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Polycystic ovary syndrome (PCOS) is the most common endocrine disorder of the women of reproductive age. Familial clustering
of PCOS has been consistently reported suggesting that genetic factors play a role in the development of the syndrome although
PCOS cases do not exhibit a clear pattern of Mendelian inheritance. It is now well established that PCOS represents a complex trait
similar to type-2 diabetes and obesity, and that both inherited and environmental factors contribute to the PCOS pathogenesis. A
large number of functional candidate genes have been tested for association or linkage with PCOS phenotypes with more negative
than positive findings. Lack of universally accepted diagnostic criteria, diﬃculties in the assignment of male phenotype, obscurity
in the mode of inheritance, and particularly small sample size of the study populations appear to be major limitations for the
genetic studies of PCOS. In the near future, utilizing the genome-wide scan approach and the HapMap project will provide a
stronger potential for the genetic analysis of the syndrome.
Copyright © 2007 Ugur Unluturk et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1.

INTRODUCTION

PCOS is a highly prevalent endocrine disorder aﬀecting approximately 7% of reproductive-aged women [1]. There is
no consensus on the diagnostic criteria and definition of
PCOS. The most widely used 1990 National Institute of Child
Health and Human Development (NICHD) conference diagnostic criteria include (i) clinical and/or biochemical signs
of hyperandrogenism, (ii) oligo-ovulation, and (iii) exclusion of other known disorders such as Cushing’s syndrome,
hyperprolactinemia and nonclassic adrenal hyperplasia [2].
A recent expert meeting sponsored by European Society of
Human Reproduction and Embryology (ESHRE)/American
Society for Reproductive Medicine (ASRM) suggested that
the definition of PCOS should include two of the following three criteria: (i) oligo- and/or anovulation, (ii) clinical
and/or biochemical signs of hyperandrogenism, (iii) polycystic ovaries on ultrasonography, and exclusion of related
disorders [3, 4].
Patients with PCOS have several interrelated characteristics including hyperandrogenism, altered gonadotropin dynamics, chronic anovulation, polycystic ovaries, and insulin
resistance. The syndrome has a significant reproductive and

metabolic impact, and is associated with increased risk of
type-2 diabetes, dyslipidemia, cardiovascular disease (CVD),
and endometrial carcinoma [5–7]. Overall, PCOS can be
viewed as a heterogeneous androgen excess disorder with
varying degrees of gonadotropic and metabolic abnormalities. Development of PCOS may require the interaction of
multiple inherited and environmental factors. Herein, we
will briefly overview the available evidence regarding the genetic basis of PCOS.
2.

FAMILIAL AGGREGATION OF THE SYNDROME

The familial aggregation of PCOS phenotypes and of associated metabolic and reproductive abnormalities has been
long noted [8]. While clustering of cases in families strongly
support the role of genetic factors in the development of
PCOS, heterogeneity of phenotypic features in diﬀerent families and even within the same family underscores the importance of the environmental contribution. PCOS appears to
be a common and complex trait and the exact pattern of inheritance is yet to be fully explained [22, 23]. Family studies of PCOS investigated mainly ovarian morphology, menstrual irregularities, symptoms of hyperandrogenism and
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oligomenorrhea and infertility in first-degree relatives compared with nonhirsute control women. A questionnaire revealed an increased baldness in male relatives [11]. Aﬀected
female and male family members were not systematically
characterized in this study.
Lunde et al. studied families of 132 Norwegian women
identified on the basis of an ovarian wedge resection, who
also had two or more of the following symptoms: menstrual
irregularity, hirsutism, infertility, and/or obesity [12]. They
also compared these women with controls and their families,
and found a significantly higher percentage of PCOS-related
symptoms in the first-degree female relatives of PCOS patients and observed a significantly higher percentage of premature balding and increased pilosity among male relatives
[12].
Using NICHD criteria for the diagnosis of PCOS, KahsarMiller et al. reported the rates of PCOS in mothers and sisters
of patients with PCOS as 24% and 32%, respectively [20].
Legro et al. showed that 22% of reproductive aged sisters of
women with PCOS fulfilled the diagnostic criteria of PCOS,
whereas 24% had increased T and DHEAS values with regular menstrual cycles [17]. We have reported 16% and 8%
PCOS prevalence rates in sisters and mothers of Turkish
PCOS patients, respectively [21].
Recently, quantitative phenotypes related to hyperandrogenemia and glucose homeostasis are also shown to be heritable in PCOS. Evidence for heritability of metabolic phenotypes such as beta cell function and insulin resistance was
reported in family studies of PCOS. Studying the families
of five patients with PCOS, Norman et al. reported that increased insulin levels were common among first-degree relatives [15]. Colilla et al. noted that there was a heritable
component of beta cell dysfunction in families of women
with PCOS [16]. Legro et al. reported that aﬀected sisters of women with PCOS (who fulfill criteria for the diagnosis of PCOS, and those with hyperandrogenemia) had
high insulin levels and low fasting glucose to insulin ratios
[18], and the brothers of women with PCOS had increased
dehydroepiandrosterone (DHEAS) levels [19]. We have reported that mothers and fathers of PCOS patients have increased prevalence of glucose intolerance and type-2 diabetes
whereas brothers and sisters show insulin resistance compared to age- and BMI-matched healthy controls [21].
3.

METHODS USED IN GENETIC STUDIES OF PCOS

Two mainstream approaches employed to identify a genetic
locus for PCOS are (i) association studies where a predisposing allele is expected to be encountered more frequently in
the eﬀected population than the normal individuals and (ii)
linkage studies where the probands and their families are investigated to determine if particular genomic landmarks are
distributed independently or in linkage (together) with the
phenotype. While the mode of inheritance is not required for
the association studies, it requires that a relatively large set of
individuals are needed for a clear conclusion. The canonical
linkage studies require that the mode of inheritance should
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be known for the analysis procedure. These studies are quite
robust to identify single genes causing Mendelian disorders
but are poorly suited to the genetic architecture of complex
traits such as PCOS. The variable penetrance and expressivity
are two main factors that are complicating both association
and linkage methods (reviewed in [25]).
The frequency of the genomic landmarks used in linkage studies defines the resolution and the mapping power
of the study. The whole genome scan approach utilizing
the SNP (single nucleotide polymorphism) microarray genechip technology brings the highest resolution in genetic mapping [26]. Yet, there is no PCOS study published with this
technique. Furthermore the HapMap project brings further
power to association studies by genotyping over a million
SNPs and characterizing genetic variation patterns in linkage
disequilibrium [27].
4.
4.1.

