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A new bisphosphonate derivative, CP, induces gastric 
cancer cell apoptosis via activation of the ERK1/2 
signaling pathway

Hai-jun WANG1, 5, #, Yu LIU2, #, Li-qiao FAN1, Cai-li HAN3, Ye JIANG4, Shu-jie CHENG5, Yong LI1, *

1Department of Surgery, the Fourth Affiliated Hospital of Hebei Medical University, Shijiazhuang 050011, China; 2Department of 
Biochemistry and Molecular Biology, Traditional Chinese Medical College, Hebei Medical University, Shijiazhuang 050091, China; 
3Department of Pathology, Institute of Basic Medicine, Hebei Medical University, Shijiazhuang 050017, China; 4Department of 
Pharmacy, College of Pharmacy, Hebei Medical University, Shijiazhuang 050017, China; 5Department of Surgery, the Affiliated Hospital 
of Hebei University, Baoding 071000, China

Aim: To investigate the effects of a new derivative of bisphosphonates, [2-(6-aminopurine-9-yl)-1-hydroxy-phosphine acyl ethyl] 
phosphonic acid (CP), on human gastric cancer.
Methods: Human gastric cancer cell lines (SGC-7901, BGC-823, MKN-45, and MKN-28) and human colon carcinoma cell lines (LoVo 
and HT-29) were tested.  Cell growth was determined using the MTT assay.  Flow cytometry, Western blot, caspase activity assay and 
siRNA transfection were used to examine the mechanisms of anticancer action.  Female BALB/c nude mice were implanted with SGC-
7901 cells.  From d6 after inoculation, the animals were injected with CP (200 µg/kg, ip) or vehicle daily for 24 d.
Results: CP suppressed the growth of the 6 human cancer cell lines with similar IC50 values (3239 µmol/L).  In SGC-7901 cells, CP 
arrested cell cycle progression at the G2/M phase.  The compound activated caspase-9, increased the expression of pro-apoptotic 
proteins Bax and Bad, decreased the expression of anti-apoptotic protein Bcl-2.  Furthermore, the compound selectively activated 
ERK1/2 without affecting JNK and p38 in SGC-7901 cells.  Treatment of SGC-7901 cells with the specific ERK1/2 inhibitor PD98059 
or ERK1/2 siRNA hampered CP-mediated apoptosis.  In the human gastric cancer xenograft nude mouse model, chronic administration 
of CP significantly retarded the tumor growth.
Conclusion: CP is a broad-spectrum inhibitor of human carcinoma cells in vitro, and it also exerts significant inhibition on gastric cancer 
cell growth in vivo.  CP induces human gastric cancer apoptosis via activation of the ERK1/2 signaling pathway.
  
Keywords: gastric cancer; anticancer drug; bisphosphonate; apoptosis; xenograft nude mouse model; ERK1/2 
 
Acta Pharmacologica Sinica (2013) 34: 1535–1544; doi: 10.1038/aps.2013.103; published online 18 Nov 2013

Original Article

Introduction
Surgery and chemotherapy are the most effective therapies 
for advanced gastric cancer.  Although current chemotherapy 
programs continue to improve, the efficacy of presently avail-
able drugs is limited, and new treatments are urgently needed, 
particularly anticancer compounds that can target multiple 
steps in the apoptotic cascade to achieve auxiliary effects.  
Bisphosphonates (BPs) have been shown to reduce breast and 
prostate cancer cell invasion[1, 2] and to confer anti-angiogenesis 
activity[3].  Furthermore, BPs appear to have direct pro-apop-

totic effects on cancer cells[4]; however, different breast cancer 
cell lines have varying sensitivities[5, 6].  A recent clinical study 
demonstrated that adjuvant therapy with the amino-BP zole-
dronic acid could improve the disease-free survival of women 
with early breast cancer without bone metastases[7].  The anti-
tumor activity of ibandronate has been illustrated preclinically 
in many types of cancer, including breast[8], lung[9], multiple 
myeloma[10] and osteosarcoma[11].  Overall, the positive effects 
of BPs and their clinical potential in cancer have been widely 
confirmed both in vitro and in vivo[12, 13].

