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Polycystic ovary syndrome (PCOS) is the most common heterogeneous endocrine disorder among women of
reproductive age. The pathogenesis of PCOS remains elusive and there is evidence suggesting the potential

contribution of genetic interactions or predispositions combined with environmental factors.

polycystic ovary syndrome granulosa cells theca cells

1. Granulosa and Theca Cells—Two Cell, Two Gonadotropin
Theory

GCs are widely considered a critical somatic part of the ovary. GCs surround the oocyte, promote oocyte
development, produce sex steroids and growth factors, and overall contribute to normal folliculogenesis and
menstrual cycle [l GCs can be divided into two types, mural GCs and cumulus cells, which transform from each
other at pre-antral to antral follicle transition. Mural GCs consist of the external layer of lining the follicle, whereas
cumulus cells adhere to the developing oocyte. Further, GCs aromatize androgens, produced by neighboring theca
cells, during folliculogenesis [&. Theca cells are endocrine cells that differentiate from the interfollicular stroma in
response to factors secreted by the growing follicles. Any disturbance in the complex processes in GCs and theca

cells may lead to endocrine disorders, such as PCOS, or even cause infertility.

Granulosa and theca cells are known to cooperate in the biosynthesis of ovarian hormones (Figure 1). This
cooperation is described by the two-cell, two-gonadotropin theory, which claims that ovarian steroids are

synthesized from cholesterol through complex interactions between the granulosa and theca cells 2!,
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Figure 1. Ovarian steroidogenesis: two cell, two-gonadotropin theory. Ovarian steroids are synthesized from
cholesterol, which diffuses from the circulation into theca cells and is mobilized into mitochondria by steroidogenic
acute regulatory protein (STAR) activity . LH binds to LHCGR on the cell surface, which results in the increased
expression of steroidogenic enzymes involved in androgen production. Cholesterol is then converted into
pregnenolone by the cholesterol sidechain cleavage enzyme (CYP11A1). In the smooth endoplasmic reticulum,
pregnenolone is transformed into progesterone due to the activity of 33-hydroxysteroid dehydrogenase (33-HSD).
Then, due to the activity of CYP17Al progesterone is converted to androstenedione, which in turn might be
transformed into testosterone by 17(-hydroxysteroid dehydrogenase (173-HSD) or translocated into the GCs,
where aromatase (CYP450arom; CYP19A1) converts androstenedione to estrone and testosterone to estradiol.

17B-HSD might also produce estradiol using estrone as a substrate RIS Created with BioRender.com.

There is an ongoing discussion on how various EDCs can alter the complexity of the synthesis and metabolism of
ovarian steroid hormones . Thus, disruption of the endocrine system occurs when the hormones do not bind to

the receptors, and the way hormones elicit their function is changed.

2. The Role of AMH-Mediated SMAD Signaling Pathway in
PCOS
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Anti-Mllerian hormone (AMH), a glycoprotein hormone from the TGF-3 superfamily, is produced by GCs with the
highest expression in the preantral and small antral follicles, and has an important role in folliculogenesis. During
the ovary cycle in physiological ovaries, AMH continues to be expressed in growing follicles, playing a crucial role
in the arrest of antral follicle development, reducing follicle sensitivity to FSH, and inhibiting recruitment of follicles
from the resting pool. When the follicles reach the size at which they are dominant, the production of AMH is timely
reduced. AMH is known to be used as a molecular biomarker for the determination of ovarian reserve, but also

ovarian dysfunction, such as PCOS (101,

Elevated levels of AMH blood concentration in women with PCOS were recently confirmed by several studies 11
(1213] Anomalies in follicle growth, resulting in an increased number of small antral follicles, contribute to
anovulatory infertility in PCOS women. It has been revealed that serum AMH levels are two to five times higher in
PCOS women, and relatively elevated in women presenting anovulatory cycles compared to the ovulatory PCOS
phenotype [24I151116]  Therefore, there is increasing evidence that this derangement in ovarian physiology is

associated with unsatisfactory pregnancy outcomes.

