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Abstract

The objectives of this study were to determine 1) whether reactive oxygen species generated upon postischemic reperfusion
lead to oxidative stress in rat hearts, and 2) whether an exogenous prooxidant present in the early phase of reperfusion causes
additional injury. Isolated buffer-perfused rat hearts were subjected to 30 min of hypothermic no-flow ischemia followed by
30 min of reperfusion. Increased myocardial content of glutathione disulfide (GSSG) and increased active transport of GSSG
were used as indices of oxidative stress. To impose a prooxidant load, cumene hydroperoxide (20 pM) was administered dur-
ing the first 10 min of reperfusion to a separate group of postischemic hearts. Reperfusion after 30 min of hypothermic ischemia
resulted in a recovery of myocardial ATP from 28% at end-ischemia to 50-60%, a release of 5% of total myocardial LDH, and
an almost complete recovery of both coronary flow rate and left ventricular developed pressure. After 5 and 30 min of reperfusion,
neither myocardial content of GSSG nor active transport of GSSG were increased. These indices were increased, however, if
cumene hydroperoxide was administered during early reperfusion. After stopping the administration of cumene hydroperoxide,
myocardial GSSG content returned to control values and GSH content increased, indicating an unimpaired glutathione reduct-
ase reaction. Despite the induction of oxidative stress, reperfusion with cumene hydroperoxide did not cause additional meta-
bolic, structural, or functional injury when compared to reperfusion without cumene hydroperoxide. We conclude that reactive
oxygen species generated upon postischemic reperfusion did not lead to oxidative stress in isolated rat hearts. Moreover,
even a superimposed prooxidant load during early reperfusion did not cause additional injury. (Mol Cell Biochem 144: 85-93,
1995)
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Introduction during the initial minutes of reperfusion [4-6]. If the quan-

tity of reactive oxygen species exceeds the capacity of the

Itis widely believed that reperfusion of ischemic myocardium
is not entirely beneficial, since reperfusion may cause injury
additional to the injury induced by ischemia (for recent re-
views [1-3]). In the pathogenesis of reperfusion-induced
injury, reactive oxygen species such as hydrogen peroxide,
the superoxide radical, and the hydroxyl radical have been
implicated. Investigators using spin-trapping techniques have
reported that a burst of reactive oxygen species is generated

antioxidant defense mechanisms, oxidative stress occurs.
Oxidative stress is defined as a disturbance in the prooxidant/
antioxidant balance in favor of the former, leading to poten-
tial damage [7]. Both ischemia and reperfusion may contrib-
ute to oxidative stress, as ischemia impairs the antioxidant
defense mechanisms [8, 91, and reperfusion is associated with
generation of reactive oxygen species which form a prooxi-
dant challenge [1-3].
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A major antioxidant defense mechanism against reactive
oxygen species is the glutathione redox cycle. This redox
cycle has a protective function in maintaining thiol groups
of enzymes and other proteins in their reduced state, and in
preventing peroxidation of membrane lipids [10]. The glu-
tathione redox cycle detoxifies reactive oxygen species by
reaction with reduced glutathione (GSH). The superoxide
radical either reacts nonenzymatically with GSH [10], or is
dismutated to hydrogen peroxide. The reaction of hydrogen
peroxide with GSH is catalyzed by glutathione peroxidase.
The glutathione redox cycle thereby prevents the formation
of the highly toxic hydroxyl radical, since the superoxide
radical and hydrogen peroxide are the precursors of the hy-
droxyl radical. The reaction of GSH with reactive oxygen
species leads to the formation of glutathione disulfide
(GSSG). The majority of GSSG is reduced back to GSH by
glutathione reductase, but part of GSSG is actively trans-
ported out of the cell [11]. If the glutathione redox cycle is
overwhelmed by reactive oxygen species, the glutathione
reductase reaction becomes rate-limiting. This leads to intra-
cellular accumulation of GSSG and increased transport of
GSSG out of the cell. Increased tissue content of GSSG and
increased active transport of GSSG are both considered to be
sensitive indices of oxidative stress [2, 11, 12].

