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Abstract

To test whether generation of oxygen radicals during postisch-
emic reperfusion might promote peroxidation of cardiac mem-
brane lipids, four groups of Langendorff-perfused rabbit hearts
were processed at the end of (a) control perfusion, (b) 30 min of
total global ischemia at 370C without reperfusion, (c) 30 min of
ischemia followed by reperfusion with standard perfusate, (d)
30 min of ischemia followed by reperfusion with the oxygen
radical scavenger human recombinant superoxide dismutase
(h-SOD). The left ventricle was homogenized and tissue con-
tent of malonyldialdehyde (MDA), an end product of lipid per-
oxidation, was measured on the whole homogenate as well as on
various subcellular fractions. Reperfusion was accompanied by
a significant increase in MDAcontent of the whole homogenate
and of the fraction enriched in mitochondria and lysosomes.
This phenomenon was not observed in hearts subjected to isch-
emia but not reperfused, and was similarly absent in those
hearts which received h-SOD at reflow. Reperfused hearts also
had significantly greater levels of conjugated dienes (another
marker of lipid peroxidation) in the mitochondrial-lysosomal
fraction. Again, this phenomenon did not occur in ischemic
hearts or in reperfused hearts treated with h-SOD. Unlike the
effect on tissue MDAand conjugated dienes, reperfusion did
not significantly stimulate release of MDAin the cardiac ef-
fluent. Treatment with h-SOD was also associated with signifi-
cant improvement in the recovery of cardiac function. In conclu-
sion, these data directly demonstrate that postischemic reper-
fusion results in enhanced lipid peroxidation of cardiac
membranes, which can be blocked by h-SOD, and therefore is
most likely secondary to oxygen radical generation at reflow.
(J. Clin. Invest. 1991. 87:2056-2066.) Key words: lipid perox-
idation * myocardial ischemia * oxygen radicals * reperfusion
injury * superoxide dismutase

Introduction

It has been suggested that oxygen radical-mediated tissue dam-
age may reduce the beneficial effects of reperfusing ischemic
myocardium (1). This hypothesis is supported by the observa-
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tion that significant quantities of oxygen radicals are generated
at the time of postischemic reflow (2-5) and by studies showing
that administration of oxygen radical scavengers may result in
greater recovery of contractility (6-9) and smaller infarct size
(10, 1 1), as compared to reperfusion alone. However, the mech-
anisms involved in oxygen radical-mediated reperfusion in-
jury are still poorly understood.

Lipid peroxidation has been proposed to be a major mecha-
nism of oxygen free radical toxicity. Unsaturated fatty acids are
particularly susceptible to oxygen radical attack, owing to the
presence of double bonds which can undergo peroxidation
through a chain of oxidative reactions (12). Studies performed
in vitro suggest that exposure to oxygen radicals results in per-
oxidation of membrane lipids, which is accompanied by dam-
age to cellular organelles and to membrane-bound enzymes
(13-16). If a similar mechanism were also operative in vivo,
increased levels of lipid peroxidation products should be found
in reperfused hearts as a consequence of oxygen radical forma-
tion at reflow. The absence of a link between oxygen radicals
and lipid peroxidation would cast serious doubts over the im-
portance of these mechanisms in the pathogenesis of reperfu-
sion injury. In contrast, demonstration of such a relationship
would provide additional support to the hypothesis that the
surge of oxygen radicals observed in reperfused hearts may ex-
ert major biological effects. This is a potentially important is-
sue, since there is still considerable controversy over the role
played by oxygen radicals in reperfusion injury (17, 18).

Previous studies have sought to address this issue, without
reaching a definitive conclusion. In some studies, hearts were
subjected to ischemia, but not reperfused (19-21). Other exper-
iments performed in the model of the "oxygen paradox" also
left the question open, since reoxygenation after a period of
hypoxic perfusion resulted in increased cardiac levels of mal-
onyldialdehyde (MDA),' an end-product of lipid peroxidation,
in one study (22), but not in two others (23, 24). However, it is
unclear to what extent oxygen paradox is representative of the
injury which may ensue after reperfusion of previously isch-
emic myocardium. Romaschin et al. (25) were the first to
clearly demonstrate increased lipid peroxidation in hearts re-
perfused after ischemia. They documented that tissue levels of
conjugated dienes, another marker of lipid peroxidation, were
unchanged in dog hearts subjected to ischemia alone, but mark-
edly rose after reperfusion. This finding provided strong evi-
dence for a link between reperfusion and lipid peroxidation.
However, the role of oxygen radicals in this phenomenon was
not investigated in that study, and thus it could not be excluded
that mechanisms other than oxygen radicals (e.g., increased
prostanoid synthesis [12, 26]) were responsible for the in-

1. Abbreviations used in this paper: h-SOD, human recombinant super-
oxide dismutase; MDA, malonyldialdehyde; TBA, thiobarbituric acid.

2056 Ambrosio et al.

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/91/06/2056/11 $2.00
Volume 87, June 1991, 2056-2066



creased lipid peroxidation seen upon reperfusion. This concern
is strengthened by recent observations by Koller and Berg-
mann (27). In a different model of reperfusion after a period of
flow reduction, they observed an increase in cardiac MDAcon-
tent, which was not prevented by administration of oxygen
radical scavengers. Thus, it is still unclear whether oxygen radi-
cals generated during reperfusion can induce cardiac lipid per-
oxidation. Furthermore, with the exception of a very recent
report (28), in previous studies conjugated dienes or MDA
were measured only in the whole homogenate of cardiac tissue.
Therefore, there is little experimental evidence to establish
whether any increase in these products is attributable to lipid
peroxides present in the cytosol (which may not necessarily
derive from oxygen radical attack), or whether these products
are actually associated with membranes from one or more sub-
cellular fraction(s), which might imply damage by oxygen radi-
cals.

