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ABSTRACT: Diallyl sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide (DATS) are major organosulfur
compounds exiting in garlic (Allium sativum). These compounds are reported to exhibit various pharmacologi-
cal properties such as antibacteria, antiangiogenesis, anticancer, and anticoagulation, and they also induce
cytotoxicity and induction of apoptosis in human cancer cells. Although these compounds show wide spec-
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trum of biological activities, there are no reports to show that DAS, DADS, and DATS affected migration and
invasion of human colon cancer cells, and their exact molecular mechanisms are not well investigated. There-
fore, the purpose of this study was to determine whether DAS, DADS, and DATS affected the invasion and
migration abilities of colo 205 human colon cancer cells. The results indicate that DAS, DADS, and DATS at
10 and 25 lM inhibited the migration and invasion of colo 205 cells in the order of DATS \ DADS \ DAS.
DATS is the highest for inhibition of migration and invasion of colo 205 cells. DAS, DADS, and DATS induce
downregulation expression of PI3K, Ras, MEKK3, MKK7, ERK1/2, JNK1/2, and p38 and then lead to the inhi-
bition of MMP-2, -7, and -9. DAS, DADS, and DATS inhibited NF-jB and COX-2 for leading to the inhibition of
cell proliferation. Taken together, these results demonstrated that application of DAS, DADS, and DATS might
serve as potential antimetastatic drugs. # 2011 Wiley Periodicals, Inc. Environ Toxicol 00: 000–000, 2011.

Keywords: DAS; DADS; DATS; migration and invasion; colo 205 human colon cancer cells

INTRODUCTION

At distant sites, cancer metastasis and proliferation involves

complex interactions between cancer cells and their micro-

environment at the primary tumor site (Chiang and Mas-

sague, 2008), and cancer metastasis goes through many

steps including vessel formation, cell attachment, invasion,

and cell proliferation, and is regulated by many mecha-

nisms (Fidler, 2002). The development and progression of

distant metastases often determine patient survival. There-

fore, to identify key regulators of metastasis is important

for the development of treatments to patients with metasta-

ses. It is well-known that several key proteins involved in

the mechanisms such as urokinase-type plasminogen acti-

vator (uPA) and matrix metalloproteinases (MMPs) are

vital for devising new therapies.

Cancer invasion occurs after the cancer cells respond

and migrate towards gradients of stimuli including growth

factors and also requires proteolysis of basement membrane

(BM) and extracellular matrix (ECM) proteins to create a

path for migration. Proteolysis of ECMs and BM are con-

sidered a key event for tumor invasion and metastasis

(Liotta et al., 1991; Duffy, 1992; Mignatti and Rifkin,

1993). MMPs are a group of enzymes (zinc-dependent

endopeptidases) responsible for the proteolysis of BM and

ECM proteins, and the expression level of MMPs appears

to correlate with the invasiveness of cancer cells (Toda

et al., 2006; Lai et al., 2010). Colon cancer metastasis also

caused treatment to be more difficult, and in Taiwan about

18.5 persons per 100 thousand people die because of colon

cancer from the reports of the ‘‘Department of Health,

R.O.C. (Taiwan).’’ Surgery, chemotherapy, and radiother-

apy are commonly used for clinical therapy in human colon

cancer. Currently, the strategies for treatment of human co-

lon cancer are not yet satisfactory.

Garlic, one of the most consumed plant medicine, pos-

sesses multiple biological activities including antimicrobial,

hypolipidemic, antithrombotic, and antitumor activities

(Augusti, 1996). Garlic contains oil-soluble compounds

including diallyl sulfide (DAS), diallyl disulfide (DADS),

and diallyl trisulfide (DATS), and these oil-soluble allyl

sulfides (OASs) are thought to be more potent in inhibiting

growth and induction of apoptosis of tumor cells in vitro
studies (Sundaram and Milner, 1993, 1996). DAS, DADS,

and DATS are volatile compounds produced after garlic

bulb is cut and have been demonstrated to inhibit carcino-

genesis (Wargovich, 1987; Wattenberg et al., 1989; Hosono

et al., 2005). Garlic allyl sulfide suppresses oxidized LDL-

induced vascular cell adhesion molecule and E-Selectin

expression through protein kinase A- and B-dependent sig-

naling pathways and they are in the order DATS [ DADS

[ DAS (Lei et al., 2008). Currently there are no reports to

address whether DAS, DADS, and DATS affected the

migration and invasion of human colon cancer cells in
vitro. In the present studies, we investigated the effects of

DAS, DADS, and DATS on the migration and invasion of

colo 205 human colon cancer cells in vitro. The results indi-

cated that all examined DAS, DADS, and DATS inhibited

the migration and invasion of colo 205 human colon cancer

cells in vitro.

