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ABSTRACT

Recently, the potential association between polycystic ovary syndrome (PCOS) development and progression and
ferroptosis has garnered attention. Increasing evidence suggests that targeting ferroptosis may be an effective
strategy for treating PCOS. First, we observed that the expression of the ferroptosis regulatory molecules
SLC7A11, GPX4, and FTH1 was decreased in the granulosa cells (GCs) of patients with PCOS and ovarian tissues
of rats with PCOS; in contrast, TFR1 expression was increased. This suggests that GC ferroptosis is involved in
PCOS pathogenesis. Furthermore, bioinformatics analysis of GC datasets from patients with PCOS and PCOS
clinical samples and animal model analysis revealed CD44 as a key molecule regulating ferroptosis in PCOS,
which was down-regulated in GCs of PCOS patients and rats. Subsequently, molecular docking was performed to
screen existing natural compounds for inhibiting ferroptosis. Dynamic simulation and cellular thermal shift assay
identified platycodin D as a natural plant extract for inhibiting ferroptosis by targeting CD44 in GCs. Subse-
quently, a series of functional experiments revealed that platycodin D ameliorated ovarian damage in rats with
PCOS. This was primarily owing to the protective effects achieved by promoting glutathione production,
attenuating lipid accumulation and lipid peroxidation in GCs, inhibiting iron overload, and scavenging reactive
oxygen species. In addition, western blotting and immunofluorescence staining revealed that platycodin D
upregulated the expression of CD44 and SLC7A11 in GCs. Furthermore, by knocking down CD44 and SLC7A11 in
vivo and in vitro, respectively, the ameliorative effect of platycodin D on ferroptosis in the GCs of rats with PCOS
was reversed. Collectively, these findings suggest that platycodin D attenuates ferroptosis in GCs by activating
CD44/SLC7A11 axis, thereby upregulating system X.. In conclusion, platycodin D can attenuate ferroptosis in
GCs by activating CD44, potentially ameliorating ovarian damage in PCOS.

1. Introduction

been gradually increasing, affecting women’s reproductive health and
imposing heavy physical and mental burdens on women of childbearing

Polycystic ovary syndrome (PCOS) is a common reproductive
endocrine disease that occurs in women of fertile age. It is primarily
characterized by sporadic ovulation and polycystic ovarian changes,
generally accompanied by clinical characteristics such as hyper-
androgenemia, glucose and lipid metabolism anomalies, and chronic
low-grade inflammation [1]. Recently, the diagnosis rate of PCOS has

age [2]. At present, metabolic abnormalities and menstrual disorders in
patients with PCOS are primarily addressed through lifestyle modifica-
tions, including the use of metformin and weight loss, as well as the
incorporation of combination contraceptives and surgical procedures.
However, the improvement in patients’ quality of life and fertility out-
comes remains limited. Furthermore, the use of hormone drugs and
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surgical procedures may increase the risk of thromboembolism and
infection [3]. Previous studies have revealed that programmed cell
death contributes to PCOS pathophysiology by damaging ovarian
granulosa cells (GCs). Recent studies have suggested that ferroptosis
owing to hyperandrogenemia contributes to PCOS progression [4].

Ferroptosis is a type of regulated iron-dependent cell death. It is
characterized by the accumulation of redox-active iron (ROS), dysre-
gulation of resistance to oxidative stress, and impairment of lipid
peroxide metabolism [5]. Evidence suggests an association between
ferroptosis and the development of diabetes mellitus, cardiovascular
diseases, tumors, and neurodegenerative diseases [6]. Therefore, regu-
lating ferroptosis occurrence may be a beneficial approach for treating
various diseases. Recently, the regulation of ferroptosis in female
reproductive system diseases has garnered attention [7]. Furthermore,
recent studies have revealed the association between dysregulation of
ferroptosis-regulating genes in GCs and impaired oocyte quality in pa-
tients with PCOS [8]. Furthermore, in animal experiments, researchers
noted that hyperandrogenemia and insulin resistance activated ferrop-
tosis in the uterus and placenta of pregnant rats; this resulted in the
occurrence of fetal miscarriages [9]. In addition, miR-93-5p levels were
increased in ovarian GCs of patients with PCOS, resulting in the fer-
roptosis of GCs via the nuclear factor kappa B signaling pathway. The
inhibition of miR-93-5p effectively improved GC dysfunction [10].
Another study has revealed that metformin can attenuate the ferroptosis
of GCs via the SIRT3/AMPK/mTOR pathway, thereby improving
metabolic disorders and ovarian dysfunction in mice with PCOS [11].
Therefore, ferroptosis may play an essential regulatory role in PCOS
pathophysiology. Exploring the targeted regulation of ferroptosis may
help alleviate the current challenges in PCOS treatment.

CD44 is a transmembrane glycoprotein with multiple structures and
functions on the cell surface. It is a member of the cartilaginous con-
nectin protein family [12]. CD44 is commonly expressed in epithelial
cells, including lymphocytes, fibroblasts, and smooth muscle cells. Its
vital role in the physiological processes of both normal and cancer cells
has been comprehensively investigated. Studies have revealed that
CD44 participates in various biological activities, including cell prolif-
eration, cell differentiation, cell migration, and membrane docking of
proteases and signaling molecules [13]. Therefore, it is vital for main-
taining physiological homeostasis in cells. Furthermore, owing to its role
in epithelial-mesenchymal transition and angiogenesis, CD44 has
garnered attention as a potential therapeutic target for cancer [14].
Studies have revealed that CD44 participates in the pathophysiology of
conditions such as diabetes, obesity, and other metabolic diseases by
regulating glucose and lipid metabolism homeostasis [15,16]. Recently,
researchers have reported that CD44 attenuates CCL4-induced acute
liver injury by inhibiting ferroptosis [17]. Furthermore, another study
has revealed that CD44 inhibits ferroptosis in tumor cells by regulating
SLC7A11, primarily through the enhancement of SLC7A11l stability
[18]. Deng et al. [19] demonstrated that the inhibition of ferroptosis by
CD44 activation accelerates the progression of hepatocellular carcinoma
caused by the hepatitis B virus. Given the pivotal role of CD44 in
regulating ferroptosis, there has been a growing interest in CD44-related
research in the field of ferroptosis.

For thousands of years, the therapeutic effects of plants have been
extensively researched and acknowledged by populations globally, until
the advent of organic chemical medicines. In recent decades, natural
botanicals and plant-derived compounds have garnered renewed
attention owing to their enhanced physical functioning and decreased
side effects in reasonable doses [20]. At present, many plant-derived
compounds that can improve the symptoms and prognosis of various
diseases by modulating ferroptosis have been identified [21]. Platycodin
D is a pentacyclic triterpenoid saponin isolated from the traditional
Chinese medicine Platycodon grandiflorum. Both in vivo and in vitro ex-
periments have revealed that this compound exhibits protective effects,
including antioxidant, anti-inflammatory, and anticancer effects [22].
Recently, a study has revealed the capability of platycodin D for treating
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diabetic nephropathy by inhibiting ferroptosis in renal tubular cells
[23]. Nevertheless, the therapeutic efficacy of platycodin D in treating
PCOS remains unclear.

