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PREFACE

By the turn of the twentieth century, nutrition science had

completed a slow but remarkable historical transition, from a

discipline focused on preventing nutrient deficiencies (and

hence focused on identifying minimum nutrient needs) to

one aimed at reducing disease risk and optimizing health,

seeking to define an elusive optimal diet. But progress in our

knowledge has not yet caught-up with that transition in focus,

and our understanding of how diet constituents affect long-

term disease risks is still not on a par with our knowledge of

essential nutrients, their metabolism, and required intake

levels. One reason is that the experiments needed to unravel

diet–health interrelationships are more complex, costly, and

in some cases unfeasible, compared with the classical studies

that identified vitamins and other essential nutrients. Another

reason is that, although the discovery of essential nutrients

was based on a strong, unifying scientific paradigm (the

concept of a compound essential for human life but which

humans are unable to make), there is no single or unifying

paradigm from which to explore diet–health relationships. In

addition, our ability to timely process and integrate scientific

discoveries is now continuously challenged by the massive

volume of information of the digital era.

In that context, the need to provide accurate, succinct, and

up-to-date information on a wide range of topics is more

important than ever, and is the aim of this Encyclopedia.

Currently, nutrition research and practice is fundamentally a

multidisciplinary endeavor, so we aim to offer scientific in-

formation to a wide audience of researchers and professionals.

In addition, the information revolution of the internet has

changed the consumer from a passive recipient of advise to an

active participant in decisions involving health and related

issues. Thus, although this work is not specifically targeted to

the general public, we hope that the educated readers with a

minimum scientific background should also be able to obtain

from this book useful (and reliable) information on their

topic of interest.

This third edition builds on the success of the previous

one. We have included new articles or made extensive updates

when needed, while keeping the proven core of established

knowledge. The comprehensive index and extensive cross-

referencing will allow readers to quickly identify specific

topics, and to move deeper into related areas if desired.

We have a great debt of gratitude to the hundreds of

authors who contributed to the large body of knowledge

represented here. In turn, authors benefited from the valuable

feedback of our distinguished Editorial Advisory Board. Of

course, as editors we are ultimately responsible for the con-

tent, particularly for any errors. Finally, both the print and

electronic version have the unmistakable production quality

of the Major Reference Works division of Elsevier, and this is

the result of the unrelenting enthusiasm and hard work of our

editorial team.

We hope this work will be a valuable addition to the

knowledge base of any person interested in the critical area of

nutrition, diet, and human health.

Benjamin Caballero

Editor-in-Chief

Encyclopedia of Human Nutrition, Volume 1 doi:10.1016/B978-0-12-375083-9.09006-1 xliii
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GUIDE TO USE OF THE ENCYCLOPEDIA

Structure of the Encyclopedia

The Encyclopedia is arranged as a series of entries in alpha-

betical order. Some entries comprise a single article, whilst

entries on more diverse subjects consist of several articles that

deal with various aspects of the topic. In the latter case the

articles are arranged in a logical sequence within an entry.

To help you realize the full potential of the material in the

Encyclopedia we have provided three features to help you find

the topic of your choice.

Contents Lists

Your first point of reference will probably be the contents list.

The complete contents list appearing in each volume will

provide you with the volume number and page number of the

entry. On the opening page of an entry a mini-contents list is

provided so that the full details of the articles within the entry

are immediately available.

Alternatively you may choose to browse through a volume

using the alphabetical order of the encyclopedia as your guide.

To assist you in identifying your location within the En-

cyclopedia a running headline indicates the current entry and

article within that entry. Please see an example below:
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R Rajendram, R Hunter, and V Preedy

40

Cross References

All of the articles in the Encyclopedia have been cross refer-

enced. The cross references, appear at the end the articles and

they link together related articles.

Example

The following list of cross references appear at the end of the

entry entitled Nutritional Assessment: Clinical examination.

See also: Dietary Intake Measurement: Methodology. Energy
Expenditure: Doubly Labeled Water; Indirect Calorimetry.
Nutritional Assessment: Anthropometry; Biochemical Indices
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ADIPOSE TISSUE

Structure, Function and Metabolism
G Frühbeck and J Gómez-Ambrosi, Instituto de Salud Carlos III, Universidad de Navarra, Pamplona, Spain

r 2013 Elsevier Ltd. All rights reserved.

Abbreviations
ALBP/FABP4/aP2 Adipocyte fatty acid binding

protein

BAT Brown adipose tissue

BMP Bone morphogenetic protein

C/EBPs CCAAT/enhancer binding proteins

CETP Cholesteryl ester transfer protein

CRP C-reactive protein

HSL Hormone-sensitive lipase

IL Interleukin

LPL Lipoprotein lipase

MCP-1 Monocyte chemoattractant

protein-1

PGAR/FIAF Peroxisome proliferator-activated

receptor angiopoietin related protein/

fasting-induced adipose factor

PGC-1a Peroxisome proliferator-activated

receptor-g coactivator-1a
PPAR Peroxisome proliferator-activated

receptor

PRDM16 Positive regulatory domain containing

16

Pref-1 Preadipocyte factor-1

RBP4 Retinol binding protein-4

UCP Uncoupling protein

WAT White adipose tissue

Glossary
Adipogenesis Development or formation of fat.

Angiogenesis Formation of new blood vessels by

branching morphogenesis.

Autocrine A secreted substance which acts on surface

receptors of the same cell.

Catecholamines Any of various amines (e.g., epinephrine,

norepinephrine, and dopamine) that contain a dihydroxy

benzene ring, are derived from tyrosine and operate as

hormones and/or neurotransmitters.

Fatty-acid-binding proteins (FABPs) Family of carrier

proteins for fatty acids and other lipophilic substances such

as eicosanoids and retinoids. These proteins are thought to

facilitate the transfer of fatty acids between extra- and intra-

cellular membranes. Some family members are also

believed to transport lipophilic molecules from the plasma

membrane to certain intracellular receptors such as PPAR.

Lipogenesis Normal deposition of fat or the conversion

of carbohydrate or protein to fat.

Lipolysis Triacylglycerol breakdown to yield fatty acids

and glycerol.

Paracrine Mode of hormone action in which a hormone

binds to receptors on and affects the function of cells near

to the cell that produced it.

Peroxisome proliferator-activated receptors

(PPARs) Group of nuclear receptor proteins that function

as transcription factors regulating the expression of genes.

PPARs play essential roles in the regulation of cellular

differentiation, development, and metabolism

(carbohydrate, lipid and protein) of higher organisms.

Pleiotropic Producing many effects; multiple effects from

a single gene; the control by a single gene of several distinct

and seemingly unrelated phenotypic effects.
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Introduction

The role of white adipose tissue (WAT) in storing and releasing

lipids for oxidation by skeletal muscle and other tissues be-

came so firmly established decades ago that a persistent lack of

interest hindered the study of the extraordinarily dynamic

behavior of adipocytes. However, disentangling the neu-

roendocrine systems, which regulate energy homeostasis and

adiposity has jumped to a first-priority challenge, with the

recognition of obesity as one of the major public health

problems. Strictly speaking, obesity is not defined as an excess

of body weight but as an increased adipose tissue accretion, to

the extent that health may be adversely affected. Therefore, in

the last decades, adipose tissue has become the research focus

of biomedical scientists for epidemiological, pathophysiolo-

gical, and molecular reasons. Although the primary role

of adipocytes is to store triglycerides during periods of

caloric excess and to mobilize this reserve when expenditure

exceeds intake, it is now widely recognized that adipose tissue

lies at the heart of a complex network participating in the

regulation of a variety of quite diverse biological functions

(Figure 1).

Development

During fetal development WAT emerges at midgestation in

humans or postnataly in rodents. Although the evolutionary

and developmental features of WAT and brown adipose tissue

(BAT) already suggested that they are quite distinct tissues,

until recently, white and brown adipocytes were thought to be

derived from the same precursor cell. Elegant in vivo fate

mapping experiments in mice have recently provided a clear

evidence that brown adipocytes arise from a separate and

distinct population of progenitors (Figure 2). Brown fat cells

are now known to exhibit a ‘myogenic’ signature and share a

common mesenchymal origin with skeletal muscle. In brief,

mesenchymal stem cells can enter several cell lineages which

culminate in the formation of bone, muscle, and adipose tis-

sue, among others. The precursor cells destined to become

white adipocytes first differentiate into adipoblasts and then

preadipocytes through carefully-timed exposure to key regu-

lators. Two members of the family of bone morphogenetic

proteins (BMP), specifically BMP2 and BMP4, as well as

PPARg and C/EBPs are pivotal to drive these different phases.

Myf5-expressing precursors give rise to skeletal muscle and

brown adipose tissue, but not white adipose tissue (Figure 2).

BMP7 singularly drives the brown fat cell fate in both

mesenchymal progenitor cells and committed brown pre-

adipocytes suppressing early adipogenic inhibitors, such as

necdin, Pref-1, and WNTs, at the same time inducing the key

molecular determinant positive regulatory domain containing

16 (PRDM16) that triggers the activation of the complete

brown adipogenesis program and blocks the induction of

myotube-specific genes such as Myf5, MyoD and myogenin.

PRDM16 binds and coactivates PPARg with subsequent in-

duction of key features to specify a brown fat fate, i.e., in-

creased mitochondrial biogenesis and expression of UCP1,

among others.

Pericytes, the cells that surround the endothelium tubes of

the microvasculature, have been also recently identified as

progenitor cells that become committed to the white adipo-

cyte lineage either prenatally or in the early postnatal period.

Adipose tissue has long been recognized to expand in con-

junction with its vasculature, but these new findings suggest

that the blood vessels may actively direct the process. Thus, as

well as serving as a progenitor niche, blood vessels may also

produce signals for adipocyte development.

The determination phase results in the conversion of the

stem cell to a preadipocyte, which still shares some morpho-

logical features with its precursor cell but has lost the potential

to differentiate into other cell types (Figure 3). In the

Appetite
regulation

Vascular tone
control

Body weight
homeostasis

Immunity Fibrinolysis

CoagulationReproduction

Others

CoagulationReproduction

Others

Glucose and lipid
metabolism

Angiogenesis

WAT

Figure 1 Dynamic view of white adipose tissue based on the pleiotropic effects on quite diverse physiological functions. WAT, white adipose
tissue.
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subsequent phases of terminal differentiation, the committed

preadipocyte takes on the characteristics of the white mature

adipocyte by acquiring all the machinery needed for lipid

transport, synthesis, and mobilization, hormonal responsive-

ness and the secretion of adipocyte-specific proteins. The

morphological and functional changes that take place in

the course of adipogenesis represent a shift in transcription

factor expression and activity leading from a primitive,

multipotent state to a final phenotype characterized by alter-

ations in cell shape and lipid accumulation. Various redun-

dant signaling pathways and transcription factors directly

influence fat cell development by converging the upregulation

of PPARg, which embodies a common and essential regulator

of adipogenesis as well as of adipocyte hypertrophy. Among

the broad panoply of transcription factors C/EBPs and the

basic helix–loop-helix family (ADD1/SREBP-1c, adipocyte

determination and differentiation factor-1/sterol regulatory

element binding protein-1c) also stand out together with their

link with the existing nutritional status. The transcriptional

repression of adipogenesis includes both active and passive

mechanisms. The former directly interferes with the tran-

scriptional machinery, whereas the latter is based on the

binding of negative regulators to yield inactive forms of

known activators.

Adipose tissue develops extensively in homeotherms with

the proportion to body weight varying greatly between species.

There are two processes of adipose tissue formation. In

the primary fat formation, which takes place relatively

early (in human fetuses the first traces of a fat organ are

detectable between 14 and 16 weeks of prenatal life), gland-

like aggregations of epitheloid precursor cells, called lipoblasts

or preadipocytes are laid down in specific locations and ac-

cumulate multiple lipid droplets. The secondary fat formation

takes place later in fetal life (after the 23rd week of gestation)

as well as in the early postnatal period, whereby the differ-

entiation of other fusiform precursor cells that accumulate

lipid to ultimately coalesce into a single large drop per cell

leads to the dissemination of fat depots formed by unilocular

white adipocytes in many areas of connective tissue. Adipose

tissue may be partitioned by connective tissue septa into

lobules. The number of fat lobules remains constant, whereas

in the subsequent developmental phases the lobules’ size

grows continuously. At the sites of early fat development, a

multilocular morphology of adipocytes predominates, re-

flecting the early developmental stage. Microscopic studies

have shown that the second trimester may be a critical

period for the development of obesity in later life. At the

beginning of the third trimester, adipocytes are present in
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Figure 2 Schematic diagram of the histogenesis of white and brown adipocytes. BMP, bone morphogenetic protein; C/EBPs, CCAAT/enhancer
binding proteins; PGC-1a, peroxisome proliferator-activated receptor-g coactivator-1a; PPAR, peroxisome proliferator-activated receptor; PRDM16,
positive regulatory domain containing 16; UCP1, uncoupling protein 1.
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the main fat depots but are still relatively small. During

embryonic development it is important to emphasize the

temporo-spatial tight coordination of angiogenesis with the

formation of fat cell clusters. At birth, body fat has been

reported to account approximately for 16% of total body

weight (with brown fat constituting 2–5%) with an increase in

body fat from approximately 0.7 to 2.8 kg during the first year

of life.

Adipogenesis, i.e., the development of adipose tissue,

varies according to sex and age. Two sensitive periods for

changes in adipose tissue cellularity with peaks of accelerated

adipose mass enlargement have been established, namely after

birth and from 9–13 years. The capacity for cell proliferation

and differentiation is highest during the first year of life,

whereas it is less pronounced in the years before puberty.

Childhood-onset obesity is characterized by a combination of

fat cell hyperplasia and hypertrophy, whereas in adult-onset

obesity a hypertrophic growth predominates. Initially, excess

energy storage starts as hypertrophic obesity, resulting from

the accumulation of excess lipid in a normal number of uni-

locular adipose cells. In this case, adipocytes may be four

times their normal size. If the positive energy balance is

maintained, a hyperplasic or hypercellular obesity character-

ized by a greater than normal number of cells is developed. It

has been recently shown that adult humans are capable of new

adipocyte formation with samples containing a significant

proportion of cells with the ability of undergoing differen-

tiation. Multipotent stem cells and adipoblasts, which are

found during embryonic development, are still present

postnatally.

Hormones, cytokines, growth factors, and nutrients influ-

ence the dynamic changes related to adipose tissue mass

as well as its pattern of distribution (Figure 4). The respon-

siveness of fat cells to neurohumoral signals may vary ac-

cording to peculiarities in the adipose lineage stage at the

moment of exposure. Moreover, the simultaneous presence

at specific threshold concentrations of some adipogenic fac-

tors may be a necessary requirement to trigger terminal

differentiation.

By measuring the relative abundance of 14C in genomic

DNA from adipocytes it has been recently clarified that in

individuals approximately 10% of adipocytes experience

apoptosis, whereas a comparable proportion are renewed,

each year. Thus, WAT turns out to be a more dynamic tissue

than was previously assumed. These findings are consistent

across a wide range of body mass index (BMI), including

subjects with early-onset obesity, and following weight loss.

The adipocyte number has been shown to be a major de-

terminant of fat mass in the adult; the number of adipocytes

in both lean and obese subjects appears to be set during

childhood. However, it remains possible that the common

scenario of gradual but significant weight gain throughout

adult life may be underpinned by an initial increase in tria-

cylglycerol loading until an adipocyte size threshold is

reached, when additional new adipocytes are recruited from

committed precursor cells or mesenchymal stem cells.
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Mature
adipocyte

Molecular/
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Figure 3 Multistep process of adipogenesis together with events and participating regulatory elements. aP2, adipocyte fatty acid binding
protein; CD36, fatty acid translocase; C/EBPs, CCAAT/enhancer binding proteins; ECM, extracellular matrix; GLUT4, glucose transporter type 4;
LPL, lipoprotein lipase; PPAR, peroxisome proliferator-activated receptor; SREBP-1, sterol regulatory element binding protein-1.
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Structure

Adipose tissue is a special loose connective tissue dominated

by adipocytes. The name of these cells is based on the cell’s

content of a large lipid droplet with "adipo" being a com-

bining form derived from the Latin adeps meaning "pertaining

to fat". In adipose tissue, fat cells are individually held in place

by delicate reticular fibers clustering in lobular masses boun-

ded by fibrous septa surrounded by a rich capillary network.

In adults adipocytes may comprise approximately 90% of

adipose mass accounting only for roughly 25% of the total cell

population. Thus, adipose tissue itself is composed of not only

adipocytes, but also by other cell types, termed as the stroma-

vascular fraction, comprising blood cells, endothelial cells,

pericytes as well as adipose precursor cells among others

(Figure 5), which account for the remaining 75% of the total

cell population, representing a wide range of targets for an

extensive autocrine–paracrine cross-talk.

Adipocytes, which are typically spherical and vary enor-

mously in size (20–200 mm in diameter, with variable volumes

35−70%

• Fibroblasts
• Blood cells
•

• Preadipocytes
• Poorly differentiated

Stromal cell fraction

WAT
• Pericytes • Very small fat cells

Endothelial cells mesenchymal cells

Adipocytes

Figure 5 Schematic representation of cell types present in adipose tissue.
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Figure 4 Factors exerting a direct effect on adipose mass. EGF, epidermal growth factor; GH, growth hormone; IGF-1, insulin-like growth
factor 1; IL-1, interleukin-1; IL-6, interleukin-6; LIF, leukemia inhibitory factor; MCSF, macrophage colony stimulating factor; PAI-1, plasminogen
activator inhibitor-1; PDGF, platelet-derived growth factor; PGF2a, prostaglandin F2a; PPARs, peroxisome proliferator-activated receptors; TGF-b,
transforming growth factor-b; TNF-a, tumor necrosis factor-a.
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ranging from a few picoliters to approximately 3 nl), are em-

bedded in a connective tissue matrix and are uniquely adapted

to store and release energy. Surplus energy is assimilated by

adipocytes and stored as lipid droplets. The stored fat is

composed of mainly triacylglycerols (approximately 95% of

the total lipid content comprised principally by oleic and

palmitic acids) and to a smaller degree diacylglycerols, pho-

pholipids, unesterified fatty acids, and cholesterol. To ac-

commodate the lipids adipocytes are capable of changing their

diameter 20-fold and their volumes by several thousand-fold.

However, the increase in size of fat cells is not indefinite. Once

a maximum capacity is attained, which in humans averages

1000 pl, the formation of new adipocytes from the precursor

pool takes place. The interior of adipocytes appears unstained

since the histological techniques of standard tissue prepar-

ation dissolve the lipids, leaving a thin rim of eosinophilic

cytoplasm that typically loses its round shape during tissue

processing, thus contributing to the sponge-like appearance of

WAT in routine preparations for light microscopy (Figures 6

and 7). Owing to the fact that approximately 90% of the cell

volume is a lipid droplet, the small dark nucleus becomes a

flattened semilunar structure pushed against the edge of the

cell and the thin cytoplasmic rim is also pushed to the per-

iphery of the adipocytes. Mature white adipose cells contain a

single large lipid droplet and are described as unilocular.

However, developing white adipocytes are transiently multi-

locular containing multiple lipid droplets before these finally

coalesce into a single large drop (Figure 8). The nucleus is

round or oval in young fat cells, but is cup-shaped and per-

ipherally displaced in mature adipocytes. The cytoplasm is

stretched to form a thin sheath around the fat globule, al-

though a relatively large volume is concentrated around the

nucleus. A thin external lamina called basal lamina surrounds

the cell. The smooth cell membrane shows no microvilli but

has abundant smooth micropinocytotic invaginations that

often fuse to form small vacuoles appearing as rosette-like

configurations (Figure 9). Mitochondria are few in number

with loosely arranged membranous cristae. The Golgi zone is

small and the cytoplasm is filled with free ribosomes, but

contains only a limited number of short profiles of the

granular endoplasmic reticulum. Occasional lysosomes can

also be found. The coalescent lipid droplets contain a mixture

of neutral fats, triglycerides, fatty acids, phospholipids, and

cholesterol. A thin interface membrane separates the lipid

droplet from the cytoplasmic matrix. Peripheral to this

membrane is a system of parallel meridional thin filaments.

Because of the size of these cells, relative to the thickness of the

section, the nucleus (accounting for only one-fortieth of the

cell volume) may not always be present in the section. Uni-

locular adipocytes usually appear in clumps near blood ves-

sels, which is reasonable because the source and dispersion of

material stored in fat cells depends on transportation by the

vascular system.

Brown fat is a specialized type of adipose tissue that

plays an important role in body temperature regulation. It is

present in significant amounts in rodents and hibernating

animals. In the newborn brown fat is well developed in

the neck and interscapular region. Until recently, it was

generally accepted that BAT involutes steadily during the

first few months, with clearly recognizable depots having

essentially disappeared within the first years after birth. In

normal adults, only occasional brown adipocytes were

thought to be scattered through white fat masses. However,

recent findings using positron emission tomography (PET)

with fluorodeoxyglucose (a marker of metabolic activity)

have shown in adults symmetrical areas of increased tracer

uptake in the upper parts of the body, broadly corres-

ponding to the distribution of BAT in lower mammals and

in human neonates. The main BAT depots in adults are

found in the supraclavicular region and neck, with add-

itional activity in the paravertebral, mediastinal, para-aortic,

and suprarenal areas. The activity of this BAT can be acutely

enhanced by cold exposure and stimulated by the sympa-

thetic nervous system.

The brown color of BAT is derived from a rich vascular

network and abundant mitochondria and lysosomes. The in-

dividual multilocular adipocytes are frothy-appearing cells due

to the fact that the lipid, which does not coalesce as readily as

in white fat cells, is normally stored in multiple small droplets,

(a)

(b)

Figure 6 (a) Human subcutaneous white adipose tissue with a
Masson trichrome staining (10� ; bar¼ 100 mm). (b) Same tissue at
a higher magnification (40� ; bar¼ 25 mm). (Courtesy of Dr. MA
Burrell and Dr. M Archanco, University of Navarra).
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has been leached out during tissue processing (Figure 10). The

spherical nuclei are centrally or eccentrically located within

the cell. Compared to the unilocular white adipocytes, the

cytoplasm of the multilocular brown fat cell is relatively

abundant and strongly stained because of the numerous mi-

tochondria present. The mitochondria are involved in the

oxidation of the stored lipid, but because they exhibit a re-

duced potential to carry out oxidative phosphorylation, the

energy produced is released in the form of heat due to the

uncoupling activity of UCP and not captured in adenosine

triphosphate (ATP). Therefore, brown adipose tissue is ex-

tremely well vascularized so that the blood is warmed when it

passes through the active tissue.

Distribution

WAT may represent the largest endocrine tissue of the whole

organism especially in overweight and obese patients. The

anatomical distribution of individual fat pads dispersed

throughout the whole body and not connected to each other

collides with a classic organ-specific localization. WAT exhibits

clear, regional differences in its sites of predilection (Table 1).

The hypodermal region invariably contains fat, except in a few

places such as the eyelids and the scrotum. Adipocytes also

accumulate around organs like kidneys and adrenals, in the

coronary sulcus of the heart, in bone marrow, mesentery, and

omentum. Unilocular fat is widely distributed in the sub-

cutaneous tissue of humans but exhibits quantitative regional

differences that are influenced by age and sex. In infants and

young children there is a continuous subcutaneous fat layer –

the panniculus adiposus, over the whole body. This layer thins

out in some areas in adults but persists and grows thicker in

certain other regions. The sites differ in their distribution

among sexes being responsible for the characteristic body

form of males and females, termed android and gynecoid fat

distribution. In males, the main regions include the nape of

the neck, the subcutaneous area over the deltoid and triceps

muscles, and the lumbosacral region. In females, subcutane-

ous fat is most abundant in the buttocks, epitrochanteric re-

gion, anterior and lateral aspects of the thighs as well as the

breasts. Additionally, extensive fat depots are found in the

omentum, mesenteries, and the retroperitoneal area of both

sexes. In well-nourished, sedentary individuals, the fat distri-

bution persists and becomes more obvious with advancing age

with males tending to deposit more fat in the visceral com-

partment. Depot-specific differences may be related not only

to the metabolism of fat cells but also to their capacity to form

new adipocytes. Additionally, regional differences may result

from variations in hormone receptor distribution as well as

from specific local environmental characteristics as a con-

sequence of differences in innervation and vascularization.

Regional distribution of body fat is known to be an im-

portant indicator for metabolic and cardiovascular alterations

in some individuals. The observation that the topographic

distribution of adipose tissue is relevant to understanding the

relation of obesity to disturbances in glucose and lipid

Figure 8 Paraffin section of rat abdominal white adipose tissue with
a hematoxylin and eosin stain showing the simultaneous presence of
uni- and multilocular adipocytes (40� ; bar¼ 25 mm). (Courtesy of
Dr. MA Burrell and Dr. M Archanco, University of Navarra).

(a)

(b)

Figure 7 (a) Human omental white adipose tissue with a Masson
trichrome staining (10� ; bar¼ 100 mm). (b) Same tissue at a higher
magnification (40� ; bar¼ 25 mm). (Courtesy of Dr. MA Burrell and
Dr. M Archanco, University of Navarra).
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metabolism was formulated before the 1950s. Since then

numerous prospective studies have revealed that android or

male-type obesity correlates more often with an elevated

mortality and risk for the development of type 2 diabetes

mellitus, dyslipidemia, hypertension, and atherosclerosis than

gynoid or female-type obesity. Obesity has been reported to

cause or exacerbate a large number of health problems with a

known impact on both life expectancy and quality of life. In

this respect, the association of increased adiposity is accom-

panied by important pathophysiological alterations, which

lead to the development of a wide range of co-morbidities

(Figure 11).

Function

Although many cell types contain small reserves of carbo-

hydrate and lipid, the adipose tissue is the body’s most

capacious energy reservoir. Because of the high energy content

Figure 9 (a) Transmission electron micrographs with the
characteristically displaced nucleus to one side and slighly flattened
by the accumulated lipid. The cytoplasm of the fat cell is reduced to
a thin rim around the lipid droplet (7725� ). (b) The cytoplasm
contains several small lipid droplets that have not yet coalesced.
A few filamentous mitochondria, occasional cisternae of endoplasmic
reticulum and a moderate number of free ribosomes are usually
visible (15000� ). (Courtesy of Dr. MA Burrell and Dr. M Archanco,
University of Navarra).

Figure 10 (a) Paraffin section of rat brown adipose tissue with a
hematoxylin and eosin stain (20� ; bar¼ 50 mm). (b) Same tissue at
a higher magnification (40� ; bar¼ 25 mm). (Courtesy of Dr. MA
Burrell and Dr. M Archanco, University of Navarra).

8 Adipose Tissue: Structure, Function and Metabolism



per unit weight of fat as well as due to its hydrophobicity, the

storage of energy in the form of triglycerides is a highly effi-

cient biochemical phenomenon (1 g of adipose tissue con-

tains approximately 800 mg triacylglycerol and only

approximately 100 mg of water). It represents quantitatively

the most variable component of the organism, varying from a

few percent of body weight in elite athletes to more than half

of the total body weight in morbidly obese patients. The

normal range is approximately 10–20% body fat for males and

approximately 20–30% for females, accounting approximately

for an energy reserve of 25–50 days in men and 40–60 days in

women. During pregnancy most species accrue additional re-

serves of adipose tissue to help support the development of

the fetus and to further facilitate the lactation period.

Energy balance regulation is an extremely complex process

composed of multiple interacting homeostatic and behavioral

pathways aimed at maintaining constant energy stores. It is

now evident that body weight control is achieved through

highly orchestrated interactions between nutrient selection,

organoleptic influences, and neuro-endocrine responses to

diet as well as being influenced by genetic and environmental

factors. The concept that circulating signals generated in pro-

portion to body fat stores influence appetite and energy ex-

penditure in a coordinated manner to regulate body weight

was proposed almost 50 years ago. According to this model,

changes in energy balance sufficient to alter body fat stores

were signaled via one or more circulating factors acting in

the brain to elicit compensatory changes in order to match

energy intake to energy expenditure. This was formulated as

the "lipostatic theory" assuming that as adipose tissue mass

enlarges, a factor that acts as a sensing hormone or "lipostat"

in a negative feedback control from adipose tissue to hypo-

thalamic receptors informs the brain about the abundance of

body fat, thereby allowing feeding behavior, metabolism, and

endocrine physiology to be coupled to the nutritional state of

the organism. The existing body of evidence gathered in the

last decades through targeted expression or knockout of spe-

cific genes involved in different steps of the pathways con-

trolling food intake, body weight, adiposity, or fat distribution

has clearly contributed to unraveling the underlying mech-

anisms of energy homeostasis. The findings have fostered the

notion of a far more complex system than initially thought,

involving the integration of a plethora of factors.

