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detected for the combination of JD and low-dose PTX. The 
apoptotic mechanism induced by JD plus PTX revealed 
that the combination therapy synergistically activated the 
mitochondrial pathway.
Conclusion Our findings suggest that JD enhances the anti-
tumour effect of low-dose PTX on gastric carcinoma cancer 
cells in both vitro and in vivo, accompanied by activation 
of the mitochondrial pathway, which may present a more 
effective therapeutic strategy in gastric cancer treatment.

Keywords JD · Paclitaxel · Combination therapy · Gastric 
cancer · Anti-tumour effect

Introduction

Gastric cancer is the world’s fourth most common cancer and 
the third leading cause of cancer deaths worldwide [1, 2]. 
With approximately 1,000,000 new cases each year, gastric 
cancer is increasingly frequently diagnosed throughout the 
world. Additionally, more than 700,000 patients die of this 
disease because of the lack of validated screening programs 
and good treatment strategies [3]. Currently, modern combi-
nation therapies are preferred because of their benefit-to-risk 
ratio. This method has been adopted worldwide, although 
a gold standard has not yet been defined [4–8]. Combining 
drugs or reducing the dosage is a good method for resolving 
clinical problems, such as drug resistance and side effects. 
Paclitaxel (PTX) has clearly demonstrated activity against 
gastric cancer, mainly through its induction of mitotic catas-
trophe [9–11]. Although the anti-tumour effects of PTX are 
commonly exhibited through its interference with mito-
sis, there is compelling evidence suggesting that PTX acts 
through different apoptotic mechanisms, such as the PI3K/
AKT pathway, the mitochondrial pathway and the EGFR 
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pathway [12–17]. Jesridonin (JD) is a derivative of oridonin, 
which is an active diterpenoid compound found in Rabdosia 
rubescens and has been widely used in the treatment of vari-
ous cancers [18, 19]. There is a substantial amount of evi-
dence indicating that oridonin may effectively improve sur-
vival and cancer response while having a low toxicity [20]. 
Nevertheless, the function of oridonin is limited by its poor 
chemical stability and cell membrane permeability. Thus, 
to obtain a compound with good chemical stability and cell 
membrane permeability, JD was designed by modifying and 
optimising the structure of oridonin. We have previously 
reported that JD has good anti-tumour activity and low toxic-
ity in human oesophageal carcinoma cells [19].

In this study, we aimed to investigate the effect of a 
new combination strategy with PTX on gastric cancer 
cells. Collectively, our results suggest that the combina-
tion of JD and low-dose paclitaxel is a promising candidate 
therapeutic strategy in gastric cancer because the interac-
tion between low-toxicity JD and low-dose PTX exhibits 
a synergistic anti-tumour effect not only in vitro but also 
in vivo. Additionally, the molecular mechanism underlying 
the anti-tumour activity was investigated in detail.

Results

JD and PTX monotherapy decreases the viability 
of MKN45 cells in a time‑ and concentration‑dependent 
manner

The cell viability was detected by MTT assay. MKN45 cells 
were exposed to JD for 24, 48 and 72 h at increasing con-
centrations ranging from 2.5 to 150 µM, and negative con-
trol cells were incubated without JD. For PTX, the incuba-
tion time was the same as with JD, but the concentrations 
ranged from 0.15 to 25 µM. The corresponding viability was 
plotted against each concentration, represented by at least 
three independent experiments. The correlation between 
dosage and viability was illustrated and indicated that both 
JD and PTX decreased the viability of MKN45 cells in a 
time- and concentration-dependent manner (Fig. 1b, c). The 
IC50 values for JD and PTX were also calculated (Table 1).

