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Abstract

Background: Ovarian cancer (OC), a lethal gynecological malignancy, frequently develops resistance to cisplatin, which significantly
contributes to chemotherapy failure. Chrysin, a natural flavonoid, has exhibited anti-tumor and chemosensitizing effects, but evidence
specific to OC remains limited. Methods: Parental SKOV3 and CAOV3 cells were treated with chrysin alone to assess cell viability
(cell counting kit-8 (CCK-8) and colony formation assays) and apoptosis (flow cytometry). The synergistic effects of chrysin combined
with cisplatin were evaluated using CCK-8 assays and CompuSyn 1.0 software (ComboSyn, Inc., Paramus, NJ, USA). Subsequently,
two cisplatin-resistant sublines (SKOV3/DDP and CAOV3/DDP) were generated by gradually increasing cisplatin exposure. Changes
in epithelial-mesenchymal transition (EMT) protein levels between parental and resistant cells were compared using Western blotting,
followed by repeated viability (CCK-8), colony formation, Transwell migration, and apoptosis (flow cytometry) assays in resistant lines.
Transcriptome sequencing was performed to identify differentially expressed genes. Additionally, EMT-related proteins (E-cadherin,
N-cadherin, vimentin, and Snail1) and components of the nuclear factor kappa B (NF-κB) pathway (p-P65, P105/P50, p-IKKα/β, and
p-IκBα) were analyzed by Western blotting. A rescue experiment using the NF-κB activator phorbol 12-myristate 13-acetate (PMA)
confirmed the involvement of the NF-κB pathway. Results: Chrysin inhibited proliferation, induced apoptosis, and synergistically
enhanced the efficacy of cisplatin in both parental and cisplatin-resistant OC cells. Mechanistically, chrysin suppressed the NF-κB
pathway, consequently reversing EMT associated with cisplatin resistance. Conclusions: Chrysin synergistically enhances cisplatin
efficacy against OC, including cisplatin-resistant cells, by modulating the NF-κB/EMT pathway. These findings suggest that chrysin
could serve as a promising strategy for overcoming cisplatin resistance and merit clinical investigation.
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1. Introduction

Among female reproductive malignancies, ovarian
cancer (OC) ranks third after cervical and endometrial can-
cers in incidence but leads in mortality [1]. Globally, the
annual incidence of OC is approximately 324,398 cases, re-
sulting in 206,839 deaths [2], and about 80% of patients ini-
tially present at an advanced stage. Among patients with ad-
vanced OC, the initial remission rate reaches approximately
80%; however, nearly three-quarters experience recurrence
within the first two years post-treatment. The 5-year over-
all survival (OS) rate for OC patients is with advanced-stage
OC is only approximately 30%, reflecting a very poor prog-
nosis [3].

The standard initial treatment for OC has traditionally
consisted of surgery combined with systemic chemother-
apy. For patients across all stages (I–IV), global clin-
ical guidelines recommend intravenous platinum-based
chemotherapy as the standard first-line systemic treatment
[4,5]. Approximately 85% of epithelial ovarian carcinoma
patients experience recurrence following initial diagnosis
and frontline platinum therapy, with recurrent disease typi-
cally becoming resistant to subsequent salvage treatments
[6]. Thus, innovative combination therapies capable of
overcoming chemoresistance and enhancing drug sensitiv-
ity represent promising strategies to prevent lethal recur-
rences in OC. Several natural products have been explored
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for this purpose; for example, silymarin has demonstrated
enhanced cytotoxicity of cisplatin (DDP) in OC cells [7].
Similarly, pyrogallol has been reported to increase OC cell
sensitivity to cisplatin [8], and glycyrrhizic acid has exhib-
ited synergistic tumor-suppressive activity with cisplatin in
OC cells [9].

Chrysin (ChR) is a flavonoid compound derived from
Oroxylum indicum, a species belonging to the Bignoniaceae
family. Chemically identified as 5,7-dihydroxyflavone and
also known as chrysine or koine, ChR exhibits a wide range
of pharmacological activities. Accumulating evidence has
demonstrated that ChR possesses multiple biological prop-
erties, including antioxidant, antitumor, antibacterial, and
antidiabetic effects, and it is commercially marketed as a
dietary supplement [10,11,12,13]. Moreover, ChR has been
shown to have anticancer activity against various malignan-
cies, including cervical cancer [14], bladder cancer [15],
prostate cancer [16], and colorectal cancer [17]. Notably,
ChR-induced suppression of the PI3K/AKT signaling path-
way triggers ferroptosis in tumor cells, enhancing renal can-
cer cell sensitivity to sunitinib [18]. Although these find-
ings underscore its potential in clinical combination thera-
pies, research investigating the role of ChR in OC chemore-
sistance remains limited.

Our previous study reported synergistic anticancer
activity when ChR was combined with pyrotinib against
HER2-positive breast cancer [19]. Additionally, ChR
was found to enhance tamoxifen efficacy in breast can-
cer cells, indicating broader potential as a chemosensitizer
[20]. Thus, we hypothesized that it might exhibit a sim-
ilar chemosensitizing effect in combination with DDP in
cisplatin-resistant OC. The present study aimed to investi-
gate whether ChR reverses cisplatin resistance in OC cells
and to elucidate the underlying molecular mechanisms,
with particular emphasis on epithelial-mesenchymal tran-
sition (EMT) and the NF-κB signaling pathway.

