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HER

(LB _ERMKEMRAEFEME, i 200025)

BHE AR @A GERREFED RS TRE RACK S 5| ALH) LM BAM AR,
RABRBAE 55 S Aort g h R k8. BAEMAAERATRESHFFHENEDRLST,
QiEATADE B G R, 4o caspase-9. K AiARIEE M AR T IR & EAR #1469 [A B T8 (voltage-
dependent anion channel, VDAC), F) &4 ELIEREAERS 49 BAAEAN, SoBhfE B is R B LA R4 7
HOBEE . BALEER L BATHES R T, AT HATIE S AL BE 1(apoptosis signal-
regulating kinasel, ASK1)1Z 545842 R 38 T 4945 FZ B -F NF-«B 6905 Aotk PTA BALEAG
T 482 A4 A T S A P IRBEEIL. 2R sh e 5 — AT T AL

K

1 EHESENLE
1.1 FEME

7% M4 (reactive oxygen species, ROS)Z4i /i
NBEAETEHE. TEAE. BEEEFHL
R, REFERBTET, RARESHRNEE, o
AR SE RS FOR, BREEAR. EE
KiZR. AAIEHEMNRE —EHEREEE, HE
TEHEE A RGBS LR B, WEHEETT
He WEAMZERIFEEEASERNARF
f, mEE. BATHE. WRE4E KT EIER
%, HEHRENFHEFREEEEEMESHE
BHHAA. EEEEEHRE N KA ET)
RefR BB/, B SIE MR RIE S K1
MIEAAE A, X T4 T ARV P SN 4l AT R
mAFEERX.

40 g N R AT R LR R R B R =
YR, —RERNENMBUSENEARE. BELY
EALEE. ARt HKE SRS, BRI T
YIRmM4EAER C. JRIRE, B=RKNAMHRXZE
EMMHRELRENHR, FELEARHK
(glutathione, GSH). FR4 i H (thioredoxin, Trx) &
& e H BRBR R E E (glutaredoxin, Grx)3%, EATX
EBRTZ M EEE N EREFEARNERRER
KREZEN,

1.2 |iEim

FHBFESE— e X, BERBHEAL
EHEESFEM RS TFRIENR NG &

EYEE  FBt ARET

LM, ERGBE. £F. BE. BTSRES
HSgREPREEERIREE, HPEARN
WEAB R EZ R EY, ENUEN AT
FEHNX, FENEEEERNARESETN “F
5701, H Rk 2 BRI R XA A AL B 1 T
BEVEA— RPN 2 THLE, AEREARE S ST
A RRBERRAGIE . BEEAL B Rz RAL B RSP )
HEITT

EART RS ZIANBHE R A RENF
PR B TR AR A BRI D), T R R 2
M B AR TR, RN A AR
FREE AL SR R N AT IR, B SRS HI SR AN
FMHSK ZRBIALELR, XMERSIENZR
S ARAAFE AR R AETTE RIS, Bt
HMBEAENEMEEEARIIE, MNIESES
MIEZA R, 4R P PR BRI F AT iE
FORA, #HEMWEXATHA Trx. GSH KARR.
XA P AR B SEREAR. ZEREFE
BRI BERRALIE RN, FTREAE N2 TITRPER K
WiFEESESRIRE, S2E58MAREDFETA.

Sttt kR EFERRR KRR A . fERRELE
MAFT LR BRI, AT LARARER(E RN, RILA
fa26 B e EA WA R B R N, AR A
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FRgd s B HE. ﬂa%’é%ﬁiﬂlm i f5 v] B B N
MESHS, BRAKKRN, SFEFSHELEE
ERBETRAED, EREZRERERBEPREES
BORENEMESEZENMAE, WEAPREE
JI& 2 E1 (oxLDL) 5 5 511 bk P 12 4H Ja 1) TR K 4 P T
FCUA R B BK S RERE AL . AL N IS T I IE & R TA
(Parkinson’s disease, PD)% . A F & 52 FE AL
AR B SS R B R R B SE RN AN W R g 7 B ) R
fg, ERATHESMPITHREEZE/EH.

