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Abstract: Although surgery followed by platinum-based therapy is effective as a standard treatment
in the early stages of ovarian cancer, the majority of cases are diagnosed at advanced stages, leading
to poor prognosis. Thus, the identification of novel therapeutic drugs is needed. In this study, we
assessed the effectiveness of bepridil—a calcium channel blocker—in ovarian cancer cells using two
cell lines: SKOV-3, and SKOV-3-13 (a highly metastatic clone of SKOV-3). Treatment of these cell lines
with bepridil significantly reduced cell viability, migration, and invasion. Notably, SKOV-3-13 was
more sensitive to bepridil than SKOV-3. The TGF-β1-induced epithelial–mesenchymal transition
(EMT)-like phenotype was reversed by treatment with bepridil in both cell lines. Consistently,
expression levels of EMT-related markers, including vimentin, β-catenin, and Snail, were also
substantially decreased by the treatment with bepridil. An in vivo mouse xenograft model was
used to confirm these findings. Tumor growth was significantly reduced by bepridil treatment in
SKOV-3-13-inoculated mice, and immunohistochemistry showed consistently decreased expression
of EMT-related markers. Our findings are the first to report anticancer effects of bepridil in ovarian
cancer, and they suggest that bepridil holds significant promise as an effective therapeutic agent for
targeting metastatic ovarian cancer.

Keywords: anticancer therapy; bepridil; epithelial–mesenchymal transition; metastasis; advanced
ovarian cancer

1. Introduction

Ovarian cancer is among the three most prevalent malignancies affecting the female
reproductive system, with a mortality rate exceeding 50% [1,2]. The current standard
of care for early-stage cases involves cytoreductive surgery followed by platinum-based
chemotherapy, achieving an approximate efficacy of 90% [3,4]. However, most ovarian
cancer patients are typically diagnosed at advanced stages, characterized by the metastatic
dissemination of malignant cells to distant organs, consequently resulting in 5-year survival
rates of less than 30% [5,6]. To develop efficacious therapies for high-grade ovarian cancer,
it is crucial to investigate the molecular drivers of ovarian cancer’s aggressiveness and
identify therapeutic agents to target metastasis.

Bepridil is known as a calcium channel blocker, possessing a distinct electrophysiolog-
ical profile [7,8]. It is widely utilized as a therapeutic agent for cardiovascular disorders,
known for its ability to decrease myocardial oxygen consumption and enhance coronary
blood flow [9]. The equilibrium column-binding technique revealed that bepridil exhibits
specific binding affinity towards calmodulin—an intracellular calcium receptor protein—in
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the presence of calcium ions. This binding event consequently leads to the inhibition of
calcium ion influx, thereby exerting its calcium-channel-blocking effect [10]. In addition
to being an inhibitor of calcium channels, several studies have shown that bepridil can
effectively block other ion channels, including the potassium and sodium channels [11,12],
indicating its multitarget capacity. In the context of cancer, there have been limited studies
investigating the anticancer properties of bepridil, which have demonstrated its potential
to promote apoptosis and induce cell-cycle arrest in cancer cells [13–16]. However, there is
currently limited knowledge regarding the specific effects of bepridil on ovarian cancer.

Here, we utilized two human ovarian cancer cell lines, namely, SKOV-3 and
SKOV-3-13. SKOV-3-13 is a highly aggressive clone derived from SKOV-3 through repeti-
tive in vivo selection of metastatic cells targeting the peritoneum. This selection process
has led to an enhanced capacity for metastasis and an accelerated growth rate [17]. In our
prior investigation, we identified the upregulation of the troponin C type 1 (TNNC1) gene
in SKOV-3-13 compared to SKOV-3 [18]. TNNC1 is a component of the calcium-regulatory
complexes and has been implicated in driving the aggressive behaviors of ovarian can-
cer [19]. Building on our previous findings, the present study aimed to further explore the
potential of bepridil as a targeted therapeutic agent for the modulation of TNNC1 signaling
and the suppression of the metastatic phenotype of ovarian cancer cells.

