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The injuries caused by ischemia and
reperfusion (I/R) affect both the myocardi-
um and coronary microvasculature1-8. In-
juries of the coronary vasculature lead to
the so called endothelial dysfunction, i.e. to
an alteration of the function of the vascular
endothelial cells, which has been observed
after ischemia followed by reperfusion as
well as in several different clinical condi-
tions, such as arterial hypertension, pre-
eclampsia, diabetes, atherosclerosis, heart
failure, and coronary artery diseases9-12.

In I/R not only the preservation of my-
ocardial function, but also the prevention of
endothelial dysfunction is an important
therapeutic goal. Among the various ap-
proaches to preserve both the myocardial
and vascular functions, ischemic precondi-
tioning, i.e. one or more brief periods of is-
chemia which precede prolonged I/R, pro-
vides the background for promising inter-
ventions7,8,13-18.

Endothelial dysfunction: general aspects

In general, endothelial dysfunction is a
condition characterized by a reduced en-

dothelial production of nitric oxide (NO)
and by an increased release of reactive oxy-
gen species (ROS) and, possibly, of en-
dothelin7,8,14,19,20.

Since NO not only causes vasodilation
but also prevents platelet aggregation and
the expression of the adhesion molecule, in
the microvasculature endothelial dysfunc-
tion leads to adhesion of neutrophils to the
endothelium, endothelial injury, platelet
aggregation, and possible impairment of
blood flow21-24. While in peripheral tissues
leukocyte adhesion takes place mainly in
the post-capillary venules, in the heart
which has been exposed to I/R the adhesion
of neutrophils is also observed in the coro-
nary arterioles and capillaries25,26.

In general, the reduced release of NO is
also responsible for an impaired response
of the resistance vessels to vasodilator
stimuli as has been observed in experimen-
tal models27 and in some pathological con-
ditions28.

ROS are mainly released during I/R in
both endothelial cells and neutrophils.
While in the endothelial cells the produc-
tion of superoxide anion (O2

-·) is the result
of the activity exerted by xanthine oxidase
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In the coronary circulation, when reperfusion follows ischemia, endothelial dysfunction occurs.
This is characterized by a reduced endothelial release of nitric oxide and by an increased release of
reactive oxygen species and endothelin. The reduced availability of nitric oxide leads to the adhesion
of neutrophils to the vascular endothelium, platelet aggregation and, with the contribution of en-
dothelin, vasoconstriction, which are responsible for the “no-reflow” phenomenon. Neutrophil adhe-
sion is followed by the release of the superoxide anion from neutrophils and endothelial cells. Pre-
conditioning limits the endothelial damage by ischemia-reperfusion. A relevant role is attributed to
the increased endothelial release of nitric oxide, while that of adenosine is controversial. Another ef-
fect of preconditioning on the coronary vasculature is the acceleration of vasodilation in reactive hy-
peremia after a brief coronary occlusion. The acceleration is prevented if myocardial protection is
achieved by means of the activation of the mitochondrial adenosine triphosphate sensitive potassium
channels by diazoxide and persists when ischemic preconditioning is induced after blockade of the
same channels by 5-hydroxydecanoate.
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on the hypoxanthine produced by the myocardium and
other cells during the period of ischemia, in neutrophils
it is due to the activity of the enzyme NADPH hydro-
genase on molecular oxygen29,30.

Finally, the role of endothelin has been highlighted
by the fact that even the blockade of endothelin recep-
tors has been found to limit the endothelial damage
brought about by I/R19,20. 

Endothelial dysfunction after ischemia-reperfusion

The first report indicating that myocardial ischemia
followed by reperfusion leads to coronary endothelial
dysfunction was published in 198231. In the anes-
thetized dog, it was demonstrated that, after 90 min of
myocardial ischemia followed by 1 or 2 hours of reper-
fusion, the vasodilator response of the coronary vascu-
lature to thrombin31 was reduced. Later on it was shown
that even the vasodilation induced by acetylcholine is
limited by I/R32.

