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Abstract

Polycystic Ovary Syndrome (PCOS) accounts for a ma-
jor form of dysovulatory infertility, often observed in ~15% 
women belonging to reproductive age. Being the etiology 
undecipherable and the management requiring a diversified 
approach, the call for a suitable animal model is warranted 
that will be able to mimic both reproductive as well as meta-
bolic facets of the syndrome. Even though numerous animal 
models are widely used, none of them could essentially fulfil 
both of the above criteria and thereby lack vivid clarity in 
the selection of the predicted methods. Thus, this review 
concentrates on putting forward some of the reliable meth-
odologies for rodent model/s of PCOS along with the me-
ticulous understanding of the physiological, hormonal, and 
metabolic changes involved in the process. Furthermore, we 
detail the perception of gut microbiota-induced PCOS phe-
notype, which has not been yet translated entirely in labo-
ratory research along with a precise food-metabolite-gene 
loop working behind the manifestation of the syndrome. 
The benefits and restrictions of different hormonal treat-
ments or genetic manipulation of animal models for the 
heterogeneous endocrinopathy are also highlighted along 
with the current development and future trend.
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Introduction

Polycystic Ovary Syndrome (PCOS) is probably one of the 
most frequently observed ovulatory disorders that arrests ap-
proximately 10-15% woman of reproductive age [1]. Extensive 
investigation during recent years have equivocally designated 
PCOS as a multifactorial disease, however, etiology and the 
mechanism of the disease not yet fully elucidated. This perhaps 
stands as a major hurdle in fixing the targeted therapeutic strat-
egy for the disease [2]. 

Considering unavoidable limitations on undertaking compre-
hensive studies on humans, an array of PCOS induced animal 
models have been developed mimicking the syndrome to some 
extent. However, the diverse etiology with wide phenotypes of 
the disease brings down the potential of a single model to dis-
play the pathogenesis of the syndrome in all dimensions. While 
some models do represent the characteristic morphological 
features of the disease, they lack to reproduce the metabolic 
aspects and vice versa [3]. Moreover, familial and heritable as-
pects of PCOS demand attention towards the contribution of 
genetic, epigenetic and developmental conditions behind the 
etiopathogenesis of the disease [4]. Eventually, PCOS has been 
described where genetic influences for energy conservation 
may negatively impact reproductive potential under particular 
environmental circumstances. However, progress towards early 
detection of PCOS is held back due to undeciphered pre-PCOS 
diagnostic biomarkers, thus advocating interdisciplinary re-
search and developments in this direction [5]. 

Clinical Picture of PCOS: The Androgen Circle

The clinically prominent hallmarks of PCOS include hyperan-
drogenism, menstrual dysfunction and polycystic ovarian mor-
phology [5]. In accordance to Rotterdam criteria, four types of 
PCOS phenotypes had been put across, namely, type A, B, C and 
D. (Table 1).

Table 1: Four PCOS phenotypes [6].

Type of PCOS 
phenotype

Hyperan-
drogenism

Ovulatory 
dysfunction

Polycystic ovary 
morphology

Prevalence

worldwide

Type A √ √ √
40-45%

Type B √ √

Type C √ √ ~35%

Type D √ √ ~20%

The ultrasound finding of Polycystic Ovarian Morphology 
(PCOM) characterized by the presence of more than 12 follicles 
with increased ovarian volume is often observed in females of 
different ages, which may be triggered by many factors includ-
ing certain pharmacological treatments [7]. Thus, diagnosis of 
PCOS on basis of PCOM stands isolated and needs to be backed 
up by the presence of other hallmarks, which include ovulatory 
dysfunction and hyperandrogenism. Clinically, hyperandrogen-
ism is evaluated particularly through skin conditions including 
hirsutism, acne, acanthosis, skin tags and irregular menstrual 
cycle [8]. The pathogenesis of PCOS is indeed a genetically me-
diated ovarian disorder where elevated androgen synthesis 

in early life may transpire into a hormonal imbalance leading 
to PCOS in adulthood. Thus, experimental hyperandrogenism 
forms the basis of developing PCOS induced animal models. 
Rodent/s expressing PCOS phenotype/s display endocrine dys-
functions [9] with minimum metabolic disturbances in single or 
in combination like Insulin Resistance (IR), glucose tolerance, hy-
perlipidemia, obesity, type 2 diabetes and even cardiovascular 
disease which are the most prominent comorbidities associated 
with human PCOS [10,11]. IR and hyperandrogenemia stimulate 
each other in a reciprocal fashion. The enhanced bioavailabil-
ity of androgen in conjunction with IR thwart the cyclic rhythm 
of follicular recruitment [12]. Recruitment and development 
of ovarian follicle during reproductive cycle is related to P13K-
Akt signaling pathway. This pathway is initiated by the binding 
of insulin receptor substrate 1 (IRS-1) with its ligand insulin or 
IGF-1, followed by phosphorylation of IRS-1. Phosphorylation of 
IRS-1 induces a downstream signaling cascade which results in 
upregulated FOXO1 expression in cystic follicles inducing oxida-
tive stress mediated apoptosis in the granulosa cells [13,14,15]. 

Obesity regulates PCOS in a positive feedback loop; hence, 
a bold prospect of adipose tissue intervention in the pathogen-
esis is evident. Leptin release by white adipose tissue regulates 
Kiss1 neuron present in hypothalamus, which in turn activates 
GnRH neuron/s finally leading to secretion of LH from the pi-
tuitary gland. Perturbation of HPO axis with a “danger alarm” 
in the positive feedback loop of leptin-Kiss1 reduces the nega-
tive feedback of estrogen to hypothalamus leading to increased 
pulse frequency of LH. Hence, this culminates into vicious cycle 
of hyperandrogenism producing several clinical manifestations 
of PCOS [3]. It is worthy to note that the possible contribution 
of visceral lipolysis towards metabolic malfunctioning in PCOS 
can also be triggered by androgens. However, influence of hy-
perandrogenism on lipolysis and adipocyte functioning in PCOS 
patient remains largely incoherent. Manifestation of physiologi-
cal hallmarks of PCOS is summarized in Figure 1. 

