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1 Urocortin is a vasodilator peptide related to corticotrophin-releasing factor, which may protect
endothelial function during coronary ischemia—reperfusion (I-R). The aim of this study was to study
the mechanisms of this protective effect.

2 Hearts from Sprague-Dawley rats were isolated and perfused at constant flow and then exposed to
15min global zero-flow ischemia, followed by 15min reperfusion. The relaxation to acetylcholine
(10nM—10 M) was recorded after pre-constriction of the coronary vasculature with U46619 (100—
300 nM) in ischemic-reperfused or time-control hearts.

3 After I-R, the coronary relaxation to acetylcholine was reduced and this reduction was attenuated
by treatment with urocortin (10 pM), administered before ischemia and during reperfusion.

4 This urocortin-induced improvement of the relaxation to acetylcholine was not modified by
tetracthylammonium (10 mM), blocker of Ca®>* dependent-potassium channels; glibenclamide (10 uM),
blocker of K tp channels; N"-nitro-L-arginine methyl ester (L-NAME, 100 uM), blocker of nitric oxide
synthesis; or meclofenamate (10 uM), blocker of cyclooxygenase, but it was abolished by chelerythrine
(3 um), blocker of protein kinase C (PKC).

5 These results suggest that urocortin may protect coronary endothelial function during I-R by

activation of PKC.
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Introduction

Urocortin is a 40 amino-acid peptide which has a high degree
of structural homology with the peptide corticotrophin-
releasing factor (CRF), and has marked cardiovascular effects
(Vaughan et al., 1995), mainly through binding to the
corticotrophin-releasing factor receptor 2 subtype (CRF-R2)
(Bale et al., 2000). In the heart, exogenous urocortin increases
heart rate and cardiac output, and also produces coronary
vasodilation (Parkes er al., 1997). In addition, exogenous
urocortin may protect myocardial cells during coronary
ischemia, as it increases the survival of cultured cardiac cells
exposed to simulated ischemia (Brar et al., 1999), and reduces
the infarct area in the ischemic and reperfused rat heart (Brar
et al., 2000). Several mechanisms may be involved in this
protective effect of urocortin in the myocardial cells (see
Huang et al., 2004) such as activation of mitogen-activated
protein kinases (MAPK) (Schulman er al., 2002), of the
phosphatidylinositol 3-OH kinase (PI3K) (Brar et al., 2002),
of phospholipase A, (Lawrence et al., 2003), or activation of
mitochondrial ATP-sensitive potassium channels (Katp)
(Lawrence et al., 2002). It has been demonstrated that
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urocortin mRNA and protein are produced in the heart
(Nishikimi et al., 2000), and its production may be increased in
cardiac cells exposed to ischemia (Brar et al., 1999; Scarabelli
et al., 2004). Therefore, urocortin may act as an endogenous
protective substance in the myocardium after ischemia—
reperfusion (I-R).

I-R may also produce coronary endothelial dysfunction as it
reduces endothelium-dependent coronary vasodilatation (Ku,
1982; Van Benthuysen ez al., 1987; Kim et al., 1992), and this
dysfunction may contribute to the adverse cardiac effects of
I-R. Substances which protect cardiac function during I-R
may also protect endothelial function (Laude et al., 2001), as it
has been demonstrated for adenosine (Maczewski & Berese-
wicz, 1998), heparin (Kouretas et al., 1998) or calcitonin gene-
related peptide (Zhou et al., 1999). The mechanisms of this
protection in the endothelial cells may be similar to or different
from those operating in myocardial cells. In a previous study
from our laboratory (Garcia-Villalon et al., 2004) we have
found that urocortin may also be protective of endothelial
function, as low concentrations of this peptide improved the
coronary relaxation to acetylcholine in perfused rat hearts
after [-R. The aim of this study was to further study the
mechanisms of this protective action of urocortin on the
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endothelium. The present work was performed in the heart
from rats perfused according to the Langendorff procedure,
which is an experimental model frequently used for the study
of I-R (Sutherland & Hearse, 2000).