In isolated rat hearts, it was reported that myocardial con-
tent of GSSG was increased during postischemic reperfusion
[13], but not during reoxygenation of hypoxic hearts [14—17]
when compared to control levels. In preliminary studies we
failed to find an increase in myocardial content of GSSG
during postischemic reperfusion of isolated rat hearts. There-
fore, we decided to study the occurrence of oxidative stress
in isolated perfused rat hearts in more detail. Isolated buffer-
perfused rat hearts were subjected to 30 min of hypothermic
no-flow ischemia, and myocardial content of GSSG and re-
lease of GSSG from postischemic hearts were measured as
indices of oxidative stress. We selected this model, since
hypothermic ischemia, in contrast to normothermic ischemia,
prevented the development of no-reflow areas during reper-
fusion. Furthermore, we tested whether postischemic hearts
could withstand a superimposed prooxidant load during early
reperfusion. To this end, we administered an exogenous
prooxidant (cumene hydroperoxide) upon reperfusion to a
separate group of postischemic hearts, and examined whether
this superimposed prooxidant load during reperfusion caused
additional injury.

Materials and methods

Isolated heart preparation

Male Wistar rats weighing 285—330 g were anesthetized with

diethyl ether. After intravenous injection of 300 IU of sodium
heparin, the hearts were excised, placed in ice-cold hepari-
nized perfusion buffer, and trimmed of extraneous tissue. The
hearts were mounted on a non-recirculating Langendorff
perfusion apparatus, and perfused retrogradely with Krebs-
Henseleit bicarbonate buffer at 37°C. The perfusion buffer
contained (in mM): NaCl 118, KC14.7, KH,PO, 1.2, MgSO,
1.2, NaHCO, 25, CaCl, 2.5 and glucose 11, and was gassed
continuously with 95% O, + 5% CO,. The hearts were
perfused at a perfusion pressure of 65 mmHg which was
maintained by a pump (Watson-Marlow 101 U). The perfu-
sion pressure was measured with a pressure transducer
(Statham P23Db) via a side arm of the aortic cannula. The
perfusion pressure signal was coupled back to the pump by
an electronic feedback system to keep the perfusion pressure
constant. Throughout the experiments, heart rate was kept at
300330 beats/min by right ventricular pacing. Myocardial
temperature decreased from 37°C to 30-31°C during ischemia
(hypothermic ischemia), although the temperature in the glass
chamber enclosing the heart was maintained at 36.5 + 1°C
during ischemia. In separate experiments, myocardial tem-
perature was maintained at 37°C during ischemia by immers-
ing the heart in perfusion buffer (normothermic ischemia).
Left ventricular pressure was measured by inserting a 23
gauge needle into the left ventricle through the apex. The
needle was connected via a fluid-filled polyethylene catheter
to a pressure transducer (Statham P23Db). Left ventricular
developed pressure was calculated as the difference between
peak systolic and end-diastolic pressure. Coronary flow rate
was measured electromagnetically (Skalar) and by timed
collection of coronary effluent. Perfusion pressure, left ven-
tricular pressure, and coronary flow rate were recorded on a
chart recorder (Gould 2400). The experiments have been
approved by the Institutional Committee on Animal Experi-
ments.

Experimental protocol

First the hearts were allowed to stabilize for 30 min. Then the
hearts were subjected to 30 min of hypothermic no-flow
ischemia, followed by either 5 or 30 min of reperfusion. The
5 min time point was chosen as a precaution not to miss a
transient increase in myocardial GSSG content due to reac-
tive oxygen species generated during the initial minutes of
reperfusion. The control group was subjected to 30 min of
non-ischemic perfusion. To test whether postischemic hearts
could withstand a superimposed prooxidant load during early
reperfusion, we administered cumene hydroperoxide to two
separate groups of postischemic hearts at the onset of
reperfusion either for 5 min (this group was reperfused for
only 5 min), or during the first 10 min of the 30 min reper-
fusion period. Cumene hydroperoxide (0.3 umol/min) was



