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Introduction 
Gastric cancer is one of the most common cancers; it is wide-
spread in many developing countries and is associated with 
high mortality[1].  Despite recent advances in identifying the 
tumorigenic mechanism of gastric cancer, the ever-expanding 
incidence and relatively low relief rate of chemotherapy has 
led to identification of a more efficacious treatment method.  

Garlic (Allium sativum L) has been used for centuries as a 
prophylactic and therapeutic medicinal agent.  Consump-
tion of garlic is associated with a reduced incidence of gastric 

cancer[2].  Diallyl trisulfide (DATS), an oil-soluble compound 
extracted from garlic, has a variety of pharmacological and 
biological activities, including anti-inflammatory, antimicro-
bial, and antitumor activities[3].  The inhibitory effect of DATS 
on tumor growth involves multiple mechanisms, such as 
induction of reactive oxygen species[4], cell cycle arrest, promo-
tion of apoptosis, suppression of proliferation[5], and inhibition 
of tumor cell invasion and metastasis[6].  Therefore, DATS may 
play an important role in cancer treatment as a chemothera-
peutic agent.

The current major therapeutic modality for gastric cancer 
is chemotherapy plus surgical removal.  Cisplatin (dichlo-
rodiamino platinum, DDP) is an inorganic platinum-based 
chemotherapeutic agent that is widely used in the treatment 
of a variety of solid malignant tumors.  The use of cisplatin is 
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frequently limited due to various significant side effects, such 
as immune system disorders, acute kidney injury, and induc-
tion of inflammation[7].  Evidence has shown that garlic and its 
derivatives can ameliorate cisplatin-induced nephrotoxicity 
and oxidative stress in male rats[8].  In addition, garlic has been 
suggested to significantly enhance immune system function.  
Recent studies have suggested that garlic acts as an immune 
booster by actively strengthening the host immune system 
within the tumor microenvironment against the immunosup-
pressive activity of the emerging tumor[9].  Based on these 
results, garlic-related compounds may be administered as 
dietary supplements in combination with DDP to provide syn-
ergistic effects or to ameliorate side effects.

The present study was designed to evaluate the possible 
therapeutic mechanisms of DATS on gastric cancer treatment 
in vitro and in vivo.  Furthermore, we investigated whether 
DATS, in combination with DDP, enhanced anti-tumor effi-
cacy and improved quality of life in xenograft mice.  

Materials and methods 
Materials 
Diallyl trisulfide (DATS, 98% purity) was obtained from 
Aike Reagent Company (Chengdu, China).  Cisplatin (DDP) 
was purchased from Qilu Pharmaceutical Co, LTD (Ji-nan, 
China).  Sulforhodamine B (SRB), propidium iodide (PI) and 
anti-NQO1 antibody were purchased from Sigma–Aldrich 
(St Louis, MI, USA).  Primary antibodies against cyclin A2, 
cyclin B1, cyclin E1, PCNA, Bax, Bcl-2, Bcl-xl, p53 and cyto-
chrome c were obtained from Abcam (Cambridge, UK).  
Primary antibodies against Caspase-3/-7/-8/-9, cleaved Cas-
pase-3/-7/-8/-9, cleaved PARP, ERK, p-ERK, JNK, p-JNK, 
p38 and p-p38 antibodies were purchased from Cell Signaling 
Technology (Danvers, MA, USA).  Anti-Nrf2, anti-Akt and 
anti-p-Akt antibodies were obtained from Santa Cruz Technol-
ogy (Heidelberg, Germany).  Other reagents were purchased 
from Sigma–Aldrich (St Louis, MI, USA).  

Cell culture and cell viability
BGC-823 and GSE-1 cell lines were provided by the Depart-
ment of Pharmacology, Shandong University (Ji-nan, China) 
and cultured in RMPI-1640 (GIBCO, New York, USA) supple-
mented with 10% fetal bovine serum (FBS) at 37 °C in a 5% 
CO2 humidified incubator.  The sulforhodamine B (SRB) assay 
was performed as described previously to measure BGC-823 
and GSE-1 cell viability after DATS treatment.  Briefly, 3.0×103 
cells/well were grown in 96-well plates for 12 h and exposed 
to different concentrations of DATS (0–400 μmol/L) for 24 
or 48 h.  The inhibition rate was calculated as a percentage of 
absorbance (Acon-At)/Acon.  Three independent experiments 
were performed.  

