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Abstract

Background Most ovarian cancer cases are diagnosed at an advanced stage, leading to poor outcomes and a
relatively low 5-year survival rate. While tumor resection in the early stages can be highly effective, recurrence
following primary treatment remains a significant cause of mortality. Propofol is a commonly used intravenous
anesthetic agent in cancer resection surgery. Previous research has shown that propofol anesthesia was associated
with improved survival in patients undergoing elective surgery for epithelial ovarian cancer. However, the underlying
antitumor mechanisms are not yet fully understood.

Methods This study aimed to uncover the antitumor properties of propofol alone and combined with cisplatin or
doxorubicin, in human SKOV3 and OVCAR3 ovarian cancer cells. We applied flowcytometry analysis for mitochondrial
membrane potential, apoptosis, and autophagy, colony formation, migration, and western blotting analysis.

Results Given that chemotherapy is a primary clinical approach for managing advanced and recurrent ovarian
cancer, it is essential to address the limitations of current chemotherapy, particularly in the use of cisplatin and
doxorubicin, which are often constrained by their side effects and the development of resistance. First of all, propofol
acted synergistically with cisplatin and doxorubicin in SKOV3 cells. Moreover, our data further showed that propofol
suppressed colony formation, disrupted mitochondrial membrane potential, and induced apoptosis and autophagy
in SKOV3 and OVCARS3 cells. Finally, the effects of combined propofol with cisplatin or doxorubicin on mitochondrial
membrane potential, apoptosis, autophagy, and epithelial-mesenchymal transition were different in SKOV3 and
OVCAR3 cells, depending on the p53 status.

Conclusion In summary, repurposing propofol could provide novel insights into the existing chemotherapy
strategies for ovarian cancer. It holds promise for overcoming resistance to cisplatin or doxorubicin and may
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potentially reduce the required chemotherapy dosages and associated side effects, thus improving treatment

outcomes.
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Introduction

Ovarian cancer is a significant global health concern,
ranking as the seventh most common cancer and the
eighth leading cause of cancer-related mortality among
women worldwide [1, 2]. Primary ovarian tumors are
classified into four primary groups, based on their dis-
tinct biological and molecular characteristics: epithelial,
mesenchymal, sex cord-stromal, or germ cell in ori-
gin. The most prevalent among them is epithelial ovar-
ian cancer, which accounts for approximately 90% of all
ovarian malignancies [3]. Most ovarian cancer cases are
diagnosed at an advanced stage, which leads to poor
outcomes of the disease, complicated with a 5-year sur-
vival rate of only 46% after diagnosis [4]. The primary
treatment approach for ovarian cancer patients typically
involves surgical tumor removal, often complemented
by a combination of radiotherapy and chemotherapy.
Despite the effectiveness of early stages tumor resection,
ovarian cancer recurrence post-surgery remains a sig-
nificant mortality factor. Tumor cells have the potential
to disseminate to distant organs and trigger regrowth
and recurrence via vascular and lymphatic system infil-
tration during surgery [5, 6]. Surgical procedures can
inadvertently spread cancer cells, leading to a higher risk
of recurrence [7]. Additionally, they can suppress the
immune system and the host’s tumor response, creating
a favorable microenvironment for residual and circulat-
ing cancer cells to proliferate after the operation [8]. The
choice of anesthetic drugs or techniques during cancer
surgery might impact the tumor microenvironment and
cancer progression by influencing perioperative inflam-
matory or immune responses [9—12]. This, in turn, could
affect the prognosis of cancer patients, suggesting that
specific anesthetic selection may play a role in cancer
recurrence [5, 6]. Consequently, there is a growing focus
on understanding how anesthetic drugs influence the
outcomes of ovarian cancer patients.

Propofol, a commonly used intravenous anesthetic
that mainly works via the y-aminobutyric acid A recep-
tor in the central nervous system, is widely administered
in various clinical surgical settings, including cancer sur-
gery, with the advantages of rapid onset, a short dura-
tion of action, rapid elimination, and low incidences of
postoperative nausea and vomiting [13]. In addition to
several anesthetic benefits, propofol also demonstrates
antitumor effects by not only suppressing the malignancy
of human cancers, but also altering the resistance to che-
motherapeutic agents [13-15]. In our previous study,
we found a correlation between propofol anesthesia and

improved survival outcomes among patients undergoing
elective open surgery for epithelial ovarian cancer [16].
Hence, it is crucial to explore the potential of repurpos-
ing the antitumor activity of propofol, elucidating its
detailed mechanisms of action both independently or in
combination with current chemotherapy.