administered to the perfusion buffer by means of an infusion
pump. The average concentration of cumene hydroperoxide
in the perfusion buffer during the first 10 min of reperfusion
ranged among the hearts from 19-24 pM depending on the
recovery of coronary flow rate. To exclude a potential effect
of hypothermia on the occurrence of oxidative stress during
reperfusion, two additional groups of hearts were subjected
to 30 min of normothermic ischemia followed by either 5 or
30 min of reperfusion. At the end of each experiment, the
hearts were freeze-clamped for tissue analysis using Wollen-
berger tongs precooled in liquid nitrogen.

Evans Blue perfusion

Hearts were examined for the development of no-reflow ar-
eas following 30 min of either hypothermic or normothermic
ischemia. At various time points during reperfusion Evans
Blue was administered to the perfusion buffer (final concen-
tration of 0.2 g/} for | min by means of an infusion pump.
After Evans Blue perfusion the hearts were frozen in isopen-
tane precooled in liquid nitrogen and 25 transverse sections
(30 pm) were cut. These sections were viewed with a micro-
scope, subsequently digitized using a video frame grabber,
and analyzed with standard software equipment as described
[18]. The no-reflow areas, i.e. areas devoid of Evans Blue,
are expressed as a percentage of total myocardial area.

Biochemical assays

Mpyocardial GSSG and GSH

Heart tissue was processed as described by Akerboom and
Sies [19]. Briefly, the freeze-clamped hearts were pulverized
in an aluminum mortar at liquid nitrogen temperature. For
determination of total glutathione (GSH+GSSG), frozen heart
powder was homogenized in ice-cold 1 M perchloric acid
containing 2 mM EDTA, whereas for selective determination
of GSSG, 50 mM N-ethylmaleimide (NEM) was added to the
perchloric acid/EDTA solution. NEM traps GSH and prevents
oxidation of GSH to GSSG. The homogenates were stored
at—70°C for not longer than 9 days. GSH+GSSG and GSSG
were subsequently assayed by an enzymatic recycling method
described by Tietze [20] using NADPH, glutathione reduct-
ase, and 5',5-dithiobis(2-nitrobenzoic acid). Excess NEM was
removed by chromatographic separation on a QAE-25
Sephadex column [19]. GSH was calculated by subtracting
GSSG from GSH+GSSG. Myocardial contents of GSSG and
GSH are expressed as GSH equivalents/mg protein (i.e. 1 mol
GSSG equals 2 mol GSH-eq).

Mpyocardial adenine nucleotides
ATP, ADP and AMP were assayed in freeze-dried heart pow-
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der. A weighed aliquot was extracted in 3 M perchloric acid.
The extracts were neutralized with KHCO,. After centrifu-
gation, the supernatants were analyzed by reversed-phase
high performance liquid chromatography [21]. Myocardial
contents of adenine nucleotides are expressed as pmol/g dry
weight.

Mpyocardial protein
Protein content was measured according to the method of
Lowry et al. [22] using bovine serum albumin as a standard.

Release of GSSG and GSH

Samples of coronary effluent were collected at the end of the
stabilization period (pre-ischemia), and at 1, 3, 5, 10, 20, 30
min after the onset of reperfusion and stored on ice. For de-
termination of GSH+GSSG release, the samples were assayed
immediately after the perfusion experiment. For determina-
tion of GSSG release, aliquots of approximately 2 ml of coro-
nary effluent were collected in preweighed vials containing
0.5 ml of ice-cold 50 mM NEM and 10 mM EDTA, and im-
mediately stirred and weighed. The samples were extracted
8 times with equal volumes of diethyl ether at 04°C to re-
move excess NEM. After diethyl ether extraction, recovery
of GSSG at concentrations of 50 and 100 nM in the NEM/
EDTA solution was 95 + 6% (mean = SD, n = 8). GSH+GSSG
and GSSG were assayed according to Tietze [20]. Release of
GSSG and GSH is expressed as GSH-eq/min/g.

