
as a full or partial agonist or as an antagonist pending
on cell type and the sequence recognition site. This
property can be explained by unique cofactor recruit-
ment by this compound and demonstrates that it will
be possible to produce tissue- and promoter-specific
PPARg modulators. Another PPARg modulator, i.e.,
FMOC-L-Leucine (FMOC-L-Leu), was recently des-
cribed in our laboratory (137a). FMOC-L-Leu has
some similarity to the tyrosine-based PPARg ligands
but, unlike these last compounds, have a rather weak
affinity for PPARg. Interestingly, two molecules of
FMOC-L-Leu bind to the ligand-binding domain of
the receptor, as demonstrated by mass spectrometry
of the PPARg ligand-binding domain and FMOC-L-
Leu. This unique binding to PPARg changes the cofac-
tor preference of PPARg, relative to classical agonist
ligands, and results in distinct biological effects char-
acterized by strong insulin sensitization without weight
gain.

VII ADIPOSE TISSUE, TRANSCRIPTION

FACTORS, AND FATTY ACIDS IN

INSULIN SENSITIVITY

On a whole-body level, adipose tissue is absolutely
required for glucose homeostasis. Indeed, subjects with
lipoatrophy (138) and transgenic animals that are engi-
neered to lack adipose tissue (76,139) are extremely
insulin resistant. This seems therefore to indicate that
storage of energy in the adipocytes favors insulin sensi-
tivity and that the important adipogenic activity of
PPARg contributes to the insulin sensitization of
PPARg agonists. Despite the fact that PPARg seems
to have its primary effects on adipose tissue, it is unclear
how PPARg agonists improve insulin sensitivity in
muscle. Normally, adipose tissue and liver contribute
only minimally to glucose disposal, whereas muscle is

responsible for most of the glucose uptake, yet muscle
expresses only trace amounts of PPARg. This questions
whether these minute quantities of PPARg are sufficient
or, alternatively, might be induced during TZD treat-
ment, leading to an eventual direct PPARg-mediated
response of the muscle to these insulin sensitizers.
Alternatively, PPARg activators may generate an adi-
pocyte-derived signal affecting insulin sensitivity in
muscle. Both proteins and lipids have been proposed
as nonmutually exclusive signaling molecules, which
can affect the muscle.

The prototypical examples of protein signaling mol-
ecules are the adipocytokines (140). TNFa is the prime
example of molecules belonging to this group.
Increased adipose tissue TNFa production has been
shown to induce systemic insulin resistance by interfer-
ence with the insulin signaling cascade (111,112). TZDs
have been shown to reduce TNFa expression, which
may contribute to the improved insulin sensitivity
(93,114). More recently, it was demonstrated that also
leptin might interfere with insulin signaling in vitro
(141–143), although its in vivo activity on glucose
homeostasis suggests otherwise (144,145). Two other
adipocytokines were recently shown to affect glucose
homeostasis—resistin and adipo-Q. Resistin reduces
glucose utilization and its expression is decreased by
PPARg activation (116). Although a proteolytically
cleaved fragment of adipo-Q improves glucose dis-
posal, it is unknown whether TZDs affect this pathway
in vivo (146). Other adipocyte-derived proteins, such as
adipsin (147), angiotensinogen (148), and plasminogen
activator inhibitor I (140), could also be involved in a
similar signaling process, although experimental proof
of this is still missing.

A second group of important mediators that affect
insulin sensitivity in both muscle and liver and that are
derived from adipose tissue, consists of fatty acids. Since
the original observation by Randle (149) (reviewed in
150), it has been well established that increased fatty
acid concentrations in the muscle decrease glucose
metabolism in that tissue (151). Perhaps the most
extreme example of fatty acid and triglyceride accumu-
lation in muscle and liver occurs when adipose tissue is
completely absent, such as the case in lipoatrophy (152),
a condition characterized by extreme insulin resistance
(153). In the liver, fatty acids stimulate gluconeogenesis,
suggesting that hormonal control of lipolysis in the
adipocyte indirectly controls hepatic glucose produc-
tion (154). This observation is particularly relevant in
visceral adipose tissue, which is less sensitive to insulin
than subcutaneous fat and which drains directly to the
liver via the portal circulation.
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Interestingly, treatment with PPARg activators
induces LPL, aP2, FATP-1, and ACS (all genes
involved in fatty acid uptake) selectively in adipose
tissue, whereas they do not seem to change the expres-
sion of these genes in muscle or hepatic tissue (reviewed
in 150). This might on a whole-body level induce a
‘‘fatty acid steal’’ due to a specific PPARg-mediated
increase in lipid and fatty acid clearance by adipose
tissue, without a concomitant increase in fatty acid
delivery to the muscle and liver (155). The resulting
‘‘trapping’’ of fatty acids in fat tissue leads to a
decreased systemic availability and a diminished fatty
acid uptake by the muscle and liver, potentially improv-
ing both muscle insulin sensitivity according to the
mechanisms proposed by Randle (149) and hepatic
glucose output (154).

From all the above it is clear that the majority of
PPARg regulated genes are involved in fatty acid and/
or lipid metabolism and seem to be linked to adipocyte
differentiation. In contrast, very little is known about
regulation by PPARg of genes directly involved in
glucose homeostasis and insulin signaling. The mRNAs
encoding for both the glucose transporter Glut-4 (156)
and the insulin receptor substrate 2 (IRS-2) (157) were
reported to be induced by PPARg agonists, although a
direct regulation on the promoter activity of the above
mentioned genes by PPARg has not been studied.
Similarly, it was demonstrated that the c-Cbl associated
protein (CAP) was induced by activation of PPARg
(158). CAP, which is only expressed in cells that are
metabolically sensitive to insulin, is involved in insulin-
stimulated tyrosine phosphorylation of c-Cbl (158).
Upon phosphorylation, the c-Cbl/CAP complex trans-
locates to lipid raft domains of the cell membrane (159)
and recruits additional signalingmolecules to these lipid
rafts, resulting in the activation of the G-protein TC10.
This molecular switch provides then a second signal to
the Glut-4 protein, parallel to phosphatidylinositol 3-
kinase (PI-3K) (159). Also the p85a subunit of PI-3K
was shown to be dose dependently induced by both
PPARg and RXR agonists in isolated human adipo-
cytes, directly proving the implication of the RXR/
PPARg heterodimer in its induction (160). Finally, it
is important to stress that other adipose tissue–inde-
pendent and perhaps PPARg-independent mechanisms
also contribute to the insulin-sensitizing effects of
TZDs. In fact, these PPARg agonists retain some
insulin-sensitizing activity in transgenic mice that
totally lack adipose tissue (161), and furthermore these
agonists have significant anti-inflammatory effects in
PPARg -/- macrophages (132,133). The exact nature of
these nonadipose tissue and PPARg-independent

effects, however, is unclear at present and warrants
more detailed investigation.

The extensive cross-regulation among C/EBPs,
PPARg/RXR, and ADD-1/SREBP-1 to induce and
sustain adipocyte differentiation suggests that these
factors also are of importance in glucose homeostasis
(see discussion below). Fasting and feeding regulate
ADD-1/SREBP-1c levels via insulin in both fat (162)
and liver (163), indicating that ADD-1/SREBP-1c is an
intermediate or a target of insulin signaling. SREBP-1c
furthermore increases the expression of several genes
involved in gluconeogenesis and lipogenesis (74,162–
164). Interestingly, hepatic SREBP-1c levels are both
increased in a mouse model of lipoatrophy, as well as in
the ob/obmouse, a model that reflects the relative leptin
deficiency in obesity-induced diabetes (165). Adminis-
tration of leptin could normalize this effect (145). This
led to the suggestion that increased expression of
SREBP-1c underlies the mixed insulin resistance/sensi-
tivity, with increased and inappropriate rates of both
gluconeogenesis (as a sign of insulin resistance) and
lipogenesis (as a sign of insulin sensitivity) (165). A
further link between SREBPs and glucose homeostasis
is provided by the fact that SREBPs induce the expres-
sion of PPARg (166), and that their lipogenic effects will
stimulate the generation of fatty acids ligands for
PPARg (167).

Also the C/EBP family of transcription factors seems
to play an important role in glucose homeostasis. Mice
homozygous for a mutation in the C/EBPa gene have
diminished glycogen stores in the liver and fail to
activate gluconeogenic pathways (78,79,168). This leads
to premature death of mutant C/EBPa -/- animals
postpartum because of severe hypoglycemia (78,79).
Defective gluconeogenesis and low glycogen synthase
activity was recapitulated in animals in which the C/
EBPa gene was disrupted in adult mouse liver with a
temporally and spatially controlled strategy using an
adenovirus to express the Cre recombinase (169). Also
adult C/EBPh -/- mice have a significant hypoglycemia
after fasting, which is accompanied by lower hepatic
glucose output (170). These mice have also a decrease in
fasting plasma fatty acid levels (170). All this work
suggests that anti-C/EBP strategies could be of value
to suppress excessive gluconeogenesis. Whereas these
data refer to the effects of C/EBPs on liver glucose
homeostasis, there are also some recent data suggesting
that C/EBPa is involved in the induction of insulin
sensitivity during adipocyte differentiation. Insulin reg-
ulation of Glut4 in the adipocytes requires C/EBPa,
which is involved in the stimulation of gene expression
and tyrosine phosphorylation of the insulin receptor
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and the insulin receptor substrate-1 (IRS-1) (77). In
view of the extensive cross-regulation between PPARg
and C/EBPa, C/EBPa could be an important indirect
target to explain the antidiabetic effects of PPARg
agonists (77). The role of C/EBPa in muscle glucose
utilization is less clear.

VIII GENETIC STUDIES SUPPORT A

ROLE OF PPARg IN ADIPOGENESIS

Approximately 70% of the variance in body mass index
(BMI) is genetically determined (171). In this context,
the PPARg gene was also analyzed for mutations. A
rare Pro115Gln mutation in the NH2-terminal ligand-
independent activation domain of PPARg has been
described in four very obese subjects (172). This muta-
tion resulted in a permanently active PPARg since it
inhibited phosphorylation of the protein at Ser114 and
led to increased adipocyte differentiation capacity in
vitro (172). Furthermore, modification of the A/B
domain by phosphorylation of this residue was reported
to reduce ligand-binding affinity through interdomain
communication between the A/B and the ligand-bind-
ing pocket in the DEF domain of PPARg. Phosphor-
ylation at Ser114 was proposed as a mechanism by
which growth factors and insulin, through mitogen-
activated protein kinase, decreased PPARg activity
and adipocyte differentiation (173–176).

In addition, amuchmore common Pro 12A1a substi-
tution in the PPARg2-specific exon B has been de-
scribed (177–180). The PPARg2 Ala allele, whose
frequency ranges from f0.12 among Caucasians to
0.02 in Japanese-Americans (177,178), was associated
with lower BMI, improved insulin sensitivity, and
higher plasma HDL cholesterol levels (178). The asso-
ciation with insulin sensitivity disappeared when cor-
rected for BMI, indicating that the primary effect of
this mutation was on body weight. Among Japanese-
American subjects, a significantly lower frequency of
the Ala allele amongst type 2 diabetics was observed
relative to normals. The PPARg Ala allele exhibited a
reduced ability to transactivate responsive promoters
(178). These observations were confirmed in a very large
study, which independently demonstrated that this
Pro12A1a mutation was associated with a reduction
in BMI and significant insulin sensitization (181).
Together with the observations of the Pro115Gln sub-
stitution, these results provide strong evidence of a role
of PPARg in the control of adipogenesis in vivo, such
that a more active PPARg (Pro115Gln) results in
increased BMI (172), whereas the opposite is seen with

a less active PPARg (Prol2A1a)(178). Although these
studies provide strong evidence for a role of PPARg in
the control of adipogenesis and insulin resistance, some
smaller studies in more heterogeneous patient popula-
tions found only a weak or no association of the
Prol2A1a substitution with BMI and insulin sensitivity
(180,182). These apparently conflicting data indicate the
importance of gene environment interactions in the
determination of the phenotype.

The genetic and functional data on the Pro12A1a
substitution point to the importance of the PPARg2-
specific B exon in determining the activity of PPARg
more particularly in adipocytes, the only tissue known
to express significant amounts of PPARg2. The exon
B–encoded 28 NH2-terminal residues were previously
shown to be dispensable in in vitro assays of transcrip-
tional activation and adipocyte differentiation (58).
In apparent contradiction to this observation, the
NH2-terminus of PPARg2 was shown to be 5–10 times
more potent in transactivation assays than the NH2-
terminus of PPARg1 (183). The sequence of the first
13 of these 28 residues in PPARg2 is evolutionarily
conserved between mouse, pig, cow, and human, indi-
cating that they may be functionally important in vivo
(unpublished data) (1). The function of the NH2-termi-
nal residues of PPARg2 is unknown. This domain may
modulate nuclear import, ligand binding, DNA bind-
ing, or transcriptional activation by inducing a confor-
mational change, or it may endow PPARg2 with unique
capacities to interact with coactivators or corepressors
that have been shown to interact with nuclear receptors.
Support for the role of the NH2-terminus of PPARg in
transcriptional activity not only comes from the pres-
ence of a ligand-independent AF-1 domain in this part
of the molecule (183) but also from its allosteric effects
on ligand-dependent transcriptional activity through
interdomain communication (184). The identification
and characterization of proteins interacting with the
NH2-terminus of PPARg in the future will point to
mechanisms by which this domain affects adipose tissue
accumulation and metabolism.

In combination, these human genetic studies sug-
gested that the major function of PPARg was fat
formation, not insulin sensitization, as was stipulated
from pharmacological characterization of the receptor.
Additional genetic support for a role of PPARg in the
determination of body fat comes from the fact that one
of the loci with suggestive linkage to obesity
(LOD=2.0) in Pima Indians maps close to the location
of PPARG in the 3p25-p24 region (185). Furthermore,
the striking phenotype observed inmice with amutation
in the PPARg gene confirmed the validity of the human
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genetic studies. Whereas homozygous PPARg-/- mice
are not viable (most likely due to the complete absence
of adipose tissue) (186), heterozygous PPARg -/+ mice
are characterized by a decrease in adipose tissue mass
and, contrary to general expectations, by a marked
insulin sensitization (187,188). Although these knock-
out (KO) data appear at odds with pharmacological
studies with PPARg agonists, they are fully in line with
the above-mentioned human genetic studies on the
Pro12A1a and Pro115G1n. In fact, both the human
and mouse genetic studies demonstrate that the prime
activity of PPARg is to stimulate adipocyte differentia-
tion and suggest that its effect on insulin sensitivity are
associated with the changes in adipose tissue mass.
These studies hence also clearly demonstrate an inher-
ent problem of currently marketed PPARg agonists,
which all stimulate PPARg activity and induce weight
gain, a highly undesirable profile in diabetic patients.

IX PPARggg AND THE CONTROL

OF LIPID METABOLISM

AND ATHEROSCLEROSIS

In addition to its role in fat storage in the adipocytes,
PPARg is also important in extracellular lipid metab-
olism, more particularly in that of triglyceride-rich
lipoproteins (reviewed in 13,100). Steady-state trigly-
ceride levels are determined on the one hand by their
production rates in the liver and gut, a process con-
trolled to a large extent by substrate (fatty acid)
availability, and on the other hand by their clearance
rate, a process under the control of LPL and apolipo-
protein C-III. In fact, activation of either PPARa and/
or PPARg has pronounced triglyceride-lowering
effects, but the mechanisms by which they achieve this
are largely different. Whereas TZDs predominantly
affect triglyceride clearance, fibrates, which are weak
PPARa ligands, exert their effects both on triglyceride
clearance and production rates (reviewed in 13,189).
PPARa activation will reduce the production of apo
C-III and triglyceride-rich lipoproteins in the liver
(190,191), whereas activation of PPARg will induce
adipose tissue LPL gene expression (99,136), both
resulting in a more efficient lipolysis-mediated clear-
ance of triglycerides from the circulation. The induc-
tion of the LPL-mediated lipolysis of triglyceride-rich
lipoproteins is most likely underlying the increase in
LDL particles, often observed after the use of certain
TZDs in animal models (such as the db/db mouse) or
humans with elevated levels of triglyceride-rich lip-
oproteins (192–195).

Interestingly, the above-discussed genetic studies
demonstrated an association between (1) the Pro12A1a
substitution in the PPARg2 gene and (2) increased
HDL cholesterol and reduced total triglycerides levels
(178). The genetic association of HDL levels and
PPARg2 Ala allele suggests that adipose tissue mass
has important implications on reverse cholesterol
transport (196,197). In addition, these genetic data
support a role of adipose tissue in the complex meta-
bolic abnormalities associated with visceral obesity/
insulin resistance syndrome, such as elevated triglycer-
ide, small dense LDL, low HDL levels, and increased
predisposition to atherosclerosis (198,199). Support for
the hypothesis that PPARg could be involved in
certain aspects of the visceral obesity/insulin resistance
syndrome, and more particularly in the protection
against atherosclerosis, was recently provided both
by in vitro (132,133) and in vivo (200,201) studies.
Activation of PPARg could in fact protect against
foam cell formation in vitro (132,133), whereas admin-
istration of agonists of PPARg (200,201) or of its
heterodimeric partner RXR (201) could reduce athero-
sclerotic lesions in two different and validated animal
models of atherosclerosis.

X REGULATING PPARggg ACTIVITY

THROUGH PROTEIN-PROTEIN

INTERACTIONS

A new functional class of proteins, called ‘‘cofactors,’’
was recently shown to play an important role in tran-
scriptional control. Such cofactors also interact with
nuclear receptors, and they can either repress (corepres-
sors) or enhance (coactivators) their transcriptional
activities (202). Initially, it was thought that cofactors
simply bridge transcription factors with the basic tran-
scriptionmachinery, such as in the case of p300, which is
also a component of TATA-binding protein complexes
(203), or for the p300 homologous protein, CREB
(cAMP-responsive binding protein)–binding protein
(CBP), which has been shown to be associated with
the RNA polymerase II via RNA helicase A (204).
Although this bridging function is definitely important,
several cofactors also have enzymatic activities, suggest-
ing that they could control gene expression by specifi-
cally modifying DNA and chromatin structure. The
discovery that several cofactors had either chromatin-
remodeling or -modifying activities, which controlled
the transition of chromatin from a closed to amore open
conformation, and hence affected gene expression, was
particularly relevant (Fig. 6).
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One group of cofactors, which has ATP-dependent
chromatin-remodeling activity, contains a central
ATPase that has homology to yeast SWI2/SNF2. The
SWI/SNF and related complexes remodel the chroma-
tin structure and hence facilitate the binding of tran-
scription modulators to its DNA binding sites resulting
in either stimulation or inhibition of transcription (205–
207). Implication of the SWI/SNF chromatin remodel-
ing complex in the transcription mediated by hormone
nuclear receptors has so far been shown only for the
glucocorticoid receptor (208–210), the estrogen receptor
(211), the retinoic acid receptor (212,213), where chro-
matin remodeling induced by the SWI/SNF complex
together with histone acetylation-deacetylation contrib-
utes to NR signaling. The modification of PPARg
signaling by chromatin remodeling has not yet been
described, although it will most likely be similar to that
described for other nuclear receptors. Other proteins
involved in the regulation of chromatin structure and
function are the family of ‘‘high-mobility group’’
(HMG) chromosomal proteins. HMGI-C belongs to
this family of architectural DNA-binding proteins that
are abundant, heterogeneous, nonhistone components
of chromatin (214). Although they do not have tran-
scriptional activity by themselves, they change the
conformation of DNA and may hence influence tran-
scription. Support for the involvement of HMGI-C in

adipogenesis is provided by the observation that the
mousemutant pygmy, characterized by its small size and
disproportionally reduced body fat content, was found
to be a null allele of HMGI-C (215). Further evidence
comes from the finding that in certain lipomas gene
rearrangements were found in which the HMGI-C
DNA-binding domain was fused to either a LIM or
an acidic transactivation domain (216,217). In the first
case, the LIMdomain of the translocation partner could
recruit transcriptional activators to the DNA site,
whereas in the second case, the fusion of the HMGI-C
protein to an acidic transactivation domain could turn
the chimeric protein into a powerful transcriptional
activator. Thus, the lack or reduced expression of
HMGI-C could predispose to leanness, whereas the
juxtaposition of its DNA-binding motif to transcrip-
tional regulatory domains could promote adipogenesis.
Furthermore, transgenic mice carrying a truncated
HMGI-C gene, which contains only the AT hook
domains, develop a giant phenotype and abdominal
and pelvic lipomatosis (218). In addition to its role in
regulating chromatin structure during adipogenesis, it
has been shown that another member of the HMG i.e.,
HMG-(Y), mediates adipocyte differentiation by physi-
cally interacting with C/EBPh, enhancing its transcrip-
tional activity (219).

Members of three groups of coactivators—the p160
steroid receptor coactivator family (SRC); CBP/p300,
the p300/CBP associated factor (p/CAF)/GCN family;
and the nuclear receptor coactivator ACTR—have been
reported to acetylate histones (220–225) as well as other
proteins of the transcription complex, such as TFIIEh
and TFIIF (226). In contrast, corepressors such as the
silencing mediator for retinoid and thyroid hormone
receptors (SMRT) and nuclear receptor corepressor
(NCoR) occur in complexes which show histone deace-
tylase activity (227–229). Histone hypoacetylation is
associated with transcriptionally silent and condensed
nucleosomes, whereas acetylation is associated with
increased transcription, suggesting that alterations of
nucleosome conformation modulate accessibility of
promoter regions. Regulation of the acetylation of his-
tones and of other DNA binding proteins seems there-
fore to be of prime importance for transcriptional
activation, which often occurs as a multistep process
involving first removal of histone deacetylases
(HDACs) from DNA with subsequent recruitment of
histone acetyl transferases (HATs) (Fig. 5). In general,
unactivated nuclear receptors are complexed with
corepressors, which extinguish their transcriptional
activity by the recruitment of HDACs. Activation of
the receptor induces then a conformational change

Figure 6 Schematic representation of the recruitment of
cofactors to the PPARg/RXR heterodimer. Transcriptional
activation of nuclear receptors requires in general the release

of corepressor complexes, which contain histone deacetylase
activity (HDAC). Coactivators, such as the SRC family
members, CBP/p300, pCAF, or the chromatin remodeling

SWI/SNF complex, are then recruited to the receptors. These
coactivators either facilitate contact of the basal transcription
machinery, remodel chromatin, and/or target histone acetyl
transferases (HAT) to the promoters of the target genes of

the nuclear receptors. The differential docking of cofactors is
facilitated by structural changes brought about by ligand
binding or receptor phosphorylation.
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which results in the dissociation of corepressors and
the recruitment of coactivator complexes that contain
proteins with HAT activity, which facilitates target
gene transcription (for review, see 230). A further issue
of discussion is how the different groups of cofactors
mentioned above interface in controlling the transcrip-
tion of PPARg target genes.

An important number of putative cofactors interact
with PPARg, but a firm role in the regulation of the
transcriptional activity of PPARg has not always been
established. In the section below we will specifically
focus on cofactors for PPARg, which have been shown
not only to bind to but also to modulate its transcrip-
tional activity. SMRT is a corepressor that inhibits
retinoic acid receptor and thyroid hormone receptor–
dependent transcription in absence of their respective
ligands and targets HDACs to the DNA (231,232). In
presence of ligands, SMRTdissociates from these recep-
tors allowing the recruitment of coactivators. Lavinsky
et al. suggested that SMRT may also be involved in
down-modulating PPARg-mediated gene transcription
(233). Indeed, EGF enhances the interaction of PPARg
and SMRT in whole-cell extracts from CV-1 cells.
Furthermore, antibodies directed against SMRT can
relieve the MAP kinase–dependent inhibition of the
PPARg transcriptional activity (233). Interestingly,
microinjection of antibodies directed against SMRT
could relieve SMRT corepression of PPAR’s activity,
whereas antibodies directed related NCoR were ineffec-
tive (233). However, these data seem at odds with the
observation that PPARg seems only to be capable to
interact with SMRT and N-CoR in solution, but not
when bound as a heterodimer with RXR to its cognate
response element (45,234). Furthermore, PPARs seem
to be lacking the conserved CoR box (45), previously
determined to be required for binding of corepressors
to the receptors. These conflicting data sets therefore
leave the question open, whether unliganded PPARg
has any constitutive repressive activity on gene expres-
sion in vivo.

Members of at least two families of histone acety-
lases, CBP/p300 and the SRC family, are reported to
interact with PPARg. CBP and p300 are two related and
widely expressed (235) cofactors that were originally
identified as CREB (236) and E1A (237) interacting
factors (for review see 238). CBP/p300 coactivates
numerous transcription factors including several nu-
clear receptors (239–244), and was reported to have
intrinsic HAT activity (220,223,225). We have observed
that CBP/p300 interacts with PPARg through multi-
ple domains in each protein (245). Most notably, the
NH2-terminal region of PPARg can dimerize with
CBP/p300 in absence of ligand, and this association

enhances its constitutive AF-1 transcriptional activity
(245). The constitutive presence of cofactors such as
CBP/p300 could hence enhance the basal ligand–inde-
pendent transcriptional activity of PPARg in vivo and
could together with the absence of well-documented
interactions with compressors explain the high level of
basal activity of PPARg. A last point worth noting is
that CBP/p300 seems to be able to contact other
cofactors, such as SRC-1 and its related family mem-
bers (246). This suggests that CBP/p300 could facilitate
the assembly of multiprotein complexes involved in
gene activation.

The SRC family of cofactors is also of notable
interest for PPARg. SRC-1 was initially isolated as a
progesterone receptor (PR) coactivator (247) but has
since also been shown to interact in a yeast two-hybrid
system with the PPARg LBD (248). Like CBP/p300,
SRC-1 has an intrinsic HAT activity (224) and is
ubiquitously expressed (235,247). SRC-1 has a lower
affinity for PPARg than to CBP/p300 (249). SRC-1 has
been shown to have two PPAR binding domains, each
containing the LXXLL consensus receptor interaction
motifs (23,250). However, also some residues COOH-
terminal to the LXXLL motifs are involved in receptor
interaction (251). The liganded PPARg LBD has been
cocrystallized with a region of SRC-1 that contains two
LXXLL motifs (15). The structural data reveal that the
SRC-1 fragment interacted with two PPARg LBDs,
with each of its LXXLL motifs contacting conserved
residues in H12 (contains the AF-2) and H3 (15).
Mutation of the AF-2 is associated with a loss in tran-
scriptional activity and a loss of the capacity to interact
with SRC-1 or CBP (249). Also other related members
of the SRC family of cofactors, such as Tif2/Grip1 and
ACTR/RAC3/AIB/pCIP, have been shown to interact
with PPARg in a manner similar to SRC-1. One inter-
esting issue related to this family of cofactors, which
requires further investigation, is whether these different
SRC family members are recruited specifically by differ-
ent PPARg ligands and whether these different SRC
family members exert distinct effects on transcription of
target genes and would in consequence have different
biological activity. Our comparative studies with rosi-
glitazone and FMOC-L-Leu, discussed above, would
suggest that such a ligand-specific differential cofactor
recruitment is in fact possible (137a).

Since both p300/CBP and SRC family of cofactors
are not specific for PPARg, several labs have tried to
identify PPARg-specific coactivators. Two coactiva-
tors, PPAR-binding protein (PBP) (252) and PPAR
gamma coactivator-1 (PGC-1) (253), were isolated
using this approach, but they turned out later not to
be specific for PPARg. In addition, and in contrast to
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CBP/p300 and the SRC-1 families, it is not established
whether these proteins contain any HAT activity. The
first of these proteins isolated on the basis of its inter-
action with the LBD of PPARg in a yeast two-hybrid
screen of a mouse liver cDNA library is PBP (252).
PPARg and PBP are constitutively associated both in
vitro and in vivo, but the presence of a ligand reinforces
this interaction. PBP stimulates PPARg transcriptional
activity only modestly but a truncated form bearing
only the receptor-binding domain acts as a dominant-
negative repressor, suggesting that PBP is a genuine
coactivator for PPARg. PBP is expressed in a wide
range of tissues, including several tissues where PPARg
is of physiological importance, such as adipose tissue,
colon, and breast (254).

PBP has been shown to be identical to TRAP 220
(255) and DRIP 205 (256), two proteins that were
isolated as part of a multiprotein complex interacting
in a ligand-dependent fashion with the thyroid and
vitamin D receptor, respectively. The TRAP/DRIP
complexes were subsequently reported to be similar to
the activator-recruited cofactor (ARC)(257) and Srb/
Mediator coactivator (SMCC)(258) complexes. The
TRAP/DRIP/ARC/SMCC complex lacks CBP/p300
or SRC proteins and is recruited to the AF-2 domain
via a single LXXLL motif of TRAP 220/DRIP 205
(259,260). Interestingly, the TRAP/DRIP/ARC/SMCC
complex is absolutely required for transcriptional acti-
vation by nuclear receptors in cell-free in vitro tran-
scription assay (255,256) and on chromatin-organized
templates (259). Evidence that this complex might also
be involved in PPARg signaling and adipogenesis came
from the observation that cells derived from the PBP -/-
animals had a decreased capacity for ligand dependent
activation of PPARg (261). Furthermore, the pheno-
type of the KO animals for TRAP 220 and PBP shared
some features with the PPARg -/- mice in that the
TRAP 220 -/- animals, were small and have heart
defects (262), whereas the PBP -/- animals have a defect
in placenta formation (261). Further exploration as
to whether adipogenesis is defective is required to un-
equivocally establish a role of PBP in PPARg signaling.

The coactivator PGC-1 was isolated in a yeast two-
hybrid screen of a mouse brown fat cell cDNA library
(253). PGC-1 again turned out to be not specific for
PPARg, since it also interacts with other receptors such
as PPARa, TR, and a set ofmitochondrial transcription
factors (253,263,264). Interestingly, the interaction
between PGC-1 on the one hand and PPARg and
PPARa on the other hand is ligand independent both
in vitro and in vivo and seems independent of the
LXXLL motif. This LXXLL motif is, however, in-
volved in the ligand-dependent interaction of PGC-1

and other nuclear receptors, such as the estrogen and
glucocorticoid receptors (265,266). In addition, PGC-1
seems in its turn to interact with both SRC-1 and CBP/
p300, leading to a model in which interaction of PGC-1
with PPARg stimulates recruitment of the SRC-1 and
CBP/p300 coactivators (267). PGC-1 is expressed in
brown fat, heart, kidney, and brain, all tissues in which
PPARg might be of physiological importance, and its
expression is induced upon cold exposure in brown fat
and skeletal muscle. When PGC-1 is ectopically ex-
pressed in white adipose cells, PGC-1 activates expres-
sion of the uncoupling protein (UCP)-l, a key
mitochondrial enzyme of the respiratory chain, nor-
mally restricted in expression to brown adipose tissue
(253,263). PGC-1 has been shown to activate the
nuclear respiratory factor 1 (NRF-1), a transcription
factor that regulates genes in mitochondrial DNA rep-
lication and transcription, stimulating in this way mito-
chondrial biogenesis (263).

In addition, PGC-1 contributes to the induction of
genes important for the oxidative phosphorylation
pathway in the mitochondria, such as the genes for
cytochome c oxydase subunits II and IV, and ATP
synthetase in muscle and fat cells (253,263). These
observations suggest that PGC-1 could play a role in
linking nuclear receptors to adaptive thermogenesis and
indicate that it could be involved in the initiation of
brown adipose tissue formation. Recently, PGC-1 has
been demonstrated to regulate also certain aspects of
glucose homeostasis. In fact, PGC-1 expression restores
Glut4 levels in myoblast cell liner (268). This effect is
mediated in part through activation of the muscle-
specific transcription factor MEF2C (268). Finally, it
was recently demonstrated that PGC-1 is not only
involved in transcriptional induction of gene expres-
sion, but also in posttranscriptional aspects of gene
regulation such as in mRNA processing (269). This
mRNA processing activity is the result of a direct
association of PGC-1 with splicing factors and other
components of the polymerase II elongation and
mRNA processing complex.

From the above it is evident that although several
cofactors interact with PPARg, none of these cofactors
seem to be specific for PPARg. Understanding how
these cofactor complexes interact and modulate recep-
tor activity will require detailed structural studies, care-
ful reconstitution of PPARg transcriptional activity in
purified reconstituted transcription systems, and a
detailed characterization of their biological implication
in vivo in animal model systems. Furthermore, several
cofactors seem to be interacting as multiprotein com-
plexes, suggesting a certain degree of redundancy. The
mode of action of the receptor interacting protein 140
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(RIP140) suggests that some of them are mutually
exclusive when interacting with the same receptor
(270), pointing to the importance of the stoichiometry
of the different components in the transcription com-
plexes. Therefore it will also be of interest in the future
to better characterize the expression profiles of the
various cofactors as well as to get more insight into
the regulation of their respective promoters.

XI CONCLUSIONS AND PERSPECTIVES

Although PPARg is today one of the best-characterized
nuclear receptors, there are still enormous challenges
ahead of us before the complex function of this tran-
scription factor in the control of adipogenesis will be
unraveled. In view of the fact that PPARg represents an
important therapeutic target for the treatment of insu-
lin resistance and type 2 diabetes, a careful understand-
ing of its exact role in physiology is an absolute
requirement. This implies a detailed knowledge of all
activities of PPARg, which are much broader than a
strict function in adipose tissue. Most important, per-
haps, is our need to understand the role of PPARg in
the control of cell proliferation and differentiation. In
addition, we need to identify novel ways to modulate
PPARg activity, without inducing unwanted side
effects, such as the potential to enhance macrophage
foam cell formation (6,125,271), stimulate colon carci-
nogenesis (272,273), and induce acute liver dysfunction
(274). This will require thorough understanding about
how this receptor interacts with cofactors and how it
activates transcription. Furthermore, the restricted
expression of certain PPARg isoforms, such as the
adipose-restricted PPARg2 form, suggests the feasibil-
ity of the development of PPARg modulators affecting
only one specific tissue, such as adipose tissue. All these
developments will undoubtedly facilitate the more
rational design of new classes of PPARg modulators,
which might not be restricted to agonists, but might
also include antagonists or inverse agonists, which
could also have interesting therapeutic applications
beyond the treatment of metabolic diseases.
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I INTRODUCTION

A Visceral Obesity and Health–A Brief

Historical Perspective

In humans and other mammals, fat is deposited within
anatomically discrete depots that are located through-
out the body. In humans, while most fat is present in
subcutaneous depots, up to 20% of total body fat is
deposited in adipose depots within the abdominal
cavity (see Table 1). The pattern of fat distribution is
a main determinant of variations in body shape (1–3).
Vague first noted that that an upper body (android or
male-type) fat distribution is associated with develop-
ment of diabetes, atherosclerosis, and gout (4,5). Kis-
sebah et al. (6,7) and Krotkiewski et al. (6), among
others, confirmed and extended Vague’s hypothesis,
finding evidence for correlations of upper-body obesity
and enlarged abdominal subcutaneous fat cells to
hypertension, insulin resistance, and hyperlipidemia in
clinical studies. Epidemiological studies showed that
upper-body fat distribution, measured by the ratio of
waist to hip circumferences, was a significant determi-
nant of diabetes, cardiovascular disease, and premature
death in both men and women (3). These statistical
associations were independent of overall obesity, as
assessed by the body mass index. Thus, much research

attention became focused on the phenomenon of
abdominal obesity.

With the application of imaging technology to the
study of fat distribution, it became possible to better
define fat distribution by distinguishing the relative
sizes of intra-abdominal and subcutaneous fat com-
partments. It was realized that increased waist circum-
ference was a heterogeneous phenotype associated in
some cases with high amounts of intra-abdominal fat,
and in others with mostly subcutaneous abdominal
fat. Many studies found that the size of intra-abdomi-
nal fat stores as measured by computerized tomogra-
phy (CT) or magnetic resonance imaging (MRI) was
most closely linked with the metabolic complications of
obesity (1,7–9).

B The Portal Hypothesis

The statistical association between abdominal obesity
and health risk does not prove a causal relationship
(10). Thus, investigators addressed potential mechanis-
tic links between the size of specific fat depots and alter-
ations in systemic metabolism. As noted by Björntorp
(10), there was accumulating evidence in the literature
from 1960s and 1970s that fat cells from different fat
depots exhibit marked differences in functional capaci-
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ties and responsiveness to nutritional manipulations
(11). In particular, a consistent finding was that omental
fat cells were more lipolytically active than subcutane-
ous ones (12–14). Because the omental (and mesenteric)
fat depots drained their venous blood into the portal
vein, it was hypothesized that these ‘portal’ adipose
tissues would be the most metabolically dangerous by
virtue of the impact of high levels of lipolytic products
on hepatic metabolism. Indeed, evidence that fatty acids
caused deleterious effects on hepatic metabolism,
including decreased insulin degradation, impaired insu-
lin sensitivity, and increased VLDL output, fueled
acceptance of the ‘portal hypothesis’ of Björntorp
(15). However, in part because of the difficulty of
directly measuring portal concentrations of fatty acids,
there is no clear evidence that the high in vitro lipolytic
rates of portal adipose tissues are translated into high in

vivo activity and therefore high portal fatty acid deliv-
ery in humans (16,17). Some animal data do support the
possibility that an increased mass of visceral adipose
tissues lead to increased portal fatty acids levels in vivo
(18–20).

C Extending the Portal Hypothesis

Recent evidence that adipose tissues are also heteroge-
neous in their endocrine functions raises the possibility
for additional mechanistic links between visceral
adiposity and metabolic derangements (18,21). A grow-
ing body of literature indicates that there are marked
differences in the secretory products of visceral and
subcutaneous adipose tissues, including leptin, interleu-
kin-6, plasminogen activator inhibitor-1, and adiponec-
tin, that may contribute to the development of the
metabolic syndrome (21,22).

D Goals of this Chapter

The size of intra-abdominal fat stores, as determined by
CT, is strongly influenced by genetic factors, and the
genes associated with intra-abdominal fatness are differ-
ent from those determining overall obesity (23). Thus,
visceral fat appears to represent a subset or type of adi-
pose tissue that has distinct determinants and metabolic
characteristics. The main goals of this chapter are to
define ’visceral fat’ from a biologic and clinical perspec-
tive and to review our knowledge of its cellular compo-
sition and its metabolic and endocrine properties,
focusing mainly on data in humans.We will also discuss
physiologic determinants of the size of visceral fat
depots and the influence of therapeutic interventions
on visceral adiposity.

II DEFINITION, ANATOMICAL

DESCRIPTION, AND MEASUREMENT

OF VISCERAL ADIPOSE TISSUE

It is now well established that CT and MRI are the
preferred methods for measuring visceral adipose tis-
sue (VAT) in vivo and that the two methods provide
images of the abdomen that are comparable and that are
characterized by good tissue contrast (for further details
see the chapter by Heymsfield et al.) However, despite
evidence that CT (24) and MRI (25) provide accurate
estimates of VAT by comparison to cadaver sections,
the best way to apply these methods to themeasurement
of VAT in vivo is not firmly established. Thus several
issues require clarification.

Table 1 Major Fat Depots in Humans and Rodents

Humans

I. Intra-abdominal or viscerala adipose tissue depots
A. Intraperitoneal

1. omental—greater and lesser
2. mesenteric—small intestine, colon-rectum, epiploic

3. umbilical/round/falciform ligament
B. Extraperitoneal (including pre- or properitoneal)

1. perirenalb

2. peripancreaticb

3. urogenital (bladder, uterus, prostate)
II. Subcutaneous fat depots (deep and superficial

compartments)
A. Truncal (anterior or posterior chest)
B. Mammary (only one compartment)

C. Abdominal
D. Lumbar
E. Gluteal
F. Femoral

Rodents
I. Intra-abdominal
A. Mesenteric

B. Omental
C. Gonadal (parametrial or epididymal)
D. Perirenal (‘‘retroperitoneal’’)

II. Subcutaneous
A. Truncal

1. cervicalb

2. axillaryb

3. interscapularc

4. dorsal
B. Inguinal

a Operationally defined as ‘‘intra-abdominal’’ on CT or MRI images.
b Contains some brown adipose tissue.
c Mainly brown adipose tissue.

Fried and Ross590



A Visceral Adipose Tissue Defined

Despite the acknowledged importance of VAT in the
etiology of metabolic risk (7,26), there is no consensus
as to the ideal protocol for measuring VAT in research
settings. Anatomically defined VAT is that contained
within the visceral peritoneum (i.e., omental and mes-
enteric). The visceral peritoneum is the membrane that
covers, with few exceptions, the abdominal organs of
the gastrointestinal tract. This definition excludes ret-
roperitoneal adipose tissue, which, from a clinical point
of view, is reasonable, given the hypothetical role of
free fatty acids liberated from omental and mesen-
teric adipose tissue in the etiology of metabolic risk,
the so-called portal theory (15). However, because the
peritoneum is not visible on either CT or MRI images,
separation of VAT into intraperitoneal (omental and
mesenteric) and retroperitoneal (i.e., perirenal) compo-
nents, has relied on arbitrary criteria (27,28). Accord-
ingly, efforts to determine whether separation of VAT
into intraperitoneal and retroperitoneal provides addi-
tional insight into the relationship between the VAT
depot and metabolic risk provide equivocal results (29–
33). However, at present the weighted evidence from
clinical studies appears to suggest that subdivision of
VAT into intraperitoneal and retroperitoneal depots is
not warranted and thus, in practice, VAT on CT and
MRI axial images within the abdomen region includes
all visible intra-abdominal adipose tissue (Fig. 1). How-
ever, as discussed in Section IV, there is heterogeneity

in the functional properties of the intraperitoneal and
retroperitoneal fat depots of humans that may be rele-
vant to understanding the relationships between so-
called visceral adiposity and metabolic disease.

As illustrated in Figure 2, it is clear from a coronal
perspective that VAT deposition extends throughout
the abdominal region. Moreover, it is well established
that the accumulation of VATdiffers according the level
of the abdomen at which the CT or MRI image is

Figure 1 Axial computerized tomography (CT) and magnetic resonance imaging (MRI) images obtained in the midabdomen.

Adipose tissue appears black on the CT image and white on the MRI image. VAT, visceral adipose tissue; ASAT, abdominal
subcutaneous adipose tissue.

Figure 2 Visceral adipose tissue depicted by magnetic
resonance imaging in the coronal plane.
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obtained (34–37) (Fig. 3). However, as illustrated in
Figure 3, the relative difference between those with
high and low VAT is relatively homogeneous through-
out the abdomen. This may partially explain why the
relationship between VAT and metabolic risk factors is
not influenced by the level of the abdomen at which
VAT is measured (31,36). Thus, while a universally
accepted definition of VAT awaits resolution, it would
appear that the ability to determine individual health
risk, as conveyed by the accumulation of VAT, can be
determined by a single MRI or CT image of the abdo-
men. This is generally true for axial images acquired
in a region of the abdomen bordered by S1-L5 and
L1-T12 (31,34,38).

To summarize, human VAT for practical reasons in-
cludes all visible intra-abdominal adipose tissue on CT
or MRI images. Although the anatomical landmarks
that define VAT are not yet established, evidence sug-
gests that the relationship between VAT and metabolic
risk factors appears to be similar independent of the
level of the abdomen at which VAT is measured; thus,
observations from images obtained at different levels of
the abdomen are comparable.

It should also be noted that subcutaneous fat can be
divided into deep versus superficial subcutaneous fat
layers) that are observable on CT images above and
below Scarpa’s fascia (fascia superficialis). The volume
of the deep abdominal subcutaneous fat layer is inde-
pendently associated with insulin resistance and dyslip-
idemia (36,39). As most studies do not distinguish
subcompartments of subcutaneous fat, these findings

may explain some discrepancies in the literature on the
contribution of VAT to metabolic complications.

B VAT in Rodent Models

Intra-abdominal fat depots of rats include the peri-
renal, retroperitoneal, gonadal, and mesenteric and
omental (40) (note that in rodents, the so-called retro-
peritoneal fat depot is not outside the peritoneal cav-
ity). Of these, only the mesenteric depot is associated
with the digestive tract, is substantial in size, and drains
portally. The omental fat depot in rodents, in contrast
to that in humans, is much smaller than mesenteric and
not usually dissected or studied. Thus, the mesenteric
depot of rodents would probably be the best ‘‘model’’
of a human (visceral)portal depot. Data from Warden
(41) indicate that genes that determine the size of
mesenteric depot are distinct from those regulating
the size of other depots, supporting the contention that
this visceral fat depot is anatomically and probably
metabolically distinct.

The relative distribution of fat appears to differ in
humans and rats because the latter deposits relatively
more total fat within intra-abdominal depots. Over
50% of the total fat mass of rats is accounted for by
intraabdominal fat (42). In contrast, in humans the to-
tal intra-abdominal (including omental and mesenteric)
fat mass is only f20% of the total (most is subcuta-
neous). Furthermore, whereas in humans the size of
subcutaneous fat cells are as large as or larger than
intra-abdominal ones, in rats subcutaneous fat cells
tend to be smaller than those from intra-abdominal de-
pots such as epididymal or retroperitoneal (40,42,43).
Thus, the metabolic effects of removal of intra-abdomi-
nal fat depots should not be assumed to be comparable
to the removal of the ‘‘portal’’ adipose tissues. Caution
should be used in extrapolating data about the meta-
bolic effects of altered fat distribution in rodent models
to the human (e.g., 44).

III DESCRIPTIVE CHARACTERISTICS—

EFFECTS OF GENDER, RACE

A Gender

It is generally reported that, for a given BMI (38) or
body fat (45), the accumulation of VAT is lower in
women than inmen. Lemieux et al. (45) studied a cohort
of 89 men and 74 premenopausal women varying in
total and visceral adiposity. In that study, the authors
report that men have significantly greater quantities of
VAT than women after correction for differences in

Figure 3 Visceral adipose tissue at the L4-L5 level, 5 cm

below, 5 cm above, 10 cm above, and 15 cm above L4-L5 in
91 Caucasian men with low visceral adipose tissue (<125 cm2

at L4-L5) and 110 Caucasian men with high visceral adipose
tissue (>125 cm2 at L4-L5). The numbers represent the

relative difference between the high and low visceral adipose
tissue groups for each of the five abdominal images.
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total adiposity. Because VAT is a strong correlate of
metabolic risk (7,26), these observations may partially
explain the greater obesity-related health risk that
characterize men by comparison to obesity-matched
women. This notion is reinforced byCouillard et al. (46),
who report that the well established gender dimorphism
in postprandial triglyceride response (women less than
men) is eliminated when men and women are matched
for VAT accumulation.

The relative masses of deep vs. superficial subcuta-
neous fat also varies by gender and because this covaries
with VAT volume, this may factor into metabolic risk
(36,39). Men have relatively more deep than superficial
SAT (36) than women. However, type 2 diabetic men
have less superficial but similar amounts of deep SAT as
women (47).

B Race

It is generally reported that African-American men
and women have less VAT than Caucasian men and
women (36,48–50). The race differences in men remain
after statistical control for differences in total adiposity
(36,48). However, in women the racial dimorphism
between African-American women and Caucasian
women disappears after control for variation in total
adiposity (36,48). However, Albu found that after
adjusting for total fat, black women had less VAT and
VAT/SCAT for any waist-to-hip ratio (50). This ra-
cial difference in VAT accumulation is apparent in
childhood as it is commonly reported that African-
American children have less VATby comparison to age-
matched Caucasian-American children (51,52). This
clinical or metabolic importance of VAT accumulation
in children is unclear. Goran et al. (51) report that in
both African-American and Caucasian children insu-
lin sensitivity is more closely related to total body fat
than to VAT. This may not be surprising given that in
children the vast majority of VAT is located posterior to
the peritoneum (i.e., is not portally drained). Thus, if the
‘‘portal theory’’ (15) is the mechanism that links VAT
and metabolic risk, given the relatively small accumu-
lation of omental and mesenteric fat (Fig. 4) in children,
one would not expect VAT to be a strong marker of
metabolic risk in children.

Apart from comparisons of African-American with
Caucasian men and women, it has recently been re-
ported that healthy Asian-American women have
greater quantities of VAT than European-American
women after adjustment for differences in total adi-
posity and age (53). However, no differences in VAT
accumulation were observed after control for differ-

ences in age and total adiposity in Asian-American
men by comparison to their European-American
counterparts.

IV COMPOSITION OF VISCERAL FAT

DEPOTS

A Types of Cells Within Visceral and Subcutaneous

Fat Depots

All fat depots contain adipocytes, preadipocytes, endo-
thelial cells, mast cells, and fibroblasts. There are no
systematic studies that characterize and quantify the
different cell types present in visceral compared to
subcutaneous fat. The omental fat depot is also rich in
mesothelial cells, apparently derived from the perito-
neum (54–56).

There appear to be more macrophages present in
omental than subcutaneous adipose tissue (57). The
abundance of lymph nodes in visceral depots may also
be of importance in determining the metabolic activity
of surrounding adipocytes (58).

The number of preadipocytes in omental fat may be
lower than in subcutaneous (59). Because nonadipose
cells including preadipocytes produce many cytokines
including tumor necrosis factor-a (60) and interleukin-6
(61,62) and other proteins that may influence adipocyte
metabolism, it seems likely that the paracrine environ-
ment of different depots differs between visceral and
subcutaneous fat, at least in part, by virtue of the dif-
ferent cell types present. These differences in cellular
composition may underlie regional differences in adi-
pocyte metabolism, and hence variations in the regional
deposition of fat or its function.

Figure 4 Magnetic resonance image obtained at the level of

the umbilicus in a 12-year-old girl.
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B Size of Visceral Adipocytes

In lean men and women, omental fat cells are smaller
than subcutaneous ones (63–66). In obese men, most
studies indicate that omental fat cells are similar in size
to subcutaneous (66–69). In obese women, however,
omental fat cells are f20-30% smaller (68–70). Varia-
tions among studies are probably due to the relatively
small number of subjects studied in each (usually 10–20)
and random variations in fat distribution that may add
to variability. Some studies also pool small numbers of
women and men. Mesenteric fat cells of severely obese
individuals are reported in several studies to be larger
than omental (70), most markedly in men (68,69).
However, some studies (67) find no difference between
omental and mesenteric adipocytes. Round ligament
adipocytes tend to be larger than omental, mesenteric,
or subcutaneous (71,72).

V METABOLIC CHARACTERISTICS

OF VISCERAL ADIPOSE TISSUE

Increased catecholamine sensitivity and lower insulin
sensitivity may contribute to higher turnover of fatty
acids (FA) in visceral versus subcutaneous adipocytes.
Most studies of lipolysis in visceral adipose tissue have
studied omental fat cells (12). Limited data indicate that
omental and mesenteric adipocytes behave similarly,
with only minor, gender-specific differences detected in
some studies (65,67,73). Adipocytes from the round
ligament appear to be markedly different (72).

A Basal Lipolysis Is Lower in Omental Than

in Subcutaneous Fat Cells

Most studies indicate that adipocytes isolated from the
omental depot of lean or obese men and women exhibit
lower basal lipolysis, even when the rates are corrected
for cell size (surface area) (12,70,72,74). Similar results
are obtained when basal lipolysis is assessed in the
absence or presence of adenosine deaminase (ADA) to
permit maximally disinhibited lipolysis (12,74). How-
ever, when high concentrations of fat cells were incu-
bated in the absence of ADA, no differences in basal
lipolysis were detectable (65,75). The low rates of basal
lipolysis under these conditions may make it difficult to
detect differences. Indeed, omental fat cells are report-
edly less sensitive to adenosine inhibition of lipolysis
(76). Similarly, studies of intact fragments of adipose
tissue fromobese subjects revealed no difference in basal
lipolysis in men, but did show a clearly lower lipolytic

rate in women (77). Thus, it is possible that there may be
gender-specific differences in the sensitivity of omental
adipocytes to paracrine regulators. Overall, available
data indicate that omental adipocytes exhibit lower
basal lipolytic capacity. The higher expression of the
constituitively active endothelial nitric oxide synthetase
(eNOS) in omental fat has been implicated in its lower
basal lipolysis (78).

B Sensitivity and Responsiveness to Lipolytic

Agonists Are Greater in Visceral Fat

Maximally beta-adrenergic-stimulated rates of lipoly-
sis by a nonspecific agonist are similar in omental and
subcutaneous adipose tissues (72,73). Because of the
lower basal, the increment (delta) over basal is higher
in omental than in subcutaneous. Mesenteric fat cells
appear to also exhibit increased responsiveness to iso-
proterenol, particularly in men (73). Omental fat cells
exhibit about twofold higher responses to physiologic
catecholamines that activate both beta (stimulatory)
and alpha2- (inhibitory) adrenergic receptors (66). Only
minor but statistically higher responses to beta1-adre-
nergic receptors occur in omental than in subcuta-
neous fat cells of lean men (66). However, there are
impressive differences in the sensitivity of omental fat
cells to adrenergic receptor subtypes. Omental fat
cells of obese men exhibit markedly increased sensi-
tivity (ED50) as well as increased responsiveness to
beta-adrenergic agonists, particularly to the beta3 ago-
nist CGP 12177 and decreased responsiveness to the
antilipolytic effects of alpha2-adrenergic receptors
(66,72,79,80). Omental fat cells of men as compared to
women are markedly more sensitive to the lipolytic ef-
fects of beta-adrenergic agonist, particularly the beta3
component (79).

The differences in beta-adrenergic responsiveness
between omental and subcutaneous fat cells appear
to derive from alterations in receptor expression rather
than postreceptor events (74). No differences inGi orGs
subtypes (76) are reported. Levels of HSL expression
(protein and mRNA) are reported to be lower in omen-
tal than in subcutaneous (SC), predicting the lower
maximal rates of lipolysis in omental that were in fact
observed is some studies (64).

C Antilipolytic Effect of Insulin Is Lower in Omental

Than in Subcutaneous Adipocytes

Studies are consistent in reporting a decreased sensitiv-
ity and responsiveness to the antilipolytic effect of
insulin in omental compared to fat cells. The ED50 for
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insulin antilipolysis is higher in omental (71,81). Zierath
et al. reported that insulin was two- to fourfold less
potent in stimulating insulin receptor autophosphory-
lation and IRS-1 phosphorylation times in omental
than in subcutaneous adipocytes. IRS1 protein expres-
sion was only half that in omental than SC. In parallel
with these alterations in insulin signaling, insulin was
less effective in suppressing lipolysis and increasing
FA reesterification in omental adipocytes (81). These
in vitro results are consistent with the reports that
splanchnic lipolysis is less suppressible by insulin in
vivo (82).

D Is Lipolysis in Visceral Fat Increased In Vivo?

The rate of lipolysis in vivo depends on the balance of
lipolytic and antilipolytic regulators. For example, the
rise in catecholamines with fasting is coupled with a
lowering of circulating insulin levels. Because cate-
cholamines sensitivity is markedly greater and insulin
sensitivity is lower in omental than in subcutaneous
fat, the in vitro studies would predict higher rates of
lipolysis. In the fed state (high insulin, low catechol-
amines), determinants of ‘‘basal’’ lipolysis as well as
insulin sensitivity likely factor into the rate of lipolysis,
and it is therefore difficult to predict. In vivo studies
reveal that under hyperinsulinemic conditions, the
contribution of visceral (splanchnic) lipolysis to total
systemic lipolysis increased from f10% to 40%, sug-
gesting the physiologic importance of the lower insu-
lin sensitivity of omental adipocytes (82). Nevertheless,
in vivo studies appear to indicate that non-splanchnic,
upper body subcutaneous fat depots make a larger con-
tribution to hepatic FFA delivery than visceral fat (83).
Surprisingly, in subjects with NIDDM in whom vis-
ceral fat depots were enlarged, the relative contribution
of visceral depots to hepatic FFA delivery is not
disproportionately increased (83). In vivo studies also
show an increased lipolytic responsiveness to isopro-
terenol and mixed adrenergic agonist (epinephrine), but
this does not appear to be due to the enhanced lipolysis
in visceral fat depots (84). Thus, the pathophysiologic
importance of the alterations in the cellular regulation
of lipolysis in visceral fat depots are debatable (16,17).

E Triacylglycerol Synthesis in Visceral Fat

1 Capacity for Glucose Uptake and
Conversion to Triglyceride

If lipolysis is higher in visceral adipocytes, maintenance
of the size of this depot implies that triglyceride syn-
thesis must be increased in parallel. In vivo studies (85)

demonstrated that the uptake of orally administered
labelled triolein was greater in omental than in sub-
cutaneous adipose tissues of lean to moderately obese
men. Consistent with the idea that triglyceride turnover
is increased in omental fat cells, glucose transport and
glut4 mRNA and protein expression tended to be
higher in omental than in subcutaneous (71), though
one study found the opposite result with respect to
glut4 mRNA (86). In vitro studies of glucose metabo-
lism in omental and subcutaneous adipose tissue are
few. One study found that in the presence of glucose
and fatty acids, omental exhibited lower rates of glu-
cose conversion to total lipids, with lower relative rates
of conversion of triacylglycerol, but higher conversion
of diacylglycerol (77). The physiological meaning of the
apparently lower acylglyerol synthesis in omental adi-
pose tissue is unclear. The fact that glucose transport
capacity is at least as high in omental fat cells indicates
that under in vivo conditions where fatty acid delivery
is high, rates of triacylglycerol synthesis in vivo must be
at high enough to balance the greater rate of lipolysis.
In vivo factors such as regional differences in blood
flow or innervation may also influence rates of trigly-
ceride deposition and lipolysis in omental versus sub-
cutaneous adipose tissues.

2 Acylation-Stimulating Protein

Acylation-stimulating protein (ASP), or C3a desarg, is
a circulating protein that is synthesized in adipose tis-
sue among other tissues (87,88). Serum ASP concen-
tration, as well as adipose production, rises after a meal
and stimulates triacylglycerol synthesis in an additive
fashion with insulin. The binding capacity and affinity
of subcutaneous fat cells exceed those of omental in
both lean and obese subjects, and in both males and
females (88). ASP is thought to act by stimulating dia-
cylglyceroacyltransferase. It seems reasonable to hypo-
thesize that its lower activity in omental may explain
the relatively higher accumulation of newly synthesized
diacylglycerol in this depot (77). No previous studies
have examined regional differences in ASP production,
although one small study showed no higher production
of adipsin, the precursor of ASP, in omental adipose
tissue (89). Although adipose tissue is not the sole site
of ASP production in vivo, further studies of regional
differences in its production appear warranted. It seems
possible that local production of ASP is higher in
omental, leading to a downregulation of its receptor
affinity or number; thus, the net effect of ASP in
omental and subcutaneous adipocytes may depend on
the balance of its concentration and activity. The
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finding that subcutaneous adipocytes of obese women
show the highest affinity for ASP suggests that this
protein may promote subcutaneous fat deposition.

3 Lipoprotein Lipase

The activity of lipoprotein lipase (LPL) is responsible
for local hydrolysis of circulating triacylglycerol that
provide fatty acids for storage or utilization within
peripheral tissues. LPL activity in omental vs subcuta-
neous adipose tissue is reportedly similar (in men) or
slightly lower (women) (69,90). A number of studies
did not find differences in LPL activity or its mRNA
expression in omental versus subcutaneous adipose
tissue, probably because of the small number of sub-
jects and studies and the pooling of men and women,
or expression of data on a per-gram rather than a per–
fat cell basis (65,67,75,91). In vivo analysis shows that
LPL provides an excess of triglyceride fatty acids to
the adipocytes to be esterified in subcutaneous adipose
tissue (92). Thus, it seems likely that there is sufficient
LPL activity to provide ample substrate (FA) for high
rates of triacylglycerol synthesis in both depots in
vivo. However, there are no data comparing regional
differences in omental versus subcutaneous LPL activ-
ity in the fed state (because of problems sampling the
omental depot).

Differences in the activities of enzymes and proteins
involved in regulating adipocyte triacylglyceride metab-
olism as a function of changes in nutritional status may
derive from altered responsiveness to chronic effects of
hormones on their expression. For example, omental
adipose tissue is more responsive to glucocorticoid and
less responsive to insulin. Whereas culture with dexa-
methasone increases LPL expression in omental adipose
tissue, no effect is observed in subcutaneous adipose
tissue. Conversely, culture with insulin leads to in-
creased LPL activity in subcutaneous but not omental
adipose tissue (68).

Depot differences in the expression or activity of key
transcription factors such as sterol regulatory element
binding protein-1c/ADD1 and peroxisome proliferator
receptor-gmay be of importance determinants of depot
differences in the expression of lipogenic genes, includ-
ing LPL (93,94).

F Fatty Acid Transport and Metabolism

Omental adipocytes appear to have an increased
intrinsic capacity to take up fatty acids. Kirkland’s
laboratory demonstrated that fatty acid transport was
higher in newly differentiated preadipocytes derived

from human omental than in subcutaneous adipose
tissue (95). Depot differences in rates of fatty acid
uptake and the activities of acyl CoA synthetases, and
in expression of fatty acids binding proteins (adipocyte
and keratinocyte are both increased), were also docu-
mented. The expression of the adipocyte fatty acid–
binding protein and the ratio of the adipocyte to the
keratinocyte fatty acid–binding protein were higher in
omental than in Sc(96). The biochemical or physio-
logical consequences of alterations in the expression of
fatty acid–binding proteins are uncertain, as there are
discrepant results in the literature on the phenotype of
the adipocyte fatty acid binding protein knockout
mouse (97–99).

The fatty acid composition of omental fat does not
differ markedly from that of subcutaneous, suggesting
no major depot differences in fatty acid metabolism,
including desaturase reactions (100).

G Other Metabolic Differences

Some research attention has addressed a number of
other metabolic features of omental adipose tissue.
For example, this depot also expresses higher levels of
uncoupling protein 2 mRNA, with no gender or obesity
effect (101). Only subcutaneous, not omental, fat
responded with an increase in UCP2 expression in re-
sponse to a PPARg agonist (101). The implications for
adipocyte metabolism are not clear at this time.

VI PHYSIOLOGICAL DETERMINANTS OF

VISCERAL ADIPOSE TISSUE FUNCTION

The major metabolic differences between omental and
subcutaneous adipose tissues are summarized in
Table 2. It is tempting to speculate that adipocytes of
the visceral versus subcutaneous depots represent dif-
ferent ‘‘types’’ of fat, with intrinsic, genetically pro-
grammed differences in functional capacities. Such
‘‘intrinsic’’ differences could explain the differential
growth of these two fat compartments as a function
of developmental stage, age, endocrine status, gene-
tics, and disease (1). The concomitant growth of vis-
ceral fat while subcutaneous fat depots become
depleted in patients with acquired immunodeficiency
syndrome provides yet another indication that these
depots are functionally distinct ‘‘types’’ of fat. How-
ever, it is equally plausible that the local environment
within these fat depots, i.e., blood flow, innervation,
and paracrine influences, leads secondarily to the var-
iations in metabolism.
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A Blood Flow

Blood flow to the rat mesenteric fat pad is about five-
foldhigher thanother intra-abdominaldepots (102,103).
Other than casual observations that visceral adipose
tissues are highly enriched in endothelial cells, suggest-
ing high vascularization, no published information is
available comparing the rate of blood flow or its re-
gulation in these depots in humans.

B Innervation

We could find no data comparing the sympathetic
innervation of human visceral versus subcutaneous
adipose tissues. In the rat, mesenteric adipose may
receive a richer sympathetic input than subcutaneous
or other intra-abdominal depots (104,105).

C Hormonal Determinants

1 Sex Steroids

Studies in transsexuals given hormone replacement
indicate that estrogen produces proportionately greater

increases in subcutaneous than in visceral fat (106).
Testosterone administration to female-to-male trans-
sexuals decreased subcutaneous fat but increased vis-
ceral fat (106,107). In contrast, Marin et al. (85) found
that testosterone decreased the deposition of radio-
labeled triglyceride into omental and retroperitoneal
fat. This result is consistent with the finding that se-
rum testosterone is negatively correlated with visceral
fat area in men (108,109). It appears that the effects
of sex steroids on visceral fat deposition vary in men
and women, perhaps owing to the effects of proges-
tins (106).

The biochemical or molecular basis for the regional
differences in sex steroid effects on adipose metabolism
are not well elucidated. However, estrogen appears to
produce a greater stimulation of preadipocyte prolifer-
ation in subcutaneous than in omental fat (110,111).
Also, estrogen and testosterone influence the expression
of adrenergic receptors through direct effects on the
adipocyte (112–116).

2 Growth Hormone

Administration of growth hormone tends to selectively
deplete visceral fat mass as analyzed by CT (117–121).
Chronic growth hormone decreases lipoprotein lipase
activity and increases basal lipolysis (122) in vitro. To
our knowledge, there are no in vitro studies comparing
the sensitivity or responsiveness to the effects of growth
hormone on adipocyte metabolism in visceral versus
subcutaneous adipose tissue of humans.

3 Cortisol

Cortisol excess (Cushing’s syndrome) is associated with
a truncal and visceral accumulation of fat, often with
wasting of peripheral fat that is reversible with ther-
apy (123). The metabolic basis of this is altered fat
distribution thought to be the increased number of glu-
cocorticoid receptors on omental versus subcutaneous
fat cells (1,31,124–127). Additionally, greater respon-
siveness, but not sensitivity, to glucocorticoid effects
has been demonstrated in omental versus abdominal
subcutaneous adipose tissues of obese humans (68,128).

Cortisol can be synthesized locally within adipose
tissue. HSD1 activity is higher in stromal cultures de-
rived from omental as compared to subcutaneous fat
(129,130). It has been suggested that higher local pro-
duction of cortisol in omental may produce visceral
obesity by promoting local hypertrophy of adipocytes,
essentially ‘‘Cushing’s’’ of the omentum (129). Further
studies of regional HSD1 activity in subjects of vary-
ing degrees of visceral adiposity are needed to test this

Table 2 Summary of Differences Between Omental (Om)
and Abdominal Subcutaneous (SC) Adipose Tissues

A. Metabolism
1. Lipolysis

a. Basal (Om <SC)
b. Response to stimulatory agonist

1. Beta-adrenergic (Om >SC)
c. Response to inhibitory hormones
1. alpha2-adrenergic (Om <SC)

2. insulin (omental <SC)
3. adenosine (omental <SC)

2. Triglyceride deposition

a. lipoprotein lipase activity (Om <SC in females)
b. glucose transport (basal and insulin-stimulated,

Om <SC)

c. glucose conversion to triacylglycerol (Om <SC)
d. glucose conversion to diacylglycerol (Om >SC)
e. acylation stimulating protein (Om <SC)

B. Endocrine

1. leptin (Om <SC)
2. interleukin-6 (Om <SC)
3. cortisone ! cortisol conversion (Om >SC, stromal

culture)
4. ACRP30 (Om <SC)

C. Coagulation

1. PAI1 (inconsistent reports)
D. Expression of transcription factors

1. SREBP1c (SC >Om)
2. PPARg (SC = Om)
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attractive hypothesis. No information is available on
variations in visceral and subcutaneous HSD1 activity
as a function of gender, age, fat distribution, or
metabolic status.

Proof of principle that local cortisol production
within adipose tissue can lead to visceral obesity was
recently reported. Transgenic mice in which the aP2
promoter was used to drive expression of the gene
for HSD1 in adipose tissue exhibited the preferential
growth of mesenteric fat, as well as a generalized in-
crease in fatness (20), particularly when placed on a
high-fat diet. It seems likely that the increased growth of
the mesenteric fat depot was due to increased glucocor-
ticoid receptor expression (127), as supported by the
observation that the expression of lipoprotein lipasewas
markedly increased in this depot. This new mouse
model strongly supports that hypothesis that local
production of cortisol within adipose tissue can drive
fat deposition and that depot variations in the local
production of cortisol (or responsiveness to its action)
are important determinants of regional adiposity.

D Genetic Determinants of Visceral Adiposity

It appears that genes factor in the control of the size
of visceral fat stores, independent of total fat mass in
humans (23,131) and in a mouse model (41). A num-
ber of candidate genes and loci that modulate visceral
fat deposition were identified, including several that
are involved in steroid metabolism and food intake
regulation (23,132). One interesting possibility is that
polymorphisms in the glucocorticoid receptor gene
may also exert an effect on regional fat distribu-
tion (133,134). Heterozygosity for a missense mutation
in the melanocortin-4 receptor gene was associated
with higher visceral adiposity and morning cortisol
levels (132).

E Effect of Thiazolidinedione (TDZ) Drugs

on Fat Distribution

The antidiabetic TDZs are ligands of peroxisome pro-
liferating–activating receptor-g (PPARg) and thus
increase adipogenesis as well as improving insulin sen-
sitivity. TDZs appear to be less potent in stimulating
preadipocyte differentiation in cultures derived fromhu-
man omental versus subcutaneous fat depots despite
similar levels of PPARg. Clinical studies show that
treatment of type 2 diabetics with troglitazone leads to
a selective decrease in visceral adiposity and may also
increase the mass of subcutaneous fat stores (135,136).

This TDZ is no longer in clinical use, and there are as yet
no reports of other TZD effects on human fat distribu-
tion. In rats, pioglitazone has more potent adipogenic
effects on intraabdominal depots (ovarian and retro-
peritoneal vs. subcutaneous fat, the mesenteric was not
examined) (137).

VII ENDOCRINE AND SECRETORY

FUNCTIONS OF VISCERAL

ADIPOCYTES AND ADIPOSE TISSUE

A Endocrine Function of Visceral Adipose Tissue

Adipose tissue is now recognized as an important
endocrine organ that produces protein hormones in-
cluding leptin, interleukin-6 (IL-6), adiponectin (also
known as ACRP30 or adipoQ), angiotensinogen (and
all components of the renin angiotensin system), and
resistin (21,138). Considerable depot differences in
leptin production add to the concept of the visceral
adipocytes as a functionally distinct subtype of adipo-
cytes. The lower leptin production by omental may not
be an intrinsic property, however, because long-term
culture with insulin plus dexamethasone abolished this
depot difference (128). Thus, in vivo factors such as
increased responsiveness of omental adipocytes to h-
adrenergic agonists may contribute to the lower leptin
expression (139). Depot differences in IL-6 production,
however, persist after long-term culture (62). The
majority of the tissue IL-6 derives from nonadipose
(stromal) cells within adipose tissue. Differences in the
cellular composition of visceral versus subcutaneous
adipose tissues may therefore have pathophysiological
implications, and deserve further study. The fact that
the size of different fat depots is regulated by different
genes in mice strongly supports the concept of differ-
ent ‘‘types’’ of fat, although secondary effects cannot
be ruled out (41).

1 Leptin Expression Is Lower in Visceral
Adipose Tissue

The adipocyte hormone leptin has been studied ex-
tensively with regard to depot differences. Omental
adipose tissue expressed lower levels of leptin mRNA,
and produces less leptin (per cell or per gram) indepen-
dent of fat cell size in lean and obese men and women
(63,89,128,140,141). Thus, omental adipose tissue pro-
duction of leptin is a minor determinant of systemic
levels, but may be of importance via its impact on
hepatic metabolism via the portal circulation.
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B IL-6 Production Is Higher in Omental Than

in Subcutaneous Fat

IL-6 is considered an adipose hormone because arterio-
venous studies show a net release of IL-6 across the ab-
dominal subcutaneous fat in vivo (16,142,143). Of note,
in vivo and in vitro production of IL-6 in subcutaneous
fat and serum IL-6 levels are increased in proportion to
BMI (144,145). One study indicates that omental pro-
duces more IL-6 in severely obese subjects (men and
women) (62). Further studies of omental IL-6 produc-
tion in lean and moderately obese subjects are needed,
because it could be playing an important paracrine as
well as endocrine role. It has been suggest that IL-6
overproduction by visceral fat delivered directly to the
liver via the portal vein may contribute to the develop-
ment of the metabolic syndrome (62). Animal studies
show that IL-6 increases VLDLproduction and increas-
ing the synthesis of acute phase proteins, both features
of visceral obesity. Most of the IL-6 produced derives
from stromal elements, but adipocytes also appear to
produce it (62). More needs to be known about cell-
specific and depot-specific regulation of IL-6 synthesis
and secretion. Interestingly, isoproternol administra-
tion in vivo appears to increase serum and adipose tissue
IL-6 (145–147). As the omental depot ismore responsive
to h-adrenergic effects, this may be one factor in the
increased omental production of this cytokine.

High levels of omental IL-6 and perhaps other
cytokines (if they are secreted from the omentum) may
also greatly impact hepatic metabolism. Both these
hormones may contribute to hepatic insulin resistance,
and IL-6 is a potent stimulator of hepatic VLDL pro-
duction and the acute phase protein synthesis that
appears to be a feature of visceral obesity (148–150).

1 Expression of Other Cytokines in Visceral Fat

Adipose tissue also synthesizes a number of cytokines
(TNFa, IL-1h, IL-8, IL-10) and chemokines (146,151–
156) that appear to act mainly on the paracrine level.
Depot differences in cytokine production have not
been extensively studied. Tumor necrosis factor-a does
not appear to be released from adipose tissue (at least
from the subcutaneous depot), and may therefore serve
an exclusively paracrine role. Several studies have not
found a depot difference in TNF expression (22,89).
Other cytokines have not been examined for possible
depot differences.

The expression of the cellular inhibitor of apoptosis
protein 2 is higher in omental and subcutaneous pre-

adipocytes (89,157). However, this depot difference
does not persist after culture of preadipocytes derived
from each depot (157), suggesting an altered pro-apop-
totic environment in vivo, in omental fat.

2 Adiponectin

The adipocyte hormone adiponectin is implicated in
the pathogenesis of insulin resistance (158–160). The
extent of the reduction of adiponectin expression in
subcutaneous fat in type 2 diabetes appears be less than
in omental fat (161), but depot differences in its expres-
sion are not yet well characterized.

3 Sex Steroid Metabolism

Estrogen is produced via P450 aromatase that is ex-
pressed in the stromal compartment of adipose tissue,
particularly in postmenopausal women (162). Adipose
tissue also possesses enzymes involved in androgen
metabolism (109). Possible depot differences in sex ste-
roid metabolism have not yet been extensively studied.
However, there appears to be evidence to depot-specific
estrogen action. The estrogen receptor-a limits fat dep-
osition (163,164). The expression of the estrogen recep-
tor-a is poorly feedback-regulated in human omental as
compared to subcutaneous fat, suggesting a mechanism
for depot-specific effects of estrogen on fat distribution
(165). Additionally, estrogen receptor-h is expressed in
lower relative abundance in omental than subcutaneous
adipose tissue of women and men (116), but the phys-
iological implications of this observation are unclear.

4 Cortisone-Cortisol Interconversion in Visceral
Versus Subcutaneous Fat: Endocrine Aspects

As discussed in Section IV.C.3, adipose tissue is also a
site of conversion of cortisone (inactive) to cortisol (ac-
tive). 11-Beta-hydroxysteroid dehydrogenase 1(HSD1)
is expressed in both stromal and fat cells where it may
serve an endocrine as well as a paracrine role (166–169).
In vivo, arteriovenous difference studies show that here
is a net production of cortisol across the abdominal
subcutaneous fat depot (170), indicating that adipose
tissue may participate in the increased cortisol turnover
observed in the obese (170). Although HSD1 activity
was found to be lower in cultures of stromal cells from
subcutaneous vs omental fat (129), homogenates of
subcutaneous adipose tissue were able to convert corti-
sone to cortisol, and the activity was increased in obese
men (171). Because of the greater volume of subcu-
taneous adipose tissue, this depot may be a more
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important contributor to circulating cortisol levels than
visceral depots.

5 Renin-Angiotensin System

All components of the renin-angiotensin system are
expressed in adipose tissue, and expression is increased
in obesity and response tonutritional alterations.Omen-
tal adipose tissue appears to express higher levels of
angiotensinogen, particularly in the obese (22,172,173).

C Adipocyte Secretory Products Involved in Systemic

Metabolism: Contribution from Visceral Versus

Subcutaneous Fat

Adipose tissue also secretes proteins involved in lipid
and lipoprotein metabolism [cholesterol ester transfer
protein (CETP), phosholipid transfer protein (PLTP),
ASP, apolipoprotein E], as discussed previously (174).
CETP expression is higher in subcutaneous than omen-
tal fat, but PLTP does not differ (172); apoE expres-
sion has not yet been studied. ASP expression in
omental versus subcutaneous fat was discussed in Sec-
tion V.B.4.

D Omental Adiposity and Fibrinolysis

Proteins involved in fibrinolysis, including plasminogen
activators and plasminogen inhibitor 1 (PAI1), are
expressed in adipose tissue (175). Many authors have
found that PAI1 expression is higher in omental than
in subcutaneous fat (22,176–178), but others find an
elevation with obesity but no regional difference
(179,180). The source of the PAI1 production in sam-
ples of human adiose tissue is unclear (54), and hu-
man preadipocytes in culture derived from omental
and subcutaneous fat release similar amounts of PAI1
(181). In addition, whether subcutaneous fat actually
releases PAI1 to the systemic circulation has been
questioned (182). The degree to which the depot-specific
production of PAI1 accounts for the association of
hypercoaguability with the metabolic syndrome require
further in vivo and in vitro studies, but local actions
within each adipose depot are also likely. For exam-
ple, PAI1 may promote preadipocyte migration and
cluster formation during adipogenesis (183). Further-
more, obese (obob) mice null for PAI1 showed lower
TNFa expression in fat and improved insulin sensi-
tivity, providing a potential mechanism linking adipose
PAI1 expression to metabolic complications of obe-
sity (184).

E Lipodystrophies

Depletion of subcutaneous fat stores occurs in cases of
genetic and acquired lipodystrophies (185). The fat
maldistribution associated with the acquired immuno-
deficiency syndrome (186) provides a dramatic example
of differences between visceral and subcutaneous fat
depots. The central adiposity in this syndrome may be
exacerbated by protease inhibitors, but were reported
before the use of these drugs (186). Whether the adipose
tissue depots have a special role in responding to the
immune challenge remains to be determined (187,188).
Depot differences in responsiveness or altered sensitivity
to catabolic or apoptotic effects of systemic or local
cytokines may contribute to depot differences in
responses to altered metabolic states.

VIII THERAPEUTIC STRATEGIES FOR

REDUCTION OF VISCERAL ADIPOSITY

A Methodological Considerations

As reported above, the correlation coefficients between
VAT and metabolic risk factors appears to be relatively
constant independent of the level of the abdomen at
which VAT is measured. Preliminary evidence also sug-
gests that the mobilization of VAT (cm2) in response to
weight loss at different levels of the abdomen are com-
parable (35,189,190); that is, the relative reduction ob-
served at the level of L4-L5 is not different from that
observed at the L2-L3 level. The relatively uniform re-
duction inVAT remains true independent of themethod
of inducing weight loss (e.g., diet- or exercise-induced
weight loss) (189). Although this observation is based in
largemeasure on data fromCaucasianmen andwomen,
Conway et al. (49) report that in obese African-Amer-
ican women the reductions in VAT at the L2-L3 level
are not different from those observed at the L4-L5 level.

Illustrated in Figure 5 is the influence of weight loss
on both VAT and abdominal subcutaneous adipose tis-
sue in a large cohort of overweight and obese men and
women. Inspection of Figure 5 reveals that the rela-
tive (%) reduction in VAT area (cm2) for four MRI
images obtained in the abdomen is uniform and similar
to the relative reduction in VAT mass derived using the
four abdominal images. These data suggest that the in-
fluence of weight loss on VAT determined using a single
CT or MR image obtained in a region bordered by S1-
L5 and about L2-L3will provide similar results. In other
words, the distribution of VAT does not appear to be
influenced by weight loss in the order of 10% (35,189).
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B Lifestyle-Based Strategies

1 Exercise

The effects of exercise on abdominal adipose tissue
distribution have recently been considered and the
reader is referred to these citations for detailed reviews
(191–193). For simplicity, we review here those studies
that consider the effects of exercise with or without
weight loss separately on abdominal adiposity, in par-
ticular, VAT.

2 Exercise Without Weight Loss

Ross et al. (194) observed a 16% reduction in VAT
independent of any change in abdominal subcutaneous
or total adipose tissue in obese men who performed
daily, aerobic exercise (brisk walking, f60 min) for
3 months. This finding confirms an earlier report
wherein Mourier et al. (195) observed large reductions
in both VAT (f48%) and abdominal subcutaneous
adipose tissue (f18%) in response to moderate exercise
performed three times per week for 8 weeks in men and
women with type II diabetes. Thomas et al. (196) also
examined the effects of exercise training without weight
loss in 17 nonobese, healthy women. In that study, the
women performed aerobic-type exercise under super-
vision 3 days per week for 6 months. Despite no change

in total and subcutaneous adipose tissue, a 25% reduc-
tion in VAT was observed. Together these results
suggest that regularly performed aerobic exercise with-
out weight loss results in marked reductions in VAT,
which are in general greater than the change in total
or abdominal subcutaneous adipose tissue.

In contrast to these observations, Poehlman et al.
(197) report that 6 months of either endurance or
resistance exercise training did not reduce VAT or ab-
dominal subcutaneous adipose tissue in young, preme-
nopausal women, a finding consistent with that of
DiPietro et al. (198), who report that in older men and
women, 4 months of supervised aerobic exercise had no
effect on abdominal subcutaneous or visceral adipose
tissue. A rationale to explain the equivocal findings is
unknown. However, it is noted that in the Poehlman
et al. (197) study, the average VAT values pretreatment
for the exercise groups approximated 40 cm2, a value
substantially below the values thought to be associated
with metabolic risk (199,200). Taken together, available
evidence does not permit firm conclusions regarding the
effects of exercise training in the absence of weight loss
on VAT distribution.

3 Exercise-Induced Weight Loss

Inspection of Table 3 reveals that few studies have
examined the effects of exercise-induced weight loss on
VAT distribution. Schwartz et al. (1991) report marked
reduction in both abdominal subcutaneous (f20%)
and visceral (f25%) adipose tissue in response to aer-
obic-type exercise in older men despite very modest
weight loss (2.5 kg) (201). Consistent with the findings
of this study, Wilmore et al. (202) report that 5 months
of cycling exercise performed three times per week by
557 men and women varying widely in age, race, and
adiposity resulted in significant but relatively small
reductions in visceral adipose tissue (f6%) in associa-
tion with a minor change in body weight and total fat
(<1 kg). Bouchard et al. (203) studied seven twin pairs
who exercised on a stationary bicycle 6 days a week
for 3 months such that 1000 kcal was expended each
day. In that study, the authors prescribed an isocaloric
diet to ensure that the negative energy balance was
induced by exercise alone. The exercise program re-
sulted in a 5-kg reduction in body weight that was
associated with a 35% and 27% reduction in visceral
and abdominal subcutaneous adipose tissue, respec-
tively. Unfortunately, very little is known regarding
whether exercise-induced weight loss influences the vis-
ceral to abdominal subcutaneous adipose tissue ratio.
In other words, whether exercise alters adipose tissue

Figure 5 Relative reduction in visceral and abdominal
subcutaneous adipose tissue at the L4-L5 level, 5 cm below,

5 cm above, and 10 cm above L4-L5, as well as visceral and
abdominal subcutaneous adipose tissue mass derived using
five abdominal images. The reductions in visceral and ab-
dominal subcutaneous fat were observed in response to a

10% weight loss in 61 men (left) and 56 women (right). VAT,
visceral adipose tissue; ASAT, abdominal subcutaneous adi-
pose tissue.
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distribution by inducing a greater reduction in visceral
versus subcutaneous fat is unclear (191).

4 Diet (Caloric Restriction)

Caloric restriction has been the principal means of as-
sessing the influence of weight loss on VAT (Table 4).
From the studies reviewed it is noted that the magni-
tude of the diet-induced weight loss ranges from 4.4 to
18.8 kg (Table 4). The corresponding reductions in VAT
vary according to the weight loss; the greater the weight
loss, the greater the reduction in VAT. When expressed
per kilogram of body weight lost [mean absolute VAT
loss (cm2) H mean weight loss (kg)], the corresponding
reduction in VAT varied from 2.5 to 13.8 cm2/kg. In
relative terms (i.e., controlling for initial differences in
VAT accumulation), the relative loss per kg isf3% (4).
Thus, for a 10-kg weight loss, the relative reduction in
VAT is f30%. It is important to note the large
interindividual variations observed in VAT reduction

(Table 4) and that the observation is generally restricted
to obese Caucasian adults.

The data in Table 4 also suggest that in response to
diet-induced weight loss, there is a preferential re-
duction in VAT. Whether the observation is based on
data obtained from a single image or by comparing
relative reductions in VAT and subcutaneous adipose
tissue volume (liters) derived frommultiple images, for a
given weight loss, the relative reduction in VAT is
greater than those observed for subcutaneous adipose
tissue (Table 4).

5 Pharmacotherapy

The potential of pharmacotherapy for the treatment of
obesity is promising. When used as an adjunct to the
traditional approaches of diet- and/or exercise-induced
weight loss it would appear that the addition of avail-
able pharmacological agents are useful in helping
patients achieve and maintain weight loss (204). At

Table 3 Influence of Exercise Training on Visceral and Abdominal Subcutaneous Adipose Tissue

Reference Subjects
BMI

(kg/m2) Treatment

Study

duration
(months)

Reduction

in weight
(kg)

Reduction

in body fat
(kg)

Reduction

in VAT
(cm2) [%]

Reduction

in ASAT
(cm2) [%]

Randomized, controlled trials
Ross et al., Men 31 Control group 3 0.8 0.6 0 [0] [3]

2000 (194) 33 Exercise (WL) 7.6a 6.1a 52 [28]a [18]a

32 Exercise (WWL) 0.5 0.8 32 [16]a [6]
Poehlman et al., Young women 22 Control group 6 +1.0 0.0 +4 [11] NR

2000 (197) 22 Aerobic exercise +2.0 +1.0 0 [0] 0 [
22 Resistance exercise 0.0 �1.0 +1 [2] 1 [

DiPietro et al., Older men 27 Control group 4 0.0 NR 18 [13] +20 [8]
1998 (198) and women 27 Aerobic exercise 1.0 10 [9] +11 [6]

Mourier et al., Diabetic men 30 Control group 2 0.2 0.8 5 [3] 9 [3]
1997 (195) and women 30 Aerobic exercise 1.5 0.8 76 [48]a 41 [18]a

Nonrandomized trials
Thomas et al.,

2000 (196)

Young women 25 Aerobic exercise 6 0.6 1.9 L 0.4 L [25] NR

Wilmore et al., Men 26 Aerobic exercise 5 0.4b 0.9b 6 [7]b 10 [5]b

1999 (202) Women 25 Aerobic exercise 0.1 0.5b 3 [5]b 8 [3]b

Treuth et al.,

1995 (217)

Older women 25 Resistance exercise 4 0.1 0.4 14 [10]b 17 [6]

Bouchard et al.,
1994 (203)

Young men [82] Aerobic exercise 3 5.0b 5.0b 29 [36]b 67 [27]b

Schwartz et al., Young men 26 Aerobic exercise 7 0.5 1.6 11 [17]b 21 [10]b

1991 (201) Old men 26 Aerobic exercise 2.5b 2.4b 35 [25]b 35 [20]b

Després et al.,

1991 (218)

Young women 34 Aerobic exercise 14 3.7b 4.6b 3 [3] 60 [11]b

WL, weight loss; WWL, without weight loss; BMI, body mass index: VAT, visceral adipose tissue; ASAT, abdominal subcutaneous adipose tissue;

NR, not reported; L, liters.
a Significantly different from change in control group (P<.05).
b Significant within group change (P<.05).
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Table 4 Influence of Diet-Induced Weight Loss on Visceral and Abdominal Subcutaneous Adipose Tissue

Subjects
VAT loss/kg

Study N Sex
BMI

(kg/m2)
Duration
(weeks)

Weight loss
Abs [kg] (%)

VAT lossa

Abs [cm2] (%)
weight loss

Abs [cm2] (%)
ASAT lossa

Abs [cm2] (%)

Bosello et al.,
1990 (219)

19 Young
women

40 2–3 6.7 (6) 29.1 (20) 4.3 (3.0) 34.4 (6)

Fujioka et al.,
1991 (220)

14 Young
women

34 8–10 12.0 (14) 2.6 (38)b (3.2) 3.1 (25)b

26 VO 36 12.3 (14) 1.3 (33)b (2.7) 4.0 (23)b

SO
Gray et al.,
1991 (221)

10 Young
women

35 10 10.5 (12) 26 (27) 2.5 (2.6) 62 (13)

Stallone et al.,
1991 (222)

11 Older
women

37 26 18.8 (20) 52.9 (36) 2.8 (1.9) 152.8 (33)

Armellini et al.,
1991 (223)

26 Women 39 2 6 (6) 24 (15) 4.0 (2.5) 6 (1)

Leenen et al., 40 Young 31 13 11.7 (14) 35 (30) 3.0 (2.6) 117 (30)
1992 (224) 38 women,

men
30 12.6 (13) 61 (39) 4.8 (3.1) 113 (36)

Chowdhury et al.,
1993 (225)

9 Men 35 1 4.4 (4) 0.9 (10)b �2.3 1.0 (6)b

Zamboni et al.,
1993 (226)

16 Young
women

38 16 16.2 (16) 73.7 (44) 4.5 (2.7) 145.3 (24)

Nicklas et al.,
1997 (227)

9 Older
women

74 26 9.8 (12) 26 (17) 2.7 (1.7) 65 (15)

Zamboni et al.,
1997 (228)

34 Men and
women

f36 2 7.0 (7) 27.3 (16) 3.9 (2.3) 35.9 (10)

Janand-Delenne et al.,
1998 (229)

13 Young
women

34 4 6.6 (7) 29 (22) 4.4 (3.3) 55 (15)

Goodpaster et al., 17 Young 34 16 12.2 (13) 44 (30) 3.6 (2.5) 118 (23)
1999 (230) 15 women,

men
34 17.6 (16) 78 (47) 4.4 (2.7) 159 (34)

Janssen and Ross, 10 Young 34 16 10.7 (11) 51 (37) 4.8 (3.5) 7 (18)
1999 (231) 10 women,

men
32 11.7 (12) 58 (30) 4.9 (2.6) 6 (23)

Kockx et al., 25 Young 31 13 11.4 (13) 32 (33) 2.8 (2.9) 122 (30)
1999 (232) 25 women,

men
30 12.1 (12) 61 (39) 5.0 (3.2) 109 (35)

Riches et al.,
1999 (233)

12 Men 34 16 10.2 (9) 100 (31)c 9.8 (3.0) NR

Ross et al.,
1994 (38)

38 Young
women

34 26 8.2 (9) 15 (19) 1.8 (2.3) 6 (21)

Doucet et al., 45 Young 93 2 7.9 (9) 27 (18) 3.4 (2.3) 56 (10)
2000 (234) women,

men
103 10.7 (11) 79 (38) 7.4 (3.6) 84 (21)

Kamel et al., 19 Young 33 26 10.6 (12) 106 (44) 10.0 (4.2) 204 (21)
2000 (235) 17 women,

men
33 9.5 (9) 132 (37) 13.8 (3.9) 177 (24)

Ross et al.,
2000 (194)

14 Men 31 12 7.4 (8) 44 (26) 5.9 (3.5) NR

Abs = absolute reduction; % = percentage (relative) reduction; VAT = visceral adipose tissue; ASAT = abdominal subcutaneous adipose

tissue; NR = not reported; VO = visceral obesity; SO = subcutaneous obesity.
a Image obtained at L4-L5 unless otherwise indicated.
b Volume (liters).
c L3 level.
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present there is limited evidence regarding the independ-
ent influence of the two drugs currently approved for
obesity treatment in North America. We are unaware of
trials wherein the effects of orlistat, a pancreatic lipase
inhibitor, on VAT are considered. Preliminary evidence
suggests that the serotonin reuptake inhibitor sibu-
tramine is associated with marked reduction of VAT
(f22%) in response to a 6-month trial (205). However,
in that trial the subjects received sibutramine in con-
junction with a hypocaloric diet and were encouraged
to exercise. Given the demonstrated importance of
visceral obesity in the development of metabolic risk,
further study to consider the independent effects of
pharmacotherapy on VAT is warranted.

IX IS THE METABOLIC SYNDROME DUE

TO TOO MUCH VISCERAL OR TOO

LITTLE SUBCUTANEOUS FAT?

Although there is agreement in the literature that
increased central obesity is associated with a metabolic
syndrome that increase risk for development of type 2
diabetes and cardiovascular disease, there is consider-
able controversy about which fat compartment that is
the main culprit. Numerous careful studies find that
visceral fat volume is the strongest independent predic-
tor of metabolic risk (insulin resistance, dyslipidemia) in
men or women carefully matched for total body fat but
differing in visceral fat mass (1,8,206,207). Nevertheless,
not all studies assessed whether the associations were
independent of total body fat (32,208).

It has been suggested that visceral adiposity was a
marker of the metabolic syndrome (i.e., a secondary
effect of an altered hormonal milieu that affects fat
distribution and metabolism), rather than its primary
cause (208). Indeed, Abate et al. (32) found that insulin
sensitivity was best correlated with the mass of truncal
subcutaneous (not visceral or retroperitoneal) fat in
nondiabetic middle-aged men and in subjects with
NIDDM. More recently, two groups have noted that
the relative amount of deep subcutaneous adipose
tissue also predicts metabolic risks associated with
obesity (36,209). Addition of visceral adipose tissue
volume to the equation only slightly increased the
regression coefficient. In another study, the size of
posterior (vs. anterior) subcutaneous fat stores was
best correlated with intra-abdominal (visceral) fat, and
was a better predictor of insulin resistance in non-
diabetic men (210).

Very little is known about the metabolic features of
the deep versus the superficial subcutaneous fat layers,

or posterior versus anterior subcutaneous fat. However,
a recent microdialysis study indicates that the superfi-
cial subcutaneous fat layer that is usually sampled in
adipocyte metabolic studies is more responsive to the
lipolytic action of epinephrine compared to deep sub-
cutaneous or preperitoneal depots (211). Thus, deep
subcutaneous may be less active than visceral adipose
tissue; why its mass correlates with metabolic risk
remains obscure. Nevertheless, future studies of the
influence of visceral adiposity on systemic metabolic
should consider potentially confounding effects of var-
iation in deep subcutaneous fat mass.

It is also possible that the level of visceral adiposity
influences the metabolic activity of subcutaneous fat
cells, and that this in turn contributes to metabolic
abnormalities including increased systemic fatty acid
turnover. For instance, decreased sensitivity to the anti-
lipolytic action of insulin was noted in abdominal sub-
cutaneous adipose cells from viscerally obese women
(212). In men, subcutaneous adipocytes from viscerally
obese patients show higher maximal responses to
alpha2-adrenergic receptor agonists, and this may be
related to the greater hyperinsulinemia associated with
visceral fatness (213). Thus, the influence of visceral fat
stores on fatty acid metabolism is likely to be exerted
through multiple mechanisms, and may extend beyond
the lipolytic activity of the visceral fat cells per se.

Lipectomy of the two main intra-abdominal (but
nonportal) adipose tissues of rats, the perirenal and
epididymal, led to a marked improvement in hepatic
insulin resistance (44). However, this experiment cannot
distinguish an effect of a decrease in total body fat from
a regionally specific effect. For instance, it is not known
whether removal of subcutaneous fat that produced an
equivalent decrease in total body fat would similarly
lead to alterations in hepatic insulin action in the rat.
Nevertheless, the results of this experiments indicates
that nonportal abdominal adipose tissue can influence
glucose-insulin homeostasis.

An alternate hypothesis to explain the association
between visceral adiposity and metabolic risk is that the
metabolic effects of obesity are related to ‘‘subcutane-
ous fat deficiency’’ (214,215). Indeed, subcutaneous fat
lipectomy in hamsters also leads to a metabolic syn-
drome, despite no measurable increase in the size of the
major intra-abdominal depots (214). Thus, subcutane-
ous fat may be a ‘‘safe’’ place to deposit excess trigly-
ceride, while other tissues, e.g., liver and muscle, as well
as visceral fat, may not be (214,216).

Resolution of the controversy on the importance
of abdominal subcutaneous versus visceral fat will
require studies in which the sizes of specific intra-
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abdominal and subcutaneous regions are quantified,
e.g, by whole-body MRI or other methods.

X SUMMARY AND CONCLUSIONS

The relative importance of visceral and subcutaneous
abdominal cells in the etiology of the metabolic syn-
drome is amatter of debate. Nevertheless, the biology of
visceral fat remains of considerable interest, as these fat
depots undoubtedly play an important, although prob-
ably not an exclusive, role in the metabolic derange-
ments associated with abdominal obesity. Abundant
evidence indicates that visceral adipose tissue, particu-
larly the better-studied omental depot, has distinct
metabolic properties from subcutaneous fat. Recent
studies indicate that the influence of the visceral fat
depots likely extends beyond glucose and fatty acid
metabolism, and includes the regulation of blood pres-
sure, coagulation, and perhaps immunity. Thus, further
understanding of the nature of visceral fat depots has
far-reaching implications.

It will be essential for our field to better define our use
of the term visceral fat. From a clinical and practical
perspective, the term indicates all intra-abdominal
depots, but from a mechanistic perspective, it is impor-
tant to distinguish those that are associated with diges-
tive organs and drain portally (i.e., omental and
mesenteric). It will also be important to discern whether
the metabolic behavior of these ‘‘portal’’ depots is due
to intrinsic (genetic) differences among truly different
‘‘types’’ of fat cells, or they are induced by variations in
the local neural, endocrine, and paracrine environment
within each fat depot.
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Resting Energy Expenditure, Thermic Effect of Food, and Total
Energy Expenditure

Yves Schutz and Eric Jéquier

University of Lausanne, Lausanne, Switzerland

I METHODS OF MEASURING ENERGY

EXPENDITURE IN HUMANS

A Introduction

Three main methods are used to measure energy expen-
diture in man: indirect calorimetry, direct calorimetry,
and the doubly labeled water technique. These methods
are based on different principles and do not measure the
same type of energy.

Indirect calorimetry is the best method to measure
resting energy expenditure, the thermic effect of food
and the energy expended for physical activity. It has the
great advantage of being relatively simple; it can be used
either with a ventilated hood system (for a resting
subject), or with a respiration chamber, when a 24-hr
measurement is needed. A first advantage of indirect
calorimetry is the immediate response of oxygen con-
sumption (measured by the method of respiratory gas
exchange) in relation with the real oxygen consumption
in the tissues and organs within the body. There is no
delay in measuring oxygen consumption because the
body has negligible O2 stores. A second advantage of
indirect calorimetry in comparison with other methods
is the possibility to assess nutrient oxidation rates, when
oxygen consumption, CO2 production, and urinary
nitrogen excretion are measured.

Direct calorimetry is the method of choice for studies
aiming at assessing thermoregulatory responses. The

method consists in measuring heat losses, not heat
production. In many circumstances, heat losses differ
from heat production and there is a change in heat
stored. For instance, after a meal, heat production
begins to rise 20–30 min after the onset of eating,
whereas heat loss increases only later on; the conse-
quence of the different time courses of heat production
and heat loss is a rise in body temperature.

The method of direct calorimetry consists in the
measurement of the heat dissipated by the body by
radiation, convection, conduction, and evaporation
(1). Under conditions of thermal equilibrium in a sub-
ject at rest and in postabsorptive conditions, heat
production, measured by indirect calorimetry, is iden-
tical to heat dissipation, measured by direct calorimetry
(Fig. 1). This is an obvious confirmation of the first law
of thermodynamics—that the energy released by oxida-
tive processes is ultimately transformed into heat (and
external work during exercise). In steady-state condi-
tions, the identity between heat production and heat loss
in a resting subject (Fig. 1) corroborates the validity (for
the whole body) of the method of indirect calorimetry.

Doubly labeled water technique is the third method
and is based on the difference in the rates of turnover
of 2H2O and H2

18O in body water. The subject is
given a single oral dose of 2H2

18O to label body water
with both isotopes 2H and 18O. A rapid exchange of
18O occurs between water and carbon dioxide owing
to the action of carbonic anhydrase. As a result, after

615



equilibrium of 2H2
18O in the water pool and equili-

brium of 18O with carbon dioxide, 18O is lost both as
H2

18O and CO18O, whereas 2H is lost only as 2H2 O.
The difference in the rate of turnover of H2

18O and
2H2O is an estimate of CO2 production rate. In order
to calculate the subject’s energy expenditure, the mean
respiratory quotient (RQ) must be known. Energy
expenditure is obtained by multiplying

.
VCO2 by the

energy equivalent of CO2 production. The latter varies
from 21.0 to 27.7 kJ/L CO2 at respiratory quotients of
1.0–0.7, respectively. The disappearance rates of the
isotopes can be measured in urine, blood or saliva, for
a period equivalent to two to three biologic half-lives.
This corresponds to f14 days in adult subjects. Thus,
the method provides a mean value of energy expendi-
ture for a 2-week period. It is not possible to calculate
the day-to-day variation in energy expenditure with
the doubly labeled water technique.

Several validation studies in both infants and adults
have consistently shown a good agreement between
the

.
VCO2 determined by the doubly labeled water and

that assessed by indirect calorimetry. Issues have been
raised in regard to the question of two-point versus
multiple points isotopic sampling, the extent of the
fractionation of the isotopes, the difference between
the oxygen and hydrogen dilution space, as well as the
inherent precision of the analysis by mass spectrome-

try (2). Roberts et al. (3) have recently conducted an
interlaboratory comparison of the doubly labeled
water method using standards containing varying
amounts of 2H2 and 18O as well as dose specimens.
Surprisingly, there was substantial variability between
laboratories in the results, and some laboratories
obtained physiologically impossible energy expendi-
ture (i.e., below the resting value). The type of calcu-
lation used had little effect on the accuracy of the
technique. As a result, the average coefficient of
variation for the doubly labeled water method, which
is often claimed to be 5%, was not attained by a few
laboratories, mostly owing to the quality of the iso-
topic analysis. The impact of deuterium and 18O pool
size determination on the calculation of total energy
expenditure constitutes an important issue (4) since
hydrogen tracer dilutes into a pool significantly larger
than the body water pool due to the presence of labile
hydrogen. This justifies the need for a correction
factor for the isotope pool size. It seems that the best
approach is to use a pool size based upon the average
of the deuterium and 18O pool space (4).

A recent study by Speakman (5) indicated that the
error for

.
VCO2 estimated by doubly labeled water was

not normally distributed. Depending on the difference
in the elimination rate constants of the two labels, the
duration of the experiment, and the initial isotopic
dose, the precision error (99% confidence interval for
mean) using duplicate analysis varied enormously
(between 3% and 47%). By increasing the number of
replicates from two to five, the error could be substan-
tially reduced. The issue of shifts in baseline abundance
of deuterium of 18O tracers is important since it may
generate errors in the derivation of CO2 and H2O turn-
over rates and hence calculated energy expenditure.
Jones (6) suggested that optimally the subject should
first equilibrate with the new water source when a
doubly labeled water study is performed. Alternatively,
correction for shifting baseline can be made by measur-
ing isotopic abundance changes in a control group of
subjects who do not receive the doubly labeled water
dose, but ingest the same diet as the experimental group
and perform similar activities.

B Indirect Calorimetry: The Method of Choice

to Measure Energy Expenditure and Nutrient

Oxidation Rates

1 Measurement of Energy Expenditure

The term ‘‘indirect calorimetry’’ stems from the fact
that the heat released by chemical processes within the
body can be indirectly calculated from the rate of

Figure 1 Metabolic rate (
.
M), total heat losses (

.
H), radiative

and convective heat losses (
.
R +

.
C), and evaporative heat

losses (
.
E) in a male subject aged 25 years, exposed at 28jC in

a direct calorimeter. Note that after 30 min of temperature
equilibration within the calorimeter, the values of

.
M and

.
H

are similar, indicating that heat production is identical to
heat losses.
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oxygen consumption (
.
VO2). The main reason for the

close relation between energy metabolism and
.
VO2 is

that the oxidative phosphorylation in the respiratory
chain is coupled with a continuous synthesis of adeno-
sine triphosphate (ATP). The energy expended within
the body to maintain electrochemical gradients, to
support biosynthetic processes, and to generate mus-
cular contractions cannot be directly provided by
nutrient oxidation. Almost all chemical processes
requiring energy depend on ATP hydrolysis. It is the
rate of ATP utilization that determines the overall rate
of substrate oxidation and therefore

.
VO2. With the

exception of anaerobic glycolysis, ATP synthesis is
coupled with substrate oxidation. Because there is a
proportionality between

.
VO2 and ATP synthesis, and

because each mole of ATP synthesized is accompanied
by the production of a given amount of heat, one
understands the rationale of using

.
VO2 measurement

to calculate heat production within the body (7).
The study of the regulation of energy metabolism

and nutrient utilization in humans has recently raised
a great interest thanks to advances in the construction
of open-circuit ventilated hood indirect calorimeters
and comfortable respiration chambers.

With the measurement of
.
VO2 (in liters of O2/min) at

STPD conditions [standard temperature (OjC), pres-
sure (760 mmHg), and gas dry], metabolic rate (M),
which corresponds to heat production, can be calcu-
lated (in kJ/min) as follows:

M ¼ 20:3� :
VO2 ð1Þ

The number 20.3 is a mean value (in kJ/L) of the
energy equivalent for the consumption of 1 L (STPD)

oxygen. The value of the energy equivalent of oxygen
depends on the composition of the fuel mixture oxidized
(Table 1). The error in using Eq. (1) instead of an
equation that takes into account the type of fuels
oxidized [Eqs. (2) and (3); see below] is not greater than
F 2%.

The heat released by the oxidation of each of the
three macronutrients (carbohydrates, fats, and pro-
teins) can be calculated from three measurements: oxy-
gen consumption (

.
VO2), carbon dioxide production

(
.
VCO2), and urinary nitrogen excretion (N).
Simple equations for computing metabolic rate (or

energy expenditure) from these three determinations are
written under the form:

M ¼ a
:
VO2 þ b

:
VCO2 � c N ð2Þ

The factors a, b, and c depend on the respective con-
stants for the amount of O2 used and the amount of CO2

produced during oxidation of the three classes of
nutrients (Table 1). An example of such a formula
(Brouwer’s equation) is given below:

M ¼ 16:18
:
VO2 þ 5:02

:
VCO2 � 5:99 N ð3Þ

whereM is in kilojoules per unit of time,
.
VO2 and

.
VCO2

are in liters STPD per unit of time, andN is in grams per
unit of time. Slightly different factors for the amounts of
O2 used and of CO2 produced during oxidation of the
nutrients are used by other authors, and the values for
the factors a, b, and c are modified accordingly. The
difference in energy expenditure calculated by the var-
ious formulae is not greater than 3%. Detailed infor-
mation about these calculations is given elsewhere
(9,10).

Table 1 Oxygen Consumed, CO2 Produced, and Heat Released from Oxidation of Nutrients

Heat released

(per gram)

Energy equivalent (per liter STPD) of:

.
VO2

.
VCO2

Nutrients

O2

consumeda
CO2

produceda RQ kJ/g kcal/g kJ/L kcal/L kJ/L kcal/L

Starch 0.829 0.829 1.00 17.6 4.20 21.2 5.06 21.2 5.06
Saccharose 0.786 0.786 1.00 16.6 3.96 21.1 5.04 21.1 5.04
Glucose 0.746 0.746 1.00 15.6 3.74 21.0 5.01 21.0 5.01

Lipid 2.019 1.427 0.71 39.6 9.46 19.6 4.69 27.7 6.63
Protein 1.010 0.844 0.83 19.7 4.70 19.5 4.66 23.3 5.58
Lactic acid 0.746 0.746 1.00 15.1 3.62 20.3 4.85 20.3 4.85

a In liters per gram of substrate oxidized.

RQ = respiratory quotient =
.
VCO2/

.
VO2; kJ = kilojoules.

Source: Ref. 8.
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2 Measurement of Nutrient Oxidation Rates

As an example, let us assume that a subject is oxidizing
g grams per minute of carbohydrate (as glucose), f
g/ min of fat, and is excreting n g/min of urinary nitro-
gen. The following equations, based on Table 1, de-
scribe

.
VO2 and

.
VCO2:

:
VO2 ¼ 0:746 gþ 2:02 fþ 6:31 n ð4Þ
:
VCO2 ¼ 0:746 gþ 1:43 f þf5:27 n ð5Þ

We can solve Eqs. (4) and (5) for the unknown g and
f as follows:

g ¼ 4:59
:
VCO2 � 3:25

:
VO2 � 3:68 n ð6Þ

f ¼ 1:69
:
VO2 � 1:69

:
VCO2 � 1:72 n ð7Þ

Because 1 g urinary nitrogen arises from f6.25 g
protein, the protein oxidation rate ( p in g/min) is given
by the equation:

p ¼ 6:25n ð8Þ
Other metabolic processes (such as lipogenesis, glu-
coneogenesis, and ketogenesis) may influence the
calculated oxidation rates of nutrients. However,
intermediate metabolic processes do not influence
the results of Eqs. (6) and (7), provided intermediate
substrates do not accumulate within the body or are
not excreted from the body. When there is accumu-
lation or excretion of an intermediate or end product
other than CO2 and H2O, this approach to compute
the oxidation rates of nutrients is no longer valid, and
correction factors must be applied to take into
account the changes in the pool size of the interme-
diates or end products.

II RESTING AND BASAL METABOLIC

RATES (RMR AND BMR)

A Whole-Body, Organ, and Tissue

Metabolic Rates

There is an arbitrary distinction between RMR and
BMR in the literature. RMR may be considered equiv-
alent to BMR if the measurements are made in post-
absorptive conditions. It seems difficult to partition
RMR into various subcomponents since the metabolic
rates of individual organs and tissues are difficult to
assess in humans under noninvasive experimental con-
ditions. By measuring the arteriovenous difference in
concentration of O2 across an organ or tissue, combined
with the assessment of blood flow perfusing this organ
or tissue, the

.
VO2 of an organ or tissue can be estimated

in vivo (based on the reverse Fick equation), but this
requires invasive procedures such as arterial and venous
catheterization. The error of measurement will largely
increase if the rate of blood perfusion of an organ is high
compared to its

.
VO2, indicating a low arteriovenous

oxygen difference.
Elia (11) has written an excellent review of the

contribution of organs and tissue to the metabolic
rate. The major part of the whole-body RMR stems
from organs with high metabolic activity such as the
liver, kidneys, brain, and heart, although these account
for a small proportion of the total body weight (5%;
Table 2). Per unit body weight, the kidneys and heart
have a metabolic rate more than twice as high as the
liver and the brain. In contrast, the metabolic rate of
muscle per unit body weight is nearly 35 times lower
than that of the heart and kidneys. Since the propor-

Table 2 Contribution of Different Organs and Tissues to Total Body Weight and Basal Metabolic Rate (BMR) in an

Average Man of 70 kg with a BMR of 1680 kcal/day (7.03 MJ/day)

Tissue or organ
weight (kg)

Contribution of tissue or organ
weight to body weight (%)

Organ metabolic rate per unit
weight (kcal/kg/day)

Contribution to BMR
(% total)

Liver 1.8 2.6 200 21
Brain 1.4 2.0 240 20

Heart 0.33 0.5 440 9
Kidneys 0.31 0.4 440 8
Muscle 28.0 40.0 13 22

Adipose tissue 15.0 21.4 4.5 4
D = miscellaneous

tissues (bones,

skin, intestines,
lungs, etc.)

23.2 33.1 12 16

Total 70.00 100 24 100

Source: Ref. 11.
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tion of muscle to nonmuscle changes with age from
birth to adulthood, the RMR per unit body weight is
not constant with age (12). The tissue with the lowest
metabolic activity per unit body weight is adipose
tissue, which accounts for only 4% of the whole-body
RMR in nonobese subjects. Calculations show that
this value can increase up to 10% or more in obese
subjects with a large excess in body fat (Schutz et al.,
unpublished). The ‘‘residual’’ metabolic rate (16%)
not explained by the tissues and organs mentioned
above can be accounted for by skin and intestines
(which have a relatively large protein mass and protein
turnover), as well as bones and lungs.

B Body Composition: Effect of Fat-Free Mass

and Fat Mass

The excess body weight of the obese is primarily con-
stituted by fat tissue, but also a small component of
associated lean tissue. Although the exact nature of
extra lean tissue in obesity is largely unknown, it seems
logical to expect a greater absolute RMR in obese adults
(13) and children (14) characterized by an excess fat
mass and a slight increase in fat-free mass (FFM).
Numerous studies have demonstrated that the major
factor explaining the variation in RMR between indi-
viduals is FFM (15). FFM is a heterogeneous compo-
nent that can be partitioned into muscle mass and
nonmuscle mass. Unfortunately, there is no simple
and accurate way to assess these two subcomponents.
Owing to the larger variation, between individuals, in
fat mass, as compared to FFM, and because, in grossly
obese women, fat mass can represent a nonnegligible
component of total RMR, the prediction models for
RMR that include both FFM and fat mass explain
significantly more variance in RMR than FFM alone
(15). In addition, age, sex, and family membership are
additional factors which should be taken into account.

The effects of gender on resting metabolic rate are
explained by differences in body composition. Caution
should be used when comparing resting metabolic rate
expressed per kilogram FFM in men and women,
because the composition of FFM is influenced by
gender. The muscle mass of men being larger than that
of women, this fact tends to lower the value of RMRper
kilogram FFM in men when compared to that of
women. This is explained by a greater component of a
tissue with a low metabolic rate (resting muscle) in men
than in women (Table 2). According to recent data
(16,17), women have a lower RMR than men (3–10%)
even after adjustment for FFM, fat mass, age, and
VO2max. Various mechanisms could explain this obser-

vation such as hormonal status, differences in the
composition of the FFM, muscular fiber type composi-
tion (18), and Na,K-ATPase activity (19) as well as
differences in the activity of the neoglucogenic pathway,
differences in the central body temperature and sympa-
thetic nervous system activity (16).

Physiological variations in sex hormones during the
phases of the menstrual cycle in women offer the
opportunity to assess, in addition to the change in basal
body temperature, the effect of hormonal variation on
RMR. Previous studies have indicated an increase in
RMR (20) and sleeping metabolic rate (21) in the luteal
phase of the menstrual cycle, although recent data in
Indian (22) and Dutch (23) women did not show any
differences. In a study in which heat production and
heat losses were measured by both direct and indirect
calorimetry (24), we failed to find any significant differ-
ences in RMR (heat production) and heat losses during
the luteal phase of the menstrual cycle in young women.
By combining indirect calorimetry, direct calorimetry,
and thermometry, skin thermal conductance and skin
blood flow could be calculated. We observed a decrease
in these two latter parameters during the luteal phase
that indicates an increase in cutaneous thermal insula-
tion. We concluded that during the luteal phase, the
decreased thermal conductance in women exposed to a
neutral environment allows the maintenance of a higher
internal temperature (24).

Aging leads to a progressive decrease in RMR.
Classically, this has been attributed to the reduction in
muscle mass accompanying aging (25). A drop in the
metabolic activity per unit tissue mass is also likely to
occur if the loss of FFM does not fully account for the
lower RMR (26). In a recent study, we explored the
change in RMR and whole body protein turnover in
healthy elderly and lean Gambian men (27). It was
found that adjusted for FFM, the RMR was signifi-
cantly lower (by 13%) in elderly than in young individ-
uals. This was not explained by a decrease in protein
turnover, since the protein turnover adjusted for FFM
was not different between the two groups. The extent of
the decline in RMR in obese male and female individ-
uals remains to be investigated.

C Effect of Previous Dietary Intake

Postabsorptive RMR (or BMR) is typically measured
12 hr after the last meal, in order to diminish the effect of
‘‘residual’’ postprandial thermogenesis. Nevertheless,
the relative composition of the diet eaten the previous
days (i.e., the food quotient; FQ), largely influences the
respiratory quotient during postabsorptive RMR (28).
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Isocaloric substitution of low versus high carbohydrate
diets have much more influence on the RQ than on the
rate of RMR (29). The extent to which short-term
overfeeding will increase both the RQ and the RMR
depends on the duration of overfeeding: one single-day
surfeit energy intake increases the RQ above the FQ
(indicating fat storage), but the rise in RMR is very
limited and most of the effect is seen on dietary-induced
thermogenesis (30).

D Hormonal Factors

Many studies have demonstrated that catecholamines
increase RMR (31–33). Both h1 and h2-adrenoceptors
are involved in this sympathetically mediated thermo-
genesis (34). Subcutaneous or intravenous injections of
epinephrine increase the RMR by about 20% with
large interstudy variation and in a dose-dependent
manner (31). Many different organs are involved in
the epinephrine-mediated thermogenesis, but the major
part of the effect seems to occur in skeletal muscles and
in the heart. The mechanism by which epinephrine
exerts its thermogenic action may be via a specific
stimulation at the cellular level, extrasubstrate cycling
(e.g., Cori cycle), and activation of skeletal muscle and
cardiac activities.

It is well known that thyroid hormones increase
BMR since BMR measurement was used, several
decades ago, as a diagnostic tool of hyperthyroidism
until hormonal concentrations could be determined.
Hyperthyroid patients have an increased metabolic
rate which is dependent upon the T3 plasma concen-
tration and may reach up to 180% of the standard
reference value (34). There is no general agreement
about the mechanisms whereby thyroid hormones
stimulate heat production; they may increase the
Na,K-ATPase activity in various tissues and may
stimulate the rate of protein turnover. Thyroid hor-
mones also potentiate the effects of the sympathetic
nervous system at the level of the adrenergic receptor
and adenyl cyclase complex. Thyroid hormones act in
a permissive manner to allow sympathetic activity to
accelerate production of heat.

E Familial and Genetic Effects

Almost two decades ago, Bogardus et al. (35) observed
that part of the unexplained variance in RMR could
be accounted for by family membership, indicating that
the level of RMR is partially genetically determined.
The twins studies of Bouchard et al. (36) have shown
that the RMRs of monozygotic twins have more resem-

blance than that of dizygotic twins after statistical
adjustment for differences in body size and body com-
position. An excellent account of the part played by
genetic factors in the etiology of human obesity as well
as their metabolic implications has been published by
Bouchard (37).

F Uncoupling Proteins and Energy Expenditure

Mitochondria of brown adipose tissue have an inducible
proton conductance catalyzed by an uncoupling pro-
tein, UCP1 (38). Cold exposure in rodents inducesUCP1

mRNA and protein in brown adipose tissue. The acti-
vated UCP1 catalyzes proton leak across the mitochon-
drial inner membrane leading to an increased heat
production which is called nonshivering thermogenesis
(NST). It was then shown (39) that NST was used by
rodents not only to protect against cold stress, but also
to maintain energy homeostasis in response to excessive
caloric intake through an efficient control of adaptive
thermogenesis. In rodents, obesity can arise from
impaired adaptive thermogenesis, and pharmacological
stimulation of brown adipose tissue thermogenesis by
h3-adrenoreceptor agonists is an effective mechanism
for reducing obesity (40). In adult humans, however, the
absence of detectable brown adipose tissue depots
explains why adaptive thermogenesis in response to
overfeeding is lacking (41); it also accounts for the
failure of h3-adrenoreceptor agonists as potential ther-
apeutic agents to treat human obesity (40).

The recent discovery of homologs of UCP1, partic-
ularly the expression of high levels of UCP2 mRNA in
white adipose tissue and of UCP3 mRNA in skeletal
muscle of humans, has given hope that mechanisms
unrelated to UCP1 and to brown adipose tissue might
be involved in the stimulation of energy expenditure
(42,43). Several studies indicate that these UCPs also
have proton transport activity across the mitochon-
drial inner membrane (42,43). Since UCP2 and UCP3

have uncoupling activity and are expressed widely, it
has been proposed that they could contribute to
adaptive thermogenesis. However, the observation
that the expression of UCP2 and UCP3 messenger
RNA increases with starvation, a condition known
to be associated with a reduction in energy expendi-
ture, argues against the view of a role of UCP2 and
UCP3 in stimulating adaptive thermogenesis.

The conditions that modulate expression of UCP2

and UCP3 messenger RNA have been much studied
over the past 2 years. Expression of UCP2 mRNA was
found to be elevated in white adipose tissue of obese
animals, but discordant results were reported on UCP2
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expression in white adipose tissue of obese humans (44).
Regarding stimulation of UCP3 mRNA expression,
increased circulating free fatty acids levels play a major
role (45). Thus, starvation, which is characterized by
elevated circulating free fatty acids, is accompanied by a
stimulation of UCP3 (and also UCP2) expression in
skeletal muscle. These UCPs have therefore no thermo-
genic effect (because energy expenditure is reduced by
starvation), but they may play a role in the stimulation
of lipid oxidation (46).

In conclusion, while it is well documented that UCP1

increases energy dissipation in brown adipose tissue and
thus plays a major role in thermoregulation of rodents
and human newborns, it is not yet established whether
or notUCP2 and/orUCP3 are involved in the regulation
of energy metabolism. Recently, J.E. Silva (47) postu-
lated that the activity, rather than the concentrations of
these uncoupling proteins, could be regulated; the
capacity of the cells to produce their energetic currency,
ATP, is such a vital process that it must be under tight
control through regulation of uncoupling protein activ-
ity. This new area of investigation needs to be addressed
if we want to understand their physiological role.

G Leptin and Resting Energy Expenditure

Leptin, the product of the ob gene, is mainly synthesized
in adipose tissue and released into the circulation. It
represents an afferent hormonal signal to the hypothal-
amus where it acts on specific receptors and induces a
decrease in appetite and an increase in energy expendi-
ture in rodents. In humans, it is likely that leptin
decreases appetite, but a role in the control of resting
energy expenditure is not established.

Human studies investigating the relationship be-
tween serum leptin concentrations and energy expendi-
ture have yielded inconsistent results. Several studies
showed that serum leptin concentrations were not
related to resting energy expenditure (48–50). By con-
trast, Jorgensen et al. (51) reported that in men, serum
leptin levels were a strong determinant of resting
metabolic rate (RMR). The body composition of the
individuals studied may, however, account for an
apparent effect of leptin on energy expenditure. Fat
mass is strongly related to serum leptin concentrations,
and, besides fat-free mass, fat mass is also a predictor
of RMR. Therefore, multiple regression analysis
should be carried out to adjust RMR for FFM and
fat mass, before concluding that leptin stimulates
RMR. In a recent study in a free-living elderly pop-
ulation, Neuhäuser-Berthold et al. (52) clearly showed
that leptin was not a significant predictor of RMR,

when the effects of FFM and fat mass on RMR are
taken into account.

In conclusion, in humans, leptin is probably not
involved in the regulation of RMR. In rats, leptin acting
on hypothalamic receptors stimulates the CRH path-
way which induces a stimulation of sympathetic activity
and activates brown adipose tissue metabolism through
adrenergic h3 receptors (53). The latter tissue being
virtually absent in adult humans, this may explain
why leptin has no effect on resting energy expenditure.

III THERMIC EFFECT OF FOOD

IN HUMANS

The energy expenditure increases significantly after a
meal, which has first been attributed to the intake of
protein under the term of ‘‘specific dynamic action.’’ It
was subsequently recognized that not only protein
intake, but also carbohydrate and, to a lesser extent,
fat intake, stimulate energy expenditure. This effect is
nowadays called dietary-induced thermogenesis, or the
thermic effect of food.

The thermic effect of food is mainly due to the
energy cost of nutrient absorption, processing, and
storage. The total thermic effect of food over 24 hr
represents f10% of the total energy expenditure in
sedentary subjects.

A Techniques for Measurement of the Thermic

Effect of Food

The best technique to assess the thermic effect of a meal
is to measure the energy expenditure following a meal
during 3–5 hr and to compare the values with a control
test during the same period of time, after a zero-energy
drink is given. Alternatively, one often measures resting
energy expenditure in a postabsorptive subject during 1
hr to get a stable baseline. Thereafter, a meal is given to
the subject and energy expenditure is continuously
measured with a ventilated hood during 3–5 hr. The
area under the curve over the baseline (considered a
constant reference value) represents the thermic effect of
the meal. It is important that the period of measurement
be of sufficient duration to include the entire thermo-
genic response (54).

B Effect of Energy Intake and Dietary

Composition on the Thermic Effect of Food

The thermic effect of nutrients mainly depends on the
energy costs of processing and/or storing the nutrient.
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Expressed in percent of the energy content of the
nutrient, values of 8%, 2%, 20–30%, and 22% have
been reported for glucose, fat, protein, and ethanol,
respectively (9,55,56).

Glucose-induced thermogenesis mainly results from
the cost of glycogen synthesis and substrate cycling (9).
Glucose storage as glycogen requires 2 mol ATP/mol.
In comparison with the 38 mol ATP produced on
complete oxidation of glucose, the energy cost of
glucose storage as glycogen corresponds to 5% (or 2/
38) of the energy content of glucose stored. Cycling of
glucose to glucose-6-phosphate and back to glucose, to
fructose -1,6-diphosphate and back to glucose-6-phos-
phate, or to lactate and back to glucose, is occurring at
variable rates and are energy-requiring processes which
may increase the thermic effect of carbohydrates.

The thermic effect of dietary fat is very small; an
increase of 2% of its energy content has been described
during infusion of an emulsion of triglyceride (57). This
slight increase in energy expenditure is explained by the
ATP consumption in the process of free fatty acid
reesterification to triglyceride. As a consequence, the
dietary energy of fat is used very efficiently.

The thermic effect of proteins is the highest of all
nutrients (20–30% of the energy content of proteins).
Ingested proteins are degraded in the gut into amino
acids. After absorption, amino acids are deaminated,
their amino group transferred to urea, and their carbon
skeleton converted to glucose. These biochemical pro-
cesses require the consumption of energy amounting to
f25% of the energy content of amino acids. The
second pathway of amino acid metabolism is protein
synthesis. The energy expended for the synthesis of the
peptide bonds also represents f25% of the energy
content of amino acids. Therefore, irrespective of their
metabolic pathway, the thermogenesis induced after
amino acids absorption represents f25% of their
energy content.

The thermic effect of ethanol amounts to f22% of
its energy content (56). The acute effects of ethanol
ingestion include a decrease in the plasma free fatty
acids level and a change in the cellular redox state in the
liver cells, with an inhibition of lipid oxidation.

C Effect of Gender, Menstrual Cycle, and Age

on the Thermic Effect of Food

The thermic effect of food is apparently not influenced
by gender. More than a decade ago, we observed that
the thermic effect of an oral load of glucose was nega-
tively correlated with age (58). The effects of age on the
thermic effect of food are entirely explained by the

decrease in fat-free mass with age (59). Thus, when the
thermic effect of food is corrected for the fat-free mass,
both young and elderly subjects have similar values (59).
A clear effect of menstrual cycle has not been observed
since the thermic effect of food was found blunted
during the luteal phase (60) or unchanged (61).

D Effect of Body Composition and Nutritional

Status on the Thermic Effect of Food

The effect of body composition on the thermic effect of
food has been much studied. The hypothesis of a
‘‘thrifty gene,’’ a genetic propensity to increase the
efficiency of energy utilization has been proposed to
explain how humans have survived during periods of
famine over the millions of years of evolution. Accord-
ing to this hypothesis, there has been a strong selective
pressure to eliminate individuals with a low metabolic
efficiency, whereas those with a thrifty gene have had
greater chance of survival thanks to a more efficient
energy metabolism. When exposed to conditions of
plenty, those with a thrifty gene have an increased risk
to become obese.

In support of this hypothesis, it has been reported
that thermogenesis is decreased in most obese indi-
viduals (62). The reduction of postprandial thermo-
genesis in obesity is related to the degree of insulin
resistance, which may be influenced by a low sym-
pathetic activity (63). Thermogenesis is the energy
expenditure above basal metabolic rate due to food
intake, cold exposure, thermogenic agents, and psy-
chological influences. The most important factor that
stimulates thermogenesis is food intake (9). However,
note that caffeine (64) and nicotine (65) are thermo-
genic agents that stimulate energy expenditure. Cold
exposure does not play a significant role in stimulat-
ing energy expenditure under usual life conditions
(66). Humans avoid cold exposure by wearing clothes
and maintaining room temperature in the comfort
zone. Dietary thermogenesis includes two compo-
nents: the ‘‘obligatory’’ costs of digesting, absorbing,
processing, and storing the nutrients, and a ‘‘facul-
tative’’ component. The facultative component of
thermogenesis depends on the sympathetic nervous
system (67). Carbohydrate overfeeding induces a sus-
tained rise of urinary norepinephrine (68), and infu-
sions of glucose and insulin increase plasma
norepinephrine levels (69). Additional evidence of
the activation of the sympathetic nervous system after
carbohydrate infusion is the reduction of the glucose-
induced thermogenic response by h-adrenergic block-
ade with propranolol (70).
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The possible contribution of a thermogenic defect in
the etiology of obesity is controversial. The thermogenic
responses to glucose or meal ingestion are either
decreased (71–80) or unaltered (81–87) in obese sub-
jects. The thermic effect of infused insulin-glucose was
found to be reduced in insulin resistant and non-insulin-
dependent diabetes mellitus (NIDDM) obese patients
(88–90). The thermic effect of insulin-glucose was found
to be proportional to the rate of glucose storage. This
concept is supported by Ravussin et al. (91), who
showed a similar thermic effect of glucose in lean and
obese subjects when they were infused at the rate of
insulin needed to obtain a predetermined glucose
uptake. Obese subjects had to be infused with a larger
rate of insulin infusion in order to get the same rate of
glucose uptake as that of lean subjects. With a similar
rate of glucose uptake, the thermogenic response was
the same in lean and obese subjects. It can be concluded
that obese subjects with impaired glucose tolerance and
NIDDMobese patients have a decreased rate of glucose
storage after a meal (or a glucose load) accompanied by
a reduced rate of storage of glucose as glycogen in
muscles, with an economy of energy expenditure.

It is interesting to evaluate the possible role of a
thermogenic defect in the weight gain that occurs in
most patients after cessation of an hypocaloric ther-
apy. We calculated that a thermogenic defect can ac-
count for a maximal energy saving of approximately
125 kcal/d. Because the increase in body weight is
accompanied by a rise in energy expenditure of f25
kcal/d/kg weight gain, it can be calculated that a
weight gain of 5 kg (i.e., a rise in energy expenditure
of f125 kcal/day) completely offsets the effect of the
thermogenic defect (92). Therefore, a thermogenic
defect is a factor that contributes to the weight gain
after cessation of dietary therapy but it has a modest
effect (92). It is likely that an abnormality in the control
of food intake plays the most important role in the
development of obesity or in relapse of body weight
gain after an hypocaloric diet. Obese individuals, even
those with a low basal metabolic rate per unit lean body
mass, expend more energy than lean sedentary indi-
viduals (93). Thus, the important conclusion is that the
concept of ‘‘small eaters’’ who remain obese with daily
energy intake less than 1800 kcal/d is certainly wrong.

E Control of the Thermic Effect of Food by the

Autonomic Nervous System and by Hormones

The sympathetic nervous system (SNS) plays a role
in the control of energy expenditure. As already
described, the thermogenic response to food ingestion

includes a facultative component that depends on the
activity of the SNS (70). Recent evidence shows that
oral (94) or intravenous (95) glucose administration
stimulates muscle sympathetic nerve activity (MSNA).
Increased activity of the SNS may contribute to the
thermic effect of food since h-adrenergic blockade with
propranolol decreases glucose-induced thermogenesis
(70,96). However, the metabolic effects of catechol-
amines released at sympathetic nerve endings or by
the adrenal medulla remain unclear (97).

Since the parasympathetic nervous system is in-
volved in the cephalic phase of insulin secretion at
the beginning of a meal (98), a role for this system has
also been investigated in the control of the thermic
effect of food (99). Cholinergic blockade with atropine
decreases the thermic effect of a meal (99). This effect
can be explained in part by the fact that atropine slows
gastric emptying and reduces intestinal motility. Thus,
the thermogenic mechanisms which are dependent
on the parasympathetic nervous system may be related
to intestinal absorption and the subsequent rate of
storage of the absorbed nutrients.

The main hormone involved in the thermic effect of a
meal is insulin. There is a reduced thermogenic response
to a meal in obese subjects with insulin resistance and in
obese NIDDM patients. Thus, either insulin resistance
or a relative defect in insulin secretion (or both) induces
a reduced glucose-induced thermogenesis. The latter is
due in part to an impaired rate of glucose storage as
glycogen in muscles; whether a reduced activation of
the SNS plays a role is still unknown.

F Familial and Genetic Effects on Thermic

Effect of Food

Genetic factors may contribute to the interindividual
differences observed in the components of energy
expenditure. Studies on the genetic effect of energy
expenditure associated with the thermic effect of food
are limited. Bouchard et al. (36) measured the thermic
effect of a 1000-kcal meal during 4 hr in 21 pairs of
dizygotic twins and 37 pairs of monozygotic twins, as
well as in 31 parent-offspring pairs. The results suggest
a genetic effect of less than one-third of the total
thermic effect of food. Expressed in absolute values,
the standard deviation of the thermic effect of food
over 4 hr reached f20 kcal, and the 95% confidence
intervals were therefore F 40 kcal, or F 4% of the
energy intake. These data confirm that the variance of
the thermic effect of food between individuals repre-
sents a relatively small proportion of the total energy
turnover. By comparison, the 95% confidence intervals
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were fF 250 kcal/day for resting energy expenditure,
or F 10% of total energy expenditure.

IV COMPONENTS OF TOTAL ENERGY

EXPENDITURE IN THE LEAN AND

OBESE STATES

A Absolute Versus Relative Values

It has been customary to distinguish among the
following different components of total energy expen-
diture (TEE): basal metabolic rate, postprandial ther-
mogenesis (or thermic effect of food), and physical
activity. This partition is important since the reasons
for an abnormal 24-hr energy expenditure can be
ascribed to a combination of abnormal subcompo-
nents. As defined in preceding sections, the basal
metabolic rate represents the energy expended in
resting conditions under fasting state and comfortable
environmental conditions; the thermic effect of food
represents the net increase in postabsorptive resting
metabolic rate in response to the ingestion of a meal
or to an increase in total food intake (diet induced
thermogenesis). In addition, extra non-meal-mediated
thermogenic stimuli may occur owing to cold or heat
exposure, as well as psychological factors (emotion or
stress) or results from the administration of hormones
and drugs. However, physical activity is the most
variable (and hence least predictable) component of
total energy expenditure. In contrast to the other
components, it can be voluntarily modified by the
behavior of the subject. In absolute terms, the total
energy expenditure of the obese has been shown to be
greater than that of lean individuals, both in the
confinement of a respiration chamber (13,62,85) and
in free-living conditions (100).

The relative rate of TEE can be expressed as a
multiple of some baseline values such as RMR. This
approach has been used by an international expert
committee for calculating the energy requirement in
the so called ‘‘factorial’’ method (101). Since both the
RMR and TEE of obese subjects are greater in absolute
value, it seems of interest to calculate the ratio between
the latter and the former. This provides a rough index of
physical activity (‘‘physical activity level; PAL), but the
contribution of the thermic effect of foods represents a
small confounding factor. Since the energy cost for a
given activity is proportional to body weight, in partic-
ular for weight-bearing activities, the absolute energy
expenditure during weight bearing activity will be lin-
early related to body weight (102). A flat (or a negative)
relationship between the energy expenditure due to

physical activity and the degree of obesity would indi-
cate that the greater absolute cost of physical activity
among obese subjects is largely offset by the depressed
activity level. A study by Rising et al. (103) has shown
that obesity was associated with lower levels of physical
activity. The key question is to knowwhether a low level
of physical activity is the consequence or the cause of
obesity, or both.

Normalization of total energy expenditure in the
obese appears to be difficult since the RMR is propor-
tional to FFM (and fat mass) whereas the energy
expenditure related physical activity is proportional
to body weight. Although there is a statistical bias in
normalizing the TEE by RMR (104), it seems to be a
reasonable way (as compared to other alternatives) to
express as such the free-living energy expenditure. The
fact that both the absolute RMR and the energy cost
for a given activity are greater in the obese explain why
the TEE expressed in relative value (TEE/RMR) is not
expected to be dramatically different from that
observed in a nonobese subject. In this context, it
seems of interest to review the magnitude of the ratio
TEE/RMR in nonobese and obese adult subjects.
Table 3 shows an overview of different experimental
studies recently published in the literature (105–112).
Globally considered, there is no strong evidence that
the ratio TEE/RMR is systematically lower in obese
individuals than in lean subjects, although the varia-
tions among and within studies was substantial (Table
3). This confirms our previous results in the respiration
chamber (13).

Compilations of total daily energy expenditure
results (using a meta-analysis approach) in individuals
of various body weight and gender have been made by
Schulz and Schoeller (113) and Carpenter et al. (104). In
all these studies, energy expenditure was assessed by the
doubly labeled water technique. In the former study
(113), it was found that the increased weight of men (but
not of women) was associated with a tendency for the
TEE/RMR ratio to be lower, corroborating the notion
that obesity tends to depress physical activity in obese
men. This tendency was confirmed in a subsequent
meta-analysis by Prentice et al. (109).

Because of the increase in prevalence and incidence
of childhood obesity, it seems also important to study
the energy metabolism in children as they grow
through puberty in order to initiate early therapeutic
intervention and prevent subsequent obesity in adults.
Blunted physical activity due to a greater placidity and
sedentary life-style are associated with low TEE (114–
116). A classic study by Dietz et al. (117) has shown
that the amount of time dedicated to watch television
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was related to the degree of obesity in childhood. The
relationship between a low level of physical activity
and the accumulation of body fat in children has been
the subject of a number of studies in both infants and
children of Caucasian and Pima Indian origin (114,
118,119). The classic study by Roberts et al. (119)
suggested that infants who were overweight at 1 year
of age had a low total energy expenditure 9 months
earlier (i.e., at 3 months of age) compared with a
control group of children. The blunted rate of energy
expenditure can be considered as one of the causal
factors since at the time the infants were measured (3
months) they were not overweight.

Although the total daily energy expenditure in free-
living condition in obese children is, expressed in abso-
lute value, either greater than (120) or similar to (121) a
matched group of lean children, this does not imply that
the obese children have the same level of physical
activity since the same type of activity will involve a
greater energy cost in obese children. Taken together,
these studies suggest that a reduced physical activity–
related energy expenditure constitutes an important
factor in the etiology of the subsequent weight gain.
The study of Davies et al. (122) has shown a negative
association between the level of physical activity as
determined by the ratio between TEE and resting
metabolic rate (physical activity level) and the percent-
age body fat in a sample of 77 boys and girls. A review

on the available measures of physical activity indexes
has just been published (123).

B Effect of Weight Loss on Energy Expenditure

When significant weight loss occurs, energy expendi-
ture decreases, whereas weight gain leads to a rise in
energy expenditure. This will depend on the respective
effect of the individual factors influencing the three
components of TEE: resting energy expenditure will
decrease as a function of the loss of FFM; the ab-
solute thermic effect of food will be lower as a result
of the restricted dietary intake; and, for a given rate
of physical activity, the absolute energy expenditure
due to physical activity will drop because of the lower
body size. In a prospective study of weight loss and
relapse in body weight gain, we found that the rate
of TEE and RMR essentially followed the change in
body weight and body composition. The progressively
reduced (or increased) energy expenditure accompany-
ing weight loss (or weight gain) constitutes one of the
major factors that explain the decrease in the rate of
weight loss (or weight gain) with time. Another factor is
the change in dietary compliance during dieting, which
seems to be an individual characteristic.

Finally, it should be recalled that the compensatory
energetic processes mentioned above tend to jeopardize
the persistence of the altered body weight in obese

Table 3 Total Energy Expenditure (TEE) Expressed as a Multiple of Resting Metabolic Rate (RMR) in Obese and

Nonobese Subjects (Physical Activity Level; PAL)

Authors Ref. TEE/RMR

Obese individuals
American women Lichtman et al. (1992) 105 1.68

American women Welle et al. (1992) 106 1.73
British women Livingstone et al. (1990) 107 1.39
Pima Indian Ravussin et al. (1991) 108 1.56
Average overweight men (BMI 25–30) Prentice et al. (1996) 109 1.86

Average overweight women (BMI 25–30) Prentice et al. (1996) 109 1.73
Average moderately obese men (BMI 30–35) Prentice et al. (1996) 109 1.82
Average moderately obese women (BMI 30–35) Prentice et al. (1996) 109 1.73

Average obese men (BMI z 35) Prentice et al. (1996) 109 1.52
Average obese women (BMI z 35) Prentice et al. (1996) 109 1.65

Nonobese individuals

American men Goran et al. (1993) 110 1.70
American men Roberts et al. (1991) 111 1.98
British men Livingstone et al. (1990) 107 1.88
Dutch men Westerterp et al. (1991) 112 1.64

Average men (affluent society) Prentice et al. (1996) 109 1.80
Average women (affluent society) Prentice et al. (1996) 109 1.67
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individuals, accounting for the generally poor long-term
efficacy of obesity treatments. (124).
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JP. Thermogenic response to an oral glucose load in

man: comparison between young and elderly subjects.
J Am Coll Nutr 1988; 7:471–483.

60. Tai MM, Castillo TP, Pi-Sunyer FX. Thermic effect of
food during each phase of the menstrual cycle. Am J

Clin Nutr 1997; 66:1110–1115.
61. Melanson KJ, Saltzman E, Russell R, Roberts SB.

Postabsorptive and postprandial energy expenditure

and substrate oxidation do not change during the
menstrual cycle in young women. J Nutr 1996; 126:
2531–2538.
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de l’obésité. Rev Ther 1989; 5:281–290.

103. Rising R, Harper IT, Fontvielle AM, Ferraro RT,

Spraul M, Ravussin E. Determinants of total daily
energy expenditure: variability in physical activity. Am
J Clin Nutr 1994; 59:800–804.

104. Carpenter WH, Poehlman ET, O’Connell M, Goran

MI. Influence of body composition and resting
metabolic rate on variation in total energy expendi-
ture: a meta-analysis. Am J Clin Nutr 1995; 61:4–10.

105. Lichtman SW, Pisarska K, Raynes Berman E, et al.
Discrepancy between self-reported and actual caloric
intake and exercise in obese subjects. N Engl J Med

1992; 327:1893–1898.
106. Welle S, Forbes GB, Statt M, Barnard RR, Amatruda

JM. Energy expenditure under free-living conditions in

normal weight and overweight women. Am J Clin
Nutr 1992; 55:14–21.

107. Livingstone MBE, Prentice AM, Strain JJ, et al.
Accuracy of weighted dietary records in studies of diet

and health. BMJ 1990; 300:708–712.
108. Ravussin E, Harper IT, Rising R, Bogardus C. Energy

expenditure by doubly labeled water: validation in lean

and obese subjects. Am J Physiol 1991; 261:E402–E409.
109. Prentice AM, Black AE, CowardWA, Cole TJ. Energy

expenditure in overweight and obese adults in affluent

societies: an analysis of 319 doubly-labelled water
measurements. Eur J Clin Nutr 1996; 50:93–97.

110. GoranMI, BeerWH,Wolfe RR, Poehlman ET, Young

VR. Variation in total energy expenditure in young
healthy free-living men. Metabolism 1993; 42: 487–496.

111. Roberts SB, Heyman MB, Evans WJ, Fuss P, Tsay R,

Young VR. Dietary energy requirements of young
adult men, determined by using doubly labeled water
method. Am J Clin Nutr 1991; 54:499–505.

112. Westerterp KR, Meijer GAL, Saris WHM, Soeters

PB, Winants Y, Hoor FT. Physical activity and
sleeping metabolic rate. Med Sci Sports Exerc 1991;
23:166–170.

113. Schulz LO, Schoeller DA. A compilation of total daily
energy expenditures and body weights in healthy
adults. Am J Clin Nutr 1994; 60:676–681.

114. Fontvieille AM, Harper TT, Ferraro T, Spraul M,
Ravussin E. Daily energy expenditure by five year old
children measured by doubly labelled water. J Pediatr

1993; 123:201–206.
115. Goran MI, Carpenter WH, Poehlman ET. Total

energy expenditure in 4 to 6 year old children. Am J
Physiol 1993; 264:E706–E711.

116. Davies PSW, Coward WA, Tyler H, White A. Total
energy expenditure and energy intake in the pre-school
child: a comparison. Br J Nutr 1994; 72:13–20.

117. Dietz WH, Gortmaker SL. Do we fatten our children
at the TV set? Television viewing and obesity and
adolescents. Pediatrics 1985; 75:807–812.

118. Fontvielle AM, Krisha A, Ravussin E. Decreased
physical activity in Pima Indians compared with
Caucasian children. Int J Obes 1993; 17:445–452.

119. Roberts SB, Savage J, Coward WA, Chew B, Lucas A.

Energy expenditure and intake in infants born to lean
and overweight mothers. N Engl J Med 1988; 318:461–
466.

120. Maffeis C, Pinelli L, Zaffanello M, Schena F,
Iacumin P, Schutz Y. Daily energy expenditure in
free-living conditions in obese and non-obese chil-

dren: comparison of doubly labelled water (2H2
18O)

method and heart-rate monitoring. Int J Obes 1995;
19:671–677.

121. DeLany JP, Harsha DW, Kime JC, Kumler J, Melan-
con L, Bray GA. Energy expenditure in lean and obese
prepubertal children. Obes Res 1995; 3(suppl 1):67–72.

122. Davies PS, White GA. Physical activity and body

fatness in pre-school children. Int J Obes 1995; 19:6–10.
123. Schutz Y, Weinsier RL, Hunter GR. Assessment of

free-living physical activity in humans: an overview of

currently available and proposed new indexes. Obes
Res 2001; 9:368–379.

124. Leibel RL, Rosenbaum M, Hirsch J. Changes in

energy expenditure resulting from altered body weight.
N Engl J Med 1995; 332:621–628.

Energy Expenditure 629





24

Energy Expenditure in Physical Activity

James O. Hill

University of Colorado Health Sciences Center, Denver, Colorado, U.S.A.

W. H. M. Saris

University of Maastricht, Maastricht, The Netherlands

James A. Levine

Mayo Clinic, Rochester, Minnesota, U.S.A.

I ENERGY EXPENDITURE DURING

PHYSICAL ACTIVITY

A Human Energy Balance

Biological entities obey physical laws, and, in this
regard, humans and other mammals obey the laws of
thermodynamics. Body energy stores can only increase
and obesity can only occur when food intake exceeds
energy expenditure (or metabolic rate). Similarly,
energy stores can only be depleted when energy expen-
diture exceeds food intake. Thus, the balance between
food intake and energy expenditure determines the
body’s energy stores. The quantity of energy stored by
the human body is impressive; lean individuals store 2–3
months of their energy needs in adipose tissue whereas
obese persons can carry a year’s worth of their energy
needs. The cumulative impact of energy imbalance over
months and years can result in the development of
obesity. The factors that regulate appetite and food
intake are discussed elsewhere. In this chapter we will
discuss the importance of physical activity as a compo-
nent of energy expenditure.

B Components of Energy Expenditure

There are three principal components to energy expen-
diture in humans: basal metabolic rate, thermic effect of
food, and the energy expenditure of physical activity
(activity thermogenesis). Basal metabolic rate is the
energy expended when an individual is lying at complete
rest, in the morning, after sleep, in the postabsorptive
state. In individuals with sedentary occupations basal
metabolic rate accounts forf60% of total daily energy
expenditure. About 75% of the variability in basal
metabolic rate is predicted by lean body mass within
and across species (1,2). Resting energy expenditure, in
general, is within 10% of basal metabolic rate and is
measured in subjects at complete rest in the postabsorp-
tive state. The second component of energy expenditure
is the thermic effect of food (3–6). This is the increase in
energy expenditure associated with the digestion,
absorption, and storage of food and accounts for
f10% of total daily energy expenditure; many believe
there to be facultative (adaptive) as well as fixed com-
ponents. The third component of energy expenditure is
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the energy expenditure of physical activity, ‘‘activity
thermogenesis.’’ There are additional components of
energy expenditure that may contribute to the whole,
such as the energetic costs of altered temperature,
medications, and emotion. Each of these components
of energy expenditure is highly variable, and the sum
effect of these variances determines the variability in
daily energy expenditure between individuals.

It is likely that activity thermogenesis contributes
substantially to the inter- and intraperson variability in
energy expenditure. If three-quarters of the variance of
resting energy expenditure is accounted for by variance
in lean body mass, and if the thermic effect of food
represents 10% of total energy expenditure, then the
majority of the variance in total energy expenditure that
occurs independent of body weight must be accounted
for by the variance in physical activity. Evidence indeed
suggests that this is so. The range of activity thermo-
genesis is wide, ranging from f15% of total daily
energy expenditure in very sedentary individuals to
50% or more of total daily energy expenditure in highly
active individuals (7,8). Because this component of
energy expenditure is the most variable component of
energy expenditure, both within and between subjects
(9), its potential role in body weight regulation and in
the etiology of obesity deserves close examination. For
example, Dauncey (8) estimates that differences in
minor activity throughout the day can account for
differences of 20% in 24-hr energy expenditure. Such
differences, if not compensated for by changes in energy
intake, can lead to significant changes in body weight
and/or body composition.

Activity thermogenesis can be readily divided into
that associated with purposeful exercise and that asso-
ciated with nonexercise activities, such as the activities
of daily living. Exercise is exertion for the specific
purpose of physical fitness. Nonexercise activities
include the myriad of activities of daily living that are
not undertaken as purposeful exercise; they include
maintaining posture, walking from the bus stop to
work, tapping one’s foot or hand while talking, and
cleaning the house. The energy expenditure associated
with each activity is the product of the time spent
performing the activity and the energy cost of that
activity per unit time. Thus, to assess activity thermo-
genesis as a whole, one needs to define each exercise and
nonexercise task an individual performs, the time
engaged in each activity, and the energy cost of each
activity. The ability to do this accurately in free-living
humans is technically demanding and is why the impor-
tance of activity thermogenesis in energy balance and
obesity has been difficult to quantify and define.

In this chapter we will discuss activity thermogenesis,
how it is measured, its components, and the impact of
activity thermogenesis on other components of energy
expenditure and energy balance as a whole.

II METHODOLOGY

Before we can begin to understand the role of activity
thermogenesis in energy balance and the pathogenesis
of obesity, we must first quantify the nature and dura-
tion of exercise and nonexercise activities.

A Quantifying the Nature and Duration

of Exercise

A series of tools has been used and, in some cases,
validated to quantifying exercise. One approach has
been to employ prospective methods (10). Prospective
measures include the use of diaries or other recording
media (e.g., handheld tape machine) to have subjects
record the nature and intensity of exercise performed
over a defined time period. The disadvantages of this
approach are the reliance on the subjects to record
data precisely and the subjective nature of the inten-
sity determinations. An alternative or complementary
method for prospective data collection is to record
physiological variables, such as pulse rate or respira-
tion, over the period of interest (11). For example, a
subject is fitted with a pulse recorder (12) that records
along with a time stamp. In this fashion, objective
information is gained regarding the duration over
which exercise is likely to have been performed (i.e.,
the time periods during which pulse exceeded a
predefined cutoff). The disadvantage of this approach
is that no information is gained regarding the nature
or intensity of exercise. Studies have repeatedly dem-
onstrated that the magnitude of the change in pulse
does not reflect the energetic cost of the exercise
performed because heart rate and stroke volume do
not change linearly with exercise intensity (13,14).

Retrospective approaches for quantifying exercise
have been widely used. A variety of questionnaires
(15–17) have been devised that ask subjects to recall
their habitual levels and intensities of exercise or to
recollect exercise bouts over a defined period. These
assessments are often relatively straightforward to per-
form (many using self-administered questionnaires),
rapid, and inexpensive. This approach enables large
groups of subjects to be studied. The disadvantage
of retrospective surveys of exercise is the inability to
verify the precision of the data. On balance, the vali-
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dated tools are applicable for group comparisons either
in cross-sections or longitudinal studies.

B Quantifying the Nature and Duration

of Nonexercise Activities

Nonexercise activities are enormously varied and
include body postures, locomotion, fidgeting, talking,
and brushing hair. Quantifying nonexercise activity is
extremely taxing, and little information is available
about the energy expended in these activities. Further-
more, the physical activities can be expressed in a variety
of units; as the time period of activity (hours, minutes),
as units of movements (counts), or even as a numerical
score derived from responses to a questionnaire. Activ-
ity can also be defined as an overt intentional behavior
(e.g., the number of social contacts).

1 Activity Recall and Time and Motion Studies

Nonspecific information about habitual and occupa-
tional activity can be obtained using questionnaires,
interviews, or time-and-motion studies. Predictably,
substantial errors are introduced through inaccurate
recall and inadequate data recording. These approaches
can be used, however, for following trends in certain
activities, particularly with relation to occupational
practices (18).

2 Kinematic Measurements

In kinematic measurements, a subject’s movements are
quantified. Some techniques are specific for confined
spaces such as radar tracking and cinephotography
(19,20). Other techniques have been used in free-living
individuals and generally focus on pedometers and
accelerometers of varying sophistication. Pedometers
typically detect the displacement of a subject with each
stride. However, pedometers tend to lack sensitivity
because they do not quantify stride length or total body
displacement and overall, therefore, become poor pre-
dictors of total activity thermogenesis (21) although
potentially of value for quantifying walking (e.g., to
determine compliance with a walking program). Accel-
erometers detect body displacement electronically with
varying degrees of sensitivity—uniaxial accelerometers
in one axis and triaxial accelerometers in three axes.
Portable uniaxial accelerometer units have been widely
used to detect physical activity (22–24). Careful evalua-
tion demonstrates that these instruments are not suffi-
ciently sensitive to quantify the physical activity of a
given free-living subject but rather they are more valu-
able for comparing activity levels between groups of

subjects. Greater precision has been obtained using
triaxial accelerometers (25–27). In free-living subjects,
data from these devices correlate well with total daily
energy expenditure, measured using doubly labeled
water divided by basal metabolic rate (28). The utility
of motion tracking using approaches such as Global
Positioning Systems has not been fully defined for
human studies.

Thus, methods are available for quantifying the
amounts of exercise and nonexercise activities that an
individual performs. Because of the variable precision
of these measures, caution is recommended in applying
these techniques for measurements and when interpret-
ing reported studies.

C Quantifying the Energy Cost of Exercise

and Nonexercise Activities

The energy costs of specific exercise and nonexercise
activities are readily measurable. The technique most
often used is indirect calorimetry, whereby oxygen
consumption, carbon dioxide production, or both of
these variables are measured before and during the
activity of interest. Energy expenditure is then calcu-
lated by means of established formula (29,30).

