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Abstract. Tumor necrosis factor (TNF)-related apop-
tosis‑inducing ligand (TRAIL) is expressed in ovarian tissue 
and is widely thought to exhibit strong antitumor activity in 
a variety of tumor cell types. Therefore, we hypothesized 
that the cisplatin resistance of ovarian cancer is linked to 
the ability to escape from TRAIL-mediated apoptosis. We 
demonstrated that cisplatin-resistant ovarian cancer cell line 
SKOV3/DDP tolerated treatment with TRAIL, in contrast 
to the cisplatin‑sensitive ovarian cancer cell line SKOV3. 
SKOV3/DDP cells exhibited a much higher cell viability and 
a lower apoptosis rate than SKOV3 cells after treatment with 
TRAIL. To determine whether cisplatin induced the toler-
ance of TRAIL, we pretreated the SKOV3 cells with cisplatin 
in the presence of TRAIL. This revealed that a low dose of 
cisplatin (1 µM) increased the TRAIL tolerance of SKOV3 
cells. Furthermore, cisplatin induced oxidative stress in both 
the SKOV3/DDP and SKOV3 cells, although the oxidative 
stress level of the SKOV3/DDP cells was generally much 
higher than that noted in the SKOV3 cells. Similarly, a low 
dose of hydrogen peroxide increased the TRAIL tolerance in 
SKOV3 cells. Notably, the TRAIL tolerance in the SKOV3 and 
SKOV3/DDP cells could be abrogated by the oxidative stress 
scavenger N-acetyl-cysteine. These results suggest that a low 
dose of cisplatin induces the tolerance of TRAIL in SKOV3 
cells at least partly, depending on the oxidative stress signaling 
pathway.

Introduction

Chemotherapeutic agents such as cisplatin are an important 
means of adjuvant therapy for the treatment of patients with 
ovarian cancer. The major drawback, however, is the develop-
ment of drug resistance. Tumor necrosis factor (TNF)-related 
apoptosis-inducing ligand (TRAIL) is a type of cytokine 
produced and secreted by many tissues and cells including 
ovarian tissue (1). It is widely thought to have strong antitumor 
activity in a variety of tumor cell types (1-3). Therefore, we 
hypothesized that cisplatin-resistant ovarian cancer cells are 
able to escape from TRAIL-mediated apoptosis. According 
to this, TRAIL tolerance would be a potential limitation in 
the treatment of cisplatin-resistant ovarian cancer, and the 
elucidation of the mechanism leading to TRAIL tolerance 
may be an important therapeutic target for the treatment of 
cisplatin‑resistant epithelial ovarian cancer.

Solid cancer tumors can develop cisplatin resistance, which 
may be mainly linked to the fact that only a low dose of cisplatin 
is able to penetrate into the depth of the tumor (4-7). To prove 
that TRAIL tolerance is linked to cisplatin resistance, it needs 
to be ascertained whether TRAIL tolerance can be induced 
by a low dose of cisplatin. Furthermore, the functional role 
of TRAIL and the mechanisms of TRAIL tolerance require 
elucidation. Recently, cisplatin has been proven to produce 
oxidative stress in vivo and in vitro  (8-10). Some research 
groups have demonstrated that different levels of oxidative 
stress can determine cancer cell fate (11-14). According to these 
reports, mild oxidative stress promotes cell viability, whereas 
high oxidative stress induces cell death in a variety of tumor 
cell types. Therefore, we hypothesized that TRAIL tolerance 
may be associated with mild oxidative stress mediated by a 
low dose of cisplatin, which is already supported by evidence. 
For example, Xia et al detected high levels of reactive oxygen 
species (ROS) and much higher levels of NADPH oxidase 
Nox4 in ovarian cancer cells (15). Some authors have suggested 
that oxidative stress production during ovarian cancer progres-
sion may contribute to tumorigenicity and chemoresistance of 
human ovarian cancer cells (16,17). Furthermore, early trans-
formative changes in normal ovarian surface epithelium are 
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possibly induced by oxidative stress (18). Recently, it has been 
demonstrated that oncogene-transformed epithelial cancer 
cells show a significant increase in mitochondrial mass, which 
is strictly dependent on oxidative stress (19). In addition, the 
generation of ROS has been reported to contribute to resis-
tance to TRAIL-mediated apoptosis in human astrocytoma 
cells  (20). However, increasing oxidative stress has been 
identified to improve TRAIL sensitivity in ovarian cancer 
cell lines (21). Some groups have furthermore confirmed that 
oxidative stress promotes the apoptosis of cancer cells (22,23). 
A variety of natural and synthetic compounds such as 
LY35001, wogonin, and diallyl polysulfides were found to 
be capable of increasing the intracellular hydrogen peroxide 
level and potentiating TRAIL cytotoxicity toward different 
human malignant cells (24-27). Thus, remaining questions 
are: whether cisplatin resistant-ovarian cancer cell lines are 
tolerant to TRAIL exposure, and which functions different 
levels of cisplatin‑mediated oxidative stress exert on TRAIL 
chemotherapy in epithelial ovarian cancer cells.

