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Abstract

Purpose Polycystic ovary syndrome (PCOS) is the most

common endocrine disorder that affects women of repro-

ductive age and is characterized by ovulatory dysfunction

and/or androgen excess or polycystic ovaries. Women with

PCOS present a number of systemic symptoms in addition

to those related to the reproductive system. It has been

associated with functional derangements in adipose tissue,

metabolic syndrome, type 2 diabetes, and an increased risk

of cardiovascular disease (CVD).

Methods A detailed literature search on Pubmed was done

for articles about PCOS, adipokines, insulinresistance, and

metabolic syndrome. Original articles, reviews, and meta-

analysis were included.

Results PCOS women are prone to visceral fat hypertrophy

in the presence of androgen excess and the presence of

these conditions is related to insulin resistance and worsens

the PCO phenotype. Disturbed secretion of many adipo-

cyte-derived substances (adipokines) is associated with

chronic low-grade inflammation and contributes to insulin

resistance. Abdominal obesity and insulin resistance stim-

ulate ovarian and adrenal androgen production, and may

further increase abdominal obesity and inflammation, thus

creating a vicious cycle.

Conclusion The high prevalence of metabolic disorders

mainly related to insulin resistance and CVD risk factors in

women with PCOS highlight the need for early lifestyle

changes for reducing metabolic risks in these patients.

Keywords Polycystic ovary syndrome � Adipose tissue �
Adipokines � Metabolic syndrome � Insulin resistance

Background

Hyperandrogenism represents the most common endocrine

disorder in women of reproductive age with prevalence

between 6 and 15% according to the used criteria. The

most common hyperandrogenic disorder is the polycystic

ovary syndrome (PCOS), with approximately an 80–85%

prevalence among women with androgen excess [1].

Diagnosis of PCOS is currently based on Rotterdam

diagnosis criteria [2], which broadened the previous NIH

classification [3]. At least two of the following features

among oligo-anovulation, hyperandrogenism and polycys-

tic ovaries by ultrasound should be present. In 2006, the

Androgen Excess Society criteria suggested that the pres-

ence of clinical and/or biochemical hyperandrogenism

together with oligo-anovulation and polycystic ovaries by

ultrasound is needed for the diagnosis of PCOS [4].

Ultrasound has emerged as a useful tool to help in the

diagnosis of PCOS. Indeed, the increased proportion

between the stroma and the ovary surface in the median

section was a strong predictor of elevated androgen and

testosterone levels [5]. According to the National Institutes

of Health (NIH), four PCOS phenotypes have been iden-

tified. These specific clinical phenotypes include the fol-

lowing: (1) a classic phenotype, with polycystic ovaries in

addition to hyperandrogenism and ovulatory dysfunction;
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(2) a phenotype with ovulation in addition to polycystic

ovaries and hyperandrogenism; (3) a phenotype with

hyperandrogenism, ovulatory dysfunction without poly-

cystic ovaries; and (4) a phenotype without polycystic

ovaries but with androgen and ovulatory dysfunction.

These different clinical pictures have been recommended

in all research studies and during clinical care. Although

the clinical syndrome has been described more than

80 years ago, the underlying cause of the disorder contin-

ues to be uncertain. PCOS is considered a multifactorial

disorder with various genetic, metabolic, endocrine and

environmental abnormalities [6]. Until recently, the main

concerns in women with PCOS were menstrual irregular-

ity, hirsutism, and infertility. Weight gain and obesity are

also common features of PCOS and often precede the onset

of anovulatory cycles. Moreover, recent studies have

clearly shown that insulin resistance (IR) can be an integral

part of the syndrome being present in 65–80% of women

with PCOS, and plays a significant role in its aetiology [7].

In addition, women with PCOS are at a higher risk for

diabetes and heart disease than the general population. In

light of its association with IR, PCOS is now considered as

a general health disorder in women instead of just a cos-

metic or fertility problem. Evidence also showed that a

central distribution of body fat carries higher risk of car-

diovascular disease (CVD) and diabetes than does a gynoid

fat distribution [8]. This fat topography tends to change in

middle-aged female, when there is a change to an android

type of fat distribution, whereas women with PCOS tend to

accumulate fat in a central distribution also during the

fertile period. The changes are related to conditions of

absolute or relative (i.e. menopause) androgen excess.

These influences of hormones on body fat distribution

appear to be related both to adipose tissue-specific

expression of steroid receptors and to local tissue steroid

hormone metabolism [9]. The considerable overlap

between features of PCOS and metabolic syndrome (MS)

seems to suggest that dysregulation of adipocyte functions

might contribute to many of the metabolic complications

observed in women with PCOS.

In this review, we will focus on the role of adipose tissue

in the pathophysiological mechanisms involved in PCOS

and its complications.

