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Apoptotic Signaling Pathway by Cadmium in Hepalclc7 cells
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ABSTRACT : Cadmium is an ubiquitous toxic metal and chronic exposure to cadmium results in the accu-
mulation of cadmium in the liver and kidneys. In contrast, acute exposure leads to damage mainly in the
liver. Apoptosis induced by cadmium has been shown in many tissues in vivo and in cultured cells in vitro.
However, the molecular mechanism of cadmium-induced apoptosis is not clear in hepatocyte. To investi-
gate the induction of apoptosis in the hepatocyte, we used mouse hepatoma cell line, Hepalclc? cells, and
analysed the molecules that involved in cadmium-induced apoptosis. Cadmium induced the genomic DNA
_fragmentation, PARP cleavage, and activation of caspase-3 like protease. Caspase-9 cysteine protease was
activated in a time-dependent manner, but caspase-8 cysteine protease was not significantly activated in
cadmium-treated Hepalclc7 cells. Cadmium also induced mitochondrial dysfunction including cyto-
chrome c release from mitochondria, change of mitochondrial membrane potential transition, and translo-
cation of Bax protein into mitochondria. These results strongly indicated that the signal pathway of

apoptotic death in cadmium-treated Hepalclc7 cells is modulated by caspase cascade via mitochondria.
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34 W F2 FEd 5 shidl FI=FES Al 9E)
248 Yehlls AEA) 9502 QA UEAEA
AAFH I Q) 2P (IARC, 1993) Al A=} wfel=h-g-3} 317
A A 2] WA Aol v]X]= oddke] L 7k ATE E3)
A A FIEFS T 597 Hgg d S o
T Aate] H3 ¢lvk(Snow, 1992; Waalkes®} Misra,
1996). 7}=4-2 ol A e] Aot A A, A=
2, 84, d3mde oA, 335, vb=Al A=), 2Rk
o} o)A = S9) Aldell FHSEA AR-EISL glef 2
d37elA WAk Bxlot Fl oat AH FEx
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A3 FA 2 dolglch(Klassen 5, 1998).

dubd o g PAZ FYE JIEFS =7 AV
uhe- oA ES) wha] ARga) T M2 WA st vk
A ¢} 72 WAy AsE =, ol =FE
o &J& T A %2} B M E 4 HAll(Gaworski¢} Sharma,
1978), T MZeA A== o8] EES] 4 A3}
(Dieter 5, 1983), HYAE2] DNA 3] A3l (Gaworski
¢} Sharma, 1978; Nakatsuru 5, 1985), 3 A5}
ul-&-2 9] #s}(Lawrence 5, 1987; Benko %, 1990) <l
QM FEEE HoR ¥uET e

HZoll= FL=Fol 93 "5 Asle} SAe o
g e 402 Mxo) g SA7])A-l= apoptosis
HZAFE Y} #eddtel= 95 Z7Eo] (Lohmann®} Bey-
ersmann, 1993; Azzouri %, 1994; Shenker &, 1997;
Habeebu 5, 1998; Hirata %, 1998) B 1=, 7} =H-2]
A E=AN A apoptosise] FAFAT fr= 7]Hel gt o
Toll B2 HAlo] AFE I U
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FHEE-E Al BRAA Q) F24] 2 Al &4
+ ®bH(Shaikh®} Lucis, 1972; Kotsonis®} Klassen, 1977)
A FE2 A= F2 bl 4= vh(Kotsonic?} Klaassen,
1977). 7k=g) 23 4 F2A] 7HEAS HE) B
Z, A W3}, F4 = P9 A o2 Jehy
= (Dudley &, 1982) AAF0]3 A(§)e2= AE 4 2
He] A3 ol B39 gRde] &4 3 35 Fo
vehdch(Dudley 5, 1984). =3 7l=8-2 Hald 4 =
E 79 TAE, BEF HE FoM A 520} F0)
ol w2} MZEAES do7)= For HyHy gih
(Lohmann®} Beyersmann, 1994; EL-Azzouzi 5, 1994;
Sultan 5, 1998). &} o|gjdt 1 71e] B AFo=
E78k3 7o) SA7IA G ME W) EA} 59 A
IADA R A A gl vt 9ok

oo B AFelME =8 F83 FA77(target
organ)°|™ Ft=Fe] W W A F2A FAHE
%88 2711 liverell vlA= AESA 71HE d38l=
©] Hepalclc? Al ZE o] 83te] HIEANY 2ol Hoqds}
= caspase cysteine protease 417} Bax thifzle] o]
i, v|EEEE el Al W3l 55 Al JI=F
o] NESAF FE AEAPY A3AGA A ARE
THIEEHN FI=F HZANE AT7E 8 7|2ARE
Agstazal ghet

