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Abstract: Ovarian cancer (OC) frequently develops acquired resistance to traditional anti-tumor treatments, high-
lighting the urgent need for novel therapeutic strategies. This study investigated whether curcumin can induce fer-
roptosis in OC cells through the Nrf2/GPX4 regulation axis, and whether Nrf2 overexpression can confer resistance
to curcumin in OC cells. SK-OV-3 and A2780 cells were treated with curcumin, and the effects on cell viability,
migration, and invasion were evaluated using Cell Counting Kit-8 (CCK-8), wound healing, Transwell assay, and flow
cytometry. Ferroptosis-associated changes were assessed by measuring intracellular Fe?*, malondialdehyde (MDA),
and glutathione (GSH) levels, and protein expression of Nrf2, SLC7A11, and GPX4 was analyzed by Western blot. Ad-
ditionally, Nrf2-overexpressing SK-OV-3 and A2780 cell lines were established for functional evaluation. Our results
demonstrated that curcumin inhibited proliferation, migration, and invasion of SK-OV-3 and A2780 cells in a dose-
dependent manner, while inducing apoptosis and ferroptosis, as evidenced by elevated reactive oxygen species
(ROS), MDA, Fe?* levels, and depletion of GSH. Moreover, curcumin suppressed the Nrf2/GPX4 signaling pathway
in these cells. Conversely, Nrf2 overexpression significantly upregulated the protein levels of SLC7A11 and GPX4
and enhanced the survival, migration, and invasion capabilities of SK-OV-3 and A2780 OC cells. Furthermore, Nrf2
overexpression significantly attenuated curcumin-induced apoptosis and ferroptosis in SK-OV-3 and A2780 cells,
effectively preserving the antioxidant capacity of OC cells. These findings indicate that curcumin exerts anti-tumor
effects in SK-OV-3 and A2780 OC cells by inducing apoptosis and ferroptosis through inhibition of the Nrf2/GPX4
signaling axis. Conversely, overexpression of Nrf2 strengthens the endogenous antioxidant defense system in SK-
0V-3 and A2780 OC cells, contributing to curcumin resistance. Therefore, targeted regulation of the Nrf2/GPX4 sig-
naling axis may represent a promising therapeutic strategy to overcome chemotherapy resistance in ovarian cancer.

Keywords: Ovarian cancer, curcumin, Nrf2/GPX4 axis, ferroptosis, apoptosis, oxidative stress

Introduction tors include genetic predisposition, obesity,

smoking and exposure to talc or pesticides [9],

Ovarian cancer (OC) is a major cause of can-
cer-related death among women worldwide
[1-4]. The five-year survival rate remains low at
29.2%, largely attributable to the anatomical
location of the ovaries and consequent difficul-
ties in early detection [5]. OC is among the
deadliest gynecologic malignancies [6, 7], ac-
counting for an estimated 313,959 new cases
and 207,252 deaths globally in 2020, with inci-
dence continuing to rise alongside increasing
life expectancy [8]. Although the exact patho-
genesis remains unclear, established risk fac-

loss of the p53 tumor suppressor gene (obser-
ved in about 55% of cases), and BRCA muta-
tions [9, 10]. The standard first-line treatment
for OC consists of surgical resection followed by
chemotherapy (e.g., paclitaxel and carboplatin)
[11]. While most patients initially respond well
to treatment, around 70% eventually experi-
ence disease recurrence, often accompanied
by acquired resistance, including cisplatin or
multidrug resistance [12]. Hence, novel treat-
ments are urgently needed to overcome chemo-
resistance and reduce toxicity.
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Curcumin, a natural polyphenolic bioactive
component extracted from the rhizome of
Curcuma longa, has been extensively studied
for its anti-inflammatory, anti-tumor, and anti-
oxidant pharmacological activities [13-18]. Cli-
nical studies have investigated its pharmacoki-
netics, safety, and efficacy across a range of
human diseases [19, 20]. A recent comprehen-
sive review highlighted the role of curcumin in
OC and its modulation of signaling pathways
such as NF-kB, STAT3, and PI3K/AKT/mTOR,
contributing to enhanced chemosensitivity and
reduced drug resistance [21]. Liu et al. showed
that curcumin potentiates the efficacy of pacli-
taxel in OC via the miR-9-5p/BRCA1 signaling
axis [22].

