
ISGE Series
Series Editor: Andrea R. Genazzani

Andrea R. Genazzani
Lourdes Ibáñez
Andrzej Milewicz
Duru Shah   Editors

Impact of Polycystic 
Ovary, Metabolic 
Syndrome and Obesity 
on Women Health
Volume 8: Frontiers in Gynecological 
Endocrinology



ISGE Series

Series Editor

Andrea R. Genazzani, International Society of Gynecological 
Endocrinology, Pisa, Italy



The ISGE Book Series is the expression of the partnership between the International 
Society of Gynecological Endocrinology and Springer. The book series includes 
single monographs devoted to gynecological endocrinology relevant topics as well 
as the contents stemming from educational activities run by ISGRE, the educational 
branch of the society. This series is meant to be an important tool for physicians who 
want to advance their understanding of gynecological endocrinology and master this 
difficult clinical area. The International Society of Gynecological ad Reproductive 
Endocrinology (ISGRE) School fosters education and clinical application of modern 
gynecological endocrinology throughout the world by organizing high-level, highly 
focused residential courses twice a year, the Winter and the Summer Schools. World 
renowned experts are invited to provide their clinical experience and their scientific 
update to the scholars, creating a unique environment where science and clinical 
applications melt to provide the definitive update in this continuously evolving field. 
Key review papers are published in the Series, thus providing a broad overview over 
time on the major areas of gynecological endocrinology.

More information about this series at http://www.springer.com/series/11871

http://www.springer.com/series/11871


Andrea R. Genazzani  •  Lourdes Ibáñez 
Andrzej Milewicz  •  Duru Shah
Editors

Impact of Polycystic 
Ovary, Metabolic 
Syndrome and Obesity  
on Women Health
Volume 8: Frontiers in Gynecological 
Endocrinology



Editors
Andrea R. Genazzani
International Society of Gynecological 
Endocrinology
Pisa  
Italy

Andrzej Milewicz
Department of Endocrinology, Diabetology
Wrocław Medical University
Wroclaw  
Poland

Lourdes Ibáñez
Endocrinology Department
Hospital Sant Joan de Déu Barcelona
Barcelona  
Spain

Duru Shah
Obstetrics and Gynecology
Gynaecworld
Mumbai  
India

ISSN 2197-8735	         ISSN 2197-8743  (electronic)
ISGE Series
ISBN 978-3-030-63649-4        ISBN 978-3-030-63650-0  (eBook)
https://doi.org/10.1007/978-3-030-63650-0

© International Society of Gynecological Endocrinology 2021
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-63650-0


v

Preface

This volume analyzes the impact of polycystic ovary syndrome (PCOS), metabolic 
syndrome (MS), and obesity on women’s reproductive function and health from 
adolescence to elderly.

Starting from the description and importance of Brain Phenotype in PCOS, the 
volume analyzes the impact of adolescence as a high-risk period for PCOS develop-
ment and the strategies to be used toward adolescent PCOS to prevent adult 
anovulation.

The possible responsibility of environmental factors in developing obesity and 
insulin resistance as well as the metabolic and neuroendocrine aspects of PCOS 
pathogenesis are presented considering their implications on the future therapeutic 
strategies.

The impact of PCOS, MS, and obesity on follicular growth arrest in women’s 
health and the role of PCOS on women’s quality of life and sexual health are exten-
sively discussed as well as the impact on female infertility and treatment and on the 
management of PCOS women preparing pregnancy and pregnancy outcome.

Specific chapters are also dedicated to the role of insulin resistance in benign 
breast diseases and the impact of PCOS on inflammation, metabolic changes, and 
menopause, on cardiovascular function, and, last but not least, on how to prevent, 
diagnose, and treat gynecological cancers in PCOS patients.

This volume represent a very comprehensive effort to clarify how to better under-
stand, recognize, and treat PCOS patients with personalized therapies according to 
the goals to be reached for their health, reproductive needs, and quality of life.

