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Abstract--Ischemic myocardium generates stimuli for neutrophil chemotaxis before the final extent of irreversible 
ischemic injury is attained. Reperfusion accelerates the infiltration of ischemic myocardium by neutrophils. Oxygen 
radicals released by the activated neutrophils may exacerbate the tissue damage caused by ischemia. Neutrophil 
depletion by antiserum was shown to limit infarct size in dogs undergoing coronary occlusion for 90 minutes 
followed by reperfusion for 6 or 72 hours, but not in dogs undergoing occlusion for 4 hours. Prostacyclin, which 
inhibits the generation of superoxide anions by neutrophils, also limited canine myocardial injury despite no effect 
on collateral blood flow. Iloprost, an analogue of prostacyclin that inhibits neutrophils also reduced infarct size, 
while SC39902, an analogue that does not inhibit neutrophils, did not alter infarct size. The results suggest that 
oxygen radicals released by activated neutrophils play a role in the pathophysiology of myocardial injury due to 
ischemia followed by reperfusion. 
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Recent multicenter clinical trials demonstrated that 
hospital mortality is reduced by the early administra- 
tion of streptokinase to patients with acute myocardial 
infarction. 1.2 Thus, thrombolytic therapy will likely be 
recognized as the standard of care for patients who are 
suspected of having coronary artery thrombosis. There 
is increasing experimental evidence, however, that re- 
perfusion is a "double-edged sword."3 While it is true 
that myocardial cells will inevitably die without ade- 
quate oxygen and nutrients, reperfusion may also ac- 
celerate pathophysiologic processes that contribute to 
irreversible myocardial damage. The potential role of 
leukocytes and oxygen radicals in the pathophysiology 
of myocardial injury due to regional ischemia and re- 
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perfusion is an area of  intense investigation. The pur- 
pose of this essay is to critically review recent data 
that either support or oppose the hypothesis that oxy- 
gen radicals released by activated leukocytes exacer- 
bate tissue damage precipitated by coronary artery 
occlusion. 

MEDIATORS OF LEUKOCYTE-INDUCED INJURY 

Leukocytes can release a variety of mediators ca- 
pable of  promoting tissue injury, including proteolytic 
enzymes, platelet-activating factor (PAF), arachidonic 
acid metabolites, and activated species of oxygen (Ta- 
ble 1). The influence of leukocyte-mediated proteolysis 
on the extent of myocardial necrosis is uncertain. The 
infarcted myocardium of leukopenic rats showed sig- 
nificantly less degradation of collagen, a component 
of the heart 's fibroskeleton. 4 Although collagen deg- 
radation was attributed to inflammatory cell proteases ,4 
oxygen free radicals can also degrade collagen. 5 Also, 
Bolli and co-workers 6,7 found that the suppression of 
proteolysis in ischemic rat myocardium did not alter 
infarct size, indicating that proteases may not play a 
primary role in the extent of  myocardial infarction. 
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PAF released by leukocytes or present in endothelial 
cells may alter tissue perfusion by stimulating platelets 
to aggregate and release vasoactive substances.8'9 PAF 
also triggers neutrophil aggregation, degranulation, 
and chemotaxis, and augments the generation of ox- 
ygen radicals in response to some stimuli, l0 The release 
of PAF may also result in the depression of myocar- 
dial contractility. ~t,~2 The effect of  PAF antagonists dur- 
ing experimental myocardial ischemia has not been 
reported. 

Activated neutrophils and macrophages release leu- 
kotrienes, products of the lipoxygenase pathway of 
arachidonic acid metabolism. Leukotrienes C, D, and 
E, the predominant leukotrienes synthesized by mac- 
rophages, have been shown to cause coronary vaso- 
constriction. 13-16 Leukotriene B4, the major leuko- 
triene formed by neutrophils, lacks direct effects on the 
coronary circulation and myocardial contraction, ~3 
but promotes tissue damage by stimulating the chemo- 
taxis of neutrophils L7 and their adherence to vascular 
endothelium. ~s Inhibitors of  the lipoxygenase pathway, 
such as BW 755C 19,20 and nafazatrom, 2~'22 were shown 
to limit canine infarct size. Lipoxygenase inhibitors 
may directly inhibit the activation of leukocytes and 
their release of oxygen radicals, however, making it 
impossible to conclusively relate their salutory effects 
to the inhibition of leukotriene synthesis. 22 Selective 
inhibitors of leukotriene synthesis are not yet available. 

