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Abstract. Hyperpolarization-activated current (If) is the major 
ionic current contributing to the spontaneous diastolic depola-
rization of cardiac sinus node pacemaker cells. It is mediated by 
hyperpolarization-activated and cyclic nucleotide-gated (HCN) 
channels. However, several observations support a potential 
role of HCN channels in the arrhythmogenesis of working 
myocardium under pathological conditions. Spironolactone, a 
classic aldosterone blocker, has been proved to prevent spon-
taneous ventricular arrhythmias after myocardial infarction 
(MI). Here, we examined the effect of spironolactone on the 
expression of HCN channels and ventricular premature beats 
(VPBs) using a rat MI model. Sprague-Dawley rats were 
divided into a sham-operated group and MI groups treated 
with intragastric administration of saline or spironolactone 
(80  µg/kg/day) for 7  days immediately after ligation of the 
left coronary artery. Compared to the sham group, HCN2 and 
HCN4 protein levels were increased in MI rats. Treatment 
with spironolactone prevented the MI-induced increase of 
HCN4 protein levels (1.47±0.16 vs. 1.81±0.21, P<0.05). MI rats 
exhibited a marked increase of VPBs compared to the sham 
group (104±17 vs. 3±1  VPBs/h, P<0.05). This the increase 
was reduced by spironolactone (55±14 vs. 104±17  VPBs/h, 
P<0.05). Moreover, If current inhibitor (ivabradine, 0.5  mg/
kg) further decreased the occurrence of VPBs in the control 
and spironolactone groups to the same level (54±13 vs. 49±8 
VPBs/h, P>0.05). In conclusion, spironolactone may prevent 
ischemia-induced VPBs by reducing HCN4 protein expression 
to basal levels.

Introduction

Hyperpolarization-activated current (If) is a mixed Na+/K+ 
inward current activated by hyperpolarization and encoded by 
a family of genes termed hyperpolarization-activated cyclic 
nucleotide-gated channel (HCN) genes (1). In addition to its 
activity in sinoatrial (SA) node cells, If has been considered 
to produce automatic activity in other cardiac regions, such 
as purkinje fibers, atrioventricular (AV) nodes, atria and 
ventricles (2). Latent pacemakers play a compensatory role 
in pacemaking when SA or AV node function is impaired. 
However, excessive activation of If in cardiac regions can lead 
to enhanced automaticity from the ectopic focus, resulting in 
atrial and ventricular arrhythmias (3).

Four genes encoding the HCN channels (HCN1-HCN4) 
have been identified as functionally expressed (4,5). HCN2 
and HCN4 are the predominant HCN transcripts in the adult 
heart (6). Previous studies have found that the expression of 
the HCN2 and/or HCN4 genes in ventricular cells undergoes 
dynamic changes in several heart diseases, such as heart failure 
(HF), hypertrophic cardiomyopathy (HCM), atrial fibrillation 
(AF) and acute myocardial infarction (AMI). Therefore, it has 
been postulated that the HCN/If channels may contribute to 
arrhythmogenesis in disease states (7-11).

Two landmark clinical trials (RALES and EPHESUS) 
found that low doses of aldosterone blocker (AB) led to a 
dramatic reduction in mortality rate (12,13). Recent studies 
have also shown the usefulness of AB for post-myocardial 
infarction patients (14). However, the mechanisms of AB are 
not completely understood. Researchers have suggested that 
the reduction of SCD by AB may be relevant to the decrease 
in ventricular arrhythmias (15).

