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| Abstract |

O pening of mitochondrial permeability transition pore (mPTP) was found to have a critical role
in cell death from ischemia/reperfusion (I/R) injury experimentally in the late 1980’s.
Thereafter, tremendous efforts have been made to define the molecular composition of mPTP and
underlying mechanisms of its opening. mPTP opening, so far, has been demonstrated with the
conformational changes of the mitochondrial protein components including cyclophilin-D, adenine
nucleotide translocase, and voltage-dependent anion channel, which were induced by the
modification of the levels of Ca?", phosphate, mitochondrial membrane potential, intracellular pH
and adenine nucleotide. At present, genetic modulation of the expression of protein components
are being used in the investigation of its properties, presenting novel mechanisms of mPTP
opening, including phosphate carrier. For therapeutic intervention, cyclosporin A and its analogues
were first to be demonstrated to inhibit the opening of mPTP, affecting cyclophilin-D. There are
numerous pharmacological substances that have direct or indirect effects on mPTP opening,
including bongkrekic acid, reactive oxygen species scavengers, calcium channel blockers, and
Na*/H* exchanger-1 inhibitors, but only cyclosporin A was clinically tried to limit the myocardial
infarction. Conditioning interventions, ischemic or anesthetic, have also been shown to be effective
in limiting the detrimental effects of I/R injury. These interventions are commonly related to specific
receptors on cell membrane and then signal transduction pathway consisting of many protein
kinases, which eventually lead to mitochondria. And being presented are experimental evidences
that inhibition of mPTP opening is a primary mechanism of these conditioning interventions. In
conclusion, mPTP opening is now presented as primary mechanism and therapeutic target of I/R
injury, but precise mechanism and standardized treatment method are needed to be clarified.
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Myocardium
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M E o] WAE ZAE = “EA A} (controller)” 4] B|E
Zgloprt Az WAL Slok. S8 Aldgod AT
5ol rlEZE=eote] 75 FAA frefdve At
FHHA nEZ=eote] 7)5-E 2dske o] TR
HHA| o] A E ghe]ele A7 de] X it
i0ahd 380l o]p] Ca® 337}l ERELlole] S
Frgiths 7 A3 E A, 2) o] Ale] RIEZE
glo} Wiute] Falg wste} Avte] Qlrkar 23190 H3)
mitochondrial permeability transition pore (mPTP)=
Eole T2 SR gk S7= 2A1 Fellof AlA| = Ak
(4, 5). &3] mPTP7} ottlld 7& 8| LE|=(adenine
nucleotide) &] 112, Ca** o]y phosphate(214+4d) =7},
A3} 2 E#|2~(oxidative stress) 271 5 ATF A7) &
HhelE 25T fAleE d3tola delHA AlxE S0
2 ZoRIth= S77F A H A mPTPol| thgk #4]o] aL
wa qlet.
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mPTPE= Z2E g2 A3oA] nEZ=glo} Ujate] 34
HE A7 2.3~3.0 nmo] B2 2A] 1.5 kDa oJate] RE
HALE H5o|d oz FHAIZIL) Ca® BHEL Aksl 2E
gl 571, 1Ak S7L, obeld wEEQEE 1A T2 o
S2E /3 vHA ATP, ADP, U AlXd] pHE 52
= A8 AR FAFH6~8). T3 HIE ollx] 2] o
&h2- o} A uFe| A A] QFSkAINE Akl W] A Adejete] B
/3 oln] @o] BtalA it

mPTPE A2 Apdel AA#Q] s dhttar A7ty
31 it} o] B2t E H' o]F¢] 3 (proton motive
force)Ql 2t 71919} pH Apol7} ARFAIHA] Akslelikslr}
Qbw|ar AFA o 2 ATP §Ho] Tk Hnt ope} 7l
37} Zx1€ck, mPTP 7jo] FHSIstA dojud A
W ATPE FA3H LZA7|AL F5oll= AlE A ne-
crosis)E &3l HI7FEAQ] 48 o AM AEE S0
2 o]&A Hrt. mPTP 7ol FEH oz Adojub AlE
+ Hol3lE ATPE ARS3}e] MlEAPEAHapoptosis) & &