Chemotherapy is the first choice for clinical treatment
to manage advanced and recurrent ovarian cancers. Cis-
platin, an alkylating agent, is widely utilized as a chemo-
therapeutic agent for treating ovarian cancer, as well as
for testicular, bladder, and lung cancers [17]. It induces
DNA damage by forming cisplatin-DNA adducts, leading
to cell cycle arrest and apoptosis [18, 19]. However, plat-
inum-refractory ovarian cancer remains incurable [20].
Elucidating cisplatin resistance in ovarian cancers is chal-
lenging due to the diverse resistance mechanisms that
have been identified in a variety of cancers (in PubMed,
more than 18640 papers match the search term “cispla-
tin resistance”). Cancer cells often develop resistance to
cisplatin through three main molecular mechanisms:
increased DNA repair, altered cellular accumulation,
and increased drug inactivation [21]. Therefore, predict-
ing and treating cisplatin resistance is challenging due to
its complex mechanisms. Doxorubicin, an anthracycline
analogue, is one of the modalities used as a single-agent
treatment for relapsed ovarian cancers [22]. It functions
by halting the process of replication via the stabiliza-
tion of the DNA-topoisomerase II complex, preventing
the resealing of the DNA double helix after it has been
broken for replication [23]. It is a highly active antican-
cer agent in many different clinical settings, and its pri-
mary side effect is cardiotoxicity. The limitations of using
cisplatin and doxorubicin lie in their side effects and the
development of resistance. The use of combination anti-
cancer therapies is compelling in clinical practice for sev-
eral reasons [24, 25]. Firstly, combined drug regimens can
reduce overall toxicity by allowing the use of individual
drugs at lower dosages while maintaining therapeutic
efficacy. Secondly, combination therapies can help reduce
the emergence of drug resistance by concurrently target-
ing multiple molecular pathways essential for cancer cell
survival and disrupting cellular mechanisms associated
with adaptive resistance. Thirdly, combining therapies
can enhance treatment outcomes, leading to superior
therapeutic effects, particularly when a synergistic anti-
cancer activity is achieved. Additionally, this approach
can overcome clonal heterogeneity, which is linked to
improved response rates. Therefore, combination che-
motherapy is an effective strategy, and the addition of a
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chemo-sensitizer and side-effect mitigator could poten-
tially benefit ovarian cancer patients.

Optimal first-line clinical applications for advanced
ovarian cancer include histopathological diagnosis,
accurate surgical staging, debulking surgery, and plati-
num-based chemotherapy. The role of anesthetics as a
chemo-sensitizer provides a new combination therapy for
current first-line management approaches for advanced
ovarian cancer. This study aimed to determine the anti-
tumor properties of propofol, including its impact on cell
growth, viability, and migration, as well as to assess the
synergistic effects of propofol when combined with cis-
platin or doxorubicin in enhancing chemosensitivity in
human ovarian cancer cell lines. In addition to maintain-
ing the integrity of immunity and reducing the tendency
toward cancer metastasis [26, 27], repurposing of propo-
fol could offer novel insights into current chemotherapy
approaches for ovarian cancer, with the potential to over-
come resistance to cisplatin or doxorubicin, or to reduce
chemotherapy dosages and associated side effects.

Materials and methods

Cell culture and reagents

SKOV3 (ATCC°HTB-77") and OVCAR3 cells
(ATCC°HTB-161™) were sourced from the American
Type Culture Collection (ATCC; Manassas, VA, USA).
We cultured these cells in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin—strepto-
mycin (Thermo Fisher Scientific, Waltham, MA, USA).
These two cell lines were regularly monitored to ensure
mycoplasma-free cells, and regularly monitored with
short-tandem-repeat profiling for their identities. The
chemicals used, including propofol, doxorubicin, cispla-
tin, propidium iodide (PI), acridine orange (AO), and thi-
azolyl blue tetrazolium bromide (MTT), were obtained
from Sigma Aldrich (Sigma Aldrich; St. Louis, MO, USA).

Cell survival analysis

The cells were seeded into 96-well plates and exposed to
combinations of propofol with either cisplatin or doxo-
rubicin for a 24-hour period. SKOV3 cells were treated
with 0, 0.625, 1.25, 2.5, 5, 10, 20, 40, 80, and 160 pg/ml
propofol combined with 0, 1.5625, 3.125, 6.25, 12.5, 25,
50, and 100 puM cisplatin or 0, 0.625, 1.25, 2.5, 5, 10, 20,
and 40 puM doxorubicin for 24 h. OVCAR3 cells were
treated with 0, 0.390625, 0.78125, 1.5625, 3.125, 6.25,
12.5, 25, 50, and 100 pg/ml propofol combined with 0,
1.25,2.5, 5, 10, 20, 40, and 80 uM cisplatin or 0, 0.078125,
0.15625, 0.3125, 0.625, 1.25, 2.5, and 5 pM doxorubicin
for 24 h. Subsequently, 0.5 mg/ml MTT solution was
added to each well, and the cells were incubated for at
least 1 h. After removing the MTT solution, 100 ul of
dimethyl sulfoxide (DMSO) was added to each well. The
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absorbances at 570 nm and 650 nm were measured using
an ELISA plate reader (Multiskan EX, Thermo Fisher
Scientific, Waltham, MA, USA). The combination index
(CI) was calculated using CalcuSyn (Biosoft, Cambridge,
UK) to generate an isobologram. CI values of 1, <1, and
>1 indicate additive, synergistic, and antagonistic effects,
respectively.

