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Abstract. Structural and electrical remodeling within the 
atrium mediate the pathogenesis of atrial fibrillation (AF). Two 
key genes that sever a role in this remodeling are connexin 40 
(Cx40) and potassium voltage‑gated channel subfamily A 
member 5 (KCNA5), respectively. Electrical remodeling is 
considered to induce structural remodeling during AF. In 
the present study, the left atrial appendage section and atrial 
myocytes of patients with AF were evaluated. It was observed 
that Cx40 and KCNA5 mRNA (P<0.05) and protein (P<0.01) 
expression was significantly downregulated in AF compared 
with rheumatic heart disease. In addition, a positive correla-
tion between the mRNA expression Cx40 and KCNA5 was 
observed in the atrial myocytes of patients with AF (P<0.05; 
r=0.42). The association between Cx40 and KCNA5 expres-
sion was subsequently investigated in primary cultured atrial 
myocytes using siRNA transfection. In atrial myocytes, 
downregulation of Cx40 inhibited the expression of KCNA5. 
Similarly, silencing of KCNA5 suppressed the expression of 
Cx40. These results indicate that synergistic regulation may 
occur between Cx40 and KCNA5 expression. Furthermore, 
the combined effects of electrical and structural remodeling in 
the atrial myocytes of patients with AF may contribute to the 
pathogenesis of AF.

Introduction

Atrial fibrillation (AF) is the most prevalent form of 
sustained arrhythmia  (1). Treatment strategies for AF 
(120‑180  times/min) aim to regulate the heart rate to a 

near normal range (60‑100 times/min), typically with drug 
therapy (2). Abnormal heart rhythm may lead to heart palpita-
tions, fainting, shortness of breath, chest pain and fatality. Risk 
factors for AF include heart failure, dementia and stroke, and 
the incidence of AF increases with age (2). AF is an important 
focus of research into heart disease. In China, the prevalence of 
AF is 0.77, and 7.5% of all patients with AF are >80 years (3). 
The pathogenesis of AF is not yet fully understood, and the 
efficacy of current treatment strategies is poor.

Cardiac electrophysiological processes are essential 
for heart function, and are regulated by changes in the 
expression and activity of ion channel membrane proteins 
and connexin (Cx) proteins (4,5). Electrical and structural 
remodeling are among the primary characteristics of cellular 
electrophysiology in AF (6). The majority of heart disease is 
caused by abnormal expression of ion channel proteins and 
Cx proteins  (7‑9). Previous studies have investigated the 
underlying molecular mechanisms that affect the development 
of AF (10‑13), revealing that the occurrence and maintenance 
of chronic AF is regulated by multiple genes and proteins, 
including L‑type calcium channel and sarcoplasmic reticulum 
Ca2+‑ATPase (10). However, the association between these 
multiple genes and proteins remains unclear.

Recent studies have indicated that potassium voltage‑gated 
channel subfamily A member 5 (KCNA5) and Cx proteins 
serve a role in the pathogenesis of AF (11,14,15). In turn, a 
number of drugs that target KCNA5 and Cx40 have been iden-
tified (16‑20). For instance, Vernakalant (RSD1235; Cardiome 
Pharma Corp., Vancouver, BC, Canada) is a drug that exhi
bits high affinity for KCNA5 and has arrhythmia‑specific 
effects  (21). Furthermore, intravenous administration of 
Vernakalant in phase II and III clinical trials caused cardiover-
sion effects (22). However, the electrophysiological properties 
of atrial ion channels, and the regulation of KCNA5 and Cx40, 
during AF are not well understood.

