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Abstract

Purpose of Review—Polycystic ovary syndrome (PCOS) is diagnosed by its characteristic 

reproductive features. However, PCOS is also associated with metabolic abnormalities, including 

insulin resistance and β-cell dysfunction. The severity of these abnormalities varies according to 

the reproductive phenotype, with the so-called NIH or classic phenotype conferring the greatest 

metabolic risk. The increased risk for type 2 diabetes (T2D) is well-established among affected 

women with the NIH phenotype, but whether PCOS also confers an increased risk for 

cardiovascular events remains unknown.

Recent Findings—Recent studies in daughters of affected women have found evidence for 

pancreatic β-cell dysfunction prior to menarche. Further, genetic analyses have provided evidence 

that metabolic abnormalities such as obesity and insulin resistance contribute to the pathogenesis 

of PCOS.

Summary—PCOS increases the risk for T2D. However, the risk for cardiovascular disease has 

not been quantified, and prospective, longitudinal studies are still critically needed.
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Introduction

Polycystic ovary syndrome (PCOS) is among the most common endocrine disorders in 

women of reproductive age with prevalence of 5–15%, depending on the diagnostic criteria 

applied [1]. PCOS is defined by its reproductive features of hyperandrogenism, chronic 

oligo-anovulation, and/or polycystic ovarian morphology (PCOM) [2]. However, it has 

become increasingly evident over the past 35 years that PCOS is also a major metabolic 

disorder associated with substantial defects in insulin action and pancreatic β-cell 
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dysfunction [1, 2]. While these metabolic defects are independent of obesity [2, 3], obesity 

is a common feature of PCOS, and it substantially worsens these metabolic defects [1, 2].

PCOS is a leading risk factor for dysglycemia and type 2 diabetes (T2D) in adolescent [4, 5] 

as well as in young adult women [6]. These metabolic abnormalities may also confer 

increased risk for cardiovascular disease in affected women. However, prospective, 

longitudinal studies of long-term health outcomes in women with PCOS are lacking. Recent 

important contributions to the field include genetic evidence implicating metabolic factors 

such as obesity and insulin resistance in the causality of PCOS ●●[7]. Studies in daughters 

of affected women, who have increased risk for PCOS, suggest metabolic phenotypes may 

be present prior to menarche when the syndrome can be diagnosed ● [8, 9]. Accordingly, 

early identification and implementation of strategies to prevent T2D may be feasible. In this 

review, we will summarize the literature on metabolic risk in PCOS, highlight recent 

contributions to the field, and identify important gaps in our existing knowledge to be 

addressed in future studies.

Distinct Diagnostic Criteria PCOS

The diagnostic criteria for PCOS are all based on expert opinion, the lowest level of 

evidence ([10], Table 1). The first set of diagnostic criteria were established at the 1990 

NICHD Conference on PCOS [11]. The NIH criteria require both hyperandrogenism 

(clinical or biochemical) and chronic anovulation, after exclusion of alternative diagnoses 

which could result in these phenotypes, including hyperprolactinemia, non-classical 

congenital adrenal hyperplasia, and androgen-secreting neoplasms [11]. This phenotype is 

referred to as NIH or “classic” PCOS [11]. In 2003, the diagnostic criteria were broadened 

with the addition of ovarian morphology on ultrasound at the ESHRE/ASRM Meeting in 

Rotterdam, Netherlands [12]. Although this meeting has been designated as a consensus 

meeting, there was no formal consensus process [10]. Rather, recommendations were based 

on expert opinion rather than on scientific evidence. The resulting Rotterdam criteria require 

2 of the following 3 findings: 1) hyperandrogenism (clinical or biochemical); 2) chronic 

anovulation; and 3) PCOM [12]. These criteria added two additional PCOS phenotypes: 

women with PCOM and chronic anovulation but lacking hyperandrogenism, and women 

with PCOM and hyperandrogenism, but lacking anovulation.