Relevance and purpose

Laboratory animal models like rodent/s exhibit mammalian 
similarities on reproductive tract development and hormone 
actions with that of humans, although there exists a percep-
tible variance in reproductive physiology with respect to etho-
logical behavior, ovulation number, duration of breeding cycle, 
ovulation pattern and hormonal sensitivity etc. [16]. In addition, 
animal models often exhibit a single trait of the Rotterdam cri-
terion for PCOS like hyperandrogenism, which is considered as 
PCOS like trait, but is not adequately PCOS in totality [12]. For 
comprehensive perception of PCOS induced rodent model, it 
is thus imperative to decipher overall reproductive physiology 
along with the updated molecular pathophysiology which will 
further assist in contributing the understanding of the disease 
within humans. A combined perception of physiological, hor-
monal and metabolic changes is therefore essential for planning 
and executing experiments with this model/s. The purpose of 
the review is to deliver an overview of hormone-induced and 
genetically modelled PCOS paradigm/s highlighting prominent 
and influential food omics approach towards manifestation of 
PCOS with easy interpretation.
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Figure 1: Manifestation of physiological hallmarks of PCOS.

Reproductive Physiology: Understanding common bridges 
between species

The parts of brain consisting of hippocampus, hypothalamus, 
thalamus, amygdala, and pineal gland contribute in formation 
of the limbic system [17]. In female rats, GnRH is released from 
the neural elements in close proximity to medial preoptic nu-
cleus of hypothalamus like that of the humans. GnRH neurons 
receiving estrogen signalling is crucial for coordinating the pre-
ovulatory surge of LH that brings about the follicular develop-
ment and maturation, followed by ovulation [18,19]. The short 
duration of estrous cycle of 4-5 days in rodents makes them al-
luring model/s for exploring all the key physiological changes 
associated with the reproductive stages.

The recurring pattern of cellular growth and differentiation 
of ovarian tissues is coordinated by ovarian factors along with 
the production of stimulatory hormones from anterior pituitary 
and hypothalamus. However, mechanism/s for the blockade of 
GnRH surge in rats showing uninterrupted estrous cycle is inad-
equately deciphered. The major characteristic feature of PCO is 
arrested follicular maturation leading to an abnormal ovarian 
endocrine environment. Presence of vaginal cornified cells in 
the smear taken from rodent vagina for a minimum period of 
10 days is referred as the sign of persistent vaginal cornification. 
This is considered as a signal for cystic follicle [20]. Moreover, 
timing of the opening of vagina in response to ovarian steroids 
is taken as one of the prime indication of onset of puberty in 
rodents. However, the vaginal opening generally depends on 
the body mass, rather than chronological age. The event may 
be a consequence of a combination of endocrine changes that 
occur early in postnatal life. The association of earlier sexual 
maturation with obesity is also well described. Girls with early 
sexual maturation were twice as likely to be obese than other 
girls [21]. The causal nature of this relationship remains blurred, 
but it is possible that increased androgens may play a role in 
this phenomenon. It is to be remembered that during PCOS, the 
H-P-O axis regulated estrous cycle is glitched by the elevated 
androgens and insulin resistance, which conclusively culminates 
to anovulation and delayed estrous cycle [2].

Barker’s hypothesis and fetal programming in PCOS: Signifi-
cance of androgen receptor

The developmental origin of Barker’s hypothesis speaks off 
the permanent alteration of the fetal development, morphol-
ogy and physiology due to critical exposure(s) during gestation, 
and thereby increases the susceptibility to reproductive track 
associated disease and also likely influences the phenotypic ex-

pression and trans-generational transmission of PCOS [22]. This 
backdrop forms the basis of understanding of female reproduc-
tive system in rodent/s and its association with the maternal 
androgen level/s. The sexual dimorphism in mouse is brought 
about by the essential actions of androgens [23] which is even 
more understood by the difference in positioning of the Mulle-
rian ducts and the urogenital junction in male and female mice 
[24]. It is to be noted that PCOS women have daughters display-
ing two strong markers associated with in-utero androgen expo-
sure, an extended anogenital distance and elevated sebum pro-
duction in face [25]. Surprisingly, increased urogenital distance 
after postnatal androgenisation is also observed in rodent/s 
[26]. These clinical observations back up Barker’s hypothesis, 
which underlines the influence of excess fetal androgen stimu-
lating the developmental programming of PCOS. 

As hyperandrogenism is a pivotal feature in PCOS, it is im-
portant to stroke the mechanistic chord of androgen action in 
ovary via the Androgen Receptor (AR). AR expression is pres-
ent throughout most stages of follicular development with dis-
tinct patterns among mammalian species. Interestingly, during 
most of follicular developmental stages, Granulosa Cells (GCs) 
predominantly express AR with substantial increased amount 
of small preantral and antral follicles [27]. This cues to a change 
in ovarian picture resulting PCOM. Wang and his co-workers 
in 2015 showed that GCs with alternative splice variants of 
AR cause impaired function of transcription factor/s, which 
ended into increased androgen production and follicle growth, 
thereby manifesting to PCOS phenotypes [28]. These circulating 
androgens brought forth the altered expression of genes asso-
ciated with folliculogenesis (DHCR24 and DHRS13), along with 
C1GALT, PRSS23, IGFBP7, PGK1, IGFBP5, TMSB10 and HSPG2, 
FBN1, SPARC, PLOD2 which regulates ovarian steroidogenesis 
and ovulation respectively. Recently, Aflatounian et al. docu-
mented similar findings in AR-associated PCOS phenotype [29]. 
Caldwell and his colleagues in 2017 demonstrated that specific 
loss on AR signalling in the brain of a hyperandrogenized PCOS 
mice protects it from developing metabolic PCOS traits [30]. 
Moreover, silencing of AR signalling on theca cells of ovarian 
follicles of PCOS induced mice had shown restoration of cyclic-
ity and ovulation [31]. With the advancements on CRISPR/Cas9 
technology, cell specific AR knockout rodent models are holding 
big promise on revealing mechanistic investigations on andro-
gen - AR associated PCOS etiology.

Animal models of PCOS: Advantages of androgenized rodent

Hyperandrogenism in PCOS is primarily of theca origin [32]. 
Presence of androgen/s is observed in peripheral fluid/s in the 
form of Androstenedione (A), Testosterone (T), Dehydroepi-
androsterone Sulfate (DHEAS) to name a few [33]. 

The foetus of rhesus monkeys and sheep when exposed to 
high levels of androgens resulted in manifestation of PCOS phe-
notypes during their adolescence. A research team lead by Te-
resa in 2007 showed that exposure of monkey to testosterone 
during 30 to 90 days of fetal life resulted in offspring with low 
birth weight, hypergonadotropism, multifollicular ovaries, and 
early cessation of cyclicity [34]. Same workers reported that 
time-mated pregnant ewes treated with testosterone propio-
nate twice weekly from day 30 to 90 of gestation led to an in-
creased fetal weight ratio with respect to that of control. After 
fetal exposure to high levels of androgens, adolescent rhesus 
monkeys and sheep show many features of PCOS. However, use 
of these models to study the etiology of PCOS is exorbitantly 
costly.
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Neonatal/early postnatal androgenization in rats was report-
ed to express the basic doctrine of human PCOS [35]. Among 
the different induction protocols, female rats when treated with 
Testosterone (T) or 5β-Dihydrotestosterone (5β -DHT) during 
early 5 days postpartum showed persistent anovulatory estrous 
syndrome during adulthood of all the rats; 74% injected with 
5β -DHT displaying anovulation ~120 days of age [36]. Further-
more, administration of androstenedione [37] or DHEA [38] to 
neonatal or adult female rats induced PCO. Lately, Walter et al. 
in 2010 documented sub-fertility with perturbed follicular de-
velopment and ovulation in AR knockout mouse model [39].

