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Abstract

In recent years, perioperative stroke has become one of the most serious complications
of cardio-cerebral sugery, since it causes servere disability and high mortality. There is an
urgent need for developing feasible and effective approach to prevent ischemic/ reperfusion
insults during the perioperative period. In previous study, our research group has found the
volatile anethetics including isoflurane and sevoflurane could induce the ischemic
tolerance against ischemic and reperfusion injury. However, the mechanism of isoflurane
preconditioning has not been fully understood yet.

Ubiquiting proteasome system (UPS) and small ubiquitin-related modifier (SUMO)
system were found to play a crucial role in protein ubiquitination and sumoylation.
Previous studies demonstrated that accumulation of ubiquited protein promoted mtracellular
protein degradation, but conjugated-sumo proteins were essential for maintaining protein
stability and integrity. A previous study reported that cellular SUMO protein modification was

massive increased in the ground squirrel during hibernation torpor, which demonstrated
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that sumoylation process might be involved in the neuroprotective effect against ischemic
ijury. We speculate that UPS and SUMO pathway mediates the neuroprotection induced
by isoflurane preconditioning,

Therefore, the current study is to further investigate the role of UPS/SUMO protein
regulation in the isoflurane preconditioning neuroprotection, hopefully to provide a new

theoretical basis and research direction for the development of new drug and approaches.

Experiment 1
Isoflurane precondioning induces neuprotection

against oxygen-glucose deprivation injury in SH-SY5Y cells

Objectives: To study the neuroprotective effect of single isoflurane preconditioning,
Methods: All-trans-retinoic acid (RA) stimulated the human neuroblastoma cells
(SH-SYS5Y) to differenciate into neuron-like cells. The expression of neuron marker NeuN
and BIII-Tublin were evaluated by Western blot and immunofluorescence staining. And
then the differenciated neuron-like cells were used in the subsquent experiments. The cells
were divided into four groups: Sham group, Iso group (single isoflurane inhale), OGD
group (oxygen-glucose deprivation model), IsoPC group (isoflurane precondioning
protection). The cells in Iso group and IsoPC group were exposed to 2% isoflurane for 2
hrs, and the cells in OGD group and IsoPC group were challenged by oxygen-glucose
deprivation for 4 hrs at 24 hrs after isoflurane preconditioning. The cell in the sham group was
cultured without any treatment. Cell viabilities were evaluated by 3-(4,5-dimethylthiazol-2-yl)
2,5-diphenyl-tetrazolium bromide (MTT) assay and cell apoptosis was measured by flow
cytometry and caspase-3 expression at 24 hrs after reoxygenation.

Results: Expression of neuronal protein marker were measured in RA-stimulated
SH-SYS5Y cells at different times, and the expression of NeuN and BIII-Tublin was highest
at 7 days after stimulation. Therefore, RA-stimulated cells for 7 days were used in the
following experiments. Oxygen-glucose model reduced the cell viabilities and increased
the cell apoptosis of neuron-like cells. Precoditioning of isoflurane could elevate the cell

-10 -
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survival rate.
Conclusion: RA stimulated the human neuroblastoma cells to differencaite into
neuron-like cells. Isoflurane preconditioning attenuated the injury induced by oxygen-

glucose deprivation.

Experiment 2
Isoflurane preoconditioning induces neuroprotection

against cerebral ischemic-reperfusion injury on rats

Objectives: To study the neuroprotection by isoflurane preconditioning against ischemic-
reperfusion njury.

Methods: The SD rats were randomly divided into 4 groups: Sham group, Iso group
(isoflurane inhale without MCAO model), MCAO group (ischemic-reperfusion damage
group), IsoPC group (isoflurane preconditioning plus MCAO model). The rats in Iso
group and [soPC group were inhaled with 2% isoflurane 1 h for 5 days; the rats in MCAO
group and IsoPC group were received middle cerebral artery occlusion model (MCAOQO) for
120 min at 24 hrs after isoflurane preoconditioning. The neurological behavirol scores and
infarct volume were evaluated at 24, 48, 72 hrs and 7 days after reperfusion injury.

Results: The neurological deficits and infarct volume were worse after ischemic-reperfusion
damage, and isoflurane preconditioning significantly improved the neurological
behavioral scores and reduced the infarct volume at 24, 48, 72 hrs and 7 days after
MCAO.

Conclusions: Isoflurane induced short-term neuroprotection against ischemic-reperfusion

mjury.

-11 -
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Experiment 3
Isoflurane preconditioning induces ischemic tolerance via

attenuating conjugated-ubiquitin protein aggregation

Objectives: To study the role of UPS system in the process of isoflurane preconditioning
and ischemic-reperfusion damage.

Methods: The SD rats were randomly divided into 5 groups: Sham group, MCAO 24h
group, IsoPC 24h group, MCAO 72h group, IsoPC 72h group (n=8). All animals were
subjected to ischemic injury except Sham group. Preconditioned animals were exposed to
2% 1h-isoflurane preconditioning for 5 days at 24 hrs before MCAO model. The
expression of conjugated-ubiquitin and free-ubiquitin protein were measured at 24 and 72
hrs after reperfusion by Western blot and immunohistochemistry staining respectively.
Results: Ischemic injury increased the accumulation of conjugated-ubiquitin protein and
isoflurane preconditioning inhibited the wubiquitination protein. The activities of
conjugated ubiquitin immunohistochemistry staining in the IsoPC group was significantly
lower than MCAO group.

Conclusions: Atteunation of conjugated-ubiquitin protein aggregation may be involved in
the  neuroprotective  induced by isoflurane  preconditioning in  cerebral

ischemic-reperfusion injury model

Experiment 4
SUMO system is involved in the neuroprotection

induced by isoflurane preconditioning

Objectives: To study the role of SUMO system in the ischemic tolerance induced by
isoflurane preconditioning.

Methods: In vitro, the neuron-like cells were divided into 4 groups: Sham group, Iso
group, OGD group and IsoPC group. The levels of SUMO-1, SUMO-2/3 and Ubc9
protein expression were assessed by Western blot and immunofluorescence staining at 24

S12-
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hrs after reoxygenation. /n vivo, the SD rats were randomly divided into 6 groups: Sham
group, Iso group, MCAO 4h group, IsoPC 4h group, MCAO 24h group, IsoPC 24h group
(n=8). The expression of SUMO system and Ubc9 protein were measured by Western blot
and immunofluorescence staining at 4 hrs and 24 hrs after reperfusion mnjury.

Results: In vitro, the level conjugated-SUMO1 protein was decreased and the expression
of free-SUMO protein was decreased after oxygen-glucose deprivation, and isoflurane
preconditioning could elevate conjugated-SUMO1 expression and inhibit free-SUMOI1
protein. Isoflurane preconditioning could attenuate the increase of conjugated-SUMO2/3
protein induced by hypoxia injury. The expression of Ubc9 was decreased at 4 hrs and 24
hrs after reoxygenation, isoflurane preconditioning could reverse this decrease at 4 hrs
after OGD. In vivo, the expression of conjugated-SUMO1 was decrease and the
conjugated-SUMO?2/3 was increased after ischemic-reperfusion damage. Isoflurane
preconditioning could elevate the conjugated-SUMO1 protein expression but had no effect
on SUMO2/3 protein level. The expression of Ubc9 protein was higher in IsoPC group
than MCAO group.

Conclusions: Isoflurane preconditioning induced ischemic tolerance by regulation of

SUMO system and Ubc9 protein.

Experiment 5
Down-regulation of Ubc9 attenuated the neuroprotective effect of

isoflurane preconditioning against ischemic-reperfusion injury

Objectives: To study the regulative mechanism of Ubc9 in the process of ischemic
damage and isoflurane preconditioning.

Methods: In vitro, the differenciated SH-SYS5Y cells were divided into 8 groups: Sham
group, Iso group, OGD group, IsoPC group, LentitOGD group (Lentivirus-Ubc9 +
oxygen-glucose deprivation model), LentitIsoPC group (Lentivirus-Ubc9 + isoflurane
preconditioning group), sSiRNA+OGD group (siRNA-Ubc9 + oxygen-glucose deprivation
model), siRNA+IsoPC group (siRNA-Ubc9+isoflurane preconditioning group). The

-13-
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viabilities and apoptosis of cells were measured by MTT assay and caspase-3 expression at 24
hrs after reoxygenation. In vivo, siRNA-Ubc9 was intracerebroventricular microinjected at
24 hrs before MCAO model. The SD rats were divided into 6 groups: Sham group, Iso
group, MCAO group, IsoPC group, siRNA+MCAO group (siRN A-Ubc9 + MCAO model
group), siRNA+IsoPC group (siRNA-Ubc9+isoflurane preconditioning group) (n=8). The
neurological deficits and infarct volume were assessed at 24 hrs after reperfusion injury.
Results: /n vitro, Ubc9 lentivirus-transfected cells showed the increase of SUMO-1 and
Ubc9 protein expression. The expressions of SUMO-1 and Ubc9 protein were decreased
in siRNA-Ubc9 transfected cells. Up-regulation of Ubc9 has the similar neuroprotective
effect, inhibition of Ubc9 protein could attenuate the neuroprotection of isoflurane
preconditioning. /n vivo, intracerebroventricular microinjection of siRNA-Ubc9 could
inhibit the expression of Ubc9 protein level. The neurological behavioral score and infarct
volume were worse in sSIRNA+IsoPC group than IsoPC group.

Conclusions: Over-expression of Ubc9 allieviated the ischemic-reperfusion injury, but
knockdown of Ubc9 protein markedly attenuated the neuroprotection of isoflurane

preconditioning.

Key words: Isoflurane preconditioning, neuroprotection, cerebral ischemia, ubiquitin,

SUMO
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HL P 5 1 R B 1 R VAR R AR R LR B2 PR A D 4 B 4 4 R e i R i
TR B PR NBIE T, A RS ML PR T 0 1R 7= AR AL A7 7 5 P &% R (R 2R 4 1
B, Bk TG NI REEFEE . A AE A7 A5 55 IR R 2 4, R I Ty f
HINL R FEAE PO TEAERT 2 AR AR AEAE & DI Re Se B £ 2@, & A RES M.
e, Bz sh, 2EA HMEEN RS54 ?

Avram Hershko %58} F 0 T2 - B E A R4 (Ubiquitin-proteasome system,
UPS) [IRIIFRAT T 2004 4Fi DURMGEA, UPS REGu1E KN — it 40 K o H
EYERIZ —, AT R AR ARSI LIt B RRIREZ B A RE
S A i 9 A DIARSCU ), EXE UPS RGUAT 7L kAt B R IIZ 3R (I KI5
B 2 /N2 ARSI (small ubiquitin-like modifier, SUMO) 1%, SUMO 1k
B AR R O R FERE, TR S AR A TR R, SR A R T RE R E
PEI 200 S A HR B LA B i 5 XL A5 4% () S B L o, A7 BOREOIRAS s
TGN SUMO 5 28 [ 45 45 138 I mT e 56 412 s 40 xof e i sl S S 3 473 PO T 52 L L B
S BAIF AR IR, VR RAN R R AN B R 4 UPS A1 SUMO, 3 i
0 W i A5 05 v 2 3 AR T AR LR 2 UPS/SUMO R 45 8% M T4 FH (0 S ek VA 4%
A Rl R L PV 0, AT YR R T

FATTHEN UPS J2 SUMO 5 5t Ih R (14738 A0 FIAH ELU 5 AT A8 i sk 1 45495 0 S5 Jehe
T4 R R RS e FE P BB . RS B UPS/SUMO R 4055 i i i 45 45
S TRAR LR R T IALEL, K G BT B A T oved f st i 45345 2 HhoRR 4ok 28 OR 4B T 194
W, IR FHREET UPS/SUMO £ Gl 25 s+ 1 it B FH 1w PR AR 345
Behithe FRATIG B ARFILEARPN T, IR 531 A4 2 R B % e 55 5 R UE S UPS A1
SUMO FR A s floe TAL 21 75 340 22 R 4 F v B L B 5
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3 ik 2] /8

WEEEOIES (AHA) Mg, ) 2001 45 2011 4N A R IR HISET: %
BIRCAWD T 35.1%, HRAREFFERAGL 80 HANHRAEMES, HpFY
T6% M) B E 2 IR, HE NE RIS . AR )RR N B 22, 230 200
Jio 5 2011 SRS, EREE 40 B — ANRAEWA T, & 4 58a A
A 2t N AR R A RS FERPOR 2 —, WOV ES EEER
Zepr fARlel i E] 2030 4F, H L) 340 JTHIRENSHIUK S, 5 2012 A
RIFFIGK 20.5%. FEE N D 2RI R I, 625 rhopos SEAE 1S AL . BEAE XSk
BRIAAT R ABE T, ATTBL T T4 — M a] DU R )32 A8 FH ) 4 i 3 24 47 sk
ATBRIMAT T, LSRR BN, AT AR 45 i & R4 1R H

1 FARIRER R SRR R 5 AL R ST ER

RYE WHO HdEgiit, Wiaer 2t FAET- R amm i sh — RIEH, B
FEO BRI AR AE 2 Ja, Forb 87% 1 8 #2 i T I A o 28 i SR sk A ik 2 v o 4
SRR R 4)) ) L3 H B L 0 2% 51 ARk A, S ECAMTIRERLE Z ThRe A
I S 445 0 91 TR 3 B R T A5 0 £ 7 2 A DA R AR 007 ORI ], SR I 4 e
HR B, 2 H B A S A0 i IO o LSRR =5 B3 e B e oo, % T
HORX A2 2R Gt 451 00 A Th RE FbS RO LA 2 B %, — ELRAR R I S F ik 7 1 X
VAT

IBUE RIS AVE I Ek R4

TERM SR L PR SR AR, S R K& =2, ZIhReli ik R4 05, THAEK
EHUEAA, X I B4 51 A R PR BB 7 RS, SRk R
A DU R UK 7 - = A = AT VA, AR IR, IRRANEE A . 8-FR B M4
94F (8-hydroxy-2-deoxyguanosine, 8-OHAG) J& — i & S AL ¥, & 2 H

- 16 -
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TR AL DN A 55 A AR EY . — 8B (NO) F1 O, 72 i i P8
e KE4H, NO HFEAM AL AER ONOO . SOD H] Lhdidid A i A
(catalase) ERAEH kit & LYl ( Glutathione peroxidase, GSH-Px) fi##; O, AP
N H020 KHET H0, 1J-OH A 5ENEFT . S, DNA 1 RNA Fid S0 EH,
SEAM G BSET: (LK 1D,

Mitochondria

Respiration Chain SOD Catalase
7 > 02- » H202 ——— > H20
NADPH Oxidase GSHPx
Cerebral
Ischemia &
Reperfusion
NNOS — NO ——>»
(NOS1)
ONOQ™ ——> ClH
Protein Protein i
Nitrosylation Nitration B

B 1R R R A S M T AL )

TR B B $545 (transient focal cerebral ischemia, tFCI) 5, 8-OHdG & &
TEFRHETE F 0 3-6 h P 4R N, JF BAERRGI 5 24 h HoACF & Bk R ge ke m iz, g
Jo 3 AN SN AR SR AL A5 4 J AT BRI A ) SRR RT | A 4 i P S P
TN - ATP BRI, R&FEEAMIAET . AR T IR AE NG B =4k 5 454
AREGE, PRI — RV EEYEFHE A (malondialdehyde, MDA), %+
J#i % (4-Hydroxy-trans-2-nonenal, HNE), 8 7T 32 7 ik S I 452 45 )5 18 Bh I > 1
MDA 1 HNE & & B 2.3 nt'> 200,

1.2 HE
P SR I 5 | A i A A X R A e e BT, I LR ) T B8 15 A — ZR 471 A B 3 e B
B, SR EE AR KRR, RIS SmART R 2, GRS

-17 -
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SV Bt A i A e R R R 2 SR A B i AR i AN 2045 1200 5 A nat TR,
AP R BE AR T B 15 A I T PR A 1 3 LA 4 RIRBE A T
B THEDZ KA, BTN ATP KPR, RS0 R A 7R REOIR
ARG L Be BRI SFAF T P74, Rl 3 B0 2 e i IR S8 5 R AR AR IR A6 A% 0 [X
(241,224 g 8 5 e 2 8 e R T 3 50K o 8 R IR 7 8 3 350 Pl 2R 445200 o e e
FUioN, BRI fE NIRRTy REfERS, ROS =A%, ATP 6hiE, 54 HfE
HZEE R/ 3 8 B BUK RS 2 S H R0 SR R i R E R &R

AN H YR T S B LHLZ A 7S AL ATP RIE T, 45 58 1330 T e A4 g e B 27
Rk, VAT A A M OB R A R R R R 28 el Bt Js . #R el
T2 32 B A A o 2 g e 1201

A 550 RIS T R T i OV RN i A e B A B R LR IA . AT
BRG] ES IR T E R R AEAE RN R M S ANSOIRAR . SR 405 ) 1 T i
A=W bR S Beclin 1 23k iR IR Caspase-3127, it BV T 38 8 A1 1 38 6 1 1
W JE R SR TT - RN, BERRZ, EfES CAlL M CA2 [X, KX Beclin 1 Al
B &Y (popidium iodide, PI) FFHPEZH i B S 48 I M TiE g 23, S8Ema
JEAET o BRI 2 IR A K BRI T HH BT Dy 7 (Y R TR AR R e A
TIE S - U T PR A= 5 e L 45 477 P i 2 23 DX 4 35 D AH Ok

T I 55 Wk ) 9% 2R 32 BRI A 2 A R B, Adhami S5BIF 5T 38 78 G MLt 220407
)5 24h WLEE 3 Je E 0 4 ot il S U K B R, o AMPK A5 B AT BE T
SO 55 0 2 R i A T A 48 S 301, 5 B AR RN AR LG, Atg7 FEIR (Atg7"ov™,
nestin-Cre) 2% 4% 2 PR/ B FE SR I 40347 5 — J8) vl S R A b 22 et A oaig s I HLagk
IAR 15 X S e Bkt T, 243 2 5 V24 i) (8 0o 2 T A SO T e o 5 2 1 e
Gt Ak, Wenl® VS N\ FE R I ki 5 3 5 —Fh Vps34 B BRI 7] 3-
FRILRMERS (3-methyladenine, 3-MA) A MCAO 4544 f5 i ZE 25 AR AP 248 Ju Ik
W, SR ER . AL, BRRHMIR 4 E IR ¥ (lithium and glial cell
line-derived neurotrophic factor, GDNF) $AJIE 5245 #¢58 AT Wi AN 0 T 1 F Y- 401,

H IR AE R I35 5 ) P U R AP 22 R PP S B 2 A . LTS RISF AR AL T 1
HT22 40 & 45 T 5 E B A6 57 3-MA I E WIS BRI & TR AL AT LG 9IS 4L
caspase-3 £ [ IA KT DA g ae T34, 0o (UL 463425 10 KRR 5 A

- 18-
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FIEME R (rapamycin) 7] LLGIEE KRB ZE A S Beclin 1 KA N, AT
FET- AN 15142, AL AT AR AL I S PI3K/Akt/mTOR i DL K S IR
CAMP [ eE4 &8 H (cAMP response element binding protein, CREB) #Eg 144!
I A e AR I R A543 K B PE T S 22 T IR 75 2 R B Ol GSKC-3B 41l 77
SB216763 R LAY M 28 9 1k S M0E H RS R, S0 K 2 T el

13 {588

TEIER T, BN S PR ERARIKE . SBifi)E, BT RS
) G 6 2 P I P U A A P A S A, SBUE AR . R URUZ IR I A, A
ZeuaE T A0, A gl T AGE MR AR R SRR R, RSB (Nitrie
oxide synthse, NOS) MiF i NO i & & i S 8o 2 o pe T4,

bR T B RAIRS RS T IR & TR, el iE Wn] DAY s 1w A A
A FEEE TN, i TRPM i#iE (transient receptor potential melastatin) (1)
1825 S SR R 200, B A% R D 53— A SR R 3 A 2 K AL D 5
BT IR, 58 T IR, B0 FURR h HERURUBE G I, 414 pH (Y
BRI,

1.4 PR M R

ST HFES BRI, 45T NO A BEH0 ) 77 79 A T BA 526k /b v e i
5 A2 N 5 W (Endoplasimic reticulum, ER) £5 5 74 4E, 1 B 7E FREVE 101455 301 NO
P AR TS PR R 45 BT I AE i i e BRI BR AR A B 1 P R 9 2
JREE— 2P AB M = A A T R

ikl A T 0 RLRRT DA G i R T A R B R A ORY R F B A PKR R
ER /i (PKR-like ER kinase, PERK) fJi#iEAHC, HH eEF2a (eukaryotic initiation
factor 200 [RIBEER L AT LASMHI 2 4 B A Y R chop mRNA A A2 B 5 9 &
JIFIEHT B & TR (unfolded protein response, UPR) [ SGHERI 25, 44 0 % 3 1
R A5 J5 ORI B X S5 W ER B AL 55 1, I B CHOP [ B /1N B 7Y
g 0 X 22 e S B AR RN AL, RS 5 AR T R B BRI, 278 CHOP [
52 55 R L T & st TR,
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1.5 %eifg KAERR

I st T 453 4% 50 11 ¥ B R 0 E S B LA XU e MR R — D7 T AT DA B R
ilh, 55T nT AR i 4R s 0T 8, S v s N I T LA Y R P A
PRHLES B 52, (EdFHA A RIEE.

W5 E78 TLR2 A1 TLR4 25 1 R J5 R [ L, (2N TLR4 2= 5wk i kb
AR EA ¢, TLR4 I8 ¥ 05 1% 5 5 KT NF-xB F3 TNF. iNOS Ml COX-2 %
RGN, T A R 1E R . NF-xB B335 TNFR1 8 [FIFE AT LA Sk il 52 1)
oSl

2 RNTERREETR A I 35 -5 Fp AR SR I 32 7Y STt R

AP ORI 14 Jit T 24T T RENS TG I PARE AR 22 DRI LA DABST 1E A 22 457
B3, IR0 5 i RAT i, AT HZAE B R 450 005 DA KA 52 B SOE I 5
DI AL UNKE o TALEE AR A2 2405 S5 R T de e T — R R T 05 4R
D3R ESAEPERIE, 5 WS PR R N IRYE CRIP P, AT L2 2R 2% B 6 T3
PG 07 A B v B2 — R DR PR R I, AT AR X P2 R BT LR
AR E B L R 7F 22 0F 038 A0 UE SN BRI 28 B 8 — S8R m] DU AR i 22 2%
g FEANFIRE JEE (1R R L iR 52

21 &S

AN — RSV BRI SR AL R Sir William Ramsay RILE A O — H £4F
Pist, FHAE 1951 4 A E MR 245 1E G NI R - -5 08 RIS AH i
HAVZMY, IR a8 AR50 (0.115), EACRFRRbE . O e 2 G
B BRI BURAE B DURER Sy I 57 B, X 28 2 o AR UV R Tl
PR _E BRI () PO 5 2

ALY VER AL Bk OGD AL LUK AE VR 1 e A= i Sl i A5 2 AiE
52, FF BRI A BRI 52 1 AR 3R 2R EAR O R, HA BIRETE 20-75%,
HRTEABIREZ A, AW REAFEEMAN. A EASIIIES, OGD B
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) NMDA (N-methyl-D-aspartate) 324K IG5 EMMATET, 4T 75%m<
TRALEE 2 /INA AT LA B 48 i 4 i 0 535 . Wilhelm () SEEGIE BRI, R TA
B AR A 22 AR AP F B AR S PR AR S0 TR BER FEANE], 439300 20-75%F1 40-75%. 7EK
FL MCAO #84, 50%H) W) > MCAO gl i i & e isers, 1
70% 1] LAiE— 2580 SORAR Rk 5451 . SR, W SRR BEEIE B 75%0U 2 5 it
MZICIMAET: . WFFTIESS, AT DU HH] NMDA 52 44 i 35 P00 5% R T afi s 4
51 BN AR %5, 3F B T DA B T e NMDA 325 57 512 (a2 22 VR .