In 2006, an expert panel of the Androgen Excess Society recommended that 

hyperandrogenemia be a required criterion for the diagnosis of PCOS [13], eliminating the 

phenotype of chronic anovulation and PCOM in the absence of hyperandrogenism. The 

significance of PCOM in the diagnosis of PCOS continues to be a matter of debate. The 

presence or absence of PCOM appears to be age-related [14] but not a marker for features of 

the syndrome [15]. In women with the NIH PCOS phenotype, PCOM does not confer 

additional metabolic risk [15]. PCOM does identify women at increased risk for ovarian 

hyperstimulation during assisted reproductive treatments [16].

There is now an extensive literature comparing the metabolic features of the major PCOS 

phenotypes: anovulation and hyperandrogenemia +/− PCOM (NIH criteria), PCOM with 

hyperandrogenemia but no anovulation, and anovulation and PCOM but no 
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hyperandrogenemia [17–19]. There is expert agreement that the NIH phenotype confers the 

greatest metabolic risk [20]. Therefore, studies which include the Rotterdam phenotypes of 

anovulation + PCOM and/or hyperandrogenemia + PCOM may underestimate metabolic 

phenotypes observed in NIH phenotype PCOS.

Pathogenesis of PCOS: Roles of Hyperandrogenemia & Insulin Resistance

The pathophysiology of PCOS is complex, influenced by genetic and metabolic factors, and 

involves a multitude of features, including disordered gonadotropin secretion, 

hyperandrogenemia, insulin resistance and hyperinsulinemia, ovarian dysfunction, and 

alteration in follicular development and selection [1]. The pathophysiology of the 

reproductive features of PCOS has been comprehensively reviewed elsewhere [1]. However, 

the interaction between hyperandrogenemia and insulin resistance likely plays a central role 

in development of the key phenotypic features of PCOS [1, 2]. Hyperandrogenemia is the 

biochemical hallmark of PCOS [2]. While the ovaries are the main source of increased 

androgens in PCOS [21], adrenal androgen excess is also observed in 20–30% of affected 

women [13]. Evidence in animal models suggest that androgen exposure during early critical 

developmental periods constitutes one potential mechanism for later development of the 

reproductive and metabolic features of PCOS [22]. Epigenetic changes represent a likely 

mechanism for the persistent reproductive and metabolic consequences of intrauterine 

androgen exposure in these animals [23].

However, insulin resistance and resulting hyperinsulinemia may also play a central role in 

the pathogenesis of androgen excess in PCOS [1, 2]. Insulin acts as a co-gonadotropin to 

increase LH-induced androgen synthesis in theca cells [24] and can enhance GnRH-

mediated gonadotropin secretion [25]. Insulin also reduces hepatic SHBG synthesis, thereby 

increasing the levels of bioavailable androgens [26]. Therefore, interventions aimed at 

targeting insulin sensitivity or androgen concentrations and/or activity may improve both the 

reproductive and metabolic features of the disorder [1, 2].

Metabolic Phenotype in PCOS

Whole Body Insulin Action

Hyperinsulinemia suggesting the presence of insulin resistance in PCOS was first reported in 

1980, with the observation of increased insulin responses during the oral glucose tolerance 

test (OGTT), which were independent of obesity in affected women [27]. The defects in 

total body insulin action were quantified in PCOS using the gold-standard technique, the 

euglycemic clamp [28]. Insulin-mediated glucose disposal (IMGD), which reflects primarily 

skeletal muscle insulin action [29], was reduced by 35–40% in both lean and obese women 

with PCOS compared to control women of similar age and body composition [3]. The 

magnitude of the decrease was similar to that seen in substantially older patients with T2D 

[29]. IMGD was reduced by a similar extent by obesity per se; therefore, PCOS and obesity 

had independent and additive effects on IMGD [3]. Endogenous glucose production was 

increased only in obese women with PCOS [30] indicating a synergistic deleterious effect of 

adiposity and PCOS on hepatic insulin action [30].
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Insulin resistance is a consistent finding in obese women with PCOS, whereas some studies 

in lean affected women have failed to detect defects in in vivo insulin action [31]. The 

reason for this inconsistency is unclear, and ethnic/racial differences in insulin sensitivity 

may be one factor contributing to these inconsistent findings [32].. Nevertheless, a recent 

meta-analysis of clamp assessments of insulin action in PCOS found decreased mean IMGD 

in the majority of studies of both lean and obese affected women ●[33].

