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This book is dedicated to Andrew E. Czeizel, in honor of his
pioneering work in the field of periconception nutritional supplements
for the prevention of congenital abnormalities in children.

Professor Czeizel was born in Budapest, Hungary in 1935. Following completion of medical and
scientific training (PhD), he became a clinical geneticist and headed up the Hungarian Congenital
Abnormality Register, the world’s first national registry for the analysis of the causes of congeni-
tal abnormalities in children. This work spurred his interest in public health initiatives that may
prevent these types of abnormalities. In 1984 Professor Czeizel went on to established a precon-
ception family planning program in Hungary that focused on getting women into optimal health
both before conception and during the vital early part of pregnancy so as to optimize fetal organ
development. Part of this program consisted of encouraging women to take prenatal nutritional
supplements (vitamins including folate, minerals, and trace elements) in the hope that this may help
prevent congenital abnormalities. It was through this service that Professor Czeizel conducted the
first ever randomized controlled trial (RCT) proving that prenatal multivitamin supplements could
prevent primary neural tube defects and several other major congenital abnormalities. The results
of this study are discussed by Professor Czeizel in Chapter 5 of this book.

The ingredients of one of the most popular prenatal vitamin supplements (Elevit, Pronatal by
Bayer) used by millions of women around the world are based on the formulation used in the
pioneering Hungarian RCT. Therefore, Professor Czeizel’s work has been directly instrumental
in popularizing the general use of prenatal multivitamin supplements and led to the prevention of
innumerable cases of congenital abnormalities around the world.

Professor Czeizel has published more than 100 original research articles and book chapters, plus
served on numerous editorial boards and advisory bodies (including the WHO Centre for Control of
Hereditary Diseases). Professor Czeizel is now retired from clinical practice but still maintains an
active research interest in the prevention of congenital abnormalities through nutritional interven-
tion. For this reason we dedicate this book in his honor.
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Preface

Ever since Hippocrates stated “Let food be thy medicine and medicine be thy food” more than
two thousand years ago, it has been apparent to all that a healthy balanced diet is essential to good
health, with that benefit also extending to optimal reproductive function. This publication sets forth
to address the important issue of how nutrition, both diet and nutritional supplements, can influence
reproductive function in men and women, and the outcome of any resulting pregnancy.

The idea for this book was first conceived when it was realized that although there are many
good books available covering the topic of diet and fertility from the perspective of the layperson,
none were available for the busy clinician that covered all aspects of reproduction in a single easy
to read format. Therefore we embarked on a journey to identify some of the most highly regarded
researchers in the field of nutrition and reproduction, inviting them to write on the topics that they
are passionate about and whose work leads the field throughout the world.

We have elected to take a “whole of life” approach to this book. From the female perspective
we cover the role of nutrition from onset of menarche, to the initiation and maintenance of normal
ovular function as adults, pregnancy, and then through to menopause. On the male side we cover the
role of nutrition in both hormone and sperm production, but also in sexual function. Furthermore,
we have included two chapters on the important role that diet and nutritional supplements play on
optimizing pregnancy outcomes from the perspective of both the mother and the child. We are priv-
ileged to have Professor Andrew E. Czeizel provide us with a chapter outlining his pivotal random-
ized controlled trial that proved beyond doubt that prenatal multivitamin supplements can prevent
serious congenital abnormalities in the child. This landmark study has advanced clinical practice,
resulting in a significant drop in the number of children born with potentially lethal or life-changing
congenital abnormalities. For this reason, we have dedicated this book to Professor Czeizel.

Over the course of many years of clinical practice we have noticed that patients seeking to
become parents are often very interested in what they can do themselves to optimize the chances of
conceiving, but also having a healthy pregnancy and child. Optimization of diet and the consump-
tion of nutritional supplements have both become extremely popular approaches. In today’s world of
“Dr. Google,” many patients are embarking on dietary changes that are not supported by scientific
evidence, and may even be harmful, based mainly on the advice of self-proclaimed “experts” on
myriad consumer websites. Therefore, the primary aim of this book is to provide the most up-to-
date scientific evidence surrounding the role of nutrition in the various important reproductive pro-
cesses. To facilitate easy access to this information, a Key Points Summary is included at the end of
each chapter, highlighting the main “take home” messages covered in that chapter. We trust that this
will make our book an easy reference point for busy physicians, naturopaths, dieticians, and nurses
who are trying to advise their patients on the best nutritional path to reproductive health. It is also
envisaged that this book will be a useful resource for both undergraduate and postgraduate students
undertaking studies in nutrition in the context of fertility.

Some of our medical readers may be concerned by the inclusion of complementary health
approaches such as Traditional Chinese Medicine (TCM) and naturopathy. However, our clinical
experience suggests that a large proportion of patients consult these “alternative practitioners,” often
in preference to traditional medical doctors. As such, we felt it important to cover the scientific
rationale behind the use of Chinese herbs and supplements, plus traditional naturopathic nutritional
approaches to optimization of reproductive health. It is our belief that the inclusion of these chapters
strengthens our book, both in terms of scope of interest and breadth of coverage of the topic.

A book such as this relies heavily on the goodwill and significant investment of time of all our
authors. We wish to thank all of our authors for their very valued contributions. We also thank our
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respective spouses, Katherine and Ian, for their support during the compilation of this book and
our resulting absence from family activities. Finally, we thank our publisher, CRC Press, and more
specifically Ira Wolinsky and Randy Brehm, for asking us to produce this book on a topic we both
believe in so passionately.

We trust that you will enjoy reading this book and we hope that it is a useful resource for optimiz-
ing the reproductive health of your patients, and that of the next generation.

Kelton Tremellen
Karma Pearce
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1.1 INTRODUCTION

Reproduction is an energetically expensive enterprise, and its costs are largely borne by females.
Across species, females spend approximately 3.5 times more energy than males in gamete production
[1]. Energy costs are magnified once pregnancy is achieved. The estimated energetic cost of a human
pregnancy with adequate gestational weight gain is approximately 78,000 kcal [2]. From that point
forward, costs associated with lactation and childrearing further tilt the energy expenditure balance
toward women. An in-depth discussion of the evolution of human reproductive traits, in general, and
of ovulation in particular, is outside the scope of this chapter. However, it will be useful to our discus-
sion of the role of nutrition on ovulatory function to keep in mind that the massive energetic costs of
reproduction likely exerted enormous evolutionary pressure in selecting reproductive systems capable
of sensing adverse environments to prevent pregnancy in conditions of insufficient energy availability.

To address the relation between nutritional factors and ovulatory function we divide nutritional
inputs into energy balance and dietary factors that might influence ovulation above and beyond
their energetic contribution, and examine their relations with markers of pubertal onset, focusing on
menarche and ovulatory function in adult women.

1.2 ENERGY BALANCE AND OVULATORY FUNCTION

1.2.1 ENErGETIC FACTORS AND MENARCHE

Multiple studies have documented secular trends towards earlier menarche across the world [3—10],
raising speculation on the determinants of these trends, particularly because the rate of change
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varies considerably between populations and appears to vary within populations according to socio-
economic conditions, or proxies thereof such as race. A long-standing hypothesis trying to explain
these trends is that the overall availability of material conditions within a society strongly influences
the onset of menses at a population level. Downward trends in age at menarche in Japan and Korea
were reversed during World War II and the Korean War, respectively, and resumed after these con-
flicts ended [6,11]. Similar reversals have also been observed during World War II in Europe [12,13]
and more recently during the Balkan conflict in the former Yugoslavia [14,15]. Although some of the
reversal in trends toward earlier menarche could be attributed to other war-related factors such as
stress, co-occurrence of trends towards earlier menarche with trends toward increasing childhood
obesity and height [7,11,16], which serve as markers for energy balance during childhood, suggest
that disruptions in energy availability during war could be one of the factors explaining the delay in
sexual maturation associated with war.

Further support for the hypothesis that material conditions influence the timing of puberty comes
from contemporary populations not exposed to war conditions. In a study among 900 girls living in
southwest Ethiopia, food insecurity was strongly related to the onset of menses. Compared to girls
living in food-secure households, the risk of experiencing menarche was 6% lower (95% confidence
interval [CI] = -24%, 16%) for girls living in households with mild food insecurity and 50% lower
(95% CI = =72%, —11%) for girls living in households with moderate to severe food insecurity [17].
Less extreme examples include well-documented correlations between markers of socioeconomic
status and age at menarche. Among Colombian girls, mean age at menarche differed by approxi-
mately 1 year between extremes of a socioeconomic status variable based on parental occupation,
with girls from wealthier households reaching menarche earlier than girls from more disadvantaged
backgrounds [3]. In addition, girls living in larger households and smaller cities reached menarche
later than girls living with fewer family members and girls living in large cities, respectively [3].
Although these relations may not be surprising in a developing country, similar relations have been
observed in Europe. For example, among girls born in France between the 1920s and the 1950s,
nearly identical associations of occupation-based socioeconomic status, place of residence, and fam-
ily size with age at menarche are observed [18]. On the other hand, in an ethnically diverse group
of girls living in New York City in the late 1990s, earlier pubertal development was related to lower
maternal education, a proxy for lower socioeconomic status [19]. Although this last study is appar-
ently at odds with the previously mentioned studies, when worldwide trends in childhood obesity (as
an extreme phenotype of positive energy balance) and their relation with socioeconomic status are
considered, it is clear that the apparent differences could be a function of changing patterns in the
relation between childhood body weight and socioeconomic status across countries and over time.
Specifically, in developing countries and in previous generations in the developed world, children
from wealthier families were heavier (and more likely to be overweight) than worse-off children
but this relation has recently reversed and currently in the developed world, and increasingly in the
developing world, it is poverty that is related to higher body weight and obesity [20]. Therefore, the
relations of socioeconomic characteristics with the timing of menarche may represent, to a large
extent, the relation between prepubertal body size and sexual maturation.

The relation of childhood body size, as a marker of energy balance, and the onset of puberty has
been known for a long time. By the 1960s it had been recognized that female mice from smaller
litters (and hence with more food available to them compared to mice from large litters) grew faster
and entered puberty earlier than female mice from large litters [21]. It was further recognized in this
early work that the timing of puberty in female mice was determined by attained weight rather than
chronological age [21]. Similar observations followed in humans. Most notably, work by Frisch in
the 1970s documented that, although there were substantial differences in age at menarche, attained
weight at menarche appeared to be invariant in multiple study populations [22-25]. Based on this
work, she further hypothesized that a minimum amount of stored body fat, initially estimated as an
absolute weight of 48 kg and later revised to 17% of body weight as fat [22,23,25,26], was necessary
for the initiation of menses in girls. Additional work by Frisch and others in the 1970s and 1980s
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documented how high levels of energy expenditure also delayed menarche. This work, focused on
girls engaging in high energy expenditure activities such as professional ballet and competitive
sports programs, showed drastic delays in the onset of menses associated with these activities. For
example, compared to girls who did not participate in competitive sports, those who did reached
menarche approximately 1 year later, and elite performers—girls who were candidates to join U.S.
Olympic teams—reached menarche approximately 2 years later [27]. A similar study found that
among girls who started competitive sports training (swimming and track) before menarche, each
additional year of competitive training delayed the onset of menses by 5 months [28]. Likewise,
ballet dancers reached menarche nearly 3 years later than control girls [29], and the prevalence
of primary amenorrhea at age 18 years was 12% among girls enrolled in a professional ballet
program [30].

These early findings have been extraordinarily consistent across populations and over time
[31-40]. A particularly remarkable example worth highlighting is that of the correlation between
prepubertal body mass index (BMI) and the incidence rate of menarche. In four separate studies
the rate at which girls reached menarche was approximately 2-fold when comparing the heavi-
est to the leanest girls within each study [31-34]. Specifically, the hazard ratios (95% confidence
intervals) for reaching menarche comparing top to bottom categories of prepubertal BMI were 2.5
(L.5, 4.3) among German girls [31], 2.2 (1.7, 2.9) among girls in California, USA [33], 2.0 (1.2, 3.4)
among girls in Massachusetts, USA [32], and 2.2 (1.4, 3.6) among Canadian girls [34]. Equally
consistent have been the findings on the relation between physical activity and the onset of menses,
including the fact that strenuous, but not moderate, physical activity delays menarche. For example,
Colombian girls who engaged in sports activities for 2 hours/day or more in the years preceding
menarche reached this milestone on average 3.5 months later than girls who did not engage in
sports, yet girls who engaged in sports less often did not differ from nonactive girls in the tim-
ing of menarche [3]. Similarly, Canadian girls participating in dance, ballet, gymnastics, or figure
skating clubs were 50% (95% CI: —20%, —70%) less likely to have reached menarche than controls
matched on date of birth [41]. This association, however, was driven by girls who were in competi-
tive teams who were 70% (—20%, —-90%) less likely to have reached menarche than all other girls in
the study [41]. Likewise, among 8- to 12-year-old premenarchal girls in Germany, those in the third
and fourth quartiles of time spent in sports activities at baseline were 60% (—30%, —80%) and 70%
(=50%, —90%) less likely to experience menarche in the following 2 years than girls in the lowest
quartile [31]. Girls in the second quartile, however, reached menarche at the same rate as the least
active girls [31].

Consistency notwithstanding, this factor alone is not sufficient to conclude that the relation
between adiposity and menarche is causal. In support of a causal relation, early life risk factors
for childhood obesity have been related to age at menarche. Factors associated with a greater
risk of childhood obesity, including pre-pregnancy overweight and obesity, excessive gestational
weight gain, smoking during pregnancy, and high growth velocity during infancy [40,42—44],
have been related to earlier age at menarche. In addition, changes in BMI between age 7 and 8
years were strongly related to the onset of menses among Korean girls. Specifically, girls in the
highest quartile of weight gain were 6.4 (95% CI: 1.2, 34) times more likely to reach menarche
before age 12 than girls in the lowest quartile of weight gain [38]. Also supportive of a causal
relation were the results of a Mendelian randomization study in which a genetic risk score for high
BMI, based on risk alleles identified in genome-wide association studies for BMI, was related to
age at menarche. In this study, the risk of experiencing menarche before age 12 years increased
by 6% (95% CI: 3%, 8%) for each additional risk allele a woman carried [45]. Lastly, the effects
on menarche of a cluster randomized trial previously found to reduce childhood obesity in girls
[46] also argues in favor of a causal relation. A secondary analysis of this trial limited to girls
who were premenarchal at baseline found that the rate of initiation of menses was reduced by 26%
(95% CI: —13%, —34%) among girls assigned to intervention schools than among those assigned
to control schools [47].
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The elucidation of a mechanism linking body fat stores with the hypothalamic—pituitary regula-
tion of ovulation has further clarified the nature of the relation between adiposity and the onset of
menses. Leptin, a peptide hormone produced in the adipocyte, was originally identified as a key cen-
tral regulator of appetite and energy balance [48—50]. Some of the reproductive characteristics of the
leptin-deficient mouse (0b/ob) also suggested that leptin could also be involved in the central control
of hypothalamic—pituitary—gonadal (HPG) axis. Although early signs of sexual maturation take
place in the female 0b/ob, ovulation never ensues, rendering these mice sterile [51]. Morphological
evaluation of the ovaries of 0b/0b mice reveals normal numbers of primordial, primary, and second-
ary follicles but absence of antral follicles and corpora lutea, relative to wild-type mice [52]. Further,
administration of recombinant leptin to ob/ob mice restores ovulation and fertility [51,52]. Recent
work suggests a more specific localization of leptin’s action within the hypothalamus. Targeted
deletion of the leptin receptor in hypothalamic yaminobutyric acid (GABA)ergic neurons results
in delayed onset of puberty and decreased fecundity but the same deletion in hypothalamic gluta-
matergic neurons has no impact in reproductive function [53]. In healthy children and adolescents,
serum leptin concentrations are positively related to total body fat, pubertal stage [54-56], and
serum concentrations of reproductive hormones [55,56], and inversely related to age at menarche
[57]. Moreover, humans with genetic deficiency of leptin have a reproductive phenotype similar to
that of ob/ob mice, and are also responsive to administration of leptin [58—61]. Interestingly, treat-
ment with leptin does not accelerate puberty. Instead, genetically deficient humans treated with
leptin undergo puberty within the expected chronological age window, suggesting that, rather than
a trigger, leptin may act as a permissive factor in the progression of puberty in the presence of other
leptin-independent signals [60].

Further evidence of leptin’s permissive role comes from studies on the role of kisspeptin on
sexual maturation and on the interactions between leptin and kisspeptin on pubertal development.
As is the case with leptin, rodents and humans with loss of function mutations in the genes encoding
kisspeptin (KissI/KISSI) or its receptor (Gpr54/GPR54) do not undergo pubertal development and
have hypogonadotrophic hypogonadism [62,63]. Moreover, studies of selective deletion of leptin
receptors in neurons expressing kisspeptin show that these animals have normal pubertal devel-
opment, suggesting that direct leptin action on these neurons is not necessary for normal sexual
maturation [64]. However, and unlike leptin, kisspeptin does not appear to be directly responsive to
energy balance. For example, postnatal exposure of female rats to a high-fat diet, which results in
obesity, predictably increases the frequency of irregular estrous cycles and circulating leptin levels
but does not influence hypothalamic mRNA levels of Kiss/ [65]. However, leptin does appear to
influence kisspeptin to some extent, as evidenced by the relative deficiency of mRNA Kiss! levels
in ob/ob mice, which is partially restored on treatment with leptin [66]. Although these findings
suggest that kisspeptin may rely on leptin signaling for sensing the environment for cues on energy
availability, study findings in this field are not entirely consistent. For example, recent work suggests
that although leptin and kisspeptin do interact, this interaction arises only after pubertal develop-
ment [67]. Although both leptin and kisspeptin are clearly important in sexual maturation, the pre-
cise nature of their interactions in the control of the onset of puberty and the maintenance of ovarian
function remains an area of active investigation.

1.2.2 ENErGETIC FACTORS AND OVULATION IN ADULT WOMEN

Most of the discussion in Section 1.2.1 on the need of a minimum amount of body fat for the ini-
tiation of menses also appears to apply to the maintenance of ovulatory cycles in sexually mature
women. In fact, much of the earlier work on body weight, physical activity, and menarche also
documented that leanness and strenuous exercise resulted in secondary amenorrhea and menstrual
cycle irregularities [28-30]. Additional examples of how loss of adipose tissue suppresses ovula-
tion in postmenarchal women include the well described secondary amenorrhea found in women
suffering from eating disorders [68] and the seasonal patterns in fecundity present in agricultural
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societies related to seasonal patterns in food availability and body weight [69]. It is currently known
that the effects of undernutrition on anovulation are the result of hypothalamic dysfunction and
decreased gonadotropin secretion [70], which, as discussed in Section 1.2.1, may be secondary to
leptin deficiency.

Overweight and obesity, on the other end of the body weight spectrum, represent a challenge to a
single mechanism governing the relation between adipose tissue stores and ovulation. If the mecha-
nisms described for menarche and malnutrition-related secondary amenorrhea were the only ones
governing how the HPG senses environmental cues related to energy stores in adipose tissue, one
would expect that overweight and obese women would either have the same frequency of anovula-
tion and infertility associated with anovulation as normal weight women or that the frequency of
these conditions would be lower among women with excess body weight. This is clearly not the
case. In fact, multiple studies have documented a greater frequency of anovulation and infertility
among overweight and obese women than among normal weight women.

Jensen and colleagues reported that, among 10,903 Danish women who had planned their pregnan-
cies, being overweight or obese (BMI > 25 kg/m?) was associated with an 82% (50-120%) increased
risk of infertility compared to women with a BMI between 20 and 25 kg/m? [71]. Similarly, in a
study of 7327 American women who had planned their pregnancies, being obese (BMI > 30 kg/m?)
was associated with an 18% (5-28%) lower chance of pregnancy in a given cycle when compared
to women with a BMI between 18.5 and 24.9 kg/m? [72]. Likewise, Lake and collaborators found
that being obese (which was defined as BMI > 28.6 kg/m?) at age 23 was associated with a 33%
(13-48%) lower chance of conception per cycle in a group of 3327 women representative of the
general UK population in comparison to lean women (BMI 18.8-23.8 kg/m?) [73].

Other time-to-pregnancy studies have found evidence of decreased fecundity among both over-
weight and obese women. Hassan and colleagues found that, compared to women with a BMI
between 19 and 24.9 kg/m?, the relative risk (95% CI) of infertility for women who were either
overweight or class I or class II obese was 2.2 (1.6, 3.2) and 6.9 (2.9, 16.8) for class III obese women
[74]. In the largest retrospective time-to-pregnancy study to date (47,835 couples), the risk of infer-
tility was 27% (18%, 36%) higher among overweight women, and 78% (63%, 95%) among obese
women when compared to normal weight women [75]. Likewise, in the largest prospective time-
to-pregnancy study conducted to date (1651 couples) the probability of becoming pregnant in any
menstrual cycle decreased linearly with increasing BMI [76].

Although time-to-pregnancy studies do not provide direct evidence that problems with ovulation
are the underlying cause of delayed conception, disordered ovulation has been the underlying cause
of infertility most commonly associated with overweight and obesity in studies investigating spe-
cific underlying diagnoses. In a case-control study involving 308 cases of ovulatory infertility, nul-
ligravid women who were more than 120% of their ideal body weight according to the Metropolitan
Life Insurance tables had twice the risk of ovulatory infertility than nulligravid women between
85% and 120% of their ideal body weight [77]. Grodstein and collaborators obtained similar results
in a case-control study of 597 nulligravid women who received a diagnosis of ovulatory infertility
as their primary or secondary infertility diagnosis. In this study, women with a BMI > 27 kg/m? had
three times the risk of ovulatory infertility than women with a BMI between 20 and 24.9 kg/m?.
Furthermore, when specific pathologies were examined, the association between BMI and ovula-
tory infertility was strongest for women with polycystic ovary syndrome (PCOS; 6-fold greater risk)
and women with hypogonadism (3.6-fold greater risk) [78].

In the Nurses” Health Study II cohort, risk of ovulatory infertility increased linearly with increas-
ing BMI even within the range of BMI considered normal. Women with a BMI at age 18 of 22 kg/m?
or higher were at an increased risk of ovulatory infertility compared to women with a BMI between
20 and 21.9 kg/m?, the lowest risk BMI category. Risk increased linearly with greater BMI levels
at age 18, reaching a plateau at a BMI 30 kg/m? or higher, which was associated with a 2.7-fold
greater risk of this condition [79]. In a subsequent analysis of the cohort, there was a J-shape relation
between adult BMI and risk of ovulatory infertility, similar to that described for BMI at age 18 [80,81].
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However, for adult BMI the range associated with the lowest risk of infertility is slightly wider than
for adolescent BMI, from 20 to 24 kg/m?, and the risk of infertility does not appear to plateau at any
BMI level [80]. In addition, overweight and obesity were not associated with infertility due to other
common causes of infertility in this cohort [81] (Figure 1.1).

Obesity leads to a wide range of systemic alterations including changes in circulating levels of
adipokines, reproductive hormones, and markers of endothelial dysfunction and systemic inflam-
mation as well as metabolic disturbances in lipoprotein metabolism, glycemic control, and increased
insulin resistance. This makes it difficult to distinguish obesity-induced changes that are responsible
for its effects on ovulation and fertility from changes that are epiphenomena. The strongest evidence
to date suggests that the effects of obesity on glycemic control and insulin sensitivity may be impor-
tant factors regulating ovulation.