2. Materials and Methods
2.1 Reagents and Antibodies

Chrysin (ChR; cat. no. JOT-1005; Pufei, Chengdu,
Sichuan, China) has the chemical formula C15H10O4, a
molecular weight of 254.24 g/mol, and a purity of 99.24%.
Cisplatin (DDP; cat. no. HY-17394; MedChemExpress,
Shanghai, China) was purchased from MedChemExpress.
Phorbol 12-myristate 13-acetate (PMA; cat. no. GN10444;
GIPBio, Shanghai, China) was acquired from GIPBio. The
cell counting kit-8 (CCK-8; cat. no. VC5001L; VICMED,
Xuzhou, Jiangsu, China) was used for cell viability assays.
The antibodies used for Western blot (WB) analysis were
as follows: E-cadherin (cat. no. 20874-1-AP; Protein-
tech, Wuhan, Hubei, China; 1:1000), N-cadherin (cat. no.
22018-1-AP; Proteintech, Wuhan, Hubei, China; 1:2000),
Vimentin (cat. no. BF8006; Affinity Biosciences, Jiangsu,
China; 1:1000), Snail1 (cat. no. 13099-1-AP; Proteintech,
Wuhan, Hubei, China; 1:2000), Twist1 (cat. no. 25465-

1-AP; Proteintech, Wuhan, Hubei, China; 1:2000), p-IκBα
(Ser32/36) (cat. no. WL02495; Wanleibio, Shenyang,
Liaoning, China; 1:1000), p-IKKα/β (cat. no. WLA0347;
Wanleibio, Shenyang, Liaoning, China; 1:1000), P105/P50
(cat. no. WL01866; Wanleibio, Shenyang, Liaoning,
China; 1:1000), p-P65 (cat. no. WL02469; Wanleibio,
Shenyang, Liaoning, China; 1:1000), multidrug resistance
protein 1 (MDR1)/P-glycoprotein (cat. no. WL02395;
Wanleibio, Shenyang, Liaoning, China; 1:1000), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cat.
no. HRP-60004; Proteintech, Wuhan, Hubei, China;
1:10,000). HRP-conjugated goat anti-rabbit IgG (cat. no.
RGAR001; Proteintech, Wuhan, Hubei, China) and HRP-
conjugated goat anti-mouse IgG (cat. no. RGAM001; Pro-
teintech, Wuhan, Hubei, China) as secondary antibodies.

2.2 Cell Culture

SKOV3 (human ovarian cancer cell line), CAOV3
(human ovarian adenocarcinoma cell line), and IOSE80
(human normal ovarian epithelial) cells were originally
sourced from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). SKOV3 and CAOV3 were
maintained in Dulbecco’s modified Eagle medium (cat. no.
KGL1206, Kaiji, Nanjing, Jiangsu, China) with 10% fe-
tal bovine serum (Vazyme, China, F101-01), while IOSE80
was cultured in RPMI 1640 medium (cat. no. KGL1501-
500, Kaiji, Nanjing, Jiangsu, China) with 10% fetal bovine
serum (cat. no. F101-01, Vazyme, Nanjing, Jiangsu,
China). To maintain all cell lines, we used a 5% CO2 hu-
midified atmosphere and a temperature of 37 °C. All cell
lines have been authenticated by short tandem repeat (STR)
analysis. Routinemycoplasma detectionwas performed be-
fore experiments, and all cells were confirmed to be nega-
tive for mycoplasma contamination to ensure the quality of
cells used in the study.

Cisplatin-resistant sublines were established by con-
tinuously exposing SKOV3 and CAOV3 to gradually in-
creasing cisplatin concentrations. The initial cisplatin con-
centration was 1 μg/mL and was gradually increased to 15
μg/mL throughout a 9-month period. At each step, cells
were maintained at a given concentration for at least two
passages before the concentration was increased, provided
that cell growth returned to normal. After reaching the fi-
nal concentration (15 μg/mL), the resistant cells (designated
SKOV3/DDP and CAOV3/DDP, i.e., the cisplatin-resistant
SKOV3 and CAOV3 cell lines, respectively) were grown
in culture medium containing 2 μg/mL cisplatin to sustain
the resistant phenotype.

2.3 Human Tissues and Immunohistochemistry (IHC)

Human OC tissues and non-tumor tissues were pro-
cured from the Affiliated Hospital of Xuzhou Medical Uni-
versity between June 2025 and November 2025. This re-
search was carried out in accordance with government reg-
ulations and the Declaration of Helsinki. Human tissue IHC
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staining was done by Wuhan Servicebio Technology Co.,
Ltd. (Wuhan, Hubei, China). The tissues were fixed in 10%
paraformaldehyde (cat. no. VIH100; VICMED, Xuzhou,
Jiangsu, China). 4‑μm thick sections were cut from the re-
sulting paraffin blocks. After antigen retrieval, the primary
antibody was applied to the sections, which were then kept
at 4 °C overnight. The next day, they were exposed to a sec-
ondary antibody, then stained with chromogen and hema-
toxylin, and finally viewed under a light microscope. Two
independent pathologists scored the IHC results using the
H‑score method, as described previously [21].

