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Abstract. Ovarian cancer (OC) is a refractory cancer that 
shows recurrence due to the acquisition of resistance to 
anticancer drugs, including cisplatin. However, the molecular 
mechanism underlying the acquisition of cisplatin resistance 
by cancer cells remains largely unknown. In the present study, 
two sets of ovarian endometrioid carcinoma cell lines were 
used: The parental A2780 cell line, the OVK18 cell line, and 
their derived cisplatin‑resistant cells. It was found that cisplatin 
could induce ferroptosis in these parental cells by enhancing 
mitochondrial membrane potential and lipid peroxidation as 
assessed by flow cytometric analysis, and that expression of 
Ferredoxin1 (Fdx1), an iron‑sulfur protein localized to the 
mitochondria, could be upregulated in cisplatin‑resistant cells 
in the absence of cisplatin. Intriguingly, it was shown that the 
siRNA‑mediated depletion of Fdx1 in cisplatin‑resistant cells 
resulted in enhanced ferroptosis by increasing the mitochon‑
drial membrane potential and lipid peroxidation induced by 
cisplatin. By examining Fdx1 expression with immunohisto‑
chemical analysis in clinical specimens from patients with OC, 
higher expression of Fdx1 was detected in cisplatin‑resistant 
specimens than in cisplatin‑sensitive specimens. Collectively, 
these results indicated that Fdx1 may be a novel and suitable 

diagnostic/prognostic marker and therapeutic molecular target 
for the treatment of cisplatin‑resistant OC.

Introduction

Ovarian cancer (OC) has high morbidity and mortality rates, and 
age‑standardized mortality is the highest among gynecological 
cancers worldwide (1). As patients are often asymptomatic, 
>40% of cases are advanced at diagnosis, and the treatment 
strategy is debulking surgery followed by chemotherapy (2). 
First‑line chemotherapy is a combination of carboplatin and 
paclitaxel (3), and the response to platinum agents contributes 
the most to therapeutic efficacy. OC has a very high recur‑
rence rate and is classified as a platinum‑resistant tumor 
if it recurs within 6 months of completing platinum‑based 
chemotherapy (4). In patients with platinum‑resistant tumors, 
the response rate to other chemotherapies is 10‑15%, and the 
overall survival is within 12 months (5). In recent years, the 
effectiveness of molecular‑targeted therapy, including immu‑
notherapy, for platinum‑resistant tumors has been reported, 
but treatment strategies have not yet been established (6,7).

Ferroptosis is defined as iron‑dependent cell death due to 
the accumulation of lipid hydroperoxides, and is distinguished 
from apoptosis and necroptosis (8,9). Accumulating evidence 
has shown that ferroptosis plays an important role in patho‑
logical conditions and diseases, including neurodegenerative 
diseases, ischemic injury and cancers (10‑13). Since certain 
types of cancers highly express glutathione peroxidase 4 
(GPX4) and/or ferroptosis suppressor protein 1 (FSP1), leading 
to an anti‑ferroptotic status, it has been proposed that ferroptosis 
inducers inhibiting these proteins may be used as anticancer 
drugs (14‑18). In addition, it has previously been reported that 
platinum agents are involved in ferroptosis (19‑21). However, 
the relationship between resistance to platinum and ferroptosis 
remains unclear.

Intracellular iron levels must be strictly regulated to inhibit 
ferroptosis. It has been indicated that iron‑sulfur proteins are 
important in regulating intracellular iron homeostasis and 
oxidation‑reduction reactions of electron transport in the 
mitochondria and other organelles. Ferredoxin1 (Fdx1), an 
iron‑sulfur protein, plays an important role in the biosynthesis 
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of iron‑sulfur clusters and in steroidogenesis by catalyzing 
electron transfer to cytochrome P450 in the mitochon‑
dria (22,23). Since the loss of Fdx1 has detrimental effects on 
the activities of iron‑sulfur cluster enzymes and intracellular 
iron homeostasis, leading to mitochondrial iron overload (24), 
it can be assumed that Fdx1 may play a role in preventing 
cells from undergoing ferroptosis. Furthermore, it has been 
reported that Fdx1 may be a possible immunotherapy and/or 
prognostic biomarker for cancer treatment (25,26). However, 
the function of Fdx1 in cancer cells and its relationship with 
ferroptosis remain elusive.

In the present study, it was revealed that Fdx1 expression 
is associated with cisplatin resistance in OC by investigating 
cell lines and clinical specimens. Treatment of OC cells with 
cisplatin resulted in ferroptosis through a drastic increase in 
the mitochondrial membrane potential and lipid peroxidation. 
It was also found that Fdx1 upregulation in platinum‑resistant 
cells may play an important role in suppressing ferroptosis by 
inhibiting cisplatin‑induced mitochondrial membrane poten‑
tial and lipid peroxidation. Indeed, the suppressed expression 
of Fdx1 in cisplatin‑resistant OC cells resulted in enhanced 
ferroptosis induced by cisplatin. Considering the relatively 
higher expression of Fdx1 in patients with cisplatin‑resistant 
OC than in those with cisplatin‑sensitive OC, these results 
indicated that the induction of ferroptosis by inhibiting Fdx1 
may provide a new therapeutic strategy for the treatment of 
platinum‑resistant OC.

