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LEUCOCYTES IN MYOCARDIAL ISCHEMIA/REPERFUSION

Do neutrophils contribute to myocardial

reperfusion injury?

Introduction

Currently there is a major debate in cardiovascular medi-
cine between both clinicians and scientists regarding the
potential involvement of neutrophils in the pathophysi-
ological process of acute myocardial infarction. Experi-
mental studies performed nearly 20 years ago provided
very convincing evidence that circulating neutrophils
were recruited from the systemic circulation and accu-
mulated within the coronary microcirculation and the
myocardium. Based on these early studies it was logical
to hypothesize that activated neutrophils releasing an
abundance of cytotoxic mediators (i.e., oxidants and pro-
teolytic enzymes) could very readily promote myocardial
cell injury or death. For several decades, cardiovascular
scientists have attempted to demonstrate the involve-
ment of neutrophils in the process of acute myocardial
infarction. However, no specific anti-neutrophil therapy
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has yet been approved for the treatment of myocardial
reperfusion injury in man. Since it is believed that neu-
trophils primarily promote reperfusion injury, one must
first accept the idea that myocardial reperfusion injury
does in fact exist in man. This commentary will briefly
review the currently available evidence to support a role
for neutrophils in myocardial reperfusion injury.

Evidence for a role of neutrophils in myocardial
reperfusion injury

Experimental evidence

The vast majority of current evidence supporting a role
for neutrophils (PMNs) in myocardial reperfusion injury
is derived from experimental investigations that were
performed in various research laboratories. The first evi-
dence to suggest that neutrophils were involved in the
pathophysiology of acute myocardial infarction was pro-
vided by seminal studies that clearly demonstrated the
accumulation of leukocytes (primarily neutrophils) in
the myocardium and coronary microcirculation follow-
ing acute myocardial ischemia and reperfusion (8-10).
These studies suggested that adherent neutrophils were
responsible for microvascular “plugging” that con-
tributed to the development of the “no-reflow” phenom-
enon (8, 10). These early studies provided valuable
insights into the potential mechanisms of myocardial
reperfusion injury and clearly served as a starting point
for subsequent experimental investigations of neutrophil
involvement in myocardial reperfusion injury. The
results of these very early studies clearly demonstrate
that activated neutrophils do accumulate to a very large
extent within the ischemic-reperfused myocardium and
coronary circulation. In recent years these early studies
have been further substantiated by additional investiga-
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tions that have observed neutrophil influx into the
ischemic/reperfused myocardium (7, 20, 27, 40)

Additional support for the concept that activated
PMNs might contribute to the deleterious actions of
reperfusion was provided by earlier studies employing
leukocyte filters to remove circulating leukocytes (16, 26,
32, 39). The leukocyte filter approach was employed by a
number of laboratories in which the coronary circulation
was diverted through various types of filters that selec-
tively removed leukocytes at the time of reperfusion. The
majority of studies of leukocyte removal demonstrated
reductions in myocardial injury, infarct size, and the
preservation of coronary endothelial function (16, 26, 32,
39). However, some studies utilizing leukocyte filtration
failed to demonstrate significant cardioprotective
actions. Leukocyte filtration experiments did provide
strong support for a role of neutrophils in terms of
myocardial “no-reflow”, myocardial “stunning”, and
myocardial infarction, but the studies did suffer from a
number of flaws (32). Leukocyte filters were not a perfect
technique for the elimination of neutrophils since these
filters could in some cases deplete other forms of leuko-
cytes, did not always remove 100% of circulating neu-
trophils, and neutrophil-derived inflammatory media-
tors released by the neutrophils trapped in the filter sys-
tems did gain access to the coronary circulation and these
mediators alone could produce myocardial injury. Nev-
ertheless, leukocyte filter experiments did extend our
knowledge of neutrophils in reperfusion injury and pro-
vided an impetus for future studies. In order to circum-
vent any of the potential limitations of leukocyte filters,
scientists began to utilize anti-neutrophil serum prepa-
rations as an alternate means for the removal of neu-
trophils from the systemic circulation of animals (37).
The use of anti-neutrophil serum resulted in the com-
plete removal of neutrophils without the removal of any
other types of leukocytes. Anti-neutrophil serum atten-
uated the extent of myocardial ischemia-reperfusion
injury and these data provide additional strong support
for the concept that neutrophils are mediators of reper-
fusion injury in the heart (37).