MATERIALS AND METHODS

Chemicals and Reagents

DAS, DADS, dimethyl sulfoxide (DMSO), ribonuclease-A,

Triton X-100, and propidium iodide (PI) were obtained

from Sigma-Aldrich Corp. (St. Louis, MO). DATS was

from LKT Laboratories, Inc. (Paul, MN). RPMI 1640 me-

dium, L-glutamine, fetal bovine serum, penicillin–strepto-

mycin, and trypsin-EDTA were obtained from Invitrogen

Life Technologies (Carlsbad, CA). Antibodies used for
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AP-1 activation protein-1
BM basement membrane
BSA bovine serum albumin
DADS diallyl disulfide
DAS Diallyl sulfide
DATS diallyl trisulfide
DMSO dimethyl sulfoxide
ECM extracellular matrix
MMP matrix metalloproteinases
OAS oil-soluble allyl sulfides
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
uPA urokinase-type plasminogen activator
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Western analysis were obtained as follows: antibodies for

MMP-2, MMP-7, MMP-9, Ras, NF-jB p65, NF-jB p50,

COX-1 and COX-2 were purchased from Santa Cruz Biotech-

nology Inc. (Santa Cruz, CA) and antibodies for PI3K,

GRB2, MEKK3, MKK7, ERK1/2, JNK1/2, p38-p, iNOS, and

PKC were obtained from BD PharMingen (San Diego, CA).

Cell Cultures

Human colon cancer cell line (colo 205) was purchased

from the Food Industry Research and Development Insti-

tute (Hsinchu, Taiwan). The cells were immediately cul-

tured in RPMI 1640 medium supplemented with 10% FBS,

100 units/mL penicillin, 100 lg/mL streptomycin, and 2

mM L-glutamine at 75-cm2 tissue culture flasks and grown

at 378C under a humidified 5% CO2 and 95% air at one

atmosphere.

Cell Viability Assay

The effect of DAS, DADS, and DATS treatment on cell

viability was determined by a PI exclusion assay. Briefly,

the colo 205 cells (2 3 105 cells/well) were plated in

12-well plates and allowed for overnight. The RPMI 1640

medium was replaced with fresh complete medium contain-

ing different concentrations (0, 5, 10, 25, and 50 lM) of

DAS, DADS, and DATS and incubation was continued for

24 h at 378C. Stock solution of DAS, DADS, and DATS

were prepared in DMSO, and an equal volume of DMSO

(final concentration 1%) was added to controls. At the end

of the incubation, both floating and adherent cells were col-

lected and suspended in PBS by centrifugation. The cells

were then added to PBS containing PIAQ1 (4 lg/mL), and

determined by using a FACSCalibur flow cytometer and

BD CellQuest Acquisition software (San Jose, CA) as

described previously (Lin et al., 2009; Lu et al., 2010).

In Vitro Migration Assay

The migration of colo 205 cells was measured by chemotac-

tic directional migration, which was determined using a 24-

well Transwell insert as described previously (Chen et al.,

2010; Lin et al., 2010). The 8-lm pore filters (Millipore,

Billerica, MA) were coated with 30 lg type (collagen (Milli-

pore) for 1 h before colo 205 cells (104 cells/0.4 mL RPMI

1640 medium) were placed in the upper chamber with or

without DAS, DADS, or DATS (0, 10, and 25 lM) and

allowed to undergo migration for 48 and 72 h at humidified

atmosphere with 95% air and 5% CO2 at 378C. At the end of

experiments, the upper chamber containing nonmigrated

cells were removed, and then filters were stained with 2%

crystal violet (Sigma-Aldrich Corp.). Migrated cells adher-

ent to the underside of the filter were counted and photo-

graphed under a light microscope at 3 200.

