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ABSTRACT. Diallyl disulfide (DADS), an oil-soluble organosulfur compound in garlic has been
reported to suppress tumor growth and to induce apoptosis in cancer. In the present study, we investi-
gated the effects of DADS on puimonary metastasis of B16-F10 murine melanoma cells. DADS (i.p.
40 mg/kg) significantly (p <0.05) reduced the number of pulmonary metastatic nodules (48%) in
experimental pulmonary metastasis assay. We also found that DADS inhibited adhesion, invasion and
migration of B16-F10 melanoma cells in a dose-dependent manner. To study the antimetastatic poten-
tial of DADS, we performed the effects of DADS on matrix metalloproteinase activity. DADS signifi-
cantly inhibited the expression of matrix metalloproteinase-2 activity in B16-F10 cells by gelatin
zymography. These results suggest that DADS prevent metastasis in part through suppression of
migration of B16-F10 melanoma cells by inhibiting matrix metalloproteinase-2 responsible for degrada-

tion of extracellular matrix.
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38HE-4 (phytochemicallelt} 2 EFES o235+ ¢
o] A2 Mero g, A3AA FUAE Fodhe 7]
Z9] 38kxj8 QW(chemotherapy)ds thE sideltt
(Sporn and Newton, 1979). #x] genistein, EGCG,
resveratrol, curcumin & ¥33F ok 200003F¢]
phytochemicalell thgt chemopreventive agents7} 4
FEI O01HSurh, 2003), ©]E°] Yol o] 8F717HA]
= B2 A7) e AR o dE

uEE FA7E Fdte] SXER FEE ASFH
o (Agarwal, 1996), whe9] 3 37t B ol
(Cavallitto er al, 1944), vi=3} vhs TANEL 3484,
AR Aagstast, 3 a0 as, FEuAL 32
2 ol siA, blolese) Fgo] X8 Fell A ot
st A7t AL 2 E37F E I HBanerjee et
al, 2003). T vl E0i= /7] & g5HEe] AlEd
glutathione(GSH) %  glutathione-S-transferase(GST)
e F7HIA LS e o2 s
(Amagase and Milner, 1993; Wargovich et a/, 1988).
E35] nlso] 284 sEEQ] diallyl disulfide(DADS)=
FEASEERD o ERHQ AN E T E EEE
(Sundaram and Milner, 1993}, £ F o] AR AA|
3ol Ed¥e] 38 A E34E 7RRIYa RaEU
(Kwon et af, 2002; Nakagawa et a/, 2001; Goldberg
and Josephy. 1987). &3k Koh 5& DADS7} @tsl
S 7R EA HA e AEANE S AASAL B
3l tHKoh er al, 2005).

Zet, Al57H] DADSS] shetA ¢F owol] AHE
TE TFY s AEo] e Aol tiFol o A
olo] &% A= TS vty wEkA] 2 Aelae
C57BL/6 7}9-2E o]&3 B16-F10 melanoma AEg]
Hetdo] BHlS gylsle] vhse AR DADSTH &
Holo| pR= &35 #¢lsla, B16-F10 YHEE o] &
sto] DADSZ 18 &AMl 2e] o]lFAd(migration), &4
(invasion) 2 &4 4 5L F38lo] o] 2345 ZAL
sk} sk,

e

ME 2

Aok
Diallyl disulfide(DADS, purity 80%)= Fluka A}
(Bucha, Switzerland)2%& FYUstslen], Eagle's

minimal essential medium{MEM), Hanks' Balanced
Salt Solution(HBSS), fetal bovine serum(FBS), sodium
pyruvate, non-essential amino acid % penicillin-
streptomycine Gibco BAHGland Island, NY, USAKI

A 71319, Dimethyl sulfoxide(DMSO) 2 methyl-
cellulose= Sigma FAHSt. Louis, MO, USAZHRH
Yt ARGsIH o™, 1 9o BRE A2 EFAIHS

st

>
op
3

dEssE

B Aol AMEE b5~65% 2] SPF(specific pathogen
free) C67BL/6 7 vig-2E FHEAAATLANAM B
ol 15 9t wFfete] ARSsIlem, AN e &
5 22+2°C, % b0£20%, 12N7F 2HE FAAAL,
AR 8 S ARk glo] dFAA

