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Abstract 

Background Polycystic ovary syndrome (PCOS) is an endocrinopathy affecting women of reproductive age group at 
a global level. According to many community-based studies, the prevalence of PCOS in India ranges from 3.7 to 22.5% 
due to the country’s enormous population. Upon ultrasound, it shows multiple cysts arranged in a bead of necklace-
like appearance causing irregular menstrual cycles and infertility in most cases. It is manifested with abnormally raised 
testosterone and insulin levels and increased luteinizing hormone (LH)-to-follicle-stimulating hormone (FSH) ratio. 
Phenotypically, it is presented as obesity, hirsutism, acne and male pattern baldness, which impacts the self-esteem of 
young girls leading to depression and compromised quality of life.

Aim Numerous potential genes have been shown to contribute to PCOS, and the genetic linkage of PCOS has been 
investigated in many studies. In this study we are looking into the candidate genes, the variants, and other respon-
sible factors behind the genesis of PCOS. This will help in better understanding of its pathogenesis and, as a result, 
deciphering the mechanism by proper medication.

Method of the study We comprehensively searched for publications including PCOS-relevant keywords in different 
areas in five different electronic databases: PubMed, Google Scholars, Elsevier, Springer Link and Science Direct up to 
March 2023 focusing on the new ones. We excluded non-English articles, conference papers and studies that were 
overlapping. Chosen articles were carefully read and further articles that were retrieved from their references were 
also reviewed so as to make the search complete with the inclusion criterion.

Result This review summarizes PCOS as an polygenic and a multifactorial complex disease in which a vast array of 
genetic and environmental factors are involved. Genes that affect steroidogenesis (ovarian and adrenal), gonado-
tropin action and regulation, insulin action and secretion, body mass index and chronic inflammation are directly or 
indirectly associated with PCOS.

Conclusion In this study, research of the genetic propensity to PCOS was made, though not in-depth. With the 
acquired knowledge of array of genes involved, targeted efforts can be made for the potential therapeutic manage-
ment of the PCOS patients via the novel discovered routes. Moreover, understanding more about PCOS would be 
beneficial in prevention of the associated metabolic disorders, life-threatening morbidities, restoring fertility and rais-
ing the self-esteem of the young women.
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Background
Polycystic ovarian syndrome, also referred as Stein 
Leventhal Syndrome, is a multifactorial disease with a 
complex pathophysiology, affecting 5–15% of premeno-
pausal women globally. It is characterized by metabolic 
disturbances, endocrine imbalances and life-threatening 
co-morbidities [1, 2]. Menstrual dysfunction affects an 
estimated one in five to six women owing to stress, obe-
sity and hormonal fluctuations [3, 4]. The three most 
common factors associated with PCOS include irregu-
lar ovulation, elevated androgen levels and cystic ovaries 
on ultrasound. During the manifestation of PCOS, the 
observable ovarian phenotypic changes include thick-
ened capsule layer and a drastic increase in the number of 
small antral follicles arrested at the stage of the cell cycle 
wherein the dominant follicles are undergoing the selec-
tion process. In comparison to normal ovulatory follicles, 
these cystic follicles demonstrate a decreased number of 
granulosa cell layers and elevated levels of the number of 
steroidogenic cells in theca interna, suggesting a strong 
correlation between abnormalities in proliferation and 
differentiation in PCOS’s theca interna and granulosa lay-
ers. It results in changed hormonal mileu in transformed 
ovaries of PCOS females leading to the development of 
cysts in the ovarian stroma [5].

Earlier literature reported the association of genetic 
predisposition to PCOS development; however, no uni-
form consensus has been reached till now on established 
genetic marker for PCOS. As depicted in Fig.  1, PCOS 
progression is regulated by various environmental and 
genetic factors that affect ovaries directly or indirectly,. 
Several genes have a crucial role in the manifestation of 
this syndrome in females; these genes block and regulate 
the activity of various metabolic/hormonal pathways. 
The abnormal gene regulation at the genetic level leads 
to various post-translational modifications in the pro-
tein products, which causes the development of PCOS. 
The environmental or occupational factors such as sed-
entary lifestyle and dietary habits cause deterioration of 
the reproductive cycle by irregular menstruation, loss of 
physical activity, obesity, impairment of the menstrual 
cycle, etc., which contribute to the prevalence and mod-
ulation of PCOS. Throughout evolution, PCOS mani-
festation has occurred that can be demonstrated by the 
presence of 2–3 times increase in Anti-Mullerian hor-
mone (AMH) in PCOS females, which serves as a diag-
nostic biomarker for monitoring the pathophysiology of 
PCOS [6–8].

This review presents a brief overview of pathophysiol-
ogy of PCOS in light of vast array of genes involved in 

Fig. 1 Summary of the main features associated with PCOS, such as clinical features, diagnosis, etiology and genetics involved. Figure was 
generated using BioRender software
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disruption of biochemical pathways—ovarian and adre-
nal steroidogenesis, gonadotropin action and regulation, 
insulin action and secretion, energy homeostasis and 
chronic inflammation.