Pisa, Italy� Andrea  R. Genazzani  
Barcelona, Spain � Lourdes Ibáñez  
Wroclaw, Poland � Andrzej Milewicz  
Mumbai, India � Duru Shah  
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1The Brain Phenotype in Polycystic Ovary 
Syndrome (PCOS): Androgens, 
Anovulation, and Gender

Sarah L. Berga

1.1	 �Introduction

Polycystic ovary syndrome (PCOS) is a common condition with reproductive and 
metabolic features. Recent studies confirmed that women with PCOS have multiple 
genetic allelic variants that are independently associated with hyperandrogenism, 
gonadotropin regulation, timing of menopause, depression, and metabolic distur-
bances, including insulin resistance [1]. Of note, the data cited above showed that 
not all women with PCOS possess the full complement of the 14 genetic variants 
identified. Genetic heterogeneity results in clinical heterogeneity. We have long rec-
ognized that there is a spectrum of clinical presentation, with some women having 
a more pronounced reproductive phenotype and others presenting primarily with 
metabolic features. Despite variation related to PCOS genotype and phenotype, 
however, two long-recognized pathogenic themes remain the same: excess andro-
gen exposure and insulin resistance. Since androgens and insulin modulate of brain 
architecture and function, it is not surprising that PCOS is associated with a brain 
phenotype, but also one that presents variably. Building on the notion that the brain 
is a target of hormones of all classes, in this chapter we characterize the brain phe-
notype in PCOS and explore the evidence that the brain phenotype is the result of 
androgen exposure that not only predisposes to anovulation and obesity but also has 
the potential to skew gender identity and sexual orientation.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-63650-0_1&domain=pdf
https://doi.org/10.1007/978-3-030-63650-0_1#DOI
mailto:slberga@buffalo.edu
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1.2	 �Anovulation Reflects the PCOS Brain Phenotype

A key paradox in the presentation of PCOS is chronic anovulation despite an abun-
dance of oocytes (polycystic ovaries). This paradox was one of the first clues to the 
unique brain phenotype in PCOS associated with reproductive dysfunction. 
Subsequent studies found that the primary cause of anovulation in PCOS was not 
resistance to FSH but an insufficient rise in FSH to initiate folliculogenesis. It is 
now widely appreciated that exogenous FSH administration readily initiates follicu-
logenesis in women with PCOS and that follicle development is often so exuberant 
that ovarian hyperstimulation results. Not only are FSH levels insufficient, para-
doxically, LH levels are tonically high. The elevated LH/FSH ratio characteristic of 
women with PCOS catalyzed an investigative search for an explanation. As shown 
in Fig.  1.1, one likely contributor to increased LH and reduced FSH levels is 
increased GnRH-LH drive [2, 3]. As shown in Fig. 1.2, GnRH-LH pulse frequency 
in women with PCOS approaches that of men, namely, one LH pulse per hour, 
rather than one pulse every 90 minutes observed in eumenorrheic, ovulatory women 
[2]. Studies in men with idiopathic hypothalamic hypogonadism revealed that the 
more rapid the pulse frequency of exogenously administered GnRH, the higher the 

Fig. 1.1  GnRH-LH and alpha-subunit pulse patterns in 9 women with polycystic ovary syndrome 
(PCOS) (left) and 9 eumenorrheic, ovulatory women (right). Blood samples were obtained at 
10-min intervals fro 24 h from an indwelling intravenous catheter and pulse patterns were analyzed 
using a computer-based algorithm. Berga et al. [2]

S. L. Berga
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LH and the lower the FSH levels [4]. Subsequent studies showed that low dose tes-
tosterone increased GnRH-LH pulse frequency in eumenorrheic women and that 
high dose testosterone increased GnRH-LH pulse frequency in women with 
PCOS. Further, we and others also showed that the increased GnRH-LH drive in 
PCOS was resistant to suppression by sex steroids [5, 6] and that sensitivity to sex 
steroid suppression was restored by the androgen receptor blocker flutamide [7], but 
not by metformin [8]. The above evidence suggests that androgen exposure causes 
the rapid GnRH pulse frequency and explains the skewed LH/FSH ratio observed in 
women with PCOS.

1.3	 �Neuroregulation of GnRH and the Brain 
Phenotype in PCOS

An explosion in knowledge regarding the regulation of GnRH over the last 30 years 
has afforded us the opportunity to identify factors that mediate the development of 
the brain phenotype in women with PCOS. We now understand that neurodevelop-
ment and neuroregulation is much more than sex steroid exposure, although clearly 
androgens, estrogens, and progesterone are major modifiers of both. However, other 
hormones, including peptides, growth, and immune factors also influence neurode-
velopment and neuroactivity.