2. Materials and Methods
2.1. Cell Culture and Culture Condition

The SKOV-3 human ovarian cancer cell line (American Type Culture Collection, Man-
assas, VA, USA) and its highly aggressive counterpart SKOV-3-13 (Sunnybrook Health
Sciences Centre, Toronto, ON, Canada) [17], WM239A (human melanoma cancer cell line),
HepG2 (human hepatocellular cancer cell line), and MCF-7 (human breast cancer cell
line) were cultured in RPMI-1640 medium (HyClone, Logan, UT, USA). PC-3 human
prostatic adenocarcinoma cells were cultured in DMEM medium containing 4500 mg/L
D-glucose (Welgene, Gyeongsan, Republic of Korea). The HEK-293 normal human kidney
cell line was cultured in EMEM medium (Quality Biological, Gaithersburg, MD, USA).
All cell culture media were supplemented with 10% fetal bovine serum (HyClone) and
1% penicillin–streptomycin (Sigma-Aldrich, Darmstadt, Germany). The cells were main-
tained in a controlled environment with 5% CO2 at 37 ◦C. Both cell lines were utilized at
passages 5–10 for the experiments. The cells were initially placed at a density of 1 × 106 cells
per 100 mm dish (SPL, Pocheon, Republic of Korea). The medium was refreshed every
2 days. To induce an epithelial–mesenchymal transition (EMT)-like phenotype, the cells
were treated with 10 ng/mL of TGF-β1 (R&D Systems, Minneapolis, MN, USA).

2.2. Cell Cytotoxicity Assay

WST assays with the Cell Counting Kit-8 (Dojindo Molecular Technologies, Kumamoto,
Japan) were performed to assess the viability of cells in response to bepridil (Figure 1A;
Sigma-Aldrich) or cisplatin (Tocris bioscience, Bristol, UK). Cells were seeded into 96-well
plates with 6 × 103 cells per well. Following treatment with gradient concentrations of
bepridil or cisplatin, the plates were incubated for 48 or 72 h. A positive control group
was included, where the cells were treated with 0.2% triton for 1 h to induce 100% cell
death. Following this, 10% of the CCK-8 solution was added compared to the volume of the
medium, and the cells were further incubated for an additional 1.5 h. We used a microplate
reader (BioTek Instruments Inc., Santa Clara, CA, USA) to measure the absorbance at
450 nm. To compensate for cell viability, the OD values of all experimental wells were
extracted equally to those obtained from a positive control group. The 50% inhibitory
concentration (IC50) was determined through nonlinear regression of the WST results using
Prism GraphPad (GraphPad Software, Boston, MA, USA).
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post-treatment with bepridil. Statistical significance (one-way ANOVA with Dunnett’s post hoc 
test) was employed, and the results were reported as the means ± SEM (*** p < 0.001). The asterisks 
above the treatment groups indicate significant statistical differences when compared to the un-
treated controls. 
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with serum-free medium. The results were derived from bright-field images acquired at 
the time points of 0, 24, and 48 h. The wound closure was calculated using the ImageJ 
program. 