Materials and methods

Cell culture and transfection. The following ovarian endo‑
metrioid carcinoma cell lines were obtained from ECACC 
(Salisbury, United Kingdom): The A2780 cell line (parental) 
and the cisplatin‑resistant A2780 cell line (A2780cis cell line). 
Another cell line of ovarian endometrioid carcinoma, OVK18 
cells (parental), was obtained from RIKEN BRC Cell Bank 
(Ibaraki, Japan). Cisplatin‑resistant OVK18 cells (OVK18cis 
cells) were established by exposing parental OVK18 cells to 
increasing concentrations of cisplatin (FUJIFILM Wako Pure 
Chemical Corporation). In brief, OVK18 cells were exposed 
to cisplatin at a final concentration of 0.1 µM as the initial 
concentration. Subsequently, the concentration of cisplatin was 
increased stepwise for the surviving cells, and the surviving 
cells up to a concentration of 6 µM were defined as OVK18cis. 
A2780cis and OVK18cis cells were continuously treated with 
cisplatin (1.5 µM). All cells were cultured in RPMI‑1640 
(Nacalai Tesque, Inc.) with 10% (v/v) FBS and incubated 
at 37˚C with 5% CO2 and 90% humidity. The short tandem 
repeat profiles of these cells were analyzed (BEX Co., Ltd.), 
and it was confirmed that these cells were not contaminated.

Small interfering RNA (siRNA) transfection was performed 
as previously described (27). A2780, A2780cis, OVK18 and 
OVK18cis cells were transfected with their respective siRNAs 
using Lipofectamine RNAiMAX reagent (Thermo Fisher 
Scientific, Inc.), according to the manufacturer's instructions. 
Briefly, 30 nmol/l of siRNAs were mixed with RNAiMAX 
reagent diluted in Opti‑MEM (Thermo Fisher Scientific, Inc.), 
was incubated for 20 min at room temperature (20‑25˚C) and 
added to cultured cells. The following target sequences were 
used: siFdx1#1, 5'‑CGA​UCU​GGC​AUA​UGG​ACU​A‑3' and 

5'‑UAG​UCC​AUA​UGC​CAG​AUC​G‑3'; and siFdx1#2, 5'‑GCC​
AAA​UCU​GUU​UGA​CAA​A‑3' and 5'‑UUU​GUC​AAA​CAG​
AUU​UGG​C‑3'.

Viability assay. Cell viability was assessed by the WST8 assay 
using Cell Counting Kit 8 (CCK‑8; Dojindo Laboratories, 
Inc.) according to the manufacturer's instructions. Briefly, 
1,000‑5,000 cells were seeded into each well of a 96‑well plate 
with 100 µl of culture medium/well in triplicate. Cells were 
treated with the respective drugs (cisplatin: 0.1‑64 µM; defer‑
oxamine: 100 µM; penicillamine: 1 µM) for 48‑96 h, after 
which cells were incubated in fresh medium containing 10% 
(v/v) CCK‑8 reagent for 2 h. The absorbance of the culture 
medium from each well was measured at a wavelength of 
450 nm.

Superoxide dismutase (SOD) assay. SOD activities were moni‑
tored by using SOD Assay Kit‑WST (Dojindo Laboratories, 
Inc.), according to the manufacturer's instructions. Briefly, 
5,000 cells were seeded into each well of a 96‑well plate with 
100 µl culture medium/well in triplicate. Cells were treated 
with 1 µM penicillamine 48 h, thereafter cells were incubated 
in WST working solution and Enzyme working solution at 
37˚C for 20 min. The absorbance from each well was measured 
at 450 nm.

RNA isolation and reverse transcription‑quantitative PCR 
(RT‑qPCR). RNA isolation and RT‑qPCR were conducted 
as previously described (28). Total RNA was isolated using 
Sepasol‑RNA I SuperG (Nacalai Tesque, Inc.) and subjected to 
reverse transcription to synthesize cDNA using a PrimeScript 
RT Reagent Kit (Takara Bio, Inc.). qPCR was performed 
using SYBR Green (Roche Diagnostics) on a LightCycler 
480 II system (Roche Diagnostics). The amount of mRNA 
was normalized to that of 18S ribosomal RNA. The following 
primers were used: Fdx1 forward, 5'‑AAC​AGA​CAG​ATC​
ACG​GTT​GGG‑3' and reverse, 5'‑GGT​CTT​GCC​CAC​ATC​
AAT​GG‑3'; Tmp1 forward, 5'‑ACT​ACC​TGC​AGT​TTT​GTG​
GCT‑3' and reverse, 5'‑CTG​GTC​CGT​CCA​CAA​GCA​A‑3'; and 
Usp17l11 forward, 5'‑CAG​CTC​AGA​GTG​TCC​AGC​AA‑3' and 
reverse, 5'‑AGT​TAA​CGT​CTT​GGA​GGC​CG‑3'.

