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ABSTRACT : This study was designed to evaluate the mechanism by which reactive nitrogen intermedi-
ates (RNI) induced the cytotoxicity of human doparminergic neuroblastoma SH-SY5Y cells. 3-Morpholino-
sydnonimine (SIN-1), a donor of peroxynitrite (ONOQ'}) and sodium nitroprusside (SNP), a donor of nitric
oxide (NO) induced cell detachment and apoptotic death, as characterized by chromatin condensation, the
ladder pattern fragmentation of genomic DNA and morphological nuclear changes. SIN-1 also induced the
activation of caspase 3-like protease in a time-dependent manner. Exogenous antioxidants, such as
reduced glutathione (GSH), N-acetylcysteine (NAC), and selenium protected the cells_from apoptotic death
and reduced the activation of caspase 3-like protease by SIN-1. Furthermore, SIN-1 directly reduced the
intracellular levels of glutathione. Taken together, these data suggested that RNI including NO and perox-
ynitrite decrease the concentration of intracellular antioxidant such as GSH, which lead to the apoptotic

death of human neuroblastoma SH-SY5Y cells.
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A 7AAA ZF=2] nitric oxideNO)Y= 417 A X (neu-
rotransmission) % & Fo)H(vasodilation) 7}%L 33}
v, sxe] 54 NOE Y, ¥4 &4 d g3
(demyelination)®] %1¢le] =o] E|3§A ]2 3H(degenerative
disease)® ¥ZEZ=(stroke)S ZYFt HuEe]z] g}
(Dawson 5, 1991; Jaffrey2} Snyder, 1995). &3 A] =}
W2 FFeh o] E(glutamate)?] gt WhEe] o] Foi%]
JL(Wahl &, 1994), SFel]| o] E 4842 Fojst F-5=
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Abbreviations: GSH, reduced glutathione; NO, nitric oxide; RNI,
reactive nitrogen intermediates; SIN-1, 3-morpholinosydnonimine;
SNP, Sodium nitroprusside; MTT, Methylthizol-2-yl-2,5-diphenyl;
tetrazolium bromide; DAPI, 4', 6-diamidino-2-phenylinole
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A (excitotoxicity)e] MENZ. ALE XA HH vwH
e A7kl A173M EL] v|7ld A £Ate] ZalH. 3H
AL o252 E 53 AEY AEY £Y4E T
I (Gunasekars-, 1995), A|EM Z42el 7= neuronal
nitric oxide synthase(nNOS)E- 4 3}A]# 7141l L-arginine
22 HE] NOWAS FAAFH(Samdanis, 1997). NO
2} 0,9 WEAAEQ] peroxynitrite(ONOO) -2 A 4=}
7} (reactive nitrogen intermediatesy== NO Bt} =2 &
2 ¥5k719] 2 EA] AFEP A~E | A (oxidative stress)
2] 735t fr=Alelt). o] 52 %A Ab#l(lipid peroxida-
tion), DNA &4} 28|31 nfo] EZEg]o}le] 7]%&AMe 2
Hste] AEe) 715E AAATIE e Had vt v
(Radi &, 1991). 3], peroxynitrite= E}¢]| 24 (tyrosine)
3} Wk A} 3-nitrotyrosined BB o] WA &
Z3}ol v (Alzheimer's disease)(Smith, 19973} 714
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A 3}(Parkinson's disease)(Good et al., 1998)°% Apysh
gx}e] el FohEe] 9lge] Bard ul gt o33t F
A5 Afafe)atel o8k AkeA) At (free radical injury)
o] olg] A1AA AglA ARFMEAR] F8 7149 3t
2 2Hgshs S AR o3t AR B =
= o2 BExpe} Abeabg0 2 AAMIALE sl Al
AA ABSo] friEE)E} AR, F el A ELAL
(apoptosisy’} 417374 Aol AANEAL] FQ71H el
= 2750 mE &5 7 FXH T 3)vh(Savitz, 1998).

