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Abstract. Ovarian cancer is a prominent disease that demon-
strates high incidence rates in women and often presents 
multidrug resistance. Propofol has been demonstrated to 
suppress the malignancy of various types of human cancer; 
however, the underlying molecular mechanisms of propofol 
in ovarian cancer remain largely unknown. The present 
study aimed to investigate whether and how propofol inhibits 
proliferation and cisplatin (DDP) resistance in ovarian cancer 
cells. Ovarian cancer cell viability was assessed by the Cell 
Counting kit‑8 assay; apoptosis and cell cycle progression were 
determined by flow cytometry; the relative expression levels 
of microRNA (miR)‑374a and forkhead box O1 (FOXO1) 
were analyzed using reverse transcription‑quantitative PCR; 
the binding ability of miR‑374a to FOXO1 was assessed by 
the dual‑luciferase reporter assay; cellular sensitivity to DDP 
was detected using the MTT assay; and finally, the protein 
expression levels of FOXO1, p27, and Bcl‑2‑like‑protein 11 
(Bim) were analyzed by western blotting. Propofol reduced 
viability, promoted apoptosis and decreased miR‑374a 
expression levels in A2780 cells. In addition, the viability of 
A2780/DDP cells in the propofol + DDP treatment group was 
significantly inhibited, and the apoptotic rate was increased. 
In addition, miR‑374a overexpression increased cell viability 
and the proportion of cells in the S phase, and decreased the 
proportion of cells in the G0/G1 phase. Conversely, genetic 
knockdown of miR‑374a exerted the opposite effects on cell 
viability and cell cycle progression. Moreover, miR‑374a 

was demonstrated to bind to FOXO1. Propofol promoted 
the expression of FOXO1, p27 and Bim, induced cell cycle 
arrest and decreased ovarian cancer cell viability. In addi-
tion, treatment with propofol and DDP regulated FOXO1 
and increased apoptosis of ovarian cancer cells. In conclu-
sion, propofol downregulated miR‑374a and modulated the 
FOXO1 pathway to reduce proliferation and DDP resistance 
in ovarian cancer cells.

Introduction

Ovarian cancer demonstrates the highest mortality rate among 
gynecological cancers and it is difficult to diagnose at an early 
stage (1). Thus, due to the majority of diagnoses occurring 
at advanced stages, ovarian cancer is difficult to treat and is 
often characterized by a low 5‑year survival rate. In addition 
to surgical therapy, treatment of ovarian cancer often consists 
of chemotherapy and immunotherapy (2,3). Chemotherapy is 
the main adjuvant therapy used for ovarian cancer, which not 
only affects the condition of ovarian cancer but also exerts 
cytotoxic activity to thoroughly eliminate cancer cells and 
prolong the survival time of patients. Nonetheless, resistance 
of cancer cells to chemotherapeutic drugs, including cisplatin 
(DDP), paclitaxel, vincristine and bleomycin, is a growing 
concern. For example, ovarian cancer cells are often resistant 
to paclitaxel and DDP (4,5); DDP resistance is associated with 
an increase in DNA repair and drug inactivation, as well as 
changes in cellular accumulation, which prevent the efficacy 
of cancer treatments  (6). It has been reported that STAT3 
regulates microRNA (miRNA/miR)‑216a to facilitate ovarian 
cancer proliferation and DDP resistance  (7). Ai  et  al  (8) 
reported that hypoxia‑inducible factor‑1 α (HIF‑1α) inhibited 
the response of DDP‑resistant ovarian cancer cells to DDP by 
redirecting aerobic glycolysis towards mitochondrial oxidative 
phosphorylation, which promoted cellular survival through 
the underproduction of reactive oxygen species. Overall, this 
finding suggested that the HIF‑1α‑regulated cancer metabolism 
pathway may be a novel target for overcoming DDP resistance 
in ovarian cancer. Therefore, it is of importance to investigate 
the specific molecular mechanisms underlying DDP resistance 
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in ovarian cancer to identify novel drug targets and improve 
the survival rate of patients with ovarian cancer.