2 FWHBIFEMBBATHRER

MR B 1965 FRIME, BRI

3, HEMRAMRS, HCABEEERIGLE
=i, MESEF. WE. SMHEEEE. B
AEMBET AT WMEBEDIMEKL, ELSMIE
AL IS MR E AW PR B LA R A A 0
RE TS KBS E NSRS E, T EAER
HIMEMIUAT. RBFEFNESHESHO, BR

ROS. TNF-o..
R |

HERST . v WS

SR W BEAANSITE R Z B R T IR K,
EBH F AT SR IS R S BB e (e T
MBI EFRMESHSPRESER, EPaE
BT MR E S MBER A, BESTURTR
KR FHENBH(E 1),

2.1 SHEHEATESESHNER

2.1.1 Caépase OBE R M) B E L E  Caspase-
92 caspase KIREL AR TR 2 B LR JE 30
i, ﬁil.b‘?ﬁ(% caspase-3 L& -, Caspase-9 FJR
I THEOE R AT R, T RAKTE IR AT
REv Kk R BRI AL TR LR 7 T 18 Rk . A
9[‘%‘TEH262%§1?)%*§{$W caspase-9 B R B IR
MR, RN &I caspase-9 BFJR R AEME
%@J%MDI 5 5k H,0, fEAM R, buﬂ%ﬂ.)@i
Trx Q’EH‘#HJ’E%M%«%E’J EERS, —BiRAE

B, BIVI AT KA, #IRERKN caspase-9 ﬁﬁ
JREERMM LS ¥ ERRENENE R, [ 1%

PS AL, BRI

&*ﬁ{ﬁiﬁkﬂfléﬁﬂ?@? c'

PS &4k

wlix/m (ERA)
_| IxB
ASK1 B % 050

p65_—|

INK #55 +
v
IxB (&
.-
14| Bel-2
MPTP Jf e hs Rt Bcax L= 20vA
HREE o T \ Y
caspase-9 ¥iF — p50 | p6>
caspase-3 WUiE |
a0 s 1 v
| l . 5 HFDNA &4
DNA itk P3O | p6S
l l PR EAER
—_— 57/ B
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WFUIE & INAE caspase-9 B[R MBI T By R A7 AE 2
MUK E F2IMHMENK ZRAEX, 1#5
A BEAFTE 2 AN [F) B A 2 I SRR i B A BT R A
H Wi, S5 _RENER. S NBRMNEBRZT
— AR, DA R ERE E Fe B
caspase-9 FiJR & EH, FAMA Fe kA B X
TE R —BR B (-S-S-) i il & 2 1 ok — R AR, 5 AN
MEME AR R, A
caspase9 B JR R P A B 523, $R4L TAH B BYY) &
I THGERIPLE®, Caspase-9 BEJRA 13 A
FRRR3E, b Cys287 A RIFEMLIIRE R EERE M
AR, VIARFCFERESBFEENE, %25
caspase-9 B 5 N L0 1 EAGE B 2R 9 HoAh AL =
FIE PR IRk A, JEH N2 BRIEM 2 caspase-9 B
JRATIRH) 2 MR T I PR BRI S Cys12 Ml Cys76.
Cys12 fiI T caspase 38 55 45 4 15 (caspase activation re-
cruit domain, CARD), %4115 Apaf-1 ] CARD
g, WIXMEETRES T B P E R AT
FORERE MW, (BB RFRE LS.
212 LKEASHEEGELE@ERETARX R
SR W IUE Al €2 2 o BRSO WL 4R i FE Skl
4438 3% 1 #£ 2% FL.(mitochondrion permeability transi-
tion pore, MPTP)FF i, BRI T Bel-2 KiKkE
F Bax B Bak, {HZHi44 M IR = BEE— OB
fig(cardiclipin, CL)E AP #3357 SN ELEAN AN R 8t
MSHIfEL., KA R c KAREE c EEEIIKE
CLEEALRAAAE -, 2 CL RASMR, X
] e VE BT, ARG ER c B EhifAlY, F CL
ETH AN EFEE, XA E bR A
AR s, W HSEAYT] HIRRE RS
M, B CL &AM, SR CLEE Ca® &
HAEH, — %S MPTP FFiL, 53— 7 R
PeBEE 2L CL B, AWM G
Fc. CERMEEEA S, CLEK. gROEC
BIR A2 N EE ST, /3 ps3nta,
4 CL " REAR 2R JE T4 tBid 456 B hi 4k 1 5L
MUVE R Bax ZERARTEL AR BB LB 0 22
ZAF04, FIEMRXMEEFE CL REFERMR
A, ENWERCLATARER c B, &R CL T
454 tBid 8¢ Bax, Aft4 —FHERNRAELEFET T,
ERIEENCE R