PCOS: clinical and biochemical profile

PCOS is a heterogeneous disorder, the principal features of

which include androgen excess, ovary dysfunction and/or

polycystic ovaries. PCOS has a complex multifactorial

aetiology, in which a variety of predisposing genes interact

with environmental factors to produce diseases [10]. Many

attempts have being made to identify specific genes that

underline the intrinsic cause of PCOS [11]. Genes involved

in steroidogenesis, carbohydrate metabolism, sex hormone

binding globulin (SHBG) gene, the androgen receptor, and

the genetic loci associated with insulin sensitivity and

susceptibility to obesity are the likely ones involved [11].

The pathogenesis of PCOS may be associated with CYP17

gene regulation, as CYP17 activity is fourfold greater in

patients with PCOS [12]. Despite repeated attempts to

identify the putative gene or genes involved in this disor-

der, no gene has clearly emerged as most important in

PCOS, and many positive results have not been confirmed

in subsequent studies. Therefore, it is likely that the variety

of pathways involved in PCOS and the lack of a common

pathogenetic mechanism suggest that genes coding for

transcriptional factors or signalling pathway components

that may affect the organs involved in PCOS are globally

involved in the pathogenesis of the syndrome.

Patients with PCOS have a supraphysiological androgen

production, and hyperandrogenism is the biochemical

hallmark of PCOS [13]. Elevated circulating androgen

levels are observed in 80–90% of women with PCOS

[13, 14]. Hyperandrogenism is caused by derangements of

androgen production and metabolism, and biochemically is

usually assessed by assay of total and free testosterone,

androstenedione, 17-hydroxy progesterone, dehy-

droepiandrosterone sulphate (DHEAS) and SHBG. Ele-

vated levels of free testosterone usually reflect the fact that

SHBG levels are generally decreased in women with PCOS

due to the effects of testosterone and insulin to decrease

hepatic production of SHBG [15]. Women with PCOS

often have higher than normal serum levels of some or all

these hormones. Elevated levels of free testosterone

account for the vast majority of abnormal finding, whereas

DHEAS and androstenedione are also used for diagnostic

testing in the diagnosis of hyperandrogenism. Roughly,

80% of the total dehydroepiandrosterone (DHEA) is of

adrenal origin, while androstenedione is secreted approxi-

mately in equal amounts by the adrenal and ovaries in

normal premenopausal women. Although the ovaries are

the main source of increased androgen in PCOS [16],

adrenal androgen excess can be present in approximately

20–25% among women with PCOS [17]. Women with

PCOS have increased secretion of adrenocortical precursor

steroids basally and after adrenocorticotropic hormone

(ACTH) stimulation [18]. Thus, hyperandrogenism has a

multifactorial origin attributed mostly to the ovaries with a

contribution from the adrenal. The ovarian hyperandro-

genism of PCOS is demonstrated directly by the gonado-

tropin-releasing hormone (GnRH) test or the human

chorionic gonadotropin test [11]. The PCOS ovary is typ-

ically hypersensitive to luteinizing hormone (LH) stimu-

lation associated with an increased androgen

responsiveness. This hypersensitive steroid response to LH
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stimulation was initially postulated to include insulin

excess, which is known to sensitize to LH action [19].

However, support for an intrinsic theca cell defect that can

account for excess androgen production has been obtained

from in vivo and in vitro studies, by demonstrating that an

overactive androgenic phenotype is constitutively present

in theca cells [11, 20]. Alterations in P450c17 at tran-

scriptional and post-transcriptional level have been impli-

cated in the aetiology of PCOS. A relative inhibition of

17–20 lyase activity with respect to 17-hydroxylase, lead-

ing to an increased 17-hydroxy progesterone/androstene-

dione ratio has been demonstrated [21]. Low aromatase

activity has also been demonstrated in women with PCOS,

thus contributing to theca cell overproduction of androgens

[21, 22]. Elevated levels of androgens may have a negative

impact on follicular developments, causing atresia, pre-

mature luteinization and hindering ovulation by impairing

selection of the dominant follicle [11].

LH excess is common in the disorder and a high per-

centage of patients with PCOS have an elevated LH/follicle-

stimulating hormone (FSH) ratio presumably due to high

levels of LH. LH is necessary for the expression of gonadal

steroidogenic enzymes, but it seems unlikely that the LH

increase might be the primary cause of ovarian androgen

excess, due to the normal process of LH-induced desensiti-

zation of theca cells. LH-releasing hormone stimulation

causes, indeed, excessiveLH secretion [23] probably due to a

higher frequency or amplitude of hypothalamic GnRH.

Altered hypothalamic neurotransmission has been suggested

in these patients (e.g. altered dopaminergic and opioid tone),

although not confirmed by pharmacological manipulation of

these neuronal systems [23].