CANDIDATE GENES IN PCOS
Genes involved in ovarian and adrenal
steroidogenesis

The most common biochemical abnormality in women with
PCOS is hyperandrogenemia (Figure 1). For this reason, researchers have long been trying to find a linkage or an association between PCOS and the genes involved in the androgen
biosynthetic pathway. The most relevant genes involved in
steroidogenesis, CYP11a, CYP21, CYP17, and CYP19, along
with their controversial properties are discussed below.
4.1.1. CYP11a
Adrenal and ovarian steroidogenesis start with the conversion of cholesterol into progesterone, which is catalyzed by
the P450 cytochrome side chain cleavage enzyme encoded
by CYP11a located at 15q24 [28]. This conversion is a rate
limiting step of steroidogenesis. Gharani et al. conducted
an association study of 97 women with PCOS and showed
a significant association between serum testosterone levels
and the alleles of the CYP11a with a 5 untranslated region
(UTR) consisting of repeats of a (tttta)n pentanucleotide,
a VNTR (variable number tandem repeat) polymorphism
[29]. Two independent case-control studies from Greece [30]
and China [31], respectively, confirmed these findings in
support of the encouraging evidence for the association between CYP11a and PCOS.
Although these studies proposed that allelic variants of
CYP11a have a role in the etiology of hyperandrogenemia
and/or PCOS, subsequent studies including one with a very
large sample size from United Kingdom and Finland [32]
have failed to find a significant linkage or association between
this gene locus and/or its VNTR alleles and PCOS [32–36].
Above all, CYP11a, with its associated polymorphisms,
remains, at least in part, a potential candidate gene for the
pathogenesis of PCOS, and further investigations are required due to these controversial results.
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Initially, Urbanek et al. examined a total of 37 potential candidate genes in 150 families with PCOS, as mentioned above, and reported statistically significant linkage
only between the follistatin gene and PCOS [35]. However,
subsequent more comprehensive follistatin gene studies conducted by the same authors have not obtained any significant linkage [110]. In order to detect variation in the follistatin gene, they made sequence analysis of this gene in
85 women of 19 families of PCOS patients and identified
sequence variants at 17 sites. Nevertheless, only one polymorphism of these sites was common, and in addition, the
site of this polymorphism was not translated [110]. They
also reported similar expression of the follistatin gene mRNA
in cultured fibroblasts from PCOS and control women
[110]. Likewise, two studies including patients with PCOS
from Singapore [111] and Spain [112] could not find any
significant mutations in coding regions of the follistatin
gene.
4.4. Genes involved in insulin action and secretion
Almost two decades ago, it was demonstrated that most
women with PCOS either obese or nonobese, compared
with normal women, exhibited variable degrees of insulin resistance and compensatory hyperinsulinemia [113]. Subsequently convincing evidence has been started to accumulate,
and at present, it is well known that hyperinsulinemia and insulin resistance are common features of PCOS patients [64]
(Figure 1). Therefore, numerous genes involved in insulin action and secretion have been explored as candidate genes in
PCOS pathogenesis. The insulin gene (INS), the insulin receptor gene (INSR), the insulin receptor substrate genes (IRSs) and
calpain-10 gene (CAPN10), the most relevant genes involved
in insulin action and secretion, are discussed below with their
controversial results.
4.4.1. The insulin gene
The INS is located between the genes for tyrosine hydroxylase and for IGF-II at 11p15.5, and includes variable tandem repeats (VNTR) embedded at the 5 regulatory region
of INS [114]. The VNTR polymorphism regulates the transcriptional rate of the INS [115] and probably that of the
gene encoding IGF-II [116]. The number of the repeats of
the INS VNTR ranges from 26 to 200, and due to this feature
INS VNTR polymorphism has three size classes. Class-I alleles compose the shorter polymorphic region, consisting of
an average length of 40 repeats. Class-II alleles have an average length of 80 repeat units and are uncommon in Caucasian. Class-III alleles compose the longest polymorphic region having an average of 157 repeats [117]. Transcriptional
activity of the longer polymorphic region is greater than that
of the shorter one [115]. Besides their eﬀect on regulating
INS expression, they have been implicated in the pathogenesis of type-2 diabetes mellitus in many studies [118, 119].
It is not known whether the hyperinsulinemia detected
in PCOS is an outcome of primary insulin resistance or the
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direct eﬀect of pancreatic β-cell disorder, whereas defects
in both insulin action [113, 120] and in pancreatic β-cell
function [121, 122] have been reported. Therefore, in order to clarify the genetic basis of PCOS and to determine
its association with defects in insulin secretion and action,
firstly, Waterworth et al. evaluated the linkage and association of the INS VNTR polymorphisms in families with affected members with PCOS or male-pattern baldness [123].
They have found an association between PCOS and allelic
variation at the INS VNTR locus in three separate populations [123]. Furthermore, they found that class III alleles, especially the III/III genotypes, were associated with anovulatory PCOS in two independent populations and were more
frequent among women with polycystic ovaries with symptoms than those without symptoms [123]. In addition, in
the same study, it was shown that the geometric mean of
fasting serum insulin concentrations was significantly higher
in families with evidence of linkage than in families with
no evidence of linkage [123]. These data support the idea
that the VNTR polymorphisms have a functional role on
the establishment of hyperinsulinemia and/or insulin resistance component phenotypes in PCOS. The same group also
reported that class III alleles were transmitted significantly
more common from fathers than from mothers to aﬀected
daughter, suggesting a “parent of origin” eﬀect in the transmission of alleles [123]. The latter finding was confirmed by
Eaves et al. [124]. In support of this evidence, Michelmore
et al. demonstrated that class III alleles, III/III genotype,
and paternal class III allele transmissions were significantly related to increased number of PCOS features and
to reduced insulin sensitivity among women with PCOS
[125].
In a more comprehensive study, however, Urbanek et al.
could not find any evidence for the linkage of INS and PCOS
and for the association of the class III allele and of hyperandrogenemia [35]. But the diﬀerence of this study from
other previous studies where the ultrasonographic findings
were more commonly used was that the NIHCD selection
criteria were used. Likewise, Calvo et al. studied the INS
VNTR polymorphisms in Spanish women with hyperandrogenemia and failed to show any association compared
to the controls [126]. Similarly, Vanková et al. studied the
association of INS VNTR polymorphisms with PCOS in
Czech women and failed to find any association relevant
to VNTR and PCOS [127]. Using diﬀerent selection criteria, studying patients with variable ethnic and geographical
backgrounds, selection bias, and most importantly working
with small to, at best, modest sample sizes might explain
the presence of these conflicting results. Consistently, studying associations with a small sample size is known to be a
major risk factor for the generation of results that cannot
be replicated on consecutive examinations [128]. As a solution to this problem, more recently, Powell et al. rebutted the relationship between the INS VNTR and PCOS, using several complementary analytical approaches, including
case-control, family-based, and quantitative trait association
methods in more than 3500 subjects from United Kingdom
and Finland [129].
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4.4.2. INSR
The insulin receptor is a heterotetrameric glycoprotein composed of two α and two β-subunits and is encoded by the
INSR located at the chromosome 19 [130]. Several studies
were conducted to identify whether the mutations of INSR
could explain insulin resistance in women with PCOS. Initially, direct sequencing of INSR from two obese women with
PCOS did not reveal any mutations [131]. Consequently,
Conway et al. [132] analyzed the sequence of the tyrosine
kinase domain of INSR in 22 hyperinsulinemic patients with
PCOS and Talbot et al. [133] investigated the mutations by
molecular scanning of the entire coding region of INS in
24 hyperinsulinemic women with PCOS, and none of these
groups detected any significant mutations related to insulin
resistance in PCOS [133]. In addition, Urbanek et al., using
the dinucleotide repeat marker, D19S884, found evidence for
the association of the INSR with PCOS in their TDT analysis,
but after correction for multiple testing, this finding lost its
statistical significance [35]. However, using the same marker,
Tucci et al. proved the association with INSR in women with
PCOS [134]. Nevertheless, this association could not be confirmed in a consecutive study from the Mediterranean area
[135]. More recently, a comprehensive study published by
Urbanek et al. demonstrated a linkage with PCOS in a group
of well-characterized 367 families including individuals predominantly of European origin with PCOS [136]. A broad
region of the chromosome 19p13.2 was investigated and the
strongest evidence for association was found with D19S884,
supporting the previous findings by these authors [136].
In another study, Siegel et al. examined an SNP at the tyrosine kinase domain of INSR and found an association in
lean patients with PCOS. This SNP could be a susceptibility
variant for PCOS, or it can be a result of linkage disequilibrium with another INSR polymorphism, but the association
is pending confirmation [137].
4.4.3. Insulin receptor substrate proteins
Activation of the insulin receptor following insulin binding
requires the autophosphorylation of the β-subunit of the insulin receptor [138]. The consequent tyrosine kinase activity
generated after autophosphorylation phosphorylates insulin
receptor substrates (IRS), such as IRS-1 and IRS-2 [64]. Afterwards, IRS-1 and IRS-2 bind and activate downstream effectors, such as phosphoinositide 3-kinase, to promote the
metabolic and mitogenic actions of insulin. When IRS-1 is
dysfunctional, IRS-2 is the main messenger for the intracellular transmission of the insulin signal, but it requires a higher
insulin concentration for activation [139].
Several polymorphisms of IRS1 and IRS2 genes (IRS1
and IRS2) have been implicated in insulin resistance. The
Gly972Arg polymorphism for IRS-1 and Gly1057Asp for
IRS-2 have been shown to increase susceptibility to type-2
diabetes mellitus [140, 141]. Although initially no evidence
for linkage or association with PCOS was found with IRS1 in a family-based study conducted by Urbanek et al. [35],
the potential roles of these SNPs of IRS genes in insulin resis-
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tance have further been investigated in PCOS. Sir-Petermann
et al. reported a higher frequency of the Arg972 IRS-1 allele in PCOS patients in Chilean population [142]. Contrary to this report, El Mkadem et al. could not find any
diﬀerences in the distribution of IRS-1 Gly972Arg and IRS2 Gly1057Asp alleles in PCOS patients and controls; however, they demonstrated that the Gly972Arg IRS-1 was more
prevalent in insulin-resistant patients compared with the
noninsulin resistant patients or control subjects [143]. Besides, they showed gene-dosage eﬀects on fasting insulin
levels for Gly972Arg IRS-1 and on 2-h plasma glucose levels
during oral glucose tolerance test (OGTT) for Gly1057Asp
IRS-2 in women with PCOS, while no novel mutations
have been found in these genes by direct sequencing [143].
Ehrmann et al. investigated the influences of Gly972Arg
IRS-1 and of Gly1057Asp IRS-2 polymorphisms in nondiabetic women with PCOS [144]. Although the IRS-1 genotype was not found to be associated with any clinical or hormonal measures in nondiabetic PCOS subjects, carrying IRS2 Gly/Gly genotype was associated with significantly higher
glucose levels in 2-h OGTT compared with carrying Gly/Asp
and Asp/Asp genotypes [144]. In this study, the association
of Gly/Asp genotype with lower glucose levels during 2-h
OGTT [144] was just contrary to the report of El Mkadem
et al. [143]. Confirming the report of El Mkadem et al. [143],
Villuendas et al. showed that these polymorphisms had an
equal distribution pattern among PCOS patients and controls from Spain [145]. These investigators also found that
carrying the Arg972 allele for IRS-1 and carrying the homozygous Gly1057 for IRS-2 present negative eﬀects on glucose homeostasis compared with carrying the homozygous
Gly972 alleles for IRS-1 and one or two Asp1057 alleles for
IRS-2, respectively [145].
In a recent study, Dilek et al. reported a higher frequency of the Gly972Arg polymorphism for IRS-1 in Turkish women with PCOS [146] in accordance with the data of
Sir-Petermann et al. [142]. Moreover, similar to the data obtained by El Mkadem et al. [143] and Villuendas et al. [145],
they found that the Gly972Arg carriers were more obese,
more insulin-resistant and had higher fasting insulin levels when compared with the other PCOS patients and controls [146]. These investigators also studied the same Turkish
PCOS patients for the potential diﬀerential eﬀects of metformin therapy on the basis of IRS-1 genotype [147]. In
this study, metformin lowered the LH, DHEAS, total testosterone, and fasting insulin levels and decreased insulin resistance and free testosterone index in Gly972Arg-negative
PCOS women more eﬀectively and significantly when compared with the Gly972Arg-positive women [147]. These findings could be taken as an indirect indicator of the relationship between the IRS-1 genotype and the insulin resistance
phenotype of PCOS. Interestingly, some of the proposed
mechanisms for the action of metformin at cellular level
are that it might augment the tyrosine phosphorylation of
the insulin receptor β-subunit and IRS proteins and also increase the insulin-dependent and nondependent cellular glucose uptake through the family of glucose transporter proteins [148]. In accordance with these proposals, Ertunc et al.
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hypothesized that variant IRS-1 proteins might not be able
to transmit signals and thus might not be able to increase the
glucose uptake into the muscle and adipose cells [147]. This
hypothesis may, at least in part, be an explanation of the association of IRS-1 genotype with insulin resistance in some of
PCOS patients; however these data are yet to be confirmed.
Overall, the association studies of IRSs with PCOS and
insulin resistance phenotype of this syndrome exhibit many
conflicting properties as seen with the other candidate genes
for PCOS. We should emphasize however that these IRS
polymorphisms seem to be associated separately with insulin
resistance rather than PCOS in these studies. Therefore, more
comprehensive studies are required to solve the puzzle of relations among these genes and PCOS.
4.4.4. Calpain10 gene
Calpain-10 is a cysteine protease that plays a role in insulin
secretion and action [149], and genetic studies have shown
that variation in the gene (CAPN10) encoding calpain-10
is associated with type-2 diabetes [150]. Due to the fact
that PCOS and type-2 diabetes share a number of etiologic factors [64, 151], Ehrmann et al. sought to determine
whether variation in the CAPN10 is associated with quantitative traits related to the pathogenesis of PCOS and type2 diabetes [152]. They found an association between the
112/121 haplotype of this gene and higher insulin levels in
African-American women and an increased risk of PCOS
in both African-American and white women [152]. Gonzales et al. investigated whether four SNPs (SNP-19, SNP43, SNP-44, and SNP-63) of the CAPN10 were associated
with PCOS [153, 154]. In support of the latter, they reported
in their consecutive studies that SNP-44 of the gene is associated with PCOS in Spanish women [153, 154]. Nevertheless, using the same four SNPs, Haddad et al. could not
confirm any association with PCOS in a more comprehensive study [155]. Likewise, Escobar-Morreale et al. studied
three SNPs (SNP-43, SNP-44, and SNP-45) of CAPN10 and
reported no association between any of those and PCOS
[156]. These conflicting results suggest that definitive conclusions could only be drawn by studying larger populations
probably including thousands rather than hundreds of subjects.
4.5. Genes involved in energy homeostasis and the
relevance of peroxisome proliferator-activated
receptor-γ gene
4.5.1. The genes of leptin, leptin receptor, and adiponectin
Although the adipose tissue has long been regarded as an inert and passive type of connective tissue that stores and releases energy, during the last decade it has been recognized
that the adipose tissue is not only a connective tissue but is
also one of the active endocrine organs which secretes a wide
variety of products called as adipocytokines [157]. Due to the
fact that a substantial proportion of women with PCOS are
overweight, many are obese and some are extremely obese,
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the genes of the most popular adipocytokines such as leptin
and adiponectin have been investigated as candidate genes in
the pathogenesis of PCOS.
Oksanen et al. sequenced the leptin gene in a small
group of PCOS patients, but failed to detect any mutations of the coding exons [158]. In this study, the investigators also sequenced the leptin receptor gene and found
previously identified amino acid variants in exons 2, 4,
and 12 as well as the pentanucleotide insertion in the 3 untranslated region [158]. However, the allele frequencies of
these polymorphisms did not diﬀer from those in the general
population [158].
After the sequence polymorphisms of adiponectin gene
identified in humans, most studies have focused on two polymorphisms, T45G in exon 2 and G276T in intron 2. It was
demonstrated consistently that these polymorphisms associate with obesity, insulin resistance, and the risk of type2 diabetes [159–162]. In a study assessing the association
of PCOS with 15 genomic variants previously described to
influence insulin resistance, obesity, and/or type-2 diabetes
mellitus, San Millán et al. failed to find any association between PCOS and these two common polymorphisms of the
adiponectin gene [163]. Concurrently, Panidis et al. investigated the possible association of the T45G adiponectin gene
polymorphisms with PCOS [164]. Although the frequency
of GG, TT, and TG genotypes were similar between women
with PCOS and controls, when the frequencies of GG and
TG genotypes assessed together, a significant diﬀerence was
observed between the groups [164]. This study reported no
significant relation between the T45G adiponectin gene polymorphism and circulating adiponectin levels, obesity, and
the metabolic features of PCOS; however, it was observed
that the carriers of the G allele had a tendency for lower
serum adiponectin levels in PCOS group [164]. More recently, two diﬀerent studies from Greece [165] and Spain
[166] rebutted the probability that the T45G and G276T
polymorphisms of adiponectin gene could be associated with
PCOS. Additionally, these studies reported the conflicting results about eﬀects of these SNPs on adiponectin and hormonal variables [165, 166].
Taken together these data suggest that, diﬀerent from the
other insulin resistant disorders; the adiponectin gene seems
not to play a causative role in the pathogenesis of PCOS.
However, the polymorphisms of the adiponectin gene may,
at least in part, have a role in the phenotypic variability of
PCOS.
4.5.2. PPAR-γ gene
PPAR-γ is a transcription factor involved in adipogenesis,
energy metabolism and a functional receptor for thiazolidinediones (TZDs) introduced as insulin-sensitizing agents
[167]. Additionally, PPAR-γ gene (PPAR-γ) located on 3p25
[168] is a candidate gene for the regulation of adipose tissue
metabolism in humans and also a susceptibility gene for the
development of both obesity and diabetes [169–171]. PPARγ agonists, namely TZDs, currently oﬀer an eﬀective treatment option for the management of patients with type-2
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diabetes. Since PCOS and type-2 diabetes share certain phenotypic features such as obesity and insulin resistance, several studies investigated the potential therapeutic eﬀects of
TZDs on the ovulatory dysfunction, hirsutism, hyperandrogenism and insulin-resistance of PCOS. The vast majority of
these clinical trials reported positive results [172–174].
Studies of rare mutations and frequent polymorphisms
of PPAR-γ have facilitated to improve our knowledge on the
biological roles of PPAR-γ and its implication in diseases.
There are two PPAR-γ gene polymorphisms that have been
thoroughly investigated in various populations (reviewed
in [175]). The first is the silent CAC478-CAT substitution
which resides in the exon 6 and the second is a proline to
alanine missense variant at the codon 12 of the exon 2. Studies assessing the potential impact of PPAR-γ gene on PCOS
are discussed below and summarized in Table 3.
In the first study, Urbanek et al. found no evidence for
any linkage or association with PCOS for a marker close to
the PPAR-γ gene [35]. In another study, Hara et al. showed
that Caucasian PCOS patients with Pro/Ala alleles are more
insulin sensitive than those with Pro/Pro [176]. Recently,
Hahn et al. also reported that the Pro12Ala polymorphism
of PPAR-γ are associated with increased insulin sensitivity
as well as lower hirsutism scores in PCOS women [177].
Afterwards, in accordance with these data, Tok et al. reported that carriers of this polymorphism were less insulinresistant than the Pro12Ala-negative controls and patients
with PCOS. The diﬀerence between the groups for carrying the polymorphism did not reach significance, probably
due to very small sample size [178]. In addition, Korhonen
et al. from Finland investigated the Pro12Ala polymorphism
in patients with PCOS and demonstrated that the frequency
of the variant Ala isoform was reduced with a slight significance in the PCOS group [179]. Furthermore, Yilmaz et
al. examined the impact of the Pro12Ala polymorphism on
insulin resistance in the first-degree relatives of subjects with
PCOS. They found that the frequency of the variant Ala isoform was significantly reduced in the first-degree relatives of
PCOS subjects compared to the controls and also demonstrated that the first-degree relatives of PCOS subjects with
the Pro12Ala polymorphism were less insulin resistant than
the first-degree relatives of PCOS subjects with the Pro12Pro
polymorphism [180]. The latter group, in a more recent
study, examined the relationship between the Pro12Ala polymorphism and the clinical and hormonal characteristics in
women with PCOS. When PCOS subjects with the Pro allele
and the Ala allele of PPAR-γ were compared, they found that
having the Ala allele of this nuclear receptor gene was related
with reduced androgen levels, a lower Ferriman-Gallwey
score, a lower insulin resistance index, a lower body mass
index, and a lower waist-to-hip ratio [181]. However, this
type of polymorphism was not found to be associated with
PCOS in women from Spain [163], Italy [182] and China
[183]. Additionally, in two diﬀerent studies, Orio et al. have
investigated the impact of PPAR-γ gene polymorphisms in
PCOS pathogenesis. First, they studied the exon-6 C142T
allele of PPAR-γ and showed a higher frequency in Italian
women with PCOS compared to the controls [182]. Subse-
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quently, they investigated the putative influence of PPAR-γ
gene Pro12Ala polymorphism on the adiponectin levels in
PCOS patients and in healthy women. However, they failed
to demonstrate any eﬀect of Pro12Ala polymorphism on
adiponectin levels in neither group [184].
The limited size of the study populations and the low
stringency in diagnostic criteria are the limitations of the
genetic association studies seeking for the relevance of the
PPARg gene with PCOS and thus, should be interpreted cautiously. Likewise, the lack of a clear-cut association to the
polymorphisms does not rule out the implications of PPARg
on the pathogenesis of PCOS. Even though genetic association studies do not clearly establish any link between PCOS
and PPAR-γ polymorphisms, functional investigations still
point out the suspicious role of PPAR-γ on PCOS. SetoYoung et al. demontrated that PPAR-γ ligands stimulate the
steroidogenesis on human ovarian steroidogenic tissue [191].
Pioglitazone treatment increased growth hormone secretion
and stimulated levels in PCOS patients in a randomized trial
[192]. Authors comment that this action might be a function of improved insulin sensitivity [192]. While these functional studies implicate the relevance of PPAR-γ function to
PCOS, the molecular mechanisms to explain the beneficial
action of PPAR-γ activators on the clinical picture of PCOS
are still obscure. This eﬀect may be a consequence of potentiating the insulin sensitivity on the periphery and the gonads
[192]. Jansen et al. employed a more mechanistic approach
and compared the gene expression profiles in PCOS ovaries
to control subjects and female to male transsexuals [193].
These authors draw special attention on the diﬀerentiation
promoting eﬀect and interplay between the histon deacetylase (HDAC) function and the PPAR-γ gene [193]. Interestingly the antiepileptic drug valproic acid has both HDAC
inhibitory activity and PPAR-γ agonist action that create a
condition that resembles the PCOS picture during administration [194]. As a consequence, further functional studies
are required to elucidate the transcriptional cascade and the
events that link PPAR-γ function to PCOS pathogenesis.
4.6.