In a previous study, zoledronic acid was demonstrated to 
cause dose- and time-dependent inhibition of gastric cancer cell 
proliferation by inducing cellular apoptosis.  The mechanism 
of this apoptosis induction was presumed to occur through 
the inhibition of Ras protein prenylation[14].  Zoledronic acid, 
which has been shown to have direct anti-proliferative and 
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apoptotic effects, has also exhibited synergistic effects with 
gemcitabine and oxaliplatin in chemotherapy of metastatic 
gastric cancer[15].  However, to date, no clear molecular mecha-
nism has been proposed to explain cellular changes in gastric 
cancer cells in response to BP treatment.

In the current study, we synthesized the compound 
[2-(6-amino-purine-9-yl)-1-hydroxy-phosphine acyl ethyl] 
phosphonic acid (CP), which showed obvious anti-prolifer-
ative activity against several human cancer cell types in pre-
liminary studies.  The ability of CP to inhibit the viability of 
gastric cancer cells and its underlying mechanism of action 
were examined in vitro.  CP was found to induce apoptosis of 
human gastric cancer cells.  The therapeutic potential of CP 
was also investigated using a xenograft nude mouse model.  
The study enhances our understanding of the molecular 
mechanism of CP-induced apoptosis and will aid the 
development of potential therapeutic agents for gastric cancer.  

Materials and methods
Reagents
CP was provided by Ye JIANG from the School of Pharma-
ceutical Chemistry, Hebei Medical University.  Detailed 
information on CP can be found at the State Intellectual 
Property Office of the People’s Republic of China (patent 
number 200710185250.7)[16].  CP was originally synthesized to 
improve the efficacy and pharmacological characteristics of BP 
by substitution at a side chain (Figure 1A).  Purified CP was 
dissolved in NaHCO3 at a concentration of 1000× and added 
to cells in exponential growth.  

Small interfering RNAs (siRNAs) specific for human extra-
cellular signal-regulated kinase1/2 (ERK1/2) mRNA and 
control siRNA were obtained from Cell Signaling Technology 
(Beverly, MA, USA).  Antibodies specific for poly (ADP-ribose) 
polymerase (PARP), raf-1, phospho-raf-1, MEK1/2, phospho-
MEK1/2, c-Jun NH2-terminal kinase (JNK), phospho-JNK, 
ERK1/2, phospho-ERK1/2, p38 mitogen-activated protein 
(MAP) kinase (p38) and phospho-p38 were also obtained from 
Cell Signaling Technology (Beverly, MA, USA).  Antibodies 
against caspase-3, caspase-9, Bcl-2, Bax, and Bad as well as sec-
ondary antibodies were obtained from Abcam Biotechnology 
(Abcam, Cambridge, UK).  Lipofectamine 2000, RPMI-1640, 
penicillin and streptomycin were purchased from Invitrogen 
(Carlsbad, CA, USA).

Cell lines 
The human gastric cancer cell lines (SGC-7901, BGC-823, 
MKN-45, and MKN-28) and human colon carcinoma cell lines 
(LoVo and HT-29) were purchased from the American Type 
Culture Collection (Manassas, VA, USA) and maintained in 
RPMI-1640 supplemented with 10% fetal bovine serum (v/v).  
Normal human gastric epithelial cells (GES-1) were cultured 
and characterized as described previously[17].  The cells were 
incubated at 37 °C with 5% CO2 and subcultured every 4 d.  
The experiments were performed when the cells reached 60% 
to 80% confluency.

