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A B S T R A C T

Ever since several targeted agents were introduced a decade ago, progress in new therapeutic strategies for
colorectal cancer (CRC) has been much slower than that for other cancers. Tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) is widely known to induce cellular apoptosis in numerous cancer cell types.
However, many cancer cells are resistant to the effects of TRAIL, and thus, approaches are needed to overcome
TRAIL resistance. We demonstrated that non-cytotoxic doses of diallyl disulfide (DADS) increased TRAIL-asso-
ciated cell death in CRC cell lines. Additionally, synergistic effects between DADS and TRAIL were validated in
vivo in nude mice. One process involved in these effects includes down-regulation of the anti-apoptotic protein
Bcl-2, and the synergistic effect of DADS with TRAIL was attenuated in Bcl-2-over-expressing cells. Taken to-
gether, the results of this study give new insights into the role of DADS in TRAIL-related repression of CRC
progression by inhibition of Bcl-2.

1. Introduction

The incidence rate of colorectal cancer (CRC) is approximately 10%
of all prevalent cancers, and approximately 600,000 CRC deaths occur
each year worldwide (Jemal et al., 2010). In cases of locally advanced,
metastatic, or recurrent CRC, systemic chemotherapy is the first-line
treatment. Despite the introduction of several targeted agents, in-
cluding a vascular endothelial growth factor A inhibitor (bevacizumab),
epidermal growth factor receptor inhibitor (cetuximab), and multi-ki-
nase inhibitor (regorafenib), better therapies are urgently needed
(Wolpin and Mayer, 2008).

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is
widely known to induce cellular apoptosis in numerous cancer cell
types by binding to death receptor 4/5 (DR4/5) or decoy receptor 1/2
(Jin et al., 2004). TRAIL binding to DR4/5 induces the formation of
downstream compounds such as Fas-associated protein with death do-
main, resulting in the activation of the caspase cascade to initiate
cancer cell death signaling (Aggarwal, 2003; Bellail et al., 2010). TRAIL

induces cellular apoptosis only in tumor cells, indicating its potential
use as a novel therapeutic agent. However, many cancer cells are re-
sistant to the effects of TRAIL (Jin et al., 2004; Kuijlen et al., 2010;
Panner et al., 2009). The possible mechanisms of TRAIL resistance in-
clude down-regulation of DR4/5, overexpression of anti-apoptotic
proteins including c-FLIP, Bcl-2, or Bcl-xL, and reduced expression of
pro-apoptotic proteins including Bax, Bim, or PUMA (Kelly et al., 2002;
Walczak et al., 2000; Zhang and Zhang, 2008). To overcome resistance
to TRAIL, it is essential to identify a sensitizer or combined therapy
strategy.

Diallyl disulfide (DADS) is one of the main components present in
the distilled oil of garlic, along with diallyl trisulfide (DATS) and diallyl
tetrasulfide. Garlic has been shown to have a preventive effect against
stomach cancer (You et al., 1989) and CRC (Steinmetz et al., 1994);
thus, garlic oils, particularly DADS and DATS, are promising novel anti-
carcinogenic agents capable of inducing apoptosis (Bottone et al., 2002;
Hosono et al., 2005). As with most herbal medications, the mechanism
by which DADS induces apoptosis is not well-known. Although three in
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vitro studies demonstrated that DATS induces apoptosis by sensitizing
TRAIL-mediated cell death (Hwang et al., 2017; Murai et al., 2012;
Shankar et al., 2008), no studies reported in English have investigated
the association between DADS and the TRAIL pathway.

Because it is important to overcome TRAIL resistance, and since the
mechanism by which DADS induces apoptosis is scarcely clarified, we
investigated whether DADS significantly increases TRAIL-mediated
apoptosis in CRC cells. We also examined the mechanism by which
DADS sensitizes CRC cells to TRAIL-induced cell death, using human
CRC cells and an animal model.

2. Methods

2.1. Reagents and antibodies

DADS was obtained from Sigma. We obtained soluble recombinant
TRAIL from Millipore (Millipore, Billerica, MA, USA). Anti-Bcl-2, anti-
Bax, anti-DR4, and anti-DR5 were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Anti-XIAP, anti-cleaved caspase-3,
anti-cleaved caspase-8, anti-cleaved caspase-9, anti-Survivin, anti-Bid,
and anti-cleaved PARP-1 were purchased from Cell Signaling (Danvers,
MA, USA). The secondary antibodies anti-mouse-IgG-horseradish per-
oxidase and anti-rabbit-IgG-horseradish peroxidase were purchased
from Cell Signaling.

