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Background: Polycystic ovary syndrome (PCOS) is a prevalent endocrine disorder characterized by ovarian dysfunction. High
mobility group box 1 (HMGB]) is elevated in PCOS and implicated in its pathogenesis, while nuclear factor E2-related factor 2
(Nrf2) is a key regulator of antioxidative defense. However, the role and mechanism of HMGBI1 in PCOS, particularly its rela-
tionship with Nrf2 signaling in ovarian granulosa cell injury, remain unclear. This study aimed to investigate whether HMGB1
deficiency protects human ovarian granulosa cells from Dehydroepiandrosterone (DHEA)-induced impairments and to explore
whether this protective effect is mediated through activation of the Nrf2 pathway.

Methods: In this work, a PCOS cellular model was established by treating KGN cells with 20 nM DHEA for 48 h. Then, si-
HMGBI or si-NC was transfected into KGN cells for loss-of-function experiments. To further elucidate the role of Nrf2 signaling
in the HMGB1-mediated protective effect on ovarian cells, rescue experiments were performed wherein KGN cells underwent
pretreatment with 10 pM Nrf2 inhibitor ML385 for 24 h before subsequent interventions.

Results: HMGB1 knockdown enhanced DHEA-treated KGN cells’ impaired viability, as well as inhibited DHEA-induced fer-
roptosis and mitochondrial dysfunction of KGN cells (p < 0.05). ML38S treatment partially reversed the relieving impact of
HMGBI deficiency regarding impaired viability of ovarian granulosa cells (GCs) treated by DHEA, as well as inhibitory effects
of HMGBI1 deficiency on ferroptosis and mitochondrial dysfunction of ovarian GCs caused by DHEA induction (p < 0.05).
Conclusion: Deficiency of HMGB1 improves impaired viability of DHEA-treated GCs and suppresses ferroptosis and mitochon-
drial dysfunction in PCOS through Nrf2 activation.
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Introduction histone DNA-binding protein possessing multiple biolog-

Polycystic ovary syndrome (PCOS) has been among
the most prevalent endocrine-metabolic diseases in
reproductive-aged females and manifests a complicated
relationship of endocrine and metabolic disorders char-
acterized by hyperandrogenism, polycystic ovaries, and
ovarian dysfunction [1,2]. A large number of studies have
indicated abnormal earlier follicle growth and impaired
follicle development as major parameters of PCOS’
ovulation dysfunctions [3,4]. Ovarian Granulosa Cells
(GCs), the vital somatic ovarian part, contribute to forming
follicle microenvironments and have crucial functions in
transiting from primordial to mature follicles [5,6]. Hence,
a thorough grasp of GC dysfunction in PCOS pathogenesis
is of high urgency.

HMGBI (high mobility group box 1) has wider ex-
pression as a member of the HMG family. It is a non-

ical functions. It interacts with chemokines, cytokines,
and molecular patterns associated with pathogens [7,8].
A series of researches have reported a high level of
HMGBI in serum and ovaries of PCOS carrying women
[9,10]. Importantly, HMGBI1’s positive expression lev-
els have been found to contribute to PCOS [11-13].
Cryptotanshinone can alleviate rats’ PCOS via the inhi-
bition of HMGB1/TLR4/NF-xB molecular pathway [11].
IncRNA ZFAS1 down-regulation can show binding to-
wards microRNA-129 for suppressing the expression of
HMGBI, which in turn inhibits GCs apoptosis in PCOS,
promotes proliferation, and suppresses endocrine distur-
bances [12]. Emodin can improve ovarian functions and
glucose metabolic patterns in mice having PCOS by inacti-
vating the HMGB1/TLR4/NF-xB signaling pathway [13].

Nrf2 (nuclear factor E2-related factor 2), being a key
transcriptional parameter, is the reason for antioxidant de-
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fense and cellular redox balance [14]. Abundant studies
have revealed that the Nrf2 pathway has a protective role
in diverse diseases, including PCOS [15-18]. Carnosol
can inhibit ovarian GCs apoptosis and oxidative stress,
and attenuate PCOS phenotype in mice by activating the
Nrf2/HO-1 pathway mediated by Keap! [15]. Inhibition of
NOX4 can mitigate oxidative stress and apoptosis of ovar-
ian GCs in PCOS rats through activation of the Nrf2/HO-
1 pathway [16]. Salidroside can alleviate apoptosis and
oxidative stress in dihydrotestosterone-treated ovarian GCs
via activating AMPK/Nrf2 pathway [17]. Sulforaphane can
protect ovarian GCs from oxidative stress and apoptosis in
PCOS patients via the AMPK/AKT/Nrf2 pathway activa-
tion [18].