In the present study, we elucidated the role of CD44 in controlling
the ferroptosis of GCs in PCOS. For this, we performed biochemical,
clinical, and animal specimen analyses. Furthermore, using drug
screening, the natural plant compound platycodin D was targeted.
Lastly, through in vivo and in vitro experiments, we presented the effect
of platycodin D in targeting CD44 to alleviate ferroptosis of GCs and
thereby ameliorate PCOS.

2. Material and methods
2.1. Clinical samples

This study was conducted at Wuhan University’s Renmin Hospital
and included 42 patients with PCOS and 51 healthy women (as controls)
who were undergoing in vitro fertilization and embryo transfer. The
Ethics Committee of Wuhan University’s Renmin Hospital approved this
study (No. WDRY2019-K077). The PCOS diagnostic criteria were based
on the 2003 Rotterdam criteria. Supplementary Table 1 summarizes the
basic characteristics of the study participants. Using a previously
described protocol, human ovarian GCs were obtained from the follic-
ular fluid of patients.

2.2. Animal model

Three-week-old female Sprague Dawley rats were used to prepare
the animal model. Dehydroepiandrosterone (DHEA, MedChemExpress,
Shanghai, China) (6 mg/100 g body weight, dissolved in corn oil) was
subcutaneously injected daily into rats with PCOS. In contrast, corn oil
(MedChemExpress) was daily injected into control rats. From the 11th
day, vaginal exfoliated cells were collected, smeared, and stained with
methylene blue, followed by observation under a light microscope to
determine the rat’s estrous cycle. Injections were continued for 21 days.
Thereafter, blood samples were collected from the inferior vena cava of
rats. Rats were then sacrificed, and the ovaries were bilaterally
collected. One part of the ovarian tissue was embedded with paraffin
and sectioned, whereas the other part was frozen at —80 °C and used for
subsequent experiments.

To elucidate the therapeutic effects of platycodin D in vivo, rats were
divided into four groups: control, platycodin D, PCOS, and PCOS +
platycodin D groups. The control and PCOS groups were treated as
described previously. The rats in the platycodin D and PCOS + platy-
codin D groups were daily administered a platycodin D (MedChemEx-
press) solution (7.5 mg/kg) prepared using purified water. The rats in
the other two groups were daily administered purified water.

In in vivo experiments to elucidate the effects of platycodin D on
CD44 and SLC7A11, the rat ovaries were exposed by making an incision
of approximately 3 cm on the back of the rats. Then, SLC7A11 and CD44
knockdown lentivirus or control virus (WZBio, Shandong, China) were
injected into the rat ovaries in the four loci of the ovaries, followed by
suturing the skin of the back of the rats for closure as we described
previously [24]. After 5 days, the rats were divided into the following
groups for modeling: control, PCOS, and PCOS + platycodin D groups.

2.3. Serum testosterone test

The Testosterone ELISA kit (Xinfan Biotech, Shanghai, China) was
used to measure serum androgen levels.

2.4. Morphological observation of the ovary
Paraffin-embedded ovarian sections were hydrated and subsequently

stained with hematoxylin—eosin stain (Servicebio, Wuhan, China), fol-
lowed by sealing with resin. The sinus follicles, corpora lutea, and
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vesicles were observed and counted under a light microscope.
2.5. Cell culture and transfection

The immortalized human ovarian GC line KGN was purchased from
ATCC. Cells were cultured in DMEM F12 medium (Gibco, NE, US)
supplemented with 10 % fetal bovine serum (Pernoside. Wuhan, China)
and 200 pg/mL penicillin and streptomycin mixture (Gibco) in DMED/
F12 medium (Gibco) at 37 °C under 5 % CO5 conditions.

KGN cells were treated with 500 nM dihydrotestosterone (DHT)
(Glpbio, Montclair, US) for 24 h to establish an in vitro PCOS model. To
explore the effect of platycodin D, KGN cells were treated with 10 pM
platycodin D for 24 h.

To knock down CD44 or SLC7A11 expression, KGN cells were first
cultured until 70 % confluency. Then, Lipofecamine 2000 (Thermo
Fisher, 11668019) was used to transfect cells with CD44 siRNA(WZ
biosciences, Shandong, China), si-SLC7A11 (WZ biosciences), and con-
trol si RNA (WZ biosciences).

2.6. Quantitative polymerase chain reaction (qPCR)

A previously described method was utilized to measure mRNA
expression [25]. Supplementary Table 2 lists the relevant primer se-
quences. The data were transformed using the 2-24C method.

2.7. Molecular docking

The protein structures of CD44 (ID: P16070) and SLC7A11 (ID:
Q9UPY5) were downloaded from UniProt. The structures of small
molecules such as platycodin D were downloaded from PubChem. The
small molecules were assigned as ligands and the proteins as receptors.
After performing docking using Vina, the scores of protein-small
molecule combinations were calculated. Then, Pymol and Discovery
Studio software (version 4.3.0) were utilized to analyze and visualize the
forces in three-dimensional (3D) and two-dimensional (2D) angles.
Ligplus software was utilized to map the amino acid residues interacting
between two proteins in 3D and 2D angles.

2.8. Molecular dynamics simulation

The kinetic simulation software was Gromacs 2018. An all-atom
explicit solvent model of the platycodin D-CD44 protein complex was
established. The simulation temperature was 300K and the time was 100
ns. Amber99sb-ildn was utilized as the protein and small molecule force
field, and TIP3P was used as the water model. The size of the system box
was 10 x 10 x 10 nm® and the minimum distance between the complex
and the system box was 1 nm.

The energy was minimized using the steepest descent method, with a
maximum number of steps of 50,000. The cutoff distances of Coulomb
force and van der Waals radius were 1 nm. The normal varia-
ble-temperature (NVT) and isothermal-isoparaffinic (NPT) systems
were used to equilibrate the system. Molecular dynamics was performed
at ambient temperature and pressure. The built-in analysis module of
Gromacs2018 was used to perform data analysis of the simulated tra-
jectories. Root mean square deviation (RMSD) was utilized to observe
the overall conformational changes in the proteins of the system
compared with the initial structure during the simulation. The tightness
of the system structure was evaluated using the radius of gyration.
Structural fluctuations in the local amino acid residue sites of the system
during the simulation process were observed using root mean square
fluctuation (RMSF).

2.9. Western blotting

Previously described methods were used to perform total protein
extraction from tissues and cells and western blotting [24]. The
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membranes containing proteins were incubated with the following pri-
mary antibodies at 4 °C for 16 h: CD44(Proteintech, 15675-1-AP,
1:1000), SLC7Al11(Abcam, ab307601, UK, 1:1000), GPX4 (Pro-
teintech,67763-1-Ig, 1:1000), FTH1 (Proteintech,11682-1-AP 1:1000),
TFR1 (Proteintech,10084-2-AP,1:2000), and ACTB (Proteintech, rabbit,
81115-1-RR 1:5000). Subsequently, the strips were washed with
Tris-buffered saline with Tween 20 (TBST) and incubated with horse
radish peroxidase (HRP)-conjugated secondary antibody for 2 h. The
strips were then washed with TBST and quantitatively observed using
the Bio-Rad ChemiDocTM XRS + System.