Colony formation assay

The cells were plated into 6-well cell culture plates at a
density of 2000 cells per well and allowed to incubate
overnight. Subsequently, the cells were treated with 10,
30, and 50 pg/ml propofol and incubated for a period of
14 days. Following the incubation, the cells were stained
with a 0.005% crystal violet solution for 1 h. After air dry-
ing, the colonies were photographed and counted.

Apoptosis assay

Apoptosis was analyzed utilizing the PE Annexin-V
apoptosis detection kit (BD Pharmingen, San Diego, Cali-
fornia, USA) with 7-AAD, following the manufacturer’s
protocol. The FACSCalibur flow cytometer and Cell
Quest Pro software (BD Biosciences, Franklin Lakes, NJ,
USA) were employed to measure and quantify the apop-
totic ratio.

Mitochondrial membrane potential assay

Following treatment with 10, 30, and 50 pg/ml propofol
in combination with 10 uM cisplatin or 1 pM doxorubi-
cin, both dead and live cells were collected. Subsequently,
JC-1 solution (BD Pharmingen) was added, and the cells
were incubated for 15 min. Afterward, the cells were
washed twice with a binding buffer. Each sample was
analyzed using the FACSCalibur flow cytometer and Cell
Quest Pro software.

Acridine Orange Staining for autophagy analysis

After treating the cells with a combination of 10, 30, and
50 pg/ml propofol with 10 uM cisplatin or 1 pM doxo-
rubicin, AO was applied at a concentration of 1 pg/ml
for 30 min. Then, the cells were washed with PBS. Sub-
sequently, the stained cells were visualized and photo-
graphed using a fluorescence microscope. For imaging,
a filter block containing a 465- to 495-nanometer band-
pass excitation filter, a 505-nanometer dichroic mirror,
and a 590-nanometer long-pass barrier filter was used.
For flow cytometry analysis, the fluorescence intensities
of 10,000 cells per sample were measured using the FAC-
SCalibur flow cytometer and Cell Quest Pro software.

Cell cycle profiles

After treatment with 10, 30, and 50 pg/ml propofol in
combination with 10 uM cisplatin or 1 pM doxorubicin,
the treated cells were trypsinized and washed with PBS.
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Then, the cell pellet was resuspended in 1 ml of PBS and
fixed in 5 ml of 70% ice-cold ethanol, which was stored
at -30 °C overnight. On the following day, the cells were
washed twice with ice-cold PBS containing 1% FBS. Sub-
sequently, they were stained with a PI staining solution
(5 pg/ml PI in PBS, 0.5% Triton X-100, and 0.5 pg/ml
RNase A) for 30 min. Each sample was analyzed using
the FACSCalibur flow cytometer and Cell Quest Pro
software.

Migration assay

The cells were seeded into 12-well plates at a density
of 8x10* cells per well to achieve confluent monolay-
ers. Straight wounds were created using 200-microliter
pipette tips. After washing the plates with medium to
eliminate cell debris, the wounded monolayers were
treated with 30 and 50 pg/ml propofol. The wound gaps
were photographed at regular intervals (0 and 24 h), and
the cell-free wound areas were quantified using Image]J
software.

Western blot

The cells were lysed in a RIPA (radio-immunoprecipita-
tion assay) cell lysis buffer for protein extraction. Equal
amounts of protein were determined for SDS-PAGE
analysis. Then, the proteins were transferred to PVDF
membranes and blocked with 5% nonfat milk in TBST
for 1 h. Following this, the membranes were incubated
with primary antibodies overnight at 4 °C with shaking,
and subsequently incubated with secondary antibodies
for an additional 1 h at room temperature. The primary
antibodies used in this study were obtained from the fol-
lowing sources: a-actinin (ACTN), a-tubulin, p53, and
p62 from Santa Cruz Biotechnology (Santa Cruz, CA,
USA); y-H2Ax, cyclin D1, and a-SMA from Abcam
(Cambridge, MA, USA); LC3B II, E-cadherin, p-ERK,
ERK, Snail, and Vimentin from Cell Signaling (Danvers,
MA, USA).

Statistical analysis

The results are presented as mean+SD and are represen-
tative of three independent experiments. Student’s -tests
were conducted for all group comparisons, with statisti-
cal significance set at p<0.05.

