1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
Semin Reprod Med. 2014 May ; 32(3): 202-213. doi:10.1055/s-0034-1371092.

Childhood Obesity and Its Impact on the Development of
Adolescent PCOS

Amy D. Andersonl2, Christine M. Burt Solorzanol:3, and Christopher R. McCartney?1:2
1Center for Research in Reproduction, University of Virginia School of Medicine

2Division of Endocrinology and Metabolism, Department of Medicine, University of Virginia School
of Medicine

3Division of Endocrinology and Metabolism, Department of Pediatrics, University of Virginia
School of Medicine, Charlottesville, Virginia

Abstract

Obesity exacerbates the reproductive and metabolic manifestations of polycystic ovary syndrome
(PCOS). The symptoms of PCOS often begin in adolescence, and the rising prevalence of
peripubertal obesity has prompted concern that the prevalence and severity of adolescent PCOS is
increasing in parallel. Recent data have disclosed a high prevalence of hyperandrogenemia among
peripubertal adolescents with obesity, suggesting that such girls are indeed at risk for developing
PCOS. Obesity may impact the risk of PCOS via insulin resistance and compensatory
hyperinsulinemia, which augments ovarian/adrenal androgen production and suppresses sex
hormone-bhinding globulin (SHBG), thereby increasing androgen bioavailability. Altered
luteinizing hormone (LH) secretion plays an important role in the pathophysiology of PCOS, and
although obesity is generally associated with relative reductions of LH, higher LH appears to be
the best predictor of increased free testosterone among peripubertal girls with obesity. Other
potential mechanisms of obesity-associated hyperandrogenemia include enhanced androgen
production in an expanded fat mass and potential effects of abnormal adipokine/cytokine levels.
Adolescents with PCOS are at risk for comorbidities such as metabolic syndrome and impaired
glucose tolerance, and concomitant obesity compounds these risks. For all of these reasons, weight
loss represents an important therapeutic target in obese adolescents with PCOS.
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Polycystic ovary syndrome (PCOS) is a disorder of reproductive aged women characterized
by hyperandrogenism (e.g., elevated free testosterone levels, hirsutism), ovulatory
dysfunction (oligo/anovulation), and polycystic ovarian morphology. PCOS is exceedingly
common: when defined by the “National Institutes of Health (NIH) criteria”
(hyperandrogenism plus ovulatory dysfunction), the prevalence approximates 7% in adult
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women [1], but the apparent prevalence may be double that when using recent diagnostic
criteria that incorporate ovarian morphology (e.g., “Rotterdam criteria”) [2]. PCOS is a
major cause of subfertility, and it is associated with comorbidities such as obesity, the
metabolic syndrome, and type 2 diabetes [3][4]. For these reasons, PCOS represents a major
women’s health and public health issue.

Despite decades of extensive research, the precise origins of PCOS remain enigmatic, and
underlying pathophysiological mechanisms are only partially understood. Nonetheless,
obesity—defined as a body mass index (BMI) = 30 kg/m2 in adults and a BMI-for-age
percentile = 95 in children—is widely believed to contribute to the pathophysiology of
PCOS and to negatively influence its clinical expression. The manifestations of PCOS
typically begin in early adolescence, and many investigators have hypothesized that
peripubertal obesity promotes the development of adolescent PCOS [5][6]. Given that the
prevalence of childhood obesity in the United States—now approximately 17% in girls aged
6 to 19 years—has markedly increased in recent decades [7], this relationship could have a
major impact on public health.

The regulation of both adipose tissue mass/function and reproductive function is highly
complex with innumerable genetic and environmental influences. Herein, we will review
selected concepts relevant to the relationship between obesity and PCOS ([Fig. 1]).

The Influence of Obesity on the Prevalence of PCOS in Adults

Most data regarding the prevalence of PCOS were derived from adult studies, and while
some studies suggest that the prevalence of PCOS is increased among women with obesity,
others do not. For example, the estimated prevalence of PCOS was 28% among women with
a BMI > 25 kg/m2 who were referred to an academic endocrinology clinic for only weight
loss—much higher than the 5.5% estimated prevalence among lean women (BMI 18-25
kg/m2) in the same area (Madrid, Spain) [8]. In contrast, in a study of women undergoing
pre-employment physicals at the University of Alabama at Birmingham—subjects who were
not selected for either PCOS or obesity—the 12% prevalence of PCOS among women with
BMI = 35 kg/m2 was not demonstrably higher than the 9% prevalence among those with
lower BMI [9].

