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Abstract. Cardiac hypertrophy is a compensatory mecha-
nism that occurs in conjunction with cardiovascular diseases. 
Although hypertrophy of the myocardium provides certain 
benefits during the early stages of cardiovascular disease, 
prolonged hypertrophy is potentially harmful to the heart 
and can result in arrhythmia and heart failure. The aim of 
this study was to investigate whether an ATP-sensitive K+ 

(KATP) channel agonist was capable of reducing isoproterenol 
(Iso)-induced cardiac hypertrophy and modulating myocardial 
connexin43 (Cx43) expression. Fifty male Sprague Dawley 
rats were randomly assigned to five groups: Normal, vehicle, 
nicorandil, glibenclamide and nicorandil plus glibenclamide. 
Rats in the four treatment groups received Iso injection for 
seven days, followed by administration with saline, nicorandil, 
glibenclamide or a combination of nicorandil and gliben-
clamide, respectively, for four weeks. Cardiac hypertrophy was 
then evaluated by measuring body weight, heart weight and 
left-ventricular weight, and plasma B-type natriuretic peptide 
levels were evaluated by ELISA. Immunocytochemistry 
and a reverse transcription-polymerase chain reaction were 
performed to detect the spatial distribution and gene expres-
sion of myocardial Cx43, respectively. The KATP channel 
agonist nicorandil markedly attenuated the degree of myocar-
dial hypertrophy induced by Iso as compared with the vehicle 
group. Myocardial Cx43 expression was significantly decreased 
and redistributed following cardiac hypertrophy. The decrease 
and redistribution of Cx43 was reduced following treatment 
with the KATP channel agonist nicorandil. Addition of the 

KATP channel blocker glibenclamide eliminated the beneficial 
effects of nicorandil against hypertrophy and on connexin43. 
In conclusion, the present study indicated that chronic use 
of KATP channel agonists following cardiac hypertrophy can 
attenuate ventricular remodeling and upregulate the expres-
sion level and spatial distribution of Cx43.

Introduction

Cardiac hypertrophy is a pathology associated with numerous 
heart conditions and contributes to increased morbidity and 
mortality in patients (1,2). As an adaptive response and a crucial 
compensatory mechanism to a variety of intrinsic and extrinsic 
stimuli (3,4), cardiac remodeling is a complex process involving 
numerous nervous and signaling pathway activities (5,6). A 
change in cardiac structure ultimately leads to changes in cardiac 
function, which can result in coronary heart disease, congestive 
heart failure, ventricular arrhythmia or sudden mortality (7).

Connexin43 (Cx43) is one of the major gap junction (GJ) 
proteins and is distributed in the intercalated disc of the 
myocardium. Cx43 mediates the cell-to-cell movement of 
ions, metabolites and cell signaling molecules and plays an 
important role in providing the basis for the electrical syncy-
tial properties of the heart (8). The reduction and redistribution 
of Cx43 in the hypertrophic myocardium have been implicated 
in the pathogenesis of ventricular arrhythmias (9).

Mitochondrial ATP-sensitive K+ (mitoKATP) channels are 
one of the factors involved in the regulation of GJs. Activation 
of the KATP channel inhibits GJ permeability and subsequently 
attenuates arrhythmias in the acute ischemic myocardium (10). 
Numerous studies have demonstrated the protective effect of 
Cx43 against ischemic injury by the administration of a KATP 

channel agonist (11-13). However, no favorable effects have 
been shown in transgenic animals with a Cx43 deficiency (10). 
Although KATP channel agonists provide beneficial effects 
against ischemia and arrhythmia, it remains unclear whether 
similar benefits can be observed by modulating Cx43 expres-
sion in chronic cardiac hypertrophy. Therefore, the aims of 
the present study were to investigate whether KATP channel 
agonist administration attenuated isoproterenol (Iso)-induced 
cardiac hypertrophy and modulated the expression of Cx43 in 
the myocardium.
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Materials and methods

Animals. Male Sprague Dawley rats were obtained from 
the Experimental Animal Center of Anhui Province (Hefei, 
China). All animals used in this study were maintained 
according to the Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health publication No. 85-23, 
revised 1996). This study was approved by the ethics committee 
of the Experimental Animal Center of Anhui Province.