I A2 % 9y
1. &2

1) At

Al3e] 88 minimum essential medium alpha medi-
um(MEM-a), A, trypsin & -$-efo} 33 (fetal bovine
serum : FBS)2 GIBCO BRLAHGrand®} Island, NY, US.A))
oA T3l er, wjoF87](96-well plate, 10 cm dish)
+ FalconAH(Becton Dickinson, San Jose, CA, U.S.A.) A
& M3l MTT(methylthizol-2-y1-2,5-diphenyl, tetra-
zolium bromidey= Sigma*H(St. Louis, Missouri, U.S.A.)
JC-1-& Molecular probes(Pitchford Avenue, OR, U.S.A.)
A& A5}, Bel-XL, Bax, Bak, 9] 34l Santa
CruzAH(San Diego, CA, U.S.A.), anti-rabbit IgG conjugated
horse-radish peroxidase$} Enhanced chemiluminescence
kit(ECL kity= Amersham*}(Buckinghamshine, England)
A &S anti-cytochrome ¢ 3+ Pharmigen*}(San Diego,
CA, US.A)EHE FY3td AM3lget. =38, VDAC
£ Calbiochem(Darmstadt, Germany).2- 2} €] F]3}5]c}.
Genomic DNA FZl] AM-3F Wizard Genomic DNA
purification kite= Promega*}l(Medison, WI)el| A 335}

. CdCl, 5~ Sigma(St. Louis, U.S. A VFEHE T3}
o], phosphate buffered saline(PBS)>-2 £33}l 1L o] &
¥ BFE 0.2 um(Millipore, Bedford, MAYZEIZ E3}4]
A AHE-3H .

2) M= s

Hepalclc7 cell2- Mouse ZF] Hepatoma celle| A =
g N EF2A wljofo] Lolsled, FI=F2] A AR
7191 Zhel] S8t M EZZA71AS Yol d f-g3}A o]
451 gle}. Hepalcle7 cell®] wi%ke 10% FBS7} £3§
© MEM-o Al ZujoFl & o] 83152 5% CO,, 95% i
7187] 2 37°C A ZEaFrlollA AA|slse). 2447 744
L2 trypsing °©]83led AFEejotdE wA|sIg o, u)
FA& TAF F log phaseoll 31 AEA CdCLel ]
g A ZAFE AT olel] T EAAE Q) AFE
T3Pt

2, 9y

) ME MEE &F

ME AEE A AE wFT(24-well plate)ol] HE
(1x10° MEF/mHE 1 mP EF31d 124)7F oA CO,
HMZufek7] bellA AT F Adjdef] =3t AloRS A
23 o, MTT £9(5 mg/m/ PBSYS wjofe] FEHy)
2] 1/10 HA A7l 442 F 10% sodium-dodesyl
sulfate(SDS)7} Z3H 0.01 N HCl &<} 100 pwiwelle 3
7¥ste] AE A Eol &3l PR Rty formazans §-3)
A7) g E33=A(ELISA reader, Molecular Devices
Co., Sunnyvale, CA, USA)Z ©]€-8lod 570 nm ol A|
+E=E FAsH-

2) DNA 23 24

DNA 24 8AE ZALEL7] 1% genomic DNA F52&
Wizard Genomic DNA purification kitE- o]-8-3le] 325
et HA CdCly7F A=lE AlEE 88t nuclear lysis
buffer(100 mM NaCl,, 40 mM Tris-Cl, pH 7.4, 20 mM
EDTA, 0.5% SDS)Z #7}sle] HE£E 578 ¥ RNase
£ 37°CellA 5% Az]3le] RNAE A713E 5 Al 3
A4 A5g02 chilal.g 2| A3}l isopropanol el
oJ3le] 855 DNAE 70% ollehgol HX3 F AF A
Z7)12 Azxs1Gc). oJ7]e] TE 9-58-4(10 mM Tris-HCl,
pH 8.0, 1 mM EDTA, pH 8.0y 7}3}e{ DNA pelletS £
33k F 260 nm2} 280 nme] A4 Spectrophotometer
(Beckman, Du-7 Model, Palo Alto, CA)3lol|A FF=E
A 3lo] DNAE A aFslodct. DNA 5 ugs 1.5% agarose
gelell A 71935 (50 V, 28 2H& A8 - ethidium bromide



2 d4sld UV 5 ol DNA $¢ Basisiet.

