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Abstract

Ž .Previous studies have shown that nitric oxide and calcitonin gene-related peptide CGRP are involved in mediation of the delayed
cardioprotection of ischemic or pharmacological preconditioning, and nitric oxide can evoke the release of CGRP. In the present study,
we examined the role of CGRP in nitric oxide-mediated delayed cardioprotection by brief intestinal ischemia in rats. The serum
concentration of creatine kinase and infarct size were measured after 45-min coronary artery occlusion and 180-min reperfusion. Ischemic
preconditioning was induced by six cycles of 4-min ischemia and 4-min reperfusion of the small intestine. Pretreatment with intestinal
ischemic preconditioning for 24, 48, or 72 h significantly reduced infarct size and creatine kinase release, and the effects of ischemic

Ž .preconditioning were completely abolished by L-nitroarginine methyl ester L-NAME, 10 mgrkg, i.p. , an inhibitor of nitric oxide
Ž .synthase, or by pretreatment with capsaicin 50 mgrkg, s.c. , which selectively depletes transmitters in capsaicin-sensitive sensory

nerves. Intestinal preconditioning caused a significant increase in plasma concentrations of CGRP, and the effect was also abolished by
L-NAME or capsaicin. These results suggest that the delayed cardioprotection afforded by intestinal ischemic preconditioning is mediated
by endogenous CGRP via the nitric oxide pathway. q 2001 Published by Elsevier Science B.V.
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1. Introduction

The preconditioning of the heart induced by brief peri-
ods of ischemia can attenuate the injury due to ischemia–

Ž .reperfusion Murry et al., 1986 , and the beneficial effects
of ischemic preconditioning are also seen in a variety of

Ž .tissues Davis et al., 1999; Gurke et al., 2000 . Recently, it
has been found that repetitive short periods of ischemia in
non-cardiac tissues such as the small intestine, kidney and

Ž .skeletal muscle Gho et al., 1996; Birnbaum et al., 1997
are also able to protect the myocardium against ischemia–
reperfusion, and this phenomenon is defined as Aremote

Ž .organ preconditioningB Yellon and Baxter, 1995 . The
mechanisms underlying preconditioning have not yet been
elucidated but one suggestion is that the protective effects
are mediated by endogenous active substances including
neurotransmitters and autocoids. Nitric oxide has been
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shown to participate in the mediation of early cardioprotec-
tion of ischemic or pharmacological preconditioning and

Žmay be an important mediator of preconditioning Vegh et
al., 1992; Massoudy et al., 1995; Hu et al., 1999; Yao and

.Gross, 1993 . It is not known, however, whether endoge-
nous nitric oxide is also involved in the delayed cardiopro-
tection afforded by remote organ preconditioning.

Ž .Calcitonin gene-related peptide CGRP , a principal
transmitter in capsaicin-sensitive sensory nerves, has been
shown to participate in mediation of the cardioprotection
induced by either cardiac preconditioning or remote organ

Žpreconditioning Li et al., 1996; Ferdinandy et al., 1997;
.Lu et al., 1999; Tang et al., 1999 . Ischemia can stimulate

the release of multiple endogenous chemical mediators. It
is likely that these endogenous substances mediate the
protective effects of ischemic preconditioning via interac-
tions with one another. Our recent work has shown that
endogenous or exogenous nitric oxide-mediated precondi-

Žtioning is related to stimulation of CGRP release He et al.,
.2001; Hu et al., 1999 . Therefore, in the present study, we

examined interactions of CGRP and nitric oxide in media-
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tion of the delayed cardioprotection provided by ischemia
of the small intestine in rats.

2. Materials and methods

All animals received humane care in compliance with
the Guide for the Care and Use of Laboratory Animals

Žpublished by the National Institutes of Health NIH publi-
.cation 86-23, revised 1986 .

2.1. Surgical preparation

Male Wistar rats weighing 260–300 g were anes-
Ž .thetized with sodium pentobarbital 60 mgrkg, i.p. , and

then mechanically ventilated with room air using a positive
pressure ventilator. The ventilation rate was maintained at
30–35 strokes miny1 with a tidal volume of approxi-

Ž .mately 15 ml. Electrocardiograph ECG leads were con-
nected to the chest and limbs for continuous ECG monitor-
ing throughout the experiment. A left thoracotomy was
performed in the fourth intercostal space and the peri-
cardium was opened to expose the heart. A 4–0 silk suture
was passed around the left coronary artery and a snare was
formed by passing both ends of the suture through a piece
of polyethylene tubing. Occlusion of the coronary artery,
by clamping the snare against the surface of the heart,
caused an area of epicardial cyanosis with regional hypoki-
nesis and ECG changes. Reperfusion was achieved by
releasing the snare and was confirmed by conspicuous
hyperaemic blushing of the previously ischemic my-
ocardium and gradual resolution of the changes in the
ECG signal.