Rats were acclimated for one week prior to being randomly 
divided into a normal control group and four cardiac hyper-
trophy groups. The cardiac hypertrophy model was established 
in rats by subcutaneous injection of Iso (5 mg/kg/day; Shanghai 
Harvest Pharmaceutical Co., Ltd., Shanghai, China) for seven 
days. The groups were treated as follows: i) Normal, received 
saline injection and saline by gastric gavage; ii) vehicle, 
received Iso injection and orally administered saline; 
iii) nicorandil, received Iso injection and orally administered 
nicorandil (a specific mitochondrial KATP channel agonist; 
Chugai Pharmaceutical Co., Tokyo, Japan); iv) glibenclamide 
(Tianjin Pacific Pharmaceutical Co., Ltd., Tianjin, China), 
received Iso injection and orally administered glibenclamide 
(a KATP channel blocker); v) nicorandil plus glibenclamide, 
received Iso injection and a co-administration of nicorandil 
and glibenclamide. Nicorandil and glibenclamide were 
administered orally by gastric gavage at doses of 5 mg/kg/day, 
while the same volume of 0.9% saline was administered in 
an identical manner. To prevent hypoglycemic attacks during 
the administration of glibenclamide, 2.5% (wt/vol) sucrose in 
filtered water was supplied. Throughout the study, rats were 
fed ad libitum. Glucose examinations were performed once a 
week by the OneTouch® method (OneTouch Ultra; Johnson & 
Johnson, New Brunswick, NJ, USA). Body weight (BW) was 
measured every three days in order to adjust the drug dosage.

ELISA. Following the final drug administration, rats were 
fasted for 12 h and then weighed using an electronic balance. 
The rats were subsequently sacrificed by cervical dislocation 
and blood samples were collected from the abdominal aorta. 
The plasma was harvested by centrifugation and B-type 
natriuretic peptide (BNP) concentration was measured using 
a commercial ELISA kit (Shanghai DoBio Biotech Co. Ltd., 
Shanghai, China) according to the manufacturer's instructions. 
Standard points and samples were performed in either dupli-
cate or triplicate.

Assessment of myocardial hypertrophy. The hearts were 
isolated following blood collection to evaluate their mass. The 
pericardium and large vessels were first removed, then washed 
with saline and dried on filter paper. Total heart weight (HW) 
and left ventricular weight (LVW) were determined using an 
electronic balance. The interventricular septum remained as 
a part of the left ventricle (LV). The ratios of HW/BW and 
LVW/BW were then calculated. Following the measurements, 
the LV was sectioned into two slices for subsequent experi-
ments.

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
To investigate the mRNA expression of myocardial Cx43, the 
myocardia were ground on ice and total RNA was extracted 

using TRIzol® reagent (Invitrogen Life Technologies, 
Carlsbad, CA, USA). Total RNA concentration was deter-
mined and reverse transcription was performed to obtain 
cDNA using a RevertAid First Strand cDNA Synthesis 
kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). 
Gene‑specific primers were designed using Primer Premier 5 
software (Premier Biosoft International, Palo Alto, CA, USA) 
based on cDNA sequences from Genebank (https://www.ncbi.
nlm.nih.gov/genbank/). For Cx43, the primers were as follows: 
5'-AAC CTA CAT CAT CAG CAT CC-3' (sense) and 5'-TGA 
TGA AGA TGG TTT TCT CC-3' (antisense). For GAPDH, 
the primers were: 5'-CAA GGT CAT CCA TGA CAA CAA 
CTT TG-3' (sense) and 5'-GTC CAC CAC CCT GTT GCT 
GTA G-3' (antisense). The PCR products were separated by 
electrophoresis in 1.0% (w/v) agarose gels, visualized by 
staining with ethidium bromide and imaged using a UVP gel 
imaging system (JD‑801; Jieda, Nanjing, China). The mRNA 
expression level of Cx43 was normalized to that of the refer-
ence mRNA, GAPDH. 

Immunohistochemistry. To further detect the spatial distri-
bution and relative density of Cx43, immunohistochemical 
staining was performed on the myocardium of the LV. Samples 
were fixed in formalin prior to being embedded in paraffin. 
Sections, cut at 5 µm, were deparaffinized with xylene and 
rehydrated through an ethanol series. The sections were then 
blocked with goat serum for 30 min and incubated with a rabbit 
polyclonal anti-Cx43 antibody (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA) at 4˚C overnight. The coverslips 
were washed three times with phosphate-buffered saline for 
5 min/wash and then incubated with a fluorescent secondary 
antibody (Beijing Zhongshan Golden Bridge Biotechnology 
Co., Ltd., Beijing, China) at 37˚C for 30 min. Ten random 
fields from each section were visualized and imaged using an 
Olympus BX51 microscope (Olympus Corp., Tokyo, Japan).

