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Abstract 

Diallyl trisulfide (DATS), an organosulfuric component of garlic oil, exhibits potential anticancer 
and chemopreventive effects. Cisplatin (DDP), a common chemotherapeutic agent, has provided 
great therapeutic contributions to treating solid tumors, but with serious side effects. Here, we 
verified the anti-tumor properties of DATS on lung cancer in vitro and in vivo, and evaluated 
synergistic effects of DATS combined with DDP on the NCI-H460 xenograft model. Significantly 
decreased cell viabilities, cell cycle G1 arrest, and apoptosis induction were observed in DATS 
treated NCI-H460 cells (p<0.05). And injection of DATS (30 or 40 mg/kg) to female Balb/c mice 
significantly inhibited the growth of human NCI-H460 cell tumor xenograft (p<0.001). Moreover, 
DATS in combination with DDP exhibited enhanced anti-tumor activity via induction of apoptosis. 
Apoptosis pathways were confirmed by modulation of p53, Bcl-2 family members; induction of 
active caspase-3/8/9 and activation of JNK- and p38-MAPK pathways. Interestedly, DATS+DDP 
administration exerted fewer side effects, such as suppressing the weight loss and ameliorating 
DDP-induced oxidative injury, especially in renal parenchyma. In addition, increased E-cadherin 
and decreased MMP-9 expression levels were observed in DATS-treated tumor tissues. These 
studies provide supports that DATS might be a potential candidate for combination with DDP in 
cancer treatment. 

Key words: Diallyl trisulfide; cisplatin; lung carcinoma; enhanced effect; attenuate side effect. 

Introduction 
Lung cancer is one of the most common causes of 

cancer death, while recent decades have witnessed the 
efforts in improving the treatment of lung cancer via 
surgical therapies and adjuvant chemotherapy. 
However, strong side effects, such as serious damages 
on normal organs, often occur and lead to cessation of 
treatment, which already has been a bottleneck in 
current cancer treatment. For example, Cisplatin 
(DDP), as a common chemotherapeutic agent, has 

provided great therapeutic contributions to lung 
cancer treatment. But nephrotoxicity induced by 
oxidative stress, the major clinical side effect of DDP, 
limits its wide application of cancer treatment [1]. 
Therefore, it is necessary to develop adjuvants from 
natural bioactives that are safe and do not influence 
treatment effects.  

Medicinal plants and natural herbal products are 
often administered in combination with 
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chemotherapeutic drugs to increase their potential 
antioxidant activity and provide better protections 
against their nephrotoxic effects. Garlic (Allium 
sativum) has long been used both for flavoring and for 
the potential benefits of preventing and curing 
ailments in many cultures. Epidemiologic evidence 
showed that the raw garlic consumption was 
associated with reduced risk of lung cancer in a 
Chinese population [2, 3]. Organosulfur compounds 
(OSCs) were known to be the major active 
components of garlic, including diallyl sulfide (DAS), 
diallyl disulfide (DADS), diallyl trisulfide (DATS), 
methylallyl disulfide, methylallyl trisulfide, ajoenes, 
etc [4]. Among them, DATS has been synthesized 
chemically and extensively consumed in China for 
several years and has been used as the major active 
constituent of garlic dietary supplements. In the drug 
metabolism and pharmacokinetics study, DADS was 
observed in rat plasma after a jugular vein cannula 
administration of DATS [5]. And in another report, 
allyl mercaptan (AM) and allyl methyl sulfide (AMS), 
allyl methyl sulfoxide (AMSO) and allyl methyl 
sulfone (AMSO2) were identified as DADS 
metabolites with a long-circulating characteristic in 
the stomach, plasma, liver and urine of rats [6], which 
suggested that DATS might behave like prodrug and 
its active metabolites could provide mechanistic 
evidences for multiple targets in physiological 
systems. Besides, it had been documented that the 
number of sulfur atom and allyl group in allylsulfides 
were important factors to determine the chemical and 
biological activities of garlic-derived organosulfides 
[7, 8]. Based on these results, we choose DATS as a 
target compound. 

