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Abstract We hypothesized that pretreatment with the adenosine triphosphate - sensitive
potassium channel opener nicorandil might enhance myocardial protection and endothelial
vasodilatory response to normothermic (37°C) hyperkalemic (20 mmol/L) cardioplegia
during myocardial hypoxia. We studied the effect of nicorandil using supplementation of
the cardioplegic solution and pretreatment with nicorandil on isovolemic left ventricular
function and endothelial function by examining its influence on 5- hydroxytryptamine (5-
HT) and nitroglycerin (GTN) induced vasodilatation in the isolated rabbit heart.
Twenty one rabbit hearts were perfused using a modified Langendorff preparation. After
baseline measurements, hearts were subjected to a 35- minute period of arrest by infusing
normothermic crystalloid cardioplegic solution with and without nicorandil (Group B and
Group A) and thereafter maintained at 37°C. In a third group, nicorandil (10-*mol/L)
was given for 3 minutes prior to the infusion of cardioplegia without nicorandil (Group
C). They were reperfused with Krebs - Henseleit bicarbonate buffer at 37°C for 60 min-
utes. The isovolemic left ventricular function was not different in the three groups.
After reperfusion, the vasodilatory effects of 5- HT and GTN were markedly attenuated
in Group A. In Group B, the 5- HT response was reduced but the nitroglycerin effect
was unchanged. In Group C, coronary flow was maintained by both drugs. We conclude
that cardioplegia with pretreatment of nicorandil preserves endothelial function after 35
minutes of normothermic cardioplegic arrest.
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of Karp channel opener appears to delay the
progression of ischemic injury and to slow

Noma postulated (1) that adenosine tri- the onset of ischemia - induced contracture

phosphate-sensitive potassium (Karp) chan-
nels might open during ischemia and therefore
be instrumental in reducing the action poten-
tial plateau phase, reducing calcium influx,
and reducing the calcium -related energy cost
of contraction. During ischemia, hypoxia, or
metabolic blockade, the Kirp channel is rap-
idly activated leading to the development of
a large outward current, shortening of the
action potential, and electrical inexcitability
following contractile failure. The net effect

and hence enhance postischemic recovery.
Drug - induced K,rp channel opening affords
myocardial protection in studies of either
global and regional ischemia. However, only
the hybrid compound 2- nicothinamidoethyl
nitrate (nicorandil), a K,rp channel opener
developed in Japan, has been approved for
clinical use in ischemic heart disease.

The aim of study was to determine the
ability of nicorandil to influence global func-
tional recovery and endothelium - dependent
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vasodilatory response after normothermic
arrest induced by hyperkalemic cardioplegic
solution.

Material and Methods

Japanese white rabbits (2Kg body wt.)
were used. All animals received humane
care in compliance with the Principales of
Laboratory Animal Care and the Guide for
the Care and Use of Laborvatory Animals
published by the National Institutes of
Health (NIH Publication No. 86-23, revised
1985) .

Animals were anesthetized with halothane.
The chest was opened and 10 mg heparin
was administered intravenously. The heart
was excised and promptly placed in a cold
saline bath. The aortic root was cannulated
with a polyethylene cannula, and 20mL cold
(4°C) cardioplegic solution was infused
(Table 1). The left atrial wall was removed
and a balloon catheter was introduced
through the mitral valve into the left ventri-
cle to measure left ventricular pressure under
isovolemic conditions. The isolated heart
was mounted on a perfused circuit and per-
fused via the aortic root at a pressure of 100
cm H,O by the Langendorff technique using
Krebs - Henseleit bicarbonate buffer (KHBB,
consisting of the following [in mM] : NaCl
119.0, NaHCO; 25.0, KCl 4.6, KH,PO, 1.2,
MgSO, 1.2, CaCl, 1.3, and glucose 11.0 gas-
sed with 95% O, and 5% CO, [pH 7.4 at
37°C]. After the initial 15 min. stabilization
period, a baseline measurement was
obtained. The heart rate (HR), left

Table 1 Composition of Cardioplegic Solu-

tion
Nat (mmol/L) 85
K*  (mmol/L) 20
Ca** (mmol/L) 0.5
Mg*t (mmol/L) 10
ClI~ (mmol/L) 85
pH 7.4
Glucose (g/L) 25
Osmolarity (mOsm/L) 350

ventricular developed pressure (LVDP), and
left ventricular end - diastolic pressure
(LVEDP) were recorded as the balloon vol-
ume was increased in 0.1- mL increments
from 0 to 0.5 mL. Left ventricular pressure
was measured using a Uniflow Dispo Trans-
ducer (Baxter) and recorded on a strip chart
(Polygraph 362-2, Nihon Denki Sanei Inc.,
Tokyo, Japan). Coronary flow was mea-
sured at the baseline balloon volume for 2
minutes.

