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Abstract

Background: Polycystic ovary syndrome (PCOS) is the most common endocrine disor-
der among reproductive-age women and has lifelong effects on health.

Methods: In this review, | discuss the pathophysiology of PCOS. First, | summarize our
current understanding of the etiology and pathology of PCOS, then, discuss details
of two representative environmental factors involved in the pathogenesis of PCOS.
Finally, | present perspectives regarding the directions of future research.

Main findings: The pathophysiology of PCOS is heterogeneous and shaped by the
interaction of reproductive dysfunction and metabolic disorders. Hyperandrogenism
and insulin resistance exacerbate one another during the development of PCOS,
which is also affected by dysfunction of the hypothalamus-pituitary-ovarian axis.
PCOS is a highly heritable disorder, and exposure to certain environmental factors
causes individuals with predisposing genetic factors to develop PCOS. The environ-
mental factors that drive the development of PCOS pathophysiology make a larger
contribution than the genetic factors, and may include the intrauterine environment
during the prenatal period, the follicular microenvironment, and lifestyle after birth.
Conclusion: On the basis of this current understanding, three areas are proposed to
be subjects for future research, with the ultimate goals of developing therapeutic
and preventive strategies and providing appropriate lifelong management, including

preconception care.

KEYWORDS
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1 | INTRODUCTION

Polycystic ovary syndrome (PCOS) is the most common endocrine
disorder among reproductive-age women, affecting up to 15%
of women in this age group. There are no significant geographical

differences in prevalence when the most inclusive definition is used
(the 2003 Rotterdam criteria, which are currently the most widely
used).1® PCOS manifests as various phenotypes that differ between
ethnic groups. For example, high body mass index (BMI) is a feature
in Caucasians, whereas lower BMI and mild hirsutism are features
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in East Asians, although no significant differences across ethnic
groups in the prevalence of PCOS itself have been identified when
diagnoses are made using the Rotterdam criteria.’® PCOS is essen-
tially shaped by the interaction between reproductive dysfunction
and metabolic disorders, and has lifelong effects on the health of
affected women.

PCOS is diagnosed according to several criteria: the 1990
National Institutes of Health (NIH) criteria, the 2003 Rotterdam
criteria, the 2006 Androgen Excess & PCOS (AE-PCOS) Society
criteria (worldwide), and the 2007 Japan Society of Obstetrics and
Gynecology (JSOG) criteria (Japan).?*> A comparison of these cri-
teria is shown in Figure 1. The Rotterdam criteria, published by the
European Society for Human Reproduction & Embryology (ESHRE)
and the American Society of Reproductive Medicine (ASRM), require
at least two out of the following three characteristics to be pres-
ent for a diagnosis of PCOS to be made: clinical and/or biochemical
hyperandrogenism, ovulatory dysfunction, and polycystic ovarian
morphology (PCOM). In 2012, the NIH Consensus Conference Panel
recommended specifying the phenotype that is identified using the
Rotterdam criteria, namely, phenotype A, in which all three charac-
teristics are present, and phenotypes B-D, in which two out of three
characteristics are present: phenotype B, hyperandrogenism and
ovulatory dysfunction; phenotype C, hyperandrogenism and PCOM,;
and phenotype D, ovulatory dysfunction and PCOM. The NIH crite-
ria require the presence of two characteristics, hyperandrogenism
and ovulatory dysfunction, while the AE-PCOS criteria require two
characteristics, hyperandrogenism and ovarian dysfunction, which
may be indicated by ovulatory dysfunction or PCOM. Therefore,
PCOS diagnosed using the NIH criteria corresponds to phenotype A
or B, while that diagnosed using the AE-PCOS criteria corresponds
to phenotypes A, B, or C. The JSOG criteria require the presence

of two characteristics, ovulatory dysfunction and PCOM, and one
additional characteristic, biochemical hyperandrogenism or a high
serum concentration of luteinizing hormone (LH) alongside a normal
concentration of follicle-stimulating hormone (FSH). A PCOS pheno-
type diagnosed using the JSOG criteria, comprising ovulatory dys-
function, PCOM, and biochemical hyperandrogenism, corresponds
to phenotype A. However, it is not clear whether a PCOS phenotype
diagnosed using the JSOG criteria, featuring ovulatory dysfunction,
PCOM, and a high LH concentration, corresponds to some of the
phenotypes defined using the Rotterdam criteria. However, this is a
matter of debate, and the implementation of diagnostic criteria var-
ies around the globe and between ethnicities, owing to variations in
the prevalence of the components of PCOS, such as clinical and/or
biochemical hyperandrogenism and ovulatory dysfunction.

The first international evidence-based guidelines, published in
2018, pose various problems for the diagnosis and understanding
of the epidemiology and etiology of PCOS.2 They also clarify the
various comorbidities associated with PCOS, which include psycho-
logical problems, requiring lifelong management. These guidelines
serve as a basis for our common understanding of this enigmatic
disorder, and should stimulate further discussion, basic research
regarding its pathophysiology, and clinical research regarding its
management.