Results

Propofol acted synergistically with cisplatin and
doxorubicin in SKOV3 human ovarian cancer cell lines and
only acted synergistically with doxorubicin in OVCAR3 cells
By repurposing FDA-approved drug propofol, we could
significantly shorten the time and reduce cost com-
pared to de novo drug discovery [28]. Our primary goal
was to examine the potential antitumor activities of
propofol and determine whether it exhibits synergistic
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effects with cisplatin and doxorubicin in current clini-
cal applications via a combination index analysis. Two
human ovarian cancer cell lines, SKOV3 (p53-null) and
OVCAR3 (p53 R248Q), were selected because of their
relevance to p53-depedent cisplatin sensitivity [29, 30].
Hence, SKOV3 and OVCAR3 were applied for treatment
with propofol alone or in combination with cisplatin or
doxorubicin, followed by cell survival analysis (Fig. 1).
Our data showed that the effective dose (ED50) values
for SKOV3 cells were 54.6 pg/ml for propofol, 31.6 uM
for cisplatin, and 0.8 uM for doxorubicin. For OVCAR3
cells, the ED50 values were 19 pg/ml for propofol, 9.4 uM
for cisplatin, and 3.2 uM for doxorubicin. Propofol acted
synergistically, with cisplatin or doxorubicin to suppress
cell survival in SKOV3 cells (Fig. 1A and B), whereas
propofol only acted synergistically with doxorubicin to
suppress cell survival in OVCARS3 cells (Fig. 1C and D).
In SKOV3 cells, propofol reduced the ED50 of cisplatin
from 31.6 uM to 5.3 pM, and of doxorubicin from 0.8 uM
to 0.38 uM (Fig. 1A and B). In OVCARS3 cells, propofol
reduced the ED50 of doxorubicin from 3.2 pM to 0.1 uM
(Fig. 1C and D).

Propofol suppressed cellular proliferation and induced
apoptosis in SKOV3 and OVCAR3 human ovarian cancer
cell lines

Since propofol exhibited antitumor activity and acted as
a sensitizer for cisplatin- or doxorubicin-induced cyto-
toxicity in human ovarian cancer cells (Fig. 1). We further
examined the role of propofol in cellular proliferation
using colony formation analysis (Fig. 2). Our data showed
that propofol significantly inhibited the cellular prolifera-
tion of SKOV3 and OVCARS3 cells in a dose-dependent
manner (Fig. 2A and B for SKOV3 cells; 2 C and D for
OVCARS cells). Next, our aim was to investigate whether
the cytotoxicity induced by propofol resulted from an
imbalance between cellular proliferation and apoptosis in
human ovarian cancer cells. We further utilized annexin-
V and 7-AAD to assess the status of early apoptosis, late
apoptosis, and necrosis. Subsequently, we quantified the
population of early and late apoptosis induced by pro-
pofol, cisplatin, or doxorubicin in SKOV3 and OVCAR3
cells (Fig. 3). In SKOV3 cells, propofol, cisplatin, or doxo-
rubicin alone induced early apoptosis or/and late apopto-
sis (Fig. 3A and C). Propofol and doxorubicin significantly
enhanced early apoptosis, late apoptosis, and total apop-
tosis, whereas the combination of propofol and cisplatin
did not affect cellular apoptosis. In OVCARS3 cells, 50 pg/
ml propofol induced both early and late apoptosis. Cis-
platin suppressed propofol-induced early and late apop-
tosis, while doxorubicin enhanced the propofol-induced
early apoptosis and suppressed the propofol-induced late
apoptosis (Fig. 3B and C). Furthermore, cisplatin alone
demonstrated no effect on early and late apoptosis, while
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Fig. 1 The Cl values were determined for the combination treatment of propofol with cisplatin or doxorubicin in human ovarian cancer cells. (A and B)
SKOV3 cells were treated with 0, 0.625, 1.25, 2.5, 5, 10, 20, 40, 80, and 160 ug/ml propofol combined with (A) 0, 1.5625, 3.125, 6.25, 12.5, 25, 50, and 100
pM cisplatin or (B) 0, 0.625, 1.25, 2.5, 5, 10, 20, and 40 pM doxorubicin for 24 h. (C and D) OVCAR3 cells were treated with 0, 0.390625, 0.78125, 1.5625,
3.125,6.25,12.5, 25,50, and 100 pg/ml propofol combined with (C) 0, 1.25, 2.5, 5, 10, 20, 40, and 80 uM cisplatin or (D) 0, 0.078125, 0.15625, 0.3125, 0.625,
1.25,2.5,and 5 pM doxorubicin for 24 h. Cell viability was measured according to the MTT method. The experimental points below the line correspond

to Cl< 1, indicating a synergistic effect

doxorubicin alone suppressed early and late apoptosis
in OVCARS3 cells. These findings suggested that 50 and
30 pg/ml propofol enhanced cisplatin-induced apoptosis
in SKOV3 and OVCARS3 cells, respectively, while 50 pg/
ml propofol enhanced doxorubicin-induced apoptosis in
both human ovarian cancer cell lines.