MTT assays
The effect of CP on the proliferation of cancer cells was mea-
sured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay.  Cells were cultured in 96-well 
plates (approximately 1×104) and incubated in growth medium 
for 24 h.  The cells were then treated with various concentra-
tions of CP for 1, 3, 6, 12, and 24 h.  After drug treatment, the 
cells were incubated for 4 h in a medium containing 10 μL of 
MTT solution [dissolved in phosphate-buffered saline(PBS) 
at 5 mg/mL and sterilized].  The reaction was terminated by 
adding 100 μL of dimethyl sulfoxide (DMSO) to the medium 
and incubating for 10 min at 37 °C.  The absorbance was 
measured at 570 nm in enzyme-linked immunosorbent assay 
(ELISA) reader to assess the cell viability.  The experiments 
were repeated at least three times, and the data are expressed 
as the means±SEM.

Animal model
SGC-7901 cells were trypsinized and collected by centrifuga-
tion.  Cell viability was confirmed to be above 95% based 
on trypan blue staining.  The cells (2×106) were suspended 
in 0.2 mL of PBS and injected subcutaneously into the left 
armpit region of female BALB/c nude mice (age, 4 weeks; 
body weight, 15–17 g; grade, specific pathogen free [SPF]/
viral antibody free [VAF]; certificate number, scsk (Jing) 2012- 
0001).  After inoculation, the mice were kept in a limited access 
area at a controlled room temperature with food and water 
provided ad libitum.  The mice were divided into two groups 
for different experiments (vehicle only and 200 μg/kg body 
weight CP).  The mice were sacrificed after 30 d of treatment 
when the control tumors reached approximately 1400 mm3.  
The study was performed in accordance with the Guidelines 
of Animal Experiments from the Committee of Medical Ethics, 
National Health Department of China.

Cell cycle analysis 
Cells were plated in 100-mm dishes at a density of 3×106 per 
dish.  The medium was removed and pooled with trypsinized 
adherent cells.  After the cells were washed and resuspended 
in cold PBS at a density of (1–3)×106 cells/mL, propidium 
iodide (PI) buffer (500 μL of 0.1 mg/mL PI in PBS) and RNase 
A (500 μL of a 2 mg/mL solution) were added.  After 30 min 
of incubation at room temperature in the dark, the cells were 
filtered through a nylon mesh filter and analyzed by flow 
cytometry.

Annexin V-FITC/PI double-labeled flow cytometry
For detection of apoptotic cells treated with CP, the expression 
of annexin V-FITC and exclusion of PI were detected by two-
color flow cytometry.  After treatment with 40 μmol/L CP 
for the indicated times, SGC-7901 cells were washed and 
resuspended in PBS.  Apoptotic cells were identified using the 
Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, San 
Diego, CA, USA) according to the manufacturer’s instructions.  
Early apoptotic cells were labeled as annexin V-positive and 
PI-negative by flow cytometric analysis.
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ELISA
Cellular apoptosis was quantified by DNA fragmentation 
using the Cell Death Detection ELISAPLUS Kit (Roche Diagnos-
tics, Mannheim, Germany).  Briefly, SGC-7901 cells seeded 
in 96-well plates were treated with 40 μmol/L CP.  After 0, 6, 
12, or 24 h, the cells were lysed in 200 μL of lysis buffer, and 
20 μL of the supernatant was reacted with 80 μL of anti-DNA 
immunocomplex conjugated with peroxidase, which binds to 
nucleosomal DNA, and anti-histone-biotin, which interacts 
with streptavidin-coated wells, in a microtiter plate for 2 h.  
At the end of the incubation, 100 μL of substrate was added, 
and color development was quantified at a wavelength of 405 
nm.  The results were calculated as the ratio of the absorbance 
of the CP-treated cells to the absorbance of the vehicle-treated 
cells.

Colorimetric assay for caspase activity 
After the cells were treated with CP, the activities of caspase-3 
and -9 were determined using a caspase colorimetric assay kit 
(Promega, Madison, WI, USA) according to the manufacturer’s 
instructions.  The cells were harvested and lysed in lysis buffer 
for 30 min with shaking for 10 s at 4 °C.  After centrifugation, 
the supernatant was collected, and the protein concentration 
was determined.  Each sample (50 μL) was incubated with 
caspase-3 or -9 substrate (5 μL) and 2×reaction buffer (50 μL) 
at 37 °C for 4 h.  Colorimetric detection was performed at a 
wavelength of 405 nm.