Etiology of PCOS
The etiology of this syndrome is a combination of heredi-
tary and environmental factors. Unhealthy eating habits, 
lifestyle choices and infectious agents further contrib-
ute to disease severity and progression [9, 10]. Hayes 
et  al. in his study emphasized the association of PCOS 
with genetic components, candidate genes and single-
nucleotide polymorphism (SNPs). As per the database, 
241 gene variants have a direct implication in the etiol-
ogy of PCOS manifestation [11–13]. The abnormal tran-
scriptional activity of a gene due to polymorphisms or 
nucleotide mutations, results in PCOS [14]. Several poly-
morphisms have been identified as contributing to PCOS 
including steroidogenic acute regulatory (StAR) poly-
morphs, follicle-stimulating hormone receptor (FSHR) 
polymorphs, FTO alpha-ketoglutarate-dependent dioxy-
genase (FTO) polymorphs, vitamin D receptor (VDR) 
polymorphs, insulin resistance (IR) and insulin receptor 
substrate (IRS) polymorphs and gonadotropin-releasing 
hormone receptor (Gn-RHR) polymorphs. An ovary 
becomes dysfunctional due to a gene defect that disrupts 
the biochemical pathway. Mainly the genes encoding for 
hormone receptors such as androgen, LH, FSH, insulin 

and leptin are accountable [15]. With the increase in 
insulin secretion, ovarian theca cells respond by elevating 
the androgen level (androstenedione) that leads to  ano-
vulation. Unlike the normal ovary that metabolizes the 
androstenedione produced by the theca cells to estrone 
in peripheral tissues and estradiol in the granulosa cells, 
polycystic ovaries do not express the high aromatase 
activity thereby accumulating majority of androsten-
edione. The condition lowers the hepatic biosynthesis of 
sex hormone-binding globulin (SHBG) and insulin-like 
growth factor-binding protein-1 (IGFBP-1) produced in 
the liver. The stimulation of visceral adipose tissue (VAT) 
by increasing androgen levels leads to the production of 
free fatty acids (FFAs), which further contribute to insu-
lin resistance [16]. An imbalanced secretion pattern of 
the gonadotropin-releasing hormone (GnRH) in PCOS 
contributes in the relative increase in LH-to-FSH ratio. 
As a result of this deranged ratio, ovulation does not 
occur in PCOS patients [17, 18].

Genetic predisposition and PCOS
There is a strong tie between the genetic predisposition 
and PCOS, which is demonstrated by the expression of 
different genes in different locations, illustrating other 
functions, as shown in Table  1. Expression of altered 
patterns of these genes is highly indicative of deranged 
signal transduction pathways involved in a cluster of a 
family of genes rather than a single gene. An overview of 

Table 1 Genetic pre-deposition and variations associated with PCOS along with their cytogenic location

S. no. Variations associated with PCOS Name of the genes Cytogenic location Author References

1 Genes involved in steroid hormone 
effect

1. Androgen receptor gene (AR)
2. Sex hormone-binding globulin 
gene (SHBG)

Chromosome Xq12
Chromosome 17p13-p12

Urbanek [20]

2 Genes involved in gonadotropin 
action and regulation

1. Follicular-stimulating hormone 
receptor (FSHR)
2. Anti-Müllerian hormone (AMH)

Chromosome 2p16.3
Chromosome 19q13.3

Aesha
–

[22]
–

3 Genes involved in insulin action and 
secretion

1. Insulin gene (INS)
2. Calcium-dependent Cysteine 
Protease (CAPN)

Chromosome 11p15.5
Chromosome 2q37.3

Shaaban
Urbanek

[35]
[20]

4 Genes involved in insulin sensitivity 
and BMI

1. Fat mass obesity (FTO)
2. Tumor necrosis factor (TNF)

Chromosome 16q12.2
–

–
Escobar-Morreale

[39]

5 Genes involved in ovarian steroido-
genesis and gametogenesis

1. Leptin
2. Aromatase
 (i) CYP1A1
 (ii) CYP11A1
 (iii) CYP1b2
 (iv) CYP17A1
 (v) CYP21A2
 (vi) CYP3A7
 (vii) CYP19A1

–
Chromosome 2q37.3
Chromosome 15q24.1
Chromosome 8q24.3
Chromosome 10q24.32
Chromosome 6p21.33
Chromosome 7q22.1
Chromosome 15q21.2

Pandey
K Arvind Babu
Cheng-wei zhang
Zhao
Li Li
Settas N
Mark O goodarzi
–

[47]
[53]
[56]
[58]
[61]
[65]
[67]

6 Genes involved in chronic inflam-
mation

1. Plasminogen activator inhibitor-1 
(PAI-1)
2. Interleukin 6 (IL-6)
3. Transforming growth factor-beta 
(TGF)

Chromosome 7 (7q21. 3-q22)
–
–

Diamanti-Kandarkis
Senn
J. Yang

[75]
[78]
[90]
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the genetic paradigm of PCOS is depicted in Table 1, and 
their roles in PCOS are discussed below in detail.

Genes involved in steroid hormone effect
Androgen receptor gene (AR)
This gene, which has 11 exons and is located on chromo-
some Xq12, codes for a protein-90 kb long and consists 
of 3 functional domains [19]. PCOS and androgen recep-
tor AR are related. The androgen signaling pathway is dis-
turbed and increased by X inactivation. A single copy of 
the X chromosome can affect the entire pathway of gene 
regulation of AR, an X-linked gene. Genome-wide asso-
ciation studies for PCOS can be used to find novel muta-
tions and other genetic variations linked to the etiology 
of this condition [20].