Indirect calorimeters vary in sophistication and cost
(31). In the laboratory, ventilated open-circuit calori-
meters are most often used. Here expired air is collected
by means of a mouthpiece, a mask, or a hood or from a
sealed chamber (32,33). The air is thenmixed, the rate of
flow is measured, and oxygen and carbon dioxide con-
centrations are determined. Measurements to within
1% of chemical standards can be achieved using these
devices. In the field, Douglas bags or portable expir-
atory open circuit calorimeters are most often used. The
Douglas bag (34–37) comprises a polyvinyl chloride (or
other leakproof material) bag off100–150 L (38). After
collection of the expired air, the volume of expired air in
the bag is measured and a sample analyzed to determine
oxygen and/or carbon dioxide concentrations. The
technique is highly operator dependent and under opti-
mal conditions the error of energy expenditure mea-
surements undertaken with Douglas bags can be small
(< 3%). A variety of portable expiratory open-circuit
systems have been devised (39–42). In most, expiratory
flow is measured, as are expired oxygen and/or carbon
dioxide concentrations. Although less precise than lab-
oratory based instruments, their flexibility allows data
to be collected on daily physical activities in the most
germane setting.

The techniques for measuring the energy costs
of exercise and nonexercise activities are readily defined
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and, when carefully executed, provide reliable and
precise measurements in both the laboratory and
field settings.

D Quantifying Activity Thermogenesis

Little information is available regarding the time period
of measurement needed to gain a representative assess-
ment of physical activity. We estimate that approxi-
mately 7 days of measurement are likely to provide a
representative assessment of activity thermogenesis
for a given 3- or 4-month block of time. Such 7-day
measurements can be repeated to understand the impor-
tance of season and changing occupational roles.

There are three principal approaches to estimating
activity thermogenesis. The first is to measure it
directly in a chamber-style calorimeter. Although this
is the only means of directly measuring activity
thermogenesis, the approach is enormously limited
because subjects are confined to a small (e.g., 12 m2)
room for the measurement duration and so cannot
perform their normal daily activities (9,32). Measure-
ment of activity thermogenesis in free-living individ-
uals is more challenging. Broadly, investigators have
either tried to sum the energetic equivalents for each
activity a subject undertakes, termed the factoral
method (39,43,44), or total daily, free-living energy
expenditure is measured using doubly labeled water
(45) with no attempt made to ascertain the constit-
uents of activity thermogenesis.

Prentice et al. (46) have noted the importance of
considering differences in body size when interpreting
measurements of physical activity. Caution must be
used when making comparisons of energy expended in
physical activity between individuals who differ mark-
edly in body size. The physical activity level (PAL) is a
calculation often used to express activity thermogenesis
values relative to body size. The PAL is calculated as
total daily energy expenditure (TEE) divided by RMR.
For sedentary subjects the PAL is f1.5. This value
can increase to around 3.5–4.5 under extreme exercise
conditions. Alternatively, activity thermogenesis can be
calculated from:

ff

Activity thermogenesis

¼ total energy expenditure

� ðbasal metabolic rate

þ thermic e ect of foodÞ
Here, thermic effect of food is often not measured but
assumed to equal 10% of total energy expenditure.

1 Activity Logs and the Factorial Method

This is a frequently used approach for estimating activ-
ity thermogenesis in free-living individuals. First, a
subject’s physical activities are logged over the time
period of interest (e.g., 1 week). The energy equivalent
of each of these activities is measured or estimated using
a calorimeter or tables, respectively (39,43,44). The time
spent in each activity is then multiplied by the energy
equivalent for that activity. These values are then
summed to derive an estimate of activity thermogenesis.

Errors for the factoral method may first result from
inaccurate recording of activities and, secondly, from
inaccurate determinations of the energy costs of the
activities. To log activity, subjects are often asked to
record in a diary the nature and amount of time spent
performing each of their activities throughout the day
(47). This has several limitations: subjects may be
illiterate or anumerate, may report their activities inac-
curately or incompletely, and/or may alter their normal
activity patterns during periods of assessment. To limit
these sources of error, one approach is to have trained
enumerators follow subjects and objectively record the
subject’s activities (18). This is time-consuming and
expensive but potentially a valuable source of accurate
and objective data.

Newer image gathering technologies may be useful in
the future for this purpose. To determine the energy
costs of physical activities, standard tables are often
used. However, these may introduce substantial (albeit
systematic) errors. First, the tables may not include the
precise activity the subject performed. Second, the
energy cost for a given activity is highly variable be-
tween subjects even independent of gender. Third, calo-
rimeter methods for measuring the energy costs of
activities have not been standardized between investi-
gators so that precision and accuracy of data in the
activity tables cannot always be assured.

To limit these errors, the energy costs of each or most
of the activities that the subjects of interest perform can
be measured using calorimeters, as described above. At
best, the energy costs for each subject’s activities would
bemeasured but clearly this is rarely practical except for
small studies. In general, population-, gender-, age-
specific group means for the majority of the studied
subjects activities represents a standard that is worth
achieving where optimum precision is warranted.

2 Doubly Labeled Water (DLW)

In the doubly labeled watermethod (45,48–52), both the
hydrogen and oxygen of water are labeled or ‘‘tagged’’
using stable, nonradioactive isotopes (D2O

18). Elimina-
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tion of administered D2O
18 may be used to estimate

carbon dioxide production and energy expenditure.
The principle of this technique is as follows. In body

water, the O2 of expired CO2 is in equilibrium with
the O2:

CO2 þH2O X H2CO3

Thus, if the O2 in body water is tagged with the
tracer O18, the label will distribute not only in body
water but also in circulating H2CO3 and in expired
CO2. Over time the concentration of the O2 label in
body water will decrease as CO2 is expired and body
water is lost in urine, perspiration, and respiration. If
the H2 in body water is tagged with the tracer D2, the
label will distribute solely in the circulating H2O and
H2CO3. Over time, the concentration of the H2 label
will decrease, as body water is lost (some of the
hydrogen can become partitioned into body protein
or fat, however). Thus, if both the O2 and H2 in body
water are tagged, with known amounts of tracers at
the same time, the differences in the elimination rates
of the O2 and H2 tracers will represent the elimina-
tion rate of CO2.

Subjects are usually given DLW orally after base-
line samples of urine, saliva, or blood have been
collected. Time is allowed for complete mixing of
isotopes to occur within the body water space and
then samples of urine, saliva, or blood are collected
over 7–21 days. These samples are used for measure-
ments of D2 and O18 enrichments using mass spectro-
scopy. Changes in D2 and O18 concentrations in body
water are then calculated over time, and CO2 produc-
tion and energy expenditure are calculated. Energy
expenditure can be measured over 7–21 days using this
technique with an error of f6–8% (52). This error can
be decreased to a small degree, by collecting samples
repeatedly over the measurement period rather than by
collecting samples only before and after the measure-
ment period.

Doubly labeled water allows total energy expendi-
ture to be measured to within f6–8% of actual. Basal
metabolic rate can be measured to within 1% of actual,
so the cumulative error for measurements of PAL is
f7%. This is impressive considering the measurements
are performed in completely free-living individuals. A
major limitation of this approach is, however, that no
information is gleaned regarding the components of
physical activity and how these contribute relative to
others. It can thus be difficult to discriminate the
impact of exercise from nonexercise or to ascertain the
importance of the different components of nonexercise
activity thermogenesis (NEAT).

It is thereby possible to measure activity thermo-
genesis. No approach is ideal, but these available tech-
nologies readily enable hypotheses to be addressed
regarding activity thermogenesis and its role in energy
balance in free-living individuals.

III AMOUNT OF PHYSICAL ACTIVITY

HUMANS PERFORM

There are several sources of data that allow information
to be gleaned regarding the quantities of exercise and
nonexercise activities that humans perform.

A Amount of Exercise Humans Perform

Several comprehensive surveys have provided data on
exercise levels in adults in the United States, a popula-
tion where obesity is epidemic: the National Health
Interview Survey (53), the Behavioral Risk Factor
Surveillance System (54), and the Third National
Health and Nutrition Examination Survey (55).
Approximately 22–29% of adults report no participa-
tion in leisure time physical activity within 2–4 weeks of
the point of survey. Individuals at greater risk for
undertaking no exercise are those who are female, black
or Hispanic, older, less educated, and receiving lower
income. About 20–24% of individuals participate in
regular sustained physical activity (five or more times a
week for >30 min duration per occasion). The individ-
uals most likely to participate in regular exercise are
those who were male, white, younger, more educated,
and receiving greater income. The most common forms
of exercise are (in descending order) walking for pur-
poseful exercise, gardening or yardwork, stretching
exercises, and bicycling. More worrisome still are U.S.
survey data derived from children. A quarter of U.S.
individuals aged 12–21 years report no exercise, and
participation in all types of physical activity declines
toward adulthood. These data are echoed by others
from developed countries.

B Amount of Nonexercise Activities

Humans Perform

Because, as noted above, the variety of nonexercise
activity is so enormous and the ability to quantify it so
poor, it is very difficult to gain a true estimate of free-
living individuals’ nonexercise activities. Some of the
better-quality data have been derived from approaches
where trained enumerators follow individuals and
record their physical activities at short time intervals.
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These data allow precise determination of the range
and type of physical activities performed by specific
populations (45,49,56). What transpires from review-
ing these surveys is, not surprisingly, that an individ-
ual’s cultural environment defines the vast majority of
the variability in the amount of nonexercise activity
performed. The two key components of this cultural
environment appear to be first the individual’s occu-
pation, and second the ‘‘sedentariness’’ of the indige-
nous population.

The occupational impact on nonexercise activity can
be overt—for example, when comparing nonexercise
activity between physical laborers and civil servants
(57–59). More subtle occupational effects on physical
activity include the impact of factors such as gender. For
example, in many populations where women work both
in home and out of the home, their cumulative work
burden exceeds that of male cohabitants by several
hours per day (56).

The importance of population sedentariness is well
illustrated by studies of physical activity levels for
individuals moving from agricultural communities to
urban environments or of the effects of industrializa-
tion. In many populations where this has occurred,
urbanization been associated with decreased physical
activity and increased obesity. Sedentary cues are
unmistakable in developed countries often through
services designed to optimize convenience and through-
put at the expense of necessitating locomotion. Exam-
ples include drive-through restaurants and banks,
televisions, remote controls, escalators, motorized
walkways and clothes washing machines. The sedentar-
iness of a population is likely to be affected by a variety
of specific factors that include genetics, age, gender,
body composition, education, and season.

1 Variation Due to Genetic Background

It is likely that genetics play some role in determining
the amount of physical activity performed. Data in
support of this notion was reviewed by Bouchard et
al. (60). Based on twin and family studies, the herit-
ability for physical activity level has been estimated as
between 29% and 62%. Analysis of self-reports of
physical activity from the Finnish Twin Registry, con-
sisting of 1537 monozygotic and 3057 dizygotic twins,
estimated a 62% heritability level for age-adjusted
physical activity (61). Analyses of self-reported physical
activity from the Quebec Family Study, consisting of
1610 members of 375 families, showed a heritability
level of 29% for habitual physical activity (62).

2 Variation Due to Age

Many datasets consistently show a decline in physical
activity with aging (63–65), with the decline occurring in
both men and women. However, some data suggest that
during the period 1986–1990, activity levels decreased
more in elderly subjects than in young adults (65).

3 Variation Due to Gender

Adult men and women in the United States report
similar levels of aerobic and moderate physical activity
(65,66). In other countries, such as Canada, England,
and Australia, men report 1.5–3 times more aerobic or
moderate activity thanwomen (64,67,68).Women in the
United States appear to have increased their physical
activity more than men during the period 1986–1990
(65,66). In children, a consistent gender difference is
found, with boys being more active than girls (69).
Gender may influence physical activity in more subtle
ways such as through the influence of culturally defined
gender occupational roles.

4 Variation Due to Body Composition

There are substantial data to suggest that overweight
individuals are less active than their lean counterparts
(70–72). This appears to be true across all ages, for
both genders, and for all ethnic groups. We cannot,
however, conclude on the basis of available evidence
that a low level of physical activity contributes to
development of obesity. It is equally possible that
development of obesity leads to a reduction in physical
activity. Reduced activity may partly be balanced by
increased energy cost of weightbearing activities. In
fact, moving around with a higher body mass implies a
higher energy cost.

5 Variation Due to Education

Groups with more education consistently report more
leisure time physical activity than groups with less
education. In the United States, highly educated groups
are two to three times more likely to be active than those
with less education (63,65,66).

6 Seasonal Variations in Physical Activity

Limited data are available regarding differences in
amount of physical activity performed during different
seasons. Data from Canada suggest wide differences in
time spent in physical activity due to season. Time spent
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in these activities was twice as high during the summer
months as in the winter months (67).

IV ENERGY COST OF PHYSICAL

ACTIVITIES

The other major determinant of activity thermogenesis
is the efficiency with which exercise and nonexercise
activities (i.e., work) are performed.Work efficiency can
be defined as the amount of work performed divided by
the energy expended in performing the work. While it is
clear that work efficiency is not constant for all human
subjects, the extent of individual differences and their
importance in bodyweight regulation is unclear. Several
studies have reported differences in work efficiency
between groups of subjects, and these will be discussed
below. It seems logical that differences in morphology/
metabolism of skeletal muscle may play a role in
determining work efficiency. Blei et al. (73), using 31P
NMR spectroscopy, reported that humanmuscle varied
nearly twofold in both energy cost per twitch (energy
cost) and recovery time constants (oxidative capacity)
across individuals.

A Data on the Metabolic Cost of Exercise

Since for the average adult the resting metabolic rate
(RMR) is fairly close to 3.5 mL/kg min of oxygen, or 1
kcal/kg of body weight h, the energy cost of activities
can be expressed as multiples of RMR and calledMETs
(an abbreviation of ‘‘metabolic’’). The use of METs is a
simple approach to estimate energy expenditure, taking
body weight into account. Ainsworth et al. (74) have
published an extensive compendium of MET values of
all type of activities. MET values provide an indication
of intensity of physical activity and, when summed over
time, can be used to compare level of physical activity
between individuals.

The gross energy cost of exercise that can be main-
tained for more than a few minutes roughly varies
between 2.0 METs (leisure walking) and 8.0 METs
(running 5 mph). However, to expend more energy
(e.g., 18 METs; running 10 mph) for a longer period
of time, the aerobic fitness of an individual has to be
far beyond the level that is observed in general popu-
lation. An individual who has an aerobic fitness of
35 mL/kg min, which is the average for a normal weight
40-year-old female, is not able to expend more than
7 METs (corresponding to 70% of her VO2max) for

>30 min. A deterioration in aerobic fitness can thus
reduce the ability to be active.

B Postexercise Energy Expenditure

Energy expenditure does not return to preexercise levels
immediately upon cessation of the physical activity, and
the period of increased energy expenditure following
exercise is called excess postexercise energy expenditure.
The factors that determine the extent to which postex-
ercise energy expenditure occurs have not been clearly
defined, leaving a controversy regarding the overall
importance of postexercise energy expenditure for over-
all energy balance (75). Some have suggested energy
expenditure can be elevated as long as 24 hr after a bout
of exercise (76); others have suggested baseline energy
expenditure is restored within a few minutes after
exercise cessation (77). Further, it appears that the
magnitude and duration of the postexercise increase in
energy expenditure is related to the intensity and dura-
tion of the exercise bout, with longer, more intense
exercise likely to produce a more significant post-exer-
cise increase in energy expenditure (78). Over a 12-hr
period excess postexercise energy expenditure has been
found to vary between 24 kcal after 120 min cycling at
100 Watt and 157 kcal after cycling 80 min at 70%
VO2max (79). Compared to the energy expenditure
during exercise itself, the postexercise increase above
RMR is modest and has been found to increase energy
expenditure by exercise by another 3–15%.

In a review of this phenomenon, Poehlman et al. (80)
concluded that, from a practical point of view, an
exercise prescription for the general public that consists
of low (<50% VO2max) and moderate intensity (50–
70% VO2max) would result in an extra postexercise
energy expenditure of only 9–30 kcal per bout. It is
unlikely that these differences will significantly influence
body weight regulation. In this regard, it is questionable
whether the moderate exercise usually prescribed for
moderately obese humans is sufficient to produce appre-
ciable postexercise increase in energy expenditure.

C Data on the Metabolic Cost of Nonexercise

Activities

It has long been known that even trivial movement
is associated with substantial deviation in energy ex-
penditure above resting values. For example, even
mastication is associated with deviations in energy
expenditure of 20% above resting (81). Very low levels
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of physical activity such as fidgeting can increase energy
expenditure above resting levels by 20–40% (82). It is
not surprising that ambulation whereby body weight is
supported and translocated is associated with substan-
tial excursions in energy expenditure (28). Even walking
at 1 mph doubles energy expenditure and purposeful
walking pace (2–3 mph) is associated with doubling or
tripling of energy expenditure. When body transloca-
tion is logged using a triaxial accelerometer attached to
the back, the output from this unit correlates with
nonresting energy expenditure. This implies that ambu-
lation is likely to have a profound influence on NEAT
and most likely total energy expenditure in many indi-
viduals. The energy costs of a multitude of occupational
and nonoccupational physical activities have been
charted and tabulated in a series of publications (74).
What is noteworthy is the manyfold variance in the
energy costs of occupational related activities ranging
from <1 MET (e.g., typing) to 5–10 METs (e.g., wood
cutting, harvesting, or physical construction).

D Factors that Affect the Energy Costs

of Physical Activities

It is recognized that several factors affect the energetic
efficiency of exercise and nonexercise activities.

1 Body Weight/Body Composition

It requires more energy to move a larger bodymass, and
several investigators (83–85) demonstrated that energy
expended in physical activity during weightbearing
physical activity increased with increasing body mass.
It is important to take into account the greater cost of
physical activity of a larger body mass when assessing
differences in physical activity between obese and non
obese subjects. An obese person who is slightly less
active than a lean counterpart may expend as much or
more total energy in physical activity.

It is less clear whether work efficiency varies
with body composition, independently of body weight.
Some studies (86–89) have found no differences in
work efficiency between obese and nonobese subjects,
while others (90,91) have found a greater work effi-
ciency in the obese. Most studies not finding differences
in work efficiency have used cycle ergometers with a
moderate workload, while those finding differences
have used cycle ergometers with heavy loads or tread-
mills. Work efficiency may vary with type and intensity
of physical activity. There are some data suggesting
that oxygen consumption increases more rapidly in
obese than lean individuals as workload increases

(90). This would be consistent with a greater work
efficiency in the obese.

2 Effects of Changes in Body Weight/Body
Composition

Several studies have reported that efficiency of work is
reduced following weight reduction. Foster et al. (92)
measured the energy cost of walking in 11 obese
women before weight loss and at 9 and 22 weeks after
weight loss. They determined that the energy cost of
walking (after controlling for loss of body weight)
decreased substantially by 22 weeks after weight loss.
They estimated that with a 20% loss of body weight,
subjects would expend f427 kJ/hr less during walking
than before weight loss. Geissler et al. (93) compared
energy expenditure during different physical activities
and found that energy expenditure was 15% lower in
the postobese than in controls across different activ-
ities. DeBoer (94) found that sleeping metabolic rate
declined appropriately for the decline in fat-free mass
(FFM) when obese subjects lost weight but that total
energy expenditure declined more than expected for
the change in FFM. Similar results were obtained by
Leibel et al. (95), who speculate that an increased work
efficiency may be partially responsible for weight
regain following weight loss.

Alternatively, Froidevaux (96) measured the energy
cost of walking in 10 moderately obese women before
and after weight loss and during refeeding. Total energy
expended during treadmill walking declined with weight
loss, but was entirely explained by the decline in body
mass. Net efficiency of walking did not change. Poole
andHenson also found no change in efficiency of cycling
after caloric restriction in moderately obese women
(88). Weigle and Brunzell demonstrated that f50%
of the decline in energy expenditure with weight loss was
eliminated when they replaced weight lost by energy
restriction with external weight worn in a specially
constructed vest (97). Thus, while it is clear that total
energy expenditure declines with weight loss, the extent
to which changes in work efficiency contribute to this
decline is controversial.

3 Role of Skeletal Muscle Metabolism
in Determining Work Efficiency

Differences in skeletal muscle morphology/metabolism
have been suggested to play a role in differences in work
efficiency.Henriksson (98) has suggested that changes in
muscle morphology in response to energy restriction
lead to changes in the relative proportion of type I
versus type II fibers in human subjects. Some studies
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suggest that type II fibers have a greater fuel economy
than type I fibers (99,100). Since type II fibers appear to
be better preserved during starvation than type I fibers
(98), overall fuel economy and work efficiency may be
increased following energy restriction and loss of body
mass. However, a study on muscle fiber type before and
after a 10.8-kg weight loss in obese females did not show
any changes in the fiber type distribution (101).

The potential contribution of skeletal muscle differ-
ences to differences in work efficiency between weight
stable lean and obese subjects is more controversial.
Substantial data suggest that obese subjects oxidize
proportionally more carbohydrate and less fat than lean
subjects in response to perturbations in energy balance
(102–104) and that differences in morphology/metabo-
lism of skeletal muscle and sympathetic nervous system
activity (105) may underlie some of the whole-body
differences (104,106). However, it is not clear to what
extent such differences contribute to differences in work
efficiency. Further, such differences may arise both from
genetic and environmental causes.

4 Genetic Contributions to Work Efficiency

Very little information is available to allow estimation
of the genetic contribution to differences in efficiency of
work. Bouchard et al. (107) assessed the energy cost
associated with common body postures (sitting, stand-
ing) and low-intensity activities (walking, stair climbing,
etc.) in 22 pairs of dizygotic and 31 pairs ofmonozygotic
twins. All subjects were classified as sedentary. A sig-
nificant genetic effect for energy expenditure was found
with activities from 50 to 150 watts even after correction
for differences in body weight. No genetic effect was
seen for activities requiring energy expenditure greater
than six times resting energy expenditure.

5 Effects of Age on Work Efficiency

Work efficiency may vary with age. For example, Vil-
lagra et al. (108) demonstrated that children aref10%
more energy efficient during squatting exercises than
adults. There is little information available to evaluate
the effects of aging in adults on work efficiency. Skeletal
muscle mass is often lost as a subject ages, and if the loss
involves a greater proportion of type I than type II
fibers, work efficiency could increase with age.

6 Effects of Exercise Training on Work Efficiency

If work efficiency varies as a function of exercise train-
ing, training induced effects in skeletal muscle could be
important. Alterations in physical activity can alter the

fiber type proportions of skeletal muscle as well as
induce significant changes in enzyme activities. Aerobic
exercise training results primarily in the transformation
of type IIb into type IIa fibers, while transformation of
type II fibers into type I fibers is not common unless the
exercise training has been extremely intense over a long
period of time. Type I fibers have a greater mitochon-
drial density and are more oxidative and more fatigue-
resistant than type IIb fibers. Type IIb fibers are glyco-
lytic in nature with lower mitochondrial content and are
more prone to fatigue. Type IIa fibers are intermediate
in their mitochondrial content and, in humans, closely
resemble type I fibers in oxidative capacity. However, an
overlap of oxidative capacity exists between fiber types
groups. Type I and type IIa fibers are more energy
efficient than type IIb fibers, and the proportions of
these fiber types will vary according to the type of
exercise training performed. It has been shown that
even independently of fiber type alterations, the activ-
ities of important enzymes in oxidative and glycolytic
pathways can bemodified as a result of exercise training,
and can lead to improvements in metabolic efficiency.

Sharp et al. (109) found that there was not a
significant relationship between VO2max and activity
thermogenesis in a group of men and women studied
in a whole-room calorimeter. Cross-sectional studies
indicate that training may increase the efficiency of
the activity when being trained. Elite runners and
cyclists have lower energy expenditure at a certain
speed than not specifically trained individuals. Differ-
ences can be accounted for 15% (running) up to 50%
(swimming) (110,111). Children have a higher energy
cost calculated per kg body weight for the same
activity than do adults.

7 Effects of Gender on Work Efficiency

There are several reports that female athletes, unlike
male athletes, are more energy efficient than their sed-
entary counterparts (112–114). There are reports in the
literature for increased energy efficiency in female run-
ners (112), dancers (113), and swimmers (114) as com-
pared to sedentary females. However, most reports
make conclusions regarding energetic efficiency based
on indirect rather than direct measurements of energy
intake and/or expenditure. For example, Mulligan et al.
(112) concluded that female runners had increased
energy efficiency since their self-reported energy intake
was less than their estimated energy expenditure. In the
few studies in which both intake and expenditure were
measured directly, no evidence of increased energy
efficiency was seen in female runners (115) or female
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cyclists (116). Thus, the question of whether female
athletes show a different energy efficiency than seden-
tary females is controversial. If this proves to be true, the
extent to which such differences might be due to differ-
ences in work efficiency is unknown.

V ACTIVITY THERMOGENESIS AND

TOTAL DAILY ENERGY EXPENDITURE

Measurements of activity thermogenesis have provided
insight into the energy needs of individuals and into the
physiology of energy balance. In terms of understanding
the energy needs of individuals, data on PAL values
have provided information regarding the energy expen-
diture associated with different occupations and the
impacts of culture, gender, and physical states such as
pregnancy and lactation. This information is invaluable
in terms of understanding the energy requirements of
individuals. This information has also guided how
statutory agencies have defined the energy needs of
populations (117). What is becoming clear is that the
greater the quality of data on activity thermogenesis for
a given population, the better the estimates will be of
that population’s energy needs. With fast-advancing
technologies that allow data from activity sensors to
be combined with doubly labeled water, enormous
advance in this arena is anticipated.

VI SUBSTRATE OXIDATION DURING

PHYSICAL ACTIVITY

Body weight regulation involves balancing total energy
intake and expenditure. It also involves maintaining
over time a balance between intake and oxidation of
protein, carbohydrate, and fat. Thus, it is useful to
consider factors that influence both the amount and
composition of fuel used during physical activity.
When assessing factors that influence substrate oxida-
tion, it is important to consider influences both during
performance of exercise and during the postexercise
recovery period.

A Characteristics of Physical Activity

Skeletal muscle tissue has the ability to convert chemical
energy to mechanical energy required for physical
activity using the myosin motor proteins as a lever
arm to produce movement (118). The immediate source
of chemical energy required for contraction is provided
by the hydrolysis of adenosine triphosphate (ATP)
catalyzed by myosin ATPase.

Intracellular ATP stores are small and can be
depleted within seconds of maximal contraction if they
are not adequately replenished. The ATP synthesis
pathways include the phosphagen system and (anaero-
bic) glycolysis. The phosphagen system includes the
breakdown of creatine phosphate (CrP) as well as the
regeneration of ATP fromADP by the adenylate kinase
reaction. The anaerobic glycolysis pathway allows a five
to six times higher ATP synthesis, than the oxidative
glycolysis of glucose. The rate by which ATP can be
generated depends on the biochemical pathways that
are followed as well as on the substrate source.

In Table 1, the high-energy phosphate (HEP) for-
mation rates following the aerobic and/or anaerobic
breakdown of carbohydrates and fat are given. The rate
of HEP formation depends clearly on the type of
oxidation (anaerobic > aerobic), locations of the fuel
source (endogenous > bloodborne), as well as the fuel
type (carbohydrate> fat). Based on the examples given
in Table 1, it can be seen that the maximal rate of ATP
synthesis from fat can provide only enough energy to
sustain exercise at 55–70% of maximal oxygen intake
(VO2max) depending on the training status. However,
the rate of energy generated from carbohydrate, both
anaerobic and aerobic, can provide enough energy to
sustain exercise up to maximal level for a short period
of time.

Table 1 Maximum Rate of High-Energy Phophate (HEP)
Regeneration fromCarbohydrate and Lipid Substrates Com-

pared toUtilization ofHEPDuring Various Types of Exercise

Maximum rate of HEP regeneration

Substrate utilized

Max. rate of
formation HEP

Mol HEP.min-1

Endogenous glycogen (anaerobic) 2.4
Endogenous glycogen (aerobic) 1.0
Bloodborne glucose (aerobic) 0.37

Bloodborne fatty acids (aerobic) 0.40

Rate of HEP utilization

Type of exercise Rate of utilization

Rest 0.07

Walking 0.3
100 m sprint 2.6
800 m sprint 2.0

1500 m sprint 1.7
Marathon 1.0

m, meters.

Source: Ref. 126.
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During endurance moderate-intensity exercise ATP
demands can be provided entirely by oxidative phos-
phorylation of both intramuscular and bloodborne
carbohydrate and fat. Substrate oxidation during exer-
cise is often estimated from the whole-body respiratory
quotient (RQ), which provides an indication of the
relative proportion of carbohydrate and fat being
oxidized. In comparing RQ between exercise condi-
tions, it is important to consider total energy expended
as well as RQ. Especially at low-intensity exercise, a
relatively high proportion of lipids are oxidized,
mainly as a result of the preferential oxidation of free
fatty acids in the type I fibers. For example, at 20%
VO2max, RQ is f0.80, meaning that 62% of the local
substrate utilization is derived from fat. At 80%
VO2max, more type II fibers are involved and RQ
value is 0.9, leading to a contribution of fat oxidation
of only 21%.

The relative contribution of fat and carbohydrate
oxidation to total energy expenditure during exercise
can vary enormously and strongly depends on exercise
intensity, training status, and diet (119).

Quantifying the rates of utilization of the different
substrate sources during exercise is of importance to
gain more insight into the metabolic consequences of
physical activity. It enables us to evaluate the effects of
dietary and training interventions on a whole-body
level, thereby also contributing to our understanding
of the metabolic defect(s) associated with obesity and
non-insulin-dependent diabetes mellitus (NIDDM),
(120,121).

1 Exercise Intensity

While the intensity of exercise is the major determinant
of amount of energy expenditure as well as substrate
source, both the intensity and duration of exercise
influence the source of fuel used for exercise (119).

Substrate utilization rates in relation to exercise
intensity have been derived by Romijn et al. (122) using
stable isotopes to estimate whole body oxidation rate of
all endogenous substrate sources as a function of exer-
cise intensity. In Figure 1, the endogenous substrate
utilization during exercise at low (25% VO2max),
moderate (65% VO2max), and high (85% VO2max)
intensity is depicted. The main fuel source during
high-intensity exercise (>70–75%VO2max) is carbohy-
drate as glycogen from the muscle. Generally, the
oxidation of plasma FFA provides the majority of
energy during low-intensity exercise with little or no
net utilization of intramuscular triglycerides (IMTG) or
lipoprotein derived TG (122–124).

During moderate-intensity exercise (40–65% VO2

max) fat oxidation, from an absolute point of view,
reaches maximal rates, with the endogenous IMTG
stores (including possibly lipoprotein-derived TG) con-
tributing f50% of total energy expenditure (122,125).

The majority of the carbohydrates oxidized are
derived from muscle glycogen stores. With increasing
intensity, fat oxidation decreases substantially from a
relative as well as a qualitative point of view. The precise
mechanisms that explain the increase and the limita-
tions in fat oxidation during exercise are not well under-
stood. From rest to moderate-intensity exercise, the
increase in fat oxidation is enabled by an increase in
adipose tissue lipolytic rate, followed by an increase in
plasma FFA availability. However, plasma FFA oxi-
dation is limited by yet undetermined factors, which
likely include FFA transport from the vascular space
into the intramyocellular compartment (126). This has
led to an increased interest in the contribution of IMTG
as endogenous fat source during moderate-intensity
exercise (122). An increase in exercise intensity will
result in an increased oxidation of IMTG, enabled by
an increase in intracellular FA availability and an
increase in the activity of the enzymes involved in
the transport of FA over the mitochondrial membrane
(127,128). By contrast, protein oxidation during exer-
cise is small (129).

2 Exercise Duration

With increased duration of exercise the intramuscular
fuel sources will diminish while the contribution from
the circulating fuels will increase (122,130–135). During
the initial phase of exercise, carbohydrate is mainly sup-
plied from intramuscular glycogen stores (136,137).

Figure 1 Endogenous substrate utilization (mol HEP per

min) during exercise of various intensities. (From Ref. 122.)
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Afterf30–40min of exercise, the contribution of blood
glucose increases (131) and remains relatively constant
(122,136) until the later stages of prolonged exercise,
when it declines (137). The blood glucose level is main-
tained through an increase in hepatic glucose produc-
tion (131,137). Initially, this is mainly due to hepatic
glycogenolysis, but with prolonged exercise, gluconeo-
genesis becomes more important (131,138–140). Opti-
mal carbohydrate ingestion can completely suppress
hepatic glucose production during exercise (141).

Also, IMTG appears to be utilized more during the
initial phase of moderate exercise with an increasing
contribution from circulating FFA as time progresses.
Although the contribution of protein to fuel utilization
during exercise is small,<11%of total energy expended
(142), this can increase with very prolonged exercise.
Protein contributes to energy production directly via
oxidation of branched chain amino acids (BCAA) and
indirectly through the increased release of the gluconeo-
genic precursor alanine (129). Protein synthesis in
muscle declines whereas proteolysis in other tissues
can increase the circulating BCAA (129,143). This
increases the amino acid pool available for oxidation.
As gluconeogenesis becomes more important during
exercise, alanine release also rises (144).

B Characteristics of the Exercising Individual

Both the amount of energy expended during exercise
and the source of fuel for the added energy expenditure
are influenced by several characteristics of the exercising
individual.

1 Training Status

Christensen and Hansen (145), in their classic studies,
observed that endurance training leads to an increased
capacity to utilize fat as a fuel source. This training-
induced change in substrate utilization has been con-
firmed in numerous studies (125,146–148). The contri-
bution of fat as a fuel source during exercise has been
shown to be increased in an endurance-trained state,
compared at the same absolute and the same relative
(and therefore higher absolute) workload (139). Saris
(120) calculated that during 30 min of exercise at 60%
VO2max, trained individuals would oxidize an extra 10
g of fat as compared to sedentary individuals. The main
metabolic adaptations to endurance training that are
responsible for the increased fat oxidative capacity
include an increase in both the size and number of
mitochondria and a concomitant enhanced activity of
enzymes involved in the uptake and oxidation of fatty

acids, as well as enzymes involved in the TCA cycle and
respiratory chain (127,149).

Increased proportions of oxidative type I fibers and
decreased proportions of type IIb fibers (except in sprint
athletes) result following exercise training, so skeletal
muscle is more adapted to fat oxidation. Similarly, the
activity of important enzymes in fat and carbohydrate
oxidation is modified. Exercise training leads to an
increased ability to remove FFA from the circulation
(142), which will also facilitate an increase in FFA
oxidation. This is most probably mediated by an
increase in membrane-associated fatty acid-binding
proteins (FABP) (150). In addition, some of the in-
creased fat oxidation in trained individuals may be due
to a greater reliance on IMTG as an exercise fuel source.
This is suggested by a greater decline in IMTG post-
exercise following a period of training (147) and an
inability of the increased FFA uptake to account for all
the increase in total fat oxidation observed during
exercise (125,151). However postexercise fat intake
repletes IMTG but not faster in trained than in seden-
tary individuals (152). This increased lipid oxidation
essentially spares both muscle glycogen and blood
glucose (125,147,151). Other training adaptations re-
lating to carbohydrate metabolism include a greater
capacity for muscle glycogen storage (153) and an
increased lactate clearance, which provides more gluco-
neogenic substrate (154).

2 Gender

There is abundant evidence that the proportion of
energy derived from fat during exercise is higher in
women than in men (155,156).Most studies have shown
a greater fat oxidation (adjusted for energy expenditure)
during submaximal exercise in women than in men
(157–159). Also, a lower skeletal muscle glucose uptake
(159) and attenuated muscle glycogen utilization (160)
have been reported during exercise in women.

One factor of importance may be the differences in
FFA availability. It has been shown that lipolysis as
indicated by the rate of appearance of glycerol is higher
in women than in men during exercise (159). Others,
however, did not find a difference in rate of appearance
of FFA (157,161). Also, a higher level of IMTG was
found in women compared to men matched for lifestyle
habits and insulin sensitivity (162).

This could indicate that higher IMTG oxidation
may contribute to the increased fat oxidation of women
during exercise as suggested before (160). Also, higher
expression of FABP mRNA was found in women
compared to men (163). From all these indications
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it becomes clear that women have a higher capacity for
FA transport and storage in the muscle, leading
to a higher fat oxidation rate at the same relative
exercise intensity.

The stage of menstrual cycle in females may also
affect the pattern of fuel oxidation. Although few
adequately controlled studies have been performed in
this area, there is a suggestion of increased lipid oxida-
tion during exercise performed in the luteal versus
follicular phase of the menstrual cycle (164,165). Fur-
ther work is warranted to more accurately elucidate
potential gender-related aspects of exercising fuel
metabolism. This will also give more information about
the regulatory factors influencing fat versus carbohy-
drate oxidation during exercise.

3 Age

It has been suggested that the ability to oxidize fat
during exercise declines with age (166). If true, this
could be due to changes in the morphology and metab-
olism of skeletal muscles, and/or to availability of lipid
substrate during exercise.

4 Body Composition

In the past years new data suggest that increases in body
fatness promote insulin resistance and NIDDM. The
progression in insulin resistance is accompanied by
increased circulating concentrations of FFA. On the
one hand, these increased FFA concentrations may
result from the expended adipose tissue stores in obesity
and NIDDM by a mass action effect or by a diminished
ability of insulin to inhibit lipolysis. Both the beta-
adrenergic stimulation and exercise stimulation of lip-
olysis and fat oxidation are impaired in the obese and
NIDDM subjects (167–169). On the other hand, the
uptake of FFA is impaired in skeletal muscle of the
obese and obese NIDDM subjects during exercise
(167,169). An increased IMTG has been hypothesized
to be a key feature in the development of skeletal muscle
insulin resistance (170). This is most probably mediated
by a lower ability to increase muscle lipolysis during
exercise as was shown in NIDDM (171) and obese
(172,173) subjects. In Figure 2, relative fat source
utilization duringmoderate intensity exercise is depicted
from selected groups of subjects using the same meas-
urement protocol (174,169,175).

Sedentary untrained and trained as well as highly
trained healthy subjects are compared with obese and
obese NIDDM subjects. Although subjects are not
matched for age and body fatness, the figure illus-
trates clearly the low contribution of other fat sources

(IMTG and lipoprotein-derived TG) in the substrate
utilization during moderate intensity exercise in the
obese state. Although not measured, it is assumed based
on the available literature that in the obese and
NIDDM groups the IMTG is higher than in the lean
sedentary and trained subjects. In highly trained ath-
letes, high levels of IMTG are found. Despite the similar
high levels of IMTG in the obese and obese NIDDM
groups, trained athletes show a very large capacity to
use the other fat sources, in particular the IMTG stores.
This topic clearly needs further attention in future
studies because it can give us more insight in the
detrimental role of fat stores in obesity and NIDDM.

VII ROLE OF PHYSICAL ACTIVITY

IN THE ETIOLOGY OF OBESITY

The most recent report from the National Health and
Examination Survey (176) shows that the prevalence of
obesity in the United States continues to increase, and
was at 31%.While this is further evidence that factors in
theU.S. environment are contributing to the population
weight gain, it is not clear whether these environmental
factors are influencing energy intake, energy expendi-
ture, or both. Dramatic changes in the food supply and
in the need for physical activity in daily life have both
occurred over the past century, and each could be

Figure 2 Relative endogenous carbohydrate and fat source
utilization during moderate-intensity exercise in lean seden-

tary subjects before and after a 3-month training period
(from Ref. 220), highly trained athletes (from Ref. 174), and
obese and obese NIDDM subjects (from Ref. 169).
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contributing toweight gain.Unfortunately, population-
based records of food intake are not very accurate, and
physical-activity data (especially lifestyle or nonleisure
physical activity) have not been systematically recorded.
It is interesting to note that national household surveys
of several different countries show a decrease in energy
intake over time. For example, in Great Britain, energy
intake decreased by more than 500 kcal from 1970 to
1990 (177). During the same time, however, body mass
index and average body weight increased by 1.0 BMI
unit and 2.5 kg, respectively. These figures would im-
ply that energy expenditure must have declined by
even >500 kcal. The problem is, we do not have any
data to show whether this might be the case other than
anecdotal information on the number of automobiles
and occupational mechanization. While definitive data
may be lacking, in this section we will examine the
available data suggesting a causal link between physical
activity and obesity.

A Relationship Between Physical Activity

and Body Fatness

Epidemiological studies have consistently shown a neg-
ative relationship between measures of physical activity
(usually self-reports) and indices of obesity (usually
body mass index) (178). This relationship is present in
most datasets obtained from the general U.S. popula-
tion (179,180). The relationship appears to be similar in
men andwomen, and across all ages (181–184). Further,
there is evidence for a similar relationship in African-
Americans (185), Hispanics (186), and Native Ameri-
cans (187). This inverse relationship between BMI and
physical activity has been seen using both self-reports of
amount of physical activity (180) and actual energy
expended in physical activity assessed from doubly
labeled water measures (188,189).

Given that there is a negative relationship between
obesity and physical activity and given that obesity is
increasing dramatically in the population, can we attrib-
ute some of this weight gain to reduced energy expendi-
ture due to declines in energy expended in physical
activity, and can we reduce this weight gain with efforts
to promote physical activity?

B Do Low Levels of Physical Activity Increase

the Risk of Obesity?

Despite the lack of randomized, controlled studies,
there is substantial evidence that low levels of physical
activity may be contributing to the increased prevalence
of obesity in the United States population. In several

cohort studies where indices of obesity over time were
assessed without intervention, associations between low
levels of physical activity and indices of obesity were
found (190–193). In these studies, baseline measures of
physical activity were inversely related to BMI. In some,
low levels of physical activity predicted high weight gain
over the follow-up period (191–193), and decreases in
physical activity over time were associated with high
weight gain (191–193).

Reduced levels of physical activity with age in the
general population may play a role in the development
of obesity. Reductions in physical activity could alter
fiber type composition toward a greater proportion of
glycolytic type IIb fibers that have a reduced capacity
for fat utilization and may predispose to fat accumu-
lation. This could lead to a vicious cycle of reduced
physical activity resulting in further increased type IIb
fiber proportions and decline in fat oxidation, thus
promoting obesity. If a low level of physical activity
contributes to weight gain, can we document a decline
in overall physical activity that coincides with the
increased prevalence of obesity seen over the past
two decades?

C Secular Trends in Physical Activity

For our purposes, we can divide total physical activity
into that activity performed intentionally during lei-
sure time (leisure time physical activity; LTPA) or
activity performed in daily living (lifestyle physical
activity; LSPA). Are there clear secular trends in LTPA
and LSPA?

While there are ample data indicating that the vast
majority of Americans get little or no LTPA, there is
little evidence that this has changed dramatically over
the past two decades (194–196). It is not possible from
existing data to conclude that substantial decreases in
LTPA have occurred simultaneously with the onset of
the obesity epidemic. It is more likely that declines in
LSPA have contributed to the increased prevalence of
obesity, but unfortunately it is difficult to quantify this
contribution. While most obesity experts accept that
technological advances have reduced the amount of
LSPA required, this decline has not been documented
to the extent to allow quantification of the changes. In
fact, it is only in recent years that attempts have begun
to measure LSPA. All indications are that work-related
physical activity has declined. The only prospective data
available come from Finland, where a 225 kJ/d decline
in work-related physical activity has occurred over 10
years (197). Similarly, there is reason to believe that
other forms of energy expended in activities of daily
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living have declined rapidly over the past two or three
decades. One can, for example, estimate the energy
savings due to proliferation of televisions and com-
puters, remote control devices, microwave ovens and
increased use of prepared foods. While each may reduce
physical activity only slightly, together these energy
savings accumulate and can have a significant impact
on total energy expenditure. Declines in energy
expended for transportation have also likely occurred
in recent years. This can best be illustrated with data
from the National Personal Transportation Survey
(198). In the United States between 1990 and 1995, the
number of annual walking trips had declined 12.4%,
while the number of daily car trips had increased nearly
an identical amount (12.3%).

The total amount of energy expended in physical
activity may also be declining owing to an increase in
attractive sedentary activities such as television watch-
ing, video games, and computer interactions. Again,
we do not have good measures of sedentary activity
that would allow us to examine how time spent in
these activities has changed over the past few years. It
is likely, however, that these highly attractive seden-
tary activities are successfully competing with LTPA
for our leisure time.

D Does Increasing Physical Activity Prevent

Weight Gain?

If declines in physical activity have contributed to
weight gain, it may be possible to prevent or slowweight
gain by increasing physical activity. There have been
surprisingly few prospective intervention studies to
examine this question, but several observational studies
are relevant. DiPietro et al. (199) measured a group of
adults coming to the Cooper Clinic at baseline and 7.5
years later. They found that higher levels of aerobic
fitness were associated with lower weight gain in this
population. However, they reported that, over time,
increases in fitness were necessary for subjects to remain
weight stable. Williams (200) found that even among a
highly active group of runners, increasing amounts of
physical activity with increasing age were needed to
prevent weight gain. Ching et al. (201) found that the
combination of high levels of physical activity and a
low amount of time spent watching television/VCR
was associated with a lower BMI at baseline and with
lower weight gain over time. Sherwood et al. (202)
found that a high level of physical activity was one of
the factors that were protective against weight gain in
the Pound study. These authors point out, however,

that a number of factors seem to interact to influence
weight gain over time.

In children, prospective intervention studies do sug-
gest that increasing physical activity can prevent weight
gain. Epstein et al. (203) and Robinson (204) have
reported success in increasing physical activity through
reduction in sedentary activities (e.g., TV, video games).

E How Much Physical Activity Is Required

to Prevent Weight Gain?

There is no consensus about howmuch physical activity
is required to prevent weight gain. The Surgeon-General
recommends accumulation of at least 30 min of moder-
ate-intensity physical activity on most days and on at
least 3 days a week (205). At the time of development of
these recommendations, there were few or no data
relating amount of physical activity to weight gain, so
the recommendations were made using data about
physical-activity level and risk of cardiovascular disease
and mortality rates. The question if whether the data
now available are helpful in defining physical activity
recommendations to prevent weight gain.

It may be helpful to consider prevention of weight
gain separately from prevention of weight regain. We
have more data about the amount of physical activity
required to prevent weight regain in reduced-obese
subjects than we have about the amount of physical
activity required to prevent weight gain over time in the
never-obese. It is not clear if more physical activity is
required to prevent weight regain than to prevent weight
gain, but this should be considered as a possibility.

F Prevention of Weight Regain

There is surprising consensus about the amount of
physical activity that seems to help maintain weight loss
and prevent weight regain. This amount may be 60–90
min of moderate-intensity physical activity each day—
substantially more physical activity than recommended
for health by the Surgeon-General. Schoeller et al. (206)
found that a PAL of 1.75 (1.75 � basal metabolic rate)
was protective against weight regain in a group of obese-
reduced subjects. They recommended 80 min/day of
moderate-intensity physical activity to prevent weight
regain. Studies of the NationalWeight Control Registry
show that subjects maintaining an average weight loss
of 30 kg for an average of 5.5 years reported expending
from 2545 kcal/week (women) to 3293 kcal/week (men)
in physical activity (207). This would be equivalent
to 60–90 min of moderate-intensity physical activity.
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Jakicic et al. (208) found that reduced-obese subjects
who engaged in at least 200 min/week of physical
activity were less likely to regain weight than those
who engaged in less physical activity. Finally, Weinsier
et al. (209) studied women who maintained or gained
weight over time. They found that weight maintainers
were more physically active than weight gainers. They
estimated that it may take as much as 80 min/day to
maintain body weight (depending on diet). It should be
noted, however, that the weight maintainers included
some women who were previously obese and some who
had never been obese.

G Prevention of Weight Gain

There are far fewer data available about how much
physical activity is required to prevent the weight gain
over time seen in the general population. This amount of
weight gain may be on the order of 0.5–1.0 kg/year (55).
Theoretically, an adult could gain 1 kg of body fat over 1
year with an energy imbalance of <50 kcal/d. This
might suggest that the amount of physical activity
required to prevent this weight gain could be relatively
small. However, we have no prospective studies that
have tested this assumption.

H What Characteristics of Physical Activity Are

Important in Preventing Weight Gain?

At present there are insufficient data to recommend
specific types of physical activity for prevention of
weight gain. Some have suggested that more vigorous
physical activity may be better, independent of total
energy expended (210); others suggest that resistance
trainingmay be useful (211). It is interesting to note that
subjects in the National Weight Control Registry report
engaging in weightlifting to a greater extent than is seen
in the general population. On the other hand, West-
erterp (212) noted that the cumulative impact of low-
intensity activities over greater duration is of greater
energetic impact than short bursts of high-intensity
physical activities in free-living individuals. Thus, not
only are recommendations for exercise germane but also
those to reverse sedentariness.

I How to Increase Physical Activity?

While definitive randomized controlled studies show-
ing that increasing physical activity can prevent weight
gain are lacking, substantial indirect evidence suggests
that increasing physical activity is likely to be one of

our most effective strategies for reducing the weight
gain seen in the general population. The evidence is
strong enough that we should expand the efforts
toward understanding how to get the population more
physically active.

Attempts to increase physical activity by increasing
LTPA have not met with overwhelming success, since
LTPA has not increased over the past decade (194–196),
but efforts to increase LSPA may be more promising
(213,214). Increasing walking could be effective in
increasing physical activity sufficiently to prevent
weight gain (215). A limitation in promoting LSPA
has been the difficulty in measuring it, but technological
advances have brought pedometers and accelerometers
that allow the individual some feedback about amount
of LSPA performed (216–218). These devicesmay prove
to be very useful in population efforts to increase
physical activity. It will also be necessary to consider
policy strategies to promote physical activity, as was
reviewed elsewhere (219).
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I INTRODUCTION

Obesity is a fundamental disorder of energy balance in
which excessive energy stores accumulate in the form of
fat in response to sustained high energy intake and/or
low expenditure. While genetic factors influence obesity
through endocrine mechanisms, the majority of endo-
crine changes observed in obese subjects are consequen-
ces of obesity. The endocrine mechanisms giving rise to
disturbances of fat distribution, and by which obesity
gives rise to its principal complications—diabetes, car-
diovascular disease, and female reproductive dysfunc-
tion—are becoming clear. In this chapter we consider
the unusual primary endocrine causes of obesity, includ-
ing recently described genetic syndromes, and then
focus on the more common alterations in endocrine
function that are characteristic of obesity—distur-
bances in insulin secretion and action, adrenocortical
function, sex steroid secretion, the growth hormone in-
sulinlike growth factor and pituitary-thyroid axes. The
evidence that these changes play a role in either the
determination of corpulence or the perpetuation of
the obese state is considered.

II PRIMARY ENDOCRINE DISEASE

AS A CAUSE OF OBESITY

Diseases in which primary endocrine disturbances are
the cause of obesity are unusual in clinical practice. This
group of disorders (Table 1) includes structural lesions
of the hypothalamus, of which craniopharyngioma, or
its treatment with surgery or radiotherapy, is the com-
monest. The mechanisms responsible for weight gain in
this situation include hyperphagia, reduced resting me-
tabolic rate, and autonomic imbalance leading to hy-
perinsulinemia (1). Treatment, which reduces insulin
secretion, promotes weight loss in a subset of such pa-
tients (2). Patients with growth hormone (GH) defi-
ciency secondary to pituitary/hypothalamic disease also
have increased body fat and reduced muscle mass, and
this is corrected by GH replacement (3–7). Genetic de-
fects affecting the function of this brain region include
Prader-Willi syndrome, until recently the commonest
knownmonogenic form of obesity. Mutations in leptin,
leptin receptor, pro-opiomelanocortin (POMC), and
melanocortin-4 receptor (MC4R) have now been
described in obese humans (8–11), but these are rare
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in clinical practice. Hyperphagia is the main mechanism
leading to obesity. MC4R mutations, however, appear
to bemore common, present in possibly 4%ofmorbidly
obese patients (12). As genome scans identify other loci
linked to human obesity new genes await discovery.
However, overt endocrine defects of primary signifi-
cance are seldom observed in the obesity clinic, confirm-
ing that most of the observed endocrine changes are
adaptations to obesity.

III INSULIN SECRETION AND ACTION

IN OBESITY

A major consequence of obesity is impaired insulin
action, and this leads to increased insulin secretion from
islet h-cells. This abnormality is fundamental to under-
standing themetabolic complications of obesity (Fig. 1).
Insulin resistance and hyperinsulinemia are central to
the pathogenesis of ischemic heart disease (13), and, in
individuals whose h-cells are unable to compensate for
insulin resistance, glucose tolerance is progressively im-
paired and type 2 diabetes supervenes (14).

Although obesity is characterized by elevated fast-
ing insulin and exaggerated insulin response to oral
glucose (15), it is intra-abdominal fat deposition—
central obesity—that is particularly associated with a
decline in insulin sensitivity (16). Hepatic insulin extrac-
tion is reduced in central obesity (17), further increasing
plasma insulin levels. While increased body weight
moderately reduces hepatic and peripheral insulin sen-
sitivity, central obesity causes far greater impairments.
With the advent of computed tomography and mag-
netic resonance imaging, it has been possible to confirm
that visceral, rather than overall, adipose tissue mass is
primarily related to the decline in insulin sensitivity and
accompanying defects (18).

Several mechanisms account for the effects of obesity
on insulin action. Plasma fatty acid (FA) levels are
elevated in obese subjects despite normal glucose
homeostasis (19). Fatty acids impair insulin-stimulated

Table 1 Primary Endocrine Causes of Obesity in Humans

Structural damage to hypothalamus

Craniopharyngioma
Pituitary macroadenoma with suprasellar extension
Other space-occupying lesions

Trauma
Infiltration
Inflammation
Surgery and radiotherapy

Other contributing factors
GH deficiency
Hypogonadism

Panhypopituitarism
Genetic syndromes of obesity with hypothalamic dysfunction

Prader-Willi syndrome

Leptin deficiency
Leptin receptor deficiency
POMC mutation
Melanocortin-4 receptor mutation

Figure 1 Endocrine relationships among visceral obesity, insulin resistance, and steroid metabolism.
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glucose uptake and oxidation inmuscle (20) and insulin-
mediated suppression of hepatic glucose output (21). It
has been suggested that FA released by visceral fat play
a key role in the impairment of liver and muscle insulin
sensitivity (22). Recently, it has been suggested also that
FA accumulation in muscle may be a key event in the
impairment of insulin sensitivity (23).

Impaired glucose transport and insulin signaling
have attracted attention as possible explanations for
insulin resistance. In premenopausal women, insulin-
stimulated activity of the enzyme glycogen synthase
in quadriceps muscle declined with increasing obesity
and insulin resistance during a somatostatin-insulin-
dextrose infusion (24). An inverse relationship was ob-
served between insulin receptor numbers and a measure
of upper-body obesity, waist-to-hip ratio (WHR). Obe-
sity was also associated with depletion of adipocyte
glucose transporters (GLUT4) (25). Severe insulin re-
sistance in type 2 diabetic patients was associated with a
still greater fall in GLUT4 mRNA compared to simple
obesity that involved both plasma membrane and cyto-
solic compartments. In both patient groups, suppres-
sion of GLUT4 mRNA expression entirely accounted
for impaired insulin responsiveness in adipose tissue.
In contrast, no differences were seen in skeletal muscle
GLUT4 content or mRNA from control subjects (26).
These studies support the concept of a primary defect in
GLUT4 in adipocytes but not in muscle.

More recently, it has been shown in animal models
that knockout of GLUT4 in adipose tissue leads to
insulin resistance in liver and muscle (27). The mech-
anism responsible for this remains to be determined
but FA are a leading candidate. Declining muscle
insulin sensitivity may also result from decreased func-
tional activity of GLUT4 or impairment of insulin-
stimulated translocation of intracellular GLUT4 to the
cell surface. It has been demonstrated that chronic
exposure to high concentrations of glucose and insulin
reduces insulin-stimulated glucose transporter trans-
location (28). Thus hyperglycemia and/or hyperinsuli-
nemia may contribute to insulin resistance.

Many other hormones and mediators are released by
adipose tissue (29), some affecting insulin secretion and/
or action. Leptin was found by some (30,31), but not all,
investigators to inhibit insulin signaling. However, lep-
tin also inhibits insulin secretion (32), and this may
impair glucose tolerance. TNFa is also expressed in
adipocytes and may cause insulin resistance in obesity
(33). A comprehensive discussion of other factors is
beyond the scope of this chapter. These include prosta-
noids, angiotensinogen, IGF-1, IL-6, adiponectin, com-
plement components and related molecules, and

resistin. It is clear that there are many potential mech-
anisms through which an increased adipose tissue mass
can influence insulin secretion and action.

IV ADRENOCORTICAL FUNCTION

IN OBESITY

Obesity is associated with complex changes in the
hypothalamic-pituitary (HPA) axis (Table 2). Obese
subjects have normal plasma and urinary cortisol levels
but accelerated cortisol production and degradation
(34,35), and the daytime variation is reduced with di-
minished morning peaks (36–38). A moderate elevation
of plasma ACTH levels is seen in obesity (39), with the
ACTH response to insulin-induced hypoglycemia posi-
tively correlating with body weight (40). Furthermore,
HPA axis activation after a meal is greater in women
with central than peripheral obesity or normal weight
(41). Hyperreactivity of the HPA axis in obese subjects
to both neuropeptides and stress is also observed (42).
Elevations in stress-related salivary cortisol profiles
have been associated with central obesity in men (43),
which supports the concept that stress may predispose
to central obesity through HPA axis activation.

There are several additional lines of evidence that
demonstrate the association of increased HPA activity
and central obesity. Cortisol inhibits the antilipolytic
effects of insulin in adipocytes, and this may be more
pronounced in visceral adipose tissue (VAT), which
contains increased numbers of glucocorticoid recep-
tors (44). Increased cortisol clearance may result from
a decrease in cortisol-binding globulin, as well as
increased glucocorticoid receptor binding (45), espe-
cially in visceral adipocytes with a high density of
glucocorticoid receptors (46). It has been suggested that
increased expression of 11-h-hydroxysteroid dehydro-
genase in omental fat also may increase local cortisol
production, thereby promoting central obesity (47).

Table 2 Principal Abnormalities of the HPA Axis in
Obesity

Increased stress-induced ACTH secretion
Increased cortisol secretion
Decreased cortisol-binding globulin
Increased cortisol clearance

Flat diurnal cortisol profile
Reduced morning cortisol peak
Impaired dexamethasone suppression

Increased adrenal androgen production
Normal 24-hr urinary cortisol levels
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The obesity-related acceleration in adrenocortical
function and cortisol clearance is associated with an
increased adrenal androgen production and increased
urinary 17-ketosteroid excretion. (48). Increased dehy-
droepiandrosterone (DHEA) turnover occurs in obese
women (49), and androgen clearance correlates with
WHR. In premenopausal women serum DHEA corre-
lates positively with truncal but negatively with leg fat,
whereas these effects are not seen in men (50,51). In
women, a shift toward central fat deposition may be an
androgenic effect of DHEA. In healthy postmenopausal
women, androgen levels are inversely related to fasting
plasma glucose levels, and predict central obesity 15
years later (52). A positive correlation is reported be-
tween body weight and changes in DHEA and DHEA/
17-hydroxyprogesterone ratio after administration of
ACTH (53). In vitro studies also suggest less inhibition
of 17-hydroxylase compared to 17,20-desmolase by
DHEA (54), favoring further androgen production.
Thus, DHEA may contribute to abdominal fat cell
accumulation with resulting insulin resistance and hy-
perinsulinemia. The latter depresses SHBG, resulting in
an increase in free testosterone levels and further vis-
ceral fat accumulation.

In conclusion, dysregulation of the HPA axis in obe-
sity—especially central obesity—results from two dis-
tinct alterations. The first is central and characterized by
altered ACTH secretory dynamics and hyperrespon-
siveness of the HPA axis. The other is located in the
periphery, including visceral adipose tissue, and is char-
acterized by supranormal cortisol production and tis-
sue response.

V CUSHING’S SYNDROME AND OBESITY

There are many similarities between central obesity and
Cushing’s syndrome. Cushing’s syndrome is character-
ized by insulin resistance, impaired glucose tolerance,
hypertension, dyslipidemia, central obesity, and muscle
weakness (55). In addition, decreased plasma SHBG
and raised free testosterone levels are features of Cush-
ing’s syndrome. Furthermore, women with central obe-
sity and women with Cushing’s syndrome do not show
the typical female increase in fat cell size and LPL ac-
tivity in femoral versus abdominal adipocytes. Instead,
LPL activity in enlarged abdominal fat cells is increased
two to three times that of normal-weight women. It is
likely that this results from a combined action of
increased cortisol and insulin: human adipose tissue
exposed in vitro to high concentrations of cortisol shows
increased LPL activity in the presence of insulin (44).

These findings suggest cortisol has a preferential effect
on abdominal fat because no clear difference from
normal is found in femoral fat. This may reflect
increased glucocorticoid receptors in abdominal fat
(46). Diminished lipolysis in Cushing’s syndrome results
in a decreased capacity of abdominal fat cells to mobi-
lize fat, leading to adipocyte enlargement. Thus, central
obesity in Cushing’s syndrome may result from in-
creased LPL activity and reduced lipolysis.

Muscle changes in central obesity and Cushing’s
syndrome are also similar. Subjects with central obesity
show a relative decrease in type I muscle fibers, as in
Cushing’s syndrome (55). In women with Cushing’s
syndrome, vastus lateralis muscle contains normal gly-
cogen levels but very low glycogen synthase activity, the
likely consequence of reduced insulin sensitivity (55).
Fiber composition in such women (and in women with
central obesity who were not cushingoid) is character-
ized by relative abundance of type IIb and scarcity of
type I fibers compared to women with gynoid obesity.
Moreover, a correlation is seen between the proportion
of type I fibers and insulin sensitivity, and between type
IIb and insulin resistance: type I fibers show higher
insulin sensitivity and bind insulin more efficiently.
Thus, the muscle fiber composition in Cushing’s syn-
drome resembles that seen in central obesity.

VI REGIONAL DISTRIBUTION

OF ADIPOSE TISSUE

Fat topography can be defined at two levels: first, by
individual differences in adipose tissue cell character-
istics, and second, by the anatomical distribution of
body fat (56,57). The factors controlling fat localization
are not fully understood, but regional differences in
lipolysis may play a role. Human adipose tissue is richly
endowed with h2-, h3-, and a2-adrenoceptors; agonists
ath2/h3-receptors enhance lipolysis whereasa2-agonists
inhibit lipolysis. In both men and women, the lipolytic
response to norepinephrine is more marked in abdomi-
nal than gluteal or femoral fat (56). Furthermore,
analysis in men and women suggests that male fat
distribution reflects predominence of a2- over h-adre-
nergic activity in abdominal fat (58). There is consid-
erable evidence that LPL activity influences regional fat
distribution. There are significant gender and regional
differences in LPL activity that parallel variations in
adiposity. Premenopausal women have higher LPL
activities in gluteal and femoral regions than men, but
this difference disappears after the menopause (59). In
addition, women have quantitatively more LPL in
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gluteal and femoral fat, which contains larger cells, than
they do in abdominal adipocytes. These differences in
fat distribution between men and women may be
explained by the tendency for premenopausal women
to deposit fat preferentially in subcutaneous depots. A
regional difference is seen in the response of adipose
tissue to catecholamine-induced lipolysis, which is prob-
ably localized at the adrenoceptor level: stimulation of
protein kinase abolishes the lipolytic differences
between site and gender (60). Insulin is permissive for
LPL synthesis, and glucocorticoids enhance the activity
of LPL when added with insulin in vitro (44). Sex
steroids are strongly implicated in the regional distribu-
tion of body fat, and gender differences are seen also in
LPL activity particularly during pregnancy and lacta-
tion (61). It is likely that regional variation in receptors
for glucocorticoids and sex steroids plays an important
role in determining regional fat distribution. Endocrine
determinants of fat distribution are discussed at length
elsewhere in this volume.

VII SEX STEROID SECRETION

IN OBESITY

Excess fat accumulation in women is associated with
ovulatory dysfunction, hyperandrogenism, and the
development of hormone-sensitive carcinomas (62).
Both overall adiposity and fat distribution correlate
with these changes (63,64). Menarche frequently occurs
at a younger age in obese girls and menstrual abnor-
malities are common in adulthood (65). Weight loss has
a salutary effect on ovulatory function with the return of
menses in previously amenorrheic obese women. Obese
women exhibit distinct changes in sex steroid levels (64).
Androstenedione and testosterone plasma concentra-
tions are often elevated, sex hormone–binding globulin
(SHBG) levels reduced, and the plasma ratio of estrone
to estradiol increased. This is similar to the patterns
found in womenwith polycystic ovary syndrome. Evans
and colleagues (63) showed that body weight andWHR
correlate inversely with SHBG levels and directly with
free testosterone. Others describe a higher production
rate from the adrenal cortex and ovaries and increased
clearance of testosterone and dihydrotestosterone (64).
The clearance of testosterone increases as SHBG de-
creases, the consequence of an increased fraction of
unbound testosterone available for hepatic extraction
and clearance (65). Fat is able to sequester steroids,
including androgens, because of their lipid solubility,
and most sex steroids are preferentially concentrated
within adipocytes rather than plasma (66). As a result,

the steroid pool is greater in obese than in lean subjects;
the fat volume in obese subjects is much larger than the
intravascular space, and tissue steroid levels are 2–13
times higher than in plasma. Fat serves not only as a
reservoir but also as a site for steroid metabolism.
Androgens are irreversibly aromatized to estrogens or
reversibly converted to other androgens (67).

There are two possible explanations for the obesity-
related increase in androgen production rate. The first
is hypothalamic-pituitary-gonadal and adrenal com-
pensation for increased clearance. Alternatively, the
increase in ovarian and adrenal production is stimu-
lated by factors such as insulin and, with falling
SHBG production, increased bioactivity and clearance
of free steroid (68). Increased androgen levels favor
central fat deposition with an additional increase in
steroid clearance through adipose tissue sequestration
and metabolism. Unlike most hormone receptors, the
number of androgen receptors in fat cells increases
with exposure to testosterone. Interestingly, hypogo-
nadism in men is associated with a significant decrease
in the lipolytic response to catecholamines while treat-
ment with testosterone normalizes this response and
increases triglyceride turnover. The lipolytic effect of
testosterone is mediated by an increase in h-adreno-
ceptor numbers and the activity of adenylate cyclase,
protein kinase A, and hormone-sensitive lipase. The
density of abdominal subcutaneous adipose tissue a-
adrenoceptors is higher in men than in women. Thus,
although the main effect of androgens is lipolytic,
these hormones may also increase the number of
antilipolytic adrenoceptors. Long-term treatment with
testosterone of hypogonadal men leads to a marked
decrease in both LPL activity and FA uptake in
abdominal but not femoral subcutaneous fat. More-
over, the inhibition of lipid uptake after testosterone
administration is more apparent in visceral than in
abdominal subcutaneous adipose tissue. Such results
are in line with studies that show androgen receptors
have a higher density in visceral fat than in subcuta-
neous fat cells (69).

Obesity in men is characterized by reductions in total
and free testosterone, and SHBG concentrations. Such
men with lower free testosterone have lower lipolytic
responses to catecholamines and higher LPL activity in
adipose tissue. These metabolic adaptations may con-
tribute to the lower triglyceride turnover and body fat
accumulation in these subjects (70). In addition, there is
a strong negative correlation between leptin and free
testosterone that is independent of plasma insulin con-
centration. This may be the explanation for the lower
serum leptin levels in men compared to women (71).
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VIII ESTROGEN METABOLISM

IN OBESITY

Excess body fat leads to changes in the hypothalamic-
pituitary-ovarian axis and ovarian function (72). The
production of estrogen and its precursors, including
androstenedione and testosterone, decreases with age
and after the menopause. In premenopausal women,
mean 24-hr plasma estrone and estradiol levels do not
differ in obese and lean women (73). However, obese
women have lower SHBG levels and increased free
estrogen. In postmenopausal obese women, serum
estrone and estradiol correlatewith fatmass (74). SHBG
levels are also lower in older women, further elevating
free estradiol levels. Aromatization of androstenedione
to estrone occurs in adipose tissue of premenopausal
and postmenopausal women and is closely related to
body weight (75). Aromatization increases with age and
is two to four times higher in postmenopausal women
(76). Androstenedione is the major substrate for estro-
gen formation; although only a small amount of testos-
terone is aromatized, this may be of greater significance.
Longcope and colleagues (77) have reported associa-
tions between body weight and the conversion of tes-
tosterone to estradiol. The interconversion of estrone to
estradiol is also greater in omental than subcutaneous
fat (78,79). Furthermore, adipose tissue 17-hydroxyste-
roid dehydrogenase activity, measured by the conver-
sion of estrone to estradiol, is higher in premenopausal
than postmenopausal women, and women have higher
activity than men (78). Estrogens should not be consid-
ered as passive byproducts of obesity because they
positively promote preadipocyte proliferation, preser-
vation, and further expansion of adipose tissue (79).

IX SEX HORMONE–BINDING GLOBULIN

IN OBESITY

Sex hormone–binding globulin (SHBG), produced by
the liver, binds to sex steroids in high affinity but low
capacity (80). Levels of SHBG are inversely related to
fat mass and WHR (63), so obesity results in increased
free steroid levels and clearance. Aromatization rates
correlate with free rather than total androgen. The
lower affinity of SHBG for estradiol relative to testos-
terone also results in an estrogen amplification effect on
sensitive tissues (particularly the liver) with decreasing
SHBG levels (80). Central obesity in women is charac-
terized by higher total testosterone, with increased
production rates, increased estradiol, and reduced
SHBG compared to lower body obesity (81).

Obesity probably influences SHBG production by
several mechanisms. Obesity-related hyperandrogenism
may itself reduce SHBG levels, increasing clearance of
testosterone and estradiol (72). However, insulin inhib-
its SHBG synthesis (82), and hyperinsulinemia is prob-
ably the main mechanism leading to the fall in SHBG
production in central obesity. Hyperinsulinemia, in
conjunction with increased free IGF-1, further increases
ovarian androgen secretion, thereby contributing to a
vicious circle of events (68,83).

X POLYCYSTIC OVARY SYNDROME

AND OBESITY

The polycystic ovary syndrome (PCOS) (84) is the most
common endocrine disorder of reproduction. Moderate
degrees of excess bodyweight are frequently observed
in the syndrome, fueling speculation that obesity is a
causal factor. The multiple endocrine and metabolic
defects associated with PCOS are summarized in
Table 3.

The ovaries in PCOS show thickened cortices and
increased numbers of atretic follicles. The androgen-
producing stroma are usually hyperplastic. There is
hyperplasia of thecal cells, and immature granulosa
cells are unable to convert androgens to estrogens.
Many of these features are seen in obese women with
normal menstrual function, but in this circumstance the
ovary is not enlarged (85). Similar morphology is seen in
women with Cushing’s disease and congenital adrenal
hyperplasia, syndromes also associated with hyperan-
drogenism (86). What are the common features of
PCOS and obesity, and is it possible to distinguish
PCOS from obesity?

Table 3 Principal Metabolic Abnormalities Associated with
Obesity and the PCOS

Insulin resistance

Hyperinsulinemia
Impaired glucose tolerance
Type 2 diabetes
Dyslipidemia

Increased adrenal androgen secretion
Increased ovarian testosterone secretion
Increased aromatization of androstenedione

Increased estrone/estradiol ratio
Decreased SHBG
Decreased IGFBP-1

Increased free steroid concentrations
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In contrast to obesity, the ovaries in PCOS are the
major source of androgens, with LH-dependent pro-
duction (86). PCOS is characterized by increased plas-
ma androstenedione and testosterone and a reversed
estradiol:estrone ratio. SHBG is also reduced in PCOS,
as in obesity (63,87). Testosterone is formed in periph-
eral tissues by conversion from androstenedione,
DHEA, and DHEAS, while estrone is both secreted
by the ovaries and derived from extragonadal aromati-
zation. In both PCOS and obesity, aromatization rates
of androstenedione to estrone by adipose tissue corre-
late with body weight (88). In contrast to obesity,
however, PCOS is marked by increased LH secretion,
reflecting increased pituitary sensitivity to gonadotro-
pin-releasing hormone (GnRH).

The etiology of PCOS is controversial. Much evi-
dence supports a key role for insulin resistance, and this
may explain the association of PCOS with obesity.
Insulin increases free testosterone levels in PCOS by
increasing production of testosterone and suppressing
that of SHBG (89). Women with PCOS are insulin
resistant and hyperinsulinemic, and often develop
impaired glucose tolerance and type 2 diabetes (90).
Although the degree of hyperinsulinemia is propor-
tional to body weight, lean women with PCOS are also
insulin resistant. In PCOS, as in obesity, increasing
central obesity is associated with insulin resistance and
reduced hepatic insulin extraction (68). Obese women
with PCOS are significantly more hyperinsulinemic
than nonobese women with PCOS (91). However, sup-
pression of gonadal steroidogenesis with a long-acting
GnRH analog does not affect plasma insulin levels or
insulin sensitivity (92), which argues against steroids as
the cause of insulin resistance. Hyperinsulinemia may
drive ovarian steroidogenesis to produce PCOS (68).
Nestler and colleagues (93) observed a fall in plasma
insulin and testosterone levels in obese women with
PCOS given diazoxide, with no effect on gonadotropin
release. Subsequent studies with the insulin-sensitizing
agents metformin and thiazolidinediones (94–96) con-
firm the findings with diazoxide. Ovarian P450c17a-
hydroxylase activity declines markedly in obese and
lean women with PCOS after the reduction of serum
insulin with metformin (97).

An additional mechanism bywhich insulin influences
androgen secretion involves IGFBP-1. Lean women
with PCOS show a positive correlation between plasma
insulin and IGF-1 concentrations and a negative one
with IGFBP-1, a pattern identical to that in obesity (98).
Since IGFBP-1 acts as an inhibitor of IGF-1 action, its
suppression by insulin favors increased androgen pro-
duction by increasing ovarian levels of free IGF-1. IGF-

1 is a potent amplifier of LH-induced androgen syn-
thesis (99).

An alternative theory for the etiology of PCOS is the
gonadotropin hypothesis, which postulates a primary
role for increased LH secretion relative to FSH.
Against a primary role for the hypothalamus in PCOS,
however, is the fact that increased LH secretion is not a
usual finding in most obese women of reproductive age,
and this argues against increased gonadotropin secre-
tion as the initial event in the obesity-PCOS relation-
ship. Finally, the finding that weight loss improves
menstrual function in obese women with PCOS (100)
supports the contention that obesity is a cause of the
ovarian disturbance.

XI THE GROWTH HORMONE/

INSULINLIKE GROWTH

FACTOR AXIS IN OBESITY

The growth hormone (GH)/insulinlike growth factor
(IGF) axis is an important regulator of body compo-
sition throughout life. Multiple GH-IGF axis defects
are present in obese individuals (Table 4), although
these are usually maladaptive consequences, rather
than primary etiological factors. However, GH hypo-
secretion is physiologically relevant to increasing body
fatness. Subcutaneous fat is markedly increased in
GH-deficient subjects (101), and abdominal rather
than peripheral adiposity is closely associated with
GH hyposecretion (102). In one study of GH-deficient
subjects, visceral fat was decreased by 30% after 6
months’ treatment with GH (103). GH deficiency is
associated with impairments of lipolysis in fat and
protein synthesis in muscle (104)—an unfavorable com-
bination in the context of obesity. Several mechanisms
contribute to reduced GH levels in obesity including
inhibition of secretion by nutrient and neuroendocrine
signals, increased binding, and clearance. GH secretion
is reduced in response to both pharmacological and
physiological stimuli (105). The reduction in GH secre-

Table 4 Principal Abnormalities of the GH-IGF Axis in
Obesity

Decreased GH secretion
Increased GHBP secretion

Decreased IGFBP-1
Decreased IGFBP-3
Low/normal total IGF-1

Increased free IGF-1
Decreased ghrelin secretion
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tion is due mainly to a reduction in pulse amplitude
rather than frequency (106). The clearance of both
exogenous GH and endogenous GH is increased in
obesity (107,108), and the consequences of reduced GH
secretion are further amplified by increased levels of
GH-binding protein (GHBP) (109), particularly in cen-
tral obesity (110).

Circulating FA levels are increased in obesity, and
contribute to the downregulation of GH secretion.
Thus, an intravenous lipid infusion impairs the GH
response toGHRH in humans (111). A direct inhibitory
effect of FA on pituitary GH secretion explains this
phenomenon (112). The usual inhibitory effect of glu-
cose on GH secretion is blunted in obesity, suggesting a
disturbance of hypothalamic glucose sensing (113).
Chronic carbohydrate overfeeding impairs GH
responses without any increase in body weight (114).
It is currently unclear whether this results from direct
nutrient effects or neuroendocrine mechanisms. Insulin
suppresses GH secretion in vitro (115), so hyperinsuli-
nemia may contribute to GH hyposecretion in obesity.
Other factors involved in the downregulation of GH
secretion are IGF-1 and its binding proteins. IGF-bind-
ing protein 1 and 3 (IGFBP-1, IGFBP-3) are reduced in
obesity; the decreased serum IGFBP-1 levels are in-
versely related to fasting insulin and WHR (116,117).
Insulin stimulates synthesis of IGF-1 and suppresses
that of IGFBP-1. The hyperinsulinemia of obesity, in
conjunction with increased IGF-1 output from an ex-
panded adipose tissue mass, may explain the elevated
levels of free IGF-1 in obesity (118). Free IGF-1 exerts
negative feedback on GH secretion in pituitary cells.
Confirming this mechanism, the GH response to
GHRH in obese humans is suppressed by exogenous
IGF-1 (119). A final mechanism for GH hyposecretion
is suggested by the recent finding of reduced plasma
ghrelin levels in obesity (see below).

Evidence that GH hyposecretion contributes to the
maintenance, and perhaps the pathophysiology, of the
obese state, is provided by clinical trials of administer-
ing GH to obese subjects. In a 9-month study of rhGH
in men with central obesity, total body and visceral fat
declined by 9.2% and 18.1%, with improved glucose
tolerance, lipid profile, and blood pressure (120). The
mechanisms responsible for the beneficial effect on fat
mass are probably multiple, including increased lipol-
ysis (121), lean body mass, and resting metabolic rate
(122). There is evidence that GH may augment plasma
leptin levels in GH-deficient humans (123), which could
promote negative energy balance, although GH has no
effect on leptin in obese adults (122). Lastly, in preadi-
pocytes, IGF-1 promotes and GH suppresses adipocyte
differentiation (124,121), raising the interesting possi-

bility that the high IGF-1/low GH environment of
obesity favors adipocyte differentiation. Finally, the
observation that weight loss reverses the defects in
GHand IGF-1 secretion (125) and reducesGHBP levels
(126), confirms that these abnormalities are indeed
secondary to obesity.

XII GHRELIN AND OBESITY

A discussion of obesity and the GH-IGF axis would no
longer be complete without mention of ghrelin. Ghrelin
is a 28–amino acid GH secretagogue expressed in gut
neuroendocrine cells—mainly in the gastric fundus, as
well as the arcuate nucleus of the hypothalamus (127).
Ghrelin is the endogenous ligand for the previously iden-
tified growth hormone secretagogue receptor (128).
Whether administered to pituicytes in vitro, ICV to
animals, or by peripheral injection to animals and
humans, ghrelin powerfully elicits GH secretion (129).
Unexpectedly, both ICV and peripheral injection of
ghrelin in animals and humans also elicited strong
feeding responses, and weight gain was observed in
animals. Gastric ghrelin expression and secretion
increase with fasting and decline in the postprandial
state. In the stomach, ghrelin has a prokinetic effect,
whereas circulating ghrelin appears to stimulate feeding
and induce weight gain and gastric acid secretion
through central effects.

The effect on weight is probably mediated through
central antagonism of leptin and other anorectic cyto-
kines through signals delivered via vagal afferents,
rather than a direct bloodborne effect on the hypothala-
mus (130). This action is mediated through increased
expression of hypothalamic neuropeptide- Y (130) and
Agouti-related protein (AGRP) (131). Reduced plasma
ghrelin concentrations have been reported now in
human obesity (132), and may result from the higher
leptin or insulin levels in obese subjects. Both leptin and
interleukin-1h reduce ghrelin expression in the stomach
(130). Thus, circulating ghrelin controls hypothalamic
sensitivity to anorectic signals while some of the same
signals regulate peripheral ghrelin release.

Although the role of ghrelin in energy homeostasis
remains to be fully clarified, on the basis of these data it
has been proposed that both centrally released and
peripheral circulating ghrelin of gastric origin are
involved in the regulation of GH secretion and feeding,
and therefore that circulating ghrelin explicitly impacts
central control of feeding and GH secretion. Further
research should clarify the extent to which these actions
are distinct or intrinsically linked. Given this apparent
dual role, however, it is possible that circulating ghrelin
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couples activity of the GH-IGF axis to signals that in-
duce negative energy balance such as leptin and cyto-
kines. The defence of lean body mass in the fasting
state—an important function of the GH-IGF axis—
would be more efficient if concurrent anorectic and
thermogenic signals could be shut down. However,
while ghrelin downregulation in the stomach may be
an appropriate adaptation to obesity, by potentiating
the central actions of signals that induce negative
energy balance, and reducing gastric acid secretion
and motility, it is also possible that low ghrelin secre-
tion might have less desirable effects including contrib-
uting to the maladaptive reduction of GH secretion
characteristic of the obese state.

XIII THE PITUITARY-THYROID AXIS

IN OBESITY

Although hypothyroidism can present with weight
gain, the hypothalamic-pituitary-thyroid (HPT) axis is
not considered to play a major role in the etiology of
obesity. However, thyroid hormone is an important reg-
ulator of genes for energy homeostasis (133–137). An
additional direct nongenomic effect of 3,5-di-iodothy-
ronine on mitochondrial respiration has been suggested
(138). During fasting, overfeeding, and in obesity,
adaptations occur at all levels of the HPT axis. The
availability of free hormonemeasurements and sensitive
thyrotropin-stimulating hormone (TSH) assays over
the past two decades has aided research in this area.
Although a study in obese adults found no change in
free thyroid hormone levels (139), a study of lean and
obese children reported that the median TSH and

thyroid hormone levels were elevated in obese subjects,
although still within the reference ranges (140). In-
creased TSH and decreased prolactin responses to
TRH are also seen in obesity (141), suggesting central
upregulation. Levels of TSH also correlate with body
fat and plasma leptin in obese subjects (142), consistent
with central upregulation. Experimental data in humans
confirm that the HPT axis is under nutritional control.
Overfeeding increases total levels of thyroid hormone
and reduces levels of reverse-T3, (143), whereas fasting
reduces free T3 and free T4 levels in obese subjects (144).
Although 5V-deiodinase activity is under nutritional
control and regulates T4-T3 conversion, the fasting-
induced fall in T3 is mainly due to reduced thyroid
secretion (145). Therefore, the main nutritional and
obesity-related changes in the HPT axis occur centrally.
The mechanism for this involves the action of leptin in
the arcuate nucleus on POMC and NPY-containing
neurones (146,147). Thus, the HPT axis makes appro-
priate adaptations to fasting, defending body weight
and muscle mass. As with other endocrine mechanisms,
the HPT axis has little capacity for the reverse adapta-
tion in the obese state. Thyroid hormones have at-
tracted interest in obesity treatment, but their primary
effect is to reduce lean rather than fat mass (148). This
and other side effects confirm that therapeutic hyper-
thyroidism is not a treatment option for obesity.

XIV CONCLUSIONS

Obesity causes many endocrine adaptations and
defects related to fuel metabolism, energy storage,
and reproduction (Fig. 2). Overt endocrine causes of

Figure 2 Endocrine consequences of obesity.
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obesity are unusual, but advances in genetics are
identifying a small number of genes predisposing to
obesity. The endocrine adaptations to obesity, with the
exception of glucocorticoids and sex steroids, and their
effect on fat distribution, are not important in the
causation of obesity. They may, however, contribute
to the perpetuation of corpulence. Such endocrine adap-
tations have evolved to store fuel efficiently during times
of plenty and to defend the lean body mass in times of
famine. Unfortunately, they have little capacity for
reverse adaptations in the face of continuous positive
energy balance and consequential obesity.
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I INTRODUCTION

Obesity is a heterogeneous disorder with wide variations
in risks for complicating diseases. The recognition of
the marked differences between excess fat localized in
different parts of the body has markedly increased the
knowledge of mechanisms by which metabolic and
cardiovascular risk factors and diseases aggregate to
specific phenotypes of obesity. At the same time, emerg-
ing scientific interest has increased our understanding of
the main metabolic and hormonal factors involved in
the pathophysiology of different obesity phenotypes.

This chapter will focus on the concept of adipose
tissue as an endocrine organ, the regulation of the li-
polytic/lipogenetic balance, the physiology of hormone
regulation of different adipose tissue depots, and the
role of hormonal derangements in the pathophysiology
of different obesity phenotypes, particularly the abdo-
minal phenotype.

II ADIPOSE TISSUE AS AN

ENDOCRINE ORGAN

Adipocytes are well known for their essential role as
triglyceride depots, from which energy is called forth at
times of need in the form of free fatty acids (FFAs) and
glycerol. However, in the past few years, it has been
definitively established that adipose tissue may also act
as an endocrine organ. In fact, adipocytes express and
secrete a number of peptidergic hormones and cyto-
kines, which help to maintain homeostasis; vasoactive

peptides, whose proteolytic products regulate vascular
tone; and leptin, which plays a central role in regulating
energy balance (1). Adipose tissue can also produce
active steroid hormones, including estrogens and corti-
sol, by conversion of androgen precursors and inactive
glucocorticoids, respectively. Through such secreted
products, adipocytes may deeply influence local adipo-
cyte biology, as well as systemic metabolism at sites as
diverse as brain, liver, muscle, pancreatic h-cells, go-
nads, lymphoid organs, and systemic vasculature (2).

Adipose tissue is also tightly regulated in its differ-
entiation process and in its metabolic functions bymany
hormones. Each hormone has its own peculiar effect,
according to the receptor expression pattern, to gender
and age, and to the different adipose tissue sites. These
effects are particularly related to regulating the balance
between fat accumulation (lipogenesis) and breakdown
(lipolysis). There are several differences in the balance
between lipogenesis and lipolysis among adipose tissues
located in subcutaneous or visceral sites. These effects
mainly depend on the activity of lipoprotein lipase and
hormone-sensitive lipase, respectively.

III FUNCTIONS OF ADIPOSE TISSUE:

LIPOGENESIS AND LIPOLYSIS

A Lipoprotein Lipase: Lipogenesis

Lipoprotein lipase (LPL) is an extrahepatic enzyme
responsible for the hydrolysis of triglycerides into chy-
lomicra and very low density lipoprotein (VLDL), and
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controls the rate-limiting step in the removal of FFAs
from the bloodstream. LPL is mainly located at the
endothelial surface, and at the level of adipose and mus-
cular tissues as well (3). In vitro studies have shown that
adipocyte precursors have no LPL activity during their
growth phase in culture, whereas a high enzymatic activ-
ity, correlated with adipocyte size, is noticeable during
postconfluence differentiation of the cells (3). Insulin,
glucocorticoids (GCs), catecholamines, interleukin
(IL)-6, IL-1, and other factors differently modulate
LPL activity in the various fat depots. The regulation
of LPL secretion is related to posttranslational changes
in the LPL enzyme at the level of Golgi cisternae and
exocytotic vesicles (4). Interestingly, this enzyme dis-
plays a specific gender difference (4), due to the differ-
ent types of receptors expressed by adipocytes in both
sexes. In men, LPL activity, measured by radiolabeled
triglyceride uptake, is 50% higher in the omentum
than in abdominal subcutaneous fat (5). On the con-
trary, an opposite pattern is observed in women, in
whom the omental adipocytes are smaller and the ac-
tivity of LPL located in abdominal fat depots is lower
than that in subcutaneous fat, regardless of the pres-
ence of obesity (4).

B Hormone-Sensitive Lipase (HSL): Lipolysis

Adipose tissue releases energy in response to the body’s
demands (6). Lipolysis in adipose tissue has been exten-
sively investigated in vivo and in vitro because it is easy
to quantify the end products such as FFAs and glycerol
induced by the lipolytic process. A specific hormone
binding to plasma membrane-bound receptors initiates
the lipolytic cascade. These receptors are coupled with a
G-protein, which may have both stimulatory (Gs) and
inhibitory (Gi) effect. Gs proteins are able to activate the
intracellular catalytic moiety of adenyl-cyclase convert-
ing ATP to cyclic AMP (cAMP). cAMP binds to the
regulatory subunit of protein kinase, releasing an ac-
tive catalytic subunit able to phosphorylate and acti-
vate HSL, the rate-limiting enzyme of lipolysis (6).
The Gi inhibits the breakdown of ATP into cAMP, thus
blocking the lipolytic cascade. Only insulin and cate-
cholamines have marked acute effects on lipolysis. In-
sulin inhibits lipolysis (7) whereas catecholamines have
dual effects: stimulation through different h-receptors
and inhibition through a2-receptors (8). HSL activity is
also increased by ACTH, glucagon, TSH (3), cAMP (6),
and caffeine and teophylline (3). It has been shown in
vitro that HSL mRNA and activity are higher in sub-
cutaneous than in omental fat cells. Moreover, subcuta-
neous adipocytes are larger in the subcutaneous than

in the omental region, and the lipolysis rate is signifi-
cantly correlated to fat cell size regardless of either the
region of origin or gender, indicating that the regulation
of HSL activity is to a large extent dependent on fat cell
size (9). Antilipolytic parahormones such as adenosine
and prostaglandins, which are produced locally, are also
of importance for the regulation of lipolysis in humans.

IV PHYSIOLOGY OF HORMONE

REGULATION OF BODY

FAT DISTRIBUTION

A Insulin

The adipocyte is a highly insulin-responsive cell type. In
fact, insulin is a critical regulator of virtually all the
metabolic step aspects of adipocyte physiology (2). In-
sulin promotes adipocyte triglyceride storage by several
mechanisms, including fostering the differentiation of
preadipocytes to adipocytes and stimulating glucose
transport and triglyceride synthesis, as well as inhibit-
ing lipolysis in mature adipocytes. By stimulating LPL
activity in adipose tissue insulin also increases the up-
take of fatty acids derived from circulating lipoproteins
(Table 1). Insulin’s metabolic effects are mediated by
rapid changes in protein phosphorylation and function,
as well as by changes in target gene expression (2). In-
sulin and GCs represent the main physiological stimu-
lants of the LPL activity; their association plays an
important role in the regulation of body fat topography.
When omental adipose tissue, resistant to insulin action,
is exposed to a combination of insulin and dexamen-
thasone for 7 days, a large increase in mRNA LPL is
observed (10). GLUT4 is the main insulin-respon-
sive glucose transporter and is located primarily in mus-
cle cells and adipocytes (11,12). In the presence of
insulin, GLUT4 is translocated from intracellular
storage to the plasma membrane, leading to a rise in
the maximal velocity of glucose transport into the cell
(12). The initial molecular signal for insulin action
involves the activation of the insulin receptor substrates
(IRSs), the activation of phosphoinositide 3V kinase
(PI3K), leading to the translocation of GLUT4 to the
plasmamembrane (13–15). Whereas activation of PI3K
is necessary for full stimulation of glucose transport by
insulin, emerging evidence suggests that the other meta-
bolic effects of insulin might be mediated by another
pathway with differential sensitivity to insulin (14). For
example, the antilipolytic effect of insulin requires much
lower insulin concentrations than stimulation of glucose
transport. Hence, even in insulin-resistant states in
which glucose transport is impaired, sensitivity to insu-
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lin’s antilipolytic effect is relatively preserved, resulting
in maintenance or expansion of adipose stores.

Insulin also plays an important role in the regulation
of leptin secretion, even though there are discordant
data in the literature. In fact, it has been shown that
both acute (hours) and chronic (days) administration of
insulin in vivo or in vitro increases obmRNA in rodents
and humans (16–19). On the contrary, Sinha et al. did
not find any correlation between 24-hr profiles of circu-
lating leptin and insulin levels (20). However, this does
not exclude the possibility that chronic hyperinsulin-
emia, which characterizes obesity, may cause and main-
tain an elevated leptin expression. It has been shown
that the fasting condition or the diabetic state, both of
which are known to decrease the circulating insulin
level, causes a dramatic reduction in leptin expression,
as indicated by changes in the level of the leptin message
on adipose tissue (16,21). This decrease can be rapidly,
i.e., within hours, reversed by refeeding or insulin ad-
ministration (16,21). It is likely that insulin acts directly
on the adipocyte, rather than indirectly via hormones
produced by remotely located tissue, because leptin
mRNA level is markedly increased by insulin in epi-
didymal fat explants and adipocyte cell lines (22).
Insulin has a favoring role on cortisol-induced LPL
activation. These combined actions might, at least in
part, explain the different LPL activity in visceral than
subcutaneous fat depots, considering that abdominal
fat shows a higher glucocorticoid receptor density (23).

B Catecholamines

Catecholamines may specifically activate four adrener-
gic receptors: h1, h2, h3, and a2, all members of the
super family of G-protein-coupled receptors (24). There
are significant species differences in adrenergic recep-
tors, and significant differences in affinity of each recep-
tor for the ligand. The order of affinity of the adrenergic
receptors is a2>h1zh2>h3 for norepinephrine (25),
and a2>h2>h1>h3 for epinephrine (24). The bio-
logical significance of the presence of three different
h-receptors in adipocytes is unclear but it has been
suggested that each receptor subtype might display a
different signaling role (26). All three h-receptors are
Gs coupled and all may activate adenylyl cyclase.
Only h3-receptors have been shown to also interact
with Gi in adipocyte membranes, suggesting a different
crosstalk of these receptors with inhibitory receptors
(26). h1-receptors, which are more sensitive to catechol-
amines and desensitize rapidly, may mediate acute
effects of low level catecholamine stimulation. On the
other hand, h3-receptors, which require higher levels of
catecholamines to be activated and are more resistant
to desensitization, deliver a more sustained signal (27,
28). The presence of the inhibitory a2-receptor provides
the cell with the opportunity of dual regulation of
cyclase activity. It has been demonstrated that gluteal
adipocytes isolated from females have more a2-recep-
tors than adipocytes from males (29). Microdialysis

Table 1 Comparison of Lipolysis and Lipogenesis in Omental and Subcutaneous Fat in
Nonobese and Obese Individuals (Insulin and Catecholamines Are the Most Important

Hormones in the Regulation of Lipolysis)

Omental fat Subcutaneous fat

Nonobesea Obeseb Nonobese Obesec

Lipolysis Lipolysis
h1: z h1: = h1: # h1: =

h2: z h2: = h2: # h2: #
h3: z h3: zzz h3: 0 h3: 0

Antilipolysis Antilipolysis
Adenosine: = Adenosine: = Adenosine: = Adenosine: =

a2: = a2: # a2: = a2: =
Insulin: # Insulin: ## Insulin: z Insulin: #

Lipogenesis Lipogenesis

LPL: # LPL: z LPL: z LPL: zz
Insulin: # Insulin: ## Insulin: z Insulin: #

a Omental vs. subcutaneous nonobese.
b Omental obese vs. omental nonobese.
c Subcutaneous obese vs. subcutaneous nonobese.

Source: Ref. 119.
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experiments suggest that the a2-adrenoreceptors may
regulate lipolysis in the resting phase, while the h-recep-
tors regulate lipolysis during exercise (30). Males have
a larger visceral fat cell volume, which seems to be as-
sociated with a decrease in a2-receptors and an increase
in the h3-adrenoreceptor function (31). These differ-
ences may account for gender-specific differences
observed in the balance between lipolysis and lipo-
genesis. In vitro studies have shown a different regional
sensitivity to both sympathetic nervous system (SNS)
and insulin action. In both genders, the subcutaneous
abdominal adipocytes have higher h1- and h2-adreno-
receptor density and sensitivity and a reduced a2-recep-
tor affinity and number than the femoral and gluteal
adipocytes (7). Thus, femoral and gluteal depots show
a lower lipolytic response to catecholamines than sub-
cutaneous depots (30). On the other hand, visceral adi-
pocytes are equally sensitive to both catecholamine-
induced stimulation and inhibition of lipolysis, but they
are less sensitive to the antilipolytic effect of insulin
when compared to the subcutaneous abdominal or
femoral adipose tissue (31,32). Thus in visceral adipose
tissue there is a higher turnover of lipids than in the
other fat depots, with greater sensitivity to catechol-
amine-induced lipolysis and decreased sensitivity to
insulin antilipolysis (7) (Table 1).

C Glucocorticoids

Glucocorticoid receptors (GCRs), located at intracel-
lular level, function as transcription factors by inducing
and/or repressing the expression of a host of target
genes. The GCRs are members of the steroid-thyroid
intracellular receptor superfamily. The ligand binding
to receptors is modulated by ‘‘prereceptor’’ metabo-
lism (33). Recently, it has been demonstrated that
pre-receptor metabolism of GCs is an important deter-
minant of tissue-specific responses. There is strong
evidence for such a role for 11h-hydroxysteroid-dehy-
drogenase (11hHSD) enzymes. In adipose tissue,
11hHSD isoform type 1 is involved in the conversion
of cortisone to cortisol. In human adipocyte culture,
11hHSD1 activity is higher in the omental than in the
subcutaneous fat (23) and GCRs show a regional
difference in density, being higher in visceral fat depots
(23). In vitro studies have shown that cortisol induces
the LPL activity in human adipose tissue (34) and that
RU486, a glucocorticoid receptor antagonist, induces
an efficient inhibition of cortisol-induced LPL expres-
sion (35,36). The cortisol effects on LPL in human
adipose tissue are dependent on insulin. LPL is effi-
ciently expressed in a dose-dependent manner, and

is apparently a combined effect of transcription of
the LPL gene and a stabilization of enzyme activity
(35,36). Abdominal adipose tissue shows a higher ex-
pression of cortisol-induced LPL. Visceral adipose
tissue has not yet been examined with respect to LPL
activity and expression, but the high density of the
GCRs (35,36) in visceral adipose tissue strongly sug-
gests the possibility that the expression of LPL by
cortisol is higher in visceral than in subcutaneous
adipose tissue. Cortisol is also involved in the regula-
tion of lipolysis. In the presence of insulin, when LPL
activity is efficiently expressed, catecholamine-induced
lipolysis is inhibited by cortisol (34). Finally, it has
been demonstrated both in animal and human adipose
cell lines that GCs are involved in the regulation of
leptin secretion (17). In fact, glucocorticoids stimulate
ob gene expression both in cultured explants of human
adipose tissue (37) and in humans (38). Treatment of
normal rats with different types of GCs at catabolic
doses rapidly induces leptin expression in adipose
tissue followed by a concordant decrease in body
weight gain and food intake (39). Exposure of isolated
rat adipocytes to dexamethasone was reported to
increase leptin mRNA four- to eightfold within hours
as well as leptin secretion (40).

D Androgens

Male sex steroid hormones play an important role in the
determination of body fat distribution and pattern of
obesity. It is well known that androgens bind specific
intracellular receptors. Androgen receptors (ARs) have
been shown to be present in a very low level in hamster
and human adipocytes (41). On the contrary, high levels
of ARs have been described in male rat and human
preadipocytes (42). Moreover, the number of ARs is
more abundant in preadipocytes derived from abdomi-
nal than from subcutaneous fat deposits (43). These site-
related differences in AR distribution between different
fat depots constitute the rationale to explain divergent
differentiation processes and metabolic responses ob-
served between intra-abdominal and subcutaneous adi-
pose tissues. Importantly, stimulation with androgens
seems to upregulate the expression of their own receptor
(42). Androgens stimulate lipolysis in adipose tissue. In
primary culture of rat preadipocytes, chronic stimula-
tion with androgens induced an antiadipogenic effect
(43). In males, administration of testosterone (T) was
followed by a reduction in LPL and FFA uptake in ab-
dominal but not in subcutaneous adipose tissue (44). It
is worth mentioning that growth hormone (GH) pres-
ence largely contributes to developing the full androgen
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action at the level of fat depots. In conclusion, the final
effect of androgens is a mobilization of lipids which
induces a reduction of visceral fat.

E Progesterone and Estrogens

Little is known about the effect of progesterone on fat
distribution (45,46). Both isoforms of progesterone
receptors (PR-A and PR-B) have been detected more
in the stromal-vascular cells than in the adipocytes (45),
being strikingly different from estrogen receptors which
are mainly localized in the adipocytes (47). This differ-
ent cellular distribution, recalling that reported at the
level of the uterus endometrium (48), points to a com-
plex interaction between estrogen and progesterone in
modulating adipose tissue differentiation and function.

Estrogens bind with similar affinity to two different
types of receptors, named estrogen receptor (ERs) ERa
and ERh. However, as observed in many organs, the
activation of each receptor is supposed to mediate
different transactivating properties (49). ERs in adipose
tissue have only recently been documented, early studies
being unable to detect ER (33,50,51). The development
of more sensitive assays has made it possible to detect
ERamRNA, protein as well as specific estrogen binding
sites in human subcutaneous adipose tissue (51,52).
More recently, also ERh mRNA has been found in
human subcutaneous tissue (52). Altogether these find-
ings clearly indicate that adipose cells are targets for
estrogen actions. These data have been reinforced by
functional studies in animal models. In rats, ovariec-
tomy leads to an increase in body fat mass, which is
reversible after estradiol (E2) administration (53). The
definite proof that the effects mentioned above must be
attributed to the ER activation is provided by the
studies on mice in which ERs have been knocked out
by genetic disruption. After sexual maturation, female
mice having homozygous either ER-a or both subtypes
deletion showed an increase in total body fat and
enhanced serum leptin levels, demonstrating that ERa
is responsible for the obese phenotype (54). Impor-
tantly, a second paper adopting the same molecular
strategy and similar animal models detected the same
phenotype also in male mice, indicative of the impor-
tance of ERa for normal development and function of
adipose tissue in both genders (55). Estrogen replace-
ment in ovarietomized animals resulted in decreased
LPL enzyme activity (56).

In women, studies of the effects of hormone replace-
ment therapy on LPL activity levels have been some-
what contradictory. Rebuffé-Scrive et al. (57) showed
that the oral administration of sequential combination

of estradiol valerate and levonorgesterol to postmeno-
pausal women significantly increased the adipose tissue
LPL activity, but data about the effect of estrogens
alone were missing from that study. In contrast, Iverius
et al. (58) showed an inverse correlation between serum
E2 levels and adipose tissue LPL levels in obese women.
Adipose tissue is one of the main sites of E2 intercon-
version into estrone, particularly the gluteofemoral
region. Price et al. (59) showed that the effect of female
sex steroids is different depending on the menopause
status. In fact, in premenopausal women progesterone
is responsible for the stimulation of LPL activity, with
deposition of adipose tissue in the gluteofemoral area
rather than the abdominal region. On the contrary, in
postmenopausal women progesterone production
declined, and localized production of estrone predom-
inates, with a decrease in LPL activity. Because estrone
production is higher in the gluteofemoral region, LPL
activity decreases in this area to a greater extent than
does activity in the abdominal region. Thus, this change
in activity is associated with abdominal deposition of
body fat. After all, the effects of estrogens partly
depend on those of androgens. However, to date, there
is very little information on the mechanisms by which
androgens and estrogens act separately and which
cellular and molecular mechanisms are involved in the
differentiation of adipose tissue morphology and func-
tion between the sexes.

F Thyroid Hormones

Thyroid hormones have multiple catabolic effects on
adipocytes by interacting with the adrenergic receptor
signal transduction system (8). Increased concentra-
tions and appearance rates of plasma nonesterified
fatty acids (NEFA) and glycerol reflect this action
(60). The mechanisms of thyroid hormone action on
lipolysis in vitro is unclear. The increased lipolytic rate
produced by thyroid hormones in vivo might be
related to the increased subcutaneous blood-flow (60)
or to a modification of the lipolytic action of catechol-
amines; it is known that in the hyperthyroid state there
is an increase in the total number of h-adrenoreceptors
(h1 and h2), unaltered function of the a2-receptors
and enhancement of the lipolytic response to catechol-
amines in gluteal fat (61,62). However, recovery from
hyperthyroidism affects visceral and subcutaneous fat
differently, since Lonn et al. (63) showed that during
the first 3 months of therapy there was an increase of
visceral fat, whereas only after 12 months of therapy
has an increase of subcutaneous adipose tissue been
described (63). On the other hand, there are data show-
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ing that in the hyperthyroidism state, muscle LPL
activity is increased whereas adipose tissue LPL is un-
changed (64). These apparent discrepancies clearly
indicate the need for further studies on this topic. Ad-
ditional studies are also needed to investigate the role
of the hyperthyroid state on human body fat regula-
tion and fat distribution.

G GH

It is known that GH exerts its actionmainly by inducing
insulinlike growth factor (IGF-I) release from the liver;
this growth factor is consequently believed to mediate
the physiological effect of GH on the different target
organs. However, GH is also able to directly affect some
distinct target tissues such as adipose tissue. It has been
known for many years that both rodent and human
adipocytes express GH receptors (65). It is worth men-
tioning that human adipose tissue also expresses the
splice variant (1–279) of the GH receptor at a high level
(66), encoding for an isoform having intact extracellular
and transmembrane domains but lacking more than
90% of the intracellular domain. This variant has no
signaling capacity, but can inhibit GH action mediated
by wild-type receptor in a dominant negative manner.
However, the significance of this finding is at present
still unclear. In rodent and human adipose tissue, GH
exerts a lipolytic action either directly, by stimulating
basal lipolysis (67), or indirectly, by influencing the
ability of fat cells to respond to lypolitic hormones such
as catecholamines (68).

At molecular level, GH is thought to increase lip-
olysis by increasing HSL expression and phosphoryla-
tion (69), by upregulating h3-adrenergic receptor level
(70), by inhibiting Gi protein (71), and/or by prevent-
ing insulin-induced antilipolysis. Recently, new ana-
logs of GH have been provided and tested in animals.
These compounds have specific and discrete functional
domains of GH. Therefore, there is now evidence
supporting the concept that some discrete structural
domains within GH might be responsible for the
different metabolic functions of the intact GH. Impor-
tantly, one of these compounds (AOD-9401) is com-
posed of the carboxy-terminal fragment of the GH
molecule and it appears to mainly regulate the lipid
metabolism without being associated with alterations
of the glucose metabolism as the whole peptide is. In
rodents, this compound was able to reduce body
weight and when assessed in adipose tissue in culture
AOD-9401 significantly reduced lipogenic activity and
increased lipolytic activity (72). Further in vivo studies
are needed to definitively prove the mode of action of

this compound; however, this preliminary report may
open new avenues for the full comprehension of GH
interaction in adipose tissue. Even more interesting
information, at present lacking, will be provided in
the future by the use of the recently developed drug
pegvisomant, which disables the functional dimeriza-
tion of the two GH receptors involved in the signal
transduction pathway (73).

H Synthetic GH Secretagogues and Ghrelin

Growth hormone secretagogues (GHSs) are com-
pounds able to stimulate GH release by parallel routes
to those used byGHRH (74). In 1996, a specific receptor
for these peptides was cloned and localized in different
central and peripheral organs (75), and a few years later
ghrelin, an endogenous ligand for this receptor, was
discovered (76). The most important source of produc-
tion of ghrelin is the stomach, suggesting that this
peptide may act as an endocrine signal from gut to
hypothalamus. Recently, ghrelin has been shown to
play an important role in the development of obesity
(77). Interestingly, these data were anticipated by data
in which also GHSs were shown to enhance lean body
mass and bone mass (78). However, it was difficult to
discern whether the stimulatory effect of GHSs on food
intake or that on GH secretion prevailed in determin-
ing changes in body composition. In fact, chronic
stimulation of food intake by GHSs may result in in-
creased body fat, whereas chronic stimulation of GH
may result in reduction of body fat, GH being a
lipolytic hormone. Recently, the usage of ghrelin in
GH-deficient mice (lit/lit), has clearly confirmed that
ghrelin displays a GH-independent effect on body
weight increasing the fat mass (78). This adipogenic
effect is brilliantly mirrored by the simultaneous in-
creased level of circulating leptin, whereas it is well
known that GH itself downregulates leptin levels. The
precise mechanisms by which ghrelin or GHSs induces
adiposity are still unclear, although it has been sug-
gested that reduced levels of ghrelin may represent a
physiological adaptation to the positive energy balance
associated with obesity (79).

I Leptin

Leptin, a 16-kDa protein, is the well-known product of
the ob gene, mainly synthesized by adipose cells and
secreted into the bloodstream (80). Leptin was disco-
vered in genetically obese rodents (ob/ob mice), which
are unable to produce an anorexic factor. Correction of
leptin deficiency in these animals causes a marked
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reduction in food intake and a normalization of the
obesity syndrome (81). The role of leptin is to control
food intake and energy metabolism. Leptin presents
structural similarities to the cytokine family (82). Lep-
tin receptors (OB-Rs) have been found at the level of
hypothalamus, the brain center responsible for satiety
(83). However, OB-R are not confined to the brain
but exhibit a widespread distribution, including liver,
heart, kidneys, lungs, small intestine, spleen, pancreas,
and adipose tissue (83). The OB-Rs belong to the class I
cytokine receptor family (84). The receptors have an
extracellular domain, a transmembrane domain, and a
variable intracellular domain characteristic for each of
the five isoforms. OB-Rs act through Janus kinases
(JAK) and signal transducers and activators of tran-
scription (STAT). JAK proteins are phosphorylated,
thus activating the translocation to the nucleus and
stimulation of transcription (84). It has been shown
that omental adipocytes have a lower leptin mRNA
expression than the subcutaneous fat (85). There is
evidence of a direct autocrine/paracrine effect of leptin
on the lipolytic activity of isolated adipocytes (85). In
addition, leptin has been shown to repress acetyl-CoA
carboxylase gene expression, fatty acid synthesis, and
lipid synthesis, biochemical reactions that contribute to
lipid accumulation without the participation of cen-
trally mediated pathways. Thus, leptin appears to be
involved in the direct regulation of adipose tissue me-
tabolism by both inhibiting lipogenesis and stimulating
lipolysis (85).

J IL-6

Similarly to leptin, IL-6 binds class I cytokine recep-
tors, and in this way activates JAK and STATs. The
IL-6 receptor expression pattern in the different fat
depots localization is still unknown. IL-6 circulating
levels are positively correlated with body mass index
(86); this finding supports that notion that adipose
tissue has to be considered a main reservoir of this
cytokine. It has in fact been proposed that one-third of
circulating IL-6 derives from fat cells (87). IL-6 is
released from subcutaneous adipose tissue and three-
fold more from visceral depots (87,88). However, cells
other than adipocytes, such as fibroblasts, immune
cells, and vascular cells composing the whole architec-
ture of adipose tissue, constitute the main source of
IL-6 (88), making it possible to speculate a mixed
autocrine and paracrine role of this cytokine. How-
ever, since the liver is the direct target of the venous
drainage from omental fat depots, the metabolic
impact of IL-6 produced by omental adipose tissue

might be of pathophysiological relevance for altera-
tions in lipid synthesis and metabolism. IL-6 has been
shown to increase triglyceride secretion in rat liver
(89), so IL-6 secreted by omental depots may contrib-
ute to maintain hypertriglyceridemia associated with
abdominal obesity. IL-6 decreases adipose LPL activ-
ity (90) and increases lipolysis (91). These effects have
been correlated with the fat depletion occurring during
cachectic states characterized by high circulating IL-6
levels (90). IL-6 production from adipose tissue can be
stimulated by TNFa (92) and catecholamines (93),
whereas GCs downregulate its production (93). The
hyperactivation of hypothalamic-pituitary-adrenal
(HPA) axis and the increased cortisol turnover are
features of the visceral obese state (see below). IL-6 is
capable of directly activating this axis at all three levels
(94), so IL-6 produced by the adipose tissue may act
as a feedforward regulator of this axis, playing an
important role in contributing to modulate the differ-
ential fat distribution that occurs in patients displaying
HPA hyperactivation.

K TNFa

TNFa is involved in the induction of insulin resistance
(95) and in the loss of body fat occurring in wasting
disorders (96). In humans, TNFa binds p60 and p80
receptors (97). Some authors found an increase in the
expression of both receptors in obese subjects (98),
whereas others detected only an increase of the p80
receptor (99). Activation of p80 stimulates differentia-
tion in human preadipocytes, whereas p60 seems to
induce the opposite effect (100). Soluble circulating
TNFa receptor subtypes, which have been detected in
the bloodstream, are supposed to inhibit TNFa action.
Increased levels of both these soluble subtypes have
been recently described in obese patients (98), whereas
another report showed an in vivo release of soluble type
1 by human adipose subcutaneous tissue (101). TNFa
is produced in greater amounts by subcutaneous than
visceral fat (95,102). However, a positive correlation has
recently been shown in female subjects between circu-
lating TNFa levels and visceral obesity, which has been
attributed to the higher lipolytic action occurring in this
adipose tissue district (103). TNFa expression and/or
secretion positively correlates with hyperinsulinemia
(100). By suppressing LPL, TNFa exerts a prominent
catabolic effect on the adipose tissue (100). Moreover,
TNFa is supposed to activate HSL, leading to lipid
mobilization and an increased delivery of FFA to the
liver (104). TNFa is also able to inhibit leptin synthesis
(105), confirming that a close interaction seems to occur
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between the network of cytokines produced in adipose
tissue and leptin.

L Resistin

A new peptide named resistin has recently been iden-
tified in adipose tissue after a screening for genes
induced during adipocyte differentiation. Resistin is
specifically expressed in white adipose tissue, circulates
in the serum, and can be downregulated by thiazoli-
dinediones. Increased resistin circulating levels have
been shown in mouse genetic and diet-induced forms
of obesity. Insulin-stimulated glucose uptake in adipo-
cytes was increased by using neutralizing resistin anti-

serum and resistin administration in mice was shown to
reduce glucose tolerance and to decrease the sensitivity
to the effects of insulin (106). Resistin is a member of
tissue-specific resistin-like molecules (RELMs), and
other components such as RELMa, which is a secreted
protein abundant in white adipose tissue, or RELMh,
which is expressed in the gastrointestinal tract, have
recently been described (107). Isoproterenol treatment
was shown to reduce resistin expression in 3T3-L1
adipocytes via h-receptor activation (108). Thus, one
may speculate that catecolamines may influence resis-
tin expression more in visceral adipose tissue in which
the concentrations of receptors are higher compared
to subcutaneous adipose depots. Rather surprisingly,

Table 2 Hormones and Other Factors Involved in the Regulation of Body Fat Distribution and Their Mechanisms of Action

Hormones and factors Biological functions and mechanisms of action

Insulin Synergism with GC in increasing LPL activity. Reduced sensitivity of the visceral
adipocytes on antilipolytic activity. Stimulation of leptin mRNA expression.

Glucocorticoids (GC) GC receptors highly expressed, particularly in the visceral adipose tissue. 11h-HSD
highly expressed in the visceral adipose tissue. Increased LPL activity (synergism

with insulin). In the presence of insulin when LPL if efficiently expressed,
catecholamine-induced lipolysis is inhibited by cortisol. Stimulation of leptin
mRNA expression.

Androgens (testosterone) Receptors highly expressed in the visceral adipose tissue. Stimulation of lipolysis and
reduced LPL activity in males. These effects are counteracted by estrogens in females.
Regulation of leptin mRNA expression.

Estrogens Estrogen receptors (ERs) highly expressed in the subcutaneous gluteofemoral adipocytes.
Inhibition of LPL activity, particularly in the subcutaneous fat. Gluteofemoral
adipocytes preferentially transform estradiol to estrone (the most important estrogen
after menopause in women).

Progesterone Receptors found in the stromal-vascular cells. Increase of LPL activity.
GH and related peptides Stimulation of basal and catecholamine-induced lipolysis. Increase of HSL activity.

Variants may be involved in reducing lipogenesis and increasing lipolysis. Ghrelin

seems to favor fat gain.
Iodothyronines Stimulation of lipolysis (increased blood flow or synergism with catecholamines?).

Increase of h1- and h2- and reduction of a2-receptors.
Catecholamines Lipolysis in the visceral adipose tissue highly stimulated (see Table 1 for different

receptor functions in visceral and subcutaneous fat). Stimulation of IL-6 release from
adipose tissue (differences between visceral and subcutaneous?).

Leptin Omental adipocytes have lower leptin mRNA expression than subcutaneous fat.
Paracrine effects on lipolysis (stimulation) and lipogenesis (inhibition).

IL-6 Released by the stromal-vascular cells in the visceral fat more than in subcutaneous fat.
Decreased LPL activity and increased lipolysis. Downregulated by GC but exerts

stimulation of the HPH axis (therefore it may regulate GB effects on the visceral fat).
TNFa Stimulation of IL-6 production from the adipose tissue P80 receptors involved in

adipocytes differentiation. Production in different adipose tissue depots

controversial (visceral< subcutaneous?). Inhibition of leptin synthesis. Activation of
HSL (?) and release of FFA to the liver favored.

Resistin Expressed in the adipose tissue. Regulation by catecholamines more in the visceral

than subcutaneous fat (?)
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a recent report was not able to confirm the original
data from Lazar’s study (107) showing that resistin was
severely decreased in the white adipose tissue of genetic
obese mice and in animals with diet-induced obesity.
Moreover, the same group showed that different
PPARg agonists stimulate resistin expression in two
rodent models of type 2 diabetes (109). In conclusion,
further studies are needed to fully clarify the poten-
tial implications of resistin and RELMs in the regu-
lation of adipose tissue function and distribution.
Table 2 summarizes all main hormonal actions and
functions involved in the regulation of fat distribution
in humans.

V BODY FAT DISTRIBUTION

IN ENDOCRINE DISORDERS

CHARACTERIZED BY HORMONE

EXCESS AND DEFICIENCY

A Cushing’s Syndrome

Cushing’s syndrome is characterized by a redistribu-
tion of adipose tissue from peripheral to central sites
of the body, mainly in the truncal region and visceral
depots. This may occur as a result of the dual effect
of GCs which on the one hand downregulate HPL
and increase lipolysis, and on the other hand favor
preadipocyte differentiation and stimulate substrates
to gluconeogenesis and FFA to central fat. Central-
ization of visceral fat depots tends to be markedly
reduced in patients with Cushing’s syndrome after
eradication of causes of cortisol excess, and this proc-
ess can be successfully completed within 1–2 years
after interventional surgical treatment at pituitary or
adrenal level.

B Male Hypogonadism

Hypogonadic males are characterized by increased
amounts of visceral fat in both childhood and adult
age, and these effects can be completely reversed after T
replacement (110). Mechanisms by which T deficiency
increases visceral fat depend on the lipogenetic/lipolytic
balance in the visceral adipose tissue, due to a different
receptor density compared to the subcutaneous tissue
(see Sec. IV.D above). The same phenotype can be
observed in elderly men, when an increase and redis-
tribution of body fat occurs, with a specific tendency to
a greater increase of the abdominal/visceral fat areas.
The decline of T production and of circulating levels in
elderly individuals plays a dominant role in this context.
This is further supported by the decrease in fat mass,

particularly in the visceral depots, after long-term treat-
ment with T, provided that physiological levels are
achieved and maintained over time.

C Hyperandrogenism in Women

More than 50% of women with the polycystic ovary
syndrome (PCOS), the most common cause of hyper-
androgenism in females, are overweight or obese.
Moreover, most of them are characterized by abdomi-
nal fat distribution, particularly if they are obese.
Obesity and the abdominal phenotype make it possible
to distinguish a large cohort of PCOS women in which
the metabolic syndrome is also frequently associated,
even though this latter syndrome may also occur in
normal-weight PCOS. Insulin resistance and hyperin-
sulinemia play a key role in the pathogenesis of hyper-
androgenism. Mechanisms responsible for the great
persistence of the abdominal phenotype in PCOS
women largely depend on the coordinate effects of hy-
perinsulinemia and hyperandrogenism on fat balance.
In addition, an excess of androgens may directly pro-
duce insulin insensitivity in the muscles by stimulating
type II fibers, which are less sensitive to insulin and to
increasing FFA efflux (36). Indirect evidence of the
role of androgens in determining enlarged visceral fat
in women is further supported by the fact that an-
drogen administration in postmenopausal women in-
creases visceral fat depots (111) and tends to reduce
whole-body insulin sensitivity.

D GH Deficiency

The profound lipolytic effect of GH have been clearly
confirmed by in vivo studies in which GH replacement
has been proposed in either children or adult GH-
deficient subjects. In fact, several groups have demon-
strated a redistribution of adiposity from the subcuta-
neous trunk to more peripheral regions after GH
therapy (112) and a stimulation of FFA release (112).
In general, fat redistribution after therapy has been
associated with GH-induced reduction of the antilipo-
lytic effect of insulin, which varies according to the fat
depot localization.

E Acromegaly

Pathological and inappropriate GH circulating levels
characterize acromegaly. In patients affected by this
disease there is a reduction in visceral adipose tissue,
with an increase in lean bodymass (113). The short-term
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reduction in GH level obtained by octreotide treatment
has been shown to reduce lean body mass (114).

VI PATHOPHYSIOLOGY OF DIFFERENT

OBESITY PHENOTYPES: THE ROLE

OF HORMONES

A Sex Hormones in Women

It is well known that an increase in body weight and fat
tissue is associated with several abnormalities of sex
steroid balance in premenopausal women. Such alter-
ations involve both androgens and estrogens and over-
all their carrier protein, sex hormone binding globulin
(SHBG), which binds T and dihydrotestosterone
(DHT) with high affinity and estrogens with lower
affinity. Changes in SHBG concentrations lead to an
alteration of androgen and estrogen delivery to target
tissues. SHBG plasmatic levels are regulated by a com-
plex of factors, including estrogens, iodothyronines,
and GH as stimulating agents, and androgens and
insulin as inhibiting factors (115). The net balance of
this regulation is probably responsible for the SHBG
concentration decrease in obesity, which is inversely
related to the increase in body weight (115). Body fat
distribution has been demonstrated to substantially
affect SHBG concentrations in obese women. In fact,
female subjects with central obesity usually have lower
SHBG concentrations in comparison to their age- and
weight-matched counterparts with peripheral obesity
(116). This seems to be dependent on higher circulating
insulin in abdominally obese women and on the inhibit-
ing capacity of insulin on SHBG liver synthesis. Reduc-
tion of circulating SHBG determines an increase in the
metabolic clearance rate of circulating SHBG-bound
steroids, specifically T, DHT, and androstenediol (A-
diol), which is the principal active metabolite of DHT
(116). However, this effect is compensated for by a
consequent elevation of production rates. Obesity also
affects the metabolism of the androgens not bound to
SHBG. In fact, both production rates and metabolic
clearance rates of dehydroepiandrostenedione (DHEA)
and androstenedione (A) are equally increased in obe-
sity (117,123).

The pattern of body fat distribution can regulate
androgen production and metabolism to a significant
extent. In fact premenopausal women with central
obesity have higher T production rates than those with
peripheral obesity (119). Accordingly, metabolic clear-
ance rates of T and DHT are significantly higher in
women with central than with peripheral obesity. The
maintenance of normal circulating levels of these hor-

mones in obesity may tend to predict the presence of a
sophisticated regulation, which can adjust both the
production rate and the metabolic clearance rate of
these hormones to body size. Owing to the greater
reduction of SHBG concentrations, percentage free
T fraction tends to be higher in women with central
obesity than in those with peripheral obesity (116). An
inverse correlation exists between waist to hip ratio
(WHR) (or other indices of body fat distribution) and
T or SHBG concentrations, regardless of body mass
index (BMI) values (116). Therefore, a condition of
‘‘relative functional hyperandrogenism’’ appears to be
associatedwith the central obesity phenotype in women.
Androgens play an important role in determining body
fat distribution in the female sex. Mechanisms of action
have been previously discussed (see Sec. IV.D). This can
explain the significant positive association between the
abdominal phenotype and hyperandrogenism, as occurs
particularly in women with PCOS (120). The observa-
tion that visceral fat accumulation occurs only in
female-to-male transsexuals after oophorectomy sug-
gests that the remaining estrogen production before
surgery was in fact protective (121). Direct evidence of
the action of androgens in women is also provided by a
controlled study showing that exogenous androgen
administration in obese postmenopausal women has
been shown to cause a significant gain in visceral fat
(as measured by CT scan) and a relatively greater loss of
subcutaneous fat in comparison with placebo (111).
Mechanisms leading to ‘‘functional hyperandrogen-
ism’’ in obese women are depicted in Figure 1.

Obesity can also be considered a condition of
increased estrogen production, since the estrogen pro-
duction rate significantly correlates with body weight
and the amount of body fat (118). Reduced SHBG con-
centrations may in turn lead to an increased exposure of
target tissues to free estrogens. In addition, obesity is
associated with a decreased formation of inactive 17h-
E2 metabolites, such as 2-hydroxyestrogens, which are
virtually devoid of peripheral estrogen activity, and a
higher production of estrone sulfate, an important
reservoir of active estrogens. Altogether, these altera-
tions lead to an increased ratio of active to inactive es-
trogens as a final result. However, in spite of these
alterations, blood estrogen concentrations are usually
normal or only slightly elevated in both premenopausal
and postmenopausal obese women (118). This finding
may be attributed to the ability of an enlarged body fat
to act as storage for excess formed estrogen, contrib-
uting in this way tomaintain normal levels of circulating
hormone. In addition, there are no systematic differ-
ences in the estrogen blood concentrations in women
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with different obesity phenotypes (122), although estro-
gen production rates have been found to be particularly
increased in women with peripheral obesity. Together
with the aforementioned protective effects of estrogens
on visceral fat development, there is, however, evidence
that they play a key role in the regulation of subcuta-
neous adipocytes, particularly during pregnancy and
lactation (58). After menopause, a sudden decrease of
estrogens occurs, due to the physiological ovarian fail-
ure. Whether the occurrence of menopause alters body
weight and fat distribution remains controversial. In
fact, while many women claim an increase in body
weight during the transition period toward menopause
and after menopause, most but not all studies (123) have
shown that although the weight of postmenopausal
women is greater than before menopause, this difference
tends to disappear after adjusting for age values, thus
suggesting that age and not themenopausal status per se
is probably responsible for weight increase.

Some discrepancies have also been found with
regard to the effects of menopause on fat distribution,
since there are studies reporting that postmenopausal
women had higher WHR values than premenopausal
women, whereas others did not observe any effect (123).
On the other hand, as discussed in a previous para-
graph (see Sec. IV.E above), it should be taken into
account that the androgen/estrogen balance differently
regulates the adipose tissue morphology and function
in the subcutaneous and visceral sites after menopause,
thereby potentially favoring some change in the phe-
notype pattern. The lack of detailed studies investigat-
ing the specific role of each class of hormones could
therefore explain the aforementioned discrepancies of

the effects of hormone replacement therapy in postme-
nopausal years.

Weight loss is associated with an increase of SHBG
levels and the free androgen fraction in women with
obesity (121). Moreover, in those with PCOS it not only
improves insulin resistance but also the hyperandro-
genic state, thereby restoring normal menses and
improving fertility rate in a large part of them. Admin-
istration of insulin sensitizers such as metformin, added
to a hypocaloric diet, further extends these effects and,
additionally, seems to favor a greater reduction of the
visceral adipose tissue depots (124). These beneficial
effects appear to be dependent on the coordinated
action of reduced androgen and insulin concentrations
and improved insulin sensitivity.

Similar effects have been obtained by using thiazoli-
dinediones, which are selective ligands for peroxisome
proliferation–activated receptor (PPAR)g, a member of
the nuclear receptor superfamily of ligand-activated
transcription factor (125). Although their mechanisms
of action are not yet fully elucidated, they markedly
improved insulin-mediated glucose disposal (126) and,
at high doses, may suppress basal hepatic glucose
production. Studies performed in PCOS women using
troglitazone (127) have demonstrated its capability to
significantly improve insulin sensitivity, decrease fasting
and stimulated insulin levels, reduce the degree of
hyperandrogenism, and in several cases, improve spon-
taneous ovulation. On the other hand, there are studies
suggesting that long-term treatment with thiazolidine-
diones may weakly but significantly increase body
weight (128). This may not be surprising, since cell
culture studies have demonstrated that after activation

Figure 1 Schematic representation of sex hormone alterations in obese women (left panel) and men (right panel).
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of PPARg, these compounds promote differentiation of
pluripotent stem cells and preadipocytes into mature
adipocytes (125). Whether changes in body fat occur in
the same extent in both subcutaneous and visceral
depots has not been clarified. This critical issue needs
therefore to be defined by further long-term studies in
both diabetic and non diabetic individuals.

Other agents, such as diazoxide, have been proved to
selectively reduce hyperinsulinemia and hyperandro-
genism in short-term studies performed in obese PCOS
women (129). In the unique double-blind placebo-con-
trolled trial performed so far, Alemzadeh and co-
workers found that in a group of hyperinsulinemic
obese patients, 8-week treatment with diazoxide (2
mg/kg BW) associated with a low-calorie diet reduced
insulin levels, body weight, and body fat significantly
more than placebo, without altering glucose tolerance
(130). However, larger, long-term studies seem justified
to evaluate the therapeutic effect of diazoxide, partic-
ularly in abdominal obesity.

In obese women with PCOS a weak but significant
improvement of insulin resistance and hyperinsulin-
emia can also be achieved by antiandrogen adminis-
tration. These effects have been observed regardless of
the type of antiandrogen used (131). Preliminary data
from our group, obtained in a 6-month study on a
group of obese PCOS women, seem to be consistent
with the possibility that a potent antiandrogen fluta-
mide, when added to hypocaloric dieting and metfor-
min, may further and selectively reduce visceral body
fat by f50%, these effects being associated with a
normalization of androgen levels (unpublished data).
These findings further support the concept that andro-
gens are an important determinant of the abdominal
obesity phenotype in women.

B Sex Hormones in Males

In contrast to what has been observed in obese women,
in the obese male total and free T blood concentration
levels progressively decrease with increasing body
weight, as clearly exemplified in subjects affected by
Klinefelter syndrome (132).Moreover, such a reduction
is associated with a progressive decrease of SHBG con-
centrations (133). Spermatogenesis and fertility are not
impaired in the majority of obese men. However, these
parameters have been described to be reduced in sub-
jects with massive obesity (132). Androstenedione and
DHT circulating levels are usually normal or slightly
reduced in obese patients (134). However, other C19
steroids can also be reduced in obesity (134). Similarly
to what has been reported for women, in male obesity,

estrogen production rates are increased in proportion to
body weight, and blood concentrations of all major
estrogens, particularly estrone, have been described as
normal (132) or only slightly elevated (115). Aromatase
activity of the adipose tissue, responsible for active
conversion of androgens into estrogens, may explain
the altered estrogen metabolism in obesity. Alterations
in gonadotropin secretion have also been described in
male obesity. Obese men show a reduction of total
luteinizing hormone (LH) secretion, probably due to
impaired secretion of the gonadotropin releasing hor-
mone at the hypothalamic level, producing a reduced
LH secretory mass per secretory burst without any
change in burst number (135). The absence of clinical
signs of hypogonadism can be explained by the fact that
the T freefraction represents only 2% of total T, and
that obesity predominantly affects circulating bound T,
owing to the concurrent decrease of SHBG production.
Although T levels are inversely related to obesity, it is
still under debate whether T correlates with fat distri-
bution in male obesity. Some studies (136) found an
association between T and WHR values, whereas
others, using anthropometry or magnetic resonance,
showed no correlation (137,138). This suggests that
the relationship between sex steroids to WHR may be
the result of the shared covariance of WHR and total
adiposity, rather than a direct relationship. This reflects
the evidence that obesity in males is invariably associ-
ated with a parallel increase in abdominal and visceral
fat, meaning that the central distribution of body fat in
males depends on the actual presence of obesity.

Other studies have confirmed that the reduction of
C19 steroid precursors are predominantly associated
with body fatness rather than with excess visceral fat
accumulation (134). Glucuronic acid is able to conju-
gate steroids influencing their biological activity. Nota-
bly 3-androstenediol glucuronide (3A-Diol-G) levels
were found to be significantly higher in obese men
having a visceral phenotype (134). This association be-
tween 3A-Diol-G and visceral fatness suggests that an
increased visceral adipose tissue corresponds to a state
in which the steroid metabolism is altered. Glucuronide
conjugates must therefore be considered a more appro-
priate marker of peripheral androgen metabolism than
circulating free steroids.

Both SHBG and T are negatively correlated with in-
sulin levels, even after adjusting for BMI and WHR
values (137). Such an inverse relationship is due to the
ability of insulin to inhibit hepatic SHBG synthesis in
the liver (139). However, as has been demonstrated in
women, particularly in those with PCOS (131), there are
data consistent with a stimulatory role of insulin on T
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production even in men (139). Therefore, reduced T
levels in obese males appear to result from several
complementary factors, including lower gonadotropin
secretion and the balanced effects of insulin on SHBG
(inhibition) and T (stimulation). Mechanisms leading to
reduced T levels in obese men are depicted in Figure 1.

Weight reduction by both dietary intervention or
surgical procedures can increase T and SHBG concen-
trations, provided substantial weight loss is achieved
(115). When massively obese men restore a near-normal
BMI, SHBG concentrations fall within the reference
values for normal-weight individuals. Although there
are no kinetic data on estrogen production following
weight loss in obese men, it is presumable that estrogen
metabolism and peripheral production improve as
weight loss increases. Interestingly, the correction of
the hypotestosteronemia by exogenous T replacement
has been found to provide a beneficial effect not only by
reducing body fat, particularly visceral fat, but also on
all major parameters of the metabolic syndrome, by
reducing hyperlipidemia and improving peripheral
insulin sensitivity (140).

C The GH/IGF-I Axis

Growth hormone is substantially reduced in obesity,
mainly owing to a significant reduction of GH secretory
burst mass in the pituitary (141). The entity of this
alteration appears to be inversely proportional to the
increase in body fat (132). Blunted GH secretion to all
stimuli of GH release, including GHRH, insulin-
induced hypoglycemia, L-dopa, arginine, glucagon,
exercise, opioid peptides, clonidine, nicotinic acid, or
states such as deep sleep, is a common feature in obese
subjects (132). The mechanisms responsible for reduced
GH levels in obesity are multiple and not yet fully
clarified. It is known that GH metabolic clearance rate
is increased in proportion to body weight, as demon-
strated in monkeys (142) and humans (120). Moreover,
an enhanced somatostatinergic tone may further con-
tribute to the reduced levels of GH in obese patients
(143). However, as mentioned above, other still
unknown central factors may be hypothesized to be
involved in the impaired GH secretion in obesity.
Peripheral factors have also been implicated in contri-
buting to reduce GH levels. The increase of FFA
production characterizing obesity may inhibit basal
GH secretion, by mechanisms independent of effects
on somatostatinergic tone (132). Sex steroids, specifi-
cally T and E2, have positive effects on GH secretion,
probably by influencing the pulsatile mode of GH
release (139). Basal GH secretory bursts, which are

reduced in obesity, are positively correlated with E2

and T concentrations (139), further indicating a close
relationship between sex steroid imbalance and GH
secretory dynamics in the obese state.

The role of IGF-I in obesity is still under debate. The
normal growth of obese children, in spite of the fact
that they have lower GH levels in basal conditions and
after stimulatory testing, seems to suggest that IGF-I
action in the target tissues for growth is indeed ade-
quate for growth and development before, during, and
after puberty (132). However, the finding that free IGF-
I levels are elevated in obese subjects (144) makes it
possible to speculate that, via an inhibitory feedback
on GH secretion at pituitary level, IGF-I may take part
in the decline in obesity-associated GH levels. Im-
portantly, subjects with visceral obesity have reduced
circulating IGF-I levels (132). Since insulin regulates
IGF-I metabolism, stimulating the synthesis of IGF
binding protein (IGFBP)-I, alterations in circulating
levels of IGF-I in visceral obesity may reflect a prevail-
ing hyperinsulinemia in the blood circulation.

The potent lipolytic activity attributed to GH levels
may be of relevance taking into account the reducedGH
levels in obesity. Therefore, an unbalanced lipogenetic
condition might be responsible for the perpetuation of
the obese state once established. In fact, obese subjects
have elevated insulin levels as a consequence of the in-
sulin resistance state with respect to carbohydrate
metabolism, but the adipose tissue remains sensitive to
the antilipolytic effects of insulin. Evidence from animal
and human studies supports the hypothesis that GH
administration in obesity may stimulate lipolytic path-
ways and can provide a valuable adjunct to diet in
inducing weight loss. In GH-deficient children, many
of whom are obese, GH administration reduces body fat
(145). The same occurs in subjects with adult GH
deficiency (146) and in elderly subjects who have under-
gone therapy with GH to increase lean body mass and
improve fitness (32). Exogenous GH administration
also reduces fat stores, particularly in the visceral
deposits, in GH-deficient adult subjects (147). These
effects can be additive to those dependent on diet
restriction, but they may also occur in conditions of
eucaloric intake (148). One limitation of GH adminis-
tration is related to the possibility that long-term GH
treatment worsens glucose tolerance and insulin resist-
ance, although the contrary has been reported by some
studies (147). Perhaps the administration of GH in a
manner that stimulates normal physiological secretion
rather than pharmacological doses would circumvent
or lessen its effects on carbohydrate metabolism in the
long term.
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D Glucocorticoids and the HPA Axis

Cortisol excess may have a key role in the development
of enlarged abdominal or visceral fat in obese individ-
uals of both sexes. This derives from the combination of
the effects produced by hyperinsulinemia, from the GH
reduction and from the decreased (in male obesity) or
increased (in female obesity) free androgen availability
in peripheral tissues, which are the above-mentioned
features of abdominal phenotype of obesity (149). Most
studies found normal ACTH and cortisol levels in vis-
ceral obesity, although slightly reduced morning cor-
tisol levels have been described by some authors (150).
Visceral obese women had higher ACTH pulse fre-
quency and lower ACTH pulse amplitude, particularly
in the morning, despite similar mean ACTH basal
concentrations, than women with peripheral obesity
and normal weight controls (151). However, the dys-
regulation of the system in abdominal obesity has been
more convincingly demonstrated by many dynamic
studies, which showed high secretions of cortisol after
laboratory stress test, elevated ACTH and cortisol se-
cretion after administration of CRF alone or combined
with arginine-vasopressin (AVP), and elevated cortisol
concentrations after challenges with maximal or low-
dose ACTH (152) in abdominal obese patients. This
might indicate sensitized and/or hyperresponsive hypo-
thalamic centers, pituitary as well as adrenal regulatory
mechanisms, that result in slightly but inappropriately
elevated net cortisol production, either continuous or
episodic, in individuals with abdominal obesity.

Among the dynamics, dexamethasone suppression
test has been proposed as the gold standard to discrim-
inate between a normal and a pathological activation of
the HPA axis. However, maximal suppression with
dexamethasone cannot provide adequate information
on the feedback sensitivity at both pituitary and supra-
pituitary levels. At variance, it has been suggested that
the utilization of lower dexamethasone doses may give
good insight into the individual feedback sensitivity of
the HPA axis. Preliminary studies from Ljiung et al.
(153), performed in a group of men with different obe-
sity phenotypes, found a blunted inhibition of cortisol
secretion by submaximal (0.50 mg overnight) dexa-
methasone administration, thus suggesting a reduced
sensitivity to inhibition by dexamethasone via down-
regulation of central glucocorticoid receptors. We re-
cently performed an extensive study in a large cohort of
obese and normalweight individuals by using different
doses (0.0035 mg, 0.0070 mg, and 0.015 mg/kg BW) of
dexamethasone administered orally at midnight. The
results of this study showed that obesity had no effects

on cortisol and ACTH concentrations following each
test, whereas sex and dexamethasone blood levels rep-
resented the main factors influencing the HPA axis
suppressibility in both obese and normal weight indi-
viduals (154).

It has been speculated that alterations of the HPA
axis activity may derive from a dysruption of the
regulatory mechanisms at central nervous system level.
In this context, we have proposed that abnormal ca-
techolaminergic regulation may take part in the hyper-
activation of HPA axis. Catecholamines modulate
CRH and ACTH secretion, particularly during acute
and chronic stress challenges by activation of a1- and
a2-adrenoreceptor subtypes. In particular, by inhibit-
ing ACTH release in experimental animals and in
humans (155), a2-adrenoreceptors may provide nega-
tive feedback mechanisms preventing an excess of glu-
cocorticoid response to stressor stimuli. We found that
yohimbine, an a2-adrenoreceptor antagonist, slightly
but significantly reduced ACTH response to combined
CRH+AVP challenge in normal weight controls, in
comparison with that observed during the control test,
whereas in obese women, particularly the abdominal
phenotype, the response of ACTH was significantly
increased (156). These different effects after a2-adreno-
receptor inhibition in the two groups suggest that obese
women with abdominal body fat distribution may es-
cape physiological a2-adrenoreceptor control, thus
favoring inappropriate HPA axis excitation following
appropriate neuropeptide stimulation.

Increased cortisol clearance (157), higher cortisol
turnover, and altered cortisol metabolism in adipose
tissue represent the main peripheral alterations of corti-
sol production and metabolism in obese patients
(23,33). Many studies have shown that daily urine free
cortisol excretion rate was significantly increased in
subjects, particularly women, with abdominal body fat
distribution (158). At variance, we recently found that
nondepressed women with abdominal obesity were
characterized by lower urinary free cortisol excretion
rates, which is consistent with increased metabolic rates
of cortisol. Theoretically, this could be due to multiple
factors, including subtle abnormalities of cortisol trans-
port, function, and metabolism. The concentrations of
the corticosteroid-binding globulin, which carries corti-
sol into the bloodstream,may be reduced in the abdomi-
nal phenotype (150).Moreover, as stated above, visceral
adipocytes show a higher number of GCRs than do
subcutaneous adipocytes; the resulting increase of in-
tracellular cortisol could therefore enhance cortisol
metabolic clearance (158). In addition, alterations of
enzymes such as 11hHSD1 and 5a-reductase type 1 are
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supposed to play a role in the alteration of HPA axis.
Recent studies have provided evidence for an inhibition
of 11hHSD1 in patients with increased central adiposity
(158), similar to what was previously observed in pa-
tients with PCOS (159). The association between
reduced 11hHSD1 activity and abdominal obesity
should not, however, be surprising, since high doses of
insulin inhibit this enzyme’s expression (160). In addi-
tion, increased 5a-reductase type 1 activity, as indicated
by an increased urinary excretion rate of 5a-tetrahy-
drocortisol (161), has also been reported in abdominal
obesity. This may further contribute to increased catab-
olism of cortisol in extra-adrenal tissues. At present,
no studies have investigated the effects of pharmaco-
logical or behavioral manipulations in order to normal-
ize HPA responsiveness and/or derangements in
cortisol metabolism in patients with the abdominal

obesity phenotype of both sexes. Both central and pe-
ripheral mechanisms responsible for altered HPA axis
activity in the abdominal obesity phenotype are repre-
sented in Figure 2.

VII SUMMARY AND CONCLUSIONS

The recognition that adipose tissue has endocrine prop-
erties and represents a main target for hormone effects
has reinforced research in this direction, and over the
years new findings have enormously increased our
knowledge on the main mechanisms of regulation of
some functions of the human body, including energy
balance and body composition, in both the physiolog-
ical state and in diseases. Mechanisms of regulation of
the differentiation and the lipogenetic/lipolytic balance

Figure 2 Schematic representation of the HPA axis–noradrenergic system alterations in the pathophysiology of abdominal
obesity and the metabolic syndrome. Exaggerated response to chronic stress factors and alterations in cortisol metabolism
(whose causative mechanisms are still unknown), with compensatory neuroendocrine activation, may cooperate in determining
HPA hyperactivation and cortisol hypersensitivity. Also shown is a schematic target cell, in which interconversion of cortisol and

cortisone by 11h-HSD dictates access of GCs to receptors and subsequent regulation of target genes, encoding those responsible
for negative feedback. Cortisol and cortisone circulate in similar free concentrations, although free cortisol is in equilibrium with
a pool of cortisol bound to CBG and albumin. Symbols in circles indicate increased or decreased activity. (From Refs. 68,150.)
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in the different adipose tissue depots involve a list of
hormones, cytokines, and neuropeptides not yet com-
pletely defined, acting via endocrine, paracrine, and
autocrine pathways (Table 2). Among the hormones,
alterations of the hypothalamic-pituitary-gonadal axis,
the GH/IGF-I axis, and the HPA axis, acting in concert
and with the modulatory role of insulin and the nor-
adrenergic system, appear to play a dominant role in the
pathophysiology of the abdominal obesity phenotypes
in both females andmales.Moreover, the endocrine axis
appears to be strictly interconnected with leptin regu-
lation and function, both in the adipose tissue and at
neuroendocrine sites. An exciting area of investigation
is further represented by the crosstalk between other
locally acting cytokines, particularly TNFa and IL-6.
The recognition of endocrine and metabolic derange-
ments in different obesity phenotypes may be of impor-
tance in the definition and categorization of patients
and in defining the pathophysiology of associated
comorbodities, particularly type 2 diabetes, cardiovas-
cular diseases, and hormone-dependent cancers. In
addition, these findings pave the way for more sophis-
ticated potential applications of hormone replacement
therapy, particularly with regard to the treatment of the
visceral phenotype of obesity.
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I INTRODUCTION

The sympathetic nervous system (SNS) is an impor-
tant component of the autonomic nervous system, and
thus plays a major role in the maintenance of body
homeostasis. The SNS is of particular importance in
the control of the cardiovascular system and of a
number of metabolic processes including energy
homeostasis. Alterations in SNS effects on metabolism
have been implicated in the development and main-
tenance of obesity, and the SNS is a potential ther-
apeutic target in the treatment of obesity. This short
review provides an overview of the anatomical and
physiological aspects of the SNS, before considering
the evidence showing a role for the SNS in the develop-
ment or treatment of obesity.

II ORGANIZATION AND STRUCTURE

OF THE SNS

The autonomic nervous system consists of the sympa-
thetic nervous system, parasympathetic nervous system
(PNS), and adrenal medulla. A number of anatomical
differences distinguish the SNS and the parasym-
pathetic nervous system, which are reviewed in detail
by Astrup and Macdonald (1). The important struc-

tural aspects of the SNS are that the preganglionic
nerves arise from thoracic and lumbar regions of the
spinal cord, and that the ganglia are close to the spinal
cord. Thus, the SNS has long postganglionic nerves,
which innervate almost all of the vital organs and
tissues of the body. While most of these vital organs
and tissues are also innervated by the parasympathetic
nervous system, major exceptions are the blood vessels,
sweat glands, and adipose tissue, which have only a
sympathetic nerve supply. The adrenal medulla is
effectively a sympathetic ganglion, but it releases hor-
mones directly into the bloodstream instead of having
a postganglionic nerve. There are many physiological
and clinical situations in which activation of the SNS
and adrenal medulla are dissociated, and it is more
appropriate to consider them as the sympathoadrenal
system than to include the adrenal medulla in the SNS.
The other distinctive anatomical feature of sympa-
thetic nerves is that they have varicosities along the
length of nerve within the tissue that is innervated.
Thus, each nerve releases neurotransmitters at a num-
ber of sites.

The SNS and PNS nerves, which arise from the
spinal cord and supply the vital organs and tissues,
represent the efferent part of the autonomic nervous
system. Activation of these nerves usually occurs as
part of reflex mechanisms that involve afferent signals
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and some processing in the central nervous system.
Many of the afferent signals involved in these reflexes
travel to the brain in afferent nerve fibers located in
the sympathetic and parasympathetic nerve trunks.
The most important structure for the integration of
these afferent signals is the hypothalamus, which also
receives inputs from higher brain centers. Thus, the
hypothalamus is the major regulator of SNS activity,
and is undoubtedly of major importance in the con-
trol of metabolism and energy homeostasis. As shown
schematically in Figure 1, it is now well established
that stimulation of the parasympathetic nervous sys-
tem is associated with an anabolic effect (stimulation
of food intake and inhibition of energy expenditure),
whereas stimulation of the SNS is associated with a
catabolic state in which food intake is decreased and
energy expenditure is increased.

A large number of neurotransmitters and neuromo-
dulators are involved in the central nervous control of
the autonomic nervous system (2). The neuromodula-
tors are normally peptides, coreleased with the classical
neurotransmitters, and have a variety of effects to alter
the response to the neurotransmitter. While the detail of
such central control of autonomic (including SNS)
efferent activity is beyond the scope of this review, it
should be recognized that effects on the central nervous
systemmay affect peripheral functions controlled by the
SNS. The principal peripheral neurotransmitters in the
autonomic nerves are acetylcholine and noradrenaline

(norepinephrine). In the ganglia (both sympathetic and
parasympathetic), the major neurotransmitter is acetyl-
choline, but a number of neuromodulatory neuropep-
tides are also present (3). The major postganglionic
neurotransmitter in the SNS is noradrenaline (norepi-
nephrine), while parasympathetic nerves almost exclu-
sively release acetylcholine (and some peptides) from
the nerve terminals. Some sympathetic nerves (such
as those innervating the sweat glands) release acetyl-
choline rather than noradrenaline, and most sympa-
thetic nerves also release a number of neuropeptides.

The predominant receptors of interest in the post-
ganglionic sympathetic nerves are also those that
mediate the effects of noradrenaline, or other cate-
cholamines such as adrenaline (epinephrine). These
catecholamine receptors are known as adrenoceptors,
which are grouped into a and h subtypes. There are at
least two types of a-adrenoceptor and three types of
h-adrenoceptor. a-Adrenoceptors are particularly
common in blood vessels, with vasoconstriction occur-
ring when the receptors are stimulated by noradrena-
line. By contrast, stimulation of h-adrenoceptors
usually causes relaxation of vascular or bronchial
smooth muscle. A major distinction between a- and
h-adrenoceptors is in their second-messenger mecha-
nisms. Cyclic AMP generation is a key second mes-
senger for most if not all h-adrenoceptor-mediated
responses, although the detailed mechanisms are
rather complex, and vary between tissues and receptor
types, involving G-proteins and other membrane com-
ponents. a-Adrenoceptor activation produces different
second messengers, mainly through the generation of
phosphatidylinositol and diacylglycerol, causing an
increase in intracellular calcium and often a decrease
in cAMP.

III PHYSIOLOGICAL ROLE OF THE SNS

The aspects of SNS function that are of specific interest
in relation to metabolism and obesity concern the reg-
ulation of the cardiovascular system, gastrointestinal
function, pancreatic hormone secretion, and adipose
tissue lipolysis. The single most important role of the
SNS is the maintenance of an adequate blood pressure
to maintain functioning of the vital organs. This is
achieved principally by the sympathetic control of
cardiac output and blood vessels, although it should
be recognized that the parasympathetic innervation of
the heart has a part to play. In most tissues or organs,
stimulation of the sympathetic nerves produces vaso-
constriction, reducing blood flow and potentially rais-

Figure 1 Schematic representation of the autonomic control
of energy balance. Overall, an enhanced activity of the SNS
tends to decrease the energy stores by decreasing energy

intake and increasing energy expenditure, whereas an
impaired activity is associated with increased energy stores
and possibly obesity. On the contrary, an enhanced activity

of the PNS is associated with obesity, whereas an impaired
activity may be associated with leanness.
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ing blood pressure. However, in some tissues (e.g.,
adipose tissue, skeletal muscle, and some skin areas)
sympathetic activation can produce vasodilatation,
increasing blood flow. Nevertheless, in most cases when
tissue blood flow increases, it does so either because of
effects of local metabolites or because of a reduction in
sympathetic vasoconstriction. The importance of the
SNS in the control of the cardiovascular system should
not be overlooked, as any nonspecific stimulation or
antagonism of the SNS intended to produce metabolic
effects will also have significant cardiovascular effects
that could be undesirable.

SNS activation has a general inhibitory effect on
gastrointestinal function, reducing intestinal motility
and gastric emptying. This contrasts with its general
stimulatory effect on many other physiological pro-
cesses. The SNS has a major role in the control of

lipolysis in adipose tissue, both directly and due to the
effects on pancreatic hormone secretion (1,4). The
major metabolic effects of the SNS and plasma adrena-
line are summarized in Figure 2.

In most physiological situations, the SNS is activated
in a discrete manner, with stimulation of some tissues
and no effect on others. This was clearly identified by
Muntzel et al. (5), who showed that intracerebroven-
tricular (ICV) administration of insulin to rats activated
sympathetic outflow to the hind limbs (mainly skeletal
muscle) but not to other areas. It is only in extreme
circumstances, e.g., profound hypotension or the ‘‘fight
or flight’’ response, that a generalized sympathetic
activation may occur. In metabolic situations such as
overfeeding, fasting, or hypoglycemia in rats, there is
selective activation or inhibition of sympathetic activity
in some organs, with no change in others (6). Thus, any

Figure 2 Summary of the metabolic effect of the sympathetic nervous system (SNS) and plasma adrenaline. Shaded boxes

represent plasma compartments for hormones or substrates, solid lines represent effect of adrenaline from the adrenal medulla, and
dashed lines represent activities mediated by sympathetic nerves. Other thin lines represent exchanges through the bloodstream.
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consideration of the role of altered SNS or adrenal
medullary activity in relation to obesity must take ac-
count of the discrete manner in which these systems are
involved in physiological regulation.

IV METHODS FOR ASSESSING

SNS ACTIVITY

A number of techniques are routinely used to assess
SNS activity, but none of them are able to provide
reliable information under all conditions. When assess-
ing SNS activity, three important components must be
recognized: the neural reflex arc, the end-organ respon-
siveness, and the existence of compensatory systems (7).
Thus, just to obtain an index of efferent nerve activity,
without some assessment of the functional consequen-
ces of any change recorded, can be misleading. More-
over, when possible, one should use more than one
technique to assess SNS activity in order to obtain a
more reliable assessment.

A Nerve Activity

The activity of the efferent sympathetic nerves can be
determined by direct nerve recording (microneurogra-
phy). The use of microneurography to assess SNS
activity was pioneered by Wallin and colleagues (8).
The technique involves the insertion of a fine tungsten
microelectrode into a nerve, and is thus restricted to
peripheral nerves such as the peroneal nerve in the leg.
This technique can only provide information on SNS
activity in the skin and skeletal muscle, and measure-
ments can only be made with a subject resting quietly to
avoid displacement of the electrode. The technique has
been used to investigate the control of the cardiovascu-
lar system, and it is now clear that muscle sympathetic
nerve activity (MSNA) is mainly related to the control
of blood pressure, and that an increase in nerve firing
rate is usually associated with vasoconstriction in skele-
tal muscle. However, this is not always the case, as there
are a number of situations in which vasodilatation
occurs despite an increase in muscle sympathetic nerve
activity (1).

Thus, assessing peripheral sympathetic nerve firing
rate in humans provides an index of the SNS supply-
ing skeletal muscle, but in some circumstances this
may not reflect overall sympathetic activity in the
whole body. This is illustrated by the studies of sym-
pathetic activity in obesity, where the measurement of
plasma or urinary catecholamines in obese and non-
obese subjects shows no clear consensus as to whether

the obese have altered sympathetic activity. However,
the few studies of muscle sympathetic nerve activity in
lean and obese subjects consistently report increased
activity in the obese. Thus, depending on how sym-
pathetic activity is assessed, one would conclude the
obese have either normal or elevated SNS activity (9).