MPTP FFHUR &R A h O A TR S Sk
BHRHEESREME, BAVHIKEZW K& Ca? Ml Bcl-2

%, {H 1994 FEHIF R EE RS MPTP LSiEAN
B FRASHTRAERU, RESEF Diamide. i
FEATHEF AsO [Arsenite anion, (-SH ),+ AsO — -S-S-
As-OH ] AT %S MPTP JFi, T8REE R — 6
FBEREZ (dithiothreitol, DTT). FiILE/LH) NEM [N-
ethylmaleimide, (-SH), + NEM — -SH +-S-NEM] 7]
4] Diamide 1 AsO %t MPTP FI{EFH . X5 EE1E
TFRIE R R ZU R A SRR I PSR, TR
%48 T MPTP ({17745 L (gating potential), 37~
MPTP b0 B 51T SR B T AT R B 52 4%
(redox sensor), Bl MPTP b 3is& AL — 1A F
B — MPTP Fi, kxSl RN . X
FhVE 7 AT #1440 B JEE ) NMDA S 48 (N-
methyl-D-aspartate receptor)ifi & FF K AE, ##R
AN BIHR Rt 2 5/ 58 E K RS KA
SR o BINH R H LR kS ME R
JEAR IR 8 T8 18 (voltage-dependent anion
channel, VDAC). ZELAMAGNMAHEL VDAC
fE B/ NMER B EM M B R o, FEER AR S 4L
B4 Oy EH FiZ RS, "lol4maR c KRR
B, FEMPME S R TR &, N AT 88
HI R IE G O % VDAC f B BERIE IS,
ALLER], FALBm R EEREARAERE c A
SRR Z NI RSF L, TiRER AN
FE b [ 2 4R B 68 2R o OB, 1B 4MIR LI VDAC
ALK MPTP, ‘EMIMEEHBEB TRTKAE.
213 ATHEFEFHREEN: B RPIEEFE
FDNA%AEM  JATI%FE T (apoptosis-inducing
factor, AIF)E N AR T-RERFEEN ST, HLT
I MR A I [B] s B, A7 2 40 B N J5 5 DNA
i, PR TUBEE KK BE DNA B R(50 kb).
W A BRI AIF R8T I # & ot i ITE A F
B[R ATF T 1)/ k4l st H,0, 5 S T1E

- FAMBUREE R, G ATF 5 40t fe 8 2l Ik

¥, HIER ATF 7] RE R R B A S AGE R EETE
KIEBBEREFER, mAMUGREITAR LR
R T=4rF07, B) AIF A Re HE W EDRE: EMiE
JREEMIRPUAT., DNA Z&AWEMRFRET.
BRI M, AIF E&R AT RIThREIFAEE,
ST HED T A 2 A BRI s A bt H Mot Sk 4
A (glutathione peroxidase, GPx)FERI T EEN", {HLHF
WEFTIA ATF 245 B3R GPx, FFAHE & GPx
LIREUS, FEMIRE, 5H—LFRE KIMAES AIF A
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H NAD(P)H S (LBgiEYE, #% O AEH L0, i
AR OF WMAHEN AIF U P BERIRT A 45
FHEZBTHIRES, 75 HABREIERIEMER
Y RER, 2 5%840EIRTEH (redox cycle)?,
B2, e AIF (@3 B hEE 4 R R /3K 8 5,
B 1Z 5 FEA TP RSB DX,