In a rodent model, daily administration of testosterone for 
7-35 days displayed PCO morphology along with apoptotic ovar-
ian follicles. Moreover, the rats also exhibited disturbed glucose 
and insulin levels, resonating with the fact that high levels of an-
drogens may result to IR [40]. A single subcutaneous injection of 
Estradiol Valerate (EV) to young adult female rats induced per-
sistent vaginal cornification and anovulatory polycystic ovaries 
but fail to induce the prime metabolic disturbances associated 
human PCOS [41]. Earlier researchers have also tried with the 
antiprogestin treatment [10] or administration of aromatase in-
hibitor, letrozole [42] to mimic the condition of PCO in 6-week-
old female rats. These treatments resulted in acyclicity, endo-
crine disturbances and PCO morphology, but the majorities 
lack the prime metabolic disturbances related to human PCOS. 
Manneras et.al in 2007 reported a DHT model, which featured 

both ovarian and metabolic attributes of PCOS [43]. Develop-
ment of an animal model mimicking both reproductive as well 
as metabolic aspects of the syndrome is highly perplexing.

The foregoing table (Table 2) refers to a number of laboratory 
models of PCOD, induced by different hormonal agent/s and/or 
drug/s reflecting heterogeneity of the syndrome, albeit only a 
few have focussed on the metabolic dysfunction that represents 
a vital attribute of human PCOS. In nearer time, use of knock-
out and newly developed rodent model/s possibly will acceler-
ate the multidimensional understanding on PCOS pathogenesis.

Any of the described methods depicted in Table 2 cannot 
entirely reiterate the human PCOS in its entire dimension. As 
for instances, obesity accompanied PCOS is not portraited 
in most of the prevalent PCOS rodent models, although re-
ports speak off obesity causing aberrations in female repro-
duction system [12]. Likewise, testosterone treated rodent 
models display only one of the PCOS phenotypes. However, 
DHEA treated rat models develop two of the PCOS traits. 
The potential limitations in chemical induced rodent mod-
els can be worn down by coupling the chemical treatment 
with genetic remodeling in animal models. Treating geneti-
cally modified PCOS mice/rats models with appropriate PCOS 
inducing hormones might open up a ground-breaking avenue 
in understanding the different dimensions of the syndrome.

Table 2: Different methods of hormone and chemical induced PCOS mouse model.

Inducing 
agents

Treatment
Ovarian and Reproductive 

abnormalities
Hormonal irregularities and other 

metabolic abnormalities
Refer-
ence

 Dihydrotestos-
terone (DHT)

Prenatal treatment: Female mice treated 
with DHT (250 μg) on 16-18 days of gestation 
bring about reproductive abnormalities in the 
female offsprings

Increased estrous cycle length
Hyperandrogenism More number of small 
antral follicles in ovary Follicles contain thin 
granulosa cell layer and thick theca cell 
layer

Increased serum LH and testosterone 
Increased size of visceral adipocytes 
Elevated fasting glucose level
Decreased glucose tolerance

[38,44, 
45]

Estrogen
20 μg estradiol 17β is subcutaneously injected 
in neonatal mice of 5-7 days of age

Follicular cysts appear
Anovulation is observed
Corpora luteum is lacking

Endocrine profiling and metabolic func-
tioning of the treated mice need to be 
studied in detail

[44,46]

Testosterone
Female mice are treated with 100 mg of tes-
tosterone propionate during 1-5 days of age.
Not frequently administered to mice

Polyfollicular ovaries are observed
Anovulation is observed
Corpora luteum is lacking

Endocrine profiling and metabolic func-
tioning of the treated mice need to be 
studied in detail.

[40,47]

Letrozole
Mice were treated with 9-36 μg/day letrozole 
for 5 weeks

Acyclicity is observed in estrous cycle
Polycystic ovaries are observed

Elevated testosterone Obesity 
Increased fat mass Elevated basal glu-
cose levels Impaired glucose tolerance

[42,48]

Antiprogester-
one (RU486)

Adult rat treated with 2-4 mg/100 g body 
weight for 2 weeks

Enlarged ovaries with arrested follicular 
development Hyperthecosis
Large atretic follicular cysts
Hypertrophy of granulosa cells
Luteinized cysts Acyclicity in estrous cycle

Elevated serum LH, Testosterone, and 
Prolactin Decreased FSH level
enlarged pituitary Elevated serum 
insulin-like growth factor- I (IGF-I)
Increased serum insulin

[10,48]

Estradiol valer-
ate (EV)

One dose of 2 mg/day in adult rat

Ovaries reduce in size Large cystic follicles 
Hyperthecosis Presence of degenerative 
secondary follicles Ovaries lack postovula-
tory corpora lutea Acyclic estrous cycle
Does not develop hyperandrogenemia

Low serum LH concentrations
Decreased plasma Testosterone, FSH
Develop hypertension

[10,11, 
48]

Dehydroepi-
androsterone
(DHEA)

Rats treated with 6 mg/100 g body weight, for 
4 weeks.

Anovulation is observed
Multiple follicular cysts develop
Weight of ovary increase

Serum Testosterone, FSH, LH, Prolactin 
increase Elevated fasting serum glu-
cose and insulin
Increase in resistin mRNA level of 
white adipose Aberrations in glucose 
metabolism is observed

[10,38, 
48]

Insulin + Hu-
man chorionic 
gonadotropin 
(hCG)

Rats were treated with insulin of 0.5 IU/day 
and the dose gradually increased to 6.0 IU/day 
and continued to 3 weeks along with hCG of 
3.0 IU/day.

Increase in uterine weight
Acyclic estrous cycle

Increase in LH, testosterone
Increase in free androgen index
Increase in fasting glucose level

[49,50]
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Table 3: Genetically engineered mouse models showing PCOS-like symptoms.

