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Abstract
Purpose  Curcumin (Cur), a yellow-colored dietary flavor from the plant (Curcuma longa), has been demonstrated to poten-
tially resist diverse diseases, including ovarian cancer, but drug resistance becomes a major limitation of its success clinically. 
The key molecule or mechanism associated with curcumin resistance in ovarian cancer still remains unclear. The aim of our 
study was to investigate the effects of curcumin on autophagy in ovarian cancer cells and elucidate the underlying mechanism.
Methods  In our study, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), EdU proliferation assay and 
colony-forming assay were used to assess cell viability. Apoptosis was detected by western blot and flow cytometric analy-
sis of apoptosis. Autophagy was defined by both electron microscopy and immunofluorescence staining markers such as 
microtubule-associated protein 1 light chain 3 (LC3). Plasmid construction and shRNA transfection helped us to confirm 
the function of curcumin.
Results  Curcumin reduced cell viability and induced apoptotic cell death by MTT assay in human ovarian cancer cell lines 
SK-OV-3 and A2780 significantly. Electron microscopy, western blot and immunofluorescence staining proved that curcumin 
could induce protective autophagy. Moreover, treatment with autophagy-specific inhibitors or stable knockdown of LC3B 
by shRNA could markedly enhance curcumin-induced apoptosis. Finally, the cells transiently transfected with AKT1 over-
expression plasmid demonstrated that autophagy had a direct relationship with the AKT/mTOR/p70S6K pathway.
Conclusions  Curcumin can induce protective autophagy of human ovarian cancer cells by inhibiting the AKT/mTOR/p70S6K 
pathway, indicating the synergistic effects of curcumin and autophagy inhibition as a possible strategy to overcome the limits 
of current therapies in the eradication of epithelial ovarian cancer.
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Introduction

Ovarian cancer is one of the most deadly gynecological 
malignant tumors due to the difficulties in early detection 
[1–3]. It is estimated that nearly 14,070 women are expected 
to die of ovarian cancer in the United States in 2018 [2]. 
Standard treatment for ovarian cancer contains cytoreduc-
tive surgery and chemotherapeutic drugs [4]. Although 
adjuvant and neoadjuvant chemotherapy with surgery are 
performed, the recurrence rate is still over 85% [4]. The 
success of subsequent chemotherapy is limited due to the 
continuous development of drug resistance. Therefore, it is 
imperative to develop more targeted molecular therapies for 
ovarian cancer.
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Curcumin, a common Chinese medicine, a yellow-
colored dietary flavor from the plant (Curcuma longa), has 
been reported to treat ovarian cancer effectively [5] and put 
into several clinical trials [6–8] owing to its apoptosis effect 
[9–11]. Although several studies reported that curcumin 
could induce apoptotic cell death to perform anti-cancer 
effect, drug resistance of curcumin confined its clinical use 
in the treatment of ovarian cancer patients alone [12–14]. 
Recent studies have shown that curcumin-induced drug 
resistance is closely related to autophagy [6, 8, 15]. How-
ever, its possible effects on ovarian cancer cells are still 
unknown.

Autophagy is mainly to maintain the homeostasis within 
cells [16]. Increasing evidences have shown that curcumin-
induced autophagy is not only a pro-death signal [17–19], 
but also an adaptation to stress to avoid cell death and cell 
apoptosis [20], resulting in resistance to chemotherapy. 
Majority of the studies suggest that drug resistance in ovar-
ian cancer is associated with protective autophagy [21, 22]. 
Furthermore, curcumin has been identified as an autophagy 
inducer in various cancer studies, such as melanoma [23], 
gliomas [17], breast cancer [24] and oral cancer [18]. There-
fore, inhibition of autophagy may be a promising way to 
overcome the barrier of curcumin resistance to ovarian 
cancer. Autophagy inhibitors, such as chloroquine (CQ), 
have been shown to enhance the anti-tumor effects when 
combined with chemotherapy drugs and radiation, suggest-
ing its vital role in anti-cancer therapy [25, 26]. Therefore, 
the autophagy inhibitor is promising to resolve the drug 
resistance of curcumin to ovarian cancer [27]. However, the 
underlying mechanism is still unknown.