In current research, KGN cells treated by DHEA have
been developed as the PCOS cellular model, and the protec-
tive effects of HMGBI1 deficiency in PCOS were explored
regarding three parameters: ovarian GCs’ viability, ferrop-
tosis, and mitochondrial dysfunction. Moreover, whether
the Nrf2 signaling pathway could participate in HMGB1
deficiency-mediated protective effects against PCOS was
thoroughly elucidated.

Materials and Methods

Cells Culture

The human ovarian granulosa cell line KGN was ob-
tained from the Cell Bank of the Chinese Academy of
Sciences (SCSP-5495, Shanghai, China). Cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM,;
Gibco, Cat. No. 11995065) supplemented with 10% Fe-
tal Bovine Serum (FBS; Gibco, Cat. No. 10099141) and
1% penicillin-streptomycin solution (Beyotime, Cat. No.
C0222). Cells were maintained in a humidified incubator
at 37 °C with 5% COx. For routine passaging and experi-
ments, cells were seeded in appropriate culture vessels (e.g.,
6-well plates, 25 cm? flasks) and grown to 70-80% conflu-
ence before subsequent treatments or transfection. The cell
line was authenticated by short tandem repeat (STR) pro-
filing and confirmed to be free of mycoplasma contamina-
tion. All experiments were performed with mycoplasma-
free cells within 10 passages after resuscitation.

Cells Treatment

KGN cells were seeded in 6-well plates (Corning, Cat.
No. 3516) at a density of 2 x 10° cells per well and al-
lowed to adhere overnight. The following day, cells were
treated with various concentrations of DHEA (MedChem-
Express, Cat. No. HY-14650; dissolved in Dimethyl Sul-
foxide [DMSO, Sigma, Cat. No. D2650]) at 0, 2.5, 5,
10, 20, and 40 nM. The final concentration of DMSO in
the culture medium was maintained below 0.1% (v/v) in
all groups, including the vehicle control. Cells were in-
cubated with DHEA in a humidified incubator at 37 °C
with 5% CO, for 48 hours. After the treatment period,
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cells or culture supernatants were harvested for subse-
quent analyses as described in the respective experimen-
tal sections. The negative control siRNA (si-NC) and
two distinct siRNA plasmids targeting human HMGBI (si-
HMGBI1#1, si-HMGB1#2) were designed and synthesized
by GenePharma (Shanghai, China). For the Nrf2 inhibi-
tion experiments, KGN cells were pretreated with 10 uM of
the specific Nrf2 inhibitor ML385 (MedChemExpress, Cat.
No. HY-100523) or an equal volume of vehicle (DMSO) for
24 hours prior to subsequent DHEA exposure and/or trans-
fection procedures.

Cells Transfection

KGN cells were seeded in 6-well plates (Corning,
Cat. No. 3516) at a density of 1.5 x 10° cells per well
and cultured for approximately 24 hours until they reached
60-70% confluence. Transfection was then performed
using Lipofectamine® 2000 reagent (Invitrogen, Cat. No.
11668019) according to the manufacturer’s instructions.
Briefly, for each well, 100 pmol of siRNA was diluted
in 250 pL of Opti-MEM® I Reduced Serum Medium
(Gibco, Cat. No. 31985070). In a separate tube, 5 uL of
Lipofectamine® 2000 was mixed with 250 pL of Opti-
MEM® and incubated for 5 minutes. The two solutions
were then combined, gently mixed, and incubated for an
additional 20 minutes to allow for complex formation. The
resulting siRNA-lipid complexes (500 pL total volume)
were added dropwise to each well containing cells and
1.5 mL of fresh, antibiotic-free culture medium. The
cells were incubated with the transfection complexes for
6 hours at 37 °C, after which the medium was replaced
with fresh complete growth medium. Cells were harvested
for subsequent experiments 48 hours post-transfection to
assess knockdown efficiency or for further treatments.
The siRNA sequences were as follows: si-HMGBI1#1:
sense 5'-GCUGAAGAAGAAGAACUUUTT-3’, antisense
5'-AAAGUUCUUCUUCUUCAGCTT-3’; si-HMGBI1#2:
sense  5'-GGAUCUGAAGAAGCUCUAATT-3/, anti-
sense 5’-UUAGAGCUUCUUCAGAUCCTT-3'; si-NC:
sense 5'-UUCUCCGAACGUGUCACGUTT-3’, antisense
5'-ACGUGACACGUUCGGAGAATT-3.