In this review, | discuss the pathophysiology of PCOS. First, |
summarize current understanding regarding the etiology and pa-
thology of PCOS. Next, | discuss in detail two representative en-
vironmental factors that are involved in the pathogenesis of PCOS,
follicular endoplasmic reticulum stress (ER stress) and intrauterine
hyperandrogenism, sharing recent findings from my laboratory and
discussing their clinical implications. Finally, | present perspectives

regarding potential directions for future research.

(A)
Hyperandrogenism
(HA)
Polycystic ovarian Ovulatory * Phenotype A
morphology dysfunction Phenotype B
(PCOM) (oD) Phenotype C
* Phenotype D
(B)
1990 NIH 2006 AE-PCOS 2007 JSOG
HA + + +
oD + + +
PCOM n + +
High LH and normal FSH +
Jof * * part of xx?

FIGURE 1 Diagnostic criteria. (A) 2003 Rotterdam criteria. Phenotype A, featuring all three characteristics of hyperandrogenism (HA),
ovulatory dysfunction (OD), and polycystic ovarian morphology (PCOM); phenotype B, featuring HA and OD but not PCOM; phenotype C,
featuring HA and PCOM but not OD; and phenotype D, featuring OD and PCOM but not HA. (B) Comparison of the phenotypes defined
using the 2003 Rotterdam criteria and the other diagnostic criteria. Polycystic ovary syndrome (PCOS) diagnosed using the 1990 National
Institutes of Health (NIH) criteria corresponds to phenotypes A or B, while a diagnosis made using the 2006 androgen excess & PCOS (AE-
PCOS) criteria corresponds to phenotypes A, B, or C. PCOS diagnosed using the 2007 Japan Society of Obstetrics and Gynecology (JSOG)
criteria may correspond to components of phenotype A or D. FSH, follicle-stimulating hormone; LH, luteinizing hormone
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2 | WHATIS PCOS?

The main cause of difficulties in understanding the patho-
physiology of PCOS is its heterogeneous and complex nature.
Hyperandrogenism, ovulatory dysfunction, aberrant gonadotropin-
releasing hormone (GnRH) pulsation and the resulting abnormal
gonadotropin secretion, and insulin resistance have been impli-
cated in the pathophysiology of PCOS; these factors interact and
exacerbate one another (Figure 2). Ovarian dysfunction involves the
hypersecretion of androgens, which is associated with aberrant fol-
licular growth and ovulatory dysfunction, causing PCOM.*¢7 High
concentrations of anti-Mdillerian hormone (AMH), secreted by pre-/
small antral follicles that accumulate in PCOS ovaries, further ex-
acerbate the ovarian dysfunction by altering the follicular micro-
environment and/or GnRH pulsation. Hyperandrogenism causes a
dysregulation of the pulsatile secretion of GnRH, which can at least
in part be explained by aberrant negative or positive feedback by
progesterone and estrogen, causing the abnormal secretion of gon-
adotropins and, specifically, excess secretion of LH.%2? High con-
centrations of LH and the resulting imbalance in the LH/FSH ratio
exacerbate the dysregulation of follicular growth, as well as causing
the hypersecretion of androgens from thecal cells.”** Insulin resist-
ance is another key component of the pathophysiology of PCOS,
although it is not included in the diagnostic criteria.'?® This insu-
lin resistance manifests in insulin-sensitive organs, such as liver and
muscle, and is associated with visceral adiposity and adipocyte dys-
function.'! Excess androgen secretion increases the level of insulin
resistance, and hyperinsulinemia, which develops secondary to the
insulin resistance, further increases androgen secretion and induces
the production of sex hormone-binding globulin (SHBG) in the liver,
thereby increasing the circulating concentration of bioactive free
testosterone and further aggravating the disorders associated with
hyperandrogenism.“'18

The origin of this vicious cycle of disorders that comprises the
pathology of PCOS remains unknown. The simplest explanation for
this complex and heterogeneous syndrome would be that hyperan-
drogenism is a predisposing factor, while insulin resistance triggers
the development of PCOS.#7181% Hyperandrogenism is caused
by intrinsic dysfunction of theca cells and/or the hypothalamus-
pituitary-ovarian axis, and is exacerbated by high AMH concen-
trations.8 112921 The hyperandrogenism and insulin resistance
exacerbate one another: excess androgen secretion induces visceral
adiposity and adipocyte dysfunction, while the hyperinsulinemia
that develops secondary to the insulin resistance stimulates andro-
gen secretion by theca cells and modulates the effects of gonado-
tropins on theca cells.}4*8

Health professionals, especially in East Asia, may wonder
whether hyperandrogenism is as common in their patients with
PCOS as in those of other ethnicities. Clinical or biochemical hy-
perandrogenism may not be accurately diagnosed at present, and
it has not been determined whether the prevalence of phenotypes
A-D among PCOS patients varies according to ethnicity. It is plausi-
ble that clinical hyperandrogenism is frequently overlooked in East
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Asia, where people have less dense villus hair, because appropriate
cutoff values of the modified Ferriman-Gallway (mFG) score for
the definition of hirsutism in ethnic groups with less dense villus
hair have not been established, nor has it even been determined
whether it is appropriate to use the mFG score in these groups for
the diagnosis of hirsutism.>?2 Biochemical hyperandrogenism is also
difficult to identify at present because assays of direct free testos-
terone, such as the radiometric and enzyme-linked assays that are
frequently used in the clinical setting, are not particularly sensitive
or accurate.® Furthermore, the serum androgen concentration does
not necessarily reflect local hyperandrogenism in the ovary: high
testosterone concentrations in the follicular fluid were found to be
present in two-thirds of East Asian patients with PCOS and a nor-
mal serum testosterone concentration using radioimmunoassay.23
Furthermore, body composition varies substantially among ethnic
groups, with East Asian people showing less adiposity than other
ethnicities.® However, the prevalence of impaired glucose tolerance
is higher in patients with PCOS, independent of obesity, than in indi-
viduals who do not have PCOS, by five-fold in Asia, four-fold in the
Americas, and three-fold in Europe.13