Ferroptosis, a regulated cell death mechanism
driven by iron-dependent lipid peroxidation
[23], has emerged as a promising alternative
to apoptosis, particularly in tumors with dys-
regulated cell death pathways [24-28]. A grow-
ing body of evidence supports the role of cur-
cumin in inducing ferroptosis across various
cancer types [29]. For instance, curcumin trig-
gers both apoptosis and ferroptosis in osteo-
sarcoma cells through modulating the Nrf2/
GPX4 pathway [30], and suppresses breast
cancer tumorigenesis by inducing ferropto-
sis [31]. Importantly, curcumin has also been
shown to induce ferroptosis in OC. For example,
Shi et al. reported that the curcumin derivative
NLO1 induces ferroptosis in OC cells through
HCAR1/MCT1 signaling [32]. Despite these ad-
vancements, the precise mechanisms by which
curcumin exerts cytotoxic effects on ovarian
cancer cells and inhibits chemoresistance re-
main incompletely understood.

In this study, we aimed to investigate whether
curcumin can induce ferroptosis in SK-OV-3
and A2780 ovarian cancer cells through the
Nrf2/GPX4 signaling axis, and to explore the
role of Nrf2 in modulating curcumin sensitivity.
Specifically, we sought to determine the effects
of curcumin on the expression of key ferropto-
sis-related proteins, including SLC7A11 and
GPX4, as well as on intracellular glutathione
levels and lipid peroxidation. Furthermore, we
evaluated whether overexpression of Nrf2 con-
fers resistance to curcumin-induced ferropto-
sis, with the ultimate goal of identifying poten-
tial therapeutic strategies to overcome che-
moresistance in ovarian cancer.
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Materials and methods
Cell lines and drug treatments

Human OC cell lines SK-OV-3 (CL-0215, Procell
system Co., Ltd., Wuhan, China) and A2780
(iCell-h004, Saibokang (Shanghai) Biotech-
nology Co., Ltd., Shanghai, China) were com-
mercially purchased. Cells were cultured in
RPMI-1640 medium (11875127, Thermo Fisher
Scientific) containing antibiotics (100 pg/mL
streptomycin, 100 U/mL penicillin) and 10%
fetal bovine serum (FBS) at 37°C in a humidi-
fied atmosphere containing 5% CO,. Curcumin
(Sigma-Aldrich, St. Louis, MO, USA) was used
to treat SK-OV-3 cells at the concentrations
of 0, 10, 20, and 40 uyM and to A2780 cells at
the concentrations of O, 7.5, 15, and 30 uM for
48 h, based on a previous report [33].

Cell counting Kit-8 (CCK-8) assay

Cell viability following curcumin treatment was
measured using the CCK-8 assay at 24-, 48-,
and 72-h [34]. In brief, cells were seeded at
5x103 cells/well in 96-well plates and allowed
to adhere overnight. Cells were treated with
curcumin at the indicated concentrations for
48 h. Following treatment, 10 uyL of CCK-8
reagent (Dojindo, CKO04-500T, Japan) was
added to each well, and the plates were incu-
bated for 2 h at 37°C. Absorbance at 450 nm
was measured using a microplate reader (Sy-
nergy Him, BioTek, USA), and cell viability was
calculated relative to untreated controls. Each
group of experiment was repeated at least
three times.

Wound healing and Transwell assay

For the wound healing test, cells seeded at
5x10%/well in 6-well plates and cultured to
reach 90% confluence. A scratch was created
using a sterile pipette tip and wound closure
was monitored by capturing images at 0 and 48
h. For the Transwell invasion assay, 8 um pore-
size chamber (Corning Falcon, 353097, USA)
was coated with Matrigel (Corning, 356230,
USA). Cells were suspended in 200 yL serum-
free medium and added to the upper chamber,
while 600 pL of complete medium containing
10% FBS was placed in the lower chamber.
After 24 h incubation, invaded cells were fixed
by 4% paraformaldehyde, stained with 0.5%
crystal violet for 10 min, and visualized under
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Table 1. Specific primers for gPCR

tively. Unstained and single-

Genes Forward

Reverse

stained controls were used

Nrf2 GGTTGCCCACATTCCCAAATC CAAGTGACTGAAACGTAGCCG
GAPDH GGACTCATGACCACAGTCCAT CAGGGATGATGTTCTGGAGAG

for fluorescence compensa-
tion. Intracellular reactive oxy-

an inverted microscope (Olympus IX73, Japan).
The number of invaded cells was quantified
from three randomly selected fields [35].

