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Preface

Consulting citation trends in PubMed for key words or phrases is instructive as to the interest of the scientific
community in the subject and by inference its currency and likely importance. In the 5 years between 1985 and
1989 there were 91 papers on PCOS. The rate escalated rapidly in the next half-decades to 727, 1642, and 4355,
2005-July 2008. Insulin resistance was more topical and references reference to the term increased rapidly:
1995-1999, 8517, 2000-2004, 21,828 and in 2005—July 2008 only rose to 48,914.

The observation that most women with PCOS are insulin resistant has been an important turning point. From
being predominantly the domain of gynaecologists as an ovarian disorder, PCOS was thereafter recognized as
a heterogeneous metabolic disorder with polycystic ovaries as part of its manifestations. We have since learnt
that not all women with PCOS are insulin resistant, apparently this predominates in those who suffer from both
hyperandrogenism and anovultion. Some women with PCOS who have apparently normal serum insulin levels
are nevertheless show increased ovarian androgens secretion at those levels of insulin.

With the mounting epidemic of insulin resistance, many doctors in practice encounter women who are symp-
tomatic, have more or less regular cycles, are sub-fertile, are at most slightly hyperandrogenemic and without
PCOS ovarian morphology . There is no consensus on how to manage these women. We also do not know the
rate at which untreated mild PCOS becomes more severe or that at which women satisfying the criteria of The
Androgen Excess Society (AES) who are not anovulatory become so and apparently acquire insulin resistance.

PCOS, a complex multigenic disorder, can have major impact on quality of life with depressive tendencies,
infertility, obesity, manifestations of hyperandrogenism as well as long term increased risks for diabetes, the
metabolic syndrome non-alcoholic fatty liver and cardiovascular disease. These and other issues are expertly
laid out in the pages of this book, as is their management. The intuitive expectation that PCOS is associated
with increased risk for cardiovascular disease is supported by strong surrogate evidence, although outcome
studies are lacking. And for now at least an increased risk for women who had PCOS and have entered the
menopause is tentative.

The authors, all international experts in their areas of contribution, clear lay out the problem, offer practical
advice in the management of various aspects of the syndrome and raise question where current knowledge is
incomplete or new data is necessary.

The idea of this book arose out of a consensus among the contributing authors and many others we consulted
with that knowledge about the diagnosis, health implications and up-to-date management of PCOS among
community doctors and trainees is at best incomplete and at most spotty. This book is an effort to redress that
deficit.

That this book has materialized at all is thanks to the efforts of Ms Laura Walsh who worked hard to find
a niche for this book in the ranks of what now become one of the largest publishing houses in the world. Mrs
Maureen Tobin kept us all on track, and has done a wonderful organizational job...all very quietly.

It was an immense pleasure for me to work again with Maureen and Laura on a new successful project.

Nadir R. Farid
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Part I
The Syndrome



Chapter 1
Clinical Manifestations of PCOS

Pasquali Renato

1.1 Introduction

The PCOS is the commonest hyperandrogenic disorder in women and one of the most common causes of
ovulatory infertility, with an estimated prevalence of 4-7% worldwide [1]. Over the years, after the first descrip-
tion by Stein and Leventhal in 1935 [2], its definition has been re-addressed several times. In 1990 the National
Institutes of Health (NIH) established new diagnostic criteria, based on the presence of hyperandrogenism and
chronic oligo-anovulation, with the exclusion of other causes of hyperandrogenism such as adult-onset congen-
ital adrenal hyperplasia, hyperprolactinemia and androgen-secreting neoplasms [3]. The inclusion of ultrasound
morphology of the ovaries as a further potential criterion to define PCOS was proposed by the Rotterdam con-
sensus conference, which established that at least two of the following criteria — oligo- and/or anovulation,
clinical and/or biochemical signs of hyperandrogenism and polycystic ovaries (PCO) at ultrasound — are suffi-
cient for the diagnosis [4]. More recently, the fundamental role of hyperandrogenism has been pointed out [5].
However, PCOS compromises other pathological conditions that strongly modify the phenotype and play a dom-
inant role in the pathophysiology of the disorder, including insulin resistance and hyperinsulinemia, obesity and
metabolic disorders, all favouring, together with androgen excess, an increased susceptibility to develop type 2
diabetes mellitus (T2DM) and, possibly, cardiovascular diseases (CVD). PCOS by itself may also have some
genetic component as documented by familial aggregation and recent genetic studies [1]. All the clinical fea-
tures may however change throughout the lifespan, starting from adolescence to postmenopausal age. Therefore,
PCOS should be considered as a lifespan disorder, although the specific phenotype of PCOS in postmenopausal
women is still poorly defined [6]

1.2 How to Approach the Patient

Most patients do not know anything about the definition of PCOS, with some exceptions. They go to the doc-
tor because of their health problems, which are sometimes relevant only for cosmetic reasons, particularly in
young women. Major concerns in asking for the doctor’s help are represented by (i) clinical signs of androgen
excess, particularly hirsutism; (ii) menses irregularities, including amenorrhea; (iii) unexplained infertility; or
(iv) obesity and related features. Doctors should be aware that all these problems are often differently perceived
on an individual basis, and that the patient may be greatly involved in the solution of one of them and rela-
tively disinterested in the others, depending on age, cultural background and perceived importance of clinical
features. Accordingly, affected women may refer to different specialists, such as dermatologists, gynaecologists
or endocrinologists. Nonetheless, each doctor should try to evaluate all the signs and symptom of the patient in
a holistic clinical approach, in order to make a diagnosis and select appropriate treatment, when needed.

P. Renato (1)

Division of Endocrinology, Department of Internal Medicine, S. Orsola-Malpighi Hospital, University Alma Mater Studiorum,
Via Massarenti 9, 40138, Bologna, Italy

e-mail: renato.pasquali @unibo.it
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4 P. Renato
1.3 Clinical Picture of PCOS

The clinical evaluation should include a complete medical history and physical examination, and consideration
of differential diagnosis. Although diagnostic criteria for PCOS for research studies have been proposed, it
should be remembered that many patients may not meet the strict criteria reported above, therefore requiring
blood testing and other diagnostic procedures. In addition, the definition does not cover all features of PCOS,
with particular emphasis on excess body weight and metabolic disorders. Therefore, in an individual patient, the
history should always naturally begin with the symptoms and signs that are causing most concern to the patient.
Fundamental methodological aspects to consider should be

(a) if a patient has signs of androgen excess (such as hirsutism), does she have irregular menses and anovula-
tion?

(b) if a patient has irregular menses, particularly during adolescence, does she have hyperandrogenic signs, or
should these alterations be related to androgen excess, if necessary investigated by blood tests?

(c) if a patient is infertile, should androgen excess conditions (clinically evident or biochemically defined) be
investigated?

(d) how to define the frequent presence of excess body weight in relation to the previously reported problems?

(e) how to frame metabolic alterations from a pathophysiological and therapeutic perspective?

(f) given the potential genetic background of PCOS, how useful is the family history to define the diagnosis?

If these aspects are appropriately taken into consideration, the clinical diagnosis of PCOS is not complex and
does not require extensive laboratory evaluation, provided a differential diagnosis with other overlapping con-
ditions responsible for androgen excess, menses irregularities, infertility, obesity and metabolic disturbances is
performed.

Past medical history should also include a knowledge of prior ovarian surgery that could impact current
hormonal and menstrual status, and prior records of an abdominal procedure may provide information as to the
appearance of the uterus and/or ovaries. A complete history of prior therapies must be documented, including
topical treatments for acne and hirsutism that are likely to influence the appearance of the skin over time. In some
cases, it may be apparent that the symptoms of PCOS merely became evident because a woman has recently
discontinued oral contraceptive pills that had masked the symptoms. At the other extreme, new onset androgenic
symptoms could also be explained by the recent use of topical testosterone creams for the treatment of low
libido or vulvar dermopathies. The medication list may also reveal prior treated conditions that the patient had
not recognized which might be related to variability in their menstrual cycles or weight profiles. Finally, acne is
known to be caused by certain medications, including azathioprine, barbiturates, corticosteroids, cyclosporine,
disulfiram, halogens, iodides, isoniazid, lithium, phenytoin, psoralens, thiourea and vitamins [7]. Finally, a list
of all cosmetic therapies is necessary for the interpretation of physical findings; topical and other treatments of
hirsutism and acne will in fact influence the clinical manifestations of these conditions.

1.4 Family History

Several studies have documented an increased risk of PCOS in sisters and daughters of women with PCOS, so
the history provides an opportunity to identify new cases of PCOS. Hirsutism, acne, menstrual irregularity, early
cardiovascular disease, obesity and T2DM are all potential indicators of a familial tendency towards the PCOS
[8]. A family history of infertility and/or hirsutism may also indicate disorders such as non-classic congenital
adrenal hyperplasia. The presence of symptoms that are very different from those of other family members may
increase the level of concern for a more pathologic explanation for the menstrual defects or the androgenic
symptoms. The family history of metabolic defects and CVD is also an opportunity to quantify the risk of the
patient.
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1.5 Evaluation of Clinical Hyperandrogenism

Hyperandrogenic signs and symptoms are the hallmark characteristic of PCOS. Most women with PCOS have
clinical evidence of hyperandrogenism, which includes hirsutism, acne, oily skin and, sometimes, male pattern
balding or alopecia. Rarely, virilizing symptoms may be present, such as increased muscle mass, deepening of
the voice, or clitoromegaly, although these findings should prompt a search for an underlying ovarian or adrenal
neoplasm, or classic form of previously undiagnosed congenital adrenal hyperplasia. The age at onset, the rate
of progression and any change with any treatment or with fluctuations in weight or skin problems should be
determined.

In general, hirsutism is the most representative sign of clinical hyperandrogenism. It is defined as excess
terminal (thick, pigmented) body hair in a male distribution, which usually starts during pubertal development
or right after it, although not infrequently it may manifest in the adult age. It can also be expressed earlier, even
during mid-childhood, where it can be associated in a mild form with a premature adrenarche characterized
by the appearance and progressive development of pubic and/or axillary hair [9]. Typical areas of androgen-
dependent terminal hair are face (particularly upper lip and chin); around the nipples and the breast area; and
the abdomen, along the linea alba. Rapid and progressive worsening of hirsutism, or a later age of onset, suggest
the possibility of ovarian or adrenal tumour, although they could even follow suspension of previous treatments
or changes in weight.

Acne is typically the first manifestation of hyperandrogenism after menarche, in the teenage years. The
typical acne lesions vary in increasing order of severity (see: Physical examination), which are highly dependent
on previous topical, systemic and cosmetic treatments. A familiar prevalence of acne may be present.

Androgenic alopecia may also occur. Terminal hair growth is age dependent, and it may not be apparent until
the early twenties after several years of exposure to excess androgens. Male pattern hair loss tends to present
even later, in the later twenties and beyond. Androgenic alopecia may be graded by well-known subjective
methods (see: Physical examination).

1.6 Evaluation of Menstrual Irregularity and Chronic Anovulation

Anovulation is undetectable in childhood, whereas in the perimenarcheal phase, adolescent women exhibit a
transient state of anovulation, characterized by accentuated 24-hour LH levels [10]. However, making a correct
clinical diagnosis of ovarian dysfunction at this age represents a difficult task and another 2 or 3 years may be
needed. In fact, the menstrual cycle is rather long and variable during the first few years after menarche, and
the establishment of regular ovulatory cycles is a slow process in physiological conditions. Using sequential
progesterone measurements, it has been shown that more than 80% of the cycles are anovulatory during the first
year after menarche, 60% during the third year and 25% after the sixth year are still anovulatory [10]. On the
other hand, there are data supporting the finding that anovulatory pubertal or post-pubertal girls may have higher
testosterone, androstenedione and LH levels than their ovulatory counterparts [10]. These young girls therefore
appear to be characterized by endocrinological features resembling PCOS, although it cannot be excluded that
even “physiological” anovulation during and after puberty may be associated with transient hyperactivity of
the hypothalamic-pituitary-gonadal axis leading, in turn, to increased androgen production. Moreover, in early
puberty, ovarian hyperandrogenism is rarely detected, but it becomes more common after the age of 14-15
years. On the other hand, the persistence of the high LH level profile in hyperandrogenic adolescent girls may
be responsible for anovulation and therefore for irregular menses [11]. This should be appropriately considered
in clinical practice. In fact, the typical clinical manifestations of PCOS occurring at puberty and adolescent age
include irregular menses, particularly oligomenorrhea, increased LH levels and signs of androgen excess, such
as hirsutism or acne.

The menstrual irregularity of PCOS typically manifests in the peripubertal period, although some women
may apparently have regular cycles at first and subsequently develop menstrual irregularity in association with
weight gain. Menses irregularities include mild or severe oligomenorrhea (cycle length more than 35-40 days)
or amenorrhea (no cycles for 6 or more consecutive months).
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In addition, anovulation is very common in the presence of mild oligomenorrhea, but also when normal
cycles are present [12]. Some cycles may be associated with dysfunctional bleeding. Endometrial atrophy may
be present in some women with PCOS who have prolonged amenorrhea, which may be related to androgen
excess.

Chronic anovulation is one of the most important criteria in the diagnosis of PCOS. Some women with
hyperandrogenic symptoms appear to have regular menstrual cycles, which necessarily require at least one
or two assessments to document ovulation, at least in adult women. In the majority of women with severe
oligomenorrhea or amenorrhea, chronic anovulation is usually present. However, occasional ovulation may
occur, particularly in women with less severe oligomenorrhea. Ovulation can be easily detected by measuring
progesterone levels in the luteal phase, at approximately days 20-22 after cycle onset. Appropriate hormone
levels suggesting an adequate luteal phase are 6-8 ng/mL.

Additional information in a young or adult woman suspected to have PCOS should be obtained: age of
menarche, presence of symptoms of ovulation or of premenstrual symptoms (ovulatory pain, premenstrual dis-
comfort, breast tenderness), previous pregnancies or abortion and particularly oral contraceptive (OC) use [12].
Most young women, in fact, have a history of long-term OC use, often with different preparations, and this
may have masked or delayed the recognition of menstrual dysfunction or hyperandrogenic symptoms [6]. In
women presenting while taking OC, blood testing or pelvic ultrasounds should not be performed until they have
discontinued OC use for at least three months. Notably, a sudden onset of menstrual dysfunction should raise
the consideration of other aetiologies. Obviously, in the presence of recent unexplained amenorrhea, pregnancy
should be excluded by appropriate testing. Moreover, weight- and exercise-related causes, hyperprolactinemia,
subclinical or overt thyroid dysfunction, particularly in young women, should be investigated. Premature ovarian
failure should also be suspected in adult women with unexplained amenorrhea.

1.7 Evaluation of Infertility

PCOS is a common cause of counselling in infertility clinics. Infertility was already included in the original
description of PCOS by Stein and Leventhal [2]. Infertility related to PCOS is typically not difficult to diag-
nose due to the associated menstrual irregularity and anovulation. The primary cause is chronically irregular
ovulation, leading to a reduced number of ovulations and unpredictable timing. However, some women do not
receive the diagnosis of PCOS until they are being evaluated for infertility. The presence of PCOS does not rule
out other abnormalities, so that male factor infertility and tubal patency must still be assessed. If the patient
is at risk for metabolic defects, these must be screened for and treated as appropriate, to minimize pregnancy
complications related to diabetes in particular. An increased rate of early pregnancy loss in PCOS may be an
additional cause of infertility, but the mechanism of this is poorly understood [13]. A reduced rate of conception
relative to the rate of ovulation after therapy with clomiphene citrate and exogenous gonadotropins is also well
known; by contrast there are data suggesting that women diagnosed with polycystic ovaries (PCO) at ultrasound
may be more likely to hyperstimulate in response to ovulation-inducing medications [7]

1.8 Evaluation of Overweight and Obesity

From the earliest descriptions of PCOS, obesity has been a prominently recognized clinical feature. Thus, some
clinicians mistakenly fail to consider the PCOS diagnosis in lean women. However, several recent population-
based studies of PCOS indicate that obesity is not a universal feature, with 30-70% of women with menstrual
dysfunction and evidence of hyperandrogenism not being obese, depending on geographical areas and eth-
nicities [1]. Some recent data support the evidence that prevalence of PCOS may increase with increasing
BMI [14].

Overweight and obesity, as well as different patterns of body fat distribution, can be easily assessed by
anthropometric measures (see Physical examination). In adolescent girls, weight gain often precedes the onset
of menses abnormalities [6]. In addition, a careful weight history should be performed, focusing on factors
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influencing weight gain, and on changes in clinical hyperandrogenic signs (hirsutism, etc.), menses and ovula-
tion and, if pertinent, on fertility in relation to previous weight fluctuations. Major stressful events should also be
investigated, since they may precede weigh loss or gain. Finally, previous dietary treatments or eating disorders
should be investigated. Birthweight and subsequent catch-up should also be recorded, when data are available
(particularly in adolescent and young women), with the help of parents and obstetric charts. This information
can in fact help to understand the pathophysiological development of PCOS.

Obesity has profound effects on the clinical, hormonal and metabolic features of PCOS, which largely depend
on the degree of excess body fat and on the pattern of fat distribution [15]. In massively obese women, the preva-
lence of PCOS may be much higher than expected [16]. A higher proportion of obese PCOS women complain
of hirsutism and other androgen-dependent disorders, such as acne and androgenic alopecia, in comparison to
normal-weight women. Moreover, obese PCOS women are characterized by significantly lower sex hormone
binding globulin (SHBG) plasma levels and worsened hyperandrogemia (particularly total and free testosterone,
and androstenedione) in comparison with their normal-weight counterparts. The androgen profile can be further
negatively affected in PCOS women by the presence of abdominal body fat distribution with respect to those
with the peripheral phenotype, regardless of BMI values [15].

Menstrual abnormalities can also be more frequent in obese than normal-weight PCOS women. Reduced
incidence of pregnancy and blunted responsiveness to pharmacological treatments to induce ovulation may also
be more common in obese PCOS women [17]. A decreased efficiency of assisted reproductive technologies
(ART) has also been demonstrated, with the consequence that in some countries, e.g., the United Kingdom,
obese women with a BMI greater than 35 are not entitled to ART through the National Health System until they
have reduced their body weight by appropriate therapeutic strategies [18].

Lipodystrophic states are rare disorders in which PCOS should also be ruled out [19].

1.9 Additional Information: Insulin Resistance, Metabolic Syndrome, T2DM and Risk
for CVD

Metabolic abnormalities are very common in PCOS [20,21] and should always be investigated. Other than
PCOS status per se, a positive family history for T2DM, obesity, dyslipidaemia and CVD is common. Second,
the presence of the abdominal pattern of fat distribution should be considered, this condition being a clinical sign
of dysmetabolic disorders and cardiovascular risk. Insulin resistance can also be present in otherwise normal
weight PCOS women, and most of them tend to have an android shape. Acanthosis nigricans may be a valuable
sign of insulin resistance.

Most patients consult the doctor after they have undergone laboratory fests or other diagnostic procedures;
therefore, their careful evaluation should be part of the first clinical approach. Confirmation of insulin resistance
can be obtained by simple biochemical tests, based on the ratio between glucose and insulin blood concentra-
tion, in both fasting and glucose-stimulated condition. However, they are relatively inaccurate on an individual
basis [22]; reference tests, such as the euglycemic hyperinsulinemic clamp technique and the frequent-sampling
intravenous glucose tolerance fest, are reserved for research purposes. In the presence of normal fasting glucose
values, fasting insulin levels can however predict in by approximately 80% insulin resistance measured by the
clamp technique [23].

Approximately half of PCOS patients have the metabolic syndrome, which can be clinically suspected in
the presence of abdominal obesity, although an abdominal fatness pattern can be present even in normal weight
women [23]. According to the National Cholesterol Education Program Expert Panel (NECP/ATPIII) criteria
[24], the threshold values for waist circumference should be 88 cm in women, whereas the International Diabetes
Federation (IDF) more recently adjusted the threshold according to the different ethnicities, and in Europeans
it should be 80 cm [25]. A relatively but significantly small increase of arterial blood pressure can be found
in PCOS women, particularly if they are overweight or obese. Values of systolic and diastolic blood pressure
higher than 130 mmHg and 80 mmHg, respectively, can further suggest the metabolic syndrome. A biochemical
evaluation of fasting glucose, triglyceride and HDL-cholesterol blood levels are however needed to confirm the
diagnosis.
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Because women with PCOS have an increased risk of insulin resistance and T2DM [26], it is important to
assess the specific risk factors in each patient. In addition to weight, which is a major factor that increases the
risk of diabetes, a history of glucose intolerance during pregnancy also increases the risk of later diabetes. The
risk can be increased especially in women with a first-degree relative with T2DM [26].