Multiple molecular mechanisms have been proposed to explain the impact of AMH on human ovarian GCs. AMH
has been shown to reduce follicle responsiveness to FSH due to the downregulation of FSH receptor expression in
vitro in human GCs 17 and the expression of aromatase 18, Interestingly, gonadotropins are also involved in the
regulation of AMH expression; FSH has been indicated as a suppressor, and LH has been shown to stimulate AMH
expression in the GCs of PCOS women 229 Fyrthermore, Pierre et al. have revealed that the mRNA expression
of AMH receptor Il (AMHRII) is downregulated by LH in GCs from women with regular ovaries, but not those
suffering from PCOS [21],

In GCs derived from polycystic ovaries, hyperandrogenism inhibits AMH down-expression through elevated 5a-
dihydrotestosterone (50-DHT) levels, or indirectly through the conversion of testosterone to estradiol and increased
expression of ERa 22, The studies of Dilaver et al. have pointed out for the first time differences in the
AMH/AMHRII signaling, associated with the intracellular SMAD signaling pathway, in regular and polycystic
ovaries. Prolonged exposure of GCs derived from polycystic ovaries to high levels of AMH has been revealed to
affect the expression patterns of aromatase and FSHR and disrupt SMAD signaling by increasing the level of I-
SMAD-6, -7, and diminishing activation of SMAD-1/5/8 and co-SMAD-4 [22],

AMH-mediated SMAD signaling is a complex downstream of events, beginning with AMH binding to the AMHRII
transmembrane serine/threonine kinase receptor and activating the Type 1 receptor, which contributes to the
phosphorylation of SMAD-1/5/8 proteins. Then, a tetrameric complex of two AMHRII and two Type | receptors
(probably ALK 2,3 or 6) is formed, and SMADs-1/5/8 are joined to the common SMAD-4 (co-SMAD-4). The
mentioned complexes are translocated to the nucleus, where they alter various genes’ expression due to
transcriptional factors, coactivators, and corepressors (23, In PCOS, the cascade contributing to SMAD signaling is
disrupted by high AMH concentration, leading to increased protein levels of the inhibitory SMADs (I-SMAD),
associated with negative regulation of intracellular SMAD signaling (Figure 2). SMAD-6 has been revealed to
inhibit activation of bone morphogenetic protein (BMP) pathways, altering pPSMAD-1/5/8 binding to co-SMAD-4 in
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the mechanism of competitive inhibition. Furthermore, SMAD-7 is known to inhibit BMP signaling by binding to the

type | receptor 24, Moreover, follicle growth may also be disrupted by reduced expression of AMHRII [22],
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Figure 2. The proposed model of disrupted AMH signaling in women with PCOS, adapted from Dilaver et al.
(22 Hyperandrogenism inhibits the decrease in AMH levels directly by elevated 5a-dihydrotestosterone (5a-DHT)
levels or indirectly through the conversion of testosterone to estradiol and the increased expression of ERa.
Elevated AMH levels might diminish the expression of aromatase and increase the protein levels of the inhibitory
SMADs (SMAD-6, SMAD-7), associated with negative regulation of intracellular SMAD signaling. It might disrupt
pSMAD-1/5/8 binding to SMAD-4 and, as a consequence, alter the expression of various genes. Created with

BioRender.com.

3. The Role of the PIBK/IAKT/FOXO Signaling Pathway in
PCOS

Subsequent studies have confirmed that insulin resistance and impaired glucose metabolism in PCOS are related
to the promotion of ovarian GCs apoptosis and follicular development dysfunctions 231126l The mechanism of this
pro-apoptotic activity is not yet fully understood; however, the role of SH2B adaptor protein 3 (LNK), an important

