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Abstract

Polycystic ovary syndrome (PCOS) is a prevalent gynecological endocrine and metabolic disorder in women, with an incidence rate

of 10-13%. The etiology of PCOS is multifaceted, involving genetic predisposition, environmental influences, lifestyle factors, and

endocrine metabolic dysregulation. Iron, a critical mineral, not only plays a role in regulating female physiological functions and the

progression of PCOS but also requires careful management to avoid deficiency. However, excess iron can trigger ferroptosis, a form

of nonapoptotic cell death characterized by the accumulation of lipid peroxides. While numerous studies have explored ferroptosis in

patients with PCOS and animal models, the precise mechanisms and therapeutic implications remain inadequately understood. This

review seeks to elucidate the pathophysiology of PCOS and the contributory factors of ferroptosis. Additionally, we examine the diverse

manifestations of ferroptosis in PCOS and evaluate its role. Furthermore, we introduce ferroptosis-related traditional Chinese medicines

that may enhance the understanding of PCOS pathogenesis and aid in the development of targeted therapies for ferroptosis in PCOS.
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1. Introduction

Polycystic ovary syndrome (PCOS), a complex disor-
der, is the primary cause of infertility and metabolic distur-
bances in women of reproductive age. Globally, the preva-
lence and incidence rates of PCOS in 2019 were 1677.8
and 59.8 per 100,000, respectively, reflecting increases of
30.4% and 29.5% since 1990 [1]. Diagnosis of PCOS is
established when a woman presents with two or more of
the following criteria: clinical and/or biochemical hyper-
androgenism, anovulation or ovulatory dysfunction, and
the presence of multiple ovarian follicles, known as poly-
cystic ovary morphology [2]. PCOS can affect women
across various age groups, with adolescents and those of
reproductive age primarily exhibiting menstrual irregular-
ities, acne, hirsutism, and infertility, while older women
are more susceptible to diabetes, hyperlipidemia, and car-
diovascular diseases [3]. Given its unclear etiology and
wide-ranging clinical manifestations, there is no definitive
cure for PCOS; symptomatic management remains the cor-
nerstone of treatment, focusing on lifestyle modifications
and pharmacotherapy [4—6]. The disorder’s unknown ori-
gin and lack of a cure significantly impact patients’ quality
of life, fertility, and long-term health outcomes.

Iron, an essential trace element, is crucial for main-
taining overall health, yet it must be carefully managed
to prevent deficiency. Ferroptosis, a form of regulated

cell death, was first identified in cancer cells induced by
erastin, as described by Dixon et al. [7]. The mecha-
nistic understanding of ferroptosis has advanced rapidly
(Fig. 1), particularly following the discovery of the cystine-
import-glutathione-glutathione peroxidase 4 (GSH-GPX4)
pathway, which highlighted phospholipid hydroperoxides
(PLOOHESs) as key executors of ferroptosis. Recent research
has also identified GPX4-independent ferroptosis surveil-
lance pathways. The mechanisms underlying PLOOH syn-
thesis, particularly the role of polyunsaturated fatty acids
(PUFAs) as PLOOH precursors, have been extensively
studied [8]. Increasing attention is being directed towards
the role of ferroptosis in PCOS [9-13]. To provide clar-
ity on this emerging area, it is necessary to summarize and
critically assess the existing research, identifying key find-
ings, ongoing challenges, and areas for future investigation.
This review aims to elucidate the ferroptosis-related mecha-
nisms involved in PCOS pathogenesis and treatment, while
also examining traditional Chinese medicines targeting fer-
roptosis as potential therapies for PCOS.

2. The Pathophysiology of Polycystic Ovary
Syndrome

Despite being the most prevalent endocrinopathy in
women of reproductive age, the factors contributing to the
development of PCOS remain poorly understood (Fig. 1).
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Genetic and

epigenetic factors

Fig. 1. The pathophysiology of polycystic ovary syndrome. Epigenetic and transcriptomic signatures have been identified in both

daughters and sons of women with polycystic ovary syndrome (PCOS), supporting the role of epigenetic inheritance alongside genetic

factors in the syndrome. Insulin Resistance is a central feature of PCOS, and the consequent hyperinsulinemia impairs glucose utilization,

reduces follicular glucose metabolism, diminishes energy supply to follicles, and ultimately hampers follicular growth and development.

Hyperandrogenemia is a hallmark of PCOS and a critical focus during clinical evaluation. Created with PowerPoint (Microsoft Corpo-

ration, Redmond, WA, USA).

2.1 Genetic and Epigenetic Factors

Genetic studies have significantly advanced our un-
derstanding of PCOS, shedding light on various diagnostic
criteria, gender-specific manifestations, reproductive po-
tential, and mental health implications. Initial genome-
wide association studies (GWAS) on Han Chinese and Eu-
ropean women identified 16 loci associated with PCOS
[14]. Further, Day et al. [15] provided the first genetic ev-
idence linking PCOS with male phenotypes, identifying 14
loci, including novel ones such as microtubule-associated
protein, RP/EB family, member 1 (MAPER1), zinc-finger
and BTB domain-containing protein 16 (ZBTB16), and
plasminogen receptor (PLGRKT). The extensive involve-
ment of PCOS in multiple genome-wide association stud-
ies has facilitated the use of Mendelian randomization
(MR) analyses to pinpoint potential causal factors of the
syndrome[16]. MR studies assess causality by leveraging
genetic variants associated with specific exposures, thus
minimizing the confounding factors often present in epi-
demiological studies [17,18]. According to MR findings,
PCOS is associated with high body mass index (BMI),
insulin resistance, elevated fasting insulin levels, and re-
duced levels of sex hormone-binding globulin (SHBG)
[15,16,19-21]. Moreover, genetic variants linked to de-
layed menopause in women appear to be associated with
PCOS [22].

Over the past decade, growing evidence has high-
lighted alterations in epigenetic programming in women
with PCOS. DNA methylation has been documented across
various cell types, including peripheral mononuclear blood
cells, ovarian tissue, granulosa cells, skeletal muscle, um-
bilical cord blood, and endometrium [23]. An epigenetic
signature linked to PCOS has been detected in the umbili-
cal cord blood of neonates born to mothers with PCOS, pre-
disposing these offspring to reproductive, metabolic, and
neuropsychiatric conditions [24—27]. Notably, PCOS-like
traits have been observed in the offspring of mice with-
out direct exposure to dihydrotestosterone or anti-Mullerian
Hormone (AMH) during pregnancy, suggesting the pos-
sibility of epigenetic inheritance [14,28]. The transgen-
erational transmission of reproductive and metabolic phe-
notypes in mice is associated with transcriptional changes
and mitochondrial function in oocytes, DNA methylation in
ovaries, and alterations in small non-coding RNA in sperm,
indicating that PCOS may be transmitted through epige-
netic modifications in germ cells [14]. Interestingly, epi-
genetic and transcriptomic signatures have been identified
in both daughters and sons of women with PCOS, further
supporting the role of epigenetic inheritance alongside ge-
netic factors in the syndrome [22,24].
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2.2 Hyperandrogenism

Hyperandrogenemia is a hallmark of PCOS and a crit-
ical focus during clinical evaluation. In PCOS, andro-
gen secretion is often prematurely elevated, contributing
to early-onset insulin resistance [29]. Disruptions in lipid
metabolism within visceral adipocytes are a well-known
cause of insulin resistance; however, androgen overexpo-
sure can independently and directly induce insulin resis-
tance [30—34]. Under the influence of follicle-stimulating
hormone (FSH), the ovarian granulosa cells convert andro-
gens into estrogens, yet in most patients with PCOS, el-
evated androgen levels persist, impacting multiple organ
systems [35]. Low levels of sex hormone-binding globu-
lin (SHBG) further exacerbate the condition by increasing
the levels of free testosterone and androstenedione, which
are readily available to bind to androgen receptors in vari-
ous tissues [36].

2.3 Insulin Resistance

Insulin resistance (IR) is characterized by a dimin-
ished ability of insulin to facilitate glucose uptake and uti-
lization, leading the body to compensate by secreting ex-
cessive insulin, resulting in hyperinsulinemia to maintain
stable blood glucose levels [37,38]. IR is a central feature
of PCOS, and the consequent hyperinsulinemia impairs glu-
cose utilization, reduces follicular glucose metabolism, di-
minishes energy supply to follicles, and ultimately hampers
follicular growth and development [39,40]. Studies have
investigated the cellular and molecular mechanisms under-
lying insulin action and glucose uptake in insulin-target tis-
sues, such as adipose and skeletal muscle, in both lean and
obese PCOS individuals [41,42]. Although insulin recep-
tor affinities appear similar between PCOS and non-PCOS
women, patients with PCOS exhibit reduced insulin bind-
ing in adipose tissues, leading to decreased glucose uptake
and insulin sensitivity [29]. Additionally, /5 cell dysfunc-
tion contributes to impaired insulin disposition, though it
remains unclear whether this dysfunction is a primary cause
or a consequence of IR.