The prevalence of non-alcoholic fatty liver disease (NAFLD), a benign condition of ectopic fat deposition
and non-alcoholic steatohepatitis (NASH), is increased not only in obesity or the metabolic syndrome, but also
probably in women with PCOS [27]. It appears reasonable to inquire about symptoms and risk factors for
liver disease, including family history and alcohol ingestion. Liver dimensions are usually increased in these
conditions and can be determined by physical examination.

There is a great debate as to whether women with PCOS are susceptible to a significant risk for CVDs [28]. In
the last few years, a growing amount of data has been published showing that states of insulin resistance such as
T2DM, obesity (particularly the abdominal phenotype) and PCOS are characterized, among other well-defined
factors, including hormonal and metabolic alterations, by impaired coagulation and fibrinolysis, anatomical
and functional endothelial injury and vascular dysfunctions, and a state of subclinical inflammation, which
overall represent independent risk factors for CVDs. Retrospective studies have however not confirmed a higher
prevalence of myocardial infarction or stroke in PCOS [29]. Nevertheless, a careful clinical examination of
the cardiovascular system should be always performed, particularly in adult premenopausal and particularly
postmenopausal women with previously diagnosed PCOS.

1.10 The Impact of Obesity on Insulin Resistance, Metabolic Syndrome, T2DM
and Risk for CVD

Obese PCOS women are invariably more insulin resistant than their insulin resistant normal weight counterparts,
and they may have more severe fasting and glucose-stimulated hyperinsulinemia. Although it is commonly
accepted that both obesity and PCOS status (i.e. androgen excess) have an additional deleterious effect on
insulin sensitivity, specific mechanisms have still not been adequately defined and could even be different among
obese and non-obese PCOS women [15,30]. In the presence of obesity, studies performed to investigate insulin
secretion in relation to the magnitude of ambient insulin resistance have however shown that there is a subset of
PCOS women exhibiting a significant impairment of (3-cell function. Interestingly, 3-cell dysfunction has been
particularly found in those women who had a first-degree relative with T2DM, so that a heritable component of
B-cell secretion in families of women with PCOS has been suggested [31].

Worsening insulin resistance in the long term may represent an important factor in the development of glu-
cose intolerance states (including impaired glucose tolerance and T2DM) in PCOS women, particularly in the
presence of obesity [30]. This rarely occurs in those with normal weight [20], which suggests that obesity may
represent a indispensable prerequisite.

Although PCOS per se may be associated with alterations of both lipid and lipoprotein metabolism, the
coexistence of obesity usually leads to a more atherogenetic lipoprotein pattern, characterized by lower HDL
cholesterol and higher triglyceride blood concentrations. Therefore, it is not surprising that the prevalence of the
metabolic syndrome is significantly more common in obese PCOS women. It is, however, still unclear whether
the increased prevalence of other risk factors for CVD reported in PCOS women may depend on the presence
of obesity.

1.11 Sleep Disorders

Recent studies have shown that PCOS women may have an increased risk of the obstructive sleep apnoea
syndrome (OSAS), diagnosed either by questionnaire or by overnight polysomnography [32]. This sleeping
disorder is much more common in the presence of obesity. Thus, women with PCOS should be questioned about
signs and symptoms of OSAS. Such symptoms include habitual snoring, nocturnal restlessness and daytime
sleepiness.
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1.12 Diet History and Food Intake

Dietary habits and history should be helpfully used in every patient with hyperandrogenism, infertility and
metabolic disorders, such as obesity, and particularly in those with PCOS. These can be obtained with the
help of dieticians or using standardized questionnaires. Excess energy and fat intake can be found in PCOS
patients, although contradictory data have been reported [15]. Notably, a potential role of advanced glycation
end-products (AGEs), known to be implicated in the atherosclerotic process and correlated with molecular
damage, oxidative stress and endothelial cell activation, has been recently emphasized in the pathophysiology
of insulin resistance associated with PCOS [33]. Since AGEs are present in many foods, it is expected that this
will be extensively investigated in future research. Although a clear role of dietary factors has not yet clearly
been defined in the pathophysiology of PCOS, it has been clearly demonstrated that changes in lifestyle towards
a healthy diet may significantly improve not only body weight and fat distribution in otherwise affected obese
women, but also menses and fertility, besides metabolic disturbances [15].

1.13 Psychological Aspects and Quality of Life

A few recent studies have evaluated the quality of life in women with PCOS and have begun to document the
adverse psychological and health impacts of this condition. This can be performed using specific questionnaires
adapted to PCOS and investigating different domains, such as emotions, body hair, weight, infertility and men-
strual problems [34]. Moreover, studies using psychological questionnaires to investigate obsessive-compulsive
behaviour, interpersonal sensitivity, depression, anxiety, aggression and psychoticism have shown a significant
prevalence of these problems [35]. The extensive use of these questionnaires could improve the clinical assess-
ment of patients with PCOS and provide effective treatment based on personal complaints rather than on a
doctor’s targets. This is particularly relevant in improving patient compliance and avoiding over-treatment in
otherwise healthy women.

1.14 PCOS After Menopause

PCOS after menopause still represents an undefined endocrinological entity. In normal women, the transition
to postmenopause involves not only a decrease in ovarian oestrogen formation but also a reduction of ovarian
androgens [6]. Little is known about what happens to ovarian morphology and androgen production in women
with PCOS after menopause. In one study analyzing a group of postmenopausal women, it was found that
42-449% of them had morphological ultrasound features consistent with PCO, and the comparison between the
two groups showed that postmenopausal women with PCO had higher serum concentrations of testosterone
and triglycerides than postmenopausal women with normal ovaries [36]. These findings strongly resemble
PCOS features and indicate that this disorder is probably higher than expected in postmenopausal women.
On the other hand, it should also be considered that hyperandrogenism appears to partly resolve before the
menopause in women with PCOS [6]. In fact, one study found that total and non-SHBG-bound testosterone
levels were reduced by approximately 50% among women aged 42—47 years with respect to 20-42 years of
age and remained stable in women older than 47 years of age [37]. When PCOS women were compared to
controls, testosterone levels were similar between the two groups in the age range of 42—47 years, whereas they
were significantly higher in PCOS women than controls under or above this range. The assumption that hyper-
androgenism tends to improve during late fertile age in PCOS women may explain the tendency of women
with PCOS to cycle regularly as they grow older. These preliminary studies emphasize the need for further
research, with particular emphasis on the role of androgen excess in the pathophysiology of metabolic and
cardiovascular diseases [38], which are dramatically increasing in postmenopausal women. In a recent study
[39] aimed at evaluating the risk of CV events in 390 postmenopausal women enrolled in the NIH-NHLBI
sponsored Women'’s Ischemia Syndrome Evaluation (WISE) study, it was found that a total of 104 women had
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clinical features of PCOS defined by a premenopausal history of irregular menses and current biochemical evi-
dence of hyperandrogenemia. These women were found to be more often diabetic (p<0.0001), obese (p=0.005),
more frequently had the metabolic syndrome (p<0.0001) and more angiographic coronary artery disease (CAD,
p=0.04) compared to women without clinical features of PCOS. These data emphasize that identification of
postmenopausal women with clinical features of PCOS may provide an opportunity for prevention of CVD
events.

1.15 Physical Examination

1.15.1 Anthropometry

It is important to measure height (metres) and weight (kilograms), calculate body mass index (BMI) (kg/m?) and
assess body fat distribution by waist, hip and the waist-to-hip ratio (WHR) [40] at baseline and during follow-up.
Waist circumference may add additional information as to the cardiovascular risk profile for individual women.
In addition to truncal obesity, a buffalo hump and supraclavicular fat deposition may suggest the presence of
Cushing’s syndrome.

1.15.2 Skin

Hirsutism is defined as excess terminal (thick pigmented) body hair in a male distribution, and it is com-
monly noted on the upper lip, chin, periareolar area of the breast, in the midsternum and along the linea
alba of the lower abdomen. There is substantial ethnic variability in hirsutism; Asian women, for example,
often have a lesser degree of hirsutism [7]. Hirsutism should be distinguished from hypertrichosis, the exces-
sive growth of androgen-independent hair which is vellus, prominent in non-sexual areas, and most com-
monly familial or caused by systemic disorders (hypothyroidism, anorexia nervosa, malnutrition, porphyria
and dermatomyositis) or medications (phenytoin, penicillamine, diazoxide, minoxidil or cyclosporine). The
most widely used semi-quantitative method for estimating hirsutism is the Ferriman and Gallway score [41].
However, recent studies support the concept that hair growth on the face may be more relevant than in
other parts of the body [42]. By means of this score, the efficacy of treatment can be easily quantified and
followed-up.

Typical acne lesions include blackheads, whiteheads, inflammatory lesions, severe pustular lesions and scars,
in increasing order of severity. Acne can be graded according to different stages [43], which are highly dependent
on previous topical, systemic and cosmetic treatments. Obviously, evaluation and monitoring of therapy in
women with PCOS is mandatory, although there are no controlled studies.

Androgenic alopecia may be graded by well-known subjective methods, such as the Ludwig score [44].
More sophisticated information can be obtained with the help of dermatologists, who are confident with much
more extensive diagnostic methods, including pulling and weighing hairs in a defined region, standardized
photographs and assessing hair density in defined regions of the scalp.

Other skin findings that should be sought include seborrhea, acanthosis nigricans, and striae, thin skin, or
bruising, which suggests possible Cushing’s syndrome. Acanthosis nigricans is particularly relevant in the clini-
cal evaluation of PCOS. As reported above, this is a common finding in women with PCOS, particularly in those
with obesity. It can be found on the nape of the neck and in the axillary region, and sometimes in other parts of
the body (elbows, folds of the skin, hands, etc.). Its presence may represent a skin marker of insulin resistance
and the metabolic syndrome. Its presentation may, however, be poorly defined, and clinical skin examination
may be very insensitive for detecting acanthosis nigricans, as documented by a study comparing clinical staging
with histological examination [45].
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1.15.3 Reproductive System

A complete reproductive system examination should be conducted at the time of diagnosis and in follow-up
examinations as appropriate to the initial findings and progression of symptoms. The breast exam should include
a specific assessment of atrophy (potential evidence of significant hyperandrogenemia), and galactorrhea, as
well as the mandatory assessment for pathologic masses. The external genitalia should be examined for evidence
of clitoromegaly, which should prompt a search for androgen-producing neoplasms or undiagnosed class 21-
hydroxilase deficiency. The examination should also verify that the internal genitalia (vagina, uterus and ovaries)
are present. Otherwise, an evaluation for other rare causes of amenorrhea and hyperandrogenism (ex testicular
feminization) must be considered.

Pelvic ultrasound may assist in the physical examination and therefore the diagnosis of PCO should be
performed according to the criteria described by the Rotterdam Consensus Conference [4], unless updated.

1.15.4 General

PCOS is a systemic disorder that requires a complete physical investigation, from head to toe in an objective
search for abnormalities. Skill in physical diagnosis is acquired with experience, but it is not merely technique
that determines success in eliciting signs, and it reflects a way of thinking more than a way of doing. Previ-
ous paragraphs have focussed particular attention on anthropometry, signs of androgen excess and a systematic
evaluation of the reproductive system. Arterial blood pressure should always be measured, and a careful investi-
gation of the cardiovascular system should be performed. The abdominal examination should include assessment
of hepatic size (to evaluate possible hepatic enlargement due to NAFLD), as well as palpation for adrenal and
pelvic masses, if possible. Other skills depend on the specific phenotype.

1.15.5 Differential Diagnosis

The diagnosis of PCOS is often a diagnosis of exclusion. Other causes of hyperandrogenism include hyperpro-
lactinemia, drugs (danazol and androgenic progestins, valproate), non-classic congenital adrenal hyperplasia,
Cushing’s syndrome and androgen secretion (ovarian or adrenal) tumours.

The differential diagnosis of acne includes acne rosacea (which generally responds to antibiotic therapy
and is not a typical feature of PCOS), acne fulminans (which is most common in adolescent males and is
associated with fever, arthalgias and leukocytosis), the SAPHO syndrome (defined as synovitis, acne, pustulosis,
hyperostosis and osteitis and requires referral for systemic therapy).

Other causes of menstrual dysfunction need to be considered, including pregnancy, ovarian failure, outflow
track obstruction and hypothalamic amenorrhea, in the appropriate clinical context.
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Chapter 2
The Menstrual Cycle in PCOS

Sabrina Gill and Janet E. Hall

Polycystic ovary syndrome (PCOS) is defined as a syndrome of ovarian dysfunction along with the
cardinal features of hyperandrogenism and polycystic ovary morphology in the absence of other explanatory
endocrinopathies [1]. The etiology of PCOS is multifactorial and complex with hyperinsulinemia, abnormal
ovarian steroidogenesis, and neuroendocrine abnormalities playing significant interactive roles. The vast major-
ity of patients have menstrual irregularities and recent studies have indicated that those with menstrual cycle
dysfunction also tend to be more hyperandrogenic and hyperinsulinemic [2, 3]. This chapter will review the
integration of ovarian, hypothalamic and pituitary factors that occur in normal menstrual cycles; will discuss
the variable patterns of menstrual dysfunction in patient with PCOS; and will review what is known about the
potential etiology of ovarian dysfunction in PCOS.

2.1 The Normal Menstrual Cycle

The normal menstrual cycle is divided into two stages (Fig. 2.1) — the follicular phase begins with day 1 of
menses and is noted by the emergence of a cohort of follicles that develop in response to rising levels of FSH. In
normal women, a single follicle from this cohort will develop into a dominant follicle and ovulate in response
to the mid-cycle LH surge (MCS). The luteal phase begins after ovulation when hormonal events prepare the
endometrium for implantation should conception occur.

Neuroendocrine axes regulate and integrate neural and hormonal information and translate these signals to
physiological actions that impact the synthesis and secretion of different hormonal systems. Neuroendocrine
regulation of the menstrual cycle involves a complex integrated network of feedback mechanisms between
the hypothalamus, pituitary, and target organs. The hypothalamic-pituitary-gonadal (HPG) system is com-
prised of the gonadotropin-releasing hormone (GnRH) producing neurons of the hypothalamus, the pituitary
gonadotropes which secrete luteinizing hormone (LH) and follicle-stimulating hormone (FSH), and the ovary
which responds to gonadotropin secretion with follicular development and ovulation and with secretion of
estradiol, progesterone, and the gonadal peptides, inhibin A and inhibin B. Ovarian steroid and non-steroidal
hormones, in turn, modulate the hypothalamic and pituitary components of the reproductive axis [for review
see ref. 4].

2.2 Dynamics of Hypothalamic Secretion During the Normal Menstrual Cycle

Frequent blood sampling studies with measurement of LH as a marker of GnRH secretion and the use of pharma-
cological probes, such as GnRH antagonists, have been utilized to evaluate the physiology of GnRH secretion
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Fig. 2.1 Hormonal dynamics of the normal menstrual cycle. Adapted from [4]

in studies in women with normal menstrual cycles [4] and in women with PCOS [5]. In normal women, the
frequency of pulsatile GnRH secretion is dynamically regulated across the menstrual cycle (Fig. 2.1). The tran-
sition from the end of one cycle to the beginning of the next is marked by an increase in pulsatile LH/GnRH
secretion from the luteal phase frequency of one pulse every four hours to a pulse of every 90 minutes in the
early follicular phase. During the mid-follicular phase, LH pulse frequency increases to one pulse per hour, and
this frequency is maintained through the MCS. After the MCS and ovulation, the GnRH pulse generator slows
down to one pulse every 90 minutes, followed by a further decline to one pulse every four hours during the
late luteal phase. The luteal phase decrease in GnRH pulse frequency is secondary to rising progesterone levels
in the presence of estrogen. Although gonadal steroid levels fluctuate less dramatically because of prolonga-
tion of their half-life due to binding to sex hormone binding globulin (SHBG), progesterone concentrations can
fluctuate dramatically in the mid and late luteal phases (from 2.3 to 40.1 ng/mL) in response to the relatively
infrequent pulses of LH [6].

Changes in the frequency of pulsatile GnRH secretion across the menstrual cycle are important because of
the effect of GnRH pulse frequency on the differential regulation of pituitary LH and FSH synthesis and secre-
tion. At slow GnRH pulse frequencies, GnRH receptor (GnRHR) concentrations on gonadotrope cell surfaces
are relatively low with activation of a single signal transduction pathway stimulating expression of a-subunit,
LHP, and FSH. Faster GnRH pulse frequencies increase GnRHR concentrations resulting in greater activation
of the signal transduction pathway and stimulation of a second signal transduction pathway that specifically
inhibits FSH gene expression [7]. Thus, slow frequencies of pulsatile GnRH stimulation of the gonadotrope
result in increased synthesis of FSH while faster GnRH pulse frequencies favor the synthesis and secretion
of LH.
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2.3 Feedback During the Normal Menstrual Cycle

FSH levels rise 3-fold in the early follicular phase in response to release from the negative feedback effects of
estradiol and probably inhibin A (Fig. 2.1). FSH release is further facilitated by the increase in GnRH pulse
frequency that occurs with the late luteal phase decline in progesterone [4]. The luteal-follicular rise in FSH
is critical for initiation of folliculogenesis and the beginning of a new cycle of follicle development. With
recruitment and early development of a new cohort of follicles, estradiol and inhibin B increase, inhibiting
FSH. This mid-follicular phase decrease in FSH is important for ensuring that only a single follicle emerges as
dominant and reaches maturity. While the initial increase in estradiol inhibits GnRH, LH, and FSH secretion,
the exponential rise in estradiol that subsequently occurs with growth of the dominant follicle exerts a positive
feedback effect on gonadotropin secretion and LH levels rise 10-fold. Ovulation occurs within 36 hours after
the midcycle LH surge. LH levels subsequently decrease and reach a nadir by the late Iuteal phase. Progesterone
secretion begins with luteinization of the theca-granulosa cells which is induced by the LH surge, reaching peak
concentrations in the mid-luteal phase. The corpus luteum also secretes estrogen and inhibin A, which follows
a similar pattern to that of progesterone.

2.3.1 Normal Folliculogenesis

At the level of the ovary, growth factors, such as stem cell growth factor, basic fibroblast growth factor, growth
differentiation factor-9 (GDF9), and anti-mullerian hormone (AMH or MIS), regulate recruitment of primordial
follicles for growth [8]. The selected follicles proliferate in response to the luteal-follicular rise in FSH. FSH
also improves survival of granulosa cells and recruitment of a dominant follicle. With selection and develop-
ment of the follicles, secretions of inhibin B, estradiol, and subsequently inhibin A combine to inhibit FSH
secretion. Local positive factors (such as insulin-like growth factor), which promote growth and inhibit apop-
tosis of follicles, and negative factors (such as AMH), which decreases granulosa cell sensitivity to FSH and
inhibits aromatase activity, play roles in selective negative differentiation of the remaining follicles allowing a
single-dominate follicle to emerge [4, 9]

2.4 Menstrual Dysfunction in PCOS

Normal menstrual cycles range between 25 and 35 days due to variability in the length of the follicular phase
in different women. In PCOS, 60-80% of patients present with menstrual irregularities with fewer than nine
menstrual periods per year [10]. In some patients, menses occur very infrequently or not at all while in 5-10%
of PCOS women, more frequent bleeding and menorrhagia may occur. Importantly, not all episodes of vaginal
bleeding follow ovulation. Anovulatory bleeding has been reported in up to 20% of women who report normal
menstrual cycles [11], and measurement of progesterone may be required. For this reason, current guidelines
for the diagnostic criteria of PCOS specify oligo- or anovulation rather than oligo- or amenorrhea [1]. The
pathophysiology of PCOS is multifactorial with dysregulation of gonadal and adrenal steroidogenesis, abnormal
neuroendocrine regulation and insulin resistance.

2.5 Gonadal Steroids in PCOS

The polycystic ovary is characterized by an increased number of antral follicles and an increase in the mass of
theca cells surrounding each follicle. Serum levels of inhibin B are higher in PCOS reflecting an increase in the
number of antral follicles while the reported decrease in dimeric inhibin B production per follicle is consistent
with a decrease in the number of granulosa cells per follicle and arrested folliculogenesis [12]. Inhibin does not
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fully account for the relative suppression of FSH compared to LH in women with PCOS, but higher LH levels
may suppress inhibin B [13].

Ovarian steroidogenesis requires the coordinated activities of the theca cells, which synthesize androgens
from cholesterol under the control of LH and granulosa cells, which aromatize these androgen precursors to
synthesize estrogens under the control of FSH (Fig. 2.2). Theca cells in patients with PCOS exhibit defects in a
number of enzymes in the steroidogenic pathway, such as 17-hydroxylase and 17,20-lyase, that may contribute
to increased ovarian androgen production [14].

Ovarian 17-hydroxyprogesterone hyper-responsiveness to hCG or a GnRH agonist in women with PCOS is
indicative of the increased sensitivity of the ovary to LH stimulation [15] and likely reflects the combination
of theca cell hyperplasia, the increased number of antral follicles and steroidogenic pathway dysregulation. In
addition, studies showing that suppression of LH either acutely using a GnRH antagonist or chronically using a
GnRH agonist results in decreased testosterone levels support the importance of the increased LH in the etiology
of ovarian hyperandrogenism in PCOS [16].