The strongest evidence suggesting a role of glycemic control in ovulation comes from studies
of the effects of antidiabetic medications and other clinical interventions on clinical manifesta-
tions of PCOS. Oral antidiabetic medications, including thiazolidinediones [82], metformin [82],
d-chiro-inositol [83], and acarbose [84,85] improve ovulation rates and menstrual cycle regularity
among women with PCOS, clearly showing an effect of insulin resistance and glycemic control on
ovulatory function. There is also some evidence that improvements in ovulatory function result-
ing from antidiabetic medications may translate into improved fertility in women with PCOS. In
a recent randomized trial, women with PCOS planning to undergo in vitro fertilization (IVF) for
infertility treatment were allocated to metformin (2000 mg/day) or placebo [86]. Women allocated
to the metformin arm had significantly more live births (49%) than women in the placebo group
(32%), but this effect was due primarily to a doubling in the spontaneous pregnancy rate before
initiation of IVF in the metformin group (20% metformin vs. 10% placebo) rather than to effects of met-
formin on live births among the women who underwent IVF (38% metformin vs. 29% placebo) [86].
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FIGURE 1.1 Body mass index in relation to (a) infertility due to ovulation disorders and (b) other causes of
infertility. (Adapted from Chavarro JE et al. Obstet Gynecol, 110:1050-1058, 2007.)



Nutrition and Ovulatory Function 7

Modest weight loss (5—-10% of initial body weight) appears to have effects similar to those of
antidiabetic medications among women with PCOS, as it also improves ovulatory function [87].
Among women losing weight through diet, the absolute amount of weight loss appears to be more
important for improvements in reproductive function than the specific macronutrient composition
of weight loss diets [88]. Similarly, among morbidly obese PCOS women undergoing bariatric
surgery, the amount of weight loss appears to be related to the improvement in menstrual cyclicity
[89-91].

The relations between glycemic control and insulin sensitivity and ovulatory function and fer-
tility do not appear to be limited to women with PCOS. For example, oligomenorrheic non-PCOS
infertile women are more likely to be insulin resistant and to have postprandial hyperinsulinemia
than eumenorrheic infertile women [92]. Similarly, diabetic women in the general population have
significantly lower fecundability than nondiabetic women [93]. Moreover, in a study of healthy
pregnancy planners from the general population, HbAlc levels within the nondiabetic range were
inversely related to fecundability and positively related to characteristics of PCOS (free testoster-
one levels and cycle irregularity) [94]. These data suggest that glycemia and insulin resistance are
important determinants of ovulatory function even within nonpathologic ranges and may be the
underlying physiologic mechanisms explaining the consistently observed relation between excess
body weight and ovulation disorders.

1.3 DIET COMPOSITION AND OVULATORY FUNCTION

1.3.1  Dier AND MENARCHE

Although data on the relation between specific dietary factors and the onset of menses are not
as strong as the evidence showing the strong control of energy availability on ovulation, a grow-
ing literature suggests that some specific dietary factors may also influence the onset of menses.
Nevertheless, the most consistent finding across studies examining the relation between diet and the
onset of menses is the lack of association between dietary factors and menarche above and beyond
their contribution to energy balance.

Most of the initial literature on the potential role of dietary factors on menarche focused on
macronutrients (fat, protein, and carbohydrates) and most found no relation between intake of these
nutrients and menarche [32,33,41,95]. For example, Koprowski and colleagues found that the hazard
ratio (95% CI) of menarche comparing girls in the top and bottom quartiles of intake was 0.9 (0.7,
1.2) for total carbohydrate intake, 1.1 (0.8, 1.5) for total protein intake, and 1.0 (0.8, 1.3) for total fat
intake [33]. In addition, although some studies did report associations with macronutrient intakes,
associations were not consistent across studies. For example, although Merzenich and colleagues
found that the risk of experiencing menarche was approximately 2-fold higher among girls in the
top quartile of total fat intake [31], Koo and collaborators found exactly the opposite: the risk of
menarche for girls in the top quartile of total fat intake was half of that of girls in the bottom quartile
[96].

An exception worth consideration, however, has been the association between protein intake, or
its primary dietary sources, with age at menarche when protein from animal and vegetable sources
are considered separately. Specifically, data suggest that intake of protein from animal sources may
accelerate the onset of menses whereas protein from vegetable sources may delay it [97-100]. In a
study that followed 230 premenarchal girls from Southern California throughout puberty in the late
1970s and early 1980s, higher prepubertal meat intake was associated with a significantly earlier
age at menarche, approximately 6 months earlier, whereas intake of nuts, beans, and legumes was
associated with significantly later menarche, approximately 5 months later [97]. Similarly, animal
protein intake accelerated whereas vegetable protein delayed age at menarche among girls born
in the 1930s and 1940s in the Boston, USA area who were prospectively followed from birth [98].
These findings have been corroborated in recent studies. For example, in the DONALD Study
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(Dortmund Nutritional and Anthropometric Longitudinally Designed Study), a prospective cohort
study following German children from infancy through adulthood, girls with the highest intake
of animal protein at age 5—6 years reached menarche on average 10 months earlier than girls with
the lowest animal protein intake, whereas girls with the highest vegetable protein intake reached
menarche on average 6 months later than girls in the lowest vegetable protein intake [99]. Similarly,
in the ALSPAC Study (Avon Longitudinal Study of Parents And Children), a prospective cohort
study of British children followed from pregnancy, a 1 standard deviation increase in animal protein
intake at age 7 accelerated the onset of menses by 17% (95% CI: 7%, 28%); meat intake showed
a similar association [100]. A possible link between protein and sexual maturation is insulin-like
growth factor I (IGF-I). Intake of protein from animal sources has been longitudinally related to
higher circulating levels of IGF-I later in childhood and with acceleration in somatic growth [101-104].
Whether this well-known effect of animal protein is responsible for the described relations with age
at menarche remains to be determined.

Another recent intriguing finding is that of the relation between soy-based foods and soy iso-
flavones with age at menarche. In the ALSPAC Study, girls who were fed primarily soy-based
formulas starting at or before the fourth month of life reached menarche earlier than girls raised on
other infant feeding methods [105]. This association was of borderline statistical significance; the
hazard ratio (95% CI) of menarche for girls with early soy exposure was 1.25 (0.92, 1.17) relative
to girls who were initially fed dairy-based formulas. It should also be noted that a major problem
of this study was the massive loss to follow-up, which raises concerns of selection bias. Analysis of
the relation between soy and pubertal development in the DONALD Study also suggests that soy
may influence the timing of puberty. Specifically, girls with the highest prepubertal (approximate
age 7 years) intakes of isoflavones started breast development (attaining B2) 8 months earlier,
reached peak height velocity 7 months earlier, and experienced menarche 5 months earlier than
girls with the lowest intakes of isoflavones [106]. Differences in age at menarche were not statisti-
cally significant, however [106]. Although phytoestrogens are generally considered to be weak
estrogens, these findings raise the possibility that the estrogenic effects of soy isoflavones may
be sufficiently high to influence pubertal development. Phytoestrogens bind the estrogen receptor
(ER) a with a 100-1000 times lower affinity than estradiol does [107-112]. However, phytoestro-
gens can bind membrane ERs with greater affinity than they bind nuclear receptors and, through
the membrane receptors, induce transcription activity to the same extent that estradiol does [113].
Moreover, castrated male sheep feeding on phytoestrogen-rich pastures present development of
mammary glands, lactation, and squamous metaplasia of the prostate and other accessory glands
accompanied by enlargement of Cowper’s gland [114]. The results from the two studies examining
the relation between soy and pubertal development in humans are certainly intriguing and suggest
that further examination of the relation of soy and soy-derived products with the onset of puberty
is warranted.

The relation between intake of micronutrients and age at menarche has been extremely inconsis-
tent but there are a few findings worth highlighting. In a study aimed at comprehensively assessing
diet in relation to menarche, Maclure and colleagues reported a strong association between vitamin
A intake and earlier menarche [32]. Specifically, the hazard ratio (95% CI) for reaching menarche
comparing girls consuming more than 30,000 IU/day of vitamin A to girls consuming less than
10,000 IU/day was 5.8 (2.6, 13) [32]. Despite the surprising strength of the association (substantially
stronger than the associations of BMI and height with menarche in the same study), the authors sug-
gested that this may represent a chance finding due to multiple testing. Another intriguing finding
is a recent report of an association between plasma vitamin D levels and age at menarche. In this
study, 242 premenarchal girls were prospectively followed for approximately 3 years. Girls who
were vitamin D deficient at baseline (25-hydroxyvitamin D [25(OH)D] < 50 nmol/L) were two times
more likely to reach menarche during follow-up than girls who were vitamin D sufficient at baseline
(275 nmol/L), even after adjustment for baseline BMI [115]. The mechanisms explaining this rela-
tion are not clear, however.
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1.3.2 Dier AND OvuLATION IN ADULT WOMEN

1.3.2.1 Macronutrients

Specific macronutrients have been proposed to affect ovulatory function through effects on insu-
lin and glucose metabolism. As discussed in Section 1.2.2, insulin resistance, hyperinsulinemia,
and hyperglycemia appear to be critical in the development of PCOS, and antidiabetic medica-
tions appear to have beneficial effects on ovulatory function and fertility in these women. These
mechanisms seem to also play a role in ovulation among women with little to no clinical evidence
of PCOS. Taken together these data support the notion that improvements in insulin sensitivity
through diet could have similar effects.

1.3.2.1.1 Dietary Fat

Data from animal studies show that oocytes metabolize free fatty acids (FFAs) [116,117] and similar
to animals, palmitic (saturated fatty acid [SFA]), stearic (SFA), and oleic (monounsaturated fatty
acid [MUFA]) acids are the predominant FFAs in human ovarian follicles [118]. In animal experi-
ments, elevated levels of follicular palmitic and stearic acids were associated with impaired oocyte
maturation, suggesting that saturated FFAs could have direct adverse effects on oocytes [119]. This
was confirmed recently in humans. A small study from Iran found that increased levels of saturated
fatty acids and a higher ratio of SFA to polyunsaturated fatty acids (PUFAs) was negatively corre-
lated with the number of mature oocytes [120]. Polyunsaturated fats, on the other hand, have shown
beneficial effects on folliculogenesis. Studies in female cattle and other mammals have shown that
diets with higher amounts of polyunsaturated fats increased the number and size of ovarian fol-
licles, the ovulation rate, and progesterone production by the corpus luteum [121-123]. Similarly,
in humans, higher intakes of PUFAs have been associated with improved metabolic and endocrine
characteristics in women with PCOS [124].

In contrast to cis unsaturated fatty acids, consumption of trans fats has been associated with
greater insulin resistance [125] which may adversely affect ovulatory function [126]. Results from
a prospective cohort study of more than 18,000 women demonstrated that a 2% increase in energy
intake from trans fatty acids at the expense of carbohydrates was associated with a 73% greater risk
of ovulatory infertility after adjustment for potential confounders [127]. Moreover, when trans fats
were consumed instead of monounsaturated fats the risk more than doubled.

1.3.2.1.2  Carbohydrates

Both the quality and quantity of carbohydrate in diet influence glucose metabolism, affecting insu-
lin sensitivity in healthy individuals [128,129]. Dietary glycemic load, a summary measure of the
amount and quality of carbohydrates in the diet, has been shown to be positively related to risk
of ovulatory infertility [130]. Specifically, women in the highest quintile of dietary glycemic load
had 92% higher risk of ovulatory infertility than women in the lowest quintile after adjustment for
confounders. These results are supported by two smaller studies among women with PCOS. In the
first, it was shown that higher intake of high glycemic index foods, particularly white bread and
fried potatoes, was more prevalent among 30 women with PCOS than among 27 control women
[131]. In a second crossover feeding trial, it was shown that when 11 women with PCOS consumed a
low-carbohydrate diet (43% vs. 56% of energy) there were beneficial reductions in free testosterone
levels that could subsequently enhance ovulatory function [132].

Supporting evidence for a role of carbohydrates in ovulatory function also comes from literature
on vegetarian diets. Vegetarian diets have been associated with a higher incidence of menstrual
irregularities and depressed levels of luteinizing hormone (LH) and estrogens [133—135]. Although
it is hard to disentangle the effects of various nutrients that differ between vegetarian and nonveg-
etarian diets, dietary fiber has emerged as one potential explanation. Controlled trials have shown
that diets high in fiber result in lower levels of estrogen throughout the menstrual cycle [136—140]. A
cohort study of normally menstruating women from the United States found similar results as well
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as an increased risk of incident anovulation in the women consuming >22 g/day of fiber [141]. In
contrast, total fiber intake was unrelated to ovulatory infertility in a much larger cohort study [130].

1.3.2.1.3 Proteins

The amount and source of protein in the diet have been found to influence insulin sensitivity [142—145],
which could subsequently influence ovulatory function. Two small randomized trials compared the
effects of a hypocaloric low-protein (15% of energy) versus high-protein (30% of energy) diet on
reproductive function among overweight women with PCOS [146,147]. However, in both studies,
the protein content of diet had no effect on reproductive function despite improvements in menstrual
regularity [146] and reductions in circulating androgens [147]. A more recent 6-month trial among
PCOS women investigated the effects of a high-protein diet (>40% of energy from protein and 30%
of energy from fat) versus a standard protein diet (<15% of energy from protein and 30% of energy
from fat) with no calorie restriction [148]. Although replacement of carbohydrates with protein
improved weight loss and glucose metabolism, there was no effect on testosterone or sex hormone
binding globulin levels [148].

Data from the general population are somewhat conflicting. In a large cohort of more than 18,000
women, consumption of protein from animal sources, including chicken and red meats, was asso-
ciated with an increased risk of infertility due to anovulation, whereas consuming protein from
vegetable sources appeared to have the opposite effect [149]. Specifically, consuming 5% of energy
as vegetable protein rather than carbohydrates was associated with a 43% lower risk of ovulatory
infertility, and consuming 5% of energy as vegetable protein as opposed to animal protein was
associated with a more than 50% lower risk of ovulatory infertility. Differential effects of different
types of protein are consistent with the relation between protein intake and menarche discussed
earlier. There are at least two not mutually exclusive mechanisms explaining differential effects
of protein on ovulatory function. The presence of hormone residues in meat products, particularly
in beef, is one of the purported mechanisms. Anabolic sex steroids are administered to cattle for
growth promotion 60-90 days before slaughter in the United States; this practice is also approved
in Canada, Australia, New Zealand, South Africa, and Japan, among other countries, but banned
in the European Union [150]. The main hormones used for this purpose are estrogen, progesterone,
testosterone, and three synthetic hormones (zeranol, melengestrol acetate, and trenbolone acetate).
Hormone residues in edible tissues are higher in treated than in untreated animals [151,152] and
there is concern that hormonal residues in edible tissues may cause adverse reproductive conse-
quences [153]. It is also possible that the differential effect of various protein sources on insulin
sensitivity could be one mechanism explaining these findings [154,155].

1.3.2.2 Micronutrients

Micronutrients have long been suspected to be key players in the process of folliculogenesis and
ovulation, as evidenced from early case reports [156—164]. Many, but not all [156,157], of these
reports are among women with celiac disease, a condition associated with a higher frequency of
infertility and micronutrient deficiencies, most commonly of iron, folic acid, vitamin B,,, and vita-
min D [164,165]. A growing body of literature suggests these micronutrients may be important in
female ovulatory function and fertility.

1.3.2.2.1 Folate

Low folate intake has been linked to reduced cell division; disrupted methylation reactions; and
increased inflammatory cytokine production, oxidative stress levels, and apoptosis, all of which
could subsequently affect oocyte development [166]. Animal and human data confirm this, show-
ing that folate is indispensable during mammalian folliculogenesis and embryogenesis. As early
as the 1960s, it was shown in the immature superovulated rat that either an excess or deficiency of
folates partially inhibited ovulation [167]. In rhesus monkeys, a folate-restricted diet led to irregular
menstrual cycles and progressively depleted ovarian granulosa cells, which decreased preovulatory
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serum estradiol and mid-luteal progesterone [168]. The authors of these articles hypothesized that
folate deficiency could lead to an “ineffective” process or “abortive” attempt at cell reproduction,
the functional consequences of which would be reflected in the reduced biosynthesis of the sex
hormones in these germ cells.

In a prospective cohort study of U.S. reproductive-aged women, low intake of dietary synthetic
folate was significantly associated with lower luteal progesterone levels and increased odds of
anovulation [169]. In women attending a fertility clinic, carriers of the T allele in position 677 of
the MTHFR gene had decreased ovarian responsiveness to follicle-stimulating hormone (FSH),
fewer oocytes retrieved [170], and granulosa cells that produced less estradiol (basal and stimulated)
compared to wild-type allele carriers [171]. Similar effects have been found among carriers of the
MTHFR A1298C variant [172]. In a cohort study, women attending an IVF clinic who received a
folic acid supplement had better quality oocytes and a higher degree of mature oocytes compared
to women who did not receive folic acid [173]. Finally, a prospective cohort study involving more
than 18,000 participants showed that women in the top two quintiles of folic acid intake (median
intakes 726 mcg/day and 1138 mcg/day, respectively) were 40% less likely to develop infertility
due to anovulation than women in the lowest quintile of intake (median intake 243 mcg/day) [174].

1.3.2.2.2  Vitamin D

Physiologic and experimental data in animal models strongly suggest that vitamin D plays an
important role in reproduction. Expression data shows that the vitamin D receptor (VDR) is pres-
ent in the ovary [175,176], the endometrium [175], and the placenta [177]. Vitamin D has also been
found to stimulate the production of estradiol and progesterone in ovarian [176] and placental tissue
[178], and to regulate the expression and secretion of human chorionic gonadotropin in human syn-
cytiotrophoblasts in vitro [179]. Female rodents fed a vitamin D-deficient diet have reduced fertility
[180,181]. Knockouts for VDR and la-hydroxylase, which catalyzes the hydroxylation of 25(OH)D
into the biologically active 1,25(0OH),D, shed additional light into the role of vitamin D in reproduc-
tion. Female knockout mice have decreased fertility as a result of uterine hypoplasia, impaired fol-
licular development, and anovulation [182—184]. Calcium supplementation partially reverses these
reproductive effects in the knockout models [181,185] and in the nutritional deficiency model [181],
while vitamin D supplementation reverses them in the deficiency model [180], suggesting that there
may be a combination of direct effects of vitamin D deficiency and effects mediated through sec-
ondary derangements in calcium and phosphorus homeostasis.

In humans, some studies have found vitamin D levels to be inversely related to markers of hyper-
androgenism among women with PCOS including total testosterone levels [186—188], free andro-
gen index (FAI) [186,189], dehydroepiandrosterone (DHEAS) [187], and Ferriman—Gallway scores
[186,188]. However, these associations are not consistent across studies [186—189], and one study
found no association [190]. In addition, most of these studies failed to account for body weight,
which is perhaps the strongest confounder owing to its inverse relationship to vitamin D levels in the
body [191,192]. In the few studies that were able to account for body weight, the associations disap-
peared [189] or were of reduced magnitude [188], suggesting that the associations between vitamin
D status and PCOS or its endocrine features may be partially explained by adiposity.

Further evidence for a role of vitamin D on ovulatory function can be drawn from studies on
seasonal variation. Serum 25(OH)D levels are highest during the summer and autumn and lowest
during winter and spring. In northern countries, where a strong seasonal contrast in luminosity
exists, ovulation rates have been shown to be reduced during long dark winters [193]. Studies on
vitamin D and early outcomes of IVF are conflicting, with one finding a beneficial effect of high
25(OH)D levels on pregnancy rates [194], one finding no difference [195], and one other finding a
detrimental effect of high 25(OH)D levels on embryo quality and pregnancy rates [196]. Findings
from the Nurses” Health Study II also do not support the beneficial effects of dietary vitamin D on
ovulatory function as they found no association between vitamin D intake and risk of ovulatory
infertility [197].
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1.3.2.2.3 Iron

Iron status may also be important for ovulation, as highlighted by the presence of transferrin and its
receptor in granulosa cells and oocytes [198—200]. It has also been reported that granulosa cells can
synthesize transferrin, which may be translocated to the oocytes [200]. Although it is possible that
transferrin and its receptor are redundant in the ovary or do not play an important role in local iron
metabolism, it has been suggested that these proteins are essential for ovum development and are
required to support the increased iron demand of the developing follicle [199]. Additional evidence
for a role of iron comes from studies documenting a higher risk of infertility among women with
subclinical celiac disease. Undiagnosed celiac disease is more common among women with unex-
plained infertility than among fertile controls [164,201]. Moreover, some of these infertile women
have signs of iron deficiency including iron deficiency anemia [164] and low ferritin levels without
evidence of other nutrient deficiencies [201]. Intake of nonheme iron was found to be related to
lower risk of infertility due to anovulation in a large prospective cohort study [202]. Women in the
highest quartile of nonheme iron intake (median intake 76 mg/day) had 40% lower risk of infertility
due to anovulation than women in the lowest quintile of intake (median intake 9.7 mg/day). Heme
iron intake was unrelated to fertility in this study [202].

1.3.2.3 Other Dietary Factors

No summary of the relation between diet and ovulatory function would be complete without a dis-
cussion of the two most researched nutrients—caffeine and alcohol—which have garnered attention
mainly because of their proposed roles as reproductive toxicants.

1.3.2.3.1 Caffeine

A variety of pathophysiologic effects of caffeine on sex hormones and ovulatory function exist.
Animal models suggest that caffeine can inhibit oocyte maturation or enhance steroid production
via inhibition of phosphodiesterase [203] or may interfere with estrogen metabolism via inhibition
of aromatase, the key enzyme responsible for converting androgens to estrogen [204]. Studies in
women have found positive [205], inverse [206—208], and null [209] associations between caffeine
intake and estradiol levels while no studies have shown effects of caffeine on ovulatory function
[208,210]. Two large cohort studies also found no association between caffeine intake and risk of
ovulatory infertility [211,212]. In addition, among the prospective studies on caffeine and fertility,
four studies showed no relation between caffeine and fertility [213-216], one study showed slightly
higher fertility among caffeine consumers [217], and two studies suggested a deleterious effect
[218,219]. Taken together these results suggest that even though moderate caffeine intake may alter
estrogen levels, these alterations are not within a range that affects ovulatory function or fertility.
On a related note, more studies are moving away from focusing on caffeine and instead concen-
trating on sugary beverages. Both human and animal studies have shown that diets high in sugars,
particularly in liquid form, result in insulin resistance [220-222], which could impact ovulatory
function and the pathogenesis of polycystic ovary syndrome. Two small studies found no association
between soda and premenopausal reproductive hormones [205,223]; howeyver, a larger, more recent
study found that sweetened soda intake (>1 cup/day) was associated with elevated follicular free
and total estradiol [224] levels, which mirrors the endocrine effects seen in animal models [225].
Despite this increase in estradiol, however, there was no impact on ovulation in this study [224]. This
is in contrast to findings from the Nurses’ Health Study II. In this study, women consuming two or
more caffeinated soft drinks per day had a 47% greater risk of ovulatory infertility than women who
consumed less than one caffeinated soft drink per week. Four additional studies have also reported
significant associations between caffeinated soft drinks and decreased fecundibility [215,226-228].

1.3.2.3.2  Alcohol

In animal models, ethanol has been reported to suppress plasma estradiol, luteinizing hormone, and
progesterone levels and inhibit ovulation [229-231]. Moreover, rats maintained on a 5% ethanol
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liquid diet were shown to have decreased ovarian function, including cessation of estrous cycles
[232]. Despite these adverse effects on ovulatory function, a separate study showed that rats that
received ethanol for 16 weeks but that were not fed alcohol during their pregnancy had just as many
pups per litter as controls (that were fed no alcohol) when allowed to mate [233]. Thus, although
ethanol might adversely affect the menstrual cycle in animals, it does not appear to totally suppress
ovarian function.

In humans, the data on alcohol and reproductive hormones give divergent results. Three separate
studies by Mendelson and colleagues showed that acute alcohol intake in premenopausal women led
to increased plasma estradiol levels [234-236]. Specifically, acute alcohol intake resulting in peak
blood alcohol levels of 70—75 mg/dl within an hour (approximately three standard drinks) produced
a 55-66% increase in plasma estradiol levels above pre-drinking levels [235]. Biologically, these
results are supported. The alcohol-induced rise in estrogen levels is thought to be a consequence of
the metabolic breakdown of alcohol in the liver. Enzymatic degradation of alcohol is accompanied
by a change in the proportions of the two forms of the coenzyme nicotinamide-adenine dinucleotide
(NAD). The accumulation of the reduced form, NADH, means that the breakdown of estradiol to
estrone is less favored and so estradiol accumulates.