AETAR= FAE Aol Al 7)e] s
zA 9] A FRlell Dgrel AejRAke] shiel ME
9] AFE F&(programmed cell deathys B3l R =2
(Cohen, 1993), Z| A} AHnecrosis) e oh e 2 A
31sH 9l EAS FWkele FAIAE Aol 2gt A=A
olt}. gubd o2 M7} Az ANE ddS Aol
Eh b= FARe Al ERke] sla), 33 (swelling), -8-3l (lysis)
2 vkl ARE 9], AEIAL AR whE gl
o)g) & AEute] 7]E3} &Ak(blebbing), Al EAHS]
24 =59 27} chromatin® -5, endonuclease®] &
Azl 2J3F DNAY Al=e] moke] E-4(ladder pattern
DNA fragmentation) 34, transglutaminase®] . 2433}, 4|
2] BA4A) (apoptotic body)e] 3432 F1FHH(Cohen,
1993; Robaye, 1991). o]21&t M E A} FAR2 3P4
ZZ(brain ischemia), 7V (seizure), LZ3}o]m FollA
olrte] B ¥ X (Shigeno 5, 1990; Dichter, 1988;
Goedert 5, 1991) Al3AE Apde] F87] 08 qAX| L
st} webd 2 Aol M= Abg A17M| £5<] SH-SYSY
o] AAAF71Q] NO2} peroxynitrite”} B X A 5433}
2 7VAE A7t sk

IL 8 & Yy
1. A<t

wljoF RPMI1640, $-e}o}38 A (fetal bovine serum, FBS),
penicillin G, streptomycin 52| 344 2 wypsing2] Al
Evjokell o3 A8E GIBCO BRLAKGrand Island,
NY, USA)E HE] 79515l 2] wiofk471(24 well plates}
10 cm dishy= Falcon*}(Becton Dickinson, CA, USA)ell
A F)sle] ARgsloiTt. A Es] Ao o] 838t slide cham-
ber= Nunc*H(Germany)25-E] 73] AR}t MTT
(methylthizol-2-y1-2, 5-diphenyl, tetrazolium bromide), &
23 FFE}x]-(GSH), N-acetylcysteine(NAC) 5~ Sigma
AH(St. Louis, MO, USA)ilA d3}k3L 4, 6'-diamidino-2-
phenylindole(DAPI) dihydrochlorides= Sigma Biosciences
(St. Louis, Missouri, USA)!A], 3-morpholinosydnonimine

(SIN-1) Biomol(Hambrug, GermanyA lollA T8t}
DEVD-AMC%: Calbiochem*}(San Diego, CA, USA)IA
ERErE

2. M=ol Hief

AVt 2173A 2%l SH-SY5YE American Type Culture
Collection(ATCC)2 2 F315le] oF 48A|7F F712 10%
FBS/RPMI1640 wjofe-S& wAlslel 9 37°C, 5% CO,
AEeekr)elA] wieksidel. Al EE 2047F we] vk
o BAAR) F Aol e AL slete] AELA A
Az} olo)] Al Ak AFEE Fasich

3. MZE 24z &3

A Z) AFEA == MTT assay WS o83t FAs}
oot A, oJe] AP S =7} A3t ] AEal
ofgr|2RE Reo] Wolzl F-f MEE FY7l ¢
&) A|78E F wfekedel £33 MTT(0.5 mg/m)E 2 well
of @31 ] 3A17F MikIol A RhEAIZIE. RBE Al Ee
)3 3AdE formazan A2 200 ui®] dimethylsulfoxide
(DMSO)Z  &3)A17] F F35357 (spectrophotometer,
model ETY-96, Toyo Instruments, Inc., Japan)E- ©]-5-3}
o] 540 nmellA FEEE S 7 2 A HE
o] A xo} viwale] WEE(%)E FABIEE. SRR
Aol A$- A7 MTTeR] 23] -2
2 A EAQEE Ao 2247} U=} crystal violet B4
Wog Q&S ARG AL TR F NS
W2]3 30% ethanol, 3% formaldehydeel]l <% 0.2%
crystal violet §8 02 14 GAE 5E A3 F Ax
A1A 1% SDS 4422 AEo] F4H crystal violets 5
oJuje] 490 nmell X FE=F SAsIcH 4= & HE
S Yol dizFel v wg WHE-E(%)2 Yehide