Cisplatin and doxorubicin had different effects, in that
propofol disrupted mitochondrial membrane potential
and induced autophagy in SKOV3 and OVCARS3 cells
Mitochondrial dysfunction is one of the chemotherapy
resistance characteristics of various cancer patients
[31-34]. Numerous chemotherapeutic drugs, such as
cisplatin and doxorubicin, target mitochondria as a
part of their mechanism of action, contributing to the

development of resistance [35]. Therefore, we aimed to
investigate whether propofol enhanced the effects of cis-
platin and doxorubicin in human ovarian cancer cells by
inducing mitochondrial dysfunction. JC-1 dye was uti-
lized to assess the intact status of mitochondrial mem-
brane potential with red aggregates indicating intact
mitochondrial membrane potential within the mito-
chondria, and green monomers indicating disruption
of mitochondrial membrane potential. By monitoring
the populations of red and green dyes, we analyzed the
effects of propofol, cisplatin, and doxorubicin on mito-
chondrial membrane potential in SKOV3 and OVCAR3
cells (Fig. 4). In SKOV3 cells, only 50 pug/ml propofol dis-
rupted mitochondrial membrane potential (Fig. 4A and
B). We further observed that 10 uM cisplatin enhanced
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ments. Statistical significance is indicated by * for p <0.05, ** for p<0.01, and *** for p < 0.001, determined using Student’s t-tests

the disruption caused by 30 pg/ml and 50 pg/ml pro-
pofol, while doxorubicin further enhanced the disrup-
tion caused by 10 pg/ml propofol and suppressed the
disruption caused by 50 pg/ml propofol. In OVCAR3
cells, only 50 pg/ml propofol disrupted mitochondrial
membrane potential (Fig. 4C and D). Additionally, we
further observed that 10 uM cisplatin enhanced the dis-
ruption caused by and suppressed the disruption caused
by 50 pg/ml propofol. Doxorubicin had the ability to sup-
press the disruption caused by 50 pg/ml propofol.
Autophagy is characterized by sequestration of cellu-
lar organelles, such as mitophagy for mitochondria, and
target proteins into autophagic vesicles which fuse with
lysosomes [36, 37]. Basal autophagy plays an important
role in the disposal of damaged subcellular organelles
and protein aggregates, under normal conditions. Under
starvation and reactive oxygen species stress condi-
tions, autophagy supplies the cell with an internal source
of nutrients for cells to adapt and survive in the face of
unfavorable conditions [38, 39]. Acridine orange (AO)
is a lysosomotropic green fluorescent dye that accumu-
lates in acidic organelles. Upon protonation and trapped
within the acidic organelles, it forms aggregates that
emit bright red fluorescence. Hence, AO was applied to
examine the status of autophagy in our study. We col-
lected AO-stained images and subsequently quantified
the red positive cells via fluorescent microscopy and flow
cytometry analysis (Fig. 5). Our data showed that AO red
positive cells were increased with propofol, cisplatin, and

doxorubicin in SKOV3 cells. Propofol had the ability to
elevate the population of AO red positive cells induced
by cisplatin and doxorubicin (Fig. 5A and C). In
OVCAR3 cells, only propofol induced autophagy, and
further induced autophagy with 10 uM cisplatin at 30 pg/
ml and 50 pg/ml (Fig. 5B and D). We examined the levels
of autophagy biomarkers LC3B II and p62, modulated by
propofol, cisplatin, and doxorubicin, using Western blot-
ting analysis in SKOV3 and OVCARS3 cells (Fig. 5E and
F). Our data showed that LC3B II proteins were increased
by propofol alone and by propofol in combination with
doxorubicin in SKOV3 cells (Fig. 5E). In OVCAR3 cells,
the protein levels of LC3B II were increased by propo-
fol, cisplatin, and doxorubicin. Furthermore, the induc-
tion by propofol was enhanced by cisplatin or suppressed
by doxorubicin (Fig. 5F). The expression patterns of p62
proteins suggested that it played a role in the initiation of
autophagy rather than serving as cargo for autophagoly-
sosomes in these two cell types.

Cisplatin and doxorubicin had different effects on the cell
cycle profiles driven by propofol in SKOV3 and OVCAR3
cells

Based on our previous data, we further examined the
effects of propofol, cisplatin, and doxorubicin on the
cell cycle profile, including the subG1 (for apoptosis)
and S (for cellular proliferation) phases, in SKOV3 and
OVCARS3 cells (Fig. 6). In SKOV3 cells, propofol induced
the populations of the subG1 and S phases while reduced
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the G2/M population (Fig. 6A). Cisplatin induced the
populations of the subGl and S phases and reduced
the populations of the G1 and G2/M phases. Doxorubi-
cin induced the populations of the subGl, S, and G2/M
phases, and reduced the G1 population. The synergistic
induction of subG1 populations were found in the com-
bination of propofol with cisplatin and doxorubicin.
Additionally, propofol had the ability to rescue the reduc-
tive effect of doxorubicin on the G1 phase. In OVCAR3
cells, propofol dramatically induced the population of
the subGl phase, accompanied with dramatic reduc-
tions in the G1, S, and G2/M populations (Fig. 6B). Cis-
platin induced the population of the subG1 and reduced
the populations of the G1 and G2/M phases. Doxorubi-
cin had no effect on the subG1 phase, but dramatically
induced the populations of the S and G2/M phases,
accompanied by a reduction in the G1 population.