Methods
Animals

In this study, 87 male Sprague-Dawley rats (weight 300-350 g)
were used. The investigation conforms with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996), and has been conducted in compliance with
applicable laws and regulations. Use of animals has been
approved by the Institution’s Animal Care and Use Committee.

Preparation of isolated hearts

The hearts were isolated from rats after anesthesia with
pentobarbital sodium (40mgkg™") and injection of heparin
(1000 UI). After obtaining the hearts, the ascending aorta
was cannulated, and retrograde perfusion of the heart with
Krebs—Henseleit buffer (mM NaCl, 115; KCl, 4.6; KH,PO4,
1.2; MgSO,, 1.2; CaCl,, 2.5; NaHCOs, 25; glucose, 11) was
initiated in a nonrecirculating Langendorff heart perfusion
apparatus, at a constant flow of 11-15mlmin~' to reach a
basal perfusion pressure of approximately 70 mmHg, and the
hearts were paced with an electrical stimulator at a rate of
240 beatsmin~', which was similar to the baseline heart rate
of isolated hearts. Perfusion coronary pressure was measured
by a lateral connection in the perfusion cannula, and left
intraventricular pressure with a latex balloon inflated to a
diastolic pressure of 5-10 mmHg, both connected to Statham
transducers, and were recorded in a Grass model 7 polygraph.

Experimental procedures

After a 15min equilibration period with perfusion at constant
flow, the hearts were exposed to 15min of global zero-flow
ischemia, followed by reperfusion at the same flow rate as
before ischemia. After reperfusion for 15min, the coronary
vascular bed was pre-constricted by adding U46619 (100-
300nM) to the perfusion buffer, and then the coronary
relaxation to acetylcholine (10 nM—10 uM) was recorded. These
durations of ischemia and reperfusion were chosen because in
a previous study (Garcia-Villalon et al., 2004) it was found that
they impaired specifically endothelium-dependent relaxation.
Time-control hearts were perfused during the same total time
(45min) at constant flow before the concentration—response
curve to acetylcholine. Acetylcholine was delivered with an
infusion pump at a constant rate of 1:100 of the coronary
perfusion flow, just proximal to the aortic cannula during
I min. The volume infused was 0.1-0.15ml. Each concentra-
tion of acetylcholine was infused after vascular tone had
recovered from the previous concentration. Only one concen-
tration—response curve to acetylcholine was performed in each
heart to avoid tachyphylaxis. As the flow was maintained
constant, increases in perfusion pressure were considered as
constrictions, and reductions in perfusion pressure as relaxa-
tions, of the coronary vasculature.
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Figure 1 Experimental protocol followed in the present study. The
arrow marked ‘Blocker’ indicates the start of the infusion of one of
the following compounds — TEA (10 mM), glibenclamide (10 uM),
L-NAME (100 uM), meclofenamate (10 uM), or chelerythrine (3 uM).

The relaxation to acetylcholine was recorded in perfused
hearts under control conditions, in hearts after I-R, and in
hearts after I-R pretreated with urocortin (10 pM). In this case,
urocortin was added to the perfusion solution 5min before the
ischemia period and was present during reperfusion and during
acetylcholine infusion. Also, to analyze the mechanisms of
urocortin action during I-R, the effects of this peptide
were assessed in the presence of the following blockers: tetra-
ethylammonium (TEA, 10mM); blocker of Ca>*-dependent
potassium channels; glibenclamide (10 uM), blocker of Karp
channels; N"-nitro-L-arginine methyl ester (L-NAME, 100 um),
blocker of nitric oxide synthesis; meclofenamate (10 uM), blocker
of cyclooxygenase; and chelerythrine (3 uM), blocker of PKC. In
these experiments, first the blocker was added to the perfusion
solution, then urocortin was also added, I-R performed, and the
relaxation to acetylcholine recorded after I-R (Figure 1). In the
case of L-NAME, this inhibitor was removed from the solution
before recording the response to acetylcholine.