There is a strong correlation between obesity,
metabolic syndrome, and elevated oxidative stress levels,
with “obesity and insulin resistance” being the metabolic
syndrome component most closely linked to increased ox-
idative stress [43]. The cardiovascular system suffers when
hyperglycemia elevates inflammatory markers and oxida-
tive stress [44,45]. Chronic inflammation and oxidative
stress, in turn, contribute to S cell dysfunction and the de-
velopment of prediabetes. Furthermore, mitochondrial ox-
idative stress plays a significant role in the pathogenesis of
IR, with hyperglycemia inducing the production of mito-
chondrial prooxidants [46].
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3. Mechanism of Ferroptosis
3.1 Iron Metabolism

Intracellular iron metabolism maintains a delicate
equilibrium involving iron uptake, distribution, storage, uti-
lization, and efflux [8]. Typically, most cells absorb iron
through the interaction between transferrin (TF) and its
receptor, transferrin receptor 1 (TFR1) [47]. The Fe3*-
bound TF forms a complex with TFR1, which is then en-
docytosed into cellular endosomes. The downregulation of
TFR1 enhances cellular tolerance to ferroptosis, whereas its
overexpression increases intracellular iron levels, thereby
reducing this tolerance [48]. The reduction of Fe3* to
FeT by six-transmembrane epithelial antigen of prostate
3 (STEAP3) contributes to the formation of a labile iron
pool (LIP), with Fe?* subsequently transported by zinc
transporter 8/14 (ZIP8/14) or divalent metal transporter 1
(DMT1) [49]. The iron within LIP can be utilized by mito-
chondria, stored in ferritin, or exported via ferroportin.

In cases of abnormal iron transport, upregulation of
TFR1 coupled with downregulation of FTH1 leads to Fe?*
overload [50]. The excessive Fe?* reacts with hydrogen
peroxide, producing hydroxyl radicals through the Fenton
reaction, which directly catalyzes lipid peroxide formation
and ultimately promotes ferroptosis [51]. Despite being a
key feature of ferroptosis, the regulatory mechanisms gov-
erning iron overload remain incompletely understood. Dis-
ruptions in intracellular iron balance, such as increased iron
uptake, diminished iron storage, enhanced ferritinophagy,
and restricted iron efflux, can lead to iron overload. This
iron excess triggers the Fenton reaction, resulting in the
generation of reactive oxygen species (ROS) and the acti-
vation of iron-dependent enzymes that accelerate lipid per-
oxidation, causing oxidative damage to cell membranes and
inducing ferroptosis [52].

3.2 System Xc~ /Glutathione Peroxidase 4 (GPX4) Axis

Glutathione (GSH) serves as the primary intracellu-
lar antioxidant in mammals, synthesized from glutamate,
cysteine, and glycine through the enzymatic actions of glu-
tamine cysteine ligase (GCL) and glutathione synthetase
(GSS) [53]. As a critical antioxidant, GSH is predomi-
nantly produced by System Xc~, which facilitates the ex-
change of intracellular glutamate for extracellular cystine
[54]. Among the precursors for GSH synthesis, cysteine
is considered rate-limiting due to its relatively low intra-
cellular concentration. When GSH levels are rapidly de-
pleted, System Xc™ (composed of subunits solute carrier
family 7 member 11 (SLC7A11) and solute carrier family
3 member 2 (SLC3A2)) compensates by exporting gluta-
mate and importing extracellular cystine into cells [7]. A
deficiency of SLC7A11 in mice results in cell death, which
can be mitigated by ferroptosis inhibitors; however, para-
doxically, overexpression of SLC7A11 also induces fer-
roptosis, suggesting that SLC7A11 acts as an executor of
ferroptosis [55]. In several cancer types, SLC7AIl ex-
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Fig. 2. System Xc™-GSH-GPX4 pathway and ferroptosis. NADPH, Nicotinamide Adenine Dinucleotide Phosphate (Reduced);
NADP, Nicotinamide Adenine Dinucleotide Phosphate; TXNRD1, Thioredoxin Reductase 1; GSH, Glutathione (Reduced form); PLOH,
Phospholipid Alcohol; PLOOH, Phospholipid Hydroperoxide; PLOO-, Phospholipid Peroxyl Radical; FSP1, Ferroptosis Suppressor Pro-
tein 1; POR, Cytochrome P450 Oxidoreductase; LOX, Lipoxygenase; PUFA-PL, Polyunsaturated Fatty Acid-Containing Phospholipid;
LPCAT3, Lysophosphatidylcholine Acyltransferase 3; COA, Coenzyme A; ACSL4, Acyl-CoA Synthetase Long-Chain Family Member
4; PUFA, Polyunsaturated Fatty Acid; GCH1, GTP Cyclohydrolase 1; FDFT1, Farnesyl-Diphosphate Farnesyltransferase 1; BH4/BH2,
Tetrahydrobiopterin/Dihydrobiopterin; GSR, glutathione-disulfide reductase. By Figdraw (https://www.figdraw.com/#/).

pression is markedly upregulated, thereby inhibiting fer-
roptosis and promoting cancer cell proliferation, invasion,
and resistance to chemotherapy [56]. Specifically, overex-
pression of SLC7A11 in HeyAS8-R cells has been shown
to induce apoptosis, inhibit colony formation, and enhance
sensitivity to paclitaxel. Conversely, low SLC7A1l ex-
pression in patients with ovarian cancer is associated with
poorer overall survival, progression-free survival, and post-
progression survival [57]. GPX4, a well-characterized fer-
roptosis suppressor, plays a pivotal role in mitigating the ac-
cumulation of iron-dependent lipid peroxides, thereby reg-
ulating various physiological processes [58]. GPX4 func-
tions by reducing lipid hydroperoxides to less harmful lipid
hydroxides in a GSH-dependent manner, effectively pre-
venting ferroptotic cell death triggered by lipid peroxida-
tion. Mice with a Gpx4 knockout exhibit embryonic lethal-
ity, while those with conditional Gpx4 knockout display
immune system dysfunction, liver abnormalities, kidney

issues, and neurological disorders [59]. In summary, in-
tracellular depletion of GSH or inactivation of GPX4 can
lead to ferroptosis, underscoring the importance of main-
taining metabolic homeostasis within the Xc~/GPX4 sys-
tem to prevent ferroptosis (Fig. 2).

3.3 Lipid Peroxidation

Lipid peroxidation is a key initiator of ferropto-
sis, where PUFAs undergo oxidation by reactive oxygen
species (ROS) through enzymatic or nonenzymatic reac-
tions, resulting in the formation of lipid peroxides [60]. Due
to the presence of unstable carbon-carbon double bonds,
PUFAs are particularly susceptible to lipid peroxidation,
thus playing a significant role in the induction of ferrop-
tosis [61]. Free PUFAs are first esterified by acyl-CoA
synthetase long-chain family member 4 (ACSL4) and then
incorporated into membrane phospholipids by lysophos-
phatidylcholine acyl-transferase 3 (LPCAT3). Once inte-
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grated into the membrane, they are oxidized by lipoxyge-
nases into toxic lipid peroxides. The activities of ACSL4
and LPCAT3, which increase the PUFA content in phospho-
lipids, are therefore critical in promoting ferroptosis under
various pathophysiological conditions.

3.4 Transcription Regulators

The ferroptosis signaling network is complex, involv-
ing numerous regulatory factors, including transcription
factors such as tumor protein 53 (p53), nuclear factor E2-
related factor 2 (Nrf2), and AMP-activated protein kinase
(AMPK), which modulate the expression of genes involved
in ferroptosis. The role of p53 in ferroptosis regulation
is particularly nuanced, as it can exert both pro- and anti-
ferroptotic effects through distinct molecular mechanisms.
p53 has been shown to repress the transcription and non-
translational expression of SLC7A11, leading to reduced
GSH synthesis and decreased Cys2 uptake, thereby promot-
ing ferroptosis [62,63]. Additionally, p53 may transactivate
the polyamine catabolizing enzyme spermidine/spermine
Nl-acetyltransferase 1 (SAT1), which in turn induces fer-
roptosis by increasing the expression of ALOX15 [64].
Nrf2, a redox-sensitive transcription factor, plays a vi-
tal role in maintaining cellular redox balance by interact-
ing with antioxidant response elements (ARE) and Kelch-
like ECH-associated protein 1 (Keapl) [65]. Through reg-
ulating downstream genes, Nrf2 regulates ferroptosis by
promoting GSH synthesis, reducing ROS production, and
upregulating NADPH synthesis [66]. However, consti-
tutive activation of Nrf2 can enhance tumorigenesis, in-
crease ROS detoxification, modulate the redox state, and
confer resistance to many anticancer drugs [67]. In vari-
ous cancers, Keapl loss has been implicated in chemora-
diation resistance [68]. Specifically, elevated Nrf2 expres-
sion may confer resistance to cisplatin—a commonly used
chemotherapy drug in head and neck cancer—by modulat-
ing ROS production and promoting cancer stem cell forma-
tion [69]. AMPK, which monitors cellular energy status,
also plays a critical role in regulating ferroptosis. Activa-
tion of AMPK through energy stress has been shown to in-
hibit ferroptosis by influencing redox homeostasis and iron
metabolism [70,71].