2.4. Transwell Invasion Assay 
Eight-micrometer Millicell inserts (SPL) coated with Matrigel (Corning, New York, 

NY, USA) and serum-free RPMI medium (1:4) were placed into 24-well plates (SPL). In 
the upper chamber, 100 µL of serum-free medium containing 2 × 104 cells was added, 
while the lower chamber was filled with 500 µL of serum-containing medium (10% FBS). 
Subsequently, the plates were incubated for 24 h to facilitate the cells’ attachment to the 
bottom of the chambers. Following this, bepridil was introduced into the upper chamber. 
After a further incubation period of 48 h, the non-invading cells within the chamber were 
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vaded cells. These cells were fixed with 4% paraformaldehyde and stained using 0.5% 
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Figure 1. The effects of bepridil on the viability of ovarian cancer cells: (A) The chemical struc-
ture of bepridil, obtained from the DrugBank database. (B,C) The cell viability of SKOV-3,
SKOV-3-13, and HEK293 cells was measured using WST assays following a 72-h treatment with
different concentrations of bepridil. The results are presented in bar graphs (B) and curve graphs
(C). The IC50 values were calculated through nonlinear regression analysis of the WST assay results
at 72 h post-treatment with bepridil. Statistical significance (one-way ANOVA with Dunnett’s post
hoc test) was employed, and the results were reported as the means ± SEM (*** p < 0.001). The
asterisks above the treatment groups indicate significant statistical differences when compared to the
untreated controls.

2.3. Wound-Closure Assay

For the scratch wound-closure assay, both cell lines were seeded into six-well plates
(SPL) and cultured until the cell density reached approximately 90%. Then, the bottom
of each well was scratched perpendicular to the horizontal line behind the gun head
using 200 µL pipette tips (Starlab, Hamburg, Germany). The scratched cells were re-
moved by carefully washing the cells with PBS (HyClone), and the remaining cells were
incubated with serum-free medium. The results were derived from bright-field images
acquired at the time points of 0, 24, and 48 h. The wound closure was calculated using the
ImageJ program.

2.4. Transwell Invasion Assay

Eight-micrometer Millicell inserts (SPL) coated with Matrigel (Corning, New York,
NY, USA) and serum-free RPMI medium (1:4) were placed into 24-well plates (SPL). In
the upper chamber, 100 µL of serum-free medium containing 2 × 104 cells was added,
while the lower chamber was filled with 500 µL of serum-containing medium (10% FBS).
Subsequently, the plates were incubated for 24 h to facilitate the cells’ attachment to the
bottom of the chambers. Following this, bepridil was introduced into the upper chamber.
After a further incubation period of 48 h, the non-invading cells within the chamber
were meticulously eliminated. The cells embedded in the lower chamber were defined
as invaded cells. These cells were fixed with 4% paraformaldehyde and stained using
0.5% crystal violet (Sigma-Aldrich). The membrane image was captured using an upright
microscope (Carl Zeiss, Oberkochen, Germany), and the cells were counted in at least three
randomly selected fields at 20× magnification per chamber.
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2.5. Western Blot Analysis

The total proteins were solubilized using an ice-cold RIPA lysis buffer (Biosesang,
Seongnam, Republic of Korea), which included a protease inhibitor (GenDEPOT, Katy, TX,
USA) and a phosphatase inhibitor cocktail (GenDEPOT). The protein levels were quan-
tified utilizing bovine serum albumin as the standard (BIO-RAD, Hercules, CA, USA).
The protein samples (20 µg) were loaded into SDS-PAGE and then transferred to PVDF
membranes (Millipore, Billerica, MA, USA). In order to minimize background staining,
the membranes were incubated with 5% non-fat dry milk for 1.5 h. Following that, they
were immunoblotted overnight at 4 ◦C using the following antibodies: rabbit anti-β-Actin
(1:1000, Cell Signaling Technology, Boston, MA, USA), rabbit anti-vimentin (1:1000, Cell
Signaling Technology), rabbit anti-β-catenin (1:1000, Cell Signaling Technology), and rabbit
anti-Snail (1:1000, Cell Signaling Technology). Following the washing of the membranes
with TBST, they were subsequently incubated with anti-rabbit IgG-HRP (1:4000, Santa
Cruz Biotechnology, Dallas, TX, USA) for 1 h at 37 ◦C. Subsequently, the membranes were
exposed to a chemiluminescence substrate (Pico PLUS or Femto Maximum Sensitivity Sub-
strate, Thermo Scientific, Waltham, MA, USA). The signals from the bands were quantified
using an Amersham Imager 600 (Fujifilm, Tokyo, Japan), and the results were shown as a
relative value to the control set, with a value of 1.0.

