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ABSTRACT

The protective effect of ‘ischemic preconditioning (PC) on ischemia-reperfusion injury of heart
has been reported in various animal species, but without known mechanisms in detail. In an at-
tempt to investigate the cardioprotective mechanism of PC, we examined the effects of PC on the
myocardial oxidative injuries and the oxygen free radical production in the ischemia-reperfusion
model of isolated Langendorff preparations of rat hearts. PC was performed with three episodes
of 5min ischemia and Smin reperfusion before the induction of prolonged ischemia (30 min)-
reperfusion(20 min).

PC prevented the depression of cardiac function (left ventricular pressure x heart rate) ob-
served in the ischemic-reperfused heart, and reduced the release of lactate dehydrogenase during
the reperfusion period. On electron microscopic pictures, myocardial ultrastructures were relative-
ly well preserved in PC hearts as compared with non-PC ischemic-reperfused hearts. In PC
hearts, lipid peroxidation of myocardial tissue as estimated from malondialdehyde production
was markedly reduced. PC did not affect the activity of xanthine oxidase which is a major
source of oxygen radicals in the ischemic rat hearts, but the myocardial content of hypoxanthine
(a substrate for xanthine oxidase) was much lower in PC hearts. It is suggested from these results
that PC brings about significant myocardial protection in ischemic-reperfused heart and this ef-
fect may be related to the suppression of oxygen free radical reactions.
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INTRODUCTION

In the ischemic hearts, the late reperfusion
does not reduce the extent of irreversible myo-
cardial injury, and it rather aggravates the is-
chemia-induced cardiac malfunction and ar-
rhythmia (Ganote et al, 1975; Hearse, 1977). A

notable recent progress in the development of
protective intervention for the myocardial ische-
mia-reperfusion injury is the demonstration
that repeated brief episodes of ischemia, which
is not strong enough to result in irreversible in-
jury, can render the heart more resistant to
subsequent prolonged ischemic insult. This phe-
nomenon was termed ‘ischemic preconditioning
(PC) (Murry et ol, in 1986). The protection
against ischemia by PC has been demonstrated
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in various mammalian species including dog
(Murry et al, 1986), rabbit (Miura et al., 1990),
pig (Schott e o, 1990), and rat (Tani and
Neely, 19901). Whether PC results in increased
tolerance to ischemia in human is not certain,
though Deutsch ef al, (1990) suggested in the
clinical report that PC may help the heart tol-
erate ischemic challenge in human also.

In spite of many hypotheses for the cardio-
protective effect of PC, the mechanism is still
unclear. Several investigators have proposed
that purine metabolites (Liu e al, 1991),
prostaglandines (Vegh ef al., 1990) or heat-shock
proteins (Knowlton et al.,, 1989) are involved in
the protective effect, but failed to show the de-
finitive evidence. To find the clue to elucidate
the mechanism of PC, we simply guess that PC
could eliminate some critical factors mediating
ischemia-reperfusion injury. Since oxygen free
radical is known to be a major mediator of is-
chemia-reperfusion injury (Hess and Marson,
1984; McCord, 1982), it is possible that PC
might protect the heart from the ischemia-
reperfusion injury by reducing the oxidative in-
sult produced by oxygen free radicals. In the
present study, we test the hypothesis that the
suppression of oxygen radical reactions by PC
might be responsible for the resistance to ische-
mia-reperfusion injury. For this purpose, we
studied the effect of PC on the post-ischemic
oxidative injury in the ischemia-reperfusion
model of isolated rat hearts. Additionally, to
examine whether the oxygen radical production
is altered by PC we studied the effect of PC
on hypoxanthine-xanthine oxidase system which
is a major source of oxygen free radicals in rat
hearts.

