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Preface

Polycystic ovary syndrome (PCOS) is a major health problem with a heterogeneous
hormone-imbalance disorder that occurs in approximately 4~18% of reproductive-
aged women worldwide, which is characterized by hyperandrogenism, ovulatory
process dysfunction, and polycystic ovaries.

PCOS is affected by various factors and there are no unique diagnostic criteria

in different regions, due to the heterogeneity of clinical manifestations and
endocrine system changes of PCOS. Therefore, it is often difficult to accurately
diagnose women with PCOS, as the signs and symptoms of PCOS can vary among
individuals. Although PCOS is usually diagnosed during the early reproductive
years, the precise pathogenesis of PCOS remains unclear. An increasing number
of studies have demonstrated that the insulin signaling pathway has an important
role in the pathophysiology of PCOS, including phosphatidylinositol 3-kinase

and protein kinase B signaling, which is critically implicated in insulin resistance,
androgen secretion, obesity, and follicular development. PCOS manifests as
defective ovarian steroid biosynthesis and hyperandrogenemia, and 50~70% of
women with PCOS exhibit insulin resistance and are hyperinsulinemic, indicating
that insulin resistance and hyperinsulinism may have an important role in the
pathophysiology of PCOS.

This book intends to provide the reader with a comprehensive overview of the latest
PCOS research and to benefit the population of women with PCOS. At last, it is my
hope that this book is meaningful to the clinicians who care for women with PCOS
and to the researchers who investigate the complexities of this disorder.

Dr. Zhengchao Wang

Provincial Key Laboratory for Developmental Biology and Neurosciences,
College of Life Sciences,

Fujian Normal University,

Fuzhou, China
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Chapter1

Clinical Features of PCOS

Bassim Alsadi

Abstract

Polycystic ovary syndrome (PCOS) is a widespread pathology that affects
multiple aspects of the general health of women, with long-term effects that go
well beyond the reproductive age. The considerable variability of the clinical pre-
sentation, together with the lack of universally accepted diagnostic criteria, has so
far contributed to making it difficult to identify a clear etiology of the disease. The
exact etiology of PCOS is still not perfectly clear to date. It is therefore a multifac-
torial etiology, sharing of genetic and environmental factors. The contribution of
genetics to the pathogenesis of PCOS is not due to a single gene but inheritance of
gene clusters. The term “polycystic ovary syndrome” does not completely reflect
the complexity of this syndrome which manifests a wide spectrum of clinical
manifestations and comorbidity and important metabolic implications. PCOS
patients showed an increase risk of developing type 2 diabetes mellitus, dyslipi-
daemia, endometrial cancer and cardiovascular diseases. The clinical aspects of
PCOS are hyperandrogenism, oligomenorrhoea and ultrasound morphology of the
ovary. The identification of the different manifestations of PCOS in the various
phases of life, can, of course, help to organize individual therapeutic strategies
and likely to prevent long-term metabolic consequences. The therapeutic choices
will be based on the type and extent of the disorders and if there is a desire for
pregnancy.

Keywords: polycystic ovary syndrome, hyperandrogenism, ultrasound, insulin,
insulin resistance, metformin, hyperinsulinaemia, inositol, infertility,
menstrual irregularities, anovulation, obesity

1. Introduction

Polycystic ovary syndrome (PCOS) was first observed by Stein and Leventhal
who in 1935 described seven women with amenorrhoea, hirsutism and increased
volume of the ovaries characterized by the presence of numerous cysts [1]. The
exact etiology of PCOS is still not perfectly clear to date. It is therefore a multifacto-
rial etiology, sharing of genetic and environmental factors [2]. The contribution
of genetics to the pathogenesis of PCOS is not due to a single gene but inheritance
of gene clusters [3]. The metabolic dysfunction in PCOS patients mainly reflects
molecular dysfunction of insulin signaling pathway, mainly at the level of the skel-
etal muscle and of the adipose tissue. These defects seem to be partly intrinsic and
partly acquired because of hormonal and metabolic situation. Androgens, bioactive
mediators (adipokines) and other pro-inflammatory molecules contribute to the
altered action of insulin on peripheral tissues.

Insulin acts as a regulator of glucose balance by stimulating the uptake of glucose
from insulin-sensitive tissues, such as adipose tissue and skeletal and cardiac
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muscle, and suppressing hepatic glucose production. Insulin is also able to suppress
lipolysis leading to a decrease in free fatty acid levels (FFAs), which can mediate the
action of insulin on the hepatic production of glucose. Insulin resistance is defined
as a decreased ability of insulin to carry out these metabolic actions inherent in the
uptake of glucose, the production of glucose and lipolysis, which then leads to the
need for more circulating insulin to maintain the same effects. Thus insulin resis-
tance is characterized by increased circulating levels of insulin, both basal and after
loading glucose, if pancreatic function is normal [4].

2. Clinical aspects of PCOS

A biochemical and clinical hyperandrogenism of ovarian origin and to a
lesser extent adrenal is evident in about 60-80% of PCOS patients, resulting
in one of the main features of the syndrome [5]. Ovarian hyperandrogenism is
mainly due to a defect in the intrinsic steroid synthesis in ovarian thecal cells.
Extra-ovarian factors, such as high levels of LH and insulin and low levels of
FSH, and intraovarian factors, such as anti-Miillerian hormone (AMH) and
inhibin, may enhance the hyperandrogenism state. Also high levels of andro-
gens are recognized as one of the possible causes of PCOS insulin resistance.
An excess of androgens during intrauterine life and in the immediate post-
natal period may lead to accentuate visceral adiposity and insulin resistance.
Medications with anti-androgenic activity may improve insulin resistance.
Androgens by acting directly on the insulin signaling system may contribute to
the peripheral insulin resistance in patients with PCOS. Insulin resistance and
compensatory hyperinsulinaemia are involved in all three main clinical aspects
of the syndrome: hyperandrogenaemia, ovarian dysfunction and metabolic
alterations [6].

The increased pulsatility of the LH leads to increased circulating LH levels that
stimulate the ovarian cortex synthesis of androgens. Increased levels of LH are
partly due to an altered negative feedback exerted by androgens on the hypotha-
lamic—pituitary axis [8]. Insulin, in synergy with LH, will enhance the stimula-
tion of androgen production by theca cells of the ovary and to a lesser extent the
adrenal cortex. Insulin is also involved in the ovarian dysfunction by increasing
the expression of LH receptors on the granulosa cells [9]. The first therapeutic
approach in obese patients with PCOS is to achieve weight loss. In addition to an
improvement of metabolic comorbidities associated with obesity, weight loss
reduces hyperinsulinaemia with a consequent increase of insulin sensitivity,
decreased LH and androgen levels and improvement of both menstrual cycle and
fertility [10].

Patients with PCOS have an altered metabolism of inositol, and there is a con-
nection between insulin resistance and inositol deficiency [11]. In women with
PCOS, at the level of muscle tissue, the conversion of myo-Inositol into D-chiro-
inositol is reduced due to a reduction in epimerasic activity. Furthermore, these
patients show reduced serum D-chiro-inositol levels and an increase in urinary
excretion of inositol phosphoglycan, which is inversely related to insulin sensi-
tivity, supporting the hypothesis according to which women with PCOS present
a serious alteration of the metabolism of inositols, characterized by an excess of
myo-inositol and a deficiency of D-chiro-inositol and a decrease in epimerasic
activity. This hypothesis has led to focus the attention on the importance of
myo-inositol and D-chiro-inositol supplementation to restore normal ovarian
function [12].
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3. PCOS and metabolic syndrome

The identification of the different manifestations of PCOS in the various phases
of the life, can, of course, help to organize individual therapeutic strategies and
likely to prevent long-term metabolic consequences. Women with PCOS may have
different degrees of insulin resistance (IR) that contribute to the increased risk of
metabolic syndrome. The latter, defined in the past as “syndrome X” or “insulin
resistance syndrome” or “plurimetabolic syndrome”, is described by the association
of various metabolic disorders, each of which is a known cardiovascular risk factor.

The definition of metabolic syndrome according to the National Cholesterol
Education Expert Panel (NCEP) on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults (Adult Treatment Panel III—ATPIII) provides for the
presence of three or more disorders between:

1. Central obesity (waist circumference >88 cm).

2.Impaired glucose levels (fasting blood sugar >110 or >140 mg/dl after 2 hours
after oral glucose test (OGTT)).

3. Arterial hypertension (PA > 130/85).

4.Hypertriglyceridaemia (>150 mg/dl).

5.Reduced HDL cholesterol (<50 mg/dl).

These criteria are most frequently used in scientific research [13].

The presence of obesity in women with PCOS results in the worsening of the
clinical presentation, both from a metabolic and reproductive point of view [14].

Obese women with PCOS present:

1.Increased prevalence of impaired fasting glucose (IFG) and type 2 diabetes
mellitus.

2. Higher prevalence of hirsutism (73% of obese vs. 56% of non-obese) [15].

3. Worst lipid profile.

4. Increased risk of metabolic syndrome and, therefore, cardiovascular diseases [16].
5.Higher prevalence of oligomenorrhoea, amenorrhoea and infertility [17].

6. Lower rate of ovulation and conception in response to clomiphene citrate. and
to exogenous gonadotrophins, with need for higher doses.

7.Lower percentage of pregnancies in assisted reproduction techniques (IVF,
ICSI) and increased frequency of spontaneous abortions [18].

It should be noted that a greater predisposition to the metabolic syndrome
has been described throughout the body mass index (BMI) range, indicating that
PCOS, independently of obesity, can confer an increased risk of developing this
complication, due to the intrinsic insulin resistance that characterizes it. Women
with PCOS and a combination of metabolic syndrome would exhibit greater insulin
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resistance, higher levels of free testosterone, lower levels of SHBG and, phenotypi-
cally, greater frequency of acanthosis nigricans [16]. The prevalence of metabolic
syndrome, however, would be higher in patients with high BMI than in those with
normal BMI.

4. Pathophysiology

The considerable variability of the clinical presentation, together with the lack
of universally accepted diagnostic criteria, has so far contributed to making it dif-
ficult to identify a clear etiology of the disease.

The three main endocrine changes of PCOS are:

1. Hyperandrogenism.
2.LH hypersecretion.
3.Hyperinsulinism.

The mechanisms by which these factors interact with each other in PCOS are
extremely complex and not yet completely clarified [17].

The rapid onset of hyperandrogenism may be caused by steroid-secreting
ovarian or adrenal tumors that must be ruled out in the differential diagnosis. On
the contrary, the slow and progressive appearance of hyperandrogenism is often
associated with medical history for a gradual increase in weight over time [19].

Several mechanisms that could determine Insulin resistance (IR) are:

* Excessive serine phosphorylation of the insulin receptor subunit.

* Mutations of the insulin receptor gene or IRS-1 (substrate of the insulin recep-
tor, phosphorylated by its tyrosine kinase activity, Tyr-K).

* Depletion of intracellular adenosine.
* Post-receptor defect of glucose transport.
* Impaired insulin clearance in peripheral tissues.

Obesity amplifies insulin resistance and hyperinsulin state in PCOS patients,
and that, therefore, obese patients are more insulin-resistant and more hyper-
insulinaemic of the normal-weight counterpart. Despite the peripheral insulin
resistance, ovarian tissue remains sensitive to action of insulin, probably because at
this level, the transduction system involves a different second messenger, inositol
phosphoglycan.

So, insulin can act directly on the cells of the ovary, activating cytochrome
P450c17 and enhancing the synthesis of androgen induced by LH. The increased
proactive androgenic action of insulin also manifests itself indirectly, by suppress-
ing the hepatic synthesis of sex hormone-binding globulin (SHBG) and insulin-
like grow factor-binding protein 1 (IGFBP-1), with consequent increase in the
bioavailability of free testosterone of IGF-I. The latter would act by stimulating the
secretion of progesterone and oestradiol and increasing the aromatase activity and
production of androgens, respectively, in granulosa and thecal cells (Figure1).
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Figure 1.
Insulin actions and androgen production [7].

Insulin acts by modifying the pulsatile secretion of GnRh increasing the sensi-
tivity of gonadotropic cells to GnRh.

An important role to the genesis of insulin resistance has been attributed to
free fatty acids (FFA) [20]. The visceral adipocytes of women with PCOS have
increased the lipolytic activity of abdominal fat with subsequent marked lipolytic
activity that enhances the massive release of FFA in the portal blood. FFAs once
they reach the liver trigger an inflammatory parenchymal state, induce a reduction
in androgen clearance and inhibition of SHBG synthesis, but above all inhibit the
hepatic extraction of circulating insulin. In this way FFA contribute to peripheral
hyperinsulinaemia. FFA also compete with glucose as the energy substrate of
skeletal muscles [21], and with this modality, they would contribute to the genesis
of insulin resistance.

A contribution to hyperinsulinaemia also comes from a secretory pancreatic
defect, found in some patients with PCOS even in the absence of glucose intoler-
ance or a frank type 2 diabetes [22]. In particular, an exaggerated pancreatic
secretion was demonstrated in the first phase of the response to a hypoglycaemic
stimulus administered in order to test pancreatic secretory capacity. This anomaly
is present in lean PCOS as well as in obese PCOS resulting in a defect independent
of other confounding factors such as BMI, adipose tissue distribution, peripheral
sensitivity to insulin or a family history of noninsulin-dependent diabetes mel-
litus (NIDDM).

From the neuroendocrine point of view, PCOS represents distinctive feature of
the inappropriate secretion of gonadotrophins. There are numerous studies that
demonstrate the existence of an alteration of the hypothalamic-pituitary-ovary axis
which is expressed on the hormonal level in:

* Anincrease in the secretion of LH: in particular, an increase in the amplitude
and frequency of the LH observed in basal conditions [23].

* The relative suppression of FSH suggests that partial pituitary desensitization
is secondary to the increased frequency of GnRH secretion [23].

An alteration of the circadian rhythm of LH is also observed with persistence
of nocturnal hyperactivity typical of adolescence. This suggests the existence of a
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marked hypersensitivity of the LH-secreting pituitary cells to the action of GnRH
[24]. Another hypothesis suggests the presence of a partial loss of feedback control
mechanisms on the hypothalamus that lead to a greater autonomy of the GnRH
pulsatility generating centre [25]. All this will contribute to irregularity in the
hormonal pattern of LH. LH is in turn responsible for the hyperplasia of the theca
cells of the ovary which represents the anatomopathological substrate that supports
hyperandrogenism.

Parallel to the hyperactivity of the LH-theca ovarian axis, there is a hypo-func-
tionality of the FSH-ovarian granulosa axis: in fact here is a constantly uniform FSH
concentration, settled at values approximately 30% lower than the reference values
[26]. The relative decrease of FSH levels my enhance a defective folliculogenesis
that lead to maturation of follicles at the antral phase. Another factor influencing
anovulation is the hyperandrogenic state and in particular the high concentration of
androgens in the follicular microenvironment (Figure 2).

Two other important mechanisms of action of insulin are responsible for
hyperandrogenaemia:

1. The inhibition of the hepatic synthesis of SHBG (sex hormone-binding globu-
lin), which determines a greater bioavailability of free oestrogens and andro-
gens [27].

2.The inhibition of hepatic production of IGFBP-1 (insulin-like growth factor-
binding protein-1) which increases the circulating levels of IGF-1 and its activ-
ity [28, 29]. Among the various actions, IGF-1 also appears to stimulate the
activity of the enzyme 5a-reductase, responsible for converting testosterone
into dihydrotestosterone, its active metabolite.

The concentration of insulin-like growth factor-binding protein-1 (IGFBP-1) is
directly correlated to the degree of obesity, in fact overweight reduces its concentra-
tions even in non-PCOS women. As a result, obesity also plays an essential role in
the pathogenesis of hyperandrogenism in PCOS, as BMI is the main determinant of
IGFBP-1 Levels [29].

There is evidence that a vitamin D deficiency could be involved in the genesis
of insulin resistance and metabolic syndrome in PCOS and would also play a role in
determining the hormonal status of PCOS patients [30, 31].

AR i

-
Bl o i

Figure 2.
Insulin action on the theca cell steroidogenesis [7].
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5. Clinical evaluation: Diagnostic criteria for PCOS in adult women

The prevalence of PCOS varies according to the diagnostic criteria used which
usually include extension of hirsutism, level of circulating androgens, degree of
irregularity of the menstruation and ultrasound morphology of the ovary.

Patients suffering from PCOS most frequently complain of:

1.Menstrual irregularities: usually associated with anovulation which is the cause
of oligomenorrhoea (less than nine menstrual cycles per year; cycles of average
duration exceeding 36-40 days). Anovulation in 30% of cases is accompanied
by secondary amenorrhoea (no menstrual periods for three or more consecu-
tive months) which occurs after a period of variable oligomenorrhoea.

2.Hyperandrogenism. The most characteristic clinical presentations are hirsut-
ism and acne. Total testosterone is the best to reflect the androgenic status as
the free testosterone level may not be very accurate. Total testosterone can be
measured on any day of the menstrual cycle [32]. Other laboratory investiga-
tions that can be made are:

¢ Free androgen index (FAI) is the ratio between total testosterone and SHBG.

* Androstenedione is the direct precursor of testosterone, produced by the
ovaries, adrenals and peripheral tissues. In women with PCOS, androstene-
dione levels can be increased even when the total testosterone is normal [33].

* DHEA-S is almost exclusively of adrenal origin and is increased in
about 20-30% of PCOS patients. Hyperandrogenaemia, therefore,
is predominantly of ovarian origin and supported by the increased
activity of the P450c17 enzyme complex in thecal cells, which has two
activities, 17a-hydroxylase, which converts progesterone to 17-OH-P,
and 17-20 lyase, which transforms the latter into androstenedione
(Figure 2). Androstenedione will then be converted into testosterone
by 17-hydroxysteroid dehydrogenase. In particular, the activity of
17a-hydroxylase is increased. Furthermore, it appears to be an adrenal
contribution to hyperandrogenaemia, again due to the excessive activation
of the same microsomal enzyme P450c17, predominantly in the activity of
17-20 lyase, although a hyper-responsiveness to ACTH is not to be excluded.
Insulin is able to directly stimulate the enzymatic activity of P450c17,
both at the adrenal and ovarian level [34]. A recent study has shown that
androstenedione and total testosterone level helps to better assess the risk of
developing metabolic syndrome in women with PCOS [33].

Figure 3.
Ultrasound imaging of polycystic ovaries [35].
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3. Polycystic ovary morphology: according to the Rotterdam criteria, the ovaries
are defined as “polycystic” at least 1 ovary showing 12 or more follicles with
average diameter 2-9 mm, regardless of their disposition, and/or a total ovar-
ian volume >10 mI’, examined with a transvaginal probe, and the evaluation
must be carried out both in longitudinal and transverse scanning plane. It is
sufficient that only one ovary has these characters, if evaluated in the follicular
phase and in the absence of any hormonal treatment. Peripheral distribution
of the follicles and hypertrophy of the ovarian stroma may be present but are
not necessary for diagnosis (Figure 3).

6. Therapeutic approach

Therapeutic choices will be based on the type and extent of the disorders and if
there is a desire for pregnancy.
The goals of the therapeutic action are:

* Improvement in menstrual cycles
* Reduce circulating androgens and signs of hyperandrogenism

* Reduce insulin resistance and prevent metabolic complications and decrease
cardiovascular risk

* Try to achieve the ideal weight

* Treatment of infertility and improving the response to ovulation induction
therapies

* Endometrial protection to prevent endometrial carcinoma

The therapeutic options available for PCOS are represented by lifestyle changes
and the use of oral contraceptives, androgen receptor antagonists and insulin-
sensitizing drugs such as metformin and inositol-based supplements.

The first therapeutic approach in women with PCOS must be represented by
lifestyle changes, by nutrition and in the presence of obesity or overweight by
weight loss. In addition to an improvement in the metabolic comorbidities associ-
ated with obesity, weight loss reduces hyperinsulinaemia and increases insulin
sensitivity, leading also to a decrease in LH and androgen levels.

Palomba et al. demonstrated in two cohorts of patients followed for 24 weeks,
one of which was subjected to a regular exercise programme while the other
to hypocaloric hyperproteic diet, in both cases there was a decrease in insulin
resistance and improvement in menstrual cycles, fertility, SHBG and androgen
levels [36].

Improvements of ovulation were found after weight loss in the PCOS obese patient
as weight reduction could play the most significant role in restoring ovulation [37].

6.1 The use of combined oral contraceptive (COC) pill
This treatment produces regular menstrual cycles, decreases the risk of
endometrial hyperplasia and improves acne and hirsutism. The treatment with

COC pill represents therefore the therapy of first choice for the treatment of
hyperandrogenism.

10
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COC treatment increases the hepatic synthesis of SHBG, reducing the propor-
tion of free and therefore metabolically active testosterone. Among the progesto-
gens that can be used in various associations, those with anti-androgenic activity
are preferred, such as cyproterone acetate (which acts by preventing the binding of
androgens to their cellular receptors) and drospirenone (which is a progestin with
an anti-androgenic and anti-mineralocorticoid action).

6.2 Insulin-sensitizing treatment

The rationale of the use of insulin sensitizers in PCOS derives from the fact
that 45-65% of PCOS patients have insulin resistance and compensatory hyper-
insulinaemia [38] which alter the steroidogenesis of the ovary and follicular
maturation [39].

The classic insulin-sensitizing treatment is metformin, a biguanide traditionally
used in the treatment of people with type 2 diabetes. Metformin acts by increasing
the uptake and utilization of glucose at the level of skeletal muscle and adipose tis-
sue by reducing the insulin resistance and decreasing hepatic gluconeogenesis; it is
also able to reduce intestinal glucose absorption and lipolysis, causing the reduction
of substrates for gluconeogenesis.

Metformin has a significant effect on the reduction in circulating androgen
levels, weight loss and regularization of menstrual cycles and ovulatory cycles [40].

Metformin action on androgens and the mechanisms by which metformin acts
on hyperandrogenaemia are:

* Reduced production of androgens in the ovaries [41] and adrenals [42].
* Reduced pituitary secretion of LH [43].
* Increased SHBG liver production [44].

6.3 Inositol

It exerts an important control over glucose homeostasis, and when incorporated
into phosphoglycans, it functions as an intracellular mediator of the action of
insulin.

Inositol improves insulin sensitivity and ovulation rate, decreasing the testoster-
one concentration, blood pressure and plasma triglyceride concentrations [45].

The insulin-sensitizing action of inositol is the myo-inositol and the D-chiro-
inositol. The conversion of myo-inositol into D-chiro-inositol by the epimerase is
dependent on insulin, so the liver and muscle (the insulin-sensitive tissues) are
those in which the greatest conversion occurs. They are both chemical mediators
of insulin. The activation of phospholipids containing myo-inositol by insulin
causes an increase in the permeability of the cell membrane to glucose with con-
sequent increase in its internalization and availability for use. D-chiro-inositol, on
the other hand, may allow the intracellular accumulation of glucose in the form
of glycogen. The result of the action of both is however the increase in insulin
sensitivity with consequent reduction in the circulating levels of insulin [46].

7. Conclusion

PCOS is a widespread pathology that affects multiple aspects of the general
health of women, with long-term effects that go well beyond the reproductive age.

11
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The term “polycystic ovary syndrome” does not completely reflect the complex-
ity of this syndrome which manifests a wide spectrum of clinical manifestations
and comorbidity and important metabolic implications. PCOS patients showed an
increase risk of developing type 2 diabetes mellitus, dyslipidaemia, endometrial
cancer and cardiovascular diseases.

The main features of PCOS are hyperandrogenism, oligomenorrhoea and
ultrasound morphology of the ovary.

PCOS is also associated with reduced fibrinolytic activity due to increased levels
of inhibitor of the plasminogen activator (PAI-I), independently of body mass
index, as it is also found in thin women suffering from this syndrome and appears
to correlate with the risk of abortion [47].

Atypical endometrial hyperplasia, whose incidence is increased, seems to be due
both to chronic exposure to high levels of oestrogens, not balanced by an adequate
amount of progesterone (due to chronic anovulation).

Patients with PCOS also have reproductive alterations, evidence of insulin resis-
tance, anxiety and depression. If pregnant, these women have a significant increase
in the risk of developing gestational complications like miscarriage, gestational
diabetes, pre-eclampsia and preterm birth [48].

The mechanisms that could determine insulin resistance (IR) areexcessive serine
phosphorylation of the insulin receptor subunit, mutations of the insulin receptor
gene, depletion of intracellular adenosine, post-receptor defect of glucose transport
and impaired insulin clearance in the peripheral tissues.

The PCOS Consensus Workshop Group in Rotterdam in which the diagnostic
criteria were reviewed, allowing a broader spectrum of PCOS phenotypes to be
included in the diagnosis defining PCOS as the presence of at least two of the fol-
lowing criteria after excluding other causes of hyperandrogenism [49], is as follows:

* Oligo-anovulation

* Hyperandrogenism with clinical or biochemical signs

* Polycystic ovary appearance on ultrasound examination

The therapeutic choices will be based on the type and extent of the disorders and
if there is a desire for pregnancy.

The goals of the therapeutic action are to reduce circulating androgens and signs
of hyperandrogenism, reduce insulin resistance and prevent metabolic complica-
tions and decrease cardiovascular risk.
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Chapter2

Clinical Impact of Insulin
Resistance in Women with
Polycystic Ovary Syndrome

Maria Mitkova Orbetzova

Abstract

Polycystic ovary syndrome (PCOS) is an endocrine-metabolic disorder charac-
terized by multiple hormonal imbalances, reflecting on the clinical presentation.
Among them, the insulin resistance (IR), defined as a metabolic state characterized
by a decrease in cellular ability to respond to insulin signaling, is a key feature of
PCOS independently of obesity. Thus, IR occurs in more than 70% of obese PCOS
women and in 30-50% of lean ones. Compensatory high insulin levels are both a
symptom and an underlying physiopathological driver of PCOS. Insulin appears
to disrupt all components of the hypothalamic-pituitary-ovarian axis, and ovarian
tissue IR results in impaired metabolic signaling but intact mitogenic and steroido-
genic activity, favoring hyperandrogenemia. The latter is the main culprit of the
clinical picture in PCOS. Testing for IR can be helpful to rule out other conditions
that are commonly misdiagnosed as PCOS and to recommend an appropriate treat-
ment for the different PCOS phenotypes.

Keywords: polycystic ovary syndrome, insulin resistance, obesity, adipose tissue,
adipocytokines

1. Introduction

Polycystic ovary syndrome (PCOS) is emerging as one of the most common
endocrine disorders, affecting about 5-14% of the women of reproductive age and
a leading cause of infertility [1-3]. In recent decades, there has been a wealth of
evidence that the disease is a typical example of a female sex specific metabolic syn-
drome (MetS) due to IR, with obesity having an additional aggravating effect [4-6].
The interest in PCOS, from its first description in 1935 by Stein and Leventhal as
a combination of bilaterally enlarged polycystic ovaries with manifest hirsutism,
obesity, amenorrhea/oligomenorrhea, and infertility in a group of women [7], is an
ever increasing one, becoming interdisciplinary, as affected girls and young women
are at increased risk of cardiovascular disease (CVD) compared to age-matched
healthy women [8-10]. This opinion is based mainly on the metabolic disorders
established in PCOS (Table1).

PCOS is a complex disorder that results from the interaction of diverse genetic
and environmental factors. Heritable factors include polycystic ovarian morphol-
ogy due to functional ovarian steroidogenic defects, hyperandrogenemia, IR, and
insulin secretory defects. Acquired obesity is a major postnatal unfavorable factor
[11] (Figure1).
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Overweight/obesity (android type)

Insulin resistance/hyperinsulinemia

Impaired fasting glucose (IFG)/impaired glucose tolerance (IGT)/
Diabetes mellitus (DM) type 2

Gestational diabetes mellitus

Dyslipidemia (JHDL-cholesterol; 1 triglycerides)

Arterial hypertension/Arterial hypertension during pregnancy

Hypercoagulation

Hyperuricemia

Table 1.
Metabolic disorders in PCOS.
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Figure 1.
Mechanisms by which obesity may determine the obese PCOS phenotype (adapted according to [11]).

The major atherogenic risk factor is IR, since excluding all other pathological
abnormalities, weight included, the hyperinsulinemic women with PCOS have a
5-fold higher incidence of CVD risk factors than the normoinsulinaemic ones. But
the latter, in turn, remain at a significantly higher CVD risk than their age-and BMI-
matched healthy controls [12]. This fact supports the main impact of the disease
itself. The role of hyperandrogenemia as an independent determinant of CVD risk
in PCOS is controversial—there are studies supporting [13] and rejecting [14] the
direct link; moreover, elevated androgen levels are interpreted by most authors as
being secondary to an underlying IR [15-17].

Not only does the presence of hyperandrogenemia and IR/compensatory hyper-
insulinemia in PCOS elucidate such important pathogenetic mechanisms of the
disease, but some clinical observations show that, in fact, the late metabolic com-
plications are more deleterious than the reproductive dysfunction itself. Moreover,
recent data from a long-term prospective study indicate that hyperinsulinemia
and IR tend to deepen spontaneously in PCOS women, even without worsening
of the hyperandrogenism [18]. PCOS is a markedly heterogeneous disease that is
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why the results of numerous studies on CVD risk assessment in the PCOS women
are controversial. This is due to some differences in research trial designs and the
characteristics of PCOS women cohorts in terms of weight and anthropometric
variables, presence or absence of IR, and other metabolic disorders [19].

2. Carbohydrate disturbances and insulin resistance in PCOS

Glucose tolerance in women with PCOS was systematically investigated for
the first time by Dunaif et al. in 1987 [20]. A number of studies involving large
populations of PCOS women reported incidence of carbohydrate disturbances higher
than 40% (30-35%: IGT and 8-12%: overt DM type 2) [20, 21], which is consider-
ably higher than the one observed in population studies of age-matched women.
Overweight is a prerequisite for the development of carbohydrate disturbances,
but Legro et al. [22] demonstrated that even lean PCOS women were exposed to a
higher risk—31.1% had IGT and 7.5% were newly diagnosed with DM. In an Italian
study, the incidence of carbohydrate disturbances was found to be lower—DM 2.5%
and IGT 15.5% [23]. The Australian study of Dabadghao et al. reported incidence
of overt DM 4% and IGT 15.6%, the latter correlating with age, family history,
abdominal obesity, and the presence of MetS [24].