FE i R L PR E T SR O AR T, AR R R R D A PR A8 SRR 2 WO AR L 1 e 42
TERA, SIEMAMG BT, SRR E L RLA D RE RS . DNA 45,
NI E T U TS S BB R B B, il P38 A INK, A& SEUIMIZET:. R
ST DL E A RN M B R 1 2 A4, T LB I D e e v &g 1,
ok U 2 S R ) TS T N SR AR 22 2R e R AL 52 280

NMDA A\ Ay G IR HIHE 55, 0] NMDA 524K (0 UL e il pr s
% BB N AE S SR E R EZNH . tbsh, GRS DA AT A
J )5 NMDA 52 A F1 AMPA 5244/ 5 1) 5 s e i iR R 13001

BEIE NS BR T RN T PRI S A S, AR AT DR I e E
B 14 JCH Al A 26 6 4 2 ke DA T 386 i i o s 32000 700 BRI 71 1) A A RT LA ATP 44
T B S T IEIE T B8 N 50%. BR T ATP KA FFIEIE, B & ILEUT AT LABE XL
PRESFIEIE, AT B M A I B 2 e M

) M SN o 1S AT DABH S i LPS 0 19 IL-1b f mRN A & (4 i KF,
1713 51 62 AR Il R 47 R0 S To 40 ) B IR 1K K P, YRS LPS MU £/ ERK1/2
WEAAT IL-1b FaA M Esa Y, BRIk, USR] U A% S R M AR R HE P A AR
TEH.

HEhHl. 0 RS, % PKC-e Al p-38 MAPK-ERK1/2 @M/ FWAK
PO WEBR LY 52 1) B2 AL . 2S5 A SESIESE, Kare A1 PI3K/PDK-1 38 % 118
i PKC-e WBMRIIEAZ 5 WAN SRR R, (A2 Kap-PKC-e Fl
PI3K/PDK-1-PKC-e /& &2 5 G/ AR 2 LRI VR I RIUESE
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2.2 NO

1799 4 H % E L% % Humphry Davy KILEMNW L EFIFREAER, HTWA NO
[ N BRI R, BRIBAR A “%5.7. NO [ MAC A 1R R AR AR,
I FHBESHE AR S HA.

BT AR FIESE, 1R KRR Lk s A s (HIE) B8, NS
ST DAL fidd i 45345 i 38 I i &, s SR S B A e 2 e . 2
BIF 72 75 /1N BRI MCAO A et W AR [R] 1 45 1. i 483 45 F 4 B 28 P v
55 5 60 min FFE25 T E A BN R LA S 38 Tk 1078 52 5 ELA7 ) ok 1 4534 i )
RN NO HAG S YA £ Bl NO A 0 A (14 A HH55 B A FH A2 1F 78 A3 ) 94 1
A3 BRI LSRG NO AEFHIRIETTE KA 1EAT.

] NMDA 52 7RI 28 7024 A VAR 95 1] 82 A T 05 5 4 28 (R F FH 11 3= 2
LA, BUFLETIEE T 5K % TREK-1 0] LU NO i, ik B R34, NO w] LA
il AMPA AR/ RIS ERTL, J HIEK GABAA 2SI R AL . XL
SR SR S T LB A e e N R FEM AR U s, S5
AR, AT DA 5] A, e e RN H U R SO T 41 ) A
W R

2.3 5. J 2 R 7

FLAE LS N4, AW TR IS e PT AR I i S SR /0N B A7 50 8
JREEA UK R A TACHE L BRI AR R AR, 3 e ml S N R AR L 1
WM RIIER, JFEFERBCR. HHh, RS T g 21 R A e Ok
PHER, 8Tl U1 1.5%5 808 AL BE AT 85 28 D 90 min SEURE <546 2 5| RS fr Ao
2 e B 2 SR AR B A 22 R 1 AR REPE K B2 VA 19 OGD 7Y
H A FIE ST

AT RERT LA H 2003 FEETHIRTRZR 5 e AL B AP 22 ORI 1 F AO ML
FCo RIS e I AL BE T DAY i I PR 007 M 6 7 AR A 1 22 D RE T 2571
BB R R TR R T AR 0 R L PR 5 A R M oA
T 26 A AR g B TR A, 4T 1% 5 ke TN 1T LU 5 5 41495 (traumatic brain
injury, TBD 5 (135 5 CAL XAPZ T8 , I A5 Je B I A2 5 S P % PEREVE

22
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BB ThEel™, SR, AT EIRE R (1.67 MAC) 325l A& IR 171
AR T 0 2 4 2 Th e B 5157
2.3.1 Wb Mew G

SRRZGPIT] LU E AN HI A A RGKIN Y 2 BRI RSS2 EHE R K
PSSt TRAC R ) o 22 A7 B L 98/ NMIDA/AMPA 32 AR BRS80S i
A PR O R R D A P R IR Ik BV T IR A% 1 RS 200 WX 2%
L RRUGE T LA I B T 4 P N T T IR AR, ek A N v R
IEI LT EE AP AT 2.5% LRGN T LLEZ > Ca2+IIR AR
JBC, 3K 2 BLEIE S RbE SS IR N M BRI 700 P 4ok 22 AR 4 4 L PT Rl o 2 D A 1 4
50,
2.3.2 T

Kawaguchi &5 — B 5 &k B2 0 T 38 B A 5 57 0 Joe TOUA B8 375 52 i 447 £/
B2 HHLH R AHIET-2> 1 caspase-3 H caspase-87% %4, DUAGEI BN Ca2+E40E
MAPK p42/44 3B B FFLIE TR 7 Akt /b g g v, 3 B 5 B A4 BN BRAH B, Akt-1
B TR R /0N B P S Ao PO B R ol 000, ik, SRedple PilAL B I A 5 Ak, -
WA Ca2+5r B 0% p38 MAPK Pyk2 Fll p42/44 (ERK)(E 51l iK% 175 5 i i i 52107,
X %4 Hd % ] LU p38 A INK BEFRAG S, %40 B3 T A+ Bad 1 p90RSK, M
A A T
2.3.3 SEAL R N AL 5 £ AR R 5 1k

T JR3 e P i e o, 453195 % S 5 i P L4539 S B0 R, RN A BRI 4k S5 e B
AR Ak B 57 T A B SR LA 473 51 RS 1 B R A28 - B T 4 M 4 B ER R AR B, 09
SEAC RIS o (AR AE SRR TOAG B A3 5 F2 0 1 P 3 T Bk — FR R BRI v i s 5
ST B PR VA 455 0 SR LS 2 4 PSS, BRI S R PR IR 751 e e 1 R4
475 T B A T Ao 5 SR R A A, AT IR A3 477 D ke A A R e 4 (K
JITTSEBLT . BT INOS 5SS Hi7 1400W B B2 S ke /e 8. ATP B2 4T
B 7 AT DAYE R LR R R e v, 3 RS BN, A 5 AR TR B e 4 R
RS2,
2.3.4 PLRIERMN

O —SEt LR, SRE SRR m i 1 15 R A2 R R IR S Notch 2515

-23-
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SR, A SORE R, R e T AE T T R R R A R AR

SRGEPT ARV SR SO SAH! AN TBIVY, @it/ T A k4
PLE T 2 PR TR = AR I e e 4, £44% TNF-alpha, ICAM-1, E-selectin. #ff 4T
ORI, SR T DU S e VAR B AR A B AR NI A B e . SR
TEARZ TR VR AR R RITO AD A0 e, S b th m] R B H AR A A F o BFSAIE
SCAEA R RS, S debe ) DL | AN R R B ) R VE S B T A S A 4 48] A i
RGN, SAH 2 TBL, Fber] SR IERIEIER: Mk, IR
FFTERAMEREEF AD, 2> 5] E AR T R A SR

3 UPS/SUMO i ZHEHE ARG IR KRB EH TR/ERYLS

ZEREAMERSGRI R, & AR RN EAEsIF—R KR, e T &
40 P S T 8 TT, AR AR AR T iR il ), My R B oy B
(IR R I —3K48 T 2004 4R U1K 220100]

3.1 UPS/SUMO Z %t B4 i

EEYRN, EARZEZNEEN FEARNFEELE. ZRR2AMFERE
A PR I S S AN (e A v K s e AR AR MR A RO IR AR R iR T
A El. E2 M1 B3 =FE§KIS Y, B3 SR v DS & AR TR R g &,
WEARZ &=, ZRUEAKIZSEIEARAE (proteasome) H A LI 58 4= FEAR (i
K 2), XAMERIRNEZ R-EABE RGP, 2 KM Lys skt L5 ez R
[ oK Gly BRI G &, B E Rz =08, (EREAmEIERES. 2%
PO B B o P Bl 5 A R RIBUS BN R EEREOE R E &S
KT, N, KRERXZEMAE (deubiquitiylating enzymes) FKHiZ R
SR8, WENZ R AR . ZR- B2 RZEN T UPS KRG IER TREm 4k
FEAAEEER, — BB RENT, ¥EmR Rz RO EARE, §l2amIhEek
ok prT o,
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ATP  AMP + PP, \/ \/

B2 RREAMEREANEEHARTS

ENZ EZREAFRMWEE R, SUMO REEHA 2L T LM EWKN,
AR Y. FEAESMAEESYH, U SUMO £ 4tk BITEAEY L s
TRAFIRE AL WFFC R ILEN LR 1) SUMO RGHA =FEAL: SUMO-1.
SUMO-2 I SUMO3. fiTA ] SUMO F IR I1E C A3 #lA — i [F) FMt JE ¥ 5% H i
Mz ZMEH X —5 . SUMO MATARS S KIS AL B L4045 & IR 8 A i
FEFZ FAGIT FEIRML, ¥ [ — RPN GIR I BL, (H 2 2 5 1R A 58 4 AN [F] . SUMO- 1
() E1 VS ALEERT B2 45 & BE#8 X —Fh, 1 B3 BF L& R ILH0kA =Fh: 0] STAT 3%
b A1 PIAS % . RanBP2 (Ran binding protein-2) I Pc2 (human ploycomb group
protein) » A IRIUESE SUMO Bl AR L&z RIEmE A ZE /MR %, HrTheE
K124 Ubc9 #& SUMO R & ME— E2 &5& 8, BA SRR AP, SUMO WEH R 5z
AEATAFE, HAPZ RS HE A B A KL i g A0f, EE
i SUMO A3t B 5 (a4 . SUMO R4 A2 ThBe £ B iR 15 5428
BAZ A EAER, W& AE, T ERKNEANE, RO
SR DA K72 B A R O8] T o Rl S A A TR R R A A B
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B3 SUMO EHAK B TR

3.2 UPS/SUMO &%t 5# & RGAMHREIR

AR A B A — R R B AR B RIE, B AR S AR A e R Y
ST, TR AT — BRI & SEAM B B 20T, UPS [R5
AR K Fedr i AU, UPS 1R 1E# 41 03T FRAR U e 5 A vl BARMPE T, e
2 mEEARARE N, I ERIER A & 8 R . UPS AT AR il 4 i
BOMERED WshEA. PIEREAD, RN SRFEE Rk, IR mT &
BRI 0 B T

—SE R A 7T C 47 UPS/SUMO MY 51t £ CUAIFET: . T EEAHE, T H.
SRR B MR M AVE S T2 i RN X R, 1EA
AN R AR E RS, UPS/SUMO B4 Nk E A dris ke R & .

i i

3.3 UPS R 5WMEA REEM

KEMFIER, UPS RAELANGER B EK. Jefpse il ¥4 7 i R 1E EEEH .
UPS A2 MG I M, s TR ISR, RAGSE Y (PSD) H
B, shERRMG PR Em UPS HAM M5 &2 SHANK, NR2B, Protein
phosphatase 1 5§ PSD S HIEHN, [FIN kb5 —%L PSD & H, 41 PSD95, NR2A,
CaMKII, X2k AR UPS AR E R BB h R EZAERH . Bl CuEsir 2 mMa
ABAT M0 A2 T G A B B PN FE R AT B TR R SR AR T 5 S R R A,
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3G NSO BEA TERR (creutzfeldt-jakob disease, CID, BIJXZER), 45 F
iE (Alzheimer’s disease, AD), LAJ HH& 5 4 e 20 S i i v i £ 11 R AR 512 10
Pdps, = T iSRS (Huntington’s disease, HD), %KM 4:#x% (Parkinson disease,
PD) %, UPS ilidiz FAMUN & A FUK AL B Z B E M E A0, KRR 358
FH R AR RAAET. . WFFE R I, PARK2 3 (K 948 R i i —Fh o WL I bk
PD &2 kA, 1 PARK?2 JEK9mhdiz 2 E3 456 0% Parkin. b4k, —2%& UPS /K
il (DUB) 1R /2 i et 2B AT PE B W R, 40 UCHLL 2[R RAF 42 5 31
ubiquitin fi# B D AE HH ILREAS, AT 51 5 B 5B a-synuclein BEEE, 2 T35
FEEVE PD. — IR0 K R 1E Nat neurosci b HIRT T TR, ) FH % JE BRI SR sl ol vy 7t
a-synuclein AN (A30P-mutant), V2 3 40 8 7K ZE TERER /) B AT X BEZK P (1
2-3 £, MTEA RN RIS 4-5 5, CHEFARBOL TR A2+ T Bkt uPS i
AT, AT #hEBAT T .

3.4 SUMO R4 5 WM& ARG KR

SUMO 1Li&1i 5 2 NFMA RGBT I R AE 5 R B DM, B
FUESE, SUMO3 Z5& X EMFERTAE A (amyloid precursor protein, APP) [1] B JE 4}
FHE (beta amyloid, AR) AR HAGWATER, /5 & KIRE R G —LmE
RAT P B ZE T . Li SRS, fE4fd R4 SUMO3 w] # B4 APP
1] AR #5412 SUMO AV 28 S [N T OB JE 1B 1 5 B N B S 4 0% . Jeeile
e R, kil KT 40 HDACs Z [Alff) SUMO WAkt AR B/, mTRE 2
SUMO % BEAT 1 —FiHL# . HDACs & SUMO (IR 8% . &H6 R Al
TEE, LB SUMO 15 ZFkAk 2 18152 2% (A B A FH AT e ol i 4 VF 22 ik B g R R 1
HEE. BARVFZIIESE SUMO 245G MiVr 2 H 1, (HH A3 B E0E 1A
T-1 (HIFlo) KHIRFLRHT (HSFD) BENH, XZHRE T «B (NFkB) BA RIS
AN 0 1 ST, U AR AR 2 R G R B SUMO 45 45 H bk 11 % 9 M AN g 2
B, MAEEANNER, BlnAE 24T F A7 6 (glutamate receptor subunit 6.
SUMO 58 & BRI 547 6 454 J5 I8 55 Kainate 5274 S 0 HRLITE DA Sl /b 61 5 b 5
mRNA &3, G HEAWY. BFRE SEMREASE, XE/ERH W RAEMZHNR
PR I A TR 5 v A E AR .
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4 SUMO & Z 5 mERRGa X RMAR

4.1 SUMO R4 5 BRI Z

AT AR B0 GO SR, B Ppidt N B AR, JFG G of 7 e P A1
BUELLSIEIET AL T, Ho. FHEE 2w AN 45554 SUMO H K
SRR, BRI E A A RGBSR AR A, XAMERAER SUMO
RGAEA MRS NIRRT Zh 4 AN 2 R 0N B B0 E BN . 0 78/t
— P L B G 0L PR YA TR AR SRR R S B R S, R B A S A A
SUMO FRik /K P, HHFRZERIE SUMO-2/3. # A fixidRiA SUMO Hyf: K
PRI/ BRURE SR L 457 4% FRD T 52 1 Y S 8 5

SUMO i 22 8 I el Ube9 45 & id s @il #if] SUMO HIFfEi. &
11534 Ubc9 [0S AT LA i SUMO 1k, FRATTHMEE] Ubc9 M J£4F SENP1 (SUMO
TG FAMINES YRR . WA SUMO REA /SH5IKEE (SENPs:
sentrin-specific proteases), H ' SENP3 FEZ ik nfnidiE. H HARER—1
W R SENP3 25 [ RS M 4, ARG 5405 5 A S 2 o0 BT R
SUMO-2/3 %% #%, #/2 T SENP3 (M 514, 2R SENP3 34/t SUMO
HFHHFKIL, dynamin-related GTPase Drpl A#ZEAIE R C (cytochrome C) B, £k
FIAREE (¥ Drpl ] SUMO b /3 Drpl ik A\ 2K HANHIZERAR MR . AR C BiK
ST SR B BE, SENP3 ZKF JH, Drpl 12 SUMO {244
s, R C RO S ST, ik, 4 SENP3 KTV FHm SEUEAK
7 SUMO b2 4R AT M3 E R &, SENP3 [HEMFE S SUMO thK-FH4n
A2 U L 52 24 15 4 A 335 1) 5 50T

TR, Rz R SE ABMY (ubiquitin-like protein modifiers, ULMs)
BT AR, RIGEE R R I R E A 5 e TaE, ME AR
P, YRR E T M He B ThfE . 1k ISGL5 (Interferon-stimulated gene-15) 2 5 4B
R, Sl R B ILE A A 2 ) 0K BB S B 1 IS Gy lation 46 2.4 i,
I HL ISG-/-%% FE R /I8 B -5 5 A /N BRURE L St it Ao A58 B T AR ) SR 384 0, 4 28 T RG24 07
BREARG, 1o BHORT R M 45345 IR BBUBR M 38 n . itk 4h, UBEIL (ub-activating enzyme El-like
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protein, ISG LB /I B [FTRE G SR f B35 URPESE I, SR BA B2 B 1SG HHK-F
SETIN T B2 A S R MR FR G A R FE ) —Fh P U CRA L] . NEDDS & — A
9kDa HJ/NpryHEH, EEIJRER MR RGN T EE A MK EWM, FUBL (Fau
ubiquitin- like protein) /MNSF (monoclonal non-specific suppressor factor) tJ& T ULM
FIRRIEPRMAEH . 2 ZIBEA (ubiquitin-fold modifier, UFM) 7£ P Jii 9 N384
] (endoplasmic reticulum stress response) HURIEICHERZE . Leel V&M 78 K ILIE B
PIACHRIA], Aiiss &2 ULMs (KF B3 N, PRz R Ras5ma R
S UEPEAR L] . FEIXIIIAE], FEBE ULMs KT8 10364 miRNAs #0505 10 T
P, ST TR TR ULMs B 20% . kX F miRNA 7KSFA] L
WEINA 45 A8 ULMs /K°F, A S 28 o st s i S 15 OS2 e i, Rk iR
F5 1 SUMO L B A &R ER .

42 SUMO R 45 ATEHRERTF LS

5 ATP KT IR, AR R A R R R M E R IR, e
XU A WAV E T ISR S 5 T . RS540, SCIR AN Mgt LUIEBE X & &
HENE, AERE AR T ARERESSH PS80, Pamenter 25 A JEIT i
JR. pH. N SE IR BT SRR A AT B0 B AR Tl A, R IR A R A A L
MR TT IR0 O™ AEIX AN AR, SUMO (3 5 T R AU L DNA 5K,

2 A A B I R R AR N SOk ik B B B R Re i, XS RE AR N AR A
e, 0 VA AT 530 R R AR AT BRI B SCRHGE 2R 2 5
i 2 R et PR B 5 AR ) Harder 28— URIIESE DRP1 25 i SUMO 65 52k
R gstol, SUMO-1 BT 4k RF DRP1 A e MR- LB A% . B J5 G F 58 K L, SENPS
S GURR R A A2 ), B SENPS SFUETEA (ROS, reactive oxygen
species) ZKF38 1Ry, AT AE ZRRLAA i B9 i . IX LERIF FEUESE B BT SUMO Abid it 4k
R IE G 2R A Th BB LA P A A SR 42 Bt S84k R s B P i R HE R AR o X Tl
A I Y A Sh A B 70 R R B, SUMO . A SRR ThRE TR % 2 5 0 LA Y5 It
Ry e, R A SMIF R B SUMO-2/3 4558 & B SENP-3 7£ OGD #iffiid
FEHIE I cathepsin B K #ii& 15 Az P4 fif , SENP3 /KF [ &% 7] LAZE K DRP 1 /1 SUMO
i 2, [z #ii DRP1 () SUMO it fE &/ 4tk ¢ RERBUR A T 54
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FET . IXECHFLHT I — P UE S B ) SUMO Ak B2 mT DARS I B B 55 56 T i 453497 17
L PR 52 AN T 3850 P Y LR B

SFe LA 47 T A SR /0N 2 S R R O A P 51 A 9 RE S B2, T SUMIO A Jod g i) A+
XA BA R ER o BoBrA i FidkiE SUMO-1 i I8 W DARH 15 22 2R 5 44 i
S BEPE Y beta TERIRE R RN T, fE R AU R ANML R, BT 455 B beta A
T (CCAAT/enhancer-binding protein beta transcription factor) #J LU I 4 —%&
R A 2 B FRIA 4T SUMO & A HZ 3248 LXRalpha 1 LXRbeta ) SUMO
e, A KRETRMERRIEA . X B FTUE S R 5 40 B Y — 25 SR fiph 25 44
W/ SUMO () 5 B s T R FE DT R R AR TEH

4.3 BRILFAHH SUMO FIEE N

FAEBIRET, SUMO HHAA T —MHMASE FPIRE, (EBERRA—/NB,
EAB A —E 2R E AR AE SUMO gl 20l R K 2 HU i 7t 40k IAE 40
TG OLT, Bl ZE s, MR SUMO 7K1 38 v A S0 40 i 3 I R pL], (H
7& SUMO Lt H s T4 € 1) SUMO #E ph . SBRIIRERAL, ANFEE AR SUMO
P H D RE IR, Y — Lk 2R H SUMO AT L= A R4 /R B7 ik 4m B g T
1M — 28 SUMO 028 AT LI JEI4E )08 B A o 42 SUMO A6 7K~ 13 i 1 3F
Je T PG B 505 1 B A A AR, DR, AT SUMO A0ARE e B i B 1 AN [R) D g
BRHEE,

SUMO i itz 0 HES 5 R iE, SUMO 25 7R & A,
BLFRE SR T 1) R BT AR A PE YY), BRI s R T e AL A AR E M. Ak
HHEM SUMO AL G CNS #igfk, BFIliE L2k, RS SUMO &
A3 RO T PP 22 T A BB AR DL RO M 1t 3 I B BA A S & OR3P VR H

(W 1.
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X1 OBGEPBRMERGEBMA. B FEEMZE SUMO 1L F 5
" SUMO  i#% . .
L T SUMO LR Rt bR CESAN
=H 7 15,
Ubc9
— GLUT! SUMO-1 kX GLC fge;m SUMO 451 GLUTs Giorsinl ™ of al. 2000
i b‘; o TR 1 Ztoz ’
pory U Li . 2007,
GLUT4 suMo-1  skm oI e e weta
GLUT4 FHHFIX
e SUMO i EAAT2 7]
BRRRE Caspase 3 C A ¥t o e AT T ] Chao!'? et a1.2010;
gk EAATZ SUMO-L KSTL o B 2 PR D b ot al2007-
WA ERENE B
Pl SUMO-1 K274 SUMO L 58i%  K2P1 | m g8
i HE B MEENESHS
R . Plant!"* et al. 2012;
SUMOL1 2 SUMO T8 mibk Kvl.5 i 1E 7] 5] Stanels™ ot . 2010:
s sumon K2UE BMMCERER g sumo
. - nson . ;
wET oy K56 UDHREER ST com e e
i ) EF VS R 1
SUMOL1 Kv2.1 Sl R T A
5 < 0_2 70 ETREERE  H, SUMO 5l  Dail® etal. 2009;
Ky2.1 SUMO-2 K47
v ) L AR TEHL B AT LU S Plant!'* et al. 2011;
SUMO-3
AR EH]
e SUMO #i%S GluK2  Zhu"etal. 2012;
AR XA ) GluK2 SUMO 1k , , \ .
B GLUK2 SUMO-1 K886 TWRTT LA M EPE Konopackil3 Vet al.
= vt HEAEH 2011
B ;
o mGluRs 5% A .
AR ) ) o Caraci'*? et al. 2012
_ mGluR8 SUMO-1 K882 R4l ZibifLiL, REME ‘
ZAk Dutting!'**! et al. 2011;
Sk
PN/ CB1SUMO k% P53 FIRIGETTRES SUEL  Gowran!'* et al.2009;
_ CBl  SUMO-1  RH . , .
2k 5 p53 iz 15 FR A0 Yonekural'**! et al.2006;
44 HFHAT

