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Abstract
Background  Paclitaxel resistance and recurrence are major obstacles in ovarian cancer, which is the leading cause 
of death among gynecologic cancers. During cancer cell progression, cyclin-dependent kinase 1 (CDK1) drives cells 
through the G2 phase and into mitosis. In this study, we demonstrated that CDK1 played a crucial role in switching 
paclitaxel-resistant ovarian cancer cells from mitotic arrest to apoptosis following combined treatment with paclitaxel 
and duloxetine, an antidepressant known as a serotonin-norepinephrine reuptake inhibitor (SNRI).

Methods  Cell viability was assessed by MTT assay. Apoptotic cell death and mitochondrial membrane potential 
(MMP) were detected by flow cytometry. Protein expression levels were explored using western blotting. 
Mitochondrial and cytosolic fractionation were performed to determine the mitochondrial localization of proteins. 
Immunofluorescence was used to detect protein expression levels and localization.

Results  Combined treatment with paclitaxel and duloxetine induced apoptotic cell death in paclitaxel-resistant 
ovarian cancer cells. We suggested that combined treatment of these drugs induced CDK1 activation and increased 
mitochondrial localization of activated CDK1, which caused phosphorylation of the antiapoptotic Bcl-2 and Bcl-xL 
proteins. Selective CDK1 inhibitors blocked Bcl-2 and Bcl-xL phosphorylation induced by paclitaxel and duloxetine, 
and strongly suppressed apoptotic cell death. Furthermore, we demonstrated that S6K is a potential upstream 
mediator of the proapoptotic activation of CDK1.

Conclusion  Taken together, switching CDK1 to a proapoptotic role through the combination of paclitaxel and 
duloxetine could overcome paclitaxel resistance in ovarian cancer cells, providing promising therapeutic strategies for 
treating paclitaxel-resistant ovarian cancer.
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Background
Ovarian cancer is a malignant tumor and leading cause 
of death among gynecological malignancies, account-
ing for 5% of cancer-related deaths in women [1]. Pacli-
taxel blocks progression at the G2/M phase by stabilizing 
the microtubule and is currently one of the most com-
mon anticancer agents for the treatment of primary and 
relapsed ovarian cancer [2, 3]. However, even among 
patients who have achieved a complete response, the 
majority still relapse due to acquired resistance [3]. 
Therefore, there is an urgent need to explore the molecu-
lar mechanisms underlying acquired resistance and to 
determine ways to overcome these obstacles.

Cyclin-dependent kinase 1 (CDK1), also called CDC2, 
is a key protein kinase that drives cells through the G2 
phase and mitosis in the normal cell cycle [4]. CDK1 
activation requires binding to cyclin B1, phosphoryla-
tion at T161 residue, and dephosphorylation at Y15 [5, 
6]. Inactivation of CDK1 during mitotic exit is regulated 
through the ubiquitin-proteasomal degradation of cyclin 
B1 [5, 6]. Generally, cells with suppressed CDK1 activity 
tend to arrest in the G2 phase, whereas cells with elevated 
CDK1 activity tend to enter mitosis [7, 8]. Although the 
conventional cell cycle-dependent activation of CDK1 is 
well established, unconventional biological functions of 
CDK1 have also been identified through the phosphory-
lation of proteins independent of the cell cycle [9]. The 
involvement of CDK1 activity during apoptotic cell death 
was first identified in lymphoma cells [10]. The CDK1/
cyclinB1 complex can localize or translocate to the mito-
chondria, where this complex plays an important role in 
the regulation of apoptosis [11]. While CDK1 stimulates 
apoptotic cell death by phosphorylating Bcl-2 family 
members, it also has been reported that CDK1 inhibits 
apoptosis by phosphorylating the caspase-9 and BIRC5 
proteins [12, 13]. Therefore, the contrasting role of CDK1 
in apoptosis needs to be investigated and could be an 
important achievement in identifying new therapeutic 
strategies.

Duloxetine is utilized as an antidepressant that acts by 
inhibiting the reuptake of serotonin and norepinephrine, 
thereby alleviating depression and anxiety in patients 
[14]. Duloxetine, the brand name Cymbalta, was already 
approved for medical use in both the USA and the Euro-
pean Union in 2004, and it has since gained significant 
recognition [15]. Recently, the therapeutic scope of 
duloxetine for cancer patients has extended beyond its 
conventional use as an antidepressant targeting mood 
disorders and cancer-related pain [16–18]. Emerging evi-
dence suggests that duloxetine may play a preventive role 
in drug-induced neurotoxicity [19]. However, the direct 
effects of duloxetine on cancer cells are not well under-
stood, and its potential therapeutic effects and mecha-
nisms in cancer need to be investigated.

In the present study, we provide evidence showing 
CDK1 activation in paclitaxel-resistant ovarian cancer 
cells treated with paclitaxel and duloxetine. The activa-
tion of CDK1 is responsible for the phosphorylation of 
antiapoptotic Bcl-2 and Bcl-xL proteins, which results 
in the activation of the mitochondrial apoptotic cell 
death pathway. Furthermore, we found that inhibition 
of mTORC1/S6K is an important regulator of the pro-
apoptotic role of CDK1 in cells, treated with paclitaxel 
and duloxetine. In conclusion, switching the CDK1 acti-
vation to proapoptotic roles via drug combination could 
overcome paclitaxel resistance in ovarian cancer, sug-
gesting that the proapoptotic activation of CDK1 could 
be a promising therapeutic strategy for treating paclitaxel 
resistance in ovarian cancer.