Cell cycle analysis 
BGC-823 cells (2.5×105 cells/sample) were seeded in 6-well 
plates and incubated with DATS (50, 100 or 200 μmol/L) for 
24 h.  Cells were harvested and fixed in ice cold 70% ethanol at 
-20 °C overnight, then stained with 50 μg/mL PI for 30 min in 

the dark.  Cell cycle progression was analyzed by a Beckman 
Coulter model FC 500 flow cytometer (Brea, CA, USA).  

Apoptosis analysis 
For quantitative analysis of apoptosis, BGC-823 cells were ana-
lyzed using an Apoptosis Detection Kit (Invitrogen, Carlsbad, 
USA).  In brief, 2.5×105 cells/sample were treated with DATS 
(50, 100 or 200 μmol/L) for 24 h and were harvested and 
labeled with Annexin V and propidium iodide (PI) in accor-
dance with the manufacturers’ instructions.  

Animal and tumor xenograft model
Six-week-old female BALB/c nude mice were purchased from 
the Institute of Laboratory Animal Sciences, Cams&Pumc 
(Beijing, China, SCXK 2014-0004; SYXK 2013-0001), and were 
housed under pathogen-free conditions with a 12 h light/12 h 
dark schedule and fed an autoclaved diet and water.  All pro-
cedures were approved by the guidelines of the Ethical Com-
mittee Experimental Animal Center of Shandong University 
(No 2016020, Ji-nan, China).

To establish gastric carcinoma xenograft tumors in mice, 
BGC-823 cells (5.0×106) were suspended in 100 μL PBS and 
subcutaneously injected into the mice.  The mice were sacri-
ficed a month later.  The tumor was separated by 2 mm frag-
ments and implanted into other mice.  When tumor volumes 
reached approximately 100 mm3, mice were randomized 
and assigned to the following treatments: control (normal 
saline, containing 20% β-cycloamylose, every day); cisplatin 
(5 mg/kg, positive control, every 5 d); treated groups (DATS 
was formed with β-cycloamylose and dissolved in normal 
saline, dosage at 20, 30 or 40 mg·kg-1·d-1); and the co-treated 
group (cisplatin, 5 mg/kg every 5 d and DATS at 30 mg/kg all 
other days).  Tumor diameter and body weight was recorded 
every three days starting from the first day of treatment.  The 
tumor volumes were calculated using the following formula: 
length×width2×0.5.  All mice were sacrificed on the 32nd day, 
and the tumors were excised for weight measurement and his-
topathological analysis.

Histopathology and TUNEL assay
For histopathological analysis, the tumors and major organs 
(liver, lung, kidney, and spleen) were fixed in 10% neutralized 
buffered formalin and embedded in paraffin.  Sections with 
a thickness of 4 μm were then stained with hematoxylin and 
eosin (H&E) solution.  

In situ cell apoptosis was evaluated using a terminal deoxy-
nucleotidyl transferase (TdT)-mediated dUTP nick end label-
ing (TUNEL) kit (Roche, Mannheim, Germany) following the 
manufacturer’s protocol.  Briefly, paraffin sections were depa-
raffined with xylene and rehydrated in a graded series of etha-
nol.  After permeabilization with proteinase K, sections were 
incubated with labeled solution (labeled nucleotides and TdT 
enzyme) for 60 min and converter-POD solution for 30 min 
at 37 °C.  Finally, sections were incubated with horseradish 
peroxidase-streptavidin and the peroxidase substrate 3’-diami-
nobenzidine (DAB; DAKO, Carpenteria, CA, USA) and then 
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counterstained with hematoxylin.  Only heavily stained cells 
were considered to be apoptotic.  

Ki-67 immunohistochemistry
Sections with a thickness of 4 μm were deparaffinized, rehy-
drated, and blocked in 10% bovine serum albumin.  Sections 
were then incubated with anti-Ki-67 antibody overnight.  
Binding of primary antibodies was detected with a horseradish 
peroxidase-conjugated secondary antibody.  Signals were 
visualized by diaminobenzidine reaction and hematoxylin 
staining.  

