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Diallyl Disulfide Enhances Daunorubicin-Induced Apoptosis of HL-60 Cells
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ABSTRACT

Dially disulfide (DADS), a component of garlic (Allium sativum), has been known to exert potent chemopreventive
activity against various cancers. In this study, the synergistic effect of DADS and daunorubicin on the cytotoxicity of
HL-60 cells, a human leukemia cell line, was investigated. DADS at 25 M greatly potentiated daunorubicin-induced cell
death, decreasing cell viabilityto50%ofthe control. Daunorubicin-induced apoptosis was accompanied by the activation
of caspase-3, the degradation of poly- (ADP-ribose) polymerase (PARP) and D4-GDI, and DNA fragmentation, which
were blocked by pre-treatment with acetyl-Asp-Glu-Val-Asp- dialdehyde (Ac-DEVD-CHO). Treatment that combined
25 M DADS and 100 nM daunorubicin caused a similar degree of caspase-3 activation, PARP and D4-GDI degradation,
and DNA fragmentation to that caused by treatment with 250 nM daunorubicin alone. These results indicate that combi-
ned therapy using daunorubicin with DADS, a component of food, and garlic can effectively decrease the therapeutic
dose of daunorubicin, preventing the severe side effects of daunorubicin. (Korean J Nutrition.36(8) : 828 ~833, 2003)
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2|3}7] Y5le] dojul= Aoz A, AMAe] &4 WSS
sty A7t 2= A vl o)2{dt apoptosis
Al Jeh b= E4 0 2% chromatin® condensation, apop-
-otic body 2] &Al, DNA fragmentations¢] 3t} Cas-
sase (cysteinyl aspartate—specific proteinase) = U4
ziller protease@}il £8|9 apoptosisE Yo7l Fa3t
cysteine protease©|th?® Caspaser 43159 adhe-
sion molecule, cytoskeleton, cell cycle® Z&sh= £
, @ Yol &A31AA DNA repairel
#o3R= poly (ADP-ribose) polymerase (PARP) %} A
¥4 Yol #A3l= GDP dissociation inhibitorg! D4 -
GDIE #3fsitta gefA Qlvk 257k 12859 caspase
7} ¥ ¥}l o] # caspase—32 E43R= ME9] apop-
tosis®ll & QA FoFhch
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Daunorubicin 19394 v]AEZHE gt H&
A7, ¢t B2 1AEA A4 208~209TolA =
AL 71X 3 e} 0722 idarubin, doxorubicin, adria-
mycin®@} 2 anthracycline antibiotico]th. 1950 tiel]
FAAZ ARl stloy At digt &3 Wlg =
A RE, AR Zhedel| ARgEb el vFuE B4 AEiA
AR 4= giich 19603 d el antitumor properties <37
Aol kMl Eel] a3t o] &SN, 53] solid tu-
mor A|ZEBTR= leukemia Mol © &3Fo|gc) z¢
71742 DNA BAE JAgo 24 HzEdn A58 W)
gtk £ DNA o3z Beldy o & A Has)
= e Z431= topoisomerase?} ZHE-2 A|goz
A 7% DNA strand7} A71A =31 o] wiitol] ¥} &
Al Bk =3k AlEellA daunorubicin ¥2RHE} quinone
portion®] formaldehyde®] A443-& £ZA)711 formalde-
hyde™ amino—sugar portion® ¥F&3}93 daunorubicing
g/43}A)71t}. o}Fo] DNAQ intercalate 3t virtual
cross—linkE B43l312 DNAZ alkylation*71th'” Dau-
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norubicin®] #2842 AAHMEE mutationAlZ = 911,
ASE AT 5 o, A7 ARA] A 54& v
Ehd 4 9= cardiac myocytesE APEAIA, A4
o] 715 WS FA ek oA 3)Eo] Bl
gt FF-Ao] AA WstAY H2Mo g HE 5 glow
A B AW 94 TE, gRr5 RaAgo] & 5
oh'® Daunorubicin® FLAZA £& X8 A=
T+1 cardiotoxicity 52 F2Hg wEol AA] AR
& Ak wx ok mebA AAellE 5498 vehiR] &
oA ZE FAAY B ZHE TR, AL FRY
FAAE Tt 2 a¥E Yehd § 9l E4o]
Al o18d 4 Uk, & F3reel QlojA B o]
AE 7T & Aol ole A st A ot
9Ju] Q= o] & Hojrh

