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Abstract

Polycystic ovary syndrome (PCOS) is a common endocrine
disorder that affects up to 6.8% of reproductive age
women. Experimental research and clinical observations
suggest that PCOS may originate in the very early stages
of development, possibly even during intrauterine life.
This suggests that PCOS is either genetically-transmitted
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or is due to epigenetic alterations that develop in the
intrauterine microenvironment. Although familial cases
support the role of genetic factors, no specific genetic
pattern has been defined in PCOS. Several candidate
genes have been implicated in its pathogenesis, but
none can specifically be implicated in PCOS development.
Hypotheses based on the impact of the intrauterine
environment on PCOS development can be grouped
into two categories. The first is the “thrifty” phenotype
hypothesis, which states that intrauterine nutritional
restriction in fetuses causes decreased insulin secretion
and, as a compensatory mechanism, insulin resistance.
Additionally, an impaired nutritional environment can
affect the methylation of some specific genes, which can
also trigger PCOS. The second hypothesis postulates that
fetal exposure to excess androgen can induce changes
in differentiating tissues, causing the PCOS phenotype to
develop in adult life. This review aimed to examine the
role of fetal programming in development of PCOS.
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Core tip: Polycystic ovary syndrome (PCOS) is a highly
complex and heterogeneous disorder that is significantly
influenced by genetic and environmental factors. There
is some evidence that the development of PCOS may
begin during the intrauterine period. Fetuses exposed
to intrauterine nutritional restriction often have lowered
insulin secretion and, as a compensatory mechanism,
insulin resistance, which is known as the “thrifty” pheno-
type. Additionally, an impaired intrauterine nutritional
environment can affect the methylation of some specific
genes, which can trigger PCOS. The other hypothesis
postulates that fetal exposure to excess androgen can
induce changes in differentiating tissues, causing the
PCOS phenotype and related disorders to develop in
adult life.
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is a complex disorder
characterized by defects in primary cellular control
mechanisms that can result in hyperandrogenemia,
hyperinsulinemia, insulin resistance, and chronic ano-
vulation. PCOS is the most common endocrinologic
disorder among women of reproductive age. Its pre-
valence typically ranges between 4% and 8% in diverse
populations, but it has been reported to be as high as
25%!Y, The variations in the reported prevalence of PCOS
have been attributed to the use of different diagnostic
criteria. Three main diagnostic criteria systems that are
currently accepted for PCOS are those from the National
Institutes of Health (NIH, 1990), Rotterdam (ASRM/
ESHRE, 2003), and Androgen Excess Society (AES,
2006). According to the Rotterdam criteria, the diagnosis
of PCOS is based on the presence of at least two of
the following three clinical features: polycystic ovarian
morphology, oligo/amenorrhea and hyperandrogenism.
However, the NIH criteria require only oligo/amenorrhea
and hyperandrogenism for a diagnosis, while the AES
criteria require a combination of biochemical or clinical
hyperandrogenism along with chronic anovulation or
polycystic ovarian morphology'?. Although it is consi-
dered to be a disorder of reproductive age women (based
on its classical symptoms of amenorrhea, hirsutism, and
infertility), it can affect a woman any time during her
life. Affected persons have a lifetime risk of disorders,
including glucose metabolism, cardiovascular diseases,
endometrial hyperplasia and/or cancer”.

The underlying causes of PCOS are not known.
However, its signs and symptoms typically appear during
or close to the onset of puberty. Signs of precocious
pubarche and adolescent hyperandrogenemia with or
without insulin resistance may indicate the early stages
of PCOS®. Further, epidemiologic studies have shown
that adolescents with the aforementioned signs of
PCOS had lower birth weights than those of controls™.
These results suggest the hypothesis that PCOS is a
continuum of a process that begins during intrauterine
life.