In the present study we sought to directly assess whether
lipids of cardiac membranes undergo peroxidation during post-
ischemic reperfusion, as a specific consequence of oxygen free
radical generation beginning at reflow. The experiments were

-performed in a previously characterized animal model which
develops oxygen radical-mediated reperfusion injury (i.e., iso-
lated perfused rabbit hearts subjected to 30 min of total global
ischemia followed by reperfusion). Lipid peroxidation prod-
ucts were measured in subcellular fractions from reperfused
hearts receiving or not receiving the specific oxygen radical
scavenger superoxide dismutase (SOD) at the time of reflow, as
well as from hearts subjected to ischemia but not reperfusion.

Methods

Isolated heart preparation
Female NewZealand White rabbits (1.7-2.2 kg) were heparinized and
anesthetized with i.p. thiopental. The hearts were excised and perfused
at 370C at a constant pressure of 80 mmHg. The buffer contained 1 17
mMNaCl, 6.0 mMKCl, 3.0 mMCaCl2, 1.0 mMMgSO4, 0.5 mM
EDTA, 16.7 mMglucose, and 24 mMNaHCO3, with pH 7.4. The
perfusate was bubbled with a gas mixture of 95% 02 and 5% CO2and
not recirculated. Right ventricular pacing at 180 beats/min was
achieved by means of a stimulation catheter connected to a stimulator
(Harvard Apparatus Co., Inc., S. Natick, MA). To assess contractile
function, a latex balloon was inserted into the left ventricular cavity
through the mitral orifice, and connected to a pressure transducer
(model P23dB, Statham-Gould, Cleveland, OH). The balloon was ini-
tially inflated with saline to produce an end-diastolic pressure of 10
mmHg, which is on the plateau of the Starling curve for this prepara-
tion. All subsequent measurements of developed pressure, calculated
as the difference between peak systolic and end-diastolic pressure, were
made at this same end-diastolic volume. Left ventricular pressure was
recorded on a recorder (model 2400S, Statham-Gould). The venae ca-
vae were ligated, and the pulmonary artery was cannulated to collect
the effluent from the coronary sinus via the right atrium and ventricle.

Experimental protocol
After a 20-min equilibration period, baseline parameters were re-
corded. Total global ischemia was then induced by cross-clamping the
perfusion line. Hearts were maintained at 37°C throughout ischemia
by immersion in warm perfusate. During ischemia the intraventricular
balloon was deflated, and the pacer turned off.

Eight control hearts were not made ischemic, but were processed
after continuous perfusion for 45 min after the 20-min period of equili-
bration. Eight hearts were processed at the end of the ischemic period,
without reperfusion. Sixteen hearts were reperfused. At the time of
reflow, untreated control hearts (n = 8) received a bolus of standard

perfusate (10 ml delivered over 30 s), followed by 45 min of reperfu-
sion. Treated hearts (n = 8) received a bolus of 60,000 IU of the super-
oxide radical scavenger recombinant human SOD(h-SOD, specific
activity 3,200 IU/mg), followed by a continuous infusion of 2,600 IU/
min during the first 15 min of reflow. The Cu-Zn form of h-SOD was
expressed in Escherichia coli and supplied courtesy of Bio-Technology
General Corp., NewYork, NY. After the initial 15 min of reperfusion,
hearts receiving h-SOD were switched to standard perfusate for the
remaining 30 min of the 45-min reperfusion period. Previous studies in
this same animal model have shown that the administration of h-SOD
at reflow essentially blocks the surge of oxygen radical generation seen
in untreated hearts following reperfusion (3, 29). Pacing was reinsti-
tuted at the onset of reflow, and after 15 min of reperfusion the balloon
was reinflated. Isovolumic developed pressure was measured after 15,
30, and 45 min of reflow.

MDAconcentration in the coronary effluent was measured in sam-
ples of coronary venous effluent collected over 15-s intervals through-
out the first 4 min of reflow, and then on 15-s aliquots collected at 5, 10,
15, 30, and 45 min of reperfusion. At the end of the experiment, all
hearts were removed from the perfusion apparatus, weighed, and pro-
cessed for biochemical assay.

Tissue homogenization
Both atria and the right ventricle were removed, and the left ventricle
was homogenized in 9 vol of 1.15% KCI solution (30). To prevent
auto-oxidation of the samples, homogenization was carried out at 4°C
in nitrogen-equilibrated solutions, in the presence of 10 ,M deferox-
amine, 0.04% butylated hydroxytoluene, and 2%ethanol (30, 31). The
homogenate was initially centrifuged at 1,000 g for 10 min at 4°C to
remove nuclei and tissue debris. One aliquot of the supernatant (re-
ferred to as "whole homogenate") was stored for MDAassay, and the
remainder was divided in two tubes and centrifuged at 30,000 g for 30
min at 4°C. Of the two pellets, one was resuspended in 4 ml of the
homogenization buffer for MDAassay, and the other was used for
conjugated diene and lipid hydroperoxide assays (see below). The su-
pernatants were combined and stored at -70°C. After 2-3 d, this su-
pernatant fraction was thawed and further centrifuged at 100,000 gfor
60 min at 4°C, and the sediment was resuspended in 2 ml of homogeni-
zation buffer. Previous studies in intact hearts (32), as well as in isolated
myocytes (33), showed that the 30,000-g pellet contains mostly mito-
chondria and heavy lysosomes, whereas the microsomal fraction is re-
covered in the 100,000-g sediment; the final supernatant contains solu-
ble cytosolic material. This distribution of subcellular organelles was
confirmed in the present study by assaying for specific marker enzymes
(see below).