To date, many studies suggested that DATS had 
multiple health benefits, such as anti-cancer, 
anti-inflammation and immunomodulation [9]. In 
cancer chemoprevention, DATS decreased the 
carcinogen-induced cancers in experimental animals 
and inhibited the proliferation of various types of 
cancer cells. Its mechanisms might be relevant with 
cell cycle arrest, induction of apoptotic cell death, 
suppression of oncogenic signal transduction 
pathways and inhibition of cell invasion [10]. Besides, 
DATS exerted protection action in some damage 
model, such as neuroprotection against oxygen 
glucose deprivation-induced neural cell injury [11], 
anti-inflammatory effect in mouse paw edema 
induced by LPS [12], protection against high 
glucose-triggered oxidative stress in H9c2 
cardiomyoblast cells [13], etc. Furthermore, there were 
evidences that aged garlic extract (or garlic) acted as 
an immune booster by enhancing lymphocyte 
proliferation, macrophage phagocytosis, macrophage 
and lymphocyte infiltration into tumor, as well as 

releasing cytokines [14-16].  
Despite these inspiring results for cancer 

treatments, organosulfur compounds have the 
disadvantage of low bioavailability which discounts 
their anti-cancer effect. Therefore, they often combine 
with other agents to exert synergistic effects or 
ameliorate side effects. For example, 
co-administration of aged garlic extract (AGE) with 
Naltrexone resulted in improvement of immune 
responses against implanted fibrosarcoma tumors in 
BAL b/c mice [17]. AGE pretreatment not only 
exerted the cardioprotective effect against 
Doxorubicin-induced cardiotoxicity, but also 
increased the Doxorubicin uptake into tumor cells and 
increased the long term survivors of tumor-bearing 
mice [18]. A biochemical study showed that 
co-administration of garlic extract and Metformin also 
had curative and protective activities against 
Gentamicin nephrotoxicity in Wistar rats [19]. 

Based on these results, we carried out these 
studies to verify the possible therapeutic effect of 
DATS on human lung cancer in vitro and in vivo. 
Besides, we investigated whether DATS combined 
with DDP exerted enhanced anticancer activity, 
meanwhile, attenuated DDP-induced side effects. 

Materials and Methods 
Materials and regents 

Diallyl trisulfide (DATS, 98 %) was obtained 
from AIKE Regent (Chengdu, China). 
Sulforhodamine B (SRB), 4’,6-diamidino-2- 
phenylindole (DAPI) and propidium iodide (PI) were 
purchased from Sigma–Aldrich (St. Louis, Missouri, 
USA). Primary antibodies against p21, p53, Bax, Bcl-2, 
Bcl-xl, Cytochrome C, CyclinA2, CyclinB1, CyclinD1, 
CyclinE1, MMP-9, PCNA and FADD were obtained 
from Abcam (Cambridge, United Kingdom). The 
antibodies against caspase-3/7/8/9, cleaved 
caspase-3/7/8/9, cleaved PARP, ERK, p-ERK, JNK, 
p-JNK, p38, p-p38 were from Cell Signaling 
Technology (Danver, MA, USA). Nrf2, AKT, p-AKT 
antibodies were from Santa Cruz Technology, Inc. 
(Heidelberg, Germany) and anti-E-cadherin antibody 
was from Millipore (Bedford, MA, USA). Other 
regents were purchased from Sigma–Aldrich (St. 
Louis, Missouri, USA).  

Cell lines and cell culture 
The human lung carcinoma cell line (NCI-H460) 

was purchased from Chinese Academy of Sciences 
Cell Bank (Shanghai China). The cell line was cultured 
in RMPI-1640 (GIBCO, USA) supplemented with 10 % 
fetal bovine serum (BI, Australia), 1 % 
penicillin-streptomycin at 37 °C in a humidified 
incubator of 5 % CO2. When the growing cells reached 
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approximately 70-90 % confluence, they were treated 
with diallyl trisulfide.  

Determination of cell viability by SRB assay 
The effect of DATS on NCI-H460 cell viability 

was performed by SRB assay. Cells at a density of 
5×103 cells were grown on 96-well cell culture plates 
for 12 h and exposed to different concentrations of 
DATS (25, 50, 100, 200, 400 µM) for 24, 48 and 72 h. 
After treatment, cells were fixed with 10 % 
trichloroacetic acid (TCA) for 1 h at 4 °C. Then each 
well was added with 100 µL of SRB solution (0.4 % 
w/v), and incubated at room temperature for 30 min. 
And then, the supernatant were removed and 
re-suspended with 200 µL of 10 mM un-buffered Tris 
Base (pH 10.5) to dissolve the pink crystals, and the 
absorbance was detected at 540 nm using Microplate 
Reader (Safire2, TECAN, France). All experiments 
were performed in triplicate.  

Cell cycle analysis by Flow Cytometry 
Effect of DATS on cell cycle distribution of 

NCI-H460 cells was analyzed by flow cytometry. The 
NCI-H460 cells were grown on 6 well plates and 
grown overnight to achieve 80 % confluence. After 
treatment with DATS (0, 50, 100, 200 µM), all the cells 
were harvested, fixed with iced 70 % ethanol at -20 °C 
overnight, centrifuged and incubated with 0.5 mL of 
PBS containing 100 µg/mL RNase for 30 min at 37 °C, 
and then incubated with 50 µg/mL PI for 30 min in 
the dark at 4 °C. The cellular DNA content was 
analyzed by a Beckman Coulter model FC500 flow 
cytometer (Brea, CA, USA). A minimum of 10,000 
cells per sample were counted and DNA histograms 
were analyzed by using MODFIT software (Verity 
Software House, Topsham, Maine, USA). 