regulator of the insulin signaling pathway, has been suggested.
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LNK is a member of the Src homology 2B (SH2B) family of intracellular adaptor proteins and is known to play an
important role in the insulin signaling pathway in the ovary, glucose homeostasis, and reproduction
(271, Furthermore, several studies have also indicated the participation of LNK in the pathogenesis of type 1
diabetes, hypertension, and cardiovascular disease, but also in malignant tumors 28293031 |n patients with
insulin resistance, LNK levels have been revealed to be significantly increased as compared to the control group
321 The authors suggested that LNK negatively regulates the insulin-activated PI3K/AKT/FOXO3 signaling
pathway in GCs and, consequently, promotes GCs derangements and apoptosis, leading to ovulation disorders in
PCOS 23, Phosphatidylinositol 3-kinase (PI3K) signaling is one of the main pathways involved in the regulation of
cell proliferation, survival, migration, and metabolism in physiological and pathological processes. Subsequent
studies in humans and mice have confirmed that PI3K/AKT signaling and the downstream pro-apoptotic genes
(e.g., FOXO1, Bax, caspase-9, caspase-3) participate in the regulation of GC growth and apoptosis during follicular
development (2485 FOXO transcription factors are members of the Fork-head family of proteins and the main
direct substrates of the protein kinase AKT following insulin or growth factors stimulation B8, Among the FOXO
subgroup, four members (FOXO1, FOXO3, FOX04, FOX06) have been identified in humans (8. The FOXO

family is known to be a key downstream target of PI3K/AKT.

Normally, insulin binds to the receptor, leading to activation of the PI3BK/AKT/FOXO3 signaling pathway, promotes
FOXO3 export from the nucleus to the cytoplasm, contributes to inhibition of the expression of pro-apoptotic genes,
increasing cell survival, growth, and proliferation [3 7 |ncreased LNK levels alter insulin-mediated
phosphorylation of AKT and FOXO3, promoting nuclear localization of FOX03, and consequently leading to
enhanced apoptosis in GCs [23l. In vitro studies have also revealed that LNK knockout moderately restores the

estrous cycle and improves glucose metabolism in the PCOS mouse model, compared to wild-type PCOS mice
133,

To date, several studies have confirmed derangements in the PI3K/AKT signaling pathway in PCOS patients and
animal models of PCOS [B8I3d, Gong et al. have suggested that derangements in PI3K/AKT signaling alter the
balance between pro- and anti-apoptotic events in GCs. The increased expression of pro-apoptotic FOXO1, Bax,
caspase-9, caspase-3, and decreased levels of PI3K, AKT, and Bcl-2 have been observed 9. Moreover, the
intracellular ROS level in PCOS GCs was three times higher compared to the control. Interestingly, the study has
revealed that growth hormone (GH) significantly decreased ROS production by more than 50%, and decreased the
apoptotic rate in PCOS GCs, probably through the activation of PI3K/AKT signaling 9. In contrast to these
findings, several studies have shown enhanced activity of the PI3K/AKT signaling pathway in some PCOS patients
(41421 which might be associated with ethnic differences. Therefore, considering the conflicting results, further

research is needed.

4. The Role of the HMGA2/ IGF2BP2 Signaling Pathway in
PCOS

The HMGA2/IGF2BP2 signaling pathway has been indicated to play a critical role in cell proliferation and
differentiation 42144l HMGA2 belongs to a family of HMGA genes that consist of three DNA-binding domains and
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an acidic C-terminal tail 3. An increase in HMGA2 expression has been observed not only during embryonic
development but also in various cancers, suggesting its role in controlling cell proliferation 8. Insulin-like Growth
Factor 2 mRNA Binding Protein (IGF2BP2) plays a vital role in metabolism, and the variants in this gene have been
associated with susceptibility to T2DM 2],

Recent studies have revealed that mRNA levels of HMGAZ2, a proposed GWAS susceptibility locus, and IGF2BP2
expression were significantly increased in GCs derived from women with PCOS compared with controls 48], In
KGN and SVOG cell lines, the HMGA2/IGF2BP2 signaling pathway has been shown to regulate the expression of
the CCND2 and SERBP1 genes, which are involved in promoting cell proliferation. Interestingly, the mRNA, as well
as protein levels of CCND2 and SERBP1 were also elevated in the GCs of PCOS women, leading to enhanced
proliferation and decreased apoptosis. Taken together, the studies suggest that overexpression of HMGA2 and
increased activity of the HMGA2/IGF2BP2 signaling pathway in ovarian GCs promote cell proliferation and,
consequently, the PCOM &,

