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Reperfusion of the heart after a period of ischaemia can precipitate ventricular arrhythmias and lead to
an exacerbation of tissue injury. Direct evidence to suggest the involvement of free radicals has been
obtained using electron spin resonance (esr) spectroscopy and the spin trap N-zert. butyl-z-phenyl nitrone
(PBN). In the present study, we have used esr spectroscopy and PBN to examine the individual effects of
superoxide dismutase (SOD), catalase, allopurinol or desferal on radical production in the isolated,
reperfused rat heart. A burst of radical production was observed in the control group during the first 5
minutes of reperfusion; the peak occurred during the first minute, when signal intensity had increased by
almost 300%, but returned to the baseline by 15 minutes of reperfusion. The esr signals were consistent
with the trapping of either alkoxyl or carbon-centered radicals (ay = 13.6 and a,, = 1.56G). In the
desferal-treated group, a burst of radical production was observed during the first five minutes of reper-
fusion; this was maximal during the second minute, when signal intensity had increased by almost 200%,
but had returned to the baseline value by 30 minutes of reperfusion. In the SOD-treated group, a burst of
radical production was observed during the first [0 minutes of reperfusion; signal intensity was maximal
during the tenth minute of reperfusion, when signal intensity had increased by almost 200%, but had
returned to the baseline value by 30 minutes of reperfusion. In the allopurinol- and catalase-treated groups,
no significant burst of radical production could be detected. These data further support the concept that
cytotoxic, oxygen-derjved species are formed upon reperfusion and that hydrogen peroxide and/or hy-
droxyl radicals, are likely to be involved.
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INTRODUCTION

It has been proposed that oxygen-derived free radicals, generated in the reperfused
myocardium, can act as a trigger in the initiation of arrhythmias.'"> There is circum-
stantial evidence that supports this hypothesis; several indirect studies have suggested
that a number of enzyme inhibitors, antioxidant enzymes, free radical scavengers and
iron chelators are able to protect against reperfusion injury in a number of species.
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For example, superoxide dismutase (SOD) and catalase have both been shown
individually to protect the myocardium against reperfusion-induced injury.>**’ Pre-
treatment with allopurinol, an inhibitor of xanthine oxidase, has also been shown to
be protective.*'! Desferal, a chelator of iron that inhibits the iron-catalysed Haber-
Weiss reaction'? which can lead to the generation of the highly reactive HO- radical,
has also been shown to protect the heart against reperfusion-induced arrhythmias.’

Recent experiments using electron spin resonance (esr) spectroscopy, the only
method currently available for the direct detection of free radicals in biological
systems, have provided further evidence in support of the hypothesis that free radicals
may act as triggers of reperfusion injury; it has been demonstrated that a burst of free
radicals is generated upon aerobic reperfusion of the myocardium in a number of
species.'”" This evidence has recently been reviewed.?

In the present study we have used the technique of esr spectroscopy to examine
directly the individual effects of two antioxidant enzymes (SOD and catalase), an
enzyme inhibitor (allopurinol) and an iron chelator (desferal), on the generation of
free radicals in the isolated, reperfused rat myocardium.

METHODS

Animals

Male Wistar rats (280-300 g body weight) were used in all studies.

Perfusion Techniques and Perfusion Media

Rats were anaesthetised with diethyl ether and, after the administration of heparin
(200 I1U), hearts were excised and perfused,’' at a constant pressure of 65cm H,O at
37°C. The perfusion medium was bicarbonate buffer containing (in mM), NaCl
(118.5), NaHCO; (25.0), KCl (3.1), MgSO, (1.2), KH,PO, (1.2), CaCl, (2.5) and
glucose (11.1), pH 7.4 after gassing with 95% O, and 5% CO,. In order to remove any
particulate matter, the buffer was passed through a 0.22 um filter prior to use.

Experimental Time Course

Hearts (n = 6/group; five groups) were perfused aerobically for 35 minutes, followed
by 15 minutes of global ischaemia (zero flow) which was induced by clamping the
aortic input line. The hearts were then reperfused for 30 minutes.

In order to trap reactive radicals generated in the myocardium,'*? all hearts were
perfused with buffer containing the spin trap N-tert. butyl-a-phenyl nitrone (PBN;
Sigma, UK) for the last 5 minutes of the aerobic perfusion period and throughout
reperfusion. The spin trap was used at a concentration of 3mM since it has been
shown? that this does not produce cardiotoxic effects. In order to avoid the photolytic

degradation of PBN, the perfusion apparatus was kept in darkness throughout the .

experimental period.