2.4 Cell Viability Assays

Viability of both drug-treated and control OC cells
was quantified by CCK-8 (cat. no. VC5001L; VICMED,
Xuzhou, Jiangsu, China) colorimetry. Briefly, cells were
plated at a density of 5 × 103 cells per well in 96‑well plates,
followed by a 24-hour incubation to allow cell adhesion.
To assess drug effects, cells were incubated with the speci-
fied concentrations for 24, 48, or 72 h. After this exposure,
CCK-8 reagent was introduced into each well. The mix-
ture was further kept for 2 h under the conditions of 37 °C
in a 5% CO2 atmosphere in the dark. Absorbance at 450
nm was subsequently determined with a microplate reader
(YOMim UReader-Eyes, Hangzhou, Zhejiang, China).

2.5 Colony Formation Assays

Each well of the 6‑well plates received 1000 cells,
which were then cultured at 37 °C for 10 days. Culture
ended when colonies contained at least 50 cells. Follow-
ing medium aspiration, cultures were rinsed three times
with PBS, subjected to fixation with 4% paraformalde-
hyde for 10 min, and counterstained with 0.1% crystal vi-
olet (cat. no. G1014-50ML; Servicebio, Wuhan, Hubei,
China) for 15 min. Following mild rinsing and natural
drying at room temperature, microscopic imaging was per-
formed, and colony numbers were quantified with ImageJ
1.52v software (National Institutes of Health, Bethesda,
MD, USA).

2.6 Flow Cytometric Analysis of Apoptosis

2 × 105 cells/well were inoculated into 6-well plates
and maintained overnight under standard conditions. Cells
were exposed to the indicated drug concentrations for 48
h, digested with EDTA-free trypsin (cat. no. C100C1;
NCM Biotech, Suzhou, Jiangsu, China), and labeled us-
ing Annexin V-FITC/PI Apoptosis Detection Kit (cat. no.
KGA1102; Kaiji, Jiangsu, China) following the manufac-
turer’s protocol. A flow cytometer (BD LSRFortessa; BD
Biosciences, San Jose, CA, USA) was employed for sample
analysis. Early apoptotic cells were defined as Annexin V-
FITC-positive/PI-negative, late apoptotic cells as Annexin
V-FITC-positive/PI-positive, and total apoptosis was calcu-
lated as the sum of early and late apoptotic cells.

2.7 CompuSyn Analysis

To evaluate synergistic, additive, or antagonistic inter-
actions between ChR and DDP, CompuSyn 1.0 was used to
calculate the combination index (CI). Dose-effect curves,
CI plots, and isobolograms were generated. Data from
the cell viability assays were used for CompuSyn analysis
[22,23,24]. The core principle of CompuSyn lies in calcu-
lating the CI for each drug combination, which serves as a
quantitative measure to assess the strength of drug-drug in-
teractions at a specified effect level (e.g., fraction of cells
affected). In essence, a combination index below unity im-
plies synergistic action, unity itself signifies additivity, and
values exceeding unity denote antagonism.

2.8 WB Analysis

After treatment with different concentrations of ChR
or DDP, total cellular protein was extracted using RIPA ly-
sis buffer (cat. no. P0013; Beyotime, Shanghai, China)
supplemented with protease inhibitors and phosphatase in-
hibitors. Protein concentrations were quantified with a
BCA kit (cat. no. KGB2101-5000; Kaiji, Nanjing, Jiangsu,
China). Equivalent amounts of protein underwent SDS-
PAGE and were then transferred to PVDF membranes (cat.
no. ISEQ00010; Millipore, Burlington, MA, USA). The
membranes were blocked for 1 hour at room temperature
with 5% skim milk. The membranes were incubated with
primary antibodies overnight at 4 °C. Afterward, unbound
antibodies were removed by washing with TBST. The sam-
ples were subsequently probed with secondary antibodies
for 1 h at room temperature. ECL substrate (cat. no.
KGC4602-500; Kaiji, Nanjing, Jiangsu, China) was em-
ployed to detect target protein signals, which were then
acquired using a Bio-Rad documentation system. ImageJ
software was used to process and analyze the protein gray
value.

2.9 Migration and Invasion Assays

Transwell chambers were pre‑coated with Matrigel
(cat. no. HY-K6001; MedChemExpress, Shanghai, China)
diluted 1:5 in serum‑free medium, then kept at 37 °C for 5 h
for invasion assays. Cells in log phase were collected. The
final working concentration was set at 2 × 105 cells/mL by
diluting the cells in basal medium devoid of serum. 200 μL
of cell suspension was added to the upper chamber for both
migration and invasion assays. For the lower chamber, 600
μL of complete medium with different drug concentrations
was added. Migration assays ran for 24 hours, while inva-
sion assays ran for 48 hours. After that, fixation was done
with 4% paraformaldehyde for 15 min, followed by three
PBS washes, a 15‑min crystal violet stain, and a final rinse
with distilled water. The non‑migrated cells remaining on
the upper membrane surface were gently wiped off with a
cotton swab. Then, the samples were photographed under
a microscope.
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2.10 Transcriptomic Profiling by RNA-Seq
Total RNA was isolated using TRIzol® reagent (cat.