B AFE sy FA4E<R DADSE 71&9] dghAlQl
daunorubicin®} 7] WEg ] AEF HL-60 AE] A
2)5191 DADS7} daunorubicinol] &3 AIES] AbES &
7 QlEA] ER1skarAt I
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1. MG

Al Wy okl HL—60 Al3EE American Type
Culture Collection (ACTT) ol F-J8t o, A Eujek
.2 RPMI 1640 (Gibco BRL, Grand Island, NY, USA)
ol 10%2} fetal bovine serum¥ 2 mM glutamine, anti-
biotics2+ penicillin 60 mg/l, streptomycin 100 mg/l,
amphotericin B 50 ul/1& A7}t AR89t M Eujek
2 Ak} 95%, CO7F 5%, <571 37°CQ CO, AEH)
F71e A o] F AT

2. NEo| WZEES ot MTT 5%

M EZ2] AEFLE 3—(4,5—dimethylthiazol—2—y1) 2,5—
diphenyl tetrazolium bromide (MTT) Wiog &34
At 96 well culture plate]] A¥E A tZEa A
oz o] 1 x 10° MR 1538101, AgTel DADS
¢} daunorubicins ] Aok Az2lsle] 37 ColA 48417 ulf
ok}t vi9k ¥ phosphate buffered saline (PBS)Z 2
3] A, zF welll MTT (100 £g/0.1 m)E ¥} 37T
A4 1217 A2t Aelgls M¥E MTTE sl B
2 B84 formazangs FAsh o|RAE SAY] 381
dimethyl sulfoxide (DMSO) 100 p1& H7lslq A|XE
521 th3 ELISA readerg ©143} 570 nmolA] 3=
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3. Caspase-3 ¥ &¥

60 mm culture dishol] AXE 4 thZTa AYTo
2 ro] 5.2 x 10° xﬂs%‘ 58, Ag <ol DADS$)
daunorubicin 58] Al<kE A3} o8 37TClA 24
AIZE wiokst & 4°C2] PBSE 23] Aotk o37]of ly-
sis buffer (0.5% Triton X—100, 10 mM EDTA, 10 mM
Tris—HCl pH 7.5) 2 4CellA 308 x2isk] AEE A=
2]31 13,000 rpmellA 1043 A€ 8t A5aE ¢
Aok Ade] diAe sk & ASH 30 pgH, ca
spase substrate?! Ac~DEVD—AFC (Pharmingen Inc,
San Diego, CA, USA)E 5 x|, caspase assay buffer
(10% glycerol, 2 mM DTT, 20 «M HEPES, pH 7.5)
500 pl& ¥ 37CA 1417 wke-A)# ) Caspase—3
o] g5 &= 71490 Ac—DEVD—AFC7} caspase—3¢°] 9
3 FFEA S " AFCE 38t o)A
rophotometer s ARSI 400 nm (excitation wavelength)
9} 505 nm (emission wavelength) o4 43131},

4. Poly-(ADP-ribose) Polymerase®t D4-DGIS| Western
blot

60 mm culture disholl AEE Y4 z2F3} APLo
Z 1re] 5.2 X 10° AlEH EF313ich ATl dauno-
rubicin®} DADS S8} Aleke A2lska 37ColA 24A17F bl
oFstadet. ik MEE 5731 13,000 rpmelir 102
FAAEE sl AFdE Ak o] S daAs
eFslo] 8-S PARPE 10%, D4—GDI= 14%2] SDS—
polyacrylamide gelollA 719535t 2= A7) wlet
Telsisitt o] gel&
Bedford, MA, USA) ©}l transferAl7] 1, 2% bovine serum
albumin (BSA)& 30%#7} blocking A2t} Blocking®
membrane®ll PARP antibody £} D4—DGI antibody (Tran-
sduction Lab, Lexington, KY, USA) & Yo #FAIZ1 & A
o)1, oj7]e] alkaline phosphatase?} ZA3® secondary
antibody S £¢1 3 BCIP/NBT £ slofja] 227}

5. DNA 23 2012 i Gel electrophoresis

60 mm culture dishol} AEE A4 x5 AdFo
E o] 5.2 X 10°8 538t ATl Aok Xt
of 37°CollA] 24A1F wleFsISith. AIEE A3 cell pek
letS €& F, 500 19 lysis buffer (0.5% Triton X—

100, 10 mM EDTA, 10 mM Tris—HCl, pH 8.0) & ¥

< specrofluo-

nitrocellulose membrane (Millipore,

A-2oA 1577 FoRE ¥ 11,500 rpmellA] 1083 94
—‘?—E]‘é‘}‘o% pellet2 A3t} ©37]¢ phenol/chloroform (1 :