In 3 of the treatment groups, the perfusion fluid during the last 5 minutes of aerobic
perfusion and for the whole of reperfusion contained human recombinant superoxide
dismutase (8 x 10*U/l, a generous gift from Pharmacia, AB Uppsala, Sweden;
specific activity 3325IU/mg protein), or catalase (5 x 10°U/L. Sigma, UK; specific
activity 3310 [U/mg protein) or desferal (deferoxamine mesylate; 0.15mM. Sigma,
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UK). In the fourth treatment group, allopurinol (4 mg/ml. Sigma, UK) was adminis-
tered orally (0.5 ml/100 g body weight; 20 mg/kg) as an aqueous suspension 48, 24 and
1 hour before the study.’

Sample Processing and Esr Spectroscopy

Coronary effluent fractions were collected after 34 minutes of aerobic perfusion and
at 1, 2, 3, 4, 5, 10, 15 and 30 minutes of reperfusion and the coronary flow was
recorded. Due to the large volumes of coronary effluent (Table 2), the radical adducts
were present at a relatively low concentration. To minimise this effect, 5ml aliquots
of effluent were added to 0.75 ml toluene (at 4°C) and vortex-mixed for 30sec. After
centrifugation (800 g, 5 minutes), the toluene layer was aspirated and its esr spectrum
recorded using a Bruker ER 200 D spectrometer equipped with 100 KHz modulation
and an ER 411 variable temperature unit. Aithough the major radical adduct ob-
served was relatively stable at room temperature, esr spectra were recorded at 213K
in order to facilitate the observation of other, less stable adducts, which may have
been present. Hyperfine coupling constants and signal intensities were measured
directly from the field scan. It has been established by control experiments that the
peak height of the PBN adducts correlates closely with the double-integral of the
signal; thus, peak height may be used as a measure of free radical content.

Statistical Analysis of Results

Results were expressed as the mean + SEM. A one-way analysis of variance was
carried out to test for differences between the mean values of each group. Once a
difference had been established, each of the treated groups was compared to the
control using the unpaired t-test and p-values of less than 0.05 were considered to be

significant.

RESULTS

Control

Typical esr spectra obtained from coronary efluent collected from hearts perfused
with PBN only are shown in Figure 1. Signal intensity was greatest during the first 5
minutes of reperfusion (Figure 1C) and was virtually undetectable in fresh buffer and
in coronary effluent collected either before ischaemia or after 15 minutes of reper-
fusion (Figures 1A, B and D).

The hyperfine splitting constants (ay = 13.6G and a,; = 1.56 G) of the spectra
obtained during reperfusion were typical of the PBN adducts of carbon-centred or
alkoxyl radicals.”® These species may have been formed via secondary reactions of
oxygen radicals with membrane lipids. A time-course of spin adduct appearance in the
coronary effluent was constructed from the spectra (see Figure 2A). Upon reperfusion
with PBN alone, a burst of spin adduct formation was observed which was maximal
during the first minute (when signal intensity increased to 279 + 87% of the baseline
value), and subsequently decreased to the baseline value by 15 minutes of reperfusion.
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FIGURE | Electron spin resonance spectra from: A, Oxygenated buffer prior to perfusion. B, Coronary
effluent collected after 34 minutes of aerobic perfusion. C, Coronary effluent collected after 2 minutes of
reperfusion. D, Coronary effluent collected after 15 minutes of reperfusion. Spectra B-D are recorded from
control hearts.

Reperfusion in the Presence of Desferal

The esr spectra obtained from coronary effluent collected from hearts perfused with
desferal and PBN were qualitatively similar to those obtained from the PBN controls.
In the presence of 150 uM desferal (Figure 2B), a burst of spin adduct formation was
observed which was maximal after 2 minutes of reperfusion (when signal intensity
increased to 193 + 29% of the baseline value), and subsequently decreased to the
baseline value by 30 minutes or reperfusion. There were no statistically significant
differences between the desferal-treated and the PBN control group at any of the
measured time-points. The coronary flow rate was unaffected by desferal (Table 1).
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FIGURE 2 Graphs showing the time course of spin adduct formation in the reperfused rat heart in the
presence of: A, Control, 3mM PBN only; B, 150 uM desferal; C, 8 x 10* U/l superoxide dismutase (SOD);
D, 5 x 10° U/l catalase; E, After pre-treatment of animals with allopurinol (20 mg/kg body weight, 48, 24
and | hour before experiment). n = 6/group. Resuits expressed as mean + SEM. *p < 0.05 compared
with zero time control (t = 34) for each group.
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TABLE |
Coronary flow rates at various times throughout the experiment for: control hearts; SOD-perfused hearts;
catalase-perfused hearts; desferal-perfused hearts and hearts from animals pre-treated with allopurinol. All
results are expressed as mean + SEM