The identification of adipose tissue as a multifunctional

organ as opposed to a passive organ for the storage of excess

energy in the form of fat has been brought about by the

emerging body of evidence gathered during the last decades.

This pleiotropic nature is based on the ability of fat cells to

secrete a large number of hormones, growth factors, enzymes,

cytokines, complement factors, and matrix proteins, collect-

ively termed as adipokines or adipocytokines (Table 2,

Figure 12), at the same time as expressing receptors for most

of these factors (Table 3), which warrants an extensive cross-

talk at a local and systemic level in response to specific ex-

ternal stimuli or metabolic changes. The vast majority of

adipocyte-derived factors have been shown to be dysregulated

in alterations accompanied by changes in adipose tissue mass

such as overfeeding and lipodistrophy, thus providing evi-

dence for their involvement in the etiopathology and co-

morbidities associated with obesity and cachexia.

WAT is actively involved in cell function regulation through

a complex network of endocrine, paracrine, and autocrine

signals, which influence the response of many tissues, in-

cluding the hypothalamus, pancreas, liver, skeletal muscle,

kidneys, endothelium, and immune system. Adipose tissue

serves the functions of being a store for energy reserve, insu-

lation against heat loss through the skin, and a protective

padding of certain organs. A rapid turnover of stored fat can

take place, and with only a few exceptions (orbit, major joints

as well as palm, and foot sole), the adipose tissue can be used

up almost completely during starvation. Adipocytes are

uniquely equipped to participate in the regulation of other

functions such as reproduction, immune response, blood

pressure control, coagulation, fibrinolysis, and angiogenesis.

Table 1 Distribution of main human adipose tissue depots

Subcutaneous (approx. 80%; deepþ superficial layers)
Truncal

Cervical
Dorsal
Lumbar

Abdominal
Gluteofemoral
Mammary

Visceral (approx. 20%; thoracic–abdominal–pelvic)
Intrathoracic (extra-intrapericardial)
Intraabdominopelvic

Intraperitoneal
Omental (greater and lesser omentum)
Mesenteric (epiplon, small intestine, colon, rectum)
Umbilical

Extraperitoneal
Peripancreatic (infiltrated with brown adipocytes)
Perirenal (infiltrated with brown adipocytes)

Intrapelvic
Gonadal (parametrial, retrouterine, retropubic)
Urogenital (paravesical, para-retrorectal)

Intraparenchimatous (physiologically or pathologically)
Inter-intramuscular and perimuscular (inside the muscle fascia)
Perivascular
Paraosseal (interface between bone and muscle)
Ectopic (steatosis, intramyocardial, lypodistrophy, etc.)

AdiposityAdiposityAdiposity

Cardiovascular disease

Cancer

Atherosclerosis/
Inflammation

Hyperuricemia

Others

Metabolic syndrome

Gastrointestinal
alterations 

Infertility

Osteoarthritis

Psycho-social
distress

Obstructive
sleep apnea

Hyperlipidemia

Figure 11 Main comorbidities associated with increased adiposity.
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The advent of microarray technology has dramatically chan-

ged the study of the pattern of gene expression by enabling the

simultaneous analysis of thousands of genes in a single ex-

periment. Interestingly, the high number and ample spectrum

of genes found to be expressed in WAT together with the

changes observed in samples from obese patients substantiates

the view of an extraordinarily active and plastic tissue. The

complex and complementary nature of the expression profile

observed in obese adipose tissue reflects a pleiad of adaptive

changes affecting crucial physiological functions that may

need to be further explored through genomic and proteomic

approaches.

The endocrine activity of WAT was postulated almost 20

years ago alluding to the tissue’s ability for steroid hormone

interconversion. In recent years, especially since the discovery

of leptin, the list of adipocyte-derived factors has been in-

creasing at a phenomenal pace. Another way of addressing

the production of adipose-derived factors is by focusing on the

functions in which they are implicated (Figure 12). One of the

best known aspects of WAT physiology relates to the synthesis

of products involved in lipid metabolism such as perilipin,

adipocyte lipid binding protein (ALBP, FABP4 or aP2), CETP,

and retinol binding protein (RBP). Adipose tissue has been

also identified as a source of production of factors with

immunological properties participating in immunity and

stress responses as is the case of ASP and metallothionein.

More recently, the pivotal role of adipocyte-derived factors

implicated in cardiovascular function control such as angio-

tensinogen, adiponectin, peroxisome proliferator-activated

receptor g angiopoetin related protein/fasting-induced adipose

factor (PGAR/FIAF), and C-reactive protein (CRP) has been

established. A further subsection of proteins produced by

adipose tissue concerns other factors with an autocrine–

paracrine function like PPARg, IGF-1, monobutyrin, and the

UCPs.

BAT is specialized for heat production; its lipid stores turn

over rapidly, and the liberated fatty acids are oxidized by the

brown adipocyte’s mitochondria in a process that generates

heat directly. In neonatal mammals, hibernators, and rodents,

a crucial function of BAT is the maintenance of body tem-

perature through cold-induced thermogenesis. In addition,

BAT thermogenesis is activated during overeating – an im-

portant aspect of diet-induced thermogenesis. In humans, as is

the case in other larger mammals, the functional capacity of

brown adipose tissue decreases because of the relatively higher

ratio between heat production from basal metabolism and the

smaller surface area encountered in adults. In addition,

clothing and indoor life have reduced the need for adaptive

nonshivering thermogenesis. However, it has been recently

shown that human WAT can be infiltrated with brown adi-

pocytes expressing UCP-1. The prevalence of active BAT in

normal adults can be only estimated indirectly, but is thought

to be present in approximately 10% of the general population.

BAT, therefore, has the potential to play a role in normal en-

ergy balance and could become a pharmacological target for

new drugs to treat obesity.

Regulation of Metabolism

The control of fat storage and mobilization has been marked

by the identification of a number of regulatory mechanisms in

the last decades. Isotopic tracer studies have clearly shown that

lipids are continuously being mobilized and renewed even in

Table 2 Relevant factors secreted by adipose tissue to the bloodstream

Molecule Function/effect

Adiponectin/ACRP30/AdipoQ/
apM1/GBP28

Plays a protective role in the pathogenesis of type 2 diabetes and cardiovascular diseases

Adipsin Possible link between the complement pathway and adipose tissue metabolism
Angiotensinogen Precursor of angiotensin II; regulator of blood pressure and electrolyte homeostasis
ASP Influences the rate of triacylglycerol synthesis in adipose tissue
Chemerin Regulates adipocyte differentiation and glucose uptake. It is potentially involved in the inflammatory response
FFA Oxidized in tissues to produce local energy. Serve as a substrate for triglyceride and structural molecules synthesis.

Involved in the development of insulin resistance
Glycerol Structural component of the major classes of biological lipids and gluconeogenic precursor
IGF-1 Stimulates proliferation of a wide variety of cells and mediates many of the effects of growth hormone
IL-6 Implicated in host defense, glucose and lipid metabolism, and regulation of body weight
Leptin Signals to the brain about body fat stores. Regulation of appetite and energy expenditure. Wide variety of

physiological functions
NO Important regulator of vascular tone. Pleiotropic involvement in pathophysiological conditions
Omentin Enhances insulin-stimulated glucose uptake
PAI-1 Potent inhibitor of the fibrinolytic system
PGI2 & PGF2a Implicated in regulatory functions such as inflammation and blood clotting, ovulation, menstruation and acid

secretion
Resistin Putative role in insulin resistance. May participate in inflammation
TNF-a Interferes with insulin receptor signaling and is a possible cause of the development of insulin resistance in obesity
Vaspin Exhibits insulin-sensitizing effects
VEGF Stimulation of angiogenesis
Visfatin/PBEF/NAMPT Catalyzes the biosynthesis of nicotinamide adenine dinucleotide. Regulates vascular smooth muscle and immune cell

function. Potentially involved in the regulation of insulin sensitivity
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individuals in energy balance. Fatty acid esterification and

triglyceride hydrolysis take place continuously. The half-life of

depot lipids in rodents is approximately 8 days, meaning that

almost 10% of the fatty acid stored in adipose tissue is re-

placed daily by new fatty acids. The balance between lipid

loss and accretion determines the net outcome on energy

homeostasis.

The synthesis of triglycerides, also termed lipogenesis, re-

quires the supply of fatty acids and glycerol. The main sources

of fatty acids are the liver and the small intestine. Fatty acids

are esterified with glycerol phosphate in the liver to produce

triglycerides. Since triglycerides are bulky polar molecules that

do not cross cell membranes well, they must be hydrolyzed to

fatty acids and glycerol before entering fat cells. Serum very

low-density lipoproteins (VLDLs) are the major form in which

triacylglycerols are carried from the liver to WAT. Short-chain

fatty acids (16 carbons or less) can be absorbed from the

gastrointestinal tract and carried in chylomicra directly to the

adipocyte. Inside fat cells glycerol is mainly synthesized from

glucose. In WAT fatty acids can be synthesized from several

precursors, such as glucose, lactate, and certain amino acids,

with glucose being quantitatively the most important in

humans. In the case of glucose, GLUT4, the principal glucose

transporter of adipocytes, controls the entry of the substrate

into the adipocyte. Insulin is known to stimulate glucose

transport by promoting GLUT4 recruitment as well as in-

creasing its activity. Inside the adipocyte, glucose is initially

phosphorylated and then metabolized both in the cytosol and

in the mitochondria, to produce cytosolic acetyl-CoA with the

flux being influenced by phosphofructokinase and pyruvate

dehydrogenase. Glycerol does not readily enter the adipocyte,

but the membrane-permeable fatty acids do. Once inside the

fat cells, fatty acids are re-esterified with glycerol phosphate to

yield triglycerides. Lipogenesis is favored by insulin, which

activates pyruvate kinase, pyruvate dehydrogenase, acetyl-CoA

carboxylase, and glycerol phosphate acyltransferase. When

excess nutrients are available insulin decreases acetyl-CoA

entry into the tricarboxylic acid cycle while directing it towards

fat synthesis. This insulin effect is antagonized by growth

hormone. The gut hormones glucagon-like peptide 1 and

gastric inhibitory peptide also increase fatty acid synthesis,

whereas glucagon and catecholamines inactivate acetyl-CoA

carboxylase, thus decreasing the rate of fatty acid synthesis.

The release of glycerol and free fatty acids by lipolysis plays

a critical role in the ability of the organism to provide energy

from triglyceride stores. In this sense, the processes of lipolysis

and lipogenesis are crucial for the attainment of body weight

control. For this purpose adipocytes are equipped with a well

Others

Vasoactive factors

Angiotensinogen
Monobutyrin
Adiponectin
PAI-1
Eicosanoids
VEGFs
Tissue factor
Nitric oxide

Immnue response

Adipsin
ASP
Factors B, H and C3
CSFs
IL-17D

Cytokines

TNF-� + sR
IL-6 + sR
Leptin

Lipid metabolism

ApoE
LPL
Glycerol

Binding proteins

FFA
Resistin
Visfatin
Vaspin
Omentin
Chemerin Inflammation

Glucose metabolism

RBP4

IGFBP-2

Proteins extracel. 
matrix Osteonectin

Osteopontin
MMP-2
MMP-9

Growth factors

TGF-� FGF21
IGF-1 LIF
HGF
Lysophos. acid
PGI2, PGF2�

Fibronectin

IL-1Ra LCN-2
IL-1 � MCP-1
IL-8 SAA
IL-10 CRP
CHI3L1 (YKL-40)
�1-acid glycoprot.
VAP-1/SSAO

Figure 12 Factors secreted by white adipose tissue, which underlie the multifunctional nature of this endocrine organ. Although owing to their
pleiotropic effects some of the elements might play more than one physiological role, they have been included only under one function for clarity
of the figure. ApoE, apolipoprotein E; ASP, acylation-stimulating protein; CHI3L1 (YKL-40), chitinase-3-like protein 1; CSF, colony-stimulating
factor; FGF21, fibroblast growth factor 21; HGF, hepatocyte growth factor; IGF-1, insulin-like growth factor-1; IGFBP-2, insulin-like growth factor
binding protein-2; IL-1, interleukin-1; IL-6, interleukin-6; IL-8, interleukin-8; IL-10, interleukin-10; IL-17, interleukin-17; IL-1Ra, interleukin-1
receptor antagonist; LCN-2, lipocalin-2; LIF, leukemia inhibitory factor; LPL, lipoprotein lipase; MCP-1, monocyte chemoattractant protein-1;
MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; PAI-1, plasminogen activator inhibitor-1; PGF2a, prostaglandin F2a; PGI2,
prostacyclin; RBP4, retinol binding protein-4; SAA, serum amyloid A; TGF-b, transforming growth factor-b; TNF-a, tumor necrosis factor-a; VAP-
1/SSAO, vascular adhesion protein-1/semicarbazide-sensitive amine oxidase; VEGF, vascular endothelial growth factor.
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developed enzymatic machinery, together with a number of

non-secreted proteins and binding factors directly involved in

the regulation of lipid metabolism. The hydrolysis of trigly-

cerides from circulating VLDL and chylomicrons is catalyzed

by lipoprotein lipase (LPL). This rate-limiting step plays an

important role in directing fat partitioning. Although LPL

controls fatty acid entry into adipocytes, fat mass has been

shown to be preserved by endogenous synthesis. From ob-

servations made in patients with total LPL deficiency it can

also be concluded that fat deposition can take place in the

absence of LPL. A further key enzyme catalyzing a rate-limiting

step of lipolysis is hormone-sensitive lipase (HSL), which

cleaves triacylglycerol to yield glycerol and fatty acids within

adipocytes. Some fatty acids are re-esterified, so that the fatty

acid–glycerol ratio leaving the cell is usually less than the

theoretical 3:1. Increased concentrations of cAMP activate HSL

as well as promote its movement from the cytosol to the lipid

droplet surface. Catecholamines and glucagon are known

Table 3 Main receptors expressed by adipose tissue

Receptor Main effect of receptor activation on adipocyte metabolism

Hormone-cytokine receptors
Adenosine Inhibition of lipolysis
Adiponectin (AdipoR1 & AdipoR2) Regulation of insulin sensitivity and fatty acid oxidation
Angiotensin II Increase of lipogenesis. Stimulation of prostacyclin production by mature fat cells. Interaction with

insulin in regulation of adipocyte metabolism
Chemerin Regulation of adipocyte differentiation and glucose uptake. Potential role in inflammatory response
GH Induction of leptin and IGF-I expression. Stimulation of lipolysis
Ghrelin Stimulation of adipogenesis and lipogenesis. Induction of glucose uptake
IGF-I and -II Inhibition of lipolysis. Stimulation of glucose transport and oxidation
IL-6 LPL activity inhibition. Induction of lipolysis
Insulin Inhibition of lipolysis and stimulation of lipogenesis. Induction of glucose uptake and oxidation.

Stimulation of leptin expression
Leptin (OB-R) Stimulation of lipolysis. Autocrine regulation of leptin expression
NPY-Y1 and Y5 Inhibition of lipolysis. Induction of leptin expression
Prostaglandin Strong antilypolitic effects (PGE2). Modulation of preadipocyte differentiation (PGF2a and PGI2)
TGF-b Potent inhibition of adipocyte differentiation
TNF-a Stimulation of lipolysis. Regulation of leptin secretion. Potent inhibition of adipocyte differentiation.

Involvement in development of insulin resistance
VEGF Stimulation of angiogenesis

Catecholamine-nervous system receptors
Endocannabinoids CB1 Stimulation of adiponectin expression. Induction of glucose uptake and GLUT4 translocation. Inhibition

of lipogenesis
Muscarinic Inhibition of lipolysis
Nicotinic Stimulation of lipolysis
a1-AR Induction of inositol phosphate production and PKC activation
a2-AR Inhibition of lipolysis. Regulation of preadipocyte growth
b1-, b2- and b3-AR Stimulation of lipolysis. Induction of thermogenesis. Reduction of leptin mRNA levels

Nuclear receptors
Androgen Control of adipose tissue development (antiadipogenic signals). Modulation of leptin expression
Estrogen Control of adipose tissue development (proadipogenic signals). Modulation of leptin expression
Glucocorticoids Stimulation of adipocyte differentiation
PPARd Regulation of fat metabolism. Plays a central role in fatty acid-controlled differentiation of preadipose

cells
PPARg Induction of adipocyte differentiation and insulin sensitivity
RAR/RXR Regulation of adipocyte differentiation
T3 Stimulation of lipolysis. Regulation of leptin secretion. Induction of adipocyte differentiation. Regulation

of insulin effects

Lipoprotein receptors
HDL Clearance and metabolism of HDL
LDL Stimulation of cholesterol uptake
VLDL Binding and internalization of VLDL particles. Involvement in lipid accumulation

ACRP30, adipocyte complement-related protein of 30 kDa; apM1, adipose most abundant gene transcript 1; ASP, acylation-stimulating protein; FFA, free fatty acids; GBP28, gelatin-

binding protein 28; GH, growth hormone; HDL, high density lipoprotein.; IGF, insulin-like growth factor; IL-6, interleukin 6; LDL, low density lipoprotein; LPL, lipoprotein lipase;

NO, nitric oxide; NPY-Y1, and -Y5, neuropeptide receptors Y-1 and -5; OB-R, leptin receptor; PAI-1, plasminogen activator inhibitor-1; PGE2, prostaglandin E2; PGF2a,

prostaglandin F2a; PGI2, prostacyclin; PPAR, peroxisome proliferator-activated receptor; RAR, retinoic acid receptor; RXR, retinoid x receptor; T3, triiodothyronine; TGF-b,

transforming growth factor-b; TNF-a, tumor necrosis factor-a; VEGF, vascular endothelial growth factor; VLDL, very low density lipoprotein; a1- and a2-AR, a1-, and a2-adrenergic

receptors; b1-, b2- and b3-AR, b1-, b2-, and b3 adrenergic receptors.
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inducers of the lipolytic activity, whereas the stimulation of

lipolysis is attenuated by adenosine and protaglandin E2.

Interestingly, HSL deficiency leads to male sterility and adi-

pocyte hypertrophy, but not to obesity, with an unaltered

basal lipolytic activity suggesting that other lipases may also

play a relevant role in fat mobilization.

The lipid droplets contained in adipocytes are coated by

structural proteins, such as perilipin, that stabilize the single

fat drops and prevent triglyceride hydrolysis in the basal state.

The phosphorylation of perilipin following adrenergic stimu-

lation or other hormonal inputs induces a structural change of

the lipid droplet that allows the hydrolysis of triglycerides.

After hormonal stimulation, HSL and perilipin are phos-

phorylated and HSL translocates to the lipid droplet. ALBP,

also termed aP2, then binds to the N-terminal region of HSL,

preventing fatty acid inhibition of the enzyme’s hydrolytic

activity.

Adipose tissue has been shown to contain 0.6–1.6 mg of

cholesterol per gram wet weight. When expressed per unit of

protein or organ mass, fat tissue contains more cholesterol

than most other organs or membranes. The cholesterol con-

tent of adipose tissue increases with age and weight. The

specific activity of adipose cholesterol exceeds that of plasma

three- to five-fold. The half-life disappearance time of adipose

tissue cholesterol is approximately 1 month, which is con-

sistent with its function as a slowly turning over storage pool.

The function of CETP is to promote the exchange of choles-

terol esters and triglycerides between plasma lipoproteins.

Fasting, high cholesterol diets as well as insulin stimulate

CETP synthesis and secretion in WAT. In plasma CETP par-

ticipates in the modulation of reverse cholesterol transport by

facilitating the transfer of cholesterol esters from HDL to tri-

glyceride-rich apoB containing lipoproteins. VLDLs, in par-

ticular, are converted to low-density lipoproteins (LDLs),

which are subjected to hepatic clearance by the apoB/E re-

ceptor system. Adipose tissue probably represents one of the

major sources of CETP in humans. In obesity the activity and

protein mass of circulating CETP is increased showing a

negative correlation with HDL concentrations at the same

time as a positive correlation with fasting glycemia and insu-

linemia suggesting a potential link with insulin resistance.

Synthesis and secretion of RBP by adipocytes is induced by

retinoic acid and shows that WAT plays an important role in

retinoid storage and metabolism. In fact, RBP mRNA is one of

the most abundant transcripts present in both rodent and

human adipose tissue. Hepatic and renal tissues have been

regarded as the main sites of RBP production, whereas the

quantitative and physiological significance of the WAT con-

tribution remains to be fully established.

The processes participating in controlling energy balance as

well as the intermediary lipid and carbohydrate metabolism

are intricately coupled by neurohumoral mediators. The co-

ordination of the implicated molecular and biochemical

pathways underlies, at least in part, the large number of

intracellular and secreted proteins produced by WAT with

autocrine, paracrine, and endocrine effects. The realization

that WAT secretes a plethora of pleiotropic adipokines at

the same time as expressing receptors for a huge range of

compounds has led to the development of new insights into

the functions of adipose tissue at both the basic and clinical

level. At this early juncture in the course of adipose tissue

research, much has been discovered. However, much more

remains to be learned about its physiology and clinical rele-

vance. Given the adipocyte’s versatile and ever-expanding list

of secretory proteins, additional, and unexpected con-

sequences are sure to emerge. The growth, cellular com-

position and gene expression pattern of adipose tissue is under

the regulation of a large selection of central mechanisms and

local effectors. The exact nature and control of this complex

cross-talk has not been fully elucidated representing an ex-

citing research topic.

See also: Appetite: Physiological and Neurobiological Aspects.
Body Composition. Coronary Heart Disease: Lipid Theory.
Cytokines: Nutritional Aspects. Diabetes Mellitus: Etiology and
Epidemiology. Energy: Balance; Metabolism. Fatty Acids:
Metabolism. Glucose: Metabolism and Maintenance of Blood
Glucose Level. Growth and Development: Physiological Aspects.
Nutrition Transition, Diet Change, and its Implications.
Obesity: Childhood Obesity; Complications; Definition, Etiology, and
Assessment; Prevention; Treatment. Physical Activity: Beneficial
Effects. Starvation and Fasting: Biochemical Aspects. Weight
Management: Approaches; Weight Cycling/Weight Change; Weight
Maintenance
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Gómez-Ambrosi J, Catalán V, Diez-Caballero A, et al. (2004) Gene expression
profile of omental adipose tissue in human obesity. The FASEB Journal 18:
215–217.

Langin D, Frühbeck G, Frayn KN, and Lafontan M (2009) Adipose tissue. In:
Williams G and Frühbeck G (eds.) Obesity: Science to Practice, pp. 481–514.
UK: Wiley & Sons Limited.

Pond CM (1999) Physiological specialisation of adipose tissue. Progress in Lipid
Research 38: 225–248.

Seale P, Kajimura S, and Spiegelman BM (2009) Transcriptional control of brown
adipocyte development and physiological function–of mice and men. Genes &
Development 23: 788–797.

Shen W, Wang Z, Punyanita M, et al. (2003) Adipose quantification by imaging
methods: a proposed classification. Obesity Research 11: 5–16.

Spalding KL, Arner E, Westermark PO, et al. (2008) Dynamics of fat cell turnover in
humans. Nature 453: 783–787.

Tang W, Zeve D, Suh JM, et al. (2008) White fat progenitor cells reside in the
adipose vasculature. Science 322: 583–586.

Tseng YH, Kokkotou E, Schulz TJ, et al. (2008) New role of bone morphogenetic
protein 7 in brown adipogenesis and energy expenditure. Nature 454: 1000–1004.

Unger RH (2003) The physiology of cellular liporegulation. Annual Review of
Physiology 65: 333–347.

Wajchenberg BL (2000) Subcutaneous and visceral adipose tissue: their relation to
the metabolic syndrome. Endocrine Reviews 21: 697–738.

Adipose Tissue: Structure, Function and Metabolism 13



ADOLESCENTS

Contents
Nutritional Problems of Adolescents
Requirements for Growth and Optimal Health

Nutritional Problems of Adolescents
EW Evans and C Lo, Harvard Medical School, Boston, MA, USA

Published by Elsevier Ltd.

Introduction: Normal Adolescent Growth and Diet

Adolescence is a time of profound biological and psychosocial

change. During the period of life from 10 to 21 years, ado-

lescents experience rapid growth, with half of eventual adult

weight and most of peak bone mass accumulated during this

time. This dramatic physical growth increases an adolescent’s

energy, protein, vitamin, and mineral needs. Given the strug-

gle for independence that often occurs as part of adolescent

cognitive and social development, adolescent diets are often

characterized by health-compromising eating patterns such as

skipping meals, dieting inappropriately, and relying on sugar-

sweetened beverages, fast foods, and energy-dense snacks

which put them at increased risk for eating disorders, obesity,

and chronic diseases such as type II diabetes, metabolic syn-

drome, and heart disease. Adolescence is therefore a critical

period in the life course for both nutrition education and

intervention to establish healthy eating patterns and reduce

disease risk. Important nutritional problems of adolescents

include obesity, eating disorders, anemia, and bone health.

Obesity

Obesity, which results from dietary energy intake exceeding

metabolic basal needs and activity, has become the most

common disease in adolescence. In fact, the prevalence of

pediatric obesity in the US has tripled over the past three

decades from 4% to 5% in the 1960s to 16.9% in 2008 ac-

cording to the most recent National Health and Nutrition

Examination Survey (NHANES). In adolescents, the preva-

lence of obesity is even higher at 18.1%, with 12.6% of ado-

lescents meeting the adult definition of obesity (body mass

index (BMI) 430 kg m�2). There is every indication that

pediatric obesity is becoming a problem globally, as a recent

review of published studies in child overweight and obesity

between 1980 and 2005 suggested that pediatric overweight

and obesity have increased in almost all countries for which

data are available. Further, estimates from the International

Obesity Task Force (IOTF) suggest that 10% of the world’s

school-age children are overweight and that at least a quarter

of these children are obese. Pediatric obesity is no longer a

problem unique to the Western world, as prevalence is even

increasing in many developing countries including China and

India, and overtaking undernutrition as the major nutritional

problem.

Although obesity affects children in all socioeconomic

classes, it is more prevalent in those of lower socioeconomic

status in the US and developed countries. This suggests that

food insecurity and poor food choices are the bigger problems

than food unavailability because of poverty. Although only

30% of obesity begins in adolescence, some estimate that up

to 80% of obese adolescents will become obese adults, and

obese adolescents are at much more risk for diabetes and

major medical complications later in life. Because long-term

weight loss is usually very difficult and often unsuccessful

despite widespread attempts at dieting, efforts to prevent

obesity in early life are important.

At the most basic level, obesity arises from an imbalance

between calories consumed and those expended. For example,

a small increase in dietary intake of 200 calories per day

without a corresponding increase in activity could theoreti-

cally result in a weight gain of 8 kg over the course of a year.

Obesity is rarely due to some identifiable disorder of basal

metabolic expenditure such as hypothyroidism. The etiology

of obesity is likely more complex arising from a combination

of genetics and environmental exposures. Although the her-

editability of obesity has been estimated to be on the order of

60–80% on the basis of twin studies and family histories, the

genetics of obesity are complex and just beginning to be

understood. Adult weight is much more reflective of biological

parents rathe\r than adoptive parents in twin studies. Known

genetic syndromes producing obesity in humans are rare (on

the order of 1–2% of obese patients) but should be con-

sidered, such as trisomy 21 (Down syndrome), Prader–Willi,

Bardet–Biedl, Beckwith–Wiedemann, hypothyroidism, and

polycystic ovary syndrome. Therefore, when considering the

causes of obesity at all stages of the life course, providers must

Encyclopedia of Human Nutrition, Volume 1 http://dx.doi.org/10.1016/B978-0-12-375083-9.00002-714



consider environmental exposures such as dietary patterns,

portion sizes, physical inactivity, and screen time.

Obesity is characterized by an excess amount of body fat.

The adipose fat cell is not only a passive storage site but also

an endocrinologically active secretor of many substances like

leptin, adiponectin, and cytokines which participate in an

inflammatory response and may mediate a host of adverse

consequences, including insulin resistance and diabetes.

Therefore, obesity is related to an increased risk of developing

several comorbidities including type II insulin-resistance dia-

betes mellitus, hyperlipidemia, heart disease, obstructive sleep

apnea, asthma and other respiratory problems, back pain and

orthopedic problems, fatty liver (nonalcoholic steato-hepatitis

(NASH)), gallstones, and depression. The increasing incidence

of type II diabetes in obese adolescents is already being no-

ticed, with estimates of 200 000 diabetics under the age of 20

in the US predicted to rise to a lifetime risk of developing

diabetes of 33–39% for those born in the year 2000.

Body fat can be measured using numerous methods in-

cluding waist size, mid-arm circumference, and triceps skin-

fold thickness, as well as other more expensive research

methods such as underwater weighing, bioelectrical im-

pedance, and dual-energy X-ray absorptiometry (DEXA). Al-

though some of these measures are very accurate, they have

limited use in large population studies and the clinical setting

due to their lack of availability, invasiveness, and expense.