HIEERHLRAR N AIF BEAGE R PR
%M DNA 4 &G e RAHE 47 B 1), 51k FAD
FER B B ATIF SALIE IR ThRE, EAREFENT AIF
My -1 : NADH. SOD i REgif#E AIF &
PRI s S SN AT ARSI £ A4 8 AL 15
SRR AIF FEIET- 20N, NADH SALEE
PEAIASZ 0 U9, ATF 7848 B A A (8] 1) 2 40 a4 A
I RA AR EITh e, RIS 44 P B0 f s 2 i rp B
FEMNIE R B 75, 40 A% W BB 456 DNA 7E M #
I 5 DR T g 55 A4 ) 4 % B 4 B o () &AL i
JFRZ (redox state)” X = {k.(compartmentalization) ”
AX.
2.1.4  BEREBLL R EMNAIMUAR S mLEE ¢
X%  BEIEBEZ E* (phosphatidylserine, PS)4HMb,
R RAT AR, Bah TR g E
FO R B AR . PS AR Ath i i 4 79l T Pt AEL A
1% 5 Bt . B2 % (phosphatidylethanolamine, PE) & $5f i
EARGHEA, W] H 2 R EREAS A B AT R,
B EEBERE PS A T M, EEEIE WM ROS,
WA REREKI R H PS WA FMABAT, AN IE B R
ALt R c FMER#E AR, HETPS 42 IR
ZHRETZMEREZMETS, BREESLD,
WARFEIEEANY), /5FH W Bel-2 H5K. staurosporin.
P1 Fas Juisea,

PS WA R 5 PS AMULA K, HFFURILIME
) PS A PS. BRI 4 A 2 B BIE L
PF B ER, Hiz —=& ATP BN & e s
1ZE#(aminophospholipid translocase, APT), X4y
EItEN, APT WEMEBE S LA PS #0141, T
H APT AR BEIRAIEAL PS T T B PS SML>,

PS HFE T RAESMHBEM? B PS EHFIFAK
AR FEADAPS R/ME EA RS F, 17
AR R EAR RS S S . RIEFEHREERH
MEEcFTRIENAG, BERCESHESIRE
R R ¢ MERRLAE PRI A caspase BTG K&
Y AT D B Y, (B AT REHE A KA A
Eo TP EAEMAECREEM IO RER, Rima

ZEAT e RIEHAMThEE; FIRE N E BT A
Wit c 5B PS &S RAEFHBERS], 7
REHSERARGEE c NEMEAME LR EH,
FAMEEc FEERAEXNERREIFEED
PS, f#{LPS &MY E=, 78 H,0, L#E KPS 5
UM FAGE BT B IR AR R I M (5 58 o 4T
FEMA L ESEBE S B (tyrosyl radica) AL,  H
IR T BRI M R o FIFH H,0, L PS 4L 1T
e, HAEtbHoohma ZERA ., FkMeaE o E
AR 40 B X 3 —— S b A RN 40 il R P B F
LR RSN ARG RIFEAR R TIEE: f2HE
FiHATReER I BfM1L PS Ak
2.1.5 Trx 845 A TAZ 5 A 8B E M Trx &
HMHANEZNTED, TERFHEIEFS Cys-
Gly-Pro-Cys F1 BN S E A EALAE 5T F N Z s,
TRIEHARE AR AICFORES, B 5 NITE Trx &R 5
ERTRE, Trx RIEEHFZHEEMES, 598
BT AN A T3 2%, Trx RN BB R £ M
P&, ERNETMEETE S RS E (apoptosis
signal-regulating kinase, ASK1)y& 43 il & 721291,
ASK1BIMAPKKKS, | iz RiATEZ A4, 8
i ¥%3E T MAPK () INK 1p38 &5 TNF. &b
73 K P R P S B S R T 29, R4 R R R A
Trx 44T ASK1 BN i, #%] ASK1 iEH 1, it
ERIEERE Trx 7] F 5| ASK1 W2 ZALFEMAFK
W, B3 Trx KA BEERR Cys32/Cys35 AN
B B4R, Trx 5 ASK1 f#%, ASKI KA
FRFR L R AEBERR AL TS, 460 0E T U INK 5
SH S, Wi IE Bel-2 &M IR 3 Bax A2k
AL R IR E T MER, B ASK1-Trx fEA
SFHREBEUNBES, BafFTREKRN.
FTLL ASK1 #EHEAKHR Trx AL E RS R 2
TNF REA N 35S ASK] B0I%E b & BT L%
‘Z_._[26] o
2.2 SHEBERACESHSPHER
221 RATHFEF NF-«B ¢ BALL RIS 58
E NF-«kB i FF AL WFERE T, BEEF
#iLF NF-xB 7Efi i 5 HAME| w3 1xB 454, &
BANE), HHMMEZINEES, IxB RAEBRILF
Wiz FZAFEMR, NF-xB A ReAI NI, 4A$DNA
FESHEEFMRIL. HET NF-xB 78 405 & H AR
BT, AFEFRAGDEBERE?, [
A 4804k 3 SR R 2 TR L A Tt AR IR N
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B4, NF-kB #1343 IkB 5 NF-xB f# & 1]
e 5B R . BRIEANINEME RS NF-
kB 5 WA IxB fif 2 i JR 5 3 B 5@ L I B iR
BgvE T, MIAHXT 1R & & B EEE M, (23 IxB B
TR A B A ST Fg (20300, (I SRt e B A 41 3R X0 HE 3K
40 (okadaic acid) I A REEF NF-xB 54, 12
7~ IxB fRE KR B BHE S BMEMR Y. HK
NF-xB 44 DNA K8 1 5SEAMBMRFARIRE . NF-
kB ) p50 W AR FFIE FUIRZES & NF-xB 5 DNA 45 & (%
WF&M, THEERBZN Trx B ERERRE
A FHIE IR pS0 WHA Cys62 RARIEKICY, 24 p50
¥E4L, SHIDNA GAMRN TR, REER
HRMTIRERIE, MRATEARETA, ATk
e g

