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Production of Superoxide Anion and Damage of Mitochondria Isolated
from Ischemic Ropertused Heart

Chong-Yun Rim, M.D., Young Lee, M.D.
Department of Internal Medicine, College of Medicine, Hallym University
Yun-Song Lee, M.D.,, Myung-Suk Kim, M.D.
Department of Pharmacology, College of Medicine, Seoul National University

Background. Oxygen free radicals have been implicated as a cause of deleterious effects
in the setting of coronary reperfusion, and they are believed to be generated by the xanthine
oxidase system, from activated neutrophiles and from mitochondria. We evaluate the contri-
bution of mitochondria to the production of oxygen free radicals and clarify the mechanism
of cellular damage in ischemic reperfused hearts.

Methods. Mitochondria isolated from the ischemic rabbit hearts were incubated in the
reaction conditions with different oxygen tensions. Generation of superoxide anion and
activities of defensive enzymes aginst oxidative stress were mesured.

Results. Superoxide anion generation by mitochondria incubated in 21% oxygen condition
were 0.54+ 0.09 and 0.27+ 0.04(O; * /min/mg protein) in ischemic mitochondria and in
control respectively(P<{0.05). Activities of defensive enzymes against oxidative stress, supe-
roxide dismutase and glutathione peroxidase, were significantly reduced in mitochondria
isolated from either ischemic or reperfused hearts. With the lapse of respiration in 21%
oxygen condition, ADP-stimulated state 3 oxygen consumption(306.4+ 31.5 vs 2144+ 114
n atoms O/min/mg protein) at 30 minutes, P . O ratio and phosphorylation rate were signifi-
cantly decreased in ischemic mitochondria.

Conclusions. Elevation of oxygen free radical generation as well as the reduction of defen-
sive enzyme activities in ischemic reperfused mitochondria are injurious to mitochondrial

R =R 191UE AeUstugd JAATYH BE2E o|FoH L.

- 1137 —



respiratory function. It may contribute to the mechanism of cellular damage in ischemic

reperfused hearts.

KEY WORDS : Superoxide anion * Mitochondria * Reperfused myocardium

M =

Aol BAEF HAE HA3E HEY AR
o ol 38 Axe a2 F99f Z7= A4
NeRd 2 AEE v dch(Sobel) et al,
1972). whebA F4 A2 3482 Aol A & stre-
ptokinase, prourokinase, tissue-type plasminogen
activatorg 9] 8 g HFEE FA}AY, B
T 3] o]XE, AYH #EEN H¥e 52
53 BREHE ANANA Fo2H 42 BN
a7ng ode ARE 3 Yok

a8y {8 77te] e#@lE ASde oy
WHo 2 ARAFE AAICeE A27Fe] ¥
A FAHAE god, A getMe 239
ATEgo] oslE o] WAooz MEARF, co-
ntraction band, M| X2 34 F7159 A FE
W3} (Hearse?® et al., 1975, 1978) ¢} tjE o] A%
ANs FAol xHdE # Utk olHF FEE
ABF &golet F2v 4302 P A%
W ool e 4 e bE 718, 23 &9
8 PN = BRIV 2 5 Aok 37144 A 27}
AaBZFd WAy g 4F grATES] Fd%
He 289 Zoln, o|dg Agdl FiFFol
243 AN e FEH FH4IY S
A A2t} (superoxide anion, Oy« ; hydro-
gen peroxide, HyO, ; Hydroxyl radical, OH - )¢}
Aol Z7etA o2 AT MEEF] ob71E F
9lo.glat =3 "t} (Meerson? et al.,, 1982). 44
HQ AAF &4 A HYHE T aE
F7H AN 2N FHG AL TFO] ol FolAE
A7 #Ho] glod, 1o wE ¥4 diagd
Ze] WAo] A2 &5 dFAITIE AR 8
U7l 8 Aoz B3 5o Yrh(Hess? and Man-
son 1984 ; Simpson® and Lucchesi 1987). A3
A © 2 superoxide dismutase, catalase, a-tocophe-
rols9] Atz AA a4 % FA7} in

vivo @ in vitrod] A #F &4 T A2 AFF

& BE a7 9lohE B (Kim” and Akera
1987 ; Lee®) et al,, 1987 ; Shlafer® et al., 1982) 9}
electron spin resonance spectroscopyZ ©|-83}4
ABF AZAAM HAze A4S AT LT
2(Garlick!® et al., 1987 ; Baker'D et al., 1988)
AB/F 44 F54 dagdgy FEAE #
w3 HFEn ok 28y AdhEddol {E-A
BF A2 AEER7IAEY A Fad
dE8g ¥ 74l Bl AT olF i
grigde] HAd ¢ 2 HA 7jHe] #dfodE of
Ax B3 A A 2§ Hol Bk AFAA
in vivo 48 2 o8 zHqMe AFE FF3H
HE olx F7kx] Huoe ogdt JdH M2
e 28" Aoz gAAY, 1 tsAel de
A © 2 A] xanthine oxidase, £4 W7, catecho-
lamine @ mitochondriaso] A&% 1 ¢ }(Cha-
mber'?) et al., 1985; Simpson® and Lucchesi
1987 ; Singal'® et al., 1982).

Mitochondrias 4 TZ A A x4 7 7H3
2o AEY A27]F2A in vivod ol A mitocho-
ndria®] A& 93l AREHE 449 ¢ 5%
ezt @rl¥oa2 FYs o] superoxide anion,
hydrogen peroxide 5 FA3cta <14 ot
(Boveris'* and Chance, 1973 ; Turrens!® and Bo-
veris, 1980). In vitrool A FZ&Aj7to] A tE o]
71§ °] A3LE mitochondria, £ YR A|7HY] A
A AHE #4383}, mitochondriag thA] A&
TEERULE HAEAE Z S diEYD Ao
Z7} g o] _‘iI’.E—]‘}lC}(Leycklﬁ) and Parnum 19
88 ; Turrens!? et al., 1982).