M= Y Hik=xA

C57BL/6 ml9-=oA] faE oHd S2%F<2] B16-F10
melanoma Al X= ATCC(Manassas, VA, USA)lIA +
st ARESITE. B16-F10 melanoma AZE+ 10%
FBS, 100 ug/ml penicillin, 100 ug/mi streptomycing
H71gk MEM vlix|o|A] 37°C X3} $E2 FAFHE 5%
CO, v F71o A vl et

In vivo HglHo| S 0|88t DADSS| fiFo| <A
38 ZAL
vz A2 DADS7F B16-F10 A9 EgAdo] nl
A QYL w-2F ol &3 in vivo AP o] B g o]
3+)

L3te] ZAVSFAtHFidler and Hart, 1982). C57BL/6 uf
QA2 237 E2AHGAE A e DADS A0,

—

0, 20, 40 mg/kg)o.& WAl 7+ 3 gulelR ul x| st

198 3319t} 0.1%(wi) methlycellulose?} Eo12)

= AEd Adgo] S DADSE 4 BEHEE 0.2 ml

A, F 33 475 BAFS St 8RS dFd &

HBSSo &ESH B16-F10 A1 E(5X 10° cells/m)}& 0.2 mi -
A CB7BLB vhe-2=o] AFuhl 2 AT GAE

oj2] 219 F RAste Hof Hdold FY £5 SH3

o] DADS®] &do] oA T 7 55 AT

i1k
to

ir

DADSZ} B16-F10 murine melanoma M|ZE2| AZo0]
O|X|l= ¥& A

B16-F10 melanoma AMXd tlA+ G3= MTT3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-zolium
bromide]#H o & ZALSIHTHRuUbinstein et a/, 1990).
96 well platedl] 2x10* cells/ml2] B16-F10 A|2& &
F8}3L 37°C, 5% CO o Wiz odlA a2 St vl
skt DMSQel =<1 DADSE 5%¥(0, 1, 5, 10, 25,
50, 100 uM)E 2477+ 53t AEjstd e DMSOE Al
Z el tisled 0.1% vlgre] %2 &gtk gk



Antimetastatic Effects of DADS 351

20N $ WA E A AF AL QAkSgd oz sladg 2.0
mg/mie] MTT 895 2} welld 100 ut¥d L322 37°ColA
AX 7 vieFstTh. o] uiAE Al ASIAL ABAJE formazan
crystalell DMSOE 7tsted ol & microplate reader
{E-max, Molecular Device, USA)E AME-3le 540 nm
A FREE SAIAT. ZE AY Ade MEE 9
FelAl G2 Aol SHE FF=0 dste] RS
om, DADSO| o3t 2zt Al 28] A& AlFgEZH] A
YA G2 iz vjwsle] BEER s

DADS7} B16-F10 murine melanoma M|Z2| £&tA0]
OiXl= & AL

B16-F10 melanoma AM|3Zg] A3t
DADSe] ¥g& ZAFsH7l 918k, collagenV coated
microplate® AL&s}tHPasqualini et a/, 1996). 50
ug/ml FE2 232171 collagens 96 well microplate
o) 5O B S=uEer A% ¥, 1.0% BSA
(bovine serum albumin)’l F71E PBSE A& 3te] A}
431}, CollagenlV coated microplated] B16-F10
A E(2X10° cells/100 ul}s 53k & DADSE F=d
(0, 1, 5, 10, 25, 50, 100 uM)E A&t 4417+ 5
wiefsldth. PBSE 33 AjHdte] F-AelA] & AEE
AABEE, F-2H A Eo] MTS/PMS(Promega) mixture
E 20 pliwel 3718t Al 4x)7F mi sk 3 590 nm