The whole homogenate, as well as the various subcellular fractions,
were assayed for MDAcontent. MDAcontent was also measured in
the effluent from the coronary sinus. Conjugated diene and lipid hy-
droperoxide levels were measured after lipid extraction of the mito-
chondrial-lysosomal fraction, since preliminary experiments had
shown that lipid peroxidation products were particularly abundant in
this fraction.

Biochemical measurements
Tissue MDAassay. MDAcontent was measured by a modified thio-
barbituric acid (TBA) method (34, 35). Briefly, 0.6 ml of sodium do-
decyl sulfate (8.1%) were added to 0.4 ml of sample. To minimize
artifactual production of MDAfrom breakdown of lipid peroxides dur-
ing the assay, deferoxamine (4 ,uM), butylated hydroxytoluene (0.16%)
and ethanol (8%) were present in the sample (30, 31). The sample was
then treated with 3 ml of 20% acetic acid and 3 ml of 0.8% TBA, and
incubated for 90 min at 95°C in an oil bath. After cooling, the samples
were extracted with 2 ml of butanol/pyridine (15:1), and the absor-
bance read at 532 nm. Calibration curves were prepared daily, using a
standard of malonyldialdehyde tetraethylacetal (which hydrolyses to
yield MDA). The assay was linear across the 0.2-2.0 nmol/sample
range. In preliminary experiments, we performed the assay on left ven-
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tricular homogenates to which variable amounts of malonyldialdehyde
standard were added. Wefound 91±4% recovery of the MDAadded,
over a broad range of concentrations (0.2-2.5 nmol/sample).

Conjugated diene assay. To estimate the conjugated diene content
of the mitochondrial-lysosomal fraction, lipids were extracted from the
30,000-g pellet by the method of Folch et al. (36). The lipid-containing
phase was removed and dried under a stream of oxygen-free nitrogen
gas at room temperature. The dried samples were then resuspended in
hexane (spectroscopic grade, from Aldrich Chemical Co. Ltd., Gil-
lingham-Dorset, UK). Quantitation of conjugated diene content in
each sample was obtained by measuring the absorbance at 233 nm in a
double-beam spectrophotometer (model UV-Kon, Kontron Analyti-
cal, Everett, MA), using a molar extinction coefficient of 28,000 (37).
Since the specific absorption peak of conjugated dienes at 233 nmcan
appear as a shoulder on the much higher peak of unsaturated lipids
(which give a broad peak around 200 nm), the samples were read
against a reference prepared by pooling aliquots of the lipid extract
from the eight normally-perfused hearts. Care was taken to bring the
lipid content of the reference sample to the value of each sample to be
tested. By this procedure, the contribution of unsaturated lipids to the
absorbance could be eliminated by differential spectroscopy. The re-
sults are expressed as delta nanomoles (Anmol) of conjugated dienes in
experimental hearts over the level in normal hearts.

Lipid hydroperoxide assay. Lipid hydroperoxide content was mea-
sured on the lipid extract of the mitochondrial-lysosomal fraction by
iodometric titration, as described by Aust (38). Calibration curves were
prepared daily, using cumene hydroperoxide as a standard.

Marker enzymes. The relative distribution of various organelles
was assessed on the two fractions obtained afterthe 30,000-gcentrifuga-
tion. Spectrophotometric assays were employed to measure the activity
of cytochrome-c-oxidase, a marker of mitochondrial membranes (39),
N-acetyl-glucosaminidase, a marker of lysosomes (40), and rotenone-
insensitive NADHcytochrome-c-reductase, a marker of micro-
somes (4 1).

Protein assay. Protein content of the various fractions was mea-
sured by the method of Lowry et al. (42), using bovine serum albumin
as a standard.

MDAassay on the coronary venous effluent. MDAcontent of the
coronary sinus effluent was measured by a modification of the TBA
method of Buege and Aust (43). Briefly, 1.5 ml of perfusate were added
to 0.5 ml of a solution containing 30%trichloroacetic acid, 0.75% TBA,
and 0.5 NHCl, and boiled for 20 min. After cooling, the samples were
centrifuged and the supernatant read at 532 nm. Calibration curves
were prepared daily using MDAtetraethylacetal as a standard.

Chemicals
High purity grade reagents from Carlo Erba S.p.A., Milan, Italy were
dissolved in double distilled water to prepare the perfusate. All other
chemicals were purchased from Sigma Chemical Co., St. Louis, MO.

Statistical analysis
Data are presented as mean ± standard error of the mean. Overall
statistical significance for differences in tissue MDAand lipid hydro-
peroxide content across the various groups was tested by analysis of
variance. Comparisons between groups were then made by Bonferroni
corrected t test. In the case of conjugated dienes, statistical significance
was tested by nonparametric Kruskaal-Wallis Utest. In the two groups
of reperfused hearts, the time course of MDArelease in the coronary
sinus, and that of recovery of functional parameters, were compared by
repeated measures analysis ofvariance (ANOVA). Comparisons at indi-
vidual time points were made, when appropriate, by unpaired t test.

Results

Tissue MDAlevels
Whole-heart homogenate. MDAcontent in normally perfused
control hearts averaged 1.02±0.10 nmol/mg of protein. This

parameter was slightly but not significantly greater than con-
trols in the hearts processed after 30 min of ischemia, whereas it
was significantly higher in reperfused hearts (1.48±0.10 nmol/
mgof protein; P < 0.05 vs. controls; Fig. 1). This increase in
lipid peroxidation was prevented by treatment with h-SOD at
the time of reperfusion (P < 0.05 vs. untreated reperfused
hearts; Fig. 1).

