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ABSTRACT : Zinc is known to generate reactive oxygen species (ROS) including superoxide anion and
hydrogen peroxide (H,0,), which eventually contribute to cytotoxicity in a variety of cell types. Here in, we
demonstrated that zinc decreased the viability of C6 glial cells in a time and dose-dependent manner,
which was revealed as apoptosis characterized by ladder-pattern fragmentation of genomic DNA, chroma-
tin condensation and DNA _fragmentation in Hoechst dye staining. Zinc-induced apoptosis of C6 glial cells
was prevented by the addition of catalase and antioxidants including reduced glutathione (GSH), N-acetyl-
L-cysteine (NAC) and pyrrolidinedithiocarbamate (PDTC). We further confirmed that zinc decreased intrac-
ellular levels of GSH and generated H,0, in C6 glial cells. Moreover, antioxidants also decreased the gener-
ation of zinc-induced H,0, in C6 glial cells. These data indicated that zinc-induced the apoptotic death of
C6 glial cells via generation of reactive oxygen species such as H,0..
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Abbreviations used: ROS: reactive oxygen species, GSH: reduced
glutathione, NAC: N-acetyl-i-cysteine, PDTC: pyrrolidinedithiocar-
bamate, MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
blomide.
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FFAFMNTL] Ahdoe] 83 Yol o= AP ES] A
dxoz g3 Apdghezn AAFMEY Q1A L 75l
o]Ate] A7 A173A Agto] FruElvti el glok(Behl
5. 1994). FFAABMNESL WA EE vIES o
F59] 3, E8]d £4do) o5 1Asi 7 EL; 2
Soll= A S 1A g 7 A7 e Y
(ischemiayl] ]sle] FoptEd ofv|Al STl o] E
(glutamate)el] 2J3l B-E-5A] (excitotoxicity)e] ©]F-o] x| 32
AZMEe w7kl 48 AR Choi &, 1987,
Coyle &, 1993; Derrick &, 1997; Kato =, 1992, Murphy
%, 1989). Az} B2 ATEe] o3 TEEA ] A17A
X Ao Fg 7AHeletal AARBIAL AITHBoast 5
1988; Gill 5, 1988; McDonald 5, 1987; Ozyurt %,
1988; Simon 5, 1984), BS54 o] 9foll A=<l AbsHA
£/ (free radical injury)® SFAZAME ApHe] 83
1A 2] st =251 9Jek(Gotz 5, 1990). 541744
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o] EAsh= olddo] YA AAFME APdel Tedie=
@2 2450 BuET Qvh(Koh £, 1994; Pamela =,
1997). F SFAAME kel = o] ofdo] APYA
AEF) el|A] EAYs)aL AAME Fga) A A E vk
2 uREEd, WEE ol AN AEFele B2
2 B3] AL o] F ABMER o FEH HAL oW
sl Fe) ofddo] ME 2 U= ABHE APH]
gle] Eoh(Koh %, 1994; Traves =, 1994; Weiss =,
1993). ofde] frdo] HE oA oJuwjdt hAb HZE
B3l AAHHE AFEE dod) =R oF HEE] o
A A= gAT olvkE AHEle]Z(free radical) A4l
o5t AR &Ate] Fedgitia RedA]Fl(Aruoma 5
1989; Savits 5-, 1998; Taotao %, 2000), o]23t M| FLAk
Z1AEe] ©E = BgbHe] 7|3oR zhggtogx Al
AAE APES Z3le] 41734 AdkEe] el B
Az gl =Y

o]t AbstA] Ak oF, ol # S, dxalolwH | ¥l
=AY, AR, FUAS el Oubd AlEed)
o A M I o} RFYL2E UFF NE FA H
2871 Ao o] TolA]7] AlxtslHA B3] AW U}
Al urojzhe-& Hdshs WA A A ofde] BA7|A
AT} o] AL Q)L 7)ol M| E AN apoptosisy’F
g AT ATAE] AAFHEA, ofdo] MEILAL B
A= ggkat FAlo M EILAL 7)1 B alo] F5H
2 glek(Barbieri 5, 1992; Koh %, 1996).