o FHEs s,

33 ol vl

DADS7} B16-F10 murine melanoma MZ2| &0
O|Xl= Y& =At

0.05 mg/ml Matrigel(Collaborative Biomedical prod-
ucts, Bedford, MA)Z *&]® polycarbonate filters(8
um pore sizels 24 well plated] st HE] 247
B16-F10 A EE 5X 10" cellsiwellE E53+ $ DADSE
F54(0, 1, 5, 10, 25 50, 100 pM)E A&k vjkst
AT HleF 12717 F- HEE A AL st H&d
Eol MTS/PMS(Promega) mixtureE 20 pl/well ’é}
7hsted ohA] 4xZE uiFsE $ 590 nmollA 5%
A3t DADS7) @Al e] H&Adol mA= °§%a &/‘P
BtHMoon er al, 2000).

Jl)l' g é

DADS?} B16-F10 murine melanoma M|Z=2| 0|S440]|
O|X|= HeF =A
B16-F10 A £ o]FAol rix]l= DADSe| &35 =

2lsted, 6 well plated]l B16-F10 A|Z(5x 10°

BT WS WeF 24470 3 HiA

AxEl

Alst7]
cells/well}—
AASL 26 pg/miel mitomycin C& 30E7t

st AXO] F2AS JAAZ] T Azl FHel injury
lineg THEATE. PBSE ©]§3td 23] AE & DADSE
FTEE(0~50 pMIE X3t 47ZF 0, 6, 24N ER
A E7} o] Fsh= AL dujgoz A3t Yamamura
et al, 1996).

In vitro gelatin zymographys 0|88 MMP-2 U
MMP-92| SAEH XAl

B16-F10 melanoma Al DADSE $%'4(0, 5, 10,
25, 50 uM)Z A Z]38}aL 244170 B9t uieket &, wiok u)
A& FA8I] 1.0 mg/mie] dztde] ¥ AE o)&
sla] A719% sFHtHMoon er al, 2000). HA719F]
¢ & 2L washing buffer(50 mM Tris-Cl(pH 7.5),
10 mM CaCl,, 2.5% Triton X100, 1.0 pM ZnClL)ZE Al
23+ & incubation buffer(50 mM Tris-Cl(pH 7.5), 0.15
NaCl, 10 mM CaCl,, 0.02% NaNjjell ¥o 37°CellA
2477k F2F vHEAIZl Y, 0.1% Coomassie brilliant
blue R-2502.2 HA&}3L Gel-Doc(Bio-Rad) 2 Quantity
one({Bio-Rad)o.2 £4-8 3Hch.

EAEN

A¥A7e] HA8E AEl= unpaired Student's t-
tests AMRERCH p<0.05 £F oldtl SJHS
AR sIAE.

AT A

In vivo HIgt®0| 2ElE 0|88t DADSS &Y 0| o
Njg

DADS7} B16-F10 A2 HZEF Aol n)x
C57BL/6 v¢-28 o]&3%F /n vivo HgHoe
AT A EelA] 219 & HE Hold
ZAste] B A3, B16-F10 AlE] 93 C57BL6 =t
HEY Aol DADSY Fojdl] 2air dA3] 7
ATHFig. 1). DADSE F9slA] &3 ¢AZRRS o]
T4 zT A, AT oM ol
olonyvr7} 125 + 31702 #A&=ATE 12v; DADS
10, 20, 40 mg/kgZ E7 Fo4g C57BL6 w21
ol zhzt 84 + 1478, 67 = 187}, 65 + 137jj2] &k
colony7} HatE|o] A E) ot o7t 2+ 33%,
46% % 48%71A] A=A cHTable 1).

o = X i
Eﬁi‘l

2 i o L B o I‘N flo
ofN

B16-F10 murine melanoma M=E 340 D|Xl=
DADSS| &t

DADSel| eJ3t C57BL/6 wh-29] #Hidzdo]l HA) a3t
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Diallyl Disulfide (DADS, mg/kg)
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Fig. 1. Effects of DADS on the experimental pulmonary
metastasis of the B16-F10 celis in male C578BL/6 mice. The
administration of DADS solution was started 7 days before
the injection of B16-F10 cells and continued for 3 weeks as
described in Materials and methods. After 4 weeks, the
number of colonies and the weight of their lungs were mea-
sured. Data are mean +SD of three independent experi-
ments (n = 20). *p < 0.05, **p < 0.01 vs none.