Transfection and quantitative real-time PCR
(QRT-PCR) assay

Full-length ¢cDNA of human Nrf2 was cloned
into the pLVX-3xFLAG-Puro vector (V013340,
Shanghai Newpu Biotechnology Co., Ltd., China)
to achieve overexpression in SK-OV-3 and
A2780 OC cells. All constructs were verified
by sequencing before use. Plasmid DNA was
transfected using Lipofectamine 3000 (Invit-
rogen, Waltham, USA) according to the manu-
facturer’s instructions.

Total RNA was extracted from SK-OV-3 and
A2780 OC cells using an RNA extraction kit
(TakaRa, TCHO20, Japan), according to the
manufacturer’s instructions. RNA concentra-
tion and purity were detected by NanoDrop
spectrophotometer. cDNAs was then synthe-
sized using a reverse transcription kit (TaKaRa,
RRO47A, Japan), which served as a template
for qRT-PCR. qPCR was conducted in 25 uL
reactions containing cDNA template, gene-spe-
cific primers, and TB Green (TaKaRa, RR420A,
Japan) on an CFX96 Real-Time PCR system.
Amplification conditions were as follows: at
95°C for 30 s, followed by 40 cycles at 95°C
for 5 s and at 60°C for 30 s, with a final melt-
ing curve analysis. All experiments were con-
ducted in at least three biological and techni-
cal replicates. GAPDH was used as an internal
reference gene, and relative gene expression
was calculated using the 222t method. Primer
sequences are listed in Table 1.

Flow cytometry for apoptosis and ROS assess-
ment

Curcumin-induced apoptosis in A2780 and SK-
OV-3 cells was assessed 48 h after treatment
using the Annexin V-FITC Apoptosis Detection
Kit (E-CK-A211, Elabscience, China) following
the manufacturer’s instructions. Cells were
analyzed by flow cytometry (BD FACSMelody,
USA), with Annexin V and Pl used to identify
early apoptotic and late/necrotic cells, respec-
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gen species (ROS) were mea-
sured using a DCFH-DA assay
kit (Dojindo, R252-100T, Japan) in accordance
with the manufacturer’s instructions. Cells from
each group were detected by Flow Cytometry
(BD FACSMelody, USA).

Western blot assay

Cells were lysed in RIPA buffer (Thermo Sci-
entific, 89900, USA) supplemented with a pro-
tease inhibitor cocktail (MCE, HY-KO010, USA).
After centrifugation (12,000xg, 10 min, 4°C),
the supernatant was collected for quantifica-
tion by BCA Protein Assay Kit (Thermo Scientific,
23227, USA). Equal amounts of protein were
separated by SDS-PAGE and transferred onto
PVDF membranes. The membranes were bloc-
ked with 5% skimmed milk (BD, 232100, USA)
for 1 h at room temperature to prevent non-
specific binding, followed by incubation over-
night at 4°C with primary antibodies: Nrf2
(@b62352, 1:1000, Abcam), SLC7A11 (ab3076-
01, 1:1000, Abcam), GPX4 (ab125066, 1:1000,
Abcam), and B-actin (66009-1-Ig, 1:10000,
Proteintech). After washing, the membran-
es were incubated with HRP-conjugated goat-
anti-rabbit IgG secondary antibody (RGAROO1,
1:10000, Proteintech) for 2 h at room tem-
perature. Target proteins were detected using
chemiluminescent reagents (Thermo Fisher,
34577, USA) and visualized with a chemilumi-
nescence imaging system (Alliance Q9 Advan-
ced Manual, Uvitec Limited, Britain). Protein
expression was normalized to B-actin (internal
reference protein).

ELISA analysis

Intracellular Fe?* levels were measured using
the Human Cell Ferrous (Fe?!) Fluorometric
Assay Kit (E-BC-F108, Elabscience Biotech-
nology Co., Ltd., China) according to the manu-
facturer’s protocol.

MDA and GSH detection

Malondialdehyde (MDA) levels were quantifi-
ed using the Lipid Peroxidation MDA Detection
Kit (TBA Colorimetric Method, TO1013, Beijing
Leagene Biotechnology Co., Ltd.) following the
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manufacturer’s protocol. Glutathione (GSH/
GSSQG) levels were measured using ultra-per-
formance liquid chromatography-mass spec-
trometry (UPLC-MS) (UPLC-MS-4487, Shanghai
Liquid Mass Testing Technology Co., Ltd.).