DAPI staining 
Apoptosis-inducing effect of DATS on NCI-H460 

cells was analyzed by DAPI staining. In brief, the 
NCI-H460 cell was grown on 24-well plates and 
treated with DATS (0, 50, 100 µM) for 24 h. The 
cellular monolayer was fixed with cold 
methanol/acetone (1:1) and stained with DAPI 
solution. The morphological features of apoptosis (cell 
shrinkage, chromatin condensation, and 
fragmentation) were monitored by fluorescence 
microscopy (Olympus IX 71, Tokyo, Japan).  

Apoptosis analysis by Annexin V and 
Propidium iodide 

For quantitative analysis of apoptosis, the 
NCI-H460 cells were analyzed by Annexin V-FITC/PI 
Apoptosis Detection Kit (Invitrogen, Carlsbad, USA). 
In brief, the NCI-H460 cell was grown on 6 well-plates 
and treated with DATS (50, 100, 200 µM) for 24 h. 

Detached and adherent cells were harvested and 
washed with PBS, then re-suspended in the binding 
buffer and stained with Annexin V and propidium 
iodide (PI) according to the manufacturers’ 
instructions. Apoptotic cells were analyzed by a 
Beckman Coulter model FC500 flow cytometer (Brea, 
CA, USA). 

Animal and tumor xenograft model 
Xenograft model of gastric cancer was 

established by a subcutaneous injection (s.c.) of 3 × 106 
NCI-H460 cells into six-week-old female BAL b/c 
nude mice (Institute of Laboratory Animal Sciences, 
Cams&Pumc; Beijing, China). Following two weeks of 
growth, tumor tissues were cut into multiple 2 × 2 × 2 
mm3 pieces and implanted (s.c.) into the left fore 
armpit of each mouse using a range trocar. Tumor 
diameters were measured with a caliper and tumor 
volume was calculated by the formula: (width)2 × 
length/2. Treatments were started after one week 
when the tumors reached an average volume of 
100–200 mm3. Animals were randomly divided into 7 
groups (n = 7) and intraperitoneally injected with: (a) 
HP-β-CD; (b) 20 mg/kg DATS; (c) 30 mg/kg DATS; 
(d) 40 mg/kg DATS; (e) 4 mg/kg DDP; (f) 4 mg/kg 
DDP + 20 mg/kg DATS; (g) 4 mg/kg DDP + 30 
mg/kg DATS. HP-β-CD and DATS were 
administrated every day and DDP was administrated 
once 5 days. After 24 days of treatment, mice were 
sacrificed; tumors and major tissues were weighed 
and excised for histopathological analysis. Tissues 
index was calculated by the following formula: 
[Weight(tissue)/ Weight(body)] × 10 g. The antitumor 
activity of DATS was calculated as a T/C (% of control 
for growth). T/C was calculated according to the 
formula: (T/C) × 100%. T and C are the changes in 
tumor volume (Δgrowth) for the treated and 
vehicle/control groups, respectively. All procedures 
were approved by the Ethical committee of school of 
Medicine, Shandong University, China. 

Hematoxylin and Eosin (HE) and Immuno-
histochemistry 

Tumor tissues were formalin-fixed, 
paraffin-embedded and sectioned at 4 μm. 
Afterwards, the tissue section was deparaffinized and 
rehydrated. To visualize histology and to check for 
live and dead cells, the tissue sections were stained 
with hematoxylin and eosin (H&E). To further 
evaluate apoptotic/necrotic and mitotic cells, the 
apoptotic fraction of the tumors was shown by 
staining with bax, p21, p53 and Ki67 antibody. 
Binding of primary antibodies was detected with 
horseradish peroxidase-conjugated secondary 
antibody. Signals were visualized by 
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diaminobenzidine reaction and counterstained with 
hematoxylin. 

Detection of apoptotic cells in situ 
TdT-mediated dUTP nick end labeling (TUNEL) 

was performed with an apoptosis detection kit 
(Roche, California, USA) according to the 
manufacturer’s instructions. In brief, tissue sections 
were deparaffinized, rehydrated through a graded 
alcohol series, and rinsed in distilled water. The tissue 
sections were incubated with proteinase K for 20 min 
at room temperature and subsequently incubated 
with equilibration buffer and terminal 
deoxynucleotidyl transferase (TdT) enzyme in a 
humidified chamber for 1 h at 37 ℃. Finally, sections 
were incubated with antidigoxigenin -peroxidase 
conjugate. Tissue peroxidase activity was evaluated 
through DAB application. Cells undergoing apoptosis 
contained dark brown staining nuclei. 