In the present study, we demonstrated that the cispl-
atin‑resistant ovarian cancer cell line SKOV3/DDP is tolerant 
to TRAIL, in contrast to the cisplatin-sensitive ovarian cancer 
cell line SKOV3. However, a low dose of cisplatin resulted in 
TRAIL tolerance in SKOV3 cells, which was ascribed to the 
production of mild oxidative stress. This was confirmed by 
the observation that SKOV3/DDP cells exhibited much higher 
levels of oxidative stress than SKOV3 cells, and that the oxida-
tive stress scavenger N-acetyl-cysteine (NAC) could reverse 
the cisplatin-induced tolerance of TRAIL in the SKOV3 and 
SKOV3/DDP cells. Taken together, these results showed that 
mild oxidative stress resulting from exposure to a low dose of 
cisplatin contributes to the escape of TRAIL-mediated apop-
tosis in the SKOV3 cell line.

Materials and methods

Cells and reagents. SKOV-3 and SKOV-3/DDP cells were 
purchased from the Shanghai Cellular Research Institute 
(Shanghai, China) and maintained in RPMI-1640 medium 
supplemented with 10% fetal bovine serum (both from 
Hyclone, USA), 100 U/ml penicillin and 100 µg/ml strep-
tomycin at 37˚C in a humidified atmosphere of 5% CO2. 
The cells were trypsinized at 80% confluency with 0.25% 
trypsin/0.02% EDTA in Hank's solution for 1-3 min and resus-
pended in a complete culture medium. Recombinant human 
TRAIL/Apo2L was purchased from PeproTech (London, 
UK). cis-Diammineplatinum(II) (cisplatin), N-acetyl-cysteine 
(NAC) and hydrogen peroxide (H2O2) were obtained from 
Sigma (St. Louis, MO, USA). CM-H2DCFDA was purchased 
from Invivogen (San Diego, CA, USA). Annexin  V-FITC 
apoptosis kits were obtained from BD Pharmingen (San 
Diego, CA, USA). 3-(4,5-Dimethyl‑2-thiazolyl)‑2,5-diphenyl-
2-H-tetrazolium bromide (MTT) was purchased from Sigma.

MTT assay. Cell viability was determined using the MTT 
assay. Near-confluent SKOV3 and SKOV3/DDP cells were 
seeded on a 96-well plate in 100 µl of RPMI-1640 medium 
supplemented with cisplatin (1, 10 µM; Sigma) or H2O2 (0.1, 
1 mM) for the indicated time. Cisplatin (1, 10 µM) or H2O2 
(0.1, 1 mM) treatment was chosen in the present study since 

1 µM cisplatin and 0.1 mM H2O2 have no effects on apoptosis 
which are different from 10 µM cisplatin and 1 mM H2O2 (data 
not shown). Next, the medium was removed and replaced with 
10 µl reconstituted MTT in the RPMI-1640 medium. The plate 
was then incubated under standard incubation conditions for 
2 h. After the incubation period, the culture fluid was removed. 
This was followed by the addition of 100 µl MTT solubiliza-
tion solution, and the plate was placed on a mini-shaker for 
10 min to assist in dissolving the crystals. The absorbance was 
read at a wavelength of 570 nm and the background at 655 nm.