SUMO b BLHEAS IS 5 S RS ST A 40 i & AR A B, B IR BT
(hypoxia inducible factor-1, HIF-1), FJ DAYE™T 3% R I FEA=, 20 o A7 36 A 4 R 78
GIRET0, HIF-1 WAL N o WAIRERSEZAEN B WAL, AT LU
SUMO-1 1 SUMO-2/3 AT HH B R AL o LA K 22 Ut 7041 3 LG T 2
#3J5 HIF-10 £33 SUMO kA& J Fa s 1 RGP A 250 B L AL o A PR A o — ol i
BN HIF-1o FESR A UGS FE R 3 R BAE A, (B Ui\ s EUE 55 S il s
HANMY HIF-1 HE 8 H kT SUMO g1, #iltn CREB 454 8 H/p300 e
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FNYZ 2% B3 JEFRE e i R 7180,

Ak, IR PR BRSNS A Y ROS AT LAY 2 SUMO i, M X 55 K7
FEHEAER . ROS & BRI AT LA 0 sk A1 & A2 2 SUMO 1k (de-SUMOylation),
ALFE c-Juno S A0SR B 5 AR ) R 52 2 1 Cheat shock factor 1, HSF1)£85d SUMO
L] LL{# DNA-bingding form #54b R TE RN F5 K U0, K 771 S 1 HSF1 4
i SUMO-1 &4 J5 7E lysine resifue 298 K298 )47 5 ] LA 1 H: DNA binding i 141401,
HSF-1 BRI FExT SUMO & AR E AR, Uil HSF1 R jFi i i f5 15 1
ZIAFAERE 2R, B 5 AT SEEGAIE S HSF 1 (@ RIS i T 45 & 2 SUMO & (1,
te g Id 5L HSF1 s ik /NG, BRI J5 AR 28 0 8 1 2 J A 6 T AR S B 5t 53
SRR RR HSFL 5, miasd T O MU Ry F g 46U Rk, BAT1IA N HSF1 1)
SUMO M3 FEFE A 28 (R i h R 4 B B AR

4567 SUMO 1 H ] AR B2 sk R 1 (nuclear factor kappa- light-chain-
enhancer ofactivated B cells, NF-kB). 7EIE &L T, NF-xB 5 [«B &5&7EMK N 4E
FE— R e 2 MORES, LB BB M4 N, kB 3t BRI A2 R AL G AR , 1 NF-«B
RARZEA, kBa /& SUMO-1 & A, 4548 SUMO-1 A BAFH IE: IkBa K 4232
RAUPEMR BRI, SUMO-2/3 [FFER] AMEH T IkBa, I H 4558 SUMO-2/3
A LUBNEE NFxB 5 IkBa (RS, SEBRILE NFB B R 454504, NFkB f778
LR ALFE p50, p52, RelA, RelB, cRel, JLIhAEEASANAEAES. 78GR L1
A, NFkB TR pSO i b (¥ DR 1 /0N B0 oA B T ARk /N 431, w3 e
TR, TR AR MR o, NFkB 7 p50 e 5 /0 R AN BT 1 AR 7 401 it 41
M B, X e 45 B4 R NFKB (1) SUMO AL 81 75 4 2 {47 v L AT 38 56 5 B (1)
TEH

45 ESEHFEREOWE

W A BB ( glycogen synthase kinase-3B, GSK-3pB) &) VZAEE T X fHZ
RGN I BRI AR, T LLRE M P 2 4[5 5 1 Sl it . GSK-3P 75 i e i
I FE Py A, 2 A2 B 0 ek BT DA R e ek b, N SR
R/, BRIMEIE RIER KA. GSK-3B [ SUMO AE 1 mT LAE H &k A= i 447
T 435 2 (BRI, ATk B 9 B T 0L B S A T T R BB R 2 A B
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(estrogen receptor B, ERP) YA SUMO-1 #1EH, 454 SUMO-1 lid 592 &35
G FI AL A, MBS0 ERP A Fe e v B 1k L AR 7). ERB fEMEE N SR & AR
PAER R RIEEZAER, H+H ERB FIUE T LA e i 451495 J5 i i 453 4 F2 LA &
I 5 i P Al SR 481

c-Jun [ 3 K Ui 28 1185 (c-Jun N-terminal kinase, JNK) Ji#5% fi 4 Bl fE 6
T PRl R A S Em B R TE T RN, iR IA SUMO-1 #5358 INK
RIS, TR AN ARAE T, SR K IE 2 SUMO B SENP-1 1] LAHIH] INK #7% ,
Wi Hy00 X SHSYSY UM AI5 51 F0 . M, # SR 155 SRt p3s Fik
Jk/b K INK 0%, M ROS RIEEININEFET:, 1Mid#ik SUMO-1 £33 5 X Fh
B S o 3Rl R 1R F th mT LU 4 B () NADPH L EF [ SUMO kg i
S Ak, WU STATI ) SUMO E3 % #: /8 H #1177 (protein inhibitor of activated
STAT1, PIAS1) XJ - INK A A SR BB A XU FEVEH - PIAST AT RAYE N
INK [ G702, 27 SUMO Hh A5 INK 7 i 453 497 = 473 T8 AT 4 B 1 A €
BB A

R T VA G o 1 [ R 45 A A AR R R B (homeodomain- interacting
protein kinase 2, HIPK2) HJ SUMO 4k £r4A] EABH iF: HIPK2 i ROS 511 ZBifk,
HIB, ROS 302> fi HIPK2 ff] SUMO LFEEEBRAK, /b e 3,

4.6 itk

TR MR B T LR B RS 88 (glucose transporters, GLUTs) ik
17284, GLUTs 7E B 3G #H 2 J07E Y 16 2 5040 i o =3R4 . GLUT1 A1 GLUT4 J it Ube9
VE AR AT LLEEAT SUMO fhAB A o BF 70 45 H 7R 5 478 SUMO 1T LA A% JiE ft 8 267 i
izfk, SRIM Ubc9 M FiEAE GLUT WA AR, F£IN GLUTL Jksb>, {Hi2
GLUT4 3t £ik B GLUT4 1T LAZERRAZ 2 S 1) B BB EM 1T 9ok 5 o 2 v
51 AR A -

S — PRI AT SUMO b A& (1 2 52 284 1% 0 400 i 43 R #5328 7 (excitatory
amino acid transporter 2, EAAT2), X -1 bk 5 fi (] BURE T30 ) 43 S BR VB8 0 o 1k #3128
HAEZEH. e/ INZES MR RN REAER T, EAAT2 5 SUMO-1 4G
SN NS S @R, JFH SUMO i) BAAT2 Jv B 3= LSRR A A2 2R J Jo 4
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Mk gt EAAT2 b Al AR N4 SRR SR B D X a ME MR Y, IR 28 R 22 4R
PR, I, EAAT2 ) SUMO AR AB AL BRI 75 3 ) % w453 £ o i) 1 5 23t —

BRI,

47 BTEE

T BT IE SUMO A IB M B 78 3 4L h 7E 4 25 118 18 (potassium channeD),
K &7 EZERRN et & o (E iAr i A A0 S A I 4ERE . XL S
FIEIE (K2P channels) VAT 5B 7, 4ERFPZ ORI ETIE . BFFUIE SE&5 & 7Y
SUMO % [ 7] LA K2P1 J@iE, 4810 2 SUMO 4k AT DLZEFEEE G . 454 8 SUMO
A C IR BR AL AT UTER AT LABH IR K2P1 ) SUMO 1L A& 1, fi K2P 8 18 4k RF g 112
R FE IF 92 /NLAE B S IO FE rh R B, K2P1 (1 SUMO A& i 4340 1 B i Rk i) i
B ES 7B IE K2P3 A1 K2P9 JF AL,

HLR AR Kvl.S SEIE B R BT LA SUMO 1 =Fh k& 4347 SUMO 15
M. tIE SENP-2 Ji/b 45455 SUMO RIAf# i AR @ e B gL, SFEFaEL
o o9l R AT B T TE Kv2.1 BEIESETE SUMO-1 i RIE 4 F o], I
LI A0S AT A Ubce9 393 A1 SENP-1 3015 . SUMO b AB i i e AR 25 -l i
S HEAT IE I 4 . 45478 SUMO 25 A v] DU SR T wi 2 ol 4 ds M, AR 1
SENP-1 A LAHIH H M A, IF H Kv2.1 i RIE T LA N4t 4% SUMO 4 AR,
SRTMTAE Kv2.1 BB/ R HH sk AR FH gt o A 100,

DL A FEIE B S ] B S T 7E SUMO AR BB 261 R LT RE S AN K]
ERLIEE A4 22 0 M 1 453407 4 FH ER) L A AT 9 BB e AR5 S b 42 JC I AR 0 & 1 . )
4N K2P @I s v] LA S i i 27, AR LR SR ML 52 464 R Kvls [RIE
TRzl

48 Zfk

AWM (kainate receptors, KARs) @& TRAZAR 2K, |2 RKE T
W ARG, AT S Al i S 5% Ak 40 20088 I RV R, KAR (1 —Fh T2 GluK2 1Y)
SUMO &1 S8R N AE!®], ik KAR A S0 9E filjm M a5 MR P24, 3%
SUMO Iy A/E g o . B A WE 7T, GluK2 BERILF SUMO HRAfHY
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GIuK2-KARs 324K ALY, 4547 SUMO #0F KAR {8 5l 28 E R PG N, B
AMPAR (a-amino-3-hydroxy-5-methyl-4-isoxaz-olepropinoic acid receptor) 2k
59, KARs 82 54 RGMBN SR 1ER, 070485 5 8 os A My by
Hhn GluK2 1) SUMO #igtfi, I H4567% SUMO S GluK2 22N & .
2547 SUMO AT LA GIuK2 A A TESG b, RIEEMA LRI ER, il 4
2 GluK2 Rl L R /N BAIE SER R GIuK 2 P24 i 24 AU (Zhua 2012). 4R
M, GluK2 &Nk 5 MLK3 (mixed lineage kinase 3) 45 &, W& T
MLK3-JNK3 %, SekisfiftH. sE kil Fia 5tk Ubc9 5t SENP-1
AT PABH 1F I #2401 (long-term potentiation, LTP) [{74E , {fi AMPAR ik 34 nt16,
I RATHIN N SUMO £ %2 LTP /5 AMPAR 73 ) Sk R 2K .

RFAIRE IR Z /K (metabotropic glutamate receptors, mGluRs) /& SUMO %
G ETAEH. SUMO-1 @id4 4 mGluR4, mGluR6, mGluR7, mGluR8 FH &
G E A B2 1K (G-protein coupled receptors, GPCRs) {514 TR il Mg P4
8 T 1 RE TSN T A 54 22 A 1 T2,

KFEE 24 (Cannabinoid receptors, CBIR) J& T G & F B ZAK) 32 f24E T
WA R G . A2 CB /AL T E 23 SUMO M, 445 T IEhili
7% CBIR MIZIA Ky 2: SUMO A4, I 400l feb g 410 il D5 - pS3, 308 s ot 453 4% 6
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E X

Fh— F AR T 2 2 a0 e B AR R S
Bty BA AR A A

ARSI 5 2E I U R B 05 MR 22 T8 (M 2 MR A B, 7 s
2 TR A AU B L A 05 5 A 2 (7 P S0

1 ##

1.1 ZHpa
22 BRI 4 (SH-SYSY), 1 T-2£[E Type Culture Collection (ATCC,
Manassas, VA, USA).

1.2 EERF
%l A H]
R b 25 [# Baxter Healthcare
4R i BUMN Y ZRE A W
AR (DMEM) %[ Sigma A
JREE 1 1 2 [H Sigma 2\ F
L-Z R IR F[H Sigma A 7
Mt KHEF (NGF) 2 [E USbio 2 ]
HHHERAH 5% [ Sigma A H
B27 £ [# Invitrogen 2 A
MTT 55 & % H Sigma A

MR (Retionoic Acid) % [H Sigma A\ 7
f PLLI-Tublin 5T A EE RD A
H2 NeuN HL 77 % 5 Hik % [E RD ]

-36-



FoOoFEXFHTFARL

B-actn

P4 1gG-FITC —J1
EPUI R 1gG-Cy3 — 4t
DAPI
SDS-PAGE #i i ik 7 &
1 0 2R A

BCA & K JE M e a5 &
HEE

PMSF

A2 R R R

£ [EH Abcam A #]
Hh [ TR A2 A F
F1[E CWBIO A ]
2[H Sigma 2
H[E A R A ]
H[E A R A
H[E = KA
Fermentas A )
H[E = KA ]
Jb3 CWBIO A #]

1.3 FEN[/RFEM

s AL
s TAES ESIRE AT S-S
e 7K R AL IR 15 TR A R IEA AR 2~ F

(SRS ]|
CO, 1HiR % 5 4
I 4 & 48
BB AR IR KB A
R
WOt IR AR T Bt
BEbRAX
PRI s 474
IR

4 A

B g # 4
SR <10
HIVKHL

AL

3¢ [# Eppendorf A ]
% % Hereaus A &)
% |5 Hereaus 2 &)
N E A AR PR A A
HA Olympus /A ]
H A Olympus A 7]
3¢ [E Eppendorf A ]
%[ Phillip /A 7]
¢ [E Penlon 2 F]
F%E BD A+

% [ Bio-Rad A #]
2% & Bio-Rad 2 ]
3 [E Eppendorf A A]
3 [E Eppendorf A A]
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2 &
2.1 Lt RIFSAH
2.1.1 B UEAEIRE A A BEAN IR AR O AL RO SRR 2 TR AL, 45 T AR B R Ak

PEEAMEER, R 1, 4, 7, 12 REATHH

2.1.2 SRS S AL TR X AR SF AR D g AR 2 DRI VE T e T

A.

TEX A (Sham group): ¥ T4 /5 1) SH-SYSY dHfi$252 98% A AN, A
BEAT SEUE R F 145«

Al li sl (Iso group): 5S40 JEH SH-SYSY 44 T 2% 7+ ki 58 AR
ERANTTAEIE 20, AFEATERERIF R0, 24 h J52EAT 40 5V F0 R T Al
SRR SF R4 (OGD group): K% 0L ) SH-SYSY 4 4% 52 98% % Uk
AN 2h, ZJEHHTAMERIZF B 4 h AbFE, S5 24 h S REAT 0 R M R TR 5
FRSETAL B (IsoPC group): 53/ MEJE 1) SH-SYSY AlHE % 2%+ ®ki 5
98% A TR G M ATALIE 2h, Z JGHEATEMERIZF 4 h, F 5 24 h o #EAT 400 1k
AT

SH-SY5Y cell |

k Stimulation \ Prec:onditioningk Injury

B4 kB—SRTR

RAES /_ Iso/0, 2h / OGD/Sham 4h
7 days 24h 24h :
PN - > Reoxygenation

2.2 fRABFMEI M

K ph 2 BT MR AN 2R SH-SYSY AT 8538 55 7%, AN IR a2 10%06 4

IfL5 ) DMEM. 4% K2 70-80% MM A B TR AR 1%L SRR (RA) R
F RSOV E T, B IRIRERR 2 R R

2.3 F|FERIZFHG (Oxygen-glucose deprivation, OGD)

FHIF ORI A TR TR M R R, A B 70-80% )5 FEH5 77
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W, FJCE PBS JHUE 3 UG MIAFERT HAGT I JCHE G INIE OGD $532, HBNE
VI 37 FEARESE B AT, WA 3 /NN, HAA) St M5 72 48 v SUR IR BEAZ 4K . OGD
B IR J79: 116mM NaCl, 5.4 mM KC1, 0.8mM MgSOy, 1.0mM NaH,POy, 1.8mM
CaCh, 26 mM NaHCO;, BFRIHEHTFH 5%CO, Fl 95%N, B ACHE . Fifi f5 5 15 7% L
o HE RGP AE, T I B IR TR IR AR TR T, AT R 2R .

2.4 AR BRI E

1) AT 2R WA e N R PRI A At 25 296 7 UG IR,
I3 322 2% PR e M 00 (5080 1 S e R IE IR L o R SR 2 oA S U TIUAR BE 2, KRB
B S A TR, SEHORT R (R TR, R 2 I A B Ak S 1 5%

2.5 Western blot #& |
2.5.1 A HIR I

FEMMRTTRI, N PBS ek 3 Ik, FHYHREIFIMA A N B OE . E
4CARIR B OMLES O Smin, FEEHY 12000 rpm J5 7725 FiF. I TA K RIPA 24
100ul B TUK&E N, [ R ALY SR T 2R, VKB 30 min J5 N 4 CARHR
EOHLESC 15 min, F23H04 12000 rpm. B EIE AT & H € BB AU EAEZE
W C(loading buffer) 3L 10 min, & T-20CHRA7F-
252 BCAVEEHER

¥ 55 bR E S A PBS iR 1-9 53k 9 ANKFEREFE (0,25,125,250,500,750,1000,
1500,2000 pg/ml). PR 10 8 AR AE SN 96 FLERH, BFL EAE 10 ul, B
TAEW 200 wlC TAERIC EL A : A VB Wi=1:50) . 96 FLIRE T 37 CHEAH SN 30 min.
F B FRXAE 560 nm [ K N AR B - AR AR B Tk B 2R A e i R O B 2l b
Y 28 51 )3 5 2
2.5.3 HHAREEHIL

Wi # SDS-PAGE Btk , LIZ2IRAEIEA 5%, N2 BN 10%, [ 52 i B N f
VKRE N VKR . AL A 20 pl, HGBHIRTE 120V BLE FREAT HIK. HIKTEM
JEAE 90 mA TEIR TR, 120 min. 5%MAG 9Ky 37°CoA4F T 1 he HIA Tublin

A1 NeuN HToFEHi4& (12000, Abcam) Al p-actin (1:1500, Santa Cruz) 4°CH¢E i
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B TBS BEME 3 ¥k (10 min/AR) Ja, MA 5T (GUARRIRE R 2) FiREREF
1h, TBS Pefii 3 & (10 min/AR), FERUR AR R G T EAT RO, BrRIE K AE

BEAT 73T o
K2 HIAEBBEREL
GRS MR IR P L
fR, BLLI-Tublin 5. 5 P& 414 1:1000, Abcam
% NeuN H 50 [ B Hik 1:1000, Abcam
B-actin 12000, Abcam
*FEHi/h i HRP 1:5000, CWBIO
“EPi% HRP 1:5000, CWBIO

2.6 RERARE

AN RA S5 bE 1, 4, 7, 12 RIERSEME e, FEAET TR,

A 4%

FHEZEREE 1/, BH PBS ¥ 3 K. IMA—# 4°Cid k. PBS Wk

3G, MNP 37T CEIEHIFE 1 /M. PBS e 3 S M DAPI & 5 min. F
F PBS yE R 3 a Hlid B, e R BB AL,

R3I PARBERELL

G i BT 5 L

fl BLLL-Tublin H2. 5 FE Hi {4 1:100, Abcam
% NeuN 550 [ B HiAk 1:100, Abcam
[B-actin 1:100, Abcam
Pt FITC 1200, CWBIO
EP/MR Cy3 1299, CWBIO

2.7 MTT bkt 3%

B R A U LA 1x10° cell/ml % B B2 RP T 96 SLBR, FEEMMPREFEM, N
ANFEE Smg/ml () MTT R 2 pg/fLJG, 37CEMHTNME 4h )G, LI NS ALE
o W2 BIE AN DMSO ¥ 120 AL, #4HdR% 10 min. £ 490 nm % K264
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I BEARACR RO (OD AR« BAMREARBL 3 ANMESL, HFEE 3 . IIAAER (%)
= (SEERZH A0 MR AE 1B 0 BRI OBAE D < 100%.

2.8 it 2 B AR

W 20 P i A IV AL S B0 (1000 r/min, 5 min), F% B, A& PBS
HEAM, A 200 pl Annexin V-FITC fXEB40M, WA . fEEEFM T BT
H 10min, B> 5min (1000 r/min) 72 L3F, P 190 ul Annexin V-FITC 454
TRE), BRI, ¥ 10 pl MUK e Je R, TR SIS VKRR TE, B S 3T R
2 A Aar N

2.9 GiitF o

K H SPSS13.0 i vk 8 A AT #4f G it 40 A o BT AT s ¥ F 2 M bR o ok
(MeantSEM) o, FRRKE 5% 7% (One-way AVOVA) #4748 041, WAL
) L A6 (ttest). P<0.05 I Ui A Gt 2 5.

3ER

3.1 MERBHETEAREAMEBIESS LB AL ZTH

TEANMESFRIBR N 1% AR RS, RS 1, 4, 7 1 10 RIFATHEK
B, Western blot &5 IR IIAME IR G 1 RMZohr £ BILI-Tublin 1 NeuN %
BRI (B 5, JFAMEE 7 KRG ihrERER . EHEE 7 Kt
AT RIE DYt 7R, Tublin A1 NeuN 7E4H M i %55 m, JF HAI DAPI &
AHEM (K 6). Wil RMES R TR, MAMERRE 7 K, e R4 e 40 Y
DO T AR (B 7). BRS040 7 KH) SH-SYSY 4H kAT 5 2:
EEeh.
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A 1d 4 7d 10d

NeuN | wp TP e

BlTtubulin [WHNNEE S SN .

. i I S—
B-actln N N —

o~

C

*% *%

Y
]
N
=}
]

w
1
-
(3]
1

-
1

Expression of NeuN
N
1
Expression of 3 lll-Tubulin
o B
1 1

o

o
(=]

1d 4d 7d 10d Tod 4d 7d 10d

B 5 A RAGHZILHREY NeuN 1 Tubulin F A KR E
(A) Western blot il RA U5 1, 4, 7, 10 RGME 0k ML (BC) NeuN
1 Tubulin & AR IA I E . (*P<0.05 vs 1d4H, **P<0.01vs 1d#4)

DAPI
DAPI

Bl 6 RAF¥ 7d 5 NeuN FI Tubulin %58 7% s 4L
2154 Tubulin, ZR€04 NeuN, W44 DAPIL,
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A B

B 7 RARMBJE SH-SYSY 40U 32354k
(A) RA HIl¥# 2 |l SH-SYSY 4lff/E 4y (B) RA Bl J5 SH-SYSY #E4s.