4. PCOS and Ferroptosis

Ferroptosis has been implicated in the pathogenesis of
PCOS, as evidenced by elevated serum ferritin levels and
increased ROS levels in the leukocytes and granulosa cells
of the ovary in patients with PCOS [72-74]. A study in-
volving 257 premenopausal women revealed that serum fer-
ritin levels were significantly higher in patients with PCOS
compared to those without the condition, independent of
obesity, indicating the presence of iron overload [75]. The
ovarian dysfunction in PCOS, leading to delayed menstru-
ation, hypomenorrhea, or amenorrhea, reduces one of the
primary pathways for iron loss in women, which is reg-
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ular menstruation [75]. Moreover, serum ferritin levels
have been linked to the severity of menstrual dysfunction,
suggesting that iron storage may contribute to the iron re-
tention effects observed in cases of menorrhagia among
some patients with PCOS [76]. Additionally, iron over-
load in PCOS may be exacerbated by compensatory hy-
perinsulinemia resulting from insulin resistance, which pro-
motes tissue iron uptake while inhibiting iron release from
macrophages [77,78]. This excess iron can negatively im-
pact glucose metabolism, worsening the metabolic abnor-
malities associated with PCOS, such as increased insulin
resistance and heightened luteinizing hormone sensitivity.
These metabolic disruptions can further impair ovulatory
functions and affect the embryonic implantation process
in PCOS [79]. Recent analyses of datasets (GSE155489
and GSE168404), along with real-time quantitative poly-
merase chain reaction (qQPCR) validations involving 33 pa-
tients with PCOS and 7 controls, have identified JUN and
HMGAL1 as critical transcription factors in the context of
PCOS [80].

Iron overload has the potential to contribute to the de-
velopment of PCOS by disrupting redox homeostasis, lead-
ing to an increase in ROS production [81]. In patients
with PCOS, oocytes exhibit mitochondrial dysfunction, re-
dox potential imbalance, and heightened oxidative stress, as
revealed by a targeted metabolomic assay using follicular
fluid [82]. GSH and FSH are crucial in regulating follic-
ular apoptosis, with ROS playing a significant role in this
process. Inhibition of GSH synthesis has been shown to
increase sinus follicular atresia in rats and exacerbate fol-
licular dysplasia in women with PCOS [83]. Moreover,
the uptake of iron by granulosa cells via the transferrin
receptor leads to substantial ROS production, mitochon-
drial autophagy activation, lipid peroxidation, and ferrop-
tosis, ultimately inhibiting follicle development [83]. In
PCOS, miR-93-5p has been observed to increase apoptosis
and ferroptosis by downregulating nuclear factor-kB, ele-
vating ROS and malondialdehyde (MDA) levels, and sta-
bilizing GPX4 expression [84]. Additionally, in mouse
PCOS models, fatty acid desaturase 2 (FADS2) has been
identified as a ferroptosis-related gene through bioinfor-
matics analysis and experimental validation. Overexpres-
sion of FADS2 inhibited ferroptosis-related markers and
elevated GSH, GPX4, and TFR1 levels in Human Ovar-
ian Granulosa Tumor Cell Line (KGN) cells. Peroxisome
proliferator activated receptor alpha (PPAR-«) was found
to inhibit dehydroepiandrosterone (DHEA)-induced ferrop-
tosis in granulosa cells by enhancing FADS2 expression
[85]. Ferroptosis inhibitor ferrostatin-1 (Fer-1) may al-
leviate PCOS symptoms by regulating methylase activ-
ity, promoting demethylation, and protecting against Hcy-
mediated ovarian granulosa cell damage [86]. Similarly,
study by Chen et al. [87] demonstrated that Fer-1 improved
the polycystic ovary morphology and suppressed ferropto-
sis in PCOS mice. The expression levels of period circa-
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Table 1. Potential ferroptosis-related traditional Chinese medicine components.

Subject

Clinical results

Ferroptosis-related mechanisms

Curcumin

Decreased fasting plasma glu-
cose dehydroepiandrosterone lev-
els [111]

Act as a ferroptosis inhibitor by suppressing the ROS formation and increasing the
HO-1 and Nrf2 expression [112];
Promote ferroptosis via the PI3K/Akt/mTOR pathway in colorectal cancer cell [113]

Resveratrol

Increased menstruation and de-

creased hair loss [114]

Inhibit ferroptosis and decelerate heart failure progression by Sirt1/p53 pathway ac-
tivation [115];

Alleviate diabetic periodontitis-induced alveolar
SLC7A11/GPX4 pathway [116];

Attenuated high intensity exercise training-induced inflammation and ferroptosis via
Nrf2/FTH1/GPX4 pathway [117]

osteocyte ferroptosis by

Quercetin

Decreased testosterone [110]

Alleviate acute kidney injury by inhibiting ferroptosis [118];

Induce ferroptosis in gastric cancer cells by the p-Camk2/p-DRP1 and NRF2/GPX4
Axes [119];

Alleviate high-fat diet-induced hepatic lipotoxicity by targeting mitochondrial ROS-
mediated ferroptosis [120];

Alleviate ferroptosis accompanied by reducing M1 macrophage polarization in neu-
trophilic airway inflammation [121];

Prevent the ferroptosis of oligodendrocyte progenitor cells by inhibiting the
Id2/transferrin pathway [122]

Hesperidin

Decreased waist circumference
[123]

Mitigate oxidative stress-induced ferroptosis in nucleus pulposus cells by Nrf2/NF-
kB axis [124];
Promote diabetic wound healing by inhibiting ferroptosis by activating SIRT3 [125]

Catechin

Weight reduction [126]

Play anti-inflammatory effects through mediating ferroptosis [127]

ROS, Reactive Oxygen Species; HO-1, Heme Oxygenase 1; Nrf2, Nuclear Factor Erythroid 2-Related Factor 2; PI3K/Akt/mTOR, Phospho-
inositide 3-Kinase/Protein Kinase B/Mammalian Target of Rapamycin; SLC7A11/GPX4, Solute Carrier Family 7 Member 11/Glutathione
Peroxidase 4; FTH1, Ferritin Heavy Chain 1; p-Camk2/p-DRP1, Phosphorylated Calcium/Calmodulin-Dependent Protein Kinase 2/Phos-
phorylated Dynamin-Related Protein 1; NF-xB, Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells; SIRT3, Sirtuin 3.

dian regulator 1 (PER1) and 15-lipoxygenase-1 (ALOX15)
were elevated in PCOS, while sterol regulatory element-
binding transcription factor 2 (SREBF2) expression was re-
duced. Overexpression of PER1 decreased granulosa cell
viability, inhibited cell proliferation, and reduced GSH con-
tent. PER1 promoted ferroptosis and dysfunctional lipid
metabolism in PCOS by inhibiting SREBF2/ALOX15 sig-
naling [87]. Metformin has also shown efficacy in im-
proving IR and ovarian function in PCOS mice, poten-
tially by enhancing GPX4 and sirtuin 3 (SIRT3) expres-
sion and reducing oxidative stress to inhibit ferroptosis
[88]. Furthermore, n-3 PUFA was found to inhibit the over-
proliferation of granulosa cells in ovarian follicles by acti-
vating the Hippo pathway, promoting Yes-associated pro-
tein 1 (YAP1) exocytosis, and weakening the interaction be-
tween YAP1 and Nrf2, ultimately increasing cell ferroptosis
sensitivity [89].