Coronary flow (MI/Minute)

Time

(Minutes) Control SOD Catalase Desferal Allopurinol
34 83 £ 09 7.8 + 0.7 8.7 + 05 7.7 £ 04 9.1 + 0.8
51 32 £ 1.1 4.0 £ 04 *6.5 + 0.7 53+ 04 53 +08
52 57+ 1.1 53+03 73 +£03 6.4 + 0.3 6.9 + 0.9
53 63 + 08 6.1 + 0.2 76 £ 03 7.0 £ 0.3 7.1+ 1.0
54 73 +£ 0.7 6.1 +04 78 £ 04 7.1 £ 02 72+ 1.0
55 77 + 0.5 6.6 + 04 80 + 0.5 7.5 +02 74 + 0.9
60 87+ 07 74 £ 03 8.8 £ 0.6 8.2 + 0.2 8.1+ 06
80 8.1+ 09 64 + 0.3 9.0 + 0.7 7.8 + 03 77 + 08

®p < 0.05 compared with the control.

Reperfusion in the Presence of SOD

The esr spectra obtained from coronary effluent collected from hearts perfused with
SOD and PBN were qualitatively similar to those obtained from the PBN controls.
In the presence of 8 x 10*U/1 SOD (Figure 2C), a burst of spin adduct formation was
observed which was maximal after 10 minutes of reperfusion (when signal intensity
increased to 197 + 19% of the baseline value), and subsequently decreased to the
baseline value by 30 minutes of reperfusion. There was a statistically significant
difference between the SOD-treated and the PBN control group after 10 minutes of
reperfusion. The coronary flow rate was unaffected by SOD (Table 1).

Reperfusion in the Presence of Catalase

The esr spectra obtained from coronary effluent collected from hearts perfused with
catalase and PBN were qualitatively similar to the controls. Figure 2D shows the time
course of spin adduct formation in the presence of 5 x 10° U/l catalase. There was
no evidence for a burst of radical production at any time during reperfusion; statistic-
ally significant differences between the catalase-treated and the PBN control group
were found at all measured time-points during the first four minutes (p < 0.05). The
pre-ischaemic coronary flow rate was not significantly different from the control
value. The flow rate was significantly different from the control at the first minute of
reperfusion (6.5 + 0.7ml/minute in the presence of catalase, compared with
3.2 + 1.1 ml/minute in the control group; p < 0.05) (Table 1).

Effects of Pre-treatment with Allopurinol

Figure 2E shows the time course of spin adduct formation following pre-treatment of
the animals with allopurinol. As with catalase, there was no evidence for a burst of
radical production at any time during reperfusion; statistically significant differences
between the allopurinol-treated and the PBN control group were found at all time
points during the first four minutes of reperfusion (p < 0.05). The coronary flow rate
was unaffected by pre-treatment with allopurinol (Table 1).
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DISCUSSION

Using esr spectroscopy, a number of investigators'*'? have provided direct evidence
for a burst of free radical production during the early minutes of reperfusion of the
previously ischaemic heart. The primary free radicals produced are believed to be
oxygen-derived species that are generated as a consequence of the readmission of
oxygen that occurs upon reperfusion. This burst may overwhelm endogenous defence

mechanisms and initiate free radical chain reactions such as lipid peroxidation, which '

would be associated with secondary free radical production. The membrane damage
that occurs as a consequence of lipid peroxidation may lead to the ionic imbalances
which trigger the ventricular arrhythmias that are observed upon reperfusion.' Alter-
natively, the radicals may alter the redox state of membrane channels and carrier
proteins® leading to ionic imbalance.?

Using the spin trap PBN, we have observed carbon-centred or alkoxyl radical
adducts in the effluent collected from the reperfused rat myocardium. This is in
agreement with previous findings.” These radicals may have been formed via reac-
tions of cytotoxic oxygen-derived species with membrane lipids. In the present study,
we have used known inhibitors of radical production or antioxidant enzymes in an
attempt to attenuate the burst of free radical production that is detectable in the
effluent of the reperfused myocardium.