Western blot analysis for cells and tumor tissues
BGC-823 cells were seeded at 8×105 cells/well in 60 mm2 
plastic dishes.  After incubation with DATS (50, 100 or 200 
µmol/L) for 24 h, cells were washed with PBS and lysed in 150 
μL cell lysis buffer.  The tumors (30 mg) were homogenized 
in ice-cold cell lysis buffer (Solarbio Life Sciences) contain-
ing 1 mmol/L phenylmethylsulfonyl fluoride (PMSF, Sigma 
Aldrich, St Louis, MO, USA) and 1% cocktail protease inhibi-
tors (Sigma).  Total proteins were extracted by centrifugation 
and separated by 8%–15% SDS-PAGE.  The proteins were then 
transferred on a polyvinylidene difluoride (PVDF) membrane, 
and the membranes were blocked in 5% skim milk for 2 h.  
The membranes were subsequently probed overnight with the 
appropriate primary antibodies at 4 °C.  After washing, the 
membranes were exposed to HRP-conjugated secondary anti-
body (1:5000) for 1 h and washed again in TBST buffer.  Final 
detection was performed by enhanced chemiluminescence 
system (Merck Millipore, Darmstadt, Germany).  The signal 
intensity of each band was quantified using the Alphalmager 
HP system (Cell Biosciences, Inc, Santa Clara, CA, USA).  

Statistical analysis
The data were presented as the mean±SEM.  The statistical 
significance was assessed using analysis of variance (ANOVA) 
and a Student’s t-test with Prism GraphPad 6.0 software.  Val-
ues of P<0.05 were considered statistically significant.

Results
DATS suppressed cell viability, induced G2/M phase cell cycle 
arrest and regulated related protein expression in BGC-823 cells 
We estimated the effect of DATS on gastric cancer cell viability 
using the SRB assay.  We also used the GSE-1 cell line to deter-
mine whether DATS has similar effects on normal gastric epi-
thelial cells.  DATS inhibited BGC-823 cell viability in a dose-
dependent manner (Figure 1A), and the IC50 was 115.2±4.3 
μmol/L after 24 h drug exposure.  DATS had a lesser effect on 
GSE-1 cell viability than BGC-823 cells.  

Based on the IC50 value of DATS in BGC-823 cells, we tested 
three concentrations of DATS (50, 100 and 200 μmol/L) and 
evaluated whether DATS decreased cell viability via induction 
of cell cycle arrest.  As shown in Figure 1B, DATS treatment 
induced a dose-dependent accumulation of cells in the G2/M 
phase and a corresponding decrease in the G1 and S phase 
fraction.  We also observed a hypodiploid DNA content peak 

(sub-G1), which indicated the presence of apoptotic cells (Fig-
ure 1C).  These results suggest that DATS induces cell cycle 
arrest in the G2/M phase, which leads to decreased survival of 
BGC-823 cells.

To further characterize the changes in cell cycle distribu-
tion, we analyzed changes in cyclin expression patterns by 
Western blotting (Figure 1C).  Cell cycle progression is tightly 
governed by the cell cycle control system, which consists of 
cyclin-dependent kinases (CDK), cyclins and CDK inhibitors 
(CDKIs)[10].  The DATS-induced decrease of cells in G1 phase 
correlated well with a reduction in cyclin E1 protein levels.  In 
parallel, activation of the G2/M checkpoint was indicated by 
induction of the G2/M checkpoint proteins cyclin B1 and A2, 
specifically at high DATS concentrations.  We also observed 
a significant decrease in PCNA (proliferating cell nuclear 
antigen) expression, which is an essential factor in DNA rep-
lication and many other processes in eukaryotic cells.  These 
results suggest that DATS exerts its anti-proliferative effects in 
BGC-823 cells by stabilizing the cell cycle at G2 phase through 
regulation of intracellular cyclin levels.