| 5. The Role of Theca Cells in PCOS Development

Studies conducted in the past decade have built a convincing argument that ovarian theca cells are the main
source of excess androgen secretion in women suffering from PCOS “2BABL Therefore, it has been revealed that
thecal tissue or theca cell cultures derived from women with PCOS secrete significantly higher amounts of

androgens compared to cultures derived from healthy women 2252153,

In vitro studies have revealed that derangements in theca cell functions are associated with androgen excess and
abnormal steroid secretion in response to gonadotropin stimulation. It has been shown that progesterone, 17-
hydroxyprogesterone, and testosterone secretion were significantly increased in theca cell cultures derived from
PCOS patients 23B4 Furthermore, studies have revealed a remarkably enhanced metabolism of precursors
(basal and cyclic AMP-stimulated pregnenolone, progesterone, and dehydroepiandrosterone) into testosterone,
associated with increased androgenic 173-HSD activity. Moreover, increased mRNA expression of CYP11A,
CYP17A1, P450c17, 3B3-HSD, and 17B3-HSD enzyme activities were noted in PCOS theca cells compared to
normal cells B4, CYP17A1 and CYP11Al1 genes encode the pivotal enzymes associated with androgen
biosynthesis in theca cells: steroid-17-a-hydroxylase/17,20 lyase and cholesterol side-chain cleavage enzyme,
respectively BEIBAIBEIEY Thys, increased expression of the mentioned enzymes in women with PCOS enhances
androgen biosynthesis by theca cells. Recently, increased activity of P450c17 and 33-HSD has also been revealed
to play a crucial role in the increased synthesis of testosterone precursors, and consequently increased androgen
secretion in PCOS by theca cells 3],

DENND1A is a member of the family of 18 human genes called “connecdenns” and encodes a protein that has
been identified as a guanine nucleotide exchange factor converting inactive GDP-bound Rab35 into its active GTP-
bound form. Genetic alterations within the DENND1A gene have been noted in PCOS. Furthermore, the
DENNDIA locus at 9g22.32 has been identified in both Asian and European populations 281596061 Thys,
DENNDIA might be considered a strong PCOS susceptibility gene 82, McAlisster et al. have revealed that
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DENND1A.V2, a splice variant derived from the DENND1A gene, plays a pivotal role in theca cell steroidogenesis.
Overexpression of DENND1A.V2 results in the expression of the CYP17A1 and CYP11A1 genes and,
consequently, increased androgen secretion. Moreover, recent studies have indicated that knock-down of the
DENND1A.V2 gene in PCOS theca cells diminished androgen secretion due to decreased CYP17A1 and
CYP11A1 genes transcription, restoring the normal phenotype of theca cells, which confirmed the role of
DENNDIA in hyperandrogenism associated with PCOS [24],

However, the mechanism of DENNDZ1A.V2 steroidogenic activity is not fully understood. Since DENND1A is one of
the proteins involved in protein trafficking, clathrin-mediated endocytosis, and receptor recycling, it might be

suggested that DENND1A alters LH action due to LH receptor signaling upregulation [63164],

Moreover, according to the genotype-phenotype assessment performed by Tian et al., PCOS susceptibility variants
in the THADA and INSR genes are associated with a higher risk of metabolic syndrome in women suffering from
PCOS, while variants in DENND1A and TOX3 increase the risk of insulin resistance 82,

| 6. The Role of Circadian Rhythm in PCOS Development

In recent years, several studies have confirmed that light exposure and sleep disturbance are associated with
acute circadian misalignment, which consequently contributes to the development of metabolic diseases and
fertility impairment 81871 |nterestingly, it has been suggested that circadian rhythm, which orchestrates the
physiological functions of the body, could be one of the contributing factors to androgen excess in patients with
PCOS [¢7], Therefore, Wang et al. have observed a significant association between long-term night shift work and
PCOS £,