Mitochondrial-lysosomal fraction. As was the case for the
whole-heart homogenate, MDAcontent in the mitochondrial-
lysosomal fraction obtained from hearts subjected to ischemia
alone was not different from controls (1.18±0.16 vs. 0.99±0.09
nmol/mg of protein, respectively; Fig. 2, upper panel). How-
ever, MDAcontent was almost doubled in the mitochondrial-
lysosomal fraction obtained from reperfused hearts (1.83±0.32
nmol/mg of protein; P < 0.05 vs. controls; Fig. 2, upper panel).
This reperfusion-induced increase in MDAcontent (lipi4 per-
oxidation) was not observed in h-SOD-treated hearts
(1.03±0.17 nmol/mg protein; P < 0.05 vs. untreated reper-
fused hearts; Fig. 2, upper panel).

Microsomal fraction. Hearts subjected to ischemia alone
showed a significantly greater MDAcontent in the microsomal
fraction than normally perfused control hearts (P < 0.05; Fig.
2, middle panel). This increase in MDAcontent was not ob-
served in untreated reperfused hearts (Fig. 2, middle panel).
MDAlevels in the microsomal fraction from h-SOD-treated
reperfused hearts were lower than untreated reperfused hearts.
However, this difference did not reach statistical significance
(Fig. 2, middle panel).

Cytosolic fraction. MDAcontent in the soluble cytosol
averaged 0.97±0.29 nmol/mg of protein in normal hearts. No
significant differences were observed among the four experi-
mental groups (Fig. 2, lower panel).

Tissue-conjugated diene content
Fig. 3 shows typical differential absorbance spectra obtained
from each of the three experimental groups subjected to isch-
emia. A peak centered at 233 nm, representing the signal due to
conjugated dienes, can be seen in all hearts. However, the in-
tensity of this peak was dramatically different in the various
groups. In the mitochondrial-lysosomal fraction of hearts sub-
jected to ischemia alone, the peak due to conjugated dienes was
barely detectable. In contrast, reperfusion was associated with a
marked increase in conjugated diene content (P < 0.05 vs.
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Figure 1. MDAcontent (expressed as nanomoles of thiobarbiturate-
reactive material per milligram of protein) in the whole homogenate
of the left ventricle from the various experimental groups. *P < 0.05
vs. control hearts. UP < 0.05 vs. untreated reperfused hearts.
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Figure 2. MDAcontent (expressed as nanomoles of thiobarbiturate-
reactive material per milligram of protein) in different subcellular
fractions from the various experimental groups. *P < 0.05 vs. control
hearts. #P < 0.05 vs. untreated reperfused hearts.

ischemia alone; Figs. 3 and 4). Treatment with h-SOD at the
time of reflow largely prevented this phenomenon. Conjugated
diene content of the mitochondrial-lysosomal fraction in h-
SOD-treated hearts was similar to that of hearts subjected to
ischemia alone (Figs. 3 and 4; P< 0.05 vs. untreated reperfused
hearts).
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Lipid hydroperoxide content in the mitochondrial-lysosomal
fraction from normally perfused control hearts averaged

n 5.52±2.06 nmol/mg of protein. No differences in this index of
lipid peroxidation were observed among the four experimental
groups (Fig. 5).

Marker enzymes
The distribution of marker enzymes in the two fractions ob-
tained after the 30,000-g centrifugation was assessed in 12
hearts (three from each group) (Table I). In control hearts, the
activity of the mitochondrial marker cytochrome-c-oxidase
was > 20-fold enriched in the sediment, as compared to the
supernatant (which was subsequently recentrifuged to isolate
the microsomal fraction from the cytosol). In the remaining
three groups, cytochrome-c-oxidase content in the sediment
was also similar to that of control hearts, although the activity
in the supernatant was slightly higher in those hearts. This find-
ing confirms that mitochondria were mostly confined to the
30,000-g sediment.

Unlike the mitochondrial marker enzyme, the marker
enzymes for lysosomes and microsomes were present in the
sediment as well as in the supernatant, indicating some contam-
ination of the mitochondrial fraction by lysosomes and micro-
somal membranes. A greater activity of N-acetyl-glucosamini-
dase was found in the supernatant fraction of homogenates
from postischemic hearts, as compared to controls. This might
suggest that ischemia altered the sedimentation properties of
lysosomes. Alternatively, it might also reflect increased fragility
of the lysosomes as a consequence of the ischemic insult, with
partial release of enzymes in the cytosol during sample process-
ing.

MDArelease in the coronary effluent
Little basal release of thiobarbiturate-reactive material was ob-
served in the two groups of hearts which were to be subjected to
ischemia and reperfusion. After reflow, untreated hearts
showed a small increase in the release of MDAin the coronary

*PERFUSION + h-SOD

Figure 3. Typical differential absorbance spectra of
the lipid extract from the mitochondrial-lysosomal
fraction from a heart subjected to ischemia but
not reperfused (left panel), a reperfused heart
(middle panel), and a heart treated with h-SOD at
the time of reflow (right panel). The spectra rep-

_ resent the difference in absorbance of each sample
340 with respect to a pool of normal hearts, at various

wavelengths. The horizontal line marks the iden-
tity line. Absorbance is plotted as optical density
units. Notice the different magnitude of the peak
at 233 nm in the three hearts.

Oxygen Radicals and Myocardial Lipid Peroxidation 2059

0

0-

E

a-)

mTo
F--

E

z-J

0-

0

LJ
us

r-



Discussion

I..O
c4

Q
3)
i

ischemia reperfusion h-SOD

Figure 4. Conjugated dienes content of the lipid extract from the mi-
tochondrial-lysosomal fraction of the three groups of hearts subjected
to ischemia, with or without reperfusion. Data are expressed as the
delta (in nanomoles per gram wet weight) over a pool of normal
hearts. *P < 0.05 vs. control hearts. 1P < 0.05 vs. untreated reperfused
hearts by nonparametric Kruskaal-Wallis Utest.

effluent, which persisted throughout reperfusion at concentra-
tions just above baseline (Fig. 6). In h-SOD hearts MDArelease
tended to be initially greater, showing a transient overshoot
during the first minute of reflow, followed by a decline, and by
a second increase between 4 and 10 min of reperfusion (Fig. 6).
However, these differences did not achieve statistical signifi-
cance. Furthermore, during the remainder of the study MDA
release in the h-SOD-treated group was similar to or lower
than that observed in untreated reperfused hearts (Fig. 6). Con-
sequently, total cumulative release of MDAwas identical in the
two groups (24.8±7.2 nmol/g wet weight in untreated hearts vs.
24.4±8.1 nmol/g wet weight in h-SOD-treated hearts) by the
end of the 45-min reperfusion period.