Analysis of apoptosis. Apoptosis was analyzed using 
Fluorescence-Activated  Cell  Sorting (FACS). After 
1x105  cells/well of SKOV3 and SKOV3/DDP cells were 
seeded on a 6-well plate for 24 h, the cells were treated with 
or without cisplatin (1, 10 µM) and/or TRAIL (500 ng/ml) for 
the indicated time. The current treatment of TRAIL was used 
in the present study according to a previous study (20). Then, 
the cells were harvested, washed with PBS, and stained with 
FITC‑Annexin V (Sigma) and propidium iodide (PI). Cell 
apoptosis was analyzed by flow cytometry using CellQuest™ 
software.

Measurement of reactive oxygen species generation. 
5-(and‑6)-Chloromethyl-2',7'-dichlorodihydrofluorescein diace-
tate, acetylester (CM-H2DCFDA; Invivogen) was deacetylated 
by intracellular esterase to the non-fluorescent DCFH, which can 
be oxidized by ROS to the fluorescent compound 2',7'-dichlo-
rofluorescein (DCF). The fluorescence intensity of DCF is 
proportional to the amount of ROS produced by cells. After 
1x105 cells/well of SKOV3 and SKOV3/DDP cells were seeded 
on a 6-well plate for 24 h, the cells were treated with cisplatin 
(1, 10 µM) or H2O2 (0.1, 1 mM) for 1 h. In brief, the cells were 
pre-treated with cisplatin or H2O2 for 1 h for the production of 
ROS. Data analysis was performed with CellQuest™ software 
and the mean fluorescence intensity was used to quantify the 
results.

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation (SD). Data were analyzed with the SPSS 17.0 
software and tested by the one-way analysis of variance 
(ANOVA). P-values of P<0.05 were defined as indicating a 
statistically significant result.

Results

SKOV3/DDP cells display tolerance to TRAIL exposure. To 
study the TRAIL tolerance in ovarian cancer cells, the cell 
viability of the ovarian cancer cell lines was examined after 
treatment with TRAIL at different concentrations (0, 10, 50, 
100, 250, 500, and 1,000 ng/ml) for 48 h, respectively. TRAIL 
exposure was found to significantly inhibit the viability of the 
SKOV3 cells, which successively decreased with an increasing 
TRAIL concentration from 1.00±0.00 down to 0.55±0.15. The 
cell viability of the SKOV3/DDP cells, in contrast, successively 
increased upon treatment with increasing concentrations of 
TRAIL from 1.00±0.00 to 1.91±0.22 (Fig. 1A). The viability 
of the SKOV3/DDP cells was significantly higher compared 
with the SKOV3 cells upon treatment with the same concen-
tration of TRAIL (P<0.01, P<0.001, n=3).
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Furthermore, the cell apoptosis levels were analyzed 
after treatment with TRAIL (500 ng/ml) in a time-dependent 
manner. The SKOV3/DDP cells exhibited a lower apoptosis 
level after TRAIL treatment than the SKOV3 cells (Fig. 1B). 
This finding agrees with the TRAIL tolerance of SKOV3/DDP 
cells, which was absent in the SKOV3 cells.

Low dose of cisplatin leads to the development of TRAIL 
tolerance in SKOV3 cells. To ascertain whether TRAIL toler-
ance is induced by cisplatin due to chemotherapeutic failure, 
we pretreated SKOV3 cells with two different concentra-
tions of cisplatin (1 or 10 µM) for 1 h before the cells were 
treated with (500 ng/ml) TRAIL or without for another 24 h. 
Measuring the cell viability revealed that pretreatment with 
the higher concentration of cisplatin (10 µM) inhibited, but 
pretreatment with the lower cisplatin concentration (1 µM) 
promoted the growth of SKOV3 cells upon TRAIL treatment. 
For example, the percentage of cell viability (defined as the 
relative absorbance of the treated vs. the untreated cells) was 
97.40±6.09 in the cells that were treated with a low cisplatin 
concentration of 1 µM, whereas it was 59.26±2.75 in the cells 
that were treated with a high cisplatin concentration of 10 µM. 
The same tendency was observed in the SKOV3 cells that 
were treated with TRAIL. Cells that were treated with TRAIL 

only revealed a cell viability of 87.15±11.20%. Pretreatment 
with a high cisplatin concentration of 10 µM reduced the cell 
viability to 37.67±1.18%, whereas pretreatment with a low 
cisplatin concentration of 1 µM increased the cell viability 
to 125.11±6.29%  (Fig.  2A). Comparing the cell apoptosis 
levels under the same culture conditions demonstrated that a 
high dose of cisplatin promoted TRAIL-induced apoptosis, 
while a low dose of cisplatin nearly completely inhibits 
TRAIL‑mediated apoptosis (Fig. 2B). These results indicate 
that a high dose of cisplatin possibly cooperates with TRAIL 
to kill the SKOV3 cells, while a low dose of cisplatin renders 
the SKOV3 cells tolerant to TRAIL.

