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Extracellular-superoxide dismutase type C (EC-SOD C) is a secretory SOD isoenzyme which, in contrast 
to the intracellular CuZn SOD, has affinity to the endothelium and a long vascular half-life. In the present 
study, the effects of EC-SOD C and CuZn SOD on reperfusion-induced myocardial damage were deter- 
mined in rats subjected to lOmin of left coronary artery ligation followed by 24 h of reperfusion. Recom- 
binant human EC-SOD C (rh-EC-SOD C) or the corresponding volume of the vehicle was administered 
after completion of the coronary ligation. CuZn SOD was given in two equal doses, the first dose directly 
after ligation and the second one 6 h later. At the end of the reperfusion period the myocardial damage was 
quantified by measuring the creatine kinase concentration (CK) in the reperfused part of the left ventricular 
free wall (LVFW), and expressed as a percentage of the concentration in the non-ischemic septum. In the 
group given the vehicle, 47 f 10 (mean f SD) of the CK remained in the reperfused LVFW. In the rats 
receiving rh-EC-SOD C the corresponding values for each dose: 1.4, 4.2 and 12.6mg/kg were 55  f 
12(ns), 55 12(ns) and 65 f 12% (p < 0.05, vs. vehicle, Dunnett's multiplecomparison test), respectively. 
Administration of CuZn SOD (2 x IOmg/kg) resulted in 58 f 16% (ns) CK remaining in the LVFW. 

It is concluded that rh-EC-SOD C, unlike CuZn SOD, significantly reduced myocardial damage 
associated with ischemia and reperfusion, and that the myocardial protection was sustained after 24 h of 
reperfusion. 

KEY WORDS: Oxygen free radicals, myocardial ischemia, reperfusion, superoxide dismutase, infarct 
size 

INTRODUCTION 

Oxygen free radicals have been implicated as important mediators of ischemia/ 
reperfusion-induced damage in several organs, including the heart."* Superoxide 
dismutase (SOD) has frequently been used in experimental studies as a free radical 
scavenger for treatment of reperfusion-induced myocardial damage. Positive effects 
have been reported in a variety of experimental  model^,'^ but results on final infarct 
sizes are ~onflicting.~-~ Most studies have been performed with the intracellular 
low-molecular weight isoenzyme CuZn SOD, which is rapidly eliminated from the 
circulation owing to glomerular filtration.'"-'* Therefore, the difference in outcome of 
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these studies could reflect differences in dose regimes used or, in some cases, sub- 
optimal dosages of the enzyme. 

Extracellular-superoxide dismutase C (EC-SOD C) is a secretory Cu- and Zn- 
containing glyc~protein.l~*’~ The property that most clearly distinguishes this SOD 
isoenzyme from the other isoenzymes is its affinity for heparan sulfate, and in the body 
it is bound to heparan sulfate proteoglycan in the glycocalyx of cell surfaces and in 
the connective tissue m a t r i ~ . ’ ~ , ~ ~  After intravenous injection, EC-SOD C is mainly 
sequestered by the vascular wall, forming an equilibrium with the plasma phase.” The 
half-life in the vasculature is long, being about 15 h in rabbits.” The pharmacokinetic 
properties, and especially the endothelium binding capacity, are thus distinctly dif- 
ferent from those of CuZn SOD. 

The aim of the present study was to evaluate the effects of i.v. administered 
recombinant human EC-SOD C on ischemia/reperfusion-induced myocardial injury 
and to compare the enzyme with the bovine CuZn SOD. 