Functional parameters
Developed pressure. Developed pressure before ischemia was
similar in both groups (106.1±5.8 mmHg in untreated hearts
vs. 104.6±6.1 mmHg in the group to be treated with h-SOD).
In untreated hearts reperfused after 30 min of ischemia recov-
ery of developed pressure was markedly impaired, averaging
47.7±6.8% of baseline at the end of 45 min of reflow (Table II).
Recovery of developed pressure was significantly greater in
hearts receiving h-SOD at the time of reflow (60.6±3.1 %of
preischemia baseline; P < 0.05 vs. untreated reperfused hearts;
Table II), consistent with the notion that oxygen radical genera-
tion can affect recovery of contractility in reperfused hearts
(6-9, 29).

End-diastolic pressure. Oxygen radical generation also
largely affected recovery of end-diastolic pressure. End-dia-
stolic pressure in untreated reperfused hearts averaged
33.3±7.8 mmHg at the end of the reperfusion period, a greater
than threefold increase over preischemic values, whereas it was
significantly lower in the group treated with h-SOD at reflow
(18.9±2.4 mmHg; P < 0.05; Table II).

Coronary flow. Baseline values of coronary flow were simi-
lar in both groups (7.3±0.8 ml/min per g wet weight in the
control group vs. 7.3±0.5 in the group to be treated with h-
SOD). Hearts treated with h-SOD also tended to have better
recovery of coronary flow than untreated hearts during reper-
fusion. However, this tendency did not reach statistical signifi-
cance (Table II).

In the present study reperfusion of rabbit hearts after a period
of ischemia resulted in increased membrane lipid peroxidation,
as compared to control hearts as well as to hearts subjected to
ischemia alone. Furthermore, the increase seen in untreated
reperfused hearts was not seen in hearts treated with the oxygen
radical scavenger, h-SOD, administered at the time of reflow.
These data demonstrate that following postischemic reperfu-
sion myocardial membrane lipids may undergo peroxidation
and, since this effect was blocked by h-SOD, as a specific conse-
quence of oxygen radical generation.

Previous studies have shown that postischemic reperfusion
is associated with increased cardiac accumulation of lipid per-
oxidation products (25, 27, 28). Romaschin et al. (25, 28) have
documented increased myocardial levels of conjugated dienes
induced by reperfusion in a canine model of global ischemia.
Koller and Bergmann (27) demonstrated a significant increase
in MDAcontent in isolated rabbit hearts reperfused after a
period of low-flow ischemia. However, the role of oxygen radi-
cals in this phenomenon remained to be clarified. Romaschin
et al. (25, 28) did not attempt to influence lipid peroxidation
through an intervention aimed at reducing oxygen radicals
concentrations. On the other hand, Koller and Bergmann (27)
were not able to prevent lipid peroxidation by administration
of oxygen radical scavengers. This finding might negate a role
of oxygen radicals in this phenomenon. However, this latter
study differs from ours in some important aspects, which might
explain the divergent results obtained with regard to the effects
of oxygen radical scavengers. Electron paramagnetic resonance
studies have shown that oxygen radical concentration in crys-
talloid perfused rabbit hearts is maximal during the initial 30
sec of reflow (2, 3, 29, 44). During this crucial phase, the dose of
SODadministered by Koller and Bergmann was 1/40th of that
employed in this, as well as in previous studies (9, 29). Since
there were no measurements of oxygen radical concentration,
nor there was any other evidence of reduction of reperfusion
injury, it might be argued that the dose of SODemployed by
Koller and Bergmann was insufficient to effectively scavenge
superoxide radicals. In addition, that study utilized a model of
low-flow ischemia, as opposed to our study in which total isch-
emia was induced by completely abolishing coronary flow.
There is increasing evidence to indicate that in the heart the
severity of ischemia may dictate the magnitude of subsequent
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Figure 5. Lipid hydroperoxide content of the mitochondrial-lyso-
somal fraction of the various experimental groups.
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Table I. Distribution of Marker Enzymes after Centrifugation
at 30,000g

Controls Ischemia Reperfusion h-SOD

Cytochrome-c-oxidase (U/mg protein)

Sediment 0.73±0.18 0.62±0.16 0.71±0.08 0.74±0.17
Supernatant 0.03±0.04 0.09±0.08 0.13±0.15 0.10±0.11

N-acetyl-glucosaminidase (mU/mg protein)

Sediment 11±8 12±6 10±2 8±2
Supernatant 1±2 16±9 25±10 23±10

Cytochrome-c-reductase (U/mg protein)

Sediment 0.19±0.07 0.24±0.10 0.26±0.17 0.37±0.14
Supernatant 0.27±0.10 0.32±0.14 0.33±0.12 0.40±0.09

"Sediment" refer to the subcellular fraction identifed in the text as
"mitochondrial-lysosomalifraction." The supernatant was subse-
quently centrifuged at 100,000 g to isolate microsomal membranes
from soluble cytosolic proteins.

oxygen radical-mediated reperfusion injury (4, 11, 44-47).
Better tissue preservation during ischemia, and/or reduced ac-
cumulation of substrates for oxygen radical formation upon
reflow, might account for reduced susceptibility to oxygen radi-
cal damage in hearts subjected to relatively milder ischemia.
This latter hypothesis is directly supported by recent experi-
ments showing that oxygen radicals concentrations at reflow
correlates with the severity of collateral flow deprivation during
regional myocardial ischemia in dogs (47), and with the dura-
tion of global ischemia in isolated hearts (4, 44). Finally, data in
kidney demonstrate that, although reflow after total ischemia is
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associated with oxygen radical-mediated lipid peroxidation
(48), reperfusion after a period of reduced perfusion may not
induce these effects (49). Thus, it is possible that the low-flow
ischemia protocol employed by Koller and Bergmann did not
result in oxygen radical-induced lipid peroxidation. The in-
crease in MDAseen in that study might thus be secondary to
other mechanisms (e.g., enhanced prostanoid synthesis [12,
26]), which might also be activated by postischemic reperfu-
sion.