MATERIALS AND METHODS
Induction of ischemia-reperfusion injury and PC

Sprague-Dawley rats of either sex, weighing
about 200g, were anesthetized with an intra-
peritoneal injection of sodium pentobarbital
(40 mg/kg). Hearts were rapidly excised and
perfused by the Langendorff technique with
Krebs-Henseleit (K-H) solution. Aortic perfu-
sion pressure was 80cm H:O and coronary flow
was approximately 12ml/min. Left ventricular

pressure was monitored via a plastic catheter
with a small balloon tip which was inserted
into the left ventricle through the mitral valve.
The balloon was swollen until the end diastolic
pressure reached 5mm Hg Krebs-Henseleit so-
lution contained (mM) NaCl 118, NaHCO; 27.2,
KCl 4.8, MgSO, 1.2, KH:PO, 1, CaCl; 1.25, and
glucose 10. The solution was gassed with a 95%
0:—-5% CO: mixture to saturate oxygen and
adjust its pH to 7.4. The solution and hearts
were maintained at 37°C during all procedures.

After an initial equilibration period (15 min),
sustained global ischemia was induced by clos-
ing the 3-way valve in the aortic perfusion
tube. When hearts were reperfused after 30 min
ischemia, restoration of coronary flow was ac-
complished by opening the valve for 20 min. PC
was performed with three episodes of 5min is-
chemia, interrupted by 5min periods of inter-
mittent perfusion, before the sustained ischemic
period.

Evaluation of cardiac function

The heart rate (HR), the left ventricular pres-
sure (LVP) and the coronary flow rate were
measured as indices for cardiac function. The
balloon tip was connected to a pressure trans-
ducer of the physiograph to monitor HR and
LVP. The values of the left ventricular end-dia-
stolic pressure (LVEDP) and the left ventricu-
lar systolic pressure (LVSP) were directly ob-
tained from the monitored pressure. The left
ventricular developed pressure (LVDP) could
be calculated from the difference between
LVSP and LVEDP. The ability of cardiac
pumping action was estimated from the cardiac
function index (HRXLVDPX107%). The func-
tional recovery was calculated from the percent
value of the cardiac function index at the end
of reperfusion (20 min) compared to the pre-is-
chemic value.

Measurement of cardiomyocyte injury

The activity of an intracellular enzyme, lac-
tate dehydrogenase (LDH) released into coro-
nary effluent, was measured as an index for
cardiomyocyte injury. LDH activity was deter-
mined by the enzymatic method using UV-spec-
trophotometer (Bergmeyer and Bernt 1974). The
coronary effluent was added into the reaction
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mixture containing 48 mM phosphate buffer
(pH 74), 0.6 mM pyruvate and 0.18 mM NADH.
The change of optical density was measured at
25°C and 340nm with UV-spectrophotometer
(Hewlett-Packard, 8452A).

Measurement of the myocardial calcium content

The myocardial content of calcium was mea-
sured by using “Ca’®* according to the method
of Tani and Neely (1990I1). Hearts were per-
fused with K-H solution containing *“Ca*
(100uCi/L) throughout all procedures and
washed out with the K-H solution without “Ca*"
for 3min prior to termination of the experi-
ment. The hearts were frozen and pulverized in
liquid nitrogen. The powdered tissue was ho-
mogenized with Polytron tissue disintegrator in
6% perchloric acid. The homogenate was centri-
fuged at 3,000g for 10 min and the supernatant
was neutralized with 5SM K:COs; The concentra-
tion of calcium was calculated by counting the
radioactivity of the homogenate with liquid
scintillation spectrometer (Packard, Tricarb
1600CA).

Preparation for electron-microscopic
examination

The excised ventricular tissue was immediate-
ly cut into three small pieces (about 1 mm?).
The pieces were fixed for 2 h in cold mixture
of 3% glutaraldehyde and 3% paraformaldehyde
in 0.1 M cacodylate buffer (pH 7.4). Fixed tis-
sues were rinsed in 0.1 M cacodylate buffer at
pH 7.4 and then post-fixed for 2h in 1% osmi-
um tetroxide buffered in 0.1 M cacodylate buff-
er at pH 74. After post-fixation, the tissues
were dehydrated with a graded series of etha-
nol solution, treated with propylene oxide and
embedded in Epon. Thin sections were cut with
a MT-2B microtome, mounted on copper grids,
and stained with uranyl acetate. Sections were
examined with an electron microscope (JEM
100 CXII).