In case of I/R, the impairment of the endothelial re-
lease of NO is also considered one of the pivotal steps
of the pathway leading to endothelial dysfunction5,22.
Since in the isolated rat heart it was found that the in-
fusion of the ROS scavenger N-2-mercaptopropionyl
glycine before I/R results in the prevention of the coro-
nary endothelium-dependent relaxation by acetyl-
choline, the limitation of NO availability has been, at
least in part, attributed to the activity of O2

-· formed
during reperfusion in the endothelial cells and neu-
trophils14,22,23. As soon as it is produced, O2

-· acts as a
scavenger of NO to which it combines to form peroxy-
nitrite (ONOO-). Both O2

-· and ONOO- can cause
marked structural injuries of the vascular endothelial
cells3,22,23,33, which show extensive swelling and dis-
ruption with a severely impaired NO release. Moreover,
NO synthase itself may produce ROS (i.e. O2

-· and
H2O2) as occurs in case of a reduced tetrahydro-

biopterin (BH4) availability34. The reduction in BH4
may occur in several pathophysiological conditions in-
cluding coronary disease and I/R35.

The reduced availability of NO persists for hours or
days and is responsible for an upregulation of the cel-
lular adhesion molecules22,33, which causes an interac-
tion between neutrophils and endothelial cells which in
turn leads to a worsening of the endothelial injuries and
to myocardial damage. Cellular adhesion molecules are
classified in three groups: selectins, �2-integrins, and
immunoglobulins36-45 (Table I).

The main steps characterizing the neutrophil-en-
dothelial cell interaction are the rolling of neutrophils
on the endothelium, their activation and adhesion to the
endothelial cells and their infiltration into the underly-
ing myocardium22,46-48. Neutrophil infiltration into the
myocardium is revealed by a marked increase in the
cardiac myeloperoxidase activity. Mast cells have been
suggested to contribute to such an interaction through
the release of histamine, serotonin, platelet activating
factor, and tumor necrosis factor-�49.

In the first step, neutrophils roll slowly along the ves-
sel wall thus increasing the probability of contact with
the endothelial cells49. Rolling is favored by P- L- and E-
selectins, which are upregulated on the membrane of the
endothelial cells even in response to an increased release
of histamine after ischemia22,49-53. It is noticeable that the
synergism between neutrophils and platelets, mediated
by CD11b/CD18 and glycoprotein IIb/IIIa complexes
(Table I) or by an interaction between sialylated
oligosaccharides (Sialyl LewisX) and P-selectin, has
been demonstrated to significantly contribute to the post-
reperfusion cardiac dysfunction23,54,55.

The second step consists of the activation of neu-
trophils and their adhesion to endothelial cells. Activa-
tion has been attributed to the upregulated expression
of the �2-integrin CD11b56, while adhesion is attributed
to the binding of the �2-integrin CD18 to the intercel-
lular adhesion molecule-1 (ICAM-1)48,56.
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Table I. Adhesion molecules.

GP = glycoprotein; ICAM-1 = intercellular adhesion molecule-1; IL-1 = interleukin-1; LPS = lipopolysaccharide; PECAM-1 = platelet
endothelial cell adhesion molecule-1; TNF-� = tumor necrosis factor-�; VCAM-1 = vascular cell adhesion molecule-1.

Family

Selectins
E-selectin
L-selectin
P-selectin

�2-integrins
CD18 (CD11a, CD11b or Mac-1, CD11c)
GP IIb/IIIa

Immunoglobulins
ICAM-1
VCAM-1
PECAM-1

Location

Endothelial cells
Leukocytes
Platelets and endothelial cells

Leukocytes
Platelets and endothelial cells

Endothelial cells

Neutrophils, monocytes, platelets
and endothelial cells

Stimuli/expression

IL-1, TNF-� and LPS
Constitutively exposed
Inflammatory agents

Constitutively exposed
Constitutively exposed

IL-1 and TNF-�
IL-1 and TNF-�
Constitutively exposed



The adhesion of neutrophils is followed by the third
step of the interaction between granulocytes and the en-
dothelium, which allows the platelet endothelial cell
adhesion molecule- and vascular cell adhesion mole-
cule-mediated infiltration of neutrophils among my-
ocardial fibers57-59. 

The adhesion of neutrophils to the endothelial cells
can cause the occlusion of the capillary bed which in
turn contributes to the impairment of the coronary
blood flow, i.e. of the so called “no-reflow” phenome-
non1-3. The no-reflow phenomenon consists in a pro-
gressive reduction of flow which takes place during the
reperfusion in myocardial areas which were adequate-
ly perfused immediately after the reopening of a coro-
nary occlusion1,21. The reduced release of the vasodila-
tor NO and the increased production of ROS, ONOO-

and endothelins contribute to the no-reflow phenome-
non. The lack of NO leads to the no-reflow phenome-
non through vasoconstriction, platelet aggregation and
vasospasm, and possibly through the activation of neu-
trophils and their adhesion to the endothelium (Fig. 1).
The presence of a residual coronary stenosis and/or
vasoconstriction of large epicardial vessels reduces the

