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Abstract

Polycystic ovary syndrome (PCOS) is an endocrine-metabolic disease affecting about 20-25% of women in reproductive age.
Different mechanisms could contribute to the development of its typical clinical features (i.e. hirsutism, acne, oligo-amenorrhea,
alopecia). Some genetic and epigenetic aspects and lifestyle changes seem to be involved in PCOS development. In this review,
we shall summarize data from principal studies evaluating the impact of major genetic, epigenetic and environmental factors on
the appearance of this female disorder. Literature review and analysis of the most relevant data until May 2020. Current data
suggest the importance of genetics and epigenetics in the appearance of PCOS. Several genes, including those related to adrenal
and ovarian steroidogenesis as well as those associated with hormonal response to gonadotrophins, androgens and insulin, have
been demonstrated to be associated with PCOS. Besides, the phenomenon of methylation of genes and the presence of specific
microRNA (miRNA) could take part in PCOS aetiology. Intrauterine exposure to androgens, glucocorticoids and/or some
stressful conditions for foetus could contribute to the development of PCOS and other disorders observed in adolescence and
later (e.g. premature adrenarche, atypical puberty, metabolic syndrome). Emerging studies report a theoretical role of endocrine
disruptors, intestinal dysbiosis and Advanced Glycation End products (AGEs) in PCOS. PCOS is a polygenic and multifactorial
hormonal and metabolic dysfunction. An appropriate knowledge of personal and/or family history, lifestyle and nutritional habits
of PCOS patients has a great importance to early identify and manage this syndrome.
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Introduction

Polycystic ovary syndrome (PCOS) is a hormonal and meta-
bolic disorder characterized by menstrual irregularities,
hyperandrogenism (acne, amenorrhea, alopecia, etc.) and,
sometimes, infertility [1, 2]. It is well recognized [3] that several
hormonal alterations can favour clinical appearance of PCOS:
for example, the increased serum levels of male hormones, like
testosterone (T) and/or androstenedione (A), that is to say
hyperandrogenemia, could produce skin signs like hirsutism
and/or acne and alter lipid profile [3]. At the same time, the
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decreased insulin sensitivity associated with compensatory
hyperinsulinemia may negatively influence glycaemic homeo-
stasis and affect per se ovarian function [4, 5].

It must be underlined that the variable expressiveness of
PCOS may partially depend on biological characteristics of
each affected woman as well as on her lifestyle context and/
or genetic predisposition [6]. Many authors pointed out the
key role of environment, intrauterine and infancy history in
the development of PCOS [7]. However, the actual involve-
ment of genetic, epigenetic and environmental factors in this
syndrome is still a matter of debate.

In this paper, we shall review the most important data about
the relationship between PCOS and genetics, epigenetics and
lifestyle. Our main purpose is to provide an updated narrative
review of several interesting features of PCOS, other than
hormonal and metabolic changes. Hereby, clinicians could
approach and manage this complex syndrome with higher
awareness, taking into account the importance of family his-
tory, intrauterine life and personal behaviour in the appearance
of PCOS.
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Methods

We searched in PubMed and Medline databases for major
publications, including systematic reviews, meta-analyses
and randomized controlled trials (RCTSs) concerning genetic,
epigenetic and environmental factors relating to PCOS. We
included the most relevant data until May 2020. Our review
excluded papers published in non-peer-reviewed journals.

Ethnicity

The prevalence of PCOS generally differs among countries
and ethnic groups. For instance, Zhao et al. [8] by analysing
the frequency of the syndrome diagnosed according to the
National Institute of Health (NIH) criteria [9] showed that
Mexican American and Caucasian subjects were affected by
PCOS more often than South Chinese and Asian women.
However, data about the impact of the ethnicity on PCOS
remain inconclusive, because of the extreme heterogeneity
of the available population studies, the differences regarding
the chosen diagnostic criteria (e.g. NIH, Rotterdam) [1, 2] and
the various cut-offs that were employed to define hirsutism,
waist-to-hip ratio (WHR), body mass index (BMI) and insulin
sensitivity [10].

Heritability

PCOS may be characterized by a familiar trait which could
explain the evidence demonstrating a high prevalence (20—
50%) of PCOS and its typical features [e.g. hyperandrogenemia,
hirsutism, reproductive dysfunction, polycystic ovarian mor-
phology (PCOM), level of serum Anti-mullerian hormone
(AMH)] in female relatives of women with PCOS (mothers,
sisters, haunts, grandmothers, post-pubertal daughters) [11, 12].

Furthermore, a high frequency of cardio-metabolic
alterations—that is to say, glucose intolerance, hyperinsulinemia,
dyslipidaemia and metabolic syndrome (MS)—was found in
both male and female relatives of PCOS patients [13, 14].

Interestingly, Kahsar-Miller et al. [15], by studying a group
of 93 PCOS patients (mean age= 27.5 + 8.1 years; mean
BMI=33.0 +8.7 kg/cmz), found that 19 of 78 (24%) of their
mothers and 16 of 50 (32%) of their sisters were affected by
the same syndrome. More specifically, 5 of 78 (6%) of their
mothers and 1 of 50 (2%) of their sisters had hirsutism [de-
fined as either a Ferriman-Gallwey (FG) score > 6 or a FG
score > 3 associated with a history of 12 or more sessions of
electrology to any of the body areas scored].