ERK1/2 siRNA transfection
To silence the expression of ERK1/2 protein, SGC-7901 cells 
were transfected with a specific ERK1/2 siRNA.  Non-targeted 
siRNA was used as a negative control.  ERK1/2 siRNA and 
the control siRNA were transiently transfected into cells using 
the Lipofectamine 2000 transfection reagent according to the 
manufacturer’s protocol.  The efficiency of ERK1/2 protein 
silencing was analyzed by Western blot at 48 h.

Western blot analysis
Cell lysates were prepared with lysis buffer [1% Triton X-100, 
150 mmol/L NaCl, 10 mmol/L Tris-HCl (pH 7.4), 1 mmol/L 
EDTA, 1 mmol/L EGTA (pH 8.0), 0.2 mmol/L Na3VO4, 0.2 
mmol/L phenylmethylsulfonyl fluoride and 0.5% NP-40].  
Equal amounts of protein (20–50 μg) were separated by 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and electrotransferred to polyvinylidene difluo-
ride (PVDF) membranes.  The membranes were blocked with 
5% bovine serum albumin (BSA) for 2 h at room temperature 
and incubated overnight with specific antibodies as described 
above, followed by incubation with a horseradish peroxidase 
(HRP)-conjugated secondary antibody (1:10 000) for 2 h.  The 
blots were evaluated with an enhanced chemiluminescence 
(ECL) detection system.  Protein bands of interest were quan-
tified using Quantity One software (Bio-Rad, Hercules, CA, 
USA), and the integrated signal densities were normalized to 
β-actin (loading control) and subsequently expressed in terms 
of the fractional abundance relative to control cells.  These 

experiments were replicated three times.

Statistical analysis 
Data from at least three independent experiments with 
duplicate determinations are expressed as the mean±SEM.  
Statistical analysis was performed using Student’s t-test.  The 
animal study was analyzed by one-way analysis of variance 
(ANOVA) followed by Tukey’s test.  Statistical significance 
was set at P<0.05.

Results
CP inhibits the growth of gastric cancer cells in vitro
Initially, we determined the effect of CP on the growth of 
various carcinoma cell lines using the MTT cellular survival 
assay.  The results showed that CP treatment inhibited cellular 
growth with similar IC50 values (approximately 32–39 μmol/L) 
after a 24 h treatment period (Figure 1B).  These findings indi-
cate that CP is a broad-spectrum inhibitory agent of human 
carcinoma cells.  Sensitivities to CP were assessed further in 
three different human gastric cancer cell lines, which were 
considered to be either well-differentiated (MKN-28), moder-
ately differentiated (SGC-7901) or poorly differentiated (BGC-
823).  As shown in the growth curve (Figure 1C), CP treatment 
attenuated the growth rate of the three gastric cancer cell lines 
in a time-and dose-dependent manner.  These results indicate 
that the cytotoxic effects of CP are not influenced by the differ-
entiation status of the cells.  

Furthermore, we assessed sensitivity to CP in normal cells.  
CP had insignificant effects on the viability of normal human 
gastric epithelial cells (GES-1) following 24 h of treatment at 
a concentration of 80 μmol/L (Figure 1C).  Thus, the above 
results confirm that CP specifically inhibits cancer cell growth.

CP retards tumor growth in vivo
The in vivo anti-tumor effect of CP was evaluated by using 
SGC-7901-derived cancer xenografts in nude mice after 4 
weeks of CP treatment.  As shown in Figure 2 and Table 1, CP 
[200 μg/kg, intraperitoneally (ip)] caused significant inhibition 
of tumor growth, which was observed as early as 18 d after 
treatment and persisted after 30 d.  

