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Purpose: Ovarian cancer is the most lethal malignancy in gynecology. Due to limited treatment strategies and platinum resistance, 
newer drugs and therapeutic options are needed. Esomeprazole (ESO) has been reported to have multiple anticancer activities in 
preclinical and clinical research. Therefore, this study aimed to explore the anticancer effects of esomeprazole on ovarian cancer and 
its underlying molecular mechanisms.
Methods: CCK-8 and 5-ethynyl-2′-deoxyuridine (EdU) assays were used to detect cell viability and proliferation. The Transwell 
assay was used to evaluate cell migration and invasion capacity. Flow cytometry was used to detect cell apoptosis. Western blotting 
and immunofluorescence were used to detect protein expression.
Results: ESO effectively inhibited the cell viability, proliferation, invasion, migration, and induced apoptosis of ovarian cancer cells 
in a concentration-dependent manner. Treatment with ESO decreased the expression of c-MYC, SKP2, E2F1, N-cadherin, vimentin, 
and matrix metalloproteinase 2 (MMP2), while it increased E-cadherin, caspase3, p53, BAX, and cleaved poly (ADP-ribose) 
polymerase (PARP) expression, and downregulated the PI3K/AKT/mTOR signaling pathway. Furthermore, ESO combined with 
cisplatin showed synergistic effects in inhibiting proliferation, invasion, and migration of cisplatin-resistant ovarian cancer cells. The 
mechanism may be related to the increased inhibition of c-MYC, epithelial-mesenchymal transition (EMT), and the AKT/mTOR 
signaling pathway and enhanced the upregulation of the pro-apoptotic protein BAX and cleaved PARP levels. Moreover, ESO 
combined with cisplatin synergistically upregulated the expression of the DNA damage marker γH2A.X.
Conclusion: ESO exerts multiple anticancer activities and has a synergistic effect in combination with cisplatin on cisplatin-resistant 
ovarian cancer cells. This study provides a promising strategy to improve chemosensitivity and overcome resistance to cisplatin in 
ovarian cancer.
Keywords: esomeprazole, ovarian cancer, cisplatin resistance, synergistic effect, AKT/mTOR pathway

Introduction
Ovarian cancer is a heterogeneous disease with complex and diverse biological characteristics.1 According to global 
cancer statistics in 2020, ovarian cancer has become the second leading cause of death in gynecological cancer.2 The 
outcomes of ovarian cancer are complicated due to hidden lesions, ineffective screening, late diagnosis, and different 
subtypes with distinct molecular characteristics.3,4 Relapses and platinum resistance are still obstacles to improve 
survival of this disease.5 Drug repositioning has been an effective strategy to find suitable chemotherapeutic candidates 
for multidrug-resistant cancers.6 In ovarian cancer, some old drugs have shown anticancer activity and the ability to 
overcome resistance to cisplatin, such as trimebutine maleate, mebendazole, arsenic trioxide, and quinacrine.7–10

Proton pump inhibitors (PPIs) have become a typical representative of recent anticancer drug repositioning.11,12 PPIs 
play a role in antitumor activity by influencing cell proliferation, apoptosis, autophagy, metastasis, epithelial- 
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mesenchymal transition (EMT), drug resistance, and signaling pathways.13–16 Esomeprazole (ESO) has also been 
reported to enhance the cytotoxicity of taxol in cervical cancer, overcome resistance to taxol in ovarian and lung cancer, 
and augment the effects of chemotherapeutics in esophageal cancer.17–20 Remarkably, the benefits of ESO in clinical 
research of breast and esophageal cancer suggest its application prospect as a promising anti-tumor agent.21,22 

Nevertheless, the role and mechanism of ESO in cisplatin-resistant ovarian cancer cells are still unclear.
The phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling pathway, com-

monly activated in human cancer, is a therapeutic target for cancer treatment.23 This signaling pathway plays an 
important role in tumorigenesis and progression in ovarian cancer.24 A dual PI3K/mTOR inhibitor may alleviate 
chemoresistance of ovarian cancer cells by inhibiting both AKT and mTOR phosphorylation.25,26 Pantoprazole increases 
the sensitivity of drug resistant oral epidermoid carcinoma cells to vincristine by inhibiting PI3K/AKT/mTOR 
signaling.27 Moreover, ESO and pantoprazole have been shown to reverse multidrug resistance in gastric cancer via 
downregulating PI3K/AKT/mTOR/HIF-1α signaling through the TSC1/2 complex and Rheb in vitro and in vivo.28 

However, the inhibitory effects of ESO in ovarian cancer cells on the PI3K/AKT/mTOR signaling pathway have not been 
reported.