Release of lactate dehydrogenase (LDH)

The coronary effluent was collected in 5 min fractions on ice
for determination of LDH release. LDH activity was spec-
trophotometrically assayed using a test kit (Boehringer
Mannheim).

Release of GSH, GSSG, and LDH into the effluent is ex-
pressed per g ventricular wet weight. Since the hearts become
progressively edematous during the course of the perfusion
experiments, ventricular weight (VW) at the start of the
perfusion experiment was estimated on the basis of body
weight (BW). From a separate group of 29 rats (BW ranging
from 250-350 g) the hearts were excised and the atria re-
moved. The ventricles were rinsed, blotted, and weighed. VW
(in g) correlated with BW (in g) according to: VW =2.48*1¢3
*BW+0.163, r=0.84.

Chemicals

GSSG, glutathione reductase, and NADPH were purchased
from Boehringer Mannheim, NEM from ICN Biomedicals,
5’5'-dithiobis(2-nitrobenzoic acid) from Janssen Chimica,
QAE Sephadex A25 from Pharmacia, and cumene hydro-
peroxide from Fluka AG. All other chemicals were of ana-
lytical grade.
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Analysis of data

Data are expressed as means + SD. The unpaired Student’s ¢ test
was used to compare two group means, and one-way ANOVA
was used to compare more than two groups. Repeated-measures
ANOVA was used to compare within groups data obtained at
pre-ischemia with data obtained during reperfusion. If a signifi-
cant value of F was obtained, the Student-Newman-Keuls test
was used to make pairwise comparisons. A difference was con-
sidered statistically significant if p< 0.05.

Results

No-reflow areas

The no-reflow phenomenon prevents reperfusion of part of
the ischemic myocardium upon restoration of arterial supply
[23]. Hearts subjected to 30 min of hypothermic ischemia
showed 29 + 4% no-reflow areas after 1 min of reperfusion
(n=4), but these areas were completely dissolved as soon as
arrhythmias had stopped and paced contractions were
reestablished (usually between 2 and 5 min) (n = 4). On the
other hand, hearts (n = 4) subjected to 30 min of normother-
mic ischemia showed 34 + 3% no-reflow areas still after 30
min of reperfusion, despite the finding that arrhythmias in this
group had also stopped within 5 min.
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Fig. 1. Myocardial contents of GSSG and GSH during postischemic
reperfusion with or without administration of cumene hydroperoxide.
Isolated rat hearts were subjected to 30 min of non-ischemic control
perfusion (P30), to 30 min of hypothermic no-flow ischemia (130), and to
30 min of hypothermic ischemia followed by 5 or 30 min of reperfusion
(I130/R5 and I30/R30, respectively). Cumene hydroperoxide (CumOOH,
20 uM) was administered at the onset of reperfusion either for 5 min
(these hearts were reperfused for only 5 min) (I30/R5+CumOOH), or
during the first 10 min of 30 min of reperfusion (I130/R30+CumOOH).
Data represent means + SD for 5-7 hearts. *p<0.05, **p<0.01 vs. P30.

GSSG and GSH (nmol GSH-eq/mg protein)
@

Metabolic data

Myocardial GSSG and GSH

Myocardial contents of GSSG and GSH after 30 min of non-
ischemic control perfusion, after 30 min of hypothermic
ischemia, and after 5 and 30 min of reperfusion are shown in
Fig. 1. Myocardial GSSG content after 30 min of ischemia
was decreased compared to the control value, which may be
due to less generation of reactive oxygen species during
ischemia. Myocardial GSSG content after 5 and 30 min of
reperfusion was not different from that after control perfusion.
Myocardial GSH content was unchanged after 30 min of
ischemia and after 5 min of reperfusion, but was decreased
by 10% after 30 min of reperfusion, when compared to GSH
content after control perfusion.