Combination treatment with JD and low‑dose PTX 
synergistically decreases the viability of MKN45 cells

We further assessed whether JD could enhance the efficacy 
of PTX. For this assessment, MKN45 cells underwent a 
combination treatment for 24 h with PTX (5 nM) plus JD at 
various concentrations (JD: 10, 15, 20, 25, 30 and 40 µM), 
and the viabilities were examined by MTT assay. The effect 
of each drug combination treatment was compared with 
the effect of treatment with either agent alone and of the 

control without any drug treatment (Fig. 1d). Briefly, com-
pared to single-agent treatment, the cell viability resulting 
from combination therapy was reduced to varying degrees. 
Next, the combination index (CI) values of JD plus PTX 
were evaluated by the median-effect method proposed by 
Chou and Talalay [21]. This method has been described in 
detail in many articles [22–26]. Interestingly, all CI values 
of JD plus PTX in the tested combination groups were <1 
(Fig. 1e), which indicated that all of the tested combina-
tion groups showed a synergistic effect. The smaller the 
CI value was, the stronger the synergistic efficacy. It was 
evident that the best combination of concentrations was 
20 µM JD and 5 nM PTX (Table 2), which was used in the 
subsequent experiments. The CI value was the ratio of the 
combination dosage and the sum of single-agent doses at 
an ISO effective level. CI < 1 indicated synergy, CI > 1 
indicated antagonism, and CI = 1 indicated additivity.

The results above indicated that JD could enhance the 
efficacy of low-dose PTX by decreasing the viability of 
MKN45 cells. Therefore, JD plus low-dose PTX showed a 
synergistic effect.

Combined JD and low‑dose PTX treatment 
synergistically inhibit colony formation

Based on the above findings, MKN45 cells were treated 
with 0.6 µM JD, 0.1 nM PTX or 0.6 µM JD plus 0.1 nM 
PTX for 7–10 days. An exciting finding was that the colo-
nies subjected to combination treatment were smaller and 
fewer in number than those subjected to either agent treat-
ment alone (Fig. 1f). The inhibition rate of colony forma-
tion was markedly increased after combined treatment 
(Fig. 1g), demonstrating that combined treatment with JD 
and low-dose PTX plays a synergistic effect on inhibiting 
colony formation.

JD enhances low‑dose PTX‑induced apoptosis 
of MKN45 cells in vitro

To further explore whether the suppression of cell prolif-
eration was caused by the induction of apoptosis, annexin-
V/propidium iodide (PI) double staining was performed to 
evaluate cell apoptosis. MKN45 cells were treated for 24 h 
with either no drugs as a control or with 20 µM JD alone, 
5 nM PTX alone or 20 µM JD plus 5 nM PTX. Based 
on the results of flow cytometry, JD plus PTX showed 
a significant increase in the percentage of cell apopto-
sis (58.7 ± 2.12 %) compared to monotherapy with JD 
(22.8 ± 1.65 %) and with PTX (14.1 ± 1.24 %) (Fig. 2a, 
b).

Next, to determine the underlying mechanism of the 
cell apoptosis induced by combination therapy, the classi-
cal mitochondrial apoptotic pathway was first studied. A 
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Fig. 1  a JD synthesis. Cell viability of MKN45 cells for JD (b) and 
PTX (c) treatment. d Cell viability of MKN45 cells for combined JD 
and low-dose PTX treatment. e The interaction relationship between 
JD and low-dose PTX. As described by Chou and Talay, [21] CI was 
plotted against the Fa, CI > 1 indicates antagonism, CI = 1 indicates 
additivity, and CI < 1 indicates synergy. Each data point represents at 

least three independently repeated experiments. f The effect of PTX 
and/or PTX on colony formation in MKN45 cells. g The inhibition 
rate of combination and single-agent treatment on MKN45 cells. 
*p < 0.05 indicates statistically significant versus either agent mon-
otherapy. **p < 0.01 indicates highly statistically significant versus 
either agent monotherapy
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series of pro- and anti-apoptotic proteins were examined by 
Western blotting after MKN45 cells were incubated with 
JD (20 µM), PTX (5 nM) or a combination of the two. The 
Bcl-2 family plays a vital role in the mitochondrial apop-
totic pathway, mainly because of its impact on mitochon-
drial membrane permeability, membrane potential and cas-
pase family protein members. After combination therapy, 
we detected higher levels of Bax and lower levels of Bcl-2 
and Bcl-2/Bax than were observed with either JD or PTX 
monotherapy (Fig. 2c, d). Furthermore, the expression of 
other Bcl-2 family members, such as Bcl-xL, Mcl-1, t-Bid 
and Puma, was also detected. These results indicated that 
JD plus PTX synergistically down-regulated the expression 
levels of Bcl-xL and up-regulated the expression levels of 
t-Bid and Puma. As downstream molecules of the mito-
chondrial apoptotic pathway, caspase 9 and caspase 3 were 
markedly activated in the combined therapy compared to 
monotherapy (Fig. 2c, d). The results above suggest that 
MKN45 cell apoptosis caused by JD plus low-dose PTX 
could occur through the mitochondrial signalling pathway.