Increasing interest in inflammatory disease states
resulted in the development of novel and exciting
reagents that were designed to help elucidate the role of
neutrophils in a variety of disease states involving the
immune system. Elegant work performed by molecular
immunologists revealed that neutrophil trafficking in
inflammatory diseases was a very highly orchestrated
process that involved a number of specific neutrophil
and endothelial cell adhesion glycoproteins. At the same
time highly specific monoclonal antibodies directed
against various neutrophil adhesion receptors were
becoming available and cardiovascular researchers were
quick to obtain these highly valuable research tools and
investigate them in in vivo animal models of myocardial
ischemia/reperfusion injury. A landmark study was per-

formed by Simpson and colleagues (43) in which treat-
ment with a novel anti-neutrophil CD11b (Mac-1) anti-
body was shown to reduce myocardial infarct size in a
canine model of myocardial reperfusion injury. A subse-
quent study (44) demonstrated marked cardioprotective
effects with anti-Mac-1 antibody therapy.

A number of anti-CD18 monoclonal antibodies that
rendered the neutrophil (-2 integrins (LFA-1, Mac-1,
p150,95) nonfunctional were then tested in animal mod-
els of myocardial reperfusion injury (1, 2, 22, 28, 35, 46).
Studies were performed in a variety of in vivo and in vitro
models employing a number of different species and
antibodies with the majority of studies demonstrating
beneficial effects of these agents (1, 2, 22, 28, 35). How-
ever, there was a negative study in which anti-CD18 ther-
apy did not result in significant reductions in myocardial
infarct size or reperfusion injury (46). This negative
study only served to add to the controversy surrounding
the potential involvement of neutrophils in myocardial
reperfusion injury. Concerns have been raised regarding
the species cross-reactivity of various antibodies (origi-
nally designed for human use) as well as the dosages of
antibody, the antibody half-life, duration of myocardial
ischemia, and the timing of administration with respect
to the negative CD18 antibody studies (35).

A further understanding of endothelial cell activation
during inflammation (11, 12) revealed that various adhe-
sion proteins were involved in the early neutrophil
rolling response (i.e., P-selectin and E-selectin) and the
later neutrophil firm adhesion response (i.e., ICAM-1).
Robert Rothlein and colleagues (38) were the first to
develop reagent grade anti-ICAM-1 monoclonal anti-
bodies in sufficient quantity to explore the potential role
of ICAM-1 in the ischemic-reperfused myocardium.
Experimental investigations clearly demonstrated that
ICAM-1 expression was upregulated in the coronary cir-
culation in vivo (21, 48), cardiac myocytes expressed an
abundance of ICAM-1 in vitro (45), and immunoneu-
tralization of ICAM-1 did reduce myocardial infarct size
and preserved coronary vascular reactivity (25, 29).
These experimental investigations strongly support a
role for ICAM-1in the pathogenesis of myocardial reper-
fusion injury.

Following the studies of ICAM-1, monoclonal anti-
bodies, carbohydrate drugs, and small molecule selectin
inhibitors were generated that could specifically inhibit
the function of either P-selectin or E-selectin alone or
both of these endothelial selectins. Experimental data do
demonstrate clear P-selectin expression in the coronary
circulation following ischemia and reperfusion (47), but
there are no strong data with respect to E-selectin expres-
sion in animal models of coronary artery ligation/reper-
fusion. Thus, a number of experimental investigations
employing specific and potent anti-P-selectin antibodies
were undertaken (24, 25, 47). The use of anti-P-selectin
monoclonal antibodies uniformly demonstrated marked
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cardioprotective effects in a variety of animal models of
myocardial ischemia/reperfusion (24, 25, 47). Similarly,
early studies with the carbohydrate selectin blocker from
Cytel Corporation (CY-1503) also demonstrated reduc-
tions in infarct size with short duration (5, 23, 41) and
prolonged reperfusion (13) as well as strong evidence for
endothelial cell protection in the coronary circulation
(5, 23). Subsequent studies (4, 14), however, failed to
demonstrate any clear benefits of CY-1503 (i.e., Cylexin®)
in animal models of myocardial reperfusion injury which
only added further controversy to the present debate.