Statistical analysis

All statistical analyses were performed using
GraphPad Prism 8.0.1 software. Data were pre-
sented as mean + SEM. Two-group compari-
sons were conducted using unpaired t-test,
while one-way and two-way repeated measures
analysis of variance (ANOVA) were applied for
multiple group comparisons, followed by Tu-
key’s or Sidak’s post hoc tests as appropriate.
A p-value < 0.05 was considered statistically
significant. All experiments were independently
conducted at least in triplicate.

Results

Curcumin suppressed OC cell proliferation,
migration, and invasion

Curcumin treatment significantly decreased
the viability of SK-OV-3 and A2780 cells in a
dose-dependent manner (Figure 1A, 1B). Si-
milarly, curcumin treatment suppressed the
migration of SK-OV-3 and A2780 cells, with
stronger effects observed at higher doses
(Figure 1C, 1D). Transwell invasion assays fur-
ther confirmed a dose-dependent suppressive
effect of curcumin on the invasive capacity of
SK-0V-3 and A2780 cells (Figure 1E, 1F). These
results indicate that curcumin exerts potent
anti-tumor activity against ovarian cancer cells
through the coordinated suppression of prolif-
eration, migration, and invasion.

Curcumin triggered apoptosis and ferroptotic
pathways in OC cells

As shown by flow cytometry analysis, curcumin
treatment for 48 h induced notable apopto-
sis in SK-OV-3 cells in a dose-dependent man-
ner (Figure 2A, 2B). Additionally, curcumin trig-
gered oxidative stress, as evidenced by a mar-
ked increase in intracellular ROS level (Figure
2C, 2D). ELISA assays further showed that cur-
cumin treatment led to increased Fe?* accumu-
lation (Figure 2E) and elevated MDA levels
(Figure 2F), both of which are key indicators of
iron-dependent lipid peroxidation and ferropto-
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sis. These effects were more pronounced at
higher curcumin concentrations, suggesting a
dose-dependent induction of ferroptosis. More-
over, curcumin significantly reduced intracellu-
lar GSH level in SK-OV-3 cells (Figure 2G), a key
component of the cellular antioxidant defense
system. GSH depletion can lead to an imbal-
ance in redox homeostasis and significantly
increase the cell’s sensitivity to ferroptosis.

Consistent results were observed in A2780
cells. Curcumin treatment significantly increa-
sed A2780 cell apoptosis in a dose-dependent
manner (Figure 2H, 2I), accompanied by elevat-
ed ROS levels, intracellular Fe?* concentration,
and MDA content, while GSH levels was signifi-
cantly decreased (Figure 2J-N). These findings
demonstrate that curcumin effectively induces
apoptosis in SK-OV-3 and A2780 OC cells and
simultaneously activate ferroptosis-related sig-
naling pathways, both in a dose-dependent
manner.

Curcumin downregulated the level of Nrf2/
GPX4 axis in OC cells

To explore the role of Nrf2/GPX4 axis in cur-
cumin-induced ferroptosis, the expression of
key proteins (Nrf2, SLC7A11, and GPX4) was
detected by Western blot. In SK-OV-3 and
A2780 cells, curcumin treatment significantly
inhibited the expression Nrf2, SLC7A11 and
GPX4 protein in dose-dependent manner (Fi-
gure 3A, 3B), suggesting that curcumin can
suppress the Nrf2/GPX4 signaling pathway in
SK-0V-3 and A2780 OC cells.

To further examine the role of the Nrf2/GPX4
axis in OC progression, Nrf2-overexpressing
SK-0OV-3 and A2780 OC cell lines (Nrf2-OE)
were established. qRT-PCR and Western blot
analyses indicated that the mRNA and protein
levels of Nrf2 in the Nrf2-OE cells were signifi-
cantly increased compared with control cells
(Figure 3C-E). In addition, western blot showed
that Nrf2 overexpression notably upregulated
SLC7A11 and GPX4 protein levels in both
SK-OV-3 (Figure 3F) and A2780 cells (Figure
3G).