In general, the incidence of a newly diagnosed DM in targeted studies in PCOS
women reaches 10%, the greater part of the affected women being in the third or
fourth decade of life. Even the lower DM incidence in certain populations of PCOS
women has proved to be significantly higher, as compared to the age-matched
populations. For instance, in a study conducted at the University of Pittsburgh, DM
type 2 was observed in 12.6% of PCOS women of an average age 42 years, against
1.4% observed in the corresponding healthy population [25]. In the Netherlands,
DM was found in 2.3% of the normal-weight PCOS women, aged 45-54, but this
incidence was four times higher, as compared to the control population [26]. Two
studies of ours in Bulgaria [27, 28] found DM incidence of 1.4% in a group of 142
PCOS women and 1.1% in another group of 94 patients, which is a comparatively
low figure. However, we must take into consideration that DM in PCOS women is
manifested relatively later, at an age between 30 and 40, and the predominant part
of our patients were of a younger age (average age 22 years). That is why special
attention should be paid to the risk groups—the women with IFG and IGT (in our
studies they were 4.9 and 7.4%, respectively) and especially those who are over-
weight or obese as well (5.8 and 6.4%, respectively) [27, 28].

The PCOS women are more predisposed to development of gestational DM as
well [29]. On the other hand, women with gestational DM have a higher incidence
of PCOS, diagnosed postpartum [30, 31], and this is associated with persistent car-
bohydrate disturbances occurring afterward [32], in contrast to the usual returning
to the norm. A study involving diabetic PCOS women found that 55% of them had
gestational DM during pregnancy [33].

Following the initial evidence of Burghen et al. concerning the presence of
hyperinsulinemia in PCOS [34], many other investigators obtained similar results
demonstrating that both lean and obese PCOS women are characterized by IR
and hyperinsulinemia [35, 36]. It has been proved that PCOS women have a more
marked IR as compared to age- and BMI-matched healthy women, the difference
becoming greater with the increase in BMI [33-37]. The use of insulin sensitiz-
ers significantly improved the characteristic metabolic and endocrine features of
PCOS, ovulatory function, menstrual cyclicity, and fertility [19, 38—41].

It is generally accepted that obese PCOS women are insulin-resistant. The obese
PCOS women have higher insulin levels and/or more marked IR, as compared to
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obese controls and normal-weight PCOS women [42]. Still debatable is the issue
whether IR in PCOS depends on weight and/or the android redistribution of
adipose tissue, or it is intrinsic to the disease, since there is evidence in both direc-
tions [35, 43-46]. Studies differing in design have obtained similar results, showing
that both obese and lean PCOS women have IR and hyperinsulinemia. Some of
these differences are due mainly to nonstandardized criteria for diagnosing both
PCOS and IR. Family history of DM type 2 is not always taken into account. In
addition, there are certain racial and ethnic peculiarities, which become more and
more distinct regarding not only the individual characteristics of PCOS, but also the
insulin sensitivity and the MetS itself [47-49].

It is important to know that irrespective of the occurrence of multiple risk
factors, DM develops only in the presence of impaired p-cell function. In addition to
the reduced insulin sensitivity, secretory dysfunction in pancreatic p-cells has been
found in PCOS [50, 51]. This p-cell defect—increased fasting and reduced post-
prandial insulin secretion—results in inability of the available insulin to compen-
sate for the degree of resistance to its action. The reduced postprandial response to
insulin in PCOS women resembles the defect typical of DM type 2 and is much more
marked in those who have first-degree relatives with DM type 2. Weight reduction
results in significant improvement in IR, but the p-cell defect persists [38], which
presupposes that it may prove to be a primary abnormality in PCOS. This is sup-
ported by the fact that the p-cell is unable to compensate for the peripheral IR that
occurs early in the course of PCOS. Thus, a reduced first phase of insulin secretion
has been established in adolescent girls with PCOS, as well as reduced index of
glucose disposal and increased liver glucose production [52].

As it was stated above, the PCOS women have an increased basal insulin secretion,
although the insulin secretory response to glucose loading as a whole is inadequate,
as compared to that of healthy women [43, 53]. On tissue level, IR develops in the
liver, adipose tissue, and muscles of PCOS women. Hyperinsulinemia in PCOS is
considered to be secondary to IR. The latter involves a new mechanism of marked
defects in insulin-dependent glucose transport, with significant alterations in
receptor dynamics [54]. Marked reduction in insulin sensitivity has been found in
biopsy-obtained adipocytes of PCOS women, as well as a milder but also significant
decrease in the maximum rate of insulin-stimulated glucose transport, secondary
to the reduced expression of GLUT-4 glucose transporters [55]. Such defects are
observed in DM type 2 and obesity, but in PCOS they are found even in the absence
of carbohydrate disturbances, overweight, and alteration in the waist-to-hip ratio
(WHR). Moreover, they do not correlate with sex hormone levels, which suggest
that the impairment of insulin action is most likely primary [56].

With a view to further elucidate post-receptor defects, a reduction in insulin-
dependent receptor tyrosine autophosphorylation has been found in isolated fibro-
blasts of about 50% of PCOS women, as well as an increase in noninsulin dependent
receptor serine phosphorylation, i.e., receptor tyrosine kinase activity is inhibited.

A factor extrinsic to the insulin receptor, probably serine/threonine kinase, induces
serine phosphorylation of the insulin receptor, which results in signal inhibition

[57, 58]. This defect leads to IR in the early stages of insulin-receptor-mediated signal
transduction. This unique PCOS characteristic distinguishes it from the other clinical
conditions with IR [57]. The resultant hyperinsulinemia, arising as it seems upon
triggering of puberty, may involve the system of ovarian insulin-like growth factors
(IGFs), influence the liver production of the IGF binding protein-1(IGFBP-1), and is
probably a pathogenetic factor in the development of the disease [59].

Serine phosphorylation seems to modulate the activity of the key regulatory
enzyme of androgen biosynthesis—P450c17, present in both ovarian and adrenal
steroidogenic tissue. In this way, serine phosphorylation enhances enzymatic
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activity and increases androgen synthesis [60]. It is interesting to note that serine
phosphorylation of insulin receptor substrate-1 (IRS-1) is also the mechanism of
the TNF-a-mediated IR in obesity [61]. Thus, one and the same defect—serine
phosphorylation—is likely to result in both IR and hyperandrogenism. This is a very
tempting hypothesis explaining the syndrome pathogenesis; unfortunately, it is
valid for only a part (about 50%) of the population of PCOS women.

With view to establishing a defect in insulin action after binding to the recep-
tor, Book and Dunaif [62] investigated the metabolic and mitogenic effects of
insulin and IGF-1 in a culture of skin fibroblasts from PCOS women and healthy
controls. The authors found that in PCOS, a selective defect was present involv-
ing insulin metabolic but not mitogenic signaling pathways; a similar defect was
found in the action of IGF-1 (this fact shows that insulin and IGF-1 stimulate
glycogen synthetase by one and the same post-receptor pathways) [62]. Poretsky
et al. demonstrated that the inhibition of PI-3-kinase activity did not alter insulin-
induced stimulation of progesterone production in cultures of human ovarian cells
[63]. On the other hand, insulin-stimulated PI-3-kinase activity in skeletal muscles
of PCOS women was damaged [64]. The results suggest that the insulin regulation
of steroidogenesis and glucose metabolism uses different signaling pathways, the
first one remaining functionally active and probably even overstimulated by the
increased insulin levels in women with IR [4] (Figure 2).

The hypothesis of presence of a post-receptor defect in insulin action in PCOS is
consistent with the results of investigations performed on a molecular level, which
have not found structural anomalies in the insulin receptor [65-67]. What exactly
the defect is remains to be elucidated. An evidence provided by Ek et al. [68] sug-
gests a selective impairment in the function of the protein kinase A-dependent
hormone-sensitive enzyme lipase, which regulates the lipolytic response to catechol-
amines in visceral adipose tissue in lean PCOS women with mild IR. An abnormal
post-receptor sensitivity to catecholamines has been observed while the antilipolytic
sensitivity to insulin is preserved [68]. This anomaly differs from the impaired
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Figure 2.
Role of insulin in the pathogenesis of PCOS.
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balance occurring in the MetS between the lipolytic f5- and the antilipolytic a,-
adrenoreceptors [69]. It is still unclear whether this unique defect found in PCOS is
primary or secondary to other factors, such as increased serum androgen levels.
Thus, the logical question arises—if IR and hyperinsulinemia play a major patho-
genetic role in PCOS, why all women with hyperinsulinemia (e.g., with DM type
2) are not hyperandrogenic as well? IR and reproductive disturbances are probably
indicative of single genetic defects and IR unmasks the syndrome in genetically pre-
disposed individuals. Because of the fact that PCOS-related IR is a selective one and
involves the metabolic but not the mitogenic and signaling pathways, we can explain
the paradox of a persistent biological insulin action on reproductive processes on the
background of systemic IR [70]. In general, studies have shown that predominantly
PCOS women with both hyperandrogenism and chronic anovulation seem to be
insulin-resistant. Women with only hyperandrogenism or a morphological finding
of polycystic ovaries who have normal ovulation are less likely to develop IR [20, 71].
To sum up, insulin and LH act synergetically on the theca-cells of the polycystic ovary
(hyperplasia of these cells is usually present) and activate P450c17a1; thus, enhanc-
ing the biosynthesis of ovarian androgens and testosterone [72-75]. A further
adverse action of hyperinsulinemia on the ovaries of PCOS women includes arrest-
ing the development of the ovarian follicle up to 5-10 mm in size and preventing
ovulation [71, 75]. Outside the ovary, insulin can act directly as a co-gonadotropin
enhancing LH activity by stimulating the ovarian receptors for insulin and IGF, or
indirectly by increasing the amplitude of LH serum pulses, enhancing the sensitiv-
ity to GnRH stimulation (Figure 3).
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The possible mechanism of insulin-induced enhanced ovarian steroidogenesis
is supported by the higher incidence of PCOS in women with DM type 1—the
ovaries of the affected women are exposed to hyperinsulinemia resulting
from the availability of exogenously administered insulin in the systemic
circulation [76].

In approximately 40% of the women diagnosed with PCOS in conformity with
the NIH (National Institute of Health) criteria, an IGT or DM type 2 developed
as sequelae of IR in the fourth decade of life, the age and weight gain having an
unfavorable effect on glycemic control [27, 77-80]. In addition, a study based on
the Rotterdam diagnostic criteria, 2003 reported IR in 71.54% of the studied PCOS
women [81].

The incidence of IR, however, differed considerably among the various pheno-
types—80.4% in the “classical” one (phenotypes A and B), 65% in the women with
normal ovulation (phenotype C) and 38.1% in the group with normoandrogenemia
(phenotype D). The classical phenotype and to a lesser degree the phenotype
without ovulatory dysfunction were independently associated with IR, whereas
in the normoandrogenic phenotype no IR was found [81]. This was confirmed by
another study, showing that the number of women with PCOS and a HOMA-index
>3.8 is considerably higher in the hyperandrogenic phenotypes, as compared to
the normoandrogenic one [82]. That is why the nature and course of carbohydrate
disturbances in women with different phenotypic presentations of PCOS require

Confirmed Possible

Age Chronic anovulation

Obesity Hyperandrogenemia

Abdominal deposition of adipose tissue Dyslipidemia (hypertriglyceridemia)
Insulin resistance Ethnicity (certain risk populations)

B-cell dysfunction
Family history of DM type 2

Table 2.
Risk factors for developing carbohydrate disturbances in PCOS.

Euglycemic insulin clamp technique

Minimal model—multiple determination from iv. GTT

Sensitivity insulin infusion tests
e insulin tolerance test

* insulin suppression test

Insulin parameters in oral glucose tolerance test (oGTT)
* sum of insulin values
* area under the insulin curve

* maximal insulin/peak of insulin

Baseline insulin and derivative indexes, according to baseline blood sugar
* glucose-to-insulin ratio,

¢ HOMA-index (Homeostasis Model Assessment):
fasting insulin (pIU/ml) x fasting blood sugar (mmol/l) / 22.5

* QUICKI (Quantitative Insulin Sensitivity Check Index):
1/(log (fasting insulin uU/mL) + log (fasting blood sugar mg/dL))

Table 3.
Methods for evaluation of insulin sensitivity.
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establishing a precise and timely diagnosis, as well as proper behavior by changing
one’ lifestyle and dietary regimen, weight reduction whenever needed, with view
to reducing the risk of developing DM and/or its complications.

The risk factors for developing carbohydrate disturbances in PCOS are presented
in Table 2.

Having in mind the incidence of carbohydrate disturbances in the general
population of women aged 20-44 (7.8% for IGT and 1.0% for newly diagnosed DM
type 2) and the average prevalence of PCOS (about 5%), it can be extrapolated that
PCOS-associated IR contributes approximately to 20% of IGT and 40% of DM
type 2 in women of reproductive age, which gives prominence to the social
importance of this syndrome. In the light of this evidence in 2006, the American
Association of Clinical Endocrinologists (AACE) [83] recommended screening for
presence of DM in all PCOS women after the age of 30, irrespective of weight—
normal or overweight. Under certain risk circumstances, screening has been
recommended before that age as well [83]. Considering the fact that DM type 2 can
develop with age progression, the women who have had initially a negative result
should be followed-up periodically.

The methods for evaluation of insulin sensitivity are presented in Table 3.

In the routine clinical practice a measurement of basal and during oGTT glucose
and insulin levels is most frequently used.

3. Obesity and insulin resistance in PCOS

The association between PCOS and obesity is complex. In the USA, it was
reported that obesity affects from 30 to 75% of PCOS women [41, 84], which
is higher than the percentage found in Europe [85, 86]. In a systematic review
and meta-analysis of the literature, Lim et al. concluded that in PCOS women,
as compared to the age-matched controls, a higher incidence of overweight and
obesity was found [87]. In addition, the carriers of the syndrome of the Caucasian
origin were found to be more overweight than their counterparts from the Asian
origin [87]. These results are compromised to a certain extent by the fact that
in most of the published studies, the patients have been selected from clinical
practices on the basis of a subjective evaluation and local diagnostic methods. In
general, overweight women are more often referred to a specialist for searching
PCOS. However, in independent population samples, the incidence of obesity in
PCOS does not seem as high as the one found in clinically targeted populations
[27, 88]. Furthermore, PCOS incidence, based on the diagnostic criteria of NIH,
is relatively stable throughout the world, irrespectively of the variable incidence
of obesity in different populations [89].

In one of our studies, we found obesity in 51% and overweight of 22% in an
unselected Bulgarian population of 142 women with PCOS [27]. Obesity incidence
in our patients was higher than 38% found in women with PCOS from the island
of Lesbos, Greece [90], and closer to the one found in England, where around 60%
of the studied PCOS women were obese [71]. According to many studies includ-
ing ours, PCOS women have higher ratio of central to peripheral redistribution
of adipose tissue in comparison to controls [27, 91-94]. Obesity, of visceral type
mainly, plays a key role in developing and maintaining the syndrome [95, 96] and
influences significantly its severity as well as metabolic and CVD risk, since itis a
well-known risk factor for IGT and DM type 2, IR and dyslipidemia [91, 97, 98]. In
this respect, insulin sensitizers may exert complex positive effects on both meta-
bolic consequences and clinical manifestations of hyperandrogenism in women
with PCOS [19, 47, 48, 83, 91] (Figure 4).

24



Clinical Impact of Insulin Resistance in Women with Polycystic Ovary Syndrome
DOI: http://dx.doi.org/10.5772/intechopen.90749

-______,-—" -
# Tnsnlin |'E-s1mn11rpha\

h

I\ [Shasity /
H‘-\-\.\_\_\_\___ R
Insutlin sensitizers - -- —:‘7
Eodocrine MeLabalic
dismrhances | distorbances
T T T T
L T T
el ™ / Carhnhwdrate \
llnhuhn‘_ - \ I disturbenees '
."”fﬂ e Iheslipsidlacnia |
|| Trer  rary advenal erntey h WVasenlar deesfanction
| . | )
| SHFG L e -
H‘\ e | o / T P
\ Tandroseniv uelivily /
e -
Clinical Long-lerm
manifestations CON SR UENCRS

J,/"- Tnfartility; \ ("f Cardiovaseul -

’ Menstrual disturbuanees ) T >
k\ Hirvsulism? Acse // - RS0 -

Figure 4.
Role of insulin sensitizers in the treatment of PCOS.

Obesity may promote the onset and exacerbate other long-term sequalae of
PCOS, including metabolic disorders, the occurrence of some types of carcinoma,
potentiated by chronic unopposed estrogen secretion, and leads to further impair-
ing of the quality of life (QOL), low self-esteem, and worsened social adaptation,
which may even potentiate occurrence of mental disorders. Obese PCOS women
have a more severe clinical picture with higher incidence of IR, hyperinsulinemia,
carbohydrate and lipid disturbances, and hyperandrogenism. Many studies, includ-
ing ours, have shown that overweight PCOS women possess a higher degree of IR in
comparison to the lean ones [27, 91-94].

Data exist that even normal-weight carriers of the syndrome show unfavorable
abdominal redistribution of adipose tissue and IR [99]. In a study of young normal-
weight PCOS women (mean age 15.9 + 1.8 years, mean BMI 22.7 + 2.3 kg/m?)
Cree-Green et al. found reduced insulin sensitivity and mitochondrial dysfunction
in the muscles, relative postprandial hyperinsulinemia, abnormal glucose disposal,
and increased hepatic fat in comparison to healthy controls [100].

PCOS women frequently have decreased sex hormone-binding globulin (SHBG)
levels, which may decrease further with obesity development [101]. In turn, SHBG
was found to correlate positively with HDL-cholesterol and physical activity and
negatively with obesity, central distribution of adipose tissue, triglycerides, IR
parameters, and presence of DM type 2 [102].

In conclusion, the concomitant obesity, especially of an android type, is associ-
ated with an increase in the long-term metabolic risk in women with PCOS.

4. Visceral adipose tissue, adipocytokines, and insulin resistance
inPCOS

In the last decades, visceral adipose tissue is perceived as a source of biologi-
cally active substances—adipocytokines [103]. Commonly, PCOS women have
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increased amount of visceral adipose tissue and associated metabolic disorders.
The influence of adipose tissue hormones on IR processes, carbohydrate, lipid,
and atherogenic disorders in PCOS women is a subject of increased research
interest [104].

4.1 Leptin

Leptin is known to act as a chief “adipostat”—it suppresses the intake of food
and water and leads to activation of catabolic metabolic pathways related to an
increased production of energy. It improves the peripheral (liver and musculo-
skeletal) insulin sensitivity and affects p-cell function. It has been found that
there is a positive correlation between plasma leptin levels and the amount of adi-
pose tissue in the body. Leptin levels decrease rapidly during fasting and increase
after food intake. Leptin is important not only for energy balance regulation and
food intake but it also performs a function of metabolic and neuroendocrine
hormone; participates in glucose metabolism, reproductive processes, interacts
with the hypothalamic-pituitary-adrenal axis; influences thyroid hormone and
growth hormone secretion; and even interferes with hematopoiesis and the
immune system function. There are data for a strong association of circulating leptin
and immunoreactive insulin (IRI) values and fasting plasma glucose, HOMA index,
dyslipidemia, arterial hypertension that is independent or only partially dependent on
obesity [103, 104].

A close relationship between IR and hyperleptinemia in PCOS women was found
irrespective of their weight [105, 106] but the results are mostly controversial due to
the differences in the studies designs and the lack of data on the independent effect
of obesity, as well as the presence of various phenotype expressions of PCOS. In
one of our studies [107], we found higher leptin levels with borderline significance
in PCOS women in comparison to age-, weight-, waist circumference-, and WHR-
matched healthy controls. Significant correlation of leptin was found with BMI,
waist circumference, WHR, percentage of adipose tissue, as well as with basal insu-
lin and HOMA-index in the PCOS group [107]. These findings were confirmed and
complemented by our more recent studies of women with IR syndromes, including
PCOS [108, 109]. Thus, leptin exhibited significantly positive correlation with
BMI, WHR, percentage of adipose tissue, basal glucose and insulin, HOMA-index,
total cholesterol, triglycerides, plasma atherogenic index, Castelli I, and Castelli II
indexes. A significant negative correlation was found of leptin with Matsuda index,
QUICKI-index, and adiponectin [108, 109].

Mohiti-Ardekani et al. [110] also found a positive correlation between free and
total leptin levels and HOMA-index in PCOS women (r = 0.78, P < 0.001; r = 0.84,
P = 0.003, respectively), as well as in healthy controls (r = 0.86, P < 0.001; r = 0.69,
P < 0.001, respectively). Similar results were reported by authors from Australia
[111], Brazil [112], Canada [113], Finland [114], Italy [115], Sweden [116], Turkey
[117] and the USA [118, 119]. In a more recent study of PCOS women (mean age
34.30 + 2.08 years, mean BMI 34.84 + 4.77 kg/m’) and normally ovulating controls
with comparable BMI (mean age 28.10 + 4.61 years, mean BMI 33.59 + 1.23 kg/m?)
Nomair et al. [120] found higher leptin concentrations in PCOS women in com-
parison to controls (P = 0.005), significant differences being found in intergroup
comparative analysis between the insulin-resistant and non-insulin-resistant PCOS
women as well (P = 0.044). In women with PCOS a positive correlation between
leptin and BMI (P = 0.049) was found. Authors also consider BMI and IR the two
chief factors associated with leptin levels [120].

Our results, as well as those from the above-mentioned studies, are indisputable
proof for the role of leptin in the pathogenesis of IR in PCOS.
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4.2 Adiponectin

Adiponectin is a model of an anti-inflammatory adipocytokine. A negative
correlation was found between its serum levels and the degree of obesity, IR, IGT,
dyslipidemia, and atherosclerosis [121-123]. The increased amount of visceral
adipose tissue results in hypoadiponectinemia due to reduced expression of adipo-
nectin genes. This leads to suppression of the insulin activity in the liver, muscles,
and other peripheral tissues. Conversely, the high adiponectin levels are an indepen-
dent factor for an increased insulin sensitivity and reduced risk for DM type 2. On
the basis of the effects on insulin sensitivity and its anti-inflammatory properties,
adiponectin is perceived as an antiatherogenic factor. The decreased adiponectin
is also combined with increased production of pro-inflammatory proteins IL-6,
C-reactive protein (CRP). A positive correlation between the reduced levels of the
hormone and the development of ischemic heart disease has been registered [124].
It was established that adiponectin production is suppressed in conditions of IR—
DM type 2 and obesity [125]. Low adiponectin levels in obesity are probably due
to the process of “down”-regulation mediated by the increased amount of adipose
tissue. In a study of a large population in Japan [126] and American Pima Indians
[127], adiponectin levels were found to be in negative correlation with the indexes
of IR even if the factors age and BMI were excluded.

Initial studies of the levels of this antiatherogenic adipocytokine in women with
PCOS were conducted by Orio et al. [128] and Panidis et al. [129]. Orio et al. [128]
determined serum adiponectin levels in 60 PCOS women (30 normal-weight and
30 overweight) and in 60 age- and BMI-matched healthy women. Adiponectin
levels were significantly lower in obese women in comparison to normal-weight
women in the PCOS group, as well as in the control group. A significant difference
in adiponectin levels between PCOS women and healthy women was not found, its
levels in both groups correlated negatively with BMI and HOMA-index. The authors
concluded that adiponectin concentrations vary depending on the quantity of the
adipose tissue and that insulin sensitivity does not play a key role in controlling
adiponectin levels in PCOS women [128]. Although in other IR conditions adipo-
nectin was found to be decreased, both cited studies reported that in normal-weight
PCOS women with IR and hyperinsulinemia its levels did not differ from those in
the controls [128, 129].

However, in PCOS women with severe IR, Sepilan et al. found that it was the
insulin sensitivity but not the weight that was the chief determinant for adiponec-
tin levels [130]. This fact was confirmed by one of our more recent studies [131],
which revealed higher adiponectin levels in non-insulin resistant PCOS women in
comparison to insulin resistant ones. In addition, insulin levels and HOMA-index
proved to be higher in the group of obese PCOS women in comparison to BMI-
matched controls while adiponectin levels were similar in both obese groups. On the
other hand, adiponectin concentrations were significantly higher in PCOS women
with normal BMI in comparison to those with obesity. In PCOS women a negative
correlation between adiponectin and body weight, BMI, waist circumference, hip
circumference, WHR, blood glucose at 60 and 120 min, IRI at 0, 60, and 120 min
of oGTT, HOMA-index, triglycerides, triglycerides/HDL-cholesterol ratio, plasma
atherogenic index, and leptin was found. We observed also a positive correlation
of adiponectin with Matsuda and QUICKI indexes [109, 131]. Most probably the
relation between adiponectin and IR is confined to the ability of this adipokine to
stimulate glucose utilization and to reduce glucose production by the liver [71, 114].
The established significant correlation of adiponectin and androstenedione in
PCOS which presupposes some interrelation between this hormone and ovarian
steroidogenesis is very interesting and needs further elucidation [11, 131].
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It is believed that the leptin/adiponectin vatio (L/A) correlates better with the
degree of IR in comparison to leptin and adiponectin values taken separately. L/A
is a powerful independent predictor of CVD, its values being strongly associated
with the intima-media thickness and correlating positively with a number of other
anthropometric, metabolic and clinical parameters [132]. In our studies we found
significantly higher L/A values in PCOS women with IR in comparison to those
without IR [109, 131]. This is yet another proof that insulin resistant PCOS women
are with a higher CVD risk.

4.3 Resistin

Resistin, described for the first time in 2001, is a protein rich in cystein, secreted
by adipocytes, and it is suspected to carry out the relationship between obesity and
DM. Due to its association with obesity, inflammatory process and IR, resistin is
thought to be a potential biomarker for the MetS. Thus, the higher resistin levels
found in patients with overt MetS in comparison to clinically healthy individuals
support this theory [133]. However, data concerning the presence of significant
dependencies between resistin levels and parameters of weight and insulin sensi-
tivity in basal conditions and following weight reduction are controversial. Some
authors found significantly higher resistin levels in obese individuals in comparison
to individuals with normal weight [134], while others, including us [135], did not
find significant differences [136, 137].

There is controversial data in studies among PCOS women concerning resistin
levels in terms of a lack of association with the syndrome [138, 139], or an increase
in PCOS [140]. Thus, Panidis et al. [139] did not confirm an active role of resistin in
the pathogenesis of PCOS. The authors compared anovulatory PCOS women (obese
and non-obese) and healthy controls with normal weight. Resistin was significantly
higher only in the obese PCOS women in comparison to the other two groups irre-
spectively of the differences in insulin levels and the glucose/insulin ratio. Resistin
did not correlate with any hormonal or metabolite index in our Bulgarian popula-
tion of PCOS women with overweight [135]. Pangaribuan et al. [141] also did not
find significant difference in serum resistin levels between PCOS women and con-
trols. Meanwhile, the authors did not find significant correlation between resistin,
BMI and HOMA-index [141]. Similar serum resistin levels in normal-weight women
with or without PCOS were found by Seow et al. [142]. But resistin iRNA expression
in adipocytes was twice as high in PCOS women. Probably, the overexpression of
the resistin gene plays a role as a local factor [142].

Olszanecka-Glinianowicz et al. [143] studied the association of adiponectin
and resistin with the process of IR in PCOS women and controls. All study partici-
pants were divided into two subgroups—obese and normal-weight. Comparable
serum resistin concentrations between the two subgroups of PCOS women and
controls were observed. No correlations between the adipokines, HOMA-index
and androgen levels were found [143]. Lewandowski et al. published similar data
[144]. The authors did not find a correlation between adiponectin and resistin
with the parameters of IR (basal IRI, HOMA-index, QUICKI) [144]. Yilmaz
et al. obtained different results—higher resistin in PCOS women in comparison
to controls, however, they observed that resistin levels remained independent of
the degree of IR and BMI [145] which supports the data of some of the above-
mentioned studies.

The results from our studies in adipocytokines in PCOS [47, 48, 104, 107-109, 146]
showed similar resistin levels in PCOS women and metabolically healthy obese women,
higher resistin levels in insulin-resistant PCOS women in comparison to non-insulin
resistant ones, lack of significant difference among the different subgroups of PCOS
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women, divided according to BMI. Resistin correlated positively with IRI at 0 and

120 min during oGTT, HOMA-index and negatively with Matsuda and QUICKI
indexes [109, 146]. Wang et al. [147] registered significantly higher resistin levels in
PCOS women (obese and normal-weight) in comparison to clinically healthy women.
In similarity with our data, the authors reported a positive correlation of resistin with
HOMA-index and a negative one with adiponectin [147]. Resistin in our study showed
a positive correlation with IL-6 [109, 146]. Our data is peculiar in this aspect since it

is considered that IL-6 is the main adipocytokine which regulates resistin levels. An
in-vitro study showed that IL-6 production, as well as the one of other cytokines (IL-1
and TNFa), increased resistin expression in mononuclear cells [148].

A number of studies on the relation of resistin with obesity, IR, MetS, CVD
risk in different age populations have been conducted so far, which, though being
controversial in some respects, lead to further clarification of the role of resistin in
the processes of atherogenesis [149, 150]. It was found that with the increase in the
number of MetS components, serum levels of resistin and other pro-inflammatory
markers increase as well [150]. These and a number of other results fully support
the hypothesis on the relation between circulating resistin levels and the degree of
IR. Having in mind that PCOS is considered a prototype of female specific MetS in
young age populations, the role of resistin has to be clarified.

4.4 Visfatin

Visfatin—a protein derived from adipose tissue that is considered to have anti-
diabetic properties. Visfatin is isolated in the form of a cytokine which stimulates
p-cell precursor maturation, therefore it was called pre-p cell colony-enhancing factor
(PBEF) [151]. Visfatin stimulates glucose utilization from the adipocytes and myo-
cytes and suppresses glucose release from liver cells, exhibiting the ability to bind to
the insulin receptor and to activate it through inducing tyrosine phosphorylation.
Acting as an insulin mimetic, visfatin can partially reduce IR, although it is found in
much lower concentration in the circulation that insulin [152]. Visfatin participates
in the process of adipocytes formation. A positive correlation between visfatin and
the presence of obesity, increased visceral tissue, DM type 2 was found, and it was
also elevated in patients with MetS [109, 131]. Taking in consideration these findings,
the research interest in the changes in visfatin levels in PCOS is completely justified.