3& 71%°] A3¥ mitochondriao] A& ZH=A}
AGEA S0 93U Z EASHA =0 229
FaAEgEol dojud A E FLEHE 93
Ao 9ty o] fA dojut Abiet)Zo)
FAHE Aoz 258 + ok 28y o] Y3 mi-
tochondria®} gtz Al o] invivoe] S E-AAF
AN AL 2 AT HME &S o
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T UE AER FUHE Ae A AEY
S AH g0 # gve HoM A2 X
2shm 9ok

Aao e AR S B E3d DNA, 54
g9 5 AF AETAHEA gisto Astg @
e oy, 53] B¥3} AWS ol i3
Adz2 74 Holsle Ml E9, mitochondriag] W,
ut 5 oy AHFZEEL dieoTde 93
o f4A B34 &4 F¥H(Freeman'® and
Crapo 1982 ; Kramer'® et al., 1984 ; Meerson?
et al., 1982). 2181} mitochondria®] matrixijj o) &
superoxide dismutase, glutathione peroxidase,
GSH & 413} qh-g-ol) th 3t Hoj7] A E o] EA3t7]
o A dedAMe Ax AgAdA A7
it zto]l £4& A AE ¥gedh 23AT
Y g AAArZzANME o9 2 WoirjHe
71%50] Astdo] B3 ¥t Guarnieri?® et al.,
1980 ; Shlafer?! etal., 1987 ; Kim?? etal., 1989).

Mitochondriao| A 4tagtt)d A Ao] F713HA
u, o] Sl ti g Foir| Mol HetETd & AR
TFAEE # o)} mitochondria A= 2314
&48 oA HutAEQ 7% A 24"
Aoz o4l Xanthine-xanthine oxidase sys-
tem& ©]-&F in vitro 2] d GH 2 A
Al mitochondria®] 35715 2@ Ak3tA] <1437}
Astgthe RS (Nohl?® et al, 1978 ; Otani®t
et al., 1984) & o]& JEAF} o] A4
gtt)Zo) 2]3 mitochondria®] 4H8}3 <14tsl A
e ATPREA S AT Zoly, P4 AP
FA AR5 3B ASFEFA .FHE &
3 AU FF Al 28 lve 3L 47
3o+ mitochondriad] A1 2] ATP A ZHAE F
oz wAgHY 4% RHoze WS
228 Holt}(Jennings?® et al., 1981)

o] ol A 9} o] mitochondriaty A E 9] Wl
AxEdd FAdo gy AFF ZEHEA
Aol 338 488 & 7t 83 ey
Hed vieh Zo] IS A XU 848 #3
7171 o] g 7] W &) in vitro A BHF AT &2}
210} A mitochondria} 7] T o Bt A3
282 dgA R gt B dFe A9
AE-ABFA FAS FEHE 237 ko

e ox

A Bote g2l invivo A ZAoA YA
mitochondriag ¥WH§-A|F|AA AtAgicZde] 44
5383 9o} 7], mitochondria & 7% L 43}
H Q4tst wztES AFFoEA HY-YRF
Aol AEEA o] mitochondriad] &
HESA 3t

ATRE U

1. 438

Catalase, superoxide dismutase(SOD), epineph-
rine bitartrate, adenosine 5’-diphosphate(ADP),
antimycin A, reduced nicotinamide adenine dinuc-
leotide phosphate(NADPH), reduced glutathione
(GSH), glutathione reductase, t-butyl hydropero-
xidex= Sigma(St. Louis, U.S.A.) A)|ES ALE3IA
I sodium succinate®} 71€} UwrA|2FE& Merck
(Darmstadt, West Germany) A Z& AF&3lF )

2. 3| ¢ AR AZ =

A F 1~1.5kge] A7} New Zealand WhiteH)
71EE AYSE 2 A48t} Heparin(1000 1U)
S AW F o3} sodium pentob arbital 30mg/kg
AWFAlE AT §HE AAs] 4L 3A
A& &Yt W Krebs-Henseleit(K-H) 89 (mM ;
Nacl 118, NaHCOs 27.2, KCL 4.8, MgSO, « 7H,0
1.2, KHoPO4 1, CaCly 1.25, glucose 11.1 pH 7.4)
&oll A Ad 2 x2S A A F Langendorff
FF AR fEY-E AZE33 peristaltic pumpE
o] §-3ted 28ml/mine] YAF AF 2 g%
ol FF BARRE AN BRI 95%
Qs 5% CO.2 EFA7)1 37.5CE FA3¥
BE #73ld Z2FEAE AFHs Hubs B
FEo|l 4R F 08T FtuEE o} glo-
bal ischemiaZ XA AT A d7]F 449
HEE T8t AFe A2 E BAE7] AAstd 95
% Ng, 5% CO2 X3}A]7] 1 glucose th Al manni-
tol(11.1mM) & ) x5t 37.5C2e} K-HE& N A3
< B7F FAS 30F Yol Ad H 95% Oy,
5% COoE ¥3}A17] K-H 298 28ml/minE 30
B OA #RAA o2 AVFE A3
ool AFE Y AHglo] 95% 0,5, 5% COy
g X337 B4 K-H £AE 15~308 &<t 28
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ml/ming A% #F3Ych.