There is evidence that adrenal hyperandrogenemia may also play a role in biochemical hyperandrogenemia
in some patients with PCOS and girls with premature pubarche, and exaggerated adrenarche are at higher risk
of development of PCOS in adulthood [17].

2.6 Follicular Development in PCOS

Follicular development in PCOS is abnormal for two reasons. First, in the ovarian hyperandrogenemia envi-
ronment, there is a 6-fold increase in the number of primary growing follicles (2-5 mm). Androgens promote
preantral and antral follicle development by increasing proliferation and sensitivity of theca and granulosa cells
to gonadotropins and inhibiting apoptosis [18]. In the theca cells, there is upregulation of steroidogenic enzymes,
such as 33-hydroxysteroid dehydrogenase, and 17a-hydroxylase/17,20 lyase, with increased androgen and pro-
gesterone secretion [14]. The inhibins, particularly inhibin A, may also increase LH-induced androgen produc-
tion in thecal cells [19].
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In addition to the increase in follicular development in PCOS, the appropriate process of follicular arrest with
selection and development of the dominant follicle is inconsistent. These patients lack the dynamic modulation
of FSH that characterizes the normal luteal-follicular transition and is responsible for orderly recruitment of
follicles into the growing pool. Serum and follicular fluid AMH levels are also higher in women with PCOS
[18] potentially decreasing aromatase activity and inhibiting development of the dominant follicle. Finally,
premature exposure of the granulosa cells to LH also leads to inhibition of cell proliferation and follicle growth
resulting in poor follicular development [20].

2.7 Neuroendocrine Abnormalities in PCOS

While abnormalities at the level of the ovary itself are clearly important, the neuroendocrine abnormalities in
PCOS also contribute to abnormal follicular development. LH levels are elevated in comparison to FSH resulting
in 94% of women having an elevated LH/FSH ratio [S]. The LH amplitude response to GnRH is exaggerated
and GnRH pulse frequency is increased in PCOS at approximately one pulse per 50—60 min [21]. Furthermore,
recent studies have also shown an increase in the overall amount of GnRH secreted that is similar in magnitude
to the increase in pulse frequency [21]. As discussed above, this pattern of GnRH secretion favors the synthesis
and secretion of LH over FSH. Spontaneous ovulation transiently improves the abnormal LH/FSH ratio in PCOS
[5]. However, studies have shown that the sensitivity to progesterone-induced slowing of GnRH pulse frequency
in women with PCOS is less than in normal women [22]. There has been considerable controversy regarding
whether the neuroendocrine abnormality in PCOS is a primary abnormality or is secondary to other factors.
However, reversal of abnormalities in progesterone-induced slowing of pulse frequency by androgen receptor
blockade suggests that it is due at, least in part, to secondary mechanisms.

In normal adolescents, menstrual irregularities are not uncommon for several years after menarche. However,
irregular menstrual cyclicity may persist ultimately leading to the diagnosis of PCOS. In peripubertal girls with
hyperandrogenemia, there is early evidence of neuroendocrine abnormalities, including an increased LH/FSH
ratio, and a faster frequency and higher amplitude of LH pulses [22]. It has been hypothesized that hyperandro-
genemia in adolescence may lead to reduced sensitivity of the GnRH pulse generator to progesterone-induced
slowing resulting in an increase in the LH to FSH ratio, impairment of ovarian folliculogenesis and augmenta-
tion of hyperandrogenemia.

In women with PCO morphology and regular ovulatory cycles, gonadotropin dynamics are identical to those
in normal ovulatory women [23]. Thus, PCO morphology in an abnormal gonadotropin environment is required
for development of menstrual dysfunction in PCOS. Testosterone levels are higher in this population than in
women with normal ovarian morphology, independent of any abnormalities in gonadotropin secretion, possibly
due to the increased ovarian thecal mass with PCO morphology.

In anovulatory women with PCOS, correction of abnormal FSH dynamics by reducing the negative feedback
effect of estrogen using estrogen receptor blockers or aromatase inhibitors or more directly through administra-
tion of exogenous gonadotropins or pulsatile GnRH does not universally correct the ovulatory defect. With all
treatment modalities, improved ovulation is negatively affected by hyperandrogenemia, high BMI, and insulin
resistance [24, 25]. Such factors impact both locally at the ovary and on the neuroendocrine axis.

2.7.1 Impact of Hyperandrogenemia

Androgens appear to influence folliculogenesis through effects both at the hypothalamus and directly at the
ovary. Animal studies support the hypothesis described above that the increased GnRH pulse frequency that is
characteristic of PCOS is related to hyperandrogenemia [26]. In animal studies, prenatal androgen exposure is
associated with increased LH pulsatility and decreased sensitivity to progesterone-induced slowing of GnRH
pulses and increased GABAergic drive on GnRH neurons [22]. At the level of the ovary, androgens interrupt
ovulation by providing a negative environment for egg release [27].
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2.7.2 Impact of BMI

Obesity is prevalent in PCOS, occurring in approximately 30—-60% of patients and is negatively associated with
the success of ovulation induction. BMI and percent body fat are negatively correlated with LH and in very
obese women with PCOS, the LH/FSH ratio may be relatively normal [5]. There is no effect of BMI on either
the amount or frequency of GnRH secretion in women with PCOS [21] indicating that obesity does not exert its
effect on LH secretion at the hypothalamic level. The decrease in LH responsiveness to GnRH as a function of
obesity supports a direct effect of factors relating to BMI at the pituitary level as does the increase in clearance
of LH, which is proposed to be due to changes in the isoforms of LH secreted [27]. Leptin, which is secreted by
adipocytes and is regulator of appetite and energy homeostasis, is higher in women with PCOS and inversely
related to LH levels [28] suggesting that it may mediate the effect of BMI on LH secretion. Other potential
mediators include ghrelin which is also inversely related to BMI, and hyperinsulinemia, which is discussed
further below. At the level of the ovary, inhibin B is inversely related to BMI [29] suggesting that follicular
development is also negatively impacted by obesity.

2.7.3 Impact of Hyperinsulinemia

Insulin resistance to glucose uptake is observed in approximately 50-75% of lean and obese women with
PCOS [30]. Hyperinsulinemia is positively associated with anovulation and hyperandrogenemia. Importantly,
reduction of insulin resistance and insulin levels with weight loss, metformin or thiazolidenediones improves
spontaneous follicular development, ovulation, and hyperandrogenemia [31]. Hyperinsulinemia and/or insulin
resistance may play a role at multiple levels.

Hyperinsulinemia secondary to peripheral insulin resistance has important effects at the level of the ovary,
synergizing with LH in stimulation of androgen synthesis in the granulose cell [32]. Hyperinsulinemia is associ-
ated with lower levels of inhibin B, and there is evidence that high concentrations of insulin result in premature
differentiation of granulosa cells and follicular arrest. While the effects of medications that improve insulin
resistance and decrease peripheral insulin levels are most obvious in obese women, the significant response of
lean women with PCOS to insulin sensitizers is consistent with additional in vitro evidence of a direct effect
of insulin-sensitizing agents on ovarian steroidogenesis [33] and supports the hypothesis that abnormalities in
insulin signaling [30] may play a role in disordered menstrual cycle dynamics in women with PCOS, indepen-
dent of BMI.

Insulin receptors are present on the pituitary and hypothalamus. Unlike anti-androgen agents, metformin
failed to have a significant impact on the sensitivity of the GnRH pulse generator on gonadal steroid feedback
[34]. The role of insulin at the pituitary is controversial. However, recent studies suggest that in women with
PCOS, insulin suppresses the LH response to GnRH and may be responsible, at least in part, for the inverse
relationship between LH and BMI in PCOS [35]. Finally, insulin decreases hepatic production of sex-hormone
biding globulin, resulting in elevated bioavailable androgens [30].

2.8 Summary

Menstrual cycle dysfunction is common in PCOS due to disordered folliculogenesis and anovulation and may
present as oligoamenorrhea, amenorrhea, or dysfunctional bleeding. The degree of menstrual dysfunction is
highly variable between patients and is generally more marked in association with higher androgen and insulin
levels and a higher BMI. Menstrual dysfunction in PCOS is attributed to multiple factors: neuroendocrine abnor-
malities, ovarian dysregulation of steroidogenesis and insulin resistance, each contributing at various levels to
impact folliculogenesis and ovulation. Intervention at various levels has been shown to improve and promote
appropriate follicle development and fertility.
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Chapter 3
The Radiology of Polycystic Ovaries

Susan J. Barter

3.1 Introduction

The diagnostic conundrum of possible polycystic ovarian syndrome is one frequently encountered in both the
primary care setting and in secondary care. As part of the diagnostic work-up, women are often referred for
ultrasound. Transabdominal and, more recently, transvaginal ultrasound have become universally used for iden-
tification of polycystic ovaries, but for many years, there has been lack of agreement as to the ultrasound diag-
nostic features. All too often ovaries are described as looking polycystic in the imaging report without reference
to the phase of the menstrual cycle, number or size of follicles, or volume of the ovaries. This has led to many
women being incorrectly labelled as having polycystic ovaries in the past, without fulfilling any of the now
accepted criteria.

The joint meeting of the ASRM and ESHRE in Rotterdam in 2003 [1] was key to the agreement of a refined
definition of polycystic ovarian syndrome (PCOS) and for the first time included a specific description of the
ultrasound morphology.

The definition required two out of three of the following criteria:

1. Oligo- and/or anovulation
2. Hyperandrogenism (clinical and/or biochemical)
3. Polycystic ovaries

and the exclusion of other aetiologies (congenital adrenal hyperplasias, androgen-secreting tumours, Cushing’s
syndrome).

This chapter will discuss the evidence for the international consensus definition of the ultrasound assessment
of the polycystic ovary, and describe the imaging features.

3.2 Historical Perspective

The condition now known as polycystic ovarian syndrome (PCOS) was first described by Stein and Leven-
thal in 1935 [2] as amenorrhoea, severe hirsutism, obesity and characteristic ovarian morphology on histology
of wedge resections of ovarian tissue taken at laparotomy. Further studies identified endocrine disturbances
in such women, and the diagnosis of PCOS was based on a combination of clinical and endocrine features
[3, 4]. However, it was noted that the clinical and biochemical features varied widely between women, and
some women with histological confirmation of polycystic ovaries showed no other common symptoms of the
disorder. Symptoms and signs for an individual may also change with time [5, 6].
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Fig. 3.1 A typical polycystic ovary as described by Adams [7] with more than 10 follicles of 2-8 mm in diameter in one plane,
arranged peripherally around an echo dense stroma. (arrows)

For many years, wedge resection was the method of diagnosis, since it was the only treatment for PCO, but
with the development of pelvic ultrasound in the 1980s, transabdominal (TA) ultrasound of the pelvis became
the common method of non-invasive assessment of ovarian morphology.

In 1985, Adams et al. published a definition of a polycystic ovary, based on transabdominal (TA) ultrasound,
which required 10 or more follicles of 2-8 mm in diameter in one plane, arranged peripherally around an
echo dense stroma (Fig. 3.1) [7]. This definition has remained in widespread use even after the introduction of
transvaginal (TV) ultrasound a decade later and was cited in many subsequent studies which used ultrasound to
detect polycystic ovaries [8].

Transvaginal ultrasound has now largely replaced transabdominal ultrasound because of its greater resolution.
The TV approach facilitates a more accurate view of ovarian morphology and is now considered the gold
standard for investigation.

At the joint meeting of the ASRM and ESHRE in Rotterdam in 2003, it was recognized that an up-to-date
definition of the sonographic appearances of the polycystic ovary was needed to reflect imaging advances.
A Medline search of all reports of polycystic ovaries and PCOS since 1970 was performed. The literature
was reviewed extensively and the definitions agreed (Table 3.1) [1, 8]. Despite this, many sonographers and
radiologists remain unaware of the revised definitions and continue to make assessments of the ovaries with-
out the mention of size, volume, number or size of follicles or reference to the phase of the cycle in the
report.

3.3 Ultrasound

Polycystic ovaries (PCO) are often found incidentally in women undergoing ultrasound for any gynaecological
symptom, e.g. pelvic pain or unscheduled bleeding. Previous ultrasound studies have reported that approxi-
mately 20% of young women have ovaries which appear polycystic and of these, about 25-70% have symp-
toms of infertility, menstrual irregularity or hirsutism, consistent with the diagnosis of PCOS [5, 9]. How-
ever, any woman with PCO in the absence of an ovulatory disorder or hyperandrogenism (*asymptomatic’
PCO) should not be considered as having PCOS, until more is known regarding the clinical evolution of
PCOS [1, 10].
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Table 3.1 Ultrasound assessment of the polycystic ovary (PCO)

1. The polycystic ovary (PCO) should have at least one of the following: either 12 or more follicles measuring 2-9 mm in
diameter or increased ovarian volume (>10 cm3). If there is evidence of a dominant follicle (>10 mm) or a corpus luteum,
the scan should be repeated during the next cycle.

2. The subjective appearance of PCOs should not be substituted for this definition. The follicle distribution should be omitted as
well as the increase in stromal echogenicity and/or volume. Although the latter is specific to polycystic ovary, it has been
shown that the measurement of the ovarian volume is a good surrogate for the quantification of the stroma in clinical
practice.

3. Only one ovary fitting this definition or a single occurrence of one of the above criteria is sufficient to define the PCO. If there
is evidence of a dominant follicle (>10 mm) or corpus luteum, the scan should be repeated next cycle. The presence of an
abnormal cyst or ovarian asymmetry, which may suggest a homogeneous cyst, necessitates further investigation.

4. This definition does not apply to women taking the oral contraceptive pill, as ovarian size is reduced, even though the
“polycystic’ appearance may persist.

5. A woman having PCO in the absence of an ovulation disorder or hyperandrogenism (*asymptomatic PCO’) should not be
considered as having PCOS, until more is known about this situation.

6. In addition to its role in the definition of PCO, ultrasound is helpful to predict fertility outcome in patients with PCOS
(response to clomiphene citrate, risk for ovarian hyperstimulation syndrome (OHSS), decision for in vitro maturation of
oocytes). It is recognized that the appearance of PCOs may be seen in women undergoing ovarian stimulation for IVF in
the absence of overt signs of PCOS. Ultrasound also provides the opportunity to screen for endometrial hyperplasia.

Source: International Consensus Definitions [1]

3.4 Some Practical Facts

3.4.1 Transabdominal and Transvaginal Ultrasound

The baseline ultrasound scan should be performed by both the transabdominal (TA) and transvaginal (TV)
routes. A TA scan affords a wide field of view of the pelvis and is useful for detecting associated uterine or
ovarian abnormalities, or if the ovaries are located high in the pelvic cavity. If not found between the uterus and
the iliac vessels, the ovaries may lie caudally, in the iliac fossa close to the abdominal wall, or in the Pouch of
Douglas.

Although a full bladder is required for visualization of the ovaries, theoretically an overfilled bladder can
compress the ovaries, giving a falsely increased length. This emphasizes the need for assessing the ovarian size
by measuring the volume (see below) or by repeating the measurement after partial micturition for those women
who are unable to have a TV scan. The transvaginal route is of course omitted in girls and women who are virgo
intacta or for a few patients who decline a transvaginal scan.

The TV scan using high-frequency probes (>6 MHz) has much better spatial resolution but less examination
depth than TA scans and gives a high-definition view of the ovaries, enabling a much more specific assessment
of the architecture. The ovaries, particularly in obese patients, can appear homogeneous on TA scans.

The Rotterdam ESHRE/ASRM-sponsored PCOS consensus workshop group recommends the TV route
whenever possible, particularly in obese patients (Table 3.2). Several studies have reported that transvaginal
ultrasound is a more sensitive method for the detection of polycystic ovaries. [8]

3.4.2 Timing of the Ultrasound Scan

It has been recommended that the baseline ultrasound scan of the pelvis is best performed in the early follicular
phase of the menstrual cycle (days 3-5), when the ovaries are relatively quiescent [8]. However in clinical
practice in a busy department, it is usually impractical if not logistically impossible to book the scan to coincide
with this phase, and many women are uncomfortable with the idea of a TV scan when menstruating. Although
this is the optimal approach in order to obtain consistency in the measurement of ovarian volume, this is probably
only significant when performing scans for research studies, in which consistency is more relevant than the
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Table 3.2 International consensus: Technical recommendations for ultrasound examination of polycystic ovaries

e State-of-the-art equipment is required and should be operated by appropriately trained personnel.

e Whenever possible, the transvaginal approach should be preferred, particularly in obese patients.

e Regularly menstruating women should be scanned in the early follicular phase (days 3-5). Oligo-/amenorrhoeic women should
be scanned either at random or between days 3 and 5 after a progestogen-induced bleed.

e If there is evidence of a dominant follicle (>10 mm) or a corpus luteum, the scan should be repeated the next cycle.

e Calculation of ovarian volume is performed using the simplified formula for a prolate ellipsoid (0.5 3 length 3 width 3
thickness).

e Follicle number should be estimated both in longitudinal, transverse and antero-posterior cross-sections of the ovaries. Follicle
size should be expressed as the mean of the diameters measured in the three sections.

e The usefulness of 3-D ultrasound, Doppler or MRI for the definition of PCO has not been sufficiently ascertained to date, and
should be confined to research studies.

Source: Balen et al. [8]

pragmatic approach that is often taken in day-to-day practice. However, the presence of a follicle >10 mm
diameter or a corpus luteum will result in an increased ovarian volume and therefore the scan should be repeated
during the early days of the next cycle.

In oligo-amenorrhoeic women, the scan can be performed at random. It is recognized that women with PCOS
are usually oligo-ovulatory rather than totally anovulatory, and so it is not uncommon to see a dominant follicle
when assessing the ovaries.

3.5 Ultrasound Assessment of the Ovaries

As in Table 3.1, assessment of the size and number of follicles, and volume are key to making the sonographic
diagnosis of PCO (Fig. 3.2).

The consensus definition is that a polycystic ovary should have 12 or more follicles of 2-9 mm in diameter.
In the past, it was thought that the follicles in polycystic ovaries were arranged peripherally just beneath the
surface of the ovary, but it is now accepted that the distribution of the follicles is unimportant [8, 11] (Fig. 3.3).

Increased stromal echogenicity of the ovary compared to the echogenicity of the myometrium is no longer
considered to be an important diagnostic feature since this is a subjective assessment, depending on the operator,
the settings of the ultrasound machine and the size of the patient. However, it has been shown that ovarian
volume correlates well to the increase in stroma and therefore measurement of the ovarian volume remains
crucial [1, 8].

The Rotterdam ESHRE/ASRM-sponsored PCOS consensus workshop group defines the increased volume
as greater than 10 cm® They specify that the ovarian volume should be calculated using the simplified formula
for a prolate ellipsoid (0.5 3 length 3 width 3 thickness) (Table 3.2). In practice, modern ultrasound machines
have this formula built in to the software programme for volume calculation. Studies have shown that normal
ovaries never have a volume of greater than 8.0 cm’. [8].

Wider use of TV US has also identified a small group of women with one polycystic ovary in whom the
contralateral ovary can be clearly visualised and appears normal.

The consensus definition states that only one ovary fulfilling the criteria is sufficient to define PCO
(Table 3.1) [1, 8].

The ultrasound findings fulfilling the criteria above have to be taken in the context of the clinical presentation,
together with appropriate endocrine, biochemical and metabolic tests. For example, abnormalities of basal serum
prolactin or FSH levels may indicate a coexistent hypothalamic-pituitary disorder or incipient ovarian failure.

There are also some instances where the above criteria do not fit, and this must be borne in mind until further
studies clarify the position.

In women taking the combined oral contraceptive pill, the ovarian volume may be within the normal range,
but the appearance may still be polycystic. Polycystic ovaries may also be found incidentally in post-menopausal
women and whilst, not surprisingly, they are smaller than in pre-menopausal women with polycystic ovaries,
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Fig. 3.2 Transvaginal scans of (a) normal ovary, (b) polycystic ovary. Note increased volume and multiple small follicles, mainly
situated peripherally in the polycystic ovary

they are still larger (6.4 versus 3.7 cm?) with more follicles (9.0 versus 1.7) than normal post-menopausal ovaries
[8]. The significance of this is unknown.

3.5.1 Multifollicular Ovaries

Multifollicular ovaries were first described by Adams and colleagues [11] and are seen in mid to late normal
puberty and in women recovering from hypothalamic amenorrhoea. In both situations, there is follicular growth
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Fig. 3.3 An example of a polycystic ovary where the follicles are distributed throughout the stroma

without consistent formation of a dominant follicle. This condition can cause confusion among inexperienced
ultrasonographers, radiologists and gynaecologists, resulting in some adolescent girls incorrectly acquiring the
label of polycystic ovaries. Since it is thought that PCOS manifests for the first time during the adolescent years,
it is very important these two conditions are not confused.