A meta-analysis [153] encompassing a study among 1341 women (695 with PCOS
and 646 controls) showed higher visfatin levels in PCOS women without a signifi-
cant correlation between it and BMI, HOMA-index, and testosterone. The authors
concluded that high circulating visfatin can be perceived as a specific characteristic
of PCOS, which even presupposes a role for this adipokine as a potential diagnostic
biomarker for PCOS [153]. Kowalska et al. [154] found higher visfatin levels and
areduced insulin sensitivity in both normal-weight and obese PCOS women in
comparison to healthy controls. Visfatin correlated negatively with parameters of IR,
this correlation being well-expressed in normal-weight PCOS women, but missing
in obese ones. It must be noted that in some circumstances visfatin does not succeed
in exhibiting its beneficial effects on carbohydrate metabolism [154]. A hypothesis
that the increase in serum visfatin levels is a secondary process aiming to prevent IR
exists. On the other hand, insulin possesses the property to inhibit visfatin expres-
sion from the adipocytes so that the observed interrelationship could be explained as
an inability of insulin to inhibit visfatin production in an already developed insensi-
tivity to its action [155]. In this context, in the study of Kowalska et al. a positive cor-
relation of visfatin with total testosterone and free androgen index (FAI) in the lean
PCOS women was established [154]. The study of Tan et al. [156] also confirmed
higher visfatin levels in PCOS women in comparison to age- and weight-matched
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healthy women. The researchers found a stimulated process of expression of visfatin
mRNA and of the protein precursor of visfatin both in subcutaneous and visceral
adipose tissue in PCOS women. Plasma visfatin levels were in a positive correlation
with basal IRI (P < 0.01), HOMA-index (P < 0.01), testosterone (P = 0.03), and
estradiol (P = 0.046). After performing a multiple regression analysis, the research-
ers found that the HOMA-index was the only predictive factor for visfatin levels. In
contrast to plasma visfatin levels, the expressed visfatin mRNA in subcutaneous and
visceral adipose tissue correlated positively with BMI and WHR [156].

In our Bulgarian studies [109, 131], we found higher serum visfatin levels
in insulin-resistant PCOS women in comparison to non-insulin resistant ones.
Visfatin levels in the PCOS women with obesity/overweight and in the BMI-
matched metabolically healthy controls did not differ significantly. In our PCOS
women, a negative correlation of visfatin with HDL-cholesterol and Matsuda index
was found as well as a positive one with diastolic arterial pressure [109, 131]. In
similarity to our results, Kowalska et al. reported a negative correlation between
visfatin and HDL-cholesterol (r = —0.27, P = 0.004) [154]. Such negative correla-
tion (r = —0.349, P = 0.013) was confirmed also by El-Said et al. [157] in insulin
resistant PCOS women. In addition, the authors reported a positive correlation of
visfatin with BMI, waist circumference, HOMA-index, FAI and a negative one with
LH, total testosterone and sex hormone-binding globulin (SHBG). In this study,
as well, visfatin was significantly higher in the PCOS women in comparison to the
healthy women (72.94 + 33.3 vs 54.69 + 31.5 ng/mL, P = 0.039) [157]. In contrast to
our results and the ones mentioned so far, Gen et al. reported a positive correlation
between visfatin and HDL-cholesterol in normal-weight PCOS women [158].

It appears that there is controversy with respect to the relation of visfatin with
insulin sensitivity indexes in women with IR and namely with PCOS and MetS. The
main action of visfatin is intended at prevention of IR development as it was already
pointed out, and this can explain its increase in PCOS women. The negative correla-
tion of visfatin with IRI and HOMA-index and respectively the positive one with
atherogenic indexes QUICKI and Matsuda in women with overt MetS registered in
our studies is in support of this suggestion. Visfatin secretion control is a subject
of increased research interest that arises much debate. Up till now, the conducted
clinical studies comprising insulin resistant individuals with obesity and MetS,
exhibit controversial results. The changes in this adipocytokine in PCOS women
with different phenotypes are still to be clarified in targeted studies.

4.5 Tumor necrosis factor « (TNF-a) and Interleukin-6 (IL-6)

Adipose tissue is an important source of factors of low-grade inflammation not
only due to the production of various cytokines by the adipocytes themselves, but
also because of tissue infiltration with pro-inflammatory macrophages. The adipose
tissue macrophages are responsible for the production of almost the entire amount
of TNF-a and a significant portion of IL-6 [159].

TNF-a is a cytokine, which interferes with the regulation of the amount of
adipose tissue (inhibits the conversion of young immature fat cells into mature
ones), the insulin action (disrupts the insulin receptor signal in peripheral cells)
that causes post-receptor defect with subsequent development of IR [160]. The data
regarding its relationship with IR are not consistent—some authors do not find any
[161], but according to others insulin sensitivity is changing in parallel with the
change in this cytokine levels [162, 163]. We also did not find a significant correla-
tion of TNF-a and some parameters of IR in patients with various obesity morphot-
ypes [135]. Basically, in our study, TNF-« levels were very similar in normal-weight
women and in obese women, which corresponds to the data of Pincelli et al. [164].
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It seems that the TNF-a levels, which we measure in the circulation, cannot reflect
the degree of IR in obesity. It should be taken into account that this cytokine can
have predominantly autocrine or paracrine action and can induce IR at a tissue
level, since its concentrations i situ, at the level of adipose tissue, are much higher
in comparison to the circulatory ones [165].

Elevated levels of TNF-a have been observed in PCOS women, which correlated
positively with BMI and negatively with insulin sensitivity [166]. Gonzalez et al.
[167] found elevated levels of TNF-a in normal-weight PCOS women as compared
to controls. However, in all obese women in this study, despite the absence/presence
of PCOS, TNF-a levels were similar. Direct correlation of TNF-a was detected with
BMI, but with insulin such a correlation was found only in the healthy women.
Apparently, factors other than obesity were the cause of TNF-a increase in normal-
weight PCOS women. On the other hand, this cytokine did not correlate with
testosterone, LH, and DHEA-S in the PCOS women [167].

We found significantly higher TNF-a concentrations in PCOS women compared
to BMI-matched controls [109, 131]. In our studies, we did not establish a significant
difference when comparing serum levels of TNF-a between insulin-resistant and
non-insulin-resistant PCOS women. Higher levels of TNF-o were registered in
obese PCOS women as compared to overweight PCOS women, but not to normal
weight PCOS women. No correlations between TNF-o and the parameters of IR
were established in the PCOS women [109, 131]. Contrary to our results are those of
Soares et al., who did not detect a significant difference in the TNF-a levels between
PCOS women and BMI-matched controls [168].

Data are controversial regarding the role of IL-6 in the development of IR. In
general, it is considered that circulating levels of IL-6 are elevated in patients with
obesity and IR. It is assumed, that persistent high levels of IL-6 in chronic inflamma-
tory conditions (obesity and DM type 2) can cause disturbances in insulin sensitivity,
while only periodically elevated IL-6 levels are associated with normal carbohydrate
homeostasis [162, 169]. Lin et al. suggested that IL-6 may serve as an early chronic low-
grade-inflammation marker in PCOS [170]. This hypothesis, also described by other
authors [171, 172], launches the idea of an association of PCOS with increased CVD
risk, and the strategies affecting the chronic low-grade inflammatory conditions, can
be useful for coping with PCOS and related metabolic and atherogenic disorders [173].

Mohlig et al. [174] studied IL-6 and CRP in PCOS women and in age-matched
controls, analyzing the influence of C-174G-IL-6 gene polymorphism on the
IL-6 and androgens levels, and on the degree of obesity. The authors did not find
elevated CRP and IL-6 levels in PCOS women (both lean and obese) compared to
the controls. In PCOS women the anthropometric variables (BMI, WHR, amount
of adipose tissue) and the parameters of IR, but not the markers of hyperandro-
genic condition, showed significant correlation with IL-6 and CRP. In addition, a
6-month metformin treatment resulted in a significant decrease in the body weight,
the amount of adipose tissue and total testosterone levels, but did not affect the lev-
els of IL-6 and CRP. Using multivariate linear regression analysis, it was established
that in PCOS women BMI but not HOMA-index constituted a dominant factor
explaining 18% and 24% of the variations in IL-6 and CRP levels, respectively [174].

This fact was also confirmed by another study conducted in pre-menopausal
women [175]. In the study of Mohlig et al. [174], no link between the C-genotype
and the IL-6 and BMI levels was found. However, the heterogeneous GC genotype
was associated with lower levels of androstenedione [174]. The C-174G polymor-
phisms of the IL-6 gene promoter could be expected to modify its activity in certain
in vitro conditions [176]. In some studies, C-174G polymorphism was associated
with higher levels of IL-6, with more pronounced IR, with a higher degree of
obesity and with hyperandrogenism [177, 178].
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Our studies [107-109, 131] showed similar levels of IL-6 between the groups
of PCOS women—insulin-resistant vs non-insulin-resistant; normal weight vs
overweight and obese. We did not establish a significant difference in IL-6 between
PCOS women and controls. Our data are in conformity with those of Villuendas
et al. in women with ovarian hyperandrogenism [179], but are in confliction with
the results of another study of Kelly et al. in PCOS women [180].

In a study of Tarkun et al. [181] in PCOS women and age- and weight-matched
healthy women, a comparative analysis of TNF-a and IL-6 was made, with an
assessment of their role in IR pathogenesis. Higher concentrations of TNF-a and
IL-6 were found in PCOS women compared to controls. A positive correlation was
observed between TNF-a and BMI, waist circumference, triglycerides, basal insulin
and HOMA-index (P < 0.001). IL-6 correlated positively with basal glucose and
degree of IR (P < 0.05). The authors concluded that TNF-a and IL-6 have a patho-
genetic role in the development of IR in PCOS [181].

In another study consisting of obese PCOS women, weight-matched healthy
women and normal weight controls Vgontzas et al. [182] determined basal cyto-
kine concentrations and conducted an 8-h nocturnal polysomnography searching
for obstructive sleep apnea syndrome. Higher IL-6 plasma concentrations were
observed in PCOS women as compared to obese and normal-weight controls
(4.75 £ 0.5; 3.65 + 0.4; 1.84 + 0.3 pg/mL, respectively, P < 0.01). TNF-« levels were
somewhat higher in the obese PCOS and control women compared to the normal-
weight women, but the differences did not reach statistical significance (4.05 + 0.3;
3.79 £ 0.2;3.14 + 0.2 pg/mL, respectively, P = 0.103). IL-6 and TNFa correlated
positively with BMI (P < 0.01) in the obese healthy women, but not in the obese
PCOS women. In addition, a stronger correlation of IL-6 and TNF-a levels with
IR indexes (HOMA and QUICKI) was established in the PCOS women than in the
obese controls. The authors came to the conclusion that IL-6 may be elevated in
PCOS women, irrespectively of obesity and presence of obstructive sleep apnea,
and may have a role in the process of IR in this syndrome [182].

Grimaldi Barcellos et al. [183] investigated the impact of PCOS and obesity
on the levels of TNFa, IL-6 and CRP in young PCOS women and age- and BMI-
matched women with a normal menstrual cycle without CVD risk factors (DM,
dyslipidemia, arterial hypertension). The authors did not establish a significant
difference in the levels of TNF-a, IL-6 and CRP between the PCOS women and the
controls (2.1vs 1.9 pg/mL, P = 0.397; 3.8 vs 5.7 pg/mL, P = 0.805, and 0.9 vs 0.5 ng/
mL, P = 0.361). The TNF-a levels were similar between obese and normal-weight
women. IL-6 and CRP were significantly higher in women with overweight/obesity
than in normal-weight women (8.7 vs 2.0 pg/mL, P < 0.001, and 1.4 s 0.2 ng/mL,
P < 0.001). The authors concluded that obesity, but not PCOS itself, affects the
levels of circulating markers of a chronic low-grade inflammation in young carriers
of the syndrome without major CVD risk factors [183].

The pathogenesis of an inflammatory process development in MetS, and in partic-
ular in PCOS, has not yet been fully clarified. In scientific terms, the most logical and
most widespread is the explanation that the higher amount of adipose tissue in case
of obesity leads to increased excretion of IL-6 and TNF-« in the circulation, which
in turn causes increased production of CRP by the liver. There is another hypothesis
highlighting IR as the primary cause of the higher production of cytokines [184].

5. Conclusion

Women with PCOS, combining IR and hyperandrogenism are carriers of an
unfavorable cardiovascular risk profile. However, data concerning the long-term
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risk of cardiovascular morbidity and mortality are scarce, controversial and this
issue has not yet been addressed appropriately in targeted large prospective studies.
However, since there is compelling evidence of the presence of MetS components
and early stages of atherosclerotic processes in young PCOS women that are still
reversible, it is essential that they must be diagnosed on the basis of the current
knowledge in order to administer adequate complex treatment to prevent late
consequences of IR.
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Chapter 3

Effects of Exercise Intervention
on the Improvement of Polycystic
Ovary Syndrome

Shaobing Wang, Zhenghong Zhang and Yiping Liu

Abstract

Polycystic ovary syndrome (PCOS) is a complex endocrine and metabolic
disease characterized by hyperandrogenism and insulin resistance. It results
in irregular menstruation, obesity and even infertility, which influences badly
physical and mental health of the patients. Now, there is no effective drug for
treating PCOS and the preferred program is lifestyle modification, including
diet control, regular exercise and behavior therapy. Therefore, in the review, we
summarize the study progress concerning the effects of lifestyle intervention on
the metabolic, reproductive and psychological dysfunctions of PCOS patients
and analyze the corresponding mechanisms in these processes. It can radically
reduce the factors of PCOS occurrence and development, while providing valu-
able information for the prevention and treatment of PCOS and is helpful for
further research.

Keywords: polycystic ovary syndrome, physiopathology, exercise,
lifestyle intervention

1. Introduction

PCOS was an endocrine disorder with complex pathogenesis and diverse
clinical phenotypes and was also the most common cause of infertility and
abnormal menstrual cycle in women of childbearing age. Current epidemiological
investigation showed that PCOS affects 5-10% of women of reproductive age [1].
The effects run through the patient’s entire reproductive cycle, from puberty until
after menopause, even involving the offspring. PCOS affected patients’ repro-
ductive functions, caused of glucose and lipid metabolism disorders, increased
the risk of type 2 diabetes and cardiovascular diseases, but also caused anxiety,
depression and other psychosocial disorders. Therefore, PCOS was a clinical
problem and also a public health problem that needs to be solved urgently [2, 3].
In addition to traditional psychological and drug therapy, exercise had obvious
curative effect as a simple and economical adjunctive therapy. In the review, to
treat PCOS patients with metabolic, reproductive and psychological dysfunctions,
we explored how exercise or combination with other methods could effectively
intervene PCOS patients. It provided theoretical basis for clinical treatment of
PCOS patients.
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2. Exercise or combination with other methods improve reproductive
dysfunction in PCOS patients

PCOS accompanied with various clinical manifestations such as obesity, irregu-
lar ovulation or anovulation, infertility, menstrual disorder and excessive androgen,
insulin resistance and so on. Obese PCOS women showed decreasing reproductive
function and increasing risk of metabolic syndrome, but also their mental health
and life quality were greatly affected. Before assisted reproduction, weigh loss
through diet or exercise therapy and other lifestyle interventions could help restore
spontaneous ovulation, increase natural pregnancy rate, improve pregnancy rate
and live birth rate of assisted pregnancy, reduce the risk of pregnancy complica-
tions, and improve pregnancy outcome.

Current clinical statistics showed that nearly 50% of PCOS patients were
associated with obesity [4]. The subcutaneous fat distribution of triceps brachii and
subscapular in PCOS patients was significantly different from that in the healthy
control group, and the waist-hip ratio (WHR) was significantly higher than that in
the control group [5]. PCOS patients were often accompanied by abdominal obesity
and visceral fat accumulation. Case control analysis showed that the overall fat
content and visceral fat content of PCOS women were significantly higher than that
of healthy women, especially abdominal and mesenteric fat [6]. Obesity had a great
impact on reproductive health, such as ovulation disorders, decreased pregnancy
rate and increased abortion rate, increased risk of pregnancy complications includ-
ing preeclampsia and gestational diabetes, in addition, when assisted reproduc-
tive technology (ART) assisted pregnancy, the response of obese PCOS patients
to assisted pregnancy drugs reduced, and the success rate of assisted pregnancy
decreased [7].

Lin and Lujan [8] reviewed the diet and exercise of PCOS women and found that
there was no significant difference in exercise amount between PCOS women and
healthy women, but PCOS women were characterized by high-calorie diet, exces-
sive intake of saturated fatty acid and lack of dietary fiber. After receiving ART
assisted pregnancy therapy, the clinical pregnancy rate and live birth rate of obese
PCOS women were significantly lower than those of normal weight PCOS patients,
and the risk of miscarriage was increased [9, 10]. Therefore, it was very important
to control BMI in the optimal range before pregnancy assistance to improve the
success rate of ART. For PCOS women aged 25-35 years, BMI should be controlled
below 24 kg/m”. Adjusting the BMI of older women should be more strict and for
those over 35 years old, it should be less than 20 kg/m?* [11]. Obese PCOS patients
could lose weight through lifestyle adjustment such as diet, exercise and behavioral
intervention to achieve better pregnancy outcome.

2.1 Effects of regular exercise on the pregnancy outcome of PCOS patients

Although the pathogenesis of PCOS was not clear and clinical phenotypes were
diverse, PCOS patients with any phenotype may have insulin resistance, with an
incidence of 50-80% [12]. More and more evidences showed that insulin resistance
was closely related to PCOS. Endocrine disorders caused by genetic environment
and obesity were regarded as the cornerstone of PCOS, and insulin resistance
was likely to be the initiation factor and central link of PCOS development [13].
Insulin resistance referred to the decrease of the sensitivity of peripheral tissues
to insulin, which leading to the decrease of the biological function of insulin and
further caused hyperinsulinemia in peripheral blood circulation. Hyperinsulinemia
and insulin resistance played various roles in different tissues in the body and
promoted the occurrence of hyperandrogenemia. Firstly, on the surface of ovary,
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acted on insulin-like growth factor binding protein and up-regulated the activity
of cytochrome P450c17 alpha enzyme in follicular membrane cells, accelerated the
biosynthesis of androgens and promoted the proliferation of follicular membrane
cells. Secondly, enhanced the effect of adrenocortical hormone and promoted the
production of adrenogenic androgen. Thirdly, in the liver, inhibited the activity of
sex hormone-binding globulin (SHBG) and led to increase the levels of free andro-
gen in the blood [14]. Under the action of aromatase in fat cells, excessive androgen
converted into a high level of estrogen in the blood and positive feedback to the
hypothalamus, kept LH at a high level for a long time. Insulin resistance, hyper-
androgen and hypothalamic-pituitary-gonadal axis disorders eventually affected
follicular maturation, leading to ovulation disorders, which cause infertility and
menstrual cycle disorders.

At present, the international Androgen Excess and PCOS Society (AEPCOS)
suggested that physical exercise of more than 150 min per week was recommended
to maintain a healthy body quality and condition, including at least 90 min of
moderate-high intensity exercise (heart rate 150 times/min), such as football,
basketball and other team sports or brisk walking, running, rowing, etc. It is proved
that physical exercise could effectively improve menstrual disorders and thin ovula-
tion of obese PCOS patients. It had even been reported that exercise therapy was
more beneficial to patients’ reproductive function than low-calorie diet therapy.

In fact, for obese PCOS patients without ovulation, exercise therapy could restore
the regular menstrual cycle in 60% of patients, ovulation in 50% of patients and
spontaneously conceive in 35% of patients [15]. Before or in conjunction with medi-
cation, exercise intervention could effectively improve health-related life quality of
overweight or obese PCOS patients, which can improve the insulin resistance of the
patients and help them to increase ovulation rate and decrease hormone level for
increasing pregnancy rate [16, 17].

Regular exercise may alleviate insulin resistance of PCOS patients by the two
ways. First of all, regular physical exercise could lose weight and significantly
reduce visceral fat of PCOS patients. Visceral fat had stronger metabolic activity
and was closely related to insulin resistance. Secondly, physical exercise could regu-
late the expression of insulin signaling protein in skeletal muscle, so as to improve
the metabolic level of muscle cells and increased the sensitivity of insulin in PCOS
patients.

2.2 Lifestyle adjustment improve the pregnancy outcome of obese PCOS women

Lifestyle and behavioral interventions for weight control required weight loss
with regular exercise and diet interventions, as well as long-term target weight
maintenance after weight loss. AEPCOS recommended at least 150 min of exercise
per week for obese PCOS patients, the sport types included fast walking, jogging,
aerobics, swimming and other whole-body exercises involving more than 2/3 of the
muscles, the exercise intensity reached medium and high intensity. Heymsfield and
Wadden [18] reviewed the mechanism of obesity, pathophysiology and weight loss
management and concluded that lifestyle intervention to reduce weight through
diet and exercise combined with cognitive behavioral therapy could improve health
and quality of life by 5-10% in overweight/obese patients. Cognitive behavioral
intervention required professional guidance and could effectively guide diet
and exercise by providing encouragement, setting weight loss goals and guiding
problems encountered during lifestyle interventions. Regular cognitive behavioral
intervention was the most effective way to achieve weight loss and long-term
weight maintenance. However, the current problem is that it is difficult to achieve
long-term behavioral intervention counseling, resulting in easy weight regain after
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weight loss. Evidence-based medicine supported PCOS patients to adjust their
lifestyle to lose weight, which was helpful to prevent overweight and obesity and
improve the long-term quality of life. For PCOS patients of normal weight, there
was still a risk of long-term weight gain, so lifestyle intervention was also required.
PCOS patients to conduct regular self-monitoring, combine lifestyle intervention
with psychological strategies, and developed clinically feasible and economical
intervention strategies. Patients with normal weight PCOS received low-intensity
interventions to maintain weight and prevent weight gain.

Weight loss therapy included diet, exercise and other lifestyle interventions,
weight loss medication and weight loss surgery. As a non-drug intervention, low-
calorie diet and exercise with weight loss had strong feasibility, relatively low cost
and large benefits. When the weight of obese PCOS women drops by 5%, spontane-
ous ovulation could be improved and the natural pregnancy rate could be increased
[7]. In addition, lifestyle adjustment was beneficial to improve endocrine function,
cardiovascular and mental health [19]. Therefore, it was of great significance for
overweight/obese PCOS women to help them adjust their lifestyle to reduce weight
before pregnancy. It was reported that rapid weight loss had an adverse effect on
the outcome of ART assisted pregnancy [20]. Therefore, it was very important to
maintain reasonable and stable weight loss and keep long-term weight control,
which is also a big problem of obesity PCOS weight loss.

For obese women with endocrine disorders, menoxenia and infertility, adjusting
lifestyle to reduce weight was beneficial to improve endocrine function, restore
ovulation and increase pregnancy rate. Only 5-10% of weight loss could benefit
infertility patients [21-25]. Obese PCOS patients could reduce concentric obesity
and improve insulin resistance by adjusting their lifestyle, which was conducive to
the recovery of ovulation [26]. A prospective pilot study suggested that lifestyle
intervention for weight loss could improve the ovulation function of obese PCOS
women. The researchers recruited 32 obese PCOS women with anovulation and
conducted lifestyle intervention for 6 months. Compared with the control group of
18 subjects who did not resume ovulation after weight loss by lifestyle intervention,
14 ones of restoring ovulation lost significant weight and significantly reduced
abdominal fat. Further analysis found that the reduction of abdominal fat in the
ovulation restoration group was more significant than that in the non-ovulation
restoration group after lifestyle intervention for 3 and 6 months. It suggested
that weight loss and abdominal fat reduction, especially the early and continuous
reduction of intra-abdominal fat, was conducive to the recovery of spontaneous
ovulation, thereby ultimately improving the natural pregnancy rate [27]. A pro-
spective study by Salama et al. convened 75 overweight/obese PCOS women and
implemented a low-calorie diet and exercise intervention for 12 weeks. A total of
27 of the 43 PCOS women with anovulatory amenorrhea resumed their menstrual
cycles and seven of the 58 PCOS women had natural pregnancies [28].

For obese PCOS women with fertility requirements, lifestyle intervention
and reasonable weight reduction could help improve pregnancy outcome before
assisted pregnancy therapy. PCOS patients were often accompanied by androgen
overload, irregular ovulation and menstrual disorders. Patients with indications
often need to use Oral contraceptive pills (OCP) to adjust menstrual cycle and
endocrine function. Legro et al. [29] designed a randomized controlled trial, which
149 overweight/obese infertile PCOS women were pretreated with lifestyle, oral
contraceptives or a combination of both for 16 weeks before entering the clomi-
phene ovulatory cycle to analyze the impact of lifestyle interventions on pregnancy-
assisted outcomes. The results indicated that before assisted reproduction, lifestyle
interventions combined with oral contraceptives could eliminate the metabolic
side effects of oral contraceptives alone. In addition, the ovulation rate and the live
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birth rate were higher in the lifestyle adjustment or combination with OCP groups
than in the OCP group, but there was no significant difference in clinical pregnancy
rate between the groups. Legro et al. [30] also conducted secondary analysis on two
multi-center clinical trials, overweight or obese infertile PCOS women were pre-
treated with lifestyle, oral contraceptives or a combination of both before entering
the clomiphene ovulation cycle. In this study, subjects who entered the ovulation
induction cycle without any preconditioning were used as the control group, and
the assisted pregnancy outcome of each group were compared. The results showed
that there were no significant differences in ovulation rate, pregnancy rate and live
birth rate between the OCP pretreatment group and the control group. The ovula-
tion rate, clinical pregnancy rate and live birth rate in the lifestyle intervention
group were higher than those in the control group. The combined lifestyle and OCP
intervention group had higher ovulation rate, clinical pregnancy rate and live birth
rate than the control group, It was suggested that lifestyle adjustment or combined
with OCP preconditioning could improve the success rate of clomiphene ovulation
induction cycle.

However, some studies showed that lifestyle changes did not improve the
outcome of assisted pregnancies in obese infertile women. In a randomized con-
trolled study conducted by Mutsaerts et al. [31], the average weight of overweight/
obese infertile patients decreased by 4.4 kg after 6 months of lifestyle intervention
before assisted pregnancy treatment. However, the live birth rate in the intervention
group was lower than that in the control group receiving direct assisted pregnancy
treatment, and there was no significant difference between the pregnancy rate and
the control group. van Oers et al. [32] further analyzed that there was no difference
in the live birth rate between the obese and control group when assisted pregnancy
treatment after 6 months of lifestyle preconditioning. Domecq et al. [33] con-
ducted a meta-analysis on the pregnancy outcomes of PCOS patients with lifestyle
intervention before assisting pregnancy and showed that there was no significant
difference in clinical pregnancy rate between the lifestyle intervention group and
the control group.

Up to 50-70% of PCOS patients were overweight or obese. Obesity, insulin resis-
tance and secondary hyperinsulinemia were correlated with each other. Excessive
insulin stimulated ovary to synthesize androgen and inhibit SHBG, which jointly
led to the high androgen status in clinical manifestations and biochemical level of
PCOS patients. Weight loss with adjusting lifestyle could improve central obesity,
enhance insulin sensitivity, decrease fasting insulin and blood glucose levels,
increase SHBG levels and reduce total and free testosterone levels, improve ovula-
tion function and restore regular menstrual cycles [33-37].

Weight loss with adjusting lifestyle improved ovulation and intimal function.
Ujvari et al. [38] analyzed for the first time the effects of weight reduction by
lifestyle adjustment on intima gene expression and insulin signaling pathway in
overweight/obese PCOS patients. The expression of endometrial insulin receptor
substrate-1 (IRS-1) gene was significantly lower than that in the control group
in proliferating phase of PCOS women. After overweight/obese PCOS patients
received lifestyle intervention for 3 months, the average weight decreased by 4.7%,
fasting insulin decreased significantly, menstruation returned to normal in 65% of
subjects and 35% restored ovulation. Meanwhile, subjects of the intervention group
had up-regulated mRNA levels of endometrial IRS-1 gene, which was positively
correlated with increased mRNA levels of endometrial glucose transporter pro-
tein-1 (GLUT-1) gene. These results concluded that after the lifestyle intervention
of obese PCOS patients, expression level of the insulin signaling pathway molecule
in the endometrium was up-regulated to improve the endometrial function and
promoted menstruation to return to normal.
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Diet and exercise were beneficial to improve endocrine and metabolic functions.
Jiskoot et al. [39] believed that multi-disciplinary lifestyle intervention through the
combination of cognition, nutrition and exercise was more conducive to over-
weight/obese PCOS patients to develop a healthy lifestyle and achieved long-term
weight loss, so as to improve the reproductive function, metabolic state and long-
term life quality of overweight/obese PCOS women. A randomized controlled study
of overweight/obese PCOS women followed a dietary intervention to lose weight
for 4 months. The levels of anti-Miillerian hormone (AMH), total testosterone and
free testosterone were significantly lower than those before intervention. Metabolic
indicators including insulin growth factor (IGF-1) and insulin growth factor bind-
ing protein (IGFBP-1) were significantly higher than those before intervention, and
insulin, blood sugar and insulin resistance index (HOMA-IR) were significantly
lower than those before intervention [40]. Harrison et al. [15] reviewed the effects
of exercise on PCOS patients and demonstrated that exercise therapy could improve
ovulation function and insulin resistance and suggested that PCOS patients do
moderate aerobic exercise for more than 90 min per week to improve reproductive
and cardiovascular health. Dyslipidemia was a common cardiovascular risk fac-
tor in PCOS patients. Compared with moderate intensity exercise, PCOS subjects
with high intensity exercise had higher levels of SHBG and high-density lipopro-
tein (HDL-C) and lower incidence of metabolic syndrome [41]. Other opinions
held that lifestyle intervention had no significant improvement on dyslipidemia
and OCP could improve HDL-C function, but lifestyle intervention combined
with OCP drug therapy could improve HDL-C function and reduce the side effects
of OCP on lipoprotein [42, 43]. Weight loss through diet and exercise intervention
was important treatment strategies for PCOS patients, but studies have shown that
the mechanisms of the two were different. Dietary intervention to reduce weight
improved reproduction, psychology and metabolism of PCOS patients, which the
mechanism may lie in the limitation of total energy intake. Palomba et al. [44]
considered that after 24 weeks of exercise intervention, the weight loss of subjects
was not as great as that of dietary intervention, but the ovulation rate was higher,
which may be due to reduced insulin resistance and increased insulin sensitivity,
thus improving the ovarian function. Therefore, dietary and exercise interventions
for obese PCOS patients also need to be individualized.