E Aol obde] ME W fYLZ Qg FAAHA
7S d7etaat shodet. A AkF (reactive oxygen
species, ROS)2.2 <13t A3 £AH(oxidative stress)o]
FFANAAE Aol ole] ofadol] ot HMESAY F
83k 71A oz 243193 ofddel] o3t Al B2 X
b 71%1e] A3l oJgt Adte]gl.ew] dAFEHA (anti-
oxidants)7} A AR vle3l 1 9125 el 4= gl
At okl o3t METAL FAF I M ETAL Kol F
oI5 FAJALARFe] o3ta} dlsle] AlFue) FAdAlA
3 ks eke] RAE FHEEN FaSe] Alx
AL ATFE S8 7| 2ARE AlFEkaAt g

1. Alet

ZnCl,, MnCl,, MgCl,, CuCl,, glutathione(GSH), N-acetyl-
L-cysteine(NAC), catalase, pyrrolidinedithiocarbamate(PDTC)
< Sigma(St. Louis, USAIZHE] F413}e], phosp-
hate buffered saline(PBS)S-Z £-3||3}9] 1 o] &) v T8
0.2 um(Millipore, Bedford, MAYZEIZ EFA|IAAM ALg-

sldch A g & A o)) o] 83 A Ewu FhE- Fal-
con(Becton Dickinson, San Jose, CA, USAPIZRE 74
Eins A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
blomide(MTT)¢} A2k Hoechst 33258, horseradish
peroxidase(HRP), 7-Hydroxy-6-methoxy-2H-1-benzopyran-
2-one(scopoletin) 5~ Sigma(St. Louis, USAAFZHE]
dsled AR2-3133t}. Dulbecco’s Modified Eagle’s Medium
(DMEM), fetal bovine serum(FBS), 34| % trypsin %
2 GIBCO BRL(Grand Island, NY, USAR}IZHE T
3hsict.

2. MIZE Hjet

Waje] AATMETQ C6 glial(rat glial tumor cell
lineye &= Al EF28ollA Hopite}l 10% FBS7} £
%l DMEM A ZEsjoFid o 59 CO, 95% D757 %
37°C Al Zx)ek7 1o A wRekslgde}. 2447k 22 trypsin
£ o|-&3le] A Eufofl S WAl o, wljoFH-& A7
% log phasedll = HEA ZnClLel| &3+ META} &
A3 olo] A= EAPIEIE] AYS sl

M=z MEE 5

M8 AEE EHL 24 wells M| ZEuioFTol] C6 glial
AEE 1x10° cells/m¥ 5313, ZnCLE == 22
g F AIZHEE AEspE] MTTE 34)7F Whe-& A7)
ARl M¥Ee MTTEHE Hebd B84 formazans
FHABET o]Z dimethyl sulfoxide(DMSO)E. L35}
540 nm Aol Al ELISA reader(Thermo max, USAYE ¢]
43t FHEZ SAYH. SAS formazan YA
T A Al 2] A=} v|wsle] WEE (%2 EA

3ot
4. DNA EXE& A g0l

1) DNA £ % HI|dS

DNA 22#ARS ool 7] 93t genomic DNA 32
Wizard genomic DNA purification kit(Promega Co.,
Medison, US.A)E °]&3te] FEsdet. 4] ZnCl7t
2]¥l C6 ghial MEo) nuclei lysis bufferE 3H7}3}e] A
Z5 T3} RNaseZ 37°CollM 58 A2jsle] RNAS
AAg F il P3R4 9L oz hid S A A5}
1L isopropanol Aol 93l $-E% DNAZ 70% ol=t
<2 MHg F 23272 x990 7] TE
4910 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0)&
7¥eted DNAE S-3lgF ¥ 260 nme} 280 nm®] spectro-



photometer(Beckman Co., Du-7 Model, Palo Alto, CA,
US.ARIM FE5S EAste] DNAE Agsigich
DNA 5ugs 1.8% agarose gelolA $17]193-5(50 voltage,
2217 AALEY F ethidium bromide®. §A88}e] xpoj4d
% olglelA DNA ¥4-& #abslech