Nrf2 overexpression increased the prolifera-
tive, migratory, and invasive capabilities of OC
cells

CCK-8 assays revealed that Nrf2 overexpres-
sion notably increased the viability of SK-OV-3
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Figure 1. Curcumin suppressed OC cell proliferation, migration, and invasion. A, B. Cell Counting Kit-8 (CCK-8) as-
say for cell proliferation assessment. C, D. Wound healing assay for cell migration (Scale bar: 200 um, x100). E, F.
Transwell invasion assay for cell invasion (Scale bar: 200 pm, x200). Notes: ****P < 0.0001, ***P < 0.001, **P
<0.01, *P < 0.05.
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Figure 2. Curcumin induced apoptosis and ferroptosis in OC cells. A, B. Flow cytometry analysis of apoptosis in SK-
OV-3 cells. C, D. Intracellular reactive oxygen species (ROS) levels in SK-OV-3 cells detected by flow cytometry. E.
Fe?* levels in SK-OV-3 cells detected by ELISA. F, G. Determination of malondialdehyde (MDA) and glutathione (GSH)
levels in SK-OV-3 cells. H, |. Flow cytometry analysis of apoptosis in A2780 cells. J, K. Flow cytometry analysis of ROS
in A2780 cells. L. Fe?* levels in A2780 cells measured with ELISA. M, N. Detection of MDA and GSH levels in A2780
cells. Notes: ****P < (0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

and A2780 OC cells (Figure 4A, 4B). Wound Nrf2 overexpression inhibited apoptosis, en-
healing assays further showed that Nrf2-OE hanced antioxidant defense, and suppressed
cells exhibited enhanced migration compared ferroptosis in OC cells

with control cells (Figure 4C, 4D). Consistently,

Transwell assays indicated that Nrf2 overex- We further evaluated apoptosis, oxidative st-
pression significantly promoted the invasive- ress, iron homeostasis, and antioxidant capac-
ness of SK-OV-3 and A2780 cells (Figure 4E, ity in SK-OV-3 and A2780 cells. Flow cytometry
4F). Collectively, these results suggest that analysis indicated that Nrf2 overexpression sig-
Nrf2 could promote proliferation, migration and nificantly inhibited apoptosis in SK-OV-3 cells
invasion of SK-OV-3 and A2780 OC cells. (Figure BA, 5B), indicating a role for Nrf2 in pro-
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Figure 3. Effects of curcumin on the expression of Nrf2/GPX4 axis protein. A, B. Western blot analysis of Nrf2,
SLC7A11, GPX4 protein expression in SK-OV-3 and A2780 cells after curcumin treatment. C-E. Effects of Nrf2 over-
expression on the mRNA and protein levels of Nrf2 in SK-OV-3 and A2780 cells detected by gPCR and Western blot.
F, G. Western blot analysis of SLC7A11, GPX4 protein expression in cells with Nrf2 overexpression. Notes: ns is no
significant, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

moting OC cell survival. Consistently, intracel-
lular ROS levels were significantly reduced in
Nrf2 overexpression group (Figure 5C, 5D),
indicating that Nrf2 activation enhanced cellu-
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lar antioxidant defense. Moreover, Nrf2 overex-
pression significantly reduced intracellular Fe2*
and MDA levels in SK-OV-3 cells (Figure 5E, 5F),
suggesting protection against iron overload
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Figure 4. Effects of Nrf2 overexpression on proliferation, migration, and invasion in A2780 and SK-OV-3 cells. A, B.
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200 pm, x100). E, F. Cell migration measured by Transwell invasion assay (Scale bar: 200 um, x200). Notes: ****pP

<0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

and lipid peroxidation. In contrast, GSH levels
were significantly increased in Nrf2 overexpres-
sion group (Figure 5G), suggesting enhanced
antioxidant defense. Consistently, in A2780
cells, Nrf2 overexpression reduced apoptosis
and ROS levels (Figure 5H-K), decreased Fe?*
and MDA content (Figure 5L, 5M), and signifi-
cantly increased GSH levels (Figure 5N). These
findings collectively demonstrate that Nrf2 pro-
tects OC cells against ferroptosis and oxidative
stress.

Nrf2 overexpression attenuated the anti-tumor
effects of curcumin by sustaining the Nrf2/
GPX4 axis in OC cells

WB results showed that after treatment with

curcumin, the level of SLC7A11 and GPX4 in
SK-OV-3 and A2780 cells were significantly
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increased in the Nrf2 overexpression group
compared with the control cells (Figure 6A-C),
suggesting that Nrf2 overexpression impaired
the inhibitory effect of curcumin on Nrf2/GPX4
axis. In addition, CCK-8 assay demonstrated
that Nrf2 overexpression significantly enhanced
the proliferation of SK-OV-3 and A2780 cells
after curcumin treatment (Figure 6D), indicat-
ing that activation of Nrf2/GPX4 axis enhanced
cell vitality of SK-OV-3 and A2780 cells under
curcumin exposure. Meanwhile, Nrf2 overex-
pression significantly enhanced migration and
invasion in SK-OV-3 and A2780 cells after cur-
cumin treatment (Figure 6E-H). These results
collectively demonstrate that Nrf2 overexpres-
sion attenuates the inhibitory effect of curcum-
in on proliferation, migration and invasion of OC
cells via the Nrf2/GPX4 pathway.