Measurement of lipid peroxidation

As an estimation of myocardial lipid peroxi-
dation, the amount of malondialdehyde (MDA)
in the coronary effluent was measured by
thiobarbituric acid method (Yagi, 1982). An
aliquot (0.6ml) of 1:1 mixture of 0.67%

thiobarbituric acid and glacial acetic acid was
added into 24 ml coronary effluent sample. The
reaction mixture was incubated in boiling water
bath for 60min and then cooled to room tem-
perature. After cooling, the absorbance was
measured at 532nm with spectrophotometer.
The amount of MDA was calculated using the
molar extinction coefficient of 1.52X10°/M/Cm
(Placer et al., 1966).

Measurement of xanthine oxidase activity

Myocardial contents of NAD-dependent xan-
thine dehydrogenase (D-form), O.-dependent
xanthine oxidase (O-form) and intermediate D/
O-form of xanthine oxidase were determined by
the method of Kaminski and Jezewska (1979).
Heart was quickly frozen and pulverized in lig-
uid nitrogen. The powder was homogenized in 5
volume of the homogenation buffer (Tris/HCI
100mM, EDTA ImM, DTT 10mM, pH 8.1)
with a Polytron tissue disintegrator. The homo-
genate was centrifuged for 20 min at 1,000g and
4°C. The supernatant was re-centrifuged for
60 min at 30,000g and 4°C. The resulting super-
natant was precipitated by ammonium sulfate
(1.6~2.4M) addition and high speed centrifuga-
tion. The pellet was dissolved in 50mM Tris/
HCl buffer (pH 8.0) and used for the assay of
xanthine oxidase activity. The standard reac-
tion mixture contained 50 mM Tris/HCl (pH 8.
0), 60 uM xanthine and sample (0.3~0.5 mg/ml),
with or without 167.5uM NAD. The enzyme
activity was measured by monitoring the forma-
tion of uric acid at 290nm and that of NADH
at 340nm with UV-spectrophotometer. The cal-
culation of the activities of D-, O- and D/O-
form was performed according to the method
of Kaminski and Jezewska (1979).

Measurement of the contents of hypoxanthine
and xanthine

Myocardial content of hypoxanthine and xan-
thine were measured by enzymatic method
using xanthine oxidase (Jensen and Jorgensen,
1985). The molar absorption coefficient for the
enzymatic transformation of xanthine to uric
acid at 290nm (E=0.85x10"/M/Cm) and that
for the transformation of hypoxanthine to uric
acid at 280nm (E=0.7x10"/M/Cm) were used
for the calculation.
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RESULTS

The protective effect of PC against ischemia-
reperfusion injury

Ventricular function could be maintained for

more than 60 minutes when hearts were per-
fused with the oxygenated K-H buffer. After
stopping coronary perfusion, hearts were com-
pletely arrested within 2min and LVEDP in-
creased significantly around 15 min of ischemic
period. Just after reperfusion, hearts began to
contract irregularly and LVEDP increased
abruptly. The impairment of heart function

Precomiltmnmg _:_#:

—30%

Fig. 1. The record of left ventricular pressure in isolated rat heart.
A: Ischemia-reperfusion of non-preconditioned heart.
B: Preconditioning and Ischemia-reperfusion of preconditioned heart.

Table 1. Effect of ischemic preconditioning on cardiac function in post-ischemic reperfused heart of rat

Non-preconditioned Preconditioned
Pre-ischemia Reperfusion Pre-ischemia Reperfusion
HR (beats/min) 302+14.8 2281256 308 £8.37 284 +£15.2*
LVEDP (mm Hg) 5 77.1£9.05 5 235+12.1*
LVDP (mm Hg) 584+130 106+8.70 58.5+9.45 57.9+20.9*
LVDPxHR X 10*(mm Hg/min) 174+4.04 2.58+2.46 18.0+2.74 16.6+5.86*
Recovery of function (%) 14.1£104 91.0+£25.7*
Coronary flow(ml/min) 124+3.50 5.08+£1.51 11.7 421 9.76 £4.01*

HR, heart rate; LVEDP, left ventricular end-diastolic pressure; LVDP, left ventricular developed pressure.
Ventricular function was assessed by the product of LVDPXHR X107,
Recovery of function was calculated by division of the product at the end of 20 minutes of reperfusion by the

product before induction of ischemia.
Values are given as meanxSD of six hearts.