3) Caspase| cystein protease BT &I

CdCl, A2 ¥ A9 Hepalclc7(1x10%92 4°CollA 15
- lysis buffer(1% TritonX-100, 0.32 M sucrose, 10 mM
Tris/HCI, pH 8.0, 5 mM EDTA, 2 mM dithiothreitol(DTT),
1 mM PMSF, 1 ug/m/ aprotinin, 1 ug/m! leupeptin)=. &
S8k 13,000 pm 2. 15% YA Felsket. 94 22
3lo] Q-2 M| E )982 bicinchoninic acid(BCA, Sigma
Co. MO, USAM 2= s Aslal, HEapsid s
B 92-8-0(100 mM Hepes, pH 7.5, 10% sucrose, 0.1%
Chaps, 2 mM DTT, 1 mM PMSF, 1 ug/m/ aprotinin, 1 pg/
ml leupeptin)el] A E §3J7| =3} 37°Col| A 308 v-S-A]
71 ¥ Fluorometer(Molecular Devices Co, USA)E &4
3tk TR caspase-3 protease®] EA~ FA2] &4 3
37179l Ac-DEVD-7-amino-4-methylcoumarin(AMC)(Cal-
biochem Co. CA, USA) 50 uME o] 83)3 1L, o] & 3%
71722] proteolytic cleavageE &33}e] caspase TS
ZA st o|dle] AP excitation wavelength(38 nm)
9} emission wavelength(460 nm)E- AM-3}193}. Caspase-8
protease EAEA-LE  Ac-IETD-7-amino-4-trifluoromethyl-
coumarin(AFC)(Calbiochem Co. CA, USA) 50 uM=- 7]
A7 AR5l 2 o]E2] proteolytic cleavageE 400 nm
(excitation wavelength)?} 50 nm(emission wavelength)®]
A} slollA =43}, Caspase-9 protease EAEA]-S
Ac-LEHD-AFC(Calbiochem Co. Germany) 50 uM<- 7]#
2 A[83le] o] 59| proteolytic cleavageZ- 400 nm (excitation
wavelength)?} 505 nm(emission wavelength)®] }# 3l
Al A3k I

-

/

4) Western blotting

wjerEl AlEo) CdCLE Mlet 9 A7 Fol TR
of, A7 HBSSZ 23] A Aslolt}. foial MEes A
}4)-894 (50 mM HEPES pH 7.4, 150mM NaCl, 1%
deoxy-cholate, 1 mM EDTA, 1 mM PMSF, 1 ug/m/ apro-
tinin)#} 4°Cell A 302 A2}t 13,000 pmellA 205
LdEEEle 9 HEsp A2 BCA 445 o]-43)
RS A TR Al Zsh o (A ;200 pg)
< 2xample buffers} 41e] 100°CollM 5% 3] Fl 12.5%
SDS-PAGEE- A|3J3}5ict. A7]edFe] Bxd gele| whid
< semi-dry W22 A2l A 9] WA 0.8 mA A3}
= 2A|7F Zo]Fo] nitrocellulose membrane’tel] o] F-A)F
©}. Nitrocellulose membrane<- blocking buffer(5% skim
milk)e} AFEolA 1412k Mg AIA 1] Z0)H AR o
A|AF e}, Bel-XL, Bax, Bak, Fas 712]3% cytochrome ¢l
A3t A= 0.01%(v/v)] Tween-20°] E31E 3% skim
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milk/TBSTO! 1: 100022 E]A5e] AF2ollA] 3A)2F ubS-
% TBSTZ 1024 3 H|2|3}e] o]x}5}A] anti-rabbit 1gG
conjugated horse-radish peroxidase®} 1A|7F ¥RE-A|Z T},
Nitrocellulose membrane2- TBSTZ 3 |3 ¥ ECL kit
£ Algsled ECL €380l &A%