The discovery that the kisspeptin peptide system serves as a key proximate regu-
lator of GnRH pulsatility revolutionized our understanding of the neuroregulation 
of reproductive function. Within the arcuate nucleus, kisspeptin/neurokinin B/dyn-
orphin (KNDy) neurons release the prohormone kisspeptin, a 145 amino acid pro-
tein that is enzymatically cleaved to a 54 amino acid peptide known as kisspeption-54. 
The kisspeptin receptor, abbreviated GPR54 for G protein-coupled receptor 54, is 
expressed on GnRH neurons, allowing kisspeptin to activate GnRH neurons [9]. 
Exogenously administered kisspeptin exerts a profound stimulatory effect on 
gonadotropin secretion in animal and human models. Both testosterone and 
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estradiol regulate Kiss1 gene expression. In addition to activating GnRH neurons, 
kisspeptin neurons also form synapses with GnRH neuron terminals in the median 
eminence, where GnRH release (exocytosis) is stimulated by kisspeptin [10]. 
Figure 1.3 shows the central cascade that regulates GnRH and highlights the role of 
KNDy neurons [11].

As shown in Fig. 1.3, GABA (gamma-aminobutyric acid) neuronal input modu-
lates the entire cascade, including kisspeptin neurons, and directly and indirectly 
regulates GnRH drive. Importantly, the GABAergic network integrates external 
environmental and internal host signals to align reproductive function with indi-
vidual circumstance. Thus, stress, sex steroids, and metabolic signals regulate 
GABAergic tone and the entire cascade by direct and indirect mechanisms. For 
example, in a monkey model, the administration of the CRH antagonist, astressin B, 
reversed the impact of the chronic social stress of subordination on GABA-A recep-
tor binding in the prefrontal cortex, a site implicated in the regulation of the limbic-
hypothalamic-pituitary-adrenal, −gonadal, and -thyroidal axes [12]. A recent study 
found that chronic administration of letrozole to female mice induced polycystic 
ovaries, anovulation, elevated testosterone, increased LH pulsatility, and elevated 
kisspeptin and neurokinin B gene expression in the arcuate nucleus [13]. In a murine 
model, leptin-responsive GABAergic neurons regulated fertility through pathways 
that reduced kisspeptinergic tone [14].

Androgens play a fundamental role in the organization and activation of the hypo-
thalamic circuitry shown in Fig. 1.3. The mechanisms by which androgens act are 
many. Androgens increase GABAergic innervation of KNDy neurons and alter sex 
steroid feedback sensitivity [15]. Administration of dihydrotestosterone (DHT), a 
non-aromatizable androgen, to mice increased GnRH firing activity [16]. In a sheep 
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Fig. 1.3  Schematic representation of neural interactions between metabolic and reproductive 
functions depicting likely sites of action of leptin, insulin, and ghrelin to control GnRH release. 
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nucleus; POA, preoptic area. Navarro and Kaiser [11]
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model of PCOS, prenatal testosterone exposure increased GABAergic synaptic inputs 
to and stimulation of GnRH and KNDy neurons [17]. Androgen exposure acting via 
an androgen receptor mechanism also impaired progesterone receptor transcription, 
impaired negative feedback, and resulted in GnRH neuronal hyperactivity [18]. 
Absence of progesterone signaling in kisspeptin neurons disrupted the LH surge and 
impaired fertility in female mice [19]. In a mouse model of DHT-induced PCOS, 
selective deletion of the androgen receptor (AR) in neurons, but not granulosa cells, 
reversed the impact of DHT, leading the investigators to conclude that neuroendocrine 
genomic AR signaling is an important extra-ovarian mediator of the PCOS phenocopy 
in mice [20]. The above preclinical studies likely explain why GnRH drive in women 
with PCOS was resistant to suppression by progestin and progesterone feedback [5–
7]. Thus, as shown in Fig. 1.3, KNDy neurons and kisspeptin-GPR54 receptors form 
the final common pathway in the hypothalamic circuitry that regulates GnRH drive 
[9]; GABAergic tone modulates the function of the kisspeptinergic pathway and con-
fers feedback sensitivity to sex steroids and metabolic signals.