8. Mitochondria & % submitochondrial par-
ticle A&

Mitochondria $=% & alkaline bacterial protease
(Nagarse enzyme)E A} differential centrifu-
gation WP o2 3t 29FEH 1.0mg/ming]
nagarse enzymed 1mM EDTA7} £ &% W MSH
£ (mM ; Mannitol 210, Sucrose 110, HEPES
5, pH 7.4) 5ml&o] A2 L Y3 587 A
A4 A2 F glass-teflon homogemzeri A off
2A 9, obel® AUdrh oF 4u] I R 4
MSH &94& ¢ ¥7Ig & oAl 183t 2 A
@3] FA3} sk 700X gel A 1083 AR
st 1, 8, 2HAFE AANAYT FHA S
nylon meshZ o3¢+ % 8,000Xg, 10852 Y4
2] 8t mitochondria pelletg AUt} I pellet-d
5u) R2ko] KEA £9(mM ; KCI 180, EDTA 10,
Tris 10, Bovine albumin, Fraction V 0.5 g%, pH
7.4)0] ThAl BHAIZ O 4R3I A F
ATt M3 28 wHEIFon, HE A pel-
letd 2~3mle} KEAEY o] G¥FErl 10mg/
mlo] FxE BHAZA} Gl s S+ bovine se-
Fo2 39 Lowry?® %5 (1951)
o Wyog 243lgn, RE 2L 4CoA A
NS

Submitochondrial particle2 mitochondria& %
&3 2H5] Azsdch F FoM F2F mi-
tochondriag 40 waud| A 28 7Z+ZA o7 ZtzZ} 10

24 o 28 —ri}]ﬁ}?&ﬁ}(Heat systems-ult-
rasonics, model W 385). #33t mitochondriad]]
4 A Ryl KEA &FHg Y11 140,000Xg
ol A 1A 7+5 ¢ 2 U AE g (Beckman model L8-
M)E HAsgth 43 HE superoxide dismu-
tase®} glutathione peroxidase@ P =& Z33}7)
93t —70CoA A B33} 3L, submitochondrial
pellet2 1.0mM EDTA”} £3€ MSH ¢F40 2
gl Ao} 2o aHog T AFHIYY. 45
A3 pelletd) ¥ A F %= Bradford?(1976)2]
wlol )8 23shank

4. Superoxide anion A &2 &3
SOD <A A2l epinephrined] A adrenochrome

rum albuming 7}

S 29 4z} ihg-g o] &3t &4 3 th(Misra®
and Fridovich, 1972). MSH $% 9 (mM ; manni-
tol 210, sucrose 70, HEPES 30, pH 7.4)9]] mito-
chondria ¥ & 2mg/ml, epinephrine 1mM, catalase
1 ;(ME Y3 3F7]A2AME succinate 10mML
H7}% antimycin A 2 pME 3 FL A3t ut
& ANFAFYT AL 21% 0,(F7]) EE 100
% 0.8 EZAZT} SOD- A4S epinephrine
NEE
spectrophotometer(Hitachi model 557) 2 485/575
nm(AS=2,860/M/cm)o] A &334 t}. Mitocho-
ndrial matrixtj ¢} ¥}o} 7] " & A) A $F submitocho-
ndrial particlee]] A} 8] superoxide anion9] A& &
mitochondriaol A&} & zHo2 30CHA &
A3t 29, & submitochondrial particled] &+
0.5mg/ml2 3t}

oA adrenochrome] dual-wavelength

5 Aoz olfhe] X4 &3

1) Superoxide dismutase(SOD) A%

Mitochondria matrixt} o] 4] superoxide anion&
Hy,0, % dismutation A]7]+ SODe] AT E &
Aetgth Misra?® 9} Fridovich(1972)2] ullo)
o8te] 2&3 E4 mitochondria®] A% Aol Al
g4< 2439 0.lmM EDTA7} 239 pH
10.29] 0.05 M NaHCO;s-NayCos +&foj) A 0.12
mM epinephrine®] adrenochrome® & x2}7}4k3}
& ¥-8-0] matrix ¥ 8 (20~80 ug/ml)ol] &3}
JAHE HEE 325nmol A spectrophotometer
(Hewlett Packard model 8452 A)2 ZA 34t}
22 & 30T A 4l A3} 2™ epinephrine?} z}7}
8-S 50% A E GAHEE 1 unitd 31y
units/mg protein®. 2 A2+t g o}

2) Glutathione peroxidase(GSH Px) 4% =
3

GSH Px9] @45 Gunzler?® =(1974)9] df
Holl o3 =A3l4 ) 0.5mM EDTAZ} 34 pH
7.09] 50mM potassium phosphate buffero] 0.16
mM NADPH, 2mM GSH, 1 U/ml GSH reductase,
0.6mM t-butylhydroperoxide(t-BOOH) 2} matrix
38 (20~80 pg/ml) & Y& Aejo A NADPH7}
ZAhde AL 340nmoll A spectrophotometer
(Hewlett Packard model 8452A)& Al&3le =
BeAh FAL 37T M AAEHen 71EQ
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t-BOOHE %2 ¥ FIF: W &AM ¢
BOOHE %7139 &4 =& # 432 & GSH Pxdl
ofF ¥hg- o8 HFEgnh. GSH Pxo 4=+
0.5uMe] NADPHE 18 %<t NADPE w314
71+ 58S 1| unitZ 3l mU GSH Px/mg pro-
tein®. 2 A 4+ g o}

6. Mitochondria®) 3 & 715 2 2378 QA

23

Mitochondria®] A4tz AMAL =A%
A9 A" AtAcE]do] 23 mitochondria
715EdY A2 3§ ¢ s Qs |
3} 2 Clark-type oxvgen electrodeE A}-£-3} biolo-
gical oxygen monitor(Yellow Spring Instrument,
Model 5300)E o]&3ted =H3dch 0.1mM
EDTA7} £ MSH &3 9o 0.5mg/ml2] mito-
chondria 83 5mM Ko,HPO,E ¥ 3l succinate
10mM<E 7| Z & 3t state 4 TEFL A 239 1,
in vivoS] Y- ABR BAH FAS HRE F
E3t7] 93l 21% Oy B 100% Oy, ZAd A
succinate 2 state 43 F2 A& & 0, 15, 3059
ADP 150uM & A 7}8}e] state 39] 3F L 53t
Zt statedf| Ao} HAEARE(Q0)E FAHEA
AretA Ql4tsle]l A3l phosphorylation rate:
47H8 ADPSE o] Q148} Al717) 91ste] Au] e
A9l Bl & (P! O ratio)d] QO,E F3ted A4t
&t

