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Abstract

Purpose Ventricular arrhythmias (VAs) are a common cause of sudden death in acute myocardial infarction (MI), for which
hypertension is a major risk factor. Nicorandil opens ATP-sensitive potassium (KATP) channels, which are expressed by
nerve terminals and cardiomyocytes and regulate the release of norepinephrine (NE). However, the effects of nicorandil
on ischemic NE release in cardiac tissue remain unclear. Therefore, we herein investigated whether nicorandil suppressed
interstitial NE concentrations and VAs during acute MI in pressure overload—induced hypertrophic hearts.

Methods Rats were divided into two groups: an abdominal aortic constriction (AAC) group and sham-operated (Sham)
group. Four weeks after constriction, cardiac geometry and functions were examined using echocardiography and hemody-
namic analyses. Myocardial ischemia was induced by coronary artery occlusion for 100 min with or without the administra-
tion of nicorandil. VAs were assessed by electrocardiography, and NE concentrations in the ischemic region were measured
using a micro-dialysis method.

Results AAC induced left ventricular hypertrophy with diastolic dysfunction. VAs markedly increased in the early phase
(0-20 min) of ischemia in both groups and were more frequent in the AAC group. Cardiac interstitial NE concentrations were
higher in the AAC group before ischemia and significantly increased during ischemia in both groups. Nicorandil significantly
suppressed ischemia-induced VAs and NE increases in the AAC group.

Conclusion Ischemia-induced VAs were more frequent in hypertrophic hearts and associated with high interstitial concen-
trations of NE. The attenuation of ischemia-induced increases in NE through neuronal KATP opening by nicorandil may
suppress ischemia-induced VAs in hypertrophic hearts.
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Introduction

Hypertension is a common lifestyle-related disease that is
highly prevalent in the elderly. Left ventricular (LV) hyper-
trophy is a cardiac manifestation of hypertensive cardiac dis-
orders and an important risk factor for sudden cardiac death
and arrhythmias [1-3]. Hypertension is also a prevalent risk
factor for ischemic heart diseases, such as angina pectoris
and myocardial infarction, the incidence of which was esti-
mated to be 2- to 3-fold higher than that in normotensive
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individuals in the Framingham study [3]. In acute myocar-
dial infarction, severe ventricular arrhythmias (VAs), such
as ventricular fibrillation (Vf) and sustained ventricular
tachycardia (VT), are frequent causes of death because they
occur during the first hour of the onset of ischemia before
medical monitoring [4, 5]. In acute ischemia, VAs consist of
2 phases. The first phase of VAs, occurring in the first 2 to
30 min, is attributed to abnormal automaticity and reentry,
while the latter phase, occurring 1.5 to 72 h after the onset
of acute myocardial infarction, occurs due to abnormal auto-
maticity in surviving Purkinje fibers and is associated with
the reperfusion of ischemic areas [6]. The coexistence of
acute ischemia and LV hypertrophy was previously shown
to induce greater alterations in the electrophysiological state
than in non-hypertrophic hearts, and increased the induc-
ibility of VAs [7].
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Adenosine triphosphate (ATP)-sensitive potassium
(KATP) channels are expressed by various types of cells in
cardiac tissue, such as cardiac myocytes, vascular smooth
muscle cells, and autonomic neurons, and KATP channels
are present in the sarcolemma and mitochondria of these
cells [8-10]. The KATP channel almost closes under nor-
moxic conditions; however, under ischemic conditions, the
depletion of intracellular ATP concentrations and the accu-
mulation of ischemia-associated metabolites, such as adeno-
sine diphosphate and lactate, open the channel. Nicorandil
is a hybrid compound of an ATP channel opener and nitrate
and is typically used in the treatment of angina pectoris as
a coronary vasodilator. In patients with acute myocardial
infarction, the administration of nicorandil before coro-
nary interventions reduces infarct sizes and ischemia-rep-
erfusion-induced arrhythmia by attenuating the no-reflow
phenomenon [11-13]. Furthermore, the administration of
nicorandil prior to ischemia has been shown to ameliorate
ischemia-reperfusion injury, including arrhythmia, as phar-
macological preconditioning in several types of animals
[14—16]. The suppression of cardiac inflammation and direct
myocyte protection were previously identified as some of
the protective effects of nicorandil [14—16]. In cardiac myo-
cytes, the attenuation of Ca overload and mitochondrial pro-
tection were found to contribute to the beneficial effects of
KATP channel openers in ischemia—reperfusion injury [17,
18]. KATP channels are also expressed by the presynaptic
and postsynaptic membranes of sympathetic nerves, which
regulate neurotransmitter release, including norepinephrine
(NE), in cardiac tissue [9, 19, 20]. In acute neuron injury,
the opening of KATP channels has been shown to protect
neurons [21]. However, the effects of nicorandil on neu-
ronal NE release and associated VAs under acute ischemia
in hearts, particularly hypertrophic hearts, remain unclear.
Therefore, the present study investigated whether nicorandil
suppressed ischemia-induced neuronal NE release and VAs
using chronic pressure overload—induced cardiac hyper-
trophic rats by abdominal aortic constriction (AAC).