The term hyperandrogenic anovulation parsimoniously conceptualizes PCOS 
and conveys the notion that androgens of ovarian origin initiate and maintain the 
brain phenotype responsible for anovulation, namely, increased GnRH-LH drive 
and chronic insufficiency of FSH. To investigate the role of androgens and GABA 
in human PCOS, we compared cerebrospinal fluid (CSF) levels of GABA, testoster-
one, and estradiol in eumenorrheic, ovulatory women and those with PCOS [21]. 
Figure  1.4 shows that women with PCOS not only have higher CSF levels of 
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testosterone and GABA but also higher CSF levels of estradiol. While the CSF lev-
els of testosterone in PCOS were not as high as the levels in men (Fig. 1.5), they 
were clearly higher than the levels in eumenorrheic, ovulatory women. Thus, the 
brain phenotype in PCOS that predisposes to chronic anovulation despite increased 
oocyte endowment most likely results from chronically increased androgen expo-
sure, which, in turn, reflects an increased oocyte pool, as androgen levels and oocyte 
endowment correlate in PCOS [22]. As shown in Fig. 1.5, women with PCOS also 
displayed higher CSF levels of estradiol as compared to both eumenorrheic women 
and men. Higher CSF estradiol levels may differentially suppress FSH more than 
LH, contribute to the brain phenotype in PCOS, and explain the paradox of increased 
oocyte endowment and chronic anovulation. Ultimately, higher brain exposure to 
both androgens and estradiol imprints the brain in other ways that remain to be bet-
ter elucidated, including gender identity and sexual orientation.

Another recently reported regulator of hypothalamic GnRH function is anti-
Mϋllerian hormone (AMH). In both humans and mice, GnRH neurons expressed 
AMH receptors. In mice, AMH potently activated GnRH neuron firing rate and 
accentuated GnRH-dependent LH release from the pituitary [23]. Since AMH and 
testosterone are correlated with oocyte endowment [22], AMH also could play a 
fundamental role in the development and maintenance of the brain phenotype in 
PCOS that results in chronic anovulation. If so, this may explain why women with 
PCOS display more regular cycles as they age because AMH levels and oocyte 
endowment drop [24, 25]; a later age at menopause [1, 26, 27]; and better fertility 
than eumenorrheic women after age 40 [28, 29].

Androgen excess may also explain at least some of the metabolic features of 
PCOS including insulin resistance. In female mice, excess androgen receptor acti-
vation in neurons caused peripheral insulin resistance and pancreatic beta cell dys-
function [30]. In contrast, selectively knocking out the androgen receptor in neurons 
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of female mice decreased glucose and insulin levels in fasted and fed states as com-
pared to wild-type female mice [31]. Ultimately, the most parsimonious explanation 
for PCOS, including the reproductive brain phenotype, is androgen excess in an XX 
genotype.

1.4	 �Gender Identity and Sexual Orientation

The brain orchestrates many functions in addition to reproductive function. What 
are the possible consequences of brain androgenization in women with PCOS other 
than increased GnRH pulsatility? Both insulin resistance and a tendency to weight 
gain likely reflect brain androgenization. Other behavioral variables that could be 
attributable at least in part to brain androgenization include stress sensitivity, mood, 
gender identity, and sexual orientation. While sex refers to genetic sex, which is 
readily determined because it is a biological attribute, gender refers to a set of 
behavioral expectations assigned according to genetic sex. However, gender is a 
cultural construct; the attributes considered male and female varies somewhat across 
cultures. Some cultures define gender as male, female, and other, while other cul-
tures have a strictly binary view. Currently, cultures around the world are grappling 
with a more expanded perspective on gender.

At least two key important questions deserve increased clinical attention to better 
care for women with PCOS. First, do women with PCOS differ in terms of gender 
identity from eumenorrheic, ovulatory women? Second, do women with PCOS dif-
fer in terms of sexual orientation from eumenorrheic, ovulatory women? Given that 
our understanding of the role of prenatal and postnatal hormone exposures as con-
tributors to brain organization and activation is limited, it should not be surprising 
that our understating of the impact of hormones on gender identity and sexual ori-
entation is also constrained. However, current evidence based on neuroimaging and 
clinical studies suggests that women with PCOS differ from eumenorrheic women 
in terms of the proportion that report nonconforming gender identity and lesbianism.