Therefore, BMI, defined as weight (in kilograms) divided by

height (in meters) squared, is the most commonly used sur-

rogate measure for determining body fat and identifying

obesity. BMI is an imperfect measure of excess adiposity, as it

does not distinguish between excess body fat and lean mass;

however, it is useful in identifying obesity, as the majority of

individuals with high BMI have excess body fat. To identify

obesity in children and adolescents in the US, BMI is com-

pared with sex- and age-specific reference values using the

Center for Disease Control and Prevention (CDC) BMI-for-age

growth charts. Using these BMI charts, physicians can identify

overweight (485th to o95th percentiles) and obesity (495th

percentile) and track BMI standards for adolescents. It should

be noted that the rapid increase in obesity prevalence has

made standards based on population percentiles meaningless

as the physiological side effects of obesity are present in more

than just the top 5% of weight-for-age graphs. Instead of

just relying on cross-sectional height- and weight-for-age

graphs, there is a need for a more valid indicator of obesity

(Figures 1 and 2).

Physical examination should include blood pressure

measurement because of the high percentage of comorbidity

associated with the metabolic syndrome (obesity, hyper-

tension, dyslipidemia, or diabetes). The metabolic syndrome

is defined as three or more of the following: abdominal

obesity (waist circumference greater than 40 inches in men or

35 inches in women), fasting hypertriglyceridemia (o150

mg dl�1), high fasting glucose greater than 110 mg dl�1, low

high-density cholesterol (o40 mg dl�1), and high blood

pressure (4135/85 mmHg). So far, it is mostly seen in later

life (440% of those over 60), but is increasingly seen

at younger ages (7% of 20–29 years old). Acanthosis nigricans

is a skin hyperpigmentation especially around the neck

seen in approximately 20% of obese patients, especially

African-Americans, which reflects insulin resistance, and this

finding should provoke screening tests for type 2 diabetes.

Laboratory screening tests might include thyroid stimulating

hormone for hypothyroidism, fasting glucose, insulin, and

glycosylated hemoglobin (HbA1C) for type 2 diabetes (Fig-

ures 3 and 4).

Treatment should ideally involve a multidisciplinary team

with a dietician, social worker, physical therapist, and phys-

ician, concentrating on lifestyle modification, moderate cal-

oric restriction, and regular exercise, with frequent follow-up

and compliance a good indicator of likelihood of success. Diet

histories and diet recalls are particularly important in nu-

tritional assessments, but quantitative calorie counts are often

unreliable in obese patients because of widespread conscious

and subconscious underreporting of 20% or more. Regular

meetings with a dietician should involve counseling on heal-

thy eating choices including avoidance of sugar-sweetened

beverages, increased fruit and vegetable consumption, and

decreasing portion size. Interview of activity should include

hours of television watching per day or per week because

this is well correlated with obesity, not only because of

decreased activity but also because of commercial snack food

advertising.

Recent success with low-carbohydrate diets rather than the

traditional low-fat diet advice suggests the importance of the

role of satiety in maintaining caloric restriction. Most com-

mercial diet plans promise short-term weight loss, but very few

long-term studies have shown much widespread success with

keeping weight off for more than 6–12 months. As adolescents

naturally gain weight with height as they progress through

puberty, it is probably more important that they learn healthy

eating and activity habits over the long term rather than losing

weight quickly only to gain it back within a few months.

Medications such as phenteramine-fenfluramine and

stimulants have gained recent notoriety with unforeseen side

effects. Possible treatment with leptin and other hormones or

antagonists has much future promise, but so far has been

effective only in rare patients with specific defects. Surgical

gastroplasty has proven to be the most successful long-term

therapy for massively obese adults, possibly because of sup-

pression of ghrelin, increased satiety, and reduced hunger, but

morbidity and mortality are variable and the option of major

surgery should be carefully considered only as a last resort

before offering it to adolescents.

Eating Disorders

Eating disorders affect 3–5 million in the US, or as many as

11% of high school students, because 86% are diagnosed

before age 20. More than 90% are female, 95% Caucasian, and

75% have an onset in adolescence. Eating disorders are

probably the most frequent causes of undernutrition in ado-

lescents in developed countries, but only a relatively small

percentage meet the full Diagnostic and Statistical Manual

(DSM) IV criteria for anorexia nervosa, more often falling into

the more general category eating disorder not otherwise spe-

cified (EDNOS) (see Table 1). Anorexia nervosa is character-

ized by weight loss or failure to gain weight during a period of

growth, leading to a weight that is o85% of expected weight
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Figure 1 Weight-for-age percentiles: Boys, 2–20 years.
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Figure 3 Body mass index-for-age percentiles: Boys, 2–20 years.
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Adolescents: Nutritional Problems of Adolescents 19

MAC_ALT_TEXT Figure 4


for weight and age, an intense fear of weight gain, distorted

body image, and loss of at least three consecutive menstrual

cycles. Bulimia, which is characterized by recurrent episodes of

binge eating along with compensatory behaviors such as

purging, use of laxatives, or excessive exercise, is more com-

mon than anorexia nervosa, with some estimates of up to

20–30% of college women in the US, and often occur sur-

reptitiously without telltale weight loss. Lifetime prevalence

estimates range from 0.5% to 3% for anorexia nervosa and 1%

to 19% for bulimia. So far, eating disorders are considered rare

in developing countries, but prevalence often increases dra-

matically when Western influences such as television adver-

tising are introduced, as was the experience in the South

Pacific Islands.

The pathophysiology of anorexia nervosa is not well

understood, and there is probably a combination of environ-

mental and psychological factors with a biochemical imbalance

of neurotransmitters, especially serotonin and its precursor

5-hydroxyindole acetic acid which tends to be reduced. There

is a substantial biologic predisposition to run in families

with heritability in twin studies of between 35% and 90%.

Eating disorders should be suspected in any adolescent

below normal weight ranges or with recent weight loss, but

other medical conditions such as intestinal malabsorption,

inflammatory bowel disease, and malignancy should also be

considered. It is important to realize that most height and

weight charts represent cross-sectional population norms,

which may not be as sensitive as longitudinal tracking or

height velocity of individuals, because puberty occurs at dif-

ferent ages. For example, a 12-year-old who does not gain

weight for 6 months may just be entering puberty, or might be

severely affected by growth failure due to a malignancy or

inflammatory bowel disease.

Physical signs and symptoms of inadequate caloric intake

may include amenorrhea, cold hands and feet, dry skin and

hair, constipation, headaches, fainting, dizziness, lethargy,

hypothermia, bradycardia, orthostatic hypotension, and

edema. There is no specific laboratory diagnosis, but there are

often endocrine and electrolyte abnormalities especially

hypokalemia, hypophosphatemia, and hypochloremic meta-

bolic alkalosis from vomiting, which may require careful

supplementation.

Treatment may be very difficult and prolonged, often in-

volving family-based therapy and adolescent-focused behavior

therapy. Outpatient treatment teams should include a medical

provider, a mental health provider, and a registered dietitian.

Occasionally, long inpatient stays in a locked unit are required

to maintain weight. With severe anorexia and accompanying

malnutrition, there is a high risk of refeeding syndrome with

edema, possible arrhythmias and sudden death from electro-

lyte abnormalities, so protocols have been developed to pro-

vide a slow increase of calories, supplemented by adequate

amounts of phosphorus and potassium. The anorexic patient’s

persistent distorted view of body image reality is very resistant

to casual counseling.

The consequences of anorexia nervosa can be quite severe

and include menstrual dysfunction, cardiovascular disease,

arrhythmias, anemia, liver disease, swollen joints, endocrino-

pathies, cerebral atrophy, and even sudden death. There is a

significant bone loss or osteopenia associated with amenor-

rhea and lack of estrogen stimulation, which is not completely

reversed even with hormone replacement. Anorexia nervosa is

also associated with other psychiatric diagnoses such as de-

pression, anxiety, personality disorders, obsessive compulsive

disorder, and substance abuse, and psychiatric problems often

continue to remain an issue even when normal weight is

Table 1 DSM IV-TR Criteria

DSM IV-TR Criteria for Anorexia Nervosa Criteria

Criteria
Refusal to maintain body weight at or above a minimally normal weight for age and height: Weight loss leading to maintenance of body weight
o85% of that expected or failure to make expected weight gain during period of growth, leading to body weight less than 85% of that expected.

Intense fear of gaining weight or becoming fat, even though under weight.
Disturbance in the way one’s body weight or shape are experienced, undue influence of body weight or shape on self evaluation, or denial of the

seriousness of the current low body weight.
Amenorrhea (at least three consecutive cycles) in postmenarchal girls and women.
Amenorrhea is defined as periods occurring only following hormone (e.g., estrogen) administration.

Type
Restricting type: During the current episode of anorexia nervosa, the person has not regularly engaged in binge-eating or purging behavior

(self-induced vomiting or misuse of laxatives, diuretics, or enemas).
Binge-eating-purging type: During the current episode of anorexia nervosa, the person has regularly engaged in binge-eating or purging behavior

(self-induced vomiting or the misuse of laxatives, diuretics, or enemas).

DSM IV-TR Criteria for Eating Disorder Not Otherwise Specified
Eating disorder not otherwise specified includes disorders of eating that do not meet the criteria for any specific eating disorder.
1. For female patients, all of the criteria for anorexia nervosa are met except that the patient has regular menses.
2. All of the criteria for anorexia nervosa are met except that, despite significant weight loss, the patient’s current weight is in the normal range.
3. All of the criteria for bulimia nervosa are met except that the binge eating and inappropriate compensatory mechanisms occur less than twice a week

or for less than 3 months.
4. The patient has normal body weight and regularly uses inappropriate compensatory behavior after eating small amounts of food (e.g., self-induced

vomiting after consuming two cookies).
5. Repeatedly chewing and spitting out, but not swallowing, large amounts of food.
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maintained. Prognosis is relatively poor compared to other

adolescent medical illnesses, with 33% persistence at 5 years

and 17% at 11 years. Six percent died within 5 years and 8.3%

by 11 years.

Other Nutritional Diseases

In many countries of the world, HIV infection and acquired

immunodeficiency syndrome (AIDS) has become one of the

leading causes of undernutrition and cachexia, especially in

younger patients. Indeed, many of the syndromes and con-

sequences of protein-energy malnutrition are also seen in

AIDS cachexia, such as frequent respiratory and other in-

fections, diarrhea, malabsorption, and rashes. Weight loss is

an AIDS-defining symptom, and weight loss of one-third of

usual weight usually signifies terminal illness. Fortunately,

new generations of antiretroviral and other medications have

dramatically slowed the progression of HIV infection in many

patients, as well as reducing the vertical transmission rate.

Proper attention to nutrition, with early enteral energy and

micronutrient supplementation, is an important part of care,

which is best instituted long before weight loss becomes

manifest.

Specific Nutrient Requirements

The Institute of Medicine periodically convenes several com-

mittees of nutrition scientists to review the scientific literature

and recommend levels of daily dietary nutrients that would

keep 95% of the population from developing deficiencies.

Recent editions of Dietary Reference Intakes (DRIs) have also

specified Estimated Average Requirements (EARs), Adequate

Intakes (AIs), and upper limits (ULs).

Calcium

Calcium is a major component of bone, providing structural

skeletal support to the human body. The approximately

2–3 kg of bone calcium in each person also provides a storage

reservoir for the small percentage of ionized calcium that

allows muscle to contract, nerves to communicate, enzymes to

function, and cells to react. The body has developed several

hormonal mechanisms, including vitamin D, parathyroid

hormone, and calcitonin, to protect the small amount of

ionized calcium in the blood from changing drastically. Tight

control of blood calcium levels is needed because unduly low

blood calcium might result in uncontrolled tetanic muscle

contractions and seizures, whereas high blood calcium levels

may cause kidney stones and muscle calcifications. To increase

blood calcium levels, vitamin D and its metabolites increase

calcium absorption from the intestinal tract, parathyroid

hormone increases calcium reabsorption from the kidney, and

both increase resorption of calcium from the bone.

During the early years of life, calcium is deposited in the

bone as it grows, but after about the third decade, there is a

steady decline in bone calcium. This is especially marked after

menopause in women, when estrogen declines, and often

leads to bone loss (osteopenia) to below a threshold that

predisposes women in particular to fractures (osteoporosis).

Osteoporosis is not just a disease of the elderly, and may occur

in much younger patients, especially athletic young women,

those with anorexia nervosa, those on steroids and other

medications, and in anyone on prolonged bed rest, including

astronauts experiencing long periods of weightlessness.

Dietary calcium is often seen as the most limiting factor in

the development of peak bone mass, and strategies to increase

dietary calcium have been promoted. Other factors in the

development of bone mineral include height, weight, racial

background and inheritance, gender, activity, vitamin D

deficiency, parathyroid hormone deficiency, vitamin A, vita-

min K, growth hormone, phosphorus, and magnesium.

Phosphorus, the other major component of bone mineral, is

relatively common in the diet.

In the 2010 DRIs, it is recommended that 9- to 18-year-olds

take in 1300 mg of calcium per day.

Only a small percentage of the population takes in the RDA

for calcium. The estimated average calcium intake in American

women is only approximately 500–600 mg a day, and is even

much lower in developing world, as low as 200 mg a day. From

calcium tracer studies performed since the 1950s, intestinal

calcium absorption ranges from 10% to 40% of ingested cal-

cium, with a higher percentage absorption with lower calcium

intakes. A large percentage (usually 70–80%) of dietary cal-

cium is from milk and dairy products, which provides ap-

proximately 250 mg calcium per 8 ounce glass of milk, and

most studies show better absorption from dairy products than

from vegetable sources. However, many people, especially non-

Caucasians, develop relative lactose intolerance after child-

hood, and are reluctant to increase their dairy food intake.

Thus, attention has focused on whether supplementation

or fortification of calcium especially during adolescence will

ensure achievement of peak bone mass. Calcium sup-

plementation in adolescent females has shown short-term

increases in bone mineral density, but this may be because it

increases mineralization in a limited amount of trabecular

bone, and it remains to be seen whether this leads to long-

term improvement or protection against future fractures.

Further, most studies still assume that increased bone mineral

density is synonymous with reduced fracture risk, although

fractures may depend on many other factors such as optimal

bone architecture and lack of falls. Although the majority of

scientific opinion probably favors increased dietary calcium

intake in adolescence, the factors that control bone mineral-

ization are not yet completely understood, and long-term

protection against eventual bone loss and fractures remains to

be demonstrated by randomized clinical trials. Recent studies

have raised the possibility that calcium supplementation (in

the form of tablets) may be associated with an increased risk

of heart disease, and raise the question of whether it is better

to increase dietary calcium intake via foods rather than

through the use of calcium supplements.

Iron

The 2004 DRIs recommend that males and females aged 9–13

years consume 8 mg of iron per day. For males aged 14–18,

Adolescents: Nutritional Problems of Adolescents 21



the iron requirement is 11 mg of iron per day, and for females

aged 14–18 who have reached menarche, the requirement is

15 mg day�1. Iron deficiency is one of the most common

vitamin or mineral deficiencies in the world, affecting 20%

or more of women and children especially in developing

countries. Adolescent women who have started menses or who

are pregnant are particularly at risk for developing iron de-

ficiency. Iron deficiency may be present before the appearance

of typical hematological indicators of ferropenic anemia.

Anemia (low hemoglobin or red cell volume) may lead to

reduced school and work performance and may affect cogni-

tive function, as well as leading to cardiovascular and growth

problems. Diagnosis is made most simply by hemoglobin

level or packed red cell volume (hematocrit) and red cell

morphology, or alternatively by transferrin saturation, serum

ferritin, or serum iron level. Microscopic examination of a red

cell smear typically shows red cells that are small (microcytic)

and pale (hypochromic).

Folate

Folate is a vitamin that is responsible for one-carbon methyl

transfer in a variety of cellular reactions, including formation

of purines and pyrimidines which make up DNA and RNA.

Folate deficiency may result in megaloblastic anemia, as

forming red cells fail to divide. As of 1998, all enriched grain

products in the United States are fortified with folic acid, the

synthetic form of folate. Therefore, although folate nutrition

may be marginal in adolescents given that the best source is

green leafy vegetables, folate deficiency is now rare as a result

of fortification. Epidemiologic evidence suggests that folic acid

supplementation early in pregnancy, at levels that are higher

than usual dietary intake (200–400 mcg d�1) reduced the in-

cidence of neural tube defects (anencephaly and spina bifida)

in newborns. Supplementation needs to be started early in

pregnancy, within the first 8 weeks and before most preg-

nancies are apparent, so should involve most women of

childbearing age. The decision to fortify grains and cereals

with folic acid in the US will also reduce serum homocysteine

levels, lowering the risk of cardiovascular disease.

Zinc and Other Minerals

Zinc is a component of many metalloenzymes including those

needed for growth, pancreatic enzymes, and intestinal secre-

tions. Overt zinc deficiency is uncommon in children and

adolescents, but several studies over the past decade have

indicated that inadequate zinc intake may be widespread in

children from low-income countries. These studies indicate

that marginal zinc intake may result in increased susceptibility

to respiratory and gastrointestinal infections, and delayed

growth. Zinc deficiency can lead to impaired taste (hypogeu-

sia) and appetite.

In spite of fortification programs, iodine deficiency con-

tinues to be a significant public health problem in many

countries, particularly in the highlands of Southeast Asia.

Iodine deficiency results in hypothyroidism and goiter. During

gestation, iodine deficiency has devastating and irreversible

effects on the central nervous system of the fetus.
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Abbreviations
BMI Body mass index

EAR Estimated average requirement

NMES Nonmilk extrinsic sugars

NSP Nonstarch polysaccharide

RNI Reference nutrient intake

Glossary
Cross-sectional study A study that provides a one-off

observation of a population.

Growth percentile A way of comparing individual

children to a reference group using percentages.

Longitudinal study A study that provides a series of

observations of a population, or follows a specific cohort of

individuals for a defined period of time.

Osteoporosis A progressive disease which causes bone

loss, leading to fractures.

Reference nutrient intake A nutrient recommendation

which would be expected to meet the needs of 97.3% of the

population.

Underreporting Self-reporting of food intake that

deliberately or unconsciously underestimates food, energy

or nutrient intakes.

Introduction

Adolescence is the period of transition between childhood and

adulthood. This reflects not only the physical and emotional

changes experienced by the adolescent, but also the develop-

ment of dietary behaviors. Although younger children tend to

resist new foods (i.e., neophobia), adolescents may use food

to assert their independence, but not always in a beneficial

way. This section covers development during adolescence and

highlight nutrients that are important during this time. In-

formation on adolescent energy and nutrient intakes from a

broad range of countries is presented. The findings are put in

context with dietary recommendations.

Physical Changes During Adolescence

Adolescence is generally assumed to be the period of human

development from 10 to 18 years, a time during which rapid

growth and physical maturity take place.

Growth

During prepubescent childhood, the growth of boys and girls

follows a similar trajectory, although boys may be slightly

taller and heavier than girls. The pubertal growth spurt begins

around the ninth year in girls, lasting up to 3½ years, with

boys starting their growth spurt approximately 2 years later.

This means that girls can reach their full height 2 years before

boys do. UK standards for height and weight during ado-

lescence are presented in Table 1. International reference

growth standards are developed by the World Health

Organization (WHO). Maximum height velocity is generally

seen in the year preceding menarche for girls and at around

14 years of age for boys. On average, weight velocity peaks

at 12.9 years of age for girls and 14.3 years of age for

boys. Annual growth rates during adolescence can be as

much as 9 cm/8.8 kg in girls and 10.3 cm/9.8 kg in boys.

It is not fully known when growth ceases. Certainly, height

gains of up to 2 cm can still occur between 17 and 28 years

of age.

Energy and protein intakes per kilogram body weight have

been observed to peak during maximal growth, suggesting

increased requirements during adolescence. Undernutrition in

this crucial window of development can result in a slow height

increment, lower peak bone mass, and delayed puberty.

Overnutrition is not without its risks. It is believed that obesity

in young girls can bring about an early menarche, which then

increases the risk of breast cancer in adulthood. Menarche is

deemed precocious if it occurs before the age of 8 years. Rising

childhood obesity levels in Western countries have resulted in

more girls experiencing precocious menarche.

Important nutrients for growth include protein, iron, cal-

cium, vitamin C, vitamin D, and zinc. Calcium, in particular,

has a key role in bone development, and huge increments in

bone density are seen during adolescence under the influence

of sex hormones. Bone density peaks in the early twenties and

a low bone density at this time is related to an increased risk of

osteoporosis in later life, especially for women. Studies have

suggested that body mass index (BMI) in adolescence is the

best predictor of adult bone density, explaining why children

who experience anorexia nervosa are likely to have a higher

risk of osteoporosis.
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Adipose Stores

There are few differences in body fat between boys and girls in

the prepubertal stage. However, during puberty, girls develop

adipose tissue at a greater rate than boys, laying down stores in

the breast and hip regions. The pattern for boys is rather dif-

ferent and tends toward a more central deposition. Methods

for estimating fatness in adolescents include weight for height,

BMI (weight in kilograms/height in square metres), skinfold

thickness measures, bioelectrical impedance analysis, densi-

tometry, magnetic resonance imaging, dual–energy X-ray

absorptiometry, and computed tomography. Waist circum-

ference is gaining popularity as a useful proxy of fatness in the

field. Many researchers argue that it is a better predictor than

BMI of the central adipose stores that place the individual

most at risk from later obesity, diabetes, and coronary heart

disease.

UK standards for BMI and waist circumference are shown

in Table 1. As adolescents are still growing, it is important to

use age- and sex-appropriate appropriate standards to assess

over- and underweight. The 85th percentile of BMI is often

used as the lower cutoff point for classification of overweight,

whereas the 5th is taken as an upper cutoff for underweight.

Some surveys have suggested that adult obesity risk can be

tracked from childhood, citing BMI at adolescence as a strong

predictor of adult obesity. However, this information should

be used with caution in practice because adolescents have not

yet reached their full height and may still revert to a normal

BMI without dietary intervention.

Sexual Development

In girls, the onset of menarche at around 13 years is triggered

by the attainment of a specific level of body fat, with taller,

heavier girls more likely to experience an early menarche.

Vigorous exercise, for example, gymnastics and endurance

running, can delay the menarche, both due to the physio-

logical effects of regular training and the depletion of body fat.

Iron becomes more important for girls as menstrual periods

become regular and heavier, and there is good evidence that

the iron status of many teenage girls is inadequate. Low iron

status is due to a combination of higher requirements (i.e.,

menstrual periods and growth) and poor nutritional practices,

such as dieting, missing breakfast; and avoiding red meat.

Dietary Recommendations

In general, each country has its own nutritional recom-

mendations for adolescents, which are developed by expert

bodies using a combination of deficiency studies and ex-

trapolations from adult studies. In the UK, US, and Canada,

guidelines have evolved from a simple Recommended Dietary

Intake to the more complex bell-shaped distribution with a

mean representing the intake likely to satisfy the needs of 50%

of the population. The upper extreme, at the 97.5th centile,

represents the intake likely to meet the needs of the majority

of the population, whereas the lower extreme, at the 2.5th

centile, represents the lowest acceptable intake. Current UK

Reference Nutrient Intakes (RNI), presented in Table 2, cover aTa
bl
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range of nutrients from fat and sugars to the main micro-

nutrients. Dietary guidelines are an important reference point

for nutrition scientists and dietitians, but it must also be borne

in mind that they relate to the average needs of populations,

rather than to the needs of individuals.

As well as numerical recommendations, many nations have

adopted more descriptive or visual methods of promoting the

ideal diet. This makes sense as recommended nutrient intakes

are poorly understood by the public and need to be put into

context by health professionals. Communication tools such as

the plate model, pyramid system, food groups, and traffic light

systems can help to get healthy eating messages across to

adolescents.

Dietary Intakes

It is often assumed that most adolescents in Western countries

have a nutritionally inadequate diet yet, despite reported low

intakes of some micronutrients in surveys, there is little evi-

dence of widespread clinical deficiencies, or indications that

adolescents are failing to achieve appropriate heights and

weights. Iron is the exception, where mean intakes are low and

clinical markers suggest deficiency across several age groups,

particularly in girls. There is also justifiable concern about the

general healthiness of diets eaten by ‘at risk’ subgroups of

adolescents such as dieters, smokers, vegans, and those who

regularly consume alcohol.

Mean daily intakes of energy and selected micronutrients

from a selection of major international surveys of adolescents

are presented in Table 3. Caution should be taken when in-

terpreting data from dietary surveys because underreporting

can be a feature of these. Selective underreporting, often fo-

cused on energy-dense or high-fat foods, can partially explain

low reported intakes of energy and certain micronutrients. It is

also difficult to make comparisons between the data from

different countries given the range of dietary assessment

methods used. There is normally a trade-off between the

sample size and methodology that sees the larger surveys

favoring less precise methods such as 24 h recalls or food

frequency questionnaires in order to make data collection

more economical.

Energy, Protein, and Salt

Despite height and weight data that are consistent with ex-

pected results, mean energy intakes appear to be low when

compared with dietary recommendations in many studies of

adolescents, particularly in lower income groups. Although

low energy intakes can be of concern in individuals, on a

population level, this phenomenon may be due to a number

of reasons. These include dieting, low physical activity levels,

and underreporting, where subjects subconsciously or delib-

erately misreport dietary intakes. Popular sources of energy in

the adolescent diet included cereal products (providing

around one-third of energy), savory snacks, potatoes, meat/

meat products, white bread, milk/dairy products, biscuits/

cakes, spreading fats, and confectionery. Beverages (i.e., soft

drinks, juices, and alcohol) provide a significant amount ofTa
bl
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energy due to their popularity with adolescents and this has

led to concern about their impact on obesity risk. In UK

dietary surveys, beverages not including milk provided 9% of

total daily calories in 11–18 years old.

In Western countries, average protein intakes are con-

siderably in excess of requirements for all ages and both sexes.

The main sources in adolescent diets are meat and meat

products (contributing around one-third of protein), cereals,

bread, and dairy products. It is believed that protein require-

ments in adolescents are between 0.8 and 1.0 g kg�1 body

mass, although this does not take into account any additional

needs that may relate to regular participation in sport and

exercise. As a proportion of energy, protein intakes tend to be

higher in Southern European countries, Australia, and New

Zealand compared with intakes in the United States and

Northern European countries.

High intakes of salt are a risk factor for abnormal blood

pressure which, in turn, increases the risk of heart disease.

Health experts believe that reductions in salt from childhood

can help to maintain normal vascular health. UK dietary

surveys of 11–18 years old report daily sodium intakes of

approximately 2280 mg in girls and 2970 mg in boys. This

equates to daily salt intakes of 5 and 6.5 g, respectively,

with the target being less than 6 g day�1. Meat products, such

as burgers and sausages, provide around one-third of salt

intakes with bread and processed foods also contributing

significantly.

Fats

Average fat intakes as a proportion of energy vary considerably

across Western countries. In the UK, intakes are close to the

recommendation of 35% energy, suggesting increased public

awareness as previous surveys reported intakes of 38–40%

energy from fat. However, intakes of saturated fat, at 14%

energy, still exceed the target of 11% food energy. It is worth

noting that population averages hide subgroups with more

extreme intakes. In the case of saturated fat, a considerable

number of adolescents have intakes approximately 17% en-

ergy that may increase their risk of heart disease. Main sources

of saturated fat in the adolescent diet include meat and meat

products (approximately 20%), savory snacks and fried foods.

Fat intakes in other European countries are 36–38% energy,

with the highest fat intakes reported in Finland, Greece,

Belgium, Germany, Switzerland, and Spain. In the United

States, where the dietary target for fat is 30% of energy, intakes

are approximately 32% energy from fat.

Not all dietary fats need to be reduced. There is increasing

evidence that long-chain o-3 fats from marine sources, spe-

cifically docosahexaenoic acid (DHA) and eicosapentaenoic

acid (EPA), are beneficial for health. Rich sources of these are

oily fish, such as salmon, trout, mackerel, and sardines,

whereas shellfish also make an important contribution.

Studies show that high intakes of oily fish, DHA, and EPA can

help maintain heart health and cognitive function in adults.

Emerging data suggest a role for DHA and EPA in brain de-

velopment in infants, and maintenance of the normal cogni-

tive function in school-age children. Adolescents often have

poor intakes of oily fish and, unless offered alterative sources

such as marine oil supplements, may miss out on the benefits

offered by DHA and EPA.

Carbohydrates and Fiber

Average carbohydrate intakes in Western populations are close

to the recommendation of 50% energy. The main sources in

the adolescent diet are breakfast cereals, bread, savory snacks,

vegetables and potatoes. Fiber intakes, expressed as nonstarch

polysaccharide (NSP), are 10–13 g per day in the UK, which is

approximately 70% of the adult guideline. Vegetables, pota-

toes, and savory snacks together contribute 40% of NSP.