5) MEZA 3 0|EEE2(0} 289 22

CACLE AM2Ist 9A Alzt Foll viHEE ZA31e, Y
PBSE. 23] Al&3lgct. o)zl A E= Buffer A(250 mM
sucrose, 20 mM HEPES pH 7.5, 10 mM KCl, 1.5 mM
MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 17 pg/
m/ PMSF, 8 ug/m/ aprotinin, 2 pug/m/ leupeptin)=. 4°Cel|
] 208 WFSAIZ1F homogeniger2 103] T}a)3}ed 4°C,
750 golM 108 AEejslget. QAER Aed S A
FrEel o] FAIZ] F Tl 4°C, 20,000 gl A 10487 1A
Fslglon, ojuf AJFd MEAdr AANEL vEZ
Zzlo} B oz ARgsiglet

6) D|E2=2|0t 28 &H

AE A7) sh]l vlEE=e]oke] 29 (mem-
brane potential)?] H3E FAleF7] #3te] JC-1 GAE
At CACLE A28t A X555 PBSE 23] A4}t
A}, JC-1(10 pg/mlye MEM-o. wjxlo] BAs}ed 203
CO, W7loA HEAIZ] F =4] PBSE A143le] 33
#r)7d (Leica MPS 60, Germany)> & #3533},

7 AEEN

FAR AR 3 oAte] EHHQ AgATe|H o] F
9] HF (mean)F FFH A} (standard deviation, S.D.YS At
Z3le FAIEAY. SAARES] 7F F71 Aol & v
317] fliMe dAuA FAREA Y (one-way ANOVA)YS
o]-8-3}e] , BAlRA o] Aol whe} post-hoc test (Scheffe's
test)E- of-8-3}9ic}.

m. & o}
1. ZIEE0 elst MEZEM G MEAIH R

FrEFol HE2] AEE v JIS dolH7] 9
3 FI=FS S EE 247 M F AEEE AT
A=}, 25 uM ©]3}te] Fxol|AM: Hepalcle? M| X2 Q&=
Bl 23 Mar} e}, 50 uM o) Akel Jl=F =
AME T=7t Z715 ulel AEge] X A
3}7] Alzksled 100 uM o)Ake] FEeME WA 2ha
3ledoh(p < 0.05, Fig. 1). MEAPIe] ExZF] shial
DNA 3 S #3317] 3l JI=f-S s =H=2 24
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Fig. 1. Effect of cadmium on cell viability in Hepalcle7 cells.
Hepalclc7 cells were treated with various concentrations for 24 hr and
then viability of the cells were measured by MTT assay. Values are
expressed as mean+S.D. of three experiments. *Significantly different
from the control (0 pM) at p < 0.05 by the Sheffe’s test.

A1zt A 2)8 ¥ DNAE F&3}e] agarose 2171995 & 2
I A ZEAEE] A FHAHEE 100 uM SR
DNA ®do] 2= (Fig. 2). &3t 100 uM S =2 24
A7} 22|18 Hepalclc7 AlZESA] caspase 32] 713AE2]
PARP = (116 kDa band) A|7te] Z3Hghell mie} 2t
8= ®b PARP -84 (85 kDa band)> 5718151

Dose( ;z M)

0 50 100 150 200

Fig. 2. Cadmium induced the ladder pattern fragmentation of
genomic DNA in Hepalclc7 cells. Hepalclc7 cells were treated with
various concentration of cadmium (0, 75, 100, 125, and 150 uM) for
24 hr. DNA fragmentation was analyzed by 1.5% agarose gel
electrophoresis.

Time (hr)
0 6 12 18 24
R <+— 116kDa PARP
<«+— 85kDa
Cleaved PARP

Fig. 3. Cadmium cleaved poly (ADP-ribose) polymerase in Hepalclc?
cells. The cells were treated with 100 UM cadmium for indicated time.