Materials

Substances used were: Urocortin (rat), 9,11-dideoxy-1a,9a-
epoxymethanoprostaglandin F-, (U46619), acetylcholine chloride,
tetraethylammonium chloride, glibenclamide, L-NAME,
meclofenamic acid sodium salt (meclofenamate) and chelery-
thrine chloride, all from Sigma.

Data analysis

The coronary relaxation is expressed as percentage of the
contraction (active tone) induced with U46619, and calculated
as means+s.e.m., from at least five hearts per condition. The
actual numbers for each condition are shown in the text or in
the figure legends, as appropriate. The coronary responses in
different experimental conditions were compared by ANOVA,
followed by Bonferroni or by Dunnet test, as appropriate, to
analyze what comparisons were statistically significant.

Results

The hearts were equilibrated at a basal perfusion pressure
of 70+3mmHg (n=11), and this basal pressure was not
modified by addition of urocortin (10pM), or after I-R
(67+2mmHg; n=38). However, systolic intraventricular pres-
sure was reduced after I-R (74 +3 vs 53 +3mmHg, P<0.001).
Pretreatment with urocortin during [-R (n = 8) did not modify
perfusion pressure (63 +5mmHg) or systolic intraventricular
pressure (51+3mmHg) compared with untreated ischemic—
reperfused hearts.
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Figure 2 Coronary vascular relaxation to acetylcholine (10 nM—10 uM) in rat perfused hearts after pre-constriction of coronary
vasculature with U46619 (100-300 nM), in control conditions (n = 11), after untreated I-R (n=6), after I-R treated with urocortin
alone (10 pM) (n=8), urocortin plus TEA (10 mM) (n=15), urocortin plus glibenclamide (10 uM) (n=>5), urocortin plus L-NAME
(100 uMm) (n=6), urocortin plus meclofenamate (10 uM) (n=15), and urocortin plus chelerythrine (3 uM) (n=26). Data shown are
means+s.e.m. * ** ***Sjonificant difference with control (*P<0.05; **P<0.01; ***P<0.001), 'Significant difference compared
with I-R nontreated (P <0.05), both by Bonferroni test, and *significant difference by Dunnett test, compared with I-R pretreated

only with urocortin (P<0.05).

Addition of U46619 after I-R or in time-control hearts
increased the perfusion pressure (74 +7 mmHg above basal in
time controls), and this increase was comparable in every
experimental condition. In the hearts pre-constricted with
U46619, acetylcholine (10 nM—10 uM) produced concentration-
dependent coronary vascular relaxation, which was less after
I-R in hearts untreated with urocortin than in control
condition, but in the ischemic-reperfused hearts treated with
urocortin, the relaxation to acetylcholine was greater than in
ischemic—reperfused hearts untreated with urocortin, although
it remained less than that observed under control conditions
(Figure 2).

In hearts subjected to I-R and treated with TEA (10 mMm),
glibenclamide (10 uM), L-NAME (100 uM) or meclofenamate
(10 uM), together with urocortin, the relaxation to acetylcho-
line was similar to that after [-R treated only with urocortin
(Figure 2).

In the ischemic—reperfused hearts treated with chelerythrine
(3 uM) and urocortin, the relaxation to acetylcholine was lower
than in those treated only with urocortin (Figure 2), and it was
similar to that in untreated ischemic—reperfused hearts.

In hearts subjected to I-R but untreated with urocortin,
TEA (10mM), glibenclamide (10uM), L-NAME (100 um),
meclofenamate (10 uM), or chelerythrine (3 uM) did not modify
the relaxation to acetylcholine (Figure 3).