Interestingly studies have not always found consistent rela-

tionships between fiber intakes and bowel movements in

young people. Sugar intakes peak in adolescence before de-

clining to adult levels and are higher in boys compared with

girls. In UK surveys, mean intakes of added sugars are 16% of

energy and the largest contributor is nondiet soft drinks,

providing 40% of sugars, followed by confectionery and pre-

serves. Children from lower income households tended to

have lower intakes of protein and NSP but higher intakes of

sugars and fats compared with their more affluent peers.

Recommendations to reduce fat are often accompanied by

those urging a decrease in added sugars due to concerns about

obesity, dental health, and micronutrient adequacy. However,

inverse relationships between fat and sugars are often seen in

observational surveys suggesting that reductions in dietary fat

may occur, in part, due to increases in foods containing added

sugars. Most cross-sectional surveys also report inverse rela-

tionships between sugar intakes and BMI, suggesting that

leaner people have higher sugar intakes, but lower fat intakes.

This may seem counterintuitive given concerns about the

impact of sugar on obesity risk; however, an explanation could

be that heavier people either restrict their sugar intake or

underreport sugar-containing foods. Nevertheless, apart from

one intervention study relating to soft drinks, the available

evidence does not support a relationship between higher sugar

intakes and an increased risk of obesity. This was confirmed by

the European Food Safety Authority in 2010 following a review

of the evidence.

Several reviews have also considered the evidence linking

sugar consumption with diet adequacy, responding to con-

cerns that higher sugar intakes result in diets, which are low or

inadequate in vitamins and minerals. The findings, based on

surveys of children and adolescents in the United States and

Europe, suggest that a broad range of sugar consumption is

consistent with adequate micronutrient intakes. This may be

due to fortification of popular sugar-containing foods, for

example breakfast cereals and dairy foods. Lower levels of

vitamins and minerals tend to be seen only at the upper and

lower extremes of sugar consumption, suggesting that these

diets lack variety.

Micronutrients

The main contributors to sources of vitamins and minerals

are breakfast cereals, milk, bread, chips/potatoes, and

eggs. Surveys that report comparisons between intakes and

recommendations have found satisfactory intakes for most
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micronutrients when population averages are considered. In-

takes of vitamins B1, B2, B6, B12, vitamin C, and niacin greatly

exceeded recommendations in the UK, perhaps reflecting

high-protein intakes and the fortification of breakfast cereals,

bread, and beverages. Average intakes that fall below recom-

mendations have been seen for iron, calcium, magnesium,

and zinc. In girls, mean selenium and iodine intakes can also

be lower than recommendations.

As mentioned earlier, averages hide subgroups of ado-

lescents whose nutrient intakes fall below acceptable levels for

health. UK data suggest that 3–47% of adolescents have intakes

of vitamin A, iron, calcium, magnesium, potassium, zinc, sel-

enium, and iodine that fall below the population minimum,

suggesting that they may be at risk from deficiency. The nutri-

ents of most concern in adolescence are iron and calcium,

which are important for the normal growth and development.

Intakes of folate are particularly important for girls, some of

whom may fall pregnant in their teens. Certain practices, such

as smoking and drinking alcohol, can increase requirements for

micronutrients, suggesting that specific groups of adolescents

may be more at risk from a poor nutritional status.

Mean iron intakes are particularly low in 11–18 year old

girls, at 58–63% of the recommendation (see Table 4), re-

flecting avoidance of iron-rich foods, such as red meat and

offal. It is important to address low iron intakes because these

can lead to poor iron status and, in some case, anemia. The

best source of iron is red meat which provides the easily ab-

sorbed form, called heme iron. However, most iron in the

adolescent diet comes from foods, such as breakfast cereals,

which supply the less-well-absorbed nonhaem iron. Iron ab-

sorption can be improved by consuming vitamin C rich foods

or beverages at meal times.

An adequate calcium intake during childhood and ado-

lescence is important for establishing an optimal peak bone

mass that can be maintained throughout adulthood. Low in-

takes of calcium are a risk factor for osteoporosis in later life.

Although average calcium intakes tend to be close to recom-

mended levels, there are groups of adolescents with intakes

below adequate levels. In UK 11–14 year olds, 12% of boys

and 24% of girls had intakes below the lower reference nu-

trient intake, while in 15–18 year olds, the figures were 9%

and 19%, respectively. This suggests a risk of deficiency. Good

sources of calcium are milk, cheese, yogurt, soya products,

tinned fish and, in many countries, fortified grain products.

Concern has been expressed that the rise in soft drink

consumption has displaced milk from the diets of adolescents

and this could be contributing to the low calcium intakes

found in many surveys. Fluid milk consumption has fallen

dramatically over the last decade in Western countries and this

is due to a range of factors including preference for other

beverages, concerns about weight management, and the per-

ception that milk is for younger children. Although improving

diet is important, it should not be forgotten that physical ac-

tivity is also important for optimal bone health.

Impact of Lifestyle on Nutrition

Young people consume particular foods and diets for a variety

of reasons, mostly unrelated to their nutritional content. Ta
bl
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These include weight control (whether justified or not), peer

group pressure, celebrity endorsement, convenience, per-

sonal ideologies (e.g., veganism), or enhancement of sporting

prowess. As energy and nutrient intakes are influenced by

eating patterns, it is important to consider lifestyle when in-

terpreting dietary information or development health pro-

motion messages.

Breakfast

Breakfast can be a nutrient-dense, low fat meal, yet is often

omitted by adolescents. Around 10% of younger children miss

breakfast, rising to 20% as adulthood is approached. Boys are

more likely than girls to eat breakfast, and favor cereals rather

than bread or cooked foods. Data on breakfast habits reveal

higher intakes of sugars, fiber and micronutrients, such as

folate, niacin, iron, calcium, and zinc, amongst regular con-

sumers of breakfast cereals. Fat intakes, as a proportion of

energy, are lower when breakfast cereals are consumed. Sur-

veys of adolescents have found an inverse relationship be-

tween breakfast cereal consumption and body mass index,

suggesting that eating breakfast is a useful strategy for weight

control.

Food Choices at School

Although the popularity of school lunches has diminished

over the last 10 years, they are still eaten regularly by many

children, particularly those from lower socioeconomic groups.

School lunches have been criticized in the past for containing

a high proportion of fat and delivering low levels of vitamins,

minerals, and o-3 fatty acids. The introduction of school meal

standards in a number of countries has significantly improved

the nutritional content of school lunches. However, this has

not always benefited adolescents who often prefer to assert

their independence by buying food out with the school en-

vironment. Foods purchased from cafes and take-aways tend

to be less healthy than the meals offered at school, and op-

portunities to choose fruits and vegetables are few.

Fruit and Vegetable Consumption

Data on intakes of fruit and vegetables show that adolescents,

particularly girls, have lower intakes than adults and younger

children. In the UK, where the recommendation is 400 g

(expressed as five portions of fruit/vegetables per day), average

intakes in 15–18 year old are only 200 g. Indeed, only 22% of

boys and 7% of girls meet the five portions-a-day target.

Snacking and Soft Drink Consumption

There has been a general shift over the last few decades toward

more meals eaten outside the home and a greater proportion

of daily energy consumed as snacks and soft drinks. Concerns

about the possible impact of snacks on diet quality and the

risk of obesity are not always borne out by the evidence,

although dietary assessment is hindered by a lack of consensus

on what constitutes a ‘snack’. Observational studies have

found that frequent snackers have similar nutrient intakes to

those who snack infrequently. With respect to body size,

snacking is often associated with a lower, rather than a higher,

BMI. The few intervention studies that have examined snack-

ing behavior report full or partial compensation for the add-

itional calories provided by snacks by a reduction in the

energy from meals. This suggests that snacking itself is not

harmful but that adolescents should choose their snacks

wisely, focusing on those that make some contribution to

micronutrient intakes. Intervention studies looking at the

impact of sugar-sweetened soft drinks give a different picture

and tend to find less compensation for the additional calories

and a reduction in nutrient density of the diet. This suggests

that high intakes of sweetened soft drinks, as are often found

in adolescence, pose a risk for obesity and could be detri-

mental for diet adequacy.

Smoking

The proportion of adolescent smokers rises with age and is

between 8 and 20% with an average exposure, in older chil-

dren, of around 40 cigarettes per week. Since the 1980s,

smoking has decreased in adolescent boys but not in girls.

Smokers tend to have different dietary habits from non-

smokers and this is reflected in their nutrient intakes. Studies

have found that smokers consume fewer dairy foods, whole-

meal bread, fruit, breakfast cereals, and more coffee, alcohol,

and chips. Smokers’ diets tend to be lower in fiber, vitamin B1

and vitamin C compared with nonsmokers. In a study of 18

year olds, male smokers had a higher percentage energy from

fat and lower intakes of sugars and iron. Contrary to beliefs,

there is no evidence that smoking helps to control body

weight in young people.

Alcohol Consumption

In the UK, alcohol is consumed by 10% of 11–14 years old,

and 37–46% of 15–18 year olds with older boys most likely to

drink alcohol. Other European surveys have found higher

proportions, 60–90% in 14–18 year old males, Although US

surveys have found similar proportions to the UK. The average

contribution of alcohol to energy intakes in the NDNS is just

over 1%, with higher contributions reported by Danish and

Irish studies (around 2–5% energy). Excess alcohol intake can

increase micronutrient requirements but few younger ado-

lescents fall into this category. However, regular consumption

of alcohol contributes to obesity because the energy provided

by alcoholic drinks rarely displaces energy from other food

sources.

Socioeconomic Status

Differences in diet are sometimes seen between children from

different social classes or income groups. In the UK, children

from a lower socioeconomic background consume fewer low

fat dairy foods, fruit juice, salad vegetables, high fiber cereals,

fruit juices, and fruit than children from a higher socio-

economic background. This impacts on mean daily nutrient

intakes with poorer children consuming lower amounts of

protein, sugars, carbohydrate, vitamin C and fiber. Some
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surveys have also found higher fat intakes and a greater risk of

obesity in children from lower socioeconomic backgrounds.

Physical Activity

Regular physical activity impacts on nutrition and health in a

number of ways, for example, by maintaining normal energy

balance that lowers the risk of obesity, by supporting the nor-

mal heart function, and by promoting bone density. However,

adolescents, particularly girls, have become far less physically

active in recent years. The European Youth Heart Study found

that 82% of 15-year old boys, but only 62% of girls of that age,

met physical activity targets. At present, WHO recommends that

children and young people are physically activity for at least

60 min per day�1. This includes sports and exercise, but also

walking. Reducing sedentary behaviors, for example, TV view-

ing, video games, is also important for obesity prevention.

Sleep

Although sufficient sleep is vital for normal growth and cog-

nitive development in childhood and adolescence, short sleep

duration can also impact on nutritional intake and obesity

risk. Studies in adolescents and young adults have found as-

sociations between a lack of nightime sleep and increases in

BMI. Short sleep duration could influence body weight by

disrupting appetite control, reducing physical activity levels

(e.g., due to tiredness), or affecting thermoregulation.

Conclusions

Most adolescents in Western countries are consuming ad-

equate energy and protein to support normal growth. How-

ever, intakes of micronutrients in subgroups of the population

are lower than recommendations and may not be sufficient for

optimal health. These include iron, calcium, zinc, folate, and

vitamin A. For iron, there is good evidence of clinical de-

ficiency in low iron consumers, particularly girls. As energy

intake is the best predictor of micronutrient adequacy, care

must be taken when advising adolescents about weight man-

agement because calorie restriction can reduce intakes of

vitamins and minerals.

Longitudinal studies that attempt to link early diet with the

incidence of later disease suggest that high intakes of fruit,

vegetables, wholegrains, and oily fish are markers of good

health in later life. However, this beneficial dietary pattern has

not been adopted by most adolescents. Indeed, despite the

public health efforts of government and health professionals,

adolescents remain a hard to reach group. (Table 5).
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Table 5 Average daily intakes of adolescents from the European Nutrition & Health Report (2009)a

Sex
(age)

Protein %
en

CHO %
en

Sucrose%
en

Fat %
en

Fiber (g) Iron
(mg)

Calcium
(mg)

Vit D
(mcg)

Folate
(mcg)

Iodine
(mcg)

Sodium (g)

M 1–15 yr 12–17 43–56 5–29 28–41 9–24 5.7–14.0 554–1104 1.4–5.3 116–304 48–299 1.6–6.3
F 1–15 yr 12–17 42–55 5–29 28–42 6–21 5.4–12.1 560–1049 1.2–6.3 109–278 51–299 1.5–5.4
M 14–24 yr 13–18 42–54 13–16 31–40 14–26 11.8–16.3 675–1362 1.3–5.4 175–312 93–133 2.4–4.1
F 14–24 yr 12–17 42–55 12–18 29–40 14–22 8.9–12.8 659–1212 1.5–3.4 161–266 78–106 2.2–3.2

aData presented as ranges.

% en, as percentage of total daily energy.

CHO, carbohydrate.
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Glossary
Aging A progressive sequence of detrimental age-related

changes that occur in every individual of a given species, at

varying rates. These changes lead to a breakdown in normal

homeostatic mechanisms so that the functional capacity of

the body and its ability to respond to a wide variety of

extrinsic and intrinsic agents is often reduced. This causes

degradation of structural elements within the cells, tissues,

and organs of the body, leading eventually to the onset of

age-related disorders and ultimately death.

Apoptosis Programed cell death which is important for

changes that occur during development, and for cell

turnover. Approximately 50–70 billion cells per day die

through apoptosis in the human adult. Apoptosis is a

normal event and differs from necrosis, which is cell death

due to injury. Insufficient atrophy results in excessive cell

proliferation such as in cancer.

Hayflick phenomenon (or Hayflick limit) The number

of times a cell population can divide before it dies.

Senescence The process of becoming old.

Somatic mutation Changes in DNA that can occur in any

cell except sperm or eggs. They cannot be passed on to the

next generation, but can cause cancer or other diseases.

Introduction

The aging processes, and interventions to ameliorate them,

have fascinated humans since the dawn of civilization. Re-

search into aging is now a vital area of human endeavor, as our

species reaches the limits of its longevity and faces the pro-

spect of an aging population.

An individual’s life expectancy is contributed to by the

interaction of intrinsic (genetic and epigenetic) factors with

extrinsic (environmental and life style) factors (Figure 1). In

the world’s more developed countries (MDCs) life expectancy

at birth in the 1900s was around 47 years. By the end of the

twentieth century this rose to a mean of 78 and 76 years in

Western Europe and North America, respectively, with many

individuals living much longer. This dramatic increase in

average life expectancy has been largely due to improvements

in environmental conditions such as nutrition, housing,

sanitation, and medical and social services, leading to a large

increase in the number of older people around the world. This

change in the age structure of society is compounded by the

decreasing fertility levels in the world’s populations leading to

large gains in worldwide median population ages. Our aging

populations have a growing number and proportion of older

people and, importantly, a growing number and proportion of

very elderly people.

Based on current rates and trends in population growth by

the year 2025 the elderly population (aged 65 and above) in

the world’s MDCs will increase by more than 50%, and will

more than double worldwide. The very elderly (aged 80 and

above) is the fastest growing section of the elderly population.

This changing demographic picture will result in a large in-

creased prevalence worldwide of long-term illness, disability,

and the degenerative diseases associated with aging. These

alterations in the proportions of the population of working

age and those beyond working age will significantly impact

the funding and costs of healthcare for all nations, making

research into aging of critical international importance.

Rate of aging

Age-related diseases

Death

Genetics: 
‘senescence’ genes, genes coding

for components of biomolecule defense
systems, etc.

Lifestyle factors: 
diet, housing, exercise, etc.

Environment:
exposure to chemicals,

disease-causing  
organisms, etc.

Figure 1 Interactive factors that contribute to the aging process.
Reproduced from Barnett YA (1994) Nutrition and the ageing process.
British Journal of Biomedical Sciences 51: 278–287.
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Theories of Aging

The biological manifestations that occur with aging affect the

entire hierarchical structure of living systems. Age-related ef-

fects are seen in the accumulation of damaged cellular bio-

molecules (e.g., advanced glycosylation end products, lipid

peroxidation products, genetic damage, and mutation), dam-

aged organelles (mitochondria), and loss of cellular function,

which contributes to dysfunction of the body’s tissues, organs,

and systems. These hierarchical changes have paved the way

for more than 300 theories in an attempt to explain how and

why aging occurs. They have previously been broadly cat-

egorized into: (1) programed or genetic theories; and (2)

damage accumulation (stochastic) theories. However, these

categories are not proven to be entirely comprehensive or

mutually exclusive and it is likely that there is a shifting range

throughout the life span that reflects a decreasing influence of

genetic factors and an increasing influence of stochastic events.

Programed and Genetic Theories

Programed and genetic theories propose that the process of

aging follows a biological timetable, perhaps a continuation of

the one that regulates childhood growth and development.

There are a number of lines of evidence supporting these

theories.

Longevity Genes
It is clear that aging is controlled to some extent by genetic

mechanisms. The distinct differences in life span among spe-

cies are a direct indication of genetic control, at least at the

species level. A number of genes have been identified in yeast,

nematode worms (Caenorhabditis elegans), and fruit flies

(Drosophila melanogaster) that significantly increase the or-

ganism’s potential maximum life span. The products of these

genes are involved in stress response and resistance, develop-

ment, signal transduction, transcriptional regulation, and

metabolic activity. However, the genetics of longevity have not

been as revealing in mammalian studies. In mouse systems

genes involved with immune response have been implicated

in longevity, as has the ‘longevity gene’ p66shc, which is in-

volved in signal transduction pathways that regulate the cel-

lular response to oxidative stress. In humans, a number of

mitochondrial DNA polymorphisms are associated with lon-

gevity. Linkage analysis in human systems has associated cer-

tain genes on chromosome 4 with exceptional longevity.

Further support for human longevity genes may be provided

by the observation that siblings and parents of centenarians

live longer. The major histocompatibility complex (MHC), the

master genetic control of the immune system, may also be a

gene system controlling aging, because a number of genetic

defects that cause immunodeficiency shorten the life span of

humans. Certain MHC phenotypes have also been associated

with malignancy, autoimmune disease, Alzheimer disease, and

xeroderma pigmentosum in humans.

Accelerated Aging Syndromes
No distinct phenocopy exists for normal aging, but several

genetic diseases/syndromes display some features of accelerated

aging, including Hutchinson-Gilford syndrome (classic early

onset Progeria), Werner syndrome, and Down syndrome. Pa-

tients with these syndromes suffer from many signs of pre-

mature aging including hair loss, early graying, and skin

atrophy, and premature age-related diseases such as athero-

sclerosis, osteoporosis, and glucose intolerance. The defined

genetics involved in these syndromes provides strong evidence

for the genetic basis of aging.

Neuroendocrine Theories
These theories propose that functional decrements in neurons

and their associated hormones are pivotal to the aging process.

An important version of this theory suggests that the

hypothalamic–pituitary–adrenal (HPA) axis is the key regu-

lator of mammalian aging. The neuroendocrine system regu-

lates early development, growth, puberty, the reproductive

system, metabolism, and many normal physiological func-

tions. Functional changes to this system could exert effects of

aging throughout an organism. However, the cells of the

neuroendocrine system are subject to the normal cellular

aging processes found in all cells, and changes in the neu-

roendocrine system may be secondary expressions of the aging

phenotype.

Immunologic Theory and Immunosenescence
Deterioration of the immune system with aging (‘immuno-

senescence’) may contribute to morbidity and mortality due to

decreased resistance to infection and, possibly, certain cancers

in the aged. T-cell function decreases and autoimmune phe-

nomena increase in elderly. Although the immune system

obviously plays a central role in health status and survival, its

cells are subject to the normal cellular aging processes found

in all cells. Changes to the immune system may be secondary

expressions of the aging phenotype.

Cellular Senescence
At the cellular level, most, if not all, somatic cell types have a

limited replicative capacity in vitro before they senesce and die.

The number of cell population doublings in vitro is inversely

correlated with donor age. This is called the ‘Hayflick phe-

nomenon’ after the scientist credited with its discovery. This

limit in the capacity of a cell type or tissue to divide and

replenish itself would have major repercussions in vivo. There

is evidence that replicative senescence is related to in vivo

aging, but definitive evidence that senescent cells accumulate

in vivo is lacking to date. Many alterations to normal cellular

physiology are exhibited with the senescent phenotype, indi-

cating that senescent cells exist in a growth state that is quite

distinct from that of young cells and are subject to a complex

alteration to their cellular physiology. Several explanations for

limiting the number of cell population doublings have been

proposed, including a tumor suppressive mechanism. One is

that the shortening of telomeres, the sequences of noncoding

DNA located at the end of chromosomes, is a measure of the

number of cell divisions that a cell has experienced. These

telomeres may act as specialized regions of the genome, a

sacrificial ‘sentinel’ zone, for the detection of DNA damage

being noncoding, more prone to damage, and less prone to

repair than the genome as a whole. Damage to telomeres
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transposes to telomere shortening, and loss of telomere higher

order structure may trigger senescence and/or apoptosis.

Studies involving fusion of normal cells (subject to sen-

escence) with immortal cell lines in vitro have clearly dem-

onstrated that the senescent phenotype is dominant, and that

unlimited division potential results from changes in normal

growth control mechanisms. These fusion studies have also

revealed the existence of several dominant genes associated

with the process of cellular senescence. These genes reside on a

number of chromosomes, including 1, 4, and X.

Disposable Soma Theory
The disposable soma theory suggests that aging is due to

stochastic background damage to the organism, i.e., damage

that is not repaired efficiently because the energy resources of

the somatic cells are limited. So, instead of wasting large

amounts of energy in maintaining the whole body in good

condition, it is far more economical to simply repair the

heritable stem cell genetic material, in order to ensure the

survival of the species. In this way the future of the species is

secured at the expense of individual lives. When the somatic

energy supply is exhausted, the body ages and dies, but the

genetic material survives (in the next generation).

Damage Accumulation (Stochastic) Theories

The ‘damage’ or ‘error’ theories emphasize intrinsic and en-

vironmental insults to our cellular components that accumu-

late throughout life and gradually cause alterations in

biological function and the physiological decline associated

with aging.

Somatic Mutation and DNA Repair
Damage to DNA occurs throughout the lifetime of a cell. If

this damage is not repaired or removed then mutations may

result. Mutations may result in the synthesis of aberrant pro-

teins with altered or absent biological function; alterations to

the transcriptional and translational machinery of a cell; and

deregulation of gene control. The accumulation of mutations

on their own, or in combination with other age-related

changes, may lead to alterations in cellular function and ul-

timately the onset of age-related disease.

Error Catastrophe
This theory suggests that damage to mechanisms that syn-

thesize proteins results in faulty proteins, which accumulate to

a level that causes catastrophic damage to cells, tissues, and

organs. Altered protein structure has been clearly demon-

strated to occur with age; however, most of these changes are

posttranslational in nature, and hence do not support this

theory of aging. Such changes to protein structure may result

in progressive loss of ‘self-recognition’ by the cells of the im-

mune system and thus increase the likelihood that the im-

mune system would identify self-cells as foreign and launch an

immune attack. Indeed, the incidence of autoimmune epi-

sodes is known to increase with age.

Cross-Linking
The cross-linking theory states that an accumulation of cross-

linked biomolecules caused by covalent or hydrogen bonds

damages cellular and tissue function through molecular ag-

gregation and decreased mobility. The modified malfunctional

biomolecules accumulate and become increasingly resistant to

degradation processes and may represent a physical impair-

ment to the functioning of organs. There is evidence in vitro for

such cross-linking over time in collagen and in other proteins,

and in DNA. Many agents exist within the body that have the

potential to act as cross-linking agents, e.g., aldehydes, anti-

bodies, free radicals, quinones, citric acid, and polyvalent

metals, to name but a few.

Free Radicals
The most popular, widely tested and influential of the damage

accumulation theories of aging is the ‘free radical’ theory, first

proposed by Harman in 1956. Free radicals from intrinsic and

extrinsic sources (Table 1) can lead to activation of cyto-

plasmic and/or nuclear signal transduction pathways, modu-

lation of gene and protein expression, and also alterations to

the structure and ultimately the function of biomolecules. Free

radicals may thus induce alterations to normal cell, tissue, and

organ functions, which may result in a breakdown of

homeostatic mechanisms and lead to the onset of age-related

disorders and ultimately death. It can be predicted from this

theory that the life span of an organism may be increased by

slowing down the rate of initiation of random free radical

reactions or by decreasing their chain length. Studies have

demonstrated that it is possible to increase the life span of

Table 1 Extrinsic and intrinsic sources of free radicals

Extrinsic sources Intrinsic sources

Radiation: ionizing, ultraviolet Plasma membrane: lipoxygenase, cycloxygenase, NADPH oxidase
Drug oxidation: paracetamol, carbon tetrachloride,

cocaine
Mitochondria: electron transport, ubiquinone, NADH dehydrogenase

Oxidizing gases: oxygen, ozone, nitrogen dioxide Microsomes: electron transport, cytochrome p450, cytochrome b5

Xenobiotic elements: arsenic (As), lead (Pb), mercury
(Hg), cadmium (Cd)

Peroxisomes: oxidases, flavoproteins

Redox cycling substances: paraquat, diquat, alloxan,
doxorubicin

Phagocytic cells: neutrophils, macrophytes, eosinophils, endothelial cells

Heat shock Auto-oxidation reactions: Metal catalyzed reactions
Cigarette smoke and combustion products Other: hemoglobin, flavins, xanthine oxidase, monoamine oxidase, galactose

oxidase, indolamine dioxygenase, tryptophan dioxygenase
Ischemia – reperfusion
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cells in vitro by culturing them with various antioxidants or

free radical scavengers. Antioxidant supplementation with a

spin-trapping agent has been demonstrated to increase the life

span of the senescence accelerated mouse, although as yet

there is little evidence for increasing the life span of a normal

mammalian species by such strategies.

Mitochondrial DNA Damage
This hypothesis combines elements of several theories, cov-

ering both the stochastic and genetic classes of aging theories.

It is proposed that free radical reactive oxygen species gener-

ated in the mitochondria contribute significantly to the som-

atic accumulation of mitochondrial DNA mutations. This

leads to a downward spiral wherein mitochondrial DNA

damage results in defective mitochondrial respiration that

further enhances oxygen free radical production, mitochon-

drial DNA damage, and mutation. This leads to the loss of

vital bioenergetic capacity eventually resulting in aging and

cell death.

The absence of evidence that exclusively supports any one

theory leaves no doubt that aging is due to many processes,

interactive and interdependent, that determine life span

and death.

Age-Related Diseases

Regardless of the molecular mechanisms that underlie the

aging process, a number of well-characterized changes to the

structure and therefore the function of the major cellular

biomolecules (lipids, proteins, carbohydrates, and nucleic

acids) are known to occur with age (Table 2). The age-related

alterations to the structure and therefore the function of

cellular biomolecules have physiological consequences and

may directly cause or lead to an increased susceptibility to the

development of a number of diseases (Figure 2).

Cellular biomolecules are constantly exposed to a variety of

extrinsic and intrinsic agents that have the potential to cause

damage. A number of defense systems exist, e.g., antioxidant

enzymes and DNA repair systems, which aim to reduce, re-

move, or repair damaged biomolecules. These defense systems

are not perfect, however, and biomolecular damage may still

occur. Such damage can result in the degradation of structural

elements within the cells, tissues, and organs of the body,

leading to a decline in biological function and eventually to

disease and death.

The physiological alterations with age proceed at different

rates in different individuals. Some of the common changes

seen in humans are: the function of the immune system de-

creases by the age of 30 years, reducing defenses against in-

fection or tumor establishment and increasing the likelihood

of autoimmune disorders; metabolism starts to slow down at

around 25 years of age; kidney and liver function decline;

blood vessels lose their elasticity; bone mass peaks at the age

of 30 years and drops approximately 1% per year thereafter;

the senses fade; the epidermis becomes dry and the dermis

thins; the quality of and need for sleep diminish; and the

brain loses 20% of its weight, slowing recall and mental per-

formance. A number of age-related diseases may develop due

to the tissue, organ, and system deterioration (Table 3).