4. MEo| 8 AN o BF

SIN-122 #-=3t A= 3.7% formaldehyde 8402
A A7) 3L phosphate buffered saline(PBS)E. A%, 10 uM
DAPIE. 103 943}, T}A] PBSZ |3 3)e] 23ain]7
(fluorescence microscope, Leica, Germany)3lollA1 100%}

o w2 Fedakgc
5. Caspase 3-like protease B& T £H

A7 Z2x10°cellsys 4584 (1% TritonX-100,
0.32 M sucrose, 5 mM EDTA, 1 mM phenylmethylsulfonyl



fluoride(PMSF), 1 ng/mi aprotinin, ! pg/m/ leupeptin, 2
mM dithiothreitolDTT), 10 mM Tris/HCI, pH 8.0)°-2. 4°C,
152 SR8k 14,000 pmoE 155 YA A
o2 picinchoninic acid(BCAYHLZ. sl B 9=
£o8(100 mM Hepes, 10% sucrose, 0.1% Chaps, pH7.5,
I mM PMSFE 1ug/m! aprotinin, | pig/m/ leupeptin, 2 mM
DTTell 348 337]4 50 M DEVD-AMCS} 37°Cell A
3057t URSA1A ©]E9] proteolytic cleavage 33 F-FS3A
(fluorometer; Molecular Devices Co, Sunnyvale, CA, USA)
2. ZA38lo caspase 3-like protease A& ARSI T

6. 2FEIRI 22 &F

M E 2] SFERA] R 2] FA2 Tietze(1969)2] Wgel
wich mA Al AZA Zol] SIN-18 7181 20817 & A
EZ 272 PBSE A3}l 10% trichloroacetic acid(TCA)
£ 400 ul 53101 108 R ekste] Alel] &) §25 F-3
Tk FolA 21,000xg, 4°CAlA] 108 YAl Ha)sle] Tolxl
AN G Al S pHRE LFT o|F 50 we-lell 0.1 M
phosphate buffer, pH 7.4, 5 mM EDTAe®] o431 250 /e
5,5'-dithionitrobenzoic acid(0.96 mg/ml), 250 u/¢] NADPH
(0.59 mg/mD3} 450 wi®] glutathione reductase(5 U/m)E
E3ste] A2olA 208 WRSAIZIT 412 nmell M B33
A (Toyo Instruments, Inc., Japan)® FF=E5 SA3lg0}

FAIE A= 34 o)) 599 AgATeH ol
o] 3} AR} (standard deviation, S.D.)E AE3d}ed
BAS S A ESAE Bol= e vlie SleiM:
Student's t-testS- AF8319.2 P<0.01, - P<0.05 4+
AM FAS AABSIH.

. & o}

1. NO ¥ Peroxynitrite7} AJE MZAMZF SH-SYSY
ol olxle SdEnet MEDAEEY

2 Aol HA AAA £4Fe] F890x1Q] AHA
Af7ol 28t &4 o] M EL] AYEEe] A= AEE &
S2F wjeFlel] MrlE= fejoldA S A AR AlelolA]
NO$} superoxideZ 5Alol| W&3}ed peroxynitriteE AJA
A7) SIN-17} NO2| FeiAlel SNPE ez A3}
o A|E2] AEE-S MTT assay W02 ZA3lelct. i
oo 1mMe] SIN-1& =gt 6A7F o) FHE SH-
SYSY MEx FAlgE #4448 o AETR} gAke] EA
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Fig. 1. Peroxynitrite and nitric oxide showed cytotoxic effects in
human doparminergic neuroblastoma SH-SY5Y cells. Cells seeded in
culture plates with 10% FBS/RPMI for 20 hr and washed out with
serum-free RPMI, treated with SIN-1 (1, 2 mM) and SNP (1, 2 mM) in
serum-free RPMI for various periods. Cultured supernatants was
discarded and MTT was added to the cells with fresh medium, and
incubated for 3 hr at 37°C. The purple formazan formed in cells was
ressolved by DMSO and the absorbance was measured at 540 nm by
spectrophotometer. Results were expressed as means (%) +S.D. of
three different experiments. *, p<0.05 compared to control values.