3.2 FRKTLEN RIDREBGAREEMERIPER

PTATKH MTT. A AR Caspase-3 HIFRIE KA SH-SYSY 4 g R7E
SEURE R F 113 J5 A0 IS 77 53 DT 560 I S5 S TIUAL B P 2 OR 4 1 - 72 OGD
it 24 /NBJE R SR, AHM0E 71 S 40 E TERRE B R R (B 8), I H caspase-3
RN CE 9, 1 BH 00 3 <5 40 0 o A R PR 70 S5 s VeSS A sg e . {H2 Tso 21
aE RO B, BAi N S e AT 52 (P>0.05) . FESEUNERIZF IR0 24 /)
45T 2 /NI SRR TRAR B AT AW &2 2638 SH-SYSY JHAR B RERE , BN 40 ML IS
PEFNGH IS J1 3558, I H Western blot 45 1 27 caspase-3 HIFRIA NP (P<0.05),
VLT B IR S T 3 e BN PTI0G3 <5 B B2 S8 A B AR 4 A R

A # B Sham Iso
100 | | ™~ -,
2 * <. «. :
B L 60 273 £ g " '
47 a Tz g - Q2
= O 401 'E.w’-g-s - 'QT)HE
.o u E s
8] ;:a 20- u.N Q4 = Q4
c L) L] T ™ T T WL |
Sham Iso OGD IsoPC 10 10" 10 107 10 10°
g FITC-A FITC-A
C — 0GD IsoPC
30- b 1
§ 2? =
[ = a
® 204 =+ . e
- s o 3 .
©» |z g Yoo
] ] e L
g_ 10 o s
g I__=I Q4
0 T : A -
Sham Iso OGD IsoPC 10 1o 10 10 10*
FITC-A

K8 FEFAIEN OGD 174540 f it 2R3 EH
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(A) MTT LA 4R 715 (B) 40 4 is 4 . (CP<0.05 vs Sham 41,
' P<0.01 vs Sham 41, *P<0.05 vs OGD 41)

A Caspase-3 s D wwaw

B-actin WS NS S

#
B - 257 —
@ *

/2]
g_lﬂ' .
(2]
[1*]
O 1,54
Y
5]
S 1.0
‘n
7]
2 054
Q.
)

0.0

Sham OGD  IsoPC

B9 OGD #i15 24h J5 caspase-3 )R iE
(A) Western blot &l OGD #5145 caspase-3 15 3L ; (BC) Caspase-3 £ K& K
FIXHE. ("P<0.05vs Sham 41, *P<0.05 vs OGD 41)

4 11ig

SIS — I TS R R PGS BRSO SRT A0 i AR AR AL B IR RS R S A R
ML, JF HAEE S 7 R HE TOhR EWFRIE k. @ w4 MTT
ey fES I Caspase-3 & W% OGD #4115 J5 SH-SYSY 4G P4 AN 4 i i o T2 72
FERI, FRIRES T 5 o TRAL B 0T S00E 3135 & 7 2 S8 0 1 R Al ol B 2 DR AP R H

AR R G0 SR A ATL ], FRAT] 75 5 ek 2 s i T v o 0 4 o S ) <
PAOGERY, DR AR AN I S AEGE A . OGD AR RS AT IS AU 28 70 20 o ok i, P E v 457
i 2, I H AT CAHEBRTE AR S50 op B 2k R B AR BRIAEE . A SCHERR A PC12 1R,
WG AN [ o] K SE0R 1 S B A S 2R 40 B HR P R R, J I MTT Bl s 4t i A7 v 2
R, 45 5 S SO0 R SE 4% I [RGB O PR, AR T R ARG
OGD #5% 3. 6.9+ 12, 16 24 h 5t B 40 B A7 75 5250 51l 9 97.23% 88.29%- 76.54%
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70.26%-66.43%-40.19%1 9.08%. Rl ik, 7E L 546 — FATL 645 T 3 0L 1 SH-SYSY
BEAT SERERIZFH1477 4ho

AR OV KB SO 2 S R U LG e dp b AR U, (HR B SCitRkiE 8
O BRI S AE (SIS, ZEART R 261 N R AU A L 21, il 5
W& RGN HA R E o Wei S TR 78/ NI 50 R L5 B0t FlAR BT T4 400
IR BAABUaPE, M4 T RRIEARME T 1.2%80 2.4%K E 7 bt FiAb 3 60 min,
LA RGERT s AR5, HE T 2.4% 7 bt 24 h W - A2 i A E L, B3 9
K Ak BT 2 5 R T AN [l TR AN [ ) DL A o SR S P 8 B 1 sl 22 ORAP AR o 7E
S —, BATESE 2% FE 7 S AR EE 2 /NI . TEE UG 24 h BHAT 407735 R
A, 45 SR SR S U TIAL B X SEURE S 45 1 AT e DR PE F
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FE = F RSB 2 K R By M Bk
Bts BA B AR 4E

ARSI B AR I T 0T JR A A O P O SRR Y, A AR SIZ G R RIS R e e T 2
Xof g I SRR AR S AR ORI R T RS2

1 8l
1.1 R4

280-320 g ) SD K, TSI LR SEi sy, FFie B Y A K2y

BN L FE RS R AR

1.2 EFERKF
5wl 2 H
TTC [ Sigma
TR & [E Baxter Healthcare
T K Y& Molecular Products Limited
1.3 EENEF
& A ]
ERET HE AL AR
JFRIEEAL i [E Penlon AV600s
K BRI F[EH AS-1I
D AEHL H 7 Nikon D90
PRI 3 37 A i =% MP-60
(ER Wi I~ ZR3lsk HW-W21-Cr600
M5 &4 & [F Rapidlab 1260

Wolt 2 W #h I #. T

Fii-t PeriFlux 5000
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2 &
2.1 LT RIFSAH
2.1.1 Bk e TRUA BT JR) ek 1 o e L PR 43 A R B R P VR o 04N T -
A. BEFARH (Sham group): KERIEZ 98WHESELMA 5 K, FFK 1h, AT
MCAO K 1 2 Jhk PH 28 dik I AR Y
B. B4l ke (Iso group): KERIESZ 1.5%% b5 98% %A IR N THiAb FH 4 45
5K, BR 1h, {HABET MCAO Kk 5l ik BH FE S ifi A7
C. i fifidl (MCAO group): KER#EZ 98%AELWMAS K, BK1h ZJ5
17 MCAO K Jioi o 2y ik B 28 SR AR 120min;
D. FilsbFfRH4H (IsoPC group): KR#EERZ 1.5% 57 mbi 5 98% A TR G WA AL
HELE 5 R, ZJE4T MCAO Kk 12/ ik PH 28 SR M5 A 120min, P& FHEEVE
2.1.2 FERIMFFEER G 24h. 48h. 72h. 7d 3BT HILThRESAIES (NBS),
53 JE WSk B0 AT TTC Be eIt o Mt i SE AR B 43 bL, PPy 59 b A 2 1) i £
PN
Iso/0, 1h/5d MCAO/Sham
SD rat '/ L ./_ RO o Memnticion

k Preconditioning K Injury

10 I —SRRHR

2.2 RA ST TR

o PG b 2L RN FAL B ZH HRON 5 P 1035 B SERLAR P, AT RIS R AR 5 A A TR] i
B H TR COy MANA K. FavR— BN 1.5%5 5B 98% A MR &M, 7
— Uity S ORI A M S s B TR 2 RN I AR A BN 98 %Rl S 2% K. TSR
5 K, HRAIE 1N, FEEEA T L FE A AR AT R S A R B M R AT K
I

2.3 X KEPzhBkFEEEE (MCAO)
HYEARBTZEE 12 /NN, S8 Longal 'SV Sz kR 8 1 7 92 11) £ K UJR) Jeb 1k i e i
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FREE DR A . KRS 10%/K 558 (300mg/kg) HBEATRRIEE, BP0
P, HAESUILAT Smin FFAGEATAIIKIL M. AR RS E 5, A
bl ] 5 AT SR AR TR DT, B R R ) B A N SR S KR 35 A SRSl K, A LB BKAR
i, FHUSSIKIE 7 XAV —/NH, B EARY 0.38 mm WA 2 R IR I H2k H
AN IS ST AR, S EZ Y 18-19 mm A A5 1R, [ E Zete F
SR R, AR SRRV IR T A S B TR b, BER T SRR . Sk
I 90 min Ji&, REEAESR, BEAT TR OG0 35T B TR AR S R I L P AR A
PAFIW2 SIS T . TP ARAAIAL A, KPR L.

2.4 B Mo 35 S

TE KB AT X bregma 1745 5% 6 mm, [7] 5 5% 1 mm &b F A &5 5L, 70
ANEERRHAE NS, T F BHRO HE AT [ 8, FHRONBO 2 S iRk o FESR I A5 1
BB, W I R R AT SERIE A 30% AT 15 B Jay A A v i A AR A S s T
VR B I K R SR M 3 fF LA L, UdBH R AR A I

2.5 P HWEITAETES (NBS)

WA 4, 7 BIAEFHEYEJS 24 he 48 hy 720 F1 7d, 2% Garcial " R3E (3
ER, RAEEGICRI AT RERAT P oy, #IE D)2 VE B, (R
4 NG NREVE MR R

R4 METIRTED

i 0 1 2 3
HEizzh VN . .
A7 e ET E3 At L e 4H 235 5 i\zJJﬂfFfﬂEﬁf)i?/}‘— Z~£>ﬁ94“ﬁ1.¢.&’|;’/"_
(Hkm§$$%¢%% JCHFizgh Wbizgy = ] 55 e = 5 B
AR R A S
(mﬂﬁﬂﬁéﬁé,M%W BMTEiEsh “‘E”b' iz 2h iR 4% XA A 25 X iR
R

R RIEE) CRBMUERCS o emm ikl MG RS

I B S - ANREE | AN e i
(] ] ¢ 4 i i Je S - FTEMTERRE 22 M) e 5255 T A5 F R )
PRI 5 20 i e S - FATERRL A e 55T A SR A A
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2.6 REIE AR

FHRBAEPAE DI RE VP20 Ja W S B, 47 TTC Gett. fR4E LUE SCRIIE (3L
WK, VIR /0N 0 MR o R EASE 0 = J TN il MABUAR SRR 1o 2 23 D) BSGJRE BED 2 mm
IR R, BN 2%TTC ekl (2,3,5-5 A0 =R B DUE M) Ffbfr 4e i, JERA
10% H) A R ARSI P € 24 he HSRAREMB It KRG THR NRZE SR, B
Swanson J7¥% (CHR) #4701, FEZEZAF (mm®) = HIAEHEA (mm®) x/EE (mm).
i RE ZEAS AR 23 b (I B R0 i 4 23 2 AR - T[] A0 28 23 2 )/ 0 ok A i 2H. 27
ZFAX100%.

27 FitESH

FIE BRI R R A SPSS13.0 #4741t 220 #r, Herbit B8R 5oR (BRi&Thae
VP HPPIEERRME R (MeansSEM) KR, AT NP4 (NBS) PLHRALEYL
(median) PY7pArfalfER R RABRZERTTZ 70 (ONE-WAY ANOVA) J7iEi#AT
AL, PRAThRES VR R A S8 A5, A A7F7E 4L 2 57 W F Mann-W hitmey
U #%; Bonferroni #H/T I LLEL. 24 P<0.05 BFRRA Giitm Lo

3 &R

3.1 RFEEL

FET- AR Smin F R FHHOG 2 8 88K T 46 Wi 1 & 42 10, MCAO 4 AT IsoPC
LHEHLEAR I PR AR AT IEREAE I 30% AT, i B o Job 2 o e A 78 g 2t g
Ths FRREIENY BOR M B R i 3 A5 0L L, DB ERE R T (B 1D,

-e- Sham
-4 MCAO
-¥ IsoPC

Time (min)

Cerebral Blood Flow (% of baseline)

[=]

T T L} Ll T 1
-30 0 30 60 920 120 150 180

MCAO

B 11 MCAO F AR 8] fisg i it 22 4k

- 49 -



FoOoFEXFHTFARL

3.2 £EIEHFETL
e 16 R (&2 8 H, 4L 2 4 KRAHY¥ZSH, 4 pH, PaO,, PaCO,
{8, 73 AAEGRITLAT o SR LA ] A R ML J5 P08 v S (R I ] fOgEAT DU &, - dH IR G )
Gt ES (WES.
RS R kA i sk MR Y 38 ) AR B S R AL

7RI} S it 4 A I
MCAO IsoPC MCAO IsoPC MCAO IsoPC
pH 7.4400.02)  7.46(0.01)  7.46(0.01)  7.45(0.03)  7.44(0.01)  7.46(0.01)
PaO,(kPa)  18.0(0.8)  17.90.6)  17.7(0.7) 18.000.7)  17.6(00.7)  17.8(0.6)
PaCO,(kPa) 5.05(0.20)  4.8(0.15) 6.2(0.2) 4.8(0.2) 4.7(0.2) 4.9(0.2)

3.3 FEbE TR AR SRR G R A E S RiPER

M 12 7 i, Sham 41 TTC Yot st B RI/RTEHMATLCAL:, I HANE INHEEVE
N 18 43 HATALEEORY IsoPC HARRIIES: 5 R RWA 2%t 1 /N, Hhfl
FRVETE S 24 h WS R B RE ST 25 A5 B 43 LU B S -8 315 41 (P<0.05). FRATIHETE
WEVE)S 24 hy 48 hy 72 h AT KA A ThRE 2= VF 4, RIMAEAS A 8] £ IsoPC 2 NBS
P ET MCAO 2H (P<0.05). i3 BH 7 98w LA B T K BRU Bk ifL P 4 45 B
T8 NNEURZY S Ak (2T

0+
Sham MCAO IsoPC

C s
* * *
® 16
o 14
Q
w 12
T 10 o g s .
% o o e g
o 84 L] -ﬂgﬂ- . o .
—_ 000 00 L]
O 6 00 oo
5 o o
2 Y
24
0 ; T T
°w°*\ 0@‘*‘ o“é\ ou“ o"'ﬁ\ c;\"?
F & F S F &
& @ @ & &

B 12 79 o TRAR B K BR, R I PV v )5 26 30 i OR 4P 4 B O R e
(A) FRVETE 24h J5 KERINALZ TTC 4eth; (B) SRIMEHEE 5 24 h KRG FEAEAFE 2
tts (C) F#EE S 24 he 48h. 72 h MR ThRE¥ 147 (*P<0.05 vs. MCAO group)
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3.4 S5 bk FAALTE R K BR A< H ik 1 PR B 1 BB B R 1E
FEIX —H o S2sh, BATFFEE MCAO FARRT 1 REG T e AL B IE SN
CL/NEF/RD 5 R, WSk I PR EE 1R 17 5 7 d K SRR D e P 23 LA I B A 25 A4
BE— P IGE R S AL B K I 2 O . B 13 R B RFEFEVE 7 d J5, TH
WEBRLR G E A D Re 500 o T BG4 (P<0.05), FF B4 7 F ki b5
TTC Gt SR EAL AR A 73 EE B B> (P>0.05).

Sham MCAO7d IsoPC7d

204 *
— [«}] T 1
=) S ¥
O 15-
g A S
= E .
E 5ol
8 3 |
= o
[y} = 5+
= D
=
= Z

U L)
MCAO IsoPC

7d 7d

B 13 o T AL B X K BR R kb o il R i < 3 4 2 R 37 VB F I B T
(A) P 7d 5 KBRINALR TTC Jett, (B) SRILFFET G 7d KRINEEAEEFH 4>
s (C) FHEE)E 7d A TIRESVESr. (#P<0.05 vs. MCAO group)

4 118

B L P 9 453 405 2 450405 X 43 10 £ 29 ot R I 5 7 7 A 25 R 5
SO 26 A LBk LR BE, AT BT 28 [ 2 T R AT ), 4 T S e 2 5
SoohZe Tt LT REAC RN, SN B TS He T BERE AT, R A K i ), i
4 0 R U0 T 5 I RS s LA M B, I B E K
TR, LRt T U, T RN A5 th Bt FEEVE IR, Skl h R
FH R T 3 KB FERE R (MCAO) AR Kk P o e TSR 5005, AR s 4 3 1
NI 5 T BB RO, e ARG LR A B A 2 2 NI L G R
VB R R ELBR RS ST . T S 9 TOUA B AT DA 51 N BT T A, I 7K
it E R, JF IR E A RGN TAL.
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FRAT B RPF S5 R 4L AE RT3 28 75 K SR B 7 (10 S 36 A IE iz A e i, 7904 38 T DA%
SRS BRI SRR, Blinm RN R TIL RN P RS AN 7
S — AR SR AR 48 T B RS TR B SR RN, I LS EGUE BH B 2 R T A
PR 5 1 A B R M o i i B R R . SR, FEAR SRS 3
Vs B AR AL S A, DU SCHRIRGE 2R H e U 2 OCEEEERN TR sz —
TATRHEG T 2% MBSESWA 5 K, K 1h, FEGRMLFFEE 5145 5 AN [F I 18] 5
24h. 48h. 72 h. 7d MEMA DRIy, ZJERET TTC GL it i gL | 4>
tt.

AT R R TR KERRIEER RN 2 h, FREEESS 24 h IEZEA R H 45 L
T LLUE BT 40%, 45T S5 TAL B RN B AU 5 A 7 LE TR 21 26%. Bl FIE
VERF AN SE K, SR BT 5 24h. 48h. 72h A1 7d S5 AL T FR & 43 EL B .48 78,
PR T RE2VT oA LU 0 A W R 0, DRI e P RE VA 103 0 5 e T AL B I 3
BRSO . ETRREESR 7d B 7 AR S e TA FE 4 T A A i AT
BAE P LWL BOE R WA DR FVF 5y, B8 Gt . U0 b TR FEX R B
JEy ek e 53405 B0 (R 1 R TR 0 7 do RSP Rk, A SR AELE I R _E TR AL T A
yRRERAE 7 d FIAR A R 1) U R B R I R

ERARUIE SR NP JRRIEE S Ak S o TRUAR L T LA Spsh 28 LR35, (ELZ HATL b v o
Bio FRATHT BT S I Pl 2 R R FINL I 24, R ZR ik a0 By 7 imii ),
PUEARLE T B H AL RS He i T R U AL EE ) ek 4
PRI RN A& FH P38 22 4 JFTEAL R FIEE (p38 mitogen-activated protein kinase) B{—
A EAE (nitric oxide synthase) 5] #8171, SRR N BRI 24 2 Ui 500 2K 15 5 [ At
AR — B 1 R B A

TEJRERsEgn T, AT MNAEARFN B A S0 1 — 0 PR 7 file AL 3 175 5 Ao
ARG RS TT, A5 T RSN PR L T A5 285 T 0 ot ot PR M 2 45 32 (A
CHLE
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EZE=Z FREFAALEZBIWH LSRR ZE
&8 R K5 S o} %

AR 5 AL MCAO JRy kP o SR i AS Y , iy 32 UPS A% i s L 453 13 S St 3
FETRALBEAN RN AH (AR A a5 L Ay, IR UPS ARG5S ki 05 1 il S p
TR VE I AR AR

1 ##
1.1 KB

280-320 g f) SD K, MF 2 PYZE A AL L, i B DY 4 LK
RIS AP ORI B A FR R AT

1.2 EERH
15871 AT
Mouse anti-conjugated ubiquitin antibody 2% [E Chemicon A H]
Rabbit anti-free ubiquitin antibody Z[E Chemicon 7]
Rabbit anti-B-actin antibody % [EH Abcam A ]
FHL%R HRP — 47 Hi[E CWBIO A ]
FEPU/N R HRP 471 H[E CWBIO A ]

HAR A S .

1.3 FEMNEE
[] S0 .

2 &
21 W5 5E
2.1.1 BOE SR TIAE B R VEN SR 451 15 UPS 28 Gt i FRIA I I AR AL o 70 4L T
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A. BFEARY (Sham group): KRIEZ 98%ASIELMA 5 K, &K 1h, Rikfr
MCAO K fixi 71 3/ Fik BHL 2 ik I 452 54
B. SRIMATM 24 /N4 (MCAO 24h group): KERIEZ 98%E/THELLMAN 5 K,
K 1h, ZJG4T MCAO Kfisi 2 kPR ZE R A AL 120 min, FRHEVESS 24 /N HUM
5 A 4147 ubiquitin 25 (4 251E 5
C. THACFE{RA 24 /N4 (IsoPC 24 h group): KERIEZ 1.5% 7 H k5 8% A TIES
WRNTRALFRIESE 5 K, Z 54T MCAO KW b 2l ik FH 28 SR LAY 120 min, KK
VETE IS 24 /NI UM L2 0 2H 23 ubiquitin £ 93844
D. BRI 72 /MEH4L (MCAO 72h group): KERIEZ 98% A/ THELLMAN 5 K,
K 1h, ZJ547 MCAO K1 2l kPR ZE Bk AR AL 120 min, FRHEVESS 72 /N HUR
52 A 41 47 ubiquitin 25 (4 221E 5
E. THACFR{RAR 72 /N4 (IsoPC 72 h group): KERIEZ 1.5% 7 H 55 8% A TIES
RNTALFRTESE 5 K, Z 54T MCAO K 2l ik FHZE B LAY 120 min, 1K E
WEVE ) 72 /NI B LSRN 20 24 ubiquitin 2 H AR AL
2.1.2 (RGPS 24 h A0 72 h ST SR B, BUE S CAL X#HT G At
1 Western blot Frill, W GEAE R 45153 )5 A [F] I A 25 6 002 2R B9 A2 3 iR
SHOESu Y

2.2 @kt sbE
] SEB6

2.3 KR ARAPEIKEZEZER (MCAO)
[ 56—

2.4 B I 7% s
A 5206

2.5 et E
FEFEERGE 24 hy 72 h B R BREEEF 5, WRIBEH SSRGS EED CAl
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XHZH, WA AT . e RSN 0] S ERE 6 sk ST A it
TS ALY th . PBS #FEINN Ubiquitin 14k, FH PBS MmN — 9, #H4TE A,

2.6 Western blot
FEGR LA J5 24h A 72h I [8) 50K Zh A R IRE i Sk UG, AR 30 A 771 2 S5 ¥ 0 8
B JZ AT X, IR R R o B85 BEAT BCA J5ikidt AT s F g & Ll SDS
BERCHIK . B, PR A AR (RRD RS WSS —), JUAMBIRE L &,

Ko LHR=HEMBEIKEL

EIRES NN T
Mouse anti-conjugated ubiquitin antibody 1:500
Rabbit anti-free ubiquitin antibody 1:500
Rabbit anti-B-actin antibody 1:3000
FEHi% HRP —hi 1:4500
FEHi% HRP —Hi 1:4500

2.7 ®itFESHR

F ARSI L) MeantsSEM Ko, K SPSS13.0 T Gtit 22404t . 4 1A LR
PR 27 ZE 0 M1 (One-way ANOVA) J7 54T 40 #r, AR ELECR A Bonferroni
Test. P<0.05 #iHIAGETHY = Lo

3 &R

3.1 RHTTAER UG ARG5S EZREQHRE

ML CA1 XY ) S A G (o 45 SR 7R, £ MCAO FRJ5 24 h #
72 h JG, ZREO GG RAG0R, Ul IR AT AR AR R
e (P<0.05). SRTMTER: ST AL SR 2, AH L% X RE I ] s B 28, 3
Z R E AR EE I B> (P<0.05). 3 HA R R0 TIAL B T DAY i B BRI 5 51 kS
Hz =R EBERRE (B 14).
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=~

)
e
Ubiquitin-conjugated
&

o
@

(10D/Area)
o
»

o
LN

=3

Sham MCAO |SDPC MCAO |SDPC

el d T .
1 < ShE o s .
. - Y o o ’ %
4 b Y . H a [} -
g . : R i
; . :“’I'_\ 3 - . d
L SR o e R S
e T . E
2t e " - S i .2+
o '-.“_n_'._. g = .
TR ez 0.
- e Ve %
b
E T

fo

|

5| 3
[
o

i

I

B 14 6z REANAEALGA
(A) FH#EEFME 240l 2h 8552 REHRIELIL. ANMCAO24h4, BN
IsoPC 24 h 4, C Y MCAO 72h %1, D} IsoPC 72 h4H; (B) 41 /7] IOD/Area( integrated
optical density) LEfH. (*P<0.05 vs. MCAO 41)

32 FRAKFET NFHGSEZREAM LERERZREQNRIE

el 15 fos, Ko 7FENZREANSGEHZR, MM TEZREA AR
ZE. ARSI 24 /NEAT 72 /NI G, S E RNz REEYIEIE N, SRR R b
PALERA, A BRI 5 05 HL 5 & M2 R AREAT P N (P<0.05). 281, AHXI%E,
FEGR ML FREVESR D e, /D or T M 22 3 AR R 2 B30, 57 e AL 22 vy
PA B B R 2O A RIS TS DL (P<0.05),

IsoPC MCAO

A Sham 24h 72h 24h 72h
— —

conjugated ubiquitin e g
a "

— D e g—

free ubiquitin

B-actin N ——

#
B —
£ #
20 £ 25 * oA

£ ]
[ F *
§ 15 % " 2.0
£ EE
o B E1s
£% 10 ()
ES §9% 10
Eg 3=
T~ 05 £~
- E 0.5
= I I T

[ 3 oo

Sham MCAO IsoPC MCAO IsoPC Sham MCAO IscPC MCAO IsoPC
24h 72h

B15 £ RANEEEZ RAESNFEGEREARELRL
(A) HEFERGE 24h A 2 hZ R RGEARXRIET:; B) HEMNZEEAENS
EEMFNHE;: (C) gAMEZREASNSEAKMEN . (¥*P<0.05 vs. Sham

4, *P<0.05vs. MCAO 41)
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4 it

SIIR = 48 FIE S 57 ke T AL 2 AT LAY/ b Gl f R SR 5 | R i S A B R R
I TREAE DU S 88 A2 AR A HOD . X S AT RE B B 45 A 2 AR A R
AE S SR 15 5 0 DR A A0 [ e TR 3R

FESRILBAE RO TN, 02 NG S s st 2 W s A . 2
REAME RIS R B EAA . R EATUKMNEE®RE. ZiCH
FERIAE R R A543 J5 45 BV 3 B 3R IR I N 60% 7, B3 A HIF 92 U S AE
WOIRAS TN, ZREAMNRETLLSEE MR AT, i AR EE Ay DA I 25 & A
ZREARE, WA Ei e mE iz R iRl 7,

U6 = 25 R BORTEFRETE ARG 24h LS 45 A B R AT IR TR A,
I BT CAZERF 245140 /5 72h, BE LS T S5 e TAL B AT DLRR B e b 45 5 82 R R
ST I A R AR, B 22 R AR ATE R R TR LS S A R E
F R EEAEH

Bl FERE RIS 202 RALER A RN et SR A JusE T Sk R
0L, SR LTS UPS R GETh RE RS AL H BTSN B . ISR M 05 /5, SRl
X i 123 B3 {2 R B Parkin 35 0] ks>, TEGRIM AR ERGS 1h, 3h, 6h
F1 24 h % A P FRIE 53 0 AR R AT HRALRT 60%, 36%, 33%F1 25%. Tk i 14
B IE AR 512 2 B2 EREEE Ubc6 A1 Ubc7 [RIZRIEASA, it I i o I FEF-8E v S0 )
ZICIR KA T Parkin WG PERRARARDG: AR, iR Parkin 85 (3RIA AT HA #i
LAk (S L

O ORI, A T A 0 1L /5 A T 45 SR M RURK X 2202 3 AL B 1 7 R A 5 o
R TR K7, Sl UPS M43 52 e S Al 3, NI 51 AR M 22 70 2 A WA R AL
Dekatgls> 18], SR A MBI . Yamashiro WL RN, W RAEM
PV CAl XHEAMZ e R HZ RHE A (Ubiquitin-B, UBB™) 4k
WETEREGR, ULBASRILG CAl KEZ REAREH M, HE5MERAESETHIMER, H
SN 58 A7 3R I3 Bk SR A 5 AR R e 4 A 5 1 P o< B2,

23R AN AR ORI 5 S B 2 MR A MR EARVER, st
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I3 O (45 5 5 T B S H TR M LR AR D BEAN 3 1 R i) & R, - S0 I A28 i
B AR AR LR, (555 @ & E M s, 2wt
SREAETEANZZNE BELR, WEAMAE CU. Ca iR IKEIEE A
FEUST, ot T R A R e g S . DR, UPS IR D AE o 4 REAN M K 01 %
REE,

R IG5 )5 1) UPS B2 H RS ThRERElG . SR AR AE R S 40N R E R %
AR AR TTAR M SR 9% BAR 2 BOCHR I UE S sk 45475 )5 22 2 WAL EE 1 56
SRR INUSY, (R GEEANZ R A RE R IR T e A 2 R S B 2 et T, B
Ll 2z w0l A RERNU BRI A . SLI =R 45 RAUESE | 7 e AL B 2
iz FOE R R GO SR EE AR E Ik, AT AR 2 DRI
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KRB SUMO 24N+ 45F sl a2
HS WA BEIFEA

ARSI 15 A 3 T AR SR RS AR AR AR A R A VRN R AR, A 57 SUMO 4%
FEAN 22 2R G LR SRR 005 e 5 e TIUAL B I AN [ I 4 ) SRR AR A1 0 R i A 737
w Wt SUMO R4 2 5 SR s A7 05 7 B M A 22 IR E R IS FE R &R

1 #8l

1.1 4B 5 3R% 319

BN AN B (SH-SYSY), 1 F-3% [ Type Culture Collection (ATCC, Manassas,
VA, USA).