Methods

All procedures conformed to the Guide for the Care and Use
of Laboratory Animals published by the US National Insti-
tutes of Health. The experimental protocol was approved by
the Bioethics Committee of Kyoto Pharmaceutical Univer-
sity and was conducted in accordance with the rules for Ani-
mal Experimentation of Kyoto Pharmaceutical University.

Experimental Animals and Protocols

Eight-week-old male Sprague Dawley rats were anesthetized
with an intraperitoneal injection of sodium pentobarbital
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(35 mg/kg). Rats were randomly divided into two groups: (1)
an AAC group and (2) sham-operated (Sham) group. AAC
was performed by placing a ligature around the abdominal
aorta and a 24-gauge needle and then removing the needle.
Sham-operated animals were treated similarly except that
the suture around the abdominal aorta was not tied. Four
weeks after surgery, 67 rats in each group were subjected
to echocardiography and hemodynamic analyses under anes-
thesia with urethane (1.2 mg/kg). Rats were then sacrificed,
and the hearts and lungs were extracted and weighed. The
LV was extracted, weighed, and stored for later analyses.
The remaining rats in each group were further divided into
the following groups: (1-1) an untreated AAC (AAC-cont,
n=35) group, (1-2) nicorandil (20 pg/kg/min)-treated AAC
(AAC-nico, n=5) group, (2-1) untreated sham (Sham-cont,
n=7) group, and (2-2) nicorandil (20 pg/kg/min)-treated
sham (Sham-nico, n=6) group. Under anesthesia with ure-
thane (1.2 mg/kg) and controlled ventilation, electrocardi-
ography was recorded from limb electrodes to assess VAs
and a polyethylene tube was inserted into the femoral vein
for the infusion of nicorandil. Another polyethylene tube was
inserted into the femoral artery to measure blood pressure.
Body temperature was maintained at 37 “C by a controlled
warm bed. After thoracotomy, the heart was exposed and a
microdialysis probe (EVAL, length 5 mm, OD 0.225 mm,
and ID 0.175 mm; SB Kawasumi Co., Kawasaki, Japan) was
implanted in the anterior wall of the LV (Fig. 1a, b). A 6-0
silk suture was inserted around the left anterior coronary
artery and set to the occluder. After 120 min of stabilization,
VAs were assessed for 20 min before ischemia and follow-
ing acute myocardial ischemia by occlusion of the coronary
artery for 100 min in the presence or absence of the infusion
of nicorandil (20 pg/kg/min) (Fig. 1c).