Lower levels of oxidative stress promote TRAIL tolerance in 
SKOV3 cells. To study the impact of oxidative stress on the 
cisplatin-mediated TRAIL tolerance in SKOV3 cells, we first 
examined whether cisplatin induces an increase in the intra-
cellular ROS levels. The same amounts of ovarian cancer cells 
were treated for 1 h with cisplatin (1 or 10 µM), or alternatively 
with H2O2 (0.1 or 1 mM) as a positive control. Intracellular 
ROS levels were measured by CM-H2DCFDA staining and 
FACS analysis. Interestingly, ROS levels in the SKOV3/DDP 
cells were generally much higher than levels in the SKOV3 
cells. We determined a relative fluorescence intensity of ROS 

Figure 1. SKOV3/DDP cells display tolerance under TRAIL exposure. (A) Measurements of the cell viability with the MTT assay. SKOV3 and SKOV3/DDP 
cells were treated for 48 h with increasing concentrations of TRAIL (0, 10, 50, 100, 250, 500 and 1,000 ng/ml). All assays were performed in triplicate and 
repeated three times. The data are expressed as the mean ± SEM of triplicate samples (**P<0.01, ***P<0.001, compared with the SKOV3 cells under treatment 
with the same concentration of TRAIL). The percentage of cell viability was defined as the relative absorbance of treated vs. untreated cells. (B) Flow cyto-
metric analysis of cell apoptosis. SKOV3 and SKOV3/DDP cells were incubated with 500 ng/ml of TRAIL for the indicated times (0, 6, 12, 24, and 48 h). Next, 
the cells were harvested, washed with PBS, and stained with FITC-Annexin V and propidium iodide (PI). Data were analyzed using CellQuest™ software.
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in the SKOV3/DDP control group of 193.6±8.2, whereas the 
SKOV3 control group only exhibited a value of 23.7±3.2 
(P<0.001, n=3). Furthermore, we observed a dose-dependent 
increase in the intracellular ROS levels upon cisplatin and 
H2O2 treatment in both the SKOV3 and SKOV3/DDP cells. The 
relative fluorescence intensity of ROS in the SKOV3 cells that 
had been treated with 1 µM of cisplatin was 48.3±4.7, whereas 
treatment with a higher concentration of cisplatin (10 µM) 
resulted in a 3-fold higher value of 156.3±5.6. The same effect 
was observed for H2O2, which yielded a value of only 55.7±7.7 
upon treatment with 0.1 mM H2O2, whereas treatment with 

Figure 2. Low dose of cisplatin causes TRAIL tolerance in SKOV3 cells. 
(A) Measurements of the cell viability with the MTT assay. SKOV3 cells were 
pretreated with cisplatin (0, 1, or 10 µM) for 1 h and then treated without or 
with TRAIL (500 ng/ml) for another 24 h. All assays were performed in trip-
licate and repeated three times. The data are expressed as the mean ± SEM of 
triplicate samples (***P<0.001, compared with the TRAIL groups). The per-
centage of cell viability was defined as the relative absorbance of treated vs. 
untreated cells. (B) Flow cytometric analysis of cell apoptosis. SKOV3 cells 
were pretreated with cisplatin (0, 1, or 10 µM) for 1 h and then treated without 
or with TRAIL (500 ng/ml) for another 24 h. Next, the cells were harvested, 
washed with PBS, and stained with FITC‑Annexin V and propidium iodide 
(PI). Data were analyzed using CellQuest™ software.