Myocardial content of GSSG was also not increased dur-
ing reperfusion following either 15 or 45 min of hypother-
mic no-flow ischemia, or 30 min of normothermic no-flow
ischemia. After 5 and 30 min of reperfusion, these values
were, respectively, following 15 min of hypothermic ischemia
0.47 (n = 3) and 0.58 nmol GSH-eq/mg protein (n = 3), fol-
lowing 45 min of hypothermic ischemia 0.33 (n =6) and 0.35
nmol GSH-eq/mg protein (n = 7), and following 30 min of
normothermic ischemia 0.30 (n = 3) and 0.23 nmol GSH-eq/
mg protein (n = 4). These results suggest that the absence of
an increase in myocardial GSSG content during reperfusion
can be explained neither by the duration of the preceding
ischemic period nor by the hypothermia.

Administration of cumene hydroperoxide (20 pM) at the
ongset of reperfusion for 5 min resulted in a marked increase
in myocardial GSSG content and decrease in GSH content
(Fig. 1). If the administration of cumene hydroperoxide was
stopped after 10 min of reperfusion, GSSG content decreased
to control values and GSH content increased again during the
subsequent 20 min of reperfusion without cumene hydro-
peroxide (Fig. 1). These results indicate that neither the for-
mation of GSSG catalyzed by glutathione peroxidase, nor the
reduction of GSSG to GSH catalyzed by glutathione reduct-
ase were impaired during postischemic reperfusion.

Release of GSSG and GSH

Release of GSSG and GSH into the effluent at the end of the
stabilization period (i.e. pre-ischemic value) and during
reperfusion after 30 min of hypothermic ischemia is shown
in Fig. 2. The rate of GSSG release increased from 0.16 nmol
GSH-eq/min/g at pre-ischemia to 0.29 and 0.30 nmol GSH-
eq/min/g after 5 and 10 min of reperfusion, and returned to
the pre-ischemic value after 20 min of reperfusion (Fig. 2A).
These increases in GSSG release after 5 and 10 min of
reperfusion were accompanied by a corresponding increase
in GSH release (Fig. 2B). The ratios of GSSG to GSH in the
effluent after 5 and 10 min of reperfusion were 0.019 £ 0.010
and 0.031 £ 0.013, respectively. These values are not greater
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Fig. 2. Time courses of release of GSSG (A) and GSH (B) into the effluent
during postischemic reperfusion with or without administration of cumene
hydroperoxide. Isolated rat hearts were subjected to 30 min of hypothermic
no-flow ischemia followed by 30 min of reperfusion (O), or followed by
30 min of reperfusion in the presence of 20 pM cumene hydroperoxide
during the first 10 min (@). Data represent means £ SD for 56 hearts.
*P<0.05, **P<0.01 vs. pre-ischemic values (30 min).

than the ratio of GSSG to GSH in myocardial tissue after 30
min of control perfusion (0.038 + 0.008). Therefore, it is
unlikely that the increased release of GSSG after 5 and 10
min of reperfusion is due to oxidative stress. Namely,
reperfusion-induced oxidative stress leads to intracellular
accumulation of GSSG and to selective transport of GSSG
out of the cell. The latter should increase the ratio of GSSG
to GSH in the effluent. Our results can be explained by
aspecific release of GSSG and GSH from severely injured
cells, since aspecific release does not increase the ratio of
GSSG to GSH in the effluent compared to the ratio in tissue.
The cumulative release of GSSG during 30 min of reper-
fusion was 5.1 + 1.6 nmol GSH-eq/30 min/g, and the cumu-
lative release of GSH was 209 + 52 nmol GSH-eq/30 min/g,
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resulting in a ratio of GSSG to GSH of 0.026 + 0.011. This
ratio was also not greater than the ratio of GSSG to GSH in
myocardial tissue after control perfusion (0.038 & 0.008). The
cumulative release of GSH+GSSG during 30 min of reper-
fusion accounted fully for the 10% decrease in myocardial
content of GSH+GSSG after 30 min of reperfusion.

Active transport of GSSG due to reperfusion-induced
oxidative stress was also not increased during reperfusion
following 15 or 45 min of hypothermic ischemia, or 30 min
of normothermic ischemia (2-5 hearts; data not shown).