*p < 001 versus values of non-preconditioned hearts.
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Table 2. Effect of ischemic preconditioning on the
LDH release in post-ischemic reperfused
heart

Release of LDH
(unit/min/g wet wt.)

0~5 min 5~10min
Non- preconditioned 3.98+2.26 4261+2.06
Preconditioned 1.40+0.57* 0.98+0.26*

Values are given as mean®SD of six hearts.
*p < 001 versus values of non-preconditioned
hearts.

with severe contracture was sustained even
after 20 min of the reperfusion. In precondi-
tioned hearts, upon reperfusion LVEDP was
markedly lowered and ventricular beating was
reappeared in regular rhythm. The -cardiac
function recovered almost completely at 20 min
of the reperfusion (Fig. 1, Table 1). Additionally,
the coronary flow rate after reperfusion was
also higher in preconditioned hearts than in
non-preconditioned hearts (Table 1).

LDH released into coronary effluent was sig-
nificantly reduced in preconditioned hearts.
LDH release in non-preconditioned heart was
continuously higher throughout the reperfusion
period (Table 2).

The myocardial content of calcium was 36
nmole/g wet wt in normal hearts and was in-
creased more than 10 times by ischemia-
reperfusion procedure. In the preconditioned
hearts, however, the increase in the calcium
content (139 nmole/g wet wt) was much lower
than that in non-preconditioned hearts (Fig. 2).

The damage of the cardiomyocyte was ana-
lyzed with electron microscopic findings. The
preconditioning procedure itself caused no cel-
lular damage. Microscopic examination of post-
ischemic reperfused heart showed the typical
feature of reperfusion injury (Fig. 3-c).
Heterochromatines were increased in nucleus
and many dense granules, which are thought to
be calcium-phosphate precipitates, were shown
in swollen mitochondria. The direction of
myofibrils and the distance between Z-bands
were irregular. The separation of intercalated
disc was often found, representing severe con-
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Fig. 2. Myocardial calcium level of post-ischemic
reperfused myocardium. Isolated rat hearts
were perfused with “Ca’ -containing K-H
soluton(100uCi/1) under the conditions de-
scribed in Methods. Control: continuous per-
fusion with normal K-H solution for 60 min.
NON: 20 min reperfusion after 30 min global
ischemia of non-preconditioned hearts. PRE:
20 min reperfusion after 30 min global ische-
mia of preconditioned hearts. Each bar repre-
sents mean =SEM of five experiments. * p<
0.01 versus non-preconditioned group.

tracture of heart. In the preconditioned heart,
however, it was found that many mitochondria
of myocytes got together near the cellular and
nuclear membrane, and the number of transport
vesicles increased in the endothelial cells (Fig.
3-b). Any dense granules in mitochondrial ma-
trix or any abnormalities of myofibrils and in-
tercalated discs could not be found (Fig. 3-d).

The effect of PC on oxygen radical reaction

The amount of MDA in the coronary effluent
collected during early 10min of reperfusion
was 6.1 and 13.2nmol/g wet weight after 30 min
and 60min ischemia. PC significantly reduced
the MDA production in the both ischemic con-
ditions. Especially, the MDA was much de-
creased to 0.53nmol/g wet wt in the 30 min is-
chemic condition (Fig. 4).

After 30 min ischemia, parts of D-and D/O-
form of xanthine oxidase were converted into
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3-a Control

3-b PRE only

3-c ISC-REP

3-d PRE-ISC-REP

Fig. 3. Electron micrograph of rat myocardium.
PRE: Preconditioning, ISC: Ischemia, REP: Reperfusion

O-form which can produce oxygen radicals. In
both non-preconditioned 'and preconditioned
hearts, there was no difference between the ra-
tios of each form of enzymes (Table 3). Howev-
er, the hypoxanthine content of preconditioned
heart was significantly lower than that of non-
preconditioned heart. As hypoxanthine is a
substrate for xanthine oxidase, the result gives
a suggestion that the oxygen radical production
by xanthine oXxidase system may be lower in

preconditioned heart (Fig. 5).