Many studies of the prevalence of insulin resistance in affected women have been limited by 

the use of surrogate markers of insulin action [34, 35]. These surrogate markers, such as 

fasting and postchallenge insulin and glucose levels, are confounded by differences in 

pancreatic β-cell function, insulin clearance, and glucose absorption [9, 36, 37]. Even when 

euglycemic clamp was used, normative data has been problematic, and studies have often 

relied upon historical rather than concurrently-studied control women [18]. Further, there is 

considerable overlap in measures of insulin action between PCOS and control groups [2]. 

These data suggest that insulin resistance is common among women with PCOS, but not a 

universal feature of the syndrome.

Insulin Secretion

There is now considerable evidence that defects in insulin secretion are required for the 

development of T2D [38, 39]. Normal pancreatic β-cells are able to increase insulin 

secretion to compensate for reduced insulin sensitivity [38], such that the product of insulin 

secretion and insulin sensitivity is constant [40]. This hyperbolic relationship is known as 

the disposition index (DI) (Figure 1, [40]). It is only when the β-cell is unable to increase 

insulin secretion sufficiently to compensate for peripheral insulin resistance that 

dysglycemia and T2D develop [38, 39]. Decreased DI is the most powerful predictor of T2D 

risk [41]. DI can be reduced despite fasting and postprandial hyperinsulinemia [42]. Studies 

that failed to correct insulin secretion for insulin sensitivity have concluded that insulin 

secretion was increased in women with PCOS [43, 44]. However, direct assessments of 

insulin secretion found evidence for β-cell dysfunction in affected women [2, 45, 46]. DI 

was decreased in both lean and obese women with PCOS and this decrease could precede 

decompensations in glucose tolerance [45, 47]. These defects were even more pronounced in 

PCOS women with a family history of T2D [45]. It is notable that β-cell defects seem to be 

an early finding in women with PCOS, as adolescent girls with PCOS and impaired glucose 

tolerance (IGT) had decreased DI [48].

Insulin Clearance

Reductions in insulin clearance may also contribute to hyperinsulinemia in PCOS [37]. 

Indeed, C-peptide model analysis for hepatic insulin extraction [46] suggested insulin 

clearance is decreased in affected women [46]. Studies have shown that differences in 

insulin clearance are also influenced by genetic factors and associated with insulin resistance 

[49]. Therefore, fasting hyperinsulinemia observed in PCOS likely results from decreased 

hepatic insulin clearance, in addition to increased basal insulin secretion in the setting of 

decreased insulin sensitivity [2].
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Cellular & Molecular Mechanisms for Defects in Insulin Action

The most striking defect in adipocyte insulin action in PCOS was a significant increase in 

the ED50 of insulin for stimulation of glucose uptake, indicating decreased insulin 

sensitivity, in subcutaneous adipocytes from lean and obese PCOS women compared to 

those from weight-comparable, reproductively normal women [30, 50]. There were also 

modest but significant decreases in maximal rates of insulin mediated glucose disposal in 

PCOS subcutaneous adipocytes [30, 51], while the number and affinity of insulin receptors 

did not differ [30]. Therefore, in PCOS there is a post-binding defect in insulin sensitivity 

resulting in reduced insulin-mediated receptor signaling [30, 51].

Studies in skin fibroblasts and skeletal muscle have provided further detail regarding the 

mechanism for this post-binding defect in insulin-mediated receptor signaling in PCOS [52]. 