Whether these transient increases in estradiol translate into clinical significance is still unclear,
particularly given the high intakes necessary to observe these changes. For example, although
female alcoholics show a higher prevalence of menstrual cycle disturbances compared to control
women, this does not translate into reduced fertility [237]. Furthermore, among the prospective
studies on alcohol and fertility in the general population, three studies report decreased fertility
with increasing alcohol intake [213,219,238], two studies report no association between alcohol and
fertility [217,239], one study found decreased fertility with higher alcohol intake among women
older than 30 years of age but the opposite association among younger women [240], and one study
reported significantly decreased fertility only among slow acetylators of alcohol [216]. Thus, despite
much research to date on alcohol and ovulatory function, it is not possible to draw strong conclu-
sions and further study is clearly needed.

1.3.2.3.3 Dairy Foods

Dairy foods have been suggested as a potential reproductive toxicant through at least two mecha-
nisms. First, lactose, the main carbohydrate in milk, is cleaved in the intestine into glucose and
galactose. In animal experiments, rodents fed high amounts of galactose have decreased ovulatory
rates and develop premature ovarian failure (POF) [241,242]. This observation led to the hypothesis
that high intake of milk and dairy products may increase the risk of infertility due to ovulatory
dysfunction in otherwise healthy women [243]. In addition, dairy foods have been suggested as an
important source of environmental estrogens. Because commercial milk is a mixture of milk from
cows at different stages of pregnancy [152], dairy products contain detectable amounts of estrogens
and other hormones that increase during pregnancy [244,245] and account for 60-80% of intake
of estrogens from foods in Western countries [246]. However, few studies have been conducted in
humans [243,247,248], and their results are conflicting.

The first study to address this question compared per capita milk consumption and age-related
decrease in fertility rates in 31 countries and found an inverse relation between them [243]. However,
a case-control study following up on these findings [247] found that women consuming three or
more glasses of milk daily had a 70% lower risk of infertility than women who did not consume
milk [247]. In a subsequent prospective cohort study, no relation was found between total intake
of dairy foods and risk of ovulatory infertility [248]. However, unexpected associations between
intake of reduced fat dairy foods with higher risk of ovulatory infertility and between intake of full
fat dairy foods with lower risk of this condition were reported [248]. Although unanticipated, the
association between intake of low fat dairy and higher risk of infertility due to anovulation is con-
sistent with the well described ability of this food to increase circulating IGF-I levels [249-251] and
the potential role of the latter on PCOS [252-254]. A closer inspection of the animal models also
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suggests that diets with galactose contents that are closer to relevant intakes in humans do not result
in POF or other signs of ovarian damage [255]. Collectively, these data suggest that galactose is
unlikely to be an ovarian toxicant at the usual intake levels of humans. Although the epidemiologic
literature suggests that dairy foods may influence fertility, this literature is scarce, inconsistent, and
requires further replication.

1.3.2.3.4 Soy and Phytoestrogens

There has been much interest in the potential role of soy and phytoestrogens on reproductive func-
tion given the estrogenic activity of these compounds, which has been briefly described in Section
1.3.1. However, an equally healthy dose of skepticism has ensued given that the classical estrogenic
effects of phytoestrogens may be too small in comparison to endogenously produced estrogen, par-
ticularly in premenopausal women, and given the relatively low intake levels of phytoestrogens
in Western populations. A meta-analysis of randomized trials evaluating the effect of soy food
or purified isoflavones on reproductive hormone levels or menstrual cycle characteristics found
that, among premenopausal women, soy food or isoflavone supplementation resulted in significantly
lower circulating FSH and LH levels (approximately 20% lower) and significantly longer menstrual
cycle length (approximately 1 day longer) [256]. It is difficult to discern the clinical significance of
these findings, particularly in relation to ovulation and fertility. However a recent study suggests
that other phytoestrogens may have an important impact on fecundity. In a prospective cohort study
of couples trying to become pregnant, baseline levels of urinary lignans, specifically of enterodiol
and enterolactone, were associated with shorter time to pregnancy; urinary isoflavone levels were
not related to this outcome, however [257].

Three randomized trials of phytoestrogen supplementation among couples undergoing infertility
treatment suggest that the relation between phytoestrogens and fertility may not be due to effects on
ovulation. In one of these trials, 147 couples with unexplained infertility treated with clomiphene
citrate (CC) for ovulation induction plus timed intercourse were randomized to receive, or not, a
120 mg/day phytoestrogen supplement between days 1 and 10 of the treatment cycle (overlapping
with the CC course) [258]. Although this intervention resulted in more than doubling of the clini-
cal pregnancy rate (13.6% vs. 36.7%), there were no apparent differences between groups ovulation
parameters. There were clear differences, however, in endometrial thickness suggesting improved
endometrial receptivity. Consistent with this interpretation, two trials of infertile couples undergo-
ing intrauterine insemination (IUI) [259] or IVF [260] found that supplementation with 1500 mg/day
of phytoestrogen found a dramatic effect of this intervention on higher pregnancy rates, specifically,
nearly doubling pregnancy rates (16.2% vs. 30.3%) in the IVF setting [260] and close to a 5-fold
increase (4.4% vs. 20%) in the IUT setting [259]. The results of the study among couples undergoing
IVF is particularly telling about potential mechanisms because supplementation in this trial started
after oocyte retrieval, therefore excluding any ovarian effects and pointing toward implantation
instead. Although these results are certainly dramatic they warrant further evaluation. Particularly,
it is important to further distinguish potential effects on ovulation versus implantation or other
mechanisms and the relevance to nonsupplemented Western populations who do not have high
intakes of phytoestrogens in their diets.

1.3.2.4 Overall Patterns of Diet

Although multiple dietary factors may influence ovulation, as described in Section 1.3.2.3, the com-
bined effects of multiple dietary factors cannot always be fully characterized as the sum of their
independent effects, since this usually ignores interactions between multiple foods and nutrients.
Hence, investigator- or data-derived dietary patterns often provide more realistic estimates of the total
impact of diet on health outcomes, including measures of ovulatory function. To date, two prospective
cohort studies have examined the relation between dietary patterns and fertility. In the Nurses’ Health
Study II, an investigator-generated “fertility diet” score was strongly related to a lower risk of ovula-
tory infertility and infertility due to nonovulatory causes (Figure 1.1) [261]. The highest scores were



Nutrition and Ovulatory Function 15

assigned to women with high intakes of protein from vegetable sources, full-fat dairy foods, iron, the
ratio of monounsaturated to frans fats, and more frequent use of multivitamins; low intakes of protein
from animal sources, dietary glycemic load, and low-fat dairy foods. Women with the highest 20%
of all scores had 66% lower risk of ovulatory infertility and 27% lower risk of infertility due to other
causes than women with the lowest 20% independently of age, parity, BMI, and other potential con-
founders [261]. Furthermore, the authors estimated that, assuming these relations were causal, nearly
half of all infertility cases due to anovulation could be prevented by changes in diet composition alone,
and two thirds of the cases could be prevented by changes, in diet composition, physical activity, and
weight control [261]. The Seguimiento Universidad de Navarra (SUN) cohort, which follows univer-
sity graduates in Spain, reported similar findings. Higher adherence to a “Mediterranean pattern”
diet, characterized by higher intakes of vegetables, fruit, fish, poultry, low-fat dairy, and olive oil, was
associated with a lower risk of seeking medical help for difficulty getting pregnant [262]. Specifically,
women in the top 25% of adherence to this pattern had a 44% lower risk of difficulty getting pregnant
than women in the lowest 25%. While these two studies strongly suggest that overall diet pattern have
an impact on female fertility, further replication of these findings is warranted.

1.4 CONCLUSION

Reproduction requires enormous amounts of energy from females. As a result, evolutionary pres-
sure selecting reproductive systems capable of sensing the availability of energy in the environment
are to be expected. In humans, this sensing appears to take place, at least partly, by the production
of leptin, an adipocyte-derive peptide hormone and its central signal modulating the activity of the
gonadotropin releasing hormone pulse generator. As a result, volitional, biological, pathological,
and social conditions resulting in excessive energy expenditure or large energy deficits have been
consistently associated with delayed sexual maturation and the cessation of ovulation in sexually
mature women. On the other hand, long-term positive energy balance resulting in overweight and
obesity also influences ovulatory function through different mechanisms. Most importantly, hyper-
insulinemia and insulin resistance hinder ovulation, which, in extreme cases, can be manifested as
PCOS or PCOS-like phenotypes and in less extreme examples as sporadic anovulation and elevated
risk of infertility due to anovulation.

The relation between dietary factors and ovulatory function beyond their contribution to energy
balance has received less attention. Intake of protein from animal sources has been consistently
related to earlier onset of menses. This association could reflect the well-known effect of animal
protein on IGF-I. Intriguing findings relating vitamin D status and intakes of soy products and
vitamin A warrant further consideration. Among adult women, factors known to influence insulin
sensitivity or glycemia, primarily the macronutrient composition of diet, have been related to ovula-
tory function. In addition, some micronutrients including folate and other nutrients involved in the
one-carbon metabolism, iron, and vitamin D have been found to influence ovulation.

We have gained substantial insights on the relation between nutritional factors and ovulatory
function over the last decade, particularly about potential influences not mediated through changes
in energy balance. However, the study of the role of nutritional factors on ovulatory function, and
more generally on human reproduction, is still a nascent field.

1.5 KEY POINTS SUMMARY

1. Nutrition affects ovarian function through at least two mechanisms: energy balance and
the influence of specific macro- and micronutrients on insulin sensitivity. Some of the
associations between diet and ovarian function may involve additional, not yet fully char-
acterized, mechanisms.

2. Across all species, females spend at least three times more energy on gamete production
than males, even before considering the additional energy costs of pregnancy itself. Given
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these significant energy costs associated with ovarian activity and pregnancy, it is not sur-
prising that evolutionary pressures have produced reproductive systems that are capable
of sensing and reacting to adverse environmental conditions such as inadequate or poor
nutrition.

. Multiple studies have shown that undernutrition due to food insecurity brought about by

war, adverse climatic conditions, or low socioeconomic status have all have been linked
with significant delays in the age of onset of menarche in girls. Furthermore, high energy
expenditure associated with participation in elite sports, and an associated extremely lean
body composition, has also been linked with delayed menarche. Conversely, childhood
obesity has been correlated with an earlier onset of menarche. The physiology behind these
observations is that once a girl reaches a critical body fat content (approximately 17% fat),
the production of leptin by adipose tissue reaches a critical threshold that modulates the
brain’s production of kisspeptin, which in turn activates the hypothalamic—pituitary (HP)
axis to start producing gonadotropins and results in sex steroid hormone production from
the previously quiescent prepubertal ovary. It is these sex steroids that then produce the
breast changes of puberty and onset of menstruation.

. Extremes of energy balance, brought about by inadequate or excessive food intake or exer-

cise, are also linked with impaired ovulation. Extreme leanness (BMI < 18) due to exces-
sive dieting or exercise is associated with menstrual cycle irregularity, anovulation, and
secondary amenorrhea. In this scenario a relative deficiency in adipose leptin production,
with an associated HP axis dysfunction, is thought to be responsible. On the excess side,
overweight and obesity have been conclusively linked with an increased risk of anovula-
tory infertility, both in polycystic ovarian syndrome (PCOS) and non-PCOS cohorts, but
the correlation between BMI and anovulation is strongest for women with PCOS. Here the
etiological link between adiposity and anovulation is insulin resistance, with hyperinsu-
linemia interfering with ovarian function. Modest weight loss (5—10% of initial weight) can
normalize insulin sensitivity and result in a return to ovulation in previously anovulatory
overweight women. Antidiabetic medications have shown similar effects.

. Studies examining the effect of specific macro- and micronutrients on the onset of men-

arche have suggested that a high intake of animal protein is related to an earlier onset of
menarche, possibly reflecting the well-known ability of animal protein to boost the body’s
production of the growth factor IGF-1. Interestingly, the consumption of high amounts of
soy and vitamin A has also been linked with an earlier onset of menarche by some prelimi-
nary studies.

. Macronutrient intake during adulthood has been shown to affect ovarian function. First,

consumption of saturated and trans fats has been reported to impair oocyte maturation
and quality in both animal and human studies. Second, women who consume foods with
a high glycaemic index (white bread, sweets, and fried potatoes) have been shown to have
an increased risk of anovulation, probably mediated by the adverse effect of insulin resis-
tance on the ovary. Data linking protein and fiber intake with ovulatory function are not
consistent, making definitive conclusions impossible.

. Significant evidence supports a role for folate, vitamin D, and iron in ovulation. Low

dietary folate intake is associated with an increased risk of anovulation and lower luteal
progesterone. Conversely, boosting the body’s stores of folate through supplementation
has been shown to improve oocyte quality during IVF treatment production and possibly
increase the chances of dizygotic (fraternal or dual ovulation) twins. Vitamin D recep-
tors are present in the ovary and some evidence links low vitamin D action (nutritional
deficiency or gene knock out models) with impaired ovulation in animals and women
with PCOS. Finally, high nonheme (plant-based) iron intake has been shown to reduce the
chances of anovulatory infertility.
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8. Although caffeine and alcohol are commonly cited as important factors contributing to

anovulation and infertility, a judicious examination of current evidence does not suggest a
significant effect of either caffeine or alcohol on ovulation. High alcohol intake, however,
does increase serum estrogen levels by inhibiting hepatic clearance.

. Studies of the relation between overall dietary patterns and ovarian function are scarce but

suggest that the combination of several of the dietary factors linked to improved ovulation
can have major impacts on fertility, particularly when ovulation disorders are the underly-
ing cause for infertility.
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2.1 BACKGROUND

Polycystic ovary syndrome (PCOS) has major health implications for women across their lifespan.
It is the most common female hormonal condition, affecting between 4% and 21% of women of
reproductive age depending on diagnostic criteria and populations studied [1-8]. The health con-
sequences of PCOS are significant and diverse and include reproductive dysfunction (menstrual
irregularity, infertility, high androgen levels, hirsutism, and acne) [9,10], weight disorders (greater
rate of weight gain and obesity) [11], metabolic disturbance (insulin resistance, abnormal lipid pro-
files, increased gestational and type 2 diabetes, cardiovascular disease [CVD] risk factors) [12,13],
and psychological disability (depression, anxiety, quality of life, sexual dysfunction) [14—17]. The
resultant health and economic burden of PCOS is significant [18,19].

2.2 DEFINITION AND DIAGNOSIS OF PCOS

The diagnostic criteria for PCOS have been controversial, and until recently, two main criteria have
been applied (Figure 2.1). The 1990 National Institutes of Health (NIH) criteria included clinical
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FIGURE 2.1 The Rotterdam criteria for diagnosis of polycystic ovary syndrome (PCOS). The Rotterdam
criteria are inclusive of the original National Institutes of Health (NIH) criteria in that a woman diagnosed
with PCOS using the NIH criteria will also meet Rotterdam criteria; however, a woman diagnosed with PCOS
using Rotterdam criteria may not meet NIH criteria. (Adapted and reproduced from Teede HJ et al. Med J
Aust., 195(6):S65-S112, 2011.)

hyperandrogenism and/or hyperandrogenemia, oligo-ovulation, and the exclusion of other causes.
In 2003, the Rotterdam consensus expanded diagnostic criteria to include at least two of the fol-
lowing three features: clinical and/or biochemical hyperandrogenism, oligoanovulation, and poly-
cystic ovary (PCO) morphology on ultrasound, excluding other causes [20]. Rotterdam criteria are
inclusive of the original NIH criteria, but encompass milder phenotypes including those with either
clinical and/or biochemical hyperandrogenism and PCO or ovulatory dysfunction with PCO. More
recently, the NIH has endorsed the Rotterdam criteria [21] and there is now far greater international
consensus on the diagnostic criteria. However, each of these diagnostic components needs greater
definition and consistent application [22], as some studies report approximately 70% of women with
PCOS remain undiagnosed [23]. Greater insights are needed into the natural history of menstrual
cycles and defining when irregular cycles warrant further investigation in adolescents. PCO on ultra-
sound is perhaps the most controversial area in diagnosis, and the international Androgen Excess
and Polycystic Ovary Society has developed new guidance on ultrasound criteria for PCOS [24].
Emerging literature suggests that serum anti-Miillerian hormone (AMH) levels may offer an alterna-
tive for assessing ovarian function in the future [25]. Finally, clinical hyperandrogenism varies across
different ethnic groups, and interpretation can be hampered by treatments including laser and phar-
macological therapy [10,26]. As a result of these controversies, many women remain undiagnosed,
missing opportunities for prevention and early treatment, leaving women with increased risk of com-
plications. Furthermore, health services often provide inconsistent and late-stage treatment of estab-
lished disease. Action to improve diagnosis and focus on prevention including long-term assisted
self-management, ongoing primary care, and consistent specialty management is now imperative.

2.3 ETIOLOGY OF PCOS

PCOS occurs in all ethnic groups, with differing prevalence depending on body weight, diet, life-
style, and ethnic background [2,3,27]. The etiology of PCOS is yet to be fully elucidated, but there
is marked inherent insulin resistance, even in lean women [28,29], which appears to be inher-
ited. Subsequent hyperinsulinemia increases androgen production and reduces binding proteins to
increase free androgen levels [30]. These hormonal abnormalities underpin the reproductive and
metabolic features of PCOS [31,32] (Figure 2.2), with significant alterations in ovarian appearance
and function disturbing ovulation and adversely impacting fertility.

PCOS-related insulin resistance is further exacerbated by obesity [28,33]. Obesity appears to
have a bidirectional relationship in PCOS, with women predisposed to weight gain, which in turn
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FIGURE 2.2 The etiological, hormonal and clinical features of polycystic ovary syndrome. (Adapted and
reproduced from Teede HJ et al. Med J Aust., 195(6):S65-S112, 2011.)

exacerbates PCOS prevalence and severity [11]. Obesity is known to cause the triad of insulin
resistance, low-grade chronic inflammation, and sympathetic nervous system dysfunction [34]. This
triad has been noted in PCOS, independently of obesity [35], and is strongly associated with adverse
metabolic outcomes, not only in PCOS, but also in obesity and diabetes. PCOS responds well to
exercise [36,37] and to dietary intervention [38,39], both of which reduce insulin resistance, as fur-
ther outlined in this chapter.

2.4 PROPOSED LIFESTYLE MANAGEMENT FOR PCOS

2.4.1 DERNITION OF LIFESTYLE MANAGEMENT

Despite the recognition of the importance of overweight and obesity in worsening the presentation
of PCOS, there has been a paucity of high-quality data examining the evidence for lifestyle manage-
ment strategies in PCOS. Weight management can be defined as both preventing the development
of overweight or obesity and treating established overweight and obesity. This can be defined more
precisely as primary prevention of excess weight gain, achieving modest weight loss in those who
are overweight or obese, maintaining this reduced weight loss long term, and optimizing health
and reducing risk of disease whether or not weight loss is achieved [40]. The concept of lifestyle
management traditionally refers to a complex multidisciplinary approach that combines dietary
modification, physical activity, and behavioral interventions including attention to psychological
adjustment, behavior modification, and stress management strategies [41,42]. Recent international
evidence-based guidelines for the prevention of overweight and obesity in adults for the general
population recommend reduced intake of energy-dense foods, fast foods, and alcoholic beverages
and encouragement of increased physical activity and reduced sedentary behavior including televi-
sion watching. Although weight loss targets should be individualized, a weight loss of 5-10% in
individuals with a body mass index (BMI) of 25-35 kg/m? is recommended for reducing cardio-
vascular disease and metabolic risk factors, with greater weight losses (15-20%) recommended for
individuals with a BMI greater than 35 kg/m? [40]. To achieve these goals, an individualized dietary
program is recommended that includes a daily energy deficit of 600 kcal/day (2508 kJ/day) and a
physical activity volume of 18002500 kcal/week (7560-10,500 kJ/week) or 225-300 minutes of
moderate-intensity physical activity.
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TABLE 2.1

Cochrane Review and Meta-Analysis Outcomes for Lifestyle Management Compared to
Minimal Treatment for Anthropometric, Reproductive Nonfertility, and Metabolic
Outcomes in PCOS

Mean Difference, 95% Confidence Interval,

Outcome and P Values Participants, Trials
Weight —3.47 kg, —4.94 to -2.00, P < 0.00001 108 participants, 2 trials
% Weight —7.00%, —10.10 to =3.90, P < 0.00001 13 participants, 1 trial
Waist-to-hip ratio -0.04, —0.07 to —0.00, P = 0.02 113 participants, 3 trials
Waist circumference —1.95 cm, -3.34 to —-0.57, P = 0.006 108 participants, 2 trials
Total testosterone —0.27 nmol/L, -0.46 to -0.09, P = 0.004 144 participants, 5 trials
Ferriman—Gallwey score -1.19, -2.35t0 -0.03, P = 0.04 132 participants, 4 trials
Fasting insulin —2.02 pU/mL, -3.28 to -0.77, P = 0.002 144 participants, 5 trials
Oral glucose tolerance test insulin Standardized mean difference —1.32, —1.73 to —0.92, 121 participants, 3 trials
P <0.00001

Source: Adapted from Moran LJ et al. Cochrane Database Syst Rev. 2011(7);CD007506.

2.4.2  LiFesTYLE MANAGEMENT IN PCOS

We recently authored a Cochrane review that examined the available randomized controlled trials
assessing lifestyle interventions for weight management in PCOS [38]. Six articles were identified
that examined combined lifestyle interventions [39,43,44] or structured physical activity interven-
tions [45—-47]. Considerable clinical heterogeneity was present in the studies, with sample sizes
ranging from 11 to 90, durations ranging from 12 to 48 weeks, and interventions aimed at either
specifically inducing or not inducing weight loss or examining lean or overweight participants. On
meta-analysis, there was a greater reduction for lifestyle compared to minimal treatment for weight,
% weight, waist-to-hip ratio, waist circumference, total testosterone, Ferriman—Gallwey score, fast-
ing insulin, and oral glucose tolerance test insulin (Table 2.1). This meta-analysis highlighted the
importance of lifestyle management for a range of clinical outcomes in PCOS. However, it also
identified the limited and variable literature, lack of effect on outcomes such as glucose tolerance
and lipid profiles, and lack of data on psychological outcomes.

In a further addition to the evidence base for lifestyle management in the treatment of PCOS,
our group as part of the PCOS Australian Alliance was recently instrumental in developing the
first Evidence-Based Guidelines for the Assessment and Management of PCOS [31], which were
conducted in accordance with national (Australia) and international (National Institute of Clinical
Excellence) criteria for best practice in clinical guideline development. The evidence-based
guidelines noted that lifestyle management (single or combined approaches of diet, exercise, and/
or behavioral interventions) for weight loss, prevention of weight gain, or for general health ben-
efits should be recommended in women with PCOS (level B evidence). Specifically, this lifestyle
management should target weight loss in overweight/obese women (BMI >25 kg/m?) and preven-
tion of weight gain in lean women (BMI 18.5-24.9 kg/m?), should include both reduced dietary
energy (caloric) intake and exercise, and should be first-line therapy for all women with PCOS
(level C evidence).

2.4.3 OpT1iMAL DieTary INTAKE IN PCOS

These guidelines also assessed the clinical question of the optimal diet composition of lifestyle man-
agement, which was assessed by a systematic review [48]. Six articles from five studies (n = 137)
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were included in the review. The studies were an acute (16-day) weight maintenance intervention
comparing a monounsaturated fatty acid enriched diet, a conventional healthy diet, and a low-
carbohydrate diet [49]; a 12-month weight loss intervention comparing a low glycemic index (GI) or
a healthy diet [50]; a 3-month weight loss and 1-month weight maintenance intervention comparing
a high-protein and a standard protein diet [51,52]; a 6-month weight maintenance intervention com-
paring a carbohydrate-restricted and a fat-restricted diet [53]; and a 1-month weight loss intervention
comparing a high- or standard protein diet [54] (Table 2.2).