The role of oxygen radicals in neutrophil-mediated 
tissue injury is well documented and has been reviewed 
extensivelyfl 3,24 Oxygen radicals can cause tissue in- 
jury in multiple ways, including the peroxidation of 
membrane lipids, the denaturation of proteins, and the 
impairment of ATP synthesis. There is increasing evi- 
dence that treatment with oxygen radical scavengers 
limits experimental myocardial injury due to regional 
ischemia and reperfusion. 25 Thus, activated species of 
oxygen are potential mediators of leukocyte-induced 
myocardial injury. 

MYOCARDIAL EFFECTS OF 

ACTIVATED LEUKOCYTES 

Several studies have examined the effects of leu- 
kocyte-derived oxygen radicals on myocardial func- 
tion. Rowe and co-workers 26 incubated sarcoplasmic 
reticulum isolated from canine myocardium with hu- 
man leukocytes activated by phorbol myristate acetate 
(PMA). The activated leukocytes inhibited calcium 
transport and the ATPase activity of the sarcoplasmic 
reticulum. Free radical scavengers prevented the in- 
hibitory effects of the leukocytes, indicating that neu- 
trophil-derived oxygen radicals interfered with the 
function of the sarcoplasmic reticulum. Gillespie and 

Table 1. Potential Mediators of Leukocyte-lnducedMyocardial Injury 

Mediator Effect 

Proteases 

Platelet-activatingfactor 

Leukotrienes 

Oxygen metabolites 

digestion of proteins 
? activation of complement 
platelet activation 
neutrophil activation 
neutrophil chemotaxis, adherence 
coronary vasoconstriction 
peroxidation of membrane lipids 
denaturation of proteins 
impairment of ATP synthesis 

colleagues 27 studied the effects of neutrophils on Lan- 
gendorff-perfused rabbit hearts. The addition of PMA- 
stimulated neutrophils to the perfusate evoked in- 
creases in coronary resistance and decreases in left 
ventricular pulse pressure that were attenuated by scav- 
engers of oxygen radicals. Endothelial cell injury and 
death caused by activated neutrophils may also involve 
oxygen free radicals.28 Although there are no published 
studies of the effects of neutrophils on cultured my- 
ocytes, Scott et al. 29 showed that hyperoxia-induced 
injury to cultured myocytes may be due to oxygen free 
radicals. 

ACCUMULATION OF LEUKOCYTES WITHIN 
ISCHEMIC MYOCARDIUM 

Cultured myocytes that are rendered hypoxic release 
products that are chemotactic for neutrophils. 3° Chem- 
otactic activity for neutrophils is detectable in coronary 
sinus blood within 30 minutes of occlusion of a canine 
coronary artery. 3~ Rossen et al. 32 used radioactive 
tracers to demonstrate that the uptake of neutrophils 
and complement fragments by ischemic canine myo- 
cardium begins within 45 min of coronary artery oc- 
clusion. Subsequently, they showed that ischemic 
cardiac muscle releases peptides that react with the first 
component of complement.33 Ischemic myocardial ne- 
crosis after occlusion of a canine coronary artery begins 
within 40 min after occlusion, and in the absence of 
reperfusion, the full extent of irreversible ischemic in- 
jury is not attained for at least 3 to 6 h. 34 Thus, ischemic 
myocardium generates stimuli for neutrophil chemo- 
taxis long before the entire ischemic region undergoes 
irreversible injury. 