Genes involved in chronic inflammation

Chronic inflammation appears to play a role in the development of insulin resistance (Figure 1) and cardiovascular
disease [195] and it might be involved in the pathogenesis
of PCOS [196] although not all agree [189]. Some genomic
variants related to inflammation have been studied in PCOS.
4.6.1. TNF-α
Tumor necrosis factor (TNF)-α is cytokine secreted by adipose tissue that plays an important role in insulin resistance [197]. The variants that are studied up to date are
−308 G/A [185, 186, 198], −1196 C/T, −1125 G/C, −1031
T/C, −863 C/A, −857 C/T, −316 G/A, −238 G/A, −163 G/A
[198], and −850 C/T [187]. The polymorphisms in the TNFα gene do not seem to have a key role in the pathogenesis
of PCOS. In a study by Escobar-Morreole et al., the carriers of −308 A alleles showed increased serum androgen and
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Abstract
Polycystic ovary syndrome (PCOS) is of clinical and public health importance as it is very common, affecting up to one
in five women of reproductive age. It has significant and diverse clinical implications including reproductive (infertility,
hyperandrogenism, hirsutism), metabolic (insulin resistance, impaired glucose tolerance, type 2 diabetes mellitus,
adverse cardiovascular risk profiles) and psychological features (increased anxiety, depression and worsened quality of
life). Polycystic ovary syndrome is a heterogeneous condition and, as such, clinical and research agendas are broad and
involve many disciplines. The phenotype varies widely depending on life stage, genotype, ethnicity and environmental
factors including lifestyle and bodyweight. Importantly, PCOS has unique interactions with the ever increasing obesity
prevalence worldwide as obesity-induced insulin resistance significantly exacerbates all the features of PCOS.
Furthermore, it has clinical implications across the lifespan and is relevant to related family members with an increased
risk for metabolic conditions reported in first-degree relatives. Therapy should focus on both the short and long-term
reproductive, metabolic and psychological features. Given the aetiological role of insulin resistance and the impact of
obesity on both hyperinsulinaemia and hyperandrogenism, multidisciplinary lifestyle improvement aimed at
normalising insulin resistance, improving androgen status and aiding weight management is recognised as a crucial
initial treatment strategy. Modest weight loss of 5% to 10% of initial body weight has been demonstrated to improve
many of the features of PCOS. Management should focus on support, education, addressing psychological factors and
strongly emphasising healthy lifestyle with targeted medical therapy as required. Monitoring and management of
long-term metabolic complications is also an important part of routine clinical care. Comprehensive evidence-based
guidelines are needed to aid early diagnosis, appropriate investigation, regular screening and treatment of this
common condition. Whilst reproductive features of PCOS are well recognised and are covered here, this review focuses
primarily on the less appreciated cardiometabolic and psychological features of PCOS.
Introduction
Polycystic ovary syndrome (PCOS) is a frustrating experience for women, often complex for managing clinicians
and is a scientific challenge for researchers. As research
in PCOS is rapidly advancing, it is vital that research evidence is translated to knowledge and action among
women, healthcare professionals and policy makers.
PCOS is the most common endocrine abnormality in
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reproductive-age women. The prevalence of PCOS is traditionally estimated at 4% to 8% from studies performed
in Greece, Spain and the USA [1-4]. The prevalence of
PCOS has increased with the use of different diagnostic
criteria and has recently been shown to be 18% (17.8 ±
2.8%) in the first community-based prevalence study
based on current Rotterdam diagnostic criteria [5].
Importantly, 70% of women in this recent study were
undiagnosed [5]. While the upper limit of prevalence for
this study was imputed using estimates of polycystic ovaries (PCO) for women who had not had an ultrasound,
non-imputed prevalences were calculated as 11.9 ± 2.4%
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Table 1: The different diagnostic criteria for polycystic ovary syndrome (PCOS)
National Institutes of Health criteria
consensus statement [83]

European Society for Human Reproduction
and Embryology/American Society for
Reproductive Medicine consensus
statement [20]

Androgen Excess Society position
statement [21]

Oligo-ovulation and clinical and/or
biochemical signs of hyperandrogenism, and
exclusion of other aetiologies*

Two out of three of: oligo-ovulation and/or
anovulation, clinical and/or biochemical signs
of hyperandrogenism, or polycystic ovaries,
and exclusion of other aetiologies*

Hyperandrogenism (hirsutism and/or
hyperandrogeniaemia), ovarian dysfunction
(oligoanovulation and/or polycystic ovaries),
and exclusion of other androgen excess
related disorders*

Table adapted from [14], with permission of Oxford University Press, Oxford, UK.
*Congenital adrenal hyperplasia, androgen-secreting tumours, Cushing's syndrome, 21-hydroxylase-deficient non-classic adrenal hyperplasia,
androgenic/anabolic drug use or abuse, syndromes of severe insulin resistance, thyroid dysfunction, hyperprolactinaemia.

dysfunction and hyperprolactinaemia should be excluded
biochemically, whilst more rare conditions should be
excluded clinically (Cushing's syndrome, virilising
tumours, and so on). However, cardiometabolic features
and insulin resistance are not currently part of the PCOS
diagnostic criteria. This is in part attributable to the lack
of accurate methods to measure insulin resistance with
measurement not currently recommended in clinical
practice [22].
With the four key diagnostic features, (oligomenorrhoea/amenorrhoea, clinical or biochemical hyperandrogenism and PCO on ultrasound) there are many potential
phenotypes (Table 1) [21]. This heterogeneity of the condition is further exacerbated by degree of obesity, insulin
resistance, ethnicity and other factors [21]. Both the heterogeneity of PCOS and the lack of an understanding of
its aetiology contribute to the evolving diagnostic criteria
and ongoing controversy. Currently the ESHRE/ASRM or
Rotterdam criteria are the agreed international diagnostic
criteria for PCOS, although further research is needed.
Clinical features of PCOS

Women with PCOS may therefore present with a variety
of serious clinical sequalae including psychological problems (reduced quality of life, poor self-esteem, depression, anxiety) [23,24], reproductive manifestations
(hirsutism, infertility and pregnancy complications) [25],
and metabolic implications (insulin resistance, metabolic
syndrome, IGT, DM2 and potentially CVD) [14,26,27]
(Figure 1 and Appendix 1). Given the heterogeneous
nature of PCOS (Table 1) and the spectrum of clinical
features, presentation can vary across the life cycle. PCOS
is a chronic condition with psychological and reproductive manifestations usually beginning in adolescence then
transitioning to include infertility and increasing metabolic complications over time. However, when combined
with obesity, metabolic implications of PCOS such as
IGT, DM2 and the metabolic syndrome can present in
adolescence [28,29].