DATS induced apoptosis by regulating Bcl-2 family protein 
expression in BGC-823 cells
Because we observed an obvious apoptosis sub-G1 peak in 
cell cycle analysis, we determined the correlation between the 
growth inhibitory effect of DATS and apoptotic cell death.  As 
shown in Figure 2A, DATS treatment significantly increased 
the fraction of apoptotic cells in a dose-dependent manner; the 
total percentage of early and late apoptotic cells was 37.5% in 
the case of 200 μmol/L DATS for 24 h.  In contrast, only 0.5% 
of early and 1.1% of late apoptotic cells were detected in the 
control samples.  These results suggest that DATS efficiently 
induces BGC-823 cell apoptosis.

Increasing evidence has indicated that the regulation of Bcl-2 
family proteins is involved in apoptosis signaling pathways[11].  
As shown in Figure 2B, Bax levels were up-regulated, whereas 
the levels of anti-apoptotic proteins (Bcl-2, Bcl-xl) were sig-
nificantly down-regulated.  Furthermore, the levels of p53 (a 
regulator of apoptosis) and cytochrome c were up-regulated, 
consistent with increased apoptosis.  

DATS induced the activation of caspase-dependent mitochondrial 
pathways in BGC-823 cells
Some forms of regulated cell death, such as apoptosis, are 
precipitated by activation of the cysteine proteases of the 
caspase family, including caspase-8, -9 and -3[12].  Our data 
indicated that the cleaved caspase-8 and cleaved caspase-9 
levels increased in DATS-treated BGC-823 cells, which are 
essential initiator caspases of extrinsic (death receptor-driven 
regulated) cell death.  Although we did not observe active 
caspase-3 expression, DATS treatment decreased caspase-3 
levels in a concentration-dependent manner (Figure 3).  The 
levels of progressive cleavage products of poly (ADP-ribose) 
polymerase (cleaved-PARP) and caspase-7 also increased in a 
concentration-dependent manner.  These results demonstrated 
that DATS induced apoptosis in BGC-823 cells partially 
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through activation of the caspase pathway.

DATS inhibited tumor growth and enhanced DDP efficacy in a 
BGC-823 xenograft model 
On the basis of our in vitro studies, we further examined the in 
vivo anti-cancer activities of DATS in a BALB/c nude mouse 
BGC-823 xenograft model.  We administered DATS (at 20, 30 

and 40 mg/kg) by intraperitoneal injection every day for 32 d 
after the xenograft tumor volume reached approximately 100 
mm3.  As shown in Figure 4A, BGC-823 cell-derived xenograft 
tumors progressively grew in the control mice, whereas tumors 
grew more slowly in DATS-treated mice.  DATS treatment sig-
nificantly and dose-dependently reduced tumor volume and 
tumor weight (Figure 4C) compared to control mice (P<0.01 

Figure 1.  DATS suppressed cell viability, induced cell cycle G2/M phase arrest and regulated cell cycle-related protein expression in BGC-823 cells.  
(A) Effects of DATS on viability in BGC-823 and GSE-1 cells.  (B and C) PI staining and flow cytometric analysis were performed on BGC-823 cells after 
24 h incubation at the indicated concentrations.  Percentages of cells in the G1, S and G2/M phases, and representative images are indicated.  (D) 
Representative Western blots from three individual experiments.  Quantification analysis is shown for the effect of DATS treatment on cyclin expression 
in BGC-823 cells.  The data are presented as the mean±SEM (n≥3).  *P<0.05, **P<0.01.
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for both tumor volume and weight).  The positive DDP (5 mg/kg 
per 5 d) group demonstrated significant decreased tumor 
volumes (801.5±265.5 mm3) and tumor weight (0.58±0.12 g) 
compared to the control group (1882.1±588.8 mm3, 1.63±0.26 g, 
P<0.01 for both).  However, DDP caused a significant decrease 
in body weight relative to the control group (P<0.01), which 
was suggestive of body damage.  The DATS-treated group 
showed similar body weights to the control group.  Therefore, 
we examined the effect of a combination of DDP and DATS 
(30 mg/kg) to investigate whether DATS could increase the 
efficacy of DDP and ameliorate the DDP-induced weight loss.  
As shown in Figure 4B and 4D, DDP+DATS treatment dem-
onstrated further decreased tumor volume (664.0±148.4 mm3) 
and tumor weight (0.42±0.06 g) compared to the mono-DDP 
therapy (P<0.01 for tumor volume).  Interestingly, DATS+DDP 
treatment resulted in a notable increase in body weight com-
pared to DDP treatment alone (P<0.01).  