Considering this issue from a different angle, the prevalence of obesity among U.S. women
with PCOS has been estimated to be as high as 80% [10], well above the roughly one-third
of the adult population with obesity [11]. Likewise, the prevalence of obesity among women
diagnosed with PCOS in a University of Alabama at Birmingham clinic appeared to be
three- to fourfold higher than in the surrounding population [9]. A recent meta-analysis of 35
studies suggested that women with PCOS had a nearly 2- and 2.8-fold higher prevalence of
overweight (e.g., BMI 25-30 kg/m2) and obesity, respectively [4].

Similar rates of PCOS among populations with disparate obesity rates may imply that
obesity does not play a major role in the development of PCOS [9][12]. Although it is clear
that PCOS is not strictly tied to obesity, such studies cannot quantify the contribution of
obesity to the development of PCOS since other important factors were likely to be different
among these populations. A recent analysis suggested that the prevalence of obesity among
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unselected women with PCOS is (1) similar to that among unselected women without PCOS
and (2) substantially lower than among women with PCOS referred to an academic
reproductive endocrinology clinic [13]. These data imply that referral bias may contribute to
inflated estimates of obesity prevalence among women with PCOS, but they remain
consistent with the notion that obesity increases the severity of PCOS and, thus, the
likelihood of requiring specialty assessment and/or treatment.

Importantly, data regarding obesity in PCOS are often based on assessments of BMI, yet
BMI is an imperfect measure of metabolically important adiposity. PCOS has been
associated with greater abdominal adiposity in many, but not all, studies [4][14]; a recent
meta-analysis suggested that women with PCOS had a 1.73 relative risk of central obesity
compared with women without PCOS [4]. However, the hypothesis that increased central
obesity in PCOS reflects increased visceral adiposity has been challenged recently [15][16].
Nonetheless, when present, central adiposity may be associated with a more severe PCOS
phenotype, especially with regard to metabolic phenotype [14]. Moreover, accumulating
evidence suggests qualitative abnormalities of adipose tissue in PCOS. For example,
adipocytes from women with PCOS are enlarged and exhibit reduced insulin sensitivity,
lower lipoprotein lipase activity, and altered sensitivity to the lipolytic effects of
catecholamines [10][16]. Thus, important quantitative and qualitative abnormalities of
adipose tissue may have been missed in many clinical studies of PCOS.

The Influence of Obesity on the Prevalence of Diagnosed PCOS in

Adolescents

The manifestations of PCOS often begin during puberty, suggesting that puberty is a critical
developmental window during which the pathophysiology of PCOS unfolds. However,
because the physiological changes of normal puberty overlap with the findings of PCOS, the
diagnosis of PCOS in adolescents remains a controversial topic. Thus, it will be difficult to
determine whether the prevalence of peripubertal obesity—and its recent increase—
markedly influences the prevalence of adolescent PCOS.

A recent report suggests that intractable prepubertal obesity with severe insulin resistance
can herald later development of PCOS [17]. Nonetheless, the degree to which peripubertal
obesity—especially the more common forms of obesity—increases risk for PCOS remains
unclear [18]. A recent population-based study of later adolescent girls (ages 15-19 years)
suggested that the prevalence of PCOS (by NIH criteria) was approximately 3.0-, 6.7-, and
14.7-fold elevated in overweight, moderately obese, and extremely obese girls, respectively,
and that the prevalence of obesity was significantly higher in adolescents with PCOS
compared with those without (63.1 vs. 16.5%) [19]. However, this analysis was based on
International Classification of Diseases-9 codes and medical records, which may be prone to
both inaccuracy and bias. To our knowledge, though, no other studies have specifically
addressed the impact of obesity on the prevalence of adolescent PCOS. Yet, studies have
linked adolescent obesity with later PCOS/infertility: a longitudinal, population-based study
suggested that obesity at age 14 years is associated with a 61% higher risk of having
symptoms of PCOS at age 31 years [20], and in a large case-control study of U.S. nurses,
higher BMI at age 18 years predicted later infertility related to ovulatory dysfunction [21].
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Therefore, although obesity is commonly believed to be a risk factor for the development of
adolescent PCOS, its quantitative impact remains unclear.