Effect of CP on cell cycle distribution 
The results described above indicate that CP significantly 
inhibits the growth of gastric cancer cells.  To determine 
whether the anti-tumor effects of CP were caused by cell 
cycle accumulation at a certain phase, we then analyzed the 
cell cycle population distribution in SGC-7901 cells.  After 

Table 1.  The weight change and tumor weight of nude mice. Mean±SEM.  
n=6.  bP<0.05 νs vehicle.

Group                         Body weight                           Weight               Tumor  
                             1 d                     30 d                   added                weight 
 
Vehicle  15.88±1.04 21.34±1.62 5.45±0.74 1.10±0.16
CP 15.35±0.54 21.10±1.57 5.75±0.54 0.67±0.09b
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treatment with 40 μmol/L CP for 0, 6, 12, and 24 h, the cells 
were stained with PI.  PI-positive cells were detected by flow 
cytometric analysis.  As shown in Figure 3A, treatment with 
CP led to the accumulation of cells in the G2/M phase.  In 
parallel with the G2/M block, the cell cycle analysis showed 
a clear increase in the proportion of sub-G1 cells, which is 
regarded as a characteristic of apoptotic cells.  Thus, these 
observations suggest that the inhibitory effect of CP on gastric 
cancer cells is, at least in part, due to G2/M arrest of the cell 
cycle.

Effect of CP on gastric cancer cell apoptosis
The reduction in growth of gastric cancer cells in response 
to CP could be explained either by increased cell death or by 

reduced cell proliferation.  SGC-7901 cells were treated with 40 
μmol/L CP for 0, 6, 12, and 24 h, and apoptosis was assayed 
by Cell Death Detection ELISAPLUS.  Nucleosome fragmenta-
tion (an indicator of apoptosis) confirmed that cells underwent 
apoptosis when treated with 40 μmol/L CP for 6 h, with the 
highest percentage of apoptotic cells observed at 24 h (Figure 
3B).  After exposure to 40 μmol/L CP for 0, 6, 12, and 24 h, 
flow cytometry using the FITC-annexin V/PI double stain-
ing method was used to generate an apoptotic cell scatterplot.  
The results showed that there was an increase in annexin 
V-positive cells after CP treatment (Figure 3C).  Therefore, it is 
likely that CP treatment induced apoptosis but not necrosis in 
SGC-7901 cells.  

Figure 1.  CP inhibits the growth of various gastric cancer cells.  (A) Chemical structure of CP.  (B) Effects of CP on the viability of various cancer cell 
lines.  After treatment with CP for 24 h, cell viability was determined by the MTT assay, and the IC50 was calculated (n=6).  (C) The cells were treated 
with 10, 20, 40, or 80 μmol/L CP, and cell growth was determined using the MTT assay at 1, 3, 6, 12, and 24 h (n=6).  The results are presented as the 
mean±SEM from three independent experiments.
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Effects of CP on caspase activity and apoptosis protein expres
sion in gastric cancer cells
The activation of caspases and cleavage of the nuclear protein 
PARP are also hallmarks of apoptosis[18].  PARP cleavage indi-
cates caspase-3 activity and is used as a general marker for 
apoptosis.  Our results showed that CP treatment increased 
cleaved caspase-3 and cleaved caspase-9 protein expression in 
SGC-7901 cells (Figure 4A).  Additionally, caspase activity was 
measured using Caspase-Glo assays.  As shown in Figure 4B, 
the activities of caspase-3 and -9 were significantly increased 
after CP treatment in SGC-7901 cells.  The protein expression 
levels of cleaved PARP were examined by western blot after 
CP treatment (Figure 4C).  