LV Echocardiographic Studies

Four weeks after AAC surgery, LV function was assessed
by transthoracic echocardiography with a 15-MHz sector
scan probe (Sonos 5500, Phillips Medical Systems Japan,
Tokyo, Japan). Diastolic interventricular septum wall thick-
ness, diastolic posterior wall thickness, LV end-diastolic
diameter (LVEDd) and end-systolic diameter (LVEDs), LV
fractional shortening (LVFS), and the LV ejection fraction
(LVEF) were measured using M-mode recordings at the
level of the mitral tip.

Hemodynamic Analyses

After echocardiography, hemodynamic parameters were
assessed. A 1.6-F catheter-tip pressure manometer (PRIM-
ETECH Co., Tokyo, Japan) was inserted via the right carotid
artery into the LV and connected to a transducer. LV systolic
pressure (LVSP), LV end-diastolic pressure (LVEDP), and
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Fig. 1 Structure of the microdialysis probe (a), schema of interstitial
fluid collection in the ischemic region of the left ventricle (b), and the
experimental protocol (c). Five millimeters of a PAN dialysis mem-
brane (a) was inserted between polyethylene capillaries and inserted
in the anterior wall of the left ventricle (the area of left anterior coro-
nary perfusion). Ringer’s solution was perfused from the inlet poly-
ethylene capillary, and the dialysate was collected from the outlet
polyethylene capillary (b). Time course of the experimental protocol

the maximal rates of LV pressure increases (+dP/dt,,,) and
decreases (—dP/dt,,,,) were measured.

Histological Analysis

After hemodynamic analyses, hearts were extracted and
washed in isotonic saline. After separation from the right
ventricle, the LV was fixed with phosphate-buffered 4%
paraformaldehyde solution and embedded with paraffin.
Paraffin-embedded tissue samples were cut into 4-pm-thick
sections. Sections were deparaffinized with xylene, stained
with hematoxylin—eosin (HE) and Sirius Red, and examined
using an optical microscope system (Olympus IX71). The
sizes of cardiac myocytes were assessed by cross-sectional
area measurements using HE-stained sections, and the per-
centage area of interstitial fibrosis was calculated using
Sirius Red-stained sections. In the assessment of cross-
sectional myocyte areas, a suitable area of myocytes was
defined as that with myofiber shapes and circular capillary
profiles (indicative of a true transverse section). The circum-
ferences of more than 100 myocytes were traced, and the

(c). Sham, sham-operated group; AAC, abdominal aortic constriction
group. Four weeks after surgery, Sham- and AAC-treated rats were
further divided into the four groups: untreated sham group (Sham-
cont), nicorandil-treated sham group (Sham-nico), untreated AAC
group (AAC-cont), and nicorandil-treated AAC group (AAC-nico).
Rats were subjected to ischemia by occlusion of the left anterior coro-
nary artery for 100 min in the presence or absence of the infusion of
nicorandil

computerized pixels of each sample were counted. Cardiac
interstitial fibrosis was quantified by counting the pink pixel
content in a computer-assisted image analysis program using
Sirius Red-stained sections and calculated as the sum of
the area of fibrosis divided by the sum of the cardiac tissue
area in the field. At least five independent fields of the myo-
cardium in each sample were photographed and quantified.

Measurement of NE Levels in Cardiac Tissue

Myocardial interstitial NE concentrations were assessed
using the microdialysis method [22]. The microdialysis
probe implanted in the anterior wall of the LV was perfused
with Ringer’s solution at a rate of 1.5 pL/min and stabi-
lized for 120 min (Fig. 1a, b). The composition of Ringer’s
solution was as follows (mmol/L): NaCl 147, KC14.02, and
CaCl, 2.7. After stabilization, the dialysate was sampled for
20 min before and after ischemia in the presence or absence
of the infusion of nicorandil during the ischemic period.
Dialysate samples were frozen at — 80 °C for later analyses.
NE contents in collected dialysates were measured using
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high-performance liquid chromatography and an electro-
chemical detection system [23].