Methods
Cell culture and reagents
HEYA8, HEYA8-MDR, SKOV3 and SKOV3-TR ovar-
ian cancer cells were provided by Dr Anil K. Sood (The 
University of Texas MD Anderson Cancer Center, Hous-
ton, TX, USA) [20]. The cells were cultured in RPMI1640 
medium (#LM011-01, Welgene, Gyeongsan-si, Gyeong-
sangbuk-do, Republic of Korea) supplemented with 10% 
fetal bovine serum (#26140-079, Gibco; Thermo Fisher 
Scientific, Waltham, MA, USA) at 37  °C and 5% CO2. 
HEYA8-MDR and SKOV3-TR cells were maintained with 
50 nM paclitaxel (#10461, Cayman Chemical Company, 
Ann Arbor, MI, USA) to sustain the paclitaxel resis-
tance. Duloxetine was purchased from Tocris Biosci-
ence (#4798, Bristol, UK). Ro-3306 (#S7747), LY2584702 
(#S7698), and RAD001 (#S1120) were purchased from 
Selleck Chemicals (Houston, TX, USA). Avotaciclib 
(#HY-137432) and PF4708671 (#HY-112683) were pur-
chased from MedChemExpress (Monmouth Junction, 
NJ, USA).

Cell viability assay
Cell viability was assessed by measuring the mitochon-
drial conversion of thiazolyl blue tetrazolium bromide 
(MTT; #M2128, Merck KGaA, Darmstadt, Germany). 
Cells were seeded in culture medium in 6-well plates at 
a density of 10 000 cells per well and treated with each 
drug for 48 h. The cells were incubated in 1 mg/ml MTT 
solution at 37 °C for 1 h. The supernatant was removed, 
and 2-propanol (#I9516, Sigma‒Aldrich, Merck KGaA) 
was added to dissolve the formazan crystals. The propor-
tion of converted MTT was calculated by measuring the 
absorbance at 595 nm. The results were calculated as the 
percentage of cell viability relative to the untreated con-
trol. Each experiment was repeated 3 times.
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Mitochondrial membrane potential (Δψm)
To measure mitochondrial membrane potential, cells 
were stained with tetramethylrhodamine ethyl ester 
(TMRE) according to the manufacturer’s instructions 
(#HY-D0985A, MedChemExpress). Briefly, the cells were 
seeded in culture medium in 6-well plates at a density 
of 10 000 cells per well and treated with each drug for 
24 h. The cells were trypsinzed and stained with 100 nM 
TMRE and incubated for 30 min at 37℃. After incuba-
tion, the cells were analyzed using Cytoflex (Beckman 
Coulter, Brea, CA, USA) flow cytometer. As a positive 
control, 50 µM carbonyl cyanide m-chlorophenylhydra-
zone (CCCP; #M34152, Invitrogen, MA, USA) was pre-
treated for 1 h before analysis.

Apoptosis assay
To measure apoptotic cell death, cells were stained with 
Annexin V-FITC and propidium iodide according to the 
manufacturer’s instructions (#ab14085, Abcam, Cam-
bridge, UK). Briefly, the cells were seeded in culture 
medium in 6-well plates at a density of 10 000 cells per 
well and treated with each drug for 48 h. The cells were 
collected by centrifugation and resuspended in 500  µl 
of 1 × Binding Buffer with 5 µl of Annexin V-FITC and 
5  µl of propidium iodide. After incubation for 5  min in 
the dark, the cells were analyzed using Cytoflex flow 
cytometer.

Isolation of mitochondrial and cytosolic fractions
Mitochondrial and cytosolic fractions were isolated 
from cells using a Mitochondria/Cytosol Fractionation 
Kit (#ab65320, Abcam). According to the manufac-
turer’s instructions, the collected cells (500 000 cells) 
were washed with PBS and homogenized in 1 × Cytosol 
Extraction Buffer. Homogenized cells were centrifuged at 
1 000 × g for 10 min at 4 °C, after which the supernatant 
was collected. To isolate the cytosolic fractions, the sam-
ples were centrifuged again at 10 000 × g for 30  min at 
4 ℃. Cytosolic fractions were collected from the super-
natant. The pellets were resuspended in 1 × Mitochon-
dria Extraction Buffer and collected as mitochondrial 
fractions.

Western blot analysis
For western blotting, the drug-treated cells were rinsed 
in cold PBS and lysed with 1 × lysis buffer (#9803, Cell 
Signaling Technology, Beverly, MA, USA) containing 
protease/phosphatase inhibitor (#78440, Thermo Fisher 
Scientific). The protein concentration was determined 
using Bradford reagent (#5000006, Bio-Rad Laboratories, 
Hercules, CA, USA). The proteins from the total lysates 
were resolved by 6–15% SDS‒PAGE and transferred to 

nitrocellulose membranes, after which the membranes 
were incubated with primary antibodies at 4 ℃ and 
horseradish peroxidase-conjugated secondary antibod-
ies for 1 h at room temperature. The following antibodies 
were used: Cleaved PARP (#9541, Cell Signaling Technol-
ogy), p-Bcl-2 (S70) (#2827, Cell Signaling Technology), 
Bcl-2 (#A19693, ABclonal, Wuhan, Hubei, China), p-Bcl-
xL (S62) (#AP0314, ABclonal), Bcl-xL (#2764, Cell Sig-
naling Technology), p-CDK1 (Y15) (#9111, Cell Signaling 
Technology), p-CDK1 (T161) (#9114, Cell Signaling 
Technology), CDK1 (#9116, Cell Signaling Technology), 
Cyclin B1 (#sc-245, Santa Cruz Biotechnology), COX 
IV (#4850, Cell Signaling Technology), p-mTOR (S2448) 
(#2971, Cell Signaling Technology), mTOR (#2983, Cell 
Signaling Technology), p-S6K (T389) (#9205, Cell Sig-
naling Technology), S6K (#9202, Cell Signaling Technol-
ogy), p-S6 (S240/244) (#5364, Cell Signaling Technology), 
S6 (#2217, Cell Signaling Technology), β-Actin (#A5316, 
Sigma‒Aldrich), Goat anti-Rabbit IgG-heavy and light 
chain Antibody HRP Conjugated (#A120-101P, Bethyl 
Laboratories Inc., Montgomery, TX, USA), and Goat 
Anti-Mouse IgG (H + L) HRP (#A1012S, ACE Biolabs, 
Foshan, Guangdong, China). The blots were exposed to 
X-ray film. β-Actin was used as the loading control.