Sex hormone‑binding globulin gene (SHBG)
Sex steroid-binding globulin (SSBG), also known as sex 
hormone-binding globulin (SHBG), is a glycoprotein 
that binds to androgens and estrogens, located on chro-
mosome 17p13-p12. It is also known as an androgen-
binding protein when it is generated by Sertoli cells in 
the seminiferous tubules of the testis (ABP). Generally, 
SHBG gene polymorphism is associated with PCOS. 
Down-expression of this gene often serves as a potential 
biomarker of insulin resistance, abnormal glucose and 
lipid metabolism in PCOS patients.

Genes involved in gonadotropin action and regulation
Follicular‑stimulating hormone receptor (FSHR)
The FSHR gene has 14 exons and is located on chromo-
some 2p16.3. This gene produces the G-coupled recep-
tors protein, which is essential for the growth of the 
gonads [21]. Hormonal imbalances have an impact on 
the reproductive endocrine system. In addition to other 
hormone imbalances, FSH level is also accountable for 
the severity of PCOS. Follicular-stimulating hormone 
receptor is responsible for encoding FSH. Any aberration 
in the FSHR causes disturbances in follicular and ovarian 
function. Studies have reported a crystal-clear distinction 
between individuals of two cohorts—healthy and affected 
in the North of Iraq, by statistical analysis and RFLP 
using the Eam11051 restriction enzyme [22].

Anti‑Müllerian hormone (AMH)
Polycystic ovaries produce many follicles—pre-antral and 
antral, which further up regulate the production of AMH, 
a member of the growth factor β family [23, 24]. The 
AMH gene is located on the long arm of chromosome 19 
at cytogenetic location 13.3. Hence, elevated AMH levels 
are helpful for estimating ovarian volume in women with 
PCOS [25, 26]. The serum AMH levels are proposed as 
a diagnostic test for PCOS [27, 28]. The role of AMH in 

PCOS etiology has been reported, which mainly focuses 
on the AMH gene and its Type II Receptor (AMHR2). 
Kevenaar et al. studied the role of AMH SNPrs10407022 
(Ile49Ser) and the AMHR2 polymorphism rs2002555 
with the PCOS [29]. GATA4, FOXL2 and steroidogenic 
factor 1 are some transcription factors (TFs) that have 
been newly discovered genes that control AMH produc-
tion in the ovary. There is an increase in the number of 
follicles, elevated expression of AMH levels per follicle 
as well as increased expression of AMH and AMHR2 
in PCOS women, in contrast normal ovulatory females 
showed the absence of AMH gene expression after the 
follicle maturation [30–33].

Genes involved in insulin action and secretion
Insulin gene (INS)
Insulin is produced by the androgen receptors in the 
theca cells, which is also activated through the pathway 
(phosphoinositide 3-kinase/protein kinase B) in PCOS 
theca cells. Increased production of insulin corresponds 
to increased androgen synthesis, similarly to LH. The 
transcriptional activity of INS and IGF-II is often regu-
lated by these VNTR polymorphisms which is associated 
with PCOS [34, 35].

Calcium‑dependent cysteine protease (CAPN)
The calcium-dependent cysteine protease CAPN10 is 
often referred to as Caplain10. There are 12 exons in it, 
which are located on chromosome 2q37.3, a heterodi-
mer protein associated with type 2 diabetes. It is located 
in a region where type 1 non-insulin-dependent diabetes 
mellitus is prevalent [36]. Calpain 10 is a cysteine pro-
tease encoded by the chromosomal region CAPN10. Cal-
pain 10 has been identified to be involved in the action 
and secretion of insulin. Since insulin resistance and type 
2 diabetes are linked to PCOS, genetic polymorphisms in 
CAPN10 result in PCOS, hence serving as an ideal candi-
date gene for PCOS [20].

Genes involved in insulin sensitivity and BMI
Fat mass obesity (FTO)
Alpha-ketoglutarate-dependent dioxygenase is another 
name for the FTO gene, which is located on chromosome 
16q12.2 and contains 14 exons. Many investigations have 
demonstrated a link between FTO and type 2 diabetes, 
obesity and BMI [37]. A study carried out in Pakistan 
indicates the reported evidence of genetic polymor-
phism in the FTO gene among PCOS females. Patients 
with PCOS had the intronic variation of the rs9939609 
SNP. The considerable BMI difference between affected 
patients and healthy persons has been found through 
genetic and statistical analyses. FTO genes (rs9939609 
and rs1421085) in Saudi women suffering from PCOS 
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shows increased obesity and provide likely a connection 
between FTO and PCOS susceptibility.

Tumor necrosis factor (TNF)
The TNF super family, which includes several trans-
membrane proteins with a homologous TNF domain, 
includes TNF-α as a member. The TNF-α is an adi-
pokine and cytokine that causes insulin resistance and is 
linked to type 2 diabetes brought on by fat [38]. TNF-α 
is involved in chronic inflammation in PCOS females, 
but a direct association of polymorphism of TNF-α is not 
yet reported. But studies indicate that PCOS phenotypic 
traits are modified by TNF- gene polymorphism [39].