ch(Fig. 3). o]Ae] ZAzjellA FI=Fe| 23 Hepalcle?
A EAMe] NEHSS] el AIAPEES I 5
AUt

2. 7IEF0| Caspase EM&off O|x[= P&k

7F=E Aol 25t Al AP o] Al EW A2 A A ol
A 523 7)1A59] 8h]] caspase®] A 3ke} #AA 7} ¢l
EAE Fels)7] 93] Al7ke] Z o) ubE caspase-3, 8,
92] BAAEES FAPeIAYh. k=8 100uM X= F
caspase-39] -2 27| 5E F7I817] AlRFsled 25217k
E dzel] wvls) 25¥) Fksldekp <0.05, Fig. 4).
caspase-99] A2 10417 A 20 A= F7)31s]ow Al
7+l Aol met Al Skt 20812 F gl & F12o]
TS Holtrt ol F Zhadhe AdS EAvh(p<0.05,
Fig. 5). 12ut, caspase-82] &3> A|7ke] 7o} 73]
o ¥W3p} gldcHFig. 5).

A EAPEe] 237} mEEELole] AYHH nlEEE
glololl A cytocrome ¢7} WF2FA caspase-92 B EHA] 7]
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Fig. 4. Cadmium induced the activity of caspase 9-like cysteine
proteases in Hepalclc7 cells. Hepalclc7 cells were treated with
cadmium (100 uM) for 25 hr. Values are expressed as mean+S.D. of
three experiments. *Significantly different from the control (0 hr) at
p < 0.05 by the Sheffe’s test.
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Fig. 5. Cadmium induced the activity of caspase-9 cysteine proteases
in Hepalcle7 cells. Hepalclc7 cells were treated with cadmium
(100 uM) for indicated time. Values are expressed as mean+S.D. of
three experiments. *Significantly different from the corresponding
controls (0 hr) at p < 0.05 by the Sheffe’s test.

T 2319 caspase-92 caspase-3Z BAIAT|E HA
< 313, o]Ake] A A= 7R=Foll 23 Hepalcle?
M E2] M FEAPDo] caspase-3 like cysteine protease$t
caspase-92] B B3] dodE HoAF gl

3. 7l=g0| 0| E2E=2|0l2| cytochrom ¢ 2E0]| O] X|

=gy

Y=ol sl caspase-9¢] BAe] S7tsEE AL Fig.
5914 Eelsisict. wlepr v EZ= ool MEAHE
WEEo} AW chilel Apaf-l @ dATPS} 37 %
A2 Ao caspase-9 protease®] BAEHE e
cytochrom c2] M| EANZ9] o] FE Western bloteE X
Alstgetl. 100 pM =0 JH=FE 6, 12, 1847 F<t
Hepalclc? Al Eel Mg F M EZF £, I3le] ME
Az} v|EE=e]ole] B3S Bealoint. o] wf Al x4}
n|EZ=g]o} 232 v|EZ=e|ofont ERljshs A
ol VDACe!| T8+ Western blotE F3led A4 F]=90%
< Fldt F Algsigict. 7l=F A 1243 34 A
FAUW] cytochrome ¢ o] F7F8}R 3L, 1843 Fell&
gx3] Z7lslgich. o] o nlEZ=2]opfe] cytochrome
9] ofo] A FAEe] w|EZ=z|ol2NE HFEA
W2 9253 g)glekFig. 6). °l33t Ad= 7I=Fl
28 Hepalclc? M EQ] AEAIGA m|EZ=e]ole]
cytochrom ¢} MEAYZ HFEF|o] o] cytochrom ¢’}
caspase-9 protease®] Aol 7|3l QS-S & 5 Ut
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4. FI=80| Baxo| W0l D|X|= FE

F}=F x]2el] &3te] Hepalcle? MEA frxedl Al
FAbE @A) HAelM HEANE A3ADA Y 58 A
334G 2Ae) Bel,-family SAZ FollA Bax®] UdS
AR5 Baxe Al EAPE & SAAIHI A e
¥, NEAPE 2l A ZAWe] Baw} | EZ=2 0l
o] 55} wEZEg]olr} M EAYVE cytochrome ¢ W
o Tedgicha delA ATk 100 uM =] FH=FS 8,
16, 24X|7F E<F Hepalcle7 Al Xol X2]3t & AXE £
7], slsle] MEAF n|EZ=elole] 1EE Feg F
Western blot®2 Bax®] o84 WIS FAlslgcr. A2
Well M 16417M1E] Bax®] o] 4313 njEE =20}
o M= 16A]7H8E] Bax®] o] Fr)elart(Fig. 7). o 2
F2HE n|EZ=2|olollA Bax9] o] F7F8le] °] Bax
7} cytochrome c2] M EAW 2.0} HiZel FALE gl
T =