RNA‑sequencing (RNA‑Seq) analysis. Total RNA was 
extracted from A2780, A2780cis OVK18 and OVK18cis 
cells by using Sepasol‑RNA I SuperG (Nacalai Tesque, Inc.). 
AmpliSeq libraries were created using the Ion AmpliSeq 
Transcriptome Human Gene Expression Kit (Thermo Fisher 
Scientific, Inc.), which was designed by amplifying over 
20,000 human genes simultaneously in a single primer pool. 
The libraries were amplified using an Ion OneTouch 2 System 
(Thermo Fisher Scientific, Inc.). Thereafter, libraries were 
sequenced using Ion Torrent PGM (Thermo Fisher Scientific, 
Inc.) or Ion S5 (Thermo Fisher Scientific, Inc.). RNA‑Seq 
reads were analyzed using CLC bio Genomics Workbench 
Version 12.0 (CLC Bio). Genes with a q‑value <0.001 and 
fold change >0 between A2780 and A2780cis cells or OVK18 
and OVK18cis cells were defined as differentially expressed 
genes (DEGs). RNA‑Seq analysis was performed twice, and 
the common DEGs were correlated with acquiring cisplatin 
resistance in A2780 and OVK18 cells.
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Flow cytometric analysis. Cells (5x105 cells per well) were 
seeded into a 6‑cm f dish followed by treatment with the 
respective drugs (cisplatin: 2.0 µM; deferoxamine: 100 µM; 
rotenone: 0.5  µM) or their combination. To monitor lipid 
peroxidation or mitochondrial membrane potential, Liperfluo 
or MT‑1 (both from Dojindo Laboratories, Inc.) reagent was 
added to each dish and incubated for 30 min. Flow cytometric 
analysis was performed using BD LSRFortessaTM X‑20 (BD 
Biosciences). The results of flow cytometric analysis were 
analyzed by FlowJo (version 10. 7. 1; BD Biosciences).

Western blotting. Western blotting was performed as previ‑
ously described (28). The cells were solubilized in ice‑cold 
lysis buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 1% (v/v) 
Nonidet P‑40, 1 mM EDTA, 10 µg/ml aprotinin, 10 µg/ml 
leupeptin and 1 mM p‑APMSF]. Proteins (10 µg per lane) 
were separated using SDS‑PAGE (20%) and transferred onto 
Immobilon‑P membranes (Merck KGaA). Membranes were 
then blocked by 5% (w/v) skim milk at room temperature for 
30 min, and were immunoblotted with the following antibodies: 
anti‑Fdx1 antibody (1:1,000; cat. no. 12592‑1‑AP; Proteintech 
Group, Inc.) and anti‑α‑tubulin (1:1,000; cat. no.  PM054; 
MBL International Co.). Subsequently, the membranes were 
immunoblotted with secondary antibody (1:10,000; cat. 
no. 170‑6515; Bio‑Rad Laboratories, Inc.). Immunoreactive 
bands were visualized using ImmunoStar LD (FUJIFILM 
Wako Pure Chemical Corporation). The respective band inten‑
sities were measured using ImageJ software (version: v1.53t; 
National Institutes of Health).

Immunohistochemical analysis. The OC tissue specimens 
resected from 45 patients (date range: 04/2015~03/2019; age 
distribution: 39~75) at Kobe University Hospital (Kobe, Japan) 
were fixed with 10% (v/v) formalin at room temperature for 48 h 
and embedded in paraffin. Cylindrical tissue cores (2 mm) were 
then extracted from each paraffin block and re‑embedded into 
a single paraffin block to create a tissue microarray (TMA) for 
sectioning. Epithelial OC cases were selected from the TMA 
and classified into platinum‑sensitive and platinum‑resistant 
groups according to their clinical course. The resultant TMA 
sections were incubated with antibody against Fdx1 (1:200; cat. 
no. 12592‑1‑AP; Thermo Fisher Scientific, Inc.) overnight at 
4˚C and then with anti‑Rabbit IgG antibodies conjugated with 
HRP‑labeled polymer (ImmPRESS Reagent kit Peroxidase; 
Vector Laboratories, Inc.) for 30 min at room temperature. 
Secondary antibodies were visualized using DAB Chromogen 
(Dako; Agilent Technologies, Inc.), and nuclei were counter‑
stained with hematoxylin. The specimens were observed under 
a BZ‑X700 microscope (Keyence Corporation). Clinical tissue 
specimens were obtained by opt‑out method and analyzed in 
accordance with procedures approved (approval nos. B200076 
and B220122) by the Institutional Review Board of Kobe 
University Hospital (Kobe, Japan).