As observed in isolated adipocytes, there was no change in insulin binding or receptor 

affinity in vitro in skin fibroblasts [52]. However, basal and insulin-stimulated 

autophosphorylation of insulin receptors was reduced in approximately 50% of PCOS 

fibroblasts [52]. Constitutive serine phosphorylation was also increased in fibroblast insulin 

receptors, resulting in inhibition of post-receptor signaling [52]. Similarly, in vivo studies 

have confirmed decreases in post-receptor insulin signaling, including insulin-mediated 

IRS-1-associated PI3-K activation, in serial skeletal muscle biopsies obtained during 

euglycemic clamp studies in women with PCOS, which were associated with reduced IMGD 

in the affected women [53].

In addition to these metabolic actions, insulin also has mitogenic actions on cell growth and 

differentiation. Previous studies have shown that the metabolic actions of insulin can be 

disrupted while the mitogenic actions are preserved [54], as has been observed in cultured 

skin fibroblasts in patients with severe insulin resistance syndromes [55]. Indeed, a similar 

selective defect in insulin action has been found in skin fibroblasts [56] and ovarian 

granulosa-lutein cells [57] in women with PCOS.

Adipose depot-specific alterations in lipolysis have also been reported in women with 

PCOS. While subcutaneous adipocytes had decreased sensitivity to catecholamine-

stimulated lipolysis [58], adipocytes from the visceral fat depot had increased 

catecholamine-stimulated lipolysis [59]. This increase in visceral adipose lipolytic 

sensitivity to catecholamines may result in increased portal delivery of free fatty acids, 

causing increased hepatic lipid accumulation and ultimately, worsening of hepatic insulin 

resistance [2, 59].

In summary, in vitro and in vivo evidence in adipocytes, fibroblasts, and skeletal muscle has 

confirmed a post-binding defect in insulin signal transduction characterized by constitutive 

serine phosphorylation, resulting in inhibition of post-receptor signaling in PCOS [51–53]. 

These defects in insulin signaling may affect the metabolic but not the mitogenic actions of 

insulin in PCOS women [56]. Alterations in visceral adipose tissue lipolysis may represent 

an additional contributing mechanism for the insulin resistance observed in PCOS women 

[59].
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Obesity and PCOS

Obesity is common in women with PCOS [1], leading some to question whether obesity 

may play a central role in the pathogenesis of the reproductive and metabolic features of 

PCOS. In the United States, the prevalence of obesity in women with PCOS is as high as 

80% [60, 61], while outside the United States, the prevalence of obesity in women with 

PCOS is only around 50% [62]. The consistent prevalence rate for PCOS among populations 

with very disparate obesity prevalence provides one piece of evidence that obesity is not a 

critical factor in the pathogenesis of the syndrome [63]. In addition, there are many lean 

women with PCOS [3], and the majority of obese women are reproductively normal [64]. 

Further, the prevalence of PCOS has remained fairly stable over time despite marked 

increases in the prevalence of obesity [63]. Therefore, while obesity may impact the severity 

of the reproductive and metabolic features of the disorder, the pathogenesis of PCOS is 

independent of obesity.

The question of whether women with PCOS are predisposed to obesity has not been 

adequately studied. Two early investigations of basal metabolic rate in PCOS using indirect 

calorimetry, a precise measure of metabolic rate, had conflicting results [65, 66]. A recent 

well-powered study in women with NIH phenotype PCOS found no difference in metabolic 

rate compared with reproductively normal control women of comparable age and BMI, but 

used a less accurate measure of basal metabolic rate [67]. There is no study investigating 

caloric intake in women with PCOS. While several studies have reported decreased meal-

stimulated and/or basal ghrelin levels in women with PCOS [68–70], there is no convincing 

evidence for differences in satiety among affected women [68, 69].

