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Dihydroartemisinin (DHA) exhibits anticancer activity in tumor cells but its mechanism of action is
unclear. Cisplatin (DDP) is currently the best known chemotherapeutic available for ovarian cancer.
However, tumors return de novo with acquired resistance over time. Mammalian target of rapamycin
(mTOR) is an important kinase that regulates cell apoptosis and autophagy, and its dysregulation has
been observed in chemoresistant human cancers. Here, we show that compared with control ovarian can-
cer cells (SKOV3), mTOR phosphorylation was abnormally activated in cisplatin-resistant ovarian cancer
cells (SKOV3/DDP) following cisplatin monotherapy. Treatment with cisplatin combined with DHA could
enhance cisplatin-induced proliferation inhibition in SKOV3/DDP cells. This mechanism is at least par-
tially due to DHA deactivation of mTOR kinase and promotion of apoptosis. Although autophagy was also
induced by DHA, the reduced cell death was not found by suppressing autophagic flux by Bafilomycin A1
(BAF). Taken together, we conclude that inhibition of cisplatin-induced mTOR activation is one of the
main mechanisms by which DHA dramatically promotes its anticancer effect in cisplatin-resistant ovar-
ian cancer cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

It has been observed that dihydroartemisinin (DHA), a sesqui-
terpene lactone isolated from the traditional Chinese herb Artemi-
sia annua, can be used as a primary anti-malarial drug with low
toxicity [1,2]. Recently, studies have shown that DHA also has
antitumorigenic properties in various cancers [3–5]. However, its
mechanism of action has not been fully elucidated.

Ovarian cancer is currently the fifth leading cause of death in
women [6]. As a result of late diagnosis and its highly aggressive
behavior, the 5-year survival rate for ovarian cancer is approxi-
mately 45%. Although most patients will achieve a complete clini-
cal response after maximal cytoreductive surgery together with
chemotherapy at first, nearly 50% of patients will eventually devel-
op recurrent disease [6]. It has been suggested the high mortality
rate is partly due to the high rate of acquired chemoresistance [7].

Investigations are being carried out in the development of new
therapeutics to deal with chemoresistance. Autophagy, an evolu-
tionarily conserved process of lysosome-dependent cellular cata-
bolic degradation, is characterized by the sequestration of bulk
cytoplasm and organelles in double-membrane autophagic vesicles
[8]. In addition, studies have demonstrated that cell apoptosis and
autophagy share several similar signaling pathways and molecular
mechanisms [9,10]. However, the question of whether the auto-
phagic activity in cancer cells is the cause of death or promotes
survival remains unclear.

Among many cellular metabolic mechanisms, the signaling
pathway mediated by the mammalian target of rapamycin (mTOR)
is always abnormally activated in breast [11], gastric [12], lung
[13] and prostate cancer [14]. In ovarian cancer, persistent activa-
tion of mTOR creates a pro-survival status in cells, and several
studies have concluded that downregulation of mTOR helps to sen-
sitize these cells to chemotherapy [15–17]. Therefore, we propose
DHA, a new mTOR deactivator, could be a ‘‘sensitizer’’ to be used in
combination with cisplatin in the treatment of chemoresistant
ovarian cancer.

In the present study, we investigated whether DHA could boost
the anti-cancer effect of cisplatin and induce autophagy in chemo-
resistant human ovarian cancer SKOV3/DDP cells via inhibition of
mTOR. Through proliferation, cell cycle, apoptosis, autophagy,
and mTOR activity analyses, the results suggest that DHA enhances
the sensitivity of cisplatin-resistant ovarian cancer cells to chemo-
therapy by inhibiting mTOR, resulting in the promotion of apopto-
sis. In addition, DHA induced autophagy may not directly involved
in regulation of the cell death in this study.
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2. Materials and methods