There was considerable variation between the studies with regard to the characteristics of the
trial, participants, or the diets studied. Some subtle differences did occur with modifying diet com-
position, with greater weight loss for a monounsaturated fat-enriched diet; improved menstrual
regularity for a low-GI diet; increased free androgen index (FAI) for a high-carbohydrate diet;
greater reductions in insulin resistance, fibrinogen, total and high-density lipoprotein cholesterol for
a low-carbohydrate or low-GI diet; improved quality of life for a low-GI diet; and improved depres-
sion and self-esteem for a high-protein diet. However, for the majority of the outcomes there were
largely similar decreases in weight and body composition and improvements in pregnancy rate,
menstrual regularity, ovulation, hyperandrogenism, insulin resistance, lipids, and quality of life that
occurred with weight loss independent of diet composition. This review concluded that weight loss
should be targeted in all overweight women with PCOS through reduction of caloric intake in the
setting of adequate nutritional intake and healthy food choices irrespective of diet composition. The
evidence-based guidelines for the optimal diet composition of a lifestyle intervention in PCOS are
based on this systematic review and report this as level C evidence.

2.4.4 Dietary DirFrereNces IN WOMEN WITH AND wiTHOUT PCOS

It is also possible that women with PCOS have an elevated prevalence of overweight or obesity
owing to altered energy balance such as reduced energy expenditure through physical activity or
increased dietary energy intake. Increases in carbohydrate craving are reported for women with
elevated androgen levels independent of PCOS status [55], indicating the potential for increased
food intake in women with PCOS. In support of this, women with PCOS consumed higher amounts
of high-GI foods (white bread, fried potatoes) than women without PCOS [56], and lean women
with PCOS consumed less total energy than weight-matched women without PCOS, suggesting
women with PCOS may need to follow more stringent dietary restrictions to maintain weight [57].
Conversely, no differences in total energy, macronutrient or micronutrient intake, or food groups
were observed between lean and overweight women with or without PCOS [56-58].

In the largest study to date comparing dietary intake in women with (n = 409) and without (n =
7057) PCOS, we reported a subtly better dietary intake for women with PCOS as indicated by an
elevated diet quality score, lower saturated fat and GI intake, and higher micronutrient (fiber, folate,
iron, calcium, magnesium, niacin, phosphorus, potassium, sodium, vitamin E, and zinc) intake [59].
However, this improved dietary intake occurred in the context of a greater energy intake (approxi-
mately 215 kJ/day, 51 kcal/day) for the women with PCOS compared to the women without PCOS.
Together these findings suggest that women with PCOS may be improving their diet quality by fol-
lowing healthy lifestyle recommendations from national and international guidelines and position
statements [31,60] but not adequately regulating the quantity of their food intake and may benefit
from further education regarding appropriate portion sizes.

2.4.5 Rote oF ViITAMIN D IN PCOS THErAPY

There is also increasing interest in the potential effect of specific dietary components on the pre-
sentation of PCOS. Vitamin D is a micronutrient found in only a few foods, such as fatty fish,
mushrooms, egg yolks, and liver and is mostly produced endogenously when the skin is exposed
to ultraviolet radiation from sunlight. Recent position statements have recommended serum
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concentrations of 25-hydroxyvitamin D (250HD) of greater than 50 nmol/L for adults [61,62] and
during pregnancy [63]. This level may need to be 1020 nmol/L higher at the end of summer to
maintain levels greater than 50 nmol/L over winter and spring. Vitamin D deficiency is common
in women with PCOS, with reports of 31-85% having serum concentrations of 250HD less than
50 nmol/L [64-71]. Vitamin D deficiency has been linked with an increased risk of obstetric com-
plications such as preterm labor, gestational diabetes, and preeclampsia [72].

Accumulating evidence suggests a role of vitamin D in the pathophysiology of PCOS [73].
Several studies have demonstrated that vitamin D deficiency may exacerbate symptoms, including
insulin resistance [64—66,74,75], infertility (ovulatory and menstrual dysfunction, impaired follicle
development, and lower pregnancy success) [76—78], hirsutism and hyperandrogenism [64-67],
and obesity [64—67,74]. Accumulating evidence suggests that vitamin D may be involved in the
pathogenesis of PCOS through gene transcription [79] and hormonal modulation, which influences
insulin metabolism [69,79] and fertility regulation [74]. A vitamin D response element exists on
the human insulin receptor gene promoter, with vitamin D exposure significantly increasing the
insulin receptor function [80]. Therefore there is a theoretical reason why low levels of vitamin D
may be linked with PCOS through the initiation of insulin resistance. Furthermore, studies have
directly correlated serum vitamin D levels with the degree of insulin resistance in women with
PCOS [64-66,74]. Obesity itself has also been linked to reduced vitamin D levels, and many studies
have reported inverse associations between body weight (BMI, body fat, and waist measurements)
and serum 250HD levels in women with PCOS [64-67,71,74].

There have been only a few uncontrolled and randomized controlled trials that have evaluated
the effects of vitamin D supplementation in women with PCOS (Table 2.3). Two small uncontrolled
studies have indicated that vitamin D therapy may have a beneficial effect on insulin resistance
and insulin secretion in obese women with PCOS [68,81], and the increase in vitamin D levels was
positively correlated with the improvements in insulin secretion and effectiveness [81]. Conversely,
two uncontrolled pilot studies, one in relatively lean women with PCOS without severe insulin resis-
tance [82] and one in very obese insulin-resistant women (BMI, 39 kg/m?; fasting insulin levels,
25 pIU/ml; homeostatic model assessment of insulin resistance [HOMA-IR] scores, 6.7) with PCOS
[83] found no changes in insulin resistance. A recent randomized controlled trial in vitamin D-deficient
women with PCOS found that 2 months of vitamin D supplementation did not improve insulin
resistance and sensitivity, assessed using fasting blood compared with placebo, despite significant
increases in 250HD levels [84]. Beta cell function assessed using HOMA increased significantly,
but was not different compared with placebo [84].

Several studies have also examined the effects of vitamin D supplementation on reproductive function
(Table 2.3). Two uncontrolled studies found improvements in menstrual frequency in 50% of oligo- or
amenorrheic women [82] and normalized menstrual cycles in 78% of the women with menstrual dys-
function and two pregnancies [70]. Two similar randomized controlled trials investigated the effects of
metformin with and without vitamin D and calcium in infertile women with PCOS and found those
treated with vitamin D, calcium, and metformin had a higher number of dominant follicles [85]. They
also found greater improvement in menstrual irregularities [85,86] and more pregnancies [86]; however,
these were not significantly different between treatments. This suggests a potential for treatment with
vitamin D and calcium to normalize cycles in women with PCOS and low levels of vitamin D.

Limited studies have looked at the effect of vitamin D supplementation on measures of hyper-
androgenism (Table 2.3). Two small uncontrolled studies in women with PCOS supplemented with
vitamin D combined with calcium reported clinical improvements in acne vulgaris in all three
women presenting [70] and reductions in testosterone [83] but there were no changes in other clinical
[70] and biochemical [83] measures of hyperandrogenism. Two other uncontrolled studies observed
no changes in testosterone, sex hormone-binding globulin (SHBG), and FAI [68,82].

There is limited evidence that vitamin D supplementation may have a beneficial effect on insulin
resistance and reproductive function. Most of these were small uncontrolled studies, so the data
can be considered only preliminary in nature. In some studies, although vitamin D levels were
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increased, women still had suboptimal vitamin D status. There is a need for larger randomized
controlled trials with higher doses to investigate further the role for vitamin D supplementation
in PCOS therapy to confirm and understand better the potential benefits of vitamin D supple-
mentation in this population. Although beneficial effects of vitamin D are largely achieved by
supplementation and sunlight exposure rather than dietary intake, this highlights the potential
importance of micronutrient sufficiency in the management of PCOS. Vitamin D deficiency has
also been linked with adverse obstetric complications, and increasing 250HD levels through
supplementation in a general obstetric population has been shown to reduce those adverse
outcomes [87]. Therefore, even if the ability of vitamin D supplements to normalize ovulation
in PCOS women is under debate, adequate replacement of vitamin D in women with serum
levels below 50 nmol/L. makes good obstetric preventative medicine sense, especially if they
are contemplating pregnancy.

2.4.6 INTERACTION OF Diet AND EXerciSE IN PCOS THERAPY

Exercise is an important contribution to lifestyle intervention in both the general population and in
women with PCOS. Adolescents with PCOS reported lower duration and intensity of physical activ-
ity [88] and women with PCOS had reduced cardiopulmonary capacity as a marker of fitness and
potential physical activity tolerance [89] compared to weight- or BMI-matched controls. In contrast
to these findings, no differences in physical activity, aerobic exercise capacity, or muscle strength
were observed between women with and without PCOS [57,58,90,91]. In our community cohort
study in women with (n = 409) and without (n = 7057) PCOS, we saw no differences in total physi-
cal activity but a higher level of sedentary time for women with PCOS (approximately 0.5 hour/day)
[59]. This highlights reduced sitting time as an additional therapeutic target in women with PCOS
and is of clinical relevance given that each 2-hour/day increment in television watching is associated
with a 23% increase in obesity and a 14% increase in type 2 diabetes risk [92].

The combination of exercise and dieting substantially increases weight loss compared with diet-
ing or exercise alone [93,94]. Furthermore, moderate- to high-intensity aerobic exercise improves
an array of health-related outcomes including body composition and reproductive (ovulation and
fertility), metabolic (insulin resistance, dyslipidemia, and the development of cardiovascular disease
and type 2 diabetes), and psychological (mood and well-being) outcomes [95-100]. These improve-
ments can occur independent of weight loss [95]. Participation in regular exercise or combining
exercise and dieting also provides better long-term weight maintenance [101,102]. These health
benefits are reflected in a number of physical activity guidelines and position statements, which rec-
ommend 30 minutes of moderate to vigorous physical activity on most days of the week [103-105].
Resistance or weight training is also effective for improving insulin resistance and body compo-
sition and can preserve lean tissue during energy-restricted weight loss [106—108]. Furthermore,
combining aerobic and resistance exercise has been reported to be more efficacious for improving
insulin sensitivity and glycemic control and reducing abdominal fat in various obese groups com-
pared with either form of exercise alone [109-112].

Despite well-established benefits of exercise training and its recommendation as a cornerstone
of PCOS management [31,38,60,113], as illustrated in the conceptual model (Figure 2.3), there is
limited well-controlled research evaluating the effects of exercise training and specific exercise
regimens in women with PCOS. Recent reviews [114,115] and the evidence-based guidelines [31]
identified 14 studies on the effects of exercise on clinical outcomes in PCOS. Only 8 were random-
ized control trials, mostly of low quality, with high risk of bias due to study design issues and low
participant numbers. Studies were heterogeneous, including variable duration, inclusion/exclusion
criteria, extent of caloric restriction, and type/intensity of exercise ranging from unsupervised walk-
ing to structured/supervised exercise programs.

Six exercise-only cohort studies have shown improvements in fitness [36,37,116,117], body com-
position (waist-to-hip ratio [116], total body and abdominal fat mass, and visceral fat [36]), body
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FIGURE 2.3 Conceptual model of the contributions of exercise to weight loss and health outcomes in poly-
cystic ovary syndrome (PCOS), demonstrating that both aerobic and resistance exercise contribute to reduc-
tion of body weight. More specifically, the model shows the important contribution of resistance exercise in
offsetting muscle mass loss that occurs under caloric restriction used for rapid and effective weight loss in
PCOS. GDM, gestational diabetes mellitus; HRQoL, health-related quality of life; T2DM, type 2 diabetes
mellitus.

image distress [118], and insulin sensitivity [36,37,117,119] after 6 months of walking [116,118] or
3 months of supervised high- and moderate-intensity aerobic exercise [36,37,117,119]. Conversely,
they also reported no changes in body composition [36,37,117], fasting insulin [116], reproductive
hormones [36,37,116,117], and lipid profiles [36,37,116]. Three aerobic exercise only randomized
controlled trials [45,47,120], three comparing aerobic exercise with acupuncture [46,121,122] and
control groups, and one nonrandomized controlled trial [123] showed improvements following exer-
cise in fitness [45,47,120,121,123], weight [46], body composition (waist circumference [47,120],
waist-to-hip ratio, and BMI [46,47,120,123]), insulin resistance [47,120,123], lipid profiles [120],
blood pressure and health-related quality of life [122], and menstrual cyclicity [47,121] after 3—-6
months of a supervised aerobic exercise program. Conversely, they also reported no changes in lip-
ids, glucose [46,47,123], blood pressure [45,46,123], reproductive hormonal profile [46,47,120,121],
hirsutism [46,120,121], weight and waist circumference [45], or fasting insulin [45,46].

One study compared the effects of 24 weeks of aerobic exercise (30 minutes cycling, 3 times
per week) with a hypocaloric, high-protein diet in an unrandomized, controlled study of 40 obese
women with PCOS. Although both treatments reduced body weight, waist circumference, fasting
insulin, and insulin resistance and improved menstrual cyclicity, ovulation, and the reproductive
hormone profile, greater improvements in waist circumference, SHBG, FAI, and insulin levels were
reported with exercise, despite greater weight loss in the dieting participants [124]. This suggests
that exercise training may offer greater benefits for improving insulin resistance and reproductive
hormone levels compared with diet induced weight loss.

Studies have also compared the effect of diet alone or combined with exercise (Table 2.4). Five
uncontrolled studies with combined diet and exercise showed improvements in weight [125-129],
waist circumference [125,127-129], hormonal profile [127,128,130], insulin resistance [127,128,130],
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aerobic fitness [129], AMH [130], and lipids [128]. Some of these studies also found improvements
in reproductive function; 2 out of 4 previously amenorrheic women reported spontaneous men-
strual cycles during a 12-week study [126]; 6 women became pregnant during a 14-week study
or within 3 months of completion, which represented 46% of women desiring pregnancy [125];
and 3 of 14 women had regular menses during a 16-week study and 3 changed from polycystic to
normal ovaries [129]. However, others found no changes in ovarian volume [128-130] and follicles
[128,130]. Randomized control trials comparing diet only with diet and exercise programs have
shown similar reductions in fasting insulin levels, waist circumference [131,132], weight, insulin
resistance, blood pressure, hormonal profile, lipids, and glucose and improvements in ovulation
and menstrual cyclicity [132], depression, and quality of life [133]. The addition of exercise to diet
led to greater improvements in body composition, with greater reductions in fat mass [131,132] and
preservation of lean tissue [132], and it has been shown that the preservation of lean mass assists
in maintaining resting metabolic rate and long-term weight objectives [134—136]. Exercise train-
ing during weight loss may have important implications for long-term maintenance of weight loss
in PCOS; however, longer term studies are required to confirm this. Overall, exercise studies have
shown improvements in menstrual cyclicity and/or ovulation in approximately 50% of women with
PCOS, comparable to that observed with other weight loss interventions. Improvements in insulin
and hormonal profile appear to play important mediating roles for improving reproductive function,
although this is not exclusively the case.

Based on the limited data available, exercise appears to have beneficial effects, either alone or
in combination with caloric restriction, where it has been shown to improve aerobic fitness, body
composition, fasting insulin, insulin resistance, menstrual cyclicity, ovulation, self-esteem, quality
of life scores, and depression. Although lifestyle modification including regular exercise appears to
be an effective strategy for the management of overweight women with PCOS, methodological limi-
tations (small samples sizes, lack of appropriate control groups and assessments of habitual physical
activity, nonrandomization to treatments, and/or short study durations) in the current research limits
the generalizability of the findings, making it difficult to draw definitive conclusions and make
specific recommendations. Further research with rigorous study designs is needed to determine
specific exercise guidelines alone or in combination with specific dietary interventions (necessary
exercise dose, type, intensity, and frequency) that will provide the greatest benefit for these women.
The evidence-based guidelines for PCOS management recommend exercise participation of at least
150 minutes per week to all women with PCOS, especially those with a BMI greater than 25 kg/m?,
given the metabolic risks of PCOS and the long-term metabolic benefits of exercise [31]. Of this,
90 minutes per week should be aerobic activity at moderate to high intensity (60—90% of maximum
heart rate) to optimize clinical outcomes [31].

2.4.7 Barriers 10 Dier AND Exercise IN PCOS

Women with PCOS face a range of barriers when attempting to implement lifestyle modifications,
with some being typical of the general population and others being unique to women with the
condition. We have previously noted in a Cochrane review of lifestyle management of PCOS that
high dropout rates are noted in the majority of studies, with up to 45% of women not completing
clinical lifestyle interventions [38]. This is higher than in studies of individuals without PCOS
(e.g., up to 38% over 1-4 months for PCOS [51,54] compared to up to 9% over 4 months in women
without PCOS [137-139]). The reasons for these poor retention rates are unclear. However, anecdot-
ally, women with PCOS are considered a population with specific barriers to weight management.
Young women have high perceived time pressure due to work and family commitments, which can
be a fundamental barrier to healthy eating and physical activity [140—142]. This may result in the
development of a perception that the recommended behavioral changes to achieve optimum lifestyle
habits are not feasible [143].
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2.4.71 Abnormalities in Energy Expenditure or Appetite Regulation

Barriers to weight management may mechanistically work either through increasing susceptibility
to weight gain or resistance to weight loss. It is as yet unclear whether this is due to physiological or
environmental causes. Physiological barriers to weight management may include insulin resistance
and hyperinsulinemia, which are common in PCOS. These may predispose women with PCOS
to gain weight, supported by insulin therapy inducing weight gain [144] through anabolic effects
of insulin and changes in energy expenditure, glycosuria, and food intake [145-150]. However,
a range of studies have shown elevated insulin secretion, hyperinsulinemia, or insulin resistance
(using surrogate fasting or postprandial or clamp measures of insulin resistance) is associated with
greater, similar, or lesser weight gain in free-living observational studies [151]. Androgen excess
may favor abdominal fat deposition [152], which could in addition contribute to insulin resistance in
PCOS. Altered energy expenditure or appetite regulation has also been reported in PCOS, including
reduced resting energy expenditure and the thermic effect of food [153,154] or impaired regulation
of gut hormones such as ghrelin or cholecystokinin [155,156]. However, this is not consistently
reported [91,151,157,158].

2.4.7.2 Self-Efficacy Concerns

Additional barriers to a healthy lifestyle, specifically physical activity, may include self-efficacy
concerns. An individual’s belief in his or her ability to participate successfully in physical activity
has long been recognized as an important factor in physical activity participation [159]. For women
with PCOS, a lack of self-efficacy could stem from any number of experiences. Other chronically
diseased populations indicate that many symptoms of their condition and associated comorbidities
reduce their belief in their ability to engage successfully in physical activity [160], which may be
similar for women with PCOS. Older populations often report poor health, pain, or fear of pain
reduces their participation in physical activity [160—162]. This may be similar for women with
PCOS who may believe they are unable to participate in physical activity without causing further
pain, or not be able to participate for sufficient time at the intensity required. Women with PCOS
who also have problems with weight may report similar efficacy-related concerns to other over-
weight populations who feel that they are “too fat,” not fit enough, or do not have the right body
type for successful engagement in physical activity [163,164]. It has been found that individuals
with comorbid chronic diseases lack the knowledge and ability to incorporate self-care strategies
into their management plan for chronic diseases [165]. In a similar way, women with PCOS who are
participating in physical activity for the first time, or are returning to physical activity after a long
period of inactivity, may lack the knowledge required to participate and may not understand the
amount of time and intensity required to achieve positive health outcomes. Women in this position
may be overwhelmed by the amount of information available to them, and unable to distinguish
evidence-driven recommendations.

To improve women’s belief in their ability to do more physical activity, health professionals can
assist by providing concise and high-quality information. To overcome the worry associated with
participation, health professionals may recommend that women with PCOS consult an accredited
exercise physiologist to receive practical and individualized training. Non-weight-bearing exercise
options may also be particularly useful for obese women with joint pain or injuries. Options include
stationary or recumbent cycling and water-based exercises, such as swimming, walking in water,
and water aerobics where the buoyancy of the water takes much of the weight off the joints.

Regardless of whether a woman consults an exercise physiologist, women should be encouraged
to engage in activities that they find enjoyable and achievable. Encouraging women to exercise
with friends or family may also alleviate some of the concerns women may feel about their abil-
ity to be physically active. A 6-month group treatment program conducted in Adelaide, Australia
found beneficial improvements even after only 5% weight loss (4.3 kg), with 92% of previously
anovulatory women ovulating within 4 months, and 85% conceived within 12 months of finishing
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(46% spontaneous pregnancies) [166]. The group program encouraged group support and cohesion
and emphasized gradual dietary changes in conjunction with regular exercise, with an emphasis
on doing something positive about their lifestyle and health, not on fertility. The program included
1 hour of seminars per week covering a wide range of weight-related topics, including diet and nutri-
tion, abnormal eating behavior, and endocrine effects of obesity and one formal exercise session per
week (1 hour of low-impact aerobics and stretching and increasing to walk/jog regimen and stair
climbing) and were encouraged a minimum of two more sessions per week.

2.4.7.3 Motivational Concerns

For any person trying to be more active, motivation to do so is a strong factor in determining suc-
cess. A strong personal interest in physical activity is conducive to physical activity, whereas being
driven solely by a doctor’s instructions or pressure from external parties is unlikely to produce
ongoing behavioral change [167,168]. Motivation to be physically active may stem from any number
of sources: doctor’s advice, a desire to be fit or in shape, a value of health or physical challenge.
Whatever the driver, a woman is likely to be more successful if the reason for exercising is person-
ally important or aligned with other meaningful goals (such as quality family time or healthy aging,
etc.) [169]. Physical activity motivation is also likely to be determined by a woman’s perception of
the value of the activity compared to the cost of performing that activity [170]. Some women may
feel that physical activity is a positive health behavior, but also have concerns about any number
of factors such as body image, ability, or the financial and time investment required. When the
negative concerns outweigh the positive motivation to engage in exercise, the woman is unlikely to
adhere long-term to any physical activity program [170]. Further, some women who have previously
exercised in the past may perceive the effort required to achieve health benefits as too great. In the
case of weight loss, a common goal for women with PCOS, a significant amount of effort is required
to lose weight and maintain the weight loss [104]. Women who have previously attempted physical
activity may feel that achievement of their health and fitness goals is too difficult and unlikely.

Productive motivation is likely to stem from a personal desire to be more active. Women should
be encouraged and assisted to consider the real costs and benefits of physical activity. Health profes-
sionals can help women to understand the links between physical activity participation and their
important goals in life. Health professionals can also manage women’s expectations and provide
a realistic timeline for desired health outcomes. Exercise physiologists can also be useful to assist
women to track their progress and focus on achievements made by the women on the path to overall
goal achievement. In the case of weight loss, exercise physiologists can ensure women recognize
other fitness outcomes (such as strength and cardiovascular fitness) as they move toward their weight
loss goals.

Simple advice can also be useful. Women should be encouraged to participate in activities that
they find enjoyable or challenging. Social activities or increases in incidental physical activity can
also be ways to engage women in a more active lifestyle.

2.5 CONCLUSION

There is a strong evidence base associating obesity and a worsening of the clinical presentation of
PCOS. The importance of lifestyle management for treating PCOS is also internationally recog-
nized. Weight management (weight loss, prevention of weight gain, or maintenance of a reduced
weight) through lifestyle interventions should be first-line therapy in lean and overweight women
with PCOS. There is currently no evidence that any specific dietary composition is beneficial, and
healthy food choices consistent with general population recommendations, with individualization
based on personal preferences providing the dietary approach is nutritionally adequate and safe, are
currently recommended. Although women with PCOS do not consistently show worsened dietary
intake or physical activity levels compared to women without PCOS, future recommendations and
research should focus on additional factors including appropriate portion size, sedentary activity,
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and the effects of vitamin D supplementation. Consideration of potential physiological and behav-
ioral barriers to optimal dietary and physical activity is also warranted in the clinical management
of PCOS.

