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Summary

Polycystic ovary syndrome (PCOS) is a common endocrine
disorder affecting women of reproductive age, characterized by
aspectrum of reproductive, endocrine, and metabolic
disturbances. The etiology of PCOS encompasses a complex
interplay of genetic, metabolic, inflammatory, and oxidative
factors, though the precise pathological mechanisms remain
inadequately understood. Despite considerable variability in the
clinical characteristics and biochemical profiles among individuals
with PCOS, abnormalities in follicular development are a hallmark
of the condition. Granulosa cells, integral to follicular
development, play a pivotal role in follicle maturation. Recent
studies have established a strong correlation between granulosa
cell programmed cell death and follicular atresia in PCOS. This
review provides a comprehensive analysis of the current
understanding of granulosa cell programmed cell death and its
contribution to follicular atresia within the pathophysiology of

PCOS, providing a foundation for future research endeavors.
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Introduction
Polycystic ovary syndrome (PCOS) is
a prevalent endocrine and reproductive disorder affecting

With
a prevalence ranging from 5 % to 10 % among women of

women of reproductive age globally [1-3].

childbearing age, PCOS is characterized by clinical or
biochemical manifestations of androgen excess, oligo-
ovulation or anovulation, and polycystic ovarian
morphology. It is the leading cause of ovulatory infertility
[1-4]. While the clinical and biochemical manifestations
of PCOS are highly heterogeneous, disturbances in
follicular development, particularly during antral follicle
selection, are core features of this primary ovarian
disorder [5-7]. As critical components of the follicular
microenvironment granulosa cells facilitate bidirectional
communication with oocytes through gap junctions,
thereby promoting follicular maturation and oocyte
maturation [8]. For instance, granulosa cells secrete
nutrients and molecular signals, including sex steroids,
growth factors, cytokines, bioactive peptides, and
proteins. These factors are crucial for regulating follicular
initiation, recruitment growth, and development through
gap junctional communication [9]. Moreover, granulosa
cells secrete paracrine growth factors, undergo self-
renewal, and influence oocyte growth and maturation. For
instance, they secrete factors that initiate primordial
follicle activation and regulate oocytes quiescence or
through mTORCI-mediated

between C-Kit proto-oncogene protein ligand (KITL) and

awakening interactions

C-Kit proto-oncogene protein (KIT) [10].

However, follicular development disorders,
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particularly follicular atresia, are primary factors
contributing to reduced fertility in women with PCOS.
The underlying mechanisms are complex and involve
multiple regulatory factors closely associated with
granulosa cell programmed cell death. Granulosa cell
death

ferroptosis,

programmed  cell encompasses  apoptosis,

autophagy, necroptosis, and pyroptosis.

Various factors, including hormonal imbalances,
cytokines, oxidative stress, chronic inflammation, and
mitochondrial damage, have been implicated in inducing
granulosa cell programmed cell death through the
regulation of intrinsic cellular pathways, thereby
contributing to the process of follicular atresia in PCOS
[11-14].

a comprehensive

Consequently, it is essential to have

investigation of the mechanisms
underlying programmed cell death and follicular atresia
in granulosa cells of patients with PCOS.

Excessive granulosa cell and

follicular atresia in PCOS

apoptosis

Apoptosis is a regulated, active form of
programmed cell death. Characteristic morphological
contraction,  chromatin

changes including cell

condensation (pyknosis), membrane blebbing, and
mitochondrial swelling occur during apoptosis. These
changes facilitate efficient clearance of apoptotic cells,
[15].

excessive apoptosis of granulosa cells can result in

maintaining internal homeostasis However,
follicular atresia. Studies indicate that 10 % apoptotic rate
within a follicle initiates an atretic process [11,14]. The
primary apoptotic pathways involved are the
mitochondria-mediated intrinsic pathway and the death
receptor-mediated extrinsic pathway, both culminating in
caspase activation [11]. Consequently, follicular atresia
arises from granulosa cell apoptosis induced by
a complex interplay of endogenous and exogenous
factors, activating intricate regulatory networks and
molecular mechanisms.