Statistical Analysis

StatView software version 5.0 (SAS Institute, Inc., NC,
USA) and EZR software were used to analyze the sig-
nificance of differences. All values are expressed as the
mean + SEM. Data were examined by Student’s ¢ test
(Fig. 2b, c, d, e, f, Fig. 3a, b, Fig. 7b (before versus after
ischemia), and Table 1), a one-way ANOVA for repeated
measures followed by Fisher’s protected least significant dif-
ference test (Fig. 4a, Fig. Sa, Fig. 6a), or a one-way ANOVA
for multiple comparisons followed by the protected least sig-
nificant difference test (Fig. 4b, Fig. 5b, Fig. 6b, Fig. 7a).

The proportion of rats exhibiting Vf was analyzed using a
contingency table analysis. A p value <0.05 was considered
to be significant.

Results

Body and Organ Weights and Hemodynamic
Analyses

Body and organ weights and hemodynamic data 4 weeks
after surgery are shown in Table 1. Body weights were
similar between the Sham and AAC groups. However, the
ratio of heart weight-to-body weight and the ratio of LV
weight-to-body weight significantly increased in the AAC
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gery in Sham and AAC groups. (mm) (%)
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Table 1 Physical characteristics and hemodynamic data

Sham AAC
BW* (g) 438.142.6 4229494
HW/BW (mg/g) 2.60+0.06 3.2240.13%
LVW/BW (mg/g) 1.84+0.03 2.36+£0.09%
LungW/BW (mg/g) 3.63+0.20 4.15+0.36
HR® (/min) 426.4+13.7 365.8+16.9%
LVSP (mmHg) 942+1.7 115.0+5.9%
LVEDP (mmHg) 278+1.12 11.39+1.08%
+dP/dt,, (mmHg/s) 5343+375 4493 +341
—dP/dt,, (mmHg/s) 4060 +252 2660 +253*

BW body weight, HW heart weight, LVW left ventricular weight,
LungW lung weight, HR heart rate, LVSP left ventricular systolic
pressure, LVEDP left ventricular end-diastolic pressure,+dP/dt

max
peak positive first derivative of left ventricular pressure, —dP/dt

peak negative first derivative of left ventricular pressure "
*p <0.05 versus Sham

“BW, HW/BW, LVW/BW, and LungW/BW (n=7)

°HR, LVSP, LVEDP, + dP/dt,,., and — dP/dt, ., (n=6)

max? max

group, suggesting that chronic pressure overload by AAC
induced LV hypertrophy. AAC also significantly increased
LVSP. In addition, heart rates (HRs) were lower in the
AAC group than in the Sham group. Maximum increases
in LV pressure (4+dP/dz,,.), an indicator of LV systolic
function, and LVEDP as well as the maximum decrease
in LV pressure (—dP/dt,,,,), an indicator of LV diastolic
function, were measured. +dP/dt,,, was similar between
the Sham and AAC groups. LVEDP was significantly
higher (by fourfold), and — dP/dt,,,, was lower (by 35%)
in the AAC group than in the Sham group, indicating that

Fig.4 Effects of nicorandil on ( a)
ischemia-induced premature

ventricular contractions (PVCs). (/20 min)
Ventricular arrhythmias were 100 -

assessed by electrocardiography.
The line graph shows the time
course of PVCs in the Sham and 80 1‘|’
AAC groups in the presence or
absence of nicorandil (a), and
the bar graph shows the number
of PVCs during the first 20 min
of ischemia (b). Sham-cont,
untreated sham-operated group
(n="7); Sham-nico, nicorandil- 40 -
treated sham-operated group
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PVC

AAC induced LV diastolic dysfunction with preserved
systolic function.

Echocardiographic Assessments

Echocardiographic assessments of LV geometry and func-
tion 4 weeks after AAC surgery are shown in Fig. 2. Four
weeks after AAC surgery, the diastolic diameters of the LV
were similar in the AAC and Sham groups. In addition,
LVES and LVEF, indicators of LV systolic function, were
similar between the Sham and AAC groups. On the other
hand, the interventricular septum and posterior wall of the
LV were markedly thicker in the AAC group.