2.2. Cell culture

Human colon cancer cell lines, HCT116, DLD-1, HT29, and SW620
were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and maintained according to the manufacturer's
instructions. The human normal colon cell line (FHC) and corre-
sponding growth medium (Eagle's Minimum Essential Medium) were
purchased from ATCC. All cell lines were grown in RPMI 1640 or
Dulbecco's Modified Eagle Medium supplemented with 10% fetal bo-
vine serum and L-glutamine and grown in a 37 °C humidified chamber
with 5% CO2.

2.3. Cell viability

Cells were grown in tissue culture-coated 60-mm plates. For the
trypan blue exclusion assay, trypsinized cells were pelleted and re-
suspended in 0.5mL of phosphate-buffered saline and 0.5 mL of 0.4%
trypan blue solution. Samples were mixed thoroughly, incubated at
room temperature for 10min, and examined under a light microscope.
At least 500 cells were counted for each survival determination.

2.4. Small interfering RNA (siRNA)

Bcl-2 siRNA (Cat. No. SC-61899) and control siRNA (Cat. No. SC-
37007) were obtained from Santa Cruz Biotechnology. Cells were
transfected with siRNA oligonucleotides using Lipofectamine RNAi Max
reagents (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer's instructions. After 24 h of transfection, the cells were treated
with TRAIL for further analysis.

2.5. Immunoblotting

Cells were lysed in RIPA buffer (50mM Tris, 150mM NaCl, 1%
Triton X-100, 0.1% sodium dodecyl sulfate (SDS), and 1% Na-deox-
ycholate [pH 7.4]) with protease inhibitor and phosphatase inhibitor
cocktails and were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE). The proteins were then transferred onto nitrocellulose mem-
branes (GE Healthcare, Little Chalfont, UK), blocked with Tris-buffered
saline containing 0.1% Tween 20 and 5% bovine serum albumin, in-
cubated with the primary antibody, and then incubated with horse-
radish peroxidase-labeled secondary antibody. Immunoreactive

proteins were visualized by chemiluminescence (ECL, Amersham plc,
Amersham, UK).

2.6. Apoptosis assay (flow cytometry)

Untreated cells and cells treated with DADS, TRAIL, or a combina-
tion of the two agents were resuspended for 24 h in the binding buffer
provided with the annexin V-fluorescein isothiocyanate Apoptosis
Detection Kit (BioBud, Cat. LS-02-100). Cells were mixed with 2 μL
annexin V-fluorescein isothiocyanate reagent and incubated for
15min at room temperature in the dark. Staining was terminated, and
the cells were immediately analyzed by flow cytometry.

2.7. Detection of DNA fragmentation

The quantity of cytoplasmic histone-associated DNA fragments
(mononucleosome and oligonucleosomes) formed during apoptosis was
measured using a Cell Death Detection ELISAPlus kit (Roche Molecular
Biochemicals) according to the manufacturer's instructions.

2.8. Caspase-3/7 activity assay

Cells were plated in a 96-well black-walled plate at 3000 cells per
well, in triplicate, followed by treatment with DADS, TRAIL, a combi-
nation of the two agents, or no treatment, and then resuspended for
24 h. One hour before the end of the experiment, Caspase-Glo 3/7 re-
agent (Promega) was added to each well according to the manufac-
turer's instructions. After 1 h of incubation in the dark, the caspase-3/7
activities of the samples were measured using a Fusion-α plate reader
(PerkinElmer). Differences in caspase-3/7 activity in the drug-treated
cells and untreated cells were expressed as fold-change in lumines-
cence.

2.9. Transient transfection

Cells were transfected with human Bcl-2 tagged with Flag in the
pCDNA3 vector or the corresponding empty vector (pCDNA).

2.10. Animal xenografts experiment

All animal procedures were carried out in accordance with the an-
imal care guidelines approved by the Korea University Institutional
Animal Care and Use Committee. Four-week-old BALB/c nude mice
were purchased from Orient Bio (Seongnam, Kyonggi-Do, South Korea)
and raised in a pathogen-free environment. The mice were allowed free
access to food and water for one week for acclimation. SW620 cells
(1× 106) in 100 μL of culture medium were mixed with 100 μL of
Matrigel and subcutaneously injected into 5-week-old BALB/c nude
mice. The tumor size was measured every other day.