Lifestyle intervention for weight loss regulated adipokine secretion. Fat cyto-
kines synthesized and secreted by the fat tissues included adiponectin and leptin
and inflammatory cytokines. Adiponectin was considered to be a preventive
protective factor for obesity-related diseases such as diabetes and atherosclerosis,
while leptin was a risk factor for cardiovascular disease. Obesity was often accom-
panied by characteristic high leptin levels and it is believed that obese people may
exist leptin resistance [45, 46]. Adipocytokines were involved in regulating insulin
sensitivity and affecting ovulation and fertilized egg planting. Adipocytokine
secretion levels obese patients were changed, including decreased adiponectin lev-
els, increased leptin and inflammatory of cytokines interleukin (IL)-6 and tumor
necrosis factor (TNF-a) levels, which may be the possible mechanism of adverse
pregnancy outcomes in obese women [21]. Adiponectin level was significantly cor-
related with visceral and subcutaneous fat. Subcutaneous and visceral fat decreased
and adiponectin levels increased after weight loss by lifestyle intervention [22].
The prospective study of Siegrist et al. [23] showed that after 4-6 weeks of lifestyle
intervention, the average weight of 402 obese subjects decreased by 8.9 kg, the
serum adiponectin level increased, leptin and insulin levels decreased. Weight
reduction with lifestyle intervention helped to regulate the secretion of adipokine.
It may be one of the important mechanisms to improve PCOS dysfunction by
weight loss.
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3. Effects of exercise or combination with other methods on metabolic
abnormalities in PCOS patients

PCOS was an endocrine disorder syndrome which coexists with reproductive
dysfunction and metabolic abnormality. The clinical symptoms and long-term
complications of PCOS patients were inseparable from their metabolic dysfunction.
Studies have shown that excessive androgen and abnormal lipid metabolism were
the main factors leading to skin characteristics (such as acne, hairy, male alopecia,
etc.) in PCOS patients. The abdominal subcutaneous adipose tissue of obese PCOS
patients was closely related to insulin resistance and androgen. Overweight could
lead to lower levels of sex hormone binding globulin and increased androgen and
insulin secretion and insulin resistance. This vicious circle would aggravate the
clinical symptoms and signs of PCOS patients [47].

Brown et al. [48] showed that body composition (BMI, WHR and body fat rate)
was significantly reduced after 12 weeks of aerobic exercise, and exercise and physi-
cal activity could reduce the storage of estrogen in body fat and promote the produc-
tion of steroid hormones. Aerobic exercise significantly reduced the levels of SHBG
and LH [49]. In the ovary, decreasing insulin levels reduced the level of androgen,
WHR was the abdominal obesity index, and there was a relationship between WHR
changes, body fat percentage and insulin sensitivity [50]. Therefore, reducing WHR
and body fat percentage through aerobic exercise could increase the body’s sensi-
tivity to insulin and promote the production of SHBG. Androgen production was
reduced and ovulation was promoted by increasing SHBG [49]. In the study con-
ducted by Brown et al. [48], after 20 weeks of exercise, cholesterol, HDL and LDL
levels were significantly improved. Regular endurance exercise could reduce TC, TG,
LDL levels and increase HDL. PCOS patients had an increased risk of type 2 diabetes,
dyslipidemia and cardiovascular disease. Moderate intensity exercise improved the
composition of lipoprotein [51]. A prospective study by Salama et al. [28] convened
75 overweight/obese PCOS women and implemented a low-calorie diet and exercise
intervention for 12 weeks. The average body weight of the subjects decreased by
6.3 kg, the body fat rate and visceral fat area decreased by 9.2 and 21.7% respectively,
and the average blood pressure decreased from 124/82 mmHg to 120/80 mmHg, with
statistically significant differences. In terms of metabolism, fasting blood glucose
decreased by 5.15%, fasting insulin decreased by 27.86%, total cholesterol and
triglyceride decreased by 8.9 and 18.02% respectively. In terms of endocrine metabo-
lism, free testosterone index and SHBG decreased by 31 and 65.6% respectively. In
addition, levels of inflammatory cytokines decreased after lifestyle intervention.
Domecq et al. [33] conducted a meta-analysis on the pregnancy outcomes of PCOS
patients with lifestyle intervention before assisting pregnancy and showed that
weigh loss with adjusting lifestyle could reduce fasting insulin and fasting glucose,
BMI decline was associated with reduced fasting blood glucose, these would help
improve glucose metabolism. Based on previous research data, high-protein diet
combined with regular exercise was adopted as the first-line treatment for obese
PCOS patients and the results showed that after treatment, the patient’s BMI was
significantly reduced and the levels of LH, T, fasting blood glucose and insulin, IR
and TG were decreased, but HDL was increased. Mehrabani et al. [52] demonstrated
that the high-protein diet could significantly reduce the levels of BMI, T, insulin and
IR. There were no significant changes in lipid and LH levels except LDL. Studies
showed that after 8-12 weeks of moderate intensity exercise, the relevant indexes of
lipid metabolism in PCOS patients could be significantly improved [48].

At present, modern medicine believed that the mechanism of exercise regulating
metabolism may be related to the hormones involved in energy metabolism. Exercise
could strengthen resting energy consumption (REE) of PCOS patients and reduce
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the content of adipose tissue in PCOS patients. REE of PCOS patients decreased
compared with healthy women of the same age and BMI. Studies have shown

that REE in obese people was significantly lower than that in non-obese one [53].
Therefore, REE may be declined in PCOS patients. Georgopoulos et al. [54] have also
shown that there was a reduction of REE in PCOS patients, which be associated with
increased fat content in the patients. On the other hand, exercise had a profound
impact on the neuro-endocrine system, especially on the hormones involved in the
regulation of energy metabolism, such as insulin, androgen, lactone and leptin.
First, insulin resistance was the pathological basis of PCOS. It was generally agreed
that one of the causes of insulin resistance was the abnormality of insulin signal
pathway. Exercise or exercise training could affect the insulin action pathway from
the three levels of pre-receptor, receptor and post-receptor in the pancreas islet [55].
Secondly, leptin played an important role in PCOS metabolism. Existing research
showed that long-term exercise could reduce serum leptin level, improve leptin
resistance and the sensitivity of the body to leptin. After sensitization, leptin could
further inhibit the excessive secretion of insulin and the occurrence of hyperinsulin-
ism, thus improve IR [56]. Thirdly, prolonged and intense exercise caused a decrease
in blood testosterone, which may be caused by the body’s hormones and some trace
elements. For example, long time exercise or exercise training had obvious influ-
ence on zinc and selenium, zinc and selenium deficiency caused serum testosterone
to drop [57]. Finally, some scholars have found that exercise could improve the
expression of visfatin and promote the differentiation of visceral fat cells, and the
differentiated fat cells contained a large number of insulin receptors, thus improving
the sensitivity of insulin. Exercise may also promote necrosis and apoptosis of large
adipocytes differentiated in visceral tissue, thereby reducing visceral adipocytes,
improving insulin sensitivity and lipid metabolism disorder in the body [58].

4, The influence of exercise or combination with other methods on
negative emotions of PCOS patients

In contemporary society, fierce competition, heavy work and study tasks, stay
up late, lack of exercise and bad eating habits tended to cause stress reactions such
as mental tension and emotional fluctuations in women which lead to endocrine
imbalance in the hypothalamic-pituitary-ovarian gonadal axis, thus inducing
PCOS. At the same time, PCOS patients were more likely to have severe inferiority
complex, anxiety, depression and other abnormal psychological reactions than
normal women [59]. It was reported that 17.19% patients with PCOS had anxiety,
32.81% had depression, and 10.15% had both depression and anxiety [60, 61].
Sudden or long-term mental depression, tension, anxiety, fear, depression, etc.
could lead to mental endocrine disorders, menstrual and ovulation dysfunction,
which aggravate the condition of PCOS patients and ultimately not conducive to
the treatment of PCOS patients [62]. Therefore, it is increasingly important to treat
PCOS patients’ psychological diseases and relieve their psychological pressure.

Professor from the British nutrition foundation said doing more exercise could
go along way in boosting your self-esteem, improving your mood and coping with
stress. It may even help you sleep and prevent depression. Studies have shown that
exercise had obvious effect on the improvement of people’s mental health level.
Morgan suggested that intense exercise reduced anxiety which lasts for 2-5 h and
regular exercise decreased anxiety and depression and boosted self-esteem [63].
Exercise could improve the state of mind, reduce the level of anxiety and have a ther-
apeutic effect on anxiety. Regular exercise could effectively improve the psychologi-
cal state of PCOS patients, ensure the effect of life intervention, and improve their
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quality of life [44]. Large, medium and small exercise loads could effectively improve
the anxiety level of patients with severe generalized anxiety disorder, but large and
medium exercise could more effectively improve the anxiety level of patients with
mental anxiety [64]. Studies have found that a combination of physical activity and
dietary intervention in PCOS patients could reduce depression and improve their life
quality [65]. Teede et al. showed that PCOS patients lost 5-10% of body weight, their
reproductive, metabolic and psychological characteristics were improved, and their
sexual satisfaction and life quality were also increased [66].

For the regulation mechanism of negative emotions, exercise could increase the oxy-
gen demand, improve the oxygen consumption and the cardiopulmonary function in
human body. On the other hand, it could distract attention, transfer the experience of
bad emotions, to achieve a comfortable body and mind and regulate emotions. Sports
could produce a wealth of emotional experience and obtain more sports pleasure,
comfort, satisfaction and fulfillment, showing an overall psychological state of good.

5. Conclusions

PCOS is a common reproductive endocrine disease in women of reproductive
age. The clinical manifestations of PCOS patients are heterogeneous, it mainly
affects reproductive, metabolic function and mental health. Its biochemical char-
acteristics include insulin resistance, hyperinsulinemia, androgen overload and
imbalance of LH/FSH ratio. Clinical manifestations include obesity, hirsute, acne
and other high androgen symptoms, irregular ovulation or anovulation, menstrual
disorders and infertility, bilateral polycystic changes of ovaries under ultrasound,
and increased ovarian volume.

As one of the important treatment strategies for PCOS patients, adjusting life-
style to lose weight was helpful to improve endocrine disorders and reduce the risk
of metabolic syndrome, which is widely used in clinical practice. For obese PCOS
patients who receive assisted pregnancy treatment, dietary and exercise intervention
before assisted pregnancy could help restore spontaneous ovulation and enhance
natural pregnancy rate, improve the outcome of assisted pregnancy, increase the
success rate of assisted pregnancy and reduce the risk of pregnancy complications.
Compared with weight-loss surgery, ovulatory drugs and IVF assisted pregnancy
treatment, lifestyle adjustment for weight loss had unique advantages such as strong
feasibility, low cost and large benefits. However, how to maintain reasonable, stable
and long-term weight loss and keep target weight was still a big problem. In recent
years, multidisciplinary cooperation involving diet, exercise and psychosocial
intervention to guide obesity PCOS weight loss had attracted more and more atten-
tion, which is of great significance to guide clinicians to formulate more scientific
and effective individual weight loss programs, improve the outcome of assisted
pregnancy and long-term life quality of obese PCOS patients.
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Chapter 4

Effect of Aromatase Inhibitors
versus Clomiphene Citrate

for Ovulation Induction in
Infertile Women with Ovulatory

Dystunction (PCO)

Hassan S.0. Abduljabbar, Magda Hagras and Rania Magadmy

Abstract

A RCT conducted to assess the efficacy of letrozole as an ovulation induction
agent in infertile women, and to compare the effectiveness of letrozole with the
current standard agent, clomiphene citrate given for three successive cycles on
the induction of ovulation. Forty-five infertile women with anovulation included,
the subjects were randomly divided into two groups; subjects were allocated to
either CC (100) or letrozole (5 mg) daily—5 days starting on the third day of
menses, for 3 months. On stimulation day 12 subjects, serum estradiol and trans-
vaginal sonography to document the number of follicles was done. On stimula-
tion day 21 subjects, serum progesterone and ultrasound for the thickness of
endometrium was done. Participants were followed-up monthly. Results revealed
that the mean number of follicles reaching >18 mm and endometrial thickness in
the letrozole comparable to those receiving clomiphene citrate. Letrozole showed
lower estradiol level compared to Clomiphene citrate (P < 0.05). Ovulation
occurred in 84.4%, 78.1% in the letrozole and clomiphene citrate, respectively, and
pregnancy rate is 18.8% in the letrozole group compared to 15% in the clomiphene
citrate group. In conclusion, there was no significant increase in the number of
follicles, endometrial thickness and pregnancy rate induced by letrozole compared
with clomiphene citrate.

Keywords: infertility, anovulation, letrozole, clomiphene citrate

1. Introduction

Many controversies surround the treatment of infertile women with polycystic
ovary syndrome (PCOS). Before any intervention is initiated, pre-conceptional coun-
selling should be provided emphasizing the importance of lifestyle, especially weight
reduction and exercise in overweight women, smoking, and alcohol consumption [1].

The recommended first-line treatment for ovulation induction remains the anti-
estrogen clomiphene citrate (CC). Recommended second-line intervention, should
CC fail to result in pregnancy, is either exogenous gonadotropins or laparoscopic
ovarian surgery (LOS). The use of exogenous gonadotropins is associated with
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increased chances for multiple pregnancies, and, therefore, intense monitoring of
ovarian response is required. Laparoscopic ovarian surgery alone is usually effec-
tive in less than 50% of women, and additional ovulation induction medication is
required under those circumstances. Recommended third-line treatment is in vitro
fertilization (IVF) [1].

Aromatase inhibitors aromatase inhibitors act not only by decreasing circulating
levels of estrogen, but also by directly blocking local estrogen production in the
breast tumor.

In premenopausal women, it causes an increase in gonadotropin secretion
because of the reduced negative feedback of estrogen to the pituitary.

It also leads to ovarian stimulation, an increase in ovarian size, which may result
in ovarian cysts in premenopausal females [2].

Kafy and Tulandi [3] found that letrozole in a dose of 5 mg daily for 5 days is
associated with a thicker endometrium and a better pregnancy rate. It is as effective
as gonadotropin but yet less expensive. Moreover, induction of ovulation with FSH
injections is carried with relative risks of multiple gestations and severe ovarian
hyperstimulation syndrome [4]. The benefit of the use of aromatase inhibitors has
not yet been proven in large studies [5].

Gregoriou et al. [6] stated that ovarian stimulation with letrozole is associated
with acceptable pregnancy rates compared with gonadotropin with significant
less cost, risks, and patient inconvenience. In addition, suggests that clomiphene
suppresses endometrial receptivity more than letrozole, and they concluded that
letrozole might be an appropriate drug for ovulation induction. Fortunately,
Badawy et al. [7] documented safety of letrozole and clomiphene citrate for both
the mother and fetuses.

Yet, the benefit of the use of aromatase inhibitors has not yet been proven in
large studies, and further randomized-controlled studies are warranted to define
more clearly the efficacy and safety of letrozole in human reproduction.

2. Material and methods

Condition phase: Infertility due to anovulation.

Intervention: Patients were assigned to the letrozole or clomiphene citrate.
Patients were enrolled and followed-up. The Ethics Committee of the King
Abdulaziz University Hospital approved this study. Written informed consent was
obtained from each patient.

Study design: Treatment, randomized, double-blind, efficacy study comparing
letrozole versus clomifene citrate for ovulation induction.

Setting: A university teaching hospital.

Primary outcome measures: Ovulation rate, number of growing and mature
follicles during treatment, serum estradiol level, serum progesterone level, endome-
trial thickness.

Secondary outcome measures: Hyperstimulation, miscarriage rate, multiple
pregnancy rate, and ectopic pregnancy trial population: 44 infertile females were
assigned to the study according to certain inclusion criteria.

Inclusion criteria
1. Age: 25-40, BMI < 30.

2. Infertility due to anovulation.
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3.No recent (within 3 months) treatment for induction of ovulation.
4.Normal semen analysis.
5.Proven patency of at least one fallopian tube.

6. Had no other pelvic pathology.

Exclusion criteria

1.Inability to give informed consent

2. Hypersensivity to letrozole or clomiphene citrate
3. Excess prolactin levels

4. Other causes of infertility

5. Absence of any inclusion criteria.

This double-blind randomized-controlled trial was conducted in 44 infertile
patients attending the Department of Obstetrics and Gynecology, King Abdulaziz
University Hospital, Jeddah over a period of 1 year. Forty-four infertile women,
aged between 25 and 40 years with infertility for 2 years or more, of unprotected
coitus without conception in patients who have never conceived before, because
of anovulation related to PCOS, were recruited for study after obtaining informed
consents from the couples. PCOS diagnosis required the presence of two of three
criteria, i.e., oligomenorrhea and/or anovulation, clinical and biochemical signs
of hyperandrogenism, and/or polycystic ovaries on ultrasound. Couples with any
other significant subfertility factor in either of the partner detected by pre-recruit-
ment investigations were not included in this study. The Ethics Committee of the
King Abdulaziz University Hospital approved this study.

All patients were screened for the hormonal profile, including the follicle-stim-
ulating hormone, luteinizing hormone, prolactin, thyroid-stimulating hormone,
estradiol, a pelvic ultrasound for confirmation of polycystic changes in the ovary,
hysterosalpingography to determine tubal patency, Semen analysis in the patient’s
partner to rule out malefactor.

Computer-assisted randomization was done and concealment was ensured. The
candidates were randomly divided into two groups. Patients were allocated to either
group (I), where patients received 5 mg of letrozole once daily (Femara®, Novartis,
Basel, Switzerland), or group (II), where patients received 100 mg of CC once
daily (Clomid®, Sanofi Aventis, France), for 5 days starting on day 3 of menses, for
the first, second, and third month. Follow-up of ovulation and endometrial thick-
ness was monitored by transvaginal ultrasonographic folliculometry by the same
operator by the same observer. Timed intercourse was advised 24 h after measuring
dominant follicle of >18 mm till 12 h post ovulation.

Subjects returned to the clinic on stimulation day 12 for blood sampling to
analyze estradiol and were undergone transvaginal sonography to document on the
number of follicles (Note: Stimulation day 1 equals the first day of study drug).

Blood sampling was repeated on stimulation day 21 for the analysis of serum
progesterone. Ovulation was confirmed by a progesterone level 10 ng/mL. If the
results of the progesterone test indicate that the patient has not ovulated, the sub-
ject was brought back 1-2 days later for a repeat progesterone test. Also, ultrasound
for assessment of the thickness of the endometrium was done.
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In ovulatory cycles, a pregnancy test was performed 3 days post missed period.
Subjects with a positive pregnancy test were supplemented with micronized proges-
terone vaginally. Participants were evaluated for three courses of intervention.

Subjects may be allowed to continue for up to two additional treatment cycles if
they failed to achieve clinical pregnancy in their first treatment cycle, and did not
experience other mandatory withdrawal condition. A follow-up visit was arranged
for each group every month at the second day of menstruation until 3 months after
recruitment or at any time during the trial if the pregnancy was achieved.

2.1 Statistical analysis

The data were analyzed with the Statistical Program SPSS version 16.
Descriptive statistics comprised the mean and standard deviation (SD), analytical
statistics comprised the t-test to make comparisons between independent quantita-
tive means, and the Anova test to make comparisons between the different groups.
P value < 0.05 was significant. Pearson correlation was done between different
parameters.

3. Results

Results obtained during the term of the project and data analysis. Patients were
randomized so as, 24 women of mean age (30.2 + 4.3) years received letrozole;
whereas, 20 women of mean age (29.8 + 4.7) years received clomiphene citrate.
Group (I) had a body mass index of (28.2 + 2.1); whereas, group (II) had a body
mass index of (274 + 2.2). There was no significant difference between the groups
as regard age or body mass index (P > 0.05) (Table 1) and the baseline hormonal
profiles of the two groups (Table 2).

There was no significant statistical difference between letrozole group and the
clomiphene citrate group concerning the following hormones: serum FSH day 2
(5.5 £1.9 versus 5.9 + 1.5 IU/ml), serum LH day 2 (4.1 + 2.4 versus 4.4 + 2.3 mIU/ml),
and serum E2 day 2 (53.1 + 11.4 versus 50.9 + 15 pmol/L).

Age BMI
Letrozole (n = 24) 30.2+43 282+21
Clomiphene citrate (n = 20) 29.8 + 4.7 274 £2.2
Significance NS NS
Significant change: P < 0.05.
Table 1.
Baseline parameters of the study groups.
FSH LH TSH Prolactin Estradiol
IU/ml mlU/ml ulU/m mlU/L pmol/L
Letrozole (n = 24) 55+19 41+24 19+0.1 12.2+26 531+11.4
Clomiphene citrate (n = 20) 59+15 44+23 2.0+0.2 134 +16 509 +15
Significance NS NS NS NS NS

Significant change: P < 0.05.

Table 2.
Baseline hormonal parameters of the study groups.
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The primary outcome measures were a number of mature follicles and endome-
trial thickness (in mm); secondary outcome measures were the pregnancy rate and
miscarriage rate. The number of follicles showed no statistically significant (P > 0.05)
difference between the groups (5.8 + 3.6 for Group I versus 3.2 + 3.3 in Group II) in
cycle I. Endometrial thickness showed no statistically significant (P > 0.05) differ-
ence (9.07 £ 0.3 for Group I versus 4.08 + 0.3 cm for Group II) (Table 3).

The mean number of follicles reaching >18 mm was significantly higher in
patients who received letrozole (4.5 + 4.5) than in those receiving clomiphene
citrate (3.6 + 3.6), although this difference was found non-significant. Letrozole
and clomiphene citrate showing no significant difference (P > 0.05) as regards the
endometrial thickness (1.1 + 0.2 versus 1.2 + 0.2) (Table 3). There is an insignifi-
cant difference between clomiphene citrate and letrozole as regard endometrial
thickness and number of follicles through the 3 cycles. Clomiphene citrate signifi-
cantly increased estradiol and progesterone levels compared to letrozole in cycle 1

and cycle 3 (Tables 3-5).

Estradiol Progesterone Follicles Endometrium Pregnancy
pmol/L mol/L Number Thickness (cm) Rate
Letrozole (n = 24) 4544557 476 + 344 45+45 112+0.2 2.0
CC (n=20) 2.5+21276 62.2+62.8 3636 12+0.2 19+0.2
Significance 0.001 0.017 0.820 0.724 0.030

CC = clomiphene citrate.
Significant change: P < 0.05.

Table 3.

Effect of letrogole versus clomiphene citrate on estradiol, progesterone, no. of follicles and endometrial thickness
in cycle 1.

Estradiol Progesterone Follicles Endometrium Pregnancy

pmol/L mol/L Number Thickness (cm) Rate
Letrozole (n=24) 4.2+ 6567 396311 5836 1.07+03 18+03
CC (n=20) 1.5+904.5 489 + 571 32+33 1.08 +.3 20+0.2
Significance 0.25 0.14 0.46 0.81 0.02

CC = clomiphene citrate.
Significant change: P < 0.05.

Table 4.

Effect of letrozole versus clomiphene citrate on estradiol, progesterone, no. of follicles and endometrial thickness
in cycle 2.

Estradiol Progesterone Follicles Endometrium Pregnancy

pmol/L mol/L Number Thickness (cm) Rate
Letrozole (n = 24) 3.9 +349.09 36.8 £ 26 51+48 1.05+0.2 20£03
CC (n=20) 4.08 £ 54434 51.3 + 68.5 13+15 1.09+04 2.0+0.2
Significance 0.007 0.05 0.26 0.10 NS

CC = clomiphene citrate.
Significant change: P < 0.05.

Table 5.

Effect of Letrozole versus clomiphene citrate on estradiol, progesterone, no. of follicles and endometrial
thickness in cycle 3.
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No. of pregnancy Miscarriage
Letrozole (n = 24) 4 0
Clomiphene citrate (n = 20) 3 0
Significance 0.49 NS

Significant change: P < 0.05.

Table 6.
Effect of letrogole versus clomiphene citrate on number of pregnancies pregnancy and miscarriages in the
3 cycles.

A comparison of the number of pregnancies achieved in the groups showed
insignificant statistical difference (P < 0.05). No multiple pregnancies occurred in
both groups (Table 6).

Anova between the 3 cycles revealed that there is no significant difference
between estradiol, progesterone levels, number of follicles, and endometrial thick-
ness. Post Hoc Tests also revealed insignificant differences between the outcomes in

the 3 cycles.

4. Discussion

Detailed scientific discussions of the results obtained during the term of the
project, and related past results obtained in the field of this research area. Although
clomiphene citrate is considered the first-line drug for ovulation induction in
women with PCOS, a significant proportion of women do not respond to this
treatment [8]. Letrozole, a third-generation aromatase inhibitor, is suggested for
ovulation induction [9].

Letrozole initiates ovulation by decreasing the conversion of androstenedione
and testosterone to estrogen in the ovary. The inhibition of estrogen production,
in turn, increases GnRH release and pituitary follicle-stimulating hormone (FSH)
synthesis [10]. Clomiphene citrate acts by blocking the negative feedback of endog-
enous estrogen at the level of the hypothalamus and pituitary gland and promoting
an increase in the pulsatile release of luteinizing hormone and follicle-stimulating
hormone. However, clomiphene citrate has an antagonistic effect on the endome-
trium and may reduce endometrial thickness [11].

The results of this prospective randomized study showed that letrozole was
as effective as clomiphene citrate for induction of ovulation with an insignificant
change in the number of mature follicles and endometrial thickness. Atay et al. [8]
reported that letrozole and clomiphene citrate were effective for ovulation induc-
tion in PCOS, but in contrast to the present study, they found greater endometrial
thickness in the letrozole group.

In the present study, clomiphene citrate significantly increased estradiol and
progesterone levels compared to letrozole in cycle one and cycle 3. Badawy et al. [7]
found that levels of serum estradiol and progesterone were statistically significantly
higher in the clomiphene citrate group compared to letrozole.

The hormonal changes could be explained by clomiphene citrate (CC) binds to
estrogen receptors (ERs) for an extended period of time due to its structural simi-
larity to estrogen. This will deplete ER concentrations. The antiestrogenic effect on
the hypothalamus and the pituitary is believed to be the main mechanism of action
for ovarian stimulation. Depletion of hypothalamic ERs prevents correct interpreta-
tion of circulating estrogen levels; estrogen concentrations are falsely perceived
as low leading to reduced estrogen-negative feedback on GnRH production and
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subsequent increased gonadotropin (FSH and LH) secretion. The rise of FSH pro-
motes growth of ovarian follicles and ovulation in anovulatory women. It is believed
that the hypothalamus is the main site of action because in normally ovulatory
women, CC treatment was found to increase GnRH pulse frequency [12].

Letrozole block estrogen-negative feedback, without depletion of ERs as
occurs with CC. Inhibition of aromatization will block estrogen production from
all sources and release the hypothalamic/pituitary axis from estrogenic negative
feedback. The resultant increase in gonadotropin secretion will stimulate growth of
ovarian follicles [13].
5. Conclusions and recommendations

Letrozole in patients with PCOS is as effective as clomiphene citrate in inducing
ovulation; letrozole had a comparable effect to clomiphene citrate on endometrial
thickness and number of follicles.
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Follicular Development and
Ovulation Failure in Mammalian
Ovary
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Abstract

In mammals, the follicular development and following ovulation are regulated
by reproductive hormones, while polycystic ovary syndrome (PCOS) is an endo-
crine disorder syndrome with reproductive dysfunction and abnormal glucose
metabolism in most PCOS women. Its characteristics are hyperandrogenism,
ovarian dysfunction, and the exclusion of other androgen excess or related dis-
eases. Its clinical characteristics are large antral follicle pool from which to recruit
and persistent anovulation. The incidence of PCOS in women of childbearing age
ranged from 4 to 12%. About one-third of infertility cases had no ovulation, and
90% of them had PCOS. Therefore, further studying the regulatory mechanism
of follicular hyperrecruitment and anovulation can provide theoretical basis for
exploring the pathogenesis of PCOS and guiding clinical treatment, especially for
protecting female fertility and preventing the occurrence of metabolic disorder
syndrome. The present article will review the progress in endocrine characteristics
and regulatory mechanism of follicular development and ovulation failure in the
mammalian ovary.

Keywords: follicle-stimulating hormone, follicular development,
luteinizing hormone, ovulation failure, polycystic ovary syndrome

1. Introduction

In mammals, the follicular development mainly includes several periods of
primordial follicles, primary follicles, secondary follicles, tertiary follicles, and
matured follicles. With the initiation of primordial follicle, primary follicles are
gradually formed, then continue to develop to the secondary and tertiary follicles,
and finally to matured follicles, which were divided into two stages: the selective
follicle stage and the matured follicle stage. The development of follicles undergoes
the development of early stage, the growth of antral follicles, the selection of domi-
nant follicles, the maturation, and ovulation of follicles. During an estrous cycle,
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when thousands of primordial follicles develop to the ovulation stage, the number
of ovulation accounts for only 0.1-0.2% of the total number of primordial follicles.
Most of these follicles are atresia during the development, while the hormone
regulation is accompanied by the follicular development all the time. Pituitary
gonadotropin and steroid hormones promote the growth of oocytes, the prolifera-
tion of the follicular cells, and the formation of the follicular cavity, which plays an
important role in the follicular development. Polycystic ovary syndrome (PCOS)
is an endocrine disorder syndrome with reproductive dysfunction and abnormal
glucose metabolism in most PCOS women [1], and its clinical characteristics are
large antral follicle pool from which to recruit and persistent anovulation. Further
understanding the regulatory mechanism of the follicular development and ovula-
tion in the ovaries will provide theoretical basis for the treatment of PCOS.