The anterior mesenteric artery was dissected free and a
suture was placed around the artery to facilitate occlusion
with a traumatic clamp. After the ischemic stimulus was
applied, the abdomen was closed. The ischemia–reperfu-
sion group underwent the same procedure but without
clipping of the anterior mesenteric artery.

2.2. Experimental protocols

The experiment was done with the animals randomly
divided into seven groups. All animals were subjected to
45 min of coronary artery occlusion followed by 180 min
of reperfusion. In the intestinal ischemic preconditioning
group, the rats were subjected to six cycles of 4-min
anterior mesenteric artery occlusion followed by 4-min
reperfusion 24, 48, or 72 h before coronary artery occlu-

Ž .sion. For L-nitroarginine methyl ester L-NAME and cap-
Žsaicin, the rats were pretreated with L-NAME 10 mgrkg,

. Ži.p. or capsaicin 50 mgrkg, disolved in a vehicle contain-
.ing 10% Tween 80, 10% ethanol and 80% saline, s.c. for

30 min and 4 days, respectively, before anterior mesenteric
artery occlusion.

The second series of experiments was designed to eval-
uate the effect of intestinal ischemic preconditioning on
the release of CGRP. In order to rule out the effect of
myocardial ischemia on CGRP levels, all groups were
subjected to the same procedures as in the first series of
experiments apart from coronary artery occlusion.

2.3. Infarct size and risk area

At the end of 3-h reperfusion, blood samples were
collected from the carotid artery. The left coronary was

Ž .re-occluded, and 1 ml Evans blue 1% was injected into
the left ventricular cavity in vivo and was allowed to
perfuse the non-ischemic portions of the heart. The entire
heart was excised, frozen, and then sliced into 1-mm thick
sections from apex to base. The slices were incubated in

Ž .1% triphenyl tetrazolium chloride TTC solution at 37 8C
for 20 min to stain the viable myocardium brick red. The
samples were then fixed in a 10% formalin solution for 24
h. Sections were traced onto acetate sheets. The area of
infarct and risk zone were determined by planimetry of the
tracings.

2.4. Creatine kinase assay

At the end of 3-h reperfusion, serum creatine kinase
activity was measured spectrophotometrically.

2.5. Measurement of CGRP-like immunoreactiÕity leÕels

Ž .Blood samples 3 ml were collected from the carotid
artery 24, 48, and 72 h after intestinal ischemic precondi-
tioning, and placed in tubes containing 10% Na EDTA, 402

ml, and aprotinin 400 mUrl. Plasma was obtained by
Ž .centrifugation at 1300=g for 20 min 4 8C . Plasma

concentrations of CGRP-like immunoreactivity were deter-
mined with radioimmuoassay kits and antisera raised
against rat CGRP, 125I-labelled CGRP and rat CGRP stan-
dard.

2.6. Reagents

Capsaicin, L-nitroarginine methyl ester, triphenyl tetra-
zolium chloride and Evans blue were purchased from

Ž .Sigma St Louis, MO, USA . Creatine kinase assay kits
Žwere obtained from Zhongsheng Bioengineering Beijing,

.P. R. China . Radioimmunoassay kits for measurement of
CGRP were purchased from the Immunity Institute of

Ž .Dongya Beijing, P. R. China .

2.7. Statistical analysis

Data are expressed as means"S.E.M. All values were
analyzed with a one-way analysis of variance and the
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Table 1
Heart wet weight, area at risk and infarct size of each group

Group n Heart wet Area at risk Infarct size
3 3Ž . Ž . Ž .weight g cm cm

Ischemia–reperfusion 7 0.75"0.01 0.39"0.01 0.24"0.03
aŽ .qPC 24 h 7 0.76"0.01 0.39"0.01 0.16"0.01
aŽ .qPC 48 h 7 0.75"0.01 0.38"0.01 0.12"0.01
aŽ .qPC 72 h 7 0.76"0.01 0.37"0.01 0.15"0.02
bŽ .qPC 48 h and L-NAME 7 0.75"0.01 0.40"0.01 0.21"0.01

Ž . Ž .qPC 48 h and vehicle Cap 6 0.75"0.01 0.40"0.01 0.15"0.02
cŽ .qPC 48 h and Cap 6 0.76"0.01 0.40"0.01 0.22"0.01

Ž .Values are means"S.E.M.; PC 24, 48, or 72 h : pretreatment with intestinal ischemic preconditioning for 24, 48, or 72 h; L-NAME: L-nitroarginine
Ž . Ž .methyl ester 10 mgrkg, i.p. ; Cap: capsaicin 50 mgrkg, s.c. .

aP-0.01 vs. control.
bP-0.01 vs. 48 h.
cP-0.05 vs. vehicle.