Genes involved in ovarian steroidogenesis 
and gametogenesis
Leptin
Leptin is acknowledged as a peripheral signal and a 
potential regulator of a variety of reproductive processes, 
including ovarian steroidogenesis and gametogenesis. 
Leptin is thought to be a link between diet and repro-
duction [40]. The hypothalamus–pituitary–ovarian 
(HPO) axis contains the leptin receptor and mRNA [41, 
42] Leptin mRNA and protein production is also estab-
lished in granulosa cells, oocytes and early cleavage-stage 
embryos. [43]. Leptin regulates ovarian folliculogenesis 
by leptin receptors in granulosa cells, and glucocorticoids 
regulate steroidogenesis [44]. It modulates the side chain 
cleavage enzyme and 17α-hydroxylase [45] and LH-
stimulated estradiol production [46] in the ovary. Also, it 
serves as a potential marker in PCOS patients. Generally, 
PCOS individuals have elevated leptin levels than normal 
ovulatory females [47–49].

Aromatase gene
Aromatase, a member of the intricate Cytochrome P450 
family, plays a crucial part in steroid conversion, and 
the conversion of testosterone into estrogen is one of 
the enzymes involved in steroidogenesis. A malfunction 
in the route caused by an aromatase deficit prevents its 
conversion [50]. Due to the lack of C19 to C18 conver-
sion, this defect will disrupt ovarian function and boost 
androgen levels. Aromatase genes associated with PCOS 
are CYP11A1, CYP11B2, CYP17A1, CYP19A1, CYP1A1, 
CYP21A2 and CYP3A7 listed in Table  1. Cytochrome 
P450 abnormality is associated with an increased risk of 
PCOS manifestation and progression.

• CYPA1A gene: The etiology of PCOS has been linked 
to the CYPA1A gene, which is also recognized as a 
candidate gene. Cytochrome P450 family 1, sub-
family A, member 1 is the acronym for this gene, 
which is present on chromosome 15q24.1. There are 

seven exons in all. Polycyclic aromatic hydrocarbons 
(PAHs) have a significant role in inducing the expres-
sion of this gene, which encodes the Cytochrome 
P450 proteins found in the endoplasmic reticulum 
[51]. In a study of PCOS patients and healthy peo-
ple, the ratio of isoleucine to valine in PCOS patients 
was higher than in healthy people. It was also deter-
mined through statistical analysis that PCOS patients 
have the genotype for valine and that isoleucine is 
replaced by valine in this condition. As a result, they 
concluded that the isoleucine/valine CYP1A1 geno-
type was 7.8 times more common than the valine 
genotype, which was 7.4 times more common [52]. 
Increased toxification and detoxification may result 
from polymorphism in phase 1 and 2 enzymes. Any 
change in such enzymes causes aberrant ovarian 
function and cyst development. Strong correlations 
exist between PCOS susceptibility and the genetic 
variant T6235C in the CYP1A1-encoded phase 1 
enzyme. Because of the disruption to the enzymatic 
route caused by this mutant gene, PCOS propensity 
and advancement are at risk [53].

• CYP11A1 gene: CYP11A1 is a member of the 
Cytochrome P450 family 11, subfamily A. The super 
family of cytochrome p450 is encoded. It is present in 
the inner membrane of mitochondria. Pregnenolone 
is produced primarily by the catalysis of cholesterol. 
In the pathway for steroid production, it is also essen-
tial. The ten exons that make up this gene are found 
on chromosome 15q24.1 [54]. The promotor pen-
tanucleotide (TTTTA)n polymorphism is another 
genetic predisposition factor for PCOS. According to 
reports, CYP11A1 polymorphism is a molecular risk 
marker for PCOS. An interplay between hereditary 
and environmental variables raised the risk. Approxi-
mately 15 allele variations, with the most prevalent 
having eight repetitions, was found in a study of the 
South Indian population, generally ranging between 
2–16 repeats. The occurrence of > 8 repeat alleles in 
PCOS-affected females was also examined in this 
study, which implies a threefold increased risk of 
PCOS predisposition compared to controls [55]. 
Case–control research conducted in China showed 
that polymorphism in CYP11A1 is thought to be the 
primary cause of PCOS. SNP rs4077582 in CYP11A1 
is strongly linked to PCOS and increases androgen 
levels by regulating luteinizing hormones in different 
genotypes [56].

• CYP11b2 gene: Cytochrome P450, family 11, sub-
family B and member 2 is its short form. Nine exons 
make up this gene, which is found on chromosome 
8q24.3. Its job is to transmit instructions for the 
adrenal gland aldosterone synthetases to create new 
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molecules [57]. According to reports, this additional 
gene is in charge of the developing of PCOS. Accord-
ing to the results of a case–control study, the etiology 
of PCOS is due to polymorphism in the aldosterone 
synthetase promoter area. When compared to people 
without PCOS, the frequency of polymorphism was 
significantly high. Since PCOS-affected individuals 
also had significantly higher levels of aldosterone and 
testosterone, the likelihood of developing PCOS was 
enhanced [58].