RT-gPCR

Total RNA was extracted from KGN cells using TRI-
zol Reagent. ¢cDNA was synthesized from the RNA us-
ing PrimeScript™ RT Kit (RR047A, Takara, Tokyo, Japan).
Quantitative PCR was performed on an Applied Biosystems
7300 (ABI, MA, USA) using TB Green® Premix Ex Taq™
II, with GAPDH serving as the internal control. The 20
pL PCR reaction system consisted of 10 pL. TB Green Pre-
mix Ex Taq II (2X, RR820A, TB Green® Premix, Takara,
Tokyo, Japan), 0.8 uL each of forward and reverse primers
(10 uM), 2 uL cDNA template, and 6.4 pnL. RNase-free wa-
ter. The thermal cycling parameters were as follows: initial
denaturation at 95 °C for 30 seconds, followed by 40 cy-
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cles of 95 °C for 5 seconds and 60 °C for 30 seconds. Rela-
tive HMGBI1 gene expressions underwent normalization to
GAPDH and calculations were made via 2~22¢t method-
ology. Forward (F) and reverse (R) primers are shown
below. HMGBI-F 5'-AGATATGGCAAAAGCGGACA-
3’ and HMGBI-R 5'-GGGCGATACTCAGAGCAGAAG-
3’, GAPDH-F: 5'-GTCTCCTCTGACTTCAACAGCG-3’,
GAPDH-R: 5'-ACCACCCTGTTGCTGTAGCCAA-3'.

Western Blotting

Total protein concentrations extracted from KGN cells
using RIPA buffer were determined via BCA assay. Pro-
teins (30 ug/lane) were fractionated by SDS-PAGE and
transferred onto PVDF membranes. Non-specific bind-
ing sites were blocked with 5% BSA. Primary antibodies
against HMGB1 (Cusabio, China, CSB-RA439052A0HU,
1:1000), Acyl-CoA Synthetase Long Chain Family Mem-
ber 4 (ACSL4, Beyotime, China, AG1908, 1:1000), Glu-
tathione Peroxidase 4 (GPX4) (Fusheng, China, AK19118,
1:1000), Ferritin Heavy Chain 1 (FTH1, Cell Signal-
ing Technology, USA, 4393, 1:1000), SLC7A1l (Sell-
eck, China, FO517, 1:1000), Nuclear Nrf2 (Cell Signal-
ing Technology, China, #12721, 1:1000), Nrf2 (#12721,
1:1000), Histone H3 (Fusheng, China, AK1138, 1:1000)
and GAPDH (Leading Biology, China, AMM22088N,
1:500) underwent incubation overnight at 4 °C with PVDF
membranes. After washing, the membranes were incu-
bated with horseradish peroxidase (HRP)—conjugated goat
anti-rabbit secondary antibody (Beyotime, China, Cat. No.
A0208, 1:2000) or HRP-conjugated goat anti-mouse sec-
ondary antibody (Beyotime, China, Cat. No. A0216,
1:2000) for 1 hour at room temperature. Loading controls
had been GAPDH and Histone H3. The ECL kit was em-
ployed to develop protein signals, and the protein bands
were quantified using Image J 5.0 (National Institutes of
Health, USA).

CCK-8 Assays

The 96-well plates were employed to culture 5 x 103
KGN cells per well in standardized conditions, followed by
incubation for 4 h with CCK-8 solution (10 pL, Beyotime,
Shanghai). The absorbance of each well was measured us-
ing a microplate reader (Bio-Rad, CA, USA) at 450 nm.

Measurement of Total Iron

Total iron levels in KGN cells were measured using an
Iron Assay Kit (Jiancheng Bioengineering Institute, Nan-
jing, China, Cat. No. A039-2-1) according to the manu-
facturer’s instructions. Briefly, KGN cells were seeded in
6-well plates at a density of 2 x 10° cells per well and sub-
jected to the respective treatments. After treatment, cells
were collected, thoroughly homogenized, and centrifuged
at 1000 x g at4 °C for 10 minutes to obtain the supernatant.
The supernatant was then mixed with the kit reagents and
incubated at 37 °C for 10 minutes. The absorbance was

measured at a wavelength of 520 nm using a microplate
reader (Bio-Rad, Model 680). The total iron concentration
in the samples was calculated based on a standard curve
generated from iron standards provided in the kit. The re-
sults were normalized to the total protein concentration of
the corresponding sample, which was determined by a BCA
protein assay kit, and expressed as nmol per mg of protein.

4-Hydroxynonenal (HNE) and MDA Measurements

The levels of lipid peroxidation products, Malondi-
aldehyde (MDA) and 4-Hydroxynonenal (4-HNE), in KGN
cells were quantified using a commercial Lipid Peroxida-
tion (MDA) Assay Kit (Jiancheng Bioengineering Institute,
Nanjing, China, Cat. No. A003-1-2) and a 4-HNE ELISA
Kit (Jiancheng Bioengineering Institute, Cat. No. H268-1-
2), respectively, following the manufacturers’ protocols.