B Neurotransmitter Release

It is very difficult to determine the rate of release of
neurotransmitters from efferent sympathetic nerves, as
the released molecules can undergo a number of differ-
ent metabolic fates, including reuptake into the neu-
ron, metabolism in the synaptic cleft, uptake into
surrounding tissues, or spillover into the plasma. This
last has been used as an index of SNS activity and can
be obtained from radioactive tracer-based measure-
ments of noradrenaline (10) or of urinary noradrena-
line excretion (11). The use of arterial blood samples in
the spillover technique allows an assessment of whole-
body SNS activity, while regional venous blood sam-
pling will allow SNS activity to be determined in a
variety of tissues (12). By contrast, urinary excretion of
noradrenaline provides information on the whole
body, integrated over the period of the urine collection.
The use of either the spillover technique or urinary
noradrenaline excretion to assess the SNS relies on a
constant relationship between release, spillover, and
metabolism of noradrenaline. Any condition, or drug,
that alters this relationship (e.g., a neuronal noradrena-
line re-uptake inhibitor) could invalidate the index of
SNS activity.

Plasma noradrenaline concentration per se provides
limited information on SNS activity, as noradrenaline
in the plasma arises from spillover from sympathetic
nerves and release from the adrenal medulla. Thus,
alteration in plasma noradrenaline could be the result
of changes in adrenal medullary activity, although in
most situations changes in SNS activity are responsible
for alterations in plasma noradrenaline. If plasma nor-
adrenaline is to be used to assess whole body SNS
activity, it is more appropriate to use arterial [reviewed
by Hjemdahl (13)] or arterialized venous blood samples
(14) to avoid the errors produced by uptake and release
of noradrenaline by forearm tissues.

In principle, the use of plasma adrenaline concen-
trations to assess adrenal medullary activity is more
straightforward, although changes in clearance of the
catecholamine from plasma can produce errors. For
example, the nonselective h-adrenoceptor antagonist
propranolol reduces the clearance of catecholamines
from plasma and produces higher plasma concentra-
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tions of noradrenaline and adrenaline for a given rate of
release or spillover (15).

V FACTORS AFFECTING SNS ACTIVITY

OR RESPONSIVENESS

A variety of metabolic factors can alter the activity of
the SNS or change the response to adrenoceptor acti-
vation. The classical studies of Landsberg and Young
(6) showed that underfeeding of rodents led to a
decrease in SNS activity, especially to the heart and
brown adipose tissue, whereas overfeeding had the
opposite effect. While similar effects of underfeeding
on the SNSmay occur in humans, starvation for up to 4
days does not reduce the lipolytic and thermogenic
responses to infused catecholamines [reviewed by Mac-
donald and Webber (16)]. It has been argued that this
reduced SNS activity during underfeeding is of survival
value in reducing resting energy expenditure and thus
prolonging survival. Such a mechanism would then
explain possible links between reduced SNS activity
and the development or maintenance of obesity dis-
cussed below.

As mentioned earlier, administration of insulin into
the brain in rats increases muscle SNS activity (4), and
similar effects are seen in humans when insulin is infused
intravenously (i.e., muscle sympathetic nerve activity
and plasma noradrenaline both increase) (17). It has
long been established in clinical situations that there is a
synergy between catecholamine and thyroid hormone
effects on the cardiovascular system and metabolism. In
situations of less severe disturbances of thyroid func-
tion, mild hyperthyroidism can increase metabolic rate
and cardiac responses to administered catecholamines
(18), while mild hypothyroidism reduces baseline heart
rate and metabolic rate but does not affect the response
to catecholamines (19).

There has been major interest in recent years in the
possibility that receptor polymorphisms may be asso-
ciated with altered function and have an etiological role
in the development of disease. In the area of obesity,
attention has been focused on the association of adre-
noceptor (in particular the h2 and h3 adrenoceptors) or
uncoupling protein (UCP1) polymorphisms, and the
obese state.Most studies have failed to show convincing
associations between obesity and receptor polymor-
phisms, although Large et al. (20) did show that a
sevenfold increased relative risk of obesity was associ-
ated with a h2-adrenoceptor polymorphism (Glu27
homozygosity). Interestingly, this polymorphism was
not associated with any altered function of the h2-

adrenoceptor, while a different receptor polymorphism
(Arg16Gly) was accompanied by increased receptor
sensitivity in adipose tissue. More recently, Valve et al.
(21) showed that combined polymorphisms of the h3-
adrenoceptor and UCP1 were associated with a low
resting metabolic rate in obese Finns. However, many
genetic association studies have failed to reproduce this
finding (22). Taken together, these studies indicate a
need to consider alterations in responsiveness to SNS
activation or adrenal medullary hormone secretion as
possible contributory factors to the development of
obesity in humans.

VI ROLE OF LOW ENERGY

EXPENDITURE IN THE

PATHOGENESIS OF OBESITY

The daily energy expenditure (EE) of an individual can
be divided into its components as illustrated in Figure 3.
The restingmetabolic rate (RMR) comprises 50–80%of
the total daily EE and varies greatly among individuals.
About 70–80% of this variance can be accounted for by
differences in fat-free mass, fat mass, age, and gender
(23). After accounting for these variables, studies in
Pima Indians have indicated that an additional 7–11%
of the variance in RMR is accounted for by family
membership, strongly suggesting that RMR is influ-
enced by genetic factors (24). Several studies support the
idea that a low RMR is associated with weight gain. A
low metabolic rate has been shown to precede body
weight gain in infants (25), children (26), and adults
(27). Based on the assumption that formerly obese,
weight-reduced subjects exhibit the metabolic charac-
teristics that predisposed them to obesity, several stud-
ies have compared metabolic rates in formerly obese
subjects to those of weight-matched controls who have
never been obese. A meta-analysis of 12 such studies
corroborates the prospective data by demonstrating a
3–5% lower mean RMR in the formerly obese subjects
(28). Moreover, these data indicate that a low RMR is
more frequent among formerly obese subjects than
among ‘‘never-obese’’ control subjects.

The thermic effect of food (TEF) is commonly
defined as the increase in EE in response to food
intake. Although TEF accounts for only f10% of
daily EE, many researchers believe that a low TEF
plays a role in the development of obesity. Some data
supporting this view have been presented, but the issue
is still debated (29,30). Importantly, in the only pro-
spective study to date, a low TEF was not associated
with weight gain (31).
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When confined to a respiratory chamber, individuals
differ as to how much they move around spontane-
ously, change position, and fidget. This spontaneous
physical activity can be measured (23), and a low
spontaneous physical activity is a risk factor for body
weight gain in men (32). Recently, Levine et al. (33)
showed that subjects who did unconsciously increase
their spontaneous physical activity in response to over-
feeding were resistant to weight gain compared to those
who did not. They coined the term NEAT, for this
‘‘Non-Exercise Activity Thermogenesis’’ component of
energy expenditure.

During indirect calorimetry measurements, the con-
tributions of carbohydrate, lipid, and protein to total
EE can be determined. The respiratory quotient (RQ) is
calculated as the molar amount of CO2 produced,
divided by the amount of O2 consumed, with a value
of 1.0 indicating that glucose is the sole metabolic
substrate, whereas a value of 0.71 indicates that fat is
the fuel source. A high RQ (i.e., closer to 1.0 than 0.71)
indicates a high oxidation of carbohydrate relative to
lipid. Evidence that a high RQ predisposes to weight
gain has been obtained in prospective studies (34,35) as
well as in studies in formerly obese subjects (36–39).
Therefore, both impaired energy expenditure and
impaired fat oxidation can predispose individuals to

weight gain. We here briefly discuss how the sympa-
thetic nervous system can influence the different meta-
bolic predictors of weight gain.

VII CONTRIBUTION OF THE SNS TO EE

AND ITS COMPONENTS

A Energy Expenditure (24-hr EE and RMR)

Observations in rats indicate that the SNS stimulates
thermogenesis and that dietary manipulation influ-
ences noradrenaline turnover. These findings have
promoted interest in the role of the SNS in body
weight regulation in humans. During short-term
studies, sympathomimetic agents clearly increase EE
(40). In a long-term, crossover study in seven white
males, 24-hr EE tended to be lower during administra-
tion of the h-antagonist propranolol than placebo or
the h2-adrenergic agonist terbutaline (41). However,
lipid oxidation was increased by terbutaline (41). In
another study (42), 24-hr EE measured in a respiratory
chamber was positively correlated with urinary nora-
drenaline excretion. Furthermore, administration of
the h-antagonist propranolol caused a 4% decrease in
RMR in white people but, interestingly, not in Pima

Figure 3 Components of daily energy expenditure, their major determinants and the methods by which they can be measured.
SPA, spontaneous physical activity; NEAT, nonexercise activity thermogenesis; SMR, sleeping metabolic rate; RMR, resting
metabolic rate; SNS, sympathetic nervous system.
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Indians (42), suggesting a dissociation of SNS and
RMR in Pima Indians, a population with one of the
highest prevalence rates of obesity in the world. In yet
another study (43), adjusted 24-hr EE, sleeping meta-
bolic rate, and RMR were correlated with MSNA in
white people, but again, there was no relationship in
Pima Indians. Noradrenaline turnover studies have
shown that most of the variability in RMR unexplained
by body size and composition is related to differences in
SNS activity (44,45). Taken together, the above studies
suggest that SNS activity does modulate RMR, the
largest component of daily EE.

B Thermic Effect of Food

Studies in which h-blockade is used have demonstrated
a facultative, h-adrenergically mediated component of
glucose-induced thermogenesis. Furthermore, it has
been shown, by measurement of plasma noradrenaline
turnover (46,47), that the increased SNS activity in
response to a meal accounts for at least part of the
meal-induced TEF. The major drive for the increase in
SNS activity in response to a meal seems to be insulin
(48). Despite the clear impact of SNS activity on TEF,
the contribution of TEF to total EEmay be too small to
have an impact on body weight gain, as suggested by
prospective data (31).

C Spontaneous Physical Activity or NEAT

The relationship between spontaneous physical activity
and noradrenaline appearance rate (49) is consistent
with the idea that SNS activity is a determinant of how
much subjects move around, change position, and
fidget, all of which contribute to total EE. In other
words, ‘‘fidgeters’’ seem to have higher activity of the
SNS. It remains to be determined, however, whether the
increased SNS activity in those who fidgets is a contri-
buting factor to the fidgeting, or secondary to the
increased activity associated with fidgeting. The mech-
anisms underlying the variability in the induction of
NEAT in response to overfeeding are unknown, and it
will be interesting to test the impact of the activity of the
autonomic system on this variability. Recent data from
the NIH group in Phoenix showed that spontaneous
physical activity measured in a respiratory chamber is
related to the level of physical activity in free-living
conditions (50). Taken together, the results suggest that
a higher sympathetic tone may drive an increase in both
spontaneous physical activity and habitual physical
activity, therefore protecting individuals against body
weight gain.

D Substrate Oxidation

The effects of the SNS on metabolism appear to influ-
ence the relative amounts of substrate oxidized (41).
Accordingly, an inverse relationship was demonstrated
in white people between 24-hr RQ (measured in a
respiratory chamber) and basal muscle sympathetic
nerve activity (measured immediately after the stay in
the respiratory chamber) (51). The relationship between
RQ and SNS activity was independent of the percentage
of body fat and clearly indicates an association between
a low SNS activity and a low lipid oxidation. A possible
explanation for this observation is the stimulatory effect
of noradrenaline on intracellular lipolysis and on free
fatty acids uptake in the muscle, which seem impaired in
previously obese subjects (52).

E Responsiveness to Sympathetic Stimuli

Decreased responsiveness to sympathetic stimuli may
be as equally important as decreased activity of the
SNS for the development of obesity. Defects of
catecholamine-induced lipolysis have been observed
in a number of obese subjects, but polymorphisms of
the h2-(20) and h3-receptors (53) were proposed as
explanations for the impaired lipolysis. Using an in
vivo model for studies of neural control of adipose
tissue lipolysis (intraneural electrical stimulation of
the lateral cutaneous femoral nerve), Dodt et al. (54)
showed that human obesity is characterized by a
profound unresponsiveness of the subcutaneous adi-
pose tissue to lipolysis. Decreased responsiveness
could possibly be caused by polymorphisms in the
genes encoding the various types of adrenoceptors,
but may also be due to a reduced number of those
receptors in the obese. A variant in the gene encoding
for the h3-adrenoceptor, resulting in the substitution
of tryptophan with arginine in position 64 (trp64arg)
of the receptor protein, has been associated with
obesity and diabetes in some studies (55), and
exhibits impaired signaling when expressed in Chinese
hamster ovary (CHO) cells under certain, but not all,
experimental conditions (56,57). A number of genetic
polymorphisms in the h2-adrenoceptor have also been
reported (20), some of which are associated with
functional abnormalities, and some of which are
associated with obesity, but none of which are asso-
ciated with both (20). At the intracellular level, cAMP
released owing to SNS stimulation may affect the
expression and the thermogenic function of the
uncoupling proteins (UCPs). Lately, attention has
been focused on UCP3, which is mostly expressed
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in muscle. UCP3 mRNA expression increases in re-
sponse to overfeeding and fasting (probably through
increased availability of NEFAs) and in response to
adrenergic stimulation. The UCP3 and UCP2 genes are
located adjacent to each other in a region implicated in
linkage studies as contributing to obesity (58), and a
polymorphism in the gene encoding for UCP3 has been
associated with reduced fat oxidation (59). However,
the potential uncoupling activity of UCP2 and UCP3 is
still debated (60) despite the fact that massive over-
expression of human UCP3 in mice was associated with
increased metabolic rate (61).

VIII LOW SNS ACTIVITY IS ASSOCIATED

WITH WEIGHT GAIN

In rodents, administration of the adipocyte hormone
leptin promotes negative energy balance, the latter
partly mediated by increased SNS outflow to a number
of organs including brown adipose tissue. Accordingly,
animals with defective leptin biosynthesis or receptor
function (e.g., the ob/ob mouse, the db/db mouse, or
the fa/fa rat) have markedly reduced SNS activity and
become obese. Rodents made obese by lesions of the
ventromedial hypothalamus have a reduced firing rate
of sympathetic nerves to the brown adipose tissue in
the basal state and in response to dietary and environ-
mental stimuli. This reduced SNS activity is associated
with low metabolic rate and hyperphagia (62). Studies
in humans in whom SNS activity or adrenal medullary
function is compared between lean and obese subjects
have yielded very conflicting results, as reviewed (63),
probably because comparisons of lean and obese sub-
jects provide only very limited information about the
role of the SNS in the etiology of obesity as they do
not discern between causes and consequences of
weight gain. A better approach is to establish the
relationship between SNS activity and subsequent
weight gain. The only such report we are aware of
(64) demonstrates a relationship between low urinary
noradrenaline excretion and weight gain, and a rela-
tionship between low urinary adrenaline excretion and
the development of central obesity. These results
strongly suggest that a low SNS activity is also a risk
factor for weight gain in humans. SNS activity
increases in response to weight gain, thereby attenuat-
ing the original impairment. It is of interest to note that
basal MSNA for a given percentage of body fat is lower
in Pima Indians compared to white people (41,43),
possibly contributing to the propensity to obesity in
the Pima Indians.

IX SNS ACTIVITY AS A PREDICTOR OF

WEIGHT LOSS DURING TREATMENT

OF OBESITY

Because sympathetic activity is an important determi-
nant of EE and plays a role in the propensity to weight
gain in some individuals, it is likely that constitutional
differences in SNS activitymay contribute to explain the
large variability in weight loss among obese individuals
on dietary treatment programs. Sympathetic activation
has also been associated with enhanced meal-induced
satiety (65), which suggests that the SNS exerts a dual
effect, i.e., working on both sides of the energy balance
equation. Pharmacological blockade of the SNS is
difficult to achieve, but a certain functional inhibition
occurs during chronic treatment with a number of
agents, such as h-adrenergic antagonists (1). Treatment
of hypertensive or other patients with h-antagonist
produces an average of 2- to 5-kg weight increase, which
can be entirely accounted for by fat gain (66). Even if
other unknown regulatory mechanisms may counteract
further weight gain (67), it is interesting that some
individuals experience a rather large weight gain during
inhibition of their SNS.

The habitual SNS activity may also play a role in
variability in weight loss during the treatment of obese
patients. Three studies have assessed the relationship
between pretreatment SNS activity of obese subjects
and weight loss outcome during hypoenergetic dieting.
In a study of obese females who underwent 36 weeks of
4.2-MJ d-1 diet, pretreatment levels of postprandial
plasma noradrenaline were positively associated with
the maximum achieved weight loss, and a low plasma
noradrenaline level was found to be a risk factor for a
small weight loss (68). Similarly, pretreatment levels of
both plasma noradrenaline and adrenaline were found
to be positively associated with fat loss in 63 obese
patients undergoing an 8-week, very low energy diet
(2.8 MJ d-1) (69). In a third study, Hellström et al. (70)
found that plasma noradrenaline and a2-adrenoceptor
sensitivity was associated with fat loss during 4weeks on
a 1.6-MJ d-1 diet. These studies suggest that obese
patients with low SNS activity are less responsive to
diet-induced weight loss programs and that plasma
noradrenaline can be used as a prognostic marker of
weight loss.

X DIETARY STIMULATION OF SNS

It is not entirely clear from the literature if basal
metabolic rate (BMR) and 24hr EE can be influenced
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by the dietary macronutrient composition. However,
there are some studies indicating that the carbohydrate
content of the diet may slightly increase EE. Toth and
Poehlman (45) studied the diet composition and RMR
of vegetarians and nonvegetarians. Vegetarians re-
ported a greater intake of carbohydrates than non-
vegetarians (62% vs. 51%), whereas no difference was
found in body composition or aerobic capacity. Vege-
tarians had an 11% higher RMR, which could be
explained by their higher SNS activity due to the higher
carbohydrate intake (45). Some, but not all, interven-
tion studies also support that a high-carbohydrate diet
increases EE. One group found that, despite a weight
loss during 20 weeks on an ad libitum low-fat, high-
carbohydrate diet, energy intake was 19% higher than a
control group consuming a high-fat diet (71). An anal-
ysis of physical activity level could not identify any
change in daily activity level, which suggests that other
components of EEwere affected (72). Strictly controlled
dietary intervention studies have demonstrated that EE
is increased only by high-carbohydrate diets with high
contents of simple sugars. Vasilaras et al. (73) compared
the impact of high-sucrose versus high-starch diet on 24-
hr EE and SNS activity. After 14 days on the sucrose
diet, 24-hr EE, as well as postprandial plasma adrena-
line and noradrenaline concentrations, was significantly
higher than on the high-starch diet and on a high-fat
control diet. The results have been confirmed by the
European multicenter randomized trial CARMEN, in
which about 300 overweight and obese subjects com-
pleted 6 months ad libitum intake of low-fat diets, rich
in either simple or complex carbohydrates (74). Only the
diet rich in simple carbohydrates increased EE, whereas
no effect was seen with the complex carbohydrates. The
reason for the differences between the carbohydrates is
probably to be found in the effect of fructose on EE and
SNS activity. Several studies have found that fructose
and sucrose increase EE after intake, compared with
glucose and starch (74,75). However, this advantage of
simple over complex carbohydrates should be balanced
against the reverse effects on satiety and energy intake.
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I FACTORS DETERMINING TOTAL

SUBSTRATE OXIDATION

The rate of substrate oxidation varies considerably
during the day, being dictated by the body’s need to
regenerate the adenosine triphosphate (ATP) used in
carrying out its metabolic functions, in digesting and
storing nutrients, in moving, and in performing phys-
ical tasks. The amount of heat generated is generally
sufficient to allow maintenance of body temperature by
regulation of heat dissipation, aided when necessary by
measures seeking to maintain comfort through appro-
priate clothing and control of environmental tempera-
tures. Situations where substrate oxidation is activated
for the sake of thermogenesis are avoided as much
as possible.

The energy expended in the resting state depends
primarily on the size of the lean body mass, plus the
metabolic costs for processing ingested nutrients. The
energy expended for specific physical activities is
highly reproducible and in many cases roughly pro-
portional to body weight (1). Overall energy expendi-
ture for weight maintaining adults is thus determined
primarily by body size and by the intensity and
duration of the physical activities undertaken. In
sedentary individuals total daily energy expenditure
(TEE) varies typically between 1.3 and 1.5 times the

rate of resting energy expenditure (REE) extrapolated
to 24 hr.

A Efficiency of Oxidative Phosphorylation and

P:O Ratio

It is difficult to assess the efficiency of oxidative phos-
phorylation and the P:O ratio in intact cells, because the
ATP turnover due to the cell’s metabolic activities is not
readily measurable. Pahud et al. (2) were nevertheless
able to assess the efficiency of oxidative phosphoryla-
tion in man by combining direct and indirect calorim-
etry measurements in young men pedaling on a bicycle
ergometer at different levels of work output. During
sustained aerobic work, the mechanical work per-
formed was equivalent to 27% of the energy contained
in the increment in substrate oxidation elicited by ped-
aling. During the first minutes of pedaling against a
suddenly increased resistance, themechanical work pro-
duced (measured electrically with the bicycle ergome-
ter) plus the energy appearing in the form of heat
(measured by direct calorimetry and from the increase
in the subjects’ body temperature) exceeded the energy
liberated by substrate oxidation (determined by indirect
calorimetry). This implies that preformed high-energy
bonds (ATP and creatine-phosphate) were utilized to
accomplish part of the mechanical work during this
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phase of the test. The characteristics of this latter
process allowed them to determine that the coupling
coefficient, which describes the efficiency with which
chemical energy can be converted into work in muscles,
is 41%. The difference in the two observed efficiencies is
due to the fact that a fraction only of the energy
liberated by the oxidation of metabolic fuels is recov-
ered in the form of ATP. The ratio 27%/41% = 0.66
thus provides an estimate of the efficiency with which
the energy liberated by substrate oxidation is recovered
in the form of ATP in human muscles.

During the complete oxidation of 1 mol of glucose,
f689 (DG, kcal/mol) � 0.66 = 450 kcal of free energy
is therefore recovered in the form of high-energy bonds.
Since the DG for ATP hydrolysis in muscle is f�14.3
kcal/mol and oxidative phosphorylation operates at
near equilibrium conditions, one would expect 450/
14.3 = 31.5 mol ATP to be formed, which corresponds
to a P:O ratio of 31.3/12= 2.6 (3). This is in reasonably
good agreement with other evaluations of the P:O ratio
in intact cells (3). In reality, such experiments provide
evaluations of the increments in ATP generation
divided by the increments in oxygen consumption, i.e.,

a ‘‘DP:DO ratio.’’ This is higher than the P:O ratio
prevailing in resting cells, in which the P:O ratio is lower
due to a certain rate of proton leakage through the
mitochondrial membrane (4), which may account for
20% of resting energy expenditure (5). While ATP
turnover based on estimates of the DP:DO ratio will
thus be overestimated, this uncertainty is of lesser
importance when increments in ATP turnover are to
be assessed. Considering the number of assumptions
and sources of possible errors inherent in these esti-
mates, a value of 2.6 still seems to be compatible with
the ‘‘traditional’’ values of three and two high-energy
bonds regenerated per mitochondrial NADH and per
FADH2 or cytoplasmic NADH reoxidized, respec-
tively. In order to maintain consistency with common
practices, these values were used in computing the
amounts of ATP yielded by the oxidation of metabolic
fuels (Table 1) (6,7) and in the assessment of the
metabolic costs of processes based on their ATP-related
stoichiometries (Fig. 1) (6).

Extramitochondrial reactions with oxygen are cata-
lyzed by peroxidases, and for diverse hydroxylations
catalyzed by oxygenases (where the ultimate reaction

Table 1 Stoichiometry of Substrate Oxidation and High-Energy Bond Production

C6H12O6 + 6 O2 RQ¼ 1:00
ð4:99 kcal=L O2Þ

6 CO2 + 6 H2O + 670 kcala

Glucose [+38 � 2 = +36f]b

C6H10O5 + 6 O2 RQ¼ 1:00
ð5:05 kcal=L O2Þ

6 CO2 + 6 H2O + 678 kcala

Glucosyl- [+38 � 1 = + 37f]

c4.5 C6H12O6 + 4 O2 RQ¼ 2:75
ð7:06 kcal=L O2Þ

C16H32O2 + 11 CO2 + 11 H2O + 630 kcal

Glucose Palmitate [+40 � 34 = 6f]

C16H32O2 + 23 O2 RQ¼ 0:696
ð4:68 kcal=L O2Þ

16 CO2 + 16 H2O + 2398 kcal
Palmitate [+131 � 2 = + 129f]

dC57H107O6 + 78 O2
eTriglyceride

dRQ¼ 0:71
að4:69 kcal=L O2Þ

57 CO2 + 52 H2O + 8139 kcal
[+459 � 7 = + 452f]

ðRQ¼ 0:40Þ
ðliverÞ

fC4.6H8.4O1.8N1.25 + 1.5 O2 0.2 H2O 0.6 Urea + 0.6 CO2 + 0.35 Gluc + 0.3 KB
[+8.2 � 4.6 = + 3.6f]

fProtein

0.35 Gluc + 0.3 KB + 3.3 O2

C4.6H8.4O1.8N1.25 + 4.8 O2
gProtein

ðRQ¼ 1:0Þ
ðperipheryÞ

3.3 CO2 +3.1 H2O
[+20.6 � 1 = + 19.6f]

eRQ¼ :835
eð4:66kcal=L O2Þ

0.6 Urea + 4.0 CO2 + 2.9 H2O+ 520 kcal
g[+28.8 � 5.6 = +23.2f]

KB, Ketone bodies.
a Handbook of Chemistry and Physics, 57th ed, 1970 (13).
b The number of high-energy bonds (f) produced, minus those utilized, as well as the overall f yield is shown in square brackets.
c Based on stoichiometry reported for lipogenesis in rat adipose tissue (7).
d Palmityl-stearyl-oleyl triglyceride, which is representative of the usual fatty acid pattern in human adipose fat.
e Coefficients given by Livesey and Elia (15).
f Approximate composition of a protein mixture containing 1000 mmol of amino-acyl residues in 110 g, to have 16% of its weight as N and 50%

as C, to be oxidized with an RQ of 0.835 and to generate 3.6 g glucose per g N.
g ATP stoichiometry is based on McGilvery (16).

Source: Ref. 6.
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with oxygen is often catalyzed by the cytoplasmic
cytochrome P450), but they account for only 10% of
resting O2 consumption (5). Reactions of the H gener-
ated during substrate degradation with oxygen are pri-
marily mediated by cytochrome oxidase, the ultimate
enzyme in the mitochondrial respiratory chain, which
carries out oxidative phosphorylation. This explains
why substrate oxidation in vivo is closely controlled
by the rate of ADP formation (i.e., the rate of ATP
utilization) under most circumstances, except in brown
adipose tissue (BAT). BAT mitochondria contain an
uncoupling protein (UCP). In the presence of fatty acids
produced by catecholamine-stimulated lipolysis (8) this
protein creates a proton-conducting pathway which
allows NADH reoxidation to occur at rates much
higher than those determined when proton reentry is
coupled to ATP regeneration. This permits rapid sub-
strate oxidation and heat production, important for the
maintenance of body temperature in small animals ex-
posed to cold, as well as in raising body temperature

during arousal from hibernation. Activation of this
proton conductance pathway during overfeeding can
play an important role in enhancing energy dissipation,
thereby limiting fat accumulation during overfeeding in
small animals (9,10). This mechanism for energy dis-
sipation does not appear to operate to a significant
extent in man (8,11).

B Costs Associated with ATP Generation

The number of mol of ATP formed per mol glucose,
fatty acid, and amino acid oxidized are shown in Table
1, as well as the number of ATP required to initiate
their degradation (negative numbers), and in the case
of amino acid oxidation to carry out gluconeogenesis
and ureagenesis. In order to evaluate the costs of ATP
expenditures associated with these and other metabolic
processes, the amount of substrate which needs to be
oxidized to regenerate a given amount of ATP must be
assessed. Such evaluations depend therefore not only

Figure 1 ATP yields during oxidation of carbohydrate, fat, and protein. The numbers printed in brackets show moles of

substrate flowing through various metabolic pathways, and, in parenthesis, the moles of ATP produced and expended per mole
substrate metabolized, assuming a P:O ratio of 3 for the reoxidation of mitochondrial NADH. (From Ref. 6.)
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on the P:O ratio, but also on the amounts of ATP
expended for the transport, activation, and handling
of the metabolic fuels whose oxidation provides the
energy for ATP regeneration.

1 Substrate Handling and Storage Costs

In the case of glucose, 38 ATPs are produced during
the oxidation of one glucose molecule, but two are used
for its activation to glucose-6-P and fructose-di-P, so
that the ATP yield is 36/38 = 95%. If one allows for
the fact that some 15–25% of the glucose released by
the liver is recycled via the Cori cycle and the glucose-
alanine cycle (at a net cost of 4 ATP/glucose recycled),
only some 90% of the ATP generated by oxidation
of glucose derived from liver glycogen are available to
replace ATPs used in peripheral tissues. Significant
portions of the carbohydrates supplied by the diet are
initially stored in the form of muscle glycogen (12), so
that a substantial part of the glucose released by the
liver is in fact regenerated from lactate released by
breakdown of muscle glycogen. The cost of gluconeo-
genesis would then consume additional ATP. Assum-
ing that this applies to half of the glucose released by
the liver, the net ATP yield during glycogen oxidation
is reduced to f82% (Fig. 1). The heat of combustion
(DH) for glucose is 670 kcal/mol (13). Note that the DH
is very similar to the DG for this process, i.e., �689
kcal/mol, which is generally the case when complete
oxidation of biological substrates are considered. The
DH for fructose-1,6-di-P oxidation may be estimated at
685 kcal/mol. The release of 685 kcal, then reflects the
turnover of 38 mol of ATP or 685/38 = 18 kcal/mol
ATP when glucose is the metabolic fuel oxidized. How-
ever, since 18% of the ATP generated merely replaces
the ATP spent for substrate handling, an amount of
glucose containing 18/0.82 = 22 kcal must be oxidized
to replace 1 mol of ATP consumed by a given meta-
bolic process.

To evaluate the energy expended in regeneratingATP
by oxidation of fat, one has to consider that some of the
free fatty acids (FFA) produced by triglyceride hydroly-
sis in adipose tissue are reesterified before leaving adi-
pose tissue, at a cost of 7ATP/triglyceride reconstituted.
Some of the FFA released into the circulation are
removed and reesterified by the liver, to be reexported
in the form of lipoproteins, requiring twice 2.33 ATP/
FFA (Fig. 1) (6). The extent to which the lipolytic rate
exceeds the rate of fatty acid oxidation appears to be
rather variable (14). If one assumes that lipolysis pro-
ceeds at twice the rate of fat oxidation and that half of

the fatty acids that escape oxidation are reesterified in
adipose tissue while the other half are returned to
adipose tissue via lipoproteins secreted by the liver, 3.5
ATP is expended per mol fatty acid oxidized.

Oleate is the most common fatty acid in human
triglycerides. During its oxidation 146 ATP/mol are
generated, while 2 ATP are expended for its activation
to oleyl-CoA. The ATP yield for fat oxidation is thus
f140.5/146 = 96%. In view of the large amount of
ATP generated per mol fatty acid oxidized, some var-
iations in the relative rate of FFA reesterification will
not greatly modify this yield. The DH for oleate oxida-
tion is 2657 kcal/mol (13), and that for oleyl-CoA can
be estimated at 2670 kcal/mol, so that 2670/146 = 18.3
kcal are released per mole ATP turned over. The energy
expenditure per mole of ATP utilized and replaced by
fatty acid oxidation thus comes to 18.3/096 = 19 kcal/
mol ATP (as compared to 22 kcal/mol ATP during
glycogen oxidation) (Fig. 1).

By taking into account the known heats of com-
bustion and the amino acid content of various pro-
teins, Livesey and Elia (15) concluded that the RQ
during protein oxidation is 0.835, and that 4.7 kcal is
released per gram protein metabolized to CO2, water,
and urea, rather than 0.80 and 4.32, respectively,
which were generally used (15). With protein, 110 g rep-
resents an assembly of 1000 mmol of various amino
acids (Table 1). In the course of the oxidation of 1 mol
of protein, 110 g� 4.70 kcal/g = 517 kcal and 28.8 mol
of ATP are generated (16), or 517/28.8 = 18 kcal/mol
ATP. (With the old coefficients, the corresponding
value would be 16.5 kcal/mol ATP generated, which is
not consistent with the values of 18.0 to 18.3 kcal/mol
ATP generated during carbohydrate and fat oxidation.)
Since the costs of gluconeogenesis and ureagenesis
consume 5.5 mol ATP/1000 mmol mixed AA oxidized,
orf20% of the amount generated (Table 1), the oxida-
tion of 18/0.8 = 22 kcal of protein is required to gen-
erate 1 mol of ATP.

Only some of the amino acids produced by protein
breakdown are oxidized (possibly about 1/3) (17), so
oxidation of amino acids derived from endogenous
protein turnover is always accompanied by protein
resynthesis, a process requiring f5 ATP/amino acid
reincorporated into protein (i.e., four for the synthesis
of the peptide bond plus an estimated 1 additional mol
for amino acid transport, mRNA synthesis, etc.). This
would consume 10 ATP in addition to the 5.5 utilized
for glucose and urea synthesis per mol amino acid
oxidized. The net ATP yield associated with the oxida-
tion of amino acids derived from the turnover of en-
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dogenous proteins would accordingly be in the order of
(28.8–15.5)/28.8 = 46%. When amino acids contribute
either 15% or 20% of the fuel mix oxidized, assuming
commensurate differences in protein turnover rates
would predict a 3% difference in metabolic rates. Part
of the variability in basal metabolic rates is indeed
explained by differences in protein turnover (18). Fur-
thermore it is well known that elevations in urinary
nitrogen excretion and in resting metabolic rates run a
parallel course following trauma or during sepsis (19).

The ATP yielded by different nutrients is further de-
creased when one takes into account the costs incurred
for their initial transport and storage after ingestion.
Assuming that in addition to the 2 ATP used for the
synthesis of glycogen, 0.5 ATP is expended for active
transport and intestinal enzyme synthesis and motility,
this would entail an energy expenditure equivalent to
2.5 � (22.5 kcal per mol ATP replaced at a postpran-
dial RQ of 0.89) = 56 kcal, or 56/670 = 8% for the
storage of dietary carbohydrate as glycogen. That some
of the ingested glucose is used without prior conver-
sion into glycogen (assumed to be 20% in Fig. 1) is
approximately offset by the stimulation of the sympa-
thetic nervous system induced by carbohydrate intake
(20). In studies in which the amount of glycogen syn-
thesis could be calculated from indirect calorimetry
data, the predicted energy expended for glucose storage
amounted to 4–6% of the glucose energy infused, and
accounted for about two-thirds of the observed increase
in energy expenditure above the fasting rate, the re-
mainder being attributable primarily to increased cate-
cholamine secretion (20).

When the catecholamine effect is curtailed by admin-
istration of adrenergic blocking agents, the thermic
effect observed is consistent with the predicted meta-
bolic expense for glucose storage. Taking into account
the energy dissipated during the postprandial phase,
the net ATP yield from dietary carbohydrate comes to
f0.92 � 82% (the net ATP yield for glycogen oxida-
tion) = 75%. In the case of fat, the predictable cost for
the initial deposition of dietary fat comes to about 3%
of the energy provided by dietary fat, though addition
of fat generally appears to raise postprandial energy
expenditure by 5–10% of the energy provided by the
added fat (21). The net ATP yield from dietary fat
would thus be reduced to about 0.93% � 96% (the
yield from endogenous fat), or some 90%. These con-
siderations suggest that the oxidation of 18/0.75 = 24
kcal of dietary carbohydrate, or the oxidation of 18.3/
0.90= 20.3 kcal of dietary fat is needed to replace 1 mol
of ATP, or that some 15–20% more energy may be re-

quired to sustain metabolism with dietary carbohydrate
than with dietary fat, even in the absence of lipogenesis.

2 Diet Composition and Energy
Expenditure

In animal studies, Donato and Hegsted (22) reported
that 35% of the energy consumed in excess of main-
tenance requirements was retained when the excess was
provided in the form of fat, as compared to 28% when
the excess was carbohydrate. In mice whose 24-hr
energy expenditure was measured individually for many
consecutive days, the use of carbohydrate as a fuel, as
compared to fat, was accompanied by 9–12% higher
rates of energy expenditure (6). Hurni et al. (23) found
sleeping metabolic rates, basal metabolic rates (BMRs),
and 24-hr energy expenditure to be 5–8% higher in a
group of volunteers when they were consuming a high-
carbohydrate diet (80% of energy as CHO, 5% as fat),
as compared to a mixed diet (55% CHO, 30% fat). On
the other hand, Abbott et al. (24) could find no differ-
ence in 24-hr expenditure among obese Pima Indians
adapted to diets providing 42% fat and 43% carbohy-
drate, or 20% fat and 65% carbohydrate. However, in
many studies in which total daily energy expenditure
was measured while the proportions of CHO and fat in
the diet differed substantially, slightly higher energy
expenditures on high-carbohydrate than on high-fat
diets have been observed, though the differences were
not statiscally significant (25,26,27). Since a 15% differ-
ence in net ATP yields, applied to the proportion of
carbohydrate exchanged for fat, would only lead to a
relatively minor difference in overall expenditure, this
effect remains uncertain, though it can be concluded
that its practical impact is negligible.

The increase in resting energy expenditure, i.e., the
thermic effect of food (TEF) (cf. Chap. 25), elicited by
protein consumption varies between 20% and 30%
(28,29). The ATP required to absorb and transport
dietary amino acids into cells, and then to convert them
into protein, may be estimated at f5.5 mol ATP/mol
mixed amino acids. If the amino acids are oxidized
instead, theATP expenditure for transport, ureagenesis,
and gluconeogenesis also comes to f5.5 mol ATP
(16,30). The TEF of protein is therefore essentially the
same when either (or any combination) of these two
processes is involved: (5.5 � 22.5 kcal/ATP replaced)/
(110 g � 4.70 kcal/g) = 25% (31). However, depend-
ing on the proportion of amino acids initially converted
into protein, subsequent costs for protein turnover will
vary, until an amount of amino acids equivalent to that
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initially incorporated into protein has in turn been
degraded and converted into glucose and urea. Protein
intake can thus be expected to influence energy expen-
diture beyond the postprandial phase. For instance, in
patients receiving fixed amounts of energy by intra-
venous infusion, but in whom 0.31 g of dextrose/kg
body weight (BW)/d was replaced by an equicaloric
amount of amino acids (to provide 364 instead of 180
mg of amino acid nitrogen/kg BW/d), an increase in
energy expenditure of 2.2 kcal/kg/d was observed (32).
This is equivalent to 40% of the energy content of the
additional dose of amino acids. Considering that the
amino acids were provided intravenously, and that
there was a concomitant decrease in metabolic costs
for handling glucose, one would expect dietary protein
to raise the metabolic rate by an amount approaching
half of its energy content.

Based on the ‘‘best guesses’’ described above, the
ATP expended for substrate handling (transport, stor-
age, recycling, and activation) dissipates f10%, 25%,
or 45% of the ATP produced in the metabolic degra-
dation of dietary fat, carbohydrate and protein, respec-
tively. The net ATP yields are thus estimated to decline
from 90% with fat, to 75% with carbohydrate, to 45%
with protein. On this basis, a change in protein intake
from 75 to 100 g/d would be expected to increase energy
expenditure by f50 kcal/d. Depending on the compo-
sition of the diet consumed and the time elapsed after
food intake, the cost for replacing one mol of ATP
would be expected to vary between 20 and 22 kcal. This
is some 10–20% more than the 18 kcal released per mol
ATP turned over.

3 Cost for Glucose Conversion to Fat

Several reactions in the fatty acid–synthesizing path-
way require ATP, so conversion of glucose into fat re-
quires a substantial energy investment. If the costs for
prior conversion of glucose into glycogen, as well as
for the transport of fatty acid synthesized in the liver
to adipose tissue are also included, the cost for con-
version of dietary carbohydrate into fat may be as-
sessed at f25% (7,33). In subjects consuming a
Western diet, fatty acid synthesis from glucose appears
to be of minor quantitative significance (34,35), as even
the ingestion of an unusually large carbohydrate load
of 500 g is accommodated by expansion of the glycogen
reserves, without increases in body fat (36). Contrary to
still commonly held expectations, dissipation of dietary
energy by conversion of glucose into fat is therefore not
a reason that could explain why high-carbohydrate
diets are less conducive to obesity than high-fat diets.

4 Costs for Maintaining Energy Reserves

The costs for nutrient storage include not only the
ATP expenditure required for their initial incorpora-
tion into the body’s stores, but also those involved in
maintaining and moving the tissues which contain these
reserves. The resting metabolic rate increases byf7–10
kcal/d/kg additional body weight in adult women and
men (37). However, owing to the cost of moving the
additional weight, this causes a greater increase in daily
energy expenditure ranging from 10–15 in sedentary
to 20–30 kcal/d/kg additional body weight in moder-
ately active to very active individuals. Typically it takes
f1 year for these costs to be equal to the initial energy
investment. The degree of physical activity is thus an-
other factor affecting the cost of energy storage, even
though it does not imply any change in the efficiency
with which metabolic processes or ATP turnover occur.
Furthermore, the self-correcting effect which changes in
body weight exert in compensating for deviations from
the energy balance is greater in physically active and in
‘‘fidgety’’ subjects (38) than in sedentary individuals, a
phenomenon that totally escapes detection when resting
metabolic rates are compared.

5 Futile Cycles

Interconversion of intracellular substrates can cause
ATP dissipation if they involve ATP-consuming re-
actions (e.g., fructose-1,6-diphosphate hydrolysis by
fructose diphosphatase and resynthesis by phospho-
fructokinase). Such substrate cycles, which cause no
net change in the organism but dissipate ATP, have
sometimes been referred to as futile cycles. Elaborate
mechanisms have evolved to regulate the activity of en-
zymes involved in catalyzing opposite transformation
so as to prevent high rates of wasteful substrate inter-
conversions. Complete suppression of these intercon-
versions is not always achieved, however, as it may not
be compatible with the quick responses needed to allow
for rapid changes in ATP production when needed (39).
Other intracellular substrate cycles include intercon-
versions of glucose and glucose-6-P, or synthesis and
breakdown of phosphoenolpyruvate by enzymes in-
volved in the gluconeogenic pathway. When fatty acids
are produced by triglyceride hydrolysis in adipose tis-
sue, some are reesterified on the spot. In spite of this,
free fatty acids are released from adipose tissue in
amounts greater than used for energy production; the
excess is reesterified in the liver, to be reexported to
adipose tissue in the form of lipoproteins (14). This
also causes ATP dissipation without net change in
the system, but the fact that lipolysis proceeds at
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higher-than-minimal rates helps to ensure an adequate
supply of circulating FFA and promotes fat oxidation,
since fat oxidation is enhanced by high circulating FFA
levels (40).

It has been difficult to design tracer studies capable
of providing accurate estimates of some of these sub-
strate cycling rates, but the available information sug-
gests that they account for only a small percentage of
total energy expenditure (41). The increase in peripheral
substrate mobilization caused by higher catecholamine
levels during overfeeding, and the increased release of
various mobilizing hormones during periods of stress
cause an increase in substrate traffic, whichmay account
for about one-fourth of the rise in resting metabolic
rates under these conditions (42).

There has also been interest in examining the pos-
sibility that transfer of reducing equivalents from mito-
chondrial to cytoplasmic NADH, through a set of
reactions involving glycerol-3-phosphate dehydrogen-
ase (GPDH), may alter metabolic efficiency, since only
two instead of three high-energy bonds can be gener-
ated from cytoplasmic NADH (43). Overexpression of
GPDH in transgenic mice considerably reduces their
body fat content (44), but the extent to which this en-
zyme affects the turnover of reducing equivalent is un-
known. Its influence would be reflected in the resting
metabolic rates, as are the effects of futile cycles.

The activity of substrate cycles tends to be enhanced
by thyroid hormones (45) and their potential role in
energy dissipation have therefore been of some interest.
However, their impact on energy expenditure is far less
than that of the ATP-dependent sodium extrusion con-
stantly carried out by the cell membranes’ sodium-
potassium ATPase, which may account for f20% of
basal energy expenditure, though data to establish this
with some certainty are not available (5,46). Proton
leakage through the mitochondrial membrane also
demands a certain rate of substrate oxidation at rest
to maintain a proton gradient sufficient to drive ATP
resynthesis, which may account for 20% of energy
expenditure (5). Even though these two phenomena do
not result in changes in the system, maintenance of K+

gradients across cell membrane and of H+ gradients
across mitochondrial membranes cannot really be con-
sidered to be futile, since these gradients are essential
in maintaining membrane potentials and cell integrity.
Increases in sodium-potassiumATPase activity induced
by thyroxine suggest that enhanced Na+ pumping may
account for increases in energy expenditure caused
by elevation of thyroxine levels, though a higher number
of ATPase molecules does not by itself cause or prove
that Na+ fluxes are increased. Thyroid status also

appears to affect the rate of proton leakage through
the mitochondrial membrance (47).

C Metabolic Efficiency

When compared to daily energy turnover, the amount
of energy retained during growth and during the de-
velopment of obesity is rather small, amounting to a
difference of only a few percent between intake and
expenditure. Because a positive energy balance can, in
principle, be attributed to excessive intake or to reduced
expenditure, there has been considerable interest in the
possible significance of even small differences in meta-
bolic efficiency for the development, or the prevention
of obesity.

Metabolic efficiency can be defined in many ways.
The most readily applied approach is to relate physical
work output to energy expenditure. During low-inten-
sity exertion, the efficiency of the process appears to be
low, because most of the energy expended serves to re-
generate the ATP dissipated for maintenance metabo-
lism. The intensity of the workload, relative to resting
energy expenditure, is thus the major variable determin-
ing the apparent overall metabolic efficiency. To obtain
a better measure of metabolic efficiency, it is important
to relate the amount of work produced to the change
in metabolic rate it causes. Typical values for the net
efficiency of aerobic work range from 25% to 27% in
man and animals (2,28). Relating energy deposited in
the carcass to total amount of food energy consumed
is an important practical consideration in judging feed
efficiency in the production of meat. As in the case of
increasing workloads, overall or gross nutrient efficiency
risesmarkedly as the amount of excess energy consumed
becomes larger relative to maintenance energy expendi-
ture (Fig. 2). In a situation characterized by rather small
changes in body size over time, gross nutrient efficiency
is close to zero, which in terms of characterizing po-
tential metabolic differences between lean and obese
is essentially meaningless. In trying to assess the effi-
ciency with which food energy is processed, it is there-
fore important to assess energy retention relative to the
amount consumed in excess of maintenance require-
ments. The accuracy of such an approach is limited,
particularly in man, because the maintenance energy
requirements account for a rather large fraction of
the energy consumed, and because these requirements
keep changing as body weight and physical activities
vary during the weeks needed to produce measurable
changes in body composition. Thus, even small errors
in estimating maintenance requirements have a con-
siderable impact on the net efficiency value obtained
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(Fig. 2), and the reliability of such evaluations in char-
acterizing potential differences in metabolic efficien-
cies is questionable.

Differences in ATP dissipation through ion pump-
ing, futile cycles, and protein turnover are all included
in the measured resting metabolic rates. These are close-
ly correlated with the size of the fat-free mass and the fat
mass, and resting energy expenditures are thus higher
in obese than in lean subjects of the same heights (48),
though a certain degree of variability among individ-
uals remains. The importance often attributed to such
differences appears to be founded on the presumption
that changes in energy expenditure will not be offset
by changes in energy intake. Under conditions where
energy intake could be ‘‘clamped’’ at some particular
level, a 5% difference in resting energy expenditure
would be offset by a difference in body weight of 5–8 kg

in a sedentary individual, or less in a physically active
individual. When access to food is not restricted, energy
balance is determined overwhelmingly by the factors
influencing food intake, and by the adjustments in food
intake that serve to compensate for recent substrate
imbalances, rather than by the overall rate of energy
turnover (49). Pregnancy, for instance, leads to the
deposition of a few kg of additional fat in spite of an
increase in resting energy expenditure (50). Arguments
about the possible role of minor differences in resting
metabolic rates in promoting or preventing obesity and
in playing a role in body weight maintenance are there-
fore hollow if they are not linked to considerations of
the factors controlling energy intake; if they fail to do so,
they may end up creating a conceptual trap.

D Cold Exposure

Exposure to low environmental temperatures raises
energy expenditure and can modify the composition of
the fuel mix oxidized. Thus the RQ of ad libitum–fed
rats was 0.92 at thermal neutrality, 0.87 during acute
cold exposure (acclimation to 25jC and test at 15jC),
and 0.77 at chronic cold (acclimation and test at 15jC)
(51). This is consistent with other data showing a
preferential contribution of lipid to nonshivering ther-
mogenesis in cold-exposed animals (52,53).

The impact of cold exposure has also been studied
in man. Acute exposure to a temperature of 5jC causes
resting O2 consumption to nearly double after 2 hr (54).
Under these conditions changes in the respiratory
exchange ratio over the 2 hr of cold exposure were not
significant at rest and during exercise. Spending a day
in a respiratory chamber at 16jC was perceived to be
uncomfortably cool, and rectal temperatures in the
morning were 0.11jC lower than when the ambient
temperature was 24jC. Yet this elicited only a 2% in-
crease in 24-hr energy expenditure, covered by increased
glucose oxidation (55). When one considers that indi-
viduals generally adjust clothing when exposed to cold,
the changes in resting energy expenditure induced by
a cold environment are not likely to be substantial.
Since a wide range of cold exposures can be survived,
the use of glucose obviously can adjust itself to carbo-
hydrate intake, regardless of the stimuli that may cause
changes in the RQ at the onset of cold exposure.
However, one may keep in mind some incidental obser-
vations, whose validity remains to be established. For
instance, cold exposure may elicit vigorous movements
reflecting efforts to restore blood flow and to raise body
temperature, or on the contrary, it may inhibit motion.

Figure 2 Effect of level of energy intake on ‘‘gross’’ and
‘‘net’’ nutrient efficiencies. Energy expenditure (x) is consid-

ered to increase during overfeeding (dissipating 20% of the
energy consumed above maintenance requirements), and to
decline during underfeeding (attenuating the energy deficit)
by 5%). ‘‘Gross nutrient efficiency’’ describes the % of

energy retained relative to energy consumed (n). It is
determined primarily by the level of energy intake. ‘‘Net
nutrient efficiency’’ (.) describes the fraction of the energy

consumed above maintenance levels that is retained. It is
greatly affected by minor errors (i.e., a 5% overestimate 4,
or a 5% underestimate q), particularly in the range of mo-

dest excess intakes.
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There also seems to be a prevailing perception of in-
creased hunger when subjects are exposed to a cold
environment, and of a tendency to gain fat during the
cold season.

II MEASUREMENT OF SUBSTRATE

OXIDATION AND ENERGY

EXPENDITURE

Changes in the body’s substrate content due to metab-
olism can be calculated from CO2 production, O2 con-
sumption, and urinary nitrogen excretion data. This
experimental approach has provided awealth of data on
human energy expenditure (28,29,56,57). The results of
this ‘‘indirect calorimetry’’ are consistent with data
obtained by direct measurement of heat production,
i.e., ‘‘direct calorimetry’’ but the former has the advan-
tage of providing information on the relative amounts
of carbohydrate, fat, and protein used. Attention must
be given to careful calibrations to permit accurate
determinations of the respiratory quotient and hence
of the relative proportions of carbohydrate and fat
oxidized. When combined with precise assessment of
the amounts of nutrients consumed, indirect calorim-
etry can establish substrate or nutrient balances over
periods of 1 day or several days, which are far too small
to be established by body composition measurements
(27). In recent years, indirect calorimetry has been
complemented by the application of the doubly labeled
water (DLW) technique, which has allowed to deter-
mine energy expenditure (but not substrate balances) in
free-living subjects (48).

A 24-Hr Energy Expenditure by Indirect

Calorimetry Using Metabolic Chambers

Modern gas analyzers and online data processing have
stimulated the construction of respiratory chambers in
which subjects can be studied over 24-hr periods or for
several consecutive days with reasonable comfort. In
such a confining environment, sedentary behavior can
be modified by prescribed amounts of exercise on a
treadmill or equivalent device (56,58). Reproducible
measurements of daily energy expenditure can be
achieved that are accurate within a few percent. Under
the best conditions, errors in carbohydrate and fat
balances can be reduced to F20 and F10 g/d, respec-
tively (59). Numerous studies have been performed to
quantify daily energy expenditure and substrate bal-
ances, notably to compare differences in energy expend-

iture in lean and obese subjects and the effects of
overfeeding. Among other things, they indicated that
a high 24-hr RQ is a risk factor for long-term body
weight gain (60,61). Twenty-four-hour indirect calorim-
etry also provides the means to study the adjustment of
the fuel mix oxidized to changes in the diet’s composi-
tion (26,27,62). Other important results relate to the role
of sympathetic nervous system activity on daily macro-
nutrient utilization (63) and to the measurement of net
lipogenesis induced by deliberate and sustained over-
consumption of carbohydrates (33).

B 24-Hr Energy Expenditure Based on Heart

Rate Measurements

Continuous heart rate monitoring offers a possibility to
measure energy expenditure around the clock, but it
requires that the relationship between heart rate and
oxygen consumption be established individually. The
approach has been validated by concomitant indi-
rect calorimetry and DLW measurements (64,65). This
‘‘heart rate O2 method’’ has been successfully used in
trained and untrained individuals to measure daily
energy expenditure and compensations in non-pre-
scribed daily activities (66).

C Energy Turnover in Free-Living Subjects

The lack of means to assess energy expenditure and
substrate oxidation under free-living conditions has
long been a major barrier for obesity research. This
problem was finally resolved thanks to a method con-
ceived by Lifson et al. in the 1950s (67) to assess energy
expenditure in small animals. It is based on the admin-
istration of an initial dose of 2H2

18O. The difference in
the rate of 18O elimination, which is lost in water and
CO2, relative to the rate of deuterium (2H) elimination,
lost as water only, allows assessment of the CO2 pro-
duction rate, which correlates closely with oxygen con-
sumption and energy expenditure (68). It took nearly
three decades before the first paper describing the ap-
plication of this DLW technique in humans was pub-
lished (69). A number of methodological problems and
potential pitfalls were encountered, leading on occa-
sions to physiologically impossible results. Comparison
of results obtained by several groups of investigators
have confirmed the validity of the method, and the
conditions and calculations for its successful applica-
tions have been defined with increasing detail (70).

Measurements of energy turnover by the DLW
method in sedentary subjects led to downward revisions
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of common assumptions about minimum maintenance
requirements (71). Other studies (72) led to a reduction
of the additional energy allowances during pregnancy
from 500 to 300 kcal/d (50). The long-held belief about
the lowmaintenance energy requirements in overweight
‘‘small eaters’’ was shown to be attributable to under-
reporting of habitual food intake (48,73,74). It also
became possible to assess energy expenditure under
conditions of extreme physical demand, demonstrating
energy turnovers reaching 5000–8000 kcal/d in bicycle
racers (75). According to Goran and Poehlman (76), the
technique can be used to evaluate compensations in
energy expenditure in response to exercise training.

D Diet-Induced Thermogenesis

Diet-induced thermogenesis (DIT) includes all increases
in resting energy expenditure induced by food consump-
tion, which comprise the TEF during the postprandial
periods (see Chap. 25), as well as increases in resting
energy expenditure between meals induced by excessive
food consumption. In man, most of these increments
in resting energy expenditure are explained by ‘‘obliga-
tory’’ factors such as digestion, metabolism, and storage
of macronutrients including the cost for the synthesis of
the constituents of newly formed tissues, and the phys-
iological processes essential for their maintenance (31).
‘‘Nonobligatory’’ or ‘‘facultative’’ components contri-
buting to DIT are catecholamine-mediated increases in
energy expenditure elicited by carbohydrate consump-
tion during the TEF, and the stimulation of substrate
oxidation in BAT through activation of a protein-con-
ducting pathway elicited by SNS innervation, which has
the effect of uncoupling substrate oxidation from oxi-
dation phosphorylation (8,9). The quantitative impor-
tance of facultative thermogenesis can be substantial in
animals, and suppression of BAT thermogenesis greatly
enhances the development of obesity in animals (10).

Investigations into the physiological role of BAT in
humans has not yielded comparable results. Although
the presence of BAT has been demonstrated in humans
(77), experimental evidence suggests that skeletal mus-
cle is the main site of cold-influenced thermogenesis
(78). A number of overfeeding studies have been per-
formed to evaluate the potential role of DIT in hu-
man studies in which energy expenditure was directly
measured either by indirect calorimetry or by the
DLW method, but dissipation of excess dietary energy
through Luxuskonsumption (a term sometimes used to
describe elevated DIT during overfeeding) could not be
detected. Most of the increase in 24-hr energy expendi-
ture found during overfeeding could be explained by

the cost of substrate handling, tissue accretion, and
maintenance of an enlarged body (79–82).

E Physical Activity

The metabolic changes observed during and for many
hours after exercise can substantially modify macro-
nutrient utilization and energy expenditure. As depicted
in Figure 3, RQ increases during exercise, indicating
that initially carbohydrate is the main substrate contri-
buting to the increase in energy production. The figure
also illustrates that the RQ during exercise is influenced
by numerous factors such as the intensity and duration
of exercise. It is well established that RQ is increased to
a greater extent by high than low to moderate intensity
exercise (83) and that theRQprogressively declines with
increasing exercise duration. Exercise RQ also tends to
belower in trained than in nontrained individuals (84).

Resting RQ can be reduced for 15–20 hr after pro-
longed vigorous exercise (85,86). However, no data are
available to establish how long and how much the
resting RQ is decreased after exercise. Since high inten-
sity exertion is as effective in inducing fat loss as aerobic
work (87), one can infer that high-intensity exercise
must have a substantial effect in enhancing postexer-
cise lipid oxidation. This may be due to the glycogen
depletion which it induces, but another important ob-
servation is that high-intensity training increases the
potential of skeletal muscle to oxidize lipid to a greater
extent than aerobic exercise of moderate intensity, at
least as judged by the rise in muscle h-hydroxy-acyl-
CoA dehydrogenase (HADH) activity (87).

Since exercise permits weight maintenance at lower
degrees of adiposity, it substitutes for an expansion of

Figure 3 Variations in respiratory quotient during a low-
and a high-intensity exercise. (From Ref. 83.)
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the fat mass in bringing about rates of fat oxidation
commensurate with fat intake. The overall effect of
exercise is therefore to increase fat oxidation more than
glucose oxidation (88). Human subjects who are high fat
oxidizers during exercise consumed less food when they
subsequently could eat at will, and they were more likely
to be in negative energy and lipid balance compared
to low fat oxidizers (89,90). Of particular interest is the
hypothesis that exercise is likely to induce greater fat
losses in obese individuals who have a high capacity to
oxidize fat during and after exercise. The potential link
between exercise-induced changes in substrate oxida-
tion and postexercise energy intake and balance needs to
be investigated.

F Variability of Daily Energy Expenditures,

Intakes, and Balances

Daily energy expenditures of subjects confined to a res-
piratory chamber are substantially lower than in free-
living subjects (91,92), and the spontaneous variations
in physical activity associated with free-living condi-
tions cannot manifest themselves. On the other hand,
DLWmeasurements, which provide assessment of over-
all energy expenditure over periods of 7–10 days, do not
allow to define variations in energy expenditure from
day to day. Future methodological developments may
permit us to assess substrate oxidation under free-living
conditions, a potential suggested by recent animal stud-
ies (93). These variations must be evaluated on the basis
of estimates calculated from activity logs. Many more
data are available on daily food intakes. The coefficients
of variations for intraindividual daily food intake are
large, averagingF22% among adults (94), and ranging
from F15 to F33% in children (95). It seems to be
generally held that variations in food intake are sub-
stantially greater than variations in energy expenditure.
Deviations from the energy balance are thus probably
comparable in size to the variability in intakes. The
extent of daily variations in food intake and energy
expenditure, and the size of daily deviations from en-
ergy balance potentially influence body weight mainte-
nance, inasmuch as changes in food intake in response
to positive or negative energy balances may not occur
with the same accuracy (96,97).

III FACTORS DETERMINING

SUBSTRATE OXIDATION RATES

Overall energy expenditure is determined by an individ-
ual’s size and physical activity, and it is only modestly

affected by nutrient intake. Amino acid oxidation rates
vary only moderately, increasing somewhat after pro-
tein ingestion (17) and during vigorous exertion (98),
but declining when protein intakes are reduced. By
contrast, the organism is able to rapidly and powerfully
alter the relative contributions made by glucose and
FFAs to the fuel mix oxidized. Such great flexibility in
fuel utilization is made possible by the ability of most
cells to interchangeably use metabolic intermediates
derived from carbohydrates, fats, and proteins to regen-
erate ATP. It allows adaptation to food supplies varying
widely in their macronutrient distribution (provided
that proteins provide at least some 10%, and essential
fatty acids at least 1–2% of total energy) (50).

A Substrate Oxidation by Different Tissues

The contribution made by various tissues to the body’s
oxygen consumption, or in effect to overall energy
turnover, is described in Table 2 (16), whereas their
contribution to overall fuel utilization also depends on
their metabolic functions (99). The central nervous
system’s rate of energy expenditure is particularly high
for its size (2% of body weight), as it accounts for nearly
20% of resting energy expenditure in adults (100). Since
it cannot use FFA, it is critically dependent on an
adequate supply of glucose (f80 mg/min). However,
after adaptation to starvation, ketone bodies can pro-
vide about two-thirds of the brain’s energy needs (101).
Red blood cells also depend on glucose, as they lack
mitochondria andmust generate ATP by substrate-level
phosphorylation during glucose degradation to lactate.
They use f1 g of glucose per hour (100,102), but this
has very little impact on the body’s fuel economy, since
98% is converted to lactate (102), which can be recon-
verted into glucose by the liver.

Table 2 Relative Oxygen Consumption of Different Tissues

At rest Light work Heavy work

Brain 0.20 0.20 0.20
Abdominal organs 0.25 0.24 0.24

Kidneys 0.07 0.06 0.07
Skin 0.02 0.06 0.08
Heart 0.11 0.23 0.40

Skeletal muscles 0.30 2.05 6.95
Other 0.05 0.06 0.06
Total 1.00 3.00 8.00

(whole body at rest = 1.00; actual value near 3.8 mL O2 min�1 kg�1)

Source: Ref. 16.
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About one-quarter of resting energy expenditure
occurs in the splanchnic bed (103). It has become
evident that the gut derives a substantial part of its
energy by partial degradation of glutamine, its gluco-
genic moiety reaching the liver (30). Conversion of the
glucogenic moieties of the amino acids is a feature of
amino acid degradation even under fed conditions (30).
One can therefore presume that conversion of pyruvate
to acetyl-CoA in the liver is effectively inhibited during
most of the day, a conclusion which is consistent with
the lack of hepatic fatty acid synthesis under habitual
living conditions (34).

The heart accounts for f10% of resting energy ex-
penditure. Its constant and critical requirement for fuel
is aptly matched by its ability to utilize all types of
substrates that may be available, including notably
some of the lactate produced by working skeletal mus-
cles (104). Although skeletal muscles make up three-
quarters of the body cell mass, the muscle accounts for
only 20–30% of energy expenditure at rest (5,100).
During exertion substrate oxidation in the muscle mass
can increase 20-fold (Table 2) (16), with the increase
being even greater in particular muscle groups. In the
postabsorptive state, fatty acids are the main oxidized
fuel in muscle (99,105), whereas during exertion, great
demands are initially placed on the muscles’ own gly-
cogen reserve, with a subsequent shift toward increas-
ingly greater use of fatty acids, mobilized from muscle
fat stores as well as from adipose tissue (Fig. 3). Since
muscle is ready to oxidize fatty acids as well as glucose
(40,106), exercise enhances the body’s ability to adjust
the use of glucose and fatty acids to the dietary supply
(Fig. 4). This may explain why fat oxidation can more
readily keep upwith fat intake in physically active adults
and in most children and adolescents as they are natu-
rally more physically active than adults.

B Glucose Turnover and Glucose Oxidation

Some of the glucose utilized by various tissues is con-
verted to lactate (Cori cycle) or to alanine (glucose-
alanine cycle), which are readily reconverted into glu-
cose by the liver. Glucose turnover is thus substantially
greater than the rate of glucose oxidation. Carbohy-
drate oxidation determined by indirect calorimetry
describes the change in the body’s carbohydrate con-
tent. It should be noted at this point that the energy
content of glycogen (4.18 kcal/g) and of glucose (3.7
kcal/g) differ by 10% (because 1mol of water is removed
when glucose is incorporated into the glycogen or
starch). It is thus important to be consistent and to
specify which of the two is being considered. During the

degradation of amino acid mixtures, 55–60 g of glucose
is generated by gluconeogenesis from 100 g of protein,
and this occurs even in the fed state when plenty of
glucose is available (30). In indirect calorimetry calcu-
lations, the oxidation of the glucose formed by gluco-
neogenesis from amino acids is included in the
coefficients describing CO2 production and oxygen
consumption from protein. Glucose oxidation deter-
minedwith the help of tracers is thusmeasurably greater
than carbohydrate disappearance established by indi-
rect calorimetry. Similarly, the glycerol liberated during
the oxidation of triglycerides (about 10 g/100 g trigly-
cerides, or 5% of the triglyceride energy) is converted
into glucose before being oxidized, the CO2 produced
and the oxygen consumed being again included in the
coefficients for fat oxidation. This is why the RQ for
triglyceride oxidation (0.71) is slightly higher than that
for fatty acid oxidation (0.70) (15).

C Starvation Ketosis

The body’s glycogen reserves are limited to a few
hundred grams (107), and during periods of starvation
or marked carbohydrate deprivation they can provide

Figure 4 Impact of physical activity (described as the ratio
of total to resting energy expenditure) on the contribution
of skeletal and heart muscle metabolism to total energy

turnover. (Calculated from the information provided in
Table 3, assuming that half of the exercise-induced increase
in energy expenditure is due to work of light and half to work
of heavy intensity.)

Flatt and Tremblay716



enough glucose to the brain for a few days only
(101,108). Survival during starvation is made possible
by the induction of ketogenesis in the liver, when insulin
levels become very low and FFA levels concomitantly
rise (109). Acetoacetate plus h-hydroxybutyrate pro-
duction reaches 100–120 g/day by the third day of total
starvation. Circulating ketone body levels rise only pro-
gressively, as some are used by skeletal muscle during
the initial days of starvation, since muscle is ready to
use ketone bodies whenever they are produced—e.g.,
during prolonged physical efforts. When starvation
ketosis is fully developed, ketone body levels reach a
plateau of 5–6 mM. At this level, they provide about
two thirds of the brain’s fuel needs, but 5–15 g of h-
hydroxybutyrate and acetoacetate is lost in the urine per
day. The urinary loss of limited amounts of these anions
can be offset by excretion ofN in the form of ammonium
instead of urea. This provides the cations needed,
thereby preventing the development of metabolic acido-
sis (101). In the total absence of insulin, ketone levels
rise to far higher levels, in part because the overabun-
dance of circulating fuels decreases peripheral ketone
body utilization. Urinary losses then become far
greater, leading to metabolic acidosis.

D Regulation of Substrate Oxidation

In view of the critical need to maintain high ATP levels,
of the functional importance of proteins, and of the
need to ensure a sufficient supply of glucose for the
brain, the main goals for metabolic fuel regulation are
to assure the distribution of substrates in amounts
sufficient to support oxidative phosphorylation at the
required rates, to maintain homeostasis, and to bring
about the use of metabolic fuels in such proportions as
to minimize changes in protein content and to maintain
glycogen levels within a desirable range. This is detri-
mental to the body’s ability to regulate the fat balance
(110), which is not a problem in the short term, since
such gains or losses of fat are very small in comparison
to the body’s large fat stores (50,000–200,000 kcal in
adults and even more in obese subjects). However, if the
fat balance is not accurately regulated, neither is the
overall energy balance.

1 Hormonal Regulation of Substrate
Availability

The composition of the fuel mix oxidized is mainly
controlled by adjustment of circulating substrate and
hormone levels. These levels are markedly influenced by
nutrient intake. The impact of changes in substrate

levels on their rates of utilization during the postpran-
dial phase is enhanced by the release of insulin, which
promotes transport and storage of glucose, amino acids,
and fats while inhibiting the release of glucose from the
liver and of fatty acids from adipose tissue. The decline
in circulating FFA levels, brought about by the anti-
lipolytic action of insulin complemented by the direct
and indirect effects of insulin in activating pyruvate
dehydrogenase (PDH) (111) lead to an increase in glu-
cose oxidation and to a commensurate decrease in fatty
acid oxidation. The decline in insulin secretion when
glucose absorption from the gut is completed, comple-
mented by the release of catecholamines and glucagon,
activates the mobilization of the body’s glycogen and
fat reserves to assure an adequate supply of glucose and
FFA in the circulation (112,113). These effects are
greatly enhanced when the demand for metabolic fuels
is magnified by physical efforts.

2 Body Composition and Fuel Composition

Between meals and efforts, the composition of the fuel
mix oxidized is influenced by the size of the body’s
protein pools, the degree of repletion of its glycogen
reserves, and the size and distribution of the adipose
tissue depots. This is the simple consequence of the fact
that the influence of hormones on substrate fluxes is
determined by the intensity of the endocrine signals
and by the size of the targets they influence, and that
hormone secretion is itself influenced by prevailing
substrate levels.

The gains or losses that occur when the oxidation of
glucose, FFA, and amino acids do not match their
intakes lead to changes in body composition until the
impacts of these changes on the composition of the fuel
mixture oxidized complement the body’s endocrine and
enzymatic regulatory mechanisms such that the fuel mix
oxidized matches, on average, the macronutrient distri-
bution in the diet (114). As evidenced by the commonly
observed stability of body composition, the effect of
these changes in bringing about the adjustment of fuel
composition to nutrient intake is universal and remark-
ably effective, but the body composition for which this
adjustment is achieved can vary greatly between indi-
viduals, depending on interactions between inherited
and circumstantial factors (113).

3 Adjustment of Amino Acid Oxidation
to Protein Intake

The ability to quantify changes in the body’s protein
content bymonitoring theN balance has led to the early
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recognition of the organism’s tendency to maintain a
stable protein content, or to allow for an appropriate
rate of protein accretion during growth or recovery
from disease or undernutrition. This occurs regardless
of differences in the carbohydrate-to-fat ratio of the
diet. Detailed metabolic studies during starvation have
revealed how the organism is able to minimize protein
losses during food deprivation (112). Its regulatory
features also enable it to avoid needless and costly
buildup of its protein content when high-protein diets
are consumed, but the mechanisms accounting for this
are not well understood. Daily protein intakes, gener-
ally between 50 and 100 g in adults, are small compared
to the body’s total protein content, of which about half
(f6 kg) is intracellular and engaged in active turnover.
When changing from situations of high to low protein
intake, or vice versa, a few days are required before N
balance is again achieved. The small gains or losses of
proteins which are thereby incurred appear to be pre-
requisites for the reestablishment of N balance, demon-
strating that relatively minor changes in protein content
play a significant role in the adjustment of amino acid
oxidation rates to protein intake. Small gains or losses
of protein thus appear able to influence amino acid
oxidation and to bring about the corrective responses
needed to compensate for the small deviations from
even N balance which occur from day to day.

4 Adjustment of Glucose Oxidation
to Carbohydrate Intake: Influence
of Glycogen Stores

The body’s glycogen stores (200–500 g in adults) (107)
are not much larger than the amount of carbohydrate
usually consumed in one day. In view of the importance
of the hepatic glycogen stores in maintaining stable
blood glucose levels and of muscle glycogen availability
in permitting appropriate muscular responses to sudden
demands, biological evolution led to regulatory mech-
anisms (including endocrine signals) that give high
priority to the adjustment of carbohydrate oxidation
to carbohydrate availability (114,115). Glucose oxida-
tion thus declines rapidly when ingestion of food fails to
replenish the glycogen reserves in a timely fashion. On
the other hand, the body’s metabolism quickly shifts to
the predominant use of glucose after carbohydrate
ingestion. This manifests itself by a prompt postpran-
dial rise in the RQ to an extent and for periods deter-
mined by the amounts and the types of carbohydrates
consumed. This response is important since inappropri-
ate curtailment of fat oxidation when carbohydrates
provide the bulk of food energy would lead to a negative

fat balance, or require substantial de novo fat synthesis
(at substantial metabolic cost) during part of the day.

After large carbohydrate intakes, high rates of car-
bohydrate oxidation persist for many hours, allowing
dissipation of the built-up glycogen reserves (36). If
massive consumption of carbohydrates is deliberately
kept up for several days, glycogen stores become satu-
rated and further accumulation is prevented by conver-
sion of glucose into fat, which may drive the overall RQ
to values >1.0 (33). However, the regulation of appe-
tite is such that glycogen levels are spontaneously
maintained far below the range at which de novo lipo-
genesis is induced, and loss of carbohydrate by con-
version into fat is quantitatively insignificant (<5 g/d)
in adults consuming mixed diets (34,35).

The degree of repletion of the body’s glycogen stores
thus greatly influences the contributionmade by glucose
to the fuel mix oxidized. Gains or losses of glycogen are
therefore effective in bringing about changes in glucose
oxidation when the influx of carbohydrate varies
(26,116) or when physical exertion has caused unusual
glycogen depletion. As in the case of protein, this is in
part a simple mass effect, since insulin is less effective in
curtailing glucose release from the liver when the hep-
atic glycogen reserves have been built up (117).

5 Adjustment of Fat Oxidation to Fat Intake:
Influence of Adipose Tissue Mass
and Distribution

Because amino acid and glucose oxidation rates adjust
themselves to the amounts of protein and carbohydrate
consumed, fat oxidation is determined primarily by the
gap between total energy expenditure and the amounts
of energy ingested in the form of carbohydrates and
proteins (49). Fat oxidation rates are thus set primarily
by parameters unrelated to the body’s fat economy,
rather than by the amounts of fat consumed. Further-
more, short-term gains or losses of fat are so small in
comparison to the body’s large fat stores that they are
unlikely to elicit changes in food intake or in fat
oxidation. Given the lack of direct regulatory mecha-
nisms serving to adjust fat oxidation to fat intake (118),
one may wonder why body fat contents should never-
theless tend to remain fairly constant, even when diets
differing widely in fat content are consumed.

Various factors contribute to this adjustment. For
instance, if fat replaces carbohydrate in meals, the
postprandial inhibition of fat oxidation is lessened,
since the postprandial rise in RQ is related primarily
to the amount of carbohydrate consumed. The presence
of fat in a meal delays its absorption, and this will also
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attenuate the post-prandial rise in the RQ. When meals
containing very large amounts of fat are consumed (e.g.,
80 g) (119), some of the fatty acids liberated from
chylomicrons by lipoprotein lipase escape capture by
adipose cells and enter the pool of circulating free fatty
acids, promoting fat oxidation, though only modestly
(e.g., 10 g in 6 hr) (119). Finally, glycogen levels may
tend to be maintained in a lower range when the
proportion of carbohydrate in the diet is reduced, re-
sulting in lower insulin levels and hence higher rates
of FFA release and oxidation between meals (26).
However, this cannot be expected to produce an exact
compensation, since FFA levels and oxidation rates
are controlled by insulin whose secretion is determined
primarily by the need to maintain appropriate blood
glucose levels.

While short-term errors in the fat balance are too
small to affect the size of the body’s fat stores, circulat-
ing FFA levels, fat oxidation, or food intake, the
cumulative effects of repeated imbalances between fat
intake and fat oxidation can in time lead to substantial
changes in the size of the adipose tissuemass. Expansion
of the fat mass leads to higher FFA levels and turnover
(120). The role that change in the adipose tissue mass
plays in the establishment of the steady state of weight
maintenance can be inferred by considering the changes
in substrate balances induced by a period of food
restriction. After a few days on reduced intake, or after
the first few days during a subsequent period of weight
regain, further losses or gains of protein and glycogen
are minimal and account for only a minor part of the
energy imbalance. Owing to the contribution made by
endogenous fat to the fuel mix oxidized during caloric
deprivation, the average RQ is lower than usual during
the period of weight loss. During weight regain, on the
other hand, the 24-hr RQ is greater than usual, reflect-
ing the oxidation of a fuel mix containing a higher
proportion of glucose than the diet, as part of the
fat consumed is stored. At some point, the situation is
encountered for which the two conditions necessary
for weight maintenance are again satisfied; i.e., food
intake is commensurate with energy expenditure and
the average RQ matches the diet’s ‘‘food quotient’’
(FQ), which describes the ratio of CO2 produced to
O2 consumed during the biological oxidation of a
representative sample of the diet (31,114). What one
would like to know in this regard is whether this should
be attributed to the increase in energy expenditure
associated with weight gain, or whether some other phe-
nomenon is involved.

This issue could be precisely examined in mice (Fig.
5) (113). The unusually elevated rate of food consump-

tion following a period of food restriction abated when
the fat mass had regained its initial size. The balance
between energy expenditure and food intake was not
achieved by an increase in energy expenditure due to
weight gain, but by a decrease in food consumption,
as the degree of adiposity was approached, for which
the RQ became again equal to the FQ. Enlargement

Figure 5 Effect of temporary food restriction on body fat

and glycogen content in mice. The figure shows average body
weights, cumulative carbohydrate and fat balances, and daily
energy expenditures, intakes, and balances in two groups of

five fed female CD1 mice, during a 6-day period of food
restriction to 40% of average ad libitum intake, and during
the preceding and following days of ad libitum intake. One
group was maintained on a diet containing 13% (panel A),

the other on a diet containing 41% (panel B) of dietary
energy as fat, 19% as casein and the balance as corn starch
plus sucrose (1:1). (From Ref. 113.)
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of the fat depots thus promotes fat oxidation, just as
well as filled glycogen stores promote glucose oxida-
tion (27,117), but the increase in fat oxidation brought
about by expansion of the adipose tissue mass is
chronic, rather than related to recent food consump-
tion. This chronic effect can be enhanced by a type
of insulin resistance typically induced by excessive fat
accumulation, whose effect is to promote fatty acid,
but to inhibit glucose oxidation (49,61,121). The influ-
ence of the adipose tissue mass on the composition of
the fuel mix oxidized explains why the particular body
composition will in time be reached (or approached)
for which the fat oxidation is commensurate with
fat intake.

6 Alcohol Intake and Oxidation

Alcohol is not generally considered to contribute greatly
to dietary energy intake, but alcohol sales data indicate
that alcohol provides f5% of overall energy intake in
the United States. In the Quebec Family Study, alcohol
energy represented 17% and 11% of daily energy intake
of adult males and females, respectively, in the upper
quartile for alcohol intake (122).

Many epidemiological studies have investigated the
association between alcohol consumption and the
intake of macronutrients. Some reported a negative
association between alcohol and carbohydrate intake
(122,123); others found reduced protein, fat, and car-
bohydrate intake in moderate alcohol drinkers (124).
However, other studies showed that energy and macro-
nutrient intakes were not altered by alcohol intake, sug-
gesting that alcohol energy often represents just an
additional source of dietary energy (125–129). Studies
on the impact of alcohol intake on energy expenditure
show that the thermic effect of alcohol is slightly higher
than that of carbohydrate, but lower than that of pro-
tein (130). Alcohol drives its oxidation, regardless of
the level of other fuels, but only up to a rate that covers
a minor fraction of total energy turnover. The maxi-
mal rate of alcohol oxidation varies among individ-
uals, being generally higher in men than in women,
and enhanced in habitual alcohol consumers (131). In
examining the impact of alcohol oxidation on the use
of other fuels, one sees that its main effect is to reduce
fat oxidation (129,132). The inhibitory effect of alcohol
on fat oxidation means that alcohol intake is equiv-
alent to fat intake in influencing the fat and energy
balances. Alcohol consumption was indeed found to
raise total energy intake, particularly when a high-fat
diet was consumed (Fig. 6) (122), in a manner that
could not be explained by the high energy density of

the items consumed (133). Inactive individuals report-
ing a high fat and alcohol intake are characterized by
increased subcutaneous adiposity, particularly in the
trunk area (122).

IV SUBSTRATE BALANCES

AND WEIGHT MAINTENANCE

When the steady state of weight maintenance has be-
come established, the concept of ‘‘nutrient partition-
ing’’ is rather meaningless, since over a period of a few
days all the nutrients consumed are oxidized, whereas
the type of nutrient retained preferentially varies from
day to day to compensate for short-termdeviations from
equilibrated substrate balances. It is the nature of these
compensatory responses that needs to be examined to
understand what brings about body weight stability.

A Fuel Composition and Energy Balance

Because of the organism’s tendency to adjust glucose
oxidation to carbohydrate intake and tomaintain stable
glycogen stores, the fuel mix oxidized on days during
which excess food is consumed is enriched in carbohy-
drate. This manifests itself by an elevated 24-hr RQ that
reveals that fat oxidation is inhibited on such days in
spite of increased intake (114). Excess energy will there-
fore be retained primarily in the form of fat. When food
consumption is insufficient to cover energy expenditure,
the substrates obtained from food have to be supple-
mented by drawing on the body’s energy reserves,

Figure 6 Effect of dietary fat content and alcohol on daily
energy intake (means F SE). (From Ref. 122.)
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primarily from endogenous fat, in order to prevent
excessive glycogen losses. The addition of endogenous
fat to the fuel mix oxidized causes the 24-hr RQ to be
lower than on days during which energy balance is
achieved. There is thus a strong positive correlation
between the RQ and the energy balance (114,134,135).
Figure 7 (left panel) shows that the relationship between
energy balance and RQ depends on the carbohydrate
content of the diet. Solid lines show the correlations for
diets providing 25%, 40%, or 55% of dietary energy as
fat, assuming that carbohydrate balance is exactly
preserved. The slope of these correlations is attenuated
when part of the imbalance in the energy balance is
absorbed by gains or losses of glycogen, as shown by the
dotted lines, which are based on the assumption that
20% of the energy imbalance is absorbed by changes in
the glycogen stores.

B RQ/FQ Concept and Energy Balance

To avoid ambiguity about the implications which a
particular RQ value may have in judging whether the
fuel mix oxidized contains more or less fat than the diet,
it is convenient to compare the RQ to the FQ. The
relationship between RQ and energy balance can be
normalized by considering the RQ/FQ ratio in relation
to the ratio of energy intake divided by energy expendi-
ture (right panel of Fig. 7). That the slopes of the lines

are slightly different for different diets does not deter the
fact that RQ/FQ ratios >1.0 imply positive energy
balances, whereas RQ/FQ ratios<1.0 indicate negative
energy balances. Weight maintenance, which depends
on protein, carbohydrate, and fat balances being all
close to zero, corresponds to the situation where the
respiratory quotient is equal, on average, to the diet’s
FQ (114).

The need to satisfy the RQ = FQ condition creates
constraints in the system, as it shows that a balancemust
be reached between the influences which the body’s
glycogen stores and the size of the adipose tissue exert
on the relative proportions of glucose and FFA being
oxidized (113,114). This creates a reason for a particular
degree of fatness to become established as long as an
individual’s diet and lifestyle, as well as habitual glyco-
gen levels, are constant (cf. Fig. 5). It is therefore not
necessary to postulate the existence of some mysterious
set-point to explain body weight stability.

C Importance of Food Intake Regulation and

Variations in Energy Expenditure in Bringing

About Weight Maintenance

Numerous factors capable of influencing food intake
have been recognized and studied, but their relative
importance and contributions to weight maintenance
have been difficult to establish in man, in whom non-

Figure 7 Relationships among the RQ, the RQ/FQ ratio, and energy balance, assuming that carbohydrate balances are
equilibrated (solid lines) or that 20% of the energy imbalances are absorbed by gains or losses of glycogen (dotted lines). (From

Ref. 135.)
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physiological factors contribute to stabilize or to alter
food consumption. Whatever the mechanisms may be,
the drive to eat provides for the maintenance of glyco-
gen levels adequate for carrying out habitual workloads
and sufficient to prevent hypoglycemia. On the other
hand, spontaneous restraint of appetite keeps glycogen
levels well below the range for which appreciable rates
of de novo lipogenensis would be induced, even when
there is free access to a large variety of appetizing food
(33,36). Regulation of food intake also prevents over-
loading the digestive system (136), but this does not
prevent the occurrence of substantial day-to-day devia-
tions from energy and substrate balances, or the exis-
tence of individual weekly patterns of food intake (137).
In spite of considerable short-term deviations from
energy balance, most individuals maintain stable body
fat contents during prolonged periods of their lives.
Since changes in energy expenditure can only modestly
attenuate the impact of excessive or insufficient food
intakes, it is evident that weight stability is achieved
through corrective changes in food consumption and
that these adjustments are effective in compensating
the daily energy imbalances which occur in free-living
individuals (113).

D Body Composition for Which Substrate

Oxidation Matches Nutrient Intake

1 Impact of Dietary Fat Content

One of the most significant changes in dietary habits
during the 20th century was a marked increase in the fat
content of the diet, generally believed to have contrib-
uted significantly to the increased incidence of obesity in
affluent societies (89,138,139), although other factors
(113), notably a reduced level of physical activity, are
important contributory factors (140). The overfeeding
associated with the consumption of mixed diets provid-
ing substantial amounts of fat can be attributed in part
to the high energy density of high fat foods (141), to the
inability of fat intake to promote fat oxidation
(118,142), and to passive overconsumption due to the
failure of dietary lipid to promote an adequate level
of satiety, as suggested by the fact that fat preloads
suppress subsequent energy intake less than carbohy-
drate preloads (143,144). Animal studies show that the
steady state of weight maintenance under ad libitum
feeding conditions becomes established for higher body
fat contents as the fat content of the diet increases,
apparently because expansion of the fat mass is
required to raise fat oxidation (113,114). This supports
the concept that obesity represents an adaptation to
high fat diets (145). A certain predilection for fat in

the foods consumed has often been noted in overweight
subjects, and epidemiological data show correlations
between dietary fat consumption and adiposity (89,138,
146,147).

2 Impact of Physical Activity

Vigorous physical activity is known to influence body
weight and fat stores, and it has been repeatedly
observed that obese individuals tend to be less physi-
cally active than lean subjects. The Canada Fitness
Survey demonstrated that individuals reporting regular
practice of vigorous activities were leaner than those not
performing such activities (148). In addition, obese indi-
viduals who had managed to lose weight and main-
tained an exercise routine regained less weight than
those who did not (149). The negative association be-
tween activity level and body fatness is shown by re-
lating body fat content to the ratio of total to resting
energy expenditure (TEE/REE), a commonly used in-
dex of physical activity (150).

Intervention studies in which exercise was prescribed
show that the weight loss achieved depends on the
amount of exercise performed (151). Exercise is more
likely to induce negative energy balance in subjects with
a high capacity to oxidize fat (90) and when postexercise
consumption of high-fat food is avoided (152,153).
When the effect of a high-intensity intermittent training
program was compared to that of an aerobic training
program of moderate intensity (which raised energy
expenditure more than twice as much), the former was
found to cause a ninefold greater subcutaneous fat loss
when expressed per MJ expended in training. In addi-
tion, the high intensity program induced a greater
increase in the potential of skeletal muscle to oxidize
fatty acids, as judged by muscle h-hydroxy-acylCoA
dehydrogenase activity (87).

When fat loss becomes sufficient to decrease fat mo-
bilization and oxidation (88,154), the ability of exercise
to induce negative fat and energy balances declines.
The effect of exercise in promoting fat oxidation is then
offset by the decline of the fat mass, and a new steady
state, at a lower degree of adiposity, is approached.

3 Synergestic Effect of High-Fat Diet
and Sedentary Lifestyle

Situations in which low physical activity is associated
with the consumption of diets with a high fat content
appear to be particularly conducive to the development
of obesity. Indeed, these two conditions must prevail
simultaneously for the prevalence of obesity to reach
epidemic proportions. The reasons for this may be that
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oxidizing fat at the rate at which it is consumed is
problematic, when the contribution of muscle, the
largest compartment in the body able to rapidly oxidize
fatty acids, is low (Fig. 4). Indeed, the impact of running
activity on the energy balance among ad libitum–fed
mice is greater on mixed than on low-fat diets (88).
Recent indirect calorimetry studies in men also reveal
the significance of this linkage, not only because adjust-
ment of fat oxidation to higher fat intake is prompter in
physically active than in sedentary subjects (155), but
also because this adjustment appears to be facilitated by
concurrent physical activity (58).

4 Impact of Hormones

Hormones can influence substrate oxidation by altering
overall energy expenditure and the relative proportions
of amino acids, glucose, and fatty acids being oxidized.
The impact on body weight most clearly attributable to
hormone-induced changes in energy expenditure occurs
in cases of frank hypothyroidism or hyperthyroidism,
whereas the effect of other hormones on adiposity is
elicited primarily through their influence on the control
of food intake and/or substrate metabolism.

In the case of amino acids and glucose, the effect of
altered hormone levels or of altered responsiveness to
their action can be offset by changes in the size of the
protein and amino acid pools, and in glycogen stores
and blood glucose levels, without affecting body com-
position in a readily detectable manner. Hormones that
reduce fat oxidation, by inhibiting fat mobilization
or by enhancing glucose oxidation, tend to raise the
amount of body fat needed for fat oxidation to become
commensurate with fat intake, and this can lead to
changes in body composition and body weight that
are clearly perceived and quantifiable.

Insulin is the main hormone curtailing fat oxidation,
whereas growth hormone and catecholamines have
the opposite effect. An important site for the expression
of the antagonistic effects of these hormones is on the
regulation of PDH, the enzyme catalyzing the ir-
reversible step in the oxidation of carbohydrate. Thus,
insulin promotes the activation of PDH, whereas
increases in FFA and acetyl-CoA levels, elicited by
catecholamines and growth hormone or by expansion
of the adipose tissue mass, inhibit PDH (111). Interest-
ingly, insulin and FFA levels are both elevated in
obesity. The balance between the effects of elevated
insulin and FFA levels on PDH activity would appear
to have some importance, since body weight gain over
several years tends to be less in obese subjects exhibiting
insulin resistance (121).

The effect of h-adrenergic agonists tends to be more
pronounced on lipid oxidation than on thermogenesis,
whereas administration of h-blockers such as propra-
nolol over a 2-week period resulted in a decrease in daily
lipid oxidation three times greater than the decrease in
energy expenditure, while carbohydrate oxidation was
increased (63). Acute stimulation of sympathetic activ-
ity by exposing the lower body to negative pressure was
found to induce a substantial increase in lipid oxidation,
whereas energy expenditure was not altered (156).
According to the RQ/FQ concept (114), a decrease in
the use of fat relative to glucose is likely to increase food
consumption, and a high RQ has indeed been a pre-
dictor for weight gain (60,61).

The situation is in reality much more complex than it
appears by considering only the effects of hormones on
peripheral fuel metabolism, notably because the neuro-
systems involved in the regulation of food intake are
also influenced by insulin (157). Furthermore, hyper-
insulinemia increases plasma noradrenaline (158) and
muscle sympathetic nerve activity (159,160). Increases
in sympathetic activity decrease energy intake and
stimulate thermogenesis (8,9,161). However, since
muscle sympathetic nerve activity represents only one
component of sympathetic nervous system activity, it is
not yet possible to generalize from this peripheral effect.
In addition, high insulin levels in the central nervous
system inhibit food intake (162), in part by inhibiting
the fasting-related increase in the synthesis and release
of neuropeptide Y (163), which is known to increase
energy intake and to reduce thermogenesis (164). The
hyperinsulinemia brought about by enlargement of the
fat stores thus tends to restrain further weight gain
through central effects (157). Conversely, the normal-
ization of insulinemia achieved by weight reduction
(165,166) may explain increasing resistance to further
weight loss. Glucocorticoid hormones promote fat de-
position, and they are in fact essential for the develop-
ment of obesity inmany genetically obese animals (167).
As in the case of insulin, their action appears to be
mediated by central nervous system as well as by pe-
ripheral effects (161). Growth hormone exerts the oppo-
site influence; among other effects, it promotes fat
oxidation relative to glucose oxidation (168). The bal-
ance of these various endocrine effects ultimately has
to be judged by the impact they have on the size of the
fat mass at which weight maintenance tends to occur.

5 Impact of Drugs

Considerable efforts have been made to develop drugs
that induce bodyweight loss, either by increasing energy
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expenditure or by curtailing food intake. At present,
most of the commonly used weight-reducing drugs act
through their anorectic effects. When food intake is not
restricted, the effectiveness of thermogenic stimuli for
weight reduction depends on food intake not increasing
enough to compensate for the drug-induced increase in
energy expenditure. The phenomena regulating food
intake thus remain an essential component in any
rationale by which the impact of increases in energy
expenditure in eliciting weight reduction is to be ex-
plained. The ultimate issue in explaining the weight-
reducing influences of drugs (as well as of exercise) is
why food intake regulation did not elicit an increase in
food intake commensurate with the increase in energy
expenditure. Since the RQ must on average be below
the FQ to achieve weight reduction (49), weight-reduc-
ing drugs could be selected for their ability to help in
achieving this condition, rather than merely for increas-
ing energy expenditure.

E Daily Substrate Oxidation Patterns in Lean

and Obese Individuals

Fat oxidation after an overnight fast is higher in obese
than in lean subjects, in part owing to higher BMR and
in part to lower RQ (154). The negative correlation
between RQ and adiposity reflects the influence of the
adipose tissue mass in raising FFA levels and in pro-
moting fat relative to glucose oxidation. However, one
should also allow for the fact that obese subjects often
tend to consume diets with a higher fat content (89,
146,147) which could contribute to their relatively low
postabsorptive RQ. Whatever the case may be, the
average 24-hr RQ is equal to the diet’s FQ in weight-
stable subjects, be they lean or obese. If one assumes
that the lower postabsorptive RQ observed in obese
individuals is not imputable to a difference in themacro-
nutrient composition of their diet, one would have to
predict that the RQ would be higher in obese than in
normal subjects during some periods of the day. This
issue remains to be explored.

F Substrate Oxidation and Predisposition

to Obesity

Most individuals reach a state of approximate weight
maintenance in which the average composition of the
fuels mix they oxidize matches the nutrient distribution
in their diets. A rate of fat accumulation resulting in a
gain of 1 kg of adipose tissue in a year represents a
retention of onlyf1% of the energy consumed, making

it difficult to detect differences in fuel oxidation under
normal conditions. Nevertheless, under rigorously stan-
dardized conditions, it was found that subjects tending
to have high 24-hr RQ, i.e., those tending to burn more
glucose but less fat, were at a higher risk of gaining
weight during subsequent years (60,61). The view that
difficulty in burning as much fat as is consumed is an
important factor in promoting obesity is further sup-
ported by the fact that adjustment of fat oxidation to
increased fat intake occurs more slowly in obese than
in lean subjects (25), placing them at greater risk for
weight gain. Furthermore it was found that a low skele-
tal muscle oxidative capacity is associated with in-
creased adiposity (169) and that skeletal muscle fatty
acid utilization was reduced in women displaying vis-
ceral obesity (170).

Since adjustment of fuel oxidation to intake is
achieved in lean and in obese subjects, once the fat mass
has reached the size needed for fat oxidation to be
commensurate with fat intake, it is necessary to com-
pare postobese individuals to lean controls to identify
possible differences in metabolic regulation. Such stud-
ies show daily fat oxidation measured by indirect calo-
rimetry to be lower in the postobese subjects (55,171,
172). Furthermore, fat oxidation rises more slowly in
postobese subjects than in lean individuals in response
to an increase in dietary fat content (173,174). It thus
appears that individuals predisposed to obesity are
characterized by a reduced fat oxidation when they
are tested in a postobese state. In formerly obese long-
distance runners tested after a 39.5-kg weight loss,
epinephrine stimulated adipose tissue lipolysis was
much less than in runners who had never experienced
problems with body weight control (175).

G Interactions Between Genetic

and Environmental Factors

The powerful role of inheritance on obesity has long
been recognized (176). However, the great increase in
the prevalence of obesity in industrialized countries
(177), in populations whose gene pool has been rela-
tively constant, shows that environmental factors also
assume considerable importance. These facts can be
reconciled by recognizing that some genotypes are more
affected than others when exposed to environmental
factors that influence substrate oxidation and balances.
The genotype-environment interactions have been in-
vestigated by subjecting monozygotic twins to well-
defined nutritional and exercise conditions, and by
comparing within-pair to between-pair responses. Such
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studies suggest that heredity is a significant determinant
of changes in body weight, energy expenditure, and
body fatness induced by training (178,179) or over-
feeding (180–182). The observation that weight gain
was greatest in subjects predisposed to obesity (because
at least one of their parents was overweight) and con-
suming diets with a relatively high fat content (183)
supports the view that genetic traits affecting the regu-
lation of glucose versus fat oxidation influence the risk
for developing obesity.

V CONCLUSIONS

When access to foods is unrestricted, stability of body
weight is achieved in spite of differences in energy
expenditure, whether these are due to differences in
resting metabolic rates, in metabolic efficiency, or in
physical activity. Since energy expenditure is not mark-
edly affected by variations in food intake in man,
maintenance of energy balance is overwhelmingly deter-
mined by the factors controlling food intake. Adjust-
ment of the composition of the substratemix oxidized to
the macronutrient distribution in the diet is crucial
in enabling control of food intake to occur in a man-
ner bringing about short-term corrections in food con-
sumption that sustain long-term weight stability. In
individuals in whom fat oxidation tends to be low re-
lative to glucose oxidation, substantial expansion of
the adipose tissue mass is often necessary before this
weight stability is reached.
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I INTRODUCTION

In obesity, there is increased nonadipose tissue as well as
increased adiposity. The increase of nonadipose tissue
entails an increase in skeletal muscle mass. Recent data
indicate that obesity affects not only the quantity, but
also the ‘‘quality’’ of skeletalmuscle, and this will be one
area of focus for this chapter. One manifestation of a
change in the composition of skeletal muscle in obesity
is an increased lipid content within and around muscle
fibers. How this occurs is an important question. Al-
tered composition of skeletal muscle may arise only as a
consequence of having become obese, reflecting the
general increase in adiposity in multiple organs. Yet,
there are data that strongly suggest that changes in the
physiology and biochemistry of skeletal muscle in obe-
sity dispose to an accumulation of lipid within muscle.
Indeed, these changes in muscle in fuel partitioning of
lipid, between oxidation and storage of fat calories, may
contribute to the pathogenesis of obesity and precede its
development. This hypothesis could be of central impor-
tance to our understanding of this chronic disease and
therefore will be carefully considered in this chapter.

A related theme of the chapter will be that skeletal
muscle insulin resistance, a well-recognized metabolic
complication of obesity, entails perturbations not only
of glucose but also in fatty acid metabolism. In meta-

bolic health, skeletal muscle physiology is characterized
by the capacity to utilize either lipid or carbohydrate
fuels, and to effectively transition between these fuels.
We will review recent findings that indicate that in
obesity, skeletal muscle manifests a loss of the capacity
for transition between lipid and carbohydrate fuels.
This inflexibility in fuel selection by skeletal muscle, as
well as differences in fuel partitioning, is a key patho-
physiological characteristic that contributes to an
altered composition of muscle in obesity and to the in-
sulin resistance of muscle.

II NONINVASIVE STUDIES OF

SKELETAL MUSCLE COMPOSITION

IN OBESITY

A Skeletal Muscle Quantity

Adipose tissue mass is certainly increased in obesity,
and contributes substantially to increased weight. How-
ever, body composition analyses also suggest that there
is an increased amount of nonadipose tissue compo-
nents in obesity, including increased skeletal muscle
mass. Two-compartment methods for estimating body
composition, such as dual-energy x-ray absorptiometry
(DXA) or underwater weighing, indicate that fat-free
mass is increased in obesity. Part of the increase in fat-
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free mass in obesity is represented by greater muscle
mass than is present in lean individuals, otherwise
paired for age and sex. Using DEXA in a region-specific
manner, an increase of skeletal muscle can be shown in
the extremities (1). Equally, Landin et al. (2) examined
lean and obese middle-aged men and women using a
method to detect total body potassium, a classic method
of body composition that determines tissue mass apart
from adipose tissue, due to the low potassium content of
fat cells. Total body potassium, calculated from the
natural isotope K40 determined in a whole-body coun-
ter, was higher in obese men and obese women than in
their lean counterparts, indicative of increased skeletal
muscle mass. In general, obese individuals with a body
mass index (BMI) ranging from 35 to 40 kg/m2 and
weighingf100 kg havef5 kg more fat-free mass than
do lean subjects with a BMI of 25 and weighingf70 kg.
In addition, Ross et al. (3) compared total and regional
lean tissue distribution in obese men and women using
magnetic resonance imaging. It was found, not unex-
pectedly, that obese women have significantly less total
lean tissue than obesemen. This difference was observed
regardless of which body segment (head and arms,
abdomen and torso, hip and pelvic region, and legs)
was evaluated.

B Skeletal Muscle Quality—Imaging of Fat

and Lean Compartments

While quantitative muscle mass may be higher in obe-
sity, a considerable body of literature has accumulated
that shows that qualitatively this muscle mass is quite
different in obesity with one of the features being dif-
ferent levels and localization of fats. Both computed
tomography and magnetic resonance imaging are ap-
propriate and sensitive tools for investigations of such
issues (4).

1 Computed Tomography

Computed tomography (CT) is a powerful in vivo
imaging technique of growing sophistication [see (5)
for a recent review of the technique]. CT is particularly
effective at distinguishing between water and lipid and
this is because the attenuation values measured by CT
reflect the chemical composition of tissue. Using water
as a reference value [set to 0 Hounsfield units (HU)],
adipose tissue imaged by CT has a strongly negative
attenuation value, generally ranging from �200 to �1
Hounsfield units. Thus, for example, a finding of lower
attenuation in skeletal muscle in obesity is indicative
of increased fat deposition within muscle, and recent

chemical phantom studies by Goodpaster et al. (5) have
confirmed the relationship between lipid content and
CT attenuation values.

During the past decade, a substantial body of data
has emerged that indicate that the tissue composition
of skeletal muscle differs between obese and nonobese
individuals. Moreover, in obese individuals who un-
dergo weight loss, the tissue composition of muscle can
change. The differences in skeletal muscle composition
between lean and obese individuals can be demonstra-
ted both at the whole-organ level, using novel regional
methods for body composition that have emerged in
the past decade, and at the cellular level, using meth-
ods of microscopy and biochemistry. What is perhaps
the most compelling finding is that skeletal muscle
composition is a strong determinant of insulin resist-
ance in obesity.

One of the earlier studies in this area was from the
Kelley laboratory using CT of the thigh for regional
analysis of skeletal muscle composition (6). In that
study, and as later reaffirmed by Simoneau (7) and then
Goodpaster et al. (1), in obesity there is increased cross-
sectional area of skeletal muscle compared to lean in-
dividuals. These studies also reaffirmed the concept that
women have less muscle mass than men, even when
matched for degree of obesity. However, the more novel
finding from these studies was that the ‘‘quality’’ of
skeletal muscle is altered in obesity. In obesity, the CT
attenuation value (expressed as Hounsfield units) of
skeletal muscle is lower than in lean individuals, as
shown in Figure 1. It is of interest that following weight
loss the density of skeletal muscle increases and
approaches the range of values found in lean individuals
(8). This change in muscle reflects the fact that not only
the quantity of muscle mass, but also its composition, is
altered during periods of weight gain and weight loss.
Reduced attenuation values for skeletal muscle are as-
sociated with aging and with gender, with lower values
in older individuals and among women (9). The ques-
tions that arise therefore are what is being revealed by
the reduced attenuation value of skeletal muscle, and
why is this related to insulin resistance. As discussed
below, muscle lipid content is a strong determinant of
the CT attenuation values, and likely accounts for the
association between CT attenuation values and insulin
sensitivity and aspects of physical performance.

In situ imaging of skeletal muscle, as obtained by CT
imaging, provides data concerning the impact of obesity
on muscle structure that is not readily revealed by more
classic two-compartment models, such as underwater
weighing orDXA. To employ a two-compartment anal-
ysis, these approaches need to assume a constant density
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for fat-free mass. In situ imaging modalities have
revealed some of the limitations of this assumption with
respect to obesity.

There is an important physiological significance to
the altered composition of skeletal muscle as revealed by
CT imaging. Across several studies it has been found
that the altered composition of skeletal muscle in obe-
sity, as reflected in the lower CT attenuation values, is a
correlate of the severity of insulin resistance (1,7,10).
This association between muscle density and insulin
sensitivity is at least partially independent of the ad-

verse effect of visceral adiposity to aggravate insulin
resistance, a point to which we will return. Also, muscle
attenuation values correlate to maximal aerobic capa-
city in young and middle-aged adults and with muscle
performance in older individuals. In the Health ABC
Study, a longitudinal study of the effects of aging on
body composition and functional status, muscle
strength and fatigue was correlated with muscle den-
sity, as revealed by CT attenuation values, after adjust-
ing for the amount of muscle area (9).

2 Magnetic Resonance Imaging of Skeletal
Muscle Lipid Content

A limitation of the computed tomography method is
that the spatial resolution is not sufficient to fully dis-
tinguish between lipid contained within, and that
present outside, myocytes. Areas of adipose tissue that
are large enough to form a CT pixel can be identified as
adipose tissue based on a negative attenuation value
whereas a smaller deposit, not filling an entire pixel,
might not meet attenuation characteristics to be imaged
as adipose tissue. Another imaging approach, one that
does seem to have a capability for distinguishing be-
tween intramyocyte and extramyocyte lipid, is magnetic
resonance spectroscopy (MRS). Using MRS, and more
specifically, using MRS to exploit fairly subtle chemical
shift differences in these two lipid depots, it is possible
to identify peaks that correspond to the methylene
carbon of triglyceride from intra- and extramyocyte
triglyceride (11). The extramyocyte triglyceride is con-
tained within adipocytes within muscle, while the intra-
myocyte triglyceride is located within muscle fibers.
Intramyocyte triglyceride is increased in obesity and is
correlated with the severity of insulin resistance (12).
Increases of intramyocyte triglyceride have been found
in nonobese, first-degree relatives of individuals with
type 2 diabetes mellitus and to relate to insulin re-
sistance in this condition (13). The data suggest that
the regional deposition of fat within skeletal muscle
may be an early body composition abnormality in re-
lation to insulin resistance, obesity, and type 2 diabetes
rather than arising only as a late complication of excess
adiposity.

The biochemical mechanisms that might contribute
to the increased partitioning of fatty acids into muscle
triglyceride are discussed later in this chapter. The fact
that lipid accumulation can be seen relatively early in
the development of insulin resistance adds to the con-
cept that perturbed lipid metabolism by skeletal muscle
may have a pivotal role in the development of obesity
and its comorbidities.

Figure 1 Shown in the upper and lower panels are histo-
grams of the distributions of skeletal muscle attenuation val-
ues, in Hounsfield units, measured by computed tomography

imaging of the midthigh skeletal muscle. The dark shaded
bars for muscle from a lean subject represent the normal dis-
tribution (95% confidence levels established in a group of

lean, healthy volunteers). Inmuscle from the obese subject, the
distribution of attenuation values is shifted to the left, and just
approximately half of the pixels are within the normal range.
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C Regional Adipose Tissue Distribution

Adjacent to Skeletal Muscle

There is another aspect of muscle composition, from
the whole-organ perspective, that has been learned
from the application of regional CT imaging, and this
concerns the distribution of adipose tissue outside
skeletal muscle. There can be substantial subcutaneous
adipose tissue located near muscle, and this is especially
true with respect to the lower extremities. In general,
and as opposed to depots such as visceral adipose tis-
sue, adipose tissue located in the extremities has been
regarded as relatively benign with respect to insulin
resistance. However, recent studies suggest that this
perspective needs to be modified to account for adipose
tissue distribution, or sublocations. In the lower ex-
tremities, the majority of adipose tissue is in a subcuta-
neous location, above the muscle fascia. In CT imaging
of the midthigh, the fascial plane formed by the fascia
lata can be discerned and it has been found that adipose
tissue located beneath the fascia lata is significantly
correlated with insulin sensitivity (negatively). In con-
trast, the much greater depot located above this fascia is
not significantly related to insulin sensitivity in either
men or women (14).

The mechanisms that account for the association of
subfascial AT but not subcutaneous AT with IR are
not well understood. At this juncture, only specula-
tions can be made. Potential factors might be related
to effects of fatty acids released by adipocytes adjacent
to muscle, or it is also possible that in a paracrine man-
ner, there are secreted products of this depot of adi-
pocytes (e.g., cytokines) that influence insulin action
within the adjacent skeletal muscle.

III MICROSCOPIC STUDIES OF

SKELETAL MUSCLE FIBERS

IN OBESITY

A Lipid Content in Muscle Fibers

Another approach to the study of lipid content within
skeletal muscle is to directly examine tissue obtained by
muscle biopsy. A number of studies have used muscle
obtained by percutaneous biopsy of the vastus lateralis.
Pan et al. (15) used this method and extracted lipid from
the biopsy samples. Triglyceride was greater in skeletal
muscle in obesity and was related to the severity of
insulin resistance. However, even with careful removal
of visibly identifiable adipose tissue, a potential limita-
tion of performing lipid extraction from muscle biopsy
samples is that the respective contributions of intra- and
extramyocyte triglyceride cannot be determined. Direct

visualization of muscle fibers using microscopy can
circumvent this issue (16).

In situ staining of neutral lipid with Oil Red O has
been used to not only to ascertain that lipid droplets are
contained within muscle fibers, but by the use of con-
temporary computer-assisted image analyses, this
method can be used to obtain quantitative assessments.
Several ultrastructural investigations of human skeletal
muscle have shown that lipid droplets account for
f1% of cell volume within muscle cells in lean, healthy
individuals. For instance, the volume percentage occu-
pied by lipid in skeletal muscle of women represents
values ranging from 0.5% to 0.7% depending on the
fiber type investigated (17). Goodpaster et al. (18) ob-
served that the volume of lipid droplets in skeletal
muscle is increased in obesity and type 2 diabetes
mellitus. In that study, the approximate volume within
myocytes occupied by lipid droplets was 1.5% in lean
volunteers, 3–4% in obesity, and slightly greater yet in
type 2 diabetes mellitus. Also, following weight loss, the
microscopic analysis of muscle tissue revealed less
triglyceride, as would be consistent with the data from
CT imaging of skeletal muscle.

In another study using light microscopy and the Oil
Red O method method, it was noted that not only the
volume, but also the cellular distribution, of lipid drop-
lets may differ in muscle from obese compared to lean
individuals (19). In muscle from obese volunteers, the
size of the lipid droplets did not appear to differ from
those observed in muscle from nonobese individuals;
simply, the muscle from obese individuals had more
lipid droplets. However, in muscle from obese individ-
uals, a higher proportion of lipid droplets appeared to
be located more centrally within the muscle fiber (19).
Additional research with higher resolution microscopy
(e.g., electron microscopy) might be useful to further
address the relation between lipid droplets and mito-
chondria and whether this is perturbed in muscle from
obese individuals. It might be speculated that a more
central location of lipid droplets within myocytes
sequesters lipid, rendering it less likely to be utilized
for energy. Certainly trained athletes have higher levels
of intramyocellular triglyceride (20). That they are not
insulin resistant may reflect both the increased mito-
chondrial density and possibly the distribution and
relationship of the lipid droplets to those mitochondria
(i.e., increased ability to utilize the fats).

B Interaction of Muscle Fiber Type and Lipid

Content in Obesity

One of the striking features that can be noted when
examining the Oil Red O staining patterns in skeletal
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muscle, especially human skeletal muscle, is that there is
considerable heterogeneity between muscle fibers in the
amount of lipid staining. This heterogeneity is related to
muscle fiber type. It is well known, based on prior work
with rat skeletal muscle, that muscle fiber types differ
in their respective content of lipid (21–23). In general,
type 1, or slow-twitch, oxidative (endurance) fibers con-
tain greater lipid than type 2 fibers, andwithin the type 2
fibers, fast-twitch oxidative (sprint) fibers contain more
lipid than do fast-twitch glycolytic (intermediate) fibers.
Therefore, the question arises whether the increase in
muscle triglyceride content in human obesity reflects an
interdependence upon difference in muscle fiber type
that might occur with obesity. To address this issue, He
et al. (24) performed single-fiber analyses, inwhich serial
sections of a muscle biopsy sample were stained for
muscle lipid content (Oil Red O staining), muscle fiber
type, muscle oxidative enzyme activity, and muscle
glycolytic enzyme activity, as shown in Figure 2.

By serially measuring these characteristics for each
muscle fiber, an overall profile for each fiber type could
be ascertained. In the study by He et al. (24), vastus lat-
eralis muscle from lean, obese, and obese type 2 diabetic
men and women were examined. Lipid content was
noted to be highest in type 1 fibers and lowest in type
2b fibers, with an intermediate value in type 2a fibers.

This patternwas observed in all three groups of subjects,
but skeletal muscle from obese and type 2 diabetic
individuals was found to have increased lipid content
regardless of fiber type. In each fiber type, muscle from
obese individuals had greater lipid content than lean
individuals, and this was also found for individuals with
type 2 diabetes mellitus.

An additional and equally important finding from
the study by He et al. (24) was that skeletal muscle from
obese individuals and from those with type 2 diabetes
mellitus had a reduced oxidative enzyme activity, as
determined by standard histochemical methods. As
would be expected, type 1 fibers had the highest oxida-
tive enzyme activity, followed in order by types 2a and
2b. Within each fiber type, oxidative enzyme activity
was lower in individuals with obesity and with type 2
diabetes mellitus. The ratio of oxidative enzyme activ-
ity to lipid content was also examined. In lean individ-
uals, this ratio was relatively consistent across fiber
types, despite substantial differences between fiber
types in content of lipid and oxidative enzyme activities.
In muscle from obese or type 2 diabetic individuals, the
ratio of lipid content to oxidative capacity was also
relatively consistent across fiber types, but this ratio
differed markedly from that found in lean individuals.
The physiological meaning of this proportionality is

Figure 2 Skeletal muscle, biopsied from vastus lateralis muscle, is shown stained for fiber type (ATPase), lipid content (Oil Red
O), oxidative enzyme capacity (SDH), and glycolytic enzyme activity (GPDH). A biopsy from a lean volunteer and one from an
obese volunteer are shown. The cryosections from muscle are stained in serial order so that these respective characteristics can be

assessed within single fibers.
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uncertain, though it might be speculated that a homeo-
static balance between fuel stores and capacity for
oxidative metabolism is present in lean individuals. If
this is so, then the pattern in the muscle of individuals
with obesity and type 2 diabetes mellitus suggests that
lipid storage is increased out of proportion to the
capacity of these myocytes for substrate oxidation.

C Relation of Obesity to Muscle Fiber Type

Distribution, Size, and Capillary Density

There have been several important studies that address
whether the patterns of fiber type distribution differ in
obesity and whether this is related to the pathogenesis of
insulin resistance. It is commonly thought that type I
muscle fibers in humans are better endowed for sub-
strate oxidation than type II fibers. Reflecting this
concept, it has been proposed that fiber type composi-
tion of skeletal muscle, in which type II fibers predom-
inate, would be a determinant of obesity due to the
lower substrate oxidation potential of this fiber type. In
the testing of this hypothesis, conflicting results have
been obtained.

A number of studies have reported that individuals
with a high percentage of total body fat exhibit a low
percentage of type 1 fibers in the vastus lateralis muscle
(25–27). Wade et al. (26), on the basis of a rather small
group of men (N=11), suggested that at least 40%
(r=�.65) of the variability in fatness was related to
variation in fiber type 1 proportion of vastus lateralis
muscle. Similar results were obtained by Helge et al.
(27), who also showed that a measure of trunk fat
(central adiposity), obtained by DXA, was well related
to % type 1 fibers (r=�.58, P<.01, n=21). A more
modest correlation coefficient (r=�.32; P<.01) was
reported between the fiber type 1 proportion of vastus
lateralis muscle and percent body fat in the study of
Lillioja et al. (25) that involved 23 Caucasians and 41
Pima Indian nondiabetic men.

On the other hand, Krotkiewski et al. (28) have
shown an absence of significant relationship between
the proportion of type 1 fibers and obesity. It is possible
that the significant relationships previously found could
have been confounded by physical fitness of the sub-
jects, which was not controlled.

The true relation between muscle fiber type and
obesity should then be determined when level of fitness
is controlled. Even here, however, the results are not
entirely consistent. Simoneau and Bouchard (29) did
not find a significant relationship between the propor-
tion of type 1 muscle fibers and the amount of subcuta-
neous fat. That study examined a large cohort of women

and of men with substantial differences in subcutaneous
fat content, but who were paired (within gender) on the
basis of VO2 max expressed per kg body weight. In that
study, there was a lack of difference in the proportion of
type 1 muscle fibers between lean and obese individuals.
In contrast, Segal et al. (30) found a significantly higher
proportion of type 2b fibers in vastus lateralis muscle of
obese individuals (29% vs. 17%) among lean and obese
subjects paired on the basis of fat-free mass and VO2

max (30). Since it is the type 2b fibers that are glycolytic
and have such limited capacity to utilize lipid for
energy, it may be that this elevation as a percentage
of total fibers is the critical factor. However, as we will
come to below, fiber proportionality may be less rele-
vant than oxidative capacity.

On another relevant aspect of muscle morphology,
two studies from Krotkiewski et al. (28,31) have report-
ed significant and positive correlation (with an r off.4)
between total body fat and type 1 or type 2 muscle
fiber areas. These results also indicate larger muscle
fibers in obesity, and thus fit nicely with the results des-
cribed previously indicating elevated fat-free mass in
obese subjects.

The number of capillaries surrounding muscle fibers
may also play an important role in substrate and
hormone delivery, and therefore in determining insulin
resistance. A reduced capillary density of muscle has
been described in obesity. Krotkiewski et al. (31) have
reported significant and negative correlations between
fasting insulin level (indicative of insulin resistance) and
the number of capillaries per area of type 1 (r=�.80) or
type 2a (r=�.62) skeletal muscle fibers in human.
Lillioja et al. (25) confirmed that observation using a
direct measure of insulin action (the hyperinsulinemic,
euglycemic clamp), although the relationship was less
striking. As reviewed by Björntorp (32), if a reduced
capillarity of skeletal muscle is a common phenotype
of obesity, then a limited transfer of insulin from the
capillaries to interstitial space and the surface of myo-
cytes could affect the kinetics of insulin action in
obesity. Substantial support for this concept has been
obtained. The kinetics of insulin action in skeletal
muscle is slower in obesity, and this has been largely
attributed to slower transcapillary diffusion of insulin
more than to a reduced rate of postbinding cellular
signaling.

Finally, muscle’s capacity for oxidative metabolism,
and particularly to utilize fat, may decline with age.
While the weight of evidence suggests no major change
in proportion between type 1 and type 2 fibers with age
(see, e.g., 33), there is one report in an Australian pop-
ulation of an age-related increase in type 2b (r=.45,
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P=.01) at the expense of type 2a fibers (34). In that
study, both BMI and waist circumference were posi-
tively related to the percentage of type 2b fibers (r=.44
and .49, respectively, both P=.01). Interestingly,
infants of age <2 years were found to have extremely
low levels of type 2b fibers (f6% vs. 20+% in adults).
In contrast, a comparison with a young adult popula-
tion of obesity-prone Pima Indians showed this latter
group to have a much higher (approximately double)
percentage of type 2b fibers than would have been
predicted from the regression line of age versus % type
2b for the Australian subjects. From these studies, it
seems clear that fiber type changes over the life span to
forms with less oxidative capacity and less able to burn
fat for fuel. In addition, there may be genetic predis-
position either to higher proportions of type 2b fibers at
birth, or to an increased rate of transition to type 2b
fibers, with age. It is not clear whether an active or sed-
entary lifestyle contributes to the rate of change with
aging, but certainly a relatively intense exercise pro-
gram can shift the proportion of type 2b toward type 2a
fiber (20). This may suggest that habitual exercise will
help to maintain skeletal muscle capacity for fat uti-
lization across the life span, a suggestion that has re-
cently received experimental support (35).

IV BIOCHEMISTRY AND MOLECULAR

BIOLOGY OF SKELETAL MUSCLE

IN OBESITY

A Oxidative and Glycolytic Enzyme Profiles

Though the concept that fiber type distribution per se
denotes metabolic capacity of skeletal muscle for insulin
sensitivity and substrate oxidation has been a useful
perspective, it is not entirely sufficient. Previous studies
involving microphotometric determinations (36), ultra-
structural investigations (37), or microbiochemical
activity determinations in dissected single fibers (38)
have shown that large variation exists in the metabolic
profile within each fiber type of human skeletal muscle.
Although the studies do report higher average mito-
chondrial enzyme activities or volume density in type 1
than in type 2a or type 2b fibers, >50% of type 1 fibers
have aerobic-oxidative enzyme activities that are sim-
ilar to type 2 fibers (36,37). Accordingly, it is important
to distinguish between muscle enzyme capacities for
substrate oxidation and muscle fiber type per se. Skel-
etal muscles with given enzyme activity levels may
exhibit large differences in fiber type distribution, or
vice versa (39). Rather than solely examining fiber type
proportions, another, arguably better description of the

metabolic potential of skeletal muscle would be to
directly determine muscle enzyme activities.

One strategy for determining the activity of muscle
enzymes is to select keymarker enzymes, chosen because
they regulate diverse metabolic pathways and catalyze
rate-controlling reactions for distinct, critical pathways
of substrate utilization. Simoneau’s laboratory carried
out a number of such studies by assaying a panel of key
enzymes. These included key regulatory enzymes of
glycolysis (PFK, HK), glycogenolysis (PHOS), aerobic
oxidative metabolism (CS), oxidative phosphorylation
(COX), fatty acid oxidation (CPT, HADH), and an-
erobic regeneration of ATP (CK). The rationale for
assaying maximal activity of regulatory enzymes, as
previously justified (40), is based on conventional
Michaelis-Menten kinetics. The biochemical method-
ology most commonly used has been to determine
maximal activity (Vmax) of each enzyme chosen for
the metabolic profile. The activities of enzymes catalyz-
ing nonequilibrium reactions (i.e., regulatory enzymes)
provide a semiquantitative index of both maximal
metabolic flux and fuel utilization. Activities of enzymes
catalyzing reactions close to equilibrium provide only
qualitative information about the importance of partic-
ular metabolic pathways and the principal fuels sup-
porting activity (41). Importantly, and what is most
pertinent to a consideration of substrate metabolism
in obesity, is that the influence of maximal enzyme
activity may be greatest at substrate concentrations
below the Km of the enzyme (40), and these are the
conditions which prevail during daily living.

In these studies, Simoneau and Kelley and others
found that the activities of several marker enzymes of
oxidative and glycolytic capacitywere altered in obesity.
Citrate synthase (CS), an enzyme of the TCA cycle
activity and a strong marker of oxidative capacity, was
shown to be negatively correlated with visceral obesity
(r=�.51,P<.05) (42). Thiswas confirmed in an entirely
different population (Pima Indians) both for central
adiposity and for % total body fat (r=�43, P<.01)
(43). Conversely, CS activity was positively correlated
with rates of lipid oxidation across the leg during fasting
conditions and positively correlated with both whole-
body insulin action and rates of glucose uptake during
insulin stimulated conditions (7,44). These data indicate
that oxidative capacity, as exemplified by CS activity,
influences both postabsorptive utilization of FFA and
insulin sensitivity. Conversely, glycolytic potential of
muscle, as reflected by activity of phosphofructokinase
(PFK), a regulatory enzyme in the glycolytic path-
way, is increased in individuals with visceral obesity.
In particular, the ratio of PFK/CS activity is a strong
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marker of insulin resistance. Also, creatine kinase
(CK), a cytosolic enzyme that catalyzes a key step in
anaerobic regeneration of ATP, is increased in propor-
tion to obesity and insulin resistance. Taken together,
this pattern of enzyme activity indicates that insulin-
resistant muscle is disposed toward anaerobic and gly-
colytic generation of energy. Our interpretation of the
enzyme and metabolic data is that obesity adversely
affects substrate metabolism by skeletal muscle during
both basal and insulin-stimulated conditions.

In a recently published study, Sun et al. (45) exam-
ined whether the glycolytic and oxidative enzyme char-
acteristics of vastus lateralis skeletal muscle and fiber
type proportions in this muscle predicted the response
to a 100-day supervised overeating protocol carried out
in identical twins. The proportion of type 1 fibers
correlated inversely with the overfeeding (1000 kcal/d,
6 days per week) induced weight gain, while the pro-
portion of type 2a fibers correlated in a positive manner
with the induced change in weight (45). This would
suggest that muscle with a higher capacity for fat
oxidation (type 1 compared to type 2a) might protect
against weight gain in the setting of sustained positive
energy balance. In further support, these investigators
found the ratio between oxidative to glycolytic enzyme
activities was an equally strong correlate. These data
suggest the key role that skeletal muscle oxidative
enzyme capacity might have in protecting against, or,
conversely, increasing, the risk for obesity in an environ-
ment of access to high energy intake and reduced
physical activity, as prevails in modern society, and
stresses the need for future research of longer periods
of observation.

B Capacity for Fatty Acid Oxidation

Several clinical investigations suggest that the capacity
for lipid oxidation is reduced in human skeletal muscle.
Ferraro et al. (46) found that skeletal muscle lipoprotein
lipase activity was decreased in obesity and that this was
related to a decreased reliance on fat oxidation, as
measured in a whole-body calorimetry chamber. Zurlo
et al. (47), using a similar approach, found that marker
enzymes of the beta-oxidation pathway are reduced in
obesity. Simoneau (48) found reduced activity of CPT in
skeletal muscle in obesity. The reduction in skeletal
muscle CPT activity was of approximately the same
proportion as the decrease in activity of other marker
enzymes of mitochondria, such as citrate synthase for
the TCA cycle and cytochrome C oxidase of the electron
transport chain. This suggests a decrease in mitochon-

dria number or function, or both. Interestingly, follow-
ing weight loss the subjects in the study by Simoneau
(48) did not have improvement in the capacity for fat
oxidation as measured by activities of CPT, CS, and
cytochrome C oxidase. In that same study, an increased
content of cytosolic fatty acid binding protein was
found in obesity, with an additional gender-related ef-
fect of higher concentrations in women. However, other
groups have found diminished content of cytosolic fatty
acid–binding protein in skeletal muscle in obese indi-
viduals with type 2 diabetes (49).

Another line of investigation into the capacity of
skeletal muscle for lipid oxidation concerns malonyl
CoA. Although skeletal muscle has a relatively limited
capacity for de novo lipogenesis, it does synthesize
malonyl CoA. Ruderman and colleagues (50) have
found that muscle content of malonyl CoA in rodents
increases in response to insulin and glucose, and can be
increased in insulin resistance and following denerva-
tion. Similar studies by Winder and colleagues (51)
indicate that increased muscle glucose metabolism in
skeletal muscle of the rat leads to an increased malonyl
CoA concentration. This is potentially germane to the
capacity for lipid oxidation because an increase in
malonyl CoA can inhibit CPT I, the muscle isoform of
which is particularly sensitive to inhibition by malonyl
CoA (52). Several groups have studied the regulation of
acetyl CoA carboxylase (ACC), the enzyme responsible
for synthesizing malonyl CoA from carbohydrate
(53,54). The thrust of this line of investigation is that
conditions may prevail in obesity and glucose intoler-
ance, as well as inactivity, for accumulation of malonyl
CoA in skeletal muscle and thus lead to allosteric
inhibition of CPT I and, consequently, an inhibition
of lipid oxidation. Certainly, prolonged inhibition of
CPT1 has been shown to increase intramyocellular
triglyceride in studies on rodents (55). Then, excess
triglyceride or FFA in muscle might lead to increased
long chain acyl-CoA concentrations (56–58), which in
turn might lead to further insulin resistance. We will
return to this issue.

Still another line of inquiry concerns uncoupling
proteins. Uncoupling proteins are postulated to influ-
ence thermogenesis, as is well supported by the role of
UCP 1 in brown adipose tissue and suggested for ho-
mologs UCP 2 and 3. These findings have potential
implications for the pathogenesis of obesity. Nordfors
et al. (59) reported decreased expression of UCP 2 in
skeletal muscle of human obese subjects. However,
Simoneau et al. (60) found increased protein content
UCP 2 in human skeletal muscle from obese individuals,
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and examined the potential relation to energy expendi-
ture and substrate oxidation, as well as to insulin
resistance, which is common in obesity. Skeletal muscle
UCP 2 content was significantly higher in obesity and
was positively correlated with %FM (r=.60; P<.05).
However, UCP 2 content in muscle was not correlated
with basal energy expenditure (r=.03;P=.93), nor with
insulin stimulated rates of glucose metabolism Rd
(r=�.21; P=.47) (60). There was a significant correla-
tion between muscle UCP 2 and patterns of macro-
nutrient substrate oxidation within skeletal muscle,
such increasedUCP 2was associated with higher fasting
values of leg RQ (r=.57; P<.05), suggesting that UCP
2 may help to regulate nutrient partitioning within
muscle and favor carbohydrate oxidation. Several lines
of evidence suggest that UCP 3 expression is related to
fatty acid availability (61).

C Structural and Storage Lipid Subtypes

and Lipid Signaling in Obesity

Lipids play a role in muscle metabolism not only as an
energy source. As with all tissues of the body they are
the major structural components of plasma and organ-
elle membranes and act as potent metabolic intermedi-
ates in cellular signaling with their actions strongly
dependent on the fatty acid subtypes involved. The fatty
acid composition of structural and storage lipid in
skeletal muscle is influenced both by genetic predispo-
sition and by environment (particularly dietary fatty
acid profile).

There is now considerable evidence linking obesity
and skeletal muscle insulin resistance to the fatty acid
composition of both phospholipid, the major mem-
brane structural lipid (15,62,63) and myocellular stor-
age triglyceride (64). These studies show that an
increased proportion of saturated fatty acids in both
lipid compartments relate directly and positively to
impaired insulin action and to various measures of
regional and total increased adiposity. A number of
mechanisms have been postulated. Increased saturation
of membrane lipids should decrease membrane fluidity,
leakiness to ions and protons and hence decrease meta-
bolic rate (see 65). Interestingly, increased membrane
unsaturation improves intrinsic activity of ion trans-
porters thus providing the conditions, in concert, to
allow maintenance of ion homeostasis (66). Equally, it
has been demonstrated that beta-adrenergic receptor
affinity is decreased with dietary treatment emphasizing
saturated fat intake (67), which is also consistent with
decreased metabolic rate.

The indirect effects on energy balance via modula-
tion of insulin action by lipid intermediates is likely to
involve a complex series of cellular metabolic interac-
tions which, pleasingly, the data are now beginning
to clarify. Briefly, saturated fatty acids like palmitate
specifically inhibit PKB/Akt activation and, concom-
itantly, insulin-stimulated glucose uptake in primary
myocyte cultures (68). Equally, PKB activation has
been shown to inhibit insulin stimulation of glycogen
synthase kinase-3, thus impairing cellular capacity for
glycogen synthesis (69,70). Both of these observations
are likely to involve ceramide production; ceramide is
a sphingolipid derivative of palmitate, being the con-
densation product of serine and palmitoylCoA. Cer-
amides are on the synthetic pathway for, and are
also formed from the breakdown of, sphingomyelins.
Sphingomyelin concentrations in adipose tissue and
plasma have been shown to be positively related to
obesity (71,72). Cytokines like tumor necrosis factor-
alpha (TNF-a) increase breakdown of sphingomyelins.
Interestingly, salicylates (aspirin is acetylsalicylate)
inhibit sphingomyelin-generated ceramide production
and high doses have been shown to reduce obesity and
improve insulin action (73,74) although other mecha-
nisms are also likely to be important in explaining this
observation.

Additional mechanisms of fatty acid modulation of
muscle lipid metabolism are likely to come via influen-
ces on the sterol regulatory element–binding proteins
(SREBPs). Activation particularly of SREBP1c induces
a number of enzymes in the pathways of de novo fatty
acid synthesis and through to triglyceride formation
(see 75). It has recently been shown that while palmitate
slightly induces SREBP1 expression in cell systems,
more unsaturated fatty acids are powerfully inhibitory
(76). Equally, it has been shown that diacylglycerol
(DAG) accumulation, from an increase in fatty acyl-
CoA availability, specifically from palmitate impairs
insulin-stimulated glucose uptake in primary myocyte
cultures (68). DAGs activate a number of isoforms of
protein kinase C (PKC), and it is likely that a mecha-
nism linking DAG accumulation from palmitate to
impaired insulin action involves the known PKC inhib-
ition of glucose transporter translocation. Palmitate is
the major end product of endogenous lipogenesis via
the fatty acid synthase cascade. In this regard it is
interesting that mice with absent or reduced fatty acid
synthase activity (knockout or cerulenin-treated) are
lean and resistant to high-fat feeding-induced obesity
(77). While the contribution of endogenous lipogenesis
to the total fatty acid pool in humans is a matter of
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controversy, it is now clear that saturated fatty acids
play both a direct and indirect role in a range of skeletal
muscle metabolic processes that will combine to pre-
dispose obesity.

V CLINICAL INVESTIGATIONS OF

FATTY ACID METABOLISM BY

SKELETAL MUSCLE IN OBESITY

A Postabsorptive Patterns of Fatty Acid Use

by Skeletal Muscle

Skeletal muscle can oxidize either lipid or carbohydrate
to yield energy. During postabsorptive conditions, as
occur after an overnight fast, skeletal muscle predom-
inately relies on lipid oxidation. This is reflected in a
respiratory quotient (RQ) across the forearm in lean
individuals of approximately 0.71 to 0.82 (78–80). There
is also a high rate of extraction of plasma FFA by
skeletal muscle during fasting conditions, of f40%
(79). Oxidation of plasma FFA taken up by muscle, if
these were to be completely oxidized, would account for
nearly 80% of resting oxygen consumption by muscle.
Thus, it is clear that skeletal muscle can have an
important role in systemic patterns of fatty acid uti-
lization, especially during postabsorptive metabolism.

In obesity, skeletalmuscle has an increased content of
triglyceride, as was emphasized in the preceding section.
Accordingly, it is important to inquire as to the mech-
anisms that could account for increased skeletal muscle
lipid deposition in obesity. Rates of de novo lipogenesis
are lowwithin skeletalmuscle (81).Accordingly, skeletal
muscle accretion of triglyceride in obesity would seem to
arise as a consequence of an imbalance between the
‘‘importation’’ of plasma fatty acids and rates of fatty
acid oxidation. Such a putative imbalance might result
from increased fatty acid uptake, perhaps driven by
increased plasma concentrations of fatty acids. Recent
work from Boden and coworkers (82) has provided
strong support for this possibility. In healthy young
volunteers, they increased FFA levels by a combination
of intralipid and heparin during a prolonged hyper-
insulinemic, euglycemic clamp. They then measured
both insulin action and accumulation of intramyocellu-
lar triglyceride by NMR spectroscopy. Even within 3–4
hr there was significant accumulation of intramyocellu-
lar triglyceride which related significantly to both the
magnitude of elevation of the plasma FFA levels and,
importantly, to the FFA-induced insulin resistance (82).
Alternatively (or additionally), the excess accumulation
of skeletal muscle triglyceride in obesity might arise
from diminished rates of fat oxidation. Given the nor-
mal high reliance of skeletal muscle on lipid oxidation

during postabsorptive conditions, it would seem logical
to inquire whether any defect in lipid oxidation in
obesity is evident in this physiological context.

During the past decade and more, a number of
studies have begun to address whether patterns of lipid
utilization by skeletal muscle differ in obese compared
to nonobese individuals. Ravussin and colleagues found
that obesity is associated with an impaired capacity for
oxidation of fat calories (46,83). These studies included
data which suggest that higher values for RQ predict
weight gain over several subsequent years (83). Two of
the principal areas of investigation of the Kelley labo-
ratory, especially in those studies carried out in collab-
oration with the late Jean-Aime Simoneau, have been to
examine whether skeletal muscle capacity for lipid
oxidation is reduced in obesity and whether there is a
link between fasting patterns of muscle FFA utilization
and insulin resistance.

An initial study in these directions, by Colberg et al.
(44) was carried out in healthy young women who had a
range of body mass index from 19 to 39 kg/m2. A key
finding was that postabsorptive rates of FFA utilization
by muscle were diminished in relation to visceral obe-
sity. Women with increased visceral fat had neither
lower plasma FFA nor lower rates for systemic appear-
ance of FFA, yet manifested a reduced rate of plasma
FFA uptake across the leg. The study also provided
initial data that defects of lipid utilization by skeletal
muscle and defects of insulin-stimulated glucose utiliza-
tion might occur together. This was suggested by the
correlation between fasting rates of lipid oxidation in
muscle and insulin-stimulated rates of glucose storage in
muscle (r=.61, P<.05).

B Metabolic Inflexibility of Substrate

Utilization by Skeletal Muscle in Obesity

Based on the findings from that initial study by Colberg
(44) and similar data from other investigators (84),
Kelley and Simoneau undertook a larger clinical inves-
tigation involving both men and women, and involving
a weight loss intervention among the obese individuals
(10). The first objective was to examine fasting patterns
of lipid metabolism in order to test the hypothesis that
reliance on lipid oxidation is reduced in obesity. The
second objective was to determine whether fasting pat-
terns of lipid metabolism were associated with the
phenotype of insulin resistance in obesity. A close cor-
ollary to this was to assess how fasting patterns of lipid
metabolism related to lipid metabolism during insulin-
stimulated conditions. A third goal was to assess the
impact of weight loss. The effects of weight loss are
described in the subsequent section.
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Volunteers for this study were approximately 60
healthy young adults. One-third of the group was lean.
The rest were overweight or obese with BMIs >25 kg/
m2 and ranging to an upper limit of 40. Leg balance
measurements (product of arteriovenous differences
and blood flow) for glucose and FFA uptake (based
on the fractional extraction of [9, 10 3H] oleate) were
carried out during fasting and insulin-stimulated con-
ditions. Also, indirect calorimetry across the leg was
performed to estimate substrate oxidation during fast-
ing and insulin-stimulated conditions. The constant
infusion of labeled oleate permitted measurement of
uptake of plasma FFA across the leg despite the neg-
ative net balance of plasma FFA that occurs during
postabsorptive conditions. Muscle tissue was obtained
by percutaneous biopsy of the vastus lateralis muscle.
Following baseline studies, the obese volunteers entered
a weight loss intervention.

During fasting conditions, there was robust frac-
tional extraction (FEX) of labeled FFA across the leg,
off40%, indicative of the uptake of plasmaFFAby leg
tissues. The FEX was similar in lean and obese subjects
and was approximately 10- to 15-fold higher during
fasting conditions than corresponding FEX for glucose.
Rates of FFA uptake across the leg were similar in lean
and obese subjects. However, despite similar rates of
FFA uptake across the leg, rates of fat oxidation across
the leg during fasting conditions were less in obese
compared to lean subjects (P<.01). During fasting
conditions, obese subjects had an elevated leg RQ
(0.90 F 0.01 vs. 0.83 F 0.02 in lean controls; P<.01).
The RQ values across the leg in obesity denoted a
reduced reliance on lipid oxidation, such that only a
third of energy production was accounted for by fat
oxidation while nearly twice that proportion was found
in muscle of lean volunteers. In both lean and obese
volunteers, the fasting rates of fatty acid uptake across
the leg were greater than the fasting rates of lipid
oxidation, indicating a modest net surplus of fatty acid
uptake, as has been well described in animal studies
(22,23). These rates of ‘‘net storage’’ of fatty acids were
greater in obesity. Thus, a paradigm suggested by these
findings is that in obesity, skeletal muscle accrues
triglyceride owing to a reduced rate of lipid oxidation
in the face of rates of fatty acid uptake that are
equivalent to those of lean individuals.

A further key objective of the study of Kelley et al.
(10) was to address the potential relation between
insulin-resistant glucose metabolism and patterns of
fatty acid uptake and oxidation during both fasting
and insulin-stimulated conditions. Considering all sub-
jects, lean and obese, a decreased reliance on lipid
oxidation during fasting conditions was associated with

resistance to insulin stimulation of glucose metabolism,
as shown in Figure 3. Fasting values for leg RQ were
negatively correlated with insulin sensitivity (r = �.57,
P<.001). Thus, in addition to group differences in
fasting legRQ, there was significant correlation between
the individual variation in the severity of obesity-related
insulin resistance and fasting patterns of glucose and
lipid oxidation in leg tissues. This observation extends
our perceptions of what constitutes the phenotype of
skeletal muscle insulin resistance since it reveals meta-
bolic defects beyond those of insulin-stimulated metab-
olism. Thus, the phenotype of skeletal muscle insulin
resistance in obesity appears to entail a broader concept
of a organ system poorly performing its homeostatic
function of substrate utilization. This concept may be
central to understanding the role of skeletal muscle in
the pathogenesis of obesity and obesity-related comor-
bid conditions, such as type 2 diabetes mellitus.

The hypothesis that insulin resistance is associated
with decreased fasting fatty acid oxidation is a novel
reformulation of the concept that perturbed skeletal
muscle fatty acid metabolismmay contribute to skeletal

Figure 3 Values for the respiratory quotient across the leg,
during fasting conditions, measured by arteriovenous differ-

ences for oxygen and carbon dioxide in lean and obese vol-
unteers are plotted against the respective values for insulin-
stimulated rates of glucose utilization, measured using the
glucose clamp method. There was a significant negative cor-

relation between these variables. Individuals with a low value
for leg RQ during fasting conditions, signifying a greater
reliance on fat oxidation during fasting conditions, had a

higher value for insulin sensitivity than did those individuals
with a lower reliance on fat oxidation (as signified by the
higher values for leg RQ) during fasting conditions.
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muscle insulin resistance. The more classic concept of
substrate competition in relation to insulin resistance is
that ‘‘excessive’’ lipid oxidation reduces glucose utiliza-
tion by skeletal muscle. It is appropriate to ask whether
the finding that reduced fat oxidation during fasting
conditions is related to insulin resistance of obesity is a
contradiction to the ‘‘classic’’ Randle hypothesis of
substrate competition and insulin resistance. Several
recent studies indicate that glucose inhibits fat oxidation
(85,86), a so-called reverse Randle cycle, which could be
pertinent to the observation that insulin-resistant skel-
etal muscle in animal models of obesity has increased
malonyl CoA (50) and that inhibition of ACC2 which
decreases malonyl CoA results both in lower body
fatness and improved glucose tolerance in mice (87).

In the study by Kelley et al. (10) insulin-stimulated
conditions were examined, and therefore the role of fat
oxidation during this physiological context was assessed
in obesity and in relation to insulin-stimulated glucose
metabolism. Under the stimulation of insulin, utiliza-
tion of fatty acids by skeletal muscle is normally sup-
pressed (88), though this can be disturbed by increased
availability of plasma fatty acids (89,90). In lean subjects
in these studies (10), infusion of insulin stimulated a
significant increase in leg RQ (P<.001), as shown in
Figure 4, whereas in obese subjects, the insulin-stimu-
lated values for leg RQ did not differ from fasting values
of leg RQ. In lean subjects, infusion of insulin also
stimulated a significant increase in rates of energy
expenditure across the leg (P<.01), whereas in obese
subjects, rates of energy expenditure across the leg were
unchanged compared to fasting conditions. Insulin-
stimulated values for leg RQ were significantly greater
in lean compared to obese subjects (0.99 F 0.03 vs.
0.91 F 0.02; P<.01). Thus, during insulin-stimulated
conditions, obese subjects manifested a failure to sup-
press lipid oxidation and rates of lipid oxidation were
unchanged from fasting conditions.

During insulin infusions, rates of leg lipid oxidation
were negatively correlated to insulin sensitivity (r =
�.45, P<.001); that is, greater lipid oxidation during
insulin-stimulated conditions predicted insulin-resistant
glucose metabolism, whereas during postabsorptive
conditions, lower rates of lipid oxidation predicted
insulin-resistant glucose metabolism. These findings
are not disparate, but instead are interconnected pieces
of the puzzle of how insulin resistance is manifest within
skeletal muscle in obesity. The concept that links these
two findings is one of metabolic flexibility as a compo-
nent of insulin sensitivity in lean individuals and meta-
bolic inflexibility as a component of insulin resistance in
obesity. Obese subjects had less change in leg RQ in
response to insulin infusion than did lean subjects.

Across the entire cohort, the amplitude of insulin-
stimulated change in leg RQ (D leg RQ: insulin-stimu-
lated leg RQ � fasting leg RQ) correlated significantly
with insulin-stimulated increases in glucose metabolism
(r = .66, P<.001). This indicates responsiveness to
insulin in modulation of leg RQ is related to capacity
to respond to insulin stimulation of glucose uptake.

In obesity, the effect of insulin to suppress lipid oxida-
tion was blunted, as has been previously reported (91,
92), and this clearly fits with the classic concept of fatty
acid induced insulin resistance (93). Not only was
incomplete suppression of lipid oxidation during insulin
stimulation observed among the obese volunteers in this
study, but rates of muscle lipid oxidation during insulin
infusion were correlated with the severity of insulin-
resistant glucose metabolism.

In summary, these observations do not indicate that
fatty acid oxidation within insulin-resistant muscle is
persistently ‘‘increased.’’While insulin infusion did not
suppress muscle lipid oxidation in obesity (compared to
strong suppression in lean individuals), these rates of
fat oxidation were unchanged from fasting conditions.
During fasting conditions, rates of fat oxidation in skel-
etal muscle were lower in obese than in lean individuals.

Figure 4 The contrast between a metabolic flexibility in the
transition seen in lean subjects from a predominant oxidation
of fat during fasting condition to predominant oxidation of
carbohydrate during insulin-stimulated conditions is con-

trasted to a metabolic inflexibility in skeletal muscle in obese
subjects, in whom there is little change in the relative pro-
portions of carbohydrate and fat oxidation in the transitions

from fasting to insulin-stimulated conditions, or vice versa.
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Thus, in regard to the nature of substrate competition,
muscle in obesity manifested a severe inflexibility in the
modulation of fatty acid oxidation, with neither sup-
pression by insulin infusion nor an appropriate en-
hancement in response to an overnight fast.

C Effects of Weight Loss on Skeletal Muscle

Lipid Metabolism

A critical issue is that of etiology, that is, whether
impairments within the pathways of fatty acid utiliza-
tion in skeletal muscle in obesity are primary defects or
arise secondarily, after an individual has become obese.
This is difficult to effectively address by cross-sectional
comparisons of lean and obese subjects. A prospective
clinical study has indicated that a decreased reliance on
lipid oxidation is a risk factor for weight gain (83) and
collateral analyses of skeletal muscle enzyme activities
have implicated skeletal muscle in impaired lipid oxida-
tion (46,47). A reduced reliance on lipid oxidation has
also been identified as a risk factor for weight regain
following weight loss (84,94,95). These data raise the
possibility that a potential impairment in capacity for
lipid oxidation might be a primary defect in obesity.
Equally, weight loss can substantially improve insulin-
resistant glucose metabolism in skeletal muscle (96) and
at least aspects of muscle fat transport (97). This would
seem to indicate that there may be also an acquired or
secondary component of obesity-related insulin resist-
ant glucose metabolism.

The third objective of the study by Kelley and
colleagues (10), described earlier, was therefore to assess
whether weight loss, undertaken by dietary restriction,
could modulate patterns of skeletal muscle metabolism
of fatty acids and how this would compare with the
effect on glucose metabolism. Weight loss was achieved
through restricted calorie intake and without changes in
physical activity patterns or maximal aerobic capacity.
A substantial weight loss was achieved (14.0F 0.9 kg, of
which 10.3 F 0.8 kg was loss of fat mass) and then
followed by a 1-month period of careful weight stabili-
zation prior to re-assessments of metabolism. Fasting
plasma insulin decreased (117 F 5 vs. 62 F 5 pmo1/L;
P<.01), as did plasma leptin (from 39F 2 to 21F 2 ng/
mL in women and from 16F 3 to 6F 2 ng/mL in men).
There were reductions in fasting plasma triglycerides,
apoB, and total cholesterol. Systemic insulin-stimulated
glucose metabolism increased following weight loss
(5.9F 0.4 vs. 7.5F 0.5 mg/kg FFM;P<.001), and there
was a twofold increase in arteriovenous differences for
glucose following weight loss (P<.001).

With respect to fasting patterns of skeletal muscle
fatty acid metabolism, the effect of loss of weight was

relatively modest. Skeletal muscle oxidative enzyme
activity was slightly diminished, and activity of CPT
was unchanged (and remained lower than in lean sub-
jects). Not unexpectedly (98,99), rates of resting energy
expenditure measured by limb balance were lower fol-
lowing weight loss, and rates of fatty acid uptake were
slightly reduced. Yet, the leg RQ was unchanged from
pre–weight loss values; thus, reliance of skeletal muscle
on fat oxidation during fasting conditions was not
improved. The observation that weight loss had a lesser
effect on fatty acid metabolism than on glucose metabo-
lism raises the provocative question as to whether ab-
normal fatty acid metabolism by muscle is a primary
rather than an acquired metabolic impairment in obe-
sity or obesity-prone individuals. Persistent impairment
of fatty acid metabolism has been previously reported
following weight loss (84,94,95,100). These data would
suggest that these defects could be primary impair-
ments, leading to obesity rather than merely resulting
from obesity. Furthermore, it is interesting to speculate
on what might have happened had the intervention
included aerobic exercise. In lean sedentary subjects,
aerobic exercise training promotes an increase in oxida-
tive enzyme capacity and this is accompanied by an in-
creased rate of fatty acid oxidation during exercise
conditions (40,101).

Two changes that did occur in muscle fatty acid me-
tabolism followingweight loss were that insulin infusion
stimulated a significant rise in leg RQ (compared to
fasting values) and a significant suppression of fat
oxidation, and there was an overall increase in muscle
attenuation values on CT imaging (indicating a loss of
muscle fat). Furthermore, following weight loss, rates of
fatty acid uptake during insulin-stimulated conditions
were nearly equivalent to rates of fat oxidation, whereas
the rate of fat oxidation had exceeded fatty acid uptake
during insulin infusions prior to weight loss. This
change in insulin-stimulated patterns of muscle fatty
acid metabolism is indicative of more complete suppres-
sion of lipolysis of muscle triglyceride.

VI INSULIN-RESISTANT GLUCOSE

METABOLISM OF OBESITY

While the perspective of this chapter has been to give
emphasis to the emerging concepts of altered fatty acid
metabolism in skeletal muscle, it is also important to
review the substantial body of data concerning insulin
resistant glucose metabolism in obesity. In obesity,
skeletal muscle typically manifests insulin resistance.
This observation derived from seminal clinical inves-
tigations, conducted nearly three decades ago (102,103).
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The insulin resistance of obesity seems to affect the
pathway of glucose storage more severely than that of
glucose oxidation (91,104,105). Recognition of this
metabolic pattern in the insulin resistance of obesity
has spurred a thorough examination of the insulin reg-
ulation of the glycogen synthesis pathway, with par-
ticular focus on the enzyme glycogen synthase, which
is generally regarded as a rate-limiting step in glyco-
gen synthesis (41). Obesity is associated with impair-
ment in insulin activation, via dephosphorylation, of
glycogen synthase (104), and the magnitude of this
defect is correlated to the defect in nonoxidative glu-
cose metabolism and overall systemic insulin resistance.
Thus, these findings affirm the importance of impaired
glycogen formation within muscle as a key process in
the pathophysiology of insulin resistance in obesity.

In the past decade, several novel methods for study-
ing proximal steps of glucose metabolism (i.e., glucose
transport and phosphorylation) within skeletal muscle
have been developed for clinical investigations and
again NMR is important for imaging substrate con-
centrations within tissue. In addition, positron emis-
sion tomography (PET) is a region-specific imaging
method that provides spatial mapping of metabolism.
Both of these methods have been applied to the study
of skeletal muscle insulin resistance. In a series of
elegant studies, Shulman and colleagues (106–108)
have used NMR to investigate skeletal muscle metab-
olism. By combining NMR with infusion of 13C glu-
cose, these investigators have been able to quantify
rates of insulin-stimulated glycogen formation in skel-
etal muscle, and have found that this metabolic path-
way is profoundly disturbed in the insulin resistance of
type 2 diabetes mellitus, and with the insulin resistance
of obesity. This group has also used phosphorous
NMR to study accretion of glucose-6-phosphate dur-
ing insulin-stimulated conditions, as a means to study
insulin regulation of glucose transport and phosphor-
ylation. These studies indicate that in obesity, there is
impairment of these proximal steps of glucose metab-
olism. A similar overall conclusion has been achieved
using a limb balance approach combined with isotope
tracers to separately study glucose transport and phos-
phorylation (109,110), though this method has not
been used in obesity per se, but only in obesity com-
plicated by type 2 diabetes mellitus. Dynamic PET
imaging, combined with mathematical modeling of
the tissue activity curves of the uptake of the tracer
18F-deoxy-glucose has revealed that in obesity there are
potentially separate impediments of insulin activation
of both glucose transport and phosphorylation
(111,112). These findings from NMR, PET, and the
forearm triple-tracer method indicate that glucose

transport and phophorylation are rate-controlling sites
of insulin action in skeletal muscle.

Among overweight individuals, the severity of insu-
lin resistance is correlated with the degree of obesity,
though in a nonlinear manner (113). In males, beyond a
body fat content of f30%, the impairment of insulin
sensitivity is not further aggravated by greater adipos-
ity. Also inmen, and to an evenmore pronounced extent
in women, the relationship between obesity and insulin
resistance is influenced by body fat distribution and is
greater in proportion to upper body fat distribution
(114).

The issue of body fat distribution as it relates to
insulin-resistant glucose metabolism in skeletal muscle
is a particularly interesting topic and can be extended
beyond consideration of upper- versus lower-body fat
distribution. As cited previously, fat deposition within
muscle is a powerful marker of insulin resistance, and
this component of fat distribution contributes to insulin
resistance independently from overall adiposity (42).
These results were paralleled by those of Pan et al.
(15), who showed that skeletal muscle triglyceride con-
centrations and a measure of central adiposity were
both strong, independent influences on whole-body
insulin action in a nondiabetic group of adult Pima
Indians. The negative effects of obesity to cause insulin
resistance can be modulated by physical activity and
training (as reviewed in 115) such that insulin resistance
tends to be less severe among obese individuals with
higher indices of aerobic power (116).