Excessive granulosa cell apoptosis in PCOS
follicles is closely related to the following mechanisms:
Hyperandrogenism induced excessive apoptosis of
granular cells

Androgens include testosterone, androstene-
dione, dehydroepiandrosterone (DHEA), and dehydroepi-
androsterone sulfate (DHEAS). Hyperandrogenism is one
of the key characteristics of PCOS. The primary sources

of androgens in women are the ovaries and adrenal

glands. Elevated anti-Miillerian hormone (AMH) levels
in PCOS patients lead to
development, with excessive synthesis of androgens by

disrupted  follicular

theca cells in the ovaries, which in turn induces granulosa
cells to secrete more AMH. On the other hand,
hyperandrogenemia decreases the sensitivity of the
hypothalamus to estradiol and progesterone, resulting in
increased levels of gonadotropin-releasing hormone
(GnRH) and luteinizing hormone (LH). This acceleration
in the production of preantral and small antral follicles
leads to follicular developmental disorders [16]. But
recently studies have linked follicular development
abnormalities in patients with PCOS to hyperan-
drogenism-induced excessive granulosa cell apoptosis.
Hyperandrogenism upregulates dynamin-related protein 1
(Drpl) expression in granulosa cells of PCOS rats,
a protein associated with mitochondrial fission. This
alteration disrupts the equilibrium between mitochondrial
fusion and fission, resulting in excessive mitochondrial
fragmentation. This morphological change promotes the
release of cytochrome ¢ (Cyt c), triggering a cascade and
culminating in granulosa cell apoptosis [17]. Secondly,
hyperandrogenism-induced alterations in mitochondrial
membrane potential, contributing to granulosa cell
apoptosis, are associated with abnormal heat shock
HSP10,

a critical HSP family member, exhibits cytoprotective

protein (HSPs) expression within follicles.

functions under stress conditions such as UV exposure
and hypoxia [18]. Ni et al. reported a significantly
decreased HSP10 expression in granulosa cells of
PCOS mice compared to normal controls, resulting in
diminished cytoprotective effects [19]. Concurrently,
increased Bax expression, decreased Bcl-2 levels, and an
elevated Bax/Bcl-2 ratio were observed. These changes
disrupted mitochondrial transmembrane potential, leading
to Cytc release into the cytoplasm. Consequently,
activation of caspase-3 and caspase-9 led to inducing
apoptosis in granulosa cells.

Oxidative stress promotes excessive granulosa cell apoptosis

Oxidative  stress is  characterized by
an imbalance between reactive oxygen species (ROS)
production and antioxidant capacity, and contributes to
tissue and cellular damage [20]. In the context of PCOS,
suppressed glycolytic function in granulosa cells and
elevated follicular fatty acids exacerbate the oxidative
stress [21,22]. The resulting ROS-induced mitochondrial
dysfunction characterized by mitochondrial membrane,

increases the permeability of mitochondrial membranes.
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This leads to Cyt ¢ release and subsequent activation of
the caspase cascade, ultimately promoting granulosa cell
apoptosis.

Chronic inflammation promotes granulosa cell apoptosis

Patients with PCOS often exhibit a chronic
inflammatory state attributed to factors such as obesity,
elevated androgen levels, and insulin resistance [23].
Chronic inflammation is also an important factor
contributing to granulosa cell atresia. A study has found
that mouse models treated with testosterone exhibit
overexpression of serum interleukin-6 (IL-6), IL-1p, and
nucleotide-binding oligomerization domain-like receptor
protein 3 (NLRP3) inflammasomes. Overexpression of
NLRP3 significantly enhances the expression of fibrotic
factors such as transforming growth factor p (TGF-f) and
connective tissue growth factor (CTGF) in ovarian cells.
When NLRP3 expression is inhibited, dihydrotesto-
sterone (DHT)-treated granulosa cells show significant
reductions in NLRP3, TGF-B, and CTGF at the protein
This
stimulates chronic low-grade inflammation in the ovary

level. demonstrates that hyperandrogenism
to activate NLRP3, further inducing apoptosis of ovarian
granulosa cells and ovarian fibrosis [24].

Furthermore, another study has found that the
inflammatory milieu inhibits granulosa cell proliferation.
Pro-inflammatory  cytokines induce mitochondrial
apoptosis by downregulating Bcl-2 mRNA expression
and upregulating Bax mRNA expression. The subsequent
activation of the caspase family culminates in granulosa

cells apoptosis [25].