ROS Measurements

Intracellular ROS levels were detected using the flu-
orescent probe 2’,7'-Dichlorofluorescin-diacetate (DCFH-
DA; Beyotime, Shanghai, China, Cat. No. S0033S). KGN
cells were seeded in 24-well plates (Corning, Cat. No.
3524) at a density of 5 x 10% cells per well. After treat-
ments, cells were washed twice with phosphate-buffered
saline (PBS) and then incubated with 10 uM DCFH-DA
(diluted in serum-free DMEM) in the dark at 37 °C for 30
minutes, followed by imaging of stained cells under a flu-
orescent microscope (Leica, Wetzlar, Germany). Image J
was employed to calculate fluorescent intensities.

Lipid ROS Measurements

Intracellular lipid ROS generation was assessed us-
ing the fluorescent probe BODIPY™ 581/591 C11 (Thermo
Fisher Scientific, USA, Cat. No. D3861). KGN cells were
seeded in 24-well plates at a density of 5 x 10* cells per
well. Intracellular lipids ROS generation was detected via
BODIPY 581/591 C11 probe by incubating KGN cells in
the dark for 30 min at 37 °C. Cells after staining had been
imaged using fluorescent microscopy. The fluorescence in-
tensity of the oxidized (green) and non-oxidized (red) forms
was measured from at least five random fields per well us-
ing ImagelJ software (National Institutes of Health, USA),
and the degree of lipid peroxidation was quantified and ex-
pressed as the ratio of green to red fluorescence intensity.

Staining by JC-1

JC-1 staining kit (Beyotime, Shanghai, China, Cat.
No. C2006) was employed to detect mitochondrial mem-
brane potential (MMP). KGN cells were seeded in 24-well
plates at 5 x 10% cells per well. KGN cells underwent in-
cubation with the JC-1 reagent at 37 °C for 20 min in the
dark, followed by washing twice with JC-1 staining buffer.
Stained cells were imaged under fluorescent microscopy.
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Fig. 1. Higher expression of HMGBI in ovarian GCs treated by DHEA. (A) Various DHEA concentrations (0, 2.5, 5, 10, 20, 40
nM) were utilized to treat KGN cells for 48 h. The CCK-8 assay was employed to detect KGN cells’ viability. (B,C) 20 nM DHEA
used to treat KGN cells. Western blotting and RT-qPCR were employed to detect HMGBI1 protein and mRNA expression levels. (D,E)
si-HMGB1#1, si-HMGB1#2 or si-N were utilized to transfect KGN cells. Western blotting and RT-qPCR were applied to detect HMGB1
mRNA expression for testing transfection efficiencies. (F,G) si-NC or si-HMGB1 were used to transfect KGN cells treated by DHEA.
Western blotting and RT-qPCR were utilized to detect HMGB1 mRNA expression. Each experiment was repeated for three times. * p
< 0.05, ** p < 0.01, *** p < 0.001. HMGBI1, High Mobility Group Box 1; GCs, Granulosa Cells; DHEA, Dehydroepiandrosterone;

CCK-8, cell counting kit-8; si-NC, negative control siRNA.

Measurements of Mitochondrial ROS

KGN cells were seeded in 24-well plates at 5 x 10*
cells per well. MitoSOX™ Red mitochondrial superoxide
indicator (Yeasen, Shanghai, China, Cat. No. 40778ES50)
was applied to detect mitochondria ROS. Hank’s balanced
salt solution (HBSS) was utilized to wash KGN cells, fol-
lowed by incubation with MitoSOX Red (5 uM) in the dark
at 37 °C for 15 min. The stained cells were imaged under
fluorescent microscopy.

Measurement of Mitochondrial Permeability
Transition Pore (mPTP)

The opening of the mitochondrial permeability transi-
tion pore (mPTP) was assessed using the calcein-AM/cobalt
chloride (CoCly) quenching method. KGN cells were
seeded in 24-well plates (Corning, Cat. No. 3524) at a den-
sity of 5 x 10% cells per well. After the respective treat-
ments, cells were washed twice with PBS. Cells were then
loaded with 1 uM calcein-AM (MedChemExpress, Cat.
No. HY-D0041) and 1 mM CoCl, (Sigma, Cat. No. 60818)
simultaneously, and incubated in the dark at 37 °C for 20
minutes. This procedure was followed by an additional 30-
minute incubation with 1 mM CoCly alone to thoroughly
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quench the cytosolic and nuclear calcein fluorescence. Af-
ter incubation, cells were washed three times with PBS to
remove excess probes. Stained cells were pictured by fluo-
rescence microscopy.