Western blot analysis 
The NCI-H460 cells were seeded in 6 cm plastic 

dishes and incubated with different concentrate of 
DATS (0, 50, 100, 200 µM) for 48 h. After that, the cells 
were washed with PBS and lysed with RIPA cell lysis 
buffer containing a protease inhibitor cocktail. 
Tumors tissues from representative mice were 
homogenated and lysed for western blotting analysis. 
These samples were then centrifuged at 12,000 g for 15 
min at 4 ℃. The supernatants were collected and the 
protein levels were determined by BCA protein assay 
kit (Beijing Solarbio Science & Technology Co., Ltd. 
China) with bovin serum albumin (BSA) as a 
standard. Total proteins (50 µg/lane) were separated 
by 8-15 % SDS-PAGE, and transferred on a 
polyvinyliene difluoride membrane (PVDF, 
Immobilon-P Transfer Membrane, Millipore). The 
membranes were blocked in 5 % skim milk for 2 h at 
room temperature, and then probed with the 
appropriate primary antibodies (1:1000) at 4 °C 
overnight. After washing, membranes were incubated 
with horseradish-peroxidase (HRP) -conjugated 
secondary antibody (1:10000) in TBST containing 5 % 
milk at room temperature for 2 h. Then, the 
membrane preparations were washed three times in 
TBST and visualized by enhanced chemiluminescence 
system (Merck Millipore, Darmstadt, Germany). The 
films were subsequently scanned, and the signal 
intensity of each band was determined by 
Alphalmager HP system (Cell Biosciences, Inc., Santa 
Clara, CA, USA). 

Statistical analysis 
Results were given as means ± standard 

deviation (SD) or means ± standard error (SEM). 
Student’s t test analysis and analysis of variance 

(ANOVA) were used to analyze differences between 
treatment and control groups. The curves and 
histograms were drawn by Graphpad prime 6.0 
software. Statistical significance was determined as *p 
< 0.05, ** p < 0.01 or ***p<0.001. 

Results 
DATS suppressed cell growth and induced cell 
cycle arrest in NCI-H460 cells 

We evaluated the in vitro anti-proliferative 
activities of DATS on human lung cancer NCI-H460 
cells by SRB assay. Results showed that DATS has a 
significant inhibition in growth of NCI-H460 cells 
with a time- and dose- dependent manner (Fig 1A). 
The IC50 value of DATS was 130.3, 37.5 and 18.5 µM 
(for 24, 48 and 72 h respectively). Based on these 
results, we evaluated cell cycle distribution change 
affected by DATS at 50, 100 and 200 μM 
concentrations for 24 h treatment by flow cytometer 
analysis. As shown in Fig 1B, high dose of DATS 
treatment (200 μM) induced an accumulation of cells 
in the G0/G1 phase and a corresponding decrease in S 
phase fraction in NCI-H460 cells. Cell cycle 
progression is driven by heterodimeric complexes 
formed by cyclin D, cyclin E, cyclin A or cyclin B with 
cyclin-dependent kinase 4 (CDK4), CDK6, CDK2 or 
CDK1 [20]. To further characterize these alterations in 
cell cycle distribution, changes in the cyclin 
expression patterns were analyzed by Western 
blotting (Fig 1D). The DATS-induced G0/G1-phase 
increase and the respective loss of cells in S phase 
correlated well with an increase in protein levels of 
cyclin D1 and E1. In parallel, loss of cells in G2/M 
phase was indicated by reduction of the G2/M 
checkpoint cyclins B1 and A2 specifically at the higher 
DATS concentrations [21]. In addition, the 
accumulation of sub-G1 phase cells, a hallmark of 
apoptosis, was noted after DATS treatment (Fig 1C). 
These results suggested that DATS exerted growth 
inhibition viability of NCI-H460 cells at least in part 
by induction of cell cycle arrest. 

DATS induced apoptosis in NCI-H460 cells 
Based on the facts that an obvious apoptosis 

peak appears in cell cycle analysis, we investigated 
the effect of DATS on apoptosis induction in 
NCI-H460 cells. DAPI staining was used to analyze 
the morphological changes of cells treated with DATS. 
Some characteristic of apoptotic cell death, such as 
fragmented chromatin, nuclear construction loss and 
apoptotic bodies formation was observed as 
illustrated in Fig 2A. Quantification of the percentage 
of apoptosis induced by DATS on NCI-H460 cells was 
performed by Annexin V/PI staining and analyzed by 
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a flow cytometer. As shown in Fig 2B, DATS 
treatment caused significant increases in the fraction 
of apoptotic cells in a dose-dependent manner. At a 
concentration of 200 μM, DATS increased the 
percentage of apoptotic cells (early and late apoptotic 

cells) by over four-fold compared to the control group 
(Fig 2C). These results suggested DATS could 
efficiently induce apoptosis of NCI-H460 cells to 
suppress cell proliferation. 