In Vitro Invasion Assay

The invaded colo 205 cells were measured using Matrigel

(BD Biosciences, San Jose, CA)-coated transwell cell culture

chambers (8 lm pore size), as described previously (Chen

et al., 2010; Lin et al., 2010). Cells were maintained in se-

rum-free-RPMI 1640 medium for 24 h and then were trypsi-

nized and resuspended in serum-free medium and placed in

the upper chamber of the transwell insert (1 3 104 cells/well)

and treated with 1% DMSO or DAS, DADS, or DATS (0, 10,

and 25 lM). RPMI 1640 medium containing 10% FBS was

placed in the lower chamber. The above treated cells were

seeded to filters and then were incubated for 48 or 72 h at

humidified atmosphere with 95% air and 5% CO2 at 378C.

Invasive cells were fixed with 4% formaldehyde in PBS and

stained with 2% crystal violet in ethanol. The noninvasive

cells in the upper chamber were removed by wiping with a

cotton swab. The cells in the lower surface of the filter which

penetrated through the Matrigel were randomly selected fields

and were counted under a light microscope at 3 200.

Western Blotting Analysis

The colo 205 cells were cultured in six-well tissue culture

plates and grown for 24 h. DAS, DADS, or DATS were

individually added to cells at a final concentration of 0, 10,

25, 50, 75, and 100 lM, whereas DMSO (solvent) alone

was added to control cells. Cells were incubated with DAS,

DADS, or DATS in 90% RPMI-1640 medium with 0.5%

FBS at 378C for 24 h. Then cells were harvested, resus-

pended in the PRO-PREPTM protein extraction solution

(iNtRON Biotechnology, Seongnam, Gyeonggi-Do,

Korea), and centrifuged at 13,000 3 g for 10 min at 48C to

remove cell debris. The supernatant was collected and total

protein concentration of each sample was determined using

a Bio-Rad protein assay kit (Hercules, CA) with bovine se-

rum albumin (BSA) as the standard. SDS gel electrophore-

sis and Western blotting were performed as described previ-

ously (Wu et al., 2010) to determine effects of DAS, DADS,

or DATS on protein levels of MMP-2, MMP-7, MMP-9,

PI3K, GRB2, Ras, PKC, MEKK3, MKK7, ERK1/2, JNK1/2,

p38-p, iNOS, NF-jB p65, NF-jB p50, COX-1, and COX-2.

The reduced and denaturized lysate was loaded into 12% so-

dium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) separated by electrophoresis and then trans-

ferred to nitrocellulose membranes. Relative quantization of

proteins was determined by band densitometry using NIH

ImageJ software as described previously (Chiang et al.,

2011; Yu et al., 2011).

Statistical Analysis

All data are reported with means 6 standard deviation of

three experiments and evaluated by the Student’s t test and

considered significant at the *P \ 0.05
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RESULTS

The Effects of DAS, DADS, and DATS on the
Percentage of Viable Colo 205 Cells

To examine whether DAS, DADS, and DATS exhibit cyto-

toxicity and cell growth inhibition in colon cancer cells,

colo 205 cells were treated with various concentrations of

DAS, DADS, and DATS, whichAQ2 markedly decreased cell

viability dose dependently in colo 205 cells [Fig.F1 1(A–C)]

(P \ 0.05). The inhibition of cell viability are in the order

DATS [ DADS [ DAS.

The Effects of DAS, DADS, and DATS on Colo
205 Cell Migration

To examine the effect of DAS, DADS, and DATS on the

migration ability of colo 205 cells, Boyden chamber assay

was used in a dose- and time-experiment. The colo 205

cells treated with 10 and 25 lM of DAS, DADS, and

DATS for 48 and 72 h were plated in the upper chamber,

and the number of cells moved to the underside of the

coated membrane was counted under a light microscopy.

The results shown in FigureF2 2(A–C) indicated that the num-

ber of migrated cells to the lower chamber was significantly

decreased after the 48-h and 72-h treatment of DAS,

DADS, and DATS. Also, the levels of colo 205 cell num-

bers decreased almost three-fold after treatment with 25

lM DAS, DADS, and DATS for 72 h when compared with

the untreated cells. These results revealed that DAS,

DADS, and DATS significantly inhibited the motility of

colo 205 cells in vitro.

The Effects of DAS, DADS, and DATS on Colo
205 Cell Invasion

To further examine the effects of DAS, DADS, and DATS

on the invasive ability of colo 205 cells, Boyden chamber

coated with Matrigel was used in a dosage experiment.