• CYP17A1 gene: Another monooxygenase involved 
in steroidogenesis is Cytochrome P450, Family 17, 
Subfamily A and Member 1. It has eight exons and 
is located on chromosome 10q24.32 [59]. According 
to reports, the pathophysiology of PCOS involves 
the gene CYP17. According to a study done on the 
population of Chile, the CYP17 polymorphism C>T 
causes PCOS to progress. Through hormonal and 
clinical evidence, the comparison of polymorphism 
with body weight and insulin resistance was also 
made. Furthermore, an increase in body weight, 
insulin resistance and excessive lipid are caused by 
the polymorphism in CYP17 and the gene defect 
discovered by RFLP PCR. As a result, it is linked to 
PCOS and metabolic pathways [60]. Another study 
found that the Chinese population has T/C poly-
morphism in the CYP17A1 gene. The genotypes of 
TC, TT and CC, which were 43.71%, 49.69% and 
6.6%, were shown by the clinical and genetic crite-
ria. In comparison to those who have the TT and TC 
genotypes, affected females with the CC genotype 
showed higher testosterone levels. Furthermore, T/C 
polymorphism might not be directly related to PCOS 
[61]. When there is increased insulin resistance and 
testosterone levels, the association may be based on 
polymorphism. Among Indian women with PCOS, 
Pusalkar et  al. reported that the frequency of the C 
allele rises, which could have an influence on their 
hyperandrogenic phenotype [62]. However, this cor-
relation was not found by Xing et al., suggesting the 
role of CYP17A1 rs7435721 polymorphisms as pro-
tective factors for PCOS [63].

• CYP21A2 gene: Another gene implicated in 
the development and progression of PCOS is 
Cytochrome P450, Family 21, Subfamily A, Mem-
ber 2. It has ten exons and is located on chromo-
some 6p21.33 [64]. A heterozygous mutation in 
CYP21A2 may be involved in the etiology of PCOS. 
For the advancement of PCOS, about 14 molecular 
abnormalities in CYP21A2 have been documented. 
5.9% and 7.6% of afflicted and control individuals 
had mutations, respectively. In the case of CYP21A2, 
however, it still isn’t an acceptable response [65].

• CYP3A7 gene: Cytochrome P450, Family 3, Subfam-
ily A, Member 7 is another name for CYP3A7. It 
predominantly manifests in the liver. It has 13 exons 
located at chromosome 7q22.1 [66]. According to 
reports, females with abnormal levels of andro-
gen have inherited them. DHEAS metabolism is 
helped by CYP3A7. The CYP3A7 promoter variant 
allele lowers the activity of the metabolic pathway. 
In a study, the variant’s overall frequency was 2.7%. 
It was 2.2% in the affected person and 3.6% in con-
trol. As a result, it is proven that females with PCOS 
have decreased DHEAS due to a mutant mutation in 
CYP3A7. The androgen metabolic pathway is affected 
by polymorphism, which can also lessen the severity 
of increased androgen levels and the PCOS pheno-
type [67].

• CYP19A1 gene: It is also mentioned that the SNP 
rs2414096 discovered in the CYP19 gene in the Chi-
nese population contributes to hyperandrogenism. In 
PCOS patients compared to controls, the genotype 
for rs2414096 was expressible different (AG, AA, 
GG), suggesting that the CYP19 SNP may also be 
linked to PCOS risk [68]. PCOS development is also 
caused by a gene called CYP19A1 that encodes aro-
matase. Cytochrome P450, Family 19, Subfamily A, 
Polypeptide 1 is called CYP19A1. The manufacture 
of lipids, steroids and cholesterol is carried out by 
monooxygenase. It is found in the endoplasmic retic-
ulum and is essential for the estrogen production. 
The CYP19A1 gene, located on chromosome 15q21.2 
and contains a total of 18 exons and 17 introns [69], 
can exhibit abnormalities that disrupt the estrogen 
pathway and aromatase activity. The exon part of 
this gene contains the SNP rs700519(C/T), and the 
intronic part contains rs710059(C/T) [70]. The reg-
ulatory part of CYP19A1 is 93 kb long, whereas the 
coding region is 30  kb long [71]. Due to CYP19A1 
gene polymorphism, there is additional evidence that 
PCOS advancement increases the risk of endome-
trial cancer, breast cancer and prostate cancer [72]. 
The identification of SNPs, which are determined to 
be crucial in the disruption of the estrogen pathway, 
is also seen in the Korean population. Nineteen vari-
ants, found in 10 introns, four exons, 1 SNP in the 
30 UTR and 6 SNP in the 50 untranslated part, have 
been identified [73]. The SNPs rs700519 at the exon 
region and rs2414096 and rs60271534 at the intronic 
region were also discovered in the South Indian 
population. These variations are what give rise to 
PCOS. The exon region Arg264Cys shows a substan-
tial correlation with variance, according to statistical 
research. While the in-silico study revealed that the 
structure of the aromatase substrate recognition site 
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3 was destabilized, resulting in decreased enzymatic 
activity.

Genes involved in chronic inflammation
Plasminogen activator inhibitor‑1 (PAI‑1)
Cardiovascular disease is known to be associated with 
abnormalities in the fibrinolytic and coagulation path-
ways among patients with PCOS, with the possibility 
of involvement of associated candidate genes for PCOS 
[74]. Plasminogen activator inhibitor-1 (PAI-1) is one 
of the gene involved in chronic inflammation. PCOS 
women develop increasing amounts of PAI-1, and the 4G 
allele in the PAI-1 promoter is expressed, which enhances 
its expression [75].