20 a5 A 4 1) T AL R SR AL B T IkB,
g T IxB HIBEERL, HF)F NF-xB 5 IxB 2 &
BRI, B4 % P 46 ) 48 A R R B I T
F46 p5S0 WHR F AR, f NF-xB 454 DNA
REFRE. P4 MX B ST RN E R
BRMEMNEREM AT T NF-xB iR IR,
222 p53#EALE DNA 44687 p53 HE AL
R RFXEZMHARPHERE T, AESHHER
HFE, BFEDNARGER. AREEALY. 4K
W, W AFEEZHKRWER. pS3 5EHEEES
FEHMBRXRFR. B%, L, REEREL™E
o ZEME G DNA KEIE ps3; B, pS3EE
BHZn FEWEMERREN, Ui ZET
JRAREY, p53 555 R DNA 45 &K pS3 it Bk
A, p53 _LARSFHI Cys277. Cys275 Fe—5 DNA
KNAGEEHIREN, HENBENEINREES
DNA g6 r; 3=, p53 i FHERY RENE
BRI L FEE, 0 GPx. NAD(P)H KB ER K
ML R B (NADPH Quinone oxidoreductase, NQO1),
S5 MENEREM.

3 NG

LR, MRS B ROS 5 EME
H R AR R B YR TR B 5 ThEe)

NFESHESABHEEFR. EWBHRKEER
TEEESNEANFEMHY, B caspase-9 BIA.
MR c B BEBi2EmRIML. ASK1 BUE
%, REETRE. SEMBRN R EETET
E58#S%, 35 NF-xB ) p50 . p5S3 EHM
ik, SFEA14E DNA AEHFIRAT-EAERN
REJIBRAR, MM REPURTHIER, #H—PRHA
TRA. FAYRS FEMEHZRERTRES
®S, (AT REMNEENS, BrATsEE ATk
BRI, Z B AN — T4 RS
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Oxidative Modification in Regulation of Apoptotic Signaling
i
Jie Yang, Jing Yi, Xue-Ming Tang*
(Department of Cell Biology, Shanghai Second Medical Univérsity, Shanghai 200025, China)

Abstract Oxidative modification mainly refers to the structure and conformation alteration of macromol-
ecules resulting from oxidative reaction induced by reactive oxygen épecies, which serves as a regulatory mecha-
nism in cell signaling and responding to diverse stresses. Oxidative modifications occur in various macromolecules
related of apoptosis signaling. Some proteins including caspase-9, mitochondria permeability transition pore and
voltage-dependent anion channel, promote apoptosis once they are oxidized. Simultaneously, oxidation of phospho-
lipids such as cardiclipin and phosphatidylserine also participate in apoptosis. In addition, oxidative modification
function on the activation of apoptosis-inducing factor (AIF), on the regulation of apoptosis signal-regulating kinase
1(ASK1) signaling pathway and on the activation and activity of anti-apoptosis transcription factor NF-kB. Taken
together, oxidative modification appears to be a pivotal modulating fashion and novel molecular mechanism in
addition to phosphorylation and ubiquition in regulation of apoptotic signaling.

Key words reactive oxygen species; oxidative modification; apoptosis
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