We herein focused on the effects of curcumin on 
autophagy in ovarian cancer cells and tried to elucidate the 
underlying mechanism. Thus, our findings suggest that pro-
tective autophagy plays a key role on curcumin resistance. 
Inhibition of autophagy may provide a new perspective for 
clinical intervention to ovarian cancer with respect to cur-
cumin therapy.

Materials and methods

Cell lines and culture

The human ovarian cancer cell lines, SK-OV-3 and A2780, 
were acquired from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). HO-8910 and HEK-293T 
cell lines were purchased from the Chinese Academy of 
Sciences (Shanghai, China). Both A2780 and HO-8910 
cells were cultured in RPMI-1640 medium (GE Healthcare 
Life Sciences, HyClone Laboratories, Logan, UT, USA). 
SK-OV-3 and HEK-293T cells were cultured in McCoy’s 
5A medium and DMEM(GE Healthcare Life Sciences, 

HyClone Laboratories, Logan, UT, USA), respectively. All 
media contained 10% FBS (Biological Industries, Kibbutz 
Beit Haemek, Israel). They were maintained at 37 °C in a 
humidified atmosphere containing 5% CO2.

Reagents and antibodies

Curcumin, dimethyl sulfoxide (DMSO) and MTT were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). CQ 
was obtained from Abcam (Cambridge, UK). Curcumin and 
CQ were prepared at a concentration of 10 mmol/l stock 
solution. The used primary antibodies: the antibodies of 
GAPDH (5174), Caspase-9 (9508), Cleaved Caspase-9 
(Asp330) (D2D4), PARP (poly ADP-ribose polymerase) 
(9542), Cleaved PARP (Asp214) (D64E10), LC3B (3868), 
Atg3 (3415), Beclin 1 (3495), p-AKT (4060), AKT (4691), 
p-mTOR (5536), mTOR (2983), p-p70S6K (9234), p-4EBP1 
(2855), HRP-linked anti-rabbit IgG, and HRP-linked anti-
mouse IgG antibodies were all purchased from Cell Signal-
ing Technology (Danvers, MA, USA). Crystal violet stain-
ing solution and RIPA lysis buffer were purchased from 
Beyotime Biotechnology (Shanghai, China). LY294002 
(10 mM) was acquired from Selleck Chemicals (HOU Hou-
ston, Texas).

Cell viability and proliferation assays

Cell viabilities of SK-OV-3, A2780 and HO-8910 cells were 
assessed with MTT assay. The cells were seeded at a density 
of (3–5) × 103 cells/well on 96-well plates overnight, and 
then treated with different concentrations (0, 10, 20, 40 μM) 
of curcumin for 24, 48 and 72 h. At indicated time-points, 
cells were incubated with MTT solution (5 mg/ml) for 
another 4 h at 37 °C. The formazan product was dissolved 
in 100 μl DMSO and measured at 490 nm using a microplate 
reader (Infinite M200 PRO, Bio-Rad Laboratories, Hercules, 
CA, USA). Proliferation was examined using the 5-ethynyl-
2′-deoxyuridine (EdU) incorporation (C103103, Ribobio, 
Guangzhou, China) assay, which was performed according 
to the manufacturer’s protocol, examining the cells under a 
fluorescence microscope (CKX41, Olympus, Tokyo, Japan). 
Three independent experiments were performed for statisti-
cal analysis.

Colony‑forming assay

Colony formation assay was used to conduct an investigation 
of the long-term inhibitory effect of curcumin on SK-OV-3 
and A2780 cell proliferation. SK-OV-3 and A2780 cells 
were seeded (1 × 103 cells/well) in six well plates, treated 
with different concentrations (0, 10, 20, 40 μM for SKOV-3 
cell line and 0, 7.5, 15, 30 μM for A2780 cell line) of cur-
cumin for 48 h, and then were planned to grow for 10 days. 
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Subsequently, the cells were washed with phosphate buffer 
saline (PBS) and fixed in 4% paraformaldehyde solution for 
15 min and stained with 1% crystal violet solution. Colo-
nies (> 50 cells) were counted under an optical microscope. 
Three independent experiments were performed.