Histological Assessments

Myocyte hypertrophy and interstitial fibrosis in the LV are
shown in Fig. 3. Figure 3a (left photos) and 3b (left photos)
shows representative sections stained with HE and Sirius
Red, respectively, 4 weeks after surgery. Quantitative meas-
urements of the cross-sectional areas of myocytes, an indica-
tor of myocyte hypertrophy, are shown in Fig. 3a (bar graph).
The cross-sectional area was significantly increased in the
AAC group, indicating myocyte hypertrophy. Furthermore,
in Sirius Red—stained sections, the percentage of pink areas,
which indicate interstitial fibrosis, was significantly higher in
the AAC group than in the Sham group (Fig. 3b, bar graph).

Assessment of Ischemia-Induced VAs

Acute ischemia—induced VAs were assessed by electro-
cardiography. The time courses of premature ventricular
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Fig.5 Effects of nicorandil on
ischemia-induced ventricular
tachycardia (VT). VT was
assessed by electrocardiogra-
phy. The line graph shows the
time course of VT in the Sham
and AAC groups in the presence
or absence of nicorandil (a), and
the bar graph shows the number
of VT during the first 20 min

of ischemia (b). Sham-cont,
untreated sham-operated group
(n=17); Sham-nico, nicorandil-
treated sham-operated group
(n=15); AAC-cont, untreated
AAC-operated group (n=5);
AAC-nico, nicorandil-treated
AAC-operated group (n=6).
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Fig.6 Effects of nicorandil on
ischemia-induced premature
ventricular fibrillation (Vf). Vf
was assessed by electrocardiog-
raphy. The line graph shows the
time course of Vf in the Sham
and AAC groups in the presence
or absence of nicorandil (a), and
the bar graph shows the number
of Vf during the first 20 min

of ischemia (b). Sham-cont,
untreated sham-operated group
(n=17); Sham-nico, nicorandil-
treated sham-operated group
(n=5); AAC-cont, untreated
AAC-operated group (n=35);
AAC-nico, nicorandil-treated
AAC-operated group (n=6).
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contractions (PVCs), VT, and Vf are shown in Figs. 4a, 5Sa,
and 6a, respectively. Before ischemia, VAs were not detected
in the Sham or AAC group. During ischemia by left anterior
coronary occlusion, the number of PVCs markedly increased
within 20 min and then gradually decreased (Fig. 4a). The
time course change in PVCs was greater in the AAC-cont
group than in the other groups. The total number of PVCs
in the first 20 min of ischemia is shown in Fig. 4b. The
frequency of ischemia-induced PVCs was 2.7-fold higher
in the AAC-cont group than in the Sham-cont group. The
administration of nicorandil during ischemia did not affect

@ Springer

| \VSEELY
pre 0-20 20-40 40-60 60-80 80-100 69 /59 ZvQO ZVQO
Ischemia (min y 2. -
ia (min) O %, M o

blood pressure. On the other hand, the frequency of PVCs
was slightly lower in the Sham-nico group than in the
Sham-cont group, significantly lower by 80% in the AAC-
nico group than in the AAC-cont group, and similar in the
AAC-nico and Sham-cont groups. VT was observed dur-
ing the early phase of ischemia, similar to PVCs (Fig. 5a).
The time course change in VT was significantly greater in
the AAC-cont group than in the Sham groups and slightly
greater in the AAC-cont group than in the AAC-nico group
(p=0.07) (Fig. 5a). The total frequency of VT in the first
20 min of ischemia is shown in Fig. 5b. Similar to the results
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Fig.7 Effects of nicorandil (a)

on ischemia-induced inter-

stitial norepinephrine (NE) (ng/mL)
concentrations. Interstitial NE 8-
concentrations in the ischemic