IR, as defined as a decreased ability of insulin to mediate

the metabolic action on glucose and lipid metabolism, is

very common in PCOS [11, 24, 25]. In some studies, this

has been shown to be related to lower expression of the

insulin-sensitive glucose transporter-4 (GLUT-4). How-

ever, IR selectively affects tissue-specific metabolic action,

whereas mitogenic and steroidogenic actions are usually

preserved. Thus, this compensatory hyperinsulinism sen-

sitizes ovarian theca cells to secret androgen in response to

LH and seems to have a similar effect on the adrenal

androgens secretion induced by ACTH: hyperinsulinism is

thought to contribute to hyperandrogenism in these patients

[26] since it stimulates ovarian steroidogenesis by a direct

thecal production of androgens, increases secretion of

androgen mediated by LH. Moreover, insulin inhibits

hepatic SHBG synthesis leading to increased testosterone

availability. Insulin may also act via the insulin-like growth

factor-1 (IGF-I) receptor when insulin reaches high con-

centrations, as compensatory hyperinsulinemia [27]. IGF-I

is a growth factor which is mainly synthetized by the liver,

but is also produced by other tissues, including the ovaries,

where it has paracrine/autocrine functions. IGF-I, when

overexpressed, induces increased androgen production by

the theca cells and synergically with LH and FSH modu-

lates the expression of aromatase in granulosa cells [28].

Many studies have demonstrated that obesity is a com-

mon feature of PCOS but the prevalence of obesity in

affected women ranges from 50 to 80% [29–31]. These

discrepancies might be due to differences in the diagnostic

criteria for PCOS. However, when comparable diagnostic

criteria were applied, the prevalence rates were still dif-

ferent in various studies [17], suggesting that environ-

mental factors, such as lifestyle, contribute to the presence

of obesity in PCOS [32, 33]. Moreover, PCOS is also a

common clinical aspect in women with obesity. Regional

differences in adipose tissue anatomy have been reported in

PCOS that contribute to the clinical manifestations and

complications of the syndrome. Many studies based on

anthropometric measurements have suggested that women

with PCOS have increased abdominal fat distribution,

regardless of body mass index (BMI) [34], although global

adiposity rather than regional fat distribution characterizes

women with PCOS [35]. By whatever mechanism, it is

clear that an alteration of lean-to-fat mass ratio plays an

important role in the clinical expression of the metabolic

features and complications of PCOS.

Biochemical presentation of PCOS changes with aging

[36], but little is known to PCOS women after menopause.

Postmenopausal women without PCOS had decreased

estrogen production as well as a reduction of androstene-

dione circulating levels. Similar biochemical characteris-

tics have been described in PCOS woman after the

transition to menopause. Indeed, testosterone level in

PCOS woman was similar to non-PCOS women in peri-

menopausal period, thus explaining the tendency to cycle

regularly as PCOS women grow older [37]. On the other

hand, another study showed that PCOS women after

menopause had raised levels of testosterone level in com-

parison to control women without PCOS [38].

The adipose tissue

There is considerable evidence that adipose tissue, besides

the biological repertoire necessary for storing and releasing

energy, plays a wide-ranging role in metabolic regulation

and physiological homeostasis, also including neuroen-

docrine function and immune function.

It is now well acknowledged that adipose tissue excess,

particularly in the visceral compartment, is associated with

IR, diabetes, hypertension, prothrombotic and proinflam-

matory states, and CVD [39].

So far, many adipocyte-derived signals have been

identified (Table 1) and significant progress has been made
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in understanding their specific functions. Several molecules

that were previously established as signals from non-adi-

pose tissues, are now known to be secreted by adipose cells

as well. Using adipokines as one of the major communi-

cation tools, adipocytes and stromal cells affect a large

number of other tissues and organs, such as the liver,

muscle, adrenal cortex, brain, the sympathetic nervous

system, the reproductive system, and pancreatic b-cells and
participate in appetite and energy balance, blood pressure,

lipid metabolism as well as angiogenesis and haemostasis.

Several studies have clearly demonstrated that obese

people with visceral adiposity are associated with more IR

and increased morbidity than individuals with a similar

degree of overall adiposity [40]. Moreover, individuals

with glucose intolerance or diabetes have larger adipocytes

than do those with normal glucose tolerance [41, 42].

Approximately 75%of PCOS patients are overweight and

central obesity is observed in both normal and overweight

PCOS women [43, 44], whereas PCOS has been reported to

be a common finding in obese or overweight women [45].

IR is also a common feature of PCOS since it is present

in 50–80% of these patients. Although IR is clearly asso-

ciated with obesity, lean women with PCOS may have IR

that is caused by genetic disorders. However, the available

data suggest that patients with PCOS can have 5–8 times

increased diabetes risk compared to age- and weight-mat-

ched controls [46]. Thus, adipose tissue excess directly

contributes to the pathogenesis of obesity-related disorders.

The role of obesity in PCOS pathogenesis
and metabolic complications

As noted in a preceding section, weight gain and central

obesity are common features of PCOS, often precede the

onset of anovulatory cycles, and are associatedwith a greater

prevalence of hirsutism and menstrual irregularity [36].