In this study, we found that ESO inhibited proliferation, invasion, migration, and induced apoptosis and autophagy in 
ovarian cancer cells via the downregulation of the PI3K/AKT/mTOR pathway. ESO enhances the chemosensitivity of 
cisplatin in resistant cells by the dual inhibition of AKT/mTOR signaling. The synergistic effects of ESO combined with 
cisplatin suggest that it might be a new therapeutic strategy for cisplatin-resistant ovarian cancer.

Materials and Methods
Antibodies and Chemicals
PI3K (1:1000, #3011), AKT (1:1000, #4691), mTOR (1:1000, #2983), p-AKT (1:1000, #4060), p-mTOR (1:1000, 
#5536) and LC3B (1:1000, #3868) antibodies were purchased from Cell Signaling Technology, Inc. (USA). SKP2 
(1:1000, 15010-1-AP), c-MYC (1:2000, 10828-1-AP), E-cadherin (1:10000, 20874-1-AP), PARP (1:1000, 13371-1-AP), 
BAX (1:2000, 505992-2-lg), caspase 3 (1:1000, 19677-1-AP), p53 (1:10000, 10442-1-AP), P62 (1:10000, 18420-1-AP), 
Beclin 1 (1:1000, 11306-1-AP), and E2F1 (1:1000, 12171-1-AP) antibodies were purchased from Proteintech Group 
(China). Antibodies for MMP2 (1:1000, T57164), vimentin (1: 1000, T55134), and γH2A.X (1:5000, T56572) were 
purchased from Abmart Medical Technology Co., Ltd. ESO was obtained from China AstraZeneca Pharmaceutical Co., 
Ltd. Cisplatin was purchased from China Qilu Pharmaceutical Co., Ltd.

Cell Culture
Human ovarian cancer cells SKOV3 and TOV112D were obtained from the Affiliated Cancer Hospital of Zhengzhou 
University, and were purchased from the American Type Culture Collection. The cisplatin-resistant cell line SKOV3/ 
DDP was obtained from the Third Affiliated Hospital of Zhengzhou University, and was purchased from Shanghai 
Jinyuan Biotechnology Co., Ltd. SKOV3, TOV112D and SKOV3/DDP were cultured in RPMI 1640 medium, DMEM 
medium and McCoy’s 5A medium respectively, containing 10% fetal bovine serum (Cell-Box Biological Products 
Trading Co., Ltd.) and antibiotics (penicillin and streptomycin). The cells were incubated in a humidified atmosphere 
with 5% CO2 at 37 °C.

Cell Viability Assay
The effects of drugs on cell viability were tested using the Cell Count Kit-8 (CCK-8) (Abmole, USA). Cells in the 
logarithmic phase of growth were seeded in a 96-well plate (4000 cells per well). After placing the cell plate in the 
incubator for 12 h to allow cells to fully adhere to the dish, different concentrations of ESO and cisplatin were added. At 
different time points, CCK-8 solution was added and cultured for 1–4 h. The 96-well plate was placed in a microplate 
reader at a wavelength of 450 nm to measure the OD value. Cell viability (%) = (ODsample − ODblank)/ (ODcontrol − 
ODblank) × 100%.
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5-Ethynyl-2’-Deoxyuridine (EdU) Incorporation Assay
The EdU assay (Beyotime Biotechnology Co., LTD, China) can measure proliferating cells by detecting replicating 
DNA. Log phase cells were seeded in a 24-well plate (with a built-in climbing plate), then ESO and cisplatin were added 
after cells adhesion. EdU was added and the culture was incubated for 2–3 h. The cells were fixed with 4% 
paraformaldehyde for 30 min. In the dark, cells were incubated with Click reaction mixture for 30 min and Hoechst 
33342 for 15 min, and then placed under a fluorescence microscope (Olympus, IX71, Japan) to observe cell proliferation. 
The red fluorescence represented proliferating cells, and the blue fluorescence represented individual cells.