Propofol, a central nervous system anesthetic, is often 
used in surgical operations in combination with inhalational 
anesthetics and analgesics. In addition to its function as an 
anesthetic, the antitumor effects of propofol have been demon-
strated in gastric, lung, cervical and breast cancer (9‑12). A 
previous study reported that propofol inhibited the invasion 
of ovarian cancer cells and enhanced the apoptotic effect of 
paclitaxel on ovarian cancer cells (13); however, the molecular 
mechanisms underlying these specific roles of propofol in 
ovarian cancer are largely unknown.

miRNAs are RNA molecules 21‑23 nucleotides in length, 
which do not encode proteins but regulate gene expression 
through binding to specific miRNA‑binding sites on target 
mRNAs (14,15). miRNAs act as biological regulators in a 
range of cellular processes, such as cell proliferation, inva-
sion and apoptosis or programmed cell death (16,17). Notably, 
miR‑374a negatively regulates its downstream genes to control 
the proliferation and invasion of cancer cells (18). Emerging 
evidence indicated that the transcription factor forkhead 
box O1 (FOXO1) serves important roles in controlling drug 
resistance in cancer cells; for example, it has been reported 
that FOXO1 contributes to paclitaxel‑induced drug resistance 
in ovarian cancer (19). In addition, Wang et al (20) reported 
that the role of FOXO1 in paclitaxel resistance was positively 
regulated by thioredoxin‑1 (Trx1), and this effect may depend 
on Trx1 nuclear translocation, which was mediated by pacli-
taxel‑induced reactive oxygen species in ovarian cancer cells. 
Moreover, miR‑374a modulated DDP resistance in human 
ovarian cancer cells (21). These results suggest that the expres-
sion of miR‑374a is associated with drug resistance in ovarian 
cancer cells; however, whether there is an interaction between 
propofol and miR‑374a remains to be identified.

In the present study, the effect of propofol on 
miR‑374a‑induced proliferation and DDP resistance of ovarian 
cancer cells was investigated. It was demonstrated that propofol 
inhibited the growth and DDP resistance of ovarian cancer cells 
by decreasing miR‑374a expression and consequently regulating 
FOXO1 expression. These findings provided a novel insight into 
the use of anesthetics for the treatment of ovarian cancer.

Materials and methods

Cell culture. Human ovarian cancer cell lines A2780 and 
DDP‑resistant A2780/DDP were obtained from the American 
Type Culture Collection and Shanghai Enzyme Research 
Biotechnology Co., Ltd., respectively. Cells were cultured in 
DMEM supplemented with 10% FBS (both purchased from 
Gibco; Thermo Fisher Scientific, Inc.) and maintained in a 
humidified atmosphere of 5% CO2 at 37˚C. Upon A2780 or 
A2780/DDP cells reaching 80‑90% confluence, the cells were 
subcultured or inoculated for further experiments.

Drug treatment. DDP and propofol were purchased from 
Sigma‑Aldrich; Merck KGaA. Different concentrations of 
propofol and DDP were used to treat ovarian cancer cell 
lines in a cell viability assay using different concentrations. 
For single agent treatment groups, ovarian cancer cells were 
treated with 0, 1, 5, 10 or 20 µg/ml propofol for 48 h at 37˚C, or 

0, 5, 10, 20 and 50 µM DDP for 48 h at 37˚C. For the combined 
treatment group, A2780 or A2780/DDP cells were treated with 
10 µg/ml propofol and 10 µM DDP for 48 h at 37˚C. Cells were 
transfected with miR‑374a or NC mimics before treatment 
with propofol and/or DDP.

Cell transfection. miR‑374a mimics, miR‑374a inhibitor and 
their respective negative controls (NC) with random sequences 
(denoted as mimics NC and inhibitor NC) were all synthesized 
by Shanghai GenePharma Co., Ltd. The sequences were as 
follows: Mimics NC forward, 5'‑UUC​UCC​GAA​CGU​GUC​
ACG​UTT‑3' and reverse, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​
ATT‑3'; miR‑374a mimics forward, 5'‑UUA​UAA​UAC​AAC​
CUG​AUA​AGU​G‑3' and reverse, 5'‑CUU​AUC​AGG​UUG​UAU​
UAU​AAU​U‑3'; inhibitors NC 5'‑CAG​UAC​UU​UUG​UGU​AGU​
ACA​AA‑3'; miR‑374a inhibitor 5'‑CAC​UUA​UCA​GGU​UGU​
AUU​AUA​A‑3'. Full‑length FOXO1 sequences were amplified 
and ligated into pcDNA3.1 plasmid (OriGene Technologies, 
Inc.) and the recombined plasmid was referred to as FOXO1. 
The cells were transfected with miR‑374a mimics, mimics 
NC, miR‑374a inhibitor and inhibitor NC (50  nm) using 
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. 
Subsequently, the cells were treated with 10 µg/ml propofol 
and 10 µM DDP treatment for 48 h. RNA extraction and 
western blotting were conducted 48 h post‑transfection.

Cell viability assay. Cell viability was measured using a 
Cell Counting kit‑8 (CCK‑8) assay (Beyotime Institute of 
Biotechnology) according to manufacturer's protocol. Briefly, 
1x104 cells were seeded into 96‑well plates and following 
10 µg/ml propofol treatment or transfection, 10 µl CCK‑8 solu-
tion was added into each well. Following incubation for 4 h 
at 37˚C, the absorbance was measured at 490 nm using a spec-
trophotometer. Cell viability was calculated according to the 
following formula: Cell viability (% of control)=Experimental 
group (OD value)‑Blank group (OD)/control group (OD)‑Blank 
group (OD).