Multifollicular ovaries differ from PCO, having fewer cysts (>6 per ovary); and these tend to be larger (up
to 10 mm in diameter), and there is no stromal hypertrophy [11].

3.5.2 Doppler Studies

Haemodynamic changes in blood flow to the ovaries in women with PCOs have been described, but the mea-
surement of Doppler blood flow requires specific expertise and equipment, and is not considered necessary as
part of the diagnostic criteria. [8]

3.5.3 Other Ultrasound Findings

It has been known for many years that severe oligo- and amenorrhoea in the presence of premenopausal levels
of oestrogen can lead to endometrial hyperplasia and carcinoma. In women with PCOS, intervals between men-
struations of more than three months may be associated with endometrial hyperplasia. Those with persistently
thickened endometrium when measured by transvaginal ultrasound should be advised to have an endometrial
biopsy and/or hysteroscopy to rule our endometrial hyperplasia. [12]

Ultrasound also has an important role to play in women with PCO undergoing fertility treatment. It is known
that this group is more at risk of ovarian hyperstimulation.

PCO may also be seen in clinically normal women having a TV US before undergoing ovarian stimulation
for IVE. These ovaries, when stimulated, behave like the ovaries of PCOS women and are also at increased risk
for hyperstimulation. [1]
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3.6 Technical Recommendations for Ultrasound Assessment of Ovaries in PCOS

Pelvic ultrasound scans should be performed and reported by appropriately trained personnel using modern
high-resolution ultrasound machines with an appropriate selection of transducers (Table 3.2). Measurements
should be obtained of the ovarian and uterine dimensions and total number and size of follicles recorded. Images
should be recorded as either hard copy or electronically.

Fig. 3.4 MRI Scan of a patient with PCOS clearly showing large ovaries, with multiple small follicles. (arrows). (a) Axial T2-
weighted image with fat suppression, (b) T2-weighted Sagittal image
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The ultrasound scan report should include at least the following:

Date of scan and relation to menstrual cycle

Relevant treatment (COCP, GnRHa, etc.)

Type of scan (transabdominal/transvaginal, etc.)

The morphology and volume of each ovary

No. and size/range of cysts

Stromal echogenicity (if volume cannot be calculated)

Uterine morphology, size measurements and endometrial thickness

Other features

Grade of person performing scan, and grade of person verifying scan and report (if relevant).

It is no longer professionally acceptable for a report to be issued on the impression of the sonographer without

a proper record of the evidence on which the diagnosis has been made.

3.7 MRI

The use of MRI for the detection of PCO has been described and has been claimed to have even greater sensi-
tivity than US [13, 14]. However, data on MRI for PCO are limited and some early papers were produced before
TVS was in widespread use. MRI is expensive and rarely provides more information in PCOS than TVS. How-
ever, it may have a limited role where TVS is not practical or diagnostic (for example, in very obese patients

or

those who are virgo intacta). T2-weighted sequences in which fluid-containing structures are high signal

elegantly demonstrate ovarian morphology (Fig. 3.4).

3.8 Key Points

Imaging has a key role to play in the diagnostic work-up of women with PCOS.

Ultrasound remains the most simple and reliable method of imaging assessment.

Internationally agreed definitions for the ultrasound diagnosis of polycystic ovaries have been published.
The ultrasound report must contain a proper record of the evidence on which the diagnosis has been made.
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Chapter 4
Insulin Resistance in PCOS

Evanthia Diamanti-Kandarakis and Charikleia D. Christakou

4.1 Introduction: Definition of Insulin Resistance

Insulin resistance refers to the state, wherein insulin action is insufficient to accomplish the metabolic demands
of peripheral tissues, despite the increased amounts of insulin secreted in the circulation. However, this is only an
approximate description of this disorder. Insulin resistance encompasses an elaborate clinical, pathophysiologic,
and molecular spectrum, and therefore, a well-established definition remains elusive.

Insulin resistance (IR) is recognized to be an integral feature of PCOS. Both lean and obese women with
PCOS appear to harbor a greater degree of insulin resistance, compared with their healthy counterparts [1].

The clinical and pathophysiologic implications of the inherent linkage of PCOS with insulin resistance have
been the subject of intensive research. Although insulin resistance has been intuitively linked with the metabolic
disarray in PCOS, there is growing understanding of its significant contribution to the endocrine and reproduc-
tive abnormalities of the syndrome [2].

Studies on cell cultures and insulin target tissue biopsies obtained from women with PCOS have been aimed
to explore the etiology and the spectrum of insulin resistance. Molecular research continuously evolves to unveil
postbinding defects of insulin signaling, which may account for a unique, PCOS-specific form of insulin resis-
tance [1, 3].

4.2 Prevalence of Insulin Resistance in Women with PCOS

Two decades ago Dunaif et al. using the hyperinsulinemic-euglycemic clamp technique were the first to show
that both lean and obese women with PCOS are more insulin resistant than their age- and BMI-matched controls
[4]. A significant body of literature subsequently confirmed that insulin resistance is present in women with
PCOS over a wide BMI range [5-16] (Table 4.1).

The hyperinsulinemic-euglycemic clamp [5-7] and the frequently sampled intravenous glucose tolerance test
(FSIVGTT) [12] have revealed lower insulin sensitivity in women with PCOS compared to age/BMI-matched
(Table 4.1).

Although PCOS appears to confer a specific burden of IR, some studies, particularly among European women
with normal or modestly increased BMI, have shown normal insulin sensitivity [17], even when more sensitive
methods were employed (Table 4.1) [18-21].

PCOS is characterized by clinical and pathophysiological heterogeneity, reflected by the presence or the
absence of detectable IR, as well as the differences in the magnitude of IR among affected women [22]. This
heterogeneity appears also to account for the variation between prevalence rates of IR reported by different
investigators in the PCOS literature. In the majority of studies, prevalence falls between 44% and 70% [7, 8,
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12, 15, 22-26], significantly higher than the corresponding rate of 10-25% among young, healthy subjects [27]
(Table 4.2).

In an attempt to reappraise available literature, several points warrant consideration. Most studies addressing
the presence (Table 4.1) or the prevalence (Table 4.2) of IR in the PCOS cohort have included small numbers of
individuals, while study populations varied considerably in terms of anthropometric, demographic, clinical, and
endocrine features. Some studies did not clarify the racial/ethnic composition of the study population [15, 20],
whereas in others there was no control group or patients and controls were not well matched for all confounders
[14, 15, 17, 22-25, 28] (Tables 4.1, 4.2). Our ability to draw clear conclusions is further constrained by the
lack of a common definition and methodology for the assessment of insulin resistance. Even among the studies
which used the same methodology, the reference limits for insulin resistance differed in the studied populations
(Table 4.2).

Table 4.1 Studies comparing various insulin-sensitivity indexes between women with PCOS and controls

Comparison of Insulin

Study Study population Method sensitivity

AGE, BMI-MATCHED PATIENTS and CONTROLS

NIH CRITERIA

BMI< 25

Ovesen 1993 [18] 7 PCOS age:27.1, BMI:22.2 Hyperinsul PCOS = controls
7 controls Euglycemic
NORTH EUROPEAN Clamp

Ducluzeau 2003 [7] 16 PCOS age:23.4, BMI:23.6 Hyperinsul PCOS < Controls
10 controls Euglycemic
WHITE EUROPEAN Clamp

Fulgeshu 2006 [8] 49 PCOS age:17.9, BMI:20.6 HOMA-R PCOS < Controls
50 Controls AUC-I
WHITE EUROPEAN

Palomba 2007 [9] 30 PCOS age: 24.3, BMI: 22.4 Hyperinsul PCOS < Controls
10 controls Euglycemic
WHITE EUROPEAN Clamp

Mixed (overweight/obese+lean)

Dunaif 1996 [5] 13 LPCOS,age:26, BMI:22.1 FSIVGTT PCOS < Controls
15 OPCOS,age:30, BMI:36.2
29 Controls (14 O + 15 L)
WHITE NON-HISPANIC &

CARIBBEAN HISPANIC
Diamanti-Kandarakis 1995 [6] 8 LPCOS,age:22, BMI:21.5 Hyperinsul PCOS < Controls
10 OPCOS, age:22, BMI:31.5 Euglycemic
13 Controls (5 O,older + 8 L) Clamp
EUROPEAN GREEK
Heald 2005 [10] 25 PCOS age:29, BMI:32.9 1/HOMA-R PCOS < Controls
25 Controls
WHITE EUROPEAN
Micic 2007 [11] 8 L PCOS, BMI:20.52 hyperinsul L PCOS < L controls
8 OPCOS, BMI: 34.36 euglycemic O PCOS < O controls
16 controls: 8 L+8 O clamp
WHITE EUROPEAN
Vrbikova 2004 [19] 53 LPCOS, age:24.2, BMI:21.5 Hyperinsul LPCOS = controls
30 OPCOS, age:22.2, BMI:29.6 Euglycemic OPCOS < LPCOS &
15 controls, matched with Clamp controls
LPCOS

NORTH EUROPEAN
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Comparison of Insulin

Study Study population Method sensitivity
Ciampelli 1997 q [20] age:17-31 Hyperinsul LPCOS = controls
15 LPCOS, BMI1:22.42/23.17 Euglycemic OPCOS < controls
20 OPCOS, BMI:28.1/30.2 Clamp
10 controls,matched with
LPCOS
ETHNICITY NOT DEFINED
BMI>25
Legro 1998 [12] 40 PCOS FSIVGTT PCOS < Controls
Age:26.9, BMI:39 FGIR
15 age/BMI matched controls
AMERICAN, WHITE
NON-HISPANIC
Jayagopal 2002 [13] 12 PCOS Age: 26.25, BMI: 33.18 HOMA-R PCOS < Controls
11 controls
WHITE EUROPEAN
ROTTERDAM CRITERIA
BMI< 25
Gennarelli 2005 [21] %% 20 PCOS age:26.5, BMI:20.8 FSIVGTT PCOS = controls
20 controls
WHITE EUROPEAN
PATIENTS and CONTROLS NOT MATCHED for AGE and/or BMI
NIH CRITERIA
Mixed(overweight/obese+lean)
Park 2001 [14] 9 PCOS Age:25*, BMI:26 Hyperinsul PCOS < controls
5 Controls older, ~ BMI Euglycemic
KOREAN Clamp
Vrbikova 2002 [17] 37 L PCOS age:23.5, BMI:21.8 HOMA-R OPCOS < controls &
27 O PCOS age:26.5, BMI:31 LPCOS
20 controls older,~ BMI with L PCOS LPCOS = controls
NORTH EUROPEAN
Diamanti-Kandarakis 2007 [32] 545 CPCOS age:24-36*, BMI 26-83 QUICKI CPCOS > Controls
89 Non classic PCOS age 24.24*, Non-classic
BMI:26-03 PCOS = Controls
108 controls older, BMI ~ with PHO > Controls
patients HO > Controls
EUROPEAN GREEK No dif between PCOS
groups
Barber 2007 [33] 191 PHO age 32-9, BMI:29-2* HOMA-R Adj. for BMI/age
76 PH age 34-8, BMI:23.7 PHO > PH
42 PO age 32-1, BMI:23-9 PHO > Controls
76 controls older, BMI:24 (~PO) PHO > PO
WHITE EUROPEANS PO = Controls
ROTTERDAM CRITERIA
MIXED (OVERWEIGHT/OBESE+LEAN)
dePaula Martins 2007 [15] 44 LPCOS BMI:20.81,age:21.34 1/HOMA-R L PCOS < L Controls
61 OPCOS BMI:32.87,age:25.66 QUICKI O PCOS < O Controls
50 Controls COMP
(25 L, ~BMI with LPCOS,older
26 O, ~BMI with OPCOS, older)
Kowalska 2007 [16] 23 L PCOS age: 23.69, BMI: 21.39 Hyperinsul L PCOS < L Controls
47 O PCOS, age: 26.13, BMI :30.99 Euglycemic O PCOS < O Controls
45 controls (25 L + 20 O) Clamp

WHITE EUROPEAN
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Table 4.1 (continued)

Comparison of Insulin

Study Study population Method sensitivity
BMI>25
Morin- Papunen 2000 [28] 4 28 O PCOS age:30.1, BMI:34.5 Hyperinsul trend LPCOS
15 L PCOS age:28.9, BMI:22.7 Euglycemic < L controls
34 Controls Clamp OPCOS < O controls

(17 O ~BMI with OPCOS,older,17 L
Controls ~BMI with LPCOS, older)
NORTH EUROPEAN

The provided values for age and BMI are means

Abbreviations

Adj.:adjusted

AUC-I:Area under the curve for insulin levels(OGTT 2 hours)

COMP:Composite insulin-sensitivity index (Matsuda)

CPCOS:Classic PCOS

HO: hyperandrogenemic and oligomenorrheic

IHA:Idiopathic hyperandrogenism (hyperandrogenism with ovulatory cycles and normal ovaries)
L:Lean

Non-classic PCOS: PCO morphology with hyperandrogenemia or

oligomenorrhea

No dif: No difference

O:Overweight/obese

OV-PCOS:Ovulatory PCOS

PHO: hyperandrogenemic and oligomenorrheic with polycystic ovarian morphology
PH: hyperandrogenemic eumenorrheic with polycystic ovarian morphology

PO normoandrogenemic, oligomenorrheic with polycystic ovarian morphology
1/HOMA-R: 1/homeostasis model assessment-insulin resistance

Symbols-Clarifications

>: Higher than

<: Lower or equal to

<: Lower insulin sensitivity

= Similar (BMI or insulin sensitivity)

~ similar

*Significantly higher BMI

9§ In the study by Ciampelli et al. (20) patients and controls were subgrouped as normo- or hyperinsulinemic .The authors provided
two mean BMI values, one for the normoinsulinemic and one for the hyperinsulinemic subgroup of patients.

X% In the study by Gennarelli et al (21) the diagnosis of PCOS was based on the ultrasonographic evidence of polycystic ovaries,
in association with a history of amenorrhea or menstrual irregularities, rather than hyperandrogenemia

8 In the study by Morin—Papunen et al (28), the diagnosis of PCOS was based on the following criteria: polycystic ovaries on
transvaginal ultrasonography (>8 subcapsular follicles of 3-8 mm diam. in one plane in one ovary and increased stroma) and at
least 1 of the following: oligo-/amenorrhea, clinical signs of hyperandrogenism &/or elevated serum testosterone levels.

4.3 Determinants of Heterogeneity of IR in PCOS

4.3.1 Factors Specific to PCOS

4.3.1.1 Diagnostic Criteria — PCOS Phenotypes

The use of different diagnostic criteria [29, 30, 31] appears to significantly account for the variability in the
reported prevalence rates of insulin resistance in PCOS. The different phenotypes introduced in the broadened
spectrum of PCOS, as defined by the Rotterdam criteria [30] appear to harbor different degrees of insulin
resistance.



4 Insulin Resistance in PCOS

39

Table 4.2 Studies addressing the prevalence of IR in women with PCOS with different BMIs and ethnic origins using different
diagnostic criteria for PCOS and various methods of assessment

Study Study population Methods and Cut-offs Prevalence of IR in PCOS
AGE, BMI-MATCHED PATIENTS & CONTROLS
NIH CRITERIA
BMI <25
Ducluzeau 2003 [7] 16 PCOS age:23.4, BMI:23.6 Hyperinsul 50%
10 controls Euglycemic
WHITE EUROPEAN Clamp
Fulgeshu 2006(8) 49 PCOS age:17.9, BMI:20.6 AUC-I 44%
50 Controls :11817IU/ml
EUROPEAN ITALIAN
BMI>25
Legro 1998 [12] 40 PCOS Age:26.9, BMI:39 FSIVGTT 53%
15 Controls FGIR:4.5
AMERICAN NON-HISPANIC WHITE
ROTTERDAM CRITERIA
Mixed(Overweight/obese+Lean)
Carmina 2005 [26] Age-matched QUICKI:0.333 CPCOS 68%
204 CPCOS age:24.8, BMI:28.1x OV-PCOS 36%
50 OV-PCOS BMI:23.8 THA 26%

33 IHA BMI~:with OV-PCOS

85 L controls, BMI~:with
OV-PCOS,IHA

42 controls, BMI~:with CPCOS

EUROPEAN ITALIAN

PATIENTS & CONTROLS NOT MATCHED for AGE and BMI &/or ETHNICITY OR NO CONTROLS

NIH

Mixed(Overweight/obese+Lean)

Ciampelli 2005 [23]

Carmina 2004 [24] BO

DeUgarte 2005 [25]

ROTTERDAM

93 PCOS

Age: 25, BMI: 29.83

No controls

EUROPEAN ITALIAN

267 PCOS Age:22.1, BMI:27.6
[129 BMI>28, 138 BMI <27]
50 Controls

EUROPEAN ITALIAN

271 PCOS age:27.4, BMI:36.4
260 Controls
WHITE & BLACK AMERICANS

Mixed(Overweight/obese+Lean)

dePaula Martins 2007 [15]

105 PCOS

age:23.85, BMI:27.81

51 controls

age:28.49, BMI:26.9
ETHNICITY NOT DEFINED

Hyperinsul
Euglycemic
Clamp

ITT
FGIR :6.4
1/HOMA-R:0.47
QUICKT: 0.33

adjusted for race,
age, BMI

HOMA-R:3.9

FGIR:2.67

1/HOMA-R:0.47
QUICKI:0.333
COMP:4.75

AUC-I:7000pIU/ml

New cutoffs
1/HOMA-R: 0.63
QUICKI: 0.356

66.1%

Total PCOS
FGIR: 65.4%,
1/HOMA-R:77%,
QUICKI: 79.2%,ITT:78.3%
PCOS BMI>28 ITT:92%
PCOS BMI<27
FGIR: 56.5%,
1/HOMA-R: 60.9%,
QUICKI: 63%, ITT:69%

HOMA: 64.4%
FGIR:19.7%

Total PCOS
1/HOMA-R:51.4%,
QUICKI: 44.8%,

AUC-I: 70.5%, COMP:64.8%
New cutoffs for I/HOMA-R,
QUICKI: 66.67%
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Table 4.2 (continued)

Study Study population Methods: Cut-offs Prevalence of IR in PCOS
Vigil 2007 [22] 69 PCOS, age:26.01, BMI:25.01 octreotide modified 52.17%
HISPANIC CHILEAN insulin suppression test

The provided values for age and BMI are means

Abbreviations

AUC-I:Area under the curve for insulin levels(OGTT 2 hours)
CPCOS:Classic PCOS

COMP:Composite-insulin sensitivity index (Matsuda)
Hyperinsul:hyperinsulinemic

IHA:Idiopathic Hyperandrogenism (hyperandrogenism with ovulatory cycles and normal ovaries)
ITT:Insulin tolerance test

L:Lean

O:Overweight/obese

OV-PCOS:Ovulatory PCOS

1/HOMA-R: 1/homeostasis model assessment-insulin resistance

Symbols-Clarifications
>: Higher than
<: Lower or equal to
<: Lower than
~ Similar
* Significantly higher than the BMIs in other groups
In the study by Carmina et al (24),the ITT was performed in a subgroup of 60 women with PCOS and 20 controls

Several investigators agree that the full-blown PCOS phenotype is more insulin resistant compared with the
non-classic PCOS phenotypes, even after excluding the compounding effect of obesity, which is reportedly more
common in women with classic PCOS [32-34] (Table 4.1).

In a large prospective study among women with PCOS, diagnosed by the Rotterdam Criteria, differ-
ent subgroups of patients with comparable BMI were compared with each other and with BMI-matched
controls. Patients with anovulation and hyperandrogenemia were the most insulin resistant in comparison
with controls [32], a finding confirmed by Carmina et al. [26]. Sixty eight percent of women with classic
PCOS were insulin-resistant, as compared with thirty six percent of ovulatory hyperandrogenemic women.
However, the higher prevalence of obesity in the former group was a significant confounder. In addition,
ovulatory, hyperandrogenemic women with PCOS were significantly more insulin resistant compared not
only with BMI-matched controls, but also with BMI-matched women with idiopathic hyperandrogenism.
The authors suggested that the polycystic ovary may be a significant determinant of the metabolic pheno-
type of PCOS [26]. Other investigators, however, showed that the combination of hyperandrogenemia and
anovulation, independent of polycystic ovarian morphology, is a prerequisite for the emergence of metabolic
aberrations [32].

Despite the controversy on the metabolic features of the non-classic hyperandrogenemic PCOS phenotype,
normo-androgenemic women with PCOS do not appear to differ from BMI-matched controls in terms of insulin
sensitivity [21, 32, 33] (Tables 4.1, 4.2).