More precisely, Legro et al. [16] demonstrated that the
hyperandrogenic trait was common among some female
first-degree relatives of women affected by PCOS, regardless
of the clinical evidence of the complete syndrome according
to the classical criteria. Another study [17] evaluating Dutch
twin women [1#=1332 monozygotic (MZ) (i.e. genetically
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identical) twins and n= 1873 dizygotic (DZ) twins/singleton
sisters of twins] showed that correlations for MZ twins were
more than twice than those observed for their DZ sisters as for
oligo-amenorrhea (less than nine menstrual cycles in a year)
[=0.67 95% confidence interval (CI): 0.49-0.80 vs r= 0.07
(95% CI: —0.19-0.34)], acne [r=0.78 (95% CI: 0.69-0.84) vs
r=0.44 (95% CI: 0.30-0.56)], hirsutism [r= 0.86 (95% CI:
0.75-0.92) vs = 0.28 (95% CI: 0.05-0.50)] and diagnosis of
PCOS (defined as less than nine menstrual cycles per year
associated with acne or hirsutism) [r= 0.71 (95% CI 0.43—
0.88) vs r=0.38 (95% CI: 0.00-0.66)] [17].

At the first sight, these data would seem to highlight the
possible deep implication of genetic factors in the appearance
of PCOS and to suggest that a positive family history might
play a critical role in the diagnosis and management of this
syndrome.

Nevertheless, according to these same evidences [11, 17], it
could be supposed that different mechanisms might contribute
to the heritability of one or more aspects of this syndrome and
that a possible interplay between, on one hand, a genetic pre-
disposition and, on the other hand, an exposure to common
environmental factors and/or epigenetic alterations might ex-
ist. For instance, the higher prevalence of insulin resistance
(IR) and type 2 diabetes mellitus (T2DM) reported in the
parents and siblings of PCOS patients compared with controls
[14] could result partly from a genetically determined condi-
tion and partly from the familiar similarities in terms of
lifestyle/dietary habits, ethnicity and environment that could,
in turn, affect epigenetics (See also sections “Genetics” and
“Epigenetics and intrauterine environment”). In other words,
the familial aggregation of PCOS and its associated features
indicates the importance of genetic factors in the aetiology of
this disease [14]. However, different phenotypes can be pres-
ent in the same family due to the variability of expression and/
or penetrance of the same gene and the potential impact of
other concomitant factors.

Genetics

Different genes seem to be involved in PCOS aectiology
[18-55] (Table 1). In particular, some authors hypothesized
that the alterations of the expression of some specific genes
associated with adrenal and ovarian steroidogenesis may con-
tribute to hyperandrogenism [e.g. CYPI11AI (coding for P450
cholesterol side-chain-cleavage, P450scc), CYP17A1 (coding
for 17a-hydroxylase and 17, 20-lyase), CYP2I (coding for
21-hydroxylase)] [19-22].

According to some studies [23, 24], the gene DENND IA—
normally found in cells of ovarian theca and adrenal glands—
and, specifically, its variant 2 maybe upregulated in theca cells
of PCOS women, favouring androgen excess [25-27].