In the diet intervention study in obese men and
women described earlier (10), an additional purpose
was to examine whether the amount of weight loss or
the amount of change within a specific aspect of
regional fat determined the extent of improvement in
insulin-resistant glucose metabolism in skeletal muscle.
The average weight loss was 15% of baseline weight,
and there were substantial and significant losses of fat
mass, visceral adipose tissue (measured by cross-sec-
tional CT imaging), and abdominal subcutaneous
adiposity, as well as thigh subcutaneous adiposity (8).
There was of course, individual variation in the
amount of weight loss and of weight loss associated
changes in the various components of regional adipos-
ity, and as well, in the amount of change in insulin
sensitivity of muscle glucose uptake. The amount of
weight loss, or loss of fat mass (absolute or as a
percentage), did not significantly correlate with the
amount of improvement in insulin resistance. How-
ever, the percentage change in visceral adiposity did
significantly correlate with the improvement in insulin
resistance (8). This was the first clinical investigation to
demonstrate a specific link between changes in insulin
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sensitivity and changes in visceral adiposity, though
earlier studies had shown a correlation with improved
glucose tolerance. These findings add additional cre-
dence to the concept that the amount of visceral fat,
although a relatively small proportion of total body
adipose tissue mass, is nevertheless of special signifi-
cance for muscle metabolism.

In recent studies carried out in 23 men and women
with type 2 diabetes mellitus, using PET imaging to
measure muscle insulin sensitivity of glucose metabo-
lism, the level of insulin-suppressed fatty acids was
found to be a strong determinant (r = �.81,P<.001),
and in turn, the level of insulin-suppressed fatty acids
was found to be correlated with visceral adiposity but
not with other depots of adipose tissue or fat mass.
Thus, it will be crucial to continue to examine the link
between muscle insulin resistance and visceral adiposity
in order to advance our understanding of the metabolic
complications of obesity.

VII SUMMARY AND CONCLUSIONS

In summary, the composition and biochemistry of skele-
tal muscle are altered in obese as compared to nonobese
individuals. These alterations dispose to a reduction in
the role of skeletal muscle in oxidation of lipid calories
and to a pattern of macronutrient partitioning that
increases lipid storage within skeletal muscle and sys-
temically. Such a key role for skeletal muscle in the
pathogenesis of obesity is certainly consistent with the
capacity which skeletal muscle has to utilize both car-
bohydrate and lipid fuels and with the major role which
skeletal muscle can have in overall fuel balance. An
important morphological characteristic of skeletal
muscle in obesity is increased content of fat, particularly
the intramyocellular component. Accretion of fat within
muscle tissues appears to strongly correlate with insulin
resistance. This fat accretion within muscle of obese
individuals may not be simply a passive process, paral-
leling fat storage in other tissues. Instead, and of partic-
ular metabolic interest, is the emerging concept that
biochemical characteristics of skeletal muscle in obese
individuals dispose to fat accumulation in muscle and
may contribute substantially to the development and
maintenance of the obese state. These biochemical
characteristics of muscle in obese individuals have long
been recognized to include insulin resistance in path-
ways of glucose metabolism, and more recent studies
indicate as well a reduced capacity for the utilization of
fat calories. Again, it must be emphasized that a key
feature of skeletal muscle in obesity is a marked inflex-
ibility in modulation of fat utilization.

Further research is needed to define the stages at
which these patterns emerge.Whether these factors exist
prior to the onset of increased rates of weight gain and
obesity or whether they occur in response to these
changes has not been clearly delineated. An important
area of investigation is to assess skeletal muscle charac-
teristics in longitudinal studies, relating skeletal muscle
characteristics (oxidative enzyme levels, fiber propor-
tions, etc.) to subsequent development of obesity and
stratified for levels of physical activity. Such studies
should be possible on cohorts of individuals studied one
to two decades ago and would increase enormously our
understanding of the role of muscle morphology in the
etiology of obesity.

The task at present is to more precisely define the
nature of the defects within the pathways of fat metab-
olism, to discern the contribution of environmental and
genetic influences, and to utilize these insights to
develop effective treatment strategies. An effort to
modify skeletal muscle of obese individuals so that its
capacity for substrate utilization (and in particular, fat
oxidation) is improved should be among the goals of
treatment for obesity. Whether capacity for fat oxida-
tion by muscle can be enhanced by pharmacological
treatment is largely unknown, and though it is clear
that nutritional and exercise interventions can improve
insulin sensitivity of skeletal muscle in obese individu-
als, there remains much to be learned about optimal
behavioral methods to attain this goal.
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I INTRODUCTION

A General Considerations on Nutrient

Partitioning

Nutrient partitioning can be defined as the process by
which the organism selects fuels for storage (including
protein synthesis) or oxidation. Understanding the reg-
ulation of energy balance and nutrient partitioning can
potentially facilitate the treatment of obesity. Although
the factors that lead to an imbalance between energy/
fat intake and energy expenditure, and thus the devel-
opment of obesity, remain incompletely understood,
nutrient partitioning may be especially relevant to the
development of obesity as it relates to the hypothesis
of Flatt (1). The latter suggests that total food intake
increases to meet carbohydrate needs. According to this
theory, food intake is regulated, at least in part, to as-
sure an adequate amount of carbohydrate. Consump-
tion of a high-fat diet would require the intake of excess
fat in order to satisfy carbohydrate needs and therefore
lead to obesity under this scenario. The concept of a diet
‘‘relatively’’ deficient in carbohydrate becomes impor-
tant in that dysregulation of substrate partitioning
could potentially affect the body’s sense of what consti-
tutes adequate carbohydrate intake. For example, if fat
were preferentially shunted toward storage, more car-
bohydrate would be required to meet oxidative needs,
thereby preventing sufficient repletion of glycogen
stores. This process is proposed to generate signals that

stimulate appetite. Other examples where nutrient par-
titioning relates to obesity and body fat content include
the stimulation of lean tissue synthesis at the expense
of fat calories by androgens and growth hormone, and
(presumably) the reverse of this process by deficiencies
of these hormones.

A variety of physiological and cellular events play
key roles in determining nutrient partitioning. After a
general overview of these major determinants, the regu-
lation of the major pathways of nutrient partitioning
will be reviewed, followed by specific hormonal influ-
ences on each pathway. The net effects of the major nu-
trient partitioning hormones (insulin, growth hormone,
testosterone and cortisol) on lipid, protein, and carbo-
hydrate metabolism are summarized in Figures 1–3.

B Nutrient Partitioning and Exercise

When energy intake exceeds energy expenditure, the
excess calories must be stored. Excess energy intake in
sedentary, hormonally stable adults almost inevitably
results in the expansion of adipose tissue triglyceride
stores. Circumstances that promote lean tissue accre-
tion, however, can allow excess energy to be stored as
muscle and/or visceral proteins. The most common
circumstance resulting in net lean tissue accretion with
excess food intake is increased physical activity, usually
in the form of resistance exercise training. The initiation
of endurance exercise training in a previously sedentary
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individual can have similar, albeit less pronounced,
effects on lean body mass. Finally, during the recovery
from catabolic illness, repletion of lost body proteins is
an important fate of excess energy.

Alterations in nutrient partitioning can also occur at
a relatively stable weight. For example, the reduction in
protein synthesis and increased fat accumulation with
aging can be considered a form of nutrient partitioning.
Whether the changes are driven solely by lesser physical
activity or are aggravated by other (e.g., hormonal) fac-

tors is not clear. In summary, ingested nutrients can be
directed towards increasing body protein, increasing
body fat, or, to a much lesser degree, expanding carbo-
hydrate stores.

C Endocrine Influences on Nutrient Partitioning

Endocrine disturbances have long been associated with
either the development of obesity and/or the result of
obesity. Examples include Cushing’s syndrome, thyroid
disorders, insulin resistance, and polycystic ovarian
syndrome. In some cases, endocrine influencesmay alter
fat content and body composition by altering nutrient
management without markedly changing either energy
intake or expenditure.

Another point of interest is body fat distribution, a
determinant of obesity-induced morbidity that is as
important as the absolute amount of body fat. Upper-
body obesity, which usually connotes visceral obesity, is
more strongly associated with insulin resistance, hyper-
tension, coagulation abnormalities, dyslipidemia, and
cardiovascular death than obesity per se. Lower-body
obesity, in which fat preferentially accumulates in the
gluteofemoral region, is less strongly associated with
these health hazards.

D Energy Expenditure and Metabolism

Nutrient partitioning could be accompanied or exagger-
ated by changes in energy expenditure. Human energy
expenditure is usually broken down into three compo-

Figure 1 Endocrine control of lipid metabolism. Only direct

and noncontroversial effects are depicted.

Figure 2 Endocrine control of glucose metabolism. Only
direct and noncontroversial effects are depicted. Cortisol and
growth hormone have additional effects to increase plasma

glucose concentrations by inducing insulin resistance.

Figure 3 Endocrine control of protein metabolism. Only
direct and noncontroversial effects are depicted. The
enhancement of protein synthesis by insulin is controversial.

*Proteolysis increases in acute hypercortisolemia, which, in
chronic steroid excess, is controversial.
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nents: basal metabolic rate (BMR), the thermic effect
of food, and physical activity. Basal metabolic rate is
determined primarily by lean body mass, and thus hor-
monal effects that increase lean tissue will increase
BMR. The thermic effect of food is determined primar-
ily by the amount of carbohydrate and protein ingested,
but may be reduced in insulin-resistant states. Physical
activity thermogenesis is a product of the mass of the
body moved and the amount of movement. Hormonal
effects on energy expenditure and substrate oxidation
could theoretically influence either the amount of en-
ergy expended in one of these components or the mix of
fuels oxidized. To the extent that hormones influence
either energy expenditure or substrate oxidation these
issues will be covered.

II PROCESSING OF FUEL

The main sources of dietary energy are carbohydrates
(4 kcal/g), proteins (4 kcal/g), fat (9 kcal/g), and alcohol
(7 kcal/g). Alcohol will not be discussed. Fat, carbohy-
drates, and protein can serve functions in addition to
fuel provision and the ultimate fate of these molecules
depends on a variety of factors, among which hormonal
influences are of importance.

A Lipid Metabolism

Dietary triglycerides are transported in chylomicrons
for storage or oxidation. Effective utilization of trigly-
cerides requires the action of lipoprotein lipase (LPL),
which is present on the capillary endothelium of many
tissues. Adipose tissue and muscle are the major tissues
responsible for triglyceride clearance by LPL-mediated
fatty acid uptake. Very low density lipoprotein (VLDL),
secreted by the liver, is the other major form of circulat-
ing triglyceride. The fatty acids in these triglycerides
derive largely from plasma free fatty acids (FFA), as
described below.

Fat stored in adipocytes is mobilized by the action of
hormone-sensitive lipase (HSL), which hydrolyzes the
triglyceride, resulting in the release of glycerol andFFA.
Free fatty acids circulate bound to albumin, are present
at relatively low concentrations (300–600 Amol/L in the
postabsorptive state) and turn over rapidly in the cir-
culation (half-life of f4 min). Uptake of FFA can be
for use as an oxidative substrate (heart, muscle, etc.) or
for reesterification (e.g., in liver) and subsequent trans-
port inVLDL particles. At rest, FFA release and uptake
rates generally exceed fatty acid oxidation rates. He-
patic reesterification of FFA and secretion as VLDL

triglyceride can account for a portion of the FFA that
are released in excess of fatty acid oxidation. It is
thought that substantial portions of VLDL triglyceride
fatty acids are re-stored in adipose tissue.

Under conditions of grossly excessive carbohydrate
intake, glucose can be converted to fatty acids. This pro-
cess is referred to as de novo lipogenesis, and is thought
to take place primarily in the liver. It is energetically
inefficient and accounts for a very small fraction of the
fatty acids present in VLDL triglyceride under usual
conditions.

The availability of FFA in the circulation drives fatty
acid oxidation to a significant extent, as shown by the
coordinate changes in fatty acid oxidation resulting
from artificial elevation and lowering of plasma FFA
concentrations. Some of the hormones that influence
substrate partitioning may do so by in large part by
altering FFA release from adipose tissue. For example,
growth hormone stimulates lipolysis whereas insulin
inhibits lipolysis, which in turn promotes and inhibits
fatty acid oxidation. Fatty acid oxidation can also be
regulated at other steps, however. It is possible for hor-
mones to inhibit or stimulate fatty acid oxidation over
and above their affects on FFA availability, thus spar-
ing carbohydrate as an oxidative fuel. Altering the por-
tion of fatty acids that enter reesterification pathways
or altering fatty acid transport into mitochondria could
modify fatty acid (and thus glucose) oxidation inde-
pendent of circulating FFA availability.

1 Regulation of Lipolysis

Because of the importance of FFA availability in de-
termining substrate oxidation, a brief overview of adi-
pose tissue lipolysis will be provided. Under overnight
postabsorptive conditions, adipose tissue lipolysis is
restrained by the prevailing insulinemia; pharmacolog-
ical inhibition of insulin secretion using somatostatin
results in an approximate doubling of FFA release rates.
Physiological hyperinsulinemia is capable of suppress-
ing FFA release rates by 80–90% from basal levels, and
FFA concentrations by >90%. Insulin-resistant obese
individuals display greater maximal release of FFA
during insulin withdrawal and lesser suppression of
FFA during hyperinsulinemia. Catecholamines are also
potent regulators of adipose tissue lipolysis. Epineph-
rine infusions can increase FFA release by three- to
fourfold. This is similar to the stimulation of lipolysis
that occurs during exercise. Catecholamines act through
the stimulation of h-adrenergic receptors via a classic
Gs-protein/cylic AMP mechanism that activates HSL
(2). Other hormonal regulators of lipolysis include
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growth hormone and cortisol, although these are gen-
erally considered to be much less potent than insulin
and catecholamines.

B Carbohydrate Metabolism

Most dietary carbohydrate is converted into glucose
before storage or oxidation. The liver is the only organ
that stores carbohydrate as glycogen for eventual export
as glucose. The regulation of hepatic glucose export
is under exquisite control by a variety of hormones,
although insulin and glucagon are considered the most
potent acute regulators of glucose availability.

There is a limited capacity for glucose storage as gly-
cogen, such that increasing carbohydrate intake beyond
usual needs quickly leads to increased carbohydrate oxi-
dation, with an attendant reduction in fat oxidation.
Increasing carbohydrate intake in the face of unchang-
ing fat intake will result in increased fat storage as glu-
cose replaces fat as an oxidative fuel. Massive increases
in carbohydrate intake can stimulate de novo lipogene-
sis, although the capacity for this appears quite limited
in humans (see Sec. II.A).

Reductions in carbohydrate intake are accompanied
by some degree of glycogen depletion and by shifts to-
ward greater fat oxidation. If energy intake is less than
energy expenditure, fatty acids from preexisting stores
are oxidized, resulting in relatively good preservation
of protein stores. The shifts in carbohydrate and fatty
acid oxidation that take place with changes in carbo-
hydrate intake appear to be primarily regulated by the
changes in insulin secretion that accompany the die-
tary changes.

C Protein Metabolism

Proteins include structural proteins, enzymes, nucleo-
proteins, oxygen-transporting proteins, contractile pro-
teins, etc. The amino acids in these proteins are part of
an interchangeable pool. The daily turnover of amino
acids is substantially greater than the amount ingested
as dietary protein; only a minor fraction of amino acids
are oxidized or converted to glucose or fat.

Mechanical stimuli enhance skeletal muscle con-
tractile protein synthesis, whereas hormonal and other
factors determine the synthesis rates of many types
of proteins. Given the tremendous variety of proteins
in the body, many of which have specific regulatory
pathways, this chapter will make only general refer-
ence to hormonal or metabolic regulation of protein
metabolism.

III ENDOCRINE CONTROL OF NUTRIENT

PARTITIONING

A Endocrine Control of Lipid Metabolism

1 Insulin and Lipid Metabolism

Insulin is an anabolic hormone, which promotes glucose
as the preferred substrate for oxidation, sparing amino
acids and fatty acids for protein and triglyceride accre-
tion. Fat sparing is achieved via both the suppression of
lipolysis and the facilitation of adipose triglyceride up-
take, likely by enhancing the synthesis of adipose tissue
lipoprotein lipase. It is unclear whether insulin has inde-
pendent effects on FFA transport into cells. An insulin-
mediated decrease in plasma FFA concentrations
directly affects nutrient partitioning and substrate uti-
lization. It is of great quantitative importance to insulin’s
effects on peripheral glucose uptake and oxidation: the
lack of FFA supply forces peripheral tissues to intensify
their use of glucose as oxidative fuel (Sec. III.B.1). In the
pathological event of ineffective suppression of lipolysis
following meal ingestion, such as in insulin resistance
states, more fat and less glucose will be oxidized. This is
proposed to be a mechanism by which the insulin re-
sistanceofobesity increases fat oxidation, thereby allow-
ing the individual to eventually balance fat oxidation
and fat intake. This will be further discussed below.

Insulin regulation of adipose tissue lipolysis displays
a regional variation. Leg adipose tissue lipolysis is read-
ily suppressed by insulin (3), with upper-body subcuta-
neous and visceral adipose tissue FFA release being less
well inhibited (3). This is true in both lean and obese
humans (3,4). If regional adipose tissue fatty acid stor-
age were equal in all adipose tissue beds, one would ex-
pect gradual expansion of lower body fat stores. Studies
of leg and abdominal subcutaneous, and of visceral adi-
pose tissue indicate that regional variations in fatty acid
uptake are in the same direction as regional variations
as FFA release (5). Thus, whether regional differences in
insulin action contribute to differences in body fat dis-
tribution is unknown.

2 Growth Hormone and Lipid Metabolism

The effects of GH on fuel partitioning are directed to-
ward the use of fat as the preferred oxidative substrate.
One of its main effects is, therefore, to increase FFA
availability to peripheral tissues. However, its metabolic
effects are biphasic: in the firstf90 min after secretion,
a transient insulinlike effect is observed, characterized
by accelerated glucose uptake and oxidation (6). Only
after this effect has dissipated, GH adopts lipolytic and
diabetogenic effects.
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Regulation of fat metabolism is IGF-1 independent
(7). GH stimulates fat mobilization, but in addition in-
hibits its uptake via the inhibition of adipose tissue LPL
(8). This is reported to take place at a posttranslational
level (8,9); an influence on LPL gene expression has
not been consistently observed in vivo or in vitro (8,10).
Whether GH affects skeletal muscle LPL is controver-
sial (8,10,11).

Fatty acids are mobilized from adipose tissue via
GH induced stimulation of HSL, of which the action,
but not the production, is promoted (12). This is sug-
gested to be mediated via increased adipocyte respon-
siveness to catecholamines (11,13); however, whether
this is entirely responsible for the increased lipolysis
is unclear.

In addition to increasing FA availability, GH di-
rectly enhances fat oxidation, at least in part, by stim-
ulating the conversion of fatty acids to long chain
acyl-CoA within responsive cells (14). This saturates
the cells with fuel and thus decreases uptake of glucose
(see Section II.B.2).

In clinical practice, the lipo-oxidative effect of GH
is reflected in the increased and reduced fat mass in
GH deficient and acromegalic patients, respectively.
This can be reversed back to normal after treatment
(7,15–17).

3 Testosterone and Lipid Metabolism

Testosterone has amajor influence on fatmetabolism. It
affects fat distribution, fatty acid uptake and oxidation,
and perhaps also lipolysis. This last may be related to
synergistic effects with GH. These aspects have primar-
ily been studied using testosterone supplementation
in hypogonadal men and adolescents with delayed pu-
berty, as well as by the artificial induction of testos-
terone deficiency in lean, healthy young men (18–20).
The latter, achieved via the administration of a GnRH
analog, diminishes rates of lipid oxidation and resting
energy expenditure, but increases body fat mass. This
suggests that testosterone-induced increases in fatty
acid oxidation are not entirely due to the greater mus-
cle mass. However, it is not clear to what extent these
changes in fat oxidation result from direct effects on
intracellular fatty acid trafficking versus from changes
in FFA availability. Although testosterone increases
adipocyte lipolytic responsiveness to catecholamines
(norepinephrine, isoprotenerol and forskolin), in both
in vitro and some in vivo studies, basal lipolytic rates
are influenced in neither (18,21,22). Fat deposition is
greatly influenced by testosterone, among others via its
inhibition of LPL (22).

4 Estrogens and Lipid Metabolism

The effects of estrogens on fuel partitioning are most
noticeable in the quantity and distribution of body fat.
During female puberty, the latter is redistributed to-
ward gluteofemoral deposition, which is thought to be
estrogen mediated. Despite maintaining substantially
more body fat (average of 30% in nonobese women
compared to 15% in nonobese men), women have less
visceral fat, greater amounts of lower-body fat, and
lower cardiac risk factors (e.g., serum lipids) than men
do. This gender difference persists throughout the adult
reproductive life but begins to reverse after menopause.

However, the direct effects of estrogens on adi-
pose tissue dynamics have been incompletely studied.
Whereas a possible effect of estrogens on triglyceride
uptake does not appear to have been investigated, adi-
pose tissue fuel export has, but with conflicting results.
Estrogens have been reported to increase, to decrease,
or not to change lipolysis, in both animal and human
studies (2,23). The only direct intervention studies, how-
ever, show that transdermal estrogen decreases adipose
tissue FFA release in postmenopausal women (24) and
lowers plasma FFA concentrations in ovariectomized
women (25).

Equally conflicting are the data concerning the influ-
ence of estrogen on the partitioning of fat and glucose
toward oxidation. One group reported that combined
estrogen/progesterone supplementation of postmeno-
pausal women did not alter basal substrate oxidation
(26) but that, after a mixed meal, carbohydrate oxida-
tion increased at the expense of lipid oxidation. This
change occurred only at 30–60 min after meal inges-
tion, and only in the group of women given oral estro-
gens. Transdermal estrogen administration resulted
in an opposite, but nonsignificant, effect. Another study
failed to find effects of transdermal estrogen treatment
on substrate oxidation under basal, insulin clamp, or
adrenergic stimulation conditions (24). In contrast, in-
hibition of estrogen synthesis in men with an aroma-
tase inhibitor tended (P = .09) to reduce basal lipid
oxidation (27).

In summary, estrogens seem to alter body fat distri-
bution and dynamics, but their exact influence remains
unclear. Data on fat uptake are absent, and data on
lipolysis are controversial. Nevertheless, estrogens seem
to stimulate FFA release from adipose tissue and to
increase lipid oxidation.

5 Glucocorticoids and Lipid Metabolism

The regulation of fat, glucose, and protein metabolism
by glucocorticoids is characterized by a system that
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sophisticatedly redistributes nutrients over the body,
according to their biological priority in stress situations
(see Section II.C.4). In fat metabolism this is reflected in
a net whole body lipolytic effect, which occurs simulta-
neously with (perhaps localized) stimulation of LPL as
long as small amounts of insulin are present (28–30).
The net result is an increase in FFA concentrations and
fat oxidation (31,32). However, the lipolytic effect of
acute hypercortisolemia, which is a facilitating effect on
catecholamine-induced lipolysis, is counteracted by
concomitant insulin overproduction, so that FFA
release remains very limited in vivo. It has been sug-
gested that regional stimulation of LPL might contrib-
ute to redistribution of fat by cortisol, analogous to its
role in protein metabolism. Fat may be broken down in
one region but stored in another under conditions of
excess glucocorticoid availability: while lipolysis sup-
plies increased amounts of FFA to peripheral tissue,
circulating triglycerides (VLDL and chylomicrons),
derived from increased food intake, may be preferen-
tially stored in truncal fat (see below).

The increased FFA supply stimulates fatty acid oxi-
dation, as shown by both indirect calorimetric measure-
ments (decrease in RQ) (28) and appearance of ketone
bodies (33). Whether cortisol also increases fat oxida-
tion via direct intracellular effects is unclear.

In chronic hypercortisolemia, there is a net increase
in fat mass and body weight despite greater fat mobi-
lization (34). It is not completely understood why this
increased fat mass is also redistributed in the centripetal
pattern, typical of Cushing’s syndrome. However, there
is evidence that the synthesis of enzymes responsible
for adipocyte fatty acid uptake is differentially regulated
by cortisol, possibly mediated by regional differences in
expression and/or sensitivity of cortisol receptors.

B Endocrine Control of Carbohydrate

Metabolism

1 Influence of Insulin on Glucose Metabolism

Insulin largely controls glucose uptake into most cells,
and stimulates both glucose oxidation and glycogen
storage; skeletal muscle is the predominant site of
postprandial glucose disposal. Insulin also suppresses
endogenous glucose production by inhibiting hepatic
glycogenolysis and gluconeogenesis. Thus, insulin
largely orchestrates the disposal of meal carbohydrate
by simultaneously inhibiting endogenous glucose pro-
duction and stimulating the uptake and oxidation/stor-
age of blood glucose.

The concept that failure to suppress fatty acid con-
centrations in the face of hyperinsulinemia will impair

glucose disposal and oxidation has been confirmed. If
the fall in FFA concentrations in response to hyper-
insulinemia is prevented by infusing a lipid emulsion
and heparin, glucose disposal and oxidation are not
stimulated to the expected degree. In addition, normal-
izing the suppression of FFA in volunteers with type 2
diabetes (whose lipolysis is normally quite resistant to
insulin) by administering acipimox, a drug with anti-
lipolytic properties, markedly enhances insulin action
with respect to glucose metabolism (35).

Insulin also promotes glucose oxidation and storage
independent of its effects on substrate availability via
direct action on intracellular events. Evidence for these
effects has been provided by in vivo studies in which
FFA concentrations have been maintained (via an in-
travenous lipid and heparin infusion) during hyperin-
sulinemic, euglycemic conditions. In these experiments,
glucose uptake, storage, and oxidation increase above
basal levels in response to insulin, although the rates do
not equal those seen when FFA concentrations are
allowed to fall normally (36). This response is clearly
evident in skeletal muscle (36), but not in liver (37).
These direct intracellular effects of insulin are mediated
by a complex signaling cascade that regulates glucose
transporter availability at the cell membrane, as well
as the activity and synthesis of numerous enzymes. The
details of this process are beyond the scope of this
chapter.

2 Influence of Growth Hormone on Glucose
Metabolism

Although GH stimulates the use of fat as the preferred
oxidative substrate, it also causes plasma glucose con-
centrations to rise, which cannot always be compen-
sated for by increased insulin release (7,38). This is
achieved in various ways. First, the stimulation of
FFA availability and the direct stimulation of fat oxi-
dation saturate the cell with energy molecules and thus
decrease cellular uptake and oxidation of glucose (7);
glucose that enters the cell is deposited as glycogen. In
some tissues, GH directly inhibits glucose uptake inde-
pendent of FFA concentrations (39). In addition, GH
stimulates hepatic glucose production (7). As a result,
in situations of both acute and prolonged excess, GH
has a diabetogenic effect.

3 Influence of Testosterone on Glucose
Metabolism

The induction of hypogonadism in healthy men with
GnRh analogs does not lead to evident changes in serum
glucose levels or glucose availability. Insulin concentra-
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tions do tend to increase. Of interest, testosterone treat-
ment in adolescents with delayed puberty causes insulin
stimulated oxidative and nonoxidative glucose disposal
rates to decline (18). These effects could well be tempo-
rary, as is the insulin resistance of puberty, and may be
related to increased competition from greater fatty acid
oxidation. In obese men, who are known to have lower
plasma testosterone levels, testosterone administration
increases insulin-stimulated glucose disposal rates (40).
Whether this is a direct or an indirect effect, perhaps
relating to changes in fat distribution or adipose tissue
function, is not clear.

4 Influence of Estrogens on Glucose
Metabolism

Estrogens have not been shown to influence glucose
production or insulin-mediated glucose disposal in
humans. Contrary to the decrease in glucose disposal
found in ovariectomized rats and mice (41), insulin sen-
sitivity in postmenopausal women is reported to be un-
changed or even increased (41,42). Longitudinal studies
of women going through menopause found unchanged
glucose tolerance (43) and unchanged fasting glucose,
but increased fasting plasma insulin concentrations
(44). However, changes in fasting insulin in the peri-
menopausal time period are confounded by the changes
in body fat and body fat distribution that commonly
occur at this time of life (44). We conclude that the im-
pact of estrogen on glucose metabolism in humans is
too subtle to be clinically significant, if present at all.

5 Influence of Glucocorticoids on Glucose
Metabolism

During both acute and chronic hypercortisolemia, glu-
cose levels are almost invariably reported to increase,
which is only partially attenuated by simultaneously
increasing insulin levels (28,45). This is a combined
effect of a decrease in insulin stimulated glucose uptake
and of glucose overproduction (14,28,33). The former
might be due to the increased circulating FFA, and, in
chronic corticosteroid exposure, perhaps also to
changes in muscle fiber types (see below). As expected,
whole-body glucose oxidation diminishes (28,29). Glu-
cose overproduction can be in part attributed to in-
creased gluconeogenesis, which is induced by the in-
creased supply of amino acids (especially alanine) and
glycerol, derived from protein and fat mobilization
(14,45,46).

It is likely that the combination of increased circulat-
ing glucose and peripheral insulin resistance, again, is a
reflection of fuel redistribution: peripheral organs are

forced to derive their energy from fat, saving glucose for
usage in the brain. As the latter is unable to derive its
energy from fat, its glucose uptake is practically insulin
independent and can continue even during stress situa-
tions, during which energy use intensifies. Prolonged
and/or extreme corticosteroid excess, however, can in-
duce diabetes. The relative insulin deficiency of the dia-
betic state will further aggravate the protein catabolic
effects of hypercortisolemia. Thus, the combination of
corticosteroid excess and uncontrolled diabetes is par-
ticularly disadvantageous with respect to nutrient par-
titioning (47).

C Endocrine Control of Protein Metabolism

1 Insulin: Control of Protein Metabolism

The net lean tissue maintaining effect of insulin is
achieved by the inhibition of proteolysis, and perhaps
also by stimulating protein synthesis; the latter is some-
what controversial and is thought to occur via a direct
stimulation of amino acid transport into cells, which
should facilitate protein synthesis. The suppression of
proteolysis reduces the release of amino acids from
tissues into the circulation. In the context of a mixed
meal (i.e., one providing protein as well as carbohy-
drate), the plasma amino acid concentrations increase
as a consequence of gut delivery of amino acid into the
circulation. Increased amino acid availability plays a
role in stimulating protein synthesis. If insulin concen-
trations increase from the ingestion of pure carbohy-
drate or during intravenous glucose and insulin infu-
sions, plasma amino acid concentrations and protein
synthesis rates fall. Thus, the nutrient partitioning
effects of insulin with respect to protein metabolism
are strongly influenced by the nutrient content of the
challenge.

Inherent regional and tissue differences in insulin
action can potentially regulate regional nutrient parti-
tioning. Skeletal muscle protein metabolism is affected
differently by insulin than is splanchnic protein metab-
olism. Under overnight, postabsorptive conditions,
when plasma insulin concentrations are at basal levels,
skeletal muscle is a net exporter of amino acids (i.e.,
protein breakdown exceeds protein synthesis) whereas
protein synthesis exceeds protein breakdown in the
splanchnic bed (48). Increasing the plasma insulin con-
centration results in suppression of muscle protein
breakdown without stimulating protein synthesis, but
suppresses protein synthesis in the splanchnic bed with-
out altering protein breakdown (48). The reduction in
splanchnic protein synthesis in response to insulin may
have been related to the fall in plasma amino acid
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concentrations resulting from isolated hyperinsuline-
mia. Thus, partitioning of amino acids between skeletal
muscle and nonskeletal muscle sources is at least par-
tially regulated by insulin.

2 Growth Hormone: Control of Protein
Metabolism

GH minimizes the use of amino acids for fuel but
increases their utilization for protein synthesis. GH en-
hances the latter by increasing cellular amino acid up-
take in synergism with insulin (14,49) and modulating
DNA and RNA transcription. Synergistic effects with
testosterone make this more pronounced in males than
in females. GH influences on protein metabolism occur
via IGF-1 (7,14), although the presence of both hor-
mones together has a greater effect than each one sepa-
rately (49). Whether GH additionally inhibits proteoly-
sis is controversial. Although many studies show no
effect of GH on proteolysis (50), 6-hr GH infusions in
healthy volunteers showed GH to suppress net forearm
alanine, phenylalanine, and leucine release (51,52). It is
unknownwhether thismerely reflects a decreased amino
acid efflux, secondary to their increased extraction from
the circulation (52), or a true suppression of proteolysis.
IGF-1 has been demonstrated to induce proteolysis in
animal and human studies (49). GH decreases amino
acid oxidation byf20%, as shown by GH administra-
tion to GH deficient adults (52,53) and children (7).

3 Testosterone: Control of Protein Metabolism

Acute testosterone deficiency, induced by GnRH ana-
logs, has been shown to decrease whole-body protein
synthesis and proteolysis, resulting in a decrease in fat-
free mass and muscle strength (19). Testosterone sup-
plementation studies have confirmed these conclusions,
except for the effects on proteolysis, which was found to
decline under the influence of testosterone.

These studies consistently reported that testosterone
administration or deficiency did not change amino acid
oxidation rates or plasma amino acid concentrations.
This suggests that testosterone amplifies muscle mass
by enhancing intracellular partitioning of amino acids
toward protein synthesis (especially in muscle) rather
than by increasing amino acid uptake. The latter has
been confirmed in amino acid tracer studies of testos-
terone administration in healthy young men (54). It
should be noted, however, that these studies are con-
ducted in fasted states and that, under physiological
conditions, cellular amino acid availability and uptake
are expected to increase due to postprandial fluctuations
in other hormones such as insulin and GH.

4 Estrogens: Control of Protein Metabolism

The influence of estrogens on protein metabolism is
controversial. Although there is no question that estro-
gen modulates the synthesis of selected hepatic, endo-
metrial, and other proteins in humans (55), whole-body
protein pools seem to be unaffected, which has been
observed in studies administrating estrogen to hypogo-
nadal girls (55) and estrogen inhibitors (anastrozole) to
young men (27). In both studies, amino acid turnover
rates and amino acid oxidation were unchanged.

Apparently, estrogen affects selected protein pools
without changing whole-body protein kinetics, perhaps
because the tissues strongly affected account for a rel-
atively minor fraction of total protein synthetic activity.
Circulating amino acid availability does not seem to be
affected by estrogens.

Of note, the estrogen inhibition in the Mauras et al.
study (27) increased testosterone concentrations and
decreased IGF by 18%, despite unchanged GH and
IGFBP-3 concentrations. This contrasting effect on two
strongly anabolic hormones, which is consistently con-
firmed in other studies, might blur direct measurable
effects of estrogens in in vivo studies and creates yet
another difficulty in the investigation of the fuel parti-
tioning effects of estrogens. This is further complicated
by the observation that GH production is stimulated
by orally, but not transdermally, administered estro-
gens (26,56). Although the reason for this difference
is not completely understood, it might influence the
apparent effects of estrogen on several aspects of fuel
partitioning.

5 Glucocorticoids: Control of Protein
Metabolism

The well-established protein catabolic qualities of cor-
tisol are far from random. Protein (but also fat and car-
bohydrate) supplies are mobilized, re-stored, and re-
directed according to their biological priority in stress
situations. Acute hypercortisolemia increases whole-
body proteolysis (28,33,45) and concomitantly de-
creases whole-body protein synthesis (49). However,
the production of some proteins, such as some hepatic
proteins and some lymphocyte proteins, is selectively
stimulated (57). Overall amino acid oxidation increases
(28,58).

With chronic hypercortisolemia, whole-body protein
synthesis has also been shown to decrease, whereas the
effects on proteolysis are controversial (47,49). In addi-
tion, with prolonged hypercortisolemia, protein catabo-
lism progressively outpaces protein synthesis (28,57),
leading to the evident protein wasting in the skeletal
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muscle and skin in Cushing’s syndrome, which accen-
tuates the characteristic centripetal fat redistribution.

Furthermore, over time structural changes can be
observed in muscle. In addition to the above-mentioned
atrophy, one study found that muscles in Cushing’s syn-
drome may contain more type IIb (32% vs. 12%) than
type I fibers (30% vs. 55%) compared to control sub-
jects (59). Type IIb fibers have a lower glycogen syn-
thase activity and fewer mitochondria and are there-
fore thought to be more insulin resistant. Interestingly,
upper-body obese women display characteristics simi-
lar to those of women with Cushing’s syndrome.

IV NUTRIENT PARTITIONING

IN OBESITY

A General Considerations

Although the general principles of fuel partitioning are
similar in obese and lean individuals, several changes
in baseline endocrine physiology occur in obesity, par-
ticularly the visceral type. Although the insulin resist-
ance is best known and studied, lowGH concentrations,
high or low testosterone concentrations (depending on
the gender of the individual; see below), and a hyperac-
tive hypothalamic-pituitary-adrenal axis have been ob-
served in obesity.

None of the mechanisms has been elucidated. The
many hypotheses formulated on thesematters have been
challenged by conflicting in vitro and in vivo observa-
tions. However, they seem likely to reflect adaptations
of the body to a new environment of energy surplus, and
one could well argue that the observed changes are part
of a protective mechanism. Insulin resistance has been
proposed as a way to limit weight gain (60), whereas the
decline in GH is suggested to subdue the tendency for
high FFA concentrations in central obesity, which
might prevent further worsening of insulin resistance.
These issues will be discussed in the following sections.
The clinical relevance of this knowledge lies in a correct
interpretation of lab findings in obese patients and in
keeping otherwise abnormal results in perspective.
Treatment aspects will not be covered.

1 Insulin and Nutrient Partitioning in Obesity

Insulin resistance with respect to glucose and fatty acid
metabolism is an exceedingly common feature of obe-
sity, being more severe and more prevalent in upper-
body/visceral obesity. As noted above, this insulin
resistance with respect to adipose tissue (less stimulation
of LPL synthesis, less suppression of lipolysis) would

theoretically act to make more lipid fuel available, thus
displacing glucose as an oxidative substrate. If there is a
sensing mechanism whereby the internal stimuli for
energy intake are modulated by the availability of
glucose, the reduced carbohydrate oxidation resulting
from insulin resistance could serve to limit excess energy
intake. In this regard, insulin resistance has been pro-
posed as a mechanism to limit weight gain (60).

The development of type 2 diabetes in obese adults
results in a host of nutrient partitioning changes. The
relative insulin deficiency allows further excess mobili-
zation of FFA from adipose tissue, which in theory
would further depress glucose uptake and oxidation.
The hyperglycemia itself, however, facilitates glucose
uptake and oxidation independent of insulin, thereby
limiting the extent to which fatty acid oxidation can
increase. The loss of the restraining effect of insulin on
skeletal muscle protein breakdown results in substantial
losses of muscle in uncontrolled diabetes. In addition,
glycosuria results in the nonoxidative loss of carbohy-
drate. This catabolic state with regard to adipose,
muscle, and carbohydrate can be reversed with insulin
administration or insulin secretagogues at the expense
of weight gain. This weight gain could well be muscle
tissue and repletion of glycogen (with its attendant
water), with limited adipose accumulation. Thus, the
energy deposition that occurs when uncontrolled dia-
betes is treated is an excellent example of nutrient
partitioning into lean tissue.

In summary, insulin is involved to a major extent in
virtually every aspect of nutrient partitioning. The
primary issue that will face clinicians with respect to
this hormone and obesity is the weight gain that attends
insulin or insulin secretagogue therapy for uncontrolled
type II diabetes.

2 Growth Hormone and Nutrient Partitioning
in Obesity

The role of GH in obesity is complex and somewhat
controversial. Although primary growth hormone defi-
ciency leads to centripetal adiposity, visceral obesity
per se results in a secondary reduction in serum GH
concentrations (61). However, we view this as an adap-
tation to the state of energy surplus.

The differences in the pathophysiology of the two
conditions are exemplified by the different IGF-1 con-
centrations. IGF-1 is very low in primary GH defi-
ciency, but may be normal, high, or somewhat reduced
in obesity. In the last case, IGF-1 concentrations are
usually only slightly lowered from normal. Moreover, a
simultaneous change in the production of IGF-binding
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proteins in central obesity (decreased IGFBP 1 and 2 vs.
increased IGFBP 3) may result in high free, biologically
active IGF-1 fractions, exceeding those in lean subjects
(61). Therefore, IGF-dependent functions of GH, such
as the growth ability of children, remain unchanged in
obesity (61).

One could reasonably argue that reduced GH may
dampen the tendency for high FFA concentrations in
central obesity, thereby preventing further worsening
of insulin resistance. Indeed, treatmentof centrallyobese
adultswithGH,while resulting in body fat loss, is almost
uniformly associated with further increases in FFA and
worsening glucose intolerance/insulin resistance.

The mechanisms behind this hyposomatotropinism
in obesity have yet to be clarified. Reductions in sponta-
neous GH secretion (as much as 6% for each unit in-
crease in BMI) and in the half-life of circulating GH
have been reported (61). Moreover, the GH response to
pharmacological (GHRH, L-dopa) and physiological
stimuli, such as sleep, physical exercise, insulin-induced
hypoglycemia, and corticosteroids, is impaired in adi-
posity (61).

Several theories have postulated explanations for
the decreased GH concentrations, focusing on IGF-1,
FFA, peripheral hormones, and the central nervous
system. Increased plasma concentrations of FFA,
IGF-1 and insulin are observed in obesity, all of which
are known to provide negative feedback control on
GH secretion and thus might contribute to the devel-
opment of hyposomatotropinism. However, the quan-
titative importance of either of these feedback loops
in mediating the alterations in GH dynamics in obesity
is unknown. In addition, conflicting in vitro and in vivo
evidence has challenged these and other theories, con-
centrating on leptin and the central nervous system (61).

3 Testosterone and Nutrient Partitioning
in Obesity

Testosterone deficiency leads to visceral fat accumula-
tion; however, analogously to GH, visceral obesity as a
primary entity is also associated with lower free testos-
terone levels in men (62). As noted above, however, in
women visceral obesity is associated with increased
free testosterone (63). A satisfactory explanation for
this paradox has yet to be found; in neither case is it
clear whether this is based on a cause-and-effect rela-
tionship, or if so, whether the central fat accumulation
leads to changed testosterone levels or vice versa. In
both sexes, weight loss has been consistently found to
reverse the abnormalities in testosterone levels (64–67).
Several theories have postulated hormones such as

leptin and GH to mediate the observed changes. How-
ever, neither is compatible with the changes in testos-
terone levels in women (68,69), and each theory is met
with many other counterarguments.

In conclusion, upper-body obesity is associated with
reversible high testosterone levels in women but low
levels in men. Though the latter relationship has been
intensively investigated, insight in the mechanism re-
mains poor, theories varying from direct cause-and-
effect relationships to indirect effects involving leptin
and GH.

4 Glucocorticoids and Nutrient Partitioning
in Obesity

Visceral obesity shares many characteristics with Cush-
ing’s syndrome. Both conditions are associated with
large abdominal subcutaneous fat cells with high lipo-
lytic qualities, insulin resistance, hypertension, and
even buccal fat accumulation (70,71). In addition, the
changes in muscle fibers described in women with Cush-
ing’s syndrome were also found in upper-body obesity
(59).

As neither of these is typical of lower-body obesity, it
has been suggested that visceral adipositymight be asso-
ciated with changes in the hypothalamus-pituitary-
adrenal (HPA) axis or cortisol receptors. Indeed, one
glucocorticoid receptor polymorphism is associated
with visceral obesity (72), although it is unclear how
common or physiologically relevant these types of gene
polymorphisms are in upper body adiposity. The fact
that the HPA axis, on the other hand, is closely inter-
twined with food intake, makes a role in the develop-
ment or sustaining of visceral obesity more plausible.
CRH is a potent anorexic peptide; the increased ap-
petite, found in most types of hypercortisolemia, is
thought to be mediated by feedback inhibition of corti-
costeriods on CRH release. In rodent models, CRH
administration reduces the body weight threshold for
food hoarding behavior (73).

Therefore, obesity has been proposed to be a CRH-
deficient state. However, the changes inHPA axis found
in obesity, especially the abdominal type (74), are more
suggestive of a hyperactive HPA axis. Secretory rates of
cortisol are elevated in most, but not all, studies, even
when corrected for body surface area. Plasma cortisol
concentrations, however, remain normal or slightly low-
ered (74,75), which is thought to be a result of increased
plasma cortisol clearance. Indeed, many, but not all,
human studies report increased urinary cortisol excre-
tion rates in obesity (71). In addition, the urinary excre-
tion of 5a-reductase cortisol metabolites is positively
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correlated with waist circumference in nonobese men
and postmenopausal women, suggesting that fat accu-
mulation in the upper body is associated with increased
cortisol turnover (76). Thus, some, but not all investi-
gators believe cortisol production is increased in upper-
body obesity. Other indications of a hyperactive HPA
axis include increased adrenal sensitivity to ACTH, in-
creased responsiveness of ACTH and cortisol to CRH,
and increased postprandial HPA activation (71). How-
ever, all these parameters have also been reported to be
normal by other investigators, and most studies show
comparable ACTH levels in obese and lean individuals
(71). The concept that obesity is a CRH-deficient state,
although substantiated by rat and molecular experi-
ments, has further been contradicted by the finding of
normal to only slightly lowered cerebrospinal CRH
levels in obese humans (71).

In summary, it remains difficult to unequivocally
relate obesity to consistent changes in the HPA axis. It
seems likely that this axis is characterized by adapta-
tions to the state of energy excess, analogously to the
other hormonal axis involved in nutrient partitioning.
However, the study of the role of the HPA axis in vis-
ceral obesity is complicated by several obstacles, which
might partly account for the inconsistent findings. Early
investigations studied different obesity phenotypes as
one entity. This may have confounded the results con-
siderably as regards cortisol, because central obesity
with its cushingoid fat distribution might be associated
with different dynamics of the HPA axis than lower-
body obesity.

Another important factor is the influence of themany
heterogeneous and often uncontrollable variables on
the HPA axis. These complicate standardization for re-
search purposes and subsequently interpretation of the
results. The most significant confounder might well be
the intertwined relationship among food intake, energy
balance, and the HPA axis. Changes in body weight
trigger counterregulatory mechanisms aiming to main-
tain the steady state, which are thought to be mediated
by the HPA axis. Thus, compensatory mechanisms blur
the effect of weight change, which is reflected in the fact
that both overfeeding and starvation experiments have
been found to amplify cortisol production (74).

In summary, an intertwined and complex relation-
ship exists among energy balance, food intake, and sev-
eral components of the HPA axis. In visceral (and, to a
much lesser extent, in gluteofemoral) obesity, increased
cortisol secretion and clearance rates result in normal or
decreased plasma concentrations. There is no evidence
of an increased exposure of cells and tissues to cortisol in
visceral obesity, despite its similarities with Cushing’s

syndrome.Whether changes on intracellular or receptor
level are involved is unknown.
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I INTRODUCTION

‘‘A certain amount of overweight has been
looked upon with favor, our tendency being
to consider a certain degree of hyper-nutri-
tion to be desirable.’’

—O. H. Rogers (1901)

‘‘A sudden palpitation excited in the heart
of a fat man has often proved as fatal as a
bullet through the thorax.’’

—W. Wadd (1829)

Since at least the mid-19th century there has been
considerable interest and debate with regard to whether
and how obesity is associated with mortality. Although
a common view a century agowas thatweightswewould
consider excessive today were innocuous and perhaps
even desirable, case reports coupled with data from the
life insurance industry suggested that excess weight and
the central distribution of this weight were associated
with shortened life expectancy (1).

Over the past several decades, the question of the
effect of variations in body weight on mortality has be-
come increasingly important. This is in part because
both relative body weight and rates of obesity have
been dramatically and steadily increasing in the United

States and most of the Western world (2–4). As agri-
cultural and industrial technologies spread into the
non-Western world, both the relative body weights
and rates of obesity are increasing in those popula-
tions as well (5). Given this, it is not surprising that
body weight is of considerable interest to the scien-
tific community. Indeed, the ‘‘problem’’ of obesity has
become the subject of governmental policies, public
education campaigns, and insurance policies, and has
become a major target of the food and pharmaceutical
industries.

Despite efforts to address the rising rates of obesity,
the effect of variations in body weight on mortality re-
mains a controversial topic (6–9). Some studies (10–12)
suggest that the relationship between measures of rela-
tive body weight (e.g., body mass index [BMI]: kg/m2)
and longevity is decreasing, indicating essentially that
one can never be too thin. On the other hand, some
studies suggest that BMI has little important impact
on longevity (13–15). Between these two extremes are
studies that suggest that the relationship between BMI
and mortality is U-shaped or J-shaped, indicating
higher mortalities at the extremes of the BMI distri-
bution (16–19). To complicate matters further, studies
suggest that the BMI/mortality relationship may vary
considerably as a function of demographic character-
istics such as age, sex, and race (20–22).
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In this chapter, we review briefly the literature per-
taining to the association between BMI andmortality in
humans. We also examine what is known about the
effects of potential confounders of this association,most
notably smoking, preexisting disease, and physical inac-
tivity. We also review briefly studies that have investi-
gated the potential moderating effect of variables such
as age and race, as well as the effect of weight loss on
mortality. Finally, we summarize the literature and pro-
vide recommendations for future research.

II OVERVIEW OF THE EPIDEMIOLOGIC

DATA

A Methodologic Issues

There are a number of important methodologic issues
pertaining to investigations of the association between
obesity and mortality. At the core of these issues are
certain assumptions, largely untested, pertaining to how
best to analyze data from prospective cohort studies
to estimate the effect of BMI on mortality (7,8,23,24). A
detailed explication of these methodologic issues is be-
yond the scope of this chapter (see 25). However, we will
consider four of the major methodologic issues because
they speak directly to the validity of the conclusions that
can be drawn from the literature: the effect of smoking,
the effect of preexisting disease and weight fluctuation,
the effect of physical inactivity, and the use of BMI as a
proxy for measures of adiposity.

B Effect of Smoking

Because smoking strongly increases mortality rate and
also tends to be inversely associated with BMI (7), it is
thought to contribute, artifactually, to the elevated
mortality rate typically observed at the low end of the
BMI continuum. If this were so, then failure to control
for the effects of smoking might account for the overall
J- or U-shaped BMI/mortality association commonly
observed. If it is established that smoking consistently
confounds this association, studies that have not con-
trolled for the effects of smoking would have system-
atically underestimated the deleterious effect of high
BMIs and overestimated the deleterious effect of low
BMIs on mortality. Table 1 summarizes recent studies
(12,17,26–36) that investigated whether smoking con-
founds the BMI/mortality association. As can be seen,
with few exceptions (12,36), the vast majority of studies
have found that the increased mortality among thin
subjects (i.e., the J- or U-shaped association) persisted,

though was often attenuated slightly, after smoking was
controlled for.

The minimal influence of smoking on the excess
mortality among thin individuals is also supported by
two comprehensive analyses. Troiano et al. (18) per-
formed a quantitative synthesis of 19 prospective cohort
studies and found a U-shaped relation between BMI
and mortality regardless of whether smoking was con-
trolled for statistically or if smokers were eliminated
from the analysis. The BMI in the Diverse Populations
Collaborative Group (37) analyzed pooled data from 15
separate epidemiologic studies involving over 200,000
subjects and found that the BMI/mortality association
remained essentially unchanged (i.e., U-shaped) irre-
spective of whether or how smoking was treated in the
analyses. Collectively, these quantitative syntheses sug-
gest that smoking does not appear to be a major cause
of the elevated mortality observed among the thin.

C Effect of Preexisting Disease and Weight

Fluctuation

In prospective studies of the BMI/mortality association
it has become standard to analyze data excluding those
cohort members who have died early (e.g., within the
first 5 years of follow-up) as a means of controlling for
confounding from preexisting diseases. The rationale
for this is that many serious illnesses lead to both weight
loss and an increased risk of death; thus, preexisting
occult disease could confound the BMI/mortality rela-
tion and lead spuriously to the observed increase in the
rate of mortality among persons with low BMIs. Thus,
many reports (7,21,38) have advocated eliminating these
‘‘confounding deaths’’ by disregarding those persons
who die early in the follow-up and analyzing only those
deaths that seem less likely to have resulted from pre-
existing morbidities. This analytic approach seemed to
become standard practice despite the absence of evi-
dence pertaining to its effectiveness in reducing con-
founding due to preexisting disease.

To evaluate the effectiveness of excluding early
deaths, Allison et al. (39) conducted three separate
studies using analytic methods, Monte Carlo simula-
tions, and meta-analysis. They showed that the use of
‘‘k-years exclusion’’ (i.e., excluding subjects who die
during the first k years of follow-up) does not neces-
sarily lead to a reduction in bias in the estimated effect
of a risk factor on mortality when this relation is con-
founded by the presence of occult disease. Indeed, they
demonstrated that such exclusion could actually in-
crease the bias in some situations.Allison and colleagues
(40) then conducted computer simulations using the
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Table 1 Effect of Smoking on BMI/Mortality Association

Authors Sample

Follow-up

(years) Deaths Covariates Results

Fontaine et al.,

1998 (17)

1355 American women z50

from the Panel Study of

Income Dynamics

4.5 110 Age, BMI, smoking,

education, 4 health

status variables

U-shaped relation with and

without smoking in the

model

Sempos et al.,

1998 (26)

5209 Men and women from

the Framingham Heart

Study (28–62 yrs at

baseline)

30 >1900 Age, illness, education,

smoking

J-shaped relation; similar

BMI at minimum risk of

death for smokers and

nonsmokers

Brenner et al.,

1997 (27)

Cohort of 7812 male

German construction

workers (25–64 yrs

at baseline)

Mean 4.5 167 Age, nationality, alcohol,

occupation, smoking

Excess mortality in lowest

BMI category reduced but

not eliminated by control

of smoking

Dorn et al.,

1997 (28)

1308 Men and women from

the Buffalo Health Study

(20–96 yrs at baseline)

29 576 Age, education, smoking U-shaped quadratic relation

Chyou et al.,

1997 (29)

8006 Japanese-American

men living in Hawaii

(45–68 yrs at baseline)

22 2667 Age, alcohol consumption,

smoking

J-shaped relation

Seidell et al.,

1996 (30)

48,287 Men & women

(30–54 yrs at baseline)

Mean 12 818 Age, cholesterol,

hypertension,

diabetes, smoking

In men, excess mortality in

lowest BMI category

reduced but not eliminated

by control of smoking;

no relation for women

Manson et al.,

1995 (12)

115,195 Women (30–55 yrs

at baseline) from the

Nurses’ Health Study

16 4726 Age, contraception,

hormone use, family

history of MI,

menopausal status,

smoking

Apparent excess risk

associated with leanness

eliminated when smoking

was accounted for

Wienpahl et al.,

1990 (31)

5184 Black men and women

(40–79 yrs at baseline)

from the Kaiser

Foundation Health Plan

15 676 Age, antecedent illness,

education, alcohol

use, smoking

J-shaped curve for men after

controlling for smoking;

flat association for women

Landi et al.,

2000 (32)

18,316 Patients admitted to

79 Italian clinical centers

2–3 548 Comorbidities, smoking,

alcohol use, cognitive

impairment

U-shaped BMI/mortality

association

Visscher et al.,

2000 (19)

7985 European men

(40–59 yrs at baseline)

15–30 3807 Age, study center U-shaped association;

underweight among all

smoking categories was

a predictor of mortality

Yuan et al.,

1998 (33)

18,244 Chinese men

(45–64 yrs at baseline)

9 1198 Age, education, alcohol

consumption

U-shaped association

between BMI and total

mortality among lifelong

nonsmokers

Rissanen et al.,

1989 (34)

22,995 (age > 25 years)

Finnish men

Median 12 Age, smoking, cholesterol,

blood pressure

U-shaped high mortality

in lean men ‘‘not entirely

attributable to smoking’’

Wannamethee

and Shaper

1989 (35)

7735 (40–59 yrs at

baseline) British men

Mean 9 660 Age, preexisting disease,

smoking

Increased mortality in lean

men seen only in current

smokers

Garrison et al.,

1983 (36)

5209 (28–62 yrs at baseline)

respondents from the

Framingham Heart Study

26 679 Age, smoking BMI/mortality relation in

lean subjects confounded

by smoking

Source: Ref. 25.
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actual BMI distribution and overall death rates from
large databases representative of the U.S. population.
These results were consistent with the analytical study in
that removal of persons dying early in the study did not
necessarily reduce bias in the estimated BMI/mortality
curve due to confounding. While this simulation does
not speak to whether or not the true relationship be-
tween BMI and mortality is U-shaped, it does indicate
that exclusion of subjects who die early is not very effec-
tive at reducing bias, assuming such bias exists.

Finally, to investigate the effect of early death exclu-
sion in actual data, Allison et al. (41) conducted a meta-
analysis on 29 studies with almost 2 million subjects.
This quantitative synthesis indicated that the difference
in results when early deaths were included versus ex-
cluded was statistically significant but extremely small,
and the shape of the curve did not change appreciably
upon excluding early deaths. This suggests that the
effects of exclusion of early deaths from the analysis
are very small and not clinically significant (42).

These three lines of evidence suggest that excluding
early deaths from analyses of BMI and mortality is not
statistically sound. Thus, either the higher rates of mor-
tality at lower BMIs are not simply artifacts from per-
sons suffering fromoccult diseases, or such confounding
does exist but eliminating early deaths is not effective
in reducing this bias. To evaluate adequately the poten-
tial confounding effect of occult disease, we will need to
develop more precise data collection methods to con-
trol for its influence. This will be a formidable challenge,
however, since occult disease is, by definition, difficult, if
not impossible, to identify.

Recently, excluding subjects who have lostmore than
some minimal amount of weight and/or have had more
than someminimal degree of weight fluctuation has also
become a popular analytic approach to address the
BMI/mortality question (12,21,38,43). Like excluding
early deaths, however, this practice has been used de-
spite the absence of mathematical proofs, computer
simulations, or detailed statistical discussions of its
merits. Thus, before the practice of eliminating subjects
with weight loss or weight fluctuation is promoted fur-
ther, advocates of this technique should publish rigor-
ous analyses and discussions of its merits.

D Effect of Physical Inactivity

It has also been suggested that the higher mortalities
observed at high BMI levels could occur because many
obese persons are sedentary and/or have poor cardiores-
piratory fitness (44). In other words, because physical

activity is an important correlate of both body weight
and general health, it is possible that physical inactivity
and its byproduct, low fitness, not BMI, drives the asso-
ciation between obesity and mortality. It is also thought
that physical inactivity/low fitness may help explain the
J- or U-shaped BMI/mortality curve because a seden-
tary lifestyle, even among the thin, may be responsible
for the increased mortality often observed in the low-
BMI range (45).

Support for this so-called fitness-versus-fatness hy-
pothesis comes primarily from prospective observa-
tional data from the Aerobics Center Longitudinal
Study (ACLS). In a recent representative study from
these data, Wei and colleagues (46) quantified the influ-
ence of cardiorespiratory fitness on cardiovascular dis-
ease (CVD) and all-cause mortality among 25,714 men
classified as normal-weight, overweight, and obese men,
and compared low fitness with other established mor-
tality predictors (e.g., hypertension, current smoking).
They found that low cardiorespiratory fitness was an
independent predictor of mortality in all BMI-defined
groups, even after adjustment for other mortality pre-
dictors. Roughly 50% of the obese men in the sample
had low fitness, which produced a population-attribut-
able risk of 39% for CVD mortality and 44% for all-
cause mortality, suggesting that low fitness is a strong
and independent predictor of mortality.

Consistent with this, Blair et al. (47) report that
weight loss does not appear to be as important in re-
ducing mortality rates as does an increase in cardiores-
piratory fitness. Specifically, they found that, compared
with unfit men who remained unfit, unfit men who im-
proved their fitness level experienced a 44% reduction
in all-cause mortality rate, independent of changes in
weight during an average follow-up time of 5 years.

Data from the ACLS cohort also indicate that the
apparent effect of fitness on reducing all-cause mortality
rate increases linearly with increasing BMI, suggesting
that the heaviest men may benefit most from improving
their fitness (44). Similar results have been obtained in
the Harvard Alumni Study in that a 23% reduction
in all-cause mortality rate, independent of changes in
BMI, was observed in men who began to engage in
moderate to vigorous sports activity (48). Collectively,
these studies suggest that low fitness adds to overweight
and obesity in influencing mortality adversely.

Several methodological limitations, however, may
limit the conclusions that can be drawn from these
studies. First, most studies were conducted with mid-
dle-aged men of mild to moderate obesity who were in
the middle- to upper-socioeconomic strata. Thus, it is
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unclear whether these findings will generalize to, for
example, severely obese persons, women, the elderly,
and minority groups. Second, many studies investigat-
ing the relation among obesity and health and mortality
have used relatively crude measures of self-reported
physical activity as proxies for fitness. Thus, the effects
of low fitness on the obesity/mortality association can-
not be convincingly demonstrated with the current
epidemiologic data. Third, it is important to distinguish
between physical activity and physical fitness; that is,
increasing physical activity may not confer the health
benefits that appear to come with a quantifiable increase
in aerobic fitness. Indeed, a recent meta-analysis (49)
of 23 cohorts indicates that fitness and physical activity
have significantly different relationships to combined
CVD and coronary heart disease (CHD). Specifically,
reductions in relative risk were nearly twice as great
for fitness than for physical activity, suggesting that it is
important to distinguish between physical fitness and
physical activity, at least with regard to heart disease.
Finally, because fitness, physical activity, BMI, and
body composition are likely to be highly correlated, it
is difficult to tease out the independent effect of these
variables on mortality and morbidity.

In a recent randomized controlled clinical trial to
evaluate the effects of weight loss and aerobic exer-
cise on risk factors for coronary artery disease (CAD),
Katzel et al. (50) randomized 170 healthy obese men to
either (1) a 9-month weight loss (WL) intervention, (2) a
9-month aerobic exercise (AER) intervention, or (3) a
weight maintenance control group. The WL group lost
an average of 9.5 kg but did not change on VO2max,
whereas the AER group remained weight stable, but
increased their VO2max by 17%. The WL group has sig-
nificant improvements in a variety of risk factors for
CAD. Specifically, WL reduced fasting glucose concen-
trations by 2%, insulin by 18%, and glucose and insu-
lin areas during oral glucose tolerance test (OGTT) by
8% and 26%, respectively. In contrast, AER did not
improve fasting glucose or insulin concentrations or
glucose responses during OGTT but did decrease insu-
lin areas by 17%.Moreover,WLbut notAER increased
high-density lipoprotein cholesterol levels (13%) and
decreased blood pressure compared with the control
group. These findings indicate that weight loss im-
proves CAD risk factors to a greater extent than does
aerobic exercise training in healthy middle-aged and
older obese men.

A recent published abstract (51), also from the
Cooper Aerobics Fitness Center, describes the results
of an analysis to investigate the association of BMI to

mortality after adjusting for cardiorespiratory fitness.
Using data from over 11,000 men (aged 20–89 at base-
line) with at least 10 years of follow-up (10–24 years), it
was found that, after adjusting for age and cardiores-
piratory fitness, obesity (BMI z 30 kg/m2) was asso-
ciated with a 1.95-fold increase in CVD mortality and
a 1.46-fold increase in all-cause mortality. The associa-
tion between obesity with both CVD and all-cause mor-
tality remained strong (1.75 and 1.36, respectively) even
when adjusting for, in addition to age and cardiores-
piratory fitness, conventional risk factors such as smok-
ing status, high blood pressure, diabetes, and parental
CVD. This suggests, again, that obesity appears to have
a potent effect on mortality, independent of cardiores-
piratory fitness.

This is consistent with an analysis of data from the
Buffalo Health Study (28) indicating that increased
physical activity reduced the risk of all-cause (relative
risk [RR] = 0.59) and coronary heart disease (CHD)
(RR = 0.39) mortality among nonobese men, but not
among obese men. Among women, increased physical
activity reduced the risk of CHD death (RR = 0.26),
but only among women aged < 60. By the same token,
in an analysis of data from 631 sedentary adults from
the HERITAGE Family Study (52) both body fat per-
centage and aerobic fitness were equally good pre-
dictors of future CHD (estimated using the revised
Framingham Heart Study algorithm). However, in sta-
tistical models containing both body fat percentage and
fitness (i.e., VO2max), the removal of fitness from the
model did not materially alter the fit of the model. In
contrast, the removal of body fat percentage from the
model containing only fitness changed significantly.

In sum, although some analyses of epidemiologic
data demonstrate that physical inactivity and/or low
cardiorespiratory fitness in overweight and obese adults
are important predictors of mortality, recent random-
ized controlled clinical trials that have attempted to
tease out the independent effects of weight loss and im-
proved aerobic fitness suggest that weight loss may be
more critical than fitness, at least with regard to improv-
ing CVD risk factors. However, a recent small-scale trial
(53) suggests that, among men, exercise-induced weight
loss reduces fat (particularly abdominal fat) and im-
proves fitness significantly more than does diet-induced
weight loss (see also 54). Moreover, reductions in insu-
lin resistance, abdominal obesity, and visceral fat were
similar in carefully matched subjects in the weight loss
induced by diet and exercise groups. This implies that
exercise alone (i.e., without dietary restriction) can be
an effective strategy for reducing obesity and related
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comorbidities. Obviously, before definitive conclusions
can be made, additional randomized clinical trials
should be conducted to assess the independent and in-
teractive effects of physical activity, fitness, and body
composition on health, function, and mortality.

In any event, conceptually speaking, as with obesity-
related comorbidities such as hypertension and dia-
betes, it is unclear whether these are best considered
potential confounders of the obesity/mortality associa-
tion, as mediators along the causal pathway from obe-
sity to mortality, or as independent influence.

Using path model notation as described by Bentler
(55), we present five hypothetical causal models between

obesity (O), low fitness (LF), and mortality rate (MR)
(see Fig. 1). In model A, O is hypothesized to cause LF,
andLF increasesMR. In this hypothetical situation, it is
true that LF should be a stronger predictor of MR than
is obesity and, after controlling for low fitness, obesity
should have no independent effect on MR. However, in
this case, LF is a mediating variable, not a confounder.
Therefore, controlling for LF is inappropriate if one
wants to ask what the total effect of O on MR is (7). In
this situation, stating that O is not associated with MR
after controlling for LF is akin to saying that having
one’s throat slit is not a risk factor for dying if one con-
trols for blood loss. It is a true statement, but not very

Figure 1 (A) Obesity causes low fitness and low fitness increases mortality rate. (B) Low fitness causes obesity and obesity
increases mortality rate. (C) Obesity and low fitness reciprocally cause each other and collectively they increase mortality rate.
(D) Obesity and low fitness are correlated but only low fitness increases mortality rate. (E) Obesity and low fitness are

correlated but only obesity increases mortality rate.
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informative, because it is hard to have one’s throat slit
and not lose blood.

In model B, LF causes O, and O increases MR. This
hypothetical situation is the reverse of model A. In this
instance, O should be a stronger predictor of MR than
is LF and, after controlling for O, LF should have no
independent effect on MR. Here, O is the mediating
variable (not the confounder), and controlling for LF
will not reduce the expected value of the apparent effect
of O onMR. However, in finite samples, LF and Omay
be highly covariate and, therefore, controlling for LF
may increase the variance of the estimated effect of O
and cause it to be nonsignificant and/or lower even
though it may have a real effect.

In model C, O and LF are strongly associated in that
O is a cause of LF and LF is a cause of O and both in-
crease MR. Controlling for O should attenuate the esti-
mated effect of LF on MR, while controlling for LF
should attenuate the estimated effect of O on MR. Due
to the high correlation between O and LF, it will be dif-
ficult to ‘‘tease out’’ the independent effect of either O
or LF on MR in such situations, and any model that
includes one but not the other must be considered ‘‘mis-
specified’’ in the traditional statistical sense (56).

In model D, O and LF are correlated, perhaps due to
some unspecified third factor. However, LF is the only
factor that produces variation in MR. Model E is the
reverse of model D in that O and LF are correlated with
each other, but only O causes variation in MR. Models
D and E are classic models of confounding and, under
such circumstances, anymodel that includes one but not
the other must again be considered misspecified and will
lead to biased estimates of causal effects.

As models A to E illustrate, whether and how we
control for O or LF when estimating the effects of either
on MR depends, in part, on what we are prepared to
believe about their causal relations. Moreover, each of
the (nonexhaustive) possible sets of causal relations has
very different biological and public health importance.

E Body Mass Index as a Proxy for Adiposity

Measures

Since BMI is highly correlated (f0.70–0.80) to the
percent of body weight as fat (57) and is easy to collect,
it has been often used as the sole measure of relative
adiposity in epidemiologic studies. However, the major
difficulty in using BMI as a proxy for adiposity is that
BMI is composed of two components, fat mass (FM),
and fat-free mass (FFM). Thus, the use of BMI as a
proxy for adiposity may mask any differential health
consequences associated with both FM and FFM.

The majority of studies have shown that the rate of
mortality associated with BMI is generally higher for
both lower and higher BMI values and lower for mod-
erate levels of BMI. As noted, the most common
explanations for these J- or U-shaped curves are that
persons with low BMI may smoke and/or suffer from
preexisting diseases that increase their risk for mortal-
ity, independent of BMI. Another important hypothesis
to consider, however, is that BMI, as a reflection of both
adiposity and leanness, is not capable of capturing ade-
quately the true relationship between body composition
and mortality. Several studies have reported a positive
health outcome for increased FFM and negative for in-
creased FM (58). Thus, persons with low BMI may suf-
fer from early mortality not because of BMI per se, but
because inadequate levels of FFM increase their mor-
tality rate. In other words, it may be that the risk of
death increases with increasing FM and decreases with
increasing FFM.

Allison and colleagues (59) investigated possible re-
lationships between body composition and mortality
using body composition measurements obtained on
1136 healthy subjects. Hypothetical mortality models
were generated (using the real body composition data)
in which mortality rate increased monotonically with
FMand decreasedmonotonically with FFM.Using this
model they showed that aU-shaped association between
BMI and mortality could occur even when (1) mortality
rate increased monotonically with FM, (2) mortality
rate decreased monotonically with FFM, and (3) per-
cent body fat increased monotonically, nearly linearly,
with BMI. Thus, BMI may not capture adequately the
effect of adiposity on mortality rate despite its high cor-
relation with adiposity. This suggests that there is a need
to conduct longitudinal studies that use precise body
composition techniques to study the relationship be-
tween mortality rate and FM and FFM. Table 2 sum-
marizes the few studies (60–68) that have evaluated the
effects of FM and FFM (or imperfect proxies thereof)
on mortality rate.

Folsom et al. (61) followed 41,837 women from the
IowaWomen’s Health Study Cohort for 5 years, testing
the independent effects of BMI andwaist-to-hip circum-
ference ratio (WHR) onmortality rate. They found aU-
shaped association between BMI and mortality rate. In
contrast, WHR was strongly and positively associated
with mortality in a dose-dependent manner. These find-
ings were not altered substantially when controlling for
potentially important covariates such as smoking, mari-
tal status, estrogen use, and alcohol use.

Keys et al. (60) examined 20-year coronary heart
disease (CHD) incidence among 279 middle-aged Min-
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nesota men. Measures were taken of subjects’ BMI,
skinfolds, and body density by underwater weighing at
baseline. Twenty-year incidence rates were then eval-
uated as a function of these variables. Results tended
to be slightly stronger for measures of adiposity than
for weight.

In a 10-year prospective study Menotti et al. (62)
examined the association of BMI and skinfold mea-
surements with mortality rate among 9550 adults. The
results showed a consistent and clear U-shaped asso-
ciation between BMI and mortality. The analysis of
skinfold data among men, however, was equivocal.
Analyses of skinfold data among women, on the other
hand, suggested a positive trend toward increasing
mortality with increasing levels of adiposity. Notably,
among women, the greatest risk was observed among
those with low BMI and high skinfolds, a pattern sug-
gestive of low FFM.

In sum, although the data are sparse (see Table 2),
and the measures of adiposity are not as precise as we
would like, the possibility exists that the elevated risks
associated with excessively high BMIs are driven by adi-
posity rather than relative body weight per se.

III POTENTIAL MODERATORS

A Age

Among older adults, studies indicate weak effects of
obesity on mortality rate and/or very high nadirs
(i.e., BMIs associated with lowest mortality) for the
BMI/mortality curves (16,17,22,28,69,70). Using data
from the Build Study on 4.2 million insurance policies
issued between 1950 and 1971, Andres and colleagues
found that the relation between BMI and mortality was
U-shaped, and that the BMI associated with minimal

Table 2 Studies Evaluating the Effects of Fat Mass (FM) and Fat-Free Mass (FFM) on Mortality Rate

Authors Sample Measures of FM and FFM Effect on Mortality Rate

Keys, 1989 (60) 284 Middle-aged men

from the Twin Cities
Prospective Study

Hydrodensitometry FM had greater effect on mortality

rate than did BMI

Folsom et al.,

1993 (61)

41,837 Women from

the Iowa Women’s
Health Study

Anthropometry Waist-to-hip ratio positively

associated with mortality in
dose-response manner

Menotti et al.,
1993 (62)

9550 Adults from Seven
Countries Study

Anthropometry Among women, trend toward
increased mortality with

increased adiposity
Charles et al.,

2000 (63)
7608 Men from the Paris

Prospective Study
Anthropometry FFM appeared protective

Baik et al.,
2000 (64)

39,756 Men from the
Health Professional
Follow-up Study

Anthropometry Waist circumference positively
associated with CVD mortality
among men z 65 years

Heitmann et al.,
2000 (65)

787 Men from Göteborg,
Sweden, born in 1913

Anthropometry FM monotonically increasing
mortality rate; FFM
monotonically decreasing

mortality rate
Lahmann et al.,

2000 (66)
28,098 Adults from the

Malmo Diet and Cancer
Prospective Cohort Study

Bioimpedance % FM increased mortality rate in
men but not women; FFM
unrelated to mortality rate

Allison et al.
(submitted) (67)

25,318 Adults from
NHANES I and
NHANES II follow-ups

Anthropometry Among men: FM monotonically
increasing mortality rate; FFM
monotonically decreasing

mortality rate
Zhu et al.

(submitted) (68)
Among women: FM U-shaped

association; FFM monotonically

decreasing mortality rate
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mortality increased consistently with age (71). In a
Norwegian study (72), plots of the log of the mortality
rate against BMI categories also revealed a U-shaped
association. Although it was less clear whether the BMI
associated with minimal mortality increased with age,
the overall curves did flatten with age.

In a Finnish cohort of 17,000 women followed for 12
years, there was a U-shaped BMI-all-cause mortality
relation among nonsmokers 25–64 years of age. Among
women aged 65 or greater,mortality varied little accord-
ing to BMI (73). Among white women from the Seventh
Day Adventist cohort who never smoked, the RR of
death associated with elevated BMI was lower among
55-to-74-year-olds than for 30-to-54-year-olds. For
these older women, the minimal mortality was in the
group with BMIs from 23 to 24.8 (74). Although the
nadirs of the curves were much deeper, a recent study by
Seccareccia et al. (75) of over 60,000 Italian subjects
again showed the increase in the nadir with age.

Stevens et al. (21) investigatedmortality over 12 years
as a function of BMI across six age groups (30–44 years,
45–54, 55–64, 65–74, 75–84, and z 85) among 324,135
never-smokers with no apparent preexisting disease
from the American Cancer Society’s Cancer Prevention
Study I. Results indicated that, although greater BMI
was associated with higher all-cause and CVD mortal-
ity, the RR associated with greater BMI declined some-
what with age (e.g., for men the RR of CVD mortality
with an increment of 1.0 BMI unit was 1.10 for 30-to-44-
year-olds and 1.03 for 65-to-74-year-olds).

Bender and colleagues (76) examined the effect of age
on excess mortality associated with obesity among 6193
obese persons enrolled in the Dusseldorf Obesity Mor-
tality Study (DOMS). When divided into four groups
based on approximate quartiles of age and BMI, it was
found that the overall risk of death increased with
increased body weight, but that obesity-related excess
mortality declined with age at all levels of BMI.

On the whole, these studies suggest that the relative
increase in rate of death associated with increased BMI
is somewhat lower for older adults than for younger
adults, and that the BMI associated with minimum
mortality rate increases with age. It is important to
note, however, that BMI may not be a valid indicator
of total fatness or fat patterning in older adults (i.e., >
65 years old). This is because older adults tend to have
less muscle mass versus fat mass and more abdominal
fat than younger adults at a given BMI (22). Finally, as
Stevens et al. (77) point out, the absolute increase in rate
of death can be higher in an older than in a younger
person even when the relative increase is less.

B Race

The majority of research on the effects of BMI on mor-
tality has been conducted on samples of European-
Americans (78). While it is clear that obesity in Afri-
can-Americans, most notably women, is associated with
a number of risk factors (79,80), the relation between
obesity and mortality among African-Americans is not
as clear as it is in Caucasian individuals.

In a cohort of 2731 African-American women mem-
bers of the Kaiser Foundation Health Plan who were
followed for 15 years, Wienpahl et al. (31) found an
essentially flat BMI/mortality association across the
entire range of BMI. However, although the U-shaped
relation between BMI and all-cause mortality was not
significant, Stevens et al. (81) found that, among Afri-
can-American men, obesity was associated with in-
creased risk of mortality from ischemic heart disease
(IHD). More recently, Stevens et al. (82) examined the
association of BMI to all-cause and CVD mortality
among 100,000 Caucasian and 8142 African-American
women from the American Cancer Society Prevention
Study I. At the 12-year follow-up, a significant inter-
action was observed between ethnicity and BMI for
both all-cause and CVD mortality. Specifically, among
white women, BMI was associated with all-cause mor-
tality in all four groups (defined by smoking status and
educational attainment). In African-American women
with less than a high school education, there was no
significant association between BMI and all-cause mor-
tality. However, there was a significant association
among high school–educated African-American wo-
men. Models using the lowest BMI as the reference
group among never-smoking women with at least a
high school education indicated a 40% higher risk of
all-cause mortality at a BMI of 35.9 in the African-
American women versus 27.3 in the white women.
Stevens et al. (82) concluded that, although educa-
tional attainment appears to modify the impact of
BMI on mortality, BMI was a less potent risk factor
in the African-American women than in the Caucasian
women.

Two more recent relatively large and high-quality
studies have emerged with samples of African-Ameri-
cans (83,84). These studies show that there clearly is a
deleterious effect of obesity on mortality rate among
African-Americans, though the BMIs associated with
minimum mortality rate may be slightly higher among
African-Americans (85). Other investigators (43,86–89)
have obtained similar results, suggesting that the effect
of a given BMI increase on mortality rate may be less
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deleterious among African-Americans than among
Caucasians.

With regard to the BMI/mortality association among
persons of other ethnic origins, data are sparse. In a
sample of Micronesian Nauruans and Melanesian and
Indian Fijians, obesity was not significantly associated
with an elevated mortality rate (90). Among a sample
of 8006 Japanese-American men living in Hawaii who
were followed for 22 years, a significant quadratic (J-
shaped) relation was found between BMI and mortal-
ity independent of the effects of smoking and alcohol
consumption (29). Similarly, among a cohort of over
2000 Japanese adults over age 40, there was a U-shaped
relation between BMI and mortality rate, with a nadir
in the range of 23–25. However, in a cohort compris-
ing 2,546 East Indian and Melanesian Fijians followed
for 11 years, the association of BMI to all-cause and
CVD mortality was generally inconsistent (91). Despite
the known associations between body weight and dia-
betes and other obesity-related diseases found among
Mexican-Americans, data have revealed lower-than-
expected rates of mortality, based on known body
weights (92).

Data on the BMI/mortality association among other
ethnic groups (e.g., Native Americans, Alaska Natives)
are limited. Hanson et al. (93) found that, among a
cohort of 814 diabetic and 1814 nondiabetic Pima
Indians, a U-shaped relationship between BMI and
mortality was found in men but not in women. It was
reported that excess mortality among lighter individ-
uals was present in those persons who were losing
weight. Thus, they concluded that preexisting illness
might only partially explain the high mortality among
lighter persons.

C Family History/Individualization of Optimal

BMI Target

Thus far, we have primarily considered ‘‘demographic’’
variables as potential moderators of the BMI/mortality
association. However, one important set of variables
that, to our knowledge, has yet to be investigated in
this regard, involves family history and genetic infor-
mation. We can envision family history/genetic infor-
mation entering into models for the effect of obesity on
mortality rate in several ways. In turn, this may allow
the use of family history/genetic information in helping
individuals determine the body weights likely to be asso-
ciated with minimal mortality for themselves on a case-
by-case basis.

First, it is well documented that susceptibility to
many, if not most, diseases is, in part, genetically de-

termined (94). This includes several diseases for which
obesity increases the risk, including heart disease (95),
and at least one disease for which obesity decreases
the risk, osteoporosis (96). Therefore, to the extent that
individuals had a strong family history of heart dis-
ease and other diseases that are both heritable and
made more likely by obesity and simultaneously had
family histories of a lack of osteoporosis, lower-than-
average body weights might be associated with mini-
mal mortality for these individuals. Conversely, indi-
viduals with a strong family history of osteoporosis (or
any other diseases protected against by obesity) and no
family history of heart disease or other diseases made
more likely by obesity, higher-than-usual BMIs might
be most likely to confer the minimal rate of mortality
for such individuals. Obviously, this conjecture war-
rants rigorous empirical evaluation before it can be
accepted. Therefore, research involving related individ-
uals in large longitudinal studies would be extremely
useful. If this hypothesis is borne out, it might then be
possible to use family disease history to help individ-
uals optimize their own decisions about desired BMI
levels.

Second, not only are obesity and certain obesity-
related diseases partially heritable, it is possible that the
propensities to suffer from ill effects of obesity are them-
selves partially heritable. For example, almost every-
one knows some very obese person who died very early,
plausibly as the result of his or her obesity. At the same
time, almost everyone knows some very obese individ-
ual who lived a very long and healthy life. What fac-
tors influence these differential susceptibilities to the ill
effects of obesity? To the extent that these factors are
genetic, estimates of an individual’s genetic suscepti-
bility to the ill effects of obesity would be an important
moderator of the BMI/mortality association. More-
over, family history might offer a potential way of pro-
viding such estimates; that is, if extensive family history
about both BMIs and life spans could be obtained for
individuals, one might be able to examine how much
obesity did or did not confer added risk or protection
within an individual family. Such information could
be combined with baseline populationwide estimates
of the increased or decreased risk conferred by obesity
to come up with individual specific estimates. Certain
random effects statistical models and empirical Bayes
methods might be especially well suited to such analytic
approaches.

Finally, as molecular genetic information continues
to accumulate, we may eventually be able to identify
specific genetic polymorphisms that are associated with
the tendency for obesity to have a deleterious effect on
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longevity. If such polymorphisms could be detected and
had large individual effects, then it might be possible to
use such genetic information in gene by environment
(or, more aptly, gene by phenotype) interaction analy-
ses. Again, such polymorphisms could be examined for
individuals to help them determine the best BMI for
themselves.

Clearly, the ideas put forward in this section are con-
cepts for which we do not currently have supporting
data. Nevertheless, they are all quite consistent with ex-
isting knowledge, and we think it only a matter of time
before such more complex and individualized state-
ments about optimal BMIs with respect to longevity
can be made.

Table 3 Recent Weight Loss and Mortality Studies

Source Sample Deaths

Follow-up

(years) Results

Williamson et al.

(1995) (100)

43,457 White

overweight

nonsmoking

women

4199 12 In those with obesity-related comorbidities

intentional weight loss was associated with 20%

reduction in mortality rate. No association

between intentional weight loss and mortality rate

in women without obesity-related comorbidities.

Recent intentional weight loss of >20 lbs

associated with increased mortality rate.

French et al.

(1999) (102)

33,017 Women from

Iowa Women’s

Health Study

1048 3 Intentional weight loss of z20 lbs not associated

with higher CVD mortality risk. Unintentional

weight loss of z20 lbs associated with 26–57%

higher total mortality risk and 51–114% higher

CVD mortality risk.

Williamson et al.

(1999) (103)

49,337 White men

aged 40–64

9360 12–13 Among those with no reported health problems,

intentional weight loss not associated with total,

CVD, or cancer mortality rate. Among men

with health problems, intentional weight loss

was not associated with total or CVD mortality

but with increased cancer mortality risk.

Pamuk et al.

(1993) (104)

5192 Adults from

NHANES I

Epidemiologic

Follow-Up Study

533 12–16 Weight loss of >5% maximum lifetime body

weight associated with increased death rates

even after excluding deaths within first 5–8 years

after baseline.

Wee et al.

(2000) (105)

18,494 Respondents

of the 1989

National Health

Interview Survey

1282 5.5 mean Intentional weight loss of 5–10 lbs associated with

lower hazard of death compared to reference

group. Greater than 10-lb weight loss did not

significantly increase longevity.

Lee and Paffenbarger,

1992 (106)

11,703 Men in the

Harvard Alumni

Study

1441 12 Both weight loss and weight gain of > 5 kg

significantly increased all-cause and CHD

mortality.

Blair et al.,

1993 (107)

10,529 Men from

the Multiple Risk

Factor Intervention

Trial

380 6–7 Weight loss associated with increased risk of death

(range of relative risk = 1.04–3.42). Lowest

mortality in weight stable.

Williamson et al.,

2000 (101)

4970 Overweight

adults with

diabetes

1325 12 After adjusting for initial BMI, sociodemographic

factors, health status, and physical activity,

intentional weight loss was associated with 25%

reduction in total mortality and 28% reduction

in CVD and diabetes mortality.

Higgins et al.,

1993 (108)

2500 Adults from

the Framingham

Heart Study

Not specified 20 Among men, weight loss associated with higher

20-year all-cause, cardiovascular, and CHD

mortality compared with weight-stable group.

Diehr et al.,

1998 (70)

4317 Nonsmoking

adults from the

Cardiovascular

Health Study

539 5 Among overweight (BMIs 26.2–27.3) older adults

(aged 65–100) a > 10-lb weight loss in the year

preceding the study had 5-yr mortality rates that

were similar to those who were weight stable in

the year prior to the study.
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D Weight Loss and Mortality

Dramatic effects of obesity on mortality rate have been
demonstrated in studies of laboratory rodents (97). Spe-
cifically, when obese animals are compared to nonobese
animals, the nonobese outlive the obese. These findings
are consistent with the life-prolonging effects achieved
by caloric restriction (CR). CR should not be confused
with lower body weight or lower body fat. However, CR
clearly results in lower body weight and is the most
common method by which humans achieve lower body
weight. Therefore, it is worth noting that CR achieved
by various means and resulting in weight loss has been
demonstrated to result in increased longevity in a vari-
ety of animal species (98).

Obesity, at least when severe, is clearly associated
with an increasedmortality rate, and weight loss is asso-
ciated strongly with reductions in many risk factors
(99). Therefore, it seems reasonable to conjecture that
weight loss among the obese will increase life span. In-
deed, some studies suggest that intentional weight loss
reduces mortality rate in persons with obesity-related
comorbidities such as hypertension (100) and diabetes
(101). Among apparently healthy overweight and obese
adults, however, the majority of studies (71,102–108)
suggest that intentional weight loss is associated with an
increase in mortality rate (see Table 3) (20,109). Find-

ings such as these prompted Andres et al. (20) to con-
clude that no matter what population is studied, or how
the data are ‘‘cleaned,’’ treated, and analyzed, ‘‘Evi-
dence suggests that the highest mortality rates occur in
adults who either have lost weight or have gained ex-
cessive weight. The lowest mortality rates are generally
associated with modest weight gain’’ (p 737).

This puzzling finding is the subject of considerable
inquiry (110). Among the important research chal-
lenges associated with investigating the effects of weight
change on mortality with current epidemiologic data
are: (1) the appropriateness of basing estimates of the
benefits or risks of weight loss on self-reported inten-
tionality; (2) the potential confounding effects of smok-
ing and preexisting disease; (3) the difficulty of assessing
and accurately taking account of weight regain after
weight loss; (4) assessing dietary changes during follow-
up; and (5) the use of body mass index (BMI: kg/m2) as
a proxy for both fat mass and fat-free mass.

Another important issue to consider is the unknown
efficacy and safety of many weight loss practices. Meth-
ods for intentionally inducing weight loss include fad
diets, herbal supplements of untested safety (111), bu-
limia, and other potentially unsafe dietary practices.
Hence, it appears ill advised to estimate the effects of
weight loss achieved by medically recommended meth-
ods by studying weight loss that is merely reported to be

Figure 2 Estimated hazards ratios (to the last category) of
individuals in the corresponding categories of weight changes
in kg (WC) and fat change (FC; change in skinfolds thickness
in mm), and their standard errors (SE) from the Tecumseh

Community Health Study. The numbers in parentheses repre-
sent the minimum andmaximum values for the corresponding
quintile-defined categories. For bothWC and FC, the positive

and negative values represent gains and losses, respectively.
(From Ref. 60.)

Figure 3 Estimated hazards ratios (to the last category) of
individuals in the corresponding categories of weight changes
in kg (WC) and fat change (FC; change in skinfolds thickness

in mm), and their standard errors (SE) from the Framingham
Heart Study. The numbers in parentheses represent the mini-
mum and maximum values for the corresponding quintile-

defined categories. For both WC and FC, the positive and
negative values represent gains and losses, respectively. (From
Ref. 60.)
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‘‘intentional.’’What is needed are studies of weight loss
produced among obese humans by modern methods
that are accepted by mainstream medicine.

As discussed previously, studies that have used BMI
as a proxy for adiposity may not provide the best esti-
mate of the impact of obesity or weight change on mor-
tality. In this regard, Allison et al. (60) investigated
change in weight and fat (via skinfolds), across two time
points, and mortality in two epidemiologic studies—the
Tecumseh Community Health Study and the Framing-
hamHeart Study. In both studies, weight loss was asso-
ciated with an increased mortality rate, while fat loss
was associated with a reduced mortality rate. Specifi-
cally, each standard deviation of weight loss (f5.5 kg
across both studies) was estimated to increase the haz-
ard of mortality by f35%. In contrast, each standard
deviation of fat loss (10.0 mm in Tecumseh and 4.8 mm
in Framingham) reduced the hazard of mortality by
f16% (see Figs. 2,3). Thus, among individuals that
are not severely obese, weight loss is associated with
increased mortality rate, and fat loss with decreased
mortality rate. If confirmed, these results suggest that
weight loss should be recommended only under con-
ditions where a sufficient proportion of the weight lost
would be fat. Unfortunately, the conditions required to
produce such a weight loss remain unknown, as is the
exact proportion that is ‘‘sufficient.’’

IV SUMMARY AND RECOMMENDATIONS

A Overall Findings

The aforementioned methodological issues, most nota-
bly the use of BMI as a proxy for adiposity measures,
suggest strongly that the current epidemiologic data
may not provide us with the best estimates of the obe-
sity/mortality association.Nonetheless, describingwhat
the available data show is relatively simple. When the
overall body of literature is reviewed, the data clearly
show that the association between BMI and mortality
is U- or J-shaped. Among nonelderly white males and
females, the nadirs of the curve tend to be around the
mid to high 20s for BMI. Though isolated studies may
occasionally show other results, these conclusions are
clearly supported by the overall body of data (18).

The relationship between BMI and mortality, how-
ever, appears to vary substantially by age and race, and
it is likely that other variables, not yet identified or fully
explored, may also moderate this relationship. It seems
ill advised, therefore, to generalize from studies in one
population (e.g., white middle-aged females) to other

populations (e.g., elderly Asian females). Thus, one
should refrain from making broad statements about
the overall ‘‘average’’ relationship between BMI and
mortality for the U.S. population unless such a state-
ment is based on data that are representative of the
U.S. population.

B Effect of Potential Confounders

While smoking is a plausible confounder of the BMI/
mortality relationship, in practice, adjusting for smok-
ing or excluding smokers from the analysis has very
little effect on the results. This does not imply that one
should not control for smoking, only that smoking does
not appear to account for the U- and J-shaped rela-
tionships frequently observed in BMI/mortality studies.
Nonetheless, some have argued (38) that smoking may
still account for the high mortality at the lower BMI
range since statistical adjustment for smoking may not
address the nuances involved in smoking such as depth
of inhalation and genetic susceptibility. Of course this
does not explain why the J- and U-shaped association is
still typically observed when ‘‘ever-smokers’’ are omit-
ted from the analysis.

Excluding early deaths is not a reliable way of con-
trolling for confounding due to occult disease. In the
presence of such confounding, exclusions can either
increase or decrease the bias, although in practice such
exclusions appear to make little difference (39). How-
ever, because exclusions can actually increase the bias
under some circumstances and result in a reduction of
sample size, we do not recommend that subjects dying
during the first few years be excluded from analyses. The
same can be said for the practice advocated recently of
excluding individuals with recent weight loss or weight
fluctuation (until and unless evidence is brought to bear
that shows otherwise).

A number of studies have demonstrated that low
cardiorespiratory fitness increases mortality rate, sug-
gesting that the BMI/mortality association may be con-
founded by fitness. It is important to note, however, that
the majority of these observational studies were con-
ducted in middle-aged white men. It is unclear, there-
fore, whether these results generalize to women, the
elderly, and minority groups. Moreover, most studies
that have investigated the relationship between obesity
and health/mortality have tended to rely on self-reports
of physical activity rather than fitness per se. Thus,
although a physically active lifestyle may promote fit-
ness and thus attenuate the increased rate of morbid-
ity and mortality observed among obese persons, more
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sophisticated research designs and assessment tech-
niques are required to tease out the independent effects
of obesity and fitness on mortality. Indeed, recent ran-
domized controlled clinical trials suggest that weight
loss appears to have a greater effect on CVD risk factors
than does improving cardiorespiratory fitness, imply-
ing that obesity may play a more central role in mor-
bidity and mortality than fitness. Nonetheless, further
research is required to disentangle the independent
effects of obesity, a sedentary lifestyle, and poor fitness
on health, morbidity, and mortality.

C Effects of Weight Loss

Intentional weight loss among persons with obesity-
related comorbidities such as diabetes appears to reduce
mortality rate. However, among apparently healthy
overweight/obese adults, intentional weight loss seems
to neither decrease nor increase mortality rate. Given
that these findings were derived from observational
studies that relied on self-reported intentionality of the
weight loss, they should be interpreted with caution
(110). Nonetheless, the current data suggest that re-
maining weight stable or increasing body weight slightly
associates with lower mortality.

D BMI Versus Body Composition Measures

Though highly correlated with adiposity, BMI is not
a true measure of adiposity and we cannot therefore
assume that BMI will have the same relationship with
mortality as will a more precise measure of body com-
position. Indeed, studies that have used other body
composition measures suggest that distinguishing fat
mass from fat-free mass may be required to determine
the ‘‘true’’ effect of obesity on mortality, as well as the
effect of intentional weight loss on mortality.

Given the quality of the data and the methodologi-
cal issues outlined throughout this chapter, many of
the conclusions drawn from the literature are, at best,
tentative. Consistent with most clinical and basic labo-
ratory research, however, it is clear that high levels of
BMI (i.e., BMIs > 30) are associated with increased
mortality rate. In contrast, over the range of BMI from
about 28 on down, the picture is not clear. The data
suggest that lower BMIs are associated with increased
mortality. However, this is inconsistent with the clin-
ical evidence suggesting that intentional weight loss
generally associates with a reduction inmorbidities (99).
Moreover, these data run counter to the results of

animal research indicating that caloric restriction is
capable of producing substantial increases in longev-
ity (98).

E Explaining the J- or U-Shaped Association

The reasons that persons with lower levels of BMI are at
greater mortality risk than those with midrange BMIs
are not known. However, as we have shown, smoking
is probably not a sufficient explanation for this phe-
nomenon. A possibility that has not been considered
seriously is that being in the mid-BMI range may actu-
ally cause one to be at lower risk of death from certain
causes. For example, relative to thinness, it is clear that
being in the mid-BMI range is protective against osteo-
porosis (112,113). Moreover, there is a clear biological
mechanism because thinness is a significant risk factor
for hip fracture (114), and these fractures, in turn, in-
crease mortality rate (112,115).

It is also possible that lifestyle factors may explain
some of the excess mortality associated with thinness. It
has been demonstrated in data from the 1990 Behav-
ioral Risk Factor Surveillance Survey that thin men and
women were more likely to be sedentary and to con-
sume high-fat diets than normal-weight adults (116).
Moreover, data from the ACLS indicates that thin men
and women with low aerobic fitness had the highest
mortality rates (117). Thus, for at least some persons
with low BMI, unhealthy lifestyles may contribute to a
higher mortality rate and may help account for the J- or
U-shaped BMI/mortality association.

Though more speculative, it is also possible that,
relative to being in themid-BMI range, people in the low
BMI range are more potently affected by or more sus-
ceptible to certain forms of infection, injury, or disease
(e.g., cancers). Finally, given that most Americans, as
well as people of many other countries, do not consume
adequate amounts of fruits, vegetables, fiber, and many
micronutrients (e.g., 118), it may be that thin people,
simply by virtue of eating less total food, are at increased
risk of nutrient deficiencies despite sufficient caloric
intake to remain weight stable. That is, just as labo-
ratory animals live longer under conditions of CR, pro-
vided they have adequate micronutrient intake (119,
120), thinness in humans may be deleterious only be-
cause, for some people, it may be associated with inade-
quate intake of certain nutrients.

Since it is possible that thinness causes increased
mortality rate, we believe potential explanations, like
those we have proposed, should be investigated, and
that further research is required to understand rather
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than simply to ‘‘explain away’’ the counterintuitive
observation of elevated mortality rate among the thin.

V CONCLUSIONS AND FUTURE

DIRECTIONS

Even if viable biological mechanisms to explain the
apparent elevated mortality in the lower range of BMI
were established, it is clear that the current literature
has been derived from suboptimal epidemiologic data;
that is, BMI, the measured independent variable, is only
a proxy for adiposity, the ‘‘true’’ independent variable.
Moreover, occult disease, the most plausible confound-
ing factor, is not measured but inferred.

In our view, investigators have tried to compensate
for the suboptimal data by using sophisticated statis-
tical approaches. We believe, however, that no statisti-
cal technique, no matter how elegant, can produce valid
conclusions from data that are unable to address di-
rectly the obesity/mortality association. We contend
that valid conclusions pertaining to the obesity/mortal-
ity association are most likely to come if we use better
measurements and study designs. In our view, the opti-
mal study would be a long-term large scale random-
ized controlled clinical trial (121) that included: (1) a
sample of persons along a broad range of BMI (mildly
overweight to severely obese); (2) serial measures of
body composition; (3) thorough and ongoing clinical
evaluations of health status; and (4) in addition to mor-
tality as an endpoint, the use of clinically relevant mark-
ers of subclinical disease as outcomes.

In the interim, we must rely on thoughtful and care-
ful epidemiologic investigations using the available
observational data. However, as the design and mea-
surement techniques used in observational studies be-
come more sophisticated and more widely used, we will
be in a better position to draw valid conclusions regard-
ing the obesity/mortality association.
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I INTRODUCTION

One significant and rapidly developing area of obesity
research is the etiology of the metabolic syndrome and
its prevention and treatment. The syndrome exhibits the
central, visceral subtype of obesity, which is an integral
part of the syndrome and bears themost serious somatic
hazards of obesity, while the peripheral, subcutaneous
subtype is associated mainly with mechanical problems
arising from the increased body weight.

Historically, the clustering of the symptoms now
called the metabolic syndrome has been observed and
documented since the beginning of the 20th century.
There is little consensus on the definition, although
many different proposals have been advanced, partic-
ularly after addition of new components to the core of
the syndrome. Most authors agree on the inclusion of
insulin resistance, abdominal obesity, dyslipidemia, and
hypertension, since these established risk factors for
cardiovascular disease, type 2 diabetes mellitus and
stroke are the reason the metabolic syndrome is of
major importance.

Techniques for evaluation of the major components
of the syndrome have changed little since the previous
edition of the Handbook of Obesity (1998) (1), proba-
bly because the methodology continues to be adequate.
However, questions exist about certain simple anthro-
pometric measurements; for example, the waist/hip cir-
cumference ratio (WHR). It is a poor measurement of
intra-abdominal, visceral fat mass, a major statistical

determinant of most of the comorbidities, yet its statis-
tical power is surprising. Possibly this measurement
contains unrecognized information beyond intra-ab-
dominal fat mass, such as a muscle component included
in the hip circumference measurement. These issues are
an area for more research.

At the time of the first edition, research on endocrine
perturbations focused on the disturbances of regulation
of the hypothalamic-pituitary-adrenal (HPA) axis and
its interference with the central gonadal and growth
hormone axes. Major advances have occurred with the
development of new techniques, which are sensitive and
discriminating enough to reveal minor regulatory errors
of daily life (2–4). Research has previously addressed the
peripheral consequences of the endocrine perturbations
(accumulation of intra-abdominal fat and insulin resist-
ance) (5,6), perturbations in the capillary system and in
the synthesis of myosins (1). Much progress has been
made in these areas and in genetics since the previous
edition. The original Handbook examined the period up
to 1996–1997, so this chapter will focus on the following
years, including generally integrated and specific aspects
of these developments covered in several recent reviews
(2–9).

II DEFINITION OF THE METABOLIC

SYNDROME

A syndrome is a collection of symptoms typically occur-
ring together. Such syndromes often originate from
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errors not in a single organ or tissue, such as in myo-
cardial infarction, liver cirrhosis, or brain tumors, but
from overriding systemic control of the function of sev-
eral organs. Multiple consequences can result, causing
difficulty in diagnosis. Such syndromes often begin as
basic symptomatic description, but if the basic etiology
becomes clearer, treatment shifts from symptomatic to
causal.

The metabolic syndrome is usually considered to in-
clude two major symptoms, insulin resistance and vis-
ceral obesity, with the addition of hypertension and
dyslipidemia in the form of elevated circulating concen-
trations of triglycerides and triglyceride-rich very low
density lipoprotein (VLDL) particles and low concen-
trations of high-density lipoprotein (HDL) particles.
The major question is whether these apparently diver-
gent symptoms can be collected under one common
etiological mechanism.

Themetabolic syndromemayarise fromacomponent
of the syndrome, acting alone or in combination with
other factors. The list includes insulin resistance, vis-
ceral fat, endocrine dysregulation (cortisol, androgens,
insulin, growth hormone), obesity, and/or genetics. Let
us first consider the possibility that a single symptom
causes the other components of themetabolic syndrome.

A Insulin Resistance as a Primary

Pathogenic Factor

Reaven (10) examines whether insulin resistance could
be the primary factor, resulting in dyslipidemia and
hypertension. The relationship between insulin and
dyslipidemia seems to be well established; however, a
recent review (9) casts doubt on the concept that hyper-
tension results from hyperinsulinemia alone. Reaven’s
cluster of common risk factors is the first synopsis of
variables for what he terms ‘‘Syndrome X’’ and is
supported by evidence, much from Reaven’s own excel-
lent research. Syndrome Xmay, however, be considered
to be part of a larger syndrome, commonly called the
metabolic syndrome, which also contains visceral obe-
sity as a major component. While reasonable due to the
well-documented close connection between visceral
obesity and insulin resistance (11), it is difficult to
imagine how insulin resistance with compensatory hy-
perinsulinemia might increase visceral fat mass. There-
fore, other etiological primary events for the metabolic
syndrome must be considered.

B Visceral Fat as a Primary Pathogenic Factor

Could the other major component of the metabolic
syndrome, visceral fat accumulation, be the primary

factor? One hypothesis is that free fatty acids (FFA),
from the enlarged, lipolytically very active visceral fat
stores delivered to the hepatic portal vein, would
generate risk factors by hepatic mechanisms (12). This
is an attractive hypothesis for generation of dyslipide-
mia in the metabolic syndrome because both insulin
and delivery of FFA limit the rate of synthesis of li-
poproteins in the liver. Peripheral systemic hyperinsu-
linemia might result from diminished hepatic clearance
of portal insulin, and cause peripheral insulin resist-
ance by a secondary downregulation of insulin recep-
tor density. Possibly large enough concentrations of
portal FFA can leak out into systemic circulation
(even with 50% liver reabsorption) to cause muscular
insulin resistance (13).

There are a few concerns with this hypothesis, how-
ever. First, these are theoretical considerations, lacking
direct information because of the difficulty of examining
the flow of FFA and insulin in the portal vein in
humans. But there is indirect support (12,13) as well
as recent data suggesting that hepatic exposure to FFA
might well be elevated, provided FFA release from not
only the portal but also the systemic circulation is
included (14). Another problem is that the hypertension
of the metabolic syndrome does not fit well unless
hyperinsulinemia is the primary factor, which is not
always the case, as discussed below. Furthermore, and
most importantly, this hypothesis does not explain the
apparently selective accumulation of depot fat in the
visceral, ‘‘portal’’ adipose tissues. This is not a simple
consequence of obesity in general where fat is normally
harmoniously deposited in several depots, including
subcutaneous regions. In summary, although this
hypothesis has some merit and may apply to some
symptoms of the metabolic syndrome, it does not seem
to fully explain the etiology.

The remaining core symptoms of the metabolic
syndrome, hypertension and dyslipidemia, are difficult
to visualize as primary etiological factors for visceral
obesity and insulin resistance. In principle, factors other
than the cluster of symptoms in the metabolic syndrome
could be involved as primary pathogenic factors.

C Hormones as a Primary Pathogenic Factor

Hormones are the major regulators of metabolic events.
Could the metabolic syndrome be a consequence of en-
docrine dysregulation? The similarities between Cush-
ing’s syndrome and the metabolic syndrome are quite
apparent, not only for distribution of fat depots but also
for insulin resistance, dyslipidemia, hypertension, and
certain diseases associated with these symptoms. Could
the metabolic syndrome be a hypercortisolemic condi-
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tion? It is a difficult question. Cortisol’s effects can be
hidden because it is difficult in vivo to measure, yet in
general they support the hypothesis, and numerous
studies show a connection.

Measurements of cortisol secretion and its regulation
via the hypothalamic-pituitary-adrenal (HPA) axis are
complicated, even in conditions of clearly elevated se-
cretion, such as Cushing’s syndrome. HPA axis regu-
lation is easily disturbed by external environmental
factors (15). Therefore, noninvasive sampling in ordi-
nary circumstances is probably required to reveal mi-
nor, putative abnormalities as seen in obesity and the
metabolic syndrome.

Another factor causing difficulty is the complex
regulatorymachinery of theHPAaxis, with stimulating,
amplifying and feedback inhibitory stations that result
in a specific, diurnal rhythm with discrete peaks of
varying magnitude and duration. This drowns single
measurements of cortisol. Evidence now indicates that
the kinetics of the diurnal curve might provide informa-
tion different from that of total cortisol secretion (2,3);
i.e., although urinary excretion of free cortisol might be
measurable if the organism has been exposed to ele-
vated circulating cortisol, a low excretion of cortisol
does not necessarily equal a normal regulation of the
HPA axis. Furthermore, the status of the HPA axis
regulation is probably best examined by stimulatory or
inhibitory tests.

III ASSOCIATION OF THE METABOLIC

SYNDROME AND ELEVATED

CORTISOL LEVELS

Recent studies (16,17) have shown a link between stress,
salivary cortisol levels, and the metabolic syndrome,
using relevant population samples (2,3) (See Fig. 1.)
About two-thirds of a group of middle-aged Swedish
men andwomen exhibited an apparently normal diurnal
saliva cortisol curve, measured under ordinary life con-
ditions and examined with low dose dexamethasone.
However, f25% of the men reported stress during the
day of measurements (curve labeled ‘‘stress’’ in Fig. 1).
In these men, the daytime saliva cortisol levels differed
dramatically. Rather than a peak upon awakening
followed by a sharp drop in the morning, the stress
pattern peaked at lunch, and decreased drastically in the
afternoon/evening hours. This resulted in an elevated
total cortisol secretion over the day. Although varying
effects of dexamethasonemay have flawed some of these
cases, indicating a need for stronger methodology (3),
other studies have shown similar values (18). The imme-
diate wake-up peak appears to be significant. Subjects

in a stressful milieu have lower saliva cortisol values
upon awakening which then do not ‘‘unwind’’ normally
(19). The delayed downwinding of morning cortisol is
echoed in controlled animal experiments (20), where
stress exposure precedes hypersensitivity of the HPA
axis at peak activity (night in rodents, early morning in
humans). The tentative conclusion from this informa-
tion is that f25% of the populations examined may
have anHPAaxis regulation linked to stress experiences
that cause elevated cortisol levels. This conclusion is
significant when coupled with another finding of the
Swedish study (16,17).

In the men who reported stress during the day of
measurements and who had elevated total cortisol, con-
stituting f25% of the total population (See curve
labeled ‘‘stress’’ in Fig. 1), there were direct associations
between cortisol measurements and several features of
the metabolic syndrome (16,21). Cortisol measure-
ments, particularly those relating to perceived stress
and after food intake, correlated directly with measure-
ments of visceral obesity, insulin resistance, dyslipide-
mia, and blood pressure. These findings suggest a
quantitative connection between cortisol secretion and
the metabolic syndrome. The associations are clearer
after HPA axis challenges (stress and food intake) than
with baseline cortisol values in steady state (16,21).
Similar observations with elevated basal and/or stimu-
lated cortisol secretion in central, visceral obesity (22–
29) and other cardiovascular risk factors (30–35) have
now been made by several other laboratories.

A Effects of Cortisol

Cortisol is well known to cause peripheral insulin resist-
ance, and the mechanisms have been clarified (36).

Figure 1 Saliva cortisol in men. (From Refs. 2,16.)
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Furthermore, cortisol is known to direct the storage of
fat to visceral depots, as seenmost typically in Cushing’s
syndrome, and the mechanisms have been defined at the
cellular and molecular levels as reviewed previously (5).
In brief, in the presence of insulin, cortisol stimulates
pathways for lipid accumulation (lipoprotein lipase)
while inhibiting lipid mobilization. This is mediated
via the glucocorticoid receptor, with particularly high
density in visceral fat. The dyslipidemia of themetabolic
syndrome (high triglycerides; triglyceride-rich, low-den-
sity lipoproteins; and low high-density lipoproteins) can
be derived from the insulin resistance and subsequent
hyperinsulinemia via a combination of hepatic events,
combinedwith a diminished removal of triglyceride-rich
particles in the periphery (10). The remaining symptom,
elevated blood pressure probably results from parallel
activation of the HPA axis and sympathetic nervous
system. High insulin levels might facilitate this stimula-
tion. This is summarized in Figure 2.

In summary, cortisol elevation clearly seems to be
able to induce the metabolic syndrome through known
mechanisms. This is also seen in Cushing’s syndrome
and in patients treated with glucocorticoids, where
abnormalities vanish when cortisol excess is removed
(37). It may then be concluded that human subjects who
show an increased cortisol secretion or who are treated
with glucocorticoids will be likely to develop the meta-
bolic syndrome as a consequence (see Fig. 2).

B Nature of Dysregulation of the HPA Axis

in the Metabolic Syndrome

Cortisol secretion is innately vulnerable to regulatory
errors, or dysregulation of the HPA axis, which would

explain the elevated cortisol secretion in the metabolic
syndrome. Factors causing regulatory errors of the
HPA axis include sensitization (facilitation) of activat-
ing mechanisms, deficient feedback control, or a com-
bination of the two. Genetic susceptibility at several
levels can affect all these factors. Briefly, the pathway
involves corticotropin-releasing hormone (CRH) and
adrenocorticotropin hormone (ACTH), which mediate
central facilitating mechanisms to regulate cortisol
secretion, as does a feedback mechanism of glucocorti-
coid receptors found in several places, including the
hippocampus (Fig. 3).

There are data supporting the hypothesis of an
inefficient feedback control, although the results are
not conclusive. However, the most probable point for
significant regulatory errors appears to be facilitation of
central regulatory mechanisms, resulting in hypersensi-
tivity of the HPA axis and reflecting an association
between long-term stress and abnormal HPA axis reg-
ulation (18–20).

That facilitation of the central regulatory mecha-
nisms occurs is suggested by elevated cortisol secretion
in the morning, during the most active phase of diurnal
regulation, as seen in animal studies (20). Facilitation
can result from frequent activation of the HPA axis and
subsequent downregulation of the density of the central
glucocorticoid receptors (38). The stress sensitivity dur-
ing the examination period may arise from such facili-
tating factors, and has also been observed in other
studies (26,27,39).

Further support is found in statistical associations
with HPA axis activation. These include factors that
tend to create a stressful surrounding socioeconomic
and psychosocial handicaps with resulting frequent
activation of the HPA axis, or depression and anxiety

Figure 2 Cortisol, in the presence of insulin, induces visceral
fat accumulation by expression of lipoprotein lipase and

inhibition of lipid mobilization. Cortisol also induces insulin
resistance, followed by compensatory hyperinsulinemia which
is responsible for increased levels of triglyceride-rich VLDL

and low levels of HDL.

Figure 3 Regulation of the hypothalamic-pituitary-adrenal

axis. Facilitating factors (‘‘stress’’) induce the secretion of
CRH, ACTH, and cortisol. Cortisol binds to glucocorticoid
receptors in the central nervous system, which control the

activity by a feedback mechanism.
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traits, alcohol, and smoking, which activate the HPA
axis directly (39–43). Thus, in brief, environmental
factors, psychological traits, and stimulants, as well as
certain physiological elements, appear to negatively
affect the regulation of the HPA axis, resulting in excess
cortisol and consequent metabolic syndrome (Fig. 4).

IV CAUSES OF HPA AXIS DYSREGULATION

IN THE METABOLIC SYNDROME

A number of factors that are known to stimulate the
stress centers indirectly or directly in the metabolic syn-
drome in cause-effect relationships are shown in Fig-
ure 4. They can be classified as environmental stressors,
stimulant usage, and physiological events.

A Environmental Stressors

Stress, both psychosocial and socioeconomic, can affect
the HPA axis. Several cross-sectional studies show
correlations between various psychosocial handicaps
and components of the metabolic syndrome (2–
4,39,40,43). Nonhuman primates, when subjected to
controlled psychosocial stress, develop a submissive,
depressive type of reaction. Adrenals become enlarged
as a sign of increased secretory activity, and the sup-
pressibility of cortisol secretion becomes diminished.

Furthermore, sex steroid hormone secretions are dimin-
ished, a known consequence of long-term HPA axis
activation (45). This is followedby insulin resistance, im-
paired glucose tolerance, dyslipidemia, elevated blood
pressure, early coronary atherosclerosis, and visceral fat
accumulation (46,47). This mirrors the metabolic syn-
drome effects seen in our studies with humans subjected
to psychosocial stress.

Cross-sectional evidence indicates association be-
tween socioeconomic stress and themetabolic syndrome
(2,3,18,39). In the Whitehall studies, a socioeconomic
gradient is inversely associated with central obesity and
signs of the metabolic syndrome (48). In the men of our
studies, a similar socioeconomic-education gradient
shows the same associations and, in addition, signs of
increased stress-related cortisol secretion and a poor
dexamethasone suppression. Furthermore, these endo-
crine and somatic risk factor phenomena are propor-
tional to time of exposure of socioeconomic handicaps
(49). These observations might be considered as pro-
spective intervention studies and suggest that long-term
socioeconomic handicaps are followed by stress reac-
tions along the HPA axis with subsequent generation of
the metabolic syndrome, which amplifies the risk for
coronary artery disease and diabetes. This might be the
pathway via which social inequality leads to disease.

B Psychological Traits

Mental depression classically elevates activity of the
HPA axis and the sympathetic nervous system, and
anxiety with panic symptoms behaves similarly (50).
Depression is followed by an increased risk of develop-
ingmyocardial infarction and type 2 diabetes mellitus in
randomized, prospective population studies (51,52).
The risk at least equals that of elevated plasma lipids,
hypertension, or insulin resistance. An increased vis-
ceral fat mass has recently been demonstrated in mel-
ancholic depression (53). The metabolic syndrome is
associated with minor, subclinical depressive symptoms
(1,2,7,41,42). Mental depression may increase the risk
for serious somatic disease via the increased cortisol
secretion creating the metabolic syndrome. Depressive
symptoms in the population (41,42,54) may have the
same consequences. This area has recently been re-
viewed (7).

C Stimulant Usage

Alcohol is known to activate the HPA axis above blood
concentration of f0.1%, which is reached after about
two drinks. Alcohol overconsumption without nutri-
tional deficiencies is followed by enlargement of visceral

Figure 4 Arousal of the HPA and the central SNS is induced
by perceived stress from psychosocial and socioeconomic
handicaps. These reactions might be sensitized by perinatal

programming. Depression, anxiety, alcohol use, smoking,
and, possibly, cytokines cause direct activation. Genetic sus-
ceptibility predisposes for these reactions.
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fat depots (55). In severe cases of alcohol abuse, the so-
called pseudo-Cushing syndrome may develop, which
mimics the effects of the true Cushing’s syndrome, and is
improved or cured by alcohol abstinence (56). Alcohol
consumption at moderately elevated levels has been
found to be associated with signs of the metabolic
syndrome (39). Alcohol may consequently be an addi-
tional factor in the generation of the metabolic syn-
drome through HPA activation.

Tobacco smoking is frequently found in metabolic
syndrome patients (11) and is known to be followed by
increased cortisol secretion (57). Smokers have an
increased visceral fat mass, diminishing with smoking
abstinence (58). Smoking also induces insulin resistance
(59) and consequently the major factors of the meta-
bolic syndrome.

In summary, psychosocial and socioeconomic handi-
caps, depression and anxiety, alcohol, and smoking are
statistically associated with increased diurnal cortisol
secretion. These factors have been shown in separate
experiments to be followed by HPA axis activation,
increased cortisol secretion, and the metabolic syn-
drome. Several of these studies have an intervention
component, the results of which strengthen the argu-
ment for a cause-effect relationship. This suggests that
the statistical association of these factors with the
metabolic syndrome is caused by an elevated HPA axis
activity and cortisol secretion (See Fig. 4).

It is not possible to state which of these factors is the
most powerful in the individual case. It seems likely that
they are mixed and interrelated. One may, for example,
visualize a chain of events starting out with psychosocial
or socioeconomic misfortunes, followed by abuse of
stimulants and depressive symptoms. This chain might,
however, start with any of the separate factors as the
initial trigger.

V PHYSIOLOGICAL ELEMENTS

Certain physiological events also correlate to the meta-
bolic syndrome, including aging, cytokine exposure,
and the small-baby syndrome.

A Aging

Aging may be another stimulating factor. The changes
in regulation of the HPA axis after repeated stress re-
semble those of aging. In aging rats, the unwinding of
cortisol after a challenge is delayed, probably owing to a
diminished efficacy of the controlling feedback (60).
Aging humans show similar effects, but the effects

cannot be separated from those of the unavoidable
stressful events of a long life (61,62).

B Cytokines

Recently several studies have shown that elevations of
C-reactive protein and cytokines are associated with the
metabolic syndrome and risk for cardiovascular disease
(63,64). Cytokines, particularly interleukin-6, are pow-
erful stimulators of the HPA axis, probably explaining
the elevated cortisol secretion during infections (65,66).
It therefore seems possible that chronic infections acti-
vate the HPA axis via cytokines, inducing the same
cascade of events as described above with generation of
conventional risk factors (see Fig. 4). This problem is
under study.

C Small-Baby Syndrome

Children born small for gestational age have been
shown, with strong statistical correlations in several
studies, to develop the metabolic syndrome with in-
creased risk for cardiovascular disease and type 2 dia-
betes mellitus at adult age (67). Results of recent studies
suggest that such subjects also show signs of an increased
cortisol secretion and a sensitive HPA axis (34,35). The
question, then, is, why do children small for gestational
age develop a sensitive HPA axis?

Recent experimental studies in rats now provide
likely explanations. Prenatal immune challenges, such
as exposure to lipopolysaccharides, cytokines, or gluco-
corticoids, result at adulthood in apparently permanent
changes in the sensitivity of the HPA axis. One common
denominator for several of these agents might be a
stimulation of secretion of endogenous glucocorticoids
which may interfere with the sensitive development of
neuroendocrine regulations. The locus of impact seems
to vary with time of exposure and power of the inter-
vention agent, and is localized to the mechanisms facil-
itating central HPA axis stimulation or to the feedback
control by downregulation of the density of central glu-
cocorticoid receptors responsible for the feedback sig-
nals (68–70). The consequences effect body fat mass,
insulin sensitivity, and sex steroid hormones. Fetal cyto-
kine exposure during the first 8–12 days of pregnancy
produces in adulthood a condition like the metabolic
syndrome in terms of stress sensitivity, sex steroid ab-
normalities, elevated body fat accumulation, and insulin
resistance (69).

Postnatal impacts are also important for adult out-
comes. For example, one injection of testosterone to
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newborn female rats results in metabolic syndrome–like
symptoms at adulthood (71), while excess corticoster-
one exposure during this period results in lean adult
rats (72).

These results demonstrate clearly that the perinatal
period is very sensitive to various impacts which can
result in permanent neuroendocrine, metabolic and
body composition changes. Apparently numerous fac-
tors mediate such impacts, several of which are of
potential interest for the human situation. Lipopolysac-
charides and cytokines produced during maternal infec-
tions might inflict stress on the preborn baby. The
original Barker (67) publications suggested that intra-
uterine underfeeding might be involved, inducing over-
secretion of glucocorticoids as active agents in an HPA
axis programming.

The Dutch Famine studies provide additional clues.
Mothers subjected to the famine during early pregnancy
had children who developed obesity and risk for car-
diovascular disease, while children of mothers exposed
late in pregnancy were small and developed hyperten-
sion and diabetes (73). It seems likely that this apparent
difference in adult outcome was due to the impact of
central regulatory systems at different sensitive periods.

We have recently started to examine the birth records
of the subjects in our populations. Preliminarily, it
appears that the HPA axis abnormalities at adulthood
are found in men born small for gestational age, which
agrees with the recent reports by Phillips (34,35). One
aim of these studies was to estimate how often the
metabolic syndrome in adulthood can be traced to birth
factors. Not all birth records have been located. How-
ever, data from subjects with missing birth records do
not differ from those whose birth records have been
found, suggesting that selection bias is not a problem.
Estimations from the prevalence of children currently
born small for gestational age (<5%) suggest that this
pathway to the metabolic syndrome might not be of
major importance today, whereas the prevalence of a
sensitive HPA axis in middle-aged adults seems to be in
the order of 25% (16). Fetal undernutrition might have
beenmore important in the U.K. 70–80 years ago, when
the subjects examined by Barker (67) were born. There
may, however, be other active factors than fetal under-
nutrition with perinatal exposure leading to sensitiza-
tion of the HPA axis, such as alcohol, tobacco smoking,
and infections, which might be more important today.
This is an area of major importance for observations
and advice during pregnancy.

In summary, the small-baby syndrome appears to be
a pathway leading tometabolic syndrome at adulthood.
The mechanism might be a permanent sensitizing of the

HPAaxis to challenges during adult life. The pathogenic
mechanism therefore probably resembles that described
in the studies in adult populations (see Fig. 4). Accu-
mulating evidence suggests that the mechanism involves
interference with normal central regulations during
sensitive periods of brain development. This might be
compared with the long-term development of a ‘‘thrifty
genotype,’’ but is in contrast a ‘‘thrifty phenotype,’’
developing from the impact of factors during preg-
nancy. The quantitative role of this pathway into the
current adult prevalence of the metabolic syndrome
cannot be estimated with any certainty, but the input by
the condition of low birth weight appears from indirect
estimations to be relatively small. This area of research
has clearly demonstrated the power of perinatal factors
to influence adult health.

VI OTHER VARIATIONS OF HPA

AXIS DYSREGULATION

A Cortisol and Burnout

In addition to the stress pattern of cortisol secretion,
another pattern is shown in Figure 1—the burnout
curve, representing <10% of the men. In that group,
there was a very low morning value and low cortisol all
over the day. Dexamethasone suppression seemed to be
blunted, with strong associations to anthropometric,
metabolic, and hemodynamic risk factors. These men
also showed low values of testosterone and IGF I (16), a
surrogate measurement of growth hormone secretion.
In this group, cortisol by itself is unlikely to be generat-
ing the risk factor, but it seems possible that low
testosterone and growth hormone secretions might be
responsible. Both these hormones, when low, are fol-
lowedby insulin resistance andvisceral fat accumulation
(5,6). When testosterone or growth hormone is added,
insulin sensitivity is regained and fat is mobilized. These
mechanisms are essentially known (5,6). These are
opposite effects to those of cortisol, and it seems likely
that the outcome in terms of the components of the
metabolic syndrome is in fact dependent on the balance
between cortisol on the one hand and sex steroid and
growth hormone on the other. In fact, the metabolic
syndrome is also seen after isolated growth hormone or
testosterone deficiency (74–76) (see Fig. 5). The mark-
edly elevated blood pressure and heart rate suggest an
increased activity of the sympathetic nervous system, a
known consequence of a failing HPA axis, perhaps a
compensatory mechanism (77). This might amplify
insulin resistance by excess mobilization of free fatty
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acids, which are elevated in themetabolic syndrome (78)
(see Fig. 5).

The reason for the pronounced derangement of the
HPA axis regulation in these rather few men is not fully
understood. Over time and under continuous stress, the
HPA axis first reacts normally but eventually does not
unwind in a normal pace after the stress challenge stops.
After further development, total cortisol secretion goes
down, resulting in a rigid, flat diurnal curve. This has
been considered to be the case when the HPA axis is
‘‘burned out’’ and might, over a sufficiently long time,
become irreversible and end up with actual substance
loss in areas of the brain where glucocorticoid density
is high, such as the hippocampus (79). These changes
have been seen in ‘‘vital exhaustion,’’ after severe ‘‘life
events,’’ in war veterans, Holocaust victims, repeated
melancholic depression, and Cushing’s syndrome, all
conditions with prolonged elevated cortisol secretion
(79). Elevated cortisol itself may have such damaging
effects, which appear to be amplified by various toxins,
including alcohol (38,60).

The men with a flat ‘‘burned-out’’ cortisol secretion
also report psychosocial and socioeconomic handicaps,
anxiodepressive traits, smoking, and alcohol consump-
tion, which are slightly higher than those of the other
subjects. Alcohol reporting is, however, notoriously
unreliable and overuse might be a hidden factor. A time
factor may also be involved, the men in question having
been exposed to damaging factors longer than the
others.

B Follow-up Studies of the Male Subjects

The cortisol secretory pattern of the men has been
subjected to further analyses. As seen in Figure 1, three
subgroups can be separated as follows. The normal
group has high morning values, and lower prelunch
values. The stressed men have lower morning cortisols,
which are unchanged before lunch. The ‘‘burned-out’’
men have still lower morning values, which remain low.
This means that morning and prelunch cortisols contain
most of the information of interest for evaluation of the
basal cortisol secretion pattern. Using only these values
and the testosterone values for categorization of the
neuroendocrine status of these men, essentially similar
associations to risk factors remain as in the more
detailed statistical analyses utilizing all measurements
(16,21).

The men in this population have now been followed
up after 5 years. The simplified categorization outlined
above shows in preliminary analyses that the develop-
ment of any new event of hypertension, diabetes melli-
tus, angina pectoris, or myocardial infarction can be
predicted by the cortisol-testosterone measurements of
5 years ago. Consequently there are proportionally
fewer events in the normal group, more in the stressed
group, and the highest incidence is in the ‘‘burned-out’’
group (Wallerius et al., to be published).

If these observations hold true in further calcula-
tions, they strongly support the interpretation of the
chain of events suggested in this overview, summarized
in Figures 4 and 5, which is, as far as we know, the first
longitudinal observation of the relationship between
neuroendocrine stress reactions and disease. The power
of this new risk factor seems impressive, providing
information on development of disease or disease symp-
toms during such a short period of time in a comparably
small cohort. These simple measurements may prove to
be useful in screening for risk for development of serious
somatic disease in a stressful environment.

VII WOMEN AND HYPERANDROGENICITY

The endocrine, anthropometric, and metabolic findings
reported above are generally applicable to bothmen and
women. The results in women, however, show several
interesting differences (17). A major difference is the
involvement of androgens in women. We were partic-
ularly interested in this phenomenon, having shown
previously that a relative hyperandrogenicity (HA) is
associated with a powerful risk of developing type 2
diabetes mellitus, cardiovascular disease, hypertension,

Figure 5 Arousal of the HPA is followed by elevated cortisol

secretion and inhibition of the HGA and GH axes, resulting
in insulin resistance, visceral fat accumulation, and dyslipi-
demia (the metabolic syndrome). Concomitant activation of

the central SNS is followed by elevated mobilization of FFA,
amplifying insulin resistance, and induces hypertension, fa-
cilitated by insulin and leptin.
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and endometrial cancer, followed by premature mortal-
ity (11). In fact, the risk of developing diabetes increased
10- to 20-fold among the women with HA, irrespective
of menopausal state (80) (see Fig. 6). Calculations of
population attributable risk indicate that HA may
explain no less than 50–67% of all development of type
2 diabetes in women. HA may thus be one of the most
powerful risk factors for serious disease in women. The
risk seems to affect the highest quartile of testosterone
values in women (17) and may therefore be considered
to be a common risk factor in the general population of
women. This risk factor has attracted surprisingly little
attention. Androgens showed consistent, strong statis-
tical associations to anthropometric, metabolic, and
hemodynamic risk factors in women. This was partic-
ularly pronounced for free, active testosterone (T) but
was also seen for cortisol, androstenedione, and dihy-
droepiandrosterone sulfate (DHEAS), which are se-
creted mainly or exclusively from the adrenals.

Values for 17h-estradiol were low. The associations
to cortisol measurements were not as strong as in men,
and certainly not as strong as to androgens in the
women. Concentrations of the stronger androgens (T
and free T) correlated closely not only with weaker
androgens (androstenedione and 17-OH progesterone)
but also with hormones directly associated with the
activity of the HPA axis (ACTH, DHEAS, and cortisol
measurements) (17). It therefore seems likely that the
more powerful androgens are also at least partly of
adrenal origin.

As expected, measurements of abdominal obesity
also showed strong associations to the metabolic risk
factors and blood pressure. Androgens and abdominal
obesity were mutually dependent. Partial correlations
or stepwise regression analyses performed on their
associations to risk factors showed that the two con-
tributed independently (17). It is therefore apparent that
androgens and abdominal obesity both contribute to
the development of disease risk in women (Fig. 7).

T administration to women is followed by accumu-
lation of visceral fat, where estrogens might have a
protective effect (81,82). T administration to women
or female rats is also followed by systemic insulin resist-
ance, localized to the glucose transporter and glycogen
synthase systems in muscle (83–85). It is thus clear that
androgens in women are directly associated with the
metabolic syndrome, and the effect is likely to be causal.
However, the generation of risk factors is in part appa-
rently due to factors other than androgens involved in
central fat distribution and obesity, which then in turn
amplifies the risk factor generation (17).

Again, as in the men, the question comes up as to
whether there are factors that would be suspected or
known to activate the HPA axis. Indeed, approximately
the same factors as in men are associated with HA,
including psychosocial and socioeconomic handicaps,
depression and anxiety, smoking, and alcohol (17). We
believe that these factors activate the HPA axis in the
same way as in the men, resulting in hypersecretions
from the adrenals, where, in women, androgens seem to
be more powerful in their damaging effects than corti-
sol, while the opposite seems true inmen. It seems highly
likely, although not measured, that the men with evi-

Figure 6 The risk ratio for development of type 2 diabe-
tes mellitus in women in relation to sex hormone binding
(SHBG) quintiles. (From Ref. 80.)

Figure 7 In women, central arousal is followed by central
obesity and elevated androgens, probably at least partly of
adrenal origin, which are mutually dependent and are

followed by the metabolic syndrome. Aromatase might be
malfunctioning, amplifying the effects of arousal of the
hypothalamic-pituitary-adrenal axis. (From Ref. 17.)
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dence of elevated activity of the HPA axis also secrete
excess adrenal androgens, but this small increase in total
androgen production in men is probably insignificant
for peripheral effects, and is hidden in the much larger
gonadal production.However, in thewomen, we cannot
overlook HA generation from the ovaries.

The explanation of HA effects in the women is then
likely to be at least partly due to activation of the HPA
axis with androgens oversecreted from the adrenals.
Androgens in circulation are converted to estrogens
via the enzyme CYP-450 aromatase. Interestingly,
women with HA have a polymorphism in the aromatase
gene, localized to the microsatellite of the fifth intron.
This microsatellite, consisting of the tetranucleotide
repeat TTTA, is shorter than average in the HA women
(17). The low estrogen/androgen ratio in these women is
compatible with a deficient function of the aromatase,
although direct measurements of enzyme activity have
not yet been performed. Such a short microsatellite has
previously been reported in womenwith an elevated risk
to develop breast cancer or osteoporosis (86,87), and is
therefore an association of major interest for develop-
ment of serious disease in women.

It also turns out that nonsmoking women in this
population, who at age 42 have managed to keep their
body weight constant since the age of 21, have high
estrogens and low androgens, resulting in a high estro-
gen/androgen ratio, compatible with an excellent func-
tion of the aromatase enzyme. Theirmicrosatellite in the
aromatase gene is longer than average, and there is no
overlap between the number of tetranucleotides in the
groups of abdominally obese, hyperandrogenic women,
described above, and the lean women with low andro-
gens (88) (Fig. 8). Thus, we have two groups of women
who are different not only phylogenetically but are
totally opposite in the obesity and risk factor pattern,
in the sex steroid hormones, and in microsatellite repeat
sequences in the aromatase gene.

Recently it has been shown that a knockout of the
aromatase gene is followed by not only elevated andro-
gens in female mice, but also by abdominal obesity (89).
We therefore speculate that the aromatase function is a
regulator not only of androgen levels in women, but also
of the tendency to develop visceral obesity and the
metabolic syndrome. Women with a deficient function
based on an aberrant allele in the aromatase gene might
be particularly susceptible to the metabolic syndrome
with abdominal obesity when exposed to a stressful
environment. There is a clear possibility that the short
allele in the aromatase microsatellite indicates a poor
function of the enzyme, followed by abdominal obesity
and the metabolic syndrome.

Abdominal obesity in women is closely associated
with HA and increased risk to develop endometrial and
mammary carcinomas (11). These are hormone-depen-
dent cancers, and one might consider the hypothetical
possibility that HA might be involved in the patho-
genesis.

VIII HYPERTENSION IN THE METABOLIC

SYNDROME

The relationship among blood pressure, obesity, and
insulin is much debated, with controversial results (Fig.
5, right part). Numerous studies show a relationship
among blood pressure, insulin resistance, and hyper-
insulinemia; several others find none; still others show a
mixture of results in subgroups. This was summarized in
an excellent comprehensive review by Rocchini in the
previous edition of the Handbook (90). Correlation
studies therefore do not give much promise for this
direction of research. Rocchini suggests that insulin
affects blood pressure regulating mechanisms selec-
tively, which might explain the controversies in corre-
lative findings.

Such mechanisms include enhanced sodium reten-
tion but the picture is unclear. There is considerable evi-
dence that insulin causes sodium retention in acute
experiments, but the presumed long-term conse-

Figure 8 Distribution of tetranucleotide repeats in themicro-
satellite of the fifth intron of the CYP 450 aromatase gene in
women in the population. Obese, hyperandrogenic women

have a stretch of the tetranucleotide repeats corresponding to
168–171 bp’s and lean, healthy women an average stretch of
187 bp’s. (From Refs. 17,88.)
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quence—volume expansion with elevated blood pres-
sure—does not seem to have been conclusively shown
(90). Such a consequence seems rather unlikely, because
volume-regulating mechanisms should prevent it (91).
Furthermore, the concept of salt-induced pathogenesis
of primary hypertension has in general been received
with considerable doubt, at least within a normal range
of salt intake variation, although a possibility exists of
subgroups with genetically salt-sensitive individuals
(91). Thus, the argument for an insulin-mediated reten-
tion of salt in obesity and hypertension is weak.

Another mechanistic hypothesis is that insulin may
act via stimulation of the central sympathetic nervous
system (92). This hypothesis is hard to prove in humans
because of the difficulties in measuring activity of the
sympathetic nervous system. For example, plasma con-
centrations or urinary outflow of catecholamines are
measurements of the activity of the total sympathetic
nervous system, but a concentration sufficient to regu-
late blood pressure might be too small to be detected.

Direct measurements of activity in sympathetic
nerves in relation to insulin levels during hyperinsuline-
mic clamp procedures do not provide long-term infor-
mation (93). Patients with insulinoma and chronically
elevated insulin levels do not become hypertensive, and
successful surgery is not followed by changes in blood
pressure (94). A major difficulty with this entire ap-
proach to the problem is, however, that primary hyper-
tension in humans develops through several stages;
increased sympathetic nervous system activity is present
only in the early stages and is absent later (91). Mean-
ingful studies therefore need to define the stages of
development of hypertension. Most studies seem to
have been performed in established hypertension, where
increased sympathetic nervous system activity would
not have been expected to be present.

Primary hypertension develops through an initial
phase of hyperkinetic circulation, due to frequent acti-
vation of the sympathetic nervous system (95). Long-
term follow-up studies indicate that this transitions into
a stage, which is dominated by a peripheral circulatory
resistance developed through adaptive processes (96).
The evidence for such a stage and the involvement of the
central sympathetic nervous system in early phases are
considerable, and this pathogenic pathway of hyper-
tension seems to have reached a consensus in the field of
hypertension research (97). These observations are
based on subjects with or without obesity, with varying
degrees of insulin resistance and hyperinsulinemia.
There is evidence that insulin activates the central
sympathetic nervous system (92). It may therefore be
presumed that a development towards hypertension

would be more likely to occur or to be more pro-
nounced, if insulin amplifies sympathetic nervous sys-
tem activity in hyperinsulinemic conditions such as in
the metabolic syndrome.

There is, however, convincing evidence for other
primary events. Already Brod (98) in the 1950s could
show an increased stress sensitivity in early stages of
hypertension. Such observations are corroborated by
striking epidemiological observations. Nuns in a se-
cluded cloister in northern Italy have been followed
through decades and do not see increased blood pres-
sure with age, unlike women of similar ages living
outside the calm environmental conditions of the clois-
ter. The difference is apparent also after adjustments for
obesity, diet, alcohol intake, and childbirth (99). The
difference in blood pressure development seems to be
best explained by the psychosocial environment.

Another similar example comes from the Kuna
Indian tribe, where individuals who moved into a large,
boisterous city developed hypertension, while those re-
maining in their ordinary habitat, or moving to a calm
environment outside the same city, remained normo-
tensive. Salt intake does not appear to have played a
role because the salt intake is rather high in this tribe
and similar irrespective of habitat (100). Again these
observations support the detrimental influence of a
stressful environment for the development of hyper-
tension.

Direct prospective evidence is provided by studies in
the United States, where increase in blood pressure with
time, carefully measured continuously during ordinary
life conditions, is proportional to environmental stress
(101). Taken together, this evidence strongly suggests
influence by environmental stress factors as an impor-
tant pathogenic feature of primary hypertension. When
the metabolic syndrome with insulin resistance and
hyperinsulinemia is added, it seems likely that insulin
might amplify blood pressure elevation with insulin as
an active component (see Fig. 5).

These results allow a consideration of another impor-
tant factor. As reviewed above, the metabolic syndrome
seems to have a background ofHPA axis activation, due
to environmental factors, where perceived stress from
psychosocial and socioeconomic problems are impor-
tant ingredients. In animals, there is a profile of different
stress reactions depending on the perception of a threat-
ening challenge. With apparent possibilities to cope
with the challenge, the sympathetic nervous system is
activated with elevated blood pressure—the fight-flight
reaction. When the threat seems overwhelming, a
depressive, defeat reaction occurs with activation of
the HPA axis and a secondary inhibition of growth
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and gonadal axes. This activation may shift from one to
the other depending on the situation of danger or
pressure, and is often mixed (102). In humans, these
profiles are less apparent. It is in fact difficult in humans
to activate one of these centers without affecting the
other. This is probably because the central regulation of
the HPA axis and the sympathetic nervous system are
tightly interconnected at several levels (45).

The primary pathogenic triggers for the metabolic
syndrome seem to be central factors activating the HPA
axis. The data from the hypertension research field
indicate a similar origin for primary hypertension. The
parallel origin opens up the possibility that primary
hypertension and the metabolic syndrome might have a
common central origin through parallel activation of
both stress centers in the lower part of the brain, the
HPA axis, and the sympathetic nervous system.

A remaining question, then, is which is the dominant
factor in activation of the central sympathetic nervous
system, environmental stress factors or insulin? When
blood pressure is the dependent variable in partial
correlation analyses correcting for several components
of the metabolic syndrome, including abdominal obe-
sity and insulin, only measurements of the HPA axis
remain as a determinant of blood pressure (103). This
illustrates the connection between the HPA axis and
blood pressure in the men from the Swedish population
sample, where the majority does not have an established
hypertensive condition, which probably means that
secondary regulatory factors of blood pressure such
as in established hypertension are not involved. Fur-
thermore, insulin has apparently less importance for the
determination of blood pressure than HPA axis activ-
ity. More detailed studies of this problem in a smaller
group of men show associations between measurements
of the HPA axis against blood pressure response to
laboratory stress, feeding, and corticotropin-releasing
hormone administration and excretion of catechol-
amine metabolites (104), again indicating the close
connection between the HPA axis and blood pressure
regulation.

With this background it seems reasonable to suggest
that the hypertension of the metabolic syndrome is
actually due to a parallel activation of both stress axes,
the HPA axis and the central sympathetic nervous sys-
tem. The statistical associations between insulin and
blood pressure, frequently reported in the literature,
might therefore be due primarily to the HPA axis being
responsible for the insulin elevation, with a parallel
activation of the blood pressure regulating part of the
central sympathetic nervous system (Fig. 5).

Another recent development of interest for the
pathogenesis of hypertension in the metabolic syn-
drome is the connection between the leptin and the sym-
pathetic nervous systems. Leptin is produced mainly in
adipose tissue and is elevated in both obese animal
models and obese humans, in proportion to adipose
tissue mass (105). Although it was found early that
leptin not only induces satiety via a hypothalamic re-
ceptor and stimulation of thermogenesis, recent studies
have indicated that leptin also activates the part of the
sympathetic nervous system that regulates blood pres-
sure. Most obese animal models have both elevated
leptin levels and elevated blood pressure. When leptin
is infused systemically or intrathecally, blood pressure
rises, and animals genetically engineered to overpro-
duce excess leptin become hypertensive (106). Excep-
tions are the Zucker rat and the db/db mouse, which
have a mutation in the leptin receptor (106). These
observations indicate that leptin is responsible for the
hypertension seen in obese animal models, and that this
is mediated through the leptin receptor.

In human studies, polymorphisms in the leptin recep-
tor gene locus are associated with lower blood pressure.
These polymorphisms include Lys109Arg in exon 4,
Gln223Arg in exon 8, and Lys656Asn in exon 14. This
is particularly clear in obese subjects where the differ-
ences between subjects with normal and variant alleles
are important not only statistically but clinically and are
in the order of 15/10 mm Hg systolic/diastolic blood
pressure. Furthermore, when hypertensivemen (>140/
90 mm Hg) were examined separately, they were over-
weight or obese and had elevated leptin levels. Only one
out of 64 of these hypertensivemen had normal alleles in
the leptin receptor gene (107). Although not showing
cause-effect relationships, these results suggest that the
leptin system might also be of importance for blood
pressure regulation in humans, andmight showwhy not
all obese people are hypertensive. The metabolic syn-
drome is often combined with obesity, so this mecha-
nism might be of importance for blood pressure
regulation in this syndrome, particularly since the cen-
tral sympathetic nervous system clearly seems to be
involved, as reviewed above (Fig. 5).

In summary, there are thus three major explanations
of hypertension in the metabolic syndrome, namely,
elevations in sympathetic nervous system activity, insu-
lin, and leptin arising from accompanying obesity. The
triggering factor in the early stages of primary hyper-
tension is probably frequently elevated sympathetic
nervous system activity. The high prevalence of hyper-
tension in the metabolic syndrome with obesity is likely
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to be caused by additional effects of elevated leptin and
insulin, stimulating sympathetic nervous system centers
(Fig. 5).

IX ROLE OF OBESITY IN THE METABOLIC

SYNDROME

Visceral fat accumulation is part of the metabolic syn-
drome. This is, however, not the same as obesity, which
is defined as an increased body fat mass, irrespective of
localization. The question, then, is whether or not obe-
sity is part of or associatedwith themetabolic syndrome.

Obesity of the gluteofemoral or peripheral type may
occur without the metabolic syndrome (108). Further-
more, elevated visceral fat accumulation may occur
without increase of total body fat such, as with aging
or smoking (11). These examples show that visceral fat
and obesity are two different entities. Nevertheless,
obesity and proportionally increased visceral fat accu-
mulation frequently occur simultaneously (11). In fact,
in the statistical calculations of the Swedish population
samples (16,17), estimations of central waist circum-
ference (WHR), visceral fat accumulation (abdomi-
nal sagittal diameter), and estimations of total body
fat (BMI) are not only closely statistically related to
each other but also to the components of the metabolic
syndrome, suggesting that obesity is indeed a part of this
syndrome.

Obesity is caused by a positive energy balance, by
either an increased energy intake or a diminished energy
output, or both. Both of these factors are regulated by a
large number of complicated mechanisms. With the
neuroendocrine-endocrine background of the metabol-
ic syndrome, with the HPA axis and cortisol in a central
position, one may also ask if the associated obesity
might depend on similar factors.

Clinicians know that patients treated with glucocor-
ticoids often become obese with a central localization of
excess fat. Such patients often report voracious hunger,
which can be objectively observed in clinical wards.
Direct experimental measurements in humans show
that with administration of glucocorticoids, leptin levels
increase (109,110), which would be expected to decrease
food intake by induction of satiety. Nevertheless, food
intake clearly increases after exposure to elevated glu-
cocorticoid levels, shown recently in fully controlled
experiments with a food dispenser (111) or with auto-
matic recording food-monitoring equipment (112).

Animal work shows that after adrenalectomy, food
intake is low, such as in the clinical entity of Addisons’s

disease, and leptin sensitivity is elevated. With graded
replacement of corticosterone, leptin sensitivity decreas-
es and food intake increases. With doses of cortico-
sterone, resulting in oversubstitution, food consump-
tion rises, resulting in obesity evenwith high leptin levels
(113). These results show that glucocorticoids can
induce leptin resistance, which is characteristic of com-
monhumanobesity (105). Themechanism for the action
of glucocorticoids is apparently not localized to the
leptin receptor (114), but may be found in the distal
cascade of events after receptor binding.

These results clearly point to the possibility that the
HPA axis may also regulate food intake via similar
pathways. In addition, recent reports suggest that glu-
cocorticoids might be involved in the stimulation of
neuropeptide Y (NPY) secretion (115,116), shifting the
NPY-leptin balance toward the former. This informa-
tion is, however, not consistent and needs amplification.

Taken together (Fig. 9), evidence suggests the possi-
bility that cortisol secretion may in fact be involved not
only in the distribution of body fat to central depots, but
also may increase total body fat mass by elevated food
intake. This area is of considerable interest and should
attract further attention. Particularly, long-term studies
are needed.

Cortisol is oversecreted after stress challenges. That
cortisol may increase food intake raises the question of
the existence of the phenomenon of ‘‘stress eating.’’
Some people report anecdotally that they eatmorewhen
they are stressed, and feel comfort from this, while
others report that they lose their appetite. Individuals

Figure 9 ‘‘Stress eating,’’ a hypothesis. Stress induces
cortisol secretion, which is followed by increased energy

intake in spite of elevated leptin secretion. This results in
obesity with an enlarged fraction of body fat in visceral
depots (visceral obesity).
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subjected to the stress of an impending operation do not
increase food intake (117), while schoolgirls seem to do
so before examinations (118). Other reports, including
animal work, also showmixed results (119,120), and the
information in this area is not conclusive. A frequent
problem with this research is that the results have relied
on subjective reports of both stress and food intake.

A recent report (121) seems to have resolved these
problems in an ingenious way. A group of subjects were
subjected to standardized laboratory stress tests, and
saliva cortisol was measured. Thereafter they were
allowed to eat snacks, unaware that the consumption
was registered. It then turned out that those who
showed elevated cortisol during the stress test also ate
more afterward. This study indicates that only when
stress results in neuroendocrine reactions is food intake
increased, which might explain previous mixed results.

There is thus a good possibility that ‘‘stress eating’’
is indeed a reality and that subjects who show neuro-
endocrine reactions to stress normally overeat. With
time and repeated stress challenges, this would be
expected to result in the development of obesity. (Fig.
9). One might therefore consider that the current obesi-
ty epidemic is due not only to unlimited availability to
energy-dense food and limited need for physical activity
but also to current stressful life conditions. The latter
may also be involved in eating under time pressure, not
allowing time for the perception of satiety signals.

Other hormonal abnormalities in the metabolic syn-
drome might also be involved in food intake regulation.
Low concentrations of sex steroid hormones are known
to be followed by obesity (122), and castration is well
known to increase fat contents in meat products. This
might be a consequence of both increased food intake
and a lower physical activity.

Physical inactivity is most likely an important part of
the metabolic syndrome (123) and probably contributes
to the associated obesity. This may in fact be an
important factor for the pathogenesis of the entire
syndrome, because physical activity has profound
effects on components of the syndrome other than obe-
sity such as insulin resistance, elevated blood pressure
and depression (124–126). The direct effects of physical
inactivity on the regulation of the HPA axis does not
seem to have been studied. Nevertheless, physical inac-
tivity would probably amplify the metabolic syndrome
because physical activity counteracts its development
and is in fact currently the only globally efficient ther-
apeutic alternative.

In summary, the metabolic syndrome with increase
of the visceral fat depots is often combined with gener-
alized obesity. There is a possibility that this is due to

concomitant interference with energy intake regulation
by the neuroendocrine disturbance of the syndrome.
Physical inactivity is probably an important part of
this, because physical activity is an efficient treatment of
the syndrome.

X GENETICS

Genetic susceptibility to develop the metabolic syn-
drome might be localized to a large number of genes.
Since it has been considered unlikely that the compo-
nents of the syndrome—visceral obesity, insulin resist-
ance, dyslipidemia, and hypertension—can explain the
pathogenesis of the entire syndrome, genetic aberra-
tions directly associated with these components will not
be discussed. Instead, since it appears that the origin of
the metabolic syndrome is found in central regulatory
errors, emphasis will be placed on genes involved in
such pathways.

A Aromatase

The aromatase gene may be an important locus for the
regulation not only of hyperandrogenicity but also of
abdominal obesity with associatedmetabolic syndrome.
In fact, alleles of the microsatellite of the fifth intron of
this gene may be important for both the presence of or
protection from such symptoms, via short and long
alleles respectively. The long, apparently protective
allele is found among f5% of the women in the pop-
ulation we have examined (88). The short allele has
previously been reported to be associated with an
increased risk for mammary carcinoma and osteopo-
rosis (86,87) and now also with HA (17), which predicts
type 2 diabetes, cardiovascular disease, and endometrial
carcinoma (11). This, then, is apparently an allele that is
associated with a number of serious diseases in women.
The androgen receptor gene also seems to be involved
with a short microsatellite in the transactivating domain
in women with hyperandrogenicity (Baghaei et al.,
unpublished). Since sex steroid hormones exert power-
ful effects on central regulation of energy balance (122),
these effects may act via central regulatory events. The
central regulation of energy balance and HPA axis
regulation is very complex. The regulatory events
involve, among several additional mechanisms, pro-
opiomelanocortin (POMC), corticotropin-releasing
hormone, leptin, NPY, the serotoninergic, dopaminer-
gic, and adrenergic systems, and insulin, as well as their
connections with hormones, neuropeptides, transmit-
ters, and receptors. The relevance for the human sit-
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uation is not clear for all these factors. In our first
attempts, we have directed attention primarily to the
regulation of the HPA axis, the POMC system, leptin,
and the neural transmitter systems.

B Leptin

As discussed above, several polymorphisms in the leptin
receptor gene seem to protect against hypertension in
obesity (107). A remarkable, unexpected finding in these
studies is that these polymorphisms are associated with
lower BMI in comparisons with subjects without these
polymorphisms (107). With a poorly signaling receptor,
one would have expected an elevated BMI. These find-
ings suggest separate pathways for the regulation by
leptin of blood pressure and energy intake suppression.
In fact, these polymorphisms thus appear to protect
against obesity. They are found in 10–25% of the
population of men studied (107).

C The POMC System

The POMC gene produces several hormones, including
ACTH, melanocortin, and h-endorphin, all involved in
HPA axis and/or energy balance regulation (Fig. 10). A
major quantitative trait locus regulating fat mass and
leptin production is localized near the POMCgene locus
on chromosome 2 (127). Although POMC gene knock-
out produces obesity (128), only two obese subjects out
of many examined have been identified with a genetic
defect in the POMC gene locus (129). A trinucleotide
repeat in exon 3, found in 8% of Swedish men, was
associated with elevated leptin levels, but without
change in obesity measurements (130). This rather in-
frequent genetic variant then seems to protect against

obesity because it is followed by elevated levels of the
satiety hormone leptin.

Alpha-melanocyte stimulating hormone controls
energy intake via melanocortin receptors (MCR) 3
and 4 (131,132). Although early studies found only a
few associations between polymorphisms in the MCR 4
and obesity (133,134), more recent studies indicate that
this is a relatively frequently mutated gene in human
morbid obesity (135,136), resembling the phenotype of
MCR4 knockout mice (137). A G-to-A substitution in
codon 103 (Va1103Ile) was found in 3% of Swedish
men, and there were 5%G/A heterozygotes but no A/A
homozygotes (138). The G/A heterozygotes had lower
measurements of abdominal obesity. Saliva cortisol
measurements indicated normal kinetics of HPA axis
regulation. These findings suggest that the infrequent
genetic variant of aG-to-A substitution protects against
abdominal obesity.

D The Serotoninergic System

Serotonin (5-hydroxytryptamine, 5HT) exerts major
effects on the regulation of both the HPA axis and
energy intake and is also involved in mental depression
(139). Agents enhancing 5HT availability are used as
efficient drugs for the treatment of depression, and have
been used as antiobesity agents. Several receptors are
identified with different functions (140,141). Serotonin
is formed from tryptophan through hydroxylation by
the rate limiting enzyme tryptophan hydroxylase. The
concentration of 5HT in synapses depends on the rates
of formation and reuptake, the latter regulated by the
serotonin transporter. The final concentration then acts
via several 5HT receptors (5HTR).

Since the 5HT system is involved in both the HPA
axis regulation, depression, and energy balance, we
considered it of particular interest to study this system
in the metabolic syndrome, where all these variables are
involved as components or potential etiological factors
(2). Several of the observations mentioned in the follow-
ing are preliminary and result from studies performed in
women only (Baghaei et al., unpublished) with the
exception of the 5HTR 2A, which has only been exam-
ined in men (Rosmond et al., unpublished).