 
 

 
Figure 1. DATS inhibits cell growth and induces G0/G1 phase arrest in NCI-H460 cells. (A) Effect of DATS on cell viability. (B and C) Flow cytometry analysis of 
cell cycle distribution affected by DATS. Percentage of cells in each phase of cell cycle was estimated by Modfit software. A typical apoptosis sub-peak was observed after DATS 
treatment. (D) Western blot analysis of the level of the G0/G1-related proteins. Densitometric quantification was performed by AlphaView software. Data are presented as the 
mean ± SEM. **p<0.01, ***p<0.001 vs. control group. 

 
Figure 2. DATS induced apoptosis in NCI-H460 cells. (A) Fluorescent micrographs of DATS-treated NCI-H460 cells after DAPI staining. Scale bar = 20 µm. (B and C) 
Flow cytometric analysis of apoptosis in NCI-H460 cells after 24 h of DATS treatment. The early and late apoptosis was quantified by CXP software. Data are presented as the 
mean ± SEM. **p<0.01, ***p<0.001, ****p<0.0001 vs. control group. 
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DATS induced caspases activation and 
regulated the repression of Bcl-2 family 
proteins in NCI-H460 cells 

To gain more insights into the molecular 
mechanisms underlying the anticancer effects of 
DATS in NCI-H460 cells, we further investigated 
apoptotic related proteins by western blotting. Bcl-2 
family members played a crucial role in the regulation 
of apoptosis [22]. Among Bcl-2 members studied, the 
pro-apoptotic factors bax tended to be upregulated in 
dose-dependent manner while the expression of 
pro-survival factors bcl-xL and bcl-2 were reduced 
after DATS treatment (Fig 3A). Furthermore, p53 and 

cytochrome C were clearly generated in the 
DATS-treated group compared with control group. 

In addition, apoptosis was precipitated by 
activation of cysteine proteases of caspase family, 
including caspase-8, 9, and 3 [23]. As shown in Fig 3B, 
the apoptotic cleavage of caspase-8, 9 and 3 were 
more pronounced in the high concentrate DATS 
treatment. Although we did not observed the active 
forms of caspase-7, DATS treatment increased the 
level of cleavage of PARP, which was the substrate of 
caspase-7 and acted as another hallmark of apoptosis. 
Overall, these data indicated that DATS-mediated 
apoptosis was essentially dependent on caspase 
activation and regulation Bcl-2 family proteins. 

 

 
Figure 3. Western blot analysis of the levels of the apoptosis-related protein in DATS-treated NCI-H460 cells (A) Regulation of p53, Cytochrome C and Bcl-2 
family proteins (B) Activation of caspases and the degradation of PARP. Data are presented as the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. control group. 
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DATS possessed anti-tumor activity and 
enhanced the efficacy of DDP in xenograft 
mice 

To verify the anti-tumor activity of DATS in 
vivo, we used human lung cancer NCI-H460 tumor 
xenograft models. As seen in Fig 4A, DATS 
significantly suppressed tumor growth at doses of 30 
and 40 mg/kg for 24 days compared with the control 
group (p<0.001 for both). In addition, there was a 
similar increase trend on body weight change among 
the control group and DATS-treated groups. 
Moreover, histological analysis showed no significant 
differences in major tissues examined (liver, kidney 
and spleen) (data not shown). These data showed that 
DATS exhibited potent anti-tumor activity and high 
safety in vivo. 

We further investigated the effect of DATS in 
combination with DDP on NCI-H460 xenograft tumor 
growth in nude mice. As shown in Table 1, the 
mono-DDP group had a decreased tumor volume 
(846.8 ± 161.9 mm3) compared with the control group 
(1650.0 ± 633.9 mm3, p<0.001). The DDP+DATS (30 
mg/kg) treatment showed a further decrease in the 
tumor volume (717.3 ± 223.2 mm3, p<0.05) compared 
with the mono-DDP therapy. Tumor-bearing mice in 
all groups did not show moribund conditions. 
Interestingly, in contrast to body weight loss of 
tumor-bearing mice treated with DDP alone, 
DATS+DDP treatment significantly reduced weight 
loss of mice (p<0.001, Fig 4B). These results indicated 
that DATS+DDP possessed enhanced anti-tumor 
activity with fewer side effects in mice. 