More recently, the Androgen Excess Society (AES) has provided a contemporary version of the definition of
PCOS [31]. Both the NIH and the AES definitions have declared hyperandrogenism as the core characteristic
of PCOS [29, 31]. Considering the clinically evident association of hyperandrogenism with metabolic abnor-
malities, these two definitions fit better the metabolic phenotype of PCOS. Conversely, the Rotterdam criteria
are less selective in metabolic terms, since they embrace a wider spectrum of women with less-pronounced
endocrine and metabolic abnormalities [34]. On these grounds, the lack of significant difference in insulin sen-
sitivity between PCOS women and controls, reported by some investigators, may be attributable to the inclusion
of patients with milder phenotypes and particularly, those without [21, 28] hyperandrogenemia.
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4.3.1.2 Obesity—Dietary Factors

Although insulin resistance is considered an inherent feature of PCOS, obesity is recognized as a significant
aggravating factor [22]. The reported rates of obesity in the PCOS cohort vary widely from 30% to 75%,
depending upon ethnicity, diagnostic criteria of PCOS, and recruitment criteria of the study population [35,
36]. Despite these variations, obesity prevails as a common phenotype among PCOS women [35, 36].

The coexistence between PCOS and obesity appears to have important clinical and pathological implications.
In a sizeable cohort of women with PCOS, Vigil et al. showed that the steady-state plasma glucose (SSPG), an
insulin resistance index derived from the modified insulin suppression test, is directly associated with BMIL.
Among patients with higher SSPG values 58% were obese, whereas the corresponding percentage was only
28% among women in the lowest SSPG range (lowest degree of insulin resistance) [22].

Reflecting the linkage between obesity and insulin resistance in PCOS, several studies among predominantly
or exclusively lean patients have failed to confirm insulin resistance in the PCOS group [18, 19, 21]. It is
recognized that insulin resistance is less frequent in lean patients as compared with their obese counterparts [22]
(Table 4.1).

Additionally, there are data to suggest that obesity acts upon the hyperandrogenic phenotype to amplify the
degree of insulin resistance and the occurrence of anovulation. Obesity has been suggested to be the environ-
mental modulator of the deterioration from the phenotype of isolated hyperandrogenemia to PCOS [26].

Most important than obesity per se appears to be visceral adiposity, a common feature even in lean women
with PCOS [37]. Interestingly, Lord et al. have reported that visceral adiposity is the most significant variable
correlating with insulin resistance and metabolic dysfunction in women with PCOS [38]. In that regard, it would
be intriguing to investigate insulin sensitivity in women with PCOS and controls matched not only for age and
BMI, but also for visceral fat mass. In view of the influential role of total and central obesity, diet emerges
as an important factor in the perpetuation of insulin resistance in PCOS. Chronic overnutrition is a widely
acknowledged triggering factor of insulin resistance, particularly in susceptible individuals, like women with
PCOS [39].

Currently, the quality of food [40] and specifically, diet enriched to Advanced Glycated end products (AGEs)
are incriminated in metabolic abnormalities via the increase in circulating AGEs levels, which are known for
their role in oxidative stress [41]. Young normoglycemic women with PCOS fed with a high-AGE diet demon-
strated a further increase of serum AGEs levels [42], which were already increased at baseline [43]. Since serum
AGE:s levels are positively correlated with serum androgen levels and with indices of IR in PCOS women,
dietary intake of AGEs may play a role in the pathophysiology of PCOS.

Nevertheless, obesity and dietary factors should not be considered as the sole cause of insulin resistance in
PCOS. In a reanalysis of combined data from two prevalence studies of PCOS [44, 45], obesity was shown to
have merely a modest exacerbating effect on the risk for PCOS [36].

It appears that the whole syndrome and its constituent parts originate from intrinsic pathogenic traits. Obesity
and other potential environmental factors appear to be superimposed upon an abnormal inherent background to
aggravate the insulin-resistant state in PCOS [46].

4.3.1.3 Family History PCOS - Family History of Type 2 Diabetes

The maternal history of PCOS appears to be a risk factor for insulin resistance in the female offspring, which
can be detected in prepubertal period, before the onset of hyperandrogenism [47]. In a recent study, the 2 hour-
insulin levels during the OGTT were higher in prepubertal and pubertal daughters of PCOS women compared
with the respective levels in controls, whereas hyperandrogenemia was not detectable earlier than puberty [47].
These findings may be attributable partly to genetic traits [48, 49] and partly to intrauterine environmental
influences that arouse fetal metabolic maladaptations [50].

The prevalence of PCOS among mothers and sisters of women with PCOS was 24% and 32%, respectively
[51], that is four and five-fold higher compared with the one established in the general population [52]. However,
in this PCOS population, the parameters of insulin sensitivity were not investigated [51].
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A study among twin pairs (monozygotic and dizygotic), in which PCOS diagnosis was based on ultra-
sonographic and biochemical findings, suggested that fasting insulin levels were significantly influenced by
genetic factors (reviewed in [49]). These data implicate a genetic component in the metabolic abnormalities
associated with PCOS, but suggest a polygenic etiology leaving room for environmental factors to play an
additional role.

The family history of metabolic abnormalities emerges as an additional determinant of insulin resistance
in PCOS women. Clinical studies in individuals with PCOS have associated the family history of type 2 dia-
betes (T2D) with an increased risk for insulin resistance [53—55]. A recent study, using the hyperinsulinemic-
euglycemic clamp in lean PCOS women, showed that only those patients with a family history of T2D had
lower insulin sensitivity as compared to that of age and BMI-matched controls [56]. On that basis, the family
history of T2D was proposed to be an independent risk factor for insulin resistance in PCOS.

These observations replicate what occurs in first-degree relatives of T2D patients without PCOS [57, 58].
More specifically, nondiabetic first-degree relatives of T2D families often carry inherited defects of peripheral
insulin action which account for the common presence of insulin resistance in these subjects.

Thus, T2D and PCOS may share common genetic traits contributing to insulin resistance, an inborn or
intrinsic feature in both disorders. Families of women with PCOS have a large number of individuals with
disorders of glucose tolerance [54, 55, 59]. Almost 50% of parents of women with PCOS have IGT or frank
T2D [55]. Insulin sensitivity was found to be significantly lower in first-degree relatives of PCOS women with
normal glucose tolerance compared with controls, after adjustment for sex, age, and BMI [54, 55, 60, 61].
However, a specific insulin-signaling defect has been postulated to differentiate the molecular type of insulin
resistance in PCOS women from the one in non-PCOS subjects with IGT or T2D [62]. To date, this speculation
has not been supported by molecular data.

The familial predisposition to T2D appears to be attributable to the inherited defect of insulin sensitivity, but
most importantly to a heritable trait of B-cell dysfunction [63, 64]. Women with PCOS display defective early
phase insulin secretion, delayed hyperinsulinemia and reduced disposition index, a measure of 3-cell secretory
function adjusted for insulin sensitivity [5, 65]. Altuntas et al. [66]reported that even lean patients with a family
history of T2D and reactive hypoglycemia in the fourth hour of the OGTT, reflective of late-phase insulin
hypersecretion, carry an increased risk for the development of T2D. In one study, impaired insulin secretion
was confined to those women with both PCOS and a family history of T2D [65]. Thus a family history of PCOS
and/or of T2D should be considered as compounding factor, when studying insulin sensitivity and/or insulin
secretion in women with PCOS.

4.3.2 Factors Independent of PCOS

4.3.2.1 Methodological Issues

Pitfalls in the laboratory evaluation of insulin resistance pose another difficulty in detecting and quantifying this
disorder in the general population and specifically in PCOS [67]. Insulin resistance is commonly identified by
its clinical corollaries, rather than being measurable in the laboratory setting [67].

In 1997, the Consensus Development Conference on Insulin Resistance of the American Diabetes Associa-
tion [68] established that only the euglycemic hyperinsulinemic clamp and the minimal model method applied
to a frequently sampled intravenous glucose tolerance test (FSIVGTT) can accurately estimate peripheral insulin
resistance. Both methods are cuambersome and difficult to be carried out in clinical practice.

Several simplified mathematical models have been implemented for the assessment of insulin resistance in
clinical practice. The most widely used are the fasting glucose to insulin ratio (FGIR), the homeostatic model
of assessment (HOMA-R), and the quantitative insulin-sensitivity check index (QUICKI). They reflect spon-
taneous homeostatic characteristics based on insulin affecting hepatic glucose production in the fasting state,
but unlike the euglycemic clamp, they cannot offer information for peripheral insulin action in the postprandial
state.
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Two studies have reported that FGIR is a reliable predictor of insulin resistance in obese [12] and nonobese
[7] PCOS patients. Significant correlations between the clamp-derived insulin sensitivity index and surrogate
markers, like the FGIR, the HOMA and the QUICKI were reported [69, 70, 71].

However, the correlation of the QUICKI or HOMA indices to the results obtained by the euglycemic-
hyperinsulinemic clamp technique should not be considered equivalent a priori in every insulin-resistant pop-
ulation [72]. Metabolic or hormonal factors as well as ethnicity may influence this correlation, and the results
may not correctly represent the degree of insulin resistance [72]. The considerable variance of the detection
rates of IR by different surrogates further challenges their diagnostic utility in women with PCOS [15] (Table
4.2), as does the lack of standardized cut-off values. As a result, the applied cut-off points vary according to the
population studied (Table 4.2).

Serum insulin measurements are vitiated by the poor performance of available immunoassays, highlighted
by a working group of the American Diabetes Association [73]. Substantial inter-assay and inter-laboratory
variations posit major concerns over the diagnostic value of serum insulin measurements [73]. Moreover, insulin
resistance, assessed by HOMA, demonstrates greater inter-individual and intra-individual variability in women
with PCOS, than the one in age/BMI-matched controls. The wider biological variation seen in PCOS may be
inherent to the syndrome, rather than a methodological flaw of the HOMA method [13].

A recent study among PCOS women used the receiver-operating characteristic (ROC) curve to calculate new
cut-off values for QUICKI and HOMA-R based on insulin sensitivity indices derived from the Oral Glucose
Tolerance Test (OGTT). However, the reliability of these data is limited by the fact that the proposed cut-off
points lack validation by the euglycemic clamp [15].

As a dynamic method, the OGTT may provide a relatively more precise estimate of insulin resistance [8,
15, 74]. Of the insulin sensitivity indexes based on the OGTT, the area under curve for insulin (AUC-I) and the
composite insulin sensitivity index by Matsuda and DeFronzo (COMP) [75] were shown to have a high positive
predictive value validated by the euglycemic clamp in PCOS patients [23]. This conclusion was challenged by
another study showing no correlation of fasting or OGTT-derived measures with FSIVGTT in a heterogeneous
population consisting of premenopausal women with or without PCOS and postmenopausal women [76].

In summary, surrogate indices, based on measurements either in the fasting state or during the OGTT can-
not accurately mirror the presence and the degree of IR in women with PCOS and are not equivalent to the
euglycemic clamp technique [72]. A false-negative estimate is particularly likely at the two extremities of the
insulin-resistance spectrum. Caution should be exercised in individuals with subtle aberrations and in patients
with impaired glucose tolerance (IGT) or frank diabetes [77, 78].

4.3.2.2 Race/Ethnicity

There are racial/ethnic variations in the prevalence of IR among individuals without PCOS [79, 80]. Different
racial/ethnic groups differ in lifestyle and genetic factors, and therefore, the prevalence of IR is predictably
modified by race/ethnicity. Studies in the general population have shown that racial differences in insulin sensi-
tivity is determined by differences in fat distribution. South Asian adolescents tend to be more insulin resistant
and display central fat accumulation, compared with white European adolescents [80]. Moreover, certain racial
groups, like African-Americans may harbor an inherent type of insulin resistance, independent of adiposity [81].

The modifying role of ethnic and racial origin has been also confirmed within the PCOS cohort, with a
greater prevalence of IR in Mexican and Carribean Hispanic as compared with non-Hispanic white women. In
addition, South Asian and American women with PCOS are more insulin resistant than their white European
counterparts [82—84] (Table 4.2). In particular, studies from North Europe did not detect significantly greater
degrees of insulin resistance among lean women with PCOS [18, 19, 28]. Reports from other European regions
also witnessed racial and ethnic variations of IR in PCOS, yet most of them agree that women with PCOS are
more insulin-resistant than their healthy counterparts [6—11, 13, 16] (Table 4.1). The lower BMI, in addition to
potential genetically determined factors should be considered as significant determinants of the more favorable
metabolic status in European women with PCOS [40].



44 E. Diamanti-Kandarakis and C.D. Christakou
4.4 Target Tissues of Insulin Action in PCOS

Insulin acts on classic insulin-sensitive tissues, e.g., adipose tissue and skeletal muscle, as well as non-classic
target tissues, like the ovary [85, 86] and the endothelium [87].

Insulin binding to its receptor causes phosphorylation of insulin receptor substrates (IRS), resulting in the
activation of mitogen-activated kinase (MAPK) and phosphoinositide 3-kinase (PI3K) signaling pathways. This
multiplicity of signaling pathways downstream of the insulin receptor may explain the pathway-specific defects
of insulin action in insulin-resistant states [88].

A key feature of insulin resistance is that it is characterized by specific impairment in PI3K-dependent sig-
naling pathways [89-93]. Compensatory hyperinsulinemia will overdrive unaffected pathways leading to an
imbalance between insulin actions mediated by PI-3 K and those mediated by other signaling pathways. More-
over, insulin resistance is tissue selective in that a signaling pathway may be functional in one tissue, while
impaired in another [94].

4.4.1 Insulin Action in Peripheral Tissues

4.4.1.1 Skeletal Muscle

Muscle biopsies, which were performed during a hyperinsulinemic euglycemic clamp study, revealed signifi-
cantly lower insulin-mediated glucose uptake in women with PCOS [95] Moreover, insulin receptors partially
purified from PCOS skeletal muscle had decreased insulin-induced tyrosine phosphorylation and increased
insulin-independent serine phosphorylation, as that seen in PCOS skin fibroblasts cultured for many passages
[62], a finding not confirmed in cultures of skeletal myotubes.

However, constitutively increased basal phosphorylation [96] was observed on Serine312 residues of insulin
receptor substratel (IRS-1) [96]. Enhanced mitogenic signaling in cultured myotubes, as indicated by increased
phosphorylation of extracellular signal-regulated kinase 1/2 (ERK '), was incriminated in the increased
serine312 phosphorylation of IRS-1 [97].

Skeletal muscle biopsies from women with PCOS showed several defects, including transiently decreased
insulin stimulation of IRS-1-associated PI3-K activity and increased IRS-2 protein abundance [95, 97] with
unaltered IRS-1 and IRS-2 mRNA expression [95].

Microarrays of skeletal muscle specimens from women with PCOS demonstrated that insulin resistance is
associated with reduced expression of genes involved in mitochondrial oxidative metabolism and that reduced
expression of peroxisome proliferator agonist receptor y (PPARYy) coactivator 1o (PGC-1%) could play an inte-
gral role in this defect [98]. These findings provided evidence for a causative association between insulin
resistance and impaired mitochondrial oxidative metabolism (OXPHOS) in skeletal muscle of women with
PCOS, independently of obesity and T2D. Transcriptional alterations in insulin-signaling pathways, fatty acid
metabolism, and calcium homeostasis may also contribute to the potentially unique phenotype of insulin resis-
tance in patients with PCOS [98].

In support of impaired mitochondrial oxidative metabolism in PCOS skeletal muscle, a clinical study has
shown reduced maximal oxygen consumption (Vo2max) in PCOS women [99], an abnormality which has been
associated with the expression of OXPHOS genes in diabetic patients [100].

4.4.1.2 Adipose Tissue

Subcutaneous adipocytes from women with PCOS were found to have impaired insulin-stimulated glucose
transport [101-103], likely related to decreased responsiveness rather than decreased sensitivity to insulin [104].
PCOS subcutaneous and omental adipocytes showed also decreased expression of glucose transporter GLUT-4
[107, 108], which mediates the rate-limiting step of insulin-stimulated glucose transport.
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Diminished insulin-stimulated autophosphorylation of the insulin receptor initially demonstrated in cultured
adipocytes from obese women with PCOS [101, 102] was recently extended to erythrocytes from insulin-
resistant PCOS women, but not from insulin-sensitive patients [105].

Impaired insulin-stimulated phosphorylation of IRS-1 has emerged as an additional signaling defect in
adipocytes from PCOS women [3] probably secondary to increased glycogen synthase kinase 3-beta (GSK-
3-beta) resulting in increased IRS-1 serine phosphorylation [106].

Recent gene expression studies bolster the evidence of IR in omental adipose tissue from obese
PCOS women [109]. Differential gene expression includes overexpression of ectonucleotide pyrophos-
phatase/phosphodiesterase 1 (ENPP1) (also termed PC-1), a negative regulator of insulin receptor tyrosine
kinase activity, and overexpression of PI3KR1, encoding for the regulatory p85 a-subunit of PI3K, which could
be involved in the pathogenesis of insulin resistance in these patients [109]. Several of the dysregulated genes
were found to contain putative androgen response elements in their promoters [109] suggesting a role of andro-
gen excess in IR in PCOS.

4.4.2 Insulin Action in the Ovarian Tissue: Clinical Aspects and Molecular Insights into
the Paradox

Insulin has been implicated in endocrine and reproductive aberrations in PCOS in a dual fashion, through the
modulation of both ovarian steroidogenesis and folliculogenesis. Studies in hyperandrogenic adolescents [110]
and in adult women with PCOS [111] have shown positive associations of insulin resistance or hyperinsulinemia
with biochemical hyperandrogenemia and anovulation [112]. The finding that inhibition of insulin secretion by
diazoxide treatment caused a decline in androgen levels in PCOS women without detectable IR supports the
notion that insulin action on theca cells contributes to increased androgen levels in PCOS [113]. In support of
a detrimental role of hyperinsulinemia in reproductive function is also the fact that women with type 1 diabetes
have a two-fold higher prevalence of PCOS than the one established in the general female population [114].

Conversely, treatment with insulin sensitizers or with an inhibitor of intestinal carbohydrate absorption
as well as diet-induced weight loss improves hyperandrogenemia and anovulation [115-120]. All the afore-
mentioned therapeutic interventions share a common mechanism of action, the reduction of insulin resis-
tance/hyperinsulinemia. However, regarding metformin and thiazolinediones, a direct action upon the ovary
should also be considered [121, 122].

Insulin receptors are present in theca and granulosa cells, where they mediate metabolic, steroidogenic, and
mitogenic actions [123]. In porcine theca cells, insulin was shown to increase the LH-driven accumulation of
cyclic AMP contributing to increased expression of genes encoding the steroidogenic acute regulatory (StAR)
protein and the 17alpha-hydroxylase/17,20-lyase (CYP17A1) enzyme [124]. Most importantly, in human theca
cells, insulin was shown to directly amplify the activity of 17-alpha hydroxylase (CYP17A1), acting through the
PI3K pathway, independently of MAPK [125]. A positive crosstalk between insulin and LH was also confirmed
at the level of the PI 3-K/Akt pathway in rat ovaries. This molecular interaction may have implications for
insulin action in both theca and granulosa cells in the human ovary [126, 127].

In granulosa cells from normal ovaries, insulin enhances FSH-induced aromatase activity and interacts with
LH to stimulate the expression of sterol-regulatory genes encoding the low-density lipoprotein (LDL) receptor,
stAR protein, 3Bhydroxysteroid-dehydrogenase (3(3-HSD) and cytochrome P450 side-chain cleavage (P450scc)
[128-131]. Wu et al. [132] has shown that IRS-1 is present in follicles from normal human ovaries, and the
intensity of its expression increases with follicle growth. These findings suggest that insulin may regulate fol-
licle growth, at least in part, by increasing the expression of its receptor substrates at the protein level [132].
Additionally, insulin enhances LH receptor expression in granulosa cells from growing human follicles [133].

Ovarian theca and granulosa cells from anovulatory women with PCOS appear to respond normally to insulin
[123, 134, 135]. Cultured granulosa cells from anovulatory women with polycystic ovaries exhibited normal
estradiol (E2) and progesterone secretion in response to physiological insulin concentrations, indicating that
these cells remain insulin sensitive [94, 134].
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Insulin excess characterizing PCOS is also incriminated in the premature LH receptor expression leading
to premature luteinization of follicles smaller than 8 mm in diameter from these women [94, 134, 136, 137].
Insulin excess was also associated with premature follicle luteinization in prenatally androgenized female rhesus
monkeys undergoing gonadotropin therapy for IVF [138].

The maintenance of insulin action on the ovary in the context of peripheral insulin resistance in PCOS has
been a challenging area for research. Metabolic pathways appear to be intrinsically insulin resistant not only
in peripheral tissues but also in granulosa cells from PCOS women [94, 139]. In particular, cultured granulosa
cells from anovulatory patients were resistant to insulin action on glucose metabolism compared with those from
normal women, despite maintaining normal steroidogenic output in response to physiological doses of insulin
[94]. Thus, the dichotomy between insulin-dependent pathways is not merely a matter of tissue specificity, since
it is also present within the same tissue.