KCNA5 and Cx40 may exert combined effects on elec-
trophysiological function during AF. Therefore, the present 
study used RNA interference to investigate the effects of 
KCNA5 and Cx40 on cardiomyocyte function during AF. 
The results of the present study may improve understanding 
of the pathogenesis of AF, and aid in the prevention and 
treatment of AF.
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Materials and methods

Patients. A total of 60 patients were included in the present 
study. Of these patients, 30  presented with persistent AF, 
while 30 presented with rheumatic heart disease and were 
used as a control group. The patients were enrolled between 
September 2014 and September 2015 in the Department of 
Cardiothoracic Surgery, Nanshan People's Hospital of Shen
zhen (Shenzhen, Guangdong). The clinical characteristics of all 
patients are presented in Table I. Patients with persistent AF and 
patients with rheumatic heart disease were matched based on 
typical clinical symptoms. In patients with AF, the ventricular 
rates were fast (up to 120-180 times/min) and irregular. The 
rhythm was irregular with unequal heart sounds and short 
pulses (the pulse rate was lower than the heart rate). In patients 
with rheumatic heart disease, valve lesions observed included 
mitral stenosis or mitral regurgitation. AF was diagnosed by 
evaluating patient medical records and the results of a 12‑lead 
electrocardiogram. In atrial fibrillation, the P‑wave disappeared 
and was replaced by the atrial fibrillation wave. Furthermore, 
the R‑R interval was irregular and the ventricular rate was 
irregular (120-180 times/min). Additionally, the QRS complex 
was deformed and rheumatic heart disease was diagnosed 
using Doppler echocardiography. In rheumatic heart disease, 
mitral valve leaflets were thickened and were observed on 
ultrasound as a hyperechoic area. Furthermore, the activity 
range was decreased and the diastolic anterior lobe was bulging 
in a balloon‑shaped. The tip of the front and rear leaf distance 
was notably shortened. Additionally, the distance between the 
front and back of the valve tip was shortened and the opening 
area was reduced. Atrial muscle tissues from the left atrial 
appendage section were collected during heart valve replace-
ment surgery. Written informed consent was obtained from all 
patients, and the experimental procedures were approved by the 
Ethics Committee of the Nanshan People's Hospital of Shenzhen 
(Shenzhen, China) and performed according to their guidelines.

Cell culture. Atrial myocytes from the left side of the heart 
were obtained from 3 enrolled patients. Briefly, a 1 mm3 atrial 
muscle segment was washed in PBS (Sangon Biotech Co., Ltd., 
Shanghai, China). The 1 mm3 atrial muscle segments were 
placed in cell culture flasks (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) and incubated at 37˚C in an atmosphere 
containing 5% CO2. Once the cells reached up to 80% conflu-
ence, the cells adhered to the flask were washed with PBS and 
0.25% Trypsin (Sangon Biotech Co., Ltd., Shanghai, China) for 
5 min. The washed cells were centrifuged for 3 min at room 
temperature 500 x g/min to obtain the passage cells. Cells were 
adhered to cell culture flasks. Cells were incubated at 37˚C 
with 5% CO2 for 90 min, prior to the addition of Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 15% 
fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). The medium was replaced every 3 days. 
Upon reaching ~80% confluence, cells were passaged into new 
flasks. The following experiments were conducted on the third 
generation of passaged cells.

RNA interference. Cells were plated into 96‑well plates at a 
concentration of 1.0x105  cells/ml in DMEM and cultured 
for 24  h at 37˚C with 5% CO2. Cells were subsequently 