5. Fh=@0| OlE@S2loh Bt HU% WSl iRl
A

cytosol mitochondria
0 6 12 18 0 6 12 18

—— - i GED s <— cytochrome ¢

“— VDAC

Fig. 6. Cadmium induced the cytosolic release of cytochrome ¢ from
mitochondria in Hepalclc7 cells. Cells were treated with cadmium
(100 uM). The cytochrome c release was increased in cadmium treated
Hepalcle7 cells. Lysate was fractionatated into cytosolic and
mitochondrial portion by using the method detailed in Material and
Methods. Two fractions were separated on 12.5% SDS-PAGE and
immunoblotted for cytochrome ¢ and VDAC.

cytosol mitochondria
0 8 16 24 0 8 16 24

AR T QR s I SR W A

<— Bax(23kDa)

—— RIS R

<+<— VDAC

Fig. 7. Cadmium induced the translocation of Bax into mitochondria.
Cells were treated with cadmium (100 uM). Lysate was fractionatated
into cytosolic and mitochondrial portion by using the method detailed
in Material and Methods. Two fractions were separated on 12.5% SDS-
PAGE and immunoblotted for cytochrome ¢ and VDAC.
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Fig. 8. Mitochondrial membrane potential transition (MPT) of
100 uM cadmium treated Hepalclc7 cells for 12 hours. Cells were
stained with 10 ug/m/ of JC-1 (A, x50) and visualized under a
fluorescent microscope. The data were one of three independent
experiments. (A) No treatment (control). (B) Treatment of 100 uM
cadmium.

FF=HS 2] 8t Hepalclc? Al ES] A EAPE Aol A
cytochrome c&= AEZAWE WEHT glod.o= (Fig. 6),
Bax 3t A ZAAM v|EZEEolR |53 (Fig. 7).
o3t AAEL v|EZ =g o] 7e s} 7leAdS A
o AAlBLIL glo, nlEZ=R]ofe] 1t 93} WIS
gelslr] $isl] JC-1 ¥FANE AlWEAT. 100 uM
9] FI=FS 12417 F9F Hepalcle? AEel| A2t
F IC- 122 @3l ydn|AseA RAEEY. 1
Az Axe) ek wWste) A FdHzTe] 297
3 go] SAFsFo =2 M3 H(Fig. 8).

Iv. 1 1

F}=Fo] apoptosisel]l B]X= F3ell HFt A7 FHT
of of AlztEglon] ulebA ofd] gk AR HA] wli-$- A
gFe] gl AAolth. A7) AT ARETE =
N AR 24 T AEA T x4 F
2k g} A} Ee A ZAE S Yo7 Ao oY
A glovt 1 f=r1Ad F 7)1A-e) Hedsie S s
A ofx] #AE] w1 @il )vh(Beyersmanns}

Hechtenberg, 1997; Wang®} Templeton, 1998).

FI=HS vRe Fadol 28t apoptosis®] 7-¢- dub
Moz @ 7ix FEH 714 A7|He v, dE &
= 2] Al apoptosiset HHAX endonucleased
SREA(Rao 5, 1993), 23] A Eel] F24] Ca”,
Mg 22 endonucleaseZ B 3}A]A apoptosisE F-=3t
HLu 5, 1994y 59 X3} glc). 7l=8-2 24 718
312 E35)d endonuclease® A 3A| 7=, M EY 2
H3h= TEE 540 93 =53 apoptosis?) T3
endonuclease EHAde] F83F AR &4 Ut Rao 5,
1993; Lu 5, 1994; Azzouri, 1994). T2 FE7142 Ak
34 AEd| A (oxidative stress)2A] AEIHH 02 YA o
gpAeR HQ3d Fo] §53 A 54 S5
23 79 25 AT (reactive oxygen species)T}
78 reactive-free radical® AJAdsled apoptosisE =3}
= 7oz dEizv(Nath 5, 1996; Kayanoki -5, 1996;
Hultberg, 1998).