Discussion

In this study, 15 min of global zero-flow ischemia followed by
15min of reperfusion did not modify coronary vascular
resistance, as coronary perfusion pressure was not changed.
This contrasts with other studies showing increases in coronary
vascular resistance after I-R, which is known as the ‘non-

reflow’ phenomenon (Kloner ez al., 1974). This discrepancy
may be due to the relatively short duration of ischemia in the
present study (15min). However, a reduction in myocardial
function, as indicated by lower systolic intraventricular
pressure, was observed. [-R may alter not only myocardial
function but also the function of coronary endothelium (Laude
et al., 2001), and this latter phenomenon was also observed in
the present study as the coronary relaxation to acetylcholine
was reduced in this condition. In a previous study from our
laboratory using the same experimental model of I-R (Garcia-
Villalon et al., 2004), we have found that the coronary
relaxation to a endothelium-independent agent (sodium
nitroprusside) is not modified, suggesting that the reduction
in the acetylcholine response found in the present study is due
to specific impairment of the endothelial function.

The results of the present study suggest that the impairment of
endothelial function during I-R may be attenuated by treatment
with urocortin, as the reduced relaxation to acetylcholine after
this condition was partly reversed by this peptide, confirming
previous studies from our laboratory (Garcia-Villalon er al,
2004). It is remarkable that this protective effect of urocortin was
observed at a low concentration (10pM), which produced no
change in coronary vascular tone. This concentration of
urocortin is higher than the concentration present in plasma of
humans under normal conditions (1 pM, Watanabe et al., 1999),
but as urocortin may be produced in the myocardial tissue
(Nishikimi ez al., 2000), it may reach, locally, a concentration
higher than in plasma, especially during myocardial ischemia,
when the production of urocortin is increased (Brar ez al., 1999).
Therefore, urocortin may act as an endogenous protective factor
of the heart during ischemia. These protective effects of
urocortin may act on the endothelial function (Garcia-Villalon
et al., 2004; present results) as well as on the myocardial function
(Brar et al., 1999; 2000) during I-R.
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Figure 3 Coronary vascular relaxation to acetylcholine (10 nM—10 uM) in rat perfused hearts after pre-constriction of coronary
vasculature with U46619 (100-300 nM), after I-R in the absence (n =6) and in the presence of TEA (10 mM) (n=15), glibenclamide
(10um) (n=9), L-NAME (100 uMm) (n=15), meclofenamate (10 uM) (n=5) and chelerythrine (3 uM) (n=35). Data shown are

means +s.e.m.

Several substances may protect the myocardial function
and/or the coronary endothelial cells during I-R. This
protective phenomenon has been subjected to intense study
because of its pathophysiological and therapeutic implications.
However, underlying mechanisms have not been completely
elucidated, and factors such as nitric oxide or prostacyclin,
different protein kinases and activation of potassium channels
have been implicated. The mechanisms of this protection in
myocardial cells may coincide in part with those for the
protection of endothelial function during I-R, and may be
partially different in both cellular types.

Activation of mitochondrial K rp channels may also be
involved in the protective effects of urocortin on myocardial
cells, as inhibitors of these channels blocked urocortin-induced
protection in rat cardiomyocytes (Lawrence et al., 2002;
Gordon et al., 2003). Also, the direct vasodilating effect of
urocortin may be mediated, in part, by potassium channels of
the Ca’* -sensitive subtype, because TEA, an inhibitor of these
channels, reduced the vasodilation to urocortin in rat coronary
arteries (Huang et al., 2003) and in human saphenous veins
(Sanz et al., 2002). Therefore, urocortin may activate ATP-
sensitive and Ca’*-sensitive potassium channels in cardiac
myocytes and in vascular smooth muscle cells, respectively.
However, we found that neither glibenclamide nor TEA
modified the urocortin-induced improvement of the coronary
endothelial function, suggesting that these channels do not
seem to be involved in the protective effect of this peptide in
endothelial cells during [-R.

Likewise, nitric oxide may participate in the relaxation by
urocortin of rat aorta (Miki et al., 2004) and renal (Sanz et al.,
2003) and coronary (Huang et al., 2002) arteries, and
vasodilator prostanoids may also participate in the vasodila-
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