Migration and Invasion Assay
The Transwell assay was used to detect the migration and invasion ability of cells. For the migration assay, cells were 
pretreated with drugs and seeded in the upper chamber of a Transwell chamber (aperture 8 µm; Corning Inc., USA) at 
2×104 cells per well. For each well, 200 µL culture medium without FBS was added to the upper chamber and 600 µL 
complete medium to the lower chamber. The 24-well plate was incubated for 8–10 h in a 37 °C incubator. The upper 
chamber was removed, and the cells were fixed with 4% paraformaldehyde for 30 min at room temperature and stained 
with 0.1% crystal violet for 20 min. The crystal violet was rinsed off, and the remaining cells were examined under 
a microscope and photographed for retention. In the invasion assay, 50 µL diluted Matrigel (Biozellen, USA) was added 
to the upper chamber and the plate was placed in the refrigerator at 4 °C for 3 h to wait for the matrigel to solidify. The 
remaining steps were the same as those of the migration assay.

Cell Apoptosis Assay
The Annexin V/PI double staining method was used to detect cell apoptosis. Cells were seeded in a 6-well plate (2×104 

cells per well) and treated with different concentrations of drugs for 24 h. Cells were digested with EDTA-free trypsin, 
resuspended in a centrifuge tube, and centrifuged at 1000 rpm for 5 min. A 500 µL volume of buffer was added and the 
cells were incubated with 5 µL of Annexin V-FITC (BD, USA) for 15 min in the dark. After incubation with 5 µL PI 
(BD, USA) for 15 min, the samples were detected by flow cytometry (Beckman Coulter, DxFLEX, USA).

Western Blotting Assay
Cells pretreated with the drugs were transferred to a centrifuge tube with a scraper and centrifuged. RIPA cell lysis 
(China Kangwei Century Biotechnology Co., Ltd.) was added to the centrifuge tube on ice for 30 min to lyse the cells. 
After centrifugation for 15 min, the supernatant was added to SDS buffer to obtain the protein lysate. The protein was 
separated by electrophoresis on 10%SDS-PAGE gel plates and transferred to PVDF membranes (Millipore, Kenilworth, 
NJ, USA). A solution of 5% skim milk at room temperature was used to block the membranes for 1 h. The primary 
antibody was incubated at 4 °C overnight, and the secondary antibody was incubated for 1 h at room temperature. The 
ECL chemiluminescence solution (Biosharp, China) was added to the PVDF membrane, and the experimental band 
images were obtained by chemical capture software (Clinx Science, Shanghai, China).

Cellular Immunofluorescence Assay
Cells in logarithmic phase were seeded in a 24-well plate (with built-in climbing plate) and placed in a 37 °C incubator 
for 12 h. After cells adhesion, the different drugs were added for 24 h. The cells were fixed with 4% paraformaldehyde 
for 30 min. Each well was permeated with 300 µL of permeant at room temperature for 20 min and then blocked with 5% 
BSA for 1 h. The primary antibody prepared with 3% BSA was added and incubated at 4 °C overnight. The secondary 
antibody (Abcam, US) was added and incubated for 1 h, then DAPI was added and incubated for 15 min, both at room 
temperature in the darkness. The climbing plate was carefully extracted and placed on the slide for immediate 
observation under confocal microscopy.
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Statistical Analysis
All experiments were repeated three times under the same treatment conditions. All results were processed with 
SPSS21.0 software and all graphs were prepared using GraphPad Prism 8.0. Measurement data were expressed as 
mean ± standard deviation, and data between multiple groups were analyzed by one-way analysis of variance. P-values 
<0.05 indicated statistical significance.