2.1. Chemicals and reagents

DHA, Cisplatin and BAF were purchased from Sigma Chemical
Co. (Sigma–Aldrich, St. Louis, MO, USA). CCK-8 cell counting kit
(Beyotime Inst. Biotech, Haimen, China) was stored at –20 �C.
GFP-LC3 plasmids were a gift from Professor Tianwei Xu (Harbin
Medical University, Harbin, China). Annexin V-FITC and propidium
iodide (PI) were purchased from BaoSai Biotechnology (BaoSai Bio-
technology Co. Ltd., Beijing, China). Bafilomycin A1 was purchased
from Sigma Chemical Co. (Sigma–Aldrich, St. Louis, MO, USA). Anti-
bodies against mTOR, phospho-mTOR, LC3, BCL-2, BAX, C-MYC, cy-
clin A, cleaved caspase-3 and b-actin were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

2.2. Cell lines and culture

The human ovarian cancer cell line SKOV3 and SKOV3/DDP
cells, a cell clone derived from SKOV3 cells chronically exposed
to cisplatin, were obtained from The Cell Bank, Chinese Academy
of Sciences (Beijing, China). Both lines were cultured in RPMI
1640 medium supplemented with 8% fetal bovine serum (FBS)
and 100 U/mL streptomycin/penicillin at 37 �C in a humidified
atmosphere containing 5% CO2. SKOV3/DDP cells were additionally
cultured with 2 lM/L cisplatin to maintain drug-resistance. All of
the above reagents were purchased from HyClone China Ltd.

2.3. Cell viability assay

SKOV3 (1 � 104) and SKOV3/DDP (6 � 103) cells were seeded
into 96-well plates and cultured for 24 h. After that, cells were pre-
treated with or without 100 nM of BAF for 2 h [18], and then treat-
ment with cisplatin, DHA or their combination for indicated
concentrations and times. Before BAF, cisplatin, DHA added, cells
were treated with DMSO only as the untreated control. At each
time point, 10 lL CCK-8 kit were added to each well and cultured
at 37 �C for about 1 h. Then, a microplate reader (Thermo) was
used to calculate the absorbance at 450 nm. The survival rate of
cells (%) = (experimental group OD value�blank group OD value)/
(control group OD value�blank group OD value), and the inhibition
rate of cell proliferation (%) equaled 100% minus the survival rate.
To determine the concentration of cisplatin necessary to result in
50% inhibition (IC50), the data was calculated using the weighted
linear regression method with SPSS 19.0 software.

2.4. Cell cycle analysis

SKOV3/DDP cells were seeded in 12-well plates and cultured
overnight. After treatment with DHA at 0–80 lM for 48 h, the cells
were harvested, washed with cold PBS, and subsequently fixed
with 70% ethanol at 4 �C overnight. After removal of the ethanol,
approximately 1 � 106 cells were washed with cold PBS, and then
re-suspended in PBS containing PI and RNase A for 30 min in the
dark. Flow cytometry (Epics Altra II, Beckman Coulter, USA) and
ModFit LT software were used to determine the percentages of
cells in G0/G1, S, or G2/M phase.

2.5. Transmission electron microscopy (TEM) analysis

After designated treatment, SKOV3/DDP cells were washed with
0.1 cacodylate buffer (pH 7.4) and fixed with 2% glutaraldehyde in
PBS for 24 h at 4 �C. Subsequently, the rest of the procedure was
conducted using the standard procedure. Zeiss transmission elec-
tron microscopy was used to examine the section samples. The
quantitation of autophagic vacuoles in each cell was determined
with 20 cells in each sample, respectively.

2.6. GFP-LC3 plasmid transfection and autophagic flux assay

SKOV3/DDP cells were seeded on sterile coverslips in tissue cul-
ture plates. After that, they were transfected with a GFP-LC3
expression plasmid at nearly 70–80% confluence using the lipofect-
amine transfection regent (Invitrogen, Carlsbad, CA, USA). 48 h la-
ter, the cells were pretreated with or without BAF. Then, after
designated treatment, cells were fixed with 4% formaldehyde for
15 min and washed with cold PBS. The numbers of GFP-LC3 puncta
were manually counted. For each group, 20 cells in randomly visual
fields were selected for counting [19].