DISCUSSION

It was generally considered in the earlier
concept that the repeated, brief episodes of is-
chemia could be cumulative to cause irreversi-
ble damage (Geft et al, 1982). Recently, howev-
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Table 3. The activity of xanthine oxidase in non-preconditioned and preconditioned ischemic myocardial tissues

Xanthine oxidase (unit/mg prot.)

D-form O-form D/O-form Total
Pre-ischemic 1.74 045 0.023+£0.019 0.39+£0.086 2.15+0.26
Non-preconditioned 1.29+0.37 0.79+0.16 0.025+0.015 2.09+043
Preconditioned 1.21+0.32 0.75+£0.22 0.031£0.014 2.10+0.16

Pre-ischemic heart was continuously perfused for 60 min with oxygenated K-H solution. The XOD activities of
ischemic hearts were assayed from isolated rat hearts after 30 min global ischemia. Values are given as mean=*

SD of six hearts.
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Fig. 4. Lipid peroxidation in post-ischemic reperfused
rat hearts. Isolated rat hearts were reperfused
after 30 min and 60 min global ischemia. Lipid
peroxidation of myocardial tissue was estimat-
ed from malondialdehyde(MDA) released into
the coronary effluent collected during the first
10 min reperfusion, MDA was measured with
thiobarbituric acid as described in Methods.
Each bar represents mean+SEM. * p<0.01 ver-
sus non-preconditioned hearts.

er, the concept has changed and it is accepted
that the short-term ischemic challenges do not
cause damage to the heart, rather render it
more resistant to the prolonged ischemia
(Murry et al, 1986). In this experiment, there
was no evidence of tissue injury by three epi-
sodes of 5 min ischemia either (Fig. 2). Pro-
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NON PRE NON PRE
Hypoxanthine Xanthine

Fig. 5. Contents of hypoxanthine and xanthine in non-
preconditioned and preconditioned rat hearts.
Hypoxanthine and xanthine were assayed from
isolated rat hearts after 30 min grobal ischemia.
Each bar represents mean =SEM of six experi-
ments. NON: non-preconditione, PRE: precon-
ditioned. *: p<0.1 versus non-preconditioned
group.

longed ischemia followed by reperfusion
resulted in severe contracture, increased LDH
release, decreased coronary flow and elevated
calcium influx (Fig. 2, Table 1, 2). These
findings were consistent with electronmicro-
scopic findings, such as destruction of myofi-
brils and Z-bands, injured membrane struc-
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tures, deformation of endothelium, and calcium
granules in mitochondrial matrix (Fig. 3). The
severity of these parameters indicating the is-
chemia-reperfusion injury was markedly re-
duced in preconditioned hearts, suggesting that
PC protects the heart from the injury at the
cellular level.

The possible mechanisms for the cardio-pro-
tective effects of preconditioning have been
proposed, but not yet clearly resolved. One po-
tential explanation is an increase in collateral
coronary blood flow. However, since the protec-
tive effect of PC is remarkable even in a glo-
bally ischemic heart in which no collateral cir-
culation exists, the increase in collateral circu-
lation during ischemia is unlikely to be
responsible. Another hypothesis about the
changes in energy metabolism by PC has been
proposed (Murry et al, 1990; Reimer et al,
1986). They reported that, even though some
amount of ATP is lost during PC per se, ATP
depletion occurs in a slower rate during the
subsequent ischemic periods in the precondi-
tioned hearts, and that glycogenolysis and an-
aerobic glycolysis occur much more slowly with
the resultant reduction of accumulation of
toxic catabolites in the tissue. Alternatively,
there are interesting hypotheses that endoge-
nous substances produced during brief episode
of ischemia may be responsible for the
cardioprotective effect of PC. The possible sub-
stances include the stress proteins (Knowlton et
al., 1989), adenosine (Liu e al, 1991) and
prostaglandines (Vegh er al, 1990). In the pres-
ent study, we propose that PC may eliminate
oxygen radical-mediated reactions which play
an important role in causing the ischemia-
reperfusion injury.