Reproductive features of PCOS
Ovarian dysfunction and infertility

Ovarian dysfunction usually manifests as oligomenorrhoea/amenorrhoea resulting from chronic oligo-ovulation/anovulation [30]. However, prolonged anovulation
can lead to dysfunctional uterine bleeding which may
mimic more regular menstrual cycles. The majority of
PCOS patients have ovarian dysfunction, with 70% to
80% of women with PCOS presenting with oligomenorrhoea or amenorrhoea. Among those with oligomenorrhoea, 80% to 90% will be diagnosed with PCOS [30].
Among those with amenorrhoea, only 40% will be diagnosed with PCOS as hypothalamic dysfunction is a more
common cause [31]. Oligomenorrhoea occurs usually in
adolescence, with onset later in life often associated with
weight gain. Menstrual irregularity is then often masked
by the oral contraceptive pill (OCP), until cessation, when
the underlying irregular cycles recur. Menorrhagia can
occur with unopposed oestrogen and endometrial hyperplasia, further exacerbated by elevated oestrogen levels in
obesity. Whilst inadequate research exists, it is generally
recommended that greater than four cycles per year may
protect the endometrium. Women with regular menstrual cycles can also now be diagnosed with PCOS based
on newer diagnostic criteria (Table 1) [21].
PCOS is the most common cause of anovulatory infertility. It accounts for 90% to 95% of women attending
infertility clinics with anovulation. However 60% of
women with PCOS are fertile (defined as the ability to
conceive within 12 months), although time to conceive is
often increased [30]. In those with PCOS and infertility,
90% are overweight. Obesity independently exacerbates
infertility, reduces efficacy of infertility treatment and
induces a greater risk of miscarriage [30]. There is currently an active debate about the appropriate limit for
body mass index for assisted reproduction therapies,
given the reduced success rates and the demonstrated
risks of pregnancy in overweight women [32]. Ideally,
weight should be optimised prior to pregnancy. Age-
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related infertility also exacerbates infertility and timely
planning of families may warrant discussion.
Hyperandrogenism

The clinical and/or biochemical signs of androgen excess
in PCOS result from increased synthesis and release of
ovarian androgens. Elevated luteinising hormone and
insulin synergistically increase androgen production.
Insulin resistance leads to hyperinsulinaemia, reduces
SHBG and raises free circulating testosterone and
together, hyperandrogenism and hyperinsulinaemia
impairs ovarian follicle development. Clinical hyperandrogenism primarily includes hirsutism, acne and male
pattern alopecia [21]. Hirsutism is defined in females as
male type terminal hair growth and distribution [33].
PCOS is a common cause of hirsutism occurring in
approximately 60% of cases, however this varies with race
and degree of obesity [21]. Hirsutism should be assessed
with a standardised scoring system (Ferriman-Gallwey
score). Acne affects one third of cases and is not particularly specific for PCOS [33]. Male pattern hair loss
(androgenic alopecia) is less frequently seen in PCOS
cases, as it generally requires a familial predisposition.
Other features of hyperandrogenism include virilisation,
which, especially if presenting with clitoromegaly and
rapid onset, requires exclusion of other causes including
adrenal or ovarian androgen-secreting tumours.
Biochemical hyperandrogenism is present in most
patients with PCOS. Measurement of biochemical androgens in PCOS is limited by poor accuracy and reproducibility of assays, which are designed for significantly
higher male androgen levels. Free androgen index measurements are generally recommended, derived in the lab
from SHBG and total testosterone measurements [33].
Dehydroepiandrosterone sulfate (DHEAS) and androstenedione are not routinely recommended in PCOS [21].

Metabolic features of PCOS
Dyslipidaemia

Dyslipidaemia is common in PCOS compared to weight
matched controls [34-37], with higher triglycerides and
lower high density lipoprotein cholesterol [35]. The dyslipidaemia occurs independent of body mass index (BMI)
[35,38] , however there is a synergistic deleterious effect
of obesity and insulin resistance in PCOS analogous to
that seen in DM2. The causes of dyslipidaemia in PCOS
are again multifactorial. Insulin resistance appears to
have a pivotal role mediated in part by stimulation of
lipolysis and altered expression of lipoprotein lipase and
hepatic lipase [35].
Insulin resistance and abnormal glucose metabolism

Insulin resistance occurs in around 50% to 80% of women
with PCOS [12], primarily in the more severe NIH diag-
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nosed PCOS and in those who are overweight. Lean
women [13] and milder Rotterdam diagnosed PCOS [14]
appear to have less severe insulin resistance. A full discussion of the complex mechanisms involved in insulin
resistance, hyperinsulinaemia, DM2 and CVD is beyond
the scope of this review. Mechanisms involved in insulin
resistance are likely to be complex with genetic and environmental contributors. Specific abnormalities of insulin
metabolism identified in PCOS include reductions in
secretion [39,40], reduced hepatic extraction [40],
impaired suppression of hepatic gluconeogenesis [41]
and abnormalities in insulin receptor signalling [42].
Interestingly, there is a paradoxical expression of insulin
resistance in PCOS whereby insulin-stimulated androgen
production persists while its role in glucose metabolism
is impaired [42]. Therefore, insulin resistance in PCOS
results in hyperinsulinaemia with its associated diverse
and complex effects on regulating lipid metabolism, protein synthesis and modulation of androgen production.
The cause of insulin resistance is likewise complex and
multifactorial with genetic and environmental contributors [15]. Lean women with PCOS often but not always
[13] have abnormalities of insulin secretion and action
compared to weight-matched control subjects [41].
Where a woman with PCOS is overweight, she may also
demonstrate extrinsic insulin resistance associated with
adiposity, which is potentially mechanistically distinct
from the insulin resistance present in lean women with
PCOS. In women with insulin resistance and PCOS, only
a subgroup develop coexistent pancreatic insufficiency
with β cell failure and go on to DM2. In this setting, insulin output cannot overcome resistance and hyperglycaemia develops. Women with PCOS are at increased risk of
developing IGT and DM2 with prevalence rates of 31.3%
and 7.5%, respectively, compared to 14% for IGT and 0%
for DM2 in age-matched and weight-matched non-PCOS
control women [27].
Women with PCOS also develop abnormal glucose
metabolism at a younger age and may demonstrate a
more rapid conversion from IGT to DM2 [43]. The rate of
conversion from IGT to DM2 in a general Australian
population was estimated in the large cohort Australian
Diabetes, Obesity and Lifestyle (AusDiab) study at 2.9%
per year for young females [44]. Another Australian study
has reported a substantially higher conversion rate (8.7%
per year over 6.2 years) in women with PCOS [45], however this has not been uniformly reported [46]. Women
with PCOS also have higher gestational diabetes (GDM)
risk, with a recent meta-analysis reporting an odds ratio
(OR) of 2.94 [25]. The risk of GDM occurs both independent of and is exacerbated by obesity [27,47]. Whilst there
are few adequately powered studies assessing natural history of IGT, DM2 and CVD in PCOS and there is a need
for further research, the International Diabetes Federa-
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Polycystic Ovary Syndrome (PCOS) is a familial
condition, as has long been noted1,2. Some clinical genetic studies have pointed to an autosomal dominant inheritance1,3,4 while others showed that it was more likely that
the syndrome is a complex trait with oligogenic basis5,6.
Although clustering of cases in families strongly support
the role of genetic factors in the development of PCOS,
heterogeneity of phenotypic features in different families
and even within the same family underscores the importance of the environmental contribution. Modifications
of molecular structure of gonadotrophins, their receptors
and of the enzymes involved in steroidogenesis, insulin
action and secretion have been under continuous and intense investigation with variable results. Whereas several
positive results have been reported, there are no genes
universally accepted fondamentally important in PCOS
aetiology. This has resulted partially because of various
factors such as the lack of a worldwide accepted diagnostic scheme for PCOS, diagnostic capability only in
reproductive-aged women, limited number of patients in
case-control studies, analysis of only one or two variants
of candidate genes and incomplete knowledge of pathophysiology of the syndrome.
Two possible approaches are used to identify a genetic locus for PCOS genes: (i) association studies where
a predisposing allele is expected to be found more frequently in the affected population than the normal individuals and (ii) linkage studies where the probands and
their families are investigated to determine if particular
genomic landmarks are distributed independently or in

linkage with the phenotype. While the mode of inheritance is not required for the association studies, it requires
a relatively large set of individuals for a clear conclusion7.
Many genes presented altered expression suggesting thus
that the genetic abnormality in PCOS affects signal transduction ruling steroidogenesis, steroid hormones action,
gonadotrophin action and regulation, insulin action and
secretion, energy homeostasis, chronic inflammation and
others.
Genes involved in ovarian and adrenal
steroidogenesis
The first step in steroidogenesis is the conversion
of cholesterol into progesterone, catalyzed by the P450
cytochrome side chain cleavage enzyme encoded by CYP11a gene located at 15q248. Investigation of CYP11A
gene showed a significant association between serum
testosterone levels and the alleles of the CYP11a with a
5’ untranslated region (UTR) consisting of repeats of a
(tttta)n pentanucleotide, a variable number tandem repeat
(VNTR) polymorphism9. Two other case-control studies10,11, confirmed these findings in support of the encouraging evidence for the association between CYP11a and
PCOS. However, subsequent studies12,13 have failed to
find any significant association between this gene locus
and its VNTR alleles and PCOS. Further investigation is
required due to these controversial results in order to confirm a role in the aetiology of PCOS of this gene.
Another part in steroidogenesis is the conversion of
17-hydroxyprogesterone into 11-deoxycortisol which
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could not be explained. The implication of v-LH in both
healthy women and PCOS patients was explored and it
was found that the occurrence of these mutations in LH
β-subunit gene was not higher in PCOS compared with
healthy women7,56. On the other hand, subgroup analysis of this study revealed that obese PCOS patients had
a higher frequency of the heterozygous v-LH compared
with obese controls7,56. However, other studies failed to
find any association with PCOS57-59. The assumption that
an activating mutation in the LH receptor gene could
trigger hyperandrogenism in patients with PCOS having
normal serum LH concentrations and high androgen levels was demolished8. Overall, the functional role of the
v-LHs is unclear but it seems not to be crucial in PCOS
pathogenesis or female infertility.
Follistatin, a monomeric glycoprotein encoded by a
single gene, is linked functionally through its role as a
high-affinity binding protein for activin60. Activin is dimeric glycoprotein which belongs to the TGF-β superfamily, induces FSH and insulin secretion, ovarian follicular
maturation and inhibits LH-stimulated ovarian androgen
production60. Actually, overexpression of follistatin in
transgenic mice resulted in suppression of serum levels
of FSH and arrested ovarian folliculogenesis61. Therefore
overwhelming activin neutralization due to increased
follistatin reduces FSH concentrations, arrests follicular
maturation, augments androgen production, and impairs
insulin release. Because all of these changes are typical
features of PCOS62, follistatin gene has been explored as
a candidate gene in PCOS. The results of distinct studies
are conflicting and significant linkage was failed to be
proven45,63,64.
Genes involved in insulin action and secretion
The insulin gene (INS) is located between the genes
for tyrosine hydroxylase and for IGF-II at 11p15.5, and
includes variable tandem repeats (VNTR) embedded at
the 5’regulatory region of INS65. The VNTR polymorphism regulates the transcriptional rate of the INS66 and
probably that of the gene encoding IGF-II67. The number of the repeats of the INS VNTR ranges from 26 to
200, and due to this feature INS VNTR polymorphism
has three size classes. Class-I alleles comprise the shorter polymorphism, consisting of a length of 40 repeats.
Class-II alleles are composed usually of 80 repeats and
are uncommon in Caucasian. Class-III alleles compose
the longest polymorphic region having an average of 157
repeats68. Transcriptional activity of the longer polymorphic region is greater than that of the shorter one66. Besides their effect on regulating INS expression, they have
been implicated in the pathogenesis of type-2 Diabetes
Mellitus (DM) in many studies69,70. The hyperinsulinemia
in PCOS may be the result of primary insulin resistance
or the direct effect of pancreatic β-cell disorder as defects
in both insulin action71, 72 and in pancreatic β-cell function73,74 have been reported. Therefore, it was evaluated
the linkage and association of the INS VNTR polymorphisms in families with affected members with PCOS75.