EAbFe] A2 BHE 1He] HH S d oA EAkge] Ak
EAE2 HEZE ol ¢to 2 Eolg F QAR vl A &
dE2 A F gloiA
rEZEgo} ol @7 HER ARUS Se 2 e
ZEgole] Bgs gt
o] Alsted vjetel] vjal] -8 o] =4 e <futo]
EJAWA cytochrome C& EH3} pro-apoptotic T2
Eol Alxd Y2 frejdtt. 2ed nEZ=otoA]
mPTP 73 frieshd do s Holr iy o] 7]
™ 12 F3tdE o] mEZEeoks EAfekA] =TH9). 9
@527 delA H o] HEEEE|ol |2 o] WA 2
o] AlslEl=t)] Ztzte] n|EZEglofol| X mPTP 7iHte] B
e tar o)A ot nEZ= o} msh Jls)
ZEH 209 =2 T A S Fo= Azt g9
mPTPE 7H v]EZEe]ole] 47} 23] mPTPE 7431 v
EZc ol 75 dolAd ATP 747}t §438] 118 =L
Ca*'o] Z4=|o] Aoz S mPTPrEA GelHA] Al

Ee b Aol
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glo} Yutel] £A)3}+ adenine nucleotide
translocase (ANT), ¢J9to]| Q&= voltage-dependent
anion channel (VDAC, porin), Z#]3 7] & (matrix) ol &
A3}= cyclophilin D (CyP-D)& ATkl Azhg) ot
FHZollE VDACE 5847} o= S$47F vheaL 9l
I ANT A A7) B 23 ¢k (regulatory
factor) 2 AAZI, HZol| FHE AE2ve i de 71
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Figure 1. Molecular models for the mitochondrial permeability transition pore (mPTP).

(Left) The original model for the mPTP, of the voltage-dependent anion channel

2(trigger) ¥l CyP-Deol| <J3l Z31

(VDAC) in the outer mitochondrial membrane (OMM), the adenine nucleotide

translocase (ANT) in the inner mitochondrial membrane (IMM), and cyclophilin-D

(Cyp-D) in the matrix.

(Right) Revised models in light of recent findings in gene-targeted mice. VDAC is
no longer part of the model and it appears that an outer membrane component
may not even be necessary for this process. ANT now appears to be more of a
regulatory protein, and only Cyp-D remains as an established component. In
contrast, the mitochondrial phosphate carrier (PiC) has been added to model as a
potential candidate for the pore-forming unit of the mPTP.

Figure is taken from reference (10).

1. The original paradigm
(1) eyclophilin D (CyP-D)

CyP-D& 18 kDa 9] #2135 714 cyclophiling]
nuclear-encoded mitochondrial isoform© 2 7] &
A&}, 19881 Crompton S-o] HHA|A <l cyclos-
porin A (CsA)7} mPTP 7-& JAgth= A8 o 791
o m(11), o]F CsA®] o]efgh 282 7] peptidyl-
prolyl cis-trans isomerase (PPlase)2 HA|gro2x] A
o= Aol FHETH12, 13). I % 1 ghl o] x|
7} Cyp-Dle] grsixitt. H7kA] thdek AL #4
Ap 22 S o] 83 A7 AIEo] CyP-D7F mPTPY| &
Q3 44 adehs S718 AAE FaL Qlv) CsAs TS
calcineurin (calcium activated protein phosphatase)2]
FAw ARzt o] AL mPTP ek F33 Aog
Helth 2 SAZE & "HAYAAQ] sanglifehrin
(SFA)S} CsA FAFERES calcineurin Aol JakS
P2 A AR mPTP S HAlsts &3 Jlat
(14~16) ¥hH) o} WAl FK506-& calcineurin
AL AAIEAGE mPTP il gako] YItk(17).