The hearts were perfused with 10-7 mol/L
5- hydroxytryptamine (5- HT, Sigma Chemi-
cal Co., St. Louis, MO) (2,3) for 3 minutes
in order to determine endothelium - dependent
flow changes. Coronary flow was recorded
for the last 2 minutes of perfusion of 5- HT.
The coronary circulation was perfused with
drug - free buffer for the next 12 minutes in
order to reestablish basal coronary flow.
The hearts were subsequently perfused with
10xg/mL nitroglycerin (GTN, The Green
Cross Co., Tokyo, Japan) for 3 minutes in
order to determine smooth muscle - dependent
flow changes. Coronary flow was measured
for the last 2 minutes of perfusion. The
mean increases in coronary flow following 5-
HT and GTN perfusion were calculated and
expressed as percentages of the control val-
ue.

Then buffer with nicorandil (10-®mol/L,
Chugai, Tokyo, Japan) was perfused for 3
minutes prior to induction of normothermic
cardioplegic arrest in Group C. The tempera-
ture was controlled by a circulating water
bath. Three perfusion groups were studied:
Group A, cardioplegia without nicorandil;
Group B, cardioplegia with nicorandil (10-3
mol/L) ; Group C, pretreatment of buffer
containing nicorandil (10~°mol/L) and cardio-
plegia without nicorandil (Fig.1).

At the end of the 35 minute period of nor-
mothermic cardioplegic arrest hearts were re-
perfused for 60 minutes. After reperfusion,
HR, LVDP, and LVEDP were measured,
and coronary flow was measured under the
same conditions of the baseline measure-
ment. Perfusions with 5- HT (10-7 mol/L)
and GTN (10xg/mL) were repeated for 3
minutes with a 12- minute washout interval
as described above. The percentage increase
in coronary flow induced by 5- HT and GTN
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Fig. 1 Protocol for comparing the effects of nicorandil, an ATP-sensitive potassium channel
opener, on cardioplegic arrest in an experimental model of ischemia and reperfusion

in isolated rabbit hearts.

was calculated as follows .

% increase in coronary flow

= [(After - Before) infusion of drug/Before
infusion of drug] X100

Statistical Analysis

Statistical analysis was performed using
analysis of variance (ANOVA) or student’s ¢
-test. All values are expressed as the
mean=*standard error of the mean with a
difference among three groups and in each
group being considered significant if the p
value was less than 0.05.

Results

Left ventricular function (Table 2)

i) LVDP. The pressure developed by the
left ventricule following 60 minutes of reper-
fusion was determined at the balloon volume
of up to 0.5mL. There was no significant
difference in LVDP before cardioplegic arrest
among the three groups. After reperfusion,

LVDP showed significant decrease compared
to that before cardioplegic arrest at each
balloon volume in each group (p<0.001).
However, LVDP after reperfusion was not
significantly different among the three
groups.

ii) LVEDP. The LVEDP incresed with
increases in balloon volume to 0.5 mL. No
significant differences were noted before car-
dioplegic arrest among the three groups.
After reperfusion, the LVEDP increased in
the similar pattern to that before cardio-
plegic arrest, and was significantly higher
than the baseline value at each balloon vol-
ume in each group (p<0.01). However,
LVEDP after reperfusion showed no signifi-
cant differences among the three groups.

iii) Response of coronary arteries to 5- HT
and GTN.

Coronary flows before cardioplegic arrest
and after reperfusion are shown in Table 3.
In Group A, after reperfusion at 37C, the
percentage increase in coronary flow caused
by 5~ HT was markedly attenuated compared
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Table2. Left

Balloon volume ( ml )

Group Variables
0 0.1 0.2 0.3 0.4 0.5

Heart rate Before 187+12

(/min.) After 165+13
A Deve]op@dPressure Before 69.8+2.7 83.9+52 90.5+5.6 954+59 102.2+7.7 104+7.3
(n=7) (mmHg)  After 50.1+3.6 57.5+54 639459 703+6.6 71.9+62 72.6+6.6
LVEDP Before 0 35407 51+08 6.8+12 99+21 11.5+24
(mmHg) After 0 74+14 11.5+26 159432 20+35 24.1+40

Heart rate Before 181+11

(/min.) After 155+8
B Developed Pressure _Before 73.6+10.279.5+10.3 85.8+9.7 91.5+94 95+7.9 1004+7.6
(n=7) (mmHg)  After 60.9+7.2 67.1+69 73.8+6.5 80.4+6.7 84.2+58 85.1+53
LVEDP Before 0 1.6+03 42409 62+1.6 7.6+22 97+27
(mmHg) After 0 42407 82+18 11.1+21 141426 18.1+3.1