Mitochondrial dysfunction contributes to or exacer-
bates hyperandrogenism, insulin resistance, and obesity,
leading to disrupted follicular development and negatively
impacting the menstrual cycle and reproductive health in
women with PCOS [90]. Ferroptosis may also occur in the
uterus of pregnant women with PCOS, reducing endome-
trial receptivity. Transmission electron microscopy has re-

vealed that during pregnancy in women with PCOS, mi-
tochondrial volume is reduced, mitochondrial membrane
density increases, mitochondrial cristae are absent, and
the outer mitochondrial membrane is ruptured [91]. Mi-
tophagy, triggered by increased ROS during ferroptosis,
may further alter mitochondrial function. Increased trans-
ferrin receptor protein 1 (TFRC) expression leads to ele-
vated iron content, promoting mitochondrial aggregation
and mitophagy through NADPH oxidase 1 (NOX1) translo-
cation to PTEN-induced putative kinase 1 (PINK1). This
process results in cytochrome C release into the cyto-
plasm, ACSL4 activation, lipid peroxidation, and inhibi-
tion of follicle development, suggesting that targeting the
TFRC/NOX1/PINK1/ACSL4 signaling pathway could be
a therapeutic approach for PCOS by modulating folliculo-
genesis [92].

5. Ferroptosis-Related Traditional Chinese
Medicine Components and PCOS

Traditional Chinese medicine (TCM) offers signifi-
cant benefits and demonstrates substantial therapeutic ef-
fects in treating PCOS, with fewer side effects compared
to conventional treatments. TCM has been shown to re-
duce insulin levels, regulate lipid metabolism, and increase
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Table 2. Highlights.

The pathophysiology of polycys-
tic ovary syndrome

Epigenetic and transcriptomic signatures have been identified in both daughters and sons of women
with PCOS, supporting the role of epigenetic inheritance alongside genetic factors in the syndrome;

Insulin Resistance is a central feature of PCOS, and the consequent hyperinsulinemia impairs glu-
cose utilization, reduces follicular glucose metabolism, diminishes energy supply to follicles, and
ultimately hampers follicular growth and development;

Hyperandrogenemia is a hallmark of PCOS and a critical focus during clinical evaluation.

Mechanism of ferroptosis

The iron excess triggers the Fenton reaction, resulting in the generation of reactive oxygen species
(ROS) and the activation of iron-dependent enzymes that accelerate lipid peroxidation, causing ox-
idative damage to cell membranes and inducing ferroptosis;

Intracellular depletion of GSH or inactivation of GPX4 can lead to ferroptosis, underscoring the im-
portance of maintaining metabolic homeostasis within the Xc~/GPX4 system to prevent ferroptosis;
Lipid peroxidation is considered as an initiation signal of ferroptosis, in which polyunsaturated fatty
acids (PUFAs) are oxidized by ROS through enzymatic or nonenzymatic reactions, resulting in lipid
peroxides;

The ferroptosis signaling network involves multiple regulatory factors, and transcription factors can
modulate downstream genes involved in ferroptosis, such as such as p53, Nrf2 and AMPK;

Lipid peroxidation is a key initiator of ferroptosis, where PUFAs undergo oxidation by ROS through

enzymatic or nonenzymatic reactions, resulting in the formation of lipid peroxides.

PCOS, Polycystic Ovary Syndrome; GSH, Glutathione (Reduced form); GPX4, Glutathione Peroxidase 4; Nrf2, Nuclear Factor Erythroid

2-Related Factor 2; AMPK, AMP-Activated Protein Kinase; PUFAs, Polyunsaturated Fatty Acids.

both ovulation and pregnancy rates in patients with PCOS
[93]. TCM treatments encompass a broad range of ap-
proaches, including syndrome differentiation, classic pre-
scriptions, acupuncture, moxibustion, and the use of single
Chinese herbs. The flexibility of TCM formulations allows
for adjustments based on individual patient needs, provid-
ing a personalized treatment approach.

Baicalein, a flavonoid derived from the roots of
Scutellaria baicalensis Georgi [94], has garnered atten-
tion for its diverse biological activities, including scav-
enging oxygen radicals, antipyretic and analgesic effects,
anti-inflammatory properties, inhibition of neovasculariza-
tion, anti-tumor activity, and antibacterial and antiviral
effects [95-101]. In a study using a PCOS rat model
treated with baicalein, researchers assessed oxidative stress
and inflammation levels in serum and ovaries, conducted
tissue analyses, and performed RNA sequencing [102].
The findings indicated that baicalein treatment led to re-
duced oxidative stress, decreased lipid peroxidation, low-
ered chronic inflammation, and modulated mitochondrial
function and ferroptosis in PCOS rat ovaries. Mechanis-
tically, baicalein treatment reversed the downregulation of
glutathione peroxidase and ferritin heavy chain 1, suggest-
ing that baicalein could improve PCOS prognosis by reduc-
ing oxidative stress and ferroptosis [102].

Berberine, an isoquinoline alkaloid derived from the
Chinese herb Rhizoma Coptidis, is well-known for its anti-
inflammatory, antibacterial, and antiviral properties [103—
105]. Modern research has highlighted berberine’s effec-
tiveness in preventing and treating organ damage, cardio-
vascular diseases, and metabolic diseases, with no signif-
icant adverse effects reported [106—108]. In the study
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[109] involving patients with PCOS and PCOS cell models
(human ovarian granulosa cells treated with dihydrotestos-
terone), berberine was found to modulate Circ_ 0097636 ex-
pression, which was downregulated in PCOS conditions.
Berberine treatment partially alleviated the inhibitory ef-
fects of dihydrotestosterone on cell proliferation, while pro-
moting apoptosis, inflammation, ferroptosis, and reduc-
ing oxidative stress [109]. Furthermore, berberine upreg-
ulated Circ_0097636 and SIRT3 expression while down-
regulating miR-186-5p expression, ultimately ameliorating
cell injury and ferroptosis through the regulation of the
Circ_0097636/miR-186-5p/SIRT3 pathway [109].

In addition to baicalein and berberine, a review by
Malik et al. [110] examined 13 clinical studies on plants
and phytochemicals effective against PCOS, some of which
have been reported to influence ferroptosis in other dis-
eases (Table 1, Ref. [110-127]). These phytochemicals
and herbal drug formulations not only offer alternatives for
PCOS management but may also provide synergistic effects
when combined with conventional treatments. However,
extensive clinical trials are necessary to determine the opti-
mal dosages and treatment durations for these compounds,
both alone and in conjunction with other medications, to
effectively manage PCOS.

6. Conclusions

PCOS, characterized by insulin resistance and hyper-
androgenism, is a significant risk factor for the early on-
set of type 2 diabetes and cardiovascular disease. This
condition has profound reproductive implications, includ-
ing irregular menstrual cycles, anovulatory infertility, an
increased risk of pregnancy complications, and endome-
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trial cancer. Additionally, PCOS is linked to psychologi-
cal disorders such as anxiety, depression, eating disorders,
psychosexual dysfunction, and negative self-image, all of
which contribute to a diminished health-related quality of
life. One of the critical aspects of PCOS is its connection to
fetal reproductive dysfunction, which is closely associated
with dysregulated iron homeostasis and a subsequent cas-
cade of ferroptosis. Although various genetic and metabolic
mechanisms regulate ferroptosis, current research on fer-
roptosis regulation in PCOS remains limited, inconsis-
tent, and insufficient. In PCOS rat models, alterations in
ferroptosis-related genes, increased levels of glutathione
and malondialdehyde, activation of ERK/p38/JNK phos-
phorylation, decreased glutathione and malondialdehyde
levels, and increased iron deposition in the gravid uterus
have been observed. Additionally, mitochondria exhibiting
electron-dense cristae, a key feature of ferroptosis-related
mitochondrial morphology, were noted [90]. Another study
linked fetal loss in rats to excessive ROS production in the
placenta, mitochondrial dysfunction, and disrupted super-
oxide dismutase 1 (SOD1) and Keap1/Nrf2 antioxidant re-
sponses [128]. Despite these findings, identifying specific
ferroptosis-related targets and signaling pathways in PCOS
remains challenging. However, it is clear that inhibiting fer-
roptosis can effectively treat functional disorders associated
with this form of cell death. Ferrostatin-1 (Fer-1), a first-
generation aromatic amine, has been shown to inhibit fer-
roptosis and prevent lipid peroxidation accumulation [129].
In PCOS cell models, treatment with Fer-1 successfully
inhibited apoptosis, oxidative stress, and ferroptosis [86].
This protective effect may be mediated through the activa-
tion of the Tet enzyme and DNA methylation, suggesting
that Fer-1 could be a potential therapeutic drug for PCOS.
This review aims to elucidate the pathophysiology of PCOS
and the contributory factors of ferroptosis (Table 2). Fur-
ther research into how currently marketed drugs regulate
ferroptosis is warranted. Early integration of these drugs
into clinical treatment protocols could lead to the develop-
ment of new therapeutic approaches for managing PCOS.

Author Contributions

JA, QZ, ZC, QL and XG wrote the first draft and
reviewed the design. CX and XFJ performed literature
searches and drafted Figures and Tables. All authors con-
tributed to editorial changes in the manuscript. All authors
read and approved the final manuscript. All authors have
participated sufficiently in the work and agreed to be ac-
countable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment

Not applicable.