Modification of the Aging Process

Can the adverse consequences of aging be prevented? Through

the ages many have pursued the elixir of life. Attempts to

Table 2 Major age-related alterations in biomolecule structure and the resultant physiological consequences of such structural changes

Biomolecule Alteration Physiological consequence

Lipids Lipid peroxidation Oxidized membranes become rigid, lose selective permeability and integrity. Cell death may
occur

Peroxidation products can act as cross-linking agents and may play a role in protein
aggregation, the generation of DNA damage and mutations, and the age-related pigment
lipofuscin

Proteins Racemization, deamination,
oxidation, and carbamylation

Alterations to long-lived proteins may contribute to aging and/or pathologies. For example,
modified crystallins may aggregate in the lens of the eye thus leading to the formation of
cataracts

Cross-linking and formation of advance glycosylation end-products (AGEs), which can severely
affect protein structure and function

Effects on the maintenance of cellular homeostasis
Carbohydrates Fragmentation, depolymerization

glucose auto-oxidation
Alters physical properties of connective tissue. Such alteration may be involved in the etiology

and pathogenesis of osteoarthritis and other age-related joint disorders
Glycosylation of proteins in vivo with subsequent alteration of biological function; for example,

glycosylation of insulin in patients with diabetes may result in altered biological function of
insulin and contribute to the pathogenesis of the disease

Nucleic acids Strand breaks base adducts loss of
5-methyl cytosine from DNA

Damage might interfere with transcription, translation, and DNA replication, reducing a cell’s
capacity to synthesize vital polypeptides/proteins. In such circumstances cell death may
occur. The accumulation of hits in critical cellular genes associated with the control of cell
growth and division results in the process of carcinogenesis

Dedifferentiation of cells (5-methylcytosine plays an important role in switching off genes as
part of gene regulation)

If viable, such dedifferentiated cells may have altered physiology and may contribute to altered
tissue/organ function
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Biomolecule damaging agents

Defense mechanisms that aim to prevent
or repair biomolecule damage

e.g., free radicals

e.g., antioxidants

Biomolecule damage may still occur

Nucleic acids

Altered:
  structure (mutation)
  gene expression
  transcription and translation

Proteins

Altered: 
  protein structure
  biological activity 
Protein aggregation
Activation of proteolytic enzymes
Protein aggregation
DNA – protein cross-links

Lipids

Membrane peroxidation and
destruction leads to
rigidity of cell membranes,
loss of selective permeability,
and loss of membrane integrity.
Aggregation with proteins,
pigments, and metal ions to
form lipofuscin

by chance

Cell death

Cell with altered biological
function – aging cell

Cancer
cell

Normal
cell

Decline in tissue and organ functions

Development of age-related disorders

Death

Biomolecule damage

Figure 2 Biomolecule damage and the aging process. Reproduced from Barnett YA (1994) Nutrition and the aging process. British Journal of
Biomedical Sciences 51: 278–287.

Table 3 Major age-related alterations in vivo and the resultant pathological conditions

Body system Pathological changes

Cardiovascular Atherosclerosis, coronary heart disease, hypertension
Central nervous system Reduction of cognitive function, development of various dementias (e.g., Alzheimer’s disease and Parkinson’s disease)
Endocrine Noninsulin-dependent diabetes, hypercortisolemia
Hematopoietic Anemia, myelofibrosis
Immune General decline in immune system function, particularly in T cells
Musculoskeletal Osteoporosis, osteoarthritis, skeletal muscle atrophy
Renal Glomerulosclerosis, interstitial fibrosis
Reproductive Decreased spermatogenesis, hyalinization of semeniferous tubules
Respiratory Interstitial fibrosis, decreased vital capacity, chronic obstructive pulmonary disease
Sense organs Cataracts, senile macular degeneration, diabetic retinopathy
All systems Cancer
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increase the average life expectancy and quality of life in the

elderly can only succeed by slowing the aging process itself. In

humans, the rate of functional decline associated with aging

may be reduced through good nutrition, exercise, timely

health care, and avoidance of risk factors for age-related

disease.

Nutritional Modification

It is clear that diet contributes in substantial ways to the de-

velopment of age-related diseases and that modification of the

diet can contribute to their prevention and thus help to im-

prove the quality of life in old age. Macronutrient intake levels

can play a significant role in the progression of age-related

diseases and affect the quality of life. For example, the total

and proportional intakes of polyunsaturated fatty acids and

saturated fatty acids in the Western diet may have an effect on

the incidence of atherosclerosis and cardiovascular diseases.

Our dietary requirements also change as we age and if such

changes are not properly addressed this could lead to sub-

optimal nutritional status. This challenge is compounded by a

decrease in the body’s ability to monitor food and nutrient

intakes. Dietary intake and requirements are complex issues,

intertwined with many health and life style issues. However,

most research points toward the need for a varied diet as we

age, with an increased emphasis on micronutrient intake

levels.

An exemplary diet for healthy aging can be found in the

traditional diet of Okinawa, Japan. Okinawans are the longest-

living population in the world according to the World Health

Organization, with low disability rates and the lowest fre-

quencies of coronary heart disease, stroke, and cancer in the

world. This has been attributed to healthy life style factors

such as regular physical activity, minimal tobacco use, and

developed social support networks as antistress mechanisms,

all of which are underpinned by a varied diet low in salt and

fat (with monosaturates as the principal fat) and high levels of

micronutrient and antioxidant consumption.

Vitamins and Micronutrients
The mechanisms by which certain vitamins and micro-

nutrients mediate their protective effect on age-related dis-

orders is based on their abilities to prevent the formation of

free radicals or scavenging them as they are formed, either

directly (e.g., vitamins C, E, and b-carotene) or indirectly (e.g.,

copper/zinc superoxide dismutase, manganese-dependent

superoxide dismutase, selenium-dependent glutathione per-

oxidase) (Table 4). Only by exploring more fully the under-

lying molecular mechanisms of aging and the major classes of

antioxidants will it be possible to establish their role, and

develop strategies for using various classes of antioxidants to

reduce the effects of aging. Other dietary components may

also have a beneficial effect in preventing or delaying the onset

of age-related disease. For example, as a deterrent against the

onset of osteoporosis, adults should ensure adequate calcium

and vitamin D intakes.

Dietary Energy Restriction
The effect of caloric restriction on life span has only been

demonstrated convincingly in rodents. Feeding mice and

rats diets deficient in energy (approximately 35% of that of

animals fed ad libitum, after the initial period of growth) re-

tards the aging of body tissues, inhibits the development

of disease and tumors, and prolongs life span significantly.

The exact mechanism of action of dietary energy restriction

remains to be elucidated, but may involve modulation of free

radical metabolism, or the reduced hormone excretion that

occurs in dietary restricted animals may lower whole body

metabolism resulting in less ‘wear and tear’ to body organs

and tissues.

Current investigations into the effects of dietary energy

restriction (by approximately 30%) on the life spans of pri-

mates, squirrels, and rhesus monkeys continue. Caloric re-

striction in rhesus monkeys leads to reductions in body

temperature and energy expenditure consistent with the ro-

dent studies. These investigations should have direct impli-

cations for a dietary energy restriction intervention aimed at

slowing down the aging process in humans, should any

humans wish to extend their life span at such a cost. Once the

mechanisms of effects of caloric restriction on longevity are

understood it may be possible to develop drugs that act

through these mechanisms directly, mitigating the need for

diets that interfere with the quality of life.

Molecular Biological Interventions and the Aging Process

Accelerated aging syndromes show degenerative characteristics

similar to those appearing during normal aging. The mutations

Table 4 Effects of vitamins and micronutrients on age-related disorders

Vitamin or micronutrient Possible effect on age-related disorder

Vitamins B6, E copper, zinc, and selenium Impairment of immune function in older humans if inadequate amounts
Vitamins C, E, and carotenoids Increased amount in the diet is associated with delayed development of various forms of cataract
Carotenoids and zinc Dietary supplementation associated with a decreased risk of age-related macular degeneration
Selenium Absolute or relative deficiency associated with development of a number of cancers (not breast

cancer)
Vitamin C, b-carotene, a-tocopherol, and zinc Dietary supplementation may decrease the rate of development of atherosclerosis
Selenium, copper, zinc, lithium, vanadium,

chromium, and magnesium
Dietary deficits are associated with an increased risk of cardiovascular disease

Vitamins B12, B6, and folate Adequate levels throughout a lifetime may prevent some of the age-related decrease in cognitive
function

Chromium Deficiency is associated with an increased risk of Type 2 diabetes mellitus
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leading to these disorders are being identified and their

roles in the aging process are being elucidated. Examining

differences in the genetic material from normal elderly people

and those with progeria should provide a better understand-

ing of the genetic mechanisms of aging. Identification of a

control gene or genes that inhibit the action of the genes

producing the progeroid phenotype might make it possible to

slow down aberrant protein production in normal people

as well.

As an example, the genetic defect that predisposes indi-

viduals to the development of Werner syndrome has been

elucidated. Individuals with this disease carry two copies of a

mutant gene that codes for a helicase enzyme (helicases split

apart or unwind the two strands of the DNA double helix).

DNA helicases play a role in DNA replication and repair. In

light of the biological function of these enzymes it has been

proposed that premature aging in Werner syndrome is caused

by defective helicase preventing DNA repair enzymes from

removing background DNA damage, which thus becomes

fixed as mutations, with consequent deleterious effects on

cellular function. It remains to be determined whether in-

creasing the fidelity or activity of helicases in cells will extend

their life span.

Because loss of telomeric DNA sequences may lead to

replicative senescence in dividing cells, in theory by preventing

such telomere loss the life span of the cell could be extended.

A naturally occurring enzyme, telomerase, exists to restore

telomeric DNA sequences lost by replication. Telomerase is

normally only functional in germ cells. Manipulating certain

cell types (e.g., cells of the immune system) to regulate the

expression of telomerase may extend their functional life span.

Drugs that enhance telomerase activity in somatic cells are

being developed. However, cellular senescence has been im-

plicated as a tumor suppressor mechanism and it has been

found that cancer cells express telomerase. An uncontrolled

expression of this enzyme in somatic cells may lead to the

onset of malignancy through uncontrolled cell proliferation.

Thus, any intervention aiming to increase life span based on

the cellular expression of telomerase must strike a balance

between maintaining controlled cell division and un-

controlled proliferation.

A number of single gene mutations have been identified

that affect metabolic function, hormonal signaling, and gene

silencing pathways. In future it may be possible to develop

drugs to mimic the antiaging effects that these genes exert.

See also: Antioxidants. Cancer: Epidemiology and Associations
Between Diet and Cancer. Coronary Heart Disease: Lipid Theory;
Prevention. Fats and Oils. Growth and Development:
Physiological Aspects. Nutrient Requirements: International
Harmonization. Older People: Nutritional Management of Geriatric
Patients; Nutritional Requirements. Protein Digestion and
Bioavailability. Protein: Requirements and Role in Diet; Synthesis
and Turnover
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Glossary
Alcohol dehydrogenase Alcohol dehydrogenase (ADH) is

an enzyme that couples oxidation of ethanol to reduction of

nicotinamide adenine dinucleotide (NADþ ) to NADH.

ADH has a wide range of substrates and functions, including

dehydrogenation of steroids and oxidation of fatty acids.

Aldehyde dehydrogenase Aldehyde dehydrogenase

(ALDH) is an enzyme that couples oxidation of

acetaldehyde to reduction of NADþ . The presence of ALDH

in tissues may reduce the toxic effects of acetaldehyde.

Blood ethanol concentration Blood ethanol

concentration is commonly used as a measure of

intoxication. It is commonly expressed as mg l�1, g dl�1, or

mmol l�1.

Catalase Catalase is a common enzyme found in nearly

all living organisms. The main action is the decomposition

of hydrogen peroxide (H2O2) to water. It can also oxidize

ethanol in a reaction that requires H2O2.

First-pass metabolism of ethanol First-pass metabolism

of ethanol reduces the concentration of ethanol before it

reaches the systemic circulation.

Microsomal ethanol oxidizing system The microsomal

ethanol oxidizing system (MEOS) is another pathway of

ethanol metabolism. The key enzyme of the MEOS is

cytochrome P4502E1 (CYP2E1). This pathway requires

oxidation of NADPH to NADPþ.

After caffeine, ethanol is the most commonly used recreational

drug worldwide. Alcohol is synonymous with ethanol, and

drinking often describes the consumption of beverages con-

taining ethanol. In the United Kingdom (UK), a unit of al-

cohol (standard alcoholic drink; Table 1) contains 8 g of

ethanol (ethyl alcohol). The Department of Health, the Na-

tional Institute for Clinical Excellence (NICE), and several of

the medical Royal Colleges in the UK have recommended

sensible limits for alcohol intake based on these units of al-

cohol. However, as the amount of ethanol in one unit or a

standard alcoholic drink varies throughout the world (Table 2

and Table 3), the unit system does not allow international

comparisons. Recommendations for sensible limits for alco-

hol intake also vary worldwide.

Despite these guidelines, the quantity of alcohol consumed

varies widely. Many enjoy the pleasant psychopharmacological

effects of alcohol. However, some experience adverse reactions

due to genetic variation of enzymes that metabolize alcohol.

Misuse of alcohol undoubtedly induces pathological changes

in most organs of the body. Some data have suggested that

alcohol may be beneficial in the reduction of ischemic heart

disease.

Many of the effects of alcohol correlate with the peak

concentration of ethanol in the blood during a drinking ses-

sion. It is therefore important to understand the factors that

influence the blood ethanol concentration (BEC) achieved

from a dose of ethanol.

Physical Properties of Ethanol

Ethanol is produced from the fermentation of glucose by

yeast. Ethanol (Figure 1) is highly soluble in water due to its

polar hydroxyl (OH) group. The nonpolar (C2H5) group en-

ables ethanol to dissolve lipids and thereby disrupt biological

membranes. As a relatively uncharged molecule, ethanol

crosses cell membranes by passive diffusion.
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Absorption and Distribution of Alcohol

The basic principles of alcohol absorption from the gastro-

intestinal (GI) tract and subsequent distribution are well

understood. Beverages containing ethanol pass down the

esophagus into the stomach. The endogenous flora of the GI

tract can also transform food into a ‘cocktail0 containing several

alcohols including ethanol. This is particularly important if there

are anatomical variations in the upper GI tract (e.g., diverticulae).

Alcohol continues down the GI tract until absorbed. The

ethanol concentration therefore decreases down the GI tract.

There is also a concentration gradient of ethanol from the

lumen to the blood. The concentration of ethanol is much

higher in the lumen of the upper small intestine than in

plasma (Table 4). Alcohol diffuses passively across the cell

membranes of the mucosal surface into the submucosal space

and then the submucosal capillaries.

Absorption occurs across all of the GI mucosa but is fastest

in the duodenum and jejunum. The rate of gastric emptying is

the main determinant of absorption because most ethanol is

absorbed after leaving the stomach through the pylorus.

Table 3 UK guidelines for the consumption of alcohola

Men (units) Women (units)

Weeklyb Dailyc Weeklyb Dailyc

Low risk 0–21 3–4 0–14 2–3
Hazardous 22–50 Z4 15–35 Z3
Harmful 450 435 Z1–2d

aGuidelines regarding the consumption of alcohol are designed to reduce harm. The Royal Colleges’ (1995) guidelines are for weekly consumption rates, and the Department of

Health’s (1995) guidelines are for daily consumption.
bRecommendations of the Working Group of the Royal Colleges of Physicians, Psychiatrists and General Practitioners (UK).
cRecommendations of the Department of Health (UK).
dConsumption of alcohol may increase the risk of miscarriage so NICE recommends that when pregnant or trying to conceive, women should be advised to abstain from alcohol

completely for at least the first 3 months of pregnancy. Women who wish to drink while pregnant, should be advised not to get drunk or binge drink (drink over 7.5 UK units during

a single session). They should be advised to limit their intake to no more than 1 or 2 UK units of alcohol once or twice a week. How much alcohol is safe during pregnancy is

uncertain, but there is no evidence that this low level of alcohol intake harms the fetus. However, many other countries recommend that women should abstain from alcohol while

pregnant, trying to conceive or breastfeeding.

Polar hydroxyl group

H H

H

HH

H C C O

Nonpolar carbon backbone

Figure 1 Chemical Structure of Ethanol (Ethyl Alcohol).

Table 4 Approximate ethanol concentrations in the gastrointestinal
tract and in the blood of a 70 kg male after consumption of 7 units of
alcohola

Site Ethanol concentration

g dl�1 mmol l�1

Stomach 8 1740
Jejunum 4 870
Ileum 0.1–0.2 22–43
Blood (15–120 minutes after dosage) 0.1–0.2 22–43

aEthanol appears in the blood as quickly as 5 minutes after ingestion and is rapidly

distributed around the body. A dose of 0.8 g ethanol per kg body weight (56 g ethanol

(7 units) consumed by a 70 kg male) should result in a blood ethanol concentration of

100–200 mg dl�1 (22–43 mmol l�1) between 15 and 120 minutes after dosage.

Highest concentrations occur after 30–90 minutes.

Table 2 Geographical variation in the amount of ethanol in one
unit

Country Amount of ethanol (g)

Sweden 20
Japan 19.75
United States 14
Australia and New Zealand 10
United Kingdom 8

The unit system does not permit international comparisons.

Table 1 Unit system of ethanol content of alcoholic beveragesa

Beverage containing ethanol Units of ethanol

Half pint of low-strength beer (284 ml) 1
Pint of beer (568 ml) 2
500 ml of high-strength beer 6
Pint of cider 2
One glass of wine (125 ml) 1
Bottle of wine (750 ml) 6
One measure of spirits (e.g., whisky, gin, vodka) 1
Bottle of spirits (e.g., vodka 750 ml) 36

aThe unit system is a convenient way of quantifying consumption of ethanol and offers

a suitable means to give practical guidance. However, there are several problems with

the unit system. The ethanol content of various brands of alcoholic beverages varies

considerably (for example, the ethanol content of beers/ales is in the range 0.5–9.0%

so a pint may contain 2–5 units) and the amounts of alcohol consumed in homes bear

little in common with standard measures. Similarly, variations in the strength (9–14%)

and serving size (125–250 ml or more) of wine makes quantization of self reported

intakes rather difficult.
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Alcohol diffuses from the blood into tissues across capil-

lary walls. Ethanol concentration equilibrates between blood

and the extracellular fluid within a single pass. However,

equilibration between blood water and total tissue water may

take several hours, depending on the cross-sectional area of

the capillary bed and tissue blood flow.

Ethanol enters most tissues but its solubility in bone and

fat is negligible. Therefore, in the postabsorption phase, the

volume of distribution of ethanol reflects total body water.

Thus, for a given dose, BEC will reflect lean body mass.

Metabolism of Alcohol

The rate at which alcohol is eliminated from the blood by

oxidization varies from 6 to 10 g h�1. This is reflected by the

BEC, which falls by 9–20 mg dl�1 h�1 after consumption of

ethanol. After a dose of 0.6–0.9 g per kg body weight without

food, elimination of ethanol is approximately 15 mg dl

blood�1 h�1. However, many factors influence this rate and

there is considerable individual variation.

Absorbed ethanol is initially oxidized to acetaldehyde

(Figure 2) by one of three pathways (Figure 3):

1. Alcohol dehydrogenase (ADH)–cystosol

2. Microsomal ethanol oxidizing system (MEOS)–endo-

plasmic reticulum

3. Catalase–peroxisomes

Alcohol Dehydrogenase

ADH couples oxidation of ethanol to reduction of nicotina-

mide adenine dinucleotide (NADþ ) to NADH. ADH has a

wide range of substrates and functions, including de-

hydrogenation of steroids and oxidation of fatty acids.

Alcohol Dehydrogenase Isoenzymes

ADH is a zinc metalloprotein with five classes of isoenzymes

that arise from the association of eight different subunits

into dimers (Table 5). These five classes of ADH are the

products of five gene loci (ADH1–5). Class 1 isoenzymes

generally require a low concentration of ethanol to achieve

‘half-maximal activity0 (low Km), whereas class 2 isoenzymes

have a relatively high Km. Class 3 ADH has a low affinity

for ethanol and does not participate in the oxidation of

ethanol in the liver. Class 4 ADH is found in the human

stomach and class 5 has been reported in liver and stomach.

Whereas the majority of ethanol metabolism occurs in the

liver, gastric ADH is responsible for a small portion of ethanol

oxidation.

H H

HH

H C C O

H

H

AcetateAcetaldehyde

H C C

O−

O

Figure 2 Chemical structures of acetaldehyde and acetate, the
products of ethanol metabolism. Acetaldehyde and acetic acid/acetate
are the current preferred or common names for these chemicals.
However, some texts may use their systematic names, i.e., ethanal
and ethanoic acid, respectively.
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Catalase

Peroxisomal catalase, which requires the presence of hydrogen

peroxide (H2O2), is usually of little significance in the me-

tabolism of ethanol. Metabolism of ethanol by ADH inhibits

catalase activity because H2O2 production is inhibited by the

reducing equivalents (NADH) produced by ADH. However,

metabolism of ethanol by catalase may be more significant if

the other pathways for ethanol metabolism are inhibited, for

example, by mitochondrial damage in a chronic alcoholic.

Microsomal Ethanol Oxidizing System

Chronic administration of ethanol with nutritionally adequate

diets increases clearance of ethanol from the blood. In 1968,

the MEOS was identified. The MEOS has a higher Km for

ethanol (8–10 mmol l�1) than ADH (0.2–2.0 mmol l�1) so at

low BEC, ADH is more important. However, unlike the other

pathways, MEOS is highly inducible by chronic alcohol con-

sumption. The key enzyme of the MEOS is cytochrome

P4502E1 (CYP2E1). Chronic alcohol use is associated with a

4- to 10-fold increase of CYP2E1 due to increases in mRNA

levels and rate of translation.

Acetaldehyde Metabolism

Acetaldehyde is highly toxic but is rapidly converted to acetate.

This conversion is catalyzed by aldehyde dehydrogenase

(ALDH) and is accompanied by reduction of NADþ

(Figure 3). There are several isoenzymes of ALDH (Table 6).

The most important are ALDH1 (cytosolic) and ALDH2

(mitochondrial). The presence of ALDH in most tissues may

reduce the toxic effects of acetaldehyde.

In alcoholics, the oxidation of ethanol is increased by in-

duction of MEOS. However, the capacity of mitochondria to

oxidize acetaldehyde is reduced. Hepatic acetaldehyde there-

fore increases with chronic ethanol consumption. A significant

increase of acetaldehyde in hepatic venous blood reflects the

high tissue level of acetaldehyde.

Table 5 Classes of alcohol dehydrogenase isoenzymes

Class Subunit Location Km (mmol l�1)a Vmax

1
ADH1 a Liver 4 54
ADH2 b Liver, lung 0.05–34 �

ADH3 g Liver, stomach 0.6–1.0 �

2
ADH4 p Liver, cornea 34 40

3
ADH5 w Most tissues 1000 �

4
ADH7 s, m Stomach, esophagus, other mucosae 20 1510

5
ADH6 F Liver, stomach 30 �

aKm supplied is for ethanol; ADH also oxidizes other substrates.
�Reliable data not available.

Source: Reproduced with permission from Kwo PY and Crabb DW (2002) Genetics of ethanol metabolism and alcoholic liver disease. In: Sherman DIN, Preedy VR, and Watson RR

(eds.) Ethanol and the Liver. Mechanisms and Management, pp. 95–129. London: Taylor & Francis.

Table 6 Classes of aldehyde dehydrogenase isoenzymes

Class Structure Location Km (mmol l�1)a

1
ALDH1 a4 Cytosolic

Many tissues: highest in liver 30
2

ALDH2 a4 Mitochondrial
Present in all tissues except red blood cells 1
Liver4kidney4muscle4heart

aKm supplied is for acetaldehyde; ALDH also oxidizes other substrates.

Source: Reproduced with permission from Kwo PY and Crabb DW (2002) Genetics of ethanol metabolism and alcoholic liver disease. In: Sherman DIN, Preedy VR, and Watson RR

(eds.) Ethanol and the Liver. Mechanisms and Management, pp. 95–129. London: Taylor & Francis.
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Metabolism of Acetate

The final metabolism of acetate derived from ethanol remains

unclear. However, some important principles have been

elucidated:

1. The majority of absorbed ethanol is metabolized in the

liver and released as acetate. Acetate release from the liver

increases 21
2 times after ethanol consumption.

2. Acetyl-CoA synthetase catalyzes the conversion of acetate to

acetyl-CoA via a reaction requiring adenosine triphosphate.

The adenosine monophosphate produced is converted to

adenosine in a reaction catalyzed by 50-nucleosidase.

3. Acetyl-CoA may be converted to glycerol, glycogen, and

lipid, particularly in the fed state. However, this only

accounts for a small fraction of absorbed ethanol.

4. The acetyl-CoA generated from acetate may be used to

generate adenosine triphosphate via the Kreb’s cycle.

5. Acetate readily crosses the blood–brain barrier and is actively

metabolized in the brain. The neurotransmitter acetyl-

choline is produced from acetyl-CoA in cholinergic neurons.

6. Both cardiac and skeletal muscle are very important in the

metabolism of acetate.

Based on these observations, future studies on the effects of

ethanol metabolism should focus on skeletal and cardiac

muscle, adipose tissue, and the brain.

Nonoxidative Metabolism of Alcohol

Nonoxidative metabolism of alcohol, which results in formation

of ethyl esters from fatty acids occurs in several organs which

lack an oxidative system to metabolize alcohol (e.g., pancreas,

heart, and adipose tissue). These organs often develop alcohol-

induced disease so fatty acid ethyl esters may play a role in the

pathogenesis of the lesions induced by alcohol consumption.

The nonoxidative metabolism of ethanol may be more signifi-

cant if the other pathways for ethanol metabolism are inhibited.

Blood Ethanol Concentration

The relationship between BEC and the effects of alcohol is

complex and varies between individuals and with patterns of

drinking. Many of the effects correlate with the peak concen-

tration of ethanol in the blood and organs during a drinking

session. Other effects are due to products of metabolism and

the total dose of ethanol ingested over a period of time. These

two considerations are not entirely separable because the

ethanol concentration during a session may determine which

pathways of ethanol metabolism predominate.

It is of considerable clinical interest to understand what

factors increase the probability of higher maximum ethanol

concentrations for any given level of consumption.

Factors Affecting Blood Ethanol Concentration

Gender Differences in Blood Ethanol Concentration

Women achieve higher peak BEC than men given the same

dose of ethanol per kilogram of body weight. The volume of

distribution of ethanol reflects total body water. Because the

bodies of women contain a greater proportion of fat, it is not

surprising that the BEC is higher in women. However, gender

differences in the gastric metabolism of ethanol may also be

relevant.

Period Over which the Alcohol is Consumed

Rapid intake of alcohol increases the concentration of

ethanol in the stomach and small intestine. The greater

the concentration gradient, the faster the absorption of

ethanol and therefore peak BEC. If alcohol is consumed

and absorbed faster than the rate of oxidation, then BEC

increases.

Effects of Food on Blood Ethanol Concentration

The peak BEC is reduced when alcohol is consumed with or

after food. Food delays gastric emptying into the duodenum.

This attenuates the sharp early rise in BEC seen when alcohol

is taken on an empty stomach. Food also increases elimin-

ation of ethanol from the blood. The area under the BEC/time

curve (AUC) is reduced (Figure 4). The contributions of

various nutrients to these effects have been studied, but small,

often conflicting, differences have been found. It appears that

the caloric value of the meal is more important than the

precise balance of nutrients.

In animal studies ethanol is often administered with other

nutrients in liquid diets. The AUC is less when alcohol is given

in a liquid diet than with the same dose of ethanol in water.

The different blood ethanol profile in these models may affect

the expression of pathology.

However, food increases splanchnic blood flow, which

maintains the ethanol diffusion gradient in the small intestine.

Food-induced impairment of gastric emptying may be par-

tially offset by faster absorption of ethanol in the duodenum.
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Figure 4 Blood ethanol concentration curve after oral dosing of
ethanol. A subject ingested 0.8 g kg�1 ethanol over 30 minutes either
after an overnight fast or after breakfast. The peak blood ethanol
concentration and the area under the curve are reduced if ethanol is
consumed with food.
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Beverage Alcohol Content and Blood Ethanol Concentration

The ethanol concentration of the beverage consumed

(Table 7) affects ethanol absorption and can affect BEC. Ab-

sorption is fastest when the concentration is 10–30%. Below

10%, the low ethanol concentration in the GI tract reduces

diffusion and the greater volume of liquid slows gastric

emptying. Concentrations above 30% irritate the GI mucosa

and the pyloric sphincter, increasing secretion of mucus and

delaying gastric emptying. Some evidence has shown that even

low concentrations of ethanol (e.g., 4%, as found in beer) may

cause minor lesions in the gastric mucosa though they may be

insignificant pathologically.

First-Pass Metabolism of Ethanol

The AUC is significantly lower after oral dosing of ethanol

than after intravenous or intraperitoneal administration.

The total dose of intravenously administered ethanol is

available to the systemic circulation. The difference between

AUCoral and AUCiv represents the fraction of the oral dose

that was either not absorbed or metabolized before entering

the systemic circulation (first-pass metabolism (FPM)). The

ratio of AUCoral to AUCiv reflects the oral bioavailability of

ethanol.

The investigation of ethanol metabolism has primarily

focused on the liver and its relationship to liver pathology.