Moreover, obese women should be screened for PCOS since

the syndrome has been shown to be a common finding also in

obese and overweight women [45, 47]. IR hyperinsulinemic

is a major factor in the excessive adipogenesis and lipoge-

nesis of PCOS, and obesity in turn seems to aggravate the

hyperandrogenism by exaggerating IR (Fig. 1). These clin-

ical aspects are in large part explained by the increased

prevalence of visceral fat not only in obese and in overweight

but also in many normal-weight patients with PCOS. Vis-

ceral fat contributes more to the IR in PCOS than does sub-

cutaneous fat because of its enhanced lipolytic response to

catecholamines, whereas the lipolytic effect was decreased

in subcutaneous fat [48, 49]. The adverse metabolic impact

of visceral adipose tissue (VAT) has been attributed to dis-

tinct biological properties of adipocytes in this compartment

compared with other adipose tissue depots. VAT has been

suggested to possess a large amount of b-adrenergic recep-
tors with a higher lipolytic activity [50]. This increased

catecholamine-induced lipolysis in VAT has been attributed

to increased expression of b1 and b2 receptor [50] as well as
enhancement of b3 receptor function [51]. Therefore, excess
VAT would lead to greater free fatty acid delivery to the

liver, whereby impairing insulin clearance and action [52].

The adipose tissue produces and releases a number of

bioactive proteins collectively referred as adipokines [53].

Most of these substances are primarily secreted by adipose

tissue-resident macrophages [54] that are increased in both

subcutaneous and VAT. Proinflammatory cytokines arising

from the mononuclear cells of adipose tissue are other

mediators of the IR of PCOS. Excess abdominal adipose

tissue triggers an inflammatory response, which is an addi-

tional important element in the pathogenesis of IR. Thus, the

dysregulation of adipose tissue mass associated with obesity

might be a cause of altered endocrine system function as well

as its consequence.

Table 1 Main adipokines currently investigated and their possible role in PCOS

Adipokine Action Finding in PCOS

Leptin Regulation of food intake and insulin signalling Increased with body fat mass

Adiponectin Insulin-sensitizing hormone Decreased

Lowers inflammation and CVD risk

Promotes fatty acid oxidation

Resistin Linked to insulin resistance Increased or unchanged

Visfatin Insulin mimetic action Increased or unchanged

Involved in the inflammation

Linked to adipose tissue dysfunction

Omentin Protects endothelial cells from inflammation Increased or unchanged

Retinol-binding protein 4 Involved in insulin resistance Variable

Cytokines Part of the inflammation linked to visceral obesity Increased

Linked to insulin resistance
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Adipose tissue expresses a variety of enzymes for acti-

vation, interconversion and inactivation of steroid hor-

mones. Cytochrome P450-dependent aromatase and 17b-
hydroxysteroid dehydrogenases (17-bHSD) are highly

expressed in adipose tissue stromal cells and preadipocytes.

17-bHSD converts weak androgens and estrogens to their

more potent counterparts (androstenedione to testosterone

and estrone to estradiol). The ratio of 17-bHSD to P450

aromatase is positively correlated with central obesity,

indicating an increased local androgen production in vis-

ceral adiposity [55, 56]. Given the mass of adipose tissue,

the contribution of adipose tissue to whole-body steroid

metabolism is important, with adipose tissue contributing

up to 100% of circulating estrogen in postmenopausal

women and 50% of circulating testosterone in pre-

menopausal women.

Adipose tissue is also involved in the regulation of

glucocorticoid metabolism. This tissue-specific glucocor-

ticoid metabolism is primarily determined by the enzyme

11b-hydroxysteroid dehydrogenases (11-bHSDs), which

catalyses interconversion of active cortisol and inert cor-

tisone. Two isoenzymes have been discovered, each with

unique properties and powerful biological roles. 11-bHSD
type 1 is highly expressed in adipose tissue, particularly in

VAT, where it regenerates metabolically active cortisol

from cortisone. 11-bHSD type 2 inactivates cortisol by

catalysing interconversion of active cortisol to inert corti-

sone, thereby protecting key tissues [57]. Omental adipo-

cytes have a twofold higher rate of insulin-stimulated

glucose uptake compared with subcutaneous adipose tissue

[58], whereas glucocorticoids down-regulate glucose

uptake capacity and insulin-signalling protein in omental

but not subcutaneous adipocytes. These data further sup-

port the interaction between endogenous (circulating and

adipocyte generated) cortisol and visceral fat in the

development of IR.

Several observations have associated 11-bHSD type 1

dysregulation with a variety of medical conditions including

obesity, diabetes, hypertension, CVD as well as polycystic

ovarian syndrome [59–61]. The importance of VAT gluco-

corticoid metabolism by 11-bHSD type 1 is demonstrated in

experimental animals overexpressing 11-bHSD in all adi-

pose tissues [62]. These mice develop visceral obesity and

features of the MS including IR, dyslipidemia and hyper-

tension. All had reduced levels of adiponectin and increased

concentrations of leptin, tumour necrosis factor-a (TNFa),
angiotensinogen and free fatty acid. In contrast, mice with

deletion of 11-bHSD type 1 have a favourable metabolic

phenotype. Taken together, these observations support a role

of glucocorticoid metabolism by visceral fat in the patho-

genesis of visceral obesity and the MS.