Figure 3. Cisplatin-induced mild oxidative stress promotes TRAIL tolerance 
in SKOV3 cells. (A) CM-H2DCFDA staining and FACS analysis of the intra-
cellular ROS levels in SKOV3 or SKOV3/DDP cells. The same amounts of 
SKOV3 or SKOV3/DDP cells (1x105) were treated with different concentra-
tions of cisplatin (1 or 10 µM) or H2O2 (0.1 or 1 mM) for 1 h. All assays were 
performed in triplicate and repeated three times. The data are expressed as 
the mean ± SEM of triplicate samples (*P<0.05, **P<0.01, ***P<0.001, com-
pared with the control SKOV3/DDP cells; &P<0.001, ###P<0.001, compared 
with the control SKOV3 cells). (B) Measurement of the cell viability with the 
MTT assay. SKOV3 cells were pretreated with H2O2 (0.1 or 1 mM) for 1 h 
and then treated without or with TRAIL (500 ng/ml) for 24 h. All assays were 
performed in triplicate and repeated three times. The data are expressed as 
the mean ± SEM of triplicate samples (*P<0.05, ***P<0.001, compared with 
the TRAIL group). The percentage of cell viability was defined as the relative 
absorbance of treated vs. untreated cells. (C) Flow cytometric analysis of 
cell apoptosis. SKOV3 cells were pretreated with H2O2 (0.1 or 1 mM) for 
1 h and then treated without or with TRAIL (500 ng/ml) for 24 h. Next, the 
cells were harvested, washed with PBS, and stained with FITC-Annexin V 
and propidium iodide (PI). Data were analyzed using CellQuest™ software.
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the higher H2O2 concentration of 1 mM led to a nearly 3-fold 
higher relative fluorescence intensity of ROS of 147.6±5.2. 
The same tendency was observed for the SKOV3/DDP cells, 
which revealed lower relative fluorescence intensities of ROS 
of 212.0±2.6 or 220.0±5.1 upon treatment with a low concen-
tration of cisplatin (1 µM) or H2O2 (0.1 mM), respectively. 
Treatment with a higher concentration of cisplatin (10 µM) or 
H2O2 (1 mM) increased the values to 256.3±10.3 or 288.3±9.1, 
respectively, although this increase was not as marked as the 
increase observed for the SKOV3 cells (Fig. 3A).

Subsequently, the cell viability was measured with 
the MTT assay and the cell apoptosis was analyzed by the 
FACS method. Therefore, the SKOV3 cells were pretreated 
with H2O2 (0.1 or 1 mM) for 1 h and then treated with or 
without TRAIL (500 ng/ml) for 24 h. As shown in Fig. 3B, the 
percentage of cell viability was similar for the cells treated 
with TRAIL (87.15±11.20) and those that had been treated 
with a high concentration of H2O2 (1  mM) plus TRAIL 
(81.35±5.11), whereas cells that had been treated with a low 

concentration of H2O2 (0.1  mM) plus TRAIL revealed a 
significantly higher cell viability of 142.72±5.33% (Fig. 3B). 
In agreement with this, a high dose of H2O2 was found to 
promote the apoptosis caused by TRAIL, while a low dose 
of H2O2 inhibited TRAIL‑induced apoptosis (Fig. 3C). These 
results revealed that the TRAIL tolerance of SKOV3 cells 
developed upon treatment with a low dose of H2O2 (0.1 mM), 
whereas treatment with a high dose of H2O2 (1 mM) improved 
the TRAIL sensitivity in the SKOV3 cells. This suggests that 
lower levels of oxidative stress are associated with TRAIL 
tolerance in SKOV3 cells.

NAC reverses the cisplatin-induced TRAIL tolerance in 
SKOV3 cells. Next, we aimed to investigate whether the cispl-
atin‑induced oxidative stress can modulate TRAIL‑induced 
apoptosis. To this goal, we studied the impact of the oxidative 
stress scavenger N-acetyl-cysteine (NAC), which is expected to 
inhibit the ROS production in the SKOV3 cells. Therefore, the 
cells were pretreated with NAC in addition to cisplatin (1 µM) 