2.6. In Vivo Mouse Xenograft Models

Five-week-old female healthy BALB/c nude mice weighing 15–20 g were procured
from Orient Bio Laboratories (Seoul, Republic of Korea). The mice were housed in a facility
with a 12 h light–dark cycle and provided with standard laboratory conditions, including
appropriate temperature, humidity, and ventilation. Following a one-week adaptation
period, all 20 mice were randomly divided into four groups to examine in vivo tumor
growth: SKOV-3-Vehicle, SKOV-3-Bepridil, SKOV-3-13-Vehicle, and SKOV-3-13-Bepridil.
Each mouse was subcutaneously injected with the corresponding SKOV-3 or SKOV-3-13
cells (a total of 3 × 104 cells per mouse, mixed with Matrigel/serum-free RPMI at a 1:2 ratio)
into the right flank. Once the tumors became visible to the naked eye, the mice were
administered intraperitoneally with 20 mg/kg of bepridil, while the vehicle group mice
were injected with an equivalent volume of DMSO instead of bepridil. Both groups of
mice were injected three times per week, and the in vivo dose of bepridil was determined
based on previous studies [20,21]. The tumor sizes were monitored by measuring the
tumor diameters once per week. The tumor volume (V) was measured by caliper using
the formula V = 1/2 × length × width × width (mm3). After five weeks, all mice were
euthanatized by CO2 inhalation without experiencing pain, and the tumors were dissected
and collected for further research. The animal procedures described in this study were
conducted following the rules and approved by the institutional animal cancer and use
committee of the Catholic University of Korea (CUMS-2021-0352-02).

2.7. Tissue Processing and Immunohistochemistry (IHC)

The fresh tumor tissues were fixed in 4% paraformaldehyde for a minimum of 24 h.
Subsequently, they were embedded in paraffin, sectioned, and subjected to staining. The
tissue sections (4 µm) were deparaffinized using xylene (Duksan Reagents, Ansan, Republic
of Korea) and rehydrated using a graded series of ethanol dilutions (Sigma-Aldrich).
Then, hematoxylin (Abcam, Cambridge, UK) and eosin (Abcam) were applied to the
tissue sections for 20 s. Image acquisition was performed using the Pannoramic SCAN II
(3DHISTECH Ltd., Budapest, Hungary).

For IHC, the tissue sections were processed in a similar manner as the hematoxylin
staining described above. Specific antibodies were used as follows: vimentin (1:100, Abcam),
Snail (1:100, Cell Signaling Technology), and β-catenin (1:100, Cell Signaling Technology).
The samples were incubated with the corresponding secondary antibody (Dako Agilent,
Santa Clara, CA, USA). After washing with TBST (Biosesang), the specimens were treated
in DAB solution for 1–10 min and stained with hematoxylin for a further 20 s. Images
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were captured using the Pannoramic SCAN II, with at least three randomly selected fields
captured per tissue.

2.8. Quantification and Statistical Analysis

The data were statistically analyzed using the GraphPad Prism 9.0.0 software (Graph-
Pad Software). The specific statistical methods employed for each analysis are described
in the respective figure legends. In brief, comparisons between two groups were assessed
using Student’s t-test. To compare the multiple concentrations of bepridil, one-way ANOVA
was conducted with Dunnett’s post hoc test. The comparisons of tumor sizes between
groups at each timepoint were performed using multiple t-tests. Statistical significance was
defined as a probability of less than 5% (* p < 0.05).