The present study employed an experimental model which
has been previously characterized with respect to the time
course of oxygen radical generation after reperfusion (29, 44),
as well as to the beneficial effects of several anti-free radical
interventions administered at the time of reflow (3, 9, 29, 50).
Subcellular fractionation suggests that myocardial lipid peroxi-
dation was largely localized to the membranes of certain organ-
elles. The administration of the specific radical scavenger h-
SODbeginning at the time of reflow rules out any possibility
that beneficial effects might have occurred during ischemia.
Thus, our data provide direct evidence that oxygen radicals
generated upon postischemic reflow induce peroxidation of
myocardial membrane lipids. h-SOD administration at the
time of reperfusion prevented this membrane lipid peroxida-
tion, and as was also shown in previous studies (9, 29, 45),
h-SOD treatment at reflow also resulted in significant improve-
ment of left ventricular contractile recovery and high-energy
phosphate metabolism, consistent with reduction of reperfu-
sion injury in treated hearts.

Lipid peroxidation is a complex phenomenon, which pro-
ceeds through several steps, the exact sequence of which has
only been partially elucidated (12) (Fig. 7). The reaction se-
quence is thought to be initiated by abstraction of a hydrogen
atom from a molecule of unsaturated fatty acid, resulting in the
formation of a relatively stable alkyl free radical (R), which,
in the presence of 02, triggers a chain of auto-oxidative reac-

RAM

t? ? ,It , ' ?

0 1 2 3

T REPWIBONlME (min)

T

\ OI

46 ~~~~1

BASE 0 1 5 30
REPERFUSIONTIME (min)

Figure 6. Time course of the re-

lease of MDAin the coronary
sinus before ischemia (BASE),
after reperfusion in untreated
hearts, and in hearts treated at
reflow with h-SOD. Results are

expressed as nanomoles of thio-
barbiturate-reactive material per

T minute per gram of wet weight.
0 The cross-hatched area marks
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Table II. Functional Parameters in Reperfused Hearts

Reperfusion

Baseline 15 30 45

min
Left ventricular developed

pressure (% baseline)
Untreated 100 46.6±5.8 48.3±6.2 47.7±6.8
h-SOD 100 52.4±4.7 59.9±3.4 60.6±3.1*

End-diastolic Pressure (mmHg)
Untreated 9.4±0.3 38.0±8.2 33.1±7.8 33.3±7.8
h-SOD 11.0±0.3 23.0±3.0 19.8±2.3* 18.9±2.4*

Coronary flow (% baseline)
Untreated 100 58.9±4.8 52.7±4.7 44.3±4.6
h-SOD 100 61.3±7.5 55.1±6.3 49.1±5.4

* P < 0.05 vs. untreated reperfused hearts.

tions. One of the first steps in this sequence is rearrangement of
double bonds within the lipid molecule, into a configuration
typical of a conjugated diene. The reaction will then proceed
along one or both of two pathways, resulting in formation of
lipid endoperoxides and/or lipid hydroperoxides (Fig. 7). Fur-
ther breakdown of lipid endoperoxides results in formation of a
relatively stable end product, namely MDA(12).

Chemical measurements of tissue concentrations of MDA
have certain limitations. Nevertheless, MDAhas been utilized
widely as a marker of lipid peroxidation both in vivo and in
intact hearts (21, 22, 34, 35, 48, 49, 51). Artifactual increases in
MDAcontent may be due to chemical interference from other
TBA-reactive substances present in the sample, or to subse-
quent auto-oxidation causing degradation of lipid peroxides.
These problems can only be partly overcome by proper assay
procedures. Measurement of MDAcontent may also underes-
timate the actual degree of lipid peroxidation, since MDAis
formed only when lipids containing three or more double
bonds are oxidized ( 12). For these reasons in the present study
we measured other lipid peroxidation products in addition to
MDA. The observed increase in conjugated dienes content of
the mitochondrial-lysosomal fraction provided additional evi-
dence that oxygen radicals induced myocardial lipid peroxida-
tion.

In principle, stimulation of arachidonic acid metabolism
could also result in increased formation of lipid peroxides (12,
26). However, if this were the case then increased levels of lipid
peroxidation products would be expected to be found in the
cytosolic fraction and/or in the coronary venous effluent (i.e.,
near the site of prostaglandin generation). Furthermore, pros-
tanoid synthesis might actually be stimulated by SOD(52) or
other free radical scavengers (53), through preservation of vas-
cular endothelium (54), prevention of prostaglandin synthetase
inactivation by oxygen radicals (55), or direct stimulation of
cyclooxygenase activity via hydrogen peroxide (55, 56) which
is formed by SODin the process of dismutation of superoxide
anions. The finding in the present study of lipid peroxidation in
the mitochondrial fraction, which was inhibited by h-SOD,
would argue against increased prostaglandin synthesis as a ma-
jor mechanism resulting in an increase in lipid peroxidation
products after reperfusion.