2) Hoechst &AH

ZnCly7d A28 TS A& 4% formaldehyde -§<3 o))
A s A g oo 2 PBSE 24 Al et 3 Hoechst
33258 Q4L 10 uM PBSE 10% A5} ©}r] PBS
2 A o, 3% vl o2 DNA Faaas 33
aodct. Age] whe APl oAb 38 #n]H (Nikon
Eclipse TE300, Japanys ©]-83}1, 10x102] wi&= A}
Z& At

5. GSH contents =%

C6 gliat A EF 6 cm M Evjokgel 2x10°cells/mig 2
F8 o Azl 24417 wiFA F ZnCLE
Az g Asidet. Wikl & oA AAs 27}
% 10% trichroroacetic acid(TCAYS 400 pi8 53 F
A XS 108 FALHA E5o] F4¢I). TCAd 9
A 428 FHE Rot YRR v NS 3 M
NaOHE AMgsle] F4 pHE ZAslodet. A9 50 pl)
250 wi#} 5,5 -dithionitrobenzoic acid(0.96 mg/ml in 0.1 M
phosphate buffer pH 7.4, 5 mM EDTA)?} 250 u®} NAPDH
(0.59 mg/mH2} 450 w9} glutathione reductase(5 U/mlys
A7¥sE5L gl A 10~15% WA oh% ELISA reader
2 412 nmell A GSH contents® 41310}

6. H,0, 8d £%

C6 glial A} EZ 6 cm Ml ZoFel} 2x10° cells/mid £
Fab o5 M EaFrlel M 24217 wiefAlT]l & ZaCLE
A7 R Aeiste] APAANS B2k 4B 96 wells
A Efefsel 22t 100 pkd B8t o 0.2~0.4 M HRP,
1~2 uM scopoleting 2|8 wHg 108 F<F 9heAzTh
A H,001 93l 222" scopoletin®] 3hg w275t
wlaEhe] fluorometer(Molecular Devices Co, Sunnyvale,
CA)E 450 nme] TR A EAdsled Wl2-8(%)2 BA]3}
et

7. EAHX]

FEAIE A 4 ol Bl g Aol o|E
2] HF(mean)™ FT5H X} (standard deviation, S.D.E A}
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E3te] AAE BB AESAAE Bol= 7o) vlm
o] 8lo}A= Students’s t-test® AF&-3lgd e P<0.01, &
< P<005 F22 oL HEsl)
m. & 2t
1. ZnCL7t Cé6 ghat MZF HEGO niXls P
Fael C6 glial MEo] A3t A EZA-G golry] 3
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A

IOOrl\E\
80+
S
.3_1" 60r
s 407
>
20+ E
0 1 L A PO r 1 e A i L
0 2 4 6 8 10 12
Time (hr)
B
100+
:\3 80+
£ 6o}
:.; i
= 401
- Pl Zy Tt
—_— +
2073,
0 ~@— Cu*+
Con 0.1 0.2 0.4
Dose (mM)