Immunofluorescence analysis. Cells (1x105 cells/well) were 
seeded into 12‑well plates and incubated with MitoTracker® 
Red CMXRos (Lonza Group, Ltd.) for 30 min prior to fixa‑
tion. After fixation, cells were incubated with antibodies 
against Fdx1 (1:100; cat. no.  12592‑1‑AP; Thermo Fisher 
Scientific, Inc.) overnight at 4˚C followed by treatment with 

anti‑rabbit IgG antibodies (1:500; cat. no. A11034; Invitrogen; 
Thermo Fisher Scientific, Inc.) for 30 min at room tempera‑
ture. Fluorescent images were obtained using a laser scanning 
confocal imaging system (LSM710; Carl Zeiss AG).

Statistical analysis. Data were analyzed using BellCurve for 
Excel (Social Survey Research Information Co., Ltd.). Paired 
Student's t‑test was used when two groups were compared, 
and one‑way ANOVA followed by Tukey's honestly significant 
difference test was used when three or more groups were 
compared. *P<0.05 was considered to indicate a statistically 
significant difference.

Results

Upregulated expression of Fdx1 in OC cell lines is associ‑
ated with their enhanced resistance against cisplatin. To 
identify genes associated with enhanced cisplatin resistance 
in OC, gene expression profiles were compared between 
cisplatin‑sensitive and cisplatin‑resistant OC cell lines. 
The following ovarian endometrioid carcinoma cell lines 
were obtained: the A2780 cell line (parental cells) and the 
A2780cis cell line (29). For generality, another ovarian endo‑
metrioid carcinoma cell line, the OVK18 cell line (parental 
cells), was obtained, and their derived OVK18cis cells were 
established by selecting parental OVK18 cells with expo‑
sure to a stepwise increasing concentration of cisplatin. To 
confirm whether the A2780cis and OVK18cis cells showed 
enhanced cisplatin resistance compared with their parental 
A2780 and OVK18 cells, a cell viability assay after treatment 
with different concentrations of cisplatin was performed. 
A2780cis and OVK18cis cells acquired enhanced cisplatin 
resistance compared with their parental cells [half maximal 
inhibitory concentration (IC50) of the respective cells was 
as follows: 1.4942  µM (A2780), 6.3489  µM (A2780cis), 
0.7006 µM (OVK18) and 3.3703 µM (OVK18cis); Fig. 1A]. 
Since combined therapy with a platinum agent and taxol is 
currently considered the gold standard for the treatment of OC, 
whether A2780cis and OVK18cis cells exhibited resistance to 
taxol was next investigated. It was found that A2780cis and 
OVK18cis cells exhibited sensitivity to taxol comparable to 
that of their parental cells [IC50 of the respective cells was 
as follows: 5.585  µM (A2780), 6.41644  µM (A2780cis), 
2.8559 µM (OVK18), and 3.90092 µM (OVK18cis); Fig. 1B]. 
The gene expression profiles between A2780 and A2780cis 
cells or OVK18 and OCK18cis cells were then compared by 
RNA‑seq to extract important candidate genes associated 
with enhanced cisplatin resistance. A total of three candidate 
gene transcripts (Fdx1, Timp1 and Usp17l11) were identified 
that were highly expressed in A2780cis and OVK18cis cells 
compared with their parental cells (Fig. 1C). Among these 
three candidate genes, expression of Fdx1 in both A2780cis 
and OVK18cis cells was significantly higher than that in their 
parental cells, as assessed by RT‑qPCR analysis; while the 
expression of Timp1 in both A2780cis and OVK18cis cells 
was not significantly higher than that in their parental cells 
and the expression of Usp17l11 was not consistent between 
A2780 and OVK18 cells (Fig. 1D and E). Based on these find‑
ings, Fdx1 became the focus to elucidate its role in cisplatin 
resistance of OC cells.
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To investigate the expression of Fdx1 in patients with OC, a 
TMA including 45 OC specimens was prepared. Since A2780 
and OVK18 cells were used; namely, ovarian endometrioid 

carcinoma cell lines, in the in vitro experiments, the expression 
of Fdx1 in patients with ovarian endometrioid carcinoma was 
examined by immunohistochemical analysis of TMA. A total of 