Results
ESO Treatment Inhibited Proliferation of Ovarian Cancer Cells
Cell viability was detected by the CCK-8 assay. Treatment with ESO decreased the viability of SKOV3 and TOV112D 
cells in a concentration- and time-dependent manner (Figure 1A). Compared to the 24 h timepoint, ESO treatment for 48 
h had a stronger effect on cell viability with a lower IC50 value (Figure 1A). EdU was used to detect proliferating cells 
undergoing DNA replication. The results showed that the proportion of EdU-positive cells decreased with an increase in 
the concentration of ESO. There was a significant difference at the concentration ≥80 mg/L (Figure 1B). Western blotting 
analysis showed that ESO significantly inhibited the expression of c-MYC, SKP2, and E2F1 in a concentration- 
dependent manner (Figure 1C). These findings consistently indicated that ESO exerted antiproliferative activity in 
ovarian cancer cells.

ESO Treatment Inhibited Invasion and Migration in Ovarian Cancer Cells
The Transwell assay showed that the number of SKOV3 and TOV112D cells migrating and invading decreased, 
respectively, with the increase in ESO concentration (Figure 2A). Western blotting indicated that ESO treatment 
significantly decreased the expression of MMP2, N-cadherin, and vimentin, and increased E-cadherin significantly 
(Figure 2B and C). These results suggested that ESO had inhibitory effects on migration, invasion, and EMT in ovarian 
cancer cells.

ESO Treatment Induced Apoptosis in Ovarian Cancer Cells
The Annexin V/PI-double staining assay demonstrated that the proportion of apoptotic cells increased after ESO 
treatment, with a significant difference at the concentration of 120 mg/L both in SKOV3 and TOV112D cells 
(Figure 3A). Western blotting showed that ESO treatment induced the protein expression of cleaved PARP, BAX, 
caspase 3, and p53 (Figure 3B and C). These results provided molecular evidence for the induction of apoptosis by ESO 
in ovarian cancer cells.

Effects of ESO Treatment on the Expression of Autophagy-Related Proteins in Ovarian 
Cancer Cells
Autophagy is closely related to the proliferation, apoptosis, and drug resistance of ovarian cancer cells. LC3B is 
considered a molecular marker reflecting the level of autophagy. To estimate the effects of ESO on autophagy in ovarian 
cancer cells, we detected the expression of autophagy-related proteins LC3B, P62, and Beclin 1 by Western blotting. The 
results showed that the expression of LC3B and P62 increased, while the expression of Beclin1 decreased after treatment 
with ESO (Figure 4). Thus, ESO could induce autophagy in ovarian cancer cells, but the underlying molecular 
mechanisms remain to be explored.

ESO Treatment Inhibited the PI3K/AKT/mTOR Signaling Pathway in Ovarian Cancer 
Cells
The PI3K/AKT/mTOR signaling pathway plays an important role in regulating the biological behavior of cancer cells. To 
explore the effects of ESO treatment on this pathway in ovarian cancer cells, we evaluated the expression of related 
proteins by Western blotting. ESO treatment downregulated the expression of PI3K, AKT, p-AKT, mTOR, and p-mTOR, 
with a significant difference achieved at the concentration of 120 mg/L in both SKOV3 and TOV112D cells (Figure 5). 
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In combination with the multiple effects mentioned above, ESO might influence the growth, invasion, migration, and 
apoptosis in ovarian cancer cells by inhibiting the PI3K/AKT/mTOR signaling pathway.

Effects of Cisplatin and ESO on Cell Viability in SKOV3/DDP Cells
To evaluate the effects and potential application value of ESO on cisplatin sensitivity and drug resistance, the ovarian 
cancer cell line SKOV3 and its cisplatin-resistant cell line SKOV3/DDP were used for the experiments in this study. The 