Interleukin 6 (IL‑6)
Several studies have demonstrated a correlation between 
PCOS women’s chronic low-grade inflammation and 
hyperandrogenism. With conflicting existing literature, 
the involvement of IL-6 in insulin sensitivity is less estab-
lished. It has been hypothesized that the influence of IL-6 
on insulin metabolism fluctuates according to the type 
of tissue, the physiological status and the duration of IL-
6 elevation (transient or chronic) [76]. During exercise, 
a transient surge of IL-6 has both an anti-inflammatory 
response and stimulated absorption of glucose in the 
skeletal muscle [77]. IL-6 also induces insulin sensitivity 
in fatty tissue and the liver by over-expressing the protein 
suppressor of cytokine signaling 3 (SOCS3), which binds 
to the insulin receptor and inhibits it. It also suppresses 
the transcription and phosphorylation of IRS-1 [78–80]. 
IL-1β has a major role in various stages of implantation 
that induced the secretion of urokinase plasminogen acti-
vator (uPA), PAL-1 and PAL-2. IL-1β-511C/T polymor-
phism has a positive correlation with PCOS pathogenesis 
along with recurrent spontaneous abortion (RSA) in Chi-
nese and Saudi populations whereas no such effect was 
observed in Korean, Indian, Caucasian and Iranian Azeri 
individuals [81–85]. Similarly, IL-6-174G/C and TNF-
α-1031  T/C polymorphisms showed significant disease 
pathogenesis and also reflected chemical characteristics 
of RSA with PCOS women in Saudi women [86, 87].

Transforming growth factor‑beta (TGF)
TGF-β1 is a multifunctional cytokine which is associ-
ated with the maintenance of ovarian functions, from 
granulosa cells differentiation, regulating progesterone 
production, maintaining corpus luteum to inducing fol-
licular atresia [88]. It is also associated with tissue fibro-
sis, wound healing and embryonic development. TGF-1 
levels in PCOS patients’ serum and ovaries were found 
to be elevated than in non-PCOS women, making it a 

major therapeutic target for PCOS pathophysiology [89]. 
TGF-1 gene SNPs and haplotypes were linked to PCOS 
in Chinese women [90]. The TGF-1 gene polymorphism 
(rs1800469C/T) is linked to the emergence of PCOS and 
metabolic problems, which are more common among 
Koreans [91].

Role of oxidative stress in PCOS
Inflammation and oxidative stress (OS) are an essential 
parameter in PCOS pathogenesis. Studies have reported 
elevated levels of markers in the oxidative circulation, 
demonstrated by Fig. 2 [92, 93]. Reactive oxygen species 
(ROS) acts as secondary redox messenger and helps in 
the development and progression of cancer, diabetes and 
cardiovascular diseases. ROS modulates gene expression 
by regulating cell growth, differentiation and apoptosis. 
It has been found that different phenotypes impact oxi-
dative stress, but the mechanism remains open to inves-
tigation in the future. ROS are often associated with 
mitochondrial dysfunction since mitochondria are the 
energy currency of the cell, and also the primary source 
of ROS generation, which is a by-product of nutrient 
translation [94]. An increase in ROS may induce mito-
chondrial DNA damage (mt-DNA), proteins and lipids 
and can cause apoptosis [95]. Two factors demonstrate 
the correlation of ROS with PCOS: first studies have 
shown a decrease in mt-DNA copy number in PCOS 
females, which is essential for ROS generation [96]. Sec-
ondly, mitochondrial gene mutations such as single-point 
mutations of genes encoding mt-tRNA cause PCOS 
complications such as diabetes and hypertension [97, 
98]. Mutations in mt-DNA displacement loop (D-loop) 
potentially disrupt mt-DNA replication and transcrip-
tion, altering ETC and enhancing cellular ROS produc-
tion and oxidative stress (OS). Many human disorders, 
including PCOS, have been linked to sequence variations 
in the mt-DNA D-loop. Hence, the development of PCOS 
is closely related to mitochondrial oxidative metabolism. 
Variations in the genes for antioxidant enzymes may 
make patients more susceptible to oxidative stress and 
hence aid in the etiology of PCOS [99–101].

Also, the effect of oxidative stress is impaired on glu-
cose uptake, mainly in the muscle and adipose tissues. 
Also, insulin secretion by pancreatic cells is reduced. 
Hyperinsulinemia prevents nitric oxide (NO) secretion 
from the vascular endothelium, which leads to a series 
of events, thereby resulting in endothelial dysfunction, 
caused mainly by the decrease in endothelial fluid and 
increase in intracellular calcium levels. Thus, endothelial 
dysfunction may occur in PCOS patients which is also 
an early symptom of atherosclerosis. Oxidative stress is 
further maintained and regulated by other features of 
PCOS, such as abdominal adiposity, insulin resistance, 
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obesity and androgen excess [102]. A cumulative increase 
in oxidative stress may also facilitate the development of 
Atherosclerotic heart disease (AHD) [103].

Diet-induced ROS-related oxidative stress (OS) causes 
an inflammatory response that activates an over-expres-
sion of Nuclear Factor Kappa B (NFKB) [104, 105]. It trig-
gers the action of TNF and IL-6 from monocytes which 
are altered in PCOS. The ROS generation also causes 
increased expression of the p47 (phok) protein which is 
translocated from cytosol to membrane-bound nicotina-
mide adenine dinucleotide phosphate (NADPH) oxidase 
and causes superoxide generation [106]. Hence, diet-
induced response contributes to OS.