Because the Bcl-2 family members, including Bcl-2, Bcl-xL, 
Bad, and Bax, are recognized as important mediators in the 
apoptosis signaling pathway[19], changes in Bcl-2, Bax, and 
Bad protein expression after CP treatment at various time 
points were investigated (Figure 4D).  Marked increases in the 
levels of Bax and Bad began at 6 h and peaked at 24 h after 
CP treatment in SGC-7901 cells.  In contrast, a reduction in 
Bcl-2 protein appeared later at 12 h.  The ratio of Bax to Bcl-2 
is the determining factor for the induction of apoptosis[20].  
Densitometric analysis of Bax and Bcl-2 bands was performed 
using TotalLab TL120 software, and the data (relative density 
normalized to β-actin) were plotted as Bax/Bcl-2 ratios.  The 
results in Figure 4E show that the Bax/Bcl-2 ratio gradually 
increased in a time-dependent manner.

CP induces the activation of ERK1/2 signaling in gastric cancer 
cells
To determine whether MAP kinase is involved in apoptosis in 
response to CP, we examined the effects of CP on the activa-
tion of several MAP kinase pathways.  The phosphorylation 
of three MAPKs (ERK 1/2, JNK, and p38 MAPK) in response 
to CP treatment was analyzed via western blot using specific 

anti-phospho-kinase antibodies.  As shown in Figure 5A, CP 
treatment induced the activation of ERK1/2 in a time-depen-
dent manner.  In contrast, the expression and phosphorylation 
levels of JNK and p38 were not altered after CP treatment 
(Figure 5B).  Meanwhile, CP treatment induced the activation 
of MEK1/2 and raf-1 in a time-dependent manner (Figure 5C).

Role of ERK1/2 in CPinduced caspase9 activity and PARP 
cleavage
Furthermore, we examined the role of ERK1/2 in CP-induced 
apoptosis in SGC-7901 cells using an RNAi method and the 
ERK1/2 inhibitor PD98059.  We observed that ERK1/2 siRNA-
treated SGC-7901 cells showed reduced expression of ERK1/2 
protein compared with those treated with the control siRNA 
(Figure 6A).  As shown in Figure 6B, the ERK1/2 inhibitor 
PD98059 rescued the reduction of cell viability caused by CP 
treatment.  Transfection of cells with the ERK1/2 siRNA also 
blocked the CP-induced loss of cell viability.  These results 
suggest that the activation of ERK1/2 signaling is responsible 
for CP-induced apoptosis.  These results were further con-
firmed by flow cytometric analysis, which was performed to 
determine the sub-G1 DNA content (Figure 6C).  Similarly, 
the inhibition of ERK1/2 by its specific inhibitor or siRNA 
effectively downregulated CP-induced caspase-9 activity and 
PARP cleavage (Figure 6D).  Moreover, the stimulatory effect 
of CP on ERK1/2 phosphorylation was significantly reduced 
by PD98059 (Figure 6E).  The above results indicate that acti-
vation of ERK1/2 is important for CP-induced apoptosis.

Discussion
BPs are commonly used to treat malignant and benign skel-
etal diseases characterized by excessive bone resorption.  In 
particular, zoledronic acid has shown profound beneficial 
effects in patients with skeletal metastases[21].  BPs act through 
the induction of osteoclast apoptosis, likely by inhibiting the 
isoprenylation of proteins required for osteoclast survival[22, 23].  
Moreover, direct anti-tumor effects of BPs have been demon-
strated in several cancer types, including multiple myeloma[24], 
pancreatic cancer[25], prostate cancer[26] and breast cancer[27].  
A growing body of evidence indicates that BPs have anti-
tumorigenic capabilities, and several studies have shown posi-
tive outcomes with BP therapies with regard to tumor growth 
and metastatic activity for patients affected by diverse malig-
nances[7, 28–31].

In this study, we synthesized a new BP derivative with 
improved potency and pharmacological characteristics.  The 
highly active derivative, CP, showed obvious anti-proliferative 
activity against several human cancer cell types, which could 
be attributed to differences in its structure (ie, a nitrogen-based 
side chain with an additional adenine) (Figure 1A) compared 
with that of the parent molecule.  Our study showed that CP 
inhibited the growth of gastric cancer cells in a time- and dose-
dependent manner in vitro.  We also found that CP retarded 
xenograft tumor growth in vivo.