An association was found between PCOS and allelic variation at the INS VNTR locus in three separate
populations75. Furthermore, it was found that class III
alleles were associated with anovulatory PCOS in two
independent populations and were more frequent among
women with Polycystic Ovaries (PCO) with symptoms
than those without symptoms75. In addition, it was
shown that the fasting serum insulin levels were significantly higher in families with evidence of linkage75..
This evidence stands for the assumption that VNTR
polymorphisms affect the presence of hyperinsulinemia
and insulin resistance in some PCOS phenotypes. It was
also reported that class III alleles were transmitted significantly more common from fathers than from mothers
to affected daughter suggesting a “parent of origin” effect75, 76. In support of this evidence, it was demonstrated
that class III alleles and paternal class III allele transmissions were significantly related to increased number of PCOS features and to reduced insulin sensitivity
among women with PCOS77. In other studies, however,
it was not found any evidence for the linkage of INS and
PCOS and for the association of the class III allele and
of hyperandrogenemia78,79. But there was a difference in
these studies. The ultrasonographic criteria were more
commonly used than the NIHCD criteria. These conflicting results may be explained by the variant selection
criteria, the different ethnic and geographic distribution
of studied patients, the selection bias and the small size
of the samples.
The insulin receptor is a heterotetrameric glycoprotein comprised of two α and two β-subunits and is
encoded by the insulin receptor gene (INSR) located at
the chromosome 1980. Many researchers have tried to
explore whether the mutations of INSR could explain
insulin resistance in PCOS. The first studies of sequencing the INSR, the tyrosine kinase domain of INSR and
the mutations by molecular scanning of the entire coding
region of INS did not reveal any mutations81-83. More recently, a comprehensive study published by Urbanek et
al.84 demonstrated a linkage with PCOS 367 well-characterized families from Europe. Another study investigating a broad region of the chromosome 19p13.2 found
strong evidence for association with D19S884, supporting thus the previous findings84. In a recent study, Siegel et al.85. examined an SNP at the tyrosine kinase domain of INSR and found an association in lean patients
with PCOS. This SNP could be a susceptible variant for
PCOS, or a result of linkage disequilibrium with another
INSR polymorphism.
The activation of the insulin receptor after insulin
binding requires the autophosphorylation of the β-subunit of the insulin receptor86. The following tyrosine
kinase activity produced after autophosphorylation
phosphorylates insulin receptor substrates (IRS), such
as IRS-1 and IRS-287. Then, IRS-1 and IRS-2 bind and
activate downstream effectors, such as phosphoinositide
3-kinase, to promote the metabolic and mitogenic actions of insulin. When IRS-1 is dysfunctional, IRS-2 is
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the main messenger for the intracellular transmission of
the insulin signal but it demands higher insulin concentration for activation88. Several polymorphisms of IRS1
and IRS2 genes (IRS1and IRS2) have been implicated
in insulin resistance. The Gly972Arg polymorphism for
IRS-1 and Gly1057Asp for IRS-2 have been shown to
increase susceptibility to type-2 diabetes mellitus89,90.
Initially, no difference could be found in the distribution
of IRS-1 Gly972Arg and IRS-2 Gly1057Asp alleles in
PCOS patients and controls45, 91; however, it was demonstrated that the Gly972Arg IRS-1 was more prevalent in
insulin-resistant patients compared with the non-insulin
resistant patients or controls. Many studies following
failed to prove any strong relationship or confirmation of
any possible correlation between polymorphisms of IRS1 and IRS-2 and PCOS91-93.
In a recent study Dilek et al.94 reported a higher frequency of the Gly972Arg polymorphism for IRS-1 in
women with PCOS. Furthermore, similar to previous
studies91,93 they found that the Gly972Arg carriers were
more obese, more insulin-resistant and had higher fasting insulin levels in comparison to other PCOS patients
and controls94. These investigators also studied the same
PCOS patients for the potential differential effects of
metformin therapy on the basis of IRS-1 genotype95. Metformin administration resulted in lower LH, DHEAS, T,
and fasting insulin levels and decreased insulin resistance
and FAI in Gly972Arg-negative PCOS women more effectively and significantly when compared with the
Gly972Arg-positive women95. These findings could be
considered a rough indicator of the relationship between
the IRS-1 genotype and the insulin resistance phenotype
of PCOS. Ertunc et al.95 studied the hypothesis that a possible mechanism for the action of metformin may be augmentation of the tyrosine phosphorylation of the insulin
receptor β-subunit and IRS proteins and the increase of
the insulin-dependent and nondependent cellular glucose
uptake through the family of glucose transporter proteins.
They hypothesized that variant IRS-1 proteins could not
transmit signals in order to increase the glucose uptake of
muscle and adipose cells. This may be an explanation of
the association of IRS-1 genotype with insulin resistance
in some of PCOS patients. The IRS polymorphisms of
these studies seem to be related mostly with insulin resistance rather than PCOS.
Calpain-10 is a cysteine protease that participates in
insulin secretion and action96, and genetic studies have
shown that variation in the gene (CAPN10) encoding calpain-10 is associated with type-2 diabetes97. There was
an effort to determine whether variation in the CAPN10
is associated with quantitative traits related to the pathogenesis of PCOS and type-2 diabetes98. It was found association between the 112/121 haplotype of this gene
and higher insulin levels in African-American women
and an increased risk of PCOS in both African-American and white women7,98. Consecutive studies have had
conflicting results about the relation of polymorphisms
with PCOS99-101.
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Genes involved in energy homeostasis
During the last years it has been recognized that the
adipose tissue is not only a connective tissue but is also
one of the active endocrine organs which secretes a wide
variety of products called adipocytokines102. As a large
proportion of women with PCOS are overweight, obese
and extremely obese some genes of the most popular adipocytokines have been investigated as candidate genes in
the pathogenesis of PCOS. Sequencing the leptin gene in
a small group of PCOS patients failed to detect any mutations of the coding exons103. In this study, the leptin receptor gene was also sequenced and revealed previously
identified amino acid variants in exons 2, 4, 12 and the
pentanucleotide insertion in the 3’-untranslated region103.
However, the allele frequencies of these polymorphisms
did not differ from those in the general population.
Recent studies have focused on two polymorphisms,
T45G in exon 2 and G276T in intron 2. It was demonstrated that these polymorphisms associate with obesity,
insulin resistance, and the risk of developing type-2 diabetes104-106. In a study investigating the relationship of
PCOS with 15 genomic variants previously described to
influence insulin resistance, obesity, and type-2 diabetes
mellitus, there was no association between PCOS and
these two common polymorphisms of the adiponectin
gene107. Panidis et al. investigated the possible association of the T45G adiponectin gene polymorphisms with
PCOS108. A significant difference was observed between
the groups when genotypes GG and TG were assessed
together109. It was also showed that the carriers of the G
allele had a tendency for lower serum adiponectin levels
in PCOS group109. More recently, the probability that the
T45G and G276T polymorphisms of adiponectin gene
could be associated with PCOS was disputed by two studies109, 110. Concluding, the adiponectin gene do not seem to
play a causative role in the pathogenesis of PCOS, rather
seem to reflect the severity of the syndrome, at least concerning the metabolic disturbances and to have a role in
the phenotypic variability of PCOS.
Genes involved in chronic inflammation
Tumor necrosis factor (TNF)-α is a cytokine secreted
by adipose tissue with an important role in insulin resistance111. The polymorphisms in the TNF-α gene do not
seem to have a key role in the etiology of PCOS. In one
study the carriers of the mutation 308 A alleles showed
increased androgen and 17-hydroxyprogesterone levels
before and after GnRH stimulation112. These data may
be indicative of the hypothesis that TNF-α gene polymorphism might be a modifying factor for phenotypic
features. Other genes involved in chronic inflammation,
such as TNFR2 (type-2 TNF receptor) gene113, IL-6114,
IL-6 signal transducer gp 130115, IL-6 receptor115 genes
have also been investigated for association with PCOS,
but without significant results.
Abnormalities in the coagulation and fibrinolytic
pathways contribute to the development of cardiovascular disease in PCOS patients116. Elevated plasminogen
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Definition, clinical picture and epidemiology of polycystic
ovary syndrome
The definition of polycystic ovary syndrome (PCOS) has been an
issue of great and continuous debate, among experts in the field.
The 1990 National Institutes of Health-sponsored conference
(NIH) on PCOS put forward the first diagnostic criteria of chronic
anovulation and hyperandrogenemia. Since then it has been
widely appreciated that the syndrome encompassed a broader
spectrum of symptoms and signs than those originally defined and
that no single diagnostic criterion is sufficient for its clinical diagnosis. Furthermore, it is established knowledge that PCOS is a
very heterogeneous and complex syndrome and cannot be diagnosed on one imaging technique, a point well illustrated by previous
studies based on such criteria which present a prevalence range
from 65 to 87% in women with oligoanovulation and 60–92%
with hirsutism (O’Driscoll et al., 1994). More recent European
and American studies using NIH criteria are in agreement that
PCOS is a common endocrine disorder, affecting women of
reproductive age up to 6.8% (Knochenhauer et al., 1998;

Diamanti-Kandarakis et al., 1999a; Asuncion et al., 2000; Legro
and Strauss, 2002; Dunaif, 2003).
A recent experts meeting in Rotterdam in 2003 sponsored by
European Society of Human Reproduction and Embryology
(ESHRE)/American Society for Reproductive Medicine (Rotterdam,
ESHRE, ASRM, 2004) suggested that the definition of PCOS
should include two of the following three criteria: (i) oligo- and/or
anovulation, (ii) clinical and/or biochemical signs of hyperandrogenism and (iii) polycystic ovaries on ultrasonography and exclusion
of related disorders. The syndrome is widely accepted as the commonest cause of anovulatory infertility with clinical and/or biochemical signs of excess androgen secretion, associated with
hyperinsulinemia and high prevalence of significant metabolic
abnormalities, with long-term sequelae which may affect the
women’s long-term health (Fauser et al., 1991; Diamanti-Kandarakis, 1997; Dunaif, 1997; Nestler, 1997a; Azziz et al., 1998;
Tsilchorozidou et al., 2004).
The signs and symptoms of PCOS usually appear during or
close to the onset of puberty (Ibanez et al., 1994; Balen et al.,
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Polycystic ovary syndrome (PCOS) is a complex and heterogeneous disorder presenting a challenge for clinical
investigators. It is the most common endocrine disorder of women in reproductive age, a multifaceted reproductive,
cosmetic and metabolic problem, with an enigmatic pathophysiological and molecular basis. Although the familial
segregation has been noticed very early in the description of the syndrome and family studies in first-degree relatives
of women diagnosed with PCOS reveal clustering of the disease, the genetic studies have not as yet determine the
pattern of heredity. Part of the problem in genetic studies has been the lack of uniform criteria for diagnosis, heterogeneity of phenotypic features and the fact that the disorder is only expressed clinically in women during their reproductive years. Even within affected families and between sisters with polycystic ovaries, there is heterogeneity in
presentation. However, regardless of diagnostic criteria used to identify profanes and to determine affected status in
the kindred, the foundation of genetic studies suggests a strong familial component. Currently, PCOS is considered a
polygenic trait that might result from the interaction of susceptible and protective genomic variants under the influence of environmental factors, whose role is under intensive investigation. Candidate genes cover a broad spectrum of
an endless list of molecules which participate on every step of reproductive and metabolic pathways of this syndrome.
Focused research in identification of these genes may provide valuable information and shed some light on the way
out of the genomic labyrinth, elucidating the underlying pathophysiology and aiming at a more efficient therapeutic
approach of this complicated endocrine disorder.
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version (less than eight). Also they report that carriers of the
longer allele had lower SHBG levels within the PCOS group.
Other steroidogenic genes. Association and linkage studies have
been performed by two groups regarding variation at the CYP19
locus (coding for P450 aromatase) and significance in the aetiology of PCOS with no significant evidence. Furthermore, Urbanek
et al. (1999) examined a series of other genes in the pathways
involved in ovarian steroidogenesis but none was identified as
being a major factor in the aetiology of PCOS.
Candidate genes implicated in insulin signal transduction