 NESEE FakspaA A2 s o|EHoE v
L 2HE] ol s S Byow NESNE =
g SIN-1-2 647}, SNPE 12717 ol 348 ZH4slr| A
zbslode}. AAHEF SH-SY5YE 1 mM SIN-1 2] 24
A7 o] Fol| 47%2] MELFES B0 2 mME A
Al 91.1%8) £4E BAvhFig. 1). SNPE 3% 5Ql 2
mMol| A 47.4%2] A ETARES VeRdoh 28y SNP=
NO AJA¥at ok} cyanide®] A4S THkel] o E
EAE B ¢ 3lemg FEFAAQ potassium ferricy-
anide(PFN)E 22 52 A3l dix ARL 39
@ SNPS| 5437 th27 PENe|| 9sire 548 Bol
A doket. ol#gt ARZRE A7)l 2]gt AAA
o] EAEIAE Eeled 4 91%le™ peroxynitrite7} ]S
g AEFA ] S-S & 4 Usleh Al 2ZA =] wist
2} g7 peroxynitriteol] ]3F AlEe] F2 7|F o] AHEL
AHapoptosis) 3~ | Ah(necrosis) el 2Jste] o] Foi%
AT #elslazz) 3 E3e DAPIE HEH-E 4
AA] A 2] -2 el g ZV|2 FAH
A2 h(Fig. 2A) SIN-1¢]] &J3le] &8 Y2 AEE 9
o] &34k RS B3ck(Fig. 2B). AlEAL HA
2 1 mM SIN-13} 2mM SNPE 20A|2F X2] ¥ SH-SYSY
A E2] genomic DNAZS- B2]38led 1.5% agarose gelllA] A
71935 A o7 IAIR Fig. 2C90A Hole 7% genomic
DNAE M E3AL] A=l B4l Alce] Bof 243
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Fig. 2. SIN-1 and SNP induced nuclear condensation and DNA fragmentation of SH-SY5Y cells. Control cells (A) were treated with I mM of SIN-
1 for 20 br (B), washed, fixed with 3.7% paraformaldehyde for 10 min and washed, stained with DAPL Morphological features of the nucleus were
observed by inverted phase-contrast fluorescence microscopy (X100). Arrows indicate fragmented cells. (C) Cells were treated with SIN-1 (1 mM)

and SNP (2 mM) for 20 hr. Genomic DNA was extracted by Wizard kit.
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Fig. 3. Caspase 3-like protease was involved in the apoptosis by SIN-
1. Cells were treated with 1 mM SIN-1 for indicated periods (A).
Whole cell lysates were used to measure the activity of caspase 3-like
protease by using 50 UM fluorogenic peptide DEVD-AMC. (B)
Specific activation of caspase 3-like protease was confirmed by pre-
incubation with 100 uM Ac-DEVD-CHO. Results were represented as
means (%) £S.D. of three different experiments.

el A3 vekdok(Fig. 2C). Peroxynitrite]] 2Jgh Al
ANES) AL A AEIA ] FEAS) S
3lw] aspartic acidZ Q1AI3te] AH=Sl:= BA cysteine
proteases <A H3E4 2] caspase 3-like cysteine protease
9] B EME ehted E44 242 1 mM SIN-1
o 2sle] AbERE £Afo] Zhalizl 9AI7E o] Fef] F A Q)
|9 B =2 B Avk(Fig. 3). o] # caspase 3-like cysteine
protease®] 2|24 A2l DEVD-CHOo| 23l 1.4
v PFo g ZA)o] Fo]F. 22X caspase 3-like protease
o] A= S-S I3 (Fig. 3B).
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Fig. 4. Antioxidants protected the cells from SIN-1-induced death
and reduced the activation of caspase 3-like protease. Cells were
preincubated with 5 mM GSH, 5 mM NAC, and 25, 50, 100 nM Se
followed by the addition of 1 mM SIN-1. (A) The cytotoxicity of cells
was measured by crystal violet staining. (B) The activation of caspase
3-like protease was measured by methods as described in Fig. 3.
Results were represented as means (%) £S.D. of three different
experiments. *, p<0.05 compared to SIN-1 alone.

e Fol7] AR AAAL WRolMS] FakskAle] g

z
& Hrs] Fasheh webd AAAZe] A s &



100+

90

80 1

70 1

GSH contents (%)

%k

60 1

50 -
SIN-1 0 0.5 1 1
(mM) +NAC

Fig. 5. SIN-1 reduced the intracellular contents of glutathione. Cells
were treated with 1, 2 mM SIN-1 for 20 hr in the absence or presence
of 5 mM NAC. The amount of intracellular glutathione was measured
as described in Materials and Methods. Results were represented as
means (%) £S.D. of three different experiments. *, p<0.05, **, p<0.01
compared to control values.