(facilitate) ¥} CsAY 1 FAFEE
£ Ca¥'oll gk mPTP 7o) RIZH
T YEthe Zlo] dAikAl el 2&
olch, 1} e Tzl YA
o A gzl 2 CyP-DE Al
ofstare= Ao glct.

(2) Adenine nucleotide translocase (ANT)

ANTZ}F mPTPE] 83+ 7141 A= 7142 ANTO| 9
3] -24ke]= ATPS} ADPE mPTP 7HHHS SAlstaL, nk1
Ul45 o] &3} A3ek ATP, ADP, 12|31 ANTE %3) 2115
A| ¥ AMP, GDP, GTP 5ol &Js|Ale o|2fgh A7} o
ofubA] gh=th= Aol ZAZITHGS), Bk opz} ofdld
FEYQLEHE BEou ANTY thiol7] W (modifi-
cation) 592 ATPY ADP7} ANT Ao Waj & uk= 4}
o e mPTP /| 7152 ANT A|A¢] bong-
krekic acid (BKA)E AME-31E w] mPTPS] 72 A1 H
th= At o] gt 7 SRHISH20). L2yt ANTS]
I o2 AAAQ] carboxyatractyloside (CAT)+= BKAS}
+ Y E mPTP 7R fdgiet, 0|3l AA|El
ANTS| FHE 22} tf27] jstA7)7] mE o oA%
o AIAIE Ca* EA) StellA] CyP-D7F ANTe| 23 s}
HANT| 22431 ¥s7t QWA mPTP7} Givh= 7Hd
o] oS AL QITK(13, 21).
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4], knock-out mouseE o]&3+ A% AI}Eo] I3k F
AL el itk = ANTE knock-outdt Al X o]
A& o] 3] CsA-sensitive porer= EAI5Fe] X &4
Fehs A £ 4 AL, ohd 7igsk=d] o E ellM
o Fe] Ca®o] a7 HRITH22). ol2d AEe
ANT7} mPTP @Aoll B2Ql 74 adepy| k= 24
Az A7 2 A5 QU vkET
(3) Voltage-dependent anion channel (VDAC, porin)
A Zolls VDACZF mPTPS} frAkeh X714 2]3h4el =
& B 331(23) VDACO gt A& AHE3HAUH(24)
ubiquinone 04 Ro 68-340072 VDAC1 A
none fFAHEEES ARE3HE Wl Ca™ o o3 fr=d
mPTP 7lHo] A 3]0 B 2(25) VDACE mPTPE ¥4
o= T 8g @ AR AT, =3 CyP-D GST7}
VDACS} ANTOl| Aglslal o] B3kA7} mPTPAE Ca*
Lo &0 2 28392 1(26) protein kinase A,
protein kinase C, glycogen synthetase kinase-3 8] 2]
3] VDACZ} 13kt H mPTP7L oA e 5] 7142l
AFREE BuEleh 28y VDAC 1, 2, 3 knock-out
nEZC 2ol A% mPTPE op¥E nEZ=e]ololAnt
F 71553HtH27). 18 B2 HZ o= VDACZF mPTPe| &