 

 
Figure 4. DATS inhibits tumor growth and enhances the efficacy of cisplatin (DDP) in xenograft tumors. Tumor-bearing mice (7 animals per group) were treated 
by intraperitoneal injection as follows: vehicle control, DATS groups (20, 30, 40 mg/kg/day), DDP (4 mg/kg/5 days) and a combination of DDP and DATS (20, 30 mg/kg) for 24 
days. (A and B) The changes of tumor volume and body weight in DATS treatment and combination treatment groups. *p<0.05, **p<0.01, ***p<0.001. 

 

Table 1. The evaluation parameter of DATS on the growth of human lung carcinoma NCI-H460 xenografts in mice (n=7). 

Group Dosage(mg/kg) Body weight(g) Tumor volume (mm3) RTV T/C(%) 
Con. vehicle 19.06±0.59/21.13±1.04 161.2±65.5/1650.0±633.9 10.80±1.33  
Pos. DDP 4 18.23±0.56/16.44±0.95 166.3±50.7/846.8±161.9 4.94±1.23 45.7 
Exp. DATS 20 18.37±0.70/19.76±1.13 161.0±63.7/1291.9±425.8 8.21±0.75 76.0 

DATS 30 18.55±0.77/20.18±1.04 161.1±50.0/1101.3±247.6 7.06±1.25 65.4 
DATS 40 18.53±0.70/21.13±1.04 164.1±63.9/925.1±294.7 5.87±1.03 54.3 

Co-treat DDP 4+DATS 20 18.84±0.54/18.26±1.14 161.3±50.3/792.5±176.0 4.92±0.96 45.9 
DDP 4+DATS 30 18.74±0.76/19.00±1.55 163.1±44.7/717.3±223.2 4.57±0.99 42.3 
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DATS inhibited tumor growth and induced 
apoptosis via caspase activation 

H&E staining of the collected tumor samples 
depicted loss of cell–cell contacts and tissue 
disintegration in DATS-treated tumors. And DATS 
treatment caused marked apoptosis of tumor cells by 
TUNEL assay. Accordingly, we examined markers of 

tumor cell proliferation (Ki67) and apoptosis (Bax, 
p53, p21) in NCI-H460 tumor tissues by 
immunohistochemistry (IHC). As shown in Fig 5A, 
the increased expression of p53, p21 and Bax and 
reduction expression of Ki67 were observed in 
DATS-treated tumors, which indicated the antitumor 
activity of DATS was correlated to reduction of tumor 

cell proliferation and 
induction of apoptosis.  

Western blot analysis of 
xenograft tumor lysates 
demonstrated that DATS 
dramatically activated 
cleaved PARP by increased 
cleaved caspase-3 level, 
which was consistent with 
the in vitro findings. In 
addition, increased 
expression of FADD was 
also observed (Fig 5C), 
partially indicating that 
DATS-triggered apoptosis in 
tumor was 
caspase-dependent. 
However, the level of 
proliferating cell nuclear 
antigen (PCNA) had no 
significant change after 
DATS treatment. Compared 
to DDP alone, DDP+DATS 
group showed a higher 
expression level of apoptosis 
markers (cleaved caspase-3 
and cleaved PARP). Thus, 
the activity of DATS could 
be further boosted by 
co-administration of DDP in 
partly via increased 
apoptosis.  

 
 

Figure 5. DATS induced apoptosis in 
tumor xenografts via activation 
caspase pathway. (A) Representative 
micrographs of tumor sections: hematoxylin 
and eosin (H&E) staining, TUNEL staining and 
immunohistochemistry (IHC) for Ki-67, Bax, 
p21 and p53. Magnification × 400, Scale bar = 
20 μm. (B) Effect of DATS on expression of 
MMP-9 and E-cadherin, *p<0.05, **p<0.01, 
***p<0.001 vs control group. (C) Western 
blot analysis of apoptosis markers, such as 
PCNA, FADD, cleaved PARP and cleaved 
caspase-3. The induction fold of proteins was 
calculated as the intensity of the treatment 
relative to that of control by densitometry. 
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Downregulation of MMP-9 and upregulation of 
E-cadherin in DATS-treated tumor 

Tumor metastasis was the major cause of 
cancer-related death. The expression of matrix 
metalloproteinases (MMPs), such as MMP-9, had been 
implicated in the invasion and metastasis of cancer 
cells [24]. Besides, the aberrant expression of 
E-cadherin was a common event in primary invasive 
carcinomas that progressed to develop distant 
metastases [25]. Therefore, we performed the 
formation of MMP-9 and E-cadherin by western 
blotting to identify the effect of DATS in migration 
and invasion. Our data showed that DATS increased 
expression of E-cadherin, and decreased expression of 
MMP-9, contributing to inhibition of mesenchymal 
transition (EMT) process (Fig 5B). 