2.10. Co-immunoprecipitation (Co-IP) assay

As previously described, KGN cell lysis buffer was used to extract
proteins [24]. Briefly, the supernatants of the cell lysate were combined
with 5 pL of primary antibody and 40 pL of protein A + G agarose
suspension beads. (Santa Cruz, Dallas, Texas, USA), followed by incu-
bation at 4 °C overnight. Subsequently, the beads were rinsed with
lysate and the samples were boiled at 100 °C for 5 min. Finally, western
blotting was performed.

2.11. Cellular thermal shift assay (CETSA)

KGN cells were collected, and the lysates were treated with a pro-
tease inhibitor. Subsequently, the cell lysate was divided into two parts
and incubated with platycodin D solution and dimethyl sulfoxide,
respectively, for 2 h at room temperature. Then, the lysates were ho-
mogenized and treated for 3 min at 37 °C, 42 °C, 47 °C, 52 °C, 57 °C,
62 °C, 67 °C, and 72 °C. The samples were placed on ice for cooling,
followed by western blotting.

2.12. Biochemical detection

Approximately 10 mg of ovarian tissue was collected from each
group, washed with pre-cooled phosphate-buffered saline (PBS), and
homogenized. An ultrasonic cell fragmentation system was used to ho-
mogenize KGN cells. Fe?* levels were measured in cells and tissues using
the Ferrous Ion Content Assay Kit (Dojindo, 1291, Japan). The absor-
bance was measured at 593 nm to determine Fe?* levels. Glutathione
(GSH) levels were measured in tissues and cells using a Glutathione
assay kit (Solarbio, BC1175). The absorbance was measured at 412 nm.
Malondialdehyde (MDA) levels were measured using the MDA Assay Kit
(Nanjing Jiancheng Bio-Engineering Institute, #A003-1). The absor-
bance was measured at 535 nm.

2.13. Immunofluorescence staining

Paraffin-embedded ovarian sections were dewaxed and hydrated.
KGN cells were fixed with paraformaldehyde. Membranes were ruptured
using 0.3 % Triton (Solarbio, #T8200, China), followed by the antigenic
closure of cells and sections using goat serum. After 30 min, the cells
were incubated with primary antibodies against CD44, SLC7A11, and
FSHR (Proteintech, 22665-1-AP) at 4 °C. The next day, tissue sections
and cells were washed with TBST, followed by incubation with Cy3-
labelled and FITC-labelled secondary antibodies for 1 h at room tem-
perature. 4',6-Diamidino-2-phenylindole (DAPI) was used to stain the
cell nuclei. Images were captured using a microscope (Olympus, BX53,
Japan).

2.14. Immunohistochemical staining

Paraffin-embedded ovarian sections were dewaxed and hydrated.
Then, the membrane was ruptured using 0.3 % Triton. The samples were
incubated with 10 % H»O for 20 min, followed by the antigenic closure
of cells and sections using goat serum. After 30 min, the samples were
incubated with primary antibody against 4HNE (R&D Systems,
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MAB3249, 1:200) at 4 °C overnight. Then, the sections were washed
with TBST and incubated with HRP-conjugated Goat Anti-Mouse IgG (H
+ L) for 1 h. 3, 3-Diaminobenzidine staining was performed for color
development. The cell nuclei were stained with DAPI, followed by
sealing. Images were captured using a microscope (Olympus, BX53,
Japan).

2.15. Transmission electron microscopy

Fresh ovarian tissues measuring 2 mm? were collected and incubated
with an electron microscope fixative for 5 h. Subsequently, samples were
fixed with 0.1 M PBS with 1 % osmium acid for 2 h at room temperature.
After washing the samples with PBS, they were dehydrated using a
gradient of 50%-100 % alcohol. Then, samples were permeabilized
using 100 % acetone. Subsequently, the samples were dried in an oven at
60 °C and sectioned using an ultrathin slicer (Leica, Switzerland). Sec-
tions were stained with uranium lead. Images were captured under a
projection electron microscope (Hitachi, Japan) and analyzed.

2.16. Reactive oxygen species (ROS) detection

A 1 pM solution of the superoxide anion fluorescent probe dihy-
droethidium (DHE, Beyotime, S0063) was dropped on tissue sections,
followed by incubation for 30 min in the dark. The cell nuclei were
stained with DAPI, followed by PBS washing. The images were captured
using a microscope.

Cells were incubated with 1 pM DHE solution for 30 min in the dark
and subsequently washed with PBS. An inverted microscope (Olympus
IX73P2F, Japan) was used for observation.

MitoSOX dye (Thermo Fisher, M36008) was used to detect mito-
chondrial ROS. First, cells were washed with PBS; then, they were
incubated with 1 mL of 5 pM MitoSOX dye for 30 min in the dark, fol-
lowed by washing three times with PBS. A confocal microscope
(Olympus, Japan) was used to collect the images.

2.17. MitoTracker red staining

Cells were incubated with 50 nM MitoTracker Red (Yeasen, China)
for 20 min, and then sealed with Hoechst 33342 Staining Solution
(Beyotime, C1027) for 10 min, followed by washing three times with
PBS. A confocal microscope (Olympus, Japan) was used to collect the
images.

2.18. Lipid detection

Lipid marking of cells was performed using BODIPY™ 493/503 C11
(Thermo Fisher, D3922, Waltham, US). First, the cells were fixed with
paraformaldehyde. Then, they were incubated with an appropriate
amount of staining solution for 20 min in the dark, followed by washing
with PBS. The cells were observed under a microscope.

2.19. GST pull down

The E. coli cells were transfected with GST-CD44 and His-SLC7A11
(WZ biosciences), and the fusion proteins were obtained as previously
described by other authors [26]. Approximately 100 pg of GST and
GST-CD44 fusion proteins were immobilized in GSTSep Glutathione
MagBeads (Yeasen, 20562ES03, Shanghai) and incubated for 120 min at
room temperature. Then, beads were washed three times with washing
buffer. Subsequently, 100 pg of His-SLC7A11 was added to GST and
GST-CD44, respectively, and the samples were incubated overnight at
4 °C. The bound proteins were then eluted using elution buffer and
Western blot for analysis.
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2.20. Statistical analysis

GraphPad Prism 9 software was used for data analysis. All quanti-
tative data are expressed as mean + standard deviation. Student’s two-
tailed t-test was performed to establish the statistical significance of the
two groups. Multiple comparisons were analyzed using one-way analysis
of variance, followed by Tukey’s post hoc test. A P-value of <0.05 was
considered statistically significant.