Propofol co-treated with cisplatin or doxorubicin itself
remained effective on the subG1 phase, accompanied by
areduction in these effects on G1, S, and G2/M by cispla-
tin or doxorubicin.

Propofol suppressed cellular migration and mediated
different pathways in SKOV3 and OVCAR3 cells
Epithelial-mesenchymal transition (EMT) is one of the
key elements to cancer cell dissemination, including can-
cer cell survival and metastasis, and chemoresistance,
including cisplatin and doxorubicin [40]. E-cadherin
is an epithelial cell marker, while vimentin is a mesen-
chymal cell marker [41]. The expression of E-cadherin
is repressed by Snail, which is regulated by various sig-
nals, including the ERK pathway, TGF-B pathway, and
p53. Hence, we examined the potential inhibitory effect
of propofol on EMT using migration assay in human
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ovarian cancer cells (Fig. 7). The results showed that
50 pg/ml propofol significantly inhibited the migration
ability of SKOV3 and OVCARS3 cells (Fig. 7B and D).
SKOV3 cells, a p53-null cell line, exhibited a pheno-
type typical of mesenchymal cells, while OVCAR3 cells
showed strong expression of E-Cadherin, not vimentin,
and displayed epithelial morphology [42]. We confirmed
the absence of endogenous p53 and vimentin protein in
SKOV3 cells and OVCARS3 cells, respectively. We fur-
ther checked the expression of related proteins associ-
ated with EMT, such as snail, vimentin, a-SMA (a target

of TGF-p pathway), and E-cadherin, as well as markers
of cellular stresse including y-H2A x, p53, cyclin D1, and
p-ERK/ERK, using Western blotting analysis in SKOV3
and OVCARS3 cells (Fig. 8). Propofol increased the pro-
tein expression of y-H2A.x, cyclin D1, and p-ERK in
SKOV3 cells, and a-SMA and p-ERK in OVCARS3 cells.
In SKOV3 cells, propofol decreased the protein expres-
sion of snail, E-cadherin, ERK, and a-tubulin, whereas
propofol decreased y-H2A.x and cyclin D1 in OVCAR3
cells. Cisplatin decreased the protein expression of snail,
a-SMA, E-cadherin, y-H2A.x, and ERK, and increased
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cyclin D1 and p-ERK in SKOV3 cells. In OVCAR3 cells,
cisplatin decreased the protein expression of cyclin D1
and increased snail, a-SMA, y-H2A x, and p-ERK. Doxo-
rubicin decreased the protein expression of vimentin,
a-SMA, and E-cadherin, and increased y-H2A x, cyclin
D1, and p-ERK in SKOV3 cells. In OVCAR3 cells, doxo-
rubicin decreased the protein expression of cyclin D1 and
increased snail, a-SMA, y-H2A x, and p-ERK. In SKOV3
cells, propofol combined with cisplatin, resulting in simi-
lar trends as propofol alone, such as a-SMA, E-cadherin,
y-H2A.x, ERK, and p-ERK; propofol combined with
doxorubicin in the only decreasing trend of E-cadherin
had with propofol alone, and with predominant effects on

snail, vimentin, a-SMA, p-ERK, and ERK that doxorubi-
cin had. The levels of cisplatin- and doxorubicin-induced
y-H2A x proteins were reduced with increasing amounts
of propofol in OVCARS3 cells, while doxorubicin-induced
y-H2A x proteins were reduced with increasing amounts
of propofol in SKOV3 cells.

Discussion

It is a growing clinical challenge to prevent the develop-
ment of resistance to cisplatin or doxorubicin by ovar-
ian cancer cells. Hence, it is urgent to find methods of
increasing the efficiency and effectiveness of the cyto-
toxic effects of cisplatin or doxorubicin to inhibit the
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mechanisms of resistance developed by cancer cells and
restore the sensitivity of these cells. Drug repurpos-
ing has now become a powerful and efficient alterna-
tive strategy for the development of these candidates.
The findings of this study demonstrated that propofol
had potential cytotoxic properties and inhibited the
colony formation, cell viability, and migratory ability of
human ovarian cancer cells. Furthermore, the synergis-
tic effects of propofol in combination therapy with either
cisplatin or doxorubicin in human ovarian cancer cell
lines were observed. Regarding the potential correlation
between propofol and human ovarian cancer cells, Hu