Reperfusion accelerates the infiltration of ischemic 
myocardium by neutrophils. 35 The ultimate extent of 
necrosis after temporary coronary occlusion followed 
by early reperfusion may not be reached until several 
hours after reperfusion. Therefore, the data suggest 
that the release of chemotactic factors and the infiltra- 
tion of neutrophils occur earlier enough to participate 
in the destruction of cells that escape lethal ischemic 
injury due to the deprivation of oxygenated blood, the 
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accumulation of toxic products of cellular metabolism, 
and associated abnormalities of cellular electrolyte 
composition and volume regulation. 34 

EFFECTS OF NEUTROPHIL DEPLETION DURING 

MYOCARDIAL ISCHEMIA 

Multiple studies have examined the effects of neu- 
trophil depletion during myocardial ischemia and 
reperfusion. Romson et al. 36 demonstrated a 40% 
reduction of canine infarct size associated with anti- 
serum-induced neutropenia maintained throughout 90 
min of ischemia followed by 6 h of reperfusion. Mitsos 
et al. 37 and Jolly et al. 38 also measured infarct size in 
dogs administered anti-neutrophil antiserum. After 
coronary artery occlusion for 90 minutes followed by 
reperfusion for 6 hours, the extent of infarction ex- 
pressed as a percentage of the area at risk was 46% in 
the control group and 31% in the neutropenic group. 37 
Similar results were obtained in dogs subjected to 90 
min of ischemia followed by 24 h of reperfusion despite 
a 60% recovery of the circulating neutrophil count be- 
tween 10 h (the last antiserum injection) and 24 h (the 
time of sacrifice). 38 Mullane et al. z° reported a signif- 
icant reduction of infarct size in dogs made neutro- 
penic by the administration of hydroxyurea before a 
1 h coronary occlusion followed by 4 h of reperfusion. 
Recently, Simpson and Lucchesi (unpublished obser- 
vations) observed a sustained limitation of infarct size 
by neutrophil depletion in dogs undergoing a 90 min 
period of ischemia followed by 72 h of reperfusion, 
suggesting that neutrophil depletion does not merely 
delay the necrosis of irreversibly-injured tissue. 

There are conflicting results from studies of neu- 
trophil depletion during coronary occlusions longer 90 
min. Jolly et al. 38 found no difference between control 
and antiserum-treated dogs subjected to 4 h of ischemia 
followed by reperfusion. Preliminary data reported by 
Ksiezycka et al. 39 showed that neutrophil depletion 
limited canine myocardial injury measured after cor- 
onary occlusion lasting 6 hours. 

Similarly, conflicting data exist with respect to the 
effects of neutrophil depletion on the recovery of my- 
ocardial function after coronary occlusion for 15 min. 
Both Bolli and colleagues 4° and Shea and co-workers 4~ 
reported that neutropenia induced by neutrophil anti- 
serum failed to alter the extent of contractile dysfunc- 
tion of myocardium subjected to 15 min of ischemia 
and 4 h of reperfusion. On the other hand, Engler et 
al. 42 observed full recovery of systolic function when 
myocardium was reperfused with blood depleted of 
leukocytes by filtration after 15 min of regional is- 
chemia. Three independent investigations found that 
treatment with the combination of superoxide dis- 

mutase and catalase enhances the recovery of left 
ventricular function after coronary occlusion for 15 
min. 43-45 Thus, neutrophils are probably not the sole 
source of oxygen radicals within reperfused canine 
myocardium. 

EFFECTS OF NEUTROPHIL INHIBITION 

Cyclooxygenase inhibitors and cyclooxygenase me- 
tabolites have played an instrumental part in elucidat- 
ing the role of neutrophils in the pathophysiology of 
ischemic myocardial injury. Ibuprofen, an inhibitor of 
cyclooxygenase, limited canine myocardial injury de- 
spite no demonstrable effects on myocardial oxygen 
demand or regional myocardial blood flow .46 One pos- 
tulated mechanism of action was an anti-platelet effect. 
Treatment with aspirin, however, did not reduce canine 
infarct size. 47 Two recent studies showed that platelet 
depletion with platelet anti-serum did not limit exper- 
imental canine myocardial infarction. 48,49 Therefore, 
platelet inhibition seems to have no beneficial effect 
on myocardial injury due to coronary occlusion-reper- 
fusion. Also, ibuprofen did not affect the accumulation 
of platelets within canine myocardium subjected to is- 
chemia and reperfusion? ° 

An alternative hypothesis was that ibuprofen might 
suppress the myocardial accumulation of neutrophils. 
Consequently, Romson et al? ° injected dogs with in- 
dium- 11 I-labeled neutrophils before temporary occlu- 
sion of the left circumflex coronary artery. The activity 
of indium-111 within the area at risk of infarction was 
significantly less in ibuprofen-treated dogs than in con- 
trol dogs. Subsequently, Flynn et al. 51 compared the 
effects of two cyclooxygenase inhibitors, ibuprofen 
and aspirin, on neutrophil function and myocardial in- 
farction in cats. Ibuprofen inhibited neutrophil function 
and decreased infarct size, while aspirin was devoid 
of effects on either neutrophils or myocardial injury. 
Thus, inhibition of neutrophil function rather than 
platelet or cyclooxygenase metabolism appears to ex- 
plain the myocardial protection afforded by ibuprofen. 