Release of GSSG into the éffluent was markedly increased
during reperfusion when cumene hydroperoxide (20 uM) was
administered at the onset of reperfusion for 10 min (Fig. 2A),
indicating the presence of oxidative stress. Cumulative GSSG
release during reperfusion was 314 = 60 nmol GSH-eq/30
min/g in the presence of cumene hydroperoxide. Reperfusion
with cumene hydroperoxide did not affect GSH release, com-
pared to reperfusion without cumene hydroperoxide (Fig.
2B): cumulative release of GSH during reperfusion was 176
*+ 53 nmol GSH-eq/30 min/g in the presence, and 209 £ 52
nmol GSH-eq/30 min/g in the absence of cumene hydro-
peroxide (P = NS). The cumulative release of GSH+GSSG
during 30 min of reperfusion accounted fully for the 27%
decrease in myocardial content of GSH+GSSG after 30 min
of reperfusion, when cumene hydroperoxide was adminis-
tered during early reperfusion.

Release of LDH

The cumulative release of LDH activity during 30 min of
non-ischemic control perfusion was 0.7 £ 0.1 U/g. During
30 min of reperfusion after 30 min of hypothermic ischemia
a total of 17.8 £ 3.6 U/g of LDH activity was released into
the effluent, which corresponds to 5% of total myocardial
LDH content [24]. The cumulative release of LDH activity
was not increased when 20 pM cumene hydroperoxide was
administered during the first 10 min of reperfusion (20.6
5.6 U/g, P =NS), indicating that cumene hydroperoxide did
not cause additional structural cell damage. Although the
hearts subjected to normothermic ischemia sustained prob-
ably more severe structural injury than the hearts subjected
to hypothermic ischemia, they did not release more LDH
activity (19.4 + 3.3 U/g), most likely due to trapped LDH
in no-reflow areas.

Myocardial adenine nucleotides

Myocardial ATP content was decreased to 28% after 30 min
of hypothermic ischemia, and recovered to 50-60% during
reperfusion, when compared to control perfusion (Fig. 3).
ADP content was halved after 30 min of ischemia, and re-
mained unchanged during subsequent reperfusion. Myocar-
dial AMP content was increased 6-fold at the end of the
ischemic period, and returned to control values after 5 min
of reperfusion. Administration of 20 pM cumene hydro-
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Fig. 3. Myocardial contents of adenine nucleotides during postischemic
reperfusion with or without administration of cumene hydroperoxide.
Isolated rat hearts were subjected to 30 min of non-ischemic control
perfusion (P30), to 30 min of hypothermic no-flow ischemia (130), and to
30 min of hypothermic ischemia followed by 5 or 30 min of reperfusion
(I30/R5 and I30/R30, respectively). Cumene hydroperoxide (CumOOH,
20 uM) was administered at the onset of reperfusion either for 5 min
(these hearts were reperfused for only 5 min) (I30/R5+CumOOH), or
during the first 10 min of 30 min of reperfusion (130/R30+CumOOH).
Data represent means + SD for 3—6 hearts. *p<0.01 vs. P30.

peroxide during early reperfusion did not affect the recov-
ery of adenine nucleotides during reperfusion (Fig. 3). At the
end of 30 min of normothermic ischemia, ATP content was
decreased to 5% only, and recovered to 20% during reper-
fusion. One should realize that this latter value reflects the
ATP content of myocardium that for approximately two thirds
is reperfused, the remainder being ischemic after 30 min of
reperfusion due to no-reflow.

Functional data

Coronary flow rate

The pre-ischemic coronary flow rate was 11.3 £ 0.7 ml/min.
An hyperemic response was observed during reperfusion
after 30 min of hypothermic ischemia (Fig. 4A). The coro-
nary flow rate peaked after 10 min of reperfusion (14.7+ 1.7
ml/min) and declined gradually to the pre-ischemic value
after 30 min of reperfusion. Administration of 20 uM cumene
hydroperoxide during the first 10 min of reperfusion had no
significant effect on the recovery of coronary flow rate (Fig.
4A). Following normothermic ischemia, however, coronary
flow recovered within 2 min to only 67% and remained con-
stant for the rest of the reperfusion period.