Most women with PCOS both obese and lean in comparison with
normal women have a degree of insulin resistance and compensatory hyperinsulinemia (Dunaif et al., 1989). Genes involved in the
secretion and action of insulin may play a role and are under
investigation.
The insulin gene variable number tandem repeat. VNTR polymorphism in the promoter region of the insulin gene (INS) regulates
its expression (Bennett et al., 1995). In Caucasians, the repeats of
the insulin gene VNTR are distributed in a bimodal feature, class I
alleles having an average of 40 repeats and class III alleles an
average of 157 repeats, with class II alleles been rare.
Waterworth et al. (1997) found strong linkage and association
between the class III allele at the insulin gene VNTR (variable
number tandem repeats) in the 5’ region of the insulin gene and
PCOS. This allele was preferentially transmitted from heterozygous fathers but not from mothers to affected individuals.
However, in a larger study, Urbanek et al. (1999) found no
evidence for linkage of the insulin gene and PCOS and no association between the class III allele of the insulin VNTR and hyperandrogenemia. In this study, the NIHCD criteria were used to choose
the population as opposed to the ultrasonographic findings used by
the previous one. Other studies (Calvo et al., 2002; Vankova et al.,
2002) failed to show any association between the INS VNTR alleles and hyperandrogenism or PCOS. The different criteria, ethnic
and geographical backgrounds might explain the conflicting
results.
The insulin receptor gene. The impaired sensitivity to insulin
action both in vivo and in vitro led to the hypothesis that genetic
lesion of the insulin receptor gene or the postreceptor signalling
may contribute to the pathogenesis of PCOS. Molecular studies of
the coding region of the insulin receptor gene in women with
PCOS have shown a large number of silent polymorphisms. The
majority of those polymorphisms has also been identified in normal subjects and is considered to be common polymorphisms,
which do not lead to remarkable disturbance of the function of the
insulin receptor.
Recently, Siegel et al. (2002) observed a C/T single nucleotide
polymorphism (SNP) in the tyrosine kinase domain of INSR,
which was associated with PCOS. This SNP could be susceptibility variant for PCOS, or be in linkage disequilibrium with another
INSR polymorphism, but the association is pending confirmation
by others.
A number of studies have examined the insulin receptor gene
sequence for major mutations since an increased insulin-dependent
serine phosphorylation of the insulin receptor causing abnormalities in postreceptor activation of the pathway and therefore reducing
responsiveness has been described (Dunaif et al., 1995; Moran et al.,
2001). This suggests that if perturbed insulin action is integral to
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gene appeared to segregate with affected status. However, there was
no evidence of linkage in the remaining 18 families and overall in
the 23 families the nonparametric LOD score did not reach significant
levels. Furthermore, no mutations were found in the relevant
coding region of the LH receptor gene in the five affected families.
These negative data are in agreement with those from Urbanek
et al., 1999, where a total of 37 potential candidate genes were
examined in 150 families.
CYP11A, coding for P450 cholesterol site chain cleavage. Investigation of CYP11A gene, which encodes the cholesterol side
chain cleavage enzyme, P450scc showed a weak linkage between
the CYP11A gene and hyperandrogenemia in PCOS women
(Gharani et al., 1996). An association study of 97 women with
PCOS demonstrated also a strong association between the
CYP11A 5’ untranslated region (UTR) pentanucleotide repeat
polymorphism with total serum T levels. However, other studies
have failed to find a significant association between CYP11A and
PCOS. (Urbanek et al., 1999; Kahsar-Miller et al., 2000)
Although perturbations in the CYP11A gene cannot easily account
for altered expression of other steroidogenic enzymes, the locus
remains a potential candidate gene.
CYP17, coding for 17-α hydroxylase, 17,20 lyase. Although initial
studies suggested an association between cytochrome CYP17,
which encodes 17-hydroxylase/17,20-lyase, and PCOS, subsequent
studies have failed to show any association or linkage of this gene to
PCOS (Carey et al., 1994; Witchel et al., 1998; Diamanti-Kandarakis
et al., 1999b). However, PCOS patients show an exaggerated
serum 17-α hydroxylase response to GnRH agonists. It has
recently been shown that serine phosphorylation is also involved
in the posttranslational regulation of 17,20-lyase activity and
therefore androgen secretion. The serine residues that are phosphorylated and the kinase that mediates the phosphorylation
remain to be identified.
CYP21. Cytochrome P450 21-hydroxylase (CYP21) encodes 21hydroxylase, the enzyme responsible for most cases of congenital
adrenal hyperplasia (CAH). Recent studies have found a significant prevalence of CYP21 mutations in PCOS women with a normal 17-hydroxyprogesterone response to adrenocorticotropic
hormone (ACTH) stimulation, questioning the diagnostic distinction between PCOS and CAH (Escobar-Morreale et al., 1999;
Witchel and Aston, 2000).
Androgen receptor. Urbanek et al. (1999) studied 150 families
and failed to find evidence for association of the trinucleotide
(CAG) repeat polymorphism in the X-linked androgen receptor
gene and PCOS. However, this short CAG repeat length has been
shown to be inversely associated with androgen levels (Mifsud
et al., 2000).
Sex hormone binding globulin. Hogeveen et al. (2002) identified
a polymorphism in the coding region of sex hormone binding
globulin (SHBG) that encodes a missense mutation, P156L, in 4 of
482 women with PCOS, hirsutism or ovarian dysfunction.
A recent study by Xita et al. (2003) reports evidence of genetic
contribution to the decreased SHBG levels frequently seen in
PCOS women. They investigated the possible association of the
functional (TAAAA)n polymorphism in the promoter of the gene
with PCOS and lower SHBG levels. It was confirmed that women
with PCOS had higher frequency of longer variable number of
tandem repeats (VNTR) (more than eight repeats, range 6–11)
whereas control women had higher frequency of the shorter
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of TNF-308A alleles presented with increased basal and leuprolide-stimulated serum androgens and 17-hydroxyprogesterone levels, suggesting that this variant contributes to hyperandrogenism
(Escobar-Morreale et al., 2001).
Type 2 TNF receptor gene. The type 2 TNF receptor (TNFR2)
mediates most of the metabolic effects of TNFα. Serum levels of
TNFR2 are increased in obese individuals, correlating with
indexes of insulin resistance (Fernandez-Real et al., 1998; Peral et
al., 2002). In an initial study of 103 hyperandrogenic patients (42
with PCOS) and 36 controls from Spain, it was observed that the
Arg196 allele of the Met196Arg variant in exon 6 of the TNFR2
gene tended to be more frequent in hyperandrogenic patients than
in controls (Peral et al., 2002), suggesting a possible role of the
TNFα system in the pathogenesis of hyperandrogenic disorders.
Interleukin-6 gene. Interleukin-6 (IL-6) is secreted from the adipose tissue. It promotes liver secretion of C-reactive protein,
which was both found increased in obese women, and in PCOS
(Escobar-Morreale et al., 2003a). It was recently found that common G alleles of the –597A and –74G/C IL-6 gene polymorphisms which are in linkage disequilibrium are associated with
hyperandrogenism in a study involving 85 patients and 25 healthy
women from Spain (Villuendas et al., 2002). Moreover, when
studying controls alone, carriers of G alleles presented higher
serum IL-6, 17-hydroxyprogesterone and 11-deoxycortisol levels
compared with subjects homozygous for the uncommon –597A or
–174C alleles, suggesting a protective role for the uncommon
alleles against adrenal hyperactivity and hyperandrogenism.
IL-6 signal transducer gp 130 (IL-6ST). IL-6 actions are mediated by a heterodimeric receptor consisting of two membranebound glycoproteins: an 80 kDa IL-6 binding unit (IL-6Ra) and a
130 kDa IL-6 signal transducer (gp130). It was recently found that
the uncommon Arg148 allele of the Gly148Arg polymorphism in
the gp130 gene (IL-6ST) was more frequent in controls compared
with hyperandrogenic patients. Controls carrying Arg148 alleles
had lower 11-deoxycortisol and 17-hydroxyprogesterone concentrations; a lower response of androstenedione to 1–24 adrenocorticotropin and an almost significant decrease in free T levels
(Escobar-Morreale et al., 2003b). As occurred with the IL-6
variants, the wild type allele was associated with hyperandrogenism, whereas the uncommon Arg148 allele in gp130 had a protective effect against androgen excess and adrenal hyperactivity.
Therefore, the influence of proinflammatory genotypes on hyperandrogenism and PCOS might result from the interaction between
predisposing and protective variants in several different genes.