Funding

This review was funded by The Traditional Chinese
Medicine Science and Technology Program in Jiangsu
(MS2021057), The Suzhou Integrated Chinese and West-
ern Medicine Research Fund (SYSD2021207) and Xia
Guicheng Gynecology Expert Team of Jiangsu Provincial
Hospital of Traditional Chinese Medicine (01201804).

Conflict of Interest

The authors declare no conflict of interest.

References

[1] Safiri S, Noori M, Nejadghaderi SA, Karamzad N, Carson-
Chahhoud K, Sullman MJM, et al. Prevalence, incidence and
years lived with disability due to polycystic ovary syndrome in
204 countries and territories, 1990-2019. Human Reproduction
(Oxford, England). 2022; 37: 1919-1931.

[2] Fauser BCJM, Tarlatzis BC, Rebar RW, Legro RS, Balen AH,
Lobo R, et al. Consensus on women'’s health aspects of polycys-
tic ovary syndrome (PCOS): the Amsterdam ESHRE/ASRM-
Sponsored 3rd PCOS Consensus Workshop Group. Fertility and
Sterility. 2012; 97: 28-38.¢25.

[3] Vatier C, Christin-Maitre S. Epigenetic/circadian clocks and
PCOS. Human Reproduction (Oxford, England). 2024; 39:
1167-1175.

[4] Shahid R, Iahtisham-Ul-Haq, Mahnoor, Awan KA, Igbal MJ,
Munir H, et al. Diet and lifestyle modifications for effective
management of polycystic ovarian syndrome (PCOS). Journal
of Food Biochemistry. 2022; 46: el14117.

[5] GuY, Zhou G, Zhou F, Li Y, Wu Q, He H, ef al. Gut and Vagi-
nal Microbiomes in PCOS: Implications for Women’s Health.
Frontiers in Endocrinology. 2022; 13: 808508.

[6] Yong W, Ma H, Na M, Gao T, Zhang Y, Hao L, et al. Roles
of melatonin in the field of reproductive medicine. Biomedicine
& Pharmacotherapy = Biomedecine & Pharmacotherapie. 2021;
144: 112001.

[7] Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM,
Gleason CE, et al. Ferroptosis: an iron-dependent form of non-
apoptotic cell death. Cell. 2012; 149: 1060-1072.

[8] Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms,
biology and role in disease. Nature Reviews. Molecular Cell Bi-
ology. 2021; 22: 266—282.

[9] Jiang Y, Yang J, Du K, Luo K, Yuan X, Hua F. 1,25-
Dihydroxyvitamin D3 alleviates hyperandrogen-induced ferrop-
tosis in KGN cells. Hormones (Athens, Greece). 2023; 22: 273—
280.

[10] LiX,LinY, Cheng X, Yao G, Yao J, Hu S, et al. Ovarian ferrop-
tosis induced by androgen is involved in pathogenesis of PCOS.
Human Reproduction Open. 2024; 2024: hoae013.

[11] Tang H, Jiang X, Hua Y, Li H, Zhu C, Hao X, et al. NEDD4L
facilitates granulosa cell ferroptosis by promoting GPX4 ubiq-
uitination and degradation. Endocrine Connections. 2023; 12:
€220459.

[12] Zhang J, Ding N, Xin W, Yang X, Wang F. Quantitative
Proteomics Reveals That a Prognostic Signature of the En-
dometrium of the Polycystic Ovary Syndrome Women Based
on Ferroptosis Proteins. Frontiers in Endocrinology. 2022; 13:
871945.

[13] Zhang Y, Zhao T, Hu L, Xue J. Integrative Analysis of Core
Genes and Biological Process Involved in Polycystic Ovary Syn-
drome. Reproductive Sciences (Thousand Oaks, Calif.). 2023;
30: 3055-3070.

[14] Stener-Victorin E, Teede H, Norman RJ, Legro R, Goodarzi MO,

&% IMR Press


https://www.imrpress.com

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Dokras A, et al. Polycystic ovary syndrome. Nature Reviews.
Disease Primers. 2024; 10: 27.

Day F, Karaderi T, Jones MR, Meun C, He C, Drong A, et
al. Large-scale genome-wide meta-analysis of polycystic ovary
syndrome suggests shared genetic architecture for different di-
agnosis criteria. PLoS Genetics. 2018; 14: ¢1007813.

Brower MA, Hai Y, Jones MR, Guo X, Chen YDI, Rotter JI, et
al. Bidirectional Mendelian randomization to explore the causal
relationships between body mass index and polycystic ovary
syndrome. Human Reproduction (Oxford, England). 2019; 34:
127-136.

Sekula P, Del Greco M F, Pattaro C, Kottgen A. Mendelian Ran-
domization as an Approach to Assess Causality Using Obser-
vational Data. Journal of the American Society of Nephrology:
JASN. 2016; 27: 3253-3265.

Bowden J, Holmes MV. Meta-analysis and Mendelian random-
ization: A review. Research Synthesis Methods. 2019; 10: 486—
496.

Zhao Y, Xu 'Y, Wang X, Xu L, Chen J, Gao C, et al. Body Mass
Index and Polycystic Ovary Syndrome: A 2-Sample Bidirec-
tional Mendelian Randomization Study. The Journal of Clinical
Endocrinology and Metabolism. 2020; 105: dgaal25.

Liu Q, Zhu Z, Kraft P, Deng Q, Stener-Victorin E, Jiang X. Ge-
nomic correlation, shared loci, and causal relationship between
obesity and polycystic ovary syndrome: a large-scale genome-
wide cross-trait analysis. BMC Medicine. 2022; 20: 66.

Sun Y, Li S, Liu H, Bai H, Hu K, Zhang R, et al. Oxidative stress
promotes hyperandrogenism by reducing sex hormone-binding
globulin in polycystic ovary syndrome. Fertil Steril. 2021; 116:
1641-1650.

Day FR, Hinds DA, Tung JY, Stolk L, Styrkarsdottir U, Sax-
ena R, ef al. Causal mechanisms and balancing selection inferred
from genetic associations with polycystic ovary syndrome. Na-
ture Communications. 2015; 6: 8464.

Rawat K, Sandhu A, Gautam V, Saha PK, Saha L. Role of ge-
nomic DNA methylation in PCOS pathogenesis: a systematic re-
view and meta-analysis involving case-controlled clinical stud-
ies. Molecular Human Reproduction. 2022; 28: gaac024.

Risal S, Pei Y, Lu H, Manti M, Fornes R, Pui HP, et al. Prenatal
androgen exposure and transgenerational susceptibility to poly-
cystic ovary syndrome. Nature Medicine. 2019; 25: 1894-1904.
Risal S, Li C, Luo Q, Fornes R, Lu H, Eriksson G, et al. Trans-
generational transmission of reproductive and metabolic dys-
function in the male progeny of polycystic ovary syndrome. Cell
Reports. Medicine. 2023; 4: 101035.

Risal S, Manti M, Lu H, Fornes R, Larsson H, Benrick A, et al.
Prenatal androgen exposure causes a sexually dimorphic trans-
generational increase in offspring susceptibility to anxiety dis-
orders. Translational Psychiatry. 2021; 11: 45.

Dubey P, Thakur B, Rodriguez S, Cox J, Sanchez S, Fonseca A,
et al. A systematic review and meta-analysis of the association
between maternal polycystic ovary syndrome and neuropsychi-
atric disorders in children. Translational Psychiatry. 2021; 11:
569.

Mimouni NEH, Paiva I, Barbotin AL, Timzoura FE, Plassard D,
Le Gras S, et al. Polycystic ovary syndrome is transmitted via
a transgenerational epigenetic process. Cell Metabolism. 2021;
33: 513-530.e8.

Xu Y, Qiao J. Association of Insulin Resistance and Elevated
Androgen Levels with Polycystic Ovarian Syndrome (PCOS): A
Review of Literature. Journal of Healthcare Engineering. 2022;
2022: 9240569.

Lim JJ, Han CY, Lee DR, Tsang BK. Ring Finger Protein 6 Me-
diates Androgen-Induced Granulosa Cell Proliferation and Fol-
licle Growth via Modulation of Androgen Receptor Signaling.
Endocrinology. 2017; 158: 993-1004.

&% IMR Press

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[44]

[45]

[46]

[47]

(48]

Nanba AT, Rege J, Ren J, Auchus RJ, Rainey WE, Turcu AF. 11-
Oxygenated C19 Steroids Do Not Decline With Age in Women.
The Journal of Clinical Endocrinology and Metabolism. 2019;
104: 2615-2622.