Left ventricular developed pressure
All hearts showed ventricular fibrillation within 30 s after the
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Fig. 4. Recoveries of coronary flow rate (A) and left ventricular developed
pressure (B) during postischemic reperfusion with or without
administration of cumene hydroperoxide. Isolated rat hearts were
subjected to 30 min of hypothermic no-flow ischemia followed by 30
min of reperfusion (O), or followed by 30 min of reperfusion in the
presence of 20 uM cumene hydroperoxide during the first 10 min (@).
Data represent means = SD for 5-7 hearts. *p<0.05, **p<0.01 vs. pre-
ischemic values.

onset of reperfusion, but nearly all converted spontaneously
to paced rhythm within 5 min. In addition, the hearts were
prone to brief periods of arrhythmias during the remaining
reperfusion period. Hearts which showed arrhythmias at the
selected time points (at 5, 10, 20, 30 min after the onset of
reperfusion) were excluded from analysis of developed pres-
sure at that time point. The pre-ischemic left ventricular de-
veloped pressure was 70.2 £ 5.3 mmHg. The developed
pressure tended to be lower during reperfusion (P = NS) (Fig.
4B). Administration of cumene hydroperoxide during reper-
fusion had no significant effect on the recovery of developed



pressure (Fig. 4B). Following normothermic ischemia, devel-
oped pressure recovered only partially to 10, 30, and 38%
after 10, 20 and 30 min of reperfusion, respectively.

Discussion

The present study demonstrates that postischemic reperfusion
of isolated buffer-perfused rat hearts did not lead to oxidative
stress, since neither myocardial content of GSSG nor active
transport of GSSG were increased during reperfusion. These
results indicate that the quantity of reactive oxygen species
generated upon reperfusion was insufficient to exceed the
antioxidant capacity of the glutathione redox cycle. The anti-
oxidant capacity of the glutathione redox cycle is closely
related to the functioning of the glutathione reductase reac-
tion, which s critically dependent on the availability of re-
ducing equivalents such as NADPH. In our experiments, the
glutathione reductase reaction was not impaired during
reperfusion, as myocardial content of GSSG rapidly de-
creased and that of GSH rapidly increased after the adminis-
tration of cumene hydroperoxide had been stopped. Kehrer
et al. showed that even in severely energy depleted heart tis-
sue (ATP and phosphocreatine <4%) the availability of
NADPH was sufficient to reduce GSSG [25]. As in our ex-
periments the quantity of reactive oxygen species generated
upon reperfusion was insufficient to disturb the prooxidant/
antioxidant balance, it is unlikely that the quantity was suf-
ficient to cause injury additional to ischemia-induced injury.
This hypothesis is supported by our finding that even if the
prooxidant/antioxidant balance was disturbed by the admin-
istration of cumene hydroperoxide, this superimposed
prooxidant load during reperfusion did not cause additional
structural, functional or metabolic injury, when compared to
reperfusion without cumene hydroperoxide.

In our isolated rat heart model, the hearts were subjected
to 30 min of hypothermic ischemia. We selected this model,
since the hypothermia prevented the development of no-
reflow areas during reperfusion, which were 34 £ 3% of to-
tal myocardial area after 30 min of reperfusion following 30
min of normothermic ischemia. The presence of no-reflow
areas (i.e. permanently ischemic areas) next to reperfused
areas disturbs an accurate assessment of both oxidative stress
and metabolic, functional, and structural injury during
reperfusion. The hearts subjected to hypothermic ischemia
sustained less metabolic and functional injury than the hearts
subjected to normothermic ischemia. They sustained prob-
ably also less structural injury, although LDH release was not
different between both groups, which is most likely due to
trapped LDH in the no-reflow areas of the hearts subjected
to normothermic ischemia. Less structural injury results in
less aspecific release, which facilitates the detection of ac-
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tive transport of GSSG under conditions of oxidative stress.
It has been suggested that the occurrence of oxidative stress
during reperfusion is correlated with the severity of ischemic
injury [1, 2]. However, we found that oxidative stress was
absent following ischemic periods causing both relatively
mild injury (15 and 30 min of hypothermic ischemia) and
severe injury (30 min of normothermic and 45 min of hypo-
thermic ischemia).