Flow cytometric analysis of apoptosis

Flow cytometry analysis was utilized to measure the levels 
of cellular apoptosis. SK-OV-3 and A2780 cells were seeded 
(1 × 105 cells/well) in six well plates, treated with different 
concentrations (0, 10, 20, 40 μM for SKOV-3 cell line and 
0, 7.5, 15, 30 μM for A2780 cell line) of curcumin for 48 h. 
Then, the cells were harvested and resuspended in 100-μl 
binding buffer to achieve a concentration of 1 × 106 cells/
ml. SK-OV-3 and A2780 cells were then stained with 5-μl 
Annexin V-FITC and 10-μl propidium iodide (PI) (20 μg/
ml) (BD bioscience) following the instructions from the 
manufacturer and analyzed by a flow cytometry (Novocyte, 
ACEA). The data were analyzed by Flowjo software (Tree 
Star, Ashland, OR, USA). Three independent experiments 
were performed for statistical analysis.

Electron microscopy

Electron microscopy was performed to detect the induction 
of autophagy in EOC cells. SK-OV-3 and A2780 cells were 
treated with 15 μM curcumin for 48 h. SK-OV-3 and A2780 
cells and these control groups were harvested by trypsiniza-
tion and then fixed with ice-cold fixative containing 2.5% 
glutaraldehyde and 2% paraformaldehyde in 0.1 M caco-
dylate buffer. Next, post-fixation was done in 1% osmium 
tetroxide buffer (OsO4) for 2 h, washed twice with PBS and 
a series of dehydration was carried out by gradient concen-
tration of ethanol ranging from 70 to 100%. The samples 
were embedded in epoxy resin and cut into thin sections 
stained with saturated uranyl acetate and lead citrate. We 
observed the representative areas for ultrathin sectioning 
with a Hitachi 7700 electron microscope (Japan) at 120 kV.

Immunofluorescence staining

Immunofluorescence staining was used to detect autophago-
some. SK-OV-3 cells were plated in 24-well plates and 
treated with 40-μM curcumin for 48 h. The SK-OV-3 cells 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature and permeabilized with 0.2% Triton X-100 
(200 μl) in PBS for 10 min. Then, the SK-OV-3 cells were 
blocked with indicated anti-LC3B antibody (1:200) over-
night at 4 °C, followed by incubation with related secondary 
antibody (1:50) for 1 h. After that, the SK-OV-3 cells were 
stained with 4,6-diamidino-2-phenylindole (DAPI) for 5 min 
in dark at room temperature. The fluorescence images were 

observed by the above-mentioned fluorescence microscope. 
Three independent experiments were performed for statisti-
cal analysis.

Western blot

Curcumin-treated SK-OV-3 and A2780 cells were har-
vested and lysed in a mixed buffer contained RIPA, NaF and 
PMSF (100:1:1). The supernatants were separated, mixed 
with loading buffer (5 ×), and boiled for 5 min. The equal 
amounts of total proteins from each sample were separated 
by 12% SDS-PAGE through electrophoresis and transferred 
onto PVDF membranes (Immobilon-P; Millipore, Bedford, 
MA, USA). After blocking for 2 h using 5% non-fat milk, 
the stripes were incubated with the indicated primary anti-
bodies (1:1000) overnight at 4 °C, followed by incubation 
with HRP-linked anti-rabbit or anti-mouse IgG secondary 
antibodies (1:3000) at room temperature for 2 h. A chemilu-
minescent substrate (ECL, Amersham Biosciences, UK) was 
used to detect the immunoreactive bands by ImageQuent 
LAS 4000 (GE Healthcare Life Sciences, Logan, UT, USA). 
The gray values were analyzed by ImageJ software. Three 
independent experiments were performed for statistical 
analysis.

Plasmid construction, transient transfection 
of plasmids, lentivirus production and shRNA 
transfection