Some studies have found women with PCOS have increased waist circumference [71] 

suggesting that they have increased abdominal fat. However, studies that have quantified 

visceral adipose tissue volume by accurate modalities such as CT or MRI have failed to 

show differences in visceral adipose tissue volume or distribution compared with 

reproductively normal women of comparable BMI [72, 73]. Regardless, as catecholamine-

stimulated lipolytic activity is reduced in PCOS visceral adipose tissue [2, 59], this adipose 

depot likely plays a role in the insulin resistance in the disorder irrespective of differences in 

visceral adipose volume. Indeed, the insulin resistance observed in PCOS has a direct impact 

not only on metabolic features of the syndrome but even on androgen action in affected 

women through insulin-mediated reduction in circulating sex hormone binding globulin 

levels, resulting in increased free, biochemically active, circulating androgens [26].

In addition to its impact on the metabolic phenotype in PCOS [3, 30], obesity also 

contributes to the reproductive abnormalities observed in affected women. Studies of 

morbidly obese women undergoing bariatric surgery suggest that dramatic weight loss can 

result in resolution of both the reproductive and metabolic features of the PCOS phenotype 

in this subset of patients [74, 75]. In addition, a longitudinal study found that treatment with 

hypocaloric diet and metformin resulting in even less dramatic weight loss resulted in 

improvements in measures of insulin sensitivity, androgen concentrations, hirsutism scores, 

and menstrual cyclicity [76]. Finally, a recent randomized controlled trial found that pre-

conception lifestyle modifications resulting in weight loss was superior to pretreatment with 

oral contraceptive pills in improving ovulation rates in overweight and obese PCOS women 
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undergoing ovulation induction, providing additional evidence for an impact of weight loss 

on improvement in the reproductive features of PCOS ●●[77].

Impaired Glucose Tolerance (IGT) and T2D

PCOS represents one of the leading risk factors for dysglycemia and T2D in women. 

Because the major defect in insulin action in PCOS involves primarily peripheral insulin-

mediated glucose uptake rather than insulin-mediated hepatic glucose production [29, 30], 

dysglycemia typically presents with IGT rather than impaired fasting glucose in PCOS [61]. 

Indeed, IGT is very common and an early feature of the disorder, with prevalence estimates 

of ~30% in both adult women [60, 61, 78] and affected adolescents [4]. Data from the 

Nurses’ Health Study suggests PCOS is associated with a two times increased risk for T2D, 

using irregular menses as a proxy for PCOS diagnosis [79]. Obesity and family history of 

T2D are independent additive risk factors which increase the risk of IGT and T2D in 

affected women [61, 80]. Because dysglycemia is mainly postprandial in PCOS [61], fasting 

glucose levels and hemoglobin A1C levels are not sensitive for detecting glucose intolerance 

[81]. Accordingly, two hour post-glucose challenge glucose levels are necessary to assess 

glucose tolerance in affected women [82, 83].

There have been limited studies investigating the conversion rates from IGT to T2D in 

PCOS [84, 85]. While some studies [84, 85] have suggested that the annual conversion rate 

from IGT to T2D in women with PCOS is roughly half the general population conversion 

rate of 7% [86, 87], these studies were limited by small sample size [84, 85]. Larger, 

prospective longitudinal studies are needed to better assess the course of IGT and T2D in 

PCOS. There have been no prospective studies to assess unique diabetes prevention 

strategies in affected women. The current recommendation favoring metformin for PCOS 

women with IGT who fail lifestyle modification [82] is based on largely on extrapolation of 

data in the T2D literature [88]. While studies have demonstrated improvement in metabolic 

and reproductive features of the syndrome through treatment with metformin [76, 89], 

longitudinal data on the impact of metformin in reducing conversion to T2D in PCOS 

women are unavailable [86].