2.7. Apoptosis assay

After designated treatment, SKOV3/DDP cells were washed with
ice-cold PBS, then harvested and counted. A total of 1 � 105 cells
were suspended in 500 lL of binding buffer and incubated with
10 lL of Annexin V and 5 lL of PI for 20 min. The cell apoptosis rate
(%) was measured by flow cytometry (Epics Altra II, Beckman Coul-
ter, USA). A laser scanning confocal microscope (TCS SP5 II, Leica,
Germany) was used to visualize cells that had undergone early or
late phase apoptosis.

2.8. Western blot analysis

Cells were preincubated with DHA and/or cisplatin as previ-
ously described. Western blotting was performed as previously de-
scribed [3]. Briefly, the cells were washed with ice-cold PBS and
sonicated in RIPS buffer and homogenized, and then cellular debris
was removed by centrifugation. Protein concentration was deter-
mined using the Bio-Rad DC protein assay (Bio-Rad Laboratories,
Shanghai, China). The protein lysates were separated by 12% or
15% SDS–PAGE and transferred to polyvinylidene difluoride mem-
branes. The membranes were blocked with 5% BSA (Beyotime Inst.
Biotech, Haimen, China) and then incubated with primary antibod-
ies (1:500 or 1:1000) overnight at 4 �C, and subsequently with
horseradish peroxidase-conjugated secondary antibodies (1:1500
or 1:2000). The blots were then visualized by enhanced chemilu-
minescence (Millipore Corporation, Billerica, MA, USA). Blots were
also stained with anti-b-actin as an internal control and to confirm
that each sample contained a similar amount of protein.

2.9. Statistical analysis

All data and results were confirmed in at least three indepen-
dent experiments. The data are expressed as mean values ± SD.
Student t-test and the analysis of variance (ANOVA) test were used
to test for statistically significant differences between two groups
or among more groups, respectively. P < 0.05 was defined as statis-
tical significance.

3. Results

3.1. Cisplatin-sensitivity and mTOR activity in human ovarian cancer
SKOV3 and cisplatin-resistant phenotype SKOV3/DDP cell lines

SKOV3 and SKOV3/DDP cells were exposed to various doses of
cisplatin for 24, 48 or 72 h. Cell viability was measured by CCK-8
assay. As shown in Fig. 1A, cisplatin reduced the cell numbers in
a time- and dose-dependent manner. After 48 or 72 h treatment,
compared with lower doses, at least 50% of the cell growth was
suppressed by 40 lM of cisplatin. The IC50 values of cisplatin in



Fig. 1. Characteristics of human ovarian cancer SKOV3 and cisplatin-resistant SKOV3/DDP cell lines. (A) Two cell lines were treated with different concentrations of cisplatin
for 24–72 h. Cell viability was determined by CCK-8 assays. (B) SKOV3/DDP or SKOV3 cells were treated with cisplatin (20 lM) for 48 h. The expression of p-mTOR and mTOR
proteins were detected by Western blot assay and the level of each protein was normalized to that of b-actin. (C) Cells were treated with different concentrations of DHA for
48 h followed by cell cycle distribution assay. (D) Cells were treated with DHA for 24–48 h. Cell viability was determined by CCK-8 assays. Each value was expressed as
means ± SD. ⁄⁄p < 0.01 versus control.
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SKOV3 and SKOV3/DDP cells were 5.92 ± 1.21 and 28.00 ± 1.32 lM
after 48 h exposure, respectively, implying that compared with
SKOV3 cells, SKOV3/DDP cells had significant cisplatin-resistance.
Taken the above results, we then use 20 lM of cisplatin for subse-
quent experiments. By Western blot analysis (Fig. 1B), we found
the expression of phospho-mTOR was upregulated in SKOV3/DDP
cells at 20 lM cisplatin treatment for 48 h. These data indicate that
the cisplatin-resistant properties of SKOV3/DDP cells under lower
dosages might be relevant to the activity of mTOR
phosphorylation.
3.2. DHA induced cell cycle arrest and autophagy in SKOV3/DDP cells