The Influence of Obesity on the Reproductive Manifestations of PCOS

Among women and adolescents with PCOS, increasing adiposity is associated with higher
androgen concentrations and greater menstrual dysfunction [12][22][23][24]. Greater
adiposity is also associated with higher androgen concentrations among those without PCOS
[24][25][26][27]. This relationship is partly related to the negative influence of obesity on
sex hormone-binding globulin (SHBG) concentration [28], since reductions of SHBG
increase testosterone bioavailability. However, obesity is also associated with increased total
testosterone concentrations [28]—a finding that implies increased androgen production.

Importantly, weight loss can improve hyperandrogenemia, ovulatory function, and
fecundability in overweight and obese women with PCOS [29]. As a dramatic example,
marked weight loss after bariatric surgery is usually associated with amelioration of PCOS
—often to such a degree that the PCOS diagnosis (by NIH criteria) can no longer be
substantiated [30][31][32].

Overall, these findings provide compelling evidence that, in many patients, obesity is an
important factor in the development of PCOS. Thus, obesity likely contributes to the
development of clinical PCOS in some at-risk adolescents who might have otherwise
remained asymptomatic [6]. A study of sisters of PCOS patients is compatible with this
notion: sisters who themselves developed PCOS had higher mean BMI compared with
unaffected sisters (32.4 vs. 26.9 kg/m2, respectively) [33].

Obesity-Associated Hyperandrogenemia in Peripubertal Girls

It is difficult to identify peripubertal girls who will develop established and durable PCOS.
However, peripubertal hyperandrogenemia can be a forerunner of full-blown adolescent
PCOS. Accordingly, some investigators have focused on the relationship between
peripubertal obesity and hyperandrogenemia [5][34][35].

Reinehr et al reported that total testosterone was 4-fold elevated in prepubertal girls with
obesity (ages 7-9 years), and 1.75-fold elevated in pubertal obese girls (ages 10-12 years)
[34]. Obesity was also associated with approximately 40% elevated dehydroepiandrosterone
sulfate (DHEAS) levels. Importantly, weight loss was accompanied by a reduction of
androgen concentrations—testosterone in particular [34]. Similar changes with weight loss
have also been described in later pubertal obese girls [36].

In our cohort of obese peripubertal girls, BMI significantly and positively correlated with
calculated free testosterone—a relationship that was partly independent of factors such as
age and pubertal stage [5]. Compared with normal weight controls, mean free testosterone in
Tanner stage-matched girls with obesity was elevated two- to ninefold, depending on
pubertal stage [35] ([Fig. 2]), and some 60% of obese girls exhibited hyperandrogenemia
[37] ([Fig. 3]). Importantly, in each of our studies [5][35][37], results were not materially
different after excluding subjects with hirsutism and/or irregular menses (beyond 2 years of
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menarche), suggesting that recruitment bias was unlikely to have markedly influenced these
results—particularly in the high proportion of asymptomatic early to mid-pubertal girls.

Importantly, not all peripubertal girls with obesity demonstrate hyperandrogenemia, and free
testosterone concentrations are markedly variable among obese girls [37] ([Fig. 3]). It is,
therefore, clear that obesity per se is not sufficient to cause hyperandrogenemia. Although
the pathogenesis of hyperandrogenemia in some girls with obesity is unclear, several likely
determinants are similar to those in PCOS in general, while others may be specifically
related to an expanded fat mass. Some of the proposed obesity-related determinants of
adolescent hyperandrogenemia are shown in [Fig. 4].

Insulin Resistance and Hyperinsulinemia

Women with PCOS demonstrate insulin resistance as a group [10][38]. Although this insulin
resistance appears to be partly independent of obesity, it is clear that concomitant obesity
exacerbates insulin resistance in PCOS [10][38]. The resulting compensatory
hyperinsulinemia can contribute to hyperandrogenemia in several ways. Insulin can augment
androgen production from isolated ovarian theca cells [10], and experimental
hyperinsulinemia can increase basal and gonadotropin releasing hormone (GnRH)-
stimulated testosterone concentrations in women with PCOS [10]. Insulin also appears to
potentiate basal and adrenocorticotropic hormone (ACTH)-stimulated adrenal androgen
production (see below) [39]. Moreover, hyperinsulinemia inhibits hepatic synthesis of
SHBG [10], which increases testosterone bioavailability, and hyperinsulinemia can also
have untoward effects on granulosa cells and follicular maturation [10]. Notably, insulin
reduction via a wide variety of approaches—weight loss, metformin, thiazolidinediones,
diazoxide, somatostatin, and D-chiro-inositol—can improve hyperandrogenemia and/or
menstrual function in PCOS [10][38][40]. Overall, these data constitute convincing evidence
for a role of hyperinsulinemia in the pathogenesis of PCOS.