Metabolic Syndrome (MBS) and Dyslipidemia

MBS is a constellation of cardiometabolic risk factors associated with increased risk for 

T2D and cardiovascular disease [90]. There are a number of diagnostic criteria for MBS 

used in clinical practice, which are all characterized by the associations of central obesity, 

hypertriglyceridemia, low circulating high-density lipoprotein-cholesterol (HDL), elevated 

systolic and/or diastolic blood pressure, and elevated fasting glucose [90]. While women 

with PCOS have increased prevalence of MBS, the most common features observed in 

affected women are increased waist circumference, increased triglyceride levels, and low 

HDL levels [91–93]. The risk for MBS increases with adiposity; PCOS women in the 

highest BMI quartile have nearly 14 times greater MBS risk compared with lean women 

with PCOS [91]. The risk for MBS in PCOS also varies by national origin and ethnicity, 

with lower prevalence observed in Europe compared with the US [94, 95], suggesting 

possible environmental factors may compound the risk for MBS among women with PCOS 

in the US.
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Women with PCOS also have elevated LDL levels independent of obesity [96], with 

prevalence of at-risk LDL (>130 mg/dL) of around 30% [97]. The dyslipidemia observed in 

PCOS women did not improve with improvements in insulin action after treatment with 

troglitazone [97], suggesting insulin resistance is not the primary driver of dyslipidemia 

observed in PCOS women. In contrast, the risk for MBS increased with increasing quartiles 

of bioavailable testosterone levels in adolescent girls with PCOS, after correcting for 

differences in insulin sensitivity [98]. In another study, treatment with flutamide, a pure 

androgen receptor antagonist, resulted in a significant decrease in the HDL/LDL ratio in 

women with PCOS [99]. These studies suggest that hyperandrogenemia may contribute to 

MBS risk and LDL increases in PCOS.

Cardiovascular Disease Risk Factors

Many studies have found evidence for increased cardiovascular disease risk in women with 

PCOS using surrogate endpoints [1, 83] such as increased carotid intima-media thickness 

[100, 101]. Studies have also reproducibly found evidence for endothelial dysfunction in 

affected women [102, 103]. While obesity had a major impact on carotid intima-media 

thickness, the endothelial dysfunction observed in PCOS women seemed to be largely 

independent of body weight [100–103]. Coronary artery calcification assessed by electron 

beam computed tomography, the most powerful predictor of coronary events [104], has been 

found to be significantly increased in some studies of women with PCOS compared with 

reproductively normal control women of comparable age and BMI, with odds radios in the 

range of 2.3–2.4 [105, 106]. However, another study found no difference in prevalence of 

coronary artery calcification or abdominal aortic plaque [107]. A subanalysis of a large a 

population-based multicenter cohort, the Coronary Artery Risk Development in Young 

Adults (CARDIA) Women’s study, found women with a history of both hyperandrogenemia 

and oligomenorrhea had an increased prevalence of coronary artery calcifications and 

increased carotid intima-media thickness, while women with isolated oligomenorrhea or 

hyperandrogenemia had no increased risk ●[108]. Therefore, risk for coronary artery 

disease may be increased only in NIH phenotype PCOS, while hyperandrogenemia alone 

may not be associated with increased risk.

Cardiovascular Events

There are no prospective, longitudinal studies investigating cardiovascular events in women 

with PCOS. Available studies investigating the prevalence of cardiovascular events in PCOS 

have been limited by retrospective or cross-sectional design, small sample size, and/or 

failure to study women during the late post-menopausal years, the age group in which 

cardiovascular events would be likely to occur. Wild et al found increased risk of nonfatal 

cerebrovascular disease in a retrospective analysis of PCOS defined primarily by histological 

evidence of polycystic ovaries following ovarian wedge resection [109]. In this study, there 

was also a 50% increase in cardiovascular disease deaths in women with PCOS, but as the 

mean age in the cohort was only 56.7 years, there were only 17 such events, and the increase 

did not achieve statistical significance [109]. The Nurse’s Health study also reported a 50% 

increased risk for coronary heart disease in over 80,000 women studied using irregular 

menstrual history as a proxy for PCOS diagnosis [110], providing further corroboration for 

the findings in the Wild study [109]. However, some studies in postmenopausal women with 
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PCOS suggest the increased cardiovascular disease risk observed in younger affected 

women plateaus in later life, while unaffected women continue to develop more 

cardiovascular risk, ultimately resulting in similar cardiovascular risk in PCOS and 

reproductively normal women during the postmenopausal years [111, 112].