2.11. Statistical analysis

Statistical analysis was conducted using GraphPad InStat 6 software
(GraphPad Software, Inc., San Diego, CA, USA). Results with a p
value < 0.05 were considered as statistically significant.

3. Results

3.1. Noncytotoxic doses of DADS effectively boost TRAIL-associated cell
death in human CRC cells

To evaluate the efficacy of DADS as a sensitizer of CRC cells to
TRAIL-associated apoptosis, we first assessed the sensitivity of several
CRC cell lines including SW620, HT-29, HCT 116, and DLD-1 cells to
TRAIL-induced cell death. Among the CRC cell line, SW620 cells were
the most resistant to TRAIL over a range of concentrations, whereas
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Fig. 1. Noncytotoxic doses of DADS boost TRAIL-related apoptosis in human CRC cells. (A) Several CRC cell lines including SW620, HT-29, HCT 116, and DLD-
1 cells were treated or untreated with TRAIL at the indicated concentrations for 4 h. Each column represents the average of three individual experiments; bar
indicates ± SD. (B) Normal colon cells and several CRC cell lines including SW620, HT-29, HCT 116, and DLD-1 cells were treated or untreated with DADS for
24 h at the indicated concentrations. Cell viability was analyzed by the Trypan blue assay. (C) Normal colon cells and SW620 cells were treated or untreated with
DADS for 20 h at the indicated doses and additionally treated with TRAIL for 4 h at the indicated doses. Cell viability was analyzed by the Trypan blue assay. (D)
Enrichment score obtained (E) The cells were stained with propidium iodide and annexin V. (F) Normal colon cells and SW620 cells were or were not treated with
DADS for 20 h at the indicated doses and additionally treated with TRAIL at 50 ng/mL for 4 h. These findings are representative data obtained from at least three
independent experiments. Statistical significance was determined by a Student's unpaired t-test. Asterisk (*) indicates significance at p < 0.05 and the double
asterisk (**) indicates significance at p < 0.01 compared to control cells. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 2. DADS accelerates TRAIL-mediated
apoptosis through caspase activation. (A)
SW620 cells treated with 10 μM DADS alone,
50 ng/mL TRAIL alone, or DADS in combination
with TRAIL; DADS for 20 h at the indicated
doses and TRAIL for 4 h at the indicated doses.
Equivalent amounts of protein (20 μg) from the
lysates were separated by SDS-PAGE and im-
munoblotted with anti-caspase-8, anti-caspase-3,
anti-caspase-9, or anti PARP-1 antibody. Actin
was used to ensure equal amounts of protein in
the lysates. (B) SW620 cells treated with 10 μM
DADS alone, 50 ng/mL TRAIL alone, or DADS in
combination with TRAIL; DADS for 20 h at the
indicated doses and TRAIL for 4 h at the in-
dicated doses. Relative caspase activities were
analyzed according to the manufacturer's pro-
tocol. Error bars represent the mean ± SD from
three independent experiments. Asterisk (*) in-
dicates significance at p < 0.05 compared to
untreated cells. (C) SW620 cells treated with
10 μM DADS alone, 50 ng/mL TRAIL alone, or
DADS in combination with TRAIL; DADS for
20 h at the indicated doses and TRAIL for 4 h at
the indicated doses. Equivalent amounts of pro-
tein (20 μg) from the lysates were separated by
SDS-PAGE and immunoblotted with the anti
PARP-1 antibody. SW620 cells were pre-treated
with the pan-caspase inhibitor Z-VAD-FMK
(25 μM) for 30 min and additionally treated with