Genetic mouse 
model

Rationality behind the model Ovarian phenotypes
Reproductive 
abnormalities

Metabolic alterations Reference

1.
hCG-/LH- over-
expressing trans-
genic female 
mice

Increased levels of hCG/LH are 
found in women suffering from 
PCOS.

i) Arrest of ovarian folliculogen-
esis at the antral follicle stage.
ii) Develop cystic ovaries with 
thickening in theca cell layer and 
luteinization of stroma cells
iii) Display elevated levels of se-
rum estradiol and testosterone

i) Reduced 
fertility

i) Abdominal fat accumulation and 
increase in body weight
ii) Develop hyperinsulinemia,
hypertriglyceridemia and dyslipidemia, 
as well as glucose intolerance and 
insulin resistance
iii) Increase in BMD
iv) Develop hyperprolactinemia, mam-
mary tumors and pituitary adenomas
v) Develop degenerating kidneys

[12,33,56,57]

2. IR/LepRPOMC

knockout female 
mice

Leptin and insulin action in the 
brain is essential for coordi-
nated
reproduction due to their abil-
ity to indirectly modulate
GnRH release.

i) Reduced ovulation or anovula-
tion
ii) Occasional formation of cyst-
like follicles
iii) Display elevated serum LH and 
testosterone levels
iv) Increased ovarian androgen 
production

i) Reduced 
fertility

i) Increased body fat mass and adipo-
cyte hypertrophy
ii) Develop hyperinsulinemia, glucose 
intolerance and insulin resistance
iii) Presence of inflammation in perigo-
nadal adipose tissue, liver and ovary
iv) Exhibit gestational hyperglycemia

[12,33,58,59]

3. PAI-1 overex-
pressing trans-
genic female 
mice

The main
physiological inhibitor of 
plasminogen activation PAI-1 is 
enhanced in women with PCOS

i) Develop polycystic ovaries with 
thickened theca cell layer and 
rare corpora lutea
ii) Hyperandrogenism with higher 
testosterone plasma levels

i) Reduced 
fertility

i) Develop hyperinsulinemia [61,3]

4. ESR1 knockout 
(ESR1 KO) female 
mice

ESR1 mediates estrogen action 
in regulating at all levels of the 
hypothalamus-pituitary-ovary 
axis

i) Ovaries have fewer corpora 
lutea but
more antral follicles
ii) Display irregular estrous cycles
iii) Display enhanced levels of 
serum testosterone and FSH
iv) Display lower or undetectable 
LH levels

i) Loss of fertil-
ity prematurely

i) Develop adipocyte hyperplasia
and hypertrophy
ii) Develop insulin resistance and glu-
cose intolerance

[62,63]
 

5. Aromatase 
knockout (Ar KO) 
female mice

Granulosa cells synthesize 
Estrogens by the conversion of 
androgens, with the involve-
ment of the enzyme P450 
aromatase

i) Develop haemorrhagic ovarian 
cysts
ii) Display elevated serum LH, FSH 
and testosterone levels
iii) Display lower or undetectable 
estrogen levels
iv) Disrupted folliculogenesis
v) Anovulation

i) Infertile
i) Increased fat accumulation and body 
weight
ii) Impaired lipid metabolism

[11,18,64,65]

hCG: Human Chorionic Gonadotropin; LH: Luteinizing Hormone; BMD: Bone Mineral Density; IR/LepRPOMC: Knockout- Mice Lacking Insulin and 
Leptin Receptors in Pro-Opiomelanocortin (POMC) Neurons of the Hypothalamus; GnRH: Gonadotropin-releasing hormone; PAI-1: Plasminogen 
Activator Inhibitor-1; ESR1: Estrogen Receptor-α; FSH: Follicle-Stimulating Hormone.

Genetic remodeling for development of PCOS mouse model

Customized genetically manipulated animal model/s has 
been developed for understanding the molecular basis of etio-
pathogenesis of PCOS. Many studies have successfully con-
ceived the idea of familial clustering in PCOS and clearly speci-
fied that susceptibility to this disorder has a genetic foundation 
[12]. A considerable degree of penetrance of the symptoms is 
observed between first degree relatives of women with PCOS 
and is now widely accepted that the disorder is oligogenic. This 
is possibly based on a few key genes namely, CYP11a, CYP17, 
CYP19, insulin gene variable number tandem repeat, follistatin 
locus on chromosome 5 etc to name a few [51] which perhaps 
becomes the basis of targeting few particular genetic compo-
nents in animal models with distinctive genetic mutations [52].

Since, human PCOS is frequently linked with metabolic dis-
turbances, care should be taken while selection of appropriate 
transgenic or knockout (KO) models based solely on their ovar-
ian phenotype. ERα and/or ERβ knockout mice model/s has 
been studied for evaluation of role of ERα in the regulation of 
theca cell function. Similarly, female mice over-expressing LH/

hCG or lacking plasminogen activator inhibitor-1 (PAI-1) exhib-
ited theca cell hyperplasia, hyperandrogenemia and hyperinsu-
linemia as observed in human PCOS [3].

Dissen et al. in 2009 demonstrated that the transgenic 
overexpression of nerve growth factor (NGF), a neurotroph-
in and a marker of sympathetic hyperactivity, perturbs 17 
α-hydroxylase/ C17–20 lyase promoter (17NF mice) and result-
ed in ovarian anomalies similar to that observed in the ovaries 
of women with PCOS [53]. At normal levels, NGF not only plays 
a pivotal role in functioning of the peripheral nervous system 
but also aids in the processes of follicular development and 
ovulation. However, an excess of intraovarian NGF in the 17NF 
mice leads to arrest of antral follicle growth at an intermediate 
stage accompanied by elevated apoptosis of granulosa cells and 
increased synthesis of androgens in response to stimulation by 
FSH. On the other hand, there was no formation of follicular 
cysts, which developed only in the presence of a sustained el-
evated plasma LH level. These mice also displayed delayed pu-
berty, irregular estrous cycles, reduced ovulatory response and 
decreased fertility. Besides causing reproductive abnormalities, 
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excessive ovarian NGF production in 17NF mice resulted in sev-
eral metabolic alterations, including hyperinsulinemia, glucose 
intolerance and IR; increase in body fat, visceral fat and lean 
body mass leading to increased body weight, enhanced bone 
mineral content and bone mineral density, systemic sympathet-
ic hyperactivity, all of which are generally seen in PCOS women 
[54]. In a recent Swedish study, Manti and co-workers in 2020 
demonstrated that excessive ovarian NGF impaired embryonic 
development of the female foetuses, which subsequently dis-
played irregular estrous cycles, altered ovarian expression of 
steroidogenic markers and an increased systemic sympathetic 
outflow in the adulthood [55]. Moreover, adult 17NF mice de-
velop glucose intolerance, increased fat mass, decreased en-
ergy expenditure, and liver steatosis55. Thus, the above studies 
suggest that ovarian overexpression of NGF in the mouse mod-
el 17NF causes embryonic defects as well as reproductive and 
metabolic abnormalities in the adult mice that are characteris-
tic of PCOS in women, and propose that ovarian sympathetic 
hyperactivity contributes to the development and/or progres-
sion of the disorder.