Hormonal-induced ROS have also been studied; hand 
is often related to PCOS. The administration of oral 
androgens causes mononuclear cell (MNC) activation, 
which further generates ROS, activating the cascade of 
activation of nuclear factor kappa B (NFKB) and TNF-
mRNA. Tsai-Turton studied similar results with andro-
gen-resistant mice models, which were not treated with 
testosterone or dihydrotestosterone (DHT). Oxidative 
Stress also leads to follicular apoptosis in PCOS indi-
viduals which blocks the maturation of follicles and is 
inhibited by glutathione [94, 107–109]. PCOS-obese 
women also suffer from frequent pregnancy and miscar-
riages mediated by OS [110]. Increased production of 

ROS causes antioxidant depletion and sometimes causes 
the abnormal distribution of mitochondria in oocytes 
[111]. Therefore, increasing oxidative stress with low 
antioxidants and insulin resistance, as reported in PCOS 
patients, support the concept of the role of oxidative 
stress in the pathophysiology of PCOS.

Epigenetics and PCOS
Genome-wide association studies (GWAS) have identi-
fied that the susceptibility of hereditary loci in PCOS 
females are less than ~ 10%. In contrast, studies have 
reported that monozygotic twins have hereditary PCOS 
susceptibility loci of approximately ~ 70%. Hence, there 
is a strong association between epigenetic changes and 
PCOS. Both environmental and epigenetic mechanisms 
have an important role in etiology and pathophysiology 
of PCOS. Tissue-specific epigenetic regulations such as 
promoter activity, histone modifications, DNA methyla-
tion, enhancer-binding activity and transcription factor 
binding profiles in PCOS females have been reported. 
Over-expression of DENND1A (DENN/ MADD domain 
containing 1A) in theca cells of PCOS females has a sig-
nificant role in elevated androgen and progestin synthesis 
[112]. Hox A family genes identified in cumulus cells and 
luteinizing hormone/chorionic gonadotropic receptors 
(LHCGR ) identified in theca and mature granulosa cells 

Fig. 2 Diagrammatic representation of the role of oxidative stress (OS) in PCOS with main etiological factors and their interaction. Figure was 
generated using BioRender software
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associated polymorphisms drive excess androgen pro-
duction which also play a crucial role in etiology of PCOS 
[113]. Over-expression of androgen receptors during pre-
natal life leads to DNA hypomethylation in androgenized 
rats at specific CpG sites from the promoter region of 
GATA6 (-520) and STAR  (-822) genes. These genes play 
an essential role in steroidogenesis, which alters the epi-
genetic landscape and thus confers PCOS [114], as shown 
in Fig.  3. GWAS studies have reported many gene that 
differ in DNA methylation status in normal and PCOS 
females. For instance, the LHCGR  gene encodes for LH 
receptors, FST gene for follistatin, LMNA for Lamin A/C, 
PRARGC1A for the proliferation the peroxisomes and 
EPHX1 encoding epoxide hydrolase in PCOS individu-
als showed modified gene expression. It is to be noted 
that any individual gene methylation alterations do not 
cause the disease, instead they encode for the fundamen-
tal physiological process such as steroidogenesis, glucose 
metabolism, inflammation, follicular development and 
insulin regulation [115]. It is the modification in their 
methylation status that leads to syndromic conditions.

Histone epigenetic modifications such as acetyla-
tion, methylation, phosphorylation and ubiquitination 
are versatile alterations closely linked to disease patho-
physiology and development such as PCOS. Hosseini 
et  al. reported the CYP19A1 in ovarian cumulus cells 

when compared to control showed a direct pathophysi-
ological link between histone acetylation and PCOS. Low 
cytochrome p450 aromatase activity was caused due to 
upregulation of serum levels of histone H3 acetylation 
and methylation of H3K9 in PCOS individuals which 
downregulated the CYP19A1 expression [116, 117].

Another aspect of epigenetic modifications that influ-
ence gene expression involves the microRNA (miRNA); 
these are non-coding single-stranded RNA that modu-
lated the activity of two enzymes—DNA methyltrans-
ferases and histone deacetylases [118]. Numerous 
miRNAs have been reported that influence PCOS patho-
genesis [119] and serve as potential biomarkers. For 
instance, the expression of miR-182 and miR-15a was 
downregulated in PCOS rat models which is essential 
for the maintenance of granulosa cell (GC) in the ovaries 
[120]; hence, similar studies were conducted on PCOS 
women and by targeting a particular pathway helps deci-
pher the exact role of a certain miRNA that aids in the 
understanding of metabolic consequences and diagnosis 
of PCOS [121]. There are diverse functions of miRNAs 
such as in steroidogenesis by regulating development and 
maturation of oocytes, in glucose metabolism via GLUT-
4, insulin signaling system, cholesterol homeostasis, lipid 
metabolism, BMI, adipogenesis, etc. The miR-222 and 
miR-93 are known to regulate insulin metabolism [122]. 