The SK-OV-3 and A2780 ovarian cancer cells were tran-
siently transfected with AKT1 overexpression plasmid for 
4 h using Lipofectamine 2000 (Invitrogen Life Technologies, 
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tion. Control plasmid served as a control. Human AKT1 
cDNA was purchased from the Genechem Company (Shang-
hai, China). After transfection, the cells were exposed to 
curcumin for 48 h and lysed for a western blot assay. LC3B 
shRNA in pLKO.1-puro was obtained in Sigma-Aldrich. The 
CDS (Coding sequence) of LC3B was amplified by PCR 
and cloned into pLenti-C-Myc-DDK-IRES-Puro (PCMV) 
vector (Origene, USA). Lentivirus were produced in HEK-
293T cells packaged with psPAX2 and pMD 2.G. SK-OV-3 
and A2780 cells were infected with lentivirus for 24 h and 
then selected for 7 days in medium containing 2 μg/ml puro-
mycin (Merck Millipore, USA) to acquire stable expression 
cells, establishing SK-OV-3-plko.1-shLC3B and SK-OV-
3-plko.1-NC and A2780-plko.1-shLC3B, A2780-plko.1-
NC cell lines. Sequences of shRNAs (F:CCG​GCG​CTT​ACA​
GCT​CAA​TGC​TAA​TCT​CGA​GAT​TAG​CAT​TGA​GCT​GTA​
AGC​GTT​TTTG; R:AAT​TCA​AAA​ACG​CTT​ACA​GCT​CAA​
TGC​TAA​TCT​CGA​GAT​TAG​CAT​TGA​GCT​GTA​AGCG).
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Statistical analysis

The Student’s t test was performed to determine significance 
by using SPSS 23.0 and Graphpad Prism 5 software. Statisti-
cal significance was determined at P < 0.05. All the experi-
ments were performed in triplicate.

Results

Curcumin repressed proliferation of ovarian cancer 
cells

To investigate the anti-cancer activity of curcumin in EOC 
cells, we examined the effect of curcumin on cell viabil-
ity in three ovarian cancer cell lines (SK-OV-3, A2780 and 
HO-8910 cell lines). The cells were, respectively, treated 
with different concentrations (0, 5, 10, 20, 40, 80 μM) of 
curcumin for 24, 48 and 72 h. Then, the cell viability was 
estimated by using the MTT assay. Our study showed that 
curcumin could reduce cell viability in all three ovarian 
cancer cell lines in a dose-dependent and time-dependent 
manner, as shown in Fig. 1a. The IC50 values of curcumin 
were 41.05, 31.84 and 30.29 μM for SKOV-3 cell line at 
24, 48 and 72 h, respectively; 18.37, 13.26 and 13.83 μM 
for A2780 cell line at 24, 48 and 72 h, respectively; and 
18.93, 14.46, and 13.92 μM for HO-8910 cell line at 24, 48 
and 72 h, respectively. Furthermore, we utilize the colony 
formation assay to observe the long-term inhibitory effect of 
curcumin on EOC cell proliferation. Over 10 μM, curcumin 
suppressed colony-forming ability of EOC cells significantly 
for SKOV-3 cell line (Fig. 1b). To test whether curcumin had 
a direct impact on cell proliferation, we used EdU staining 
assay to find that treatment with curcumin for 48 h signifi-
cantly inhibited EdU uptake rate in a dose-dependent man-
ner in SKOV-3 cells (Fig. 1c). Collectively, these results 
suggested that curcumin might be a potential anti-cancer 
agent for all three ovarian cancer cell lines.

Curcumin stimulated apoptosis in ovarian cancer 
cells

Since curcumin was previously reported to induce apoptosis-
dependent cell death in different cancer cell lines, we next 
tested whether the cytotoxicity of curcumin is associated 
with apoptosis in EOC cells. To study the underlying mecha-
nism by which curcumin inhibited cell growth in ovarian 
cancer cells, apoptosis assay was performed by flow cytom-
etry. We detected that 40-μM curcumin could significantly 
induce apoptosis in SK-OV-3 cell line, while 30-μM cur-
cumin triggered apoptosis in A2780 cell line (Fig. 2a). We 
next analyzed the effects of curcumin on activity of caspases 
and PARP. Western blotting assay showed that curcumin 

activated Caspase-9 and PARP (Fig. 2b). Taken together, 
these results suggested that curcumin-induced cell death 
might be dependent of apoptosis by caspases activation in 
EOC cells.