Colo 205 cells after exposure to 10 and 25 lM of DAS,

DADS, and DATS for 48 and 72 h were plated in the upper

chamber, and the number of cells moved to the underside

of the coated membrane was counted under a light micros-

copy. The results are shown in Figure F33(A–C) and indicated

that the number of invaded cells to the lower chamber was

significantly decreased by the 48 h and 72 h treatment of

DAS, DADS, and DATS. Such induction was concentration

dependent with a three-fold increase (P \ 0.05) when

DAS, DADS, and DATS were at 25 lM [Fig. 3(A–C)].

The Effects of DAS, DADS, and DATS on the
Levels of Associated Proteins with Invasion
and Migration in Colo 205 Cells

We investigated the regulation of proteins that are associ-

ated with cell migration and invasion signaling pathways

by Western blot analysis. After colo 205 cells were exposed

to various concentrations of DAS, DADS, and DATS for

24 h, they were harvested for determining the proteins lev-

els. Results are shown in Figure F44(A–D), which indicated

that DAS, DADS, and DATS all decreased the GRB2, Ras,

and PKC [Fig. 4(B)], affected MEKK3, MKK7, ERK1/2,

JNK, and P38-p [Fig. 4(B,C)], and then decreased the levels

of MMP-2, MMP-7, and MMP-9 [Fig. 4(A)]. All examined

compounds also inhibited PI3K, iNOS, and COX-2 [Fig.

4(B,D)] and then led to the inhibition of cell proliferation.

These results indicate that DAS, DADS, and DATS effec-

tively inhibit MMP-2, MMP-7, and MMP-9 for causing in-

hibition of migration and invasion in colo 205 cells.

DISCUSSION

Cancer development involves multistep process as cancer

eventually spreads from one area of the body to other

organs or tissues during the late metastasic stage. It is well

known that one important characteristic of metastasis is the

invasive and migratory ability of tumor cells. In this study,

we show for the first time that DAS, DADS, and DATS can

inhibit the migration and invasion of colo 205 human colon

cancer cells in vitro by using cell invasion and migration

assays. In the present study, at 10 and 25 lM DAS, DADS,

and DATS -treated group, the invasion and migration of

colo 205 cells showed 60%, 76%, and 75%; 56%, 68%, and
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Fig. 1. DAS, DADS and DATS decreased the viability of
colo 205 cells. Cells (2 3 105 cells/well) were placed in 12-
well plates and incubated at 378C for 24 h before each well
was then cotreated with various doses of DAS, DADS and
DATS for 24 h. DMSO (solvent) was used for the control regi-
men. Cells were stained with PI and were analyzed by flow
cytometry as described in Materials and Methods. Each
point is mean 6 S.D. of three experiments. *P \ 0.05 versus
control.
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Fig. 2. Effects of DAS, DADS and DATS on the in vitro migration of colo 205 cells. Cells (5
3 104 cells/0.4 mL RPMI-1640 medium) were plated in the upper chamber in the absence
or present of DAS, DADS and DATS (10 or 25 lM) and allowed to undergo migration for 48
and 72 h. The filters with a reconstituted basement and collagen type I was stained by 2%
crystal violet, and migrated colo205 cell adherent to the underside of the filter were
observed and counted under a Nikon phase-contrast microscope at 3 200 (A: 48 h treat-
ment; B: 72 h treatment). The percentage of inhibition was calculated (C). *P \0.05. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] AQ4
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Fig. 3. Effects of DAS, DADS and DATS on the in vitro invasion of colo 205 cells. Cells (5
3 104 cells/0.4 mL RPMI-1640 medium) were placed and cells that penetrated through
the matrigel to the lower surface of the filter were stained with crystal violet and were pho-
tographed under a light microscope at 2003 (A: 48 h treatment; B: 72 h treatment). Quanti-
fication of cells in the lower chamber was performed by counting cells under a Nikon
phase-contrast microscope at 2003 (C). *P \ 0.05, significant difference between DAS,
DADS and DATS-treated groups and the control. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Fig. 4. Effects of DAS, DADS and DATS on the levels of associated proteins with invasion
and migration in colo 205 cells. The total proteins were collected from colo 205 cells (1 3

106 cells/1 mL RPMI-1640 medium) treated with 0, 10, 25, 50, 75, and 100 lM of DAS,
DADS and DATS for 24 h before and the proteins levels (A: MMP-2, MMP-7 and MMP-9;
B: PI3K, GRB2, Ras, PKC, MEKK3; C: MKK7, ERK1/2, JNK, P38-p; D: iNOS, NF-jB p50,
NF-jB p65, COX-1 and COX-2) were measured by SDS-PAGE and Western blotting as
described in Materials and Methods.
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91% inhibition, respectively, when compared with the non-

DAS, DADS and DATS treated group [Figs. 2(C) and

3(C)]. The results also demonstrated that DAS, DADS, and

DATS significantly inhibited the invasion and migration of

highly metastatic colo 205 cells, and these effects are in the

order of DAS \ DADS \ DATS.