S8 TR obd Rlolehs Fgo] MolE el glek

FI

ubiqui-

2. 22 =HEE
(1) Phosphate carrier (PiC)
olxkdo] mPTP 7HHbe] 7323k &34 (activator) 2 2}
falth= AL oln] Q8 ARE & QAN PiCT} Ca*
o] RizkalA wkgate] CyP-Do} AgslaL o] Agto] Ak}
2Eg 20 23] Z2718ke] mPTPe] Ca®* WP ES Zojs
T Ao] ZZoll ¥aiAwA(28) PiC7} mPTPE| F23
TA LAY 7FsAo] AAIEITE mPTP e nEE=
2lopRo] Q14HY olFo] WHstAl AdEo] Qo] ¥ralAl
1(28) CyP-DE 3814 mPTP/HH-S Asl= o= ¢
Aol Hasirhe= o] S WA pico] tigh ¥ile o
£ FolAL 9Jt}(29). PiC knock-out HeLa cell&

staurosporineol] &3t M ZAPEA}o) 28-S Hol& vhd
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PIC SJThIAe AZAIAE FEge F3A 24 2
& A mpTP Fe] 7] glolA] pice] F2492 T
% ¥2bAl7) 30 QIEH30),

mPTP2| ZF0i| &AlSH= HITLZHQIX}

1. O]E2CcE|o} 7|2l Ca* =&

Ca® & mPTP 7l B9l QIrte| A Ttk f1il
ZHinducer)E2] #-g-of 3l 2-&-A|(agonist) 2 283k
o}, ohE 27} 9ol o2 £ Mg™, S, Mn™ 5] mPTP
NS JAR= ‘ﬂﬁh_i 2gBFE R Ca’" o] mPTPE] 7}
Wl gk 282 - Z53hctaL splek. CyP-D7F <Al
Aol 23] =& AM(12, 31) knock-outH FE] oA =
(18) Ca®E&7} vi$- =& wjollof ¥|24 mPTP7F ¥tk
= AellA mPTP| Ca* ol thgk 7H/3-2 CyP-Del| <J3)) &
7hevkaL & 4 Qlek

nEZEgo} 718 gl Ca” F&7t EhE Aol
mPTP 7HE &-o]3H| Uh?}“ A& o|n] 7ty nfol Ak
el BQ ek Ca” v AR A= ol Het, ok
3HH mPTP 7] ”éﬁﬂ Ca® &t 3ol me} vig-
t27] wiZolct. olE E¥ A8t 2Eg 27} 7kl 24
o A= mPTPo| QI Ca** 75% Folo Tizt=r} WA 4
Al Ca* =} Agkelu 2 Ca’ %‘—E«] W3} glo|= mPTP7} 4
27l "oh21, 32, 33). ¥t
Fah= A AR ‘;%% pHOlAE Ca® ol tigt 27
’do] AstETh(34, 35). 12k HAl mPTPL] Ca® 7H4A3
< Z7M7IER Ca¥ o] B& 37} glol= Pzt F718hd
mPTP+= 7iHHETH(30).

H'& trigger sited]] Ca** o] A

[ex

2. 0|EEce(ot 2 M

mPTP= PIEZE o} vto] SRS HS uf /P=e
d] 9]¢ (threshold potential)7} ¥3}sHH 2]zl W
9] @ A(4 Tm)AE mPTP7} 7HEct, mPTPY
N2 3F0 2 AAERE H' 9| %7884 Afo|(proton
electrochemical gradient) %9t ofyz} nEZ=glo} 1)
ko] FHAS(surface potential)dl &M= ZHHrh

SZHE_9| f
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Figure 2. Scheme to illustrate the involvement of mPTP opening in reperfusion injury and how various cardioprotective agents may
prevent this.
- represent changes that occur primarily in ischemia
— depict changes that occur primarily during reperfusion whilst dotted
=) indicate the locus of action of cardioprotective agents
Figure is taken from reference (44).
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© 312 Mg oAlehe o R ARtk SV AN E
1 9tk CsAE A 23U CyP-D7} AeE9S o Pis
mPTP & AR, B3t Pizk 10w, CsAt CyP-D
=02 Qg mPTP A7} Aolui] eierh20). ol
Azt ZASA CyP-D7} mPTP FrEEZo] ofyz}
mPTPoA Pi7} Zdksl= 292 Hla|ate] pio] 2o v}
gjsl= Ao o= 71 o] AX =L 9tk et ek
e duHEs
mPTP & SAgE Ao) pi w17t ol A Wizl
Ca” 57} 7H817] WA 1)) ol girk(42),

ek ZAAH Pi EE G TR

o -1

5 129 2IxtE

nEFZEgo} Ykl vz o= Ca® o]2]e] ThE o]
o] Afsh= FA7F 2leir] ¢37)ofl Mg™, sr*, Mn* "9} 7
2 27} oFol o] B2 mPTP| 7igo] S| Frh(43),