Figure 1 ESO inhibits the proliferation of ovarian cancer cells. (A) The CCK-8 assay was used to detect the viability of SKOV3 and TOV112D cells treated with different 
concentrations of ESO for 12, 24, 36, and 48 h. The IC50 of SKOV3 and TOV112D cells treated with ESO for 24 and 48 h, respectively. (B) The EdU assay was used to detect 
the number of EdU positive cells in the proliferating stage treated with ESO for 24 h (magnification 100×). (C) Protein expression of c-MYC, SKP2 and E2F1 in SKOV3 and 
TOV112D cells after treatment with ESO for 24 h. Data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001.
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results of the CCK-8 assay showed that cisplatin inhibited the viability of SKOV3 and SKOV3/DDP cells in 
a concentration and time dependent manner (Figure 6A and B). Compared to SKOV3 cells, the IC50 value of cisplatin 
in SKOV3/DDP cells increased significantly (Figure 6C). ESO also suppressed the viability of SKOV3/DDP cells in 
a concentration-dependent and time-dependent manner (Figure 6D), suggesting its antiproliferative effect on cells 
resistant to cisplatin. Furthermore, ESO (80mg/L) combined with cisplatin significantly inhibited cell viability at 24 h, 
compared to cisplatin alone (Figure 6E and F). These results suggested that ESO in combination with cisplatin may have 
a synergistic effect on cisplatin-resistant cells under certain conditions.

ESO and Cisplatin Synergistically Inhibited Proliferation in SKOV3 and SKOV3/DDP 
Cells
To evaluate the interaction between ESO and cisplatin, we calculated the drug combination index (CI) using Compusyn 
software.29 As shown in Supplementary Table 1, ESO combined with cisplatin can produce synergistic and additive 
effects on SKOV3 and SKOV3/DDP. Considering cell viability in case of drug combination, SKOV3 cells were treated 
with ESO 80 mg/L and cisplatin 4 mg/L (CI=0.742), and SKOV3/DDP cells were treated with ESO 80 mg/L and 
cisplatin 8 mg/L (CI=0.783) in the following experiments. As shown in the CCK-8 assay, ESO combined with cisplatin 
inhibited cell viability in SKOV3 and SKOV3/DDP cells in a time-dependent manner (Figure 7A and B). Furthermore, 
the cell viability of the combined group was significantly lower than that of the cisplatin group (Figure 7A and B). The 

Figure 2 ESO inhibits the migration and invasion of ovarian cancer cells. (A) The Transwell model was used to detect the migration and invasion of SKOV3 and TOV112D 
cells treated with ESO for 24 h (magnification 100×). (B and C) Protein expression of N-cadherin, E-cadherin, MMP2, and vimentin in SKOV3 and TOV112D cells after 
treatment with ESO for 24 h. Data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001.
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proportion of EdU-positive cells in SKOV3 and SKOV3/DDP cells decreased significantly in the ESO and combination 
group (Figure 7C and D). Furthermore, the proportion of EdU positive cells in the combination group was significantly 
lower than in the cisplatin group (Figure 7C and D). These results demonstrated that ESO could improve the sensitivity 
of cisplatin in ovarian cancer cells, including cisplatin-resistant cells.

ESO and Cisplatin Synergistically Inhibited Invasion and Migration in SKOV3 and 
SKOV3/DDP Cells
Transwell assays showed that invasion and migration cells decreased significantly after treatment with ESO, cisplatin and 
their combination, both in SKOV3 and SKOV3/DDP cells, respectively (Figure 8A). The number of invasive and 
migratory cells in the combined group was less than that in the ESO or cisplatin group (Figure 8B and C). These results 
indicated that ESO combined with cisplatin could synergistically inhibit the migration and invasion of ovarian cancer 
cells, implying the potential reversal effect of ESO on cisplatin resistance from a different perspective.

Figure 3 Effects of ESO on apoptosis of ovarian cancer cells. (A) The proportion of apoptosis cells were determined by flow cytometry after 24 h of ESO treatment. (B and 
C) Protein expression of cleaved PARP, p53, caspase 3, and BAX in SKOV3 and TOV112D cells after treatment with ESO for 24 h. Data represent mean ± SD. *p<0.05, 
**p<0.01, ***p<0.001.
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Effects of ESO and Cisplatin on Growth-Regulated Proteins in SKOV3 and SKOV3/ 
DDP Cells
As shown in the Western blotting analysis, in both SKOV3 and SKOV3/DDP cell lines, the expression of c-MYC, 
N-cadherin, and vimentin were downregulated. Meanwhile, the expression of cleaved-PARP and BAX increased. They 
were statistically significant in the combined dosing group (Figure 9). In particular, compared to cisplatin alone, ESO in 
combination with cisplatin further decreased the expression of N-cadherin, vimentin and increased cleaved-PARP, BAX 
(Figure 9). These results provided molecular evidence to explain the synergistic effects of ESO combined with cisplatin 
on the proliferation, invasion, and migration of ovarian cancer cells and cisplatin-resistant cells.