Dapas et al. [25], by performing a whole-genome sequenc-
ing on DNA of 261 women from 62 families (age range: 14—
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Table 1 Principal genes likely involved in PCOS
Class of genes Genes Study type Study population Tissue Replication
Genes associated with adrenal CYPI11A1 Association case-control European women with PCOS (not specified Blood Yes [21]
and ovarian study diagnostic criteria)
steroidogenesis [18-25] CYPI7A1 Association case-control Caucasian women with PCOS (not specified Theca interna Yes [22]
study diagnostic criteria) cells
CYP2] Genome wide association ~ Adolescent girls with hyperandrogenism Blood No
case-control study
DENNDIA Genome wide association ~ White women from families with one or more Blood Yes [24]
case-control study daughters with PCOS (not specified
diagnostic criteria)
Genes related to the effects of AR Genome wide association ~ Caucasian women with PCOS (NIH criteria); Blood; granulosa No
steroid hormones [26-30] case-control study; asso- Chinese women undergoing in vitro cells
ciation case-control fertilization and embryo transfer
study
SHBG Genome wide association ~ PCOS women (not specified diagnostic Blood No
case-control study; asso- criteria) with different ethnicities;
ciation case-control Mediterranean women with PCOS (NIH
study criteria)
AMH Genome wide association ~ European women with PCOS (NIH criteria) Blood No
case-control study
ERBB2 Genome wide association ~ Caucasian women with PCOS (not specified Blood No
case-control study diagnostic criteria)
ERBB4 Genome wide association ~ Chinese PCOS women (Rotterdam Criteria) Blood Yes [29]
case-control study
Genes associated with of the ~ FSHR Genome wide association ~ PCOS women (not specified diagnostic Blood Yes [32]
activity of gonadotrophins case-control study criteria) with different ethnicities
[18-20, 31-36] FSH-f3 Genome wide association ~ Chinese PCOS women (Rotterdam Criteria)  Blood Yes [33]
case-control study
LH-(3 Genome wide association  Asian PCOS women (Rotterdam Criteria) Peripheral blood No
case-control study leukocytes
LHR Association case-control PCOS women (Rotterdam Criteria) with Blood No
study different ethnicities
YAPI Genome wide association ~ Chinese PCOS women (not specified Blood No
case-control study diagnostic criteria)
Genes involved in insulin INSR Genome wide association ~ PCOS women (Rotterdam or NIH Criteria) ~ Blood Yes [39]
activity, energy case-control study with different ethnicities
homeostasis and others SRDS5A2 and ~ Association case-control White PCOS women (NIH Criteria) Follicular thecal =~ Yes [41]
[18, 19, 37-53] SRDS5A1 study (TC) and
granulosa
(GC) cells
FTO Genome wide association ~ PCOS women (Rotterdam Criteria) with Blood Yes [44]
case-control study; asso- different ethnicities
ciation case-control
study
THADA Association case-control PCOS women (Rotterdam or NIH Criteria) ~ Blood Yes [46-48]
study; genome wide as- with different ethnicities
sociation case-control
study
TOX3 Genome wide association ~ Asian PCOS women (Rotterdam Criteria) Blood Yes [48]
case-control study
GATA4 Genome wide association ~ White PCOS women (NTH Criteria) Adipose tissue No
case-control study
RAB5B Association case-control Chinese PCOS women (NIH Criteria) Blood Yes [51]
study; genome wide as-
sociation case-control
study
HMGA2 Association case-control Chinese PCOS women (NIH Criteria) Blood Yes [53]

study

AR, Androgen Receptor; SHBG, Sex Hormone Binding Globulin; AMH, Anti-Mullerian hormone; ERBB2, Erb-B2 Receptor Tyrosine Kinase 2; ERBB4,
Erb-B2 Receptor Tyrosine Kinase 4; FSH, Follicle Stimulating Hormone; LH, Luteinizing Hormone; FSHR, Follicle Stimulating Hormone Receptor;
LHR, Luteinizing Hormone Receptor; /NS, insulin; /NSR, Insulin Receptor; SRD5A 1, Steroid 5 o-reductase 1; SRD5A2, Steroid 5 «-reductase 2; FTO,
Fat Mass and Obesity-associated protein; YAPI, Yes-associated protein; THADA, Thyroid adenoma-associated protein; 70X3, TOX High Mobility
Group Box Family Member 3; GATA4, GATA Binding Protein 4; RAB5B, Ras-related protein Rab-5B; HMGA2, High Mobility Group A2 protein
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63 years) with one or more daughters with PCOS, found that
32 rare variants (2 coding, 30 noncoding) in the DENNDIA
were significantly associated with the reproductive and meta-
bolic features of PCOS [Nominal P (P,) = 5.31x10°,
Corrected P (P. )= 0.039] and subjects with one or more of
these DENND A variants had significantly higher Luteinizing
Hormone/Follicle Stimulating Hormone (LH/FSH) ratios (P,
= 0.0036). Additionally, the hyperandrogenic phenotype of
PCOS (reproductive-age women with hyperandrogenemia
and regular menses) with one or more DENNDIA variants
had significantly higher LH/FSH ratios than PCOS/HA phe-
notype women without DENNDIA variants (P, = 0.0180).
Besides, in an interesting manner, even if unaffected by
PCOS, women with one or more DENND A variants tended
to higher LH/FSH ratios than those of unaffected women
without DENNDIA variants (P, = 0.1758).

On the other side, the co-presence of DENNDIA.V2 in
human adrenal gland could partly explain the possible coex-
istence of ovarian and adrenal steroidogenic abnormalities,
clinically reported in approximately 25% of women with
PCOS [19].

Other genes that are putatively linked to PCOS develop-
ment maybe those related to the effects of steroid hormones
[28]—in the case of genes coding for androgen receptor (AR),
Sex Hormone-Binding Globulin (SHBG) and AMH—and/or
those related to the regulation of the gonadotrophins [26-30]
(Table 1). Specifically, some interesting data suggested the
possible implications of the polymorphisms of both Follicle
Stimulating Hormone Receptor (FSHR) and Luteinizing
Hormone Receptor (LHR) in the development of PCOS
[30-36] (Table 1).

Although the FSHR variants resulted the most studied (e.g.
exon 10: rs6165: T307A and rs6166: N680S), a clear correla-
tion between genotype and FSH levels is still lacking.
Besides, many single nucleotide polymorphisms (SNPs) in
the LHR or in FSH-f3 gene could also influence the phenotype
of PCOS [31-34].