Statistical analyses. Data are presented as the mean ± stan-
dard deviation. Statistical analyses were performed using 
GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, 
USA). Analysis between two groups was performed using an 
unpaired Student's t-test. A value of P<0.05 was considered to 
indicate a statistically significant difference between groups.

Results

General characteristics of rats following hypertrophy induc‑
tion and drug administration. Following Iso injection and 
drug administration, rats in the four myocardium hypertrophy 
groups became less active and exhibited a decrease in appetite, 
accompanied by a slow gain in body weight. At the end of the 
experiment, six rats died, two in both the vehicle and nicor-
andil plus glibenclamide groups, one in both the nicorandil 
and the glibenclamide groups and none in the control group. 
Hypoglycemia was not detected in any of the rats throughout 
the experiment.

Nicorandil suppresses increases in plasma BNP during 
cardiac hypertrophy. Cardiac hypertrophy is commonly asso-
ciated with an increased production of ventricular BNP (14). 
To evaluate the BNP expression level following treatment, the 
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plasma BNP concentrations at the end of the experiment were 
assessed by ELISA. The data revealed that plasma BNP levels 
were markedly higher in the vehicle group (132.52±11.36) than 
those in the normal group (102.78±9.69) (P<0.01). This increase 
was significantly suppressed in rats treated with nicorandil 
compared with those treated with saline (118.71±31.12 vs. 
132.52±11.36) (P<0.05). However, plasma BNP levels in the 
glibenclamide and co‑administration groups were not signifi-
cantly different compared with those in the vehicle group 
(P>0.05) (Fig. 1).

Nicorandil inhibits Iso‑induced LV hypertrophy. Hypertrophy 
was documented by determination of the LVW/BW ratio. 
The BW of rats in all groups increased significantly from the 
beginning of the experiment to the end of the administration 
period (P<0.01 for each). However, the BW of the rats in the 
four Iso‑injection groups was significantly lower relative to 
that of the rats in the normal control group. In addition, the 
HW/BW and LVW/BW ratios were significantly higher in the 
four treatment groups in comparison with those in the control 
animals. Compared with the increase induced by Iso in the 
vehicle group, the HW/BW and LVW/BW ratios of rats were 
significantly lower in the nicorandil group (P<0.05). However, 
this effect was eliminated by co-administration of nicorandil 
with glibenclamide. The HW/BW and LVW/BW ratios in the 
glibenclamide group and the combination group were not 
significantly different from those in the saline‑administered 
hypertrophy group (P>0.05) (Table I).

Cx43 mRNA expression. The expression of Cx43 mRNA was 
detected by RT‑PCR (Fig. 2). PCR amplification of the cDNA 
revealed that the Cx43 mRNA levels in the LV of the nicorandil 
group exhibited a significant increase compared with those 
in the vehicle group (82.99±14.10 vs. 32.33±8.18%; P<0.01); 
however, they remained lower than those in the normal group 
(P<0.05). The increased Cx43 mRNA level, which was medi-
ated by the KATP channel agonist nicorandil, was reversed to 
levels similar to those of the vehicle group following admin-
istration of the blocker glibenclamide. This was clearly shown 
in the groups administered glibenclamide (34.67±7.61%) or 
glibenclamide plus nicorandil (39.53±10.20%), where the 
levels of Cx43 mRNA were significantly decreased compared 
with those in the nicorandil group (82.99±14.10%) (P<0.01) 
and were reduced to the level of saline-treated hypertrophic 
rats. The relative Cx43 mRNA was expressed by setting the 
normal group as 100%.