Aol S{E-THEE A40 01N

mPTP2| St

Crompton 5ol &3] A&-0 2 4lte] &7fo] & Fo
2= AR A7) dofdth= Zlo] e A Al Al
71ell mpTP ] 7iHo] 97 dofub mpTP 72 A%t
O T APF EFOERH AT B E F vk 23
£ AATHG, 44~48). o|F A £/l mPTP 7ide]
Z97do] Az} EolEHA mPTP+ 318-ABF &4 =
FH A2S Beshe X5e] A2 @ihs| A EaL
ot}

AT AEL FE L 4] T BEEA A2 Al
o] 7)ot thate] o] o] ZefjE= ALl
P EZEolt ATPE B/E & gl = ATP7L H45s}
Al FHaskal AMPSE Pizt S7FsHA Hr Blto] £ 5 o]
A AFSe] fET. pHE B3] fIsiA] Na'/H'
exchanger-1 (NHE-1)¢] &4J3} "o}, wbdH Na'/K'-
ATPase7} &JA|=o] n|EFZE=gjopl Na'o] 2 €t}, Na”
9] 28 Na'/Ca™ exchanger (NCE)E 3|4 Ca™ 2 &

7RI, B ATP O] a2 A1 Al Al 22 ol

=S
AR Eo g

ZAB1= Ca¥-ATPase & A3t Ca¥ JHslE e =%
st} 3E 7|7l EAdAk A (reactive oxygen species,
ROS)= RHEo] 44 mPTP7} Fe7]of & $H4o] whEo]
I}, 224 DOG methodE: o434 4lellA o] mPTP
o] g S E 2 ABF Al7]el mpTPL] i T
Bol] dofrh(49). o]AE ojut & F A7]e] vh2 pH7L
NS A7) wiEog oAAZI A7 2719 pH
7} S EEHEA 238]8 mPTP7} i = Akt AldR7t 2
FEHA dR= SR EE P Bl 3152 5o 4
Tof] JFS Wit S mpTP7} /i Fert Al &4
=

=
o] g 243l Aol

A

b X2 MO Z M2 mPTP

ila
rd
HL
ol
i
40
rol
>

23
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_—

i
]
4
Mo
|lal
mjo
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oﬁ o oH-d

Hdo A7)l cyclosporin A (CsA)7} mPTPS] 7Rk
ARG AR} HEEo(11) ety EHS F
ofate] S1E-AHF 45 DAY A 5 e b
go] AA=EALE, o]eIx] CsAE wE] T3t 513 - Al
7 &4 o] T AEAE AES JRAAZE F dsel BaL
HAIL(47), 2] TF G = AAFe A CsAE F
At 75715 7S SAAZIL AZUY ATP 55
FAE vk Zlo] B EATH50). Tk mPTP7} 7i
He A2 AT AR AT 2 28] RS 9Al HEA
(51) SE-AAF 4 v F e I 2d9
Ar]71e] gk ArlElg 2L 5 Al € Aotk

mPTPE F24 0% sh= ofeldhs] EdE o83 Al2H

3 A8 2 71 vt 2A] F 7R Vs Qi A
A, mPTPE ol 0 FAAL] JHH 0w ek
ore|ehy BHES AR8Shs W &4, mPTPO] 7S
e AApEe) AT ) BEE 2Egoss 1Hde
2 PTPe] A O M = TR 4 UG,
() mPTPo]| 2402 2-gsh= A2 WS

mPTPY] Q8 FA_AE 4zl AL cyclophilin-D
(CyP-D)¢} adenine nucleotide translocase (ANT)&] 27}
Aol
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1) Cyclophilin-D