Student Newman–Keuls test. P-0.05 was regarded as
significant.

3. Results

3.1. Infarct size

As shown in Table 1, there were no significant differ-
ences in heart weights and risk zone among groups, indi-
cating that the size of the risk zone was comparable in all
groups. Ischemia–reperfusion caused 62.0"5.13% necro-
sis in the area at risk. Infarct size was reduced after
pretreatment with intestinal ischemic preconditioning for
24, 48, or 72 h, and the maximal protective effect of
ischemic preconditioning was at 48 h. L-NAME, an in-
hibitor of nitric oxide synthase, or pretreatment with cap-
saicin, which depletes transmitters in sensory nerves, abol-
ished the decrease in infarct size by intestinal ischemic

Fig. 1. Effect of intestinal ischemic preconditioning on creatine kinase
Ž .activity. All values were expressed as means"S.E.M. ns6 . IrR:

Ž .ischemia–reperfusion; PC 24, 48, or 72 h : pretreatment with intestinal
ischemic preconditioning for 24, 48, or 72 h; L-NAME: L-nitroarginine
methyl ester; Cap: capsaicin. ))P-0.01 vs. IrR; q qP-0.01 vs. PC
Ž . a a48 h ; P-0.01 vs. PC and vehicle.

preconditioning. The vehicle of capsaicin had no effect on
the protection provided by intestinal ischemic precondi-

Ž .tioning Fig. 1 .

3.2. Creatine kinase release

Ischemia–reperfusion caused a significant increase in
the serum level of creatine kinase. Similarly, the release of
creatine kinase was reduced after pretreatment with intesti-
nal ischemic preconditoning for 24, 48, or 72 h, and the
effects were also abolished by L-NAME or capsaicin pre-
treatment. The vehicle of capsaicin also had no effect on

Ž .the release of creatine kinase during reperfusion Fig. 2 .

3.3. Plasma concentrations of CGRP-like immunoreactiÕ-
ity

CGRP-like immunoreactivity levels in plasma were sig-
nificantly elevated after pretreatment with intestinal is-

Fig. 2. Effect of intestinal preconditioning on myocardial infarct size,
Ž .expressed as percentage of the area at risk AAR . All values were

Ž .expressed as means"S.E.M. ns6–7 . IrR: ischemia–reperfusion; PC
Ž .24, 48, or 72 h : pretreatment with intestinal ischemic preconditioning
for 24, 48, or 72 h; L-NAME: L-nitroarginine methyl ester; Cap: cap-

)) qq Ž . asaicin. P-0.01 vs. IrR; P-0.01 vs. PC 48 h ; P-0.05 vs.
PC and vehicle.
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Fig. 3. Effects of intestinal ischemic preconditioning on plasma concen-
trations of CGRP-LI. All values were expressed as means"S.E.M.
Ž . Ž .ns6 . IrR: ischemia–reperfusion; PC 24, 48, or 72 h : pretreatment
with intestinal ischemic preconditioning for 24, 48, or 72 h; L-NAME:
L-nitroarginine methyl ester; Cap: capsaicin. ))P-0.01 vs. IrR; qqP

Ž . a a

-0.01 vs. PC 48 h ; P-0.01 vs. PC and vehicle.

chemic preconditioning for 24, 48, or 72 h. However, these
increases in CGRP-like immunoreactivity by intestinal is-
chemic preconditioning were abolished by L-NAME or

Ž .pretreatment with capsaicin Fig. 3 .

4. Discussion

It has been demonstrated that short-term ischemia not
only triggers early preconditioning, but also induces de-
layed preconditioning or Asecond window of protectionB
Ž .Kuzuya et al., 1993; Yellon and Baxter, 1995 . It has been
shown that the delayed cardioprotection provided by a
pacing stimulus, or coronary occlusion, or drug pretreat-
ment appears 24 h after preconditioning treatment and

Žcontinues up to 72 h Parratt and Szekeres, 1995; Baxter et
.al., 1997; Baxter and Yellon, 1997 . In the present study,

the cardioprotection was present at 24 h after ischemia of
the small intestine, became manifest at 48 h, lasted for at
least 3 days. The time course of this delayed protection
afforded by brief ischemia of the small intestine is similar
to that of the delayed protection of cardiac ischemic
preconditioning.