4

H

1. Superoxide anionAY 4

95% O, 5% CO,Z XA A K-H §4&
1587 #7417 hZE 4139 mitochondrias 21
% Oy Z719) A] superoxide anion A4 &9°] 0.27n
moles/min/mg proteing B.Ql ¥HH, 30& 7} global
ischemiag A 7] A& 9] mitochondriays 22
A2 E]F Z 7ol A 0.54n moles/min/mg protein2)
AAEE B gx7Y ¥& oA F7HE U
BRItk (Table 1, Fig. 1). 338 100% 0,8 ¥
FAA A2 ELE EY22M superoxide anion
9] AARFHE FHAI FUANANE d=TNA
0.59n moles/min/mg protein, 3 ¥ o] A= 0.64n

moles/min/mg proteinZ superoxide anion A4

Table 1. Formation of superoxide anion by mito-
chondria and submitochondrial particles
isolated from rabbit hearts"

Superoxide anion

Condition (O, * /min/mg protein)
Control? Ischemia?
Mitochondria
21% O, 0.27+0.04 0.54% 0.09*
100% Oy 0.59% 0.06 0.64%0.10
Submitochondrial

Particles

21% Og 0.95% 0.20 0.88+0.05
100% O 1.66% 0.22 2.12+0.14%

1 : Superoxide anion formation was estimated by
the method as same as in Fig. 1. and 3.

2 . Meant SEM of 6-4 experiments

* : P<0.05 vs control

& o] 3] ¥ mitochondriacl| 4] 7t F718le Y&
Holu} AR {3 xole FAHA &
Skt}(Table 1, Fig. 1).

Submitochondrial particle®] superoxide anion
A A& & 24 3 mitochondriad)] v) &t ok 2~3uj
=4t (Table 1). 21% O, 2@ thZF 0.95n
moles/min/mg, H 8T 0.88n moles/min/mga A
Ago fo o7} gl v AARGS &2
100% Oy ZZd A= & T 1.66n moles/min/mg
protein®]] B} 3} & & F ol A= 2.12n moles/min/mg
protein®. 2 {913 ZF7IE Hri(Table 1, Fig.
3).

2. Mitochondria®] AtAglc)zt wloj g 4

Mitochondria Wl ol 4] A A @ superoxide anion&
dismutation A]#A Hy0y9} O, B} O] = supero-
xide dismutase(SOD) %} H, 0,8 E&dl= 5491
glutathione peroxidase(GSH Px)9] ¥X g =
e

SODe] YA+ 3057t global ischemiaZ
gA 7 A2 A dlZ7(12.0 U/mg protein) ol
H|3j) ¥ zpol & Holx] FAAR HE-AAF A
mitochondriad] 48] &4 %+ 53 U/mg protein
o2 A% A E RAF A (Fig. 4). 8 GSH
Px9] A== dERF(257.7 mU/mg protein) o]
vl &} 318 42 mitochondria(170.8 mU/mg pro-
tein) M= ZAE Hol ol AMBAFA 64.5
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1.00
c ] normal
._g .§ 1 ischemia
CE) g 0.75+ . I
28 SN
-5(9:} 0.50 1 N \
g—g 0.25+ § §
? 0.00 Q &

21% 0O, 100% Oy

Fig. 1. Formation of superoxide anion by mitochondria isolated from rabbit hears.

Superoxide anion production was estimated by measuring SOD-inhibitable adrenochrome formation
from epinephrine. The superoxide anion-induced formation of adrenochrome was followed at 485-
575nm in a dual-wavelength spectrophotometer, and was confirmed by inhibition of the reaction
by SOD(0.3uM). Intact mitochondria were isolated from normal control(open bar) and 30min-
ischemic(hatched bar) hearts. Mitochondria(2mg/ml) were suspended in 2ml reaction medium(ma-
nnitol 210mM, sucrose 70mM, HEPES 30mM, pH 7.4) saturated with either 21 % O(air) or 100 %
0, at 30T.

Other additions were epinephrine 1mM, succinate 10mM, catalase 1uM and antimycoin A 2 uM.
The reaction was started by addition of antimycin A. The values are Meanst SEM of 6 experiments.
* 1 P<0.05 vs normal control.

%2.0

CJ normal *
ischemia

—
o
:

14

%

—
o
1
t

05~ /STATE IV 05 Consumption
o
3

%

0.0

Fig. 2. Ratio between superoxide anion formed and oxygen consumed during state 4 respiration in intact
mitochondria.
Formation of superoxide anion was estimated in 21% O,-saturated condition. State 4, succinate-
supported oxygen consumption was measured as same as in Fig. 6. Values are Meanst SEM of
6-7 experiments. * . P<0.05 vs normal control.
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s g NN ischemia -
't E2.004 \
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EN \
§ é 1.001 I %& §
| \
0.00 § §

21% 0, 100% O,

Fig. 3. Formation of superoxide anion by submitochondrial particles of rabbit hears.
Submitochondrial particles were prepared by ultra-sonication of intact mitochondria isolated from
normal control(open bar) and 30min-ischemic(hatched bar) hears. Sonication was carried out for
20 sec(10 sec X2, 2 min interval) at 40W. Submitochondrial particles(0.5mg/ml) were suspended
in 2ml reaction medium saturated with either 21 % Oq or 100% O,. Other conditions for measuring
superoxide anion production were as same as in Fig. 1. Values are Means+ SEM of 6 experiments.
* : P<0.05 vs normal control.

20

3 normal
ischemia

154 El reperfusion

(6]
$
t

SOD Activity
units/ mgq protein
o
]}
%

0

Fig. 4. Activity of superoxide dismutase(SOD) in mitochondria of rabbit hearts. Mitochondria were isolated
from normal control(open bar), 30min-ischemic(hatched bar), and ischemic/reperfused(30min,
black bar) hearts. Mitochondrial matrix fraction was obtained by ultracentrifugation of sonicated
preparations of intact mitochondria. SOD activity was estimated by measuring the extent of inhibition
of epinephrine autooxidation as described in the Method. Values are Means+ SEM of 6 experiments.
* . P<0.05 vs normal control.
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© 23004
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O E Q .
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Fig. 5. Activity of glutathione peroxidase(GSH Px) in mitochondria of rabbit hears.
Mitochondria were isolated from normal control(open bar), 30min-ischemic(hatched bar), and
ischemic/reperfused(30 min/30 min, black bar) hearts. Mitochondrial matrix fraction was obtained
by ultracentrifugation of sonicated preparations of intact mitochondria. GSH Px activity was measured
by UV-Spectrophotometric method using t-butyl hydroperoxide as a substrate. Values are
Means* SEM of 6 experiments. * : P<{0.05 vs normal control.

mU/mg proteinZ U ZAdte ZFL BoF

A H(Fig. 5).