To understand the efficacy of DHA to SKOV3/DDP cells, CCK-8
assay, cell cycle analysis, GFP-LC3 transfection assay, TEM analysis
and Western blotting were used. As shown in Fig. 1D, various doses
of DHA for 24 or 48 h could not induce significant cell death.
However, cell cycle analysis showed that DHA inhibits cell prolifer-
ation by inducing cell cycle arrest at S phase in a concentration-
dependent manner (Fig. 1C). DHA could also induce autophagy in
SKOV3/DDP cells. Western blot results showed that 40 lM of
DHA remarkably increased the expression of LC3-II protein
(Fig. 2C). After autophagosome-specific GFP-LC3 transfection as-
say, the 40 lM DHA-treated group showed higher fluorescent den-
sity and more GFP-labeled vacuoles (green fluorescence dots)
compared with the control group (Fig. 2A). Then, TEM scanning re-
vealed a large number of structures which resembled autophago-
somes (black arrow marks) (Fig. 2B). These results suggest that
DHA could arrest the cell cycle in SKOV3/DDP cells, and induction
of cell autophagy might be a response to DHA stimulation. How-
ever, no significant apoptosis was observed following mono-DHA
treatment in SKOV3/DDP cells (Fig. 3B).
3.3. DHA sensitized SKOV3/DDP cells to cisplatin-induced apoptosis by
inhibiting mTOR pathway

To determine whether DHA could enhance the cytotoxicity of
cisplatin, SKOV3/DDP cells were co-treated with 20 lM of cisplatin
and various doses of DHA for 24, 48 or 72 h. The results of CCK-8
assay suggested that DHA from 40 lM exhibited a significant syn-
ergistic activity in reducing cell growth rate by 24 or 48 h treat-
ment (Fig. 3A). Next, the cells were stained with Annexin V-FITC
and PI, then subjected to flow cytometry and observed by the laser
scanning confocal microscopy. As shown in (Fig. 3B) compared
with mono-treatment, cisplatin combined with DHA produced sig-
nificantly more remarkable apoptosis. In addition, this phenome-
non was also confirmed by laser scanning confocal microscopy,
which demonstrated more early (green marks) and late (red
marks) apoptotic cells in the combined treatment group
(Fig. 3D). By inverted microscopy, significant morphological
changes could also be observed in the combined treatment group
(Fig. 3C). We next examined the expression of apoptosis relevant
proteins in each treatment group. Western blot analysis suggested,
compared with SKOV3 cells, SKOV3/DDP cells exhibited constitu-
tive phospho-mTOR activity following mono-cisplatin treatment.
However, DHA significantly abrogated the effect of cisplatin on
mTOR activation, which correlated with the inhibition of cell cycle
and augmentation of apoptosis by the combined treatment. As
shown in Fig. 3E, DHA alone or its combination with cisplatin sig-
nificantly decreased the expression of C-MYC and cyclin A. More-
over, combined group not only further enhanced the expression
of BAX and the activity of cleaved caspase-3, but also decreased
the expression of BCL-2. These results confirm that in SKOV3/
DDP cells, DHA with cisplatin co-treatment in vitro abrogates cis-
platin-induced mTOR activity, which is believed to be responsible
for the enhanced apoptosis observed.
3.4. Blocking autophagic flux by BAF was independent of cisplatin-
induced apoptosis

In order to determine whether the enhanced autophagy by DHA
contributes to the anticancer effect of cisplatin, BAF was applied as
an autophagic flux inhibitor. GFP-LC3 plasmids were used to detect
the autophagosome fusion in autophagic flux. We found compared
with control and non BAF treatment group, BAF plus group showed
significantly more GFP-LC3 puncta (Fig. 2D). BAF inhibits fusion of