Flow cytometric detection of apoptosis and cell cycle progres‑
sion. A total of 3x105 cells treated with propofol were cultured 
in 6‑well plates for 24 h. Cells were harvested using trypsin, 
washed twice with PBS, and subsequently subjected to an apop-
tosis assay with an Annexin V‑FITC/PI Apoptosis Detection 
kit (BD Pharmingen; BD Biosciences), according to the manu-
facturer's protocol. Apoptotic cells were analyzed using a flow 
cytometry system (BD FACSCalibur; BD Biosciences) using 
FL1 (excitation, 488 nm) and FL2 (excitation, 633 nm) chan-
nels. Data were analyzed using BD CellQuest™ Pro Analysis 
software (BD Biosciences).

Cell cycle analysis was performed using a kit from Nanjing 
KeyGen Biotech Co., Ltd., according to the manufacturer's 
protocol. Briefly, the cells were collected and fixed with 70% 
ethanol at 4˚C overnight. The cells were subsequently resus-
pended in PBS, and were incubated in buffer containing 
50 µg/ml PI and 10 µg/ml RNase A (Beyotime Institute of 
Biotechnology) for 30 min in the dark at 37˚C. Cell cycle 
progression was determined using a BD LSR II flow cytom-
etry system (BD Biosciences), and FlowJo software v10.0.7 
(Tree Star, Inc.) was used for further data analysis.
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Detection of cell sensitivity to DDP using an MTT assay. 
To evaluate cellular sensitivity to DDP, the viability of cells 
treated with 5‑50 µM DDP (Sigma‑Aldrich; Merck KGaA) for 
48 h was analyzed using the MTT assay (Beyotime Institute 
of Biotechnology). Briefly, a total of 5,000 cells were plated 
in 96‑well plates and cultured overnight. Then, 10 µl MTT 
solution and 100 µl DMEM were added to each well for 4 h 
at 37˚C. The solution was subsequently discarded and 150 µl 
DMSO/well was added to dissolve the formazan crystals. The 
plates were slightly agitated for 10 min and the absorbance 
was determined at 490 nm using a spectrophotometer. The 
half‑maximal inhibitory concentration (IC50) values were 
calculated by nonlinear regression analysis using GraphPad 
Prism version 5.0 (GraphPad Software, Inc.) software.

Detection of caspase‑3 and caspase‑9 activity. Caspase‑3 
and caspase‑9 activities were assessed by the colorimetric 
method using Caspase‑3 and Caspase‑9 activity assay kits 
(Beyotime Institute of Biotechnology), respectively, according 
to the manufacturer's protocol. The cells were counted and 
washed in PBS. The samples were collected by centrifuga-
tion (600 x g; 5 min; 4˚C), suspended in 100 µl lysis buffer 
(Beyotime Institute of Biotechnology) and kept on ice for 
20 min. Following centrifugation (20,000 x g; 10 min; 4˚C), 
the supernatant was collected for analysis. A total of 2 mM 
Ac‑DEVD‑pNA or Ac‑LEHD‑pNA was used to measure 
caspase‑3 activity or caspase‑9 activity, respectively. The 
absorbance was measured at 405 nm using a microplate reader, 
and caspase‑3 and caspase‑9 activity was calculated based on 
the relative value of p‑nitroanilide content.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cells using RNAiso Plus (Takara 
Biotechnology, Co., Ltd.). Following quantification, total 
RNA was reverse transcribed into cDNA using a PrimeScript 
RT master mix kit (Takara Biotechnology, Co., Ltd.), the 
reverse transcription reaction conditions were set to 37˚C for 
30 min, and reverse transcriptase inactivation was conducted 
at 85˚C for 5 min. qPCR was subsequently performed using 
the SYBR® Green system (Takara Biotechnology, Co., Ltd.). 
The primer pairs used for the qPCR are presented in Table I. 
The following thermocycling conditions were used for qPCR: 
Pre‑denaturation at 95˚C for 10 min, followed by a total of 
40 cycles of denaturation at 95˚C for 10 sec, annealing at 60˚C 
for 50 sec and extension at 72˚C for 32 sec. The relative expres-
sion levels of miR‑374a or FOXO1 were calculated using the 
2‑ΔΔCq method (22). For mRNA expression levels, β‑actin was 
used as the internal control; for miRNA expression, U6 was 
used as the internal control.