280-320 g ] SD Ki, T2 IEE R =Lgmahyrbty, AR U ZE R
S SEIG E PO SRR AR AT

1.2 EERH
5wl /NG|
Rabbit anti-ubc9 antibody 25 [® Epitomics /A ]
Rabbit anti-conjugated sumol antibody % [E Epitomics A ]
Rabbit anti-free sumol antibody 25 [® Epitomics /A ]

Rabbit anti-conjugated sumo2/3 antibody F[E Abcam A ]

Rabbit anti-free sumo2/3 antbody & [EH Abcam A ]
Mouse anti-B-actin antibody Z[E Abcam A ]
FHit% HRP —#i tf1[E CWBIO /A 7]
FHit% HRP 4 tf1[E CWBIO /A 7]

H AR S
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1.3 TEMNE
H ARS8

2 ik

14 XHIHR 5548
141 BMACSZG30E S 8 TRUAL BN 0B 3 SR 4 5 5570 SUMO & 4 a1 R I A A2 4L
‘. R

A. BFARY (Sham group): ZHMIFESZ 98%A A 2 h, A#EAT OGD %M #I L5 4
PR

B. P4 i (Iso group): 4HARIEESZ 2% Ui Fil 98% A IR A S/AIE 2 h, 24h
JE B AT B A, ANEAT OGD 4800 ISP 5 B Y

C. HPERIZFHE4L (OGD group): M52 98% A WA 2h, 24 h J5i#1T OGD %A
FERIZAR A, A4 24 h s BUMEA T B R

D. BT HE RS 4 (IsoPC group): AHMIEESZ 2% kLA 98% 5 IR & kY
B 2h, 24hJ5HHT OGD %WERIF A, 54 24 h J5 BUM BEAT H A U

142 TEARSZIGI0IE 5 90k AR FEXE K BRUR AL PE R R L B2 75 4528 SUMO R 402K A 1

AR S

A. BFARH (Sham group): K REEZ 98% A TELMA 5K, FK 1h, AT MCAO
R v 59 ik SH 2 e 1 A A

B. B ki (Iso group): KRIESZ 1.5%% bt 5 98% %A IR AN AL FH E 4
5K, 24h JaWkBUMBL SN ZH 2! SUMO H H A2

C. BRI 4 /N4 (MCAO 4h group): KFRIER 98%NASIELWMAN 5 K, FK
1h, ZJ51T MCAO KJii 3 ik P ZE Gk AR 120min, FRREE S 4 /NI B L5
428 SUMO & 4251k s

D. FALFELREY 4 /N4 (TIsoPC 4h group): KERIEZ 1.5%F &t 5 98% A IR A&
ANTRALBES: 5 K, ZJ54T7 MCAO KK 2 ik B Z& R LAY 120 min, RS FHEE
FEJG 4 /NS UM SR 4 41 SUMO 25 4 281K
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E. BRI 24 /N4 (MCAO 24h group): KERIEZ 98%E/TIELLMAN 5 K,
K 1h, ZJG47 MCAO K1 2 kPR ZE R A AL 120 min, FRHEVES 24 /N EUM
M ML SUMO & F431E

F. FiALFRARA 24 /N (TIsoPC 24h group): KEIEZ 1.5% 7 FlE S 8% A IES
IRNTRALFRIESE 5 K, Z 54T MCAO KW h 2 ik PH ZE SR LAY 120 min, K5
VETE S 24 /NP UM WL iR 2H 24 SUMO 1 AR AL

1.5 BR ks
) S0

1.6 KE AR RIEKEZERE (MCAO)
Al S48

1.7 B M 37 4550
[F] S206

1.8 RBERARE
R 6 LIy DUPTARHRR R

Pk PUIERRRELE

Rabbit anti-ubc9 antibody 12200, Abcam
Rabbit anti-conjugated sumol antibody 12200, Abcam
Rabbit anti-fiee sumol antibody 12200, Abcam

Rabbit anti-conjugated sumo2/3 antibody 1:100, Abcam
Rabbit anti-free sumo2/3 antibody 1:100, Abcam
*EHi % FITC —$i 1200, CWBIO
EHUN Cy3 —HT 1299, CWBIO
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1.9 Western blot
[ SEE6 = . PUAHFBEIRE LR 3R

RT LRNUFERBEIRE L

Pk PUARRELE

Rabbit anti-ubc9 antibody 1:1000, Abcam
Rabbit anti-conjugated sumol antibody 1:1000, Abcam
Rabbit anti-firee sumol antibody 1:1000, Abcam
Rabbit anti-conjugated sumo2/3 antibody 1:1500, Abcam
Rabbit anti-free sumo2/3 antibody 1:1500, Abcam
Mouse anti-B-actin antibody 1:3000, Abcam
FPis HRP 9t 1:4500, CWBIO
FEPU/IN L HRP — 471 1:4500, CWBIO

1.10  FitESH

F R SRR 4 UL MeantSEM %7, KA SPSS13.0 #4740 125 #r . 4HIA]
HL SR B R 255 22700 (One-way ANOVA) J7EHEAT20HT,  2EL 1] 0 795 He ek P
Bonferroni Test. P<0.05 B Stit24m= Lo

3 &R

3.1 BE&RRXE
3.1.1 g T A B AN SR I F B0 SUMO 2R 4t ik 1 A R 5]
3.1.1.1 7 OGD #iiffi 5 SUMO1 HH&iLk3

WMEFTR, 446% SUMO1 43 F &N 90kDa, 7 2% SUMO1 43 F &N 17 kDa.
Western blot 45 2R BLALZE T R AT SUMO & & ¥ HE&m (P>0.05),
#£ OGD #if5 J5 i 55 8 SUMO1 7K~ B 39 h0, (H 2 3 6ot TAL BR 20 4k /K7 e
TR 4568 SUMOI 7E U I 545147 J5 1R IE B R A2 230, 7E 1soPC 4 5 Fl b Tl
b DL _EIASEA T SUMO1 A MRIE (P<0.05).
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A Sham Iso OGD IsoPC kDa

SUMO1-conjugates | S s o | 90

SUMO1-free - e | 17
#
B, — C

£ 1.0 * o 157 #
‘é 0.8 5 % T

o
3 o S——
2 0.6 - 210
o 7] 8 *
c 0.4 oS
0 %"05-
@ 0.2 o B
@ =]
S (7]
g' 0.0 T T 0.0 T T
w Sham Iso OGD IsoPC Sham Iso OGD IsoPC

&l 16 SUMOI fE&k M54 J5 & 5 R BN
(A) FREEERIMIE 24 h &L SUMO-1 # F/KFA1L; (B) WFES AL SUMO-1 5N &
FRAN S (C) 4547 SUMO-1 5N E A RIARRXT HAl . (¥P<0.05 vs. Sham 41;
*P<0.05 vs. OGD 41)

3.1.1.2 £ OGD #ifjiJ5 SUMO2/3 & [ REZAL I

SUMO2/3 5 SUMO1 HI/K-F& ERIEFHEL, KT hsEa% SUM02/3, /)
3 ENTFE AL SUMO-2/3 . Western blot 45 5 7R , fEBRE 1% 5 , iE 75 24 SUMO-2/3
Figh &R SUMO2/3 MRIEHAETHE (P<0.05), 7855 b AL 5 AT LU &% S pE
FIZFHIXT SUMO2/3 IEREMER], R FEES, BfAgit v (P<0.05). AW,
BALESE T B NAR X T Sham 1AL, 410 SUMO2/3 KIFRIE A W B ST
Z5 (P>0.05),
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A Sham Iso OGD IsoPC kDa
SUMOZ2/3-conjugates [« S — 90
SUMO2/3-free | B 17

B-actin

I
w

=
A

|

0.8+ 0 2.57 i
s G % 2.0
o9 O o <.Uq
= £ 4 T 52
O 1 O c 1.5
n 2 0 ©
n & 0.4 0 O —_
s g 2 & 1.0-
g5 ga e
o » 027 i € 0.5-

3
0.0 T T L 0.0 T T
Sham Iso OGD IsoPC Sham Iso OGD IsoPC

& 17 SUMO2/3 fESR ML 15 )5 24h EHREZAL
(A) PRSI 5 24h Kl SUMO-2/3 B AR ILAL: (B) A SUMO-2/3 55
NS E R HE; (C) 4568 SUMO-2/3 5 NS E A AN E. (*P<0.05
vs. Sham Z4H; *P<0.05 vs. OGD 1)

3.1.1.3 AR ITERN SUMO 22 G846 M 28 Te i ML 1) 73 A7 15 100

W0 N R EFTR, A BA SUMO1 & A RIA At i, 18t DAPIL X4 i
B AT e AL, AL SUMOT F EAE Uiz k3L, I HAE OGD $ifjiJa SUMO1 4
PESTEVEIRES, (HAR4S T 7R A S SUMO1 R E % 1EH K. B BN
SUMO2/3 43 Ait&it, FTLL SUMO-2/3 5 SUMO1 R[], FEEMIEEIE, (HREHLEE
%5 SUMOT AHIE, RIS /5 SUMO2/3 ik R, T 7 98l oe 1AL 22 AT
LA 12 4 1 S A (R R
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B 3
Sham

K 18 SUMO EH RSB L1045 K 7 Bt A B 5 B R IA AL
(A) BHEEIGE 24h K501 SUMO-1 FEAFKIA S G;  (B) HESASG G 24 h &
SUMO-2/3 FHFRIE /3. (ZLE56H8 SUMO HH, #5868 DAPD

3.1.2 SEBE R AR5 AN S G e AL BT Ubc 28 1IN A AR fh R i
3.1.2.1 Western blot £l Ubc9 £ [ IR IA AR AL

FRLARZE T SN T AN AT SRR RIF 51477, Ube9 M EIL S Sham 4HAHEL
AR (P>0.05), PR RIHALIENT Ubc B ARIKEA M. T4
BB Ubco FikHI S T (P<0.05), FFHMEES 4 h THERAME, T
OGD 24 h 41 Ubc9 )85 A REAHE 4 h A ik B - £ IsoPC 4 h 20 EE OGD 4 hH Ubc9
B A Tt (P<0.05), {HJ2IFBA KE BIHGHT Ubco HIFERLME : SR 2EHR L
TG 24 h, UbcY B IR IALE IsoPC 24 h 211 OGD 24 h 41 LLi7% A W B 40 it 2%
Z5 (P>0.05, K 19),
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A
Ubc9 &* e P -

B-aCtin el W — - - -
B

#

' ' *& *

-
o
]

—— *

(% of Sham)
o o o
il A &

Expression of Ubc9
o
u

o
(=}

sham Iso OGD IsoPC OGD IsoPC
4h 24h

Bl 19 FESRILIFAG )5 A F R A R Ube9 & H I AR AL 5
(A) TERAJE 4 hfl 24 h A Ubc9 & IR AHRIEE4k; (B) Ubed S5 NS &AM
HIXTHAE . (#P<0.05 vs. Sham 41; *P<0.05 vs. OGD 4h #; %P<0.05 vs. Xt} [a]
& OGD 41)

3.1.2.2 BRI

P 20 fiiw, G Ube9 B 1, 5 DAPT 352 7 7R Ubc9 £ f e Al %34
FRTRIE, WA BUE LI OGD #iffiJ5, Ubc9 MIZRiA I Eyg /b, 1 5 ke b 3
AT LA Ubed MHIVER . B B2 @55, v LSS Sham 4AHLL, 7E5 40
e, WA kTR, Ube HIERAEZEAL, MMZA Ubco G 7 6% 1
IR SRTAE OGD i i, HH I AZ 1 4 55 40 M A B 38, T S e Joe Ak B LA
I SO X R A R
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B 20 Ubc9 & 5 78 Gk I 457245 K 5 98 o AL B )5 B 40 i 43 A 1B 1
(k568 Ube9 HH, #1568 DAPD

32 ERZE

3.2.1 SFRORUE T AL BN = ek i i 345 4 SUMO R 488K [ A 1 52

3.2.1.1  BRIBG G AR 1] £ SUMO-1 & AR IE B AR iF i
SRR A5 RREBL, AL T R m NS BSR4 S8 SUMO-1 13

%, LE R G it P HEVE 5 )5 4 h R 24 h, SUMO-1 [RIEHAGFT B, I+ HA

4hiE B FRAKIE (P<0.05), 4T @A G 1E R AT B SUMO-1 & H Rk,

BRI 4 hJEIE FIER /KT (P<0.05). R0, EFREEBE 24 h, S

P A S e AL FEAH. Ube9 HIRIA A B4t Z R (P<0.05, B 21).
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MCAO IsoPC
A Sham Iso 4h 24h 4h  24h
SUMO1-
conjugates —— gro— —
B-actin
B 2.0-
]
S & 157 #
g = —_ ——
® 5 1.04 L
o9
S
L S 0.5+
s
0.0 T T
o N o
‘\’b((\ @ ob‘ ‘Lb‘ 0& ,-.,bt
@ F & L
@ @o b 1)

A 21 Sl BFEEBRSG)E 4h 24 h WL SUMO-1 FHZAL
(A) FREEVEIR 5 5 AN [FIH ] SAG I SUMO-1 2 AR R A28k (B) SUMO-1 5
W& A PIAEXNT AR . (*P<0.05 vs. Sham 2; #P<0.05 vs. MCAO 4h 41)

3.2.1.2 Jaykk A BRI 45 55 5 45 A SUMO2/3 fEAN RIS AR 2R 1 1R I 401k
5B RSRIG (1Y) Western blot 25 R, Sham 415 Iso 4 [M4544 SUMO-2/3
HEMRIETHELN (P>0.05). (ESRIM TS 4 h, SUMO-2/3 £ H 1R H
BN, JRIEEIEE, GRS 24 h B AT N, (AKRE T Sham M E E R
(P<0.05). ZRIIAE R AL FARY 4L, SUMO-2/3 I8 A 3K IE 5 Bk i $2 45 4 AR L
LRSS (P>0.05), BEHBR LB P LLIHISE 4 5 SUMO-2/3 S A RIX,
T 37 G AL BT 45 5 A SUMO-2/3 B8 RIS A I B, (B 22)
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MCAO IsoPC
A Sham Iso 4h 24h  4h  24h
.
SUMO02/3-
conjugates
e - U R A
B-actin T— R S —

B 20-

=

a
1

*

Expression of
sumo2/3-conjugates
o

1
-1

B 22 Gl BEREHRLE 4hFl 24h WE SUMO-23 EAHZ
(A) FREEVER 7 5 AN [FI ] SRS SUMO-2/3 B A /R IAZR L (B) SUMO-2/3 &
M5 HNSE A . (*P<0.05 vs. Sham 41; #P<0.05 vs. MCAO 4h 41)

3.2.2. FRoRE TIAL BN SR I 45349 6T Ubc9 200

R E TR, MCAO SRt 5% 7] LR i Ube9 335 (P<0.05), #£ MCAO #if)
RIS T S R E LN 5 K AT LL E 1 Ubc9 IR, 1304 o b o ot o iy A 2R 11
B1ER (B 23D,
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A
Ubc9o s S s S
B-actin e SE——— — —
B #
[«)] 1.0 * | —
2 *
S — 0.8 -
s E *
2.2 0.6
w
- vl
% 5 041
=
8~ 0.2
i
0.0

sham Iso MCAO IsoPC

B 23 G HEFEHRG)E 24h W Ubcd HEHZAL
(A) Western blot ¥l Ubc9 % [ BRI 5 24h F£iA284k: (B) Ubc9 & 5 M S5 H HIAH
XFECAR . (*P<0.05 vs. Sham ZH; #P<0.05 vs. MCAO 4H)

3.2.3 GIERIETTERN SUMO RS K B 20 2 1 o0 AT 175 450
BUK B 5 CAL X WZHZAY) v AT S 2 Geth, £ (058 0 9 SUMO R4t H ,
Z1£87%¢ 94 Ubc9 Al Ubiquitin 85 [

CM4dh CM24h 124h
Sumo1

Kl 24 SUMO R4iE B AR HI K 7R e b B G B H B ROERE 1B I
CM4h A MCAO A J5 4 h fibt; CM 24 h J MCAO RJ5 24 h BUbF; 124 h 425 T
FRSEMAIG 24 W BUb s IM4h A% T Rm e AL, F#EETE 4h B IM24h
NEET FES AT, EEERUGE 24 h BUM . (S5 N SUMO REiEH, 40
8755 Ubc9 Al Ubiquitin)
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4 it

SLG P45 SR B IR SUMO FR 45 ER [ 75 il L P88 A 153 49 R S e T4k 38 o 7y o
Fth . ToIR R SR SEIIE RIEAR S, TEBR M EREIRG /G SUMO R4t ARIAKF
JFiE 4k, H SUMO-1 Fl SUMO-2/3 Bt A BRI R . fESRIMEVER IS, 456
A SUMO-1 A RIREHE K, FEHAE 4 h R RI5AR, 7EFEER 24 h IZWH K
SRIEF/AKE, WHEE SUMO-1 IR £InEs: A& SUMO-2/3 Rk
FEGR IMLFREEVE L3 J5 W 3G, JF HLRIFEE P 4 h R s 3w, B EIKE IE
(e 2 Vs O (SE Y SUIR 2373 IK7 S =Rl S U E G R AL K (S i B U M R EocRe it
SUMO-1 7K, #iifil] SUMO-2/3 HHHEKIE, MINEA TSt AR IEE R
TEH, 1S HULIN3Z .

FATFRRAZI T SUMO-1 1) E2 ZEH: Ubc9 18 A R IA A, id f e 76
Western blot £5 3R 7R, 1% 8 FRIEZ M EHA SUMO-1 KL, RISk ML PR 5
Ubc9 ik N, BEARGE a SR e AT LS Ube9 8 FUR AL A AL,
fl Ubc9 FEAMRAZIA B JEEE,  DRIL S agUbe LA HE W] LA Ry 45 93 51 /21 Ube9 £
FRIEH T

HH SUMO i #2 i) AR £ oA e M LR AL, BT FIIE SE48 K £ % SUMO
WA A EE IR S R R 1, A FAE S SmE TR . Bl SUMO 4
S AR5 SUMO b & A2 SUMO b it 2 o] LSS B H 32 4 c-Jun A0 ffd
YRR T bR A A A 3 AR U0, Ak, c-Jun AT c-Fos f SUMO fb AT LA T
PSRN T AP-1 EAAY SR F 2, #IRTEE A (heat-shock factor) HSF-la
SUMO b nJ LR 0 88 (1o R PR AN s DR il 1 2T [RIRERRD, R 5 475 ) DAAE A% %
A (Nuclear factor-xB, NF-xB) ¥, MM FAMSRE SN AHALAE 7 DL AR
U PR AR FRAS T, NF-xB (1138 P52 206 S 17 1B A9, 7ER2B0IR A R NF-«B
WETER kB RAEBERR AL, A A RGBT S B A AR N2 R
FARSAE Y 52 F AL T MR E AL, kB SUMO LT LAHIH 8 ([ Bz =4kt
PRI/ R AR, AR AR E M. SAT, Hunag %6 A4R1E NF-xB /) SUMO 1t
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AN T NF-xB U7 BA XA, 75 A 244 N AT DUE NF-xB #0E 2w DUE
NF-«B 3 14 52 4104

DL ESCHRISIE SE 8 i SUMO A A5 72 M A B 1 5T 445 17 14 AN RS e P () B [
&, BREEIRGTITE RIS AR SUMO B IR [ M i M A% (s 1, T RE BT 5
FHRERE AR ER . 4275 SUMO AR [ 1938 In 2 75 T BRI i 52 1 25 ZE AL
HIWE? 7E /a4, @it iiE SUMO B2 EHRE M S i b 1R 1A, #F—PiEsk
UPS/SUMO Gt 7E 5 ) T b B 75 S 20 (547 207 v (R LA 7
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LI A A Ubc) s F AL EN AL

ARG 5 AL F Qe RIK Ubco M85 B E /N TP RNA, JHid Lk i sk
AR5 i e 2 i A B P DA RN ZE AR R A 22 W Ube9 £ 2 5 i ik I 453 5 7
JS B ORI R8N A AR L 9K 28 S B RERE I o

1 #8l

1.1 K 5 KKz
R AR 40P (SH-SYSY) A1 293T 4if, T35 Type Culture Collection
(ATCC, Manassas, VA, USA).
280-320g 1) SD KB, T35 DY % B R 27 Sk ae sha bty , P2 i HEGR DY 4 e K%
SEAG N ) O SRR AR R AT .

1.2 EERH
5%l ]
/ML RNA 5 F Qiagen A
ELFF RNA 5 F Qiagen A ]
fi 544 2000 3 [H Gibco A7
o R IE R R iE A
RNA $EHBGRH & ¥ Invitrogen /A ]
Wi ol & Fermentas
qPCR i 7 Bio-Rad
It ¥ Invitrogen 2 A

HAR RS
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1.3 EEMNHF
&= A H]
Tl B S Y RWD /A 7]
Tl B A 2R Y RWD /A 7]
SEARTEAAX Y RWD /A &
2 ik

21 REHVESA

2.1.1 BMRSEEG IR UE NS B G R A sIRNA T HUR0R

A, IEEXRA (Ctrgroup): IEF AL TALMIHITEEL sRNA HHTHEE ;

B. 1881 RIEH (Lentivirus group): KGRI I Ubc9 il F ik [AI18 9% B ik
X SH-SYSY ZH kAT /gy, @ArAsE i 3Rk Ubc9 M4 5

C. /NTH RNA 4 (siRNA group): K E I MIRR Ubc9 ik 1)/N T3 RNA fn
A SH-SYSY ZHfuss7edkrt, 48 h J5 UM k4T 8 S Al

2.1.2 BRSEIRERIUE UbcO H 1 7E i Fib THUAL B Xof 4R0HE S < 453 3 P 28 R 2880 %L 1)

fEH.