Although less abundant, published data in adolescents are consistent with observations in
adults. Insulin resistance and hyperinsulinemia appear to be early findings in adolescent
PCOS [41][42], and obese adolescents with PCOS demonstrate insulin resistance and
hyperinsulinemia beyond that observed in obesity alone [42]. Also of note, some degree of
insulin resistance and hyperinsulinemia is physiologic in normal pubertal development [43]
[44], and insulin resistance is exaggerated further in obese adolescents [45][46][47]. Among
our cohort of peripubertal girls with obesity, fasting insulin was positively and significantly
correlated with free testosterone, even after adjusting for differences in age, BMI z-score,
and morning luteinizing hormone (LH) levels [37].

Peripubertal development of PCOS has been described in the setting of severe insulin
resistance [17][48]. In this regard, it is also of interest that juvenile rats subjected to
experimental hyperinsulinemia—producing a 66% increase of insulin levels across pubertal
development—exhibited elevated serum testosterone and DHEAS, proliferation of the
ovarian thecal and stromal compartments, and irregular estrous cycles [49]. In adolescents
with PCOS, metformin concomitantly reduces hyperinsulinemia and hyperandrogenemia
[50][51][52][53][54]. Taken together, these studies imply that obesity-related insulin
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resistance and hyperinsulinemia play an important role in the development of
hyperandrogenemia and PCOS in some obese adolescents.

Neuroendocrine Signaling

LH is the proximate stimulus for ovarian (theca cell) androgen production. As in adults,
adolescents with hyperandrogenemia and/or PCOS exhibit increased LH (and by inference
GnRH) pulse frequency, LH pulse amplitude, and LH-to-follicle-stimulating hormone (FSH)
ratio, in addition to altered day-night patterns of LH secretion [55]. These abnormalities
appear to begin during the pubertal transition [56][57]. The importance of LH in the
hyperandrogenemia of adult PCOS is demonstrated by the use of long-acting GhRH
agonists, which downregulate gonadotropin secretion and reduce androgens to levels
observed in ovariectomized women [58][59]. In addition, transgenic mice studies suggest
that excess ovarian stimulation by LH can produce hyperandrogenemia, oligo-ovulation, and
ovarian enlargement with cystic changes [60]. The relationships among LH, androgens, and
obesity are complex. Obesity is generally associated with reduced mean LH concentrations
and LH pulse amplitude—with no clear effects on LH pulse frequency—as observed in
women with and without PCOS [61][62] [63][64][65][66] and in peripubertal adolescents
[57][67][68]. This phenomenon in adult PCOS partly relates to reduced pituitary responses
to GnRH [64] and a shortened metabolic half-life of endogenous LH [65].

When obese peripubertal girls are evaluated in isolation, early morning LH is positively
associated with free testosterone, even after simultaneously adjusting for differences of
fasting insulin, age, and BMI z-score; indeed, LH appears to be a better independent
predictor of free testosterone than fasting insulin [37]. Although fasting insulin levels and
early morning LH values are imprecise measures of total daily exposure to insulin and LH,
respectively, our preliminary data in a small number of peripubertal obese girls (h = 11)—
thus far presented in abstract form only [69]—suggest that estimates of 24-hour LH
concentrations are significantly associated with free testosterone, while estimates of 24-hour
insulin concentrations are not. This relationship between LH and free testosterone may
reflect the ability of LH to stimulate androgen production. However, androgens can also
antagonize the ability of progesterone to slow GnRH pulse frequency, as observed in animal
models and in women with PCOS [55]. Since high GnRH pulse frequencies favor LH and
slow frequencies favor FSH production, androgen-related increases of overall GnRH pulse
frequency promote LH excess and relatively low FSH production [55]. We have
hypothesized that some girls with obesity enter a vicious cycle in which peripubertal
hyperandrogenemia enhances LH and limits FSH secretion, which in turn exacerbates
hyperandrogenemia, interferes with follicular maturation, and supports a progression to
PCOS [55][70]. Variable neuroendocrine sensitivity to this effect of androgens [71][72] may
partly explain why some obese girls develop durable PCOS while others do not.