To further confirm our results, we added a caspase 9 
inhibitor to the combination treatment with JD plus low-
dose PTX. As a result, the caspase 9 inhibitor partially 
rescued JD plus PTX-induced apoptosis (Fig. 2e, f). Con-
sistent with this finding, the apoptosis induced by JD plus 
PTX was partially reversed when Bax was knocked down 
by Bax-specific siRNA (Fig. 2g, h). These results indi-
cated that the activation of the mitochondrial pathway is 
a mechanism that occurs in the apoptosis induced by JD 
and low-dose PTX. All of the data described above con-
firmed our finding that the mitochondrial pathway was a 
critical mechanism in the JD plus low-dose PTX-induced 
apoptosis.

In vivo, JD potentiates the anti‑neoplastic effect 
of low‑dose PTX in mice bearing MKN45 tumours

As combination treatment was superior to either JD or PTX 
monotherapy in vitro, we expected that it would further 

suppress tumour growth in vivo. To confirm these specu-
lations, nude mice with MKN45 cell xenografts were ran-
domised into five groups: control, JD (20 mg/kg/day), PTX 
(5 mg/kg/3 days), combination and PTX (10 mg/kg/3 days), 
which were injected in the vena caudalis. Tumour tissues 
were removed and photographed on the 21st day (Fig. 3a). 
The tumours were also weighed (Fig. 3b). Both JD and 
PTX showed a significant anti-tumour effect. Addition-
ally, the combination of JD and half-dose PTX expressed 
a synergistic inhibitory effect similar to normal-dose PTX 
on the tumour volume compared with either agent treat-
ment alone (Fig. 3c), and the body weight of the mice 
remained stable with no significant differences in any of 
the groups (Fig. 3d). The concentration of hemameba in the 
blood of the mice indicated that high doses of PTX (10 mg/
kg/3 days) significantly reduced the number of hemameba, 
whereas JD (20 mg/kg/day), PTX (5 mg/kg/3 days) and the 
combination therapy had no obvious difference compared 
to the control group (Table 3). Biochemical serum analysis 
of alanine transaminase (ALT) and aspartate transaminase 
(AST) indicated no obvious effects on liver function in 
monotherapy mice or combination therapy mice (Tables 4, 
5).

The results above suggest that combination therapy with 
JD and low-dose PTX could represent not only an effi-
cient but also a safe approach to the treatment of MKN45 
tumours.

In vivo, JD potentiates low‑dose PTX‑induced apoptosis

To assess whether the inhibitory effect on tumour growth 
induced by JD plus low-dose PTX was due to an increase 
in apoptotic cell death, haematoxylin and eosin (HE) and 
TUNEL staining assays were performed. HE staining 
exhibited increased necrosis in the group treated with JD 
and low-dose PTX compared with the control group (NaCl, 
0.9 %), and TUNEL staining demonstrated greater apop-
tosis in the combination group than in either monotherapy 
group (Fig. 3e). These results suggested that the induction 
of apoptosis contributed to tumour growth inhibition.