Other authors focused on genes involved in insulin activity
and secretion to clarify the appearance of the metabolic traits
of PCOS [37] (Table 1). The phenomenon of decreased insu-
lin sensitivity could be explained by different mechanisms: (a)
presence of anti-insulin antibodies; (b) impairments of insulin
receptors (INSRs); (c) presence of several post-receptor de-
fects, etc. [38]. Overall, all these abnormalities could be due to
one or more specific genetic alterations that sometimes may
coexist in the same subject and may trigger IR in adolescence
and/or adult life, concurrently with other lifestyle and environ-
mental factors [38]. Different SNPs in the gene coding for of
INSR (e.g. 152059807 and rs1799817) have been associated
with PCOS through genome-wide association studies
(GWAS) [39]. Nevertheless, these data are still controversial
and the effective role of IR in the biology of theca cells re-
mains unknown.
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Furthermore, other genes related to energy homeostasis
and/or chronic inflammation could influence PCOS develop-
ment [19, 40-55]. In particular, the SNP rs9939609 of FTO
(Fat Mass Obesity) gene appeared significantly higher in af-
fected women as compared to healthy women and seemed to
be particularly associated with obesity and T2DM [19]
(Table 1). More specifically, an association study on 386 pa-
tients (mean age: 28.0 + 6.5 SD years) with PCOS (defined by
the Rotterdam-criteria) by Tan et al. [43] found that the impact
of the FTO SNPs on BMI is larger in PCOS patients than in
the general population, with an average effect of the FTO risk
allele of 0.46 kg/m” (95% C10.17-0.75 kg/m?). According to
these results, it can be argued that the variants of 70 could
exert a significant pathogenic role mostly in PCOS phenotype
characterized by stronger metabolic alterations. However, it
should be considered that, even if genetic variations of F70
resulted to be particularly related to the metabolic abnormali-
ties of PCOS and, thus, might have substantial implications in
the aetiology of this disorder, both obesity and/or IR remain
markedly influenced by other endogenous and exogenous de-
terminants [14].

Hence, although these findings appear promising, none of
these genes resulted to be exclusively associated with the ap-
pearance of this syndrome, as expected for a multifactorial
disease.

Epigenetics and Intrauterine Environment

The role of epigenetics regarding PCOS is intriguing [56].
Epigenetics refers to the modulations of the expression of
specific genes in absence of any effective change of the se-
quence of DNA, due to the following mechanisms: (a) meth-
ylation [i.e. the addition of methyl (-CH3) groups to the fifth
carbon atom of the pyrimidine ring of a cytosine followed by a
guanine, called CpG dinucleotides (CpGs)] [57, 58]; (b) pres-
ence of microRNAs (miRNAs); (¢) post-translational modifi-
cations of the histones [35]. Although epigenetic phenomena
do not affect genotype, they may be transmissible and may
influence phenotype.

More precisely, the DNA methylation generally induces
the inactivation and/or dysregulation of transcription of a par-
ticular gene [57], producing different final effects depending
on whether the expression of such a gene is favourable or
deleterious for a specific condition [56] (Table 2).
Interestingly, the process of methylation of several genes as-
sociated with reproductive function, ovarian steroidogenesis
[e.g. genes encoding for aromatase, peroxisome proliferator-
activated receptor gamma 1 (PPARy1)], glucose and lipid
metabolism, adipose tissue activity, inflammation and regula-
tion of immune response has been proposed to be potentially
involved in the development of PCOS [56, 59-62] (Table 2).
In particular, a recent study by Echiburu et al. [61] analysed
DNA methylation in the promoter regions of genes encoding
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for leptin (LEP), leptin receptor (LEPR), adiponectin
(ADIPOQ), adiponectin receptor 1 and 2 (ADIPORI and
ADIPOR?2), AMH and AR in 24 infants (2—3 months old) of
women affected by PCOS (12 treated with metformin during
pregnancy) and 24 newborns of non-PCOS subjects. The au-
thors found that the daughters of women with PCOS showed
differences in 1 CpG site located in the promoter region of
LEPR and 2 in LEP as well as 1 in ADIPOR2 and 2 in AR.
Furthermore, in the Chr1-65419664 site of the LEPR promot-
er, the proportion of methylation was significantly higher in
infants who were born from non-treated PCOS and from treat-
ed with metformin PCOS compared to those who were born
from healthy subjects (p= 0.016 and p= 0.037, respectively).
Moreover, the ChrX-67543969 and ChrX-67544981 sites of
the AR promoter were less methylated in PCOS compared to
controls (p = 0.005 and p = 0.049, respectively), suggesting an
increased expression of ARs in affected subjects [61].

Interestingly, other differentially methylated genes (DMGs)
which predominantly contribute to hyperandrogenism and oo-
cyte development defects, for instance aldo-keto reductase fam-
ily 1 member C3 (AKRIC3), resistin (RETN), calcium-sensing
receptor (CASR), growth hormone releasing hormone receptor
(GHRHR) and tumour necrosis factor (TNF), were proposed as
novel epigenetic candidates in mediating ovarian dysfunction
by Sagvekar et al. [63].

Although, according to these data, a critical role of DNA
methylation in hormonal function and signalling in PCOS
appears plausible, current evidence needs to be furtherly in-
vestigated and confirmed in larger human studies.

