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Although cardiac ischemia-reperfusion is well known as a disease
of the myocytes, it is now clear that the consequences of this dis-
ease also extend to the vascular wall and especially to the endothe-
lium. A rat model of ischemia-reperfusion in vivo was used to
detect severe endothelial dysfunction characterized by a decreased
nitric oxide (NO)-dependent relaxation to acetylcholine in isolated
coronary arteries. Given the essential role of the endothelium and
NO in the regulation of vascular tone, protection of the coronary
endothelial cells is an important therapeutic target. For this pur-
pose, a focus on the concept of endogenous protection against

ischemia, ie, preconditioning, showed that endothelial dysfunction
could be reversed by both the early and the delayed phase of pre-
conditioning. With regard to the mechanisms of the coronaro-
protective effects of preconditioning, it was shown that both free
radicals and NO seem to have an important triggering role, leading
to a delayed increase in NO production and decreased adhesion of
neutrophils to endothelial cells. Identification of the precise trig-
gers and mediators of this protection will allow the development of
new therapeutic agents targeting both the myocardium and the
coronary vasculature.
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Ithough the cardiac consequences of ischemia-

reperfusion are well documented at the level of the
myocardium, much less is known about the coronary vascu-
lature. However, a number of experiments have shown that
coronary endothelial cells are a major target of ischemia-
reperfusion injury, especially through an altered capacity to
release nitric oxide (NO), associated with an increased pro-
duction of oxygen-derived free radicals. Given the central
role of NO as a vasodilating agent, but also as an inhibitor of
platelet aggregation and leukocyte adhesion, such a persis-
tent impairment is likely to have important deleterious con-
sequences for the coronary arterial wall. Thus, the coronary
endothelium may be considered to be a major therapeutic tar-
get of anti-ischemic treatments.

ENDOTHELIUM AND MYOCARDIAL
ISCHEMIA-REPERFUSION

Evidence that myocardial ischemia leads to coronary en-
dothelial dysfunction was first described by Ku (1), who
showed that a 90 min period of ischemia followed by reper-
fusion lasting 1 to 2 h was associated with decreased
endothelium-dependent relaxation to thrombin in canine
coronary arteries. These findings were rapidly extended to
other endothelium-dependent vasodilators such as acetylcho-
line (2) and were confirmed in other species (3). Moreover,
endothelial injury after ischemia and reperfusion is not a
transient mechanism. Indeed, impaired endothelium-
dependent relaxations may be prolonged at least four to 12
weeks after reperfusion in dogs (4) or rats (3). However,
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while acute dysfunction is the consequence of structural in-
jury to the endothelial cells, chronic changes are rather a
manifestation of dysfunctional regenerated endothelium (3),
as previously shown after balloon injury (5).

The functional impairment observed after reperfusion ap-
pears to be mostly the consequence of the absence of struc-
turally intact endothelial cells and not of a selective defect in
NO synthase activity or a specific impairment of the trans-
duction pathway linking receptors to NO synthase. This
hypothesis is supported by our observations that incubation
of the arterial segments with the substrate of NO synthase
L-arginine did not reverse this impairment, in contrast to
other diseases such as hypercholesterolemia, and is in accor-
dance with electron microscopic studies showing structural
changes in the vascular wall (3).

Several studies have investigated the mechanisms of en-
dothelial injury after ischemia and reperfusion. First, such in-
jury is absent or less pronounced after ischemia without
reperfusion, suggesting that it is a manifestation of reperfu-
sion injury. Moreover, the observation that the reintroduc-
tion of molecular oxygen at reperfusion is required to induce
postischemic endothelial dysfunction is consistent with the
view that ischemia-reperfusion injury may result from the
generation of reactive oxygen species. This has now been
clearly shown by the observation that endothelial dysfunc-
tion can be attenuated or prevented by scavengers of these
species (6) or by treatment with superoxide dismutase and
catalase in both large coronary arteries (7) and the microcir-
culation (8).

A potential mechanism that may explain the endothelial
injury induced by free radicals is that, once produced, super-
oxide anions may directly inactivate NO (9,10). Because NO
is a potent inhibitor of neutrophil activation and adhesion
(11), the decreased NO production may lead to the develop-
ment of an acute inflammatory response. Moreover, because
free radicals produced during reperfusion also trigger the
rapid adhesion of neutrophils to endothelial cells through the
induction of adhesion molecules such as selectins or intercel-
lular adhesion molecule-1 (ICAM-1) (12), the combined ef-
fects of decreased NO production and increased production
of free radicals reinforce the adhesion of neutrophils to the
endothelial cells, setting the stage for an amplification of
neutrophil-mediated endothelial injury.