ESO Promoted Cisplatin Inhibitory Effects on AKT/mTOR Signaling in SKOV3 and 
SKOV3/DDP Cells
As mentioned above (Figure 5), ESO could significantly inhibit AKT/mTOR signaling. Herein, we further evaluated the 
synergistic effects of ESO combined with cisplatin on the AKT/mTOR signaling pathway by Western blotting. The 
results showed that the relative expressions of PI3K, AKT, p-AKT, mTOR, and p-mTOR in SKOV3 and SKOV3/DDP 
cells were significantly downregulated in the combination treatment group (Figure 10). More importantly, compared to 
either ESO or cisplatin alone, the relative expression of p-AKT and p-mTOR in the combined group was also 
significantly downregulated (Figure 10).

Subsequently, we observed the expression of p-AKT and p-mTOR in cells using cellular immunofluorescence. The 
results demonstrated that the average fluorescence intensity in cells decreased significantly after treatment with ESO, 

Figure 4 Effects of ESO on autophagy of ovarian cancer cells. (A and B) Protein expression levels of Beclin1, P62, and LC3B in SKOV3 and TOV112D cells after ESO 
treatment for 24 h. Data represent mean ± SD. *p<0.05, **p<0.01.
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cisplatin, and their combination (Figure 11). Compared to ESO or cisplatin alone, the mean fluorescence intensity in cells 
of the combination group also decreased with a significant difference (Figure 11). These data indicated that the 
synergistic biological effect of ESO combined with cisplatin may be achieved by co-inhibiting the AKT/mTOR signaling 
pathway.

Figure 5 Effects of ESO on the PI3K/AKT/mTOR signaling pathway in ovarian cancer cells. (A and B) Protein expression levels of PI3K, AKT, and mTOR in SKOV3 and 
TOV112D cells after treatment with ESO for 24 h. Data represent mean ± SD. *p<0.05, **p<0.01.

Figure 6 Effects of cisplatin and ESO on cell viability in SKOV3 and SKOV3/DDP cells. (A and B) The CCK-8 assay was used to detect the viability of SKOV3 and SKOV3/ 
DDP cells treated with different concentrations of cisplatin for 12, 24, 36, and 48 h. (C) The IC50 of SKOV3 and SKOV3/DDP cells treated with cisplatin. (D) The CCK-8 
assay was also used to detect the viability of SKOV3/DDP cells treated with different concentrations of ESO for 12, 24, 36, and 48 h, and (E) ESO (80 mg/L) combined with 
different concentrations of cisplatin for 12, 24, 36, and 48 h. (F) The IC50 of ESO (80 mg/L) combined with different concentrations of cisplatin for 24 h in SKOV3/DDP cells. 
Data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001.
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Effects of ESO and Cisplatin on the Expression of γH2A.X Protein in Ovarian Cancer 
Cells
The response to DNA damage is an important mechanism of regulation of cell growth, and γH2A.X is a sensitive 
molecular marker of DNA damage and repair. Cisplatin is the first-line drug for ovarian cancer, and its mechanism of 
action is to cross-link with DNA.30 This can cause DNA damage in cancer cells, thus inhibiting the process of DNA 
replication. Thus, we detected the expression of γH2A.X in ovarian cancer cells under ESO and combined treatment. The 
results showed that the expression of γH2A.X increased with the concentration of ESO in SKOV3 and TOV112D cells, 
with a significant difference at 120 mg/L (Figure 12A), suggesting that ESO might induce a response to DNA damage in 
ovarian cancer cells. Furthermore, the expression of γH2A.X in SKOV3 and SKOV3/DDP cells increased significantly in 
groups of cisplatin alone and ESO combined with cisplatin (Figure 12B). While these results indicated that the DNA 
damage response was the basic mechanism of cisplatin activity, these results also suggested that the synergistic antic-
ancer mechanism of ESO and cisplatin may be related to the aggravation of the DNA damage response.