Hyperandrogenism and insulin resistance together contribute to
the pathophysiology, but their individual contributions differ from
patient to patient, which accounts for the heterogeneous nature of
PCOS and its presentation.

3 | WHAT DRIVES THE PATHOGENESIS
OF PCOS?

A high level of familial aggregation has been observed for PCOS. A
Swedish nationwide register-based cohort study that included over
29000 participants showed that daughters born to women with
PCOS had a five-fold higher risk of PCOS than those born to women
without PCOS,?* which is consistent with the findings described
above. In addition, a cohort of twins studied in the Netherlands es-
timated the heritability of PCOS to be ~70%.2°> More recently, the
prevalence of all three traits of PCOS, hyperandrogenism, ovulatory
dysfunction, and PCOM was compared in the daughters born to
women with and without PCOS several years after menarche. This
was found to be 16.2% (7/43) in the daughters born to women with
PCOS, while none of those born to women without PCOS (0/28) ex-
hibited all of these three characteristics.?

To elucidate the mechanism underlying the familial clustering of
PCOS, the associations of various genes with PCOS have been stud-
ied. Candidate genes suggested by genome-wide association stud-
ies (GWAS) include genes that regulate gonadotropin secretion and
action and ovarian function, such as FSHB (follicle-stimulating hor-
mone B polypeptide), LHCGR (luteinizing hormone/choriogonado-
tropin receptor), FSHR (follicle-stimulating hormone receptor), AMH,
and DENND1A (DENN domain containing 1A); and genes associated
with metabolism, such as THADA (thyroid adenoma-associated gene)
and INSR (insulin receptor).?”-%° Furthermore, an evaluation of the
effects of 12 PCOS loci identified by GWAS in Chinese individuals in
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FIGURE 2 Pathophysiology of polycystic ovary syndrome (PCOS). Hyperandrogenism is a key feature and has a synergistic effect with
insulin resistance to induce the development of PCOS. Individual contributions of hyperandrogenism and insulin resistance differ from
patient to patient, which accounts for the heterogenous nature of PCOS and its presentation. Hyperandrogenism, ovulatory dysfunction,
and polycystic ovarian morphology (PCOM) are the characteristics defined in the 2003 Rotterdam criteria. Hyperandrogenism, ovulatory
dysfunction, aberrant gonadotropin-releasing hormone (GnRH) pulsation and the resulting abnormal gonadotropin secretion, and insulin
resistance comprise the vicious cycle that underpins the pathophysiology of PCOS. The abnormalities in the ovarian function of women with
PCOS include the hypersecretion of androgens and ovulatory dysfunction, which causes PCOM. The hypersecretion of androgens is caused
by intrinsic dysfunction of theca cells and/or the hypothalamus-pituitary-ovarian axis, while hyperandrogenism causes abnormal GnRH
pulsation and gonadotropin secretion through the aberrant negative or positive feedback of progesterone and estrogen. The abnormal
gonadotropin secretion in patients with PCOS is characterized by a high luteinizing hormone (LH)/follicle-stimulating hormone (FSH) ratio,
which induces ovarian dysfunction, including the hypersecretion of androgens. In addition, the high concentration of anti-Mdllerian hormone
(AMH), which is secreted by the pre—/small antral follicles that accumulate in the ovaries of women with PCOS, further exacerbates the
ovarian dysfunction by having deleterious effects on the follicular microenvironment and/or GnRH pulsation. Hyperandrogenism is further
aggravated by hyperinsulinemia, which develops secondary to insulin resistance. Hyperinsulinemia causes an increase in androgen secretion
by theca cells and an inhibition of the production of sex hormone-binding globulin (SHBG) in the liver, thereby increasing the circulating
concentration of bioactive free testosterone. Insulin resistance develops in tissues such as liver and muscle, and is associated with visceral
adiposity and adipocyte dysfunction, which are exacerbated by hyperandrogenism

patients of Northern European descent showed similar effect sizes
and directions in both ethnic groups.3! This finding of shared sus-
ceptibility loci in individuals of Chinese and European ancestry sug-
gests that these loci are conserved genetic susceptibility factors for
PCOS, implying that PCOS was present at least 50000-60000years
ago, when their ancestors migrated out of Africa and then racially
diverged, and further implies a common genetic risk profile across
populations.3?73* These findings are consistent with the absence of
differences in the prevalence of PCOS in people of differing ethnic-
ity when identical diagnostic criteria are used.