A. BFARA (Sham group): ' F/LE I SH-SYSY 4452 98% AN, A
ATEMERIZFBRT, 24 h J5 HEAT 200 M 5 R0 T AR

B. H4llf kil (Iso group): W34 LJGHI SH-SYSY 2045 T 2% flbi 5 A R
BWNTIAEHE 20, AFEATERERISFRHI0, 24 h J5 AT 40 M 5 A0 T Al

C. AFEFIZFH4H (OGD group) ¥45 T /4L J5 1) SH-SYSY i 252 98% 5 WA
1h, ZJEHATERERIFH05 4 h ALBE, 5250 24 h 5 HEAT 20 B v A T Aan il

D. RS HALEA (IsoPC group): #5350 JE 1) SH-SYSY A% 2%+ ®ki 5
98%E IR EMATALEE 2h, Z JGHHATEBERIZT 4 h, B4 24 h 5 #EAT 40 0E
ROV T A 5

E. /N3t RNA+ERERIZF #1054 (siRNA+OGD group): fEi% S 4L SH-SYSY 41
MBS FREE I sRNA, 24 h 5452 98% % WA 2 h, 24 h 5 TERERIZF 4 h,
S5 24 h 5 EAT A BT PR oA
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E. /N RNA+HR R TALFE A (siRNA+IsoPC group): fEES 0L/ SH-SY5Y 4H
FEEFREE I sRN A, 24 h 5% 2% 7 i 5 98% IR AW ATIAEHE 2h, 24h
JE AT ERERIZ 40, 4 24 h 5 AT A0 IS AN TR

G I FILEIH AR F TG4 (LentitOGD group): #3745 T #ik Ubc9 )
SH-SYSY 4t &, 5T A el e 8252 98% 5 M 2 h, 24 h it
ITANERIZF 4h, 5 24 h 5 247 40 ME P AN TR TR

H. & RIEEH R+ T B A (LentitlsoPC group): #FEILFIE UbcY HY
SH-SYSY il &, 55404 sRISAN A TC AN G 8252 2% 57 ki 5 98% A IR AT
ATIALHEE 2h, 24 h JGiEATERERIZE 4 h, 5 24 h 5 2847 G0 H S P AR ToAS I

[—> RAIES / siRNA Iso/O; 2h /- OGD/Sham 4h

! . 24h 24h 24h .
SH-SY5Y cell | o '] @ > Reoxygenation

\ 7 days K k
Stimulation Preconditioning

B 25 SEH AR R

Injury

2.1.3 FEAAR SO IR ATE O % 5 P0E B sIRNA SN2 235 5% Ube9 /KT 1 T3k

A. RF AR (Sham group): K siRNA IEFIMETES TGS, 48 h 5 U WL 2K
HZ1 Ubc9 KP4k

B. LFXTHRA (siRNA-c group): KiEL/T siRNA (Allstar negative) i i 5 T i
=, 48h Ja P WL ZH 21 Ubc9 7KF & A8 1k

C. /N RNA T4 (siRNA group): # siRNA-Ubc9 TEVES Tk =, 48 h j5 Bk
WL 2 Ubc9 7K 2 B AR

2.1.4 FEMRSEERESIE UbcO H 1 7E S A THUAL B Xof Jaj A A o st fiL 545 ) J £ 47 28 e

IYER o

A. TR (Sham group): KERIESZ 98% A SELMA 5 K, FFK 1h, RNFAT
MCAO KM s a ik L EBRIMARAY, 24 h 5 3EAT TTC Yo 2 e 2000

B. Mkt (Iso group): KRILEZ 1.5%F NSt S 98%HE T IR AN Tl Ak 1 i 45
5K, K 1h, {HABIT MCAO KWiHh sk HZEGR MY, 24 h 54T TTC 44
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GV ECIEIYI R SRE

C. SR (MCAO group): KERIESZ 98%ATHELMAS K, R 1h ZJ5
47 MCAO K figi 50 fik BEL ZE B AR Y 120 min, FEEVE 4 h J5#ET TTC et fifpL
ThRES VP4

D. RS (IsoPC group): KRR 1.5% 7 It5 98% A TIRA WA Tl
HESE 5 R, ZJE4T MCAO KW+ #) ik PHZEGR MALRY 120 min, K& F#EDE,
FEVE 4 h J5EHT TTC JL R & D) Re %1743

E. /N3t RNA+HE M A4G2H (siRNA+MCAO group): K R4%E % 98% S T EL WA
5 R, #K 1h, fE47 MCAO K 13 Jhk PH 28 S B AT 24 h 0 = 0 ot
siRNA-Ubc9, FHEEVE 4h J5#EAT TTC F M & DI Re 7 1F 77

F. /NTFHt RNA+R U AL BRZH (siRN A+TsoPC group): KEIESZ 1.5% 355 98%
AIREWMNTAES: 5 K, K 1h, 847 MCAO K Ji%i 713 ik BH S e 1fi A5 7Y
Al 24 h AN % 5003 5 sIRNA-Ubce9, FREEVE 4 h JF#E4T TTC Geth fikh & ) g2

P

/ Iso/O, 1h/5d / siRNA MCAO/Sham
24h 120 min
SDrat | - - > Reperfusion

N N

Preconditioning

Injury

B2 SERAEMEER TR

22 BREFHEHEENEE
2.2.1 BARMM RN E
R mRNA 5% 1514, L3514 5°-CACACGC GTTTATGAGGGCGC AAAC
TTCTTG-3’(Mlu I B VI 250 NS4 5°-CTAGGGATCCATGTCGGGGATCGCCCT
CAGC-3> (BamH I FgVIAL ). # i 20t Rk #i ik pWPT-GFP, %402 BZ 40,
HERMATIRER 7. 1920 060E 5 B ST BT I 7, IR & I 1 F Bt
A7 00 7 B8 IE .
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2.2.2 W RIKAG A5

¥ 293T 40 4% IR 6x10° [ 25 FE b T HRE R . b X $i 2B K AR, W pl e
1 1 3t 2 3k 18 2 R MR R A R B AR K R A R InON B 48R 70 i AR 2000

(Lipofectamine 2000), 7EVK W% E 20 min 56 4&IR & . BIR SWINAN MBS 53, 1

BRFRAE T 3T CA4kEEGI% 6-8 he FEAEFREE, H PBS BFBEE, H WL
TER eI FRIAWITE)G 48-72h 5, TERAEE N5 YL T (4 i S 4p 0,
R B e Tl o WCAR AR RIE TR, B0 S SRS BB R R AR, B F-80 CIRAT .
2.2.3 B FEERIA Ubc9 ) SH-SYSY 4ilf &

KM Fh TR TR, FR4HME IR B 70%-80%)5, K Ubco It RiL Mg
FREEIN DMEM 15773, YR H(MOID)=1x10° v.g/cell.

2.3 siRNA M &

SEIG BT R L) sIRNA FH 5 [E Qiagen A ] W iH A .
231 EARSEE T sRNA I

SEIG Ay S 2H: 25 XTI (negative control). siRNA-1 2H | siRNA-2 41, siRNA-3
. siRNA-4 41, siRNA JPHI LT3R 7. K siRNA #fi#)5 5 g5 14 2000 #EATR &
IR U IR TR T o ZE4E MBS IR A P 37°C R 9% 48h e UM Rl it 1 5 &
R IR sRNA-3 TR ik,  PRIAE J 225050 ik 3% siRNA-3 14T Tl

%7 siRNA P53
siRNA Product name Target sequence
siRNA-1 ~ Hs Ube2l 1 5’ -AAGGGATTGGTTTGGCAAGAA-3
siRNA-2  Hs Ube2l 6 5’-CAAGAAGTTTGCGCCCTCATA-3’
siRNA-3  Hs Ube2l 8 5’ -ACCACCATTATTTCACCCGAA-3’
siRNA-4  Hs Ube21 9 5’ -AAGGGTCCGAGCACAAGCCAA-3°

232 TERSZEGH sRNA (1)1 2

SN 3 M SEANEAL. siRNA-1 241, siRNA-2 4. 4 siRNA siia e
SFNKERMZ, #4s 48 h Ja, BRI 2% Ubco Fik. Ay siRNA-1 +3k
BT, FIUTEJG SRS R siRNA-1.

-77 -



FoOoFEXFHTFARL

siRNA-1: Rn Ube2i 2
Target sequence:  5'-GCGGCCAGCTATTACGATCAA-3’
Sense strand: 5-GGCCAGCUAUUACGAUCAATT-3’
Antisense strand:  3-UUGAUCGUAAUAGCUGGCCGC-3’
siRNA-2: Rn Ube2i 4
Target sequence:  5'-TTAGAGTAAATAAACTGTTTA-3’
Sense strand: 5-AGAGUAAAUAAACUGUUUATT-3’
Antisense strand:  S-UAAACAGUUUAUUUACUCUAA-3’

2.4 RE R RALTE
B AR SIZIG 0 oy RS2 8 —,  FEAR SIS 4y R S2 e — .

25 SRR FHRGERE (OGD)
] SEB—

2.6 X BR X B zh Bk PE 2R EY
[] SEI6 .

2.7 i = kA

FEGR A FETERT 1 REAT M = e . FARAT 12 /N 4E e, wTEBTOK. 47
KBRS 10%/KAEEE (300 mgkg) WREESIY, ¥ K BRAE A e A 5,
FESKTERAT IEFP AR D, 7y B ZH 4 F #2 1 X] Bregma /5. N = 247 LA Bregma 5,
NAERR, T (AP): -0.9mm, 4 (ML): 1.3mm, [F (DV): -4.2 mm. fild
BTFLIG, PRI 2R R I8 FF 4R N siRNA-Ubc9 BHEL/F siRNA 7.5ul, BEATRIE
AFERESE 10 min, ZEVESERGE B 5 min, ZES SRS, K AHIR
gavif.

2.8 Fii I 375 A4

[ SE5:
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2.9 Western blot
ARSI R SR = FEAAR SN [ SR DY .

2.10 MTT kb &%
EﬂQZ—u“

2.11 7N 20 RaqscE
[F] S5 —

2.12 HPYPHEITHFEITES
[ S0

2.13 REEAR
[ S 56—

2.14 FitFE S

ZA o I HE IR A SPSS13.0 HHT ST, Hhi R SR L S
rAER (MeantSEM) KR, #HAINRES 1T (NBS) PAH A% (Median) PY43f7
AR RN . & AL IAV R FH B R 3R 7 22908 (ONE-WAY AVOWAD  J7 ik EAT 2R H] L
8, ZHIE PP ELBCK A Bonferroni Test 730 #HT. 24 P<0.05 BN NE R4 E R

3E&ER

3.1 IF i RIAIEHE siRNA X SH-SY5Y 40 B 3% 23K
3.1.1 Ubc9 A b B 1) PCR 4

ikl 27 Fiasy Ubc9 £:F 1) PCR IEEHHEL IR K45 R, 5 Marker 18 5 T
— B, U R R A R )
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A - _;':m B M

N 7 '“m 2000 B

. \ j wv\ zz(c)) — F “w uh \l ” \w N\ W \|ﬁ |||
acakd

B 27 MBEIERIZE UbcY 8% H
(A) Ubc9 it Tk 8 55 A SR S FIRG DAL 55 (B) Ubc9 J: A 7% PCR B FRLIK 2551 .

3.1.2 RIS EERT LML SH-SYSY B QLR R

KSR A NN B R R b, {8 SH-SYSY 4l R4 2 it %9k Ubc9 . Y
J& 96 h FHEIE Z e BB ML KL, HIEW4IMAEL, 296 60%-70% 140 i 2 4%
P, VLB RIS R ) (B 28D,

A B

K 28 Ubc9 B8R T H LME
(A) KFL G B IE H UM (B) 180 B Y5 SH-SYSY 4 R . S0 6 i e
I8 B PR 40 A

3.1.2  Western blot £l i 3R IA 25 55 A1 sSIRNA [ 55 JeRR
TEREFRFE NN Ubc9 i R iA M2 5 A1 Ubc9 KA siRNA, #id Western

blot #r Ml 44 /5 SH-SYSY 4Hiffl Ubc9 HIFik, /e BIn] W5 IEF4aMAaLL, ik
185 25 1] DA 28 BESH B 4 M Ubc9 B H /K20 2.7 £ (P<0.05), T sRNA
AT DABH AW Ubc9 MERIE (P<0.05). 2 J& RS SUMO-1 F1 SUMO-2/3 &5 A 11
FILWEDL, KIL Lenti-Ubc9 M1 siRNA-Ubc9 1] LA 7] LA R i SUMO-1 EHKIA

(P<0.05); SR G4REEA siRNA J5, 5IEHE4MHE SUMO-2/3 S HfE =4 [A]
TR gt 52 2 5 (P>0.05) . Ut B Ubc9 1] LA I SUMO-1 & H 15 %, 111 SUMO-2/3
[RFRIL A 252 E] Ubc9 (152 .
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C Ctr lenti siRNA

A Ctr lenti siRNA SUMOL | e e S
UbCO | s = -

SUMO2/3 | sssmm sem s

B-actin | s " —

B-aCtin [ Sm———

D
A

* * 3 sumo1
Hl sumo2/3

o5}

-
o
[
1

o
o

q

*

-
1

*

Expression of ubc9
o
[-2]
Expression of
sumo-conjungates
N

S O
[

od
o
o

Ctr  Lenti siRNA Ctr Lenti SiRNA

B 29 siRNA i RIEFHEX Ubed F1 SUMO & H KR IE M
(A) Western blot £l #% 4% siRN A &5 £ J5 Ubc9 113K 1A 5 (B) Ubc9 £ H 1K BE 53475
(C) TER Y18 # Al sRNA J5 SUMO R&AME AR (D) SUMO R4uH MK
8T Ctr NIEH 4iE Control 41, Lenti Nid3RIAME Wi E: lentivirus 41, siRNA NEFR
Ho (*P<0.05vs. Ctr 41)

3.2 LA T UbcY B FE T UL R Bt LI R ERP1E A
K F Western blot £l Caspase-3 & H &K IEM S AIIH T-/KF, LUK MTT J7i%

Ao 200 M P o 5 SR S e e LA B AT L gl SR R 447 5 | A P A R T
m, PAR A g (P<0.05), fESSFRFH N sRNA, {if Ubc9 £ H KA T~ iM,
A DL B AR 0 <A o A B ) A5 £ 1 P A8 4 i ko e 440 0 P AU M 19 - (P<0.05
vs. OGD 41); b4 sINRA-Ubc9 A LAWHE S i be AL BE X OGD 4473 i # 42 fr4 1 H

(P<0.05 vs. IsoPC 2 ). {H & 40 o e e 8w 7, 1 SH-SYSY 4Hii s id %Kik Ubc9,
LentitOGD A4S M B 5 F OGD 4, I H M caspase-3 /K F-FRiATE I KE,
Lenti+OGD 40 T-F2 B B B8/ (P<0.05 vs. OGD 41D, iX—#r 45 R, i
FANZ TOAINL Ubc9 I35 7] LURFE — € IPh R VER], T AH I OGD #5244 145
IVER s R Ubc9 FRRIE AT LA = 240 i SE00H <5 A2 0, S 40 PR o e S 4 ) v
W, JF o S RU AR OGD % MR 1 H .
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A siRNA lenti
Sham Iso OGD IsoPC OGD IsoPC 0OGD IsoPC

Caspase-3 Y S S b

B-actin | e w— — — — — — —

# #
B.. ) € 1w , .
@
] 08 % *$
& 2F *
© = *8&
- ac
o Etﬂ
g =sﬂ4
3 3=
b4 0.2
-
ui
0 T

& 30 EIHERT I Ubc9 RIEXT 57 b Tl AL 2 4 & AR 57 4F F I B
(A) Western blot #:il] OGD #5115 J5 24h caspase-3 & FH ) FK L It: (B) caspase-3 & H
RIEMKEE M (C) MTT JRATMIEMERIIF1R 1 )5 24 h SH-SYSY [ 40 i 1%
(*P<0.05 vs. Sham ZH; "P<0.05 vs. %8 OGD 4H; “P<0.05 vs. #.4f OGD 4
$P<0.05 vs. IsoPC 4H)

3.3 KERMBEZE TS siRNA 53T E4A4R Ubcy & = KR

TR g LU0 i 593 43 7.5 I siRNA, FJFH  Western blot /57 #£ M %% Ubc9 & 3
KGN (B 31D, 1E siRNA JENT 48 h Jm, KEMZHZLN Ubc9 B H & R4 40%,
5 Sham HAHHEA et 52 E X (P<0.05), HAELFXHEZ (siRNA-control) X K RN
N UbcY HIZRILEAT W ZEEM (P>0.05),

A Sham siRNA-¢ siRNA
Ubco [®ms s o

B-actin | —————

ﬂ **
T .
‘\FC,O‘\ v-‘sp@

=

& &

=~

o

o

e 8 a o o«
> o

(% of Sham)

N

Expression of Ubc9

o
o

B 31 DR S siRNA X B 40 2 Ubc9 R IE 1 5
(A) siRNA yE5 5 48 /MR Ubc9 B H/KFE & (B) Ubc9 & HRIEMIKE 4T

(P<0.05 vs. Sham 21 )
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34 SHZSETH
FE S8 1 FE A A [R) s ] SR 4% 2 sh W ) A2 B 22 28, A3 pH 1 . PaO, . PaCO; .
AR SYAEAS A ] S ARG T B A2 2 5 (P>0.05).

R 8 AHESH
pH1H PaO,(mmHg)  PaCO, (mmHg)

R 25 TR

Sham 7.39+0.02 21049 3445

MCAO 7.40+0.04 20949 35+5

IsoPC 7.39+0.02 21011 36+4

siRNA+MCAO 7.40+0.03 211410 36+6

siRNA+IsoPC 7.40+0.04 21011 36+6
MCAO F 15

Sham 7.38+0.02 104+9 36+6

MCAO 7.40+0.03 104+9 35+4

IsoPC 7.38+0.04 105£10 35+5

siRNA+MCAO 7.39+0.04 10611 34+5

siRNA-+IsoPC 7.41£0.03 10411 34+6
BR¥EETS

Sham 7.39+0.03 104+10 3443

MCAO 7.41+0.04 104+8 36+6

IsoPC 7.40+0.04 105+8 35+4

SRNA+MCAO  7.38+0.02 10511 3545

siRNA-+IsoPC 7.40+0.03 104+10 35+5

3.5 TiAB4HER Ubey B9 FRIA T LLiisE 5 S i Ab I8 Y B R P1ER
BRI PR HEVE JS 24 h 34T TTC Yeta s R ThRE2A 1Ry, ] LA i e T AL BRZH 5
tb MCAO i/ Hsh Wit R AR B B, e et =0 E BT MCAO
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BRI (P<0.05). HAES siRNA FKAZ! Ube9 H)RE, 1 OGD #ifli )5
I E ARG N, AP ThAE AT B (P<0.05 vs. OGD 41, #—3n®E MCAO
SRR VE T s BeAh, 15T siRNA J&, -G Ak B o 28 (540 1 T 2%
RIL siRN A+lsoPC AL DI REAVF 73 BRI, I BESE RS N (P<0.05 vs. IsoPC 2.
YA R YR A 2121 Ubce9 (1228 m] DA I o Bk i R of P v 53 4 R B, I HL 3ot
ST AL B I A 22 AR E

20+ —_ £
o | ewme came * S 40- I
=4 r— o X
S 15- £
2 - S 301 *
5 =
—% (]
-% 10 dg 55 o
K] o -
) - PR o
- @ —
3 5 * —‘?‘- & S 10
= £
c T T T T T L} c ) 1 T
& F O L O L & o) ) (9 O
& ™ v 4 L 2 v Q R Q
F £ ¢ ¢ F F ¢
o > < %

B 32 TiEMALR Ubc9 K FRIA X 7B R/ K m
(A) BRI REE 155 24 h KERIN41ZR TTC 4t (B) KRNI H 20 b (C)
BEVEJS 24 h KB IRE %04y . (*P<0.05 vs. MCAO 20, #P<0.05 vs. IsoPC 4H)
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4 e

S B P SUMO R4t B2 JEHME Ubco R L u B AL 23 (08, M2
FERBE AL B ORI VE R o 72 B AR S 00 SR F A i SR8 B A ST A E
IR Ubc9 1) SH-SYSY 4 &, LAR/NT-H0 RNA ZERIEAR T UbcY fE-M1 48 7T
S P R IE AN I A A AT R A R BoR . B Ubc9 ik Al DA 2 ORI 2%
s R Ubc9 AT 3G NAH MY T 2 3G 0 28 o0 SRS B 4 Y stk 9 HL ol 3 7% e o
Foe A PR KRR 22 R 4 FH o 72 A4S SIZ 6 AR 38 e 25 1 DR BRI oG = V3 5 /N RNA T i
M Ubc9 /K& &, BB IR F o &5 R EoR: T Ubc9 fEK
Bt Jr Sk P o B L4534 J I RESE S ARG K, S R P N 2

Ubc9 72 SUMO i&f2H B2 #EH:fg, X T SUMO &M A RA EEEN. i
FLgi RN, @I A siRNA % Ubc9 3RIE, [FIFEAT L2456 SUMO-1
K&, T SUMO-2/3 HIRIK A B R34, i Ubcd Al L5 SUMO-1 1
BB . (RN AR BB 7 R BN, (R AARTAEE I, 5 SRR A Ll 3h P A P
Ubc9 /KFE i hn 2-3 £, M&5&7% SUMO & /K IneEikis 30 5, #iHIKE
BG4 SUMO & 1175 3 R LI 32 #8514 MR SN I e 2 1 T B

PATEA T 508 i did 0k Ube9 B FE /N, KA SUMO HEH &
wE RN, FHSEAR/NSAE, Ubco FIEE /N R T pMCAO #t i {4 1if 52
FERETE SR, RN RURD, g gURgifRE oeE™ . mIkE B2 R T2
M A A1 NEDD (Neural precursor cell-expressed Developmentally Downregluated-8)
PR AR PR TN R A BT R B Ubeo B AT DL B Bl R AR

(SAE1/SAE2) BHIEHAG AL, A4 SUMO i HEAL/E I BAL SUMO B AT
BRI RIE A - Ubc9 X SUMO i A% 424 E F e -4 A B AN & il B A Y Ubed HH
1M A& B M Ubc9 2848 4K (dominant negative Ubc9 mutant, Ubc9-DN), ‘& H A H4% E2
BRI EHI2%), BT Ubc9-DN 15 SUMO El g4 & SUMO fhidfe, [Hik
LKA Ube9-DN ik, N4/l i) 45574 SUMO & H W] ksl

SR UE, SUMO bigte) iz el A B R B RS, 25 2 M 5%
TR, HERERIA, QORGSR EY, &AL, RE DR,
1 5 E B P £ 58 57 DA S EREBE TR ZH g e B 20 (R, SUMO R Gent T4 R4 il
NIRRT S B EEAEA
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7]\ ¥

ARHEFCRF SH-SYSY 44 MERIZF (OGD) HIRYAT SD K KR A4 fisi sk 1
(MCAO) #5784, 5 SRR 5 s Sl TILAL 3 T~ 2R 4 22 T 20 it SEHE K15 2 52 4Rt
3 JE VEVEFN GRS FIRIRE ,  JEAE PR VEAL S S T A 380 0K B 8 ZE A AR A A 242
THRESA VP BIRENA o (R BEFEA AT T 1 e Jee LA PRANBR ML ER A 5475 % UPS/SUMO
RGP SHREARBACF IS, FiE— D0 5 e id B SRR TE /N T4 RNA BiE
% SUMO JEH2 § Ubc9 78 SUMO b 7K 1A 7E 57 Fibe T A B4 28 SR 28508 (15
ZEI M R BT
1. B S b TRUAL B %o 40 30 < 40 05 PR SR 22 e Al M B AT s &2 AR AP VR
2. 5 R S LA B Ko Jy A e o R ot 5349 1) K SR LA R 280
3. UPS/SUMO 428 [ 4% 2 5 i ik S 1 40 40 S5 S8 o TR B Ash 28 A R 11
ADBUN B
4. i SUMO HEH:§ Ubc9 Kik, 145k SUMO fLidhfe, nIB &Ry, =
A HC B B TR S U AR S ORI E A

- 86 -



FoOoFEXFHTFARL

(1]

(2]

(3]

(4]

[3]

(6]
(7]

(8]

[9]

[10]

[11]

[12]

&3k

Yin X, Su B, Zhang H, et al. TREKI activation mediates spinal cord ischemic tolerance
induced by isoflurane preconditioning in rats. Neurosci Lett, 2012, 515(2):115-120.

