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Abstract

Polycystic ovary syndrome (PCOS) is characterized by hyperandrogenism, oligo-anovulation and 

polycystic ovarian morphology, with metabolic dysfunction from insulin resistance and abdominal 

fat accumulation worsened by obesity. As ancestral traits, these features could have favored 

abdominal fat deposition for energy use during starvation, but have evolved into different PCOS 

phenotypes with variable metabolic dysfunction. Adipose dysfunction in PCOS from 

hyperandrogenemia and hyperinsulinemia likely constrains subcutaneous (SC) fat storage, 

promoting lipotoxicity through ectopic lipid accumulation and oxidative stress, insulin resistance 

and inflammation in non-adipose tissue. Recent findings of inherently exaggerated SC abdominal 

stem cell development to adipocytes in women with PCOS, and PCOS-like traits in adult female 

monkeys with natural hyperandrogenemia, imply common ancestral origins of PCOS in both 

human and nonhuman primates.
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1.1 Introduction

As the most common reproductive-metabolic disorder of reproductive-aged women, 

polycystic ovary syndrome (PCOS) is characterized by ovarian hyperandrogenism from 
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altered hypothalamic-pituitary-ovarian function in combination with hyperinsulinemia from 

insulin resistance. Its major endocrine-metabolic manifestations include hirsutism, oligo-

anovulation and polycystic ovarian morphology (PCOM) in association with glucose 

intolerance, dyslipidemia and preferential abdominal fat accumulation worsened by obesity 

[1]. These complex endocrine-metabolic interactions determine the risks of women with 

PCOS developing subfertility, diabetes and/or cardiovascular disease.

While a heritable etiology for PCOS is suggested by its peripubertal onset and familial 

clustering, several gene candidates, including those regulating insulin action, androgen 

biosynthesis and gonadal function, contribute only a minor effect to the PCOS phenotype 

[2]. Instead, heritability of PCOS interacts with risk-increasing environmental factors to 

fully explain its prevalence. Such genetic-environmental interactions likely begin before 

birth when an altered maternal endocrine-metabolic environment causes epigenetic 

modifications of fetal genetic susceptibility to PCOS, which then continue after birth into 

adulthood. These interactions alter the capacity of women with PCOS to safely store fat and, 

in the presence of excess energy intake versus energy expenditure, predispose to lipotoxicity, 

defined as the ectopic deposition of lipid in non-adipose tissue where it induces oxidative 

stress linked with insulin resistance and inflammation [3].

This review emphasizes the basic science and clinical medical research conducted over the 

past two years to clarify endocrine-metabolic interactions underlying PCOS, how they 

predispose to lipotoxicity as a link between metabolism dysfunction and impaired 

reproduction, and if they have developmental origins that favored survival of humans, and 

their close nonhuman primate relatives, in ancient times.

1.2 PCOS phenotypic expression

The current Rotterdam criteria for PCOS include at least two of the following three features: 

clinical or biochemical hyperandrogenism, oligo-anovulation and PCOM, excluding other 

endocrinopathies [4]. These Rotterdam criteria create different PCOS phenotypes, including 

classic PCOS (i.e., hyperandrogenism with oligo-anovulation with or without PCOM 

[previous 1990 NIH criteria]), ovulatory PCOS (hyperandrogenism and PCOM) and non-

androgenic PCOS (oligo-anovulation and PCOM) [5] (Table 1). As another modification, the 

Androgen Excess and PCOS (AE-PCOS) Society considers hyperandrogenism as the 

cardinal feature of PCOS, defining PCOS as hyperandrogenism with ovarian dysfunction 

(either oligo-anovulation and/or PCOM), excluding other androgen excess-related disorders 

[5]. Consequently, the 6–10 percent prevalence of PCOS by 1990 NIH criteria has doubled 

by using the broader Rotterdam criteria, with 1990 NIH-defined PCOS being the most 

common phenotype [5].