perfusion pressure into the capillaries where the adhe-
sive forces exceed the pressure gradients which nor-
mally allow the blood to flow. Molecules released dur-
ing I/R, such as angiotensin II, histamine and tumor
necrosis factor-� which promote cytokine release, cell
adhesion molecule expression and neutrophil recruit-
ment also contribute to the occurrence of no-reflow.
Among these molecules, angiotensin II may play a piv-
otal role as it is also a potent vasoconstrictor. Taken to-
gether all these various molecules and mechanisms
lead to the severe microvascular obstruction triggered
by the post-ischemic reflow1-3,21,60.

For a given duration of occlusion, the extent of the
no-reflow phenomenon has been seen to be correlated
with the duration of reperfusion. Anesthetized dogs,
subjected to 90 min of occlusion of the left circumflex
coronary artery, showed an area of low reflow averag-
ing 25-30% of the risk area after 2 min of reperfusion
whereas it was 3 times as large after 3.5 hours of reper-
fusion21. In the same model it has also been observed
that after 3.5 hours of reperfusion, the severe reduction
of flow was extended to the myocardial areas which
were adequately reperfused earlier after the release of
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Figure 1. The no-reflow phenomenon occurs after a prolonged period of ischemia followed by reperfusion. The possible pathway of vascular injury lead-
ing to the no-reflow phenomenon is indicated by the thick lines and solid frames. The principal steps of ischemic preconditioning correspond to the dot-
ted arrows and frames. The horizontal dotted arrow indicates how ischemic preconditioning limits the endothelial dysfunction induced by a prolonged
ischemia plus reperfusion. NO = nitric oxide; NOS = nitric oxide synthase; PKC = proteinkinase C.
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the occlusion. The time-course of the no-reflow phe-
nomenon was also studied in a rabbit model60. In this
animal species, the no-reflow area shows a rapid en-
largement during the first hour after the beginning of
reperfusion and continues to increase up to the eighth
hour.

The three steps of neutrophil-endothelial cell inter-
action have also been observed in inflammatory reac-
tions61. One of the first signs of vascular disease direct-
ly or indirectly related to inflammation is very often an
endothelial dysfunction characterized by a reduced NO
availability and a subsequent altered response to en-
dothelium-dependent vasodilator stimuli. As a matter of
fact, inflammatory markers such as the plasma levels of
C-reactive protein are recognized as independent pre-
dictors of future endothelial dysfunction, myocardial
dysfunction, stroke, peripheral artery disease, and car-
diovascular death among individuals without any clini-
cally evident cardiovascular disease62. Recent data also
suggest that C-reactive protein may directly promote
endothelial dysfunction by increasing the synthesis of
cell adhesion molecules, by increasing monocyte
chemoattractant protein-1 secretion and by facilitating
macrophage low-density lipoprotein uptake63 possibly
via a direct attenuation of NO production by endothelial
cells64.

Myocardial protection by ischemic preconditioning

Ischemic preconditioning. Ischemic preconditioning
is the myocardial protection which may be elicited by
one or more brief occlusions of a large coronary artery.
The total time of ischemia required to induce protection
ranges from 2 to 20 min65-71.

Preconditioning limits the severity of the injuries
brought about by a subsequent I/R episode. Thus, after
ischemic preconditioning, the extent of the area of a
subsequent infarction is limited to 6-7% of the risk
area65, the incidence of I/R arrhythmias is reduced and
post-ischemic myocardial stunning takes place to a
lesser extent and has a shorter duration66,72,73. It has
been seen that the effect of ischemic preconditioning
consists of two phases, i.e. an initial phase or first win-
dow of protection, lasting 1-3 hours, and a late phase or
second window of protection, lasting 70-90 hours. Be-
tween the two phases there is a protection-free interval
that lasts 12-24 hours13-16.

Among the various factors and mechanisms in-
volved in the triggering of the early phase of myocar-
dial protection, the release of adenosine and the upreg-
ulation of the endothelial NO synthase (eNOS) play a
major role13-16,71-81. Initially it has been demonstrated
that, following ischemic preconditioning, the upregula-
tion of eNOS with the consequent increased production
of NO allows protection against arrhythmias occurring
during and after a prolonged I/R71,72,81. Later on, it was
also shown that NO contributes to the preconditioning-

induced limitation of the infarct size in both the early
and delayed phases of protection73-80.