Immunofluorescence
Cells were grown on coverslips in 12-well plates, fixed 
with 4% PFA for 20  min and then permeabilized with 
0.3% Triton X-100 for 20  min. The cells were blocked 
with 1% BSA and 5% FBS in PBS, incubated with primary 
antibodies overnight at 4 ℃, and then incubated with 
fluorescence-labeled secondary antibody for 1 h at room 
temperature. Staining for mitochondria was performed 
using MitoBright LT Green (#MT10, Dojindo, Kuma-
moto, Japan) before PFA fixation. The following antibod-
ies were used: Cdk1/Cdc2 (phospho-T161) (#A29577, 
Antibodies.com, Cambridge, UK), CDK1 (#9116, Cell 
Signaling Technology), and Bcl-xL (#2764, Cell Sig-
naling Technology), Anti-rabbit IgG (H + L), F(ab’)2 
Fragment (Alexa Fluor® 647 Conjugate) (#4414, Cell Sig-
naling Technology), and Rabbit anti-Mouse IgG (H + L) 
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 
(#A11059, Invitrogen).

Statistical analysis
The data are presented as the mean ± standard deviation 
(SD) of three independent experiments. Statistical dif-
ferences were determined by one-way ANOVA followed 
by Tukey’s test using GraphPad Prism software (version 
8.0.1, San Diego, CA, USA). All values were considered 
significant at p < 0.05 (p < 0.05:* p < 0.01:** p < 0.001:***).
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Results
Duloxetine sensitizes HEYA8-MDR cells to paclitaxel 
through the phosphorylation of antiapoptotic Bcl-2 family 
proteins
First, we confirmed the paclitaxel resistance in HEYA8-
MDR cells by treating both HEYA8 and HEYA8-MDR 
cells with different concentrations of paclitaxel for 48 h. 
The results revealed a considerable decrease in cell 
viability in HEYA8 cells treated with 10 nM and 100 
nM paclitaxel, while there was no observable effect in 
HEYA8-MDR cells (Fig. S1A). Additionally, the level of 
apoptotic cleaved PARP was increased in a dose-depen-
dent manner upon paclitaxel treatment in HEYA8 cells, 
but there was no such response in HEYA8-MDR cells 
(Fig. S1B). Thus, we verified that compared with parental 
HEYA8 cells, HEYA8-MDR cells were highly resistant to 
paclitaxel.

Antidepressants are commonly used to alleviate 
somatic symptoms, anxiety, and nervousness in can-
cer patients. Recent reports have suggested unexpected 
anticancer effects for some antidepressants, involving 
the regulation of cellular mechanisms related to apopto-
sis and proliferation [21–23]. Therefore, we investigated 
the anticancer effects of serotonin and norepinephrine 
reuptake inhibitors (SNRIs), including duloxetine, ven-
lafaxine, desvenlafaxine, and milnacipran, in HEYA8-
MDR cells. Among the four different antidepressants 
tested, duloxetine effectively decreased cell viability and 
sensitized HEYA8-MDR cells to paclitaxel (Fig.  1A). 
Microscopy images revealed that combined treatment 
with paclitaxel and duloxetine induced cell death in 
HEYA8-MDR cells (Fig.  1B). Furthermore, the propor-
tions of cells in early and late apoptosis were significantly 
increased under the combined treatment of paclitaxel 
and duloxetine (Fig. 1C).

Previous reports have highlighted that during mitotic 
arrest, the phosphorylation of Bcl-2 impedes its bind-
ing with other Bcl-2 family members, including Bax and 
Bak, ultimately inducing apoptotic cell death [24, 25]. 
It has been identified that Bcl-2 phosphorylation plays 
an important role in overcoming paclitaxel resistance 
in SKOV3-TR ovarian cancer cells [26]. Moreover, the 
attenuated antiapoptotic function of phosphorylated 
Bcl-xL, which leads to apoptotic cell death, has also been 
reported in H1299 human NSCLC cells [27]. To inves-
tigate the relevance of Bcl-2 family proteins and their 
phosphorylation in combined treatment-induced apop-
totic cell death, we examined the protein levels of Bcl-2 
family members and their phosphorylation. Combined 
treatment with paclitaxel and duloxetine significantly 
induced the PARP cleavage and phosphorylation of Bcl-2 
and Bcl-xL in HEYA8-MDR cells (Fig. 1D). These results 
suggest that the apoptosis triggered by the combined 

treatment of paclitaxel and duloxetine is mediated 
through the phosphorylation of Bcl-2 and Bcl-xL.