2. Hormonal regulation of the normal follicular development

Under physiological conditions, the growth and development of follicles are
regulated by a variety of hormones, including pituitary gonadotropins (follicle-
stimulating hormone, FSH and luteinizing hormone, LH) and gonadal hormones
(estrogen and androgen). Androgen promotes the growth and development of early
follicles [2] and plays an important role in the follicular recruitment [3]; FSH recruits
the follicles [4] and LH binds to its receptors to promote the androgen synthesis in the
follicular membrane cells; FSH binds to its receptors to activate the aromatase activity
in the granulosa cells and then to promote the transformation of androgen to estra-
diol; estrogen promotes the growth and differentiation of follicular cells and cooper-
ates with FSH to promote the development of the follicles; LH is secreted in a peak
manner during the late follicular development for the ovulation of matured follicles.

2.1 Hormonal regulation of the early follicular development

It is generally believed that preantral follicles do not need the action of FSH, but
studies have found that there are FSH receptors in the granulosa cells of preantral
follicles, indicating that these follicles have the ability to respond to FSH very
early. The threshold theory proposed by Brown in 1978 shows that the concentra-
tion of FSH is very important in the early follicle stage [5]. Once the FSH reaches
the threshold, the follicle will enter the growth stage rapidly. The duration of
FSH reaching the threshold and the extent of FSH exceeding the threshold will
ultimately determine the number of matured follicles [5]. During the pre-antral fol-
licular phase, inhibin-containing follicular fluid was injected into mice and cattle,
which reduced the concentration of FSH, caused follicular growth to stop, and
delayed the appearance of new follicular waves; and artificial increase of FSH con-
centration would lead to larger follicular volume and more follicles [6]. Therefore,
FSH plays an important role in the initiation and development of primordial
follicles during the follicular development [7].

LH receptor (LHR) is widely distributed in nongonadal tissues besides follicular
endometrial cells and Leydig cells. The expression of LHR was later than that of
FSH receptor (FSHR) [6, 8]. The expression of LHR mRNA could only be detected
5 days after the birth of the mouse offspring and 7 days after the birth of the rabbits
when secondary follicles appeared in the ovaries [8]. In the estrous bovine and
rabbit ovaries, LHR began to transcript in the follicular endometrial cells only after
the follicles developed into antral follicles and follicular endometrium formed, and
later in granulosa cells, indicating that LH had no direct effect on the development
of preantral follicles.
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2.2 Hormonal regulation of the antral follicles

After FSH initiates the development of primordial follicles, it further promotes
the formation of some follicles into the cavity and enters the growth of antral
follicles. The continuous growth of antral follicles depends on the support of FSH,
while FSH stimulates the growth and development of antral follicles, and at the
same time stimulates granulosa cells to produce FSHR. With the increase of the
number of FSHR, the response of follicular granulosa cells to FSHR increases,
which promotes the continuous development of granulosa cells [9].

Follicular intima began to synthesize LHR, cholesterol side chain cleavage enzyme
(P450scc), P450 17alpha hydroxylase (P450 17alpha), and 3beta hydroxysteroid
dehydrogenase (3beta-HSD) after the formation of antral follicles. The develop-
ment of antral follicles is related to the synthesis of P450scc and P450arom enzymes
by granulosa cells. LH acts on follicular endometrial cells, P450scc and 3beta-HSD
catalyze the conversion of cholesterol to progesterone, and progesterone to androgen
under the action of P450 17alpha and P450 C17,20 carbon chain lyase [10].

2.3 Hormonal regulation of the dominant follicles

Some of the first growing follicles were selected to continue to develop into
dominant follicles. The remaining follicles in the same group were transformed into
secondary follicles and gradually degenerated into atresia [11]. With the advent of
dominant follicles, the concentration of FSH gradually decreased to the basic con-
centration and is maintained until the next peak. During the later selection period,
the response ability of dominant follicles to FSH decreased, and the decrease of the
peak value of FSH was obviously a necessary factor for the selection of dominant
follicles, but not the only factor. LH also played an important role in this process.

During the selection process of dominant follicles, the number of FSH recep-
tors in granulosa cells remained unchanged, while the expression of LHR mRNA
was initial, and the number of LHR increased gradually [12]. At the same time,
the number of LH binding sites in endometrial cells increased when the dominant
follicle was established, so the selection of dominant follicles began to change
from FSH-dependent to LH-dependent one, and the number of LH receptors
increased rapidly.

Androgen enters granulosa cells, FSH acts on granulosa cells, induces the
proliferation and differentiation of granulosa cells, and increases the activity of
P450arom, which converts androgen into estrogen [11]. With the increase of estra-
diol produced by follicles, estradiol has a feedback effect on pituitary gonadotropin,
which makes the concentration of gonadotropin decrease slightly, inhibits the
development of other follicles, and promotes atresia of other follicles. In addition,
FSH has long sensitization to aromatase [13].

Inhibin (INH) is a glycoprotein hormone produced mainly by ovarian granu-
losa cells. It is a heterodimer composed of two subunits, alpha and beta [14]. INH
stimulates androstenedione synthesis in the follicular membrane mediated by LH
and enhances aromatase activity, thus increasing estradiol synthesis in granulosa
cells. It is of great significance for follicular recruitment and selection of superior
follicles. After the formation of dominant follicles, INH and 17beta-estradiol
synthesized by granulosa cells increased, and inhibited FSH synthesis and release
by blood circulation. On the one hand, the decrease of FSH synthesis restricts the
further development of non-dominant follicles and makes them become atresia
follicles; on the other hand, INH enhances the sensitivity of dominant follicles to
pituitary gonadotropin and avoids follicular stagnation caused by the decrease of
FSH synthesis [15].
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2.4 Hormonal regulation of ovulation

Ovulation in animals is a complex process, involving a series of changes such as
the rupture of matured follicles and excretion of matured oocyte. The hormone that
fundamentally affects ovulation is LH. After selecting the dominant follicles, the
gonadotropin-dependent transformation was completed, and the estrogen in the
follicles increased rapidly, with the peak value of estradiol [16]. With the emer-
gence of estradiol peak, the pituitary response to gonadotropin-releasing hormone
(GnRH) gradually increased, and the LH stored in pituitary increased in order to
further provide hormones to the LH release pool, which reached the peak before
ovulation. LH peak causes follicular wall ischemia to form a necrosis state of “physi-
ological atrophy,” leading to ovulation [9].

As in the case of LH, the concentration of FSH in blood increased briefly before
ovulation and reached a peak again before ovulation. It is worth noting that LH
must cooperate with a certain proportion of FSH in order to promote normal ovula-
tion. LH ruptures all the follicles on the ovary, but when they are used together, only
matured follicles are discharged, indicating that FSH has a mechanism to inhibit the
rupture of immatured follicles.

The appearance of LH peak activates adenylate cyclase in the follicular mem-
brane, increases cAMP, causes the luteinization of granulosa cells, increases pro-
gesterone content in the follicles, thus inhibits the positive feedback of estrogen to
promote LH secretion [9], reduces the frequency of LH pulse [9], prolongs the dura-
tion of LH rise before ovulation, and ensures the sufficient time for LH and other
gonadotropins to initiate follicular maturation and ovulation. At the same time,
progesterone activates proteolytic enzymes, amylase, collagenase, and hyaluroni-
dase in the follicles. These enzymes act on the collagen structure of the follicular wall
to decrease the tension, increase the expansibility, and finally cause the ovulation.

INH acts as a chemical signal of the pituitary gland to induce the number of
developing follicles in the ovary and reduce the release of FSH to maintain the
level of species-specific ovulation [17]. Estradiol transmits chemical signals to the
hypothalamus during the follicular maturation, so INH is an important inducer of
the follicular development, which controls the number of follicles by inhibiting the
release of FSH [18].

3. Endocrine regulation of the follicular development in PCOS

PCOS patients are predominantly androgens and the excessive androgens are
mainly androstenedione and testosterone [19]. Recent studies have found that
other endocrine factors are also involved in the occurrence of PCOS, such as leptin,
growth hormone, and so on.

3.1 Androgen

The increase of androgen level in follicular fluid blocks the development of
dominant follicles [20], while the main mechanism of androgen excess in PCOS is as
following. LH directly acts on the follicular membrane cells, increases the activity of
P450 C17 enzyme in the cells, and causes the excessive androgen production in the
follicular membrane cells; high level of INS increases the level of LH in PCOS patients,
thus promoting the secretion of androgen by ovaries and adrenal glands; insulin-like
growth factor (IGF)-I promote androgen production in the follicular membrane cells
and adrenal cortical cells; and adrenal hyperfunction also produces a large amount of
dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS) [21].
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3.2 Gonadotropin

The serum FSH level of PCOS patients was lower than that of normal people,
but low FSH level resulted in a large number of follicles accumulated and could
not develop into dominant follicles, resulting in anovulation and the changes of
polycystic ovarian [22, 23]. Although the persistent high androgen level in the
ovary of PCOS patients cannot form dominant follicles, the small follicles in the
ovary can still secrete estradiol. At the same time, the increase of estrone converted
from androstenedione in the peripheral blood makes the persistent secretion of
large amounts of estrogen and a certain level of estradiol act on the hypothalamus
and pituitary gland, which has a positive feedback effect on LH, and increases its
secretion amplitude and frequency. The level of LH is continuously high, and then
stimulates the hyperplasia of follicular membrane, produces excessive androgens,
significantly inhibits the role of LH in promoting estradiol secretion, which may be
the cause of oocyte maturation disorder in PCOS patients [24].

3.3 Insulin

Insulin (INS) receptors are expressed in ovarian stromal cells, granulosa cells,
and follicular membrane cells. INS promotes the follicular recruitment and stimu-
lates the synthesis of steroid hormones by follicular membrane cells and granulosa
cells [25]. INS promotes androgen production by follicular membrane cells through
the following pathways [26] and plays an important role in the production of
hyperandrogenism [27]. INS increases androgen production by enhancing the
activity of 17alpha-hydroxylase, increases androgen production by increasing the
number of LH receptors or the affinity of LH to receptors, increases free androgen
level by reducing the secretion of gonadal hormone binding globulin in the liver,
and increases androgen level by inhibiting the secretion of IGF binding protein
and enhancing the activity of serum IGF-I. INS resistance exists in PCOS patients,
which leads to the hyperinsulinemia and increases androgen production and
premature luteinization of granulosa cells, thus causing granulosa cell proliferation
and follicular development to stagnate [26, 27].

3.4 Leptin

Leptin is a polypeptide hormone secreted by adipose tissue [28], which plays
an important role in controlling reproductive capacity [29]. The disorder of leptin
system is related to the pathogenesis of polycystic ovary [29-32]. Relatively high
concentrations of leptin in serum and follicular fluid of PCOS patients resulted
in lower fertilization, transfer, and pregnancy rates in vitro fertilization-embryo
transfer (IVF-ET) [33]. The high concentration of leptin in PCOS patients inhibits
the aromatase activity of granulosa cells, prevents the transformation of androgen
to estrogen, induces hyperandrogenism, and inhibits follicular development [34].
In addition, leptin may block the selection and development of dominant follicles,
leading to anovulation [35].

3.5 Growth hormone

Growth hormone (GH) is a hormone secreted by pituitary gland, which has
physiological effects on the growth, development, and metabolism, which stimulates
the follicular development, inhibits follicular atresia, and increases ovulation num-
ber [36]. GH directly regulates the gene expression of IGF-I or IGF-II and affects the
synthesis of ovarian hormones. The impairment of GH secretion and the decrease
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of GH level lead to anovulation in PCOS. In addition, INS inhibits the secretion of
pituitary GH stimulated by basal and gonadotropin-releasing hormone and also
stimulates the production of IGF-II, thus feedback inhibits GH secretion [36].

4. Molecular mechanism regulating the follicular development

Follicular development is regulated by many molecules and related signaling
pathways in mammals. For example, prematured luteinization of granulosa cells in
mouse follicles is associated with higher LH levels in the follicles, which results in
the early meiosis of oocyte and changes in signal transduction, leading to follicular
atresia [37]. In addition, activin/inhibin, BMP/Smad, and NPPC/NPR2 signaling
pathways also play an active role in the development of ovarian follicles, which will
be discussed in the present section.

4.1 Activin/inhibin signaling pathway

Activin is an intercellular signaling molecule secreted mainly by granulosa cells,
and also an agonist-stimulating pituitary gland secreting FSH. Activin is involved
in many biological functions of mammalian ovaries, including the survival of germ
cells and the recruitment of primordial follicles, promotes the proliferation of
granulosa cells and the expression of FSHR, delays the luteinization and atresia of
follicles, and participates in the luteolysis [38-40]. Activin binds to type II receptor,
starts the phosphorylation process, then activates type I receptor, phosphorylates
the downstream signal molecule R-Smads, receptor Smad binding to phosphory-
lated R-Smads occurs the location transfer, and enters into the nucleus to bind with
specific receptors, playing a regulatory role. Activin also promotes the proliferation
and activity of granulosa cells through smad2/ERKS signaling pathway, increases
the secretion of stem cell factor (SCF, also known as Kit ligand, KL), and then
specifically binds to the surface receptor c-Kit of oocytes. The expression level of
SCF/c-Kit in rat ovary after binding is increased, thus promoting the development
of oocytes [38].

Inhibin is a kind of macromolecule glycoprotein hormone secreted by the gonad,
and its structure is similar to activin. Inhibin regulates the synthesis and secretion
of pituitary FSH together with activin [41, 42]. During the development stage of
dominant follicles, the concentration of inhibin A increased, which increased the
sensitivity of dominant follicles to FSH and prevented dominant follicles from
atresia. During the luteal formation stage, inhibin A mainly promotes the luteiniza-
tion of follicles, inhibin B mainly expresses in the small and medium follicles, and
enhances FSH to prevent nondominant follicles from entering the preovulation
stage, which was conducive to the screening of dominant follicles [43]. It was found
that the level of inhibin B in the follicular fluid of PCOS patients decreased signifi-
cantly [44].

4.2 BMP/Smad signaling pathway

The signal transduction of bone morphogenetic proteins (Bmps) family can
be divided into two main pathways: Smads-dependent pathway and non-Smads-
dependent pathway such as phosphatidylinositol 3 kinase (PI3K). Each member of
the Smads family performs different functions in signal transduction pathways,
which can be divided into three types: receptor-regulated Smads, CO-mediated
Smads, and inhibitory Smads [45]. Bmps/Smads signaling pathway plays an impor-
tant role in regulating follicular growth, granulosa cell growth and differentiation,
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oocyte maturation, and ovulation in mammals. Bmps bind to BMPR-II receptor
on cell membrane and then make it phosphorylated. Phosphorylated BMPR-II
receptor binds to BMP-I receptor to form a complex. BMP-I receptor is activated
by corresponding protein kinase and phosphorylated. Then Smads signal molecule
is activated. Activated R-Smads binding common CoSmad 4 forms Smad protein
complex and enters the nucleus and specificity. DNA sequence binding start the
promoter of downstream target gene, make downstream gene begin to transcribe
[46-48], downstream signal molecule R-Smads also plays an important role in
BMP/Smad signaling pathway. After Smad4 knockout, steroid hormone regulation
was blocked, plasma progesterone level increased, and granulosa cells developed
premature luteinization, which eventually led to premature ovarian failure [49].

4.3 NPPC/NPR2 signaling pathway

Natriuretic peptide family widely exists in animal brain, heart, and other
tissues and organs, which has the functions of maintaining blood pressure and
blood volume stability, promoting fat metabolism and cartilage growth. The family
consists of three ligands and three specific receptors in mammals. Ligands exist
in the form of precursor peptides, namely atrial natriuretic peptide (ANP, also
known as NPPA), brain natriuretic peptide (BNP, also known as NPPB), C-type
natrjuretic peptide (CNP, also known as NPPC), and specific receptors exist in
the form of dimers, namely natriuretic peptide receptor A (NPRA, also known as
NPR1), natriuretic peptide receptor B (NPRB, also known as NPR2), and natri-
uretic peptide receptor C (NPRC, also known as NPR3) [50]. NPPC/NPR signaling
pathway plays an important role in inhibiting premature maturation of mammalian
oocytes. The combination of NPPC and NPR2 produced by granulosa cells of the
follicular parietal layer stimulates the production of cGMP, which enters into the
oocyte through interstitial links between oocyte and granulosa cells [51], inhibits
the activity of phosphodiesterase (PDE3A), and decreases the degree of hydrolysis
of cAMP, thus stabilizing at a higher level. The protein kinase PKA dependent
on cAMP regulates the activity of maturation-promoting factor (MPF) through
phosphatase cell division cycle 25 (CDC25), Weel kinase, and myelin transcription
factor Mytl. CDC25 dephosphorylated cyclin-dependent kinase 1 (CDK1), Weel
and Myt1 phosphorylated CDK1, phosphorylated CDK1 and related complexes
inactivated, and ultimately inhibited the maturation of oocytes.

5. Conclusion

Nowadays, great achievements have been made in the molecular mechanism of
follicular development in mammals. At present, many signaling pathways have been
proved to play a very important role during the follicular growth and development,
and some of them have been thoroughly studied. However, there are still some
problems related to signaling pathways, such as how mammals initiate primordial
follicular development and which downstream target genes are involved in signal-
ing pathways. Follicular dysplasia in PCOS patients is closely related to apoptosis of
granulosa cells, follicular atresia, and oocyte degeneration. Its mechanism is related
to endocrine dysfunction, as well as regulation factors and their receptors in the
ovary. Although PCOS patients can obtain a large number of oocytes, the low rate
of matured oocytes, the low rate of high-quality embryos, the low pregnancy rate,
and the high abortion rate make clear the related factors of oocyte degeneration
and atresia regulation, which is of great significance to the application of assisted
reproductive technology in PCOS patients. Therefore, further understanding the
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molecular mechanism regulating the follicular development in mammals still
requires further study on the biology and gene expressions related to the follicular
development, which is of great significance for the treatment of mammalian repro-
ductive infertility and other diseases.
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Chapter 6

Expression and Contribution of
Insulin Signaling Pathway to the
Development of Polycystic Ovary
Syndrome

Qinggiang Lin, Hong Zhang, Jiuhua Zhao
and Zhengchao Wang

Abstract

Our previous studies have demonstrated that insulin signaling pathway has
an important role in the pathophysiology of polycystic ovary syndrome (PCOS),
including phosphatidylinositol 3-kinase and protein kinase B signaling, which is
critically implicated in insulin resistance, androgen secretion, obesity, and follicular
development. PCOS manifests as defective ovarian steroid biosynthesis and hyper-
androgenemia, and 50-70% of women with PCOS exhibit insulin resistance and are
hyperinsulinemic, indicating that insulin resistance and hyperinsulinism may have
an important role in the pathophysiology of PCOS. Therefore, the present article
will review the contribution of insulin signaling pathway to the abnormal regula-
tion of follicular growth and ovulation, which can cause corresponding reproduc-
tive endocrine diseases and affect women’s reproductive health. Exploring the
mechanism of insulin signaling pathway in PCOS will help not only to understand
the physiology and pathology of follicular development but also to provide theoreti-
cal basis for the treatment of PCOS.

Keywords: insulin receptor substrates, protein kinase B, hypoxia-inducible factor-1,
granulosa cells, polycystic ovary syndrome

1. Introduction

Polycystic ovary syndrome (PCOS) is an endocrine disorder syndrome with
reproductive dysfunction and abnormal glucose metabolism, which is character-
ized by excessive androgen. It is usually accompanied by insulin resistance (IR)
and is also a most common endocrine disorder in women of reproductive age [1].
Although the exact cause of PCOS is not clear, it belongs to endocrine and meta-
bolic diseases. It has been concluded that there are not only endocrine disorders
but also metabolic abnormalities with many subtypes. Burghen firstly proposed
that insulin resistance (IR) was involved in the pathogenesis of PCOS in 1980 [2],
and a large number of studies have subsequently confirmed the close relationship
between IR and PCOS. IR is a metabolic state in which the normal insulin-promoted
glucose uptake and utilization decreased and the compensatory insulin secretion
from tissues and organs of the body maintained the stability of blood glucose.
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Clinically, PCOS presents after puberty menarche, and patients have the abnormal
glucose metabolism and the pathophysiology related to the physiological changes
of puberty. IR is not only a normal physiological change of adolescent girls but also
an important pathophysiological change of PCOS, that is, IR and compensatory
hyperinsulinemia. IR is one of the important pathophysiological mechanisms in the
occurrence and development of many PCOS and also an important cause of hyper-
androgenism and ovarian dysfunction.

2. Historical overview

The defect of insulin signaling pathway is one of the important mechanisms
of PCOS after two centuries of research, and the historical development process
is summarized as the following [2-11]. Achard and Thiers firstly described the
relationship between abnormal glucose metabolism and hyperandrogenism in
1921, and Kierland et al. believed that hyperandrogenism was related to higher
incidence of acanthosis nigricans in female patients with diabetes mellitus in 1947.
Kahn et al. mainly focused on the relationship between the abnormal metabolism
in the adolescent and the hyperandrogenism, insulin resistance, and acanthosis
nigricans in the postmenopausal women in 1976 and believed the postmenopausal
pathogens are caused by the result of endogenous IR and the onset of adolescent
women is caused by the mutation of insulin receptor. Until 1980, Burghen et al.
reported that hyperinsulinemia is closely related to PCOS for the first time and
found that hyperinsulinemia existed in PCOS patients with hyperandrogen-
ism under the basal state and after glucose stimulation compared with normal
people of the same age and weight, suggesting IR existed and insulin was highly
correlated with androgen levels. During the mid-1980s, Dunaif et al. found the
follicular membrane cells of typical PCOS women proliferated significantly and
the morphological changes of their hyperplasia were more common in PCOS
patients with IR, suggesting that hyperinsulinemia affected ovarian morphology
and functions.

3. Pathological changes and clinical characteristics of PCOS

Typical polycystic ovaries have stromal hypertrophy, and their volume is 2 times
larger than that of normal ovaries. The ovaries showed bilateral sclerosing polycys-
tic degeneration and gray-white or oyster-colored [12]. There is “strand of pearls”
appearance on USN, 2-7 mm diameter cystic follicles or large retention follicular
cysts under the capsule. Microscopic examination showed atresia follicles increased,
no matured follicles formed, cortical surface fibrosis, fewer cells, obvious blood
vessels, a large number of outer follicles luteinized, and no signs of ovulation.

Menstrual disorders are the main manifestations of adolescent PCOS patients,
with common symptoms such as hirsutism, acne, and body mass increase [12].

But these symptoms can also be the normal physiological manifestations after
puberty, so most patients continue to see a doctor for infertility after several years.
In addition to the physical changes caused by infertility and excessive androgens,
the metabolic syndrome is more prone to cause, mainly including androgenism
and metabolic abnormalities such as insulin, glucose, and lipid. Hypertension is
more common in the late stage, and cardiovascular diseases such as type 2 diabetes
mellitus and coronary heart disease are induced. Many PCOS patients often have
IR and hyperinsulinemia as the first manifestation, followed by excessive androgen
and reproductive dysfunction.
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4. Insulin signaling pathway

Insulin is a multifunctional protein polypeptide, which binds to its specific insu-
lin receptor and causes a series of signal amplification cascade reactions with two
main signaling pathways; one is the phosphatidylinositol 3 kinase/protein kinase B
(PI3K/PKB) pathway, and the other is the mitogen-activated protein kinase/extracel-
lular signal-regulated kinase (MAPK/ERK) pathway. These two signaling pathways
are related to the self-phosphorylation of tyrosine residues in receptors, and insulin
mainly mediates its metabolic regulation through PI3K pathway [3, 13-16].

PI3K is a kind of kinase that catalyzes phosphatidylinositol, which can be
activated by receptor tyrosine kinase or G protein-coupled receptor. It consists of
a catalytic subunit P110 and an inhibitory regulatory subunit p85, and it has the
activity of lipid kinase and serine/threonine protein kinase. Many growth factors,
such as insulin, insulin-like growth factor (IGF), platelet-derived growth factor
(PDGF), and epidermal growth factor (EGF), bind to the corresponding recep-
tors; then tyrosine phosphorylation of the receptor itself and binding of p85 to the
phosphorylated receptors relieve the inhibitory effect on p110, and PI3K is then
activated. PKB is a member of the serine/threonine protein kinase family and a
direct target protein downstream of PI3K. The phosphorylation of 308-site threo-
nine (Thr308) and 473-site serine (Ser473) required for complete activation of AKT
depends on PI3K catalysis. After the activation of PI3K/PKB pathway, PI3K/PKB
pathway acts on a variety of substrates, mainly regulating the material metabolism
of cells, besides participating in cell survival and anti-apoptosis. After insulin
binds to insulin receptor alpha subunit located in the cellular membrane, it further
triggers tyrosine phosphorylation of beta subunit itself and further phosphorylates
tyrosine subunit of insulin receptor substrate (IRS). p-IRS can further activate PI3K
and then produce PIP3, a second messenger. PIP3 binds to signal proteins PKB and
phosphoinositide dependent kinase-1 (PDK1), which contain the PH domain in
cells, and assists PDK1 to phosphorylate 308-site threonine of PKB to make it an
active form. Activated-PKB can promote the transfer of glucose carrier-4 (GLUT-4)
from the cytoplasm to the envelope and promote the absorption of glucose. PKB
then phosphorylates tuberous sclerosis complex protein 1/2 (TSC1/2) to the inactive
state, releases its inhibition on the downstream Rheb-GDP, converts it into Rheb-
GTP, and further activates target of rapamycin complex 1 (TORC1). In addition,
PKB also phosphorylates PRAS40, an inhibitor of mTORCI, to separate it from
mTORCI, thereby activating mTORC1 and further exerting downstream cascade
reactions, such as hypoxia-inducible factor-alpha (HIF-1alpha)/endothelin-2 (ET-2)
signaling pathway-dependent ovulation [3, 13-16].

5. Insulin resistance and polycystic ovary syndrome

Insulin resistance is the defect of insulin signaling transduction, and PI3K/PKB
signaling pathway is the main signaling pathway of insulin. In the state of IR, the
role of PI3K signaling pathway induced by insulin stimulation decreased [3, 13].
The factors leading to abnormal insulin signaling transduction can be divided into
congenital factors and acquired factors. Inborn abnormal factors, such as genetic
defect and gene mutation, and other acquired factors, like lifestyle, obesity, and
environment, can all cause IR by affecting PI3K/PKB signaling pathway. It was
found that with the increase of free fatty acids in blood, they were converted into
acy-CoA, DAG was increased, PKC was activated, serine residues in IRS-1 were
phosphorylated, tyrosine phosphorylation in IRS-1 was decreased, PI3K activation
was disturbed, and GLUT4 translocation to cell surface was affected, thus reducing
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insulin-mediated glucose utilization [3, 13, 17]. The increase of free fatty acids leads
to the increase of lipids in muscle, which in turn interferes with the use and storage
of insulin to glucose and causes IR.

PCOS patients had no significant difference in insulin receptor quantity and
binding ability compared with non-PCOS patients, but the phosphorylation of
insulin receptor decreased in PCOS patients, and the maximum glucose transport
rate stimulated by insulin decreased [11, 18]. PCOS patients often have IR and hyper-
androgenism, and IR plays a greater role in the formation of hyperandrogenism,
while hyperandrogenism has no significant effect on the formation of IR. IR is the
biological effect of insulin produced at physiological level in the body, which is lower
than the actual level. The effect of insulin in promoting the absorption and utiliza-
tion of glucose by organs, tissues, and cells is reduced, that is, the insulin sensitivity
of tissues is reduced [3, 19, 20]. Hyperinsulinemia is a marker that insulin regulates
glycometabolism in the compensatory stage under the state of IR [3, 19, 20].

At the cellular level, IR means that insulin signaling transduction is blocked or
weakened. This signaling from insulin receptor down to the end-mediated sub-
strates of insulin action involves many aspects of cell metabolism [3, 17-20]. Any
link of insulin signaling impairment can lead to IR, which is closely related to the
impairment of key molecules in the signaling of insulin, insulin receptor, insulin
receptor substrate, PI3K, and GLUT4, specifically divided into the following three
aspects [3, 17-20]: First, pre-receptor IR. The mutation of insulin gene leads to
the changes of insulin primary structure and the decrease of biological activity,
resulting in body IR. Secondly, receptor-level IR. The mutation of insulin recep-
tor gene, which cannot be cleaved into matured alpha and beta receptor subunits,
reduced the biosynthesis of insulin receptor or the affinity between insulin receptor
and insulin, resulting in the loss of intracellular effect of insulin and leading to
IR. Lastly, post-receptor IR. Insulin deficiency refers to a series of abnormal meta-
bolic processes that occur when insulin binds to receptors and transmits signals to
cells, which is the main cause of IR in PCOS patients. The physiological effect of
insulin on glucose is the result of key enzyme activation such as insulin-dependent
GLUT4 and G-kinase and glycogen synthase, and the defects in the structure or
function of these enzymes can lead to IR [3, 13, 17-21]. Increased serine phosphory-
lation of insulin receptor may weaken the tyrosine kinase activity of insulin recep-
tor, which may be the mechanism of post-receptor deficiency in PCOS patients.

6. PCOS ovarian IR

It is still controversial whether PCOS is a reflection of ovarian hypersensitivity
to insulin or whether systemic IR is localized in ovaries. The study found that PCOS
patients secrete more androgens than normal women after insulin stimulation. In
addition, PCOS patients with normal insulin levels were treated with insulin sensi-
tizers, and it was found that insulin levels decreased slowly and ovarian androgen
levels also decreased [22].