In mouse models, diet-induced obesity is associated with hyperinsulinemia, high serum LH
concentrations, ovulatory dysfunction, and reduced fertility, but pituitary-specific insulin
receptor knockout was found be protective in this regard, suggesting a role of pituitary
insulin signaling in obesity-associated infertility [73]. However, human data regarding the
potential influence of hyperinsulinemia on LH secretion are mixed [10]. Although obesity
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and hyperinsulinemia per se do not appear to influence LH pulse frequency in PCOS [63]
[64][74][75], data from our group suggest that hyperinsulinemia may interact with
androgens to antagonize progesterone inhibition of pulsatile GnRH secretion in adolescents
[72].

Taken together, the above data are consistent with the notion that hyperandrogenemia and
(other facets of) obesity can have differential effects on LH secretion [76], and that LH is an
important contributing and/or permissive factor relating to increased ovarian androgen
production in some obese adolescents. Importantly, the LH dependence of ovarian
hyperandrogenemia likely explains why PCOS often manifests around the time of puberty—
the time when the reproductive hypothalamic-pituitary axis reawakens and LH secretion
increases.

Abnormalities of Ovarian and Adrenal Steroidogenesis

Theca cells isolated from women with PCOS secrete excess androgens in response to LH
and insulin [77][78], even after culture propagation over three or four passages in LH-free
media [79]; these data suggest that abnormal steroidogenic activity may be an inherent (e.g.,
genetically and/or epigenetically determined) property of theca cells in PCOS. In vivo
assessments of ovarian steroidogenesis involve acute GnRH agonism (to acutely increase
LH) or human chorionic gonadotropin administration, and women with PCOS have
exaggerated 17a-hydroxyprogesterone (170OHP) and androstenedione responses to these
stimuli [80]. This “functional ovarian hyperandrogenism” (FOH) can be demonstrated in
approximately two-thirds of women and late adolescents with PCOS. Obesity-related
hyperinsulinemia may contribute to FOH. For example, short-term infusion of high-insulin
doses (80 mU/m2 per minute for 17 hours) can augment androstenedione and testosterone
responses to acute GnRH agonist challenge [81]. In a study of obese women with PCOS,
diet-induced weight loss was associated with improved hyperinsulinemia and reduced
170HP responses to acute GnRH agonism [82]. Similarly, metformin and troglitazone can
simultaneously reduce hyperinsulinemia and improve FOH in women with PCOS [83][84]
[85][86], although these agents may also exert direct effects on steroidogenic cells [10].

Defects of adrenal steroidogenesis (functional adrenal hyperandrogenism [FAH]) contribute
to hyperandrogenemia in some women with PCOS. Twenty to 30% of women with PCOS
have elevated DHEAS levels, and some exhibit exaggerated 170HP, androstenedione, and
dehydroepiandrosterone (DHEA) responses to exogenous ACTH [39]. Adrenal androgen
(DHEA, androstenedione) responsiveness to stimulation may be enhanced in obese women
without PCOS.[87] In women with PCOS, short-term infusion of high-insulin doses (80
mU/m2 per minute for 3-8 hours) augment 17-hydroxypregnenolone and 170OHP responses
to ACTH stimulation [88][89], while metformin and pioglitazone may reduce ACTH-
stimulated 170HP and androstenedione secretion [53][90].

To summarize, excessive activity of ovarian and/or adrenal steroidogenic enzyme pathways
is likely an important factor contributing to the development of PCOS in some adolescents
with obesity. These defects may be promoted or exacerbated by hyperinsulinemia and/or
other factors related to obesity.
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Alterations of Peripheral Steroid Metabolism

Beyond the ovaries and adrenal glands, several tissues participate in steroid metabolism. In
normal women, approximately 50% of circulating testosterone is derived from such
peripheral conversion [91]. Adipose tissue contains several steroidogenic enzymes including
17B-hydroxysteroid dehydrogenase type 5 (17HSD5), which can convert the weak androgen
androstenedione to the more potent androgen testosterone. Accordingly, the expression of
17HSDS5 in subcutaneous adipose tissue is proportional to overall adiposity (i.e., BMI) [92].
Thus, excessive adiposity may contribute to androgen excess via increased peripheral
production of testosterone.