Oxygen Consumption Rate (OCR) Detection

Cellular oxygen consumption rate (OCR) was mea-
sured using the Seahorse XF Cell Mito Stress Test Kit
(Agilent, USA, Cat. No. 103015-100). KGN cells were
seeded in XF96 cell culture microplates (Agilent, Cat. No.
101085-004) at a density of 1.5 x 10* cells per well and
cultured for 24 hours to allow for adherence. One hour
prior to the assay, the culture medium was replaced with
pre-warmed, pH-adjusted XF Base Medium (Agilent, Cat.
No. 103334-100) supplemented with 1 mM pyruvate, 2
mM glutamine, and 10 mM glucose, and the cells were
incubated in a non-COs incubator at 37 °C. During the
assay, the following mitochondrial inhibitors from the kit
were sequentially injected into each well to achieve the fi-
nal concentrations indicated: oligomycin (1.5 uM), FCCP
(1.0 uM), and a mixture of rotenone (0.5 uM) and antimycin
A (0.5 uM). The OCR was measured in real-time using a
Seahorse XF96 Extracellular Flux Analyzer (Agilent). Key
parameters of mitochondrial function, including basal res-
piration, Adenosine Triphosphate (ATP)-linked respiration,
maximal respiration, and spare respiratory capacity, were
calculated from the OCR profile according to the manufac-
turer’s instructions. The results from each well were nor-
malized to the total protein content determined by a BCA
assay post-measurement.

Statistical Analyses

Statistical analyses were performed using GraphPad
Prism software (version 8.0; GraphPad Software, San
Diego, CA, USA). Data from three independent experi-
ments are presented as mean + standard deviation (SD).
Statistical comparisons between multiple groups were per-
formed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post-hoc test, unless otherwise specified.
For the oxygen consumption rate (OCR) measurements,
data were analyzed using repeated-measures ANOVA fol-
lowed by Bonferroni’s post-hoc test. Comparisons between
two groups were conducted using an unpaired Student’s ¢-
test. A p-value of less than 0.05 was considered statistically
significant.

Results

Higher Expression of HMGBI in Ovarian GCs
Treated by DHEA

Various DHEA concentrations (0, 2.5, 5, 10, 20, 40
nM) were utilized to treat KGN cells for 48 h. DHEA treat-
ment based on the dosage decreased KGN cells’ viability,
and a PCOS cellular model was established by choosing 20
nM DHEA as the feasible dosage (Fig. 1A, p < 0.01). The

selection of 20 nM DHEA, rather than 10 nM, was a de-
liberate choice to establish a robust and consistent cellular
model of PCOS. Besides, a PCOS cellular model induced
by DHEA had high expression of HMGBI1 (Fig. 1B,C, p
< 0.01). Afterwards, si-HMGBI1#2, si-HMGBI1#1, or si-
NC were transfected into KGN cells to perform loss-of-
function experiments targeting HMGBI1. Follow-up exper-
iments were conducted using si-HMGB1#2, which exhib-
ited optimum transfection potential (Fig. ID,E, p < 0.001).
It was observed that knockdown of HMGBI1 reversed the
enhanced HMGB1 expression in ovarian KGN cells treated
by DHEA (Fig. 1E,G, p < 0.05).

Improvement in Impaired Viability of Ovarian GCs
Treated by DHEA via HM GBI Deficiency

KGN cells’ viability was impaired by the treatment of
DHEA, whereas HMGB1 knockdown restored cell viability
in DHEA-treated KGN cells (Fig. 2, p < 0.05).
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Fig. 2. HMGBI1 deficiency improves the impaired viability of
ovarian GCs treated by DHEA. KGN cells treated by DHEA
were transfected with si-NC or si-HMGB1. The CCK-8 assay was
utilized to detect KGN cells’ viability. Each experiment was re-
peated for three times. * p < 0.05, *** p < 0.001.