To delve into the topic of gender identify and sexual orientation requires an 
appreciation of the notion that sex steroid exposures in utero organize the brain. At 
the time of puberty and during the ensuring reproductive years, gonadal hormones 
activate the already sexually dimorphic brain, which results in gender asymmetries 
and sex-specific attributes [32, 33]. There are many clinical studies showing that 
sex hormone exposures modulate attention, comprehension, reaction time, and 
memory. One of the critical behavioral consequences of gonadal hormonal expo-
sures is altered information processing [34]. In a recent review, McCarthy and 
Arnold suggested that estradiol is a masculinizing hormone and exerts multiple 
region-specific effects via distinct cellular mechanisms [35]. During the perinatal 
sensitive period, estradiol promotes cell survival, cell death, and cell proliferation 
in separate brain regions and promotes the formation of new dendritic spine syn-
apses in some brain regions while suppressing them in others. Essentially, hor-
monal exposures “sculpt” the brain. The enduring organizational effects of 
exposure to estradiol are mediated in part via epigenetic changes to the DNA and 

1  The Brain Phenotype in Polycystic Ovary Syndrome (PCOS): Androgens…
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chromatin in processes that are region-specific. Given the organizational complex-
ity of the brain and the spectrum of hormonal exposures, the potential for neuro-
complexity is enormous. Unfortunately, neither our lexicon nor our cultural and 
medical constructs adequately capture the neurocomplexity of gender identity and 
sexual orientation. Certainly, it is unlikely that gender is dichotomous. At this time, 
it might be best to assume that the actual range of neurodiversity is not “visible” 
due to the dissonance between biological complexity and cultural stereotypes that 
constrain individual expression.

Our study of CSF levels of estradiol and testosterone in women with PCOS 
revealed increased brain exposure to both estradiol and testosterone as compared to 
eumenorrheic women [21]. For women with PCOS, altered sex steroid exposure 
likely began in utero, resumed at puberty, and continued at least until menopause. 
The altered steroid milieu differentially organizes the brain architecture and then 
differentially activates brain function. As McCarthy and Arnold [35] suggest, altered 
sex steroid hormone exposures likely result in a spectrum, mosaic or hybrid of brain 
masculinization versus feminization that might be best termed gender 
neurodiversity.

Few investigations have directly determined the gender identity and sexual ori-
entation of women with PCOS.  Agrawal et  al. [36] found that 80% of lesbian 
women versus 32% of heterosexual women had polycystic ovarian morphology 
(PCOM) on ultrasound. Nearly all transmen (female to male transgender) had 
PCOM [37]. Women with congenital adrenal hyperplasia showed increased rates of 
bisexual and homosexual orientation that correlated with prenatal androgenization. 
Bisexual and homosexual orientation also correlated with global measures of mas-
culinization of non-sexual behavior and was predicted by childhood behavior 
[38, 39].

Neuroimaging of women with PCOS and congenital adrenal hyperplasia has 
revealed additional neurocomplexity that likely reflects the interaction of hyperan-
drogenism in an XX genotype, including sex-specific hormone action. The findings 
do not easily fit into the conventional mindset that gender identity and sexual orien-
tation exist on a spectrum of maleness to femaleness. Rather the data suggest that 
gender nonconforming is a unique brain state. Lentini et al. [40] analyzed the con-
tributions of genetic sex and androgen exposure and found that cerebellar and pre-
central gray matter volume was related to X-chromosome escapee genes in the 
amygdala, parahippocampus, and occipital cortex and that gray matter volume cor-
related with testosterone levels regardless of sex. They concluded that brain asym-
metries are attributable to sex hormones and X-chromosome genes in a regionally 
differentiated manner [41]. Using PET scanning with 15O-H2O, Savic et  al. [42] 
showed that sex-specific pheromones elicited sex-differentiated hypothalamic acti-
vation in heterosexual women and men; however, homosexual men and women 
responded to pheromone exposure according to sexual orientation rather than bio-
logical sex [43, 44]. Two parameters previously shown to be sexually dimorphic are 
hemispheric asymmetry and functional connectivity. Extending earlier studies, 
Savic and Lindström [45] found that PET and MRI revealed differences in cerebral 
asymmetry and functional connectivity between homo- and heterosexual subjects. 

S. L. Berga
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Heterosexual men and homosexual women showed rightward cerebral asymmetry 
while all homosexuals showed sex-atypical amygdala connections. They concluded 
that these results were not due to learning. Other investigators found that white mat-
ter microstructure was altered and cognitive function was compromised in young 
adults with PCOS independent of education and BMI [46]. Further, women with 
PCOS who displayed insulin resistance had greater regional activation during an 
emotion task than controls, and this difference resolved with metformin therapy 
[47]. The best synopsis of the few neuroimaging findings currently available is that 
brain function in women with PCOS is neither strictly male nor female and reflects 
a hybrid or mosaic of features.