Effects

granulosa cell apoptosis

of environmental endocrine disruptors on

Endocrine disrupting chemicals (EDCs) are
aclass of chemicals ubiquitous in both human living
environments and nature. They can interfere with the
function of hormone receptors, affect hormone synthesis
and metabolism, and regulate the function of hormone-
[26]. EDCs
associated with PCOS include phenolic compounds (such
as bisphenol A (BPA), bisphenol S (BPS), bisphenol Z
(BPZ), and bisphenol AF (BPAF)) [27-30], phthalates
and their metabolites (like di(2-ethylhexyl) phthalate
(DEHP) and mono-methyl-phthalate (MMP)) [31,32],
perfluoroalkanes (such as 6:2 chlorinated perfluoroalkyl
ether sulfonic acid (6:2 CI-PFESA) and hexafluoro-
propylene oxide dimer acid (HFPO-DA)) [33], and other
organic pollutants (such as the organic UV filter

sensitive cells and tissues Currently,

octocrylene [34], p, p'-dichlorodiphenyltrichlo-roethane
(p, p-DDT), o, p-DDT, and p, p'-dichlorodiphe-
nyldichloroethylene (p, p'-DDE) [35]. A recent study has
found that rats exposed to BPA during adulthood can
exhibit increased serum luteinizing hormone (LH) levels
and altered gene expression levels of various steroid
hormone synthase enzymes in the ovaries, leading to
disruption of the estrous cycle, ovarian atrophy, and an
increase in the number of follicles and cystic follicles
[36]. Propylparaben (PrPB) can cause increased oxidative
damage to proteins and lipids in the ovaries and also
induce structural changes in mitochondria and reduced
ATP production in ovarian granulosa cells of mice [37].
DEHP not only inhibits granulosa cell proliferation by
upregulating the expression of four microRNAs [38]
the NF-xB
in mouse ovaries, upregulates the expression of the

but also activates signaling pathway
NLRP3 inflammasome, and promotes granulosa cell
pyroptosis  [39]. BPA can
in mouse ovarian granulosa cells by activating the
AMPK/mTOR/ULK1 signaling pathway [40]. These
EDCs all contribute to the pathogenesis of PCOS by
promoting ovarian granulosa cell apoptosis, causing

promote  autophagy

follicular atresia, and participating in the development of
PCOS.

The impact of Anti-Miillerian hormone (AMH) on
granulosa cell apoptosis

AMH is a glycoprotein primarily secreted by
granulosa cells in preantral and small antral follicles of
the ovary. PCOS is characterized by early follicular
developmental disorders, which are associated with
elevated AMH levels [41]. A study has found that high
levels of AMH can lead to abnormal activation of
granulosa cell autophagy by activating the autophagy-
related gene BECNI mRNA. This, in turn, causes
apoptosis of preantral follicle granulosa cells, resulting in
follicular atresia and preventing the transition of antral
follicles into preovulatory follicles, thereby further
exacerbating follicular developmental disorders in PCOS
[42]. As previously discussed, high levels of AMH can
also cause excessive synthesis of androgens by theca
cells, further leading to granulosa cell apoptosis and
follicular atresia.

Effects of vitamin D on granulosa cell proliferation

A recent research has revealed that vitamin D
promotes follicular development and ovulation, directly
increasing the thickness of the granulosa layer of follicles
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[43]. Its mechanism of action may be closely related to
vitamin D's ability to enhance the expression of
microRNA-196-5p, inhibit apoptosis in human ovarian
granulosa cells, promote proliferation, suppress the
generation of reactive oxygen species (ROS), and
facilitate glucose uptake, thereby promoting granulosa
cell growth [44]. Additionally, vitamin D's influence on
granulosa cell development may also occur by eclevating
the levels of sex hormone-binding globulin (SHBG),
thereby improving the hyperandrogenic manifestations in
patients with polycystic ovary syndrome (PCOS), further
affecting granulosa cell proliferation. Studies have
indicated that serum levels of 25-hydroxyvitamin D are
significantly positively correlated with SHBG levels and
significantly negatively correlated with free testosterone
levels [45].