Homozygotes for a short allele in the promoter
domain of the tryptophan hydroxylase gene locus show
associations to a well functioning HPA axis regulation,
but not to obesity variables and their associated meta-
bolic risk factors (unpublished). This variant has a fre-
quency of 37.4%. Homozygotes for a short allele in the
promoter domain of the gene locus for the serotonin
transporter gene show elevated values of ACTH, free

Figure 10 Factors regulating food intake. Pro-opiomelano-
cortin (POMC) induces ACTH and cortisol secretion,

regulates the secretion of melanocortin, active via melano-
cortin receptors (MCR 3 and 4), and h-endorphin.
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testosterone, and perturbations in diurnal cortisol secre-
tion, suggesting a hyperactivity of the HPA axis. In
addition, elevated abdominal sagittal diameter is an
indicator of increased visceral fat mass. This genetic
variant is also associated with behavioral characteristics
(Baghaei et al., unpublished). It may be speculated that
this genetic variation is of importance for the contents of
serotonin in nerve synapses, and that the short allele
therefore produces the combined effects of both a hyper-
active HPA axis and visceral accumulation of body fat.
The homozygotes for the short-allele variant have a
frequency of f17%, while homozygotes for the long
allele are found in f33% of cases.

Further results of studies of the serotonin system
show in men associations to a genetic variant in the
5HTR 2A with a substitution of G to A at a position in
the promoter (�1438). A/A homozygotes have a lower
BMI,WHR, and abdominal sagittal diameter, while the
G/A genotype shows a diminished suppressibility of
cortisol by dexamethasone. The frequencies of the A/A
and G/G homozygotes are 33% and 12% (142). It may
be speculated that this genetic variation is associated
with a product that promotes (G variant) or protects
from (A variant) the development of abdominal obesity
via serotonin influence on the HPA axis.

Similar studies of the 5HTR 2C in women so far have
not revealed any associations of interest (unpublished).

E The HPA Axis

Finally, along the HPA axis, the gene for corticotropin-
releasing hormone (CRH) and the GR gene have been
examined. Nothing of interest seems to be present in the
CRH gene (Rosmond et al., unpublished), while the GR
gene shows several polymorphisms of potential interest.
A microsatellite in the first coding exon, containing
trinucleotide repeats (CAG), seems preliminary to be
of normal length in subjects with the metabolic syn-
drome (143). A long allele (4.5 kb), obtained by the
restriction enzyme Bc1 I, cleaving the gene in the first
intron, was found to be associated with abdominal
obesity, insulin resistance, and hypertension (144–
146). We confirmed this and found in addition a poor
control of stimulated cortisol secretion (147), suggesting
more directly that this polymorphism might be of func-
tional importance for the regulation of the HPA axis.
Thirteen percent of Swedish men are homozygotes for
this allele, and heterozygotes (45.1%) show similar
associations although less powerful. Another polymor-
phism in the promoter domain was found to be asso-
ciated with basal cortisol secretion (148). A recent
report indicated that a Tsp 5091 polymorphism in the

first coding exon is strongly associated with obesity
(149), which, however, we could not confirm (150).

These polymorphisms in the 5V domain of the GR
gene are of interest, although their potential functional
importance is not known. It might be speculated that
genetic variations in the promoter area or in the first
intron might be aberrant, with consequences for the
function of the GR gene transcript. If this is so, then one
has to postulate that there are regional tissue differences
in such polymorphisms. If the central GR is affected,
then the regulatory feedback control of cortisol secre-
tion would be expected to be inefficient, resulting in
exposure of the organism to elevated cortisol levels and
the metabolic syndrome. The findings suggest that this
might be the correct interpretation because of the
apparent association between these polymorphisms
and HPA axis regulation (147). If, on the other hand,
the peripheral GRs are not functionally optimal, this
would presumably protect from excess cortisol effects.
Tissue-specific differences in the promoter are known to
be present in the GR gene (151). It may also be
considered that a deficient function of the central GR,
resulting in poor feedback control, may be a secondary
effect due to downregulation of receptor density by
elevated cortisol secretion (38).

A recent study has shown that the genetic variation in
the GR gene, revealed by the Bcl I restriction enzyme, is
also associated with the response to overfeeding. Sub-
jects with the 2.3/2.3 kb gene variant were more suscep-
tible to body weight increase as well as elevation of
visceral fat mass, plasma lipids, and blood pressure than
subjects with the 4.5/2.3 kb genotype (152). This is in
apparent contrast to the findings in cross-sectional
studies mentioned above, where the 4.5-kb allele was
associated with abdominal obesity and other disease
risk factors. One might consider that forced overfeed-
ing, in contradiction to spontaneously occurring in-
crease in fat mass, might induce pathological events in
a normally regulated system.

The results of these studies are summarized in
Table 1. It is apparent that there are a number of
polymorphisms in these genes that are associated with
the metabolic syndrome and its presumed etiological
background in the central neuroendocrine pathways.
The data give the impression that the frequency of
protective genotypes is rather low in these population
studies, at least in the aromatase, POMC, and MCR
genes, suggesting that the genes promoting develop-
ment toward obesity are more prevalent than the gene
variants that protect. This might mean that in the
general population the genes promoting obesity are
more frequent than those that are protective. The
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situation might be different in selected cases of morbid
obesity where genetic aberrations have been found in
relatively small numbers in the leptin, leptin receptor,
and MCR 4 genes.

Moderate obesity and overweight are now very
frequent conditions (153). In fact, in several popula-
tions, those remaining lean are in the minority, as exem-
plified by findings in the population of middle-aged
women, referred to above, where fewer than one-third
have managed to keep their body weight since youth
(88). The low prevalence of being lean might be due to
selective mechanisms during periods of starvation in
prehistoric and historical times, where those with a
‘‘thrifty’’ genotype survived. Such subjects may now
constitute a majority of populations, and become obese
in the current environment of excess food of high energy
density. The minority who are able to remain lean are
either restrained eaters or have a genetic predisposition
protecting them from obesity. The findings in the pop-
ulation of a low frequency of genes protecting from
obesity, as reported above, might therefore be consid-
ered to be due to evolutionary selection (154).

XI SUMMARY, SYNTHESIS,

AND CONCLUSIONS

Substantial progress has been made since the previous
edition of this chapter in the Handbook of Obesity. The
metabolic syndrome is defined in this overview as a
clustering of the symptoms insulin resistance, visceral
fat accumulation, dyslipidemia, and hypertension. The
metabolic syndrome might be considered to originate
from a component of the syndrome, particularly when
the insulin resistance and the increased visceral fat mass

have been considered. It seems, however, that none of
the components can explain the pathogenesis of the
entire syndrome. It is difficult to visualize a pathway
whereby insulin resistance may explain the accumula-
tion of visceral fat. Visceral fat mass may, via portal free
fatty acids, generate at least dyslipidemia and hepatic
insulin resistance, but it is hard to understand how
hypertension and systemic insulin resistance might be
created through this pathway. Furthermore, this rea-
soning does not explain why depot fat is preferentially
accumulated in the ‘‘portal’’ depots in the first place. It
may be possible that portal free fatty acids amplify the
full expression of the syndrome, but it seems unlikely
that this is the primary event in the etiology of the
metabolic syndrome.

This opens the possibilities of other primary patho-
genic factors. We have since long entertained the possi-
bility that this is a syndrome of central neuroendocrine
dysregulations (155), resulting in multiple peripheral
endocrine perturbations. The idea originated from the
similarities between the metabolic syndrome and Cush-
ing’s syndrome. The major difficulty with this inter-
pretation has been that identification of a functional
hyperactivity of the HPA axis is elusive because of
technical difficulties in measuring this delicate regula-
tion. These problems are further amplified by the appa-
rent development of different phases in the regulatory
error with a first phase of increased cortisol secretion,
which then appears to diminish to lower than normal
values. In fact, the kinetics of the regulation of the HPA
axis seems as important for the associated central and
peripheral consequences as total cortisol secretion. This
might explain why urinary cortisol secretion seems to be
of limited help in disclosing the perturbations. Secon-
dary inhibitions of gonadal and growth hormone axes

Table 1 Frequency of Genetic Variants in Central Regulatory Genes Promoting or Protecting from Obesity
and the Metabolic Syndrome in Swedish Populations of Middle-Aged Men and Women

Gene locus Protecting allele Promoting allele % Protecting allele

Aromatase Long microsatellite Short microsatellite 5
Leptin receptor Several polymorphisms Normal 10–25
POMC Trinucleotide repeat No repeat 8

MCR 4 G!A G/G 3
TPH Short/short Long/long 37
SERT Long/long Short/short 33

5-HTR 2A A/A G/G 33
GR 2.3 kb 4.5 kb 39

POMC, Pro-opiomelanocortin; MCR 4, melanocortin receptor 4; TPH, tryptophan hydroxylase; SERT, serotonin

transporter; 5HTR 2A, 5-hydroxytryptamine receptor 2A; GR, glucocorticoid receptor.

For explanation of alleles, see text.
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contribute to the peripheral perturbations. The mecha-
nisms for the peripheral effects of these endocrine and
autonomic perturbations at the tissue, cellular, and
molecular levels have been established. It seems some-
what surprising that these pathways have not been
studied more extensively to disclose the pathogenesis
of risk factors for cardiovascular disease and type 2
diabetes mellitus.

Recent findings are the powerful effects of moderate
androgen elevations in women, probably at least partly
originating from the adrenals. This might be amplified
by a malfunction of the aromatase on a genetic basis.
The view on the associations between the anthropomet-
ric and metabolic parts of the metabolic syndrome
(visceral obesity, insulin resistance, and dyslipidemia)
with the hemodynamic part (hypertension) is another
new development. First, there is a statistical association
between symptoms of the neuroendocrine perturbations
and those of the sympathetic nervous system, suggesting
that both stress centers are activated in parallel. This is
independent of insulin, suggesting that insulin is not
involved primarily. The concomitant activation of the
HPA axis and the sympathetic nervous system is a well-
known phenomenon from stress research. A central
activation of the sympathetic nervous system is now
an established view on the pathogenesis of primary
hypertension. The elevated prevalence of hypertension
in the metabolic syndrome might be due to the apparent
dependence on leptin signals for blood pressure eleva-
tion. Insulin may well also be amplifying the central
activity of the sympathetic nervous system.

Our current view on the pathogenesis of hyperten-
sion in the metabolic syndrome is therefore that
a central activation of the sympathetic nervous sys-
tem occurs parallel to the activation of the HPA axis,
generating respectively elevated blood pressure and
metabolic perturbations. The high prevalence of hyper-
tension in the metabolic syndrome is probably due to
the additional, amplifying effects of leptin and insulin.
This view is strongly supported by similarities in envi-
ronmental factors activating the HPA axis and the
central sympathetic nervous system and thus inducing
a frequent or chronic central arousal. With these con-
siderations, the name ‘‘metabolic syndrome’’ may not
fit as well, because it consists not only of metabolic
symptoms, but also of anthropometric symptoms (vis-
ceral obesity) and hemodynamic symptoms (hyperten-
sion). It might therefore be time to consider changing
the name of this cluster of symptoms to the ‘‘central
arousal syndrome.’’

We have long been impressed by the statistical asso-
ciations of the neuroendocrine, autonomic, and endo-

crine symptoms and their peripheral consequences to
psychosocial, socioeconomic, depressive and anxiety
symptoms, alcohol consumption, and smoking. The
latter phenomena are all known to activate the HPA
axis and the central sympathetic nervous system, either
via perceived stress reactions or directly, and might
therefore be primary etiological factors. These are,
however, only statistical associations and need support
from intervention studies. Such evidence is now accu-
mulating. First, the Whitehall studies show a close
parallelism between a decreasing socioeconomic gra-
dient and the metabolic syndrome, which in our studies
can be coupled to HPA axis perturbations and to a time
axis of exposure. Furthermore, in prospective studies of
the development of hypertension, similar factors are
followed by elevated blood pressure. In fully controlled
studies in primates, psychosocial stress is followed by all
components of the metabolic syndrome, including ele-
vated blood pressure. In addition, depression is con-
nected to the metabolic syndrome in several ways: it can
be found in the syndrome in mild, subclinical forms; it is
characterized by the same neuroendocrine and auto-
nomic perturbations; and its appearance is followed by
the metabolic syndrome, which vanishes when the pri-
mary disease is cured.

A most interesting recent development is the appa-
rent overlap in the metabolic syndrome and the small-
baby syndrome. Both are characterized by the same
neuroendocrine and autonomic perturbations. These
seem to develop in the small-baby syndrome by sensiti-
zation of central neuroendocrine and autonomic axis
due to events during the sensitive periods of brain
development in the perinatal period. Originally thought
to be due to intrauterine malnutrition, recent develop-
ments mainly from experimental animal work have now
opened up the possibility that several other factors
might be involved, including immune challenges and
infections via endotoxins and cytokines. It is too early to
state the extent to which perinatal factors are involved
in the adult expressions of the metabolic syndrome,
although the prevalence of low birth weight in relation
to gestational age is currently considerably lower than
the prevalence of the metabolic syndrome. This is also
the case with the prevalence of HPA axis perturbations
in men with low birth weight in relation to such abnor-
malities found in the adult population. Perinatal factors
other than intrauterine malnutrition are most likely
involved and need urgently to be defined (Fig. 4).

Recent developments have now opened up the pos-
sibility that obesity, defined as increased total body fat
mass, is also a consequence of similar events, including
HPA axis involvement. This may result in increased
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food intake in spite of elevated leptin levels, a condition
of ‘‘leptin-resistant’’ obesity, typical for the prevalent
human type of obesity. Elevated cortisol seems to have
this ability both in controlled animal work and in
humans. This increases the credibility of the phenom-
enon of ‘‘stress eating’’ in certain individuals, andmight
well contribute to the current epidemic of obesity.

Much of the observed phenomena associated with
the metabolic syndrome may disappear with weight
reduction, suggesting that obesity is the primary factor,
and the neuroendocrine and autonomic phenomena
secondary. Intervention studies are useful for interpre-
tation of cause-effect relationships. There are several
factors in prospective studies leading to the metabolic
syndrome, such as the exposure to different stress-
ful conditions, exposure to exogenous glucocorticoids,
and, in women, to androgens, which argue in favor of
the interpretation offered in this overview. Further-
more, interventions with testosterone in men or growth
hormone in subjects with low secretions are followed by
global improvements without necessarily affecting total
body fat mass. A critical intervention here would be to
normalize the HPA axis regulation, but this has so far
not been possible in humans owing to the complex
situation. The complications of Cushing’s syndrome
and glucocorticoid treatment disappear, however, after
excluding excess glucocorticoid exposure. This is also
the case in animal models exhibiting obesity and the
metabolic syndrome.

If obesity is the primary factor, it is difficult to
understand why the metabolic syndrome would appear
only with visceral obesity and not with peripheral
obesity. Furthermore, the associations to environmen-
tal factors with handicaps and other phenomena listed
above would be difficult to understand, unless they
would not also be secondary to obesity. The explanation
of the effects on weight decrease on the expressions of
the metabolic syndrome is probably that a weight
decrease from an obese or nonobese starting point is
followed by disruptions of homeostasis in several neuro-
endocrine and autonomic pathways, which tend to
preserve energy. These phenomena appear with or with-
out the presence of obesity or the metabolic syndrome
and are probably not involved in the etiology of these
conditions. If these counterregulatorymechanisms were
known, the obesity treatment would be much more
successful.

The elucidation of the phylogenetic expression along
the pathways summarized above has made possible mo-
lecular genetic studies along these central etiological
ways. Associations have been foundwith several steps in
the POMC-MCR-HPA chain of events as well as in the

serotoninergic pathway. Several of these findings seem
to suggest that a genetic setup preventing obesity is
rather uncommon.

Taken together, our original hypothesis, that the
metabolic syndrome has its origin in central functional
dysregulatory events based on environmental and
genetic factors, has been considerably strengthened by
continued work in our and other laboratories. The
exploration of the function of the HPA axis by the
development of new technology has been particularly
helpful. The inclusion of the concomitant activation
of the central sympathetic nervous system, resulting
in hypertension, with the apparent similarities in es-
tablished background factors, is another important
supporting piece of information. Furthermore, inde-
pendent work showing similarities in the etiology of the
metabolic syndrome coming from prospective studies
of psychosocially stressed nonhuman primates, socio-
economically stressed humans, mental depression, and
the small-baby syndrome all provide support to the
hypothesis that the metabolic syndrome has a central
origin. Prospective observations indicate that perturba-
tions in HPA axis regulation precede adverse health
events. This provides additional strong support for the
interpretations of available information as summarized
in this overview.

The picture emerging seems to be that the current
environment, be it stressful events in a competitive so-
ciety, exposure to excessive energy-dense food, or phys-
ical inactivity, affects mental and bodily systems which
are not adapted to such pressures. Outdated survival
mechanisms and evolutionary selections are therefore
now probably allowed full expression, resulting in the
metabolic syndrome in combination with obesity.
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effect of physical training on insulin production in
obesity. Metabolism 1970; 19:631–638.

125. Krotkiewski M, Mandroukas K, Sjöström L, Sullivan
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I INTRODUCTION

Until recently, excess weight was generally overlooked
as a major risk factor for chronic disease. Now a
rapidly expanding body of data is defining the impact
of overweight and obesity on premature mortality,
cardiovascular disease, type 2 diabetes mellitus, osteo-
arthritis, gallbladder disease, some types of cancer, and
other conditions (Fig. 1) (1,2). Models using data from
the Third National Health and Nutrition Examination
Survey (NHANES III), the Framingham Heart Study,
and other sources have demonstrated a direct, dose-
dependent relationship between increasing body mass
index (BMI) and lifetime risk of various conditions
(Table 1) (3–5). Data from the U.S. Behavioral Risk
Factor Surveillance System indicate that obesity is
associated with greater morbidity and poorer health-
related quality of life than smoking or problem drink-
ing (6), and a recent conservative estimate, derived
from five long-term prospective cohort studies, suggests
that overweight and obesity account for >280,000
deaths each year in the United States (7). The substan-
tial morbidity and mortality associated with excess

weight underscore the pressing need to improve the
education of health professionals and the public about
the hazards of overweight and obesity and to remove
the barriers to healthy eating and increased physical
activity.

II MORTALITY

While the precise shape of the body weight/mortal-
ity curve remains controversial, there is little question
that substantial excess adiposity increases mortality. A
reanalysis of 12-year follow-up data of the American
Cancer Society’s Cancer Prevention Study I cohort that
excluded smokers and those with a history of cancer
or cardiovascular disease at baseline (8), as well as a
new analysis of a second Cancer Prevention cohort of
more than 1 million adults with 14 years of follow-up
(9), showed a clear pattern of increasing mortality with
increasing weight (Fig. 2). Among healthy people who
had never smoked, optimal mortality was found at a
BMI of 23.5–24.9 for men and 22.0–23.4 for women.
These data confirm similar observations from a 27-year
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Figure 1 Relation between body mass index up to 30 and the relative risks of type 2 diabetes, cholelithiasis, hypertension, and
coronary heart disease in the Nurses’ Health Study and the Health Professionals Follow-up Study. (From Ref. 13.)

Manson et al.814



follow-up of more than 19,000 middle-aged men in
the Harvard Alumni Study (10), a 16-year follow-up
of 115,000 middle-aged female nurses (11), and a 12-
year follow-up of nonsmoking Seventh-Day Advent-
ists (12). Using data from five long-term prospective
cohort studies, Allison and colleagues estimated the
annual number of adult deaths in the United States
attributable to obesity at 280,000 per year (7), making
obesity second only to tobacco as a cause of prevent-
able death in the United States.

Although some investigators have argued that the
optimal weight increases with age, this observation
is probably an artifact of the increasing prevalence of
weight loss secondary to chronic disease and comorbid-
ity among older individuals, the cumulative effects of
cigarette smoking, and the reduced reliability of BMI as
a measure of adiposity with advancing age (13). Re-
ports from the Framingham Heart Study (14), the Ad-
ventist Health Study (15), and the American Cancer
Society (8) cohorts indicate that, although the strength
of the association between body weight and mortality

decreases with age, being overweight remains predictive
of excess mortality and that at least up to age 75, a BMI
<25 kg/m2 is associated with reduced total mortality.

III CARDIOVASCULAR DISEASE

Although obesity has been linked with cardiovascular
disease for centuries, it was only formally recognized
as a major modifiable coronary risk factor in 1998 (16).
As described below, and in greater detail in subsequent
chapters, obesity is associated with increased risks of
coronary heart disease, stroke, venous thromboem-
bolism, congestive heart failure, and cardiomyopathy.
Obesity increases these risks partly through its effects
on established coronary risk factors such as hyperten-
sion, dyslipidemia, and insulin resistance, as well as its
effects on novel risk factors such as thrombotic and
inflammatory markers. For example, in the Marks and
Spencer Cardiovascular Risk Factor Study of 14,077
middle-aged women, highly significant age-adjusted

Table 1 Prevalence Ratios and Relative Risks of Several Weight-Related Diseases in the Third
National Health and Nutrition Evaluation Survey (NHANES III),a the Nurses’ Health Study

(NHS),b and the Health Professionals Follow-up Study (HPFS)c

Overweight
(BMI 25.0–29.9 kg/m2)

Obese
(BMI 30.0–34.9 kg/m2)

Very obese
(BMI z35.0 kg/m2)

Coronary heart disease
NHANES III 1.0–1.3 1.1–1.7 2.2–3.0

NHS 1.4 1.5 1.5
HPFS 1.5 2.0 2.2

Hypertension

NHANES III 1.1–1.6 1.2–3.2 1.4–5.5
NHS 1.7 2.1 2.3
HPFS 1.7 2.7 3.0

Hypercholesterolemia
NHANES III 1.2–1.9 1.1–1.7 0.9–1.7
NHS 1.1 0.9 0.7
HPFS 1.3 1.2 1.3

Type 2 diabetes
NHANES III 1.8–3.8 2.5–10.1 3.5–18.1
NHS 4.6 10.0 17.0

HPFS 3.5 11.2 23.4
Gallbladder disease

NHANES III 1.3–1.9 1.8–4.1 2.5–21

NHS 1.9 2.5 3.0
HPFS 1.4 2.3 2.9

a Values are prevalence ratios for men and women aged <55 years and z55 years compared with individuals

with BMIs of 18.0–24.9 kg/m2.
b Values are relative risks compared with women with BMIs <25 kg/m2.
c Values are relative risks compared with men with BMIs <25 kg/m2.

Sources: Refs. 5, 51.
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changes were observed across seven categories of BMI
(<20 to z30 kg/m2) for systolic and diastolic blood
pressure, serum total cholesterol, high-density lipopro-
tein (HDL) cholesterol, low-density lipoprotein (LDL)
cholesterol, triglycerides, and fasting blood glucose
(17). Excess weight is also associated with increases
in thrombotic markers such as fibrinogen and plas-
minogen activator inhibitor-1, as well as increases in
inflammatory markers such as C-reactive protein, that
have been associated with increased risk of cardiovas-
cular disease and diabetes (18–20). Consistent with the
excess risk of coronary heart disease even among

individuals with average weights, the Framingham
Heart Study has demonstrated that many individuals
with BMIs between 23 and 25 kg/m2 have abnormal-
ities in serum lipids, glucose tolerance, and blood
pressure compared to those with BMIs <23 kg/m2,
and most individuals with BMIs >25 kg/m2 have such
abnormalities. In addition to its effect on these car-
diovascular risk factors, obesity appears to have an
independent effect on cardiovascular risk, suggesting
the existence of additional mechanisms.

Limited data are available regarding the long-term
benefits of intentional weight loss on cardiovascular
risk. However, a number of mostly small clinical trials
of varying design demonstrate benefits of weight loss
among overweight and obese individuals on specific
cardiovascular risk factors, including blood pressure,
glucose tolerance, and lipoprotein profile, that would
be expected to lower cardiovascular risk (21).

A Coronary Heart Disease

Numerous observational studies, including many long-
term prospective cohort studies (22–32), have demon-
strated a direct association between excess weight and
coronary heart disease, the most common cause of
death in the United States. The relationship appears
to be linear, and even individuals of average weight
(i.e., those with BMIs of 24–26 kg/m2) at midlife are
at increased risk compared with leaner individuals. In
the Nurses’ Health Study, for example, even after con-
trolling for age, smoking, menopausal status, use of
postmenopausal hormones, and parental history of
myocardial infarction, the relative risk of coronary
heart disease was 1.2 (95% CI, 0.97–1.44) for women
with BMIs of 21–22.9 kg/m2, 1.46 (95% CI 1.20–1.77)
for BMIs of 23–24.9 kg/m2, 2.06 (95% CI, 1.72–2.48)
for BMIs of 25–28.9 kg/m2, and 3.56 (95% CI, 2.96–
4.29) for BMIs of 29 kg/m2 or more, compared with
women whose BMIs were <21 kg/m2 (33). Weight gain
after age 18 was also associated in a dose-dependent
fashion with increased risk of coronary heart disease.
When women who had lost or gained less than 5 kg
were used as the referent, the risk of coronary heart
disease was 1.65 (95% CI, 1.33–2.05) among those who
gained 8–10.9 kg, 1.92 (95% CI, 1.61–2.29) among
those who gained 11–19 kg, and 2.65 (95% CI, 2.17–
3.22) among those who gained z20 kg (33). A 26-year
follow-up of more than 5000 men and women in the
Framingham Heart Study showed that relative weight
at baseline was positively associated with coronary
heart disease, coronary mortality, and congestive heart
failure independent of age, cholesterol level, systolic

Figure 2 Multivariate relative risk of death from all causes

among men and women according to body mass index, smok-
ing status, and disease status, using subjects with a body mass
index of 23.5–24.9 kg/m2 as the referent. (From Ref. 9.)
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blood pressure, smoking, and other cardiovascular risk
factors (34). As in the Nurses’ Health Study, weight
gain after young adulthood was associated with in-
creased risk of cardiovascular disease in both men and
women.

In addition to the amount of fat, the pattern of
fat deposition may also influence cardiovascular health.
Adipose tissue in the waist, abdomen, and upper body
is more metabolically active than that in the hip, thigh,
or buttocks (35), and abdominal fat accumulation
appears to be an important predictor of dyslipidemia,
hypertension, and coronary heart disease, as well as of
type 2 diabetes. The increased sensitivity of abdominal
fat cells to lipolytic stimuli and the subsequent direct
delivery of fatty acids and glycerol to the liver, thus
inducing insulin resistance, are possible pathophysio-
logic explanations for these observed associations.
Abdominal adiposity can be estimated using waist cir-
cumference or waist-to-hip ratio. A waist-to-hip ratio
>0.80 in women or >0.95 in men is predictive of a
substantially increased risk of cardiovascular disease
(36,37). Similarly, a waist circumference of z35 inches
in women or z40 inches in men is associated with
increased vascular risk.

B Stroke

The clear weight-related increases in blood pressure,
lipids, and blood glucose described above should be
expected to translate into an increased risk of stroke.
However, data regarding this association are less con-
sistent than they are for coronary heart disease. Among
male health professionals, abdominal adiposity but not
BMI was related to stroke risk (38), while among fe-
male nurses, BMI and weight gain were strongly asso-
ciated with increased risk of total and ischemic stroke,
but not hemorrhagic stroke (39). Among Japanese men,
subscapular skinfold thickness but not BMI or abdomi-
nal adiposity was related to stroke risk (40). And a
recent report from the Physicians’ Health Study found
that increasing BMI increased the risks of total, ische-
mic, and hemorrhagic stroke (41). To date, there are no
data from prospective studies regarding reduction in
stroke risk with weight loss.

C Venous Thromboembolism

Studies of the risk factors for venous thromboembo-
lism, which have largely been conducted among pop-
ulations of hospitalized patients, have generally
demonstrated an association between excess weight
and deep-vein thrombosis or pulmonary embolism

(42). Two prospective studies support this association.
Among female nurses, the relative risk of developing
primary pulmonary embolism over 14 years of follow-
up was 2.9 (95% CI, 1-5–5.4) among those with BMIs
of 29 kg/m2 or greater compared with those whose
BMIs were <21 kg/m2 (43). In the Swedish study of
men born in 1913, among participants in the highest
decile of waist circumference (z100 cm) the adjusted
relative risk of experiencing a deep-vein thrombosis or
pulmonary embolism over 26 years of follow-up was
3.92 (95% CI, 2.10–7.29) compared with men with a
waist circumference <100 cm (44).

IV TYPE 2 DIABETES MELLITUS

Excess weight plays a critically important role in the
etiology of type 2 diabetes mellitus (see Chap. 39).
Obesity, especially central obesity, causes insulin resist-
ance and compensatory hyperinsulinemia, which are
involved in the development of type 2 diabetes (45).
Data from NHANES III show a direct association
between BMI and prevalence of type 2 diabetes among
adults (Fig. 3) (2).

Associations between BMI and risk of type 2 dia-
betes have been observed in diverse populations,
including female nurses (46), male health professionals
(47), Mexican-Americans (48), Pima Indians (49), and
Japanese railway employees (50). In the Health Pro-
fessionals Follow-up Study, which included more than
50,000 middle-aged men, the relative risk of developing
type 2 diabetes over 5 years of follow-up was 42 times
higher in men with BMIs of 35 kg/m2 or higher than
among those with BMIs <23 kg/m2 (47); when men
with BMIs <25.0 kg/m2 were used as the referent, the
relative risk was 3.5 (95% CI, 2.9–4.1) for those with
BMIs of 25.0–29.9 kg/m2, 11.2 (95% CI, 9.3–13.6) for
those with BMIs of 30.0–34.9 kg/m2, and 23.4 (95%
CI, 19.4–33.2) for those with BMIs of 35.0 kg/m2 or
greater (51). In the Nurses’ Health Study, the relative
risk of developing type 2 diabetes over 10 years of
follow-up was 4.6-fold higher among women with
BMIs of 25.0–29.9 kg/m2 than among those with BMIs
<25.0 kg/m2, 10-fold higher among those with BMIs
of 30.0–34.9 kg/m2, and 17-fold higher among those
with BMIs of 35.0 kg/m2 or greater (51). In both of
these studies, weight gain during adulthood was
strongly associated with increases in risk of developing
type 2 diabetes.

Given the widespread prevalence of diabetes—more
than 15 million cases in the United States and 154
million cases worldwide (52)—even small reductions
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in risk could have important effects on the global
burden of this disease. Several recent studies suggest
that weight loss, either alone or combined with phys-
ical activity, improves glucose levels and insulin ac-
tion among individuals with type 2 diabetes (53) and
lowers the risk of diabetes among overweight individ-
uals (54). In the randomized Finnish Diabetes Pre-
vention Study, conducted among 522 middle-aged,
overweight men and women with impaired glucose
tolerance, the risk of developing diabetes over 3.2
years of follow-up decreased 58% among those as-
signed to intervention (weight loss, improved nutri-
tion, and increased physical activity) compared to the
control group assigned to usual care (55). Bariatric
surgery also appears to provide long-term control of
type 2 diabetes among morbidly obese patients (56).
A randomized trial funded by the National Institute
of Diabetes and Digestive and Kidney Diseases, the
Look AHEAD (Action for Health in Diabetes) trial,
is under way to examine the effects of a lifestyle
intervention designed to achieve and maintain weight
loss over the long term through decreased caloric

intake and increased exercise among 5000 obese indi-
viduals with type 2 diabetes (57). Results from this
trial should also offer important insights into the po-
tential beneficial effects of weight loss on risk of car-
diovascular disease and other chronic conditions.

V CANCER

Ever since the landmark American Cancer Society co-
hort study of 750,000 U.S. adults found a highly sig-
nificant age- and smoking-adjusted 33% increased risk
of cancer death among obese men and a 55% increase
among obese women (58), hundreds of other studies
have examined the association between weight and can-
cer in greater detail. Most, but not all, of these studies
suggest that excess weight is associated with increased
risks of endometrial (59), postmenopausal breast (59),
kidney (60), gallbladder (61), and colon (62) cancers.
A recent meta-analysis of overweight and cancer in
Europe suggests that excess weight accounts for 3.4%
of cancers in men and 6.4% in women, or a total of

Figure 3 Prevalence of type 2 diabetes in the Third National Health and Nutrition Examination Survey by BMI categories.

(From Ref. 2.)
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72,000 cases of cancer in Europe (63). By cancer site, the
population attributable risk for excess weight was 39%
for endometrial cancers, 25% for kidney cancers, 24%
for gallbladder cancers, and 11% for colon cancers.

VI LIVER AND GALLBLADDER DISEASE

Obesity is commonly associated with morphological
and functional changes in the liver. In one autopsy
study, nonalcoholic steatohepatitis, a pathological con-
dition characterized by fatty infiltration, inflammation,
and fibrosis, was observed in 18.5% of markedly obese
patients and 2.7% of lean patients; severe fibrosis was
found in 13.8% of markedly obese patients and 6.6% of
lean patients (64). Other series suggest that 70% or
more of patients with nonalcoholic steatohepatitis are
overweight (65). Although nonalcoholic steatohepatitis
is generally a benign disease, patients with this con-
dition occasionally develop cirrhosis, portal hyperten-
sion, and hepatic failure.

The risk of developing gallstones also increases with
increasing weight, with a four-to-fivefold higher prev-
alence among those with BMIs of 40 kg/m2 or higher
compared with individuals with BMIs between 18.0 and
24.9 kg/m2 (5). Among female nurses, the adjusted
relative risk of cholecystectomy or new-onset gallstones
was 6.0 (95% CI, 4.0–9.0) for obese women with BMIs
of 32 kg/m2 or greater and 1.7 (95% CI, 1.1–2.7)
for women with BMIs of 24.0–24.9 kg/m2, compared
with women whose BMIs were <20 kg/m2 (66). When
women with BMIs of <25.0 kg/m2 were used as
the referent, the relative risks were 1.9 (95% CI, 1.7–
2.0) for women with BMIs of 25.0–29.9 kg/m2, 2.5
(95% CI, 2.3–2.7) for those with BMIs of 30.0–34.9
kg/m2, and 3.0 (95% CI, 2.7–3.3) for those with BMIs
of 35.0 kg/m2 or greater (51). An analysis from the same
cohort suggested that weight cycling was also highly
associated with risk of cholecystectomy, independent of
BMI (67).

VII OSTEOARTHRITIS

Arthritis is one of the leading causes of disability among
U.S. adults over age 15 (68). Osteoarthritis of the knee,
hip, and hand account for much of this disability among
older individuals. Data fromNHANES III indicate that
the prevalence of osteoarthritis among women increases
with increasing body weight, from 52/1000 women with
BMIs between 18.0 and 24.9 kg/m2 to 172/1000 for
those with BMIs >40 kg/m2 (Fig. 4) (5). Data for men

show a similar trend. This association is most likely due
predominantly to mechanical stresses on weight-bear-
ing joints (see Chap. 42).

In the Framingham Osteoarthritis Study, among
1420 participants who had radiographs of the knee
taken during a routine biennial follow-up, 468 had
evidence of osteoarthritis. The relative risk of osteo-
arthritis was twofold higher among obese women and
1.5-fold higher among obese men than among lighter
individuals (69). A similar increased risk of osteoar-
thritis of the knee has been observed in other cohort
(70–73), twin (74), and national survey (75,76) studies.
The association between obesity and osteoarthritis of
the hip is less strong, with some studies showing a
positive association (77–79) and others showing no
association (70,73).

A recent pilot trial of exercise and weight loss among
24 elderly obese men and women showed significant
improvements in pain, performance, and disability (80).
Weight loss alone, achieved through diet (81), pharma-
cotherapy (82), or surgery (83), has also been associated
with reductions in osteoarthritis-related symptoms.

VIII SLEEP APNEA

Excessive fat in the pharyngeal area, chest wall, and
abdomen can profoundly alter pulmonary function
via adverse effects on respiratorymechanics, respiratory
muscle function, lung volume, and upper-airway nar-
rowing (see Chap. 41).

Sleep apnea, defined as a cessation of air flow for 10
sec or longer during sleep, is a common consequence of
obesity, particularly among men. More than half of
men and one-third of women in the Swedish Obese
Subjects Study reported snoring and apnea (84), com-
pared with 4% of men and 2% of women in general
populations (85). In the Wisconsin Sleep Cohort Study,
increasing weight was a significant risk factor for sleep
apnea, with a 10% increase in weight associated with a
sixfold increase in the risk of developing moderate to
severe sleep-disordered breathing (86).

Many patients with sleep apnea have excessive day-
time sleepiness. In addition, recent epidemiologic stud-
ies have demonstrated that sleep apnea is a risk factor
for hypertension (87) and may lead to the development
of cardiovascular disease. In the Sleep Heart Health
Study, for example, sleep-disordered breathing was
significantly associated with increased risks of heart
failure, stroke, and coronary heart disease (88). Weight
loss significantly alleviates sleep apnea and improves
nighttime breathing (86,89).
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IX REPRODUCTIVE HEALTH

Obesity during pregnancy is related to increased mor-
bidity for both mother and child (see Chap. 43).
Maternal obesity is associated with a 10-fold increased
risk of hypertension and a threefold increased risk of
gestational diabetes (90,91), and is also strongly asso-
ciated with the risk of pre-eclampsia (92,93). Women
who are overweight or obese are also more likely to
have other complications of pregnancy than women in
the healthy weight range. In an analysis of more than
96,000 births in Washington state, for example, over-
weight and obese women were significantly more like-
ly to have preterm deliveries, to deliver babies heavier
than 4000 g, or to require caesarean section, and infants
born to obese women had a twofold increased risk of
death within the first year of life (94). Obesity also
increases the risks associated with anesthesia, possibly
due to the technical difficulties in administration (95).
Excess weight may also interfere with the ability to
become pregnant. Among female nurses, BMI at age 18
was strongly associated with subsequent risk of ovula-

tory infertility in women with and without a diagnosis
of polycystic ovary syndrome, ranging from a relative
risk of 1.3 among women with BMIs of 24–25.9 kg/m2

to 2.7 among women with BMIs of 32 kg/m2 or greater,
compared with those with BMIs of 20–21.9 kg/m2 (96).

Obesity-related risks may be borne by the develop-
ing fetus as well, with studies suggesting associations
between maternal obesity and increased risk of neural
tube defects (97) and other congenital malformations
(98).

X QUALITY OF LIFE

Another measure of the cumulative burden of weight-
related disorders is quality of life. In analyses from the
Nurses’ Health Study, both higher BMI and substantial
weight gain during adulthood were strongly associated
with reduced daily physical functioning and vitality, a
greater burden of physical pain, and diminished feel-
ings of well-being. The average decline in physical
function experienced by a woman under age 65 years

Figure 4 Prevalence of osteoarthritis among women in the Third National Health and Nutrition Examination Survey by BMI
categories. (From Ref. 5.)
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who gained 9 kg or more over a 4-year period was ap-
proximately three times the magnitude of that associ-
ated with cigarette smoking over the same period
(99,100). In NHANES III, the proportion of partici-
pants reporting excellent health decreased in a linear
fashion with increasing BMI among whites, blacks, and
Hispanics, even in the absence of chronic disease con-
ditions (101).

XI CONCLUSION

In the United States and other developed countries, the
prevalence of many cardiovascular risk factors is
declining. Smoking rates, average cholesterol levels,
and the prevalence of hypertension in the United States
have fallen significantly since the 1960s (102). At the
same time, however, the prevalence of overweight and
obesity continues to rise and is reaching epidemic
proportions in both developed and developing coun-
tries. Given the strong associations between obesity and
cardiovascular disease, type 2 diabetes, and other
chronic diseases, this trend portends an enormous
global burden of obesity-related morbidity and mortal-
ity in the century ahead.

Public health approaches such as those used to
educate the public about the dangers of smoking, high
cholesterol, and high blood pressure must be adapted
for the prevention and control of overweight and obe-
sity. In addition, health professionals must play a more
active role in counseling overweight and obese patients
about the health hazards of excess weight and in pre-
scribing and encouraging sustained changes in behavior
that can lead to a healthier weight. Guidelines devel-
oped by the National Heart, Lung and Blood Institute
in conjunction with the North American Association
for the Study of Obesity offer concrete advice for
clinicians regarding the evaluation and treatment of
obesity (1). Given the prevalence of overweight, helping
even a small percentage of overweight or obese patients
achieve a healthy weight would have a substantial
impact on public health, as would helping those already
in the healthy weight range maintain their weight.
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I INTRODUCTION

Cardiovascular disease is the leading cause of death in
industrialized countries, and in the United States, car-
diovascular disease accounts for f50% of all deaths
(1). Obesity increases risk for coronary heart disease
(CHD), congestive heart failure (CHF), arrhythmia,
sudden death, and several other cardiovascular diseases
(Table 1). Obesity promotes several traditional risk
factors for cardiovascular disease, and in addition con-
siderable attention has been devoted to defining the
pathogenic role of excess weight that is independent of
traditional risk factors. Obesity has recently been found
to be associated with several nontraditional risk factors,
such as disturbances in fibrinolysis, impaired endothelial
function, and chronic low-grade inflammation. Regard-
less of themechanism, it is clear that obesity is associated
with deleterious effects on the heart and circulatory
system.

In the sections below, the increased demands im-
posed by obesity on the heart and circulation and the
resultant cardiovascular adaptation are reviewed. This
is followed by discussion of the contribution of obesity
to pathologic conditions such as CHF, arrhythmia,
CHD, and other cardiovascular syndromes. The bene-
ficial effects of weight loss on specific conditions and
overall cardiovascular mortality is also discussed where

evidence exists. Finally, the association between weight
loss medications and cardiac valve disease, as well as
cardiovascular effects of other appetite suppressants, is
presented.

II EFFECTS OF OBESITY ON CARDIAC

STRUCTURE AND FUNCTION

Obesity is characterized by expansion of fat mass, as
well as expansion of skeletal muscle, viscera, and skin,
all of which increase oxygen consumption (2,3).
Although metabolically active, adipose tissue oxygen
consumption is lower than for lean tissue, hence total
body oxygen consumption expressed per kilogram of
body weight in the obese is lower than in leaner persons
(3–5). Obesity is also accompanied by expansion of
extracellular volume, which comprises the intravascular
and interstitial fluid spaces. Total blood volume and
plasma volume generally increase in proportion to the
degree of overweight (4,6–8). For example, in compar-
ison to lean control groups (BMI 22 kg/m2), nonhyper-
tensive obese subjects (BMI f36 kg/m2) had 20–25%
expansion of total blood volume, while the ratio of
central to total blood volumes was comparatively
unchanged (7,8). Expansion of blood volume leads to
increased left ventricular filling, which in turn results in
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increased stroke volume (6,9–11). The increase in car-
diac output is generally in proportion to excess weight,
reflecting the interrelationships among weight, blood
volume, stroke volume, and cardiac output (4,6,7,9,12).
Heart rate, the other determinant of cardiac output, re-
mains essentially unchanged and does not significantly
contribute to increased cardiac output in obesity (4,6,7,
10,11). While cardiac output is increased in absolute
terms, when normalized to body surface area, values
remain in the normal range (4,7). Arteriovenous oxygen
extraction, another mechanism that could increase oxy-
gen delivery, is unchanged or only slightly increased in
obesity (5,9).

Reduced systemic vascular resistance accompanies
elevations in cardiac output that occur in nonhyperten-
sive obesity (4,5,7). This reduction in peripheral resist-
ance in part explains why hypertension is not observed
in all obese individuals who have elevated intravascular
volume and cardiac output. A limitation to this adaptive
mechanism clearly exists, however, since hypertension is
commonly associated with obesity.

The initial response to increased metabolic demand
and total blood volume is increased left ventricular
filling, leading to chamber dilatation and increased car-
diac output. However, longer-term structural changes
accompany this hemodynamic adaptation. Left ventric-
ular dilatation increases myocardial wall stress, which,
over time, stimulates left ventricular myocardial growth
and leads to elevated mass. In turn, wall stress is nor-
malized, diminishing (at least in part) the stimulus for
further hypertrophy. In cross-sectional observations,
ventricular mass has been increased in proportion to
BMI, degree of overweight or fat mass (11,13–17). In a
recent trial, left ventricular mass was associated with fat
mass, but was more strongly associated with fat-free
mass (18), perhaps reflecting the greater relative contri-
bution of fat-free mass than fat mass to oxygen con-
sumption. In addition to degree of obesity, duration of
obesity also appears to be predictive of left ventricular

mass (15). Left ventricular mass has been directly asso-
ciatedwithmeasures of central obesity, but the strengths
of these associations have varied considerably between
studies (11,14,18,19). Wikstrand et al. (11) have pro-
posed that central obesity does not have an independent
effect on ventricular mass, but may promote adverse
loading conditions or elevated blood pressure. Meta-
bolic factors associated with central obesity, such as
insulin resistance and hyperinsulinemia (20), have also
been proposed to contribute to left ventricular hyper-
trophy. Right ventricular dilatation and hypertrophy
also have been observed in extreme obesity (21), and the
presence of obstructive sleep apnea or obesity hypoven-
tilation syndrome appears to increase risk for right as
well as left ventricular hypertrophy (22).

When left ventricular dilatation and hypertrophy
occur together, the usual relationship between left ven-
tricular cavity radius andwall thickness is preserved and
eccentric hypertrophy results (Fig. 1). Hypertension
also promotes hypertrophy, reflecting the increased wall
stress associated with elevations in systemic vascular
resistance. Essential hypertension in lean patients is, in
contrast to obese patients, typically characterized by

Table 1 Cardiovascular Diseases Associated
with Obesity

Coronary heart disease
Stroke
Hypertension

Left ventricular hypertrophy
Congestive heart failure
Sudden death
Arrhythmia

Deep-vein thrombosis
Pulmonary embolus
Venous insufficiency

Figure 1 Effect of obesity and hypertension on cardiac struc-
ture. (Adapted from Ref. 238.)
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intravascular volume contraction and elevated systemic
vascular resistance (4,7,23). In obese hypertensives, the
effects on blood volume expansion and systemic vascu-
lar resistance reflect either a balance of the two stimuli or
favor the predominant process (7,8). In obese hyper-
tensives, effects on ventricular mass and dimensions are
independent and additive, and left ventricular mass is
greater in obese hypertensives than in obese normoten-
sives (16,17,24,25). Since intravascular volume is con-
tracted, ventricular wall thickness due to hypertrophy is
increased disproportionately to the chamber radius,
resulting in a decreased ratio of chamber radius to wall
thickness, or concentric hypertrophy. The separate and
combined effects of obesity and hypertension on the left
ventricle are depicted in Figure 1.

Autopsy studies assessing cardiac structure and pa-
thology have been mostly limited to those who were
extremely obese, which is in contrast to the studies above
which assessed subjects representing a wider spectrum
of leanness to obesity and employed echocardiography
or other noninvasive methods. Early autopsy study by
Smith andWillius (26) in 135 obese patients who died of
congestive heart failure revealed a direct relationship
between body weight and heart weight. Fatty infiltra-
tion of the heart (extension of epicardial fat into the
myocardium and perivascular region) was also noted,
leading to speculation that increased heart weight and
pathology were due to fatty infiltration. Carpenter (27)
subsequently observed fatty infiltration in f3% of
obese subjects at autopsy. Fatty infiltration occurs in
several other disease states, including malnutrition, and
despite its presence in obesity, is no longer believed to
underlie most cardiac pathology in obesity (9,12). In
another autopsy study, Amad et al. (28) examined the
relationship between bodyweight and heart weight in 12
severely obese subjects without hypertension or coro-
nary artery disease. Heart weight was far in excess of
that predicted for ideal body weight, gross ventricular
hypertrophy was present, and on microscopic examina-
tion the cause was noted to be myocardial hypertrophy.
Other autopsy studies have noted increased left ventric-
ular chamber size and mass associated with obesity,
confirming that eccentric hypertrophy is the primary
cause of increased heart weight (9).

III LEFT VENTRICULAR HYPERTROPHY

AND CONGESTIVE HEART FAILURE

A Left Ventricular Hypertrophy

Left ventricular hypertrophy is an adaptive but not an
entirely benign response. Left ventricular hypertrophy
has been associated with greater risk of cardiovascular

morbidity and all-cause mortality, CHD, congestive
heart failure, arrhythmia, and sudden death (29–35).
Such effects appear to be independent of traditional risk
factors for cardiovascular disease such as hypertension,
blood lipids, and existing CHD (29–34). In aminority of
trials, effects of eccentric hypertrophy have been differ-
entiated from those of concentric hypertrophy.Koren et
al. (29) assessed mortality and cardiovascular events in
253 hypertensive patients (mean age 47 years) who had
been evaluated by echocardiogram an average of 10
years previously. Patients were classified as having
normal left ventricular mass, or concentric (n = 29) or
eccentric (n = 40) left ventricular hypertrophy, but no
information regarding obesity within each group was
provided. For the whole population, left ventricular
mass index (left ventricular mass/body surface area)
predicted cardiovascular events or death better than
several traditional risk factors. Those with baseline
concentric hypertrophy experienced the greatest num-
ber of cardiovascular deaths and events (21%and 31%),
while eccentric hypertrophy was intermediate (10% and
23%), and absence of hypertrophy demonstrated the
lowest frequencies (0% and 11%). Gardin et al. (35)
followed 5888 men and women (mean age 73 years) for
6–7 years and found that left ventricularmass at baseline
was significantly higher in those with incident CHD,
CHF, stroke (women only), and all-cause mortality
(men only). A significant trend for incident CHD and
CHF was observed across quartiles of left ventricular
mass, and in those with eccentric hypertrophy the
hazards ratio for incident CHD and CHF were 2.05
(95%CI 1.16–3.32) and 2.95 (95%CI 1.56–5.57). Thus,
left ventricular hypertrophy is clearly associated with
increased cardiovascular disease, although the specific
relationships between left ventricular hypertrophy and
geometry and cardiovascular outcomes in obese
patients require further definition.

B Congestive Heart Failure

When the hypertrophic response is commensurate to left
ventricular dilatation, filling pressures and wall stress
are normalized by increased ventricular mass, and sys-
tolic function is maintained (12). Even when systolic
function is maintained, however, left ventricular dia-
stolic dysfunction may occur (15,36–38). Diminished
ventricular compliance results in impaired accommoda-
tion of volume during diastole, resulting in diastolic
dysfunction (15,36–38). Factors associated with dia-
stolic dysfunction include degree and duration of over-
weight, degree of volume expansion, and adverse
loading conditions imposed by volume overload or
hypertension (15,25,36). Diastolic dysfunction may be
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evident on the resting echocardiogram, but may not
become clinically evident until provoked by volume
overload or exercise. Frank congestive heart failure
due to diastolic dysfunction does occur but is most often
observed in extreme obesity, and echocardiography or
angiography may be needed to differentiate between
underlying diastolic and systolic dysfunction (9).

When left ventricular filling exceeds favorable load-
ing conditions and hypertrophy does not keep pace to
normalize resultant wall stress, ventricular contractility
is impaired and systolic dysfunction ensues (12). This is
illustrated on echocardiogram as an increase in the ratio
of the left ventricular cavity radius relative to wall
thickness (9,12). Further evidence of systolic dysfunc-
tion was provided by two trials that demonstrated that
left ventricular ejection fraction decreased inversely
with BMI as well as duration of overweight (6,15).
Systolic dysfunction does not occur universally in obe-
sity, but appears to be a function of the degree and
duration of overweight as well as adverse loading con-
ditions (5,6,15,39). These and other factors that poten-
tially contribute to the progression from physiologic
adaptation and compensation, to diastolic and systolic
dysfunction, and to frank decompensation, are illus-
trated in Figure 2.

Evidence for an association of obesity with CHF is
found in observational, clinical, and clinicopathologic
trials. Body weight, independent of several traditional
risk factors, was directly related to development of
congestive heart failure in the FraminghamHeart Study
(40). In that study, incidence of congestive heart failure
in those >130% of Metropolitan Relative Weight was
almost twice that of subjects <110%. In the National
Health and Nutrition Examination I follow-up study,
overweight was associated with a modestly increased
risk of developing congestive heart failure (RR 1.35,
95% CI 1.17–1.55, P<.001), which was only slightly
weakened and remained significant when included in a
multivariate model with CHD, diabetes, smoking,
hypertension, and diabetes (41). In extremely obese
patients, Alpert et al. (42) found that duration of obesity
was strongly related to the presence of CHF. In a recent
assessment of 159 consecutive patients referred for
echocardiogram for congestive heart failure, 109 had
preserved systolic function, and 40 of these 109 had a
BMI z30 kg/m2 (43). Kasper and colleagues (44) per-
formed endocardial biopsy on lean and overweight
patients with clinically evident dilated cardiomyopathy
to assess the etiology of heart failure. Specific pathologic
diagnoses were evident in 64% of the patients with BMI
<30 kg/m2, while in those patients with BMI >35 kg/
m2 no specific tissue diagnosis could be made in 77%,
suggesting that obesity may have been the primary
etiologic factor.

C Effects of Weight Loss on Cardiac Structure

and Function

Weight loss is accompanied by decreases in oxygen re-
quirements, blood volume, and cardiac output (45–47).
Reductions in blood pressure occur early in weight loss
and with modest amounts of lost weight (45,48–50),
while greater degrees of weight loss have resulted in
amelioration or resolution of severe hypertension (51–
53). Given trends toward normalization of blood vol-
ume and blood pressure, parallel changes in cardiac
function and structure might be expected. In mildly to
moderately obese persons, weight loss in the range of 4–
10 kg has only inconsistently been associated with
decreased left ventricular dimension, loading condi-
tions, and systolic function (54–60). Despite the lack
of consistency in hemodynamic and functional param-
eters, reductions in left ventricular mass or wall thick-
ness were observed in all but one (59) of these trials and
appeared to occur independent of reductions in blood
pressure (56,57). To differentiate between the effects of
lost weight and reductions in blood pressure in over-

Figure 2 Pathophysiology of adaptation and congestive
heart failure in obesity. (Adapted from Ref. 12.)
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weight hypertensive subjects, MacMahon et al. (57)
compared effects of weight loss or metoprolol treatment
on left ventricular mass and blood pressure. An average
weight loss of 8.3 kg resulted in a reduction in left
ventricular mass/body surface area of 16%, and inde-
pendent effects of weight loss and blood pressure reduc-
tion were observed.

In contrast to patients with moderate obesity,
extremely obese patients who lost substantial weight
following bariatric surgery showed more consistent de-
creases in left ventricular mass and left ventricular fill-
ing, as well as improved systolic and diastolic function
(21,61–65). Improvements in structural and hemody-
namic parameters appear to correlate with factors at
baseline such as duration (65) and degree of obesity (62),
degree of impaired loading (21), left ventricular mass
(62), and degree of systolic dysfunction (63); following
surgery, improvements have been correlated with per-
cent of excess weight loss (62). Thus, improvements
would be expected in those who are most obese, have
the greatest baseline impairment and hypertrophy, and
who lose more weight.

IV ELECTROCARDIOGRAM, ARRHYTHMIAS,

AND SUDDEN DEATH

A Effects on the Electrocardiogram

Considering that obesity is associated with hemody-
namic and structural changes of the heart, as well as
with increased risk for sudden death, electrocardio-
graphic (ECG) changes would not be unanticipated.
Frank et al. (66) examined ECG findings in 1029 obese
subjects, which were then correlated with degree of
obesity, age, gender, and blood pressure. As obesity
increased, there was increased leftward QRS axis,
increased QRS voltage, and lowQRS voltage was found
in 4%. The QT interval corrected for heart rate (QTc)
was abnormally prolonged in 28% and QTc prolonga-
tion correlated with degree of obesity. In trials where the
ECG in obese subjects has been compared to lean
controls, obese patients have had more leftward QRS
axis (although pathologic left axis deviation was rare),
lower QRS voltage, and more frequent T-wave flat-
tening in the inferior and lateral leads (66–68). Alpert
(67) contrasted the ECGs of 100 obese subjects (BMI
48F2 kg/m2) with 100 lean controls and found that 11/
100 obese patients had low QRS voltage. None of these
11 subjects had elevated left ventricular mass/height
index, although in the entire population, left ventricular
mass index was elevated in 64/100. Alpert has proposed

that low QRS voltage results from electrical insulation
by subcutaneous or epicardial fat, and furthermore, that
the relatively low prevalence of low voltagemay reflect a
balance between obesity-related left ventricular hyper-
trophy and electrical insulation by fat. This is consistent
with the limited ability of the ECG to detect left
ventricular hypertrophy in obese patients, as estimates
of sensitivity range from 18–76% (69,70); the wide
variation also reflects differing methods of indexing
LV mass and criteria for hypertrophy.

Prolongation of the QT interval has been an incon-
sistent finding in healthy obese subjects, and among
trials the prevalence of prolonged QTc has ranged from
0% to 47% (66,67,71–73). Despite inconsistencies
between investigations in frank QTc prolongation,
Frank et al. (66), and more recently el-Gamal et al.
(71) and Carella et al. (73) observed that QTc increased
directly in proportion to degree of obesity or body fat.
Factors that possibly explain the variability in QT
findings include inclusion of subjects who were dieting
or who had subclinical electrolyte abnormalities, or
failure to control for timing of meal consumption in
relation to testing (since food consumption transiently
prolongs the QT interval) (74).

Disturbances in heart rhythm in lean and obese sub-
jects were assessed on standard 12-lead ECG by Alpert
(67), who found no significant differences between
groups in sinus bradycardia or tachycardia. Frank (66)
observed bradycardia (<60 bpm) in 19% of obese
subjects, in contrast to tachycardia (>100 bpm) in
0.5%. To assess the relationship between obesity and
ventricular ectopy, several trials have employed longer-
termECGorHoltermonitoring. In lean and obese (with
and without eccentric left ventricular hypertrophy)
hypertensive patientswhounderwent 24-hrHoltermon-
itoring and echocardiograms, Messerli et al. (75) found
that ventricular ectopy occurred 10 times more fre-
quently in the obese and 30 times more frequently in
the obese with left ventricular hypertrophy. Both left
ventricular mass and diastolic diameter correlated with
complexity of ectopy, and the three subjects who expe-
rienced arrhythmia had the greatest left ventricularmass
and diastolic diameter. In patients without known heart
disease awaiting bariatric surgery, a nonsignificant
increase in ectopy was observed during 24-hr holter
monitoring in comparison to lean subjects (76). In a
small number of moderately obese patients referred for
suspicion of arrhythmia, frequency of ventricular
ectopy correlated with BMI as well as with left ventric-
ular mass index, but in a multivariate model including
age and hyperinsulinemia, both BMI and left ventricu-
lar mass became nonsignificant (77).
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B Arrhythmia

Obesity promotes several risk factors for arrhythmia,
including left ventricular hypertrophy, CHD, auto-
nomic imbalance, and sleep apnea. While these factors
may contribute to arrhythmia risk, documentation of
malignant arrhythmias in obese patients with these risk
factors has been scarce (75,77,78). Proposed mecha-
nisms linking structural changes to arrhythmia include
altered myocyte electrophysiology, fatty infiltration of
the myocardium, myocardial fibrosis, myocardial ische-
mia resulting from diminished perfusion fromdilatation
and hypertrophy in combination with increased myo-
cardial demand or work, and physical disruption of the
conducting system by myocardial hypertrophy or fatty
infiltration (78,79). Ventricular ectopy on 24-hr mon-
itoring in obese patients has also been observed in
association with hyperinsulinemia and with erythrocyte
magnesium content in nondieting patients, possibly
indicating defects in transmembrane cation exchange
or abnormal intracellular concentration (77).

Abnormal heart rate variability, an index of autono-
mic balance reflecting sympathetic and parasympathetic
contributions, is associated with risk for arrhythmia,
congestive heart failure, and CHD (80,81). Reduced
heart rate variability has been observed in obesity due to
withdrawal of vagal activity and sympathetic predom-
inance (76,81–84). Of interest, weight loss in the range of
9–32 kg has resulted in normalization of parasympa-
thetic activity and heart rate variability (76,83–85).
Whether weight loss–induced normalization of auto-
nomic balance is associated with reduced cardiovascu-
lar morbidity, however, remains to be demonstrated.

Obstructive sleep apnea, a condition largely attrib-
utable to obesity, is associated with multiple rhythm
disturbances including bradytachycardia (bradycardia
followed by tachycardia), bradycardia, premature
supraventricular and ventricular depolarizations, su-
praventricular tachycardia, and ventricular tachycardia
(86). In 239 patients with obstructive sleep apnea,
bradycardia was positively associated with BMI and
severity of sleep apnea, but was observed in only 7%
(87). Valencia-Flores et al. (88) conducted polysomnog-
raphy in 52 consecutive patients with an average BMI of
f50 kg/m2 who presented for outpatient obesity treat-
ment. In this study, 98% had evidence of sleep-disor-
dered breathing and 33% had severe sleep apnea.
Cardiac rhythm disturbances were observed in 41%
with severe apnea and in 27% of those with less severe
sleep apnea. The type of rhythm disturbances noted
included sinus arrhythmia (16%), premature ventricu-
lar complexes (16%), premature atrial complexes

(10%), ventricular tachycardia (6%), and supraventric-
ular tachycardia (4%). In addition, changes suggestive
of cardiac ischemia during sleep occurred in 10% of
subjects.

C Sudden Death

The first observation of increased risk of sudden death
in obesity is attributed to Hippocrates, who over two
millennia ago noted, ‘‘Sudden death is more common in
those who are naturally fat than in the lean’’ (89). In the
Framingham Heart Study, degree of overweight was
highly predictive of sudden death in men (the small
number of deaths observed in women precluded signifi-
cance), and risk for sudden death was independent of
traditional CHD risk factors (40). In the same popula-
tion, a fivefold increased risk of sudden death was
observed in those with congestive heart failure as com-
pared to the general population; although the degree of
obesity in those with congestive failure was unreported,
there is a plausible link among obesity, congestive heart
failure, and sudden death (90). In a retrospective survey
by U.S. bariatric surgeons, a total of 60 sudden deaths
were noted (91). In these patients, eight died awaiting
gastric surgery for obesity, 14 died within 10 days
following surgery, and the remainder died 12 days to 4
years after surgery. In those patients with available
ECGs, 29/38 demonstrated prolonged QTc, indicating
increased risk for arrhythmia. Despite the apparent
increased risk for sudden death, there has been difficulty
in documenting death due to malignant arrhythmia (a
final lethal event in f50% of patients dying of cardio-
vascular disease) (92).

Autopsy results from obese sudden-death patients
suggest that ventricular hypertrophy or dilated cardio-
myopathy is the most common finding, whereas other
causes to which death could be attributed were variable.
In seven young (6–32 years old) obese persons with
sudden death, Bharati and Lev (79) found ventricular
hypertrophy in 6/7 and greater-than-expected rates of
fatty and fibrotic infiltration of the cardiac conduction
system. In a study of 22 older (mean age 35 years)
sudden death patients with a mean BMI of 57 kg/m2,
dilated cardiomyopathy was found in 10, hypertrophy
without dilatation in four, coronary atherosclerosis in
six, and pulmonary embolus in one.

In the late 1970s, 58 cases of death were reported in
patients consuming very low calorie diets (93–97). Anal-
ysis of a subset of 17 of these patients revealed that death
occurred during dieting in 10/17, while the remainder
died during refeeding (96). Based on available ECGs,
75% had either prolonged QTc or low QRS voltage, or
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both. In all 11 patients who died under monitored con-
ditions, ventricular arrhythmias were observed. Fisler
(98) compiled trials reporting sudden death or ECG
abnormalities in obese dieting patients prior to 1992,
and several subsequent reports have nowbeen published
(72,99–102). It appears that starvation lastingmore than
several weeks, very low calorie diets with poor-quality
protein, and surgical weight loss without nutritional
monitoring were associated with QTc prolongation,
low QRS voltage, and sporadic arrhythmias (93–
98,103). In contrast, very low calorie diets containing
sufficient quantities of good quality protein and supple-
mented with micronutrients (72,98–101,104–107), and
starvation of brief (10 days) duration (102) have not
been associated with abnormalities of cardiac conduc-
tion, voltage, or rhythm.

Sudden death is now rarely reported in patients
undergoing surgical weight loss, suggesting that diet
quality, preoperative assessment, and postoperative
monitoring have improved. While no definitive under-
lying mechanism was found for sudden death during
prolonged starvation or very low calorie diets, a number
of factors have been proposed. Dietary factors include
consumption of inadequate or poor-quality protein,
electrolyte deficiencies, and copper deficiency (possibly
secondary to use of collagen, a protein source low in
copper) (93,98,108–110). Other proposed factors in-
clude myocardial protein depletion and increased sensi-
tivity to the sympathetic stimulation associated with
refeeding (93,98). Another proposed factor contributing
to sudden death is that there is a critical threshold for
loss of bodyweight or fat freemass. In a reanalysis in the
original 58 patients, Van Itallie and Yang (93) found a
direct relationship between initial BMI and months of
survival on a very low calorie diet. The authors suggest
that initially high levels of fat-free mass and fat might
confer a survival advantage by delaying loss to a critical
level of fat-free mass or myocardium.

V ATHEROEMBOLIC DISEASE:

CORONARY HEART DISEASE

AND STROKE

A Coronary Heart Disease

Obesity is associated with increased risk for CHD,
reflecting increased risk for both atherosclerosis of the
coronary arteries and ischemic events. Accordingly, the
American Heart Association recently classified obesity
as a major risk factor for CHD independent of tradi-
tional CHD risk factors (111). The development of ath-
erosclerotic disease represents a progression from

plaque formation to plaque rupture and thrombus for-
mation, and finally to fibrosis (112). Obesity and central
body fat distribution have been demonstrated to pro-
mote processes contributing to each of these stages
(Table 2). Traditional CHD risk factors, such as dia-
betes, hypertension, and dyslipidemia, are discussed
elsewhere in this volume. Several emerging nontradi-
tional risk factors for CHD are associated with obesity,
including the role of chronic inflammation, endothelial
dysfunction, and alterations in hemostasis and coagu-
lation.

Coronary heart disease has recently been associated
with a state of chronic low-level inflammation, a state
that may indicate underlying CHD, but also may con-
tribute to pathogenesis (113–115). Several circulating
markers of inflammation, such as C-reactive protein
(CRP) and fibrinogen, have been identified as predictors
of CHD incidence and prognosis. CRP is an acute phase
protein that is elevated in response to inflammation or
infection. CRP has been found to correlate directly with
degree of overweight, body fat, and central fat distribu-
tion; in addition, CRP has been associated with insulin
resistance, activation of coagulation, and subclinical
atherosclerosis (113,114,116–121). In several trials,
CRP was a significant predictor of new CHD events
and prognosis after CHD events, and use of CRP has
improved prediction of CHD events when combined
with blood lipids (119,122,123). CRP is produced in the
liver primarily under the control of interleukin-6 (IL-6),
a pro-inflammatory cytokine produced inmacrophages,
lymphocytes, and fat cells (124). IL-6 itself has been
associated with CHD (125), and also increases hepatic

Table 2 Risk Factors for CHD Associated
with Obesity

Metabolic
Diabetes

Insulin resistance and hyperinsulinemia
Dyslipidemia
Androgen excess

Cardiovascular
Hypertension
Left ventricular hypertrophy

Endothelial dysfunction
Hematologic
Hyperviscosity
Pro-coagulant state

Impaired fibrinolysis
Chronic inflammation
Hyperuricemia

Obstructive sleep apnea
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production of fibrinogen, induces insulin resistance,
stimulates lipolysis, increases endothelial release of
adhesion molecules, and increases platelet aggregation
(124). Yudkin (124) has proposed a central role for IL-6
in the link between obesity and CHD, since IL-6 pro-
duction and circulating levels increase in proportion to
body fat. Accordingly, increased levels of circulating IL-
6 may stimulate a pro-thrombotic state and endothelial
dysfunction, while CRP serves as marker of inflamma-
tion. However, this model remains speculative, and the
exact mechanisms relating inflammation and pro-
inflammatory cytokines to obesity and CHD require
further elucidation.

Obesity also appears to induce a state of hemostatic
imbalance favoring coagulation. Positive relationships
have been observed between BMI or body fat and
fibrinogen, Von Willebrand factor, factor VII, factor
VIII, and plasminogen activator inhibitor 1 (PAI-1), the
primary inhibitor of fibrinolysis (126–129). In prospec-
tive epidemiologic trials, fibrinogen, Von Willebrand
factor, factor VII, and PAI-1 levels have been associated
with incident CHD, CHD events, or long-term survival
in those with stable CHD (34,126,128,130,131).

Impaired endothelial vasodilatory responses have
been proposed to increase risk for CHD, either acutely
due to ischemia, or as markers of early dysregulation
(vasodilatory, thrombogenic, and mitogenic functions)
predisposing to CHD (132). In obese patients, endothe-
lial nitric oxide–dependent responses to insulin, ische-
mia, or acetylcholine have been abnormal in peripheral
(133–137) and coronary (138) arteries, while vasodila-
tation not dependent on endothelial nitric oxide appears
largely unaffected. Abnormal nitric oxide–dependent
endothelial relaxation has been observed in obese sub-
jects in relation to degree of obesity and central fat
distribution, which has been independent of traditional
risk factors.

Many, but not all, epidemiologic studies have shown
significant relationships between excess body weight
and CHD incidence, events, or mortality (139–160). In-
creased risk of CHD mortality was also observed in
those who were obese as adolescents, regardless of adult
weight (161), and in those who gain weight in adulthood
(156). The lack of consistent relationship between obe-
sity and CHD has been attributed to a number of meth-
odologic issues, which include misclassification bias
introduced by use of anthropometric surrogates of body
fat, failure to control for smoking status and body fat
distribution, and use of inappropriate control popula-
tions (151,162). The most consistent relationship ob-
served between obesity and coronary artery disease is a
univariate one, without control for other CHD risk fac-

tors (163). In the FraminghamHeart Study (40,164), the
26-year incidence of CHD increased proportionately to
excess weight. In that population, obesity was associ-
atedwith increasedCHD incidence of 2.4-fold inwomen
and twofold in men under the age of 50 years. In a
prospective study of BMI and mortality, Calle et al.
(165) found that CHD mortality risk in women signifi-
cantly increased when BMI exceeded 25 kg/m2, and an
approximately twofold risk of CHD mortality was
observed in women with BMI >35 kg/m2. In men,
CHD mortality risk increased significantly at BMI
>26.5 kg/m2, and risk of mortality was 2.9-fold with a
BMI of 35 kg/m2 (165).

A consistent relationship between CHD and body fat
distribution has been observed, and increased abdomi-
nal adiposity appears to increase CHD at all levels of
body weight (140,152,160,166–168). In some popula-
tions, central adiposity has been more predictive of
events or mortality than degree of overweight (128,
140,152,156,158,168,169).

In multivariate models that included traditional
CHD risk factors in addition to obesity, independent
effects of obesity on CHD have been observed with less
consistency. However, several studies have demon-
strated a persistent, but diminished, contribution of
body weight to CHD and myocardial infarction risk
when factors such as blood pressure, blood lipids,
diabetes, smoking, and age were included in multivari-
ate models (40,139,142,156,170,171). In the Nurses’
Health Study, the magnitude of elevated relative risk
of coronary disease between highest and lowest BMI
quintiles was diminished, but not eliminated, by adjust-
ment for several known risk factors (RR 3.4 vs. 1.9,
unadjusted vs. adjusted for other risk factors) (156).

Associations between body weight and coronary
artery disease among nonwhite groups have been
observed less frequently than in primarily white pop-
ulations. An inconsistent relationship has been found
for blacks (141,160,172,173), although two recent trials
have found that obesity confers risk of CHD similar to
white controls (158) or white populations. Hispanics
have a disproportionate amount of obesity, central
obesity, diabetes, and hypertension in comparison to
non-Hispanic whites, yet in middle-aged and older
Hispanics, mortality from cardiovascular disease has
been less than or equal to that in non-Hispanic whites
(146,174). In the Strong Heart Study (147,175), three
geographically diverse subgroups of American Indians
were assessed for rates of coronary heart disease and
associated risk factors, revealing that obesity was a
significant predictor of coronary heart disease inde-
pendent of other traditional risk factors, although the
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overall occurrence of coronary heart disease was less
than that reported in other populations.

While obesity may promote risk for CHD, diagnosis
is complicated by limitations due to weight or body
habitus. Accuracy of myocardial perfusion imaging
may be significantly reduced when BMI exceeds 30 kg/
m2 (176). Many exercise treadmills and angiographic
tables cannot accommodate weights over 300 lb. Thus,
in extreme obesity, greater reliance must be placed upon
clinical factors and the electrocardiogram. In addition
to difficulties in diagnosis, treatment of CHD may also
be adversely influenced by obesity. In obese patients
undergoing coronary artery bypass grafting, there have
been increased rates of sternal wound infection (177),
saphenous vein site infection (178), postoperative res-
piratory complications (179,180), prolonged hospital
stay (181), and readmission after discharge (182).

B Stroke and Peripheral Vascular Disease

Obesity and central body fat distribution increase the
risk for ischemic stroke and accelerated atherosclerotic
disease of the carotid artery, but do not appear to
increase the risk for hemorrhagic stroke (166,167,183–
188). Effects of obesity on stroke or carotid atheroscle-
rotic disease independent of traditional risk factors have
been only inconsistently reported (166,186,189–192). In
regard to peripheral vascular disease, a small number of
investigators have assessed the role of obesity and have
found little contribution of obesity to clinical disease
(193–195). Further, noninvasive measures of carotid
and femoral intima-media thickness (a measure of pre-
clinical atherosclerosis) suggest that excess body fat is
associated with thickening of only the carotid arteries
(196–198).

C Effects of Weight Loss on CHD

and Atherosclerosis

Weight loss in overweight, moderately obese, and ex-
tremely obese subjects has been demonstrated to im-
prove CHD risk factors such as blood pressure (49,186,
199,200), blood glucose and insulin concentrations
(201,202), and blood lipids (186,199,203). Hemostatic
imbalance appears to be normalized by weight loss, as
subjects who lost 8–14 kg demonstrated marked de-
creases in PAI-1, factor VIIc, and fibrinogen (186,203,
204). However, those who regain weight again revert
toward a pro-thrombotic state. Vasodilatory function
response to ischemia-induced forearm blood flow, an
indicator of endothelial vasodilatory function, was sig-
nificantly improved with weight losses of 5–7 kg (134).

CRP was also reduced by 26% in association with an
average weight loss of 8 kg in moderately obese women
(205). The effects of weight loss on early atherosclerosis
were assessed in two trials by pre– and post–weight loss
measurement of carotid intima-media thickness. In one
trial, intima-media thickness was reduced, which was
independent of changes in LDL cholesterol and PAI-1
(186). In the second trial, the progression rate of intima-
media thickness was slowed to that of lean controls
(188).

The promising effects of weight loss on risk factors
and subclinical atherosclerosis have not previously been
reflected in observational trials relating CHDmorbidity
and mortality with weight loss, in part due to lack of
differentiation between voluntary and involuntary
weight loss as well as the small numbers of those who
maintain lost weight over years (206). However, more
recent trials limited to those reporting volitional weight
loss have been more encouraging (207,208). In 4970
overweight diabetic patients, intentional weight loss
over a 12-year period was associated with a 28%
reduction in cardiovascular mortality (208). However,
further prospective trials specifically designed to
address this issue are needed to confirm effects on
mortality (209).

VI CARDIOVASCULAR EFFECTS

OF APPETITE SUPPRESSANTS

In July 1997, 24 cases of valvular heart disease were
reported in patients taking dl-fenfluramine or dexfen-
fluramine, prompting the U.S. Food and Drug Admin-
istration (FDA) to issue a public health advisory. A
month later descriptions of these cases, as well as an
additional 29 cases, were published (210–212). Regur-
gitation was observed in both left- and right-sided
valves, butmitral and aortic valvesweremore frequently
involved. On gross examination and on echocardio-
gram, affected valves were described as having a glisten-
ing appearance on echocardiogram (210). Initial
histopathology revealed changes identical to those in
valvulopathy associated with carcinoid syndrome or
with ergotamine use (210). Five preliminary surveys in
patients taking fenfluramine alone, or in combination
withphentermine, suggested that valvulopathyoccurred
in 33% (213), leading to withdrawal of dl-fenfluramine
and dexfenfluramine from the U.S market in September
1997. These early surveys were criticized, however, for
failure to employ FDA criteria for valvular disease and
because they were uncontrolled. Subsequent surveys
have generally used FDA criteria, and reflect a variety
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of methodologies. In contrast to initial estimates of
valvulopathy in 33% of fenfluramine users, subsequent
trials have reported a lower prevalence of valvulopathy,
with estimates of fenfluramine-related valvulopathy of
0% (214,215), 4.3% (216), 6.9% (217), 7.6% (218), 8%
(219), 8.8% (220), 16% (221), 16.5% (222), 23% (223),
26% (224), and 31% (225,226). Likelihood of valvulop-
athy was increased with duration of treatment (220–
222,225–227), dosage (228), or when fenfluramine was
taken in combination with phentermine (217,220,229).
In patients with valvulopathy who have been reex-
amined by echocardiogramf1 year after initial exami-
nation, there appears tobe little evidence for progression
of valvular dysfunction, and trends toward resolution
have been observed (224,230,231). Mast et al. (231)
found improvement in 17/38 patients with baseline
valvulopathy, while no change was noted in 19/38 and
worsening occurred in two. In another study of five
patients with valvulopathy, improvement was noted in
5/5 patients with resolution in 3/5 (224).

Valvular heart disease has not been observed to occur
more frequently owing to obesity itself (61,232). There
also has been no valve disease associated with sibutr-
amine, a serotonin and norepinephrine reuptake inhibi-
tor antiobesitymedication (233).Use of the serotonergic
reuptake inhibitor fluoxetene in combinationwith phen-
termine has not been associated with valvulopathy in
one study (234), but confirmatory trials are needed.

Use of certain over-the-counter or herbal weight loss
aids has also been associated with cardiovascular mor-
bidity and mortality. Increased risk for hemorrhagic
stroke in women has been associated with use of the
over-the-counter weight loss drug phenylpropanol-
amine, leading to its withdrawal from the U.S. market
(235). Use of ephedra, an herbal preparation containing
variable amounts of ephedrine alkaloids, has been
associated with a number of cardiovascular side effects,
including hypertension, tachycardia, myocardial infarc-
tion, and stroke (236). Further, chronic use of sympa-
thomimetics such as ephedra may increase risk for
hemodynamic instability during anesthesia secondary
to catecholamine depletion (237).

VII CONCLUSION

Obesity is associated with substantial risk for cardio-
vascular morbidity and mortality. The obese state is
characterized by hemodynamic and structural adapta-
tion, and promotes cardiovascular disease through tra-
ditional, newly described, or as yet undefined risk

factors. The salutary effects of weight loss on risk factors
and cardiovascular disease itself provides encourage-
ment that weight losses that are currently achievable will
have longer-term benefit. Emerging factors linking obe-
sity and CHD, such as chronic inflammation, not only
help elucidate pathogenesis, but provide specific targets
for intervention.
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I DYSLIPIDEMIC PHENOTYPES

IN CORONARY HEART DISEASE:

BEYOND CHOLESTEROL

The measurement of plasma lipid levels is now com-
monly used to assess the risk of coronary heart disease
(CHD). Several epidemiological studies have shown
that there is a significant positive relationship between
blood cholesterol levels and deaths associated with
CHD (1–3). In the Multiple Risk Factor Intervention
Trial (MRFIT), Stamler et al. (4) showed that in a sam-
ple of 356,222male subjects, increased blood cholesterol
levels were associated with a progressive increase in
CHD mortality. However, despite the fact that numer-
ous studies have shown this relationship, Genest et al.
(5) have reported that nearly 50% of patients having
ischemic heart disease (IHD) have plasma cholesterol
levels equal to or even lower than those of healthy
subjects.

Accordingly, Sniderman and Silberberg (6) empha-
sized that although the mean blood cholesterol concen-
tration in CHD patients is generally significantly higher
than that of healthy subjects, there is a considerable
overlap between CHD patients and healthy subjects.
Thus, the clinical value of total cholesterol measure-
ment alone is of limited use in distinguishing CHD pa-

tients from healthy subjects. It was therefore suggested
that additional determinations of blood lipid variables
were needed to more accurately assess risk.

Plasma cholesterol is a hydrophobic compound and
is transported in the blood by lipoproteins. Lipopro-
teins vary in size, composition, and density, and four
main families can be identified: chylomicrons, very low-
density lipoproteins (VLDL), low-density lipoproteins
(LDL), and high-density lipoproteins (HDL) (Fig. 1).
Chylomicrons are large particles found after a meal
which are responsible for the transport of alimentary
lipids. They are generally absent from the fasting plasma
of healthy subjects. Triglyceride (TG) and cholesterol
molecules of hepatic origin are secreted in VLDL par-
ticles which are converted to LDL following hydroly-
sis by the enzyme lipoprotein lipase (LPL). During the
hydrolysis of chylomicrons and VLDL, excess surface
component aggregates to form nascent HDL particles.
Additional newly formed and immature HDL parti-
cles originate from the intestine and the liver.

A LDL Cholesterol: A Major Culprit in CHD

Numerous prospective studies that have measured cho-
lesterol in the lipoprotein fractions (VLDL, LDL, and
HDL) have reported highly significant associations
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Figure 1 Simplified overview of lipoprotein metabolism. After hydrolysis of dietary triglycerides by intestinal lipase and their
secretion in the lymph as chylomicrons (containing dietary cholesterol, triglycerides, phospholipids, apolipoprotein [apo] B48, and

apo AI, AII, and AIV), these nascent particles acquire apo C and E in the circulation. The chylomicron binds to the enzyme
lipoprotein lipase located on the surface of the endothelial cells of several tissues, including adipose tissue and skeletal muscle. This
process allows the transfer of excess surface components (apo AI, AII, and AIV, of the C apolipoproteins and of phospholipids)

to HDL. The chylomicron remnant particle is then cleared from the circulation via the hepatic apo E (remnant) receptor. The first
step of chylomicron catabolism which involves hydrolysis by endothelial lipoprotein lipase appears to be modulated by numerous
hormonal and metabolic factors. The second step, which involves the clearance of chylomicron remnants by hepatocytes, does not

seem to be under close hormonal ormetabolic control. Endogenous lipids are secreted by the liver as VLDLparticles. Availability of
lipids appears to determine the fate of constitutively synthesized apo B100 and will protect apo B against its degradation. Insulin
and cortisol also seem to be important modulators of VLDL secretion via indirect (substrate availability) and direct (apo B
synthesis) effects. Apo B is synthesized on ribosomes of the rough endoplasmic reticulum and associates with lipids in its smooth

surface end. The nascent VLDL particle is then transported to theGolgi. Particles are packed in secretion vesicles and then secreted.
VLDL particles will acquire additional apolipoproteins in the circulation. With the action of endothelial lipoprotein lipase, VLDL
will be hydrolyzed into VLDL remnants, intermediate-density lipoproteins (IDL) and finally, into LDL.About 50%of the particles

will be cleared as IDL by the apo B/E receptor; the others will be eliminated by extrahepatic and hepatic apo B/E receptors as LDL
particles. NascentHDLparticles havemultiple origins (gut, liver, plasma). However, considerable evidence suggests that hydrolysis
of triglyceride-rich lipoproteins (chylomicrons and VLDL) is a major process by which excess surface components are transferred

from triglyceride-rich lipoproteins to nascent HDL particles. Thus, the more efficient the hydrolysis of triglyceride-rich lipopro-
teins, the higher the lipoprotein lipase activity in the postheparin plasma and the higher the plasmaHDL concentrations, especially
the HDL2 subfraction.
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between plasma LDL cholesterol levels and the risk of
CHD (4,7–10). Furthermore, with the development of
HMG-CoA reductase inhibitors (statins), clinicians
now have access to powerful tools to significantly lower
LDL cholesterol concentrations with associated clinical
benefits. Primary and secondary prevention trials have
shown that LDL cholesterol lowering can reduce the
risk of a first or recurrent CHD event byf30% (11–16).
Thus, the development of statins has been a remarkable
breakthrough allowing clinicians to better manage
CHD risk. However, these findings are of little help
for the remaining 70% of statin-treated patients who
remained at risk for CHD despite being treated with a
LDL cholesterol–lowering drug. Furthermore, as for
total cholesterol, prospective and cross-sectional studies
have shown that there is a considerable overlap in the
distribution of LDL cholesterol levels between CHD
patients and asymptomatic individuals (5,17,18). Thus,
other variables (established risk factors and other meta-
bolic markers of CHD risk) need to be considered to
refine our assessment of CHD risk.

Among those additional risk factors, several pro-
spective studies have shown that when low HDL cho-
lesterol is reduced, there is an increased risk of CHD
and of related mortality (17,19–21). In both men and
women, plasma HDL cholesterol has been inversely
related to the incidence of CHD, and this relationship
has been reported to be largely independent of other
parameters of the lipid profile (22). These data support
the notion that low HDL cholesterol levels increase
CHD risk. It thus seems reasonable to assume that an
intervention resulting in an increase in HDL cholesterol
levels could decrease the incidence of IHD.

This hypothesis was recently tested in the Veterans
Affairs High-Density Lipoprotein Intervention Trial
(VA-HIT), which examined the effect of a HDL choles-
terol–raising therapy using a fibrate (gemfibrozil) in a
sample of middle-aged men with documented CHD
who were recruited on the basis of their low HDL cho-
lesterol levels (23). Over 5 years, fibrate therapy reduced
the risk of a recurrent CHD event by 22% in the absence
of any LDL cholesterol–lowering effect of gemfibrozil
(23). These results confirmed that HDL cholesterol rais-
ing with fibrate therapy was relevant for the secondary
prevention of CHD in patients with low HDL choles-
terol levels. These results are also consistent with results
from transgenic animal models which have shown that
the overexpression of genes modulating HDL levels
(AI, AII, etc.) resulted in a slower progression of athero-
sclerosis (24).

In this regard, it is also important to emphasize that
patients who have low HDL cholesterol levels also fre-

quently have elevated TG concentrations. Results of
some, but not all, prospective epidemiological studies
have indicated that an elevated TG concentration did
not constitute an independent risk factor for CHDwhen
statistical corrections were made for other lipoprotein
or lipid variables such as HDL cholesterol (25). How-
ever, results of the PROCAM (Prospective Cardiovas-
cular Munster) study (8), the Helsinki Heart Study (26),
and the Copenhagen Male Study (27) have all shown
that the presence of low HDL cholesterol levels accom-
panied by hypertriglyceridemia was predictive of the
highest risk of CHD. Consequently, a low plasma HDL
cholesterol concentration must be given special atten-
tion by the clinician, particularly when it is accompa-
nied by elevated TG levels.

Mechanisms have been proposed in order to explain
the protective effect of HDL in CHD. HDL cholesterol
has been suggested to be involved in the reverse choles-
terol transport, a concept introduced byGlomset (28) in
the late 1960s and considerably expanded upon since the
identification of the ABC-1 (adenosise triphosphate-
binding cassette transporter-1) and of the SR-B1/CLA
receptors (Fig. 2), which have allowed a better under-
standing of how free cholesterol may leave cells such
as macrophages through the ABC-1 receptor, be trans-
ported by HDL, and be transferred back to the liver
through the interaction ofHDLwith a docking receptor
SR-B1/CLA-1 (29,30). There is also evidence that HDL
particles can have anti-inflammatory and antioxidative
properties that may contribute to atherosclerosis pro-
tection (31).

Another model suggests that the presence of high
plasma HDL cholesterol levels could be indicative of
effective catabolism of TG-rich lipoproteins. As shown
in Figure 3, the rapid breakdown of chylomicrons and
VLDL by the action of the enzyme LPL could lead
to an increase in the production of HDL, more spe-
cifically, the HDL2 subfraction, which seems to be
particularly abundant when LPL activity is high. Con-
sequently, the role of LPL in the breakdown of TG-
rich lipoproteins and the production of HDL could
contribute to explain the well-established inverse rela-
tionship existing between plasma TG and HDL cho-
lesterol concentrations.

Moreover, lipid transfer proteins found in plasma
allow the exchange of lipids between different lipopro-
tein fractions. In fact, one of these transfer proteins,
cholesteryl ester transfer protein (CETP), favors the
exchange of the TGs found in TG-rich lipoproteins for
HDL cholesteryl esters, resulting in the depletion of
cholesterol in HDL particles. In addition, and as
mentioned previously, a low LPL activity contributes
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to a decreased production of HDL precursors originat-
ing from the aggregation of an excessive number of sur-
face components released by the hydrolysis of VLDL
and chylomicrons. In this regard, we further examined
the metabolic heterogeneity underlying low HDL cho-
lesterol levels (32). We found that individuals with low
HDL cholesterol but normal TG levels did not show
elevated plasma insulin levels either in the fasting state
or in response to an oral glucose challenge. We also
found that isolated hypertriglyceridemia was not asso-
ciated with increased plasma insulin levels. However,
the combination of low HDL cholesterol and of mod-
erately elevated TG concentrations was associated with
a considerable and significant increase in plasma insulin
concentrations measured in the fasting state and in re-
sponse to the oral glucose load, suggesting that this
specific dyslipidemic state was particularly related to
hyperinsulinemia stemming from resistance of tissues
to insulin.

In the PROCAM Study conducted in Munster, Ger-
many (27), and in the Helsinki Heart Study (26) the
combination of high TG and low HDL cholesterol lev-
els was associated with a significant increase in the risk
of CHD and a high percentage of coronary events were
specifically related to this dyslipidemia. For instance,

among individuals of the PROCAM study whose TG
andHDL cholesterol levels were >200mg/dL and<35
mg/dL, respectively, the incidence of coronary events
observed over a 6-year period was 5.3-fold higher (128
cases/1000 people) than among subjects with a normal
lipid profile (24 cases/1000 people) (27). Consequently,
this dyslipidemic profile (including hypertriglyceride-
mia and hypoalphalipoproteinemia) associated with
hyperinsulinemia secondary to insulin resistance signifi-
cantly increases the risk of CHD among individuals
with this cluster of metabolic abnormalities.

Dr. Gerald Reaven (33) was the first to suggest the
term ‘‘insulin resistance syndrome’’ to describe a clus-
ter of metabolic abnormalities that includes hypoal-
phalipoproteinemia, hypertriglyceridemia, hyperinsu-
linemia, and increased blood pressure. To measure the
sensitivity to insulin, Dr. Reaven used the euglycemic-
hyperinsulinemic clamp in about 100 normal subjects as
well as in glucose intolerant and type 2 diabetic patients
(33). In this technique, a certain amount of insulin is

Figure 2 The role of adenosine triphosphate-binding cassette
transporter (ABC-1) and of CLA-1 docking protein in cellular
cholesterol efflux and of the scavenger receptor class B type 1

(SR-B1) in reverse cholesterol transport. Free cholesterol (C)
may be eliminated from cells such as macrophages through a
process mediated by the ABC-1 receptor. After esterification

of this free cholesterol by the enzyme lecithin-cholesterol acyl
transferase (LCAT), this esterified cholesterol (CE) contained
inmaturingHDLparticles will be transported back to the liver
and selectively taken up by hepatocytes through the inter-

action with a docking receptor SR-B1/CLA-1. Apo: apolipo-
protein; CETP: cholesteryl ester transfer protein.

Figure 3 (1) Lipid transfer proteins contribute to the
exchange of lipids between the various lipoproteins. In this

case, cholesteryl ester transfer protein (CETP) allows the
exchange of triglyceride (TG) from TG-rich lipoproteins for
cholesteryl esters of the HDL fractions, which ultimately
leads to a reduced cholesterol content of HDL particles. (2)

A low lipoprotein lipase (LPL) activity contributes to a
reduced production of nascent HDL particles originating
from excess surface components following the hydrolysis of

VLDL particles.
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infused in order to induce hyperinsulinemia to a prede-
termined level. Obviously, the rate at which blood sugar
levels drop varies if there is no simultaneous infusion
of glucose. The greater the sensitivity to insulin, the
faster the blood glucose levels fall, and the higher the
quantity of glucose needed to maintain euglycemia.
Consequently, the sensitivity to insulin, or the M value,
corresponds to the amount of glucose required to main-
tain a normal blood glucose level under a standardized
hyperinsulinemic state and this value is expressed in
milligrams of glucose infused per kilogram body weigh
per minute.

Reaven and colleagues (33) next subdivided the
group of 100 nondiabetic subjects according to fasting
insulin concentrations. The first quartile comprised
individuals with the highest blood insulin levels; the
fourth, individuals with the lowest. Within these four
groups, considerable differences were observed in terms
of in vivo sensitivity to insulin. Subjects of the lowest
insulin quartile were very sensitive to insulin (M value
>300), whereas subjects of the highest insulin quartile
were clearly insulin resistant (M value barely above
100). Two critically important observations were made.
Firstly, considerable differences in terms of sensitivity
to insulin were found even among individuals with nor-
mal glucose tolerance. Furthermore, in 25% of normal
individuals, the magnitude of the insulin resistant state
was similar to that found among glucose-intolerant
individuals or type 2 diabetic patients. Consequently,
Reaven concluded that insulin resistance is prevalent in
our population since 25% of nondiabetic subjects seem
to have this characteristic.

There is considerable evidence indicating that insulin
resistance is associated with a pro-atherogenic dyslipi-
demic state (34,35). Considering the recently confirmed
high prevalence of insulin resistance for which the
cluster of metabolic abnormalities has been defined as
the ‘‘metabolic syndrome’’ in the recent National Cho-
lesterol Education Program Adult Treatment Panel III
(NCEP-ATP III) guidelines (36), this condition is likely
to represent the most common cause of dyslipidemic
states found in CHD patients (37,38).

B ‘‘‘‘‘‘‘‘Normal’’’’’’’’ LDL Cholesterol Levels in Patients

with Metabolic Syndrome: Potentially

Misleading Information?

Plasma LDL cholesterol levels are frequently within the
normal range in patients with high TG and low HDL
cholesterol concentrations and showing the features of
the metabolic syndrome (17,33). However, other tech-
niques have made it possible to conclude that this form

of dyslipidemia related to insulin resistance is frequently
associated with high levels of apo B (the apolipoprotein
of LDL) in the presence of a relatively normal LDL
cholesterol value, suggesting the presence of a greater
number of LDL particles relatively depleted in choles-
teryl esters. Additional analytical techniques that have
used gradient gel electrophoresis to separate LDL on
the basis of size have helped confirm the fact that the
high TG/low HDL cholesterol dyslipidemia is associ-
ated with an increased proportion of small, dense LDL
particles (39–41).

In this regard, Austin et al. (41) suggested that more
than 80% of individuals characterized by a low propor-
tion of dense LDL (phenotype A), have TG levels <92
mg/dL (1.05 mM). Consequently, it could be possible,
on the basis of fasting TG concentrations, to identify a
fairly large percentage of individuals with an increased
proportion of dense LDL particles (phenotype B).
Furthermore, >50% of patients with elevated apo B
levels could also be characterized by an atherogenic
phenotype that would include hypertriglyceridemia,
hypoalphalipoproteinemia, and an increased propor-
tion of smaller and denser LDL particles (41). It is
appropriate to emphasize that this atherogenic pheno-
type is frequently observed in CHD patients with nearly
normal plasma cholesterol or LDL cholesterol concen-
trations (37,41).

From a clinical perspective, it is interesting to note
that the atherogenic B phenotype is found inf20–30%
of the population (25,41). This figure is similar to the
estimated (33)/reported (42) prevalence of the insulin
resistance syndrome (also now frequently referred to as
the metabolic syndrome because of its definition in the
recent NCEP-ATP III) (f25–30%) (33). Thus, the
hypothesis has been put forward that a high proportion
of patients characterized by hyperapobetalipoprotein-
emia and the atherogenic phenotype B may have a
common metabolic disorder: insulin resistance.

The Québec Cardiovascular Study has published 5-
year prospective data, which provided findings relevant
to the present discussion (9). In this study, 2103 healthy
men aged in their late 50s and initially free from clini-
cal manifestations of IHD were followed for a period
of 5 years for incidence of a first IHD event. Although
plasma cholesterol concentrations were higher (7%) in
men who developed IHD than in men who remained
healthy, the most substantial differences were noted for
the total cholesterol/HDL cholesterol ratio (16%) and
apo B levels (12%) (9). We then used a simple algorithm
to quantify the prevalence of dyslipidemic phenotypes
in this population (9). While we found that type II dys-
lipidemia (hypercholesterolemia) was more prevalent
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among IHDmen than in healthymen, hyperapo B (with
or without hypertriglyceridemia) was the most preva-
lent abnormality among men who developed IHD.
Stepwise logistic regression analyses revealed that apo
B concentration analysed as a continuous variable was
the best lipoprotein component predictive of IHD (43).

However, in a model excluding apo B, the total
cholesterol/HDL cholesterol ratio came out as the best
variable of the lipoprotein profile to predict IHD risk
(43). It is important to point out that both apo B and the
total cholesterol/HDL cholesterol ratio are increased in
an insulin resistant state, which provides further sup-
port that insulin resistance substantially increases the
risk of IHD. In this regard, no prospective study has
reported data on the risk of IHD associated with an
impaired in vivo insulin action. A few prospective
studies, however, have measured fasting plasma insulin
concentrations as a crude index of insulin sensitivity.
These studies reported that hyperinsulinemia was asso-
ciated with an increased risk of IHD in men (44–47). As
hyperinsulinemia resulting from in vivo insulin resist-
ance is associated with a dyslipidemic state which
includes hypertriglyceridemia, elevated apo B levels,
and reduced HDL cholesterol concentrations, it was
still unclear whether the hyperinsulinemia-IHD relation
is independent from the concomitant alterations in
plasma lipoprotein levels. Results from the Paris and
Caerphilly prospective studies had suggested that the
risk associated with hyperinsulinemia was no longer
significant after control for plasma TG levels (47–49).

C Impact of the Features of the Insulin

Resistance/Metabolic Syndrome on

CHD Risk: Evidence from the Québec

Cardiovascular Study

The 5-year follow-up results of the Québec Cardiovas-
cular Study provided data supporting the concept that
the cluster of metabolic abnormalities which accompa-
nies hyperinsulinemia (as a crude marker of insulin
resistance) was predictive of a substantially increased
risk of IHD (50). First, the 114menwho developed IHD
during the 5-year follow-up period were matched for
age, body mass index (BMI), smoking, and alcohol con-
sumption with 114 men who remained healthy. We then
excluded diabetic and IHD patients who could not be
matched with controls because of extreme smoking
habits, and we were able to match 91 nondiabetic cases
and 105 controls (50). Fasting insulin concentrations
were initially 18% higher in men who then developed
IHD than in those who remained healthy. Furthermore,

logistic regression analyses revealed that insulin levels
remained associated with IHD after adjustment for con-
comitant variation in plasma lipoproteins including apo
B concentrations (50). Two other markers of the meta-
bolic syndrome were found to be predictive of an in-
creased IHD risk in the Québec Cardiovascular Study:
apo B concentration and small LDL particles (51,52).

As the above features of the metabolic syndrome
(hyperinsulinemia, elevated apo B, and small LDL
particles) are simultaneously observed, we were also
interested in quantifying the IHD risk associated with
this triad of metabolic abnormalities (53). We found
that the presence of this atherogenic metabolic triad was
predictive of a 20-fold increase in the risk of IHD in
middle-aged men of the Québec Cardiovascular Study
(53). Thus, the clinician dealing with type 2 diabetic
patients or with nondiabetic but insulin-resistant indi-
viduals should not only focus on plasma cholesterol or
LDL cholesterol levels as the simultaneous presence of
hyperinsulinemia, elevated apo B, and increased pro-
portion of small LDL, which is clearly predictive of a
substantially increased IHD risk. The prevalence of this
cluster of metabolic abnormalities is such that it prob-
ably represents the main cause of CHD in our popula-
tion. It should also be further emphasized that this
insulin resistance/metabolic syndrome will frequently
be found among subjects with ‘‘normal’’ cholesterol and
LDL cholesterol levels (37).

II OBESITY, BODY FAT DISTRIBUTION,

AND DYSLIPIDEMIAS

Obesity is generally considered to be detrimental to
cardiovascular health (3,54) and has long been associ-
ated with the presence of dyslipidemic states and CHD
(54–56). Although some prospective studies have shown
that obesity is a significant risk factor for CVD and
related mortality in univariate analyses, it should be
recognized that this association has generally been
found to be rather weak, the relative risk ratio barely
reaching 1.5 in overweight subjects in comparison with
nonobese individuals (3,57–59). Multivariate analyses
conducted in some studies failed to identify obesity as an
independent risk factor for CVD (60,61).Thus, whether
or not obesity per se is an independent predictor of
CVD-related mortality has remained controversial, and
this issue is still a matter of some debate in the scientific
community.

In this regard, three possibilities have been raised to
explain the weak association between obesity and mor-
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tality (62). First, most epidemiological studies have used
anthropometric correlates of total body fat, which only
provide a crude assessment of total body fatness. In
addition, in order to observe the detrimental effects of
disturbances in carbohydrate and lipid metabolism on
clinical manifestations of CVD, it is likely that a pro-
longed follow-up may be necessary. Prospective studies
that have reported positive associations between rela-
tive weight and mortality had follow-up periods of 10–
15 years and even more (63). Finally, and most impor-
tantly, there is a body of data indicating that the health
hazards of obesity are more closely related to the local-
ization of excess body fat rather than to an elevated
body weight per se. For instance, although obesity is a
highly prevalent condition among patients showing
metabolic aberrations, the magnitude of the associa-
tions reported has been quite variable, and clinicians
have often been confronted with the metabolic hetero-
geneity of obesity. Therefore, it is important to ade-
quately define obesity as a health hazard in order to
develop measures aimed at the prevention and treat-
ment of its complications (64).

Body weight expressed as a function of height has
been used for a long time to obtain a crude measure-
ment of body fatness. More than a century ago, Que-
telet (65) noted that body weight (kg) was proportional
to height squared (m2). Later on, Keys and colleagues
(66) redefined the Quetelet index as the BMI which also
divides the body weight (kg) by height squared (m2).
This measure is now commonly used as a valuable in-
dex of relative weight and obesity (67). Some studies
that have used the BMI to evaluate body composition
have reported significant associations with morbidity
and mortality (54,58,63,68). Although very useful to
estimate overall obesity, the BMI has limitations.
Individuals who do not have a large excess of body
fat such as those with large muscle masses would be
misclassified as having a high-risk body weight. Fur-
thermore, the BMI does not provide information on
the localization of body fat, and additional anthro-
pometric measurements, such as the waist and hip cir-
cumferences and subcutaneous skinfolds, have been
commonly used to estimate regional adipose tissue dis-
tribution (68).

Anthropometric estimates such as the waist-to-hip
ratio (WHR) and skinfold measurements have gener-
ated considerable evidence to support the notion that
the localization of adipose tissue rather than the accu-
mulation of total body fat is a critical correlate of
metabolic disturbances that are significant risk factors
for CVD (54,55,59,69–71). Therefore, several epidemio-

logical andmetabolic studies published over the last two
decades have indicated that the regional distribution of
body fat was indeed the main factor involved in the
relation of obesity to dyslipoproteinemias and CVD
(37,38,54–56,69–90).

In this regard, Professor Jean Vague, from the Uni-
versity of Marseille, first proposed more than 50 years
ago that body fat topography was a better correlate of
the complications of obesity (diabetes, hypertension,
CVD) than excess fatness per se (73). Vague defined the
male type of fat distribution as ‘‘android obesity’’,
mostly characterized by an accumulation of adipose tis-
sue over the trunk, whereas he referred to the common
fat pattern of women as ‘‘gynoid obesity,’’ where adi-
pose tissue accumulates mostly around the hips and
thighs, this type of obesity being seldom associated with
the common complications of excess fatness (73). How-
ever, it took more than four decades before these
pioneering observations became widely accepted by
the scientific community. During this period, the con-
cept of adipose tissue distribution did not receive much
attention, and only a few studies published in the 1960s
examined this issue. In 1964, Albrink and Meigs (74)
reported stronger correlations between plasma TG
levels and trunk skinfolds than any other skinfold
considered. Allard and Goulet (75) reached similar
conclusions in the late 1960s. Although these studies
showed associations between excess trunk fat and
plasma TG levels, the concept of regional adipose tissue
distribution only received serious consideration when
prospective studies published in the 1980s indicated
that excess abdominal fat was associated with an
increased mortality rate in a manner which was inde-
pendent of concomitant variation in total fatness as
estimated by the BMI (72,76–78). These studies have
shown that regional fat distribution, assessed by WHR
or skinfolds, was associated with a higher incidence of
diabetes and CVD, and with an increased mortality rate
(76–78).

The related dyslipidemic state was an obvious possi-
bility to explain the increased CVD risk associated with
abdominal obesity, and several studies have examined
the potential associations between abdominal fat accu-
mulation and dyslipidemias. More specifically, it has
been demonstrated that subjects characterized by a high
accumulation of abdominal fat have elevated fasting
plasma TG levels (80,82) and reduced plasma HDL
cholesterol concentrations (69,80,83–85).

Studies for which HDL subfractions were measured
revealed that the reduction in HDL cholesterol ob-
served with excess abdominal fat was mainly attributed
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to a decrease in the concentration of plasma HDL2

cholesterol concentrations (83–87). In addition, it has
been shown that in abdominal obesity, plasma HDL
cholesterol levels were reduced to a greater extent than
plasma HDL-apo A1 levels and that HDL were TG
enriched (88). The presence of small HDL particles is
another common feature of the dyslipidemic state of
abdominal obesity (91,92).

Additional work has revealed that LDL particle
concentration, composition and density are altered
among subjects with a high WHR (85,93). Indeed, ab-
dominal obesity has been associated with an increased
proportion of small, dense, cholesteryl ester-depleted
LDL particles (39,85,93). As discussed above, the small,
dense LDL phenotype is also accompanied by higher
concentrations of TG and lower levels of HDL cho-
lesterol (39), alterations that are often found in CHD
patients (89).

Abdominal obesity has also been reported to relate
to alterations in indices of plasma glucose-insulin ho-
meostasis. Indeed, prospective studies have shown that
an excess of abdominal fat is associated with an in-
creased risk of diabetes (79). Although the mechanisms
linking abdominal obesity to type 2 diabetes are not
fully understood, it appears that a preferential accumu-
lation of adipose tissue in the abdominal region is asso-
ciated with glucose intolerance, hyperinsulinemia, and
insulin resistance which are metabolic conditions pre-
dictive of an increased risk of type 2 diabetes (70,71).

Using anthropometric measurements, several studies
reported that upper body obesity is more prevalent in
diabetic patients than in control subjects (90). More-
over, alterations in indices of plasma glucose-insulin
homeostasis are frequently observed in abdominally
obese patients (71,73,81,82). More specifically, the pref-
erential accumulation of abdominal fat has been shown
to be related to hyperinsulinemia in the fasting state
as well as following a glucose load (70,71). Increased
insulin secretion, insulin resistance, and decreased he-
patic insulin extraction are common metabolic dis-
turbances in abdominal obesity (71,94–96). These im-
portant metabolic events may explain the resulting
hyperinsulinemia found in patients with an excess of
abdominal fat. Furthermore, glucose intolerance or at
least an increased plasma glucose response to a glucose
load are frequently found in abdominally obese patients
despite the presence of hyperinsulinemia confirming
the presence of insulin resistance (70,71). These altera-
tions in lipoprotein-lipid and insulin-glucose metabo-
lism found in abdominally obese patients contribute to
explain the high prevalence of CVD and type 2 diabetes
in these subjects (97).

III BODY FAT DISTRIBUTION AND

DYSLIPIDEMIAS: IMPORTANCE

OF VISCERAL ADIPOSE TISSUE

A Measurement of Visceral Adipose Tissue

The development in the 1980s of imaging techniques
such as computed tomography (CT) has allowed the
precise assessment of adipose tissue distribution (98–
100). Using CT, one can easily distinguish adipose from
lean tissues. Indeed, the attenuation scores generated by
CT vary from -1000 (air) to +1000 (bone), depending
on the level of absorption of emitted x-ray beams (100,
101). Studies that have examined the attenuation of
tissues have established that the range of attenuation
values (Hounsfield units, HU) for adipose tissue varies
between �190 and �30 HU (100,101).

Computed tomography is also quite useful to assess
precisely the amount of abdominal adipose tissue and
is particularly helpful to distinguish the adipose tissue
located in the abdominal cavity (the so-called intra-
abdominal or visceral adipose tissue) from subcutane-
ous abdominal fat. When this procedure is performed,
the subject is examined in the supine position with both
arms stretched above the head (100,101). To measure
subcutaneous and visceral abdominal adipose tissue
areas, CT scans are usually performed between L4 and
L5 vertebrae. Total adipose tissue areas are calculated
by delineating the abdominal area with a graph pen and
then computing total adipose tissue surface with an
attenuation range of �190 to �30 HU (100,101). To
measure the area of visceral adipose tissue, a line is
drawn by passing through the muscle wall delineating
the abdominal cavity (Fig. 4).

B Metabolic Disturbances Associated

with Excess Visceral Adipose Tissue

Studies that have used this technique have reported that
the amount of visceral adipose tissue is a critical corre-
late of the common metabolic complications found in
obese patients. Fujioka and colleagues (102) have
studied a heterogeneous group of obese patients and
assessed cross-sectional areas of adipose tissue located
subcutaneously or in the abdominal cavity (visceral
adipose tissue). They reported that individuals with a
preferential accumulation of abdominal visceral fat
showed higher plasma glucose responses following an
oral glucose challenge and higher fasting plasma TG
levels than individuals with similar BMI values but
characterized by an excess of subcutaneous abdomi-
nal fat (102–104). Several cross-sectional studies have
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also consistently found that an excess of abdominal
visceral adipose tissue was associated with substantial
alterations in indices of plasma glucose-insulin ho-
meostasis and in plasma lipoprotein-lipid levels (86,87,
105–108).

We have examined the potential relationships be-
tween visceral adipose tissue accumulation and plasma
lipoprotein levels in obese premenopausal women (86)
and found that the level of visceral adipose tissue was
the best correlate of lipoprotein variables that are
commonly used to predict the risk of CHD. Excess
visceral adipose tissue was associated with increased
apo B concentrations and low plasma HDL cholesterol
levels (86). We have also quantified the independent
contributions of obesity versus visceral adipose tissue
accumulation by comparing obese individuals with
either low or high levels of visceral adipose tissue to a
group of lean subjects (Fig. 5). As shown in Figure 5, the

only significant difference noted between the obese
subjects with low levels of visceral fat and lean individ-
uals was a moderate increase in plasma TG levels in the
obese group, whereas obese individuals with high levels
of visceral fat showed important alterations in their
plasma lipoprotein profile compared to lean controls.
Consequently, obese individuals with a high level of
visceral adipose tissue may represent the subgroup of
obese individuals potentially at highest risk for CHD
(69,108).

We have also compared indices of plasma glucose-
insulin homeostasis among these three groups of sub-
jects (107–109) and found that obese subjects with high
levels of visceral adipose tissue had a higher glycemic
response to a glucose challenge in the presence of hy-
perinsulinemia, reflecting an insulin resistant state
(Fig. 6). In contrast, obese subjects with a low accumu-
lation of visceral adipose tissue showed normal glucose

Figure 4 Cross-sectional abdominal adipose tissue areas measured by CT at L4-L5 in a middle-aged man (B,D) and a young
man (A,C) with similar total body fat mass values. The visceral adipose tissue, delineated by drawing a line within the muscle wall
surrounding the abdominal cavity, is highlighted (C,D).
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tolerance and only a slight elevation in plasma insulin
levels. These analyses and group comparisons were
performed in both men and women, and similar con-
clusions were reached (107–109). Thus, these results
indicate that obesity per se is associated with moderate
metabolic alterations whereas excess visceral adipose
tissue accumulation is related to substantial distur-
bances in indices of plasma glucose-insulin homeostasis
which are predictive of an increased risk of type 2
diabetes.

Using CT, it has been reported that marked gender
differences exist regarding visceral adipose tissue accu-
mulation. For instance, we found that men have almost
twice the amount of abdominal visceral adipose tissue
for a given body fat mass as premenopausal women

(Fig. 7) (110). Furthermore, we have studied the poten-
tial contribution of gender differences in visceral adi-
pose tissue accumulation to the sex dimorphism found
in CVD risk variables (111). After control for the gen-
der dimorphism in visceral adipose tissue accumula-
tion, it was found that most of the differences observed
in indices of plasma glucose-insulin homeostasis and in
plasma lipoprotein-lipid profile were no longer signifi-
cantly different betweenmen and women (111), suggest-
ing that the greater CVD risk noted in men compared
to premenopausal womenmay be partly due to the pref-
erential accumulation of visceral adipose tissue in male
subjects.

Finally, in an attempt to examine whether there
could be a threshold of visceral adipose tissue accumu-

Figure 5 Plasma triglyceride and HDL cholesterol concentrations in nonobese subjects and in subgroups of obese subjects
matched for body composition but having either low or high levels of visceral adipose tissue (AT) determined by computed to-
mography. 1Significantly different from nonobese subjects, P<.05. 2Significantly different from obese subjects with low levels of

visceral adipose tissue, P<.05. (Adapted from Ref. 179.)

Després and Krauss854



lation above which complications may be found, sev-
eral variables predictive of CVD and type 2 diabetes
were compared among samples of young adults and
premenopausal women who were divided into quintiles
formed on the basis of their cross-sectional visceral adi-
pose tissue area measured by CT. Figure 8 shows that in
both men and women, a value <100 cm2 was associated
with a rather favorable risk profile (112). However, a
cross-sectional visceral adipose tissue area of 130 cm2

and above was associated with a substantial deteriora-
tion in the cardiovascular risk profile (112).

C Postprandial Hyperlipidemia: Another Feature

of Visceral Obesity

Analysis of lipid and lipoprotein metabolism has long
been limited to the fasting state, i.e., when TG metab-
olism is reduced and lipid transport is presumably
at equilibrium. However, considering meal frequency
in Western populations, humans spend most of the day
under postprandial conditions and thus, dietary fat
tolerance should receive greater attention. Interest for
the study of postprandial lipoprotein metabolism has
been renewed since Zilversmit (113) hypothesized that
chylomicron remnants, following enrichment in choles-
teryl esters, could be involved in the development of
atherosclerosis. This theory has been given further sup-
port, and many factors have already been reported
to modulate postprandial TG-rich lipoprotein metabo-
lism. For instance, age (114,115), male gender (114,
116,117), a high-fat diet (118), alcohol consumption
(119–121), and lack of exercise (122–125) have all been
associated with an exaggerated and prolonged post-
prandial lipemia.

Obesity is associated with numerous metabolic dis-
turbances that have been extensively described earlier in
this chapter. In addition to alterations in lipoprotein-
lipid metabolism in the fasting state, obese individuals
have been characterized by a greater plasma TG
response following ingestion of a fatty meal (126).

Figure 7 Relation of total body fat mass to abdominal

visceral adipose tissue (AT) area measured by computed
tomography in 89 men and 75 premenopausal women. Both
correlations were significant at P<.0001. (Adapted from

Ref. 110.)

Figure 6 Plasma glucose and insulin concentrations in fast-
ing state (�15 and 0 min) and during oral glucose tolerance
test in obese women with high (.) or low (o) levels of visceral

adipose tissue (n=10 subjects/group) and in a sample of lean
women (5) (n=25). 1Significantly different from (5). 2Signifi-
cantly different from (o), P<.05. (Adapted from Ref. 109.)
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Although this postprandial hypertriglyceridemic state
has been suggested to result fromdelayed clearance and/
or catabolism of newly synthesized intestinal TG-rich
lipoproteins, namely chylomicrons and their remnants
(126), the fact that the postprandial increase of retinyl
ester, a marker of TG-rich lipoproteins produced by the

intestine, was of lesser magnitude compared to the TG
response also suggested that a significant proportion of
the postprandial TG response was due to endogenous
hepatic VLDL production. In recent years, the role of
abdominal fat accumulation in this metabolic alter-
ation has been underlined. For instance, a preferential

Figure 8 Relations of quintiles of abdominal visceral adipose tissue (AT) area to variables predictive of type 2 diabetes and CVD
risk in samples of 115 men and 72 women, respectively. This figure shows that visceral AT areas >100 cm2 are associated with
moderate but significant metabolic changes, whereas visceral AT areas >135 cm2 in men and 128 cm2 in women are clearly

associated with further metabolic deteriorations that suggest an increased risk of type 2 diabetes and CVD. 1, 2, 3, or 4 significantly
different from quintiles 1, 2, 3, and 4, respectively (P<.05). Apo: apolipoprotein; OGTT: oral glucose tolerance test. (From
Ref. 112.)
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accumulation of fat in the abdominal region has been
shown to be a better correlate of the impairment of
postprandial TG-rich lipoprotein metabolism than
excess fatness per se (127–130). In addition, we have
shown that the intra-abdominal component of ab-
dominal fat deposition was probably responsible for
this deterioration (130). The importance of both in-
testinally and hepatically derived TG-rich lipopro-
teins in this postprandial hypertriglyceridemic state
of abdominally obese individuals has also been un-
derlined (129–131). Furthermore, the detrimental im-
pact of visceral obesity was recently documented to
explain the greater postprandial TG levels found in
men compared to women (116). For instance, we
have shown that when matched for visceral adipose
tissue accumulation, men and women show compara-
ble postprandial lipemic responses (116). Thus, and as
shown in Figure 9, viscerally obese patients are not
only characterized by a fasting dyslipidemic state, but
they also display an exaggerated postprandial TG
response and a prolonged postprandial hyper-
lipidemic state compared to nonobese normolipidemic
subjects.

D Atherogenic Metabolic Profile of Visceral

Obesity: Beyond Insulin Resistance

and Related Dyslipidemias

Although it has become clear that visceral obesity is
associated with diabetogenic and atherogenic meta-
bolic alterations, studies have shown that additional
metabolic disorders could explain the increased risk of
CHD in these individuals. For instance, visceral obesity
has been found to be associated with an impaired fibri-
nolysis and with an increased concentration of pro-
thrombotic molecules such as plasminogen activator
inhibitor-1 (PAI-1) (132). Recent results have also
indicated that visceral obesity is characterized by a
state of chronic inflammation as revealed by increased
plasma levels of C-reactive protein (CRP) (133–135)
likely to result from the greater cytokine production
(interleukin (IL)-6, tumor necrosis factor (TNF)-a) of
the expanded visceral adipose depot (133,135). Thus,
visceral obesity is associated with insulin resistance and
with a dyslipidemic, prothrombotic, and inflammatory
profile that can contribute substantially to increase the
risk of an acute coronary event (136).

IV DOES THE ATHEROGENIC

DYSLIPIDEMIA OF VISCERAL

OBESITY REFLECT A CAUSE-EFFECT

RELATIONSHIP?

It has been suggested that enlarged omental adipocytes,
which have been shown to display a high lipolytic activ-
ity, poorly inhbited by insulin (54,70,71,137), contrib-
ute to a greater flux of free fatty acids (FFA) toward
the liver through the portal circulation. As shown in
Figure 10, high portal FFA levels are associated with
reduced hepatic insulin extraction (138,139) and lead
to an increased VLDL synthesis and apo B production
(55,137). Moreover, it has been suggested that in-
creased lipid oxidation is associated with impaired
glycolysis (140,141) and with a decrease in glycogen
synthase activity (142). Furthermore, this elevated lipid
oxidation provides precursors for gluconeogenesis
(143). Thus, the evidence available suggests that insulin
action is impaired in subjects displaying high FFA
levels and that compensatory hyperinsulinemia is thus
required to regulate plasma glucose levels in insulin
resistant subjects (33).

Lipoprotein lipase is an enzyme responsible for the
catabolism of TG-rich lipoproteins, and its activity has
been found to be correlated with metabolic alterations

Figure 9 Plasma triglyceride (TG) levels measured for 8
hours following the consumption of a standardized breakfast
with a high lipid content (60 g dietary fat/m2 of body surface

area) in a sample of lean normolipidemic subjects as well as
in a sample of viscerally obese patients with the fasting high
TG/low HDL cholesterol dyslipidemia. *Significantly differ-

ent from normolipidemic controls, P<.0001. (Adapted from
Ref. 131.)

Obesity and Lipoprotein Metabolism 857



associated with visceral obesity. Indeed, visceral obesity
has been shown to be associated with decreased LPL
and with increased hepatic TG lipase (HTGL) activities
(87). Such a decrease in LPL activity contributes to
reduce the catabolic rate of TG-rich lipoproteins
(69,144), whereas higher HTGL might enhance the
degradation of HDL2 particles or lead to an increase

in their conversion to HDL3 (69,87,144). Pollare et al.
(145) have reported a reduced skeletal muscle LPL
activity in insulin resistant subjects and that in vivo
insulin sensitivity was positively correlated with skeletal
muscle LPL activity.

The higher concentrations of TG-rich lipoproteins
resulting from an increased hepatic VLDL production

Figure 10 Complex metabolic interactions that presumably occur with the insulin resistance/dyslipidemic phenotype. In this
case, insulin resistance is frequently accompanied by excess intra-abdominal (visceral) adipose tissue. The liver, via the portal
circulation, becomes exposed to high levels of free fatty acids (FFA) as the compensatory hyperinsulinemia poorly inhibits the

lipolysis of intra-abdominal fat cells. This phenomenon stimulates gluconeogenesis as well as VLDL synthesis and secretion.
Moreover, the catabolism of TG-rich lipoproteins appears to be slow, this being attributable to the fact that LPL activity is
reduced and the postprandial adipose tissue LPL response is inadequate. Impaired LPL activity may explain, at least to some
degree, the low HDL cholesterol levels of insulin-resistant individuals characterized by visceral obesity. The high activity of

another enzyme, hepatic lipase (HTGL), is a contributing factor in the further decrease of HDL cholesterol level. The high TG
levels resulting from the increased production and slower catabolism of VLDL promotes the transfer of TG to LDL and HDL in
exchange for their cholesteryl esters (CE). This phenomenon leads to an increase in VLDL CE, a process considered as

atherogenic. Moreover, the TG-enriched LDL and HDL fractions represent the substrate of choice for HTGL, this process
favoring the formation of dense LDL, the concentration of which is higher in coronary artery disease patients. These complex
metabolic interactions increase not only the risk of diabetes but also the risk of coronary heart disease in insulin resistant

individuals. CETP: cholesteryl ester transfer protein. GH: growth hormone; LCAT: lecithin-cholesterol acyl transferase; LPL,
lipoprotein lipase. (Adapted from Ref. 38.)
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and decreased degradation (through reduced LPL ac-
tivity) are associated with an increased transfer of TG
from VLDL to LDL or HDL particles (87,88) in ex-
change of LDL and HDL cholesteryl esters, leading to
the TG enrichment of LDL and HDL. Such TG enrich-
ment is associated with a reduced cholesterol content
of HDL. Furthermore, TG-rich LDL and HDL par-
ticles represent good substrates for the enzyme HTGL,
ultimately generating an atherogenic dyslipidemic
phenotype including small, dense LDL and HDL par-
ticles (55,92). Thus, reciprocal changes in LPL and
HTGL activities are important correlates of dyslipide-
mias found in an insulin resistant state associated with
visceral obesity.

The mechanisms leading to in vivo insulin resistance
are not fully understood, and it is also known that im-
paired insulin action can be present in both obese and
nonobese subjects (33). These observations suggest that
insulin resistance is a heterogeneous condition and pro-
vide further evidence that some genetic factors are likely
to be involved. Studies conducted among insulin-resist-
ant or type 2 diabetic subjects have shown that the pres-
ence of a familial history of diabetes may alter the
relationship of abdominal fat accumulation to indices
of plasma glucose-insulin homeostasis (146,147). We
have previously reported that in subjects with a similar
level of deterioration in plasma glucose-insulin ho-
meostasis, those who displayed a positive familial his-
tory of diabetes had lower levels of abdominal fat than
subjects without a familial history of diabetes (147).
These results suggest that the presence of genetic sus-
ceptibility reduces the threshold of abdominal fat above
which metabolic alterations predictive of an increased
type 2 diabetes risk are observed. Thus, in abdominally
viscerally obese patients, high FFA concentrations (in-
creased lipolysis of the visceral depot), decreased LPL
activity and reduced insulin sensitivity may lead to
metabolic changes that are ultimately involved in the
development of insulin resistance, glucose intolerance,
hyperinsulinemia, dyslipoproteinemia, type 2 diabetes,
and CVD.

In addition to the impaired FFAmetabolism hypoth-
esis briefly reviewed above, it has been suggested that
abdominal obesity is associated with altered sex steroid
levels. Results that have crudely assessed body fat dis-
tribution by the WHR have reported low levels of sex
hormone binding globulin (SHBG) concentrations and
high levels of free testosterone in women with excess
abdominal fat (70,148–151). Moreover, the altered sex
steroid concentrations observed in abdominally obese
women have also been associated with variations of in
vivo insulin sensitivity (70,150). Studies have also shown

that the hyperinsulinemic state of abdominal obesity
was partly attributed to a reduction in the hepatic ex-
traction of insulin (148), the latter phenomenon being
associated with lower SHBG concentrations. Further-
more, a reduced hepatic insulin extraction has also been
related to high free testosterone levels in women (148).
Thus, the associations of steroid levels with metabolic
disturbances have been shown to be partly independent
of the concomitant variation in adipose tissue distribu-
tion. It has also been suggested that although there is
clearly an independent association between visceral fat
accumulation and metabolic alterations, the dyslipide-
mic state observed in abdominally obese women could
also partiallybedue to the concomitant alterations in the
sex steroid profile (70).

In men, however, the associations among sex ste-
roids, visceral obesity, and the metabolic profile are
quite different from those noted in women. As opposed
to abdominally obese women, visceral obesity in men is
rather associated with a reduction of plasma testos-
terone levels (151,152). It is also not well established
whether reduced levels of androgenic steroids are inde-
pendently associated with an excess abdominal visceral
fat accumulation after control for the concomitant var-
iation in the amount of total body fat (152). Further-
more, the alterations found in steroid hormone levels
have been found to be significantly correlated with glu-
cose intolerance (153) and with the dyslipidemic state
observed in visceral obesity (154,155). It is also relevant
to note that, after controlling for variations in testos-
terone, the relationship between the amount of visceral
adipose tissue to insulin resistance and to dyslipidemia
remained significant (153,156).

In addition, the potential role of glucocorticoids on
the regulation of lipid metabolism in visceral obesity
must be considered (157–159). It has been proposed
that the insulin-resistant state observed in subjects with
excess visceral adipose tissue is partly the consequence
of altered glucocorticoid levels (157–159). In this re-
gard, environmental stress can induce an activation
of the hypothalamic-pituitary-adrenal axis thereby in-
creasing cortisol production (160). Visceral adipose cells
have been reported to have the highest density of glu-
cocorticoid receptors (161,162) in comparison to adi-
pocytes from other fat depots, and this could explain
the greater sensitivity of visceral adipose tissue to stress-
or agents. Furthermore, the metabolic effects of gluco-
corticoids (157) are in accordance with the alterations
observed in visceral obesity (55,69,157). Indeed, glu-
cocorticoids stimulate VLDL and apo B production,
reduce the activity of LDL receptors, and induce insulin
resistance (157).
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Recently, studies have suggested that patients with
growth hormone (GH) deficiencies also show the fea-
tures of the metabolic syndrome including an increased
visceral adipose tissue accumulation (163–166). In this
regard, some intervention studies have suggested that
GH replacement in relatively deficient GH patients
could improve the features of the metabolic syndrome
including changes in body fat distribution and visceral
adipose tissue loss (163,165–167). This promising area
represents a fertile area of investigation that will require
further studies.

Finally, it has also been shown that adipose tissue
was a remarkable endocrine organ beyond its lipid stor-
age/mobilization functions. For instance, the expanded
visceral adipose depot is a site of synthesis of pro-throm-
botic molecules such as PAI-1 and of cytokines (leptin,
IL-6, TNF-a). Resulting elevations in plasma IL-6 and
TNF-a concentrations stimulate CRP synthesis by the
liver and these cytokines therefore contribute to the in-
flammatory profile recently reported in viscerally obese
patients (133,135). Thus, we have suggested that in
addition to the model linking the expanded visceral
adipose depot to an atherogenic dyslipidemic state,
the pro-thrombotic and inflammatory profile of viscer-
ally obese patients could also be linked to the intrinsic
and peculiar activity of the visceral adipocytes (Fig. 11).
In summary, the dyslipidemic state of visceral obesity

results from complex metabolic and hormonal interac-
tions that lead to insulin resistance and to an increased
CVD risk (Fig. 10).

V VISCERAL OBESITY, DYSLIPIDEMIAS,

AND CHD: CLINICAL IMPLICATIONS

From the evidence reviewed, the detection of the sub-
group of obese patients at risk for complications asso-
ciated with excess visceral adipose tissue is clinically
important. Thus, an adequate estimation of visceral
adipose tissue accumulation is of great relevance to bet-
ter quantify the patient’s risk of CVD. Although CT is
very accurate and reliable, it is not accessible to most
clinicians, and it was relevant to develop approaches in
order to offer simple tools for the detection, prevention,
and treatment of visceral obesity.

A Is Anthropometry an Appropriate Alternative

to CT?

Numerous studies have examined the correlations be-
tween anthropometric measurements and cross-sec-
tional visceral adipose tissue areas measured by CT
(168,169,171). Until recently, the WHR had generally
been considered as the most relevant variable in the
assessment of visceral obesity (76–85), this ratio being
often used in prospective and metabolic studies. Al-
though the use ofWHR has contributed to highlight the
importance of body fat distribution, we have reported
that visceral adipose tissue accumulation showed better
correlations with the waist circumference alone than
with the WHR (172). Figure 12 shows that the relation
of visceral adipose tissue area to the waist girth was
stronger than for the WHR, especially in women. Fur-
thermore, the relationship between waist circumference
and visceral adipose tissue was found to be similar in
men and women. Moreover, waist circumference also
appears to be a good correlate of total body fatness and
therefore provides a better index of abdominal obesity
than the WHR alone, which is a weak correlate of total
adiposity (172).

For example, a nonobese womanwith small hipsmay
have a WHR value which could be similar to an obese
woman with a large accumulation of abdominal fat but
with also a substantial deposition of fat at the hip level
(Fig. 12). Thus, despite similarWHRvalues in these two
subjects, the obese women would have a much greater
accumulation of visceral adipose tissue than the non-
obese women despite the fact that their WHR are simi-

Figure 11 Model linking the expanded visceral adipose
depot as an endocrine organ releasing cytokines contributing

to the inflammatory component of coronary artery disease by
the production of an unstable plaque with a thin fibrous cap
and prone to rupture. Under this model the viscerally obese

patient is at markedly elevated risk for an acute coronary
syndrome as predicted by the increased levels of inflamma-
tion markers. CRP: C-reactive protein; IL-6: interleukin-6;

TNF-a: tumor necrosis factor-a.
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lar. Consequently, the use of WHR alone can be quite
misleading, whereas a high waist girth obviously indi-
cates that excess abdominal fat and obesity are simul-
taneously present. Indeed, the waist circumference is
positively correlated with both an accumulation of total
body fat and an elevated deposition of visceral adipose
tissue (172). In this context, we have proposed that
the waist circumference provides a valuable index of
the absolute amount of abdominal fat compared to the
WHR, which rather reflects relative abdominal adipose

tissue deposition (172). On that basis, the waist circum-
ference has now been recognized as an index of abdomi-
nal fat in the NCEP-ATP III guidelines (36).

B Hypertriglyceridemic Waist: A New

Phenotype Defining the High-Risk

Abdominally Obese Patient

Despite the fact that waist circumference is a better
predictor of visceral adipose tissue accumulation (espe-

Figure 12 (A) Relation of waist-to-hip ratio (WHR) or waist circumference to abdominal visceral adipose tissue (AT) areas

measured by computed tomography in men and women. (B) Misleading evaluation provided by the WHR in two women with
markedly differing levels of total body fat and of visceral AT. This example illustrates the notion that the WHR is an index of the
relative accumulation of abdominal fat whereas waist circumference provides a better index of the absolute amount of abdominal
adipose tissue. BMI: body mass index. (Adapted from Refs. 172,178.)
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cially over time) than BMI, abdominally obese indi-
viduals remain a heterogeneous group of patients. We
were interested in the development of a simple screen-
ing approach to help physicians and health profession-
als identify high-risk abdominally obese patients with
the features of the insulin resistance/metabolic syn-
drome. In a recent study, we reported that waist circum-
ference was the simplest and best correlate of plasma
insulin and apo B levels, whereas another simple param-
eter, fasting TG concentration, was the best predictor
of LDL size (40). Sensitivity and specificity analyses
revealed that the best discrimination of carriers/noncar-
riers of this atherogenicmetabolic triad (elevated insulin
and apo B levels as well as small, dense LDL particles)
was obtainedwhen using cutoff points of 90 cm for waist
circumference and 2.0 mmol/L for TG in a sample of
middle-aged men (Fig. 13). For instance, middle-aged
men with a waist<90 cm and fasting TG levels <2.0
mmol/L had a low chance (10%) of being carriers of the
triad. However,>80%ofmenwith awaist girthz90 cm
and TG levels z2.0 mmol/L had all features of the
metabolic triad (40). Thus, we believe that health pro-
fessionals have access to a simple and inexpensive
screening test to identify a high-risk form of abdominal
obesity. As there are no prospective data available in
women to quantify the CHD risk associated with
the metabolic triad, there is an urgent need to validate
this approach in women. It should also be emphasized
that there are differences in susceptibility to develop
visceral obesity and related complications (diabetes, hy-
pertension, and CHD) among ethnic groups, and our
approach should only be considered as valid for Cau-
casian men. Specific cutoffs are likely to be obtained
for instance for our Native American population as
well as for the African-American and South Asian
populations.

VI CONCLUSION. ASSESSMENT AND

MANAGEMENT OF ATHEROGENIC

DYSLIPIDEMIAS IN OBESE

PATIENTS: WAIST GIRTH

AS A VITAL SIGN

From the epidemiological andmetabolic evidence avail-
able, there is no doubt that abdominal obesity is an
important risk factor for the development of dyslipide-
mias and CVD. Several prospective studies have shown
that abdominal obesity is associated with an increased
mortality rate related to CVD (72,76–78,173–175).
However, it is also important to acknowledge the no-
tion that no intervention study has shown that reducing
obesity and the amount of abdominal fat would lead to a
reduction in the incidence ofCVDand relatedmortality.
To the best of our knowledge, the only ongoing project
on this issue is the study of SwedishObese Subjects (SOS
study) (176), but these results will only apply to the
question of weight loss resulting from the surgical treat-
ment of very obese patients. However, it must be
recognized that there is a considerable amount of liter-
ature that has indicated that reducing body weight and
lowering the amount of abdominal fat is associated with
major improvements in the CVD risk profile including
reduction in blood pressure, improvement in plasma
lipoprotein-lipid levels, and an increase in insulin sensi-
tivity leading to a reduction in plasma insulin levels and
to an improvement of glucose tolerance (112).

As obesity is often associated with metabolic com-
plications causing prejudice to health, it has been sug-
gested that obesity should be considered as a disease.
However, because obesity is defined on the basis of the
BMI, some healthy individuals with BMI valuesz30 are
then classified as high-risk subjects (with a disease)
despite the presence of a normal metabolic risk profile.
This problem may explain the generally unimpressive
findings reported with the pharmacotherapy of obesity,
as these studies have largely included low-risk, normo-
lipidemic obese women with a normal metabolic risk
factor profile (177). Nevertheless, on the basis of the
substantial metabolic improvements that can be gener-
ated by a 5–10% weight loss (56,112), the importance
of targeting weight loss in high-risk viscerally obese
patients with an atherogenic dyslipidemic state and
identified by the hypertriglyceridemic waist phenotype
rather than by the BMI should be emphasized in clinical
practice (178). In this high-risk obesity phenotype, the
benefits of pharmacotherapy may outweigh the poten-
tial hazards of drug therapy—a possibility that needs to
be urgently tested in randomized weight loss trials.

Figure 13 Description of two phenotypes predictive of ei-
ther a very low or a high risk of being characterized by the
atherothrombotic, inflammatory profile of the metabolic

syndrome.
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Therefore, as for the treatment of numerous additional
complications of obesity, the assessment and manage-
ment of CVD risk in obese patients needs to go beyond
considering only body weight as a therapeutic target.
Regarding the treatment of obese dyslipidemic patients,
randomized trials using lipid-lowering drugs have all
shown the benefits of the pharmacotherapy irrespective
of the initial patient characteristics (11–16). As most of
these studies have also included overweight/obese
patients, it is likely that the obese dyslipidemic patient
will benefit from the pharmacotherapy of his/her dyslip-

idemic state either with a statin (if LDL cholesterol
concentrations are elevated) or with a fibrate (in the
event that HDL cholesterol levels are low). Therefore, it
is important to treat the consequences of abdominal
obesity in a high-risk dyslipidemic patient with CHD, as
the treatment of the complications will generate clinical
benefits. However, the risk of a first or recurrent CHD
event associated with the management of atherogenic
dyslipidemic states has been reported to be reduced
byf30%, which indicates that a substantial proportion
of patients on pharmacotherapy for their dyslipidemic

Figure 14 Potential benefits of moderate (5–10%) weight loss in a high-risk patient with the cluster of atherothrombotic,

inflammatory metabolic abnormalities associated with hypertriglyceridemic waist. Weight loss in abdominally obese patients is
associated with selective mobilization of diabetogenic and atherogenic visceral adipose tissue. Even a 5–10% weight loss is
associated with preferential mobilization of visceral adipose tissue, leading to simultaneous improvement in all metabolic markers

of coronary heart disease (CHD) risk. Thus, simultaneousmetabolic improvements associated withmobilization of visceral adipose
tissue may contribute to substantially reducing the risk of an acute coronary event in high-risk patients. (Adapted from Ref. 178.)
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state remain nevertheless at high risk for CHD. In this
context, it is proposed that CHD risk in the obese dys-
lipidemic patient will not be optimally managed until
abdominal fat accumulation and waist reduction are
considered as therapeutic targets (178). On that basis,
we have proposed that waist circumference should be
considered as a vital sign and incorporated in the assess-
ment algorithm of all patients. Such recommendation
has now been endorsed by the NCEP-ATP III guide-
lines, which recognize waist circumference as a key
feature of the metabolic syndrome (36).

Finally, and as shown on the concluding last figure
(Fig. 14), we believe that the reported preferential
mobilization of visceral adipose tissue observed with a
moderate weight loss of 5–10% (56,112) is likely to
explain the greater impact of such moderate weight
loss on the atherothrombotic, inflammatory profile of
abdominally obese dyslipidemic patients. Again, ran-
domized trials are needed to quantify the true impact
of a selective loss of abdominal fat on the absolute and
relative risk of coronary heart disease in this high-risk
but prevalent subpopulation of abdominally obese dys-
lipidemic patients.
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Tchernof A, Alméras N, Bergeron J, Gaudet D,
Tremblay G, Prud’homme D, Nadeau A, Després JP.
Hypertriglyceridemic waist: a marker of the athero-

genic metabolic triad (hyperinsulinemia; hyperapolipo-
protein B; small, dense LDL) in men? Circulation 2000;
102(2):179–184.

41. Austin MA, King MC, Vranizan KM, Krauss RM.
Atherogenic lipoprotein phenotype: a proposed genet-
ic marker for coronary heart disease. Circulation 1990;

82:495–506.
42. Ford ES, Giles WH, Dietz WH. Prevalence of the

metabolic syndrome among US adults: findings from

Obesity and Lipoprotein Metabolism 865



the third National Health and Nutrition Examination

Survey. JAMA 2002; 287(3):356–359.
43. Lamarche B,Moorjani S, Lupien PJ, Cantin B, Bernard

PM, Dagenais G, Després JP. Apolipoprotein A-I and

B levels and the risk of ischemic heart disease during a
five-year follow-up of men in the Québec Cardiovas-
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48. Fontbonne A, Eschwège E, Cambien F, Richard JL,

Ducimetière P, Thibult N, Warnet JM, Claude JR.

Hypertriglyceridemia as a risk factor of coronary heart
disease mortality in subjects with impaired glucose
tolerance or diabetes: results from the 11-year follow-
up of the Paris Prospective Study. Diabetologia 1989;

32:300–304.
49. Fontbonne A, Charles MA, Thibult N, Richard JL,

Claude JM, Warnet JM, Rosselin GE, Eschwège E.
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E, Sjöström L. Distribution of adipose tissue and risk

of cardiovascular disease and death: a 12 year follow-
up of participants in the population study of women in
Gothenburg, Sweden. BMJ 1984; 289:1261–1263.

77. Larsson B, Svardsudd K, Welin L, Wilhemsen L,
Björntorp P, Tibblin G. Abdominal adipose tissue dis-
tribution, obesity and risk of cardiovascular disease and
death: 13 year follow-up of participants in the study of

men born in 1913. BMJ 1984; 288:1401–1404.
78. Ducimetière P, Richard J, Cambien F. The pattern of

subcutaneous fat distribution in middle-aged men and

the risk of coronary heart disease: the Paris Prospec-
tive Study. Int J Obes 1986; 10:229–240.

79. Ohlsson LO, Larsson B, Svärdsudd K, Welin L,

Eriksson H, Wilhelmsen L, Björntorp P, Tibblin G.
The influence of body fat distribution on the incidence
of diabetes mellitus—13.5 years of follow-up of the
participants in the study of men born in 1913. Diabetes

1985; 34:1055–1058.
80. Anderson AJ, Sobocinski KA, Freedman DS, Barbor-

iak JJ, Rimm AA, Gruchow HW. Body fat distribu-

tion, plasma lipids and lipoproteins. Arteriosclerosis
1988; 8:88–94.

81. Kissebah AH, Vydelingum N, Murray R, Evans DJ,

Hartz AJ, Kalkhoff RK, Adams PW. Relation of body
fat distribution to metabolic complications of obesity.
J Clin Endocrinol Metab 1982; 54:254–260.

82. Krotkiewski M, Björntorp P, Sjöström L, Smith U.
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100. Sjöström L, Kvist H, Cederblad A, Tylen U, Sjöström
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Mauriège P, Tremblay A, Prud’homme D, Bouchard
C, Després JP. Metabolic heterogeneity underlying
postprandial lipemia among men with low fasting high

density lipoprotein cholesterol concentrations. J Clin
Endocrinol Metab 2000; 85:4575–4582.

132. Juhan-Vague I, Alessi MC. PAI-1, obesity, insulin
resistance and risk of cardiovascular events. Thromb

Haemost 1997; 78(1):656–660.
133. Yudkin JS, Stehouwer CD, Emeis JJ, Coppack SW. C-

reactive protein in healthy subjects: associations with

obesity, insulin resistance, and endothelial dysfunc-
tion: a potential role for cytokines originating from
adipose tissue? Aterioscler Thromb Vasc Biol 1999; 19:

972–978.
134. Lemieux I, Pascot A, Prud’homme D, Alméras N,
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I INTRODUCTION

Obesity is an independent risk factor for the develop-
ment of both hypertension and cardiovascular disease.
This chapter will summarize: techniques for measuring
blood pressure in obese individuals and the effect of
obesity on these measurements; the evidence that sub-
stantiates that obesity is an independent risk factor
for the development of hypertension; an explanation
of how obesity may result in the development of hy-
pertension; a brief summary of other cardiovascular
abnormalities associated with obesity; and finally a brief
summary of how to manage the hypertensive obese
individual.

II MEASUREMENT OF BLOOD

PRESSURE IN OBESE INDIVIDUALS

For years, physicians believed that the high blood
pressure observed inmany obese individuals was related
to a measurement error. The indirect method of mea-
suring blood pressure usually results in an overestima-
tion of both systolic and diastolic blood pressure. The
overestimation of blood pressure is due, in part, to the
fact that pressure measured by the cuff and sphygmo-
manometer is not just the force required to occlude the
brachial artery but also includes the force required to
compress the soft tissues of the arm. In the case of
obesity, the increased subcutaneous fat present in the

upper arm imposes a greater resistance to compression
and therefore a higher cuff inflation pressure. Most of
the effects of obesity on the indirect measurement of
blood pressure can be corrected by using and appropri-
ate size blood pressure cuff. Although, compared with
intra-arterial measurements of blood pressure, the indi-
rect method is less precise, nevertheless, when properly
measured, elevated indirect blood pressure readings are
a reliable method for diagnosing hypertension. The
major errors encountered in the measurement of blood
pressure include cuff size, type of instrumentation for
measuring blood pressure, and observer errors.

A Cuff Size

The selection of an appropriate-size compression cuff is
critical to obtaining accurate reading. The cuff consists
of an inflatable bladder with a cloth cover. The dimen-
sions of the inner bladder, not the size of the cover,
determine cuff size (Fig. 1). The bladdermust be the cor-
rect width for the circumference at the mid point of
the upper arm (Table 1). A bladder that is too small will
cause a falsely high pressure. The bladder should be
wide enough to cover f75% of the upper arm between
the top of the shoulder and the olecranon. The length of
the bladder also influences the accuracy of measure-
ments. A bladder length that is roughly twice the width
is ideal and should result in the cuff nearly encircling the
arm. If a question arises as to which of two cuffs is
appropriate, a cuff that is slightly wider and longer than
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needed should be chosen. It is unlikely that slightly too
large a cuff will mask hypertension, but a cuff that is too
small will lead to an overestimate of blood pressure.

B Types of Equipment for Indirect Measurement

of Blood Pressure

Physicians have taken reliable blood pressure measure-
ments for nearly 90 years with a compression cuff,
sphygmomanometer, and stethoscope. The major er-
rors associated with the use sphygmomanometer and
stethoscope relate to calibration of the manometer,
position of the arm (if the arm is below ‘‘heart level,’’
due to hydrostatic pressure, a falsely elevated blood
pressure will be recorded), and the experience and train-
ing of the observer.

In order to eliminate observer errors automated
blood pressure devices were developed. Most of these
devices use the oscillometric technique. The oscillomet-
ric technique involves analysis of arterial ‘‘flutter,’’ the
lower-frequency oscillations that occur, with each
heartbeat, under an occluding cuff between the systolic

and diastolic pressures. A sensitive transducer attached
to the cuff detects the flutter by selectively amplifying
the oscillations and rejecting most artifacts. In general,
these devices more reliable predict systolic than diastolic
blood pressure.

C Observer Errors

An observer may record the blood pressure inaccurately
because of hearing impairments, inattention, careless-
ness, or subconscious bias. An example of such bias is
‘‘digit preference,’’ a well-documented phenomenon
resulting in recording pressures ending with zero of five
(i.e. 120 or 125 systolic or 80 or 85 diastolic) more often
than expected by chance. The observer should be taught
that systolic pressure is the point at which initial Kor-
otkoff sounds are audible for two consecutive heart
beats (phase I). Diastolic blood pressure should be
measured at the pressure at which Korotkoff sounds
disappear (phase V). With appropriate training observ-
er errors can be greatly reduced.

D Summary

Although the indirect method of blood pressure mea-
surement may be imprecise in the obese individual, if
appropriate care is taken to use a trained observer, a
large enough blood pressure cuff, and a calibrated mea-
surement device, reliable measurements of blood pres-
sure can be made even in extremely obese individuals.

III RELATIONSHIP BETWEEN OBESITY

AND HIGH BLOOD PRESSURE

A Epidemiological Studies Linking Obesity

to Hypertension

The association between obesity and hypertension has
been recognized since the early 1900s. Several large
epidemiological studies documented the association

Figure 1 Schematic representation of a blood pressure cuff.

Table 1 Recommended Bladder Dimensions for Blood Pressure Cuffs

Circumference of arm

at midpointa (cm) Name of cuff

Bladder

width (cm)

Bladder

length (cm)

13–20 Child 8 13
17–26 Small adult 11 17
24–32 Adult 13 24

32–42 Large adult 17 32
42–50 Thigh 20 42

a Midpoint of arm is defined as half the distance from the acromion to the olecranon.
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between increasing body weight and an increase in
blood pressure (1–12). Symonds (2) analyzed 150,419
policyholders in theMutual Life Insurance Corporation
and documented that systolic and diastolic blood pres-
sure increased with both age and weight. In 1925, the
Actuarial Society of America also documented a similar
relationship in over 500,000 men (1). The Framingham
Study (4) documented that the prevalence of hyperten-
sion in obese individuals was twice that of those indi-
viduals who were normal weight. This relationship held
up in all age groups of both women and men. In the
National Heart Association of Australia Risk Factor
Prevalence Study (12), body mass index was indepen-
dently associated with blood pressure level in both men
and women. In that study, obesity was felt be the cause
of the hypertension in >30% of the individuals. Stam-
ler (2) found in a study of 1 million North Americans
that the odds ratio of hypertension were significantly
increased in obese compared to nonobese individuals
(comparing obese with nonobese subjects the odd ratio
for hypertension in subjects age 20–39 years was 2.42:1,
and 1.54:1 in subjects age 40–64 years). Thus, a large
number of population-based studies have documented a
strong association between obesity and hypertension in
both sexes, in all age groups, and for virtually every
geographical and ethnic group.

B Relationship of Weight Gain to Blood

Pressure Level

There have been no studies in humans that have looked
at the effect of weight gain on blood pressure. However,
in the dog, it has been shown that weight gain is directly
related to an increase in blood pressure. Cash andWood
in 1938 (13) demonstrated that weight gain caused dogs
with renal vascular hypertension to further increase
their blood pressure. More recently Rocchini et al.
(14,15) found that normal mongrel dogs fed a high-fat
diet gained weight and developed hypertension (Fig. 2).
In these dogs the hypertension was associated with
sodium retention, hyperinsulinemia, and activation of
the sympathetic nervous system. Hall et al. (16) have
also observed that weight gain in the dog is directly
associated with an increase in arterial blood pressure.

C Effect of Weight Loss on Blood Pressure Level

Weight loss is associated with a lowering of blood
pressure. Haynes (17) reviewed the literature up to the
mid-1980s on the relationship of weight loss to reduc-
tions in arterial pressure. He used strict criteria to
examine only well-done studies and noted that there

were only six studies available. Three of the six studies
that met Haynes criteria demonstrated a clear effect of
weight loss on lowering arterial pressure. Overall, many
clinical trials that have been published since the late
1970s have clearly documented the blood pressure low-
ering effect of weight loss (17–31). However, one of the
controversial aspects of these studies is whether the
weight loss alone, independent of alterations in dietary
sodium, was responsible for the observed reductions in
blood pressure. Dahl (27) concluded that the reduced
salt intake inherent in hypocaloric diets, rather than
weight loss, was responsible for the lowering of blood
pressure. Similarly, Fagerberg et al. (21) noted no de-
crease in blood pressure in individuals after weight loss
using a 1230-calorie, unrestricted sodium diet; however,
in another group of individuals, similar caloric restric-
tion combined with a low-sodium diet resulted in a
significant blood pressure reduction. Reisen et al. (25)
reported that hypertensive individuals placed on diets
designed to cause weight loss, but without sodium
restriction, resulted in a substantial reduction in blood
pressure. Tuck et al. (28) reported that weight loss de-
creased blood pressure in individual who received either
a 40 mmol/d sodium diet or a 120 mmol/d sodium
diet. Maxwell et al. (22) reported that in obese subjects,
weight loss resulted in the same blood pressure reduc-
tion whether sodium intake was restricted to 40 mmol/d

Figure 2 Weight, mean arterial pressure, and heart rate for
six dogs fed a high-fat diet. With weight gain there is a
significant increase in heart rate and blood pressure, and this

is reversed with weight loss. (Adapted from Ref. 14.)
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of sodium or maintained at 240 mmol/d. Gillum and
coworkers (23) found that weight loss without signifi-
cantly altered sodium intake resulted in blood pressure
decreases. Rocchini et al. (29) demonstrated that prior
to weight loss, the blood pressure of a group of obese
adolescents was very sensitive to dietary sodium intake;
however, after weight loss, the obese adolescents lost
their bloodpressure sensitivity to sodium.Finally, sever-
al large clinical trials have also documented that weight
loss independent of sodium restriction results in blood
pressure lowering. The Hypertension Prevention Trial
(19) documented that in individuals with borderline
elevations in blood pressure a mean weight loss of 5
kg was associates with as much as a 5/3 mmHg decrease
in blood pressure. The TAIM study (18) also found a
significant blood pressure lowering effect of weight loss.

A limitation with the use of studies documenting that
weight loss is associated with a reduction in blood
pressure is that most studies do not address the long-
term effect of weight change on blood pressure in
subjects who are again placed on unrestricted diets.
Dornfield and coworkers (30) have clearly documented
that the long-term changes in blood pressure correlate
with changes in body weight. In obese subjects whose
blood pressure fell during a very low calorie, protein-
supplemented fast, when weight loss stopped and body
weight was maintained for 1 month, blood pressure did
not increase. In compliant patients who regained <15
lb, 6 months after discontinuation of the very low
calorie protein-supplemented fast, blood pressure in-
creased minimally. Similarly, in another group of indi-
viduals, who were studied 21 months after being on
unrestricted calorie and sodium intake but at a different
body weight, Dornfield and associates also documented
that differences in blood pressure correlated with differ-
ences in body weight. Reisen and Frohlich (31) reported
that blood pressure remained reduced in individuals
who maintained weight loss for 12–18 months. Finally,
Davis et al. (20) reported that weight loss is an effective
long-term therapy for maintaining blood pressure in the
normal range when it is used as monotherapy or in
combination with either thiazide diuretics or h-block-
ers. Thus, based on all of these weight loss studies,
calorie restriction and weight loss are associated with
a reduction in blood pressure. In addition, it is clear that
even modest weight loss (i.e., 10% of body weight)
improves blood pressure, and many individuals achieve
normal blood pressure levels without attaining their
calculated ideal weight.

However, recent data suggest that long-term weight
loss does not reduce the incidence of hypertension.
Sjostrom et al. (32) compared the incidence of hyper-

tension and diabetes in 346 patients undergoing gastric
surgery with 346 obese control subjects who were
matched on 18 variables. After 8 years, the surgical
group had maintained a 16% weight loss, whereas the
control subjects had a 1% weight gain. These investi-
gators demonstrated that the weight reduction in the
surgical group had a dramatic effect on the 8-year
incidence of diabetes, but had no effect on the 8-year
incidence of hypertension. They (33) and others (34)
previously documented that surgical weight loss posi-
tively affected blood pressure at 2 and 4 years of follow-
up, but that this effect on blood pressure is lost after 8
years of follow-up. These authors have speculated that
the ‘‘remaining obesity in the surgically treated patients
could have induced a reappearance of hypertension
during the course of the study independent on ongoing
weight increase.’’ Therefore, Sjostrom’s study suggests
that the relapse of blood pressure after surgically
induced weight loss is more related to aging and recent
small weight increase than to either initial weight or
initial weight losses (35).