Aol A2 gks A7) $lsled 9HolA GSHE SFERA]
22] QAL AFA Q] NACE AHAEF F SIN-15 A
2sle] NEEA A EE 2A}51CHFg. 4). 5 mMe] GSH
2 AAEA] SIN-19]] 23t A EFA 0] WA= 8% T
22 AEEA ] E9Lem 5mMe] NACE GSHe 54
34 SIN-122HE] SH-SYSYE MR E3le] AEIALES
1% T52 2 234 7 HFig. 4A). GSH®} NACE 1%
=2 ZAslrl FrEAY 4F AE Sl EAfste
peroxynitrite2}2] ¥FS-3 7FsAde] S22 = glutathione
peroxidase(GPx)2] selenocysteine”| 9} W3l &2
gAS SujA)7 GSH AAS S7MA1719 A2 ghakst
71%5E FUA7IE Aoz deAl o gakEAQl AE
F (Se)s xzlsle] FAHEE AW v} Sedl B 9
2202 AEIAE 2AaA 2R 100 aMAlA 15% 5
& Holuh(Fig. 4A). o9 GSH, NAC Z18]1 o8] ¥
o] Se AABA BAE 7HAA dsdct. gatAel 2lgt
peroxynitrite®] M E32A} BF FI= caspase 3-like pro-
tease?] AT 3} A3l ch(Fig. 4B). =3 A E P
oA BFEoiX| e FAEAl SFeREe] FE A =
A 1 mM SIN-12 f279] FFepAe AL 3% T
F02 7K Fig. 5). |28 A= HelA ARy}
= Ak 9 ApAHeEREe] AEWFe] ks 7)E
S ASIAAM AARNE 48 SRS e 7FeA
o

AABRL At

¢
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A7AA A s ofe] BRI HEel 7t
A EZAE HolA EHed o5 A7AEol| gk AHH
Ak A FAPE S FEFo 2N AAA £kl HEH
Aeloz v AT Qlo}t. £ ol A= NOg} superoxide
7} ukgsle] UAA|H 22 AYAIEE= peroxynitrite®] SR
2 A7stazat sisvt. AR A1AAM EeolE] SH-SYSY
peroxynitriteZ YA 7= 28F FoJA|Ql SIN-1& 224
ARMEANN APl IApEAdel IAFHT. 3-Mor-
pholinosydnonimine(SIN-1)2- NO%} O, & §Alel &g
224 ONOOE HA7]3(Hogg 5, 1992) B2 A
=LA gubd el ONOO oA (Amind Pearce, 1997;
Oh-hashi 5, 1999; Ju 5, 2000)2 AM-E 3 Qlet. ]2
A7} 2J3hH (Jang 5, 2000) *HotwA| Eol| 48] SIN-
1ol &J8F A Z541-2 superoxide dismutase(SOD)®} catalase
= A 55%00M 85%2 FEFE AL & g e
)= 0,7} AIAR AeelME ONOOE AT + 3+
2 vepich wetA SIN-19] &J3F M EEA2 peroxy-
nitritedl] 2]3F A2 2 71EE 4= Q)22 2 peroxynitrite &
AAZA SIN-1& A3kt SIN-19] 2J3 2734 22
e AL duke] $&a) 7|3 AARS FRESIHA
DNA #9348 xdslartFig. 2). AR T BeFst
ATl sled NEIAE Y27)=d, 53] Al &4
2 V4 23 9] shie|th. NOgt 2 AR W)
AJe] BAl=)A b E (pheochromocytoma)?] PC12(Spear
=, 1997)¢} AZAMES SH-SYSY(Maruyama, 1998)5
A E3Ate] WA kil Bageixeh. B Aol
peroxyniriteol] &3t AFEP EAFA] A ETLAL] WA A
caspase 3-like protease B2 o] $715HS 2 4 3l
Q. o) NEIAR= A17A 9} HA M2 A, £3
2 7)% e ol YA 2HE-gte] WA JUTHRaff
X, 1993; Cohen, 1993). 313, caspase family:= 541k
oluf ER-5E MEI fxel XA TS
Bl E4H AAHOZ AEJ| EFA3} e &
Asirl AEA} = 2FA] BAEE o], M 2318}
ERH e #AS 23 "eR(Schulze-Osthoff, 1998).
ol2]gt caspasel= aspartic acidS Q1A]sle] ¥4 hiA-S
HA| )= cysteine protease®H Y+ caspase 3-like pro-
tease”} A 3= poly(ADP-ribose) polymerase (PARP),
lamin, MEKK, % ©}2 caspases 5 o8] &4 Tjlo] =}
23iM 716 Asht BEARE feslel AlEe) o
2] Al sAgE)S 235 Fok(Widmann 5, 1998). 22
o] o}3pH death suppressor A 2] 3P4l Bel-2
whifzl SA] caspase-3ell )3l cleavage Heo| Bl=I it
(Cheng 5, 1997). Bcl-29) ArS- Al Zu) vlo] A 28RS F-
vegl o 24 A EHSS 7IEERA s Helet