Fig. 3 Diagram illustrating the various epigenetic regulations which modulate PCOS in females. Figure was generated using BioRender software
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These miRNAs are the major contributors of PCOS 
pathophysiology since miR-93 over-expression causes 
decreased expression of GLUT4, the major insulin medi-
ated glucose transporter into adiposities and miR-222 
over-expression is linked with elevated serum levels 
[123]. Various other miRNAs reported in adipose gen-
eration and inflammation are miR-132, miR-103, miR-
27b, miR-9, miR-18b, miR-21, miR-135a and miR-320 
and in androgen regulation are miR-155, miR-146a and 
miR-222 [124, 125]. Deswal et  al. demonstrated vari-
ous expression levels of miRNAs in PCOS as shown in 
Fig. 4, corresponding upregulation levels of miR-518-3p, 
miR-27b, miR-301a-3p, miR-93, miR-21, miR-19b, miR-
24, miR-93, miR-222, miR-223, miR-93, miR-27a-3p, 
miR-27a-5p, miR-23a, miR-24-2, miR-25, miR-106, miR-
509-3p, let-7i-3p, miR-5706, miR-4463, miR-3665, miR-
638, miR-502-3p, miR-200c, miR-1, hsa-let-7g, miR-32, 
miR-513-3p, miR-508-3p, miR-513b, miR-144, miR-
146a, miR-30c, miR-16, miR-200a-3p, miR-10b-3p, miR-
200b-3p, miR-29c-3p, miR-99a-3p, miR-125a-5p and 
miR-424, whereas downregulation levels of miR-24-3p, 
miR-29a -5p, miR-151-3p, miR-574-3p, miR-155, miR-
4522, miR-324-3p, miR-9, miR-18b, miR-32, miR-34c, 
miR-26a-5p, miR-135a, miR-23a, miR-23b, miR-105-3p, 
miR-19a, miR-186, miR-320, miR-128 and let-7c in PCOS 
women. Among these, miR-29a-5p and miR-320 can be 
potentially used for PCOS diagnosis as biomarkers [126].

Furthermore, the circular RNAs (circRNAs) are non-
coding RNAs that form a covalently closed-loop due 
to back-splicing of exons, hence excluding 5′-end cap 
and 3′-end poly (A) tails. CircRNAs function in protein 
sequestration, elevated parental gene expression, transla-
tion leading to polypeptides, and miRNA sponges. These 
circular molecules are more abundant and specialized 
than other types of RNA. They are therefore referred to 
as possible biomarkers for various disorders [127]. Inter-
actions between miRNAs and circRNAs could influence 
the miRNAs’ downstream targets, resulting to the hor-
monal imbalance as reported by the interactions between 
miR-139-5p and five circRNAs have sponging effects, 
mainly hsa_circ_0063309, hsa_circ_0054275, hsa_
circ_0056196, hsa_circ_0018108 and hsa_circ_007098 
[128]. Zhang et al. identified miR-217-RUNX2 upregula-
tion in the cumulus cells of PCOS women, whereas when 
silenced, it causes estradiol biosynthesis by over-expres-
sion of CYP11A1 and CYP19A1 genes [129].

Potential miRNA-based therapeutics are being devel-
oped that can either restore or inhibit the function of 
miRNA by using miRNA mimics and inhibitors (anti-
miRNAs) such as small interfering RNA (siRNA), anti-
miRNA oligonucleotides and miRNA mimics. This 
may explain the reason behind heterogeneity in PCOS 
women. Therefore, further studies need to be conducted 
for understanding the involvement of non-coding RNAs 

Fig. 4 Figure illustrating various upregulated and downregulated miRNAs correlated with PCOS. Figure was generated using BioRender software
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in the etiology of PCOS that might lead to new insights 
and treatments.

Discussion
Polycystic ovary syndrome (PCOS) has a significant 
genetic, epigenetic and deranged lifestyle basis involv-
ing interplay of individual genes, genetic polymorphism 
and altered genes’ environmental conditions. Numerous 
genes, including the sex hormone-binding globulin gene 
(SHBG), androgen receptor gene (AR), follicular-stimu-
lating hormone receptor (FSHR), fat mass obesity (FTO), 
calcium-dependent cysteine protease (CAPN), leptin 
and anti-Müllerian hormone (AMH), have been pro-
posed as playing a role in the etiopathogenesis of PCOS. 
Affected women have hyper-synthesis of androgens 
owing to altered expression of critical enzymes involved 
in the steroid hormone biosynthesis pathway chiefly 
Cytochrome P450 enzymes: CYP17, CYP21, CYP19 and 
CYP11A. Hypothalamic–pituitary–adrenal axis impair-
ment, ovarian dysfunctions and ovarian expression of 
certain genes (mainly of inflammatory origin) contribute 
in the pathophysiology of PCOS. Due to complexity and 
heterogeneity of PCOS, there is a difference in genetic 
basis of PCOS between families and within families. 
An estimate of 20–40% of the first-degree female fam-
ily members of PCOS patients are also diagnosed with 
the syndrome, and the heritability is estimated to be 
around 65% indicating that genetic factors chiefly deter-
mine PCOS susceptibility. Thus, we can say that PCOS 
is a complicated multisystem disorder, where numerous 
genetic, epigenetic and environmental factors contrib-
ute to its pathophysiology. Small genetic effects taken 
together increase disease risk and modulate the pheno-
type of any specific patient.

Conclusion
PCOS is a multifactorial, polygenic and complex infer-
tility disorder with overlapping symptoms. The current 
review has summarized the influence of several factors 
that contribute to PCOS progression; including altered 
metabolic pathways caused by a genetic abnormality that 
result in ovarian dysfunction. Genes involved in steroi-
dogenesis, obesity, inflammation, gonadotropin action, 
insulin production and resistance along with the epige-
netic factors are central to manifestation of PCOS. The 
proper preventative measures, such as losing weight, 
eating a nutritious diet and taking prescribed medica-
tions, can assist in alleviating the critical symptoms 
of PCOS and minimize the psycho-social trauma and 
severity associated with it. With better understanding 
of the pathogenesis of PCOS and by shedding light on 
the genetics of PCOS, we can do earlier intervention in 

controlling the co-morbidities that would allow treat-
ment to be tailored with more personalized care.
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