The miRNAs are short (20-24 nucleotides) non-coding
sequences of RNA that can negatively regulate the expression
of genes at post-transcriptional level [64] (Table 3). It has been
hypothesized that a great number of miRNAs that are abnor-
mally expressed in ovarian cells, adipose tissue, follicular

Table 2 Major differentially methylated genes reported in PCOS

fluid and peripheral blood leukocytes of women with PCOS
might be associated with the occurrence of this syndrome
[64-70] (Table 3).

However, the effective role of miRNAs in clinical practice
as possible biomarkers of PCOS remains questionable and
limited. This phenomenon is likely due to the heterogeneity
of the current available studies with respect to the investigated
tissues and to the characteristics of study population [64]. At
the same time, in some cases, more than a single miRNA is
associated with the same potential regulatory role, suggesting
that an interaction among several miRNAs may lead to a sim-
ilar final functional consequence [67, 68]. Additionally, it
must be underlined that the changes of expression of
miRNAs (downregulation or upregulation) are usually related
to a specific tract of the syndrome rather than to its complete
hormonal and metabolic milieu [67, 68].

For instance, Chuang et al. [68], by studying the samples of
subcutaneous abdominal adipose tissue from 33 women [15
without IR according to the homeostasis model assessment
(HOMA-IR) (HOMA-IR < 2.5) (7 without and 8 with
PCOS) and 18 with IR (HOMA-IR > 2.5) (8 without and 10
with PCOS)], reported that miR-223 was significantly in-
creased among all insulin-resistant women (p = 0.0004) while
any significant difference was detected in miRNA-223 ex-
pression with regard to PCOS status. Comparing all four sub-
groups (7 subjects without PCOS and without IR, 8 without
PCOS but with IR, 8 with PCOS but without IR and 10 with
both PCOS and IR), miRNA-223 was only significantly
overexpressed in the two groups of women with IR, compared
to the subjects without PCOS and without IR (» <0.01). These
results seemed to confirm other evidence [67] according to
which the overexpression of some miRNAs (e.g. miRNA-
93, miRNA223) could be implicated in the metabolic dys-
function of PCOS more specifically.

DMGs Tissue

Changes in DNA
methylation in

Gene expression
changes associated

Clinical and/or functional consequences
of DNA methylation

patients with with DMRs
PCOS vs control*

LHCGR, YAPI [56] Granulosa cells Decreased Increased Hyperandrogenism (evidenced by the
increase in the free androgen index
from follicular fluid)

CYP19AI [56] Whole ovarian tissue Increased Decreased Reduced aromatase activity

PPARGCIA [56] Peripheral blood Increased Not reported Increased insulin resistance

PPARG [59, 60] Subcutaneous adipose tissue Increased Decreased Increased circulating levels of testosterone

FOXO3 [56] Skeletal muscle; granulosa cells ~ Decreased Increased Hyperandrogenism; unknown regarding

of muscle

DMGs, Differentially methylated Genes; LHCGR, LH/choriogonadotropin receptor gene; YAPI, yes-associated protein gene; CYP/9A1, aromatase
P450 gene; PPARGCIA, peroxisome proliferator-activated receptor y coactivator 1o gene; PPARG, Peroxisome proliferator-activated receptor y gene;

FOXO3, Forkhead box protein O3 gene
*We included in the table only the findings that have been replicated
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Table 3 Major miRNAs potentially associated with PCOS in human case-control studies

miRNAs involved Tissue Study population miRNAs Potential regulatory roles and Other

in PCOS expression clinical and/or functional evidence

changes consequences

miRNA21 [64] Blood PCOS women (Rotterdam  Upregulation Secondary follicle growth; Yes
criteria) anovulation

miRNA-509-3p [65] Granulosa (cumulus) cells PCOS women (Rotterdam  Upregulation Decreased MAP3K8; abnormal Yes
criteria) regulation of oestradiol secretion

miRNA335-5p [66]  Follicular fluid; granulosa cells PCOS women (Rotterdam ~ Downregulation Abnormal folliculogenesis; No
criteria) infertility

miRNA93 [67] Blood; adipose tissue PCOS women (NIH criteria) Upregulation GLUT-4 inhibition; increased Yes

miRNA223 [68] Adipose tissue

miRNA-130b-3p Theca interna cells

[69]

miRNA-320 [68]  Blood

criteria)

PCOS women (NIH criteria) Upregulation

PCOS women (Rotterdam

insulin-resistance

Decreased GLUT4 and glucose Yes
uptake in adipose tissue;
increased insulin-resistance

PCOS women (NIH criteria) Downregulation Increased DENND1A.V2, and No

CYP17A1 mRNA and androgen
biosynthesis in PCOS theca cells;
androgen excess

Downregulation Increased E7-1; increased IR Yes

GLUT-4, Glucose transporter type 4; DENND1A.V2, DENNDI1A variant 2; CYP17A1, cytochrome P450 17a-hydroxylase; ET-1, endothelin-1

The intrauterine exposure to androgens and/or to glucocor-
ticoids is another important condition that may partially ex-
plain the tendency to develop the typical features of PCOS in
adolescence and adulthood [71].