Table 1. Effects of DADS on lung colonization of B16-F10
melanoma cells in male C57BL/6 mice

DADS (mg/kg)

No. of lung colonies® Inhibition (%)°

0 125 + 31 -
10 84 +14 33"
20 67 +18 46*
40 65+13 48*

*The number of metastasis lung colonies were measured at
day 28 days as described in Materials and methods. Data are
mean + SD of three independent experiments (n = 20).

°A inhibition rate was observed in the number of lung
metastasis colonies in compared with control. *p < 0.05, **p<
0.01 vs none.

7} B16F10 AMlE2] A% AAE E3ld dojubex] Yol
17] 9)5td, B16-F10 A|¥o| DADSE zHz+ 0, 1, 5,
10, 25, 50, 100uMe] FE=2 2477 F s &
MTT assay® 8319t} Fig. 200x9l 7] DADSE
25 uM TRke) FEoAME B16-F10 MEe] A & o
g wRA Gtk 2y 25 uM o] FEeM =
B16-F10 Mx2] F2lo] @A 8] JAH= 2 A&dd +
2%t DADS?] F=7} 25, 50 2 100uM ¢ = B16-
F10 MEs dizeel v zH2 71.24%, 47.02% %2

120
100 |
80
60 |-
40 |-

Cell viability (%)

20

0 1 5 10 25 50 100
Concentration (LM)

Fig. 2. Effects of DADS on the cell viability of B16-F10 mel-
anoma cells. The cells were treated with various concentra-
tion of DADS for 24 hrs and cell viabilities were determined
by MTT assay as described in Materials and methods.
Results of triplicate experiments were expressed as mean +
SD. *p < 0.05, *™p < 0.01 vs none.
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Fig. 3. Effects of DADS on B16-F10 melanoma cells adhe-
sion. The cells were treated with various concentration of
DADS for 24 hrs were subjected to in vitro invasion and
adhesion assays as described in Materials and methods.
Results of triplicate experiments were expressed as mean =
SD. *p<0.05, **p < 0.01 vs none.

30.57%9 AELL BHPoH, IC= oF
WERTHFig. 2).

54uM A==

B16-F10 murine melanoma Mi=Ze| 52 gl X 20) 0O
X|£ DADSS| ¥&k

DADSO) 213t B16-F10 ME2] jn vivo &Ho] oA &
dol in vitro B33} ofE FABATE AeA Golry]
9)3ted, B16-F10 AlXo] DADSE % (0~100 uM)E
Helsta Mz R A8l vA e F¢e =
Atetict. B16-F10 Alxe] 24L& DADSe] 5% o9&
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Fig. 4. Effects of DADS on B16-F10 melanoma cells inva-
sion. The cells were treated with various concentration of
DADS for 24 hrs were subjected to in vitro invasion and
adhesion assays as described in Materials and methods.
Results of triplicate experiments were expressed as mean +
SD. *p < 0.05, *p < 0.01 vs none.

Ho=z ZFAaFAtHFig. 3). DADSS F%7F 25, 50
100 M B16-F10 M9 F244L 742t 16%, 32%
4 58% A% 7ZAagUct. E3k DADSE B16-F10 Al X
o A{Aoll= FFS v HTHFg. 4). B16-F10 Xy ¥
AgollA @abd vie} rlRZIRE, 10 uM ©]3te] Exo)
Me o]l ZasA] ¥gtoy 1 o)) FrdM=

DADS?| s:xojEX o= B16-F10 MZe ool i

DADS (hr)
0 6 24

Oui | . : . l

G ‘

e i

1M :