DATS ameliorated Cisplatin-induced oxidative 
injury in mice bearing tumor  

After mice sacrificed, the major organs indexes 
(liver, kidney and spleen) of mice in each group were 
also monitored to evaluate the systemic toxicity at the 
end of treatment. As shown in Fig 6B, DDP 

administration alone caused a significant reduction in 
spleen index, which indicated immune function 
suppression. While DDP in combined with DATS 
administration was against the loss in spleen index, 
which indicated DATS might modulate immune 
function to prevent body damage.  

In addition, kidney index also occurred some 
changes in DATS groups and combination groups, we 
further investigated the toxicity of DATS alone and 
DATS+DDP groups by histopathological examination 
(for kidney). Light microscopic examination of renal 
parenchyma revealed normal corpuscular and tubular 
structures in control and DATS-treated groups. 
However, in DDP-treated mice, glomerular 
congestion and atrophy, luminal dilation with 
excessive accumulation of homogenous casts and 
mononuclear cells infiltration were observed, which 
indicated kidney injury. In DDP+DATS treated mice, 
mild glomerular congestion and inflammatory cell 
infiltration were observed in the renal parenchyma 
(Fig 6C). Therefore, DATS could ameliorate 
DDP-induced kidney injury in mice.  

 
 

 
Figure 6. The toxicity of DATS and combined with DDP in treatment of mice bearing NCI-H460 tumor (A and B) The changes of major organ (spleen and 
kidney) indexes of mice at the end of treatment. *p<0.05, **p<0.01, ***p<0.001. (C) Histological analysis of kidney, original magnification, 400×, and scale bar is 20μm. Normal 
cortical structure is observed in the renal sections of both control and DATS-treated mice. Glomerular atrophy (G), wide capsular space (arrow), wide lumina (*) with 
accumulation of homogenous hyaline casts and interstitium inflammatory cell infiltration (I) are noticed in DDP-treated mice. Wide capsular lumina (arrow) and wide lumina (*) 
are seen in the combined DATS- and DDP-treated mice. 
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DATS modulated the activities of MAPK signal 
pathway 

MAPK pathway has received increasing 
attention as a target molecule for cancer prevention 
and therapy. The MAPK cascades include 
extracellular signal-regulated protei kinases (ERKs), 
c-Jun N-terminal kinases/stress-activated protein 
kinases (JNKs/SAPKs), and p38 kinases [26]. To 
explore the mechanisms underlying the antitumor 
activity of DATS, we tested the effect of DATS on the 
activities of PI3K/Akt, MAPK/ERK, MAPK/JNK and 
MAPK/p38 pathways, which played an important 
role in cell proliferation, metastasis and survival in 
cancer. As shown in Fig 7, DATS significantly 
inhibited phosphorylation of ERK in a 
dose-dependent manner, Moreover, we found that 
DATS enhanced phosphorylation of JNK and p38 in 
these tumor tissues, and promoting effect of DATS on 
phosphorylation of p38 was dose-dependent. 
However, we did not find the significant effect of 
DATS on phosphorylation of Akt. And the 
combination DDP and DATS inhibited 
phosphorylation of ERK and p38 compared with DDP 
alone. These data showed that DATS inhibited the 

activity of MAPK/ERK pathway, and activated the 
MAPK/JNK and MAPK/p38 pathways. 

Discussion  
Diallyl trisulfide (DATS), one of the major 

organosulfur compounds of garlic, has been 
recognized to have significant antioxidant, 
antiproliferative and anticarcinogenic properties. 
Recent studies in vivo have found that administration 
of DATS could inhibit the growth of glioblastoma 
U87MG [27], human lung A549 tumors [28], human 
prostate PC-3 tumors [29] and human colon HT-29 
tumor [30]. Although anti-cancer effects of DATS on 
lung cancer cells have been demonstrated [31], there 
was no information about the effect of DATS alone or 
combination with other chemotherapeutic agents on 
NCI-H460 tumors. Nowadays, drug combination 
attracted great attention due to the advantage of 
enhanced anti-cancer effects, less drug dose, reduced 
side effects, etc. In this study, we verify the anticancer 
effect of DATS on NCI-H460 cells in vitro and in vivo; 
focuse on whether DATS exerts the enhanced-efficacy 
of DDP and prevention from its side effect in lung 
carcinoma treatment.  

