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Abstract. Cisplatin (CDDP) is one of the most efficacious and 
widely used cytotoxic anticancer drugs used for the treatment 
of numerous types of cancer. However, its efficacy is limited 
as a result of acquired drug resistance. AKT overexpression 
may provide a potential mechanism leading to the resistance of 
human gastric cancer cells; however, the precise mechanism of 
the development of CDDP drug resistance remains uncertain. 
In the present study, we demonstrate that CDDP resistance is 
associated with AKT overexpression at the cellular and molec-
ular level. We also observed that increased expression levels of 
AKT were sufficient to inhibit the resistance of gastric cancer 
cells to CDDP and that overexpressed AKT interacted with 
reactive oxygen species which were generated by CDDP. These 
results indicate that AKT activity is essential for the regulation 
of CDDP resistance in gastric cancer cells. Our results further 
demonstrate that AKT induces gastric cancer cells to become 
resistant to CDDP through the Janus kinase 2 (JAK2)/signal 
transducer and activator of transcription 3 (STAT3) signaling 
pathway. Taken together, these data support a potential role 
for AKT overexpression and the JAK2/STAT3 pathway in 
the development of CDDP drug resistance in human gastric 
cancer cells. We hypothesize that AKT may represent a future 
pharmacological target for the inhibition of CDDP resistance 
in human cancer.

Introduction

Gastric cancer is a prevalent health issue and remains a leading 
cause of cancer-related mortality worldwide (1). Cisplatin 
(CDDP) is an antineoplastic agent used for the treatment of 

several types of human cancer (2,3), including gastric cancer. 
However, the efficacy of these drugs is limited by CDDP resis-
tance. To date, a number of mechanisms have been proposed to 
explain CDDP resistance, including AKT overexpression (4-7). 
A better understanding of the processes and mechanisms 
leading to CDDP resistance in gastric cancer cells is necessary 
to develop effective therapies which may provide a pharmaco-
logical intervention for acquired CDDP resistance in cancer.

AKT is a serine/threonine kinase and consists of a family 
of proteins, which include AKT1, AKT2 and AKT3 (8). The 
AKT pathway regulates diverse cellular processes, including 
cell proliferation, cell cycle progression and cell survival (9). 
AKT is additionally important in survival when cancer cells 
are exposed to various stress stimuli, including cytotoxic 
anticancer drugs (6). Previous studies have shown that AKT 
hyperactivation may correlate with the resistance of cancer 
cells to CDDP (10-12). In the present study, we observed that 
AKT expression levels were significantly increased when cells 
were treated with CDDP. Further experiments demonstrated 
that AKT activation may be associated with the Janus kinase 2 
(JAK2)/signal transducer and activator of transcription 3 
(STAT3) pathway. The data presented in this study may provide 
useful information with regard to the development of potential 
new therapeutic approaches for the treatment of gastric cancer 
by targeting the JAK2/STAT3/AKT pathway to overcome 
CDDP resistance.

Materials and methods

Cell lines and animals. BGC823 gastric cancer cells were 
obtained from the Cell Bank of Chinese Academy of Sciences 
(Shanghai, China) and maintained in RPMI-1640 medium 
supplemented with 10% fetal bovine serum (FBS), 100 mg/l 
penicillin and 100 mg/l streptomycin at 37˚C in a humidified 
atmosphere of 5% CO2. The following antibodies were used: 
anti-AKT, anti-STAT3, anti-phospho-JAK2, anti-phospho-
STAT3, STAT3 inhibitor (Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA), anti-phospho-AKT (Millipore, Billerica, 
MA, USA), anti-JAK2 (Cell Signaling Technology, Inc., USA), 
dichlorodihydrofluorescein diacetate (DCFDA; Sigma, St. 
Louis, MO, USA) and N-acetylcysteine (NAC; Sigma).

A total of 9 BALB/c-nu mice, 4-5 weeks old and 18-20 g 
in weight, provided by Beijing HFK Bioscience Co., Ltd. 
(Beijing, China), were bred in laminar flow cabinets and kept 
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at a constant humidity and temperature (25-28˚C) according to 
standard guidelines outlined in a protocol approved by Wuhan 
University, Wuhan, China.

Measurement of reactive oxygen species (ROS) production. 
BGC823 cells were treated with CDDP for 6 h. After washing 
with PBS, the cells were incubated with 33 mg/ml DCFDA in 
PBS for 30 min at 37˚C. The excess probe was washed off and 
the labeled cells were measured using a microscope.

JAK2 siRNA transfection. BGC823 cells were transfected with 
JAK2 siRNA and control siRNA (Santa Cruz Biotechnology) 
according to the manufacturer's instructions. Fresh medium 
without antibiotics was applied following 8 h of incubation, 
and following an additional 48 h, the medium was replaced 
with 10% FBS, 100 mg/l penicillin and 100 mg/l streptomycin. 
Cell growth was maintained.