3. Mitochondria®] 3& % 2ts3 <14bst

SuccinateZ 7] % & mitochondria®) state 4
IFA AArAiwge A ZT(85.1 n atom
O/min/mg)olyt #&F(91.9 n atom O/min/mg)
ojuf apol7k UKTE FHE 21% Oy A state
43FS AHANZ A A Bl ot das
Bgo] Frtste P BolAY T A
HE fo§ 2ol 7t A tH(Fig. 6). ADP 150 yMZ
H7beted AFAIZ state 35 F Y AALLRF(QO
)& 21% O, 2NN ZFo] A& g ot A
Aoz 2% 08, 1520 3658 n atoms O/
min/mg protein,, 385.9 n atoms O/min/mg pro-
tein®.2 ¥ W3 E Holx AT, 30&NM=
306.4 n atoms O/min/mg protein® 2 9] 74
(P<0.05) 8 BAFAT 4 T E 0%
291.9 n atoms O/min/mg proteino] v} Z&
A Eqtol A ZFol A&l whet 158004 274.
1 n atoms O/min/mg proteing 7ZA3li, 30%&
o4& 214.4 n atoms O/min protein® ©-% 7

astgon 2 Aol A HET S QOE WE

T2 QO s frostA wuh(Fig. 7). &
2ol A 089 QO,E 100% & 3} 155, 3089
2] QO,E WEEE FASAS W ATt I E
Q0,9 Zae dz=FHY 384 mitochondria
A4 B2 BA FACHFig. 8).

718 A Fo] ADPE APTE Q143 A7) =1
ARG Ar o] 47 14stE ADPY H] &I PO
ratiox {ArstE]E 2] (phosphorylation site) 2]
AFE e FE B 2A 413} 1413 dZ 0
$9 3t mitochondria®l] 10)A] succinated 7] A2
A} AL olgHozE 271 "ok & AY
dAMEe Hz 38 A mitochondriad] A Zh2z}
1.75, 1.630]9 Zo] 21% O, 27022 &L A
Aol Tt 2Tl A e 15, 308 22} 1.64,
1472 ozt Zadte 3¢S Byon, ¢4 34
mitochondriad] & GA] & ZdA 7z 1.
31, 1.102. 2 ¥% #4dte 48 2Ych(Table
2). Mitochondria®] 433 143t %8 & e
WF= AZE2A QAks}& (phosphorylation rate
=QQ0, X P: O ratio)& o] A2 HE At
39t & mitochondria®] IAF3}&& 0.64
umoles ATP/min/mg proteino]1.2.8y, T Fo] A
Sgo] mel 158ME H AolE HolA 4%t
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/min/mgq prote

Oxygen Consumpt

n atoms O

Fig. 7.

200

0 min 15 min 30 min

State 4 oxygen consumption by mitochondria isolated from ischemic hears.
Succinate-supported, state 4 oxygen consumption was determined at 0, 15 and 30 min after addition
of succinate(10 mM) by the polarographic method using Clark-type oxygen electrode. Mitochondria
(0.5mg/ml) were suspended in MSH medium(mM : Mannitol 210, Sucrose 70, HEPES 30, EDTA
0.1, pH 7.4) saturated with 21% Og(air at 307).

Value are Meanst SEM of 6-7 experiments.

600
1 normal
500 + ischemia
400+ L
€T, .
300+ -
- *
200+
100+
0
0 min 15 min 30 min

State 3 oxygen consumption by mitochondria isolated from ischemic hears.

ADP-stimulated, state 3 oxygen consumption(QO;) was determined at 0, 15 and 30 min after
addition of ADP(150uM) by the polarographic method using Clark-type oxygen electrode. Mitocho-
ndria(0.5 mg/ml) were suspended in MSH medium containing 10mM succinate, 0.1mM EDTA,
5mM KyHPOy, which was saturated with 21 % O, at 30C. Values are Meant SEM of 6-7 experiments.
* 1 P<0.05 vs normal control.
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Fig. 8. Change of state 3 oxygen consumption(QO;) in cardiac mitochondria respired for different time

intervals.

Plot were redrawn from the results in Fig. 7. * ! P<{0.05 vs normal control at the corresponding

time.

Table 2. Respiration and oxidative phosphoryla-
tion 'in cardiac mitochondria respired for
different time intervals!

Time .
. Control Ischemic
(min)
State 42 0 85.1 £ 9.9 91.9 6.0
respiration 15 1311 %

+
11.1 1321 + 4.4
30  131.3 £14.2 1257 *
State 32 0 3658 £33.2 291.9 +26.¢ *
respiration 15 3859 x31.8 2741 +£195*
30 306.4 £31.5 2144 +11.4 *

P:Oratio 0 175+ 0.10 1.63% 0.04*
15 0.64= 007 1.31% 0.08*

30 147+ 0.06 1.10t 0.02*

PR3 0 0.64%+ 0.08 0.47+ 0.04*
15 0.63% 0.06 0.36%+ 0.03*

30 0.44+ 0.04 0.24% 0.02°

Values are Meanst SEM of 6-7 experiments.

1 . Mitochondria isolated from normal control and
ischemic hearts were respired with succinate in
21% O, (air) conditions.