Such variable PCOS phenotypic expression is crucial when considering endocrine-metabolic 

interactions in women with PCOS. Women with NIH-defined PCOS are at greatest risk of 

developing menstrual irregularity, anovulatory infertility, type 2 diabetes mellitus and 

metabolic syndrome, as defined by increased abdominal (android) obesity, hypertension, 

hypertriglyceridemia, hyperglycemia and decreased serum high-density lipoprotein (HDL) 

cholesterol levels. Ovulatory women with PCOS (by Rotterdam and AE-PCOS criteria) have 
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a lower body mass index (BMI) and milder hyperinsulinemia and hyperandrogenism, which 

lowers the risks of developing similar reproductive and metabolic abnormalities, while 

women with non-androgenic PCOS have the least metabolic risk [5].

1.3 Insulin resistance

Given the worldwide obesity epidemic, 60–95% of all women with PCOS have insulin 

resistance from perturbed insulin receptor/post receptor signaling, altered adipokine 

secretion and abnormal steroid metabolism [1] in combination with increased total 

abdominal fat over a wide BMI range [5, 6, 7]. In women with PCOS, moreover, 

hyperinsulinemia in the presence of obesity interacts with hyperandrogenism to worsen the 

PCOS phenotype [1, 5, 8, 9]. Consequently, almost one-half of women with PCOS in the 

United States have metabolic syndrome, which is higher in prevalence than that of age-

matched normal women in this country [5, 10] and of women with PCOS in other countries 

where obesity is less prevalent [11].

In addition, the amount of abdominal fat and its relative proportion to total body fat are 

greater in normal-weight women with PCOS by NIH criteria compared to age- and BMI-

matched normal women [6]. In all these women combined, abdominal fat mass and its 

relative proportion to total body fat positively correlate with circulating androgen and fasting 

insulin levels, and remain related to androgen levels, adjusting for insulin levels [6]. These 

findings emphasize important androgen-insulin interactions governing abdominal fat and its 

distribution with implications for both subcutaneous (SC) abdominal adipose that normally 

stores lipid as protection against insulin resistance, and intra-abdominal adipose that has the 

opposite effect [12].

1.4 Subcutaneous abdominal adipose

Subcutaneous abdominal adipose normally maintains metabolic homeostasis by balancing 

lipogenesis (lipid formation) and lipolysis (lipid breakdown) in mature adipocytes with the 

formation of new adipocytes. Central to these events is adipogenesis, a process whereby 

multipotent adipose stem cells (ASCs) initially undergo commitment to preadipocytes and 

then differentiate into newly-formed adipocytes [13, 14, 15]. In this manner, SC adipose can 

increase its fat storage capacity through both enlargement of mature adipocytes and 

formation of new adipocytes to buffer fatty acid influx when energy intake exceeds energy 

expenditure [16, 17].

Subcutaneous abdominal adipose is altered by hyperandrogenism in women with PCOS. 

Within this adipose depot, androgen normally inhibits early-stage adipogenesis, diminishes 

insulin-stimulated glucose uptake and impairs catecholamine-stimulated lipolysis through 

reduced β2-adrenergic receptor and hormone-sensitive lipase (HSL) protein expression 

independent of BMI or age [13, 18, 19, 20]. In agreement, SC abdominal adipose of women 

with PCOS shows diminished insulin-mediated glucose uptake, reduced glucose transporter 

type 4 (GLUT-4) expression [21] and lipolytic catecholamine resistance from diminished 

protein levels of β2-adrenergic receptor, HSL and protein kinase A regulatory-IIβ 
component (PKA-RegIIβ) [22, 23].

Dumesic et al. Page 3

Curr Opin Endocr Metab Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Using glycerol as a biomarker of lipolysis, moreover, serum glycerol levels are reduced in 

normal-weight women with PCOS and normal insulin sensitivity (22), but are slightly 

elevated in overweight women with PCOS and insulin resistance [24]. This variable lipolytic 

activity of adipose can be explained in part by androgen-induced lipolytic catecholamine 

resistance in normal-weight women with PCOS and normal insulin sensitivity [22] that is 

antagonized by impaired suppression of lipolysis by insulin in overweight women with 

PCOS and insulin resistance [24].