D Effect of Body Fat Distribution on Blood

Pressure

The definition of obesity also contributes to the con-
troversy regarding the independence of obesity as an
etiological determinant of hypertension. Obesity is
defined not just as an increase in body weight but rather
as an increase in adipose tissue mass. Adipose tissue
mass can be estimated by multiple techniques such as:
skinfold thickness, body mass index ([weight in kg]/
[height in meters]2), hydrostatic weighing, bioelectrical
impedance, andwater dilutionmethods. Inmost clinical
studies, body mass index is usually used as the index of
adiposity. Obesity is generally defined as a body mass
index >30 kg/m2. In 1956, Jean Vague (36) reported
that the cardiovascular and metabolic consequences of
obesity were greatest in individuals whose fat distribu-
tion pattern favored the upper-body segments. Since
that observation, several population-based studies have
demonstrated that upper-body obesity is a more impor-
tant cardiovascular risk factor than body mass index
alone (37–43). The Normative Aging Study (37) has
demonstrated that there is a significant relationship be-
tween abdominal circumference and diastolic blood
pressure. In fact, the risk of developing hypertension
was better predicted by upper body fat distribution than
by either body weight or body mass index (Fig. 3). In
the Bogalusa Heart Study (38), blood pressure corre-
lated strongly with upper-body fat pattern, but not with
measures of global obesity. Many investigators have
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demonstrated that the association of obesity to in-
creased cardiovascular risk is primarily related to upper-
body adiposity (44,45). Therefore, since most published
studies investigating the role of obesity in hypertension
have used total body weight or body mass index, the
true role of adiposity in blood pressure regulation may
have been obscured.

E Prevalence of Hypertension in Different

Obese Populations

The final proof that obesity is an independent risk factor
for hypertension, rather than a chance coexistence of
two common clinical disorders, is that the prevalence of
hypertension in obese individuals is much higher than
in the general population. This increased prevalence of
hypertension in obese individuals is even observed in
populations with both a high (African-Americans) (2)
and low (Mexican-Americans) (46) incidence of hyper-
tension.

IV MECHANISM WHEREBY OBESITY

MIGHT CAUSE HYPERTENSION

The exact mechanism whereby obesity causes hyper-
tension is still unknown. Obesity hypertension is com-
plex and multifactorial. It appears to involve insulin
resistance, activation of the sympathetic nervous sys-
tem, activation of the renin angiotensin system, abnor-

mal renal sodium handling, possible leptin resistance,
altered vascular reactivity, and alterations in the hypo-
thalamic-pituitary-adrenal axis.

A Insulin Resistance

For years it has been recognized that hypertension is
common in both obese and diabetic individuals. Glu-
cose intolerance, independent of obesity is also associ-
ated with hypertension (47). Analysis of data from the
San Antonio Heart Study has demonstrated an impres-
sive pattern of overlap among hypertension, diabetes,
and obesity. It has been estimated that by the fifth
decade of life 85% of diabetic individuals are hyper-
tensive and obese, 80%of obese subjects have abnormal
glucose tolerance and are hypertensive, and 67% of hy-
pertensive subjects are both diabetic and obese (7,46). In
1985, Modan et al. (47) demonstrated in a large epide-
miological study that a strong association exists among
obesity, glucose intolerance, and hypertension. There
have been a number of studies in both obese and non-
obese humans that demonstrate a strong relationship
between insulin resistance and blood pressure (17,47–
58). The relationship between insulin resistance and
blood pressure has been observed in most populations
(55–58). Preliminary results from the Insulin Resistance
Atherosclerosis Study (59,60) suggest that after multi-
variate analysis, insulin resistance and bodymass index,
but not insulin level, predict hypertension. Therefore,
insulin resistance has been suggested by many inves-
tigators to be the metabolic link that connects obesity
to hypertension.

In support of the hypothesis that hyperinsulinemia
may be causally linked to obesity hypertension, it has
been demonstrated that in hypertensive obese subjects a
10-hr somatostatin infusion, a hormone that suppress
pancreatic insulin release, causes a reduction in both
plasma insulin and arterial pressure (61). Somatostatin
has also been demonstrated to improve the hyperinsu-
linemia, hypertension, and dyslipemia associated with
fructose-induced hypertension in the rat (62).

Factors known to improve insulin resistance are also
associated with reductions in blood pressure. Weight
loss has been documented to be associated with both a
decrease in blood pressure and an improvement in
insulin sensitivity (49,50). The decline in blood pressure
associated with exercise training programs seems to be
limited to individuals who are initially hyperinsulinemic
and have the greatest fall in plasma insulin level as a
result of the training program (50,63).

In addition to human data linking insulin and blood
pressure, there are also animal data that suggest that

Figure 3 Relationship between diastolic blood pressure
(DBP) and abdominal circumference by quintile. With in-
creasing abdominal girth, diastolic blood pressure increases.
DBP is shown with 95% confidence intervals for 1972 sub-

jects in the Normative Aging Study. (Adapted from Ref. 37.)
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insulin is an important regulator of blood pressure.
Rocchini et al. (14,15) demonstrated that the weight
gain associated with feeding dogs cooked beef fat is
directly associated with an increase in blood pressure
and insulin. Reaven and coworkers (64–67) demonstra-
ted that normal Sprague-Dawley rats feed a fructose-
enriched diet develop insulin resistance and hyperten-
sion. They have shown that the hypertension can be
eliminated or attenuated by correcting the insulin resist-
ance either with exercise training or the administration
of somatostatin. Kurtz et al. (68) has shown that the ge-
netically obese, insulin-resistant Zucker rat has an in-
creased blood pressure compared to the genetically lean,
non-insulin-resistant Zucker rat or Lewis rat. Several
investigators have demonstrated that insulin resistance
and hyperinsulinemia are also seen in spontaneously
hypertensive rats (69–71). In addition, insulin-stimu-
lated glucose uptake is lower in adipocytes isolated from
these animals (70). Finally, Brands et al. (72) and
Meehan et al. (73) have demonstrated that the infu-
sion of insulin into normal rats results in the develop-
ment of hypertension. In both studies, a rise in arterial
pressure occurred within 2 days of starting the insu-
lin infusion.

Finally, there is evidence to suggest that in normal-
weight individuals, hyperinsulinemia and insulin resist-
ance precede the development of hypertension. Young
black males with borderline high blood pressure have
been reported to have higher insulin levels and more
insulin resistance that normotensive black men (55,56).
In the Tecumseh Study (74), individuals with borderline
hypertension had higher plasma insulin levels and
greater weight than normotensive individuals. Normo-
tensive children with a family history of hypertension
have higher insulin levels and more insulin resistance
than children with no family history of hypertension
(75).

However, in contrast to these and other reports
(7,47–58), linking hyperinsulinemia to hypertension,
there have been studies that have been unable to estab-
lish a relationship between hyperinsulinemia and high
blood pressure. There is at least one study in a group of
hypertensive obese individuals (76) that did not find a
correlation between hyperinsulinemia and hyperten-
sion. In normal dogs, a chronic infusion of insulin, with
or without an infusion of norepinephrine, failed to
increase blood pressure (21,77). In addition, even in
those reports that have documented a relationship
between insulin and blood pressure, there is significant
overlap in insulin resistance between those individuals
who are hypertensive and those who are normotensive.
For example, Pollare and coworkers (49) demonstrated

a significant linear relationship between insulin resist-
ance, measured during a euglycemic insulin clamp
study, and blood pressure in a group of 143 hypertensive
and 51 normotensive subjects; however, f50% of the
hypertensive subjects had insulin-mediated glucose
uptake values that were within 1 standard deviation of
the normotensive group (that is, at least one half of the
hypertensive subject were not insulin resistant). No
correlation has been found between blood pressure
and plasma insulin or insulin sensitivity in Pima Indi-
ans (78) or obeseMexican-American women (44). Thus,
from all of these studies it is clear that not all hyper-
tensive subjects are insulin resistant and that not all
insulin-resistant subjects are hypertensive.

Based on available data in the literature, it appears
that selective insulin resistance, not just hyperinsulin-
emia, is more likely the metabolic link that is responsi-
ble for the observed epidemiological relationship be-
tween obesity and hypertension. The term selective
insulin resistance implies that although an individual
or animal may have an impaired ability of insulin to
cause whole body glucose uptake, some of the other
physiological actions of insulin may be preserved. With
respect to hypertension, one of the potentially impor-
tant actions of insulin is the ability to induce renal
sodium retention. Obese adolescents have selective
insulin resistance in that they are resistant with respect
to insulin’s ability to stimulate glucose uptake yet are
still sensitive to the renal sodium-retaining effects of
insulin (79) (Fig. 4). The spontaneously hypertensive
rat has also been documented to have impaired insulin
mediated whole-rat glucose uptake yet normal insulin
sensitivity to induce renal sodium retention (71). In
nonobese essential hypertensives, insulin resistance has
been demonstrated to involve glucose metabolism but
not lipid or potassium metabolism, and is limited to the
nonoxidative pathways of intracellular glucose disposal
(48,80).

Thus there is evidence to indicate that in obese
hypertensive subjects, insulin resistance is selective
(mostly involving glucose metabolism), tissue specific
(predominantly effecting skeletal muscle), and pathway
specific (insofar as only glycogen synthesis is usually
affected). Therefore, in any individual or animal the
degree to which insulin resistance is tissue and/or path-
way specificity may determine whether hypertension
will develop. In addition to sodium retention, selective
insulin resistance may modulate the development of
hypertension through changes in vascular structure
and function, alterations in cation flux, activation of
the renin angiotensin aldosterone system, and activa-
tion of the sympathetic nervous system.
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B Enhanced Sodium Retention

There are ample human and animal data linking obesity
hypertension to fluid retention. Rocchini et al. (29) dem-
onstrated that when compared to nonobese adolescents,
the obese adolescents have a renal-function relation
(plot of urinary sodium excretion as a function of
arterial pressure) that has shallower slope. The renal-
function relationship is also normalized by weight loss
(Fig. 5). The relationship between urinary sodium
excretion and mean arterial pressure can be altered by
intrinsic and extrinsic factors that are known to affect
the ability of the kidney to excrete sodium. Factors that
produce alterations in the renal-function curves are
constriction of the renal arteries and arterioles, changes

in glomerular filtration coefficients, changes in the rate
of tubular reabsorption, reduced renal mass, and chang-
ing levels of renin-angiotensin activation, aldosterone,
vasopressin, insulin, sympathetic nervous system acti-
vation, and atrial natriuretic hormone.

Insulin resistance and/or hyperinsulinemia can result
in chronic sodium retention. Insulin can enhance renal
sodium retention both directly, through its effects on
renal tubules (79,81,82), and indirectly, through stim-
ulation of the sympathetic nervous system and aug-
menting angiotensin II mediated aldosterone secretion
(83,84). There are data to suggest that insulin resistance
is directly related to sodium sensitivity in both obese and
nonobese subjects. Rocchini et al. (29) have also shown
in obese adolescents that insulin resistance and sodium
sensitivity of blood pressure are directly related. They
demonstrated that the blood pressure of obese adoles-
cents is more dependent on dietary sodium intake than
the blood pressure of nonobese adolescents and that
hyperinsulinemia and increased sympathetic nervous
system activity appear to be responsible for the observed
sodium sensitivity and hypertension. Finta et al. (85)
demonstrated that the endogenous hyperinsulinemia
that occurs in obese subjects following a glucose meal

Figure 4 Panel A depicts the change in glucose uptake (M)

(mg/kg/min) during euglycemic hyperinsulinemia in seven
obese and five nonobese subjects. Compared to the nonobese
individuals, a 40 munit/m2/min infusion of insulin resulted in
a significant depression in whole-body glucose uptake in the

obese subjects (P <.001). The plasma insulin response to the
insulin infusion was not significantly different between obese
and nonobese subjects. Panel B depicts the percent change in

urinary sodium excretion (% change UNaV) that occurred in
the same seven obese and five nonobese subjects during water
diuresis and euglycemic hyperinsulinemia. Insulin infusion

resulted in a significant (f50%) decrease in urinary sodium
excretion in both the obese and nonobese subjects. There was
no significant difference in the response of urinary sodium

excretion to hyperinsulinemia observed between the two
groups. (From Ref. 79.)

Figure 5 Renal-function relations for 18 nonobese (X), 60

obese adolescents before a weight loss program (open square)
and the 36 obese adolescents who lost weight during a 20-
week weight loss program (closed square). In comparison

with the nonobese adolescents’ renal-function relation, the
obese adolescents’ renal-function relation has a shallow slope
(P<.001). In those who lost weight, the slope increased (ar-

row). This increase was due to a decrease in the mean arterial
pressure during the two weeks of the high salt diet. (From
Ref. 29.)
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can result in urinary sodium retention. In that study, the
investigators also demonstrated that the obese adoles-
cents who were the most sodium sensitive had signif-
icantly higher fasting insulin concentrations, higher
glucose-stimulated insulin levels, and greater urine
sodium retention in response to the oral glucose load.
Finally, in nonobese subjects with (82) or without (86)
essential hypertension there is a direct relationship
between sodium sensitivity and insulin resistance.

There are also animal data that suggest that insulin
resistance may be in partly responsible for the sodium
retention associated with obesity hypertension. In a dog
model of obesity induced hypertension, Rocchini et al.
(14,15) demonstrated that during the first week of the
high-fat diet, the increase in sodium retention appeared
to best relate to an increase in plasma norepinephrine
activity, whereas during the latter weeks of the high-fat
diet, an increase in plasma insulin appeared to be the
best predictor of sodium retention. Finally, Rocchini et
al. (86) demonstrated that the hypertension associated
with weight gain in the dog occurs only if adequate salt
is present in the diet.

In non-insulin-resistant subjects, both a concomitant
decrease in proximal tubular sodium reabsorption and
an increase in glomerular filtration oppose the direct
effect of insulin to increase distal sodium retention (87).
Hall and coworkers (88) have demonstrated that obe-
sity-induced hypertension in the dog is associated with
increased renal tubular sodium reabsorption since
marked sodium retention occurred despite large in-
creases in glomerular filtration and renal plasma flow.
Ter Maaten et al. (89) have demonstrated that insulin-
mediated glucose uptake was positively correlated with
changes in glomerular filtration but not with changes in
either proximal tubular sodium reabsorption or overall
fractional sodium excretion. They speculated that insu-
lin could only cause abnormal sodium retention if an
additional antinatriuretic stimulus is present, such as
through stimulation of the sympathetic activity, aug-
menting angiotensin II–mediated aldosterone produc-
tion, and others.

Another mechanism that may link insulin and insulin
resistance to salt-sensitive hypertension is alterations in
insulin receptor structure or function. We characterized
the change in insulin-mediated glucose uptake that
occurs with feeding dogs a high-fat diet by measuring
insulin-mediated glucose uptake dose response curves in
dogs before and after 1, 3, and 6 weeks of the high-fat
diet (90) (Fig. 6). After 1 week of the high-fat diet there
was a significant increase in the amount of insulin that
was required to produce a half-maximal response in
glucose uptake (insulin ED50 dose) and little change in

the maximal glucose uptake response. However, by 3
weeks of the high-fat diet there was a further increase in
the insulin ED50 dose and a significant reduction in the
maximal insulin-induced glucose uptake. Laasko et al.
(91) reported, in obese humans, similar changes in the
insulin mediated glucose uptake dose response relation-
ship. Kolterman et al. (92) suggested that insulin resist-
ance in obesity is due to target tissue defects (i.e.,
reduced sensitivity to insulin, reduced responsiveness
to insulin, or a combined defect). Reduced sensitivity to
insulin is believed to be due to a prereceptor or receptor
defect. In this type of resistance, high concentrations of
insulin overcome the defect and evoke a maximum
insulin stimulation of the tissue. Alternatively, reduced
responsiveness to insulin is associated with a reduced
maximum insulin stimulation of the tissue, and is be-
lieved to be due to a defect that is distal to the insulin-
receptor complex. Since weight gain is associated with
both a reduced maximum insulin-stimulated glucose
uptake and a shift of the dose response curve to the
right (i.e., a significantly reduced insulin ED50 dose),
using Kolterman’s terminology, weight gain in the dog
results in both a reduced sensitivity and responsiveness
to insulin. We also observed that >77% of the variance

Figure 6 Rates of whole-body glucose uptake (M) deter-
mined during euglycemic clamp studies over a wide range of
steady-state insulin concentrations serially in four dogs fed a

high-fat diet. Weight gain resulted in a shift to right and a
decrease in maximal rate of M. P<.001. (From Ref. 90.)
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in the weekly change in blood pressure and sodium
retention caused by feeding dogs a high-fat diet could be
explained by the weekly insulin-stimulated glucose
uptake insulin ED50 doses. Therefore, insulin resistance
appears to be important in producing the salt-sensitive
hypertension observed in obese humans and dogs. Sechi
(93) reported that dietary salt content can alter insulin
receptor function in the SHR rat and the fructose-fed
rat. An increase in dietary salt content decreases in-
sulin receptor number and mRNA levels only in the
kidney of WKY but not SHR. Similarly, Sechi reported
that when control Sprague-Dawley rats are fed a high-
salt diet, renal insulin receptor number and mRNA
levels decrease. However, when fructose is added to
the high-salt diet, renal insulin receptor number and
mRNA levels did not decrease. Therefore, Sechi has
speculated that in both SHR and fructose-fed rats, the
sensitivity to insulin of the kidney is unresponsive to
manipulations of dietary sodium. He believes that this
abnormality might contribute to sodium retention and
hypertension.

Finally, there are structural changes in the kidneys of
obese individuals that can cause fluid retention. The
kidneys from obese animals and humans are tightly
encapsulated with fat tissue. Some of the fat penetrates
the renal hilum into the sinuses surrounding the renal
medulla (94). The interstitial fluid hydrostatic pressure
is elevated to 19 mm Hg in obese dogs, compared with
on 9–10 mm Hg in lean dogs. The elevated interstitial
pressure reduces medullary blood flow and causes tu-
bular compression, thus slowing tubular flow rate and
increasing fraction tubular reabsorption. Therefore,
obesity, either from hormonal changes or due to phys-
ical changes in the kidney, causes fluid retention.

C Alterations in Vascular Structure and Function

Another way that obesity can cause hypertension is
through alterations in vascular structure and function.
Cellularmetabolism of cations and othermoleculesmay
be altered in obesity and lead to changes in vascular re-
sponsiveness. Since insulin and insulinlike growth fac-
tors are mitogens capable of stimulating smooth muscle
proliferation (95), hyperinsulinemia could result in vas-
cular smooth muscle hypertrophy, narrowing of the
lumen of resistance vessels, and ultimately the develop-
ment of hypertension (96). Vascular abnormalities are
also known to exist in obese individuals. In normal
nonobese volunteers, insulin induces peripheral arterial
vasodilation (97). In obese adolescents, Rocchini et al.
(98) demonstrated that ischemic exercise results in a
decreasedmaximal forearmblood flow and an increased

minimum vascular resistance. These investigators dem-
onstrated that the abnormal vascular responses to
ischemic exercise directly correlate with fasting insu-
lin and whole-body glucose uptake, and that the vas-
cular and metabolic abnormalities improve with weight
loss.

In the dog, euglycemic hyperinsulinemia increases
cardiac output in a dose-dependent fashion (90). How-
ever, feeding the high-fat diet resulted in right shift of
insulin’s effect to increase cardiac output. Compared to
the control fed dogs, the half-maximal response in the
insulin-induced increase in cardiac output (insulin ED50

dose) was 72% (P<.05) higher at 1 week and 180%
(P<.01) higher at 6weeks. Similarly, weight gain in the
dog blunts the vasodilator response to insulin in the
femoral artery. Steinberg et al. (99) demonstrated that
insulin enhances the release of endothelium-derived
nitric oxide. Baron et al. (100) demonstrated that insu-
lin-resistant individuals exhibit blunted insulin-medi-
ated vasodilatation and impaired endothelium-de-
pendent vasodilatation. Others have also demonstrated
that salt-sensitive and insulin-resistant hypertensive
patients manifest impaired endothelium-dependent
relaxation mediated by nitric oxide (101,102).

In addition to insulin resistance possibly being asso-
ciated with the development of vascular changes, there
also are data that suggest that abnormalities in skeletal
muscle vascular regulation may be a cause of insulin
resistance. In both the dog (97) andman (97) euglycemic
hyperinsulinemia has been documented to result in
vasodilatation, not vasoconstriction. Even though the
exact mechanism how insulin induces vasodilatation in
non-insulin-resistant individuals is unknown, some
investigators believe that this vasodilator response is
in part due to stimulation of endothelial-dependent re-
laxing factor (103,104). Type 2, but not type 1, diabetic
subjects respond abnormally to acetylcholine, which in-
duces vasodilatation by stimulation of endothelial-de-
pendent relaxing factor (105).

Insulin-mediated glucose uptake is determined both
by insulin’s ability to stimulate glucose extraction at the
level of tissues/cells and by the rate of glucose and
insulin delivery (blood flow). Thus, the relative contri-
butions of tissue and blood flow actions of insulin will
determine the overall rate of glucose uptake (i.e., degree
of insulin resistance). In obese individuals with insulin
resistance, an attenuated limb vasodilator reponses to
hyperinsulinemia has been reported (106,107) (Fig. 7).
The lack of insulin’s ability to produce vasodilatation
has led Baron (108) to speculate that abnormalities of
skeletal muscle vascular regulation may be a cause, not
a result, of insulin resistance. This hypothesis is also
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supported by the fact that antihypertensive drugs that
are vasodilators (i.e., captopril, calcium channel block-
ers, and prazosin) tend to improve insulin resistance,
whereas other antihypertensive drugs such as diuretic or
beta-blockers do not (109–111).

Skeletal muscle characteristics are altered in obesity
(112–115) and hypertension (116–119), and these alter-
ations may be involved in the etiology of these two
diseases. Human muscle has three categories of fiber:
types I, IIa, and IIb (120). Type I fibers have high
aerobic capabilities and increase capillarization. Type

II fibers tend to be better suited for anaerobic metabo-
lism. Type IIa fibers have the same capillary supply as
type I fibers, whereas type IIb fibers have a reduced
capillary supply. Lithell et al. (113) reported that muscle
fiber diameter and capillary density correlate with fast-
ing insulin levels. These investigators also demonstrated
that obese men have an increased fiber diameter with no
increase in the number of capillaries per fiber (i.e., a
reduced capillary density). Lillioja et al. (112) reported
similar results in a group of Pima Indians. Wade et al.
(105) and Staron et al. (114) reported a significant
inverse correlation between the presence of type I fibers
and body fatness. However, Simoneau and Bouchard
(121) found no relationship between percent body fat
and the percentage of type I fibers in a group of 126
women and 213 men. The only significant correlation
between body fatness and fiber type observed in this
study was that obese men appeared to have an increase
percentage of type IIb fibers with low aerobic enzyme
activities. Krotkiewski and Bjorntrop (122) observed
that upper-body obesity, increased waist-to-hip ratio,
was associated with an increased percentage of type II
fibers. Based on these observations, it has been specu-
lated that the hypertension and insulin resistance
observed in some obese individuals, especially those
with upper-body obesity, may be due to the high
percentage of type IIb muscle fibers that have low
capillary density and reduced aerobic enzyme activities.
In support of this theory is the observation that endur-
ance training in obese and nonobese individuals im-
proves insulin resistance by increasing muscle oxidative
capacity and increasing capillary density (123,124).

D Alterations in Ion Transport

The fourth method by which obesity could cause hyper-
tension is through alterations in cation transport. Insu-
lin has been shown to affect sodium and calcium
transport, although controversy still exists regarding
the molecular mechanism of this effect. A direct effect of
insulin on sodium/hydrogen exchange has been demon-
strated in vitro (125). Insulin has been reported to both
increase and decrease Na-K-ATPase activity (126).
Insulin has been linked to both Na-Li countertransport
and Na-K cotransport (126). In a study of leukocyte
sodium content and sodium pump activity in over-
weight and lean hypertensive subjects, it was observed
that overweight hypertensive subjects accumulated
intracellular sodium probable through abnormalities
of sodium pump activity (127). In obese hypertensive
men, the renin-angiotensin system and sympathetic
nervous system activity are reported to influence the

Figure 7 Rates of leg blood flow (A) and rates of leg glucose
uptake (B) determined during euglycemic clamp studies over
a wide range of steady-state serum insulin concentrations in

lean (closed circles) and obese nondiabetic subjects (open cir-
cles) and patients with NIDDM (close triangles). Note the log
scale on the abscissa. To convert the insulin concentrations

from pmol/L divide by 7.175. (Adapted from Ref. 90.)
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regulation of erythrocyte sodium turnover during so-
dium and energy restriction (128). Thus, alteration in
intracellular sodium concentration could lead to an in-
creased intracellular calcium, an increase in vascular
smooth muscle tone, and hypertension. Insulin alone
has also been demonstrated to elevate cytosolic free
calcium levels in adipocytes of normal subjects (129). In
addition, weight loss is obese individuals is reported to
be accompanied by a significant decrease in platelet-free
calcium levels (130).

Insulin-mediated glucose transport is dependent on
an intracellular calcium concentration of between 40
and 375 nm/L (131). Thus, increased intracellular cal-
cium concentration might lead to insulin resistance,
increased vascular resistance, and hypertension (50).
In hypertensive type II diabetics a decrease in calcium
adenosine-triphosphate activity is associated with
increased intracellular calcium concentration (132).
Insulin has also been shown to stimulate plasma mem-
brane calcium adenosine-triphosphate activity (105)
and sodium-potassium adenosine-triphosphate activity
(126). Insulin resistance may blunt these pump func-
tions and could lead to chronic increases in intracellular
calcium, increased peripheral vascular resistance, and
hypertension. Finally, reduced intracellular levels of
magnesium are also associated with increased vascular
resistance and insulin resistance (133). With the use of
magnetic resonance imaging to evaluate the aorta of
normal and hypertensive subjects. Resnick et al. (134)
found that increased abdominal visceral fat, decreased
intracellular magnesium, and advanced age were closely
associated with reduced aortic distensibility vessels.
Therefore, in obesity, alterations in either intracellular
calcium and/or magnesium could result in the develop-
ment of both hypertension and insulin resistance.

E Stimulation of the Renin-Angiotensin-Aldosterone

System

Afifth way bywhich obesity could cause hypertension is
through alterations in the renin-angiotensin-aldoster-
one system. The renin-angiotensin-aldosterone system
is an important determinant of efferent glomerular arte-
riolar tone and tubular sodium reabsorption. Its activ-
ity ismodulated by both dietary salt ingestion and blood
pressure. Therefore alterations in the renin-angiotensin
aldosterone system could be expected to alter pressure
natriuresis. Enhanced activity of the renin-angiotensin
system has been reported in obese humans and dogs
(28,84,135–140). Tuck et al. (28) demonstrated in obese
hypertensives that with weight loss plasma renin activ-
ity decreases and that the decrease in plasma renin

activity was statistically correlated with the weight
loss–associated decrease in mean arterial pressure.
Granger and coworkers (140) reported that plasma re-
nin activity is 170% higher in obese dogs than in con-
trol dogs. However, Hall et al. (88) demonstrated that
weight-related changes in blood pressure can occur in
dogs independent of changes in angiotensin II.

Obesity is also associated with abnormalities in the
angiotensin-aldosterone system. In the dog, Rocchini et
al. (14,15) demonstrated that the increase in blood
pressure associated with weight gain is directly related
to sodium retention and that this sodium retention is in
part accompanied by an increase in plasma norepi-
nephrine, insulin, and aldosterone concentrations. Tuck
and associates (28) demonstrated in obese adults that
weight loss lowered both plasma renin activity and
aldosterone concentration. Hiramatsu et al. (136) docu-
mented in obese hypertensives that with increasing body
weight, there is a progressive increase in the ratio of
plasma aldosterone to plasma renin activity. Scavo et
al. (137,138) reported that although obese adults have a
normal plasma renin activity, they have an increased
plasma aldosterone concentration and an increased
aldosterone secretion rate. Sparks and coworkers
(139) reported that in obese patients during the early
stages of fasting there is a dissociation between plasma
renin activity and aldosterone. Rocchini et al. (135)
measured supine and 2-hr upright plasma renin activity
and aldosterone in 10 nonobese and 30 obese adoles-
cents before and after a 20-week weight loss program.
The obese adolescents had significantly higher supine
and 2-hr upright aldosterone concentrations. Although
plasma renin activity was not significantly different in
the two groups of adolescents, they observed that a
given increment in plasma renin activity produced a
greater increment in aldosterone in the obese adoles-
cents. Compared with an obese control group, weight
loss resulted in a significant decrease in plasma aldos-
terone. After weight loss there was also a significant
decrease in the slope of the posture-induced relation
between plasma renin activity and aldosterone. In addi-
tion, after weight loss there was a significant correlation
between the change in plasma aldosterone and the
change in mean blood pressure. The authors speculated
that increased plasma aldosterone concentration in
some obese subjects is caused by increased adrenal
sensitivity to angiotensin II.

Insulin has been shown to influence the renin-angio-
tensin aldosterone system in both normal subjects
(83,141) and in patients with diabetes (142). Since
hyperinsulinemia is a characteristic feature of obesity,
Rocchini et al. (84) hypothesized that increased aldos-
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terone levels observed in obese individuals are caused
by hyperinsulinemia and insulin’s ability to augment
angiotensin II–mediated aldosterone production. Roc-
chini et al. (84) measured the increase in plasma aldos-
terone after intravenous angiotensin II (5, 10, and 20 ng/
kg/min for 15 min each) before and after euglycemic
hyperinsulinemia in seven chronically instrumented
dogs. Euglycemic hyperinsulinemia (at insulin doses of
2, 4, or 8 mU/kg/min) resulted in a significantly greater
(P<.01) change in the angiotensin II–stimulated incre-
ments of plasma aldosterone than was observed when
angiotensin II was administered alone. However, there
was no dose dependence of insulin’s effect on angioten-
sin II–stimulated aldosterone. The effect of weight gain
on the angiotensin II response was also evaluated in five
dogs. Weight gain significantly increased angiotensin
II–stimulated aldosterone; however, with hyperinsulin-
emia, the response was not significantly different than
that observed in the dogs prior to weight gain. The
authors speculated that possible mechanisms whereby
insulin could increase angiotensin II–stimulated al-
dosterone production include increased intracellular
potassium, reduced plasma free fatty acids, and a direct
action of insulin to induce increased adrenal steroido-
genesis.

Hollenberg and Williams (143,144) have described a
group of subjects with essential hypertension that they
have called nonmodulators. These normal renin sub-
jects appear to have a defect in their sodium-modulated
tissue responsiveness to angiotensin II. Ferri et al. (145)
have shown that nonmodulating hypertensives are insu-
lin resistant. Similarly, Trevisan et al. (146) has demon-
strated that IDDM patients have both an enhanced
renal response to angiotensin II and insulin resistance.

F Increased Activation of the Sympathetic

Nervous System

The sixth way by which obesity could cause hyper-
tension is through stimulation of the sympathetic nerv-
ous system. For over 20 years it has been recognized
that diet affects the sympathetic nervous system. Fast-
ing suppresses sympathetic nervous system activity,
whereas overfeeding with either a high-carbohydrate
or high-fat diet simulates the sympathetic nervous
system (147–150). Insulin is believed to be the signal
that networks dietary intake and nutritional status to
sympathetic activity. Glucose and insulin sensitive neu-
rons in the ventromedial portion of the hypothalamus
have been demonstrated to alter the activity of inhib-
itory pathways between the hypothalamus and brain-
stem (151). It is believed that the physiological role of

the link between dietary intake and sympathetic nervous
system activity is to regulate energy expenditure in a
hope to maintain weight homeostasis. Landsberg and
Krieger (152) have suggested that in obese individuals
the sympathetic nervous system is chronically activated
in an attempt to prevent further weight gain and that
hypertension is a byproduct of the overactive sympa-
thetic nervous system. They and their associates, as have
others, have clearly documented that euglycemic hyper-
insulinemia in both normal and obese humans and
animals causes activation of the sympathetic nervous
system as documented by increases in heart rate, blood
pressure, and plasma norepinephrine (26,84,152–155).

More recently it has been shown that hyperinsulin-
emia in normal humans is associated not only with an
increase in circulating catecholamines but also with an
increase in sympathetic nerve activity (97). Fisher rats
fed a high-fat diet develop obesity, hypertension, and
insulin resistance. When euglycemic insulin infusions
are performed, increases in systolic blood pressure are
observed in the fat-feed animals but not in controls. The
blood pressure increase is reversible by combined a-
blockade and h-blockade, thus suggesting a role for
increased sympathetic activity (156). Hall et al. (157)
have preliminary studies suggesting that combined
alpha and beta adrenergic blockade for 7 days reduced
arterial pressure to a much greater extent in obese than
in normal dogs. These investigators have also demon-
strated that renal denervation prevents both the hyper-
tension and sodium retention associated with obesity in
the dog (158).

Although many studies in obese individuals have
demonstrated increased sympathetic nervous system
activity, this has not been a universal finding (159). Part
of the controversy regarding the role of the sympathetic
nervous system in obesity relates to relying on plasma
levels of catecholamines as the index of sympathetic
activity. Recent data from the Normative Aging Study
(37) strongly suggest that obesity is associated with
increased sympathetic nervous system activity. This
study demonstrated that sympathetic activity, assessed
bymeasuring 24-hr urinary norepinephrine excretion, is
directly related to abdominal girth, waist-to-hip ratio,
and body mass index. In addition, norepinephrine
excretion is directly correlated with both glucose level
and fasting insulin concentration (37,160). Other recent
studies using the appearance rate of norepinephrine in
the circulation (161) and the effects of somatostatin-
induced suppression of insulin on plasma norepineph-
rine levels (162) provide additional corroborative data
for an increase in sympathetic activity linked to obesity
and driven by insulin. Sondergaard et al. (163) demon-
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strated that measurements of resting and 24-hr sympa-
thoadrenal activitymay differ in obese individuals. They
demonstrated that sympathic activity at rest as eval-
uated by forearm venous plasma norepinephrine levels
was increased in obese subjects. However, thrombocyte
norepinephrine and epinephrine levels, which likely re-
flect 24-hr plasma catecholamine concentrates, were
reduced in obese subjects with a body fat percentage
above 40%. They speculate that the reduced thrombo-
cyte catecholamine levels are probable due to a reduced
physical activity in these subjects.

Finally, there are also ethnic differences in sympa-
thetic tone. Weyer et al. (164) examined the relation
among heart rate, blood pressure, percent body fat,
fasting insulin, and muscle sympathetic nerve activity
in male normotensive whites and Pima Indians. These
investigators demonstrated that in both ethnic groups,
heart rate and blood pressure positively related to
percent body fat and muscle sympathetic nerve activity,
and both were independent determinants of heart rate
and blood pressure. However, muscle sympathetic
nerve activity was positively related to percent body
fat and fasting insulin concentration in whites but not in
Pima Indians. This study emphasizes that the roles of
hyperinsulinemia and increase sympathetic nervous
system activity as medicator for the relation between
obesity and hypertension can differ between among
ethnic groups. Weyer’s study (164) may explain why
the Pima Indians have a low prevalence of hypertension
in this population despite their high incidence of obesity
and insulin resistance.

Abnormalities in the sympathetic nervous system
may also play role in the actual pathogenesis of some
forms of obesity. The recent identification and cloning
of the h3-adrenergic receptor have spurred great interest
in the potential role of this receptor in the regulation of
energy expenditure and ultimately in the development
of obesity. The h3-adrenergic receptor is predominantly
expressed in omental fat tissue and gallbladder, at low
levels in ileum and colon, and absent in muscle, heart,
liver, lung, kidney, thyroid, and lymphocytes (165).
Mutations in the h3-adrenergic receptor gene have been
detected in Pima Indians and Mexican-Americans, two
populations with a high incidence of obesity and dia-
betes (166). Finally, preliminary studies in obese
humans have demonstrated that the administration of
an agent with high specificity for the h3-adrenergic
receptor results in increased energy expenditure that is
accompanied by a marked improvement in insulin
sensitivity and glucose tolerance (167).

Finally, there is evidence suggesting that alterations
in sympathetic activity can cause insulin resistance. The

acute administration of catecholamines is known to
decrease insulin action (168). Diebert et al. (169) dem-
onstrated that epinephrine, acting primarily through a
beta-adrenergic receptor, markedly impairs both peri-
pheral and hepatic resistance to the action of insulin.
Jamerson et al. (170) demonstrated that a reflex increase
in sympathetic tone in normotensive individuals can
lead to acute insulin resistance in the forearm. These
investigators speculated that reflex activation of the
sympathetic nervous system caused a decrease in fore-
arm glucose uptake that was mediated through a reduc-
tion in blood flow to the forearm. Rosen et al. (171)
demonstrated that central activation of imidazoline
receptors by moxonidine can prevent both the hyper-
tension and insulin resistance associated with feeding
rats a high fructose diet. Similarly, Ernsberger et al.
(172) demonstrated that moxonidine completely re-
versed abnormal glucose tolerance and insulin resist-
ance in obese spontaneously hypertensive rats. Finally,
Rocchini et al. (173) have shown that clonidine can
prevent the hypertension, sodium retention, and insulin
resistance associated with feeding dogs a high-fat diet
(Fig. 8). Therefore, it is possible that altered sympa-
thetic function could be the metabolic abnormality that
is responsible for obesity hypertension, salt sensitivity,
and insulin resistance.

G Natriuretic Peptides

Natriuretic peptides are important regulators of volume
and pressure. There are at least three natriuretic pep-
tides that have been identified: atrial natriuretic peptide,
brain natriuretic peptide, and C-type peptide. Few
studies have examined the role of natriuretic peptides
in obesity. Licata and coworkers (174) demonstrated
that following a sodium load, obese subjects have
delayed urinary sodium excretion and a blunted rise in
atrial natriuretic peptide levels. Maoz and coworkers
(175) demonstrated that weight loss was associated
with a significant diuresis and natriuresis together with
an early increase in plasma atrial natriuretic peptide
levels. Finally, Dessi-Fulgheri et al. (176) reported that
after caloric restriction in obese hypertensive subjects
atrial natriuretic peptide infusion caused a more pro-
nounced diuresis, natriuresis, fall in blood pressure,
and an elevation in plasma cGMP levels than was
observed in these subjects prior to caloric restriction.
These authors suggested that relative over expression of
inactive receptor Npr-C in adipose tissue might trap
and clear more atrial natriuretic peptide from the
circulation and thereby reduce its biologic effects on
the kidney.
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H Leptin

Leptin is a 167–amino acid hormone that is secreted ex-
clusively by adipocytes. By binding to the leptin recep-
tor in the hypothalamus and by activating multiple
neuropeptide pathways, leptin decreases appetite and
increases energy expenditure, thereby decreasing adi-
pose tissue mass and body weight. Serum leptin level is
low in lean individuals and is elevated in most obese

subjects (177). Since there is a strong relation between
serum leptin levels and body fat mass, some authors
have concluded that obesity may be associated with
leptin resistance (178).

Leptin has been shown to have significant cardiovas-
cular effects. Leptin-treated animals have a higher meta-
bolic rate and core temperature. This may be because
leptin increases sympathetic outflow and norepi-
nephrine turnover in adipose tissue (179). Despite the
increase in sympathetic outflow associated with leptin
administration, no blood pressure elevation has been
reported with the acute infusion of leptin (180). How-
ever, the chronic administration of leptin is associated
with an increase in blood pressure, heart rate, and renal
vascular resistance despite a decrease in food intake
(181). Transgenic mice that overexpress leptin also are
hypertensive. In these mice the elevated blood pressure
can be prevented by an a-receptor blocker (182). Leptin
has also been found to increase insulin sensitivity and
inhibit glucose-mediated insulin secretion (183).

I Hypothalamic Origins of Obesity Hypertension

The similarities between Cushing’s syndrome and the
metabolic abnormalities associated with obesity hyper-
tension has lead Bjorntrop to speculate that hyper-
cortisolemia is involved with in the pathogenesis of
obesity hypertension (184). Cortisol secretion has been
measured repeatedly in obesity, but there have been
conflicting results. There is evidence of increased secre-
tion and turnover, resulting in normal or even lower
than normal circulating concentration (185).Measuring
salivary cortisol, investigators have been able to dem-
onstrate that normally regulated cortisol secretion is
associated with ‘‘healthy’’ anthropometric, metabolic,
and hemodynamic variables. However, upon perceived
stress cortisol secretion is increased and followed by
insulin resistance, abdominal obesity, elevated blood
pressure, and hyperlipidemia (186,187). In a small por-
tion of the population a defect, ‘‘burned-out’’ cortisol
secretion occurs. This ‘‘burnout’’ also is associated
with decreased sex steroid and growth hormone secre-
tions and is strongly associated with visceral adiposity,
insulin resistance, and hypertension. Rosmond and
Bjorntrop (188) have demonstrated that diminished
dexamethasone suppression is directly associated with
obesity and elevation of leptin levels. These authors
suggest that a poor control of the hypothalamic-pitui-
tary axis may be associated with obesity and inefficient
leptin signals. Zahrezewska et al. (189) demonstrated in
rats that glucocorticoids diminish leptin signals.

Bjorntorp and Rosmond (184) speculate that the two
ways that elevated activity of the hypothalamic-pitui-

Figure 8 Rates of whole-body insulin-mediated glucose up-

take (M) determined during euglycemic clamp studies over
a wide range of steady-state insulin concentrations (5, week
0; D, week 1 of fat diet; �, week 6 of fat diet) in dogs fed a

high-fat diet with and without clonidine treatment. Weight
gain resulted in a shift to the right and a decrease in the
maximal rate of M (P<.001) in dogs not treated with clo-
nidine; however, if the dogs were treated with clonidine,

weight gain did not alter the dose-response relation. (From
Ref. 173.)
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tary adrenal axis could occur are an elevated stimulation
and/or a diminished feedback control. Elevated stimu-
lation of the HPA axis can occur owing to psychosocial
and socioeconomic handicaps such as living alone, di-
vorce, poor education, low social class, unemployment,
and problems at work when employed, or even excess
food intake. (190) With respect to causes of diminished
feedback control of the HPA axis, Bjorntorp and others
(191–193) have demonstrated that a restriction frag-
ment length polymorphism of the glucocorticoid recep-
tor gene is associated with poorly controlled HPA axis
function, as well as abdominal obesity, insulin resist-
ance, and hypertension. Therefore Bjorntorp has sug-
gested that many of the cardiovascular and physiologic
consequences found in obese individuals could be due
to ‘‘a discretely elevated cortisol secretion, discoverable
during reactions to perceived stress in everyday life’’
(194).

J Summary

In summary, there are conclusive data to suggest the
obesity, especially upper-body fat distribution, is an
independent risk factor for the development of hyper-
tension. Calorie restriction and weight loss are associ-
ated with a reduction in blood pressure. In addition, it
is clear that even modest weight loss (i.e., 10% of body
weight) improves blood pressure, and many individu-
als achieve normal blood pressure levels without
attaining their calculated ideal weight. Although con-
troversy exists as to the role that insulin resistance and
hyperinsulinemia play in the pathogenesis of obesity
hypertension, there are ample data suggesting that se-
lective insulin resistance and hypertension are related.
Other hormonal systems (leptin, renin-angiotensin-
aldosterone, sympathetic nervous system, and hypo-
thalamic-pituitary-adrenal axis) have also been identi-
fied to relate to obesity, hypertension, and insulin
resistance. Further studies will be necessary not only
to clarify the origin of defects in insulin action that are
responsible for the development of insulin resistance,
but also to more precisely define the exact role that
insulin resistance and the regulatory abnormalities in
these other hormone systems play in blood pressure
homeostasis.

V OBESITY AS A CARDIOVASCULAR

RISK FACTOR

The FraminghamHeart Study (4) identified obesity and
hypertension as independent risk factors for the devel-
opment of cardiovascular disease. Obese normotensive

and hypertensive men have a higher rate of coronary
heart disease (43). Manson et al. (195) also reported
that, in women, the relative risk of fatal and nonfatal
coronary heart disease increased from the lowest to the
highest quartiles of obesity. However, other large stud-
ies (196,197) have reported an attenuated risk of car-
diovascular mortality and morbidity among individuals
who have both hypertension and obesity. Long-stand-
ing obesity is associated with preclinical and clinical left
ventricular dilation (198) and impaired systolic function
(199,200), with heart failure frequently being the ulti-
mate cause of death in markedly overweight individuals
(201).

A physiological change that may contribute to the
association of obesity with left ventricular dilation is
sodium retention with a concomitant increase in blood
volume and cardiac output. Although many investiga-
tors (202) have reported that obesity is associated with
an increased cardiac output and blood volume, when
cardiac output and blood volume are indexed for body
surface area, the differences between lean and fat dis-
appear. Since obese and nonobese hypertensive subjects
do not differ in their hemodynamic and volume charac-
teristics when normalized for surface area, some inves-
tigators (203) have concluded that obesity does not
result in a unique alteration in the vascular system that
would produce hypertension. However, normalization
for surface area may not be appropriate in the obese
subject. Since the increment in cardiac output associ-
ated with obesity cannot be explained by an increase in
adipose tissue perfusion alone, some have suggested
that blood flow to the nonadipose mass must also be
increased in obese subjects (204,205). Thus, obesity is
characterized by a relative volume expansion in the
presence of restricted vascular capacity.

Regional changes in organ blood flow and resistance
have been studied in the dog (206). After 6 weeks of the
high-fat diet, regional flows significantly increased in all
measured organ beds, whereas in the control fed dogs,
regional flows remained unchanged from baseline val-
ues. Weight gain was not associated with a change in
vascular resistance in the heart, kidney, or brain but was
associated with a significant decrease in gastrointestinal
tract resistance. In addition to these data in the dog,
there are also human data to suggest that regional
hemodynamic abnormalities are present in obesity.
Both renal and splanchnic blood flow (204) have been
reported to be increased in obese subjects. In the obese
adolescent, regional forearm blood flow, measured by
venous occlusion plethysmography, is increased, and
forearm vascular resistance is decreased (98). Both of
these abnormalities are reversed with weight loss.
Finally, Schmieder andMesserli (207) assessed systemic
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and renal hemodynamics and left ventricular function
and structure in a group of 207 individuals. They noted
that obese hypertensives had lower total peripheral
resistance, a significantly higher stroke volume-pulse
pressure index, and an elevated renal vascular resist-
ance. They also noted that the degree of left ventricular
hypertrophy was greater in the hypertensive than in the
normotensive individuals, and it progressively increased
with obesity.

Since obesity is associated with an increased preload
to the left ventricle, dilatation and eccentric left ven-
tricular hypertrophy (198,204,208) evolve. Hyperten-
sion increases afterload, and as a consequence the left
ventricle adapts with an increase in wall thickness. The
combination of obesity and hypertension therefore
creates a double burden on the heart, ultimately leading
to the development of impaired ventricular function
(199–201,209,210).

MacMahon et al. (198) reported that 50% of indi-
viduals who are>50% overweight have left ventricular
hypertrophy. As with blood pressure, weight loss can
result in a regression in the left ventricular hypertrophy
(198,208,211). Unlike the universal finding of the left
ventricular hypertrophy in obese individuals, not all
studies have demonstrated an impairment in left ven-
tricular function. Schmeider and Messerli (207)
reported that obese hypertensive individuals have nor-
mal global left ventricular systolic function as measured
by left ventricular fractional shortening and velocity of
circumferential fiber shorting. However, since both of
these indices of left ventricular systolic function are
dependent on ventricular preload and afterload, the
results of Schmeider’s study do not document that left
ventricular contractility is normal. In fact, Blake and
coworkers (208) demonstrated that despite a normal left
ventricular ejection fraction at rest, obese individuals
have an impaired left ventricular ejection fraction in
response to dynamic exercise. Guilermo et al. (209)
reported that the end-systolic wall stress to end-systolic
volume index, a load independent index of left ventric-
ular function, is also abnormal in even mildly or mod-
erately obese individuals. These investigators also
documented a significant inverse relationship between
the index of end-systolic wall stress to end-systolic
volume and body mass index, diastolic diameter, and
left ventricular mass index.

Abnormalities in left ventricular filling have also
been reported to occur in obese individuals, i.e.,
decreased peak filling rate, duration of peak filling and
left atrial emptying index (211), an increased isovolumic
relaxation time, and an abnormal mitral valve Doppler
filling pattern (210). The left ventricular hypertrophy,

depressed myocardial contractility, and diastolic dys-
function can predispose individuals to excessive ven-
tricular ectopy. Messerli et al. (212) reported that the
prevalence of premature ventricular contractions was 30
times higher in obese individuals with eccentric left
ventricular hypertrophy than in lean individuals.

The cardiovascular response to stress is thought to
relate to cardiovascular risk. Rockstroh and associates
(213) demonstrated that obese hypertensive individuals
respond abnormally to stress. In their study, they
evaluated the hemodynamic responses to mental and
isometric stress in obese and nonobese hypertensive
individuals. They observed that obese hypertensive
individuals responded to mental stress with vasocon-
striction and to isometric stress with an exaggerated
increase in arterial pressure.

Finally, as with hypertension, insulin resistance may
be related to both the cardiac hypertrophy and abnor-
mal cardiac function that is observed in many obese
individuals. Nakajima et al. (214) reported that there is a
direct relationship between intraabdominal fat accumu-
lation and the cardiac abnormalities associated with
obesity. Since increased upper-body and intra-abdomi-
nal fat accumulation relates to the presence of insulin
resistance even without significant overall obesity, these
investigators speculated that the cardiac dysfunction
observed in obese individuals may be related to insulin
resistance.

A Summary

Obesity is recognized as an independent risk factor for
the development of cardiovascular disease. Obesity is
also is associated with the development of cardiac
dysfunction. Obese individuals have an increased risk
for developing left ventricular dilatation, impaired sys-
tolic and diastolic dysfunction, and the development of
left ventricular hypertrophy.

VI MANAGEMENT OF THE OBESE

INDIVIDUAL WITH HYPERTENSION

Weight loss is the cornerstone of hypertensive manage-
ment in the obese individual. Weight loss in both
adolescents and adults improves all of the cardiovas-
cular abnormalities associated with obesity, including
hypertension, dyslipemia, sodium retention, structural
abnormalities in resistant vessels, and left ventricular
hypertrophy and dysfunction. It is also important to
realize that the method by which weight loss is accom-
plished is important. Although weight loss in general
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results in a drop in resting systolic/diastolic blood
pressure and heart rate, when the weight loss is incor-
porated with physical conditioning, the greatest
decrease in resting systolic blood pressure, peak exer-
cise diastolic pressure, and heart rate can be achieved
(26). Similarly, a weight loss program that incorporates
exercise along with caloric restriction produces the
most favorable effects on insulin resistance (26,63),
dyslipidemia (63,215), and vascular reactivity (26,98).
Endurance training in obese and nonobese individuals
improves insulin resistance in part by increasing muscle
oxidative capacity and increasing capillary density
(123,124). Most investigators believe the additive effect
of exercise to weight loss is related to the fact that
exercise improves insulin resistance independently of
weight loss.

Although weight loss and exercise are the corner-
stones of blood pressure management in obese hyper-
tensive individuals, most obese individuals are either
unable or unwilling to lose weight or are unable to keep
from regaining lost weight. Therefore, pharmacological
therapy is frequently required in the hypertensive obese
individual. When choosing an antihypertensive agent, it
is important to remember that, depending on the anti-
hypertensive agents used, insulin resistance has been
reported to improve, worsen, or remain unchanged. In
general, thiazide diuretics (54,109,216) and h-blockers
(54,109) are known to impair insulin sensitivity and
glucose tolerance; calcium blockers do not seem to
adversely effect carbohydrate metabolism (217–219);
indapaminde and potassium-sparing diuretics do not
influence glucose homeostasis (220); and finally, angio-
tensin-converting enzyme inhibitors (109) anda1-block-
ers (110,221) may even improve glucose metabolism and
insulin resistance. Rocchini et al. (171) have recently
demonstrated that clonidine, a centrally acting sympa-
thetic agent, not only improved the hypertension asso-
ciated with obesity but also improved the insulin
resistance. Guigliano et al. (222) demonstrated that
transdermal clonidine was effective in reducing blood
pressure and improving insulin resistance in hyperten-
sive individuals with non-insulin-dependent diabetes
mellitus. Based on these two preliminary studies, it
would appear that clonidine or other, like drugs have
a favorable profile for obese individuals with hyper-
tension.

In addition to their unfavorable effect on insulin
resistance, thiazide diuretics impair pancreatic insulin
secretion (223,224) and increase LDL cholesterol and
total cholesterol (109,225). h-Blockers are associated
with a two- to threefold incidence of inducing diabetes
mellitus (226) and are associated with a significant

lowering of HDL cholesterol (227,228). However,
despite the different pharmacologic profiles of the anti-
hypertensive drugs, there exists no clear recommenda-
tion for obese hypertensive individuals. Although h-
blockers adversely effect the dyslipemia of obesity,
Schmeider et al. (229) reported that in obese hyper-
tensive individuals the h-blocker metroprolol decreased
diastolic blood pressure to a greater extent than in those
individuals receiving calcium channel blocker isradi-
pine. Conversely, these investigators found that isradi-
pine was more effective than metoprolol in reducing
blood pressure in lean hypertensives. Frohlich (230)
randomly assigned obese and lean hypertensive subjects
to receive either a h-blocker or a calcium channel
blocker. This study clearly suggested that that the
probability of excellent blood pressure control was
greater when metoprolol was given to obese individuals
and isradipine to nonobese subjects. Thus, when decid-
ing on the use of an antihypertensive in an obese
individual, one must also take into account the lipid
profile of the patient and the presence or risk of
developing diabetes mellitus.

Finally, there are increasing data that confirm that
angiotensin-converting enzyme inhibitors have specific
benefit in individuals with diabetes, atherosclerosis, left
ventricular dysfunction, and renal insufficiency (231).
There are two other classes of agents, biguandines
(metformin) and thiazolidinediones (pioglitazone, rosi-
glitazone, and troglitazone), that also appear to reverse
insulin resistance, hypertension, and dyslipemia
(232,233). However, troglitazone recently has been
associated with significant liver toxicity (234). It is too
early to know the role that these or similar agents will
have in the treatment of obesity hypertension.

VII SUMMARY

Although weight loss is the cornerstone of hypertensive
management in the obese individual, many individuals
will also require pharmacologic therapy. When choos-
ing an antihypertensive medication it is important to
individualize the agent to the patient. Some agents such
as thiazide diuretics and h-blockers can impair glucose
tolerance and adversely alter plasma lipid levels,
whereas angiotensin-converting enzyme inhibitors and
centrally acting sympathetic agents improve both the
hypertension and insulin resistance associated with
obesity. Finally, angiotensin-converting enzyme inhib-
itors are also effective in reducing the development of
congestive heart failure and reducing cardiovascular
mortality.
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I ASSOCIATION BETWEEN OBESITY

AND DIABETES

Obesity is rare in insulin-dependent type 1 diabetes
mellitus, but is common in type 2, non-insulin-depend-
ent, diabetes mellitus (DM). About 85% of diabetics
can be classified as type 2, and of these an average of
70% are overweight, ranging from a low of 50% to a
high of 90%, depending on age, gender, and race (1).

An initial observation that obesity and diabetes
mellitus are associated was made by John (2) in 1929.
Also, early on, it was observed that weight loss improves
glucose control (3). West and Kalbfleisch (4), in the
1960s, in a series of population studies including many
geographical areas, races, and cultures, noted a strong
association between the prevalence of diabetes and
overweight. They proposed that the largest environ-
mental influence on the prevalence of diabetes in a
population group was the degree of obesity present in
that community (5). In some of these populations,
diabetes was found to be as much as threefold higher
in females than in males. Controlling for adiposity
abolished these sex differences. In the Bedford diabetes
survey of 1962, Fowler et al. (6) found that whereas in
individuals <40 years of age there was no relation of
weight to the prevalence of diabetes, in the 40-to-70-
year-old age range the persons with diabetes were fatter.
Baird et al. (7) investigated siblings of diabetic patients
and siblings of nondiabetic matched controls and found

that siblings of diabetics had a threefold higher preva-
lence of diabetes, but those with the highest prevalence
were the obese siblings of nonobese diabetic propositi.
More recently, Knowler et al. (8) have shown that in the
Pima Indian population, the likelihood of developing
diabetes rises steeply with increasing fatness (Fig. 1).

Finally, the seriousness of the present status in the
United States, with regard to the increase in prevalence
of type 2 diabetes mellitus, is reflected in the data from
the NHANES (National Health Examination Survey)
III data (1988–1994). Type 2 diabetes mellitus showed a
strong increase in prevalence with increasing degree of
overweight among both younger and older subjects. The
prevalence was a staggering five times higher for men
and 8.3 times higher for women in the most obese group
compared to normal-weight individuals. As opposed to
earlier studies, the prevalence ratio associated with
elevated weight was three- to fourfold greater among
younger overweight men and women (Fig. 2) (5–9).

There have been prospective studies in a number of
countries, including the United States (10), Norway
(11), Sweden (12), and Israel (13) which have shown
that increasing weight increases the risk of diabetes. In
the Nurses’ Health Study, which has followed 114,824
women for 14 years, it has also been found that the risk
of developing diabetes increases as body mass index
(BMI) increases (14,15). Weight gain of even 7.0–10.9
kg after the age of 18 years was associated with a
twofold increase in the risk for diabetes. It is important
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to note that this rise begins at levels of BMI of 22,
considered generally to be a rather lean weight. These
investigators observed that weight gain after the age of
18 years could be correlated to the increased incidence
of diabetes, with a greater risk as the baseline of weight
from which an individual started increased and also
with a greater risk as weight gain increased (Fig. 3)
(14,15). Other studies have found a similar risk for
diabetes with increasing weight gain (16) and duration
of overweight (17,18).

It is important to note that, recently, investigators
analyzing results of 16 years of follow-up in the Nurses’
Health Study found that lack of exercise, a poor diet,
and current smoking were significantly associated with
increased risk of diabetes, even after adjustment for
BMI (19).

II OBESITY AS ONE OF THE MAIN

FACTORS IN THE TYPE 2 GLOBAL

DIABETES EPIDEMIC

The recent global type 2 diabetes epidemic has been
most pronounced in non-Europid populations. This
was evident in studies from Native American and
Canadian communities, Pacific and IndianOcean island
populations (20), groups in India (21), and Australian
Aboriginal communities (22). Zimmet et al. recently
summarized the magnitude and the potential reasons
for this epidemic (23). In the Pacific Island of Nauru,

diabetes is present in f40% of adults while it was
virtually unknown 50 years ago (24). The highest yet
reported prevalence in people of Chinese extraction
comes from Mauritius. In addition, Asian Indians and
Creoles experienced high rates of diabetes and a notable
secular increase between 1987 and 1998 (25). Prevalence
of type 2 diabetes doubled between 1984 and 1992 in
Singaporean Chinese (26) and is very high in Taiwan
(27). The potential for increases in the number of cases
of diabetes is greatest in Asia (28). According to one
estimate the number of individuals with type 2 diabetes
in China will increase from 8 million in 1996 to 32
million by 2010 (23).

The current view on the reasons for this epidemic is
that, apart from heightened genetic susceptibility of

Figure 1 Age- and sex-adjusted incidence of diabetes by
body mass index with 95% confidence intervals. The data are
adjusted by age and sex using the 1980 U.S. white population

as a standard to give average incidence rates according to
body mass index. (From Ref. 8.)

Figure 2 Age-adjusted relative risk for diabetes mellitus
during 14 years of follow-up and weight change between age
18 years and 1976. (From Ref. 14.)

Figure 3 Prevalence of type 2 diabetes mellitus by obesity
class, in men and women. Data from the Third National

Health and Nutrition Examination Survey (NHANES III).
(From Ref. 9.)
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certain ethnic groups, environmental and behavioral
factors such as sedentary lifestyle, poor nutrition, and
obesity play an important role (23,29). One of the major
debates in diabetes etiology is the issue of ‘‘thrifty
genotype versus thrifty phenotype.’’

The thrifty genotype hypothesis provides an expla-
nation for the very high prevalence of obesity and type 2
diabetes in the American Pima Indians, Australian
Aborigines, and Pacific Islanders. Susceptibility for
disease could result from an evolutionarily advanta-
geous thrifty genotype that promoted fat deposition and
storage of calories in times of plenty for use in times of
scarcity. The present plentiful supply of a diet rich in
simple carbohydrates and saturated fats and the reduc-
tion of occupational and leisure-based physical activity
cause the previously favorable metabolic profile seen in
‘‘survivors’’ to result in obesity and type 2 diabetes. The
thrifty phenotype hypothesis is based on the epidemio-
logical observations linking low birth weight with the
risk of adult disease (obesity, diabetes, and hyperten-
sion). A combination of the two may also be possible
andmore research is needed to clarify this problem (23).

III INFLUENCE OF THE DISTRIBUTION

OF BODY FAT

The possibility of a relationship between the distribu-
tion of body fat and diabetes was first raised by Jean
Vague (30), who clinically observed and reported in
1947 the occurrence of two kinds of ‘‘obesities’’: the
android, ‘‘apple’’ shape or predominantly upper-body
distribution of the adipose tissue, and the gynoid,
‘‘pear’’ shape or predominantly lower-body distribu-
tion of the adipose tissue. Subsequent cross-sectional
and prospective studies have linked diabetes mellitus,
dyslipidemia, and other cardiovascular risk factors to
the distribution of body fat.

Feldman et al. (31), studying a group of more than
7000 people at multiple sites, found that those with
diabetes were fatter and also had a more central distri-
bution of their fat. They suggested that in diabetes there
is an abnormality in hormone balance that causes
women to be more like men in central fat distribution
and exaggerates this effect in men. A study of more than
15,000 American women showed that clinical diabetes
was related directly not only to increasing obesity but
also to increasing central obesity. Women with both
upper-body fat predominance and severe obesity had a
relative risk of diabetes 10.3 times as great as nonobese
subjects with lower-body fat predominance (32).

Distribution of body fat has been measured anthro-
pometrically by four methods: (1) the ratio of the waist

circumference to the hip circumference (WHR):(2)
the ‘‘centrality index,’’ i.e., the adipose tissue of the
trunk versus that of the limbs expressed as the sub-
scapular versus the triceps skinfold ratio (SSF/TSF): (3)
the waist versus the thigh circumference ratio; or (4) the
waist circumference in absolute terms.

The first reports in large population samples pro-
spectively linking fat distribution to diabetes came from
Sweden. Ohlson et al. (33) reported that WHR was an
independent risk factor for the development of diabetes
in men followed for 13.5 years in Göteborg, Sweden,
and Lundgren et al. (34) reported that diabetes mellitus
and an increase in fasting blood glucose were indepen-
dently predicted by theWHRmeasured 13 years prior in
women from Götenborg.

In the United States, the influence of body fat distri-
bution on the incidence and prevalence of type 2 DM
was studied in Mexican-Americans. This population
has the second highest incidence of diabetes in the
United States after the Pima Indians. Mexican-Ameri-
cans with type 2 DM were found to have a history of
faster adult weight gain after the age of 18, to attain a
higher weight at an earlier age, and to have more trunk
fat as measured by subscapular skinfold (SSF) and less
leg fat than nondiabetics (35). In the San Antonio Heart
Study, the WHR was better associated with type 2 DM
thanwas the SSF/TSF overall in theMexican-American
population; however, in women, both theWHR and the
SSF/TSF were associated with increased prevalence of
type 2DM (36). Prospectively, in the SanAntonioHeart
Study, men and women with an upper-body fat distri-
bution measured by the highest tertile of the ratio of the
SSF/TSF were more likely to get diabetes (37,38) than
the other subjects. The relationship of the centrality
index to conversion to diabetes was probably mediated
by the relationshipwith insulin resistance since, inmulti-
variate analysis, it no longer remained associated once
fasting insulin and glucose were taken into account.

Results ofCaucasianpopulation studies in theUnited
States, such as the non-Hispanic white cohort of the
San Antonio Heart Study, are also consistent with a re-
lationship between theWHRand the incidence of type 2
DM (36). In another study, of a population of 41,837
women aged 55–69 years of age, followed over 2-year
period in Iowa, body fat distribution determined by
self-measurement of the WHR was significantly and
independently predictive of type 2 DM development
(39).

Although the effect that WHR has on the develop-
ment of diabetes over and above the impact of BMI is
undisputed, the magnitude of this effect is controversial,
with some groups reporting only a marginal effect,
confined to the top 10% of the WHR distribution
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(15). This may be due to the complex relationship
between WHR and the development of diabetes, with
insulin resistance and abdominal fat amount and
metabolism both playing an important role. Waist
circumference may better reflect the overall degree of
insulin resistance and abdominal adiposity than WHR.
Waist circumference has been found to be a better
marker of abdominal fat content than WHR (40,41),
across gender and BMI range (42), and across ethnic
groups (43). Whether WHR imparts any independent
information about disease risk beyond waist circum-
ference is uncertain, but between the two, the waist
circumference appears to carry greater prognostic sig-
nificance (44,45).

IV INSULIN RESISTANCE

The reason for the relationship of obesity to diabetes
mellitus is not totally clear, but two facts are incon-
trovertible. The accretion of excess body fat is associ-
ated with increasing insulin resistance (46), and insulin
resistance is a predisposing factor for diabetes (47).

The phenomenon of excessive blood insulin level in
obesity, both basal and postprandially, is one evidence
of the fact that an insulin resistance or insensitivity is
present. Studies of intra-arterial insulin infusions in the
forearm have revealed insulin resistance in both adipose
tissue and muscle (48). Also, the insulin insensitivity of
muscle in obesity extends to amino acid metabolism.
The amino acids usually most sensitive to the action
of insulin are elevated in the blood, despite the hyper-
insulinism (49).

There is experimental evidence that the liver in obese
subjects also manifests insulin resistance. Obese sub-
jects, when compared to lean subjects, have a higher
splanchnic uptake of glucose precursors, have a smaller
inhibition in splanchnic glucose output with equivalent
insulin increases, and, if glucose is infused at rates
causing comparable inhibition in splanchnic glucose
output, have a greater increase in insulin (50). This is
manifest in the liver by increased hepatic glucose output
and in the periphery by a decreased glucose uptake by
peripheral tissues, primarily muscle and adipose tissue.
This is caused by both receptor and postreceptor defects
in insulin action. Whether an individual with insulin
resistance develops impaired glucose tolerance or frank
diabetes depends on the ability of the beta cells of the
pancreas to compensate for the insulin resistance by
secreting more insulin. That individual whose beta cells
can keep up remains euglycemic though hyperinsuline-
mic, while that individual whose beta cells begin to
exhaust develops hyperglycemia (51).

V INSULIN RECEPTORS

Insulin signaling at the cellular level is mediated by the
binding of insulin to a specific receptor. Insulin binding
stimulates autophosphorylation of the intracellular re-
gion of the receptor h-subunit (52). Studies have shown
that obesity is a major contributory factor for the devel-
opment of reduced insulin receptor activity (53,54). In
obese persons, there is a decrease in the number of
insulin receptors on the cell membranes of insulin-sensi-
tive target cells, such as adipocytes (55). This down-
regulation of the number of insulin receptors is thought
to occur as a result of the increased circulating insulin
levels (55), although it might be a primary defect. It is
likely that this occurs by increased receptor internal-
ization (56). Insulin receptor binding is thus decreased.

VI POSTRECEPTOR EFFECTS

After insulin binds to its receptor, the autophospho-
rylation results in activation of the tyrosine kinase
activity causing a conformational change that allows
ATP and receptor substrates to reach the catalytic site
(57,58). The activated insulin receptor kinase results in
phosphorylated IRS proteins (insulin receptor substrate
proteins) on tyrosine residues. These phosphorylated
IRS proteins serve as docking sites for downstream
effectors (postreceptor events). Such an effector is phos-
phatidyl inositol 3-kinase (PI 3-kinase). This mediates
most metabolic responses to insulin, i.e., protein and
glycogen synthesis, antilipolysis, and antiapoptosis, as
well as glucose transport, which leads to the utilization
of glucose, both oxidation and storage (58,59).

While the insulin receptor is downregulated in human
obesity, there is no further decrease in its activity in liver
and muscle of patients with type 2 diabetes, suggesting
that the more severe insulin resistance in these patients,
when present, is primarily of postreceptor nature
(53,60). Insulin receptor phosphorylation, IRS-1 phos-
phorylation, and PI 3-kinase activity are decreased in
intact skeletal muscle strips from obese subjects (61).
Some investigators have shown that, overall, the muscle
is as equally and severely resistant to the action of
insulin in those obese patients without diabetes as in
those with diabetes (60). Others have shown that the PI
3-kinase is more severely reduced in patients with type 2
diabetes (61). Furthermore, adipose tissue is more insu-
lin resistant in type 2 DM than it is in obesity (60),
primarily owing to decreased insulin receptor tyrosine
kinase activity in the tissue of patients with type 2
diabetes (62). Present working hypotheses for obesity-
linked kinase activity inhibition are elevation in tyrosine
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phosphatase activity or enhanced Ser/Thr phosphoryl-
ation of the receptor that impairs its tyrosine kinase
activity (58,59).

Glucose transport in insulin-sensitive cells is greatly
enhanced by insulin. This occurs by translocation of glu-
cose transporters from the intracellular pool to the plas-
ma membrane (63). A PI 3-kinase–dependent pathway
facilitates the translocationof the insulin-dependent glu-
cose transporter 4 (Glut 4) (59). In obesity and diabetes,
glucose transporters in adipose tissue are decreased due
to pretranslational suppression of Glut 4 transporter
gene (64). However, in muscle tissue there is impaired
Glut 4 function and/or translocation to the cell mem-
brane surface and not transporter depletion (65).

Glucose disposal is impaired in obese persons (55,
66). Use of indirect calorimetry during insulin clamp
studies has allowed measurement of glucose uptake in
human subjects. The difference between glucose oxida-
tion and glucose disposal, that is, the nonoxidative
glucose disposal, is used to measure glucose storage as
glycogen (66,67), since there is little net glucose con-
version to lipid and little of the glucose that is taken up
by muscle is released as lactate. Both glucose oxidation
and glucose storage are impaired in obesity, and more
so in diabetes. However, the major defect of glucose
metabolism is in glucose storage, since oxidation is
less impaired (68). This is shown in Figure 4 taken from
one of our studies (69).

Defects in glycogen synthase activity (70,71), hexoki-
nase II (72,73), and glucose transport (72,74,75) have all

been implicated in the loss of muscle glycogen synthesis
in obesity and type 2 diabetes. Strong evidence pointing
to glucose transport as the primary defect has been
recently brought forth. In a series of elegant studies,
Shulman et al. (76) showed that impaired glucose trans-
port is the rate-controlling step for impaired insulin-
stimulated muscle glycogen synthesis in patients with
type DM and their lean nondiabetic offspring (77,78).

VII FREE FATTY ACIDS

As a rule, patients with obesity, and particularly as they
develop diabetes, have elevated levels of free fatty acids
(FFA) (47). The concept that elevated FFA play a key
role in the development of insulin resistance in obesity
and type 2 diabetes was first proposed by Randle (79).
The theory stated that increased availability of FFAwill
increase fat oxidation, resulting in decreased glucose
oxidation as well as impairment of glucose uptake.
Recent studies by Boden et al. (80) and Shulman et al.
(76) have clarified the sequence of these events, con-
firming nevertheless that elevated FFA play an impor-
tant role in the impaired glucose utilization observed in
obesity and type 2 diabetes.

Specifically, studies by Boden et al. suggest that
chronic elevation of FFAwill produce impaired glucose
uptake by inhibition of glucose transport and phos-
phorylation, which will be followed by a decrease in the
ability to store and oxidize glucose (81–83). Shulman et
al. further demonstrated that the rate-controlling step
for fatty acid–induced insulin resistance is glucose trans-
port (84–86). They hypothesized that this could be a
result of either a direct effect of increased intracellular
FFA (or an FFA metabolite) on glucose transporters,
or indirectly, from alterations in upstream signaling
events such as reduced PI-3-kinase or other serine/
kinase activities (87).

Other deleterious effects of high levels of FFA in
obesity may be stimulation of the liver to increase
gluconeogenesis, thereby enhancing hepatic glucose
output (88,89). The net effect of these two phenomena
is to increase circulating glucose levels and stress the
beta-cell insulin secretory system (80).

VIII UPPER BODY FAT DISTRIBUTION

AND VISCERAL ADIPOSITY

The large population studies on fat distribution
described earlier raise the question of the mechanisms
linking body fat distribution to type 2 diabetes. While a
few of these mechanisms have been clarified, others are
still unclear and are being studied.

Figure 4 Total glucose disposal during euglycemic hyper-

insulinemic clamp. Values are means F SE partitioned into
glucose oxidation (determined by indirect calorimetry) and
nonoxidative glucose disposal (storage). P<.001 for glucose

oxidation, glucose storage, and total glucose disposal: lean
> obese > diabetic men. (From Ref. 69.)
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Kissebah and associates published several papers
relating WHR to a decreased insulin action at the
muscle (90), liver (91), and adipose tissue level (92) in
obese nondiabetic women. They also found an associ-
ation between increased WHR and hyperinsulinemia,
due to both increased insulin production and decreased
hepatic insulin extraction (93). Evans et al. (90) showed
that insulin binding in muscle and the sensitivity of the
muscle to insulin action, as measured by the activity of
glycogen synthase in muscle, decreased independently
with obesity and with an increase in WHR. This can
contribute to decreased glucose storage and, if plasma
insulin secretory response cannot increase appropri-
ately, development of diabetes.

Björntorp postulated that the unfavorable effects of
upper body fat distribution, as measured by the WHR,
are due to the accumulation of visceral adipose tissue
(VAT), increased FFA flux to the liver, and subsequent
hyperinsulinemia and insulin resistance in liver, muscle,
and subcutaneous adipose tissue (94–96). VAT accu-
mulation measured by CT scan as well as the visceral to
the subcutaneous adipose tissue ratio (VAT/SAT) at the
abdominal level were indeed found to be independently
associated with glucose intolerance in males participat-
ing in the Normative Aging Study in the United States
(97). VAT accumulation was found to be associated
with glucose intolerance in premenopausal women (40)
and in men in Canada (98) and with glucose intolerance
in Japanese men and women (99). These associations
were independent of the overall degree of obesity. In
addition, in a cohort of Japanese-Americans, increased
VAT was shown to predict the development of type 2
diabetes after 30 months of follow-up. This association
was no longer significant after adjusting for the initial C-
peptide level (hyperinsulinemia) (100).

The pathogenesis of the relationship of VAT with
type 2 diabetes is not entirely clear. VAT has been
associated with insulin resistance in women (43,101,
102) and men (103); however, this association is not
always independent of the overall fat mass accumula-
tion (43,104). On the other hand, the associations of
VAT with hyperinsulinemia has been consistently inde-
pendent of the degree of overall fatness (43,105).

Some researchers have postulated that the role of
VAT in the associations between abdominal obesity and
the insulin resistance syndrome is not as important as
the role of the abdominal subcutaneous adipose tissue
(SAT). Associations between the amount of abdominal
subcutaneous fat (SAT) and insulin resistance have been
recently reported (104,106,107), independent of the
amount of VAT. Specifically, it appears that deep
subcutaneous fat (107,108) and fat closer to muscle

fascia as well as fat accumulated inside the myocytes
may have an even closer association with insulin resist-
ance (107,108). These findings are also consistent with
results of in vivo lipolysis studies in women with upper-
body and visceral obesity (109,110) which have shown
that the source of excess FFA in abdominal obesity is
the subcutaneous adipose tissue.

Work that we and others have published recently
may bring some light to the controversial role of VAT
vs. SAT in the development of insulin resistance and
type 2 diabetes in obese individuals. Specifically, li-
polysis in SAT was increased in women with visceral
obesity independently of the overall degree of obesity,
both during insulin suppression (110,111) and epineph-
rine stimulation (112,113). Thus we, and others (114),
have postulated that the relationship between VAT and
insulin resistance may be explained by their common
correlate: the upper-body subcutaneous fat.

IX ROLE OF TUMOR NECROSIS FACTOR

(TNF)-a AND OTHER CYTOKINES

AND ADIPOSE TISSUE SECRETORY

PRODUCTS IN THE PATHOGENESIS

OF OBESITY-ASSOCIATED

INSULIN RESISTANCE

Recently, TNFa has emerged as possibly playing a key
role in the insulin resistance of obesity and type 2 DM
(115,116). TNFa is a powerful inhibitor of insulin
action in cultured cells, increasing the Ser phosphoryl-
ation of IRS-1 and IRS-2 and reducing the ability of
these molecules to dock with the insulin receptor and
interact with downstream pathways such as the PI 3-
kinase (58,117,118). TNFa expression and secretion are
elevated in adipose tissue of multiple experimental
models of obesity and in abdominal fat and muscle
tissue of obese individuals where they correlate with the
degree of obesity, the levels of plasma insulin, and the
degree of insulin insensitivity, and decrease with weight
loss (116,119,120). Circulating levels of TNFa are
increased in obesity and decrease with weight reduction
(121). However, they do not correlate with the individ-
ual degree of insulin sensitivity (122). The current
hypothesis is that TNFa acts in a paracrine fashion in
adipose tissue and muscle (58,122) either directly on the
insulin signaling cascade (123), or indirectly via stim-
ulation of secretion of FFA or other cytokines such as
leptin and/or interleukin (IL)-6 (122).

While the presence of a relationship between plasma
leptin levels and/or leptin production in adipose tissue
and insulin sensitivity is still controversial (59), Kern et
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al. have recently demonstrated that plasma IL-6 is
related with the degree of insulin insensitivity to insulin
action in vivo (122). They hypothesize that perhaps IL-6
represents a hormonal factor that induces muscle insu-
lin resistance.

Other adipose secretory products identified recently
and implicated in obesity-associated insulin resistance
are adiponectin and resistin. Adiponectin is a novel
adipose-specific protein with putative antiatherogenic
and anti-inflammatory effects. Its plasma concentration
was found to be decreased in individuals with obesity
and type 2 DM, and was more closely associated with
the degree of insulin resistance and hyperinsulinemia
than with the degree of adiposity or glucose intolerance
(124,125). Resistin is a newly described circulating
hormone expressed primarily in adipocytes and shown
to antagonize insulin action in mice (126). However,
resistin gene expression in human adipocytes or muscle
is very low or absent and, when present, does not appear
to relate with the degree of insulin resistance (127,128).

X INSULIN SECRETION

It is generally believed that increased production of
insulin by the beta cells of the pancreas is a response
to the insulin resistance of obesity. In most studies,
obese persons are found to be hyperinsulinemic
(129,130). In general, the fatter an individual, the higher
the basal or fasting insulin (131). This basal insulin is
correlated to adiposity and the degree of overweight,
and is related to the increasing insulin resistance that
occurs with increasing adiposity (132). The degree of
insulin response to glucose or other stimuli is related to
basal insulin secretory levels and therefore can be
correlated closely with the degree of obesity (133). This
correlation between insulin response and obesity dis-
appears if the response is expressed as a percentage of
the basal value; i.e., the insulin response as a percentage
of the basal value does not rise higher in the obese than
in lean subjects.

In 1200 nondiabetic, normotensive European indi-
viduals the relationship between insulin resistance and
insulin secretion was nonlinear (132); as insulin sensi-
tivity declined, insulin secretion increased more than
proportionally to compensate for the insulin resistance.
Obesity shifted the curve upward. The relationship
between insulin resistance or insulin secretion and
BMI in this study was linear. The prevalence of insulin
resistance and hypersecretion were quantitated in this
study by defining resistance as the bottom 10% for
insulin resistance and hypersecretion as the top 10%

for insulin secretion. It became apparent that the prev-
alence of insulin hypersecretion was greater than the
prevalence of insulin resistance in each category of BMI
(Fig. 5) (132). In Pima Indians, there is an upper limit to
this relation between adiposity and insulin secretory
response. There is increasing insulin resistance as the
percent of fat in the body increases up to about 35–40%;
after that, insulin resistance does not increase further
and insulin levels no longer rise (134).

The documented aberrations in insulin secretion in
obese individuals, coupled with other hormonal abnor-
malities such as poor response to growth hormone and
glucagon stimulation, made it unclear whether the hor-
monal defects seen in obesity were primary or a con-
sequence of the obesity. The hormonal abnormalities
are thought to be a consequence of the obesity since they
revert to normal with effective weight loss and are found
to appear after prolonged overfeeding of normal vol-
unteers to an obese state (135). However, it is not known
whether insulin hypersecretion is an earlier event at the
very origin of weight gain, reflecting perhaps a central
nervous system derangement. For example, hyperinsu-
linism may be a result, at least in part, of dietary factors
rather than exclusively a consequence of insulin antag-
onism. Excess calories (136) and excess carbohydrate
(137) may enhance insulin secretory response.

In those obese individuals who begin to develop
abnormal glucose metabolism, the postprandial in-
crease of insulin over basal values is actually decreased
in comparison to normal subjects. This impairment is
first observed as patients move from normal to impaired

Figure 5 Prevalence of insulin resistance and insulin hyper-
secretion as a function of body mass index in nondiabetic,
normotensive Caucasian subjects. (From Ref. 132.)
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glucose tolerance to frank diabetes. Initially there is a
reduction in overall insulin response (138). Subse-
quently, when fasting glucose begins to rise, the early
phase of insulin response is lost (139), and as carbohy-
drate tolerance continues to deteriorate, all of the
insulin response is further reduced. Most experimental
data suggest that the first phase of insulin response is
initially affected (140). However, there have been some
studies suggesting an impairment of the second phase
response, or of both (141). Even though an obese
diabetic may be secreting a greater amount of insulin
than a lean diabetic person, it will not be enough to
maintain normal glucose tolerance, and the insulin
response will be less than that of an obese person with
equal adiposity who has normal glucose tolerance.

At some point, when certain individuals cannot keep
up with the required increased insulin levels and become
relatively hypoinsulinemic, hyperglycemia and frank
diabetes supervene. The onset of hyperglycemia is not
predictable in a particular individual, and seems to be
determined by genetic predisposition. However, studies
have suggested that the duration of obesity rather than
the degree of obesity can best be correlated with carbo-
hydrate intolerance in both obese adults and obese
children (142). The genetic abnormality is likely to be
an intrinsic defect in the beta cell (51,143). In fact, there
is probably a heterogeneity of defects. For example, the
abnormality in maturity-onset diabetes of the young is
in the glucokinase gene, leading to impaired insulin
release (144).

Weyer et al. (145) have recently reported on the
importance of maintaining insulin secretory response
in the development of type 2 DM in obese Pima Indians
followed over a period of 4–7 years. All subjects fol-
lowed who gained weight had a worsening of their
systemic insulin-stimulated glucose disposal. However,
thosewho also had aworsening of their insulin secretory
response became glucose intolerant (IGT). Those who
developed type 2 diabetes had a further increase in
weight gain and worsening of both insulin-stimulated
glucose disposal and an increase in the basal endoge-
nous glucose production (145).

XI EFFECT OF EXERCISE

Obese individuals tend to lead a sedentary existence,
and recent epidemiological evidence has reported that a
sedentary lifestyle is a risk factor for the development of
diabetes. The prevalence of both impaired glucose toler-
ance and type 2 DM is higher in inactive than active
persons (146). In a prospective study of University of

Pennsylvania male alumni, followed over 14 years, the
age-adjusted incidence rates of diabetes decreased as the
reported activity increased (147). This was also found in
the Nurses’ Health Study (148). Physical activity is
inversely associated with obesity and central fat distri-
bution, and physical training can reduce both of these
conditions (149,150). In a prospective study of diabetes
prevention in personswith impaired glucose tolerance, a
5-year program of diet and exercise showed that those
individuals taking part in the diet-and-exercise program
had less than half the progression rate to diabetes than
the controls for whom no intervention was planned
(151). The data are thus very suggestive of a relationship
between activity and the prevention or delay of onset of
type 2 DM. For this to be adequately confirmed, a
randomized control trial would need to be done. So
far, randomized interventional studies of lifestyle
changes (both regarding diet and an increase in physical
activity) in high-risk overweight patients have shown
that weight reduction significantly reduces the incidence
of type 2 diabetes (152,153).

The relationship between inactivity and risk for
diabetes is likely to be at least partially attributed to
decreased insulin sensitivity. Insulin sensitivity could be
improved by exercise independently from weight reduc-
tion and changes in body composition. The muscle,
liver, and fat contribute to the improvement of insulin
sensitivity induced by physical exercise (154–156).

XII MACROVASCULAR DISEASE RISK

Once diabetes manifests itself, the nature of the disease
can be similar to that in nonobese individuals, and all
types of complications can ensue. Obesity, even in-
dependent of diabetes, is a risk factor for hypertension
(157) and cardiovascular disease (158,159). When it is
combined with diabetes, the risk of acquiring these
illnesses is therefore greater, leading to a significantly
increased morbidity and mortality (10).

The hyperinsulinemia, which occurs in obesity and in
type 2DM, is likely to abet the hypertension. Insulin has
been found to be abnormally high in patients with
essential hypertension, many of who manifest a degree
of insulin resistance (160,161). Hypertension and glu-
cose intolerance show a highly significant association
from the mildest levels of both conditions (162). The
hormone exerts a powerful effect on the kidney, increas-
ing sodium reabsorption and thus expanding plasma
volume (163).

The high levels of LDL cholesterol and triglycerides
and the low levels of HDL cholesterol that are common
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in diabetic patients are likely to play a role in the
pathogenesis of accelerated macrovascular disease
(164). These abnormalities in circulating lipids are
already present in obese individuals before the develop-
ment of type 2 DM. In addition, as mentioned above,
obese patients tend to run higher levels of FFA (47).
This is particularly true of those obese individuals with
central obesity (165). The enhanced FFA flux, along
with the hyperinsulinemia and the ready availability of
glycerol phosphate, greatly enhances the production of
triglycerides in the liver. The triglycerides are packaged
in the liver primarily as very low density lipoproteins
(VLDL) and released into the circulation. Lipoprotein
lipase released from endothelial cells in capillaries of the
adipose depot helps to hydrolyze the VLDL, clear them
from the circulation, and store them in the adipose
tissue (166). In obesity and type 2 DM, lipoprotein
lipase activity is impaired and the clearance of VLDL
is delayed (167). Furthermore, in the normal process of
HDL production, mature HDL is made from nascent
HDL interaction with triglyceride-rich lipoprotein and
lipoprotein lipase. This is defective in obese, insulin-
resistant persons (168).

The final abnormality in lipids in this group of
patients is the tendency to have an increased amount
of small, dense LDL particles (169,170). The influence
of modifiers such as hepatic lipase and cholesteryl ester
transfer proteins on VLDL and HDL metabolism in
patients with insulin resistance and central obesity leads
to increased levels of circulating small, dense LDL
cholesterol particles (171). These lipoprotein modifica-
tions are associated with atherosclerotic cardiovascular
disease (ASCVD) (172). Recently it was proposed that,
in the general population, this phenotype (low levels of
HDL cholesterol and small dense LDL) may not be at
increased risk for ASCVDunless associated with insulin
resistance and an increased production of apolipopo-
protein B (172,173).

In type 2 diabetes, the LDL cholesterol may be
oxidized and/or glycated, enhancing its atherogenicity
(174). These glycated or oxidized particles are more
atherogenic than larger particles and may be very im-
portant in the pathogenesis of the atherosclerosis that
accompanies type 2DM.Correction of the insulin resist-
ance of obesity and type 2 DM with vigorous dietary
and pharmacological means improves blood lipids and
also hyperglycemia (175). Moreover, the current rec-
ommendations are that all patients with diabetes have
reductions in LDL cholesterol to<100 mg/dL.

Macrovascular disease is the leading cause of death
in obese individuals with type 2 DM. The improvement
of glucose control may, in itself, seem to have a small

effect in improving the morbidity and mortality from
coronary artery disease (CAD). The proof that more
and/or near-optimal control of glycemia results in a
reduction of macrovascular disease remains to be estab-
lished (171).

It has been suggested by numerous investigators that
the prevailing elevated insulin levels in these people may
predispose them to CAD. A study comparing cardio-
vascular risk factor in normoinsulinemic and hyper-
insulinemic individuals found that the hyperinsulinemic
persons manifest higher triglycerides, lower HDL cho-
lesterol, higher total cholesterols, and higher mean
blood pressure (176). In addition, there have been three
large epidemiological studies that have shown an asso-
ciation with either fasting or stimulated insulin and
CAD (177–179). Monitoring risk factors in a longitu-
dinal design, all three found an independent effect of
insulin on coronary heart disease. Stout (180) has dis-
cussed the potential mechanism by which insulin may
enhance the atherosclerotic process. These include
increased growth factor activity leading to enhanced
smooth muscle proliferation and connective tissue
growth, formation of lipid plaques, and enhancing
cholesterol uptake by plaque tissue. The current belief,
however, is that this relationship is not cause and effect,
but association (171).

Other factors that can enhance the progression of
CAD in obese patients, which is abetted if they are
diabetic also, are enhanced platelet aggregability, pro-
longed platelet survival time, and abnormal levels of
plasminogen activator and plasminogen activator
inhibitor 1 (181,182). These all enhance the risk of
clotting in atherosclerotic blood vessels. Also, at pre-
sent, much attention is being given to the relationship
between endothelial dysfunction and macrovascular
disease in patients with type 2 diabetes (171).

XIII MANAGEMENT OF THE OBESE

DIABETIC PATIENT

As previously mentioned, obesity is present in the great
majority of patients with type 2 DM. When present,
obesity complicates the management of diabetes
(183,184). Two issues arise in the management of the
obese, insulin-resistant diabetic patient: first, glycemic
control should be achieved but not at the expense of
adipose tissue accumulation, especially in the visceral
adipose depot with associated hyperinsulinemia and
consequently, in the long run, more insulin resistance;
and second, weight control must be achieved without
losing sight of the need for tight glycemic control.
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In the obese diabetic patient, as in any other diabetic
patient, microvascular disease is primarily related to the
presence of hyperglycemia (185). Uncontrolled glyce-
mia is also responsible for an unfavorable lipoprotein
pattern, an increase in glycosylation end products in all
tissues, and an increased risk of thrombotic events (186).
In the obese diabetic patients, tight glycemic control is
thus warranted. The majority of the patients with type 2
DM are treated with oral hypoglycemic agents, which
increase insulin sensitivity and enhance the beta-cell
response to glucose (187). Exogenous insulin is usually
necessary to control blood glucose in the obese diabetic
patient when other therapeutic measures have failed to
normalize blood glucose (187). Edelman et al. reviewed
the use of insulin for the treatment of the type 2 diabetes
(188). They concluded that obese diabetic patients could
and should be evaluated for intensive insulin therapy.
The candidates should be motivated and compliant and
should be able to do home glucose monitoring and
insulin administration. Combination therapy with insu-
lin and oral agents can be a tool to normalize glycemia if
oral agents fail. The adverse effects and potential risks of
intensive insulin treatment include weight gain, which is
directly associated with increased hyperinsulinemia
(184,189–191). Hyperinsulinemia, as mentioned previ-
ously, has been associated with atherosclerotic risk
factors, although a cause-and-effect relationship has
not been proven (192). Weight control must therefore
be an important part of diabetes management. It should
be initiated early in the management of diabetes and it
should continue throughout the duration of the treat-
ment in the obese diabetic patient (193).

Caloric restriction and consequent weight loss in
obese diabetic patients greatly improves their metabolic
control because it results in improved insulin action in
both liver and muscle, and frequently also results in
improved beta-cell response to insulin secretory stimuli
(193). In addition, weight control favorably changes
cardiovascular disease risk factors such as hypertension
and dyslipidemia (193). Weight control can andmust be
achieved through a medically supervised, moderately
restricted-calorie diet and an exercise program with
long-term maintenance goals (194). Recently, studies
have shown that even moderate weight loss, when
sustained, significantly improves the patient’s metabolic
profile and prolongs life expectancy (195–197). Patients
with type 2 DM who underwent a 16-week lifestyle
modification program and lost at least 5–10% of their
initial body weight had significant improvement in
HgbA1c that was still present at a 1-year follow-up.
These patients also had significant reductions in their
need for diabetic medications (198).

One has to be careful of the effectiveness of weight-
reducing programs for obese patients with type 2 diabe-
tes treated with large doses of insulin. In such instances,
the danger of hypoglycemia must be recognized, and
there is a need for close monitoring of blood glucose
with frequent decreases in insulin as necessary. Some
of the postulated reasons for weight gain with insulin
therapy are decreased thermogenesis (199,200) and in-
creased appetite (201); thus, it may be impossible to
achieve weight loss with caloric restriction unless in-
sulin (or oral agents that increase insulin levels) are
being adequately adjusted to the lower-calorie diet
prescribed.

Various classes of hypoglycemic agents, including
metformin and acarbose, have been identified that,
when used to normalize blood glucose, do not produce
weight gain, hypoglycemia, or hyperinsulinemia (202–
204). In the United Kingdom Prospective Diabetes
Study (UKPDS), a randomized, controlled trial com-
paring sulfonylurea, insulin, and metformin therapy in
patients with newly diagnosed type 2DM that could not
be controlled with diet therapy, intensive blood glucose
control with insulin or sulfonylurea therapy significant-
ly decreased progression of microvascular disease. Pa-
tients allocated to insulin gained more weight and had
more hypoglycemic events than did patients allocated
to sulfonylurea. Obese patients allocated to metformin
gained least weight and had the fewest hypoglycemic
attacks (203,204).

A new class of antidiabetic agents, the thiazolidine-
diones (glitazones), reduce hepatic output of glucose
and increase peripheral uptake of glucose, thus enhanc-
ing insulin sensitivity and reducing the amount of
exogenous insulin needed (205,206). In studies compar-
ing insulin-glitazone treatment with insulin alone, the
combination therapy resulted in better glycemic control
but was associated with greater weight gain. The sig-
nificance of weight gain from glitazones is difficult to
assess. Despite the weight gain, the glitazones may be
beneficial in that they redistribute fat from visceral to
subcutaneous areas. In addition, some of the weight
gain is due to peripheral edema and to an increase in
extracellular fluid (207).

It is our opinion that hypoglycemic agents that are
not likely to produce weight gain should be used in
the obese diabetic patient whenever possible—that is,
when endogenous insulin secretion is adequate. If insu-
lin secretagogues or exogenous insulin need to be used,
it would be very beneficial to combine them with an
insulin-sensitizing agent like metformin to minimize
weight gain and the amount of insulin needed to achieve
glycemic control.
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For those obese diabetic patients who require insulin,
the novel recombinant insulin glargine may be prefera-
ble to NPH. It has been shown that long acting basal
insulin glargine given once daily at bedtime is as effective
in achieving glycemic control asNPH. The advantage of
insulin glargine is that it produces less weight gain (208).
The lesser weight gain seen with insulin glargine is
attributed to the less frequent hypoglycemia, and thus
the decreased need to increase caloric supplementation
(209). Use of insulin glargine compared with NPH is
also associated with lower postdinner glucose levels.

Most obese patients are unable to maintain a modest
long-term reduction in their weight. Obese patients with
type 2 diabetes are even more resistant to weight loss
because antidiabetic drugs such as insulin and sulfonyl-
ureas often promote weight gain. These patients would
likely benefit from the addition of weight management
drugs as adjunctive therapy to the traditional interven-
tions of low-calorie diet, physical activity, and behavior
management (210). Two drugs in particular have been
recently developed—sibutramine and orlistat. Sibutr-
amine is a selective serotonin and noradrenaline reup-
take inhibitor. Blocking of serotonin reuptake produces
the satiety enhancing effect of the drug. Inhibition of
noradrenaline uptake increases thermogenesis via h-3-
adrenoreceptors. This results in increased energy
expenditure (211,212). Orlistat, a specific inhibitor of
gastrointestinal lipases, decreases the absorption of
dietary triglycerides from the GI tract in a dose-depend-
ent manner. At the maximum effective dose of 120 mg
TID, orlistat reduces the absorption of dietary fat by
30% (213).

Clinical trials have shown that the use of either agent
as part of an integrated program of diet, exercise, and
behavior management can help nearly one-third of pa-
tients with type 2 diabetes achieve a weight loss of up to
10%of initial body weight after 1 year. As a result of the
weight loss, these patients also exhibited decreased
HgbA1c, decreased blood pressure, and improved lipid
profiles (210–212,214). Furthermore, studies on pa-
tients with impaired glucose tolerance have shown that
orlistat improves glucose tolerance and decreases the
risk of progression to type 2 diabetes (215).

Other agents presently studied for weight loss may
prove to be beneficial in type 2 DM. h-3-Adrenorecep-
tor agonists were first tried in weight reduction more
than a decade ago. Animal studies had shown that
selective h-3-agonists can induce weight loss and pro-
duce a weight-independent improvement in insulin
resistance and glucose intolerance. Currently new h-3-
agonists are being developed that have a higher selec-
tivity for humans (210). Leptin, an adipocyte-derived

hormone that is released into the bloodstream and acts
as a satiety signal in the brain, has been shown to pro-
duce weight loss. In the first clinical study in humans,
subcutaneous administration of a biosynthetic leptin
was shown to reduce body fat and thus decrease weight
in a dose-dependent manner (210). Thus, leptin is an-
other potential weight-reducing agent for obese diabetic
patients. Further studies on the safety and efficacy of
leptin are needed before it can become an acceptable
treatment for weight reduction (210).

Glucagonlike peptide (GLP-1), an insulinotropic gut
hormone released into the bloodstream after eating, is
being investigated as a promising new treatment for the
obese patient with type 2 diabetes. Abnormalities in
GLP-1 function are thought to contribute to the inap-
propriate insulin secretion seen in type 2 diabetes. This
is supported by the fact that patients with type 2 dia-
betes have a reduced late intact GLP-1 response (216,
217). In patients with type 2 diabetes, administration of
exogenous GLP-1 enhances the glucose responsiveness
of pancreatic h-cells, resulting in increased insulin
secretion and decreased plasma glucose (218,219). The
stimulation of insulin secretion by GLP-1 is glucose
dependent. Therefore, the risk of hypoglycemia with
GLP-1 is low. GLP-1 has also been shown to improve
glycemic control by decreasing the desire for food, de-
laying gastric emptying, reducing glucagon levels, and
enhancing insulin sensitivity (220–222). GLP-1 also
acts on the central nervous system to produce a satiat-
ing effect. Intracerebral injection of GLP-1 in normal
and obese rats significantly reduces food intake and
body weight (223). In patients with type 2 diabetes,
GLP-1 infusion significantly enhances satiety and full-
ness, and reduces energy intake by 27% (224). In ad-
dition, stimulation of GLP-1 receptors in certain areas
of the brain elicit strong taste aversions (225).

In a randomized, double-blind, placebo-controlled
trial, 40 patients with type 2 diabetes were randomized
to receive infusions of either placebo or GLP-1 at a rate
of 4 ng/kg/min or 8 ng/kg/min for either 16 hr/d or 24
hr/d for a total of 7 days (226). All patients who received
GLP-1 had significantly better average glucose and
glucagons levels than the placebo group. The GLP-1
infusion at 8 ng/kg/min for 24 hr/d was the most effica-
cious dose. Those who received GLP-1 for only 16 hr/d
had significantly higher nocturnal and fasting plasma
glucose levels compared to those whowere continuously
infused for 24 hr every day. GLP-1 was well tolerated in
these patients. GLP-1 and exendin-4, a more potent and
longer-acting analog of GLP-1 that originates in the
saliva of the Gila monster, has been shown to induce
satiety and weight loss in rats (227). These agents are
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being investigated as potential treatments for diabetes
and obesity.

Obesity surgery has become a successful method of
treating obesity, especially in the diabetic patient. Stud-
ies done in the United States and in Sweden have shown
that most patients with type 2 diabetes who undergo
bariatric gastric surgery develop normal glucose toler-
ance with n 5–6 years of the surgery. This was attributed
to the substantial amount of weight lost after the
surgery (195,228). In one study, laparoscopic adjustable
gastric banding was compared to nonsurgical treatment
for obesity in patients with BMI> 35. Only the surgical
patients had decreased BMI and HgbA1c. These
patients also had more loss of visceral than subcuta-
neous adipose tissue (229).

In conclusion, the goal of the treatment for the obese
diabetic patient is to achieve glycemic control, minimize
weight gain, and minimize the amount of insulin
required to achieve glycemic control. These goals can
be achieved through effective lifestyle changes, use of
antiobesity drugs such as orlistat and sibutramine, and,
in particularly resistant cases of obesity, bariatric gastric
surgery.
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I INTRODUCTION

Gallstones are a common problem in the general pop-
ulation, and have an even higher prevalence in the
obese and in those losing weight. Complications of
gallstones include biliary colic, acute and chronic
cholecystitis, and pancreatitis. Three conditions are
necessary for cholesterol gallstone formation: super-
saturation of bile with cholesterol, nucleation of
cholesterol crystals, and gallbladder stasis. In obese
subjects, these pathogenetic mechanisms may be modi-
fied, leading to a predisposition to gallstone formation.
This chapter will review the pathogenesis of cholesterol
gallstones, and the effects of obesity and weight loss on
gallbladder disease.

II PATHOGENESIS OF CHOLESTEROL

GALLSTONES

Bile is a complex substance composed of lipids, pro-
teins, electrolytes, and water. There are three principal
biliary lipids: cholesterol, bile acids, and phospholipids
(primarily phosphatidylcholine). Many species of pro-
teins are present, and they are derived from serum
proteins as well as hepatocyte, bile duct, and gallbladder
epithelial secretion. Gallstone formation is determined
by the physical-chemical interactions of all of these
components present in bile (1).

A Synthesis and Secretion of Biliary Lipids

1 Cholesterol

The liver is the site of primary site of cholesterol syn-
thesis and lipoprotein metabolism in the body. Free
cholesterol is synthesized in the hepatocyte endoplasmic
reticulum. The rate-limiting enzyme in cholesterol syn-
thesis is HMG-CoA reductase (2). Each day, several
grams of cholesterol derived from lipoproteins are taken
up by the liver. Cholesterol enters the liver in esterified
form, is transported to the lysosomes, and is then
converted into its free form. It is then transported to
the endoplasmic reticulum and reesterified for storage.
Cholesterol esters in the endoplasmic reticulum are
continually undergoing hydrolysis, providing a con-
stant supply of free cholesterol. This free cholesterol is
the substrate pool for bile acid and lipoprotein synthesis
and for secretion into bile. The rate of biliary excretion
from this pool varies with the rate of bile salt and
lipoprotein synthesis. Biliary cholesterol secretion is
quantitatively correlated with bile salt secretion (2).
However, the ratio of cholesterol to bile salts secreted
increases as bile salt secretion decreases, in part explain-
ing the finding of more saturated bile (higher choles-
terol-to-bile salt ratio) at low bile flow rates. Cholesterol
is believed to be secreted from the liver in the form of
phospholipid-cholesterol vesicles (3). Leptin levels influ-
ence the amount of cholesterol secreted into bile in
animal models (4), and gallstone prevalence is corre-
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lated with serum leptin levels in humans, even after
controlling for body mass index (5).

2 Bile Acids

Bile acids are synthesized from cholesterol through the
rate-limiting enzyme cholesterol 7a-hydroxylase, a
microsomal enzyme. Bile acids, which are amphiphilic,
solubilize and transport cholesterol. Two primary bile
acids, chenodeoxycholic acid (3a, 7a) (CDCA) and
cholic acid (3a, 7a, 12a) (CA), are synthesized in vivo.
The relative proportions of these are regulated by the
activity of the enzyme 12a-hydroxylase, which converts
CDCA into CA. The cholesterol-carrying capacity of
bile is influenced by the relative proportions of these two
bile acids, since CA can solubilize less cholesterol than
CDCA. 12a-Hydroxylase can be induced by estrogens,
resulting in higher proportions of CA and more litho-
genic bile (1,2).

After synthesis, bile acids bind to carrier proteins
for transport through the hepatocyte. Here, bile acids
are conjugated with glycine and taurine, increasing
their water solubility. They are then actively secreted
by bile acid transporters located in the biliary canalic-
ular surface of the hepatocyte. Bile acids are initially
excreted as individual molecules. However, at the crit-
ical micellar concentration, they will aggregate to form
micelles that are capable of solubilizing cholesterol and
phospholipids (1,2,6). After secretion, bile acids enter
the intestine, where they are metabolized by intestinal
bacteria, deconjugated, anddehydroxylated. In this pro-
cess, CA is converted to deoxycholic acid, and CDCA
to lithocholic acid. Bile acids are reabsorbed in the
terminal ileum and circulate via the portal vein to the
liver. Here, they are reabsorbed, reconjugated, and
resecreted into bile via the enterohepatic circulation.

3 Phospholipids

Phospholipids in bile are believed to be derived from
membranous structures within the hepatocyte, such as
the endoplasmic reticulum or lysosomes, or from the
hepatocyte canalicular membrane. Over 95% of the
phospholipids are phosphatidylcholines. Phospholipids
are amphiphilic molecules and, similarly to bile acids,
can solubilize and transport cholesterol. It is believed
that phospholipid is translocated across the canalicular
lipid bilayer by a protein similar to the multidrug
resistance gene protein (7,8). Cholesterol and phospho-
lipids then aggregate and are secreted into bile as
vesicles. The secretory pathway of phospholipid and
cholesterol is independent of that of the bile acid trans-
porter pathway. However, vesicular secretion is quanti-
tatively driven by bile acid secretion (1,2).

4 Proteins

Protein composes <5% of biliary solids. Proteins in
bile are derived from plasma, the hepatocyte, and biliary
ductular epithelium. Most biliary proteins, such as al-
bumin, a2-macroglobulin, and IgG, are derived from
plasma, but are present in bile in much lower concen-
trations. These proteins may enter bile by simple dif-
fusion from the plasma compartment through hepa-
tocyte tight junctions or through the epithelium of
periductular capillaries. Other proteins, such as apoli-
poproteins, secretory IgA, or the hemoglobin-hapto-
globin complex, are actively secreted into bile following
nonspecific or receptor-mediated vesicular transport
though the hepatocyte. The gallbladder adds to biliary
proteins by secreting mucin, immunoglobulins, and
other glycoproteins, which may have an important role
in promoting gallstone formation (6,9).

B Physical Chemistry of Biliary Lipids

Cholesterol is a hydrophobic molecule. To be trans-
ported in an aqueous environment such as bile, it must
be solubilized by amphiphilic molecules such as bile
acids or phospholipids. Cholesterol is transported in
two forms, micellar and nonmicellar (vesicular), in bile
(8,10). The thermodynamic stability of these two forms
of transport differs. Since only a limited amount of
cholesterol can be solubilized by bile acids and phos-
pholipids, the relative concentrations of cholesterol,
phospholipid, and bile acids determine in part the gall-
stone-forming capability, or lithogenicity, of bile. Lith-
ogenicity is expressed as the cholesterol saturation index
(11,12). Bile with a cholesterol saturation index greater
than one is, by definition, supersaturated. Bile super-
saturation is a prerequisite for cholesterol gallstone
formation.

1 Nonmicellar Cholesterol Transport

Biliary cholesterol transport can be transported in uni-
lamellar vesicles, which are 40–70 nm in diameter and
consist of a bilayer of phospholipids interdigitated with
cholesterol (3,13–17). Vesicles contain very little or no
bile acids. In bile with a higher concentration of bile
acids, such as gallbladder bile, these vesicles may fuse
and form larger, multilamellar vesicles up to 500–1000
nm in diameter (15–17). Vesicles are believed to be less
thermodynamically stable than mixed micelles, and
cholesterol in these vesicles may coalesce to form a
metastable state (3,13,18–20). Cholesterol in vesicles is
felt to be more prone to nucleate and precipitate (20–
23), and gallstone patients may have a larger propor-
tion of cholesterol transported in this form (22).
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2 Micellar Cholesterol Transport

Cholesterol is also transported in mixed micelles, which
have diameters of 4–8 nm (1). Cholesterol can undergo
dynamic exchange between the nonmicellar and micel-
lar forms of transport (24,25), but only themicellar form
is considered thermodynamically stable. Cholesterol
equilibration between nonmicellar and micellar forms
starts immediately after secretion. Transfer of both cho-
lesterol and phospholipids from the nonmicellar to the
micellar fraction is facilitated by increasing bile acid
concentrations, as may occur with gallbladder stasis.

During this phase of ‘‘micellation,’’ more phospho-
lipid than cholesterol is transferred to the forming
micelle (1). The residual vesicles are thus less stable
due to higher cholesterol-to-phospholipid ratio. How-
ever, with lower rates of bile acid secretion, the relative
concentration of bile acids is too low to solubilize all
biliary cholesterol, and therefore most cholesterol is
transported in vesicular, less stable form (21). Under
these circumstances, cholesterol crystals may form.

C Role of the Gallbladder

Cholesterol gallstones occur very rarely in patients who
have undergone previous cholecystectomy. Therefore,
the gallbladder is believed to play an important role in
gallstone formation. The gallbladder has storage, con-
centrative, absorptive, secretory, and contractile prop-
erties that may contribute to development of gallstones.

1 Motor Function

Gallbladder motility is commonly assessed by measur-
ing fasting volume, contracted or residual volume, and
fractional emptying. Maximal contraction is seen after
meals. Between meals, the gallbladder may undergo
partial emptying and filling. During periods of fasting,
gallbladder contraction is weak, and bile accumulates in
the gallbladder, with sequestration of the circulating
bile acid pool. With the resulting fall in bile acid se-
cretion rates, bile becomes progressivelymore saturated,
and cholesterol crystallization or stone formation may
occur. Contractile function of the gallbladder is impor-
tant to empty any saturated bile, sludge, or small stones
before larger stones can form (26). Gallbladder con-
tractility is controlled through the endocrine and ner-
vous systems. The most important hormone regulating
gallbladder contractility is cholecystokinin (CCK). This
hormone is released by the duodenum after meals, and
causes gallbladder contraction and sphincter of Oddi
relaxation (26). Neural control is mediated through
both the vagus nerve and the sympathetic nervous
system. Vagal activity enhances gallbladder contrac-

tion, while the role of sympathetic innervation is gen-
erally inhibitory (26).

Abnormal gallbladder motility, such as increased
fasting volume and decreased fractional emptying, has
been noted in animals and in a subgroup of patients who
form sludge and gallstones (27–34). Some studies also
show a slower rate of contraction after a fatty meal in
gallstones patients (29). In many conditions that pre-
dispose to sludge or gallstone formation, gallbladder
emptying is markedly inhibited owing to endocrine or
neurologic abnormalities (26). For example, patients
who are fasting or receiving total parenteral nutrition
will have markedly diminished CCK release and gall-
bladder hypomotility (35,36). Treatment with the CCK
antagonist somatostatin, as in patientswith acromegaly,
can inhibit gallbladder contractility (37,38), The obese,
who are also predisposed to sludge and stone formation,
may have diminished responsiveness of the gallbladder
wall to CCK (33).

2 Mucosal Function

The gallbladder is generally thought of as a storage
organ. However, several recent studies have demonstra-
ted that the gallbladder can concentrate bile and alter its
composition. The gallbladder epithelium acidifies bile,
actively transports sodium and chloride, and absorbs
water by passive osmosis. During this process, initially
dilute hepatic bile is concentrated, leading to higher
concentrations of biliary lipids, predisposing to choles-
terol crystal nucleation. Bile pH and carbonate concen-
tration decrease (39–42). Nucleation times also become
more rapid with bile concentration (43).

In addition to its concentrative and absorptive func-
tions, gallbladder epithelium secretes mucin glyco-
protein (13). Mucin glycoprotein has extensive hydro-
phobic domains that can bind biliary lipids. In more
concentrated bile, vesicles and micelles are entrapped in
these binding sites and come into close and prolonged
contact (44–48). Mucin hypersecretion has been shown
to precede gallstone formation in prairie dog models,
and probably entraps cholesterol within its hydropho-
bic domains (48–50). The stimulus for mucin hyper-
secretion is not entirely clear, but may be lithogenic bile,
hydrophobic bile salts, prostaglandins, or arachidonic
acid (49–51).

3 Nucleation of Cholesterol Crystals

Cholesterol crystal nucleation is the first step in gall-
stone formation. Nucleation begins with aggregation
and fusion of unilamellar vesicles to multilamellar
vesicles, with subsequent aggregation of cholesterol
molecules to form crystals. This initial aggregation is
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mediated at least in part by mucin binding of these
lipids. Cholesterol that precipitates is derived primarily
from biliary vesicles and precipitates using mucin gly-
coprotein as a nidus (20,44,52,53). Calcium ions are
believed to be important in gallstone formation, as
they can promote fusion of phospholipid-cholesterol
vesicles. Calcium salts can also serve as a nidus for
cholesterol precipitation and are usually found in the
central core of cholesterol stones (2). Proteins, including
albumin and other calcium-binding proteins, are found
in the matrix of cholesterol stones, and thus may also
serve as sites for nucleation (52,54,55). When choles-
terol crystals reach a certain critical size, gallstone
formation can occur with further deposition of choles-
terol on the surface of the aggregate.

Normal biliary proteins can have pro-nucleating
(56–62) and antinucleating (63,64) properties. Proteins
with pro-nucleating properties include IgG, haptoglo-
bin, phospholipase C, and aminopeptidase N (56–62).
Proteins with antinucleating properties include apoli-
poprotein A-I and A-II (64), secretory IgA (65), and
some small acidic glycoproteins (63). It is felt that these
proteins somehow interact with and stabilize biliary
lipids and calcium. The existence of proteins with anti-
nucleating properties may explain the prolonged sta-
bility of bile that is supersaturated with cholesterol.
The presence of proteins with pro-nucleating proper-
ties may contribute to nucleation, as high biliary pro-
tein concentrations have been found in supersaturated
bile with cholesterol crystals (66). Many other, poorly
characterized, nonmucin proteins are found in the core
of cholesterol gallstones (52,54). The exact nature and
role in the gallstone pathogenesis of these proteins is
unknown.

4 Growth of Cholesterol Crystals into Stones

Once a crystal of adequate size has formed, cholesterol,
calcium bilirubinate, and other biliary lipids can deposit
on its surface, leading to formation of visible gallstones.
One study has suggested that bile in obese patients
promotes more rapid crystal growth than in the non-
obese (67). However, this process has not been as
extensively studied as crystal nucleation, and little
information is available on factors that may influence
growth of stones.

III EFFECTS OF OBESITY

Gallstone formation requires three conditions: secretion
of supersaturated bile, nucleation of cholesterol crystals
from supersaturated bile, and gallbladder stasis. Obe-

sity has direct effects on bile composition and gallblad-
der motility. This section will review the epidemiology
of gallbladder disease and the effects of obesity on bile
composition and gallbladder motility that predispose to
gallstone formation.

A Epidemiology of Gallbladder Disease

Gallstones occur in populations throughout the world,
but the prevalence varies substantially (68–71). InWest-
ern countries, the majority of gallstones are composed
of cholesterol. Gallstones in the obese are composed
primarily of cholesterol. The prevalence of gallstones in
females varies from 3.7% in Indians and Pakistanis to
62.2% in Pima Indians (69,70). In males, the prevalence
varies from 2.9% in Thailand to 25.9% in Pima Indians
(70,71). Both racial and genetic factors likely contribute
to the wide variation in prevalence. About two-thirds of
patients with known gallstones do not have symptoms
of biliary tract disease.

In all populations studied, the prevalence of gall-
stones increases with age (68–71). The prevalence of
gallbladder disease increases markedly in those over 40
years old, such that 10–15%ofCaucasianmales and 20–
40% of Caucasian females over the age of 60 have
gallstones ultrasonographically. In the Pima Indians, a
group known to have a high prevalence of gallstones,
68% of men and 90% of women over the age of 65 have
gallbladder disease by oral cholecystography (70). With
aging, biliary cholesterol secretion becomes excessive
through mechanisms that are not well understood (72).

At all ages, females have a higher prevalence of gall-
stones than males, but in older age groups, the female
predominance of gallstone incidence is less marked.
Other states with higher estrogen stimulation, such as
oral contraceptive use, higher parity, and estrogen
replacement therapy, also are associated with greater
risk of gallstones (73–75). Multiple theories have been
put forth to explain this gender difference. Females may
have a higher level of the enzyme 12a-hydroxylase, with
resulting higher biliary levels of CA and more super-
saturated bile. Estrogens increase receptors for lipopro-
teins B and E, leading to increased hepatic cholesterol
uptake (76). High levels of circulating estrogens have
been shown to decrease the total bile acid and CDCA
pools, with resulting increases in cholesterol saturation
(77).

Risk factors other than ethnicity, age, and gender
are less well defined and less well understood. Patients
with diabetes mellitus or glucose intolerance have a
higher incidence of gallstones in some but not all
studies, likely secondary to altered gallbladder motil-
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ity and hepatic lipid metabolism (78–81). A weak
negative association between total serum cholesterol
or LDL levels and gallstone formation has been seen
in some but not all studies (73,74,79,82–84). Gallstone
patients have mean triglyceride levels 21–26% higher
and HDL cholesterol levels 14–19% lower than
matched control patients (73,82–84). There is no clear
consensus on the effect of alcohol consumption, smok-
ing, or occupation on the risk of gallbladder disease
(76,79,85,86).

Dietary factors have been implicated in gallbladder
disease, but there are no clear data on the potential
effects or mechanisms. Evidence exists that higher total
caloric intake correlates with cholesterol gallstone for-
mation. In the Nurses’ Health Study, a significant trend
toward higher risk of gallstones was seenwith increasing
caloric intake (86). However, in a study of Japanese-
American men, there was an inverse correlation be-
tween total caloric intake and gallstone incidence (85).
Studies differ in respect to the roles of total dietary fat,
protein, or carbohydrate intake (87–89).

More recently, physical activity has been implicated
has been implicated as a risk factor for symptomatic
gallstones and cholecystectomy, independently of its
effect on overall body mass index and weight loss (89–
91). These studies, performed in both men and women,
have shown that even moderate levels of recreational
physical activity are protective against symptomatic
gallstones. The mechanisms behind this phenomenon
are unclear, although some have postulated that the
effects of exercise on glucose tolerance, insulin levels,

and serum lipid levels may be responsible. Recent
studies have found no effect of exercise on gallbladder
contractility in obese women (92).

B Risk of Gallstones in the Obese

Many studies have shown that obese women are pre-
disposed to gallbladder disease (Table 1). The incidence
of gallstones in obese women has been estimated at 2.6
per 100 person-years, with approximately two-thirds
of these stones being asymptomatic (95). The rela-
tive risk seems to increase as body weight increases
(73,74,78,85,86,93,96–99). Thus, the risk of gallstones
relative to nonobese women is increased two times in
women with a body mass index (BMI) >30 kg/m2 and
seven times in women with a BMI >45 kg/m2 (86).
However, there is not a defined threshhold effect, as the
relative risk of gallstones increases with BMI, even in
women with a BMI <25 kg/m2. Obesity seems to con-
fer a greater relative risk in younger populations
(98,100,101). In one study of obese adolescents, 55%
of adolescent females undergoing cholecystectomy were
obese, compared to 23% of adolescent females under-
going nongallbladder surgery, a relative risk of 4.2
(101). This relationship between obesity and gallstones
is less striking in men, but several studies have also
shown an increased risk of gallstones in men with
increasing BMI (79,99,102,103). Up to 43% of men
and women undergoing bariatric surgery have gallblad-
der disease, defined as prior cholecystectomy or gall-
stones (104,105).

Table 1 Relative Risk of Gallstones with Obesity in Various Populations

Reference Study population Diagnostic criteria
Normal

population
Obese

population Relative risk

78 Japanese men age 48–56 Screening by US BMI <22.5 BMI >25 1.9
85 Japanese-American men Screening by US BMI <21.65 BMI 21.6–23.8 1.1

BMI 23.8–25.8 1.4
BMI >25.8 1.8

86 Nurses’ Health Study Previous cholecystectomy

or symptoms

BMI <24 BMI 30–35

BMI 35–40
BMI 40–45
BMI >45

3.69

4.72
5.11
7.36

93 Nurses’ Health Study US if symptomatic BMI <22 BMI 22–24.9 1.6

BMI 25–31.9 3.3
BMI >32 6.3

94 Obese prior to

bariatric surgery

Previous cholecystectomy

and intraoperative US

BMI <20 BMI 35–40

BMI 40–50
BMI 50–60

5

7
8

US, ultrasound.
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In addition to the effects of overall obesity, central
or truncal adiposity is also correlated with the risk of
gallstones in both men and women. In the San Anto-
nio Heart Study of Mexican-American women, the
risk for developing gallstone disease was 30% higher
for women in the highest quartile of subscapular-
triceps skinfold thickness ratio when compared to
those in the lowest quartile (106). In a study limited
to obese white women, Hartz et al. found the risk of
gallbladder disease to be 75% higher in women in the
highest quartile of waist-hip circumference ratio com-
pared with those in the lowest quartile (107). Truncal
skinfold thickness ratio has been correlated with later
symptomatic gallstone formation in men, with men in
the highest quartile having risk 2.5 times greater than
men in the lowest quartile. This association was not
altered after adjusting for initial BMI (108). In support
of these findings, the lithogenic index of bile positively
correlates with total body fat mass and intra-abdomi-
nal fat mass (109).

C Alterations in Serum Lipids

Excessive body weight is associated with increased daily
cholesterol synthesis and a larger pool of metabolically
active cholesterol in the body. In addition, hepatic
conversion of cholesterol into bile acids is impaired in
the obese. The obese therefore have dual mechanisms
contributing to the higher total cholesterol pool:
increased synthesis and decreased degradation (110–
112). There are also changes in lipid concetrations in
serum, with decreased HDL cholesterol and higher
LDL cholesterol levels. In the obese, serum triglycerides
are elevated owing to excess hepatic synthesis of VLDL
and triglycerides, an effect of peripheral hyperinsulin-
emia and enhanced peripheral lipolysis. Lower lipopro-
tein lipase activity leads to decreased triglyceride
clearance (113). As discussed previously, gallstone for-
mation has also been correlated with higher serum
triglyceride and lower serum HDL levels. However, it
is not clear if altered serum lipids are a direct cause of
gallstones, or if both disorders are a reflection of an
underlying common metabolic derangement.

D Alterations in Bile Composition

Overall, biliary cholesterol secretion is increased in the
obese relative to the nonobese with or without gall-
stones. However, when normalized to subject weight,
cholesterol secretion appears normal in obese patients
without gallstones. In contrast, in obese patients with
gallstones, cholesterol secretion is markedly elevated,

even after correction for body weight (114–119). This
marked cholesterol hypersecretion, with a resulting
higher cholesterol saturation index, is felt to be the
primary mechanism predisposing to gallbladder disease
in the obese (115–119).

The pathophysiology of cholesterol hypersecretion
in the obese is poorly understood. Putative mechanisms
of cholesterol hypersecretion include increased choles-
terol uptake from lipoproteins (76), increased choles-
terol synthesis by HMG CoA reductase (112,120),
decreased cholesterol catabolism by cholesterol 7a-
hydroxylase (120,121), and decreased esterification of
cholesterol within the hepatocyte (112). It seems likely
that cholesterol hypersecretion is secondary to a combi-
nation of these effects. Recent data suggest that leptin
may be a molecular mediator of cholesterol hypersecre-
tion (4) (Fig. 1).

In contrast to the consistent data showing choles-
terol hypersecretion, the data on alterations in bile acid
secretion are variable. The total pool and biliary
secretion of bile acids are felt to be normal to increased
in the obese. However, when normalized for body
weight, bile acid secretion is lower than in the non-
obese, and the relative percentage of bile acids is lower
owing to the marked increase in cholesterol secretion
(116–118,122–124). The data on phospholipid secre-

Figure 1 Hepatic cholesterol metabolism. In the liver, cho-

lesterol may be derived from circulating lipid particles or syn-
thesized de novo from acetate via the HMG CoA reductase
pathway. Export pathways of cholesterol include incorpo-

ration into circulating VLDL particles, esterification via the
ACAT enzyme, conversion to bile acids, or secretion into bile.
LDL=low-density lipoprotein; HDL=high density lipo-

protein; CM=chylomicron; CMR=chylomicron receptor;
VLDL=very low density lipoprotein; ACAT=acetyl CoA
cholesterol acyl transferase.
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tion are also variable, with different studies showing
unchanged to elevated total phospholipid secretion
(115–118). Evidence also conflicts on the relative per-
centage of biliary phospholipids. No change in the
relative composition of biliary phospholipids is found
with obesity (116).

From the previous evidence, it follows that markedly
increased cholesterol secretion in the obese, coupled
with an unchanged to mildly increased bile acid secre-
tion, leads to an increase in the cholesterol/bile salt ratio
(124). Cholesterol saturation index thus increases with
BMI, independent of age, gender, or ethnicity (124). As
a correlate, bile becomes more lithogenic. In contrast to
nonobese individuals, where bile is supersaturated only
with fasting, supersaturation of bile is not transient, but
persist even after feeding. The obese thus have more
supersaturated bile that persists for longer periods of
time.

E Alterations in Gallbladder Motility

Gallbladder stasis is an important factor that predis-
poses to formation of gallstones. Obesity in itself is
associated with gallbladder hypomotility and stasis,
with many studies showing increased fasting volumes,
increased residual volumes, and decreased fractional
emptying (30–32,125,126). Multiple mechanisms may
predispose to alterations in gallbladder motility in the
obese. Alterations in peripheral CCK levels have been

postulated, but not yet proven. Diminished gallbladder
responsiveness to CCK has also been proposed (126).
Another proposed mechanism is related to accelerated
gastric emptying. Rapid emptying of a meal would
diminish the amount of time that food or chyme is in
the duodenum. There would then be a resulting decrease
in release of CCK, with lesser stimulation of gallbladder
emptying (32).

IV EFFECTS OF WEIGHT LOSS

Obesity itself is associated with a marked increase in the
incidence of gallbladder disease. Paradoxically, weight
loss, through either dieting or bariatric surgery, is also
associated with a further increase in the incidence of
gallstone formation (Table 2). This section will review
the incidence, pathophysiology, and prevention of gall-
stone formation during weight loss.

A Incidence of and Risk Factors for Gallstone

Formation

1 Incidence

In follow-up of the Nurses’ Health study, women losing
4–10 kg had a 44% increase, and those losing >10 kg
had a 94% increase in the risk of gallstones (93).
Interestingly, the risk of symptomatic gallstones in this
population was also influenced by long-term weight

Table 2 Risk of Gallstone Formation with Weight Reduction

Reference Study population
Method of
weight loss Diagnostic test

Follow-up
period

Percent with
gallstones

127 Obese undergoing

bariatric surgery

Jejunoileal bypass US if symptomatic 24 months male 10%

female 9%
128 Obese undergoing

bariatric surgery
Jejunoileal bypass Oral cholecystogram 36 months 10.3%

129 Obese undergoing

bariatric surgery

Jejunoileal bypass US if symptomatic 60 months 20%

130 Obese on low-calorie diet 540-kcal diet US screening 4 weeks 7.8%
8 weeks 25.5%

131 Obese undergoing
bariatric surgery

Gastric bypass US screening 6 months 36%

132 Obese on low-calorie diet 520-kcal diet US screening 16 weeks 10.9%

133 Obese on low-calorie diet 605-kcal diet US if symptomatic 6 months 11%
134 Obese undergoing

bariatric surgery
Gastric bypass US screening 6 months

12 months

18 months

37%
37%

37%
135 Obese undergoing

bariatric surgery
Gastric bypass US screening 3 months 43%

US, ultrasound.
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patterns (136). Women whose weight fluctuated and
women with net weight loss over time had higher
prevalence of gallstones than those who maintained a
steady weight.

The overall incidence of gallstones ranges up to 25%
in the 8–16 weeks after initiating a weight reduction
diet (127–130,137). It has been suggested that the risk
of gallstone formation increases dramatically if the
rate of weight loss exceeds 1.5 kg per week (138). In
addition, the composition of the weight loss diet, espe-
cially the amount of fat included, may be important.
Patients given a diet containing >10 g fat per day are at
lower risk of gallstone formation than those who con-
sume <10 g fat per day, perhaps due to maintenance of
gallbladder motility (139–142).

Patients losing weight with either low-calorie diets
or bariatric surgery seem to be at risk (143). One study
has shown a 37% incidence of gallstones 6 months
after bariatric surgery. A high percentage of patients
will also develop biliary sludge in the first postoper-
ative year (131). The risk for gallstone formation is
greatest in the first postoperative year, but may be
increased for up to 3 years postoperatively, as weight
loss continues. Although these periods are coincident
with the periods of greatest weight loss and ongoing
weight loss, respectively, the risk for gallstone forma-
tion does not necessarily correlate with the degree of
weight loss. Twenty-four percent to 40% of those
developing gallstones will be symptomatic, and
f28% may need repeat surgery for cholecystectomy
(104,105, 131). Asymptomatic gallstones will resolve in
about 50% after 1–2 years (144). Gallbladder concen-
trations of biliary lipids and cholesterol saturation index
do not predict who will develop gallstones (94,128,132,
143,145,146).

2 Risk Factors

Both initial BMI and the relative rate of weight loss
are predictors of gallstone development (132). Absolute
weight loss is more difficult to assess, as it is highly de-
pendent on initial BMI (132). Likewise, the rapidity of
weight loss has not been established as a definite risk
factor owing to confounding with absolute and relative
amounts of weight lost. Higher rates of gallstone for-
mation during weight loss are seen in men. However,
this effect is removed when controlling for the higher
initial BMI, relative BMI lost, and initial serum trigly-
cerides seen in obese men as compared with obese
women (132). Diets in which gallbladder motility is
maintained, such as diets with higher caloric or fat
contents, do not seem to be associated with as great a

risk of gallstone formation (141,147). Repeated cycles of
weight loss also seem to predispose to gallstone forma-
tion (136). No studies have looked at effects of weight
loss due to increases in physical activity in relation to
gallstone formation.

B Pathophysiology of Gallstone Formation

During Weight Loss

Changes in bile composition that lead to increased
lithogenicity are seen with very low calorie diets. CSI
in bile increases on average during weight reduction
(134,137,139,141,148–151). However, this effect is not
seen in all subjects studied; some patients have large
increases, and others have large decreases in saturation
index. CSI and nucleation time decrease in nearly all
patients after a prolonged fast. It is felt that hepatic
cholesterol secretion increases during weight loss and
decreases again during weight maintenance. Similarly,
the molar percentage of cholesterol increases during the
weight loss phase and decreases in the weight mainte-
nance phase (131,134,148–151). The excess excreted
cholesterol during weight loss is mobilized from periph-
eral adipose tissue. Counteracting these factors is the
fact that low caloric intake lowers cholesterol input and
may reduce bile acid secretion and cholesterol synthesis.
Biliary cholesterol secretion will reflect a balance of all
these variables. In the weight stabilization phase after a
low-calorie diet, CSI decreases to below the baseline
value. Nucleation time decreases concurrently with
these changes (150) (Fig. 2).

Bile acid and phospholipid secretion do not reliably
change with weight loss, but generally are lower (122,
134,151,152). The total bile acid pool decreases during
weight reduction, but the individual bile acid profile
does not change (122). If patients regain weight, the
cholesterol saturation index and molar percentage of
cholesterol will again increase (153). In weight loss
induced after jejunoileal bypass, similar changes in bile
composition and lithogenicity are noted. Bile salt pool
is initially reduced, and saturation index is increased.
However, bile composition reverts to normal by about
one year postoperatively (150,151).

Gallbladder motility changes with weight reduction.
Decreases in gallbladder motility are seen after major
abdominal surgery. With gastric bypass, gallbladder
hypomotility may be induced because of intraoperative
transection of the vagus nerve (32,141,143,146,154).
Many of the changes in bile composition during weight
loss could be a reflection of this gallbladder stasis, rather
than a direct result of alterations in hepatic secretion or
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gallbladder mucosal function. With very low calorie
diets, increased fasting and residual gallbladder vol-
umes can be seen (155). This effect may be reversed by
inclusion of adequate calories (>800 kcal/d) or dietary
fat (>10 g/d) to maximally stimulate gallbladder con-
tractility (139,140,147,155).

C Prevention

1 Screening for Gallstones Prior
to Weight Reduction

Patients undergoing bariatric surgery are often screened
with preoperative ultrasound to determine the need for
concomitant cholecystectomy. However, preoperative
ultrasound has a low sensitivity for gallbladder disease
in the obese, and may not be the best test to determine
need for cholecystectomy. Some have advocated screen-

ing for gallbladder disease prior to weight reduction
dieting and possibly dietary modification if gallstones
are found. However, this approach has not been studied
systematically (143). It is not known if patients with
preexisting cholelithiasis are at higher risk of complica-
tions, such as acute cholecystitis or pancreatitis, with
weight reduction.

2 Prophylactic Cholecystectomy

Some authors have advocated prophylactic cholecys-
tectomy at the time of bariatric surgery because of
the >30% incidence of gallstones in the initial period
of rapid weight loss. From 10% to 25% of patients who
have not had a prior cholecystectomy will already have
gallstones at the time of surgery, and 95% of patients
undergoing cholecystectomy at bariatric surgery will
have pathologic evidence of gallbladder disease (104,

Figure 2 Schematic of cholesterol nucleation. In bile, cholesterol exists in two soluble forms—vesicles and mixed micelles. They
are in dynamic equilibrium (1), depending on total bile salt concentration and lipid density. With concentration, the vesicles may
be depleted with phospholipid and enriched with cholesterol, resulting in a tendency for the vesicles to aggregate and fuse (2).

Pro-nucleators may aid vesicular fusion. The fused vesicles are transitional forms and lead to formation of multilamellar
liposomes or liquid crystals (3). Cholesterol separates from the liquid to solid crystalline forms during nucleation (4). It is unclear
whether fused vesicles can nucleate into solid cholesterol crystals. (From Ref. 168.)
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105). Cholecystectomy adds only minimally to proce-
dure time (30–45min), and patients undergoing prophy-
lactic cholecystectomy have not had a higher incidence
of perioperative complications or a longer hospital stay.
Many centers have moved to routinely performing cho-
lecystectomy at the time of gastric bypass surgery (104,
105). Prophylactic cholecystectomy before initiating
weight reduction diets has not been advocated.

3 Bile Acid Supplementation During
Weight Loss

Bile acid supplementation has been used as a nonsur-
gical treatment for gallstones. Certain bile acids, CDCA
and ursodeoxycholic acid (UDCA), contribute to cho-
lesterol solubilization and can decrease bile lithogenic-
ity. Bile acid supplementation is generally well tolerated
and without significant adverse effects.

In the nonobese, treatment with CDCA desaturates
bile and prolongs nucleation times (20,156). However,
this effect is not seen consistently in the obese, even with
the same doses per kilogram being administered
(17,18,157–160). Biliary cholesterol concentrations
and saturation indices reliably decrease to unsaturated
ranges only with high dose therapy (157–160). HMG
CoA reductase activity is reduced during CDCA ther-
apy, with subsequent reduction in hepatic cholesterol
synthesis and secretion (122). However, CDCA is a
potent inhibitor of cholesterol 7a-hydroxylase, and thus
decreases cholesterol catabolism. With oral therapy,
this bile acid can increase the total bile acid pool and
the rate of bile acid secretion, and in fact, becomes the
predominant circulating bile acid. Although it has
beneficial effects on bile composition, CDCA may
increase gallbladder mucin secretion, and potentially
enhance cholesterol crystal nucleation (49–51).

Currently, the use of UDCA has superseded that of
CDCA. UDCA is safe and effective. Treatment with
UDCA prolongs nucleation times and decreases the
concentration of cholesterol and phospholipid present
in the vesicular phase (20,135,157–161). Gallbladder
bile from patients treated with UDCA contains only a
trace of cholesterol in vesicles, the more lithogenic form
of transport (162). Similar to CDCA, UDCA decreases
biliary cholesterol concentration by decreasing activity
of hepatic HMG CoA reductase (122). It has no effect
on the activity of cholesterol 7a-hydroxylase. The
molar percentage of bile acids is unchanged to slightly
increased with UDCA, and UDCA becomes the pre-
dominant bile acid during therapy (122,135,161). In
addition to its effects on bile composition, UDCA may

be able to maintain gallbladder motility in patients
losing weight (163). All these factors combined indicate
that UDCA may have a role in prophylaxis or treat-
ment of gallstones in the obese. Randomized, con-
trolled studies showed that giving UDCA at 600 mg/d
during weight reduction dieting (164) or after gastric
bypass surgery (165) can significantly decrease the
incidence of biliary sludge and gallstones. In addition,
prophylactic use of UDCA has been estimated to be
cost saving in patients on weight reduction diets or after
gastric bypass surgery (166).

4 Other Pharmacologic Measures

One study looking at high-dose aspirin (1300 mg/d)
showed that none of 22 patients receiving aspirin devel-
oped gallstones during a weight reduction diet. Three of
these patients developed microstones or crystals (167).
However, there was no change in the saturation index,
cholesterol concentration, bile acid concentration, or
biliary glycoprotein concentration. Other studies have
shown a possible effect of nonsteroidal anti-inflamma-
tory drugs in inhibiting gallstone recurrence in patients
losing weight (163). Although mucin secretion and
prostaglandin metabolism may be modified by non-
steroidal anti-inflammatory drugs, the long-term clin-
ical use of these compounds can be associated with
substantial complications. The feasibility of using
aspirin or nonsteroidal anti-inflammatory drugs for this
indication has not been clearly established.

V SUMMARY

Gallstones are a common clinical problem in the obese
and the nonobese. Three separate conditions are re-
quired for gallstone formation: secretion of supersa-
turated bile, nucleation of cholesterol crystals, and
gallbladder stasis. In obesity, bile is more saturated
owing to cholesterol hypersecretion, and gallbladder
motor function is impaired, predisposing to gallstone
formation. Recent research suggests that leptin may
mediate the association between obesity and gallstones.
Paradoxically, weight reduction either through dietary
modification or through bariatric surgery also predis-
poses to gallstone formation. The mechanisms of gall-
stone formation during weight reduction are not
entirely clear, but also involve altered bile composition
and gallbladder motility. Ursodeoxycholic acid is the
only medical therapy that has been studied for gall-
stones during weight reduction. Further research needs
to be done into the risk factors for and treatment of
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gallstone disease and its prevention in the obese and in
those losing weight.
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I INTRODUCTION

The importance of this chapter lies in the fact that
impairment of respiratory function by obesity is poten-
tially reversible and therefore should be a focus for
therapeutic intervention (1–12). This review will be
composed of three parts. The first will be the description
of changes in respiratory mechanics, gas exchange, and
control with obesity such as physiological decrements
that result in dyspnea, the increased work of breathing,
and abnormalities in gas exchange that many obese
individuals exhibit. The second part will include a
discussion of pathophysiologic staging of respiratory
impairment in obesity, using as a basis a classification
system proposed by Bates (13). The third part will out-
line the emerging literature on sleep disordered breath-
ing and obesity, obesity and asthma, and the syndrome
of obesity hypoventilation.

II PHYSIOLOGICAL DECREMENTS

WITH OBESITY

A Respiratory Compliance and the Work

of Breathing

A threshold effect of obesity associated with respiratory
compromise has not been defined. While most studies
in this literature use a starting point of at least 120% of
ideal body weight (IBW), some use different thresholds
for entry—150% or 200% IBW, BMI values >30

(males) or >28 (females). The literature is too heter-
ogeneous to combine studies or to examine the relation-
ship of obesity to respiratory function using continuous
variables for each condition. Therefore, we will discuss
studies that examined categorical effects (obese vs. non-
obese subjects).

Respiratory compliance is a measure that relates to
the pressure changes that are required to increase lung
volume and can be influenced by themechanical proper-
ties of both the lungs and the chest wall (14–16). One
major problem in obesity is that increased weight press-
ing on the thoracic cage and abdomen makes the chest
wall stiff and noncompliant (14,15). In addition to in-
creased adiposity around the thoracic cage, chest wall
compliance may be decreased because the decreased
total thoracic and pulmonary volumemay pull the chest
wall below its resting level to a flatter portion of its pres-
sure-volume curve. In a study on sedated, paralyzed,
postoperative morbidly obese patients, functional resid-
ual capacity (FRC) was seen to be markedly low com-
pared to normals, and respiratory compliance was
found to be low owing to significant decrease in both
lung and chest wall compliance (17).

Total respiratory system resistance was also mark-
edly increased, primarily owing to an increase in lung
resistance. Oxygenation was impaired and correlated
with total respiratory system compliance. PaCO2 was
not different between obese and lean subjects and did
not relate to compliance, resistance, or FRC. The same
group later compared respiratory mechanics during
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general anesthesia among groups of normals, over-
weight subjects, and obese subjects (BMI 25–40) and
subjects with morbid obesity (BMI >40) (18). Increas-
ing BMI was correlated to an exponential increase in
FRC. Compliance of both the total respiratory system
and the lungs decreased; in contrast, the compliance of
the chest wall was only minimally affected, and the
resistance of the lung and of the total respiratory system
increased. Chest wall compliance falls more in obese
than lean subjects in moving from the sitting to the
supine or even prone position (14,19). In obese patients,
prone positioning has been shown to improve pulmo-
nary function, by increasing FRC and lung compliance
during general anesthesia (20).

There is a relationship between chest wall compliance
and CO2 retention, independent of body fat. In those
obese individuals with an increase in arterial PaCO2 and
therefore alveolar hypoventilation, chest wall compli-
ance was one-third of normal, whereas in equally obese
but eucapnic subjects, chest wall compliance was in the
normal range (16). The mechanism for the differences in
chest wall compliance in the two groupswas not studied;
the interpretation of the results centered on the role of
chest wall compliance in CO2 retention.

The lung itself may be indirectly affected by chest
wall mass loading, as lung compliance in addition to
chest wall compliance is decreased in some obese indi-
viduals (14,21,22). Mechanisms for increased lung stiff-
ness include a large pulmonary blood volume and/or
dependent airways, greater collapse of alveolar units
and/or intrinsic alterations of the elastic characteristics
of lung tissues with surface lining film modifications.
Another factor would be the imposition of abdominal
fat, producing a cephalad-displaced diaphragm, and
restricting lung inflation and promoting recoil in expi-
ration. Experimental mass loading of the chest wall
produces dependent bronchioalveolar units with atelec-
tasis which increases further the work of breathing (23).
With both an increased lung and chest wall stiffness, in
an obese individual there is an increased mechanical
work of breathing as well as an oxygen cost of breathing
(24,25). Work of breathing can be increased two- to
threefold even in obese eucapnic individuals. Another
factor contributing to this increased work of breathing
is the marked increase in lung and consequently respi-
ratory resistance (18,26).

B Abnormalities in Pulmonary Function Tests

While age and smoking play an important role in
determining the rate of decline in the ventilatory
capacity, it is clear that body weight is an important

risk factor and one that is to be considered both
epidemiologically and clinically. Obesity produces a
progressively restrictive ventilatory deficit that becomes
more evident as BMI is elevated. There occur decreases
in the functional residual capacity, the expiratory
reserve volume, and total lung capacity (TLC) in those
defined as obese (>120% of IBW) (13,15,27–31). Both
the forced vital capacity (FVC) and the maximal ven-
tilatory ventilation (MVV) are reduced proportional to
the rise in body weight and the decrease in respiratory
compliance (13,32–34). Longitudinal analyses have
found that weight or BMI gain is associated with
accelerated loss of ventilatory function (35,36). In a
study on obese snorers with and without sleep apnea, a
significant correlationwas found between the severity of
the apnea-hypopnea index and reductions in expiratory
flow rates and specific airway conductance (26). The
DLCO is not elevated (34). No differences have been
observed in spirometry results in sitting or standing
position (37). However, body weight and respiratory
compliance appear to account for f60–70% of the
variance in values in obese individuals, indicating that
other factors act to reduce FVC and MVV in this
population. Body fat deposition may have distinct
impacts on ventilatory function measures. A central
pattern of adiposity is typically seen in obese men, and
a high waist-to-hip ratio, seen in these subjects has been
shown to be inversely correlated to spirometry and
static lung volumes (38). It seems that the effect of a
central pattern of fat distribution is modified by age,
since it was seen only in observations from men within
the ages of 40 and 59 years (39).

C Gas Exchange and Respiratory Control

Obesity exerts an increased demand to maintain normal
arterial PCO2 and PO2 levels. The work involved in
moving increased body weight results in a larger CO2

production for height in obese than in nonobese sub-
jects; this effect is present during rest but is more evident
with exercise (15,24,25). Obese subjects with increased
respiratory system compliance alsomust work harder to
eliminate CO2 (40). Morbidly obese patients may be
dedicating a disproportionately high percentage of total
oxygen consumption to conduct respiratory work even
during quiet breathing (41).

The majority of obese subjects exhibit an increased
ventilatory drive and maintain a eucapnic state (14,27).
The subset of patients with obesity-hypoventilation will
be discussed in a separate section. In moderately and
severely obese individuals (>190% to>200% of IBW),
arterial blood gases often show hypoxemia due to a
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widened alveolar-to-arterial (A-a) gradient (42). The
increased A-a gradient arises from a mismatch of ven-
tilation and perfusion, i.e., relating to increased relative
perfusion at the lung basis where reduced ventilation
occurs due to airway closure and alveolar collapse (42–
46). Obese patents who have normal or slightly reduced
CO2 levels have either increased or normal ventilatory
drive from hypoxic responses.

Two other factors may contribute to inefficiencies in
gas exchange. Obese individuals achieve a minute ven-
tilation with a relatively smaller tidal volume and in-
creased frequency, and while this pattern reduces the
work of breathing, it increases the dead space and de-
creases alveolar ventilation at any given minute ven-
tilation of breathing (47). A second factor is that in
severely obese subjects the diaphragm may be over-
stretched in the supine position (48). Overstretching is
a consequence of the mechanical loading by abdominal
contents and places the diaphragm at a mechanical
disadvantage that contributes to decreased inspiratory
strength in the supine posture (48). This factor may be
particularly important during sleep when postural
muscle tone is decreased (32).

D Dyspnea and Exercise

A common complaint in the obese individual is dysp-
nea, a sense of shortness of breath on exertion or at rest
(49,50). In a recent study, 60% of patients with a BMI
>28 and no comorbid conditions reported some dysp-
nea at rest (51). Factors that appear to correlate with
increased shortness of breath include the decrease in
chest wall compliance and the inefficiency of the respi-
ratory control system (see above). Themoderately obese
individual, though, can sustain a level of ventilation to
maintain normal levels of arterial PCO2 and increase
ventilation appropriately with exercise (52). This indi-
cates that the metaboreceptor response to exercise can
be intact, at least in moderately obese individuals.

There are three somewhat unique aspects of exercise
related to obesity. The first relates to the increased
ventilatory demands imposed by the increased weight
of the individual. This effect is seen clearly in that
ventilation for a given work load on treadmill testing is
much greater than that on bicycle testing (15,52–54) and
is explainedby theweight bornewhilewalking.A second
effect relates to the observation that while ventilation is
usually increased in relationship to oxygen consump-
tion, in themoderately obese subject studied both at rest
and with exercise, arterial oxygen levels increase on
exercise with little change in PaO2. This response is
attributed to improved ventilation-perfusion matching

(52), indicating that gas exchange abnormalities at rest
are functional rather than structural.A third factor is the
mechanical constraint on end-expiratory lung volume
before and after exercise (55). The lower end-expiratory
lung volume during resting breathing in the obese sub-
ject is principally due to changes in mechanical proper-
ties of the chest wall. Even in simple obesity the pressure-
volume curve, while displaced, is linear above end-
expiratory lung volume but, unlike normal subjects,
very nonlinear below FRC (27). Furthermore, in con-
trast to lean individuals, obese individuals do not
decrease their end-expiratory lung volume during exer-
cise (56).Mechanisms have not been extensively studied.
However, it may be that the reduction in chest wall
compliance makes the chest wall harder to displace
inward or that, below FRC; expiratory muscles operate
more inefficiently in expiration in the obese individual.
The consequence of a failure to reduce end-expiratory
lung volume during exercise is a failure to place the
diaphragm at a better mechanical advantage, as well as
an inefficient partitioning of the work of breathing
between the inspiratory and expiratory muscles (55).
An impaired exercise response is seen even in mildly
obese individuals and may explain dyspnea on exertion
even in those with normal spirometry or gas exchange.

In summary, the metabolic consequences of obesity
combined with abnormalities in motor outflow and
muscle dysfunction contribute to the respiratory com-
plaints at rest and to exercise intolerance. What is not
known is how these develop over time and whether or
not certain individuals are predisposed to abnormalities
because of factors independent of the level of obesity or
factors present as a consequence of the metabolic and
cadiovascular syndromes associated with obesity.

III CATEGORIES OF RESPIRATORY

COMPROMISE IN OBESITY

Bates (13) proposed that the respiratory effects of
obesity be classified into three stages relating to the
magnitude of obesity and clinical illness associated with
obesity (see Table 1). This staging of dysfunction may
have been derived from efforts to classify cardiovascular
morbidity from obesity (12). We see a staging scheme as
an arbitrary but convenient starting point to discuss the
influence that obesity can have on respiratory patho-
physiology and illness. What should be emphasized at
the onset is that such a classification system serves
merely to organize thinking about obesity and its effects
on respiratory function and pathophysiology. Individ-
uals will not fall neatly into each category, and the
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health outcome effects of an initial classification of
individuals are not known with the possible exception
of those with morbid obesity. Also, despite its common
use in study criteria, we suspect that the distinction
among mild, moderate, and severe consequences of
obesity may not have, as a defining trait, a numerical
value for obesity, expressed as a percent of IBWor BMI.
Rather, illness is the result of interaction between sites of
fat deposition, time of exposure to obesity, and other
inherited or acquired traits of respiratory function or
comorbid conditions such as aging or cardiovascular
disease.

Patients classified as stage I (Table 1) include those
who are mildly obese with a ratio of weight to height
(kilograms over centimeters) <1 and body weight of
f120% of IBW. In many of these individuals lung me-
chanics are usually normal, airway resistance is normal,
and the subdivisions of lung volume show only a small
reduction in expiratory reserve (17). Arterial blood
gases are usually normal at rest. Abnormalities in gas
exchange may occur during sleep due to the mechanical
effects of chest all loading in interaction with the reduc-
tion in postural tone in muscles of the upper airway and
chest wall. Exercise tolerance may be reduced by inac-
tivity and/or by a failure to reduce end-expiratory lung
volume. Recumbency results in inefficiencies in ventila-
tion, in vascular perfusion, and in diaphragm function.

In stage II, patients are more severely obese with a
ratio of weight to height of more than stage I; these
individuals are generally >150% of ideal body weight.
In these individuals there are decreases in lung as well as
chest wall compliance and hypoxemia due to an increas-
ing A-a gradient. These changes are due to ventilation-
perfusion mismatching. Gas exchange abnormalities
can be reversed, and PaO2 and oxygen saturation will
increase after deep breaths. There is a restrictive defect
with FVC and TLC<80%of predicted, and the ratio of
FRC to TLC falls to f25%. In patients with moderate

obesity there is a steady decline in ventilation-perfusion
ratio from apex to base in the upright posture, and
airway closure is further enhanced in the supine posture.
Polycythemia may be present, and more severe blood
gas changes can be demonstrated during sleep due to
ventilation/perfusion mismatch. In this group of
patients (stage II), respiratory frequency is increased at
rest, tidal volume decreased, and the respiratory drive
increased with an increased response to hypoxia but a
decreased response to hypercapnia. The ventilatory
response to exercise can be normal even in those whose
hypercapnic response is depressed.Gas exchange during
sleep is impaired by increased closure of lung units and
by impairment of muscle function. Apneas during sleep
are increased (57), and hypercapnia may occur during
sleep secondary to hypoventilation. The presence of
hypercapnia during the day may be a consequence of
sleep-disordered breathing (58) or coexisting illness (3)
or upper-airway obstruction (59). However, sleep-dis-
ordered breathing is not accompanied by signs and
symptoms of illness during the day; the degree of sleepi-
ness resulting from sleep fragmentation is similar to that
in the general population (10). In this group of patients,
weight loss achieved either through behavioral modifi-
cation or through jejunoileal bypass can result in im-
provement in all these physiological abnormalities
(9,11,29,33,60). But it must be noted that many of these
good results were reported for younger subjects with
moderate obesity. Respiratory complications of surgery
for weight loss occur more commonly in older individ-
uals, those who are hypercapnic (perhaps as a result of
sleep-disordered breathing), and thosewho seem tohave
a reduced expiratory reserve volume prior to surgery
(13,32). This impression should be confirmed in longi-
tudinal and prospective studies of outcome assessment.

Stage III or illness-defined obesity impairment
includes morbid obesity with edema and cor pulmonale,
the obesity-hypoventilation syndrome, and sleep apnea

Table 1 Classification of Obesity-Relateda Respiratory Compromise

Stage I: Weight-to-height ratiob <1, normal FVC and FEV1, reduction in end-expiratory reserve volume, PaCO2 at the lower

limit of normal (36–40 mmHg), decrements in exercise capacity related to weight and reserve volumes, independent
of conditioning.

Stage II: Weight-to-height ratio >1, impairments in lung volumes, dyspnea at exercise and at rest, increased A-a gradient,
decrements in function in the supine posture, normal PaCO2 (40–45 mmHg) or mild hypercapnia at rest may indicate

sleep-disordered breathing.
Stage III: Stage II compromise in the presence of illness: pulmonary hypertension and right heart failure,

obesity-hypoventilation syndrome, obstructive sleep apnea syndrome, and morbid obesity syndrome.

a >120% of ideal body weight.
b kg/cm.

Source: Ref. 13.
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syndrome (both reviewed below). Patients in this cat-
egory exhibit an inherent predisposition to pulmonary
embolism (61,62). Pulmonary hypertension, which can
be present in these patients during light exercise, may
predispose these patients to inactivity, to dependent
edema, and to subsequent risk for venous thrombosis
(61). The effects of pulmonary emboli on the lung of an
obese individual will be compounded by abnormalities
in respiratory function imposed by increased weight
alone (62) (see section on OHS). Another confounding
factor in this classification is the relationship of respira-
tory morbidity to the circulatory physiology and patho-
physiology of obesity (61,63).

IV SLEEP-DISORDERED BREATHING

AND OBESITY

Obstructive sleep apnea (OSA) syndrome is character-
ized by loud snoring, episodic partial or complete
obstruction of the upper airway during sleep, and con-
sequent sleep fragmentation leading to excessive day-
time sleepiness. In addition to the morbidity associated
with chronic sleepiness, patients with OSA are at in-
creased risk for hypertension, myocardial infarction,
and stroke (10). The diagnosis and treatment of OSA
have been reviewed elsewhere (10,64–66), although a
few key points are mentioned here. When OSA is
suspected clinically, the diagnosis is conventionally
confirmed via polysomnography, a test in which multi-
ple physiological variables including the electroence-
phalogram, electrocardiogram, and several measures
of respiratory function are recorded during sleep. The
most common measure of OSA severity determined in
this manner is the total number of apneas (cessation of
airflow of 10 sec) and hypopneas (partial obstructions)
per hour of sleep (apnea + hypopnea index; AHI).
However, other features in the presentation may indi-
cate the need for a therapeutic intervention.