region of the left ventricle were
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on PVCs, the frequency of VT was significantly higher in the
AAC-cont group than in the Sham-cont group. The infusion
of nicorandil significantly suppressed VT during the first
20 min of ischemia in AAC rats. Vf was also observed in
the early phase of ischemia (Fig. 6a), with 60% and 14.2%
of rats exhibiting Vf in the AAC-cont group and Sham-cont
group, respectively. During the first 20 min of ischemia, the
frequency of Vf was higher in the AAC-cont group than in
the Sham-cont group. The infusion of nicorandil slightly
reduced (p =0.06) the proportion of rats exhibiting Vf in
the AAC groups, while Vf did not occur in the Sham-nico
or AAC-nico group.

NE Concentrations in the Ischemic Region of the LV

Increases in intracellular NE concentrations play critical
roles in VAs in the early phase of ischemia. Therefore, inter-
stitial NE concentrations in the ischemic region of the LV
were assessed using the microdialysis method and are shown
in Fig. 7. NE concentrations before ischemia were approxi-
mately 3-fold higher in the AAC-cont and AAC-nico groups
than in the Sham-cont and Sham-nico groups (Fig. 7a). Dur-
ing the first 20 min of ischemia, NE concentrations in the
ischemic region significantly increased in the Sham-cont,
Sham-nico, and AAC-cont groups, and tissue NE concentra-
tions were 2.6-fold higher in the early phase of ischemia in
the AAC-cont group than in the Sham-cont group. Further-
more, nicorandil significantly suppressed ischemia-induced
increases in NE in the AAC-nico group.
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Discussion

The present results demonstrated that 4 weeks of pressure
overload by AAC induced LV hypertrophy and associated
histological LV remodeling, such as myocyte hypertrophy
and interstitial fibrosis, leading to LV diastolic dysfunc-
tion with preserved systolic function. Acute ischemia by
the occlusion of the coronary artery induced VAs more
frequently in AAC-induced hypertrophic hearts than in
non-hypertrophic Sham hearts. In addition, cardiac inter-
stitial NE concentrations before ischemia were higher in
the AAC group than in the Sham group and were signifi-
cantly increased in both groups by ischemia. The infusion
of nicorandil during ischemia suppressed ischemia-induced
VAs and abolished Vf in association with the suppression of
ischemia-induced increases in interstitial NE concentrations
in AAC-induced hypertrophic hearts.

In the present study, +dP/dt,,,,, LVFS, and LVEF were
similar between the AAC and Sham groups. On the other
hand, LVEDP was significantly increased and —dP/dz,,,, was
smaller in the AAC group, indicating that AAC induced LV
diastolic dysfunction with preserved systolic function. Accu-
mulating evidence suggests that pressure overload—induced
hypertrophy impairs LV diastolic function, which is consist-
ent with the present results [24]. Four weeks after surgery,
HR was significantly lower in the AAC group than in the
Sham group. HR is dependent on the duration of diastole
[25, 26]. Pressure overload—induced LV hypertrophy caused
cardiac diastolic dysfunction in the present study, while a
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clinical study reported a longer duration of diastole due to
diastolic dysfunction in hypertensive patients [27]. There-
fore, diastolic dysfunction due to pressure overload may
prolong the duration of cardiac diastole, which resulted in
reduced HR in the present study.

