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1 In rats under ether anaesthesia, the left coronary artery was ligated and reperfused after 10 min
of ischaemia. Forty-eight hours later the myocardium was analyzed for creatine kinase (CK) activ-
ity.

2 Human superoxide dismutase (h-SOD) given 1min after occlusion and again 6h later signifi-
cantly improved survival and retarded the loss of myocardial CK.

3 Inrat isolated hearts perfused at 15% of normal flow for 30 min followed by re-establishment of
normal flow for 20 min, perfusion pressure increased by 72% and myocardial CK decreased by
44%. No significant changes occurred in wet-to-dry heart weight ratio.

4 Administration of h-SOD at 2.5 or 5.0mg, significantly attenuated the elevated post-ischaemic
perfusion pressure and the loss of myocardial CK activity in rat perfused hearts.

5 h-SOD appears to be an effective anti-ischaemic agent in the intact animal as well as the iso-
lated perfused heart of the rat subjected to low flow followed by reperfusion at normal flow. The
mechanism of this cardioprotective effect is not totally dependent upon the formed elements of the

blood, but may be partially due to a direct cytoprotective effect.

Introduction

Early reperfusion remains one of the most effective
means of reducing myocardial damage in acute myo-
cardial infarction. However, even under these condi-
tions, there is often significant cardiac injury. The
mechanism of this myocardial cell injury is not fully
understood. A variety of humoral mediators have
been proposed including thromboxane A, (Lefer &
Darius, 1987), platelet activating factor (Bracquet et
al., 1987), leukotrienes (Feuerstein, 1984) and oxygen
derived free radicals (Stewart et al., 1982; McCord,
1985; Mitsos et al., 1986; Granger et al., 1986).

There is a rapidly growing body of evidence indi-
cating that oxygen derived free radicals play an
important role in producing cellular damage associ-
ated with reperfusion of ischaemic organs
(Feuerstein, 1984; McCord, 1985; Mitsos et al.,
1986; Granger et al., 1986; Lefer & Darius, 1987;
Bracquet et al., 1987). It has recently been reported
that administration of the oxygen derived free
radical scavenger, superoxide dismutase, a scavenger
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of superoxide anions, and catalase, a scavenger of
hydrogen peroxide, results in a significant decrease
in infarct size in dogs (Gardner et al., 1983; Jolly et
al., 1984; Myers et al., 1985b). On the other hand,
there are other reports that these free radical scav-
engers fail to alter the extent of myocardial infarc-
tion (Werns et al, 1985; Myers et al., 1985a;
Gallagher et al., 1986; Uraizee et al., 1987). The pur-
poses of this study were (a) to investigate the myo-
cardial protective effects of human superoxide
dismutase (h-SOD) in a reperfusion model of myo-
cardial ischaemia, and (b) to determine if h-SOD can
protect the isolated heart of the rat subjected to a
severe global ischaemia perfused in the absence of
blood cells.

Methods

Rat acute myocardial infarction in vivo

Myocardial infarction was produced by ligating the
left anterior descending coronary artery (LAD). The
surgical technique utilized for LAD ligation has been
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described previously (Hock et al., 1986). Male
Sprague-Dawley rats (240-280 g) were lightly anaes-
thetized with ether prior to surgery. A 3 cm skin inci-
sion was made over the left thorax and the pectoral
muscles were retracted to expose the ribs. A silk liga-
ture was placed loosely through the skin and under-
lying muscle in a modified purse-string suture to
facilitate rapid closure of the chest wall. A tho-
racotomy was performed at the level of the fifth
intercostal space. Myocardial ischaemia (MI) was
produced by briefly exteriorizing the heart from the
thoracic cavity, locating the LAD and securing a 4-0
silk suture around the artery approximately 2 to
3mm from its origin. The heart was repositioned in
the thoracic cavity within 15-20s. Air was then evac-
uated from the thorax, and the chest wall muscles
and skin were rapidly closed by means of the pre-
viously placed purse-string suture.