Li H, Chen Y, Yan LY, Qiao J. Increased expression of P450scc
and CYP17 in development of endogenous hyperandrogenism
in a rat model of PCOS. Endocrine. 2013; 43: 184-190.

Lerner A, Owens LA, Coates M, Simpson C, Poole G, Velupil-
lai J, et al. Expression of genes controlling steroid metabolism
and action in granulosa-lutein cells of women with polycystic
ovaries. Molecular and Cellular Endocrinology. 2019; 486: 47—
54.

Salilew-Wondim D, Wang Q, Tesfaye D, Schellander K, Hoelker
M, Hossain MM, et al. Polycystic ovarian syndrome is accom-
panied by repression of gene signatures associated with biosyn-
thesis and metabolism of steroids, cholesterol and lipids. Journal
of Ovarian Research. 2015; 8: 24.

Nisenblat V, Norman RJ. Androgens and polycystic ovary syn-
drome. Current Opinion in Endocrinology, Diabetes, and Obe-
sity. 2009; 16: 224-231.

Baillargeon JP, Carpentier A. Role of insulin in the hyperan-
drogenemia of lean women with polycystic ovary syndrome and
normal insulin sensitivity. Fertility and Sterility. 2007; 88: 886—
893.

Li M, Chi X, Wang Y, Setrerrahmane S, Xie W, Xu H. Trends
in insulin resistance: insights into mechanisms and therapeutic
strategy. Signal Transduction and Targeted Therapy. 2022; 7:
216.

De Paoli M, Zakharia A, Werstuck GH. The Role of Estrogen in
Insulin Resistance: A Review of Clinical and Preclinical Data.
The American Journal of Pathology. 2021; 191: 1490-1498.
Cadagan D, Khan R, Amer S. Thecal cell sensitivity to luteiniz-
ing hormone and insulin in polycystic ovarian syndrome. Repro-
ductive Biology. 2016; 16: 53—60.

Franks S, Hardy K. Aberrant follicle development and anovula-
tion in polycystic ovary syndrome. Annales D’endocrinologie.
2010; 71: 228-230.

Ehrmann DA, Barnes RB, Rosenfield RL, Cavaghan MK, Impe-
rial J. Prevalence of impaired glucose tolerance and diabetes in
women with polycystic ovary syndrome. Diabetes Care. 1999;
22: 141-14e.

Cheatham B, Kahn CR. Insulin action and the insulin signaling
network. Endocrine Reviews. 1995; 16: 117-142.

Jakubiak GK, Osadnik K, Lejawa M, Osadnik T, Gotawski M,
Lewandowski P, ef al. “Obesity and Insulin Resistance” Is the
Component of the Metabolic Syndrome Most Strongly Associ-
ated with Oxidative Stress. Antioxidants (Basel, Switzerland).
2021; 11: 79.

Luc K, Schramm-Luc A, Guzik TJ, Mikolajczyk TP. Oxidative
stress and inflammatory markers in prediabetes and diabetes.
Journal of Physiology and Pharmacology: an Official Journal
of the Polish Physiological Society. 2019; 70: 809-824.
Yaribeygi H, Sathyapalan T, Atkin SL, Sahebkar A. Molecu-
lar Mechanisms Linking Oxidative Stress and Diabetes Melli-
tus. Oxidative Medicine and Cellular Longevity. 2020; 2020:
8609213.

Henriksen EJ, Diamond-Stanic MK, Marchionne EM. Oxidative
stress and the etiology of insulin resistance and type 2 diabetes.
Free Radical Biology & Medicine. 2011; 51: 993-999.

Feng Q, Yang Y, Ren K, Qiao Y, Sun Z, Pan S, et al. Broaden-
ing horizons: the multifaceted functions of ferroptosis in kidney
diseases. International Journal of Biological Sciences. 2023; 19:
3726-3743.

Gao M, Monian P, Quadri N, Ramasamy R, Jiang X. Glu-
taminolysis and Transferrin Regulate Ferroptosis. Molecular
Cell. 2015; 59: 298-308.


https://www.imrpress.com

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

10

Kajarabille N, Latunde-Dada GO. Programmed Cell-Death by
Ferroptosis: Antioxidants as Mitigators. International Journal of
Molecular Sciences. 2019; 20: 4968.

Toyokuni S. Iron and carcinogenesis: from Fenton reaction to
target genes. Redox Report: Communications in Free Radical
Research. 2002; 7: 189-197.

Feng Q, Yu X, Qiao Y, Pan S, Wang R, Zheng B, et al. Ferrop-
tosis and Acute Kidney Injury (AKI): Molecular Mechanisms
and Therapeutic Potentials. Frontiers in Pharmacology. 2022;
13: 858676.

Liu M, Wu K, Wu Y. The emerging role of ferroptosis in fe-
male reproductive disorders. Biomedicine & Pharmacotherapy
= Biomedecine & Pharmacotherapie. 2023; 166: 115415.
Couto N, Wood J, Barber J. The role of glutathione reductase
and related enzymes on cellular redox homoeostasis network.
Free Radical Biology & Medicine. 2016; 95: 27-42.

Liu MR, Zhu WT, Pei DS. System Xc~: a key regulatory target
of ferroptosis in cancer. Investigational New Drugs. 2021; 39:
1123-1131.

Xie Y, Zhu X, Liu P, Liu Y, Geng Y, Zhang L. Xanthatin inhibits
non-small cell lung cancer proliferation by breaking the redox
balance. Drug Development Research. 2022; 83: 1176-1189.
Fantone S, Piani F, Olivieri F, Rippo MR, Sirico A, Di Simone
N, et al. Role of SLC7A11/xCT in Ovarian Cancer. International
Journal of Molecular Sciences. 2024; 25: 587.

KeY,ChenX, SuY, ChenC, Lei S, Xia L, ef al. Low Expression
of SLC7AI11 Confers Drug Resistance and Worse Survival in
Ovarian Cancer via Inhibition of Cell Autophagy as a Competing
Endogenous RNA. Frontiers in Oncology. 2021; 11: 744940.
Chen F, Kang R, Tang D, Liu J. Ferroptosis: principles and sig-
nificance in health and disease. Journal of Hematology & On-
cology. 2024; 17: 41.

Maiorino M, Conrad M, Ursini F. GPx4, Lipid Peroxidation, and
Cell Death: Discoveries, Rediscoveries, and Open Issues. An-
tioxidants & Redox Signaling. 2018; 29: 61-74.

Gaschler MM, Stockwell BR. Lipid peroxidation in cell death.
Biochemical and Biophysical Research Communications. 2017,
482: 419-425.

Yang XD, Yang YY. Ferroptosis as a Novel Therapeutic Target
for Diabetes and Its Complications. Frontiers in Endocrinology.
2022; 13: 853822.

Ji H, Wang W, Li X, Han X, Zhang X, Wang J, ef al. p53: A
double-edged sword in tumor ferroptosis. Pharmacological Re-
search. 2022; 177: 106013.

Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, et al. Fer-
roptosis as a p53-mediated activity during tumour suppression.
Nature. 2015; 520: 57-62.

Ou Y, Wang SJ, Li D, Chu B, Gu W. Activation of SAT1 engages
polyamine metabolism with p53-mediated ferroptotic responses.
Proceedings of the National Academy of Sciences of the United
States of America. 2016; 113: E6806-E6812.

Dodson M, Castro-Portuguez R, Zhang DD. NRF?2 plays a crit-
ical role in mitigating lipid peroxidation and ferroptosis. Redox
Biology. 2019; 23: 101107.

Anandhan A, Dodson M, Shakya A, Chen J, Liu P, Wei Y, et al.
NRF?2 controls iron homeostasis and ferroptosis through HERC2
and VAMPS. Science Advances. 2023; 9: eade9585.

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C,
Frese K, et al. Oncogene-induced Nrf2 transcription promotes
ROS detoxification and tumorigenesis. Nature. 2011; 475: 106—
109.

Martinez VD, Vucic EA, Thu KL, Pikor LA, Lam S, Lam WL.
Disruption of KEAP1/CUL3/RBX1 E3-ubiquitin ligase com-
plex components by multiple genetic mechanisms: Association
with poor prognosis in head and neck cancer. Head & Neck.
2015; 37: 727-734.

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

Islam SS, Qassem K, Islam S, Parag RR, Rahman MZ, Farhat
WA, et al. Genetic alterations of Keap1 confers chemotherapeu-
tic resistance through functional activation of Nrf2 and Notch
pathway in head and neck squamous cell carcinoma. Cell Death
& Disease. 2022; 13: 696.

Lee H, Zandkarimi F, Zhang Y, Meena JK, Kim J, Zhuang L, et
al. Energy-stress-mediated AMPK activation inhibits ferropto-
sis. Nature Cell Biology. 2020; 22: 225-234.