Curcumin induced autophagy in ovarian cancer cells

Although several studies reported that curcumin could 
perform anti-cancer effect, drug resistance of curcumin 
confined its clinical use in the treatment of ovarian cancer 
patients alone and was closely associated with autophagy. 
To confirm the effects of curcumin on autophagy, we used 
electron microscopy to observe the ultrastructure of A2780 
cells. The results indicated the presence of a large number 
of autophagic vesicles in curcumin-treated A2780 cells as 
compared to the control A2780 cells (Fig. 3a). In addition, 
increased formation/expression of LC3B-I/II in response 
to curcumin was confirmed by immunofluorescent stain-
ing of SK-OV-3 cells in culture. SK-OV-3 cells treated with 
40-μM curcumin exhibited increasing puncta formation and 
fluorescence intensity of LC3B compared with the control 
group significantly, suggesting that treatment of curcumin 
resulted in autophagy of SK-OV-3 cells (Fig. 3b). Given 
that curcumin could induce autophagy, we utilized western 
blot analysis to evaluate expression levels of certain pro-
teins related to autophagy. Exposure to curcumin dramati-
cally increased the expression levels of LC3B-II in a dose-
dependent manner (Fig. 3c). Besides, curcumin increased 
the expression of Atg3 and Beclin1 in a concentration-
dependent manner (Fig. 3d). Taken together, these results 
indicated that curcumin induced autophagy in ovarian cancer 
cells.

CQ–Curcumin combination therapy attenuated 
the viability of ovarian cancer cells

Given that curcumin had been confirmed to induce 
autophagy in SK-OV-3 and A2780 cancer cell lines, we 
next explored the role of curcumin-induced autophagy 
on SK-OV-3 and A2780 cell proliferation. Furthermore, 
we also observed the effect of combination of curcumin 
and autophagy inhibitor on cell viability in SK-OV-3 
and A2780 cell lines. The cell viability examined by the 
MTT assay was significantly decreased in the combined 
treatment of CQ and curcumin, compared with curcumin 
treatment alone in SK-OV-3 and A2780 ovarian cancer 
cell lines (Fig. 4a). CQ has been widely used to inhibit 
lysosomal proteases and autophagosome–lysosomal 
fusion events. The result suggests that autophagy inhibi-
tor enhances curcumin-induced apoptosis. Moreover, the 
apoptosis assay confirmed that CQ–curcumin-combined 
group had more apoptotic cell death than curcumin 
group (Fig. 4b). To determine whether CQ–curcumin 



1631Archives of Gynecology and Obstetrics (2019) 299:1627–1639	

1 3

Fig. 1   Curcumin repressed proliferation of ovarian cancer cells. a 
A MTT assay was performed to evaluate cell viability in SK-OV-3, 
A2780 and HO8910 human ovarian cancer cell lines treated with 
different concentrations (0, 10, 20, 40  μM) of curcumin for 24, 48 
and 72  h. b Inhibition of colony formation ability by curcumin in 
human EOC cells. Cells were treated with the indicated concentra-
tions of curcumin for 48  h and then incubated in normal medium 
for the remaining 10  days. Representative Giemsa staining pictures 
of SK-OV-3 and A2780 cells formed colonies are shown on the left. 

Colony number ratio was shown on the right side (c). EdU prolifera-
tion of SK-OV-3 cells treated with curcumin at 0, 10, 20 and 40 μM, 
respectively, for 48  h. SK-OV-3 cells were treated as indicated and 
stained for EdU incorporation (red) or DAPI (blue) to highlight 
nuclei, and the red and blue images were merged. EdU positive 
SK-OV-3 cells ratio was shown on the right side (magnification, 
× 100). All data are expressed as the mean ± SD of values from trip-
licate experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 compared 
with control group
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combination has a direct impact on cell proliferation, we 
found that the combined treatment of CQ and curcumin 
significantly inhibited EdU uptake rate, compared with 
curcumin treatment alone in SK-OV-3 ovarian cancer cell 
line (Fig. 4c, d) [28]. Taken together, these results indi-
cated that blockage of autophagy aggravated curcumin-
induced apoptosis. Since autophagy is thought to act as 
a cell-survival pathway in cancer, CQ could be used in 
combination with curcumin drug to treat ovarian cancer

Suppression of LC3B enhanced curcumin‑induced 
growth inhibition and apoptosis in ovarian cancer 
cells

To confirm the role of LC3B on autophagy in the cur-
cumin-treated human ovarian cancer cells, we silenced 
the expression of LC3B and examined the modulation of 
LC3B expression by curcumin treatment combined with 
shRNA-induced LC3B knockdown in SK-OV-3 and A2780 