Recently, Johnson et al. have suggested that circadian rhythm is one of the factors contributing to androgen
excess in PCOS due to its role in altering peripheral androgen metabolism [£8l. In fact, the study demonstrated
increased MRNA levels of steroidogenic enzymes: STAR, CYP17A1, and aldo-keto reductase family 1 member C3
(AKR1C3). The AKRI1C3 is known to encode 17p-hydroxysteroid dehydrogenase type 5 that converts
androstenedione to testosterone. Furthermore, different expression patterns of steroid 5-alpha-reductase 1 and 2
(SRD5A1 and SRD5A2) were observed in patients with PCOS 68l The androgen receptor (AR) transcript level was
also elevated in the peripheral blood mononuclear cells (PBMCs) of women with PCOS. In contrast, the authors
found a decrease in CYP19A1, a key factor responsible for estrogen synthesis, in women with PCOS compared to

healthy women [68],

Interestingly, the expression of the steroidogenesis genes was shown to vary between PCOS phenotypes. The
most significant differences in transcript levels were observed in phenotype A (hyperandrogenism, ovulatory
dysfunction, polycystic ovaries), while in phenotype D (ovulatory dysfunction, polycystic ovaries), the changes were
less pronounced. It might be a result of heterogeneity as well as a different presentation of the clinical and

biochemical characteristics of PCOS cases 68,
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Circadian rhythm is known to be modulated through several transcriptional and post-translational autoregulatory
feedback loops. The study has shown downregulation of transcript levels of circadian locomotor output cycles
kaput (CLOCK), brain and muscle aryl hydrocarbon receptor nuclear translocator-like 1 (BMAL1), and neuronal
PAS domain protein 2 (NPAS2) in PBMCs, as well as significantly decreased CLOCK protein expression in women
with PCOS [68. The mRNA expression profiles of the circadian genes BMAL1 and PER1 were also altered after

darkness treatment in rats 62,

Heterodimers of CLOCK, BMAL1, and NPAS2 act as transcriptional factors that activate the promoter sequences
of the repressor genes-cryptochrome circadian regulators (CRY1 and CRY2) and period circadian regulators
(PER1, PER2, and PER3). Once the PER/CRY heterodimer reaches a critical level, the proteins are translocated
to the nucleus where CRYs repress CLOCK-BMAL1-induced transcription. CRYs and PER are therefore negative
regulators, while CLOCK-BMALL is the positive arm of the feedback loop €&, In the GCs of PCOS patients, it has
been shown that there is decreased expression of BMALI1, which contributes to aromatase expression, and
consequently there is reduced estrogen synthesis 9 | The study of Johnson et al. has revealed increased
expression of MRNA levels of negative regulators of circadian pathway genes (PER1, PER2, CRY1, CRY2, as well
as DEC1 and DEC?2) in the PCOS group compared to controls [68],

Retinoic acid receptor-related orphan receptor a (RORa) and the nuclear orphan receptor a (REV-ERBOQ) are other
key regulators of BMAL1, the secondary feedback loop in the circadian cycle 1. On the one hand, the
transcription of REV-ERBa is activated by the BMAL1/CLOCK heterodimer; on the other hand, it is repressed by
CRY/PER which results in circadian oscillations of REV-ERBa. Moreover, REV-ERBa and REV-ERBf3 are known to
repress the transcription of BMAL1/CLOCK and BMAL1, respectively [2],

The study of Sun et al. has shown that the expression of REV-ERBa and REV-ERBJ is significantly downregulated
in the GCs derived from PCOS patients compared to healthy women [Z2l. REV-ERBs have been revealed to play
an important role in various metabolic, neuronal, and inflammatory processes, as well as in lipid homeostasis
[73l Genetic knock-out experiments have, in turn, explained the meaning of these proteins in the circadian cycle:
the expression of BMAL1 and CLOCK in Rev-erba-deficient mice was significantly increased when compared with

wild-type mice 4, and Roro— and Rorp-deficient mice were found to display an abnormal circadian rhythm £,