3. Results
3.1. Bepridil Inhibits Ovarian Cancer Cell Proliferation

We first assessed the impact of bepridil (Figure 1A) on the cell viability in two ovarian
cancer cell lines—namely, SKOV-3 and its metastatic counterpart SKOV-3-13—and a normal
cell line (HEK293). Following a 72 h treatment period, bepridil demonstrated a dose-
dependent reduction in cell viability for both ovarian cancer cell lines. However, there was a
significant contrast observed in HEK293 cells, which displayed notable resistance to bepridil
compared to ovarian cancer cells. HEK293 cells exhibited an increase in viability upon
treatment with bepridil at concentrations lower than 30 µM (Figure 1B,C). These findings
strongly suggest the cancer-specificity of bepridil. Importantly, the IC50 value for SKOV-3-13
cells was lower than that for SKOV-3 cells at the 72 h timepoint (Figure 1C), indicating a
greater sensitivity of SKOV-3-13 cells to bepridil compared with SKOV-3 cells. In contrast,
treatment with cisplatin as a reference agent, which is a widely used chemotherapeutic
drug for ovarian cancer, resulted in comparable cytotoxicity across all tested cells, indicating
a lack of selectivity (Figure S1). To ensure that sublethal concentrations of bepridil were
utilized for subsequent functional assays, we selected a concentration of 15 µM, which
falls below the IC50 values of both ovarian cancer cell lines (Figure 1C), for further in vitro
experiments. Furthermore, we investigated the anticancer efficacy of bepridil against
melanoma, hepatocellular carcinoma, breast cancer, and prostate cancer cells (Figure 2).
Bepridil demonstrated significant anticancer efficacy against all tested cancer cells, with
particularly noteworthy effects observed in WM239A and HepG2 cells. These findings
suggest the potential for bepridil to be applied to various types of cancer.
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Figure 2. The effects of bepridil on the viability of diverse types of cancer cells: The cell viability of 
WM239A, HepG2, MCF-7, and PC-3 cells was measured using WST assays after a 72-hour treat-Figure 2. The effects of bepridil on the viability of diverse types of cancer cells: The cell viability of

WM239A, HepG2, MCF-7, and PC-3 cells was measured using WST assays after a 72-h treatment with
different concentrations of bepridil. Statistical significance was determined using one-way ANOVA
with Dunnett’s post hoc test, and the results were depicted as means ± SEM (* p < 0.05, ** p < 0.01,
and *** p < 0.001 compared to the untreated controls).

3.2. Bepridil Inhibits Ovarian Cancer Cell Migration and Invasion, with Reduced Expression of
EMT-Associated Genes

To assess the potential of bepridil in inhibiting migration and invasion in ovarian
cancer cells, we conducted wound-closure assays and transwell migration and invasion
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assays. At 24 and 48 h after creating the scratch, both SKOV-3 and SKOV-3-13 cells
demonstrated migration into the wound area, while treatment with bepridil significantly
reduced cell migration (Figure 3A,B). Consistent results were obtained from the transwell
migration assays (Figure S2), confirming that bepridil inhibits the migratory phenotype of
ovarian cancer cells. Additionally, transwell invasion assays showed that treatment with
bepridil for 24 and 48 h significantly decreased the number of invaded cells in both SKOV-3
and SKOV-3-13 cells (Figure 3C,D).
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Figure 3. Inhibition of cell migration and invasion by bepridil in ovarian cancer cells: (A) Repre-
sentative images from wound-healing assays at 24 and 48 h were captured for both the untreated
control group and the bepridil-treated (15 µM) group. The scale bar represents 1 mm. (B) Bar
graph indicating the percentage of wound closure. (C) Transwell invasion assays of both cell lines
in the untreated control and bepridil-treated (15 µM) groups at 24 and 48 h. The scale bar in the
images represents 100 µm. (D) Bar graph illustrating the total number of invasive cells in each group.
(E) Bright-field images demonstrating the alterations in the cellular morphology of SKOV-3 and
SKOV-3-13 cells following a 48-h treatment with bepridil (15 µM) and TGF-β1 (10 ng/mL).
(F) Representative Western blot images displaying the expression of vimentin, β-catenin, and Snail in
the untreated control (−) and bepridil-treated (+) groups of SKOV-3 and SKOV-3-13 cells. β-Actin
was employed as a loading control to ensure equal protein loading across the samples. (G) The
quantifications of band intensities in the untreated control and bepridil-treated (15 µM) groups of
both cell lines using the ImageJ program. For (B,D,G), the mean values with SEMs were calculated,
and statistical analysis (Student’s t-test) was performed, with significance levels indicated as * p < 0.05,
** p < 0.01, and *** p < 0.001. Asterisks positioned above the treatment groups indicate significant
differences when compared to the untreated controls.
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To provide a mechanistic explanation underlying the inhibitory effects of bepridil on
migration and invasion, we focused on the EMT, a well-known process associated with
cancer cell migration and invasion. We induced an EMT-like phenotype in both cell lines
using TGF-β1, a known inducer of EMT [22], and observed that bepridil treatment reversed
this morphological change (Figure 3E). Furthermore, we evaluated the protein levels of
EMT-related markers, including β-catenin, Snail, and vimentin, through Western blot
analysis. Bepridil treatment significantly downregulated the expression of these proteins in
both cell lines (Figure 3F,G). These findings collectively suggest that bepridil suppresses
the migratory and invasive phenotypes of ovarian cancer cells, accompanied by reduced
expression of EMT-associated genes.