There is substantial evidence to suggest that endoge-
nous chemical mediators may play a pivotal role in the
mediation of the protective effects of ischemic precondi-
tioning. Previous investigations have shown that endoge-
nous nitric oxide is involved in the early protection of

Žheart or intestinal preconditioning Vegh et al., 1992;
Massoudy et al., 1995; He et al., 2001; Yao and Gross,

.1993; Hotter et al., 1996 . Recently, it has been shown that
nitric oxide, endogenous or exogenous, is also involved in
the delayed cardioprotection by ischemic preconditioning
Ž .Bolli et al., 1997; Jones et al., 1999 . In the present study,
the delayed cardioprotection provided by brief periods of

ischemia in the small intestine was abolished by pretreat-
ment with L-NAME, an inhibitor of nitric oxide synthase.
These results support the hypothesis that nitric oxide may
be an important mediator of the delayed cardioprotection
induced by cardiac or remote organ preconditioning.

Neurogenic mechanisms have been suggested to be
involved in the preconditioning induced by the intestinal
preconditioning, and this is documented by previous obser-
vations that the cardioprotection by intestinal precondition-
ing is abolished by hexamethonium, a ganglion blocker
Ž .Gho et al., 1996 . Previous studies have suggested that the
beneficial effect of ischemic preconditioning is associated
with stimulation of endogenous CGRP release, and CGRP
also participates in mediation of the delayed precondition-

Žing afforded by heat stress or drug pretreatment Song et
.al., 1999; He et al., 2001 . Our recent work has shown that

CGRP is involved in the early and delayed cardioprotec-
tion afforded by brief ischemia of the small intestine in

Ž .rabbits Tang et al., 1999 . In the present study, short-term
ischemia of the small intestine in rats reduced infarct size
and the release of creatine kinase concomitantly with an
increase in plasma concentrations of CGRP, and the pro-
tective effects of intestinal preconditioning were abolished
by pretreatment with capsaicin, which selectively deletes
transmitters in capsaicin-sensitive sensory nerves. These
findings suggest that the delayed cardioprotection induced
by intestinal preconditioning is related to activation of
capsaicin-sensitive sensory nerves.

Capsaicin-sensitive sensory nerves contain a number of
peptides, including CGRP, substance P and neurokinin A
Ž .Franco-Cereceda.,1988 . Besides CGRP, substance P and
neurokinin A could also mediate the effects of ischemic
preconditioning. Among these peptides, CGRP has been
shown to possess a beneficial effect on the myocardium
and endothelial cells. Recently, it has been shown that the
protection by ischemic preconditioning in vivo is abolished

Ž .by CGRP antibodies Ouyang et al., 1999 . As mentioned
above, in the present study, short-term ischemia of the
small intestine caused an increase in concentrations of
CGRP. These findings allow us to speculate that CGRP
may play an important role in mediation of the delayed
cardioprotection provided by intestinal preconditioning.

Previous investigations have suggested that endogenous
substances mediate the protective effects of ischemic pre-
conditioning via interactions with one another. Interactions
of peptide with various autocoids, including nitric oxide,

Žhave been shown to occur pre-and postjunctionally Wei et
.al., 1992; Booth et al., 2000 . There is evidence that

nitroglycerin, a nitric oxide donor, significantly evokes the
Žrelease of CGRP in central and peripheral vessels Bredt et

.al., 1990; Huges and Brain, 1994 . The early protection by
nitroglycerin-induced preconditioning has been shown to
be related to stimulation of CGRP release. Recently, our
work has shown that monophosphoryl lipid A-induced
delayed preconditioning is mediated by CGRP through the

Ž .nitric oxide pathway He et al., 2001 . In the present study,



( )L. Xiao et al.rEuropean Journal of Pharmacology 427 2001 131–135 135

the cardioprotection as well as the increased level of
CGRP induced by intestinal preconditioning were abol-
ished by pretreatment with L-NAME. This suggests that
the delayed cardioprotection induced by intestinal precon-
ditioning is also mediated by endogenous CGRP via the
nitric oxide pathway.

In summary, the present results suggest that the delayed
cardioprotection by intestinal ischemic preconditioning in-
volves the release of CGRP via the nitric oxide pathway.
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