Sham-operated control rats (Sham-MI) underwent
all the same surgical procedures except that the
suture was passed under the LAD but was not tied.
h-SOD (5 or 10mgkg™?) or its vehicle (ie.. 0.9%
NaCl) was given intravenously 1 min after ligation of
the LAD. A total of 34 rats were subjected to
occlusion of the LAD for 10 min followed by reperfu-
sion for 48 h. They received the same dose of h-SOD
or vehicle 6h after the reperfusion. After 48h, the
rats were anaesthetized with pentobarbitone
(35mgkg™?, i.p.) and their hearts were excised and
placed in ice cold 0.9% NaCl. This has been shown
to be the time of maximal depletion of myocardial
creatine kinase with this method (Hock et al., 1985).
The left ventricular free wall (LVFW) and septum
were dissected free and homogenized in cold 0.25M
sucrose (1:10, w:v) containing 1mmM EDTA and
0.1 mM mercaptoethanol with a Polytron (PCU-2)
homogenizer. Homogenates were centrifuged at
36,0009 at 4°C for 30min. The supernatants were
decanted and assayed spectrophotometrically for
myocardial creatine kinase (CK) activities and free
amino-nitrogen concentrations. The tissue activity of
CK was measured by the Rosalki method (1967).

Rat isolated perfused hearts

Male Sprague-Dawley rats weighing between 200
and 270 g were given 1000iukg™"! of heparin 15min
before induction of anaesthesia with pentobarbitone
sodium (35mgkg~!, i.p). After a midsternal tho-
ractomy, the hearts were rapidly removed and
placed in ice-cold oxygenated (95% O, + 5% CO,)
Krebs-Henseleit (K-H) solution. Within 30s, the
hearts were transferred to a perfusion apparatus and
perfused retrogradely via the aorta with K-H solu-
tion at pH 7.3 and 37°C according to the Langen-
dorff technique. The hearts were adjusted to
perfusion conditions at a constant pressure of

55mmHg for 5min and then changed to constant
flow perfusion (i.e., 10 to 12ml min~?) at a perfusion
pressure of 50mmHg. The coronary perfusion pres-
sure (CPP) was continuously monitored over the
remainder of the experiment.

Hearts were subjected to a 30min period of low
flow by reducing the flow to 15% of control followed
by 20 min of reperfusion at control flows. The treat-
ment groups received h-SOD (2.5 or S5mg per heart)
which was added to the aortic inflow line perfusing
the hearts. Drugs were infused over a period from
1 min after initiation of low flow until 1 min after res-
toration of normal flow. The vehicle groups received
only 0.9% NaCl. CK activity was analyzed by the
same methods as in the intact animal experiments.

For the purpose of confirming the free radical
scavenging activity of h-SOD as a free radical scav-
enger, we compared it with bovine SOD (b-SOD) in
a synthetic xanthine-xanthine oxidase superoxide
generating system modified from McCord & Frido-
vich (1969) as previously described (Brezinski et al.,
1988). Two types of superoxide dismutase, h-SOD
and b-SOD, were used at concentrations of
S0ngmi~!. In the b-SOD group, the difference of
absorbance per min was 0.063 + 0.002, and in the
h-SOD group it was 0.066 + 0.005. These values are
significantly lower than those in the group receiving
vehicle (0.156 + 0.007, P < 0.001). As a result of this
experiment, h-SOD was observed to be as effective
as b-SOD as a free radical scavenger.

The h-SOD obtained from Grunenthal GmbH,
Aachen, F.R. Germany had an activity of 3,100 SOD
unitsmg~!. The b-SOD obtained from Sigma
Chemical Co., St. Louis, MO, USA, had an activity
of 3,000 SOD unitsmg~!.

Statistical methods

All values in the text are means + s.e.mean. Differ-
ences among multigroup means were compared by
analysis of variance (ANOVA). Tukey’s pairwise
comparison was used to determine the significance
between specific pairs of data means. Analysis of sur-
vival was done by the Chi-square test.