Immunohistochemical analyses of Cx43. To further investigate 
the spatial distribution and expression of Cx43, immunohis-
tochemical analysis was performed in LV tissue sections. In 
the longitudinal axis of the myocardium fibers, myocardial 
Cx43 was distributed in the form of a stripe in the intercalated 
disc, stained brown-yellow, in the normal group. Hypertrophy 
resulted in markedly diminished expression of Cx43 as well as 
spatial redistribution. Immunohistochemical images showed 
that the positively stained areas were different in size and color 
intensity compared with those of the normal myocardium, and 
some Cx43 expression was redistributed from the intercalated 
disc to the entire cell membrane (Fig. 3). Compared with the 
vehicle group, the expression of Cx43 in the myocardium 

Figure 2. LV Cx43 mRNA level. (A) Cx43 mRNA and GAPDH mRNA 
levels. (B) Relative level of Cx43 mRNA. The expression of each mRNA 
was normalized to the mRNA level of GAPDH, and the expression of normal 
group Cx43 mRNA was set as 100%. *P<0.05 vs. the normal group; #P<0.01 
and &P>0.05 vs. the vehicle group. Data are presented as the mean ± standard 
deviation. Cx43, connexin43; Nic, nicorandil; gli, glibenclamide.

Table I. HW/BW and LVW/BW values for rats in each experi-
mental group

Group HW/BW (mg/g) LVW/BW (mg/g)

Normal 2.39±0.16 1.84±0.12
Vehicle 3.09±0.24a 2.37±0.26a

Nic 2.67±0.25a,b 1.98±0.22a,b

Gli 3.16±0.32a,c 2.42±0.25a,c

Nic+Gli 3.08±0.21a,c 2.39±0.36a,c

Data are presented as the mean ± standard deviation. aP<0.05 vs. 
the normal group; bP<0.05 and cP>0.05 vs. the vehicle group. Nic, 
nicorandil; Gli, glibenclamide; HW/BW, ratio of heart weight to body 
weight; LVW/BW, ratio of left ventricular weight to body weight.

  A

  B

Figure 1. Levels of plasma BNP. The KATP channel agonist nicorandil sig-
nificantly attenuated the degree of increase in plasma BNP concentration. 
The effect was eliminated following the addition of glibenclamide. *P<0.01 
vs. the normal group; #P<0.05 and &P>0.05 vs. the vehicle group. Data are 
presented as the mean ± standard deviation. BNP, B‑type natriuretic protein; 
nic, nicorandil; gli, glibenclamide.
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in the nicorandil group was significantly increased, and the 
majority of Cx43 expression was confined to the intercalated 
disc. Conversely, following co-administration of nicorandil 
plus glibenclamide, Cx43 expression was reduced and the 
distribution remained irregular; similar results were observed 
in the group treated with glibenclamide alone.

Discussion

This study demonstrated that long-term oral treatment with the 
KATP channel agonist nicorandil for four weeks could prevent 
the development of LV remodeling and preserve myocardial 
Cx43 expression levels and distribution in Iso-induced rat 
models of myocardial hypertrophy. The beneficial effects of 
nicorandil were eliminated following the administration of the 
KATP channel blocker glibenclamide. It was observed that the 
mass of the hypertrophic myocardium and the expression of 
Cx43 in the glibenclamide and co-treatment groups exhibited 
similarities to hearts in the saline-treated hypertrophy group, 
which further confirmed the crucial role of KATP channel 
agonists in the reduction of hypertrophy and protection of 
myocardial Cx43 expression. 

Iso-induced hypertrophy is an accessible and standard-
ized model to study the effects of various drugs on cardiac 
hypertrophy (15). The duration of the present experiment 
was set at four weeks, since the majority of the myocardial 
remodeling in the rat (70-80%) occurs within three weeks (16). 
Several factors that may affect hypertrophy or Cx43 expres-
sion had to be excluded, for example hemodynamics. Previous 
studies have demonstrated that an oral dosage of nicorandil 
(5 mg/kg/day) does not exert any hemodynamic effects (5), 
but the reduction of hypertrophy in animals has been previ-
ously assumed to be due to the blood pressure-lowing effect 
of the drug (17). In addition, the effect of insulin levels had to 

be excluded. Lee et al (18) reported that Cx43 expression in 
infarcted rats administered nicorandil was markedly upregu-
lated compared with the expression in those treated with 
vehicle. However, the insulin levels in these two groups were 
not significantly different, suggesting that insulin levels were 
not a factor affecting the expression of Cx43 (18). 