Figure 1. Upregulated expression of Fdx1 in ovarian cancer cell lines is associated with enhanced resistance against cisplatin. (A) Cell viability of A2780 
and cisplatin‑resistant A2780 cells (A2780cis cells) (left graph) or OVK18 and cisplatin‑resistant OVK18 cells (OVK18cis cells) (right graph) treated with 
the indicated concentration of cisplatin was analyzed by WST8 assay. Data are expressed as the mean ± SD (n=3; *P<0.05, **P<0.01 and ***P<0.001; Student's 
t‑test). (B) Cell viability of A2780 and A2780cis cells (left graph) or OVK18 and OVK18cis cells (right graph) treated with the indicated concentration of 
taxol was analyzed by WST8 assay. Data are expressed as the mean ± SD (n=3; Student's t‑test). (C) Venn diagram of RNA‑sequencing analyses, revealing 
the genes whose transcription was induced in A2780 and OVK18 cells following acquirement of resistance against cisplatin, as assessed by comparison of 
A2780cis and OVK18cis cells with their parental cells. (D) Expression of Fdx1, Timp1 and Usp17l11 in A2780 and A2780cis cells was analyzed by RT‑qPCR 
analysis. Data are expressed as the mean ± SD (n=3; **P<0.01; Student's t‑test). (E) Expression of Fdx1, Timp1, and Usp17l11 in OVK18 and OVK18cis cells 
was analyzed by RT‑qPCR analysis. Data are expressed as the mean ± SD (n=3; *P<0.05 and ***P<0.001; Student's t‑test). Fdx1, ferredoxin1; RT‑qPCR, reverse 
transcription‑quantitative PCR.
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13 of the 45 specimens were from patients with ovarian endo‑
metrioid carcinoma, and seven of the 13 specimens were from 
patients with cisplatin‑resistant ovarian endometrioid carci‑
noma. The TMA was then stained with an anti‑Fdx1 antibody, 
and it was identified that Fdx1 was expressed in ovarian endo‑
metrioid carcinoma (Fig. 2). Furthermore, a stronger signal 
of Fdx1 was detected in cisplatin‑resistant specimens than in 
cisplatin‑sensitive ones (Fig. 2), indicating that expression of 
Fdx1 may be associated with enhanced cisplatin resistance in 
ovarian endometrioid carcinoma.

Fdx1 inhibits ferroptosis induced by cisplatin in OC cells. 
Since a growing body of evidence has demonstrated that 
cisplatin induces ferroptosis in carcinoma cells (13), whether 
treatment with deferoxamine, an iron chelator, could 
inhibit cisplatin‑induced death of OC cells was confirmed. 
Deferoxamine suppressed cisplatin‑induced cell death in 
OVK18 and A2780 cells (Figs. 3A and S1A), indicating that 
cisplatin induces iron‑dependent cell death; namely, ferrop‑
tosis. Ferroptosis is characterized as iron‑dependent cell death 
associated with accumulated lipid peroxidation (8,9). Thus, 
the extent of lipid peroxidation in OVK18 and OVK18cis 
cells treated with cisplatin was examined by flow cyto‑
metric analysis using the fluorescent probe Liperfluo. It was 
revealed that the extent of lipid peroxidation was significantly 
increased by treatment with cisplatin in OVK18 cells but not 
in OVK18cis cells (Fig. 3B). Similarly, a significant increase 
in lipid peroxidation was detected in A2780 cells but not in 
A2780cis cells (Fig. S1B). These results suggested that cispl‑
atin induces ferroptosis in cisplatin‑sensitive cells, but fails to 
induce ferroptosis in cisplatin‑resistant cells. Therefore, it can 
be assumed that acquired resistance to ferroptosis may be one 
of the mechanisms underlying the enhanced resistance of OC 
cells to cisplatin.

Accumulating evidence has revealed that resistance 
to copper‑dependent cell death; namely, cuproptosis, is 
also important for the progression of carcinomas  (30,31). 
Therefore, whether penicillamine, a copper chelator, could 
inhibit cisplatin‑induced cell death was further examined. 
It was first examined whether or not the activities of SOD, 
copper‑dependent enzyme, in A2780 cells and OVK18 cells 
could be suppressed by treatment with penicillamine to confirm 
penicillamine works well under the experimental conditions 
of the present study. As a result, it was confirmed that peni‑
cillamine treatment suppressed activities of SOD in A2780 
cells (Fig. S2A) and OVK18 cells (Fig. S2B). It was further 
revealed that treatment with penicillamine failed to affect 
cisplatin‑induced cell death (Fig. S2C and D), suggesting that 
cisplatin treatment induces ferroptosis rather than cuproptosis.

Since the expression of Fdx1 was found to be associated 
with cisplatin resistance in OC cells, whether Fdx1 is involved 
in resistance against cisplatin‑induced ferroptosis was next 
examined. To this end, OVK18cis cells were transfected 
with either control siRNA or siRNAs against Fdx1 (siFdx1 
#1 or #2), and the mRNA and protein levels of Fdx1 were 
analyzed by RT‑qPCR and western blotting, respectively, 
to confirm the knockdown efficiency of the respective 
siRNAs (Fig. 3C and D). The effect of Fdx1‑knockdown on 
cisplatin‑induced lipid peroxidation in OVK18cis cells was 
examined. Suppressed expression of Fdx1 resulted in enhanced 

lipid peroxidation in OVK18cis cells following treatment with 
cisplatin (Fig. 3E). Furthermore, Fdx1‑depleted OVK18cis 
cells exhibited exacerbated cell survival after cisplatin treat‑
ment, particularly at lower concentrations (Fig. 3F). Similar 
results were obtained for the A2780cis cells. When expression 
of Fdx1 was suppressed in A2780cis cells with Fdx1 siRNAs 
(siFdx1 #1 or #2), as assessed by western blotting (Fig. S3A), 
suppressed expression of Fdx1 in A2780cis cells resulted in 
the inhibition of cell viability after treatment with cisplatin 
(Fig. S3B). These results indicated that the expression of Fdx1 
in cisplatin‑resistant OC cells may confer resistance against 
cisplatin by inhibiting cisplatin‑induced ferroptosis.