no. 15596026CN; Invitrogen, Carlsbad, CA, USA) fol-
lowing the manufacturer’s instructions; RNA-Seq library
construction and sequencing were performed by Shang-
hai Majorbio Biopharm Technology Co., Ltd. (Shang-
hai, China). RNA integrity was assessed via Agilent 5300
Bioanalyzer analysis (Agilent Technologies, Santa Clara,
CA, USA), and concentrations were determined by Nan-
oDrop 2000 spectrophotometry (Thermo Fisher Scientific,
Waltham,MA,USA). All procedures fromRNAprocessing
to sequencing adhered to Illumina standard protocols (San
Diego, CA, USA). The RNA-Seq transcriptome library was
constructed using the Illumina® Stranded mRNA Prep Lig-
ation kit with 1 μg of total RNA. Briefly, mRNA was iso-
lated using oligo(dT) beads based on polyA selection, then
fragmented with the fragmentation buffer. Double-stranded
cDNAwas generated using the SuperScript system (Invitro-
gen, CA) with random hexamer primers (Illumina). The re-
sulting products subsequently underwent end-repair, phos-
phorylation, and A-tailing per the Illumina library construc-
tion protocol. Fragments of ~300 bp were enriched by gel
extraction on 2% Low Range Ultra Agarose and subjected
to 15 cycles of PCR using Phusion DNA polymerase (New
England Biolabs, Ipswich, MA, USA). The libraries were
finally sequenced with 150 bp paired-end reads. Raw se-
quencing datawere processed using FastQC for quality con-
trol, and adapter sequences and low-quality reads were re-
moved using Trimmomatic.

Differential expression analysis (DEGs) between
drug-resistant sublines (SKOV3/DDP and CAOV3/DDP)
and their drug-naïve counterparts (SKOV3 and CAOV3)
was conducted using DESeq2 (version 1.48.1), with sig-
nificant DEGs defined as |log2FC| ≥ 1 and false discov-
ery rate (FDR) ≤0.05. Upregulated DEGs (log2FC ≥1)
and downregulated DEGs (log2FC≤–1) were analyzed sep-
arately. Pathway enrichment analysis was primarily per-
formed on upregulated DEGs to identify activated signaling
pathways associated with cisplatin resistance, unless other-
wise specified. KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway enrichment elucidated functional impli-
cations. Comprehensive gene sets are documented in Sup-
plementary Table 1; raw signatures remain accessible to
qualified researchers upon solicitation.

2.11 Survival Analysis
Survival information was retrieved from the Kaplan-

Meier Plotter database (https://www.kmplot.com), which
compiles gene expression and clinical datasets from public
databases such as Gene Expression Omnibus (GEO), Eu-
ropean Genome-phenome Archive (EGA), and The Cancer
Genome Atlas (TCGA). Overall survival (OS) was calcu-
lated from the time of initial diagnosis to the time of all-
cause death. Progression-free survival (PFS) was measured
from diagnosis until the earliest occurrence of disease pro-

gression or all-cause mortality. In the KM Plotter database,
PFS data are not available for all patients due to incom-
plete imaging follow-up; therefore, the evaluable sample
size for PFS (n = 1435) is smaller than that for OS. The
median expression of the target gene was used to classify
patients. Survival curves were constructed using the KM
Plotter web interface, and between-group differences were
assessed with the log-rank test.

2.12 Statistical Analysis
Every assay was executed in at least three indepen-

dent replicates. We analyzed the data statistically in Graph-
Pad Prism (v10.1.2; GraphPad Software, Boston, MA,
USA) and R (v4.2.2; R Foundation for Statistical Comput-
ing, Vienna, Austria). Dichotomous comparisons utilized
unpaired two-tailed Student’s t-tests; for polychotomous
datasets, one-way ANOVA was implemented with subse-
quent Tukey’s HSD adjustment. Significance was declared
at p < 0.05.

3. Results
3.1 ChR Suppresses the Proliferation of SKOV3 and
CAOV3 OC Cells

ChR is a flavonoid compound with a well-defined
chemical structure, as illustrated in Fig. 1A. To elucidate
how ChR influences OC cell behavior, we performed CCK-
8 assays to assess its effect on the viability of SKOV3
and CAOV3 cells. We found that the inhibition of OC
cell viability escalated as ChR concentration increased and
treatment time lengthened, indicating that ChR exerts an
anti‑viability effect on OC cells (Fig. 1B,C).

Half-maximal inhibitory concentration (IC50) were
determined for ChR against SKOV3 and CAOV3 cells
across a 24–72 h time course. IC50 estimates at individ-
ual time points are provided in Supplementary Table 2.
Notably, prolonged exposure reduced ChR IC50 values, in-
dicating time-dependent potency enhancement. ChR inhib-
ited cell viability in both cell lines. Furthermore, the results
shown in Fig. 1D indicated that the clonogenic capacity of
OC cells was gradually reduced with increasing ChR con-
centrations.