Although genetic factors are known to be involved in the patho-
genesis of PCOS, it is estimated that the loci identified by GWAS
account for less than 10% of its high heritability.>®** The precise
mechanisms underlying its heritability remain to be determined, but
it is currently considered that PCOS has a multifactorial etiology:
the exposure of individuals with predisposing genetic factors to
potent environmental factors drives the development of the vari-
ous PCOS phenotypes.** The environmental factors involved in
the pathophysiology of PCOS may include prenatal exposure to

the intrauterine environment of mothers with PCOS, the follicular
microenvironment, and lifestyle following birth. The intrauterine
environment of mothers with PCOS features high concentrations
of androgens because of high circulating androgen concentrations
and functional abnormalities of the placenta.35’36 Excess andro-
gen production by the fetal ovaries in response to the intrauterine
environment of mothers with PCOS may further exacerbate the
androgen-richness of the intrauterine environment. Details of the
mechanisms that induce intrauterine hyperandrogenism in mothers
with PCOS will be discussed in section 5. A high circulating con-
centration of AMH during pregnancy, along with hyperinsulinemia
owing to metabolic abnormalities, in mothers with PCOS also con-
tribute to the abnormal intrauterine environment, 213738

In addition, there is plentiful evidence of an abnormal follicu-
lar microenvironment in the ovaries of women with PCOS.% This
is also hyperandrogenic because of the abnormalities in thecal cell
function and the hypothalamus-pituitary-ovarian axis.8 1120 The
local concentration of AMH is high, reflecting the larger number
and altered function of pre-/small antral follicles, which secrete



HARADA

AMH 4043 A proinflammatory state in the follicular microenviron-
ment, as well as low-grade systemic inflammation, is a key feature of
PCOS. Furthermore, local oxidative stress and ER stress are features
of PCOS.*4"*8 Inflammation, oxidative stress, and ER stress form a
vicious circle that adversely affects the follicular microenvironment
of the PCOS ovary, and the local hyperandrogenic conditions fur-
ther activate these pathways. In addition, metabolic abnormalities,
including hyperinsulinemia, have deleterious effects on the follicular
microenvironment.*>*?->% The accumulation of several exogenous
toxins has also been identified in the ovaries of women with PCOS,
including endocrine-disrupting chemicals (EDCs) and advanced gly-
cation end products (AGEs).>*>> AGEs are produced by the Maillard
reaction, in which the carbonyl groups of carbohydrates react non-
enzymatically with the primary amino groups of proteins. | will fur-
ther discuss the role of ER stress in the pathophysiology of PCOS in
section 4.

There is no doubt that an unfavorable lifestyle, including a poor
diet, which also increases the risk of metabolic disease, drives the
pathogenesis of PCOS.1%*? Certain lifestyle factors result in the ac-
cumulation of exogenous toxins in the follicular environment, such
as the exposure to EDCs and the consumption of AGE-rich food,
may also drive the development of PCOS. AGEs can form either en-
dogenously or exogenously, but most originate exogenously, from
smoking or a high-fat and/or high-protein diet, especially if this in-
cludes food items cooked at high temperature and in a low-moisture
environment.>

In the following sections, | will discuss in detail the involvement
of the two environmental factors mentioned above in the pathogen-
esis of PCOS, namely, local ER stress in the follicular microenviron-
ment and the androgen-rich intrauterine environment of mothers

with PCOS, and share our recent findings.

4 | ROLE OF FOLLICULAR ER STRESS IN
THE PATHOPHYSIOLOGY OF PCOS

4.1 | ERstress

ER stress has recently been recognized to play important roles in
both the pathogenesis of various diseases and the maintenance of
physiological processes. The ER is the organelle responsible for the
folding and assembly of secretory proteins, and ER stress is defined
as a condition in which unfolded or misfolded proteins accumulate
in the ER because of an imbalance in the demand for protein folding
and the protein-folding capacity of the ER.495357.58 ER stress results
in the activation of several signal transduction cascades, collectively
termed the unfolded protein response (UPR), which affect and regu-
late various cellular functions. In principle, the UPR exists to restore
homeostasis and keep the cell alive in three ways: by reducing the
translation of proteins; by increasing the synthesis of ER chaper-
ones, thereby increasing protein-folding capacity; and by generating
ER-associated degradation (ERAD) factors that remove irreparably
misfolded proteins. However, if the ER stress cannot be resolved,
the UPR induces programmed cell death. ER stress and the UPR play
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critical roles in various pathological conditions in humans, including
diabetes, neurodegeneration, cancer, inflammatory conditions, and

fibrosis.**>?

4.2 | ERstressin PCOS

The follicular microenvironment is regulated by gonadotrophins
and intraovarian factors in a spatially and temporally coordinated
manner. Intraovarian factors have regulatory roles during the entire
process of follicular growth and play crucial roles in pathological
conditions of the ovary, including PCOS.3%53%0:61 We demonstrated
for the first time that ER stress pathways are activated in the granu-
losa cells of both a mouse model of PCOS induced by the continuous
administration of androgen and in humans, and this finding has been
confirmed by other groups.*®%2-¢7 We also found that local hyperan-
drogenism in the follicular microenvironment of PCOS is an activator
of ER stress in human granulosa cells,®? and this finding has been
confirmed in mouse granulosa cells.®® Other potential activators of
ER stress in the follicular microenvironment of PCOS would be local
inflammation and oxidative stress, which are closely connected with
ER stress and form a vicious circle, and the local hyperandrogenic
conditions further activate these pathways.*>**=>3 Accumulation of
AGEs and lipid observed in the follicular microenvironment of PCOS
may also account for activation of ER stress.®®? Various local fac-
tors exacerbated in the follicular microenvironment of PCOS may
cooperatively compromise ER function, thus activate ER stress.