METHOD 

Male Sprague-Dawley rats (275-372 g) were anesthetized with methohexital sodium 
(Brietalm, Lilly, Indianapolis, Ind., USA, 60mg/kgi.p.) and placed on a heated 
operating table. The animals were intubated with a PE 190 catheter connected to an 
animal ventilator. After a left thoracotomy through the 4th or 5th intercostal space 
a 6-0 silk thread was sutured around the left coronary artery (LCA) 2-3 mm distal to 
its origin, and the LCA was ligated with a shoestring-knot. The air in the thorax was 
evacuated and the chest and skin were closed with silk sutures with one end of the 
occlusion suture exteriorized. During the occlusion and the first 5 min of reperfusion, 
artificial ventilation was maintained if necessary. Recombinant human EC-SOD C, 
bovine CuZn SOD or the corresponding vehicle (0.9% NaCl solution) was given as 
a bolus injection in the ventral tail vein directly after the LCA-ligation. The animals 
receiving CuZn SOD recieved an additional dose 6 h later. This dose regime of CuZn 
SOD significantly reduces CK-loss from ischemic and reperfused myocardium in 
rats,” and in rabbits 10mg/kg is the optimal dose for reducing infarct size.” After 
10 min of LCA occlusion, an ischemic time sufficient to produce myocardial infarction 
in the rat,” myocardial reperfusion was induced by pulling the exteriorized end of the 
occlusion suture, and the rats were then returned to their cages to recover. An 
analgesic drug (buprenorphinum, 0.2 mg/kg, Temgesic, Reckitt & Colman, Hull, UK) 
was given i.p. at 12-h intervals. Food and water were supplied ad libitum. 

After 24 h of reperfusion the animals received an overdose of anesthetics, and their 
hearts were excised and placed in ice-cold 0.9% NaC1-solution. After removing the 
atria, connective tissue and the right ventricular free wall the left ventricle was 
sectioned into septum and left ventricular free wall (LVFW). The LVFW was further 
divided along the anterior papillary muscle giving the posterior part containing the 
area at risk (AR). The myocardial segments were then weighed, and the different parts 
were placed separately in a phosphate buffer solution containing 1 mM EDTA and 
5 mM mercaptoethanol (pH 7.0) and homogenized in a glass-glass tissue homogeniz- 
er. The homogenates were centrifuged at 30000 x g for 30min at 2°C. The super- 
natants were decanted and creatine kinase (CK) activity was measured with a com- 
mercial reagent kit: Boehringer-Mannheim Gmbh, Cat. No 126349. The CK-content 
(U/g wet tissue) in the ventricular free wall was calculated as a percentage of the 
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MYOCARDIAL DAMAGE REDUCTION BY EC-SOD C 43 

TABLE 1 
Effect of EC-SOD C and CuZn SOD on myocardial damage in rats after ischemia and 24 h reperfusion 

Dose n CK activity Mortality 

Septum (U/kg) LVFM (mg/kg) 

(% of septum) 

12 1918 & 116 47 & 10 (5/17) Vehicle - 

EC-SOD 1.4 12 1746 & 178 55 & 12 (4/ 16) 
EC-SOD 4.2 11 1783 204 55 & 12 (4/ 15) 

(3/14) EC-SOD 12.6 1 1  1763 2 I98 65 2 12* 
CuZn-SOD 2 x 10 12 1944 163 58 & 16 (6/ 18) 

reperfusion. All values are means f standard deviations. 
CK = creatine kinase, LVFM = left ventricular free wall, n = the number of rats surviving 24 h of 

* p  < 0.05 from vehicle. (Dunnett’s multiple comparison test.) 

content in the septum (not subjected to ischemia/reperfusion). Measurements of the 
depletion of tissue CK activity is a reliable and consistent method for evaluating 
myocardial ischemic damage, and it correlates well with histologic and morphometric 
measurements. ” 3 * O  

In the present study the area at risk could not be measured, and consequently 
failure to occlude the LCA could not be established properly. In a small pilot study 
in 4 sham operated rats, CK content in the LVFW varied between 96 and 102% of 
that in the septum. To avoid including rats with semi-occluded coronary arteries, all 
rats with a CK content in the ischemic part of the LV exceeding 90% of the septum 
content were regarded as non-occluded individuals and excluded from this study. Two 
rats in the vehicle group, two in the CuZn-SOD group, and one in the 1.4 and 
4.2 mg/kg EC-SOD groups, respectively, were excluded for this reason. 