Fdx1 inhibits ferroptosis by regulating mitochondrial 
membrane potential. To further investigate the function of Fdx1 
in cisplatin‑resistant OC cells, immunofluorescence staining 
of Fdx1 in OVK18 and OVK18cis cells was first performed 
to detect its intracellular localization. Fdx1 was localized 
predominantly to the mitochondria of OVK18cis cells, as 
assessed by its colocalization with Mitotracker, and its relative 
expression levels in OVK18cis cells were obviously higher than 
those in OVK18 cells (Fig. 4A). Therefore, the possible rela‑
tionship between mitochondrial function and Fdx1‑mediated 
ferroptosis was examined. For this purpose, whether treatment 
with cisplatin could affect mitochondrial membrane potential 
was first examined by employing an MT‑1 MitoMP detection 
assay. As a result, the mitochondrial membrane potential in 
OVK18cis cells was upregulated by treatment with cisplatin 
and suppressed by treatment with deferoxamine (Fig. 4B). 
Since it has been reported that an upregulated mitochondrial 
membrane potential is involved in ferroptosis (32), whether 
suppression of the mitochondrial membrane potential using 
rotenone, an inhibitor of the mitochondrial respiratory chain 
complex I, could inhibit cisplatin‑induced lipid peroxidation in 
OVK18 cells was next investigated. Treatment with rotenone 
suppressed cisplatin‑induced augmentation of the mitochon‑
drial membrane potential of OVK18 cells (Fig. 4C). It was also 
found that cisplatin‑induced lipid peroxidation in OVK18 cells 
was inhibited by treatment with rotenone (Fig. 4D). Similar 
results were obtained in A2780 cells, where upregulated 
mitochondrial membrane potential and lipid peroxidation 
by cisplatin could be suppressed by treatment with rotenone 
(Fig.  S4A  and  B). These results indicated that cisplatin 
could promote ferroptosis by enhancing the mitochondrial 
membrane potential.

Next, the mitochondrial membrane potential in OVK18cis 
and A2780cis cells was examined in comparison with that 
in their parental OVK18 and A2780 cells after treatment 
with cisplatin. Cisplatin‑induced drastic upregulation of the 
mitochondrial membrane potential was not observed in either 
OVK18cis (Fig. 4E) or A2780cis cells (Fig. S4C), indicating 
that the suppression of cisplatin‑induced drastic upregulation 
of the mitochondrial membrane potential in cisplatin‑resistant 
OC cells may be attributable to their cisplatin‑resistant prop‑
erties. Finally, whether upregulated Fdx1 in OVK18cis cells 
could inhibit their upregulated mitochondrial membrane 
potential after treatment with cisplatin was investigated. As 
expected, Fdx1 depletion in OVK18cis cells resulted in a 
significant increase in mitochondrial membrane potential 
after treatment with cisplatin (Fig. 4F). Moreover, rotenone 
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treatment almost cancelled upregulated lipid peroxidation in 
Fdx1‑depleted OVK18cis cells treated with cisplatin (Fig. 4G). 
Collectively, these results indicated that Fdx1 may play a 

pivotal role in suppressing both the upregulated mitochondrial 
membrane potential and cisplatin‑induced lipid peroxidation, 
thereby conferring cisplatin‑resistant properties in OC cells.

Figure 2. Expression of Fdx1 in ovarian endometrioid carcinoma specimens. Immunohistochemical analysis of Fdx1 in surgical specimens from patients 
with ovarian endometrioid carcinoma. Representative images of hematoxylin and eosin and anti‑Fdx1 immunohistochemistry of ovarian endometrioid tissue 
sections from six specimens (three platinum‑sensitive and three platinum‑resistant) are shown. The images on the right show the magnified images of the boxed 
regions. Scale bars, 50 µm. Fdx1, ferredoxin1.
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Discussion

OC is a carcinoma with a poor prognosis that is often detected 
at an advanced stage with peritoneal dissemination that 
becomes refractory. Patients with OC who had recurrence or 
disease progression within 6 months of their platinum‑free 
interval were defined as being platinum‑resistant OC cases, 
but the platinum‑free interval could have been influenced 
by the frequency and types of investigations that a patient 
received during follow‑up. The definition of platinum resis‑
tance is ambiguous since it is defined only by the period of 
the platinum‑free interval and does not consider genetic, 

morphological, or biochemical alterations. Therefore, an 
objective and accurate definition of platinum resistance is 
required.