< 4o} DNAE extract3t$th ©)E 100% ethanolZ
-"dﬂ‘:' 3to] AAAZ|I 1 pelletS 70% ethanolZ 23] 4
o]d & TE Buffer (10 mM Tris—HCl, pH 8.0, 1 mM
EDTA) el 51 ths child S Ageksie] 7hz; dAeh oS
2%%) agarose gelollX 271953 ¥ ethidium bromide
2 gAsto] Zk2l A 5 olEllellA DNA #4& gRlsksich

6. HHA 5

HL-6041%29] cytosol?] ©Hd A&k Bradford me-
thod¥2 Z73l3l3 BSAZ REFAE gkon 7t Al
% 33] 453

7. FHEN

FAE A= 39 ol FHA ¥ AT o5
9 H¢ (mean) ¥ EFHA} (standard deviation, SD) &
AHEsIglon BAIEQ feldol p<0.013% p <0.001uHed
A HA5E 2HE BAssith
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1. NENZ8

A2 daunorubicin® DADS7} HL-604122] A&
ol P)A]= YL LotRy] 93k daunorubicing F%
HE 10 nMellA 1000 nM7HA] A2j8kla, 24249 dau-
norubicin E%E°l 25 M DADSE 713t 73} 7181
AL o7 o At AEINESES AekAE &

100 A
(1 without DADS

7] With DADS 25 uM

40 ~
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Fig. 1. Effect of DADS on daunorubicin-induced cell death. HL-60
cells were treated various concentrations (0 — 1000 nM) of dau-
norubicin with or without 25 1M DADS for 24 h and viability was
determined by MTT assay. The percentage of cell viability was
calculated as a ratio of Asy of freated a control cells. Each value
is the mean + S.D. of four independent experiments.



247 7F F-o]l MTT assay & A28k vlw3dlsidt Fig. 1
oA Bi= vk} 2] daunorubicin 10 nM& ©% x2]gt
AL AZAEEL 84%F e 2, daunorubicin 10
nM3} 25 M DADSE o] At e MEYEES
70.6%Z YERAQIT) Daunorubicin 250 nM 5% 324
MEBEEL 46.4%F HERILAL, daunorubicin 250 nM
3} 25 M DADSE 2o A3t 72 AlxAAEEo] 20%
£ YeRJISIt} (Fig. 1). o128k 2= daunorubicin @&
Al Bt DADSE @7 AHelatale -5 AEAAEEo]
50%°) T3t Ao 24 DADS7} daunorubicin®ll 2]
AZAPEE F7M7 ) 237} oleg Rold Aotk

2. Daunorubicint DADS®ll %t Caspase-32 Z¥YT X
CPP322| Proteolytic cleavage
HL-6041329] daunorubicin®} DADSE H#s}%& 7
< caspase—3 BAEE |zl vl3l daunorubicin
250 nM< ©50 2 #23gt 74-¢2} daunorubicin 100 nM
% DADS 25 ¢ME o] A & 3 =5 5.5% Tt
&9t} (Fig. 2). ¢+ daunorubicin 100 nM#} 25 M
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Fig. 2. Caspase-3 activity affer treatment with daunorubicin (D)
with or without DADS. Cells were treated with either 250 nM
daunorubicin or 100 nM daunorubicin + 25 »M DADS for 24 h in
the presence or absence of 3 ¢ M Ac-DEVD-CHO. Cytosolic ex-
tracts were prepared and assayed for caspase activity. Values
represent mean + S.D. of six separated experiments (Significant
difference =+: p<0.01).
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DADSE 7| 283t % daunorubicne 250 nM& &%
oz A3t A} 2L aNE vehle Zoln, 22 cas-
pase—3 inhibitor?] Ac—DEVD—-CHOZE #2]e}g-& 2%,
caspase—39 BT E ANRTY A& FE0R g
F7¥skAl dskch

&} Fig. 30l B vke} 70| caspase—32) proform
¢l CPP329) proteolytic cleavage® A4 i rtollM= A
9} dojulx] 22 WA daunorubicin 250 nM &5 X2
212} daunorubicin 100 nM# DADS 25 #ME- 34 A
2] Ale) CPP329) proteolytic cleavage’} A2 &2 A&
2 Jolwt} (Fig. 3). Caspase—3 inhibitor! Ac—DVED—
CHO #2819l CPP329] proteolytic cleavage?} 719]
Joupx] ¢kgirt.