Recombinant human EC-SOD CI4 was obtained from Symbicom AB, Umei, 
Sweden, and bovine CuZn-SOD was obtained from Boehringer-Mannheim Scan- 
dinavia, Bromma, Sweden. Three doses of rh-EC-SOD C were tested: 1.4 (n = 16), 
4.2 (n = 15) and 12.6mg/kg body weight (n = 14). CuZn-SOD was given twice in 
a dose of 2 x 10mg/kg (n = 18). In the vehicle group a corresponding volume of 
0.9% NaCl solution was administered (n  = 17). The specific activity in the KO, 
assay” of the rh-EC-SOD C preparation was 116000U/mg, compared with 
161 000 U/mg in the bovine CuZn-SOD preparation. 40 SOD units in the KO, assay 
correspond to one unit in the more commonly used xanthine oxidase-cyt C assay.” 

Statistical analysis: Coronary artery ligation was performed in a total of 102 rats. 
Sixteen of the rats died during the ligation period and were not included in the study. 
The results are given as means _+ SD in the text and table. Differences between groups 
were tested by Dunnett’s multiple comparison test. A p-value of less than 0.05 was 
considered statistically significant. 

RESULTS 

The effect of rh-EC-SOD and CuZn-SOD on the degree of myocardial damage in 
rats subjected to ischemia and 24 h of reperfusion is summarized in Table I. There was 
a tendency towards a reduction of CK-loss in all groups receiving SOD treatment, but 
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it was possible to obtain statistical proof ( p  < 0.05) of the protective effect only for 
the group of animals receiving the highest dose of rh-EC-SOD C (12.6mg/kg). 

Of all the rats intended for this study, 16% died during the occlusion and these 
animals were not included in the mortality calculation. Twenty-two rats (27%) died 
during the reperfusion period. These animals, were evenly distributed among the 
different groups studied. 

DISCUSSION 

The present results show that rh-EC-SOD C given during occlusion significantly 
reduced the myocardial damage in rats subjected to coronary ligation and reper- 
fusion, while CuZn SOD did not, although the rats in the latter group received a 
comparable amount of enzymic activity at occlusion and also an equal dose 6 h later. 
The difference in the degree of protection provided by the two SOD isoenzymes is 
probably related to differences in their pharmacokinetic properties. CuZn SOD has 
a plasma half-life in the rat of about 7 min” and will be present in significant amounts 
in the circulation for only limited periods during 24h experiments, even if it is 
administered on two occasions as in this study. Intravenously injected EC-SOD C 
displays a half-life of 15 h in the rabbit vasculatureJS and has a similar kinetic profile 
in the rat (unpublished data). Furthermore, most of the injected EC-SOD C is 
sequestered by the vascular wall in equilibrium with the plasma phase.” 

In vitro and in vivo studies on myocardial ischemia and reperfusion have shown that 
the peak formation of oxygen radicals occurs just after reperf~sion.’~.~~ However, in 
dogs subjected to 15 min of LAD occlusion and subsequent reperfusion, an increased 
formation of radicals was also demonstrated during the following 3 h observation 
period.25 Thus, any salvaging effect of a scavenger with a short half-life might be 
insufficient to protect the heart for longer periods. In the reperfused myocardium, 
radicals are formed not only by cellular sources in the myocardium, such as xanthine 
oxidase,26 but also by activated leukocytes that are attracted to the reperfused area.27 
SOD may protect the tissue by a direct effect on the radicals produced by the activated 
leucocytes and also by reducing the adhesion of leucocytes to the cardiac vasculature, 
which may be supero~ide-dependent.~~~~~ This adhesion phenomenon is likely to be 
operative for a long time. Myocardial salvage by CuZn SOD in the dog has mainly 
been shown after short reperfusion  period^,^^^^ although failures have also been 
reported.34 In contrast, studies with long observation times ( 2  1 day) have often failed 
to demonstrate s a l ~ a g e . ” ~ ~ ~ - ’ ~  The discrepancies may partially be due to sustained 
oxy-radical formation, and it has been reported that treatment with polyethyle- 
neglycol-substituted CuZn SOD (PEG-SOD), which has a very long plasma half-life, 
could reduce the infarct size in a 4-day protoc01.~’ However, in a recent similar study 
in the dog, PEG-SOD failed to salvage the myocardium,4’ and it is possible that the 
longer vascular half-life of EC-SOD per se is not the sole explanation for the efficacy 
of this enzyme compared with CuZn SOD in the present study. 