Of interest in this regard, women with PCOS but without apparent FOH tend to be more
obese than those with FOH [93][94]. In addition, some obese young women with PCOS
have no evidence for either FOH or FAH [94]. Rosenfield et al have hypothesized that in
these particular subjects, (1) hyperandrogenism relates to excess 17HSDS5 activity in adipose
tissue and (2) ovulatory dysfunction reflects obesity-related decreases of LH [94]. Indeed, it
is possible that these subjects represent a subtype of clinical PCOS—one whose prevalence
may be increasing in parallel with that of obesity.

Increased 5a-reductase activity has been described in PCOS [95][96][97][98], and its
activity appears to correlate with both adiposity (BMI) and insulin concentrations [98].
Given that 5a-reductase converts testosterone to the highly potent androgen
dihydrotestosterone, increased 5a-reductase activity related to an expanded fat mass
represents another way that obesity could promote hyperandrogenism. Another hypothesis
holds that altered peripheral cortisol metabolism related to obesity leads to a compensatory
increase of ACTH drive, contributing to increased adrenal androgen production.
Specifically, reduced cortisol negative feedback on ACTH secretion could be related to (1)
augmented cortisol inactivation by increased 5a-reductase activity and/or (2) decreased
activity of 11B-hydroxysteroid dehydrogenase type 1 (11HSD1), which converts cortisone to
cortisol. Evidence for impaired 11HSD1 activity has been described in the setting of central
obesity [99], but data regarding possible abnormalities of 11HSD1 activity in PCOS are
mixed [96][98][100].

Potential Roles of Adipokines and Inflammatory Cytokines

Obesity is associated with altered production of adipokines and inflammatory cytokines,
which may promote obesity-associated insulin resistance and metabolic syndrome [101].
Much interest has focused on the possibility that these abnormalities may independently
contribute to the genesis of PCOS and/or its metabolic complications. For example,
circulating levels of adiponectin—an adipokine with insulin-sensitizing properties—are
reduced in PCOS even after adjustment for BMI [102], and adiponectin gene
polymorphisms may also be associated with PCOS [103]. Low adiponectin likely
contributes to insulin resistance in women with PCOS, and since adiponectin may also
constrain theca cell steroidogenesis [104], low adiponectin may, in effect, disinhibit ovarian
androgen production. Similarly, the adipokine visfatin—implicated as a mediator of insulin
resistance—has been found to be elevated in PCOS and may augment forskolin-stimulated
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17-hydroxylase activity in human theca cells [105]. Some have hypothesized that leptin—an
adipokine that circulates in concentrations that are proportional to fat mass and serves as an
important hormonal marker of energy availability—may specifically contribute to the
development of PCOS among obese women. Leptin is thought to act as a permissive factor
regulating pubertal onset, and decreased levels may be important to the pathogenesis of
anorexia-related hypogonadotropic hypogonadism. However, the potential role of leptin in
PCOS remains unclear [106].

Regarding the possibility that obesity-related inflammatory cytokines may contribute to the
pathogenesis of PCOS, elevated tumor necrosis factor a (TNF-a) concentrations observed in
obesity may increase ovarian theca cell proliferation and steroidogenesis [107][108].
Similarly, high interleukin 6 (IL-6) levels may stimulate adrenal steroidogenesis [109][110].
In addition, polymorphisms of both the IL-6 receptor and the IL-6 gene promoter have been
associated with hyperandrogenemia [111]. However, although some studies suggest TNF-a
and IL-6 elevations in PCOS, the composite data do not clearly support this contention
[112]. In summary, while cytokines and adipokines may be important factors in the
pathophysiology of PCOS, their precise roles in its development remain unclear [106][113].

PCOS and Obesity May Share Some Common Determinants

Animal models have provided plausible evidence that intrauterine environment can
contribute to the reproductive and metabolic changes of PCOS. As an intriguing example,
when exogenous testosterone is administered to pregnant rhesus monkeys, the female
offspring develop later LH hypersecretion, ovarian and adrenal hyperandrogenism,
ovulatory dysfunction, and polycystic ovaries, as well as increased adiposity and altered
insulin/glucose regulation [114][115]. Many of these same findings are also observed in
prenatally androgenized sheep and rodents [116]. However, available data regarding the
possibility of excessive in utero androgen exposure in humans are mixed [117][118][119].
Postnatal androgen excess may have important developmental effects as well. For example,
early postnatal administration of testosterone to female rhesus monkeys has been reported to
cause early accelerated weight gain and sexual precocity [120]. In addition, producing mild
hyperandrogenemia via exogenous testosterone administration from 1 to 5 years of age
resulted in increased LH pulse frequency at age 5 years (i.e., after puberty), although this
study disclosed no differences in overall percent body fat or percent truncal fat [121].