M FAFEE | AH(necrosis)eh= o2 553} e} A3}
Al EAS THEhe A A6l ot 2=
A2 2 2 A (Wyllie, 1980; Cohen, 1993), GHFx 2=
A7} AAg g ddS 5ol ehie AEAAL
= Azt g2, A E9] A (swelling), 83 (lysis)E &
whakA ek A ZAPE SRS wlE A 2D g Al
Fo) 52 A|Zute] $E3} 8A(blebbing), HEAUE]
45 (calcium) %2 $7}, g4 (chromatin)®] %,
endonuclease®] #Hd3lol] ©]3t DNA®] ¥4, transgluta-
minase2] A3} U He] Aekz} o} L EE] 4 (apoptotic
body)?] #¥AE& Eulslc}(Searle, 1982; Cohen, 1993;
Klaus 5, 1998).

2 dFM%E FI=F 100 pMS AlEe] 2HS o
AN EAZE2] 7449} A apoptosis®] 5A F9 sl
DNA #3de] vehts d oAL=2A sl=gol 27
Hepalcle? Al ZFA-E A EANL o5t dojdS &
ool Fh=gol 23 2A= el DNA F4-¢] ¥iH:=
= X9k, YUk o R JI=HS WFEE A3t A
dlMe MEANDe] obd HALE dodle AR B
3 gich wetA B dTelA] el DNA ¥38-2 7t=
Foll 23 A Al FeRg= A Ee] o AlsAdd
AAE T8l o= AEAPLS o8] vehd AYS &
bl

NEAME S FEA7)E AEY A3AD71AN T8
3} 71A% sl caspase®] Al Zloltt. Caspase: EA
A5l cysteine & 7L ol A FHEsEH
21271 14 5771 44 3.2, B3] caspase-3(CPP32,
Yama)®] &l A @2 A7) A= le(Allen
=, 1998; Widmann®} Gibson, 1998). Caspase®] 28~



FA47]14 (substrate)ol] wel o)Al wjdE DEVDE 2
Alejx] Aetsl= CPP32-like caspase(caspase-3)2} YVAD
£ QA3 Aksl= ICE-like caspaseZ ti gt} d=t
caspase-37} 841371 H9 poly(ADP-ribose) polymerase
(PARP), lamin, MAPK/ERK kinase kinase(MEKK), ¥ ©}
£ caspases & 18] F3 wfAlel 2R 8-sA 7154 LA
3hi BHAEE freste] AXEde] o dzdgs =
Aah= A o|tHAllen S, 1998; Widmann} Gibson, 1998).
2 JFIME 7}=F 22 caspase-39} caspase-92] &
e Aubg oz Aj7ke] Al wlet Frlsla e H)
caspase-89] A AR H el A Wt gisiH
webA] AE HellM MEAFES] 4137} n|EZ=e| ol
A= v EEZ=e]olollA cytocrome o7} FR]FH A
caspase-9% A 3HA)7]13, BAI3HE caspase-92 caspase-
35 FASAA v MEAFES HAAe] BALR
£ v caspase®] A]1ZFe] AT whE A ) A EAE
2] W3l= sl=Fl 9|3t Hepalcle7 |22 AlFAPY
o] caspase-3%} 98] BEE 733l WHE S FHIL
U=t

3}, protein kinse(PKC), lamin @ PARP 5-2 A|¥A}
o AN caspase-39] HEW FAA}e]H] M EAPH
fr=ol| %83 endonuclease®] EAJ3= caspase-3 protease
2] A=l 7]lgHAllen 5, 1998y ATAANE W=,
2 dF FIo| A caspase-3 protease”’} FL=F A7 254]
ZH Aol |3 A4S Bl 7] whals] PARPY] A%t
3} IEAFF(high molecular weight) DNA A#H9] smear
#ifo] FFFE= AL 7k=Fl 28 Hepalcle7 Al ZellA
o] M EAPE-Z caspase-3¢] EA3E B8 FEEE Hed
Fe E 4 dFATe|q.