Figure 4. Oxidative stress regulation reverses the TRAIL tolerance in SKOV3 cells. After pretreatment without or with N-acetyl-cysteine (NAC) (0, 10 mM) for 
1 h, the SKOV3 cells were treated with cisplatin (1 µM) or H2O2 (0.1 mM). One hour later, the cells were treated together with TRAIL (500 ng/ml) for another 
24 h. (A) CM-H2DCFDA staining and FACS analysis of the intracellular ROS levels in the SKOV3/DDP cells. (B) Measurement of the cell viability with the 
MTT assay. The percentage of cell viability was defined as the relative absorbance of treated vs. untreated cells. (C) Flow cytometric analysis of cell apoptosis. 
SKOV3 cells were harvested, washed with PBS, and stained with FITC-Annexin V and propidium iodide (PI). Data were analyzed using CellQuest™ software. 
All assays were performed in triplicate and repeated three times. The data are expressed as the mean ± SEM of triplicate samples (#P<0.05, ###P<0.001, 
compared with the control groups; **P<0.05, **P<0.01, ***P<0.001, compared with the 1640 medium groups, respectively).
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or H2O2 (0.1 mM), respectively, and the relative fluorescence 
intensity of ROS as well as the cell viability were analyzed. 
The results were compared with the respective control cells 
pretreated with cisplatin (1 µM) or H2O2 (0.1 mM), but without 
the addition of NAC. Cells that had been treated with NAC, 
H2O2 and TRAIL exhibited a relative fluorescence intensity 
of ROS of 27.6±5.8, which was much lower than the value of 
87.5±6.5 of the control group that had not been treated with 
NAC. The additional NAC pretreatment of the cisplatin and 
TRAIL-treated cells also decreased the relative fluorescence 
intensity of ROS with respect to the control group. The 
cisplatin and TRAIL-treated control group exhibited a value 
of 89.6±5.3, whereas the cells that had been additionally 
pretreated with NAC exhibited a significantly lower value 
of 26.3±5.3 (Fig. 4A). In conclusion, pretreatment with NAC 
significantly inhibited the ROS increase induced by cisplatin 
(1 µM) or H2O2 (0.1 mM).

Consistent with these findings, NAC pretreatment further-
more inhibited the viability of the SKOV3 cells. Control cells 
that had been treated with H2O2 and TRAIL revealed a cell 
viability of 142.72±5.33%, whereas cells that had addition-
ally been treated with NAC exhibited a lower cell viability 
of 78.56±3.21%. Analogously, the cell viability of cells that 
had been treated with NAC, cisplatin, and TRAIL was lower 
(76.25±7.24%) than that of the corresponding control group 
that had been treated with cisplatin and TRAIL only, which 
exhibited a cell viability of 125.18±6.63% (Fig. 4B). These 
results were corroborated by flow cytometric analysis of cell 
apoptosis (Fig. 4C), which revealed that NAC abrogated the 
inhibition of the TRAIL-induced apoptosis mediated by a 
low dose of cisplatin or H2O2 by acting as a scavenger of ROS 
that had been produced by cisplatin or H2O2. Therefore, these 
results confirm the cisplatin-induced generation of low levels 
of intracellular ROS as the causative mechanism of TRAIL 
tolerance in SKOV3 cells.

The tolerance of TRAIL in SKOV3/DDP cells is dependent 
on oxidative stress. As mentioned above, the ROS levels of 
SKOV3/DDP cells were generally much higher than those of 
the SKOV3 cells. Whether the regulation of oxidative stress 
could reverse the TRAIL tolerance in SKOV3/DDP cells was 
investigated. NAC was used to inhibit the ROS production in 
the SKOV3/DDP cells. When NAC was used at a concentration 
of 10 mM, the relative fluorescence intensity of ROS decreased 
from 190.5±7.2 in the untreated control group to 170.0±5.6 in 
the cells that were additionally treated with NAC, and the rela-
tive fluorescence intensity of ROS decreased from 203.0±3.2 
in the TRAIL-treated control group to 184.0±4.5 in the cells 
that were additionally treated with NAC (Fig. 5A). Contrary 
to our expectations, NAC (10 mM) only slightly increased the 
TRAIL-induced apoptosis of the SKOV3/DDP cells (Fig. 5B).

When NAC was increased to 40 mM to further decrease 
ROS in the SKOV3/DDP cells, the relative fluorescence inten-
sity of ROS in the cells that were additionally treated with 
NAC was inhibited by 74.8±4.5% compared with that in the 
untreated control group, and the relative fluorescence intensity 
of ROS in the cells that were additionally treated with NAC was 
inhibited 70.5±3.8% compared with that in the TRAIL‑treated 
control group (Fig. 5A). Ultimately, NAC (40 mM) significantly 
increased the TRAIL-induced apoptosis of the SKOV3/DDP 

cells (Fig. 5B). Taken together, we conclude that the develop-
ment of TRAIL tolerance in SKOV3/DDP cells was at least 
partially dependent on oxidative stress.