and colleagues demonstrated that propofol in vitro nega-
tively modulated cellular signaling pathways and inhib-
ited the metabolic efficiency of human ovarian cancer
cells, which eventually decreased cancer malignancy [43].
Propofol could also inhibit proliferation, migration, and
invasion, as well as induce apoptosis in human ovarian
cancer cell lines by regulating key RNA expression, and
subsequently affecting related signaling pathways [44—
48]. Moreover, propofol treatment in vitro was shown to
reduce cisplatin resistance and promote paclitaxel sensi-
tivity in human ovarian cancer cells [49, 50].
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Fig. 8 The impact of propofol in combination with cisplatin or doxorubicin on the protein expression in human ovarian cancer cells. (A) SKOV3 and
(B) OVCAR3 cells treated with propofol at concentrations of 0 and 50 pg/ml, combined with either 10 pM cisplatin or 1 uM doxorubicin, for a duration
of 24 h. Cell lysates were subjected to Western blot analysis using antibodies against the indicated proteins. a-tubulin was used as the loading control
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In this study, the cell viability of human ovarian cancer
cells was found to be dose-dependently decreased with
an increased concentration of propofol, in agreement
with the findings of previous studies [44—50]. Addition-
ally, we demonstrated a novel therapeutic strategy by
combining propofol with either cisplatin or doxorubicin
for investigating the treatment efficiency of ovarian can-
cer. Our results indicated the synergistic cytotoxicity of
propofol administration with cisplatin or doxorubicin in
SKOV3 and OVCARS3 cells. Sun and colleagues demon-
strated that propofol could enhance chemo-sensitivity
in both cisplatin-sensitive and -resistant human ovarian
cancer cells through regulating the microRNA 374a/fork-
head box O1 signaling axis [49]. Similarly, propofol was
reported to increase paclitaxel-induced cytotoxicity in
both resistant and sensitive human ovarian cancer cells
through the suppression of the transcription factor slug
[50]. These findings could be translated into an alterna-
tive to diminish the adverse effect profile and lower the
risk of chemo-resistance in ovarian cancer. However, fur-
ther in vivo and clinical studies are necessary to elucidate
the optimal dosages of propofol, followed by chemother-
apeutic agents, for combination therapy in ovarian can-
cer, especially for advanced ovarian cancer.

Colony formation is an in vitro cell survival assay based
on the ability of every cell in the population to undergo
unlimited division, which is the method of choice to
determine cell survival and growth after treatment with
ionizing radiation, or to determine the effectiveness of
cytotoxic agents [51]. To identify the impact of anchor-
age-independent growth by propofol, we conducted a
colony formation analysis, showing that colony formation
of SKOV3 and OVCARS3 cells was significantly inhibited
following treatment with propofol (at concentrations
of more than 40 and more than 30 pg/ml, respectively)
in a dose-dependent manner. A previous in vitro study
has also demonstrated that propofol dose-dependently
inhibited the colony formation ability of human ovar-
ian cancer cells; nevertheless, propofol-inhibited colony
formation ability was partly recovered by the overex-
pression of circular RNA mucin 16, which mediated the
miR-1182/S100B signaling pathway [48]. In addition,
similar results of decreased colony formation were shown
in other cancer cell lines treated with propofol [52-55].
Taken together, propofol seems to exert a potent inhibi-
tory effect on the cellular proliferation of human ovarian
cancer cells.

Compared with the ED50 values of 54.6 pg/ml for pro-
pofol, 31.6 uM for cisplatin, and 0.8 uM for doxorubi-
cin in SKOV3 cells, and 19 pg/ml, 9.4 uM, and 3.2 uM
in OVCARS cells (Fig. 1), we applied 10, 30, and 50 pg/
ml propofol, 10 uM cisplatin, and 1 pM doxorubicin to
examine their effects on apoptotic populations. The
induction of early and late apoptosis by propofol was
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observed at a minimum concentration of 10 pg/ml in
SKOV3 cells and 50 pg/ml in OVCAR3 cells (Fig. 3),
whereas 10 pg/ml propofol suppressed colony forma-
tion in both cell lines (Fig. 2). The sensitivity of ovarian
cancer cells to cisplatin or doxorubicin for the induction
of apoptosis may depend on the status of p53. In Fig. 3,
cisplatin and doxorubicin induced early and late apop-
tosis in p53-null SKOV3 cells, while cisplatin had no
effect and doxorubicin suppressed early and late apopto-
sis in OVCARS3 cells. Cisplatin had no effect on propo-
fol-induced early and late apoptosis in SKOV3 cells but
suppressed propofol-induced early and late apoptosis
in OVCAR3 cells. Doxorubicin potentiated propofol-
induced early apoptosis in both cells and potentiated late
apoptosis in SKOV3 cells, while suppressing late apopto-
sis in OVCAR3 cells. When comparing the population of
the subG1 phase (Fig. 6), propofol, cisplatin, and doxo-
rubicin all increased the populations of the subG1 phase,
and cisplatin and doxorubicin enhanced the effect of pro-
pofol on the subG1 phase in SKOV3 cells. Only propo-
fol and cisplatin increased the populations of the subG1
phase, while doxorubicin had no effect on the propofol-
induced subG1 populations in OVCAR3 cells.