The brain is complex. There are more than 86 billion neurons in the mamma-
lian brain, which exceeds the number of stars in the Milky Way. In the cortex, each 
neuron forms about 10,000 synapses with target cells. Astonishingly, a cubic mil-
limeter of brain contains as many as 90,000 neurons. The human brain is also an 
energy hog; rodents require about 5% of daily energy intake to fuel their brains 
while monkeys require 10%, human adults 20%, and human infants 60%. In con-
trast the brain is only 2% of the human body by weight, requires only 16% of 
cardiac output, and 25% of oxygen consumption. No wonder our brains drive us 
to eat. Indeed, insulin resistance may well be an adaptive response to constrain 
energy utilization that until recently would have represented a survival advantage 
as it would have rendered insulin-resistant humans “fuel independent” relative to 
other humans. It is important to consider PCOS in the context of human evolution 
and recognize that genes that conferred “energy parsimony” may have provided 
reproductive and survival advantages in fuel-deficient environments, which until 
recently have been normative. Humans generally now have fuel abundance as 
even nutrient poor foods fuel the brain. One has to consider that hyperandrogen-
ism in women may have increased rather than decreased reproductive opportunity 
by allowing survival and conferring prolonged fertility [29]. Thus, while women 
with PCOS display chronic anovulation and obesity in fuel replete settings, they 
also display neurodiversity with regard to cognition, behavior, gender identity, 
and sexual orientation. Clinically it is best to acknowledge and recognize that 
women with PCOS may not conform to cultural expectations with regard to gen-
der identity and sexual orientation and that they may initiate care for a variety of 
reasons including gender-affirming hormone therapy.

1.5	 �Summary

PCOS is generally understood to be a reproductive condition characterized by 
chronic anovulation, hyperandrogenism, obesity, and metabolic dysfunction. In 
PCOS, chronic anovulation reflects increased GnRH drive resulting in chronically 
suppressed FSH. The most likely explanation for increased GnRH drive is prenatal 
and sustained postnatal brain androgenization. Recent studies suggest both geno-
typic and phenotypic variability. Given the complexities of brain development, 
brain androgenization not only manifests as altered reproductive function but also 

1  The Brain Phenotype in Polycystic Ovary Syndrome (PCOS): Androgens…
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gender neurodiversity. Thus, gender identity in women with PCOS may be cultur-
ally nonconforming. Gender diversity carries psychological consequences for indi-
viduals, families, and society and must be recognized and managed for better overall 
health. Clinical decision trees need to incorporate the variation in, and complexity 
of, the clinical presentation of PCOS. The medical profession must be able to offer 
more than ovarian suppression with oral contraceptives, ovulation induction for 
infertility, and metformin for metabolic dysfunction. Women with PCOS will 
undoubtedly benefit from holistic diagnostic and treatment algorithms that incorpo-
rate recognition of gender identity and sexual orientation and screening for mood 
disorders [48]. A deeper appreciation of the nuances of PCOS affords an opportu-
nity for individualized and improved care.
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2Adolescence: A High-Risk Period 
for PCOS Development?

Charles Sultan, Laura Gaspari, Samir Hamamah, 
and Françoise Paris

Polycystic ovary syndrome (PCOS) has long been considered “a riddle wrapped in 
a mystery inside an enigma” [1], and the relationships among genetic, endocrine, 
metabolic, environmental, and lifestyle factors in its development are indeed quite 
complex. Moreover, the underlying causes [2], diagnostic criteria, and recommen-
dations for managing adolescent PCOS [3] remain controversial. The diagnostic 
features in adult women, such as hyperandrogenemia, obesity, and menstrual disor-
ders, may be part of the normal pubertal process [4]. We thus propose the following 
three criteria (Fig. 2.1) to make a definitive diagnosis [5].

The prevalence of PCOS has been estimated to range between 0.6 and 12%. In a 
group of post-menarcheal obese adolescents, Ybarra et al. identified 18.4% cases [6]. 
Christiansen, in a cross-sectional study including a high number of adolescents 
between 15 and 19 years, reported a PCOS diagnosis in 3.8%, 10.2%, and 23.10% of 
the overweight, moderately obese, and extremely obese adolescents, respectively [7].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-63650-0_2&domain=pdf
https://doi.org/10.1007/978-3-030-63650-0_2#DOI
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Adolescent PCOS may have its origins in fetal life [8] (intrauterine growth retar-
dation, hyperandrogenism) or before puberty (through premature pubarche, obesity, 
early puberty). In the last few years, evidence has clearly emerged showing that 
peri-puberty is a high-risk period for PCOS development (Fig. 2.2), through obesity, 
insulin resistance, metabolic syndrome, and hyperandrogenism (HA). In addition, 
androgens stimulate appetite, food craving, and recurrent binge eating (Fig. 2.3).