Other important genetically engineered mouse models 
have been documented in Table 3. Transgenic mice that dis-
play anomalies in glucose and/or lipid metabolism, such as, the 
New Zealand obese mice, IR/LepRPOMC knockout mice, Mito-
ob mice, mice over-expressing the human insulin-like growth 
factor-I (IGF-I), protein kinase B-β (PKBβ/Akt2) KO mice, Ptenfl/
fl–Cyp17iCre (tPtenMT) mice, usually develop ovarian cysts 
and metabolic abnormalities [3]. Moreover, transgenic mice in 
which specific endocrine system-related genes have been de-
leted or over-expressed, like aromatase KO (Ar KO) mice, hCG-/
LH- over-expressing mice, inhibin-subunit-over-expressing 
mice, display PCOS-like characteristics [3]. Though genetically 
modified mouse models might not always represent the full 
spectrum of human PCOS, they exhibit most of the reproduc-
tive and metabolic abnormalities associated with the disorder, 
which may help to unravel the mystery behind the development 
of PCOS in women.

Diet - Gut microbiota remodeling for PCOS development

Human gut houses more than 100 trillion microbes referred 
to as the Gut Microbiota (GM) [60]. In the past, the commen-
sal microbiota residing in gut lumen was largely neglected and 
was mostly inaccessible to investigation. Recently, studies have 
revealed that GM takes an imperative role in digestion, immune 
modulation, maintaining healthy gut and other metabolic ac-
tivities [66]. GM being remarkably metabolically active releases 
certain array of metabolites, which are playing an unavoidable 
part in maintaining host homoeostasis and health. Interestingly, 
recent reports are of this opinion that the composition of com-
mensal microbes of male and female animals diverge at the time 
of puberty, which implies that the sex hormone levels probably 
exert specific influences on the composition of the microbiota 
[67,68]. Therefore, learning of gut microbiome composition and 
its metabolites are inevitable in deciphering host-microbiome 
interactions, which is basically executed by the faecal metabolic 
profiling. After all, the faecal metabolome provides a functional 
readout of the microbial activity within the host body [69]. 

GM has been also lined to sex steroids, neurotransmitters, 
obesity, hypertension, cardiovascular disease, diabetes, meta-
bolic dysregulation, cancer, and depression [70,71,72]. Many 
of these features are often unavoidable in women with PCOS 
[73]. Precisely, few recent studies from China and Europe have 
reported that GM is altered in PCOS women and rodent models 

[74,75]. It is worthy to note that there are reports documenting 
the association between dysgenesis of GM with sex hormones 
and obesity in women with PCOS [76]. Thus, there is a hint of 
the existence of a close link between PCOS and obesity backed 
up by epidemiological data [77]. Moreover, gradual change in 
GM from birth indicates the significance of diet in colonization 
of the microbiota profile. Echoing this concept, Daniel and his 
team in 2014 reported altered gut microbiota in mice fed with 
High Fat High Sugar (HFHS) diet for 12 weeks [78]. The probable 
unidirectional concept of diet-GM-PCOS in human as depicted 
in Figure 2 starts with the intake of food with high saturated 
fat and refined sugar content [79]. A hypothesis proposed by 
Tremellen et al. in 2012 named DOGMA (dysbiosis of gut micro-
biota), elucidates a probable series of events behind the patho-
physiology of PCOS [80]. The events are as follows: 1) Prolonged 
HFHS diet and/or low dietary fibre diet end up in imbalance on 
GM; 2) this imbalance brings about loosening of tight junction 
between intestinal epithelial cells, thereby increasing the per-
meability of the gut mucosal, often referred to as leaky gut; 
3) Leaky gut might facilitate in leakage of Lipopolysaccharide 
(LPS) from gram negative bacteria residing within gut lumen 
into systemic circulation which stimulates secondary activation 
of immune system; 4) this immune activation may probably 
intervene the functioning of insulin receptor, thereby causing 
Insulin Resistance (IR); 5) IR/Hyperinsulinemia is prone to pro-
mote elevated production and secretion of testosterone, hence 
interfering with ovarian follicles maturation and development.

Actually, consumption of food with less dietary fibre cul-
minates into reduction in population of good gut bacteria like 
Bifidobacteria and Lactobacilli etc. [81]. These beneficial bac-
teria ferment dietary fibre and produce Short Chain Fatty Ac-
ids (SCFAs) along with lactic acids which aid in lowering colonic 
pH and thereby inhibiting the growth of bad gut bacteria like 
Prevotella etc. Consequently, the SCFAs in form of acetate, pro-
pionate and butyrate induce enhanced production of MUC-2 
mucin from colonic mucosal cells which prevent trans-mucosal 
passage of bacteria / bacterial endotoxins from the gut lumen 
[82,83]. Moreover, SCFAs help in maintaining tight junction of 
the colonic epithelial cells, hence decreasing permeability and 
thereby preventing leakage of Lipopolysaccharides (LPS) into 
systemic circulation. From these facts, it can be deduced that 
the lowering of good gut bacteria facilitates in growth of cer-
tain gram-negative bacteria, which imparts harmful influences 
causing manifestation of the PCOS phenotypes. LPS from these 
gram-negative bacteria migrate to the systemic circulation and 
bring about strong immune stimulation. This chronic activation 
of innate immunity in hepatic and muscles cells cause impair-
ment of insulin receptor functioning and thus causing insulin 
resistance, one of the driving factors of PCOS [81]. This con-
ception is backed up by the studies conducted by Volk et al. 
(2017) and Roberts et al. (2017) where prolong feeding of ro-
dent with High Fat High Sugar (HFHS) diet resulted in shooting 
up of serum testosterone and insulin level along with alteration 
in gene expression involved in folliculogenesis and steroidogen-
esis [84,85]. The unspoken influence of GM on pathophysiol-
ogy of PCOS resonated with the study conducted by Torres and 
co-researchers in 2019 where faecal microbiota transplanta-
tion technique was set forth. The study had displayed that the 
transplantation of faeces from PCOS patients into mice by oral 
lavage resulted in development of PCOS phenotypes including 
IR, ovarian cysts, increased level of testosterone and luteinizing 
hormones, followed by decreased fertility [86].