Cisplatin is widely used for the treatment of solid tumors, 
and its cytotoxic effect is the formation of DNA‑DNA 
intra‑strand adducts that cause single‑ or double‑strand DNA 
breaks, leading to cell cycle arrest and apoptosis  (33,34). 
Accumulating evidence has shown that cisplatin is involved in 
ferroptosis. It has been reported that pretreatment with erastin, 
an inducer of ferroptosis, enhances the therapeutic effect of 
cisplatin (20), and that concomitant overexpression of ferrop‑
tosis suppressors, SLC7A11 and GPX4, can often be observed 

Figure 3. Fdx1 plays a critical role in inhibiting cisplatin‑induced ferroptosis of ovarian cancer cells. (A) Cell viability of OVK18 cells treated with (+) or without 
(‑) cisplatin in the absence or presence of deferoxamine for 48 h was measured by WST8 assay. Data are expressed as the mean ± SD (n=5; *P<0.05 and ***P<0.001; 
Tukey's HSD test). (B) The mean fluorescence intensities of Liperfluo in OVK18 and cisplatin‑resistant OVK18 cells (OVK18cis cells) treated with (+) or without 
(‑) cisplatin for 48 h were measured by flow cytometric analysis. Relative mean fluorescence intensities were determined by defining that of OVK18 cells without 
cisplatin treatment as 1 (right graph). Data are expressed as the mean ± SD (n=3; **P<0.01 and ***P<0.001; Tukey's HSD test). (C) Expression of Fdx1 in OVK18 
and OVK18cis cells transfected with the indicated siRNAs was analyzed by reverse transcription‑quantitative analysis. Data are expressed as the mean ± SD (n=3; 
**P<0.01; Tukey's HSD test). (D) Expression of Fdx1 and α‑tubulin in OVK18 and OVK18cis cells transfected with the indicated siRNAs was evaluated by western 
blot analysis. Relative band intensities of Fdx1 normalized by that of α‑tubulin were determined. Data are expressed as the mean ± SD (n=3; *P<0.05, **P<0.01 
and ***P<0.001; Tukey's HSD test). (E) OVK18cis cells transfected with either control or Fdx1 siRNAs (#1, #2) followed by treatment with cisplatin for 48 h were 
visualized with Liperfluo. Relative mean fluorescence intensities were determined by defining that of OVK18cis transfected with control siRNA as 1. Data are 
expressed as the mean ± SD (n=9; *P<0.05 and ***P<0.001; Tukey's HSD test). (F) Cell viability of OVK18cis cells transfected with control or Fdx1 siRNAs (#1, 
#2) followed by treatment with the indicated concentration of cisplatin for 96 h was measured by WST8 assay. Data are expressed as the mean ± SD (n=4; *P<0.05, 
**P<0.01 and ***P<0.001; Tukey's HSD test). Fdx1, ferredoxin1; HSD, honestly significance difference; siRNA, small interfering RNA.
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Figure 4. Fdx1 inhibits cisplatin‑induced ferroptosis of ovarian cancer cells by suppressing mitochondrial membrane potential. (A) Representative images of 
OVK18 and cisplatin‑resistant OVK18 cells (OVK18cis cells) immune‑stained with anti‑Fdx1 antibody (green), Mitotracker (red) and DAPI (blue). Scale bar, 
20, µm. (B) The mean fluorescence intensities of MT1 in OVK18 cells treated with (+) or without (‑) cisplatin in the absence or presence of deferoxamine for 
48 h were measured by flow cytometric analysis. Relative mean fluorescence intensities were determined by defining that of OVK18 cells in the absence of 
both cisplatin and deferoxamine as 1. Data are expressed as the mean ± SD (n=3; *P<0.05 and **P<0.01; Tukey's HSD test). (C) The mean fluorescence intensi‑
ties of MT1 in OVK18 cells treated with or without rotenone for 48 h in the presence of cisplatin were measured by flow cytometric analysis. Relative mean 
fluorescence intensities were determined by defining that of OVK18 cells without rotenone as 1. Data are expressed as the mean ± SD (n=5; *P<0.05; Student's 
t‑test). (D) The mean fluorescence intensities of Liperfluo in OVK18 cells treated with or without rotenone for 48 h in the presence of cisplatin were measured 
by flow cytometric analysis. Relative mean fluorescence intensities were determined by defining that of OVK18 cells without rotenone as 1. Data are expressed 
as the mean ± SD (n=3; *P<0.05; Student's t‑test). (E) The mean fluorescence intensities of MT1 in OVK18 and OVK18cis cells treated with (+) or without (‑) 
cisplatin for 48 h were measured by flow cytometric analysis. Relative mean fluorescence intensities were determined by defining that of OVK18 cells without 
cisplatin treatment as 1. Data are expressed as the mean ± SD (n=3; *P<0.05 and ***P<0.001; Tukey's HSD test). (F) The mean fluorescence intensities of MT1 
in OVK18cis cells transfected with either control or Fdx1 siRNAs (#1, #2) followed by treatment with cisplatin for 48 h were measured by flow cytometric 
analysis. Relative mean fluorescence intensities were determined by defining that of OVK18cis cells transfected with control as 1. Data are expressed as the 
mean ± SD (n=3; *P<0.05, Tukey's HSD test). (G) The mean fluorescence intensities of Liperfluo in OVK18cis cells transfected with either control or Fdx1 
siRNAs (#1, #2) followed by treatment with or without rotenone for 48 h in the presence of cisplatin were measured by flow cytometric analysis. Relative mean 
fluorescence intensities were determined by defining that of OVK18cis cells transfected with control siRNA without rotenone as 1. Data are expressed as the 
mean ± SD (n=3; *P<0.05 and ***P<0.001; Tukey's HSD test). Fdx1, ferredoxin1; HSD, honestly significant difference; siRNA, small interfering RNA.
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in platinum‑resistant OC  (21). The results of the present 
study revealed that cisplatin induced ferroptosis and that 
cisplatin‑resistant OC cells were resistant to cisplatin‑induced 
ferroptosis. Therefore, it can be assumed that cisplatin induces 
cell death through ferroptosis in addition to DNA breaks, and 
that cisplatin‑resistant cells may acquire ferroptosis resistance. 
However, the mechanism by which cisplatin‑resistant cells 
acquire ferroptosis resistance remains unclear.