Western blotting. Cells were cultured in 6‑well plates, 
collected and total protein was extracted using RIPA lysis 
buffer (Beyotime Institute of Biotechnology). Total protein 
was quantified using a bicinchoninic acid assay kit (Bio‑Rad 
Laboratories, Inc.) and 50 µg protein samples were separated 
via SDS‑PAGE gel on a 10% gel. The separated proteins 
were subsequently transferred onto nitrocellulose membranes 
(Merck KGaA) and blocked at room temperature for 1 h with 
5% skimmed milk. The membranes were incubated with the 
following primary antibodies at 4˚C overnight: Anti‑FOXO1 

(1:1,000; ab39670; Abcam); anti‑Bim (1:1,000; ab32158; 
Abcam); anti‑p27 (1:1,000; ab32034; Abcam); and anti‑GAPDH 
(1:2,000; ab8245; Abcam). The membranes were washed three 
times with TBS containing 0.1% Tween 20. Following the 
primary antibody incubation, membranes were incubated with 
goat anti‑mouse/rabbit IgG horseradish peroxidase‑conjugated 
secondary antibodies (1:5,000; A6715/R9130; Sigma‑Aldrich; 
Merck KGaA) for 2 h at room temperature. Protein bands were 
visualized using an ECL detection kit (Pierce; Thermo Fisher 
Scientific, Inc.) and protein expression was semi‑quantified by 
ImageJ 1.52a (National Institutes of Health).

Bioinformatics analysis. Bioinformatics tools, including 
RAID version 2.0 software (www.rna‑society.org/raid/) and 
miRBase (www.mirbase.org) were performed to predict the 
targets of miR‑374a. The gene FOXO1 was identified as a 
potential target gene of miR‑374a.

Dual‑luciferase reporter assay. The dual‑luciferase reporter 
assay was conducted as previously described (23), with a slight 
modification. The mutation type 3'‑untranslated region (UTR) 
of FOXO1 gene was created by the QuikChange Site‑Directed 
Mutagenesis kit (Stratagene; Agilent Technologies, Inc.). The 
wild‑type or mutant (MUT) FOXO1 3'‑UTR were cloned into 
psiCHECK™‑2 vector (Promega Corporation). A total of 2x104 
293T cells (ATCC) were plated into 24‑well plates and were 
subsequently co‑transfected with wild‑type or MUT plasmids 
(200 ng) FOXO1 3'‑UTR vectors and miR‑374a mimics or 
mimics NC using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) at 37˚C for 48 h. The firefly luciferase 
activity of 293T cells was detected using the Dual‑Luciferase 
Reporter assay system (Promega Corporation), according to 
the manufacturer's protocol. The firefly luciferase activity of 
293T was compared with Renilla luciferase activity.

Statistical analysis. Statistical analysis of all results was 
performed using GraphPad Prism version  5.0 software 
(GraphPad Software, Inc.). Each experiment was indepen-
dently conducted≥3 times and all data are presented as the 

Table I. Primer sequences for reverse transcription‑quantitative 
PCR.

Gene	 Primer sequence (5'→3')

MicroRNA‑374a	 F: GCCGGCTTATAATACAACCTGA
	R : GTCGTATCCAGTGCAGGGTCCG
	A GGTATTCGCACTGGATACGACCA
	C TTA
FOXO1	 F: TGCATTTCGCTACCCGAGTT
	R : GTGGCTGACAAGACTTAACTCAA
GAPDH	 F: CCAGGTGGTCTCCTCTGA
	R : GCTGTAGCCAAATCGTTGT
U6	 F: CTCGCTTCGGCAGCACA
	R : AACGCTTCACGAATTTGCGT

FOXO1, forkhead box O1; F, forward; R, reverse.

https://www.spandidos-publications.com/10.3892/mmr.2020.10943
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mean ± SD. Significant differences between groups were 
determined using Student's t‑test or one‑way ANOVA followed 
by Tukey's post hoc test for multiple comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Propofol decreases cell viability and induces apoptosis of 
ovarian cancer cells. To explore the effect of propofol on 
A2780 cells, the cell viability and apoptotic rates of A2780 
cells treated with 0, 1, 5, 10  or  20  µg/ml propofol were 
determined. The results demonstrated that propofol exerted a 
significant dose‑dependent inhibitory effect on cell viability 
and a significant dose‑dependent promoting effect on the 
apoptotic rate of A2780 cells compared with untreated cells 
(Fig. 1A and B). To determine the association between the 
dose of propofol and miR‑374a expression, RT‑qPCR analysis 
was performed. Propofol significantly decreased the expres-
sion levels of miR‑374a in A2780 cells in a dose‑dependent 
manner compared with untreated cells (Fig. 1C). Overall, it was 
demonstrated that 10 µg/ml propofol inhibited ovarian cancer 
cell viability, while still maintaining moderate cell viability; 
however, 20 µg/ml led to significant cell damage compared 
with untreated cells (Fig. 1A). Thus, 10 µg/ml propofol was 
selected as the optimal concentration and used in subsequent 
experiments.