Thus, the influence of hormones on body fat distribution

appears to be related both to adipose tissue-specific

expression of steroid receptors and to local tissue steroid

hormone metabolism [9]. The concomitant glucocorticoid

receptor activation by local regeneration of cortisol and

androgens [63] together with the decline in the growth

hormone (GH)–IGF-I axis observed in visceral obesity

represents additional mechanism for stimulation of visceral

fat accumulation [64].

The involvement of growth hormone (GH) in the regu-

lation of visceral fat is clearly documented in acromegaly

Fig. 1 Link of insulin

resistance between PCOS and

metabolic syndrome
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where there is a reduction in VAT [65]. The main action of

GH on adipose tissue is to prevent lipid accumulation and

to stimulate lipid mobilization, which requires synergism

with steroid hormones. These effects are mediated via

inhibition of lipoprotein lipase activity [66] together with

an enhancement of catecholamine-induced lipolysis via b
adrenergic receptors [67]. In obesity, there is a decrease in

circulating GH and a blunted response to provocative

stimuli [68]. The degree of GH attenuation correlates with

the amount of total and visceral fat [69–71]. Intra-ab-

dominal fat, as measured by computed tomography, is

inversely related to serum IGF-I concentrations in obesity

suggesting that visceral fat may be inversely related to 24-h

GH secretion in both sexes.

Adipokines in PCOS

Leptin

Leptin acts as an afferent satiety signal at a hypothalamic

central level as a regulatory factor. Adipocytes secrete

leptin in direct proportion to adipose tissue mass as well as

nutritional status, and this secretion is greater from sub-

cutaneous relative to VAT [72]. Many of leptin effects on

energy homeostasis, particularly on energy intake and

expenditure, are mediated via hypothalamic pathways [73].

An increase in leptin directly suppresses the orexigenic

peptides neuropeptide Y (NPY) and agouti-related peptide

in the arcuate nucleus. This putative action of leptin on

NPY may further depend on an intermediate signal through

melanocortin-4 receptor [74]. Leptin increases the levels of

anorectic peptides, a-melanocyte stimulating hormone and

cocaine- and amphetamine-regulated transcript, produced

by neurons in the lateral arcuate nucleus. The net action of

leptin is to inhibit appetite, stimulate thermogenesis and

reduce body weight and fat. Although initially viewed as

an anti-obesity hormone, leptin’s primary role is to guard

against starvation rather than to prevent obesity [75].

Leptin levels rapidly decline with caloric restriction and

weight loss. It should be noted that although leptin

administration can produce profound effects on energy

expenditure and food intake when compared with the lep-

tin-deficient state, administration of leptin to normal or

obese people produces unremarkable effects [76]. The

mechanism for this leptin resistance is unknown but may

depend on defects in leptin signalling or transport across

the blood–brain barrier [77].

Most obese humans have an elevated circulating level of

leptin due to their enlarged fat mass. However, they do not

respond to this increased endogenous leptin level by reduc-

ing their food intake. The treatment of obese patients with

exogenous leptin was generally ineffective. Only subjects

receiving high doses of leptin (the average serum leptin

concentration was 30–40 fold higher than baseline values)

presented a significant reduction of body weight [78]. Thus,

to overcome a leptin-resistant state in humans, it is likely that

very high levels of this hormone must be achieved. The

mechanism underlying leptin resistance is not yet known,

although part of this mechanism may be due to limited entry

of leptin into central nervous system, as leptin transport to

brain is a saturable carrier-mediated process [79]. A

decreased ability of leptin to activate hypothalamic receptor

due to expression of inhibitorymolecules in the regulation of

leptin receptor signalling is another hypothesis [80]. Capo-

bianco et al. showed no significant differences in C-reactive

protein (CRP) and leptin concentrations through the men-

strual cycle in both the examined cycles, but inter-group

analysis revealed significant differences of CRP and leptin

levels between the ovulatory and anovulatory cycles with

higher values at periovulatory phase in the ovulatory cycles

[81]. A number of studies have provided evidence that

hyperleptinemia is involved in the pathogenesis of

atherosclerotic vascular disease [82]. Many studies have

shown elevated plasma leptin levels in patients with hyper-

tension and a positive correlation between leptin and blood

pressure [83]. It has been proposed that leptin could play a

role in atherogenesis acting synergistically with other

inflammatory mediators [84]. Moreover, leptin, in vitro,

stimulates the proliferation and hypertrophy of vascular

smooth muscle cells and is able to induce CRP expression in

human coronary artery endothelial cells [85, 86]. A recent

report suggests that increased concentrations of both leptin

and CRP confer the highest risk for CVD, although the

complex relationship between leptin and CRP remains to be

fully elucidated [87]. Therefore, in obese subjects, leptin

may no longer be able to regulate caloric intake and energy

balance.Moreover, high serum leptin concentration can have

adverse metabolic effects and represent an independent risk

factor for coronary heart disease [88]. Although leptin

therapy has limited success in common obesity, it has

impressive effects in patients with genetic leptin deficiency

or lipodystrophy [89, 90].