Results

The effect of h-SOD on the degree of ischaemic
damage during myocardial infarction and reperfu-
sion in rats is summarized in Table 1. The difference
in creatine kinase (CK) activity between the septum
(non-ischaemic area) and the left ventricular free wall
(LVFW) (ischaemic area) is shown. Loss of CK from
the LVFW at 48h was significantly (P < 0.01)
attenuated in rats receiving h-SOD (10mgkg™!)
compared to rats receiving only vehicle. This effect
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Table 1 Effect of myocardial infarction (MI) plus reperfusion on the extent of ischaemic damage in the rat myo-

cardium 48 h after ischaemia

CK activity
(iug™") Survival
Group Septum LVFW (Septum-LVFW) rate (%)
Sham + h-SOD 4.19 + 0.27 442 +0.25 —-0.23 +£0.23 100
(10mgkg™! x 2)
8)
MI + vehicle 4274039  3.00+0.29 1.27 + 0.23* 64*
(0.9% NaCl)
)
MI + h-SOD 483 +0.21 441 +0.27 041 + 0.25%* 100
(Smgkg=! x 2)
@®)
MI + h-SOD 426 +0.34 4.11 £ 0.33 0.15 £ 0.20*** 100

(10mgkg™! x 2)
)

CK = creatine kinase; h-SOD = human superoxide dismutase.

All values are means + s.e.mean. Injections of drug or vehicle were made just before reperfusion and again 6h
following reperfusion. * P < 0.01 from sham; ** P < 0.05 from vehicle; *** P < 0.01 from vehicle.

* Represents 9 rats surviving of 14 subjected to MI; P < 0.02 from other groups. Numbers in parentheses are the

number of rats studied in each group.

appeared to be dose-related as h-SOD (Smgkg™!)
slightly protected against myocardial CK loss, but to
a lesser extent than a dose of 10mgkg~'. As would
be expected, the survival rate of ischaemic rats
treated with h-SOD was higher than ischaemic rats
given only the vehicle (0.9% NaCl). Thus, all the evi-
dence we obtained points to a cardioprotective effect
of h-SOD in acute myocardial infarction in rats.

In an attempt to confirm this finding and to
obtain additional information on the mechanism of

this protective effect, we studied h-SOD in isolated
perfused rat hearts subjected to low flow. The effects
of h-SOD during low flow followed by reperfusion at
normal flow in the isolated rat heart (in vitro) are
shown in Tables 2 to 4.

Table 2 summarizes the ratio of the post-
reperfusion perfusion pressure to that occurring in
the initial control period in order to assess coronary
vascular function. The control + vehicle group
showed no change in perfusion pressure over time.

Table 2 Effect of human superoxide dismutase (h-SOD) on coronary perfusion pressure during low flow followed
by reperfusion in the isolated constant flow perfused heart of the rat

Group

Control + vehicle 15

Control + h-SOD 8
(5mg per heart)

Low flow + vehicle 18

Low flow + h-SOD 9
(2.5mg per heart)

Low flow + h-SOD 12
(5mg per heart)

All values are means + s.e.mean.

.

Reperfusion pressure x 100
Pre-ischaemic pressure

97+2
99 +2

171 £ 21*
129 + 8**

112 + 3**

* P < 0.01 from control; ** P < 0.01 from low flow + vehicle.

n = number of hearts studied in each group.

Pre-ischaemic pressure was taken 5min before the onset of ischaemia.
Reperfusion pressure was taken 20 min following reperfusion.
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However, the post-reperfusion to pre-low flow pres-
sure ratio in the low flow + vehicle group signifi-
cantly increased after reperfusion indicating an
increase in post-reperfusion-induced coronary vascu-
lar resistance that could not be autoregulated. In
contrast, both h-SOD treated groups exhibited a
pressure ratio which was significantly lower than the
untreated group and which was not significantly dif-
ferent from the control group not subjected to low
flow.