Fig. 1. ZnCl, decreased the viability of C6 glial cells in a dose and
time dependent manner. A. The time-dependent kinetics of the viability
of C6 ghial cells by the addition of ZnCl, (0.2 mM). B. C6 glial cells
were treated with various concentrations of ZnCl, and the cells were
tested for viability by MTT assay at 8 hr after the treatment of ZnCl,.
The data are mean values of results obtained from four sets of
experiments. ¥, p < 0.01 compared to control values.
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A313et. ZnClEke] A2 ofa} A1l {34314 C6 glial
MNE] AESE AT Fe 1A). 28 MnCl,
MgCl, ¥ CuCl, 58 552 Z&E Ao C6 glial
A 2o FAE JeplA] 49teh(Fig. 1B). ZnCl, 0.2 mM
A 2JA] 477F - C6 glial A E2] AEEo] HZ272] 80%
E FAIE.2H, 87 o] Foll = 40% TEoE FHaslsd
hFig. IB). ¥= 2|&2el ZnClL2) MESA S FAls)7)
2zl kgl Fx2] ZnClLE 8A7 A2l Fol MTT
W o2 7ZnCLe] C6 glial A|Eol| i3t EA& 24319
}(Fig. 1A). C6 glial M| E£2] AZE-2 0.1 mM2] E5ol
AME oliEl WE) ¢l 2, 0.2 mM AHE]A] 8A17F Fol)
AZ BEEe] 40% T2 23 vkFig. 1A).
ZnClell 913 MEFA 7]H o] M E22AL 7)1 &Js}ed
wfRE FPsAd o] AA g7 oll (Weiss 5, 1993), ZnClLell
2J3k C6 glial NIEZFAC] 7]H-E #el3dlr] $15te] DNA
TAYUYE A ZnClLE AIZPEE A=[skal M E
2HE] genomic DNAS F%3}] 1.5% agarose gelol|A]
A7]93E3151 2] DNAE ethidium bromide Ao
DNA #4342 #lslvh(Fig. 2A). ZnCl, A8l 64]7F
$oll= DNAQ] B84 Sa=R] ottt A9
3} Alele] %oF(ladder-pattern) DNA 288 Ako] 847} o]
A Al el FelEglet. =8t Al AL @ake) st
gl ERlel ¢A1Ae] -$=(chromatin condensation) Y
DNA #A2384E 24K Y Fig. 2B). ZnClye 8417 A
2]8F § Hoechst 33258 Aol 2]3}e] Ake] el ¥
PHu|F o2 A=Y HERF C6 glial AT BRI

Time (hr)
MO 2 4 6 810

A B omrol

Fig. 2. ZnCl, induced the ladder pattern fragmentation of DNA in C6
glial cells. A. C6 glial cells were treated with 0.2 mM of ZnCF” for 8 hr
and DNA fragmentation was determined by agarose gel electro-
phoresis in a time-dependent manner. B. DNA fragmentation in C6
glial cells treated with ZnCl, revealed by Hoechst 33258 staining.
Some examples of cells displaying apoptotic changes in nuclear mor-
phology are shown.

3o -2 A3 4)7](homogenous intensity)E ¥
HhH, ZnCl, A2 s3] 8 Zofe] Etast 2ok
2 wgEe] qlglem 53] MEarte] A3H EAlql o
A 85 9 DNA SAEMIEE BANE 1T 5 9l
et

o] ko] AR 7ZnCl7} C6 glial ME2] YE8E &
& A7 &M ez ZEpAF|m, ZnClell 28t A ESA
AEIA}E 7)) 3te] wi S 1T 5 AT

2. EHSIH|2} catalaseOll 2|8 MIZIIAL XS 2t

ZnClye M EMo|A 4TS A sked A Eel] AF
A &8 gL BaE 97l (Yukiyo 5, 1998),
ZnCLell ©J8k C6 glial METAIA AR 442 A9
sl MEW b3} 7152 7H4 GSH, NAC, PDTC ¥
H,0, HAFEAS] catalaseE 1A]7F A A2ska ZnCLE
8A17F A28 F MTT Wi o2 A ZAZ&-S 2ARBK
(Fig. 3). GSH ¥ NAC® A Al ZnClel &3 AE
FAL dusle] g2 $FoE NEIANEEE IEAA
o}, &3t catalase, PDTC A A2]Z% ZnClell 23k M %
EXS Fosp ohisle] Co glial Al E2] AEEE dx
T+ $Fo2 FBAZT. %2 GSH, NAC, PDTC
9} catalase Zt7he] EA Bl M EAEE %3S 1)
A UTFEPEFEAA). o|= zZnClLell 93 MEA}
A AfelE e} HO071 wisfEold 7isAdS Hed
o}
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Fig. 3. Effect of GSH, NAC, catalase and PDTC treatment on cellular
ZnCl, levels. C6 glial cells were incubated with 10 mM GSH, 10 mM
NAC, 100 U/m/ catalase and 20 nM PDTC for 1 hr. After incubation,
cells were treated with 0.2 mM of ZnCl,. The cells were tested for
viability by MTT assay at 8 hr after the treatment of ZnCl,. *, p <0.01,
compared to control values.
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Fig. 4. Time course of cellular GSH depletion by ZnCl,. ZnCl, (0.2
mM) were added to cells, and GSH were measured as a function of
time. Cellular GSH changes are expressed as % of nontreated control.