Obstructive Sleep Apnea (OSA)

Women with PCOS also have increased risk for OSA compared with reproductively normal 

control women of comparable BMI [113, 114], and OSA may be a risk factor for glucose 

intolerance in affected women. Indeed, multiple studies have demonstrated that sleep 

restriction is an independent risk factor for insulin resistance and decompensation in glucose 

tolerance in the general population [115]. Studies in PCOS women have found associations 

between the risk of OSA in PCOS and insulin resistance, obesity, and/or hyperandrogenemia 

[113, 116]. Treatment of OSA with continuous positive airway pressure may result in 

modest improvement in insulin sensitivity, diastolic blood pressure, and cardiac 

sympathovagal balance in these women [117].

Non-Alcoholic Fatty Liver Disease (NAFLD)

The association of PCOS and NAFLD remains somewhat unclear. Some studies have 

suggested that PCOS is associated with increased risk for hepatic steatosis, with prevalence 

estimates ranging broadly from 15–60% [118–120]. However, many of these studies have 

been limited by small sample size or failure to account for the impact of insulin resistance 

using accurate measures of insulin sensitivity [118–120]. There is some evidence that higher 

androgen concentrations increase risk for NAFLD in women with PCOS, as well as in 

reproductively normal women [119, 121]. Fewer studies have investigated the risk of non-

alcoholic steatohepatitis (NASH; NAFLD associated with liver cell injury) in PCOS [120, 

122], due to the need for invasive liver biopsy for confirmation of NASH. One study using 

hepatic apoptotic markers as evidence for NASH reported a prevalence of 27% in women 

with PCOS compared with only 1% of control women, but failed to account for the impact 

of differences in insulin resistance using accurate measures of insulin sensitivity [122].

Metabolic Phenotypes in First Degree Relatives of Women with PCOS

A number of observations have supported the hypothesis that there is a genetic susceptibility 

to PCOS and its associated metabolic features [2]. Twin studies have shown that PCOS is 

very heritable [123]. Male and female first degree relatives of women with PCOS have 

reproductive and metabolic abnormalities characteristic of the syndrome, consistent with a 

genetic contribution to these phenotypes in family members [8, 9, 124–127].

Both mothers [126] and brothers [125] of women with PCOS have defects in glucose 

homeostasis and circulating lipid levels. While brothers and fathers of affected women also 

have higher prevalence for MBS, this increased risk seems to be largely driven by higher 

rates of obesity among these men [124]. Increased risk of cardiovascular events has been 

observed in fathers but not mothers of women with PCOS [127].

Studies in daughters of affected women have identified distinct reproductive phenotypes 

early in development, even prior to the onset of puberty, suggesting PCOS may be 
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recognized in affected girls at an early age [8, 9, 128]. These reproductive phenotypes 

include increased 5α-reductase activity starting during early childhood [128], and increased 

serum testosterone levels by the time of peripuberty ●[9].

Early metabolic phenotypes are also observed in PCOS daughters, suggesting metabolic 

defects may be early findings in the pathogenesis of the syndrome. Beginning between the 

ages of 4–9 years, PCOS daughters develop elevated glucose-stimulated insulin levels and 

decreased adiponectin levels [8], suggestive of insulin resistance. Starting around the time of 

peripuberty, defects in insulin secretion have been observed in PCOS daughters ●[9], 

evidenced by decreased DI compared to control girls of comparable age and BMI, measured 

during a frequently-sampled IV glucose tolerance test ●(Figure 1, [9]). Decreased DI 

persisted during 3 years of longitudinal follow up in these girls ●[9]. As decreased DI is a 

powerful predictor of development of T2D [41], this finding suggests PCOS daughters may 

have markedly increased risk for T2D. Further, β-cell dysfunction may be present in affected 

women even prior to development of the diagnostic reproductive features of the syndrome.