Inhibition of CDK1 reverses the apoptotic cell death 
induced by combined treatment with paclitaxel and 
duloxetine in HEYA8-MDR cells
CDK1 is a potential kinase for Bcl-2 phosphorylation and 
has an important role in switching cells to apoptosis dur-
ing mitotic arrest [25, 28]. To evaluate whether CDK1 is a 
valuable kinase for Bcl-2 and Bcl-xL phosphorylation, we 
treated with Ro-3306, a selective ATP-competitive inhibi-
tor of CDK1, in HEYA8-MDR cells treated with paclitaxel 
and duloxetine. Microscopy images showed that inhibi-
tion of CDK1 using Ro-3306 dramatically inhibited the 
combined treatment-induced cell death (Fig.  2A). Addi-
tionally, Ro-3306 treatment effectively rescued the apop-
totic cell death that occurred in response to duloxetine 
and paclitaxel (Fig.  2B). We further verified this effect 
by using another CDK1 inhibitor, avotaciclib (Fig.  2C). 
Immunoblot analysis revealed that the phosphorylation 
of CDK1 at the T161 residue, which is required for CDK1 
activation, was increased by the combined treatment, but 
the phosphorylation of CDK1 at the Y15 residue, which 
is required for CDK1 inactivation was decreased by the 
combined treatment (Fig. 2D). Cyclin B1 levels were also 
increased when CDK1 was activated and decreased by 
Ro-3306 treatment (Fig.  2D). The increased phosphory-
lation of CDK1 at the T161 residue was decreased by 
Ro-3306 treatment (Fig.  2D). Moreover, the increased 
PARP cleavage and phosphorylation of Bcl-2 and Bcl-xL 
were reversed by CDK1 inhibition (Fig. 2E). Thus, these 
results show that CDK1 is a key mediator of Bcl-2 and 
Bcl-xL phosphorylation and subsequent apoptosis in 
response to combined treatment with paclitaxel and 
duloxetine.

Combined treatment with paclitaxel and duloxetine 
increases mitochondrial activated CDK1 in HEYA8-MDR 
cells
Anti-apoptotic Bcl-2 family proteins, such as Bcl-2 and 
Bcl-xL, help maintain mitochondrial membrane poten-
tial (MMP) and preserve mitochondrial stability, thereby 
inhibiting apoptosis through mitochondrial pathways 
[29]. Therefore, we examined whether MMP was affected 
by the combined treatment of paclitaxel and duloxetine. 
Our results showed that the combined treatment sig-
nificantly reduced MMP, with CCCP used as a positive 
control for MMP reduction (Fig.  3A). Next, we inves-
tigated the cellular localization of activated CDK1 fol-
lowing treatment with paclitaxel and duloxetine. The 
combined treatment led to a robust increase in acti-
vated phosphorylation of CDK1 (T161) throughout the 
cell, including in the cytosol, nucleus, and mitochondria 
(Fig. 3B). Sustained activation of CDK1 can translocate to 
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Fig. 1 (See legend on next page.)
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the mitochondria, where it phosphorylates Bcl-2 family 
proteins, thereby disrupting their anti-apoptotic func-
tions and promoting apoptosis [11, 28, 30]. Therefore, 
we investigated the interaction between CDK1 and Bcl-
xL using confocal microscopy. The result showed that 
colocalization of CDK1 and Bcl-xL was increased after 
the combined treatment in HEYA8-MDR cells (Fig. S2). 
To further confirm the increase in activated CDK1 in the 
mitochondria, we fractionated cytosol and mitochondrial 
components. In the mitochondrial fraction, phosphoryla-
tion of CDK1 at T161 was increased, while phosphory-
lation at Y15 was decreased following the combined 
treatment (Fig.  3C). Therefore, these results suggest 
that combined treatment with paclitaxel and duloxetine 
increases activated CDK1 in the mitochondria, which 
might interact with Bcl-2 family proteins in HEYA8-
MDR cells.

Inhibition of mTORC1/S6K sensitizes HEYA8-MDR cells by 
phosphorylation of the antiapoptotic Bcl-2 family
Activation of the mTORC1/S6K signaling pathway is 
well known to affect cancer cell proliferation, survival 
and progression [31, 32]. Moreover, we demonstrated 
that inhibition of the mTORC1/S6K pathway can sensi-
tize SKOV3-TR ovarian cancer cells to paclitaxel in pre-
vious research [26]. Treatment with duloxetine alone 
inhibited the phosphorylation of mTOR, S6K and the 
downstream substrate S6 in a dose-dependent manner 
in HEYA8-MDR cells (Fig.  4A). Additionally, the phos-
phorylation levels of mTOR, S6K and S6 were more 
strongly decreased by combined treatment with pacli-
taxel and duloxetine than by treatment with duloxetine 
alone (Fig.  4B). To investigate whether the mTORC1/
S6K pathway plays a crucial role in paclitaxel resistance 
in HEYA8-MDR cells, we treated cells with selective 
S6K inhibitors (PF4708671 and LY2584702). S6K inhibi-
tors effectively inhibited the phosphorylation of S6, a 
substrate for S6K, and sensitized the cells to paclitaxel 
(Fig. 4C, Fig. S3). Furthermore, a selective mTOR inhibi-
tor, RAD001, inhibited the phosphorylation of S6K and 
sensitized cells to paclitaxel (Fig. 4D). Immunoblot analy-
sis revealed that combined treatment with PF4708671 
and paclitaxel induced PARP cleavage and phosphoryla-
tion of Bcl-2 and Bcl-xL (Fig. 4E).