Oxygen radicals, superoxide anion (O, *),
hydrogen peroxide (H:0,), hydroxyl radical
(OH » ) and singlet oxygen ('O.) can easily oxi-
dize lipids, resulting in cell membrane damage.
In our experiments, a significant amount of
lipid peroxides were detected in coronary efflu-
ent of post-ischemic/reperfused heart and PC
lowered the amount of lipid peroxides (Fig. 4).
It suggests that PC may protect the heart
against reperfusion injury by reduction of oxi-
dative insult.

Oxidative tissue injury mediated by reactive

oxygen radicals could be prevented by suppres-
sion of the radical generation. We tried to test
the possibility that PC inhibits the generation
of oxygen radicals from xanthine oxidase
system which is a major source of oxygen radi-
cals in rat hearts (Chambers e af, 1985 Lim
and Kim, 1988). Xanthine oxidase is an
oxidoreductase which catalyzes the oxidation of
hypoxanthine and xanthine to uric acid, and it
exists biologically in three different forms, D-,
O-and D/O-form (Parks and Granger, 1986).
The O-form which uses molecular oxygen as an
electron acceptor is a candidate for the oxygen
radical source in vivo. In the ischemic condi-
tion, the activity of O-form increases as a
result of Ca’'-dependent proteolytic conversion
of D-and D/O-form to O-form (Chambers et al,
1985; Hearse et al., 1986; Park et al, 1988), and
its substrates, hypoxanthine and xanthine, are
accumulated as a consequence of ATP degrada-
tion during ischemia (Jennings er af, 1981). In
our present results, PC did not produce any
changes in either the O-form activity or the D
to O conversion of xanthine oxidase. However,
the myocardial hypoxanthine content after
30 min ischemia was significantly lower in pre-
conditioned hearts than in non-preconditioned
hearts (Fig. 5). It is suggested from this result
that the lowered hypoxanthine content may in-
hibit the oxygen radical production and be
responsible for the decrease in oxidative stress
in the preconditioned hearts.

Increased calcium influx aggravates the myo-
cardial injury to irreversible necrosis in ische-
mic-reperfused hearts (Nayler, 1981). About the
mechanism of calcium increase, it has been
suggested that extracellular calcium is likely to
be influxed through Na*-Ca’* exchange in
response to increased intracellular Na™ that ac-
cumulated during ischemia (Murphy et al., 1988;
Tani and Neely, 1989). Therefore, to explain
how the calcium influx was markedly sup-
pressed by PC, it is necessary to study the ef-
fect of PC on ionic movements.
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AL Slohohe} obelshu D, meiu st olzhojs AskstAr
olstolAttistL Slahehst BEY A

UIEY - UPE - AN Wi - uiNS' - UPY!

3 @A A X|(ischemic preconditioning)®] AMAFAZEA Bes43 2 714A& 7937 4%
A7o dfto® FYAHAMAI} ATAEY sz YA5H v 9%& FE3A

35 &A% Langendorff FFT oA AP HIGBOD)-ARFQ0B)ELE FE314
3, A= AFHFEY A 52 58 ARFE 33 whEsle] Ao} AL
ANFFEAY AR AFENS, AEZZHIL 55, 25 9 2 oA ¥b3 s, 283 A
TAZLY A4 Z AA7]H 2 xanthine oxidase system ] HEL A A} v]AX =] A
BF AREANA] vz et

AT AL o1 o)

1 AEAARE= E-ARF AL A3EFE AN, FAMG 5 A5 AsE A3
3B A A3 EE; 91%)

2. 3| 8- #AF AAoNA lactate dehydrogenase FE371e A A s} A3 #3515
A

3. A ABRF ATAZY AR AN vATFRE HAXNAA] vTH F BEHGeH, &
3] myofibril +2¢ REo] vl Faig gl

4. 3 B-AHF-A] AFHA 22 A9 st malondialdehyde Aol B X )5}
o] ¥A3] o=

5. 1@ A A A" el A xanthine oxidase(D, 0 % D/O¥)& AL W3 xR ¢gtoyt 2 712
9 hypoxanthine®] ZA§zkL A& A=t

o]A2] AREE HE IHPAHAARE AXEFFA JPATY ADBF&AE LA, s]PAH
Aol M2 Axgurlgd A 220 ABREA whxo] 43 7lejdd 5 glezz AR

Aolekel: A, ¥, AAF, AEHAAA, Aaetrig
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