 

 
Figure 7. Modulation of intracellular signaling molecules involved in inflammatory and apoptosis in NCI-H460 tumor tissues. Effect of DATS on expression of 
phosphorylated and total Akt, ERK1/2, JNK and p38. The data are presented as the mean ± SEM (n=3), *p<0.05 and **p<0.01. 
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The infinite cell proliferation contributes to 
tumors generation, therefore, induction of cell cycle 
arrest has been appreciated as a target for cancer 
treatment [32]. Our results show that DATS exerted 
anti-proliferative effects in NCI-H460 cells by 
stabilizing the cell cycle at G1 phase in association 
with reduced intracellular levels of cyclin A and B 
(G2/M phase) [33] and increased levels of cyclin D 
and E (G1 phase) [34]. These cyclins were believed to 
indicate the progression of cell cycle and its 
inactivation leads to cell cycle arrest. DATS also 
exerted pro-apoptotic properties in a 
caspase-dependent way through intrinsic and 
extrinsic pathways. Among the pro-apoptotic factors 
studied, cytochrome C was also a crucial mediator of 
the pathway, as it led to the activation of a complex 
(apoptosome) of caspase-9 and caspase-3 [35]. It is 
well-known that caspase-3 and caspase-7 catalyzed 
the processing of native PARP to the active form [36]. 
Besides, cleaved PARP and caspase-3, the markers of 
apoptosis, led to the intrinsic apoptosis [37]. The 
extrinsic pathway of the apoptosis of NCI-H460 cells 
after the DATS treatment was revealed by the increase 
of FADD (fas) [38] and the activation of caspase-8 [39]. 
In addition, p53-mediated pathway was one of the 
major mechanisms to induce cell death for cancer 
treatments [40]. It was demonstrated that 
upregulation of p53 was linked to its downstream 
target molecule p21 and regulation of the Bcl-2 family 
members [41]. Our results indicated that the 
pro-apoptotic factor Bax tended to be upregulated 
and the pro-survival members (bcl-xL and bcl-2) were 
reduced by the DATS treatment. These results above 
demonstrated that DATS exerted excellent 
anti-proliferative activities, could significantly induce 
cell cycle arrest and cell apoptosis in NCI-H460 cells. 

Furthermore, we investigated the anti-tumor 
activity of DATS in NCI-H460 xenograft model, and 
results showed that administration of DATS by daily 
intraperitoneal injections inhibited the growth of 
NCI-H460 tumor xenografts without any apparent 
sign of toxicity in the mice. These results were in 
accordance with the decreased proliferation 
documented by Ki67, bax, p21 and p53 
immunostaining. DATS induced apoptosis as 
indicated by TUNEL staining in tumor tissues, at least 
in part, by activating Bcl-2 family and caspases 
apoptotic pathways. Additionally, mitogen-activated 
protein kinases (MAPKs) played major roles in tumor 
suppression. In this study, we found that treating 
NCI-H460 lung cancer tumor with DATS changed the 
levels of all three pathways in MAPKs. Surprisingly, 
JNK and p38 activation were involved in 
DATS-mediated tumor inhibition. Considerable 
evidences suggested activation of JNK pathway 

induced mitochondria-dependent cell apoptosis via 
activating mitochondrial Bcl-2 family proteins [42]. 
Activation of p38 MAPK was often accompanied by 
activation of caspase-3 [43], which then induced the 
apoptotic caspase cascade. Besides, tumor metastasis 
was the major cause of cancer-related death, and our 
data showed DATS-mediated tumor metastasis 
inhibition was accompanied by increased E-cadherin 
and decreased MMP-9 expressions. These in vivo 
results were consistent with our studies in vitro, which 
further suggested that DATS may be an applicable 
approach to enhance the antitumor activity against 
lung cancer. 

Based on the facts that DATS administration 
caused body weight increase, we conducted a study of 
combining DDP with DATS to act on female BALB/c 
nude mice bearing NCI-H460 xenograft tumor and 
found that combined administration enhanced the 
inhibition of xenograft tumor growth and attenuated 
the DDP-mediated weight loss. DDP+DATS increased 
the expression of cleaved caspase-3 and cleaved PARP 
compared with DDP alone, which contributed to 
tumor apoptosis process. In addition, we observed the 
increased spleen index in DATS treatment group, 
which suggested that DATS could enhance immune 
response. Besides, DATS could attenuate the disorder 
of renal parenchyma induced by DDP and provide 
protection from oxidative injury in tumor treatment. 

In summary, the current study demonstrated 
that DATS exhibits antitumor activity in human lung 
carcinomas NCI-H460 cells both in vitro and in vivo; 
and DATS in combination with DDP exerts promising 
synergistic activities with fewer adverse effects in 
nude mice. Thus combining DATS with DDP may 
provide a novel therapeutic strategy for further 
clinical development in cancer treatment. 
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