Apoptosis assays were performed to determine
whether ChR exerts a proapoptotic effect on OC cells and to
further elucidate the mechanisms underlying its anticancer
activity. We simultaneously labeled CAOV3 cells with An-
nexin V-FITC and PI and quantified apoptotic fractions on
a BD Fortessa platform. The levels of apoptotic cells were
highest in the group culturedwith 60 μmol/LChR (Fig. 1E).
These findings demonstrate that ChR treatment promotes
apoptosis in OC cells, supporting the notion that apopto-
sis induction may be one of the mechanisms underlying its
anticancer efficacy.
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Fig. 1. ChR represses proliferation and promotes apoptosis in OC cells. (A) The molecular architecture of ChR. (B) SKOV3 and
(C) CAOV3 cells were challenged with escalating ChR doses for 24, 48, and 72 h prior to the CCK-8 assay. (D) Clonogenic potential
was evaluated by colony formation assay. (E) Apoptotic fractions in CAOV3 cultures following ChR challenge were determined by flow
cytometry. n = 3, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. ChR, chrysin; OC, ovarian cancer; SKOV3, human ovarian
cancer cell line; CAOV3, human ovarian adenocarcinoma cell line; CCK-8, cell counting kit-8.
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Fig. 2. Effects of ChR and DDP, either individually or in combination, on SKOV3 cell viability. (A) SKOV3 cells were exposed to
DDP alone or in combination with 20 μmol/L ChR for 48 h prior to the CCK-8 assay. (B–D) Synergy parameters generated by CompuSyn:
(B) dose–effect curves, (C) combination index (CI) plots, and (D) isobolograms. Comb3: DDP combined with 20 μmol/L ChR. n = 3,
*p < 0.05; ***p < 0.001; ****p < 0.0001. DDP, cisplatin; Fa, Fraction of cells affected by combination therapy.

3.2 ChR and DDP in Combination Suppress the
Proliferation of Ovarian Cancer Cells

Whenwe treated SKOV3 cells with ChR together with
DDP, the combination caused a clear drop in viability. As
shown in Fig. 2A, co-treatment with 20 μmol/L ChR and
gradient concentrations of DDP for 48 h significantly en-
hanced the inhibition of SKOV3 cell viability.

CompuSyn analysis revealed a dose-dependent in-
hibitory pattern for ChR monotherapy, DDP monotherapy,
and their combination, with inhibition rates increasing as
drug doses increased (Fig. 2B). Combination index plots
and isobolograms further verified the synergistic inhibitory
effect of the co-treatment (Fig. 2C,D). Furthermore, we
investigated the antiproliferative activity in SKOV3 cells
treated with 10, 15, or 25 μmol/L ChR in combination with
different concentrations of DDP (Supplementary Fig. 1).
The corresponding dose-effect curves, combination index
plots, and isobolograms all demonstrated limited synergis-
tic enhancement at these ChR concentrations.

Collectively, these findings confirm that ChR acts syn-
ergistically with DDP to inhibit SKOV3 cell proliferation,
with the combination containing 20 μmol/L ChR exerting
the most pronounced effect.

3.3 ChR and DDP Synergistically Inhibit the Proliferation
of OC Cells

To gain insight into the synergistic potential of the
ChR-DDP combination, we used CompuSyn software (ver-
sion 1.0) to characterize their synergistic or antagonistic ef-
fects. CompuSyn is widely used to calculate the CI, where
CI <1 indicates synergism, CI = 1 indicates an additive ef-
fect, and CI >1 indicates antagonism. We summarize the
combined effects of ChR and DDP on SKOV3 cells in Ta-
ble 1. Synergism was observed in most ChR-DDP combi-
nations. The strongest synergistic effect was observed at 20
μmol/L ChR combined with 8 μg/mL DDP (CI = 0.5557).
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Table 1. Fa and CI data for ChR-DDP combinations in
SKOV3 cells.

Cisplatin
(μg/mL)

Chrysin
(μmol/L)

Fa CI Conclusion

4 10 0.3680 0.7715 Synergism
4 15 0.3458 1.0221 Antagonism
4 20 0.4801 0.5884 Synergism
4 25 0.3632 1.2129 Antagonism
4 30 0.4626 0.7743 Synergism
8 10 0.5421 0.6567 Synergism
8 15 0.4399 1.0326 Antagonism
8 20 0.6126 0.5557 Synergism
8 25 0.4997 0.9190 Synergism
8 30 0.5748 0.7041 Synergism
16 10 0.6482 0.8624 Synergism
16 15 0.5809 1.1150 Antagonism
16 20 0.7192 0.6816 Synergism
16 25 0.6579 0.8808 Synergism
16 30 0.7156 0.7112 Synergism
Fa, Fraction of cells affected by combination therapy; CI, Combi-
nation index.

3.4 Cisplatin-Resistant Cell Lines Are Established, and
Resistance-Associated Proteins Are Expressed

We established SKOV3/DDP and CAOV3/DDP by
gradually raising DDP concentrations in the culture
medium until the cells stably tolerated doses up to 15
μg/mL. To validate the cisplatin-resistant phenotype of
SKOV3/DDP and CAOV3/DDP cells, CCK-8 assays were
performed. Cell viability curves clearly distinguished the
parental cells from their resistant sublines (Fig. 3A–D). The
resistance index (RI), calculated from the IC50 values, is
provided in Supplementary Table 3. SKOV3/DDP cells
exhibited a substantially higher RI of 8.14 compared with
the CAOV3/DDP cells, which showed an RI of 4.45.

A large body of evidence has shown that upregulation
of multidrug resistance protein 1 (MDR1) commonly de-
creases the intracellular accumulation of chemotherapeutic
agents in tumor cells, thereby driving the development of
drug resistance. Moreover, multiple research findings have
confirmed abnormal MDR1 overexpression in cisplatin-
resistant cancer cell lines [25,26,27,28]. Therefore, WB
analysis was performed to detect MDR1 protein expression
(Fig. 3E, Supplementary Fig. 2A,B), affirming the stable
chemoresistant phenotype of these DDP-adapted OC cell
lines.