A unique property of EC-SOD C is its affinity for heparan sulfate and after intra- 
venous injection it will rapidly bind to heparan sulfate proteoglycanin the glycocalyx 
of the endotheli~m.’~ It is also possible that it is attracted to heparan sulfate deeper 
in the vascular wall and possibly to the cardiomycocytes. The local concentration of 
EC-SOD in these structures should be several orders of magnitude larger than in 
plasma at equilibrium.I6 This phenomenon may result in highly enhanced protection 
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MYOCARDIAL DAMAGE REDUCTION BY EC-SOD C 45 

of the cardiac vasculature and the myocardium. It has been shown in perfused organ 
models where CuZn-SOD or EC-SOD C is present in the medium during the entire 
experiments that EC-SOC C has higher protective efficacy than CuZn SOD at equal 
concentrations. EC-SOD was more efficient in reducing free radicals detectable by a 
spin trap in the reperfused rat heart,24 and it appeared slightly more efficient in 
reducing injury in the reperfused rat heart?’ It was also more efficient in reducing the 
increased post-ischemic vascular permeability in the hamster cheek pouch in vivo at 
a time when the plasma concentrations were similar for EC-SOD C and CuZn- 
SOD.43 Finally, in a perfused rat heart model aimed specifically a t  probing the 
importance of vascular bound EC-SOD C, the enzyme was given only during a 
pre-ischemic period followed by a washout period with enzyme-free medium. At 
reperfusion following the ischemia, the pretreatment resulted in reduced CK loss to 
the effluent and a better preserved post-ischemic coronary perfusion.@ 

The discrepant results in the literature regarding the effects of SOD on in vivo 
infarct size reduction have been the subject of several recent Several reasons 
for the disparate results have been put forward. The optimal observation time in the 
rat is not known, but we believe that our findings after 24 h of reperfusion do reflect 
true myocardial salvage. Much longer observation times may be complicated by 
resorption of injured tissue. The problems with rapid elimination of CuZn SOD, 
sustained oxy-radical formation and delay of injury vs true salvage have been dis- 
cussed above. In the commonly used dog model, collateral flow varies considerably 
and some studies have failed to account for this problem. In the rat, the collateral flow 
is very low and homogeneo~s ,~~  so this parameter should not have influenced our 
findings. The methods for estimation of injury have also been discussed. Depletion of 
tissue CK-activity has proved to be a reliable and consistent method for evaluation 
of ischemic damage and correlates well with histologic and morphometric measure- 
ments.’” However, it should be noted that our findings differ from those of a previous 
almost identical study in the rat, in which CuZn SOD was found to significantly 
preserve the CK content of the rnyocardi~m.’~ In that study loss of CK in the controls 
was much less extensive (about 70% remaining). The favorable effect of CuZn SOD 
may be related to the less severe damage in that study. 

To conclude, the present results show that EC-SOD C, unlike CuZn SOD, was able 
to protect the myocardium in a 1Omin occlusion and 24h reperfusion model. The 
positive effect of EC-SOD C may be related to both its long half-life in the circulation 
and its efficient binding to the vascular wall. 
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