Hearts receiving h-SOD (5mg per heart) main-
tained significantly higher (P < 0.01) myocardial CK
activities compared to those hearts given 0.9%
NaCl. Furthermore, a significant cardioprotective
effect was seen with 2.5mg per heart h-SOD in
another group of low flow hearts. Nevertheless, there
was a moderate but significant difference in CK loss
between control hearts given 0.9% NaCl and those
hearts given Smg per heart. We checked for inter-
ference by h-SOD in the CK assay technique, but no
significant effect of h-SOD on the CK assay was
found. In addition, we measured the dry and wet
weight ratio in the rat isolated perfused heart to
determine the extent of cardiac oedema during the
perfusion protocol and to determine whether h-SOD
prevented it. There was no difference in dry to wet
weight ratios among each group of perfused rat
hearts indicating that there was no significant degree
of cardiac oedema during this short perfusion period.
These results are shown in Tables 3 and 4. Thus,
h-SOD exerts a cardioprotective effect in perfused
rat hearts independent of formed elements in the
blood, and this protective effect does not appear to
be related to an anti-oedema mechanism.

Table 3 Effect of human superoxide dismutase
(h-SOD) on left ventricular (LV) creatine kinase
(CK) activity during low flow followed by reperfu-
sion in the isolated perfused heart of the rat

LV CK activity

Group n (jug™

Non-perfused 8 1.62 + 0.07*

Control + vehicle 11 1.29 + 0.07

Control + h-SOD 8 1.51 + 0.10*
(5 mg)

Low flow + vehicle 14 0.74 + 0.07*

Low flow + h-SOD 9 1.22 + 0.04**
(2.5mg)

Low flow + h-SOD 12 1.28 + 0.05**
(5mg)

All values are means 1 s.e.mean.

*P <001 from control + vehicle; **P < 0.01
from low flow + vehicle. )

n = number of rat hearts studied in each group.

Table 4 Dry to wet weight ratio of isolated per-
fused hearts of the rat

Dry/wet weight ratio

Group n x 100

Non-perfused 4 20 + 04
Control + vehicle 4 20+ 03
Low flow + vehicle 4 20 + 02
Low flow + h-SOD 5 19+ 0.7

(5mg per heart)

All values are means + s.e.mean. There is no sig-
nificant difference among any of the groups.
n = number of rats.

Discussion

The results of this study suggest that h-SOD exerts a
marked protective effect in the intact rat during isch-
aemia and reperfusion and in the isolated perfused
rat heart subjected to low flow followed by reperfu-
sion. Furthermore, this beneficial effect of h-SOD
appears to be dose-related. In addition to retarding
the extension of ischaemic myocardial damage,
h-SOD significantly improved the survival rate in
rats subjected to MI plus reperfusion. In the con-
stant flow isolated perfused rat hearts, h-SOD sig-
nificantly moderated the post-reperfusion increase in
coronary vascular resistance and protected against
loss of myocardial CK from low flow followed by
reperfusion. These results suggest that one com-
ponent of the cardiac damage sustained during isch-
aemia and reperfusion may involve direct injury
caused by oxygen derived free radicals. This is con-
sistent with the known finding that oxygen-derived
free radicals inactivate the endothelium-derived rel-
axing factor (EDRF) (Rubanyi & Vanhoutte, 1986).
This could help explain the increase in post-
reperfusion coronary vascular pressure.

Engler et al. (1983) reported that neutrophils accu-
mulate in the vascular space of the reperfused isch-
aemic myocardium, where they may adhere to the
endothelium and release oxygen-derived free rad-
icals. While this may occur in vivo, in the isolated
heart perfused with Krebs-Henseleit solution,
h-SOD protected the ischaemic reperfused rat myo-
cardium without blood components (i.e., white blood
cells and platelets) suggesting a cytoprotective effect
upon either myocardial or endothelial cells or both.