Cell cycle control is the major regulatory mechanism of 
cell growth.  Many cytotoxic agents and/or DNA damaging 

Figure 2.  Anti-tumor effect of CP in vivo.  Four-week-old female nude mice 
were injected subcutaneously (sc) with SGC-7901 cells in the left armpit 
region.  When the mice produced palpable tumors, they were randomly 
assigned to groups for treatment with daily intraperitoneal (ip) injections of 
CP (200 μg/kg body weight) or vehicle (0.16% NaHCO3).  Tumor volumes 
were measured using the formula mm3=width2×length/2.  Mean±SEM.  
n=6.  bP<0.05, cP<0.01 compared with the vehicle-treated group.
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agents arrest the cell cycle at the G1, S, or G2/M phase before 
inducing apoptotic cell death[32].  It has been found that cell 
cycle arrest may result in apoptosis due to the existence of cell 
cycle checkpoints and feedback control mechanisms[33].  In the 
present study, the results of flow cytometric analysis show a 
clear accumulation of SGC-7901 cells at the G2/M phase after 
CP treatment.

Apoptosis, which is a complex multi-step process, is 
induced by the regulation of Bcl-2 family members, changes 
in the mitochondrial signaling pathway, caspase activation 
and many other processes.  Bcl-2 family members and the 

caspase cascade are the key mediators in the apoptotic signal 
transduction pathway, and members of the Bcl-2 family are 
associated with mitochondrial membrane integrity[34].  Previ-
ous studies have indicated that if Bax homodimers predomi-
nate, cell death will occur; however, when Bcl-2 and Bax het-
erodimerization prevails, cells can survive[35].  Thus, the ratio 
of Bax to Bcl-2 may be a critical factor in the cellular threshold 
for apoptosis[36].  Our results showed a significant decrease of 
Bcl-2 and increase of Bax after CP treatment in SGC-7901 cells, 
thus shifting the Bax/Bcl-2 ratio in favor of apoptosis.

The caspase cascade plays a key role in apoptosis, and cas-

Figure 3.  Effects of CP on cell cycle distribution and apoptosis.  SGC-
7901 cells were treated with 40 μmol/L CP.  (A) Cell cycle distribution was 
altered by CP treatment.  (B) DNA fragmentation was evaluated using a 
Cell Death Detection ELISAPLUS Kit.  The data are expressed as the mean± 
SEM of three separate experiments.  bP<0.05, cP<0.01 compared with 
the group without CP treatment.  (C) Annexin V/PI double-labeled flow 
cytometry assay.  The percentage of annexin V-positive cells increased in 
a time-dependent manner (mean of three independent experiments) after 
CP treatment.  
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pases have been referred to as the “central executioners of 
apoptosis”.  Caspase-9, as an initiator caspase, is activated 
during cell apoptosis.  The activated caspase-9 (cleaved cas-
pase-9) goes on to activate caspase-7 and caspase-3 to evoke 
downstream apoptotic events.  Caspase-3 is an “executioner” 
protein that can cleave specific substrates such as PARP[37].  
The activation of caspase-3 results in cleavage of cytoskeletal 
and nuclear proteins and nucleosomal fragmentation of 
DNA[38].  In the current study, we found that CP treatment 
increased the activities of caspase-3 and -9, which provided 
evidence that CP-induced apoptosis in SGC-7901 cells is medi-
ated by a caspase-dependent pathway.  In this study, the 
finding that caspase-9 activation was accompanied by PARP 
cleavage indicated that caspase-9 might play a key role in CP-
induced apoptosis in SGC-7901 cells.  Thus, death receptor- or 
mitochondria-mediated activation of caspase may be a poten-
tial mechanism underlying CP-induced apoptosis in gastric 
cancer cells.  