DADS in combination with TRAIL to determine the inhibitory effect of pan-caspase. (D) SW620 cells treated with 10 μM DADS alone, 50 ng/mL TRAIL alone, or DADS
in combination with TRAIL; DADS for 20 h at the indicated doses and TRAIL for 4 h at the indicated doses. SW620 cells were pre-treated with the pan-caspase
inhibitor Z-VAD-FMK (25 μM) for 30 min and additionally treated with DADS in combination with TRAIL. The results presented are representative of at least three
independent experiments.
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DLD-1 cells were relatively sensitive to TRAIL (Fig. 1A). DADS alone
caused slow CRC cell deaths (< 20%) at doses of 10 μM or less, and
thus, we used these subtoxic concentrations of DADS in subsequent
experiments of combined treatment with TRAIL (Fig. 1B). The survival
of SW620 cells was significantly decreased following co-treatment of
TRAIL at a fixed dose and DADS at varying doses or conversely with
DADS at a fixed dose and TRAIL at varying doses (Fig. 1C). Annexin V
and propidium iodide staining assays and the DNA fragmentation assay
showed similar results. SW620 cells cotreated with a combination of
TRAIL and DADS exhibited a characteristic ladder pattern of inter-nu-
cleosomal fragmentation and significantly high accumulation of sub-
G1-phase cells (Fig. 1E). In contrast, normal colon cells were resistant to
combined treatment with DADS and TRAIL, as well as to treatment with
each agent alone (Fig. 1F), suggesting that this combination regimen is
selectively toxic to CRC cells. Together, these results indicate that DADS
accelerates TRAIL-associated cellular apoptosis, particularly in CRC
cells rather than in normal colon cells.

3.2. DADS accelerates TRAIL-mediated apoptosis through caspase
activation

Next, we examined the cleavage of PARP and activation of caspases
following co-treatment with DADS and TRAIL, because caspase acti-
vation is an essential process in TRAIL-mediated cell death (Baliga and
Kumar, 2003). Combination treatment with DADS and TRAIL enhanced
the activation of caspase-3, caspase-8, and caspase-9 in SW620 cells
(Fig. 2A). Additionally, relative caspase activity assays revealed that
caspase activity was upregulated in SW620 cells treated simultaneously
with DADS and TRAIL (Fig. 2B). The pan-caspase inhibitor significantly
weakened the sensitizing effect of DADS to TRAIL-mediated apoptosis
in SW620 cells, and a low rate of cell death was detected in SW620 cells
treated with DADS or TRAIL alone (Fig. 2C).

3.3. DADS boosts TRAIL-mediated apoptosis by down-regulating Bcl-2

To examine how DADS induces TRAIL-related cell death, we in-
vestigated the expression of death receptors, pro-apoptotic proteins,
and anti-apoptotic proteins in CRC cell lines and normal colon cells at

Fig. 3. DADS accelerates TRAIL-mediated apop-
tosis by down-regulating Bcl-2. Immunoblotting
assays revealed the expression of DR4, DR5, Bax, Bid,
XIAP, Bcl-2, and survivin in SW620 cells (A), DLD-
1 cells (B), normal colon cells (C), HT-29 cells, and
HCT116 cells (D) after treatment with different doses
of DADS for 24 h. Immunoblotting assays are re-
presentative of at least three independent experi-
ments. (E) SW620 cells were transfected with Bcl-2
#5 for Bcl-2 up-regulation or vector (control). Cell
viability was analyzed by the Trypan blue assay.
Significantly different survival following combined
treatment of DADS + TRAIL between vector (con-
trol) and Bcl-2 #5-transfected cells. (F) SW620 cells
were transfected with siBcl-2 or siCon (control).
Asterisk (*) indicates significance at p < 0.05 and
the double asterisk (**) indicates significance at
p < 0.01 compared to control cells. The results
presented are representative of at least three in-
dependent experiments. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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different concentrations of DADS. DR4 or DR5 expression was not al-
tered by DADS, in contrast to the results observed for DATS (Hwang
et al., 2017) (Fig. 3A and B). DADS treatment did not alter the ex-
pression of pro-apoptotic proteins, including BAX and BID, or anti-
apoptotic proteins, including XIAP and survivin. The only protein
down-regulated by DADS in CRC cell lines was Bcl-2 (Fig. 3A, B, and
3D), whereas Bcl-2 was not affected by treatment with DADS in normal
colon cells (Fig. 3C). To confirm the role of Bcl-2 in the sensitizing
efficacy of DADS on the TRAIL pathway, we up-regulated Bcl-2 by
transfection with specific Flag-Bcl-2 in SW620 cells. Next, we demon-
strated that the cell death rates induced by combined treatment with
DADS and TRAIL were significantly decreased in cells transfected with
Flag-Bcl-2 compared to those in control cells (Fig. 3E). Additionally, we
demonstrated that silencing of Bcl-2 significantly enhanced TRAIL-in-
duced cell death in SW620 cells (Fig. 3F). Together, these results in-
dicate that Bcl-2 down-regulation by DADS plays a crucial role in the
sensitizing efficacy of DADS to the TRAIL pathway.