Adipose responsiveness to insulin in vivo can also be quantified using adipose insulin 

resistance (adipose-IR) as the product of fasting circulating insulin and total fatty acid levels 

[25]. Adipose-IR is increased in healthy normal-weight women with PCOS and low-normal 

insulin sensitivity (Si), as measured by a frequently sampled intravenous glucose tolerance 

test (IVGTT), compared to age- and BMI-matched normal women [26] (Figure 1). 

Furthermore, adipose-IR positively correlates with serum androgen and fasting triglyceride 

(TG) levels, and negatively correlates with Si and serum adiponectin levels in these women 

combined. The inverse relationships of adipose-IR with Si and TG levels under these 

conditions remain significant, adjusting for serum androgen levels [26].

This relationship of adipose-IR with low-normal Si in normal-weight women with PCOS 

may be linked with androgen inhibition of early-stage adipogenesis, through insulin-induced 

androgen production within adipose by intracellular aldo-ketoreductase type 3 1C3 

(AKR1C3) activity [27]. Such amplification of androgen action within adipose itself appears 

to constrain SC fat storage capacity [13, 26, 28–30], causing a greater proportion of small 

SC abdominal adipocytes to form through enhanced adipocyte hyperplasia in an attempt to 

balance adipogenesis with glucose-insulin homeostasis [6, 26, 31]. As evidence, a similar 

population of small SC abdominal adipocytes occurs in other individuals with different 

forms of metabolic dysfunction [32, 33, 34], in whom it protects against insulin resistance 

by enhancing ASC commitment to preadipocyte differentiation through upregulation of 

ZFP423 due to epigenetic changes in its promotor region [35].

1.5 Intra-abdominal adipose

Although SC abdominal adipose protects against insulin resistance, intra-abdominal adipose 

has the opposite effect (12). Human intra-abdominal adipose normally has increased 

lipolytic activity and resists androgen inhibition of catecholamine-induced lipolysis 

compared to SC abdominal fat, despite both fat depots expressing androgen receptors [20].

Intra-abdominal fat mass, as determined by abdominal magnetic resonance imaging, is 

greater in normal-weight women with PCOS by NIH criteria compared to age- and BMI-

matched normal women [6]. In all these women combined, intra-abdominal fat mass 

positively correlates with circulating levels of androgens as well as fasting insulin, TG, non-

HDL cholesterol and total cholesterol [6]. Within intra-abdominal adipose of nonobese 

women with PCOS, moreover, exaggerated catecholamine-induced lipolysis from increased 

PKA-HSL complex activity accompanies normal insulin suppression of lipolysis [19, 36]. In 

women with PCOS, therefore, increased intra-abdominal adipose with high lipolytic activity 

enhances free fatty acid delivery to the liver and muscle for energy storage, but also can 
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induce insulin resistance if increased fatty acid availability overwhelms the capacity of these 

tissues to oxidize fat or convert diacylglycerols to triacylglycerols [19, 36, 37].

1.6 Lipotoxicity

Lipotoxicity refers to the ectopic lipid accumulation in non-adipose tissue where it induces 

oxidative/endoplasmic reticulum stress tightly linked with insulin resistance and 

inflammation [3]. Women with PCOS who have a constrained SC adipose storage capacity 

are at increased risk of developing lipotoxicity due to excess free fatty acid uptake into non-

adipose cells, including the muscle, liver, pancreas and ovary, that is exacerbated by 

preferential accumulation of intra-abdominal fat with high lipolytic activity [19, 28, 29, 36, 

38, 39]. This is because excess fatty acid influx into skeletal muscle and liver can promote 

diacylglycerol-induced insulin resistance, which impairs insulin signaling via increased 

serine phosphorylation of insulin receptor substrate, and is worsened by disrupted 

mitochondrial oxidative phosphorylation [37, 40].

Lipotoxicity explains why insulin resistance occurs in some normal-weight women with 

PCOS when a constrained SC fat storage capacity is insufficient to balance excess energy 

intake with energy expenditure [5]. Interestingly, SC abdominal adipose of normal-weight 

women with PCOS resembles that of overweight/obese individuals by having an increased 

number of small adipocytes, while lacking enlarged adipocytes as seen in overweight/obese 

individuals with decreased serum adiponectin levels [6, 24, 41].