Both the adenosine and NO pathways may converge
to the activation/translocation of the myocardial pro-
teinkinase C (PKC) which in turn is believed to open
the adenosine triphosphate (ATP)-sensitive K+ (K+

ATP)
channels. Although both the sarcolemmal and mito-
chondrial channels can be opened by PKC, the use of
specific inhibitors and activators suggests that the pro-
tection is mediated by the mitochondrial ones via a
mechanism which, to date, has not yet been fully clari-
fied17,82-84. Although the PKC activation/translocation
appears to be an important step in the protection in-
duced by preconditioning ischemia and pharmacologi-
cal interventions, whether the location of PKC activa-
tion is downstream and/or upstream of mitochondrial
K+

ATP channel opening is controversial82-87.

Adenosine mechanism in myocardial protection.
Adenosine triggers ischemic preconditioning by acting
on the adenosine A1 and A3 membrane receptors,
which in turn lead to the activation of PKC through a
phospholipase-mediated release of inositol-triphos-
phate and diacyl-glycerol86,88,89. It has also been re-
ported that in the adenosine triggered cascade to my-
ocardial protection the generation of free radicals and
the opening of the mitochondrial K+

ATP channels are
not required86.

Nitric oxide as a trigger and mediator of myocardial
protection. The activation of PKC can be also brought
about by NO after its release has been enhanced by the
upregulation of the constitutive eNOS, which has main-
ly been attributed to the activity of bradykinin on the
endothelial B2 receptors. Bradykinin is produced by the
action of a kininogenase activated by the acidosis oc-
curring in the vessel wall during the preconditioning is-
chemia90. It is possible that NO is also released in re-
sponse to the stimulation of the vascular endothelium
by adenosine91. The activity of NO on PKC is likely to
require the production of ONOO- that is formed by the
combination of NO with O2

-· The activation of the ε
isoform of PKC by ONOO- has also been suggested to
be the triggering mechanism of the signaling cascade to
the second window of protection. The cascade, which
includes the activation of a number of kinases such as
tyrosin-kinase and various mitogen-activated protein
kinases, as well as of nuclear factor-kappa B, termi-
nates with the slow activation of the inducible NO syn-
thase (iNOS) which is in turn responsible for the de-
layed release of NO. In both early and delayed protec-
tion, NO appears to act as a trigger and as a mediator of
preconditioning. In early protection, the brief precondi-
tioning ischemia causes the activation of eNOS. As a
mediator of the protection, NO opens the mitochondri-
al K+

ATP channels. By combining with O2
-· to form

ONOO-, NO also triggers the cascade that results in the
activation of iNOS. The subsequent late release of NO
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is then the mediator of the delayed protection. It has
been suggested that the mechanism whereby iNOS-de-
rived NO protects the myocardium includes the activa-
tion of guanylate-cyclase13,78,80. 

Vascular protection by ischemic preconditioning

The myocardial protection exerted by ischemic pre-
conditioning against I/R injuries is not only the result of
the increased resistance to ischemia, but is also mediat-
ed by the concomitant vascular protection that prevents
the coronary endothelial dysfunction, thus limiting the
no-reflow phenomenon after ischemia8,25,26,67. Even the
occurrence of thrombosis is prevented by ischemic pre-
conditioning7,8,14,92,93. 

A number of investigations have indicated that the
protection by ischemic preconditioning results in the
impaired synthesis of adhesion molecules with a re-
duced adhesion of neutrophils to the coronary endothe-
lium33,88,93. Even the changes in the vascular responsive-
ness to vasoconstrictor and vasodilator stimuli after is-
chemic preconditioning have been considered15,17,67-70.

Role of nitric oxide in vascular injury and protec-
tion. Richard and his coworkers33,92 showed that is-
chemic preconditioning prevents the I/R-induced im-
pairment of the coronary vasodilation by acetylcholine,
which is mainly mediated by NO. Since endothelial
dysfunction is characterized by neutrophil adhesion
caused by the expression of adhesion molecules, the
authors focused their attention on the possibility of lim-
iting the expression of ICAM-1 by preconditioning.
Using cultured rat aortic endothelial cells, they found
that preconditioning prevented a prolonged anoxia-re-
oxygenation from increasing the expression of ICAM-
1 and resulted in a reduced adhesion of neutrophils33,92.
The suppression of the protective effect by NO syn-
thase inhibition suggested a pivotal role of NO in vas-
cular endothelial protection. It was then shown that is-
chemic preconditioning protects the vascular endothe-
lial cells against I/R injuries and that the protection is
triggered by the preconditioning-induced upregulation
of eNOS, which in turn prevents I/R from reducing the
endothelial NO production.