Am J Cancer Res 2026;16(5):1729-1744
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Figure 5. Effects of Nrf2 overexpression on apoptosis, ROS production, and oxidative stress markers in A2780 and
SK-0OV-3 cells. A. Flow cytometry analysis of apoptosis in oe-NC and oe-Nrf2 groups. B. Quantification of apoptotic
percentage in SK-OV-3 cells under oe-NC and oe-Nrf2 conditions. C, D. Flow cytometry histograms showing FITC
fluorescence intensity for ROS measurement (blue: oe-NC; red: oe-Nrf2). E-G. Levels of Fe?*, malondialdehyde (MDA)
and glutathione (GSH) levels in SK-OV-3 cells. H-N. Apoptosis, ROS production, Fe?*, MDA, and GSH levels in A2780

cells. Notes: ***P < 0.001, **P < 0.01, *P < 0.05.

Nrf2 overexpression conferred resistance to
curcumin-induced apoptosis, oxidative stress,
and ferroptosis in OC cells

To evaluate the role of Nrf2 in modulating cel-
lular response to curcumin, we measured apop-
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tosis, oxidative stress, iron homeostasis, lipid
peroxidation, and antioxidant capacity in SK-
0OV-3 and A2780 cells transfected with control
(NC-OE) or Nrf2-overexpressing (Nrf2-OE) vec-
tors. Flow cytometry revealed that Nrf2 overex-
pression significantly inhibited curcumin-indu-
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Curcumin induces ferroptosis in OC

A

SLC7AT! i Wl 37 kDa
GPx4 g wl 22kDa
B-actin -- 42 kDa

SK-OV-3

SK-OV-3

L B

I SLo7AT! - 57 o
GPXE | - 2210
pocin S 2 02

w
]

N}
1
[

Relative protein expression of SLC7A11

Relative protein expression of GPX4

2= 1
. % &
gegy o (¥ o ¥
Y & g g
e& < N 0 T T 0 T T 0$ 00&
@) @) N .
x o NC-OE Nrf2-OE NC-OE Nrf2-OE
Cur-40uM Cur-40uM
C é 6 AZZBO $ 8- A2780 D -8~ NC-OE-+Cur-40 pM -e~ NC-OE+Cur-30 uM
a = & : 1.5- % Nrf2-OE+Cur-40 yM 15- -8 Nrf2-OE+Cur-30 uM
‘s s > - R
S < 6 g @ S ° A2780
S 49 @ 2 2 o
1] © ©
17} o > izl > -
9;; g 4 3 1.0 2 1.0
g . £ 2 - 3 o
§ 2 g o) % peve
& il £ 054 2 0.5
2 £ 5 3
= K
% 0- (qr> 0 ['4 o
4 NC-OE Nrf2-OE NC-OE Nrf2-OE
R 0.0 T T T T 0.0 T T T T
Cur-30uM Cur-30uM Oh  24h  48h 72h Oh  24h  48h  72h
E SK-OV-3 g0 SKOV3 F o oo A28
NC-OE+Cur-40 uM  Nrf2-OE+Cur-40 uM » NC-OE+Cur-30 pM  Nrf2-OE+Cur-30 yM L
@ 407 oh o 20
2 2
ke, S
o o
© ©
3 20 i 5 104
= :7" =
0= ] s L 0-
NC-OE Nrf2-OE b [l peia NC-OE Nrf2-OE
Cur-40 uM L= = Cur-30 pM
G s B, SRRl H A2780
= = 500
3 —= ;
3 ) T 3 P o T
& 2 400 _l— i1 S
Q 5 Q « 300
8} % 15} o
. : | ¥ . :
s € 200 s o 200
: foot [ : :
=} =z S z
3 it 100
- 3
o o
M i
8 a T T o 0-
%' NC-OE Nrf2-OE %' NC-OE Nrf2-OE
= Cur-40 uM = Cur-30 uM