Previous studies have shown that myocardial
injury by oxygen-derived free radicals occurs pri-
marily during the initial period of reperfusion (Jolly
et al., 1984). Although h-SOD was given shortly after
the ischaemic period, cellular injury may already
have occurred before addition of h-SOD. The
mechanism of the protective effect of h-SOD may be
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due to three distinct actions. First, h-SOD may
improve control of the coronary circulation, particu-
larly preventing an inappropriate increase in coro-
nary vascular resistance. Secondly, h-SOD may exert
a protective effect on the endothelium. Thirdly,
h-SOD may protect myocardial cells via a direct
cytoprotective effect, perhaps related to a myocardial
membrane stabilization. From the point of view of
the dry to wet weight ratio, h-SOD had no signifi-
cant effect on fluid transport. This suggests that
microvascular permeability may not be dramatically
influenced by h-SOD. Since h-SOD scavenges super-
oxide anions but is not effective against other reac-
tive oxygen compounds (i.e., hydrogen peroxide and
hydroxyl radical), other free radical scavengers may
be useful along with SOD in exerting a greater
degree of cardiac protection during periods of isch-
aemia. Catalase and glutathione peroxide both cata-
lyze reactions that reduce intracellular levels of
hydrogen peroxide. However, there is no enzyme
system that can scavenge excessive quantities of
hydroxyl radical. The hydroxyl radical can be
derived from activated neutrophils and from xanth-
ine oxidase which is localized in the endothelial cells
of the coronary vasculature (Werns et al., 1986). It is
not totally clear why others have failed to observe a
protective effect of SOD in myocardial ischaemia
(Myers et al., 1985a; Werns et al., 1985; Gallagher et

References

BRACQUET, P, TOUQUI, L., SHEN, TY. & VARGAFTIG,
G.G. (1987). Perspectives in platelet-activating factor
research. Pharmacol. Rev., 39, 97-145.

BRAUNWALD, E. & KLONER, R.A. (1985). Myocardial
reperfusion: a double-edged sword. J. Clin. Invest., 76,
1713-1719.

BREZINSKI, M.E, OSBORNE, JA, YANAGISAWA, A &
LEFER, A.M. (1988). Beneficial actions of the thrombox-
ane receptor antagonist, AH-23848, in acute myocardial
ischaemia. Meth. Find. Exptl. Clin. Pharmacol., (in
press).

ENGLER, R.L, SCHMID-SCHONBEIN, G.W. & PAVELEC,
R.D. (1983). Leukocyte capillary plugging in the myo-
cardial ischaemia and reperfusion in the dog. Am. J.
Pathol., 111, 98-111.

FEUERSTEIN, G. (1984). Leukotrienes and the cardio-
vascular system. Prostaglandins, 27, 781-802.

GALLAGHER, K.P, BUDA, AlJ, PACE, D, GERREN, RA. &
SCHLAFER, M. (1986). Failure of superoxide dismutase
and catalase to alter size of infarction in conscious dogs
after 3 hours of occlusion followed by reperfusion. Cir-
culation, 73, 1065-1076.

GARDNER, T.J., STEWART, JR, CASALE, AS, DOWNEY,
JM & CHAMBERS, D.E. (1983). Reduction of myocardial
ischaemic injury with oxygen-derived free radical scav-
engers. Surgery, 94, 423-427.

GRANGER, D.N,, MOLLWARTH, M.R. & PARKS, D.A. (1986).
Ischaemia-reperfusion injury: role of oxygen-derived
free radicals. Acta Physiol. Scand., 548, 47-63.

al., 1986; Uraizee et al., 1987). Some of the differ-
ences between these studies and ours is that all were
in dogs, none used human SOD, and the timing was
different in all experiments. These differences in
experimental design may account for the different
results, but more work is needed to clarify these dif-
ferences.

In summary, we have shown a protective effect of
h-SOD in the ischaemic rat myocardium with and
without the presence of blood components. These
results suggest that oxygen-derived free radicals may
play a significant role in the propagation of myo-
cardial ischaemic injury following reperfusion in the
rat, and that the blood cells are not the only source
of the oxygen-derived free radicals, since h-SOD also
protected in rat isolated hearts perfused with Krebs-
Henseleit solution and subjected to low flow fol-
lowed by reperfusion.

We gratefully acknowledge the expert technical assistance
of Donna Mulloy during the course of these investigations.
We also thank Dr Johannes Schneider of Grunenthal AG,
Aachen, F.R. Germany for the generous supply of h-SOD.
This work was supported in part by Research Grant No.
HL-25575 from the National Heart, Lung and Blood Insti-
tute of the NIH. N.A. is a Postdoctoral Fellow of the
Ischaemia-Shock Research Institute. M.E.B. is a Fellow of
the Foerderer Foundation.