The underlying apoptotic mechanism induced by com-
bination therapy in vivo was further studied. We extracted 
total protein from the tumour tissue of the control group 
and the treatment groups for Western blotting. Consist-
ent with the in vitro results, JD (20 mg/kg/day) plus PTX 
(5 mg/kg/3 days) activated Bax, t-Bid, Puma, cleaved-cas-
pase 9 and cleaved-caspase 3 to a greater extent than either 

Table 1  IC50 values for cell viability with JD and PTX treatment

Drug IC50 (μM)

24 h 48 h 72 h

JD 27.55 ± 1.50 16.57 ± 0.24 8.49 ± 0.51

PTX 2.81 ± 0.32 0.78 ± 0.07 0.12 ± 0.02

Table 2  Combination index 
(CI) values of combined JD and 
PTX

PTX JD (μM)

(nM) 10 15 20 25 30 40

5 0.65 ± 0.05 0.57 ± 0.14 0.47 ± 0.10 0.60 ± 0.15 0.73 ± 0.12 0.82 ± 0.18
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Fig. 2  JD and/or low-dose PTX induce apoptosis in vitro. a and b 
MKN45 cell apoptosis was analysed by the FACS technique. c, d The 
expression of mitochondrial apoptotic pathway-related proteins. e, f 
The effect of a caspase 9 inhibitor on JD plus PTX-induced cell apopto-

sis. g, h The efficiency of Bax knockdown. Data are the mean ± SEM. 
*p < 0.05 indicates statistically significant versus either agent monother-
apy. **p < 0.01 indicates highly statistically significant versus either agent 
monotherapy. #p < 0.05 indicates highly significant versus JD + PTX
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Fig. 3  Anti-tumour effects of JD plus low-dose PTX in MKN45 tumour-
bearing nude mice in vivo. a A photograph of MKN45 xenograft tumour 
tissues after the mice were killed. b The average tumour weight was calcu-
lated when the mice were killed. The tumour weight was expressed as the 
mean ± SEM. **p < 0.01 indicates statistically significant versus negative 
control. ^^p < 0.01 indicates highly statistically significant versus combi-
nation therapy. c The tumour volumes were graphed against the days of 
the experiment. &p < 0.05 indicates statistically significant versus negative 

control. #p < 0.05 indicates statistically significant versus negative control. 
*p < 0.05 indicates statistically significant versus negative control. d The 
body weight of the mice was graphed against the days of the experiment. 
e H&E and TUNEL staining. f, g Expression of mitochondrial apoptotic 
pathway-related proteins after treatment with JD and/or low-dose PTX in 
tumour tissue. Data are the mean ± SEM. *p < 0.05 indicates statistically 
significant versus either agent monotherapy. **p < 0.01 indicates highly 
statistically significant versus either agent monotherapy
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agent treatment alone, and JD plus PTX down-regulated 
Bcl-2, Bcl-xL and Mcl-1 to a lesser degree than either 
agent treatment alone (Fig. 3f, g). These results implied 
that the mitochondrial pathway is a mechanism of the JD 
plus PTX-induced apoptosis in vivo.

Based on the findings described above, the results indi-
cated that the mitochondrial pathway contributed to the 
synergistic apoptotic effect on MKN45 gastric cancer cells 
that was induced by the combination of JD and PTX both 
in vitro and in vivo. The potential apoptotic pathways are 
shown in a schematic (Fig. 4).

Discussion

Multiple studies have reported the anti-tumour effects 
of PTX in treating gastric cancer [27, 28]. Nevertheless, 
despite initial responses, serious side effects and drug 
resistance are known to occur with increasing dosage, thus 
limiting the dosage and therapeutic effects of PTX [29]. 
Combination therapy is an important clinical administra-
tion regimen because it can effectively reduce the dose, 
decrease toxicity, delay the development of resistance and 
improve the efficacy of drug treatment [30–33].

Because JD decreased the viability of MKN45 cells 
in a dose- and time-dependent manner, JD seems to be a 
promising agent for the treatment of gastric cancer. This 
conclusion is based on MTT measurements, which directly 
correlate with the number of surviving cells. Therefore, we 
attempted to investigate a combination of therapeutic strat-
egies that led to the enhancement of anti-neoplastic effects 
in MKN45 gastric cancer by combining JD and PTX.