2.6 KEY POINTS SUMMARY

1. PCOS is the most common female hormonal condition and the number one cause of
anovulatory infertility. The health consequences of PCOS are significant and diverse and
include reproductive dysfunction (anovulatory infertility, menstrual disturbance, increased
risk of endometrial polyps and cancer), metabolic disturbance (insulin resistance and non-
insulin-dependent diabetes mellitus, adverse lipid profile and associated increased cardio-
vascular disease), and psychological disability (depression, anxiety, sexual difficulties).

2. Although the exact underlying pathophysiological mechanisms behind PCOS are not fully
understood, insulin resistance appears to be a common feature in both lean and obese
individuals with PCOS. The resulting hyperinsulinemia increases ovarian androgen pro-
duction, which in turn inhibits ovulation and also exacerbates the laying down of central
“android” fat deposits. Android obesity further potentiates insulin resistance, creating a
positive feedback loop that further exacerbates PCOS phenotype severity. As such, the
prevention of weight gain in women with a genetic predisposition to insulin resistance, and
therefore PCOS, is a critical therapeutic strategy in management of PCOS.

3. Several studies have investigated differences in nutritional intake between PCOS and non-
PCOS cohorts that may account for the initiation or maintenance of PCOS. Androgens
have been reported to increase an individual’s cravings for carbohydrate, possibly help-
ing explain why some early studies reported that women with PCOS have a tendency to
consume more high-GI foods (white bread, fried potatoes) than women without PCOS.
However, since the advent of consumer education programs linking PCOS with insulin
resistance and high-GI foods, the majority of women with PCOS do not consume a diet
high in carbohydrate. More recent large-scale dietary studies have in fact shown that the
diet of women with PCOS is slightly better than that of women without PCOS, with the
PCOS group consuming less high-GI and saturated fat food, and a better vitamin/micro-
nutrient intake.

4. Research suggests that women with PCOS are predisposed to weight gain because of an
unfavorable energy balance. First, lean women with PCOS have been reported to consume
less total energy/calories than their weight-matched non-PCOS controls, suggesting that
women with PCOS have a lower metabolic rate of energy consumption. Second, large
diet surveys have identified that although the composition of diet (percentage protein, fat,
and carbohydrate) does not differ between PCOS and non-PCOS subjects, women with
PCOS do consume more calories per day. These two factors combined will result in a
net positive energy balance that favors the development of obesity and eventual insulin
resistance.

5. The micronutrient vitamin D may play a role in PCOS etiology. Several studies have identi-
fied that PCOS women have reduced serum vitamin D levels compared to the non-PCOS
population, with the degree of vitamin D deficiency being correlated with an increase in
insulin resistance. This observation makes good physiological sense as the promoter for
the insulin receptor gene contains a vitamin D response element, with vitamin D exposure
significantly increasing the insulin receptor’s function. Although good quality random-
ized controlled trials are lacking, several uncontrolled studies have reported that vitamin
D supplementation in vitamin D-deficient PCOS patients can reduce insulin resistance,
normalize reproductive hormones and ovulation, and result in an improved rate of natu-
ral conception. Furthermore, because vitamin D deficiency has been linked with adverse
obstetric complications (preterm labor, preeclampsia, and gestational diabetes), all women
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with PCOS found to be vitamin D-deficient (serum levels <50 nmol) should receive supple-
mental therapy.

. The composition of the ideal diet to facilitate weight loss and normalize reproductive function

in PCOS has been a matter of a significant amount of research. Although some studies have
suggested that a low GI index diet is best for normalization of insulin resistance and repro-
ductive function, the current consensus view supported by research is that a simple reduction
in calorie intake in the setting of a healthy balanced diet (high in fruits, nuts, and vegetables
while low in saturated fat and simple sugars) is most important, rather than a specific low-GI
or high-protein diet that historically has been advocated by some practitioners.

. The combination of diet with exercise (“lifestyle management”) has been shown to maxi-

mize weight loss, while normalizing insulin resistance, reproductive hormones, and improv-
ing menstrual cyclicity, compared to either dieting or exercise alone, and therefore is the
preferred treatment approach in PCOS. Exercise helps maintain lean muscle mass during diet-
ing, increasing resting metabolic rate and improving insulin sensitivity. Although studies have
not shown a diminished exercise performance in women with PCOS, they have shown that on
average women with PCOS spend 30 minutes more per day on sedentary activities (e.g., watch-
ing television) than non-PCOS subjects. Current recommendations suggest that women with
PCOS should aim to participate in at least 150 minutes per week of exercise, with at least 90
minutes of this being moderate to high intensity (60-90% of maximal heart rate).

. Women with PCOS appear to experience motivational difficulties with implementing life-

style changes, with dropout rates in lifestyle modification programs being up to 4-fold
higher in PCOS than in non-PCOS subjects. The reasons for this are unclear, but may
include disturbed energy balance signaling (satiety, hunger adipokines), a self-perceived
lack of skills to exercise, or a low self-esteem impaired motivation. Research suggests that
encouraging women to adopt lifestyle modification along with family and friends, or other
women with PCOS, may help improve motivation and long-term adherence to lifestyle
modification goals. A loss of as little as 5% of body mass can result in normalization of
reproductive function.
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3.1 INTRODUCTION: OBESITY AND REPRODUCTION

Obesity is a worldwide epidemic [1]. According to the World Health Organization (WHO), a body
mass index (BMI), measured in kg/m?, of 18.5-24.9 is considered normal; a BMI of 25-29.9 is
considered overweight; and 30 or above is considered obese [2]. In many Western countries, more
than half of women of reproductive age are either overweight or obese, and an increasing number of
these women are seeking fertility treatment [3]. There is also evidence of lack of awareness of the
reproductive sequelae of increased BMI [4].

Obesity has numerous health consequences, including type 2 diabetes mellitus, hypertension,
cardiovascular disease, and increased risk of certain types of cancer [5]. Recent evidence suggests
reproductive health is also detrimentally influenced by increased BMI [6]. Compared with women
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of normal BMI, women with raised BMI have a 3-fold greater risk of infertility; lower ovulation,
implantation, and spontaneous conception rates; and higher miscarriage rate due to endocrine, para-
crine, psychological, as well as social factors [7,8].

The effects of raised BMI manifest at various levels of the reproductive process. Successful
implantation and pregnancy depends on a delicate interaction between the embryo and the endo-
metrium. The impact of raised BMI on fertility could be mediated through alteration of oocyte and
embryo quality, endometrial receptivity, or both [6,9-13].

3.2 RAISED BMI AND IMPAIRED OVULATION

Obesity is closely linked with impaired ovulation and polycystic ovary syndrome (PCOS) [8].
Approximately 50% of women with PCOS are obese. Excess adipose tissue is associated with insu-
lin resistance and hyperandrogenemia, leading to hypothalamic—pituitary dysfunction and anovu-
lation. Obesity is thus considered an independent risk factor for PCOS and its metabolic features.
Adipokines may serve as an endocrine link between obesity, anovulation, and PCOS [14]. For more
details, see Chapters 1 and 2.

3.3 RAISED BMI AND OOCYTE QUALITY

Mammalian oocytes remain arrested in an immature stage (prophase I) until the preovulatory
luteinizing hormone (LH) surge induces progression to the metaphase II stage and full maturation.
Suboptimal conditions during the oocyte maturation process can interfere with its developmental
potential and competence [15]. Experimental animal studies have reported slower in vitro oocyte
development and maturation and increased apoptosis in cumulus and granulosa cells in association
with obesity [16—19].

In humans, several studies have demonstrated poorer oocyte quality and maturity in overweight
and obese women [20-23]. Multiple factors are thought to mediate the effect of raised BMI on
oocyte quality. Aberrations in endocrine and paracrine factors associated with raised BMI could
negatively influence folliculogenesis and oocyte development [24].

3.3.1 ENDOCRINE FACTORS

Elevated androgen level is closely linked to obesity [25,26]. Hyperandrogenemia can retard oocyte
maturation and development [24] and has been associated with recurrent miscarriage. Tesarik and
Mendosa [27] have demonstrated that elevated androgen level could impair the intracellular oscil-
lations in calcium ions, which are important in oocyte cytoplasmic metabolism and maturation.
In addition, a high androgen level reduces aromatase enzyme activity, thus limiting the intraovar-
ian conversion of androgen to estrogen, which is known to promote oocyte maturation [28,29].
Hyperandrogenemia may also impair cumulus cell-oocyte signaling, which is required for germi-
nal vesicle breakdown and formation of a haploid metaphase II (mature) oocyte [29]. Microarray
analysis has demonstrated that the transcription of several genes necessary for oocyte maturation
and chromosome alignment, and segregation could also be influenced by the raised androgen level
common in obese women [30].

Increased insulin resistance is associated with obesity and can influence oocyte quality. The rela-
tionship between insulin resistance and oocyte quality is mediated through multiple factors, includ-
ing reduction in hepatic production of steroid hormone binding globulin (SHBG) and consequent
hyperandrogenemia, increased intraovarian androgen secretion via stimulation of 17-a-hydroxylase
activity in theca cells, and increased insulin-like growth factor I (IGF-I) and LH secretion [29,31].
Hyperinsulinemia could also alter the expression of genes necessary for completing meiosis and
alter serum IGF levels, which are involved in folliculogenesis and oocyte proliferation and dif-
ferentiation [32-34]. Furthermore, recent evidence suggests that increased insulin resistance and
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hyperglycemia associated with obesity could lead to oocyte mitochondrial dysfunction, resulting in
accumulation of reactive oxygen species, poor oocyte development and maturation, and granulose
cell apoptosis and lipotoxicity [18,35-38]. Thus, increased oxidative stress could be a potential
additional mechanism by which obesity affects oocyte quality [35,39].

Adipose tissue is now considered to be a potent endocrine organ. Leptin, a protein hormone pro-
duced primarily by adipose cells, correlates positively with BMI [25]. Leptin receptors have been
identified in oocytes and preimplantation embryos [40—43]. Higher leptin levels could reduce oocyte
quality via intensifying the degree of insulin resistance associated with raised BMI [38,44,45].
Leptin also impairs steroidogenesis in granulose cells, which in turn disrupts folliculogenesis and
oocyte developmental competence [41].

Adiponectin, a protein hormone secreted from adipose tissue, plays an important role in regu-
lation of lipid metabolism and neuroendocrine functions, including ovarian function [46]. Serum
levels of adiponectin are inversely related to BMI. Low adiponectin levels linked to obesity can
intensify insulin resistance and hyperandrogenism and interfere with granulose and cumulus cell
function and apoptosis [47].

Lastly, lower SHBG and increased peripheral aromatization of androgens to estrogens associated
with obesity result in hypothalamic—pituitary—ovarian axis dysfunction and LH hypersecretion,
which could impair oocyte quality via disruption in the control of meiosis and ovulation [24,48].

3.3.2 PARACRINE FACTORS

Adipokines, the cytokines produced by adipose tissue, could alter oocyte quality via inducing a
proinflammatory environment through increasing C-reactive protein, plasminogen activator inhibi-
tor 1 (PAI-1), interleukin (IL)-1, IL-6, and tumor necrosis factor alpha (TNF-a) levels [49-51]. For
example, high intrafollicular TNF-a level has been shown to negatively influence oocyte quality
by reducing the percentage of oocytes reaching metaphase II stage and increasing the frequency
of abnormal microfilament distribution and chromosomal alignment, and defective meiotic spindle
formation [52,53]. These observations raise the possibility that adipokines could impair oocyte
quality through increased intrafollicular oxidative stress.

3.4 RAISED BMI AND EMBRYO QUALITY

Increased BMI has been associated with poorer preimplantation embryo quality in many, but not
all, studies [10,54]. In addition to its effect on oocyte development, raised BMI could further impair
embryo quality through endocrine and paracrine factors. Hyperandrogenemia induces an abnormal
calcium influx response to oocyte fertilization by the sperm, thus impairing embryonic development
[27]. Increased insulin level and LH hypersecretion have been shown to disrupt cumulus cell-oocyte
signaling, increase cellular apoptosis, and hence impair embryonic development to the blastocyst
stage. High leptin concentration could also decrease the preimplantation embryo cleavage rate and
blastocyst formation. Altered IGF-I and IGF-II levels and their binding proteins (IGFBPs), as a
result of hyperisulinemia, are thought to influence negatively embryo development, early embryonic
cleavage and blastocyst formation [24,55,56]. Glucose-induced mitochondrial dysfunction [55] and
epigenetic modifications [57] have also been proposed as additional underlying mechanisms for
poor embryo quality associated with obesity.

3.5 RAISED BMI AND ENDOMETRIAL RECEPTIVITY

Recent evidence points toward a detrimental effect of raised BMI on the endometrium [58].
In addition to luteal phase insufficiency, many studies have used the oocyte donation model
to remove the effect of oocyte quality on fertility treatment outcome [58—61]. Bellver and col-
leagues reported a lower ongoing pregnancy rate and higher miscarriage rate in obese oocyte
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recipients compared to those of normal BMI, underscoring the impact of obesity on endometrial
receptivity [58].

Two other study deigns have been used to evaluate the influence of raised BMI on endometrial
receptivity by controlling for oocyte or embryo quality. DeUgarte and colleagues studied the out-
come of assisted conception cycles in which embryos from healthy donors were transferred into fer-
tile surrogates [62]. Raised BMI of the surrogate was associated with a reduction in the implantation
and pregnancy rates, indicating an independent effect of BMI on endometrial receptivity.

Rittenberg and colleagues used an elective single blastocyst transfer model to control for embryo
quality in in vitro fertilization (IVF) cycles [63]. The increased risk of miscarriage demonstrated
after fresh and frozen embryo transfer in overweight and obese patients reflected the effect of raised
BMI on endometrial function. The study also suggested a dose-dependent relationship between
the risk of miscarriage and increasing BMI. Such a phenomena awaits confirmation in future
studies [63].

It is worth highlighting that the link between raised BMI and poor embryo implantation is com-
plex and not yet conclusive. A recent systematic review and meta-analysis of donor oocyte recipients
[64] found no significant association between recipient obesity and implantation, pregnancy, or live
birth rate. On the other hand, a large retrospective cohort analysis of 9587 first cycles of oocyte
donation from normal weight donors reported a significant association between recipient obesity and
reduced implantation, pregnancy, and live birth rates [65]. Well-controlled and adequately powered
studies are still needed to clarify the correlation between high BMI and endometrial receptivity.

3.6 PATHOPHYSIOLOGY OF ENDOMETRIAL IMPAIRMENT
ASSOCIATED WITH RAISED BMI

3.6.1 ENDOCRINE DYSFUNCTION

Abnormal insulin and androgen secretion associated with obesity inhibit endometrial secretion of
glycodelin in vitro [66]. Glycodelin, a progesterone-regulated glycoprotein, is involved in inhibition
of the endometrial immune response to the implanting embryo [67]. Thus, a reduction in its secre-
tion could predispose to defective implantation and miscarriage [33,68,69].

Similarly, alterations in serum leptin level associated with raised BMI may impair trophoblastic
invasion, leading to defective implantation via interference with the normal synthesis and secretion
of fetal fibronectin and the matrix metalloproteinases MMP2 and MMP9 [70,71]. Furthermore,
higher secretion of estrogen associated with obesity predisposes to abnormal endometrial thickness
and endometrial polyp formation, which could lead to abnormal implantation [6].

3.6.2 CYTOKINE DYSFUNCTION

Leukemia inhibitory factor (LIF) is an interleukin closely related to implantation and placentation
[72]. Raised BMI is thought to be associated with a low level of LIF and increased expression of
TNF-a receptors in the endometrium, thus predisposing to defective implantation and miscarriage
[73,74]. Likewise, alteration in the level of PAI-1 produced by adipose cells could impair the pro-
cess of trophoblastic invasion and placental blood flow, suggesting that this factor could mediate
the detrimental effect of obesity on the risk of miscarriage [75]. In addition, BMI correlates with
endometrial concentration of the inflammatory markers IL-6 and TNF-a, both of which have been
associated with impaired implantation and increased risk of miscarriage [53,72].

3.7 RAISED BMI AND IVF OUTCOME

Numerous studies have evaluated the impact of raised BMI on the outcome of assisted conception
treatment [9,76]. Overweight and obese women require higher doses of injectable gonadotropins
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for ovarian stimulation, tend to produce fewer oocytes, and have a higher cycle cancellation rate.
Ferlitsch and colleagues reported that for each unit increase of BMI, the probability of pregnancy
after IVF could decrease by 2.2—4.3% [77]. A recent systematic review of published literature sum-
marized the results of 33 studies [78]. Only studies that had reported their results in accordance
with the WHO classification of BMI categories were included in the review. Meta-analysis of the
study results demonstrated lower clinical pregnancy and live birth rates and higher miscarriage
rate associated with raised BMI [78]. This review allowed separate evaluation of the effect of being
overweight or obese on IVF outcome. Compared with women who had a normal BMI, being over-
weight decreased the live birth rate per IVF cycle by 9% (risk ratio [RR] = 0.91, 95% confidence
interval [CI]: 0.85-0.98, P = 0.01) and increased the miscarriage rate by 23% (RR = 1.23, 95%
CI: 1.12-1.34, P < 0.001), whereas being obese decreased the live birth rate per IVF cycle by 20%
(RR = 0.80, 95% CI: 0.71-0.90, P = 0.0002) and increased the miscarriage rate by 43% (RR =
1.43, 95% CI: 1.22-1.67, P < 0.0001). Thus, the results of this study confirmed the trend toward
a poorer reproductive outcome with rising BMI, which was previously suggested [10]. The study
results therefore should empower primary care physicians as well as fertility specialists to provide
patients with clear advice regarding the effect of raised BMI on the outcome of assisted conception
treatment.

3.8 EFFECT OF WEIGHT LOSS ON FERTILITY

Female fertility is sensitive to alterations in body weight [79]. Available data suggest that as little
as 5% weight loss could result in improvement in endocrine parameters, resumption of regular
menstrual cycles, increased frequency of ovulation, and improved conception rates [8]. Chavarro
and colleagues demonstrated that among overweight and obese women, weight loss before assisted
conception treatment was associated with a significantly increased yield of mature oocytes [80].
Furthermore, a higher pregnancy rate is achieved in IVF patients who reduce their weight before
treatment [81]. Ferlitsch and colleagues reported that for each unit reduction in BMI, the odds of
achieving a pregnancy after IVF could improve by 19% [77]. Likewise, Musella and colleagues
reported improvement in fecundity after weight loss following bariatric surgery. Weight loss and
BMI achieved were the only significant predictors of pregnancy [82]. Infertile women can be moti-
vated to address lifestyle modifications that could enhance their fertility [83]. Therefore, interven-
tions aimed at gradual, rather than rapid [84], weight loss should be encouraged in overweight
and obese women of reproductive age, and access to integrated and effective weight management
programs must be facilitated to enable these women to achieve optimal preconceptional weight and
restore their full reproductive potential.

3.9 RAISED BMI AND OBSTETRIC AND NEONATAL OUTCOMES

Obesity has been associated with many adverse outcomes in relation to pregnancy, delivery, and the
postpartum period. It has also been linked to multiple fetal and neonatal complications.

3.9.1 MATERNAL COMPLICATIONS

3.9.1.1 Thromboembolism

Venous thromboembolism in considered one of the leading causes of maternal mortality dur-
ing pregnancy. Normal pregnancy on its own is a known risk factor for thromboembolism [85].
Increasing levels of coagulation factors VII, VIII, and XTI as well as fibrinogen level and a significant
decrease in the activation of fibrinolysis are well documented during pregnancy [86]. Other factors
adding to the risk of thrombosis during pregnancy are the associated venous stasis and pressure on
the inferior vena cava caused by the gravid uterus.
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Obesity has been associated with thrombotic disease independently. Adipocytes secrete inflam-
matory cytokines whereby macrophages are attracted to and accumulate in adipose tissue. A state
of chronic low-grade inflammation is then initiated, leading to further increase in the secretion
of systemic cytokines such as TNF-a and interleukins [87]. Consequently, platelet activation and
thrombin generation are enhanced, which results in a prothrombotic state. Studies have also found
an association between increasing levels of PAI-1 and obesity. Plasminogen activator factor converts
plasminogen into plasmin, which promotes fibrinolysis. The increasing levels of PAI-1 observed in
obesity inhibit this process [88], resulting in increased risk of thrombosis. A study using the UK
Obstetric Surveillance System data demonstrated that obesity is one of the major risk factors for
developing pulmonary embolism, with an adjusted odds ratio (aOR) of 2.65, 95% CI: 1.09-6.45 [89].

Therefore, it is has been recommended to evaluate the BMI among other factors such as previ-
ous history of deep vein thrombosis and thrombophilia screening result, when scoring pregnancy
with regard to the need for requiring thromboprophylaxis antenatally as well as in the postpartum
period. The dose and duration of the antithrombotic agent will depend on other associated risk fac-
tors including age, postpartum hemorrhage, and emergency cesarean delivery [90].

3.9.1.2 Preeclampsia

The risk of hypertensive disorders in pregnancy, including preeclamptic toxemia (PET), is increased
in obese women. A systematic review that evaluated 1.4 million women concluded that each increase
in pre-pregnancy BMI of 5-7 kg/m? doubles the risk of preeclampsia [91]. Another study in support
of these findings showed that not only obese women with a BMI above 30 kg/m? have a higher risk
of developing PET (OR = 2.59, 95% CI: 2.87-3.01), but also that a higher than average weight gain
among obese women during pregnancy further increases the incidence of preeclampsia to more
than 4-fold [92].

Various mechanisms have been proposed to explain the relationship between obesity and PET.
Insulin resistance is commonly found in obese women and has been associated with increased risk
of PET. Insulin resistance can activate the sympathetic nervous system, which in turn can lead to
increase in blood pressure [93]. The associated hyperinsulinemia and hypertriglyceridemia can
result in endothelial damage and may alter prostaglandin regulation, leading to arteriolar constric-
tion [94]. It has been suggested that inflammatory mediators such as C-reactive protein, interleukins,
and TNF-a may also contribute to the pathogenesis of preeclampsia in obese women [95,96]. Such
inflammatory and metabolic derangement observed in obese women can lead to impairment in the
microvascular function. An added factor is the obstructive sleep apnea that is often associated with
obesity. Disordered breathing during sleep has been linked with increasing blood pressure [97].

3.9.1.3 Gestational Diabetes Mellitus

Maternal obesity is one of the major risk factors for developing gestational diabetes mellitus (GDM).
Developing diabetes during pregnancy has maternal, fetal, as well as neonatal detrimental effects,
such as fetal macrosomia, large for gestational age, increasing risk of stillbirth, neonatal hypogly-
cemia, and a higher risk of developing type 2 diabetes later in life. Early diagnosis and control-
ling blood sugar levels significantly improve maternal and fetal outcome. Therefore, the National
Institute for Health and Clinical Excellence (NICE) in the United Kingdom has recommended
early screening for women who are at risk of developing gestational diabetes. Risk factors include
previous history of GDM or fetal macrosomia, family history of diabetes, racial origin, and most
of all a BMI above 30 kg/m? [98]. The metabolic disturbance associated with obesity, particularly
hyperglycemia, insulin resistance, and hyperinsulinemia, predispose to the development of diabe-
tes in pregnancy. Hyperglycemia at a lesser degree than overt GDM has proven to be associated
with adverse obstetric and neonatal outcome. This is evident by the Hyperglycemia and Adverse
Pregnancy Outcome (HAPO) study, which included a cohort of 25,000 women. It showed a con-
tinuous positive association between maternal glucose concentrations and adverse outcome such as
birth weight above the 90th percentile, neonatal hypoglycemia, and primary cesarean section [99].
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Another study demonstrated that obesity could independently result in birth weight above the 90th
percentile with an OR of 1.73 (95% CI: 1.50-2.00) and that GDM has a similar effect with an OR
of 2.19 (95% CI: 1.93-2.47). A combination of obesity and GDM further increases this risk (OR =
3.62, 95% CI: 3.04-4.32) [92].