We further investigated whether S6K inhibitor 
could enhanced the combined effect of duloxetine and 

paclitaxel on overcoming paclitaxel resistance in HEYA8-
MDR cells. Treatment with duloxetine and PF4708671 
sensitized the cells to paclitaxel more effectively (Fig. 4F). 
Moreover, PARP cleavage and the phosphorylation of 
Bcl-2 and Bcl-xL were amplified by treatment with dulox-
etine and PF4708671 (Fig.  4G). Thus, these results sug-
gest that mTORC1/S6K signaling plays an important 
role in the sensitizing effect of duloxetine to paclitaxel in 
HEYA8-MDR cells.

CDK1 mediates the inhibition of S6K and paclitaxel-
induced apoptotic cell death in HEYA8-MDR cells
We found that combined paclitaxel and duloxetine treat-
ment-induced apoptosis in HEYA8-MDR cells was medi-
ated by CDK1 activation (Fig. 2). Because paclitaxel and 
duloxetine treatment inhibited the mTORC1/S6K sig-
naling pathway and induced apoptosis, we investigated 
whether the sensitizing effect of mTORC1/S6K inhibition 
on HEYA8-MDR cells was mediated by CDK1. Treat-
ment with PF4708671 and paclitaxel markedly induced 
the phosphorylation of CDK1 at the T161 residue, the 
accumulation of Cyclin B1, but the combination treat-
ment decreased the phosphorylation of CDK1 at the Y15 
residue (Fig.  5A). Additionally, the inhibition of CDK1 
by Ro-3306 treatment effectively reversed PF4708671- 
and paclitaxel-induced cell death (Fig. 5B). Inhibition of 
CDK1 using Ro-3306 or avotaciclib significantly reduced 
the proportions of apoptotic cells (Fig.  5C, D). Ro-3306 
treatment inhibited the phosphorylation of CDK1 at 
T161, which was induced by combined treatment with 
PF4708671 and paclitaxel (Fig.  5E). Moreover, Ro-3306 
inhibited the combined-induced PARP cleavage and 
phosphorylation of Bcl-2 and Bcl-xL (Fig.  5F). Further-
more, PF4708671 further increased the activation of 
CDK1 induced by duloxetine and paclitaxel treatment in 
HEYA8-MDR cells (Fig. 5G). These results indicate that 
sensitization to paclitaxel by inhibition of S6K is medi-
ated by CDK1 activation and that CDK1 is a key media-
tor in overcoming paclitaxel resistance in HEYA8-MDR 
cells.

Duloxetine sensitizes SKOV3-TR cells to paclitaxel by 
phosphorylating the antiapoptotic Bcl-2 family in a CDK1-
dependent manner
To explore whether duloxetine sensitizes other ovar-
ian cancer cell types to paclitaxel, we investigated the 

(See figure on previous page.)
Fig. 1  Combined treatment with duloxetine and paclitaxel induces apoptosis via phosphorylation of the antiapoptotic Bcl-2 family in HEYA8-MDR cells. 
(A) HEYA8-MDR cells were treated with antidepressants (duloxetine, venlafaxine, desvenlafaxine, and milnacipran) and 100 nM paclitaxel for 48 h. Cell 
viability was measured by MTT assay. (B, C) The cells were treated with 100 nM paclitaxel and 15 µM duloxetine for 48 h. (B) Microscopic observations of 
HEYA8-MDR cells treated with paclitaxel and duloxetine. (C) Apoptotic cell death was determined by Annexin V-FITC/PI staining using flow cytometry. A 
statistical graph of apoptotic cells is shown. (D) The cells were treated with 100 nM paclitaxel and 15 µM duloxetine for 12 h. The expressions of apoptotic 
cleaved PARP and antiapoptotic Bcl-2 family members were analyzed by immunoblot analysis. The relative optical densities were quantified using ImageJ 
software. The data are presented as the mean ± SD of the percentage or the fold change relative to the control (n = 3, *** p < 0.001). PTX, paclitaxel; DLX, 
duloxetine
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Fig. 2 (See legend on next page.)
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effect of duloxetine on SKOV3-TR cells, which also 
exhibit paclitaxel resistance. Indeed, we observed that 
similar to HEYA8-MDR treatment, duloxetine treat-
ment sensitized SKOV3-TR cells to paclitaxel (Fig.  6A). 
Furthermore, duloxetine decreased the phosphorylation 
of mTOR, S6K, and its substrate S6 in SKOV3-TR cells 
(Fig.  6B). Next, we tested whether combined paclitaxel 
and duloxetine treatment-induced apoptosis is depen-
dent on CDK1-mediated Bcl-2 and Bcl-xL phosphoryla-
tion in SKOV3-TR cells. Importantly, Ro-3306 treatment 
alleviated the combined treatment-induced apoptosis, 
suggesting that CDK1 mediates cell death caused by 
paclitaxel and duloxetine treatment (Fig. 6C). There was 
a significant increase in the phosphorylation of CDK1 at 
T161 and decrease in the phosphorylation of CDK1 at 
Y15 by the combined treatment, and Ro-3306 effectively 

reversed this effect (Fig. 6D). Cyclin B1 accumulation was 
also dependent on CDK1 activation (Fig.  6D). In addi-
tion, the level of apoptotic cleaved PARP and the level 
of phosphorylated Bcl-2 and Bcl-xL were increased in 
response to combined paclitaxel and duloxetine treat-
ment and were restored by Ro-3306 (Fig. 6E). Overall, the 
combination of paclitaxel and duloxetine can overcome 
paclitaxel resistance in different types of ovarian cancer 
cells via mTORC1/S6K- and CDK1-mediated Bcl-2 and 
Bcl-xL phosphorylation.