Accordingly, we hypothesized that AB may exert an anti-
arrhythmic effect in post-MI patients by targeting the HCN 
channels (HCN2 and/or HCN4). Ventricular premature beats 
are the most common spontaneous ventricular arrhythmias 
observed in patients after MI. In this study, we examined the 
effect of spironolactone, a classic aldosterone blocker, on the 
expression of HCN channels and on VPBs. Moreover, a highly 
selective If current inhibitor (ivabradine) was used to determine 
whether the reduction of ventricular premature beats (VPBs) is 
caused by decrease in the expression of the HCN channels.
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Materials and methods

Experimental model. Adult male Sprague-Dawley rats 
(200‑250 g) were used in this study. Animals were anesthe-
tized with an intraperitoneal injection of 3% pentobarbital 
sodium (30 mg/kg) and underwent left coronary artery ligation 
through a left thoracotomy to induce MI (n=65) by regional 
ischemia or sham coronary ligation (n=12). The surgery was 
performed with electrocardiogram monitoring. Successful 
ligation of the left coronary artery was verified by the color 
change in the ischemic area and ECG lead I and a VL S-T 
segment elevations after the occlusion. In sham-operated 
rats, a suture was tied loosely around the left coronary artery 
without ligating it.

Seven rats succumbed within 24 h of coronary ligation. All 
rats surviving 24 h after the surgery were randomly assigned to 
three groups: sham-operated rats (sham, n=12), MI rats receiving 
intragastric administration of saline for 7 days (control, n=30), 
and MI rats treated with 80 µg/kg/day spironolactone for 7 days 
(spironolactone, n=28). The experiments were conducted in 
accordance with the Guidelines for Animal Experimentation of 
the Institutional Animal Care and Use Committee of Wuhan 
University.

Monitoring of spontaneous arrhythmias. One week after 
MI, the rats were anesthetized again and continuously 
monitored from 6 to 8 p.m. Heart rate (HR) and VPBs were 
measured with a computer-based electrophysiology system 
(LEAD2000B; Jinjiang Ltd., Chengdu, China). Ten rats in the 
control group and 11 rats in the spironolactone group received 
a single intravenous injection of ivabradine via  the tail  vein 
(0.5 mg/kg). Thirty minutes later, electrocardiogram (ECG) 
readings were recorded for another hour.

Tissue collection. At the end of the experimental period, the 
heart of rats not treated with ivabradine were removed from 
the chest under pentobarbital anesthesia (100 mg/kg, i.p.). The 
infarcted region was visually identified by a mottled and pale 
appearance. The myocardium extending 0.5-1.0 mm from the 
infarct scar was considered to represent the border zone of 
the myocardial infarction. To avoid contamination of the non-
infarcted left ventricular free wall with the infarcted border, a 
myocardial area extending 1-2 mm from the border zone area 
was excluded.

Western blot analysis. Membrane protein was extracted 
from tissue samples followed by tissue homogenization 
at 4˚C. Equal amounts of protein extracts in each group 
were fractionated on 8% SDS-polyacrylamide gels for 
HCN2 (6% for HCN4) and transferred electrophoretically 
to polyvinylidene difluoride membrane (Millipore). The 
membranes were blocked in blocking buffer (5% nonfat dry 
milk in TBS) for 2  h at room temperature, then incubated 
with primary antibodies (HCN2, 1:500; HCN4, 1:250; β-actin, 
1:1,000; Boster Biotechnology Co., Ltd., Wuhan, China) 
overnight at 4˚C. Horseradish peroxidase-conjugated anti-
rabbit and anti-goat immunoglobulin IgG (1:1,000; Zhongshan 
Jin Qiao Biotechnology Co., Ltd., Beijing, China) was used as 
the second antibody, applied for 1 h at 37˚C. Immunoreactivity 
was enhanced by a chemiluminescence kit (Beyotime, Inc., 

China) and then the blots were exposed to film. The density of 
the bands on the Western blots was quantified using a Bio-Rad 
imaging system (Bio-Rad, Hercules, CA, USA).

Statistical analysis. Data are expressed as the mean ± SD. 
The Kaplan-Meier method with a log-rank test was used for 
the survival analysis. One-way ANOVA was used to compare 
more than two groups, and the Newman-Keul's test was used 
to examine differences between individual groups. Statistical 
significance was defined as P<0.05.

Results

Experimental model. The study was completed using 59 
surviving animals, 22 in the control group, 25 in the spironolac-
tone group and 12 in the sham group. The survival rate in the 
spironolactone group (87.3%, 25/28) was significantly higher 
than that of the control group (73.3%, 22/30) (P<0.05) (Fig. 1).