6.1 Molecular mechanism of IR in the follicular membrane cells of PCOS

The most common symptoms of PCOS patients are excessive androgens in
the ovary, especially increased testosterone production by follicular membrane
cells. Insulin can stimulate the activity of steroid hormones in follicular theca cells
through a variety of ways, one of which is through the MAPK pathway, which is
still controversial; the other is through LH to induce the accumulation of cyclic
adenosine phosphate (cAMP), which stimulates the activity of PI3K [23]. Studies
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have shown that LH and insulin have synergistic effects on the gene expression and
mRNA accumulation of steroid hormone acute synthesis rapid regulatory protein
(StAR) and cytochrome P450c17 (CYP-17). The increased PKB phosphorylation

in insulin signaling pathway promotes the production of PCOS clinical symptoms
such as follicular cell proliferation, follicular dysplasia, or anovulation, suggesting
that insulin induces the synthesis of steroid hormones in follicular cells, which may
be regulated by PI3K pathway, and PKB is a downstream regulator of this pathway
[24-26]. A special blocker (LY294002) was used to block the PI3K pathway, which
inhibited the activation of PKB and weakened the activity of 17a-hydroxylase and
also proved the above opinion [26].

6.2 Molecular mechanism of IR in the granulosa cells of PCOS

Insulin can increase the activity of LDL receptor transcription factors through
intracellular mechanisms such as protein kinase A (PKA), PI3K, and MAPK signal-
ing pathways, thus promoting steroid hormone synthesis [27]. It has been found
that after inhibiting PI3K with wortmannin, IR is produced by interfering with the
intracellular glycometabolic signaling pathway [26]. Franks compared anovula-
tory PCOS patients with ovulatory PCOS patients and found the abnormal glucose
metabolism in granulosa cells and the significantly impaired insulin-stimulated
lactate production, while insulin-mediated glucose metabolism was resisted
besides the steroid hormone secretion remaining normal. Therefore, the complex
mechanism of insulin deficiency can also be found in the local of the ovary [28].
Our previous studies further found that PI3K/PKB signaling pathway was impaired
in PCOS granulosa cells, which affected the downstream HIF-1a/ET-2-dependent
ovulation mechanism, leading to PCOS anovulation [13, 29, 30].

7. Effects of IR on ovarian functions

Insulin can activate or inhibit ovarian hormone synthase and stimulate steroid
hormone synthesis in ovarian cells with the species or cell specificity. Human ovarian
matrix and follicles have insulin receptor distribution and can produce IGF and bind-
ing protein. Therefore, the ovary is one of the important target organs of insulin [7-9].

7.1 Effect of IR on the level of androgen hormone

Insulin enhances the binding ability of LH by increasing the LH receptor of
granulosa cells; insulin acts on the pituitary gland to increase the sensitivity of
gonadotropin-releasing hormone (GnRH); insulin inhibits the synthesis of sex
hormone-binding protein in the liver and increases the level of free insulin [7-9].
PCOS patients taking insulin sensitizer can increase the binding protein in the cir-
culation and decrease the free hormone, thus alleviating hyperandrogenism caused
by hyperinsulinemia or IR [7-9].

7.2 Effect of IR on the proliferation of granulosa cells

The proliferation and physiological function of ovarian granulosa cells are very
important for the follicular maturation and ovulation, while FSH, IGF2, and insu-
lin are important factors to promote the proliferation of granulosa cells. In PCOS
patients, insulin regulates the glucose uptake of ovarian granulosa cells, and the
synthesis of lactic acid, a metabolite of glucose utilization, significantly decreases,
resulting in the impaired insulin metabolism [7-9]. Insulin can induce IR and affect
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the proliferation of granulosa cells in PCOS patients, and most of the PCOS patients
are complicated with hyperinsulinemia, high insulin concentration in the follicular
fluid. However, the proliferation of granulosa cells was inhibited, and apoptosis

was increased. Both of them synergistically enhance the expression of LH and

HCG receptors in granulosa cells. The granulosa cells with 50-100 pm follicles have
acquired the function of LH receptors only in matured follicles with a diameter of
about 20 pm during normal menstrual cycle, which makes the granulosa cells with
lumen follicle stage prematurely luteinized and inhibits their proliferation, leading to
follicular stagnation [7-9]. Insulin also strengthens the response of granulosa cells to
LH, leading to the LH-like peak at the elevated level of LH, which leads to the arrest
of granulosa cell proliferation, follicular growth arrest, and anovulation [28].

7.3 Effect of IR on the development of ovarian follicles

Intraovarian follicular development undergoes a series of physiological
processes, such as recruitment, selection, dominance, and ovulation. The basic
manifestations of follicular dysplasia in PCOS patients are excessive follicular
recruitment, blocked follicular selection and dominance, follicular stagnation, and
anovulation [7-9]. Hyperinsulinemia in PCOS patients increases the sensitivity of
preantral follicles to FSH, leading to excessive follicular recruitment, androgen syn-
thesis in thecal cells, and conversion to estradiol. Furthermore, estradiol decreased
the secretion of pituitary FSH due to negative feedback regulation, and the follicles
lacked FSH stimulation and grew slowly, leading to the accumulation of preantral
follicles and small sinusoidal follicles. The immaturity of follicles resulted in the
accumulation of a large number of sinusoidal follicles and the formation of a unique
polycystic ovary [31, 32]. Insulin is also one of the most powerful factors affecting
plasma plasminogen activator inhibitor-1 (PAI-1). Hyperinsulinemia causes the
excessive PAI-1 production in the liver and inhibits the ovulation by inhibiting the
conversion of plasminogen to plasmin. The effects of hyperinsulinemia and IGF-2
on ovarian primordial follicles were continuously activated and finally formed the
characteristic ovarian morphological changes of PCOS [33, 34].

7.4 Effect of IR on the signaling of ovarian PI3K

In the IR state, the decrease of PI3K signaling induced by insulin leads to the
abnormal insulin signaling transduction. PI3K signaling is mainly related to the
regulation of insulin on glucose metabolism. The signal molecule downstream of IRS
is the key protein for insulin signaling to regulate the glucose metabolism. Activated
PI3K, on the one hand, triggers vesicles rich in GLUT4 to translocate to the cell surface
through the form of exocytosis from the endokaryon via Golgi apparatus, increases
GLUTH4 on the cell surface, and regulates the uptake of glucose by myocytes, adipo-
cytes, and hepatocytes. On the other hand, activated PI3K inhibits gluconeogenesis by
inhibiting enol pyruvate carboxykinase and ultimately increases the utilization of glu-
cose and glycogen [7-9, 28]. Our previous studies have clearly demonstrated that the
mechanism of IR in PCOS ovaries is related to post-insulin receptor signaling disorder
[13, 29, 30]. At the same time, IR is also a key link in the pathogenesis of PCOS, so the
causal relationship between PCOS and IR is still unclear.

8. Conclusion

PCOS is a disease involving many factors such as heredity and environment,
and IR plays an important role in the development of PCOS. After insulin binds
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to receptors, it exerts its biological effects through a series of signaling pathways.
Obstacles in any link of the pathways can lead to the signaling disorders and cause
IR. Compensatory hyperinsulinemia and IR are considered to be the pathologi-

cal basis of abnormal glucose metabolism and reproductive dysfunction in PCOS
patients. Although the signaling pathway of insulin and its mechanism during the
occurrence and development of insulin resistance are still poorly understood, PI3K/
PKB pathway, as the main signal pathway of insulin, is involved in the metabolism
of glucose and lipid in vivo. Further study about the regulatory mechanism of PI3K/
PKB pathway and the interaction between the molecule and targeted molecule is
needed and has high clinical value and application prospects to develop PI3K/Akt
signaling pathway-specific drugs as a new target of IR therapy. At the same time,
using modern molecular biology technology to comprehensively understand insulin
signaling pathway and in-depth study of IR molecular mechanism of PCOS can
provide a solid theoretical basis for clinical diagnosis and treatment.
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Chapter7

Roles of ncRNAs in Ovarian
Dystunction of Polycystic Ovary
Syndrome

Junyong Han, Zhen Yu, Gang Chen and Fan Wang

Abstract

Polycystic ovary syndrome (PCOS) is a common endocrine disease in women of
childbearing age. Many heterogeneous clinical manifestations of PCOS, including
hyperandrogenism, obesity, insulin resistance, hirsutism, acne, chronic anovulation
and infertility, seriously affected the quality of life of women worldwide and made
it difficult to clearly demonstrate the specific pathophysiology. In recent years,
large-scale studies have shown that non-coding RNAs (ncRNAs) play an important
role in the regulation of ovarian functions, which did not have the ability to encode
proteins and could regulate hormone synthesis and germ cell development, differ-
entiation, and apoptosis by silencing transposable elements and regulating coding
genes. A number of researches by whole transcriptome sequencing of polycystic
ovaries (PCO) from PCOS patients or PCOS model animals found that the abnor-
mal expressions of many ncRNAs were involved in the regulation of ovarian dys-
functions of PCOS, including the development of oocytes, the microenvironment
of follicular fluid, and the proliferation, differentiation, and apoptosis of granulosa
cells. The present review focused on the roles of ncRNAs in the PCO of PCOS, in
order to provide a theoretical basis for further understanding of the molecular
mechanisms of PCO formation in PCOS.

Keywords: ncRNAs, granule cell, oocyte, follicle fluid, polycystic ovary syndrome

1. Introduction

Polycystic ovary syndrome (PCOS) is an endocrine and reproductive disease in
women that often occurs during the childbearing years [1]. PCOS is closely related
to metabolic syndrome, and has become an increasingly serious public health prob-
lem worldwide, these patients have an increased risk of endometrial cancer, type 2
diabetes, and cardiovascular disease. The clinical characteristics of PCOS women
show heterogeneity, include excessive androgen, infertility, obesity, anovulation,
irregular menstruation, polycystic ovaries (PCO), hairy and recurrent miscarriage,
insulin resistance and abnormal blood lipids [2].

Anovulatory infertility of PCOS patients accounts for more than 75%, and
the spontaneous abortion rate of them in early pregnancy is 30-50% [3, 4].
Ovulation failure (such as ovulation or anovulation) is the main clinical features of
PCOS. There are a large number of small follicles in the bilateral ovaries of PCOS
patients, which can not grow into dominant follicle, suggesting the occurrence of
follicular dysplasia [5]. The processes of ovarian follicular development and atresia
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are a complex and delicate. However, ovulatory dysfunction in PCOS women is
related to various factors such as abnormalities in proliferation and apoptosis of
granule cells (GCs) and in follicular development and atresia. As is well-known
that GCs are involved in the normal development and maturation of follicles.
Some studies have found that the proliferation rate of GCs in PCOS patients is
significantly higher, and the apoptotic rate is significantly lower [6, 7] suggesting
that abnormalities in the proliferation and apoptosis of GCs may be a pathogenic
mechanism of ovarian dysfunction of PCOS.

Due to the complexity of the etiology of PCOS, its specific pathophysiology
has not yet been fully elucidated. More and more researches are currently being
conducted to analyze the gene expression profiling of PCOS at the mRNA and
protein levels, in order to explore its molecular mechanisms. PCOS is caused by
the imbalance of multiple gene pathways [8]. The candidate genes are involved
in sex hormone synthesis, insulin synthesis, chronic inflammatory factors, lipid
metabolism, cell proliferation and apoptosis [8]. With the advancement of RNA
sequencing technologies, many researchers have discovered that non-coding RNA
(ncRNA, which refers to a class of RNA without open reading frame and can not
translate into proteins) is involved in the regulation of numerous cell signaling
pathways and biological processes for life activities, such as cell development,
differentiation, apoptosis and hormone synthesis, and the occurrence and devel-
opment of diseases [9].

Most of the human genome is transcribed into various ncRNAs, MicroRNA
(miRNA) and long-chain non-coding RNAs (IncRNA) are hotspots for studying
novel biomarkers and therapeutic targets in related diseases in recent years, such
as cancer [10], diabetes [11] and PCOS [9]. Recent studies have shown that both
miRNA and IncRNA play an important role in the pathogenesis of PCOS [9, 12].
miRNA and IncRNA can directly or indirectly affect the normal physiological func-
tions of the ovaries, include the growth and development of follicles and oocytes
[9, 12]. Moreover, ovarian dysfunction in PCOS seriously affects the reproductive
capacity in reproductive women, but its specific molecular mechanism is not yet
known. This chapter focuses on the roles of several ncRNAs in PCOS ovaries in
recent years, which will help to further elucidate its pathogenesis and to discover
new therapeutic targets.

2.ncRNA

ncRNAs as enzyme, regulatory signal, molecular sink, ligand, organizer of
cellular structures, potential hormone and scaffold of molecular interactions, can
play an important role in cell physiology and abnormal biological processes, such
as nuclear transport, transcriptional regulation of genes, protein degradation,
genomic imprinting and X chromosome silencing [13].

2.1 miRNAs

miRNAs are 21-23 nucleotides in length and widely found in eukaryotes, which
can predict post-transcriptional regulation of at least half of the human transcrip-
tome [14-16]. Mature miRNA is formed by removing and processing a longer pri-
mary transcript through a series of nucleases [17-19]. The main function of miRNAs
is silencing or degrading the expressions of target genes at the post-transcriptional
level by forming an RNA-induced silencing complex [20]. Abnormal expressions of
miRNAs are associated with insulin resistance [21, 22], diabetes [11, 22, 23], inflam-
mation [20, 23] and various cancer formations [10]. The expression profiles of some
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miRNAs in ovarian various cells and follicular fluids of PCOS patients exist signifi-
cant differences, which had been involved in the occurrence and development
of PCOS by affecting the post-transcriptional regulation of the target

genesw [9, 12, 24].

2.2 IncRNAs

IncRNAs are a class of non-coding RNAs transcripts longer than 200 nucleo-
tides in length, which produced by 4-9% of the sequence in mammalian genome
[25, 26]. IncRNAs play critical roles in various human biological processes, such as
chromatin modification, cell differentiation, proliferation and apoptosis, trans-
lational and post-translational regulation. Moreover, the abnormally expressed
IncRNAs are involved in the occurrence and development of a variety of human
diseases [27]. In recent years, more and more evidence has shown that IncRNAs
are abnormally expressed in ovarian cumulus cells and/or GCs of PCOS patients
[9, 28, 29]. These IncRNAs may be involved in ovarian steroid production, steroid
receptor activity and IR, and future affect ovarian cell development, proliferation
and apoptosis, which in turn leads to the occurrence of ovarian dysfunction of
PCOS [28, 29].

3.PCO

PCO is one of the diagnostic indicators and symptoms for PCOS, which imaged
the ovaries with ultrasound showing >12 follicles (each follicle is 2-9 mm in
diameter) on one or both sides, and/or an ovarian volume >10 ml [5]. During the
development and maturation of ovarian follicles, the oocyte interconnected and
interdependent with surrounding GCs. The development of an oocyte requires
GCs to provide nutrients, corresponding hormones and growth regulators [30, 31].
Abnormal interactions between GCs and oocytes are a possible cause of ovarian
follicular dysplasia in PCOS [32]. Some vitro fertilization studies found that PCOS
patients have a lower rate of implantation than normal women [33-35]. Microarray
analysis indicated that abnormal endocrine and metabolism affect gene expression
of oocytes in PCOS ovaries [36].

Moreover, ovarian follicular fluid is a fluid that fills the follicular cavity and
surrounds cumulus cells. Follicular fluid is rich in substances such as hormones,
growth factors, anti-apoptotic antibodies, various proteins, peptides, amino acids
and nucleotides. Studies have confirmed that these substances are closely related
to female reproductive system diseases, embryo quality and in vitro fertilization
outcomes [37]. Therefore, the homeostasis of the microenvironment of follicular
fluid directly affects follicular development and oocytes quality.

It is well known that insulin resistance and hyperinsulinemia play an impor-
tant role in the pathophysiology of PCOS. Studies have found that most of PCOS
patients with varying degrees of IR and compensatory hyperinsulinemia, including
ovarian IR [38]. Ovarian GCs in PCOS patients are impaired by insulin-dependent
glucose metabolism [38, 39]. Damaged glucose metabolism reduces the energy sup-
ply to GCs and oocytes, and thus hinders the proliferation of GCs and the develop-
ment of oocytes [38, 39]. Therefore, GCs dysfunction is contributed to abnormal
ovarian function in PCOS, including anovulation. Moreover, excessive apoptosis of
cumulus GCs directly causes follicular dysplasia in PCOS, which are correlated with
changes in ncRNAs expression profiles in follicular fluid. The abnormal expressions
of ncRNAs from the ovaries of PCOS may contribute to its occurrence and develop-
ment [9, 12, 40].
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4. Effects of ncRNAs on ovarian dysfunction of PCOS

With the development of RNA sequencing technologies, many researchers have
carried out miRNA or IncRNA sequencing studies on the ovaries of PCOS, in order
to detect the molecular mechanisms of ovarian dysfunction. Studies have shown that
compared with control rats, there are 129 miRNAs (49 miRNAs are up-regulated, 80
miRNAs are down-regulated) and 158 IncRNAs (114 IncRNAs are up-regulated, 44
IncRNAs are down-regulated) by deep-sequencing of ovaries tissue from letrozole-
induced PCOS rats [41, 42]. Gene ontology (GO) and Kyoto encyclopedia of genes
and genomes (KEG) Genes pathway analyzed and predicted that the differentially
expressed ncRNAs in PCOS ovaries may be associated with abnormal ovarian GCs
proliferation, apoptosis and steroidogenesis and ovarian insulin resistance [41, 42].

4.1 Roles of ncRNAs in the proliferation and apoptosis of GCs

4.1.1miR-141-3p

In the ovaries of PCOS rat model, the expression of miR-141-3p is significantly
decreased, which can target to death-associated protein kinase 1 (DAPK1) and
mitogen-activated protein kinase 1 (MAPK1) signaling pathway to inhibit apoptosis
of GCs, or regulate mitochondria-mediated apoptosis through phosphatidylinositol
3 kinase/protein kinase B (PI3K/Akt) and extracellular protein kinase (ERK) signal-
ing pathways, and thus suppressing cell growth, promoting cell apoptosis, and
further leading to the development of PCOS [41].

4.1.2 miR-483-5p

miR-483-5p is the most abundant known miRNA in human ovarian follicular
fluid [43]. miR-483-5p is highly expressed in cumulus granulosa cells and follicular
fluid of PCOS patients [44]. In PCOS cumulus cells, high concentrations of miR-
483-5p hinders the expressions of Notch3 and MAPK3 protein by binding to the
3'UTR terminus of their mRNA, thereby blocking the Notch signaling pathway
and the MAPK signaling pathway (the two pathways play an important role in cell
proliferation, differentiation and apoptosis), which inhibits the proliferation and
differentiation of cumulus GCs and promoted the apoptosis of GCs [44].

4.1.3 LncRNA CD36-005

IncRNA CD36-005 is a transcript encoding the fatty acid transporter CD36 gene,
which may be involved in cell growth, development, transport, and metabolism
by bioinformatics analysis [42, 45]. IncRNA CD36-005 is expressed in rat ova-
ries, and its expression level is related to the estrous cycle, which indicates that it
plays a role in animal reproductive activities [45]. Moreover, the study found that
IncRNA CD36-005 and CD36 were highly expressed in the ovaries of PCOS rats by
high-throughput sequencing and qRT-PCR verification. IncRNA CD36-005 signifi-
cantly inhibits the proliferation of GCs by reducing the viability and the S phase
of the cell cycle, which may be involved in the pathogenesis of PCOS [42].

4.2 Roles of ncRNAs in ovarian steroidogenesis
4.2.1miR-320

miR-320 is closely related to PCOS, especially in the process of follicular
development [46, 47]. miR-320 can regulate the translation of its target genes by

98



Roles of ncRNAs in Ovarian Dysfunction of Polycystic Ovary Syndrome
DOI: http://dx.doi.org/10.5772/intechopen.88314

post-transcriptional regulation, thereby improving the levels of steroid hormones.
miR-320 was down-regulated in cumulus GCs from PCOS ovaries [48], and its
expression in follicular fluid was controversial [49]. miR-320 deficiency not only
impairs the expression of the steroid synthase CYP11A1 and CYP19A1, but also
enhances the steroidogenesis in CGs by directly regulating the RUNX2/CYP11AlI cas-
cade in the 3'UTR of Runx2, indicating that the cascade are a possible mechanism for
the lack of estrogen synthesis in GCs of PCOS patients. In addition, miR-320 can target
transcriptional factors E2F1 and steroidogenic factor-1 (SF-1) to inhibit the prolifera-
tion of GCs, and promote the synthesis of testosterone and progesterone [47].

4.2.2 LncRNA HCG26

IncRNA HCG26 is mainly distributed in the nucleus of ovarian GCs, which is highly
expressed in PCOS patients [29]. HCG26 knockout can promote aromatase gene expres-
sion and estradiol synthesis, but can not affect the levels of androstenedione and follicle
stimulating hormone, suggesting IncRNA HCG26 is involved in abnormal ovarian
steroidogenic synthesis [50]. Moreover, the study also found that IncRNA HCG26 defi-
ciency inhibits the proliferation of GCs and its expression correlated with the number
of PCOS ovarian follicles, suggesting that IncRNA HCG26 may affect the proliferation
of GCs and contributes to the formation of polycystic ovary morphology [29].

4.3 Roles of ncRNAs in ovarian insulin resistance
4.3.1 miR-92

Down-regulation of miR-92a/b expression in PCOS patients is associated
with insulin resistance, hyperinsulinemia and hyperandrogenism [24], which can
increase the expression of its target gene IRS-2, which activates the insulin signal-
ing pathway in the ovaries of PCOS patients, thereby leading to be involved in the
process of insulin resistance and hyperinsulinemia [24, 29].

4.3.2 miR-145

miR-145 overexpression in GCs of PCOS patients inhibits the target gene IRS1
and MAPK/ERK signaling pathways, and promotes the activity of PI3K/Akt signaling
pathway through negative feedback, thereby improving IR in PCOS patients [7, 24, 50].

5. Conclusions

PCOS is a chronic disease that affects the patients throughout their lives.
However, there is currently no gene that is recognized as the determinant of the
pathogenesis of PCOS. Although the differential expression of ncRNAs in the
ovaries from PCOS are involving in ovarian steroidogenesis, insulin resistance,
cell proliferation and apoptosis and affect follicular development by regulating the
expression of corresponding target genes at the post-transcriptional level, there are
still many ncRNAs and the specific mechanism of their action in ovarian function
of PCOS have not been discovered. Moreover, the roles and mechanisms of IncRNAs
in PCOS have just been carried out, and the focus is on the study of IncRNA in
peripheral blood of the patients or animal models, that in ovarian tissue is limited.
The interactions between ncRNAs in PCOS have not been reported, such as miRNA-
miRNA, IncRNA-IncRNA, and miRNA-IncRNA. Solving these problems will be
contribution to further understand the etiology and pathogenesis of PCOS.
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A. Appendices

PCOS polycystic ovary syndrome

ncRNAs non-coding RNA

PCO polycystic ovary

GCs granule cells

IncRNA long-chain non-coding RNAs

GO gene ontology

KEGG Kyoto encyclopedia of genes and genomes
DAPK1 death-associated protein kinase 1
MAPK1 mitogen-activated protein kinase 1
PI3K/Akt phosphatidylinositol 3 kinase/protein kinase B
ERK extracellular protein kinase

SF-1 steroidogenic factor-1
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Chapter 8

Interplay between Oxidative
Stress and Chronic Inflammation
in PCOS: The Role of Genetic
Variability in PCOS Risk and

Treatment Responses

Rok Herman, Mojca Jensterle Sever, Andrej Janeg
and Vita Dolzan

Abstract

PCOS is often accompanied by insulin resistance, which is associated with the
pathogenesis of the syndrome and increases the risk of developing the metabolic
syndrome, type 2 diabetes, and cardiovascular complications. All these processes
are characterized by chronic inflammation, which may be associated with an
increased formation of reactive oxygen species and activation of inflammatory
pathways that may further aggravate the function of pancreatic beta-cells. It has
been shown that PCOS treatment improves metabolic indexes, while at the same
time lowering inflammatory indicators. This chapter summarizes the latest findings
about the role of oxidative stress and chronic inflammation in pathogenesis of
PCOS. It also provides information on genetic variability in these pathways that
may lead to interindividual differences in the risk for PCOS-related metabolic
complications. Furthermore, genetic variability in these pathways may influence
response to different treatment options in PCOS patients.

Keywords: PCOS, insulin resistance, chronic inflammation, oxidative stress,
reactive oxygen species, inflammatory pathways, metabolic syndrome

1. Introduction

Polycystic ovarian syndrome (PCOS) is the most common endocrine disorder in
women in the reproductive period as it affects between 4 and 12% of the female
population. Nowadays, it is known that both genetic and environmental factors play
a role in PCOS development and its numerous clinical manifestations. The syn-
drome is characterized by hyperandrogenism, ovarian dysfunction and polycystic
ovaries, insulin resistance (IR), and chronic inflammation, all of which in the long
term also affects the post-reproductive period. It is associated with the increased
risk for infertility, depression, cardiovascular diseases (CVD), and endometrial and
even breast cancer [1].
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PCOS develops, when ovaries produce an excessive amount of male sex hor-
mones, androgens, in particular, testosterone and androstenedione. This occurs due
to two main reasons. The first one is irregular pulsative secretion of luteinizing
hormone (LH) from the adenohypophysis, which then increases the production of
androgens. The second mechanism is more complex, and it involves IR with associ-
ated increased concentration of serum insulin. Insulin stimulates pathways that
activate ovarian androgen production while at the same time lowering serum sex
hormone-binding globulin (SHBG) concentrations. Patients also intrinsically have
higher serum levels of gonadotropin-releasing hormone, which increases the ratio
between the LH and follicle-stimulating hormone (FSH). Higher ratio leads to
increased androgen production, slower follicle maturation, and decreased binding
of sex hormones on SHBG [2].

The choice of treatment is influenced by the desired goals, which in most cases
are the treatment for infertility and obesity and the reduction of symptoms of
hyperandrogenism. Clomiphene and letrozole are first-line medications for infertil-
ity. If patients do not desire pregnancy, hormonal contraceptives are recommended
for irregular menses and dermatologic manifestations. Metformin is the first-line
treatment for metabolic manifestations. Glucagon-like peptide 1 (GLP-1)-based
therapies and glitazones can be used in most severe cardio-metabolic PCOS
phenotypes that are resistant to first-line treatments [3, 4].

For quite some time, the subject of research has also been the involvement of
chronic inflammation and oxidative stress (OS) in the pathogenesis of PCOS.
Several studies have already confirmed that patients have elevated levels of OS and
inflammatory mediators and, on the other hand, have decreased antioxidant
capacity. There is also an unanswered question of the extent to which OS and
inflammation are causally related.

Research has already confirmed that genetic changes in key antioxidant
enzymes and inflammatory mediators can affect the individual’s defense ability
against OS and their predisposition to inflammation. Nowadays, molecular genetic
analysis is increasingly being used in clinical practice as it is a widely available
method, easily accessible and inexpensive. It also enables identification of groups
of patients with an increased risk of developing various diseases and offers a
patient-adapted treatment, thereby representing one of the pillars of personalized
medicine.

2. Chronic inflammation in PCOS

Inflammation is arguably involved to some degree in the underlying causes of
many chronic diseases. It is well known that different types of inflammatory cyto-
kines and chemokines are involved in female reproductive processes, including
ovulation, follicular development, fertilization, implantation, and pregnancy [5].
While the exact etiology of PCOS still remains unknown, the amount of evidence in
support of an important role of chronic low-grade inflammation in this process is
increasing. Chronic proinflammatory state in women with this syndrome is also
likely to be associated with other clinical manifestations and complications of
PCOS, including IR and CVD.

When studying the relationship between PCOS and chronic inflammation, it is
impossible to completely disregard the influence of increased body mass index
(BMI) in patients with increased inflammation markers. Similar to PCOS, low-
grade chronic inflammation is also present in metabolic syndrome (MS) [6]. This
proinflammatory state may be an important part of the pathogenesis of both
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syndromes and one of the reasons why they often overlap. The relationship between
them is mutual: PCOS women have a higher prevalence of MS, and alternatively,
women with MS commonly present the reproductive and endocrine traits of PCOS.
The visceral adipose tissue plays a key role in this overlap. It is more abundant and
metabolically active in both syndromes, which results in an increased turnover of
free fatty acids and an excessive secretion of several molecules, some of which are
inflammatory markers [7]. There is still not enough evidence to conclude whether
the proinflammatory state is intrinsic to PCOS, or it is rather only a consequence of
higher amounts of dysfunctional adipose tissue in those patients. In favor of the
latter theory are many studies which show that the higher the BMI in PCOS women,
the greater the inflammatory state. However, the fact that PCOS women with
lower BMI have more inflammation than healthy controls with higher BMI
indicates that chronic low-grade inflammation may not be dependent on

increased body mass only [8].

We can find the same degree of uncertainty in the relationship between chronic
inflammation and excessive androgen secretion in PCOS. It is unclear whether
androgen excess in PCOS promotes proinflammatory state or conversely whether
the inflammatory molecules stimulate ovarian androgen production and
hyperandrogenemia. Androgens influence the expression of different proteins and
enzymes in adipocytes and cause their hypertrophy. Also, hyperandrogenism in
PCOS increases mononuclear cell sensitivity to ingested glucose and promotes
activation of mononuclear cells. This leads to another important concept in PCOS:
diet-induced inflammation. Studies have shown that glucose ingested in vivo, as
well as glucose exposure in vitro, stimulates an inflammatory response by promot-
ing the mononuclear cells to release tumor necrosis factor alpha (TNFa) and inter-
leukin 6 (IL-6) [9]. Furthermore, infiltration of ovarian tissue by macrophages and
increased concentrations of TNFa and IL-6 in the follicular fluid (FF) have been
previously demonstrated in women with PCOS. It is possible to suspect that
mononuclear cells recruited into the polycystic ovaries cause a local inflammatory
response that stimulates CYP17, the ovarian steroidogenic enzyme, responsible for
androgen production. This establishes the vicious cycle, which indicates that
inflammation alone can promote androgen secretion, and this androgen excess can
stimulate inflammation through adipocyte hypertrophy and increased mononuclear
cell sensitivity to ingested glucose [9].