As a predictor of myocardial hypertrophy and heart failure, 
BNP levels increase in the early stages of the disease and 
are strongly associated with the incidence of cardiovascular 
mortality in patients with coronary artery disease (19). The 
Task Force for the Diagnosis and Treatment of Chronic Heart 
Failure of the European Society of Cardiology recommended 
BNP or N-terminal-proBNP assays as a necessary step for the 
diagnosis of heart failure or LV dysfunction (20). In the present 
study, the increased concentration of plasma BNP in rats with 
cardiac hypertrophy was attenuated following treatment with 
nicorandil compared with those treated with saline. By contrast, 
the plasma BNP concentration showed no statistically signifi-
cant differences following the administration of glibenclamide 
or glibenclamide plus nicorandil as compared with the vehicle 
group. These results indicated the crucial role of the KATP 

channel agonist in protecting the heart against hypertrophic 
injury, in part by decreasing BNP expression levels. In addition, 
a previous clinical study reported that nicorandil treatment may 
reduce the BNP expression levels by reducing the central blood 
pressure in patients with chronic kidney disease (21). 

The HW/BW and LVW/BW ratios were used to reflect the 
degree of cardiac hypertrophy. A ratio of LVW/BW >2.35 mg/g 
was regarded as an indicator of a successful hypertrophy 
model. In the vehicle group, the ratio of LVW/BW was 
2.37±0.26, which confirmed the success of hypertrophy induc-
tion by Iso injection. Similar to the aforementioned changes 
in BNP level, HW/BW and LVW/BW ratios were significantly 
decreased following treatment with the KATP channel agonist 

Figure 3. Immunohistochemical analyses for Cx43 expression from hypertrophic myocardium. (A) Cx43 expression in normal control myocardium without 
hypertrophy. (B) Vehicle group: Hypertrophy resulted in a decrease in Cx43 expression level and disordered spatial distribution. (C) Administration of 
nicorandil modulated the expression of Cx43 with regard to expression level and spatial distribution. (D) The change was eliminated following the addition of 
glibenclamide alone or (E) in combination with nicorandil. Scale bar=50 μm (magnification, x100).

  A   B   C

  D   E
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nicorandil. The reduction in the LVW/BW and HW/BW ratios 
was reversed following administration of nicorandil, thus veri-
fying the effect of KATP against cardiac hypertrophy.

The mechanical and electrical activation of the heart 
is in part dependent on the spatial distribution of GJs (22). 
Changes in GJ patterning and expression level can result in 
the development of arrhythmias in numerous cardiovascular 
diseases (23-25). The alteration in the expression level and 
spatial distribution of Cx43 in the hypertrophic myocardium 
suggests that this protein is influenced by ventricular remod-
eling (18). Naitoh et al (26) proposed that the mitoKATP channel 
was one of the mechanisms regulating GJ permeability, thus 
leading to cardioprotective effects against ischemia. Previous 
studies have reported that decreasing Cx43 expression in the 
myocardium results in high susceptibility to arrythmogen-
esis (18,25). However, the restoration of expression levels and 
distribution of Cx43 improves conductivity, decreases the 
spatial heterogeneity of repolarization and reduces the suscep-
tibility of the remodeled heart to fatal arrhythmias (27). The 
beneficial effects of the KATP channel agonist on Cx43 observed 
in this study and the elimination of this effect following the 
addition of the KATP channel blocker together confirmed the 
crucial role of KATP channel agonists in maintaining normal 
Cx43 expression.

As a nitrate-like KATP channel agonist, nicorandil has been 
widely used in Japan, Europe and Korea. Clinical reports 
from Japan and Europe have shown that nicorandil has 
equivalent anti-angina effects to nitrates, calcium-channel 
blockers and β-blockers (28-30). A double-blind, multicenter, 
active-controlled, randomized clinical trial previously 
assessed the safety and efficacy of nicorandil in patients with 
stable angina pectoris (AP) in China, suggesting that nicor-
andil is an effective drug for AP (31). Numerous clinical and 
experimental studies in non-hypertrophied myocardium have 
demonstrated a protective effect of nicorandil against ischemic 
injury through activation of the potassium channel (32-34). 
Sakai (17) reported that nicorandil exerted blood pres-
sure-lowing effects, which subsequently reduced cardiac 
hypertrophy in animals (17). Regardless of the precise mecha-
nism of nicorandil in cardiovascular diseases, our previous 
study also demonstrated the protective effects of nicorandil 
against myocardial ischemia-reperfusion injury, which were 
due in part to the opening of mitoKATP channels (13). It was 
found in the present study that long-term oral administration 
of nicorandil is beneficial for the reduction of cardiac hyper-
trophy and modulation of myocardial Cx43 in Iso-induced rat 
models of cardiac hypertrophy. Since nicorandil is expected to 
have a wider range of clinical use in cardiovascular diseases, 
other potential mechanisms remain to be further investigated.
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