Heart rate Before 181+5.4
(/min.) After 164+6 :
C Developed Pressure _Before 71.5+4.9 748454 765165 79.5+6.5 80.6+8.1 81.5+8.8
(n=7) (mmHg)  After 51.8+8.3 553+8.6 57.8484 60.7+85 63.8+10 69.1-6.8
LVEDP Before 0 38410 7.0+1.9 9.8+3.1 13.8+45 18.6+6.1
(mmHg) After 0 46+08 94+1.6 14+25 18.1+3.6 24.5+44

Table 2 Left ventricular function before cardioplegic arrest and after reperfusion. No signif-
icant differences were found in left ventricular function before cardioplegic arrest
and after reperfusion among the three groups. After reperfusion, LVDP showed
significant decrease at each balloon volume in each group (p<0.001 vs.before car-
dioplegic arrest), and LVEDP significantly increase at each balloon volume in each
group (p<0.01 vs. before cardioplegic arrest). LVDP : Left Ventricular Developed
Pressure, LVEDP : Left Ventricular End-Diastolic Pressure, Before : Before Cardio-
plegic Arrest, After . After Reperfusion. Data are presented as the mean =stan-
dard error of the mean.

Table 3 Coronary Flow before Cardioplegic Arrest and after Reperfusion

Coronary Flow ( ml/min. )

GI‘Ollp Before After
A 42.8+2.3 33.4£2.9
B 40.0+2.8 36.4+0.9
C 38.5+0.9 35.1+2.3

Before . Before Cardioplegic Arrest, After . After Reperfusion
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- Before Cardioplegic Arrest

After Reperfusion

% Increase in Coronary Flow

5-HT

Fig. 2 Percentage increase (% increase) in
coronary flow caused by 5- HT and
GTN infusion in Group A. Percentage
increase in coronary flow decreases
significantly after reperfusion. 5-
HT : 5- hydroxytryptamine, GTN :
nitroglycerin. Data are presented as
the meanztstandard error of the
mean. * p<0.05 vs. before cardio-
plegic arrest in GTN, * %p<0.01 vs.
before cardioplegic arrest in 5-HT.

to the percentage increase in coronary flow
before cardioplegic arrest (42.2+1.9% before
cardioplegic arrest vs. 5.3%1.5% increase
after reperfusion, p<0.001) and percentage
increase in coronary flow by GTN -induced
vasodilation was also reduced (45.1%£6.1%
increase before cardioplegic arrest vs. 20.9+
5.4% increase after reperfusion, p<0.05)
(Fig. 2). In Group B, the ischemia induced
by cardioplegia with nicorandil had a similar
effect on the response to 5- HT, but the
vasodilatory response to GTN was preser-
ved. Specially, 5- HT and GTN caused a
40.0+4.5% and 51.8%£10.3% increase in
preischemic coronary flow, respectively.
After reperfusion, 5- HT caused a poor
vasodilatory response (19.6%+1.9% increase
in flow, p<0.05); however, the vasodilation
induced by GTN was only mildly reduced

% Increase ih Coronary Flow

- Before Cardioplegic Arrest

After Reperfusion

70

Fig. 3 Percentage increase (% increase) in
coronary flow by 5-HT and GTN
infusion in Group B. Percentage
increase in coronary flow of 5- HT
infusion decreases significantly after
reperfusion, but GTN infusion does
not reduce % increase in coronary
flow significantly after reperfusion. 5-
HT : 5- hydroxytryptamine, GTN :
nitroglycerin. Data are presented as
the mean=*standard error of the
mean. % p<0.01 vs. before cardio-
plegic arrest in 5- HT, N.S., not sig-
nificant.

(32.6%8.3% increase in flow, N.S.; Fig.
3). In Group C, there were no significant
differences in 5- HT and GTN - induced
vasodilatory responses before cardioplegic
arrest and after reperfusion (be@ore cardio-
plegic arrest, 5- HT, 30.0%£10.9%, GTN,
28.4+3.1% : after reperfusion, 5- HT, 14.1+
7.4%, GTN, 34.6+4.1%; Fig. 4). These
data indicate that the vasodilatory responses
to either 5-HT or GTN were preserved after
reperfusion in Group C.