Role of reactive oxygen species in vascular protec-
tion. ROS are produced during reperfusion after both
prolonged, i.e. leading to infarction, and brief precon-
ditioning ischemia. While in the former case they con-
tribute to neutrophil activation, i.e. to a step towards
endothelial dysfunction, in the latter they initiate the
signaling cascade to vascular endothelial protec-
tion33,92. This cascade follows the reaction of O2

-· with
NO to form ONOO- which has been reported to be re-
sponsible for the activation of PKC. Among the various
PKC isomers, PKCε has been reported to initiate the
cascade of events that lead to iNOS activation and, con-

sequently, to both myocardial and vascular delayed
protection13,78-80.

It may be speculated that endothelial dysfunction
takes place when ROS are released in a large quantity
as occurs after a prolonged ischemia in a non-precon-
ditioned heart. It is likely that in these conditions an ex-
cess of O2

-· is not fully removed from NO, so that, to-
gether with ONOO-, it can seriously damage the vascu-
lar endothelial cells. This large amount of ROS also ex-
erts deleterious effects on cardiac metabolism, lipid
peroxidation, stunning, arrhythmias, and myocardial
necrosis. On the contrary, moderate quantities of ROS,
such as those released after a brief preconditioning is-
chemia, may exert a regulatory action on several func-
tions. In particular, the O2

-· may be completely re-
moved by NO giving rise to concentrations of ONOO-

that are large enough to trigger the protective cascade
but insufficient to cause oxidative injuries.

Role of adenosine in vascular protection. In contrast
to the pivotal role of NO in vascular preconditioning,
the role of the activation of the vascular adenosine re-
ceptor is controversial. In fact, while Maczewski and
Beresewicz94 and Merkus et al.15 report that A2 adeno-
sine receptor blockade prevents vascular protection by
ischemic preconditioning, Kubes et al.88 observed that
adenosine-deaminase, as well as A1 and A2 adenosine
receptor blockade are poorly effective in preventing
the protection exerted by ischemic preconditioning
against neutrophil rolling and adhesion and microvas-
cular dysfunction. In partial contrast to this finding
they also found that pre-treatment with exogenous
adenosine reduced the vascular damage by I/R. Thus
exogenous, but not endogenous, adenosine seems to
take part in vascular protection. However, since the
role of PKC in vascular preconditioning25,26,33,92, as
well as its activation by ischemia-produced adeno-
sine89 have been confirmed, it seems surprising that
only exogenous adenosine may be responsible for the
prevention of endothelial injuries. It may be argued
that the protective effect observed by Kubes et al.88

with exogenous adenosine depends on the dose they
used which was likely to be much larger than the
amount released in their model of ischemic precondi-
tioning. This hypothesis is consistent with the finding
of Zahler et al.95 who, in the isolated perfused guinea
pig heart, observed that the stimulation of the endothe-
lial A1 receptors with submicromolar levels of adeno-
sine does not prevent but rather favors neutrophil ad-
hesion, and suggested that endothelial protection may
in part be related to the use of high pharmacological
doses of adenosine. It may be speculated that the pro-
tection against leukocyte adhesion observed with high
concentrations of adenosine is in part mediated by the
endothelial release of NO91, which is likely not to be
induced by low concentrations. 

An alternative explanation of the ineffectiveness of
the blockade of the adenosine receptors in preventing
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vascular protection by ischemic preconditioning may
reside in the fact that PKC can be activated by NO and
ROS independently of the adenosine pathway85,86.

It has also been suggested that adenosine A2, but not
A1, receptor activation may be involved in the endothe-
lial protection induced by ischemic preconditioning.
However, in addition to exogenous adenosine, even A1
and A3 receptor agonists may afford endothelial protec-
tion94,96. Since A1 and A3, rather than A2 adenosine re-
ceptors, are mainly represented on the myocardial
membrane, the possibility of inducing vascular precon-
ditioning by their activation is quite surprising. Further
studies are needed to ascertain the receptor subtype(s)
implicated in vascular protection. Since the A1 and A3
receptors are implicated in myocardial protection, fur-
ther investigations are also required to understand by
which mechanism these receptors take part in the pro-
tection of the vasculature. At the moment, however, ex-
periments performed in our laboratory seem to exclude
the need of myocardial protection to achieve vascular
preconditioning.