1.7 SC Abdominal stem cells

Sufficient evidence also suggests that SC fat storage capacity is developmentally 

programmed [34]. Subcutaneous abdominal ASCs from normal-weight PCOS by NIH 

criteria versus age- and BMI-matched normal women exhibit altered gene expression of 

adipogenic/angiogenic functions involving androgen-insulin interactions through TGF-b 

signaling [26]. Moreover, when SC abdominal ASCs from these normal-weight PCOS are 

cultured without androgen, exaggerated ZFP423-induced ASC commitment to preadipocytes 

negatively correlates with circulating fasting glucose levels. Enhanced lipid accumulation in 

these newly, in vitro-formed adipocytes also positively correlates with circulating androgen 

levels. Taken together, these findings suggest a programmed mechanism to maintain 

glucose-insulin homeostasis when fat accretion is accelerated [31] (Figure 2). Furthermore, 

the increased proportion of small SC abdominal adipocytes observed in normal-weight 

women with PCOS (see Section 1.4) [6] resembles a similar increase in the proportion of 

small SC abdominal adipocytes found in PCOS-like prenatally-T treated adult rhesus 

monkeys with increased visceral adiposity and insulin resistance [2] and in prenatally-T 

treated sheep with insulin resistance [11]. The recent observation in adult female monkeys 

with natural hyperandrogenemia of comparable PCOS-like traits strongly suggests an 

evolutionary origin of PCOS-like characteristics in both human and nonhuman primates [2].
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1.8 Developmental programming

Viewed through the perspective of evolutionary genetics, the high worldwide prevalence of 

PCOS in today’s environment and its negative impact on reproduction should have 

disappeared over millennia unless a beneficial effect favoring reproduction coexisted [42]. 

One such concept (i.e., metabolic thrift) is that ancestral traits originally favored PCOS in 

hunter-gatherers during the late Pleistocene, when food deprivation in pregnant women 

programmed enhanced adipogenesis for greater fat storage in the fetus to meet the increased 

metabolic demands of reproduction in later life. These same ancestral traits that originally 

favored PCOS are now at increased risk of elimination from the population due to the 

increased energy availability and reduced physical activity within many modern societies.

From this perspective, it is interesting that amniotic fluid T levels are elevated in female 

fetuses of PCOS mothers [43] at a time when regional fat depots in the human fetus develop 

between 14 and 28 weeks of gestation [44]. Moreover, umbilical cord testosterone levels at 

birth are elevated in some, but not all, female infants of PCOS mothers, while elongated 

anogenital distance, as a reliable postnatal biomarker of mid-gestational fetal 

hyperandrogenism, occurs in both female infants of PCOS mothers and in women with 

PCOS [11].

In normal-weight women with PCOS, therefore, inherently enhanced SC adipogenesis 

within a constrained fat depot that promotes free fatty acid uptake into muscle, liver and 

highly-lipolytic intra-abdominal fat may be an ancestral metabolic adaptation to food 

deprivation that promotes fatty acid oxidation and increased glucose availability through a 

balance between hyperandrogenism and insulin resistance for optimal energy use during 

reproduction (Figure 3). In modern societies, furthermore, such insulin resistance might also 

be an important vestigial mechanism promoting fatty acid oxidation to curtail excess fat 

accretion, as found in nondiabetic Pima Indians at risk for weight gain [45].

Alternative yet complementary evolutionary origins of PCOS may also exist. Nonthrifty 

ancestral traits related to androgen excess include increased bone/muscle strength, enhanced 

aggression to improve survival, and subfertility from infrequent ovulation, all of which allow 

women more time and strength for childrearing of fewer offspring, thereby enhancing the 

probability of offspring survival [42].