Conclusion
Steadily the numbers of candidate genes are increasing but they
have not yet led us all the way out of the labyrinth.
Collectively, these findings add important information to the
PCOS genetic background, raising the possibility of multiple
genetic components being involved. However, the current genetic
studies have failed to identify specific gene or genes, with clear
clinical significance and, practically, do not take our clinical
approach any further from the significant initial observation that
the positive family history is common in women with PCOS.
Although additional larger case–control studies are clearly
required to produce clinically meaningful results, it can be concluded that genetic abnormalities in androgen steroidogenesis and
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marginally significant decrease in the frequency of the Ala12
allele in Finnish PCOS patients has been reported. However, this
polymorphism has shown no association either with PCOS or
insulin resistance in hyperandrogenic adolescents from the USA
(Witchel et al., 2001) or in women from Spain (San Millan et al.,
2004).
Human sorbin and SH3 domain-containing 1 gene. Human sorbin
and the SH3 domain-containing 1 (SORBS1) protein is involved
in insulin-mediated glucose uptake. The Thr228Ala variant in its
gene (SORBS1) may play a role in the genetic predisposition to
obesity and type 2 diabetes. The SORBS1 Ala228 allele was
found to play a protective role against the development of these
disorders in Chinese subjects (Lin et al., 2001), however, conflicting results have been reported in a large European study (Nieters
et al., 2002). Moreover, no association with this allele with either
adolescent hyperandrogenism or PCOS has been found (Witchel
et al., 2003).
Paraoxonase. Paraoxonase-1 (PON1) is a serum high-density
lipoprotein (HDL)-associated enzyme with antioxidant properties.
A polymorphism in PON1 (-108T/C) is more frequent in nondiabetic subjects showing abnormal fasting glucose concentrations
(therefore, suspected to have insulin resistance) compared with
subjects with normal serum glucose concentrations (Leviev et al.,
2001). Since the -108T alleles may reduce paraoxonase expression
and secretions, increasing oxidative stress, it is possible that
homozygosity for –108T alleles, and PCOS might lead to a higher
oxidative stress in these women, contributing to insulin resistance
(San Millan et al., 2004).
Genes encoding other molecules related to insulin resistance.
Among the other genes tested, no association has been reported
between PCOS and genomic variants in the genes encoding glycogen synthase (Rajkhowa et al., 1996), resistin (Urbanek et al.,
2003), leptin (Oksanen et al., 2000) or with variants in the genes
of plasma cell differentiation antigen glycoprotein, protein tyrosine phosphatase 1B, and adiponectin (San Millan et al., 2004).
Candidate genes of indices in chronic inflammation. Abnormalities in endothelial function and elevated cardiovascular risk
factors have also been observed in PCOS women making the associated proteins possible candidate genes for PCOS. Additionally,
the secretory products of adipose tissue including tumor necrosis
factor TNF-α and IL-6 which promote insulin resistance and
hyperandrogenism have been implicated in PCOS pathophysiology.
Plasminogen activator inhibitor-1. Elevated plasminogen activator inhibitor-1 (PAI-1) levels have been associated with
increased cardiovascular risk and increased thrombogenic
tendency. Recently a 4G5G polymorphism in the promoter region
of PAI-1 gene has been associated with increased plasma PAI-1
levels in Greek women with PCOS compared with controls
(Diamanti-Kandarakis et al., 2004b).
TNF-α gene. Tumor necrosis factor (TNF)-α is a cytokine
secreted by adipose tissue that plays a key role in mediating insulin resistance (Hotamisligil et al., 1996; Hotamisligil, 1999). Serine phosphorylation of IRS1 appears to be the mechanism for
TNFα-mediated insulin resistance. Serum TNFα levels are
elevated in patients with hyperandrogenism and PCOS but studies
have shown no association between polymorphism in its gene
(TNF) and hyperandrogenism or PCOS (Milner et al., 1999;
Escobar-Morreale et al., 2001). However, when considering
hyperandrogenic patients and healthy controls as a whole, carriers
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ABSTRACT
Polycystic ovary syndrome (PCOS) is a complex and heterogeneous disorder characterized by
hyperandrogenemia, hyperinsulinemia, insulin resistance, and chronic anovulation. It is the
most common endocrine disorder in women of reproductive age with an enigmatic pathophysiologic and molecular basis. The high prevalence of affected individuals and the wide range of
phenotypic expression can be explained by the interaction of a number of key genes with environmental factors. Heritability of PCOS has been inferred from studies of the syndrome in
various population groups (ethnic groups, twins, and PCOS families). Although evidence of
familial segregation and clustering of the disease in first-degree relatives of women diagnosed
with PCOS has been presented, no particular pattern of inheritance has emerged. Some of the
problems in genetic studies have been the lack of uniform criteria for diagnosis, heterogeneity
of phenotypic features, and the fact that the disorder is only expressed clinically in women
during their reproductive years. Even within affected families and between sisters with polycystic ovaries, there is heterogeneity in presentation. However, regardless of diagnostic criteria used to identify the propositus and to determine affected status in the kindred, the genetic
studies available suggest a strong familial component. Currently, PCOS is considered a polygenic trait that might result from the interaction of susceptible and protective genomic variants and environmental factors, during either prenatal or postnatal life.
Key-words: AGEs, Candidate genes, Endocrine disruptors, Environmental, Metabolic abnormalities, Molecular factors, PCOS
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POLYCYSTIC OVARIAN SYNDROME
Polycystic ovary syndrome (PCOS) is a common
endocrine disorder, affecting up to 6.8% of women
of reproductive age based on the first study conducted in Greece in 1999 on the island of Lesbos,1 as
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well as subsequent epidemiological studies which
confirmed these findings.2,3 The definition of PCOS
has been an issue of great and continuous debate
among experts in the field since 1990 when the National Institutes of Health sponsored a conference
(NIH) on PCOS and put forward as diagnostic criteria of chronic anovulation and hyperandrogenemia.
Recently, a meeting of experts in Rotterdam
(2003), sponsored by the European Society of Human Reproduction and Embryology (ESHRE)/
American Society for Reproductive Medicine,4 suggested that the definition of PCOS should include
two of the following three criteria: (i) oligo- and/or
anovulation, (ii) clinical and/or biochemical signs of
hyperandrogenism, (iii) polycystic ovaries on ultrasonography, and exclusion of related disorders. The
syndrome is widely accepted as the commonest cause
of anovulatory infertility with clinical and/or biochemical signs of excess androgen secretion, associated with hyperinsulinemia and high prevalence of
significant metabolic abnormalities, implicating
long-term sequellae which may affect womens longterm health.5-10
The signs and symptoms of PCOS usually appear
during or close to the onset of puberty.11,12 Signs of
precocious pubarche as well as adolescent hyperandrogenemia with or without insulin resistance may
constitute early stages of the syndrome.
Furthermore, the phenotype may change through
the life cycle of the woman, making the clinical picture very unpredictable and raising the potential for
inaccurate diagnosis at any point during the womans life. Interestingly, the nature of the male phenotype remains controversial, with premature balding being considered as the more prevalent phenotype, but this has not been accepted by all investigators.13,14
The pathophysiology of the syndrome of polycystic ovaries is polyprismatic and analysis of the
spectrum of phenotypes from a single angle of pathogenetic view cannot adequately interpret it. Environmental and genetic factors are interconnected.
Risk factors causing multiple aberrations in steroidogenesis, folliculogenesis, and metabolic pathways are
continuously recognised but the key abnormality
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escapes detection.
ENVIRONMENTAL RISK FACTORS
The rise in PCOS prevalence in populations
where the gene pool has been relatively constant
confirms that environmental factors are assuming
an ever more important role. The development of
obesity is linked to the development of PCOS in
susceptible individuals. The modern living environment in developed countries is characterized by low
daily energy expenditure and an abundant and inexpensive food supply, making positive energy balance common. However, even this view is too simplistic and it is likely that other factors in the environment, perhaps unrecognized or poorly understood (e.g. exposure to environmental toxins), may
also play a role.
A retrospective study on PCOS patients15 has
suggested the existence of specific prenatal risk factors for the post-pubertal expression of the PCOS
phenotype. The authors have found two distinct
groups of patients with polycystic ovaries: (i) those
who had above average birthweight and (ii) those
born to overweight mothers. The second group comprised women of normal weight who had high plasma LH but normal testosterone concentrations.
These women were born after term. On the basis of
these findings, the authors suggest that the two forms
of PCOS have different origins in intrauterine life.
Obese, hirsute women with polycystic ovaries have
higher than normal ovarian secretion of androgens,
associated with high birthweight and maternal obesity. Lean women with polycystic ovaries have altered hypothalamic control of LH release resulting
from prolonged gestation.
Obesity & diet
Undoubtedly, environmental factors, interacting
with a PCOS genetic background, could affect the
two major components of the syndrome, hyperandrogenemic anovulation and insulin resistance.
Since androgenized animals present increased adiposity, obesity is an independent risk factor of anovulation.16 Oligoovulation is associated with increased adiposity and concomitant hyperinsulinemia. Subsequently, hyperinsulinemia with increased
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the repeats of the insulin gene VNTR are distributed in a bimodal pattern, class I alleles having an
average of 40 repeats and class III alleles an average of 157 repeats.
Waterworth et al94 found strong linkage and association between the class III allele of the insulin
gene VNTR (variable number tandem repeats) in
the 5' region of the insulin gene and PCOS. This
allele was preferentially transmitted from heterozygous fathers but not from mothers to affected individuals.
However, in a larger study, Urbanek et al79 found
no evidence for linkage of the insulin gene and
PCOS and no association between the class III allele of the insulin VNTR and hyperandrogenemia.
In this study the NIHCD criteria were used to choose
the population as opposed to the ultrasonographic
findings used by the previous one. Other studies96,97
have failed to show any association between the INS
VNTR alleles and hyperandrogenism in PCOS. The
different criteria and ethnic and geographical backgrounds might explain the conflicting results.
The insulin receptor gene
The impaired sensitivity to insulin action, both
in vivo and in vitro, led to the hypothesis that genetic lesion in the insulin receptor gene or the postreceptor signalling may contribute to the pathogenesis of PCOS. Molecular studies of the coding region of the insulin receptor gene in women with
PCOS have shown a large number of silent polymorphisms. The majority of these polymorphisms
has also been identified in normal subjects and are
considered to be common polymorphisms which do
not lead to remarkable alteration in the function of
the insulin receptor.
Recently, Siegel et al98 observed a C/T single
nucleotide polymorphism (SNP) in the tyrosine kinase domain of INSR, which was associated with
PCOS. This SNP could be a susceptibility variant
for PCOS or be in linkage disequilibrium with another INSR polymorphism. The association is pending confirmation by others.
A number of studies have examined the insulin
receptor gene sequence for major mutations, since
an increased insulin-dependent serine phosphory-
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lation of the insulin receptor, causing abnormalities
in post-receptor activation of the pathway and therefore reducing responsiveness, has been described.99,100 This suggests that if perturbed insulin action is integral to PCOS, the mechanism likely involves a target downstream of the insulin receptor.
After the elegant studies by Dunaif et al99 showing
that in ~50% of women with PCOS increased insulin receptor serine phosphorylation in skeletal muscle cells and fibroblasts is associated with insulin resistance, the area of the insulin receptor gene has
been a major target of research. However, there are
not as yet any concluding results.
Intriguing data come from three separate studies focusing on the area of the insulin receptor gene
at chromosome 19p13.3. First, the National Cooperative Program in Infertility Research conducted
a study linkage and an association between a marker, (D19S884) located near the insulin receptor gene
and PCOS in a cohort of Caucasian families.101 Following this, the Heritage Family Study showed evidence for statistically significant linkage between a
region at chromosome 19p13.3 and androgen levels
in Caucasians, providing further evidence for an
important role of the region 19p13.3 in PCOS.102 A
study by Urbanek et al95 provided strong, reproducible evidence for a PCOS susceptibility locus mapping to chromosome 19p13.2 at or near the dinucleotide repeat marker D19S884. The genes that code
for three proteins known to map within 100 kb of
D19S884 are: ELAVL1, a ubiquitously expressed
mRNA-binding protein, CCL25, a thymus-expressed
chemokine, and FBN3, the third member of the
fibrillin family of extracellular matrix proteins. Although none of these genes is an obvious candidate
for PCOS, their function needs further investigation.
Insulin receptor substrate proteins
Insulin signal travels downstream intracellularly
towards the second main step of insulin receptor
substrate proteins. A major gene defect responsible
for impaired insulin action has not so far been detected.
Several polymorphisms in IRS1 and IRS2 have
been implicated in PCOS pathogenesis and there is
evidence of a gene dosage effect of the Gly972Arg
IRS1 variant on fasting insulin and homeostasis
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model assessment (HOMA) values among PCOS
women. A study by Ehrmann et al103 failed to provide any support for the IRS1 variable. Finally, the
Gly972Arg variant of the IRS1 gene has also been
associated with lower SHBG levels in adolescent
girls with a history of precocious pubarche.104
Insulin-like growth factors
Although no evidence of a linkage with any of
the IGF genes was initially found,78 San Millan et
al105 tested the possibility of an association of PCOS
with genomic variants related to insulin resistance
in subjects from Spain. A statistically significant association between homozygosity for G alleles of the
Apal variant in IGF2 and PCOS was found. Alleles
of the Apal polymorphism in IGF2 induce an increase in IGF2 mRNA in leukocytes, and possibly
result in increased liver IGF2 expression and secretion. IGF2 stimulates adrenal and ovarian androgen secretion, and, together with IGF1 and IGFbinding proteins, may play a role in the pathogenesis of PCOS.106-108 The association between the Apal
variant in IGF2 and PCOS needs to be confirmed
by future studies.
Calpain 10
Calpain-10 is a cysteine protease that plays a role
in insulin secretion and action and has been associated with susceptibility to type 2 diabetes. In a recent study, the 112/121-haplotype was associated
with higher insulin levels in AfroAmerican women, and an increased risk of PCOS in both African
American and white women.109
Gonzalez et al110,111 showed an association of the
CAPN10 UCSNP-44 allele with PCOS in a Spanish
population. Hadad et al112 however, found no association between CAPN10 gene variation and PCOS.
B. Candidate Genes involved in obesity and
insulin resistance
The common occurrence of insulin resistance and
pancreatic â-cell dysfunction in association with
PCOS and the increased risk for development of
type 2 diabetes is now well recognised. Moreover,
insulin acting through its own receptor and at high
concentrations through the insulin-like growth factor I receptor stimulates steroidïgenesis. This has
led investigators to focus on insulin resistance as a
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potential central abnormality in PCOS and to consider the proteins promoting insulin resistance as
candidate genes for PCOS.
Peroxisome proliferator-activated receptor-ã
gene (PPAR-ã)
Activation of peroxisome proliferator-activated
receptor (PPAR)-ã promotes differentiation of adipocytes, increasing insulin sensitivity. The PPARã gene contains a common SNP, Pro12 Ala. It has
been shown that Ala 12 alleles of PPAR-ã favour
weight gain in obese adults and in obese hyperandrogenic girls and adolescents. They also induce insulin sensitivity in Caucausian men and women presenting with PCOS.113 Recently, a marginally significant decrease in the frequency of the Ala12 allele
in Finnish PCOS patients has been reported. However, this polymorphism has shown no association
either with PCOS or insulin resistance in hyperandrogenic adolescents from the USÁ114 or in women
from Spain.105
Human sorbin and SH3 domain-containing 1
gene (SORBS1)
Human sorbin and the SH3 domain-containing
1 (SORBS1) protein is involved in insulin-mediated glucose uptake. The Thr228Ala variant of this
gene (SORBS1) may play a role in the genetic predisposition to obesity and type 2 diabetes. The
SORBS1 Ala228 allele was found to play a protective role against the development of these disorders
in Chinese subjects;115 however, conflicting results
have been reported in a large European study.116
Moreover, no association of this allele with either
adolescent hyperandrogenism or PCOS has been
found.117
Paraoxonase (PON1)
Paraoxonase-1 (PON1) is a serum high-density
lipoportein (HDL)-associated enzyme with antioxidant properties. A polymorphism in PON1 (-108T/
C) is more frequent in nondiabetic subjects showing abnormal fasting glucose concentrations (therefore suspected to have insulin resistance) compared
with subjects with normal serum glucose concentrations.118 Since the -108T alleles may reduce paraoxonase expression and secretion, increasing oxidative
stress, it is possible that homozygosity for -108T al-
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ABSTRACT
OBJECTIVE: Insulin resistance is a key factor in the pathogenesis of polycystic ovary syndrome
(PCOS). Peroxisome proliferator-activated-receptor-γ (PPAR-γ) has been implicated in insulin
resistance and adiposity. The aim of the study was to investigate the possible involvement of the
Pro12Ala polymorphism of the PPAR-γ gene in the pathogenesis of PCOS. DESIGN: We studied
180 women with PCOS and 140 healthy controls. Body mass index (BMI) was recorded. Blood
samples were drawn after overnight fasting and serum glucose, insulin, lipid and hormonal
profiles were determined. The fasting glucose/insulin ratio and HOMA index were calculated.
Moreover, 100 women with PCOS underwent a 75g oral glucose tolerance test and the area under the curve for insulin and glucose was estimated. DNA was extracted from peripheral blood
leucocytes and the Pro12Ala polymorphism was genotyped. RESULTS: The PPAR-γ genotypes
were found to be in the Hardy-Weinberg equilibrium in both study groups. No difference was
found in the distribution of the Pro12Ala polymorphism between PCOS and controls. Insulin
resistance indices and lipid and hormonal profile were not different among the various genotypes of the Pro12Ala polymorphism. CONCLUSIONS: The Pro12Ala polymorphism of the
PPAR-γ gene is not involved in the pathogenesis or the phenotypic expression of PCOS.
Key words: Insulin resistence, Polycystic ovary syndrome, Polymorphism, PPAR-γ,