1. Hirsutism  (progressive)

2. Irregular menses  /  oligomenorrhea   (2 years after menarche)

3. Testosterone concentration  >  45-55 mg/dl  (follicular phase)
------------------------------------------------------------------------------

4. PCO morphology  (US)
- Enlarged ovaries  ( > 10mL )

+/- increased stroma

+   multiple small peripheral cysts

-------------------------------------------------------------------------------

*  optional :

- abdominal obesity

- insulin-resistance

- AMH  concentration  > 6.26 ng/mL 

- risk factors  (genetics, SGA, early puberty, EDCs, …)

Fig. 2.1  Criteria for the diagnosis of PCOS in adolescence

Fetus

- Genetic trait
- SGA  /  LGA
- Glucose  /  insulin
- Fetal androgens  ↑
- AMH
- Aromatase activity

Childhood
- Post-natal weight gain
- Ectopic fat storage
- Premature pubarche
- Early puberty

Peri-puberty

- Central obesity
- Hyperinsulinism
- Hyperandrogenism

Environmental Endocrine Disruptors
Epigenetics

Ethnicity
Cultural practices

Adolescence

PCOS

Fig. 2.2  Natural history of adolescent PCOS according to Louwers et al. [57]
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PCOS is an obesity-related condition, with weight gain and obesity in adoles-
cence contributing to its development [9]. In addition, the link between early adi-
posity rebound in childhood and obesity in adolescence has been established 
[10, 11].

Moreover, it is well known that the risk of developing a binge eating disorder 
increases around pubertal onset and continue to rise through adolescence, leading to 
overweight and obesity.

2.1	 �The Role of Peri-Pubertal Obesity

According to the ACOG, the prevalence of adolescent overweight and obesity is 
about 30% and 20%, respectively. The rising prevalence over the last few decades 
underscores the importance of recognizing its implication at different levels. 
Adolescent obesity merits special attention as its ramifications persist into adult-
hood by modulating endocrine, metabolic, and reproductive performances [12].

As obesity during pubertal development is a risk factor for endocrine and meta-
bolic diseases, it has become critical to understand how this occurs [13]. Obesity is, 
for example, known to modulate pubertal development, as both cross-sectional and 
longitudinal studies have shown it is associated with earlier puberty [14].

How obesity impacts the relationship between sex steroids and glucose metabo-
lism in early puberty is a matter of active research [13].

Besides, it is well known that girls show a “physiological” decrease in insulin 
sensitivity during puberty that begins in Tanner stage 2, reaches a nadir in mid to 
late puberty, and returns to pre-pubertal levels after puberty is completed. This 
“physiological” insulin resistance is thought to play a role in hyperinsulinemia. The 
association between childhood obesity and both insulin resistance and hyperinsu-
linemia has been well documented, especially in Tanner 1–3 girls. The concomitant 
elevation of insulin and testosterone suggests an interrelationship between these two 
hormones [15].

It was recently hypothesized that PCOS might be induced by eating disorders 
occurring at the onset of puberty and associated with stress, mood problems, and 
low self-esteem [16]. In addition, excessive nutrient intake and the subsequent peri-
pubertal obesity can lead to abnormal endocrine and neuroendocrine activity during 
puberty, which may predispose to PCOS. High dietary intake of energy, proteins, 
and polyunsaturated fatty acids are risk factors for overweight and obesity and may 
exacerbate the hyperandrogenism (HA) occurring in most adolescents.

BRAIN

- GnRH  /  LH  ↑
- Leptin sensitivity  ↓
- Appetite  ↑

ABDOMINAL ADIPOSE 
TISSUE

- Visceral fat ↑
-
-

Adipocyte size ↑
Adipokin release ↓

- Lipolysis ↓

LIVER

- Insulin sensitivity ↓
- Inflammation ↑

PANCREAS

- Oxidative stress ↑

Fig. 2.3  Consequences of HA in women according to Rodriguez et al. [58]
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