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The phenomenon of reperfusion injury remains poorly defined. Questions remain about whether injury 
occurs in addition to  that produced by hypoxia or ischemia. o r  whether the observed changes simply reflect 
the unmasking of an underlying injury. Various pathological processes which occur upon the return of 
oxygen to hypoxic and ischemic heart tissue have been quantitated to assess the extent of reperfusion injury. 
yet i t  is not known if they reflect identical or different processes. In addition. the mechanism(s) responsible 
for these diversechanges may not be the same in the various model systems used to study reperfusion injury. 
Although reactive oxygen species clearly are formed at reperfusion. conclusive evidence that they are 
producing injury. particularly during the first seconds. is not available. Several sources of these reactive 
oxygen species have been proposed but none have been clearly linked with injury in several species or model 
systems. As research in the field of reperfusion injury continues. i t  is imperative for scientists to clearly 
define the system they are using so that studies examining mechanisms of cell lysis at reperfusion are not 
confused with those assessing the occurrence and mechanisms of damage in addition to that produced by 
oxygen deprivation. 

KEY WORDS: Heart. reperfusion injury. oxygen radicals. reactive oxygen species 

INTRODUCTION 

Despite the publication of literally hundreds of scientific papers over the past several 
years, the phenomenon known as reperfusion injury remains an enigma. In fact, there 
continues to be considerable debate about whether the changes which occur upon 
reperfusion of hypoxic or ischemic heart tissue reflect new injury, or whether this is 
simply the unmasking of damage which occurred during the period of oxygen depriva- 
tion which was not evident in quiescent cells. 

The 1988 meeting of the Federation of the American Societies for Experimental 
Biology had reperfusion injury as one of its themes. The controversies surrounding 
this research field were readily evident in the various presentations. Most of the work 
on reperfusion injury has dealt with the heart since, with the advent of a variety of 
revascularization treatments, this is the area of greatest clinical interest. Nevertheless, 
i t  is necessary to  remember that other organs including lung, liver, kidney, brain, 
intestine, stomach, pancreas and skin also undergo reperfusion injury. Hypotheses 
regarding the mechanism of injury in one tissue may not necessarily apply to others. 
Furthermore, a variety of endpoints are used to  quantitate the injury and are unlikely 
to represent the same basic processes. The purpose of this commentary is to reflect on 
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306 J.P. KEHRER 

some of the conflicting ideas regarding the existence and mechanisms of cardiac 
reperfusion injury. 

Definition of Reperfusion Injury 

Just what is this phenomenon which is commonly referred to as reperfusion injury? 
A wide variety of terms have been coined to describe the events which surround the 
return of oxygen into a hypoxic or ischemic organ. These include stunned myocar- 
dium, hibernating myocardium, stuttering ischemia, posthypoxic-reoxygenation in- 
jury, jeopardized myocardium, lethal ischemia, infarct size, zone at risk, and rever- 
sible and irreversible damage, among others’. While useful in various contexts, the 
proliferation of descriptive terms can lead to the assumption that the biochemical 
processes responsible for the different endpoints used to assess injury are related. 

Before one can adequately define reperfusion injury, a definition of injury must be 
available. At its simplest, injury is any alteration which adversely affects normal cell 
function. This suggests that the existence of “injury” is directly related to the sensitiv- 
ity of the index employed. In practice. a wide range of endpoints with differing 
sensitivities have been used to study reperfusion injury (Table 1). The original defi- 
nition of reperfusion injury was the sudden release of intracellular constituents 
(mainly measured as creatine kinase or lactate dehydrogenase) from heart tissue upon 
reperfusion or reoxygenation after a prolonged period of hypoxia or ischemia. How- 
ever, this effect clearly represents cell lysis and is probably unrelated to more subtle 
indices of injury. Thus, for reperfusion injury it becomes important to distinguish 
between studies which are examining: 1) viable cells killed by contracture-dependent 
rupture, 2) the unmasking of biochemically dead cells, 3) polymorphonuclear leuk- 
ocyte (PMNf-dependent tissue damage a t  late time points, and 4) true reflow-induced 
cell death related to oxidant stress or some other mechanism. 