transfected with Cx40‑small interfering RNA (siRNA) (cat. 
no. HSS104129) and KCNA5‑siRNA (cat. no. HSS105670) 
(both from Invitrogen; Thermo Fisher Scientific, Inc.). 
Briefly, cells were treated with 10  pmol Cx40‑siRNA or 
KCNA5‑siRNA and 0.5 µl Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) for 24 h at 37˚C. Untransfected 
cells were used as the control. Following treatment, the trans-
fection solution was replenished with fresh DMEM medium. 
Total RNA was extracted from cells and levels of target gene 
inhibition were determined.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions, and the quantity of extracted 
RNA was measured using an ultraviolet spectrophotometer 
(NanoDrop; Thermo Fisher Scientific, Inc.). The A260/280 
was used to analyze the RNA purity (when A260/280=1.8‑2.1, 
the sample was used). The RNA quantification was based 
on Beer‑Lambert law: A=εcl (A=absorbance, ε=extinction 
coefficient, c=concentration and l=path length) according to 
the instruction of manufacturers. Reverse transcription was 
performed using a PrimeScript RT reagent kit with gDNA 
Eraser (Takara Bio, Inc., Otsu, Japan) with 1 µg total RNA 
according to the manufacturer's instructions. qPCR was 
performed using a Takara SYBR Green PCR kit (DRR820A; 
Takara Bio, Inc.) with an ABI 7300 Real‑Time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
qPCR thermocycling conditions were as follows: 95˚C for 
15 min; 40 cycles at 95˚C for 10 sec, 60˚C for 20 sec and 72˚C for 
15 sec. Primers were designed using Primer Express software 
(version 2.0.0; Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The primers used were as follows: Cx40 forward, 5'‑CCG​
GCC​CAC​AGA​GAA​GAA​TGT‑3' and reverse, 5'‑TCT​GAC​CTT​
GCC​TTG​CTG​CTG‑3'; KCNA5 forward, 5'‑CAG​AGT​CTC​
CAA​GCA​GAA​GG‑3' and reverse, 5'‑CCA​GGT​GTG​GCT​TAT​
CTT​CG‑3'; and GAPDH forward, 5'‑ACT​CTG​GCA​AAG​TGG​
ATA​TTG​TCG‑3' and reverse, 5'‑CAG​CAT​CAC​CCC​ATT​TGA​
TG‑3'. Levels of gene expression relative to that of GAPDH 
were calculated using the 2‑ΔΔCq method (23). Four replicates 
were performed for each qPCR reaction.

Western blot analysis. Following transfection, proteins were 
extracted from cells using RIPA lysis buffer (Beyotime Institute 
of Biotechnology, Shanghai, China) and separated using 10% 
SDS‑PAGE. Proteins were then transferred onto polyvinylidene 
difluoride membranes (Merck KGaA, Darmstadt, Germany). 
The blocking of proteins was performed at room temperature 
in 5% non‑fat dry milk for 1 h. The following polyclonal rabbit 
primary antibodies were used: Cx40 (1:500, cat. no. ab38580), 
KCNA5 (1:500, cat. no. ab181798) and GAPDH (1:1,000, cat. 
no. ab9485). Following incubation with primary antibodies 
for 18 h at 4˚C, the membrane was rinsed 3 times with wash 
buffer 1X phosphate-buffered saline with Tween-20 (PBST) 
wash buffer (Beyotime Institute of Biotechnology, Shanghai, 
China). The secondary antibody was goat polyclonal anti‑rabbit 
immunoglobulin  G (1:2,000, cat. no.  ab150077), which 
was incubated with membrane at room temperature for 2 h 
following washing with 1X PBST wash buffer 3  times. All 
antibodies were purchased from Abcam (Cambridge, UK). 
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Protein expression was analyzed using ECL Western Blotting 
substrate (Pierce; Thermo Fisher Scientific, Inc.). Western blot 
images were captured using a ChemiDoc XRS system (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). Protein levels were 
determined relative to GAPDH using Image‑Pro Plus software 
(version 6.0; Media Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. SPSS software (version 17.0; SPSS, Inc., 
Chicago, IL, USA) was used for all statistical analyses. Data 
are expressed as the mean ± standard deviation. An indepen-
dent samples t‑test was used to compare levels of gene and 
protein expression between groups. Pearson's correlation 
coefficient was used to measure the association between 
Cx40 and KCNA5 expression in atrial myocytes. All analyses 
were conducted as two‑tailed tests. P<0.05 was considered to 
indicate a statistically significant difference. Linear regres-
sion analysis was plotted using GraphPad Prism 5 (GraphPad 
Software, Inc., La Jolla, CA, USA) to indicate the correlation 
between Cx40 and KCNA5 expression.