Furthermore, the concept of GM remodelling for PCOS phe-



MedDocs Publishers

7Annals of Biotechnology

Conclusion and future scope

PCOS being a common endocrine disorder in women and im-
posing prominent financial burden, still falls short of early diag-
nosis and curative therapy based on its molecular pathogenesis. 
The etiology of PCOS is enveloped by several postulates, which 
claim the need of studying the undeciphered aspects on differ-
ent animal models mimicking the PCOS phenotypes. Various 
methods of inducing PCOS in rodent/s have been documented; 
however, selection of the predicted methods is not univocal. 
Invasive research work needs to be concentrated in putting for-
ward the most reliable methodology for inducing PCOS pheno-
type with meticulous details of the physiological, hormonal and 
metabolic changes involved in the process. 

One of the potential methods, gut microbiota induced PCOS 
phenotype has not been yet translated entirely in laboratory re-
search, thereby advocating attention of the researchers in this 
direction. A precise food-metabolite-gene loop works behind 
the manifestation of the disease, which is yet unexplored. Thus, 
it is essential to examine metagenome-hyperbole-diet interac-
tion in susceptibility of the disease. Probing the different facets 
of PCOS is imperative to pull out an exclusive pre-PCOS bio-
markers, which will not only facilitate in early diagnosis but also 
can effectively, prevent in manifestation of the disease. Further-
more, women in this speeding life era are habitually under the 
clutches of lifestyle diseases like diabetes, obesity etc. which 
make them more vulnerable to the adverse effects of the dis-
ease. Thus, a very vivid, critical and multidimensional research 
and development is of prime importance in understanding the 
closely knitted network between these diseases and thereby, 
curbing down the overall impact of these diseases.

Acknowledgement

The Council of Scientific and Industrial Research (CSIR), 
Government of India is gratefully acknowledged for provid-
ing research fellowship to Ms. Pritha Biswas (Grant number - 
09/081(1307)/2017-EMR-I).

References

1. Rao M, Broughton KS, LeMieux MJ. Cross-sectional Study on the 
Knowledge and Prevalence of PCOS at a Multiethnic University. 
Progress in Preventive Medicine. 2020; 5: e0028.

2. Escobar-Morreale HF. Polycystic ovary syndrome: definition, 
aetiology, diagnosis and treatment. Nature Reviews Endocrinol-
ogy. 2018;14: 270-284.

3. Ryu Y, Kim SW, Kim YY, Ku SY. Animal models for human polycys-
tic ovary syndrome (PCOS) focused on the use of indirect hor-
monal perturbations: A review of the literature. International 
journal of molecular sciences. 2019; 20: 2720.

4. Crisosto N, de Guevara AL, Echiburú B, Maliqueo M, Cavada G, 
et al. Higher luteinizing hormone levels associated with antimül-
lerian hormone in postmenarchal daughters of women with 
polycystic ovary syndrome. Fertility and sterility. 2019; 111: 381-
388.

5. El Hayek S, Bitar L, Hamdar LH, Mirza FG, Daoud G. Poly cystic 
ovarian syndrome: An updated overview. Frontiers in physiol-
ogy. 2016; 7: 124.

6. Azziz R, Carmina E, Chen Z, Dunaif A, Laven JS, et al. Polycystic 
ovary syndrome. Nature reviews Disease primers. 2016; 2: 1-8.

7. Teede HJ, Misso ML, Costello MF, Dokras A, Laven J, et al. Recom-
mendations from the international evidence-based guideline for 
the assessment and management of polycystic ovary syndrome. 

notype was also conceived by a recent study from China which 
have analysed faecal bile acid metabolites along with microbi-
ome in women with PCOS. They found that transplantation of 
faecal microbiota from PCOS patients or mice receiving B. vul-
gatus colonies lead to increased distortion of ovarian functions, 
IR, altered bile acid metabolism, and infertility [87]. Apart from 
bile acid metabolites, the GM mediated dietary fibre fermenta-
tion in large intestine releases SCFA, which stimulate release of 
other gut hormones like Peptide YY (PYY), Glucagon Like Pep-
tide 1 (GLP1), ghrelin and leptin, whose individual role/s are 
pivotal to PCOS pathophysiology [88]. 

The composition of the gut microbial communities impacts 
estrogen levels through secretion of β-glucuronidase enzyme 
which deconjugates estrogen to its active form and interacts 
with its receptor [89]. The hyperandrogenic microenviron-
ment encountered in PCOS women may lead to gut dysbiosis 
and alteration in both estrogen and androgen metabolism. Up-
regulation of estrogen metabolism gene i.e. Crb1 and Ste2 gene 
is documented which are involved in both folliculogenesis and 
steroidogenesis [90]. Other studies have also reported the as-
sociation of gut dysbiosis with menstrual cycle regularity and 
infertility [91,92]. In point of fact, gut microbiome and metabo-
lome is rapidly becoming new avenue for personalized medi-
cine. As a sub-continental group of author/s, impact of the gut 
microbiome is important given the vast diversity of geographic, 
dietary habits (most importantly a predominantly vegetarian 
diet) followed in India and increased prevalence of PCOS in 
adolescents when the GM is still being shaped and dietary in-
tervention may prove most beneficial. In summary, given that 
PCOS has far-reaching reproductive and metabolic concerns, 
understanding microbial profile specific to PCOS may enable to 
understand another significant facet to PCOS pathophysiology.

Figure 2: Influence of High Fat High Sugar diet on GM.



MedDocs Publishers

8Annals of Biotechnology

Human reproduction. 2018; 33: 1602-1618.

8. Dewailly D. Diagnostic criteria for PCOS: is there a need for a 
rethink?. Best Pract Res Clin Obstet Gynaecol. 2016; 37: 5-11.

9. Roland AV, Moenter SM. Reproductive neuroendocrine dysfunc-
tion in polycystic ovary syndrome: Insight from animal models. 
Frontiers in neuroendocrinology. 2014; 35: 494-511.

10. Shi D, Vine DF. Animal models of polycystic ovary syndrome: A 
focused review of rodent models in relationship to clinical phe-
notypes and cardiometabolic risk. Fertility and sterility. 2012; 
98: 185-193.

11. Walters KA, Allan CM, Handelsman DJ. Rodent models for hu-
man polycystic ovary syndrome. Biology of reproduction. 2012; 
86: 149.

12. Stener-Victorin E, Padmanabhan V, Walters KA, Campbell RE, 
Benrick A, et al. Animal models to understand the etiology and 
pathophysiology of polycystic ovary syndrome. Endocrine re-
views. 2020; 41: 538-576.

13. Li T, Mo H, Chen W, Li L, Xiao Y, et al. Role of the PI3K-Akt signal-
ing pathway in the pathogenesis of polycystic ovary syndrome. 
Reproductive sciences. 2017; 24: 646-655.