However, gastric metabolism accounts for approximately 5%

of ethanol oxidation and 2–10% is excreted in the breath,

sweat, or urine. The rest is metabolized by the liver.

After absorption, ethanol is transported to the liver in the

portal vein. Some is metabolized by the liver before reaching

the systemic circulation. However, hepatic ADH is saturated at

a BEC that may be achieved in an average-size adult after

consumption of one or two units. If ADH is saturated by

ethanol entering the liver from the systemic circulation via the

hepatic artery, ethanol in the portal blood must compete for

binding to ADH. Although hepatic oxidation of ethanol can-

not increase once ADH is saturated, gastric ADH can signifi-

cantly metabolize ethanol at the high concentrations in the

stomach after initial ingestion. If gastric emptying of ethanol is

delayed, prolonged contact with gastric ADH increases FPM.

Conversely, fasting, which greatly increases the speed of gastric

emptying, virtually eliminates gastric FPM.

Physiological Effects of Alcohol

Ethanol or the products of its metabolism affect nearly all

cellular structures and functions.

Effects of Alcohol on the Central Nervous System

Ethanol generally decreases the activity of the central

nervous system. In relation to alcohol, the most important

neurotransmitters in the brain are glutamate, gamma-amino-

butyric acid (GABA), dopamine, and serotonin.

Glutamate is the major excitatory neurotransmitter in the

brain. Ethanol inhibits the N-methyl-D-aspartate (NMDA)

subset of glutamate receptors. Ethanol thereby reduces the

excitatory effects of glutamate. GABA is the major inhibitory

neurotransmitter in the brain. Alcohol facilitates the action of

the GABA-a receptor, increasing inhibition. Changes to these

receptors seem to be important in the development of toler-

ance of and dependence on alcohol.

Dopamine is involved in the rewarding aspects of alcohol

consumption. Enjoyable activities such as eating or use of other

recreational drugs also release dopamine in the nucleus

accumbens of the brain. Serotonin is also involved in the reward

processes and may be important in encouraging alcohol use.

The most obvious effects of ethanol intoxication on the

central nervous system begin with behavior modification (e.g.,

cheerfulness, impaired judgment, and loss of inhibitions).

These excitatory effects result from the disinhibition described

previously (inhibition of cells in the brain that are usually

inhibitory).

As a result of these effects, it is well recognized that

operating vehicles such as cars or heavy machinery under

the influence of ethanol is unsafe. However, the BEC after

consumption of a specific amount of ethanol and the im-

pairment caused by a specific BEC vary significantly between

individuals. Despite this variation, BEC is used to define in-

toxication and provide a rough measure of impairment for

legal purposes because it is an objective measurement that is

difficult to contest.

Most countries have set maximum legally permissible

BEC levels for drivers to reduce harm from ‘drink driving.’

Governments define these level after reviewing the available

evidence. However, the definition of what is safe or

acceptable varies between countries (Table 8). These BEC

Table 7 Alcohol content of selected beverages

Beverage Alcohol content

ag dl�1 (%) bmmol l�1 bmol l�1

Low-strength beers 3–4 650–870 0.65–0.87
High-strength beers 8–9 1740–1960 1.74–1.96
Wine 7–14 1520–3040 1.52–3.04
Brandy 35–45 7610–9780 7.61–9.78
Vodka 35–50 7610–10870 7.61–10.87
Gin 35–50 7610–10870 7.61–10.87
Whisky 35–75 7610–16300 7.61–16.30

aData obtained by reviewing the alcohol content of various beverages as stated on the product label.
bData calculated from the information obtained from reviewing the alcoholic content of various beverages as stated on the product label.
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thresholds range from zero tolerance (0.0 mg ml�1) to

0.8 mg ml�1.

Some countries are considering the potential social benefits

of lowering BEC limits. However, opponents cite factors such

as the drinking culture, convenience, the unpalatability of

tighter legislation and the impact on the alcohol industry.

The effects of ethanol are dose dependent (Table 9) and

further intake causes agitation, slurred speech, memory loss,

double vision, and loss of coordination. This may progress to

depression of consciousness and loss of airway protective re-

flexes, with danger of aspiration, suffocation, and death.

This sequence of events is particularly relevant in the

hospital setting, where patients may present intoxicated with a

reduced level of consciousness. It is difficult to determine

whether there is coexisting pathology such as an extradural

hematoma or overdose of other drugs in addition to ethanol.

Although measurement of BEC is helpful (Table 9), it is safest

to assume that alcohol is not responsible for any disturbance

in consciousness and to search for another cause.

Neuroendocrine Effects of Alcohol

Alcohol activates the sympathetic nervous system, increasing

circulating catecholamines from the adrenal medulla. Hypo-

thalamic–pituitary stimulation results in increased circulating

cortisol from the adrenal cortex and can, rarely, cause a

pseudo-Cushing’s syndrome with typical moon-shaped face,

truncal obesity, and muscle weakness. Alcoholics with pseudo-

Cushing’s show many of the biochemical features of Cushing’s

syndrome, including failure to suppress cortisol with a 48-h

low-dose dexamethasone suppression test. However, they

may be distinguished by an insulin stress test. In pseudo-

Cushing’s, the cortisol rises in response to insulin-induced

hypoglycemia, but in true Cushing’s there is no response to

hypoglycemia.

Ethanol affects hypothalamic osmoreceptors, reducing

vasopressin release. This increases salt and water excretion

from the kidney, causing polyuria. Significant dehydration

may result particularly with consumption of spirits containing

high concentrations of ethanol and little water. Loss of

hypothalamic neurons (which secrete vasopressin) has also

been described in chronic alcoholics, suggesting long-term

consequences for fluid balance. Plasma atrial natriuretic pep-

tide, increased by alcohol consumption, may also increase

diuresis and resultant dehydration.

Alcoholism also affects the hypothalamic–pituitary–gonadal

axis. These effects are further exacerbated by alcoholic liver

disease. There are conflicting data regarding the changes

observed. Testosterone is either normal or decreased in men,

but it may increase in women. Estradiol is increased in men

and women, and it increases as hepatic dysfunction deterior-

ates. Production of sex hormone-binding globulin is also

perturbed by alcohol.

The development of female secondary sexual characteristics

in men (e.g., gynecomastia and testicular atrophy) generally

only occurs after the development of cirrhosis. In women, the

hormonal changes may reduce libido, disrupt menstruation,

or even induce premature menopause. Sexual dysfunction is

also common in men with reduced libido and impotence.

Fertility may also be reduced, with decreased sperm counts

and motility.

Effects of Alcohol on Muscle

Myopathy is common, affecting up to two-thirds of all alco-

holics. It is characterized by wasting, weakness, and myalgia

and improves with abstinence. Histology correlates with

symptoms and shows selective atrophy of type II muscle fibers.

Ethanol causes a reduction in muscle protein and ribonucleic

acid content. The underlying mechanism is unclear, but rates

of muscle protein synthesis are reduced, whereas protein

degradation is either unaffected or inhibited. Attention has

focused on the role of acetaldehyde adducts and free radicals

in the pathogenesis of alcoholic myopathy.

Alcohol and Nutrition

The nutritional status of alcoholics is often impaired. Some of

the pathophysiological changes seen in alcoholics are direct

consequences of malnutrition. However, in the 1960s, Charles

Lieber demonstrated that many alcohol-induced pathologies,

including alcoholic hepatitis, cirrhosis, and myopathy, are

reproducible in animals fed a nutritionally adequate diet.

Consequently, the concept that all alcohol-induced path-

ologies are due to nutritional deficiencies is outdated and

incorrect.

Myopathy is a direct consequence of alcohol or acetalde-

hyde on muscle and is not necessarily associated with

malnutrition. Assessment of nutritional status in chronic al-

coholics using anthropometric measures (e.g., limb circum-

ference and muscle mass) may be misleading in the presence

of myopathy.

Acute or chronic ethanol administration impairs the ab-

sorption of several nutrients, including glucose, amino acids,

biotin, folate, and ascorbic acid. There is no strong evidence

that alcohol impairs absorption of magnesium, riboflavin, or

pyridoxine, so these deficiencies are probably due to poor

intakes. Hepatogastrointestinal damage (e.g., villous injury,

bacterial overgrowth of the intestine, pancreatic damage, or

Table 8 Legal limits of blood ethanol concentrations for drivinga

Legal limitb Blood ethanol
concentration

mg dl�1 mmol l�1

The Czech Republic, and Hungary 0 0
Norway and Sweden 20 4.3
Japan, Russian Federation, and Uraguay 30 6.45
France, Germany, Italy, and Australia 50 11
United Kingdom,c United States, and Canada 80 17

a Ethanol impairs judgment and coordination. It is well recognized that driving under the

influence of ethanol is unsafe. However, the definition of what is safe or acceptable varies

between countries and can change as a result of social, political, or scientific influences.
b Legislation regarding legal limits of blood ethanol for driving may change.
c In the UK, the legal limit is currently 80 mg dl�1 but the recently published North

Review of Drink and Drug Driving Law strongly recommended that this limit be

reduced to 50 mg dl�1.
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cholestasis) may impair the absorption of some nutrients such

as the fat-soluble vitamins (A, D, E, and K). In contrast, iron

stores may be adequate as absorption is increased.

Effects of Alcohol on the Cardiovascular System

Alcohol affects both the heart and the peripheral vasculature.

Acutely, alcohol causes peripheral vasodilatation, giving a false

sensation of warmth that can be dangerous. Heat loss is rapid

in cold weather or when swimming, but reduced awareness

leaves people vulnerable to hypothermia. The main adverse

effect of acute alcohol on the cardiovascular system is the

induction of arrhythmias i.e., ‘Holiday Heart’. These are

often harmless and experienced as palpitations but can rarely

be fatal. Chronic ethanol consumption can cause systemic

hypertension and congestive cardiomyopathy. Alcoholic car-

diomyopathy accounts for up to one-third of dilated cardio-

myopathies but may improve with abstinence or progress

to death.

The beneficial, cardioprotective effects of alcohol con-

sumption have been broadcast widely. This observation is

based on population studies of mortality due to ischemic

heart disease, case–control studies, and animal experiments.

However, there is no evidence from randomized controlled

trials. The apparent protective effect of alcohol may therefore

result from confounding factors. For example, the diets are

different to those of nondrinkers. Even the diets of beer

drinkers are different from those of wine drinkers. Further-

more, on the population level, the burden of alcohol-induced

morbidity and mortality far outweighs any possible cardio-

vascular benefit.

Effects of Alcohol on Liver Function

Fundamental to the effects of ethanol is the liver, in which

60–90% of ethanol metabolism occurs. Ethanol displaces

many of the substrates usually metabolized in the liver. Me-

tabolism of ethanol by ADH in the liver generates reducing

Table 9 Relationship between amount of athanol consumed, blood ethanol concentration (BEC) and effect of ethanol on the central nervous
system

Alcohol consumeda (UK units) Possible BEC Effect

1–5 10–50 mg dl�1 No obvious change in behavior
2–11 mmol l�1

2–7 30–100 mg dl�1 Increased self-confidence; loss of inhibitions
7–22 mmol l�1 Impaired judgment, attention, and control
Euphoria Mild sensorimotor impairment, delayed reaction times
Sociability Legal limits for driving generally fall within this range (see Table 8)

8–15 90–250 mg dl�1 Loss of critical judgment
20–54 mmol l�1 Impairment of perception, memory, and comprehension

Reduced visual acuity
Reduced coordination, impaired balance
Drowsiness

11–20 180–300 mg dl�1 Disorientation
39–65 mmol l�1 Exaggerated emotional states

Disturbances of vision and perception of color, form, motion, and depth
Confusion Increased pain threshold

Further reduction of coordination, staggering gait, slurred speech

15–25 250–400 mg dl�1 Loss of motor functions
54–87 mmol l�1 Markedly reduced response to stimuli

Marked loss of coordination, inability to stand/walk
Stupor Incontinence

Impaired consciousness

22–30 350–500 mg dl�1 Unconsciousness
76–108 mmol l�1 Reduced or abolished reflexes

Incontinence
Coma Cardiovascular and respiratory depression (death possible)

38 4600 mg dl�1

4130 mmol l�1 Respiratory arrest
Death

aApproximate amounts of alcohol required by a 70 kg male to produce the corresponding blood ethanol concentration (BEC) and intoxicating effects of ethanol. One UK unit of

alcohol contains 8 g of ethanol. It should be noted that these theoretical data are provided for illustrative purposes only. The BEC and the effects after consumption of ethanol are

dependent on several factors and varies significantly between individuals.

Source: Adapted with permission from Morgan MY and Ritson B (2003) Alcohol and Health: A Handbook for Students and Medical Practitioners, 4th edn. London: Medical Council

on Alcohol.
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equivalents. ALDH also generates NADH with conversion of

acetaldehyde to acetate. The NADH:NADþ ratio is increased,

with a corresponding increase in the lactate:pyruvate ratio. If

lactic acidosis combines with a b-hydroxybutyrate predomin-

ant ketoacidosis, the blood pH can fall to 7.1 and hypo-

glycemia may occur. Severe ketoacidosis and hypoglycemia

can cause permanent brain damage. However, in general the

prognosis of alcohol-induced acidosis is good. Lactic acid also

reduces the renal capacity for urate excretion. Hyperuricemia is

further exacerbated by alcohol-induced ketosis and acetate-

mediated purine generation. Hyperuricemia explains, at least

in part, the clinical observation that alcohol misuse can pre-

cipitate gout.

The excess NADH promotes fatty acid synthesis and in-

hibits lipid oxidation in the mitochondria, resulting in fat

accumulation. Fatty changes within the liver are usually

asymptomatic but can be seen on ultrasound or computed

tomography scanning, and they are associated with abnormal

liver toxicity tests (e.g., raised activities of serum g-glutamyl

transferase, aspartate aminotransferase, and alanine transa-

minases). The supposition that most of the hepatic damage in

alcoholism is due to increases in the NADH:NAD ratio per se is

somewhat outdated. Now, molecular and cellular processes

and acetaldehyde toxicity have been shown to be major con-

tributors to the disease process.

Progression to alcoholic hepatitis involves invasion of the

liver by neutrophils with hepatocyte necrosis. Giant mito-

chondria are visible and dense cytoplasmic lesions (Mallory

bodies) are seen. Alcoholic hepatitis can be asymptomatic but

usually presents with abdominal pain, fever, and jaundice,

or, depending on the severity of disease, patients may have

encephalopathy, ascites, and ankle edema.

Continued alcohol consumption may lead to cirrhosis.

However, not all alcoholics progress to cirrhosis. The reason

for this is unclear. It has been suggested that genetic factors

and differences in immune response may play a role.

In alcoholic cirrhosis there is fibrocollagenous deposition,

with scarring and disruption of surrounding hepatic

architecture. There is ongoing necrosis with concurrent re-

generation. Alcoholic cirrhosis is classically said to be micro-

nodular, but often a mixed pattern is present. The underlying

pathological mechanisms are complex and are the subject of

debate. Induction of the MEOS and oxidation of ethanol by

catalase result in free radical production. Glutathione (a free

radical scavenger) is reduced in alcoholics, impairing the

ability to dispose of free radicals. Mitochondrial damage

occurs, limiting their capacity to oxidize fatty acids. Perox-

isomal oxidation of fatty acids further increases free radical

production. These changes eventually result in hepato-

cyte necrosis, and inflammation and fibrosis ensue. Acetalde-

hyde also contributes by promoting collagen synthesis and

fibrosis.

Alcohol and Facial Flushing

Genetic variations in ADH and ALDH may explain why par-

ticular individuals develop some of the pathologies of alco-

holism and others do not. For example, up to 50% of

Orientals have a genetically determined reduction in ALDH2

activity (‘flushing0 phenotype). As a result, acetaldehyde

accumulates after ethanol administration, with plasma levels

up to 20 times higher in people with ALDH2 deficiency. Even

small amounts of alcohol produce a rapid facial flush, tachy-

cardia, headache, and nausea. Acetaldehyde partly acts

through catecholamines, although other mediators have been

implicated, including histamine, bradykinin, prostaglandin,

and endogenous opioids.

This is similar to the disulfiram reaction due to the rise of

acetaldehyde after inhibition of ALDH. Disulfiram is used

therapeutically to encourage abstinence in alcohol rehabili-

tation programs. The aversive effects of acetaldehyde may re-

duce the development of alcoholism and the incidence of

cirrhosis in ‘flushers.0 However, some alcoholics with ALDH2

deficiency and, presumably, higher hepatic acetaldehyde levels

develop alcoholic liver disease at a lower intake of ethanol

than controls.

Effects of Acetaldehyde

Acetaldehyde is highly toxic and can bind cellular constituents

(e.g., proteins including CYP2E1, lipids, and nucleic acids) to

produce harmful acetaldehyde adducts. Adduct formation

changes the structure and the biochemical properties of the

affected molecules. The new structures may be recognized as

foreign antigens by the immune system and initiate a dam-

aging response.

Adduct formation leads to retention of protein within

hepatocytes, contributing to the hepatomegaly, and several

toxic manifestations, including impairment of antioxidant

mechanisms (e.g., decreased glutathione (GSH)). Acetalde-

hyde thereby promotes free radical-mediated toxicity and

lipid peroxidation. Binding of acetaldehyde with cysteine

(one of the three amino acids that comprise GSH) or GSH

also reduces liver GSH content. Chronic ethanol adminis-

tration significantly increases rates of GSH turnover in rats.

Acute ethanol administration inhibits GSH synthesis and

increases losses from the liver. Furthermore, mitochondrial

GSH is selectively depleted and this may contribute to the

marked disruption of mitochondria in alcoholic cirrhosis.

Effects of Acetate

The role of acetate in alcohol-induced pathology is not well

understood. The uptake and utilization of acetate by tissues

depend on the activity of acetyl-CoA synthetase. Acetyl-CoA

and adenosine are produced from the metabolism of acetate.

Acetate crosses the blood–brain barrier easily and is actively

metabolized in the brain. Many of the central nervous system

depressant effects of ethanol may be blocked by adenosine

receptor blockers. Thus, acetate and adenosine may be im-

portant in the intoxicating effects of ethanol.

Ethanol increases portal blood flow, mainly by increasing

GI tract blood flow. This effect is reproduced by acetate.

Acetate also increases coronary blood flow, myocardial con-

tractility, and cardiac output. Acetate inhibits lipolysis in adi-

pose tissue and promotes steatosis in the liver. The reduced

circulating free fatty acids (a source of energy for many tissues)

may have significant metabolic consequences. Thus, some of
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the effects of alcohol may be due to acetate, though this area is

under explored.

See also: Alcohol: Effects of Consumption on Diet and
Nutritional Status. Liver Disorders: Nutritional Management
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Glossary
Alcoholic liver disease Occurs in chronic alcoholic

subjects and is characterized by steatosis (increased fat in

the liver), inflammation, necrosis (death of liver cells), and

fibrosis (scarring that leads to cirrhosis).

Chronic alcoholism Long-standing alcohol abuse.

Drink Unit of alcohol consumption, usually 12–15 g, as

found in 12 oz of beer, 1.2 oz of spirits, and 4 oz of wine.

Moderate drinking Up to 2 drinks per day for men but 1

drink per day for women.

Nutritional consequences of alcoholism Weight loss,

protein malnutrition, deficiencies of folate, pyridoxine,

thiamine, vitamin A, vitamin D, zinc, and iron.

Risks of chronic alcoholism Liver disease, chronic

pancreatitis, heart disease, anemia, and cognitive disorders.

Introduction

Alcohol is a component of the diet that provides 7.1 kcal g–1

and 5.6% of total dietary energy intake in the United States.

When consumed in moderation, alcoholic beverages protect

against cardiovascular disease, but when alcohol is consumed

in excess it can become an addictive drug with potential for

displacement of beneficial components of the diet, damage to

several organ systems including the liver, brain, and heart, and

increased risk of several cancers. The consumption of excessive

amounts of alcohol contributes to generalized malnutrition,

with particular effects on the availability and metabolism of

both water- and fat-soluble vitamins including folate, thia-

mine, pyridoxine, niacin, and vitamins A and D. All the effects

of alcoholism on nutritional status are magnified in the

presence of alcoholic liver disease. This article addresses the

benefits and risks of alcohol consumption and the effects of

alcohol drinking on human nutritional status.

Effects of Alcohol Consumption on Dietary Intake

Alcohol is consumed by approximately two-thirds of adult

Americans, and the estimated per capita annual consumption

of alcohol exceeds 2 gal for each US citizen over age 14. In the

United States, young adults between 18 and 25 years of age

consume more alcohol than any other age group, and the

preferred beverages are beer, wine, and spirits in that order.

However, older men and women are more likely to develop

liver, pancreatic, or neurological disease as a result of their

chronic alcoholism. Adult men consume approximately

three times more alcohol than adult women do. Among

alcohol consumers, most are moderate drinkers, whereas ap-

proximately 7% are heavy drinkers at risk for addiction and

organ damage. Moderate drinking can be defined as con-

suming no more than 2 drinks per day for men or 1 drink per

day for women, where 1 drink contains 12–15 g of alcohol.

Heavy drinking is defined as consuming more than 5 drinks

on any given day per week for men or 4 drinks on any given

day per week for women. Chronic alcoholics are addicts

who typically consume excessive amounts of alcohol on a

daily basis. Binge drinkers are chronic alcoholics who escalate

their alcohol intake over weeks or months, typically to the

exclusion of the essential components of their regular diets.

Alcoholic beverages differ in their alcohol content, such that

spirits contain approximately 40 g 100 ml–1, wine approxi-

mately 12 g 100 ml–1, and beer approximately 4.5 g 100 ml–1.

Thus, the amount of alcohol found in 12 oz of beer is roughly

equivalent to the amount found in 4 oz of wine or 1.2 oz

of spirits.

The effects of alcohol on dietary intake depend on the

amount consumed each day and changes in overall eating

behavior. Although alcohol contains 7.1 kcal g–1, it is rapidly

metabolized to acetaldehyde in the liver at rates up to

50 g h–1, and none is stored as energy equivalents in the body.

Furthermore, the metabolism of alcohol influences the me-

tabolism of dietary fat and carbohydrate. There are three

metabolic routes for the disposal of alcohol by the body: two

in the liver and one in the stomach. Alcohol dehydrogenase

(ADH) is present in the cytosol of hepatocytes and metabol-

izes relatively low levels of alcohol that would be expected

after moderate drinking. The metabolism of alcohol by ADH

causes a redox change that contributes to lipid synthesis in the

liver, reduces gluconeogenesis, and increases lactate pro-

duction. Thus, even moderate drinking can cause fatty liver

with elevated serum triglyceride levels and, in the absence of

dietary carbohydrate, may result in low blood glucose levels

that impair concentration and even consciousness. The second

liver enzyme, CYP2E1, is part of the cytochrome P450 family

and metabolizes alcohol at levels to be expected after heavy

drinking. During metabolism of high levels of alcohol,

CYP2E1 utilizes adenosine triphosphate (ATP) energy units

and thus ‘wastes’ stored calories, with resultant potential for

weight loss. Another form of this enzyme, gastric CYP2E1,

exists in the stomach and, as the first of the three alcohol-

metabolizing enzymes to encounter alcohol, accounts for

approximately 30% of all alcohol metabolism in men but

only 10% in women. This gender difference may explain why
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women’s tolerance to alcohol is much less than men’s, hence

the recognized lower ‘safe’ level for moderate drinking in

women.

The Potential Benefits of Moderate Alcohol
Consumption

In 1992, French scientists published a report indicating that

cardiovascular mortality was much less among wine-drinking

residents of the Mediterranean southern provinces of France

than their counterparts in northern provinces where wine is

less frequently preferred, in spite of similar overall dietary

components and rates of consumption of alcoholic beverages

(Table 1). This report on the ‘French Paradox’ attributed

specific cardioprotective benefit to wine but was soon tem-

pered by in vitro studies that showed that the protective effect

of wine on the oxidation of low-density lipoprotein could be

mimicked by constitutive antioxidant flavonoids present not

only in grapes but also in many other fruits and vegetables.

Another epidemiological study concluded that the lower

mortality risk among wine drinkers compared to nonwine

drinkers could be attributed in large part to a better lifestyle,

including less smoking, more exercise, and better diet.

Subsequent population studies defined J-shaped curves for

alcohol-related mortality, where mortality is increased in

abstainers and progressively in women who consume more

than 1 drink per day and in men who consume more than

2 drinks per day. The benefits of moderate drinking are

confined to reductions in incidences of coronary vessel

occlusions and ischemic strokes but not of hemorrhagic

strokes. Although red and white wine each contain protective

antioxidant flavonoids, moderate amounts of alcohol also

improve the circulating lipid profile by increasing levels of

high-density lipoprotein and tissue plasminogen activator

while reducing platelet adhesiveness.

The Risks of Excessive Alcohol Consumption

Unlike other drug abuses, chronic alcohol abuse affects many

different organ systems, which include the liver, pancreas,

heart, and brain, and also increases the risk of certain cancers

(Table 1). Although these risks are apparent among the 7% of

Table 1 Benefits and risks of alcohol consumption

Minimal amount or duration of drinks
per day

Mechanism

Benefits
Coronary disease protection 1–2 (women), 2–4 (men) Flavonoid antioxidants
Cerebrovascular disease

(nonhemorrhagic)
protection

Elevated HDL lipoprotein
Reduced platelet adhesiveness

Risks
Cancer

Oropharynx and
esophagus

42 (women), 44 (men) Unknown; higher risk in smoking alcoholics

Breast (women) 42 Increases estrogen production
Colon 42 (women), 44 (men) Initiation risk increases with low folate, proliferation risk

increases with excessive folate
Alcoholic liver disease

Fatty liver 42 Increased liver fat synthesis, decreased oxidation and
export

Alcoholic hepatitis 43 (women)� 10 years
46 (men)� 15 years

Toxicity of alcohol metabolism

Alcoholic cirrhosis 43 (women)� 15 years
46 (men)� 20 years

Increased collagen synthesis

Pancreas
Pancreatitis B10 years Acute inflammation of pancreas
Pancreatic insufficiency B10–15 years Loss of exocrine and endocrine pancreatic cells

Cardiomyopathy Binge drinking Mitochondrial damage of muscle cells or thiamine
deficiency

Neurological effects
Acute trauma, e.g., motor

vehicle accidents
1–2 in social setting Legal intoxication

Coma and death 10–20 in rapid succession Severe toxicity
Withdrawal syndrome Follows binge drinking Neuronal hyperexcitability
Wernicke–Korsakoff

syndrome
Unknown Thiamine deficiency

Anemia Unknown Combination of iron, folate, and pyridoxal deficiencies

Source: Reproduced from Halsted CH (2006) Alcohol: effects of consumption on diet and nutritional status. In: Caballero B, Allen L, and Prentice AM (eds.) Encyclopedia of Human

Nutrition, 2nd edn., pp. 62–69. Amsterdam: Elsevier.
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US citizens over age 14 who abuse alcohol, their prevalence is

generally no less in countries such as France, Italy, and Spain

where drinking wine with meals is considered part of the

culture. The organ damage from chronic alcoholism may

impact on processes of nutrient assimilation and metabolism,

as is the case with chronic liver and pancreatic disease, or may

be modulated in large part by nutrient deficiencies, for ex-

ample, the moderating effects of thiamine on brain function.

This section considers specific effects of alcohol abuse on

certain organs as a background for consideration of specific

effects on nutritional status.

Alcoholic Liver Disease

Alcoholic liver disease is among the top 10 causes of mortality

in the United States, with somewhat higher mortality rates in

western European countries where wine is considered a dietary

staple and is a leading cause of death in Russia. Alcoholic liver

disease accounts for approximately half of liver disease mor-

tality in the United States. Several mechanisms are implicated

in the pathogenesis of liver disease during alcohol drinking.

Alcohol-induced translocation of bacterial lipopolysaccharide

(LPS) from the intestinal lumen through the portal vein ini-

tiates an inflammatory process in the liver by activating tumor

necrosis factor alpha (TNF-a), a cytokine that promotes oxi-

dative injury with necrosis of liver cells and also has systemic

effects including fever and anorexia with weight loss. Steatosis,

or increased lipid in the liver, is initiated by several factors that

include the effects of alcohol on liver methionine and adi-

pokine metabolism that promotes lipid synthesis in liver cells,

whereas other mechanisms reduce fatty acid oxidation and the

export of lipid from the liver. Altered methionine metabolism

in the liver also contributes to apoptosis, or cell death, and

reduction of antioxidant glutathione. Fibrosis results from

collagen synthesis by hepatic stellate cells and is, in part, ini-

tiated by their incorporation of apoptotic liver cells as well as a

switch in vitamin A storage to production of collagen. Among

the three stages of alcoholic liver disease, fatty liver is related

to the acute effects of alcohol on hepatic lipid metabolism and

is completely reversible with alcohol sobriety. By contrast,

alcoholic hepatitis usually occurs after a decade or more of

chronic alcoholism, is associated with steatosis and inflam-

mation of the liver with necrosis of liver cells, and carries

approximately 40% mortality risk within 6 months. Alcoholic

cirrhosis represents irreversible scarring of the liver secondary

to fibrosis with loss of liver cells and function and is usually

preceded by alcoholic hepatitis. The scarring process greatly

alters the circulation of blood through the liver in the sinus-

oids and is associated with increased blood pressure in the

portal (visceral) circulation and shunting of blood flow away

from the liver and through other organs such as the esopha-

gus. The potentially lethal complications of portal hyper-

tension include hemorrhage due to rupture of esophageal

varices, ascites or accumulation of fluid in the abdominal

cavity with potential for peritonitis, and hepatic encephal-

opathy due to inadequate hepatic detoxification of ammonia

in the visceral blood that is shunted around the scarred liver.