Fig. 2   Curcumin stimulated apoptosis in ovarian cancer cells. a Flow 
cytometric analysis of PI (Y axis)-Annexin V-fluorescein isothiocy-
anate (FITC) (X axis) was used to quantify apoptosis in SK-OV-3 and 
A2780 cells. Percentage of apoptotic SK-OV-3 and A2780 cells were 
shown on the right side. b Western blot analysis revealed that cur-

cumin could induce apoptosis in SK-OV-3 and A2780 cells. (cleaved-
Capase-9 and cleaved-PARP proteins). All data are expressed as 
the mean ± SD of values from triplicate experiments. *P < 0.05, 
**P < 0.01 and ***P < 0.001 compared with control group
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Fig. 3   Curcumin induced autophagy in ovarian cancer cells. a Cells 
were treated with and without curcumin for 48  h and observed by 
electron microscopy. Black arrows pointed to the autophagosomes 
(magnification, ×  8000). b Immunofluorescence staining shows 
immunoreactivity of LC3B-I/II in SK-OV-3 cells on the bottom. 
DAPI is the nuclear marker. Percentage of LC3B positive cells was 
shown on the top. Scale bar 50 μm. c SK-OV-3 and A2780 cells were 

treated with curcumin as described above. Western blotting assessed 
the protein levels of LC3B. Fold change of LC3B was shown on 
the top. d The protein levels of Atg3, Beclin-1, and p62 were deter-
mined by western blotting. All data are expressed as the mean ± SD 
of values from triplicate experiments. *P < 0.05, **P < 0.01 and 
***P < 0.001 compared with control group
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Fig. 4   CQ–curcumin combination therapy attenuated the viability 
of ovarian cancer cells. a SK-OV-3 and A2780 cells were pretreated 
with CQ for 2 h before being treated with curcumin for the indicated 
time. The cell viability was measured using the MTT assay. b Flow 
cytometric analysis of PI-Annexin-V was used to quantify apoptosis 
in SK-OV-3 and A2780 cells after treatment as described in Materi-

als and Methods. c EdU proliferation of SK-OV-3 cells exposed to 
curcumin with or without 10 μM CQ for 48 h as indicated as above. 
d Quantitative analysis of EdU proliferation in SK-OV-3 cells after 
curcumin treatment with or without 10 μM CQ for 48 h. All data are 
expressed as the mean ± SD of values from triplicate experiments. 
*P < 0.05, **P < 0.01 and ***P < 0.001 compared with control group
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ovarian cancer cells. As demonstrated in Fig. 5a, western 
blot assay showed that transfection with shLC3B blocked 
the autophagic effect of curcumin-treated SKOV3 and 
A2780 cells. LC3B protein expression levels were sig-
nificantly increased in SK-OV-3 and A2780 cells treated 
with LC3B shRNAs and curcumin in comparison to cells 
treated with LC3B shRNAs alone. The result suggested 
that curcumin could induce autophagy in human ovar-
ian cancer cell lines. Additionally, to assess the effects of 
LC3B shRNAs on curcumin-mediated cell apoptosis, we 
found that the protein expression of cleaved Caspase-9 
and cleaved PARP increased consistently (Fig. 5b), dem-
onstrating that combination group of LC3B shRNAs and 
curcumin had more apoptotic cell death than curcumin 
group. Collectively, these findings suggested that down-
regulation of LC3B enhanced the sensitivity of SK-OV-3 
and A2780 cells toward curcumin treatment.

Curcumin inhibited the activity of AKT/mTOR/
p70S6K signaling pathway

To further investigate the mechanisms of curcumin in 
increasing apoptosis and protective autophagy effect, we 
next explored whether AKT/mTOR signaling pathway was 
involved. As shown in Fig. 6a, the phosphorylation levels 
of AKT, mTOR as well as downstream factors of mTOR, 
such as p70S6K and 4E-BP1, were markedly decreased in 
the ovarian cancer cells treated with different concentra-
tions (0, 10, 20, 40 μM for SKOV-3 cell line and 0, 7.5, 
15, 30 μM for A2780 cell line) of curcumin, respectively. 
These data suggested that the curcumin-induced protective 
effects on ovarian cancer cells might depend on inhibition of 
AKT/mTOR pathway. Then, to demonstrate that autophagy 
had a direct relationship with the AKT/mTOR/p70S6K 
pathway, we transiently transfected SK-OV-3 and A2780 