14. Shen M, Lin F, Zhang J, Tang Y, Chen WK, et al. Involvement of the 
up-regulated FoxO1 expression in follicular granulosa cell apop-
tosis induced by oxidative stress. Journal of Biological Chemis-
try. 2012; 287: 25727-25740.

15. Shi F, LaPolt PS. Relationship between FoxO1 protein levels and 
follicular development, atresia, and luteinization in the rat ova-
ry. Journal of endocrinology. 2003; 179: 195-204.

16. Franklin HB. Reproduction. In book: Biology of the Laboratory 
Mouse. Editor Earl L. Green, The Jackson Laboratory. 1968.

17. McLachlan RS. A brief review of the anatomy and physiology of 
the limbic system. Can J Neurol Sci. 2009; 36.

18. Kelly MJ, Garrett J, Bosch MA, Roselli CE, Douglass J, et al. Effects 
of ovariectomy on GnRH mRNA, proGnRH and GnRH levels in 
the preoptic hypothalamus of the female rat. Neuroendocrinol-
ogy. 1989; 49: 88-97.

19. Bertolin K, Murphy BD. Monitoring mouse estrous cycles. InThe 
Guide to Investigation of Mouse Pregnancy 2014: 475-477. 

20. Salvetti NR, Canal AM, Gimeno EJ, Ortega HH. Polycystic ovar-
ian syndrome: Temporal characterization of the induction and 
reversion process in an experimental model. Brazilian Journal of 
Veterinary Research and Animal Science. 2004; 41: 389-395.

21. Wang Y. Is obesity associated with early sexual maturation?. A 
comparison of the association in American boys versus girls. Pe-
diatrics. 2002; 110: 903-910.

22. Edwards M. The Barker Hypothesis. In: Preedy V., Patel V. (eds) 
Handbook of Famine, Starvation, and Nutrient Deprivation. 
Springer, Cham. 2017.

23. Larkins CE, Enriquez AB, Cohn MJ. Spatiotemporal dynamics of 
androgen signaling underlie sexual differentiation and congeni-
tal malformations of the urethra and vagina. Proceedings of the 
National Academy of Sciences. 2016; 113: E7510-E7517.

24. Cunha GR, Vezina CM, Isaacson D, Ricke WA, Timms BG, et al. 
Development of the human prostate. Differentiation. 2018; 103: 
24-45.

25. Barrett ES, Hoeger KM, Sathyanarayana S, Abbott DH, Redmon 
JB, et al. Anogenital distance in newborn daughters of women 
with polycystic ovary syndrome indicates fetal testosterone ex-
posure. Journal of developmental origins of health and disease. 

2018; 9: 307-314.

26. Hotchkiss AK, Lambright CS, Ostby JS, Parks-Saldutti L, Vanden-
bergh JG, et al. Prenatal testosterone exposure permanently 
masculinizes anogenital distance, nipple development, and re-
productive tract morphology in female Sprague-Dawley rats. 
Toxicological Sciences. 2007; 96: 335-345.

27. Rodriguez Paris V, Bertoldo MJ. The mechanism of androgen ac-
tions in PCOS etiology. Medical sciences. 2019; 7: 89.

28. Wang F, Pan J, Liu Y, Meng Q, Lv P, et al. Alternative splicing of the 
androgen receptor in polycystic ovary syndrome. Proceedings of 
the National Academy of Sciences. 2015; 112: 4743-4748.

29. Aflatounian A, Edwards MC, Paris VR, Bertoldo MJ, Desai R, et 
al. Androgen signaling pathways driving reproductive and meta-
bolic phenotypes in a PCOS mouse model. Journal of Endocri-
nology. 2020; 245: 381-395.

30. Caldwell AS, Edwards MC, Desai R, Jimenez M, Gilchrist RB, et al. 
Neuroendocrine androgen action is a key extraovarian mediator 
in the development of polycystic ovary syndrome. Proceedings 
of the National Academy of Sciences. 2017; 114: E3334-E3343.

31. Ma Y, Andrisse S, Chen Y, Childress S, Xue P, et al. Androgen re-
ceptor in the ovary theca cells plays a critical role in androgen-
induced reproductive dysfunction. Endocrinology. 2017; 158: 
98-108.

32. Gilling-Smith C, Story H, Rogers V, Franks S. Evidence for a pri-
mary abnormality of thecal cell steroidogenesis in the polycystic 
ovary syndrome. Clinical endocrinology. 1997; 47: 93-99.

33. van Houten EL, Visser JA. Mouse models to study polycystic ova-
ry syndrome: A possible link between metabolism and ovarian 
function?. Reproductive biology. 2014; 14: 32-43.

34. Steckler T, Manikkam M, Inskeep EK, Padmanabhan V. Develop-
mental programming: Follicular persistence in prenatal testos-
terone-treated sheep is not programmed by androgenic actions 
of testosterone. Endocrinology. 2007; 148: 3532-3540.

35. Tyndall V, Broyde M, Sharpe R, Welsh M, Drake AJ, et al. Effect of 
androgen treatment during foetal and/or neonatal life on ovar-
ian function in prepubertal and adult rats. Reproduction (Cam-
bridge, England). 2012; 143: 21.

36. Singh KB. Persistent estrus rat models of polycystic ovary dis-
ease: An update. Fertility and sterility. 2005; 84: 1228-1234.

37. Talhouk R, Tarraf C, Kobrossy L, Shaito A, Bazzi S, et al. Modula-
tion of Cx43 and gap junctional intercellular communication by 
androstenedione in rat polycystic ovary and granulosa cells in 
vitro. Journal of reproduction & infertility. 2012; 13: 21.

38. Kim EJ, Jang M, Choi JH, Park KS, Cho IH. An improved dehy-
droepiandrosterone-induced rat model of polycystic ovary syn-
drome (PCOS): Post-pubertal improve PCOS’s features. Frontiers 
in endocrinology. 2018; 9: 735.

39. Walters KA, Simanainen U, Handelsman DJ. Molecular insights 
into androgen actions in male and female reproductive function 
from androgen receptor knockout models. Human reproduction 
update. 2010; 16: 543-558.

40. Liu X, Andoh K, Mizunuma H, Kamijo T, Kikuchi N, et al. Effects 
of rFSH, uFSH and HMG on small preantral follicles and tertiary 
follicles from normal adult and androgen-sterilized female mice. 
Fertility and Sterility. 2000; 73: 372-380.

41. Dăneasă A, Cucolaş C, Lenghel LM, Olteanu D, Orăsan R, et al. 
Letrozole vs estradiol valerate induced PCOS in rats: glycemic, 
oxidative and inflammatory status assessment. Reproduction 
(Cambridge, England). 2016; 151: 401-409.