Zhang HP, Yuan L B, Zhao R N, et al. [soflurane preconditioning induces neuroprotection by
attenuating ubiquitin-conjugated protein aggregation in a mouse model of transient global
cerebral ischemia. Anesth Analg, 2010, 111(2):506-514.

Chen Y, Nie H, Tian L, et al. Sevoflurane preconditioning-induced neuroprotection is
associated with Akt activation via carboxy-terminal modulator protein inhibition. Br J Anaesth,
2015, 114(2):327-335.

Yang Q, Yan W, Li X, et al. Activation of canonical notch signaling pathway is involved in the
ischemic tolerance induced by sevoflurane preconditioning in mice. Anesthesiology, 2012,
117(5):996-1005.

Lo E H. Experimental models, neurovascular mechanisms and translational issues in stroke
research. Br J Pharmacol, 2008, 153 Suppl 1:S396-S405.

Vogel G. Nobel Prizes. Gold medal from cellular trash. Science, 2004, 306(5695):400-401.
Jung E S, Hong H, Kim C, et al. Acute ER stress regulates amyloid precursor protein
processing through ubiquitin-dependent degradation. SciRep, 2015, 5:8805.

Jiang S, Park D W, Gao Y, et al. Participation of proteasome-ubiquitin protein degradation in
autophagy and the activation of AMP-activated protein kinase. Cell Signal, 2015,
27(6):1186-1197.

Tai H C, Schuman E M. Ubiquitin, the proteasome and protein degradation in neuronal
function and dysfunction. Nat Rev Neurosci, 2008, 9(11):826-838.

Thompson S J, Loftus L T, Ashley M D, et al. Ubiquitin-proteasome system as a modulator of
cell fate. Curr Opin Pharmacol, 2008, 8(1):90-95.

Geiss-Friedlander R, Melchior F. Concepts in sumoylation: a decade on. Nat Rev Mol Cell
Biol, 2007, 8(12):947-956.

Martin S, Wilkinson K A, Nishimune A, et al. Emerging extranuclear roles of protein

-87 -



FoOoFEXFHTFARL

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

SUMOylation in neuronal function and dysfunction. Nat Rev Neurosci, 2007,8(12):948-959.
Lee Y J, Miyake S, Wakita H, et al. Protemn SUMOylation is massively increased in
hibernation torpor and is critical for the cytoprotection provided by ischemic preconditioning
and hypothermia in SHSYSY cells. J Cereb Blood Flow Metab, 2007, 27(5):950-962.

Lee Y J, Mou Y, Klimanis D, et al. Global SUMOylation is a molecular mechanism underlying
hypothermia-induced ischemic tolerance. Front Cell Neurosci, 2014, 8:416.

Mozaffarian D, Benjamin E J, Go A S, et al. Heart disease and stroke statistics--2015 update: a
report from the American Heart Association. Circulation, 2015, 131(4):229-e322.

Lopez A D, Mathers C D, Ezzati M, et al. Global and regional burden of disease and risk
factors, 2001: systematic analysis of population health data. Lancet, 2006, 367(9524): 1747-1757.
Ferrari D C, Nesic O, Perez-Polo J R. Perspectives on neonatal hypoxia/ischemia-induced
edema formation. Neurochem Res, 2010, 35(12):1957-1965.

Chan P H. Reactive oxygen radicals in signaling and damage in the ischemic brain. J Cereb
Blood Flow Metab, 2001, 21(1):2-14.

Chen H, Song Y S, Chan P H. Inhibition of NADPH oxidase is neuroprotective after
ischemia-reperfusion. J Cereb Blood Flow Metab, 2009, 29(7):1262-1272.

Wang Q, Tompkins K D, Simonyi A, et al. Apocynin protects against global cerebral
ischemia-reperfusion-induced oxidative stress and injury in the gerbil hippocampus. Brain
Res, 2006, 1090(1):182-189.

Lakhan S E, Kirchgessner A, Hofer M. Inflammatory mechanisms in ischemic stroke:
therapeutic approaches. J Transl Med, 2009, 7:97.

Werner C, Engelhard K. Pathophysiology of traumatic brain injury. Br J Anaesth, 2007,
99(1):4-9.

Lipton P. Ischemic cell death in brain neurons. Physiol Rev, 1999, 79(4):1431-1568.

Iwabuchi S, Watanabe T, Kawahara K. Spatio-temporal spread of neuronal death after focal
photolysis of caged glutamate in neuron/astrocyte co-cultures. Neurochem Int, 2013,
62(7):1020-1027.

Rami A, Kogel D. Apoptosis meets autophagy-like cell death in the ischemic penumbra: Two

sides of the same coin? Autophagy, 2008, 4(4):422-426.
- 88 -



FoOoFEXFHTFARL

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Taoufik E, Probert L. Ischemic neuronal damage. Curr Pharm Des, 2008,14(33):3565-3573.
Broughton B R, Reutens D C, Sobey C G. Apoptotic mechanisms after cerebral ischemia.
Stroke, 2009, 40(5):e331-e339.

Liu C, Gao Y, Barrett J, et al. Autophagy and protein aggregation after brain ischemia. J
Neurochem, 2010, 115(1):68-78.

Wen Y D, Sheng R, Zhang L S, et al. Neuronal injury in rat model of permanent focal cerebral
ischemia is associated with activation of autophagic and lysosomal pathways. Autophagy,
2008, 4(6):762-769.

Adhami F, Liao G, Morozov Y M, et al. Cerebral ischemia-hypoxia induces intravascular
coagulation and autophagy. Am J Pathol, 2006, 169(2):566-583.

Carloni S, Buonocore G, Balduini W. Protective role of autophagy in neonatal hypoxia-
ischemia induced brain injury. Neurobiol Dis, 2008, 32(3):329-339.

Ginet V, Puyal J, Clarke P G, et al. Enhancement of autophagic flux after neonatal cerebral
hypoxia-ischemia and its region-specific relationship to apoptotic mechanisms. Am J Pathol,
2009, 175(5):1962-1974.

Du L, Hickey R W, Bayir H, et al. Starving neurons show sex difference in autophagy. J Biol
Chem, 2009, 284(4):2383-2396.

Li J, Mccullough L D. Effects of AMP-activated protein kinase in cerebral ischemia. J Cereb
Blood Flow Metab, 2010, 30(3):480-492.

Koike M, Shibata M, Tadakoshi M, et al. Inhibition of autophagy prevents hippocampal
pyramidal neuron death after hypoxic-ischemic injury. Am J Pathol, 2008, 172(2):454-469.
Kubota C, Torii S, Hou N, et al. Constitutive reactive oxygen species generation from
autophagosome/lysosome in neuronal oxidative toxicity. J Biol Chem, 2010, 285(1):667-674.
Li Q, Li H, Roughton K, et al. Lithium reduces apoptosis and autophagy after neonatal
hypoxia-ischemia. Cell Death Dis, 2010, 1:e56.

Shang J, Deguchi K, Yamashita T, et al. Antiapoptotic and antiautophagic effects of glial cell
line-derived neurotrophic factor and hepatocyte growth factor after transient middle cerebral
artery occlusion in rats. J NeurosciRes, 2010, 88(10):2197-2206.

Steiger- Barraissoul S, Rami A. Serum deprivation induced autophagy and predominantly an
-89 -



FoOoFEXFHTFARL

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

AIF-dependent apoptosis  in hippocampal HT22 neurons. Apoptosis, 2009, 14(11):1274-1288.
Eum K H, Lee M. Targeting the autophagy pathway using ectopic expression of Beclin 1 in
combination with rapamycin in drug-resistant v-Ha-ras-transformed NIH 3T3 cells. Mol Cells,
2011, 31(3):231-238.

Carloni S, Girelli S, Scopa C, et al. Activation of autophagy and Akt/CREB signaling play an
equivalent role in the neuroprotective effect of rapamycin in neonatal hypoxia-ischemia.
Autophagy, 2010, 6(3):366-377.

Zhou X, Zhou J, Li X, et al. GSK-3beta inhibitors suppressed neuroinflammation in rat cortex
by activating autophagy in ischemic brain injury. Biochem Biophys Res Commun, 2011,
411(2)2271-275.

Yuen E Y, Liu W, Yan Z. The phosphorylation state of GluRl subunits determines the
susceptibility of AMPA receptors to calpain cleavage. J Biol Chem, 2007, 282(22):16434-16440.
Gomes J R, Costa] T, Melo C V, et al. Excitotoxicity downregulates TrkB.FL signaling and
upregulates the neuroprotective truncated TrkB receptors in cultured hippocampal and striatal
neurons. J Neurosci, 2012, 32(13):4610-4622.

Heales S J, Bolanos J P, Stewart V C, et al. Nitric oxide, mitochondria and neurological
disease. Biochim Biophys Acta, 1999, 1410(2):215-228.

Jia J, Verma S, Nakayama S, et al. Sex differences in neuroprotection provided by inhibition of
TRPM2 channels following experimental stroke. J Cereb Blood Flow Metab, 2011,
31(11):2160-2168.

Sun H S, Jackson M F, Martin L J, et al. Suppression of hippocampal TRPM7 protein prevents
delayed neuronal death in brain ischemia. Nat Neurosci, 2009, 12(10):1300-1307.

Gu L, Liu X, Yang Y, et al. ASICs aggravate acidosis-induced injuries during ischemic
reperfusion. Neurosci Lett, 2010, 479(1):63-68.

Kohno K, Higuchi T, Ohta S, et al. Neuroprotective nitric oxide synthase inhibitor reduces
intracellular calcium accumulation following transient global ischemia in the gerbil. Neurosci
Lett, 1997, 224(1):17-20.

Nakka V P, Gusain A, Raghubir R. Endoplasmic reticulum stress plays critical role in brain

damage after cerebral ischemia/reperfusion in rats. Neurotox Res, 2010, 17(2):189-202.
-90 -



FoOoFEXFHTFARL

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Roberts G G, Di Loreto M J, Marshall M, et al. Hippocampal cellular stress responses after
global brain ischemia and reperfusion. Antioxid Redox Signal, 2007, 9(12):2265-2275.

Osada N, Kosuge Y, Ishige K, et al. Characterization of neuronal and astroglial responses to
ER stress in the hippocampal CAl area in mice following transient forebrain ischemia.
Neurochem Int, 2010, 57(1):1-7.

Tajiri S, Oyadomari S, Yano S, et al. Ischemia-induced neuronal cell death is mediated by the
endoplasmic reticulum stress pathway involving CHOP. Cell Death Differ, 2004, 11(4):403-415.
Iadecola C, Anrather J. The immunology of stroke: from mechanisms to translation. Nat Med,
2011, 17(7):796-808.

Macrez R, Ali C, Toutirais O, et al. Stroke and the immune system: from pathophysiology to
new therapeutic strategies. Lancet Neurol, 2011, 10(5):471-480.

Konstantinov I E, Arab S, Kharbanda R K, et al. The remote ischemic preconditioning
stimulus modifies inflammatory gene expression in humans. Physiol Genomics, 2004,
19(1):143-150.

Pradillo J M, Fernandez-Lopez D, Garcia-Yebenes I, et al. Toll-like receptor 4 is involved in
neuroprotection afforded by ischemic preconditioning. J Neurochem, 2009, 109(1):287-294.
Pradillo J M, Romera C, Hurtado O, et al. TNFR1 upregulation mediates tolerance after brain
ischemic preconditioning. J Cereb Blood Flow Metab, 2005, 25(2):193-203.

Bantel C, Maze M, Trapp S. Neuronal preconditioning by inhalational anesthetics: evidence for the
role of plasmalemmal adenosine triphosphate-sensitive potassium channels. Anesthesiology, 2009,
110(5):986-995.

Wilhelm S, Ma D, Maze M, et al. Effects of xenon on in vitro and in vivo models of neuronal
injury. Anesthesiology, 2002, 96(6):1485-1491.

David H N, Leveille F, Chazalviel L, et al. Reduction of ischemic brain damage by nitrous
oxide and xenon. J Cereb Blood Flow Metab, 2003, 23(10):1168-1173.

Haseneder R, Kratzer S, Kochs E, et al. Xenon attenuates excitatory synaptic transmission in the
rodent prefrontal cortex and spinal cord dorsal horn. Anesthesiology, 2009, 111(6):1297-1307.
Bantel C, Maze M, Trapp S. Noble gas xenon is a novel adenosine triphosphate-sensitive

potassium channel opener. Anesthesiology, 2010, 112(3):623-630.
-91 -



FoOoFEXFHTFARL

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Fahlenkamp A V, Coburn M, Haase H, et al. Xenon enhances LPS-induced IL-lbeta
expression in microglia via the extracellular signal-regulated kinase 1/2 pathway. J Mol
Neurosci, 2011, 45(1):48-59.

Charriaut-Marlangue C, Bonnin P, Gharib A, et al. Inhaled nitric oxide reduces brain damage
by collateral recruitment in a neonatal stroke model. Stroke, 2012, 43(11):3078-3084.

Terpolilli N A, Kim S W, Thal S C, et al. Inhalation of nitric oxide prevents ischemic brain
damage in experimental stroke by selective dilatation of collateral arterioles. Circ Res, 2012,
110(5):727-738.

Li Y S, Shemmer B, Stone E, et al. Neuroprotection by inhaled nitric oxide in a murine stroke
model is concentration and duration dependent. Brain Res, 2013, 1507:134-145.

Keynes R G, Garthwaite J. Nitric oxide and its role in ischaemic brain injury. Curr Mol Med,
2004, 4(2):179-191.

Gruss M, Bushell T J, Bright D P, et al. Two-pore-domain K+ channels are a novel target for the
anesthetic gases xenon, nitrous oxide, and cyclopropane. Mol Pharmacol, 2004, 65(2):443-452.
Mennerick S, Jevtovic-Todorovic V, Todorovic S M, et al. Effect of nitrous oxide on
excitatory and inhibitory synaptic transmission in hippocampal cultures. J Neurosci, 1998,
18(23):9716-9726.

Abraini J H, David H N, Lemaire M. Potentially neuroprotective and therapeutic properties of
nitrous oxide and xenon. Ann N'Y Acad Sci, 2005, 1053:289-300.

Weng Y, Sun S. Therapeutic hypothermia after cardiac arrest in adults: mechanism of
neuroprotection, phases of hypothermia, and methods of cooling. Crit Care Clin, 2012,
28(2):231-243.

Newberg L A, Michenfelder J D. Cerebral protection by isoflurane during hypoxemia or
ischemia. Anesthesiology, 1983, 59(1):29-35.

Newberg L A, Milde J H, Michenfelder J D. The cerebral metabolic effects of isoflurane at and
above concentrations that suppress cortical electrical activity. Anesthesiology, 1983, 59(1):23-28.

Wise-Faberowski L, Osorio-Lujan S. Acute and sustained isoflurane neuroprotection: the
effect of culture age and duration of oxygen and glucose deprivation. Brain Inj, 2013,

27(4):444-453.
-92 -



FoOoFEXFHTFARL

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Lee J J, LiL, Jung HH, et al. Postconditioning with isoflurane reduced ischemia-induced brain
injury in rats. Anesthesiology, 2008, 108(6):1055-1062.

Xiong L, Zheng Y, Wu M, et al. Preconditioning with isoflurane produces dose-dependent
neuroprotection via activation of adenosine triphosphate-regulated potassium channels after
focal cerebral ischemia in rats. Anesth Analg, 2003, 96(1):233-237.

Sang H, Cao L, Qiu P, et al. Isoflurane produces delayed preconditioning against spinal cord
ischemic injury via release of free radicals in rabbits. Anesthesiology, 2006, 105(5):953-960.
Statler K D, Janesko K L, Melick J A, et al. Hyperglycolysis is exacerbated after traumatic
brain injury with fentanyl vs. isoflurane anesthesia in rats. Brain Res, 2003, 994(1):37-43.
Hertle D, Beynon C, Zweckberger K, et al. Influence of isoflurane on neuronal death and
outcome in a rat model of traumatic brain injury. Acta Neurochir Suppl, 2012, 114:383-386.
Carla V, Moroni F. General anaesthetics inhibit the responses induced by glutamate receptor
agonists in the mouse cortex. Neurosci Lett, 1992, 146(1):21-24.

Bickler P E, Warner D S, Stratmann G, et al. gamma-Aminobutyric acid-A receptors
contribute to isoflurane neuroprotection in organotypic hippocampal cultures. Anesth Analg,
2003, 97(2):564-571.

Kimbro J R, Kelly P J, Drummond J C, et al. Isoflurane and pentobarbital reduce AMPA
toxicity in vivo in the rat cerebral cortex. Anesthesiology, 2000, 92(3):806-812.

Miyazaki H, Nakamura Y, Arai T, et al. Increase of glutamate uptake in astrocytes: a possible
mechanism of action of volatile anesthetics. Anesthesiology, 1997, 86(6):1359-1366, 8A.
Kawaguchi M, Drummond J C, Cole D J, et al. Effect of isoflurane on neuronal apoptosis in
rats subjected to focal cerebral ischemia. Anesth Analg, 2004, 98(3):798-805.

LiJ T, Wang H, Li W, et al. Anesthetic isoflurane posttreatment attenuates experimental lung
injury by inhibiting inflammation and apoptosis. Mediators Inflamm, 2013, 2013:108928.

Li L, Peng L, Zuo Z. Isoflurane preconditioning increases B-cell lymphoma-2 expression and
reduces cytochrome c release from the mitochondria in the ischemic penumbra of rat brain. Eur
J Pharmacol, 2008, 586(1-3):106-113.

Gray J J, Bickler P E, Fahlman C S, et al. Isoflurane neuroprotection in hypoxic hippocampal

slice cultures involves increases in intracellular Ca®" and mitogen-activated protein kinases.
-93 .-



FoOoFEXFHTFARL

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Anesthesiology, 2005, 102(3):606-615.

Kitano H, Young J M, Cheng J, et al. Gender-specific response to isoflurane preconditioning in
focal cerebral ischemia. J Cereb Blood Flow Metab, 2007, 27(7):1377-1386.

Bickler P E, Fahlman C S. The inhaled anesthetic, isoflurane, enhances Ca2+—dependent
survival signaling in cortical neurons and modulates MAP kinases, apoptosis proteins and
transcription  factors during hypoxia. Anesth Analg, 2006, 103(2):419-429.

Zhao P, Zuo Z. Isoflurane preconditioning induces neuroprotection that is inducible nitric
oxide synthase-dependent in neonatal rats. Anesthesiology, 2004, 101(3):695-703.

Tanaka K, Weihrauch D, Ludwig L M, et al. Mitochondrial adenosine triphosphate-regulated
potassium channel opening acts as a trigger for isoflurane-induced preconditioning by
generating reactive oxygen species. Anesthesiology, 2003, 98(4):935-943.

Bleilevens C, Roehl A B, Goetzenich A, et al. Effect of anesthesia and cerebral blood flow on
neuronal injury in a rat middle cerebral artery occlusion (MCAO) model. Exp Brain Res, 2013,
224(2):155-164.

Altay O, Suzuki H, Hasegawa Y, et al. Isoflurane on brain inflammation. Neurobiol Dis, 2014,
62:365-371.

Luh C, Gierth K, Timaru-Kast R, et al. Influence of a brief episode of anesthesia during the
induction of experimental brain trauma on secondary brain damage and inflammation. PLoS
One, 2011,6(5):¢19948.

Shen X, Dong Y, Xu Z, et al. Selective anesthesia-induced neuroinflammation in developing
mouse brain and cognitive impairment. Anesthesiology, 2013, 118(3):502-515.

Wu X, Lu Y, Dong Y, et al. The inhalation anesthetic isoflurane increases levels of
proinflammatory TNF-alpha, IL-6, and IL-1beta. Neurobiol Aging, 2012, 33(7):1364-1378.
Goldberg A L. Protein degradation and protection against misfolded or damaged proteins.
Nature, 2003, 426(6968):895-899.

Vogel G, Malakoff D. Nobel Peace Prize. Kenya's Maathai wins for reforestation work.
Science, 2004, 306(5695):391.

Belogurov A J, Kuzina E, Kudriaeva A, et al. Ubiquitin-independent proteosomal degradation

of myelin basic protein contributes to development of neurodegenerative autoimmunity.
-94 -



FoOoFEXFHTFARL

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

FASEB J, 2015.

Ulrich H D. The fast-growing business of SUMO chains. Mol Cell, 2008, 32(3):301-305.
Ravid T, Hochstrasser M. Diversity of degradation signals in the ubiquitin-proteasome system.
Nat Rev Mol Cell Biol, 2008, 9(9):679-690.

Nedelsky N B, Todd P K, Taylor J P. Autophagy and the ubiquitin-proteasome system:
collaborators in neuroprotection. Biochim Biophys Acta, 2008, 1782(12):691-699.

Wilson V G, Heaton P R. Ubiquitin proteolytic system: focus on SUMO. Expert Rev
Proteomics, 2008, 5(1):121-135.

Zhang Y Q, Sarge K D. Sumoylation of amyloid precursor protein negatively regulates Abeta
aggregate levels. Biochem Biophys Res Commun, 2008, 374(4):673-678.

Cheng J, Kang X, Zhang S, et al. SUMO-specific protease 1 is essential for stabilization of
HIF lalpha during hypoxia. Cell, 2007, 131(3):584-595.

Nakka V P, Lang B T, Lenschow D J, et al. Increased cerebral protein ISGylation after focal
ischemia is neuroprotective. J Cereb Blood Flow Metab, 2011, 31(12):2375-2384.

Pamenter M E, Perkins G A, Mcginness A K, et al. Autophagy and apoptosis are differentially
induced in neurons and astrocytes treated with an in vitro mimic of the ischemic penumbra.
PLoS One, 2012, 7(12):¢51469.

Harder Z, Zunino R, Mcbride H. Sumol conjugates mitochondrial substrates and participates
in mitochondrial fission. Curr Biol, 2004, 14(4):340-345.

Zunino R, Schauss A, Rippstein P, et al. The SUMO protease SENP5 is required to maintain
mitochondrial morphology and function. J Cell Sci, 2007, 120(Pt 7):1178-1188.

Zungu M, Schisler J, Willis M S. All the little pieces. -Regulation of mitochondrial fusion and
fission by ubiquitin and small ubiquitin-like modifer and their potential relevance in the heart.-.
Circ J, 2011, 75(11):2513-2521.

Hoppe J B, Rattray M, Tu H, et al. SUMO-1 conjugation blocks beta-amyloid-induced
astrocyte reactivity. Neurosci Lett, 2013, 546:51-56.

Becker J, Barysch S V, Karaca S, et al. Detecting endogenous SUMO targets in mammalian
cells and tissues. Nat Struct Mol Biol, 2013, 20(4):525-531.

Giorgino F, de Robertis O, Laviola L, et al. The sentrin-conjugating enzyme mUbc9 interacts
-95-



FoOoFEXFHTFARL

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

with GLUT4 and GLUT1 glucose transporters and regulates transporter levels in skeletal
muscle cells. Proc Natl Acad SciU S A, 2000, 97(3):1125-1130.

Liu L B, Omata W, Kojima I, et al. The SUMO conjugating enzyme Ubc9 is a regulator of
GLUT4 turnover and targeting to the insulin-responsive storage compartment in 3T3-L1
adipocytes. Diabetes, 2007, 56(8):1977-1985.

Chao X D, Fei F, Fei Z. The role of excitatory amino acid transporters in cerebral ischemia.
Neurochem Res, 2010, 35(8):1224-1230.

Gibb S L, Boston-Howes W, Lavina Z S, et al. A caspase-3-cleaved fragment of the ghal
glutamate transporter EAAT2 is sumoylated and targeted to promyelocytic leukemia nuclear
bodies in mutant SODI-linked amyotrophic lateral sclerosis. J Biol Chem, 2007,
282(44):32480-32490.

Plant L D, Zuniga L, Araki D, et al. SUMOylation silences heterodimeric TASK potassium
channels containing K2P1 subunits in cerebellar granule neurons. Sci Signal, 2012, 5(251):a84.
Stapels M, Piper C, Yang T, et al. Polycomb group proteins as epigenetic mediators of
neuroprotection in ischemic tolerance. Sci Signal, 2010, 3(111):al5.