Serum leptin levels and subcutaneous leptin messenger

RNA were found to be higher in overweight/obese PCOS

women compared to normal-weight controls [91–93].

However, most published studies on circulating leptin

levels in PCOS and control, stratified or not by BMI, have

clearly demonstrated that circulating leptin correlated with

the amount of body fat, being significantly increased in

overweight and obese women, independently of the pres-

ence of PCOS [94]. The data suggest that leptin secretion is

regulated by the amount of body fat both in normal and

PCOS women. Elevated levels of leptin have also been

suggested to be associated with lack of follicular

maturation.
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Adiponectin

The discovery of adiponectin occurred at about the same

time as the discovery of leptin [95–98] but did not receive

major attention until its marked protective role in the

pathogenesis of obesity-related complications was

acknowledged. Adiponectin is almost exclusively expres-

sed in white mature adipocytes [99].

Although adiponectin is exclusively synthesized and

secreted by adipocytes, adiponectin levels are decreased in

obesity, in condition of IR and diabetes, in CVD and in

dyslipidemia [100, 101]. Obesity also decreases expression

level of adiponectin receptors and/or reduces postreceptor

signalling, which may contribute to IR [99, 102]. Weight

loss, on the other hand, results in increased adiponectin

expression with accompanying improvement in insulin

sensitivity [103]. The improvement in coronary circulation

observed in obese women following weight loss was

associated with adiponectin level [104]. Genetic studies

have demonstrated a clear association with polymorphism

resulting in hypoadiponectinemia with IR and CVD

[105, 106]. Low level of adiponectin has been linked to

inflammatory atherosclerosis in humans, suggesting that

normal adiponectin levels are required to maintain a non-

inflammatory phenotype of the vascular wall [107]. An

association between hypertension and adiponectin levels

has been reported [108–111]. Although the mechanism by

which adiponectin levels are lowered in patients with

hypertension remains to be clarified, hypoadiponectinemia

has recently been proposed as a novel predictor of hyper-

tension [112]. On the contrary, high plasma adiponectin

levels are associated with lower risk of myocardial

infarction and with lower risk of acute coronary syndrome

[113, 114]. Recent findings have also suggested that adi-

ponectin, possibly through AMPK activation, may limit the

progression of myocardial hypertrophy [115]. Adiponectin

is able to modulate the production of other adipokines

[116] and is involved in the regulation of inflammation and

atherosclerosis. In fact, monocyte adhesion to endothelial

cells, macrophage transformation to foam cells and

endothelial cell activation are down-regulated by adipo-

nectin [117, 118]. Many factors with a significant impact

on adiponectin regulation have inhibitory effects. These

include catecholamines, glucocorticoids, interleukin 1,

interleukin 6, TNFa, GH and androgens [53, 119, 120].

Insulin decreases adiponectin levels in humans [53],

whereas thiazolidinediones increase the expression of adi-

ponectin probably through interaction with PPAR-gamma

response element and thereby may account for the insulin-

sensitizing effect of such ligands [121]. Finally, adipo-

nectin can also down-regulate its own production and the

expression of its receptors [122].

The potential role of adiponectin in the ovulatory dys-

function and metabolic abnormalities in PCOS has been

investigated in several studies but the available data are

still not conclusive [91, 92, 94, 123, 124], although

decreased levels of the adipokine in PCOS patients com-

pared to weight-matched controls have been found in the

majority of the studies [125]. Plasma adiponectin levels

were found to be correlated with insulin sensitivity in

PCOS [126, 127]. Other studies reported that serum adi-

ponectin levels were reduced in obese women with PCOS

and that BMI, testosterone concentrations and IR were the

major determinants of reduced levels of adiponectin [128].

In addition to its role on insulin sensitivity, adiponectin

may affect the reproductive system since it decreases LH

secretion from the pituitary while stimulating estradiol

secretion in human granulosa. In conclusion, adiponectin

could be considered as a marker of IR in PCOS since

adiponectin circulates in inverse proportion to the degree of

IR. Reduced adiponectin levels appear to play a role in

promoting IR, increasing triglycerides and small and dense

low-density lipoprotein particles in these patients [129].

The role of hyperandrogenism on adiponectin secretion is

not clear and opposite results have been published. How-

ever, total testosterone levels were not associated with

adiponectin in a meta-analyses study [124]. On the con-

trary, increased insulin sensitivity was associated with

increased adiponectin levels despite unchanged testos-

terone, and changes in testosterone levels did not modify

adiponectin levels [123]. Adiponectin may also have

effects on ovarian function since decreased local adipo-

nectin expression stimulated hyperandrogenism, whereas

adiponectin stimulation was associated with decreased

ovarian androgen production [130]. Additional studies

have demonstrated that insulin sensitizers such as met-

formin or pioglitazone [131], when PCOS patients were

treated, both increased adiponectin levels and insulin-

stimulated glucose disposal.