3.9.1.4 Preterm Labor

Preterm labor (PTL), defined as labor at less than 37 weeks of gestation, has been associated with
increasing pre-pregnancy maternal BMI. A large systematic review and meta-analysis conducted by
Tolroni and colleagues concluded that maternal obesity was associated with a higher risk of preterm
birth below 32 weeks of gestation. Further studies supported these findings [100]. A prospective
cohort study conducted by the Norwegian Institute of Public Health demonstrated that women with
grade I, II, and III obesity had an increased risk of preterm delivery with an adjusted OR of 1.50
(95% CI: 1.35-1.68, P < 0.001), 1.51 (95% CI: 1.24-1.84, P < 0.001), and 2.00 (95% CI: 1.48-2.71,
P <0.001) respectively [101].

Possible mechanisms that could explain the relationship between maternal obesity and PTL
include the development of subclinical chorioamnionitis, which is not uncommon in obese women
and is a well-known precursor for PTL or preterm premature rupture of membrane. Adipokines
(such as interleukins and TNF-a) secreted by fat cells contribute to the pathogenesis of systemic
inflammation [102]. The resulting cytokines weaken the membranes, ripen the cervix, and enhance
myometrial contractions, mostly through activation and release of prostaglandins and metallopro-
teases [103].

Another hypothesis that may explain the relationship between obesity and PTL is the higher
prevalence of genitourinary bacterial infection in these women, which is a predisposing factor for
subclinical chorioamnionitis [104]. In addition, maternal obesity during pregnancy is commonly
associated with medical conditions (e.g., PET, diabetes) that may also lead to spontaneous or
induced PTL.

Paradoxically, few studies have reported an association between postdate delivery and obesity
[105-107]. The exact explanation for this association remains unclear. Multiple mechanisms have
been proposed for the initiation of parturition at term. The rising production of corticotropin-releasing
hormone (CRH) by the placenta is one of the factors for parturition. It stimulates the release of
maternal and fetal pituitary corticotropin as well as maternal and fetal adrenal cortisol and dehydro-
epiandrosterone (DHEAS), which further increases the production of CRH. The increasing cortisol
levels lead to fetal lung maturation. Consequently, surfactant proteins and phospholipids produced
activate the inflammatory pathways in the amnion, which in turn results in myometrial activation.
The rising levels of DHEAS that is produced by the fetal adrenal gland are metabolized by the pla-
centa into estrogens [108]. It has been suggested that obese women have lower circulating cortisol
levels during pregnancy compared to those of normal weight, which could reduce placental CRH
production and thus influence the timing of delivery. Furthermore, the increased estradiol level in
adipose tissue may reduce the circulating maternal estrogen, altering the estrogen-to-progesterone
ratio, which is normally increased in pregnancy.

3.9.1.5 Intrapartum Complications

Maternal obesity is known to be a significant risk for higher rates of induction of labor, oxytocin
use, instrumental delivery, and cesarean section [109,110]. Failure to progress during labor, particu-
larly during the first stage, has been correlated with poor myometrial contractility in obese women.
The high cholesterol level and low-density lipoprotein associated with obesity may alter myometrial
membrane structure, which in turn could hinder the transport of calcium ions into the myometrial
cytoplasm required for the contraction—relaxation cycle of the muscle. A recent study reported a
reduced frequency and amplitude of contractions recorded in myometrial stripes taken from obese
women at the time of elective cesarean section when compared to those from women with normal
BMI [111]. Furthermore, it has been demonstrated that leptin hormone has an inhibitory effect on
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the pregnant myometrium by reducing both the amplitude and frequency of myometrial contractil-
ity in vitro [112]. It has also been suggested that the suppression of myometrial contractility associ-
ated with obesity is related mainly to dysfunctional labor and larger fetal size [106].

Shoulder dystocia is an intrapartum emergency that could have serious perinatal morbidity and
mortality as well as maternal complications. A BMI greater than 30 kg/m? is one of the recognized
factors that predispose to shoulder dystocia [113]. Other factors include macrosomia, diabetes mel-
litus, induction of labor, and prolonged second stage of labor, which are not uncommonly associated
with obesity.

Furthermore, high BMI, particularly trunk obesity, represents a challenge to obstetricians dur-
ing intrapartum fetal monitoring. Difficult monitoring of fetal heart rate and uterine contractions
is frequently experienced with obese women, and the use of fetal scalp electrodes to achieve clear
cardiotocography monitoring is often required.

3.9.2 FetaL COMPLICATIONS

3.9.2.1 Stillbirths

Several studies have evaluated the association between obesity and stillbirth. Those studies have
suggested there is an increase in the risk of stillbirth in pregnant obese women when compared to
women with normal BMI [114-116]. A systematic review and meta-analysis that included nine stud-
ies supported these findings and concluded that the risk of stillbirth among obese pregnant women
is almost doubled when compared to pregnant women with a normal BMI (OR = 1.47, 95% CI:
1.08-1.94 for overweight, and OR = 2.07, 95% CI: 1.59-2.74 for obese women) [117].

Hyperlipidemia and hyperinsulinemia are commonly associated with obesity. They reduce pros-
tacyclin secretion and induce thromboxane production, which increases the risk of placental throm-
bosis and reduced placental perfusion. This can lead to fetoplacental dysfunction and contribute to
stillbirth [118]. One study suggested that the apnea—hypoxia episodes that could be associated with
extended snoring in pregnant obese women could reduce the oxygenation to the fetus, which in turn
can increase the risk of stillbirth [119]. Although the adverse medical complications associated with
obesity are known factors that could increase the risk for stillbirth independently, often the cause
for stillbirth remains unexplained, particularly at term. This is likely to be due to the close monitor-
ing and relatively earlier intervention for obese pregnant women who are complicated with medical
conditions such as diabetes and hypertensive disorders.

3.9.2.2 Fetal Congenital Complications

Maternal pre-pregnancy obesity has been associated with increasing risk of birth defects, such
as cleft palate, diaphragmatic hernia, hydrocephalus, hypoplastic left heart syndrome, pulmonary
valve atresia and stenosis, pyloric stenosis, rectal and large intestinal atresia or stenosis, transposi-
tion of great arteries, and ventricular septal defects [107,120,121]. The exact mechanism for the
observed increased risk of birth defects is not fully understood. A possible explanation is the sig-
nificant insulin resistance that is commonly found in obese women, possibly an extension of preex-
isting diabetes, which is a well-known risk factor for increasing the risk of developing a congenital
abnormality.

Neural tube defect (NTD) is a recognized risk associated with maternal obesity. This was shown
in the systematic review of Rasmussen and colleagues, who reported a 1.7-fold increase in the
incidence of NTD in obese women and a 3-fold increase in morbidly obese women [122]. Possible
explanations for these findings include the impairment of glucose metabolism and hyperinsulinemia
associated with obesity. Furthermore, folic acid intake has been related to a lower risk of NTD.
Obese women were found to have increased requirements for folic acid to maintain a serum folate
level similar to that of women who have a normal BMI [123]. As a result, obese women are advised
to have a higher dose of folic acid (5 mg) preconceptionally [124].
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Ultrasound in obstetrics is routinely used for pregnancy dating and for detecting fetal viability
and fetal anomalies. Adipose tissue and scarring tissue may affect the image quality and demon-
strate limitations to the study despite the advanced technologies in the ultrasound machines. The
risk of missing a congenital abnormality is higher in obese women, resulting in a higher probability
of a live birth affected with a congenital anomaly undiagnosed during pregnancy, compared to
normal weight women. This is due to the presence of a fat layer that can make visualization of
the fetus during ultrasound examination more challenging and results in difficult fetal assessment
[125]. Wolfe and colleagues concluded in their study that there was a reduction in visualization by an
average of 14.5% during the second and third trimester scans in women with a BMI above the 90th
percentile. This was most marked when examining the fetal heart, spine, and umbilical cord [126].

3.9.2.3 Large for Gestational Age and Childhood Obesity

A growing body of evidence suggests the presence of an association between maternal obesity and
fetal birth weight as well as obesity in adult life [127]. Studies demonstrating the adverse meta-
bolic effect of maternal obesity on the offspring have been well described in animals. For example,
injecting insulin in rats during the peripartum period resulted in hyperphagia, and the subsequent
maternal as well as offspring hyperinsulinemia can cause altered innervation in the hypothalamus
[128]. Consequently, abnormal glucose tolerance and obesity were observed later in life.

In humans, a large study conducted in Sweden concluded that large for gestational age (LGA)
births are associated with increased maternal BMI [127]. A recent systematic review and meta-
analysis suggested that pre-pregnancy obesity increased the risk of LGA (OR = 2.08; 95% CI:
1.95-2.23), macrosomia (OR = 3.23; 95% CI: 2.39-4.37) and subsequent childhood obesity (OR =
3.06; 95% CI: 2.68-3.49) [129]. This can be explained by maternal over nutrition which leads to
insulin resistance and hyperglycemia and subsequently fetal hyperinsulinemia. Insulin is known to
have a growth hormone like action that results in fetal overgrowth.

Another recently published systematic review included 20 studies and concluded that high birth
weight babies (>4000 g) have a higher risk of developing obesity later in life (OR = 2.07; 95% CI:
1.91-2.24) [130]. Furthermore, it has been suggested that weight gain during the first few weeks of
life was found to be associated with an increased risk of childhood obesity [131].

The mechanism that links the relationship between maternal obesity and development of child-
hood and adolescent obesity is not entirely understood. The hypothesis of “fetal or early origins of
adult disease,” originally described by Barker and colleagues, may explain this relationship [132]. It
was suggested that environmental factors, particularly nutrition, are associated with adverse health
outcomes in adult life, especially in relation to cardiovascular disease, obesity, and metabolic disor-
der [133]. The idea of fetal programming describes the effect of a suboptimal intrauterine environ-
ment, which may act as a stimulus during the sensitive period in early fetal development and could
affect long-term function [134]. McMillen and colleagues concluded that not only fetal undernutri-
tion has an association with the development of adult disease, but also that overnutrition may result
in neuroendocrine responses that could affect subsequent metabolic health later in life, such as per-
manent changes in pancreatic islet cells, hypothalamus, and adipose cells [135]. A large prospective
cohort study that examined the association between maternal weight and offspring BMI included
146,894 individuals from 136,050 families. It concluded that offspring BMI later in life is related to
maternal weight and is influenced by intrauterine environment in overweight and obese women [136].

3.9.2.4 The Effect of Being Underweight on Fertility and Obstetric Outcome

A critical level of body weight is required for initiation of menarche and maintenance of a regular
menstrual cycle [137]. A body weight-to-fat ratio of 3:1 is generally considered to be a prerequisite
for initiation of menarche [138]. This relationship is thought to ensure that pregnancy and lactation
occur only in favorable health and energy availability conditions. A weight loss of 10—-15% of nor-
mal weight for height could cause disruption of the menstrual cycle.
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Being underweight is known to be associated with multiple reproductive consequences, includ-
ing hypothalamic—pituitary—ovarian axis dysfunction leading to low follicle-stimulating hormone
and LH secretion, hypoestrogenemia, anovulation, amenorrhea, and reduced sex drive [139]. This
is invariably associated with higher circulating cortisol level, reduced fertility, and longer time to
conceive [140].

It has been postulated that low leptin level associated with reduced body fat suppresses hypo-
thalamic secretion of gonadotropin-releasing hormone and disrupts the normal LH pulsatility, via
increased secretion of neuropeptide Y, higher dopamine concentration, and lower serotonin secre-
tion in the hypothalamic nuclei [141,142].

The hypoestrogenic state commonly associated with low BMI is exaggerated further by the lack
of peripheral aromatization of androgen to estrogen due to loss of body fat. As a result, reproduc-
tive organs such as the uterus decrease in size and volume. More seriously, loss of bone density and
osteoporosis as well as cardiac dysfunction and electrolyte imbalance are recognized complications
of low BMI. Therefore, attention needs to be paid to early dietary advice and psychological support
to restore fertility and prevent the negative physical sequelae of low BMI [143].

Recent data suggest that underweight women are nearly twice as likely to be infertile (OR = 1.86,
95% CI: 1.62-2.13, P < 0.001) compared to those with a normal BMI [144]. Furthermore, Pinborg
and colleagues studied the effect of low BMI on IVF outcome in 487 consecutive patients under-
going 1417 IVF/intracytoplasmic sperm injection (ICSI) cycles [145]. Being underweight (BMI
<18.5) was associated with significantly fewer embryos available for transfer (P = 0.03) compared to
patients with normal BMI. However, a similar effect of low BMI on the overall chance of pregnancy
after IVF treatment has not been clearly demonstrated [146—149].

Veleva and colleagues studied 3330 first pregnancy cycles after fresh and frozen-thawed embryo
transfer. Using a multivariate logistic regression model, the study could demonstrate that being
underweight significantly increased the risk of miscarriage after fresh and frozen-thawed transfers
[38]. Likewise, Doherty and colleagues studied the effect of being underweight (BMI <18.5 kg/m?)
in 331 underweight pregnant women recruited between 16 and 18 weeks of gestation. The authors
reported a significantly increased risk of fetal growth restriction in this group compared to 1982
women with normal weight (BMI = 18.5-25 kg/m?) [150].

Schieve and colleagues studied 3511 mothers who had their weight measured pre-pregnancy
and between 14 and 28 weeks of gestation. The authors concluded that low weight gain during preg-
nancy, particularly in women who were underweight before pregnancy, significantly increased the
odds of preterm delivery by more than six times (OR = 6.7, 95% CI: 1.1-40.6) [151].

More recently, Salihu and colleagues studied the risk of preterm birth in singleton pregnancies
in relation to their pre-pregnancy BMI. The authors reported that underweight mothers with a pre-
pregnancy BMI of 18.5 kg/m? or less were significantly more likely to experience a preterm delivery
[152]. The risk of preterm delivery intensified with progressive reduction in pre-pregnancy BMI and
was higher in conjunction with a modest weight gain during pregnancy.

3.10 KEY POINTS SUMMARY

1. In many Western countries, more than half of women of reproductive age are either over-
weight or obese, placing them at significantly higher risks of infertility and obstetric com-
plications, while also potentially adversely affecting the health of their children.

2. Obesity is linked with a 3-fold increased risk of infertility and a reduction in successful
pregnancy even when IVF technology is used to treat infertility. The underlying causes of
this infertility are multiple and include impaired ovulation, reduced oocyte and subsequent
embryo quality, increased risk of defective implantation and miscarriage, plus sexual dif-
ficulties related to poor body image.

3. The process of producing a mature good quality oocyte appears to be impaired by obesity
in a number of ways. First, increased peripheral aromatization of androgens to estrogen
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in adipose tissue can result in hypothalamic—pituitary (HP) dysfunction, impairing HP
drive for ovulation. Second, obesity-related insulin resistance results in high intrafollicu-
lar levels of insulin and related insulin-like growth factors, which in turn alter the nor-
mal balance of steroid hormone production and cumulus—oocyte paracrine regulation of
oocyte meiotic development, resulting in aberrant oocyte development and increased rates
of oocyte immaturity. High levels of leptin, produced by adipose tissue, have also been
suggested to interfere with follicular steroidogenesis and oocyte developmental potential.
Third, insulin resistance and hyperglycemia, together with an increase in proinflammatory
cytokines present in the follicles of obese individuals, results in oocyte mitochondrial dys-
function and the generation of reactive oxygen species that damage oocyte developmental
potential. All of these pathological processes combine to result in the clinical outcome of
increased risk of anovulation, oocyte immaturity, and reduced mature oocyte quality. This
may explain, at least in part, the observation that during IVF treatment, obese women on
average require higher dosages of gonadotropins for ovarian stimulation and tend to pro-
duce fewer oocytes.

. Although some investigators have linked obesity with impaired preimplantation embryo
quality, this has not been confirmed by others. However, because obesity is correlated with
diminished oocyte quality, and an altered uterine milieu (proinflammatory, increased IGF
growth factors, hyperglycemia), it is probable that obesity may adversely affect embryo
development.

. The observation of reduced pregnancy rates during IVF, and an increase in the risk of
miscarriage after natural and IVF-assisted conception, point to the possibility of obesity
adversely affecting implantation/placental development. Potential mechanisms for this
adverse response include immune-mediated attack on the embryo/fetus (increase in endo-
metrial proinflammatory cytokines, reduced immunosuppressive glycodelin production),
placental thrombosis initiated by obesity related prothrombotic state (elevated PAI-1), or
impaired endometrial development (polyps, endometrial hyperplasia) which are more
commonly seen in obese women. One meta-analysis [63] suggests that being overweight
or obese reduces a woman’s chances of live birth by 9% and 20% if her own oocytes are
used during the IVF cycle, with this reduction in live birth being mediated primarily by
an increase in miscarriage (20% and 43% increase, respectively). However, when oocytes
from healthy donors are transferred into obese women, another recent meta-analysis [64]
reported no adverse effect of recipient obesity on implantation and miscarriage. This report
implies that the well-established reduced implantation rates and increase in miscarriage
associated with obesity are mediated primarily by a negative impact on oocyte/embryo
quality, rather than later implantation and placental development.

. Obesity has been conclusively associated with many adverse obstetric outcomes including
an increased risk of maternal thromboembolism, pregnancy-related hypertension (includ-
ing preeclampsia), gestational diabetes, preterm labor, and stillbirth. Intrapartum difficul-
ties related to obesity include an increased need for delivery by caesarean delivery caused
by impaired myometrial contraction in labor, plus cephalopelvic disproportion and a wish
to avoid predicted shoulder dystocia related to fetal macrosomia, which is more commonly
seen in association with obese mothers. Obstetric hemorrhage is more difficult to manage
in obese women because of the difficulty in gaining intravenous access, and anesthesia is
complicated by difficulty inserting epidural/spinal anesthetics because of obscured spinal
bony landmarks created by maternal adiposity. Furthermore, general anesthetic is made
more complicated by difficult endotracheal intubation and an increased risk of gastric
reflux in an obese obstetric patient.

. Fetal congenital abnormalities such as NTDs, cleft palate, diaphragmatic hernia, cardiac
anomalies (hypoplastic left heart, ventricular septal defects, pulmonary stenosis, transposi-
tion of great vessels), and gastrointestinal abnormalities (pyloric stenosis, intestinal atresia)
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are all more commonly seen in obese women. The underlying causes of these increased
risks are not fully understood but potential mechanisms include hyperglycemia in the early
embryogenesis phase of pregnancy in obese women undiagnosed with diabetes, plus a rela-
tive deficiency of folate leading to babies with NTDs in women with high BMI. Furthermore,
maternal obesity reduces the accuracy of ultrasound, making identification of serious fetal
abnormalities in routine mid-trimester morphology scans less likely, in turn limiting the
parents’ ability to make a decision regarding termination of an abnormal pregnancy.

. Weight loss through diet, exercise, or bariatric surgery has been shown to improve repro-

ductive function, with a loss of as little as 5% causing a resumption in ovulation and regu-
lar menstrual cycles, improved conception rates, and a reduction in miscarriage. Optimal
pre-pregnancy management of an obese woman should include advice to slowly reduce
weight by diet and exercise, elective screening for undiagnosed diabetes (oral glucose tol-
erance test), use of high-dose perinatal folate (5 mg) supplements to minimize the risk of
conceiving a child with NTD, and highlighting the role of limiting weight gain during
pregnancy to minimize adverse obstetric outcomes.

. A critical level of body fat is required for both the initiation of menarche and maintenance

of a regular menstrual cycle. A low BMI is associated with anovulation, amenorrhea, low
ovarian steroid hormone production, and an associated increased risk of impaired libido
and osteoporosis. Underweight women are twice as likely to be infertile as their normal
weight counterparts, and have been reported to experience an increased risk of miscarriage
after natural or assisted conception. Obstetric risks associated with underweight include
fetal growth restriction and preterm delivery. Therefore, women with a BMI below 18.5
should be encouraged to attain a normal body weight before attempting conception.
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4.1 INTRODUCTION

Nutrition plays an essential role in the reproductive health of women of childbearing age. Reproductive
health generally covers the period beginning in adolescence with the onset of puberty and continu-
ing throughout pregnancy and lactation until menopause. During this fertile period, maternal diet
is recognized as one of the foremost factors with a major role in the health of the mother and devel-
oping fetus. The importance of proper nutrition during pregnancy, with the increased metabolic
demands on the mother attendant on a growing fetus, cannot be stressed enough. A mother requires
all essential micronutrients to boost her immune system to help protect her from infections and also
to improve the quality of breast milk, during lactation, for the growth and development of her infant.
If the intake of essential micronutrients is inadequate during pregnancy, a deficit may develop in the
fetus, which affects both the fetus and the mother [1].
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Micronutrient deficiencies usually result from inadequate or low dietary intake. Nutritional and
dietary surveys conducted throughout the world have confirmed that women of reproductive age
are deficient in multiple micronutrients, rather than a single micronutrient [2]. These surveys have
confirmed that women of reproductive age have a low intake of iron [3], vitamin A [3-7], ribofla-
vin [3], and calcium [3]. Women also suffer from iodine [8], zinc, and copper deficiencies [9-11].
According to Caulfield et al. [11], 82% of pregnant women globally have inadequate intake of zinc.
Similarly, studies have also reported suboptimal levels of vitamin B¢ and B, in lactating women
[10,12]. Riboflavin deficiency, on the other hand, is more prevalent in The Gambia and other parts
of Africa, China, Indonesia, and India [3]. In India, B,, deficiency is common because of the strict
limitation on animal products. Folate deficiency has been reported in Burma, India, West Africa
[13], and Kenya [14], and is a frequent complication of protein energy malnutrition in both West and
Southern Africa [15-17].

With these deficiencies, the consequences can be detrimental and can lead to intrauterine growth
restriction (IUGR), preterm birth, and maternal and infant morbidity and mortality. Infants merit
added concern because they need extra nutrients to maintain optimal growth and development.
These effects are more prominent among women and children of low- and middle-income coun-
tries, where women often enter pregnancy undernourished and their increasing demands for micro-
nutrients are underserved. In women, anemia is an intractable concern, and a majority of women
manifest iron-deficiency anemia and folate-deficiency megaloblastic anemia, both of which may be
preventable with regular prenatal iron and folate supplements [18]. Among others, a low vitamin B,,
status during pregnancy may be associated with adverse pregnancy outcomes, including preeclamp-
sia, premature delivery, and low birth weight infants [19].

It is very important for pregnant mothers to provide a source of nourishment and gaseous
exchange to the developing fetus. This not only supports embryonic and fetal growth but also pre-
pares and strengthens the body of a woman for childbirth and for the later demands of lactation.
Further, an adequate diet protects women from infections and also safeguards the implantation and
survival of conceptus [20,21]. Proper and adequate diet also ensures the development and establish-
ment of a healthy placenta and its circulatory system, which is crucial for the development of the
embryo and growth of the fetus.

Poor nutrition during pregnancy is linked to an increased risk of developing physical birth
defects as well as neurological disorders in children born with low birth weight (<2500 g) and a
short gestational period (<37 weeks), leading to a greater susceptibility to disease processes later
in life. The greatest benefit of an adequate nutritional status during pregnancy is the avoidance of
low birth weight, which affects the immediate survival of the infant and the long-term health status
and development of the child. Maternal nutritional status is implicated in programming growth,
development, and function of the major fetal organ systems, with prenatal growth directly sensitive
to maternal dietary intake [22].

This chapter discusses key micronutrients and their role in the prevention of congenital anoma-
lies in the fetus and optimization of pregnancy outcomes.