3. Daunorubicin® DADS®Il <2t PARP<t D4-GDI9| Clea-
vage

PARP2] ¥4ll*= daunorubicin 250 nM &5 A2} A2}
daunorubicin 100 nM¥} DADS 25 ¢ME &7 A& Al,
BF 22 AEE 116 kDollM 85 kDO 2 RalH 251, cas-
pase—3 inhibitor$l Ac—=DVED—CHO #2]A]elli= PARP
o] #ali7} 3z} 2ol A9 doubA] Wttt (Fig. 4).
D4-DGI9] ¥all+= Azl ¥)8ll daunorubicin 250
nM ©@=22 XA 2} daunorubicin 100 nM¥} 25 ¢M
DADSE 7 #2]A|, D4-DGIY) E3llsE 22 JER 28
kDellX 23 kD22 F-al|x]%l 1, caspase inhibitor?]l Ac—
DVED-CHO A@Adlli= D4-DGLY a7t B4 vz

1 2 3 4 5

I RS R < 116 kD

<4— 85kD

Fig. 4. The cleavage of poly-(ADP-ribose) polymerase by dau-
norubicin with or without DADS. The cleavage of PARP was ana-
lyzed by western blotting in various conditions. Lane 1, confrol:
Lane 2, 250 nM daunorubicin; Lane 3, 100 nM daunorubicin +
DADS 25 ¢M:; Lane 4, 250 nM daunorubicin + 3 M Ac-DEVD-
CHQO:; Lane 5, 100 nM daunorubicin + DADS 26 M +3 «M Ac-
DEVD-CHO.

ER— «— 28kD
e <4+— 23kD

Fig. 3. The cleavage of CPP32 by daunorubicin with or without
DADS. The cleavage of CPP32 was analyzed by western blotting
in various conditions. Lane 1, control; Lane 2, 250 nM daunorubi-
cin: Lane 3, 100 nM daunorubicin + DADS 25 1M Lane 4, 250 "M
daunorubicin + 3 M Ac-DEVD-CHO; Lane 5, 100 nM daunoru-
bicin+DADS 25 M+ 3 uM Ac-DEVD-CHO.

Fig. 5. The cleavage of D4-GDI by daunorubicin with or without
DADS. The cleavage of D4-GDI was andlyzed by western blotting
in various conditions. Lane 1, control: Lane 2, 250 nM daunorubi-
cin: Lane 3, 100 nM daunorubicin + DADS 25 ¢ M: Lane 4, 250 nM
daunorubicin +3 ¢« M Ac-DEVD-CHO; Lane 5, 100 nM daunoru-
bicin + DADS 25 M+ 3 M Ac-DEVD-CHO.
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600bp —P

400bp —p

Fig. 6. Induction of DNA fragmentaion by daunorubicin with or
without DADS, HL-60 cells were treated with various condition for
24 h and analyzed on 2% agarose gel electrophoresis. Lane 1,
control; Lane 2, 250 nM daunorubicin; Lane 3, 100 nM daunoru-
bicin + DADS 25 1 M: Lane 4, 250 nM daunorubicin + 3 M Ac-
DEVD-CHO: Lane 5, 100 nM daunorubicin + DADS 25 ¢M+3 ¢M
Ac-DEVD-CHO.

I #Zo] A9 doupA] At (Fig. 5).
4. DNA B2

DNA +4& Azl e dojuA] &8kt dauno-
rubicin 250 nM2 @502 Aalg-2 A2} daunorubicin
100 nM=} DADS 25 ¢M& g7 A Al, A9 2& 4
S 2 DNA #4o] dojyir} z}ztof| caspase—3 inhibitor
?l Ac—DEVD-CHO ##AlelE DNA #3o] dojut]
23ttt (Fig. 6).

Qlth= Hugo] 1o m gtk A% Fof EoJ)& carotene
2 8, ¢, A%, e WS Foln, A sl W
o] HEo)E vitamin C= Ykl thelo] HE2E-& 3

1, dAol A A 4 AAEY AEE vk B
a7 ATk Al E o7 AF e 423 F9] phytochemi-
calo] M2 b ) W 985 ZAFAIIAY e A
AlA QAo Fol glo] ¢t A vl WAdg A%
AIZ1B 2 QF St A] HEHAQ) Fole] Fado] FulE 5L
ok’ upeba] eaEel HaHole g AFNE F
o4 21 Aol IgE ARAARES] A adE sk
A2 FQs dol ohd = gt B2 chemopreventive
agents ZolA Pl FAZIE Bdlo] SAEH PSR
ARE-Eo] gk, wleuhs Ul ARl DADS7F 2+ F
o] A3} olths Wig-E5o) Raus 1 ok