It is interesting that despite a decade of work on the phenomenon of reperfusion 
injury, there is still disagreement among researchers whether the changes seen at 
reoxygenation represent damage in addition to that attributable to the preceding 
hypoxia or ischemia. When subjected to oxygen deprivation, all cells will minimize 
their metabolic demands. Ultimately this results in an essentially quiescent cell which, 
while perhaps severely damaged, does not exhibit many of the classic signs of injury. 
Upon the introduction of oxygen the cell again becomes metabolically active and at 
that point the injury to various cellular components becomes evident. An analogous 

TABLE I 
Endpoints Used to Assess Cardiac Reperfusion Injury 

Orelease of intracellular enzymes 
.arrhythmias 
.contractility and other mechanical parameters 
.infarct size (at various times after reperfusion) 
.myocardial edema; capillary permeability 
.ultrastructural and histochemical changes 
.peak and resting tension 
.mitochondria1 function and oxygen utilization 
.energy metabolism (ATP/creatine phosphate content & synthesis) 
.calcium transport and content 
.coronary flow 
.cardiac output; systemic blood pressure 
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CARDIAC REPERFUSION INJURY 307 

situation may be the cytotoxic effects of cancer chemotherapeutic agents which are 
much more evident in rapidly metabolizing cells. 

Poole-Wilson' has recently written an excellent review summarizing many of the 
pitfalls associated with interpreting the voluminous research published in this field. 
Proof that reperfusion injury exists has relied on demonstrating that the phenomenon 
can be prevented through pharmacologic or other types of interventions at the 
moment of reperfusion or reoxygenation. Unfortunately, conflicting results have been 
reported for virtually every intervention. The most convincing evidence of additional 
injury at  reperfusion has been suggested to come from experiments which altered the 
calcium concentration at  the time of reperfusion'. However, the protective effect of 
decreasing calcium, which is most beneficial when performed during the ischemic 
period,' may be explained by increases in cellular levels of high energy phosphates 
which this manipulation causes.' 

Schaper and Schaper' have suggested that reperfusion is beneficial for reversibly 
injured tissue but accelerates the necrosis of irreversibly injured tissue, and recently 
have presented electron microscopic data indicating that, at the subcellular level, 
reperfusion does not damage the myocardium in addition to the effects of ischemia.' 
However, the concept of reversible and irreversible injury is murky at best. There is 
as yet no way to tell whether irreversible injury is a consequence of the ischemia or 
the result of additional damage at reperfusion since tissue which is not reperfused 
must eventually die. Thus, the conclusion that the reperfusion process is itself in- 
jurious remains suspect. Nevertheless, when limiting the discussion to selected indices 
of injury there is an abundance of evidence that the introduction of oxygen to an 
ischemic or hypoxic tissue induces damage beyond that caused by the absence of 
respiration. 

Mechanisms of reperfusion injur!. 

Despite questions about whether additional injury occurs at reperfusion, there are 
undoubtedly dramatic changes associated with this event. These include myocardial 
cell swelling and contracture, the accumulation of cytosolic and mitochondrial cal- 
cium, and the massive loss of intracellular constituents. Numerous mechanisms to 
explain these effects have been proposed (Table 2 )  and research continues to deter- 
mine the extent to which the individual mechanisms contribute to the result. 

The loss of energy seems to be a critical factor in determining whether myocardial 
cells are damaged during hypoxia or ischemia.' Irreversible injury has not been 
reported when the myocardial ATP content is at  least partially preserved and treat- 
ments, such as hypothermia,' which delay the loss of ATP provide protection to heart 
tissue from both ischemic and reperfusion injury. It is interesting, therefore. that the 
only treatment at the time of reoxygenation which will completely prevent the release 
of intracellular constituents from hypoxic heart tissue is with agents which inhibit 
mitochondrial ATP formation and the subsequent contracture-induced rupture of 
myocytes made fragile by anoxic injury.3,x,' Such treatments obviously do  not protect 
heart tissue, but do  demonstrate that the mere introduction of oxygen is not sufficient 
to initiate cell lysis. 