3. Results

3.1. Increased GC ferroptosis in patients with PCOS and DHEA-treated
rats

Previous studies have revealed that ferroptosis plays a role in PCOS
pathogenesis [27]. Therefore, to investigate whether ferroptosis par-
ticipates in the damage of PCOS GCs, we collected GCs from the follic-
ular fluid of patients with PCOS and healthy controls undergoing in vitro
fertilization and embryo transfer and measured the mRNA expression of
ferroptosis-related genes (Fig. 1A). The mRNA expression of
ferroptosis-related molecules, namely, SLC7A11, GPX4, and FTH1, was
significantly lower in the GCs of patients with PCOS than in those from
control patients (Fig. 1B); in contrast, the mRNA expression of TFR1 was
significantly higher (Fig. 1B). Furthermore, western blotting revealed an
increase in the protein levels of SLC7A11, GPX4, and FTH1 but a
decrease in TFR protein levels in the GCs of PCOS patients with PCOS
(Fig. 1C and D). These findings suggest the presence of ferroptosis in the
GCs of patients with PCOS.

Next, we measured the mRNA and protein levels of ferroptosis-
regulating molecules in DHEA-treated rats. The results were consistent
with the expression of ferroptosis-related molecules in the GCs of pa-
tients with PCOS (Figure E-G). Subsequently, the levels of 4HNE, a lipid
peroxidation product, were examined in rat ovaries. Immunohisto-
chemical analysis revealed that 4HNE levels were significantly higher in
the ovarian GCs of rats with PCOS than in those of control rats (Fig. 1H
and I). In addition, the level of GSH in GCs was significantly lower in rats
with PCOS compared to controls. Conversely, the levels of MDA and
Fe* were lower than in control rats (Fig. 1J-L). These findings suggest
that the involvement of ferroptosis in PCOS pathogenesis.

3.2. CD44 is a key regulatory molecule for GC ferroptosis in PCOS

To identify the key regulatory molecules associated with ferroptosis
in PCOS, the GEO dataset was searched. This dataset had been previ-
ously sequenced to obtain the RNA of GCs from patients with PCOS
(GEO accession number: GSE155489). As a result, 1034 differentially
expressed genes (DEGs) were identified from the GCs of the patients in
the control and PCOS groups (Fig. 2A). Kyoto Encyclopedia of Genes and
Genomes enrichment analysis revealed that the DEGs are primarily
involved in ferroptosis, mitochondrial autophagy, and other related
pathways (Fig. 2B). From these, we selected the regulatory molecules
associated with ferroptosis and established a heat map (Fig. 2C).
Furthermore, correlation analysis demonstrated that CD44 was corre-
lated with key genes that regulate ferroptosis in GCs, including
SLC7A11, SLC3A2, ACSL4, etc. (Fig. 2D). Notably, CD44 was signifi-
cantly downregulated in the PCOS group. Subsequently, we validated
this finding in the GCs of patients with PCOS and observed that the
mRNA and protein levels of CD44 were also significantly downregulated
in the GCs of patients with PCOS (Fig. 2E-G). In addition, correlation
analysis showed that CD44 expression was significantly negatively
correlated with ovarian function indicators(Fig. 2H-K),such as antral
follicle count (AFC) (r = —0.3839, p = 0.0138), body mass index (BMI)
(r —0.5409, p = 0.0018), anti-Mullerian hormone (AMH) (r
—0.3904, p = 0.0128), and serum testosterone levels (r = —0.3083, p =
0.0317). These findings suggest the potential role of CD44 in PCOS
pathogenesis and its association with ferroptosis.
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Fig. 1. Elevated levels of ferroptosis in granulocytes in PCOS patients and animal models

A. Procedure for human granulosa cells collection. B. Quantification of the mRNA level of SLC7A11, GPX4, FTH1 and TFR1 in PCOS patients and healthy control
women (n = 15). C, D. Quantification of the protein level of SLC7A11, GPX4, FTH1 and TFR1 in PCOS patients and healthy control women (n = 12). E. Quantification
of the mRNA level of SLC7A11, GPX4, FTH1 and TFR1 in DHEA-treated rats and controls (n = 6). F, G. Western blot and densitometric analysis for the expression of
SLC7A11, GPX4, FTH1 and TFR1 in DHEA-treated rats and controls. (n = 6). H, I. Inmunohistochemical analysis of 4HNE expression in PCOS rats with controls (n =
6). J-L. Levels of GSH, Fe?" and MDA in rat ovarian tissue (n = 6). Data are presented as mean + SD. Student’s t-test. **p < 0.01; ***p < 0.001; ****p < 0.0001.

3.3. Drug screening to alleviate ferroptosis by targeting CD44

Recently, studies have revealed the capacity of natural plants and
their extracts to alleviate ferroptosis in various diseases [21,28]. To
identify the botanical drugs that alleviate ferroptosis in PCOS, we
screened the botanical drugs that can improve ferroptosis in different
diseases; as a result, we identified 19 drug candidates (Supplementary
Table 3) Next, to identify the potential drugs targeting CD44, the 20
drug candidates and CD44 were subjected to molecular docking simu-
lations. Based on the simulation results, the top five drugs with the best
binding energies were selected (Supplementary Fig. 1). Subsequently,
we performed the cell viability assay to determine the appropriate
concentrations of these five drugs in the human immortalized GC line
KGN (Supplementary Fig. 2). Then, KGN cells were treated with each
drug to measure CD44 protein levels. Western blotting revealed that
CD44 protein levels were the most significantly elevated in platycodin
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D-treated KGN cells (Fig. 2L and M). Furthermore, CETSA revealed
higher CD44 stability in platycodin D-treated KGN cells (Fig. 2N and O).
Besides, the time evolution of RMSD and Rg in molecular dynamics
simulations demonstrated that both CD44 and platycodin D reached
equilibrium within 100 ns simulations, and the system stabilised and
converged (Fig. 2P-S). The sites of action of CD44 and Platycodin D
were identified in the region of the first 200 amino acids. The RMSF
values of the first 200 amino acids of the proteins in both systems were
found to be less than 1 nm, with only minor fluctuations (Fig. 2T).
Additionally, the three-dimensional free energy surface map can be used
to reflect the conformational energy distribution of the protein in the
simulation. The energy of the overall conformation of CD44 binding to
platycodin D is relatively high, and after performing the equilibrium
simulation for a period of time, a structure located at the global energy
minimum can be observed (Fig. 2U). Consequently, in subsequent
studies, platycodin D was used to improve ferroptosis.
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Fig. 2. Drug screening for alleviation of ferroptosis in PCOS by targeting CD44

A. Volcano plot of gene expression changes in the PCOS ovaries versus control (n = 4). B. KEGG enrichment analyses. C. Heatmap of ferroptosis related molecule
expression in the DEGs. D. Correlation analysis of the genes associated with ferroptosis. E. Quantification of the mRNA level of CD44 in PCOS patients and healthy
control women (n = 15). F, G. Western blot and densitometric analysis for the expression of ¢ CD44 in PCOS patients and healthy control women (n = 12). H-K.
Association of CD44 expression with AFC, BMI, Testosterone, and AMH. L, M. Effects of natural plant extracts on CD44 on protein levels (n = 3). N, O. Western blot
showed the effect of platycodin D on the thermal stability of CD44 (n = 3). P. Representative images of the docking mode of Platycodin D binding to CD44. Q. The
trajectory changes of platycodin D-CD44 complex from O s to 100 s. R. RMSD was utilized to observe the overall conformational changes in the proteins of the system
compared with the initial structure during the simulation. S. Rg was used to evaluate the tightness of the system structure. T. RMSF was used to evaluate the
structural fluctuations of local amino acid residue sites of the system during the simulation process. U. Three-dimensional free energy surface maps reflect the
conformational energy distribution of cs44 in simulations. Data are presented as mean + SD. Student’s t-test. **p < 0.01; ***p < 0.001; ****p < 0.0001. ns,
not significant.