Therefore, adiponectin could be considered as a marker

of IR also in PCOS, thus contributing to increase the car-

diovascular risk in these patients.

Resistin

This adipokine, which is involved in IR, lipid metabolism

and diabetes has been found to be higher in obese and non-

obese Chinese PCOS women, suggesting that resistin may

be implicated in the regulation of IR in this PCOS ethnic

population [132]. Supporting these data, resistin levels

were independently associated with insulin resistance and

BMI in 66 patients with PCOS [133]. However, in another

study from the same geographic area did not confirmed

these data [134]. Thus, the exact role of resistin in women
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with PCOS is not clear, but could explain the increased IR

found in PCOS.

Visfatin

Visfatin is produced by visceral adipose tissue in humans

[135]. Studies have shown higher visfatin levels in IR [136].

PCOS women, as compared with control of comparable

BMI, showed that this adipokinemight be amarker of insulin

sensibility. However, other studies did not confirm these data

[137] since similar visfatin levels have been found in cross-

sectional studies involving PCOS women and controls. On

the contrary, a correlation of visfatin levels with proinflam-

matory markers has been described by other authors [137]

suggesting a role of visfatin in endothelial dysfunction in

these patients. A recent study showed that the increased

visfatin level in women with PCOS may induce the expres-

sion of pro-angiogenic factors, thus favouring the develop-

ment of endothelial dysfunction [138].

TNF-a

TNF-a was originally described to induce the necrosis of

tumours after acute bacterial infection [139]. However, this

cytokine is also involved in several immunological func-

tions as well as in viral replication, septic shock and fever.

TNF-a expression is elevated in adipose tissue and is

associated with whole-body insulin resistance [140, 141].

Adipocytes also express both types of TNF-a receptors as

membrane bound and soluble forms [142]. The effects of

TNF-a on adipocytes include increased lipolysis, decreased

adiponectin secretion, decreased glucose transporter type 4

expression, impaired insulin signalling by activation of

serine kinases, and indirectly by increasing serum free fatty

acids levels [143]. TNF-a is also involved in oxidative

stress and mitochondrial dysfunction and endoplasmic

reticulum stress [144, 145]. TNF-a also induces insulin

resistance by suppressing the production of adiponectin

from adipocytes [116].

Some studies found that womenwith PCOS had increased

TNF-a levels in comparison to healthy controls [146, 147],

but the results were not univocal [148, 149]. A recent meta-

analysis showed that elevated TNF-a levels are directly

related to the IR and androgen excess of PCOS, but not to

BMI. This findingmight suggest that high TNF-a level could
promote IR and hyperandrogenism of PCOS [150].

Low-grade chronic inflammation in PCOS

Low-grade chronic inflammation in PCOS women is

indicated by the presence of minor but significant ele-

vated CRP levels and inflammatory cytokines. These

proteins are linked to the development of metabolic

dysfunction of PCOS, such as diabetes, cardiovascular

risk factors. Chemokines have also been found to be high

in visceral fat than in subcutaneous fat [151] and such

findings might explain increased chemokines secretion in

PCOS.

Insulin resistance

IR is present in 50–80% of PCOS women, but even PCOS

women may have IR that is secondary to genetic disorders.

More than 2% of PCOS have a risk of developing diabetes

each year. Moreover, a significant increase in the preva-

lence of type 2 diabetes mellitus (T2D) as well as of

impaired glucose tolerance has been found in small-sized

studies as well as in large-sized studies in PCOS vs. control

[152, 153]. BMI was found to have an important role in the

development of diabetes. Weight gain was also associated

with worsening of glucose tolerance and a 1% increase in

BMI was found to lead to 2% increase in diabetes risk

[154]. A family history of diabetes is less common in

diabetic women with PCOS than in those without

[155, 156]. These findings would suggest that T2D with

and without PCOS is under different genetic controls.

Furthermore, genetic studies have failed to find an asso-

ciation between genes known to influence the heritability

of T2D with the presence of PCOS [157, 158]. The age of

onset of diabetes has been reported to be earlier in women

with PCOS compared with those without [156, 159, 160].

This would suggest that IR is present at an earlier age; a

longer duration of T2D is significantly associated with a

more severe phenotype with higher prevalence of micro-

and macro-vascular complications in PCOS. IR is also a

central pathophysiologic element of non-alcoholic fatty

liver disease (NAFLD). Although the prevalence of

NAFLD remains poorly defined due to variation of the

characteristics of the studied populations, it is estimated to

affect 20–30% of adults in the general population in

developed countries [161, 162]. Women with PCOS have

been shown to have a high risk of NAFLD [163, 164].