Effects of obesity on granulosa cell apoptosis

Beyond causing insulin resistance and
hyperandrogenemia, obesity influences granulosa cell
development and function through multiple pathways. In
obese patients, the expression level of fatty acid
translocase CD36 in granulosa cells is higher than that in
patients of normal weight. Overexpression of CD36
inhibits
granulosa cell apoptosis [46]. Meanwhile, obese women

granulosa cell proliferation and promotes

have higher levels of oxidized low-density lipoprotein
(oxLDL) in both serum and preovulatory follicles. The
oxidative stress response caused by increased levels of
lipid peroxides and circulating oxLDL can inhibit the
differentiation of luteinized granulosa cells in mice [47].
Furthermore, human obesity is often associated with
hyperleptinemia (leptin resistance). High leptin levels in
fluid inhibit
proliferation. The mechanism may involve high leptin

follicular significantly granulosa cell
levels activating the granulosa cell apoptosis process,
reducing Bcl-2 expression, upregulating Bax levels,
leading to an imbalance in the ratio of anti-apoptotic and
pro-apoptotic proteins, activating downstream caspase-3,

and inducing granulosa cell apoptosis [48].

Excessive autophagy in granulosa cells and
follicular atresia in PCOS

Autophagy is a tightly regulated cellular process
involving the degradation and recycling of cytosolic
components, including damaged organelles and

While

autophagy is crucial for maintaining cellular homeostasis,

macromolecules, within lysosomes. basal

its dysregulation can precipitate cell death [49].
Autophagy is a cellular process involving the lysosomal
degradation and recycling of cellular components,
including damaged organelles, misfolded proteins, and
lipid droplets [50]. Essential for maintaining cellular
homeostasis during follicular development, autophagy
plays
contributing to primordial follicle maintenance, germ cell

a pivotal role in granulosa cell function,

survival, and luteal remnants removal. However,
excessive autophagy in granulosa cells can negatively
impact the quality and quantity of follicular cells,
resulting in ovarian tissue damage and decreased
reproductive performance in animals [51].

Excessive autophagy in granulosa cells in PCOS

follicles is closely related to the following mechanisms:

Insulin resistance and excessive autophagy in granular cells

PCOS is a follicular development disorder
closely linked to insulin resistance (IR). IR within
ovarian granulosa cells of patients with PCOS is
a primary underlying mechanism. Ni et al. demonstrated
a positive correlation between excessive granulosa cell
apoptosis and IR in PCOS patients [19]. Furthermore,
IR promotes granulosa cell apoptosis through abnormal
autophagic activation. Bcl-2 expression in granulosa cells
is suppressed by accumulating autophagosomes [52].
Beclin-1, a key autophagy regulator, interacts with Bax,
Bcl-2, and activated caspase-3 within the Bcl-2 family.
This interaction induces Bax release and translocation
from cytoplasm to the outer mitochondrial membrane.
Consequently, this process promotes Cyt ¢ release from
mitochondria, activating the caspase family, triggering
the caspase cascade, and ultimately inducing granulosa
cell apoptosis [53].

Androgen and excessive autophagy in granular cells

Hyperandrogenism, a predominant clinical
manifestation of PCOS, is associated with accelerated
follicular atresia. This process is closely linked to
excessive autophagy within granulosa cells. Li ef al.
reported a positive correlation between Beclinl mRNA,
an autophagy marker, and serum total testosterone levels
in human granulosa cells [54]. Additionally, DHT upre-
gulated Beclinl mRNA expression and increased the light
chain 3 (LC3) type II to type I ratio in a dose-dependent
manner within cultured granulosa cells inducing
excessive autophagy. In DHT rat model, Salehi et al.
observed upregulated Drpl accelerated mitochondrial
excessive granulosa cell

fission, autophagy, and
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subsequent early antral follicle growth arrest [17].
Additionally,
ferredoxin 1 (FDX1) in granulosa cells enhancing

androgens  significantly  upregulate
granulosa cell autophagy, a process implicated in PCOS

pathogenesis [55].