4.2 ROLE OF SPECIFIC DIETARY MICRONUTRIENTS

Malnutrition, defined as an inadequate intake of a well-balanced diet, may refer to undernutrition
or overnutrition. In low- and middle-income countries, undernutrition is a serious concern, and in
vulnerable populations such as the elderly, infants, and pregnant women, increased demands on
dietary intake may eventually lead to nutritional deficiencies. Pregnancy and lactation place high
demands on a woman’s body, and adequate nutrition, paying attention to micronutrient needs for
both the mother and the growing fetus, must be accomplished. A poor-quality diet, especially one
that is lacking in micronutrients, may increase the risk of low birth weight infants, prematurity, and
also birth defects. Because the body cannot synthesize micronutrients, these must be provided in the
diet. Micronutrients regulate the cellular osmolality that ensures the volume and viability of blood
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TABLE 4.1

Metabolic Functions of Micronutrients

Micronutrient Role in the Periconceptional Period
Folate * DNA synthesis, methylation, cell division, fetal growth

Iron Oxygen carrier in red blood cells as part of hemoglobin; hematopoiesis; metabolism

Antioxidants Homeostatic balance between anti- and pro-oxidants to prevent oxidative damage and allow for

proper gene expression

Contribute to the immunity

Vitamin B, * Cofactor of methionine synthase (required for methylation of homocysteine)

Vitamin B¢ * Coenzyme in heme, sphingolipids, and neurotransmitter synthesis; gluconeogenesis;
glycogenolysis; involved in gene expression

Vitamin A » Growth factor for epithelial cells; gene transcription

Zinc ¢ Cofactor for metalloenzymes; gene expression; contributes to immunity; cell signaling

Copper * Important antioxidant expressed in both maternal and fetal tissues

A cofactor for enzymes involved in metabolism, angiogenesis, antioxidant function, especially
superoxide dismutase

and cells. They also mediate and serve as cofactors for enzymes, participating in electron transfer,
signal transduction, and transcription. The metabolic functions of micronutrients and the required
dosage are summarized in Tables 4.1 and 4.2, respectively. Recommended daily intakes are given
in Table 4.3. In this chapter we review only those micronutrients that optimize a pregnancy or are
commonly implicated in fetal malformations.

4.2.1 Fouc Acip

Folic acid is a synthetic derivative of folate and is often used in supplements and fortified food.
Folate occurs naturally contained in legumes such as lentils and kidney beans, grains, green leafy
vegetables, and some citrus fruits and juices.

Folic acid and folate derivatives play a role in DNA methylation, cell division, and tissue growth.
The bioavailability of folate in the body is determined by 5-methyltetrahydrofolate (5-MTHF).
Folate is transported and stored in the body in the form of 5-methyltetrahydrofolate (5-MTHF). The
synthetic form of folate—folic acid—is first converted in the mucosa cell into dihydrofolate (DHF)
and tetrahydrofolate (THF) and then transported to the liver, where it is converted into 10-formyl-
THF and 5,10-methylene-THF. Methyltetrahydrofolate (MTHFR) then catalyzes the transformation
of 5,10-methylene-THF into S-MTHF [23]. This S-MTHF is then used in methylation of homocys-
teine to produce methionine (an essential amino acid). Therefore, in folate deficiency the methyla-
tion cycle slows down, and with that plasma total homocysteine (tHcy) concentration in the body
increases, which leads to hyperhomocysteinemia (HHCY). This condition is sometimes inherited
as genetic polymorphisms of MTHFR or acquired as a result of low dietary intake of folate and/or
vitamin B¢/B,, [24].

Increased maternal homocysteine concentration in early pregnancy may negatively impact pla-
cental development [25]. Studies have shown that elevated homocysteine concentration in the body
induces oxidative and cytotoxic stress, leading to endothelial cell impairment [26]. Therefore, homo-
cysteine is thought to be related to early placentation and may affect subsequent fetal growth [27]. In
folate deficiency, homocysteine accumulates in the serum and is found to be associated with placental
vasculopathy, leading to preterm birth [28,29]. It is also associated with an increased risk of maternal
cardiovascular disease, late pregnancy complications such as preeclampsia, and recurrent miscar-
riages [30-34]. Similarly, the high homocysteine concentration is also responsible for megaloblastic
changes in bone marrow and rapidly dividing cells. Therefore, maternal folic acid supplementation
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TABLE 4.2
Micronutrient Supplementation and Its Impact on Improved Fetal and Pregnancy
Outcomes

Micronutrient Fetal and Pregnancy Outcomes

Folic acid Periconceptional folic acid supplementation
¢ Incidence of NTDs (OR = 0.28, 95% CI: 0.15, 0.53)
¢ Recurrence of NTDs (OR = 0.32, 95% CI: 0.17, 0.60)
Folic acid supplementation during pregnancy
« Incidence of megaloblastic anemia (RR = 0.21, 95% CI: 0.11, 0.38)
¢ Mean birth weight (MD = 135.75, 95% CI: 47.85, 223.68)
Folic acid fortification
¢ NTDs (RR =0.55, 95% CI: 0.46, 0.63)
Iron Daily supplementation of iron during pregnancy
¢ Incidence of anemia (RR = 0.31, 95% CI: 0.22, 0.44)
« Incidence of iron-deficiency anemia (RR = 0.44, 95% CI: 0.28, 0.68)
¢ Incidence of low birth weight (RR = 0.80, 95% CI: 0.71, 0.90)
¢ Incidence of low birth weight (RR = 0.81, 95% CI: 0.68, 0.97)
¢ Birth weight (MD = 30.81, 95% CI: 5.94, 55.68)
Intermittent supplementation of iron during pregnancy
* Hemoglobin concentrations (RR = 0.48, 95% CI: 0.35, 0.67)
¢ Side effects (RR = 0.56, 95% CI: 0.37, 0.84)
¢ Iron-deficiency anemia (RR =0.71, 95% CI: 0.08, 6.63)
Antioxidant Preeclampsia (RR =0.73, 95% CI: 0.51, 1.06)
Preterm birth (before 37 weeks) (RR = 1.10, 95% CI: 0.99, 1.22)
Infant death (RR = 1.12, 95% CI: 0.81-1.53)
Vitamin B¢ Mean birth weights (MD =-0.23 kg, 95% CI: -0.42, -0.04)
Vitamin A Stillbirth (RR = 1.41, 95% CI: 0.57, 3.47)
Maternal anemia (RR = 0.86, 95% CI: 0.68, 1.09)
Preterm birth (RR = 0.39, 95% CI: 0.08, 1.93)
Neonatal mortality (RR = 0.65, 95% CI: 0.32-1.31)
Neonatal anemia (RR = 0.75, 95% CI: 0.38-1.51)
Low birth weight infants (RR = 0.67, 95% CI: 0.47, 0.96)
Maternal anemia (RR = 0.64, 95% CI: 0.43, 0.94)
Maternal clinical infection (RR = 0.37, 95% CI: 0.18, 0.77)

Zinc Preterm birth risk (RR = 0.86, 95% CI: 0.76, 0.97)
Todine New cases of cretinism (RR =0.27, 95% CI: 0.12, 0.60)
Calcium Preeclampsia (RR = 0.45, 95% CI: 0.31, 0.65)

Preterm birth (RR = 0.76, 95% CI: 0.60, 0.97)
Stillbirths (RR = 0.81, 95% CI: 0.63, 1.03)
Perinatal mortality (RR = 0.86, 95% CI: 0.70, 1.07)
Developing countries
¢ Preeclampsia (RR = 0.41, 95% CI: 0.24, 0.69)
¢ Preterm birth (RR = 0.88, 95% CI: 0.78, 0.99)
Omega-3 fatty acids Birth weight (MD =42.2 g, 95% CI: 14.8, 69.7)
Preterm delivery (<34 weeks) (RR = 0.74, 95% CI: 0.58, 0.94) (RR = 0.69, 95% CI: 0.49, 0.99)
Child attention (SMD = 0.50, 95% CI: 0.24, 0.77)
Vitamin D Preeclampsia (RR =0.67, 95% CI: 0.33, 1.35)
Birth weight <2500 g (RR =0.48, 95% CI: 0.23, 1.01)

Note: CI, confidence interval; MD, mean difference; NTD, neural tube defects; OR, odds ratio; RR, relative risk.
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TABLE 4.3
Recommended Daily Intake of Micronutrients

Supplement Recommended Daily Intake Level Maximum Daily Intake
Folate Females older than 13 years: 400-600 mcg People 19 years and older (including
Pregnancy (all ages): 400-600 mcg pregnant or breastfeeding women):
Breastfeeding females (all ages): 500 mcg 1000 mcg
For the prevention of pregnancy complications, 0.25-5 mg of
folic acid taken by mouth daily for 12-24 weeks
For anemia caused by folate deficiency, 1-5 mg taken by
mouth daily until recovery
Vitamin A For women: 700 meg (2300 IU) Insufficient evidence
Pregnant women 19 years old and older: 770 meg (2600 IU)
Lactating women 19 years old and older: 1300 mcg (4300 IU)
Vitamin B Women aged 51 and older: 1.3 mg The maximum daily intake of vitamin
For anemia, 25 mg of vitamin B, taken by mouth with B, in adults and pregnant or
multivitamins breastfeeding women older than age
18 is 100 mg
Vitamin B, Pregnant females: 2.6 mcg Insufficient evidence
Breastfeeding females: 2.8 mcg
For prevention of anemia, the following doses taken by mouth:
2-10 mcg of vitamin B, daily combined with iron and/or folic
acid for up to 16 weeks; 100 mcg of vitamin B, every other
week plus daily folic acid and/or iron for up to 12 weeks
Iron Adolescents and women: 10-15 mg per day Upper intake levels that are tolerable for
Pregnant females: 30 mg per day women older than 19 years of age as
Lactating females: 15 mg per day well as lactating mothers older than 19
years of age are 45 mg per day
Zinc Women 19 years and older: 8 mg The tolerable upper level for zinc for

Pregnant females 14—18 years of age: 12 mg daily
Pregnant women 19 years old and older: 11 mg
Lactating females 1418 years of age: 14 mg daily
Lactating women 19 years

and older: 12 mg daily

adults 19 and older is 40 mg daily

during critical periods of organogenesis is associated with reduced incidence of neural tube defects
(NTDs), congenital heart defects, obstructive urinary tract anomalies, limb anomalies, and orofacial
clefts in the newborn [35]. NTD often leads to severe disability or even death [36].

A recent Cochrane review by De-Regil et al. [37] reported a beneficial effect on NTDs of daily
periconceptional (i.e., before pregnancy and in the first 2 months of pregnancy) folic acid supple-
mentation in women with a previous history of NTD-affected pregnancy. The risk of a neonate with
NTD in the group that received supplementation was reduced significantly (odds ratio [OR] = 0.28,
95% confidence interval [CI]: 0.15, 0.53), as well as the risk of recurrence (OR = 0.32, 95% CI: 0.17,
0.60) (Table 4.2). Another review that assessed the impact of folic acid supplementation during
pregnancy found a significant impact on improving mean birth weight (mean difference [MD] =
135.75 g, 95% CI: 47.85, 223.68 g) and reduction in the incidence of megaloblastic anemia (risk ratio
[RR] =0.21, 95% CI: 0.11, 0.38) [38].
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While supplementation is one way of ensuring the intake of folic acid, fortification of food is
another successful approach. A review of observational studies on folic acid—fortified foods found a
similar reduction in NTDs by 45% (95% CI: 37, 54%) [39].

Folate is essential for embryonic, fetal, and infant growth and development, and deficiency in
early pregnancy can disrupt neural tube formation. Folate supplementation showed a statistically
significant reduction in the prevalence of NTDs. Therefore, to reduce NTDs effectively, the World
Health Organization (WHO) recommends 400 mcg of folic acid for all women trying to conceive
until 12 weeks of pregnancy [40]. Several countries have also adopted folic acid fortification, and
these countries achieved a significant increase in folate intake and a significant decline in the preva-
lence of NTDs and spina bifida [41].

Though folic acid deficiency tends to increase the risk of spontaneous abortion (OR = 1.47, 95%
CI: 1.01, 2.14), some studies controversially also propose the idea that folic acid supplementation
may increase the risk of, or shift the timing of, spontaneous abortion; however, there is limited
evidence in support of this statement at the present time [42]. Safety issues with folate supplementa-
tion are also a major concern, and may lead to many possible complications, some of which include
decreased zinc absorption, increased susceptibility to malaria, and difficulty in identifying cobala-
min deficiency because of the “masking effect” of folate on cobalamin. Both folate and vitamin
B,, (cobalamin) have an intricate synergy in the methylation of homocysteine, and thus detecting a
deficiency in one while the other is deficient is problematic [43].

4.2.2 IrRON

Iron, an essential mineral, is required by the body for normal functioning of enzymes, acting as a
cofactor in various vital reactions, as well as functioning in the delivery of oxygen to cells. Sources
include liver, egg yolks, dark red meat, as well as plant sources, which are harder for the body
to absorb and include prunes, lima beans, soybeans, kidney beans, broccoli, spinach, and other
foods. Iron deficiency is the most common nutrient deficiency that is prevalent worldwide, and it
often affects children and women of reproductive age. Iron deficiency starts with low reserve iron
stores and then leads to anemia, which is characterized by low hemoglobin concentration in serum.
Iron deficiencies can result in a wide variety of adverse outcomes including fatigue, impaired ther-
moregulation, immune dysfunction, gastrointestinal disturbances, and neurocognitive impairment.
Anemia in pregnant women reduces infant growth and increases the risk of adverse pregnancy
outcome [44]. Neonates acquire iron sources from the mother—which the mother reserves from
cessation of the menstrual cycle during pregnancy and obtains some from dietary intake. During
pregnancy, the fetus requires extra iron for the formation of the placenta and the mother requires
iron for expansion of maternal red cell mass and to cope with blood loss during delivery [45].
However, women often become pregnant when they are already suffering from iron deficiency or
lack adequate iron reserves.

Iron also plays a key role in the production of myelin in the developing brain of the fetus [46].
Animal studies have already suggested that severe iron deficiency is associated with alteration in
motor activity [47]. Clinical literature from human studies suggests that in children, iron deficiency
early in life is also associated with cognitive deficits [48], and children with severe iron deficiency
are found to be irritable and apathetic and have poor appetite. It has also been suggested that the
condition affects academic performance [49]. Hence, iron therapy acts by replenishing the iron
stores in the body. Because iron is essential for neurotransmitters, it may improve psychomotor
development and cognitive function in iron-deficient anemic children [50].

The major determinant of iron deficiency is low dietary intake of iron, which is further con-
founded by several factors such as limited access to food because of family income, or medical
conditions such as bleeding or inflammatory diseases. In low- and middle-income countries, pov-
erty limits dietary diversity and affordability of animal sources of iron, that is, meat. High con-
sumption of plant sources also interferes with bioavailability of iron in body. Phytic acid, one of
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the substances found in some plant foods, binds with nonheme iron and lowers iron absorption in
the body. Further, parasitic infections such as malaria, hookworm, whipworm, and schistosomiasis,
which are more prevalent in low- and middle-income countries, cause or further exacerbate anemia,
especially when the infection is moderate to heavy, and when women are coinfected with multiple
parasites. The agricultural revolution, which restricted or shifted the population’s choice from ani-
mal sources to plant-based diets, is contributing to iron deficiency. Regular menstrual blood loss
puts women at risk, with heavy loss a significant risk factor. Other factors include use of an intra-
uterine device and high parity [51].

Iron—folic acid deficiency translates into 115,000 maternal deaths each year [52]. Anemia is a
predominant risk factor of obstetric hemorrhage. Therefore, correction of anemia with iron supple-
ments improves the iron stores and enables a woman to withstand antepartum and postpartum
hemorrhage, which is a major cause of maternal mortality [53].

A recent review by Imdad and Bhutta [54] reported 69% and 66% reduction in incidence of anemia
(RR =0.31, 95% CI: 0.22, 0.44) and iron-deficiency anemia (RR = 0.44, 95% CI: 0.28, 0.68) respec-
tively at term when iron is supplemented on a daily basis. The review also found a beneficial impact
on reducing the incidence of low birth weight (RR = 0.80, 95% CI: 0.71, 0.90). Another review of 60
trials involving 27,402 women [55] also showed a significant effect of daily iron supplementation on
reducing the incidence of low birth weight infants (<2500 g) (RR = 0.81, 95% CI: 0.68, 0.97) and
improvement in birth weight by 30.81 g (MD = 30.81 g, 95% CI: 5.94, 55.68 g) (Table 4.2).

Although daily supplementation of iron has shown beneficial effects, issues with compliance
and potential side effects have also raised concerns in the recent past. Therefore intermittent oral
iron therapy has been proposed as an alternative. A review [56] that examined the effect of inter-
mittent supplementation of iron found a lower risk of high hemoglobin concentrations (>130 g/L)
during the second or third trimester of pregnancy (RR = 0.48, 95% CI: 0.35, 0.67). Women receiv-
ing intermittent iron supplements also had fewer side effects (RR = 0.56, 95% CI: 0.37, 0.84) than
those receiving daily supplements. The debate over whether intermittent or daily iron and folic acid
supplementation has a greater effect on reducing iron-deficiency anemia was suggested to be insig-
nificant (RR = 0.71, 95% CI: 0.08, 6.63).

Anemia is a common condition among pregnant women in low- and middle-income countries.
Although daily preventive iron supplementation during pregnancy showed reductions in the inci-
dence of anemia in mothers and low birth weight in neonates, intermittent supplementation ensured
compliance and had lower associated side effects. Accordingly, intermittent oral iron therapy there-
fore can be proposed as an alternative.

4.2.3 ANTIOXIDANTS

Antioxidants, which include copper, zinc, manganese, and vitamins C and E, are important cofac-
tors in various reactions in the body, especially during pregnancy. Its deficiency mediates oxidative
stress, which may lead to adverse pregnancy outcomes including preeclampsia and fetal growth
restriction. Various hypotheses have been put forward to support supplementation with antioxidants
that might delay or reverse the process that is seen with a decreased supply of antioxidant micro-
nutrients. Evidence supports that glutathione peroxidase, an enzyme that protects from oxidative
damage, requires antioxidants as its cofactor, and is seen to be decreased in cases of preeclampsia
and miscarriage [3]. In high-income countries, preeclampsia during pregnancy is a leading cause
of maternal and perinatal mortality and morbidity [57]; however, preeclampsia along with other
hypertensive disorders is responsible for a large proportion of maternal and neonatal deaths each
year in low-income countries.

Although a clear pathophysiology exists regarding oxidative stress at the molecular level and the
occurrence of preeclampsia, none of the reviews on women supplemented with antioxidants showed
any beneficial effect on maternal and other fetal/perinatal outcomes [58—61]. A recent Cochrane
review that looked at 10 trials comprising 6533 women showed no significant difference between
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antioxidant and control groups for the relative risk of preeclampsia (RR = 0.73, 95% CI: 0.51, 1.06),
preterm birth (before 37 weeks) (RR = 1.10, 95% CI: 0.99, 1.22), or infant death (RR = 1.12, 95% CI:
0.81, 1.53) [58] (Table 4.2). Although the review did not find favorable maternal and fetal outcomes,
it stressed pooling the data with ongoing trials to reach to conclusion. On the other hand, a cohort
study of 1231 gravid women reported a positive association of plasma concentrations of vitamin E
(a-tocopherol) with increased fetal growth, decreased risk of small-for-gestational-age births, and
an increased risk of large-for-gestational-age births [62].

Antioxidants might be important for the prevention of preeclampsia; however, the evidence for
the efficacy of antioxidants efficacy in preventing preeclampsia and other fetal and perinatal out-
comes has not been established yet.

4.2.4 ViamiN B, (CoBaLAMIN)

Vitamin B,, deficiency is prevalent among poor people who cannot afford an animal-rich diet with
any regularity or among those who prefer a vegetarian diet based on personal preference or religious
grounds [63]. Vegan diets have very low cobalamin content; however, this greatly depends on whether
people consume dairy products or eggs or maintain a strict vegetarian diet. Vitamin B, (cobalamin)
is one of a group of complex molecules produced in nature only by microorganisms. Because of bac-
terial symbiosis, it is possible for humans to receive vitamin B,, solely from the diet [64].

Vitamin B,, is needed as a cofactor for two important enzymes catalyzing methylation reactions
in the body. During the development of an embryo, DNA modulates gene expression, cell differ-
entiation, and the formation of organs. An inadequate vitamin B,, status during pregnancy causes
elevated homocysteine levels, which may be associated with adverse pregnancy outcomes, includ-
ing preeclampsia, premature delivery, low birth weight (<2500 g), very low birth weight (<1500 g),
NTDs, and stillbirth [30].

Evidence suggests that vitamin B,, deficiency may also be linked to an increased risk of IUGR,
abnormal fetal brain development, cleft palate, and metabolic syndromes [65]. A study conducted
on rats that were supplemented with a omega-3 fatty acid and vitamin B,,-enriched diet showed a
positive effect on synaptic plasticity and cognition, which may lead to a decrease in neurocognitive
disorders [66]. Folate and vitamin B,,, among other micronutrients, play a critical role as cofactors
in DNA methylation and epigenetic processes, dysfunctions of which may lead to an increased risk
for neurodevelopmental disorders in the offspring. Further, this study demonstrates that a maternal
diet with an imbalance in micronutrients such as folic acid and vitamin B, can affect proper gene
expression of neurotrophins and their signaling molecules and adversely affect the brain of the off-
spring [67]. Moreover, unbalanced vitamin B, and total folate intakes during pregnancy may have
adverse outcomes such as an increased risk of small-for-gestational-age infants [68].

4.2.5 VimamiN B

Vitamin By, found naturally in foods such as poultry, fish, starchy vegetables, and non-citrus fruits,
has an average daily recommended intake of 1.9-2.0 mg for pregnant and lactating women [69].
Vitamin By is often prescribed to treat nausea and vomiting during pregnancy, and appears to be
more effective in reducing the severity of nausea [70]. Vitamin B4 has a major role in metabolic
processes in the body that include nervous system development and its functioning. It is essentially
required for the synthesis of neurotransmitters, polyamines, and histamine, as well as the removal
of ammonia from the body [71].

A Cochrane review of five trials (1646 women) [72] did not show any impact of vitamin B, on
maternal, fetal, or perinatal outcomes and urged future trials to assess its impact on congenital mal-
formation, neurological development, and other pregnancy and maternal outcomes. A small trial in
this review showed low mean birth weights with vitamin B, supplementation (MD =-0.23 kg, 95%
CI: =042, -0.04 kg, n = 33) (Table 4.2).
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4.2.6 VITAMIN A

In its natural form, vitamin A is available in different configurations. In the form of retinol or
retinyl-esters, vitamin A can be obtained from animal sources and is abundant in liver and fish liver
oil. Vitamin A as provitamin A-carotenoids can be obtained from plant sources, with yellow and
green leafy vegetables having the highest concentrations [73]. Retinol is its endogenous metabolite
and retinoic acid (RA), a vitamin A derivative, is a morphogenetically active compound [74].

Vitamin A deficiency is more prevalent in low- and middle-income countries because of poverty
and poor dietary intake. Along with poor diet, infections also make this population more prone to
deficiency. Vitamin A deficiency affects body stores and leaves the individual more susceptible to
infection. This is further evident by an increased documentation of xerophthalmia after an out-
break of measles [75]. It has been suggested that in vitamin A deficiency, proliferation of T cells is
impaired as they require retinoids for normal functioning. Thus the suppression of T cells results in
weak immune functioning.

The fetus starts to accumulate vitamin A during the third trimester of pregnancy, and needs
several months of sufficient intake after birth to build up a sufficient hepatic store for adequate fetal
consumption. During this time, if the vitamin A supplementation is not adequate in the maternal
diet then newborns often suffer from night blindness [76]. Moreover, for the healthy growth of an
infant, maternal vitamin A concentration in blood is very important. Breast milk also contains vita-
min A and is influenced by immediate and last-trimester serum vitamin A status of women [77].
Colostrum and early milk are highly rich in vitamin A, and inadequate levels of vitamin A in milk
may not meet the physiologic needs of a newborn during the first weeks [78—81].