3.3. Bepridil Suppresses Tumor Growth in a Mouse Ovarian Cancer Xenograft Model

To evaluate the efficacy of bepridil in vivo, we established a mouse xenograft model
by subcutaneously injecting SKOV-3 and SKOV-3-13 cells. Once the tumors became mea-
surable (13 days after inoculation), the mice were treated intraperitoneally with bepridil
three times per week for a duration of five weeks (Figure 4A). Importantly, the bepridil
treatment led to a notable decrease in the tumor size compared to the control group, without
observable systemic toxicity (Figure S3), specifically in the SKOV-3-13 model and not in the
SKOV-3 model (Figure 4B,C). These findings were consistent with the results obtained from
the in vitro cell viability assays, which showed that SKOV-3-13 cells were more sensitive to
the effects of bepridil (Figure 1).

Life 2023, 13, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 4. The effects of bepridil on the in vivo tumor growth of ovarian cancer cells: (A) The 
treatment schedule of the in vivo experiments. (B) Representative images of euthanatized mice and 
tumors obtained from each group were captured. Five-week-old female BALB/c nude mice were 
subcutaneously inoculated with SKOV-3 and SKOV-3-13 cells. Once the tumor size became visible, 
the mice were treated with either 22 mg/kg bepridil or the same volume of DMSO as a vehicle (n = 5 
per group). (C) The quantified tumor sizes of each group. The mean values with SEMs were cal-
culated, and statistical analysis (multiple t-tests) was performed, with significance levels denoted 
as ** p < 0.01. The differences between groups are indicated for the last timepoint. 

We also performed IHC analysis to quantify the expression of EMT marker proteins 
in tumor tissues obtained from xenograft mice that were euthanatized at the same 
timepoint (5 weeks after inoculation). Immunostaining revealed that treatment with 
bepridil significantly reduced the expression of β-catenin, Snail, and vimentin in both the 
SKOV-3 and SKOV-3-13 groups (Figure 5A,B). These findings are consistent with the 
observed morphological changes and the results obtained from the Western blot analysis 
(Figure 3E–G). Collectively, these findings demonstrate that bepridil exhibits in vivo 
efficacy in ovarian cancer cells by downregulating EMT-related genes, with enhanced 
therapeutic responses observed in mice inoculated with the metastatic clone SKOV-3-13. 