Peroxynitrite® 2]}t caspase 3-like protease®] -
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LSl GSHEE NACe] &]3te] kA 3] A=l ow
o] A2 Qlt M EZAT A3 AAE . 9] A3}
9} 4314 peroxynitrite= 2% A EZWFIA THEoI x| =
AR GSHO] °F% 63%71A ZAA1Zw). Glutathione
peroxidase(GPx)E S SHA7)= e PASHIQ A%
(Seye Azl BAEE ZARIAY ¥} Se =3t T 9
EH 08 ANEIARE X Z T Selenium(Sey2- oxidative
damageZ §E LAY AHEAES BRIl kst
peroxidesE- A 715R= &2l glutathione peroxidase(GPx)]
active centerdl] 231 "oh(Rotruck 5, 1973). GPx2} &
¥ Se FHAEES ONOO® 23| wi7i=l= AbsHoxida-
tion)2} A 3Hnitration)l] 3] HF EHAE BIvkSies &,
1998). Se t}oFg} oxidative damage®} QIE 2173 = YA
7 (neurological degenerative disease)l] 1AM E3=Ql
A X8 A¥E Helvlx iy v} g)vl(Watanabes}
Suzuki, 1986). Ebselen, selenomethione ~22]3! selenocy-
steine@-2 t}oF3t selenoproteins-> ONOO®Y| 2&j3] wi7]=)
= Ak#H(oxidation)2} & #(nitrations) oA peroxynitrite
reductases®A] HHEA2]7]| %= Fk(Sies =, 1998).
A4l o7t AAM TS FFEFRA 2] e
IR 2 Xoff 22 Ao flgle] & 4 9lom
35 FAA71= el "9 ¢4 3ok (Bains and
Shaw, 1997). Peroxynitriteol] ©]3+ SH-SYSYS] M| E3A}
AN FREA LY HYE olkE Y Sk ook 2
T2 A F Y] redox AES 2= F8eA S
9] 3hto]aL thioredoxing HW|F3 FE wAo] {Fxx}
wae] £A4g Fle] i oE #EsH "ok (Chae 5,
1994; Holmgren, 1989). S-FE}X| -2 opu| Al T1zto|rt
FFERR|2 ZA] Jun/Fos heterodimeric complex(AP-1)
7} nuclear factor kB(NFkB)(Anderson, 1994; Mihm,
1995; Schenk, 1994) 72 A1) W& 2= 7
o2 AuEojx| 2 v}, Wl peroxynitrited)] 2|3 &
FERA29] 7t olEgt MEW AARIAE WEE 3
AAFOZA N ETIAE 24T 71eA 3t Al E A
4~ 3Ju}. =3}, Oh-hashi 5 (1999)2 peroxynitrite= =3}
A AZAAE SH-SY5Y9] caspase 3-like protease2] &
AJ-2- mitogen activated protein kinase (MAPK)2.2 A7
HolAg M uslodvd. Peroxynitrited]] 23t EAJ3hH
caspase 3-like protease= p38 MAPKE A 3}A|7]1L o]
9} AA| = o] extracellular signal-regulated kinase(ERK)2]
ZAANZIEA N EFSS LS 7FAE AREkEL
FRNAA AEEE A &S ¥R S8 SF
o] Ee)-318H £Aikel| ofF RIZHIHE Ae] A A
sloh. W 2174 Agke] S Wiolle FHAHMEY
Apgol 1 35A S AlFE glu ¢dlE Bl HE
9 A% F8 Sl &5, 2 AA 71 24 5

o] AAMEL] Aol 7o)k}, 3t =qlA] X|uje] 735
% 71, Q1A] ol I3l A, suf FollA 4l
AHEZo]l SAFLEHR 7|9 TS R A
22 oAAR L Qe A AR 25715 Aol
7} % ZA(subtantia nigra)®] =FA AAMEE]
Az oz g3, Apdgtony 57|52 Teisle=
7178 e] 7lFelie] o] fdEvi U#x o
3= 0|8t FFAUAANEES HAAE= & A AL
o] Hd MAe] ErFs3lr] wliell, AFHMEAR] B2}
A 71AE olFlsie AL HYA AAA ARE olslFlaL
A&8F = 7]8HQl vige] HEjg Eol