PCOS is also believed to be caused by several genetic
and environmental factors. The prevalence of PCOS
has risen in populations where the gene pool has been
relatively constant, which indicates that environmental
factors may be playing a more important role in its
development™, Further, obesity has been linked to the
development of PCOS in susceptible individuals. A recent
study revealed that, when compared with matched
controls, non-obese women with PCOS had higher levels
of glycotoxins, hyperandrogenemia, and advanced
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glycation end products, which were positively correlated
with insulin resistance indices®. Some recent animal
studies and observational human studies have suggested
that impaired nutrition and steroidal environment
during intrauterine life may play an important role in the
development of PCOS" ™,

GENETICS OF PCOS

Although case reports indicate that PCOS clusters within
families, genetic studies have been inconclusive™®. Twin
studies have shown a heritability of 79% for PCOS with
a correlation of 0.71 between monozygotic twins and
0.38 between dizygotic twins!'*’. The clinical presentation
of PCOS varies widely and there is currently no con-
sensus on its diagnostic criteria>**, Studies aimed at
determining a genetic model of PCOS have produced
different results when varying diagnostic criteria were
used. For instance, some studies accepted hirsutism
and ovaries with a polycystic appearance as diagnostic
criteria (Rotterdam criteria) for the disease; these studies
suggested that PCOS may have an autosomal dominant
or X-linked simple Mendelian trait. Other studies using
oligomenorrhea and hirsutism as the diagnostic criteria
(NIH criteria) have reported lower genetic penetration
rates’™*”), On the other hand, some other recent studies
have shown that the genetic aspect of insulin resistance
is more prominent than that of hyperandrogenism in
PCOS patients'®. In conclusion, there is not yet a clearly
established genetic model of PCOS. This is due to the
diversity of both the diagnostic criteria and the clinical
presentations of the disease, differences in its prevalence
among various ethnic populations, and the limitations
of some prior studies with respect to the number of
subjects and statistical analyses used™”.

While the etiology of PCOS remains unclear, in-
trinsic abnormalities in the synthesis and secretion of
androgens, insulin and gonadotropins provide a plausible
basis for the syndrome. Therefore, it has been suggested
that specific primary enzyme abnormalities in these
steroidogenic pathways may be an important cause of
PCOS. Many different genes encoding these enzymes
have been studied to determine the etiology of PCOS;
these genes have altered expression, suggesting that the
genetic abnormalities in PCOS affects signal transduction
pathways controlling steroidogenesis, steroid hormone
action, gonadotropin action and regulation, insulin action
and secretion, energy homeostasis, chronic inflam-
mation, and more (Table 1)!***”), These genes may each
contribute separately, or they might act collectively.
Moreover, different variation in the same gene (allelic
heterogeneity) and possible gene-environment interac-
tions may have different effect on gene function. Data
suggests that as of yet, there are no gene defects
considered to be responsible for the etiology of PCOS;
however, several studies have looked at many candidate
genes and have suggested that alterations in these
genes may contribute to the development of PCOS.
Nevertheless, future studies are needed to determine
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Table 1 Genetics of polycystic ovary syndrome

The genes associated with PCOS

Genetic mutation (specific enzyme, protein or receptor)

Genes involved in ovarian and adrenal steroidogenesis

CYP11A (P450 cytochrome)
CYP21 (21-hydroxylase)
CYP17 (17a-hydroxylase and 17,20-lyase)

CYP19 (the enzyme complex aromatase: cytochrome P450 aromatase, the NADPH cytochrome

Genes involved in steroid hormone actions

Genes involved in gonadotropin action and regulation
Genes involved in insulin action and secretion

P450 reductase 30, and P450 arom)
AR-VNTR polymorphism (the androgen receptors)

4-kb gene - A pentanucleotide repeat polymorphism (SHBG)

Trp8Arg and Ilg15Thr (the B-subunit of LH)
INS -VNTR (insulin)
INSR-SNP (insulin receptor)

Gly972Arg for IRS1, Gly1057Asp for IRS2 (insulin receptor substrates)

Genes involved in energy homeostasis
Genes involved in chronic inflammation

112/121 haplotype of CAPN10 (calpain-10)
Apal; rs680-SNP (IGF-1, IGF-2)
T45G in exon 2 and G276T in intron 2 (adipocytokines)
Mutation 308 A alleles (TNF-o)

