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Breaking a Paradigm in Treatment of Acute Ischemic Stroke

Soo Jeong Shin, MD, Kyoung Joo Cho, MS, Hyun-Woo Kim, BSc and Gyung Whan Kim, MD
Department of Neurology, Stroke and Neurocritical Care Section, Yonsei University College of Medicine,

Brain Research Institute, Seoul, Korea

Stroke is the second leading cause of death in Korea and responsible for serious long—term disability. Although rt—PA is an approved
drug, only 1—=3% of stroke patients are receiving the treatment because of its limited 3 hour time window. In this review, we will overview
the basic molecular mechanism of acute ischemic stroke and current stroke treatment then discuss about current issue in Korea. Basic
concept of stroke treatment is focused on saving the ischemic penumbra; area that is at risk of cell death but potentially salvageable.
Apoptosis are believed to play critical roles in ischemic damage, especially in the penumbral zone. Apoptosis is an active form of cell
death as a strategy to preserve genomic stability from DNA damage. If DNA damage is overwhelming the capacity of DNA repair, cells
that harbor DNA damage are removed from the population by death. Execution of apoptosis is preceded rapidly by activation of com-
plex signal pathways like caspase—dependent and caspase—independent pathways. By ‘turning off' the death signal which is activated
by massive DNA damage, initiation of apoptosis can be stopped and this concept can be a new therapeutic target of acute ischemic
stroke. Reperfusion therapy and neuroprotective agent are two main streams for treatment of acute ischemic stroke. Although, many
clinical trials have been done, rt—PA is the only FDA approved medical therapy for patients who can be treated within 3 hours of stroke
onset. Emerging endovascular mechanical reperfusion device (clot retrieval device or MERCI) is approved by FDA and its results of
recent clinical trials are promising. Neuroprotective agents were successful in animal models of ischemia, they have been unsuccessful
in human trials. Clinical trials of NXY—059, one of promising neuroprotective agents, fail to widen the therapeutic window. So far, treat-
ments of acute ischemic stroke have been based on epidemiological approach, not molecular pathophysiology. Introduction of neuro-
critical care, which will provide more professional, true meaning of treatment, is urgent. And paradigm of treatment of acute ischemic
stroke should be focused on repairing damaged neuron by ischemia, not preventing further damage by reperfusion or neuroprotective

agent.
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2020de] o|=9 ¥EFS Ws sy g
A& A3sk=(loss of healthy life year) 7F&
Q3 9¢lo] & Fo|uh! SAYY Agde e vy
ME olgato] me sEviet HEF WSS Fe
™ 2030l 359 Ho® FrbE Aow FAHH o]
= 7o W ko] o8 Ho 7 AR
=50l A, A5, FEY, 7”*, g} #Zo] g
o7zl glo] ARl 7ss Ishs F-9lol BAst
A L Aol & EATE HA AN 28R ok A
T 712AR1 G flste ofelwo] lar wEkA T
ARl B35 FQ T op o] AR ARl EAE o]ojxItt.
n)=re] ¥&% X7 A3 American Heart Associa-
tion(AHA) guideline®|4+= multiple randomized clinical
trial2 &3} 458 Class I, Level of Evidence A¢] %]
v S/ 3AIRE o] Sxfe]l A8-E = rt—PARO]
ok a2y rt—PAY LS time window S} 50% P E°
A7W&E (recanalization), &8 1% < F2-&< <)
1~3%<] gApato] rt—PAe] <3 ARFA RS W=}’

ARFARE WA Foh oo NEF B9l AR
93] time window s 9&3517] 9 A7 A= QT

A 9 HEFY AEe T e & A
AL A 2} A7 B35 A (neuroprotective agent) = AR
3 A ul olxkAo] s git) A 6% o] F

] ] Eﬂo}oﬂ 1000J:] o]/\l—_,] 5‘:'}\16-] 1= o] HLJQOJ

3L 4009 o] e A A=) It 131‘%
o]% YAFAEof| A8k X & (translational therapy) &
AL ok HZo] 34 13 QAR (SAINT | trlal)
of A¥stel BAE EW NXY-0598 9AZHA] A&
s 59 07 7S 2y desmoteplase?] ¢o)
& Al B o)l 39E AT dAl wlE
A7HOZ QAR AL 3AZHY time—windowE ZH=
rt—PAS} 48A1719] aspirin F 7HA¥o|t) T8y rt—
PAE ZL time—window® AAZHOZ 1~3%2] A4t
o] 277538 aspirine HEFY AFRTh= Al o
o] gl o 7Pk ol 27441 2] molecular bio-
logy 9] 7ol $8s A 54 184 HEF 7Fsd
A5 ES s Bt st