Results

Expression of Cx40 and KCNA5 is decreased in patients with 
AF. To evaluate the expression of Cx40 and KCNA5 in patients 
with AF, RT‑qPCR and western blotting were used to measure 
the levels of Cx40 and KCNA5 mRNA and protein, respec-
tively, in the atrial myocytes of patients with AF and rheumatic 
heart disease. It was observed that levels of Cx40 and KCNA5 
mRNA (P<0.01; Fig. 1A) and protein (P<0.05; Fig. 1B) were 
significantly reduced in the atrial myocytes of patients with 
AF patients compared with the control patients with rheumatic 
heart disease.

Cx40 and KCNA5 mRNA expression is positively correlated in 
patients with AF. To determine whether mRNA levels of Cx40 
and KCNA5 were associated in patients with AF, the Pearson's 
correlation coefficient test was performed on the expression 
data from 30 patients with AF. It was observed that levels of 
Cx40 and KCNA5 mRNA were positively correlated (P<0.05, 
r=0.42; Fig. 2), indicating a potential association between 
the expression of Cx40 and KCNA5 in patients with AF. In 
addition, using linear regression analysis, the line of best fit 
was determined to be y=0.237x+5.003, indicating a positive 
correlation between Cx40 and KCNA5 expression.

Inhibition of Cx40 expression reduces KCNA5 expression in 
atrial myocytes. To evaluate the association between Cx40 
and KCNA5 expression in patients with AF, Cx40‑siRNA was 
transfected into atrial myocytes collected from the patients. 
Knockdown of Cx40 was subsequently validated by RT‑qPCR 
and western blot analysis. The results indicated that Cx40 
mRNA (1.31±0.53 vs. 7.21±1.33, P<0.05; Fig. 3A) and protein 
(1.10±0.56 vs. 4.46±1.21, P<0.05; Fig. 3B and C) expression 
was significantly decreased by Cx40‑siRNA transfection 
compared with the untransfected control cells.

In the atrial myocytes transfected with Cx40‑siRNA, 
mRNA (1.54±0.52 vs.  10.44±2.34, P<0.05; Fig.  4A) and 
protein (1.10±0.08 vs. 3.21±0.43, P<0.05; Fig. 4B and C) levels 
of KCNA5 were significantly decreased compared with the 
control cells.

Inhibition of KCNA5 expression reduces Cx40 expression in 
atrial myocytes. The effects of KCNA5 inhibition on the expres-
sion of Cx40 were assessed by transfecting KCNA5‑siRNA 
into atrial myocytes. Following KCNA5‑siRNA transfec-
tion, knockdown of KCNA5 was validated by RT‑qPCR and 
western blot analysis. It was observed that KCNA5‑siRNA 
transfection significantly reduced the expression of KCNA5 
mRNA (1.69±0.87 vs. 18.90±4.56, P<0.05; Fig. 5A) and protein 
(1.58±0.50 vs. 6.98±1.82, P<0.05; Fig. 5B and C) compared 
with the control group.

In the atrial myocytes transfected with KCNA5‑siRNA, 
levels of Cx40 mRNA (P<0.05; Fig. 6A) and protein (P<0.05; 
Fig. 6B and C) were significantly decreased compared with 
the control cells.

Discussion

AF is the most prevalent type of arrhythmia, although it's the 
molecular mechanisms underlying its pathogenesis are not 
well understood. Compared with rheumatic heart disease, 
AF presents with more severe clinical symptoms, including 
a markedly lower left ventricular ejection fraction (24). In 
the present study, levels of Cx40 and KCNA5 expression in 
atrial myocytes from patients with AF were evaluated. It was 
observed that Cx40 and KCNA5 were significantly down-
regulated in the atrial myocytes of patients with AF when 
compared with those in patients with rheumatic heart disease. 
Similarly, previous results have indicated that Cx40 expression 
is reduced during AF, and that the distribution of Cx40 may be 
altered in AF (25). These data suggest that Cx40 expression 
is altered in AF. Furthermore, reduced expression of KCNA5 
has been observed in AF (26). Cx40 and KCNA4 are consid-
ered to regulate structural and electrical remodeling during 
AF (11,12); however, the association between the expression of 
Cx40 and KCNA4 is remains unclear.