Discussion
Ovarian cancer is the most lethal gynecological malignancy. Recurrence and drug resistance often lead to therapeutic 
failure. Platinum exhibits the main type of drug resistance, which remains a huge challenge.31,32 Patients with platinum 
resistance have limited treatment options and poor survival.33,34 Newer therapies must be developed to improve platinum 
sensitivity or overcome resistance. ESO has a variety of antitumor activities in cancer, including enhancing chemosensi-
tivity and reducing drug resistance.19,21,28 Our previous research demonstrated that ESO can downregulate EGFR 
through the PI3K/FOXO3a pathway to inhibit gastric cancer cell growth.35 This study further explored the effects of 
ESO on ovarian cancer cells.

In this study, ESO significantly inhibited the viability and proliferation of ovarian cancer cells and simultaneously 
decreased the expression of c-MYC, SKP2, and E2F1, which played a key role in the regulation of ovarian cancer cell 
growth.36–38 C-MYC, SKP2, and E2F1 are important transcription factors, and are also considered as oncogenes and 

Figure 7 Effects of ESO combined with cisplatin on the proliferation of ovarian cancer cells. (A and B) The CCK-8 assay was used to detect the effects of ESO combined 
with cisplatin on the viability of SKOV3 and SKOV3/DDP cells for 12, 24, 48, and 96 h. (C and D) The EdU assay was used to detect the effect of ESO combined with cisplatin 
for 24 h on the proliferation of SKOV3 and SKOV3/DDP cells (magnification 100×). Data represent mean ± SD. **p<0.01, ***p<0.001.
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potential therapeutic targets.39,40 Furthermore, their interactions determine the survival and death of cells.42–44 These 
results suggest that the significant anticancer activity of ESO may have complex mechanisms that need to be further 
clarified.

The PI3K/AKT/mTOR signaling pathway is a biological mechanism and therapeutic target of ovarian cancer.24,45,46 

Inhibition of the PI3K/AKT/mTOR pathway both enhances the sensitivity of chemotherapy drugs,25,47 and overcomes 
platinum resistance in ovarian cancer cells.26,48 Our results show that ESO can effectively reduce the activity of the 
PI3K/AKT/mTOR signaling pathway in cisplatin-resistant ovarian cancer cells, thereby enhancing cisplatin sensitivity. It 
has also been reported that ESO can reverse multidrug resistance of gastric cancer cells by targeting the PI3K/AKT/ 
mTOR pathway.27,28 Altogether, these data provide evidence of a signaling pathway responsible for the anti-tumor effects 
of ESO and overcoming drug resistance.

In SKOV3 cells, c-MYC is a key regulator that affects the expression of downstream proteins after AKT/mTOR is 
inhibited.49,50 We found that ESO significantly promoted cisplatin inhibition of the AKT/mTOR pathway and c-MYC 
expression in SKOV3 and SKOV3/DDP cells, which may be the potential mechanism of their synergy.

Apoptosis and autophagy are the core mechanisms that regulate cell growth, and have become important targets for 
cancer therapy.51–53 Inhibition of the PI3K/AKT/mTOR pathway can induce cell apoptosis and autophagy.54,55 However, 

Figure 8 ESO and cisplatin synergistically inhibit the migration and invasion of ovarian cancer cells. (A–C) The Transwell model was used to detect the effect of ESO 
combined with cisplatin on the migration and invasion of SKOV3 and SKOV3/DDP cells (magnification 100×). Data represent mean ± SD. ***p<0.001.
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drugs have different effects on autophagy despite inducing apoptosis of ovarian cancer cells.56,57 Our findings confirm 
that ESO induces autophagy and apoptosis of tumor cells,58,59 but we also show that this activity in ovarian cancer cells 
is associated with a downregulated PI3K/AKT/mTOR pathway, which may be a mechanism of ESO to resist inhibit 

Figure 9 Effects of ESO combined with cisplatin on growth-regulated proteins in ovarian cancer cells. (A and B) Protein expression levels of N-cadherin, vimentin, cleaved 
PARP, BAX, and c-MYC in SKOV3 and SKOV3/DDP cells after treatment with ESO combined with cisplatin for 24 h. Data represent mean ± SD. *p<0.05, **p<0.01, 
***p<0.001.