The ovarian dysfunction in PCOS is characterized by aberrant
follicular growth, which accelerates in the early stage and arrests
at the antral stage; a failure of the selection of dominant follicles
to ovulate; and an ovulatory disorder.”® The ovarian morphology of
patients with PCOS is characterized as PCOM with interstitial fibro-
sis.”! We demonstrated that ER stress contributes to the pathophys-
iology of PCOS through multiple functional alterations in granulosa
cells*8:52:587274 (Fisyre 3). ER stress stimulates the production
of transforming growth factor-p1 (TGF-B1), a profibrotic growth
factor, in granulosa cells and accelerates interstitial fibrosis in the
ovary, which is a characteristic of PCOS.*8 ER stress mediates the
testosterone-induced apoptosis of granulosa cells via the induction
of the proapoptotic factor death receptor 5 (DR5) and is associated
with follicular growth arrest at the antral stage, which is another
characteristic of PCOS.>2 ER stress also mediates the testosterone-
induced expression of receptor for advanced glycation end products
(RAGE) in granulosa cells, resulting in the accumulation of AGEs in
these cells.”?> AGEs are known to accumulate in the granulosa cells
of patients with PCOS and are associated with the pathology.”® ER
stress also activates aryl hydrocarbon receptor (AHR), a represen-
tative receptor for EDCs, and its downstream signaling in granulosa
cells, by which means it could plausibly alter steroid metabolism in
these cells.”® Furthermore, ER stress induces the expression of multi-
ple genes associated with cumulus oocyte-complex (COC) expansion
in granulosa cells via Notch signaling, one of the most evolutionarily
highly conserved signaling systems, which regulates various cellu-
lar processes via juxtacrine cell-cell interactions.”® Measurement of
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FIGURE 3 Endoplasmic reticulum stress (ER stress) develops in the follicles and forms a key component of the pathophysiology of
polycystic ovary syndrome (PCOS). Local hyperandrogenism in the follicular microenvironment activates ER stress in PCOS. ER stress
contributes to the pathophysiology of PCOS by affecting the function of granulosa cells (GCs) in a number of ways. ER stress stimulates the
production of transforming growth factor-p1 (TGF-B1), a profibrotic growth factor, in GCs and accelerates interstitial fibrosis in the ovary.
ER stress mediates the testosterone-induced apoptosis of granulosa cells by inducing expression of the proapoptotic factor death receptor 5
(DR5) and is associated with follicular growth arrest at the antral follicle stage. ER stress also mediates the effects of testosterone to induce
the expression of receptor for advanced glycation end products (RAGE) in GCs, which results in the accumulation of advanced glycation end
products (AGEs), thereby affecting various cellular processes. ER stress also activates the aryl hydrocarbon receptor (AHR), a representative
receptor for endocrine-disrupting chemicals (EDCs), and its downstream signaling in GCs, which may alter steroid metabolism in these cells.
Furthermore, ER stress induces the expression of multiple genes that are associated with cumulus oocyte-complex (COC) expansion in GCs

via notch signaling

the diameters of COCs showed that the ER stress-Notch pathway
increases the size of COCs, although it remains to be determined
whether such hypermaturity of COCs plays a causative role in the

ovulatory dysfunction that characterizes PCOS.”*

4.3 | Clinical implications
These findings suggest that ER stress and the UPR represent po-
tential therapeutic targets for PCOS. Indeed, the treatment of de-
hydroepiandrosterone (DHEA)-induced PCOS mice with ER stress
inhibitors ameliorates their reproductive dysfunction; specifically,
it improves the estrous cycle and PCOM by reducing the number
of atretic antral follicles.”? Histologically, treatment with ER stress
inhibitors reduces the levels of interstitial fibrosis and collagen dep-
osition in the ovary, the apoptosis of granulosa cells of the antral
follicles, and the accumulation of AGEs in these cells, with a con-
comitant reduction in ovarian ER stress. 8272

There are two means of modulating ER stress and the UPR: one is
to reduce ER stress by attenuating the protein misfolding that under-
pins it, and the other is the targeting of specific UPR factors.>® For the
first strategy, chemical chaperones can be used as a pharmacological
approach, and lifestyle interventions may also be effective. Chemical
chaperones are a group of low-molecular mass compounds that stabi-
lize the folding of proteins and reduce abnormal protein aggregation,
thereby reducing protein misfolding.”” Two chemical chaperones,
tauroursodeoxycholic acid (TUDCA) and 4-phenylbutyrate (4-PBA),

have been used clinically to treat liver diseases and urea cycle dis-
orders, respectively, for a long time, and recent studies have shown
that they function as chemical chaperones. Lifestyle is associated
with the activation of ER stress, either directly or indirectly. For in-
stance, ER stress is activated in the granulosa cells of obese women.”®
In addition, it is closely connected with other local factors, including
oxidative stress, AGEs, and inflammation, all of which are affected
by Iifestyle.és'79 Lifestyle interventions, including the consumption of
supplements, may represent valuable approaches, given that they are
usually accepted as part of preconception care. In contrast, there are
no small molecules in clinical use that target specific UPR factors at
present. Various promising molecules are in development, in partic-
ular targeting the UPR branch activated by double-stranded RNA-

activated protein kinase-like ER kinase (PERK).”’