HOCK, C.E, BREZINSKI, M.E. & LEFER, A.M. (1986). Anti-
ischaemic actions of a new thromboxane receptor
antagonist, SQ-29,548, in acute myocardial ischaemia.
Eur. J. Pharmacol., 122, 213-219.

HOCK, CE, RIBEIRO, L.G.T. & LEFER, A.M. (1985). Preser-
vation of ischemic myocardium by a new converting
enzyme inhibitor, enalaprilic acid, in acute myocardial
infarction. Am. Heart J., 109, 222-228.

JOLLY, S., KANE, W.J, BAILIE, M.B,, ABRAMS, G.D. & LUC-
CHESI, B.R. (1984). Canine myocardial reperfusion
injury: its reduction by the combined administration of
superoxide dismutase and catalase. Circ. Res., 54, 277-
285.

LEFER, AM. & DARIUS, H. (1987). A pharmacological
approach to thromboxane receptor antagonism. Fed.
Proc., 46, 144-148.

MCcCORD, J.M. (1985). Oxygen-derived free radicals in post-
ischaemic tissue injury. New Eng. J. Med., 312, 159-163.

McCORD, JM. & FRIDOVICH, 1 (1969). Superoxide dis-
mutase: an enzyme function for erythrocuprein
(hemocuprein). J. Biol. Chem., 244, 6049—6055.

MITSOS, S.E., FANTONE, J.C., GALLAGHER, K.P., WALDEN,
K.M,, SIMPSON, P.J., ABRAMS, G.D., SCHORC, MA. &
LUCCHES]I, B.R. (1986). Canine myocardial reperfusion
injury: protection by a free radical scavenger, n-2-mer-
captopropionyl glycine. J. Cardiovasc. Pharmacol., 8,
978-988.

MYERS, CL., WEISS, SJ, KIRSH, M\M. & SHLAFER, M.
(1985a). Involvement of hydrogen peroxide and



740 N. AOKI et al.

hydroxyl radical in the ‘oxygen paradox’: reduction of
creatine kinase release by catalase, allopurinol or
deferoxamine, but not by superoxide dismutase. J. Mol.
Cell. Cardiol., 17, 675-684.

MYERS, M.L, BOLLIL R, LEKICH, RF., HARTLEY, CJ. &
ROBERTS, R. (1985b). Enhancement of recovery of myo-
cardial function by oxygen free-radical scavengers after
reversible regional ischemia. Circulation, 72, 915-921.

ROSALKI, S.B. (1967). Improved procedure for creatine
phosphokinase determination. J. Lab. Clin. Med., 69,
696-705.

RUBANYI, GM. & VANHOUTTE, P.M. (1986). Oxygen-
derived free radicals, endothelium and responsiveness of
vascular smooth muscle. Am. J. Physiol., 250, H815-
H821.

STEWART, J.R, BLACKWELL, W.H, CRUTE, S.L., LOUGH-
LIN, V., HESS, M.L. & GREENFIELD, L.J. (1982). Preven-

tion of myocardial ischaemia/reperfusion injury with
oxygen free radical scavengers. Surg. Forum, 33, 317-
320.

URAIZEE, A, REIMER, K.A, MURRY, C.E. & JENNINGS, B.R.
(1987). Failure of superoxide dismutase to limit size of
myocardial infarction after 40 minutes of ischaemia and
4 days of reperfusion in dogs. Circulation, 25, 1237-
1248.

WERNS, S.W., SHEA, M.J,, DRISCOLL, E.M., COHEN, F.R.,
ABRAMS, G.D,, PITT, B. & LUCCHESI, B.R. (1985). The
independent effects of oxygen radical scavengers on
canine infarct size. Reduction by superoxide dismutase
but not catalase. Circ. Res., 56, 895-898.

WERNS, S.W.,, SHEA, M.J. & LUCCHESI, BR. (1986). Free
radicals and myocardial injury: pharmacologic implica-
tions. Circulation, 74, 1-5.

(Received February 8, 1988
Revised May 17, 1988
Accepted June 7, 1988)