In the presence of catalase, there was no evidence for a burst of free radical
production at any time during reperfusion. There was also no evidence for a burst of
free radical production in hearts from allopurinol-treated animals. SOD did not
significantly decrease the burst of free radical production normally observed upon
reperfusion of the isolated rat heart. However, free radical production was delayed,
the peak occurring after 10 minutes of reperfusion in the SOD group in comparison
with a peak at the first minute of reperfusion in the PBN group. Since exogenous SOD
was probably confined to the vascular space, it could only have scavenged O,~
originating in, or close to, that tissue compartment. Thus, it may have been that O,
formed during the early moments of reperfusion, for example via xanthine oxidase,
was scavenged by SOD. At later times, however, it is possible that O;” may have
initiated damage in areas of tissue inaccessible to SOD. The superoxide anion radical
is, however, a relatively unreactive radical; for example, the rate constant for the
reaction of O;~ with linoleic acid at pH 7.0 is small,” whereas the rate constant for
the reaction of HO- with linoleic acid under similar conditions is 9.0 x 10°M~'s~'.%
It is possible therefore, that O, was indirectly toxic in this system; O;~ could have
led to the formation of HO- via reaction with H, O, in the iron-catalysed Haber-Weiss
reaction.?® Both catalase (by direct removal) and allopurinol (by decreasing the
overall rate of O, and H,0, production) would be expected to decrease the con-
centration of H,O, in the heart. Conversely, SOD would be expected to increase the
amount of H,0,, possibly leading to increased HO- generation. Our study provides
indirect evidence in support of the hypothesis that H,O,, possibly via iron-catalysed
HO- generation, is an important species mediating reperfusion-induced myocardial
injury.

Desferal is an iron-chelator well known for its ability to inhibit the iron-dependent
HO- generation that occurs via reactions such as the Haber-Weiss reaction and
possibly therefore, lipid peroxidation.'>® In this study, desferal did not significantly
decrease the burst of free radical production observed upon reperfusion. It is known
that desferal penetrates only slowly into endothelial cells in vitro;* thus, during the
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course of our experiment, desferal is likely to have been restricted to the vascular
space. This would suggest that extracellular iron is not involved in the genesis of the
radicals observed in this system. Alternatively, iron may have been released in a form
which desferal was unable to chelate. The identity of the iron-catalyst that is involved
in reperfusion-induced generation of HO- is, however, unknown, although oxymyog-
lobin, which is in abundance in the reperfused myocardium, is a potential source of
iron.”’ Hydrogen peroxide is known to react with myoglobin to generate radicals,
possibly by inducing iron release from the haem group of the myoglobin molecule,
or by elevating the iron to a higher oxidation state.’ Free radical-induced myocardial
injury may thus be dependent upon H,0, production in close proximity to myog-
lobin. It has been shown? that desferal is able to stabilise myoglobin by preventing
haem breakdown, thus inhibiting iron-stimulated radical generation. Desferal may,
however, have been in the wrong location in our system to facilitate protection.

In the present study, PBN-radical adducts were detected in the coronary effluent in
the first minute of reperfusion. Since adducts were observed so rapidly, we suggest
that, in the reperfused myocardium, free radical generation begins at the endothelium.
For example, O;™ and H,0,, generated via xanthine oxidase, could react with trace
metal ions to form HO- that, in turn, may initiate free radical chain reactions such
as lipid peroxidation which may then lead to damage elsewhere in the cell and
ultimately, in the surrounding tissues. Lipid peroxidation produces a complex variety
of substances, some of which are biologically active and yet can diffuse over distances
that are relatively large in relation to cellular dimensions.”” In consequence, lipid
peroxidation that is initiated by a free radical reaction in the endothelium may cause
significant effects at a distance due to the production of substances such as lipid
hydroperoxides, and 4-hydroxyalkenals that can act as intercellular signals.* The free
radicals that were spin trapped in this study, may thus have been lipid radicals,
produced as a result of lipid peroxidation, and which originated in the endothelial cell

membrane.
It is improbable that exogenous SOD, catalase or desferal would have been able to

cross cell membranes during the time course of these experiments. Therefore, all three
agents will have been confined to, and must have exerted their effects in, the vascular
space or on the endothelial surface. Similarly, since xanthine oxidase is located
primarily in endothelial cells*** allopurinol would have exerted its effects here, thus
providing further support for the hypothesis that most of the radicals scavenged in
this study are likely to have been either endothelial or extracellular in origin.

In conclusion, oxygen-derived free radicals are formed upon reperfusion; the burst
of radical production can be attenuated by allopurinol and by catalase, but not by
SOD or desferal. It is possible, therefore, that hydrogen peroxide and/or hydroxyl
radicals may be the cytotoxic species that mediate myocardial injury.
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