The energy-dependency of myocardial cell lysis has been extensively studied, and 
seems to be a unifying factor between several models of cardiac damage including the 
oxygen and calcium paradoxes and the perfusion of hypoxic heart tissue with calcium- 
free medium.'.*.'0.'' A hypothesis outlining the events which may contribute to the cell 
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TABLE I1 
Potential Explanations For Myocardial Cell Changes Upon Reperfusion 

Effect Mechanisms Result 

1. Loss of energy Decreased ATP production 
Loss of adenine nucleotides gradients 
Decreased NAD 
Acidosis 

Osmotic swelling Increased membrane fragility 

.Loss of ability to maintain ion 

.Injury to critical cell components 

2. Contracture Mechanical (energy-dependent) Wel l  rupture 

3. Membrane damage Oxygen radicals (leukocytes, mitochondria, .Alterations in membrane 
xanthine oxidase, other?) permeability to ions 
Phospholipases OBlebs 
Prostaglandins .Altered ion channels 
Accumulation of toxic metabolites .Arrhythmias 
Proteases 
Increased intracellular calcium 
Electrical instability 

4. No-reflow Neutrophil; platelets .Plugging 
Oxygen radicals .Vessel constriction 

lysis upon reoxygenation of isolated-perfused heart tissue is shown in Figure 1. 
Although these events have not been fully explored and may only apply to the lytic 
event seen following prolonged periods of hypoxia or ischemia, they provide an 
intriguing basis for additional research in this field. In particular, the ability of 
mitochondria to resume respiration even after prolonged periods of hypoxia suggests 
that if contracture-mediate rupture were prevented it may be possible to salvage 
portions of the myocardium. 

Many researchers have assumed that a hypothesis developed to explain a 
phenomenon observed in one tissue or species may be .readily applied to others. This 
is clearly illustrated in the field of reperfusion injury with the enzyme xanthine 
oxidase. Granger et a/." first reported that xanthine oxidase was apparently an 
important factor in mediating increases in capillary permeability upon reperfusion of 
ischemic feline intestine. These data formed the basis of the well-known hypothesis 
involving the D to 0 conversion of xanthine oxidase in ischemic tissue, and the 
subsequent formation of oxygen radicals during reperfusion. However, while data 
both for and against this hypothesis in various tissues have appeared in the litera- 
t~re , ' ' -~ '  investigators have lost sight of the original basis of this theory, and have all 
too often cited it as an established fact rather than the hypothesis that it remains. In 
reality, it is clear that, while xanthine oxidase may play a role in reperfusion injury 
in certain tissues and species such as cat intestine, it is certainly not necessary for this 
phenomenon in heart since species which lack this enzyme in cardiac tissue, such as 
rabbit, pig and h ~ m a n , ~ ' . ~ ~  still develop reperfusion injury. Furthermore, the infusion 
of adenine nucleotides into isolated rat" and do$' hearts (which contain large 
amounts of xanthine oxidase), and rabbit hearts26 (which lack this enzyme), enhanced 
recovery following a period of ischemia, the opposite of what one would expect if 
xanthine oxidase were an important damaging mechanism. 

Models of Reperfusion Injury 

Disparities among the wide range of models used to study reperfusion injury could 
account for some of the conflicting data regarding the existence, causq and mechan- 
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1 H v a o x i a - I n d u c e d  Cel l  l n i u r v  & B r e a k d o w n :  A HvDothes is  I 

Isolated Hem 
hypoxia + 

Decreased ATP 

Increased cytosolic 
CA+ concentration 

Effects on cytoskeleton protease actlvation phospholipase activation+ arachidonic acid 
reoxygenation 1 

thromboxanes 
lysophosphatidyl prostaglandins 

leukotrienes 

1 
choline 

I 

cardiac injury 
Inhibitors of 

ATP -ATP synthesis 

I + 
conmture 

1 
celllysis + 1 

LDH release increased ca2+ in 
mitochondria, SR 

FIGURE 1 This figure illustrates the pathways which have been hypothesized to be involved in the cell 
injury and lysis which occurs upon reoxygenation after 30-60 minutes of hypoxia. During the hypoxic 
period there is a loss of ATP which either directly. or via changes in intracellular free calcium, results in 
”damage” to the cell. The change in free calcium may affect the cytoskeleton through an as  yet undefined 
mechanism or i t  may activate some enzyme systems. Increasing cytosolic ATP after the hypoxia-induced 
“damage” has occurred results in rapid cell lysis. An independent pathway to cell lysis may involve effects 
on proteolytic enzymes or lipids subsequent to increases in intracellular free calcium levels. This latter 
pathway may explain the extensive cell lysis eventually seen in heart tissue perfused with hypoxic medium 
for several hours. 