Propofol enhances DDP‑induced cytotoxicity in sensitive 
and resistant A2780 cell lines. The IC50 of DDP in resistant 
A2780/DDP cells was significantly higher compared with 
A2780 cells (40.2 vs. 14.7 µM; Fig. 2A). This result suggested 
that A2780/DDP cells were highly resistant to DDP. By 
combining the findings of previous literature and the results of 
the present study, a concentration near IC50 (10 µM DDP) was 
chosen for subsequent experiments. To investigate the effect 
of propofol on DDP resistance in ovarian cancer cells, an 
MTT assay and flow cytometric analysis were used to assess 
the viability and apoptosis of A2780/DDP and A2780 cells 
treated with DDP alone or combined with propofol. Compared 
with the control group, the viability of A2780 cells in the 
DDP‑treated group was evidently reduced; but the cell viability 
of A2780/DDP only decreased slightly; while the viability of 
A2780/DDP cells in the propofol and DDP treatment group 
was significantly reduced compared with the control group or 
the DDP‑only treatment group (Fig. 2B). In addition, treatment 
with DDP alone markedly increased the apoptosis of A2780 
cells, but the apoptosis of A2780/DDP cells only increased 
slightly; whereas the proportion of apoptotic cells was signifi-
cantly increased in A2780/DDP cells treated with propofol 
and DDP compared with control cells or cells treated with 
DDP only (Fig. 2C). Taken together, these results suggested 
that propofol pretreatment inhibited the activity of ovarian 
cancer cells, induced apoptosis and increased cell sensitivity 
to DDP.

Downregulation of miR‑374a decreases the proliferation 
of ovarian cancer cells. RT‑qPCR data demonstrated that 
propofol could downregulate the expression of miR‑374a. 
In order to further determine the effect of miR‑374a on the 
proliferation of A2780 cells, miR‑374a was knocked down 

using a miR‑374a inhibitor, or overexpressed using miR‑374a 
mimics, and the proliferative ability of the cells was subse-
quently analyzed using the CCK‑8 assay and flow cytometry. 
miR‑374a knockdown significantly decreased miR‑374a 
expression levels, whereas its overexpression significantly 
increased miR‑374a expression levels compared with their 
respective controls (Fig. 3A), thus demonstrating successful 
transfection efficiency. The miR‑374a mimics‑transfected 
cells demonstrated significantly enhanced levels of cell prolif-
eration at 72 h compared with the mimics NC group, whereas 
knockdown of miR‑374a using the inhibitor significantly 
inhibited the proliferation of A2780 cells compared with 
the NC group (Fig. 3B). In addition, a significant increase or 
decrease in the proportion of cells in the G0/G1 phase was 
observed in cells transfected with the inhibitor or mimics, 
respectively, compared with their respective NCs (Fig. 3C). 
Overall, these data revealed that downregulation of miR‑374a 
using an inhibitor blocked the cell cycle at the G0/G1 phase 
and inhibited the proliferation of ovarian cancer cells.

miR‑374a negatively regulates FOXO1 to promote 
proliferation and inhibit apoptosis of ovarian cancer cells. 
In order to further determine the regulatory mechanism of 
miR‑374a, the present study explored the downstream target 
genes of miR‑374a involved in the proliferation of A2780 cells 
and validated the miRNA‑target gene relationships. Target 
prediction searches were performed using RAID version 2.0, 
which indicated that miR‑374a may directly target the 3'UTR 
of FOXO1 (Fig. 4A). A dual‑luciferase reporter gene assay 
revealed that the luciferase activity of cells co‑transfected with 
the miR‑374a mimics and wild‑type FOXO1 vector was signif-
icantly decreased compared with cells co‑transfected with 
the mimics NC and wild‑type FOXO1 vector (Fig. 4B). This 
suggested that miR‑374a may bind to the 3'UTR of FOXO1. 
The overexpression of miR‑374a in A2780 cells induced by 
miR‑374a mimics significantly decreased FOXO1 mRNA 
and protein expression levels compared with the mimics NC 
group (Fig. 4C and D), whereas knockdown of miR‑374a using 
the miR‑374a inhibitor significantly increased the expres-
sion levels of FOXO1 at both the mRNA and protein level in 
A2780 cells compared with the inhibitor NC‑transfected cells 
(Fig. 4C and D). The mRNA and protein expression levels of 
FOXO1 were significantly increased in cells transfected with 
FOXO1 compared with pcDNA3.1‑transfected cells, indicating 
that FOXO1 was successfully overexpressed in cells following 
the transfection with FOXO1 (Fig. 4E). Moreover, cells with 
miR‑374a overexpression were observed to have significantly 
enhanced proliferation rates and decreased apoptotic rates 
compared with the mimics NC group (Fig. 4F and G). miR‑374a 
overexpression alongside FOXO1 overexpression significantly 
inhibited cell proliferation and increased apoptosis compared 
with the miR‑374a mimics alone (Fig. 4F and G). Therefore, 
these results indicated that miR‑374a may bind to and nega-
tively regulate FOXO1, facilitating the proliferation and 
inhibiting the apoptosis of A2780 cells.