2 . n atoms 0/min/mg protein

. Phosphorylation rate=QO,;XP : O ratio, p moles

ATP/min/mg protein

*P<0.05 vs control

o1} 308 = 0.44pmoles ATP/min/mg pro-
tein® 2 Z+4A3YEct 838 33E mitochondriad)
Q14F3}1-82 0.47 pmoles ATP/min/mg protein . 2
o] vjsle] Qgton, olx 21% O, ZAA
IEFAZ] BRG] w6 ZAse 5%,
30%-°l Z+2t 0.36, 0.24 yumoles ATP/min/mg pro-
teing BT} (Fig. 9, Table 2). 2+ FAA &
Al ZHA] ‘?_Vclﬁ}%"“ thated 1587 30849 <)
A &S HEEZ JEIAS W ozl vl
Y Fo A TFAEAITLo] Aol wha} {2 %
o] E Hojn ZHAEHdH(Fig. 10).
i ot

In vitroo] 4] mitochondria® &A] 24 ztt)ZHo]
A" 8 ol 3F71%°] oA mitochond-
riao| A Ath et g A5 Yol 238 FUtEYE
B3 E(Boveris'¥ and Chance 1973 ; Lyeck'®
and Parnum 1988 ; Turrens!?) et al., 1982)-& mi-
tochondria® Ati etz G AN 7t 2
F YL&e ANEE Aoeg gAAY. Omni? 5
(1984) 2 3] 8 Al 2 mitochondria®] state 4 T & A
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Fig. 9. Phosphorylation rate with succinate in mitochondria isolated from ischemic hearts.
Phosphorylation rate was calculated from the product of P: O ratio and QO,. Values and
Meanst SEM of 6-7 experiments. * ; P<0.05 vs normal control.
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Fig. 10. Changes of phosphorylation rate(PR) in cardiac mitochondria respired for different time intervals

with succinate and ADP.

Plot was redrawn from the results in Fig.

time.

A4 stressE 7} 7-$ hydroxyl radical A§4J o]
%7188 electron spin resonance spectroscopy&
ol g3ty TAF uirt glom, B AT AA M=
Hhg-ol o] AFAEQNS ¥l ZZ9A mitochond-

ria®] superoxide anion A Aol Z7HE B ol g},

9. * 1 P<0.05 vs normal control at the corresponding

27l H])3le 38 mitochondriad) A} A Al & o]
b Edve AL HIAEY A AigdZd
WA 9] © 2 A mitochondriad] 7}HsAlS Sk 3}
€ 232 gddn

a2 A HEE HAF AZNA X mito-
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chondria7} o]ejgt itizitize] dAYo T A
ATHEEGA A & A oA E B
3] Fld uirt gick B dFANME21% 0, B
100% O 2 AFAERS 923 oA AT
mitochondriag ¥+SAlZ o 24 in vivod] 3 F-
ABFAIG FAMGE g fxdnx
AA M Y 2 B AdAhFert 747
SF 160uM, 48 uMo| 3, Y4AT el By wAB
Ao MAFEE 32 yM A X (Heineman and
Balaban 1990)2t= & ZAchd £ ATl A
AHE 100% O BEo|T F7]5 Atk &
F3E 21% 0,2 XE3tg ¥hgY Fo| AT
(223 M) = AR A HPF ABFA F43]
THHE MAFE FEI AHG Aoz A4d
t}. mitochondriad] A Ak 2] ko] WA & 1 ute)
ARAGAE §F AR 5§ AHANA dont
9, matrixtfoll & A€ Areddg A=
7150l EXFT AFAHHAMAA Y M
mitochondriad| 4] A4 o) A A o] FHr)ete
A& Wote] AxdgAAA daeigd gzt
A7 AAZ F7H7] 7Y £= Y2, FHe
2 AL F18HA gtigte AtaddZd A
A7180] Wste AR2 A Ao T RAAA
B4z ok A2 23 A @A it @
o] 71 E o] AslE e H 31 (Guarnieri?® et al.,
1980 ; Shlafer?!) et al., 1987) ¥ 2 AFo|A su-
peroxide anion ¥ Hy0,& A A &49 su-
peroxide dismutase$} glutathione peroxidase ¢} &
A7t 2ol Et) 38 2@ 23 F mitochon-
driao| A AstE o] Ytk AL Fz9 7bsAHE
A S g ASke w2 JART 22y matrix
B2 AAFo 2N Wof7IHES A F sub-
mitochondrial particledl] 4] €] superoxide anion A
o] I3k 58 mitochondriad A o] EUTH 53]
100% 0,2 ARERS EYo2A A2
APFES Ao s FUHEE 3 2N
38 A submitochondrial particle®] superoxide
anion A Alo] Y 2FH} F95H4 Ut A
mitochondria®] AtAztdzd A5 A7t o
AMoe Zr714he Yehie dven Azdd.
8 B A3 dhygolAset o] mitochondriad]
WrojA AMAE superoxide aniong 9F-o A

243l 7 $-9l & mitochondria 28 5% supe-
roxide anion®] ¥R % HE Ao ggg v
49308 2oz ualth §8 ¥ ABF oA
ZA e d@oE A ETE 923k mitocho-
ndria W} - 92t ] So|Hoz 3] 279
th= AbA (Hearse®!) et al., 19733 Crompton®?)
1988)& 2 9] 3]¥ mitochondriad] & su-
peroxide anionol| t} 3 344 o] £7171 A& T
AT FE2A o F state 4 TFA A2 &
2o %9} 3 ¥ mitochondriad] 4] x}olE& U
ER A g2 (Fig. 6) ol = B3} o] o] tf & supe-
roxide anion®] H] & & 3 ¥ mitochondria’} &
ToA Bt & A E BAAR(Fig 2) 133
7FeAdS wAg + A sk