HMGBI Deficiency Inhibits DHEA-Induced
Ferroptosis of Ovarian GCs

To determine whether HMGB1 participates in DHEA-
induced ferroptotic injury in ovarian granulosa cells, multi-
ple biochemical and molecular markers of ferroptosis were
systematically evaluated. As shown in Fig. 3A, DHEA
treatment markedly increased intracellular total iron accu-
mulation in KGN cells, whereas HMGB1 knockdown sig-
nificantly reduced iron levels compared with the DHEA +
si-NC group, indicating attenuation of iron overload. Lipid
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peroxidation, a hallmark event of ferroptosis, was further
assessed using the BODIPY 581/591 C11 probe. DHEA ex-
posure caused a pronounced shift from red (non-oxidized)
to green (oxidized) fluorescence, reflecting excessive lipid
ROS generation (Fig. 3B). Quantitative analysis confirmed
a significant elevation in the oxidized/non-oxidized flu-
orescence ratio following DHEA treatment, which was
markedly suppressed upon HMGBI silencing (Fig. 3C, p
< 0.001). Consistently, DHEA significantly increased the
levels of lipid peroxidation end products MDA and 4-HNE,
while HMGBI1 deficiency substantially reduced their accu-
mulation (Fig. 3D, p < 0.01). Moreover, DCFH-DA stain-
ing revealed that intracellular ROS production was strongly
enhanced by DHEA, an effect that was effectively miti-
gated by HMGBI1 knockdown (Fig. 3E, p < 0.001). At
the molecular level, western blot analysis demonstrated
that DHEA treatment upregulated the pro-ferroptotic pro-
tein ACSL4 while downregulating key anti-ferroptotic reg-
ulators GPX4, FTHI, and SLC7A11 (Fig. 3F, p < 0.05).
Importantly, HMGBI1 deficiency reversed these alterations,
characterized by reduced ACSL4 expression and restored
GPX4, FTHI1, and SLC7A11 levels. Collectively, these
findings indicate that HMGBI1 plays a critical role in medi-
ating DHEA-induced ferroptosis in ovarian granulosa cells,
and that HMGBI1 deficiency effectively suppresses ferrop-
totic damage by limiting iron accumulation, lipid peroxi-
dation, oxidative stress, and ferroptosis-associated protein
dysregulation.

Suppression of Mitochondrial Dysfunction of
Ovarian GCs Induced by DHEA via HMGB1
Deficiency

Red fluorescent aggregates were depicted by healthy
mitochondria, while green fluorescent monomers were
depicted by damaged mitochondria upon JC-1 staining.
Increased green, fluorescent staining and weakened red
fluorescent staining indicated impaired mitochondria in
KGN cells treated by DHEA. HMGB1 knockdown de-
creased green fluorescence and increased red fluorescence
in DHEA-treated KGN cells, restoring damaged mitochon-
dria in KGN cells treated by DHEA (Fig. 4A). Mean-
while, treatment by DHEA triggered mitochondrial ROS
generation, reduced ATP content, decreased the opening
rate of mPTP and decreased levels of OCR, indicating
that DHEA treatment caused mitochondrial dysfunction of
ovarian GCs. Conversely, knockdown of HMGBI1 inhib-
ited mitochondrial ROS generation, elevated ATP content,
increased the opening rate of mPTP and increased levels of
OCR, also indicating that HMGB1 knockdown caused sup-
pression in mitochondrial dysfunction induced by DHEA of
ovarian GCs (Fig. 4B-E, p < 0.05).
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Nrf2 Signaling Pathway Activation in DHEA-Treated
Ovarian GCs by HMGB1 Deficiency

Vital pathway protein nuclear Nrf2 and Nrf2 were an-
alyzed to investigate if HMGBI1 deficiency might bring
ovary-protecting impact through Nrf2 signaling mediation.
Decreased expression of nuclear Nrf2 and Nrf2 indicated
that the Nrf2 signaling pathway is inactivated in KGN cells
treated by DHEA. Nevertheless, HMGB1 knockdown dis-
tinctly enhanced nuclear Nrf2 and Nrf2 expression levels in
KGN cells treated by DHEA, abolishing the Nrf2 signaling
pathway inactivation in DHEA-treated KGN cells. Appar-
ently, ML385 as an Nrf2 inhibitor partly abrogated the pro-
moting effect of HMGB1 deficiency on Nrf2 activation in
ovarian GCs treated by DHEA (Fig. 5, p < 0.01).

HMGBI Deficiency Improves Impaired Viability of
DHEA-Treated Ovarian GCs by Activating Nrf2
Signaling Pathway

HMGBI1 knockdown restored the impaired viability of
KGN cells treated with DHEA. Furthermore, ML385 treat-
ment partially reversed the protective effect of HMGB1 de-
ficiency on impaired viability of ovarian GCs treated by
DHEA (Fig. 6, p < 0.05).

HMGBI Deficiency Inhibits Ovarian GCs
DHEA-Induced Ferroptosis by the Nrf2 Pathway
Activation