Discussion

Noma (1) reported that ATP - sensitive
potassium channels may provide an intrinsic
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% Increase in Coronary Flow

5-HT

GTN

Fig. 4 Percentage increase (% increase) in
coronary flow induced by 5- HT and
GTN infusion in Group C. Percentage
increase in coronary flow does not
decrease significantly after reper-
fusion. 5- HT : 5- hydroxytryptamine,
GTN ! nitroglycerin. Data are present-
ed as the mean+standard error of the
mean.

energy sparing mechanism. During ischemia,
the ATP - sensitive potassium channel is rap-
idly activated leading to the development of
a large outward current, resulting in shorten-
ing of the action potential and therefore
bringing about inexcitability and contractile
failure (4,5). The anti-ischemic properties of
potassium channel openers have been report-
ed previously (6,7,8,9,10). Mitani et al. (9)
reported that activation of the Kirp channel
and the subsequent increase in outward cur-
rent and decrease in action potential dura-
tion causes rapid reduction in the contractile
force of the ischemic myocardium, limits
intracellular calcium accumulation during is-
chemia, and reduces cellular energy damage.
The opening of the K, rp channel and subse-
quent potassium efflux may thus play an
important role in causing rapid mechanical
arrest of ischemic myocardium and thus limit
further ischemic injury. Early electrical
arrest will limit calcium influx through the
voltage - dependent calcium channel, which
will reduce calcium overload.

The present study showed that pretreat-
ment with nicorandil had more of a protec-
tive effect during cardioplegic arrest than
cardioplegia containing nicorandil. Sugimoto
et al. (11) reported that nicorandil pretreat-
ment enhances myocardial protection during
normothermic reoxygenation following 120
minutes of cold cardioplegic hypoxia in
guinea pig right ventriclar papillary muscles.
In addition, Mitani et al. (9) reported bene-
ficial pretreatment effects. On the other
hand, lemakalim, the pure isomer of the
Karp channel opener cromakalim, was inves-
tigated by Galifianes et al. (12) in the iso-
lated Langendorff - perfused rat heart during
normothermic global ischemia with cardio-
plegia with and without high potassium con-
centrations. Although significant anti - is-
chemic effects and acceleration of contractile
arrest were observed with lemakalime, these
effects were lost when it was used in combi-
nation with high - potassium cardioplegia.
Their findings support the results of the
present study.

Changes in both myocardial and vascular
function after ischemia and reperfusion may
limit the reflow pattern as is seen in the no
reflow phenomenon. The cause of no reflow
in hearts may include both myocardial and
vascular components. Endothelium - dependent
vasodilatory responses are reduced following
ischemia and reperfusion and could be
mediated by free radicals produced by
neutrophils (13) or non - neutrophil sources
(14) . In addition, the loss of vasodilator
tone could contribute to the development of
no reflow (15). The present study demon-
strated that nicorandil - pretreatment prior to
cardioplegic arrest preserved both endoth-
elium-dependent and endothelium-independent
coronary vasodilation.

Activation of ATP - sensitive potassium
channel produces hyperpolarization of mem-
branes of both vascular smooth muscle cells
and endothelium, and inhibits calcium influx
via voltage sensitive channels. This reduc-
tion in calcium influx causes vascular relaxa-

‘tion (16) . Endothelial cells regulate coronary

tone through the release of constrictors and
dilator substances (i.e., endothelium - depen-
dent relaxing factor, EDRF) (17) . Release of
EDRF from the coronary endothelium has
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been shown to be impaired after myocardial
ischemia and reperfusion (18,19). Several
studies have examined the effects of calcium
antagonists on endothelial cell function and
damage. Verapamil reduces damage to en-
dothelium - dependent vasodilatory responses
associated with myocardial ischemia and re-
perfusion in dogs (20). Benidipine also
reduces the injury to endothelial function of
mesenteric artery following transient arterial
occlusion (21). These calcium channel antag-
onists inhibit calcium influx, as do Kure
channel opening agents. Although calcium is
required for the release of EDRF, both cal-
cium channel antagonists and hyperpolariza-
tion by Karp channel opening agents do not
appear to block EDRF synthesis or release
(22) . This suggests that the entry of calcium
for the release of EDRF is not via the clas-
sic voltage operated calcium channels.

Other types of calcium channels have been
observed in endothelial cells (23) . Busse et
al. (24) reported that one of crucial factors
which modulates calcium entry into endoth-
elial cells mediating nitric oxide release is
the membrane potential. In these studies,
hyperpolarization caused by opening K*
channels enhanced nitric oxide formation in
stimulated endothelial cells. In our study,
we assume nicorandil works during reper-
fusion and that endothelial cells remain
hyperpolarized. This hyperpolarization may
play an important role in maintaining ade-
quate coronary reflow. There have been few
reports about the effects of ATP - sensitive
potassium channel opening agents on coro-
nary flow response. The present study
demonstrated that ATP - sensitive potassium
channel opening agents preserved the coro-
nary flow response in rabbit hearts subjected
to cardioplegic ischemia and reperfusion,
suggesting a role for agents in myocardial
protection.
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