. 19 1

SxchE

Width of injury line (% of zero hr)

ek Zhzb 25, 50, ¥ 100 uM<] DADSel lsiA
B16-F10 Al ¥Ee] H2Ade oF 156%, 32% 9 58% AL
FAEN A=

B16-F10 murine melanoma MZE<2| o|SMof| O|x[=
DADSe| &t

B16-F10 M9} /jn vitro 234 tigt DADSY E#r}
FAE] AR ol ol E FES HAEA
Yol 7] 9I3led, DADSE z+zt 0, 5, 10, 25, 2 50 uM
o] FEZ 0, 6, 2477+ Bt AEE 3 wound migration
S ZA8ItHFig. 5). DADSE A#ldkx) & tizd]
B16-F10 AlE= 24A1ZF oo migrationo] $EEo]
injury linec] AlAE Z& #EE £ Adk a8y
DADSE A2 439 A% DADSY sxof ue} 7}
Z} 19%, 34%, 43% 2 49%2] o]FAo] ALY}

DADS?7| B16-F10 murine melanoma M= MMP-2
2 MMP-9 E4 &40 0|X|= Qg

DADSel| 918 B16-F10 Ao AEA A E3} 7]
A ohd faghe] FoE FIS nHEA Yo}
17) 91814, B16F10 A2 DADSE E%%(0~50 uM)
Z Al MMP2 2 MMP99] &4 &4 %E gelatin
zymography B0 2 ZA}3Ith B16-F10 AlEd] DADS
g 247ZF B3t A2st dut, DADSY wx7F F7H
ot GAFEY MMP2 §4 BAHTE 5 10, 25 2
50 uMel FxolA Zzt 2, 7, 20 2 28% HAHTH

120¢
100
80
60
40 |

20

0 6 24
Time (hr)

Fig. 5. Effects of DADS on B16-F10 melanoma celis migration. The cells were treated with various concentration of DADS
after pretreatment with 25 ug/ml mitomycin C for 30 min were subjected to in vitro wounding migration assay as described in
Materials and methods. Cell migration was observed with microscope (x 40} at 0, 6, and 24 hrs. Results of triplicate experi-
ments were expressed as mean + SD. *p < 0.05, **p < 0.01 vs none.
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DADS, 24hrs

o MMP-9
u MMP-2
100 |- Z
*
= 80 *
2
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S 60}
St
=
= 40|
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oL . .
0 5 10 25 30

Concentration (nM)

Fig. 6. Zymographic analysis of B16-F10 murine mela-
noma cells treated with DADS. MMP-2 and MMP-9 activity
were measured by gelatin zymography assay using the
media of B16F10 cells treated with various concentration of
DADS for 24 hrs. Results of triplicate experiments were
expressed as mean £ SD. *p < 0.05, **p <0.01 vs none.

(Fig. 6). 28} DADSY &% Z7dl & MMP9 &4
BATE F94 IA HskER] @t

w1l &

ks f7] & 3EEQY DADSE ¢AIEY AFES
AASIZ apoptosisE F=dHH(Kwon et &/, 2002;
Nakagawa et a/, 2001), 3|2 olME3}E ZIAA
nk-2 erythroleukenic AlE9] 32 fxditiy B
g)9tHLea and Ayyala, 1997). ¥ A A3HFig. 2)l4
vhse] A8 #7] & 3ESQ] DADSE vhg-2=9] o4
SAER B16-F10 Al A4L Fo4d Al A8l
th. DADS9] Az s%7t Folglol uhel 355 wjA] 9
2 B2Hshs MEsF 328 202 Hol DADSYT o)A
HAESR] B16-F10 M) AxAggdE dAlshes o=z
Azt iKwon et a/, 2002; Nakagawa et a/, 2001).
o]g1dt DADSe )3t Al xe] s we Fejy
Wy o B AN cell adhesion assays 31
ZrE gl Re] Fakg Zhaet ARSI THFig. 3). ol
& ZAi= B16-F10 AlE2] integrind} fibronetin ARo]
A% sl AE AEE TAA7IY apoptosis
f=ghl= Qian 5(2005)] B2} w72, DADS