The finding of increased levels of lipid peroxidation prod-
ucts in the subcellular fraction containing mostly mitochon-
dria might have important pathophysiological implications. In
vitro, oxygen radical attack on mitochondria promotes peroxi-
dation of membrane lipids (57) and impairs oxidative phos-
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LIPID ENDOPEROXIDE
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PEROXYL-RADICAL

-OH
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Figure 7. Schematic representation of major lipid peroxidation path-
ways. Reaction of a free radical (R) with a molecule of polyunsatu-
rated fatty acid (PUFA) results in abstraction of a hydrogen atom,
with formation of a stable hydrogenated molecule (RH), and of a lipid
radical (marked with a dot). Note the rearrangement of the double
bond attacked by the radical into a conjugated diene configuration.
Subsequent oxidation will give rise to a peroxyl-radical, which may
be reduced to a lipid hydroperoxide (shown on the right), or it may
undergo cyclization, with formation of a lipid endoperoxide (shown
on the left). The endoperoxide pathway has MDAas the end product.
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phorylation (13, 57-59). One might speculate that a peculiar
membrane lipid composition of these organelles might be re-
sponsible for enhanced susceptibility to oxygen radical attack.
Alternatively, detection of lipid peroxidation products might
be hampered in other cellular fraction, since the yield of MDA
after lipid peroxidation depends on the molecular structure of
the unsaturated fatty acids attacked by free radicals ( 12, 60). In
vitro experiments have documented that cardiac sarcolemmal
and microsomal membranes, which differ in their lipid compo-
sition, show a different susceptibility to peroxidation by exoge-
nously generated oxygen radicals (15, 61). Thus, it cannot be
ruled out that lipids of the microsomal and cytosolic fraction
also underwent peroxidation, and that this phenomenon was
not detected because other lipid peroxidation products, differ-
ent from MDA, were not measured in our study. Similarly it is
also possible that plasma membranes from other cell types
(e.g., endothelial cells) might be even more susceptible to lipid
peroxidation than myocytes. This phenomenon may go unde-
tected, because membranes from endothelial cells cannot be
separated from the much more abundant membranes of myo-
cytes by current techniques.

Another possible reason for enhanced mitochondrial mem-
brane lipid peroxidation is that mitochondria might represent a
preferential target for oxygen radicals formed in vivo or in in-
tact organs. Paller et al. (48) measured the effects of SODon the
tissue content of MDAin kidneys reperfused after a period of
ischemia. Similar to our findings, a significant increase in lipid
peroxidation was observed in the mitochondrial fraction,
which was prevented by SODadministration. Shlafer et al. (62)
have reported that oxidative phosphorylation was depressed in
mitochondria isolated from rabbit hearts subjected to cardio-
plegic arrest and reperfusion, but was virtually normal in mito-
chondria isolated from hearts treated with SODand catalase.
More recently, studies in intact hearts have shown that recov-
ery of high energy phosphate metabolism was much greater in
rabbit hearts treated at the time of reflow with h-SOD (9, 29),
or deferoxamine (50). The hypothesis that oxygen radicals gen-
erated during reperfusion may deleteriously affect mitochon-
drial respiration is further supported by the observation that
the difference in recovery of high energy phosphate levels be-
tween untreated and h-SOD-treated hearts paralleled the time
course of oxygen radical production (29).

The seemingly preferential peroxidation of the mitochon-
drial-lysosomal fraction in the present study needs to be com-
pared with the very recent findings of Romaschin et al. (28). In
dog hearts, these authors observed a greater than threefold in-
crease in the conjugated diene content of mitochondrial mem-
branes after global ischemia and reperfusion, consistent with
our findings. However, a much larger increase was measured in
the lipid extract from purified sarcolemmal membranes, sug-
gesting that in reperfused hearts the preferential target for the
oxidative attack of oxygen radicals might actually be the sarco-
lemma. Several conditions might explain the apparent discrep-
ancy between the two studies. Procedures for selective sarco-
lemmal isolation would require rather extensive sample manip-
ulation, which might be associated with the artifactual
formation of lipid peroxides ex vivo, due to auto-oxidation.
This phenomenon might be more pronounced when isolating
membranes from reperfused hearts, as they may be more sus-
ceptible to oxidation. On the other hand, since we employed a
different isolation procedure, it is possible that in our study
sarcolemmal membranes distributed over more than one frac-

tion, and therefore the phenomenon of increased lipid peroxi-
dation in the sarcolemma went undetected. In this respect, the
case could be made that a small fraction of highly oxidized
sarcolemmal membranes might have co-sedimented with the
mitochondrial-lysosomal fraction, thus accounting for the in-
crease in lipid peroxidation products, without a detectable alter-
ation in marker enzyme activities. However, selective isolation
of mitochondria by Romaschin et al. (28) also yielded in-
creased conjugated diene content in this fraction, similar to our
finding.

In addition to the differences in the methods of isolating
membrane fractions, and in the length of reperfusion (i.e., 5 vs.
45 min in the present study), another explanation for the differ-
ences between the two studies might be found in the choice of
the experimental model. Romaschin et al subjected dog hearts
to global ischemia and reperfusion. Wealso studied global isch-
emia and reperfusion. However, in dog hearts a major source of
oxygen radicals is represented by the activity of endothelial
xanthine oxidase (63). In contrast, hearts from rabbits (and
humans) have little or no xanthine oxidase activity (64, 65).
Consequently, it might be speculated that the increased sarco-
lemmal peroxidation in the study of Romaschin et al. might be
the consequence of a large generation of oxygen radicals in the
vascular lumen, whereas other mechanisms of oxygen radical
generation should be considered for the increased lipid peroxi-
dation observed in our study. These mechanisms might act at
cellular site(s) remote from the sarcolemma. In this respect, it
should be pointed out that resumption of oxidative phosphory-
lation upon reflow (i.e., reoxygenation) might result in a large
quantity of superoxide radicals being generated within the mi-
tochondria (57, 66). Preliminary results from our laboratories
have recently demonstrated that blockade of mitochondrial res-
piration reduces oxygen radical generation and mitochondrial
lipid peroxidation in reperfused rabbit hearts (67).