Duloxetine enhances paclitaxel sensitivity in parental 
ovarian cancer cells
To investigate whether duloxetine enhances paclitaxel 
sensitivity in parental ovarian cancer cells, we treated 
duloxetine with paclitaxel in HEYA8 cells. Duloxetine 

Fig. 3  Combined treatment with paclitaxel and duloxetine increases the mitochondrial localization of activated CDK1 in HEYA8-MDR cells. (A) HEYA8-
MDR cells were treated with 100 nM paclitaxel and 15 µM duloxetine for 24 h. Mitochondrial membrane potential was assessed by TMRE fluorescence 
and analyzed by flow cytometry. A statistical graph of TMRE fluorescence is shown. CCCP at 50 nM served as a positive control. (B, C) HEYA8-MDR cells 
were treated with 100 nM paclitaxel and 15 µM duloxetine for 12 h. (B) The mitochondrial localization of p-CDK1 (T161) was detected using confocal 
microscopy. (C) Cytosolic and mitochondrial expressions of CDK1 and cyclin B1 were detected by immunoblot analysis. The data are presented as the 
mean ± SD of the fold change relative to the control (n = 3, * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significantly different). PTX, paclitaxel; DLX, duloxetine

 

(See figure on previous page.)
Fig. 2  Inhibition of CDK1 reverses duloxetine- and paclitaxel-induced apoptosis in HEYA8-MDR cells. (A-C) HEYA8-MDR cells were treated with 100 nM 
paclitaxel and 15 µM duloxetine in combination with 10 µM Ro-3306 or 1 µM avotaciclib for 48 h. (A) Cells were visualized via microscopy. (B, C) Apoptotic 
cell death were determined by Annexin V-FITC/PI staining using flow cytometry. Statistical graphs of apoptotic cells were shown. (D, E) The cells were 
treated with 100 nM paclitaxel and 15 µM duloxetine in combination with 10 µM Ro-3306 for 12 h. (D) The expression levels of CDK1 and cyclin B1 were 
detected by immunoblot analysis. (E) The expression levels of apoptotic cleaved PARP and the antiapoptotic Bcl-2 family were detected by immunoblot 
analysis. The relative optical densities were quantified using ImageJ software. The data are presented as the mean ± SD of the percentage or the fold 
change relative to the control (n = 3, *** p < 0.001; ns, not significantly different). PTX, paclitaxel; DLX, duloxetine; RO, Ro-3306; AVO, avotaciclib
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Fig. 4 (See legend on next page.)
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treatment increased paclitaxel sensitivity in HEYA8 
cells, as demonstrated by a reduction in cell viability 
(Fig. 7A). Additionally, duloxetine significantly decreased 
phosphorylation of mTOR, S6K, and S6 proteins, and 
this phosphorylation was further suppressed with com-
bined duloxetine and paclitaxel treatment (Fig.  7B). We 
observed that combined treatment with paclitaxel and 
duloxetine induced apoptotic cell death, which was atten-
uated by Ro-3306 treatment (Fig. 7C). The combination 
also increased CDK1 phosphorylation at the T161 acti-
vation site, while decreasing phosphorylation at the Y15 
inactivation site (Fig. 7D).

Similarly, in another parental ovarian cancer cell line 
SKOV3, duloxetine enhanced paclitaxel sensitivity, as 
shown by reduced cell viability, and inhibited phosphory-
lation of mTOR, S6K, and S6 (Fig. S4A, B). Furthermore, 
consistent with observations in HEYA8 cells, this com-
bination treatment induced apoptotic cell death, which 
was attenuated by Ro-3306 treatment in SKOV3 cells 
(Fig. S4C). The combination treatment also resulted 
in increased phosphorylation of CDK1 at T161 and 
decreased phosphorylation at Y15 in SKOV3 cells (Fig. 
S4D). Collectively, these findings suggest that duloxetine 
enhances the sensitivity of parental ovarian cancer cells 
to paclitaxel treatment.

Discussion
Despite ongoing efforts in the treatment of ovarian can-
cer, chemotherapy resistance remains a major hurdle for 
patients [33, 34]. Our study demonstrated the effective-
ness of duloxetine treatment in overcoming paclitaxel 
resistance in two distinct types of ovarian cancer cells, 
HEYA8-MDR and SKOV3-TR. Duloxetine treatment 
inhibited mTORC1/S6K signaling, and combined treat-
ment with paclitaxel resulted in the activation of CDK1 
and increased mitochondrial localization of activated 
CDK1. This led to the phosphorylation of the antiapop-
totic proteins Bcl-2 and Bcl-xL, subsequently triggering 
apoptotic cell death (Fig. 7E). The use of selective CDK1 
inhibitors, Ro-3306 or avotaciclib, completely blocked 
the Bcl-2 and Bcl-xL phosphorylation and apoptotic cell 
death induced by combined paclitaxel and duloxetine 

treatment. Furthermore, our investigation revealed 
that S6K acts as an upstream mediator of CDK1 activa-
tion. Treatment with S6K inhibitors (PF4780671 and 
LY2584702) along with paclitaxel induced Bcl-2 and Bcl-
xL phosphorylation and apoptotic cell death. Inhibiting 
S6K amplified the CDK1 activation and apoptotic cell 
death induced by combined paclitaxel and duloxetine 
treatment. In summary, our study proposes novel thera-
peutic strategies utilizing duloxetine to address paclitaxel 
resistance in ovarian cancer.