3.4. Combined treatment with DADS and TRAIL has synergistic effects in
vivo

We confirmed the synergistic effect between DADS and TRAIL
through in vivo studies. We injected SW620 cells subcutaneously into
BALB/c nude mice. As the tumor volume approached 150mm3, we
randomized the mice into four groups: control group, DADS alone

Fig. 4. SW620 cells were subcutaneously injected into BALB/c nude mice. As the tumor volume approached 150mm3, we randomized the mice into four groups
including a control group, DADS alone group, TRAIL alone group, and DADS plus TRAIL group. (A) Representative tumor volume in xenograft mice. (B) We measured
tumor dimensions every 4 days. (C, D) TUNEL assay was performed to assess apoptosis. DAPI assay was performed to visualize the nucleus. The ratio of TUNEL-
positive cells was detected and shown as a histogram. (E) Combination regimen did not reduce the body weight of mice.

Fig. 5. Schematic of mechanism model of DADS increasing TRAIL-related
apoptosis. DADS caused CRC cell apoptosis by modulating TRAIL-induced
caspase activation. Repression of Bcl-2 by DADS was demonstrated to be an
essential step in this process.
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group, TRAIL alone group, and DADS plus TRAIL group. Combined
treatment with DADS and TRAIL effectively inhibited tumorigenicity
compared to either single-treatment group and the control group
(Fig. 4A and B). However, this combination regimen did not reduce the
body weight of mice, suggesting the safety of this regimen (Fig. 4E).
Additionally, a TUNEL assay was performed to assess apoptosis. Tumors
treated with the combination regimen showed significantly high
apoptosis rates compared to tumors in the single-treatment groups and
control group (Fig. 4C and D). These in vivo results indicate that com-
bined treatment enhances CRC cell apoptosis and has tolerable safety,
which is consistent with the in vitro results.

4. Discussion

Ever since agents targeting vascular endothelial growth factor-A and
epidermal growth factor receptor were introduced a decade ago, pro-
gress in therapeutic strategies for CRC has been slow compared to those
for other cancers (Wolpin and Mayer, 2008). Because new treatments
are needed for CRC and TRAIL resistance should be overcome, we in-
vestigated the synergistic effect of DADS with TRAIL by using com-
paratively TRAIL-resistant CRC cells. In this study, we demonstrated
that non-cytotoxic doses of DADS increased the rate of TRAIL-asso-
ciated cell death in CRC cell lines. We demonstrated that treatment with
DADS combined with TRAIL caused DNA fragmentation, and caspase
activation resulted in cleavage of PARP, an essential process in TRAIL-
mediated cell death. This chain of processes includes down-regulation
of the anti-apoptotic protein Bcl-2 and the synergistic effect of DADS
with TRAIL was attenuated in Bcl-2 up-regulated cells. These findings
suggest that suppression of Bcl-2 is essential to induce the sensitizing
effect of DADS on the TRAIL pathway (Fig. 5).

Apoptosis, the process of programmed cell death in mammalian
cells, is initiated through two principal pathways: extrinsic and intrinsic
(Li and Yuan, 2008). Both pathways lead to the same endpoint of cas-
pase activation, while the extrinsic pathway is induced through the
activation of DRs by binding to members of the tumor necrosis factor
superfamily, which includes TRAIL (Aggarwal, 2003; Bellail et al.,
2010). The intrinsic pathway is initiated by activation of intra-cellular
caspases under the control of mitochondria (Sprick and Walczak, 2004).
A key molecule in the latter pathway is the apoptosome, a caspase-9-
activating complex, which is formed after the release of cytochrome c
from the mitochondria and induces activation of caspase-9, resulting in
increased activity of executioner caspases (Baliga and Kumar, 2003).
These events, including the release of cytochrome c and other pro-
apoptotic proteins, are associated with the integrity of the mitochon-
drial membrane (Marsden and Strasser, 2003), which is controlled by
the Bcl-2 family (Borner, 2003). Bcl-2 family proteins consist of three
groups: pro-apoptotic proteins, BH3-only proteins, and anti-apoptotic
proteins (Sprick and Walczak, 2004). Activation of a BH3-only protein,
BID, triggers activation of pro-apoptotic proteins, including BAK and
BAX, to increase mitochondrial membrane permeability (Kandasamy
et al., 2003). Crosstalk between the extrinsic and intrinsic pathways of
apoptosis depends on caspase-8, which is recruited by Fas-associated
protein with death domain and mediates the cleavage of BID (Aggarwal
et al., 2004). Therefore, overexpression of the anti-apoptotic proteins
Bcl-2 or Bcl-XL may play a crucial role in TRAIL resistance by preser-
ving mitochondrial integrity (Fulda et al., 2002). Previous studies have
analyzed the repression of Bcl-2 to overcome TRAIL resistance (Hao
et al., 2004; Sinicrope et al., 2004) (Fig. 5).