Ferroptosis in granulosa cells and follicular
atresia in PCOS

Ferroptosis is a form of programmed cell death
characterized by iron-dependent lipid peroxidation and
ROS accumulation, culminating in cell membrane
disruption [56]. Cells undergoing ferroptosis exhibit
distinct  ultrastructural mitochondrial abnormalities,
including condensation, swelling, increased membrane
density, reduced or absent cristae, and outer membrane
rupture. A clinical study involving 149 patients with
PCOS and 108 controls revealed significantly higher
serum ferritin levels in the PCOS group, irrespective of
obesity status [57]. Multiple studies have linked iron
overload in PCOS oligomenorrhea, hyperandrogenism,
and insulin resistance [58-60]. Zhang et al. demonstrated
that transferrin receptor-mediated increased iron uptake
in granulosa cells promotes ROS generation, mitophagy
activation, lipid peroxidation, and ultimately ferroptosis,
in human ovarian granulosa cells. This process inhibits
follicular development and contributes to follicular
atresia [61]. Liu ef al. further established that ferroptosis
inhibitors can ameliorate PCOS-like symptoms and
protect ovarian tissue from PCOS-induced damage by
modulating oxidative stress, mitochondrial membrane
potential, inflammation, and apoptosis [62]. Zhang et al.
established another PCOS rat model through co-treatment
with Sa-dihydrotestosterone and insulin [63]. This study
identified

decreased glutathione peroxidase 4 and glutathione (GSH)

characteristics of ferroptosis, including
levels in uterine and placental tissues. Additionally,
aberrant expression of ferroptosis-related genes such as
Acsl4, Tfre, Slc7all, and Gele was observed. Zhang et al.
reported involvement of circulating RNAs in PCOS
[64]. CircRHBG,

upregulated in the granulosa cells of individuals with

development through ferroptosis

PCOS, was found to inhibit ferroptosis by competing with
Slc7all for miR-515-5p binding.

Necrotizing apoptosis of granulosa cells and
follicular atresia

Necroptosis, a form of programmed cell death, is

independent of cysteine family proteases activation, but
relies on the activation of receptor-interacting protein
kinase 1 (RIPK1), receptor-interacting protein kinase 3
(RIPK3), and mixed-lineage kinase domain-like (MLKL)
[65]. Follicle size and granulosa cells ATP content
influence the mode of cell death. While high ATP levels
low ATP
morphology in granulosa cells [66,67].

A subtype of acetylcholinesterase (AChE),
known as readthrough acetylcholinesterase (AChE-R),

favor apoptosis, levels induce necrotic

induces necroptosis in human ovarian granulosa cells
[68]. associated with PCOS
upregulates AchE-R expression, leading to necrotic

The oxidative stress
apoptosis of human granulosa cells and contributing to
follicular atresia.

Pyroptosis of granulosa cells and follicular
atresia

Pyroptosis is an inflammatory form of cell death

characterized by distinct morphological features
including chromatin condensation, cell swelling, and
membrane blebbing [65]. This process depends on the
activation of specific inflammatory caspases and results
in the release of pro-inflammatory factors [69].
Gasdermin D (GSDMD) is a key effector of pyroptosis.
Cleavage by caspase-1 generates its N-terminal fragment,
which forms pores in the plasma membrane, leading to
the release of IL-1pB, IL-18, and other cellular contents.
Testosterone-treated human granulosa cell lines,
mimicking PCOS hyperandrogenism, exhibit pryoptotic
characteristics with increased caspase-1 expression,
N-terminal fragment of Gasdermin D (N-GSDMD), along
with significant upregulation of inflammation-related
genes (NLRP3, NF-xB, IL-1B) and proteins (NLRP3,
IL-1B, IL-18). This inflammatory response contributes to
follicular development and follicular atresia disorders
[70]. Xu et al. demonstrated that elevated follicular
glucose levels in obese patients activate granulosa cell

pyroptosis through NLRP3 inflammasomes [71].
Conclusions

Excessive apoptosis, autophagy, ferroptosis,
necroptosis, and pyroptosis of granulosa cells collectively
contribute to follicular atresia in PCOS. These distinct yet
interconnected cell death pathways can operate
independently or synergistically to drive granulosa cell

death, ultimately leading to follicular atresia. While the
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roles of abnormal apoptosis and excessive autophagy in
PCOS-induced granulosa cell death and follicular atresia
are well-established, recent evidence underscores the
importance of ferroptosis and necroptosis in this complex
pathophysiological process. Pyroptosis has been
infrequently reported in the context of follicular atresia
regulation in animal models. PCOS, a complex condition
affecting female fertility, has garnered increasing attention
in the context of granulosa cell death in follicular atresia,
particularly in relation to hyperandrogenism and insulin
resistance. A deeper understanding of these processes is
crucial for developing effective interventions to improve
the endocrine environment and overall well-being of

women with PCOS.
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