Effects of spironolactone on heart rate and ventricular 
premature beats. Compared to the sham group, the MI 
rats exhibited a significant increase in VPBs (104±17 vs. 
3±1  VPBs/h, P<0.05). Spironolactone induced a marked 
decrease in VPBs in MI rats (55±14 vs. 104±17 VPBs/h, 
P<0.05), which was different from that of the sham group 
(55±14 vs. 3±1 VPBs/h, P<0.05). Spironolactone had no effect 
on HR in any of the groups (Table I). Ivabradine reduced HR 

Figure 1. Survival curves in the spironolactone and control groups 7 days 
after MI. The survival rate in the spironolactone group (87.3%, 25/28) was 
significantly higher than that of the control group (73.3%, 22/30) (P<0.05).

Table I. Effect of spironolactone on heart rate and ventricular 
premature beats.

	G roups
	 ----------------------------------------------------------------------------
	 Sham	C ontrol	 Spironolactone
	 (n=12)	 (n=22)	 (n=25)

HR (beats/min)	 402±23	 413±36	 408±26
VPBs/h	   3±1	  104±17a	      55±14a,b

Data are expressed as the mean ± SD. aP<0.05 vs. sham group, bP<0.05 
vs. control group. HR, heart rate; VPBs, ventricular premature beats.
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in all the groups, and moreover induced a marked decrease in 
VPBs in the control and the spironolactone groups (Table II, 
Fig.  2). Before treatment with ivabradine, VPBs were more 
frequent in the control group compared to the spironolactone 
group (115±20 vs. 61±11 VPBs/h, P<0.05). However, the VPBs 
of both groups markedly decreased to the same level (54±13 
vs. 49±8 VPBs/h, P>0.05) after treatment with ivabradine.

Effect of spironolactone on HCN2 and HCN4 protein expres-
sion. Fig. 3 shows a representative blot and quantitative results 
in which HCN2 and HCN4 band intensities were normalized 
to β-actin. Quantitative densitometric analysis revealed that 
the level of HCN2 protein was up-regulated by 1.37- and 1.31-
fold (Fig. 3B) and the level of HCN4 protein was significantly 
up-regulated by 1.81- and 1.47‑fold in the control and the 
spironolactone groups, respectively as compared to the sham 
group (all P<0.05). However, the increase in HCN4 values was 
significantly lower in the spironolactone-treated rats than in 
the control group (1.47±0.16 vs. 1.81±0.21, P<0.05) (Fig. 3C).

Discussion

In this study, we confirmed that HCN2 and HCN4 protein 
levels improved in the ischemic left ventricular myocardium 
of rats 1 week after MI (11). The environment of the ventric-
ular cells changed after AMI: aldosterone increased after 
rennin-angiotensin-aldosterone system (RASS) activation 
(16), the β2-adnephrin level was increased due to enhanced 
adrenergic nerve activity (17), and the delivery of endothelin-1 
increased from injured blood vessel endothelium cells. These 
stimulating factors enhanced the protein expression of HCN2 
and HCN4. Furthermore, we found that spironolactone 
reduced the expression of HCN4 protein after MI. This is 
in agreement with a study of Muto et al, which found that 
aldosterone at physiological concentrations up-regulates HCN 
channel expression, and that the increased expression of the 
HCN channels is completely blocked by spironolactone (16). 
Therefore, we concluded that spironolactone plays an essential 
role in reducing HCN channel expression after MI. 

Table II. Effects of ivabradine on heart rate and ventricular premature beats in the control and the spironolactone groups.

	C ontrol group (n=10)	 Spironolactone group (n=11)
	 ----------------------------------------------------------------------	 ---------------------------------------------------------------------
	 HR (beats/min)	 VPBs/h	 HR (beats/min)	 VPBs/h

Before ivabradine treatment	 419±51	 115±20	 408±47	   61±11b

After ivabradine treatment	  322±44a	    54±13a	  315±38a	 49±8a

Data are expressed as the mean ± SD. aP<0.05 vs. rats before ivabradine treatment. bP<0.05 vs. the control group. HR, heart rate; VPBs, 
ventricular premature beats.