Exposure to endocrine-disrupting chemicals may possibly contribute to the development of
both obesity and PCOS [122]. For example, bisphenol A (BPA) has been implicated as a
contributor to obesity [122][123]; BPA can increase testosterone synthesis in rat theca-
interstitial cells [124]; and in women, BPA levels appear to correlate with free testosterone,
androstenedione, and DHEAS [125].

It is also possible that genetic determinants of obesity may independently influence PCOS
risk. For example, there may be an association between FTO (i.e., fat mass and obesity-
associated) gene polymorphisms and PCOS risk [126], and a recent analysis suggested that
FTO variants can independently impact hyperandrogenemia in PCOS [127]. However, other
studies suggest that the influence of FTO on hyperandrogenemia and PCOS risk is mediated
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primarily through an influence on obesity [126][128][129]. Of interest, the apparent
influence of FTO polymorphisms on obesity may be greater in women with PCOS compared
with the general population [130][131], suggesting an interaction between FTO and PCOS
with regard to obesity risk.

Influence of Obesity on the Common Comorbidities of PCOS

Obesity significantly impacts metabolic (and other) complications of PCOS. For example,
women with PCOS as a group have an estimated 2.2-, 2.5-, and 4-fold increased prevalence
of metabolic syndrome, impaired glucose tolerance, and type 2 diabetes, respectively [3].
Importantly, accompanying obesity negatively impacts these risks [3]— likely a reflecting
an independent contribution of obesity to insulin resistance. For example, in a study of
adolescents with PCOS, the BMI-adjusted risk of metabolic syndrome was 4.5 times
elevated in PCOS compared with the reference population; however, the prevalence in girls
with PCOS—O0, 11, and 63% in girls who were normal weight, overweight, and obese,
respectively—was at least partly related to BMI [132]. The impact of obesity on the risk of
impaired glucose tolerance in adolescents with PCOS is currently unclear [133][134].

PCOS is associated with dyslipidemia even after adjustment for BMI [135], but
dyslipidemia is worsened with concomitant obesity [28]. An increased risk of obstructive
sleep apnea (OSA) has been described in women with PCOS; and although this risk appears
to be largely independent of BMI, both hyperandrogenemia and obesity— especially
visceral adiposity—may contribute to this risk [136]. However, it is unclear to what degree
OSA risk is increased in adolescents with PCOS [137][138]. Depression and anxiety are also
more common in women with PCOS [139], and adolescent PCOS is associated with reduced
health-related quality of life [140]. Obesity is likely an important contributing factor in this
regard [28][141][142][143].

Impact of Hyperandrogenemia on Adiposity and the Metabolic

Complications of PCOS

It is important to note that hyperandrogenemia—a cardinal feature of PCOS—may itself
influence adiposity and induce metabolic disturbances [10]. Androgen receptors are found in
adipocytes, especially from visceral compartments [144]. In a cross-sectional study of
middle-aged women (ages 42—60 years), bioavailable testosterone correlated with visceral
adiposity, consistent with the notion that androgens may influence regional fat distribution
[145]. Likewise, exogenous androgen administration can increase visceral adiposity in
women [146][147], while the androgen receptor antagonist flutamide may decrease visceral
fat in women with PCOS [148][149].

Hyperandrogenemia may also negatively affect insulin sensitivity [10][150] and the risk of
metabolic syndrome [132][151][152][153]. For example, testosterone can rapidly impair
insulin sensitivity in ovariectomized rats [154][155]; testosterone reduces maximal insulin-
stimulated glucose uptake in subcutaneous preadipocytes from normal women [156]; and
exogenous administration of testosterone [157] or methyltestosterone [158] to women can
reduce insulin sensitivity. However, data regarding the effects of androgen reduction (via
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long-acting GnRH agonists) or androgen receptor antagonism on insulin sensitivity are
mixed [10][150]. Overall, though, the above data suggest the possibility of a vicious circle in
which hyperandrogenemia contributes to increased adiposity and insulin resistance, which in
turn support or exacerbate hyperandrogenemia.