TNEFR2, IL-6 signal transducer gp 130, IL-6 receptor genes (type-2 TNF receptor, IL-6)

Polymorphism 4G/5G (PAI-1)

PCOS: Polycystic ovary syndrome; PAI-1: Plasminogen activator inhibitor-1; IL-6: Interleukin-6; TNF-o: Tumor necrosis factor o; IRS: Insulin receptor

substrates; INSR: Insulin receptor.

which genes are the most appropriate PCOS biomarkers.
In addition, more recent genetic approaches, namely
genome-wide association studies, may begin a new era
in PCOS research™.,

EXPERIMENTAL ANIMAL STUDIES

Experimental evidence supports the hypothesis that the
phenotypic expression of PCOS is strongly influenced
by the intrauterine environment. Initial studies on rats
have shown that elevated testosterone (T) levels early
in intrauterine life are related to anovulatory sterility and
ovarian polycystic changes in offspring®=", Prenatally
T-treated monkeys and sheep serve as good models of
PCOS because follicular differentiation in these species
is similar to that in humans™. The results of studies on
prenatally androgenized rhesus monkeys are summarized
as follows: (1) Following cessation of maternal testo-
sterone treatment in the early period (beginning on
days 40-44 of gestation; term 165 £ 10 d), fetuses of
these mothers had irregular ovulatory menstrual cycles,
ovarian hyperandrogenism, enlarged polyfollicular
ovaries and luteinizing hormone (LH) hypersecretion,
insulin resistance, diminished insulin secretion, increased
incidence of type 2 diabetes, visceral adiposity, and
hyperlipidemia. These conditions may be related to an
increase in Gonadotropin-releasing hormone (GnRH)
secretion, a reduced negative feedback effect of steroids
on LH release and/or increased gonadotropin response
to GnRH™*%, Normally, healthy fetuses undergo a
“critical hypothalamic hormonal period” during sexual
differentiation. During this period, a sufficient androgenic
stimulus in the brain allows for tonic gonadotropin release
and contributes to male-type development; on the
other hand, an insufficient androgenic stimulation level
promotes the development of a female-type synaptology
that is characterized by cyclic GnRH release™. An
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increased frequency and amplitude of GnRH release
increases LH levels and impairs folliculogenesis, resulting
in the anovulatory clinical picture that is characteristic
of PCOS. Female offspring of monkeys that were
androgenized during fetal life and have high LH levels
have hormonal profiles similar to those of the normal
male-type hormonal profile; (2) female monkeys similarly
exposed to androgen excess during late gestation
(100-110 gestation days) also exhibit an adult PCOS-like
phenotype, but they do not have obvious abnormalities
in LH and insulin secretion or in insulin action®”; (3)
prenatally androgenized monkeys have high blood
levels of androstenedione at birth and their androgens
of adrenal origin continue to increase for a period of
4-25 mo after birth, suggesting that prenatal androgen
exposure may permanently alter adrenal androgen pro-
duction®¥; (4) fetuses that are androgenized during
the prenatal period have an increased number of
primary, growing preantral, and small antral follicles
and an accelerated proliferation of granulosa cells. In
addition, an excess of prenatal androgen increases
the mRNA expression of follicle-stimulating hormone
receptor, insulin-like growth factor I (IGF-1) and the
IGF- I receptor in granulosa cells. These morphological
changes are similar to the increased follicular develop-
ment from the primordial follicle pool that is seen in
PCOS patients. Furthermore, prenatally androgenized
fetuses have increased 5o-reductase and decreased
aromatase activities, which are similar to mechanisms
involved in the impaired follicular maturation of PCOS
patients®’*®); (5) prenatally androgenized female
monkeys exhibit enhanced insulin secretion in both the
fetal and infant zona reticularis. Therefore, an excess of
fetal androgen may induce relative insulin hypersecretion
in exposed female fetuses and infants, which in turn
programs adrenal hyperandrogenism. In addition, the
amelioration of impaired insulin action has beneficial
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Maternal (i.e., PCOS) Fetal (genetic predisposition)