Figure 4. The effects of bepridil on the in vivo tumor growth of ovarian cancer cells: (A) The
treatment schedule of the in vivo experiments. (B) Representative images of euthanatized mice and
tumors obtained from each group were captured. Five-week-old female BALB/c nude mice were
subcutaneously inoculated with SKOV-3 and SKOV-3-13 cells. Once the tumor size became visible,
the mice were treated with either 22 mg/kg bepridil or the same volume of DMSO as a vehicle
(n = 5 per group). (C) The quantified tumor sizes of each group. The mean values with SEMs were
calculated, and statistical analysis (multiple t-tests) was performed, with significance levels denoted
as ** p < 0.01. The differences between groups are indicated for the last timepoint.
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We also performed IHC analysis to quantify the expression of EMT marker proteins
in tumor tissues obtained from xenograft mice that were euthanatized at the same time-
point (5 weeks after inoculation). Immunostaining revealed that treatment with bepridil
significantly reduced the expression of β-catenin, Snail, and vimentin in both the SKOV-3
and SKOV-3-13 groups (Figure 5A,B). These findings are consistent with the observed mor-
phological changes and the results obtained from the Western blot analysis (Figure 3E–G).
Collectively, these findings demonstrate that bepridil exhibits in vivo efficacy in ovarian
cancer cells by downregulating EMT-related genes, with enhanced therapeutic responses
observed in mice inoculated with the metastatic clone SKOV-3-13.
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Figure 5. Downregulation of EMT-related marker proteins by bepridil in mouse xenograft models:
(A) Representative IHC images of H&E staining, vimentin, β-catenin, and Snail. The scale bar
represents 50 µm, and the magnification is 400×. (B) Bar graphs were generated to illustrate the
percentage of stained cells, indicating the proportion of marker-positive cells. The mean values with
SEMs were calculated, and statistical analysis (Student’s t-test) was performed, with significance
levels indicated as * p < 0.05, ** p < 0.01, and *** p < 0.001. Asterisks positioned above the treatment
groups indicate significant differences when compared to the vehicle controls.

4. Discussion

Ovarian cancer is frequently characterized by high rates of recurrence and acquired
resistance to chemotherapy, leading to unfavorable overall survival outcomes [23,24]. Con-
sequently, the development of novel therapeutic agents for advanced ovarian cancer is
of utmost importance. Bepridil, a non-selective ion channel blocker approved by the
FDA, is widely employed in the treatment of arrhythmia and heart failure [9,25]. Its
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pharmacological actions include reducing calcium influx through receptor-operated and
voltage-dependent calcium channels, acting as a calmodulin antagonist and intracellular cal-
cium sensitizer [9,26]. Moreover, bepridil has demonstrated potential efficacy in combating
viral diseases, such as its considerable anti-SARS-CoV-2 activity, exhibiting dose-dependent
effectiveness in A459/ACE2 and Vero E6 cells [25]. Beyond its calcium-ion-inhibition prop-
erties, bepridil also possesses the ability to block potassium ion efflux [27]. Recent studies
have suggested that antagonism of ATP-sensitive potassium channels holds promise as
a therapeutic strategy for various cancers and neurodegenerative disorders [28,29]. This
opens up a new research direction for bepridil as a treatment option. However, despite
its potential, the antitumor effects of bepridil on ovarian cancer remain largely unknown.
Hence, the objective of this study was to examine the effectiveness of bepridil and provide
a mechanistic explanation underlying its action in ovarian cancer cells.

Metastasis is the primary cause of mortality in patients with ovarian cancer [6,30].
Utilizing metastasis models can aid in the identification of specific targets and agents that
may hinder or potentially reverse cancer growth and metastasis. Therefore, we selected the
SKOV-3 and SKOV-3-13 models, which represent primary and metastatic ovarian cancer,
respectively. SKOV-3-13 is a metastatic clone of ovarian cancer derived from SKOV-3 and
exhibits a high level of peritoneal dissemination and carcinomatosis in a mouse xenograft
model [17]. Our previous research demonstrated significantly elevated TNNC1 expression
in SKOV-3-13 compared to SKOV-3, highlighting the pivotal role of TNNC1 in accelerating
the malignant progression of ovarian cancer cells through the activation of EMT [18].
Corroborating our previous work, this study demonstrates the effectiveness of bepridil—a
pharmacological inhibitor of TNNC1—in both ovarian cancer cell lines. However, our focus
in this study was not on the functional alterations of TNNC1 and calcium channels, as our
primary objective was to evaluate the anticancer efficacy of bepridil and the changes in
cancer-related phenotypes. Furthermore, bepridil is not a targeted therapy agent with a
specific single target. Instead, it may have multiple targets, including calcium-channel-
and potassium-channel-associated genes, as well as several unknown genes [10,11]. This
is why our focus was on phenotypic changes and in vivo efficacy rather than specific
target inhibition. Since we demonstrated that bepridil suppressed the expression of EMT-
associated genes and subsequent morphological changes (Figures 3E–G and 5), EMT- or
metastasis-involved genes could be additional targets of bepridil. Some studies have shown
that bepridil has apoptotic effects in melanoma, glioblastoma, and leukemia cells [13–16].
The results of our study demonstrate that bepridil exhibited similar effects on ovarian
cancer cells both in vivo and in vitro. Apart from its influence on cell viability, bepridil
significantly attenuated the migratory and invasive capabilities of ovarian cancer cells,
indicating its potential therapeutic application in the context of metastatic ovarian cancer.