To further clarify whether Nrf2 signaling mediates
the suppressive effect of HMGB1 deficiency on ferrop-
tosis, KGN cells were treated with the specific Nrf2 in-
hibitor ML385 following HMGBI1 knockdown. As shown
in Fig. 7A, HMGBI deficiency significantly reduced in-
tracellular iron accumulation induced by DHEA, whereas
ML385 treatment partially restored iron levels, indicating
reactivation of iron overload upon Nrf2 inhibition. Con-
sistently, BODIPY 581/591 C11 staining revealed that in-
hibition of Nrf2 markedly increased lipid ROS genera-
tion in HMGB1-deficient cells, as evidenced by enhanced
green fluorescence and a higher oxidized/non-oxidized flu-
orescence ratio compared with the DHEA + si-HMGBI1
group (Fig. 7B,C, p < 0.001). These findings suggest
that Nrf2 activity is required for HMGBI1 deficiency—
mediated suppression of lipid peroxidation. In line with
these observations, ML385 treatment significantly elevated
the levels of lipid peroxidation end products MDA and 4-
HNE, partially reversing their reduction caused by HMGB1
knockdown in DHEA-treated cells (Fig. 7D, p < 0.05).
Moreover, intracellular ROS levels, which were markedly
decreased by HMGBI1 deficiency, were substantially re-
stored upon Nrf2 inhibition, as demonstrated by DCFH-
DA staining and quantitative fluorescence analysis (Fig. 7E,
p < 0.001). At the molecular level, western blot analy-
sis showed that ML385 treatment partially abrogated the
HMGBI deficiency—induced downregulation of the pro-
ferroptotic protein ACSL4, while simultaneously reducing
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Fig. 6. Deficiency of HMGB1 enhances impaired viability of
DHEA-treated ovarian GCs by activating the Nrf2 signaling
pathway. si-NC or si-HMGB1 were utilized to transfect KGN
cells treated by DHEA. ML385, as an Nrf2 inhibitor, was used
to pretreat KGN cells for 24 h. The CCK-8 assay was applied
to detect KGN cells’ viability. Each experiment was repeated for
three times. * p < 0.05, ** p < 0.01, *** p < 0.001.

the expression of anti-ferroptotic proteins GPX4, FTHI,
and SLC7A11 (Fig. 7F, p < 0.05). These results indi-
cate that activation of Nrf2 is essential for maintaining the
ferroptosis-resistant phenotype conferred by HMGB1 defi-
ciency. To sum up, the Nrf2 signaling pathway might par-

tially abrogate the inhibitory impact of HMGB1 deficiency
on ovarian GCs’ ferroptosis induced by DHEA.

HMGBI Deficiency Suppresses DHEA-Induced
Mitochondrial Dysfunction of Ovarian GCs by
Activating the Nrf2 Signaling Pathway

ML385 treatment enhanced green fluorescence stain-
ing and weakened red fluorescence staining, partly re-
versing the suppressive effects of HMGBI1 deficiency on
mitochondrial dysfunction KGN cells treated by DHEA
(Fig. 8A, p < 0.01). Moreover, treatments by ML385 en-
hanced mitochondrial ROS generation, reduced ATP con-
tent, decreased the opening rate of mPTP and decreased lev-
els of OCR, also reflecting that treatment by ML385 partly
reversed the suppressive effects of HMGBI1 deficiency
on mitochondrial dysfunction of ovarian GCs caused by
DHEA induction (Fig. 8B-E, p < 0.05). To sum up, the
Nrf2 signaling pathway might partially abrogate the sup-
pressive impact of HMGBI1 deficiency on DHEA-induced
mitochondrial dysfunction of ovarian GCs.

Discussion

PCOS etiological parameters remain ambiguous till
now, which makes effective therapeutics and accurate di-
agnosis difficult for patients. The present work initially re-
veals the ovarian protection impact of HMGB1 deficiency
in PCOS and fully elaborates the underlying mechanisms in
the protective properties of HMGBI deficiency in ovarian
GCs for DHEA injury. The concentration range was cho-
sen to establish a dose-response relationship and to identify
a submaximal effective concentration (20 nM) that robustly
induces the PCOS-like phenotype for subsequent mechanis-
tic studies, as confirmed by our initial viability assay. In our
current study, HMGBI1 deficiency enhanced ovarian GCs’
impaired viability treated by DHEA.
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HMGBI participates in N-methyl-D-aspartate recep-
tor activation-induced human umbilical vein endothelial
cell ferroptosis [19]. Syringic acid can suppress skele-
tal muscle cells’ ferroptosis for alleviating mice’s is-
chemia/reperfusion injury of the lower limb by blocking
the HMGBI pathway [20]. HMGBI can upregulate astro-
cytes’ hepcidin and increase acute iron, and in turn ferrop-
tosis in postischemic brain [21]. Overexpressed HMGB1
can promote cardiotoxicity and ferroptosis as triggered by
doxorubicin in rats, though HMGBI silencing depicted
an opposite impact [22]. In this current work, HMGBI
deficiency inhibited ovarian GCs’ ferroptosis induced by
DHEA. Dasatinib can impair mitophagy via downregula-
tion of keratinocytes’ HMGBI1 protein levels, which leads
to dysfunctional mitochondrial accumulation [23]. Anti-
HMGBI rescue mitochondria dysfunctions induced by or-
ganic dust [24]. HMGB1 knockdown can suppress pancre-
atic cancer cells’ mitochondria biogenesis induced by hy-
poxia [25]. HMGBI treatment can reduce myotube mito-
chondria respiration and enhance ROS [26]. Propofol can
protect lungs endothelial barrier functions by suppressing
release of HMGB1 and HMGBI triggered mitochondria ox-
idative damage [27]. In our current study, HMGBI1 defi-
ciency suppresses DHEA-induced mitochondrial dysfunc-
tion of ovarian GCs.