Different subtypes of the insulin receptor [140], as well as divergent insulin-signaling pathways appear to
contribute to the multiplicity of insulin’s biologic roles in diverse tissues, as well as within the same tissue or
cellular unit [123, 141]. Thereby, the signaling pathway responsible for glucose transport may be impaired,
producing a state of insulin resistance, while the pathways mediating steroidogenic/mitogenic effects may con-
tinue to operate normally [91]. This molecular scenario may pathophysiologically couple ovarian and metabolic
dysfunction in PCOS.

One study has demonstrated that insulin-stimulated androgen production in human theca cells from poly-
cystic ovaries involves inositol-glycan mediators rather than the classic tyrosine kinase signaling system [123].
Likewise, insulin-stimulated progesterone production by human granulosa cells does not require the activation
of PI3-K, which is the main substrate in metabolic insulin-signaling pathways, [141]. The steroidogenic activity
of insulin has been also shown to be independent of extracellular signal receptor kinases (ERK)-1 and -2 in
theca and granulosa cells from human ovaries [125, 142].

Another interesting finding was the abnormal pattern of expression of IRS-1 and -2 in follicles from poly-
cystic ovaries [132]. Compared with follicles at a similar developmental stage in normal ovaries, the follicles in
polycystic ovaries demonstrated increased intensity of IRS-2 staining in theca and granulosa cells, but reduced
IRS-1 staining in granulosa cells. Strikingly, similar defects were detected in follicles from women with ges-
tational diabetes compared with those from women who had uncomplicated pregnancy. These findings sug-
gest that insulin resistance via decreased IRS-1 may selectively affect carbohydrate metabolism in granulosa
cells inducing a compensatory increase of IRS-2 expression. Because IRS-2 is considered an antiapoptotic fac-
tor, the overexpression of IRS-2 in small antral follicles may suggest its involvement in the accumulation of
cysts in the polycystic ovary. Additionally, increased IRS-2 in theca cells may contribute to increased androgen
production [132].

Although in vitro findings indicate that insulin retains its ability to stimulate ovarian steroidogenesis in
PCOS, an in vivo study in PCOS women has supported that insulin resistance affects not only metabolism,
but also granulosa cell steroidogenesis [143]. This discrepancy could imply that hormonal or metabolic factors,
which are active in vivo but absent in vitro, contribute to insulin resistance at the ovarian level. In this study,
insulin had no effect on E2 responses to recombinant human (rh) FSH (75 IU) in PCOS women with base-
line insulin resistance, whereas insulin-sensitizing treatment with pioglitazone restored the enhancing effect of
insulin on thFSH-induced E2 production. In addition to a greater magnitude of response, post-treatment peak
levels of E2 were sustained for longer [143].

Overall, insulin may interact with gonadotropins in a dose-dependent manner, thus contributing to the reg-
ulation of ovarian function. The balance between insulin and FSH concentrations may be a critical “switch”
in granulosa cell steroidogenesis [144]. A similar interaction appears to occur between LH and insulin, so that
extremely elevated LH and/or insulin levels tend to distort normal steroidogenesis and follicular growth. How-
ever, insulin either through increased levels or through impaired action appears to be a “second hit,” rather than
the primary cause of anovulation in PCOS [145].
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4.4.3 Insulin Action in the Cardiovascular System

Insulin resistance has been linked with cardiovascular aberrations in several insulin-resistant states, including
PCOS [146-154]. Beyond metabolic aspects, insulin resistance has been directly associated with biochemical
indicators of systemic and vascular inflammation [146-148], as well as dysfibrinolysis [152—-154] in women
with PCOS.

Most strikingly, insulin resistance has been shown to be an independent determinant of endothelial dysfunc-
tion and accelerated atherosclerosis, as determined by biochemical, functional, and morphological markers in
women with PCOS [146-159]. Increased serum levels of endothelin-1, the most potent endothelial vasocon-
strictor and a marker of endothelial dysfunction, were positively correlated with insulin resistance in women
with PCOS across the entire BMI range [152, 154]. In PCOS similar associations have been reported between
insulin resistance/hyperinsulinemia and decreased flow mediated dilatation in brachial arteries [146, 154, 157],
as well as increased intima media thickness in carotid arteries [158]. These associations were found in obese
patients and in lean PCOS women of early reproductive age [146, 154, 157, 158].

Other investigators have also provided pathophysiological insights into the endothelial impact of IR in PCOS.
A functional defect in the ex vivo insulin action on resistance arteries from women with PCOS was described
[155], which may be coupled with impaired insulin action on glucose metabolism, at least in obese women
[156]. In another study, only the insulin-resistant subgroup stratified by HOMA index demonstrated blunted
endothelial-dependent vasodilation, impaired endothelial release of tissue—plasminogen activator and sustained
elevation of plasminogen activator inhibitor-1 (PAI-1) during insulin infusion, indicative of endothelial dysfunc-
tion and hypofibrinolysis [151]. Talbott et al. has provided data pointing to a temporal link of insulin resistance
with subsequent subclinical coronary atherosclerosis observed at the 9-yr follow-up [159].

Moreover, insulin resistance/hyperinsulinemia appears to have an adverse impact on myocardiac function.
Young women with PCOS were reported to have impaired left ventricular systolic outflow and a non-restrictive
type of diastolic dysfunction, both associated with fasting hyperinsulinemia [160, 161]. Other investigators
showed an obesity-independent increase in left ventricular mass, which was linearly correlated with insulin
resistance in women with PCOS [162, 163]. Increased aldosterone levels reported in women with PCOS may
mediate insulin resistance/hyperinsulinemia-related left ventricular hypertrophy and accelerated atheromato-
sis [164]. Contrariwise the beneficial effects of insulin sensitizers on structural and functional cardiovascular
parameters in women with PCOS emphasize the role of IR in cardiovascular risk [157, 165-167].

These findings appear to be an indirect clinical expression of impaired insulin action upon the vas-
culature. Human endothelial cells possess insulin receptors and in physiological states, insulin binds with
its receptor and activates both the PI3K and the MAPK-dependent signaling cascades in the endothelium
[87]. Thus, in addition to direct PI3K-dependent metabolic actions of insulin to promote glucose uptake
in peripheral tissues, the PI3K-dependent pathway serves to increase blood flow and capillary recruit-
ment under healthy conditions [87]. In insulin-resistant states, like PCOS, the uncoupling between these
two signaling pathways appears to govern the pathophysiology of vascular dysfunction. Specifically, in the
setting of vascular insulin resistance, the impairment of the PI3K-dependent pathway leads to decreased
activation of endothelial nitric oxide synthase and decreased production of nitric oxide (NO). By con-
trast, increased MAPK signaling, stimulated by hyperinsulinemia, promotes secretion of the vasoconstrictor
endothelin-1 (ET-1), increases expression of cell adhesion molecules, including vascular cell adhesion molecule-
1 (VCAM) and E-selectin, and activates cation pumps. Taken together, these MAPK-dependent functions
contribute to endothelial dysfunction, increased peripheral vascular resistance, hypertension, and accelerated
atherosclerosis [87].

Hyperinsulinemia has also sympatho-excitatory actions, and insulin resistance hyperactivates the renin—
angiotensin system, promotes distal tubular sodium re-absorption, and inhibits compensatory natriuresis,
thereby further contributing to mechanisms of cardiovascular dysfunction in insulin-resistant states [87].
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4.5 Insulin Resistance in PCOS: The Aggravating Role of the Endocrine
and Inflammatory Milieu

4.5.1 The Role of Androgens

Biochemical hyperandrogenemia is positively associated with measures of insulin resistance in women with
PCOS [32]. These clinical findings are suggestive of an influential interrelationship between insulin resistance
and hyperandrogenemia. Family studies have shown that in sisters of women with PCOS, insulin resistance is
associated with hyperandrogenemia rather than with menstrual dysfunction [168], further suggesting that insulin
resistance and hyperandrogenemia may share common pathogenic mechanisms.

Moreover, GnRH-induced suppression of ovarian androgens was accompanied with improved insulin sen-
sitivity in women with PCOS [169]. Studies in PCOS women treated with antiandrogens [170] and in female-
to-male transsexuals receiving cross-sex hormone therapy implicate androgens in the perpetuation of insulin
resistance [171]. However, not all authors agree with the above outcomes [6, 172]

A potential linkage between IR and ovarian hyperandrogenism is also reflected by the beneficial metabolic
effects of laparoscopic ovarian electrocautery (LOE) in women with PCOS. A relevant study showed improved
insulin sensitivity in parallel with the reduction of androgen levels in patients who underwent LOE, possibly
indicating an interrelationship between androgens and insulin resistance. Interestingly, the same investigators
have provided molecular evidence of partial reversal of insulin-signaling defects in visceral adipocytes after
LOE in this group of patients with PCOS [108]. Accordingly, insulin responsiveness in adipocytes from amen-
orrheic women with PCOS was found to be significantly enhanced in parallel with the reduction of testosterone
levels after an ovulatory cycle [173].

Androgens may act directly upon the signaling cascade contributing to the impairment of insulin action. In an
experimental study, chronic testosterone treatment induced metabolic insulin resistance acting via the androgen
receptor in cultured human subcutaneous adipocytes. The signaling defect selectively affected the metabolic
pathway of insulin, was independent of PI3K, and involved the impaired phosphorylation of protein kinase
CL(PKC{) [174]. Similarly, androgens were shown to induce insulin resistance in cultured rat skeletal myotubes
via increased phosphorylation in Akt, mammalian target of rapamycin (mTOR), and ribosomal S6-kinase (S6K),
leading to increased Serine 636/639 phosphorylation of IRS-1 [175].

Androgens may also contribute to insulin resistance through their triggering or aggravating role in visceral
adiposity. Androgen excess during fetal life and infancy may precipitate the development of abdominal adiposity
later in life [50]. In non-human primates, intrauterine exposure to androgen excess leads to phenotypic traits
of PCOS accompanied by visceral fat accumulation, insulin resistance, and impaired insulin secretion [50].
Furthermore, the exposure of peripubertal rats to an androgenic milieu has been shown to induce central fat
accumulation, deranged metabolic/endocrine function of the adipose tissue and impaired insulin sensitivity
[176, 177]. Sex steroids have been also implicated in the modulation of cytokine secretion by adipose tissue
in women with PCOS [16, 178-180].

Additionally, testosterone is a potent regulator of lipolysis in adipose tissue. However, this effect appears
to rest upon the inhibition of catecholamine-induced lipolysis in subcutaneous adipocytes, independently of
the antilipolytic insulin action [181]. In support of these in vitro observations are the findings by Diamanti-
Kandarakis et al. [182], showing improvement of lipid profile in lean and obese PCOS women post antiandrogen
treatment.

The role of adrenal androgens in PCOS-related insulin resistance is less studied. Few data imply an inverse
association between adrenal androgens and disturbed glucose tolerance in PCOS [66]. Acute dehydroepiandros-
terone (DHEA) treatment of adipocytes stimulates translocation of the glucose transporter GLUT 4 to the cell
surface with resultant increases in glucose uptake [183, 184]. In bovine aortic endothelial cells, DHEA has
been also shown to exert nongenomic, insulin-mimicking actions inducing a concomitant stimulation of PI3-K
and MAPK-dependent pathways [185]. However, the biologic relevance of these findings to human physiology
remains to be explored [185].
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4.5.2 The Role of Inflammation, Adipokines, Oxidative Stress

Several studies in women with PCOS have unveiled the bidirectional relationship of insulin resistance with
a wide array of inflammatory/oxidative markers, including C-reactive protein (CRP), reactive oxygen species
(ROS), interleukin-18, protein cardonyls, soluble CD36, oxidized LDL and AGEs [42, 146, 186—190]. Beyond
a simple association, there are data to support a causal, reciprocal relationship between inflammation/oxidative
stress and insulin resistance in PCOS [191, 192].

Mononuclear (MNC)-derived macrophages, ubiquitously present in human tissues, appear to hold a driving
role in this interplay. Specifically, MNC-derived macrophages from obese patients with PCOS were shown
to overproduce ROS and TNF-a, in response to physiologic, postprandial hyperglycemia. [186, 192]. The in
vivo setting may differ, since TNF-a serum levels are not consistently increased in PCOS women [193] and
hyperinsulinemia during the OGTT suppressed TNFa levels in these women [194]. Nevertheless, dysfunctional
macrophages appear to be key players in the cascades of inflammatory and metabolic stress in PCOS [191].

In macrophages from PCOS women, exposed to physiological hyperglycemia, increased nuclear transloca-
tion of nuclear factor (NF)kB and its catalytic subunit, p65, was shown to negatively correlate with insulin
sensitivity. This response was positively associated with abdominal fat, but not total obesity suggesting that
low-grade inflammation is perpetuated by central adiposity contributing to insulin resistance [192].

The migration of macrophages in adipose tissue is a major proinflammatory process that is accentuated in
the presence of visceral adiposity [195], the latter being present even in lean patients with PCOS [37, 196, 197].
In the pathophysiologic context of PCOS, visceral adiposity, independently of obesity, has been incriminated
as a major trigger of insulin resistance and low-grade chronic inflammation [38, 198, 199]. Nevertheless, the
assessment of visceral fat mass with clinical measures, like waist circumference and waist-to-hip ratio may be
insensitive to quantify the degree of visceral adiposity and unveil its correlations with other variables.

In states characterized by visceral fat accumulation, the interaction between macrophages and adipocytes
appears to perpetuate inflammatory stress and insulin resistance in adipose tissue. Inflammatory cytokines,
produced either by adipocytes or by macrophages in adipose tissue, collectively known as adipokines, are pivotal
mediators in this process [200-202]. Specifically, macrophage-secreted cytokines were shown to inhibit insulin
action in cultured adipocytes via downregulation of GLUT4 and IRS-1, decreased Akt phosphorylation, and
impaired insulin-stimulated GLUT4 translocation [88, 201].

Beyond their effects on insulin action in metabolic tissues, mounting evidence suggests that adipokines con-
tribute to vascular dysfunction either directly or through the induction of vascular insulin resistance [203]. In
vitro studies unveil the molecular links between excessive/ectopic adiposity, insulin resistance, and endothelial
dysfunction. Within this network, adipokines may modulate the balance between endothelium-derived vasodila-
tors and vasoconstrictors, as well as antithrombotic and prothrombotic factors [203].

Adiponectin, the most abundant adipokine mainly secreted from visceral adipocytes cells, has been found to
be decreased in lean [204, 205] and obese women with PCOS, as compared with BMI-matched controls [199,
204-210]. Insulin resistance/hyperinsulinemia has been directly associated with this aberration [7, 204, 206,
208, 210], although other investigators have published contradictory data [211]. Among overweight/obese young
women with PCOS, adiponectin has been also correlated negatively with the progression of atherosclerotic
disease, assessed by IMT [158], although no association was revealed between adiponectin and coronary arterial
calcification [212].

Other adipokines, like resistin, retinol-binding protein (RBP)-4, visfatin, have been also studied in women
with PCOS. Alterations in serum resistin levels appear to be mostly contingent on total obesity, independently
of PCOS [205, 213]. Visfatin has been also reported to be at increased circulating levels in both obese and
lean women with PCOS [16, 214]. Circulating visfatin levels were positively correlated with insulin resistance
in PCOS women [16]. However, it remains unknown whether increased visfatin in PCOS is a compensatory
response to tissue-specific insulin resistance or a marker of tissue-specific inflammation.

The role of RBP4 in PCOS is currently under investigation. RBP-4 may contribute to systemic insulin resis-
tance in humans partly by decreasing insulin-induced IRS1 phosphorylation, as demonstrated by experiments
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in primary human adipocytes [215]. On the other hand, RBP4 mRNA was down regulated in subcutaneous
adipose tissue in obese postmenopausal women, although these women were more insulin resistant than lean and
overweight subjects [216]. Thus, the role of RBP-4 in insulin resistance in humans remains to be clarified. Avail-
able studies in PCOS patients have yielded inconsistent results, showing increased [217, 218], not significantly
different [219, 220] or decreased levels [221] of RBP-4 as compared to the corresponding levels in controls.
Furthermore, a substantial quantitative deviation of RBP4 serum levels between these studies was observed.
Not all studies have confirmed a positive correlation of RBP-4 levels with insulin resistance assessed by the
surrogate HOMA index [219-221]. However, Weiping et al. [217] have documented this correlation, using eug-
lycemic clamp technique, a better method in assessing tissue sensitivity to insulin [72]. Differences in the mean
BMI of study populations should be factored in the interpretation of discrepancies. However, three of the above
studies restricting their measurements in lean PCOS patients have also reported discordant findings [218, 219,
221]. The methodology used for RBP4 measurements might have interfered in the estimation of serum RBP4
levels. Two of the aforementioned studies have used a competitive enzyme-linked immunoassay (EIAs) [218,
219], one has used a double-sandwich ELISA [221], while quantitative western blotting was used in another
study [220]. Of the applied methods, quantitative western blotting is the most reliable one for assaying serum
RBP4 elevations associated with insulin resistance [222], whereas the competitive EIAs underestimate serum
RBP4 levels in insulin-resistant individuals [222]. Of the commercially available kits, double-sandwich ELISA
is considered to be more accurate than the competitive EIAs; however, it may also underestimate the differences
between insulin-sensitive and insulin-resistant people [222]. Another potential cause for assay inaccuracy is
interference from serum transthyretin (TTR). TTR circulates in a three- to fivefold molar excess over RBP4.
Circulating RBP4 is highly bound to TTR in a 1:1 stoichiometric ratio, and there is little or no “free RBP4” in
circulation [222]. Using gel filtration chromatography to analyse the RBP4-TTR complex, the increased amount
of serum RBP4 was shown to remain bound to TTR in insulin-resistant states. Nevertheless, because the affin-
ity of RBP4-TTR binding is very strong, the relative stoichiometry and affinity of the two proteins in serum
could conceivably influence kinetics of RBP4-antibody binding under the non-denaturing conditions employed
by the commercial EIAs and ELISAs [222]. Therefore, the ratio RBP4/TTR may be a more accurate marker
for RBP-4 circulating levels than absolute RBP-4 levels. To date, only one study has determined this marker
in PCOS women showing that the RBP4 to TTR ratio is lower in lean patients as compared to that in lean
controls [221].

Another group of molecules, advanced glycated end products (AGEs), known for their role in inflamma-
tory and oxidative pathways [41], were found to be distinctly elevated in women with PCOS [42, 43]. Several
data show that the interaction of AGEs with their receptor, RAGE impairs insulin signaling in a dual mode,
through the direct stimulation of serine kinases [228] and through the NADPH oxidase-mediated generation
of ROS [41]. Additionally, endogenous AGEs, partly deriving from dietary glycotoxins, act directly upon the
endothelium to promote endothelial dysfunction [223]. On these grounds, increased serum AGEs levels in young
normoglycemic women with PCOS prompts medical concern over the implications of this aberration for car-
diometabolic and possibly for reproductive function [224, 225].

4.6 Genetics of Insulin Resistance in PCOS

Studies showing impaired insulin action in women with PCOS and the clustering of reminiscent abnor-
malities in PCOS families prompted research on the genetic basis of insulin resistance in PCOS and the role
of genetics in the pathogenesis of the whole syndrome [61, 168]. Metabolic abnormalities of PCOS are tightly
associated with hyperandrogenemia in female first-degree relatives, suggesting that these findings are causally
related, reflect a common pathogenesis (e.g. same gene product), or are due to perturbations of genes within the
same pathway [168].

Studies on the molecular aspects of PCOS and knowledge of the genetic origins of T2D have directed genetic
research to specific areas of the genome [48, 49]. Candidate genes are those encoding proteins, which directly
participate in the insulin-signaling pathway, as well as other proteins that co-modulate insulin action or secretion.
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The insulin receptor gene has been a major target for research. An association of PCOS with a C/T single
nucleotide polymorphism (SNP) in the tyrosine kinase domain of the insulin receptor gene was described [227].
A candidate susceptibility locus is the D19S884 allele A8, which maps to intron 55 of the fibrillin 3 gene, near
the insulin receptor gene, on the chromosome 19p13.2. A8 of D19S884 was identified in association with the
reproductive phenotype of PCOS and most recently, it was also associated with higher fasting insulin levels and
HOMA-IR in women with PCOS, independently of obesity [228-230].

SNPs in genes encoding the IRS proteins have been also implicated in PCOS. An association of the
Gly972Arg IRS1 variant with fasting insulin and HOMA values was described [231], whereas the Asp1057
IRS-2 variant was associated with increased insulin levels after an oral glucose load and an increased preva-
lence of IGT among women with PCOS [231]. However, a larger series showed the opposite effect of the
Gly1057Asp IRS-2 polymorphism on glucose tolerance and no effect of the Gly972Arg IRS-1 polymorphism
[232].