In hypertrophic hearts, cardiac fibrosis—induced ana-
tomical uncoupling and reentry mechanisms contribute to
arrhythmia. In the present model, interstitial fibrosis and
myocyte hypertrophy were observed after AAC. In the
AAC model used in the present study, the abdominal aorta
between the left and right renal arteries was constricted,
which reduced renal blood flow and enhanced renin produc-
tion in addition to pressure overload by aortic constriction.
A previous study reported increases in the level of the well-
known fibrosis-promoting cytokine, transforming growth
factor B, the production of which is enhanced by the renin-
angiotensin pathway, and the content of collagen in the car-
diac tissue of a similar AAC-induced LV hypertrophy model
[28]. Therefore, not only constriction-induced pressure over-
load, but also the promotion of the renin-angiotensin system
may have increased LV hypertrophy and interstitial fibrosis
in the present model. Interstitial fibrosis produces autonomic
uncoupling and the zig-zag propagation of electrical wave
conduction, which activates the reentry mechanism [29].
VAs were not observed in the AAC groups (AAC-cont and
AAC-nico groups) or Sham groups (Sham-cont and Sham-
nico groups) under normoxic conditions in the present study.
Our observation period under normoxic conditions before
ischemia was only 20 min, which may have been too short
to detect VAs. On the other hand, acute ischemia by coro-
nary occlusion induced VAs more frequently in the AAC-
cont group than in the Sham-cont group, which is consist-
ent with previous findings [7]. Therefore, ischemia-induced
arrhythmogenicity in addition to vulnerable reentry forma-
tion by histological changes in the hypertrophic heart may
have exacerbated ventricular ischemia in the present study.

The frequency of VAs markedly increased under
ischemia in both the Sham-cont and AAC-cont groups.
Reentry and abnormal automaticity play critical roles in
the acute phase of ischemia [6]. Automaticity is partly
mediated by autonomic neuron activity, as indicated by
interstitial NE concentrations. The addition of a catecho-
lamine to the perfusate of an extracted perfusion heart
model in mice increased ischemic arrhythmias, while
local cardiac denervation during the acute ischemic period
reduced the frequency of VAs [30, 31], suggesting the
crucial role of interstitial NE concentrations in ischemia-
induced arrhythmia. In the present study, the frequency of
VAs was the highest from 0 to 20 min after the onset of
ischemia, and interstitial NE concentrations were higher in
this period than in the non-ischemic period (— 20 to 0 min)
in both the Sham-cont and AAC-cont groups. Therefore,
consistent with previous findings, increases in interstitial
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NE concentrations during the early phase of ischemia may
contribute to ischemia-induced VAs in both non-hyper-
trophic and hypertrophic hearts.

NE concentrations before ischemia were higher in hyper-
trophic hearts than in non-hypertrophic hearts in the present
study, and this phenomenon was consistent with previous
findings [32]. NE concentrations before ischemia in the
AAC-cont group were higher than those after ischemia in
the Sham-cont group. In contrast, VAs were more frequent
in the ischemic period in the Sham-cont group than in the
non-ischemic period in the AAC-cont group. Therefore, sud-
den increases in interstitial NE concentrations during the
early phase of ischemia may be critical for the induction of
VAs along with absolute interstitial NE concentrations. In
addition to increases in NE, other ischemia-induced changes,
such as Ca overload and metabolic changes, may play a role
in VAs during the early phase of ischemia [6]. Ischemia-
induced VAs were more frequent in the AAC-cont group
than in the Sham-cont group. On the other hand, increases in
NE concentrations during the early phase of ischemia were
similar between the Sham-cont and AAC-cont groups. A
previous study reported that pressure-induced hypertrophic
hearts were more sensitive to catecholamines than non-
hypertrophic hearts [33]. Therefore, the greater sensitivity of
NE in AAC-induced hypertrophic hearts may play a critical
role in the frequency of VAs in the early phase of ischemia
in the present study.