1.9 Conclusion and future directions

Polycystic ovary syndrome has persisted from antiquity to become the most common 

reproductive-metabolic disorder of reproductive-aged women. Its ancestral traits once 

favored abdominal fat deposition and increased energy availability through 

hyperandrogenism and insulin resistance, respectively, for reproduction during food 

deprivation. These same traits in today’s environment, however, give rise to the different 

PCOS phenotypes with variable risks for subfertility and metabolic dysfunction that are 

worsened by obesity. Future studies will examine how heritable PCOS characteristics are 

influenced by today’s environment through epigenetic chromosomal changes that alter 
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metabolic function. They will approach these investigations from a new perspective that 

PCOS may have evolutionary origins in both human and nonhuman primates.
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Highlights

1. PCOS is defined by androgen excess, oligo-anovulation and polycystic 

ovaries.

2. PCOS phenotypes are associated with insulin resistance and are worsened by 

obesity.

3. Women with PCOS have preferential abdominal fat accumulation and 

increased visceral fat.

4. Constrained subcutaneous fat storage in women with PCOS predisposes to 

lipotoxicity.

5. Enhanced stem cell development to fat cells in PCOS suggests ancestral 

origins.
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1. 
A) Differences in adipose insulin resistance (adipose-IR) between normal-weight women 

with PCOS (N=10) and controls (N=18) (P<0.01). B) Significant negative and positive 

correlations of adipose-IR with and insulin sensitivity (Si) and serum total testosterone (T), 

respectively, in the same normal-weight women with PCOS and controls combined. 

Adipose-IR is the product of fasting circulating insulin (pmol/L) and total fatty acid 

(mmol/L) levels. Filled circles and columns, women with PCOS; Open circles and columns, 

controls. *, P < 0.01 by Student’s t-test [Modified from reference 6]. SI units: T ng/dL × 

0.0347.
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2. 
Temporal changes of A) ZFP423 protein expression and B) lipid content in subcutaneous 

(SC) abdominal ASCs cultured in adipogenic medium for up to 12 days. Values are 

expressed as median ± 95% confidence intervals of 8 age and BMI pair-matched normal-

weight women with PCOS and controls. Significant correlations of C) log ZFP423 protein 

expression (day 0.5) with fasting plasma glucose levels, and of D) log lipid content (day 12) 

with serum free T levels in the same pair-matched normal-weight women with PCOS and 

controls. ZFP423 protein expression and lipid content values are expressed as Texas Red and 

Oil-Red-O fluorescence, respectively, divided by DAPI [Modified from reference 31]. Filled 

circles, women with PCOS; Open circles, controls. SI units: glucose mg/dL × 0.056; free T 

pg/mL × 3.47.
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3. 
Metabolic thrift in PCOS. Inherently enhanced subcutaneous (SC) abdominal adipogenesis 

in the presence of hyperandrogenism constrains SC fat storage and promotes preferential 

intra-abdominal fat accumulation. In SC abdominal adipose, the combination of androgen-

induced catecholamine lipolytic resistance with insulin-mediated lipogenic/anti-lipolytic 

activities favors fat storage and can be counterbalanced by insulin resistance that favors 

increased circulating glucose and free fatty acid levels for energy use. An increased amount 

of highly-lipolytic intra-abdominal adipose also enhances free fatty acid delivery to the liver 

and muscle for energy storage or use. When energy intake exceeds energy utilization, 

increased free fatty acid availability overwhelms the capacity of target tissues to oxidize fat 

or convert diacylglycerol to triacylglycerol, worsening insulin resistance and increasing the 

risks of developing metabolic syndrome and lipotoxicity [6, 13, 18–20, 36, 37, 40].
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Table 1

Different PCOS phenotypes

Hyperandrogenism and oligo-anovulation 

with or without PCOM
1
 (1990 NIH 

criterion)

Hyperandrogenism and PCOM
1 

(Ovulatory PCOS)

Oligo-anovulation and 

PCOM
1
 (Non-androgenic)

Hirsutism ++ ++ +

Infertility ++ + ++

Obesity ++ ++ +

Glucose Intolerance ++ ++ +

Dyslipidemia ++ ++ +

1
PCOM: Polycystic ovarian morphology
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