Figure 6. Impacts of Nrf2 overexpression on curcumin-mediated regulation of protein expression, cell prolifera-
tion, migration, and invasion. A-C. Western blot analysis of SLC7A11 and GPX4 protein expression in OC cells. D.
Cell proliferation assessed by CCK-8 assay. E, F. Cell migration evaluated by Wound healing assay (Scale bar: 200
um, x100). G, H. Cell invasion measured by Transwell invasion assay (Scale bar: 200 uym, x200). Notes: ****P <

0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

ced apoptosis in SK-OV-3 cells (Figure 7A, 7B),
indicating a protective role of Nrf2 against cur-
cumin-induced cell death. Consistently, flow
cytometry showed that intracellular ROS level
was significantly decreased in Nrf2-OE cells
treated with curcumin (Figure 7C, 7D), suggest-
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ing effective suppression of oxidative stress. In
addition, Nrf2 overexpression notably reduced
both Fe?* and MDA levels in curcumin-treated
SK-0V-3 cells (Figure 7E, 7F), while maintaining
higher GSH levels (Figure 7G), indicating pre-
served antioxidant capacity and enhanced re-
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sistance to oxidative stress. Similar results
were observed in the A2780 cells, where Nrf2
overexpression simultaneously decreased ap-
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optosis, ROS, Fe?*, MDA levels, while increasing
GSH content under curcumin treatment (Figure
7H-N).
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Discussion

Ovarian cancer (OC) is a lethal gynecological
malignancy that poses a major threat to wom-
en’s health [4]. Due to nonspecific symptoms
and limited effective screening tools, over 70%
of cases are diagnosed at advanced stages
[36]. Moreover, OC is prone to metastasis, con-
tributing to high recurrence rates and frequent
development of chemoresistance [37]. Tradi-
tional Chinese Medicine (TCM) holds promise
for cancer therapy, with multiple bioactive com-
ponents known to induce apoptosis in OC cell
via signaling such as PI3K/AKT, Wnt/B-catenin,
STAT3, NF-kB and Nrf2 [38]. In this study, cur-
cumin triggered apoptosis and promoted fer-
roptosis, thereby suppressing the proliferation,
migration, and invasion of OC cells. Mechanisti-
cally, curcumin suppressed the Nrf2/GPX4 sig-
naling pathway, a central regulator of ferropto-
sis and cellular redox homeostasis [39]. Further-
more, Nrf2 overexpression significantly attenu-
ated curcumin-induced ferroptosis and restored
cancer cell survival, migration, and invasion,
suggesting that Nrf2/GPX4 axis is critical medi-
ator of curcumin’s antitumor effects in OC. Im-
portantly, these findings indicate that natural
compounds targeting ferroptosis, such as cur-
cumin, may have therapeutic potential in anti-
tumor treatment, especially in reversing the
clinical challenge of chemotherapy resistance
in ovarian cancer. By elucidating the Nrf2/GPX4
pathway as a central node in curcumin-induced
cell death, this study provides a mechanistic
foundation for developing novel, multi-modal
therapies that leverage both apoptotic and
non-apoptotic cell death pathways in OC.

Accumulating evidence indicate that the natu-
ral compound curcumin has significant anti-
tumor activity and shows potential clinical app-
lication value in the treatment of various malig-
nancies [40-42], including OC [43, 44]. As a
broad-spectrum anticancer agent, this natural
polyphenolic compound can selectively induce
cancer cell death via multiple biological path-
ways while exhibiting minimal toxicity to nor-
mal cells [45]. These pathways include apopto-
sis induction, autophagy modulation, cell cycle
arrest, suppression of metastasis, and anti-
inflammatory effects [46]. Our findings are con-
sistent with previous reports, indicating that
curcumin suppresses tumor growth by indu-
cing apoptosis and oxidative stress [47]. Im-
portantly, our study extended these observa-
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tions by demonstrating that curcumin can also
trigger ferroptosis in OC cells [48]. Tang et al.
reported that curcumin induces ferroptosis in
non-small cell lung cancer, characterized by
iron overload, GSH depletion, and lipid peroxi-
dation, through autophagy activation, thereby
inhibiting tumor cell proliferation [49]. More-
over, Shi et al. demonstrated that the curcumin
derivative NLO1 induces ferroptosis in OC via
the HCAR1/MCT1 signaling pathway [32].