Until now, some studies have suggested that long-term environmental exposure to darkness might induce
hyperandrogenism via melatonin receptor 1 and reduced expression of aromatase 2. Melatonin receptors belong
to transmembrane G-protein-coupled receptors, and two subtypes in humans and other mammals can be
distinguished: melatonin receptor 1 (MT1; MTNR1A) and melatonin receptor 2 (MT2; MTNR1B) 3 In vitro
experiments on the KGN cell line have demonstrated that long-term darkness leads to estrous cycle disorder,
PCOM, increased LH levels as well as the LH:FSH ratio, hyperandrogenism, and glucose intolerance
69 Furthermore, decreased expression of MTNR1A in rat ovarian GCs was also noted in darkness-treated cells
(691 The decrease in MTNR1A inhibited the androgen receptor (AR) and the expression of CYP19A1 (aromatase).
The authors suggested that altered expressions of MTNR1A and AR play a crucial role in the pathological

development of hyperandrogenisms 82, These findings were in accordance with changes in hGCs collected during
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the oocyte retrieval process from women with PCOS, who underwent in vitro fertilization and embryo transfer
(691 On the other hand, rescue treatment with a melatonin receptor agonist and restoration of the normal light/dark
circadian rhythm has partially alleviated reproductive abnormalities, such as estrous cycle disturbance and PCOM,

and endocrinal hormone balance in rats treated with long-term darkness 62!,

Furthermore, recent studies have revealed the association between common genetic variations of the melatonin
receptor, such as single nucleotide polymorphisms (SNPs) rs2119882 as well as rs10830963, and the prevalence
of PCOS 877, |n addition, Wang et al. have described a significant association between the rs10830963 SNP and
concentrations of testosterone in women with PCOS [Z8],

The master pacemaker of the circadian clock in hypothalamic suprachiasmatic nucleus (SCN), modulates the
circadian cycle through a rhythmic secretion of regulatory hormones such as melatonin and corticotropin-releasing
hormone (CRH)/adrenocorticotropic hormone (ACTH) Z2BY. |n fact, the central circadian clock regulates pineal
melatonin secretion. The levels of melatonin are modulated by photoperiod; the secretion is enhanced at night in

response to darkness, while bright light directly inhibits its production B,

Nevertheless, melatonin is also produced in other tissues and organs such as the skin, gastrointestinal tract, retina,
bone marrow, and lymphocytes [B2I83] |nterestingly, there is emerging evidence that melatonin synthetic enzymes
such as arylalkylamine N-acetyl-transferase and hydroxyindole-O-methyltransferase are present in most tissues,
including ovaries and follicular cells, oocytes, and cytotrophoblasts 821841,

Until now, several studies have noted an altered melatonin rhythm in women with PCOS [B2l[88] |t has been
revealed that levels of melatonin and its metabolites, such as 6-sulphatoxymelatonin (aMT6s), are significantly
elevated in the serum and urine of PCOS patients, particularly at night BZIE8I8I aMT6s is one of the major
metabolites of melatonin, which can serve as an accurate marker for melatonin production 22, On the contrary, a
reduction in melatonin levels was reported in follicular fluid from women with PCOS R1I92 pye to its antioxidant
properties, melatonin is known to protect the follicles against oxidative stress and atresia; thus, melatonin plays an
important role during ovulation B8, It has been revealed that deficiency of melatonin leads to disturbance of

gonadotropin secretion and alteration of the LH:FSH ratio, the remarkable features in women with PCOS (23],

Another study has revealed that increased serum concentrations of melatonin in PCOS patients were associated
with testosterone levels B8, Furthermore, it has also been highlighted that the night-time urine levels of aMT6s and
8-hydroxy-2'-deoxyguanosine (8-OHdG) were significantly elevated in women with PCOS compared to those in the
control group. In contrast, the day-time urine levels of aMT6s and 8-OHdG were comparable to healthy women
(891 8-OHdG is a product of free radical-induced oxidative damage to 2'-deoxyguanosine. It has been widely used
as a marker for assessing oxidative stress and carcinogenesis, since it can be detected in urine B9, Higher levels
of aMT6s at night are suggested to be a result of increased melatonin secretion in response to increased oxidative
stress in women with PCOS 241, Furthermore, melatonin levels have also been shown to be inversely correlated

with the serum LH:FSH ratio in PCOS patients B8], There is emerging evidence that supplementation with
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melatonin can improve the oocyte and embryo quality in PCOS women, and could be a good strategy in the

management of hormonal aberrations as well as insulin resistance associated with PCOS.
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