LIES2| HejM2|, EXPESeA FHE
HEF29| Heldz|
HEFOE Qs A4

pal

J8td Agke &8R- (cerebral blood
flow: CBF) 9] 7ol 7118t} HE8 7] 4 Jro o

2

2} AAAE (neuron) & A71488]8H4] ¥grt dojil=r)
9] FFFHo] 50 ml/100 g/min oJetE A A9 Al
WA AAFAGEA S Ado] ety AAALY 75

S 34 E3HA ©™ 20 ml/100 g/min ©|8tE 7HaE 7
% o] 29] Aol A A Pk

7 At dRaa JEol we} oligemia, penum-
bra, core® U= o A (Fig. 1).

1) Oligemiat= 38 &S W w3249 7H4 gz
of $JA8 FH o7 ZH(collateral) =gl 2Jaf w2 of
YA a7eke] 2251 AAATE AAAC 7158 44
stk o] FE 38 &Y o]Fo®E FE “survive T A
o o s Aol
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ol ¢s] A A T Qhell AAAES] 714
o o] A7} otslsr o]
o] 3k H7Fd Al &R o
NFo] FuE F 5~108 o] dojubA Hrk!

3) Penumbrat AEZ 07 core FHAS on|git)
1970l kel o] A7)y sral s 3
penumbraZt o E =] AlFAo AFAEE=L] A
G et ek(HE R 50 ml/100 g/min ©|8h) ©]&9]
AL FAH= (38R 20 mg/100 g/min °14) AHS
/\g] %1-501] u;}_E_ /\]ﬁf_ﬂl'?ﬁ] Pé)}oHl—_ ulxgs}l,}
B Eooh% FTAIE L Q= LEHE HEF7F oA STt
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FIGURE 1. A schematic diagram showing the three hypoperfused
tissue compartments of ischemia: center is the ischemic core;
peripheral zone is the oligemia; and the region between core and
oligemia is penumbra.



B Azl HE #EE o HABAN] 277} SUHEE
gelsk 4= QUrh(Fig. 2). ol Ad &4 o1F 4AIRl=
AEAFTo] coredRt dojubal penumbrat HEHI Q)
O (A) AZke] AHEE penumbra (164170 A 9714
AZAFGo] AYPE HolFthB).” PETS o438 A+
£ B¥ 6AIRHA= penumbra®l 90%7F A=W 94
Zro] Akebd 50% 4wt il 18A1kto] HH 30%7
T2 oAl Ak webd HEFS X F o]2ldt pen-

umbra® AEE H 284S 45tk

Penumbra?| EXMEEstA HZ2

2 AIZE B HERIE FHE AS AFAEE YA
o] 72 A EIAHnecrosis) ol #AA] Ev o] F7 3§
g2l F4 (core) oA L whdof AdtjA oz e Al
7F B3t S S w2 Aol AREgA o] 22 ¢
O AlEAPEAHapoptosis) £ A 3sh= A wdy
3L DNAZF Bafjs)A] 9ok o)ejst geje] A A AlEAL
W (delayed cell death) & FE penumbradlX VERITE
oy et A=A wloA HH ded] HIuHA &
ABFee shrkal #iA S84 penumbra Aol 73
O F WA= AE vhe  glrk mEkA olet EAYES
A 7142 7128k Ado] opdet el HEFS
A7 B YAt F43] dolof sk 71 Jidelt

AR} AEAPEARE FEgtAoR v 545 2t
Tk M= MY B3 s E 3 AT REe] #

s A o Gede] WYY JGFukeS fFEdith

ol FE gl o8 AAL wE AZAt
Hrks A AE(A) 9 AlERT9] 60%7H] =0l &
o] $F¥B) (Fig. 3). MEAEAR= A (macro-
phage) 9} Ao} A 3 (microglia) & 214 Z 28 (phago-
cytosis) ol <&l #A|ALCEY

A ESY] WaE Y &4 o]F A APY/AE
of &t 7ol vhe A1 ik s EAE S Fl AEIAL
9] A glutamate”’} #oIgo] B FH I ‘excitotoxi-
city’ 9 7de] =UEAY. Glutamate: 9+ o] 2}
Sk Qs T4 ABAGEARZHR AT} gluta-
mateol] HoFetAl =Ed 3G AEZIAbel] WA Al E] =)
o2&t glutamate?] W& oUx]Q] 12l 25 gluta-
mate?] 28] 93] ion channel®] &7d/do] 714 Na+,
Ca2+7} A U2 FYdedA rEZEotY failure”t
Q31 HZAT] o2 A i}

Penumbra®lA1¢] AEAPY- ischemic coreolAl A]Zt
% ‘spreading depression’ ol oI E dojdt}. Corti-
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FIGURE 2. Comparison of cerebral infarction 4 or 16 hours after
ischemia in Sod 2-/+ mice. A: 4 hours after ischemia. The is-
chemic core is apparent but ischemic penumbra is not visible, thus
the penumbra is still viable. B: 16 hours after ischemia without
any treatment, the core extends widely into cortical areas mean-
ing that the penumbra has been recruited.