Barnes et al. [72] found ovarian hyperandrogenism in 8 wom-
en affected by congenital adrenal virilizing disorders (7 with
well-controlled classic 21-hydroxylase deficiency and 1 with ad-
renal carcinoma removed at ~ 2 years). The authors hypothesized
that this finding could be due to their intrauterine exposure to
high levels of androgens that interfered with the hypothalamus-
pituitary-gonads axis later, when they became girls.

According to the emerging data [73], female foetal hyper-
exposure to androgens might influence the expression of some
genes involved in ovarian steroidogenesis, insulin activity and
pulsatility of GnRH [73]. Possibly, this mechanism could be
partially due to the high level of AMH found in PCOS patients
which can inhibit the activity of placental aromatase, an en-
zyme that normally transforms androgens into oestrogens thus
preserving foetus from a potential hyper-exposure to andro-
gens in utero [74, 75].

The consequent increase of androgens could exert a sort of
“programming” at ovarian level and predispose the exposed
female foetus to hyperandrogenism/hyperandrogenemia dur-
ing the lifetime functional phases of ovary. Nevertheless, in
this regard, the available data remain inconclusive [76].

On the other hand, prenatal androgen excess could be re-
lated to the hyperandrogenism/hyperandrogenemia of
mothers affected by PCOS per se as well as to a genetic pre-
disposition of the foetus on its own [27, 77].

In fact, as discussed above (see also the section “Genetics”)
[19, 26], different genes involved in the activity and signalling
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of steroid hormones could play a key role in the appearance of
PCOS, especially the AR gene, as showed also in animal
models [27, 78]. More precisely, the genetic polymorphisms
in exon 1 of the AR gene seem to influence AR activity and,
according to in vivo data, CAG repeat polymorphism—
encoding for an AR with increased activity—may play a crit-
ical role in the pathogenesis of PCOS. However, the studies
regarding the association between the CAG repeat polymor-
phism of the AR gene and PCOS have still conflicting results
[79].

As for mothers with PCOS, many authors, like Milaqueo
et al. [80], hypothesized that changes in the activities of some
placental enzymes—such as lower activity of placental aro-
matase and/or higher activity of 3-fhydroxysteroid-dehydro-
genase—could contribute to the increased serum androgen
levels of pregnant PCOS women. In light of these observa-
tions, the impairment of the activity of placental aromatase—
that should be a theoretical barrier to preserve child from an-
drogen excess due to the maternal hormonal status, as previ-
ously discussed [67, 81]—may assume an important signifi-
cance. Anyway, these findings need to be clarified.

It has been suggested that PCOS might be a long-term
consequence of an adaptive phenomenon occurring during
the intrauterine life [27].

According to this hypothesis, a condition of nutritional
restriction and/or foetal hypoxia during pregnancy might be
perceived by the foetus as a potent “stressor”, producing a
centralization of blood flow towards the principal vital organs
(i.e. brain, heart, adrenal glands) in order to preserve their
essential functions (“Thrifty phenotype hypothesis™) [82].
This process might facilitate a glucocorticoid excess and
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induce reproductive and/or metabolic disorders in female chil-
dren during their perinatal period and later [83]. In an inter-
esting manner, female intrauterine growth retardation IUGR)
was often associated with premature pubarche, ovarian
hyperandrogenism and hyperinsulinemia [84]; moreover,
Small for gestational age (SGA) female newborns were more
often affected by PCOS than healthy children [84]. Hence,
PCOS maybe the final stage of a hypothetical endocrine-
metabolic sequence arising from prenatal onset and likely
evolving during the life course of the same subject.

Conversely, a retrospective study by Fulghesu et al. [85]
enrolling 170 PCOS adolescent patients compared to 75
healthy controls (age range: 12—19 years) did not report any
significant difference in birth weight between the two groups
(p= 0.73) and only 15 girls with PCOS were been SGA.
However, PCOS SGA adolescents in comparison to the con-
trol group had basal insulin levels (15.93 + 7.16 pU/mL vs.
10.97 £ 5.79 pU/mL), and HOMA-IR values (3.2 + 1.54 vs.
2.19 £ 1.28) significantly higher (p< 0.01 and p< 0.02, respec-
tively). Besides, a trend towards higher total levels of T in
SGA PCOS girls compared to appropriate for gestational
age (AGA) PCOS girls was observed (p= 0.09).

At the same time, Legro et al. [86], by studying the possible
association between birthweight and metabolic and reproduc-
tive abnormalities in first-degree relatives (age range: 20-50
years) of women with PCOS (n= 1038 subjects; n=845 wom-
en, n=193 men) compared to a healthy control group (n=168
subjects; n=86 women, n=82 men), did not find any signifi-
cant differences in birthweight between PCOS family mem-
bers and controls. Moreover, within PCOS families, no asso-
ciation between any reproductive parameters, such as men-
strual irregularities or levels of T, or metabolic endpoints
[Fasting glucose and insulin, HOMA, 75-g oral glucose toler-
ance test (OGTT), cholesterol, etc.] and birthweight was
reported.