3.4. Platycodin D attenuates disorders of the estrous cycle, high androgen body weights of the rats were recorded. DHEA-treated rats exhibited a
levels, and abnormal follicular development in rats with PCOS significantly higher body weight compared with control rats; however,
platycodin D-treated rats with PCOS exhibited significantly decreased

To investigate the potential therapeutic effect of platycodin D on body weight (Fig. 3B). Furthermore, serum testosterone levels were
PCOS, a PCOS rat model was established by subcutaneously injecting significantly higher in rats with PCOS than in control rats; however,
DHEA. Then, platycodin D was orally administered to intervene in the treatment with platycodin D partially restored testosterone levels in rats

model (Fig. 3A). The optimal platycodin D concentration for treating with PCOS (Fig. 3C). Subsequently, vaginal exfoliated cells were stained
rats with PCOS was determined to be 7.5 mg/kg via a preliminary with methylene blue to determine the estrous cycle (Fig. 3D and E).
experiment (Supplementary Fig. 3). During the modeling period, the Staining revealed the disruption of the estrous cycle and prolongation of

Fig. 3. Platycodin D attenuates disorders of the estrous cycle, high androgen levels and abnormal follicular development in PCOS rats

A. Schematic diagram of the treatment of platycodin D in PCOS rats. B. Effect of platycodin D on body weight in PCOS rats (n = 6). C. The level of serum testosterone
in rats (n = 6). D. Methylene blue staining of smears of rat vaginal exfoliated cells. E, F. Estrous cycle status in rats (n = 6). G. Pathological observation of ovary in
rats. H-J. The number of antral follicles, corpora lutea and cystic follicles in each group was statistically analyzed. (n = 6). one-way ANOVA. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001; ns, not significant.
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the inter-estrous period in rats with PCOS. In contrast, treatment with
platycodin D partially restored the estrous period in rats with PCOS
(Fig. 3F). Furthermore, histological examination of the ovaries of rats
with PCOS revealed a significant reduction in the sinus follicles and
corpora lutea, but an increase in the number of cystic follicles compared
with the control group. Platycodin D treatment significantly decreased
the cystic follicles and increased the sinus follicles and corpora lutea in
the ovaries of rats with PCOS (Fig. 3G-J). Collectively, these findings
suggest the beneficial effect of platycodin D on increased body weight,
disrupted estrous cycles, increased androgen levels, and aberrant
follicular development in rats with PCOS.

3.5. Platycodin D attenuates ferroptosis in rats with PCOS

Our goal was to investigate the effect of platycodin D on ferroptosis
in PCOS. For this, we measured 4HNE levels in the rat ovaries. Immu-
nohistochemical staining revealed that 4HNE levels were significantly
higher in the ovaries of rats with PCOS than in those of control rats.
Furthermore, platycodin D treatment significantly decreased 4HNE
levels in the ovaries of rats with PCOS (Fig. 4A and B). Subsequently, a
DHE probe was used to measure ROS levels in the rat ovaries. ROS levels
were significantly higher in the PCOS group than in the control group.
However, platycodin D treatment decreased ROS levels in the ovaries of
rats with PCOS (Fig. 4C and D). Transmission electron microscopy
revealed vacuolization in the mitochondria in the ovarian tissues of
DHEA-treated rats, the disordered arrangement of the mitochondrial
cristae, and the absence of membrane integrity. In contrast, following
platycodin D treatment, the rats exhibited effective improvements in
mitochondrial morphology and structural integrity (Fig. 4E and F).
Subsequently, we performed immunofluorescence staining to examine
CD44 levels in the rat ovaries. CD44 levels were significantly decreased
in GCs in the ovaries of DHEA-treated rats. In contrast, following
treatment with platycodin D, CD44 levels were partially restored in the
GCs of rats with PCOS (Fig. 4G and H). Subsequently, we measured MDA
and Fe®" levels in rat ovarian tissues, which are essential products of
oxidative stress and ferroptosis, respectively. We observed that MDA
and Fe" levels were significantly higher in rats with PCOS than in
control rats. However, they were significantly restored in the ovaries of
rats with PCOS treated with platycodin D (Fig. 41 and J). Furthermore,
GSH levels were significantly decreased in the ovaries of rats with PCOS;
the levels were partially restored in platycodin D-treated rats (Fig. 4K).
Western blotting revealed a significant decrease in the protein levels of
CD44, SLC7A11, FTH1, and GPX4 but an increase in the levels of TFR1
in the ovaries of rats with PCOS compared with those of control rats. In
addition, treatment partially restored the protein levels of CD44 and
SLC7AL11 in the ovaries of rats with PCOS; however, no significant effect
was observed on the levels of FTH1, GPX4, and TFR1 (Fig. 4L and M).
Collectively, these results provide preliminary evidence that platycodin
D can alleviate GC ferroptosis in the ovaries of rats with PCOS. This
therapeutic effect may be associated with CD44 and SLC7Al11
activation.

3.6. Platycodin D ameliorates DHT-induced ferroptosis in GCs and KGN
cell line

To further confirm the ameliorating effect of platycodin D on GC
ferroptosis in PCOS, we treated KGN cells with DHT to mimic the
hyperandrogenic environment and then administered platycodin D.
Initially, the impact of platycodin D on mitochondrial fission in KGN
cells was examined. DHT treatment led to the formation of fragmented,
punctate mitochondria, whereas platycodin D treatment demonstrated a
capacity to mitigate these alterations in mitochondrial structure(Fig. 5A
and B). Bodipy dye was used to detect the lipid accumulation status in
KGN cells. Staining revealed significant lipid accumulation in DHT-
treated cells. However, platycodin D administration decreased lipid
accumulation in KGN cells in a hyperandrogenic environment (Fig. 5C
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and D). Furthermore, DHT treatment markedly increased MDA levels in
KGN cells; however, platycodin D administration partially decreased
MDA levels in KGN cells (Fig. 5I). These results suggest that platycodin D
significantly attenuates lipid peroxidation in KGN cells under hyper-
androgenic conditions. Furthermore, DHE probe staining revealed a
higher ROS content in the DHT group than in the control group; how-
ever, platycodin D decreased ROS production in KGN cells (Fig. 5E and
F). Next, mitochondrial ROS levels were detected via MitoSOX staining.
Mitochondrial ROS was significantly higher in DHEA-treated KGN cells;
however, platycodin D decreased mitochondrial ROS accumulation
(Fig. 5G and H). Furthermore, platycodin D partially revered the
hyperandrogenism-induced increase in Fe?' levels in KGN cells
(Fig. 5J). In addition, platycodin D significantly restored the DHT-
induced decrease in GSH levels (Fig. 5K). Immunofluorescence stain-
ing revealed a significant decrease in CD44 levels in DHT-treated KGN
cells; however, platycodin D partially restored CD44 levels (Fig. 5L and
M). Subsequently, we measured the protein levels of ferroptosis-related
proteins and observed that androgen significantly decreased the protein
levels of CD44, SLC7A11, GPX4, and FTH-1 but increased those of TFR1
in KGN cells. Nevertheless, platycodin D treatment partially restored
CD44 and SLC7A11 levels and did not significantly affect the expression
of the remaining molecules; this was consistent with the results obtained
in in vivo experiments (Fig. 5N and O). Besides, we performed the same
treatment on human GCs obtained from follicular fluid and found that
PD exerts an anti-ferroptosis effect in primary GCs and activates the
expression of CD44 and SLC7A11(Supplementary Fig. 4).