To further investigate the toxicity of DATS or DDP in nude 

mice, we collected and analyzed major organs (liver, kidney, 
lung and spleen) at the end of treatment.  As shown in Figure 
4E, DDP administration alone caused a significant reduction 
in spleen index compared to the control, and the combination 
of DDP and DATS significantly attenuated the decrease in 
spleen index.  In addition, there were no significant losses in 
other organ indices in any of the groups, and all of the mice 
survived the treatment.  Histopathological examination of the 
liver, kidney, lung and spleen revealed no obvious signs of 
toxicity to the tissues (data not shown).

DATS induced apoptosis and down-regulated Ki-67 expression in 
tumor tissues
To investigate the inhibition of tumor growth by DATS, we 
evaluated tumors for apoptosis and proliferation by H&E, 
TUNEL and Ki-67 staining.  H&E staining revealed a sub-
stantial increase in tumor necrosis in the DATS treatment 
groups compared to the control group.  TUNEL results further 

Figure 2.  DATS induced BGC-823 cell apoptosis by regulating apoptosis-related protein expression.  (A) Annexin V-FITC and PI staining and flow 
cytometry analysis for apoptosis were performed on BGC-823 cells after 24 h incubation with DATS at the indicated concentrations.  Representative 
images from four independent experiments are indicated.  The percentage of early and late apoptotic cells was analyzed by CXP software.  (B) Western 
blot analysis of Bcl-2 family, p53 and cytochrome c protein expression after DATS treatment.  The data are presented as the mean±SEM (n≥3).  
*P<0.05, **P<0.01.
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revealed that tumors in the DATS group had a significantly 
increased number of apoptotic cells, while the control group 
exhibited few TUNEL-positive cells.  Ki-67 staining of BGC-
823 tumor tissues dramatically decreased in the DATS groups 
compared to the control group.  In addition, we observed 
significant expression changes in apoptosis proteins Bcl-2 and 
Bax in the tumors of DATS-treated mice (Figure 5B).  We also 
observed a decrease in PCNA expression in DATS groups, 
which was consistent with the in vitro results.  

Inactivation of Nrf2 and AKT kinases in vitro and in vivo 
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key tran-
scription factor that regulates antioxidant gene expression in 
response to oxidative stress or detoxification enzyme induc-
ers[13, 14].  Nrf2 has recently emerged as an important factor in 
cancer therapy.  As shown in Figures 6A and 7A, we observed 
a marked decrease in Nrf2 levels in the DATS-treated groups 
in vitro and in vivo.  However, we did not observe significant 
changes in the downstream NAD(P)H:quinine oxidoreduc-
tase 1 (NQO1) level.  In addition, it has been reported that the 
PI3K/Akt signaling pathway is involved in Nrf2 expression in 
anticancer therapy.  As shown in Figure 6B and 7B, DATS sup-
pressed Akt phosphorylation in both cells and tumors.  

JNK and p38 kinase activation in vitro and in vivo 
Mitogen-activated protein (MAP) kinases have important roles 

in numerous physiological and pathological processes, includ-
ing inflammation stress, apoptosis, cell cycle and growth.  It 
comprises ERK1/2 (p44/p42, extracellular signal-regulated 
kinase), JNK (c-Jun N-terminal kinase) and p38[15].  As shown 
in Figures 6B and 7B, administration of DATS led to a signifi-
cant increase in p38 and JNK phosphorylation without any 
change in total protein levels in vitro and in vivo.  In addition, 
DATS induced ERK phosphorylation in vitro but decreased 
ERK phosphorylation in vivo (Figure 6B).  Taken together, 
DATS activated the MAPK pathways, especially JNK and p38 
kinases in BGC-823 tumors.  

Discussion
Cisplatin-based cytotoxic chemotherapy is widely used in gas-
tric cancer, but its use is associated with significant side effects 
and low overall survival.  The search for novel and advanced 
chemotherapeutic drugs or drug combinations is of the utmost 
importance.  Remarkably, DATS is reported to be effective 
in different tumor types, but conclusive data on its effects in 
combination with cisplatin have not yet been reported.  We 
thus focused on the anticancer mechanism of DATS on human 
gastric cancer cells and evaluated whether DATS enhanced 
the efficacy of DDP while improving quality of life in a nude 
mouse xenograft model.