More recently, studies have been performed in gene-
targeted mice in which genes encoding various leukocyte
and endothelial cell adhesion glycoproteins have been
subjected to targeted disruption resulting in “knockout”
mice. Studies of P-selectin, CD18, and ICAM-1 deficient
animals have revealed cardioprotection in the setting of
both acute and chronic models of myocardial ischemia
and reperfusion injury (18, 33, 34). However, if the period
of myocardial ischemia is increased significantly, the car-
dioprotection is not observed (18, 33, 34). In addition,
diabetic mice are not protected from reperfusion injury
with P-selectin immunoneutralization (17). These data
support a role for neutrophils in myocardial reperfusion
injury, but also reveal limitations to the benefit of inhi-
bition of neutrophil-mediated tissue injury.

Clinical evidence

Despite a wealth of experimental evidence neutrophil-
mediated myocardial reperfusion injury there is a rela-
tive paucity of evidence provided by clinical studies. The
majority of clinical evidence supporting neutrophils in
myocardial reperfusion injury is related to the measure-
ment of various leukocyte and endothelial cell adhesion
molecules or neutrophil-derived inflammatory media-
tors. Dinerman et al. (6) clearly demonstrated increased
circulating levels of neutrophil-derived elastase in
patients with unstable angina and acute myocardial
infarction. Another clinical study (30) reported that neu-
trophil and monocyte adhesion molecule expression was
increased in unstable coronary artery disease. This study
demonstrated that CD11b/CD18 (Mac-1) expression was
increased on the surface of neutrophils and monocytes
obtained from the coronary sinus of patients with unsta-
ble coronary artery disease (30). Subsequent studies have
reported significant elevations in soluble P-selectin in
blood obtained from the coronary circulation of patients
with unstable angina (15) and coronary artery vasospasm
(19). These studies provide strong, but indirect evidence
that circulating neutrophils can become activated within
the coronary circulation of patients during ischemic
episodes and that neutrophils may contribute to
myocardial reperfusion injury in man.

Due to the large controversy that exists regarding neu-
trophils and myocardial reperfusion injury very few
clinical trials testing the efficacy specific neutrophil
inhibitors in acute myocardial infarction have been per-
formed. One recent double-blinded, randomized, clinical
trial termed the LIMIT AMI study (3) employed a recom-
binant human monoclonal antibody (thuMAD) directed
against CD18 in humans that were treated with recombi-
nant tissue plasminogen activator for acute myocardial
infarction. A total of 394 subjects who presented within
12 hours of symptom onset with ST-segment elevation
were randomized to receive either placebo or the
rhuMAD (0.5 or 2.0 mg/kg). Treatment with the MAb
failed to demonstrate any effects on coronary blood flow,
infarct size, or resolution of ECG changes. This negative
study would suggest that anti-CD18 therapy is not bene-
ficial in patients with acute MI and therefore neutrophils
are not important in myocardial reperfusion injury in
man. However, the interpretation of these results should
be made with caution for several reasons. Patients in this
study were included if they presented within 12 hours of
symptom onset and this extreme delay in anti-CD18 ther-
apy may have exceeded the time frame in which one can
attenuate the potential neutrophil component of reper-
fusion injury in the heart. Secondly, some of the patients
in this study received either heparin or ReoPro, two
drugs that have very powerful anti-neutrophil effects (31,
36, 42). A second study of anti-CD18 therapy, the HALT
MI study, has been completed, but the results have not
been published in full. A major difference in this study is
that patients are treated within 6 hours following symp-
tom onset instead of 12 hours and different MAb will be
tested.

Summary

Despite a wealth of information regarding the potential
role of neutrophils in myocardial reperfusion injury,
there is no absolute proof that neutrophils do in fact
actively participate in this process. The overwhelming
majority of data obtained from experimental studies in
animals does suggest that neutrophils do promote myo-
cardial tissue injury and cardiac myocyte death. One
must view these data with caution since the current ani-
mal models may not accurately depict what happens in
humans. A major drawback with most animal models of
myocardial reperfusion injury is that they rely on data
obtained from otherwise healthy animals. It is well
appreciated that humans that suffer an acute myocardial
infarction usually exhibit a number of risk factors includ-
ing hypertension, diabetes mellitus, hypercholestero-
lemia, etc. Thus, the translation of information obtained
from healthy animals to humans with coronary artery
disease may not be of the highest fidelity. Furthermore,
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neutrophil-mediated myocardial injury has been shown
primarily to occur following reperfusion and another
major debate still rages regarding the question of reper-
fusion injury in man.

Finally, the role of neutrophils in myocardial reperfu-
sion injury in man will only be fully determined if a very
well designed clinical trial of anti-neutrophil therapy is
performed. This study must include a sufficient number

therapy).
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