To further determine the mechanistic basis of the potent CP 
effects, we investigated the possible role of ERK1/2 signal-
ing in CP-induced apoptosis in human gastric cancer cells.  
MAPKs, including ERK1/2, p38 MAPK, and SAPK/JNK, 
comprise a family of serine/threonine kinases.  MAPKs are 
activated by a variety of stimuli, including growth factors, 
cytokines, hormones and mechanical forces, and play major 
roles in cellular responses including gene expression and 
cell proliferation, motility, survival, death and differentia-
tion[39].  In particular, the importance of the ERK1/2 pathway 
has been implicated in cellular apoptosis induced by various 
cytotoxic compounds[40, 41].  The pro-apoptotic function of the 
Ras/Raf/ERK1/2 pathway is well documented for apoptosis 
induced by DNA damaging agents, such as etoposide[42] 

and doxorubicin[43].  Depending on the cell type and the 
nature of the injury, activation of the Ras/Raf/ERK1/2 
pathway is associated with the intrinsic apoptotic pathway, 
which is characterized by the release of cytochrome c from 

Figure 4.  Effects of CP on caspase activity and apoptosis protein expression.  After treatment with 40 μmol/L CP for the indicated times, SGC-7901 
cells were harvested, and whole cell protein lysates were prepared.  (A) Protein expression levels of cleaved caspase-3 and caspase-9 were measured 
by Western blot.  (B) Changes in caspase activities induced by CP.  (C) Cleavage of PARP induced by CP.  (D) Bcl-2, Bax, and Bad protein expression was 
detected by Western blot.  (E) Time-dependent changes in the Bax/Bcl-2 ratio after CP treatment.  The data obtained from Western blot analysis of Bax 
and Bcl-2 were used to evaluate the effect of CP on the Bax/Bcl-2 ratio.  The data are the mean±SEM of three separate experiments performed with 
similar results.  bP<0.05, cP<0.01 compared with the group without CP treatment.
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mitochondria[44] and the activation of the initiator caspase-9[45], 
or the extrinsic apoptotic pathway, which relies on the 
activation of the initiator caspase-8[45].  It has been reported 
that ERK activation mediates cell cycle arrest and apoptosis 
after DNA damage[43].  Together, these observations suggest 
that the ERK1/2 signaling pathway may be an important tar-
get for CP in the treatment of gastric cancer cells.  In the pres-
ent study, CP induced the activation of ERK1/2 beginning 1 h 
after CP treatment, which was much earlier than the activation 
of apoptosis, and this activation was sustained for at least 24 h 
in SGC-7901 cells.  We presumed that this elevation of ERK1/2 
phosphorylation might also contribute to the activation of cel-
lular apoptosis in vitro.  Many studies have reported that acti-
vation of ERK1/2 by its upstream kinases or molecules is criti-
cal for its function.  A number of factors, such as MAP kinase 
kinase 4 (MKK4), have been implicated in the activation of 

ERK1/2.  In the present study, CP treatment induced the acti-
vation of MEK1/2 and raf-1, which are upstream of ERK1/2, 
in a time-dependent manner.  In addition, our data showed 
that an ERK1/2-specific inhibitor or an ERK1/2 siRNA at 
least partially inhibited CP-induced apoptosis, indicating that 
ERK1/2 plays a key role in CP-initiated apoptosis.  Although 
the results showed that the ERK1/2 pathway is necessary 
for CP-induced apoptosis in gastric cancer cells, inhibition of 
ERK1/2 using a specific inhibitor or siRNA did not result in 
total abolition of CP-induced cell death, as shown by MTT and 
flow cytometry assays.  Thus, it is likely that ERK1/2-indepen-
dent mechanisms participate in CP-induced apoptosis.

In conclusion, our results illustrate the effects of CP on SGC-
7901 cells, and we found that CP inhibited cell growth by 
inducing apoptosis.  The molecular mechanism of apoptosis 
involves the activation of the ERK1/2 signaling pathway, 
and Bcl-2 family members as well as the caspase cascade also 
contribute to apoptosis.  Moreover, CP treatment caused sig-
nificant inhibition of tumor growth in vivo.  Therefore, CP may 
have potential for use in the treatment of gastric cancer.
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