Finally, the presence of adenosine receptors on the
neutrophil membrane prevents these cells from inter-
acting with the endothelium and from taking part in in-
flammatory responses97,98. The action on these recep-
tors may also contribute to vascular protection.

Coronary responsiveness to vasodilator stimuli
after ischemic preconditioning

In the anesthetized dog, Thourani et al.99 occluded
for 30 min and reperfused for 3 hours the anterior de-
scending coronary artery. Using the left circumflex
artery as a control, they found that in the previously is-
chemic vascular bed of the anterior descending artery,
the vasodilator response to acetylcholine was impaired.
If the occlusion was preceded by a preconditioning is-
chemia no significant difference in the response was
observed between the vascular beds of the two arteries.
Since sodium nitroprusside was similarly effective on
the anterior descending artery independently of is-
chemic preconditioning, the reduced vasodilator effect
of acetylcholine may be attributed to a reduced NO re-
lease from the endothelial cells of the ischemic non-
preconditioned group. The authors also observed that
the adherence of fluorescent labeled neutrophils to the
endothelium of the epicardial arteries was inhibited af-
ter preconditioning.

In our laboratory the effect of ischemic precondition-
ing on the coronary response to vasodilator metabolic
stimuli was studied with reactive hyperemia69,70. These
experiments induced us to exclude a role of myocardial
preconditioning as a step towards endothelial protection.

In the anesthetized goat, reactive hyperemia in the
left circumflex artery was induced in controls and after
ischemic preconditioning. After preconditioning, the
pattern of reactive hyperemia following 15 s of occlu-

sion showed two remarkable changes, i.e. a reduction
of the total hyperemic flow and an acceleration of the
vasodilation immediately after the removal of the oc-
clusion. The latter effect being revealed by a 50% re-
duction in the time to the peak hyperemia in the pres-
ence of an unchanged level of the peak (Fig. 2). Then,
the preliminary administration of an adenosine A1 re-
ceptor blocking agent prevented the reduction in the to-
tal hyperemic flow, while only the administration of a
NO synthase inhibitor suppressed the acceleration of
the vasodilation. These findings suggested that is-
chemic preconditioning could be responsible for the ac-
celeration of the vasodilation via an increased endothe-
lial release of NO, and for the reduction in the total hy-
peremic flow via a decrease in myocardial metabolism
brought about by the signaling cascade triggered by
myocardial adenosine release. On the basis of these
conclusions it was argued that ischemic precondition-
ing could affect reactive hyperemia by an effect (NO re-
lease) leading to vascular protection and by another ef-
fect (reduction in cardiac metabolism) related to my-
ocardial protection. Of these two effects only the for-
mer could be considered an index of vascular precondi-
tioning. However, since even NO release can trigger a
signaling cascade leading to myocardial protection, in
an attempt to investigate whether myocardial protec-
tion could contribute to the acceleration of vasodila-
tion, experiments were performed with the administra-
tion of diazoxide and 5-hydroxydecanoate (5-HD), a
specific activator and a blocker respectively of the mi-
tochondrial K+

ATP channels17,18. In fact, the activation of
these channels is considered one of the pivotal steps to
myocardial protection.

In spite of the protective effect on the myocardi-
um, diazoxide did not produce any change in the coro-
nary reactive hyperemia17. However, when induced
after diazoxide, preconditioning caused the expected
acceleration of vasodilation and a decrease in the total
hyperemic flow which surprisingly occurred to a
greater extent than in the absence of diazoxide. The
results suggested that the acceleration of vasodilation,
i.e. vascular preconditioning, was independent of the
pathway leading to myocardial protection while the
reduction in the total hyperemic flow, i.e. the coronary
effect of the reduced metabolism characterizing my-
ocardial protection, not only could be induced by an
adenosine mechanism, but could also be enhanced by
the preliminary activation of the mitochondrial K+

ATP
channels.

The absence of any role of myocardial protection in
inducing or favoring vascular preconditioning was fur-
ther confirmed by the ineffectiveness of 5-HD in mod-
ifying the changes induced by a brief ischemia on the
coronary reactive hyperemia. Moreover, these changes
appeared when the administration of 5-HD was fol-
lowed by the preconditioning occlusion18.

It has been suggested that K+
ATP channels may be in-

volved in vascular preconditioning100 on the basis of the
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observation that the protection against endothelial dys-
function by ischemic preconditioning was attenuated in
the presence of glibenclamide, a non-specific blocker
of both mitochondrial and plasma membrane K+

ATP
channels. It remains to be elucidated whether this pro-
tection is achieved by the opening of the membrane
channels alone or in combination with the mitochondr-
ial K+

ATP channels.