ZrAbel s

B AFE RABA RN A PR A QT
Aol Slate] AAHGI0R ofof AP,

Hnes

Amin, N. and Pearce, B. (1997): Peroxynitrite-induced
toxicity in cultured astrocytes, Brain Res., 773, 227-
30.

Anderson, M.E., Levy, E.J. and Meister, A. (1994): Pre-
paration and use of glutathione monoesters, Methods
Enzymol., 234, 492-499.

Bains, J.S and Shaw, C.A. (1997): Neurodegenerative
disorders in humans: the role of glutathione in oxida-
tive stress-mediated neuronal death, Brain Res. Reuv.,,
25, 335-358.

Chae, H.Z., Chung, S.J. and Rhee, S.G. (1994): Thiore-
doxin-dependent peroxide reductase from yeast, J.
Biol. Chem., 269, 27670-27678.

Cheng, E.H., Kirsch, D.G., Clem, R.J., Ravi, R., Kastan,
M.B., Bedi, A., Ueno, K. and Hardwick, JM. (1997):
Conversion of Bcl-2 to a Bax-like death effector by
caspases, Science, 278, 1966-1968.

Cohen, J.J. (1993): Apoptosis, Immunol. Today, 14, 126-
130.

Dawson, VL., Dawson, T.M., London, E.D., Bredt, D.S.
and Snyder, S.H. (1991): Nitric oxide mediates glut-
amate neurotoxicity in primary cortical cultures, Proc.
Natl. Acad. Sci. USA, 88, 6368-6371.

Goedert, M., Sisodia, S.S. and Price, D.L. (1991): Neuro-
fibrillary tangles and beta-amyloid deposits in Alzhe-
imer's disease, Curr. Opin. Neurobiol., 1, 441-447.

Good, PFE, Hsu, A., Werner, P, Perl, D.P and Olanow, C.W.
(1998): Protein nitration in Parkinson's disease, J.
Neuropathol. Exp. Neurol., 57, 338-342.

Gunasekar, PG., Kanthasamy, A.G., Borowitz, J.L. and
Isom, G.E. (1995): NMDA receptor activation pro-



duces concurrent generation of nitric oxide and reac-
tive oxygen species: implication for cell death, J.
Neurochem., 65, 2016-2021.

Hogg, N., Darley-Usmar, V.M., Wilson, M.T. and Moncada,
S. (1992): Production of hydroxyl radicals from the
simultaneous generation of superoxide and nitric
oxide, Biochem. J., 281, 419-24.

Holmgren, A. (1989): Thioredoxin and glutaredoxin sys-
tems, J. Biol. Chem., 264, 13963-13966.

Jaffrey, S.R. and Snyder, S.H. (1995): Nitric oxide: a neu-
ral messenger, Annu. Rev. Cell. Dev. Biol, 11, 417-
440.

Jang, H, Kim, M.S., Park, H.Y., Kim, Y.S., Cho, K.H,,
Chung, H.T. and Park, R.K. (2000): Cytotoxic Effects of
Free Radical on Rat Primary Astrocytes, J. Toxicol.
Pub. Health., 16, 1-8

Ju, C., Yoon, K.N., Oh, Y.K., Kim, H.C., Shin, C.Y., Ryu,
JR., Ko, KH. and Kim, WK. (2000): Synergistic
depletion of astrocytic glutathione by glucose depriva-
tion and peroxynitrite: correlation with mitochondrial
dysfunction and subsequent cell death, J. Neuro-
chem., 74, 1989-1998.

Maruyama, W., Takahashi, T. and Naoi, M. (1998): (-)-
Deprenyl protects human dopaminergic neuroblastoma
SH-SY5Y cells from apoptosis induced by peroxynitrite
and nitric oxide, J. Neurochem., 70, 2510-2515.

Mihm, S., Galter, D. and Droge, W. (1995): Modulation of
transcription factor NF kappa B activity by intra-
cellular glutathione levels and by variations of the
extracellular cysteine supply, FASEB J., 9, 246-252.