As reported in the literature [29,30,31,32,33,34], EMT
serves as a pivotal regulator of chemoresistance. We sub-
sequently examined the expression profiles of EMT-related
proteins in both parental and resistant cell lines. Our data
demonstrated that, compared with their parental counter-
parts, the cisplatin-resistant cells exhibited marked upregu-
lation of the mesenchymal markers N-cadherin, vimentin,
and Snail1, accompanied by downregulation of the ep-

ithelial marker E-cadherin (Fig. 3F, Supplementary Fig.
2C,D).

3.5 ChR Overcame Chemotherapy Resistance in OC Cells

Our experimental data demonstrated that ChR treat-
ment, particularly when combined with DDP, markedly
impaired SKOV3/DDP and CAOV3/DDP cell viability
(Fig. 4A,B). Meanwhile, ChR substantially suppressed
the colony-forming capacity of these cells, and the com-
bination showed enhanced inhibitory effects (Fig. 4C–
E). In addition, ChR potently inhibited the invasive and
migratory capabilities of the cells in vitro, the combina-
tion regimen demonstrated significantly enhanced efficacy
compared with single-agent treatments in the monotherapy
group (Fig. 4F–I). Flow cytometry also showed that ChR
triggered apoptosis of cancer cells. The pro-apoptotic activ-
ity was further augmented when ChR was combined with
DDP (Fig. 4J). Although combination treatment induced
only a moderate increase in apoptosis, the marked suppres-
sion of cell proliferation and colony formation suggests the
involvement of other, as yet unclear, mechanisms in the
chemosensitizing activity of ChR.

3.6 ChR Inhibits EMT Progression in Cisplatin-Resistant
OC Cells

To investigate whether ChR inhibits metastasis of
cisplatin-resistant OC cells by reversing EMT, total RNA
was extracted to construct sequencing libraries and per-
form RNA-Seq analysis. Comparative analysis between
parental and cisplatin-resistant cells identified distinct tran-
scriptional profiles. We identified DEGs that were upreg-
ulated in resistant cells when contrasted with their parental
counterparts, i.e., low in parental cells and high in resis-
tant cells. Pathway enrichment analysis was then performed
on these DEGs to reveal signaling pathways linked to cis-
platin resistance. Overexpressed transcript sets exhibited
prominent enrichment within EMT, bladder cancer, and
pathogenic Escherichia coli infection modules (Fig. 5A).
Concordantly, KEGG pathway mapping demonstrated that
elevated transcripts in DDP-resistant cells converged on
EMT, focal adhesion, and TGF-β signaling axes (Fig. 5B).

We next examined whether ChR could reverse these
EMT-related changes. Western blot analysis was employed
to assess EMT-related proteins in cisplatin-resistant OC
cells. As shown in Fig. 5C and Supplementary Fig. 2E
for SKOV3/DDP cells, Chrysin monotherapy exerted no
significant effects on the expression levels of N-cadherin,
E-cadherin, Vimentin and Snail1. DDP alone upregu-
lated E-cadherin and downregulated N-cadherin, Vimentin,
and Snail1. The ChR + DDP combination produced the
strongest EMT reversal: increased E-cadherin (vs. NC,
ChR, and DDP) and suppressed N-cadherin, Vimentin, and
Snail1.

In CAOV3/DDP cells (Fig. 5D, Supplementary Fig.
2F), ChR alone similarly had no significant effect on N-
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Fig. 3. Establishment of cisplatin-refractory SKOV3/DDP and CAOV3/DDP sublines alongside EMT marker profiling. (A–
D) Cell viability of parental and cisplatin-resistant cell lines as determined by CCK-8 assay. (E) Immunoblot detection of MDR1/P-
glycoprotein in SKOV3/CAOV3 parental and cisplatin-resistant counterparts. (F) EMT-associated protein expression (epithelial and
mesenchymal markers) in naive versus resistant OC cell lines by WB. n = 3, **p < 0.01; ****p < 0.0001. IC50, half-maximal inhibitory
concentration; MDR1, multidrug resistance protein 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SKOV3/DDP, cisplatin-
resistant SKOV3 cell line; CAOV3/DDP, cisplatin-resistant CAOV3 cell line; EMT, epithelial-mesenchymal transition; WB, Western
blot.

cadherin, E-cadherin, Vimentin and Snail1. DDP alone up-
regulated E-cadherin and down-regulated N-cadherin, Vi-
mentin and Snail1 significantly. The combination again
strongly reversed EMT: E-cadherin up-regulation (vs. NC,

ChR, and DDP) and N-cadherin/Vimentin/Snail1 suppres-
sion. Together, these findings indicate that ChR augmented
DDP-mediated EMT suppression in cisplatin-resistant OC
cells.
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Fig. 4. ChR overcomes chemotherapy resistance in OC cells. (A,B) Viability of SKOV3/DDP and CAOV3/DDP cells after ChR,
DDP, or their combination, measured by CCK‑8 assays. (C–E) Colony formation of resistant cells treated under the same drug conditions.
(F–I) Migration and invasion of drug‑exposed SKOV3/DDP and CAOV3/DDP cells assessed by Transwell assays. Scale bar = 100 μm.
(J) Apoptosis rates in resistant cells treated with ChR alone or ChR + DDP, determined by flow cytometry. n = 3, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001; ns, not significant; NC, negative control.