Propofol inhibits proliferation and accelerates apoptosis of 
ovarian cancer cells through regulating miR‑374a/FOXO1. To 
further determine whether propofol inhibited the proliferation 
of ovarian cancer cells by modulating the miR‑374a/FOXO1 
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signaling axis, the effects of propofol alone or combined 
with miR‑374a overexpression on the cell viability, cell cycle 
progression and expression of proteins related to FOXO1 

signaling were analyzed. Cell viability was significantly 
reduced in the propofol treatment group compared with the 
control group, whereas viability was significantly enhanced 

Figure 1. Propofol suppresses cell viability and promotes apoptosis of ovarian cancer cells. A2780 cells were treated with a range of propofol concentrations. 
(A) Cell viability was examined using a MTT assay and (B) apoptotic rate was measured using flow cytometry. (C) Relative expression levels of miR‑374a 
were analyzed using reverse transcription‑quantitative PCR. Data are presented as the mean ± SD of three independent experimental repeats (n=3). *P<0.05, 
**P<0.01 and ***P<0.001. miR, microRNA.

Figure 2. Propofol inhibits DDP resistance in ovarian cancer cells. (A) A2780 and DDP‑resistant A2780/DDP cells were treated with DDP and the IC50 was 
calculated using an MTT assay to validate the sensitivity of A2780 and A2780/DDP cells to DDP. (B) A2780 and A2780/DDP cells were incubated with 
DDP alone or DDP combined with propofol, and cell viability was analyzed using an MTT assay. (C) Apoptotic rate of A2780 and A2780/DDP cells treated 
with DDP or DDP in combination with propofol was measured using flow cytometry. Data are presented as the mean ± SD, n=3. *P<0.05 and **P<0.01. DDP, 
cisplatin.

https://www.spandidos-publications.com/10.3892/mmr.2020.10943
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Figure 4. miR‑374a negatively regulates FOXO1 to promote the proliferation and induce the apoptosis of ovarian cancer cells. (A) A potential binding site of 
miR‑374a in FOXO1 was predicted. (B) A2780 cells were co‑transfected with miR‑374a mimics or mimics NC and luciferase reporter plasmids carrying WT 
or MUT FOXO1 3'UTR, and luciferase activity was measured. (C and D) A2780 cells were transfected with mimics NC, miR‑374a mimics, inhibitor NC or 
miR‑374a inhibitor and the relative (C) gene and (D) protein expression levels of FOXO1 were analyzed using RT‑qPCR and western blotting, respectively. 
(E) A2780 cells were transfected with empty pcDNA3.1 plasmid or FOXO1 plasmid, and the relative gene and protein expression levels of FOXO1 were 
analyzed using RT‑qPCR and western blotting, respectively. (F and G) A2780 cells were transfected with mimics NC, miR‑374a mimics, miR‑374a mimics 
and pcDNA3.1, or miR‑374a mimics and FOXO1. (F) Cell proliferation was analyzed using a Cell Counting kit‑8 assay. (G) Apoptosis was detected using flow 
cytometry. Data are presented as the mean ± SD, n=3. *P<0.05 and **P<0.01. FOXO1, forkhead box O1; miR, microRNA; MUT, mutant; NC, negative control; 
RT‑qPCR, reverse transcription‑quantitative PCR; WT, wild‑type.

Figure 3. Knockdown of miR‑374a with a miR‑374a inhibitor decreases the proliferation of ovarian cancer cells. A2780 cells were transfected with mimics NC, 
miR‑374a mimics, inhibitor NC or miR‑374a inhibitor. (A) miR‑374a expression levels were analyzed using reverse‑transcription‑quantitative PCR. (B) Cell 
viability was assessed using the Cell Counting kit‑8 assay. (C) Cell cycle progression was examined using flow cytometry. Data are presented as the mean ± SD, 
n=3. *P<0.05 and **P<0.01. miR, microRNA; NC, negative control; OD, optical density.
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in the propofol treatment and miR‑374a overexpression group 
compared with the propofol treatment and mimics NC group 
(Fig.  5A). Furthermore, propofol significantly increased 
the proportion of cells in the G0/G1 phase of the cell cycle 
compared with the control group and decreased the proportion 
of cells in the S phase (Fig. 5B), whereas propofol combined 
with miR‑374a overexpression significantly decreased the 

proportion of G0/G1 phase cells compared with the propofol 
and mimics NC‑treated cells and increased the proportion of 
S phase cells (Fig. 5B). p27 is a CDK inhibitor that negatively 
regulates cell cycle progression (24) and Bim is a pro‑apop-
totic protein, the dysregulation of which is closely related to 
tumorigenesis and drug resistance (25). Western blotting was 
used to analyze the protein expression levels of FOXO1, p27 