PROTECTION OF CORONARY ENDOTHELIAL CELLS

Myocardial ischemia and reperfusion are responsible for a
cascade of reactions leading to endothelial injury, character-
ized by a decrease in NO production. Given the important
vasodilator property of NO, such an impairment may lead to
increased coronary vasoconstriction and an increased risk of
vasospasm. Moreover, endothelial dysfunction after reperfu-
sion may favour platelet aggregation and thus increase the
risk of thrombosis. Taken together, these observations indi-
cate that the prevention of endothelial dysfunction or injury
is an important therapeutic goal.

The most potent anti-ischemic intervention known to date
is endogenous protection of ischemic myocardium, first de-
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scribed by Murry et al (13), and termed ‘preconditioning’. In-
deed, submitting the heart to short episodes of ischemia
separated by intermittent reperfusion makes it more resistant
to prolonged ischemia and markedly limits infarct size. Pre-
conditioning also confers protection against the severe ven-
tricular rhythm disturbances that occur during subsequent
ischemia and reperfusion, at least in the rat (14,15).

Although this protective phenomenon is now well de-
scribed at the level of the cardiac myocytes, we were the first
to describe such a protection at the level of the coronary en-
dothelial cells. We developed a rat model of myocardial in-
farction to assess coronary endothelial dysfunction following
ischemia and reperfusion. This model consists in submitting
rats to 20 min ischemia followed by 60 min reperfusion. At
the end of this infarct protocol, hearts are removed and coro-
nary artery segments are dissected distal to the site of occlu-
sion and mounted on small vessel wire myographs to study
their reactivity in the presence of vasoactive agents. This
model allows us to focus on the consequences of ischemia-
reperfusion at the level of large epicardial or medium intra-
myocardial coronary arteries.

With the use of this model we were able to show that
ischemia-reperfusion significantly impairs endothelium-
dependent relaxation of the coronary artery segments and
that such an impairment can be reversed by preconditioning
(16), consisting in our model of one cycle of 2 min ischemia
and 5 min reperfusion followed by two cycles of 5 min ische-
mia and 5 min reperfusion.

Given the central role of neutrophil adhesion in endo-
thelial injury during reperfusion, we hypothesized that the
protective effect of preconditioning is due in part to a de-
creased production of endothelial adhesion molecules, lead-
ing to a lessened adhesion of neutrophils to the endothelium.
To test this hypothesis, we subjected cultured rat aortic endo-
thelial cells to anoxia-reoxygenation in vitro. In this context,
we found that preconditioning abolished the increased ex-
pression of [CAM-1 and reduced the adhesion of neutrophils
observed with anoxia-reoxygenation alone (17). Moreover,
this protective effect was abolished by the free radical scav-
enger N2-mercapto propionylglycine (MPG), the protein
kinase C inhibitor chelerythrin and the NO synthase inhibitor
NS-nitro-L-arginine, suggesting a role for protein kinase C,
free radicals and NO as triggers of early preconditioning in
this model. Other triggers such as adenosine, Karp channels
and bradykinin have also been described in the literature.
Indeed, adenosine A; and Aj; receptor agonists as well as
bradykinin B, receptor activation may mimic the endothelial
protection of preconditioning (18), while Karp channel
blockers such as glibenclamide abolish the protection (19).

Although this early phase of preconditioning has efficient
protective effects, its time course possibly limits its therapeu-
tic application. However, although originally described as a
transient phenomenon, ischemic preconditioning was subse-
quently found to have a biphasic effect, with an early phase
of protection that develops within minutes after the initial
ischemic insult and lasts 2 to 3 h (early preconditioning), and
a late phase (delayed preconditioning) that appears 12 to 24 h
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later and lasts three to four days (20,21). In this context, we
assessed whether the delayed phase of preconditioning, well
documented at the level of the myocytes, could be observed
at the level of the endothelium. For this purpose, we sub-
jected rats to 20 min ischemia and 60 min reperfusion 24 h
after preconditioning and again assessed endothelial dys-
function. In these experiments, we showed that delayed pre-
conditioning protects the coronary endothelium against
ischemia-reperfusion injury (6). Moreover, production of
reactive oxygen species during preconditioning appears to
have an important role. Indeed, the administration of MPG
during preconditioning abolished its protective effect (6),
suggesting that in addition to being mediators of endothelial
injury during reperfusion after prolonged ischemia, free radi-
cals produced during preconditioning protect the coronary
endothelium from reperfusion injury 24 h later. With the use
of the same experimental model, we also showed that de-
layed preconditioning can be mimicked by treatment 24 h
before induction of prolonged ischemia-reperfusion with
monophosphoryl lipid A, a nontoxic derivative of endotoxin
(22), as observed before at the level of the myocardium
(23,24).