Wang X, Tan X, Zhang J, Wu J, Shi H. The emerging roles of
MAPK-AMPK in ferroptosis regulatory network. Cell Commu-
nication and Signaling: CCS. 2023; 21: 200.

Escobar-Morreale HF, Luque-Ramirez M, Alvarez-Blasco F,
Botella-Carretero JI, Sancho J, San Millan JL. Body iron stores
are increased in overweight and obese women with polycystic
ovary syndrome. Diabetes Care. 2005; 28: 2042-2044.

Baiuls C, Rovira-Llopis S, Martinez de Marafion A, Veses S,
Jover A, Gomez M, et al. Metabolic syndrome enhances endo-
plasmic reticulum, oxidative stress and leukocyte-endothelium
interactions in PCOS. Metabolism: Clinical and Experimental.
2017; 71: 153-162.

Lai Q, Xiang W, Li Q, Zhang H, Li Y, Zhu G, et al. Oxidative
stress in granulosa cells contributes to poor oocyte quality and
IVF-ET outcomes in women with polycystic ovary syndrome.
Frontiers of Medicine. 2018; 12: 518-524.

Martinez-Garcia MA, Luque-Ramirez M, San-Millan JL,
Escobar-Morreale HF. Body iron stores and glucose intolerance
in premenopausal women: role of hyperandrogenism, insulin
resistance, and genomic variants related to inflammation, ox-
idative stress, and iron metabolism. Diabetes Care. 2009; 32:
1525-1530.

Escobar-Morreale HF, Luque-Ramirez M. Role of androgen-
mediated enhancement of erythropoiesis in the increased body
iron stores of patients with polycystic ovary syndrome. Fertility
and Sterility. 2011; 95: 1730-1735.el.

Fernandez-Real JM, Lopez-Bermejo A, Ricart W. Cross-talk be-
tween iron metabolism and diabetes. Diabetes. 2002; 51: 2348—
2354.

Luque-Ramirez M, Alvarez-Blasco F, Alpaiiés M, Escobar-
Morreale HF. Role of decreased circulating hepcidin concentra-
tions in the iron excess of women with the polycystic ovary syn-
drome. The Journal of Clinical Endocrinology and Metabolism.
2011; 96: 846-852.

Escobar-Morreale HF. Iron metabolism and the polycystic ovary
syndrome. Trends in Endocrinology and Metabolism: TEM.
2012; 23: 509-515.

Huang J, Fan H, Li C, Yang K, Xiong C, Xiong S, ef al. Dys-
regulation of ferroptosis-related genes in granulosa cells asso-
ciates with impaired oocyte quality in polycystic ovary syn-
drome. Frontiers in Endocrinology. 2024; 15: 1346842.
Galaris D, Barbouti A, Pantopoulos K. Iron homeostasis and ox-
idative stress: An intimate relationship. Biochimica et Biophys-
ica Acta. Molecular Cell Research. 2019; 1866: 118535.

Zhao H, Zhao Y, Li T, Li M, Li J, Li R, et al. Metabolism
alteration in follicular niche: The nexus among intermedi-
ary metabolism, mitochondrial function, and classic polycystic
ovary syndrome. Free Radical Biology & Medicine. 2015; 86:
295-307.

Tsai-Turton M, Luong BT, Tan Y, Luderer U.
Cyclophosphamide-induced apoptosis in COV434 human
granulosa cells involves oxidative stress and glutathione
depletion. Toxicological Sciences: an Official Journal of the
Society of Toxicology. 2007; 98: 216-230.

Tan W, Dai F, Yang D, Deng Z, Gu R, Zhao X, et al. MiR-93-5p
promotes granulosa cell apoptosis and ferroptosis by the NF-kB
signaling pathway in polycystic ovary syndrome. Frontiers in
Immunology. 2022; 13: 967151.

&% IMR Press


https://www.imrpress.com

[85] LiuY, Ni F, Huang J, Hu Y, Wang J, Wang X, et al. PPAR-«
inhibits DHEA-induced ferroptosis in granulosa cells through
upregulation of FADS2. Biochemical and Biophysical Research
Communications. 2024; 715: 150005.

[86] Shi Q, Liu R, Chen L. Ferroptosis inhibitor ferrostatin 1 allevi-
ates homocysteine induced ovarian granulosa cell injury by reg-
ulating TET activity and DNA methylation. Molecular Medicine
Reports. 2022; 25: 130.

[87] Chen Y, Liu Z, Chen H, Wen Y, Fan L, Luo M. Rhythm
gene PER1 mediates ferroptosis and lipid metabolism through
SREBF2/ALOX15 axis in polycystic ovary syndrome. Biochim-
ica et Biophysica Acta. Molecular Basis of Disease. 2024; 1870:
167182.

[88] Peng Q, Chen X, Liang X, Ouyang J, Wang Q, Ren S, et al.
Metformin improves polycystic ovary syndrome in mice by in-
hibiting ovarian ferroptosis. Frontiers in Endocrinology. 2023;
14: 1070264.

[89] Zhang P, Pan Y, Wu S, He Y, Wang J, Chen L, et al. n-3 PUFA
Promotes Ferroptosis in PCOS GCs by Inhibiting YAP1 through
Activation of the Hippo Pathway. Nutrients. 2023; 15: 1927.

[90] Zhang Y, Hu M, Jia W, Liu G, Zhang J, Wang B, et al. Hy-
perandrogenism and insulin resistance modulate gravid uterine
and placental ferroptosis in PCOS-like rats. The Journal of En-
docrinology. 2020; 246: 247-263.

[91] Yao Y, Wang B, Jiang Y, Guo H, Li Y. The mechanisms
crosstalk and therapeutic opportunities between ferroptosis and
ovary diseases. Frontiers in Endocrinology. 2023; 14: 1194089.

[92] Zhang L, Wang F, Li D, Yan Y, Wang H. Transferrin receptor-
mediated reactive oxygen species promotes ferroptosis of KGN
cells via regulating NADPH oxidase 1/PTEN induced kinase
1/acyl-CoA synthetase long chain family member 4 signaling.
Bioengineered. 2021; 12: 4983-4994.

[93] Chen H, Deng C, Meng Z, Meng S. Effects of TCM on polycys-
tic ovary syndrome and its cellular endocrine mechanism. Fron-
tiers in Endocrinology. 2023; 14: 956772.

[94] Nik Salleh NNH, Othman FA, Kamarudin NA, Tan SC. The
Biological Activities and Therapeutic Potentials of Baicalein
Extracted from Oroxylum indicum: A Systematic Review.
Molecules (Basel, Switzerland). 2020; 25: 5677.

[95] Ji-Hong Y, Yu M, Ling-Hong Y, Jing-Jing G, Ling-Li X, Lv
W, et al. Baicalein attenuates bleomycin-induced lung fibroblast
senescence and lung fibrosis through restoration of Sirt3 expres-
sion. Pharmaceutical Biology. 2023; 61: 288-297.

[96] Li M, Meng Z, Yu S, Li J, Wang Y, Yang W, et al. Baicalein
ameliorates cerebral ischemia-reperfusion injury by inhibiting
ferroptosis via regulating GPX4/ACSL4/ACSL3 axis. Chemico-
biological Interactions. 2022; 366: 110137.

[97] Li YY, Wang XJ, Su YL, Wang Q, Huang SW, Pan ZF, et al.
Baicalein ameliorates ulcerative colitis by improving intestinal
epithelial barrier via AhR/IL-22 pathway in ILC3s. Acta Phar-
macologica Sinica. 2022; 43: 1495-1507.

[98] Liu BY, Li L, Liu GL, Ding W, Chang WG, Xu T, et dl.
Baicalein attenuates cardiac hypertrophy in mice via suppress-
ing oxidative stress and activating autophagy in cardiomyocytes.
Acta Pharmacologica Sinica. 2021; 42: 701-714.

[99] LiuH, DongY, GaoY, DuZ, Wang Y, Cheng P, et al. The Fasci-
nating Effects of Baicalein on Cancer: A Review. International
Journal of Molecular Sciences. 2016; 17: 1681.

[100] Xiao T, Cui Y, Ji H, Yan L, Pei D, Qu S. Baicalein attenuates
acute liver injury by blocking NLRP3 inflammasome. Biochem-
ical and Biophysical Research Communications. 2021; 534:
212-218.

[101] Yu M, Qi B, Xiaoxiang W, Xu J, Liu X. Baicalein increases
cisplatin sensitivity of A549 lung adenocarcinoma cells via
PI3K/Akt/NF-kB pathway. Biomedicine & Pharmacotherapy =
Biomedecine & Pharmacotherapie. 2017; 90: 677-685.