The Nrf2/GPX4 axis has been widely recog-
nized as a key regulator of ferroptosis [50]. For
example, salidroside ameliorates cognitive im-
pairment by suppressing neuronal ferroptosis
through Nrf2/GPX4 activation in mice [51], and
the LuQi formula alleviates cardiomyocyte fer-
roptosis by activating the Nrf2/GPX4 path-
way in heart failure [52]. Our study showed that
curcumin downregulated Nrf2, SLC7A11, and
GPX4 in OC cells, further supporting its role in
sensitizing cancer cells to ferroptosis. Notably,
Nrf2 overexpression restored GPX4 expression
and reversed the antitumor effects of curcum-
in, highlighting that inhibition of the Nrf2/GPX4
axis is essential for curcumin-induced ferropto-
sis.

In addition, conventional therapies primarily
target apoptosis, a pathway commonly impaired
in drug-resistant cancers [53]. The emergence
of ferroptosis has opened new avenues for
overcoming chemoresistance in OC [54]. Our
findings demonstrated that curcumin effective-
ly induced ferroptosis in OC cells, at least partly
through suppressing the Nrf2/GPX4 signaling
axis, positioning ferroptosis induction as a
promising alternative to conventional cytotoxic
therapies. Nrf2 functions as a master regulator
of the antioxidant response, maintaining cellu-
lar redox homeostasis by upregulating antioxi-
dant enzymes GPX4 and cysteine transporters
suchas SLC7A11[55, 56]. For example, kaemp-
ferol activates the Nrf2/SLC7A11/GPX4 signal-
ing pathway to attenuate OGD/R-induced fer-
roptosis [57], and tripterygium glycosides sen-
sitize drug-resistant OC cells to chemotherapy
by triggering NRF2/GPX4-mediated ferroptosis
[58]. While Nrf2 activation is generally cytopro-
tective in normal tissues, its persistent activa-
tion in cancer cells can promote tumor survival
under stress and confer resistance to oxida-
tive damage-inducing agents [59]. Our results
showed that Nrf2 overexpression significantly
reduced ROS and lipid peroxidation level while
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increasing GSH content, thereby counteracting
curcumin-induced oxidative stress and ferrop-
tosis in OC cells. This cytoprotective phenotype
was accompanied by upregulation of down-
stream effectors, including SLC7A11 and GPX4,
which are key components of the glutathione-
dependent antioxidant defense system that
directly neutralize lipid peroxides [60]. Collec-
tively, these results indicate that Nrf2 activa-
tion confers resistance to curcumin in OC cells
by enhancing antioxidant capacity, highlighting
its role as a key determinant of ferroptosis sen-
sitivity in this context [61]. Furthermore, our
data suggest that intrinsic Nrf2 activity within
OC cells acts as a molecular switch controlling
redox balance and therapeutic response to fer-
roptosis inducers such as curcumin. This aligns
with growing evidence that hyperactivation of
the Nrf2 pathway, often caused by mutations in
KEAP1 or Nrf2 itself, contributes to aggressive
cancer phenotypes and treatment resistance
[62, 63]. Therapeutically, our findings suggest
that OC with high Nrf2 activity may resist fer-
roptosis-based treatments, and that combining
curcumin with Nrf2 inhibitors or directly target-
ing downstream effectors such as GPX4 could
enhance ferroptosis and overcome resistance.

This study also has several limitations. First,
the current findings are primarily based on two
OC cell lines, and in vivo validation is needed
to ascertain the antitumor and ferroptosis-
modulating effects of curcumin. Second, the
upstream regulators and downstream effectors
of the Nrf2/GPX4 axis remain to be fully eluci-
dated. Third, assessment using patient-derived
samples and clinical trials is required to estab-
lish clinical relevance. Future research should
aim to identify biomarkers predicting respon-
siveness to curcumin and to develop combina-
tion strategies that co-activate apoptosis and
ferroptosis. Finally, the roles of additional fer-
roptosis regulators, including ACSL4 and FSP1,
warrant further investigation to fully clarify
mechanism underlying curcumin’s effects in
OC.

Conclusion

Curcumin exerts potent antitumor effects on
OC cells by inducing apoptosis and activating
ferroptosis through inhibition of the Nrf2/GPX4
signaling pathway. These findings enhance the
mechanistic understanding of curcumin’s anti-
tumor activity and provide a foundation for
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potential therapeutic strategies targeting fer-
roptosis in ovarian cancer.
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