5 | PRENATAL EXPOSURE TO EXCESS
ANDROGENS, ALTERATIONS IN THE GUT
MICROBIOME, AND THE DEVELOPMENT
OF PCOS

5.1 | Prenatal exposure to excess androgens in the
daughters of women with PCOS and the development
of PCOS in their later life

The daughters of women with PCOS are prenatally exposed to high
concentrations of androgens. Daughters born to women with PCOS
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have a larger anogenital distance, which serves as a biomarker of
intrauterine exposure to excess androgens, during the fetal and
neonatal periods as well as in adulthood.?°8% |n addition, serum
androgen concentrations are higher in women with PCOS than in
those without it during pregnancy.®®8* Moreover, placental tissue
from women with PCOS is characterized by a higher activity of 3p-
hydroxysteroid dehydrogenase-1 (3f-HSD-1) and a lower activity of
P450 aromatase than that from women without PCOS, which could
also explain the hyperandrogenic intrauterine environment of preg-
nant women with PCOS.%¢ These findings are consistent with a role
for prenatal exposure to excess androgen in the daughters of women
with PCOS.

Several other mechanisms may contribute to the hyperandro-
genic intrauterine environment of pregnant women with PCOS.
Metabolic dysfunction in women with PCOS can induce fetal hyper-
insulinemia, which increases androgen production from the ovaries
of the fetus after midgestation.®”*® In addition, pregnant women
with PCOS have higher serum AMH concentrations than women
without, and this high AMH may result in maternal neuroendocrine-
induced testosterone excess and less placental metabolism of tes-
tosterone to estradiol, as shown in pregnant mice treated with AMH,
leading to hyperandrogenism in utero.?!

Numerous studies have shown that prenatally androgenized
(PNA) animals, including rodents, sheep, and rhesus monkeys, ex-
hibit PCOS-like reproductive and metabolic phenotypes in adult-
hood, as extensively reviewed previously.®>” The investigation of
the mechanism by which prenatal androgen exposure may induce
the development of PCOS in adulthood has just started. One pos-
sible mechanism is the induction of epigenetic changes in fetal so-
matic and/or germ cells by prenatal androgen exposure. Prenatal
exposure to androgens induces specific epigenetic changes in the
ovary, including in granulosa and theca cells, and in the key meta-
bolic tissues, including liver, muscle, and visceral and subcutaneous
adipose tissue.®88? prenatal androgen exposure may also induce
the epigenetic modification of germ cells: PCOS-like reproductive
and metabolic traits are observed in the granddaughters of female
mice that are perinatally exposed to androgens, as well as in those
exposed to AMH, which causes intrauterine hyperandrogenism.?*?°
It is also plausible that in utero exposure to androgens might cause
abnormal ovarian and early follicular development. Daughters born
to mothers with PCOS exhibit high serum concentrations of AMH,
which is produced by granulosa cells and reflects follicular develop-
ment during infancy, prepuberty, and at the time of delivery, than
those born to mothers without PCOS.3>?! In addition, a high density
of small preantral follicles is present in the ovaries of women with
PCOS, which may be the result of a larger population of germ cells in
the fetal ovary, or a lower rate of loss of oocytes during late gesta-
tion, childhood, and puberty.”?> Another interesting finding that may
link prenatal androgen exposure to PCOS in later life is the dysbiosis
of the gut microbiome of adult female rodents prenatally exposed to

z]ndrogens.93’94
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5.2 | Potential role of the gut microbiome in the
pathogenesis of PCOS

The links between the gut microbiome and various physiologi-
cal and pathological conditions have been receiving an increasing
amount of attention during the past decade. Metabolic disorders are
of particular interest in this research field, and mounting evidence
is consistent with the important and causative roles of dysbiosis
of the gut microbiome in metabolic disorders, such as obesity and
type 2 diabetes.”?® Given that sex steroid hormone concentrations

9798 it is conceivable that

are related to gut microbial composition,
changes in gut microbiome may play a role in the pathophysiology of
PCOS. Recent studies have demonstrated that the gut microbiomes
of adult patients with PCOS and in various models of PCOS differs
from those of healthy individuals and control animals, respectively,
as summarized in a recent review.”” Moreover, the transplantation
of feces from or cohousing with healthy rodents ameliorates the
PCOS-like phenotypes of such models. These findings imply that
the gut microbiome plays a causative role in the pathogenesis of
PCOS, 100201

5.3 | Effects of prenatal exposure to high androgen
concentrations on the gut microbiome and the
development of the PCOS phenotype