MedDocs Publishers

9Annals of Biotechnology

42. Kelley ST, Skarra DV, Rivera AJ, Thackray VG. The gut microbi-
ome is altered in a letrozole-induced mouse model of polycystic 
ovary syndrome. PloS one. 2016; 11: e0146509.

43. Manneras L, Cajander S, Holmäng A, Seleskovic Z, Lystig T, et al. 
A new rat model exhibiting both ovarian and metabolic char-
acteristics of polycystic ovary syndrome. Endocrinology. 2007; 
148: 3781-3791.

44. Moore AM, Prescott M, Campbell RE. Estradiol negative and 
positive feedback in a prenatal androgen-induced mouse model 
of polycystic ovarian syndrome. Endocrinology. 2013; 154: 796-
806.

45. Roland AV, Nunemaker CS, Keller SR, Moenter SM. Prenatal 
androgen exposure programs metabolic dysfunction in female 
mice. Journal of Endocrinology. 2010; 207: 213-223.

46. Chapman JC, Min SH, Freeh SM, Michael SD. The estrogen-
injected female mouse: new insight into the etiology of PCOS. 
Reproductive Biology and Endocrinology. 2009; 7: 1-1.

47. Steckler T, Manikkam M, Inskeep EK, Padmanabhan V. Develop-
mental programming: follicular persistence in prenatal testos-
terone-treated sheep is not programmed by androgenic actions 
of testosterone. Endocrinology. 2007; 148: 3532-3540.

48. Osuka S, Nakanishi N, Murase T, Nakamura T, Goto M, et al. Ani-
mal models of polycystic ovary syndrome: A review of hormone-
induced rodent models focused on hypothalamus-pituitary-ova-
ry axis and neuropeptides. Reproductive medicine and biology. 
2019; 18: 151-160.

49. Zhang Y, Hu M, Meng F, Sun X, Xu H, et al. Metformin amelio-
rates uterine defects in a rat model of polycystic ovary syn-
drome. EBioMedicine. 2017; 18: 157-170.

50. Zhang Y, Sun X, Sun X, Meng F, Hu M, et al. Molecular character-
ization of insulin resistance and glycolytic metabolism in the rat 
uterus. Scientific reports. 2016; 6: 1-5.

51. Franks S, Gharani N, McCarthy M. Candidate genes in polycystic 
ovary syndrome. Human Reproduction Update. 2001; 7: 405-
410.

52. Rosenfield RL. Current concepts of polycystic ovary syn-
drome pathogenesis. Current opinion in pediatrics. 2020 Oct 
1;32(5):698-706.

53. Dissen GA, Garcia-Rudaz C, Paredes A, Mayer C, Mayerhofer A, 
et al. Excessive ovarian production of nerve growth factor facili-
tates development of cystic ovarian morphology in mice and is 
a feature of polycystic ovarian syndrome in humans. Endocrinol-
ogy. 2009; 150: 2906-2914.

54. Wilson JL, Chen W, Dissen GA, Ojeda SR, Cowley MA, et al. Excess 
of nerve growth factor in the ovary causes a polycystic ovary-like 
syndrome in mice, which closely resembles both reproductive 
and metabolic aspects of the human syndrome. Endocrinology. 
2014; 155: 4494-4506.

55. Manti M, Pui HP, Edström S, Risal S, Lu H, et al. Excess of ovar-
ian nerve growth factor impairs embryonic development and 
causes reproductive and metabolic dysfunction in adult female 
mice. The FASEB Journal. 2020; 34: 14440-14457.

56. Matzuk MM, DeMayo FJ, Hadsell LA, Kumar TR. Overexpression 
of human chorionic gonadotropin causes multiple reproductive 
defects in transgenic mice. Biology of Reproduction. 2003; 69: 
338-346.

57. Ratner LD, Stevens G, Bonaventura MM, Lux VA, Poutanen M, et 
al. Hyperprolactinemia induced by hCG leads to metabolic dis-
turbances in female mice.

58. Hill JW, Elias CF, Fukuda M, Williams KW, Berglund ED, et al. Di-
rect insulin and leptin action on pro-opiomelanocortin neurons 
is required for normal glucose homeostasis and fertility. Cell me-
tabolism. 2010; 11: 286-297.

59. Marino JS, Iler J, Dowling AR, Chua S, Bruning JC, et al. Adipo-
cyte dysfunction in a mouse model of polycystic ovary syndrome 
(PCOS): evidence of adipocyte hypertrophy and tissue-specific 
inflammation. PloS one. 2012; 7: e48643.

60. Ursell LK, Metcalf JL, Parfrey LW, Knight R. Defining the human 
microbiome. Nutrition reviews. 2012; 70: S38-S44.

61. Devin JK, Johnson JE, Eren M, Gleaves LA, Bradham WS, et al. 
Transgenic overexpression of plasminogen activator inhibitor-1 
promotes the development of polycystic ovarian changes in fe-
male mice. Journal of molecular endocrinology. 2007; 39: 9-16.

62. Heine PA, Taylor JA, Iwamoto GA, Lubahn DB, Cooke PS. In-
creased adipose tissue in male and female estrogen receptor-α 
knockout mice. Proceedings of the National Academy of Scienc-
es. 2000; 97: 12729-12734.

63. Lee S, Kang DW, Hudgins-Spivey S, Krust A, Lee EY, et al. Theca-
specific estrogen receptor-α knockout mice lose fertility prema-
turely. Endocrinology. 2009; 150: 3855-3862.

64. Britt KL, Drummond AE, Cox VA, Dyson M, Wreford NG, et al. 
An age-related ovarian phenotype in mice with targeted disrup-
tion of the Cyp 19 (aromatase) gene. Endocrinology. 2000; 141: 
2614-2623.

65. Liew SH, Sarraj MA, Drummond AE, Findlay JK. Estrogen-depen-
dent gene expression in the mouse ovary. PloS one. 2011; 6: 
e14672.

66. Zhao Q, Elson CO. Adaptive immune education by gut micro-
biota antigens. Immunology. 2018; 154: 28-37.

67. Yuan X, Chen R, Zhang Y, Lin X, Yang X. Sexual dimorphism of gut 
microbiota at different pubertal status. Microbial cell factories. 
2020;19: 1-6.

68. Jašarević E, Morrison KE, Bale TL. Sex differences in the gut mi-
crobiome–brain axis across the lifespan. Philosophical Trans-
actions of the Royal Society B: Biological Sciences. 2016; 371: 
20150122.

69. Zierer J, Jackson MA, Kastenmüller G, Mangino M, Long T, et al. 
The fecal metabolome as a functional readout of the gut micro-
biome. Nature genetics. 2018; 50: 790-795.
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