Other investigators have sought for polymorphisms in the variable number tandem repeat (VNTR) locus at
the insulin gene (INS), known to regulate gene expression [233]. Waterworth et al. [234] found strong associa-
tion between PCOS and the class III VNTR allele [157 repeats]. This allele was preferentially transmitted from
heterozygous fathers, whereas maternal transmission was less frequent. However, other studies [235-237] failed
to show any linkage between the INS VNTR alleles and hyperandrogenism or PCOS.

The 112/121 haplotype of the Calpain-10(CAPN10) gene, a cysteine protease modulating insulin secretion
and action, has been associated with hyperinsulinemia in African—American women and an increased risk of
PCOS in both African—~American and White women [238]. Gonzalez et al. [239, 240] showed an association of
the CAPN10 UCSNP-44 allele with PCOS in a Spanish population, whereas Haddad er al. [241] found no asso-
ciation between CAPN10 gene variation and PCOS. The common SNP Alal2 in the peroxisome proliferator-
activated receptor-y2 (PPAR-vy2) gene has been also studied in women with PCOS. Although its frequency was
marginally significantly decreased in Finnish PCOS patients [242], no association was found in hyperandrogenic
adolescents or PCOS women from other ethnic regions [243, 244].

Based on the role of oxidative stress in the perpetuation of insulin resistance, another study has explored
potential polymorphisms in the gene encoding paraoxonase-1 (PON1), a serum high-density lipoprotein (HDL)-
associated enzyme with antioxidant properties. Since the -108T alleles are associated with reduced PON1
expression, homozygosity for —108T alleles in PCOS women might be associated with an impairment of antiox-
idant mechanisms. This abnormality favoring oxidative stress may contribute to insulin resistance [244].

Available data add important information regarding the genetic background of insulin resistance in PCOS
raising the possibility of multiple genetic components being involved. The elucidation of the genetics of insulin
resistance and the identification of specific genes, related to PCOS are hampered by the heterogeneity in patho-
genesis, the absence of pathognomonic clinical features, and the inadequate sample of studied populations.
Although the current state of genetic studies seems rather discouraging, new tools investigating the genetic
machinery and large well-defined pedigrees may facilitate and focus the analysis of this genetically complex
disorder.

4.7 Conclusions

The prevailing concept is that PCOS is a polygenic trait that might result from the interaction of predispos-
ing and protective genetic variants under the influence of environmental factors. PCOS is now recognized as a
female subtype of the metabolic syndrome. The two major facets of metabolic syndrome, insulin resistance, and
the compensatory hyperinsulinemia, are pathophysiologic denominators of cardiometabolic and reproductive
abnormalities in PCOS. Metabolic disturbances, low-grade inflammation, and increased markers of oxidative
stress have been all linked with insulin resistance in women with PCOS. It is well established that women diag-
nosed with PCOS, even at their twenties, demonstrate a cluster of metabolic and cardiovascular disturbances.
There is also evidence that the impact of metabolic aberrations in PCOS may start earlier, in childhood or even
in intrauterine life. It remains to be proved whether treatment or early management of insulin resistance will
have a protective effect on the multifaceted spectrum of PCOS abnormalities.
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Chapter 5
Genetics of Metabolic Syndrome and Genetic Lipodystrophies

Tisha R. Joy and Robert A. Hegele

5.1 Introduction

Polycystic ovary syndrome (PCOS) affects ~7% of reproductive-aged women and is associated with several
metabolic abnormalities including insulin resistance, type 2 diabetes (DM2), and dyslipidemia [1-3]. Although
the presence of interfamilial and intrafamilial variation in the phenotype of PCOS-affected individuals points
to an important role for environmental influences, studies demonstrating familial aggregation of PCOS and its
associated metabolic disturbances also signify a critical genetic component to this syndrome [4-6]. Since the two
key long-term sequelae of PCOS are type 2 diabetes and cardiovascular disease (CVD), PCOS can be seen as a
common variant of the metabolic syndrome (MetS) with insulin resistance, dyslipidemia, and obesity as salient
shared features. Thus, understanding the genetics of MetS may shed light on the genetic aspects of PCOS.
Similarly, a discussion of the genetic basis of certain rare monogenic disorders of lipid distribution (genetic
lipodystrophies) characterized by insulin resistance, dyslipidemia, increased cardiovascular risk, and polycystic
ovaries may also aid in our understanding of common PCOS. We will focus on describing selected genetic
aspects of MetS as well as of specific monogenic lipodystrophies (congenital generalized lipodystrophy [CGL]
or familial partial lipodystrophy [FPLD]), where polycystic ovaries are a predominant feature. Furthermore, the
similarities in candidate genes examined for MetS, genetic lipodystrophies, and PCOS will be briefly discussed.

5.2 Complex VS. Monogenic Traits

Both PCOS and MetS represent complex genetic traits since the clinical phenotypes usually arise from the intri-
cate interaction of a number of genetic and environmental influences. For complex traits, large effects from
the environment are superimposed on cumulative small effects arising from common genetic alterations. Con-
versely, monogenic disorders such as FPLD and CGL result from the large effect of a single genetic alteration
with relatively little additional effect from the environment.

Complex traits can be influenced by genetic, environmental, and time-dependent factors. For example, com-
plex traits may result through polygenic or “threshold” inheritance of mutations at different loci or through
differential effects on physiological systems that share a final common phenotypic expression. In addition, with
locus heterogeneity, a number of genetic loci may independently lead to disease susceptibility. Some complex
traits are influenced by epistasis or gene interactions, where mutations in several genes confer disease suscepti-
bility depending on the concomitant contribution of other genetic variations.

The genetic variant may confer susceptibility to the phenotype only under certain environmental conditions
(e.g., obesity in the face of an imbalance between dietary intake and physical activity). Even time is influential
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to the development of complex traits since certain genes can have their most pronounced effect at a certain age
or developmental stage (e.g., in autism). Aging may lead to increased phenotypic expression of certain complex
traits, as evidenced by the increased prevalence of MetS with increasing age. The age-related expression of
complex traits may occur through varied genetic mechanisms, including increased mutational rate, poor DNA
repair, programmed senescence, or integration of the cumulative environmental exposures required for pheno-
typic expression [7]. Thus, determining the genetic basis of complex traits such as PCOS or MetS is a complex
feat. But, genetic strides in MetS may be helpful to PCOS. Similarly, genetic determination of monogenic syn-
dromes such as CGL or FPLD which share similar traits to PCOS may also provide possible candidate genes
for PCOS.

5.3 Metabolic Syndrome

5.3.1 Clinical Features and Epidemiology

MetS is characterized by the clustering of four main risk factors for CVD, including abdominal obesity, hyper-
tension, dysglycemia, and dyslipidemia (increased triglyceride and decreased high-density lipoprotein [HDL]-
cholesterol levels). There are at least six different published definitions for this syndrome, based on varying
combinations of the above-listed risk factors [8—13] (Table 5.1). Despite the controversy regarding the lack of
a unified definition, MetS is the focus of much research, especially given its high prevalence. Data from the
Third National Health and Nutrition Examination Survey (NHANES III) revealed that the overall age-adjusted
prevalence of MetS (using the National Cholesterol Education Program Adult Treatment Panel [NCEP/ATP] III
definition [9]) in the United States was ~ 24% [14]. Further analysis revealed several risk factors associated
with an increased odds of the MetS including older age, postmenopausal status, Mexican-American ethnicity,
physical inactivity, current smoking, lack of alcohol intake, low household income, high carbohydrate dietary
intake, and higher body-mass index [15]. Although the growing obesity epidemic has certainly contributed to
its high prevalence, MetS is also diagnosed among ~5% of normal-weight individuals in NHANES III [15].
The prevalence of each component of the MetS seems to be dependent on age, gender, and ethnicity [15]. In
NHANES III, the overall prevalence of each component was 38.6% for increased waist circumference, 30.0%
for hypertriglyceridemia, 37.1% for low HDL-cholesterol levels, 34.0% for hypertension, and 12.6% for dysg-
lycemia [14].

PCOS and MetS share many overlapping features, including abdominal obesity, insulin resistance, and
future-increased risk for DM2. The reported prevalence of MetS among women with PCOS has been quite vari-
able, anywhere from 2 to 47%, depending on the type of study (case-control, retrospective, or prospective) and
the particular criteria chosen [16-23]. A prospective trial using the NCEP/ATP III criteria for MetS revealed
a prevalence of 46% among 138 women with PCOS with the prevalence for each individual component of
MetS being 33% for hypertriglyceridemia, 65% for low HDL-cholesterol levels, 45% for hypertension, 86% for
increased waist circumference, and 5% for dysglycemia [20]. Thus, the true prevalence for MetS among those
with PCOS probably lies somewhere between 33% and 50%. However, the reverse statistic —i.e., the prevalence
of polycystic ovaries among women with MetS — remains to be determined and may be an under-recognized
problem.

5.3.2 Pathophysiology of Mets

The exact mechanism responsible for the development of common MetS remains to be determined. Dysreg-
ulation of adipose tissue together with inflammation are thought to be important instigators leading to the
development of MetS. Obesity has been associated with increased macrophage accumulation and elevated cir-
culating free fatty acids (FFA), the latter inducing skeletal muscle resistance by inhibiting insulin-mediated
glucose uptake [24-26]. FFA can also directly induce apoptosis of pancreatic beta cells, leading to impaired
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insulin secretion, likely through oxidative stress [27, 28]. Visceral obesity leads to altered secretion of sev-
eral adipokines, including hyposecretion of adiponectin and hypersecretion of leptin, tumor necrosis factor o
(TNF- ), and interleukin-6 (IL-6). Adiponectin is inversely associated with insulin resistance through effects
on insulin signaling, endogenous glucose production, and fatty acid oxidation [29-31]. Both TNF- o and IL-6
impair insulin signaling at several steps, leading to insulin resistance and increased lipolysis (since insulin has
a major anti-lipolytic role) [32, 33]. These two cytokines also decrease the secretion of adiponectin by adipose
cells [34, 35]. The resultant insulin-resistant state together with excessive FFA flux to the liver is believed to
drive hepatic triglyceride (TG) synthesis. As more TG is produced, HDL-cholesterol levels decrease partly due
to the transfer of TG to HDL in exchange for cholesterol from HDL through the cholesteryl ester transfer protein
(CETP). Despite the tendency for normal plasma levels of LDL-cholesterol among patients with MetS, the LDL
particles are often smaller and denser, a pattern that is often associated with increased CVD risk [36, 37].

Meanwhile, the increased presence of angiotensinogen and angiotensinogen-converting enzyme (ACE) from
the visceral adipose compartment as observed in obesity leads to increased angiotensin II levels [38]. Although
the increased production of angiotensin II (a potent vasoconstrictor) plays a role in the development of hyper-
tension, excessive FFA and TNF-a have been proposed to inhibit the vasodilator effects of insulin, resulting in
insulin-mediated vasoconstriction and microvascular dysfunction [39]. Thus, many different players are postu-
lated in the pathogenesis of the MetS phenotype.

5.3.3 Genetic Features

Obesity, physical inactivity, and high carbohydrate intake (particularly fructose) have been nominated as impor-
tant environmental factors contributing to the high prevalence of MetS [15]. However, the importance of a
genetic contribution to this syndrome has been implied by the high clustering of MetS factors in family and
twin studies. A seminal study of 2508 male twin pairs revealed concordance for the clustering of three MetS
components (hypertension, diabetes, and obesity) among monozygotic pairs (31.6%) vs. dizygotic pairs (6.3%)
[40]. Similarly, in a study of 236 female twin pairs, heritability estimates for obesity, insulin/glucose, and dys-
lipidemia were found to be 0.61, 0.87, and 0.25, respectively, indicating an important genetic contribution to
the development of each of these components [41]. These findings support other studies also demonstrating
heritability of the MetS components among Japanese Americans and Chinese individuals [42, 43]. The North-
ern Manhattan Family Study, evaluating 803 individuals from 89 Caribbean-Hispanic families, demonstrated
that the heritability of MetS itself was found to be 24% while heritability analysis revealed significant genetic
effects for lipids/glucose/obesity (44%) and hypertension (20%) [44]. Although the variability in heritability
among the different studies is most likely attributable to ethnic/racial influences, the above studies point toward
the importance of genetic contributions to MetS development. Consequently, several investigators have studied
genetic contributions for MetS using either linkage analysis or genetic association studies.

5.3.4 Linkage Analysis

Linkage scanning uses genotypic and phenotypic data from large pedigrees to find a chromosomal region that
is preferentially inherited among family members with MetS. As causative genes for MetS are passed down
through generations, nearby markers that are in close linkage to these genes are also passed down. As a result,
co-segregation of markers with MetS or its components helps identify chromosomal regions harboring genes
possibly causative for MetS. These are termed “positional candidate” genes. However, linkage analysis in MetS
is associated with two significant problems. First, the lack of a standard definition for MetS and the multiple
possible combinations of phenotypes may result in the discovery of multiple different linked loci that might
be specific only for one sub-phenotype. Secondly, the detection of a discrete and unique linkage signal may
be obscured by the possibility that MetS results from the interplay among multiple genes on different chromo-
somes.
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A wide range of loci have thus far been linked to MetS, including 3q27, 17p12, chromosome 6 (D6S403,
D6S264), chromosome 7 (D7S479-D7S471), and 1q23-31 [45-47], although consistent evidence for linkage
to MetS has been demonstrated for chromosomes 1q, 2p, 2q, 3p, 6q, 7q, 9q, and 15q [46-55]. Even within a
single study examining North American families, several chromosomal regions — 1p34.1, 1q41, 2p22.3, 7q31.3,
9pl3.1, 9g21.1, 10p11.2, 19q13.4 — were linked with MetS [50]. Meanwhile, evaluation of 234 Chinese fami-
lies from the Hong Kong Family Diabetes Study demonstrated several major regions of suggestive linkage on
chromosomes 1, 2, and 16 for MetS and related metabolic traits [52]. Significant linkage of MetS with chro-
mosome 1q21-q25, an area previously linked to type 2 diabetes across different ethnicities, has also been found
[56-60]. In addition, 1p36.13 as a possible locus for MetS was suggested after examination of 250 German
families [61]. Thus, these studies demonstrate that no single locus is reproducibly linked with MetS across all
populations, which may be due to differences in ethnicity, the variable definition of MetS itself, or perhaps false-
positive results arising from numerous studies of this type. Therefore, linkage studies regarding MetS must be
interpreted with caution.

5.3.5 Genetic Association Studies

Genetic association studies use cohort, case-control, or family-based studies to determine relationships between
genetic factors and the desired phenotype (i.e., MetS). These studies often use single nucleotide polymorphism
(SNP) markers for genomic interrogation of a large number of individuals. A SNP is a locus where 2 or more
base pair alternatives occur in the population with frequency > 1%, and SNPs are common (~1 per 300-400
base pairs). This type of analysis using SNP markers can indirectly mark the location of an actual causative
mutation. SNP variants are typically chosen from candidate genes, based on their functional role in the patho-
physiology of the desired phenotype.

Adipokines, inflammation, adipose distribution, and insulin signaling are thought to play crucial roles in the
pathogenesis of MetS and also PCOS. Thus, examining candidate genes from these areas for MetS may be
relevant as potential candidate genes for PCOS (Table 5.2).

5.3.5.1 Adipokine Candidate Genes

SNPs of the human adiponectin (ADIPOQ) and resistin (RSTN) genes have been studied for association with
MetS due to their potential relationships with insulin resistance [62—-66]. Among elderly Taiwanese individuals,
the G allele of ADIPOQ SNP276 in intron 2 was associated with decreased risk of obesity, MetS, and type 2
diabetes [67]. Meanwhile, examination of the -420C— G SNP in RSTN revealed that G/G homozygotes had an
increased prevalence of MetS. A follow-up study revealed that the RSTN -420C— G SNP was associated with an
increased prevalence of MetS, but did not influence MetS prevalence amongst individuals at high cardiovascular
risk [68]. Unfortunately, the exact role of genetic variants of resistin in insulin resistance or obesity remains
unsettled, but warrants further investigation.

5.3.5.2 Candidate Genes in Inflammation

Pro-inflammatory cytokines, such as IL-6 and TNF-a, have been implicated in the pathogenesis of MetS, and
thus are potential candidate genes for MetS. In a study of Caucasian Danes, the AGC/AGC composite genotypes
were more frequent amongst controls without the MetS, while the AGC/GGG composite genotype of three
common /L6 promoter polymorphisms, -597G— A, -572G—C, and -174G— C, were more frequent amongst
those with MetS [69]. Similarly, among 571 Caucasian individuals, individuals with the CC genotype for the
IL6 -174G— C promoter polymorphism had a higher prevalence of MetS than those who did not [70]. Meta-
analysis of 31 studies revealed that the TNFA -308G— A polymorphism was not significantly associated with
the composite phenotype of MetS despite having conferred a risk of 1.23 for obesity as well as an increase in
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systolic blood pressure by 3.5 mmHg [71]. Further studies are needed to replicate the role of genetic alterations
in these two cytokine genes in relation to MetS.

5.3.5.3 Candidate Genes in Adipose Distribution

The adipose distribution of MetS shares many clinical features with rarer disorders such as Cushing’s syndrome.
Thus, candidate genes involved in glucocorticoid metabolism such as 11-B-hydroxysteroid dehydrogenase type
1 (HSD11B1) and the glucocorticoid receptor (GR) have been examined. Although overexpression of HSD11B1
leads to MetS phenotype in mice, HSD11B1 SNPs have not been associated with MetS [72, 73]. The effects of
glucocorticoids through the GR occur through the functional isomer GRa, whose activity is inhibited by GR3
[74]. The GRB 3669A— G SNP, which leads to increased GR[3 protein expression, has been reported to not
be associated with the composite MetS. Instead, an association with reduced central obesity among European
women and a more favorable lipid profile (increased HDL and decreased total cholesterol) among European
men was made with this SNP [75, 76].

Moreover, since the adipose distribution between MetS-affected and FPLD-affected patients is similar, a few
studies have examined the relation of the known molecular causes of FPLD (peroxisome proliferator-activated
receptor-y [PPARG] and lamin A [LMNA] — see below) in relation to MetS. Lamins belong to the intermediate
filament family of proteins and have functions related to the structural integrity of the nuclear envelope, tran-
scriptional regulation, nuclear pore functioning, and heterochromatin organization [77, 78]. Polymorphisms in
LMNA have not been associated with MetS [79], although a more recent study revealed novel LMNA non-codon
482 mutations among individuals with severe MetS phenotypes [80].

PPARG is a nuclear transcription factor involved in adipose differentiation, adipokine release, and insulin
sensitivity. Unfortunately, conflicting results for the PPARG Prol2Ala polymorphism have been reported [81,
82]. In a French sample, the PPARG GTGC haplotype was associated with a higher risk for MetS (odds ratio
[OR]2.37) [83]. Yet, a recent meta-analysis of 57 studies in non-diabetic individuals demonstrated no significant
association of PPARG Pro12Ala polymorphism with diabetes-related traits. Only amongst Caucasians and obese
individuals was there an association of the Prol2Ala allele with greater body mass index (BMI) and greater
insulin sensitivity [84]. Thus, whether PPARG or LMNA play any role in common MetS still remains to be
conclusively proven.

5.3.5.4 Candidate Genes in Insulin and Glucose Metabolism

Since insulin resistance is a prominent feature for individuals with MetS, a few studies have examined the
influence of molecules involved in insulin action and secretion. Among children with obesity, the insulin gene
variable number of tandem repeats (INS VNTR) genotype was examined in relation to the presence of MetS. The
VNTR polymorphism regulates the transcriptional rate of the /NS gene [85]. Children who demonstrated the I/1
genotype were at a significantly higher risk for developing MetS (OR = 2.5) [86]. Studies have yet to determine
the relation between the INS VNTR genotype and MetS among adults.

Binding of insulin to the insulin receptor leads to phosphorylation and activation of insulin receptor substrates
1 and 2 (IRS-1 and IRS-2) necessary for insulin signaling. Thus, other candidate genes examined for MetS
include the insulin receptor (INSR) gene and the IRS-1 (/RS7) gene. Among 163 Mexican individuals, the
Pstl polymorphism of INS was associated with hypertriglyceridemia and the presence of at least one MetS
abnormality while the Maelll polymorphism of INS was associated with fasting hyperinsulinemia. However,
none of the INSR or IRSI polymorphisms examined were associated with MetS [87]. These data imply a possible
role for the INS gene in MetS phenotype that may be more apparent in larger studies.

Calpain-10 (CAPN10) represents a cysteine protease that is important in insulin secretion and action [88].
Since haplotype combinations created by alleles of three CAPNI0 SNPs (SNP-43, -19, and -63) have been
associated with the risk of type 2 diabetes, examination of CAPNI0 haplotypes in relation to MetS has been
recently reported [§9-91]. Among 382 Korean patients with type 2 diabetes, those who possessed the 111/121
haplotype combination had a significantly greater risk of MetS (OR = 1.927) compared to other haplotype
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combinations examined [89]. As with other candidate gene studies, these results need to be replicated in larger
and more diverse ethnic populations before a definitive link can be established.