Figure 5. Propofol inhibits the proliferation of ovarian cancer cells through regulating the miR‑374a/FOXO1 signaling axis. A2780 cells were transfected 
with mimics NC or miR‑374a mimics and treated with propofol. (A) Cell viability was analyzed using the Cell‑Counting kit‑8 assay. (B) Cell cycle analysis 
was performed using flow cytometry. (C) Protein expression levels of FOXO1, p27 and Bim were determined and semi‑quantified using western blotting. 
(D) Caspase‑3 and caspase‑9 activities were detected using colorimetric kits. Data are presented as the mean ± SD, n=3. *P<0.05 and **P<0.01 Bim, Bcl‑2‑like 
protein 11; FOXO1, forkhead box O1; miR, microRNA; NC, negative control.

Figure 6. Propofol inhibits DDP resistance in ovarian cancer cells by regulating the miR‑374a/FOXO1 signaling axis. A2780 and A2780/DDP cells were 
treated with DDP alone, with DDP in combination with propofol, or with DDP, propofol and miR‑374a mimics. (A) Apoptotic rate of A2780 and A2780/DDP 
cells was assessed and semi‑quantified using flow cytometry. (B) Protein expression levels of FOXO1, p27 and Bim in A2780 and A2780/DDP cells were 
analyzed and semi‑quantified using western blotting. Data are presented as the mean ± SD, n=3. *P<0.05 and **P<0.01. Bim, Bcl‑2‑like protein 11; FOXO1, 
forkhead box O1; miR, microRNA; DDP, cisplatin.
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and Bim. Following propofol treatment, the expression levels 
of FOXO1, p27 and Bim in cells were significantly increased 
compared with the control (Fig. 5C). However, following treat-
ment with propofol and the overexpression of miR‑374a, the 
expression levels of FOXO1, p27 and Bim in cells were signifi-
cantly decreased compared with cells treated with propofol 
and mimics NC (Fig. 5C). Propofol significantly increased 
caspase‑3 and caspase‑9 activities in cells compared with 
untreated cells (Fig. 5D), whereas propofol combined with 
miR‑374a overexpression significantly decreased caspase‑3 
and caspase‑9 activities compared with cells treated with 
propofol and mimics NC (Fig. 5D). Taken together, these data 
further demonstrated that propofol suppressed proliferation 
and accelerated apoptosis of ovarian cancer cells via regula-
tion of the miR‑374a/FOXO1 signaling axis.

Propofol inhibits DDP resistance in ovarian cancer cells by 
regulating the miR‑374a/FOXO1 signaling axis. The molec-
ular signaling mechanisms involved in the effect of propofol 
on the drug sensitivity of ovarian cancer cells were subse-
quently investigated. Following treatment with propofol and 
DDP, the apoptotic rate of A2780 and A2780/DDP cells was 
significantly increased compared with DDP only‑treated cells; 
however, this was significantly reduced following treatment of 
cells with propofol, DDP and the miR‑374a mimics (Fig. 6A). 
The protein expression levels of FOXO1, p27 and Bim in A2780 
and A2780/DDP cells were significantly increased following 
DDP and propofol pretreatment compared with cells treated 
with DDP alone, but were significantly decreased following 
simultaneous treatment with propofol, DDP and miR‑374a 
mimics (Fig. 6B). Overall, these data revealed that propofol 
may exert a positive effect by increasing the sensitivity of 
ovarian cancer cells to DDP by inhibiting the expression of 
miR‑374a and subsequently promoting FOXO1 signaling.

Discussion

Previous studies have demonstrated that ovarian cancer cells 
can acquire DDP resistance (26,27); drug resistance reduces 
the sensitivity of ovarian cancer cells to chemotherapeutic 
drugs, promotes the proliferation and metastasis of cancer 
cells, and shortens the survival time of patients (28). Thus, a 
detailed study of the mechanisms underlying drug resistance 
in ovarian cancer is required to provide a deeper understanding 
of the inhibition of ovarian cancer cells.