Vitamin A plays several important metabolic and regulatory functions in the human body.
Retinol is required for production of the visual pigment rhodopsin; retinol and its derivatives are
responsible for gene expression and cell proliferation and differentiation; its metabolites regulate
immune functions and activate macrophages. It is also necessary for alveolar formation and lung
development and also maintains hematopoiesis by stimulating the differentiation of stem cells into
red blood cells [82]. The recommended dietary allowance for vitamin A during pregnancy is 1000
retinol equivalents/day (i.e., 3300 IU as retinol or 5000 IU of vitamin A) [83]. Currently, the WHO
recommends routine vitamin A supplementation during pregnancy or at any time during lactation
in areas with endemic vitamin A deficiency (where night blindness occurs) [84].

Compliance with safe dosage limits is very important for vitamin A, as a few derivatives of vita-
min A such as retinoids (but not carotenoids) can be teratogenic [85—88]. A synthetic form of reti-
noid can cause congenital fetal anomalies [89,90]. Evidence suggests that retinoids play a role in the
development of cephalic neural cells and closure of the neural tube [90-95]. Every 1 in 57 infants
who were born to women who took supplements of more than 10,000 IU of preformed vitamin A
had a risk of malformation [96].

A Cochrane review that studied more than 100 trials and reports on vitamin A supplementation
(with other micronutrients) did not find any effect on the risk of stillbirth (RR = 1.41, 95% CI: 0.57,
3.47), maternal anemia (RR = 0.86, 95% CI: 0.68, 1.09), preterm birth (RR = 0.39, 95% CT: 0.08,
1.93), neonatal mortality (RR = 0.65, 95% CI: 0.32, 1.31), or neonatal anemia (RR = 0.75, 95% CI:
0.38, 1.51). There were fewer low birth weight infants in the supplemented groups (RR = 0.67, 95%
CI: 0.47,0.96) [97]. However, a single trial showed significant reduction in maternal night blindness
(RR =0.70, 95% CI: 0.60, 0.82). The review reported that in vitamin A-deficient populations and
HIV-positive women, vitamin A supplementation reduces maternal anemia (RR = 0.64, 95% CI:
0.43, 0.94) and maternal clinical infection (RR = 0.37, 95% CI: 0.18, 0.77). Also, administration of
vitamin A together with other micronutrients led to fewer low birth weight infants (<2.5 kg) in the
supplemented group (RR = 0.67, CI: 0.47, 0.96) (Table 4.2).

During pregnancy, vitamin A is required for fetal growth, fetal reserves, and for maternal func-
tions. It boosts immunity and improves anemia in women and reduces the risk of low birth weight
infants. In a vitamin A-deficient population, supplementation with vitamin A has shown a protective
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yet insignificant effect on maternal deaths from infections (RR = 0.78, 95% CI: 0.39, 1.58) [98].
Vitamin A also plays a vital role in production of red blood cells, and experimental trials have
shown improved hemoglobin levels when supplementation is combined with iron (12.78 g/L, 95%
CI: 10.86, 14.70), where one-third of the response was attributable to vitamin A (3.68 g/L, 95% CI:
2.03, 5.33 g/L) and two-thirds to iron (7.71 g/L, 95% CI: 5.97, 9.45 g/L) [99].

4.2.7 ZINC

Zinc, an essential micronutrient, occurs naturally in animal and plant sources including lean
red meat, whole grain cereals, rolled oats, nuts, seeds, brown rice, tofu, and legumes, making
up a vital part of a regular and balanced daily diet. Unrefined grains provide a high concentra-
tion of zinc because zinc is present predominantly in the outer layer of grains. Green leafy
vegetables and fruits also provide high amounts of zinc because of their high water content [9].
Zinc deficiencies are starker in women from lower income countries because they may not be
able to afford meat and other dietary sources of zinc to the same extent as women from higher
income countries can; this, along with various factors such as health education among women
and nutritional labels on foods such as cereals, all play a major role in determining intake of
essential micronutrients.

Zinc plays an active role in nutrient metabolism, cell division, protein synthesis, and growth.
It does this by binding with proteins, predominantly albumin, o,-macroglobulin, and transferrin,
to allow them to be transported to cells; however, only free zinc, or zinc that is not bound to pro-
tein, is biologically active [100]. Zinc regulates a,-macroglobulin by altering its structure, which
increases its interaction with cytokines and proteases, leading to changes in immune function
[100]. Zinc also plays an oxidative role through binding with proteins and by occupying the bind-
ing sites for iron and copper in lipids, proteins, and DNA [101]. Animal studies showed evidence
of increased fetal deaths due to spontaneous abortions or multiple congenital anomalies because
of a zinc deficiency [102]. Zinc deficiencies can contribute to multiple organ malformations as a
result of anomalous synthesis of nucleic acids and protein, tubulin polymerization, impaired cel-
lular growth, and morphogenesis, leading to chromosomal defects and excessive lipid peroxida-
tion of cellular membranes. Because of its intrinsic requirement at the molecular level, maternal
zinc deficiency as suggested by numerous animal studies has long-term effects on the growth,
immunity, and metabolic status of the surviving offspring [103,104]. For example, maternal zinc
depletion had a direct detrimental effect on the offspring’s immune response that was manifested
across three generations [105].

Human studies suggested that women with acrodermatitis enteropathica, an inherited defect that
interferes with zinc absorption, are at a greater risk for fetal losses and congenital malformations
[106]. Even in the absence of acrodermatitis entheropathica, some women who had low maternal
zinc levels experienced poor pregnancy outcomes, such as preterm birth, prolonged labor, postpar-
tum hemorrhage, small-for-gestational-age infants, intrauterine growth restriction, or reduced birth
weight [107-109]. Therefore, an adequate intake and supplementation with zinc is especially impor-
tant for pregnant women and the developing fetus. These deficiencies can lead to adverse pregnancy
outcomes such as prolonged labor, atonic postpartum hemorrhage, preeclampsia, preterm labor, and
post-term pregnancies, although these have not yet been proven.

A review that included 20 trials reported that zinc supplementation in pregnant women showed
significant reduction in preterm birth (RR = 0.86, 95% CI: 0.76, 0.97), with no significant effect on
the reduction of numbers of infants with low birth weight [110] (Table 4.2). Because micronutrient
deficiencies may compound the effects of HIV infection, many reviews have studied the effects
of micronutrient supplementation, especially zinc, during pregnancy and evaluated the effects on
reducing morbidity and mortality in women with HIV infection. A study in pregnant Tanzanian
women suggested no significant clinical benefits after zinc supplementation [111].
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4.2.8 loDINE

Iodine is an important building block of the hormones that are produced by the thyroid gland.
Thyroid hormones, and therefore iodine, are essential for life. Because thyroid hormones govern
the metabolic rate, which increases during pregnancy, the demand for iodine increases to maintain
free thyroxin. During the first trimester, the demand for iodine increases as its excretion in urine
increases [112]. WHO recommendations for iodine intake during pregnancy and lactation have
recently increased from 200 to 250 mg/day, and the WHO has also suggested that a median urinary
iodine concentration (UIC) of 150 to 250 mg/L indicates adequate iodine intake [113]. In countries
where less than 90% of the population uses iodized salt, supplementation is advised, particularly
during pregnancy (150 mg/day), to cope with the increased demand [114].

Iodine deficiency during pregnancy has a direct negative effect on the neurological develop-
ment of the fetus. In iodine-deficient endemic areas, women experience hypothyroxinemia dur-
ing early gestation [115]. Thyroid hormone is required for the maturation of the human brain,
with important inputs in the myelination cycle and neuronal migration of the brain during fetal
development; hypothyroidism during fetal life may cause irreversible damage to the neurologi-
cal system. The disruption and deficiency develop into cretinism, which is manifested as severe
mental retardation along with multiorgan involvement exhibiting as squints, deafness, mutism,
and motor spasticity.

Low iodine intake in pregnancy is also associated with poor pregnancy outcomes such as mis-
carriage and small-for-gestational-age infants [113]. Because fetal brain development starts early in
life and thyroxin plays a vital role in it, an adequate iodine intake, especially within the first trimes-
ter, is therefore important [116]. A study has shown that pregnant women with UICs below 50 mg/L
during the third trimester or higher levels of thyroid-stimulating hormone were more likely to have
a small-for-gestational-age infant and a lower mean birth weight infant compared to women with
UICs between 100 and 149 mg/L (OR = 0.15, 95% CI: 0.03, 0.76] [117]. Intelligence quotients (I1Qs)
were also found to be lower in children whose mothers had UICs below 50 mg/L [118].

A recent meta-analysis of controlled studies in moderate to severely iodine-deficient areas sug-
gested that iodine supplementation before or during early pregnancy prevented new cases of cre-
tinism (RR = 0.27, 95% CI: 0.12, 0.60) [119]. Similar findings were also reported by a very recent
review [120]. The review by Zimmermann also reported an increase in birth weight (3.8-6.3%),
decrease in infant mortality (20—60%), and increase in developmental scores in young children
(10-20%) [119] (Table 4.2). Reviews have also estimated a reduction in IQ of 12-13.5 points in
iodine-deficient populations. Therefore, salt iodization in areas with endemic deficiency is the most
effective approach [119].

4.29 Calaum

Calcium plays an essential role in blood coagulation, nerve conduction and transmission, cell mem-
brane and muscle function, and skeletal development. Because of its major role in the develop-
ment of the skeleton, the demand for calcium increases during pregnancy as a result of an increase
in intestinal adsorption and mobilization from bones to meet the requirements of the developing
fetus [121]. A deficiency of calcium during pregnancy increases the risk for preeclampsia, and may
induce IUGR.

A recent meta-analysis [122] showed a reduction in cases of preeclampsia with calcium supple-
mentation (RR = 0.45, 95% CI: 0.31, 0.65); however, the effect was greater for women with low
baseline calcium intake (RR = 0.36, 95% CI: 0.20, 0.65) and in those selected as being at high risk
(RR =0.22, 95% CI: 0.12, 0.42). The risk of preterm birth was also reduced with supplementation
(RR = 0.76, 95% CI: 0.60, 0.97) and among those at high risk (RR = 0.45, 95% CI: 0.24, 0.83).
Maternal mortality and serious morbidity also declined by 20% with calcium supplementation
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(RR =0.80, 95% CI: 0.65, 0.97). One study included in this review also assessed the later blood
pressure in children whose mothers were given calcium supplementation and found a significant
reduction in blood pressure readings (RR = 0.59, 95% CI: 0.39, 0.91) [123] (Table 4.2).

Similar findings were also reported from a review that assessed the impact of calcium supple-
mentation only to women from low- and middle-income countries, where deficiency is more preva-
lent [124]. The review reported lower incidence of preeclampsia (RR = 0.41, 95% CI: 0.24, 0.69),
preterm birth (RR = 0.88, 95% CI: 0.78, 0.99). However, the impact on stillbirths and perinatal
mortality was found to be insignificant (RR = 0.81, 95% CI: 0.63, 1.03) and (RR = 0.86, 95% CI:
0.70, 1.07) respectively [125].

4.2.10 OMEGA-3 FaTTY ACIDS

The literature has suggested potential links between the intake of marine food and pregnancy out-
comes. Deficiencies or low intakes of marine food are often compensated by supplementation with
marine/fish oils. Although the affordability of marine food is lower among people living in low- and
middle-income countries, the rates of supplementation are higher among women in high-income
countries. The n-3 long-chain polyunsaturated fatty acids (LCPUFAs) eicosapentaenoic acid (EPA,
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) are precursors of the 3-series prostaglandins,
which act as modulators of inflammatory and vascular effects, and can be supplied by marine oils
[126]. However, with limited evidence from human studies, a final word is yet to be established on
the subject. Because vasoconstriction and endothelial damage impose a risk for preeclampsia and
gestational hypertension, it is likely that marine oil fatty acids may play an active role in preventing
or decreasing the incidence of these mechanisms. Prostaglandins have a delaying effect on birth by
delaying the initiation of labor and cervical ripening and by relaxing the myometrium by increas-
ing the production of prostacyclins (PGI, and PGI5), which is hypothesized to also be an effect of
marine oils. Decreased maternal intake of these essential fatty acids also affects the development of
nervous system tissue in the growing fetus [127]. Therefore women are advised to take these supple-
ments not only during pregnancy but also during the lactation period, when breast milk serves as
the biggest source of these essential fatty acids to a child. Infants require these essential fatty acids
for growth and maturation of the brain and retina [128,129].

A meta-analysis of randomized controlled trials showed that omega-3 supplementation during
pregnancy increases birth weight (MD =42.2 g, 95% CI: 14.8, 69.7 g) and leads to a 26% lower risk
of early preterm delivery (<34 weeks) (RR = 0.74, 95% CI: 0.58, 0.94) [130]. A Cochrane review
of six trials also reported higher mean gestation in women who were given fish oil (weighted mean
difference [WMD], 2.55 days, 95% CI: 1.03, 4.07 days) and they had a lower risk for preterm birth
(<34 weeks) (RR =0.69, 95% CI: 0.49, 0.99). Birth weight was also higher in infants born to women
who were given supplementation (WMD =47 g, 95% CI: 1, 93 g) [131] (Table 4.2).

Omega-3 fatty acids when supplemented during lactation were found to have no impact on chil-
dren’s neurodevelopment in terms of language development (standard mean difference [SMD] =
—0.14, 95% CI: —0.49, 0.20), intelligence or problem-solving ability (SMD = -0.22, 95% CI: —-0.23,
0.66), psychomotor development (SMD = 0.34, 95% CI: —0.11, 0.78), and motor development (SMD =
0.08, 95% CI: —0.13, 0.29). The impact was significant for child attention (SMD = 0.50, 95% CI:
0.24, 0.77) [132].

4.211 ViamiNn D

Vitamin D, a fat-soluble vitamin, is obtained mainly from sunlight [133]. It is also naturally pres-
ent in fish liver oils, fish, egg yolk, and liver. Vitamin D plays an important role in various bodily
functions such as immunity, cell differentiation, and bone growth, and also has anti-inflammatory
roles. Vitamin D is essential for calcium homeostasis and in reducing the risk of chronic diseases.
There are two physiologically active forms of vitamin D: D, (ergocalciferol), which is synthesized
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by plants, and D, (cholecalciferol), which is formed in the skin from 7-dehydrocholecalciferol after
exposure to ultraviolet B (UVB) radiation from the sun [134]. Vitamin D in supplements is found
as either vitamin D, or D,. D; metabolites have a higher affinity for vitamin D binding proteins;
in addition, vitamin D; may be more effective than vitamin D, in raising serum concentrations of
vitamin D and maintaining those levels for a longer time [135,136]. To ensure sufficient circulating
levels, adequate vitamin D intake is necessary because of its short half-life. Both D, and D, forms
share a similar metabolic fate, with both entering the circulation from the gut or skin, whereby they
are transported to the liver and hydroxylated to 25-hydroxyvitamin D (25(OH)D), the major circu-
lating form of vitamin D. Vitamin D deficiency is variable in adolescents and in countries where
women cover themselves for religious or personal reasons.

There is a unique relationship between vitamin D and calcium. Parathyroid hormone is respon-
sible for raising the serum calcium concentration through bone resorption, while another hormone,
calcitriol, inhibits parathyroid hormone and thus allows an increase of serum calcium concentration
from sources other than bone. Renal and intestinal absorption of calcium and phosphorus is aug-
mented in the presence of calcitriol. Maternal vitamin D deficiency in pregnancy has been associ-
ated with an increased risk of preeclampsia [137,138], gestational diabetes mellitus [139,140], and
preterm birth (<37 weeks of gestation) [141,142], and it influences fetal bone development and chil-
dren’s growth [137,143] and boosts the immune system [144,145].

A Cochrane review on maternal vitamin D supplementation during pregnancy reported a non-
significant reduction in preeclampsia (RR = 0.67, 95% CI: 0.33, 1.35) and a lower likelihood for an
infant with a birth weight below 2500 g (RR = 0.48, 95% CI: 0.23, 1.01) [146] (Table 4.2).

4.2.12 OTHER MICRONUTRIENTS

Several other micronutrients play a direct role or act as cofactors at the molecular level that may
have a beneficial effect on maternal and fetal outcomes. Their roles have not been reviewed in detail
in human studies. One such micronutrient is copper, which is an essential cofactor of several enzy-
matic reactions involved with metabolism, angiogenesis, oxygen transport, and particularly antioxi-
dant function. Copper levels rise during pregnancy and the effects of severe copper deficiency may
be disastrous, including reproductive failure and early embryonic death, whereas mild or moderate
deficiency does not have such serious effects on the fetus [147].

4.3 CONCLUSION

A completely balanced and healthy diet during pregnancy has a well-established role in preventing
adverse birth outcomes such as low birth weight infants; however, evidence now supports the role
of micronutrient supplementation in reducing the incidence of congenital anomalies or maternal
morbidities. Given the conclusive data on the roles of the various micronutrients such as antioxi-
dants and folate on the growing embryo and its differentiation, a link between the prevention of
defects during organogenesis and proper supplementation can be made, albeit with further trials
that explore the effects of such supplementation on different parameters. Further research is needed
to investigate the required amounts of each micronutrient as well as toxicities that may be a result
of excessive intake.

Because it is recommended that some micronutrients, such as iron and folate, be taken before
conception (preconception period), all women of reproductive age must be educated to have an
adequate intake. Anemic women of reproductive age must be given supplements if dietary modifica-
tions cannot be made, given that iron plays a vital role in behavioral and neural development, and its
deficiency has an irreversible effect [148].

Nutritional care must begin at an early stage, with special attention paid to the periconceptional
period and the first two trimesters, where a major part of organogenesis occurs, to prevent serious
fetal defects, adverse birth outcomes, and poor developmental milestones later on in the child.
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4.4 KEY POINTS SUMMARY

1. Deficiencies in micronutrients such as iron, folate, vitamin A, calcium, iodine, and zinc are
common among women of reproductive age, potentially adversely impacting their preg-
nancies and the health of their children. Micronutrients play important roles in the function
of enzymes and cofactors involved in the production of energy, DNA, and signal transduc-
tion, as well as maintenance of viability of cells in the body. Therefore it is not surprising
that deficiencies may adversely affect pregnancy outcomes. Micronutrient deficiencies are
significantly more common in low- to medium-income countries, although they are also
seen in women from high-income countries. The heightened maternal metabolic demands
for micronutrients during pregnancy, together with the growing child’s increased needs,
further compound any micronutrient deficiency that may have existed before pregnancy.

2. Iron deficiency is the most prevalent micronutrient deficiency found worldwide. A diet low
in red meat, poor absorption of iron (parasitic infections, high consumption of cereal crops
that interfere with iron absorption), or excessive loss of iron (heavy menstruation, iron
loss from high parity) all can lead to iron deficiency. As iron plays an important role in the
production of red blood cells, plus the function of many enzymes, the clinical effects of
iron deficiency are widespread and include fatigue, anemia, immune dysfunction, and gas-
trointestinal and neurocognitive impairment. [ron is essential for normal growth and brain
development in the fetus, with iron deficiency in pregnancy resulting in an increased risk of
intrauterine growth restriction (IUGR) and cognitive deficit. The use of iron supplements
in pregnancy has been shown to reduce the incidence of anemia and IUGR and improve
women’s resilience to postpartum hemorrhage, thereby reducing maternal deaths.

3. Folic acid and folate derivatives play a role in DNA methylation, cell division, and tissue
growth. Folate plays an important role in the methylation of homocysteine to methionine
(an essential amino acid), with a deficiency of homocysteine leading to a rise in homocys-
teine levels that then induce oxidative stress and inflammation. The resulting endothelial
damage may impair placental perfusion, leading to an increased risk of miscarriage and
preeclampsia. Folic acid supplementation, or fortification of food, can result in a reduc-
tion in homocysteine levels and significant decline in the incidence of neural tube defects,
congenital heart defects, orofacial clefts, and limb and obstructive urinary anomalies. For
this reason, the WHO advocates that all women trying to conceive should take 400 mcg of
folic acid until 12 weeks of pregnancy.

4. Vitamin B, deficiency is prevalent among poor women who cannot afford an animal-rich
diet or who prefer a vegetarian diet for personal or religious reasons. Vitamin B, plays an
important role in reducing homocysteine levels, as well as playing a positive role in DNA
methylation. Inadequate vitamin B,, status during pregnancy is associated with adverse
outcomes such as preeclampsia, prematurity, and low birth weight, as well as abnormal
fetal brain development and cleft palate. For these reasons, vegetarians and vegans should
take vitamin B,, supplements during pregnancy.

5. Vitamin A, through its metabolites retinol and retinoic acid, plays an important role in gene
expression and cell proliferation and differentiation. In low-income countries vitamin A defi-
ciency is common, leading to night blindness in the mother and child, impaired immune
function predisposing to infection, and impaired red blood cell formation (anemia). Low
vitamin A levels may interfere with normal fetal lung and neural development. Excessive
consumption of preformed vitamin A (>10,000 IU) or synthetic vitamin A analogues such as
those used to treat acne may actually be teratogenic and should be avoided during pregnancy.
The WHO recommends routine vitamin A supplementation (5000 IU/day) during pregnancy
and breastfeeding in all areas where vitamin A deficiency/night blindness is prevalent. Some
evidence suggests that such supplements can reduce maternal infection and anemia rates,
while also reducing maternal mortality and night blindness and fetal growth restriction.
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6.

10.

Zinc deficiencies are relatively common in lower income countries where access to red
meat may be limited. Zinc plays an important antioxidant role, as well as aiding immune
function. Zinc deficiency has been linked with fetal growth restriction, preterm delivery,
and poor uterine contractions (prolonged labor and increased risk of postpartum hemor-
rhage). Zinc supplementation in pregnancy has been shown to produce a significant reduc-
tion in preterm birth.

. Iodine plays an important role in the fetal and maternal production of thyroid hormone.

As thyroid hormone is important for fetal brain development, minor deficiencies in iodine
resulting in subclinical hypothyroidism have been linked with a reduction in the child’s IQ
of up to 13 points, with more serious deficiencies causing severe mental retardation (cre-
tinism). Many countries fortify salt with iodine to prevent deficiency. In countries where
iodized salt use is not prevalent, the WHO suggests supplementation with 150 mg/day.

. Calcium deficiency is more common in women from low- and middle-income countries

with limited dairy intake. Calcium demands in pregnancy increase because of the need
for calcium to build the fetal skeleton. This increased demand can exacerbate maternal
calcium deficiency and lead to an increase in risk of preeclampsia and possibly growth
restriction. Calcium supplements have been shown to reduce the incidence of preeclamp-
sia, especially in women who had low calcium intake at baseline.

. Vitamin D, a vitamin produced primarily by the skin in response to sun exposure, also

appears to play a beneficial role in pregnancy. Vitamin D deficiency has been linked with
an increased risk of preeclampsia, gestational diabetes, and preterm birth, while also influ-
encing fetal immune and bone development. Vitamin D supplementation has been reported
to reduce the risk of preeclampsia and low birth weight.

Antioxidants such as vitamins C and E, copper, zinc, and manganese may all play a role
in helping prevent pregnancy complications such as preeclampsia that are characterized by
a state of oxidative stress. Some studies have observed trends suggesting that antioxidant
supplements may reduce preeclampsia and IUGR, although the evidence for this effect is
not conclusive. Vitamin B, supplements have been shown to have some beneficial effects in
treating hyperemesis gravidarum (“morning sickness”). Omega-3 fatty acids, as found in
fish and fish oil supplements, have been identified as having anti-inflammatory and positive
vascular effects, potentially reducing preeclampsia and preterm delivery risks. The use of
omega-3 supplements in pregnancy has been reported to result in significant decreases in
preterm delivery and low birth weight. Omega-3 fatty acids may also assist in the develop-
ment of a healthy fetal nervous system.
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