5.3.5.5 Candidate Genes from Sex Hormone Metabolism

Estrogen is a possible candidate gene for MetS based on the presence of MetS components (dyslipidemia, dysg-
lycemia, obesity) in reported cases of estrogen-deficient men bearing mutations in either the estrogen receptor-a
(ESRI) or aromatase (CYP19) genes and supported by data among ESRI-knockout mice [92-95]. Thus, these
2 genes (ESRI and CYP19) have been proposed as MetS candidate genes. Among 548 African Americans, 5
SNPs (rs6902771, rs9340799, rs2431260, rs1033182, and rs2175898) from introns 1 and 2 of ESRI were asso-
ciated with an increased risk of MetS (OR 1.53-2.51) [96]. No association studies have yet been reported for
CYP19 and MetS. More recently, low sex hormone binding globulin (SHBG) levels in both genders have cor-
related with an increased risk for MetS, thereby signifying SHBG as another potential candidate gene for MetS
although genetic association studies have yet to be reported [97, 98].

5.4 Genetic Lipodystrophies
5.4.1 Definition

Lipodystrophy represents a clinically heterogeneous group of disorders characterized by adipose tissue loss in
either localized or generalized regions of the body [99, 100]. Similar to MetS and PCOS, it is often accompanied
by metabolic abnormalities such as insulin resistance, glucose intolerance, lipid disorders (hypertriglyceridemia
and low HDL-cholesterol levels), hypertension, polycystic ovaries, and hepatic steatosis. An increased risk of
premature CVD occurs in some affected individuals, particularly females [101]. As a result of these clinical
features, lipodystrophies share features with MetS and PCOS.

Lipodystrophies have been traditionally classified into two broad categories: acquired and genetic. They may
also be a component of rare inherited syndromes such as SHORT syndrome and the progeroid syndromes [99].
(Table 5.3) Unlike the complex traits such as common MetS and PCOS, genetic lipodystrophies are monogenic
disorders. Two genetic lipodystrophies where polycystic ovaries have been often observed are CGL and FPLD.

Table 5.3 Classification of lipodystrophies

A. Congenital:
1. Congenital generalized lipodystrophy (CGL, Berardinelli-Seip)
a) CGLI1 (due to mutations in AGPAT?2)
b) CGL2 (due to mutations in BSCL2)
2. Familial partial lipodystrophy (FPLD)
a) FPLDI1 (Kobberling)
b) FPLD2 (Dunnigan, due to mutations in LMNA)
¢) FPLD3 (due to mutations in PPARG)
B. Acquired:

1. HIV-related lipodystrophy
2. Acquired generalized lipodystrophy (AGL)
3. Acquired partial lipodystrophy (APL, Barraquer—Simons; some cases are associated with mutations in LMNB2)
C. Lipodystrophy as part of another syndrome
Mandibuloacral dysplasia
SHORT syndrome
Neonatal progeroid syndrome

Hutchinson—Gilford progeria syndrome
Werner syndrome

hAE i e
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5.4.2 Congenital Generalized Lipodystrophy (Berardinelli-Seip Syndrome)

5.4.2.1 Clinical Features

CGL is an autosomal-recessive disorder characterized by the generalized near-absence of adipose tissue usually
recognized in affected individuals soon after their birth [99, 102, 103]. During childhood, affected individu-
als are distinguished by the presence of muscular phenotype, voracious appetite, acceleration in linear growth,
advanced bone age, acromegaloid features, and typically, marked acanthosis nigricans [104, 105]. Cardiomyopa-
thy and mental retardation may occur, but is strongly dependent on genotype [106]. More importantly, endocrine
complications include hypertriglyceridemia (sometimes resulting in pancreatitis), fasting hyperglycemia, dia-
betes (often with significant insulin resistance), and markedly low levels of adiponectin and leptin [107]. Hepatic
steatosis with consequent hepatomegaly can also occur. As well, among women, hirsutism, polycystic ovaries
(PCOS), and menstrual irregularities can occur, whereas among men, reproductive function has been reported
to be normal [108].

5.4.2.2 Pathophysiology and Molecular Genetics

The two main molecular forms of CGL are (1) type 1 caused by mutations in the AGPAT2 gene (MIM 608594)
and (2) type 2 caused by mutations in the BSCL2 gene (MIM 606158). Since not all patients affected with CGL
have mutations in one of these two genes, additional loci or pathways may exist.

AGPAT2, located on chromosome 9q34, encodes 1-acylglycerol-3-phosphate O-acyltransferase 2, also called
LPA acyltransferase (LPAAT)-3 or 1-acyl-sn-glycerol-3-phosphate acetyltransferase (EC 2.3.1.51) [109, 110].
This enzyme plays a critical role in catalyzing reactions in TG synthesis and is also linked to increased tran-
scription and synthesis of cytokines including IL-6 and TNF-a [111]. CGL1 caused by AGPAT2 often results
from nonsense or aberrant splicing mutations. Thus far, no obvious correlation between mutation severity and
phenotypic severity has been shown.

BSCL2 gene in the CGL2 locus located on chromosome 11q13 encodes the protein “seipin” [112]. Seipin,
expressed mainly in the brain and testes, is a 398-amino acid integral membrane protein that localizes to the
endoplasmic reticulum of eukaryotic cells [112, 113]. The function of this protein is yet to be determined. Yet,
compared to patients with AGPAT2-caused CGL, patients with BSCL2-caused CGL tend to have a more severe
phenotype characterized by earlier onset of diabetes and higher prevalence of cardiomyopathy and mild mental
delay [106]. To date, >12 mutations in BSCL2 have been identified, and these are typically of the nonsense
or aberrant splicing variety. Similar to AGPAT2-caused CGL, BSCL2-caused CGL does not demonstrate any
obvious correlation between mutation severity and phenotype severity.

5.4.3 Familial Partial Lipodystrophy

5.4.3.1 Clinical Features

FPLD is an autosomal dominant syndrome, subdivided into 3 varieties — FPLD1 (or Kobberling-type MIM;
608600), FPLD2 (or Dunnigan-type; MIM 151660) caused by LMNA mutations, and FPLD3 (MIM 604367)
caused by PPARG mutations [114-116]. FPLD is characterized by gradual but progressive subcutaneous adipose
tissue loss from the extremities typically commencing at puberty. The onset of FPLD3, however, may be later
in adulthood. Unlike individuals affected with CGL, FPLD-affected individuals cannot be easily distinguished
from unaffected individuals during childhood. There is also variable degree of adipose tissue loss in the face
and trunk depending on sub-type. In FPLD1, there is normal or increased fat deposition in the face, neck, and
trunk, whereas in FPLD2, there is decreased fat deposition in the trunk and increased deposition in the neck and
labia. Affected individuals with FPLD3 demonstrate decreased to absent facial fat. Yet, all three sub-types tend
to have increased fat deposition within the muscles and within the liver [117-120].
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Endocrine manifestations of FPLD include low HDL-cholesterol levels, hypertriglyceridemia, diabetes, acan-
thosis nigricans, and among women, hirsutism, polycystic ovaries, and menstrual irregularities [121]. Impor-
tantly, premature CVD is more prevalent among individuals who have FPLD2 and diabetes [122, 123].

5.4.3.2 Pathophysiology and Molecular Genetics

The genetic basis for FPLD1 remains unknown. Meanwhile, heterozygous mutations in the LMNA gene encod-
ing nuclear lamin A/C (MIM 150330) are responsible for the majority of FPLD2 cases [124]. The majority of
causative LMNA mutations for FPLD2 are missense, with only one splicing mutation described thus far. The
exact mechanisms by which LMNA mutations cause lipodystrophy remain unknown. LMNA mutations typi-
cally occur downstream of the nuclear localization sequence (NLS), which divides lamin A into the structural
rod domain on the amino-terminal side and the DNA-binding domain on the carboxy-terminal side. Thus, a
possible mechanism for the FPLD2 phenotype through LMNA mutations may involve altered interactions of
transcription factors or other DNA-binding molecules [77]. However, two FPLD2 mutations — LMNA D230N
and R399C — have been recently found upstream of the lamin A NLS [125], signifying possible pathophysio-
logic importance of the secondary and/or tertiary structure of lamin A [77]. Deletions or duplications of LMNA
for FPLD2 have not yet been found (Hegele, unpublished observations). LMNA exhibits a great deal of tran-
scriptional variability, which may lead to the identification of novel mutation-bearing regions for FPLD2 as well
as other laminopathies.

Heterozygous mutations in the PPARG gene (PPAR+y; MIM 601487) are causative for FPLD3 (MIM 604367)
[126-132]. There are 2 main proposed mechanisms for mutated PPARG in the pathogenesis of FPLD3: (a)
“dominant-negative”, in which the mutant receptor competes with the wild type for DNA binding and (b) “hap-
loinsufficiency”, in which the function of the PPARy receptor is adversely affected by a 50% reduction in gene
expression. Careful cellular assays indicate that seven PPARy mutations (C114R, C131Y, C162W, FS315X,
R357X, P467L, and V290M) act via a dominant negative mechanism [127, 132], and six (-14A>G, F388L,
E138fsAAATG, Y355X, R194W, and R425C) via haploinsufficiency [128-131, 133, 134].

Despite our knowledge thus far regarding the molecular basis of FPLD, ~50% of FPLD patients do not
possess mutations in either LMNA or PPARG genes (Hegele, unpublished observations), possibly due to (1)
presence of alternate mutation types not detected by DNA sequence analysis, such as copy number variations;
(2) genetic heterogeneity from new causative genes yet to be identified; and/or (3) presence of mutations in
unrecognized regions of LMNA or PPARG. Yet, despite these caveats, the search for determining other players
in the molecular basis of FPLD continues since this may have relevance to other traits such as MetS or PCOS.

5.5 Genetics of Mets and Genetic Lipodystrophies: Relation to PCOS

Since PCOS shares many clinical features with both the genetic lipodystrophies and MetS, candidate genes
from the latter two have been examined among patients with PCOS (Table 5.2). For a thorough discussion of all
genetic influences on PCOS and its component traits, the reader is referred to another book chapter. Here, we
focus solely on candidate genes in PCOS derived from genetic lipodystrophies or MetS.

Focusing on insulin resistance, candidate genes of ADIPOQ, RSTN, INS, INSR, and IRS1 have been examined
in PCOS. Several studies have not found a significant association between ADIPOQ polymorphisms (T45G and
G276T) and PCOS, despite the fact that adiponectin is inversely correlated with insulin sensitivity [135—-137].
Furthermore, the allelic and genotypic frequencies for the -420C— G RSTN polymorphism were not different
between PCOS-affected patients and controls [136]. Although there have been several studies examining the
relation between the INS VNTR genotype and PCOS, a recent examination of different datasets including a total
of more than 3000 individuals revealed no significant relation [138—140]. Meanwhile, conflicting results have
been demonstrated for the Gly972Arg polymorphism of IRS1 [141, 142] or the CAPNI0 genotypes in relation
to PCOS [143, 144].

Although conclusive evidence regarding the relationship between PPARG and MetS remains to be demon-
strated [81-83], mutations in PPARG are causative for FPLD [126-128]. Similar to MetS, conflicting results
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have been obtained for the relation of Prol2Ala PPARG polymorphism to metabolic parameters of PCOS [135,
145]. To date, no studies have evaluated the influence of LMNA, AGPAT2, or BSCL2 in relation to PCOS. Mean-
while, the influence of HSD111 variants on susceptibility for PCOS has not been demonstrated [146, 147], and
the N363S variant of the GR (glucocorticoid receptor gene) has not yet been correlated either with the PCOS
phenotype or with hyperandrogenemia among PCOS patients [148].

The cytokine genes TNF-« and IL6 have also been examined in PCOS. Several polymorphisms for TNF-«
[149, 150] have not been linked to PCOS while one study demonstrated no link between the -174G— C IL6 pro-
moter polymorphisms to PCOS itself, but rather an association to the clinical characteristics of increased body
mass index, elevated serum testosterone levels, and dysglycemia [151]. Conversely, studies of sex hormone-
related candidate genes have provided more conclusive results. No relation has been demonstrated between
the aromatase gene (CYP19) and the PCOS phenotype [152, 153]. Studies on the relation between ESR/ and
PCOS are awaited. Thus far, only one study among Greek women has demonstrated a significant association
between the (TAAAA), SHBG polymorphism and PCOS, although two studies have demonstrated that longer
(TAAAA), alleles are associated with lower SHBG levels, implying a possible genetic influence of SHBG [154,
155]. Therefore, determining the genetic basis of PCOS using candidate genes derived from an understanding
of MetS, CGL, or FPLD requires further study.

5.6 Conclusions

Since PCOS shares many clinical features with both genetic lipodystrophies and MetS, understanding the
genetic basis for the latter two clinical entities may shed light on the genetic basis of PCOS. Moreover, unlike
genetic lipodystrophies, both MetS and PCOS represent common complex genetic traits, and thus genetic dis-
cernment remains difficult. Importantly, due to the lack of consensus definitions, both clinical entities (MetS
and PCOS) are characterized by difficulties in accurate phenotype assignment. PCOS is further plagued by the
uncertainty regarding definition of a male phenotype. Consequently, phenotypic variability negatively influences
reproducibility of genetic associations. As well, differences in ethnicity or small sample sizes have contributed
to the conflicting results demonstrated in genetic association and linkage studies, thereby limiting the validity
and reproducibility of the genetic results obtained for both PCOS and MetS. Interestingly, examining PCOS
by linkage studies poses an additional problem of possible selection bias for families with milder variants of
PCOS since infertility (a key feature for PCOS) can limit the size of pedigrees that can be analyzed. Thus,
linkage studies for PCOS need to be interpreted with caution. Hopefully, newer information from HapMap and
genome-wide sets of markers as well as the use of more novel genetic interrogation strategies in MetS and
genetic lipodystrophies will eventually help clarify the genetic basis of PCOS.
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Chapter 6
The Genetics of Polycystic Ovary Syndrome

Brad Eilerman, Marzieh Salehi, and Yaron Tomer

6.1 Introduction

Polycystic ovary syndrome is one of the most common endocrine disorders in women, affecting up to 7% of
women of reproductive age. It is characterized by chronic anovulation, hyperandrogenemia, and often obesity
[1]. Key reproductive features of PCOS are disordered gonadotropin secretion [2], elevated ovarian and adrenal
androgen production [3], and frequently polycystic ovaries. Women with PCOS have profound insulin resistance
as well as beta cell dysfunction, regardless of obesity and glucose tolerance status [4].

While the etiology of PCOS is not fully understood, it is believed to result from an interplay between genetic
and epigenetic factors. Indeed, there is well-documented familial aggregation of PCOS that provides evidence
for a genetic susceptibility to the disorder [5]. Earlier studies have suggested an autosomal dominant [6] or X-
linked mode of inheritance [7]. However, these very early studies were underpowered failing to examine enough
first-degree relatives and lacking a clear phenotype definition, except in women of reproductive age. Studies on
monozygotic and dizygotic twin sisters from the Netherlands twin registry showed a heritability of 0.7 with a
correlation of 0.7 and 0.4 between monozygotic and dizygotic twins, respectively. These data strongly suggest
that PCOS has complex heritability with at least several major susceptibility genes [8].

Reproductive phenotype of hyperandrogenemia clusters in PCOS families [5, 7, 9]. About 50% of sisters
of women with PCOS are hyperandrogenic, half of which have normal menstrual cycles (hyperandrogenism
only) as opposed to the other half who have irregular menstrual cycles (classic PCOS) [5]. Likewise, one family
study in a different population demonstrated an increased serum androgen concentration in sisters and mothers
of women with PCOS [10]. Another large family study of male relatives of women with PCOS showed elevated
dehydroepiandrosterone sulfate (DHEAS) levels that correlated with DHEAS levels in their counterpart sisters,
suggesting a heritable defect in steroidogenesis [11]. Insulin resistance, the cardinal metabolic complication
of PCOS, is also more common in brothers of PCOS patients [12, 13] and in sisters of women with PCOS
[10, 14, 15].

In the last decade, more than 100 genes have been examined for association with PCOS, and yet no gene
or genes are universally accepted as the major contributor to the heritability of PCOS, albeit some genes/loci
have been reproduced in several studies. Most studies have utilized the candidate gene approach targeting loci
involved in different pathogenetic pathways, such as steroid hormone biosynthesis/action, gonadotropin syn-
thesis/action, insulin secretion/action, and obesity and energy regulation. Given that the pathogenesis of PCOS,
particularly the cause-and-effect relationship between insulin resistance and hyperandrogenemia, is not fully
understood, the candidate gene approach has the limitation of missing possible genes that can contribute to
PCOS by other mechanisms.

The role of androgen exposure early in life adds additional complexity to the heritability of PCOS. Androgen
excess or increased GNRH release can reproduce the reproductive phenotype of PCOS [16], and, therefore, in
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general hyperandrogenemia is considered the dominant phenotypic trait in PCOS [17]. Recognizing permanent
ovarian hyperandrogenism as well as elevated LH and increased responses to GnRH in some women who were
exposed to increased androgen production earlier in their life due to congenital adrenal hyperplasia suggested
that early exposure to androgen may have a long-term programing effect [18]. A recent experiment, using
animal models (female rhesus monkey), demonstrated that in utero testosterone exposure could replicate PCOS-
like syndrome, characterized by insulin secretion abnormality, hypersecretion of LH, and in obese animals,
hyperandrogenic anovulation [19]. It is possible that early excess of androgen can lead to permanent changes in
gene expression causing the long-term consequences of PCOS. Thus, epigenetic factors, such as early exposure
to androgens may play a significant role in the transmission of the PCOS trait.

6.2 Methods for Identifying PCOS Genes

The two basic methods for mapping complex disease genes, such as PCOS, are linkage and association studies.
Both of these methods can be applied to candidate genes or to the entire human genome.

6.2.1 Linkage and Association

Linkage: The principle of linkage analysis is based on the fact that if two genes or markers are close together
on a chromosome, they will co-segregate because the likelihood that a recombination will occur between them
during meiosis is low. Therefore, if a tested marker is close to a disease-susceptibility gene, its alleles will co-
segregate with the disease in families. The LOD (logarithm of odds) score is the measure of the likelihood of
linkage between a disease and a genetic marker [20]. The LOD score is the base-10 logarithm of the odds ratio
in favor of linkage. The classical linkage tests are model based (parametric), i.e., different modes of inheritance
and penetrance have to be tested when calculating the likelihood of linkage [21]. In complex diseases, the mode
of inheritance is often unknown and, therefore, model-independent methods (non-parametric) have also been
widely used [22]. One such method is sib-pair analysis [22]. In this method, siblings that are both affected by
the disease being studied are tested for sharing of alleles at a marker locus. By random chance alone, the sibs
would be expected to share one allele about 50% of the time and two alleles 25% of the time. If affected sib-
pairs share a significantly higher than expected proportion of alleles at the marker locus, this suggests that the
region containing the marker locus also contains the disease gene. According to well-accepted guidelines, in
complex diseases, a LOD score of >1.9 is suggestive of linkage, and a LOD score of >3.3 indicates significant
linkage in studies using the parametric approach. For non-parametric sib-pair studies the cutoff LOD scores are
higher [23]. Linkage is confirmed if evidence for linkage is replicated in two or more separate datasets [23].
Conversely, a LOD score lower than —2.0 has been used to exclude linkage.

Association: Linkage studies are excellent for screening the whole genome for major genes/loci. However,
they have limited resolution (~ 2-3 million base pairs [Mbp]) [24]. Association studies are more sensitive than
linkage studies and may detect minor susceptibility genes contributing < 5% of the total genetic contribution to
a disease [25]. Association analyses are performed by comparing the frequency of the allele studied (e.g., HLA-
DR3) in unrelated patients and in unrelated, ethnically matched controls. If the allele tested is associated with
the disease, it will appear significantly more frequently in patients than in controls. The probability of having the
disease in an individual positive for the allele compared with an individual negative for the allele is estimated
by the odds ratio (OR) [26]. There are at least two possible explanations for the existence of an association
between an allele and a disease: (1) the associated allele itself is the genetic variant causing an increased risk for
the disease; (2) the associated allele itself is not causing the disease but rather a gene in linkage disequilibrium
with it [27]. Linkage disequilibrium exists when chromosomes with the mutant allele at the disease locus carry
certain marker alleles more often than expected (see below).

The population-based association method may produce spurious associations if the patients and controls
are not accurately matched (“population stratification”) [28]. Therefore, additional association tests have been
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developed which are family based and use an internal control group from within each family, thus avoiding the
necessity to match patients and controls altogether. The most widely used family-based associa