\ /

Prenatal excess androgen

/ N

Fetal reproductive system Fetal metabolic system
Hypothalamic effect: 1 LH Insulin resistance at target cells
Adrenal effect: 1 androstenedione 1 Insulin secretion
Impaired folliculogenesis 1 Visceral adiposity

IUGR
Impaired nutritional milieu (thrifty hypothesis)
Epigenetic modifications

Figure 1 Possible effects of prenatal excess androgen on the fetus. PCOS:
Polycystic ovary syndrome; LH: Luteinizing hormone; IUGT: Intrauterine growth
restriction.

glucoregulatory effects in both PCOS patients and in
prenatally androgenized female monkeys. Treatment with
Pioglitazone (a thiazolidinedione-based insulin sensitizer)
in prenatally androgenized female monkeys diminishes
the aspects of adrenal androgen excess and normalizes
menstrual cydicity™”; (6) the hypothesis that metabolic
disorders are programmed during the fetal stage is
supported by the finding that, despite normal T levels
after birth, prenatally androgenized male fetuses have
insulin resistance and pancreatic beta-cell defects similar
to those observed in females™; and (7) T excess, when
introduced prenatally, decreases birth weight in rodent
and sheep offspring. In addition, in humans, impaired
placental aromatization is accompanied by diminished
uteroplacental perfusion and low infant birth weight“®**,
It has been suggested that matemal T excess may reduce
fetal growth and birth weight via impaired placental
function (Figure 1).

CLINICAL OBSERVATIONS FOR THE
DEVELOPMENTAL ORIGIN OF PCOS

There is some evidence that female fetuses exposed
to high androgen levels during the intrauterine period
develop the clinical features of PCOS later in life.
In humans, it is not possible to perform controlled
studies to observe the fetal consequences of maternal
androgens; this is left to animal research. However,
some observations have been made in humans to
support the validity of this hypothesis. Female fetuses
having a congenital virilizing tumor or congenital adrenal
hyperplasia due to 21-hydroxylase deficiency have been
shown to display features of PCOS later in life, even
after eliminating the hyperandrogenemia with postnatal
therapies™™!. Similarly, it has been reported that female
fetuses of women with defects in the p-450 aromatase
gene and sex hormone-binding globulin gene, which are
rare conditions that cause androgenization, also develop
PCOS later in life™®. Furthermore, it has been shown that
exposure to androgen-like chemicals (e.g., Bisphenol A)
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can lead to PCOS™"*,

Another study showed that the maternal androgen
level is significantly higher in pregnant mothers with
PCOS compared to that in healthy pregnant women™®,
While the reason for elevated androgen levels in
pregnant women with PCOS has not yet been clarified,
it is hypothesized that it may be due to hCG-stimulated
androgen production in maternal theca cells or the
placenta. Under normal conditions, maternal androgens
or fetal adrenal androgens are rapidly converted to
estrogens by the activity of the placental enzyme aro-
matase. However, when the activity of this enzyme is
inhibited, the availability of androgens may increase.
Insulin has been shown to inhibit aromatase activity
in human cytotrophoblasts and can stimulate 3-hydro-
xysteroid dehydrogenase activity™. Therefore, hyperin-
sulinemia appears to coincide with elevated maternal
androgen levels in the development of PCOS in offspring
of pregnant women with the same disease. Furthermore,
this hypothesis may be supported by the observation
that the fetuses of diabetic mothers using insulin have
increased levels of macrosomia and fetal pancreatic g-cell
hyperplasia, as well as hirsutism, ovarian theca-lutein
cysts, ovarian theca cell hyperplasia, and high T and hCG
levels in the amniotic fluid®*.