In addition to mutations within a set of cancer driver 
genes in various types of cancers, alterations in copy numbers 
and/or epigenetic modulations of particular genes are known 
to be crucial for the progression of several types of cancers, 
including OC (35‑37). Thus, identification of candidate genes 
that are upregulated or downregulated in OC is important for 
understanding their pathological features. Although several 
studies have compared gene expression profiles between 
platinum‑sensitive and ‑resistant OC cells (38‑41), a consensus 
on the critical genes upregulated in platinum‑resistant cells 
has yet to be reached. The present study showed that Fdx1 
was expressed at remarkably higher levels in the two cispl‑
atin‑resistant OC cell lines, A2789cis and OVK18cis, than in 
the cisplatin‑sensitive parental cell lines, that is, A2780 and 
OVK18. It was also found that the expression of Fdx1 was 
higher in patients with cisplatin‑resistant OC than in those with 
cisplatin‑sensitive OC. Thus, upregulation of Fdx1 expression 
may play a critical role in acquiring cisplatin resistance, and 
Fdx1 may be a suitable diagnostic and/or prognostic marker 
for the treatment of platinum‑resistant OC.

Fdx1 is an iron‑sulfur protein that plays an important role 
in the biosynthesis of iron‑sulfur clusters and steroidogenesis 
(22,23). Since depletion of Fdx1 results in dysregulation of 
iron homeostasis, leading to mitochondrial iron overload (24), 
it can be envisaged that Fdx1 is critically involved in the 
regulation of ferroptosis. However, the detailed molecular 
mechanism by which Fdx1 regulates ferroptosis remains 
largely unknown. Accumulating evidence has demonstrated 
that upregulation of the mitochondrial membrane potential 
is associated with ferroptosis, and inhibitors of the electron 
transport chain suppress ferroptosis (32). The findings of the 
present study provide pertinent evidence that Fdx1, upregu‑
lated in cisplatin‑resistant OC cells, inhibits cisplatin‑induced 
upregulation of mitochondrial membrane potential and lipid 
peroxidation, which are characteristic biochemical events of 
ferroptosis, thereby supporting their survival and progression. 
Since it is conceivable that mutation, gene amplification, or 
epigenetic regulation of the Fdx1 gene may be responsible for its 
upregulated expression, further genetic or epigenetic analyses 
are required to clarify the molecular mechanism underlying 
the upregulated expression of Fdx1 in cisplatin‑resistant OC 
cells. How Fdx1 regulates mitochondrial membrane potential 
and lipid peroxidation in cisplatin‑resistant OC cells in the 
absence or presence of cisplatin also remains to be eluci‑
dated. Therefore, further studies are required to clarify 
these issues.

It has recently been reported that cuproptosis is also critical 
in several diseases, including cancer  (30). Notably, Fdx1 is 
known to be one of the key proteins regulating cuproptosis (31). 
Since the experiments in the present study with a copper 
chelator failed to restore cell death of OC cells induced by 
cisplatin, it is hypothesized that cisplatin may induce cell death 

of the carcinoma cells in an iron‑dependent/copper-independent 
manner. Further studies are required to clarify this.

A valid and reliable therapeutic strategy for the treatment 
of platinum‑resistant OC has not yet been established, and 
there is an urgent need to develop and establish an appropriate 
treatment. The findings of the present study that ferroptosis in 
cisplatin‑resistant OC cells can be induced by inhibiting the 
expression of Fdx1 may represent a novel therapeutic strategy 
for the treatment of platinum‑resistant OC. Therefore, it will be 
of interest to develop proper clinical methods to induce ferrop‑
tosis in platinum‑resistant OC cells by selectively inhibiting 
the expression or function of Fdx1.
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