3] & mitochondriadl 4tA FFA] 2kt zt A 4 o]
F7Vshe 71do B3l ol n HEF Mol
gt} In vivo A &l A mitochondria®) Az A4
Al & NADH-CoQ, CoQ-cytochrome b T o]
AZ Agg 4zt JA 3= rotenoned} antimycin
A7} superoxide anion A& S7HA| 71t A4
£ (Boveris!*) and Chance 1973 ; Turrens'® and
Boveris 1980) AtA E=z7t Z2ZF Ao 2 4719 A
AE ol B2 4 H7| o] Mae w43
oz FEXHoZ FAHE 427 42 b
o] Bt} 384 efol A mitochondria ZFo] A3}
© AL Bed AL REEo] ofyx Anky
g AAE 9uiste Fol7] wiel
AAFTET HEo £E #9499 HUZ Je 9
AU AR F7H8 £ gloglet AR,
3842 mitochondriae &7)%5 A3te ¢
Bof 4t3}-<latst A4 =3 oA S ATP A A o]
ZHAa gt} o] 83 mitochondria®] AH3}& Q14ks}
71 Adte A TN FFHOZ Hole &
557 #A3stA ol 7% mitochondriag)
Z&o ot LA E energyd] WiFES 213}
(o]

ro rid
v

EohE energy-9jEH o2 ZHE uptakedt=dl
252387 g2 Aoz Bl (Hearse®® 1977).
o]9}r{ & mitochondria®] #}t}3 ZEZHHLS
ZEE4Q 74F BHaLES 48 NP
2% mitochondria et} £34 & njEo)Fo g
Z7FA171 7] wl &0l matrixt] & Z}E£ o] L, adenine
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nucleotide ¥ 718} AEAF EIAES L4
v &2} A Crompton®? 1988). o] &3 2
53 & e wste AR HoF A3l
Q1Ar3}2 ¥ 33 mitochondria 7]% 9] AREA QI
AgtE 71AE A2 FAHL Q) FH o9
ol € mitochondria® ¥F2-A] AlA gl Zof 9] &to]
APAor &% gsteg AvAA 715 A7t
zeE 7heAe] B . dagvde EX3)
AgAE @o] gdle Axe AAAGES A
7413} 3l7] wj¥o)] mitochondriag] W - &jate
dagiiZdol] o AbstY &4 FL& EHo)
" c}(Freeman'®) and Crapo 1982 ; Kramer'? et
al., 1984 ; Meerson?) et al,-1982). 21% O, =
oA 35S ASAZE BF TFAT0] BHE
F 5 QlAbshg o] At Ao o2 & 43} g 9
Zare

Gk ol& 21% Oy 7oA HHE-A] superoxide
anion Aol 33 mitochondriad] A o] ¥k,
T3 ¥ mitochondriadl= Atxgtido] ofg
wolzldoel Al e Rz B o weA
Abagitdo] 2% Absh-Qatst AFe AdAE
uidte Aoz oAAFHed, 53 BHSe]
SxAd e dgo] EA43A dede AME B
o= 3E-A #HF mitochondriad) A&} 75 A
st Zgoled daddZ Fo ddtodx 2
2 3 AR Algd

Loz

o of
e -

ox

T, Y A2AA ABF &4 & 7
24 ¥ Adaettze] AEHL JoH,
A AbAEt] 22 xanthine oxidase system,
38 AT £2 mitochondriadl 4] A A5 &=
2 o#xx ¢lth. MitochondriaZ7} 4H2 4]
ool AR e} o 5o}, o] A A
VS AtaEiTigel o3t AEEYG VA E
&t Hot

Uy Addes LA HE JtE 429
mitochondriad] 2%+ @el3ly AALE ATF
sto 23 A H/F AT mitochondria®} §AFS in

vitroZZ4 & e H, 2+ Ag ZoA mito-

A

foexo xR
B lo oz op |o rR

=)

4z,

£3) 38 mitochondriad| A} B2 & A3}

chondria®] superoxide anion 4§43, 1o g
o}7]x ¢} W3} 2 mitochondria®] & &3 434
A3} o WslE A3

A} 21% AbA 28 o)A 8 A2 mitocho-
ndria®} ) Z Tl 4 9] superoxide anioni A} & 2z}
7} 0.54+0.099} 0.27+ 0.04(O;4 + min/mg protein)
2 ¥ A2AA fosA Fistaed,
ABF A2 A9 superoxide dismutase?] A
S E 5.3ymg protein® 2 W ZR o] B3 #o%
ZAaE RYon, glutathione peroxidase?] &4
e 3y A2 2 A#F A2 mitochondriad] A
gz v3 25 §9% #4LE RIAHAH
170.83} 64.5mU/mg protein). SuccinateE 7|3 &
3 A47] AL ARFE 21% AtA ZHANA F
¥4 o} Q=27 2 ¥ mitochondria?)
FAEe ztol7b Qi em, ADP-£31 A 37] &
Fo) A AR PO rato 181 QAL
21% Atk Z2PNA 3F Z el w2t 58 mito-
chondriao| A f2ZR A3 #AsAC

AE. ol ZAZRH I F2AF
& mitochondriac 4] ¥H2-A} AlAgoizre]l YA
27}, 1o g wolz1A el A48 mitochond-
ria®] 3F71%, At A4S J1eE ABMAZ
o2 HY-AARA AZHE &4 T
4y 719 oz AlgdTh

References

1) Sobel B, Bresnaban G, Shell W, Yoder R : EsHi-
mation of infarct size in man and its relation to
prognosis. Circulation 46 640, 1972

2) Hearse D], Humphrey SM, Nayler WG, Slade A,

Bordu D : Ultrastructural damage associated with

reoxygenation of the anoxic myocardium. | Mol Cell

Cardiol 7 315, 1975

Hearse DJ, Humphrey SM, Bullock GR : The oxy-

gen paradox and the calcium paradox : two facets

of the same problem ? | Mol Cell Cardiol 10 . 641,

1978

Meerson FZ, Kagan VE, Kozlov YD, Belkina LM,

Arkhipenko YV . The role of lipid peroxidation in

pathogenesis of ischemic damage and the antioxi-

dant protection of the heart. Basic Res Cardiol 77 .