The data are mean values of results obtained from four sets of ex-
periments. *, p < 0.01, compared to control values.

3. ZnCL7t MIZLH GSH 4ol O/Xl= Hg

ZnCl2l| 2J3F M E32AL 7]% 0] H,0, Al 72 Als}
A 49 dRES Fsldrlell, ZnCLe)l MEW GSH
Ao vA e &S A3l ZnCLE C6 glial Al E
o AZPHE AHjsle] MEU GSHO <k A=ksloict
(Fig 4). ZnCl, H=l= C6 glial MEW GSHE] & A3}
AEH 2R XA 8AIZE F C6 glial NI ES] GSHE &
o] tjEol| vlasl] 20% HE FAstei o, 1247 ¥
& 30% 7Askact.

4. ZnC1,7t H,0, Y40 O|X|= A&k

ZnCl, Mol 3 C6 glial M E5A]¢] catalase 3 ]
2ol o3t ZRAghe EklE]el, C6 glial AlEel|A]
ZnCLE <& A== H,0,2 & =43k Fig 5).
ZnCl, 02 mM A F 1247} F4eke] AlEY H,0, WA
= ST A 2A17F o] FHE] U] Azbele] 6r7F
Abelell H,0,21 Aol 2ul2 F7lslglon, o] F Az} 7+
A3l 12417 Folles 2 502 Bsisich(Fig.
5). =3t Al k38l GSH, NAC ¥ PDTCE A
H2Z F ZnClell &igt AZd H,0, A4S A3l
(Fig. 6). ZnCl;& As7] Aol vfgt sxo| Ak
9 catalaseS X5} C6 glial A E2] H,0,2 Y& =
ALt Y2 250l ulwsle] ZnCl, 2]} 1.54) o]
A H,0,2] Aol F718ld o) catalase A A2l A
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Fig. 5. GSH depletion causes only a partial increase in H,0,. Ex-
posure of C6 glial cells to ZnCl, leads to the increased production of
H;0,. The increase in H,0, is execlusively due to GSH depletion. In
contrast, GSH is necessary for the initial increase in H,0, production,
its decrease is not sufficient to generate the late exponential increase in
H,0,. which occurs after 8 hr of ZnCl, treatment. *, p <0.01, **,
p < 0.05 compared to control values.
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Fig. 6. Protective effects of GSH, NAC, catalase and PDTC treatment
against ZnCl, toxicity. C6 glial cells were incubated with 10 mM GSH,
10 mM NAC, 100 U/m/ catalase and 20 nM PDTC for 1 hr. After
incubation, cells were treated with 0.2 mM ZnCl,. After 8 hr, H,0,
were measured. *, p < 0.01, **, p < 0.05 compared to control values.