The present study shows that DATS significantly sup-
pressed gastric cancer cell proliferation, with less effect on nor-

Figure 3.  DATS activated the caspase pathway in BGC-823 cells.  The level of caspase-related proteins in BGC-823 cells was measured by Western blot 
after 24 h of DATS treatment.  The ratio of cleaved caspase and caspase, caspase-3/-7 and cleaved PARP protein expression was indicated.  The data 
are presented as the mean±SEM (n≥3).  *P<0.05, **P<0.01.  



1054
www.nature.com/aps

Jiang XY et al

Acta Pharmacologica Sinica

mal gastric GSE-1 cell proliferation.  In response to increased 
concentrations of DATS, the intracellular expression of apop-
tosis-related proteins were significantly activated in BGC-823 
cells.  Bcl-2 family members and caspase members are crucial 
mediators of apoptosis[11, 12].  Among Bcl-2 family proteins, 
DATS treatment decreased anti-apoptotic proteins Bcl-2 and 
Bcl-xl, increased apoptotic protein Bax and promoted cyto-
chrome c release, which enhanced apoptosis.  In caspase-
dependent apoptosis, DATS contributed to the production of 
several cleaved caspase substrates (caspase-8/-9), which led to 
caspase cascade activation.  Caspase-3 and caspase-7 catalyzed 
native PARP processing to the cleaved form, indicating that 

DATS induced apoptosis partly through the mitochondrial 
cell death pathway.  Additionally, we observed a reduction 
of DNA replication in S-phase and accumulation of cells in 
the G2/M phase, which blocked cell cycle progression.  These 
findings together suggested that the DATS regimen is a poten-
tial strategy for cancer treatment.  

To dissect the molecular factors underlying the antican-
cer efficacy of DATS, we analyzed the cellular stress signal 
pathways.  In general, the MAPK family is considered to be 
redox-regulated, and its activation has been correlated with 
the induction of apoptosis.  JNK phosphorylation has been 
reported to regulate the activity of Bcl-2 family members, such 

Figure 4.  Anti-tumor activity of DATS alone and DATS combined with DDP in BGC-823 xenograft tumors.  Tumor-bearing mice (6 animals per group) were 
treated by intraperitoneal injection, as follows: vehicle control, DATS (20, 30, 40 mg·kg-1·d-1), DDP (5 mg·kg-1·5d-1) and a combination of DDP and DATS (30 
mg/kg) for 32 d.  (A and B) Average tumor volume for each group.  (C) Tumor weight for each group at the end of the observation period.  (D) Change in 
body weight for each group.  (E) The spleen indices for each group are indicated.  Weight(spleen)/Weight(body)×10 g.  The values represent the mean±SEM 
(n=6).  *P<0.05, **P<0.01.
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as Bcl-2, Bax, Bcl-xl, in response to a variety of extracellular 
stimuli[16].  For example, activation of JNK-mediated multisite 
phosphorylation of Bcl-2 has been confirmed in diallyl tetra-
sulfide-induced U937 cells, which represents the missing link 
between early mitotic arrest and the onset of apoptosis[17].  In 
MCF-7 cells, DATS induced apoptosis through JNK activation 
and Bcl-2 phosphorylation[18].  Previous studies have shown 
that p38 MAPK and JNK phosphorylation induced caspase-3, 
-8 and -9 activation[19, 20], leading to caspase-independent 
cell death in tumor cells.  The results of this study showed 
that activation of p-JNK significantly modulated the ratio 
of anti- and pro-apoptotic protein expression (Bcl-2/Bax) 
in DATS-induced cancer cells and tumors.  Additionally, 
activated JNK and p38 phosphorylate numerous proteins 
involved in caspase family activation to ultimately lead to cell 
growth and decreased apoptosis.  The expression of p-ERK 
MAPK increased in response to DATS treatment in vitro, but 

decreased in vivo, which suggests that the role of ERK requires 
further investigation.  