One of the most often used inflammatory markers is C-reactive protein (CRP).
It is primarily synthesized by the liver as an acute-phase protein. There is now
growing evidence that CRP has important roles in inflammatory pathways and host
responses to infection including the complement pathway, apoptosis, phagocytosis,
nitric oxide (NO) release, and the production of cytokines, particularly IL-6 and
TNFa [10]. The first study which demonstrated elevation of serum CRP concentra-
tions in women with PCOS was carried out by Kelly and associates in 2001. They
compared 17 women with PCOS and 15 healthy women and concluded that women
with PCOS had significantly increased CRP concentrations relative to women with
normal menstrual rhythm and normal androgen levels. They were also one of the
first to propose low-grade chronic inflammation as a novel mechanism contributing
to increased risk of CVD and type 2 diabetes in these women [11]. These findings
paved the way for numerous further studies. The first big meta-analysis of all these
studies was conducted in 2011 and included 3.648 women in total, and among them,
2.359 had PCOS and 1.289 were healthy controls. Mean serum CRP levels were 95%
higher in women with PCOS than controls. Elevated circulating CRP levels in
PCOS women were independent of obesity because the finding persisted after
excluding all the studies with mismatches in the frequency of obesity or body mass
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between groups from the meta-analysis [8]. Some studies examined the effects of
different treatment options on CRP levels. Metformin was shown to significantly
lower the CRP levels in different treatment protocols [12, 13]. Recent studies also
noticed that other PCOS management options, like statins or even increased
physical activity only, significantly decreased CRP levels in women with

PCOS [14, 15].

When considering other traditional inflammatory markers, females with PCOS
were reported to have significantly higher levels of serum monocytes, lymphocytes,
eosinophilic granulocytes, TNFa, and IL-6 than controls. Besides, in PCOS, ovarian
tissue has more macrophages and lymphocytes than controls. Lymphocytes and
macrophages secrete inflammatory cytokines like TNFo and IL-6, which in turn
activate more lymphocytes and macrophages to enhance further cytokine secretion
[9]. Especially TNFa seems to play a significant role in various clinical manifesta-
tions of PCOS. It is one of the most well-known inflammatory factors and has strong
scientific evidence to be an important mediator in processes such as obesity, IR,
and androgen expression. As a multifunctional hormone-like polypeptide, it has a
wide variety of physiological roles including many directly connected with ovaries,
such as regulation of ovarian function and exerting an influence on proliferation,
differentiation, follicular maturation, steroidogenesis, and apoptosis [16]. A meta-
analysis, published in 2016, which examined results from 29 studies with a total
of 1960 women (1046 PCOS patients and 914 controls), concluded that TNFa levels
in women with PCOS were significantly higher than healthy controls and that
high-serum TNFa concentration was related to IR and androgen excess but not to
the BMI [17]. TNFa is overexpressed in adipose tissue, so the source of excess
circulating TNFa in PCOS is mostly adipose tissue in the obese but remains
unknown in lean women with this disorder [18]. To even further emphasize the
important role of TNFa in PCOS, its concentration is not elevated on a systemic
level only but also in FF. Changes in FF levels of TNFa are associated with poor-
quality oocytes in women undergoing in vitro fertilization, which then leads to a
reduction in rates of fertilization, embryonic development, and pregnancy outcome
[16]. Among other mechanisms, TNFa production is also induced by another
proinflammatory cytokine interleukin 18 (IL-18), which was also reported to be
increased in PCOS. It is produced by macrophages and induces cell-mediated
immunity. Studies suggest that its levels are higher even in lean PCOS patients
and are correlated with IR and CVD risk [19, 20].

TNFo promotes the synthesis of two other important cytokines, IL-6 and
interleukin 8 (IL-8). IL-8 is mainly synthesized in macrophages and monocytes and
is a significant immune response modulator. However, there are more studies
regarding the role of IL-6 in PCOS, which has been closely associated with IR and
CVD. Obesity was reported to be correlated with elevated IL-6 levels. In contrast,
IL-6 levels decreased in PCOS patients after reducing their level of IR and body
mass. Although some studies reported significant elevations in IL-6 levels in
women with PCOS compared with controls, these findings were not confirmed in
similar studies, with some studies even reporting decreased IL-6 levels in patients.
However, a meta-analysis published in 2016, which included 922 PCOS patients
and 696 controls, suggested that IL-6 levels were higher in women with PCOS
than BMI-matched controls and that a high-serum IL-6 concentration was related
to IR and androgen levels, but not to the BMI [21]. In a research article published
in Mediators of Inflammation in 2011, authors concluded that IL-6 production
and serum levels are related to an altered immune response in PCOS women with
IR. They divided 44 young girls with PCOS aged 15-23 into non-IR and IR groups
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based on homeostatic model assessment (HOMA) findings. They were weight-

and age-matched with healthy young girls, and they measured a variety of different
inflammatory markers. The biggest difference between groups was in significant
higher IL-6 levels in IR PCOS patients. Moreover, in the PCOS group,
lipopolysaccharide-activated monocytes secreted significantly higher levels of

IL-6 [22].

Several studies investigated two other important cytokines, interleukin 10
(IL-10) and interleukin 1 (IL-1) family in PCOS patients. The former is an impor-
tant anti-inflammatory cytokine with multiple effects in immunoregulation and
inflammation. In a study including 61 PCOS patients and 80 healthy controls, IL-10
levels were significantly lower among PCOS patients [23]. On the other hand, IL-1
family is a group of 11 cytokines that are primarily associated with innate immunity
and are closely linked to a proinflammatory response. The IL-1 gene cluster on
chromosome 2 contains three related genes IL-1a, IL-1f, and IL-1RN, encoding the
proinflammatory cytokines IL-1a and IL-1p and their endogenous receptor antago-
nist. Previous PCOS research has been focused mainly on IL-1p since many studies
suggested its crucial role in inflammatory-linked mechanisms in the ovaries. It
probably intervenes in prostaglandin production, mainly by its activity on cycloox-
ygenase-2 synthesis. It also stimulates the production of other inflammatory
cytokines, such as IL-6 and interleukin 12 (IL-12) [24].

At the beginning of this century, Jurg Tschopp introduced the concept of the
inflammasome, and since then, inflammasomes have become an important topic of
immunological studies. The inflammasome is a macromolecular cytoplasm complex
that senses many different signals for cell damage on the molecular level and
initiates the inflammatory response. It promotes the maturation and secretion of
proinflammatory cytokines IL-1f, IL-18, and interferon gamma (IFNy) and acti-
vates nuclear factor kB (NF-kB). There are many different types of inflammasomes,
but NLRP3 inflammasome is most commonly associated with obesity and IR. It
consists of three subunits: NLRP3, the adaptor protein apoptosis-associated speck-
like protein (ASC), and caspase-1. It initiates an inflammatory form of cell death
and triggers the release of proinflammatory cytokine IL-1p through the mechanism
of procaspase-1 cleavage. However, the role of NLRP3 inflammasome in the devel-
opment of PCOS remains largely unknown [25]. In a study published in 2017, the
NLRP3 and ASC mRNA levels, caspase-1 activation, and IL-1p production were
unregulated in PCOS patients, and those levels significantly improved after treat-
ment with dimethylbiguanide [26]. NLRP3 inflammasome may present an impor-
tant overlapping pathway between OS and chronic inflammation in PCOS, which
will be discussed in further detail in Chapter 4. In contrast with other previously
described inflammatory markers, there have been no published studies regarding
different genetic polymorphisms in NLRP3 inflammasome and PCOS at the time of
writing. However, there is a lot of evidence that gain-of-function polymorphisms
in the NLRP3 inflammasome play an important role in rheumatoid arthritis and
Crohn’s disease [27].

There has been a lot of progress in the pharmacogenetics of PCOS in recent
years. Its main goal is to find associations between genetic polymorphisms and the
course of the disease and response to treatment. In Table 1, we summarized main
studies which pointed out positive associations between different polymorphisms in
genes related to previously described inflammatory markers and PCOS risk or
clinical manifestations. At the time of writing, we could not find any study which
would explore the relationship between polymorphisms in those genes and
treatment response.
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Gene Variants Predicted effect Reference

TNFa rs1799964 Susceptibility [28]
-1031T>C The TT genotype was more frequent in controls
(p=0.0002) and TC genotype in patients (p=0.0003)
Clinical manifestations
TC genotype was associated with lower BMI (p = 0.03). TT
genotype was associated with early onset and
hyperandrogenism (p < 0.05)

Susceptibility [29]
The frequency distribution of TT, TC, and CC genotypes
differed between PCOS and control group (p = 0.0003)

Susceptibility [30]
A significant difference in allele transmission was found in
families with proband for PCOS (p = 0.0013)

151799724 Susceptibility [31]
—-857C>T T allele showed a protective role against PCOS (p = 0.0032)
154645843 Susceptibility [32]
6213C>T Genotype and allele distribution differed significantly
between PCOS patients and controls (p = 0.03 and 0.024,
respectively)

Clinical manifestations

Polymorphism was significantly associated with serum
testosterone levels (p = 0.01), HOMA-IR (p = 0.034), and
BMI (p < 0.05).

IL-6 rs1800795 Susceptibility [33]
-174G>C Genotype and allele distribution differed significantly
between PCOS patients and controls. The G allele
frequency was significantly higher in PCOS patients than
controls (all p values < 0.05)

Susceptibility [34]
Polymorphism was associated with decreased PCOS
susceptibility in the overall population under the allelic

model (G vs. C, p = 0.005), the homozygous model (GG vs.
CGC, p = 0.001), heterozygous model (GG vs. CG, p =

0.036), and the dominant model (GC+CC vs. GG, p =

0.020)

Susceptibility [35]
G allele was more frequent in patients with

hyperandrogenism both when only homozygous and when
homozygous and heterozygous G allele carriers were

considered (p < 0.05 for all analyses)

Susceptibility [36]
The genotype as well as the polymorphic G allele

distribution differed between PCOS patients and controls
(both p < 0.001)

Clinical manifestations [37]
A relationship was detected between hirsutism, FSH, LH,

total testosterone, HDL-cholesterol and triglyceride levels,

and CG +GG genotypes. Furthermore, an association was

found between IL-6 levels and CC genotype in the obese

PCOS patients (p < 0.05 for all analyses)

151800797 Susceptibility [35]
-597A>G G allele was more frequent in patients with
hyperandrogenism both when only homozygous and when
homozygous and heterozygous G allele carriers were
considered (p < 0.05 for all analyses)
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Gene Variants Predicted effect Reference

IL-10 rs1800896 Susceptibility [23]
—819T>C The frequency of TT genotype was significantly increased
(p < 0.05) in PCOS group

Clinical manifestations [38]
CT and TT genotypes were associated with lower total
cholesterol and triglyceride levels in PCOS patients (p < 0.05)

rs1800871 Susceptibility [23]
—1082A>G G allele was significantly increased among PCOS patients
(p < 0.01), while A allele was significantly increased (p <
0.001) in controls

Clinical manifestations [38]
GA and AA genotypes were associated with lower total
cholesterol and triglyceride levels (p < 0.05)

rs1800872 Susceptibility [39]
—-592C>A AA genotype carriers had increased risk of PCOS (p =

0.001)

Clinical manifestations [38]

CA genotype was associated with lower total cholesterol
and triglyceride levels (p < 0.05)

IL-1p 1516944 Susceptibility [40]
=511T>C Both TT genotype frequency and T allele frequency were
significantly higher in PCOS patients than controls (both p
< 0.01)

Susceptibility [24]
CC genotype frequency was significantly higher in PCOS
patients than controls (p < 0.001)

Clinical manifestations [41]
T allele showed significant association with several metabolic
features associated with PCOS (p < 0.05 for all analyses)

Clinical manifestations [42]
Both TT genotype frequency and T allele frequency were
significantly higher in obese PCOS patients than nonobese
patients (p < 0.05 for all analyses)

IL-18 rs187238 Clinical manifestations [43]
-137C>G C allele frequencies were significantly higher in PCOS
patients with IR than PCOS patients without IR (p = 0.048)

Susceptibility [44]
CC and GC genotypes were associated with increased risk
of developing PCOS (p < 0.05)

Clinical manifestations [45]
PCOS patients with GG genotype had a significantly

increased risk of impaired glucose regulation compared to

C allele carriers (p < 0.05)

IL-1a rs1800587 Susceptibility [46]
—889C>T The distribution of genotype frequencies was statistically
different in women with PCOS compared to controls (p = 0.04)
Clinical manifestations
The serum level of FSH and subsequent LH/FSH ratio
correlated with the polymorphism within the PCOS group (p =
0.005 and 0.01, respectively)

Table 1.
The associations between genetic polymorphisms in genes velated to inflammatory markers and PCOS risk or
clinical manifestations.
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3. Oxidative stress in PCOS

OS has been a highly researched topic in the last two decades, due to the discovery
that imbalance between oxidants and antioxidants results in an abnormal redox state
of cells. This state is involved in the development of many diseases, such as diabetes,
cancer, atherosclerosis, depression, PCOS, and a few neurological diseases. OS
reflects an imbalance between production and scavenging of reactive oxygen (ROS)
and nitrogen species (RNS). The ROS include superoxide radical, hydrogen peroxide,
and hydroxyl radical, and the RNS include NO and its metabolites. Some ROS can
also act as cellular messengers. The peroxides and free radicals are unstable and
highly reactive and can damage different cell components. The most worrying long-
term effects are caused by the damage to the DNA [47, 48].

OS is considered as a potential inducing factor in the PCOS pathogenesis. In
most studies, PCOS patients present with higher levels of OS than controls.
However, results often vary, mainly due to the employment of different markers
and evaluation of the same marker in different sources and even with different
investigation methods. Moreover, OS is not necessarily associated only with PCOS
pathogenesis, since many clinical manifestations of PCOS, like hyperandrogenism,
obesity, and IR, may be a contributing factor in the development of the local
and systemic OS, which may then reciprocally worsen those metabolic
abnormalities [49].

Levels of molecular markers that could reflect the systemic OS, such as oxidized
low-density lipoprotein, malondialdehyde, thiobarbituric reactive substances, and
advanced oxidation protein products, were significantly increased in obese people
as compared with controls. On the other hand, markers that could reflect antioxi-
dant activity such as glutathione peroxidase (GPx) and superoxide dismutase
(SOD) were significantly decreased in obese as compared to controls. However,
obesity is probably only a contributing factor to OS in PCOS. When obese patients
are ruled out based on BMI, nonobese women with PCOS still have higher OS
markers than healthy controls [47].

One other important contributing factor to OS in PCOS women is IR. The
mechanism behind this is that hyperglycemia and higher levels of free fatty acids
lead to ROS production. On the other hand, OS can be an important factor in the
development of IR. There is a well-known phenomenon called OS-induced IR. The
full mechanism behind it is still unknown, but it was reported in multiple studies
that exposure to OS inhibits insulin-stimulated glucose uptake, glycogen, and pro-
tein synthesis. Increased OS activates various protein kinases, which induce serine
or threonine phosphorylation on insulin receptor substrate (IRS) instead of normal
tyrosine phosphorylation. This reduces the ability of the IRS to combine with the
insulin receptor and suppresses its activation of downstream phosphatidylinositol 3-
kinase. Furthermore, the wrong phosphorylation could also induce the degradation
of IRS. Insulin signaling pathways could also be activated by OS through Jun
N-terminal kinase/stress-activated protein kinase signaling pathway and inflamma-
tory signaling pathway (IxB kinase/NF-kB), leading to IR via post-insulin receptor
defect [47].

Antioxidants, on the other hand, are a class of molecules that can reduce the
destructive effects of free radicals. In general, we can divide antioxidants into two
groups: enzymatic like (SOD, catalase (CAT), GPx, glutathione reductase,
paraoxonase 1 (PON-1)) and nonenzymatic (glutathione, alfa-tocopherol, ascor-
bate, and beta-carotene). These antioxidants have already been reported to have an
important role in the female reproductive system and the pathogenesis of female
infertility [50].
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In general, chemical substances used for evaluation of OS status can be
divided into chemical components modified by ROS, ROS scavenging enzymes
or antioxidative chemicals, and transcription factors regulating ROS production.
Many studies tried to evaluate OS markers in PCOS women, but due to small
study groups, results often varied. A meta-analysis of these markers was
published in 2013. It encompassed 63 different studies and included 4933
PCOS patients and 3671 controls. It showed that the serum concentrations of
several promoters and by-products of OS were significantly increased in
patients with PCOS compared with control women. Homocysteine concentrations
were 23% higher in PCOS patients than control women according to this
meta-analysis. Homocysteine induces OS by promoting ROS production, and
its high serum level makes a person more prone to endothelial cell injury. A 47%
increase was noticed in malondialdehyde, an end-product of lipid peroxidation
and a useful and frequently used marker of OS. On the other hand, some
circulating antioxidant markers were decreased in PCOS. Glutathione, which plays
a key protective role against OS, was decreased by 50%. A similar decrease was
noticed in the activity of PON-1, which is an antioxidant enzyme that prevents the
oxidation of lipoproteins and hydrolyzes atherogenic products of oxidative lipid
modification such as phospholipid peroxides and cholesterol ester hydroperoxides.
Contrary to what was expected, a meta-analysis found an increase in the SOD
activity in PCOS patients. An increase in that potent protective enzyme, scavenging
superoxide anion radical, may be interpreted as a compensatory mechanism in
response to the increased production of other oxidant molecules. This meta-analysis
did not find significant differences among patients with PCOS and control
women in NO levels, GPx activity, and total antioxidant capacity, although many
individual studies reported significant differences [49]. A similar increase in
some antioxidative enzymes has already been described in few other studies.

A study published in 2018 noticed a significant increase in CAT and SOD activity,
and their interpretation of those results focused on an inner stress-counterbalanced
effect [51].

Since a large proportion of studies indicated an important imbalance in the
oxidative status of patients with PCOS, there have been a few attempts to treat
patients with antioxidants. A single-blind randomized control trial involving 200
patients with PCOS was published in 2018. Patients were randomized into inter-
vention and control groups, and baseline serum levels of OS markers, antioxidant
enzymes, vitamins, and minerals were determined. Antioxidant supplementation
and placebo were given to the intervention and control groups, respectively. All
patients had ovulation induction with clomiphene and were followed up for 6
months. There was statistically significant difference in the serum levels of OS
marker, antioxidant enzymes, vitamins, and minerals between the two groups.

Not only did the antioxidant supplementation significantly improve oxidative status
in those patients, but it also significantly affected pregnancy rate [52]. A recent
study has also shown promising results with the mitochondria-targeted antioxidant
for PCOS IR in animal model [53].

Researches have already confirmed that genetic changes in key antioxidant
enzymes and inflammatory mediators can affect the individual’s defense ability
against OS and their predisposition to inflammation. In Table 2, we summarized
the main studies which pointed out positive associations between different poly-
morphisms in genes related to previously described oxidative markers and antioxi-
dant enzymes and PCOS risk or clinical manifestations. At the time of the writing,
we could not find any study that explored the relationship between polymorphisms
in those genes and treatment response.
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Gene Variants Predicted effect Reference

PON-1 15705379 Susceptibility [54]
—108 C>T  Genotype distribution differed significantly between PCOS
patients and controls (p < 0.05)

Susceptibility [55]
Association with increased risk of PCOS was observed in

three genetic models: allelic comparison, homozygote
comparison, and recessive comparison (p < 0.05 for all

analyses)

Susceptibility [56]
Results show a significant association between PCOS and

this polymorphism (for T vs. C: p = 0.012, for TT vs. CC: p

= 0.005, for TT vs. TC+CC: p = 0.01)

Susceptibility [57]
The TT genotype was more frequent in PCOS patients than

in controls (p < 0.01)

Clinical manifestations

Free androgen index levels were higher in patients with TT
genotype (p < 0.05)

rs854560 Susceptibility [58]
163T> A Genotype and allele frequency distributions differed
significantly between lean controls and lean PCOS women
(p < 0.05). This polymorphism reduced the risk of PCOS in
lean but not in obese Indian women (p < 0.05)
Clinical manifestations
This polymorphism influenced glucose metabolism, lipid
parameters, and hyperandrogenemia in the study group (p
< 0.05 for all analyses)

Susceptibility [55]
The association between polymorphism and a decreased
risk of PCOS was found in dominant model (p < 0.05)

15662 Susceptibility [59]

575A> G GG genotype and G allele frequencies were higher in
patients with PCOS than in control women (p < 0.05)
Clinical manifestations
Compared with patients with AA genotype, patients with
GG or AG genotype had significantly higher waist
circumference and fasting insulin and triglyceride levels,
patients with GG genotype had significantly higher waist-
to-hip ratio, and patients with AG genotype had
significantly higher HOMA index (p < 0.05 for all
analyses)

Susceptibility [60]
Women with AG or GG genotypes had a 2.5-fold increased
risk of PCOS compared to AA genotype (p = 0.03)

Susceptibility [56]
Polymorphism was significantly associated with PCOS

(for G allele vs. A allele: p = 0.02, for GG+AG vs.

AA:p =0.043)

Susceptibility [57]
GG genotype and G allele frequencies were higher in PCOS

than in controls (p < 0.05 for all analyses)

Clinical manifestations

Testosterone, free androgen index, and

dehydroepiandrosterone sulfate levels were higher in

patients with GG than in patients with the wild or the
heterozygous genotype group (p < 0.05 for all analyses)
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Gene Variants Predicted effect Reference

GSTM1 deletion Clinical manifestations [61]
Adolescent girls with PCOS with GSTM1-null genotype (no
active alleles present) presented significantly lower
testosterone concentrations than those with the GSTM1-
active genotype (p < 0.05)

SOD2 rs4880 Susceptibility [62]
47T>C The prevalence of the C allele was significantly greater in
PCOS patients than in controls (p < 0.05)
Clinical manifestations
Patients carrying the C allele had significantly higher serum
LH levels and ratio of LH to FSH than patients with the TT
genotype (p < 0.05 for all analyses)

Table 2.
Associations between genetic polymorphisms in antioxidant genes and PCOS risk or clinical manifestations.

4. Interplay between oxidative stress and chronic inflammation

OS and inflammation are closely related pathophysiological processes, one of
which can be easily induced by another. They usually occur simultaneously, and
because of that, it is hard to distinguish them completely in pathological conditions.

On the one hand, inflammatory processes can induce OS through different
pathways. Phagocytic cells like neutrophils and macrophages produce large
amounts of ROS and RNS to destroy invading agents. During pathological inflam-
matory conditions, there may be an exaggerated generation of these reactive spe-
cies. Some of those diffuse out of their phagocytic cells and can induce localized
OS. The similar process happens in nonphagocytic cells, which can also produce
reactive species in response to proinflammatory cytokines [63]. Recent studies
have also shown that activation of multiple Toll-like receptors produces unbalance
between proinflammatory and anti-inflammatory cytokines, and this leads to the
insurgence of OS [64]. Moreover, the proinflammatory cytokine IL-6 has been
found to produce ROS through increased expression of nicotinamide adenine dinu-
cleotide phosphate oxidase 4 (NOX4) in non-small cell lung cancer. Similarly, the
NOX4 overexpression can then enhance IL-6 production, and that forms a
positive reciprocal feedback loop between these two mediators of inflammation
and OS [63].

On the other hand, OS has been shown to induce inflammation. Growth factors
and chemokines produced by inflammatory cells induce the overexpression of
several transcription factors, such as NF-«B, signal transducer and activator of
transcription 3 (STAT3), activating protein-1 (AP-1), and hypoxia-inducible factor-
1 (HIF-1). They also activate redox-sensitive signal transduction pathways such as
c-Jun N-terminal kinase and p38 mitogen-activated protein kinase (MAPK)

[65, 66]. OS also plays an important role in the activation of the NLRP3
inflammasome, which promotes the maturation and secretion of proinflammatory
cytokines IL-1p, IL-18, and IFNy and activates NF-kB. NLRP3 inflammasome can be
activated in multiple ways by OS. Besides activation by transcription factors,
NLRP3 can be activated by ROS released from the damaged mitochondria and
oxidized mitochondrial DNA during apoptosis. In conditions of OS, the ROS causes
the thioredoxin-interacting protein, an inhibitor of endogenous antioxidant
thioredoxin, to dissociate from thioredoxin and to bind with NLRP3 leading to
additional activation of NLRP3 inflammasome [63]. Another possible mechanism
for NLRP3 inflammasome activation is through ROS-induced DNA base
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modifications. Moreover, the OS-induced oxidation of the extracellular redox
potential of plasma cysteine and its disulfide cysteine has been shown to trigger
monocyte adhesion to vascular endothelial cells, activate NF-kB, and increase the
expression of proinflammatory cytokine IL-1p [63]. OS also induces heat shock
proteins, which in turn stimulate the production of proinflammatory cytokines and
expression of the adhesion molecules like E-selectin, intercellular adhesion molecule
1, and vascular cell adhesion molecule 1 [66].

All these pathways seem to connect OS and inflammation into a self-
perpetuating cycle. In pathological conditions where OS is the primary abnormality,
inflammation will eventually develop and will further accentuate OS. Conversely,
when inflammation is the main abnormality, OS will develop and will increase the
damage from inflammation. Therefore identification of the primary abnormality
could be extremely important in many conditions because its treatment could
resolve additional problems from secondary OS or inflammation [63].

When it comes to PCOS, there is not yet enough evidence to confirm that either
OS or inflammation is the main abnormality. However, the majority of studies
agree that both phenomena at least play an important role in the clinical
manifestations of that syndrome. One clinical manifestation that has been studied
for its role in both OS and inflammation is obesity. Adipocytes have been
identified as a source of proinflammatory cytokines which can then stimulate the
production of ROS and RNS by macrophages and monocytes. One possible trigger
for adipose tissue production of those cytokines is hypoxia. Adipose tissue
hypoxia may underlie the dysregulated production of adipocytokines. In obese
patients, adipose tissue also has the secretory capacity of angiotensin II, which
stimulates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activ-
ity. NADPH oxidase comprises the major route for ROS production in adipocytes.
The second clinical manifestation that has already been connected with both OS
and inflammation is IR. OS has been recently recognized as one of the key mecha-
nisms in IR. The hypothesis that inflammation is causally linked to IR is supported
by clinical evidence of correlations between inflammatory markers and measures
of IR and also by biochemical evidence indicating that proinflammatory markers
can interfere with insulin action by directly inhibiting insulin receptors [67]. IR
then plays a key role in hyperandrogenemia, likely due to compensatory
hyperinsulinemia. Insulin is reported to stimulate ovarian androgen secretion
directly alone and/or through augment LH-stimulated androgen secretion.

Studies show that excessive activation of androgen receptor may provoke
systemic OS. In vitro, OS was also reported to enhance the activities of ovarian
steroidogenesis enzymes [47, 68]. Considering all previously discussed pathways,
it seems that all the described changes—inflammation, OS, obesity, IR, and
hyperandrogenism—interact among themselves and amplify each other in PCOS
patients [69].

5. Conclusions

The majority of studies confirm that PCOS patients have elevated levels of OS
and inflammatory mediators and that OS and inflammation may play an important
role in the pathogenesis of the syndrome and its clinical manifestations. There are
also several possible pathways how those two processes could form positive recip-
rocal feedback between each other and also between clinical manifestations of
PCOS, such as obesity, IR, and hyperandrogenism.

Given the importance of OS and inflammation in PCOS, many researchers have
tried to find associations between different polymorphisms in genes related to these
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pathways and PCOS risk, clinical manifestations, or treatment response. Evidence
shows that different genetic polymorphisms in those pathways have an important
role in susceptibility for the development of PCOS and that they greatly influence
its clinical manifestations. There is still a lack of studies that would evaluate how
those polymorphisms affect individual treatment response. Large pharmacogenetic
studies would improve our understanding of PCOS pathogenesis, and they could
identify polymorphisms potentially used as a predictive biomarker for evaluating
the risk for developing PCOS and for predicting treatment response in an individual
patient.

Abbreviations

AP-1 activating protein-1

ASC apoptosis-associated speck-like protein
BMI body mass index

CAT catalase

CRP C-reactive protein

CVD cardiovascular disease

FF follicular fluid

FSH follicle-stimulating hormoneGLP-1glucagon-like peptide 1
GPx glutathione peroxidase

HIF-1 hypoxia-inducible factor-1

HOMA homeostatic model assessment

IFNy interferon gamma

IL-1 interleukin 1

IL-6 interleukin 6

IL-8 interleukin 8

IL-10 interleukin 10

IL-12 interleukin 12

IL-18 interleukin 18

IR insulin resistance

IRS insulin receptor substrate

LH luteinizing hormone

MAPK mitogen-activated protein kinase

MS metabolic syndrome

NF-«xB nuclear factor kBNOnitric oxide
NOX4 nicotinamide adenine dinucleotide phosphate oxidase 4
(0N oxidative stress

PCOS polycystic ovary syndrome
PON-1 paraoxonase 1

RNS reactive nitrogen species

ROS reactive oxygen species

SHBG sex hormone-binding globulin

SOD superoxide dismutase

STAT3 signal transducer and activator of transcription 3
TNFa tumor necrosis factor alpha
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Chapter 9

Computational Systems Analysis

on Polycystic Ovarian Syndrome
(PCOS)

Nor Afiqah-Aleng and Zeti-Azura Mohamed-Hussein

Abstract

Complex diseases are caused by a combination of genetic and environmental
factors. Unraveling the molecular pathways from the genetic factors that affect a
phenotype is always difficult, but in the case of complex diseases, this is further
complicated since genetic factors in affected individuals might be different.
Polycystic ovarian syndrome (PCOS) is an example of a complex disease with
limited molecular information. Recently, PCOS molecular omics data have
increasingly appeared in many publications. We conduct extensive bioinformat-
ics analyses on the data and perform strong integration of experimental and
computational biology to understand its complex biological systems in examin-
ing multiple interacting genes and their products. PCOS involves networks of
genes, and to understand them, those networks must be mapped. This approach
has emerged as powerful tools for studying complex diseases and been coined
as network biology. Network biology encompasses wide range of network types
including those based on physical interactions between and among cellular
components and those baised on similarity among patients or diseases. Each
of these offers distinct biological clues that may help scientists transform their
cellular parts list into insights about complex diseases. This chapter will dis-
cuss some computational analysis aspects on the omics studies that have been
conducted in PCOS.