Several strategies have been proposed for the repur-
posing of existing drugs for the treatment of different dis-
eases, commonly referred to as “drug repurposing” [35, 
36]. Drug repurposing has many advantages compared 
to de novo drug discovery because it enhances cost and 
time efficiency, leading to a reduction in the number of 
clinical trials needed for the drug to successfully reach 
the market [36]. In this paper, we revealed new indica-
tions for duloxetine, which can be a promising drug for 
paclitaxel-resistant ovarian cancer. Duloxetine effectively 
inhibited the mTORC1/S6K signaling pathway, and under 
paclitaxel treatment, duloxetine activates CDK1, leading 
to subsequent antiapoptotic Bcl-2 and Bcl-xL phosphor-
ylation in paclitaxel-resistant ovarian cancer cells. These 
findings highlight the multifaceted therapeutic poten-
tial of duloxetine, suggesting that it is a valuable and 
promising drug candidate for treating paclitaxel-resis-
tant ovarian cancer. This understanding of duloxetine’s 
mechanisms of action broadens its potential applications 
in various cancer treatment, extending beyond its estab-
lished role as an antidepressant.

P-glycoprotein (P-gp), also known as multidrug resis-
tance protein 1 (MDR1), is a membrane transporter that 
actively effluxes chemotherapeutic agents out of can-
cer cells, reducing intracellular drug accumulation and 
thereby diminishing therapeutic efficacy [37]. Overex-
pression of P-gp is a hallmark of multidrug resistance 
(MDR) and is frequently observed in various cancer cells, 
including ovarian cancer cells resistant to multiple che-
motherapy agents [38]. It has been reported that some 
antidepressants, including duloxetine, fluoxetine, parox-
etine, and sertraline, exhibit inhibitory effects on P-gp, 

(See figure on previous page.)
Fig. 4  Inhibition of mTORC1/S6K sensitizes HEYA8-MDR cells by phosphorylation of the antiapoptotic Bcl-2 family. (A) HEYA8-MDR cells were treated 
with the indicated concentrations of duloxetine for 12 h. The expression levels of mTOR, S6K and S6 were detected by immunoblot analysis. (B) The cells 
were treated with 100 nM paclitaxel and 15 µM duloxetine for 12 h. The expression levels of mTOR, S6K and S6 were detected by immunoblot analysis. (C) 
The cells were treated with 100 nM paclitaxel and 10 µM PF4708671 for 48 h. Cell viability was measured by MTT assay. The expression levels of S6 were 
detected by immunoblot analysis. (D) The cells were treated with 100 nM paclitaxel and 5 µM RAD001 for 48 h. Cell viability was measured by MTT assay. 
The expression levels of S6K were detected by immunoblot analysis. (E) The cells were treated with 100 nM paclitaxel and 10 µM PF4708671 for 12 h. The 
expressions of apoptotic cleaved PARP and antiapoptotic Bcl-2 family members were analyzed by immunoblot analysis. (F) The cells were treated with 
100 nM paclitaxel and 15 µM duloxetine in combination with 10 µM PF4708671 for 48 h, and cell viability was measured by MTT assay. (G) The cells were 
treated with 100 nM paclitaxel and 15 µM duloxetine in combination with 10 µM PF4708671 for 12 h. The expression levels of apoptotic cleaved PARP 
and the antiapoptotic Bcl-2 family were detected by immunoblot analysis. The relative optical densities were quantified using ImageJ software. The data 
are presented as the mean ± SD of the percentage or the fold change relative to the control (n = 3, * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significantly 
different). PTX, paclitaxel; DLX, duloxetine; PF, PF4708671
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Fig. 5 (See legend on next page.)
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thereby reversing multidrug resistance [39–42]. In our 
study, we demonstrated that duloxetine could overcome 
paclitaxel resistance in paclitaxel-resistant ovarian cancer 
cells with high MDR1 expression. Interestingly, we also 
found that even in parental HEYA8 and SKOV3 paren-
tal ovarian cancer cells, which exhibit very low MDR1 
expression, duloxetine effectively sensitized the parental 
cells to paclitaxel treatment (Fig. 7 and Fig. S4, 5). These 
results suggest that duloxetine may enhance paclitaxel 
sensitivity through mechanisms beyond MDR1 inhibi-
tion, extending its potential role in chemotherapy to 
improve treatment efficacy.

CDK1, widely recognized as a central regulator of 
mitosis, forms an active heterodimer with cyclin B1 to 
orchestrate cell division [4–6]. However, recent stud-
ies have uncovered an additional role for CDK1 beyond 
cell cycle regulation [9, 10, 43, 44]. During mitotic arrest, 
activated CDK1 translocates to the mitochondria, where 
it phosphorylates key mitochondrial proteins [30, 45, 
46]. Specifically, CDK1 interacts with antiapoptotic Bcl-2 
family proteins, such as Bcl-2, Bcl-xL, and Mcl-1, at the 
mitochondrial membrane, leading to their inactivation 
and induction of apoptosis [9, 24, 25]. The CDK1/cyclin 
B1 complex has been reported to phosphorylate Bcl-2 
at S70 and Bcl-xL at S62, disrupting their antiapoptotic 
functions during mitotic arrest [11, 28]. In line with these 
findings, we observed that the combined treatment with 
paclitaxel and duloxetine increased the phosphorylation 
of CDK1 at its activation site, as well as the phosphory-
lation of Bcl-2 and Bcl-xL, leading to the apoptotic cell 
death. Furthermore, the activated phosphorylation of 
CDK1 was significantly increased in the mitochondrial 
fraction. We also found that inhibition of CDK1 attenu-
ated the phosphorylation of Bcl-2 and Bcl-xL, effectively 
reducing apoptotic cell death. These findings suggest that 
CDK1-mediated phosphorylation of Bcl-2 and Bcl-xL 
may play an important role in inducing apoptosis, pro-
viding a potential mechanism for overcoming paclitaxel 
resistance in ovarian cancer cells.