The colo 205 cells treated with DAS, DADS, and DATS

significantly inhibited migration and invasion. Protein pro-

duction analysis showed that the inhibition of cell migration

was because of the inhibition of MMP-2, -7, and -9. It could

be argued that the observed inhibition of cell migration was

because of the cytotoxicity of DAS, DADS, and DATS.

However, that was ruled out by a cell proliferation assay

and percentage of viable cells assay as shown in Figure 1.

Note that at the doses and time frames employed in these

experiments, more than 90% of the cells were viable. These

results showed that DAS, DADS, and DATS might inhibit

tumor cell migration in vitro [Figs. 2(A,B) and 3(A,B)].

Although the ability of DAS, DADS, and DATS to inhibit

colo 205 cell migration and invasion has been shown in the

present study, the mechanism by which DAS, DADS, and

DATS inhibits cell migration and invasion was not clear.

For further investigation, we used Western blotting method

to examine the associated proteins levels of migration and

invasion of colo 205 cells.

It was reported that the migration of tumor cells to dis-

tant organ sites plays a pivotal role in metastasis (Berens

et al., 1994; Giese et al., 1999). Cell migration has been

shown to be regulated by numerous molecules including

PI3K, p38/MAPK, p44/42/MAPK, p-JNK, and FAK (Wang

et al., 1999; Lakka et al., 2000; Goncharova et al., 2002;

Neudauer and McCarthy, 2003). In this study, we found

that DAS, DADS, and DATS inhibited cell migration by

downregulating the production of the p38, PI3K, ERK,

JNK, and NF-jB proteins (Fig. 4). It was reported that the

inhibition of PI3K and MAPK activity by using specific

inhibitors can impair cell migration of ovarian tumor cells

(Meng et al., 2006). Except migration, the tumor cells also

have to invade to establish metastasis successfully at a dis-

tant site. Tumor cell invasion involves the degradation of

the extracellular matrix by proteolytic enzymes (Goldfarb

and Liotta, 1986), which are named matrix metalloprotei-

nases (MMPs) (Matrisian, 1992), which play an important

role in tissue remodeling in normal cells and also in cancer

cells. MMPs have been found in many invasive tumor cell

lines such as the breast, lung, and colon cancer (Shapiro,

1998; Oberg et al., 2000; Pritchard et al., 2001; Nakopoulou

et al., 2003). MMP-2 and -9 have been found in several

cancer cell lines and surgical specimens (Ohbayashi, 2002).

In this study, we found that DAS, DADS, and DATS

inhibited tumor cell invasion in colon cancer colo 205 cells.

Furthermore, DAS, DADS, and DATS mediated inhibition

of invasion occurring via the downregulation of MMP-2,
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Fig. 4. (Continued)

Fig. 5. The proposed mechanisms of DAS, DADS and
DATS inhibited migration and invasion of colo 205 cells. AQ5
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-7, and -9 through the inhibition of PKC, MKK3 which led

to the inhibition of ERK1/2, JNK, and p-p38 as shown in

Figure 4. DAS, DADS, and DATS inhibited the levels of

NF-jB p50, which may also affect the MMP-2, -7, and -9 in

colo 205 cells. Other investigators already showed that the

expression of MMPs are primarily regulated at the transcrip-

tional level through activation protein-1 (AP-1) or nuclear

factor-kappaB (NF-jB), and at the protein level via their

activators or inhibitors, and their cell surface localization

(Aguirre Ghiso et al., 1999; Westermarck and Kahari, 1999).

Based on the results, we observed from the Western blotting,

the cause is not completely clear. However, one of the possi-

bilities is that the concentration of DAS, DADS, and DATS

required to inhibit the expression of the associated gene

expression may vary among the cell types. Another possibil-

ity that the expression of MMP-2, -7, and -9 in colo 205 cells

may be regulated by additional mechanisms heretofore

unrecognized. However, further studies are warranted to

explore these possibilities. Whatever the underlying mecha-

nism, the ability of DAS, DADS, and DATS to inhibit tumor

cell invasion has been clearly shown in this study.
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