Fig. 2. Autophagy activity and effects of autophagic flux inhibition in SKOV3/DDP cells. (A and D) Autophagosome-specific GFP-labeled LC3 vacuoles were examined by
fluorescence microscopy (magnification, �400). Boxed areas were further enlarged image. Bar chart represents the percentage of cells with GFP-LC3. (B) Formation of
autophagic vacuoles were observed under TEM (magnification, �15,000). Autophagic vacuoles were indicated by arrowheads. Bar chart represents the quantitation of
autophagic vacuoles (AV) in each cell. (C and E) Cells were treated with 40 lM of DHA and/or other regents. The expression of LC3-I, LC3-II and/or Bax, Cleaved-caspase3
proteins were detected by Western blot assay and the level of each protein was normalized to that of b-actin. (F) Cell viability in different group was determined by CCK-8
assays. (G) Flow cytometry was performed to measure the total percentage of early and late apoptotic cells. Each value was expressed as means ± SD. ⁄⁄p < 0.01 versus control.
##p < 0.01 versus non-BAF group.
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lysosomes with autophagosomes and LC3-II protein is involved in
the formation of autophagosomes [18]. Thus, LC3-II levels was fur-
ther assessed by Western blot, and it resulted in significant in-
crease by adding BAF. However, the level of Bax and caspase-3
have no significant changes (Fig. 2E). Finally, Cell viability and
apoptosis rate were monitored. The results of CCK-8 and apoptosis
assay indicated mono use or combined apply with other reagents,
BAF treatment has no significant effect on cell viability and apop-
tosis (Fig. 2F and G). These findings suggest under the exist of
apoptosis inducer, such as cisplatin, inhibition of autophagy is
not involved in the SKOV3/DDP cells death process.
4. Discussion

Ovarian cancer is among the most aggressive malignancies in
women, primarily due to asymptomatic presentation of the disease
and late diagnosis [6]. Besides maximal cytoreductive surgery, cis-
platin and its platinum derivatives have been accepted to be the
first-line chemotherapeutic agents [20]. DHA, a derivative of arte-
misinin, can induce apoptosis in various types of cancer cells [3–5].
Current studies have implicated that the anticancer molecular
mechanisms of DHA are varied. For instance, hypoxia inducible fac-
tor-1 alpha (HIF-1a) [21], extracellular signal-regulated protein ki-
nases (ERK) [22], NF-jB and its targeted gene products [3], focal
adhesion kinase (FAK) phosphorylation and matrix metalloprotein-
ase-2 (MMP-2) [23] are all target genes of DHA in different cancer
cells. However, the anticancer activity of DHA in cisplatin-resistant
ovarian cancer cells is largely unclear.

In the present study, compared with normal SKOV3 cells,
SKOV3/DDP cells were resistant to mono-cisplatin treatment
(Fig. 1A), and mTOR phosphorylation was simultaneously activated
in SKOV3/DDP cells (Fig. 1B). Induction of apoptosis is a primary
mechanism by which cisplatin works [20]. In contrast, phosphory-
lation of mTOR enhances survival signals that inhibit apoptosis as
well as promote cancer cell proliferation [11,12,24]. mTOR kinase
lies downstream of the phosphatidylinositol 30 kinase and type I
insulin-like growth factor receptor [11]. This kinase was involved
in the regulation of cyclins, C-MYC, some apoptosis factors and
NF-jB [13,25,26]. Therefore, the abnormal activity of mTOR could
be reasonable for the cisplatin-resistance of SKOV3/DDP cells,
which prompt us to study whether DHA exerts its anticancer activ-
ity by inhibiting mTOR.

Although mono-DHA treatment could not induce significant cell
death in SKOV3/DDP cells (Fig. 1D), cell cycle arrest was evident
(Fig. 1C). By experiments, we found DHA could arrest the cell cycle
in S phase. Cyclin A plays a critical role in regulating the transition
from S phase to G2/M [27]. Then, as an oncogene, over expression
of C-MYC results in coordinated changes in increased cancer cell
proliferation. Hence as demonstrated by Western blotting, DHA ar-
rest cell cycle could be the result of cyclin A and c-myc inhibition
via downregulation of mTOR phosphorylation (Fig. 3E).