Conclusion

PCOS is a heterogeneous disorder—a collection of clinical manifestations that are
determined by numerous influences. As such, the presence or absence of the syndrome, in
addition to the degree of pathophysiologic manifestations, represents the cumulative effect
of multiple interacting components. Although obesity is neither sufficient nor necessary for
the development of PCOS, it is an important factor contributing to the presence and severity
of PCOS in adolescents.

We suggest that puberty represents a critical developmental window during which obesity-
related hyperinsulinemia and hyperandrogenemia may promote the development of PCOS.
In particular, we hypothesize that in some girls with obesity, hyperinsulinemia-related
augmentation of adrenal and ovarian androgen production—along with other sources of
obesity-related hyperandrogenemia—promotes a rapid day-night GnRH pulse frequency
[55][70], which in turn leads to relative LH excess and FSH deficiency. These abnormalities
of gonadotropin secretion further consolidate hyperandrogenemia and interfere with
follicular maturation, thus promoting the development of full-blown PCOS. Some important
objectives for future research include (1) understanding the relative importance of various
possible sources and determinants of hyperandrogenemia in some peripubertal girls with
obesity; (2) delineating the natural history of hyperandrogenemia in peripubertal girls with
obesity; (3) elucidating mechanisms by which androgens may alter pubertal GnRH
secretion; and (4) discovering early predictors for the development of established PCOS in
girls with obesity.

We suggest that all adolescent girls with obesity should be asked about possible symptoms
of PCOS, and that all adolescents with diagnosed PCOS should be screened for obesity (e.g.,
BMI, waist circumference). We also believe that it is prudent to screen adolescents with
PCOS—especially those with concomitant obesity—for other comorbidities such as
impaired glucose tolerance, type 2 diabetes, dyslipidemia, hypertension, OSA, and
psychological morbidity (e.g., depression). In the setting of obesity, weight loss can
ameliorate many of the reproductive and metabolic manifestations of PCOS. Accordingly,
this represents an important therapeutic target for all overweight and obese adolescents with
PCOS.
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Figure 1.
(A-E) Basic diagrammatic representations of some of the ways that obesity could be related

to PCOS. Importantly, relationships are not mutually exclusive. As described in the text,
robust data support the relationship depicted in (A), although data also support the
relationships shown in (B)—(D). Note that each arrow could represent a chain of
relationships (e.g., for [A], obesity contributes to insulin resistance, which leads to
hyperinsulinemia, which enhances ovarian androgen production). In addition, each arrow
could encompass a vast number of different relationships (e.g., obesity could influence
development of PCOS via its effects on sex steroid production, sex steroid bioavailability,
follicular development, peripheral steroid metabolism, etc.). As an example of the
relationship depicted in (D), both obesity and PCOS appear to have effects on insulin
resistance that are at least partly independent of each other. PCOS, polycystic ovary
syndrome.
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Total testosterone, SHBG, and free testosterone concentrations in obese (BMI-for-age
percentile = 95; solid squares) and normal weight girls (BMI-for-age percentile < 85; open
squares) grouped by Tanner stage. Data shown as mean + SEM. *p < 0.05; **p < 0.01; ***p
<0.001; ****p < 0.0001 before Bonferroni correction. SEM, standard error of the mean;
SHBG, sex hormone-binding globulin. (Reprinted with permission from McCartney et al.

[35])
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Free testosterone concentration in obese peripubertal girls partitioned into pubertal stages as
follows: early pubertal, Tanner breast stage 2 or Tanner stage 1 with estradiol = 20 pg/mL;
mid-pubertal, Tanner breast stage 3; and late pubertal, Tanner breast stages 4 or 5. Shaded
boxes represent the normal range of free testosterone for each pubertal group. (Reprinted

with permission from Knudsen et al. [37])
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Figure 4.
Schematic of potential mechanisms by which obesity contributes to the development of

adolescent PCOS. Please refer to the text for details. ACTH, adrenocorticotropic hormone;
DHT, dihydrotestosterone; FSH, follicle-stimulating hormone; IL-6, interleukin 6; LH,
luteinizing hormone; PCOS, polycystic ovary syndrome; SHBG, sex hormone binding
globulin; TNF-a, tumor necrosis factor a.
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