EMT has been widely recognized as a critical hallmark of cancer’s development and
metastasis due to its ability to enhance the invasive and migratory properties of cancer cells,
as well as to confer resistance to apoptotic stimuli. Consequently, targeting of EMT has
emerged as a promising strategy for cancer treatment [31]. Transcription factors, such as
Snail and β-catenin, play pivotal roles in driving the invasiveness and stemness of cancer
cells during the progression of EMT [32]. For instance, Snail- and β-catenin-mediated EMT
has been shown to enhance DNA-repair capacity through the activation of poly ADP-ribose
polymerase (PARP) [33], as well as to induce chemoresistance by inhibiting p53-mediated
apoptosis [34]. In addition, mounting evidence suggests that EMT contributes to the
development of resistance to platinum-based chemotherapy in ovarian cancer [3,35,36]. In
light of our findings, which demonstrate that bepridil attenuated EMT-like morphological
changes and downregulated the expression of vimentin, β-catenin, and Snail, we provide a
mechanistic explanation for how bepridil exerts its suppressive effects on ovarian cancer
cells, particularly those exhibiting a metastatic phenotype.

In conclusion, our study provides compelling evidence for the effective inhibition of
various malignant biological behaviors, including cell proliferation, motility, and invasion,
by bepridil in ovarian cancer cells. Importantly, we are the first to report the attenuation
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of EMT-related molecules—specifically vimentin, β-catenin, and Snail—by bepridil. This
unique mechanism of action positions bepridil as a potential candidate for combination
therapy with other treatment modalities, including first-line treatments, while avoiding
redundancy in mechanism. We believe that bepridil holds great promise as an appealing
therapeutic agent for patients with advanced ovarian cancer. Further investigations are
warranted to fully develop a clinically relevant therapeutic strategy involving the utilization
of bepridil.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/life13071607/s1, Figure S1. The effect of cisplatin on the viability of ovarian cancer cells.
(A,B) The cell viability of SKOV-3, SKOV-3-13, and HEK293 cells was measured using WST assays
following a 72-h treatment with different concentrations of cisplatin. The results are presented in
bar graphs (A) and curve graphs with non-linear regression (B). Statistical significance (one-way
ANOVA with Dunnett’s post hoc test) was employed, and the results were reported as means ± SEM
(*** p < 0.001). The asterisks above the treatment groups indicate significant statistical differences
when compared to the untreated controls. Figure S2. Transwell migration assays. Transwell migration
assays of SKOV-3 and SKOV-3-13 cells in the untreated control and bepridil-treated (15 µM) groups at
48 h. The migratory cells were fixed and stained with 0.5% crystal violet. Scale bar: 100 µm. Figure S3.
The effect of bepridil on the body weight of a mouse ovarian cancer xenograft model. Body weight of
all mice were measured weakly. The mean values with SEM were calculated, and statistical analysis
(multiple t-test) was performed. All data points indicate no significant differences between groups.
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