We first studied the effect of either JD or PTX mon-
otherapy on MKN45 cell viability because combined 
therapy is performed based on the results of monother-
apy. Consistent with other reports, [34] the results dem-
onstrated that PTX monotherapy decreased the viability 
of MKN45 cells in a dose- and time-dependent manner, 
as did JD. We also showed that the combination of JD 

and PTX exhibited synergy at various concentrations, of 
which 20 µM JD and 5 nM PTX combination was the 
best. Similar to the improvements in cytotoxic efficacy of 
PTX in various cancers that were reported in previous lit-
erature [35–38] data from the MKN45 cells treated with 
combined therapy indicated that JD markedly enhanced 
the cytotoxic effects of PTX. Recent data have suggested 
that the activation of the caspase cascade is clearly an 
important mechanism in inducing apoptosis in response to 
chemotherapy [39]. At present, two major apoptotic path-
ways that lead to caspase activation have been character-
ised: one is the extrinsic death receptor pathway, and the 
other is the intrinsic mitochondrial pathway. The extrin-
sic pathway is triggered by death receptors. The intrinsic 
pathway is controlled by Bcl-2 family members and the 
caspase cascade [40–42]. When the mitochondrial mem-
brane is broken, cytochrome c is released, resulting in 
the caspase cascade and induction of apoptosis. Based on 
the increasing percentage of cell apoptosis in combina-
tion therapy compared to JD and PTX monotherapy, the 
molecular mechanism behind the synergism between JD 
and PTX was next determined by evaluating the effects 
of combination therapy on apoptosis-related proteins. 
As expected, combined therapy activated pro-apoptotic 
proteins, such as Bax, Puma, cleaved-caspase 3 and 
cleaved-caspase 9, to a greater degree and decreased anti-
apoptotic proteins, such as Bcl-2, Mcl-1 and Bcl-xL, to a 
lower degree than either JD or PTX treatment alone. This 
finding was consistent with the corresponding protein lev-
els in vivo. Moreover, both Bax siRNA knockdown and 
a caspase 9 inhibitor reversed the synergistic apoptosis 
induced by the combination of JD and PTX. These find-
ings suggest that the intrinsic mitochondrial apoptotic 
pathway is involved in JD plus PTX-induced apoptosis in 
MKN45 gastric cancer cells.

In our in vivo pilot studies, the combined therapy in mice 
bearing MKN45 tumours indicated that 20 mg/kg/day of 
JD combined with 5 mg/kg/3 days of PTX was more effec-
tive in inhibiting MKN45 xenograft growth and inducing 

Table 3  Concentration of 
hemameba (×103/mm3) in the 
blood of the mice shown as the 
mean ± SEM

** p < 0.01 indicates statistically significant versus negative control

Groups

NS JD20 PTX5 Combination PTX10

Hemameba 3.04 ± 0.82 2.67 ± 0.83 2.72 ± 0.67 3.28 ± 0.90 1.53 ± 0.25**

Table 4  Concentration of ALT 
(U/L) in the serum of the mice 
shown as the mean ± SEM

Groups

NS JD20 PTX5 Combination PTX10

ALT 68.25 ± 2.20 78.60 ± 3.20 75.50 ± 3.19 81.15 ± 2.01 64.55 ± 2.56
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apoptosis than monotherapy with either agent. The combi-
nation of JD and a half-dose of PTX demonstrated a syn-
ergistic inhibitory effect similar to normal-dose PTX on 
tumour inhibition compared with either treatment alone. 
Moreover, the body weight of the mice remained stable in 
both treatment groups and in the control group, indicating 
that combined therapy with JD and low-dose PTX could 
represent not only an efficient but also a safe approach for 
the treatment of MKN45 gastric cancer.