Fig. 5   Suppression of LC3B enhanced curcumin-induced growth 
inhibitory effect and apoptosis in ovarian cancer cells. a LC3B 
knockdown sublines established stably to blocking autophagy 
(SK-OV3-shLC3B and A2780-shLC3B) and normal control sub-
lines that contained a scrambled shRNA were treated with curcumin 
for 48 h. Then, cell lysates were collected and probed with antibod-
ies against LC3B. Quantitative analysis of the expression levels of 

LC3B-II in EOC cells were shown on the right side. b Western blot 
analysis revealed that curcumin could induce apoptosis in SK-OV3-
shLC3B and A2780-shLC3B cell lines. (cleaved-Capase-9 and 
cleaved-PARP proteins). All data are expressed as the mean ± SD 
of values from triplicate experiments. *P < 0.05, **P < 0.01 and 
***P < 0.001 compared with control group
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Fig. 6   Curcumin inhibited the activity of AKT/mTOR/p70S6K 
signaling pathway. a Western blotting analyses of SK-OV-3 and 
A2780 cells exposed to curcumin as described above. AKT, p-AKT 
(Ser473), p-mTOR (Ser2448), mTOR, p-4EBP1 (Thr37/46) and 
p-p70S6K (Thr389) levels were carried out. GAPDH served as a 
loading control. Fold changes of the proteins were shown on the right 
side. b SKOV3 and A2780 cells were transfected with the indicated 
vectors for 24  h, and then treated with curcumin for 48  h. Western 
blot analysis verified the overexpression of LC3B-II and AKT. Fold 

change of LC3B-II/GAPDH was shown in the middle. The cell death 
rate was measured by a MTT assay on the right side. c Effect of 
depletion of AKT on curcumin-mediated cell death and autophagy. 
SKOV3 and A2780 cells were incubated with the PI3K inhibi-
tor (LY294002, 10  μM) for 2  h before treatment with curcumin for 
48  h. Fold changes of the proteins were shown in the middle. Cell 
death rate was measured by MTT assay on the right side. All data are 
expressed as the mean ± SD of values from triplicate experiments. 
*P < 0.05, **P < 0.01 and ***P < 0.001 compared with control group
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ovarian cancer cells with an AKT overexpression plasmid, 
which is a vector constitutively expressing the active form 
of AKT1. The overexpression of AKT1 reduced expression 
of LC3B-II, leading to the reversal of curcumin-induced cell 
death (Fig. 6b). Given the high level of activated AKT in 
SK-OV-3 and A2780 ovarian cancer cells, the pretreatment 
of cells with LY294002, an inhibitor of PI3K, suppressed 
the function of AKT, as demonstrated by higher expression 
of LC3B-II, contributing to curcumin-induced cell death 
markedly (Fig. 6c). These results indicated that the down-
regulation of AKT signaling pathway markedly contributed 
to curcumin-induced cell death and autophagy in SK-OV-3 
and A2780 ovarian cancer cells.

Discussion

Ovarian cancer is the most lethal gynecological malignancy 
in the world [1, 2]. Although curcumin has been confirmed 
to be secure in clinical trials in the treatment of ovarian can-
cer [29], resistance of curcumin may limit its clinical appli-
cation. In this study, we demonstrated that curcumin could 
enhance apoptosis of ovarian cancer cells and play an anti-
tumor role. However, at the same time, curcumin induced 
protective autophagy on ovarian cancer cells through AKT/
mTOR/p70S6K signaling pathway. Therefore, we could use 
CQ, an autophagy inhibitor, to inhibit curcumin-induced 
protective autophagy and potentiate the cytotoxicity of cur-
cumin on ovarian cancer [30–32].