AF may lead to long‑term structural remodeling within 
atrial myocytes and the myocardial interstitium (27). Structural 
remodeling typically occurs in the left atrium (28), and is 

Table I. Clinical characteristics of the patients included in the 
present study.

	 Type of disease
	 (mean ± standard deviation)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 RHD (n=30)	 AF (n=30)

Sex (n)
  Male	 13	 15
  Female	 17	 15
Age (years)	 47.33±6.78	 52.68±10.65
LA (mm)	 37.52±4.71	 34.98±5.78
RA (mm)	 33.91±3.99	 35.16±4.88
EF (%)	 60.62±7.54	 43.06±10.62a

aP<0.05 vs. the RHD control group. RHD, rheumatic heart disease; 
AF, atrial fibrillation; LA, inner diameter of the left atrium; RA, inner 
diameter of the right atrium; EF, left ventricular ejection fraction.
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considered to worsen the pathological changes, including 
disregulated cellular energy balance and an increased inflam-
matory response (28). Within the myocardium, gap junctions 
provide cytoplasmic continuity between myocytes  (29). A 
number of transmembrane proteins within gap junctions 
belong to the Cx protein family, including Cx40, 43 and 45 (30). 
In AF, structural remodeling associated with Cx proteins may 
alter the composition of gap junctions and distribution of 
connective fibers (31). Notably, aberrant distribution of Cx40 
protein has been documented in AF, and mutant Cx40 protein 
has been associated with a higher risk of AF (12).

Electrical remodeling of the atrial myocardium leads to 
decrease in contractility and increases the risk of stroke (32). 
Rapid atrial contraction may also result in heart failure. 
Therefore, reversal of the electrical remodeling that occurs 
may be a novel treatment strategy for AF. Previous studies 
have documented that AF may be induced by a shortening 
of action potential duration (1,2,6). Ion channels serve a key 
role in changes to membrane potential. KCNA5 is a member 
of the potassium voltage‑gated channel family, which is 
considered to be the most complex class of voltage‑gated 
ion channel (33). KCNA5 encodes a potassium channel that 
serves a role in vascular function by regulating smooth muscle 
contraction, neurotransmitter release and epithelial electrolyte 
transport (11).

In the present study, Cx40 and KCNA5 were downregu-
lated in the atrial myocytes of patients with AF. These two 
genes have been associated with the worsening of symptoms 
and an increased risk of morbidity in patients with AF (11,12). 
The present study assessed the potential association between 
Cx40 and KCNA5 expression at the transcriptional and 
translational levels. In patients with AF, it was observed 
that mRNA and protein levels of Cx40 and KCNA5 were 

significantly positively correlated, indicating that there is an 
association between Cx40 and KCNA5 expression. Previous 
studies have indicated that structural and electrical remod-
eling results in a poor prognosis for patients with AF (34,35). 
However, the link between these changes is not well under-
stood.

The present study was the first, to the best of our knowl-
edge, to assess the association between structural and electrical 
remodeling in AF, and observed that structural and electrical 
changes to the atrial myocardium were correlated, which was 
indicated by the correlation between Cx40 and KCNA5 in the 
present study. During the initial stage AF, electrophysiological 
changes in the atrial myocytes occur, typically within the 
first few h of sustained atrial tachycardia (36,37). Structural 
remodeling then occurs at a slower rate following the initial 
electrophysiological changes  (6). Subsequently, structural 
remodeling alters the architecture of the atrial myocardium. 