Western blot analysis. The cells were solubilized in ice-cold 
lysis buffer (1X PBS, 1% Igepal CA-630, 0.5% sodium deoxy-
cholate, 0.1% SDS and 10 mg/ml phenylephrine). Following 
30 min of centrifugation at 13,000 g at 4˚C, the supernatants 
were transferred to new microcentrifuge tubes and the protein 
concentration of the supernatant was measured using the BCA 
protein assay (Pierce Biotechnology, Inc., Rockford, IL, USA) 
and then stored at -80˚C. Cell lysate (50 µg) was separated 
on an SDS-polyacrylamide gel. Following SDS-PAGE, the 
proteins were transferred onto nitrocellulose membranes. For 
detection of the proteins, the membranes were blocked using 
10% non-fat dry milk in Tris-buffer containing 0.1% Tween 
(TBS-T) and then incubated at 4˚C overnight with anti-AKT, 
anti-phospho-JAK2, anti-phospho-STAT3, anti-phospho-
AKT antibodies (Millipore), which were diluted in TBS-T 
containing 5% non-fat dry milk.

In vivo tumor growth assay. All animal experiments were 
conducted with the approval of the Beijing HFK Bioscience 
Co., Ltd. Following alcohol preparation of the skin, the nude 
mice (4 weeks of age) were subcutaneously inoculated with 
200 µl of cell suspension (2x106 cells/ml) into the dorsal flank 
using a sterile 22-gauge needle. The animals were monitored 
daily and tumor volume (mm3) was calculated as follows: 
volume = (shortest diameter)2 x (longest diameter)/2. When the 
diameters of the tumors were >10 mm, the mice were treated 
by an intraperitoneal (i.p.) injection of 1 mg/kg CDDP, 2 g/
kg NAC, and solvent once a week for 14 days. The nude mice 
were divided into the following groups: treated with solvent 
(control), CDDP and CDDP/NAC. Each group contained 
3 mice. Bidimensional tumor measurements were analyzed 
with calipers 3 times a week; the mice were euthanized on 
the 7th day following drug treatment. The expression levels of 
AKT were examined by immunohistochemistry as previously 
described (13,14).

Statistical analysis. Statistical analyses were performed using 
SPSS version 11.3 software (SPSS, Inc. Chicago, IL, USA). 
Values are expressed as the means ± SD. Differences were 
analyzed by the χ2 test for incidence data and by the Student's 
t-test for comparison of the means. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Expression levels of AKT in gastric cancer cells. The AKT 
protein levels in the cancer cells were measured by western 
blot analysis. The cells were treated with various concentra-
tions of CDDP for different periods of time (Fig. 1).

ROS production in gastric cancer cells. BGC823 cells were 
treated with 30 mg/ml CDDP for 6 h and the production of 
ROS was measured by flow cytometry. (Fig. 2A). BGC823 
cells were then treated with CDDP, control siRNA and JAK2 
siRNA. After washing with PBS, the cells were incubated with 

Figure 1. (A and B) Detection of AKT protein expression levels in gastric cancer 
cells (BGC823) by immunoblotting. Actin is used to show equal amounts of 
protein loading in each lane.

Figure 2. (A) CDDP induces ROS production. BGC823 cells were treated 
with 30 mg/ml CDDP and the production of ROS was measured by flow 
cytometry. (B) BGC823 cells were treated with CDDP, control siRNA and 
JAK2 siRNA and the production of ROS was measured using DCFDA. ROS, 
reactive oxygen species; DCFDA, dichlorodihydrofluorescein diacetate; 
CDDP, cisplatin. *P<0.05 versus control.
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33 mg/ml DCFDA in PBS for 30 min at 37˚C to measure the 
prodution of ROS (Fig. 2B).

Effect of downregulation of the JAK2/STAT3 signaling 
pathway in gastric cancer cells. To determine whether the 
AKT-induced CDDP resistance is dependent on the activation 
of the JAK2/STAT3 signaling pathway, the cells were treated 
with 33 mg/ml NAC and 30 mg/ml CDDP. This significantly 
suppressed the activation of the JAK2/STAT3 signaling 
pathway (Fig. 3A). The expression of AKT was also decreased 
in the cells treated with CDDP in combination with WP1066, 
a STAT3 inhibitor (Fig. 3B). These results demonstrate that 
NAC increases the sensitivity of BGC823 cells to CDDP and 
that the JAK2/STAT3 pathway is involved in the AKT-induced 
CDDP resistance of cancer cells. Combin ation treatment with 
NAC and CDDP also decreased the levels of phospho-JAK2 
and phospho-STAT3 in the BGC823 cells (Fig. 3A).