We hypothesized that prenatal exposure to high concentrations of
androgens would induce dysbiosis of the gut microbiome early in
life and thus lead to the development of PCOS in later life. As a first
step in testing this hypothesis, we compared the gut microbiomes
of PNA mice induced by the injection of dihydrotestosterone (DHT)
into pregnant dams and control mice when they were prepubertal
(4weeks of age); at puberty (6 weeks); and during their adolescence
(8 weeks), young adulthood (12weeks), and adulthood (16 weeks).
We then studied the temporal relationship between the alterations
in the gut microbiome and the development of PCOS-like pheno-
types.t%? The PCOS-like reproductive phenotype was identified
through the assessment of estrous cyclicity, ovarian histology, and
serum testosterone concentration, and the metabolic phenotype
was assessed using the measurement of body mass, the size of vis-
ceral adipocytes, insulin tolerance, and fasting blood glucose (FBG)
concentration. We performed next-generation sequencing (NGS) of
fecal bacterial 16S rRNA genes to characterize the gut microbiomes
of mice. The a- and p-diversities, which reflect the richness of the
microbial species and the similarity between the groups, respec-
tively, were calculated, and the differences in the bacterial taxa be-
tween the control and PNA offspring were also identified.

We found that abnormalities appear in the gut microbiome as
early as or even before PCOS-like phenotypes manifest in PNA

102 (

offspring Figure 4). Specifically, the reproductive phenotype of

PCOS became apparent at puberty in the PNA offspring, which was
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followed by the appearance of the metabolic features of PCOS in
young adulthood. By contrast, alterations to the composition of the
gut microbiome of female PNA offspring were apparent as early as
before puberty and continued throughout the study, with a lower
richness of bacterial taxa after young adulthood in PNA offspring,
and significant differences in the microbial communities of the PNA
and control groups during adolescence. Eleven bacterial taxa were
consistently more or less abundant in the PNA group across multiple
time points, and the abundances of nine of these taxa were lower in
the PNA group. In addition, 5 and 10 of these 11 taxa were already
less abundant before and at puberty, respectively.

5.4 | Clinical implications

Our findings that abnormalities appear in the gut microbiome as
early as or even before PCOS-like phenotypes manifest in PNA off-
spring, and that these mimic the in utero environment of women
with PCOS, imply that female PNA offspring that are susceptible
to PCOS already have an abnormal gut microbial composition soon
after weaning, and this may be amplified by the consumption of
certain foods and sex steroid action after puberty, contributing to
the development of the reproductive and metabolic phenotypes of
PCOS.

Importantly, given that there is currently no preventive strategy
forusein girls at a high risk of subsequently developing PCOS, includ-
ing for the daughters of mothers with PCOS, our findings suggest a
novel strategy for the prevention of PCOS in later life. To clarify the
role of alterations of gut microbiome in the development of PCOS in
later life, intervention studies are needed. In addition, the identifica-
tion of the mechanism by which dysbiosis is induced in PNA offspring
as early as just after weaning should provide insight into whether

interventions in pregnant women with PCOS or in daughters born

Exposure to
excess androgens

in utero

e

Prepuberty Puberty Adolescence Young Adulthood

- B ' - -«

to such mothers would be more effective. Alterations to the intra-
uterine environment of PNA dams might affect the formation of gut
microbiome in their pups. Alternatively, the gut, skin, and/or milk
microbiome of PNA dams might be altered by DHT treatment, and
this altered microbial population might be transmitted to their pups
during delivery and feeding. Furthermore, the identification of fecal
metabolites that are affected by dysbiosis in PNA offspring would
be helpful in guiding the selection of novel pre-/pro-/postbiotics that

might help prevent the development of PCOS.

6 | FUTURE PERSPECTIVES

The pathophysiology of PCOS is heterogeneous in nature and is
further complicated by the variations in presentation between
ethnicities. The pathogenesis is shaped by interactions between
reproductive dysfunction and metabolic disorders: hyperandro-
genism and insulin resistance exacerbate one another in the de-
velopment of PCOS, which is also affected by altered function of
hypothalamus-pituitary-ovarian axis. PCOS is highly heritable, and
genetic factors are certainly involved in its pathogenesis, but the
loci identified using GWAS appear to only account for a small pro-
portion of this heritability. It is currently considered that PCOS is
a multifactorial disorder, like type 2 diabetes, with the exposure to
environmental factors causing individuals with predisposing ge-
netic factors to develop PCOS. However, environmental factors
play a much larger role than genetic factors. These environmental
factors may include the intrauterine environment during the pre-
natal period, the follicular microenvironment, and lifestyle follow-
ing birth.