We proposed that inhibition of mTORC1/S6K signal-
ing in combination with paclitaxel activates CDK1 in 
paclitaxel-resistant ovarian cancer cells. mTORC1/S6K 
signaling is known to regulate cell growth, protein bio-
genesis, and glucose homeostasis [31, 32]. A previous 
report suggested that S6K phosphorylates CDK1 at S39 
residue, inducing G2/M mitotic arrest in mouse embry-
onic fibroblasts [47]. Although an interaction between 
S6K and CDK1 regarding cell cycle has been reported, 
the proapoptotic effects of this interaction remain poorly 
understood. Moreover, the role of the mTORC1/S6K 
pathway, which acts as an upstream mediator of CDK1 
and induces the proapoptotic phosphorylation of Bcl-2 
family proteins, remains unclear. In the present study, 
combined treatment with S6K inhibitors and paclitaxel 
activated CDK1 and subsequently induced Bcl-2 and 
Bcl-xL phosphorylation. These findings suggest that inhi-
bition of mTORC1/S6K signaling may mediate CDK1 
activation, contributing to apoptotic pathways. However, 
given the complexity of cellular signaling, further inves-
tigations are needed to clarify the interaction between 
mTORC1/S6K signaling and CDK1, as well as the poten-
tial contributions of other signaling pathways.

In clinical settings, plasma concentrations of duloxetine 
generally range from approximately 24.6 ng/mL to 110 
ng/mL (roughly 0.08 to 0.37 µM), depending on the dose 
and dosing regimen [48]. While the concentrations of 
duloxetine used in this study exceed standard therapeu-
tic levels, the investigation into its underlying anticancer 
pathways could contribute to future therapeutic strate-
gies. To enhance clinical applicability, further studies are 
needed to explore structural modifications or formula-
tion changes that could improve its efficacy at clinically 
achievable concentrations. Furthermore, as resistant 
cancer types frequently occur in advanced-stage patients 
with limited therapeutic options, these findings may sup-
port further investigation into the potential application of 
duloxetine in such contexts.

(See figure on previous page.)
Fig. 5  Inhibition of S6K and paclitaxel treatment-induced apoptosis is mediated by CDK1 activation. (A) HEYA8-MDR cells were treated with 100 nM 
paclitaxel and 10 µM PF4780671 in combination with 10 µM Ro-3306 for 12 h. The expression levels of CDK1 and cyclin B1 were detected by immunoblot 
analysis. (B-D) The cells were treated with 100 nM paclitaxel and 10 µM PF4708671 in combination with 10 µM Ro-3306 or 1 µM avotaciclib for 48 h. (B) 
Cells were visualized via microscopy. (C, D) Apoptotic cell death were determined by Annexin V-FITC/PI staining using flow cytometry. Statistical graphs 
of apoptotic cells were shown. (E, F) The cells were treated with 100 nM paclitaxel, 10 µM PF4780671 and 10 µM Ro-3306 for 12 h. (E) The expression levels 
of CDK1 and cyclin B1 were detected by immunoblot analysis. (F) The expression levels of apoptotic cleaved PARP and the antiapoptotic Bcl-2 family 
were detected by immunoblot analysis. (G) The cells were treated with 100 nM paclitaxel and 15 µM duloxetine in combination with 10 µM PF4708671 
for 12 h. The expression levels of CDK1 and cyclin B1 were detected by immunoblot analysis. The relative optical densities were quantified using ImageJ 
software. The data are presented as the mean ± SD of the percentage or the fold change relative to the control (n = 3, * p < 0.05; ** p < 0.01; *** p < 0.001; 
ns, not significantly different). PTX, paclitaxel; DLX, duloxetine; PF, PF4708671; RO, Ro-3306; AVO, avotaciclib
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Fig. 6  Treatment with duloxetine overcomes paclitaxel resistance in SKOV3-TR cells via phosphorylation of the antiapoptotic Bcl-2 family in a CDK1-
dependent manner. (A) SKOV3-TR cells were treated with 100 nM paclitaxel and 15 µM duloxetine for 48 h. Cell viability was measured by MTT assay. (B) 
The cells were treated with 100 nM paclitaxel and 15 µM duloxetine for 12 h. The expression levels of mTOR, S6K and S6 were detected by immunoblot 
analysis. (C) The cells were treated with 100 nM paclitaxel and 15 µM duloxetine in combination with 10 µM Ro-3306 for 48 h. Apoptotic cell death was 
determined by Annexin V-FITC/PI staining using flow cytometry. A statistical graph of apoptotic cells was shown. (D, E) The cells were treated with 100 
nM paclitaxel and 15 µM duloxetine in combination with 10 µM Ro-3306 for 12 h. (D) The expression levels of CDK1 and cyclin B1 were detected by im-
munoblot analysis. (E) The expression levels of apoptotic cleaved PARP and the antiapoptotic Bcl-2 family were detected by immunoblot analysis. The 
relative optical densities were quantified using ImageJ software. The data are presented as the mean ± SD of the percentage or the fold change relative 
to the control (n = 3, * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significantly different). PTX, paclitaxel; DLX, duloxetine; RO, Ro-3306
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Conclusions
In conclusion, this study suggests novel therapeutic 
approaches utilizing duloxetine, an already approved 
drug for medical use, to overcome paclitaxel resistance 
in ovarian cancer cells. Moreover, these findings provide 
promising insights into potential clinical applications, 
highlighting the intricate molecular mechanisms under-
lying drug resistance of ovarian cancer cells.
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