Benson M D, Li Q J, Kieckhafer K, et al. SUMO modification regulates inactivation of the
voltage-gated potassium channel Kv1.5. Proc Natl Acad SciU S A, 2007, 104(6):1805-1810.
Dai X Q, Kolic J, Marchi P, et al. SUMOylation regulates Kv2.1 and modulates pancreatic
beta-cell excitability. J Cell Sci, 2009, 122(Pt 6):775-779.

Plant L D, Dowdell E J, Dementieva I S, et al. SUMO modification of cell surface Kv2.1
potassium channels regulates the activity of rat hippocampal neurons. J Gen Physiol, 2011,
137(5):441-454.

Zhu Q J, Xu'Y, Du CP, et al. SUMOylation of the kainate receptor subunit GluK2 contributes
to the activation of the MLK3-JNK3 pathway following kainate stimulation. FEBS Lett, 2012,
586(9):1259-1264.

Konopacki F A, Jaafari N, Rocca D L, et al. Agonist-induced PKC phosphorylation regulates
GluK2 SUMOylation and kainate receptor endocytosis. Proc Natl Acad Sci U S A, 2011,
108(49):19772-19777.

Caraci F, Battaglia G, Sortino M A, et al Metabotropic glutamate receptors in
-96 -



FoOoFEXFHTFARL

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

neurodegeneration/neuroprotection: still a hot topic? Neurochem Int, 2012, 61(4):559-565.
Dutting E, Schroder-Kress N, Sticht H, et al. SUMO E3 ligases are expressed in the retina and
regulate SUMOylation of the metabotropic glutamate receptor 8b. Biochem J, 2011,
435(2):365-371.

Gowran A, Murphy C E, Campbell V A. Delta(9)-tetrahydrocannabinol regulates the p53
post-translational modifiers Murine double minute 2 and the Small Ubiquitin MOdifier protein
in the rat brain. FEBS Lett, 2009, 583(21):3412-3418.

Yonekura I, Takai K, Asai A, et al. p53 potentiates hippocampal neuronal death caused by
global ischemia. J Cereb Blood Flow Metab, 2006, 26(10):1332-1340.

Nunez-O'Mara A, Berra E. Deciphering the emerging role of SUMO conjugation in the
hypoxia-signaling cascade. Biol Chem, 2013, 394(4):459-469.

van Hagen M, Overmeer R M, Abolvardi S S, et al. RNF4 and VHL regulate the proteasomal
degradation of SUMO-conjugated Hypoxia-Inducible Factor-2alpha. Nucleic Acids Res, 2010,
38(6):1922-1931.

Cai Q, Verma S C, Kumar P, et al. Hypoxia inactivates the VHL tumor suppressor through
PIASy-mediated SUMO modification. PLoS One, 2010, 5(3):¢9720.

Hilgarth R S, Hong Y, Park-Sarge O K, et al. Insights into the regulation of heat shock
transcription factor 1 SUMO-1 modification. Biochem Biophys Res Commun, 2003,
303(1):196-200.

Hong Y, Rogers R, Matunis M J, et al. Regulation of heat shock transcription factor 1 by
stress-induced SUMO-1 modification. J Biol Chem, 2001, 276(43):40263-40267.

Hietakangas V, Anckar J, Blomster H A, et al. PDSM, a motif for phosphorylation-dependent
SUMO modification. Proc Natl Acad Sci U S A, 2006, 103(1):45-50.

Yin C, Xi L, Wang X, et al. Silencing heat shock factor 1 by small interfering RNA abrogates
heat shock-induced cardioprotection against ischemia-reperfusion injury in mice. J Mol Cell
Cardiol, 2005, 39(4):681-689.

Schneider A, Martin- Villalba A, Weih F, et al. NF-kappaB is activated and promotes cell death
in focal cerebral ischemia. Nat Med, 1999, 5(5):554-559.

Culver C, Sundqvist A, Mudie S, et al. Mechanism of hypoxia-induced NF-kappaB. Mol Cell
-97-



FoOoFEXFHTFARL

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

Biol, 2010, 30(20):4901-4921.

Nurmi A, Lindsberg P J, Koistinaho M, et al. Nuclear factor-kappaB contributes to infarction
after permanent focal ischemia. Stroke, 2004, 35(4):987-991.

Eun J L, Sung HH, Jaesun C, et al. Regulation of glycogen synthase kinase 3beta functions by
modification of the small ubiquitin-like modifier. Open Biochem J, 2008, 2:67-76.

Picard N, Caron V, Bilodeau S, et al. Identification of estrogen receptor beta as a SUMO-1
target reveals a novel phosphorylated sumoylation motif and regulation by glycogen synthase
kinase 3beta. Mol Cell Biol, 2012, 32(14):2709-2721.

Shin J A, Yang S J, Jeong S I, et al. Activation of estrogen receptor beta reduces blood-brain
barrier breakdown following ischemic injury. Neuroscience, 2013, 235:165-173.

Davies C, Tournier C. Exploring the function of the JNK (c-Jun N-terminal kinase) signalling
pathway in physiological and pathological processes to design novel therapeutic strategies.
Biochem Soc Trans, 2012, 40(1):85-89.

Feligioni M, Brambilla E, Camassa A, et al. Crosstalk between JNK and SUMO signaling
pathways: deSUMOylation is protective against H202-induced cell injury. PLoS One, 2011,
6(12):¢28185.

Kim HJ, Yun J, Lee J, et al. SUMOI attenuates stress-induced ROS generation by inhibiting
NADPH oxidase 2. Biochem Biophys Res Commun, 2011, 410(3):555-562.

Leitao B B, Jones M C, Brosens J J. The SUMO E3-ligase PIAS1 couples reactive oxygen
species-dependent JNK activation to oxidative cell death. FASEB J, 2011, 25(10):3416-3425.
de la Vega L, Grishina I, Moreno R, et al. A redox-regulated SUMO/acetylation switch of
HIPK2 controls the survival threshold to oxidative stress. Mol Cell, 2012, 46(4):472-483.
Foran E, Bogush A, Goffredo M, et al. Motor neuron impairment mediated by a sumoylated
fragment of the glial glutamate transporter EAAT2. Glia, 2011, 59(11):1719-1731.

Plant L D, Zuniga L, Araki D, et al. SUMOylation silences heterodimeric TASK potassium
channels containing K2P1 subunits in cerebellar granule neurons. Sci Signal, 2012, 5(251):a84.
Plant L D, Dowdell E J, Dementieva I S, et al. SUMO modification of cell surface Kv2.1
potassium channels regulates the activity of rat hippocampal neurons. J Gen Physiol, 2011,

137(5):441-454.
- 98-



FoOoFEXFHTFARL

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Tong L, Cai M, Huang Y, et al Activation of K(2)P channel-TREK1 mediates the
neuroprotection induced by sevoflurane preconditioning. Br J Anaesth, 2014, 113(1):157-167.
Martin S, Nishimune A, Mellor J R, et al. SUMOylation regulates kainate-receptor-mediated
synaptic transmission. Nature, 2007, 447(7142):321-325.

Feligioni M, Nishimune A, Henley J M. Protein SUMOylation modulates calcium influx and
glutamate release from presynaptic terminals. Eur J Neurosci, 2009, 29(7):1348-1356.

Jaafari N, Konopacki F A, Owen T F, et al. SUMOylation is required for glycine-induced
increases in AMP A receptor surface expression (ChemLTP) in hippocampal neurons. PLoS
One, 2013, 8(1):€52345.

Baxter M G, Murphy K L, Crosby G, et al. Different behavioral effects of neurotoxic dorsal
hippocampal lesions placed under either isoflurane or propofol anesthesia. Hippocampus, 2008,
18(3):245-250.

Olson J M, Yan Y, Bai X, et al. Up-regulation of MicroRNA-21 Mediates Isoflurane-induced
Protection of Cardiomyocytes. Anesthesiology, 2015, 122(4):795-805.

Ham A, Kim M, Kim J Y, et al. Critical role of interleukin-11 in isoflurane-mediated protection
against ischemic acute kidney injury in mice. Anesthesiology, 2013, 119(6):1389-1401.
Sosunov S A, Ameer X, Niatsetskaya Z V, et al. Isoflurane anesthesia initiated at the onset of
reperfusion attenuates oxidative and hypoxic-ischemic brain injury. PLoS One, 2015, 10(3):¢120456.
Wei H, Liang G, Yang H. Isoflurane preconditioning inhibited isoflurane-induced
neurotoxicity. Neurosci Lett, 2007, 425(1):59-62.

Longa E Z, Weinstein P R, Carlson S, et al. Reversible middle cerebral artery occlusion
without craniectomy in rats. Stroke, 1989, 20(1):84-91.

Garcia J H, Wagner S, Liu K F, et al. Neurological deficit and extent of neuronal necrosis
attributable to middle cerebral artery occlusion in rats. Statistical validation. Stroke, 1995,
26(4):627-634, 635.

Han D, Sun M, He P P, et al. Ischemic Postconditioning Alleviates Brain Edema After Focal
Cerebral Ischemia Reperfusion in Rats Through Down-Regulation of Aquaporin-4. J Mol
Neurosci, 2015.

Shenoda B. The Role of Na/Ca Exchanger Subtypes in Neuronal Ischemic Injury. Transl
-99 -



FoOoFEXFHTFARL

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

Stroke Res, 2015.

Nguyen F N, Kar J K, Zakaria A, et al. Isolated central nervous system histoplasmosis
presenting with ischemic pontine stroke and meningitis in an immune-competent patient.
JAMA Neurol, 2013, 70(5):638-641.

Wang F, Liang W, Lei C, et al. Combination of HBO and Memantine in Focal Cerebral
Ischemia: Is There a Synergistic Effect? Mol Neurobiol, 2014.

Wei H, Yao X, Yang L, et al. Glycogen synthase kinase-3beta is involved in electroacupuncture
pretreatment via the cannabinoid CBI receptor in ischemic stroke. Mol Neurobiol, 2014,
49(1):326-336.

Li X, Luo P, Wang F, et al. Inhibition of N-myc downstream-regulated gene-2 is involved in
an astrocyte-specific neuroprotection induced by sevoflurane preconditioning. Anesthesiology,
2014, 121(3):549-562.

Liu Y, Xiong L, Chen S, et al. [soflurane tolerance against focal cerebral ischemia is attenuated
by adenosine Al receptor antagonists. Can J Anaesth, 2006, 53(2):194-201.

Kitano H, KirschJ R, Hurn P D, et al. Inhalational anesthetics as neuroprotectants or chemical
preconditioning agents in ischemic brain. J Cereb Blood Flow Metab, 2007, 27(6):1108-1128.
Vannucci S J, Mummery R, Hawkes R B, et al. Hypoxia-ischemia induces a rapid elevation of
ubiquitin conjugate levels and ubiquitin immunoreactivity in the immature rat brain. J Cereb
Blood Flow Metab, 1998, 18(4):376-385.

Tannous P, Zhu H, Nemchenko A, et al. Intracellular protein aggregation is a proximal trigger
of cardiomyocyte autophagy. Circulation, 2008, 117(24):3070-3078.

Liu C, Chen S, Kamme F, et al. Ischemic preconditioning prevents protein aggregation after
transient cerebral ischemia. Neuroscience, 2005, 134(1):69-80.

Lim K L. Ubiquitin-proteasome system dysfunction in Parkinson's disease: current evidence
and controversies. Expert Rev Proteomics, 2007, 4(6):769-781.

Oddo S. The ubiquitin-proteasome system in Alzheimer's disease. J Cell Mol Med, 2008,
12(2):363-373.

Yamauchi T, Sakurai M, Abe K, et al. Ubiquitin-mediated stress response in the spinal cord

after transient ischemia. Stroke, 2008, 39(6):1883-1889.
- 100 -



FoOoFEXFHTFARL

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

Yamashiro K, Liu R, Maeda M, et al. Induction and selective accumulation of mutant ubiquitin
in CAl pyramidal neurons after transient global ischemia. Neuroscience, 2007, 147(1):71-79.
Ahn H C, Yoo K'Y, Hwang [ K, et al. Ischemia-related changes in naive and mutant forms of
ubiquitin and neuroprotective effects of ubiquitin in the hippocampus following experimental
transient ischemic damage. Exp Neurol, 2009, 220(1):120-132.

Hsieh L S, Su W M, Han G S, et al. Phosphorylation Regulates the Ubiquitin-independent
Degradation of Yeast Pahl Phosphatidate Phosphatase by the 20S Proteasome. J Biol Chem,
2015.

Mukherjee S, Poddar R, Deb I, et al. Dephosphorylation of specific sites in the
kinase-specificity sequence domain leads to ubiquitin-mediated degradation of the tyrosine
phosphatase STEP. Biochem J, 2011, 440(1):115-125.

Garcia-Tardon N, Gonzalez-Gonzalez I M, Martinez-Villarreal J, et al. Protein kinase C
(PKC)-promoted endocytosis of glutamate transporter GLT-1 requires ubiquitin ligase Nedd4-
2-dependent ubiquitination but not phosphorylation. J Biol Chem, 2012, 287(23):19177-19187.
Arora S, Yang J M, Hait W N. Identification of the ubiquitin-proteasome pathway in the
regulation of the stability of eukaryotic elongation factor-2 kinase. Cancer Res, 2005,
65(9):3806-3810.

Rizzardi L F, Coleman K E, Varma D, et al. CDKI-dependent inhibition of the E3 ubiquitin
ligase CRLACDT?2 ensures robust transition from S Phase to Mitosis. J Biol Chem, 2015,
290(1):556-567.

Caldeira M 'V, Salazar I L, Curcio M, et al. Role of the ubiquitin-proteasome system in brain
ischemia: friend or foe? Prog Neurobiol, 2014, 112:50-69.

Cheng C H, Lo Y H, Liang S S, et al. SUMO modifications control assembly of synaptonemal
complex and polycomplex in meiosis of Saccharomyces cerevisiae. Genes Dev, 2006,
20(15):2067-2081.

Bossis G, Chmielarska K, Gartner U, et al. A fluorescence resonance energy transfer-based
assay to study SUMO modification in solution. Methods Enzymol, 2005, 398:20-32.

Bae S H, Jeong J W, Park J A, et al. Sumoylation increases HIF-lalpha stability and its

transcriptional activity. Biochem Biophys Res Commun, 2004, 324(1):394-400.
-101 -



FoOoFEXFHTFARL

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

Karin M, Ben-Neriah Y. Phosphorylation meets ubiquitination: the control of NF-[kappa]B
activity. Annu Rev Immunol, 2000, 18:621-663.

Huang T T, Wuerzberger-Davis S M, Wu Z H, et al Sequential modification of
NEMO/IKKgamma by SUMO-1 and ubiquitin mediates NF-kappaB activation by genotoxic
stress. Cell, 2003, 115(5):565-576.

Lee Y J, Mou Y, Maric D, et al. Elevated global SUMOylation in Ubc9 transgenic mice
protects their brains against focal cerebral ischemic damage. PLoS One, 2011, 6(10):¢25852.
Siepmann T J, Bohnsack R N, Tokgoz Z, et al. Protein interactions within the N-end rule
ubiquitin ligation pathway. J Biol Chem, 2003, 278(11):9448-9457.

Wee K E, Lai Z, Auger K R, et al. Steady-state kinetic analysis of human ubiquitin-activating
enzyme (El) using a fluorescently labeled ubiquitin substrate. J Protein Chem, 2000,19(6):489-498.
Walden H, Podgorski M S, Schulman B A. Insights into the ubiquitin transfer cascade from the
structure of the activating enzyme for NEDDS. Nature, 2003, 422(6929):330-334.

Kurtzman A L, Schechter N. Ubc9 interacts with a nuclear localization signal and mediates
nuclear localization of the paired-like homeobox protein Vsx-1 independent of SUMO-1
modification. Proc Natl Acad Sci U S A, 2001, 98(10):5602-5607.

Tomoiu A, Gravel A, Tanguay R M, et al. Functional interaction between human herpesvirus 6
immediate-early 2 protein and ubiquitin-conjugating enzyme 9 in the absence of sumoylation.
J Virol, 2006, 80(20):10218-10228.

Jaber T, Bohl C R, Lewis G L, et al. Human Ubc9 contributes to production of fully infectious
human immunodeficiency virus type 1 virions. J Virol, 2009, 83(20):10448-10459.

Zhu S, Sachdeva M, Wu F, et al. Ubc9 promotes breast cell invasion and metastasis in a
sumoylation-independent manner. Oncogene, 2010, 29(12):1763-1772.

Xu J, Watkins T, Reddy A, et al. A novel mechanism whereby BRCA1/1a/1b fine tunes the
dynamic complex interplay between SUMO-dependent/independent activities of Ubc9 on
E2-induced ERalpha activation/repression and degradation in breast cancer cells. Int J Oncol,
2009, 34(4):939-949.

Hay R T. SUMO: a history of modification. Mol Cell, 2005, 18(1):1-12.

-102 -



FoOoFEXFHTFARL

OWNE DL S

MPAER
Wy, B2 PRl &
Rge: Wtk FETL. PR
AR H . 1985.10.19 BUATHIS: R
NAREFE]: 2003.09 ol BRI
FIRTIEZR
2003.09 —2008.06 55U 7 = K20l R EE 22 R AFL

2008.07-2009.08 i f5 i g ik o B s P = i
2009.09 -2012.06 35 P4 % B2 K2 V0t B e R Wit UM EiEE
2012.09 —2015.06 57 U 78[5 K= Pt I e R AR L M. REALEE

2013.04-2014.06  fin e KR AR Vil S ki
ERIEER

RFEWRI 10, HA LS —HILFRSE R AR SCTIR I 3

e Tong L, Wu Z, Ran M, Cheng Y, Yang L, Zhang H, Dong H, Xiong L. The role of
SUMO-conjugating enzyme Ubc9 in the neuroprotection of isoflurane preconditioning

against ischemic neuronal mjury. Mol Neurobio. [Epub ahead of print] (IF=5.286)

e Tong L, Cai M, Huang Y, Zhang H, Su B, Li Z, Dong H. Activation of K2P
channel-TREK 1 mediates the neuroprotection induced by sevoflurane preconditionin.

Brit J Anaes. 2014 Jul;113(1):157-67. (IF=4.354)

- 103 -



FoOoFEXFHTFARL

Sun J, Tong L, Luan Q, Deng J, L1Y, Li ZJ, Dong HL, Xiong LZ. Protective effect of
delayed remote limb ischemic postcondition role of mitochondrial KATP channels in a

rat model of focal cerebral ischemic reperfusion injury. J Cereb Blood F Met. 2012
May; 32(5):851-9. (IF=5.339)

Guo C, Tong L, Xi MM, Yang HF, Dong HL, Wen AD. Neuroprotective effect of
calycosin on cerebral ischemia and reperfusion injury in rats. J Ethnopharmacology.

2012 Dec; 144(3):768-74. (IF=2.755)

Zhang LN, Li ZJ, Tong L, Guo C, NiuJY, Hou WG Dong HL. Orexin-a facilitates
emergence from propofol anesthesia in the rat. Anesth Analg. 2012 Oct; 115(4):789-96.
(IF=3.3)

Chen Y, Nie H, Tian L, Tong L, Deng J, Zhang Y, Dong H, Xiong L. Sevoflurane
preconditioning-induced neuroprotection is associated with Akt activation via
carboxy-terminal modulator protein inhibition. Br J Anaesth. 2014 Sep 2. [Epub ahead
of print] (IF=4.237)

Zhang HP, Yuan LB, Zhao RN, Tong L, Ma R, Dong HL, Xiong L. Isoflurane
preconditioning induces neuroprotection by attenuating ubiquitin-conjugated protein
aggregation in a mouse model of transient global cerebral ischemia. Anesth Analg.

2010 Aug, 111(2):506-14. (IF=3.3)

Chen Y, Nie H, Tian L, Tong L, Yang L, Lao N, Dong H, Sang H, Xiong L.
Nicotine-Induced Neuroprotection Against Ischemic Injury Involves Activation of
Endocannabinoid System in Rats. Neurochem Res. 2013 Feb, 38(2): 364-70.
(IF=2.125)

Wang ZH, NiXL, Li JN, Xiao ZY, Wang C, Zhang LN, Tong L, Dong HL. Changes in
plasma orexin-A levels in sevoflurane-remifentanil anesthesia in young and elderly
patients undergoing elective lumbar surgery. Anesth Analg. 2014 Apr; 118(4):818-22.
(IF=3.3)

ikl B, oKk, FEFE. BRI RN S G R .
T2 ANRIBIR BT 2. 2011, 10 (1): 34-37.

-104 -


http://www.ncbi.nlm.nih.gov/pubmed/25182017
http://www.ncbi.nlm.nih.gov/pubmed/25182017
http://www.ncbi.nlm.nih.gov/pubmed/25182017

FoOoFEXFHTFARL

FiF EAZREFIFR

i, RERPE, £, KEMY. Orexin-A #5245 18544 4% 075 M B TAIT K
VEMERERR 24577 . 201110107172.5

H=il e, RERE, 2B, skFE. HT /NI EiT N 1 2 D ResL a3 &
201110051936.3

BiE, %, BOERE, 5K50R, B, AR, £, BEW, XI55, mIE,
X KRG, R, HANE, Yan. HT MIT LSRRI HEE .
201110099004.6

BRI, FaEaE, T, skEIR, BE, MivE, BREE, e, B, ik
B, &%, Y. —Fhgp AR IR . AR BB Y3EE . 201110107477.6

FARREIFR

e

2012 SRR 225 20 IREE R EARES P HFEMFH L L RTE - EHR
2012 4 FH B = IR LR S W HFEMFH L L RTE—ER
2012 FEEEM AL EFO s — %%

2012 AR AR 20 K E R AR ELS KRS

- 105 -



FoOoFEXFHTFARL

BOW

B, F&E M. EXHFMNNZ, BREATEARNFELEENT—MS.
KEGERBELENHFTRRRBFERNER, EHIARITHFAEERHOKT. N
M EE T BB ENNE, REMEEE—EEA R ERKRBERHRMEX AL FIR
WIFRZINZES]), MXAZREHRFERE—EIIE.

M TiETF S HE, RS IMEFFHIR R AL BRAIES| FRlF B4y
1B, BIrEANMBEMARNSERRERER, BER—HKTEZRMNESHE
¥, BAGRE—HNEENFEOURRYVEERET VMR, RiSIHL TR
WEFIMBPEHNS, SMEFEARTARHED, ERABNZEEZTENES
—REHERE, BREAEN—EETRVE.

EMREFIHE, RORGEGLEFE TR EHBEARZIIREFFETE
WA R . NEMNRE, BRAMAEN - TFRABERDNNEE, BH=E
ZEERFERI 2 P KRB AR BREA B A O B, BB FRAE B
e, WERINSFRZENFF OMZHRMNTEIRIZEE QNN .

BT ARAHIR, ARItZP AREMM AR —RIBIEBGEITLILT, &g
B—ELUCRBVIER SR . RSROTEHEINRE, RETREHAKREZLXT,
S EERERNEL M AR ER SRR A — B M FHRER EE, AEX
TEABZBSKIZIZFREENES.

B SBREIR, S RELARIEESHEEBF NS, BHREI™EN
RESEMAFHRZRE, HSRINATRMNAERE O/, hitREGNSEM
BAREBIX, HFARE/AL. 5§ Richard Belange, Philip Kesner, E&E1{#+,
Renee Kinden, E#MIEL, FTHFEE T, RRIFL, WEEE LT, BAMRMNBIFREEL
KAVESARE M S HERER—MRAIRERE.

B BRIGHXLE T SRINE LB R kMR E SRR EE — R B a2t &A1, #4880
Ht. BFFEL. EeEEL. mAREL. KEMWBE L. KmEE L. EREAMR
i+, BAENL. B5mt. M. KEFLP, BARNMHEEILERRT

- 106 -



FoOoFEXFHTFARL

BERERGE—DARKE, RWTBEORE, IEXARERFE TR T REKIE.
RGREEFRENEEDGE, HEHRIXAZ FXHRAEAMER, SOFRER
BCHAEMES THRMNES, TREEME, RITKEZEHTLUEFHRERE
. WEERMBZI—ERFERMNFLTERF.
SR A B TR X OFMEBBRIAN, BARMNMEREF XESRAK.

- 107 -