Autophagy involves several sequential steps: initiation,
membrane nucleation, elongation for autophagosome
formation (maturation), and fusion with lysosomes to
form autophagolysosomes for degradation and recycling.
Our OA-red staining results, which indicate autopha-
golysosomes, were consistent with the LC3BII amount
(indicating elongation for autophagosome formation).
However, while p62 protein is involved in the initiation of
autophagy, it also serves as a cargo for degradation. Our
current findings suggest that p62 protein may be involved
only in the initiation of autophagy, and its primary deg-
radation may not occur through autophagy. In SKOV3
cells, propofol, cisplatin, and doxorubicin are involved
in the process of elongation for autophagosome forma-
tion and autophagolysosome formation. Cisplatin and
doxorubicin potentiated the effects of propofol on these
two processes of autophagy. In OVCAR3 cells, propofol,
cisplatin, and doxorubicin are involved in the process of
elongation for autophagosome formation, and cisplatin
potentiated the effects of propofol on autophagolyso-
some formation.

Inherited genetic mutations (such as p53 gene), altered
oxidative stress, mitochondrial dysregulation, and
decreased apoptosis lead to the development of ovar-
ian cancer. The vast majority of cancer-associated p53
mutants are full-length proteins, typically with only a sin-
gle amino acid mutation within its DNA binding domain,
including residues 175, 248, and 273. The sensitivity of
chemotherapy is also reported to be p53-dependent [29,
30]. In addition to p53 gain-of-function mutants, high
vimentin expression indicates prolonged survival in
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patients with ovarian cancers because of the improved
sensitivity to platinum-based agents [56, 57]. Two human
ovarian cancer cell lines with various p53 characteristics,
p53-null (SKOV-3) and mutant p53 (R248Q) (OVCAR-
3), were used in this study. In our Western blotting data,
vimentin proteins were difficult to detect, and E-cadherin
proteins were easy to detect in OVCAR-3 cells [57, 58].
The detectable presence of both vimentin and E-cadherin
proteins in SKOV3 suggests that the expressions of these
proteins are dependent on the specific ovarian cancer
types. The process of EMT is closely related to autophagy
by regulating metabolic stress and other micro-environ-
mental changes in various cancers [59]. Autophagy is a
degradation process to reduce stress and maintain proper
cell function. p53 possesses dual functions in autophagy-
mediated apoptosis, or survive in a transcription-depen-
dent and -independent manner, which were observed for
autophagy-dependent drug resistance of chemotherapy-
exposed tumor cells [60]. However, autophagy has a con-
troversial function in cancer in suppressing the viability
and proliferation of cancer cells.

Based on the combination index, propofol and cispla-
tin were more sensitive in OVCAR3 cells than in SKOV3
cells, while doxorubicin was more sensitive in SKOV3
cells than in OVCAR3 cells. Consequently, doxorubi-
cin exhibited insensitivity in the analysis of apoptosis,
autophagy, and mitochondrial membrane potential in
OVCARS3 cells. Additionally, doxorubicin played a sup-
pressive role in the propofol-induced effects on these
functions. Our data also indicated that the effects of
50 pg/ml propofol on colony formation and migration
might not be mediated through cytotoxicity, as it induced
apoptosis, disrupted mitochondrial membrane potential
and autophagy, and altered some protein expressions in
both cell lines. In our data for SKOV3 and OVCAR3 cells,
propofol had different effects on the combination index,
mitochondrial membrane potential, autophagy, apop-
tosis, cell cycle profile, and EMT. Thus, these aspects of
crosstalk among p53 status, EMT, autophagy, mitochon-
drial membrane potential, and chemo-resistance of cis-
platin and doxorubicin are particularly intriguing, and
demand further investigation.

Conclusions

This study aimed to uncover the antitumor effects of pro-
pofol alone and combined with cisplatin or doxorubicin
in SKOV3 and OVCAR3 human ovarian cancer cells.
First, propofol demonstrated synergistic interactions
with cisplatin and doxorubicin in SKOV3 cells, while in
OVCARS3 cells, synergy was observed only with doxoru-
bicin. Subsequently, our findings revealed that propofol
suppressed colony formation, disrupted mitochondrial
membrane potential, and induced apoptosis and autoph-
agy in SKOV3 and OVCAR3 cells. Furthermore, the
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effects of propofol combined with cisplatin or doxoru-
bicin on mitochondrial membrane potential, apopto-
sis, autophagy, and EMT differed between SKOV3 and
OVCARS3 cells, depending on the p53 status. In sum-
mary, repurposing propofol shows potential for over-
coming resistance to cisplatin or doxorubicin, potentially
reducing the required chemotherapy dosages and associ-
ated side effects, thus improving treatment outcomes.
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