Resistance to apoptosis inducers, including cisplatin, is a major
cause of treatment failure. By defining the cytotoxicity of com-
bined treatment DHA with cisplatin, it is hoped that this research
will contribute to improvement of this therapeutic area. In this
study, we found that even at lower dosage, cisplatin, when com-
bined with DHA, produced greater proliferation inhibition and
apoptosis in SKOV3/DDP cells than when applied alone (Fig. 3).
These results confirmed that DHA could reverse the drug resistance
of SKOV3/DDP cells and increase the efficacy of chemotherapy in
these cells. BCL-2, BAX and caspase-3 are involved in regulating
cell apoptosis. BCL-2 functions as a survival signal that inhibits
apoptosis, and this protein is frequently overexpressed in drug-
resistant cancer cells [28]. In this study, high BCL-2 protein expres-
sion was observed in SKOV3/DDP cells following single cisplatin



Fig. 3. DHA sensitized SKOV3/DDP cells to cisplatin-induced apoptosis. (A) The cells were co-treated with 20 lM of cisplatin and various doses of DHA for 24, 48 or 72 h. Cell
viability was determined by CCK-8 assays. (B) The cells were treated with cisplatin (20 lM) and/or DHA (40 lM). Flow cytometry was performed to measure the total
percentage of early and late apoptotic cells. (C) After treatment for 48 h, cell density was observed by phase-contrast microscopy (magnification, �200). (D) Representative
images of either treatment group for 24 or 48 h were taken by laser scanning confocal microscopy; apoptosis cells were labeled with green fluorescence (early-stage
apoptosis) and red fluorescence (late-stage apoptosis) (magnification,�630). (E) Western blot analysis of the expression of proteins under different conditions and the level of
each protein was normalized to that of b-actin. Each value was expressed as means ± SD. ⁄p < 0.05 versus control; ⁄⁄p < 0.01 versus control. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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treatment, but combined treatment significantly downregulated
BCL-2 (Fig. 3E). In contrast, BAX and cleaved caspase-3 were the
main proteins that induced pathologic apoptosis and are useful
markers of the effectiveness of anticancer drugs [3]. Our results
suggest combined treatment significantly upregulated the expres-
sion of cleaved caspase-3 and BAX compared to single agent treat-
ment. Moreover, previous studies have also suggested that these
molecules are also directly or indirectly regulated by mTOR [29].

Interestingly, in this study we also have found cell autophagy
was activated by DHA treatment. As a process of consuming cellu-
lar components and generating energy, autophagy has become of a
great interest in cancer research. In autophagy, LC3 is vital protein
for autophagosome formation and activation [30]. On the one
hand, some scholars believe that autophagy could help the cancer
cells adapt to starvation and metabolic stress [31,32]. Others,
however, suggest that unrestrained autophagy could potentially
result in progressive consumption of cellular components and
subsequently induce cancer cell death [8,33,34]. In this study, we
investigated the autophagy levels by GFP-LC3 plasmid transfection
assay, TEM and Western blotting. The results suggest DHA could
increase the expression of LC3-II protein significantly (Fig. 2). It
is suggested that mTOR acts as negative regulator of autophagy
[35], thus we speculated that when mTOR was blocked by DHA,
autophagy was subsequently activated. Further, we detected the
autophagic flux in the absence and presence of autophage inhibitor
BAF. The results indicate that although BAF could block the auto-
phagic flux induced by DHA (Fig. 2D and E), it has no significant
effect on cell apoptosis induced by cisplatin (Fig. 2F and G). As
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for this phenomenon, some researchers suggested that, among sev-
eral forms of programmed cell death, apoptotic cell death is the
fastest, and autophagic cell death only becomes visible when apop-
tosis pathway is inhibited [36–38]. Therefore, we think that
autophagy inhibition may not affect the SKOV3/DDP cells’ survival
in the presence of cisplatin. And it is still worth further investigat-
ing the interaction between apoptosis and autophagy as they can
exhibit either synergistic or antagonistic effects depending on the
cancer cell type and/or stimuli.
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