The cardioprotective property of prostacyclin 
(PGI2), a product of the cyclooxygenase pathway of 
arachidonic acid metabolism, may also be attributed 
to the inhibition of neutrophils. Early studies con- 
cluded that PGIz limited canine infarct size by 
enhancing collateral blood flow to ischemic myocar- 
dium? 2 Subsequently, it was shown that PGI2 also re- 
duced infarct size in the absence of an increase in 
collateral blood flow during coronary artery occlu- 
sion. 53 Recently, Simpson and colleagues 54-56 re-ex- 
amined the mechanism of prostacyclin's salutory effect 
on experimental myocardial infarction. Dogs were 
treated with continuous infusions of PGI2 or a stable 
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PGI2 analogue, SC39902, beginning 30 min before and 
ending 2 h after a 90 min occlusion of the left circum- 
flex coronary artery. 54 The compounds caused equiv- 
alent decreases in blood pressure, but only PG1, 
reduced the extent of myocardial injury (Fig. 1). The 
analogue also differed from PGI2 in its effect on neu- 
trophils. PGI2, but not SC39902, inhibited the gener- 
ation of superoxide anions by canine neutrophils 
stimulated with opsonized zymosan (Fig. 1). 

Simpson et al. 55 also investigated the effects of il- 
oprost, another prostacyclin analogue, in a canine 
model of coronary occlusion-reperfusion. Iloprost was 
similar to PGI2 in that it significantly limited the extent 
of myocardial injury after 90 min of ischemia and 6 h 
of reperfusion, and inhibited the generation of super- 
oxide anions by canine neutrophils in vitro (Fig. 1). 
The effect of iloprost on neutrophil migration in vivo 
also was studied. Treatment with iloprost reduced the 
myeloperoxidase activity, an index of neutrophil ac- 
cumulation, within the zone of myocardial ischemia 
and in inflammatory skin lesions produced by the intra- 
dermal injection of zymosan-activated plasma, a stim- 
ulus for neutrophil chemotaxis. 

Further experiments compared the effects of short 
and long-term treatment with iloprost on canine infarct 
size measured 72 h after reperfusion. 56 A continuous 
infusion of iloprost until 48 h after reperfusion was 
associated with significantly lower blood neutrophil 
counts and smaller infarcts than the infusion of vehicle. 
In dogs receiving iloprost for only the first 2 h of 
reperfusion, the neutrophil counts were similar to those 
of control dogs within 24 h of reperfusion, and the 
extent of infarction did not differ from the controls 
after 72 h of reperfusion. Thus, short-term treatment 
with iloprost limited myocardial injury measured after 
6 h of reperfusion, 55 but not after 72 h of reperfusion, 56 
suggesting that neutrophils are capable of increasing 
the ultimate extent of myocardial injury even later than 
6 hours after the reperfusion of ischemic myocardium. 

LEUKOCYTES,  OXYGEN RADICALS, AND 

MYOCARDIAL SCAR FORMATION 

Drugs with beneficial short-term effects on infarct 
size may also have deleterious long-term effects on 
infarct healing. Glucocorticoids, for example, were 