DADS has been reported to be beneficial for treating coronary artery
diseases because of its preventive effect on plaque formation and cho-
lesterol synthesis (Gupta and Porter, 2001; Omkumar et al., 1993) and
was shown to suppress the proliferation of cancer cells including human
colon, skin, lung, and breast cancer cells (Hong et al., 2000; Kwon et al.,
2002; Sundaram and Milner, 1996). Several studies have demonstrated
that DADS promotes apoptosis in cancer cells, and a few studies sug-
gested that apoptosis induced by DADS depends on a mitochondrial

pathway related to Bcl-2. Because Bcl-2 is one of the main obstacles in
the TRAIL pathway and no studies have demonstrated an association
between the TRAIL pathway and DADS, we used DADS as a potential
sensitizer of TRAIL-induced apoptosis in TRAIL-resistant cell lines.

5. Conclusion

In this study, through in vitro and in vivo studies, we found that
treatment with DADS at subtoxic concentrations effectively sensitized
TRAIL-related cell death in CRC cell lines. We determined the molecular
mechanism of this novel action of DADS, which was not observed in
normal colon cell lines. DADS caused CRC cell apoptosis by modulating
TRAIL-induced caspase activation. Repression of Bcl-2 by DADS was
demonstrated to be an essential step in this process.

Conflicts of interest

The authors state no conflict of interest.

Acknowledgements

This work was supported by a National Research Foundation of
Korea grant funded by the Korean government (MSIP)
[2018R1A6A1A03023584] and supported by the Business for
Cooperative R & D between Industry, Avicenna Research Institute
funded Korea Small and Medium Business Administration in 20
(C0566291) and a Korea University Grant.

Transparency document

Transparency document related to this article can be found online at
https://doi.org/10.1016/j.fct.2019.01.023.

References

Aggarwal, B.B., 2003. Signalling pathways of the TNF superfamily: a double-edged sword.
Nat. Rev. Immunol. 3, 745–756.

Aggarwal, B.B., Bhardwaj, U., Takada, Y., 2004. Regulation of TRAIL-induced apoptosis
by ectopic expression of antiapoptotic factors. Vitam. Horm. 67, 453–483.

Baliga, B., Kumar, S., 2003. Apaf-1/cytochrome c apoptosome: an essential initiator of
caspase activation or just a sideshow? Cell Death Differ. 10, 16–18.

Bellail, A.C., Tse, M.C., Song, J.H., Phuphanich, S., Olson, J.J., Sun, S.Y., Hao, C., 2010.
DR5‐mediated DISC controls caspase‐8 cleavage and initiation of apoptosis in human
glioblastomas. J. Cell Mol. Med. 14, 1303–1317.

Borner, C., 2003. The Bcl-2 protein family: sensors and checkpoints for life-or-death de-
cisions. Mol. Immunol. 39, 615–647.

Bottone, F.G., Baek, S.J., Nixon, J.B., Eling, T.E., 2002. Diallyl disulfide (DADS) induces
the antitumorigenic NSAID-activated gene (NAG-1) by a p53-dependent mechanism
in human colorectal HCT 116 cells. J. Nutr. 132, 773–778.

Fulda, S., Meyer, E., Debatin, K.-M., 2002. Inhibition of TRAIL-induced apoptosis by Bcl-2
overexpression. Oncogene 21, 2283.

Gupta, N., Porter, T.D., 2001. Garlic and garlic-derived compounds inhibit human
squalene monooxygenase. J. Nutr. 131, 1662–1667.

Hao, J.-H., Yu, M., Liu, F.-T., Newland, A.C., Jia, L., 2004. Bcl-2 inhibitors sensitize tumor
necrosis factor-related apoptosis-inducing ligand-induced apoptosis by uncoupling of
mitochondrial respiration in human leukemic CEM cells. Cancer Res. 64, 3607–3616.