In addition to having increased androgen levels during
pregnancy, women with PCOS may also deliver small-
for-gestational age newborns at a higher prevalence than
do normal control mothers®!, It is hypothesized that
prenatal exposure to androgens in the offspring of women
with PCOS may cause the development of the PCOS
phenotype later in life, and it may also be the reason
for low birth weight during the intrauterine period. With
this in mind, recent studies in girls have shown that low
birth weight is related to the development of premature
pubarche followed by functional hyperandrogenism,
insulin resistance with hyperinsulinism, and dyslipidemia
during adolescence. It has been suggested that these
manifestations may have a common early origin®*%, A
study in which the authors followed pregnant women
during their entire pregnancies reported that pregnant
women with PCOS had a progressive increase in both
maternal androgens (testosterone and androstenedione)
and insulin resistance during their pregnancies, and
that these women were exposed to adverse pregnancy-
related events significantly more often than those in
the control group with a similar body mass index**!.
Fetuses of mothers with PCOS can have developmental
delay, which may be related to an elevated T level and
insulin resistance. It has been shown that increased
insulin resistance during pregnancy is related to adverse
pregnancy outcomes including gestational diabetes,
preeclampsia, preterm labor, and intrauterine growth
restriction (IUGR)™***. This hypothesis is also supported
by the fact that male children of mothers with PCOS also
have increased prevalence of impaired glucose tolerance,
insulin resistance, type-2 diabetes, dyslipidemia and
pancreatic beta-cell defects later in life"®,

Another possible mechanism related to the fetal
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programming of PCOS involves an impaired intrauterine
environment. Independent of elevated androgen levels,
intrauterine nutritional insufficiency for any reason
may lower insulin secretion and insulin resistance in
target tissues as an adaptive mechanism (the thrifty
hypothesis). The development of insulin resistance is
believed to be directly related to the body “predicting” a
life of starvation for the developing fetus. This fetus or
infant will have retarded growth and will likely develop
PCOS when exposed to nutritional surplus later in life.
Epidemiologic studies have demonstrated that babies
born with IUGR have an increased prevalence of meta-
bolic syndrome, type-2 diabetes, and hypertension later
in life*®. A recent study showed that urine from neonatal
infants with IUGR contained significantly increased levels
of metabolic syndrome-associated markers®™. Although
conclusive evidence is lacking, it has been suggested that
an impaired intrauterine nutritional environment causes
epigenetic changes that trigger metabolic disorders
in adult life. The best evidence for this is that there is
hypomethylation in the 11p15 imprinting center region
that is responsible for the etiology of Silver-Russell
syndrome, which is characterized by severe IUGR, lack of
catch-up after birth, and specific dysmorphisms®”.

CONCLUSION

In conclusion, PCOS is a highly complex and hetero-
geneous disorder that is significantly influenced by
both genetic and environmental factors. Environmental
factors may play a role in the early stages of human
development by helping to convert a predisposed
genotype to the phenotypic expression of PCOS. In this
review, the possible roles of intrauterine environmental
factors in PCOS were summarized. Experimental animal
studies suggest that maternal hyperandrogenism at a
critical stage of fetal development may cause permanent
changes in fetal physiology that can trigger PCOS
development later in adult life. In humans, it is not
possible to perform controlled studies to observe the fetal
consequences of maternal androgens; however, some
observations have been made in humans to support the
validity of this hypothesis. In addition to having increased
androgen levels during pregnancy may also deliver small-
for-gestational age newborns at a higher prevalence that
do normal control mothers. Furthermore, an insufficient
intrauterine nutritional environment may also affect
PCOS development by affecting cellular metabolism in
target tissues or by causing epigenetic alterations to
specific genes.

Mechanisms triggering PCOS may be eliminated by
making improvements to the matermnal hormonal environ-
ment and to the intrauterine nutritional environment.
Future studies are necessary in order to determine
whether insulin-sensitizing treatment of pregnant
women with PCOS, or prenatally androgenized animals,
will prevent postnatal PCOS in their daughters/female
offspring. Results from such studies may help to identify
a specific programming mechanism for PCOS.
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