Figure 10 Effects of ESO combined with cisplatin on the AKT/m-TOR signaling pathway in ovarian cancer cells. (A and B) Protein expression levels of PI3K, AKT, 
and m-TOR in SKOV3 and SKOV3/DDP cells after treatment with ESO combined with cisplatin for 24 h. Data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001.
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Figure 11 Effects of ESO combined with cisplatin on fluorescence intensity of p-AKT and p-mTOR in ovarian cancer cells. (A–D) Cell immunofluorescence was used to 
detect the expression of p-AKT and p-mTOR in SKOV3 and SKOV3/DDP cells (magnification 400×). Data represent mean ± SD. **p<0.01, ***p<0.001.

Figure 12 Effects of ESO and cisplatin on the expression of γH2A.X in ovarian cancer cells. (A) Protein expression levels of γH2A.X in SKOV3 and TOV112D cells after 
treatment with ESO, and (B) in SKOV3 and SKOV/DDP cells after treatment with ESO combined with cisplatin. Data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001.
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cancer and overcome resistance to cisplatin. Nevertheless, whether ESO promotes cisplatin to induce autophagic 
apoptosis needs further investigation.

The mechanism of cisplatin resistance in ovarian cancer is complex. In clinical treatment settings, increasing 
sensitivity is an effective strategy to alleviate cisplatin resistance in ovarian cancer.60 Our results show that ESO 
promotes the chemosensitivity of cisplatin, synergistically suppressing proliferation, invasion, and migration in ovarian 
cancer and cisplatin-resistant cells.

EMT is closely related to cisplatin resistance, which involves AKT/mTOR signaling.61 Inhibition of the AKT/mTOR 
pathway can reduce cisplatin resistance by ovarian cancer cells by reversing EMT.26 We found that ESO can significantly 
inhibit cell invasion, migration, and EMT. Moreover, in cisplatin-resistant cells, ESO combined with cisplatin also 
synergistically inhibits EMT and AKT/mTOR signaling. This provides a strategic option for the combination of ESO in 
the treatment of metastatic ovarian cancer and the chemoprevention of metastasis of ovarian cancer.

Induction of DNA damage is the basis of the cisplatin activity, in turn, which is also one of the mechanisms of 
resistance to cisplatin in ovarian cancer.62,63 Targeting the PI3K/AKT/mTOR signaling pathway and the DNA damage 
response is a promising strategy.64 In this study, ESO combined with cisplatin synergistically upregulated the expression 
of the DNA damage marker γH2A.X and the pro-apoptotic proteins BAX and cleaved PARP. Furthermore, c-MYC is 
a potential therapeutic target for platinum-resistant ovarian cancer.65 We observed that ESO promoted inhibition of 
c-MYC expression by cisplatin and increased sensitivity to cisplatin in resistant cells.

ESO and cisplatin are commonly used drugs in clinical practice. High-dose ESO (80mg/L) is well tolerated with no 
apparent safety concerns in several clinical trials.66,67 We have verified the synergistic effects of ESO combined with 
cisplatin in vitro, and further exploration of the feasibility and stability of the drugs combination is needed in preclinical 
trials.

Conclusion
ESO exhibits multiple anti-cancer activities in ovarian cancer cells. The mechanism of ESO enhancing cisplatin 
sensitivity is related to the synergistic regulation of cell proliferation, invasion, migration, apoptosis, the DNA damage 
response, EMT, and regulation of the AKT/mTOR signaling pathway. As a chemosensitizer, ESO in combination with 
cisplatin might be a new therapeutic strategy for cisplatin-resistant ovarian cancer.
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