In conclusion, our results show for the first time that JD 
and low-dose PTX combine synergistically in the treatment 
of MKN45 gastric cancer, which is attributed to mitochon-
drial pathways. JD enhances the anti-tumour activity of 
low-dose PTX in MKN45 gastric cancer cells by promot-
ing cell apoptosis through the mitochondrial pathway. This 
result is what we expected to achieve with lower doses of 
paclitaxel combined with JD, both an increased efficacy 
and a reduction in toxicity. Collectively, the data we gath-
ered in vitro, together with that collected in vivo, provide 
a strong and compelling rationale not only for develop-
ing novel promising therapeutic strategies to enhance the 
effects of classical chemotherapy but also for conducting 
further studies to improve the clinical outcomes of gastric 
cancer patients.

Materials and methods

Chemicals and experimental reagents

JD was obtained from the pharmaceutical department of 
Zhengzhou University and was synthesised through opti-
mising the structure of oridonin isolated from R. rube-
scens (Fig. 1a). The synthetic pathway is described below. 
A mixture of oridonin and chlorobenzaldehyde was heated 
to 60 °C with stirring throughout the process. One drop of 
concentrated sulphuric acid was then added to the reaction 
system, which was stirred for an additional hour, followed 
by cooling to room temperature, two extractions with satu-
rated Na2CO3 and drying over anhydrous Na2SO4. Finally, 
the reaction system was distilled and recrystallised from 
methanol, and the target compound was obtained. The 
obtained JD was a white powder with a purity of >98 % 
and an mp of 128–130 °C. Its chemical structure was con-
firmed by NMR, IR and MS analysis. Purity was detected 
by HPLC, and 99.9 % pure JD was used in the experi-
ments. JD was dissolved in dimethyl sulfoxide (DMSO), 

and the concentration of DMSO in the culture medium 
was less than 0.1 % (v/v). Foetal bovine serum and RPMI-
1640 culture medium were obtained from HyClone Labo-
ratories (Utah, USA). PTX for injection (5 ml:30 mg) was 
purchased from Hainan Chuntch Pharmaceutical Co. Ltd. 
(Hainan, China). The annexin-V-FITC apoptosis detection 
kit was purchased from KeyGen Biotech (Nanjing, China). 
The primary antibodies for Bax, Bcl-2, cleaved-caspase 3 
and cleaved-caspase 9 were rabbit monoclonal antibodies 
purchased from Abcam Biotechnology (Cambridge, UK). 
The primary antibodies for t-Bid, Puma, Bcl-xL and Mcl-1 
were rabbit polyclonal antibodies supplied by EnoGene 
Biotechnology (Nanjing, China), and a GAPDH rabbit 
polyclonal antibody was purchased from KeyGen Biotech 
(Nanjing, China).

Table 5  Concentration of AST 
(U/L) in the serum of the mice 
shown as the mean ± SEM

Groups

NS JD20 PTX5 Combination PTX10

AST 206.5 ± 4.68 212.5 ± 3.66 206.0 ± 3.94 222.0 ± 5.58 218.0 ± 2.91

Fig. 4  Possible apoptotic pathways are summarised in the schematic
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Cell lines and cell culture

The human gastric cancer cell line MKN45 was obtained 
from the Cell Line Bank of Shanghai Institute. Cells were 
cultured in RPMI-1640 containing 10 % foetal bovine 
serum, 100 μg/ml streptomycin and 100 U/ml penicillin 
G incubated at 37 °C and 5 % CO2 in a water-saturated 
atmosphere.

Cell viability assay

Cell viability was estimated using the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
MKN45 cells were seeded in 96-well plates with an ini-
tial cell density of 7 × 103 cells/well, 5.5 × 103 cells/well 
or 4 × 103 cells/well. The cells were allowed to attach for 
24 h at 37 °C, and then, fresh medium with different con-
centrations of JD ranging from 0.15 to 25 µM or paclitaxel 
ranging from 2.5 to 150 µM was introduced. Six deputy 
wells were then seeded for each concentration and incu-
bated for 24, 48 or 72 h, corresponding to the number of 
seeding cells. For the combination therapy groups, the 
administration of JD and PTX was as previously described, 
except that the JD or PTX concentration was doubled and 
the amount added to the wells was halved. At the indicated 
time points, 20 µl MTT (5 mg/ml) reagent was added to 
each well and incubated at 37 °C for 4 h. Then, the medium 
was discarded, and 150 µl of DMSO was added. After 
shaking for 10 min, the absorbance was measured at a 
wavelength of 570 nm to reflect the number of living cells. 
Finally, the data were analysed with SPSS 20. This method 
detects blue formazan crystals adhering to the cells, which 
are generated by succinate dehydrogenase converting MTT 
in metabolically active cells. Under the same conditions, 
three independent experiments were conducted in triplicate.