EFFECTS OF PGI= AND PGI2 ANALOGUES 
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and the PGI2 analogues iloprost and SC39902 on canine infarct size and neutrophils. Fig. 1. Effects of prostacyclin (PG12) 
Anesthetized dogs underwent coronary artery occlusion for 90 minutes followed by reperfusion for 6 hours. Canine neutrophils 
were activated with opsonized zymosan. PGI2 and iloprost significantly reduced infarct size and neutrophil superoxide anion 
generation (PMN 02-) while SC39902 did not. 
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shown to l imit  exper imenta l  infarct  size 57 but also were 
repor ted to cause infarct  thinning in rats 57 and dogs ,  58 
and ventr icular  aneurysm format ion in man. 59 Ibupro-  
fen, a non-s teroidal  an t i - inf lammatory  agent ,  was 
found to promote  thinning of  infarcted canine myo-  
cardium. 6°,61 Aspi r in ,  in contrast ,  did not impair  my- 
ocardial  scar formation.6° Ibuprofen inhibits  neutrophil  
funct ion,  while  aspir in does not, suggest ing that the 
inhibi t ion o f  neutrophi l  functions might  underl ie  the 
adverse  effect  on infarct  heal ing.  51 On the other hand, 
nei ther  superoxide  d ismutase ,  a scavenger  of  super- 
oxide  anions,  nor pros tacycl in ,  an inhibi tor  of  neutro- 
phi ls ,  a l tered myocard ia l  scar format ion 6L62 while 
indomethacin ,  which does not inhibit  leukocytes ,  63 
caused infarct  expans ion  and thinning.  64,65 Thus,  there 

is no clear  re la t ionship  be tween a d rug ' s  effect on neu- 
trophil  function and the heal ing o f  infarcted 
myocard ium.  

FUTURE RESEARCH DIRECTIONS 

Despi te  the growing evidence that the act ivat ion of  
neutrophi ls  contr ibutes  to the ul t imate extent  of  my- 
ocardial  injury caused by ischemia  and reperfusion,  
areas of  uncer ta inty  persist .  Firs t ,  do chemotact ic  st im- 
uli and neutrophi l  act ivat ion occur  soon enough after 
coronary artery occlusion to play an important  role in 
the pos t - i schemic  dysfunct ion ,  known as myocard ia l  
s tunning,  that occurs  after revers ible  injury due to br ief  
( < 1 5  min) per iods  of  i schemia?  Secondly ,  do neutro- 
phils inf luence the degree of  damage caused by pro-  
longed ( > 3  h) per iods  of  i schemia?  It is poss ible  that 
the oppor tuni ty  to modi fy  myocard ia l  injury by mod-  
ulating neut rophi l -media ted  damage is confined to a 
l imited range of  coronary  occlusion t imes.  A third 
quest ion is whether  de layed  inhibi t ion of  neutrophil  
function is benef ic ia l?  S impson et al. 56 demonst ra ted  
a rebound of  injury that occurs  after short- term inhi- 
bit ion o f  neutrophi ls ,  but there is li t t le data regarding 
the effects of  agents adminis te red  after the onset of  
reperfusion.  De layed  treatment ,  i .e .  40 min after re- 
perfus ion,  with superoxide  d ismutase  plus catalase was 
ineffective,66 while  adminis t ra t ion  of  B W  755C, a dual  
inhibi tor  o f  the l ipoxygenase  and cyc looxygenase  path- 
ways o f  arachidonic  acid metabol i sm,  30 min after 
reperfus ion resul ted in d iminished  myocard ia l  injury 
in s imilar  exper iments .  2° 

Both basic  and cl inical  invest igat ions  of  ischemic 
myocard ia l  injury must  recognize  that there is emerg-  
ing evidence for  a component  o f  oxygen  radical  pro-  
duct ion not a t t r ibutable  to neutrophi ls ,  for example ,  
that incurred during asanguinous  global  i schemia  and 
reperfusion.  67 The enzyme xanthine oxidase  is one pro- 
posed source o f  non- leukocyte -der ived  oxygen radi-  
cals.  6s Addi t iona l  sources must  also exist ,  for 

c rys ta l lo id-per fused  rabbi t  hearts exhibi t  oxygen  rad- 
ical s ignals  during pos t - i schemic  ref low 67 and d isp lay  
improved  ventr icular  function when free radical  scav- 
engers  are added to the perfusate  69 despi te  the lack o f  
xanthine oxidase  act ivi ty  in rabbi t  hearts.  7°,71 Clear ly ,  
further invest igat ion is required to e lucidate  the path-  
ogenesis  of  myocard ia l  injury due to i schemia  and 
reperfusion.  
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