In a previous study on colorectal cancer, CD44 and SLC7A11 were
identified as key molecules that interact and are involved in regulating
ferroptosis [29]. Therefore, to determine whether CD44 and SLC7A11
interact with each other, we subjected these two molecules to molecular
docking simulations. We observed that the amino acid residue 158 LYS
of the CD44 protein binds to the amino acid residue 179 LEU of the
SLC7A11 protein via a 3.0 A hydrogen bond. Furthermore, both proteins
can be bound by multiple cooked sleeper forces, resulting in the stable
binding of both proteins (Fig. 5P). Next, we verified the interaction
between the two molecules via Co-IP. The protein collected with the
antibody against CD44 contained SLC7A11. Furthermore, the antibody
against SLC7A11 captured the CD44 protein. Platycodin D enhanced the
interaction between CD44 and SLC7A11 (Fig. 5Q and R). In addition, the
GST-pull down results suggest that there appeared to be a weak binding
between SLC7A11 and CD44 (Supplementary Fig. 5). Collectively, these
results suggest that platycodin D attenuates hyperandrogenism-induced
ferroptosis in KGN cells. This effect is associated with CD44 and
SLC7A11 regulation.

3.7. Platycodin D alleviates ferroptosis in KGN cells by targeting CD44/
SLC7A11

To elucidate the mechanism by which platycodin D alleviates fer-
roptosis in KGN cells, we transfected KGN using CD44 siRNA and
examined the effect of platycodin D on ferroptosis in KGN under a
hyperandrogenic environment. The siRNA with the highest knockdown
efficiency was selected for subsequent silencing of target genes
(Supplementary Figs. 6A-C). Immunofluorescence and western blotting
assays revealed that SLC7A11 levels significantly increased in KGN cells
transfected with empty RNA in a hyperandrogenic environment after
treatment with platycodin D. Silencing CD44 inhibited the activation of
SLC7A11 by platycodin D (Fig. 6A-E). Subsequently, we evaluated the
levels of Fe>* and MDA in KGN cells and found that the effect of Pla-
tycodin D in reducing Fe?* and MDA in KGN cells was significantly
attenuated after transfection with CD44 siRNA (Fig. 6F and G). Addi-
tionally, CD44 siRNA significantly inhibited the restoration of GSH by
platycodin D (Fig. 6H). Furthermore, the capacity of platycodin D to
diminish mitochondrial fragmentation was partially reversed by CD44
siRNA (Fig. 61 and J). Bodipy staining revealed that CD44 knockdown
significantly inhibited the lipid scavenging effect of Platycodin D in KGN
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Fig. 4. Platycodin D attenuates ferroptosis in PCOS rats

A, B. Inmunohistochemical analysis of 4HNE expression in the ovaries of rats (n = 6). C, D. ROS levels in ovarian tissue were detected using DHE probe (n = 6). E, F.
Mitochondria of GCs in rat ovarian tissue were observed by TEM (n = 6). G, H. The levels of CD44 in rat ovarian GCs were detected by immunofluorescence staining
(n = 6). I-K. MDA, Fe?>" and GSH levels in rat ovarian tissue (n = 6). L, M. Western blot and densitometric analysis for the expression of CD44, SLC7A11, GPX4, FTH1
and TFR1 in ovaries of the rats (n = 6). one-way ANOVA. ***p < 0.001; “p < 0.0001; ns, not significant.
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Fig. 5. Platycodin D ameliorates DHT-induced ferroptosis in KGN cells

A, B. Representative confocal microscopy image of MitoTracker Red staining in KGN cells (n = 3). C, D. Lipid accumulation in KGN cells was detected by BODIPY
probe (n = 3). E, F. ROS levels in KGN cells were detected using DHE probe (n = 3). G, H. ROS levels of mitochondria in KGN cells were detected using MitoSOX probe
(n = 3). I-K. MDA, Fe?* and GSH levels in KGN cells (n = 3). L, M. The levels of CD44 in KGN cells were detected by immunofluorescence staining (n = 3). N, O.
Western blot and densitometric analysis for the expression of CD44, SLC7A11, GPX4, FTH1 and TFR1 in KGN cells (n = 3). P. Molecular docking simulation of CD44
and SLC7A11. Q. Interaction between CD44 and SLC7A11 in KGN cells determined by CO-IP analysis using anti-CD44 antibodies. R. Interaction between CD44 and
SLC7A11 in KGN cells determined by CO-IP analysis using anti-SLC7A11 antibodies. one-way ANOVA. **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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Fig. 6. Platycodin D ameliorates ferroptosis in KGN cells by targeting CD44

A, B. The levels of SLC7A11 in KGN cells were detected by immunofluorescence staining (n = 3). C-E. Western blot and densitometric analysis for the expression of
CD44, and SLC7A11 in KGN cells (n = 3). F-H. MDA, Fe2* and GSH levels in KGN cells (n = 3). I, J. Representative confocal microscopy image of MitoTracker Red
staining in KGN cells (n = 3). K, L. Lipid accumulation in KGN cells was detected by BODIPY probe (n = 3). M, N. ROS levels in KGN cells were detected using DHE
probe (n = 3). O, P. ROS levels of mitochondria in KGN cells were detected using MitoSOX probe (n = 3). one-way ANOVA. **p < 0.01; ***p < 0.001; ****p
< 0.0001.

(Fig. 6K and L). DHE staining revealed that CD44 silencing significantly and P).

attenuated ROS removal by platycodin D (Fig. 6M and N). Furthermore, To further investigate whether platycodin D ameliorates ferroptosis
MitoSOX staining revealed that the effect of mitochondrial ROS scav- in KGN cells via the activation of CD44/SLC7A11, we transfected KGN
enging by platycodin D was partially reversed by CD44 siRNA (Fig. 60 cells with SLC7A11 siRNA which had the best knockdown efficiency
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(Supplementary Fig. 6 D-F). Immunofluorescence and western blotting
assays revealed that the increase of SLC7A11 treated with platycodin D
was reversed significantly by SLC7A11 siRNA (Supplementary Fig. 7A-C,
E). However, the change in CD44 expression was not significantly
affected (Supplementary Figs. 7C and D). Based on the changes in CD44
and SLC7A11 expression in KGN cells following CD44 knockdown, we
hypothesize that platycodin D exerts its effects by activating SLC7A11
via CD44. We administered identical treatment following the knock-
down of SLC7A11 and evaluated the levels of MDA, Fe2+, GSH, mito-
chondrial fission, ROS, and lipids in KGN. The results revealed that
SLC7A11 knockdown inhibited the effects of platycodin D in amelio-
rating Fe?" accumulation, mitochondrial fragmentation, ROS produc-
tion in the cytoplasm and mitochondria, lipid accumulation, and lipid
peroxidation in KGN cells (Supplementary Figs. 7I-P).