ism(s) of this phenomenon. Contracture-induced cell lysis appears to be unique to the 
heart which might explain some of the differences noted between various tissues. 
Additional model-related discrepancies are dramatically illustrated by comparing 
results obtained following 60 minutes of hypoxia in an isolated-perfused rat heart 
with those utilizing 10 minutes of ischemia in a dog heart in vivo. Although both 
models will reveal changes associated with reperfusion or reoxygenation, the underly- 
ing mechanisms may be dramatically different. For example, the hypoxic rat heart 
described above has been subjected to a severe insult which precludes the resumption 
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of contractile activity while the dog heart, which was deprived of oxygen for a much 
shorter period of time, may resume virtually normal function. Smaller differences in 
the period of oxygen deprivation may also affect the results as evidenced by the 
protective effects achieved with superoxide dismutase after 90 minutes2’ but not 3 
hours2x of ischemia. Alternatively, closed versus open chest models may play a role 
in the contrasting effects of this antioxidant enzyme.28 

The endpoint chosen to assess damage may influence one’s conclusion regarding 
the involvement of reactive oxygen species in reperfusion injury. Several investigators 
have shown that the cell lysis observed at  reoxygenation after prolonged hypoxia or 
ischemia in dog or rat heart is unrelated to reactive oxygen  specie^.'^.^^.^^ In contrast, 
a recent review of the literature discussed a large body of evidence suggesting that 
oxygen radicals, particularly those derived from xanthine oxidase, appear to be 
involved in the fibrillation which occurs upon reperfusion after short periods of 
ischemia in the rat.3’ However, multiple triggers seem to exist for reperfusion-induced 
arrhythmias in this species3’ and data are available in dog33 and pig34 suggesting 
oxygen radicals are not a factor in the reperfusion-induced arrhythmias occurring in 
these species. 

Another factor to consider when interpreting results relating to reperfusion injury 
are the differences between ischemia and hypoxia. Both events deprive a tissue of 
oxygen but, unless specific changes are made in the perfusate, only ischemic tissue 
accumulates various metabolites and becomes acidotic. The importance of these 
differences is illustrated by a recent report of a study in liver which suggested that the 
cell injury elicited by hypoxia and ischemia may have significantly different  origin^.^' 
Thus, comparisons between reperfusion and reoxygenation injury must be done 
cautiously. One final factor to consider is the length of reperfusion in vivo. Model 
systems which employ hemoperfusion and longer periods of time will begin to attract 
leukocytes. A large body of evidence has suggested that activated neutrophils themsel- 
ves, or products they release such as peroxidized lipids or fragments, oxygen radicals, 
thromboxanes and leukotrienes may play a role in the pathophysiology of reperfusion 
injUry,36.37 More prolonged reperfusion may, therefore, provide contrasting results as 
has been seen with the diminished infarct size reported after 4 hours, but not 4 days. 
of reperfusion in dogs treated with allopurinol.’s.38 

Active Species of Oxygen 

In recent years the oxygen radical hypothesis of cardiac reperfusion injury has 
attracted a great number of adherents. Several studies using spin traps and electron 
spin resonance spectroscopy have provided direct evidence supporting the formation 
of radicals (in particular carbon centered, superoxide and hydroxyl radicals) upon 
reperfusion of ischemic heart tissue of various ~ p e c i e s . ~ ~ . ~ ~  Although some of the 
observed ESR signals have recently been suggested to arise artifactually,44 it seems 
clear that reactive oxygen species are produced in reperfused heart tissue. This is 
perhaps not surprising considering the highly reduced state of an oxygen deprived 
tissue and it has been suggested that the site of radical production is the mitochondria1 
respiratory chainu Respiring mitochondria are known to release a variety of reactive 
oxygen species. In addition, it has been recently shown that submitochondrial parti- 
cles isolated from ischemic heart tissue produce increased amounts of superoxide4’ 
and that cardiac mitochondria have a highly active superoxide generator which is 
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unrelated to energy-linked respiration.“6 The role, if any, of this superoxide generator 
in cardiac reperfusion injury remains a topic for further study. 