ZnClel| 93 H,0, AL 27 $£F202 714skd).
223l gAEEHAIel GSH, NAC ¥ PDTC A M3 25
oAl ZnClel 213t H,0, BAdo] 83| Fhisle] vz
T AR S VeI o]Ake) A= ZnClell <)
g C6 glial A E2] IAR= M2 H,0, ¥4 2712 <l
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FHZ AZM ofgle] FYU2R It AV FA W vkl
TAlo] BolA)7] AlAbshEA U o s WS
oA Me) FAURST A oflo] HAlAM EAA o =
45 sl e} AAA Agte] He] [Ae] 2A o] H
329l W A7A A3k FFAAHES] Apde] 1
FAA Q& o] FTHBehl 5, 1994). T oFde] Yol
A Z gkellA ofuldt HALA A 2E Fale] A7MEL A}
25 POl =A ofA HES| duiA A @Rt ofnt
= ARz el o8t AR Aol Fhedsieal B
oA IL(Savits 5 1998), olist MELA} 7|AEe] &5
T A4S A8ste] AAME] AbES Zeste] A17A
AZESo] =gt o AR o|st HE APEe el
o2= o8] 7P} AR FAJAEF (reactive oxygen
species, ROS)S 2 F-E== A2 APd-2 AbsH] 442
Azl web A EZAHnecrosis)2t Al F LA Hapoptosis)y S
$2+31=dl (Buttke 5-. 1994; Shirlee 5, 1998), M| £ AR=
Azl EAF & $5, MET 7239} 22 st
2l EAL 71xIe}. AT o7t singlet AFALE §H-3}
3 e EAHE FAE YA 2R superoxide anion(0;),
hydrogen peroxide(H,0,), hydroxyl radical(OH - ) £]oll %=
lipid peroxide, nitric oxide(NO), peroxynitrite(ONOQO),
thiol peroxy radical(RSOO - ) o] ZAALLT &3,
o] AT FlM H071 7HE 55 P e
ol TEvt 22 Ho|FE wheshA| o= g A
QAo kEe] sl A AEE T 4 o=
2 ATl ubgate] whE AIZE el A - AEFe]
of 3h= AlZAHIEAR H3sl| offoln, 3714 A&
o] AR ARl H,0%& fenton WM& E3le] hy-
droxyl radicalZ Z#H=olA oje] A Al &4 o
27 4 9l AAEAAEALL ] oln] dBA UekBae T,
1997; Sundaresan =, 1995). ¥ dAFA= ALEA &4
< 407l FAALE F9 sl H,0.7F C6 glial Al
ZoAA zincoll oJ3F MEL] AbHel| ofujst kS A=
A& AR 24 F%e)A MnCl,, MgCl,, CuCl,2}
e FFEEL C6 glial AlEell @ JF= v]jA]A] o
A9t zincHRE- 8A17ke] ARBIAL A Al E£Ahg ] A AL
US4 £ U HollM zin} FAHE I I o
E AlEe A4S gl w2 2arEe] feR(Choi
=, 1998; Peter, 1999; Yukiyo 5, 1998). o|&g} F72 ol
Aol HA-L DNA FHENo= on] wsial wuf 9lot
(Dipasquale 5, 1991). Zince C6 glial A EH = vI3F
72 A3 Abele] ®29ke] genomic DNA A &AM

A IEHALE ksl AEIAE Eodd =3t
zince M EW oA BAAATE A sed Al Eel] bzl
24 Zslch(Yukiyo 5, 1998). AAIZ zincZb C6
glial Al 2N A 273} v)Zsle] 20)9] H,0,5 A3
}. GSH, NAC, PDTC 2 H,0, HALE A9 catalase®t 7
2 FAatsiale] A Helde A ZAYELS T 5o
2 3)5A1 A} o zincoll o8k Al E2] AbH o] M2
AbsHA| 9] 7ha gl M E2EAS Zelshe BAART] o6
wj oA 7sAd-E AAEE. AAIE GSHO oFol zinc
Ae|a)7re] AolAE 7h488 T zine X2 F H0,9
oko] Zrlsleic}. =3t 81413kIIQl GSH, NAC, PDTC %
catalase A g BFoliA zincel] 23 H,0, A2l o
o] 3] 7hadle] M XS FARE FFoR 3]EH
et ol = dhatsiA 7} A AkAEe] Qg Hle|g e ey
H,0,2] & ZAAIA NEAEES 7S ovlsis
(Shirlee 5, 1998). ©] A= zincel] 2}3F C6 glial AIE
o] AEE i XY HO0, B4 V1R <3 AR
el 23l frEgS & 4 oo olelst HlEA) V)
HAE2] A8-To| AAME APDS Zeliste] A7A4A A3t
55 Fs ks AR &4 e 9EE §)
35S ¢ g

webA] B dFellAe= C6 glial A EA zined] FE 2
22X 7FE T2f3led zincel 2]3F META} FHAF 2 A|E
JAF Al sl H0,9 o] F Hiosl= dabksiA| <}
9] Qs olsisle] FTELE FEHE AEIAE o
T8z} skl

#HALLl 2
o] F=F& FHZF 21412000y WFdEta wf
d78](2000)2] FHA ) AP Z F3EF 0 o] ZH
A=Y,

3

o
o

1
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