In the present study, nicorandil suppressed ischemia-
induced VAs in association with the attenuation of interstitial
NE increases in the ischemic cardiac tissue of AAC-induced
hypertrophic hearts. KATP channels are expressed in nerve
terminals and cardiomyocytes and mediate the release of NE
from sympathetic nerve terminals [34]. Furthermore, the affin-
ity of nicorandil to KATP channels was shown to be higher in
nerve terminals than in cardiomyocytes [35]. Therefore, in the
present study, nicorandil activated KATP channels in neurons,
thereby inhibiting NE release during ischemia in AAC-induced
hypertrophic hearts. On the other hand, the massive myocar-
dial release of NE into interstitial cardiac tissue was noted dur-
ing ischemia and the mechanism underlying this increase was
reportedly via non-exocytotic release [36, 37]. In a preliminary
examination of a similar acute ischemic model, longer (1-h)
ischemia markedly increased interstitial NE concentrations.
However, the most frequent duration of ischemia that induced
VAs was within 20 min and NE increases in this period were sig-
nificant, but not massive. Therefore, the increase in NE observed
in the early phase of ischemia in the present study may be attrib-
uted to exocytotic release, and the activation of KATP channels
by nicorandil suppressed its release. Moreover, the activation of
KATP channels in neurons attenuated acute neuron injury [21].
Nicorandil-induced KATP opening may also protect neurons
from ischemic injury, leading to the suppression of the non-
exocytotic release of NE observed in the present study.
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Nicorandil suppressed ischemia-induced VAs in the
AAC group and slightly inhibited them in the Sham
group, whereas ischemia-induced interstitial increases
in NE were suppressed in the AAC group, but not in the
Sham group. In the present hypertrophic model, pressure
overload affects not only the heart, but also other upper
parts of the body. A previous study reported that chronic
hypertension in a systemic hypertension rat model
impaired neurons through nerve microangiopathy [38].
Hypertension delayed the conduction velocity of neurons
and was associated with histological impairments, such
as axonal atrophy, endoneurial edema, microangiopathy,
and myelin splitting [38]. Furthermore, morphological
changes, such as endoneurial edema, may induce hypoxia
in neurons. On the other hand, hypoxia-inducible factor
2a (HIF2a) increased the number of KATP channels in
perinatal rat adrenal chromaffin cells [39]. Therefore, in
the present model of chronic pressure overload by AAC,
KATP channels in neurons may have been increased by
HIF2a and, thus, the suppression of NE by nicorandil
was enhanced in the AAC-nico group. In the AAC group,
nicorandil significantly suppressed ischemia-induced
increases in interstitial NE, whereas NE concentrations
after ischemia in the AAC-nico group were still higher
than those after ischemia in the Sham-cont group. On the
other hand, the frequency of ischemia-induced VAs was
similar between the AAC-nico and Sham-cont groups.
Therefore, a sudden increase in interstitial NE may play
critical roles on VAs along with absolute NE levels.

The suppression of interstitial NE enhancement in
ischemic period by nicorandil through neuronal KATP
opening is the attentional focus in the present study.
On the other hand, KATP is also expressed in cardiac
myocytes and Horinaka et al. [40] reported that nico-
randil suppressed lethal ischemic VAs in association
with upregulation of endothelial nitric oxide synthase
and sulfonylurea receptor 2 expression in non-ischemic
region. Therefore, we cannot exclude the possibility that
nicorandil affects myocytes in non-ischemic region and
might play a role in the reduction of VAs.

The present results indicate that nicorandil suppressed
ischemia-induced VAs in association with the attenua-
tion of ischemia-induced increases in NE in hypertrophic
cardiac tissue. Nicorandil opens KATP channels in
nerve terminals and cardiac myocytes, and the opening
of KATP in nerve terminals by nicorandil may inhibit
the release of NE, thereby suppressing ischemia-induced
VAs. However, in the present study, the effects of KATP
inhibitors were not examined because selective inhibitors
of neuronal KATP were not available. Therefore, further
examinations are needed to elucidate the role of KATP
in nerve terminals on the nicorandil-induced suppression
of ischemia-induced VAs.

In conclusion, ischemia-induced arrhythmias were more
frequently observed in chronic pressure overload—induced
LV hypertrophic hearts than in non-hypertrophic hearts.
Moreover, interstitial NE concentrations in cardiac tissue
were higher in hypertrophic hearts than in non-hyper-
trophic hearts, and ischemia further increased NE concen-
trations. Nicorandil attenuated ischemia-induced increases
in NE through neuronal KATP opening, which suppressed
ischemia-induced VAs in hypertrophic hearts.
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