Using increased myocardial content of GSSG and in-
creased release of GSSG as indices of oxidative stress, the
occurrence of oxidative stress during postischemic reper-
fusion has been studied in various species. In agreement with
our results, absence of these indices of oxidative stress dur-
ing reperfusion has been reported in studies in canine hearts
in vivo [26-28], and in one study in isolated rabbit hearts [29].
We interpret the increased GSSG release in the study reported
by Lesnefsky et al. [27] to be due to aspecific release of GSSG
from severely injured cells, as the increase in GSSG release
was accompanied by a corresponding increase in GSH re-
lease. This interpretation is further supported by their find-
ing that myocardial content of GSSG was not increased at
various time points during reperfusion. Our results are also
in agreement with results from hypoxia-reoxygenation stud-
ies in isolated rat hearts, since myocardial content of GSSG
was not increased during reoxygenation of hypoxic hearts
when compared to control levels [14—17]. Isolated buffer-
perfused hearts are not exposed to neutrophils, which may
be an important source of reactive oxygen species during
reperfusion [1, 2]. However, oxidative stress was also absent
in postischemic blood-perfused hearts [26-28].

In contrast to our results, oxidative stress did occur dur-
ing postischemic reperfusion of isolated rabbit hearts in stud-
ies by Ferrari and colleagues [9, 30, 31], and during reper-
fusion of isolated rat hearts in one study [13]. In these latter
four studies, myocardial content of GSSG was increased af-
ter 30 min [9, 13, 30] or 60 min of reperfusion [31]. Three of
these studies [9, 13, 31] reported an unaffected activity of
glutathione reductase during reperfusion, as determined af-
ter isolation of the enzyme from postischemic hearts. The
increased GSSG content in these studies can therefore only
be explained by an insufficient supply of NADPH during
reperfusion to reduce GSSG. However, this explanation is
supported neither by our finding of an unimpaired glutath-
ione reductase reaction during reperfusion, as determined in
intact tissue, nor by the finding that even in severely energy
depleted hearts the supply of NADPH was sufficient to re-
duce GSSG [25].

The cumulative release of GSSG was also increased from
isolated rat hearts subjected to ischemia followed by recircu-
lating perfusion [8, 32]. We consider recirculating perfusion
unsuitable to investigate oxidative stress, since GSH in
perfusion medium equilibrated with 95% O, + 5% CO, at
37°C is prone to rapid autooxidation to GSSG [11]. Auto-
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oxidation of GSH in perfusion medium yields false-positive
indices for oxidative stress. Notably, myocardial content of
GSSG was not increased during reperfusion in both studies
[8, 32].

Also in the human heart the occurrence of oxidative stress
during reperfusion after aortacoronary bypass grafting has
been suggested [33]. This study reported increases in release
of GSSG during reperfusion, which were more pronounced
following ischemic periods of longer duration. Prolonged
ischemia induces more cell death, however, and thus leads
to more aspecific release of GSSG. In our opinion, solely
aspecific release should be ruled out to avoid that increases
in release of GSSG are falsely interpreted as an index of
oxidative stress.

In summary, postischemic reperfusion of isolated rat hearts
did not lead to oxidative stress, which may be due to an un-
impaired glutathione reductase reaction during reperfusion.
These results suggest that the quantity of reactive oxygen
spectes generated upon reperfusion was insufficient to cause
injury additional to ischemia-induced injury, which is sup-
ported by our finding that even a superimposed prooxidant
load during the early phase of reperfusion failed to cause
additional injury.
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