&% IMR Press

[102] Li YY, Peng YQ, Yang YX, Shi TJ, Liu RX, Luan YY, et al.
Baicalein improves the symptoms of polycystic ovary syndrome
by mitigating oxidative stress and ferroptosis in the ovary and
gravid placenta. Phytomedicine: International Journal of Phy-
totherapy and Phytopharmacology. 2024; 128: 155423.

[103] Song D, Hao J, Fan D. Biological properties and clinical appli-
cations of berberine. Frontiers of Medicine. 2020; 14: 564-582.

[104] Wang K, Feng X, Chai L, Cao S, Qiu F. The metabolism of
berberine and its contribution to the pharmacological effects.
Drug Metabolism Reviews. 2017; 49: 139-157.

[105] Xu X, YiH, Wul, Kuang T, Zhang J, Li Q, et al. Therapeutic
effect of berberine on metabolic diseases: Both pharmacological
data and clinical evidence. Biomedicine & Pharmacotherapy =
Biomedecine & Pharmacotherapie. 2021; 133: 110984.

[106] Cao RY, Zheng Y, Zhang Y, Jiang L, Li Q, Sun W, et
al. Berberine on the Prevention and Management of Car-
diometabolic Disease: Clinical Applications and Mechanisms
of Action. The American Journal of Chinese Medicine. 2021;
49: 1645-1666.

[107] Feng X, Sureda A, Jafari S, Memariani Z, Tewari D, Annun-
ziata G, et al. Berberine in Cardiovascular and Metabolic Dis-
eases: From Mechanisms to Therapeutics. Theranostics. 2019;
9: 1923-1951.

[108] LuQ, Fu, Li H. Berberine and its derivatives represent as the
promising therapeutic agents for inflammatory disorders. Phar-
macological Reports: PR. 2022; 74: 297-309.

[109] Wang S, Wang Y, Qin Q, Li J, Chen Q, Zhang Y, et al. Berber-
ine Protects Against Dihydrotestosterone-Induced Human Ovar-
ian Granulosa Cell Injury and Ferroptosis by Regulating the
Circ_0097636/MiR-186-5p/SIRT3 Pathway. Applied Biochem-
istry and Biotechnology. 2023. (online ahead of print)

[110] Malik S, Saeed S, Saleem A, Khan MI, Khan A, Akhtar MF.
Alternative treatment of polycystic ovary syndrome: pre-clinical
and clinical basis for using plant-based drugs. Frontiers in En-
docrinology. 2024; 14: 1294406.

[111] HeshmatiJ, Moini A, Sepidarkish M, Morvaridzadeh M, Salehi
M, Palmowski A, et al. Effects of curcumin supplementation
on blood glucose, insulin resistance and androgens in patients
with polycystic ovary syndrome: A randomized double-blind
placebo-controlled clinical trial. Phytomedicine: International
Journal of Phytotherapy and Phytopharmacology. 2021; 80:
153395.

[112] Foroutan Z, Butler AE, Zengin G, Sahebkar A. Curcumin and
Ferroptosis: a Promising Target for Disease Prevention and
Treatment. Cell Biochemistry and Biophysics. 2024; 82: 343—
349.

[113] Chen M, Tan AH, Li J. Curcumin Represses Colorec-
tal Cancer Cell Proliferation by Triggering Ferroptosis via
PI3K/Akt/mTOR Signaling. Nutrition and Cancer. 2023; 75:
726-733.

[114] Marti N, Bouchoucha N, Sauter KS, Fliick CE. Resveratrol
inhibits androgen production of human adrenocortical H295R
cells by lowering CYP17 and CYP21 expression and activities.
PloS One. 2017; 12: e0174224.

[115] Zhang W, Qian S, Tang B, Kang P, Zhang H, Shi C. Resveratrol
inhibits ferroptosis and decelerates heart failure progression via
Sirtl/p53 pathway activation. Journal of Cellular and Molecular
Medicine. 2023; 27: 3075-3089.

[116] LiY, Huang Z, Pan S, Feng Y, He H, Cheng S, et al. Resvera-
trol Alleviates Diabetic Periodontitis-Induced Alveolar Osteo-
cyte Ferroptosis Possibly via Regulation of SLC7A11/GPX4.
Nutrients. 2023; 15: 2115.

[117] XuZ, Sun X, Ding B, Zi M, Ma Y. Resveratrol attenuated high
intensity exercise training-induced inflammation and ferropto-
sis via Nrf2/FTH1/GPX4 pathway in intestine of mice. Turkish
Journal of Medical Sciences. 2023; 53: 446-454.

11


https://www.imrpress.com

[118] Wang Y, Quan F, Cao Q, Lin Y, Yue C, Bi R, ef al. Quercetin
alleviates acute kidney injury by inhibiting ferroptosis. Journal
of Advanced Research. 2020; 28: 231-243.

[119] Ding L, Dang S, Sun M, Zhou D, Sun Y, Li E, ef al. Quercetin
induces ferroptosis in gastric cancer cells by targeting SLC1A5
and regulating the p-Camk2/p-DRP1 and NRF2/GPX4 Axes.
Free Radical Biology & Medicine. 2024; 213: 150-163.

[120] Jiang JJ, Zhang GF, Zheng JY, Sun JH, Ding SB. Targeting Mi-
tochondrial ROS-Mediated Ferroptosis by Quercetin Alleviates
High-Fat Diet-Induced Hepatic Lipotoxicity. Frontiers in Phar-
macology. 2022; 13: 876550.

[121] Wang Y, Wan R, Peng W, Zhao X, Bai W, Hu C. Quercetin
alleviates ferroptosis accompanied by reducing M1 macrophage
polarization during neutrophilic airway inflammation. European
Journal of Pharmacology. 2023; 938: 175407.

[122] Wang Y, Li W, Wang M, Chen H, Li Y, Wei W, ef al. Quercetin
prevents the ferroptosis of OPCs by inhibiting the Id2/transferrin
pathway. Chemico-biological Interactions. 2023; 381: 110556.

[123] Tejada S, Pinya S, Martorell M, Capo6 X, Tur JA, Pons A, et
al. Potential Anti-inflammatory Effects of Hesperidin from the
Genus Citrus. Current Medicinal Chemistry. 2018; 25: 4929—
4945.

[124] ZhulJ, Sun R, Yan C, Sun K, Gao L, Zheng B, et al. Hesperidin
mitigates oxidative stress-induced ferroptosis in nucleus pulpo-

12

sus cells via Nrf2/NF-«kB axis to protect intervertebral disc from
degeneration. Cell Cycle (Georgetown, Tex.). 2023; 22: 1196—
1214.

[125] YuX, LiuZ, YuY, Qian C, Lin Y, Jin S, ef al. Hesperetin pro-
motes diabetic wound healing by inhibiting ferroptosis through
the activation of SIRT3. Phytotherapy Research: PTR. 2024; 38:
1478-1493.

[126] Chan CCW, Koo MWL, Ng EHY, Tang OS, Yeung WSB,
Ho PC. Effects of Chinese green tea on weight, and hormonal
and biochemical profiles in obese patients with polycystic ovary
syndrome—a randomized placebo-controlled trial. Journal of the
Society for Gynecologic Investigation. 2006; 13: 63—68.

[127] Kuang W, Yang J, LiuZ, Zeng J, Xia X, Chen X, et al. Catechin
Mediates Ferroptosis to Exert an Anti-Inflammatory Effect on
RAW 264.7 Cells. Foods (Basel, Switzerland). 2022; 11: 1572.

[128] Zhang Y, Zhao W, Xu H, Hu M, Guo X, Jia W, et al. Hyper-
androgenism and insulin resistance-induced fetal loss: evidence
for placental mitochondrial abnormalities and elevated reactive
oxygen species production in pregnant rats that mimic the clini-
cal features of polycystic ovary syndrome. The Journal of Phys-
iology. 2019; 597: 3927-3950.

[129] Miotto G, Rossetto M, Di Paolo ML, Orian L, Venerando R,
Roveri A, et al. Insight into the mechanism of ferroptosis inhi-
bition by ferrostatin-1. Redox Biology. 2020; 28: 101328.

&% IMR Press


https://www.imrpress.com

	1. Introduction
	2. The Pathophysiology of Polycystic Ovary Syndrome
	2.1 Genetic and Epigenetic Factors 
	2.2 Hyperandrogenism
	2.3 Insulin Resistance

	3. Mechanism of Ferroptosis
	3.1 Iron Metabolism
	3.2 System Xc-/Glutathione Peroxidase 4 (GPX4) Axis
	3.3 Lipid Peroxidation
	3.4 Transcription Regulators

	4. PCOS and Ferroptosis
	5. Ferroptosis-Related Traditional Chinese Medicine Components and PCOS
	6. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