On the basis of this current understanding, the following three
areas represent targets for future research (Figure 5). The first is to

identify the factors that induce the development and progression of

Adulthood

aw ow

8w 12w 16w

Development of phenotypes of PCOS

Reproductive

Altered composition of the gut microbiome

FIGURE 4 Temporal relationship between alterations in the gut microbiome and the development of polycystic ovary syndrome (PCOS)-
like phenotypes in prenatally androgenized (PNA) mice. PNA mice were generated by injecting dihydrotestosterone (DHT) into pregnant
dams. The gut microbiomes of PNA and control mice were analyzed when they were prepubertal (4 weeks of age); at puberty (6 weeks); and
during their adolescence (8 weeks), young adulthood (12 weeks), and adulthood (16 weeks). Then, the temporal relationship between the
alterations in the gut microbiome and the development of the PCOS-like phenotype was evaluated. The reproductive phenotype of PCOS,
involving changes in estrous cyclicity, ovarian histology, and serum testosterone concentration, became apparent at puberty in the PNA
offspring. This was followed by the appearance of the metabolic characteristics of PCOS in young adulthood, featuring differences in body
mass, the size of visceral adipocytes, insulin tolerance, and fasting blood glucose (FBG) concentration. By contrast, alterations to the gut
microbiome of female PNA offspring were apparent as early as before puberty and were present throughout the study
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dysfunction and metabolic disorders

High levels of familial
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Prevention
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Treatment
Adulthood
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Factors induce development and

progression of PCOS after birth

Mechanisms underlying
the high heritability

Biomarkers to identify individuals
at high risk during their early life

FIGURE 5 Summary and future directions. Three principal characteristics of the pathophysiology of polycystic ovary syndrome (PCOS)
have been identified to date: an interaction between reproductive dysfunction and metabolic disorders, high familial aggregation and
heritability, and a substantial contribution of environmental factors. On the basis of this current understanding, the following three areas
represent targets for future research. (1) To identify the factors that induce the development and progression of PCOS after birth and
elucidate the underlying mechanisms. (2) To elucidate the mechanisms underlying the high heritability of PCOS. (3) To identify biomarkers
that could be used to identify individuals at high risk of developing PCOS during their early life. Future research should aim to develop
therapeutic and preventive strategies, with the ultimate goal of achieving appropriate lifelong management, including preconception care

PCOS, and to elucidate the underlying mechanisms. In particular, the
mechanism connecting the reproductive and metabolic abnormali-
ties that comprise the pathophysiology of PCOS is of great interest
because such knowledge could be used to target the interruption
of the vicious cycle involved, but research in this area to date has
been limited. In addition, further investigation of the environmental
factors that are known to drive the development of PCOS through
effects after birth, such as the follicular microenvironment and life-
style, is necessary. Furthermore, the identification of novel factors,
which may include psychosocial factors, would add to our under-
standing of the pathophysiology.

The second area for further research is the elucidation of the
mechanisms underlying the high heritability of PCOS. The research
performed to date may have underestimated the contribution of ge-
netic factors. The limited contribution of the genetic loci identified
by GWAS may be at least in part attributable to the ‘common dis-
ease, common variants’ rationale of GWAS, which means that the
etiology of common and complex diseases cannot be explained by
the limited number of common variants of moderate-to-low effect
size that can be detected using this method.!® The use of novel
strategies in combination with GWAS, including the investigation
of gene-environment interactions, may help elucidate the actual
contributions of genetic factors to the high familial aggregation and
heritability of PCOS.

Investigation of the mechanisms by which the intrauterine envi-
ronment during the perinatal period predisposes toward the devel-
opment of PCOS in later life has only just started, and this is definitely
a promising area of research, given that accumulating evidence im-
plies that this phenomenon is important in humans rather than just
in experimental animals. As discussed, the induction of epigenetic
changes in fetal somatic and/or germ cells, and of dysbiosis of the

offspring's gut microbiome, requires investigation. With respect to
the gut microbiome, the identification of the fecal metabolite con-
centrations that are affected by dysbiosis and an exploration of the
functional links between the gut and other organs should improve
our understanding of the pathophysiology of PCOS as a systemic
disorder. Other environmental factors present after birth that may
be involved in the high familial aggregation and heritability, the fol-
licular microenvironment and lifestyle, overlap with the first area for
future research described above.

The third area for further research is the identification of
biomarkers that could be used to identify individuals early in life
who are at high risk of developing PCOS in later life. As discussed,
women born to mothers with PCOS are at high risk of develop-
ing PCOS, but a Swedish nationwide register-based cohort study
showed that only 3.3% (78/2275) of daughters born to mothers
with PCOS were subsequently diagnosed as having PCOS, while

t.2* The identification of biomarkers

the remaining 96.7% were no
capable of distinguishing these two groups early in life would help
them receive appropriate care. However, the mothers of women
diagnosed with PCOS were not necessarily diagnosed as having
PCOS themselves: in the Swedish cohort, 67.1% (159/237) of all
daughters diagnosed with PCOS were born to mothers who did not
have PCOS.%* Biomarkers that can be used to identify women who
are predisposed toward the development of PCOS in groups that
are theoretically at low risk, such as those who were born to moth-
ers without PCOS, would also be helpful. Evaluation of maternal
metabolic and/or hormonal status during pregnancy may be help-
ful for distinguishing daughters at high and low risk. Alternatively,
metabolic and/or hormonal status of daughters themselves at their
early stage of life, that is at infancy or childhood, may serve as a
biomarker identifying those who may develop PCOS in later life.
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Totally novel biomarkers, including fecal metabolites or gut micro-
bial composition, would be of special interest for future research.

These areas for future research should enhance our understand-
ing of this complex and enigmatic disorder, facilitate the develop-
ment of therapeutic and preventive strategies that would supersede
the current approach that targets individual symptoms, and help us
achieve the eventual goal of achieving appropriate lifelong manage-

ment of PCOS, including preconception care.
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