The risk of developing alcoholic cirrhosis is dependent on the

amount of alcohol exposure regardless of the presence or

absence of malnutrition. For example, a study of well-

nourished German male executives found that the incidence

of alcoholic cirrhosis was directly related to the amount and

duration of alcohol consumption such that daily ingestion of

160 g alcohol, equivalent to that found in somewhat less than

a pint of whisky, predicted a 50% risk of cirrhosis on liver

biopsy over a 15-year period. Other worldwide demographic

data indicate that mortality rates from cirrhosis of the liver can

be related to national per capita alcohol intake. These studies

have defined the threshold risk for eventual development of

alcoholic cirrhosis as 6 drinks per day for men and approxi-

mately half that for women. Of note, only approximately 20%

of heavy drinkers develop clinically significant alcoholic liver

disease, indicating that genetic susceptibility is a likely add-

itional factor in the pathogenesis of this condition.

Pancreatitis and Pancreatic Insufficiency

Pancreatitis occurs less frequently than liver disease in chronic

alcoholics and is characterized by severe attacks of abdominal

pain due to inflammation of the pancreas. Pancreatic insuffi-

ciency is a feature of chronic pancreatitis, which occurs after

multiple bouts of acute pancreatitis and leads to the eventual

destruction of exocrine pancreatic cells that secrete digestive

enzymes and of endocrine cells that secrete insulin. This de-

structive process is associated with progressive scarring of the

pancreas together with distortion and partial blockage of the

pancreatic ducts, which limit secretion and promote recurrent

episodes of acute inflammatory pancreatitis. Because the

pancreas is the site of production of proteases and lipases for

protein and lipid digestion, destruction of more than 90% of

the pancreas results in significant malabsorption of these

major dietary constituents with consequent steatorrhea and

weight loss, as well as diabetes secondary to reduced insulin

secretion. Patients with pancreatic insufficiency exhibit severe

loss of body fat and muscle protein. Because the absorption of

fat-soluble vitamins is dependent on pancreatic lipase for

solubilization of dietary fat, these patients are also at risk for

deficiencies of vitamins A, D, and E.

Heart

Although coronary heart disease risk may be decreased by al-

cohol consumption, excessive alcohol use also impairs cardiac

muscle function. Episodic heavy drinking bouts can lead to

arrhythmias with potential for sudden death in the ‘holiday

heart’ syndrome. Chronic alcoholics are prone to left-sided

heart failure secondary to decreased mitochondrial function of

cardiac muscle cells, possibly mediated by abnormal fatty acid

metabolism. A specific form of high-output heart failure, or

‘wet beriberi,’ occurs in association with thiamine deficiency as

described in more detail in the Section on Micronutrient

Deficiencies in Chronic Alcoholism.

Neurological Effects

Approximately half of the 20 million chronic alcoholics in the

US are affected by neuropsychological difficulties. The many

neurological effects of acute and chronic alcohol abuse can be
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categorized as those related directly to alcohol, those sec-

ondary to chronic liver diseases, and those mediated by thia-

mine deficiency. The variable effects of alcohol on the brain

are related to several factors including the duration and

amount of drinking, the age when drinking was started,

malnutrition, genetic background, and family history of al-

coholism. The stages of acute alcohol toxicity progress upward

from legal intoxication with reduced reaction time and judg-

ment, as occurs with blood alcohol levels greater than

0.08 g dl–1 that usually define legal intoxication, to coma and

death with levels greater than 0.35 g dl–1. Although mild in-

toxication is common with social drinking, coma and death

have been described among college-aged males who consume

excessive amounts of alcohol in a very short period of time.

Automobile accidents, which account for a large portion of

alcohol-related deaths, are more common in drunken pedes-

trians than drivers. Intoxication also leads to frequent falls and

head trauma, and subdural hematoma presents with delayed

but progressive loss of cognition, headaches, and eventual

death. Chronic alcoholics are prone to episodes of alcohol

withdrawal, which can be characterized by stages of tremu-

lousness, seizures, and delirium tremens with hyperexcitability

and hallucinations at any time up to 5 days after the last drink.

This state of altered consciousness is distinct from hepatic

encephalopathy in chronic alcoholic liver disease resulting

from diversion of toxic nitrogenous substances around

the scarred cirrhotic liver and is associated with progressive

slowing of cerebral functions with stages of confusion, loss

of cognition, and eventual coma and death. Progressive

altered cognition and judgment can also result from cerebral

atrophy following years of heavy drinking and may also be

mediated by thiamine deficiency as described in greater

detail in the Section on Micronutrient Deficiencies in Chronic

Alcoholism.

Cancers

Chronic alcoholics are at increased risk for cancers of the

oropharynx and esophagus, colon, and breast. The risk of

oropharyngeal cancer is greatest when heavy smoking is

combined with excessive daily alcohol consumption. In-

creased risk of squamous cell cancer of the esophagus is also

compounded by smoking and may be associated with de-

ficiencies of vitamin A and zinc. Breast cancer in women may

be mediated through increased estrogen production during

heavy alcohol intake. Colon cancer risk is increased among

alcoholics with marginal folate deficiency, but excessive folate

supplementation may cause benign adenomas to proliferate to

malignancy.

Anemia

Chronic alcoholics who substitute large amounts of alcohol

for other dietary constituents are at risk for developing

anemia. The causes of anemia in chronic alcoholics are mul-

tifactorial, including iron deficiency secondary to occult

bleeding from episodic gastritis or other gastrointestinal sites,

folate deficiency from inadequate diet, malabsorption, and

increased renal excretion of folic acid, and deficiency of pyr-

idoxine (vitamin B6) due to abnormal effects on its metab-

olism. Consequently, the bone marrow may demonstrate

absent iron and mixtures of megaloblastosis from folate de-

ficiency and sideroblastosis from pyridoxine deficiency.

The Effects of Chronic Alcohol Consumption on
Nutritional Status

Body Weight and Energy Balance

The effects of alcoholism on body weight are dependent on

the timing and amount of alcohol consumption in relation

to meals and on the presence or absence of organ damage,

in particular, alcoholic liver disease (Table 2). Although

body weight is usually unaffected by moderate alcohol con-

sumption, chronic alcoholics who drink daily while substi-

tuting alcohol for other dietary constituents lose weight due to

the energy-neutral effect of alcohol in the diet. Moderate

drinkers on weight loss regimens are less likely to lose weight

while consuming alcohol with their meals because one effect

of alcohol is to decrease restraint over eating. At the same time,

those who consume alcohol with high-fat meals are more

likely to gain weight due to an acute effect of alcohol on re-

ducing the metabolism of fat while it promotes its storage.

The presence of alcoholic liver disease results in significant

changes in body composition and energy balance. According

to large multicenter studies, alcoholic hepatitis patients dem-

onstrate universal evidence for protein-calorie malnutrition,

based on the physical findings of muscle wasting and edema,

low levels of serum albumin and other visceral proteins, and

decreased cell-mediated immunity, whereas their 6-month

mortality is related in part to the severity of malnutrition.

Anorexia is a major cause of weight loss in alcoholic liver

disease. Furthermore, active alcoholic hepatitis contributes to

increased resting energy expenditure . However, resting energy

expenditure is normal in stable alcoholic cirrhotic patients

who are also typically underweight or malnourished in part

due to preferential metabolism of endogenous fat stores. At

the same time, the digestion of dietary fat and the absorption

Table 2 Effects of alcohol on body weight

Drinking behavior Explanation

Moderate drinking
Reduce weight Substitution of carbohydrate by alcohol;

more likely in women
Increase weight Decreased dietary restraint

Heavy drinking
Reduce weight Substitution of nonalcohol calories by

alcohol calories, which are ‘wasted’ during
metabolism

Increase weight Alcohol metabolism decreases lipid
metabolism in the liver and promotes fat
storage

Source: Reproduced from Halsted CH (2006) Alcohol: effects of consumption on diet

and nutritional status. In: Caballero B, Allen L, and Prentice AM (eds.) Encyclopedia of

Human Nutrition, 2nd edn., pp. 62–69. Amsterdam: Elsevier.
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of fat-soluble vitamins A, D, E, and K are decreased in cirrhotic

patients due to diminished secretion of bile salts and pan-

creatic enzymes.

Micronutrient Deficiencies in Chronic Alcoholism

Chronic exposure to excessive amounts of ethanol is associ-

ated with deficiencies of multiple nutrients, in particular

thiamine, folate, pyridoxine, vitamin A, vitamin D, zinc, and

iron. The frequency of these deficiencies is increased in the

presence of alcoholic liver disease, which results in decreased

numbers of hepatocytes for vitamin storage and metabolism.

Many of the clinical signs of alcoholic liver disease are related

to vitamin deficiencies.

Thiamine Deficiency
Low-circulating levels of thiamine have been described in 80%

of patients with alcoholic cirrhosis. Thiamine pyrophosphate

is a coenzyme in the intermediary metabolism of carbo-

hydrates, in particular for transketolases that play a role in

cardiac and neurological functions. Although alcoholic bev-

erages are essentially devoid of thiamine, acute exposure to

alcohol decreases the activity of intestinal transporters re-

quired for thiamine absorption. The major neurological signs

and symptoms of thiamine deficiency in alcoholics include

peripheral neuropathy, partial paresis of ocular muscles, wide-

based gait secondary to cerebellar lesions, cognitive defects,

and severe memory loss. The presence of peripheral neur-

opathy is sometimes referred to as ‘dry beriberi,’ whereas the

other symptoms constitute the Wernicke–Korsakoff syndrome.

Although abnormal eye movements can be treated acutely by

thiamine injections, the other signs are often permanent and

contribute to the dementia that often afflicts alcoholics after

years of drinking. ‘Wet beriberi’ refers to high-output cardiac

failure that can also occur in thiamine-deficient alcoholics

and is responsive to thiamine therapy in addition to con-

ventional treatment. Because endogenous thiamine is used

during carbohydrate metabolism, acute cardiac failure can be

precipitated by the administration of intravenous glucose to

malnourished and marginally thiamine-deficient patients by

depletion of remaining thiamine stores. This process can be

prevented by the intravenous addition of water-soluble vita-

mins including thiamine to malnourished chronic alcoholic

patients who are undergoing treatment for medical emergen-

cies (Table 3).

Folate Deficiency
Folates, a family of vitamins with folic acid at its core, function

in DNA synthesis and cell turnover and play a central role

in methionine metabolism in the liver. Although originally

recognized as a cause of megaloblastic anemia, the expanding

known consequences of folate deficiency are related to

elevated circulating homocysteine and include increased

risk for neural tube defects and other congenital abnormalities

in newborns as well as altered cognition in the elderly people.

Before folate fortification of grains in the United States

in 1998, the incidence of low serum folate levels in chronic

alcoholics was at approximately 80%, but there are no

data on the incidence of postfortification folate deficiency

in chronic alcoholics. Megaloblastic anemia, due to the

negative effects of folate deficiency on DNA synthesis, has

been described in approximately one-third of chronic alco-

holics. Furthermore, folate deficiency may play a role in the

pathogenesis of alcoholic liver disease by reducing hepatic

levels of S-adenosylmethionine with consequent reduction

in antioxidant glutathione and DNA methylation with re-

sultant increased activation of genes relevant to alcoholic liver

injury.

Table 3 Common micronutrient deficiencies in chronic alcoholic patients

Deficiency Cause Effect

Thiamine Poor diet
Intestinal malabsorption

Peripheral neuropathy
Wernicke–Korsakoff syndrome
High-output heart failure

Folate Poor diet
Intestinal malabsorption
Decreased liver storage
Increased urine excretion

Megaloblastic anemia
Hyperhomocysteinemia and liver disease
Neural tube defect
Altered cognition

Vitamin B6 Poor diet
Displacement from circulating albumin
Promotes urine excretion

Peripheral neuropathy
Sideroblastic anemia

Niacin Poor diet Pellagra with dermatitis, diarrhea, and dementia
Pantothenic acid Poor diet Paresthesias ‘burning feet’ syndrome
Vitamin A Malabsorption

Increased biliary secretion
Night blindness
May promote development of fibrosis in alcoholic liver disease

Vitamin D Malabsorption
Decreased sun exposure

Calcium deficiency
Metabolic bone disease

Zinc Poor diet
Increased urine excretion

Night blindness
Decreased taste
Decreased immune function

Iron Gastrointestinal bleeding Anemia

Source: Reproduced from Halsted CH (2006) Alcohol: effects of consumption on diet and nutritional status. In: Caballero B, Allen L, and Prentice AM (eds.) Encyclopedia of Human

Nutrition, 2nd edn., pp. 62–69. Amsterdam: Elsevier.

54 Alcohol: Effects of Consumption on Diet and Nutritional Status



There are multiple causes of folate deficiency in chronic

alcoholism. With the exception of beer, all alcoholic beverages

are devoid of folate, and the typical diet of the binge-drinking

chronic alcoholic does not include fresh vegetable sources and

fortified grains. Chronic alcoholism causes intestinal folate

malabsorption, decreased liver folate uptake, and accelerated

folate excretion in the urine. In addition, alcoholic liver dis-

ease results in decreased liver stores of folate, so the duration

of time for development of folate deficiency with marginal

diet is shortened.

Pyridoxine Deficiency
Pyridoxine (vitamin B6) is required for transamination re-

actions, including the elimination of homocysteine. Pyrid-

oxine deficiency in chronic alcoholism is caused by poor diet,

whereas displacement of pyridoxal phosphate from plasma

albumin by the alcohol metabolite acetaldehyde increases its

urinary excretion. Low serum levels of pyridoxal phosphate are

common in chronic alcoholics, and pyridoxine deficiency is

manifest by peripheral neuropathy and sideroblastic anemia.

In alcoholic hepatitis, the serum level of alanine transaminase

(ALT) is disproportionately low compared with aspartate

transaminase (AST), due to the requirement of pyridoxine for

ALT activity.

Vitamin B12 Deficiency
The incidence of vitamin B12 deficiency in chronic alcoholism

is undefined because serum levels are often normal or in-

creased due to the increased presence of B12 analogs in the

presence of alcoholic liver disease. Nevertheless, the intestinal

absorption of vitamin B12 is decreased in chronic alcoholics

due to defective uptake at the ileum. Presumed low levels of

vitamin B12 in the liver may contribute to abnormal hepatic

methionine metabolism with elevated serum homocysteine,

because this vitamin is a cofactor for methionine synthase.

Other Less Common Water-Soluble Vitamin Deficiencies in
Chronic Alcoholism
Niacin deficiency is typically found in less developed countries

in association with decreased intake of the animal protein, in

particular the amino acid tryptophan, which is a precursor of

nicotinic acid and nicotinamide. Clinical symptoms of niacin

deficiency constitute the syndrome known as pellagra, which

can occasionally be found in chronic alcoholics as a com-

ponent of severe malnutrition due to inadequate diet. These

signs include the ‘three D’s’ of chronic diarrhea, dermatitis

including a scaly rash over sun-exposed areas such as the neck,

forearms, and hands, and dementia with features of dis-

orientation, confusion, memory loss, and psychosis. In add-

ition to this typical triad, laboratory features include low

urinary N-methylnicotinamide excretion. Recovery from pel-

lagra in chronic alcoholism follows treatment for protein

malnutrition with supplemental niacin and abstinence from

alcohol.

Pantothenic acid is a component of coenzyme A, which is

involved in many reactions related to lipid and carbohydrate

metabolism, and is found in animal protein, dairy products,

and whole grains. Pantothenic acid deficiency is rare and may

sometimes be found in malnourished chronic alcoholics with

symptoms of paresthesias that include the ‘burning feet’

syndrome. Its causation in chronic alcoholism is most likely

related to inadequate diet and generalized malnutrition. There

is no specific diagnostic test, and the deficiency symptoms

usually respond to restoration of nutrition and supplemental

pantothenic acid.

Vitamin A Deficiency
Although serum levels of vitamin A are usually normal in

chronic alcoholics, liver retinoids are progressively lowered

through the stages of alcoholic liver disease.

The causes of vitamin A deficiency in alcoholic liver disease

include malabsorption, which is due to decreased secretion of

bile and pancreatic enzymes necessary for the digestion of

dietary retinyl esters and their incorporation into water-soluble

micelles before intestinal transport. In addition, the transport

of retinol is impaired due to decreased hepatic production of

retinol binding protein. Finally, the metabolism of alcohol

induces microsomal enzymes that promote the production of

polar retinol metabolites that are more easily excreted in the

bile. The signs of vitamin A deficiency include night blindness

with increased risk of automobile accidents and increased risk

of esophageal cancer due to abnormal squamous cell cycling.

Conversely, patients with alcoholic liver disease are more sus-

ceptible to vitamin A hepatotoxicity so that supplemental doses

of vitamin A should be used with caution.

Vitamin D and Calcium Deficiencies
Chronic alcoholic patients are at increased risk for metabolic

bone disease due to low vitamin D levels and hence decreased

absorption of calcium. Alcoholic liver disease increases the

likelihood of low circulating levels of 25-hydroxy vitamin D

because of decreased excretion of bile required for absorption

of this fat-soluble vitamin, poor diet, and often decreased

sun exposure. Calcium deficiency results from low levels of

vitamin D that is required to regulate its absorption, and

also because the fat malabsorption that often accompanies

alcoholic liver disease results in increased binding of calcium

to unabsorbed intestinal fatty acids.

Zinc Deficiency
Zinc is a cofactor for many enzymatic reactions including

retinol dehydrogenase, is stored in the pancreas, and circulates

in the blood bound mainly to albumin. Chronic alcoholic

patients are frequently zinc deficient due to poor diet, pan-

creatic deficiency, and increased urine excretion because of low

zinc-binding albumin in the circulation. The consequences of

zinc deficiency include night blindness from decreased pro-

duction of retinal, decreased taste, and hypogonadism that

may result in lowered testosterone levels and increased risk of

osteoporosis in men. Because zinc is required for cellular

immunity, its deficiency may contribute to increased infection

risk in alcoholic patients.

Iron Deficiency
Chronic alcoholic patients are often iron deficient because of

increased frequency of gastrointestinal bleeding, typically due

to alcoholic gastritis or esophageal tears from frequent retch-

ing and vomiting, or from rupture of esophageal varices in

patients with cirrhosis and portal hypertension. The major

consequence of iron deficiency is anemia, which may be
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compounded by the concurrent effects of folate and pyrid-

oxine deficiencies. Conversely, increased exposure to iron,

e.g., from cooking in iron pots, increases the likelihood and

severity of alcoholic liver disease, because the presence of iron

in the liver promotes oxidative liver damage during the me-

tabolism of alcohol.
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Glossary
Dysarthria Speech disturbance.

Dyspraxia Impaired or painful organ function.

Encephalopathy Disorder of the brain.

Hypochromic Erythrocyte hemoglobin percentage less

than normal.

Microcytic Small erythrocyte.

Properties and Natural Occurrence

Aluminum (Al) is a soft (2.5–3 on the Mohs scale), light

(2.7 g cc�3, therefore not a heavy metal), ductile, malleable

metal. It is the most common metal and the third most

common element in the earth’s crust (comprising B8%, pri-

marily with silica), and is ubiquitously distributed throughout

the environment. Its atomic number is 13. It has only one

stable isotope, 27Al. It is too reactive to occur in nature as the

free metal. It exists as the trivalent ion (Al3þ ), therefore has no

oxidation–reduction chemistry. Its preferred coordination

number is 6, forming octahedral complexes in nature, in-

cluding mammalian systems. Exposure to water, oxygen, and

other oxidants leads to surface formation of Al oxide that

provides a few nanometer thick film that has high resistance to

corrosion and is virtually insoluble from pH 4.5 to 8.5. In

aqueous solution, in the absence of cationic ligands that bind

to it, its chemical form (species) is pH-dependent. The Al3þ

ion with 6 waters of hydration predominates below pH 5.5, as

AlðH2OÞ6
3þ. As the pH increases Al(OH)2þ , Al OHð Þ2

þ,

Al(OH)3, and Al OHð Þ4
� predominate at pH 5.5, 6, 6.2, and

above 6.2, respectively, resulting in its lowest solubility as

Al(OH)3 (gel) at pH 6.2. As a Lewis acid (electron pair ac-

ceptor, electrophile) it strongly complexes with multidentate

carboxylate- and hydroxyl-/keto-containing ligands, for ex-

ample citrate, through noncovalent interactions, generally in-

volving ionic or electrostatic bonds. Aluminum is one of the

slower ions kinetically. The mean residence time of water in

AlðH2OÞ6
3þ is B1 s. Replacement of water by citrate has a

complexation half-life of B1–2 min. The chemical species of

aluminum has a great impact on its kinetics and effects. The

effective ionic radius of Al3þ is 54 pm, sufficiently similar to

that of Fe3þ (65 pm) to engage in some of the same chemical

and metabolic processes. Aluminum binds particularly

strongly to phosphates, giving it the potential to bind with

deoxyribonucleic acid, adenosine triphosphate, and many

other biomolecules.

In contrast to its abundance in the earth’s crust, most nat-

ural waters contain very little dissolved aluminum. Its average

concentration in lakes, rivers, ground water, coastal sea water,

and open ocean water is B150, 400, 100, 1–7, and 1 mg l�1,

respectively, reflecting the low solubility of some aluminum

salts and its deposition in sediments as the hydroxide. Acidifi-

cation by acid rain, mine runoff, or other means solubilizes

aluminum, and can raise its concentrations in acidified lakes

and rivers to 100–800 mg l�1 or more, producing toxicity to

aquatic organisms. The atmospheric aluminum concentration

in nonindustrial rural and urban areas is typically 0.050–0.5

and 0.1–5 mg Al m�3, respectively. The World Health Organ-

ization (WHO) has a ‘practicable level’ of r0.1 and r0.2

mg l�1 for large and small water treatment facilities. The

European Union (EU) ‘Indicator Parameter’ directive for alu-

minum in drinking water is 0.2 mg l�1. The US Environmental

Protection Agency has a secondary, nonenforceable standard

of 50–200 mg l�1, based on esthetic (taste, sight, and smell)

properties. Canada recommended an operational guidance

level of o0.1 mg l�1 for water treatment plants using alu-

minum-based coagulants and o0.2 mg l�1 for other types of

treatment systems. The Joint Food and Agriculture Organization

(FAO) of the United Nations/WHO Expert Committee on Food

Additives in 2006 and the Panel on Food Additives, Flavorings,

Processing Aids and Food Contact Materials of the European

Commission in 2007 established a tolerable weekly intake for

aluminum of 1 mg per kg body weight per week. At the 74th

meeting of the JECFA (June 14–23, 2011, Rome) a PTWI of

2 mg/kg body weight was established (ftp://ftp.fao.org/ag/agn/

jecfa/JECFA_74_Summary_Report_4July2011.pdf). Similarly,

the Agency for Toxic Substances and Disease Registry Minimal

Risk Level for intermediate (15–364 days) oral aluminum in-

take was set at 1 mg kg�1 day�1.

Nonfood Uses

Aluminum and its compounds are widely utilized. They are

used in building and construction, transportation, packaging,

containers, water purification, sugar refining, brewing, paper

production, glass, ceramics, rubber, abrasives, furnace linings,

as wood preservatives, to waterproof textiles, and as a flame

retardant. In personal care and medical applications it is in
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antacids (that are also used as phosphate binders); buffered

aspirin products; as aluminum chloride, aluminum zirconium

glycine complex, and aluminum chlorohydrate in anti-

perspirants; in acne cleaning preparations; as an abrasive in

dentrifrices; in dental rinses and toothpastes to reduce dental

hypersensitivity; as an astringent and antibacterial in products

for dermatitis such as athlete’s foot; in first aid antibiotic and

antiseptic, diaper rash and prickly heat, insect sting and bite,

sunscreen and suntan, and dry skin products; in antidiarrheal

products; in vaginal douches; as a keratolytic in anorectal

preparations; and as an adjuvant in vaccines to increase their

antigenic properties.

Food Uses of Aluminum Compounds

United States Food and Drug Administration (FDA)-approved

aluminum compounds that may be employed as food addi-

tives are listed in Table 1. These contribute to the high con-

centrations of aluminum in some of the foods in Tables 2 and

3. Canada, the EU, Norway, Iceland, and the United Kingdom

also allow the use of aluminum as a food additive.

Aluminum in Beverages and Foods

Tables 2 and 3 show average values from studies published

since 1985 for which there were multiple reported values for

each entry in the table. The values shown are medians, which

are much less sensitive to outliers than the mean. This former

measure of central tendency was selected because there is

considerable variability of reported results from some bever-

ages and foods. This variation may result from poor analytical

techniques, inadequate removal of soil and/or contamination,

and differences due to climate and soil growing conditions.

Plants that accumulate aluminum deposit it in their leaves.

The tea plant accumulates and concentrates aluminum, ac-

counting for the higher aluminum concentration in this bev-

erage than others. Addition of the anticaking agent sodium

aluminosilicate to nondairy creamer and salt, particularly

single-use packets, accounts for their high aluminum con-

centration. The higher aluminum content of soy-based infant

formula derives from the higher aluminum content of

soybean (Table 2) than cow milk.

Even though soil contains 3–10% aluminum, most plants

and plant-eating animals contain little aluminum, due to its

very low oral bioavailability (below) and limited transfer to

eggs and milk. Most unprocessed foods contain o5 mg kg�1.

The addition of aluminum as a food additive can greatly in-

crease its food content, illustrated by baking powder, cake and

pancake mixes, cakes and pancakes, and cheese containing

sodium aluminum phosphate (SALP). Residual dirt may ac-

count for the higher aluminum concentration in lettuce and

spinach. Some spices contain considerable aluminum, illus-

trated by paprika and pepper. Spice aluminum values are ex-

pressed based on their dry weight, whereas most other food

aluminum concentrations are based on wet weight.

Table 1 Some FDA-approved food additives containing aluminum, or aluminum agents that come in contact with foods, and their uses

Aluminum ammonium sulfate – Buffer and neutralizing agent
Aluminum calcium silicate – Anticaking agent, o2% by wt in table salt
Aluminum potassium sulfate – Buffer and neutralizing agent
Aluminum sodium sulfate – Buffer and neutralizing agent
Fatty acids, salts of aluminum – In foods as binder, emulsifier, and anticaking agent, coatings on fresh citrus fruit
1-Octenyl succinic anhydride and o2% aluminum sulfate – Modifier for food starch
Sodium aluminosilicate (also known as: sodium silicoaluminate) – Anticaking agent, o2% in dried whole eggs and egg yolks, and grated cheeses
Sodium aluminum phosphate (SALP) – acidic SALP as a leavening agent in self-rising flours and meals, basic SALP as an emulsifying agent in cheeses
Sodium aluminum sulfate – Cereal flours
Sodium calcium aluminosilicate hydrated (sodium calcium silicoaluminate) – Anticaking agent, o2%
In lakes (Al salts of water-soluble artificial colors adsorbed onto alumina)
Aluminum borate as an antistatic and/or antifogging agent for olefin polymers intended as food-packaging materials
Aluminum-containing clarifying agent for polypropylene and polypropylene copolymers intended for use in contact with food

Table 2 Aluminum concentrations of beverages and nondairy
creamer

Beverage Aluminum concentration
(median; as mg l� 1, except for
nondairy creamer)

Beer 0.16
Coffee 0.24
Nondairy creamer – multiple

serving container
38 mg kg� 1

Nondairy creamer – single
serving packet

170 mg kg� 1

Apple juice 0.44
Orange juice 0.18
Pineapple juice 0.35
Tomato juice 0.67
Wine 0.90
Distilled spirit 0.42
Cola 0.25
Noncola soft drink 0.41
Black tea 3.0
Green tea 2.5
Instant tea 1.2
Herbal tea 0.31
Tap water 0.040
Mineral water 0.016
Cow milk 0.070
Human milk 0.043
Cow-based infant formula 0.019
Soy-based infant formula 3.9
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Aluminum in Foods from Processing, Packaging, and
Storage

Food preparation and storage in contact with aluminum can

increase the food’s aluminum content more than non-

aluminum containing cookware and storage containers.