Twist1 is an important transcription factor in EMT.
We first detected Twist1 expression in IOSE80 and OC cell
lines and observed that Twist1 was significantly upregu-
lated in cancer cells (Fig. 6A). In the cisplatin-resistant
sublines, Twist1 expression was further elevated compared
with their parental counterparts, suggesting an association
between Twist1 upregulation and cisplatin resistance (Fig.
6B). Patient tissue samples supported that Twist1 expres-

sion was markedly elevated in OC tissues relative to non-
malignant tissues (Fig. 6C,D). Elevated Twist1 expres-
sion predicted inferior OS and PFS in OC patients (Kaplan-
Meier analysis, Fig. 6E), suggesting its potential as an unfa-
vorable prognostic biomarker. Furthermore, ChR, as a sin-
gle agent or together with DDP, reduced Twist1 expression
in cisplatin-resistant OC cells. The ChR + DDP combina-
tion exerted superior Twist1-suppressive effects compared

9
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Fig. 5. ChR reverses DDP resistance in OC by inhibiting EMT. (A) Enriched pathways analysis of the different genes. (B)
KEGG pathway enrichment analysis of the genes ranked by adjusted p-values. (C) WB analysis of EMT-related protein expression
in SKOV3/DDP cells. (D) WB analysis of EMT-related protein expression in CAOV3/DDP cells. n = 3. KEGG, Kyoto Encyclopedia
of Genes and Genomes.

with either monotherapy (Fig. 6F,G). These findings sug-
gest that ChR may attenuate DDP resistance and metastatic
potential in OC cells by suppressing Twist1-mediated EMT,
with further enhanced efficacy upon co-administration with
DDP.

3.7 ChR Reverses DDP Resistance by Suppressing the
NF-κB/Twist1 Signaling Pathway

Numerous studies have demonstrated that ChR exerts
its biological effects through modulation of the NF-κB sig-
naling pathway [35,36,37,38,39]. To investigate the effects
of ChR and DDP on NF-κB signaling in cisplatin-resistant
OC cells, key pathway-related proteins were examined by
WB analysis. In SKOV3/DDP cells (Fig. 7A and Supple-
mentary Fig. 2G), neither ChR nor DDP alone altered the
levels of P105/P50, p-IKKα/β or p-P65 compared with the
NC group, while DDP monotherapy only slightly reduced
p-IκBα. In contrast, the combination of ChR and DDP
markedly downregulated all four NF-κB-related proteins,
exhibiting significantly stronger inhibitory effects than ei-
ther monotherapy.

Similar results were observed in CAOV3/DDP cells
(Fig. 7B and Supplementary Fig. 2H). ChR alone exerted
no obvious effects on P105/P50, p-IKKα/β and p-P65, and
only significantly suppressed p-IκBα. DDP monotherapy

decreased p-IKKα/β, p-P65 and p-IκBα, but had no effect
on P105/P50. Notably, combined treatment potently inhib-
ited all four proteins, and its efficacy was significantly bet-
ter than that of every single agent.

To determine whether ChR regulates EMT through the
NF-κB pathway, PMAwas employed to stimulate signaling
pathways, including NF-κB. WB analysis in SKOV3/DDP
cells showed that Twist1 expression was markedly reduced
in the combination group, whereas PMA treatment signif-
icantly increased Twist1 expression (Fig. 7C and Supple-
mentary Fig. 2I) and partially reversed the EMT-inhibitory
effect of the combination therapy (Fig. 7D and Supplemen-
tary Fig. 2J). Moreover, PMA administration counteracted
the suppressive effects induced by combined ChR and DDP
treatment, as evidenced by reduced growth-inhibitory effi-
cacy (Fig. 7E) and enhanced colony-forming capacity (Fig.
7F,G).

However, PMA is a broad-spectrum agonist that is not
entirely specific to NF-κB; therefore, the above results pro-
vide supportive evidence for the involvement of the NF-κB
pathway rather than demonstrating exclusive dependence.
Overall, these findings indicate that ChR can help reverse
cisplatin resistance in ovarian cancer cells, at least in part,
by blocking EMT, which it achieves by suppressing the NF-
κB/Twist1 signaling pathway.
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Fig. 6. Twist1 is upregulated in cisplatin-resistantOC, correlates with poor prognosis, and responds to cisplatin treatment. (A) Im-
munoblot detection of Twist1 in IOSE80 andOC cell lines. (B) Twist1 protein levels in parental versus cisplatin‑resistant SKOV3/CAOV3
cells. (C) Representative IHC staining and H‑score of Twist1 in OC specimens compared with non‑malignant ovarian tissues. Scale bar:
200 μm (upper), 100 μm (lower). (D) WB analysis of Twist1 expression in OC tissues and non-tumorous ovarian tissues. “M” indicates
the protein marker. (E) Kaplan-Meier survival curves demonstrated that high Twist1 expression was significantly correlated with overall
survival (OS) and progression-free survival (PFS) in OC patients. (F) WB analysis of Twist1 expression in SKOV3/DDP cell under the
indicated treatments. (G)WB analysis of Twist1 expression in CAOV3/DDP cells under the indicated treatments. Cell-based experiments
were performed with n = 3 independent replicates.*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. IHC, immunohistochemistry.