These data maybe conceivably explained by the fact that
both hyperandrogenemia and/or hyperinsulinemia correlate
with the birthweight only partially but are more complex con-
ditions that may depend on various factors, sometimes not yet
understood.

Extrauterine Environment

IR associated with compensatory hyperinsulinemia may play
a crucial role in the intriguing relationship between intrauter-
ine and extrauterine aspects implicated into the development
of PCOS [87]. It is well known that a high percentage of
PCOS (50-70%) can be affected by IR, even regardless of
body weight [87]. This data could be explained by the fact
that IR can arise from a genetic predisposition [37]—as
discussed above—but, at the same time, it can be triggered
and/or induced by some inadequate nutritional and/or lifestyle
habits [5]; in both cases, the endocrine-metabolic features of

PCOS could occur in adult life as well as in childhood and
adolescence [87]. Additionally, this cross-talk between the
exogenous factors (i.e. diet, lifestyle) and some predisposing
intrauterine conditions can also promote other disorders (e.g.
premature adrenarche, atypical puberty and metabolic syn-
drome) [27]. On the other side, IR could negatively affect
pregnancy per se, since this metabolic dysfunction has been
associated with gestational diabetes, preterm labour, pre-
eclampsia and intrauterine growth restriction (IUGR) [88].
Recent evidence highlighted how the Advanced Glycation
End Products (AGEs) could take part in the pathophysiology
of PCOS and produce negative effects on reproductive health.
Generally, AGEs are endogenous consequences of the alter-
ations of glucose metabolism commonly observed in diabetics
[89]. However, AGEs maybe also linked to the dietary habits:
in fact, they derive from some post-translational modifications
forming permanent rearrangements through a ubiquitous reac-
tion (i.e. Maillard reaction) during the cooking or processing
of foods under high-temperature conditions [90]. In particular,
Western-type diet, full of saturated fats and animal-derived
products, usually cooked for many time at high temperature,
are strong sources of AGEs. Various mechanisms of interfer-
ence of AGEs were proposed for PCOS [91, 92]: (a) promo-
tion of adipogenesis and IR; (b) direct systemic pro-
inflammatory effects; (c) deposition in theca cells and/or ab-
normalities regarding glucose signalling and uptake in granu-
losa cells [91, 92]. Furthermore, AGEs might mimic different
hormones and/or regulate/modify their activities. Lin et al.
[93] showed that, in human ovarian granulosa cell cultures,
AGEs inhibited cellular proliferation and secretion of proges-
terone possibly through the downregulation of LHR. Many
data reported that a rich AGE diet in female subjects directly
correlated with high levels of androgens, AMH, insulin and A,
promoting ovarian dysfunction and/or infertility [90, 94].
Diamanti-Kandarakis et al. [95] showed that women with all
the characteristics of PCOS according to the Rotterdam
criteria had higher levels of AGEs compared to those with
isolated hyperandrogenemia or anovulation or PCOS ovarian
morphology at ultrasound or controls (p < 0.001). Moreover,
Tantalaki et al. [96] reported in 23 patients with PCOS (mean
age: 23.4+5.7 years; BMI: 26+5.7 kg/ m*)—invited to com-
plete a 6-month period (3 phases of 2 months each) alternating
a hypocaloric diet with ad libitum AGEs content (Hypo), an
isocaloric diet with high AGEs (HA) and an isocaloric diet
with low AGEs (LA)—that AGEs, T, oxidative stress, insulin
and HOMA-IR index were significantly increased on the HA
isocaloric diet (1869.6+114.6 kcals/day) with high AGEs (16
+1 x 10° U/day) and decreased on the LA isocaloric diet
(1869.6£114.6 kcals/day) with low AGEs (5.7£0.3 x 10°
U/day) (p< 0.05). This study confirmed that the dietary intake
of AGEs could deeply influence the hormonal and metabolic
profile of PCOS, suggesting that women affected by this syn-
drome could benefit from a diet with low AGEs [97]. Thus, a
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balanced and low in saturated fat diet should be an advisable
choice for the management of PCOS [97]. However, it is
important to underline that, although AGEs seem to be in-
volved in other conditions potentially associated with PCOS
(e.g. atherosclerosis, aging and carcinogenesis), these process-
es could be only partially controlled and/or delayed through a
dietary intervention [98].