Among the different possible triggers and mediators of
delayed preconditioning, NO seems to have a dominant role.
Indeed, it has been shown that brief ischemia was associated
with a delayed increase in the coronary flow response to ace-
tylcholine and bradykinin (25). Moreover, numerous studies
have shown that NO plays a central part in the delayed pro-
tective effects of preconditioning in myocardial stunning
(26) and infarction (27,28) through the inducible NO syn-
thase (iNOS). Thus, we tested whether a similar involvement
of iINOS can be observed at the level of the endothelial cells.
For this purpose, we administered the selective iNOS inhibi-
tor N-(3-(aminomethyl)benzyl)acetaminide (1400W) to pre-
conditioned rats. Although 1400W indeed blocked iNOS
activity in vivo under those experimental conditions, it did
not affect the endothelial protection induced by delayed pre-
conditioning (29). Thus, in contrast to myocytes, in endothe-
lial cells iNOS is not involved as a mediator of delayed
preconditioning. Moreover, in the context of monophospho-
ryl lipid A-induced delayed preconditioning, we also were
unable to show the involvement of iNOS as a mediator of this
protection (22), again in contrast to what happens at the level
of the myocyte (30).

This opposite effect of iNOS inhibition may be explained
in part by the distinct effect of NO on cardiomyocytes and
endothelial cells. Indeed, iNOS activation by inflammatory
stimuli produces high concentrations of NO (31). In cardio-
myocytes, such high levels of NO probably induce a decrease
in metabolic requirements and oxygen consumption, and this
effect is probably responsible for the anti-ischemic role of
iNOS. Contrary to cardiac myocytes, in endothelial cells an
overproduction of NO may have deleterious consequences,
in part by its reaction with oxygen-derived free radicals to
produce highly reactive intermediates such as peroxynitrites.

While these experiments rule out the hypothesis that
iNOS has a role in the endothelial effects of delayed pre-
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Figure 1 Potential pathways involved in the delayed endothelial
protection induced by ischemic preconditioning. eNOS Endothelial
nitric oxide synthase; ICAM-1 Intercellular adhesion molecule-1;
NO Nitric oxide

conditioning, they do not exclude a role for NO produced by
endothelial NO synthase (eNOS). Indeed, endogenous stimu-
lation of eNOS (for example by acetylcholine) may exert
marked endothelial protective effects after ischemia and
reperfusion (32). Moreover, our experiments on cultured en-
dothelial cells found an increase of the nuclear factor AP-1 in
the endothelial cell nucleus after preconditioning, and this
may be correlated to the increased level of eNOS mRNA be-
cause AP-1 is responsible for the enhanced expression and
activity of eNOS (33).

In this context, we recently evaluated the role of eNOS as
a mediator of delayed preconditioning. Since there is no se-
lective inhibitor available for this isoform, our previous
results with 1400W allowed us to use the non-selective in-
hibitor N%-nitro-L-arginine methyl ester. Our results suggest
that eNOS is a mediator of delayed preconditioning (34).

Taken together, our results suggest that the endothelial
protective effects of late preconditioning involve complex
interactions between NO and oxygen-derived free radicals
both during brief ischemia-reperfusion (‘triggering” mecha-
nisms) and during reperfusion following prolonged ische-
mia. These potential protective pathways are summarized in
Figure 1. Our hypothesis is that during preconditioning,
reperfusion after brief ischemia triggers the release of both
NO and free radicals (possibly at low levels), which interact
to trigger delayed changes in gene expression or enzyme ac-
tivity, for example, in terms of eNOS and antioxidant en-
zymes. The net result of these changes in activity is a change
in the balance between NO and free radicals during pro-
longed ischemia and subsequent reperfusion. The increased
NO bioavailability, together with the decreased production
of free radicals, may in turn lead to a decreased adhesion of
neutrophils during reperfusion, leading to endothelial protec-
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tion. However, the exact respective roles of the changes in
NO and oxidant stress in endothelial protection require fur-
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