Hong, Y.-S., Ham, Y.-A., Choi, J.-H., Kim, J., 2000. Effects of allyl sulfur compounds and
garlic extract on the expression of Bcl-2, Bax, and p53 in non small cell lung cancer
cell lines. Exp. Mol. Med. 32, 127–134.

Hosono, T., Fukao, T., Ogihara, J., Ito, Y., Shiba, H., Seki, T., Ariga, T., 2005. Diallyl
trisulfide suppresses the proliferation and induces apoptosis of human colon cancer
cells through oxidative modification of β-tubulin. J. Biol. Chem. 280, 41487–41493.

Hwang, J.S., Lee, Y.Y., Lee, D.H., Kwon, K.H., 2017. DATS sensitizes glioma cells to
TRAIL-mediated apoptosis by up-regulation of death receptor 5 via ROS. Food Chem.
Toxicol. 106, 514–521.

Jemal, A., Center, M.M., DeSantis, C., Ward, E.M., 2010. Global patterns of cancer in-
cidence and mortality rates and trends. Cancer Epidemiol. Biomark. Prev. 19,
1893–1907.

Jin, Z., McDonald, E.R., Dicker, D.T., El-Deiry, W.S., 2004. Deficient tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) death receptor transport to the cell
surface in human colon cancer cells selected for resistance to TRAIL-induced apop-
tosis. J. Biol. Chem. 279, 35829–35839.

Kandasamy, K., Srinivasula, S.M., Alnemri, E.S., Thompson, C.B., Korsmeyer, S.J., Bryant,
J.L., Srivastava, R.K., 2003. Involvement of proapoptotic molecules Bax and Bak in
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced

H.J. Kim et al. Food and Chemical Toxicology 125 (2019) 354–360

359

https://doi.org/10.1016/j.fct.2019.01.023
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref1
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref1
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref2
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref2
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref3
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref3
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref4
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref4
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref4
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref5
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref5
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref6
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref6
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref6
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref7
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref7
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref8
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref8
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref9
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref9
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref9
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref10
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref10
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref10
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref11
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref11
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref11
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref12
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref12
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref12
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref13
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref13
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref13
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref14
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref14
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref14
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref14
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref15
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref15
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref15


mitochondrial disruption and apoptosis: differential regulation of cytochrome c and
Smac/DIABLO release. Cancer Res. 63, 1712–1721.

Kelly, M.M., Hoel, B.D., Voelkel-Johnson, C., 2002. Doxorubicin pretreatment sensitizes
prostate cancer cell lines to TRAIL induced apoptosis which correlates with the loss of
c-FLIP expression. Cancer Biol. Ther. 1, 520–527.

Kuijlen, J.M., Bremer, E., Mooij, J.J.A., Den Dunnen, W.F., Helfrich, W., 2010. Review: on
TRAIL for malignant glioma therapy? Neuropathol. Appl. Neurobiol. 36, 168–182.

Kwon, K.-B., Yoo, S.-J., Ryu, D.-G., Yang, J.-Y., Rho, H.-W., Kim, J.-S., Park, J.-W., Kim,
H.-R., Park, B.-H., 2002. Induction of apoptosis by diallyl disulfide through activation
of caspase-3 in human leukemia HL-60 cells1. Biochem. Pharmacol. 63, 41–47.

Li, J., Yuan, J., 2008. Caspases in apoptosis and beyond. Oncogene 27, 6194.
Marsden, V.S., Strasser, A., 2003. Control of apoptosis in the immune system: Bcl-2, BH3-

only proteins and more. Annu. Rev. Immunol. 21, 71–105.
Murai, M., Inoue, T., Suzuki-Karasaki, M., Ochiai, T., Ra, C., Nishida, S., Suzuki-Karasaki,

Y., 2012. Diallyl trisulfide sensitizes human melanoma cells to TRAIL-induced cell
death by promoting endoplasmic reticulum-mediated apoptosis. Int. J. Oncol. 41,
2029–2037.

Omkumar, R., Kadam, S., Banerji, A., Ramasarma, T., 1993. On the involvement of in-
tramolecular protein disulfide in the irreversible inactivation of 3-hydroxy-3-me-
thylglutaryl-CoA reductase by diallyl disulfide. Biochim. Biophys. Acta 1164,
108–112.