A B

FIGURE 3. Comparison of morphologic features between normal
cells (A) and apoptosis (B).

cal spreading depression(CSD)< 1944 Leaoe°l 29J3|
A5 AAE NEOZE slow moving wavel] SE|E e}
ok edolu AXkAT sl S8l AlFkE o] wel w1 A
Hhof] AA AatEHA AEZE SETA17]3L ARG S5
ANE T @A Aol CSD7F Lojtrhs
S/ obA] H-E3k Aol

olg] BE5AES 5a penumbraoA e AEAPdo] o
He] Ao dojupr] 7 7o) vhsix|aL Qlet. o] Ay
o] #o38= proteaseE ‘caspase’ 2} $H}. Caspaset™ cy-
steine protease® F4ol= B]&/J3} el pro—casp-
ase At EAJslE 7 U caspaseE EFTH 7]
A (substrate) 8] ofATEEAV|E 2k2H o]F F3l Ty
WA1€] caspaseE &3t AlA A9 cascades XIE Al
71t} Caspase™ F 719 280 s 4= 9=t cascade
AIA oA A& #odsk= caspase 8, 9, 10 (initiator)
o AR A S wallete] AEE 3t A7) caspase
3, 6, 7(executioner) & W= 4= ¢lt}. Caspase 1, 2, 4, 5,
11, 12%= initiator ¢ executioner?] 7]%-& EAlof zHE=t}.*

o]H 3t caspased] 23] dojvfi= AHEAFTS death re-
ceptorE E3l] Yojuh= extrinsic pathway 2} mitochondria
£ %3 dojy= intrinsic pathwayZ W tHFig. 4). Ex-
trinsic pathway+ A|E Hhe] EA415k= Fas 2]7t=7} Al
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2ute] Fas F8Al Adstoza F8A71 /43ty o]
AZEe* A3l 8= Fas—associated death do-
main (FADD) 9} caspase 8= #4J3}A7]11 ©]+= caspase
39 @AEZ oWk mEZE=olE F3 intrinsic
pathway+ Bax7} M| EZE=2oF membrane 0.2 HF (tr-
anslocation) ¥o] A|ZELh nEZE=gol e cytochrome
cE AXA Y=z WEA7IY WE% cytochrome ¢ ap-
optosis protease—activating factor—1 (Apaf—1), dATP,
pro—caspase 9} A%l caspase 95 &493HA]7]aL o]
& caspase 35 AN EP7 Caspase 39 Al
AFEE] #RGES B2 TR XA o]% caspase 3
7} @493}5 3L caspase 32 &S JAI A9 HAH A
77} HAsigivke Raska 9lek* 7 Extrinsic/intrinsic
pathway©l 93] &43}e caspase 3= DNA-—-repairing
enzyme poly (ADP—ribose) polymerase (PARP)E X3t
sto] ofe] 7H4] Fast 7|4E& A= o] DNAY &=
AM AFEAGALe]| o] 2}, >0

Intrinsic pathway$] &3l extrinsic pathway®l 2|
A= dojdt} Extrinsic pathwayel] #oidh= caspase
82 Bel—2 family < 3h¢l Bidg AH=1, 227 Bide
nEZCEolz 507} cytochrome c& HEAIZILEY Bid
o} AlEAPEe] #AAdL Bid7F ARE FA WA F
7} geds] Fhast AddnE QlF5Ea glon, ols) v
S8 theFet AT RIS HAME penumbralA cell—
death receptorel] 23+ n|EZ=2]o} pathway7} 843}

4

°
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AHARl MEAEALY] pathwayol A= caspases 9
=

3h= molecule£°] St} IEA S F inhibitor of apoptosis
(IAP) family 9] X—linked inhibitor of apoptosis(XIAP)
= AlEAPge g2 R8s Adkehs 93ks k=t caspase
3, 79 78 caspase cascade? "I GAE A6l
caspase 9/Apaf—15¢¢l Adteto] AZAMES = o
& B o)g3t XIAPE WEZE=EoldM WEH
+ second mitochondrial activator of caspase/direct
IAP binding protein with low pI(Smac/DIABLO) i 2
& A AEAEALZ o]2 A Frh