Clinical implications

Although in myocardial infarction early reperfusion
has been shown to be successful in reducing mortality,
reperfusion itself may increase the size of the necrotic
area. In addition to the various myocardial mechanisms
responsible for the reperfusion injuries, endothelial
dysfunction can seriously contribute to the post-is-
chemic damage through the no-reflow phenomenon.
Attention has thus been paid by several authors to the
limitation of such a damage by the use of techniques
made available by the knowledge of the mechanisms of
the vascular endothelial protection elicited either by in-
terventions during reperfusion101-105 or by ischemic
pre-conditioning96-101,106. In particular, the intracoro-
nary administration of adenosine, a molecule involved

in ischemic preconditioning, during reperfusion was
shown to greatly improve the beneficial effect of coro-
nary angioplasty105. It is also noteworthy that ischemic
preconditioning has been associated with a better re-
sponse to thrombolysis during acute infarction in pa-
tients with pre-infarction angina106. A number of inves-
tigations have been focused on the possibility of pre-
venting endothelial dysfunction in the ischemic-reper-
fused heart and of limiting the neutrophil-endothelial
cell interaction, platelet aggregation and vasoconstric-
tion54,61,93,107,108. Monoclonal antibodies to adhesion
molecules have been effective in attenuating the neu-
trophil-mediated injury in the mouse61. A chimerical
Fab fragment of a monoclonal glycoprotein IIb/IIIa an-
tibody was seen to reduce the platelet-neutrophil inter-
action in the guinea-pig heart, thus improving cardiac
performance after I/R54.

Diazoxide has been seen to produce myocardial
protection by directly activating the mitochondrial
K+

ATP channels84-87. In our experiments it failed to in-
duce the acceleration of vasodilation which can be tak-
en as an index of vascular protection17. However, in
the isolated coronary capillaries of guinea-pig hearts,
diazoxide opened the K+ channels of the endothelial
cells suggesting that through this mechanism it could
lead to an increase in the free cytosolic Ca2+ concen-
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Figure 2. The effect of ischemic preconditioning on the coronary reactive hyperemia. Panel A: before preconditioning. Panel B: after preconditioning,
which was obtained with a total of 5 min of coronary occlusion. In both panels the effects of 15 s of coronary occlusion followed by reactive hyperemia
are shown. The oblique arrows indicate the peaks of the hyperemia, which occur early after preconditioning (panel B), showing an acceleration of va-
sodilation. After preconditioning (panel B) the total hyperemic flow is also reduced as may be inferred from the reduction of the area between the upper
border of the coronary blood flow (CBF) and the zero flow level. ABP = aortic blood pressure. From Pagliaro et al.18, modified.



tration and activate endothelial NO synthase109. The
fact that in our experiments no effect of an increased
release of NO, i.e. no acceleration of vasodilation, was
observed after diazoxide can be due to the different
doses used in the intact animal17 and in the in vitro ex-
periments109. In fact, the doses we administered to the
anesthetized goat (1.25 and 2.50 mg/kg), though suffi-
cient to open the mitochondrial channels17, were kept
within the limits required to avoid any hypotensive ef-
fect which could result from the vascular smooth mus-
cle relaxation brought about by the hyperpolarization
(activation of the sarcolemmal K+

ATP channels) of the
muscle membrane and, possibly, from the release of
NO from the endothelial cells. The possibility of a pro-
tective effect exerted by diazoxide on the vascular en-
dothelium does not weaken the hypothesis that the sig-
naling cascade leading to myocardial protection is not
involved in the prevention of endothelial dysfunction.
In fact, the alleged vascular protection is due to the K+

channels located in the membrane of the smooth mus-
cle fibers and of the endothelium, and not to those lo-
cated in the mitochondrial membrane of the cardiomy-
ocytes.

Under both normoxic and ischemic conditions, pre-
treatment with NO donors also mimics the protective
effects of ischemic preconditioning against myocardial
and vascular damage13,16,75-80. In particular, a protective
effect by pre-treatment with nitroglycerin has recently
been described in humans undergoing coronary angio-
plasty77. Following NO donor infusion, a pivotal role is
played by the generation of free radicals during early
and delayed protection13,16,75-80. In our laboratory low
doses of Angeli’s salt, a donor of the nitroxyl anion –
the one electron reduction product of NO –, have also
been seen to induce early preconditioning against my-
ocardial damage110. Interestingly, the protective effects
of Angeli’s salt were found to be more potent than the
protective effects induced by equimolar concentrations
of the pure NO donor diethylamine/NO. Whether or not
nitroxyl plays a role in vascular preconditioning re-
mains to be elucidated.