Although the magnitude of oxygen radical production appears to be quite low in 
reperfused heart tissue, i t  can continue above basal levels for up to three hours.39 The 
infusion of superoxide dismutase can decrease the tissue levels of these radicals and 
improve myocardial contractility in an isolated-perfused p r e p a r a t i ~ n . ~ ~  I t  remains 
unclear, however, whether these reactive oxygen species are producing significant 
amounts of tissue injury in vivo, particularly as it relates to the indices of cell death 
which are employed. A number of studies have reported the formation of products 
of lipid peroxidation in reperfused heart t i~sue.~’-~’ However, conflicting data have 
also been reported” and since lipid peroxidation may be a result as well as cause of 
tissue injury, the significance of these findings is unclear. Cells and tissues have a 
normal oxidant tone, and the idea that all oxidation is bad is perhaps a bit shortsight- 
ed. Rat liver has a tremendous capacity to withstand an oxidative stress.” Thus, in 
addition to increases in reactive oxygen above background, one must consider both 
species and tissue variability when determining whether the increase is sufficient to 
overwhelm tissue defense mechanisms. 

The protective effects observed with various antioxidants have been used as the 
primary evidence supporting the involvement of reactive oxygen species in cardiac 
reperfusion injury. However, conflicting data are available for most of these findings. 
In particular, Jennings and coworkers failed to find protection in dogs treated with 
superoxide dismutase.52 These workers also found that multiple short episodes of 
ischemia protected heart tissue against subsequent prolonged ischemia and reper- 
fusion, and attributed this to either the preservation of ATP levels or the reduction 
of catabolite levels.“ Findings by other groups have also supported the absence of 
protective effects with superoxide dismutase and catalase.’8 Studies in reperfused rat 
liver (which admittedly may not apply to the heart) strongly suggest that hypoxic 
injury is a prerequisite to reactive oxygen formation during re~xygenation’~ and only 
minor amounts of reactive oxygen species are formed.” However. data implicating 
oxygen radicals in hepatic reperfusion injury are also availables6 and the large number 
of studies showing some protection of heart tissue following treatment with anti- 
oxidants, including spin traps,” cannot be dismissed. It is possible reactive oxygen 
species play a role in selected tissue changes in certain model systems. Alternatively, 
antioxidant compounds may assist recovery through direct tissue interactions rather 
than via their ability to scavenge reactive oxygen species. 

SUMMARY 

It was not possible in this brief commentary to cover all of the research which has 
addressed the issue of the role of oxygen radicals in cardiac reperfusion injury. 
Although the cited studies were selected to make specific points, it is of interest that 
after the initial flurry of supporting evidence, more recent data tended to minimize the 
injury directly attributable to the reactive oxygen species formed at reperfusion. There 
is no doubt that exogenously generated reactive oxygen species can damage heart 
t i~sue,~’.~” but evidence that the levels produced endogenously are producing signifi- 
cant injury is not available. 

The total injury measured in  reperfused heart tissue will be the sum of that 
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produced by the ischemia and that produced by the reperfusion. It has been suggested 
that the relative contribution of ischemia to the total iqiury increases with time, while 
that of reperfusion, and in particular oxygen radicals, decreases.” Thus. the time 
when interventions with oxygen radical scavengers have an effect will be limited. In 
some tissues, such as kidney or brain, this “window” of therapeutic opportunity 
appears to be quite long, while in the heart it is disappointingly short. 

In general, it seems to be established that, even if reactive oxygen species are 
involved in cardiac reperfusion injury, xanthine oxidase is a significant source in only 
selected species.14 The generation of various oxidation products by leukocytes at late 
times in heart tissue reperfused with blood appears to be a likely contributor to the 
final damage. However, evidence that oxygen radicals produced during the first 
seconds of reperfusion are a significant cause of injury is minimal, and it seems likely 
that the extent of cardiac damage caused by oxygen deprivation is vastly in excess of 
that caused by oxygen radicals. 

As research into the mechanisms of the various changes observed upon reperfusion 
continues, it is imperative for scientists in this field to clearly define the system they 
are using. Studies examining mechanisms of cell lysis must not be confused with those 
assessing the mechanism of hypoxic or ischemic injury, or the occurrence and mechan- 
ism of further damage upon reperfusion. Such efforts will be rewarded by a better 
understanding of the seemingly contradictory literature accumulating on this topic. 
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