In vivo studies. Tumor development was induced by an injec-
tion of 200 µl of cell suspension (2x106 cells/ml) into the 
dorsal flank of athymic nude mice at 4 weeks of age. When the 
diameters of the tumors were >10 mm, the mice were treated 
by an intraperitoneal (i.p.) injection of 1 mg/kg CDDP, 2 g/
kg NAC and solvent once a week for 14 days. The mice were 
sacrificed at 6 weeks post inoculation and tumors were excised 
and photographed to measure tumor size. The tumors from the 
mice treated with CDDP and NAC were significantly smaller in 
size compared to those from the mice treated with CDDP alone 
or solvent (control) (Fig. 4A). These results supported those 
obtained by immunohistochemistry assay, which showed that 
combination treatment with NAC and CDDP exerted a signifi-
cantly greater inhibitory effect on AKT activation in gastric 
cancer cells compared to treatment with CDDP alone (Fig. 4B)

Discussion

Previous studies have demonstrated that the upregulation of 
AKT is a potential target for chemoresistance and AKT is 
overexpressed in certain types of cancer cells following treat-
ment with CDDP (15-17). AKT is considered as an attractive 
target for chemotherapy and it has been postulated that the 
inhibition of AKT may preferentially kill cancer cells (18). 
Certain studies have reported the association of AKT gene 
amplification with drug resistance (19-22). In this study, we 
demonstrated that the AKT gene is amplified in BGC823 
gastric cancer cells following treatment with CDDP (Fig. 1). 
These data suggest that the AKT gene is a potential target for 
CDDP resistance in BGC823 human gastric cancer cells.

The present data indicate that treatment with CDDP 
significantly increases AKT expression in BGC823 gastric 
cancer cells, as shown by western blot analysis. Furthermore, 
our data demonstrate that AKT expression notably reaches a 
plateau in BGC823 gastric cancer cells. This indicates that 
AKT may be a positive regulator of drug resistance in human 
gastric cancer cells. Previous studies have reported that CDDP 
is capable of inducing ROS production (16). Our results were 
consistent with these findings. Thus, we hypothesized that ROS 
may be an important component of the cellular stress signal 
transduction network. In the present study, we demonstrated 
that the inhibition of ROS activation inhibits AKT activation, 

Figure 3. (A) CDDP causes the rapid tyrosine phosphorylation of JAK2 and 
STAT3. Growth-arrested BGC823 cells were treated with 30 mg/ml CDDP 
and 33 mg/ml NAC. Following incubation for 6 h, western blots were probed 
with phosphotyrosine-specific anti-JAK2 and phosphotyrosine-specific anti-
STAT3 antibodies. (B) Growth-arrested BGC823 cells were treated with 
30 mg/ml CDDP and 5 µM WP1066 (STAT3 inhibitor). Following incubation 
for 12 h, western blots were probed with anti-AKT antibody. CDDP, cisplatin; 
NAC, N-acetylcysteine.

Figure 4. The mice were sacrificed and tumors were excised and photo-
graphed to measure tumor size at 6 weeks post-inoculation according to 
the guidance of the Animal Experimental Ethics Committee of Wuhan 
University. (A) Tumor sizes and tumor volumes of the nude mice in CDDP 
and CDDP/NAC groups. Data are presented as the means ± SD (n=3, P<0.05). 
(B) Immunohistochemical expression of AKT in tumors from mice treated 
with CDDP or CDDP/NAC. CDDP, cisplatin; NAC, N-acetylcysteine.
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while no changes in the levels of ROS were observed when 
the cells were treated with JAK2 siRNA (Fig. 2B), suggesting 
that the decreased expression of ROS renders AKT inactive 
at upstream signaling pathways. Thus, the production of ROS 
induced by CDDP activates AKT, thus promoting the develop-
ment of resistance to chemotherapeutic agents, indicating the 
important role of AKT in BGC823 cells.

We also determined whether the AKT-induced CDDP 
resistance is dependent on the activation of the JAK2/STAT3 
signaling pathway. The combined treatment of the BGC823 
cells with NAC and CDDP significantly decreased the 
activation of the JAK2/STAT3 (Fig. 3A). In addition, AKT 
activation was decreased when the cells were treated with 
CDDP and WP1066, a STAT3 inhibitor (Fig. 3B). These results 
indicate that NAC increases the sensitivity of the BGC823 
cells to CDDP. Thus, the JAK2/STAT3 pathway is involved 
in the AKT-induced CDDP resistance of cancer cells. This 
is consistent with AKT activation through phosphorylation 
that is dependent on JAK2/STAT3 activity. NAC and CDDP 
combin ation treatment decreased the levels of phospho-JAK2 
and phospho-STAT3 in BGC823 cells (Fig. 3A). 

However, we have not demonstrated the mechanism under-
lying acquired drug resistance. Evidence suggests that the JAK2/
STAT3 signaling pathway is involved in drug resistance and the 
regulation of AKT signaling, which may subsequently be asso-
ciated with the resistance of cancer cells. By contrast, inhibiting 
the activity of ROS may improve the sensitivity and efficacy of 
chemotherapeutic drugs in the treatment of gastric cancer as it 
may result in the downregulation of the JAK2/STAT3 pathway 
and AKT, thus increasing the sensitivity of the cancer cells to 
treatment. Thus, it can be hypothesized that the overexpression 
of the AKT gene may induce drug resistance in gastric cancer 
via a multitude of mechanisms and AKT may be a potential 
molecular therapeutic target in gastric cancer.

In conclusion, our results indicate that the JAK2/STAT3 
signaling pathway regulates AKT expression by ROS and is 
thus involved in the resistance of gastric cancer cells to chemo-
therapeutic agents in vitro and in vivo. The AKT gene may 
provide a promising therapeutic target, which may be targeted 
to overcome CDDP resistance in human tumors.
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