Nrf2, a redox-sensitive transcription factor in the antioxidant 
and cytoprotective response, has emerged as an important reg-
ulator of tumor proliferation, invasion, and chemoresistance 
activities of various cancer cells[21, 22].  The PI3K/Akt signaling 
pathway is a crucial regulator of several cell processes, includ-
ing proliferation, differentiation and metastasis[23].  Evidence 
has shown that Nrf2 and the expression of its downstream 
genes was regulated through the phosphatidylinositol-3 
kinase (PI3K)/Akt pathway[24, 25].  Our data showed marked 
dose-dependent reductions in Akt phosphorylation and Nrf2 
expression in DATS-treated cells, which we also confirmed in 
vivo.

Based on our in vitro and in vivo results, DATS treatment 
alone exhibited excellent anti-tumor activity with fewer side 
effects.  Interestingly, recent studies have demonstrated that 

Figure 5.  DATS treatment induced apoptosis in BGC-823 xenograft tumors.  (A) Representative micrographs of tumor sections in control and DATS (40 
mg/kg) groups: H&E staining, TUNEL staining and Ki-67 IHC.  Scale bar=20 µm.  (B) Western blot analysis of apoptotic (Bcl-2 and Bax) and cell cycle (PCNA) 
markers in tumor tissues.  The data are presented as the mean±SEM (n=3).  *P<0.05, **P<0.01 (versus the control group).
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in combination with docetaxel, DATS exhibited synergistic 
anti-gastric cancer activity accompanied by MT2A upregula-
tion and NF-κB inactivation[26].  DATS possesses potent in 
vitro fungicidal effects, and its activity was synergistic with 
that of amphotericin B[27].  Additionally, aged garlic extract in 
combination with DDP has demonstrated prevention and anti-
inflammation effects[28].  Therefore, DATS in combination with 
DDP may be a more efficient and less toxic therapeutic strat-
egy.

We analyzed the in vivo antitumor effect of DATS in a 
BGC-823 xenograft tumor model.  We observed an apparent 
decrease in tumor volume in DATS-treated mice compared 
to controls.  Meanwhile, we observed a significant inhibition 
of proliferation in DATS-treated mice based on Ki-67 immu-
nohistochemistry.  Of note, DATS treatment did not affect the 
liver, kidney or total body weight.  We further investigated the 
antitumor effect of DATS in combination with DDP.  Interest-

ingly, compared to DDP alone, DATS+DDP treatment signifi-
cantly inhibited tumor growth and reduced weight loss.  We 
found that spleen indices were significantly decreased in the 
DDP alone treatment but increased in the DDP+DATS group, 
which suggested that immune-modulation might play a role 
during DATS and DDP combination therapy.  Nevertheless, 
the exact mechanism requires further investigation.

The results from the present study clearly indicate that 
multiple pathways are involved in DATS-mediated antitumor 
activity, including JNK/p38 and Nrf2/Akt.  In BGC-823 cells, 
JNK/p38 MAPK proteins played an important role in the 
DATS-induced antitumor activity through the regulation of 
cell progression and induction of cell apoptosis.  Furthermore, 
MAPK proteins also modulated Bcl-2 and caspase family 
members, which are crucial regulators of cell apoptosis.  Fur-
thermore, DATS dramatically reduced Nrf2 protein expression 
in vitro and in vivo, accompanied with down-regulation of Akt 

Figure 6.  DATS modulated the Nrf2/Akt and MAPK pathway in BGC-823 cells.  The levels of Nrf2, NQO1, Akt and MAPK family in DATS-treated BGC-823 
cells were measured by Western blot.  The ratio of phosphorylated and total protein was indicated.  The data are presented as the mean±SEM (n≥3).  
*P<0.05, **P<0.01. 
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phosphorylation.  However, Nrf2 plays dual roles in cancer 
prevention and progression depending on the cellular context 
and environment.  A better understanding of Nrf2 will be 
necessary to explore this balance in antioxidant pathways and 
inhibition of tumor progression.

In conclusion, we suggest that DATS suppresses gastric can-
cer through attenuation of Nrf2/Akt and activation of the JNK 
and p38-MAPK pathways, highlighting a potential mechanism 
for DATS activity, which may be used as a therapeutic agent 
for gastric cancer.  Finally, this study also provides evidence 
that the combination of DATS and DDP enhances the antican-
cer efficacy in gastric cancer.
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