Propofol is an intravenous anesthetic that is mainly used 
for the induction and maintenance of general anesthesia during 
surgery (29,30). However, it has been reported that propofol may 
inhibit the proliferation of cancer cells. Zhang et al (31) demon-
strated that propofol promoted the apoptosis of cervical cancer 
cells by regulating the mTOR signaling pathway. Liu et al (32) 
also concluded that propofol suppressed the growth, migration 
and invasion of hepatocellular carcinoma cells by downregu-
lating miRNA expression. Propofol enhanced the apoptotic 
effect of DDP on cervical cancer, which subsequently increased 
the sensitivity of cancer cells to the chemotherapeutic effect of 
DDP (33), whereas another study reported that propofol altered 
the resistance of prostate cancer cells to docetaxel by inducing 
hypoxia (34). In addition, Huang et al (35) observed that propofol 
inhibited the growth and invasive ability of ovarian cancer cells 

by modulating the miR‑9/NF‑kB signaling pathway. The results 
of the present study suggested that propofol alone inhibited 
the growth of ovarian cancer cells and enhanced apoptosis; 
however, the mechanisms through which propofol induced 
apoptosis and inhibited the proliferation of cancer cells are not 
well understood. This study demonstrated that the expression 
levels of miR‑374a were significantly decreased by propofol in a 
dose‑dependent manner. It was further observed that overexpres-
sion of miR‑374a reversed propofol‑induced cell death and the 
apoptosis of ovarian cancer cells, suggesting that miR‑374a may 
serve a crucial role in propofol‑induced antitumor effects. DDP 
is a common chemotherapeutic drug used in the clinic, which 
can induce cytotoxicity or damage ovarian cancer cells; however, 
owing to the increased usage of chemotherapeutic drugs, cancer 
cells mutate and exhibit reduced sensitivity towards DDP (36). 
In the present study, it was discovered that combining propofol 
with DDP reduced the viability of DDP‑resistant ovarian cancer 
cells and promoted apoptosis, demonstrating an overall effect 
similar to that seen of each drug alone. Therefore, this suggested 
that propofol and DDP may exhibit an additive effect on the 
cytotoxicity over ovarian cancer cells.

miR‑374a serves an important physiological role in drug 
resistance and proliferation of cancer cells; Li et al (21) discov-
ered that miR‑374a is a DDP‑resistant regulator in human 
ovarian cancer cells and the expression levels of miR‑374a in 
DDP‑resistant ovarian cancer cells were higher than those in 
non‑DDP‑resistant ovarian cancer cells (19). FOXO1, a vital 
transcription factor that mainly participates in cell prolif-
eration, is closely associated with drug resistance of cancer 
cells (37). In the present study, knockdown of miR‑374a using 
a miR‑374a inhibitor inhibited the growth of ovarian cancer 
cells and promoted cell cycle arrest at the G0/G1 phase. In 
addition, miR‑374a was observed to bind to FOXO1 and nega-
tively regulate FOXO1 expression. He et al (38) demonstrated 
that in human osteosarcoma, miR‑374a enhanced cell growth 
by inhibiting downstream FOXO1 signaling, which is consis-
tent with the results of the current study in human ovarian 
cancer cells. Furthermore, p27 is a CDK inhibitor that has a 
negative regulatory effect on proliferation and is a downstream 
target of FOXO1; consequently, FOXO1 inhibits cell prolifera-
tion by upregulating p27 (39‑42). The Bim protein belongs to 
the Bcl‑2 protein family and exerts a pro‑apoptotic effect on 
cells (43,44); previous studies have confirmed that FOXO1 
regulates cell apoptosis through its downstream targets, 
including Bim  (45,46). The present study confirmed that 
propofol may regulate miR‑374a/FOXO1 signaling to promote 
the expression of p27 and Bim, and to inhibit the proliferation 
and promote the apoptosis of ovarian cancer cells, thereby 
enhancing the sensitivity of ovarian cancer cells to DDP.

Although the present study revealed a novel downstream 
molecular mechanism underlying the apoptosis of ovarian 
cancer cells caused by propofol treatment in vitro, further 
investigations are required to deeply understand this complex 
mechanism. However, in vivo systems are more complex and 
often provide more uncertainty than in vitro models; thus, 
whether this mechanism could be applied to an animal model 
is unknown. Therefore, in the future, this novel molecular 
mechanism will require further verification in more cell lines 
and in vivo mice models to prove its potential as a therapeutic 
target.
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In conclusion, the present study demonstrated that 
miR‑374a negatively regulated FOXO1 expression to promote 
the proliferation and inhibit the apoptosis of ovarian cancer 
cells. Propofol decreased miR‑374a expression to subsequently 
enhance FOXO1 expression and inhibit the proliferation of 
ovarian cancer cells, thus improving the sensitivity of ovarian 
cancer cells to DDP. This provides a theoretical basis for the 
adjuvant treatment of ovarian tumors with propofol.
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