Introduction
Polycystic ovary syndrome (PCOS) is primarily a
disorder of androgen excess. Insulin resistance and
compensatory hyperinsulinemia is also a recognized
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feature of PCOS that further contributes to hyperandrogenism. Both lean and obese women with PCOS
have been shown to have insulin resistance, compared
to controls.1 Insulin resistance in PCOS appears to be
selective with impaired glucose uptake in peripheral
tissues, whilst other intracellular actions of insulin are
preserved. The reduced cellular sensitivity to insulin
in PCOS is due to a post receptor defect in insulin
signaling, though the exact molecular mechanisms
remain unclear.2
Because of the improvement of insulin sensitivity
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method (IMMULITE 2000 Immunoanalyzer, DPC,
CA, USA) and the CV was 5.5%. Total cholesterol,
HDL cholesterol and triglycerides were determined by
enzymatic methods (Olympus 600, Clinical Chemistry
Analyser, Olympus Diagnostica GmbH, Ireland).
LDL cholesterol was calculated by the Friedewald
equation (LDL = total cholesterol (mg/L) – HDL
cholesterol (mg/L) – triglycerides(mg/L)/5).18
Genotype analysis
Genomic DNA was isolated from peripheral blood
leukocytes of women with PCOS and the controls. The
Pro12Ala polymorphism of the PPAR-γ gene was genotyped by amplification of genomic DNA using the following primers: F5’- GCCAATTCAAGCCCAGTC-3’
and R5’-GATATGTTTGCAGACAGTGTATCAGTGAAGGAATCGCTTTCCG-3’. The polymorphism
was typed with enzyme BstU-I and the digestion
products were resolved after electrophoresis in 2.5%
agarose gel and stained with ethidium bromide.
Statistical analysis
Genotype and allele frequencies were compared
among the study groups using the chi-square test.
The Hardy Weinberg equilibrium for each polymorphism was also tested comparing observed genotype
frequencies with those expected (chi-square test).
Normal distribution of continuous parameters was
tested via the Kolmogorov-Smirnov test. Biochemical
differences between two continuous parameters were
estimated with the Mann-Whitney U test. Multiple
regression analysis was performed to examine the
effect of the polymorphism on hormonal parameters.
Continuous data are expressed as the mean  SD. Pvalue of <0.05 was set as statistically significant. All
analyses used the SPSS statistical package (version
15.0, SPSS Inc, Chicago, IL, USA).
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Table 1. Anthropometric and biochemical characteristics of PCOS
women and controls (values are presented as means±SD).
PCOS
Controls p-value
women

Number
180
140
Age (years)
23.7±6.4 24.86.9
ns
BMI (Kg/m2)
26.6±6.9 20.91.8 <0.001
LH/FSH ratio
1.4±1.0
1.0±0.4
0.05
SHBG (nmol/L)
37.9±26.4 66.826.8 <0.001
FAI
13.7±10.4 2.2±1.1
<0.001
Total testosterone (nmol/L) 3.4±1.5
1.3±0.4
<0.001
DHEAS (ìmol/L)
7.72±3.14 4.33±1.17 <0.001
Fasting glucose/insulin ratio 10.3±7.4 15.3±4.9 <0.001
LH/FSH: Luteinizing hormone/Follicle-stimulating hormone,
SHBG: Sex hormone-binding globulin, FAI: Free androgen index,
DHEAS: Dehydroepiandrosterone sulfate, BMI: Body mass index,
ns: non-significant, PCOS: Polycystic Ovary Syndrome

one woman homozygous for the Ala allele was found
in the control group.
Overall, there was no statistically significant difference in the genotype and allele distribution of the
Pro12Ala polymorphism between PCOS and control
women. No statistically significant difference was observed when normal-weight PCOS women were compared with overweight-obese PCOS women or when
each of this subgroup was compared with the control
group (Figure 1). No difference in the distribution

Results
Distribution of the Pro12Ala polymorphism
The characteristics of the study population are
presented in Table 1. The Pro12Ala polymorphism of
the PPAR-γ gene was in Hardy Weinberg equilibrium
in both patients and controls (chi-square, p>0.05).
The frequency of the Ala allele was 9.7% in normalweight PCOS women, 7.3% in overweight-obese
PCOS women and 6.8% in the control group. Only

Figure 1. The distribution of Pro12Ala genotypes (%) in the
study population. ns: non significant.
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Polycystic ovary syndrome (PCOS) is the most common endocrine disorder of unknown etiology. Insulin
resistance is very common and plays a central pathogenic role in PCOS. During last decade several
studies have been conducted to understand the mechanisms contributing to the state of insulin resistance
and insulin-induced hyperandrogenemia in PCOS. Insulin signaling pathways have been dissected in
different insulin responsive tissues such as skeletal muscles, adipose tissues, fibroblasts as well as ovaries
to elucidate the mechanism. These studies suggest a post receptor signaling defect where metabolic
action of insulin is affected but not the steroidogenic and mitogenic actions. Despite advancement in
these studies gaps exist in our understanding of the mechanism of insulin resistance as well as insulininduced steroidogenesis in PCOS. The syndrome is now considered as a complex multigenic disorder.
Efforts are ongoing to dissect the variants of genes from multiple logical pathways which are involved
in pathophysiology of the syndrome. But still today no gene has been emerged as universally accepted
susceptibility gene for PCOS. This review briefly describes the lacunae along with the current status of
molecular events underlying insulin resistance and the contribution of insulin signaling pathway genes
in pathogenesis of PCOS along with future researchable areas.
Key words Hyperandrogenemia - insulin signaling - PCOS - steroidogenesis - phosphorylation

Introduction

cent of these women independent of obesity, and
contributing in a major way to its pathogenesis2,3. Women
with PCOS are frequently obese which contributes
an extrinsic component of IR. It is known that IR
progresses towards the development of compensatory
hyperinsulinemia, which drives hyperandrogenemia
in these women4. Excess androgen levels lead to
menstrual disturbances, development of ovarian cysts,
hirsutism and other related disorders. IR also increases
the risk for development of glucose intolerance, type 2
diabetes mellitus (T2DM), hypertension, dyslipidaemia
and cardiovascular abnormalities in these women3,5
(Fig. 1).

Polycystic ovary syndrome (PCOS) is a complex and
heterogeneous disorder, affecting approximately 7 per
cent of women in reproductive age1. It is characterized
by chronic anovulation, hyperandrogenemia, altered
LH: FSH ratio (>2/3:1) and polycystic ovaries. The
syndrome is a major cause of anovulatory infertility2.
The aetiopathogenesis of this syndrome still remains
elusive but likely to be mutifactorial consisting of
genetic and environmental components.
Insulin resistance (IR) is now known to be intrinsic
to this disorder, present in approximately 50-70 per
743
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http://en.wikipedia.org/wiki/Polycystic_ovary_syndrome

Polycystic ovary syndrome
Definition
Two definitions are commonly used:
NIH
In 1990 a consensus workshop sponsored by the NIH/NICHD suggested that a patient has
PCOS if she has all of the following:
1. oligoovulation
2. signs of androgen excess (clinical or biochemical)
3. other entities are excluded that would cause polycystic ovaries
Rotterdam
In 2003 a consensus workshop sponsored by ESHRE/ASRM in Rotterdam indicated
PCOS to be present if any 2 out of 3 criteria are met:
1. oligoovulation and/or anovulation
2. excess androgen activity
3. polycystic ovaries (by gynecologic ultrasound)
Other entities are excluded that would cause these.
The Rotterdam definition is wider, including many more patients, most notably patients without
androgen excess. Critics say that findings obtained from the study of patients with androgen
excess cannot necessarily be extrapolated to patients without androgen excess.
Androgen Excess PCOS Society
In 2006 the Androgen Excess PCOS Society suggested a tightening of the diagnostic
criteria to all of:
1. excess androgen activity
2. oligoovulation/anovulation and/or polycystic ovaries
3. other entities are excluded that would cause excess androgen activity

9. PCOS Genetics
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Polycystic Ovary Syndrome (PCOS) Genetics
Study Description
PCOS is a complex genetic disease reflecting the interplay of susceptibility genes and
environmental factors. The cardinal reproductive feature of the syndrome, hyperandrogenemia,
appears to play a direct role in the pathogenesis of the associated metabolic abnormalities. Male
as well as female first-degree relatives have reproductive and metabolic phenotypes including
increased prevalence rates of type 2 diabetes (T2D), metabolic syndrome (MBS) and other risk
factors for cardiovascular disease (CVD). Northwestern University (NU) investigators lead a
team that has extensive experience in phenotyping PCOS and in the genetic analysis of complex
diseases including genome-wide association study (GWAS). Together with an expert group of
collaborators from the Hershey Medical Center, and The University of Chicago, we have
conducted a GWAS to identify PCOS susceptibility alleles using a large cohort of extensively and
consistently phenotyped PCOS cases. Population controls for this study come from the NUgene
project described below.
NUgene project: In 2002, Northwestern committed to the development of a DNA repository to
serve as a platform for the identification and validation of genotype-phenotype associations that
will impact healthcare. The NUgene Project is a repository with longitudinal medical information
from participating patients at affiliated hospitals and outpatient clinics from the Northwestern
University Medical Center. Participants' DNA samples are coupled with data from a
questionnaire (2 versions were used, 1 before and 1 after February 2006, both are included) and
continuously updated data from our Electronic Medical Record (EMR) representing actual
clinical care events. Northwestern has a state-of-the art, comprehensive inpatient and outpatient
EMR system of over 2 million patients. NUgene has broad access to participant data for all
outpatient visits as well as inpatient data via a consolidated data warehouse. NUgene participants
consent to distribution and use of their coded DNA samples and data for a broad range of genetic
research by third-party investigators.

http://www.studyblue.com/notes/note/n/a-and-p-ii/deck/5690719

A and PII
Insulin
(Peptide)
- Released from pancreatic beta cells
- Facilitates uptake into cells for energy use and storage
- Insulin binds to subunits of the insulin receptor, which inc. glucose transport causing
autophosphorylation of the b dubunit of the receptor, which induces tyrosine kinase, tyrosine
phosphorylation in turn activates intracellular signaling proteins that mediate effects of glucose
on insulin, fat, and protein metabolism.