The dysbiosis of gut microbiota may be involved in the
development of several clinical disorders (e.g. obesity, IR,
autoimmune diseases) including PCOS [99-101]. Many data
in animal models showed that prenatal androgen exposure
could be associated with hypertension and specific alterations
of gut microbiota [102]. Interestingly, Torres et al. [103] stud-
ied the faecal microbial diversity profiles of healthy subjects
(n =48 mean age: 29.4 + 4.9 years), women with only PCOM
(n = 42 mean age: 29.8 + 5.3 years) and PCOS women ac-
cording to all three Rotterdam criteria (n = 73 mean age: 27.4
+4.9 years), by analysing 16S ribosomal RNA gene sequence.
The authors reported a lower o« biodiversity (a parameter es-
timating the within-sample biodiversity) in women affected
by PCOS compared to healthy subjects for observed sequence
variants (SVs) (p = 0.04) and phylogenetic diversity (PD) (p =
0.02). Besides, serum total T levels and hirsutism showed
negative correlations with SVs (p = 0.006 and p = 0.02, re-
spectively) and PD (p = 0.05 and p = 0.03, respectively),
suggesting a powerful association between the severity of
the intestinal dysbiosis and this syndrome. However, it is im-
portant to notice that the composition of microbiota may be
influenced by various aspects (e.g. sex, hormonal concentra-
tions, weight, dietary and lifestyle factors) that could greatly
differ among PCOS patients. Consequently, it remains diffi-
cult to prove the effective involvement of gut microbiota in the
aetiology and management of PCOS [104].

Nowadays, there is a growing interest about the relation-
ship between endocrine disruptors and PCOS aetiology [105].

Genetic factors

Epigenetic modifications
(DNA methylation, miRNAs)

A cross-sectional study of 71 PCOS (according to NIH
criteria) [9] and 100 normal women, age- and BMI-matched
by Kandaraki et al., showed higher level of bisphenol A
(BPA)—a widespread environmental pollutant—in both
obese and lean subjects affected by PCOS compared to their
control healthy counterparts (respectively, p < 0.05 and p <
0.001) [106]. Besides, in both PCOS and controls, significant
positive correlations between BPA with T (p < 0.05) and BPA
and A (p < 0.05) were observed. Several mechanisms could
explain the deleterious impact of BPA on fertility: for in-
stance, the interference with androgen and progesterone re-
ceptors, the enhancement of steroidogenesis, the decreased
metabolism of T [107]. Unfortunately, this evidence con-
firmed the potential alarming effects of some environmental
contaminants on reproductive function [108] and general
health that nowadays cannot be prevented in a satisfactory
manner, although ensuring a healthy lifestyle and diet could
be a useful support, even in such case.

In fact, according to the principal recommendations regard-
ing PCOS [109] along with medications, choosing a mild-to-
moderate physical activity (from 150-180 to 210 min/week)
associated with a well-balanced, poor of saturated fat acids
and rich of grains diet, avoiding smoking and alcohol con-
sumption and maintaining sleeping hygiene should be advis-
able to approach this complex syndrome [6].

Conclusions

PCOS is a very challenging endocrine-metabolic disorder,
since various aspects need to be considered to frame and man-
age its clinical features, as in the case of other multifactorial
diseases. This is an updated narrative review discussing the
most recent evidence about the role of genetics, epigenetics

PCOS DEVELOPMENT

N\
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Intrauterine environment
(maternal health status,
foetal distress)

IN ADOLESCENCE

OR ADULT LIFE

Extrauterine environment (diet, lifestyle, AGEs, endocrine disruptors, etc.)

Fig. 1 Possible mechanisms involved in the appearance of PCOS [11, 12, 19, 97, 102, 109]
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and environment in the development and maintenance of this
syndrome in young adult life.

According to the available data, both heritability and ge-
netics can have an important role in the appearance of PCOS
[11, 12, 19]. In fact, on the one hand, a familiar trait of sus-
ceptibility to hyperadrogenism can be found among affected
subjects, particularly among some female first-degree rela-
tives of PCOS women, even if in absence of a clear and com-
plete clinical evidence of the syndrome according to the clas-
sical diagnostic criteria [16]. On the other hand, different
genes, such as those associated with adrenal and ovarian ste-
roidogenesis, ARs, gonadotrophin and insulin activity and
inflammatory response, were proposed to be involved in the
aetiology of this syndrome [18-55]. Nevertheless, robust ev-
idence demonstrating the predominance of a specific gene for
PCOS is still lacking.

Many epigenetic modifications (e.g. the methylation of spe-
cific genes and/or the presence of miRNAs) [57, 64—70] seem
to influence the phenotype of PCOS patients. Furthermore,
medical history of mothers before and during pregnancy (e.g.
a previous diagnosis of PCOS, hyperinsulinemia, diabetes, pre-
eclampsia) and/or some intrauterine events inducing a “foetal
distress”, could affect reproductive health of female foetuses
during adolescence and adult life [80—82].

As for exogenous factors, although the role of dysbiosis of
gut microbioma, endocrine disruptors and AGEs in the devel-
opment of PCOS needs further elucidations [97, 102, 103,
105], a healthy lifestyle associated with a well-balanced, poor
of saturated fat acids and rich of grains diet associated with a
medical tailored treatment could sustain the metabolic and
hormonal management of PCOS women [109].

Taken together all these findings, clinicians should manage
signs and symptoms of PCOS and prevent its possible long-
term consequences more consciously (Fig. 1).

An aware knowledge of all the mechanisms at the basis of
PCOS development could favour the promotion, achievement
and maintenance of well-being in all affected subjects.
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