Bel-2 family shA-2- Algte] ] ZF(human follicular
lymphoma)?} A3 FHHE FAHAEA FA AFARE
A YA Bax) HEAPE A FA(Bel-XL)2| F
it B Aoz dEA IvK(Gross &, 1999;
Vander &, 1999). °]% Bel-X, @A o o 4}
b= g NEFA el Fod3hA] Gar A EAPe] oA
7% sl il 3HH. Bel-2 family THYA-S c-
terminusl| &4 2He2 FAH] m|EZER|o}e] wol
Agre 4 sl 5] slvt debA, Bel-XLE Al
A 7T AElEInse 24, ME o] Yy 2,
caspase protease®] EAA A, n|EFZTeo} 29, I
DNA 34, ~Edx =2 MAP kinaseql JNK ¥ p38
kinase®] BAA S A3 2H M EANEE A3}
L Aoz odelx glv) vl 2 Bax thilal-g spIE A
& 7$ol= cytochrome ¢ #H|7} A=, n]EEZE
2]ote] eb3 ¢ (mitochondrial membrane depolarization)
7} fr=ddy B s glvkHerr 5, 1997; Lipf %,
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1999; Vander &, 1997).

B oAFo|A 7}=F 2|2 Hepalclc? AE2] M=EA
oAM= Bax9] oFo| FAsla nlEZE=g oA F7HIA
¥ olzldh A= k=gl 93] Hde] $7H Bax
o] W]EZEeolg o] F3lgl e o]F% Bax Tl
A2 n|EZ=g]o} 9 $](MPT) ¥3ke} cytochrome c9]
AzANz e W fEslgivte Wdde. 2 2k o
FE S w2, M EFAY 2] E8]E cytochrome o=
MEAY] EA)3= Apaf-1, dATP2} 7 caspase-9
protease®] XS F=3ck S} (Vander 5, 1997). %=
g B dFeMe nEEZ=g el W] F$7be Baxell 93t
MPT®] W 3L JC-1 YFHN-L B3l FF3e v, 4
713t AEe Mz pgalol] ofgt MEAPGEAFIA
inner mitochondrial transmembrane potential®} Aol <]
3 cytochrome 7} A ZEA R W= 314 caspase®| &
AEE B3l A2E Agghe o= d7 Adel X5
Q)

o]Ake] | ARE E31shH, Hepalclc? Al XA 7F=
ol gt M EAPEL Bax®] v|EZ=e] o} Hof| 4 2] Ul
7}l u}e MPTS] 742 Q18] cytochrome 7} A EA
W= B8] 3L, cytochrome = caspase-9 protease®] &
X3S f=3l] THHLE caspase-3 protease®] A3}
¢} 374 endonucleaseZ BAAFAA MEAPY S F
3l Aoz AlsEd. g kool A7 EA
Az AzAGA AN F83 4TS G ps3,
A EW 2, MAP kinase , NF-kB 3 [kB9}e] 34| 5
Ng A7) o] FiAThd vl=Fel o3t MEAFE fr=
Az 9 7S # = US Aol T eyt HEANE =
g B3 A o Y XR84T e AL
2 AtEE.

(=] =13
ped =

FIEFS] F83 BT o gi=ge] T 2 JA4
22 SHEE 7P 83 Al 1] AESASE
Hepalclc7 M EoA caspases ¥ Bax T Ale] A=) b
¥ o)1 | EEE ol A ¥ 9] WIMPT) 52 £
ARsle] o83t 2 AAE i

1. 7I=FL g o&Ex5 22 71| Ee] Hepalclc? A E
2} BEES FAaAFH

2. FIEES 2 AEElS 9 100 pM o|Ake) &
oM AEAIE ] EAF2] shjel DNA FHEALS &
skt

3. 7}=F 2] ¥ caspase-3, caspase-8, caspase-9 & &
A 3E Z2A8E 23 caspase-3,-9 protease Aol A7k
o] 73l e} Frtelic).
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4. 7}=F 2] F cytochrome ¢/} Al EZZAY 2. W&
3 o]+ caspase-9 protease®] BAFE F=slsitt.

5. 7F=F A F Bawh Al A A n|EZEE]olz o
E3}o] cytochrome co] M EAYZ0] ulZo] TFodslct.

6. 7F=F e n|EZ=gol MERt A9l 2HaE
JC-1 FFANE B3l s

o|Abe] A= Ft=Fell 23t Hepalclc? MEAFEY
AZAL7IALE AEAY SE Baw} v|EEZEz|olR
o], cytochrome ¢2] A EAUWZ2] Bl& 723 caspase-
3, 9 protease FAFE oA wiFlE = Aoz i),
T3 Bax T Ale] W s v]EE2Eeole] 7] s}
o 7led3lol L]} Aladet.
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