Consequently, by knocking down SLC7A11 and CD44 for cellular
functionality experiments, we found that platycodin D alleviates DHT-
induced ferroptosis in KGN cells via the activation of CD44/SLC7A11.

3.8. Platycodin D alleviates ferroptosis in PCOS rats by targeting CD44/
SLC7A11

To elucidate the potential mechanism by which Platycodin D

Fig. 7. Platycodin D Reduce PCOS damage in rats by targeting CD44/SLC7A11

Free Radical Biology and Medicine 224 (2024) 707-722

alleviates symptoms in PCOS rats, we locally injected knockdown len-
tiviruses of CD44 and SLC7A11 into the ovaries of rats, followed by DHT
treatment and tangerine saponin D treatment, respectively (Fig. 7A).

The results showed that the knockdown of CD44 and SLC7A11 in the
ovary inhibited the effects of platycodin D, including reductions in body
weight, amelioration of androgen elevation, and restoration of the
estrous cycle in PCOS rats (Fig. 7B-E). Additionally, the beneficial ef-
fects of platycodin D on follicular development in rats with PCOS were
reversed by silencing CD44 or SLC7A11 (Fig. 7F-I).

Immunohistochemical analysis showed that 4HNE levels were
significantly lower in the ovaries of rats with PCOS treated with platy-
codin D than in the PCOS group. Conversely, 4HNE levels were signifi-
cantly higher in the ovaries of rats with PCOS and CD44 or SCL7A11
knockdown in the ovaries than in rats treated with platycodin D (Fig. 8A
and B). Additionally, the local knockdown of CD44 or SLC7All in
ovaries inhibited the ability of platycodin D to clear ovarian ROS in rats
with PCOS (Fig. 8C and D).

Transmission electron microscopy revealed that the improvements in
damage, including the swelling of mitochondria and disorganization of
cristae, by platycodin D were not observed in rats injected with CD44
shRNA and SLC7A11 shRNA lentivirus (Fig. 8E and F). Additionally, the
ability of platycodin D to eliminate MDA and Fe?>" and restore GSH from

A. Exploration of the effect of CD44 and SLC7A11 knockdown on the treatment of platycodin D in PCOS rats. B. The changes of body weight of rats in each group (n
= 6). C, D. Estrous cycle of each group of rats (n = 6). E. Serum testosterone levels in rats (n = 6). F. Morphological observation of ovary in rats (n = 6). G-1. The
number of antral follicles, corpora lutea and cystic follicles in each group was statistically analyzed. (n = 6). one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001;

***p < 0.0001; ns, not significant.
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Fig. 8. Platycodin D ameliorates ferroptosis in PCOS rats by targeting CD44/SLC7A11

A, B. Inmunohistochemical analysis of 4HNE expression in the ovaries of rats (n = 6). C, D. ROS levels fo ovaries in rats were detected using DHE probe (n = 6). E, F.
Mitochondria of GCs in rat ovarian tissue were observed by TEM (n = 6). G-1. MDA, Fe?* and GSH levels of ovaries in each group of rats (n = 6). J-M. The levels of
CD44 and SLC7A11 in rat ovarian GCs were detected by immunofluorescence staining (n = 6). N-P. Western blot and densitometric analysis for the expression of
CD44, and SLC7A11 in the ovaries of each rat (n = 3). one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

719



R. Jietal

the ovaries of rats with PCOS was impeded by the knockdown of CD44
and SLC7A11 (Fig. 8G-I). Immunofluorescence staining and western
blotting assays confirmed that CD44 and SLC7A11 levels were signifi-
cantly reduced in the ovarian GCs of rats with PCOS. Furthermore,
platycodin D treatment led to a partial restoration of CD44 and SLC7A11
levels. Nevertheless, the restoration of CD44 and SLC7A11 was signifi-
cantly inhibited in platycodin D-treated rats with CD44 lentiviral
knockdown. Additionally, the recovery of SLC7A11 was inhibited in the
rats with SLC7A11 lentiviral knockdown in the platycodin D treatment
group. However, the recovery of CD44 was not significantly inhibited
(Fig. 8J-M). Western blotting results were consistent with immunoflu-
orescence staining results (Fig. 8N-P). These results, along with those of
the previous experiments, suggest that platycodin D ameliorates fer-
roptosis in PCOS rats by activating CD44/SLC7A11.

4. Discussion

PCOS is a reproductive endocrine disease affecting women of
reproductive age. It has garnered considerable attention in recent years.
In this study, to the best of our knowledge, we demonstrate for the first
time that CD44 down-regulation results in ferroptosis in GCs in PCOS.
We screened the platycodin D, which activates CD44, using molecular
docking, kinetic simulation, and functional experiments. Our results
indicate that platycodin D can alleviate ferroptosis and mitigate asso-
ciated injuries in PCOS by activating the CD44/SLC7A11 pathway,
which was shown in both in vivo and in vitro experiments. These findings
provide novel insights into the mechanisms underlying ferroptosis in
PCOS.

Ferroptosis is characterized by an imbalance in cellular redox ho-
meostasis, associated with a disruption in iron metabolism and resulting
in lipid peroxidation. Under normal conditions, cells uptake Fe?" via the
interaction of transferrin (TF) and transferrin receptor 1 (TFR1), leading
to its entry into the nuclear endosome. Here, Fe>* is converted back to
Fe> by prostate six-transmembrane epithelial antigen 3 (STEAP3),
forming a labile iron pool (LIP). A portion of this Fe>" in the LIP is used
in mitochondrial processes, whereas the remainder is stored in ferritin.
However, in pathological scenarios, disruptions in iron metabolism lead
to intracellular iron overload, triggering the Fenton reaction and the
generation of hydroxyl radicals, resulting in cellular lipid peroxidation,
oxidative DNA damage, and ultimately, cell death [30]. Since its
inception, ferroptosis has shown promise in tumor suppression and
immune surveillance due to its close association with cellular metabolic
processes such as redox, glucose, lipid, and amino acid metabolism [5].
Recent advancements in research on ischemic organ damage, metabolic
disorders, and degenerative diseases have highlighted the potential of
modulating ferroptosis induction or inhibition as a novel therapeutic
approach to mitigate pathological damage and promote healing [31].
PCOS is a reproductive endocrine disorder of unknown etiology that is
often characterized by reproductive dysfunction, insulin resistance,
abnormalities in glucose and lipid metabolism, and obesity, among
other metabolic abnormalities. Given the increasing attention to fer-
roptosis in PCOS research, it has been observed that patients with PCOS
exhibit increased iron levels and increased ROS production in GCs,
suggesting a potential association between PCOS and ferroptosis [32,
33]. Studies have identified changes in ferroptosis regulatory molecules,
including GPX4 and SLC7A11, in the GCs of patients with PCOS and rat
models. Additionally, increased 4HNE, the major product of lipid per-
oxidation, was observed in the ovaries of rats with PCOS. These findings
imply a potential involvement of ferroptosis in the pathogenesis of
PCOS.