Oh-hashi, K., Maruyama, W., Yi, H., Takahashi, T., Naoi,
M. and Iscbe, K. (1999): Mitogen-activated protein
kinase pathway mediates peroxynitrite-induced apop-
tosis in human dopaminergic neuroblastoma SH-SY5Y
cells, Biochem. Biophys. Res. Commun., 263, 504-
509.

Radi, R., Beckman, J.S., Bush, K.M. and Freeman, B.A.
(1991): Peroxynitrite-induced membrane lipid peroxi-
dation: the cytotoxic potential of superoxide and nitric
oxide, Arch. Biochem. Biophys., 288, 481-487.

Raff, M.C., Barres, B.A., Burne, J.F, Coles, H.S., Ishizaki,
Y. and Jacobson, M.D. (1993): Programmed cell death
and the control of cell survival: lessons from the ner-
vous system, Science, 262, 695-700.

Robaye, B., Mosselmans, R., Fiers, W,, Dumont, J.E. and
Galand, P (1991): Tumor necrosis factor induces
apoptosis (programmed cell death) in normal endo-
thelial cells in vitro, Am. J. Pathol., 138, 447-453.

Rotruck, J.T., Pope, A.L., Ganther, H.E., Swanson, A.B.,

139

Hafeman, D.G. and Hoekstra, W.G. (1973}): Selenium:
biochemical role as a component of glutathione pero-
xidase, Science, 179, 588-90.

Samdani, A.F., Dawson, T.M. and Dawson, VL. (1997):
Nitric oxide synthase in models of focal ischemia,
Stroke, 28, 1283-1288.

Savitz, S.I. and Rosenbaum, D.M. (1998): Apoptosis in
neurological disease, Neurosurgery, 42, 555-572;
discussion 573-554.

Schenk, H., Klein, M., Erdbrugger, W., Droge, W. and
Schulze-Osthoff, K. (1994): Distinct effects of thiore-
doxin and antioxidants on the activation of transcrip-
tion factors NF-kappa B and AP-1, Proc. Natl. Acad.
Sci. USA, 91, 1672-1676.

Schulze-Osthoff, K., Ferrari, D., Los, M., Wesselborg, S.
and Peter, M.E. (1998): Apoptosis signaling by death
receptors, Eur. J. Biochem., 254, 439-459.

Shigeno, T., Yamasaki, Y., Kato, G., Kusaka, K., Mima, T,
Takakura, K., Graham, D.I. and Furukawa, S. (1990):
Reduction of delayed neuronal death by inhibition of
protein synthesis, Neurosci. Lett., 120, 117-119.

Sies, H., Klotz, L.O., Sharov, V.S., Assmann, A. and
Briviba, K. (1998): Protection against peroxynitrite by
selenoproteins, Z. Naturforsch. [C], 53, 228-32.

Smith, M.A., Richey Harris, PL., Sayre, L.M., Beckman,
J.S. and Perry, G. (1997): Widespread peroxynitrite-
mediated damage in Alzheimer's disease, J. Neurosci.,
17, 2653-2657.

Spear, N., Estevez, A.G., Barbeito, L., Beckman, J.S. and
Johnson, G.V. (1997): Nerve growth factor protects
PC12 cells against peroxynitrite-induced apoptosis via
a mechanism dependent on phosphatidylinositol 3-
kinase, J. Neurochem., 69, 53-59.

Tietze, F (1969): Enzymic method for quantitative deter-
mination of nanogram amounts of total and oxidized
glutathione: applications to mammalian blood and
other tissues, Anal. Biochem., 27, 502-522.

Wahl, F, Obrenovitch, T.R, Hardy, A.M., Plotkine, M.,
Boulu, R. and Symon, L. (1994): Extracellular gluta-
mate during focal cerebral ischaemia in rats: time
course and calcium dependency, J. Neurochem., 63,
1003-1011.

Watanabe, C. and Suzuki, T. (1986): Sodium selenite-
induced hypothermia in mice: indirect evidence for a
neural effect, Toxicol. Appl. Pharmacol., 86, 372-9.

Widmann, C., Gibson, S. and Johnson, G.L. (1998):
Caspase-dependent cleavage of signaling proteins dur-
ing apoptosis. A turn-off mechanism for anti-apoptotic
signals, J. Biol. Chemn., 273, 7141-7147.