Discussion

TRAIL belongs to a class of cytokines and displays specific 
anticancer activity against a wide range of cancer cells without 
showing significant side effects  (1-3). However, TRAIL 

Figure 5. The development of TRAIL tolerance in SKOV3/DDP cells is 
dependent on oxidative stress. (A)  CM-H2DCFDA staining and FACS 
analysis of the intracellular ROS levels in SKOV3/DDP cells. SKOV3-DDP 
cells were pretreated with the oxidative stress scavenger N-acetyl-cysteine 
(NAC) (0, 10, and 40 mM) for 1 h and then the cells were treated without or 
with TRAIL (500 ng/ml) for 24 h. All assays were performed in triplicate and 
repeated three times. The data are expressed as the mean ± SEM of triplicate 
samples [**P<0.01, ***P<0.001, compared with the control groups; ##P<0.01, 
###P<0.001, compared with the TRAIL groups; §P<0.05, compared with the 
NAC (10 mM) groups; †P<0.05, compared with the NAC (40 mM) groups]. 
(B) Flow cytometric analysis of cell apoptosis. SKOV3-DDP cells were pre-
treated with the oxidative stress scavenger NAC (10, and 40 mM) for 1 h and 
then treated without or with TRAIL (500 ng/ml) for another 24 h. Then, the 
cells were harvested, washed with PBS, and stained with FITC-Annexin V 
and propidium iodide (PI). Data were analyzed using CellQuest™ software. 
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tolerance is still a potential limitation in the treatment of 
cisplatin-resistant ovarian cancer. In the present study, we 
confirmed that SKOV3/DDP cells are tolerant to TRAIL, that 
a low dose of cisplatin produces TRAIL tolerance in SKOV3 
cells, and that cisplatin-induced oxidative stress modulates 
TRAIL-induced apoptosis. These observations suggest that 
the regulation of cisplatin-induced oxidative stress may be a 
promising new treatment strategy for improving TRAIL toler-
ance in cisplatin-resistant epithelial ovarian cancer.

Chemotherapeutic agents are an important means of 
adjuvant therapy for the treatment of patients with ovarian 
cancer. For example, combination therapy using cisplatin and 
paclitaxel is considered to be the gold standard of chemo-
therapy (7). The antitumor effect of cisplatin has been ascribed 
to its binding to the DNA double-helix at the N7 atoms 
of guanine bases. This binding prevents the strands from 
uncoiling and separating and results ultimately in cellular 
apoptosis (28-30). A major drawback, however, is the develop-
ment of drug resistance, where a low dose of cisplatin may 
be one of the important reasons. For example, cisplatin can 
bind to plasma proteins, such as human serum albumin, and 
has poor solubility (31,32). In addition, high interstitial fluid 
pressure in solid tumors including epithelial ovarian cancer 
provokes vascular tortuosity and leakage, which makes it diffi-
cult for chemotherapeutic agents to penetrate into the depth 
of the tumor (33,34). These undesirable effects may limit the 
availability of cisplatin at lower concentrations. In addition, 
cisplatin-resistant cell lines of human ovarian cancer have 
been derived from cisplatin-sensitive cell lines by repeated 
exposure to low but continuously increasing concentrations 
of cisplatin (35). In the present study, a low dose of cisplatin 
(1 µM), but not a high dose of cisplatin (10 µM) caused TRAIL 
tolerance in the SKOV3 cells. These results explain why a 
low dose of cisplatin produces cisplatin resistance in ovarian 
cancer, where TRAIL tolerance in cisplatin may be one of the 
reasons.