Panner, A., Crane, C.A., Weng, C., Feletti, A., Parsa, A.T., Pieper, R.O., 2009. A novel
PTEN-dependent link to ubiquitination controls FLIPS stability and TRAIL sensitivity
in glioblastoma multiforme. Cancer Res. 69, 7911–7916.

Shankar, S., Chen, Q., Ganapathy, S., Singh, K.P., Srivastava, R.K., 2008. Diallyl trisulfide
increases the effectiveness of TRAIL and inhibits prostate cancer growth in an or-
thotopic model: molecular mechanisms. Mol. Canc. Therapeut. 7, 2328–2338.

Sinicrope, F.A., Penington, R.C., Tang, X.M., 2004. Tumor necrosis factor–related apop-
tosis-inducing ligand–induced apoptosis Is inhibited by Bcl-2 but restored by the
small molecule Bcl-2 inhibitor, HA 14-1, in human colon cancer cells. Clin. Canc. Res.
10, 8284–8292.

Sprick, M.R., Walczak, H., 2004. The interplay between the Bcl-2 family and death re-
ceptor-mediated apoptosis. Biochim. Biophys. Acta 1644, 125–132.

Steinmetz, K.A., Kushi, L.H., Bostick, R.M., Folsom, A.R., Potter, J.D., 1994. Vegetables,
fruit, and colon cancer in the lowa women's health study. Am. J. Epidemiol. 139,
1–15.

Sundaram, S.G., Milner, J.A., 1996. Diallyl disulfide induces apoptosis of human colon
tumor cells. Carcinogenesis 17, 669–673.

Walczak, H., Bouchon, A., Stahl, H., Krammer, P.H., 2000. Tumor necrosis factor-related
apoptosis-inducing ligand retains its apoptosis-inducing capacity on Bcl-2-or Bcl-xL-
overexpressing chemotherapy-resistant tumor cells. Cancer Res. 60, 3051–3057.

Wolpin, B.M., Mayer, R.J., 2008. Systemic treatment of colorectal cancer.
Gastroenterology 134, 1296–1310 e1291.

You, W.-C., Blot, W.J., Chang, Y.-S., Ershow, A., Yang, Z.T., An, Q., Henderson, B.E.,
Fraumeni Jr., J.F., Wang, T.-G., 1989. Allium vegetables and reduced risk of stomach
cancer. J. Natl. Cancer Inst. 81, 162–164.

Zhang, Y., Zhang, B., 2008. TRAIL resistance of breast cancer cells is associated with
constitutive endocytosis of death receptors 4 and 5. Mol. Canc. Res. 6, 1861–1871.

H.J. Kim et al. Food and Chemical Toxicology 125 (2019) 354–360

360

http://refhub.elsevier.com/S0278-6915(19)30026-2/sref15
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref15
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref16
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref16
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref16
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref17
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref17
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref18
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref18
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref18
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref19
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref20
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref20
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref21
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref21
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref21
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref21
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref22
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref22
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref22
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref22
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref23
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref23
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref23
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref24
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref24
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref24
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref25
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref25
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref25
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref25
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref26
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref26
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref27
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref27
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref27
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref28
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref28
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref29
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref29
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref29
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref30
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref30
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref31
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref31
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref31
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref32
http://refhub.elsevier.com/S0278-6915(19)30026-2/sref32

	Diallyl disulfide (DADS) boosts TRAIL-Mediated apoptosis in colorectal cancer cells by inhibiting Bcl-2
	Introduction
	Methods
	Reagents and antibodies
	Cell culture
	Cell viability
	Small interfering RNA (siRNA)
	Immunoblotting
	Apoptosis assay (flow cytometry)
	Detection of DNA fragmentation
	Caspase-3/7 activity assay
	Transient transfection
	Animal xenografts experiment
	Statistical analysis

	Results
	Noncytotoxic doses of DADS effectively boost TRAIL-associated cell death in human CRC cells
	DADS accelerates TRAIL-mediated apoptosis through caspase activation
	DADS boosts TRAIL-mediated apoptosis by down-regulating Bcl-2
	Combined treatment with DADS and TRAIL has synergistic effects in vivo

	Discussion
	Conclusion
	Conflicts of interest
	Acknowledgements
	Transparency document
	References