The small but significant increase in MDAcontent of the
microsomal fraction in hearts subjected to ischemia alone is
consistent with generation of oxygen radicals during ischemia
(2, 68, 69). The different subcellular distribution of lipid perox-
idation products suggests that oxygen radical generation during
ischemia might occur at a different site, and/or by a different
mechanism than that operating during reperfusion. This specu-
lation is supported by the observation that administration of
deferoxamine (which prevents the iron-catalyzed formation of
hydroxyl radicals) can reduce the concentration of oxygen radi-
cals in reperfused hearts (50, 69), but it is ineffective against
oxygen radicals formed during ischemia (69).

In the present study, despite major differences in MDAand
conjugated diene content, no changes in lipid hydroperoxide
content were observed among the various experimental
groups. Several possible mechanisms could be invoked to ex-
plain this finding. First, the ratio of endoperoxide vs. hydroper-
oxide formation after peroxidation of unsaturated fatty acids,
can vary widely (12). Under conditions of high oxygen tension
this ratio may be shifted toward endoperoxide formation, with
resulting increased MDAproduction (70). Thus, it is possible
that in the present study oxygen radical attack resulted in for-
mation of conjugate dienes and other lipid peroxidation inter-
mediates, which subsequently entered the endoperoxide degra-
dation pathway (with preferential formation of MDA) rather
than the hydroperoxide pathway, owing to the high oxygen
tension of the perfusate (Fig. 7). Alternatively, since tissue lev-
els of lipid peroxidation products were measured 45 min after

Oxygen Radicals and Myocardial Lipid Peroxidation 2063



reflow, we might have missed an increase in hydroperoxide
content which would have occurred earlier during reflow. Such
a transient increase might have been followed by breakdown of
hydroperoxides into volatile hydrocarbons and high molecular
weight aldehydes, which would go undetected (12). Lipid hy-
droperoxides can also undergo conversion to the correspond-
ing fatty alcohols (12), which could subsequently be degraded
via p3-oxidation. Thus, the reperfusion period employed in the
present study might have been of sufficient duration to account
for metabolism of any excess hydroperoxides formed.

In the present study we also measured release of lipid perox-
idation products in the coronary effluent. After reperfusion,
the rate of MDArelease from untreated hearts was only mod-
estly increased over baseline values. Furthermore, MDAcon-
centration in the coronary effluent was unchanged, or slightly
increased as effect of h-SOD administration. These findings
would suggest that the small increase of MDArelease into the
coronary venous effluent was most likely independent of oxy-
gen radical generation, and perhaps reflected enhanced pros-
tanoid synthesis (52), or greater washout. These results diverge
from the observations of Das et al. (71), but are consistent with
the results of several other investigators (27, 60, 72), who also
found that postischemic reperfusion did not stimulate cardiac
release of MDA.

In this study, prevention of lipid peroxidation was accompa-
nied by a significant improvement in the recovery of contrac-
tile function. Membrane lipid peroxidation has been proposed
as an important mechanism of cell damage. It may alter intrin-
sic membrane properties, due to physicochemical changes of
oxidized lipids, or secondary to cross-linking and polymeriza-
tion of membrane components effected by MDA(73, 74). In
vitro, it can be shown that exposure of cell organelles to oxygen
radicals results in loss of function and/or of membrane integ-
rity, which are temporally related to the development of lipid
peroxidation (14-16, 57, 61, 75). Lipid peroxidation may also
indirectly contribute to other deleterious effects of ischemia/re-
perfusion, since it enhances phospholipid susceptibility to deg-
radation by phospholiphases (76, 77), and increases membrane
calcium permeability (78). In addition to these in vitro data,
there is now evidence to indicate that lipid peroxidation might
also exert toxic effects in vivo. Treatment with the lipid peroxi-
dation inhibitors 21-aminosteroids reduced tissue damage in
two models of cerebral ischemia-reperfusion (79, 80). Simi-
larly, preliminary reports suggest that these drugs can reduce
infarct size in a canine model of reperfusion injury (81). These
latter studies suggest that lipid peroxidation per se might in-
duce tissue damage, independent of other consequences of oxy-
gen radicals.

The in vitro studies, however, have shown that peroxida-
tion of membrane lipids is a relatively slow process. Thus, this
phenomenon might not account for all the deleteriuos effects
of free radicals in reperfused hearts. In particular, some func-
tional alterations which occur immediately after reflow (e.g.,
reperfusion arrhythmias [82]) are likely to be mediated via
other effects of oxygen radicals, perhaps on enzyme proteins
(83). In this respect, in vitro studies have shown that oxidation
of SHgroups by oxygen radicals can impair Ca++-ATPase activ-
ity of sarcoplasmic reticulum (84), and Na'-K+-ATPase of
plasma membranes (85), independent of lipid peroxidation. In
the present study, we administered an enzyme which scavenges
oxygen radicals before their attacking cell components. There-
fore, we cannot establish whether the improved functional re-

covery observed in treated hearts was due to reduction of lipid
peroxidation or to prevention of other toxic effects of oxygen
radicals.

In conclusion, in the present study reperfusion of postisch-
emic hearts resulted in a significant increase in tissue content of
lipid peroxidation products, particularly in the mitochondrial-
lysosomal fraction. This phenomenon was prevented by admin-
istration of h-SOD at the time of reflow, providing strong evi-
dence that oxygen free radicals generated during reperfusion
induce membrane lipid peroxidation in postischemic hearts.
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