Spermidine can suppress ferroptosis and oxidative
stress via Nrf2/HO-1/GPX4 pathway activation to alleviate
ovarian damage [28]. Pterostilbene can improve ferropto-
sis and oxidative damage in human ovarian GCs by activat-
ing the pathway of Nrf2/HO-1 [29]. Forsythoside A miti-
gates Alzheimer’s-linked pathologies via the inhibition of
neuroinflammation mediated by ferroptosis through activa-
tion of the Nrf2/GPX4 axis [30]. Astaxanthin can activate
pathway of Nrf2/HO-1 to ameliorate liver injury induced by
acetaminophen, inhibit ferroptosis, and enhance autophagy
[31]. Deficiency of Nrf2 can impair oxidation of mitochon-
dria fatty acids, production of ATP, and respiration [32].
Songorine can promote cardiological mitochondria biogen-
esis through induction of Nrf2 in sepsis [33]. 1, 8-cineole
through the Nrf2 pathway promotion can restore mitochon-
dria functions and alleviate oxidative damage induced by
OGD/R [34]. Nrf2 can maintain mitochondrial function and
inhibit excessive mitochondrial division to protect against
acute lung injuries induced by S. aureus [35]. The in-
crease in total Nrf2 indicates its enhanced protein stabil-
ity, while the concurrent rise in nuclear Nrf2 confirms its
successful translocation into the nucleus. Together, these
changes demonstrate a clear activation of the Nrf2 signal-
ing pathway. Serine/threonine kinase 3 can promote mito-
chondrial damage and oxidative stress through induction of
Nrf2 degradation in septic cardiomyopathy [36]. In our cur-
rent study, it was verified that treatment by ML385 partly
reversed inhibitory impact of HMGB1 deficiency on ferrop-
tosis and mitochondrial dysfunction of ovarian GCs caused
by DHEA induction. Nrf2 signaling pathway inactivation
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might partially abrogate inhibitory impact of HMGBI1 de-
ficiency on DHEA-induced ferroptosis and mitochondrial
dysfunction of ovarian GCs.

Our study demonstrates that HMGBI1 deficiency ac-
tivates the Nrf2 antioxidant pathway, yet the precise up-
stream mechanism linking HMGB1 to Nrf2 regulation war-
rants further elucidation. Based on existing literature and
our findings, we propose that the regulation is likely in-
direct, rather than involving a direct physical interaction
between HMGB1 and Nrf2/Keapl. A more plausible
mechanism involves HMGBI acting as a pro-oxidant and
pro-inflammatory mediator. Specifically, the release of
HMGBI can exacerbate intracellular oxidative stress and
trigger inflammatory signaling pathways. This heightened
oxidative stress milieu is a well-established activator of
Nrf2, as reactive oxygen species can modify the cysteine
residues of Keapl, leading to its dissociation from Nrf2 and
subsequent Nrf2 nuclear translocation.

Limitations of this study should be noted. Firstly,
our conclusions are primarily based on the KGN cell line,
a human granulosa cell tumor-derived model. Although
KGN cells retain many physiological characteristics and are
widely used in PCOS research, their tumorigenic origin and
immortalized nature may not fully recapitulate the behav-
ior of primary ovarian granulosa cells under physiological
or pathological PCOS conditions. Furthermore, a key lim-
itation of this study is its reliance on an in vitro cellular
model. While this approach was critical for mechanistically
dissecting the HMGB 1/Nrf2/ferroptosis pathway in granu-
losa cells, it does not recapitulate the systemic metabolic
and endocrine complexities of PCOS in vivo. Therefore, the
extrapolation of our findings to the whole organism requires
caution. Future studies employing tissue-specific HMGBI1
knockout mouse models, combined with hormone-induced
PCOS phenotypes, will be indispensable to validate the
physiological and therapeutic relevance of this pathway and
to investigate its interaction with systemic metabolic distur-
bances.

Conclusion

To conclude, deficiency of HMGBI1 enhances im-
paired viability of DHEA-treated GCs and suppresses fer-
roptosis and mitochondrial dysfunction in PCOS through
the Nrf2 activation. These findings help develop reliable
therapeutic clinical strategies for PCOS.
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