B ATl Ny M Fof g9kAI9] daunorubicin
7} whze] A4E<] DADSE 3 e 24 daunorubi-
cin® §F& Eolv A& 712 NEoR 3l A5 A1A
shdck W AlEF HL-60 A%l daunorubicing
S 3% 25 M DADSE A A Ao 9=
A AR 28 59 daunorubicinel A AE AHEH0]
50% ZHA3slsith 072 DADS7F @Al daunorubicin
9] AL IR Reg B 5 ik

FZol] Moz A Fo] 28519 apoptosisE 5
She 7o) kAl /o) g W o R AN I Ql=H], apo-
ptosisi= oFg, g8, AW, WMoY Fasth TNF—
R1¥% & death receptor® 18} signalo] SHAE Y2
2 A ¥4, mitochondria®) membrane potentialS ¥W3HA
7|71t} reactive oxygen species (ROS)E HAAA AE
ulE AIF, cytochrom C, Apaf—1 $€& £8)3H4 51 o]
E°] caspase—38 #43} AAA apoptosisE FH3HA
1=

HL—-60M 3¢ daunorubicing #3148 caspased] &
Ao] Zrksla, the @Al PARP ¥ D4—GDI9] cleavage,
DNA 4 58 #3238 4 9lo], daunorubicin®] i2] 7}
A apoptosis AE Z caspase—3% X3S 53 apop-
tosisE FEAIAS & 4 ATk o] W FtAIQ] dauno-
rubicin 250 nM ¥-522 2 2}8}53& w2} daunorubicin
100 nM¥ DADS 25 uME 7 A2jat3le Z-¢ol =
T A4 2FHL) caspase—3 Y7} 5.54 F7138197
t} o]A& &eA|el daunorubicin % 100 nMeilA 25
#M DADSE #7138 Z42-ol&= 250 nM 2| daunorubicin
7} 2 adg vekd & YSS AR ook Ed
caspase—3¢] 7149l PARPS} D4—GDI1e} Ealx=2} DNA
EAE daunorubicin 250 nM 5 2] A2} daunorubi-
cin 100 nM3} DADS 25 pMS 8 Ael3l9s A5 2
& Jdrz 287t dojwtth ©]24 DADSE daunorubicin
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H3kalo] ARS8 A9 AIE Q] apoptosisell et &
9AQ) daunorubicin®] k& AA3) Fo|AME FUASF &
B2 e 4 vk ARd-E 891319tk Daunorubicin
2L A1) Kalgo] okE2) FEol Wt BAZE L
28 1HE o, AF A& DADSS}] ¥y oS AR
sl A3 FEA Y Fof £FE €Y F AT, "M
NZAE APEY 22 B2 Y 3o anfyoe=
Agsh=d & o] E 5 3leg

it

)

daunorubicin X 8%

*‘“4 %01 DADSE AHEEo2A Aol F2-80]
A5k gekAQ] daunorubicin®] £ Ayt oj3lE Y 4
ARTH= & A2 A doEE ] g QoA
WE QR o2 A9 AFe) il dig A7V oS 2
& AAR F sk

4 &

£ Ao vige] F/35<1 diallyl disulfide (DADS)

25 1M DADS?] €A #tell4] HL-60 AXFel daunoru-
bicing *2}3P8 daunorubicn &% XgA|Et} GAE
REEE 50% 743133tk Caspase—39 45+ dau-
norubicin 250 nM ¥ *2jA$}, daunorubicin 100 nM
7} 25 M DADSE &7 AHelsiie A5 vlsshA 5.5
W =S S7HE #EE 5 A Caspase—39] 71
Q! poly (ADP-ribose) polymerase (PARP) $} D4—GDI
o] #3), DNA ¥4 % daunorubicin 250 nM &% 2] A]
$} daunorubcin 100 nM$} 25 ¢ M DADS W3 &2 Al
n% e Ar g odojyitt Daunorubicin® 22 &t
o] Rakgo] o5 9 WA AVt ISE 18T
q] Al AJRol DADSE]r-ﬂ el O\ﬁ% ARg-spd §:1x16]
A1) Fo 852 29 7 Y, wEA AZAE 54
¥ 74e 2388 29 & qle] A0 2 daunorubicin
AEE ALk & Efo] 2 $ glege A4
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