Genetic Factors in the Pathogenesis of PCOS

Genome-wide association studies (GWAS) have now reproducibly mapped over 20 PCOS 

susceptibility loci in PCOS cohorts of Han Chinese [129] and of European ancestry ●● [7, 

130]. Recent GWAS studies have provided new evidence for the importance of 

neuroendocrine changes in disease pathogenesis, as a genetic locus in the region of the 

follicle-stimulating hormone B polypeptide (FSHB) gene was reproducibly associated with 

PCOS and also strongly associated with luteinizing hormone levels in affected women ●● 
[7, 130].

However, recent investigations of genetic causality using Mendelian randomization have 

also implicated metabolic factors in the pathogenesis of PCOS ●● [7]. Mendelian 

randomization is a technique employed in genetic epidemiologic studies to investigate for 

causal associations in observational data [131]. Using this technique, a recently-published 

PCOS genome-wide association study found significant associations between genetic 

susceptibility loci for obesity (P=2.5 × 10−9), insulin resistance (P=6 × 10−4), and low 

circulating SHBG levels (P=5 × 10−4) and PCOS diagnosis ●● [7]. The association of 

genetic loci which impact SHBG levels had also previously been implicated in the genetic 

causality of T2D using Mendelian randomization [132]. These findings imply that genetic 

mechanisms for obesity and insulin resistance may represent causal factors in the 

development of PCOS.

Conclusions and Remaining Questions

PCOS is a common metabolic disorder and a critical risk factor for glucose intolerance, 

MBS, and T2D in women [1, 83]. Indeed, obesity and insulin resistance contribute to disease 

pathogenesis [7], and studies in young girls suggest metabolic features of the syndrome may 

be present in girls at risk, even by the time of early puberty [8, 9]. Despite the attention to 

metabolic risk in PCOS, a number of unanswered questions remain. Prospective, 

longitudinal studies of progression of metabolic defects and development of cardiovascular 

outcomes in PCOS are critically needed. We also lack data on the impact of unique early 
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prevention approaches for T2D and cardiovascular disease in PCOS, including whether 

responses to prevention or treatment approaches for T2D differ in women with PCOS 

compared with other causes for T2D. Continued efforts to study the early origins in PCOS 

are needed to progress toward development and implementation of such prevention 

measures.
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Figure 1. Defects in Disposition Index (DI) Observed in Premenarchal PCOS Daughters
Pictured data from PCOS daughters and control girls of comparable age, BMI, and pubertal 

stage. All girls were aged 8 to 12 years of age and breast Tanner Stage I-III. Frequently-

sampled IV glucose tolerance test (FSIGT)-derived measure of insulin sensitivity 

(Sensitivity Index, SI) plotted on the X axis, measure of insulin secretion (Acute Insulin 

Response to Glucose, AIRg) plotted on the Y axis. The product of SI and AIRg is termed the 

disposition index (DI) and is a measure of β-cell function. In the normally functioning β-

cell, the relationship between insulin sensitivity and secretion follows a hyperbolic pattern. 

Hyperbolic line fit for the control girl data, the PCOS daughter data are plotted individually 

(open circles). PCOS daughters with dysglycemia denoted by black circles. Most PCOS 

daughters had a DI below the control population average indicating that they are at high risk 

to progress to type 2 diabetes [41]. Figure originally published in [9], used with permission.
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Table 1

Diagnostic Criteria for PCOS

NIH [11] Hyperandrogenism + chronic anovulation

Rotterdam [12] Two of the following: hyperandrogenism, chronic anovulation, PCOM

Androgen Excess Society [13] Hyperandrogenism + ovarian dysfunction, indicated by oligoanovulation and/or PCOM

All criteria require exclusion of other disorders which can cause a similar phenotype, including hyperprolactinemia, non-classical congenital 
adrenal hyperplasia, and androgen-secreting neoplasms. Adapted from [2], used with permission.
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