Population studies in the United States and several
other countries suggest that the syndrome of obstructive
sleep apnea, daytime sleepiness, and cardiovascular
disease is present inf1–4%ofworkingmen andwomen
(10,67). There are pockets of higher prevalence, for
instance in minority populations and children with
tonsillar hypertrophy; however, one of the best-charac-
terized associations is between obesity and OSA. The
correlation between body weight and sleep apnea was so
strong as to dominate recognition strategies for almost
two decades and link sleep apnea almost exclusively
with obesity hypoventilation or Pickwickian syndrome
(64,66,68); however, in community studies the associa-

tion of OSA with obesity is not as strong as in clinic-
based case collections or reviews from referral centers
(10,68). A brief review of this association follows, as
does a more thorough account of the literature regard-
ing mechanisms and the effect of weight reduction.

A Association Between Obesity and OSA

In clinical rather than community populations, many
are at least 130% of ideal body weight (10), and obesity
(expressed as BMI in kg/m2) is the strongest predictor of
AHI in subjects over age 50. Compared to the other
factors studied, BMI was twice as strong as gender, and
fourfold stronger than age, in predicting AHI, even
when subjects with the most severe disease (AHI>60)
were excluded from analysis (69). In a polysomno-
graphic study of 250 obese patients without sleep com-
plaints, only 40%of themen and 3%of the womenwere
found to have sleep apnea severe enough to warrant
treatment (70).

The recent population-based study of Wisconsin
state employees supports the findings of these clinic-
based reports (67). In this cohort of >600 men and
women between 30 and 60 years of age, an increase in
BMI of 1 SD was associated with a fourfold increase in
risk for OSA (defined as an AHI>5/hr). More recently,
the same group reported that a weight gain of as little as
10% predicted a sixfold increase in the odds of devel-
oping moderate to severe sleep-disordered breathing.
Conversely, a loss of 10% of body weight predicted a
26% decrease in the apnea-hypopnea index (71). After
examining several measures of body composition and
metrics related to fat deposition, neck circumference
was the strongest predictor of AHI although all anthro-
pomorphic variables were highly correlated. These and
other observations suggest that an upper-body fat dep-
osition profile, rather than a more generalized distribu-
tion of body fat, may be important for the development
of sleep apnea. Given the strength of the association,
defining the causal relationship between excess body
weight and OSA remains surprisingly difficult. Studies
of mechanisms can be grouped into one or more cate-
gories based on hypotheses involving alterations in
upper-airway (UA) structure. The major theory is that
obesity leads to a change in UA structure or function or
alteration in respiratory drive, particularly to muscles
regulating nasopharyngeal and oropharyngeal patency.
Obesity even in the absence of sleep-disordered breath-
ing can be associated with excessive daytime sleepiness
(72). The same study also found that obese patients tend
to underestimate their degree of sleepiness. So the
recognition profiles designed to detect sleep-disordered
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breathing that involves sleepiness may not be as specific
for OSAHS as it might be in a nonobese individual.

B Obesity and Upper-Airway Function

The major theory is that obesity leads to a change in the
UA geometry, either through loading of the pharyngeal
wall or by encroachment from periluminal fat deposits,
placing it at increased risk of collapse due to physical
forces acting on the pharyngeal segment during inspira-
tion. Imaging studies indicate that obese patients with
OSA have significant narrowing of the UA compared
with nonobese controls while awake using computed
tomography (73–75). These studies have demonstrated
significant differences in cross-sectional area at naso-,
oro-, and hypopharyngeal levels, with obese patients
having smaller airways than controls. Although in some
of these studies patients and controls were not matched
for obesity, the finding of small retropalatal airway in
OSA patients compared to weight-matched controls has
been shown in additional studies (76,77). Using mag-
netic resonance imaging to compare obeseOSA patients
with weight-matched controls, fat deposition was in-
creased at sites removed from the periluminal space,
primarily in areas posterior and lateral to the orophar-
ynx at the level of the palate, as well as within the soft
palate (78,79). Differences in pharyngeal shape have
also been observed between obese OSA patients and
normal-weight controls (75,80). Specifically, when the
pharynx was viewed in coronal section, awake OSA
patients had an elliptically shaped airway channel, the
long axes of which were oriented in the anteroposterior
plane, while in normals the airway channel was oriented
transversely. Obesity by neck fat deposition is associ-
ated with a shift in the hyoid bone caudally, possibly
altering the pharyngeal patency and/or leading to
greater UA collapsibility (81). Patients with OSA have
been shown to have necks that are larger in circum-
ference than those of weight-matched controls (82).
Some of these features are present in nonobese individ-
uals, and the causality of such associations can be chal-
lenged on the basis of the biochemical changes that may
result from sleep hypoxemia and fragmentation (10).

Obesity-related decreases in lung volume, as dis-
cussed earlier in this chapter, may also result in greater
instability of the UA, as lung volume has been directly
correlated with UA size (83,84). Moreover, pharyngeal
distensibility, or ‘‘compliance,’’ has been shown to be
greater in both males and females with OSA than in
obesity-matched controls using the acoustic reflection
technique (85,86). Similar findings were obtained when
lung volume was passively altered using continuous

positive airway pressure (85). Both increases in lung
volume and pharyngeal volume and decreases in this
measure of UA distensibility in obese sleep apneics after
weight loss have been observed (87,88). Obese patients
with a large neck and low FRC tend to have more
collapsible velopharynx during wakefulness (89). In
one study, a 17% reduction in BMI in moderately obese
subjects resulted in both a decline in AHI and a 23%
improvement in UA closing pressures during non-REM
sleep, which indicates a specific beneficial effect of
weight loss on improvement in pharyngeal function
and sleep apnea (90). However, another study of weight
loss found no correlation between values forUA closing
pressure and obesity in patients with OSA. One possible
explanation is that weight loss acts indirectly through
changes in lung size rather than directly through an
effect on UAmechanics. Another is a variability among
people in regard to fat distribution and accumulation or
susceptibility to OSA.Nevertheless, weight loss in obese
individuals is one appropriate and specific therapy for
OSA.However, the mechanisms explaining how obesity
impairs upper airway structure may be more complex
than a simple anatomic enlargement or impairment of
structural stability.

V OBESITY HYPOVENTILATION

SYNDROME

Most obese patients with OSA are normocapnic when
awake; estimates are that 10–15%ofmorbidly obese pa-
tients (BMI>35) may develop a disorder of the res-
piratory control system manifested by CO2 retention
during wakefulness (91). This is referred to as the obe-
sity-hypoventilation syndrome (OHS). The term Pick-
wickian syndrome has also been used to describe this
syndrome (92). It has been defined using ABG values of
PCO2>45 often with a PO2<55 (93). Despite a sub-
stantial body of literature on the clinical and physiologic
factors in obesity, no one mechanism explains the
pathogenesis of OHS.

One factor often emphasized is the influence of an
impaired ventilatory drive to both hypoxia (94) and
hypercapnia (22,95). Although the data are not consis-
tent across all studies, simple obesity may be associated
with reduced awake ventilatory chemoresponsiveness,
although this is based on data from a limited number of
subjects (53,96). Obesity accompanied by OSA may or
may not be associated with a reduction in chemore-
sponsiveness. In an early study, ventilatory and mouth
occlusion pressure responses to CO2 rebreathing were
reduced from normals in both eucapnic and hyper-
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capnic OSA patients (97,98), and a relative decrease in
the awake ventilatory response to CO2 in eucapnic
obese OSA patients has also been documented more
recently (99).

While it is assumed that obesity or body fat explains
OHS, there are alternative explanations. These include
genetic variations in ventilatory responses, interactions
between the metabolic effects of obesity and respiratory
control, and/or effects of comorbid cardiovascular or
metabolic events also linked to obesity acting on respi-
ratory control (10). Genetically obese (ob/ob) mice
exhibit blunted hypercapnic response, independent of
the presence of obesity; furthermore, administration of
leptin seems to reverse this hypoventilation, irrespective
of food intake andweight (100). These studies domake a
strong case for the role of central mechanisms in the
pathogenesis of obesity-hypoventilation syndrome.
Two clinical studies demonstrated that dietary restric-
tion in morbid obesity produces a depression in venti-
latory responses and one could speculate that this could
relate to lowered leptin levels (101,102). Another factor
would be the mechanical impairment to inspiration due
to either decreased respiratory system compliance
(16,103) or to inspiratory muscle weakness (48). Respi-
ratory drive requires not only activities in the brainstem
but also the distribution of neuromuscular drive to the
chest wall muscles such as the diaphragm and the inter-
costal muscles. Muscles can be compromised by fatty
infiltration, and their mechanical action on ventilation
influenced by abnormalities in chest wall compliance,
i.e., the coupling between muscle activity and the gen-
eration of pressure for inspiration (13,27,104).

The increase in diaphragmatic electromyogram ac-
tivity per unit increase in CO2 in subjects who are mor-
bidly obese is three to four times that found in normal
subjects (105). This high value is a reflection of the need
to sustain a high level of diaphragm energy expenditure
to maintain adequate ventilation, a demand that must
increase further with a change to the supine position
(48). The reduction in this relationship is indicative of a
diminished capacity to increase respiratory muscle
activity to meet demands for ventilation. The morbidly
obese patient will exhibit static inspiratory pressures 60–
70% of normal in both upright and supine positions
(14,16,48,104). Therefore, increasing EMG activity acts
to move the massive chest wall rather than increase
ventilation (95).

The direct effects of obesity on muscle size and func-
tion are not resolved. In a Zucker rat model of obesity in
which respiratory function changes are similar to those
found in human obesity, there are greater size and
number of muscle fibers in the diaphragm of obese than

of nonobese siblings (106). In contrast, in the obese (ob/
ob) mouse model the diaphragm is thinner in obese than
lean siblings (E. Schlenker, personal communication).
Systematic analysis of respiratory muscle thickness and
fiber types in obese individuals are not currently avail-
able. The degree of CO2 retention correlates with
decrease in inspiratory strength, decrease in vital capac-
ity, and a decreased ability to sustain a maximal volun-
tary ventilation (95,105). The latter finding, i.e., an
inability to sustain a level of ventilation, may indicate
a degree of respiratory muscle fatigue, which contrib-
utes to the development of a chronic hypoventilation
syndrome (52,107). Disordered breathing during sleep,
i.e., OSA, may result in hypoventilation in the awake
state (64). Both blunted chemoresponsiveness and load
compensationmight result from the sleep fragmentation
and episodic hypoxemia that occur in OSA. Increases in
the ventilatory response to added resistive loads (97) as
well as a more brisk CO2 response curve occur after
treatment of OSA with nasal CPAP (108,109). These
findings are interpreted to indicate that OSAmay play a
primary role in the blunting of respiratory responses.

Another factor contributing to hypoventilation is a
pattern of breathing (high frequency and lower tidal
volume) that leads to an increase in dead space ventila-
tion. The respiratory control system determines venti-
lation by independent alterations in tidal volume and
frequency (47), which must optimize ventilation in the
face of challenges like exercise and sleep. Ventilation-
perfusion (

:
V/Q) mismatch results from shallow irregu-

lar breathing combined with or without compression by
a thick chest wall (110), and is especially pronounced in
the lower lung zones (43).

The severity of disease is directly related to the
following factors: degree of hypercarbia, degree of
coexisting hypoxemia, and presence of complications
such as pulmonary hypertension F cor pulmonale, left
ventricular failure, and polycythemia. Table 2 is a useful
classification of severity of a hypoventilation syndrome.
Patients who are in the mild category may only need
periodic follow-up and enrollment in a weight loss
program, while those who fall into the moderate to

Table 2 Classification of Obesity-Hypoventilation
Syndrome

Mild Moderate Severe

PCO2 45–50 50–60 >60
PO2 >70 60–70 <60
Complications Absent Absent Present
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severe category need a detailed workup, as outlined in
Table 2.

VI MANAGEMENT STRATEGIES

FOR OSA AND OHS

A Clinical Studies of Weight Loss

Further evidence for a role of obesity in OSA comes
from clinical studies of weight loss in patients withOSA.
Some 17 studies have been reported to date, which have
included a variety of weight loss methods, patient
selection criteria, efficacy and outcome measures, and
research designs. Surgical and nonsurgical approaches
to weight reduction have been employed in patients with
varying degrees of obesity and sleep apnea, and treat-
ment follow-up has ranged from 2 to 24 months. Sig-
nificant weight loss has been reported in most studies,
with varying results. Improvement in sleep-disordered
breathing, oxygen hemoglobin saturation sleep frag-
mentation, and daytime performance; related changes
in UA function and to a much more limited extent
airway structure have also been evaluated.

Despite this strong support for the role of obesity
causal factor in OSA and the potential value of weight
loss as a primary treatment intervention for obese
patient with OSA, several key issues and concerns
remain to be addressed. In particular, it is unclear from
these studies whether a critical threshold level for weight
loss exists and which patients are most likely to benefit
from treatment. Also lacking is information about the
relative risks and benefits associated with dietary or
surgical weight reduction procedures in patients with
OSA and selection of optimal treatment approaches for
specific subgroup of patients. The mechanisms of treat-
ment efficacy are also uncertain at this point. Finally,
strategies for long-term maintenance of weight loss and
associated improvement in OSA need to be developed
and tested.

1 Dietary Weight Loss and OSA

Eight small (n<30) uncontrolled studies of dietary
weight loss ranging from 25% to 50%of baseline weight
yielded mean 30–75% reductions in indices of sleep-
disordered breathing (87,111–117). Two controlled
dietary weight loss studies found mean weight losses
of 9–17% yielded mean AHI decreases of 47% and
61%, respectively (90,118). Two small (n<55) longitu-
dinal studies of SDB change in patients with sleep apnea
found no statistically significant correlations between
change in AHI and change in BMI (81,119).

Major issues remaining to be addressed in more
detail and/or in less selective populations are: (1) the
amount of weight needed to achieve significant im-
provements in both OSA and daytime somnolence; (2)
associated structural or functional changes in the upper
airway; and (3) maintenance of weight loss beyond the
traditional 6 to 12-month observation period. Evidence
from other sources suggests that relapse after 1 year is
to be expected following weight loss by most methods
(120,121).

A brief review of some studies can provide some
insight into the level of current understanding. If weight
loss treatment consists solely of instructions to reduce
caloric intake and no special diets, medications, or
behavior modification techniques are provided, there
can occur an approximate 10-kg weight loss in the
treatment group, associated with a significant decline
in mean AHI from 55 to 30 events/hr (90) and improve-
ments can be observed inmean andmaximumnocturnal
SaO2 and improvements in sleep quality and daytime
alertness. In contrast to the ‘‘treatment’’ group (n=15),
no changes were observed in weight, AHI, or nocturnal
arterial oxygen saturation in the ‘‘control’’ group (n =
8). A significant association was observed between the
amount of weight loss achieved and improvement in
mean fall in SaO2 during sleep (r = 0.69, p < 0.01). In
this study, while there was a trend in the direction of a
lower AHI with weight loss, in other studies where
weight loss is more significant there may occur an
improvement in upper airway function and a reduction
in OSA in non-REM as well as in REM sleep (118).

The effects of very-low-calorie diets (VLCD) on
weight loss and sleep-disordered breathing have been
investigated (112,114–116), with similar variability in
both the amount of weight loss achieved and the
improvement in OSA. In one study (112) it was noted
that the effects of weight loss might be attenuated as
there was detected a substantial degree of otorhinola-
ryngeal pathology (e.g., tonsillar hypertrophy, tongue
enlargement) (115). Accounting for common upper
airway problems, independent of the effect of fat accu-
mulation, would be important in subsequent studies of
weight loss using either dietary or surgical interventions.
Unfortunately, none of these studies has systematically
compared VLCD with more conventional forms of
dietary weight loss in patients with OSA.

Finally, a combination of dietary intervention and
cognitive behavioral therapy on weight loss, sleep
apnea, and hypertension has been reported (113). Fol-
lowing an intensive, 20-week program of dietary inter-
vention, exercise training, and cognitive-behavioral
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therapy, a mean weight loss of 27 kg was achieved. This
was associated with a significant change in AHI (mean
decrease= 17 events/hr in seven patients) and improve-
ments in blood pressure, vital capacity, and functional
residual capacity. Additionally, a significant decrease in
soft palate width has been observed following weight
loss. Major weaknesses of the study were the small
number of patients, the absence of EEG monitoring of
sleep and assessments of daytime alertness, the concom-
itant use of antihypertensive and othermedications, and
lack of follow-up evaluation.

2 Anorexiant Drugs

Drug therapy, like other nonsurgical modalities, is
accompanied by only a modest (10%) weight reduction
and requires continued use to maintain this result.
There is a paucity of experience with anorexiants in
obese OSA patients. Though it showed initial promise
in the long-term treatment of obesity (122), fenflur-
amine and phenteramine fell out of favor because of the
risk for valvular heart disease (123,124) and have
subsequently been withdrawn from the market. Newer
agents include orlistat, an inhibitor of pancreatic and
intestinal lipase, which prevents fat absorption from the
gut, and sibutramine, a selective serotonin and norepi-
nephrine reuptake inhibitor, which decreases food
intake and increases thermogenesis. Although these
agents could help in the medical management of obese
patients with sleep-disordered breathing, neither agent
has yet been studied in this population in a controlled
setting.

3 Surgically Induced Weight Loss and OSA

Surgery directed at reducing obesity appears to have a
substantial and consistent trend toward improvements
in respiratory symptoms and in some cases respiratory
function with weight loss. The Swedish Obese Subjects
study randomized >2000 patients to either surgery or
conventional treatment arms. The surgically treated
group displayed a mean weight loss of 23% compared
with the control group in whom the weight remained
stable, and this was associated with improvements in
dyspnea and reductions in witnessed apnea. In a study
on 21 morbidly obese patients undergoing vertical-
banded gastroplasty, BMI decreased from a mean of
41.5 preop to 31.7 six months after surgery, and was
associated with a significant increase in FVC, TLC,
FRC, and a significant improvement in inspiratory
muscle endurance assessed by PmPeak/Pimax (125);
there was a strong correlation between the degree of

weight loss and improvement in respiratory muscle
endurance.

Dixon et al. (126) evaluated>300 patients with ques-
tionnaires pre- and postsurgery, and found that mean
reductions of 48% of baseline weight resulted in a re-
duction in daytime sleepiness from 39% to 2%, and
habitual snoring from 82% to 14%. None of the studies
had polysomnographic confirmations of sleep architec-
ture. Several studies have observed marked changes in
nocturnal Sao2, and sleep continuing and architecture
allowing surgical weight loss interventions. In the first
case series (60) jejunoileal bypass surgery in four mor-
bidly obese individuals (mean of 231.0 kg) produced a
reduction in mean weight to 123 kg associated with a
dramatic decrease in sleep-disordered breathing at 2
years from 78 to 1.4 events per hour. However, one sub-
ject died following surgery and was not included in the
data analysis, and no long-term follow-up data are
provided.

In morbidly obese patients receiving gastric bypass
surgery two studies reported similar changes in both the
amount of weight loss achieved and associated improve-
ments in OSA and sleep architecture (127,128). Studies
were lacking in a detailed description of postsurgical
complications or longer-term assessment of treatment
outcome.

Sugerman and coworkers (129) emphasized the role
of gastric bypass surgery in the management of obesity-
hypoventilation, as defined by PaCO2>45 mm Hg.
Those with significant OSA and apnea-induced arrhyth-
mias also received tracheotomies at the time of gastric
surgery. Based on preoperative polysomnography, 10
patients had obesity-hypoventilation syndrome, nine
had OSA, and 19 had both. Of these, two died shortly
after surgery, and an additional four patients were lost
to follow-up. Follow-up studies performed at 3–5
months postsurgery revealed significant weight loss (a
62% reduction in excess body weight) associated with
improvements in bothOSA and daytime somnolence, as
reported subjectively. Percent apnea time (total dura-
tion of apneas/total sleep time � 100) declined from a
baseline of 44% to 8% following surgery. Unfortu-
nately, no data were provided regarding arterial blood
gases, sleep architecture, AHI, or nocturnal SaO2 before
or after surgery. As in the previous studies, these
authors also failed to provide long-term assessment of
surgical weight loss changes in OSA.

Vertical-banded gastroplasty was reported in mor-
bidly obese patients (BMI >40) with a wide range of
symptoms and degrees of OSA (111). Among patients
with OSA there was a 30–38% reduction in BMI post-
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surgery, and a decline in respiratory events during sleep
from 85% to 100%. Eight OSA patients were followed
and results collected while on dietary management
alone, and reductions in BMI were less dramatic; one
patient with the greatest amount of weight loss (33%
decrease in BMI) was cured of his OSA, and two addi-
tional patients showed improvement (i.e.,>50% reduc-
tion) in sleep-disordered breathing. Duration of follow-
up for either group was not specified.

Overall, impressive results have been observed in
terms of weight loss, respiratory function, improve-
ments in sleep quality, and reductions in sleep-disor-
dered breathing. The studies are limited in scope and
design and, as a series of case reports, represent a low
level of evidence (Sackett level V) for efficacy of a
therapeutic intervention (130). Methodological differ-
ences have been noted in each of the studies reviewed,
including lack of controls for the effects of surgery or
other forms of medical intervention, nor have the
mechanisms of action been investigated. Insufficient
data are provided regarding the risks and benefits
associated with surgical weight loss for OSA, although
a significant rate of postsurgical complications is to be
expected (131). Finally, none of the studies to date has
included assessment of waking performance following
treatment including such features as arterial blood
gases or changes in vigilance as a result of weight loss,
nor has adequate long-term assessment of treatment
effects been conducted in terms of either weight loss or
improvements in sleep and sleep-disordered breathing
(132).

B Adjunct Treatments to Weight Loss

1 Noninvasive Ventilation

Initially described by Sullivan et al. in 1981, application
of positive airway pressure via amask (nasal or full face)
will restore upper airway patency and probably helps
maintain lower airway patency during sleep in obese
patients with OSA (133). It has been suggested that in
patients with OSA who have OHS nasal CPAP on its
own may be insufficient to suppress apneas and correct
hypoxemias, particularly during REM sleep. The use of
supplemental oxygen or preferably bilevel ventilation
has been advocated. For some patients bilevel ventila-
tion may be more comfortable than CPAP because the
patient exhales against a lower mask pressure. Also, use
of bilevel ventilation has been shown to result in
unloading of the diaphragm in grossly obese subjects
(134). Successful treatment depends on patient compli-
ance. Studies have shown a reported compliance rate of
65–90% (135–137).

2 Medications

a. Improve Respiratory Drive

Acetazolamide at a dose of 250–500 mg/d will enhance
respiratory drive by producing a metabolic acidosis
through inhibition of renal tubular H secretion, by
producing cerebral vasodilatation, and by direct stim-
ulation of carotid afferents (138,139). Worsening of
obstructive apneas was found in another study (140).
The most notable side effects are paresthesias and
hypokalemia. It may have a role in the treatment of
subgroup of patients with periodic breathing or central
sleep apnea (141).

Medroxyprogesterone (MPA) acts as a respiratory
stimulant. Strohl et al. showed it to be effective in the
reduction of apneas in four of nine patients (142). Those
who responded had PaCO2 >46 during wakefulness as
compared to those who did not respond. MPA does not
appear to work in patients with OSA who do not have
hypercapnea (143). Side effects include impotence and
feminizing effects. Its role is primarily in females with
OHS, and it is given at 60–120 mg/d in divided doses.

Theophylline has been shown to be useful for central
apnea and periodic breathing, particularly in patients
with heart failure. It does not appear to be helpful for
OSA, although the number of patients with OSA exam-
ined is limited (141,144,145). Its primary drawback is
sleep disruption.

b. Management of Daytime Sleepiness

Some studies have examined the role of modafinil in
treatment of excess daytime sleepiness in obese patients
with OSA. The data, while limited, suggest that mod-
afinil may improve some aspects of alertness in patients
with SAHS who remain sleepy during CPAP therapy
(146,147).

3 Tracheotomy

Indications include failure of/inability to tolerate med-
ical measures and severe cor pulmonale or serious
nocturnal arrhythmias (129). Themorbidities, including
risks of tracheal stenosis, infection and psychosocial
problems, preclude its widespread use. Because these
patients have large necks, special tracheotomy tech-
niques are reported, including several skin-flapmethods
(148) that allow improved and easier stoma care.

4 Treatment of Coexisting Pathology

As re-viewed elsewhere (Chaps. ), the probability of
finding coexisting cardiovascular disease in obese indi-
viduals is quite high. Identification and management of
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congestive heart failure and other causes for edema are
likely to improve respiratory function including UA
patency. Patients with obesity-hypoventilation tend to
retain large volumes of fluid, which further worsens
their respiratory mechanics, leading to a vicious cycle.
Patients in fluid overload and cor pulmonale should be
aggressively diuresed. Care should be taken to avoid
excessive metabolic alkalosis by the judicious use of
acetazolamide. Identification of upper airway processes
like tonsillar enlargement or nasal obstruction are also
important (115).

5 Supplemental Oxygen

In severe cases, marked daytime hypoxemia may persist
despite of the above measures. These patients need
conventional long-term O2 therapy (>18 hr/d) in ad-
dition to nasal CPAP or BiPAP to halt the progression
of PH.

VII OBESITY AND ASTHMA

An association between increase in BMI and asthma has
been found in several studies (149). This association
seems to be stronger in women. The increasing preva-
lence of obesity in developed nations may help explain
concomitant increases in asthma prevalence. Although
individuals with asthma may gain weight as a result of
activity limitations, the relationship between BMI and
risk of developing asthma is not known.

A Epidemiological Studies

There have been many studies with varied design done
in recent years in different age groups, in different parts
of the world. These are summarized below.

1 Studies in Adults

In a prospective study looking at factors influencing the
rate of decline of ventilatory capacity in a cohort of 181
automobile workers, decrements in the FEV1 in subjects
<35 years old were influenced as much by excessive
weight gain as by cigarette smoking. Loss of weight in
those significantly overweight was frequently associated
with improved lung function (150). In another prospec-
tive cohort study of female U.S. registered nurses
[85,911 participants, aged 26–46 years) between 1991
and 1995, 1596 incident cases of asthma were identified
on the basis of self-report of physician-diagnosed
asthma. The relative risks of asthma for six increasing
categories of BMI in 1991 were 0.9, 1.0, 1.1, 1.6, 1.7, and

2.7 (P for trend <.0001). Women who gained weight
after age 18 were at significantly increased risk of
developing asthma during the 4-year follow-up period
(151). Chen found a 5% prevalence of self-reported
asthma in 17,605 subjects aged 12 years or more who
participated in the National Population Health Survey
in 1994–95. He found that the prevalence of asthma
increased with increasing body mass index in females,
but not in males (35). Another study looked into the
relationship between asthma medication and body
weight in an adult Swedish population (n = 17,912).
While no significant risk for developing obesity on
asthma medication was seen, compared to patients with
pharmacologically untreated asthma, they found sig-
nificantly higher adjusted odds for asthma, in women
(OR = 2.74) but not in men (OR = 1.57) with BMI z
30 (152).

In a baseline survey of the Australian Longitudinal
Study on Women’s Health (n = 14,779), women in the
highest BMI category (>or =30) were found more
likely to report asthma (153). Data from the British
Cohort Study (BCS70) showed that the prevalence of
asthma increased with increasing adult BMI, with a
stronger association in women; odds ratios for over-
weight and obese women were 1.51 and 1.84, respec-
tively. Similar associations with birth weight and adult
BMI were present for wheeze but not for hay fever or
eczema (154). Another British study, looking at pooled
data from 1971 white males, found that severe obesity
was a significant risk factor for recent asthma (OR 2.04),
wheeze in the previous 12 months (OR 2.6), and asthma
medication use in the previous 12months (OR 2.83), but
not for AHR (OR 0.87). FEV1 and FVC were signifi-
cantly reduced in the group with severe obesity, but
FEV1/FVC ratio, peak expiratory flow (PEF) and mid
forced expiratory flowwere not different from the group
with normal BMI. This study suggested that although
subjects with severe obesity reported more wheeze and
shortness of breath, which may suggest a diagnosis of
asthma, their levels of atopy, airway hyperresponsive-
ness, and airway obstruction did not support the sug-
gestion of a higher prevalence of asthma in this group
(155).

2 Studies in the Pediatric Age Group

Multiple population-based studies across different con-
tinents have found a strong association between self-
reported asthma and obesity in the pediatric population
(156–159). This association seems to be stronger among
girls (156–158). In a study looking at ED visits in
children aged 4–9 years seen with asthma, Belamarich
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found that in the 9months after baseline assessment, the
obese group had a higher mean number of days of
wheeze per 2-week period, and a greater proportion of
obese individuals had unscheduled ED visits (160). In a
prospective, longitudinal, open-label clinical trial, four
groups of children from 8 to 16 years old were studied.
Group 1 had 15 asthmatic nonobese children. Group 2
had 15 asthmatic obese children. Group 3 had 15 non-
asthmatic obese children. The nonasthmatic obese chil-
dren had a significant decrease in FEV1; meanwhile, the
asthmatic obese children had a deeper decrease in FEV1
than the asthmatic nonobese children. Thus, obesity
was seen to be a conditioning factor for bronchial hy-
perreactivity to the exercise (161). In a review of medical
records from a urban community health center there
were significantly more children with asthma (30.6%)
who were very obese (z95th BMI percentile) compared
with controls (11.6%); the difference was significant for
both sexes (162). Gokbel et al. found that pulmonary
function changes after the exercise had a significant
negative correlation with BMI and subscapular and
biceps skinfolds (163). A similar study in children 6–
10 years old demonstrated that significantly greater
frequency and degree of bronchospasm of the smaller
airways occur in obese children was partially related to
the amount of subcutaneous fat (164).

B Mechanisms

Possible mechanisms include progressive reductions in
airway caliber as a result of chest wall restriction, in-
creased airway resistance, and impairments in small air-
ways function. Obesity predisposes to gastroesophageal
reflux disease, an important risk factor for adult-onset
asthma. It has also been postulated that the lower tidal
volume of obese patients may result in less tidal stretch-
ing of airways smoothmuscle and could promote airway
narrowing and possibly airway hyperreactivity (165).

C Effects of Weight Loss on Asthma

Five studies have all shown a consistent and significant
benefit in asthma control in obese asthmatics. Thirty-
two patients presenting for LAGB were found to have
asthma preoperatively. On follow-up their mean BMI
decreased to 32.9 kg/m2 from 45.7 kg/m2 prior to
operation. All 32 patients recorded a lower asthma score
postoperatively. There were significant improvements in
all aspects of asthma assessed. These included severity,
daily impact, medications needed, hospitalization,
sleep, and exercise. The mean preoperative scaled
asthma score fell from a mean of 44.5 to 14.3 (126).

Hakala measured the effects of weight reduction on
peak expiratory flow (PEF) variability and airways
obstruction, compared to simultaneous changes in lung
volumes and ventilatory mechanics in 14 obese patients
with stable asthma (166). The patients were studied
before and after a very low calorie diet period of 8
weeks. As patients decreased their BMI from a mean
of 37.2 to 32.1, diurnal PEF variation declined from
5.5% to 4.5%, and day-to-day variation declined from
5.3% to 3.1%. The mean morning PEF, FEV1, and
FVC increased after weight loss. Functional residual
capacity and expiratory reserve volume were signifi-
cantly higher after weight loss. A significant reduction
in R(AW) was found. In another study, 157 severely
obese patients underwent silastic ring gastric bypass and
were followed for a median 2.5 years. Median preoper-
ative BMI was 45, and decreased significantly to 28 at 2
years post-SRGBP. Before surgery 34 patients were
being treated for asthma. Withdrawal of all asthma
medication was achieved after surgery in 17 of these
patients (167). Similar results were seen in a series of 62
patients undergoing bariatric surgery. Postoperative use
of medications for asthma was reduced by 100% (168).
In a case-controlled study of 38 obese patients with
asthma (BMI kg/m2 30–42), a supervised weight reduc-
tion program including 8-week very low energy diet
resulted in a mean loss of 14.5% of their pretreatment
weight, and 11.3% after 1 year. Controls had a weight
loss of 0.2% at 8 weeks and a gain of 2.2% after 1 year.
After the 8-week dieting period the difference in changes
in FEV1 percentage from baseline in the treatment and
control groups was 7.2%, in FVC was 8.6%, with a 13-
mm difference in dyspnea on a visual analog score.
These differences were still significant after 1 year. The
reduction of rescue medication was 1.2 and 0.1 doses,
respectively. Themedian number of exacerbations in the
treatment group was 1 (0–4) and in the controls 4 (0–7)
(169).

These data, while supportive, are by no means defin-
itive of a causative basis for obesity in asthma. Manage-
ment of asthma in obese patients is made difficult by the
fact that use of systemic steroids is associated with
significant weight gain. Also, smoking cessation fre-
quently causes increased weight gain, which negatively
impacts on smoking cessation efforts.

VIII SUMMARY AND CONCLUSIONS

Obesity impairs respiratory structure and function,
leading to physiological and pathophysiological impair-
ments. The degree to which increased fat deposition
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affects respiratory function may vary according to age,
length of the obese condition, comorbidity, and other
individual traits, including those related to chemore-
sponsiveness, load compensation, and sleep-induced
alterations in respiratory drive. The influence of obesity
on pharyngeal function and the appearance of OSA
appears related not only to BMI, but to measures of
central obesity and neck size. How neck size is deter-
mined and related to other well-studied obese pheno-
types remains to be determined by longitudinal studies
or by cross-sectional studies in established cohorts
being examined for obesity or diabetes. Also needed
are outcome-based studies of the impact on obesity on
cardiorespiratory morbidity with surgery and with the
development of OSA. The classification presented in
this chapter is intended to encourage thought and de-
bate in this area. Obesity appears an important variable
to examine in regard to respiratory health given that
most studies involving weight loss show significant
improvement or frank reversal of abnormalities in ven-
tilatory control, respiratory mechanics, and illness like
OSAandobesity-hypoventilation syndrome,which sug-
gests that modafinil may improve some aspects of alert-
ness in patients with SAHS who remain sleepy during
CPAP therapy. Effective therapy for achieving weight
loss would address perhaps half of the current patients
diagnosed with OSA syndrome and could play a role
in the prevention of OSA. The therapeutic avenues
opened by molecular mechanisms for obesity and the
obese phenotype will be particularly relevant to under-
standing sleep-disordered breathing in obesity.

There are gaps in our knowledge; some areas for
further research are listed in Table 3. Studies have
involved rather small groups of subjects, and the rela-
tionship between obesity and respiratory function has
been handled by categorical analyses, whereas it is our
suspicion that examination of measures of obesity and

measures of respiratory function during wakefulness
and sleep as continuous variables might disclose new
interactions, potentially important not only for therapy
but also for public health.
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Table 3 Areas of Needed Research
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population and clinical subgroups at greatest risk for adverse clinical outcomes from obesity, including those defined by race,
gender, or age. The genetic epidemiology of obesity and respiratory lung function, ventilatory control, and gas exchange.

Pathophysiology: Determine if sleep and sleep interruption impact on performance, eating behavior, and growth,
particularly in obese school-age children. Describe the various outcomes and independence of interactions between
obesity and sleep apnea on daytime performance and cardiovascular risk. Determine the basis for interactions among

obesity and age in regard to upper-airway function in sleep apnea.
Treatment: Determine the impact of interventions for obesity on ventilatory function and breathing during sleep, particularly

during a preclinical phase (stage I). Compare effectiveness of behavioral interventions for nonapneic and apneic

individuals. Estimate the extent of medical care utilization, health care costs, and measures of quality of life.
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I INTRODUCTION

Musculoskeletal conditions affect 16% of all Americans
(1). In 1988 it was estimated that the direct and indirect
costs of these to the country were equivalent to 2.5%
GNP (2). This was three times as great as the estimated
cost in 1980. Musculoskeletal conditions are an im-
portant cause of acute and chronic disability, being
amongst the most common causes of work disability,
because of their prevalence and severity (2). Indeed,
in the workplace, the cost of musculoskeletal diseases
were the highest and second-highest disease categories
in workers with BMI between f27.5–30 and >30, re-
spectively (3).

The most common musculoskeletal condition is
osteoarthritis (OA), which affects 12.1% of Americans
between the ages of 25 and 74 years (4). Its prevalence
increases with age, so that the socioeconomic burden to
society will grow with our aging population. Gout is the
most common form of inflammatory arthritis in males
over 40 years old.

II OBESITY AND OSTEOARTHRITIS

Osteoarthritis is a disorder of synovial joints character-
ized by deterioration and abrasion of the joint cartilage

and formation of new bone at the joint surfaces. Obesity
is likely to be themost important preventable risk factor
for knee OA. Overall, results to date suggest that the
link between obesity and OA is more consistent in
women and is strongest in OA of the knees and less
conclusive in other joints. This has important implica-
tions since OA is an enormous public health problem in
developed countries as it is the commonest single cause
of disability (5) and the major reason for hip and knee
replacements (6). The combination of its effect on
patients and the therapeutic procedures used produces
a huge burden on society (7). Recently, efforts have been
focused on potential risk factors for OA with a view to
identifying possible preventive measures. The manage-
ment of obesity is likely to be a key factor in the
management of OA.

A Association of Obesity and Osteoarthritis

of the Knee

Cross-sectional epidemiological studies have consis-
tently shown a relationship between obesity and knee
OA, which has generally been stronger in women than
in men. The reported increased risks have ranged from
two- to seven-fold for women in the top tertile of BMI
compared to women in the bottom tertile (8–14)
(Table 1). The earliest survey to mention this link
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was by Fletcher 1945 (8). In 1958 Kellgren and
Lawrence found that knee OA was commoner in obese
people and twice as common in females as in males
(9). Data from the large National Health and Nutri-
tion Exam Survey (NHANES I), 1971–75, found that
the risk of OA increased with degree of obesity and
that long-term obesity was significantly associated
with knee OA (13,14). Obesity was strongly related
to bilateral knee disease (15).

A population-based cross-sectional prevalence study
of obesity and OA in middle-aged females confirmed
obesity as a strong risk factor for OA knees in women
(16). This study showed a nearly 18-fold increased risk
for bilateral disease. This same effect was also seen in the
subgroup of asymptomatic women. The proportion of
OA which was estimated to be attributable to obesity in
this group of middle-aged women was 63%.

B Association of Obesity with OA in the

Different Knee Compartments

Until recently, little consideration was given to the
multicompartmental nature of the knee joint in epide-
miological studies of OA. However, recent work has
suggested that a significant proportion of symptomatic
knee OA may be caused by patellofemoral disease (17–
19), which is not visualized by conventional anteropos-
terior radiography. Consequently, little attention has
been focused on whether the risk factors for OA differ

among the different knee compartments. A recent pop-
ulation based case control study examined whether risk
factors for OA differ between the different knee com-
partments (20). This study did not show a significant
effect of obesity on the patellofemoral joint but showed
an effect at the tibiofemoral joint. This case control
study, based on small numbers, was the first to consider
the possibility that OA in different compartments may
have different etiologies and that previously described
risk factors such as obesity may have differential effects
in the different compartments. In contrast, data from a
population-based cross-sectional study of middle-aged
women showed it to be an important risk factor for both
medial tibiofemoral and patellofemoral joint disease
(21). This is an area where further work will be needed
to clarify the role of obesity as a risk factor in OA in
the different compartments of the knee. This is likely
to have important implications for preventive strate-
gies in OA of the knee and for our understanding of the
pathogenesis of OA.

C Evidence from Longitudinal Studies of the

Association of Obesity with Knee OA

Longitudinal studies have consistently shown an asso-
ciation of obesity with kneeOA (Table 1). The Framing-
ham Study examined the association between obesity
and knee OA in a longitudinal study. At the time of that
study, the group had been followed up for 35 years (22).

Table 1 Evidence of Association Between Knee OA and Obesity from Some Recent Cross-Sectional and Longitudinal
Population-Based Studies

Study Comparison groups of body weight
Relative risk of knee

OA (95% CI)

Cross-sectional
Felson et al., 1988 (12) Quintile 5 (MRW z129)a vs. quintile 1 (MRW <105) Men 1.51 (1.14, 1.98)

Quintile 5 (MRW z128) vs. quintile 1 (MRW <100) Women 2.07 (1.67, 2.55)
Davis et al., 1990 (14) BMI >30 vs. BMI V30 3.64 (2.21, 6.02)
Hart et al., 1993 (16) Tertile 3 (BMI >26.4) vs. tertile 1 (BMI <23.4) Women 6.17 (3.26–11.71)

Longitudinal
Anderson, 1988 (13) Minimum adult weightb

BMI >27.3 vs. BMI <27.3 Women 2.66 (1.6, 4.42)
BMI >27.8 vs. BMI <27.8 Men 0.65 (0.10, 4.36)

Felson, 1992 (59) Weight gain >2 units BMI over the 10 years prior Per 2 units gain in BMI
1.35 (1.11, 1.64)

Hart, 1999 (24) Weight at age 20c tertile 3 (BMI >26.4) vs. tertile 1

(BMI <23.4)

Osteophytes, 1.76

(0.90, 3.43)
Gelber, 1999 (23) BMI at 20–29 years old >24.7 vs. BMI <22.8d 3.6 (1.5, 8.7)

a MRW=Metropolitan Relative Weight, a measure of weight in pounds adjusted for height.
b Recalled minimum adult weight.
c Recalled weight, adjusted for height, examination, women examined.
d Adjusted for year of birth, physical activity, joint injury, men with median follow-up 36 years.
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Radiographs that were obtained on examination 18
(subjects’ mean age 73) were used, together with weights
on the same subjects that had been obtained at the
beginning of the Framingham Study when the mean age
of participants was 37. No radiographs were available
at the age of 37, but the assumption when analyzing
the data was that the prevalence of OA at age 37 was
low. This study was able to look at obesity prior to the
development of OA.A strong association between being
overweight in 1948–1951 and having knee OA f36
years later was found. This association was stronger
for women than men after controlling for possible
confounders such as age, uric acid level, and physical
activity. Furthermore, this association was present for
both symptomatic and asymptomatic disease. In addi-
tion, there was a stronger association with more severe,
rather than mild, radiological disease. Similarly, the
Johns Hopkins Precursors Study (23) examined the
relationship between obesity and subsequent OA in
men. In a prospective cohort of 1132, using 84 cases of
incident hip and/or knee OA, the investigators were
able to demonstrate a dose response relationship for
increased bodymass index (BMI) at a young age with an
increased risk of knee OA. The Chingford population
study of incident OA in women (24) found over a 4-year
period that the odds ratio of developing incident osteo-
phytes, but not joint space narrowing, was significantly
increased in those in the highest tertile for BMI. These
results suggest that higher BMI earlier in life may be a
more important risk factor for the subsequent develop-
ment of knee OA than heavier weight later in life.

These data are supported by other studies in which,
although data on actual weight preceding the onset of
OA were not available, self-reported, recall weights
were used. In the NHANES study, the effect of past
obesity on the risk of developing OA was examined by
using self-reported minimum adult weight as a proxy
measure of long-term obesity (13). In this study, past
obesity was found to be associated with OA. In the
Chingford population study of 1003 middle-aged wo-
men, a similar association was observed between self-
reported minimum weight at age 20 and OA in middle
age (16). In that study it was argued that the recalled
weight was probably quite accurate as it coincided with
the approximate age at which many of the women got
married, thus improving the likelihood of accurate
recall of their weight at that time.

Further evidence suggesting that obesity precedes
OA, rather than the converse, is that the association
between OA and obesity is strong even for individuals
with radiological evidence of knee OA who are asymp-
tomatic (13,16,21). This is important as radiological
disease has been shown to correlate with later disability

(25,26). Furthermore, a strong dose response effect has
also been observed between obesity and OA. Those
individuals that were obese (BMI>30) were shown to
have a markedly increased risk of knee OA relative to
those who were only modestly overweight (BMI>25
to < =30) (13). This dose response relationship pro-
vides additional evidence of a possible etiological effect.

D Evidence from Twin Studies of the Role

of Obesity in OA

A further method for examining the association be-
tween obesity and osteoarthritis is via twin studies,
which have been used to estimate the magnitude of the
weight difference associated with the development of
OA (21). Twin studies provide a special research meth-
odology that, as well as assessing the relative contribu-
tions of genetic and environmental factors to a disease,
may also be used to examine environmental risk factors
in twin pairs discordant for that disease trait. The twin
model used in this study enabled close matching of the
diseased and nondiseased twin for genetic similarity and
many known or unknown environmental factors, thus
providing a useful tool to quantify the magnitude of the
difference in obesity between the twin with disease and
their cotwin with no disease.

The twin study confirmed that obesity is a strong risk
factor for OA of the knee, with twins with OA of the
tibiofemoral and patellofemoral joints of the knee tend-
ing, on average, to be 3–5 kg heavier than their cotwin
(Fig. 1). This weight difference was also observed in
asymptomatic women, again suggesting that obesity is a
cause of OA rather than the converse. After adjusting
for other potential risk factors, the results showed that
for every kg increase in weight, a twin had a 14%
increased risk of developing tibiofemoral osteophytes
and a 32% increased risk of developing patellofemoral
osteophytes compared to their cotwin. These results
were consistent with a previous population study, in a
similar age group of women, that showed that the risk of
knee OA increased by 35% for every 5 kg of weight gain
(16). This suggests that in middle-aged women even
small increases in body weight are associated with
significant increases in risk of developing OA. Risks in
men, however, cannot be extrapolated from these
results, and separate studies are needed.

E Association of Obesity and Osteoarthritis

of the Hand

Results regarding the association of obesity with hand
OA are conflicting. OA of the distal interphalangeal
joints has been associated with obesity in some studies,
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although principally in men (9,27). Secondary analysis
of data from the National Health Examination Survey
showed a significant association of BMI with the pres-
ence of hand OA in men after adjustment for age, race,
and skinfold thickening but not after adjustment for
waist girth and seat breadth (28). An association
between radiographic hand OA and BMI in men was
also observed in the longitudinal prospective study of
70-year-old people in Goteborg (29). An association
between obesity and finger OAwas observed in the New
Haven Survey, with this association being stronger in
females (10). The Fallon CommunityHealth Plan Study
of OA (30), a case control study, found that obesity and
hand OA were associated.

An association was observed between BMI and the
grade of hand OA for women in the Tecumseh Com-
munity Health Study (31). Obesity was also modestly
associated with distal interphalangeal and carpome-
tacarpal OA, but not but not with the proximal inter-
phalangeal OA in the women in the Chingford Study
(16).

Data from a twin study showed a mean weight
difference (95% CI) within twin pairs discordant for
carpometacarpal osteophytes of 3.06 (0.83, 5.28) kg
(21). The results suggested that there was a 9% increase
in risk of developing carpometacarpal osteophytes for
every kg increase in body weight. However, there was
no significant difference in weight within twin pairs dis-
cordant for osteophytes at the distal interphalangeal
(distal interphalangeal) or proximal interphalangeal
(proximal interphalangeal) joints.

However, other studies have found no relationship
between obesity and hand OA. No association was
observed between indices of obesity and hand OA in
men in the Baltimore Longitudinal Study of Aging (32)
or for women between BMI and hand OA in the Na-
tional Health Examination Survey (28). The Ulm Os-

teoarthritis Study, (33) which examined 809 consecutive
patients who underwent hip or knee replacement for
OA, also found no association.

F Evidence from Longitudinal Studies of the

Association of Obesity with Hand OA

Less information is available on the effect of long-term
obesity and hand OA. One of the few studies to exam-
ine this was the Tecumseh Community Health Study,
a longitudinal study that investigated the role of obe-
sity in the etiology of hand osteoarthritis (34). This
study, conducted in Tecumseh, MI, began in 1962
with baseline examinations of clinical, biochemical,
and radiologic characteristics. A 1985 reexamination
of the cohort characterized osteoarthritis status in 1276
participants (588 males and 688 females) aged 50–74
years at this follow-up. Baseline obesity, as measured by
an index of relative weight, was found to be significantly
associated with the 23-year incidence of osteoarthritis of
the hands among subjects disease free at baseline.
Greater baseline relative weight was also associated
with greater subsequent severity of osteoarthritis of
the hands. However, the difference between baseline
and follow-up weight values was not significantly asso-
ciated with the incidence of osteoarthritis of the hands.
Furthermore, there was no evidence that development
of osteoarthritis subsequently led to increased incidence
of obesity.

G Association of Obesity and Osteoarthritis

of the Hip

The available data suggest that there may be a modest
association between hip OA and obesity (9,11,27).
When data from 4225 persons from the national Health
and Nutrition Examination Survey (HANES) were ex-
amined by dividing subjects into four groups on the
basis of sex and race, relative weight was weakly asso-
ciated with OA of the hips in white women and non-
white men (11). A case control study that examined
BMI at ages 20, 30, 40, and 50 years in 239men who had
just received a hip prosthesis because of osteoarthritis
and in 302 controls randomly selected from the general
population (35) showed that men with a BMI > 1 SD
above the mean had a greater relative risk of developing
severe OA than with men with a BMI< 1 SD below the
mean. Those slightly obese at the age of 40 years had a
relative risk of 2.5 for later surgery of the hip.

In contrast, data from the First National Health and
Nutrition Examination Survey (NHANES-I) did not
support this (36). Obesity, and fat distribution were not

Figure 1 Body weight for twins with osteoarthritis in the
tibiofemoral joint (TFJ) of the knee, the patellofemoral joint
(PFJ) of the knee, and the carpometacarpal (CMC) joint of

the hand. The weight differences between the twins with OA
and the twins without OA were significant at all the above
joints: TFJ (P<.001), PFJ (P<.001), CMC (P<.002).
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associated with hip osteoarthritis. The Johns Hopkins
Precursors Study (23) found no relationship between
BMI in the preceding three decades with subsequent hip
OA. Other studies have also found no association
between obesity and hip OA (30,33).

H Possible Mechanisms for Obesity in the

Pathogenesis of OA

OA is a disease of cartilage in which cartilage break-
down and erosion are accompanied by bony changes
such as osteophytes, subchondral sclerosis, and bony
cysts. Although the mechanisms by which obesity may
lead to OA are unknown, three hypotheses have been
proposed (14,15,37): (1) obesity increases the load
across the knee joint resulting in increased or abnormal
stress and resultant deterioration of the joint structures;
(2) obesity acts indirectly by metabolic changes associ-
ated with increased fatness such as glucose intolerance,
hyperlipidemia, hyperestrogenemia, or changes in bone
density; and (3) elements of the diet that result in
obesity, such as high fat content and adversely affect
bone, cartilage, or other joint structures (Table 2).

Obesity may initiate cartilage breakdown or may
promote joint destruction after the initial incipient
lesion. Biomechanical characteristics may be accentu-
ated by obesity. In a study of 300 subjects, most of the
effect of BMI on the severity of OA in medial tibiofe-
moral osteoarthritis was explained by varus malalign-
ment of the joint (38). Furthermore, this study showed
that obese subjects with valgus malalignment had
hardly any increase in OA prevalence. These results
suggest that a major mechanical influence of obesity is
modified by alignment. Whether obesity influences

alignment or the two are independent is unclear.
Although obesity possibly leads to disease because it
causes increased force on the cartilage, it also may
produce disease by increasing subchondral bony stiff-
ness (39) and by making subchondral bone less deform-
able to impact loads. This stiff bone would then transmit
the increased force to underlying cartilage, making it
more vulnerable.

A number of factors suggest a metabolic/systemic
component to OA. These include the female prepon-
derance, the menopausal onset of generalized OA, the
unequal effect of obesity on knee and hip OA, and the
inverse relationship with osteoporosis. Furthermore,
obesity is also linked to OA of the fingers and the base
of the thumb, in which mechanical force is less likely to
play an important role.

I Evidence for Obesity Acting Via

a Systemic Mechanism

1 Association Between Osteoarthritis
and Other Metabolic Conditions

a. Hypertension

On analysis of the data from the 1960s survey in
Leigh and Wensleydale, Lawrence found that hyper-
tension was associated with generalize OA in men and
with knee OA in hypertensive, nonobese females (40).
The relationship was between diastolic blood pressure
and knee OA in both obese and nonobese females, and
this association remained in each 5-year age group from
45 to 69. The association between hypertension and OA
was also observed in the Chingford population study
which showed that ‘‘ever treated’’ hypertension was
associated with the development of OA and that this
association was strongest for those with bilateral knee
disease (41).

However, other studies have failed to confirm an
association between OA and blood pressure. No asso-
ciation was found in a study of 70-year-old people in
Goteborg (29). In univariate analysis of NHANES 1
data, an increase in recorded diastolic and systolic
blood pressure was found in females with knee OA,
but this association disappeared after adjusting for
weight (42). Similarly, in the Baltimore Longitudinal
Study of Aging (43), men and women with knee OA
had higher unadjusted blood pressure than those with
normal radiographs. However, after adjustment for age
and weight, the effect was lost in men. Although women
with knee OA had higher systolic pressure than those
with normal knees, the mean pressure was within the
normal range.

Table 2 Possible Mechanisms for Obesity in the Pathogen-
esis of OA

Mechanical
Increase in load across the joint

Abnormal stresses across a joint
Malalignment
Varus

Valgus
Systemic
Association with raised serum glucose, hypertension, hy-

percholesterolaemia, hyperuricaemia, and insulin resist-
ance

?Excess endogenous steroids
Genetic association of two common diseases

Dietary
High fat content resulting in abnormal joint structures
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b. Cholesterol

A significant association was found with hand OA
and above average measured serum cholesterol in
women in the 1960s survey in Leigh and Wensleydale
(44). However, the association disappeared in those
with very high serum cholesterol. Furthermore, Law-
rence (40) found that subjects with OA and hyperten-
sion in this same population did not have an association
with high serum cholesterol or uric acid. In analyses of
the data from NHANES 1, the study of 70-year-old
people in Goteborg and the Baltimore Longitudinal
Study of Aging, serum cholesterol was not significantly
associated with either unilateral or bilateral knee OA
(15,29,43). In contrast, the data from the Chingford
population study suggested an association between
bilateral knee disease and hypercholesterolemia (41).

c. Glucose

Few studies have examined the association between
blood glucose and OA. Cimmino et al. (45) studied
1026 subjects with OA from clinics and compared
them to 220 healthy population controls and found
slightly higher levels of plasma glucose in females in
the OA group after adjusting for age. A study com-
paring 25 female diabetic patients with knee OA and
48 non-diabetic females who were matched on age,
weight, symptoms, and duration of OA found an in-
creased incidence of osteophytes on the radiographs
of the diabetic patients, while the joint space narrow-
ing and sclerosis were equal in the two groups (46).
An association between serum glucose and osteoar-
thritis was also observed in the Chingford population
study (41). In this study, raised blood glucose was a
significant factor in all forms of knee OA, but the
association was strongest for those with bilateral knee
disease (41). It has been speculated that the link
between diabetes and OA may be through elevated
growth hormone levels that alter cartilage metabolism
and increase bone density (14,15). Increased bone
density associated with obesity has been hypothesised
to increased the forces acting on the cartilage, thus
predisposing the development of OA (14,15). How-
ever, these theories have not been well examined and
not all epidemiological studies have shown an associ-
ation between serum glucose and OA. In the analyses
of the NHANES 1 data, self-reported diabetes was
not associated with either unilateral or bilateral knee
OA (15). Furthermore, no association was observed
between blood glucose levels and OA in a study of
70-year-old people in Goteborg (29). Indeed, in the
Baltimore Longitudinal Study of Aging, no associ-

ation was noted between fasting glucose and OA, but
men with OA had lower 2-hour glucose in a glucose
tolerance test than those without OA(43).

d. Uric Acid

Data from the New Haven population survey
showed that a raised serum uric acid level was signifi-
cantly associated with OA, with the association being
stronger in women than in men (6). In univariate
analysis of NHANES I data, hyperuricemia was found
to be related to knee OA in women, but the associa-
tion disappeared after adjusting for body weight (13).
There was no significant association with either uni-
lateral or bilateral knee OA (15). This is further sup-
ported by a study of 70-year-old people in Goteborg
(29), where no association was observed between serum
uric acid level and OA. In contrast, the data from the
Chingford population study suggested a possible asso-
ciation between raised serum uric acid levels and bilat-
eral knee disease (41).

e. Summary

The data suggesting a link between OA and raised
serum glucose, cholesterol, uric acid, and hypertension
remain inconclusive.However, one possible explanation
for an association among hypertension, hyperlipidemia,
and OA is insulin resistance or Reavens syndrome (47).
This syndrome may be a distinct genetic trait, or it may
represent a physiological adaptation to chronic obesity
(48).

2 Association Between Osteoarthritis
and Body Fat Distribution

Adipose tissue distribution is associated with a number
of metabolic complications, with a pattern of central
body fat (particularly abdominal fat) indicating in-
creased risk of diabetes, cardiovascular disease, and
mortality, independent of degree of obesity (49). Recent
interest has focused on the distribution of body fat in
OA in an effort to understand whether systemic factors
are important in the development of OA. Analysis of
the NHANES data showed that BMI correlated best
with presence of OA using different anthropomorphic
measurements suggesting that body fat may be more
important than the absolute weight (37). In this study
there was a significant association between hand and
foot OA and seat breadth in men, odds ratio 1.45
(1.03–2.06). Although this association was also ob-
served in women, the confidence intervals included
one. However, no association was found in this study
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between a centralized pattern of body fat distribution
with hand or knee OA. In fact, this study found some
evidence for of an association for a peripheral body fat
pattern and combined hand and feet OA (14). Consist-
ent with these observations, the Chingford population
study of middle-aged women (41) and the Baltimore
Longitudinal Study of Aging (50) of both women and
men also failed to show an association between body
fat distribution and OA, independent of body weight.

3 Summary

Together these data support a greater contribution of
mechanical as opposed to systemic factors to explain the
association between obesity and OA. The results would
suggest that peripheral distribution of fat may act as a
mechanical effect rather than a metabolic cause of OA.
However, there is increasing evidence that OA is not a
single disorder but a heterogeneous group of disorders.
It is postulated that a complex interplay of several fac-
tors may result in a common pathway of joint damage.
Therefore, it is possible that obesity has a mechanical
effect on some joints and a metabolic effect on other
joints. Several studies have shown an association of
obesity with hand OA (9,10,27,29). Thus, it may be,
for example, that obesity causes knee OA because of an
increase inmechanical stress across the joint but that the
effect of obesity on the small joints of the hand is
through metabolic consequences.

J Role of Obesity in Progression of OA

The natural history of knee osteoarthritis is poorly
understood, and few studies have any detailed data on
prognostic factors such as obesity, although the avail-
able data suggest that obesity is important. In a small
group of clinical cases followed up for 11 years, there
was no clear effect of obesity (51). However, in the
EPOZ study, Schouten et al. (52) found that obesity,
age, Heberden’s nodes and valgus deformity were all
associated with cartilage loss over a 12-year period.
Factors related to joint space progression in the multi-
center French study were obesity and number of
affected joints (53). A recent study that examined the
rates of incident OA in the contralateral knee in a
general population sample showed that in middle-aged
women with early unilateral osteoarthritis of the knee, a
high percentage (34%) develop OA in the contralateral
knee within 2 years, while 22.4%progress radiologically
in the index joint. Obesity appeared to have a marked
effect on the incidence rates, with nearly a fivefold in-
crease in overweight women compared to thin women.

This is supported by a further study that showed that the
odds ratio for BMI was 11.1 (3.3 to 37.3) for the fourth
versus the first quartile (52). BMI was also found to be
related to loss of cartilage in those that had OA (52).

K Association of Obesity with Symptoms

and Disability in OA

Most nonfatal chronic conditions are strongly age re-
lated (53), their prevalence rising with increasing age of
the population. Thus, as the total population continues
to age owing to the decrease in birth rate and to recent
declines in mortality in the older age groups, the burden
of nonfatal diseases and impairments will continue to
increase. This has highlighted the need to examine
prognostic factors for disability. Using the 1984 Supple-
ment on Aging conducted by the National Center for
Health Statistics, the risk factors for disability among
U.S. adults aged 55+ who had arthritis were compared
to those who did not have arthritis (54). This study
showed that obesity was strongly implicated in disabil-
ity once arthritis was present. Thus, not only obesity is a
risk factor for developing OA, but it also contributes to
the disability once it occurs. The contribution of obesity
to symptom development in individuals who already
have the pathological changes of OA is unclear. Studies
that have assessed whether obese subjects with concur-
rent radiographic OA are more likely to have symptoms
have yielded conflicting results (11,55).

L Is Weight Loss Effective in Reducing

the Symptoms of OA?

An early study examined this question in subjects at
least 25% above their ideal weight (56). The study was a
placebo-controlled trial of 3 months of therapy with
phentermine to achieve weight loss in patients with hip
or knee OA. At 6 months, weight loss of 12.6% (6.3 kg)
in the phentermine group and 9.2% (4.5 kg) in the
control group was achieved. Reduction in pain corre-
lated with weight loss, more strongly for knee than hip
pain. A second study examining the effect of weight loss
in patients following gastroplasty on musculoskeletal
symptoms (57) found a marked reduction in symptoms.
However, not all musculoskeletal complaints were
related to OA. These data suggest that weight loss
reduces the symptoms of OA.

Which component of weight loss contributes most to
reduction in symptoms was studied recently (58). Forty
new patients with radiographic and symptomatic OA
and BMI >26.4 were treated with Ranzsile (NSAID)
for at least 4 weeks. Twenty-two were randomized to

Obesity, Arthritis, and Gout 959



receive a controlled calorie weight loss diet and Man-
zidol (an appetite suppressant, Sanorex, Sandoz), and
18 to receive advice only. All were given ongoing
NSAID therapy (Rantudil) and advised to walk for up
to 30 min continuously per day during the 6-week trial.
Three in the control group forgot to wear pedometers
for several days and were excluded from the study. The
treatment group lost more weight and was more active
than the control group. Nineteen of 22 (86.4%) in the
treatment group improved symptomatically, compared
to 4 of 15 (26.7%) in the advice-only group. In the
treatment group, symptomatic relief of knee OA was
most strongly associated with reduction in body fat
(2.4%, SD 2.6) and physical activity (7.5, SD 1.7 �
103 steps per day). Physical activity and reduction in
body fat percent were related.

M Is Weight Loss Effective in Reducing

the Risk of OA?

Few studies have looked at the effect of weight loss in
subjects who have established disease. Felson et al. (59),
in the Framingham cohort, observed that weight loss in
middle and later adult life substantially reduced the risk
of symptomatic OA of the knee. To evaluate the effect
of weight loss in preventing symptomatic knee osteo-
arthritis, women who participated in the Framingham
Knee Osteoarthritis Study (1983–85) were examined.
Sixty-four out of 796 women studied had recent-onset
symptomatic knee osteoarthritis (knee symptoms plus
radiographically confirmed osteoarthritis) and were
compared with women without disease. Weight change
significantly affected the risk for the development of
knee osteoarthritis. For example, a decrease in body
mass index of 2 units or more (weight loss, f5 kg) over
the 10 years before the current examination decreased
the odds for developing osteoarthritis by over 50%
(odds ratio, 0.46; 95% Cl, 0.24–0.86). Among those
women with a high risk for osteoarthritis due to ele-
vated baseline body mass index (z25), weight loss also
decreased the risk (for 2 units of body mass index,
odds ratio, 0.41). Weight gain was associated with a
slightly increased risk for osteoarthritis, which was not
statistically significant, while weight loss reduced the
risk for symptomatic knee osteoarthritis in women.
Furthermore, extrapolating from cross-sectional data
suggests that risk of knee OA increases by 35% for
every 5 kg of weight gain (16).

The available data would suggest that reduction or
maintenance of weight may have an important role in
the prevention of OA. However, there is little data on
whether weight loss affects the long-term progression of
OA and this area needs further work.

III OBESITY AND GOUT

There has been an increase in prevalence of gout since
World War II (60). Although increased awareness of
this diseasemay in part explain this, andmilder cases are
being identified, particular interest has focused on the
role of changes in diet and weight over this time. The
evidence from cross-sectional and prospective studies
for an association between obesity and gout is presented
in the following sections.

A Evidence from Cross-Sectional Studies

for Obesity as a Risk Factor for Gout

A large body of evidence exists to support an associa-
tion between gout and obesity. The New Haven survey
showed that certain metabolic conditions, including
hyperuricemia, were associated with obesity (10). In a
cross-sectional study of 73,000 women aged 30–49,
obesity was shown to be significantly associated with
gout (P < .001) (61). In 460 apparently healthy Dutch
men and women aged 65–79 years, serum uric acid
level was found to be positively associated with body
weight, body mass index, body fatness, and lean body
mass in men but not in women (62). In a study of 7735
middle-aged men in 24 British towns, a positive asso-
ciation was observed between BMI and gout (63).

The association between obesity and hyperuricemia
has also been observed in other ethnic groups. A survey
of 115 Maori men of working age showed a strong
relationship between hyperuricemia and obesity (64). In
Melanesian and Asian Indians in Fiji, BMI was shown
to have a significant and independent association with
plasma uric acid levels in both nondiabetic and diabetic
men and women (65). However, the most extreme
example of an association between gout and obesity
was seen in sumo wrestlers, who do not appear to have
any underlying genetic predisposition to gout (66). In a
study of 96 sumo wrestlers in Japan, mean serum levels
of uric acid were significantly higher than those ob-
tained in 89 age-matched healthy males. Weight corre-
lated significantly with uric acid.

Some recent data have suggested that body fat and
the distribution pattern of fat may be more important
than total weight as a risk factor for gout (67). The
association between fat distribution and gout was exam-
ined in 95 overweight adult men and 210 overweight
adult women (67). It was found that, adjusted for age
and body mas index, a high waist-thigh circumference
ratio was a risk factor for gout, particularly in women.
The association of waist-hip circumference ratio with
gout was less pronounced in men. Visceral fat (esti-
mated from abdominal CT scans) was shown to be
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independently related to serum uric acid concentration,
uric acid clearance, and uric acid/creatinine ratio, while
BMI and subcutaneous fat were not (68).

B Evidence from Longitudinal Studies

for Obesity as a Risk Factor for Gout

The association of obesity with gout is also supported
by longitudinal studies. The Johns Hopkins Precursors
study, a cohort study ofmedical students, was examined
with the aim of identifying potentially modifiable risk
factors for the development of gout (69). Predomi-
nantly young (median age, 22 years), white, male stu-
dents (n = 1271) received a standardized medical
examination and questionnaire during medical school.
The outcome measure was the development of gout.
Sixty cases of gout (47 primary and 13 secondary) were
identified among 1216 men; none occurred among 121
women. In this study, body mass index at age 35 years,
excessive weight gain between cohort entry and age
35 years were significant risk factors for gout in uni-
variate analysis. Multivariate analyses confirmed the
association of BMI at age 35 years and excessive weight
gain as risk factors for gout.

Data from the Harvard Growth Study of 1922–1935
was used to examine the long-term effect of obesity in
adolescence onmorbidity, including the development of
gout (70). A total of 508 lean or overweight adolescents
13–18 years old that participated in the Harvard
Growth Study were included in this subanalysis. Over-
weight adolescents were defined as those with a BMI
that on two occasions was greater than the 75th centile
in subjects of the same age and sex in a large national
survey. Lean adolescents were defined as those with a
bodymass index between the 25th and 50th centiles. The
risk of gout was increased among men who had been
overweight in adolescence. Overweight in adolescence
was a more powerful predictor of this risk than over-
weight in adulthood.

In hyperuricemic men, a further increase in BMI has
been shown to be a predictor for the development of
gout (71).

C Association of Gout and Other

Metabolic Disorders

Hyperuricemia has been shown to correlate with a
cluster of metabolic and hemodynamic disorders closely
associated with insulin resistance syndrome (IRS) in
young, apparently healthy individuals (72). After ad-
justment for sex, serum uric acid concentration showed
positive associations with BMI, waist/hip girth, waist/
thigh girt, and subscapula/triceps skinfold ratios. Fur-

thermore, serum uric acid was also positively correlated
with fasting insulin, serum triglycerides, and LDL cho-
lesterol, and negatively with HDL/total cholesterol
ratio. This has been confirmed in other studies (73).
Furthermore, urinary uric acid clearance appears to
decrease in proportion to increase in insulin resistance
in normal volunteers, leading to an increase in serum
uric acid concentration. Thus, it appears that modula-
tion of serum uric concentration by insulin resistance is
exerted at the level of the kidney (73). Other studies
investigating the relationship between gout and hyper-
uricemia and coronary artery disease have suggested
that hyperuricemia, as a component of IRS (but not in-
dependently), may act as a risk factor for coronary ar-
tery disease (74,75).

Thus, obesity has a number of effects on urate me-
tabolism, which include decreasing urate clearance (73)
and increasing urate production (76). It has been sug-
gested that other factors such as muscle mass may also
play a role in producing hyperuricemia (77). Weight
reduction has been associated with amodest lowering of
the serum urate concentration (78).

D Diet

It is thought that the increase in the prevalence of gout
the last century may relate to the changing nutritional
patterns associated with increasing industrialization
(79). Genetic factors and nutrition combine such that
the disease may become manifest. Interest has largely
focused on the more abundant diet that is also richer in
purines. For example, a study in the Ukraine showed
that in the period from 1925–28 to 1970–71 there was
an increase in the consumption of animal products
(milk, meat, fish, eggs), sugar, vegetables, and fruits,
and a fall in the consumption of cereals (bakery
products, grits, macaroni, beans) and potato (80). In
parallel with these dietary changes, the incidence of
diseases such as gout increased over the same time pe-
riod (80).

Population-based studies have confirmed the asso-
ciation between diet and gout. A study of 460 appar-
ently healthy Dutch elderly aged 65–79 years showed
that serum uric acid correlated with alcohol intake
(men) and consumption of meat and fish (women),
and inversely with consumption of bread, margarine,
and milk products (women), independently of confoun-
ders such as body mass index (62). A community-based
survey of 1738 registered residents z30 years of age in
Pu-Li Township, Taiwan, from 1987 to 1988, showed
that organ meat consumption significantly correlated
with hyperuricemia after simultaneously controlling for
weight (81).
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Migration studies have also suggested a role for a
richer diet in gout. The incidence of hyperuricemia and
gout has been well recognized to be higher among
Filipinos in Hawaii, Alaska, and mainland United
States than in their native country (82). It appears that
Filipino hyperuricemia may become manifest because
some Filipinos possess a renal defect that may lead to
hyperuricemia due to renal inability to compensate for
an increased purine intake which may occur in the shift
from a low-purine Filipino diet to a high-purine West-
ern diet in the new environment (82).

To examine the effect of ingesting some purine-rich
foods (beef liver, haddock filets, and soybeans) on uric
acid metabolism, a crossover study was performed
where three isoenergetic and isonitrogenous meals were
fed to 18 male subjects with no history of gout or kidney
disorder during a 3-week period (83). Only the content
of uricogenic bases (adenine and hypoxanthine) varied
among the test meals. Ingestion of all experimental
meals caused an increase in serum uric acid levels at
120 min, and this increase was more marked (about
twofold) with haddock and soybean ingestion. In all
groups, the postprandial serum uric acid levels at 240
min were lower than those obtained at 120 min, but still
remained elevated in comparison to the fasting level. As
expected, 24-hr urinary uric acid excretion was similar
for the three test meals owing to the isonitrogenous load
of proteins and purines. This study suggested that
assessment of each purine base content rather than the
total purine content of foods may be important in the
management of hyperuricemic individuals.

Conversely, Dessein et al. (84) theorized that if
hyperuricemia were a component of insulin resistance
syndrome, then loss of weight through moderate limi-
tation of caloric and carbohydrate intake, together with
an increased proportion of protein and replacement of
saturated by unsaturated fat should reduce gout and
hyperuricemia—despite this being the converse to the
diet recommended to reduce the purine load. In a pilot
study of 13 men (one normal BMI, six overweight, six
obese) with acute intermittent gout, weight reduction
reduced the frequency of episodes of gout and level of
hyperuricemia and improved the serum lipid profile.
This warrants further investigation.

E Alcohol

Many studies with different study designs and in differ-
ent populations have now shown a relationship between
alcohol consumption and gout (85–91). For example, in
a population-based study in Denmark, 5249 males aged
between 40 and 59 were interviewed to identify a history

of gout (91). A total of 104 men who had experienced
gout were compared to 208 computer-selected age-
matched controls drawn at random from the entire
sample. Alcohol consumption was higher in gout cases
than in controls. In a cohort of 2046 initially healthy
men in the Normative Aging Study followed for 14.9
years with serial examinations and measurement of
urate levels, alcohol intake was a strong predictor of
gout when examined in a proportional hazards model
(92). In a longitudinal cohort study of hyperuricemic
men, persistent alcohol consumption was a predictor of
incident gout (71).

Migration studies have also confirmed the associa-
tion between alcohol and gout. In a study of the pre-
valence and 14-year incidence of clinical gout in the
Polynesian population of Tokelauans living in the Pa-
cific Basin, nonmigrant Tokelauans living in their iso-
lated atoll homeland being compared with migrant
Tokelauans living in urban New Zealand (93). Self-re-
ported alcohol consumption at entry to the study was a
strong predictor of gout inmen. Factors predisposing to
acute gout were investigated in a case control study (94)
of 70 patients with acute gout and matched for age and
sex controls. Gout was significantly associatedwith obe-
sity (odds ratio 3.7; 95% CI 1.4, 9.1) and high alcohol
intake (odds ratio 3.3; 95% CI 1.1, 9.8). In these pa-
tients, it was estimated that 23% of gout was attribut-
able to obesity and 16% to high alcohol consumption.

To determine the contribution of alcohol to in-
creased production and decreased excretion of uric acid,
a study was performed where oral ethanol (1.8 g/k body
weight every 24 hr) for 8 days or intravenous ethanol
(0.25–0.35 g/k/hr) for 2 hr was given to six patients with
gout (95). The results of this study suggested that
ethanol increases urate synthesis by enhancing the turn-
over of adenine nucleotides (95). A further study
showed that chronic oral ethanol administration was
associated with increased serum urate, urine uric acid
excretion, urine uric acid clearance, and oxypurine
excretion (96). The daily rate of uric acid turnover was
significantly increased. Intravenous ethanol administra-
tion was associated with increased uric acid excretion,
increased uric acid clearance, and significantly increased
oxypurine excretion. Excretion of radioactivity derived
from intravenously administered adenine increased sig-
nificantly. It concluded that hyperuricemia related to
ethanol consumption at lower blood ethanol levels
(<150 mg/dL) results from increased production of uric
acid probably secondary to accelerated degradation of
adenine nucleotides.

Although red wine and not beer drinking has tradi-
tionally been linked to gout, beer drinking may have an
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additional effect on the risk of gout. A recent study of 61
men with gout and 52 control subjects showed that the
patients with gout drank significantly more alcohol and
that the average daily intake of most other nutrients,
including total purine nitrogen, was similar (97). Beer
was the most popular beverage, and 25 (41%) of those
with gout consumed >60 g alcohol daily (equivalent to
2.5 L beer). The heavy drinkers had a significantly
higher intake of purine nitrogen, half of which was
derived from beer. Though the effect of ingested purine
on the blood uric acid was difficult to estimate in this
study, it was probably sufficient to have a clinical effect,
augmenting the hyperuricemic effect of alcohol itself. A
further study attempted to simulate the beer-drinking
habits of gout patients and examine the effect on uric
acid levels (98). Beer or squash was drunk over a 4-hr
period on two successive days by five gouty and five
normouricemic men. Serum lactate increased with beer
and squash, but elevation of plasma uric acid was
confined to beer drinking. Urate clearane increased with
both beverages, but 24-hr uric acid excretion was accen-
tuated only by beer. The purine content of several beers
was measured and the principal constituent found to be
guanosine, which is probably the most readily absorbed
dietary purine. It was concluded that the hyperuricemic
effect of beer was mediated by the digestion of purines
contained by the beer and by an effect of ethanol on uric
acid synthesis. However, there was no evidence that beer
taken in usual quantities reduced the renal excretion of
uric acid.

IV SUMMARY

Obesity is an important risk factor for osteoarthritis and
gout, which are two common, chronic diseases associ-
ated with significant morbidity and cost to the com-
munity. Preventive efforts to reduce obesity in the
population are likely to have a major impact on these
two conditions.
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I GENERAL HORMONAL BACKGROUND

By definition obesity implies an excess of adipose tissue,
which is not an inert storage room for triglycerides but
actually the largest hormonally active gland of the body
(1). Fat cells are known to convert androstenedione to
estrone (2,3). Increased concentrations of estrone in
obesity may interfere with the feedback system to the
hypothalmohypophysial axis, increasing the levels of
gonadotropins and androgens (4). As a consequence
anovulation may occur. Furthermore, in obesity a re-
duction in sex hormone–binding globulin (SHBG) con-
centrations is seen, and the end result is an increased
concentration of biologically active free androgens.

Menstrual disturbances are frequent in obesity and
may often be normalized after weight reduction (5–7).
Several studies have demonstrated that with weight
reduction various characteristics of the hormonal pro-
file can be normalized. As early as the 1950s the relation-
ship between obesity and menstrual disorders was
reported (8). A particular clinical syndrome associated
with obesity and anovulation is the polycystic ovarian
syndrome (PCOS), characterized by anovulation, hy-
perandrogenism, insulin resistance, and altered gonad-
otropin secretion (9,10). Several investigations have
analyzed the relationship between weight loss and men-
strual function in PCOS, but often these designs have
had clinical and methodological limitations. In some
situations, appropriate endocrine characteristics have

not been available, and in others no proper control
group has been included.

In the study of Guzick (11), on the other hand, a
group of obese hyperandrogenic anovulatory women
were studied in a prospective randomized controlled
fashion before and after a weight loss of 16.2 kg. This
weight loss resulted in a significant increase in SHBG, a
significant reduction in non-SHBG testosterone levels,
and resumed ovulation in two-thirds of these subjects.
These changes appeared in spite of nonsignificant reduc-
tions in fasting insulin concentrations and LH and FSH
concentration characteristics.

The positive effects of weight reduction in obese
women with PCOS are underscored by a study of
Hamilton-Fairley et al. (12). These authors suggest that
all overweight women—whether with PCOS or not—
should be advised to lose weight before attempted
conception in order to improve their chances of a suc-
cessful outcome, and furthermore that PCOS women
requiring gonadotropin treatment should consider
weight loss before treatment to improve their chances
of a successful pregnancy.

II OBESITY AFTER PREGNANCY

It is common clinical experience that many overweight
women report that each pregnancy has resulted in
weight retention after delivery. Since pregnancy can in
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fact be viewed as an example ofweight cycling, increased
interest has been focused on the behavioral and meta-
bolic consequences of such repeated body weight
cycling (13). Generally, weight cycles have been caused
by initial weight loss during dieting programs with
subsequent regains after relapse. The weight increase
and subsequent fall during pregnancy constitute an
interesting biological and ‘‘normal’’ cause of such
reversed weight cycling.

Over the years interest has been focused on the pos-
sible role of repeated changes in body weight as a risk
factor for coronary hearth disease and all-cause mortal-
ity (14). When pregnancy-associated weight changes in
terms of weight cycling and risk have been discussed,
this has mainly been in normal-weight women and in
relation to the fat distribution pattern (13).

As part of the Stockholm Pregnancy and Weight
Development Study, a retrospective pilot study to
obtain an impression of the role of pregnancy on body
weight development in severely obese women was car-
ried out (15). Seventy-three percent of these women (83/
113) retained >10 kg in association with the pregnancy
period and up to 1 year after delivery. Although it has
been well documented that the body weight of women
increases with parity and that many women have a
higher body weight in the beginning of a subsequent
pregnancy than in the previous one (16), there is little
information concerning the importance of pregnancies
in the development of obesity.

Several methodological questions may be raised
regarding the validity of the self-reported data and the
retrospective design of such studies. For some women,
their pregnancies were certainly many years behind
them, and it can be argued that memory must have been
uncertain. However, most women do indeed remember
their pregnancy-associated weight changes quite well.
From these data it seems reasonable to assume that for
many women, pregnancy has actually resulted in pro-
nounced and sustained weight gain.

III WEIGHT DEVELOPMENT

AND PREGNANCY

Maternal weight development can vary to a very great
extent and still be compatible with healthy pregnancy
outcomes, which makes rigid recommendations mean-
ingless. As reviewed by Johnson (17), weight loss dur-
ing pregnancy as well as weight increases up to more
than 23 kg may result in quite normal birth outcomes.
Some factors affecting variation in weight gain are ma-
ternal characteristics such as age, prepregnancy weight,

parity, multiple pregnancies, ethnic origin, various as-
pects of socioeconomic status, drug abuse, and physical
activity levels.

A Pregnancy, Weight, and Age

Mean body weight and the prevalence of obesity in-
crease with pregnancy. Rookus et al. (18) reviewed the
older literature on this issue (16,19–26) and concluded
that (1) the cohort sizes varied from 49 to 35,556 de-
liveries; (2) age correction was seldom carried out; (3)
prepregnancy weight was generally not well measured;
and (4) the timing of the postpartum weight measure-
ment varied from 4 to 24 months.

In a later extensive review by Harris (27), the general
outcome of this literature was summarized as follows:
90% of all studies reviewed found a body weight greater
after pregnancy than before (by 0.2-10.6 kg). However,
only 3/71 studies in her review (18,28,29) complied with
the following quality criteria:

1. Accurate measurements of body weight from
conception and onwards must be obtained.

2. Sufficient time for weight lost after delivery must
be allowed.

3. The parallel effect of ageing during pregnancy
and follow-up must be accounted for.

In this subgroup (18,28,29) the average ‘‘cost’’ of a
pregnancy was 0.9-3.3 kg. These differences in weight
gain became slightly smaller (0.4-3.0 kg) after control
for several sociobehavioral confounders. Thus in the
literature it is generally rare that factors such as age,
height, education, parity, giving up work, smoking
habits, prepregnant weight and activity, alcohol con-
sumption, marital status, morbidity, and dieting behav-
ior obviously of importance in evaluating the role of
physical activity, are accounted for (27). This evaluation
is further complicated by the fact that changes of these
confounders may take place in different ways and dur-
ing various phases of the entire pregnancy period.

Since body weight also increases with age in the fer-
tile age groups, it has been necessary to analyze weight
increase, parity, and age separately. Such studies dem-
onstrate that the weight increase associated with preg-
nancy is age independent. The relationship between
body weight development and parity can be illustrated
by Figure 1, derived from a Finnish study (30).

Bodyweight increases with age, whether women have
children or not. Figure 2, based on a representative
sample of the entire Swedish adult female population, is
a cross-sectional example of the increase in BMI with
age, more pronounced in women than in men. It should
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be kept in mind that the basal metabolic rate typically
decreases by f1% per year. For an individual who
maintains an identical lifestyle with regard to eating
habits and exercise, this implies a weight increase of
about 3-4 kg per 10 years, which could possibly be
regarded as ‘‘biological.’’

The average of reported weight increases with preg-
nancies thus range from 0.4 to 3.0 kg compared with
prepregnancy weights (18). However, as many authors
point out, there are several methological complications
that have to be taken into account, when these data are
evaluated:

1. Women generally do not have recorded weight
data at the time of conception. Initial body weight
information is hence uncertain.

2. Weight increase during pregnancy consists of
several components such as the weight of the fetus, the
weight of placenta, amniotic fluid and the enlarged
uterus, the whole-body water retention caused by the
pregnancy, and finally the adipose tissue increase of the
mother (31) (Table 1). For obvious technical and ethical
reasons it is not possible to analyze all of these com-
partments in larger studies.

3. There is the methodological question to consid-
er as when to determine postpregnancy body weight.
Many women may change their weight during a
considerable period of time after delivery. If the weight
measurement is taken soon after delivery, this figure
may not be representative of the entire weight develop-
ment associated with the pregnancy as such. If, on the
other hand, the weight after delivery is recorded at a late
stage, numerous other life changes may have taken part,
not primarily related to the pregnancy and delivery. In
women in the active child-producing ages, some will be
pregnant again, if the time spanmeasurement is taken to
1 year after delivery.

Generally, a mean weight increase of 12.5 kg is
considered normal during an entire pregnancy. In differ-
ent studies reported by Ash et al. (32), the mean increase
has ranged between 10.7 and 15.2 kg. In developing
countries the weight increase for obvious reasons is
considerably lower. Of the total weight increase a cer-
tain proportion consists of maternal adipose tissue,f3-
6 kg. This adipose tissue storage occurs mainly during
the first two trimesters. From a nutritional point of view
it seems reasonable to assume that the adipose tissue
storage during pregnancy provides energy for the child
during the lactation period.

Figure 1 Relationship between body weight and parity.
(From Ref. 30.)

Table 1 Weight Increase (Including Fluid Retention) in

Various Tissues at Full Term

Weight (g)
Fluid

weight (g)

Fetus 3300 2340
Placenta 650 540

Amniotic fluid 800 790
Uterus 900 740
Mammary glands 400 300

Blood 1300 1100
Extracellular fluid 1200 1200
Other tissues (mainly fat) 3950 1000

Total 12,500 8010

Source: Ref. 31.

Figure 2 Mean BMI in different Swedish age groups. (From
Ref. 95.)
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B Menopause and Weight Development

A marked weight increase occurs at the time of meno-
pause. However, it is not clear whether this is related to
the loss of the regular menstruations or aging in itself
has these effects on body weight development. Weight
increase to the degree of overweight and even obesity at
the time of menopause may have important health
implications, since this is a part of the risk factor pattern
associated with atherosclerotic manifestations. It has
been demonstrated that with menopause there is an
increase in the atherogenic lipoprotein profile (33,34).

In an analysis of the Healthy Women’s Study (35),
weight changes and the effect of weight change on
coronary heart disease risk factors were analyzed pro-
spectively. Four hundred eighty five women were
studied when they were premenopausal and aged 42-
50 years and then restudied 3 years later. During this
time period the average weight gain was 2.3 F 4.2 kg,
but there were no significant differences in weight gain
of women who remained premenopausal and those who
had a natural menopause. Theweight gain observed was
significantly associated with increases in conventional
risk factors for coronary heart disease. However, it was
not possible to predict who would gain weight based on
the variables at entry to the study.

During the perimenopausal transition there is not
only an increase in body weight but also a redistri-
bution of adipose tissue with an increase in waist cir-
cumference and upper-body fat (36). This shift is also
related to the change in carbohydrate metabolism (35).

The data from the Healthy Women’s Study under-
score the fact that much more information is needed
concerning the effects of menopause on body weight
development. Of particular interest for the future devel-
opment are studies that are longitudinal and include
various populations, since most previous work has
almost exclusively been done in whites. It is of interest
to note that a prospective study of Pima Indian women
at the time of menopause found no changes in body
weight with menopause and also no changes in lipo-
protein levels (37).

C Energy Metabolism During Pregnancy

It is obvious that nutrient and energy intake should
match maternal and fetal requirements in order to
ensure an optimal outcome of a pregnancy. Maternal
weight gain has been used as an indicator for nutritional
status, and several studies have demonstrated that the
weight gain is positively related with birth weight up to a

certain weight level. Excessive weight gain during preg-
nancy is a clear risk for future development of obesity,
and high weight gain during pregnancy is furthermore a
risk factor associated with toxemia although it is likely
that the toxemia of pregnancy in this case is rather the
cause than the effect.

The body weight increase of the pregnant woman
constitutes the sum of several tissues (31). To determine
the true energy costs of a pregnancy, longitudinal
studies are essential, since interindividual variations
are marked. During recent years several such longitu-
dinal studies have been published. In general they
describe a similar pattern: in developing countries the
energy costs of the pregnancy are low but increases in
countries in the Western world. In all studies, however,
the observed changes in energy intake over the entire
pregnancy seem insufficient to meet the energy costs of
the total pregnancy. This has led several researchers to
speculate that substantial energy savings must occur
during pregnancy.

The weakening of the relationship between gesta-
tional weight gain and birthweight with increasing body
mass index of the woman suggests that in heavy women
the energy supplies are generally sufficient, whereas in
undernourished women the development of the fetus is
more dependent on the state of the maternal nutrition.
Thus different recommendations for suggested weight
increase throughout a pregnancy may be appropriate in
thin women. Energy balance is less of a problem in
overweight women, and recommendations in this group
would be adjusted accordingly.

D Energy Metabolism During Lactation

Energy requirements for an entire pregnancy are
f80,000 kcal or f300 calories per day covering the
needs for fetal growth and adipose tissue storage.
Lactation has been assumed to facilitate weight loss
after delivery, particularly if the period of lactation
exceeds 2 months. Lactation has been calculated to
increase the energy requirements by 500 kcal/d, which
also takes into account that production of milk is an
energy requiring process.

After delivery and during lactation, the role of ma-
ternal body fat mobilization could theoretically be a
matter of conflicting interests. Excessive maternal body
fat mobilization during lactation could increase the
concentration of fat-soluble contaminants in the breast
milk, which theoretically could have adverse health
effects for a baby relying entirely on breast feeding. This
is a research area that should be addressed in future
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research. A target group for such research would be
older mothers for several reasons. First, body weight
increases with age and parity and such mothers could be
more inclined to try to use complete breast feeding as
help to revert to prepregnancy body weight levels. On
the other hand, since environmental contaminants accu-
mulate with time in adipose tissue, the fat stores of these
older mothers might contain a higher concentration of
such toxins and thus pose a larger risk for the infant. It
has recently been reported that PCB trace element
concentrations increase in the circulation after weight
loss, but the possible clinical significance of that finding
is unclear (38).

Studies by Rebuffé-Scrive and others have demon-
strated that the characteristics of the adipose tissue
change dramatically during pregnancy [39]. Adipose tis-
sue lipolysis in the femoral region is limited during
pregnancy, but can be easily stimulated hormonally
during lactation. This seems to be a functional adapta-
tion of the adipose tissue to the needs of the mother and
the child.

However, the relationships between lactation, energy
needs, and energy balance are not fully clarified. In some
studies no difference in energy intake was found be-
tween lactating and nonlactating women. Other studies
suggest that lactation plays a minor roll in weight
reduction after delivery (18,40). In the Stockholm Preg-
nancy and Weight Development Study a minor roll of
lactation on body weight regulation was demonstrated
(25,41).

From a theoretical point of viewweight changes after
delivery could also depend on changes in basal meta-
bolic rates. Prentice and Prentice (42) identified three
hypothetical mechanisms which could explain the lack
of weight loss after delivery: (1) reduced basal metabo-
lism; (2) impaired thermogenesis; and (3) reduced phys-
ical activity. These mechanisms could account for
reduction in energy requirements of up to 240 calories
per day. Thus, it is possible that the energy need during
lactation can be provided from different sources such as
a combination of an increased energy intake, utilization
of adipose tissue in storage, and a metabolic adaption.

These hypotheses, however, were not supported by
a Dutch study. Spaiij et al. (43–45) studied prospec-
tively various aspect of energy metabolism in 27
women, who were monitored repeatedly before preg-
nancy, during each trimester and during lactation.
Three different aspects of such energy savings were
analyzed: the possibility that the thermic effect of meals
is reduced during pregnancy; the possibility that work
efficiency improves during pregnancy; and finally the

alternative that during lactation the metabolic effi-
ciency is altered.

No changes were observed of any of these three
factors, possibly explaining the discrepancy between en-
ergy intake and the energy costs of a pregnancy. There-
fore the Dutch group reassessed the extra energy needs
during pregnancy and concluded that such extra needs
may be met by an increase in energy intake but also by
substantial behavioral adaptations. As an example,
energy savings by reduced physical activity seem to be
higher than earlier estimates. The large variations
between subjects regarding both energy intake and
energy expenditure lead the Dutch group to suggest
that energy intake recommendations for well-nourished
pregnant women have little value. Since no metabolic
adaptations seemed to appear, Spaaij et al. conclude
that underestimation of the energy savings by reduced
physical activity probably explain the imbalance noted
between energy input and output.

In a similar design a Swedish group has monitored
energy expenditure of healthy women during pregnancy
and lactation (46). In these studies, 23 healthy, normal-
weight women were monitored as regards body compo-
sition and energy metabolism before a planned preg-
nancy, and then immediately after delivery and 2
months and 6 months postpartum. Only minor changes
were found with a slight increase in resting metabolic
rate during lactation and a small energy intake increase
during the lactation period of 280F 440 calories per day.
In this group the main fat gain during pregnancy was
5.8F 4.2 kg, whichwas not lost during the first 2months
of lactation but disappeared partly between 2 and 6
months after delivery. These authors underscore the
importance of methodological problems in estimating
body composition, and suggest that a lack of correlation
between changes in body weight and body fat during
early pregnancy might be explained by changes in the
degree of hydration of the body. Regarding physical
activity, the Swedish study suggests that there was a
tendency to increased physical activity during early
pregnancy (47). The Swedish study supports previous
work that lactation does not affect the metabolic effi-
ciency but proposes that with extremely accurate meth-
ods it might still be possible to detect minor such dif-
ferences.

That not only behavioral but also genetic factors at
least partly explain weight development after delivery
was illustrated in a study by Harris et al. (48). That
group monitored women who had given birth and been
followed in a project database for up to 2.5 years. They
confirmed that body weight dissatisfaction was associ-
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ated with increased likelihood for weight retention, but
that women who selected larger silhouettes in a ques-
tionnaire as proxy indicators of the body shapes of their
mothers were themselves also more likely to maintain
more body weight (48).

IV STOCKHOLM PREGNANCY AND

WEIGHT DEVELOPMENT STUDY

To further analyze the relationships between body
weight, weight development, pregnancy, lactation, so-
ciodemographic factors, and weight retention, the
Stockholm Pregnancy and Weight Development Study
was started in the mid-1980s (25,41,49). It is now
reopened as ‘‘SPAWN’’ for the study of long-term ef-
fects of previous pregnancies on weight history. The
study was designed as a combination of retrospective
and pro-spective parts. Women who were invited to
participate represented a mixture of the southern Stock-
holm metropolitan area, the Stockholm suburbs, and
the countryside. A total of 1423 women completed the
entire study. Detailed analyses failed to reveal that the
salient results of the study could be explained by a
selective dropout mechanism.

From the obstetric records and the questionnaires
administered at follow-up, data were computed regard-
ing body weight, age, parity, nationality, occupation,
living site, marital status, smoking habits, contraceptive
practices, duration of lactation and lactation intensity,
weight-losing practices, return to salaried work, eating,
and exercise habit. The prepregnancy weight was accep-
ted from the women’s own reports.

The validity of the prepregnancy reported weight
constitutes an important methological problem. We
compared the data with results obtained from a sub-
group of 49 women, who were excluded from the 12-
month follow-up because of a new pregnancy. This gave
us an unforeseen opportunity to compare their reported
weight with the weight that was recorded as the starting
level for their next pregnancy. The reported mean
weight was 0.92 kg lower at the onset of pregnancy than
the latest recorded weight obtained under our study
conditions. The mean weight loss between 6 and 12
months after delivery was calculated to 0.12 kg from
data from the entire study. If we subtract this weight
from 0.92 kg, we can estimate that these women have
reported an initial body weight at onset of the new
pregnancy which was on average 0.8 kg lower than their
true body weight.

These results fit reasonably well with studies of a
group of Swedish women where true prepregnancy

weight data could be obtained since these women were
studied and weighed at a time when their intrauterine
device was removed before a planned pregnancy (50).

A Weight After Delivery

The mean weight increase 1 year after delivery com-
pared to the reported weight at the time of conception
was 1.5 kg (Fig. 3). When we corrected for the estimated
underreporting of the weight at conception from our
parallel studies (0.8 kg plus the estimated mean weight
increase with time 0.2 kg), the net mean weight increase
induced by a pregnancy was calculated at 0.5 kg. How-
ever, the range was very wide: 1.5% of the women had
a mean weight retention of at least 10 kg, and 13%
had a weight retention between 5 and 10 kg. The major-
ity (56%) had a weight retention of up to 5 kg. Thirty
percent of the women lost weight. The wide weight
change distribution one year after delivery is shown in
Figure 4.

Table 2 summarizes characteristics of weight devel-
opment after delivery. The correlations of established
behaviors at baseline and changes in behavior with
weight change overall exhibited very low r values.
Women with >5 kg weight retention differed from the
other women in several respects.Whereas womenwith a
small net increase in weight lost a mean of 2.3 kg
between 2.5 and 12 months after delivery, women with
larger weight retention increased 0.4 kg during the same
time period. Those who retained more weight:

1. Had a larger initial body weight.
2. Had gained more in weight during pregnancy.
3. Were lactating to a lesser extent.
4. Stopped smoking during pregnancy more often.

Figure 3 Body weight changes in 1423 Swedish women from
conception until 12 months postpartum (kg F SD). Dashed
line shows mean prepregnancy weight. (From Ref. 25.)
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We also found a less well structured eating pattern of
dietary habits before, during, and after pregnancy (Fig.
5) (41). Those women who retained more body weight
reported that their energy intake had increased after
delivery, since they ate larger portions and snacked
more frequently. They had less regular eating habits
and did not eat breakfast or lunch as regularly as women
who retained less weight. Age and parity did not differ
between women who retained >5 kg and those who
retained less.

B Lifestyle Trends and Lactation

Figure 6 demonstrates that the weight increase during
the first trimester is already predictive of future overall
weight increase. This could have preventive implica-
tions and suggests that life style recommendations con-
cerning optimal weight increase should start early
during pregnancy. In Stockholm, weight retention
increased only slightly with age and not with parity.
Women who gave up smoking when they became preg-
nant increased more than others; 45% of these women
retained >5 kg.

Interestingly enough, lactation played a small roll for
weight control after delivery. Although there was a
significant relationship between a lactation score and
weight retention, the r value was low (r = .05, P<.01)
(Fig. 7). However, there was a difference with time, in
that women with a high lactation score lost more weight
during the first half year after delivery. Toward the end
of the year, the differences between the groups were
limited. Only in a small subset of subjects, those who
had been lactating for a whole year, was a significant
reduction of body weight compared to prepregnancy
weight found.

The lack of importance of lactation for weight loss
after delivery may seem surprising, but has been

Figure 4 Distribution of weight changes from conception
until 12 months postpartum in 1423 Swedish women with
different prepregnancy BMI values. (From Ref. 25.)

Table 2 Characteristics of Weight Development After Pregnancy

Risk factors statistically associated with sustained weight retention after delivery
Weight increase during pregnancy r = .36c

Lactation r = �.09b

Age r = .06a

Irregular eating habits after delivery r = �.07a

Leisure time physical activity after delivery r = �.05a

Factors with major effects on weight retention (net weight increase 1 year after delivery
compared to prepregnancy weight)
Smoke cessation +3.4 kgb

Marked weight changes (F6 kg) previous pregnancy +2.5 kga

Factors significantly associated with body weight development 1 year after delivery
Initial body weight
Parity

Previous contraceptive pill
Social class
Occupation

Marital status
Nationality
Dietary advice during pregnancy

a P<.05,
b P<.01,
c P<.001.

Source: Ref. 25.
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reported previously by Rookus (18) and was also
described by others, as cited in her review.

In clinical practice, women are often instructed to try
to breast-feed as much as possible to revert to normal
weight after delivery. This seems logical, since a full
lactation requires f500 calories per day, which may
constitute about 20–25% of the daily energy require-
ment of women in this age group. However, it is possi-

Figure 5 Different trend patterns in physical activity and effects on postpartum body weight development. (From Ref. 41.)

Figure 6 The Stockholm Pregnancy and Weight Develop-

ment Study. Weight loss in kg from 2.5 to 12 months post-
partum in groups with different lactation scores. Statistically
significant differences from score 0–9 and 10–19 shown as

*P<.05 and **P<.01. (From Ref. 25.)

Figure 7 Trimester-related mean weight increase in women

with different total weight increase. (From Ref. 96.)
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ble that the changes in eating behavior and lifestyle
affect women in such a way that they only use their
adipose tissue storage when food is not readily avail-
able, as has been suggested by Prentice (42).

Questions regarding eating habits, physical activity,
and lifestyle revealed that there was a tendency for
women who retain more weight to develop a more sed-
entary and irregular lifestyle. This can, of course, be
explained by the new social situation and the lack of
opportunities to engage in outdoor physical activities,
when the care of the newborn has became a first priority.
Women who had received dietary guidance during
pregnancy did not have a more favorable weight out-
come than those who did not receive such support.

In summary, the metabolic cost of an entire preg-
nancy seems to be extremely flexible and is influenced by
numerous factors, such asmaternal prepregnancy nutri-
tional status, energy intake during pregnancy, fetal size,
and a combination of these factors. Metabolic adaption
may possibly occur to spare some energy for fetal
growth, should this be insufficient.

C Maternal Body Weight and Birth Weight

The definition of optimal weight gain during pregnancy
remains controversial. The old saying is that a pregnant
woman should ‘‘eat for two.’’ On the other hand, in
affluent societies where overweight is more of a problem
than starvation, it is important that the dietary recom-
mendations not expose pregnant vulnerable women to
the risk of subsequently developing an excess of fat that
they may later have great difficulty in losing. The safety
of the newborn is one basic concern, and a low birth
weight constitutes a well-known risk, but ‘‘eating for
two’’ must be balanced against the adverse effects of
overweight and obesity.

A linear relationship has been reported by some
authors between birth weight and maternal pregnancy
weight gain at all levels of pregnancy weight (23,51,52).
Others suggest that as maternal weight increases, the
infant’s birth weight will increase proportionately less
(53–56). As part of the data analyses of the Stockholm
Pregnancy and Weight Development Study, the rela-
tionships between initial maternal body weight, weight
development during pregnancy, and birth weights were
studied (57). The birth weight increased with maternal
pregnancy weight gain minus birth weight in each
group. When divided by quartiles, children of mothers
in the two groups with the highest net weight increase
were significantly heavier than those of the two groups
that increased<10 kg. However, in women who had a
net weight gain exceeding 10 kg, no further significant

birth weight increase with maternal weight was found.
For the total material the correlation between net
maternal weight gain and birth weight was r =.17
(P<.001). Net weight increase (defined as maternal
weight increase minus birth weight) explained only
3.0% of the variation in birth weight. When initial body
weight was added, these two factors together explained
5.0% of the variation in birth weight.

Numerous factors, such as paternal and maternal
heredity, maternal prepregnancy weight, nutrition, and
several hormonal factors, ultimately determine the
infant’s birth weight (58). The Stockholm study is con-
fined to total maternal body weight, and it should be
borne in mind that lean body mass rather adipose tissue
seems to be the important determinant of birth weight.
Our data support the concept that birth weight increases
with maternal weight up to a certain level, and then
levels off.

V AMERICAN IOM RECOMMENDATIONS

During the past 50 years recommendations for healthy
pregnancy weight development have been controversial
in many parts of the world. The initial concern was
mainly focused on safety for mother and infant. The
emerging obesity epidemic, however, has made it more
and more important to scrutinize to what extent an ex-
tensive and physiologically unnecessary weight gain
during pregnancy could be an unfortunate lead into
overweight and obesity of the mother.

In countries with low socioeconomic status or with
ethnic subgroups containing such individuals, it is clear
that a low weight gain during pregnancy is an indicator
of poverty, malnourishment, and future risk for high in-
fant mortality, disability, and even mental retardation.

In the United States, the Institute ofMedicine (IOM)
issued recommendations in 1990, which were more
liberal than before and hence caused considerable dis-
cussion. Some experts even claimed that these IOM
recommendations would not improve perinatal out-
come and would have negative consequences for both
infant and mother: the liberal weight increase recom-
mended ranges advocated by the IOM would produce
overgrown newborns, result in an increased frequency
of cesarean sections, and eventually also trigger obesity
in the mothers.

Abrams et al. (59) have recently reviewed all studies
that examined fetal and maternal outcome. They con-
clude that there is an impressive body of evidence
indicating that weight gains within IOM recommenda-
tions are indeed associated with better pregnancy out-
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come but found no evidence that such pregnancy weight
gain is a course of substantive postpartum weight
retention. The authors are, however, anxious to point
out that the studies on which these conclusions are
based are observational and not experimental. They
note that maternal weight gain alone may not be a very
helpful predictor of poor pregnancy outcome and that a
good pregnancy outcome can be associated with a wide
variety of weight development patterns throughout
pregnancy. Furthermore, these studies are based on
data from an American population. Seen the other
way around, it is clear that many women, seeking
professional help for their overweight and obesity, re-
port their pregnancies as having been major events in
their overweight development.

VI PREGNANCY, WEIGHT, AND SMOKING

Smoking affects body weight. Generally, smoking in-
creases the basal metabolic rate by f10% (60), and
smokers are relatively lean (61,62). The weight develop-
ment pattern in pregnancy is confounded by the fact
that many smoking women give up this habit when they
learn of their pregnancy.

Smoking mothers seem to gain f13% less per week
than nonsmokers (63). In this study from Australia,
‘‘reformed smokers,’’ who decided to quit when they
learned of their pregnancy, had the highest weekly
weight gain of all groups. Our Stockholm data show
similar results, both with a high pregnancy weight gain
and also with higher weight retention than in those who
never smoked or who continued (25). However, these
results are not in agreement with all other studies. In the
large Ontario Perinatal Mortality Study of 31,788
women smoking habits were unrelated to maternal
weight gain distribution (64).

VII OBESITY, WEIGHT GAIN, AND

PREGNANCY COMPLICATIONS

Obesity is considered a risk factor in pregnancy, but
knowledge of the relation of the degree of maternal
obesity to risk for specific complications and pregnancy
outcome remains unclear (65–69). There are several
methodological reasons for the lack of precise knowl-
edge about these interrelationships, such as exact defi-
nitions of obesity and adequate control groups. In a
study from Chile, a group of obese pregnant women
were compared with a groupmatched for age and parity
but with normal weight (70). Differences between the
two groupswere foundwith regard to gestational hyper-

tension, inadequate pregnancy weight gain, cesarean
section frequency, postpartum infections and, large-
for-gestational-age infants. No significant increase in
the incidence of diabetes, toximia, breech presentation,
postpartum hemorrhage, infant morbidity, or lacta-
tional failure was noted in the obese women. The au-
thors conclude that although obesity is an important
risk factor, methodological aspects of previous studies
may have magnified the severity of the problem.

This view is also supported by later studies. In a case
control study from California with a similar design, it
was shown that massively obese pregnant women were
significantly more likely to have a multitude of adverse
effects (71). The frequency of cesarean section was
doubled, and child malformation or growth retardation
were much more prevalent. However, when obese
women with diabetes and/or hypertension antedating
pregnancy were excluded from the analyses, no statisti-
cally significant differences in perinatal outcome per-
sisted. These authors thus conclude that although
massively obese pregnant women are at high risk for
adverse perinatal outcome, these risks are more related
to preexisting morbid conditions than to obesity in
itself.

In the Stockholm study the overall frequency of
cesarean sections was 12%. There was a tendency,
although statistically nonsignificant (m2=2.62, n.s.),
toward a higher frequency of sections in mothers with
higher initial BMI values. The mean initial BMI for
vaginal deliveries was 21.5 vis-à-vis 21.8 kg/m2 for
cesarean sections.

The frequency of cesarean sections in all women in
this study is close to the available Swedish average figure
of 12.4%, reported from the corresponding time period.
The problem concerning an increased need for cesarean
sections in obese mothers is not clear (72).

VIII DIABETES, OBESITY, FAT

DISTRIBUTION, AND PREGNANCY

Maternal obesity represents a significant risk factor for
the development of gestational diabetes mellitus and
subsequent adult-onset diabetes. Obesity in itself is
associated with major alterations in carbohydrate
metabolism such as insulin resistance and hyperinsulin-
emia, eventually resulting in hyperglycemia (73). Not
only is the degree of overweight important for the
likelihood to develop diabetes, but also body fat distri-
bution with upper-body obesity aremore important risk
factors than generalized increase in body fat (74). In a
study of pregnant women with various types of fat
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distribution, repeated oral glucose tolerance tests were
carried out during each trimester and postpartum (75).
This study demonstrates that in upper-body obese
women, pathological carbohydrate metabolism be-
cames apparent during the second trimester and that a
significant relationship between waist/hip ratio and glu-
cose levels, as well as insulin areas were found in late
pregnancy in all obese subjects.

IX BODY FAT DISTRIBUTION

AND CONCEPTION CAPACITY

Although obesity is common among multiparous
women, it is possible that this weight increase is the
result of multiple pregnancies rather than a prerequisite
for conception. From ancient history the obese female
has been considered a symbol of fertility. In some
cultures it has been believed that obese women are more
likely to bear twins. Although it is well known that
underweight women have an impaired capacity to con-
ceive, the effects of overweight and obesity on female
fecundity have been less studied. A shift of the hormonal
balance toward increased androgenicity in association
with an abdominal obesity has been found to lead to
menstrual disorders (5,76).

A Weight and Infertility

A moderate degree of overweight may affect the re-
productive capacity significantly. In a case control study
of body mass index and ovulatory infertility, 597 white
infertile women with ovulatory dysfunction were com-
pared with 1695 primiparous control women (77). The
study demonstrated an increased risk for primary ovu-
latory infertility already in women with a body mass
index of 27 kg/m2 or greater. At BMI above 25 kg/m2,
the risk of ovulatory infertility had almost doubled.

Women admitted to an in vitro fertilization unit
provide a unique opportunity to study determinants of
fecundity while controlling for several other confound-
ers related to conception. In a Dutch study the proba-
bility of conception after insemination was studied in
500 women (78). The main reasons for artificial insemi-
nation were infertility or subfertility of the partner with
azoospermia or oligospermia, respectively. The young-
est woman was 20 years old; only a few women were
above age 40. Two hundred sixty women reported re-
gular smoking habits. As expected, the women were less
likely to conceive with higher ages (P<.05). The study
demonstrated that a 0.1-unit increase in waist-hip ratio
was associated with a 30% decrease in probability of

conception per cycle. These data were adjusted for age,
overall fatness, clinical indication for insemination,
cycle characteristics, smoking habits, and parity. The
main finding of this study is that an increase in waist-hip
ratio suggesting increased androgenicity was associated
with a reduced fecundity. In obese women weight loss
often normalizes the regular menstrual cycles and sex
hormone concentrations (8,79). This indicates that obe-
sity itself rather than a primary endocrine dysfunction is
the cause of the reproductive insufficiency.

B Diabetes, Weight, and Fertility

Type 2 diabetes is associated with obesity as well as with
pregnancy. The association between parity and type 2
diabetes has been studied in several populations where
either no relationship or a positive association generally
has been described. On the other hand, infertility has
been associated with a high risk for type 2 diabetes. The
complex interrelationship between these factors has
recently been studied among Pima Indian women (80).
In a longitudinal epidemiological study of diabetes the
role of parity and obesity was analyzed after control for
age. This study demonstrates that Pima women who
had never been pregnant had a higher prevalence of type
2 diabetes but also a higher BMI than women who had
been pregnant. To a certain extent this difference could
be accounted for by a higher degree of obesity. Possibly
high estrogen concentrations could explain the oligo-
menorrhea or amenorrhea and thus the decreased fer-
tility through a negative feedback mechanism at the
hypothalamopituitary level (81).

The fact that there is no consistent relationship
between parity and type 2 diabetes may be due to a
combination of two effects counteracting each other. On
the one hand, pregnancy may be diabetogenic by lead-
ing to an accelerated and sustained weight gain that
could precipitate a clinically manifest form of type 2
diabetes. On the other hand, it is possible that women of
low fertility run a higher risk of developing type 2
diabetes because of a common factor, or several com-
mon factors, contributing to both these conditions.

X PREGNANCY, BODY WEIGHT

DEVELOPMENT, AND PHYSICAL

ACTIVITY

Physical activity is obviously an important determina-
tor of weight development, even in pregnancy (82). A
retrospective analysis of the literature, mainly based on
an extended Medline search and the Pregnancy and
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Childbirth Database (Cochrane), was recently carried
out to elucidate the importance of physical activity in
determining weight gain characteristics (83).

Several methodological matters complicate the inter-
pretation of the interrelationships: generally body
weight and not fat has been measured; sociobehavioral
confounders have rarely been accounted for; and the
time frame to determine the effect of pregnancy on later
weight development has been highly variable. Most
studies reviewed concentrate on the role of physical
activity, such as recreational activity and sports, on
the safety of the pregnant mother and the fetus. Again,
less emphasis is put on the potential role of physical
activity to prevent or restrict weight retention in obesity-
prone women. Advice is general and mostly obvious
(‘‘boxing as exercise during pregnancy is discour-
aged. . .’’).

One the few studies addressing the question of rec-
reational exercise on pregnancy weight gain and sub-
cutaneous fat deposition is the paper by Clapp (84).
This study thus demonstrates that well-educated, non-
smoking, highly motivated women who maintained a
balanced diet and were nonobese before pregnancy, ac-
cumulated slightly less fat in the last trimester when ex-
ercising. Self-selection, nonquatification of the amount
exercised, and a very selective group of women limit the
possibility of extrapolating these results to the popula-
tion at isk, for whom pregnancy is major trigger for
weight retention and subsequent obesity.

XI SOCIOECONOMIC AND ETHNIC

ASPECTS ON PREGNANCY-RELATED

WEIGHT GAIN

Women with low education and low income are at
increased risk of gaining weight and becoming over-
weight. Furthermore, there seem to be differences in
race. Over a 10-year period the overall mean weight gain
for black women was 36% higher than for white women
(85). Parker and Abrams (86) have analyzed the 1988
National Maternal and Infant Health Survey to study
whether this additional increase in body weight among
black women could be explained by factors relating to
pregnancy. They found that blackmothers were twice as
likely to retain at least 20 lb as white mothers (adjusted
odds ratio 2.20, 95% CI 1.50-3.22), but that this black-
white difference could not be explained by differences in
socioeconomic status. There were other differences in
the weight increase pattern. Weight attention was more
likely to occur in white women who were unmarried,

whereas weight retention in black mothers was more
associated with high parity. These data suggest that it
may be necessary to develop population-specific strat-
egies in helping mothers to return to their prepregnancy
body weight.

XII WEIGHT DEVELOPMENT

IN PREGNANT ADOLESCENTS

Since maternal weight gain is an important and man-
ageable determinant of infant birth weight among ado-
lescents, some studies have addressed factors related to
weight gain in young women. Generally, the women
studied have been poor and with numerous psychoso-
cial problems including drug abuse. Stevens-Simon 141
studied pregnant black teenager (87). The group was
divided into three different weight gain subgroups. Slow
weight gain was associated with a lower quality of food
intake. Teenagers who gained more weight during their
pregnancies were more compliant with prenatal visits,
but also reported more depressive symptoms and more
alcohol consumption. An important finding was the
substantial variability in the amount of weight gain,
ranging from 1.8 to 27.9 kg with a mean weight increase
of 14.3 F 6.0 kg (SD). This study suggests that proper
nutritional care in this group of young women may be
an effective method to promote optimal gestational
weight gain. In the analysis of the 99 pregnant young
women (88), most were poor but with an ethnic varia-
bility. The authors had anticipated that negative atti-
tudes toward pregnancy weight gain would be more
common among these young women and that such
attitudes would adversely affect an optimal adolescent
maternal weight gain. These teenagers were studies by
means of a weight gain attitude scale as well as several
other determinants of nutritional status, dietary and
health habits, and social history. Surprisingly enough,
the authors demonstrated that these young women were
not more concerned about staying slim than older
pregnant adolescents and adults. Negative weight gain
attitudes were more commonly found among heavy and
depressed adolescents and those who did not have a
family support.

The examples of weight gain–related factors in ado-
lescents given above relate to the problems in theUnited
States. It is reasonable to believe that the situation will
be quite different in other cultures, where pregnancy
early in the life of a young womanmight be considered a
normal life event or in societies where the attitude to
abortion in pregnant teenagers is different. For this
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special group of women, appropriate food supplies may
be one simple method to ensure optimal weight gain and
good pregnancy outcome.

XIII WEIGHT GAIN DURING TWIN

PREGNANCIES

Few data are available concerning the optimal weight
development during twin gestation. Pederson et al. (89)
addressed this question in a retrospective evaluation of
the outcome of 217 twin pregnancies. The optimal out-
come was associated with a mean weight gain of f20
kg. These authors were able to construct a weight gain
curve for twin gestation, which was compared with the
standard weight development curve for singleton preg-
nancies. During the first half of the pregnancy, curves
for singleton and twin pregnancies were similar, after
which a more marked increase was seen in twin preg-
nancies during the second trimester and until term. It is
still unknown whether multiple pregnancies require
different nutritional needs, but until such data are
available it seems practical to use weight gain as a proxy
measure of the nutritional status of the mother and her
twin fetuses.

XIV GENERAL CLINICAL CONSEQUENCES

Since little weight loss advice is generally offered women
after delivery, the results of a prospective, controlled
randomized study of the effects of a recent correspond-
ence course are of interest (90). Women taking the 6-
month course lost significantly more weight (7.8 vs. 4.9
kg, P=.03) than controls. The study indicates that with
creativity, weight loss after delivery can be achieved at
low cost and with surprising efficiency.

Recent diagnostic and pharmacologic developments
have focused renewed attention on polycystic ovary
syndrome as an important cause for obesity-associated
infertility (91), but subfertility may also occur in obese
women who do not suffer from this syndrome. Among
choices women can make for themselves to improve
their general chances of conceiving, bodyweight control
and proper eating habits are important (92).

For anovulatory women with a weight problem, a
general program promoting a better lifestyle with an
improved self-esteem has been found to be surprisingly
effective in not only improving their quality of life (93)
but also their subsequent chances of conceiving. The
women were treated with a standard program including
diet, exercise, and behavioral modification. In this un-

controlled study the ensuing mean weight loss of 6.3 kg
resulted in a marked improvement of the hormonal
profile (reductions in testosterone and insulin concen-
trations) and also conception in 11/13 women, some
even without further hormonal stimulation. In what
seems an extension of that study, these Australian
authors treated 37 obesewomen and after ameanweight
loss of 6.2 kg, only six anxious to become pregnant had
not conceived within 36 months. This study is open and
uncontrolled, but it may be argued that studies of this
kind will probably be difficult to design as proper
randomized, prospective controlled trials for several
reasons (94).
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25. Öhlin A, Rössner S. Maternal weight development after

pregnancy. Int J Obes 1990; 14:159–173.

26. Brown JE, Kaye SA, Folsom AR. Parity-related weight
change in women. Int J Obes 1992; 16:627–631.

27. Harris HE, Ellison GTH. Do the changes in energy

balance that occur during pregnancy predispose parous
women to obesity? Nutr Res Rev 1997; 10:57–81.

28. SmithDE, Lewis CE, Caveny JL, Perkins LL, BurkeGL,

Bild DE. Longitudinal changes in adiposity associated
with pregnancy. JAMA 1994; 271:1747–1751.

29. Williamson DF, Madans J, Pamuk E, Flegal KM,
Kendrick JS, Serdula MK. A prospective study of child-

bearing and 10-year weight gain in US white women 25
to 45 years of age. Int J Obes 1994; 18:561–569.
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I INTRODUCTION

As documented by recent national and international
guidelines, obesity is a significant public health problem
(1,2). The prevalence of overweight and obesity is
increasing in many countries around the world. In the
United States it is estimated that at least 55% of adults
are overweight or obese (defined as a body mass index
[BMI] z25 kg/m2), and according to recent surveys, the
prevalence of obesity (BMI z30 kg/m2) in the United
States increased from 12% to 19.8% between 1991 and
2000 (1,3,4). Low levels of energy expenditure from
physical activity are likely a major contributing factor
to the rapid increase in the prevalence of obesity (5–7).
Although there are no direct data, it seems probable that
a decline in energy expenditure has taken place due to
obvious changes in occupational- and household-
related physical activity, as well as urban environments
that are increasingly less conducive to leisure-time
physical activity.

In the United States, the most recent data indicate
that 29.2%of adults are inactive in their leisure time and
43.1% participate in some leisure-time activity but at
levels too low to confer significant health benefits. Only
27.7% of U.S. adults are physically active at recom-
mended levels (8,9). Compared with normal-weight and
overweight adults, obese individuals are more likely to
report being inactive (27.3%, 28%, and 37% respec-
tively) (9). Cross-sectional and cohort studies suggest
that differences in amounts of physical activity contrib-

ute to differences in body weight and body fatness and
play an important role in whether obesity develops (10–
13). A recent ecological review of secular trends suggests
that the prevalence of obesity is more strongly related to
decreases in energy expenditure than to increases in
energy intake (14).

A large body of scientific evidence and consensus
opinion indicates that physical activity is an essential
element, along with dietary and behavioral modifica-
tion, in the clinical strategy for weight management for
patients who are overweight and obese (1,8,15). In
recent years, professional and governmental bodies
have provided expert consensus recommendations on
physical activity for health promotion and disease
prevention in all adults (8,16–18). The latest guidelines
can be summarized as follows:

All adults should increase their regular physical
activity to a level appropriate to their capacities, needs,
and interests. The long-term goal is to accumulate 30
min ormore ofmoderate-intensity physical activity (i.e.,
brisk walking, leisurely cycling, swimming, recreational
sports, home repair, and yardwork) onmost, preferably
all, days of the week. People who currently meet these
recommendedminimal standards may derive additional
health and fitness benefits by becoming more physically
active or including more vigorous activity.

The recommendation from the National Heart,
Lung, and Blood Institute’s Clinical Guidelines on the
Identification, Evaluation, and Treatment of Over-
weight and Obesity in Adults for physical activity as
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part of a comprehensive weight loss program is consis-
tent with the above summary statement and is based on
an evidence-based review of the scientific literature (1).

The purpose of this chapter is to review the current
scientific evidence on the interrelationships among
physical activity, obesity, and health outcomes. We will
give particular attention to recent evidence-based con-
sensus statements on physical activity and obesity. We
also will review prospective observational studies from
the Aerobics Center Longitudinal Study cohort and
other investigations that stratify health outcomes based
on both markers of body habitus and measures of
cardiorespiratory fitness or physical activity. We will
review evidence from randomized controlled trials
(RCT) on the influence of exercise intervention on
obesity-related disease risk factors and conclude the
chapter with recommendations in the areas of research,
public health, and clinical practice.

II OBESITY AND HEALTH OUTCOMES

Obesity is associated with increased morbidity and
mortality (1). The risk of death from all causes, cardio-
vascular disease (CVD), certain cancers, and other
diseases increases throughout the range of moderate
and severe overweight for both men and women in all
age groups (1,19–21). Although a subject for debate,
consensus opinion indicates thatmortality rates begin to
increase modestly with BMIs>25 kg/m2 with more sig-
nificant increases occurring in individuals with a BMI of
30 kg/m2 or higher (1,2,19,20). There are differences
among racial groups in the pattern of the association
between BMI andmortality (19). Some experts estimate
that obesity is second only to cigarette smoking as a
leading cause of death in the United States and is
associated withf300,000 deaths per year among adults
(22). Physical inactivity and poor dietary habits may be
the main lifestyle factors contributing to the excess
deaths associated with obesity (23,24). The contribution
of obesity to increased morbidity and mortality appears
to be independent of its influence on known risk factors,
and this is particularly true for CVD (25,26). Over-
weight and obesity are directly related to an increased
risk of several medical conditions including insulin
resistance, glucose intolerance, type 2 diabetes mellitus,
hypertension, dyslipidemia, and impaired physical func-
tion (1,27). There is strong evidence that weight loss in
overweight and obese individuals reduces risk factors
for diabetes and CVD (1).

Because of the health consequences of excess body
fat, it is likely that the current epidemic of obesity will
translate into increased prevalence of adverse health

outcomes (28). The total healthcare cost attributable to
obesity and its comorbidities represents a substantial
economic burden (1,29). Concerns about the rapidly
rising rates of obesity and associated negative health
outcomes have generated calls to action for significant
changes in clinical intervention and public health policy
(1,2,30). We believe that regular physical activity, be-
cause of its contribution to the regulation of energy
balance, and, as we will review in this chapter, favorable
effects on several of the comorbidities of obesity, must
assume a primary role in both public health and clinical
efforts to prevent and manage obesity and its associated
comorbidities.

III PHYSICAL ACTIVITY AND HEALTH

OUTCOMES

A large body of scientific evidence and consensus opin-
ion confirms that low levels of physical activity and
cardiorespiratory fitness are associated with high rates
of all-cause and cause-specific mortality across diverse
population groups (8,16–18,31,32). Regular physical
activity andmoderate to high levels of cardiorespiratory
fitness are associated with more favorable disease risk
profiles and lower all-cause and CVD mortality (8,16,
33–35). The inverse association between physical activ-
ity or cardiorespiratory fitness and premature mortality
is independent of changes in disease risk factors and
other potentially confounding variables (36,37).

Based on a review of 42 prospective cohort studies,
Lee and Skerrett concluded that there is clear evidence
of an inverse dose-response relation between volume of
physical activity (or level of physical fitness) and all-
cause mortality rates (34). These studies suggest that
physical activity resulting in an energy expenditure of
f1000 kcal/wk is associated with a significant 20–30%
reduction in risk of all-cause mortality (33,34). Evi-
dence-based review also supports an inverse dose-
response relation between physical activity and inci-
dence and mortality rates from cardiovascular and
coronary heart disease (CHD) (33,35). Available data
indicate a beneficial effect of physical activity on inci-
dence of colon cancer; however, the evidence is less
conclusive for a reduction in risk for other types of
cancer, such as cancers of the breast and prostate
(33,38).

Physical activity and higher levels of cardiorespira-
tory fitness are associated with lower risk for type 2
diabetes, hypertension, weight gain, and functional lim-
itations that often occur with aging (33,39–42). Activity
and fitness are also associated with improvements in the
plasma lipid profile and favorable alterations in coagu-
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lation and hemostatic factors (33). Other benefits of
physical activity include a reduced incidence of depres-
sive illness and improved symptoms in individuals with
mild to moderately severe depressive illness (33,43).

A Aerobics Center Longitudinal Study

In this section, we provide a review of studies from the
Aerobics Center Longitudinal Study (ACLS) cohort to
describe inmore detail evidence supporting a strong and
independent effect of moderate to high levels of cardio-
respiratory fitness on all-cause and CVD mortality in
men andwomen (31,36,44). These studies also introduce
preliminary evidence suggesting a protective effect of
cardiorespiratory fitness on mortality independent of
body mass.

The ACLS is a prospective observational study of
patients between the ages of 30 and 83 examined at least
once between 1970 and 1993 at the Cooper Clinic in
Dallas, Texas. All participants undergo a thorough
evaluation including a medical history, physical exami-
nation, anthropometry, blood chemistry, and a deter-
mination of cardiorespiratory fitness by a maximal
exercise test on a treadmill. Each participant’s level of
cardiorespiratory fitness is based on age and maximal
time on the treadmill. In this cohort, total treadmill time
correlates highly (r=.92) with measured VO2max (45).
The least fit 20% are classified as unfit, the next 40% are
classified as moderately fit, and the top 40% as high fit.
Anthropometric measures include BMI (kg/m2) calcu-
lated from directly measured height and weight, percent
body fat determination by hydrostatic weight and/or
sum of seven skinfold measurements, and waist circum-
ference measured at the umbilicus. Mailed follow-up
surveys and the National Death Index are used to de-
termine morbidity and mortality endpoints.

In 1989, we published a report in which age-adjusted
all-cause death rates were calculated across low, mod-
erate, and high cardiorespiratory fitness categories in
10,224 men and 3120 women who were apparently
healthy at baseline (31). The results demonstrated a
strong and graded inverse association between cardio-
respiratory fitness andmortality due to all causes, CVD,
and cancer with the major difference in death rates
observed in the moderately fit men and women when
compared with those with low fitness. Although not
specifically designed to examine the relationship among
cardiorespiratory fitness, obesity, and mortality, this
study provides preliminary evidence of a protective
effect of moderate to high levels of cardiorespiratory
fitness in overweight men and women. In this study, we
found that the mortality benefits of moderate and high
fitness persisted across three different BMI strata (<20

kg/m2, 20–25 kg/m2, z25 kg/m2). Men and women in
the moderate and high fitness groups had lower death
rates than did the low fit individuals in each BMI strata.
High fitmenwith a BMIz25 kg/m2 had an age-adjusted
death rate from all causes of 20 per 10,000 man-years of
observation compared to a rate of 48 per 10,000 man-
years in unfit men in the same BMI group.

In 1995, we reported on observations from 9777 men
from the ACLS who received two preventive medical
examinations that included maximal treadmill exercise
testing (46). The purpose of the investigation was to
evaluate the relationship between changes in cardiores-
piratory fitness and risk of mortality in men. The
average length of follow-up was 5.1 years, and the main
outcomes were all-cause and CVD mortality. The high-
est all-cause mortality rate was observed in men who
were unfit at both examinations and the lowest rate was
in men who remained fit at both examinations. Men
whomoved from unfit at baseline to fit at follow-up had
an age-adjusted death rate that was 44% lower than
men who were unfit at both examinations. The reduc-
tion in all-cause mortality associated with moving from
the unfit to the fit category was greater than the reduc-
tion associated with a favorable change in any of the
other risk factors evaluated, including BMI, andwas the
only statistically significant reduction in multivariate
analyses (Fig. 1). In a similar study examining the
influence of changes in physical activity on all-cause
mortality, Paffenbarger et al. (47) showed that physi-
cally inactivemiddle-agedmenwho began to participate
in moderately vigorous sports activity during the 11
years of follow-up had a 23% lower risk of dying when
compared with men who remained sedentary.

In 1996, we published an investigation on 35,341men
and 7080 women from the ACLS cohort that showed
that the relative risks of low cardiorespiratory fitness for
all-cause and CVD mortality in both men and women
were as strong as or stronger than those associated with
cigarette smoking, high blood pressure, elevated choles-
terol, elevated fasting glucose, and BMI z27 (36). In
this study, high-fit persons with multiple risk factors,
including cigarette smoking, high blood pressure, and
elevated cholesterol, had lower death rates than low-fit
persons who had none of these other risk factors.

IV DOES PHYSICAL ACTIVITY INFLUENCE

OBESITY-RELATED HEALTH

OUTCOMES?

Evidence is accumulating that higher levels of physical
activity and cardiorespiratory fitness provide protec-
tion against many of the adverse health outcomes
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associated with overweight and obesity. The National
Heart, Lung, and Blood Institute’s Obesity Education
Initiative convened an expert panel in 1995 to system-
atically review the scientific literature and determine
the most appropriate treatment strategies that would
constitute evidence-based clinical guidelines on over-
weight and obesity. The National Institutes of Health
published the evidence report and clinical guidelines
(NIH report) from this panel in 1998 (1). The panel
followed a categorical system for rating the strength of
the evidence using data from RCTs as the strongest
level of evidence for evaluating treatment efficacy. The
categorical rating system is outlined in Table 1. Of the
39 areas the panel determined required a thorough
examination of the relevant scientific literature, six
addressed the association of physical activity and car-
diorespiratory fitness to health outcomes associated
with overweight and obesity. These six evidence state-
ments and corresponding evidence categories are pre-
sented in Table 2.

In 1999, the American College of Sports Medicine
(ASCM) held a consensus conference to review and
report on the scientific evidence on the role of physical
activity in the prevention and treatment of obesity and
its comorbidities. From this conference, the ACSM re-
leased a consensus statement from an independent ex-
pert panel and 23 scientific reviews (ACSM report) (48).
The consensus statement and reviews provide an in-
depth review of the role of physical activity in the treat-
ment of overweight and obesity and expand on the
evidence presented in the NIH report. Based on the sci-
entific evidence, the ACSM’s independent panel issued
several consensus statements of which 10 relate to the
influence of physical activity on health outcomes asso-
ciatedwith overweight and obesity. The consensus state-
ments and evidence categories are presented in Table 2.

A systematic review of the evidence statements from
the NIH and ACSM reports reveals that there are seven
specific health-related outcomes associated with over-
weight and obesity where there appears to be sufficient

Figure 1 Adjusted relative risk estimates and 95% CI for all-cause mortality for losing weight, lowering blood pressure,
reducing cholesterol, stopping smoking, and improving fitness in men at risk for each of these risk factors at the first of two
preventive medical examinations. Cutoff points for at-risk categories are in parentheses below each risk factor. Analyses were

adjusted for age, family history of coronary heart disease, health status, baseline values, changes for all variables in the figure,
and interval in years between examinations. (Adapted from Ref. 46.)
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evidence for a beneficial and often independent effect of
cardiorespiratory fitness and physical activity. As out-
lined in Table 2, these areas include cardiorespiratory
fitness, morbidity and mortality, CVD, insulin resist-
ance and glucose tolerance, hypertension and blood
pressure, lipids and dyslipoproteinemias, and cancer.
In this section, we will review the scientific evidence on
the influence of physical activity and cardiorespiratory
fitness on obesity-related health outcomes in each of
these seven areas.

A Cardiorespiratory Fitness

The NIH report includes an evidence statement con-
firming the ability of physical activity to increase cardio-
respiratory fitness in overweight and obese individuals
independent of weight loss (1). Based on a review of 11
RCTs meeting acceptance criteria, the NIH panel
placed the evidence in category A. All 11 studies showed
that physical activity increased maximal oxygen uptake
in men and women in the exercise groups by an average
of 14–18%. Even in studies with modest weight loss
(<2%), physical activity increased fitness by an average
of 12–16%.

In amore recentRCT,Ross et al. (49) reported on the
effects of diet- or exercise-inducedweight loss or exercise

without weight loss on changes in cardiorespiratory
fitness in 52 obese men (mean BMI 31.3 kg/m2) follow-
ing a 12-week intervention. The investigators matched
treatment groups for total energy deficit off700 kcal/d
(dietary deficit in the diet-only group and increased
energy expenditure in the exercise-only weight loss
group). The exercise without weight loss group in-
creased calorie intake by f700 kcal/d to match the
energy expenditure of exercise. Participants in the exer-
cise groups performed daily exercise (brisk walking or
light jogging) on amotorized treadmill, at an intensity of
77% of maximal heart rate for f60 min. Body weight
decreased by 7.5 kg (8%) in both weight loss groups and
remained stable in the exercise without weight loss
group. Maximum oxygen uptake (L/min) increased by
13% and 19% in the exercise weight loss group and
exercise weight stable group compared to no change in
the control and diet groups. The findings of Ross et al.
demonstrate that exercise training significantly increases
cardiorespiratory fitness in obese men with or without
weight loss. Numerous studies show that exercise train-
ing improves VO2max between 5% and 30%, with a
minimum expected improvement of 15% when the
quantity and quality of training meets recommended
levels (50). Therefore, overweight and obese individuals
appear to derive expected improvements in cardiores-

Table 1 Evidence Categories

Evidence

category

Source of

evidence Definition

A Randomized controlled
trials (rich body of data)

Evidence is from endpoints of well-designed RCTs
(or trials that depart only minimally from
randomization) that provide a consistent pattern

of findings in the population for which the
recommendation is made. Category A therefore
requires substantial numbers of studies involving
substantial numbers of participants.

B Randomized controlled
trials (limited body of data)

Evidence is from endpoints of intervention studies
that include only a limited number of RCTs,
post-hoc, or subgroup analysis of RCTs, or

meta-analysis of RCTs. In general, category
B pertains when few randomized trials exist,
they are small in size, and the trial results are

somewhat inconsistent, or the trials were
undertaken in a population that differs from the
target population of the recommendation.

C Nonrandomized trials
Observational studies

Evidence is from outcomes of uncontrolled or
nonrandomized trials or from observational studies.

D Panel consensus judgment None of the evidence statements on fitness and health
outcomes were placed in this category.

Source: Ref. 1.
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Table 2 Evidence Statements for the Influence of Physical Activity and Cardiorespiratory Fitness on Obesity-Related Health
Outcomes

NIH evidence

statements

Evidence

category

ACSM consensus

statements

Evidence

category

1. Cardiorespiratory fitness

Physical activity in overweight

and obese adults increases

cardiorespiratory fitness

independent of weight loss.

A Evidence not reviewed.

2. Morbidity and mortality

Evidence statement not given. Higher levels of physical activity or cardiovascular fitness reduce

morbidity and mortality in overweight or obese persons.

Overweight and obese persons who are physically active have a lower

risk of morbidity and mortality than normal weight individuals who

are sedentary.

C

C

3. Cardiovascular disease

Physical activity independently

reduces CVD risk factors.

A Evidence statement not given.

Physical activity independently

reduces risk for cardiovascular

disease.

C

4. Insulin resistance and glucose tolerance

Increased aerobic activity to increase

cardiorespiratory fitness improves

glucose tolerance in overweight

individuals, but no evidence shows this

relationship to be independent

of weight loss.

C Intervention-based RCTs consistently show that increased physical

activity improves insulin action, and thus reduces insulin resistance, in

obese subjects.

Epidemiological data suggest that exercise alone and exercise combined

with weight reduction retard the transition from impaired glucose

tolerance to type II diabetes.

A

C

5. Hypertension and blood pressure

Increased aerobic activity to increase

cardiorespiratory fitness reduces blood

pressure independent of weight loss.

A RCTs provide strong evidence that physical activity can reduce blood

pressure in obese subjects and that the reduction is independent of

weight loss or changes in body composition. The response does not go

beyond the blood pressure reduction obtained by diet alone.

A

Observational studies support the concept that physical activity reduces

the risk for developing hypertension, independent of its effects on body

size or body composition.

C

6. Lipids and dyslipoproteinemias

Increased aerobic activity to increase

cardiorespiratory fitness favorably

affects blood lipids, particularly

if accompanied by weight loss.

A Physical activity of a volume that results in at least 4.5 kg weight loss will

raise HDL-cholesterol and lower triglycerides in men and postmeno-

pausal women.

The addition of physical activity to a low-energy, low-fat diet will reverse

the HDL-lowering effect of the low-fat diet in overweight men

and women.

In men and postmenopausal women with atherogenic dyslipidemia, the

addition of physical activity to a modestly reducing, low-fat diet

significantly enhances the LDL-lowering effect of the diet.

A

A

A

7. Cancer

Evidence not reviewed. Epidemiological studies find a strong inverse relationship between

physical activity and colon cancer. The strength and consistency

of this association is so strong that a causal connection seems likely.

C

Source: Refs. 1 and 15.
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piratory fitness from physical training with or without
weight loss.

Data from the ACLS cohort indicate that overweight
and obese individuals are more likely than normal-
weight persons to be sedentary and unfit (51,52). There
is a strong direct association between BMI and low
cardiorespiratory fitness in the ACLS cohort (Fig. 2). In
this cohort,f80% of women and >90% of men with a
BMI z40 kg/m2 are unfit compared to <10% unfit in
individuals with a BMI between 18.5 and 24.9 kg/m2.
However, as can be seen from Figure 2, many obese
individuals (BMI z30 kg/m2) are at least moderately fit
and, as will be discussed, are likely at a lower risk for
many adverse health outcomes than are normal-weight,
overweight, and obese individuals who are unfit.

The importance of low cardiorespiratory fitness as a
mortality predictor in obesemen was demonstrated by a
study reported by Wei et al. in 1999 (53). We conducted
this study in 25,714 men from the ACLS cohort to
compare low cardiorespiratory fitness with established
CVD risk factors (type 2 diabetes, high total cholesterol,
hypertension, current smoking) as a predictor ofmortal-
ity in normal-weight, overweight, and obesemen. In this
study, baseline CVD was the strongest predictor of
premature mortality. However, for overweight and
obese men, low cardiorespiratory fitness was a strong
predictor of mortality, with relative risks comparable
with, if not greater than, those for type 2 diabetes, high
cholesterol levels, hypertension, and current cigarette
smoking (Fig. 3). In the 3293 obese men (BMI z30 kg/
m2), low fitness was the most common mortality pre-
dictor with a prevalence rate about five times higher
than that of type 2 diabetes, which was the least prev-

alent of the factors evaluated. About 50% of obese men
in this study were unfit; 16% had baseline CVD, and
10% had type 2 diabetes. Because of its high prevalence
and strength as predictor of premature mortality, low
cardiorespiratory fitness had the highest population-
attributable risk of the six mortality predictors eval-
uated in overweight and obese men in this cohort.

B Morbidity and Mortality

The ACSM report issued two evidence statements
indicating that (1) higher levels of physical activity or
cardiovascular fitness reduce morbidity and mortality
in overweight or obese persons, and (2) overweight and
obese individuals who are physically active have a lower
risk of morbidity and mortality than normal weight in-
dividuals who are sedentary (Table 2) (15). The evi-
dence supporting these two statements was judged by
the panel to be moderately strong and placed in evi-
dence category C. In this section, we will address the
available evidence on the relation of physical activity
and cardiorespiratory fitness to all-cause and CVD
mortality, CHD risk, and cancer in overweight and
obese individuals.

1 All-Cause Mortality

Several prospective observational studies indicate that
overweight and obese men who are fit or physically
active have lower death rates than unfit or sedentary
normal-weight men (54). In some of these studies, over-
weight and obese men only had elevated mortality if
they were unfit or inactive. Unfortunately, only a few
studies have included women in their analyses.

Figure 2 The association between BMI and the prevalence of low cardiorespiratory fitness (dark area of the figure) in 6840
women (panel A) and 23,190 men (panel B) from the Aerobics Center Longitudinal Study cohort who were free of CHD, cancer,

and abnormal ECG. The number of individuals across the BMI strata of 18.5–24.9, 25.0–29.9, 30.0–34.9, 35.0–39.9, and z40
were 5499, 959, 262, 83, and 37 for women, and 9838, 10,544, 2308, 361, and 139 for men.
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In 1995, Barlow et al. (55) investigated the relation of
cardiorespiratory fitness to mortality in 25,389 men
classified as normal-weight, overweight, or obese (<27
kg/m2, 27–30 kg/m2,>30 kg/m2) from the ACLS cohort
(55). In all three BMI categories, moderate and high-fit
men had a lower relative risk for all-cause mortality
than unfit men. In this report, it was also observed that
moderate to high-fit men who were overweight or obese

(BMI z27 kg/m2) did not have elevated death rates as
compared with high fit men who were normal weight
(BMI <27 kg/m2). The high-fit obese men also had
lower death rates than low-fit men who were normal
weight. Specifically, obese men (BMI >30 kg/m2) who
were at least moderately fit had an age-adjusted all-
cause death rate of 18/10,000 man-years of observation
comparedwith a rate of 52/10,000man-years in normal-

Figure 3 Relative risks for all-cause (panel A) and cardiovascular disease (CVD) (panel B) mortality by BMI and other CVD risk
factors in 25,714 men followed for 258,781 man-years of observation (1025 deaths, 439 from CVD). Relative risks were adjusted
for age and examination year. The referent group in each of the five analyses was normal-weight men (BMI 18.5–24.9) who did not

have the CVD risk factor examined in the specific analysis. Overweight men were those with a BMI of 25.0–29.9, and obese men
were those with BMI z30.0. (Adapted from Ref. 53.)
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weight men who were unfit. The highest death rate was
observed in the unfit obese men (62.1/10,000 man-years
of observation).

Extending the observations of Barlow and col-
leagues, Lee et al. (56) performed a more detailed
analysis on the relation of cardiorespiratory fitness to
mortality in overweight men in 21,856 men from the
ACLS cohort. In this study, men with previous myo-
cardial infarction, stroke, and cancer at baseline were
excluded, and the analyses were adjusted for smoking
habit and alcohol intake. The men were stratified by
BMI and cardiorespiratory fitness. Normal-weight men
were classified as a BMI from 19.0 to <25, mild-over-
weight from 25.0 to <27.8, and overweight z27.8 kg/
m2. The investigators used two categories for cardio-
respiratory fitness: (1) unfit (bottom 20th centile based
on age and treadmill time) and (2) fit (the remaining
80%). Fit normal-weight men were used as the refer-
ence group in the analysis. Unfit men had a higher risk
of all-cause mortality than their fit counterparts in all
three BMI categories. In this study, men who were unfit
and overweight had the highest risk for all-cause
mortality at follow-up. However, fit and overweight

men were not at increased risk when compared with fit
normal-weight men and had a lower risk for all-cause
mortality at follow-up than the normal-weight but unfit
men (Fig. 4A).

Lee et al. (57) extended these observations in 1999 by
performing a more detailed investigation of body hab-
itus, cardiorespiratory fitness, and mortality in 21,925
men. The investigators assigned subjects to categories of
lean, normal, or obese based on measures of percent
body fat (either sum of seven skinfolds or underwater
weighing) and waist circumference. The results demon-
strated a direct relationship between percent body fat
and waist circumference measures and risk of all-cause
mortality. Fit men had lower death rates than did their
unfit counterparts within each body fatness and waist
circumference category. Obese men, classified by either
body fatness (z25%) or waist circumference (z99 cm),
who were fit had a twofold lower risk of all-cause mor-
tality than unfit lean men (body fat <16.7% or waist
circumference <87 cm) (Fig. 5A). All-cause mortality
rates in the fit obese men were not significantly different
from those of fit leanmen. In summary, all three of these
studies from the ACLS cohort found that overweight

Figure 4 Body mass index and relative risks of all-cause (panel A) and cardiovascular disease (CVD) (panel B) mortality by
cardiorespiratory fitness level in 21,856 men from the Aerobics Center Longitudinal Study cohort followed for 176,189 years of

observation (427 deaths: 144 CVD, 143 cancer, 140 other). Adjusted for age, examination year, smoking habit, and alcohol
intake. Unfit men (black bars) were the least fit 20% in each age group, and all other men were classified as fit. (Adapted from
Ref. 56.)
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and obese men had elevated mortality only if they were
also unfit.

A few prospective investigations provide analyses
evaluating all-cause mortality as the outcome and phys-
ical activity and BMI as the exposure variables. Most of
these studies provide evidence indicating that over-
weight and obese individuals who are physically active
have a lower risk of all-cause mortality than normal
weight individuals who are sedentary (32,37,54,58,59).
In a study investigating the influence of leisure-time
physical activity on mortality in 16,936 male Harvard
alumni aged 35–74, Paffenbarger et al. (32) performed
an analysis to determine the confounding influence of
BMI on the inverse association between physical activ-
ity and mortality. The investigators reported on the
influence of self-reported physical activity (<500, 500–
1999, z2000 kcal/wk) across categories of BMI (<23.9,
23.9–25.2, z25.3 kg/m2) on all-cause mortality. In this
study, BMI was not significantly related to mortality
and the relation of BMI to mortality was uneven with
men in the lowest and highest BMI groups having the
highest death rates. When stratified by both physical
activity and BMI, the results indicate lower mortality
rates in active men compared to sedentary men in each

BMI group. The most active men in the highest BMI
group had a lower death rate (60/10,000 man-years)
than sedentary men in the two lower BMI categories (81
and 113/10,000 man-years). Rosengren andWilhelmsen
(37) also reported on an analysis investigating whether
the reduction in mortality risk by physical activity
varied according to baseline BMI. As for the results re-
ported by Paffenbarger et al. (32), death rates were lower
with increasing levels of self-report physical activity
across all BMI categories. In this study, age-adjusted
all-cause mortality rates were lower in active men with a
BMI>26.6 kg/m2 as compared with sedentarymen with
a BMI <24.1 kg/m2.

More recently, Dorn et al. (58) reported that phys-
ical activity was inversely related to all-cause mortality
in nonobese men (27.02 kg/m2) but not for obese men
(BMI z27.02 kg/m2) (58). From their results, the in-
vestigators speculated that the benefits of activity on
mortality may not override the harmful effects of excess
weight in obese men. In this cohort from the Buffalo
Health Study, no significant interaction was observed
between activity and BMI on mortality in women.
Haapaanen-Niemi et al. (59) investigated the interac-
tion of BMI, leisure-time physical activity, and per-

Figure 5 Relative risks for all-cause (panel A) and cardiovascular disease (CVD) (panel B) mortality by percent body fat and
cardiorespiratory fitness level in 21,925 men followed for 176,742 man-years of observation (428 deaths: 144 CVD, 143 cancer,

141 other). Relative risks are adjusted for age, examination year, smoking status, alcohol intake, and parental history of coronary
heart disease. Unfit men (black bars) were the least fit 20% in each age group, and all other men were classified as fit. (Adapted
from Ref. 57.)
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ceived physical fitness with the risk of all-cause mor-
tality (59). The study population was 2212 middle-aged
and elderly Finnish men and women followed for 16
years. In this study, low levels of leisure-time physical
activity (LTPA) seemed to predict and low perceived
physical fitness predicted an increased risk of all-cause
mortality among both men and women. However, in
contrast to the hypothesis, obesity was not an inde-
pendent predictor of mortality in this population, and
no interaction effect was found between BMI and
LTPA or perceived fitness and the relative risk of death.
The authors concluded that the beneficial effects of
LTPA and fitness are similar among obese and non-
obese men and women.

2 Cardiovascular disease

Cardiovascular disease is the leading cause of death in
the United States and many industrialized countries. In
theUnited States, CVD is responsible for nearly 950,000
deaths each year (60). Both obesity and a sedentary
lifestyle are strong independent predictors of fatal and
nonfatal CVD (1,8). While the ACSM report does not
make a specific evidence statement on CVD mortality,
the review by Blair and Brodney (54) provides a sum-
mary of three prospective observational studies from
the ACLS cohort that support a reduced risk of CVD
mortality in fit overweight and obese men (54). In the
two studies by Lee et al. (56,57), described earlier for all-
cause mortality, CVD mortality was lower in fit obese
men when compared with unfit lean and unfit normal
weight men. In these analyses there was a tendency for
fit overweight and fit obese men to have higher CVD
mortality than fit normal-weight men (Figs. 4B, 5B).
This finding is in contrast to the finding of no increased
risk between fit normal-weight men and fit obese men
for the outcome of all-cause mortality in these two
studies. The NIH report contains a specific statement
on the independent effect of physical activity in reducing
risk for CVD morbidity and mortality, but provides no
specific review of scientific literature that examines the
evidence supporting reduced CVD mortality in over-
weight or obese individuals (Table 2).

In a more recent study examining the relation
between physical activity and CVD in 1564 female
alumnae from the University of Pennsylvania, Sesso et
al. (61) found an inverse association for CVD risk only
for lean women with a BMI <23 kg/m2. After multi-
variate adjustment, lean women who expended z1000
kcal/wk had a 37% lower CVD risk than women who
expended <500 kcal/wk. In the study from Haapanen-
Niemi et al. (59), as discussed for all-cause mortality,

BMI did not appear to be an independent risk factor for
CVDmortality. More studies are needed to evaluate the
protective influence of physical activity on CVDmortal-
ity in overweight and obesity.

3 Coronary Heart Disease

Both obesity and physical inactivity are major inde-
pendent predictors for CHD (1,8,25). In the United
States, CHD is responsible for >450,000 deaths each
year and is the single leading killer of men and women
(60). Neither of the evidence reports makes a specific
statement on CHD; however, the review by Blair and
Brodney (54) provides a summary of seven prospective
observational studies that included the exposure varia-
bles of body habitus and physical activity as predictors
of fatal and nonfatal CHD. In general, these studies
demonstrate a protective effect of physical activity
against CHD in men regardless of BMI. In a study from
Salonen et al. (62), overweight men (BMI z27 kg/m2)
who were active at work and in their leisure time had a
CHD death rate of 7.4/1000 men compared with a rate
of 25.9/1000 in sedentary men with a BMI <27 kg/m2.
Morris et al. (63) reported a heart attack rate of 7.3/1000
man-years in sedentary overweight (BMI z27 kg/m2)
men and only 1.3/1000 man-years in the most active
men in the same BMI category. The rate in sedentary
normal-weight (BMI <24 kg/m2) men was 5.5/1000
man-years and 1.9/1000 man-years in regular vigorous
exercisers. The lower rate of CHD events in these two
studies suggests that physically active overweight men
may have lower CHDmortality compared with normal-
weight but inactive men.

Unfortunately, none of the studies reviewed by Blair
and Brodney (54) were designed to specifically inves-
tigate the influence of physical activity on CHD in
overweight and obese individuals. Typically, the highest
BMI stratum in these studies had a lower bound in the
mild-overweight category, so we cannot be certain that
the results apply to obese individuals. Only one study
included data for women. There are no studies examin-
ing CHD as the outcome variable and BMI and car-
diorespiratory fitness as exposure variables.

Two more recent studies evaluated the relation of
physical activity to CHD mortality in both men and
women. In the study byDorn et al. (58), physical activity
was only associated with a decreased risk of CHD
mortality in nonobese men. In the study by Haapa-
nen-Niemi and colleagues (59), BMI was not associated
with increased risk of CHDmortality in men or women;
therefore, no interaction effect was found between phys-
ical activity or perceived fitness and BMI for CHD
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mortality. At this time, some evidence suggests that fatal
and nonfatal CHD events are lower in physically active
overweight men than in either normal-weight and over-
weight men who are inactive; however, more evidence is
needed to support an evidence-based statement on this
question.

4 Cancer

Cancer is the second leading killer of Americans and
is responsible for >550,000 deaths each year in the
United States (64). Observational studies have found a
positive relation between overweight and obesity and
the risk for morbidity from several types of cancer, in-
cluding colon, breast, endometrial, and prostate (1,21,
27,65–67). Cross-sectional and observational studies
have also found an inverse relationship between physical
activity and total and site-specific cancer; however, the
findings are not always consistent (33,38). Etiologic
mechanisms for an interaction effect of physical activity
and obesity on cancer incidence seem plausible for
hormone-dependent cancers; however, the strongest evi-
dence for a protective effect is for colon cancer (38). The
most commonly cited mechanism for this effect is re-
duced bowel transit time, which reduces the period of
contact between carcinogens and mucosal cells (38,68,
69). Two recent evidence-based reviews of physical
activity and cancer risk concluded that the majority of
studies observe a 10% to 70% reduction in the incidence
of colon cancer, with the observed relationship being
strongest for cancers of the distal colon (38,68).

Several studies also suggest that there is a dose-
response association between higher levels of physical
activity and decreased risk for colon cancer (33,38).
While the NIH report does not make an evidence state-
ment for physical activity and cancer risk in overweight
and obese individuals, the ACSM expert panel states
that current epidemiological evidence finds a strong
inverse relationship between physical activity and colon
cancer and that a causal connection seems likely (Table
2) (15). Although the effect of BMI has been taken into
account in many studies, few studies have stratified
results using both physical activity and body habitus
as exposure variables (54). In a case-control study,
Slattery et al. (70) stratified the incidence of colon cancer
by physical activity patterns and BMI. The results
suggest a protective effect of intermediate and high
levels of physical activity across BMI categories, partic-
ularly in women. Given the significant limitations of
current physical activity and colon cancer research, it is
difficult to make any statements on the strength of
evidence supporting a protective effect of physical
activity independent of body habitus.

While evidence is building for a protective effect of
physical activity on the risk of developing breast cancer
in pre- and postmenopausal women, evidence-based
statements cannot be made based on existing data (15,
33,38,68). Because of the complex relationship between
body weight and breast cancer risk across the life span
and the methodological limitations of current studies, it
is not clear to what extent physical activity and body
weight might interact to influence risk (68). Also, there
are insufficient data to make evidence-based statements
on the protective effects of physical activity for other
obesity-related cancers such as endometrial and pros-
tate cancers (15,33).

C Comorbidities

Obesity and physical inactivity are directly related to
several chronic disease risk factors, such as insulin
resistance, hypertension, and dyslipidemia (1,8). In this
section, we review the evidence indicating a protective
and often independent effect of physical activity on these
disease risk factors in overweight and obese individuals.