CyP-Dell 2814 mPTP ] 7i-& P A2 A5 &
7l oFAllE= cyclosporin A (CsA)olt}, Ea]® AZAE
2 ) B A7 5 Tk ARSI AR Aol
Efh mPTPe] g ol 2A sl Aafol ofg
AlEEds ARkt Ao] Baud uf Qlth(47, 51~53).
w3k, Rejolal 8-S Holx] o CoA A 6-
MeAla-CsA, N-Me-4-Ile-CsA (NIM811), D-3-MeAla-4-
EtVal-CsA (Debio-025) 2]l sanglifehrin-A (SFA) %
= CsA9 H|S=8E AR S g391E B Qek(51, 53~57).

T3+ CyP-D knock-out mousedlA= 38-A@F-oll
of7k AlZolut M o] &3 Aert o Hrt B|stAl vet
(58~ 60), AZAIEAA Felgk rEZ= ot 53-
Aol ofgh Digatao] Arte] ST kgt SEH A
u Ca*" 531 ol ok mPTP 7Ht”°ﬂ Hop AE 7
Aoz FHHAFNOH(13), CsAZ Fofate w 2712 ¢l
B3 a7} 2= A QFolr(18) C§A7]- CyP-Dol| 283}
o] /::Eiz s etk 2s delre U S

10

-1 =
B FEa gk, A e SRl AFR
3 F= AZFE o] CsALF SFA

5 TR A9 AR 5753 AlE] ] TR
H= Zlo] HuHA o H(61), ST 89| 455 Hole= 58
g0l A2 BAES o G Atie] el
Z| 7o) CsA 2.5 mg/keS
o] 3] Fofdk 7oA creatine kinase F=2 Z7g3H
AT A o] ATt oF 40714 FaE v AL E R
uk lek62).

2) Adenine nucleotide translocase (ANT)

< ANTZ} AAZE mPTPE o] F+= FQ FAUS7} o}
Ueh 964 mPTPS] 7158 243H= 7)57he 7halche A
o] deA|7I= AN, 3] mPTPE F4 0% 8= 4l
B3 AgWe] F8 AR Fow 3tk ANT AR
+ bongkrekic acid (BKA)%} atractylosideZ} &4 &=

tl, BKAE= 4177 7hollA] Eeld nlEZ=g]olol|A] Ca*oll
o)st mpPTP 7S Apeksitta B © ®laf(12),
atractylosidet= 238 Ca®ol] 3t 442 Z7IAZIk
I BAEA QIEH63~064). o9 22 AN avhk= F 7}
A A7 ANTE W EZE2]o} tfeef o] 2-9jof] 11 A|
F7tell et 27 w=d], BKAS 2o 713 Zejlx] vt
S3h= QA= mPTP 7RHRE AFs)aL, atractylosident Al
T Ca* 512e] 2719} o] AEA Fol W 7
o ]_‘:. mPTP g] 7Hu]-_0_ =% o}.— z]-.g_. 5}1’4—(20) BKA=
Aol ol mpTpe) A} vlE e zlol v} slel

222 9 M| ZAPEARE WAJSEARE, cytochrome ¢2] 24 9]

 obrel 288 okA) HETH65). o AT o
3} cytochrome c&] #H]= mPTP 7oy n|EZ = glo}

g Aele] adat  dRE o] JAE S AR

&4 ek
@) 7HH S22 mPTPY| 2-83h= A 2=

GAOR TP AL SIS A
it‘_

P EX
2o} o] %—Aﬂ% & “‘741% mPTPE ;Mo}— 4=
(e]l: ATP, H' AEW T8 77 2e 582
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