465, 1982

~

3

~

4

— 1149 —



5

6)

~—’

7

g

8

9)

=

10

11

12)

~

13

14)

15)

16)

17)

Hess ML, Manson NH : Molecular oxygen . Friend
and Foe. The role of the oxygen free radical system
in the calcium paradox, the oxygen paradox and
ischemic reperfusion injury. | Mol Cell Cardiol 16 '
969, 1984
Simpson PJ and Lucchesi BR : Free radicals and
myocardial ischemia and reperfusion injury. ] Lab
Clin Med 110 : 13, 1987
Kim MS, Akera T . Qz free radicals - cause of is-
chemia-reperfusion injury to cardiac Na*-K AT-
Pase. Am ] Physiol 252 © H252, 1987
ol4%E - AH3 - F g AEH - FEY LA
At Aol oxygen paradoxX Ak AR 9
& Mgl st 28181, 1987
Shlafer M, Kane PF, Wiggin VY, Kirsh MM : Pos-
stble role of cytotoxic oxygen metabolites in the pa-
thogenests of cardiac ischemic injury. Circulation
66 . 185, 1982
Garlick pp, Davies MJ, Hearse D], Slater TF © Di-
rect detection of free vadicals in the reperfused rat
heart using electron spin resonmance spectroscopy.
Circ Res 61 . 57, 1987
Baker JE, Felix CC, Olinger GN, Kalyanaraman
B : Myocardial ischemia and reperfusion . Direct
evidence for free radical generation by electron spin
resonance spectoscopy. Proc Natl Acad Sci USA 85 .
2786, 1988
Chamber DE, Park DA, Patterson G, Roy R, Mc-
Cord JM, Yoshida S, Parmley LF, Downey JM
. Xanthine oxidase as a source of free radical da-
mage in myocardial ischemia. | Mol Cell Cardiol
17 145, 1985
Singal PK, Kapar N,.Dhillon KS, Beamish RE,
Dhalla NS : Role of free radicdls in catecholamine-
induced cardiomyopathy. Can ] Physiol Pharmacol
60 © 1390, 1982
Boveris A, Chance B © The mitochondrial genera-
tion of hydrogen peroxide. Biochem ] 134 . 707, 1973
Turrens JF, Boveris A . Generation of superoxide
anion by the NADH dehydrogenase of bovine heart
mitochondria. Biochem ] 191 : 421, 1980
Leyck S, Parnham M] @ The cellular origin of oxy-
gen free radical species. Documentation of Interna-
tional Conference on Oxygen Free Radicals in Health
and Disease, London. 1988
Turrens JF, Freeman BA, Levitt JG, Crapo JP :
The effect of hyperoxia on superoxide production by

18)

19)

20)

21)

22)

23)

24)

e

25

26)

27

28)

29)

lung submitochondrial particles. Arch Biochem Bio-
Dbhys 217 : 401, 1982

Freeman BA, Crapo JD : Free radicals and tissue
injury. Lab Invest 47 . 412, 1982

Kramer JH, Mak IT, Weglicki WB . Differential
sensttivity of canine cardiac sarcolemmal and mic-
rosomal enzyme to inhibition by free radical-induced
lipid peroxidation. Cir Res 55 : 120, 1984
Guarnieri C, Flamigni F, Caldarera CM : Role of
oxygen in the cellular damage induced by re-oxyge-
nation of hypoxic heart. | Mol Cell Cardiol 12 : 797,
1980

Shlafer M, Myers CL, Adkins S : Mitochondrial
hydrogen peroxide generation and activities of gluta-
thione peroxidase and superoxide dismutase follo-
wing global ischemia. | Mol Cell Cardiol 19 : 1195,
1987

AEA -2 Ed - A8 - AP - o] 52! 3§
A2 AT &4 B 97 gAY
AEY] AhAA2ATF £800 dofA A
goze 4% Meod &2 30231, 1989
Nohl H, Breuninger V, Hegner D : Influence of
mitochondrial radical formation on energy-linked
respiration. Eur ] Biochem 90 . 385, 1978

Otani H, Tanaka H, Inoue T, Umemoto R, Omoto
K, Tanaka K, Sato K, Osako T, Masuda A, Nonoy-
ama A, Kagawa T : In vitro study on contribution
of oxidative metabolism of isolated rabbit heart mito-
chondria to myocardial reperfusion injury. Cir Res
55 1 168, 1984

Jennings RB, Reimer KA, Hill ML, Mayer SE :
Total ischemia in dog hearts, in vitro. Comparison
of high energy phosphate production, utilization, and
depletion, and of adenine nucleotide catabolism in
total “ischemia in vitro vs severe ischemia in vivo.
Cir Res 49 . 892, 1981

Lowry OH, Rosebrough NJ, Farr AL, Randall
R] : Protein measurement with Folin phenol rea-
genl. | Biol Chem 193 . 265, 1951

Bradford MM : A rapid and sensitive method for
the quantitation of microgram quantities of protein
utilizing the principle of protein dye binding. Anal
Biochem 72 . 248, 1976

Misra HP, Fridovich 1: The role of superoxide
anion in the dismutase. | Biol Chem 247 : 3170,
1972

Gunzler WA, Kramers H, Flohe’ L : An improved

- 1150 —



coupled test procedure for glutathione peroxidase in lease. ] Mol Cell Cardiol 7 . 315, 1973
blood. Z Klin Chem Klin Biochem 12 . 444, 1974 32) Crompton M : The effect of ruthemium red and

30) Heineman FW, Balaban RS . Control of mitochon- other agents on mitochondrial calcium metabolism.
drial respiration in the heart in vivo. Annu Rev Handbook of Experimental Pharmacology. Calcium
Physiol 52 © 523, 1990 in Drug Actions. Vol 83. Springer Verlag, Berlin,

31) Hearse DJ, Humphrey SM, Chain EB : Abrupt 1988, p185.
reoxygenation of the anoxic potassium arrested per- 33) Hearse DJ : Reperfusion of ishemic myocardium.
fused rat heart . a study of myocardial enzyme re- J Mol Cell Cardiol 9 : 609, 1977

- 1151 —



	199121061137.pdf
	199121061138.pdf
	199121061139.pdf
	199121061140.pdf
	199121061141.pdf
	199121061142.pdf
	199121061143.pdf
	199121061144.pdf
	199121061145.pdf
	199121061146.pdf
	199121061147.pdf
	199121061148.pdf
	199121061149.pdf
	199121061150.pdf
	199121061151.pdf