The balance between ROS and NO generation is not
only important in acute endothelial dysfunction, but it
is also an important regulator of the cellular function in
chronic conditions. For instance, in patients with coro-
nary artery disease, the removal of ROS with ascorbic
acid was effective in causing the regression of endothe-
lial dysfunction111. ROS, in fact, prevent the activity of
NO by combining with it to form ONOO-. The protec-
tive effect of the infusion of exogenous BH4 has also
been demonstrated in conditions of an increased ROS
production and of a reduced NO availability112. The
role of ascorbic acid and of BH4 in reversing endothe-
lial dysfunction seems in contrast with the finding that
ONOO- triggers a signaling cascade leading to the sec-
ond window of myocardial protection13,16,75-80. This is
only apparently a discrepancy because, as pointed out
above, ROS and ONOO- can be beneficial when re-

leased in the triggering phase (brief preconditioning is-
chemia) and deleterious when released in the reperfu-
sion phase after a prolonged ischemia, possibly be-
cause of the different amounts produced in these two
phases. In fact, as said above the large amount of ROS
generated during prolonged I/R exerts many deleteri-
ous effects, including the inhibition of cardiac metabo-
lism, lipid peroxidation, stunning, arrhythmias, and
possibly necrosis. On the contrary, small amounts of
ROS, such as those generated during brief I/R, may not
have toxic effects, but rather they may exert a regulato-
ry action on several cell functions, including the activa-
tion of the pathway leading to ischemic precondition-
ing. Nevertheless, negative results came from trials in
which free radical scavengers such as recombinant hu-
man superoxide dismutase or vitamin E were adminis-
tered to patients with coronary artery disease or risk
factors for cardiovascular events113,114. In addition to
the dual role of ROS (beneficial vs deleterious), among
the reasons why these scavengers did not show any
consistent benefit in these human studies the following
may be included: a) the type of ROS generated (e.g. su-
peroxide dismutase only removes the superoxide and
not the hydroxyl radical); b) the site of ROS generation
(most scavengers do not enter cells and they can only
remove the ROS generated in the extracellular space);
and c) the rate of reaction between two ROS and/or
scavengers115. The importance of the rate of reaction
can be understood if we consider that, despite a 5 times
lower concentration of NO with respect to superoxide
dismutase, 50% or more of the available superoxide
will react with NO to form ONOO- instead of reacting
with superoxide dismutase116.

A major role in the prevention of myocardial is-
chemia is attributed to exercise training107,117,118. In
particular, in patients with coronary atherosclerosis
and endothelial dysfunction, training is reported to
avoid paradoxical coronary constriction and to im-
prove coronary flow in response to acetylcholine107,119.
In fact, the increase in shear stress and pulse pres-
sure120 occurring during exercise enhances eNOS ex-
pression and activity, while the increased cardiac work
induces the release of adenosine from the endotheli-
um. Both NO and adenosine lead to endothelial and
myocardial protection against I/R injuries. However,
the fact that exercise training improves the coronary
circulation in patients with atherosclerosis clearly in-
dicates that adequate and constant physical activity
may also represent a treatment of a preexistent en-
dothelial dysfunction which could otherwise lead to
myocardial infarction.

It is noteworthy that during exercise even the pro-
duction of ROS increases107,121. It is not clear at the mo-
ment whether in trained individuals the beneficial ef-
fect of exercise is due to the ability of ROS to induce
preconditioning or to an increased production of scav-
engers which prevent the deleterious oxidative stress by
ROS per se, or both.
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Conclusions

A prolonged I/R can cause both myocardial injuries
and coronary endothelial dysfunction, the latter being
in turn responsible for a worsening of the former. En-
dothelial dysfunction, which consists of the neutrophil-
endothelial cell interaction, platelet aggregation and
vasoconstriction, i.e. of the processes which lead to the
no-reflow phenomenon, can be limited by a prelimi-
nary ischemic preconditioning via an enhanced release
of NO and, in part, of adenosine, which acts on the vas-
cular A2 receptors. In addition to this protective effect,
ischemic preconditioning improves the responsiveness
of the coronary vasculature to vasodilator stimuli. It is
noticeable that, though triggered by the same maneuver
causing myocardial preconditioning, coronary vascular
endothelial preconditioning is sustained by a signaling
cascade different from the one leading to myocardial
protection.
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