Curcumin, an active component of turmeric, displays 
various pharmacological activities [33]. The promising role 
of curcumin against different diseases is widely publicized. 
Moreover, curcumin not only has attracted much attention 
for its anticancer properties, but also has been regarded to be 
safe in clinical trials owing to its low toxicity and good toler-
ance to human at doses of approximately 12 g/day [7, 12, 17, 
29, 33–38]. Consistent with the past multiple researches, we 
demonstrated that curcumin stimulated apoptosis cell death 
in ovarian cancer cells. Caspases are apoptosis execution-
ers, which is to form the active forms of the enzymes by 
launching proteolytic processing cascade [11, 39–41]. In our 
study, high expression of cleaved-Caspase-9 and cleaved-
PARP indicated that curcumin induced apoptotic cell death 
of EOC cells.

Autophagy maintains cell homeostasis and is called “dou-
ble-edge sword”. On one hand, it is a process of metabolic 
decomposition in cells, including digestion of long-lived 
proteins, damage of organelles and superfluously unwanted 
materials by lysosomes [39]. On the other hand, it helps 
us to provide a new thought to consider in clinical studies 
that may circumvent drug resistance in patients by targeting 
protective autophagy pathways, In this study, we found that 
curcumin induced protective autophagy and apoptosis of 

EOC cells in a concentration-dependent manner at the same 
time. Furthermore, curcumin-induced protective autophagy 
weakened anti-tumor effect on ovarian cancer cells. To 
further explore whether curcumin-induced autophagy was 
closely related to chemoresistance, we detected the under-
lying mechanism of curcumin-induced autophagy. Our 
study showed that curcumin could inhibit phosphorylation 
of mTOR as well as its downstream effectors phosphoryla-
tion of p70S6K and eukaryotic initiation factor 4E-binding 
protein 1 (4E-BP1). The AKT/mTOR signaling pathway 
is a classic pathway that not only promotes angiogenesis 
and cell progression, but also plays a pivotal role in vari-
ous human malignancies [42, 43]. Inhibition of the AKT/
mTOR pathway has been reported to promote autophagy and 
apoptosis to produce anticancer effect [44]. Our following 
study showed that autophagy could be induced in the ovar-
ian cancer cells when AKT/mTOR/p70S6K pathway was 
blocked by LY294002, while overexpression of AKT could 
reverse curcumin-induced autophagy. Thus, curcumin could 
induce protective autophagy of human ovarian cancer cells 
by inhibiting the AKT/mTOR/p70S6K pathway.

Autophagy inhibition weakens the protective effects 
and sensitizes chemotherapy to augment anticancer effects 
in cancer cells. Therefore, autophagy inhibitors were used 
to explore this issue and classified as two categories based 
on their mechanisms of action on the pathway inducing 
autophagy: early stage inhibitors and late stage inhibitors. 
Wortmannin and 3-MA belong to the early-stage autophagy 
inhibitors which perform a suppressive effect on the forma-
tion of autophagosomes, while downstream of autophago-
some formations is suppressed by CQ, hydroxychloroquine 
and Baf A1. These late-stage inhibitors not only inhibit the 
fusion of autophagosomes and lysosomes, but also block the 
degradation of autophagic cargo [45]. CQ has been approved 
to be an antimalarial drug used to treat rheumatoid arthritis 
and autoimmune diseases by FDA. On account of the safety 
of CQ, it can be used to inhibit autophagy in both cells and 
human patients. Furthermore, some funds have been put into 
other field, such as cancer therapy [30–32]. In our study, 
compared with curcumin treatment alone, the combined 
treatment of curcumin with CQ could increase SK-OV-3 
and A2780 cells death. Consistent with the results of CQ, 
knocking down the expression level of LC3B to block cur-
cumin-induced autophagy significantly enhanced apoptotic 
cell death at the genetic level in SK-OV-3 and A2780 cells.

Conclusion

To the best of our knowledge, curcumin could induce pro-
tective autophagy of human ovarian cancer cells by inhibit-
ing the AKT/mTOR/p70S6K pathway. CQ, an autophagy 
inhibitor, enhanced the anti-tumor effect of curcumin on 
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ovarian cancer cells by combination. Thus, the combined 
treatment of curcumin with autophagy inhibitor could lead 
to curcumin resistance reduction in ovarian cancer cells. It 
would be a possible clinical strategy to overcome the limits 
of current curcumin therapy in the eradication of EOC cells 
population. However, more studies are needed to demon-
strate the responsible molecular mechanisms of curcumin 
inducing protective autophagy in human ovarian cancer cells 
and feasibility research in vivo.
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