GSH is a widely recognized antioxidant that is synthesised continu-
ously from glutamate, cysteine, and glycine under the catalysis of
glutamate-cysteine ligase. Given the restricted concentration of cysteine
under physiological conditions, cysteine plays a pivotal role as a rate-
limiting precursor in the synthesis of GSH [34]. The system X. is a
heterodimeric protein complex, comprising SLC7A11/xCT and SLC3A2.
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SLC7A11 plays a central role in the system X; as a sodium-independent
reverse transporter that facilitates the transcellular transport of gluta-
mate and cystine. Then, cystine is converted into cysteine within the cell
under conditions of intracellular reduction, providing the essential raw
materials for GSH biosynthesis [35]. Under physiological conditions,
SLC7A11 functions as a classical regulator of ferroptosis, inhibiting this
form of cell death by facilitating redox reactions. Recent investigations
on ferroptosis-related regulatory pathways and defense mechanisms
have revealed a growing number of molecules with potential as targets
for ferroptosis regulation. CD44, a family of non-kinase transmembrane
glycoproteins initially identified in embryonic stem cells, has garnered
significant attention. The interaction of CD44 with its ligand hyaluronan
activates multiple signal transduction pathways, promoting cell prolif-
eration, migration, and invasion, making it a promising candidate for
tumor progression and targeted therapy [13]. Notably, emerging
research indicates that CD44 not only regulates cell stemness and
migratory properties but also inhibits the ferroptosis of tumor cells and
promotes cancer progression by improving the stability of SLC7A11
[18]. In this study, we observed downregulation of SLC7A11 expression
in the GCs of patients with PCOS and ovaries of PCOS rats, resulting in
ferroptosis in GCs. Furthermore, the activation of SLC7A11 by targeting
CD44 has been demonstrated to reduce ferroptosis in GCs in both in vivo
and in vitro experiments. Our study provides insights into the crucial role
of platycodin D in inhibiting ferroptosis in GCs by regulating the activity
of the system X; via CD44.

The diverse structural and chemical properties found in natural
plants and their derived compounds have led to their use as a significant
resource for drug discovery. The integration of bioinformatics-based and
virtual screening strategies has facilitated the identification of natural
plant drugs as promising candidates for the discovery of potential
therapeutic agents across various diseases [36,37]. Initial screening of
bioinformatics data can identify key regulatory molecules involved in
disease development and progression. Then, molecular docking and
kinetic simulation can find matching compounds from databases, which
can help identify drug targets for diseases [38]. Platycodon grandiflorum
is a food with a long history in the East. The rhizome and leaves of
Platycodon grandiflorum possess high practical value. Additionally, the
medicinal value of Platycodon grandiflorum is widely recognized and
used in numerous herbal formulas [39]. Platycodin D, one of the prin-
cipal active ingredients derived from Platycodon grandiflorum, is an
oleanane-type triterpenoid saponin known to possess antiviral, anti-
tumor, and anti-inflammatory properties [40,41]. Moreover, Platycodin
D has shown promise in improving metabolic diseases such as coronary
heart disease attributed to its anti-obesity and hypoglycemic effects
[42]. Recent studies have revealed its potential to reduce high
glucose-induced ferroptosis in HK2 cells [23]. In this study, we used
bioinformatics analysis and validation in clinical specimens and animal
models to identify CD44 as a pivotal regulator of ferroptosis in GCs in
PCOS development. Through a search for natural phytopharmaceuticals
from databases known to attenuate ferroptosis, we identified several
small-molecule compounds best matching CD44 through molecular
docking simulations. Comparing the activation of CD44 by candidate
drugs in GCs via western blotting, platycodin D was identified as an
effective drug for targeting CD44 to alleviate ferroptosis in GCs in PCOS
as supported by molecular dynamics simulation and CETSA. Subse-
quently, in vivo studies revealed that platycodin D mitigates the patho-
logical phenotype of PCOS by improving ferroptosis in GCs. Moreover, in
vivo and in vitro experiments have demonstrated that platycodin D exerts
its protective effects primarily through the activation of the
CD44/SLC7A11 axis, which in turn activates the GSH antioxidant sys-
tem, reduces lipid peroxidation, and ultimately protects GCs from
ferroptosis.

Despite the significant findings in our study, several limitations
should be addressed. While we observed that platycodin D reduced
intracellular iron overload, the precise mechanism by which it regulates
iron ions is not yet elucidated. Furthermore, recent studies on ferroptosis
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have highlighted phospholipid hydroperoxides (PLOOH) as direct ex-
ecutors of ferroptosis, with GPX4 playing a crucial role in neutralizing
PLOOH triggers cell death by causing irreversible damage to the plasma
membrane [43]. However, GPX4, a major PLOOH-neutralizing enzyme,
prevents PLOOH damage to the plasma membrane by catalyzing the
conversion of GSH to GSSG, mediating the reduction of PLOOH to the
corresponding alcohol, PL-OH [44]. In the present study, we found a
decrease in ferroptosis regulatory proteins, such as GPX4, in the GCs of
patients with PCOS and the ovarian tissues of rats with PCOS. Platycodin
D can restore GSH synthesis by activating the X. system, thereby pro-
tecting the cells against oxidative stress damage. Nevertheless, we did
not observe a restorative effect of platycodin D on GPX4. Previous
studies have shown that the ferroptosis suppressor protein 1 (FSP1)/u-
biquinone system prevents ferroptosis triggered by GPX4 knockdown
[45]. We postulated that platycodin D may attenuate lipid oxidative
damage in cells via a GPX4-independent pathway, in addition to acti-
vating the X: system. Furthermore, the present study examined the
impact of CD44 activation by platycodin D on the X. system. Recent
studies have indicated that variant isoforms of CD44 are also involved in
the activation of PI3K/AKT, ERK1/2 MAP, and other kinase pathways.
These signalling pathways have been found to be closely related to the
regulation of ferroptosis [46]. Therefore, we hypothesize that platycodin
D might alleviate ferroptosis in GCs by affecting CD44 isoforms and
activating downstream signalling pathways. However, these possibil-
ities need to be confirmed by further studies.

To conclude, to the best of our knowledge, this is the first study to
investigate the potential ameliorative effect of platycodin D on ferrop-
tosis of GCs in PCOS. Our findings indicate that platycodin D attenuates
ferroptosis in GCs by targeting CD44 to activate the X system, which
alleviases the pathological damage associated with PCOS. Our findings
provide novel insights into ferroptosis in PCOS.
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