In general, it is difficult to give a general definition for 
the levels of oxidative stress. In the present study, low doses 
of cisplatin (1 µM) or H2O2 (0.1 mM) produced a lower level 
of ROS, which we regarded as mild oxidative stress, while 
higher doses of cisplatin (10 µM) or H2O2 (1 mM) induced a 
higher level of ROS, which we considered as high oxidative 
stress. Thereby, the two different levels of oxidative stress 
provoked contrary effects, as mild oxidative stress promotes 
cell proliferation, whereas serious oxidative stress induces 
cell apoptosis. For example, mild oxidative stress induced by 
cisplatin (1 µM) or H2O2 (1 mM) increased the viability of the 
SKOV3 cells and inhibited cell apoptosis. In contrast, serious 
oxidative stress induced by higher concentrations of cisplatin 
(1  µM) or H2O2 (1 mM) decreased SKOV3 cell viability 
and significantly promoted cell apoptosis. In addition, high 
doses of cisplatin (10 µM) or H2O2 (1 mM) enhanced the 
chemotherapeutic effect of TRAIL in SKOV3 cells, while a 
combination of TRAIL and a low dose of cisplatin (1 µM) or 
H2O2 (0.1 mM) enhanced the proliferation of SKOV3 cells 
much more than treatment only with a low dose of cisplatin 
(1 µM) or H2O2 (0.1 mM). Our results corroborate previous 
studies that showed that different levels of oxidative stress 
determine cancer cell fate (11-14). In addition, the impact of 
TRAIL on cells is associated with differences in the expres-

sion of TRAIL receptors, such as DR4, DR5, DcR1, Dcr2 and 
OPG, on the surface of ovarian cancer cells. A recent review 
demonstrated that following ligand binding, the TRAIL death 
receptors DR4 and DR5 are able to induce cell death (apop-
tosis or necroptosis). Alternatively, these receptors may also 
enhance cell proliferation, inflammation, migration and inva-
sion via activation of multiple ‘non-death-inducing’ signal 
transduction pathways  (36). The mechanisms of TRAIL 
tolerance production may be complex and require further 
investigation. However, these findings suggest that mild 
oxidative stress induced by a low dose of cisplatin may be one 
of the mechanisms producing cisplatin resistance including 
TRAIL tolerance, and TRAIL tolerance in cisplatin-resistant 
ovarian cancer cells may be associated with mild oxidative 
stress.

Furthermore, to identify whether mild oxidative stress 
modulates TRAIL-induced apoptosis, cells were pretreated 
with oxidative stress scavenger NAC to inhibit ROS produc-
tion in the SKOV3 and SKOV3/DDP cells. This revealed that 
NAC improved the sensitivity of TRAIL in the SKOV3 cells 
following treatment with a low dose of cisplatin (1 µM) or 
H2O2 (0.1 mM). Contrary to our expectations, NAC (10 mM) 
only slightly increased the TRAIL-induced apoptosis of 
SKOV3/DDP cells and could not completely combat the 
TRAIL tolerance induced by mild oxidative stress. Next, 
the treatment of NAC was increased to 40 mM to further 
decrease ROS in the SKOV3/DDP cells. As a result, NAC (40 
mM) significantly increased the TRAIL-induced apoptosis of 
SKOV3/DDP cells. As the ROS levels of the SKOV3/DDP cells 
were generally much higher than those of the SKOV3 cells, 
it was more difficult to combat apoptosis in the SKOV3/DDP 
cells than that in the SKOV3 cells by oxidative stress regu-
lation. Interesting, the ROS levels in the SKOV3/DDP cell 
groups treated with NAC together with TRAIL were higher 
compared with the NAC groups, while the apoptosis of the 
former group was much higher than the latter group. According 
to our knowledge, there are at least three types of sources for 
the production of oxidative stress such as the mitochondrium, 
NADPH oxidase, and the endoplasmic reticulum (37,38). NAC 
is a thiol-containing compound which reduces the reactive 
oxygen intermediate H2O2 and protects against toxic effects. 
Moreover, other unknown mechanism may be involved in 
the cisplatin-induced TRAIL tolerance of SKOV3/DDP cells 
besides oxidative stress.

In summary, we demonstrated that cisplatin evokes oxida-
tive stress in SKOV3 cells, that the SKOV3/DDP cells are 
tolerant to TRAIL, and that the mild oxidative stress induced 
by a low dose of cisplatin contributes to the tolerance of 
TRAIL in SKOV3 cells. Thus, regulation of oxidative stress 
in order to improve the therapeutic efficacy of TRAIL may be 
a new treatment strategy for patients with cisplatin-resistant 
epithelial ovarian cancer.
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