4. Discussion
Cisplatin resistance remains a major clinical problem

in OC treatment. Here, we explored the ability of ChR to
reverse cisplatin resistance in OC cells. Our findings indi-
cate that ChR inhibits cell proliferation, induces apoptosis,
and works synergistically with cisplatin at specific concen-
trations. These effects are associated with suppression of
the NF-κB/Twist1/EMT pathway.

While ChR is known to possess antitumor effects,
whether it can reverse DDP resistance in OC remains
largely unknown. Here, we associate ChR with the NF‑κB

pathway and Twist1, suggesting a potential mechanism un-
derlying chrysin‑induced chemosensitization. For exam-
ple, shikonin was shown to synergize with cisplatin in ovar-
ian cancer cells through ferroptosis induction [40]. Our
findings demonstrate that this natural flavonoid exerts po-
tent anti-ovarian cancer activity in vitro and enhances DDP
efficacy, at least in part, by inhibiting the NF-κB pathway
and suppressing EMT.

CompuSyn analysis showed that ChR (20 μmol/L)
and DDP (8 μg/mL) worked synergistically. This con-
centration‑dependent effect is consistent with the biphasic
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Fig. 7. ChR reverses DDP resistance in OC via inhibition of the NF-κB signaling pathway. (A) WB analysis of NF-κB
pathway-related proteins in SKOV3/DDP cells under the indicated treatments. (B) WB analysis of NF-κB pathway-related proteins in
CAOV3/DDP cells under the indicated treatments. (C) WB analysis of Twist1 expression in SKOV3/DDP cells under the indicated treat-
ments. (D) WB analysis of EMT-related proteins in SKOV3/DDP cells under the indicated treatments. (E) Cell viability of SKOV3/DDP
cells after drug treatment, measured by CCK-8 assay. (F) Colony formation assay evaluating the proliferative capacity of SKOV3/DDP
cells. n = 3, **p < 0.01; ****p < 0.0001; ns, not significant. PMA, phorbol 12-myristate 13-acetate.

dose-response of flavonoids [41]. One possible explana-
tion is that 20 μmol/L ChR achieves an optimal balance
between NF‑κB inhibition and off‑target effects, whereas
higher dosesmay trigger competing stress responses that in-
terfere with synergy. Regardless, careful dose optimization
will be critical for any future application. We also recog-
nize that ChR has poor bioavailability and that the effective
concentrations used in vitro are relatively high. Therefore,
we do not propose native ChR as a direct clinical candi-
date. Importantly, ChR showed minimal cytotoxicity to-
ward normal ovarian epithelial IOSE80 cells at concentra-
tions up to 200 μmol/L (Supplementary Fig. 3), suggest-

ing a favorable safety profile. Nano-formulation or struc-
tural analogs may help improve its bioavailability and en-
able future translational studies.

EMT is a well‑known biological process in which ep-
ithelial cells lose epithelial features and acquire mesenchy-
mal properties, leading to increased migration and inva-
sion. EMT activation promotes chemoresistance in many
cancers [42,43,44,45,46], consistent with our observation
that cisplatin-resistant OC cells show clear EMT repro-
gramming. Compared with parental cells, our resistant sub-
lines exhibited upregulation of N‑cadherin and Snail1, and
downregulation of E‑cadherin. Treatment with 20 µmol/L
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ChR, especially in combination with DDP, reversed these
changes, suggesting that ChR can inhibit EMT in resistant
cells.

We also examined the NF‑κB pathway, an upstream
regulator of EMT. Reduced phosphorylation of IKKα/β,
IκBα, and p65, together with decreased P105/P50 and
Twist1 expression, was detected in ChR-treated cells by
Western blotting. To test whether NF‑κB is functionally in-
volved, we used PMA, a commonly used but non-specific
activator of NF‑κB. PMA partially counteracted the impact
of ChR and DDP on cell survival and E‑cadherin expres-
sion. Because PMA can activate multiple pathways, these
results should be interpreted as supportive evidence rather
than definitive proof. Nevertheless, the consistency be-
tween the transcriptomic data, Western blot validation, and
partial PMA reversal suggests that the NF-κB/EMT axis is
likely involved in ChR’s effect.

Taken together, our findings suggest that ChR, par-
ticularly when formulated to improve bioavailability, holds
promise for reversing chemoresistance in OC. Future stud-
ies should validate its in vivo efficacy using orthotopic
xenograft models, improve bioavailability through nano-
formulation, and investigate potential drug-drug interac-
tions with cisplatin.

Limitations
First, while the NF-κB/EMT cascade is known to

mediate chemoresistance, the present study did not per-
form definitive genetic manipulations (e.g., knockdown or
overexpression of key components) to establish causality.
Therefore, our mechanistic conclusions remain largely cor-
relative and should be interpreted with caution. Second,
the working concentration of ChR in vitro is comparatively
high, and its poor solubility and low bioavailability limit
direct clinical translation. Third, the synergistic effect be-
tween ChR and cisplatin was observed only at specific con-
centration combinations; other ratios showed additive or
weaker effects. The biological basis for this concentra-
tion‑dependent synergy remains incompletely understood.

5. Conclusions
In summary, the present study demonstrates that ChR

can reverse DDP resistance in OC cells. This effect is
associated with suppression of the NF-κB/EMT pathway.
Therefore, ChR’s chemosensitizing action involves inhibi-
tion of this pathway. These results provide an initial in vitro
basis for future studies aimed at improving ChR bioavail-
ability and evaluating its chemosensitizing potential in vivo.
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