Figure 2. Electrocardiograms of ventricular premature beats (VPBs). (A) Model of acute myocardial infarction; (B) sham group; (C) spironolactone group; 
(D) spironolactone group after receiving a single intravenous injection of ivabradine via the tail vein.
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HCN channel family genes, which figure prominently in 
physiological automaticity, are related to automatic pacing 
activity (18,19). Previous studies have found that the alteration 
of the pacemaker If was related to arrhythmia in hypertrophic 
hearts (8,20); for example, Stillitano et al (21) found that If 
is of larger amplitude and activates at less negative potential 
in failing ventricular myocytes. However, there have been no 
reports on the direct relationship between HCN channels and 
arrhythmia, although increasing evidence supports a potential 
role of the HCN channels in the development of arrhythmo-
genesis of the ventricular myocardium in the pathological 
heart (8-11). Thus, many researchers are examining the effect 
of ivabradine on arrhythmia after MI (22,23).

It is well known that ivabradine is a novel HR lowering 
agent prescribed in patients with stable angina pectoris (24). 
This selective and specific inhibitor of the cardiac pacemaker 
If current reduces HR both at rest and during exercise, without 
altering myocardial contractility and relaxation, atrioventri-
cular conduction and ventricular repolarization, in all animals 
(25,26). Moreover, several studies have found that ivabradine 
reduced VPBs and induced an increase in the ventricular fibril-

lation threshold after MI (22,23). However, these beneficial 
effects of ivabradine may be related to the reduction in HR.

In the present study, we found that VPBs occurred 
frequently in the MI rats, and that HCN4 protein levels were 
increased (Fig.  3C). Spironolactone significantly decreased 
the HCN4 protein levels and the occurrence of VPBs. Notably, 
ivabradine markedly decreased the VPBs of the spironolac-
tone and the control groups to the same level (Table II), but 
the HR of both groups was similar. Based on previous results 
and those reported here, we concluded that the up-regulation 
of HCN4 protein in MI rats increased the ventricular ectopic 
impulse, and that the beneficial effect of spironolactone in 
reducing VPBs may be directly related to the reduction of 
HCN4 protein levels.

Previous studies have also reported that spironolactone leads 
to a dramatic reduction in the mortality rate (12-14). A subse-
quent study showed that the combination of VPB plus couplets 
is an independent indicator of the total mortality rate after acute 
MI (27). However, the mechanisms of this effect are unclear; 
several mechanisms may account for the reduction in mortality 
caused by spironolactone, such as attenuated sympathetic tone 

Figure 3. Western blot analysis of HCN2 and HCN4 after MI. (A) HCN2 and HCN4 protein levels were measured by Western blot analysis. (A) Original 
representative Western blots. (B and C) The blots were scanned and band intensities were quantified by densitometric analysis, performed using the ImageJ 
program. Expression of HCN2 and HCN4 protein were normalized to that of β-actin. Results are presented as fold changes relative to sham group. Data are 
expressed as the mean ± SD (n=12 to 14 for each group). *P<0.05 vs. sham group; #P<0.05 vs. control group.
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(28,29) and improved parasympathetic activity (30,31), or direct 
inhibition of the MI-induced increase in T-type calcium current 
(32,33). In this study, we found a correlation between improve-
ments in the survival rate (Fig. 1) and the reduction of VPBs 
(Table I ) in MI rats treated with spironolactone. Thus, VPB 
reduction due to a decrease in HCN4 protein expression may 
be a mechanism by which spironolactone reduces mortality in 
MI rats.

In conclusion, spironolactone induces the restoration of 
HCN4 protein expression. This effect reduced VPBs, which 
may play an important role in reducing mortality after MI. 
The decrease in VPBs in the MI heart induced by spironolac-
tone may be achieved, at least in part, by decreasing HCN4 
protein expression.
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