1 Insulin Resistance and Glucose Tolerance

Type 2 diabetes mellitus is a leading cause of death and
disability in many countries (71). In the United States, it
is estimated that nearly 15 million individuals have type
2 diabetes, and the prevalence is rising rapidly (4,72,73).
Type 2 diabetes is characterized by varying degrees of
insulin resistance, relative insulin deficiency, and glu-
cose intolerance. Along with genetic factors, obesity and
physical inactivity are strongly implicated in the devel-
opment of type 2 diabetes (73,74). Both the NIH and
ACSM reports make evidence statements about the
effects of physical activity and moderate to high cardio-
respiratory fitness on insulin action, glucose tolerance,
and diabetes risk in overweight and obese individuals
(Table 2).

Studies indicate that a single session of acute exercise
at an intensity of 55–75% of VO2max and a duration of
45–60 min lowers blood glucose 20–40 mg�dL�1 (1–2
mmol�dL-1) and reduces insulin resistance for 2–3 days
following exercise in subjects with type 2 diabetes
mellitus (33,75). Studies show this effect in both obese
and nonobese men and women (75). Studies examining
the effects of strength training on insulin action have
found similar improvements in insulin action as those
induced by aerobic exercise (76). Experimental studies
indicate that there are several plausible mechanisms for
the beneficial effects of acute and chronic physical
activity intervention on glucose homeostasis and insulin
action. These mechanisms may include reduced hepatic
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glucose production, increased skeletal muscle insulin
sensitivity and glycogen repletion, enhanced glucose
uptake, reductions in visceral and abdominal subcuta-
neous adipose tissue, and depletion of muscle triglycer-
ides (76–79).

For the ACSM consensus conference, Blair and
Brodney (54) evaluated prospective observational stud-
ies that stratified diabetes risk by both body habitus and
cardiorespiratory fitness or physical activity. In these
studies the trend was for physically active overweight
and obese individuals to have a lower incidence of self-
reported type 2 diabetes at follow-up compared with
inactive men in the same BMI group; however, the
overweight or obese men appeared to remain at higher
riskwhen comparedwith sedentary normal-weightmen.
The most convincing evidence of a protective effect
comes from a study by Wei et al. (39) in the ACLS co-
hort. To determine whether cardiorespiratory fitness is
associated with risk for developing impaired fasting
glucose and diabetes, the investigators followed 8633
nondiabetic men who were examined at least twice and
followed for an average of 6 years. The strengths of this
study lie in its objective measure of cardiorespiratory
fitness and the determination of diabetes incidence by
measured fasting plasma glucose at baseline and follow-
up. In this study, after adjusting for multiple influencing
factors, the investigators reported a 1.9-fold risk (95%
CI, 1.5–2.4) for impaired fasting glucose and a 3.7-fold
risk (95% CI, 2.4–5.8) for developing type 2 diabetes in
men with low cardiorespiratory fitness (the least fit 20%
of the cohort) as compared with high-fit men (the most
fit 40% of the cohort). The data from this study also
demonstrated a steep inverse gradient of risk for devel-
oping type 2 diabetes across fitness categories among
individuals with BMI of<27 andz27 kg/m2 (Fig. 6). Fit
men with a BMI z27 kg/m2 had a slightly lower
incidence of type 2 diabetes than unfit men with BMI
<27 kg/m2.

To date, only one RCT has been conducted that
examines the influence of increased physical activity on
the prevention of type 2 diabetes. The Da Qing study,
conducted on 577 Chinese subjects with impaired fast-
ing glucose, found that exercise alone, after adjustment
for baseline BMI and fasting glucose, decreased the risk
for developing diabetes by 46% (80). This rate of risk
reduction was similar to that seen for the diet-only and
diet-plus-exercise arms of the study, and the decrease in
incidence was similar when individuals were stratified
by BMI <25 or z25 kg/m2.

In the ACSM Report, Kelley and Goodpaster (76)
reviewed 11 randomized and nonrandomized trials that
investigated the effect of aerobic exercise at recommen-
ded levels of intensity, duration, and frequency on

insulin sensitivity and glucose tolerance in relation to
obesity (76). Nine of the trials reviewed indicated that
physical activity resulted in improved indices of glucose
homeostasis, notably improved insulin resistance, in the
absence of weight loss or changes in body composition.
Although physical activity appears to have an indepen-
dent beneficial effect on insulin action and glucose
tolerance, data from several studies suggest that greater
effects occur in the presence of weight loss or a change in
body composition, particularly a reduction in ab-
dominal or visceral fat (76,78,81,82). Dengel et al. (83)
reported on a 9-month intervention in 97 men assigned
to one of four groups: weight loss, aerobic exercise,
exercise plus weight loss, and control. The three inter-
vention groups had significant reductions in glucose and
insulin responses to an oral glucose tolerance test
(OGTT) compared with the control group; however,
the reduction in the insulin response for the exercise plus
weight loss group was significantly greater than the
other groups. A recent RCT in 52 obese men by Ross
and colleagues (49) suggests the importance of weight
loss in glucose control. The study found that diet-
induced and exercise-induced weight loss groups
matched for total energy deficit achieved similar
increases in glucose disposal rates compared to the
control and exercise without weight loss groups over
12 weeks of intervention. In contrast, Rice et al. (79)
reported that obesemen randomized to diet plus aerobic
exercise or diet plus resistance exercise achieved greater
reductions in the insulin area under the curve during an
OGTT when compared with men in a diet only group
after 16 weeks of intervention. In this study, reductions
in weight and visceral and subcutaneous adipose tissue

Figure 6 Incidence of type 2 diabetes per 1000 person-years

by cardiorespiratory fitness levels according to BMI. Of 8633
nondiabetic men at baseline examination, 149 developed type
2 diabetes during an average follow-up of 6 years. White bars

indicate low-fit men (least fit 20%), diagonal lines moderate-
fit men (next 40%), and black bars high-fit men (remaining
40%). (Adapted from Ref. 39.)
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were not different among the three treatments. In sum-
mary, while clinical trial data provide evidence that
physical activity independently improves insulin action
and glucose tolerance independent of weight loss, the
combination of exercise plus dietary intervention to
induce weight loss appears to produce more favorable
changes in glucose homeostasis.

A recent study from the ACLS cohort suggests that
physical activity and cardiorespiratory fitness may pro-
vide protection against prematuremortality inmenwith
type 2 diabetes. In this study, Wei et al. (84) reported on
1263 men with type 2 diabetes followed prospectively
for all-cause mortality. During an average follow-up of
12 years there were 180 deaths. After adjusting for
multiple influencing factors, men in the low-fitness
group (bottom 20th centile based on age and treadmill
time) had a risk for all-cause mortality of 2.1 (95% CI,
1.5–2.9) compared with fit men (remaining 80%). Men
who reported being physically inactive at baseline had
an adjusted risk for mortality of 1.7 (95% CI, 1.2–2.3)
compared with physically active men. In this study,
fitness had the same protective effect in normal-weight
(BMI <25 kg/m2) and overweight men (BMI z25 kg/
m2). Hu et al. (85) reported on the influence of physical
activity on CVD in 5125 female nurses with type 2
diabetes over 14 years of follow-up. In this study,
greater leisure-time physical activity was associated
with a reduced risk of CHD and stroke, and the inverse
association persisted in a subgroup analysis stratified by
BMI. The results of these two studies suggest that
physical activity and cardiorespiratory fitness have
strong and independent effects on morbidity and mor-
tality in individuals with type 2 diabetes and that the
protective effect extends to both normal weight and
overweight individuals.

2 Hypertension and Blood Pressure

Hypertension is a leading cause of CVD morbidity and
mortality. In the United States it is estimated that >50
million individuals have hypertension, with many cases
undiagnosed (60). The long-term complications associ-
ated with hypertension include atherosclerotic cardio-
vascular, cerebrovascular, and peripheral vascular
disease. Weight reduction and increased physical activ-
ity are widely accepted lifestyle interventions for the
management of hypertension (86). Both the NIH and
ACSM expert panels conclude that physical activity
reduces blood pressure independent of weight loss and
place the evidence in category A (Table 2). Observa-
tional studies suggest that physical activity reduces the
risk for developing hypertension independent of body

habitus (15,54,87). Paffenbarger et al. (88,89) followed
two cohorts of male college alumni for up to 15 years for
the development of incident physician diagnosed hyper-
tension. In general, men participating in vigorous sports
play had a lower risk of developing hypertension than
sedentary men, with the greatest protection occurring in
men in the highest BMI categories. Evidence from cross-
sectional surveys and prospective observational studies
is supported by RCTs (87). Investigators have identified
several plausible mechanisms for this beneficial inde-
pendent effect of physical activity on blood pressure.
Such mechanisms may include reduced peripheral vas-
cular resistance, decrease in plasma catecholamine con-
centrations, changes in autonomic regulation, and de-
creased plasma volume (87,90).

There is strong evidence that a single session of exer-
cise at an intensity of 50–100% of VO2max produces a
lowering of 18–20 mmHg in systolic and 7–9 mmHg in
diastolic blood pressure with the maximal changes oc-
curring in individuals with stage I hypertension (33,75).
The post exercise hypotension may persist for up to 12–
16 hours after exercise, thus offering individuals with
hypertension a significant amount of protection on days
that activity is performed. A recent meta-analysis of 44
RCTs found that aerobic training from three to five
times per week for 30–60 min per session and at an
intensity of at least 40–50% ofmaximal exercise reduces
blood pressure, particularly in hypertensives (91). In this
review, Fagard determined that aerobic exercise train-
ing reduces blood pressure, after controlling for weight
loss and dietary change, by an average of 3.4/2.4 mm
Hg. The blood pressure reduction in response to exercise
training was greater in hypertensive individuals (7.4/5.8
mmHg). In an earlier meta-analysis and evidence-based
review for the ACSM report, Fagard (87) summarized
the results from 64 study groups according to whether
the average baseline BMI was <25 or z25 kg/m2. Re-
ductions in blood pressure associated with exercise
training were similar in the two BMI groups, although
BMI decreased significantly in the overweight but not
in the lean subjects. A metaregression analysis of these
data demonstrated that there were no significant rela-
tionships between changes in blood pressure associated
with exercise training and initial BMI or changes in
BMI.

Several recent investigations indicate that exercise
training alone, while effective, is less effective for reduc-
ing blood pressure than diet-induced weight loss in
overweight and obese individuals (82,87). In his review,
Fagard also compared exercise training versus dietary
intervention in 11 study groups (87). The reduction in
blood pressure and BMI with diet alone was signifi-
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cantly greater than that of exercise alone. It is likely that
the greater reduction in blood pressure seen with the
dietary interventions is due to weight loss. Some studies
indicate that exercise-induced and diet-induced weight
losses appear to produce similar reductions in blood
pressure (92,93). In addition, several studies indicate
that there is not a synergistic effect on blood pressure
control when exercise is combined with dietary therapy
(83,87,92). Fagard compared diet alone with combined
diet and exercise in 11 study groups and found that there
was not an additive blood pressure lowering effect for
the combined intervention, although the combined
intervention was more effective in reducing BMI (87).
However, amore recent study, by Blumenthal et al. (94),
found that the addition of a behavioral weight loss
program enhanced the blood pressure lowering effect
of exercise alone. It is important to note that in several of
these studies exercise training significantly increased
fitness compared with no change with diet-induced
weight loss (1,8,83,92). Work from our center provides
evidence that moderate to high levels of fitness may pro-
vide an independent protective effect against premature
mortality in normotensive and hypertensive men (95).

3 Lipids and Dyslipoproteinemias

It is widely accepted that blood lipids are a major factor
in the process that leads to atherosclerotic CVD (96).
Treatment of unfavorable lipid levels reduces the inci-
dence of fatal and nonfatal CHD events (97). A large
body of evidence from cross-sectional observational
studies, clinical trials, and experimental investigations
supports a beneficial effect of physical activity on blood
lipids, particularly HDL cholesterol (HDL-C) and tri-
glycerides (15,33,98,99). The most frequently observed
change associated with physical activity intervention is
an increase in HDL-C. Exercise training also appears to
attenuate the reduction in HDL-C accompanying
decreased dietary intake of saturated fat and choles-
terol. Less frequently observed are decreases in total
cholesterol and LDL-C. According to Leon and San-
chez, exercise training in RCTs typically involved mod-
erate to vigorous exercise three to five times per week for
30–60 min and a study duration of 12–52 weeks (98).
There is also strong evidence for an acute beneficial
effect of endurance exercise onHDL-C and triglycerides
(33,75). Experimental investigations have identified sev-
eral possible mechanisms for the favorable influence of
physical activity on lipid levels. Themechanisms include
increases in lipoprotein lipase activity, decreases in
hepatic triglyceride lipase activity, and depletion of
intramuscular triglycerides (75).

Both the NIH and ACSM reports place evidence for
a favorable effect of physical activity on blood lipids in
overweight and obese individuals in category A, partic-
ularly if the physical activity is accompanied by weight
loss (Table 2). Although the body of evidence is small, it
appears that much, if not most, of the effect of physical
activity on lipid levels in overweight and obese individ-
uals is mediated through changes in weight and body
composition. The ACSM consensus panel determined
that physical activity of a volume that results in at least a
4.5-kg weight loss will raise HDL-C and lower trigly-
cerides in men and postmenopausal women (15). The
addition of physical activity to caloric deficit low-fat
diet may reverse the HDL-C lowering effect associated
with this eating pattern in overweight men and women.
Physical activity significantly enhances the LDL-C-low-
ering effect of a weight-reducing low-fat diet (15,99).
However, it is important to note that the number of
studies evaluating the effects of physical activity in
overweight or obese individuals with adverse lipopro-
tein profiles is very limited.

In the ACSM report, Stefanick (99) provides an
evidence-based review of RCTs on the effects of phys-
ical activity on dyslipoproteinemias in overweight and
obese men and women (99). Stefanick reviewed six
RCTs conducted in men and/or women with a mean
BMI of 25 to 29.9 kg/m2 and five studies in obesemen or
postmenopausal women (BMIz30 kg/m2). In a trial of
132 overweight premenopausal women, diet plus exer-
cise significantly increased HDL-C compared to diet
only intervention, but not compared to controls (100).
There were no significant differences in total choles-
terol, LDL-C, or triglycerides between the intervention
groups. The diet only group had a nonsignificant
decrease in HDL-C, which indicates that the exercise
may have offset the HDL-C-lowering effect of the
hypocaloric, low-fat diet. In the five other studies
reviewed involving overweight men and women, there
were no significant changes in total cholesterol, triglyc-
erides, or HDL-C levels when exercise only groups were
compared to controls or when diet plus exercise was
compared to diet alone. However, in three trials, the
addition of aerobic exercise to diet resulted in significant
improvements in lipids compared with controls. In one
study, men and women who adopted a National Cho-
lesterol Education Program Step 2 Diet and aerobic
exercise significantly reduced LDL-C compared to con-
trols (101). In her review, Stefanick concluded that the
addition of exercise to a weight-reducing diet and/or
reduced-fat diet in overweight men and women pro-
duced only modest benefits in HDL-C, triglycerides,
and LDL-C compared to that achieved by diet alone. Of
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the five studies reviewed in obese men and women, only
one demonstrated a favorable effect of diet plus exercise
compared to diet alone on HDL-C and triglycerides
(100).

V RECOMMENDATIONS

A Research

The current body of evidence evaluating the association
of physical activity to obesity-related health outcomes is
limited. As reviewed, few studies have specifically eval-
uated the independent influence of physical activity on
obesity-related health outcomes. In addition, most
studies evaluating the association of overweight and
obesity to morbidity and mortality fail to appropriately
account for the potential confounding influence of
physical activity and cardiorespiratory fitness on health
outcomes. In studies where physical activity is consid-
ered, it is often measured so crudely that there is too
much misclassification to have high confidence in the
data. To determine and account for the independent
association of physical activity to morbidity and mor-
tality in overweight and obesity, results from prospec-
tive observational studies must be presented by both
strata of body habitus and physical activity with better
control for potential confounding factors such as
changes in diet and health status. Unfortunately, few
of the available studies in this area include women, older
subjects, or minority groups. In addition, most studies
are limited to overweight and class I obesity, with few
individuals with higher levels of obesity. The current
body of evidence is particularly limited for other obe-
sity-related health outcomes such as cerebrovascular
disease, functional disability, osteoarthritis, cancer,
prothrombotic states, mood disorders, and health-
related quality of life (15,33).

To improve the quality of data, researchers must
develop better methods of assessing and quantifying
physical activity in overweight and obese individuals.
We need improved surveillance methods for monitoring
physical activity patterns and trends within populations
to better understand and characterize the influence of
activity patterns on the increasing prevalence of over-
weight and obesity. More data are needed to better
characterize environmental, psychosocial, and behav-
ioral trends that influence weight, physical activity
participation, and health outcomes. The major deter-
minants of physical activity participation by overweight
and obese individuals must be assessed and effective
public health and clinical interventions developed to
promote the adoption and maintenance of beneficial

levels of physical activity. Research efforts must be
directed at finding effective ways to apply behavioral
theories and methods to physical activity counseling
and intervention in the clinical setting.

Investigators must employ better design for RCTs to
account for the complex interrelationships and syner-
gistic effects between physical activity, body weight,
adiposity, dietary change, and health status on health
outcomes. More RCTs must be conducted to better
characterize the mechanisms by which physical activity
influences obesity-related health outcomes and disease
risk factors. More research is needed to determine the
minimal and optimal levels of physical activity neces-
sary to favorably influence disease risk factors and
health outcomes in overweight and obese individuals.
Variables of importance include the length of interven-
tion and the frequency, intensity, duration, and total
dose of physical activity. The objective of this line of
research is to better characterize the quantitative effect
or dose-response relationship of physical activity to
obesity-related health outcomes.

B Public Health

The public health burdens of physical inactivity and
obesity are substantial. Recent reports indicate that
obesity and the contributing lifestyle factors of physical
inactivity and poor dietary habits are responsible for
between 14% and 23% of total mortality in the United
States (29). Overall, the total direct healthcare delivery
cost associated with obesity and physical inactivity
account for some 9.4%, over $94 billion, of national
health care expenditures in theUnited States (29). Given
the disease burden and public health impact of obesity
and its increasing prevalence, population-based strat-
egies for obesity prevention deserve increasing emphasis
and attention. It is likely that the prevalence of low
fitness is substantially higher than the prevalence of
other obesity-related disease risk factors, such as dia-
betes. Given the high prevalence of both physical inac-
tivity and obesity and strong association with all-cause
and CVD mortality, the population-attributable risk
associated with low fitness levels in obese individuals is
substantial (53). Ultimately, for obesity control at the
population level, public health and environmental pol-
icies aimed at increasing opportunities for physical
activity are of paramount importance.

Research and clinical experience must be used to
help guide public policy decisions. Public health organ-
izations and educational institutions must communi-
cate to governmental agencies and the public the
importance of physical activity in improving health
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and preventing weight gain. Organizations and agencies
must help develop and implement effective strategies to
promote the adoption of physically active lifestyles
among all members of society. We need to take special
actions to target population subgroups where physical
inactivity and obesity are particularly prevalent. Re-
searchers and clinicians must assume a leadership role
in the promotion of physical activity at the public
health level. Public health efforts must be directed at
strategies to create public environments that are con-
ducive to physical activity, particularly for overweight
and obese individuals.

To achieve these public health goals, several things
must happen:

1. Communities need resources to develop parks,
walking and bicycle paths, playgrounds, recreation
centers, and safe neighborhoods.

2. Worksites and public buildings must provide
facilities and programs that encourage physical activity
and increase access for all individuals.

3. Architectural designs must begin to make stairs
more accessible and appealing and include parking
areas that encourage walking.

4. School-based programs must capitalize on the
opportunity to promote physical activity among a large
number of children, adolescents, and their families.

5. Media messages and public awareness campaigns
to encourage active lifestyles and healthy weights need
to be developed and delivered.

6. More citizens need to develop and apply behav-
ioral skills to avoid the allure of technologies that pro-
mote sedentary living.

C Clinical Practice

It is clear that regular physical activity is helpful for
weight control and provides important health benefits
for overweight and obese individuals. Because of these
benefits, professional and governmental bodies have
provided expert consensus documents and recommen-
dations on physical activity both for the treatment of
overweight and obesity and for health enhancement in
the general population (1,8). However, despite general
consensus and expert guidelines, the barriers to physical
activity counseling and participation present significant
challenges for clinicians and patients, respectively. A
recent survey of U.S. adults found that, of 44% of
women and 29% of men trying to lose weight at any
given time, <40% report engaging in the recommended
150 min or more of leisure-time physical activity per
week (102). Another survey found that >54% of over-
weight and obese patients are not receiving exercise

counseling from their physicians (103). Health care
professionals face several established barriers to phys-
ical activity counseling in clinical practice including lack
of time, inadequate reimbursement, and little training in
physical activity and behavioral counseling. Despite the
barriers, available evidence indicates that clinicians
must assess physical activity and fitness status in over-
weight and obese individuals to allow for a more
complete risk stratification and enhanced clinical deci-
sion making. We feel that it is as important for health
care professionals to provide physical activity assess-
ment, prescription, and counseling as it is to assess and
treat other obesity-related comorbidities, such as dia-
betes and hypertension. Given the beneficial effects of
physical activity on health outcomes, health care pro-
fessionals have the responsibility to routinely promote
physical activity to increase cardiorespiratory fitness in
all patients. Clinical research must guide the develop-
ment and implementation of policies and programs
that will eliminate the barriers to physical activity
counseling and participation and promote the appli-
cation of proven physical activity interventions in clin-
ical practice.

Available evidence favors a combination of dietary,
physical activity, and behavioral intervention as the
most important strategy for weight loss and mainte-
nance in clinical practice (1). Although questions remain
as to the minimal and optimal doses of physical activity
needed to favorably influence obesity-related health
outcomes, available evidence indicates that current
public health recommendations for a minimum of 30
min ofmoderate-intensity physical activity accumulated
on most, preferably all, days of the week will result in
significant health benefits for overweight and obese
individuals. Some evidence suggests that higher levels
of physical activitymay be needed to produce significant
weight loss or promote long-term weight maintenance
(104,105). Applying validated behavior modification
techniques in clinical practice and educating patients
on alternative approaches to physical activity, such as
lifestyle physical activity and the accumulation of short
bouts of moderate to vigorous activity, may improve
patient participation in and adherence to clinically
beneficial levels of physical activity (106–109). It is
important to recognize that physical activity is a behav-
ior that requires certain skills to integrate it into one’s
lifestyle. We believe far more success can be achieved if
clinicians and patients focus on developing the behav-
ioral skills (i.e., goal setting, problem solving, and self-
monitoring) needed to increase physical activity and
improve health rather than the traditional focus on the
attributes of weight and body composition. We have
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published specific guidelines and programs for using
physical activity in this way (106,110,111). We also
recommend that all healthcare professionals adopt a
physically active lifestyle themselves. Clinicians who are
active and fit will not only benefit personally, but also be
better able to counsel patients on the benefits of adopt-
ing and enjoying a physically active lifestyle.

VI CONCLUSIONS

Current evidence indicates that higher levels of physical
activity and cardiorespiratory fitness have a beneficial
influence on several adverse health outcomes associated
with overweight and obesity. For many of these adverse
health outcomes, moderate to high levels of physical
activity and cardiorespiratory fitness provide benefits
independent of changes in weight or body composition.
Overweight and obese individuals who are or who
become physically active have better risk factor profiles
and lower rates of disease and death than overweight
and obese individuals who are inactive and unfit. Phys-
ical activity appears to work synergistically with dietary
intervention and weight loss to produce more favorable
risk factor profiles in overweight and obese individuals.
Although the current body of research is limited, some
evidence suggests that fit overweight and obese men
have lower rates of all-cause and CVD mortality when
compared with normal-weight men who are unfit. More
research is needed to evaluate the extent to which
physical activity attenuates mortality risk in overweight
and obese individuals. More public health efforts and
clinical strategies for promoting physical activity are
needed to decrease the incidence of obesity and its
associated adverse health outcomes.
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I OVERVIEW OF RESEARCH EVIDENCE

Quality of life, particularly health-related quality of life,
has been defined as the ‘‘physical, psychological, and
social domains of health, seen as distinct areas that are
influenced by a person’s experiences, beliefs, expecta-
tions, and perceptions’’ (1). This definition makes it
explicit that quality of life includes not only objective
indicators but also subjective appraisals of well-being.
Further, the growing interest in assessing quality of life
reflects the recognition that health is much more than
the absence of disease.

Obesity is at once a chronic condition with numerous
effects on physical health and functioning, a publicly
apparent characteristic with pervasive social implica-
tions, and a vexing health problem whose remediation
or control requires long-term, often difficult behavioral
changes. It is thus expected that obesity may affect
quality of life inmanyways. A growing body of research
has examined the quality of life experienced by obese
persons. Quality of life in obesity has been studied with
questionnaires explicitly assessing a range of areas of life
functioning, with assessment of specific psychiatric dis-
orders or moods, and with examination of other indi-
cators of life quality. We will approach this research
from the point of view that different aspects of quality
of life may be affected by obesity in different ways, and

that various factors influence how obese individuals are
affected.

The present section describes measures of overall
quality of life, mood and personality, eating behavior
and disturbed eating, dietary restraint and overeating/
binge eating, and body image. Sections II–IV of this
chapter provide a review of research findings pertain-
ing to obesity and quality of life. Section V describes
frequently used assessment methods that measure var-
ious aspects of quality of life. When reading these sec-
tions, the reader may wish to refer to the section on
methods if there are questions about the reliability and
validity of a particular measure that was used to assess
the relationship between obesity and quality of life.

A Obesity and Quality of Life

1 Overall Quality of Life

Two questionnaires that have been frequently used in
this research are the Impact ofWeight onQuality of Life
questionnaire (2) and the Medical Outcomes Study
Short-Form Health Survey (SF-36) (3). They are de-
scribed in more detail later in this chapter. Among a
sample of treatment-seeking obese men and women,
functioning in most areas of the Impact of Weight on
Quality of Life questionnaire was worse with increas-
ing body mass index (BMI). Women reported greater

1005



impact on Self-Esteem and Sexual Life than did men
(2,4).

Obese persons seeking weight loss treatment have
reported worse functioning in all eight domains of the
SF-36, especially bodily pain and vitality, compared
to population norms. Differences remained after con-
trolling for sociodemographic factors and certain co-
morbidities including depression. Physical and social
functioning was worse among themost severely obese in
the sample. Bodily pain scores were comparable to those
of migraine sufferers (5).

Again using the SF-36, Fontaine et al. (6) foundmore
impaired functioning among a group of treatment-
seeking obese people compared to a group of obese
respondents not trying to lose weight. The differences
were primarily on measures of physical functioning,
consistent with the higher average BMI and higher
prevalence of hypertension, chronic pain, and diabetes
among the treatment seekers. However, differences on
bodily pain, general health and vitality persisted after
controlling for sociodemographic andmedical variables
on which the groups also differed. Further, among an
obese treatment-seeking sample, worse physical func-
tioning was related to greater BMI, higher age, report of
pain, andmale gender, although few such relations were
seen with mental functioning scores (7).

With other measures of quality of life, baseline as-
sessment of participants in the Swedish Obese Subjects
study (BMIs z 34 for males, z 38 for females) revealed
lower subjective ratings of current health, worse so-
cial functioning, and lower rates of employment, com-
pared to population norms and other reference groups.
Women reported worse general health than men, while
the reverse was true of themeasure of social functioning.
Indices of somatic morbidity (joint symptoms, angina
pectoris, days in hospital) and of previous psychiatric
morbidity were associated with worse ratings of current
health and social functioning (8).

With a mail survey of nearly 9000 adults in the Ox-
ford region of England, Doll et al. (9) assessed the asso-
ciation of obesity with quality of life as measured by the
SF-36. Increasing degrees of obesity were associated
with decreasing physical well-being, regardless of the
presence or absence of other chronic medical condi-
tions. Emotional well-being was adversely affected only
for those obese subjects with chronic medical condi-
tions, and their emotional functioning was not signifi-
cantly different from that of nonobese subjects with
equal degrees of chronic illness. However, the obese
subjects were significantly more likely to report having
chronic illness.

Brown et al. (10) assessed the effects of obesity among
a large population-based sample of Australian women
18–23 years of age, using the SF-36. They found that
even among this young group, functioning was lower
among overweight and obese groups on the measures
of general health, physical functioning, and vitality.

Other objective indicants of quality of life reflect im-
paired quality of life for many obese people. Obesity in
adolescence and/or early adulthood has been found
at follow-up 7 years later to predict lower rates of mar-
riage, and for women, lower educational achievement
and income and higher rates of poverty in American
(11) and British (12) samples. Relative to thinner wom-
en, heavier women are more likely to marry men of
lower socioeconomic status (13).

Additional evidence regarding the perceived effect of
obesity on quality of lifemay be inferred from the degree
of value placed by obese people on achieving a lower
weight goal. Rand and MacGregor (14) reported that
gastric bypass patients who had lost at least 45 kg (100
lb) indicated that they would prefer to be blind, deaf,
dyslexic, diabetic, or an amputee rather than return to
their former severely obese status, and stated unani-
mously that they would forego the opportunity to be a
millionaire if it required them to be obese again. In an-
other study, obese treatment seekers and obese and
nonobese members of a community sample answered
forced-choice items assessing what they would hypo-
thetically sacrifice or endure to reach andmaintain their
personal weight goal (15). Nearly 90% or more of the
treatment-seeking obese, and 40% or more of the non-
treatment-seeking obese, said they would be willing to
forego a job promotion, retiring with full pay, eliminat-
ing the national debt, or winning their dream house or
car or an all-expenses-paid vacation. Smaller majorities
of the treatment seekers said they would suffer loss of
half their income or a job demotion, although relatively
few of the community obese sample were willing to incur
negative events. Figures 1 and 2 summarize these find-
ings. From the findings of these studies, it is apparent
that obesity is a status that is loathed by those who have
developed excess adiposity.

2 Psychological Functioning

Although obesity is not a psychiatric diagnosis (16), a
lengthy literature has assessed psychological function-
ing among obese persons. It appears that among non-
clinical samples of obese people, rates of diagnosable
psychopathology are no greater than among nonobese
groups (17–20). However, lifetime prevalence rates of
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certain psychiatric disorders in the general population
are substantial; thus, any obese group may be expected
to include a number of people so afflicted, independent
of weight status.

Nonetheless, clinical samples of people seeking treat-
ment for their obesity have been shown to display
prevalence rates of psychiatric disorders and other
measures of psychopathology higher than those seen
among the general population. Among persons seeking
professionally directed dietary, pharmacological, or
surgical treatment, lifetime prevalence rates of 48–
57% have been reported for axis I (e.g., anxiety or
depression) psychiatric disorders (21–23). This com-
pares to general population rates of 26–35% (24). One
study found the lifetime rate of personality disorder
diagnoses was 57% among applicants for outpatient
treatment (21).

Moderately to severely obese men and women
assessed at entry to the Swedish Obese Subjects study
described lower mood states and more symptoms of
depression and anxiety compared to a healthy reference
group. Further, their overall mood scores were worse
than those of samples of rheumatoid arthritis patients,

recurrence-free cancer survivors, spinal cord injury
victims, and intermittent claudication patients. The
obese participants’ anxiety and depression scores were
also higher than most of these groups (8).

It has been observed that the extent of psychological
distress among obese treatment-seeking groups is sim-
ilar to that observed among other groups of medical or
surgical patients (19). This observation suggests that
the higher rates of distress among obese subjects ob-
served in clinical studies, compared to population-based
studies, reflect a selection bias in which those who are
more distressed seek treatment. Indeed, when treat-
ment-seeking obese samples have been compared to
nonclinical obese samples, higher rates of psychological
disturbance or distress have often been found among
the treatment-seeking patients. For example, among
obese females, those seeking treatment were more de-
pressed and histrionic than those from a nonclinical
sample (25). In another study, obese people applying for
weight loss treatment reported more symptoms of bor-
derline personality disorder than groups of nonclinical
obese or nonobese controls, and only the treatment-
seeking obese subjects showed more psychiatric symp-

Figure 1 Hypothetical positive events foregone to reach weight goal. aTreatment-seeking obese participants differ from non-
treatment-seeking obese participants. bNon-treatment-seeking obese participants differ from nonobese participants (P < .01).

(From Ref. 15.)
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toms than the nonobese controls (17). A sample of
treatment-seeking extremely obese adolescents and
young adults demonstrated higher prevalence rates of
mood, anxiety, somatoform and eating disorders, com-
pared to a less obese population group and a general
population group (26).

It has been contended that rather than asking
whether obesity per se increases the risk of psychopa-
thology or psychological distress, research should
attempt to determine which obese people are more vul-
nerable to associated psychological disturbance (32).
Such studies may reveal not only subgroups that are
more susceptible to obesity-related psychological dis-
tress, but other subgroups that are more resilient. For
example, one study of the relation of BMI to depres-
sive symptoms among an older (50–89 years old) com-
munity sample in California found that whereas there
was a trend for heavier women to have more depres-
sive symptoms, obese men actually had lower scores
on the Beck Depression Inventory than did their non-
obese counterparts (27).

Although there are some reports of impaired self-
esteem among adult obese patients (2) and, to a lesser
degree, nonpatient obese adults (28), much research in

this area has focused on children and adolescents.
Studies of the effects of obesity on self-esteem among
preteenage children have yielded inconsistent results,
with some finding lowered self-esteem and others find-
ing no differences. However, the deleterious effects of
obesity on self-esteem are more consistent among ado-
lescents and young adults (29–31). While some studies
have shown that in some groups (e.g., white and His-
panic females), obesity in the preteen years predicts
impaired self-esteem in early adolescence (30), other
studies have suggested that causality may be bidirec-
tional. Studies of black middle-school girls and boys
and of white adolescent girls found that higher self-
esteem scores were associated with lower weight gain
over the next 1–3 years (29).

3 Interpersonal Consequences of Obesity

One pervasive, consistent effect of obesity on quality of
life is seen in the social realm. It has been widely noted
that at least in the United States and other Western
societies, obese people inhabit a world that is poised to
treat them badly (19,20,32,33). Negative attitudes
toward obese people have been demonstrated among

Figure 2 Hypothetical negative events to be incurred to reach weight goal. aTreatment-seeking obese participants differ from

nontreatment-seeking obese participants (P < .01). (From Ref. 14.)
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adults and children, even preschoolers (19,20,33,34).
Unfortunately, they have also been found among health
care professionals (35–38). Obese women in weight loss
treatment reported less satisfaction with and confidence
in their physicians’ management of their obesity than of
their general health. However, fewer than 10% reported
frequent, negative interactions with their physicians
concerning their weight (39).

Negative attitudes are frequently reflected in preju-
dicial behavior against obese people. The extent of dis-
crimination in employment and educational settings has
been frequently documented (11,33,40,41). Obese adults
frequently report perceived mistreatment due to their
weight at the hands of strangers and loved ones alike,
with the frequency of such reports related to degree of
obesity (42).

One result of repeatedly interacting with a world that
is often flinty and at worst hostile may be a reduction in
opportunities to develop certain social skills. For exam-
ple, in a study in which obese and nonobese women
conversed on the telephone with anonymous partners
who were unaware of their weight status, the obese
women were rated by both the partners and reviewers
of the taped conversations as being less friendly, less
likable, less attractive, and less socially skilled (43).
However, the same research team later found no differ-
ences between obese and nonobese women in the rated
quality of their actual relationships or social behavior,
based on ratings by both participants and their friends
and coworkers (44). Interestingly, a study of 9-year-old
British schoolgirls found that although the overweight
and obese girls were less likely than nonoverweight girls
to be rated as pretty by peers, they were just as popular
as measured by peer nomination questions (45).

B Is There an ‘‘Obese Personality’’?

Stereotypic views of the personality makeup of obese
persons have been long and widely held by the public
and by professionals. For example, in 1941 psychoana-
lyst Hilde Bruch (46) noted: ‘‘It is a matter of common
knowledge that obese people show certain similarities
of character and behavior. According to popular opin-
ion, fat people are cheerful and easygoing. They enjoy
life in general, and good, rich food in particular.’’Bruch
(46) took issue with that lay view: ‘‘This popular con-
cept has been challenged as incorrect for the obese
adult. . . . It certainly is not true for the obese child. On
the contrary, obese children are fundamentally unhappy
and maladjusted. Timid and retiring, clumsy and slow,
they are not capable of holding a secure place among
other children.’’

It is noteworthy that Bruch challenged only the accu-
racy of the popular stereotypes, not the underlying as-
sumption that there was a common set of personality
characteristics that captured the behavioral and psy-
chological functioning of obese adults or children. Per-
sonality traits represent psychological and/or behav-
ioral dimensions which vary broadly across members of
the normal population, but on which a particular per-
son is generally consistent across time and situations.
For example, extraversion/introversion, rigidity/flexi-
bility, masculinity/femininity, dominance/submission,
and obsessive-compulsive tendencies may all be con-
sidered personality traits. There is little consistent evi-
dence that obese people differ from the nonobese on
such general dispositional traits, and little evidence that
there are significant personality characteristics that are
unique to obese persons (47,48).

In contrast to personality traits, personality type can
be thought of as the relative configuration of various
individual traits. In order to demonstrate that there is
an ‘‘obese personality,’’ there should be evidence that
the obese population has personality types that are gen-
erally homogeneous within that group and generally
different from those types seen in the nonobese popu-
lation. Neither type of evidence has been reported. One
cluster analysis of Minnesota Multiphasic Personality
Inventory profiles of 170 women applying for obesity
surgery found that there were five derived cluster pro-
files that were similar to those found in other popu-
lations. Further, these five nonunique prototypes de-
scribed barely more than half the subjects (49). It is
unlikely that the broader and much more diverse pop-
ulation of obese persons is any more homogeneous or
different from nonobese people than was this group
of surgery applicants. Given the sheer numbers of the
obese population, it is improbable that so many indi-
viduals could be described by a very small number of
personality types.

C Body Image and Obesity

The term body image has been used to describe many
aspects of perceived physical appearance. Generally,
body image refers to one’s perception or evaluation of
body size and shape (50–52). Using this definition, body
image is not defined as satisfaction with other aspects
of physical appearance, which might include such fea-
tures as complexion, hair, facial shape, etc. Instead,
body image specifically refers to the perception or eval-
uation of body shape or size. Body image is often defined
as the estimation of body size (including actual and
ideal body size) or as body size dissatisfaction. Body size
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dissatisfaction is often measured using questionnaires
about satisfaction with various body parts or with the
whole body (53). However, body size dissatisfaction has
also been defined as the discrepancy between actual and
ideal body size (54), and this actual-ideal discrepancy
measure is highly correlated with questionnaire mea-
sures of body size dissatisfaction (55,56).

Studies of body size dissatisfaction have found that
obese people are more dissatisfied with body size than
are nonobese controls, though this relationship is mod-
erated by the perception of being overweight, as op-
posed to actually being overweight (57), as defined by
conventional standards such as BMI. Generally, the
severity of body size dissatisfaction is positively corre-
lated with actual body size (56), though certain other
variables, e.g., ethnicity and gender, moderate this rela-
tionship (56–58). One consistent finding is that African-
American men and women report lower levels of body
size dissatisfaction than white men and women (56).
Concerns about body size and shape also differ as a
function of gender and sexual orientation. For exam-
ple, Strong, et al. (59) found that heterosexual women
were most highly concerned about body size, followed
by gay men and lesbians, who did not differ, and all
groups had greater body size concerns than did hetero-
sexual men.

Studies of body size estimation by obese persons have
yielded variable results. Some studies have found that
obese persons are more likely to overestimate body size
(60–62), while other studies have failed to find this phe-
nomenon (32,63,64). In general, as BMI increases, the
discrepancy between actual and ideal body size in-
creases dramatically (65). A recent study found that in
comparison to black adults, white men and women
overestimated actual body size and underestimated
ideal body, resulting in greater body size dissatisfaction
in overweight/obese white adults (56).

D Dieting and Disturbed Patterns of Eating

Over the past 25 years, there has been a widely held
belief that dieting leads to binge eating or overeating
(66). This perspective led to the conclusion that diet-
ing may be hazardous to one’s health, causing weight
cycling, binge eating, and other adverse health conse-
quences (67,68). Other reviews of the literature, e.g.,
Yanovski (69), found few if any significant short-term
or long-term effects of weight cycling. Therefore the
validity of the perspective that dieting causes disturbed
patterns of eating has been challenged in the past dec-
ade. A key concept for this perspective was dietary
restraint. According to this view, voluntary intention

to restrict energy intake was often disrupted, causing
‘‘disinhibited eating,’’ whereby the person overate since
the prohibition against eating had been violated (70).

Over the past 25 years, a number of laboratory stud-
ies have supported this conclusion (71), but a number of
studies have also questioned the validity of this theory
(72–75). An important consideration when reviewing
this literature is the methodology for measuring die-
tary restraint. For example, Stunkard and Messick (76)
developed a questionnaire that separated dietary re-
straint and the susceptibility to overeat. Using this ques-
tionnaire, a number of studies have found that some
people who are attempting to restrict energy intake can
successfully do so and, as a consequence, can maintain
lower body weight without adverse psychological con-
sequences (72,74). Other studies have suggested that
there may be safe (flexible) dieting strategies and unsafe
(rigid) dieting strategies (73,77). Flexible dieting strat-
egies are characterized by less rigid rules about weight
management and have been found to be associated with
less severe binge eating and mood disturbances. How-
ever, it should be noted that all of the studies on rigid
versus flexible dieting have used cross-sectional research
designs, so it is not possible to discern if the relative
absence of adverse psychological correlates is a direct
consequence of flexible dieting or whether lower levels
of psychological disturbance may allow for the presence
of less rigid weight control strategies to manage body
weight.

Finally, there is some evidence that extreme obesity
may be associated with unrestrained overeating (72,74).
Lowe (75) has suggested unrestrained overeaters may
represent people who have tried unsuccessfully to
restrict energy intake in the past, and who gave up in
despair, resulting in relatively rapid weight gain until
extreme obesity is achieved. A National Task Force on
the Prevention andTreatment ofObesity (76) concluded
that dieting for weight reduction was relatively safe,
with greater potential benefits than costs.

II RISK FACTOR MODELS OF QUALITY

OF LIFE ASSOCIATED WITH OBESITY

A Introduction and Basic Concepts

Psychological research over the past 40 years has failed
to find that in general, obese people have a higher level
of psychological problems than do nonobese people.
Instead, this research has found that obese people strug-
gle with specific problems related to being overweight,
e.g., body dissatisfaction or strongmotivation to restrict
energy intake. Within the population of people who are
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obese, there are some people who experience signifi-
cant psychological and behavioral disturbances (32) or
may live in poverty, and these people may be at risk for
chronic obesity and may be less likely to lose weight
in structured weight loss trials (58,79). This perspective
suggests that there may be certain risk or protective fac-
tors for adverse psychological correlates of obesity. The
following sections describe some of these factors.

B Gender

Men tend to be less disturbed by obesity than women
(32). This phenomenon is generally believed to stem
from lower social pressure for thinness, and is reflected
in higher self-esteem, quality of life, and marriage pros-
pects among obese males (2,11,13).

C Ethnicity

Minority adults (especially women) tend to be less con-
cerned about overweight status and are less motivated
to lose body weight than white adults (79–82). As noted
earlier, African-American men and women have lower
levels of body size dissatisfaction (56). Therefore, mi-
norities may be at lower risk for developing mood or
self-esteem problems associated with obesity, yet may
also be less motivated to lose weight.

D Binge Eating

Research has consistently found that obese binge eaters
experience more psychological disturbances than obese
people who do not frequently engage in binge eating
(18,83,84). There has been considerable controversy
about the distinction between a psychiatric syndrome
called Binge Eating Disorder (BED) and binge eating as
a behavioral correlate of obesity (85). Recent research
studies that have used very strict definitions and have
used structured interview methods for assessing BED
have found that the syndrome as defined by the Amer-
ican Psychiatric Association (16) is actually quite rare
(1–3%) even in obese people seeking treatment (86).
However, binge eating as a symptom of obesity is much
more common; significant binge eating is observed in
7–15% of obese adults (85). Men are slightly less likely
to report binge eating than women, and most ethnic
groups report comparable rates of binge eating. Binge
eating and BED are associated with higher rates of de-
pression (85). A recent study reported by Womble et al.
(87) found that binge eating was highly correlated with
obesity and that the combined influences of negative

affect and dietary restraint accounted for binge eating.
This study and others (88) have suggested that binge
eating is often determined by breaking dietary restraint
or reduction of negative emotion. Thus, binge eating
appears to be a significant risk factor for lower qual-
ity of life and may be viewed as a type of ‘‘coping
behavior’’ for body dissatisfaction and negative affect
that is commonly associated with obesity (87). Further-
more, binge eating is highly correlated with increased
adiposity (89).

E Severity of Obesity

In general, higher levels of obesity are negatively corre-
lated with quality of life. For example, morbidly obese
adults who seek obesity surgery report extremely neg-
ative reactions to their obesity. Furthermore, a national
survey (90) found that obese women with a BMI z 36
were more likely to report histories of rape, sexual
molestation, or posttraumatic stress disorder than less
overweight women. These data suggest that a history of
trauma and/or binge eating may be associated with
morbid obesity, significant mood disturbances, and a
very low quality of life, but these cross-sectional studies
do not inform us about the causes of lower quality of life
that is correlated with obesity.

III QUALITY OF LIFE AND WEIGHT LOSS

The process and outcome of weight loss would both be
expected to affect quality of life. For most obese and
overweight people, losing weight and maintaining the
weight loss involves restriction of dietary intake, phys-
iological readjustment, major lifestyle changes, and
effort. For patients who undergo surgery, physiological
functioning and food consumption are greatly altered
beyond their control. Thus, the process of losing weight
may have substantial impact on the life of the person
engaged in the effort.

When successful, the result of this process would also
likely impact one’s life. Weight loss may produce im-
proved health, increased work and activity capacity,
altered appearance, and evidence of personal ability to
change. Additionally, the altered dietary and exercise
patterns necessary to maintain a weight loss represent
long-term changes in the weight loser’s life.

In this section we will review briefly the effects of
losing weight on overall quality of life, mood, hunger,
and body image. Most of the relevant data come from
studies of people participating in weight loss interven-
tions that are under study. Therefore, it is usually diffi-
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cult to separate the effects of weight loss from the effects
of the intervention and process required to achieve that
loss. Further, in most cases the process is a structured
intervention rather than a self-directed effort. Unless
otherwise indicated, the findings reported should be
assumed to refer to both the process of losing weight
and the resultant weight loss.

A Overall Quality of Life

Weight loss by obese persons is consistently associated
with improved quality of life. Kolotkin and colleagues
(2) compared scores on the Impact ofWeight onQuality
of Life scale at days 1 and 28 of a residential weight loss
program. They found improvements in self-reported
health, social functioning, work, activities of daily liv-
ing, mobility, sexuality, and self-esteem. In a later study
the same group (4) also found improvements in these
areas among participants in a 2-week program. Further,
the improvements tended to be greater for the 4-week
program than for the 2-week program, and improve-
ment in a total score was correlated significantly with
amount of weight lost.

Fontaine et al. (91) compared scores on the SF-36
at the beginning and end of 13-week outpatient weight
loss programs based on lifestyle modification and either
aerobic exercise or lifestyle activity interventions. They
found improvements on the physical functioning, role-
physical, general health, vitality, and mental health do-
mains, regardless of which physical activity program
was encouraged. Other patients losing weight with the
assistance of medication have demonstrated improve-
ments in the Health, Mobility, and Activities of Daily
Living scales of the Impact of Weight on Quality of
Life scale (92). Hypertensive, dyslipidemic, or diabetic
patients using prepared meals lost more weight and re-
ported greater improvements on scales assessing physi-
cal and mental functioning than did patients in the
standard diet condition (93).

Formerly severely obese patients who through gas-
tric bypass surgery lost on average 43 kg showed im-
provements on all domains of the SF-36, physical and
mental, and their postloss scores were equal to or better
than population norms (94). The dramatic improve-
ments appear more attributable to the large amount of
weight lost than to the surgical procedure. Klem et al.
(95) compared two groups of people who had lost on
average f66 kg—one group via surgery, and the other
with various nonsurgical means; the subjects had main-
tained those losses for 2–3 years (95). Nearly all persons
of both groups reported improvements in mood, self-
confidence, quality of life, physical health, mobility,

energy level, and activity level. Similar majorities of
both groups reported improvements in social interac-
tions and job performance.

There is also evidence for a beneficial effect of weight
loss achieved outside of professional programs and
clinical trials. For example, Fine et al. (96) administered
the SF-36 to a very large cohort of women, aged 46–71
years, at a baseline assessment and 4 years later, com-
paring changes in scores to changes in weight over
the same time. As shown in Figure 3, overweight and
obese women who lost weight over the period showed
improvements in physical functioning, vitality, and
bodily pain. Women who gained weight over the period
showed decreased functioning in the same domains.
This tended to be true for women over 65 as well as
for those in the younger ages.

B Mood

The notion that dieting has negative psychological
consequences has had wide currency among the public
and some professionals. The idea was first suggested
by studies of substantial caloric restriction and weight
loss by normal-weight subjects and by descriptions of
patients’ historical reports of symptoms during prior
dieting (66,68,70,71). However, many subsequent, more
relevant and highly controlled studies have shown at
worst neutral and often beneficial mood changes among
obese persons dieting to lose weight (18,97). Obese pa-
tients who have lost weight via moderate caloric re-
striction, very low calorie diets (VLCDs), or surgery fre-
quently demonstrate improvements in depression and
trait anxiety. With the dietary approaches, the improve-
ments may be more commonly seen when a behavioral
or lifestyle change program accompanies the diet (18,
98). However, anxiety and depression changes during
VLCD are not related to diet variables such as whether
the diet is food or formula based (99) or whether it is
ketogenic (100).

Improvements in mood have also been observed
among persons who have lost weight with a variety of
means, most outside of professional programs. A group
of 784 people who had lost on average 30 kg and main-
tained it for on average 5.5 years showed levels of dis-
tress and of depression lower than psychiatric-patient
norms and similar to community norms (101).

The above-noted improvements in mood with weight
loss occur in spite of certain physiological changes
during dieting that in other circumstances suggest im-
pairment in mood. For example, during VLCD, serum
triodothyronine (T3) is reduced substantially, but the
degree of reduction is unrelated to changes in depres-
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sion (102). Nonoverweight volunteers undergoing a 3-
week low-calorie diet (103) had indications of reduced
availability of tryptophan for serotonin synthesis (low-
ered total plasma tryptophan, lowered ratiol of trypto-
phan to competing amino acids). Whether this applies
to overweight dieters remains to be seen.

Given the temporary nature of most weight losses,
the possible impact of weight regain on mood deserves
consideration. It has been asserted (68) that weight cy-
cling may be associated with adverse psychological out-
comes. However, there is little evidence in support of
this position. Several cross-sectional comparisons of cy-
clers and noncyclers among clinical samples have failed
to reveal consistent differences in psychological func-
tioning (78). Foster et al. (104) used a prospective design
to assess mood and eating-related variables among a

sample of obese women who had lost on average f20
kg in dietary and behavioral treatment but after follow-
up of more than 4 years were on average above their
baseline weight. Despite the regain of more than the
original loss, scores on measures of depression, binge
eating, hunger, and disinhibition were still lower than
at baseline. Changes in thesemeasures were unrelated to
amount of weight regain.

Among a community sample balanced on weight sta-
tus, gender, and age, Foreyt et al. (105) examined the
relations of recent and historical weight change patterns
to measures of psychological status. Subjects were
categorized by changes in measured weight over a 1-
year period and by their subjective reports of whether
they frequently lost and regained. There were no signifi-
cant effects of 1-year measured weight change (in either

Figure 3 Relationships between weight change and changes in SF-36 subscale scores over a 4-year period in women younger

than 65 years. (From Ref. 96.) Asterisk indicates P<.01; dagger, P<.05; double dagger, P<.001; and 5F-36, Medical Outcomes
Study Short-Form 36 Health Status Survey. A decrease in the bodily pain score indicates a decrease in functioning due to bodily
pain.
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direction) on well-being or depression, but 1-year gain-
ers and losers both reported having experienced more
life change events than did 1-year maintainers. Subjects
who denied historical patterns of losing and regaining
reported greater well-being and control of eating com-
pared to those who described their weight as typically
fluctuating.

A related issue is whether weight gain per se, rather
than weight gain following a weight loss, may have psy-
chological effects. Analysis of psychological well-being
scores for a subset of women in an NHANES I follow-
up sample showed that those who had gained weight
recently (at least 4.5 kg in the previous 6 months) had
lower well-being scores than women who had main-
tained stable weights (106). This finding was seen in
nonoverweight, overweight, and obese women. This
study did not distinguish intentional from unintentional
weight changes, or gain from regain; however, in this
nationally representative sample there is no reason to
believe that regain of previously intentionally lost
weight accounted for more than a small minority of
the cases of weight gain.

C Hunger

It might be assumed that decreasing caloric intake
below maintenance needs would inevitably lead to feel-
ings of hunger. Several reports indicate that this is
not always so. For example, with VLCDs, after the first
week or 2, hunger and preoccupation with food either
decrease or remain at prediet levels (99,100,107,108).
Method of weight loss may affect level of hunger.
Hunger and preoccupation with food have been found
lower during a VLCD or following weight loss surgery
than during moderate caloric restriction (19,99,107,
108). However, one study comparing VLCD and mod-
erate caloric restriction with type 2 diabetics found no
differences in hunger ratings (109).

Another study (110) examined changes on the Per-
ceived Hunger scale of the Eating Inventory (76) of
obese women before and after 5–6 months in differ-
ent treatment programs that included various diets.
Across all treatment programs, hunger scored declined
by f18%. At baseline, higher hunger scores were seen
among subjects who had higher scores on measures of
depression and binge eating. Interestingly, weight loss
was unrelated to baseline hunger scores or change in
hunger scores (110).

Among the large group of successful weight loss
maintainers noted earlier (101), Perceived Hunger
scores were as low as those of normal-weight nondieters
and lower than those of eating disorder samples. This

finding suggests that long-termmaintenance of substan-
tially lowered body weight is not accomplished at the
cost of chronic hunger.

D Body Image

As noted earlier, dissatisfaction with body size is a com-
mon problem associated with obesity, and body size
dissatisfaction generally worsens with increased adipos-
ity (56). The association of body size dissatisfaction and
BMI has been observed in men and women, but it is less
pronounced in African-Americans than in whites (56).
Based on these findings, one would hypothesize that
weight loss would be associated with improvement of
body image. In general, this hypothesis has been sup-
ported for persons who lose weight through lifestyle
behavior modification and obesity surgery (2,14,19,38,
111). However, many other factors are also associated
with improved body image that accompanies weight
loss. An important variable is the person’s weight loss
goals. Foster et al. (112) found that most participants in
weight loss trials do not achieve weight losses that meet
even minimally acceptable weight goals. These findings
suggest that improvement of body image may not be a
direct product of weight loss, but instead may be caused
by a complex interaction of changes in body weight,
ideal body size goals, and personality characteristics
related to the importance of thinness and physical
appearance for self-esteem.

IV ASSESSMENT OF QUALITY OF LIFE

A Introduction

Quality of life has beenmeasured using a wide variety of
assessment procedures, ranging from very general mea-
sures of quality of life to very specific behavioral and
psychological indicators of quality of life. This section
provides a summary of some of themost commonmeth-
ods that have been used in research pertaining to obesity
and quality of life.

B Overall Quality of Life

The two questionnaires most widely used to measure
overall quality of life in obesity research are the Impact
of Weight on Quality of Life questionnaire and the
Medical Outcomes Study Short-Form Health Survey
(SF-36) (3,113). The Impact of Weight on Quality of
Life 74-item questionnaire asks the respondent to indi-
cate the degree to which obesity negatively affects his
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or her functioning in eight areas: Health, Social/Inter-
personal, Work, Mobility, Self-Esteem, Sexual Life,
Activities of Daily Living, and Comfort with Food
(2,4). Recently, a shorter (31-item) version has been
developed (114).

The 36-item Medical Outcomes Study Short Form
(SF-36) (113) is a very widely used self-report index
of health status and medical outcomes as related to a
variety of medical conditions and treatments. It pro-
duces scores on eight scales measuring physical and
emotional functioning and general health perceptions.

As previously described, both the Impact of Weight
on Quality of Life Scale and the SF-36 have shown the
ability to detect differences associated with differences
in body weight. Further, these measures have been
found to be sensitive to changes in body weight and
can be used as indices for benefits of weight loss upon
health and well-being.

There are a number of brief surveys and question-
naires that have been developed as measures of quality
of life (115). Most of these questionnaires assess very
general happiness with life (116) and/or family relation-
ships (117). These measures have not received wide-
spread use, in comparison to the SF-36 and Impact of
Weight on Quality of Life.

C Mood and Personality

Another common approach for measuring quality of
life is to assess global indicators of mood or personality.
The Beck Depression Inventory (BDI) (118–120) has
been used frequently for this purpose. The BDI has 21
items that measure the symptoms of depression. It has
been used in many studies of many different physical
andmental health problems over the past 30 years (121),
including obesity (122). Studies of mood disturbances
associated with obesity (25,123) and clinical trials have
found the BDI to be a sensitive and useful tool.

The State-Trait Anxiety Inventory (STAI) (124) is a
commonly used measure of situational (state) and gen-
eralized (trait) anxiety. The STAI requires rating 40
anxiety symptoms; it has been studied for >30 years
and has been found to be a reliable and valid measure of
anxiety in a wide variety of physical and mental health
disorders, including obesity (54).

The Symptom Checklist-90 (125) measures nine
symptom domains ranging from depression and anxiety
to obsessive-compulsive disorder and psychotic prob-
lems. The SCL-90 also has three global measures of
symptom severity that may be more useful as measures
of quality of life than the nine scales that measure spe-
cific symptom domains. The SCL-90 has been validated

in a variety of studies over the past 30 years and has been
used extensively in research related to obesity (122).

One of the most frequently used measures of person-
ality is the Minnesota Multiphasic Personality Inven-
tory (126). The MMPI-2 has three validity scales that
test for ‘‘faking good’’ and ‘‘faking bad.’’ The MMPI-2
also has 10 clinical scales (126) and hundreds of supple-
mental scales (127,128). In general, obese people do not
have high scores on any of the MMPI-2 clinical scales.
Furthermore, the MMPI-2 is not sensitive to change
during clinical trials. Therefore, the primary purpose of
the MMPI-2 is to screen for psychological problems at
baseline. However, since it is quite long (567 questions),
there are several other less time-consuming methods
that can be used for the same purpose.

The PRIME-MD (129) is one alternative to the
MMPI-2 for screening of common psychiatric disor-
ders. This method was developed as a cost-efficient pro-
cedure to be used by primary care physicians to screen
for the presence of depression, anxiety disorders, eating
disorders, psychosis, and substance abuse. The original
version of the PRIME-MD included a survey of com-
mon mental health symptoms that was completed by
the patient. The physician then interviewed the patient
about specific problem behaviors to establish a psychi-
atric diagnosis. A more recent version of the PRIME-
MD (130) relies exclusively upon the patient’s self-
report via questionnaire. This method is equally valid
as the original PRIME-MD for screening common
mental health problems. A much longer interview for
psychiatric problems is the Structured Clinical Inter-
view for DSM-IV axis I Disorders (SCID) (131). This
semistructured interview format has been found to be
a reliable and valid method for establishing psychiat-
ric diagnoses based on the diagnostic criteria estab-
lished by the American Psychiatric Association (16).
The SCID is primarily used in research studies where
it is important to screen for a wide variety of mental
health problems.

D Eating Behavior/Disturbed Eating

Over the past 20 years, many assessment methods have
been developed to measure the symptoms of anorexia
nervosa, bulimia nervosa, and binge-eating disorders.
Other methods have been established to measure spe-
cific behavioral, cognitive, or affective symptoms asso-
ciated with disturbed patterns of eating.

Two semistructured interviews have been tested as
measures of eating disorder symptoms. The Eating Dis-
order Examination (132–134) was developed to assess
the core features of bulimia nervosa. In recent years, the
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EDE has been used to define eating disorders, including
binge eating disorder. The EDE has undergone 12
revisions and is generally considered to be one of the
best methods for assessing core symptoms of eating
disorders. The Interview for Diagnosis of Eating Dis-
orders, fourth version (IDED-IV) (135) was developed
specifically for the purpose of establishing a diagnosis
of anorexia nervosa, bulimia nervosa, binge-eating dis-
order, or eating disorder not otherwise specified, using
the diagnostic criteria established by the American
Psychiatric Association (16). The reliability and valid-
ity of the IDED-IV has been established in a number
of studies, and it has been used to reliably differentiate
binge-eating disorder from simple obesity (135). There-
fore, the most important use for the IDED-IV in obe-
sity research may be its potential for reliably screening
for the presence of eating disorders, including binge-
eating disorder.

Several questionnaires have been developed for mea-
suring a wide range of eating behaviors and eating dis-
order symptoms. The Eating Behavior Inventory (EBI)
(136) was developed to assess behaviors prescribed by
behavioral weight loss programs, e.g., self-monitoring
of food intake and body weight, refusing offers of food,
eating at only one place, shopping from a list, and eating
in response to emotions. Factor analysis found three
scales: control over eating, use of behavioral weight con-
trol methods, and use of stimulus control procedures
(137). The EBI has been found to be a reliable and valid
measure, and it is sensitive to treatment effects. Unfor-
tunately, it has not found widespread use in obesity
research.

The most widely used ‘‘broad-band’’ measure of
disturbed eating is the Eating Disorder Inventory-2
(EDI-2) (138). The EDI-2 was developed for use with
eating disorders, and only two of the EDI-2 scales are
applicable to obesity: the bulimia scale, and the body
dissatisfaction scale. Thus, despite the established reli-
ability and validity of the EDI, it has only limited
potential for use with obesity. Two recently developed
questionnaires may be more useful in obesity. One is the
Weight Loss Behavior Scale (139). This self-report
inventory was developed specifically for use in treat-
ment outcome research related to obesity. The reliabil-
ity and validity of the WLBS has been supported in a
recent study (139), and it measures five symptom do-
mains: (1) concern with dieting and weight; (2) exercise;
(3) overeating; (4) avoidance of fattening foods; and
(5) emotional eating. Another questionnaire, the Mul-
tidimensional Assessment of Eating Disorder Symp-
toms (140), was developed for assessment of treatment
outcomewith eating disorders; it has six scales: (1) binge

eating; (2) restrictive eating; (3) purgative behavior;
(4) fear of fatness; (5) avoidance of forbidden foods;
and (6) depression.

E Dietary Restraint and Overeating/Binge

Eating

A variety of questionnaires have been developed for
measuring intention to restrict caloric intake to manage
body weight. As noted earlier, dietary restraint has been
hypothesized to result in ‘‘disinhibited eating.’’ The first
measure of dietary restraint was developed by Herman
and Mack (141) and was later revised to a 10-item scale
(142). Researchers began to question whether dietary
restraint and overeating were necessarily linked. These
questions led to the development of two new measures
that measured the two constructs, dietary restraint and
overeating, as separate variables. Stunkard andMessick
(76) developed the Three Factor Eating Questionnaire,
and it is now called the Eating Inventory (143). The
Eating Inventory has three scales—dietary (cognitive)
restraint, disinhibition, and perceived hunger. Later
research found that the dietary restraint and disinhibi-
tion scales were not correlated, which supports the con-
clusion that intention to diet and overeating may not be
causally linked (74). A series of studies (73,74,77) have
reported that flexible approaches to dieting are not
associated with overeating, but that rigid approaches
to dieting are associated with overeating. This line of
research led to the development of a revision of the
Dietary Restraint scale that has two dimensions: rigid
and flexible dieting (144). At about the time the Three
Factor Eating Questionnaire was developed, Van Strien
et al. (145) reported a similar self-report inventory called
the Dutch Eating Behavior Questionnaire; it measures
restrained eating, emotional eating, and external eating.
The reliability and validity of these scales have been
established in a series of studies (146).

Several questionnaires have been developed as mea-
sures of binge eating. The Binge Eating Questionnaire is
a nine-item self-report inventory that measures binge
eating (147). The Binge Eating Scale is a 16-item ques-
tionnaire that has been usedmore frequently in research
studies of binge eating (148). The Questionnaire of Eat-
ing and Weight Patterns was developed to screen for
the presence of binge-eating disorder (149). Recent
studies have found that all of these questionnaires over-
estimate the prevalence of binge eating and binge-eating
disorder (85,86). The Eating Disorder Examination,
described earlier, is a semistructured interview method
that includes questions for measuring binge eating
that provides a more accurate measure of consuming
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objectively large amounts of food (134). Also as men-
tioned, the IDED-IV (135) structured interview has
been validated as an objective method for defining
binge-eating disorder (86).

F Body Image

Until recently, questionnaires have been most fre-
quently used in studies of body image, body dissatis-
faction, and obesity. Two of the more frequently used
questionnaires are the body dissatisfaction scale of the
EDI-2 (138) and the Body Shape Questionnaire (150).
Recently, two nonquestionnaire measures of body
image associated with obesity have been developed.
Williamson et al. (56) validated the Body Image Assess-
ment for Obesity (BIA-O). The BIA-O measures esti-
mates of current, ideal, and reasonable body size, using
pictures of body silhouettes that vary in terms of body
size and shape (from very thin to very obese). The dis-
crepancy between current and ideal body size estimates
was validated as a measure of body size dissatisfaction.
The BIA-O has been validated for use with Cauca-
sian men and women and African-American men and
women. Stewart et al. (65) validated a computerized
body image assessment procedure called the Body
Morph Assessment (BMA). The BMA also measures
estimates of current, ideal, and reasonable body size and
these estimates were validated against the BIA-O. Thus
far, the BMA has only been studied with Caucasian
women, which limits its use with a diverse population.

V CONCLUSIONS

Research has found that obesity is associated with lower
overall quality of life. Obese people experience consid-
erable distress stemming from excess body weight, but
only a minority of obese adults develop clinical psychi-
atric syndromes. In addition to social influences, the
impact of obesity on quality of life is also a function of
personal characteristics, e.g., severity of obesity, gender,
ethnic background, and the presence of behavioral
characteristics such as binge eating. Weight loss gener-
ally results in improved overall quality of life, mood,
hunger, and body image. Conversely, weight gain is
associated with worsened quality of life. In recent years,
many assessment instruments that measure quality of
life have been developed and validated. In conclusion,
research on quality of life and obesity has been very
active over the past ten years, leading to a much better
understanding of howobesity andweight loss (and gain)
are related to personal well-being. It is recommended

that measures of quality of life routinely be included
in obesity treatment outcome studies as additional
important indicants of treatment effectiveness.
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B-mode imaging ultrasound, 59

BMR (see Basal metabolic rate (BMR))
BNP, 519–520
BOD POD Body Composition System, 46

Body builders
body mass index, 85

Body composition, 13, 34
adiposity-related components, 71

age-related changes, 135–136
versus body mass index, 780
ethnic and geographic influences, 81–90

exercise, 636
exercising individual, 643
fetal nutrition, 110–112

food
thermic effect, 622

monographs, 70–71
physical activity energy cost, 638

resting metabolic rate (RMR), 619
substrate oxidation, 717, 722–723

Body fat, 409

determination, 82
distribution, 88–89
diabetes, 903–904

genetic epidemiology, 161–162
physical activity, 644

Body fat distribution

blood pressure, 876–877
conception, 977
dyslipidemia, 850–852
lipid mobilization, 521

non-insulin-dependent diabetes mellitus (type 2),
901–902

osteoarthritis, 958–959

Body fat percent, 83, 86
Body image, 1017

obesity, 1009–1010

quality of life, 1014
Body mass

fetal growth, 113–114

genetic epidemiology, 161–162
Body mass index (BMI), 39, 85, 120

adiposity measures, 773–774
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[Body mass index (BMI)]

blood pressure, 876–877
versus body composition, 780
cardiorespiratory fitness, 989

cutoff points, 86–88
inheritance, 15
major gene, 162
mortality, 986

optimal mortality, 813–815
predictive value, 158
versus total body fat, 70

Body size
birth, 109–110

Body weight

dopamine, 335
measurement, 38–40
physical activity energy cost, 638

Body weight loss, 322
Bombesin, 262–263, 329, 389
Borjeson-Forssman-Lehmann syndrome (BFLS), 234–235
Boyle, Robert, 13

Brain and behavior, 338–340
Brain areas, 305–306
Brain insulin

energy balance, 469–470
Brain insulin hypothesis, 462
Brain natriuretic peptides (BNP), 519–520

Brain pathways
peripheral signals, 466

Brain transport
leptin, 473–475

Brazil, 97
Breast cancer, 796, 818
Breastfeeding and pediatric obesity, 125

Brown adipose tissue (BAT), 258
apoptosis, 481
in white fat depots, 541–542

BRS3 gene, 204
Bulimia, 340, 1015–1016
Burnout

cortisol, 793–794
1-butyrylglycerol, 483

Calcium blockers

hypertension and obesity, 889
Calipers, 59
Callipyge locus, 204

Caloric partitioning
leptin deficiency, 216–217

Caloric restriction

diabetes, 908
Calorie intake in elderly, 138
CAMP-elevating agents, 497

Canada, 95
Canadians

non-insulin-dependent diabetes mellitus (type 2), 900

Cancer, 818–819

physical activity, 994
Candidate genes, 15
linkages, 176

markers, 170–171
primates, 284

Carbacyclin, 497
Carbohydrate, 443–445

satiety, 439
Carbohydrate intake
glucose oxidation, 718

Carbohydrate metabolism, 264–265
endocrine control, 758–759
nutrient partitioning, 756

Carbon, 34
Carboxypeptidase E, 225–226, 258–259
Carboxypeptidase H, 258–259

Cardiac output
euglycemic hyperinsulinemia, 881–882

Cardiac structure and function, 825–827
weight loss, 828–829

Cardiorespiratory fitness, 987–989
Cardiovascular disease, 815–817, 984
physical activity, 993

Cardiovascular risk factors, 88, 887–888
Cardiovascular system, 825–834
CART, 323–324

Casomorphin, 392
Catecholamines, 523–525
body fat distribution, 673–674

CCAAT enhancer-binding proteins (CEBP), 267

CCK (see Cholecystokinin (CCK))
CCKAR gene, 204
CEBP, 267

CEBP gene, 204
Cell surface receptors, 496
CETP, 600

Chaucer, 18
Chemical carcass analyses, 81
Chemistry, 13

Children
feeding practice in pediatric obesity, 125
overweight, secular trends, 122
total body fat, multicomponent measurement, 49

type 2 diabetes mellitus, 117
Chinese, 102–103
bioelectrical impedance, 85

medicine, 4–5
body composition, 83

non-insulin-dependent diabetes mellitus (type 2), 900

pharmacopeia, 5
Cholecystokinin (CCK), 227–228, 262, 303, 310, 328–329, 388,

396, 473

receptors, 227–228, 436–437
Cholelithiasis
body mass index, 814
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Cholesterol, 919–920

mortality, 986
nucleation, 921–922
osteoarthritis, 958

Cholesterol crystals
growth into stones, 922

Cholesterol ester transfer protein (CETP), 600
Cholesterol gallstones

pathogenesis, 919–922
Ciliary neurotropic factor (CNTF), 322, 393
Cinchona bark (quinine), 5

Cinephotography, 633
Circulating factors, 437
Circulating glucocorticoid

leptin, 471–473
Circulation, blood, 12
Circumference measurement, 59

Circumference ratios, problems, 61
Clinical medicine, 16
Clinical practice
physical activity, 999–1000

CNTF, 322, 393
Cocaine-and amphetamine-regulated transcript (CART),

323–324

Cognitive behavioral therapy
OSA, 942–943

Cold exposure and energy expenditure, 712–713

Cold intolerance and leptin deficiency, 216
Colipase, 392
Colon cancer, 818
Component field measurement

total body fat, 59–65
Component reference methods, 40–59
Compression cuff, 874

bladder dimensions, 874
blood pressure measurement, 873–874

Computed tomography, 49–52

Conception, body fat distribution, 977
Confounding deaths, 768
Congenital disorder of glycosylation type 1a, 235

Congenital malformations, 820
Congestive heart failure, 827–828
Congresses, 23
Conicity index, 61

Continuous crossed-circulated rats, 394
Converting enzymes, 265–266
Copernicus, 6

Coronary artery disease, 907
Coronary heart disease, 816–817, 831–833
body mass index, 814

deaths, 112
dyslipidemic phenotypes, 845–850
growth, 112

insulin resistance/metabolic syndrome, 850
physical activity, 993–994
relative risks, 815

[Coronary heart disease]

visceral adipose tissue (VAT), 860–864
weight loss, 833

Corpulency, 22

CORT (see Corticosterone (CORT))
Corticoids, 225
Corticosterone (CORT), 301

hypothalamic peptides, 309

insulin, 309
leptin, 309

Corticotropin-releasing factor (CRF), 487

Corticotropin-releasing hormone (CRH), 301, 324–325
Cortisol, 657

burnout, 793–794

metabolic syndrome, 789–791
stress, 799
visceral adipose tissue (VAT), 597–598

Cortisone-cortisol interconversion
visceral adipose tissue (VAT), 599–600

CPE
secretory pathway, 226

CPEfat mutation, 225
CPE gene, 204
Creoles

non-insulin-dependent diabetes mellitus (type 2),
900

CRF, 487

CRH, 301, 324–325
CRH/urocortin-glucocorticoid system, 262
Crossed-circulated rats

challenges, 394

gut nerve sections, 393–397
interpretation difficulties, 395
results, 396

Crossed-intestines experiments
limitation, 386

Cuba, 97

Cuff, blood pressure (see Compression cuff )
Culture

obesity prevalence, 105–106

Cushing’s syndrome, 17, 487, 658, 790
body fat distribution, 679
visceral adipose tissue (VAT), 597–598

Cyclo(His-Pro), 331

Cyproheptadine, 17
Cytokines, 263, 322–323

food intake, 393

metabolic syndrome, 792

DAG, 741

DALY, 149
DBH gene, 205
Deep vein thrombosis, 817

Dehydroepiandrosterone (DHEA), 658
elderly, 142–143

2-deoxyglucose (2-DG), 407
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Depression, 1007–1008, 1012

hypothalamic-pituitary-adrenal axis dysregulation,
791

Dexamethasone suppression, 793

Dexfenfluramine, 833–834
Dextroamphetamine, 15
2-DG, 407
Dgat, 264

DGAT gene, 205
DHEA, 658

elderly, 142–143

DHT, 680
Diabetes

daily food intake in rats, 391

exercise, 906
free fatty acids, 903
gallbladder disease, 922

infertility and weight, 977
insulin resistance, 902
leptin, 909
macrovascular disease risk, 906–907

obesity, 899–910
management, 907–910

Pima Indians, 905–906

pregnancy, 976–977
severity in rodents, 258
visceral adipose tissue (VAT), 903–904

Diabetes allele
identification, 221

Diabetes mellitus
abdominal obesity, 283

sex hormone-binding globulin (SHBG)
women, 795

Diacylglycerol (DAG), 741

Diacylglycerol acyl transferase (Dgat), 264
Diaphragm, stretched, 937
Diastolic blood pressure, abdominal circumference, 877

Diazoxide, 682
Diet, 17–18, 18

adipose tissue cellularity, 490–491

composition
feeding behavior, 440–451

exercise
visceral adipose tissue (VAT), 602–603

gout, 961–962
resting metabolic rate (RMR), 619–620
18th century, 18

Dietary composition
food, thermic effect of, 621–622

Dietary factors in gallbladder disease, 923

Dietary fat
substrate oxidation, 722
thermic effect, 622

Dietary intake, misreporting of, 430
Dietary practice

pediatric obesity, 125

Dietary restraint, 1016–1017

Dietary Restraint Scale, 1016
Dietary weight loss studies in the elderly, 141
Diet composition and food intake, 427–454

Diet-induced obesity, 450
Diet-induced thermogenesis, 714
Dieting, 1010
Digestion, 12

Digit preference, 874
Dihydrotestosterone (DHT), 680
Dilution techniques, 82

Dinitrophenol, 15
Dionysius, 5
Direct calorimetry, 615

Direct costs, 150
cost centers, 154

Disability-adjusted life years (DALY), 149

Disinhibited eating, 1010, 1016
Disturbed eating, 1015–1016
Divine Farmer, 5
Dopamine, 205, 263, 304, 333–336

body weight, 335
hypothalamus, 334
mesolimbic system, 334–335

neurotransmitter release, 335–336
taste reactions, 335

Dorsomedial nucleus (DMN), 305

Doubly labeled water technique, 615–616, 634–635
Douglas bags, 633–634
Dual-energy X-ray absorptiometry (DXA), 47–49
Dutch Eating Behavior Questionnaire, 1016

DXA, 47–49
Dyslipidemia
body fat distribution, 850–852

elderly, 139
spontaneous obesity, 283
visceral adipose tissue (VAT), 852–857, 860–864

cause-effect relationship, 857–860
Dyslipidemic phenotypes
coronary heart disease, 845–850

Dyslipoproteinemias
physical activity, 997–998

Dyspnea, 937

Eastern Mediterranean, 101–102
Eating
biogenic amines, 331–336

disturbed patterns, 1010
hormones, 306–311
peptides, 311–321

Eating behavior, 1015–1016
Eating Behavior Inventory (EBI), 1016
Eating behavior or fuel intake

food intake, 428–429
Eating Disorder Examination, 1015–1016
Eating Inventory, 1016

Index 1029



Eating reduction

peptides, 321–331
Ebers papyrus, 4
EBI, 1016

Ebstein’s diet, 19–20
Economic costs, 149–155
study requirements, 154–155
study comparisons, 152–154

types, 150
Education and exercise, 636
Edwin Smith papyrus, 4

EGF, 499
Egyptian medicine, 4
Elderly, total body fat, multicomponent measurement, 49

Electrocardiogram, 829
Endocrine obesity, 269
Endometrial cancer, 796, 818

Endurance training in the elderly, 142
Energy monitoring, 437
Energy balance, 631
brain insulin, 469–470

fuel composition, 720–721
regulation, 409, 464
RQ/FQ, 721

vagotomy, 396
Energy density, 444
macronutrients, 446

Energy exchange, 34
Energy expenditure, 13, 341
components, 631–634
control, 464–465

daily variability, 715
elderly, 138
measurement, 615–618, 616–618, 713–715

nutrient partitioning, 754–755
physical activity, 631–646, 714–715
primates, 287–288

substrate oxidation, 713–725
sympathetic nervous systems, 698–700
uncoupling protein 1 (UCP1), 539–540, 620–621

weight loss, 625–626
weight maintenance, 721–722

Energy intake, 34, 447
food, thermic effect of, 621–622

tonic control, 440
Energy metabolism
lactation, 970–973

pregnancy, 970
Energy turnover
free-living subjects, 713–714

Enterostatin, 325, 392
Environmental associations
pediatric obesity, 125–128

Environmental stressors
hypothalamic-pituitary-adrenal axis dysregulation, 791

Ephedra, 834

Epidemic, explanation of, 103–106

Epidemiology, 768–774
Epidermal growth factor (EGF), 499
Epinephrine and resting metabolic rate (RMR),

620
Esophageal fistula, 378–380
Estimation errors, 65–66
Estradiol, 301

Estradiol alpha-receptor, 264
Estrogen, 264, 680

body fat distribution, 675

glucose metabolism, 759
lipid metabolism, 757
metabolism, 660

protein metabolism, 760
Estrogen receptors in adipose tissue, 487
Estrogen replacement therapy and adipose tissue, 487

Ethanol, thermic effect of, 622
Ethnicity

body composition, 88
body mass index, 88

fat distribution, 137
pediatric obesity, 121
pregnancy

weight gain, 978
quality of life, 1011
sympathetic nervous systems, 885

Euglycemic clamp studies
whole-body glucose uptake, 880

Euglycemic hyperinsulinemia
cardiac output, 881–882

glucose uptake, 879
Euglycemic insulin infusion

systolic blood pressure, 884–885

Europe, 98–101, 99
Exercise, 17–18, 413, 632

age, 636

amount performed, 635
body composition, 636
diabetes, 906

duration, 641–642
education, 636
energy cost, 633–634
gender, 636

genetics, 636
hypertension
obesity, 889

intensity, 641
intraabdominal fat mass, 142
lipid mobilization, 521

metabolic cost, 637
nature and duration quantification, 632–635
nutrient partitioning, 753–754

retrospective survey, 632–633
visceral adipose tissue (VAT), 601–602

Exercise tolerance, 938
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Exercise training

elderly, 141–142
work efficiency, 639

Exercising individual

age, 643
body composition, 643
characteristics, 642–643
gender, 642–643

Experimental science, 21–22
Extracellular matrix, 499
Extraordinary obesity, 16–17

Factorial method, 634
Familial partial lipodystrophy dunnigan (FPLD), 237–238

Family history and body mass index, 776–777
Famine, 110
Fascia lata, 736

Fasting and Agouti gene-related peptide, 212–213
Fat, 445–446, 452

mimetics, 452
oxidation

inhibition, 412
satiety, 439

Fat balance, control of, 465

Fat deposits, 590
neck, 940

Fat distribution

classification, 93–94
endocrine determinants, 671–686
racial/ethnic characteristics, 137

Fat-free mass (FFM), 81

age-related changes, 136
hydration, 35–36
mortality rate, 774

Fat intake
fat oxidation, 718–719

Fat mass (FM), 81

mortality rate, 774
Fat mouse, 258–259
Fat mutation, 225–226

defective neuropeptide processing, 226
Fat oxidation

elderly, 138
fat intake, 718–719

Fat paradox, 446
Fat-sugar seesaw, 445
Fatty acid metabolism in skeletal muscle, 742–745

Fatty acids, 498
selective mobilization, 517–518
visceral adipose tissue (VAT), 596

Fatty mutation, 223–224
Fatty oxidation in skeletal muscle, 740–741
Feeding behavior, 432

diet composition, 440–451
physiology, 431
uncoupling protein1 (UCP1), 543–544

Feeding-related circuits

acetylcholine, 336–337
amino acids, 337–338

Female hypogonadism and body fat distribution,

679
Fenfluramine, 15, 833–834, 943
Fertility, 682
Fetal growth

adult body mass, 113–114
obesity-related disease, 112–113

Fetal nutrition and body composition, 110–112

FFM (see Fat-free mass (FFM))
FGF, 331, 499
FGF13 gene, 205

Fibrinolysis and visceral adipose tissue (VAT),
600

Fibroblast growth factor (FGF), 499

Filipinos, diet and gout, 962
Finnish families, 174
Fluoxetene, 834
FM, 81

mortality rate, 774
Food
gastrointestinal components, 436–437

orosensory components, 436
Food addiction models, 339–340
Food consumption, 428–429

Food delivery in the small intestine, 385
Food influences, appetite, 441
Food intake
behavior, 427–428

control, 464–465
cytokines, 393
diet composition, 427–454

eating behavior or fuel intake, 428–429
experimental studies, 373–413
gastrointestinal tracts, 381

hibernating rodents, 375
hormones, 387–390
inflammatory peptides, 393

internal signals, 373–376
liver, 400–404
obesity, 412–413
palatability factors, 451

pancreatic hormones, 390–392
studies

demand characteristics, 430

methodological approaches, 429–431
po2er, sensitivity, effect, 430
power, sensitivity and effect size, 430

precision vs. naturalness, 429–430
regulation, 431
relevant questions, 430–431

weight maintenance, 721–722
FPLD, 237–238
FRC, 935–936
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Free fatty acids in diabetes, 903

Free-living subjects, energy turnover, 713–714
Fuel composition
energy balance, 720–721

substrate oxidation, 717
Functional residual capacity (FRC), 935–936

GABA, 263–264

GAL, 303, 313–314
Galanin (GAL), 303, 313–314
Galaninlike peptide, 313–314

Galectin-12, 290
Galen, 5–6, 18
Gallbladder

motility alterations, 925
motor function, 921
mucosal function, 921

Gallbladder cancer, 818
Gallbladder disease, 819
epidemiology, 922–925
obesity, 919–929

relative risks, 815
risk factors, 922–923
weight loss, 925–926

Gallstones, 819
incidence, 925–926
obesity, 923–924

prevention, 927–928
prophylactic cholecystectomy, 927–928
risk factors, 926
during weight loss

pathophysiology, 926–927
Gamma-aminobutyric acid (GABA), 263–264
Gas exchange, 936–937

Gastric bypass surgery, OSA, 943
Gastric emptying, 380
rats, 381

Gastric fistula, 378–380
Gastric inhibitory peptide (GIP), 387, 388, 390
Gastric theory, limitation of, 383

Gastroesophageal reflux disease, 946
Gastrointestinal tracts
food intake, 381
signals, 377–378

GDF8 gene, 208
Gender
exercise, 636

exercising individual, 642–643
food, thermic effect of, 622
quality of life, 1011

visceral adipose tissue (VAT), 592–593, 854
work efficiency, 639–640

Gene-environment, 176–181

Gene-gene interactions, 176–181
Gene-gene interations, 162
Gene knockout models, 254–256, 260–267

Genes

location, 183–185
symbols, 183–185

Genetic epidemiological model-fitting, 181

Genetic epidemiology, 159–168
findings, 161–168
methods, 160–170
combined models, 161

major gene, 161
multifactorial, 160–161

Genetics, 14–15, 157–170

environmental interactions, 724–725
exercise, 636
lipolysis, 525–526

metabolic syndrome, 800–803
primates, 284–287
resting metabolic rate (RMR), 620

visceral adipose tissue (VAT), 598
work efficiency, 639

Genetic susceptibility, 176
Genome scans

studies, 172–173
Genomewide explorations, 181–182
Genomewide scans

linkages, 171–175
Genotype-environment interactions, 176–181

findings, 179–181

method, 176–179
recommendations, 181–183

Geriatric obesity, 135–143
causes, 137–138

consequences, 138–140
functional, 139–140
metabolic, 138–139

prevalence, 135–137
treatment, 140–143
drug, 142–143

Gestational diabetes, 820
GFAT, 265
Ghrelin, 319–320, 382, 662–663

body fat distribution, 676
GHRH (see Growth hormone-releasing hormone (GHRH)
GHRP, 319
GHS and body fat distribution, 676

GIP, 387, 388, 390
Gi-protein-coupled receptors, 518–519
Glargine and diabetes, 908–909

Glitazones and diabetes, 908
GLP-1 (see Glucagonlike peptide 1 (GLP-1))
GLP-2, 398

Glucagon, 327, 390
Glucagonlike peptide 1 (GLP-1), 327–328, 387, 389, 390, 398

diabetes, 909

Glucocorticoid receptor
peroxisome proliferator-activated receptor gamma

(PPAR-gamma), 565–566
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Glucocorticoids, 497

adipose tissue, 486–487
body fat distribution, 674
fat distribution, 684–685

glucose metabolism, 759
lipid metabolism, 757–758
nutrient partitioning, 762–763
obesity, 799

protein metabolism, 760–761
Glucose and osteoarthritis, 958
Glucose-induced thermogenesis, 622

Glucose intolerance
gallbladder disease, 922
leptin deficiency, 216

Glucose metabolism
estrogen, 759
glucocorticoids, 759

growth hormone, 758
insulin, 758
testosterone, 758–759

Glucose oxidation and carbohydrate intake, 718

Glucose tolerance and physical activity, 994–995
Glucose transporters, 264–265, 310–311
Glucose uptake

euglycemic hyperinsulinemia, 879
visceral adipose tissue (VAT), 595

Glucostatic theory, 404–405

Glucuronic acid, 682
GLUT4, 488, 657
Glut4, 264–265
Glutamine: fructose-6-phosphate amidotransferase (GFAT),

265
Glycerol, 408
Glycerol dehydrogenase (GPDH), 265

Glycogen, 42
Glycolytic enzyme profiles of skeletal muscle, 739–740
GNAS1 gene, 205

GnRH, 310–311
Go-coupled receptors, tubby mutation, 227
Gonadal steroid hormones, 310

Gonadotrophin-releasing hormone (GnRH), 310–311
Gout and obesity, 960–963

longitudinal studies, 961
GPC3 gene, 205

GPC4 gene, 205
GPDH, 265
G protein alpha subunit, 266

G-protein-coupled receptors, 518
Greco-Roman medicine, 5–6
Growth and coronary heart disease, 112

Growth hormone, 263, 498, 520, 661–662
adipose tissue, 486
body fat distribution, 676

elderly, 142
fat distribution, 683
glucose metabolism, 758

[Growth hormone]

lipid metabolism, 756–757
nutrient partitioning, 761–762
protein metabolism, 760

visceral adipose tissue (VAT), 597
Growth hormone deficiency and body fat distribution,

679
Growth hormone-releasing hormone (GHRH), 310–311,

318–319, 382
gene, 206

Growth hormone-releasing peptides (GHRP), 319

Growth hormone secretagogues (GHS) and body fat
distribution, 676

Gs-protein-coupled receptors, 518

Gut nerve sections in crossed-circulated rats, 393–397
Gut-related peptide hormones, 392–393
Gynoid obesity, 168, 851, 901

Hand, osteoarthritis of and obesity, 955–956
Harvey, William, 12
HDL, 283

Health outcomes
obesity, 984
physical activity, 984–985

Heart rate
high-fat diet, 875
24-hour energy expenditure, 713

Hepatic vagotomy, 404
Herbal weight loss aids, 834
HERITAGE family study, 174–175
Hibernating rodents and food intake, 375

High blood pressure (see Hypertension)
High-carbohydrate foods, 444
High fat content, 413

overeating, 412
High-fat diet, 875
with sedentary lifestyle

substrate oxidation, 722–723
High sympathetic tone, 341
Hip, osteoarthritis of and obesity, 956–957

Hispanics, fat distribution, 137
Histamine, 263, 304, 336
Histology, 6
Hmgic, 267

HMGIC gene, 206
Holland, diet and gout, 961
Hormones, 260–264, 301–303, 680–685

abbreviations, 302
eating, 306–311
food intake, 387–390

metabolic syndrome, 788–789
substrate oxidation, 723
visceral adipose tissue (VAT), 597–598

Hormone-sensitive lipase (HSL), 264, 515, 517, 672
differences, 522–523
gene expression, 518
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24-hour energy expenditure

heart rate, 713
metabolic chambers, 713

HPA (see Hypothalamic-pituitary-adrenal (HPA) axis)

HSL (see Hormone-sensitive lipase (HSL))
5HT, metabolic syndrome, 801–803
Human genetic obesities without mouse homologs,

233–238

Humans, leptin, biological activity of, 467–468
Human single-gene obesities, 228–233
Hunger and quality of life, 1014

Hunger state, 434–435
Hydrodensitometry plethysmography, 45–46
Hydrometry, 43–45

Hydrotherapy, 15
3-hydroxybutyrate, 407
Hyperandrogenicity in women, 794–796

Hypercapnia, 940
Hypercholesterolemia, relative risks of, 815
Hypercortisolemia, 886–887
Hyperglycemia in mice, 224–225

Hyperinsulinemia, 877–878, 906–907
chronic sodium retention, 879–880

Hyperphagia, 15, 215–216, 444, 656

Hypertension, 826–827
atrial natriuretic peptides, 885
body mass index, 814

elderly, 139
leptin, 886
metabolic syndrome, 796–799
obesity, 874–877

epidemiological studies, 874–875
hypothalamic origins, 886–887
ion transport, 882–883

management, 888–889
mechanism, 877–887
vascular structure and function, 881–882

osteoarthritis, 957
physical activity, 996–997
pregnancy, 820

prevalence, 877
relative risks, 815
skeletal muscle, 882
sympathetic nervous systems, 884–885

Hyperthyroidism, 620
Hypertriglyceridemic waist, 861–864
Hyperuricemia, 960, 961

Hypothalamic control, reinforcement system, 339
Hypothalamic hypogonadism and leptin deficiency,

217

Hypothalamic obesity, 268–269
Hypothalamic peptides
corticosterone (CORT), 309

Hypothalamic-pituitary-adrenal (HPA) axis, 487
fat distribution, 684–685
metabolic syndrome, 790–792, 802–803

Hypothalamus

dopamine, 334
lesions, 374

Hypothyroidism, 485

Hypoxia, 940

ICAM-1, 267
IDED-IV, 1016

IFN-alpha, 393
IGF (see Insulinlike growth factor (IGF))
IL-1, 322, 393

IL-6 (see Interleukin (IL)-6)
IL-1b, 393

converting enzyme, 265

Imaging, 49–56
Imhotep, 4
Impact of weight on quality of life, 1005

Inactivity in the elderly, 138
Incas, 5
Indapaminde, hypertension and obesity, 889
India

non-insulin-dependent diabetes mellitus (type 2), 900
Indian medicine, 5
Indian Ocean islanders

non-insulin-dependent diabetes mellitus (type 2), 900
Indirect calorimetry, 615, 616–618, 633–634, 713
Indirect costs, 150

Indonesians
bioelectrical impedance, 85

Infant feeding and obesity, 111–112
Infants, adipose tissue in, 485

Infertility
leptin deficiency, 217
weight, 977

Inflammatory peptides and food intake, 393
Innervation and visceral adipose tissue (VAT), 597
Institute of Medicine (IOM) pregnancy recommendations,

975–976
Insulin, 306, 391, 464–465, 473, 497–498

adipose tissue, 486

body fat distribution, 521, 672–673
brain transport, 466
corticosterone (CORT), 309
glucose metabolism, 758

hypertension
metabolic syndrome, 798

interaction, 470–471

lipid metabolism, 756
lipid oxidation, 744
Na-K-ATPase, 882–883

nutrient partitioning, 761
obesity, 656–657
peroxisome proliferator-activated receptor gamma

(PPAR-gamma), 569–571
protein metabolism, 759–760
renin-angiotensin system, 883–884
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[Insulin]

resistance, 283
substrate oxidation, 717, 723
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	18 Lipolysis and Lipid Mobilization in Human Adipose Tissue Dominique Langin and Max Lafontan Obesity Research Unit, INSERM U586, Louis Bugnard Institute, Universite´ Paul Sabatier-Centre Hospı`talı`er Universitaire de Rangueil, Toulouse, France I INTRODUCTION Adipose tissue is the body’s largest energy reservoir. Energy is stored in fat cells as triacylglycerols (TG). Factors that control the storage and mobilization of TG in adipocytes are important regulators of fat accumulation in various fat areas (1). The major source for adipocyte TG comes from chylomicrons and very low density lipoproteins (VLDL). TG in the lipoprotein particles are hydrolyzed by lipoprotein lipase (LPL) located on the capillary walls of adipose tissue so that nonesterified fatty acids (NEFA) and monoacylgly-cerol are formed. NEFA are probably taken up by the fat cell through passive and active transport. Indeed, specific NEFA-transporting proteins have been described (2–4). Once taken up by the fat cells, NEFA are esterified to TG. The circulating albumin-bound NEFA can also be taken up by the fat cells and esterified to TG. Adipose tissue lipolysis, i.e., the catabolic process leading to the breakdown of triglycerides into NEFA and glycerol, is often considered as a simple and well-understood metabolic pathway. However, it is not firmly established what truly sets the rate of adipose tissue lipolysis. Newly released NEFA can be reesteri-fied in the adipocytes. Quantitative studies are lacking in vivo. Catecholamines and insulin represent the major regulators of lipolysis. However, the physiological role of a number of other lipolytic and antilipolytic agents remains to be elucidated. During lipolysis, intracellular TG undergo hydrolysis through the action of a neutral lipase located inside the fat cell, hormone-sensitive lipase (HSL). NEFA and glycerol leave the fat cells and are transported by the bloodstream to other tissues (mainly liver for glycerol; liver, skeletal muscle, and heart for NEFA). NEFA act as signaling molecules as well as metabolic substrates. In addition to their role in adipose tissue metabolism, they can regulate glucose utilization in muscle and are important signals to the liver and beta cells as well. Some of the NEFA that are formed during lipolysis do not, however, leave the fat cell and can be reesterified into intracellular TG. The glycerol formed during lip-olysis is not reutilized to a major extent by fat cells because they contain only minimal amounts of the enzyme glycerol kinase. In normal-weight man, the mean turnover rate of TG in the total fat mass is f100– 300 g TG per day. An imbalance between hydrol-ysis and synthesis of TG can be important for the development of obesity. Altered lipolysis could be an element leading to obesity and interindividual varia-tions in AT lipolysis are of importance for the rate of weight loss. Conversely, excessive lipolytic rates, in conjunction with impairment in NEFA utilization by muscle and liver, may be a major contributor to the metabolic abnormalities found in persons with android or upper-body obesity and lead to non-insulin-depend-ent diabetes mellitus (NIDDM). 515
	19 Lipodystrophy and Lipoatrophy Steven R. Smith Pennington Biomedical Research Center, Louisiana State University, Baton Rouge, Louisiana, U.S.A. I INTRODUCTION Excess adipose tissue is associated with metabolic dis-turbances and disease, i.e., the metabolic syndrome (1,2). Somewhat paradoxically, inadequate adipose tis-sue manifests itself in a similar fashion (3,4). This observation demonstrates that adipose tissue is required for normal metabolic function. The inherited and acquired lipodystrophies constitute a heterogeneous group of disorders that share the common feature of inadequate adipose tissue stores. Although the lipodystrophic disorders represent a variety of underlying pathophysiological states, their common sequelae are instructive, as they are likely to be similar to the metabolic complications associated with ‘‘garden-variety’’ obesity/metabolic syndrome X. Our understanding of the pathophysiology of these patients and parallel models of lipodystrophy in animals point toward the concept of an ‘‘optimal’’ adipose tissue mass that matches the energy requirements of the organism. In addition, these disorders illustrate the central role of adipose tissue to (1) sequester lipid, and (2) adipose tissue as an endocrine organ. This chapter is divided into three main sections. First, the characterized lipodystrophies and their sali-ent features will be briefly reviewed. Second, the common pathophysiological mechanisms will be dis-cussed in light of the available animal models. Last, based on the mechanisms by which inadequate adipose tissue leads to disease, potential therapeutic strategies are discussed. The following classification schema follows that of Garg (5), with reference to the schema presented by the Online Mendelian Inheritence in Man (OMIM) by McKusick (6). The reader is referred to the latter reference for a continual update of the rarer lipodys-trophy syndromes and a comprehensive bibliography: http://www.ncbi.nlm.nih.gov/Entrez/. II LIPODYSTROPHIES A Congenital Generalized Lipodystrophy (CGL) CGL, OMIM 269700, i.e., Berardinelli-Seip syndrome, is an autosomal-recessive disorder that manifests at birth as a complete absence of adipose tissue, hepato-megaly, and severe nonketotic insulin resistant diabetes. Additional features include acanthosis nigricans and an elevated basal metabolic rate. Mechanical fat in the hands, feet, orbit, scalp, and periarticular fat are usually preserved (3). B Familial Partial Lipodystrophy (FPL) FPL, OMIM 151660, familial partial lipodystrophy, an autosomal-dominant disorder, is differentiated from congenital generalized lipodystrophy, an autosomal-recessive disorder, by the timing of the onset (4). FPL 533
	20 Uncoupling Proteins Daniel Ricquier UPR 9078, Centre National de la Recherche Scientifique, Faculty of Medicine, Necker-Sick Children, Paris, France Leslie P. Kozak Pennington Biomedical Research Center, Louisiana State University, Baton Rouge, Louisiana, U.S.A. I INTRODUCTION The coupling of respiration to ADP phosphorylation in mitochondria represents the coupling of exergonic and endergonic processes. Actually, such a coupling is never complete and results in energy dissipation as heat. Apart from a role in thermogenesis, uncoupling of respiration limits ATP synthesis and allows NADH reoxidation. In the absence of uncoupling mechanisms, a high level of ATP would inhibit respiration and NADH reoxidation. Two types of mechanisms have been proposed to explain the molecular basis of respiration uncoupling. The first is based on a decreased efficiency of the respiratory chain or ‘‘slippage’’ of respiratory chains; the second one postulates the existence of proton leaks in the mitochondrial inner membrane. Analysis of thermogenic mechanisms in brown adipocytes has established that UCP1 in the inner mitochondrial mem-brane works as a regulatable proton leak and an uncou-pler that stimulates fatty acid oxidation (see below). The recent identification of homologues of UCP1 has extended this regulatory mechanism based on the pos-sible mitochondrial proton leaks to virtually all other tissues. Accordingly, this phenomenon of mitochon-drial proton leaks represents a widespread strategy for controlling substrate utilization, and energy partition-ing through changes in metabolic efficiency. II UCP1 A UCP1 in Energy Expenditure and Body Weight Regulation Pharmacological and genetic manipulations of exper-imental rodents suggest that nonshivering thermogen-esis is one of the most effective strategies for reducing adiposity in obese individuals. While there are many systems of thermogenesis that are theoretically capable of increasing energy expenditure, in fact, a body of evidence confirming that a specific mechanism for increasing thermogenesis is effective in reducing adiposity is available only for mitochondrial uncou-pling protein (UCPI)-dependent thermogenesis of brown adipose tissue. The previous edition of the Handbook of Obesity described the biology of brown adipose tissue, the biochemistry of UCP1, and the adrenergic signaling mechanisms that controlled the activation of nonshivering thermogenesis. Although the effectiveness of UCP1 in reducing adiposity in obese rodents is clear its relevance to obesity in humans has remained questionable because of the paucity of brown adipocytes in adult humans. Since the previous edition of the handbook was issued, important developments in mitochondrial uncoupling proteins and the regulation of brown adipocyte differ- 539
	21 Peroxisome Proliferator–Activated Receptor g and the Transcriptional Control of Adipogenesis and Metabolism Lluis Fajas and Johan Auwerx Institut de Ge´ne´tique et de Biologie Mole´culaire et Cellulaire, Illkirch, and Universite´ Louis Pasteur, Strasbourg, France I INTRODUCTION The peroxisome proliferator–activated receptor gamma (PPARg) is one of three PPARs, which together constitute a distinct subfamily of the nuclear receptor superfamily and which are all activated by naturally occurring fatty acids or fatty acid derivatives. PPARg heterodimerizes with retinoid X receptors (RXR) and alters the transcription of numerous target genes after binding to specific response elements or PPREs, which are found in several genes involved in fat metabolism. Coordinate regulation of genes involved in fat uptake and storage by PPARg underlies its effects on adipocyte differentiation. PPARg’s claim to fame is due to its pivotal roles in adipogenesis and its implication in insulin sensitization. A number of additional functions were attributed to PPARg, which suggests a more pleiotropic role affecting multiple fundamental pathways in the cell with wide-ranging biomedical implications. II THE PPAR; GENE, RNA, AND PROTEIN The human PPARg gene, which is mapped to a locus on chromosome 3p25, has nine exons and spans over 100 kb of genomic DNA (1). In contrast to mice, in which only two PPARg isoforms have been described so far (2), in man, three PPARg mRNA isoforms have been identified—PPARg1, g2(1), and g3 (3). Alternate transcription start sites and alternative splicing gen-erate these three PPARg mRNAs, which differ at their 5V ends. Consistent with the production of three PPARg mRNAs, there are three PPARg promoters, each with a specific and distinctive expression pattern, (1,3). Whereas the PPARg1 and g3 mRNAs give rise to an identical protein product, i.e., PPARg1, the PPARg2 mRNA encodes for the PPARg2 protein, which in man contains 28 additional amino acids encoded by the B exon. Little is known about the expression of PPARg during development in mammals (4). In adult animals, PPARg expression is relatively confined. Adipose tis-sue, large intestine, and hematopoietic cells express the highest levels of PPARg; kidney, liver, and small intes-tine have intermediate levels; whereas PPARg is barely detectable in muscle (1,5). Related to the subtype distribution, PPARg2 is much less abundant in all tissues relative to PPARgl, the predominant PPARg form. The only tissue expressing significant amounts of PPARg2 is adipose tissue, where PPARg2 mRNA makes up 30% of total PPARg mRNA (5). PPARg3 mRNA expression is restricted to macrophages and large intestine (3,6). In man, short-term changes in food intake do not affect the expression levels of PPARg (5), whereas 559
	22 Biology of Visceral Adipose Tissue Susan K. Fried University of Maryland and Baltimore Veterans Administration Medical Center, Baltimore, Maryland, U.S.A. Robert R. Ross Queen’s University, Kingston, Ontario, Canada I INTRODUCTION A Visceral Obesity and Health–A Brief Historical Perspective In humans and other mammals, fat is deposited within anatomically discrete depots that are located through-out the body. In humans, while most fat is present in subcutaneous depots, up to 20% of total body fat is deposited in adipose depots within the abdominal cavity (see Table 1). The pattern of fat distribution is a main determinant of variations in body shape (1–3). Vague first noted that that an upper body (android or male-type) fat distribution is associated with develop-ment of diabetes, atherosclerosis, and gout (4,5). Kis-sebah et al. (6,7) and Krotkiewski et al. (6), among others, confirmed and extended Vague’s hypothesis, finding evidence for correlations of upper-body obesity and enlarged abdominal subcutaneous fat cells to hypertension, insulin resistance, and hyperlipidemia in clinical studies. Epidemiological studies showed that upper-body fat distribution, measured by the ratio of waist to hip circumferences, was a significant determi-nant of diabetes, cardiovascular disease, and premature death in both men and women (3). These statistical associations were independent of overall obesity, as assessed by the body mass index. Thus, much research attention became focused on the phenomenon of abdominal obesity. With the application of imaging technology to the study of fat distribution, it became possible to better define fat distribution by distinguishing the relative sizes of intra-abdominal and subcutaneous fat com-partments. It was realized that increased waist circum-ference was a heterogeneous phenotype associated in some cases with high amounts of intra-abdominal fat, and in others with mostly subcutaneous abdominal fat. Many studies found that the size of intra-abdomi-nal fat stores as measured by computerized tomogra-phy (CT) or magnetic resonance imaging (MRI) was most closely linked with the metabolic complications of obesity (1,7–9). B The Portal Hypothesis The statistical association between abdominal obesity and health risk does not prove a causal relationship (10). Thus, investigators addressed potential mechanis-tic links between the size of specific fat depots and alter-ations in systemic metabolism. As noted by Bjo¨rntorp (10), there was accumulating evidence in the literature from 1960s and 1970s that fat cells from different fat depots exhibit marked differences in functional capaci- 589
	23 Resting Energy Expenditure, Thermic Effect of Food, and Total Energy Expenditure Yves Schutz and Eric Je´quier University of Lausanne, Lausanne, Switzerland I METHODS OF MEASURING ENERGY EXPENDITURE IN HUMANS A Introduction Three main methods are used to measure energy expen-diture in man: indirect calorimetry, direct calorimetry, and the doubly labeled water technique. These methods are based on different principles and do not measure the same type of energy. Indirect calorimetry is the best method to measure resting energy expenditure, the thermic effect of food and the energy expended for physical activity. It has the great advantage of being relatively simple; it can be used either with a ventilated hood system (for a resting subject), or with a respiration chamber, when a 24-hr measurement is needed. A first advantage of indirect calorimetry is the immediate response of oxygen con-sumption (measured by the method of respiratory gas exchange) in relation with the real oxygen consumption in the tissues and organs within the body. There is no delay in measuring oxygen consumption because the body has negligible O2 stores. A second advantage of indirect calorimetry in comparison with other methods is the possibility to assess nutrient oxidation rates, when oxygen consumption, CO2 production, and urinary nitrogen excretion are measured. Direct calorimetry is the method of choice for studies aiming at assessing thermoregulatory responses. The method consists in measuring heat losses, not heat production. In many circumstances, heat losses differ from heat production and there is a change in heat stored. For instance, after a meal, heat production begins to rise 20–30 min after the onset of eating, whereas heat loss increases only later on; the conse-quence of the different time courses of heat production and heat loss is a rise in body temperature. The method of direct calorimetry consists in the measurement of the heat dissipated by the body by radiation, convection, conduction, and evaporation (1). Under conditions of thermal equilibrium in a sub-ject at rest and in postabsorptive conditions, heat production, measured by indirect calorimetry, is iden-tical to heat dissipation, measured by direct calorimetry (Fig. 1). This is an obvious confirmation of the first law of thermodynamics—that the energy released by oxida-tive processes is ultimately transformed into heat (and external work during exercise). In steady-state condi-tions, the identity between heat production and heat loss in a resting subject (Fig. 1) corroborates the validity (for the whole body) of the method of indirect calorimetry. Doubly labeled water technique is the third method and is based on the difference in the rates of turnover of 2 H2O and H 2 18 O in body water. The subject is given a single oral dose of 2 H2 18 O to label body water with both isotopes 2 H and 18 O. A rapid exchange of 18 O occurs between water and carbon dioxide owing to the action of carbonic anhydrase. As a result, after 615
	24 Energy Expenditure in Physical Activity James O. Hill University of Colorado Health Sciences Center, Denver, Colorado, U.S.A. W. H. M. Saris University of Maastricht, Maastricht, The Netherlands James A. Levine Mayo Clinic, Rochester, Minnesota, U.S.A. I ENERGY EXPENDITURE DURING PHYSICAL ACTIVITY A Human Energy Balance Biological entities obey physical laws, and, in this regard, humans and other mammals obey the laws of thermodynamics. Body energy stores can only increase and obesity can only occur when food intake exceeds energy expenditure (or metabolic rate). Similarly, energy stores can only be depleted when energy expen-diture exceeds food intake. Thus, the balance between food intake and energy expenditure determines the body’s energy stores. The quantity of energy stored by the human body is impressive; lean individuals store 2–3 months of their energy needs in adipose tissue whereas obese persons can carry a year’s worth of their energy needs. The cumulative impact of energy imbalance over months and years can result in the development of obesity. The factors that regulate appetite and food intake are discussed elsewhere. In this chapter we will discuss the importance of physical activity as a compo-nent of energy expenditure. B Components of Energy Expenditure There are three principal components to energy expen-diture in humans: basal metabolic rate, thermic effect of food, and the energy expenditure of physical activity (activity thermogenesis). Basal metabolic rate is the energy expended when an individual is lying at complete rest, in the morning, after sleep, in the postabsorptive state. In individuals with sedentary occupations basal metabolic rate accounts forf60% of total daily energy expenditure. About 75% of the variability in basal metabolic rate is predicted by lean body mass within and across species (1,2). Resting energy expenditure, in general, is within 10% of basal metabolic rate and is measured in subjects at complete rest in the postabsorp-tive state. The second component of energy expenditure is the thermic effect of food (3–6). This is the increase in energy expenditure associated with the digestion, absorption, and storage of food and accounts for f10% of total daily energy expenditure; many believe there to be facultative (adaptive) as well as fixed com-ponents. The third component of energy expenditure is 631
	25 Endocrine Determinants of Obesity Jonathan H. Pinkney University of Liverpool, Liverpool, England Peter G. Kopelman Barts and the London Queen Mary’s School of Medicine and Dentistry, University of London, London, England I INTRODUCTION Obesity is a fundamental disorder of energy balance in which excessive energy stores accumulate in the form of fat in response to sustained high energy intake and/or low expenditure. While genetic factors influence obesity through endocrine mechanisms, the majority of endo-crine changes observed in obese subjects are consequen-ces of obesity. The endocrine mechanisms giving rise to disturbances of fat distribution, and by which obesity gives rise to its principal complications—diabetes, car-diovascular disease, and female reproductive dysfunc-tion— are becoming clear. In this chapter we consider the unusual primary endocrine causes of obesity, includ-ing recently described genetic syndromes, and then focus on the more common alterations in endocrine function that are characteristic of obesity—distur-bances in insulin secretion and action, adrenocortical function, sex steroid secretion, the growth hormone in-sulinlike growth factor and pituitary-thyroid axes. The evidence that these changes play a role in either the determination of corpulence or the perpetuation of the obese state is considered. II PRIMARY ENDOCRINE DISEASE AS A CAUSE OF OBESITY Diseases in which primary endocrine disturbances are the cause of obesity are unusual in clinical practice. This group of disorders (Table 1) includes structural lesions of the hypothalamus, of which craniopharyngioma, or its treatment with surgery or radiotherapy, is the com-monest. The mechanisms responsible for weight gain in this situation include hyperphagia, reduced resting me-tabolic rate, and autonomic imbalance leading to hy-perinsulinemia (1). Treatment, which reduces insulin secretion, promotes weight loss in a subset of such pa-tients (2). Patients with growth hormone (GH) defi-ciency secondary to pituitary/hypothalamic disease also have increased body fat and reduced muscle mass, and this is corrected by GH replacement (3–7). Genetic de-fects affecting the function of this brain region include Prader-Willi syndrome, until recently the commonest known monogenic form of obesity. Mutations in leptin, leptin receptor, pro-opiomelanocortin (POMC), and melanocortin-4 receptor (MC4R) have now been described in obese humans (8–11), but these are rare 655
	26 Endocrine Determinants of Fat Distribution Renato Pasquali, Valentina Vicennati, and Uberto Pagotto University of Bologna and S. Orsola-Malpighi General Hospital, Bologna, Italy I INTRODUCTION Obesity is a heterogeneous disorderwith wide variations in risks for complicating diseases. The recognition of the marked differences between excess fat localized in different parts of the body has markedly increased the knowledge of mechanisms by which metabolic and cardiovascular risk factors and diseases aggregate to specific phenotypes of obesity. At the same time, emerg-ing scientific interest has increased our understanding of the main metabolic and hormonal factors involved in the pathophysiology of different obesity phenotypes. This chapter will focus on the concept of adipose tissue as an endocrine organ, the regulation of the li-polytic/ lipogenetic balance, the physiology of hormone regulation of different adipose tissue depots, and the role of hormonal derangements in the pathophysiology of different obesity phenotypes, particularly the abdo-minal phenotype. II ADIPOSE TISSUE AS AN ENDOCRINE ORGAN Adipocytes are well known for their essential role as triglyceride depots, from which energy is called forth at times of need in the form of free fatty acids (FFAs) and glycerol. However, in the past few years, it has been definitively established that adipose tissue may also act as an endocrine organ. In fact, adipocytes express and secrete a number of peptidergic hormones and cyto-kines, which help to maintain homeostasis; vasoactive peptides, whose proteolytic products regulate vascular tone; and leptin, which plays a central role in regulating energy balance (1). Adipose tissue can also produce active steroid hormones, including estrogens and corti-sol, by conversion of androgen precursors and inactive glucocorticoids, respectively. Through such secreted products, adipocytes may deeply influence local adipo-cyte biology, as well as systemic metabolism at sites as diverse as brain, liver, muscle, pancreatic h-cells, go-nads, lymphoid organs, and systemic vasculature (2). Adipose tissue is also tightly regulated in its differ-entiation process and in its metabolic functions by many hormones. Each hormone has its own peculiar effect, according to the receptor expression pattern, to gender and age, and to the different adipose tissue sites. These effects are particularly related to regulating the balance between fat accumulation (lipogenesis) and breakdown (lipolysis). There are several differences in the balance between lipogenesis and lipolysis among adipose tissues located in subcutaneous or visceral sites. These effects mainly depend on the activity of lipoprotein lipase and hormone-sensitive lipase, respectively. III FUNCTIONS OF ADIPOSE TISSUE: LIPOGENESIS AND LIPOLYSIS A Lipoprotein Lipase: Lipogenesis Lipoprotein lipase (LPL) is an extrahepatic enzyme responsible for the hydrolysis of triglycerides into chy-lomicra and very low density lipoprotein (VLDL), and 671
	27 Sympathoadrenal System and Metabolism Eric Ravussin Pennington Biomedical Research Center, Louisiana State University, Baton Rouge, Louisiana, U.S.A. Ian Andrew Macdonald University of Nottingham Medical School, Nottingham, England I INTRODUCTION The sympathetic nervous system (SNS) is an impor-tant component of the autonomic nervous system, and thus plays a major role in the maintenance of body homeostasis. The SNS is of particular importance in the control of the cardiovascular system and of a number of metabolic processes including energy homeostasis. Alterations in SNS effects on metabolism have been implicated in the development and main-tenance of obesity, and the SNS is a potential ther-apeutic target in the treatment of obesity. This short review provides an overview of the anatomical and physiological aspects of the SNS, before considering the evidence showing a role for the SNS in the develop-ment or treatment of obesity. II ORGANIZATION AND STRUCTURE OF THE SNS The autonomic nervous system consists of the sympa-thetic nervous system, parasympathetic nervous system (PNS), and adrenal medulla. A number of anatomical differences distinguish the SNS and the parasym-pathetic nervous system, which are reviewed in detail by Astrup and Macdonald (1). The important struc-tural aspects of the SNS are that the preganglionic nerves arise from thoracic and lumbar regions of the spinal cord, and that the ganglia are close to the spinal cord. Thus, the SNS has long postganglionic nerves, which innervate almost all of the vital organs and tissues of the body. While most of these vital organs and tissues are also innervated by the parasympathetic nervous system, major exceptions are the blood vessels, sweat glands, and adipose tissue, which have only a sympathetic nerve supply. The adrenal medulla is effectively a sympathetic ganglion, but it releases hor-mones directly into the bloodstream instead of having a postganglionic nerve. There are many physiological and clinical situations in which activation of the SNS and adrenal medulla are dissociated, and it is more appropriate to consider them as the sympathoadrenal system than to include the adrenal medulla in the SNS. The other distinctive anatomical feature of sympa-thetic nerves is that they have varicosities along the length of nerve within the tissue that is innervated. Thus, each nerve releases neurotransmitters at a num-ber of sites. The SNS and PNS nerves, which arise from the spinal cord and supply the vital organs and tissues, represent the efferent part of the autonomic nervous system. Activation of these nerves usually occurs as part of reflex mechanisms that involve afferent signals 693
	28 Energy Expenditure and Substrate Oxidation Jean-Pierre Flatt University of Massachusetts Medical School, Worcester, Massachusetts, U.S.A. Angelo Tremblay Laval University, Sainte-Foy, Quebec, Canada I FACTORS DETERMINING TOTAL SUBSTRATE OXIDATION The rate of substrate oxidation varies considerably during the day, being dictated by the body’s need to regenerate the adenosine triphosphate (ATP) used in carrying out its metabolic functions, in digesting and storing nutrients, in moving, and in performing phys-ical tasks. The amount of heat generated is generally sufficient to allow maintenance of body temperature by regulation of heat dissipation, aided when necessary by measures seeking to maintain comfort through appro-priate clothing and control of environmental tempera-tures. Situations where substrate oxidation is activated for the sake of thermogenesis are avoided as much as possible. The energy expended in the resting state depends primarily on the size of the lean body mass, plus the metabolic costs for processing ingested nutrients. The energy expended for specific physical activities is highly reproducible and in many cases roughly pro-portional to body weight (1). Overall energy expendi-ture for weight maintaining adults is thus determined primarily by body size and by the intensity and duration of the physical activities undertaken. In sedentary individuals total daily energy expenditure (TEE) varies typically between 1.3 and 1.5 times the rate of resting energy expenditure (REE) extrapolated to 24 hr. A Efficiency of Oxidative Phosphorylation and P:O Ratio It is difficult to assess the efficiency of oxidative phos-phorylation and the P:O ratio in intact cells, because the ATP turnover due to the cell’s metabolic activities is not readily measurable. Pahud et al. (2) were nevertheless able to assess the efficiency of oxidative phosphoryla-tion in man by combining direct and indirect calorim-etry measurements in young men pedaling on a bicycle ergometer at different levels of work output. During sustained aerobic work, the mechanical work per-formed was equivalent to 27% of the energy contained in the increment in substrate oxidation elicited by ped-aling. During the first minutes of pedaling against a suddenly increased resistance, the mechanical work pro-duced (measured electrically with the bicycle ergome-ter) plus the energy appearing in the form of heat (measured by direct calorimetry and from the increase in the subjects’ body temperature) exceeded the energy liberated by substrate oxidation (determined by indirect calorimetry). This implies that preformed high-energy bonds (ATP and creatine-phosphate) were utilized to accomplish part of the mechanical work during this 705
	29 Skeletal Muscle and Obesity David E. Kelley University of Pittsburgh, Pittsburgh, Pennsylvania, U.S.A. Len Storlien University of Wollongong, Wollongong, New South Wales, Australia, and AstraZeneca, Mo¨lndal, Sweden I INTRODUCTION In obesity, there is increased nonadipose tissue as well as increased adiposity. The increase of nonadipose tissue entails an increase in skeletal muscle mass. Recent data indicate that obesity affects not only the quantity, but also the ‘‘quality’’ of skeletal muscle, and thiswill be one area of focus for this chapter. One manifestation of a change in the composition of skeletal muscle in obesity is an increased lipid content within and around muscle fibers. How this occurs is an important question. Al-tered composition of skeletal muscle may arise only as a consequence of having become obese, reflecting the general increase in adiposity in multiple organs. Yet, there are data that strongly suggest that changes in the physiology and biochemistry of skeletal muscle in obe-sity dispose to an accumulation of lipid within muscle. Indeed, these changes in muscle in fuel partitioning of lipid, between oxidation and storage of fat calories, may contribute to the pathogenesis of obesity and precede its development. This hypothesis could be of central impor-tance to our understanding of this chronic disease and therefore will be carefully considered in this chapter. A related theme of the chapter will be that skeletal muscle insulin resistance, a well-recognized metabolic complication of obesity, entails perturbations not only of glucose but also in fatty acid metabolism. In meta-bolic health, skeletal muscle physiology is characterized by the capacity to utilize either lipid or carbohydrate fuels, and to effectively transition between these fuels. We will review recent findings that indicate that in obesity, skeletal muscle manifests a loss of the capacity for transition between lipid and carbohydrate fuels. This inflexibility in fuel selection by skeletal muscle, as well as differences in fuel partitioning, is a key patho-physiological characteristic that contributes to an altered composition of muscle in obesity and to the in-sulin resistance of muscle. II NONINVASIVE STUDIES OF SKELETAL MUSCLE COMPOSITION IN OBESITY A Skeletal Muscle Quantity Adipose tissue mass is certainly increased in obesity, and contributes substantially to increased weight. How-ever, body composition analyses also suggest that there is an increased amount of nonadipose tissue compo-nents in obesity, including increased skeletal muscle mass. Two-compartment methods for estimating body composition, such as dual-energy x-ray absorptiometry (DXA) or underwater weighing, indicate that fat-free mass is increased in obesity. Part of the increase in fat- 733
	30 Nutrient Partitioning Samyah Shadid and Michael D. Jensen Mayo Clinic, Rochester, Minnesota, U.S.A. I INTRODUCTION A General Considerations on Nutrient Partitioning Nutrient partitioning can be defined as the process by which the organism selects fuels for storage (including protein synthesis) or oxidation. Understanding the reg-ulation of energy balance and nutrient partitioning can potentially facilitate the treatment of obesity. Although the factors that lead to an imbalance between energy/ fat intake and energy expenditure, and thus the devel-opment of obesity, remain incompletely understood, nutrient partitioning may be especially relevant to the development of obesity as it relates to the hypothesis of Flatt (1). The latter suggests that total food intake increases to meet carbohydrate needs. According to this theory, food intake is regulated, at least in part, to as-sure an adequate amount of carbohydrate. Consump-tion of a high-fat diet would require the intake of excess fat in order to satisfy carbohydrate needs and therefore lead to obesity under this scenario. The concept of a diet ‘‘relatively’’ deficient in carbohydrate becomes impor-tant in that dysregulation of substrate partitioning could potentially affect the body’s sense of what consti-tutes adequate carbohydrate intake. For example, if fat were preferentially shunted toward storage, more car-bohydrate would be required to meet oxidative needs, thereby preventing sufficient repletion of glycogen stores. This process is proposed to generate signals that stimulate appetite. Other examples where nutrient par-titioning relates to obesity and body fat content include the stimulation of lean tissue synthesis at the expense of fat calories by androgens and growth hormone, and (presumably) the reverse of this process by deficiencies of these hormones. A variety of physiological and cellular events play key roles in determining nutrient partitioning. After a general overview of these major determinants, the regu-lation of the major pathways of nutrient partitioning will be reviewed, followed by specific hormonal influ-ences on each pathway. The net effects of the major nu-trient partitioning hormones (insulin, growth hormone, testosterone and cortisol) on lipid, protein, and carbo-hydrate metabolism are summarized in Figures 1–3. B Nutrient Partitioning and Exercise When energy intake exceeds energy expenditure, the excess calories must be stored. Excess energy intake in sedentary, hormonally stable adults almost inevitably results in the expansion of adipose tissue triglyceride stores. Circumstances that promote lean tissue accre-tion, however, can allow excess energy to be stored as muscle and/or visceral proteins. The most common circumstance resulting in net lean tissue accretion with excess food intake is increased physical activity, usually in the form of resistance exercise training. The initiation of endurance exercise training in a previously sedentary 753
	31 Obesity and Mortality Rates Kevin R. Fontaine Johns Hopkins University, Baltimore, Maryland, U.S.A. David B. Allison The University of Alabama at Birmingham, Birmingham, Alabama, U.S.A. I INTRODUCTION ‘‘A certain amount of overweight has been looked upon with favor, our tendency being to consider a certain degree of hyper-nutri-tion to be desirable.’’ —O. H. Rogers (1901) ‘‘A sudden palpitation excited in the heart of a fat man has often proved as fatal as a bullet through the thorax.’’ —W. Wadd (1829) Since at least the mid-19th century there has been considerable interest and debate with regard to whether and how obesity is associated with mortality. Although a common view a century ago was that weights we would consider excessive today were innocuous and perhaps even desirable, case reports coupled with data from the life insurance industry suggested that excess weight and the central distribution of this weight were associated with shortened life expectancy (1). Over the past several decades, the question of the effect of variations in body weight on mortality has be-come increasingly important. This is in part because both relative body weight and rates of obesity have been dramatically and steadily increasing in the United States and most of the Western world (2–4). As agri-cultural and industrial technologies spread into the non-Western world, both the relative body weights and rates of obesity are increasing in those popula-tions as well (5). Given this, it is not surprising that body weight is of considerable interest to the scien-tific community. Indeed, the ‘‘problem’’ of obesity has become the subject of governmental policies, public education campaigns, and insurance policies, and has become a major target of the food and pharmaceutical industries. Despite efforts to address the rising rates of obesity, the effect of variations in body weight on mortality re-mains a controversial topic (6–9). Some studies (10–12) suggest that the relationship between measures of rela-tive body weight (e.g., body mass index [BMI]: kg/m 2 ) and longevity is decreasing, indicating essentially that one can never be too thin. On the other hand, some studies suggest that BMI has little important impact on longevity (13–15). Between these two extremes are studies that suggest that the relationship between BMI and mortality is U-shaped or J-shaped, indicating higher mortalities at the extremes of the BMI distri-bution (16–19). To complicate matters further, studies suggest that the BMI/mortality relationship may vary considerably as a function of demographic character-istics such as age, sex, and race (20–22). 767
	32 Etiology of the Metabolic Syndrome Per Bjo¨rntorp University of Go¨teborg, Go¨teborg, Sweden I INTRODUCTION One significant and rapidly developing area of obesity research is the etiology of the metabolic syndrome and its prevention and treatment. The syndrome exhibits the central, visceral subtype of obesity, which is an integral part of the syndrome and bears the most serious somatic hazards of obesity, while the peripheral, subcutaneous subtype is associated mainly with mechanical problems arising from the increased body weight. Historically, the clustering of the symptoms now called the metabolic syndrome has been observed and documented since the beginning of the 20th century. There is little consensus on the definition, although many different proposals have been advanced, partic-ularly after addition of new components to the core of the syndrome. Most authors agree on the inclusion of insulin resistance, abdominal obesity, dyslipidemia, and hypertension, since these established risk factors for cardiovascular disease, type 2 diabetes mellitus and stroke are the reason the metabolic syndrome is of major importance. Techniques for evaluation of the major components of the syndrome have changed little since the previous edition of the Handbook of Obesity (1998) (1), proba-bly because the methodology continues to be adequate. However, questions exist about certain simple anthro-pometric measurements; for example, the waist/hip cir-cumference ratio (WHR). It is a poor measurement of intra-abdominal, visceral fat mass, a major statistical determinant of most of the comorbidities, yet its statis-tical power is surprising. Possibly this measurement contains unrecognized information beyond intra-ab-dominal fat mass, such as a muscle component included in the hip circumference measurement. These issues are an area for more research. At the time of the first edition, research on endocrine perturbations focused on the disturbances of regulation of the hypothalamic-pituitary-adrenal (HPA) axis and its interference with the central gonadal and growth hormone axes. Major advances have occurred with the development of new techniques, which are sensitive and discriminating enough to reveal minor regulatory errors of daily life (2–4). Research has previously addressed the peripheral consequences of the endocrine perturbations (accumulation of intra-abdominal fat and insulin resist-ance) (5,6), perturbations in the capillary system and in the synthesis of myosins (1). Much progress has been made in these areas and in genetics since the previous edition. The original Handbook examined the period up to 1996–1997, so this chapter will focus on the following years, including generally integrated and specific aspects of these developments covered in several recent reviews (2–9). II DEFINITION OF THE METABOLIC SYNDROME A syndrome is a collection of symptoms typically occur-ring together. Such syndromes often originate from 787
	33 Obesity as a Risk Factor for Major Health Outcomes JoAnn E. Manson Harvard Medical School and Brigham & Women’s Hospital, Boston, Massachusetts, U.S.A. Patrick J. Skerrett Brigham & Women’s Hospital and Harvard Health Publications, Harvard Medical School, Boston, Massachusetts, U.S.A. Walter C. Willett Harvard School of Public Health, Boston, Massachusetts, U.S.A. I INTRODUCTION Until recently, excess weight was generally overlooked as a major risk factor for chronic disease. Now a rapidly expanding body of data is defining the impact of overweight and obesity on premature mortality, cardiovascular disease, type 2 diabetes mellitus, osteo-arthritis, gallbladder disease, some types of cancer, and other conditions (Fig. 1) (1,2). Models using data from the Third National Health and Nutrition Examination Survey (NHANES III), the Framingham Heart Study, and other sources have demonstrated a direct, dose-dependent relationship between increasing body mass index (BMI) and lifetime risk of various conditions (Table 1) (3–5). Data from the U.S. Behavioral Risk Factor Surveillance System indicate that obesity is associated with greater morbidity and poorer health-related quality of life than smoking or problem drink-ing (6), and a recent conservative estimate, derived from five long-term prospective cohort studies, suggests that overweight and obesity account for >280,000 deaths each year in the United States (7). The substan-tial morbidity and mortality associated with excess weight underscore the pressing need to improve the education of health professionals and the public about the hazards of overweight and obesity and to remove the barriers to healthy eating and increased physical activity. II MORTALITY While the precise shape of the body weight/mortal-ity curve remains controversial, there is little question that substantial excess adiposity increases mortality. A reanalysis of 12-year follow-up data of the American Cancer Society’s Cancer Prevention Study I cohort that excluded smokers and those with a history of cancer or cardiovascular disease at baseline (8), as well as a new analysis of a second Cancer Prevention cohort of more than 1 million adults with 14 years of follow-up (9), showed a clear pattern of increasing mortality with increasing weight (Fig. 2). Among healthy people who had never smoked, optimal mortality was found at a BMI of 23.5–24.9 for men and 22.0–23.4 for women. These data confirm similar observations from a 27-year 813
	34 Effects of Obesity on the Cardiovascular System Edward Saltzman Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University and Tufts–New England Medical Center, Boston, Massachusetts, U.S.A. Peter N. Benotti Valley Hospital, Ridgewood, New Jersey, U.S.A. I INTRODUCTION Cardiovascular disease is the leading cause of death in industrialized countries, and in the United States, car-diovascular disease accounts for f50% of all deaths (1). Obesity increases risk for coronary heart disease (CHD), congestive heart failure (CHF), arrhythmia, sudden death, and several other cardiovascular diseases (Table 1). Obesity promotes several traditional risk factors for cardiovascular disease, and in addition con-siderable attention has been devoted to defining the pathogenic role of excess weight that is independent of traditional risk factors. Obesity has recently been found to be associated with several nontraditional risk factors, such as disturbances in fibrinolysis, impaired endothelial function, and chronic low-grade inflammation. Regard-less of the mechanism, it is clear that obesity is associated with deleterious effects on the heart and circulatory system. In the sections below, the increased demands im-posed by obesity on the heart and circulation and the resultant cardiovascular adaptation are reviewed. This is followed by discussion of the contribution of obesity to pathologic conditions such as CHF, arrhythmia, CHD, and other cardiovascular syndromes. The bene-ficial effects of weight loss on specific conditions and overall cardiovascular mortality is also discussed where evidence exists. Finally, the association between weight loss medications and cardiac valve disease, as well as cardiovascular effects of other appetite suppressants, is presented. II EFFECTS OF OBESITY ON CARDIAC STRUCTURE AND FUNCTION Obesity is characterized by expansion of fat mass, as well as expansion of skeletal muscle, viscera, and skin, all of which increase oxygen consumption (2,3). Although metabolically active, adipose tissue oxygen consumption is lower than for lean tissue, hence total body oxygen consumption expressed per kilogram of body weight in the obese is lower than in leaner persons (3–5). Obesity is also accompanied by expansion of extracellular volume, which comprises the intravascular and interstitial fluid spaces. Total blood volume and plasma volume generally increase in proportion to the degree of overweight (4,6–8). For example, in compar-ison to lean control groups (BMI 22 kg/m 2 ), nonhyper-tensive obese subjects (BMI f36 kg/m 2 ) had 20–25% expansion of total blood volume, while the ratio of central to total blood volumes was comparatively unchanged (7,8). Expansion of blood volume leads to increased left ventricular filling, which in turn results in 825
	35 Obesity and Lipoprotein Metabolism Jean-Pierre Despre´s Quebec Heart Institute, Laval Hospital Research Center, Laval University, Sainte-Foy, Quebec, Canada Ronald M. Krauss Children’s Hospital Oakland Research Institute, Oakland, Lawrence Berkeley National Laboratory, and University of California, Berkeley, Berkeley, California, U.S.A. I DYSLIPIDEMIC PHENOTYPES IN CORONARY HEART DISEASE: BEYOND CHOLESTEROL The measurement of plasma lipid levels is now com-monly used to assess the risk of coronary heart disease (CHD). Several epidemiological studies have shown that there is a significant positive relationship between blood cholesterol levels and deaths associated with CHD (1–3). In the Multiple Risk Factor Intervention Trial (MRFIT), Stamler et al. (4) showed that in a sam-ple of 356,222 male subjects, increased blood cholesterol levels were associated with a progressive increase in CHD mortality. However, despite the fact that numer-ous studies have shown this relationship, Genest et al. (5) have reported that nearly 50% of patients having ischemic heart disease (IHD) have plasma cholesterol levels equal to or even lower than those of healthy subjects. Accordingly, Sniderman and Silberberg (6) empha-sized that although the mean blood cholesterol concen-tration in CHD patients is generally significantly higher than that of healthy subjects, there is a considerable overlap between CHD patients and healthy subjects. Thus, the clinical value of total cholesterol measure-ment alone is of limited use in distinguishing CHD pa-tients from healthy subjects. It was therefore suggested that additional determinations of blood lipid variables were needed to more accurately assess risk. Plasma cholesterol is a hydrophobic compound and is transported in the blood by lipoproteins. Lipopro-teins vary in size, composition, and density, and four main families can be identified: chylomicrons, very low-density lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density lipoproteins (HDL) (Fig. 1). Chylomicrons are large particles found after a meal which are responsible for the transport of alimentary lipids. They are generally absent from the fasting plasma of healthy subjects. Triglyceride (TG) and cholesterol molecules of hepatic origin are secreted in VLDL par-ticles which are converted to LDL following hydroly-sis by the enzyme lipoprotein lipase (LPL). During the hydrolysis of chylomicrons and VLDL, excess surface component aggregates to form nascent HDL particles. Additional newly formed and immature HDL parti-cles originate from the intestine and the liver. A LDL Cholesterol: A Major Culprit in CHD Numerous prospective studies that have measured cho-lesterol in the lipoprotein fractions (VLDL, LDL, and HDL) have reported highly significant associations 845
	36 Obesity and Blood Pressure Regulation Albert P. Rocchini University of Michigan, Ann Arbor, Michigan, U.S.A. I INTRODUCTION Obesity is an independent risk factor for the develop-ment of both hypertension and cardiovascular disease. This chapter will summarize: techniques for measuring blood pressure in obese individuals and the effect of obesity on these measurements; the evidence that sub-stantiates that obesity is an independent risk factor for the development of hypertension; an explanation of how obesity may result in the development of hy-pertension; a brief summary of other cardiovascular abnormalities associated with obesity; and finally a brief summary of how to manage the hypertensive obese individual. II MEASUREMENT OF BLOOD PRESSURE IN OBESE INDIVIDUALS For years, physicians believed that the high blood pressure observed in many obese individuals was related to a measurement error. The indirect method of mea-suring blood pressure usually results in an overestima-tion of both systolic and diastolic blood pressure. The overestimation of blood pressure is due, in part, to the fact that pressure measured by the cuff and sphygmo-manometer is not just the force required to occlude the brachial artery but also includes the force required to compress the soft tissues of the arm. In the case of obesity, the increased subcutaneous fat present in the upper arm imposes a greater resistance to compression and therefore a higher cuff inflation pressure. Most of the effects of obesity on the indirect measurement of blood pressure can be corrected by using and appropri-ate size blood pressure cuff. Although, compared with intra-arterial measurements of blood pressure, the indi-rect method is less precise, nevertheless, when properly measured, elevated indirect blood pressure readings are a reliable method for diagnosing hypertension. The major errors encountered in the measurement of blood pressure include cuff size, type of instrumentation for measuring blood pressure, and observer errors. A Cuff Size The selection of an appropriate-size compression cuff is critical to obtaining accurate reading. The cuff consists of an inflatable bladder with a cloth cover. The dimen-sions of the inner bladder, not the size of the cover, determine cuff size (Fig. 1). The bladder must be the cor-rect width for the circumference at the mid point of the upper arm (Table 1). A bladder that is too small will cause a falsely high pressure. The bladder should be wide enough to cover f75% of the upper arm between the top of the shoulder and the olecranon. The length of the bladder also influences the accuracy of measure-ments. A bladder length that is roughly twice the width is ideal and should result in the cuff nearly encircling the arm. If a question arises as to which of two cuffs is appropriate, a cuff that is slightly wider and longer than 873
	37 Obesity and Diabetes Jeanine Albu and F. Xavier Pi-Sunyer Columbia University College of Physicians and Surgeons and St. Luke’s-Roosevelt Hospital Center, New York, New York, U.S.A. I ASSOCIATION BETWEEN OBESITY AND DIABETES Obesity is rare in insulin-dependent type 1 diabetes mellitus, but is common in type 2, non-insulin-depend-ent, diabetes mellitus (DM). About 85% of diabetics can be classified as type 2, and of these an average of 70% are overweight, ranging from a low of 50% to a high of 90%, depending on age, gender, and race (1). An initial observation that obesity and diabetes mellitus are associated was made by John (2) in 1929. Also, early on, it was observed that weight loss improves glucose control (3). West and Kalbfleisch (4), in the 1960s, in a series of population studies including many geographical areas, races, and cultures, noted a strong association between the prevalence of diabetes and overweight. They proposed that the largest environ-mental influence on the prevalence of diabetes in a population group was the degree of obesity present in that community (5). In some of these populations, diabetes was found to be as much as threefold higher in females than in males. Controlling for adiposity abolished these sex differences. In the Bedford diabetes survey of 1962, Fowler et al. (6) found that whereas in individuals <40 years of age there was no relation of weight to the prevalence of diabetes, in the 40-to-70- year-old age range the persons with diabetes were fatter. Baird et al. (7) investigated siblings of diabetic patients and siblings of nondiabetic matched controls and found that siblings of diabetics had a threefold higher preva-lence of diabetes, but those with the highest prevalence were the obese siblings of nonobese diabetic propositi. More recently, Knowler et al. (8) have shown that in the Pima Indian population, the likelihood of developing diabetes rises steeply with increasing fatness (Fig. 1). Finally, the seriousness of the present status in the United States, with regard to the increase in prevalence of type 2 diabetes mellitus, is reflected in the data from the NHANES (National Health Examination Survey) III data (1988–1994). Type 2 diabetes mellitus showed a strong increase in prevalence with increasing degree of overweight among both younger and older subjects. The prevalence was a staggering five times higher for men and 8.3 times higher for women in the most obese group compared to normal-weight individuals. As opposed to earlier studies, the prevalence ratio associated with elevated weight was three- to fourfold greater among younger overweight men and women (Fig. 2) (5–9). There have been prospective studies in a number of countries, including the United States (10), Norway (11), Sweden (12), and Israel (13) which have shown that increasing weight increases the risk of diabetes. In the Nurses’ Health Study, which has followed 114,824 women for 14 years, it has also been found that the risk of developing diabetes increases as body mass index (BMI) increases (14,15). Weight gain of even 7.0–10.9 kg after the age of 18 years was associated with a twofold increase in the risk for diabetes. It is important 899
	38 Obesity and Gallbladder Disease Cynthia W. Ko and Sum P. Lee University of Washington, Seattle, Washington, U.S.A. I INTRODUCTION Gallstones are a common problem in the general pop-ulation, and have an even higher prevalence in the obese and in those losing weight. Complications of gallstones include biliary colic, acute and chronic cholecystitis, and pancreatitis. Three conditions are necessary for cholesterol gallstone formation: super-saturation of bile with cholesterol, nucleation of cholesterol crystals, and gallbladder stasis. In obese subjects, these pathogenetic mechanisms may be modi-fied, leading to a predisposition to gallstone formation. This chapter will review the pathogenesis of cholesterol gallstones, and the effects of obesity and weight loss on gallbladder disease. II PATHOGENESIS OF CHOLESTEROL GALLSTONES Bile is a complex substance composed of lipids, pro-teins, electrolytes, and water. There are three principal biliary lipids: cholesterol, bile acids, and phospholipids (primarily phosphatidylcholine). Many species of pro-teins are present, and they are derived from serum proteins as well as hepatocyte, bile duct, and gallbladder epithelial secretion. Gallstone formation is determined by the physical-chemical interactions of all of these components present in bile (1). A Synthesis and Secretion of Biliary Lipids 1 Cholesterol The liver is the site of primary site of cholesterol syn-thesis and lipoprotein metabolism in the body. Free cholesterol is synthesized in the hepatocyte endoplasmic reticulum. The rate-limiting enzyme in cholesterol syn-thesis is HMG-CoA reductase (2). Each day, several grams of cholesterol derived from lipoproteins are taken up by the liver. Cholesterol enters the liver in esterified form, is transported to the lysosomes, and is then converted into its free form. It is then transported to the endoplasmic reticulum and reesterified for storage. Cholesterol esters in the endoplasmic reticulum are continually undergoing hydrolysis, providing a con-stant supply of free cholesterol. This free cholesterol is the substrate pool for bile acid and lipoprotein synthesis and for secretion into bile. The rate of biliary excretion from this pool varies with the rate of bile salt and lipoprotein synthesis. Biliary cholesterol secretion is quantitatively correlated with bile salt secretion (2). However, the ratio of cholesterol to bile salts secreted increases as bile salt secretion decreases, in part explain-ing the finding of more saturated bile (higher choles-terol- to-bile salt ratio) at low bile flow rates. Cholesterol is believed to be secreted from the liver in the form of phospholipid-cholesterol vesicles (3). Leptin levels influ-ence the amount of cholesterol secreted into bile in animal models (4), and gallstone prevalence is corre- 919
	39 Obesity and Pulmonary Function Shyam Subramanian and Kingman P. Strohl Case Western Reserve University School of Medicine, Cleveland, Ohio, U.S.A. I INTRODUCTION The importance of this chapter lies in the fact that impairment of respiratory function by obesity is poten-tially reversible and therefore should be a focus for therapeutic intervention (1–12). This review will be composed of three parts. The first will be the description of changes in respiratory mechanics, gas exchange, and control with obesity such as physiological decrements that result in dyspnea, the increased work of breathing, and abnormalities in gas exchange that many obese individuals exhibit. The second part will include a discussion of pathophysiologic staging of respiratory impairment in obesity, using as a basis a classification system proposed by Bates (13). The third part will out-line the emerging literature on sleep disordered breath-ing and obesity, obesity and asthma, and the syndrome of obesity hypoventilation. II PHYSIOLOGICAL DECREMENTS WITH OBESITY A Respiratory Compliance and the Work of Breathing A threshold effect of obesity associated with respiratory compromise has not been defined. While most studies in this literature use a starting point of at least 120% of ideal body weight (IBW), some use different thresholds for entry—150% or 200% IBW, BMI values >30 (males) or >28 (females). The literature is too heter-ogeneous to combine studies or to examine the relation-ship of obesity to respiratory function using continuous variables for each condition. Therefore, we will discuss studies that examined categorical effects (obese vs. non-obese subjects). Respiratory compliance is a measure that relates to the pressure changes that are required to increase lung volume and can be influenced by the mechanical proper-ties of both the lungs and the chest wall (14–16). One major problem in obesity is that increased weight press-ing on the thoracic cage and abdomen makes the chest wall stiff and noncompliant (14,15). In addition to in-creased adiposity around the thoracic cage, chest wall compliance may be decreased because the decreased total thoracic and pulmonary volume may pull the chest wall below its resting level to a flatter portion of its pres-sure- volume curve. In a study on sedated, paralyzed, postoperative morbidly obese patients, functional resid-ual capacity (FRC) was seen to be markedly low com-pared to normals, and respiratory compliance was found to be low owing to significant decrease in both lung and chest wall compliance (17). Total respiratory system resistance was also mark-edly increased, primarily owing to an increase in lung resistance. Oxygenation was impaired and correlated with total respiratory system compliance. PaCO2 was not different between obese and lean subjects and did not relate to compliance, resistance, or FRC. The same group later compared respiratory mechanics during 935
	40 Obesity, Arthritis, and Gout Anita Wluka and Flavia M. Cicuttini Monash University, Melbourne, Victoria, Australia Tim D. Spector Guy’s and St. Thomas’ Hospital NHS Trust, London, England I INTRODUCTION Musculoskeletal conditions affect 16% of all Americans (1). In 1988 it was estimated that the direct and indirect costs of these to the country were equivalent to 2.5% GNP (2). This was three times as great as the estimated cost in 1980. Musculoskeletal conditions are an im-portant cause of acute and chronic disability, being amongst the most common causes of work disability, because of their prevalence and severity (2). Indeed, in the workplace, the cost of musculoskeletal diseases were the highest and second-highest disease categories in workers with BMI between f27.5– 30 and >30, re-spectively (3). The most common musculoskeletal condition is osteoarthritis (OA), which affects 12.1% of Americans between the ages of 25 and 74 years (4). Its prevalence increases with age, so that the socioeconomic burden to society will grow with our aging population. Gout is the most common form of inflammatory arthritis in males over 40 years old. II OBESITY AND OSTEOARTHRITIS Osteoarthritis is a disorder of synovial joints character-ized by deterioration and abrasion of the joint cartilage and formation of new bone at the joint surfaces. Obesity is likely to be the most important preventable risk factor for knee OA. Overall, results to date suggest that the link between obesity and OA is more consistent in women and is strongest in OA of the knees and less conclusive in other joints. This has important implica-tions since OA is an enormous public health problem in developed countries as it is the commonest single cause of disability (5) and the major reason for hip and knee replacements (6). The combination of its effect on patients and the therapeutic procedures used produces a huge burden on society (7). Recently, efforts have been focused on potential risk factors for OA with a view to identifying possible preventive measures. The manage-ment of obesity is likely to be a key factor in the management of OA. A Association of Obesity and Osteoarthritis of the Knee Cross-sectional epidemiological studies have consis-tently shown a relationship between obesity and knee OA, which has generally been stronger in women than in men. The reported increased risks have ranged from two- to seven-fold for women in the top tertile of BMI compared to women in the bottom tertile (8–14) (Table 1). The earliest survey to mention this link 953
	41 Obesity, Pregnancy, and Infertility Stephan Ro¨ssner Huddinge University Hospital, Huddinge, Sweden I GENERAL HORMONAL BACKGROUND By definition obesity implies an excess of adipose tissue, which is not an inert storage room for triglycerides but actually the largest hormonally active gland of the body (1). Fat cells are known to convert androstenedione to estrone (2,3). Increased concentrations of estrone in obesity may interfere with the feedback system to the hypothalmohypophysial axis, increasing the levels of gonadotropins and androgens (4). As a consequence anovulation may occur. Furthermore, in obesity a re-duction in sex hormone–binding globulin (SHBG) con-centrations is seen, and the end result is an increased concentration of biologically active free androgens. Menstrual disturbances are frequent in obesity and may often be normalized after weight reduction (5–7). Several studies have demonstrated that with weight reduction various characteristics of the hormonal pro-file can be normalized. As early as the 1950s the relation-ship between obesity and menstrual disorders was reported (8). A particular clinical syndrome associated with obesity and anovulation is the polycystic ovarian syndrome (PCOS), characterized by anovulation, hy-perandrogenism, insulin resistance, and altered gonad-otropin secretion (9,10). Several investigations have analyzed the relationship between weight loss and men-strual function in PCOS, but often these designs have had clinical and methodological limitations. In some situations, appropriate endocrine characteristics have not been available, and in others no proper control group has been included. In the study of Guzick (11), on the other hand, a group of obese hyperandrogenic anovulatory women were studied in a prospective randomized controlled fashion before and after a weight loss of 16.2 kg. This weight loss resulted in a significant increase in SHBG, a significant reduction in non-SHBG testosterone levels, and resumed ovulation in two-thirds of these subjects. These changes appeared in spite of nonsignificant reduc-tions in fasting insulin concentrations and LH and FSH concentration characteristics. The positive effects of weight reduction in obese women with PCOS are underscored by a study of Hamilton-Fairley et al. (12). These authors suggest that all overweight women—whether with PCOS or not— should be advised to lose weight before attempted conception in order to improve their chances of a suc-cessful outcome, and furthermore that PCOS women requiring gonadotropin treatment should consider weight loss before treatment to improve their chances of a successful pregnancy. II OBESITY AFTER PREGNANCY It is common clinical experience that many overweight women report that each pregnancy has resulted in weight retention after delivery. Since pregnancy can in 967
	42 Physical Activity, Obesity, and Health Outcomes William J. Wilkinson and Steven N. Blair The Cooper Institute, Dallas, Texas, U.S.A. I INTRODUCTION As documented by recent national and international guidelines, obesity is a significant public health problem (1,2). The prevalence of overweight and obesity is increasing in many countries around the world. In the United States it is estimated that at least 55% of adults are overweight or obese (defined as a body mass index [BMI] z25 kg/m 2 ), and according to recent surveys, the prevalence of obesity (BMI z30 kg/m 2 ) in the United States increased from 12% to 19.8% between 1991 and 2000 (1,3,4). Low levels of energy expenditure from physical activity are likely a major contributing factor to the rapid increase in the prevalence of obesity (5–7). Although there are no direct data, it seems probable that a decline in energy expenditure has taken place due to obvious changes in occupational- and household-related physical activity, as well as urban environments that are increasingly less conducive to leisure-time physical activity. In the United States, the most recent data indicate that 29.2% of adults are inactive in their leisure time and 43.1% participate in some leisure-time activity but at levels too low to confer significant health benefits. Only 27.7% of U.S. adults are physically active at recom-mended levels (8,9). Compared with normal-weight and overweight adults, obese individuals are more likely to report being inactive (27.3%, 28%, and 37% respec-tively) (9). Cross-sectional and cohort studies suggest that differences in amounts of physical activity contrib-ute to differences in body weight and body fatness and play an important role in whether obesity develops (10– 13). Arecent ecological review of secular trends suggests that the prevalence of obesity is more strongly related to decreases in energy expenditure than to increases in energy intake (14). A large body of scientific evidence and consensus opinion indicates that physical activity is an essential element, along with dietary and behavioral modifica-tion, in the clinical strategy for weight management for patients who are overweight and obese (1,8,15). In recent years, professional and governmental bodies have provided expert consensus recommendations on physical activity for health promotion and disease prevention in all adults (8,16–18). The latest guidelines can be summarized as follows: All adults should increase their regular physical activity to a level appropriate to their capacities, needs, and interests. The long-term goal is to accumulate 30 min or more of moderate-intensity physical activity (i.e., brisk walking, leisurely cycling, swimming, recreational sports, home repair, and yard work) on most, preferably all, days of the week. People who currently meet these recommended minimal standards may derive additional health and fitness benefits by becoming more physically active or including more vigorous activity. The recommendation from the National Heart, Lung, and Blood Institute’s Clinical Guidelines on the Identification, Evaluation, and Treatment of Over-weight and Obesity in Adults for physical activity as 983
	43 Obesity and Quality of Life Donald A. Williamson Pennington Biomedical Research Center, Louisiana State University, Baton Rouge, Louisiana, U.S.A. Patrick M. O’Neil Medical University of South Carolina, Charleston, South Carolina, U.S.A. I OVERVIEW OF RESEARCH EVIDENCE Quality of life, particularly health-related quality of life, has been defined as the ‘‘physical, psychological, and social domains of health, seen as distinct areas that are influenced by a person’s experiences, beliefs, expecta-tions, and perceptions’’ (1). This definition makes it explicit that quality of life includes not only objective indicators but also subjective appraisals of well-being. Further, the growing interest in assessing quality of life reflects the recognition that health is much more than the absence of disease. Obesity is at once a chronic condition with numerous effects on physical health and functioning, a publicly apparent characteristic with pervasive social implica-tions, and a vexing health problem whose remediation or control requires long-term, often difficult behavioral changes. It is thus expected that obesity may affect quality of life in many ways. Agrowing body of research has examined the quality of life experienced by obese persons. Quality of life in obesity has been studied with questionnaires explicitly assessing a range of areas of life functioning, with assessment of specific psychiatric dis-orders or moods, and with examination of other indi-cators of life quality. We will approach this research from the point of view that different aspects of quality of life may be affected by obesity in different ways, and that various factors influence how obese individuals are affected. The present section describes measures of overall quality of life, mood and personality, eating behavior and disturbed eating, dietary restraint and overeating/ binge eating, and body image. Sections II–IV of this chapter provide a review of research findings pertain-ing to obesity and quality of life. Section V describes frequently used assessment methods that measure var-ious aspects of quality of life. When reading these sec-tions, the reader may wish to refer to the section on methods if there are questions about the reliability and validity of a particular measure that was used to assess the relationship between obesity and quality of life. A Obesity and Quality of Life 1 Overall Quality of Life Two questionnaires that have been frequently used in this research are the Impact of Weight on Quality of Life questionnaire (2) and the Medical Outcomes Study Short-Form Health Survey (SF-36) (3). They are de-scribed in more detail later in this chapter. Among a sample of treatment-seeking obese men and women, functioning in most areas of the Impact of Weight on Quality of Life questionnaire was worse with increas-ing body mass index (BMI). Women reported greater 1005
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