Keywords: polycystic ovarian syndrome, PCOS, systems biology, computational
systems biology, protein-protein interaction analysis, network biology, pathway
analysis

1. Introduction

Findings have shown that most pathological conditions and diseases involve
genetic components, in diseases such as cystic fibrosis, hemophilia, and sickle cell
disease, are caused by mutations in a single gene [1-3]. However, there are many
other common medical problems such as cardiovascular diseases, diabetes mellitus,
obesity, and polycystic ovarian syndrome (PCOS), which are not caused by single
mutations [4-7]. The etiologies of those problems are much more complex where
these disorders are highly associated with multiple genes/proteins in combination
with multifactor including genetics, environment, and lifestyle. Many efforts have
been done to overcome the complexity of these medical problems.
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Studying diseases at the molecular level is one of the efforts in understand-
ing complex diseases. The emergence of biological technology has yielded great
advances in deciphering the pathobiology of diseases by generating numerous large
omics (genomics, transcriptomics, proteomics, and metabolomics) datasets. These
data capture a wide range of disease phenomena including mutations, gene expres-
sion, protein expression, metabolite profiling, and genetic and physical interactions
between biological molecules, where each dataset offers distinctive of knowledge to
understand the diseases. Complex diseases are insufficient by a single level inde-
pendent omics dataset since those diseases are regulated at multiple systems levels.
They can be manifested by integrated omics analysis (integration of multi-
omics data).

The multi-omics analysis has brought a new challenge to develop methods or
pipelines, statistics, algorithms, and tools for integration, and the assistant of
computational systems analysis is in great need. Implementing integrative analysis
on these multiple omics data is the best way in deriving systematical and compre-
hensive views of diseases, achieving a better understanding of disease mechanisms
and finding operable personalized health treatments. With the help of computa-
tional systems analysis, research in the field of biology and biomedicine has gained
tremendous benefits over the past few decades.

Computational systems analysis connects interdisciplinary perspectives with
mathematical, algorithms, statistical, modeling and simulations, data reposi-
tory, and/or network visualizations using computational technique to investi-
gate certain biological phenomenon or condition in a systems view. Currently,
there are many studies on the integrated omics data and used network biology,
which is one of the main techniques in computational systems analysis to obtain
an overview at the systems level in elucidating the pathobiology of human
diseases. Network biology could systematically connect all the molecules
generated from the omics studies that have been identified to be related to the
disease. Other than network biology, there are studies that used simulations
approach to have a better understanding of diseases. Database development is
another computational systems analysis that serves to provide overall informa-
tion about the diseases. This chapter encompasses the computational systems
analysis, such as network biology, simulations, and data repository, which
have been used to understand the pathobiology of human diseases,
particularly in PCOS.

2. Network biology in disease

Early biological experiments revealed that proteins, as the main agents of
biological function, determine the phenotype of all organisms. In the advent of
molecular biology, it is assumed that proteins do not naturally function in iso-
lated forms; instead, they have interactions with one another and also with other
molecules (e.g., DNA, RNA, and metabolites) that mediate metabolic, signaling
and regulatory pathways, cellular processes, and organismal systems [8]. Most of
the biological characteristics or phenotypes arise from the complex interactions
between the cell’s numerous constituents [9]. Any interruptions to the interac-
tions between those molecules can disturb the normal behavior of the cells and
contribute to the medical problems or diseases [10]. Thus, studies on network
biology in disease are essential as it can be used to detect interrupter biological
events since the network biology plays a role to perceive the biological role within
the cells [11].
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In network biology, there are two types of analysis that often be performed to
understand the pathobiology of diseases, that is, protein-protein interaction and
pathway analysis.

2.1 Protein-protein interaction analysis

Protein is a biological molecule that plays an important role in the molecular
process in a cell. It acts as an enzyme for metabolic reaction, DNA replication,
molecular transporter, antigen defensive system, and cell to cell information
transmission [12]. Proteins physically interact with each other to perform a
biological function in a cell. Protein-protein interaction (PPI) has become a valu-
able approach to study the molecular mechanisms of disease [13]. For example,
non-metastatic and metastatic breast tumors, as well as the markers of metastasis,
have been classified and identified by a network-based method. Based on this
study, the said method is more effective because it enables detection of the genes
that play a role in metastasis, which is not otherwise picked up during differential
expression analysis [14]. Protein networks for type-1 diabetes were constructed
by integrating GWAS data with the information from protein-protein interaction
databases. Eight new genes were subsequently identified, hence providing better
knowledge of the mechanism of type-1 diabetes [15]. Besides, new pathways have
been defined from the protein network-based Huntington, giving a deeper under-
standing of the pathogenesis of Huntington disease [16]. These studies indicate
that a network, particularly that of proteins, could be one of the powerful tools
in understanding the molecular basis of diseases. Thus, this method could be
applied to unveil the molecular basis of PCOS.

There are several approaches including yeast-2-hybrid (Y2H) and mass spec-
trometry (MS) that have been used to identify the PPI [17-20]. All approaches
have generated large interactome and progressively identified PPI network in
several organisms such as virus (herpes virus) [21], prokaryote (Escherichia coli)
[22], eukaryote (yeast) [18-20], nematode [23], fruit fly [24], and human [25, 26].
These PPI datasets have been compiled and stored in PPI databases such as
Biological General Repository for Interaction Datasets (BIOGRID) [27], Database
of Interacting Proteins (DIP) [28], GeneMANIA [29], Human Integrated Protein-
Protein Interaction Reference (HIPPIE) [30], Human Integrated Protein-Protein
Human Protein Reference (HPRD) [31], Interologous Interaction Database (I12D)
[32], IntAct [33], MIPS Mammalian Protein-Protein Interaction Database (MIPS)
[34], Molecular Interaction database (MINT) [35], and STRING [36] (Table1).

Combination of PPI forms a network consists of two main components, i.e. (1)
node that represents protein and (2) edge that refers to interaction (Figure 1). PPI
network has been applied for evolutionary study [45], gene/protein functional
prediction [46], and also pathobiology of diseases [47, 48]. There are few analyses
that can be applied using the PPI network approach, and PPI network topological
analysis is one of the analyses that often are used to study the pathobiology of human
diseases. Degree distribution, which is a fraction of a number of the interaction of a
node with the number of the interactions in a network, is one of the components in
the network topology that have been measured. A node that has a high degree distri-
bution is known as a hub protein. A hub protein is hypothesized to code an essential
gene that plays an important role in a cell. Any physical or chemical alterations that
occur to this hub protein can interrupt the interaction with other proteins, disturb
the normal behavior of the cells and associated to a disease. Previous study by Wachi
et al. found that proteins encode for the upregulated genes in the lung squamous cell
carcinoma tend to have higher degree distribution [49]. Jonsson and Bates also found
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Database Description URL Reference
Agile Protein Is a collection of integrated known http://apid.dep.usal.es/ [37]
Interactomes validated protein interactomes
DataServer (APID) from 400 species, including
humans
BioGRID Curates sets of genetic, physical, https://thebiogrid.org/ [27]
and chemical interactions in
humans and all major organisms
Database of Is manually curated by expert https://dip.doe-mbi. [38]
Interacting Protein curators. This database stores ucla.edu
(DIP) experimental PPI data
GeneMANIA Contains known PPI interactions, https://genemania.org/ [29]
which are derived from curated
PPI databases and experiments.
Predicts PPI interactions in six
species, including humans
Human Integrated Contains only human PPI http://cbdm-01.zdv.uni- [30]
Protein-Protein interactions from experiments and mainz.de/~mschaefer/
Interaction rEference curated PPI databases hippie/
(HIPPIE)
Information Provides PPIs curated from https://bio.tools/ihop [39]
Hyperlinked over literature mining
Proteins (iHOP)
Human Protein Stores information regarding https://www.hprd.org/ [31]
Reference Database proteins in humans, including PPIs
(HPRD)
Interologous Contains integrated known, http://ophid.utoronto. [32]
Interaction Database experimental, and predicted PPIs ca/ophidv2.204/
(I2D) for humans and five other species
InnateDB Stores experimentally verified https://www.innatedb. [40]
interactions between genes, com/
proteins, and signaling pathways
involved in the innate immune
response to microbial infection in
humans, mice, and bovines
IntAct Molecular All interactions are retrieved from https://www.ebi.ac.uk/ [33]
Interaction Database literature and eleven other PPI intact/
(IntAct) databases. Is curated by EMBL-EBI
and other PPI database teams
Molecular Compiles experimentally verified https://mint.bio. [41]
INTeraction database PPIs curated from the scientific uniroma?2.it/
(MINT) literature
STRING Is a PPI database that provides https://string-db.org/ [36]
interaction evidence from known
interactions (curated databases
and experiments), predicted
interactions (neighborhood,
gene fusion, and co-occurrence),
and others (coexpression and
text-mining)
The Extracellular Stores interactions of extracellular http://matrixdb.univ- [42]
Matrix Interaction matrix proteins, proteoglycans, and lyonl.fr/
Database (MatrixDB) polysaccharides
The Human Protein Compiles proteins from BIND (this http://wilab.inha.ac.kr/ [43]
Interaction Database PPI database is not open access), hpid/

(HPID)

DIP, and HPRD and predicts
potential PPIs
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Database Description URL Reference
The International Provides nonredundant PPI https://www. [44]
Molecular Exchange datasets from major PPI databases imexconsortium.org/
Consortium (IMEx) like BIND, IntAct, MINT, DIP, and
MIPS
The Mammalian Compiles high-quality PPIs from http://mips.helmholtz- [34]
Protein-Protein experiments muenchen.de/proj/ppi/
Interaction Database
(MIPS)
Table 1.

List of PPI databases concerning humans.

346 proteins-related to cancer have two times higher degree connectivity compared
to the non-cancer proteins [50]. Number of interaction among proteins that are
related to disease in the Online Mendelian Inheritance in Man (OMIM) Morbid Map
is higher than the interaction of non-disease proteins [51].

Linkage method is another network analysis that can be used to understand the
pathobiology of human diseases [50, 52]. The basic hypothesis in this method is
the two proteins (pairwise linkage) that interact with each other tend to be related
to the same diseases. Enrichment analysis done by Oti et al. [53] has demonstrated
that the proteins that interact with each other are significantly associated with the
same diseases. By a pairwise linkage method, they also predicted that Janus kinase
3 (JAK3) as a protein that might be associated with severe combined immunode-
ficiency syndrome (SCID) as JAK3 directly interacts with proteins of lymphocyte
specific protein-tyrosine (LCK), protein-tyrosine phosphatase (PTPRC), and
interleukin 2 receptor (IL2RG) [53].

Clustering is also a technique in network analysis in human diseases. A cluster
refers to a small group that has similar topological network properties [48, 54]. In this
method, it is hypothesized that the proteins in a module tend to be associated with the
same diseases. Clusters are identified using algorithms, and there are several cluster-
ing algorithms that have been developed to generate the clusters such as CFinder [55],
clustering with overlapping neighborhood expansion (ClusterONE) [56], cluster-
ing based on maximal cliques (CMC) [57], clique percolation method (CPM) [58],

PPl PPl netwaork

Figure 1.
PPI and PPI network. PPI network is formed from several PPI. The color of the nodes vefers to the protein.
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density-periphery based clustering (DPClus) [59], density-periphery overlapping-
based clustering (DPClusO) [60, 61], identifying protein complex algorithm (IPCA)
[62], local clique merging algorithm (LCMA) [63], restricted neighborhood search
clustering (RNSC) [64], Markov clustering (MCL) [65], molecular complex detection
(MCODE) [66], and so on. Wu et al. developed the clustering algorithm to identify
the clusters, and they found that the proteins in the same clusters are associated with
the same diseases [67]. Rezaei-Tavirani et al. identified clusters using ClusterONE
algorithm to search for potential biomarkers in esophagus adenocarcinoma [68]. Xiao
et al. also used clustering methods to identify the candidate proteins for endometriosis
biomarkers by their own clustering algorithm and they found the majority of pre-
dicted biomarkers in the generated clusters involved in endometriosis pathway [69].

PPI network can be also applied to understand the association between diseases
as clinically and there is the occurrence of comorbidity, which is a condition of a
patient that is simultaneously affected more than one disease. Disease association
network based on PPI analysis can be used as a framework to classify the disease,
identify the risk of having other diseases, predict the effect of disease, and search for
a more effective therapeutic technique for disease [70, 71]. There are few hypotheses
in constructing the disease association network, and one of them is diseases can be
associated when those diseases shared the proteins and interactions (Figure 2).

The components in a disease association network are similar to the PPI network.
It consists of node and edge, where node refers to disease and edge is the interaction
of disease. The first human disease network has been constructed among 867 diseases
using PPI information by Goh et al. (Figure 3) [73]. This network has been used to
understand how diseases comorbid to each other by identifying the shared proteins and
interactions between the diseases [72]. The disease association network is also useful to
predict the disease biomarkers. Ahmed et al. have successfully identified 73 potential
biomarkers for neurological diseases, that is, Alzheimer’s disease, epilepsy, and dys-
lexia, by integrating the protein-disease association with the PPI information [74].

Shared nodes

Shared inferaction

Figure 2.
Two different approaches to identify the association between diseases. The first approach used shaved nodes (ved
nodes) between diseases. The second approach used shared intevactions (blue edges) between disease-velated

proteins [72].
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Figure 3.
Human disease association network. This network was constructed by Goh et al. using PPI information [73].
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Figure 4.
Example of a biological pathway. This is the insulin signaling pathway that was retrieved from the KEGG
database [80].

To summarize, PPI analysis is a powerful approach that can be applied to
improve the understanding of the pathobiology of diseases, which in turn can
appraise approaches to diagnose, prevent, and treat the diseases. The analysis of
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network properties can provide the opportunity to interpret the normal and altered
biological behaviors that lead to diseases.

2.2 Pathway analysis

A pathway is a group of molecules that interact to perform the same biological
function. PPI network has a type of node that is protein and the undirected network
(Figure 4). Meanwhile, the pathway consists of a few types of nodes, which are sig-
naling genes, proteins, complex, and metabolites, which are connected by several
interactions such as activation, inhibition, binding, and others. A pathway depicts
a mechanism in performing a specific biological activity in a cell. As a PPI network,
a combination of several pathways forms a pathway network. Pathway information
can be retrieved from several pathway databases such as Kyoto Encyclopedia of
Genes and Genomes (KEGG) [75], Reactome [76], WikiPathways [77], BioCyc [78],
and BioCarta [79]. Table 2 shows databases that have pathway information in
human.

There are three main types of pathways, that is, signaling, regulatory, and meta-
bolic pathways. Signaling pathway visualizes the cellular response after receiving the
extracellular signal. The signal transmission starts when the extracellular gives a signal
to activate the receptor that is located in the cell surface. The activated receptor will
bind to the signal and alter the intracellular molecules to respond [84]. Any disrup-
tion in the signaling pathway can cause disease since the cells cannot be normalized
or properly respond when the signals are received [85]. Regulatory pathway displays
the gene or protein expression in a cell, either it is upregulated or downregulated. The
biological activities such as transcription, translation, and post-translational modifica-
tion are among the activities that involve the regulatory pathway [86]. Meanwhile, in
a metabolic pathway, the primer metabolite will be modified into another metabolite
through a series of chemical reactions catalyzed by enzymes [87].

Pathway database such as KEGG also provides pathways that visualize the mech-
anisms of several complex diseases such as cancer, diabetes mellitus, Alzheimer’s
disease, Parkinson’s disease, and so on [75]. Basically, a complex disease involves
several pathways that include all signaling, regulatory, and metabolic pathways. The
combination and the integration of several pathways with other types of data such
as PPI is one of the valuable approaches that can be used to improve the under-
standing of complex disease mechanisms [88].

As an analogy, it is essential to have a diagram such as a circuit diagram for an
electrician to understand the principle of electricity. A diagram such as a biological
network is also important in the medical field to assist the researchers or clinicians
to understand the mechanisms of diseases. The biological network can suggest a
novel means of developing molecular therapies where the network is the target of
therapy rather than individual molecules within the network.

3. Modeling and simulation

Mathematical modeling and computer simulation are another computational
systems analysis that has been used to study disease progression and drug develop-
ment [89, 90]. While the biological network is generally constructed in the static
state using annotated genes, proteins, and metabolites and linked these molecules
using information from PPI and pathway databases, modeling and simulation are
constructed in quasi-steady state, where they require additional data including
physicochemical and physiological balances and bounds (mass and energy con-
version) [91]. Modeling and simulation have been widely used in several chronic
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diseases such as diabetes, Alzheimer’s disease, coronary heart disease, and infec-
tious diseases such as meningitis and influenza [89, 92-95].

In this approach, there are several types of models that have been applied to
understand the human diseases, which are pharmacokinetics (PK) model, phar-
macokinetics/pharmacodynamics (PKPD) model, disease progression model,
metamodel, and Bayesian model averaging [90]. PK model is widely used in the
field of clinical pharmacology as it simulates the rate and extent of drug distribu-
tion to different tissues and the rate and impact of drug disposition. It is a very
important model as it predicts the impact variability in target patient populations
in response to drug administration [96]. PKPD model is another model in the drug
development where it integrates PK and PD components. This model establishes
and measures the relationships of dose-concentration-response and describes and
predicts the effect-time courses in consequence of a drug dose [97]. Meanwhile,
the disease progression model is the time course quantitative descriptor of disease
status. It was first simulated in 1992 in Alzheimer’s disease using the cognitive
component of the Alzheimer’s disease assessment scale (ADASC) to assess the
disease severity [93]. This model characterizes the natural progression of the dis-
ease by incorporating biomarkers of disease severity and/or clinical outcomes.
Disease progression model is often used to quantify the effects of drug treatment
on disease progression by integrating with PK and PKPD models [98]. Metamodel
involves model development by combining results from multiple previous studies.
In human disease study, this model can be used to compare the effects and safety
of new treatments with other treatments, to reevaluate data of mixed or different
result situations, and to describe PD or disease progress models [90, 99]. In the
meantime, Bayesian model averaging combines models as there is a situation where
previous studies show several models for a drug in a certain disease, and it is unclear
which model is suitable. The Bayesian model averaging reduces the uncertainty by
allowing all existing models to contribute to a simulation with weighing the inputs
on the basis of certain criteria such as the quality of data or model [90, 92].

Complex diseases involve many genes, proteins, and metabolites, and these
molecules are either activated or deactivated in certain tissues in particular time,
depending on the disease status or in the influences of several factors such as drug
administration. Hence, modeling and simulation are efficient approaches in the
computational systems analysis as these approaches manage to dynamically monitor
and understand the progress of diseases in particular situation, which in turn can
assist in improving the specific treatment and developing the efficient drugs for
complex human diseases.

4. Data repository

Data are the most important resource in computational systems analysis. Most
of the analyses require the integration of several data to understand the diseases,
particularly complex diseases in a systemic view. For example, several omics data
(genomics, transcriptomics, proteomics, and/or metabolomics) were integrated
with interactions data (PPI or pathway) to construct network biology. Modeling
and simulation also involve omics data integration to capture the complexity of
molecular events causing the diseases. In addition, cellular and physiological pro-
cesses are complex systems [100] that are controlled by signals from the extracel-
lular environment and coordinated by intracellular interaction and transcriptional
or gene regulatory networks assembled into functional modules [101]. In order to
understand cellular processes as interconnected and interdependent systems and
in the context of a biological phenomenon, requires an integrative approach that
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draws upon data from as many diverse data sources as possible including data from
the literature, public databases, biochemical and kinetic experiments, phenotype
studies and high-throughput analyses of the genome, transcriptome, proteome,
interactome, and metabolome.

Hence, data repository or database development is one of the main approaches
to facilitate the arbitrary querying of the data to perform the computational systems
analysis. Besides, recent developments in high-throughput approaches enable the
analysis of the transcriptome, proteome, interactome, metabolome, and phenome
on a previously unprecedented scale, thus contributing to the deluge of experi-
mental data and scattering in an unorganized way. The data repository is one of the
efforts in combining the growing sets of experimental data in a proper way that can
be publicly accessed to have further analysis. For example, there are databases such
as ArrayExpress [102], Gene Expression Omnibus (GEO) [103], and CIBEX [104]
that stores datasets for gene expression studies to be publicly accessed. Other than
that, there are also literature databases such as PubMed, Scopus Online, and Google
Scholar for the researchers to retrieve published studies, and there are several stud-
ies that provide the generated omics datasets in the supplementary section.

There are also databases such as disease databases that have performed several
analyses prior to deposit the data into the database. The human disease databases
have been developed in order to store information about diseases such as genes, pro-
teins, metabolites, drugs, literature, biological processes, tissues, and others that are
related to a particular disease in order to understand the pathobiology, pathogenesis,
and pathophysiology of diseases. Currently, databases, such as DisGeNET [105],
MalaCards [106], Online Mendelian Inheritance in Man (OMIM) [51], Open Targets
[107], GWAS Catalog [108], GWASdb [109], DISEASES [110], and Human Gene
Mutation Database (HGMD) [111], have been developed to store several informa-
tion about human diseases. There are also databases that have been developed that
specifically store data or information of a disease such as T2D-Db [112] and T2D@
ZJU [113] for type-2 diabetes, AlzBase [114], AlzGene [115], and NIAGADS [116]
for Alzheimer’s disease, and The Cancer Genome Atlas (TCGA) [117] and The
International Cancer Genome Consortium (ICGC) [118] for human cancers.

Nowadays, the number of databases that hold a growing number of generated
data is also increased, which has led to a new challenge in selecting the best and
suitable database for further computational systems analysis. Nevertheless, the
presence of current available data repository or databases has eased the researchers
without having to extensively search the data to integrate the data and visualize the
data into a network and/or model in order to harness a comprehensive systems-level
understanding of pathophysiological processes of human diseases.

5. Computational systems analysis progress in PCOS

PCOS is a heterogeneous disorder that may be affected by multiple factors
including genetic, lifestyle, and environment. The definition of PCOS is unclear,
where it is defined by a combination of different features that lead to its diagnostic
criteria remain controversial. PCOS women also experience multi-symptoms, and
the diseases that comorbid to PCOS are widely varied [6, 119]. The complexity in
PCOS is evident that many genes, proteins, and metabolites involved in the pathobi-
ology of PCOS. All omics platforms have been applied to identifying the molecular
basis of PCOS (Table 3) [120].

Even though all omics have been performed in PCOS, the pathobiology of PCOS
is still far from understood. Since the prevalence of PCOS women is increased
and if they are left untreated, PCOS women are at higher risk to develop other
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Omics Description Examples of previous studies Reference
Genomics Identification genetics Identified 16 loci associated risk [121-124]
evidence in PCOS women of PCOS in Chinese and European
subjects
Transcriptomics Identification of Identified 243 differential expressed [125]
differentially expressed gene in the granulosa cells between
genes (significantly non-PCOS and PCOS patients
up-regulated and down-
regulated genes) between
non-PCOS and PCOS
women
Proteomics Detection of differentially Identified 186 significantly expressed [126]
expressed protein proteins in the follicular fluid between
between non-PCOS and non-PCOS and PCOS women
PCOS women
Metabolomics Detection of altered The altered metabolites in the sera [127]
metabolites between non- between non-PCOS and PCOS
PCOS and PCOS women women revealed disruptions in several

metabolic pathways such as steroid
hormone biosynthesis, amino acids
and nucleotides metabolism, and
glutathione metabolism, as well as
lipids and carbohydrates metabolism

Table 3.
Omics approaches in PCOS.

chronic diseases (endometrial cancer, type-2 diabetes and cardiovascular diseases),
and other approaches such as computational systems analysis need to be done to
improve the understanding in PCOS. By far, several studies have integrated the
omics platforms using computational systems analysis to provide a systems-level
understanding of PCOS.

5.1 PPI and pathway analysis

In PCOS, PPI- and pathway-based analysis is also often used to identify the genes/
proteins, ontologies, and pathways that might be involved in this disorder. Among
the earliest full-paper study in using PPI analysis in PCOS was published in 2009. In
this work, Mohamed-Hussein and Harun combined seven microarray datasets and
integrated with PPI information and successfully identified a hypothetical protein,
C10RF123, and several ontologies that might be highly involved in PCOS [128]. Prior
to this study, there is an article outline in 2007 by Menke et al. that used a Newman
algorithm to identify the small set of modules in the constructed PCOS PPI network
that could lead to PCOS phenotypes [129]. Shen et al. [130] have constructed the
regulatory network and PPI network by integrating several data such as genome-wide
methylated DNA immunoprecipitation (MeDIP), regulatory interactions and PPI
to investigate the relationship of insulin resistance (IR) with PCOS. In a regulatory
network, the significant methylated genes, CCAAT enhancer binding protein beta
(CEBPB) formed a network that regulated other genes that may play a role in both
IR and PCOS. Meanwhile, the constructed PPI network showed that the methylated
genes in PCOS-IR have a higher number of interactions and might act as key drivers to
perform proper cellular functions. Shen et al. [130] also found several enriched path-
ways such as cancer pathways and MAPK signaling and ontologies including regula-
tion of metabolic process from both constructed networks that might be responsible
in both PCOS and IR [130]. Shim et al. used pathway-based analysis on genome-wide
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association study (GWAS) dataset of PCOS and successfully identified several PCOS
pathways associated with ovulation and insulin secretion [131].

Kori et al. [132] used PPI and pathway analysis by integrating three microarray
datasets of PCOS with PPI data, performing the pathway enrichment analysis and
comparing the PCOS results with ovarian cancer and endometriosis. These analyses
found that PCOS is closely related to endometriosis and ovarian cancer as they
shared several molecules and pathways such as MAPK signaling, cell cycle, and
apoptosis [132]. The integration of a microarray dataset with PPI information from
REACTOME has found several proteins including Rho GTPase activating protein
4 (ARHGAP4), Rho GTPase activating protein 9 (ARHGAP9), ras homolog family
member G (RHOG) and LYN proto-oncogene, Src family tyrosine kinase (LYN),
and pathways such as RhoA-related pathways, and glycoprotein VI-mediated activa-
tion cascade might involve in the PCOS pathogenesis [133].

Other than identifying the molecular basis and the biological functions that
might relate to PCOS, PPI and pathway analysis are also applied to decipher the
molecular relationship of PCOS with other diseases and improve the knowledge
on PCOS treatments. Liu et al. [134] construct a PPI network, which consists of
PCOS-related genes and target genes of Erxian decoction (EXD) to understand the
pharmacological basis of the EXD action in treating PCOS. EXD is a traditional
Chinese medicine composed of six types of herbs that can alleviate several prob-
lems such as ovarian failure, which is a problem that commonly experiences by
PCOS women. In the constructed network, Liu et al. [134] identified 50 genes that
might be key genes that involved in PCOS treatment with EXD since these genes
are the EXD targets that are found to be related to PCOS [134]. Ramly et al. [135]
also used PPI and pathway analysis to identify protein and pathways to explain the
relationships between PCOS and 17 diseases such as migraine, ovarian cancer, and
schizophrenia. They used a clustering approach by MCODE [66] to identify shared
proteins between PCOS and other diseases and pathway enrichment analysis to
identify pathways that might connect PCOS and PCOS-associated diseases [135].

Based on aforementioned studies, it is proved that PPI- and pathway-based can
be used to identify genes/proteins, biomarkers, ontologies, and pathways that are
related to PCOS, which in turn could improve the diagnosis and treatment in PCOS.

5.2 Data repository in PCOS

As mentioned, there are many datasets that have been generated by the omics
platforms to identify the pathobiology of PCOS. The datasets are randomly dis-
tributed, and it is very tedious if the researchers intend to retrieve the information
about PCOS. Hence, it is essential to have a repository that stores comprehensive
information on PCOS.

There are three databases that have been developed by far to deposit the collated
molecular information generated by previous studies, which are PCOSBase (www.
pcosbase.org) [136], PCOSKB (http://pcoskb.bicnirrh.res.in/) [137], and PCOSDB
(http://pcosdb.net/) [138]. Both PCOSKB and PCOSDB contain 241 and 208 genes
that related to PCOS, respectively. These databases searched for the PCOS-related
genes against scientific literature. Meanwhile, PCOSBase identified 8185 PCOS-
related proteins that were obtained from previous disease databases and gene and
protein expression studies. All of the PCOS databases provided detailed description
for each entry that is related to PCOS and link to the original databases such as
UniProt (https://www.auniprot.org/) and NCBI (https://www.ncbi.nlm.nih.gov/)
for extensive information. As PCOSBase, biological information such as chromo-
somal location, gene ontologies, pathways, domains, disease-associated, and tissue
localization have been annotated to all PCOS-related proteins. Figure 5 shows the
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example homepage of PCOSBase, where it provides search box to facilitate the users
to search with keywords and shows the number of entries for each functional details
that are deposited in the database.

All of these databases are developed as an effort for other researchers in identi-
fying PCOS biomarkers. Besides, the information from the databases has been used
to integrate with other information such as PPI and pathway to have a systems-level
view of PCOS. PCOSBase provided a menu (“Network”) that contained a biological
network of PCOS as examples of analysis on the PCOS-related proteins from this
database. The network provided in the database can give an insight into improving
the knowledge, particularly in PCOS.

6. Conclusion and future perspective

PCOS is an endocrine disorder that linked many clinical symptoms and the
diversity of diseases. The PCOS complexity requires the development of novel
analysis methods such as the simultaneous analysis of omics data using compu-
tational systems analysis. In addition, the availability of multi-omics datasets has
opened the avenue to gain new insights into related molecular pathophysiological
changes in PCOS. Thus, the previously generated data should be fully utilized
as a whole to have a systems-view of PCOS. As mentioned in this chapter, the
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computation systems analysis such as PPI and pathway analysis has been per-
formed, and several examples of studies using this approach have been provided.
The specific data repository of PCOS has also been developed, which could be used
for further analysis by PCOS researchers. However, there is a lack of studies that
integrate the omics datasets using modeling and simulation to investigate PCOS in
a systems-level. This approach should be put into consideration in the future as this
approach can dynamically elucidate the PCOS progression and improve the PCOS
diagnosis and treatment. Although there is a limitation particularly the state of the
incompleteness of biological information such as human interactome and pathway
annotation, the analysis on current data by computational systems analysis should
be continuously performed as these efforts could constantly enhance the knowledge
of a complex syndrome, which is PCOS.
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