CaspaseE 2[5hsto 24 A|EAEALE w8 4= Qlul=
7Wd8te] caspase inhibitorg o] €3 FEAH] A3y
AL AR AEHY v ARH O R caspase
o] A= AFTAEALS ohA] Fa] 0 P caspase
o Ao Z NIAYANE A o7 pathway7} &EA
71 NASFALE 1 5 gixAel o Z apoptosis—indu-
cing factor (AIF) 7} At}

AlFE vEZEotel] X3t AR A EApEALe)
wpA ek Aol Fofst}, AlZAFEAL g eA MAEAR
¥ AlFE= do® o7l dMAE SFA7]|AL large—
scale DNA fragmentation®] YEPYA st n|EZ=glo}
oA cytochrome c& EAA AZAPGe] o]2A 3t
07 o)g)sl AIFS] %8 caspased} F-#sHA Qo]
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AIF7} m|EZEgolela] o= o]Fsh=H| poly (ADP—
ribose) polymerase 1(PARP—1)7} #ojdlo] S &
& BoiFh” PARP-12 DNAE repairdta whilas
WA aAR @ o] FRe AR g
3744 DNAo|| &Jo] 2 PARP—1< ADP-ribose
polymers =™ AX A4 2] 549} genomic stabil-
ityel o3t ggks st} =y HE & SOl 9
DNA damage”} 3H2lstA dA8g ¢ PARP—12 3%
g o] & Q3 A|lE U NAD+, ATPS 148 ¥
713 AZIAE FaEie >t ole|dh 2Hg 9ol ofollA
AFP%o] PARP-1 AIFE 53t AlXAPEAL| = o]
gty PARP—10] @Asled sox nEZTgotz Al
35 HU AIFE fF8AA AEZAGAE s ole
PARP—19] 843} o] A7k Fof el

PARP-1 2]9]l% DNA repair enzyme©] A|EAFHEA}
wofdre dde sl & 5 vk Ku70:= DNA repair
enzymel. @ A|EAHAL] 3 o)A caspase 39 TH=E
Aoz AAAA L YAk FHeld Ku707F F43] a=
7% Hd F819] M|EeM+= DNAY} ‘ladder pattern’
O % vehp o]F il AEFH AR AEAPEAE dojdth
2 BaEa ok (Fig. 5).

DNAE 3 el fjxlab Ao SlojA 7hg FQast
4otk A3 U/ 5-ol4 7l A= damageel sl
DNAY RS BESI A E98le] =83tk DNA
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248 FIGURE 5. DNA laddering was

observed as bands 24 hours
after ischemia, which suggests
DNA fragmentation and apopto-
sis is underway. MN: molecular
weight, con: control.
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+ histones #WHA] chromatin®] 2=
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o 24 540 Qg DNAL 979 &40 2HE 1B
THoh FdAQ M= DNAZF 4= 49 repair
enzyme 9| 23 DNA repair mechanismol| 2J8] €4+
® DNAE E3tch 78} AksksAd (oxidative stress),
ok, A 53 o] HARI 84l ol DNA
damage= repair $HAE @A Hi o]d A9 ML= Al
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LS Bl 52 AEE AdEshke 252 AEAFY
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24 abeh A9} AE, AES 714 Ale]o] AFA
o] sjtE= 5 /Al G ES 7130 AlZE DNA
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23} bulky DNA adduct, DNA cross—link, DNA
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gkt o]%F DNA double—strand break (DBS) 2 A3
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WA o]&2 CHK1, CHKZ2(check point kinase),
p532o. & AlFE HuH P53 FAS, PUMA, BAXS} #
© pro—apoptotic genes A3} 2|71 M0

DNA7} oxidative stressell 9|3l damage®E 1S 75
base excision repair (BER)E %3] E1%t}. BERS &
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2lgk AP site7} $7F8 739 DNAZE &3 AlEAREAP}
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TH AZAAAAE S 5 A E57t ok Qs 2
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tor—1(APE/Ref—1) & DNA repair enzyme % oxida-
tive stress, ROS 53 2 22 A= ds) Bt
DNA apurinic/apyrimidinic (AP) site® repairdtc},5263
FEAFA Y &3] Jmel mEt APE/Ref-19] ¥
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DNA fragmentation® &°]&3th ]+ APE peptide®]
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repair$tO ZX A EAEAIZ S AP v HEFTS &
HAo® AR T Qv 7R S AAsk L itk

A= X|Z2(Reperfusion Therapy)
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FIGURE 6. After administration of APE/Ref-1 4 hours after ische-
mia/reperfusion, cell death assay was done 24 hrs after I/R. The
resullt showed decreased cell death, suggesting repairing APE
small peptide can resucue cell from cell death.
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sk WS S B3 LA Folrn mfjg Al
Agoltt. o]gfdt A ZHL HUolM AE AL
Basilar artery occlusion 3HAE t S 2 A urokinase
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