Colony formation assay

A colony formation assay was performed as follows: 
MKN45 cells were seeded in 6-well tissue culture plates 
at a density of 1500 cells per well and allowed to adhere 
overnight. Then, the culture medium was replaced with 
fresh culture medium containing JD, PTX or a combina-
tion of both. During colony growth, the culture medium 
was replaced every 3 days. After 7–10 days, cell culture 
was terminated when the colonies became clearly visible 
(containing more than 50 cells). Next, all of the cells were 
fixed by methanol with 1 ml per well and then stained with 
0.1 % crystal violet. The number of individual colonies 
was counted using the software Image J (developed by the 
National Institutes of Health). The inhibition rate = (1−the 
number of colonies in the treatment group/the number of 
colonies in the control group) × 100 %.

Western blotting analysis

Western bloting is a technique used to detect specific pro-
teins that are separated by electrophoresis with labelled 
antibodies. We can use this technique to identify a target 
protein in a complex mixture and also to measure the tar-
get protein’s expression level. After drug treatment, at the 
indicated time, all cells were washed three times with cold 
phosphate-buffered saline (PBS) and harvested. Suspended 
cells were placed on ice for 30 min in a RIPA buffer, pro-
tease inhibitor, phosphatase inhibitor and PMSF, and then, 
the supernatant was collected at high speed (15,000 rpm) 
for 15 min at 4 °C. The samples were heated at 95 °C for 
10 min before being loaded onto the gel. Total protein sam-
ples were separated by 8–15 % SDS-PAGE and transferred 
to a 0.22 µM nitrocellulose filter membrane. Thereafter, the 
membranes were blocked with 5 % non-fat milk in PBS at 
room temperature for 2 h while shaking, hybridised with 
primary antibody at 4 °C overnight and then incubated with 
a horseradish peroxidase-linked secondary antibody for an 
additional 2 h at room temperature. The protein side of the 
membrane was exposed to X-ray film, and the protein sig-
nals were captured on Kodak X-AR film using an ECL kit.

Flow cytometry analysis

Annexin-V/propidium iodide (PI) double staining is one 
of the most common methods of detecting apoptosis. 
MKN45 cells were harvested (EDTA-free trypsin), rinsed 
three times with ice-cold phosphate-buffered saline (PBS), 
centrifuged at 2000 rpm for 5 min, placed in suspension in 
500 µl binding buffer, mixed with 5 µl annexin-V-FITC and 
5 µl propidium iodide and incubated for 15 min at room 
temperature away from light. Apoptosis was then detected 
using flow cytometry in 1 h (488 nm excitation wavelength, 
530 nm emission wavelength). The analysis standard was 
as follows: annexin-V-negative and PI-negative cells were 
identified as normal cells, annexin-V-positive and PI-
negative cells were identified as early apoptotic cells, and 
annexin-V- positive and PI-positive cells were identified as 
late apoptotic cells.

siRNA transfection assay

Twenty-four hours before transfection, cells (50 × 103 
cells/well) were seeded in 6-well plates. Following 24 h of 
incubation, cells reached close to 80 % density and were 
transiently transfected with Bax-specific siRNA using 
Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher Sci-
entific, Inc.) according to the manufacturer’s instructions. 
After transfection, cells were treated for an additional 24 h 
until the time of analysis, when they were harvested and 
divided into two groups. One group was used to detect the 
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knockdown efficiency using Western blot, and the other 
was used to conduct cell viability experiments with MTT. 
The sequences for Bax siRNA (Invitrogen; Thermo Fisher 
Scientific, Inc.) were as follows: Bax (sense: 5′-CAUCA-
GAUGUGGUCUAUAATT-3′, antisense: 5′-UUAUAGAC-
CACAUCUGAUGTT-3′) and negative control (sense: 
5′-UUCUCCGAACGUGUCACGUTT-3′, antisense: 
5′-ACGUGACACGUUCGGAGAATT -3′).