Figure 1. Expression of Cx40 and KCNA5 in AF and rheumatic heart disease. (A) mRNA expression of Cx40 and KCNA5 in atrial myocytes, measured 
by RT-qPCR analysis. (B) Protein expression of Cx40 and KCNA5, measured by western blot analysis. (C) Levels of Cx40 and KCNA5 protein expression 
relative to GAPDH expression. *P<0.05, **P<0.01. AF, atrial fibrillation; Cx40, connexin 40; KCNA5, potassium voltage‑gated channel subfamily A member 5; 
RT-qPCR, reverse transcription‑quantitative polymerase chain reaction.

Figure 2. Pearson's correlation coefficient test of Cx40 and KCNA5 
mRNA expression in the atrial myocytes of patients with atrial fibrillation. 
Cx40, connexin 40; KCNA5, potassium voltage‑gated channel subfamily A 
member 5.
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Figure 4. Expression of KCNA5 following Cx40‑siRNA transfection in atrial myocytes. (A) mRNA expression of KCNA5 measured by RT-qPCR analysis. 
(B) Protein expression of KCNA5 measured by western blot analysis. (C) Level of KCNA5 protein expression relative to GAPDH expression. *P<0.05. Cx40, 
connexin 40; KCNA5, potassium voltage‑gated channel subfamily A member 5; siRNA, small interfering RNA; RT-qPCR, reverse transcription‑quantitative 
polymerase chain reaction.

Figure 5. Expression of KCNA5 following KCNA5‑siRNA transfection in atrial myocytes. (A) mRNA expression of KCNA5 measured by RT-qPCR analysis. 
(B) Protein expression of KCNA5 measured by western blot analysis. (C) Level of KCNA5 protein expression relative to GAPDH expression. *P<0.05. KCNA5, potas-
sium voltage‑gated channel subfamily A member 5; siRNA, small interfering RNA; RT-qPCR, reverse transcription‑quantitative polymerase chain reaction.

Figure 3. Expression of Cx40 following Cx40‑siRNA transfection in atrial myocytes. (A) mRNA expression of Cx40 measured by RT-qPCR analysis. (B) Protein 
expression of Cx40 measured by western blot analysis. (C) Level of Cx40 protein expression relative to GAPDH expression. *P<0.05. Cx40, connexin 40; 
siRNA, small interfering RNA; RT-qPCR, reverse transcription‑quantitative polymerase chain reaction.

Figure 6. Expression of Cx40 following KCNA5‑siRNA transfection in atrial myocytes. (A) mRNA expression of Cx40 measured by RT-qPCR analysis. (B) Protein 
expression of Cx40 measured by western blot analysis. (C) Level of Cx40 protein expression relative to GAPDH expression.*P<0.05. Cx40, connexin 40; KCNA5, 
potassium voltage‑gated channel subfamily A member 5; siRNA, small interfering RNA; RT-qPCR, reverse transcription‑quantitative polymerase chain reaction.
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In the present study, downregulation of KCNA5 inhibited the 
expression of Cx40, suggesting that key molecules associated 
with electrophysiological changes may regulate Cx40 expres-
sion. Therefore, electrophysiological changes may induce 
structural remodeling by altering the expression of Cx40. 
Furthermore, it was observed that downregulation of Cx40 
reduced the expression of KCNA5, indicating that structural 
remodeling may also affect electrical remodeling. These data 
indicate that synergistic regulation may occur between Cx40 
and KCNA5 expression to form a network of electrical and 
structural remodeling during AF.

In conclusion, the present study identified that there 
was reduced expression of Cx40 and KCNA5 in the atrial 
myocytes of patients with AF. A positive correlation was also 
observed between the expression of Cx40 and KCNA5 at the 
mRNA level and protein levels, and using siRNA transfection 
a potential regulatory relationship between Cx40 and KCNA5 
was identified. These data suggest that there is an association 
between Cx40 and KCNA5 expression in the atrial myocytes 
of patients with AF. The present results may be useful in 
improving the understanding and treatment of AF. Future 
studies are required to fully elucidate the use of Cx40 and 
KCNA5 connection in treating AF.
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