¢

m lo my e

Axlo] #gk FBHAel tistdMs s A At
Zast Aoz Az

E3k DADSE why-29] #Hbxo] Rdg o]&3t B16-
F10 M322] /n vivo FZo1E dA3] A5 10, 20,
40 mgkg®l DADSE EZFFoisial H=2 ZHold T
TE X35 A3, dojd T4 47t ZH) 33%, 46%,
A8%THA] FE lEH R 7HAF, uly AJE<Q DADS
7t ebdeo] YAl E3rF UL-S A = AATHFig. 1,
Table 1). o]&st A+ A= vkzel DADS/F B16-F10
melanoma M2 AT ofe} Aol dAlsHs A
S HAFH, vl ajoenedl] 23 Hol7t A Ht
= Taylor 5{(1995)] R} v]s:gh oS HAT

HE2 o A AiolM HoldE ikl o Ml
tE AZE 2o Holeo] olalgds A ¢
M= ol E HE, B A 5o dde e T
sl ®cH{Poste and Fidler, 1980). 53] YA*®9] A&
Hol eHl= M 71H& Hallshe o] Hi=Al Ha
3 o]uf matrix metalloproteinases{MMPs), serine
proteases, cystein proteases®} aspartic proteases
59 oy wwd Rs) 347 2E3cHCurran and
Murray, 1999; McCawley and Matrisian, 2000). 1%
7P st FestA Agste oE ElEde
MMPso]H, oF 2045:2] MMPs Z<llA] type IV 24
< Ealske MMP29} MMP-9o] 7} F9] =4 A&
oL} o] ol #He stk g#A UthHZeng et al,
1999; Papathoma et &/, 2000). & \FolA DADSE
B16F10 melanoma M2 &8 A3 2™ (Fig. 4),
MMP-9¢] A Bt = MMP-29] 8448 gatg o= o)
slATHFig. 6). ol#1dt Z4E2 curcumine] MMP-2 &
H|E oAgoa] MCF10A AlEe] A& e Hod3h
o= BI{Kim et al, 200114 ¢} npR7 X &, DADSY)
934 B16-F10 melanoma AZ2] MMP-2 &4do] 7t
axElo] MEe] FEAo] dAlEeEMN FHle] o]
AR 7aE Ao HA dwF oz MMPsol| 93t
A ZN A 28] 282 tissue inhibitor of metallo-
proteinases(TIMPs)ell  &J8lA] F2 2AH v (wata et
al, 1996), MMPs¢} TIMPse] E-H]2] Bg8o 2 Qlale]
Z1Aure] EalEa MGt Moyt dojdoiar dEA 9l
tHLiotta et af, 1991). 25 TIMP-2&= MMP-2¢} 2§
A& gAsted MMP-29] Ml 714 BaleS A%t}
3 BAFEHGreene et al, 1996; Strongin et al,
1993). webd DADS7F MMP29] #4 Hulohg}

[o:¥)

&)
-

[
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TIMP-2 & o] 5=
Aoz 7l==gy)
719 Bael] ojsid A E2] o]F-& PI3 kinase &
= MAPKs7} &4ty 484 9o (Kundra et &,
1994), pancreatic stellate cellse]v} neuroblastoma
celle] 7% PI3Kinase®t MAPKs Ato]€] cross-talkel] <]
A ME o]Fo] dojdtiw dtHPola et al, 2003;
Masamune er a/, 2003). =3t Akt 3t Al& Ag o
WAl GSK3p7t Maolsg ZdIvhe Rute ok
(Schiessinger and Hall, 2004). & A3 ZAsjd] wa
DADS®] ¢bdo] oA A= he] ditsa AFel =20
H g 9l Rlog JgEejAu; DADSS] 94H Hes
Aslire GAlZe olF5Ad A mAE HEe 247
A E ol dist A7) o FlgEojof &
Ho}

BFS vINEA e A7t By

2 nos A

I
rot

)
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