Animals and tumour xenograft model

Nude female mice approximately 5–6 weeks old were sup-
plied by Hunan SJA Animal Laboratory Co. Ltd. (Hunan, 
China). The mice were raised in a sterile environment 
and received adequate water and food. Throughout the 
trial period, all of the experiments strictly followed insti-
tutional guidelines and were approved by the Experimen-
tal Animal Care Committee of Zhengzhou University. For 
the xenograft models, 5 × 107 MKN45 gastric cancer cells 
were subcutaneously implanted into the right scapula of the 
mice. When the tumours reached 100 mm3, the mice were 
randomly divided into a negative control (NaCl, 0.9 %) and 
treatment groups. The treatment groups included the JD 
group (20 mg/kg/day), PTX group (5 mg/kg/3 days), com-
bination group (combined administration of the above dos-
ages of PTX and JD) and PTX group (10 mg/kg/3 days). 
All of the treatment groups received administration for a 
period of 21 days, during which the body weight, tumour 
growth and tumour volumes of the mice were monitored 
and recorded each day. On the 21st day, blood samples 
were drawn from the orbit before the mice were killed 
and immediately used for white blood cell count and bio-
chemical serum analysis of alanine transaminase (ALT) 
and aspartate transaminase (AST). Then, the mice were 
euthanised, and their tumours were removed and weighed. 
The tumour volumes were calculated with the following 
formula: tumour volume = A × B × B/2, where A was 
the longest dimension and B was the shortest dimension. 
The inhibition rate = (1−treated tumour average weight/
untreated tumour average weight) × 100 %. Each tumour 
was divided in two: one half was stored at −80 °C, and the 
other half was fixed in 4 % buffered paraformaldehyde for 
further studies.

Haematoxylin and eosin (HE) and TUNEL assays

Haematoxylin and eosin (HE) staining was used to iden-
tify normal and pathological tissue. Tumour tissues 
acquired from the tumour-bearing mice were fixed in 
4 % buffered paraformaldehyde for 24 h. Pure paraffin 
was chosen to embed the tumour tissues. Paraffin-embed-
ded tumour tissues were cut into 4-µm sections, affixed 
to glass slides, deparaffinised in xylene, rehydrated in 

ethanol, rinsed in distilled water and then fixed with 4 % 
formaldehyde. Thereafter, the paraffin sections were 
stained with haematoxylin and eosin, dehydrated in 
graded alcohol, cleared in xylene, cemented with neutral 
resin and finally analysed under a light microscope. The 
TUNEL reaction preferentially labels DNA strand breaks 
that are generated during apoptosis. This allows the dis-
crimination of apoptosis from necrosis and from primary 
DNA strand breaks induced by cytostatic drugs or by 
irradiation. TUNEL staining was performed according to 
the manufacturer’s protocol with an apoptosis detection 
kit (Roche, California, USA). First, the paraffin-embed-
ded tissue sections were dewaxed. The tissue sections 
were then incubated for 15–30 min at 21–37 °C with a 
proteinase K working solution and then incubated with 
the TUNEL reaction solution according to the kit. DAB 
application was used to evaluate tissue peroxidase activ-
ity. After the substrate reaction occurred, the samples 
were analysed under a light microscope.

Statistical analysis

One-way analysis of variance (ANOVA) (comparing more 
than 2 means) and Student’s t test (comparing two means) 
was performed to assess the statistical significance of dif-
ferences between different groups. The data were expressed 
in the form of mean ± SEM. p values <0.05 were con-
sidered statistically significant, and p values <0.01 were 
highly significant.
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