Moreover, obese women with PCOS have elevated

aminotransferase levels that correlate with testosterone

concentrations [165]. Obesity and IR are the main factors

related to NAFLD in PCOS. Androgen excess, which is

related to IR, may be an additional contributing factor to

the development of NAFLD in the syndrome. Estimates of

NAFLD prevalence range as high as 75% in PCOS patients

with obesity and T2D [166]. Therefore, women with PCOS

should be identified early and all available procedure aimed

at weight loss together with pharmacological interventions

should be used in order to improve metabolism and CVD

risk factors.
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The metabolic syndrome

The MS is a complex of interrelated risk factors for CVD

and diabetes. Clinical definition of the MS has been

developed in the last two decades with the purpose of

identifying those individuals at increased risk of these

diseases in order to put in place preventive measures that

can reduce this risk [167–169]. These risk factors include

impaired fasting plasma glucose, raised blood pressure,

elevated triglyceride levels, low high-density lipoprotein

cholesterol levels (HDL-C) and abdominal obesity, which

is highly correlated with IR.

Following the World Health Organization (WHO) cri-

teria of the syndrome [170], the other major criteria came

from the National Cholesterol Education Program Adult

Treatment Panel III (ATP III) [171] and the International

Diabetes Federation (IDF), which proposed a new defini-

tion based on clinical criteria and designed for global

application in clinical practice. Among criteria, greater

emphasis was placed on visceral obesity as the core feature

of the syndrome. Thus, visceral obesity measured by waist

circumference was suggested to be an essential require-

ment for the diagnosis [172], although there is now

agreement that abdominal obesity (IR is usually found in

patients with visceral obesity) should not be a prerequisite

for diagnosis of MS but it is one of five criteria, so that the

presence of any three of five risk factors constitutes a

diagnosis of MS. Criteria for the diagnosis of MS are as

follows: elevated waist circumference, elevated triglyc-

erides, reduced HDL-C elevated blood pressure and ele-

vated fasting glucose. Once CVD or diabetes develops, the

MS is often present, and the number of components of the

MS contributes to disease progression and risk. MS has a

complex pathogenesis and hormones might play a role in

its development [173–175].

Among PCOS, an abnormal degree of IR is reported in

about two-thirds [11]. Obesity prevalence is also similar,

with considerable variability among populations [176]. The

risk of MS in women with PCOS is double that of women of

similar age and BMI without PCOS [176]. Furthermore, the

risk ofMS is particularly high in younger womenwith PCOS

compared with women from the general population [177].

Moreover, obese and also thin women with PCOS often

present an atherogenic lipid profile [178], togetherwith other

biochemical cardiovascular risk factors [179, 180]. The

association betweenMS and PCOS is not causative and both

syndromes often coexist. Women with PCOS have a higher

prevalence of MS, whereas women with MS often present

endocrine trait of PCOS. However, the high androgen levels

of PCOS, by aggravating the visceral adiposity and perpet-

uating IR, are the main endocrine modulator of MS.

Conclusion

PCOS is not only a reproductive disorder but also a sys-

temic metabolic condition that is associated with increased

risk of diabetes across a woman’s life span. The manifes-

tations of PCOS are diverse but in most cases, the severity

of clinical symptoms is related to abnormal visceral obe-

sity. This condition causes increased low-grade chronic

inflammation which can be measured by increased levels of

adipokines, chemokine and interleukins predisposing these

women to an increased risk of CVD. PCOS women have IR

that, by genetic disorders, is clearly associated with vis-

ceral obesity and by the adverse metabolic consequence of

dysregulation of adipose tissue mass. In particular, adipo-

nectin is down-regulated in visceral obesity, and low levels

of adiponectin are associated with increased risk for IR and

T2D. The available data also suggest that patients with

PCOS can have 5–8 times increased diabetes risk com-

pared to age- and weight-matched controls [46]. The IR in

PCOS affects selectively metabolic actions while mito-

genic and steroidogenic actions are usually preserved.

Insulin may also act via the IGF-I receptor when insulin

reaches high concentrations, and induces increased andro-

gen production by the theca cells and synergically with LH.

The available data clearly suggest that there are important

connections between hyperandrogenism, hyperinsulinemia

and VAT hypertrophy and dysregulation in PCOS. In

conclusion, PCOS is associated to an increased CVD risk.

This association is related to several factors, but IR should

be considered an important variable in the pathogenesis of

metabolic complications. Adipocyte dysfunction has a

main role in determining IR and androgen excess that is

characteristic of the syndrome. However, it is not clear

whether the increased CVD risk described in PCOS women

translates into increased frequency of actual event. Indeed,

a recent study longitudinally analysed over 21,000 women

with PCOS showing that there was no increased risk of

cardiovascular and cerebrovascular events [154].

Therefore, patients with PCOS should be fully evaluated

to determine baseline metabolic parameters and all avail-

able procedure aimed at weight loss together with phar-

macological interventions should be used in order to

improve metabolism and CVD risk factors.
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