Many examples follow. Coffee brewed in an aluminum

pot had an average of two times as much aluminum as

when brewed in stainless steel. Water and milk boiled/cooked

in aluminum cookware had more aluminum than when

prepared in porcelain, stainless steel, teflon, or enamel cook-

ware. In one study multiple vegetables cooked in old or

new aluminum vessels had 40% and 80% more aluminum

than when cooked in stainless steel. However, studies have

not consistently shown higher aluminum in foods prepared

in new versus old aluminum vessels, perhaps due to differ-

ences in vessel manufacture and surface coating, extent

of use or cleaning before their study, and the food under

study. Cottage cheese and yoghurt prepared in aluminum

containers had greater aluminum concentrations than when

prepared in boron glass or steel containers. Rhubarb boiled

for 12 min in a steel pot had 0.8 and in an aluminum pot

13–20 mg aluminum l�1. Blackcurrant juice boiled for

90 min in an aluminum vessel increased from 0.05 to 24 mg

aluminum l�1 when sugar was added before boiling and

to 56 mg l�1 when the sugar was added after it was brought

to a boil.

Household aluminum foil is 0.18 mm thick. Beef, mutton,

pork, water buffalo, chicken, and turkey baked in aluminum

foil had on average a 2.5-fold increase in the aluminum

content. Higher temperature (250 vs. 200 vs. 150 1C) con-

tributed more than longer baking time (20 vs. 40 vs. 60 min)

for beef, mutton, and pork whereas the longer baking time,

not temperature, increased aluminum in chicken and turkey.

Baking and grilling fish in aluminum foil increased its alu-

minum concentration by five-fold. Potatoes roasted in alu-

minum foil had 2.5-fold more aluminum than when roasted

in stainless steel. Tomato cooked for 10 min in an aluminum

pan had B60% more aluminum when compared to a steel

pan. After cooking the tomato was stored for 72 h at 4 1C

during which the aluminum concentration increased B140%

in food stored in both aluminum and steel pans.

Storage of tap water in an aluminum bottle or siphon

increased its aluminum concentration. Milk stored in an

aluminum pan increased in aluminum concentration B14-

fold. Milk stored in an aluminum-lined container had

more aluminum than when stored in plastic or glass. The

Table 3 Concentrations of aluminum in foods

Food Aluminum concentration
(median; as mg kg� 1)

Beef meat 1.2
Pork meat 2.2
Chicken meat 1.2
Luncheon meats 3.2
Bacon 2.4
Ham 0.85
Sausage 6.2
Fish 0.15
Eggs 0.27
Nuts (Almond, cashew, chestnut, walnut) 2.3–4.6
Peanuts and peanut butter 2.0
Pine nuts 38
Fruits (Apple, banana, grape, orange,

peach, pear, plum, strawberry)
0.55–2.6

Watermelon 0.28
Raisin 10.5
Vegetables (Broccoli, cabbage, carrot,

cauliflower, celery, corn, pepper, onion,
parsnip, tomato)

0.30–1.5

Beans 4.0
Cucumber 2.2
Lettuce 5.5
Mushrooms 2.9
Peas 2.1
Potato 2.5
Soybean 7.8
Spinach 24
Corn Flour 5.3
Oats 4.0
Rice 3.3
Wheat flour 5.6
Baking Powder 70
Biscuits 22
Cake mix 445
Cakes (not stated to contain SALP) 6.3
Cakes (that contain SALP) 190
Cookies 6.9
White bread 3.6
Wheat bread 4.5
Cereal 1.0
Pancake mix 100
Pancakes 85
Pasta 5.5
Cheese 3.8
Goat cheese 15
Processed cheese 15
Frozen pizza cheese 415
Restaurant pizza cheese 2.9
Yoghurt 0.28
Goat yoghurt 2.8
Soup 1.2
Butter 1.4
Margarine 1.7
Olive oil 0.043
Sugar 1.7
Honey 0.5
Chocolate 9.4
Jellies and jams 4.1
Paprika 92
Pepper 31

(Continued )

Table 3 Continued

Food Aluminum concentration
(median; as mg kg� 1)

Pickles 7.4
Vinegar 0.21
Salt 2.4
Salt – Single serving packet 180
Infant foods 10
Infant strained foods 0.41
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aluminum concentration in beer stored in aluminum cans was

consistently higher (average 60%) than in steel cans or glass

bottles, did not increase over time when stored at 5 1C, but did

when stored at room temperature (increasing by 35–70% of

the original aluminum concentration per month in the first 5

months and 10% per month over 6 years). Wine stored for 2

years in an aluminum can had more aluminum than when

stored in a glass bottle or steel can. The aluminum concen-

tration in apple, lemon, and orange (but not tropical fruit)

juice stored in aluminum cans increased over time and the

aluminum concentration in grapefruit juice stored in alu-

minum cans increased with increased storage temperature.

Soft drinks (colas, Fanta orange, and soda water, but not

Pocari Sweat or orange squash) stored in aluminum cans had

a higher aluminum content than when stored in plastic or

glass. The aluminum concentration of lemon, orange and cola

drinks stored in aluminum cans for 12 months increased

Bone-, two- and threefold monthly above the original alu-

minum concentration, respectively. Tomato paste stored in

steel and aluminum cans increased B25 and 60% over 2.5

years, respectively. Storage of tomato puree and tamarind in

an aluminum pan for 72 h increased its aluminum content

31- and 17-fold, respectively. Addition of salt to the tomato

and sugar to the tamarind increased their aluminum content

an additional B15 and 9%, respectively. Aluminum mobil-

ization during food preparation and storage in contact with

aluminum is greatest for acidic foods (e.g., tomato pH B4.5

and rhubarb B3.2), consistent with the chemical species

of aluminum as a function of pH; solubility increases below

pH 6.2.

Exposure and Dietary Intake

Dietary intake provides the greatest percentage of aluminum

intake for the typical human. Daily average drinking water

consumption is estimated to be 1.4 l. Intake of the water with

the median aluminum concentration of 0.04 mg l�1 (Table 2)

would provide B0.055 mg Al. Fifty studies conducted since

the mid-1980s in Australia, Brazil, Canada, China, France,

Germany, Hungary, India, Italy, Japan, the Netherlands,

Portugal, Slovenia, Spain, Sweden, Taiwan, Turkey, the UK,

and the US have reported daily dietary aluminum intakes.

The intakes were based on total diet studies, market basket

surveys, dietary records, calculations based on food aluminum

levels, and duplicate diets and portions. Intake by males

generally exceeded that of females. Median daily aluminum

intake of adults in these studies was B5.7, adolescents 7.4,

and infants/young children 2 mg. Reported intakes were

highest in China and Taiwan. Intake in the US and Canada

was higher than Europe. Japan was the lowest. The greater

daily aluminum intake in the US and Canada than Europe

and Japan may be due to a higher utilization of SALP and

other approved aluminum food additives in processed foods.

Aluminum intake in food is B100-fold greater than from

drinking water. As tea contains more aluminum than other

beverages, its consumption can contribute 50% of the daily

aluminum intake in those who consume considerable

amounts of this beverage when other sources do not have

large amounts of aluminum.

Bioavailability and Biotransformation

Aluminum bioavailability is low. The main routes of

uptake are by inhalation and through the gastrointestinal

tract, and medical routes such as injections and during

dialysis. Absorption from the gastrointestinal tract, lungs and

after underarm application (presumably transdermal) is

B0.1–0.4%, 1.5–2%, and up to 0.012%, respectively. Alu-

minum injected in vaccines is slowly absorbed as it dissolves,

and may ultimately reach 100%. Aluminum absorption from

the gastrointestinal tract appears to be primarily in the distal

intestine. There is evidence supporting several mechanisms

of intestinal aluminum absorption, including paracellular

diffusion, an interaction with calcium uptake, and sodium

transport processes. Owing to the ubiquitous presence of

aluminum, which creates measurable levels in all tissues

and fluids and potential contamination problems, and its

low bioavailability, determination of oral bioavailability at

relevant exposures is very difficult using 27Al. More precise

measurements of absorption have been made using 26Al.

Owing to its high cost and very long half-life (B700 000

years), its decay rate is too low for practical application as

a radioisotopic tracer. Its quantification by accelerator mass

spectrometry is exquisitely sensitive. The limit of detection

is B1 000 000 atoms (B4�10�17 g). This enables adminis-

tration to human subjects of doses that present no significant

radiation risk and the conduct of exposure dose-relevant

pharmacokinetic studies. Studies conducted in rats have

shown oral bioavailability from water, tea, acidic SALP in a

food (biscuit), and basic SALP in cheese to be B0.3%, 0.4%,

0.1%, and 0.2%, respectively. Studies in humans showed up-

take from drinking water and aluminum hydroxide to be

B0.2% and 0.1% respectively. Oral aluminum uptake is in-

creased by citrate, and other carboxylic acids to a lesser extent.

Oral aluminum bioavailability has also been shown to be

increased by the solubility of the aluminum species; fluoride;

low iron, calcium or sodium status; and uremia. In contrast,

silicon-containing compounds appear to reduce its absorp-

tion and/or enhance its urinary elimination as hydro-

xyaluminosilicate species. Some results suggest oral aluminum

absorption is increased in Alzheimer’s disease (AD) and

Down’s subjects.

Biokinetics of Aluminum in Blood

The blood concentration of aluminum in normal humans

is believed to be o2 mg l�1. As this is very low and aluminum

is ubiquitously present, much attention must be paid to

collection, storage, and handling of blood samples to avoid

contamination. At equilibrium serum and red blood cell

aluminum concentrations are approximately equal. The vol-

ume of distribution of aluminum is initially equal to the

blood volume, consistent with its equal concentration in

serum and the blood cells. It then increases over time as it

distributes and accumulates in tissues. Within blood plasma,

B91% is bound to transferrin, an iron-transport protein,

B7–8% is bound to citrate, and the remainder to phosphate

and hydroxide. Formation of the aluminum transferrrin- and

aluminum citrate-complexes occurs within minutes. Generally
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the strength of the binding (stability constant) for Al3þ with

ligands is 3 to 4 orders of magnitude lower than for Fe3þ .

Consequently, aluminum will not displace iron from trans-

ferrin or most other ligands. Transferrin-receptor-mediated

endocytosis may mediate aluminum uptake into the brain and

other organs. Citrate enhances aluminum distribution out of

the blood and into tissues and its renal clearance (by in-

creasing the filterable fraction of aluminum), suggesting a

mechanism for uptake of this aluminum species that is dif-

ferent from that mediating aluminum transferrin cell uptake.

Aluminum Tissue Deposition and Body Retention

Aluminum distributes unequally throughout the body in

normal and aluminum-intoxicated humans. Because of its

very low bioavailability by most routes of exposure and the

effective clearance of aluminum from blood by the kidney,

aluminum concentrations in the human are low compared to

most exposure sources. The normal human body burden of

aluminum is B60 mg. Steady state tissue aluminum concen-

trations in normal adults are (in mg kg�1 wet weight unless

stated otherwise): lung: 20, bone: 1–3 mg per kg dry weight,

liver and spleen: 1, kidney: 0.5, heart: 0.45, muscle: 0.4, brain:

0.35, and blood: 0.002. Approximately 60%, 25%, 10%, 3%,

1%, 0.3%, 0.25, and 0.2% of the aluminum body burden is in

the bone, lung, muscle, liver, brain, heart, kidney, and spleen,

respectively. Aluminum localizes at the mineralization front

and in osteoid of bone. Lung aluminum may be from particles

from the environment, occupational exposure, and distri-

bution from the blood. Insoluble particles trapped in the lung

are very slowly cleared from the lung. Blood and tissue con-

centrations are higher in uremia and higher still in dialysis

encephalopathy. Approximately 80% of an intravenous dose

of aluminum citrate was excreted within a week, suggesting

the remainder was retained within the body, some of which

was excreted over a longer time. This finding indicates that

under conditions of continuous intake, aluminum accumu-

lates in the body, even in subjects with normal renal function.

Brain, bone and serum aluminum concentration increase with

age. Hair aluminum concentration as an indicator of alu-

minum body burden has not been validated. Problems in-

clude the lack of standardized hair collection procedures.

Aluminum clearance is characterized by multiple half-lives

that are estimated in hours, days, and years, suggesting mul-

tiple compartments. The initial half-life (distribution from the

vascular compartment) is a few hours. The brain, bone, liver,

and kidney aluminum half-life in rats was estimated to be

150–1635, 520, 430 and 400 days, respectively. Allometric

scaling from this animal species with a lifespan of 2 years to

the human with an 80 year life span suggests the aluminum

half-life in human brain might be decades or even greater than

the lifespan. Estimates of the terminal half-life in the human

suggest it may be as great as 50 years, attributed to the alu-

minum in bone. The slow release of aluminum from its depot

in bone, due to the low rate of bone turnover (B10% per

year), may account for the prolonged half-life seen in most

organs, including the brain, and prolonged elevated urinary

aluminum excretion after significant occupational aluminum

exposure. Increased bone turnover rates compared to the

healthy adult, as seen in children who exhibit high rates of

bone growth and turnover or geriatrics, may accelerate alu-

minum release from bone.

Biological monitoring of aluminum exposure can be con-

ducted with urine, which is thought to indicate recent ex-

posure, and plasma, which is thought to better reflect the

aluminum body burden and long-term exposure. However,

neither is a good predictor of the aluminum body burden,

which is better estimated by bone aluminum, the desferriox-

amine challenge test, or combined measurement of serum

parathyroid hormone and the desferrioxamine test. Desfer-

rioxamine is a chelator that binds aluminum to form alumi-

noxamine, iron and many other trivalent metals, and increases

their urinary elimination. Bone biopsy is needed for definitive

diagnosis.

Aluminum Excretion

The primary route of aluminum elimination is via the kidneys,

accounting for 495%, presumably by glomerular filtration of

aluminum citrate. Humans who consume the average daily

aluminum intake of 6 mg would be expected to excrete

4–12 mg of aluminum daily, with a typical urinary aluminum

concentration of 2–10 mg l�1, although several industrial

studies reported higher values in controls (often 20 mg l�1)

and even higher in exposed workers. Reduced or lack of renal

function creates the risk of aluminum accumulation and

toxicity. Bile (feces) accounts for most of the remaining ex-

creted aluminum, although it is present in saliva, sweat,

and semen.

Toxicity of Systemic Aluminum

There is no good evidence that aluminum is essential for the

human. The toxicity of aluminum has been extensively re-

viewed by the WHO, for the US Department of Health and

Human Services, and most extensively by a multinational

group led by Daniel Krewski. Occupational exposure to

high levels of aluminum has been associated with lung

fibrosis from stamped aluminum powder, asthma from alu-

minum salts and welding fumes, and increased oxidative

stress. Contact dermatitis has been reported. Neurobehavioral

toxicity has been seen in aluminum welders with urine

aluminum4100 mg l�1. When hemodialysis was initially ex-

tensively used, some patients developed a progressive en-

cephalopathy that was fatal within 6 months (see the Section

Aluminum-Induced Encephalopathy). This was due to alu-

minum contamination of the dialysis fluids and adminis-

tration of aluminum-based phosphate binders to form an

insoluble aluminum phosphate in the intestine, facilitating

phosphate elimination, a goal not well achieved by dialysis.

The renal dialysis patient is highly susceptible to aluminum

accumulation and toxicity from aluminum in dialysis fluids

because the aluminum can diffuse across the dialysis mem-

brane, it quite rapidly and very strongly binds to transferrin in

the blood, and these patients lack the primary route of alu-

minum elimination, renal function. Aluminum as a phos-

phate binder presents a problem simply due to the very large
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oral dose of aluminum administered, paired with some oral

aluminum absorption. Exposure to lower levels of aluminum

than those that caused aluminum-induced encephalopathy

can produce a low turnover bone disease (see the Section

Aluminum-Induced Bone Disease) and anemia (see the Sec-

tion Aluminum-Induced Microcytic Anemia).

Another high risk group for aluminum toxicity are pre-

mature infants who are fed intravenously, because they do not

tolerate oral feeding. The total parenteral nutrition feeding

solutions given intravenously can contain significant alu-

minum, which is primarily derived from the calcium gluco-

nate and phosphates used as components of the solution. As

this feeding solution is given intravenously, and therefore

100% bioavailable, to premature infants whose kidneys are

not fully matured and therefore less able to excrete the alu-

minum, they are at risk of sufficient aluminum accumulation

to develop metabolic bone disease, cholestatic hepatitis, and

reduction of mental development. To address this concern

the US FDA adopted a labeling requirement for aluminum in

large and small volume parenterals used to prepare total

parenteral nutrition solutions.

Studies in mice, rats, rabbits, and dogs have shown alu-

minum has the potential to produce neurobehavioral toxicity,

affect the male reproductive system, produce embryotoxicity,

and affect development. Based on these concerns, the Joint

FAO/WHO Expert Committee and the European Commission

established a tolerable weekly intake for aluminum of 1 mg

per kg body weight per week, as noted earlier in the Section

Properties and Natural Occurrence. At the 74th meeting of

the JECFA (June 14 to 23, 2011, Rome) a PTWI of 2 mg/kg

body weight was established (ftp://ftp.fao.org/ag/agn/jecfa/

JECFA_74_Summary_Report_4July2011.pdf).

Aluminum-Induced Encephalopathy

Encephalopathy has been associated with the use of hemo-

and peritoneal-dialysis fluids that contain significant amounts

of aluminum, the administration of massive amounts of alu-

minum salts orally to bind phosphate in the gastrointestinal

tract to renal-impaired humans, alum instillation into the

urinary bladder to stop hemorrhaging, and neurosurgical

implants of aluminum-containing biomaterials. Dialysis (as-

sociated) encephalopathy (also known as: dialysis dementia)

is characterized by dyspraxia, dysarthria, emotional changes,

trembling, ataxia, myoclonus, and fatal convulsions. It is as-

sociated with elevated levels of aluminum in the brain, and

serum aluminum480 mg l�1. With recognition of the role of

aluminum in dialysis-related toxicity, reduction of aluminum

exposure guided by a recommendation of the US Association

for the Advancement of Medical Instrumentation that water

used in the preparation of dialysate solution contain o10

mg l�1, and use of alternatives to aluminum as an oral phos-

phate binder, occurrences of aluminum-induced encephal-

opathy have become unusual.

Aluminum-Induced Bone Disease

Aluminum-induced low-turnover bone disease is manifest as

osteomalacia and an adynamic bone disease. Aluminum-

induced bone disease in dialysis patients is seen when serum

aluminum is 430 mg l�1 and when stains show aluminum at

30% of the trabecular bone surface. Aluminum interferes with

parathyroid hormone synthesis and function. In osteomalacia,

aluminum is localized at the mineralization front, where it

disrupts bone mineralization by inhibiting calcium accretion

and osteoblast activity, increases bone resorption, and results

in an increase of the nonmineralized bone, leading to painful

fractures. In adynamic bone disease, aluminum decreases

osteoid formation and bone mineralization.

Aluminum-Induced Microcytic Anemia

A microcytic, hypochromic anemia is associated with elevated

plasma aluminum in chronic renal failure patients. Aluminum

interferes with the development of hematopoietic progenitor

cells. It may produce anemia by disrupting iron metabolism,

disorganizing the erythrocyte membrane, and/or inducing

oxidative stress to the erythrocyte membrane.

Up to 5 mg kg�1 of the chelator desferrioxamine once or

twice a week has been shown to be safe and effective for long-

term treatment of aluminum overload, and reduction of alu-

minum-induced encephalopathy, bone disease, and anemia.

Evidence for a Role in AD

Aluminum has been implicated in the etiology of AD. Hall-

mark neuropathological signs include neurofibrillary tangles

(NFTs), senile plaques (SP), and cerebrovascular amyloid.

Early onset AD usually has a familial link, due to gene mu-

tations which result in increased secretion of neurotoxic

amyloid b (Ab) protein. No specific gene mutations have been

associated with late-onset/sporadic forms of AD which ac-

count for 85–95% of AD cases. The lack of identified heredi-

tary links for the majority of AD cases suggests environmental

factors are likely to interact with other factors to cause this

disease. Aluminum is one of the suggested environmental

contributors. The genesis of the hypothesis that aluminum

plays a role in the etiology of AD was an observation reported

in 1965 of neurofibrillary degeneration in rabbit brain after

intracerebral aluminum injection, which resembled, but was

not identical to, the NFTs of AD. Similarly, the neuro-

pathology in dialysis encephalopathy is different from that

seen in AD. The observation of elevated aluminum in post-

mortem brain samples (that typically weighed scores of

milligrams) of humans with AD reported in 1973 was inter-

preted as suggesting a role for aluminum in AD. This was

followed by many studies, some of which found a few-fold or

less higher concentration of aluminum in AD victim brains

than in controls, and some which did not. Studies investi-

gating an elevated level of aluminum in AD brain using

microprobe techniques, such as energy dispersive (electron

probe) X-ray microanalysis, secondary ion mass spectrometry,

and laser microprobe mass spectroscopy which can quantify

aluminum within a cell, NFT or SP, as well as aluminum-

selective stains have also produced mixed results. If aluminum

is elevated in AD brain, it is not reflected in cerebrospinal fluid

aluminum, which has generally not been found to be elevated.

Even if aluminum is elevated in AD brain, it would not prove
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cause and effect. The neuronal degeneration of AD may result

in accumulation of metals, such as aluminum.

Another approach to address the potential role of aluminum

in AD is the epidemiological study of the association between

the concentration of aluminum in drinking water and AD in-

cidence, comparing geographic regions where drinking water

aluminum concentrations differ. Again, the results of many such

studies are not consistent. The majority reported an increased

risk of AD associated with higher drinking water aluminum

concentration. Some of the differences were statistically signifi-

cant. A major review published in 2007 conducted a risk char-

acterization of the route of aluminum intake, the exposure level

of concern, and aluminum exposure in the general population

and calculated a margin of exposure (ratio of the exposure level

of concern to the exposure level). The exposure level of concern

was based on an epidemiological study that showed a relative

risk of AD of 2.14 associated with a drinking water aluminum

concentration4100 mg l�1. However, drinking water is not the

major source of aluminum for the general population. The only

epidemiological study of AD and aluminum consumption from

food was too small to draw firm conclusions, although it found

a significant odds ratio for higher association of AD with a food

category typically high in aluminum (pancakes, waffles, biscuits,

muffins cornbread, and corn tortillas).

Aluminum has been shown to produce many effects in the

brain that have been suggested as contributors to its neuro-

toxicant effects, and contributing to AD. These have included

promotion of the formation and accumulation of Ab and

aggregation of hyperphosphorylated tau protein, deficits of

cortical cholinergic neurotransmission, increased oxidative

injury, and increased inflammation and oxidative injury.

The controversy of a contributory role of aluminum in AD

has not been resolved. As there are many contributing factors

to AD, it will be extremely difficult to demonstrate the lack of

contribution of any one factor, such as aluminum, to this

disease.

See also: Aging. Food Safety: Heavy Metals
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Introduction

Amino acids are a series of small organic molecules whose

prime importance lies in the fact that they are the monomers

from which proteins are made. The form and functions of

proteins depend on the sequence in which the amino acids are

joined together, because each amino acid has specific chemical

and physical properties. In this article the structures and

chemical properties of each amino acid are outlined, with an

indication of how this affects the metabolic role of the free

amino acid and how it affects the behavior of the amino acid

residue within a protein. These chemical properties also form

the basis for methods of analysis of amino acids. Some amino

acids can be synthesized within the body from other mol-

ecules whereas others cannot, so the final section explains the

basis of the classification into essential and nonessential

amino acids.

Chemical Structures and Nomenclature

Amino acids have the general formula shown in Figure 1.

The central carbon atom in this structure is called the

a-carbon, and the amino and carboxyl groups attached to it

are known as the a-amino group and the a-carboxyl group.

The R groups of the twenty amino acids, which can be in-

corporated into proteins are shown in Table 1; these R groups

give the different amino acids their specific chemical and

physical properties.

It should be noted that the a-amino group acts as a weak

base and is always protonated at physiological pH; similarly

the a-carboxyl group acts as weak acid and at physiological pH

is always ionized. Thus free amino acids in biological material

exist as zwitterions, as shown in Figure 2.

The a-carbon atom is asymmetric, so that amino acids

show stereoisomerism; the exception to this is glycine, where

the R group is a second hydrogen atom. Most of the amino

acids found in nature are in the L-form, and only L-amino

acids can be used for protein synthesis in higher organisms.

However, D-amino acids may be ingested from bacterial

sources, and if high concentrations accumulate they could be

toxic. The human body has a D-amino acid oxidase enzyme,

found in the liver and the kidney, which disposes of these

molecules by oxidative deamination.

The most important common chemical property of the

amino acids is their ability to form peptide bonds with one

another. The a-amino group of one amino acid reacts with the

a-carboxyl group of another to form a peptide bond with the

elimination of water (see Figure 3). The results of this process

are conventionally known as peptides or oligopeptides if they

contain from two to 20 amino acid residues, or polypeptides,

which may contain from 21 to several thousand amino acid

residues. The polypeptides may undergo further processing,

including chemical modification, before taking up their final

conformation as proteins.

Each amino acid also has specific chemical properties,

which depend on the nature of the R group. This affects the

behavior of the free amino acids and the corresponding amino

acid residues in peptides and polypeptides. For convenience

the amino acids may be considered in groups according to

some common properties.

Small Neutral Amino Acids – Glycine and Alanine

The small side chains, a hydrogen atom and a methyl group,

have little effect on the shape of a peptide chain. The

free amino acids tend to be heavily involved as metabolic

intermediates. Glycine is a precursor of purines, porphyrins,

bile acids, and creatine; it acts as a neurotransmitter and

as a conjugating substance, which aids the excretion of xeno-

biotics by making them more water-soluble. Alanine is the

R C CO2H

NH2

H

Figure 1 Amino acid structure.

Encyclopedia of Human Nutrition, Volume 1 http://dx.doi.org/10.1016/B978-0-12-375083-9.00009-X64



Table 1 Amino acid characteristics

Name (3 letter code; 1 letter code) Structure Molecular weight pKa

Small neutral amino acids
Glycine (Gly; G)

H

H

C    CO2H

NH2

75 2.35
9.78

Alanine (Ala; A)

CH3

H

C    CO2H

NH2

89 2.35
9.87

Branched-chain amino acids
Valine (Val; V)

CH

H

C    CO2H

NH2

CH3

CH3

117 2.29
9.74

Isoleucine (Ile; I)

CH

H

C    CO2H

NH2

CH3

CH2CH3

131 2.32
9.76

Leucine (Leu; L)

CH2

H

C    CO2H

NH2

CH3

CHCH3

131 2.33
9.74

Aromatic amino acids
Tryptophan (Trp; W)

N

H

CH2 C    CO2H

H

NH2

204 2.43
9.44

Tyrosine (Tyr; Y)

HO CH2 C    CO2H

H

NH2

181 2.20
9.11

10.13

Phenylalanine (Phe; F)

CH2 C    CO2H

H

NH2

165 2.16
9.18

Hydroxyl-containing amino acids
Serine (Ser; S)

CH2

H

C    CO2H

NH2

HO

105 2.19
9.21

Threonine (Thr; T)

CH

H

C    CO2H

NH2

CH3

HO

119 2.09
9.10

(Continued )
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Table 1 Continued

Name (3 letter code; 1 letter code) Structure Molecular weight pKa

Sulfur-containing amino acids
Cysteine (Cys; C)

CH2

H

C    CO2H

NH2

HS

121 1.92
8.35

10.46

Methionine (Met; M)

CH2

H

C    CO2H

NH2

CH2SCH3

149 2.13
9.28

Imino acid
Proline (Pro; P) CH2

CH2
N
H

C

CH2

H
CO2H

115 1.95
10.64

Acidic side chains
Aspartic acid (Asp; D)

CH2

H

C CO2H

NH2

CO2H 133 1.99
3.90
9.90

Glutamic acid (Glu; E)

CH2

H

C CO2H

NH2

CH2

CO2H 147 2.10
4.07
9.47

Amides
Asparagine (Asn; N)

CH2

H

C CO2H

NH2

CONH2 132 2.10
8.84

Glutamine (Gln; Q)

CH2

H

C CO2H

NH2

CH2

CONH2 146 2.17
9.13

Basic side chains
Histidine (His; H) N N

CH2 C CO2H

H

NH2

155 1.80
6.04
9.76

Lysine (Lys; K)

NH2 CH2 CH2 CH2 CH2 C CO2H

H

NH2

146 2.16
9.18

10.79

Arginine (Arg; R)

NH CH2 CH2 CH2 C CO2H

H

NH2

C

NH2

HN

174 1.83
8.99

12.48
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