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Background-—The prevalence of atrial fibrillation (AF) is significantly higher in rheumatoid arthritis (RA) patients, but the underlying
mechanisms remain poorly understood. The goal of this study was to assess the effects of RA on AF susceptibility and atrial
arrhythmogenic remodeling in a rat model of RA.

Methods and Results-—Collagen-induced arthritis was induced in rats by immunization with type II collagen in Freund’s incomplete
adjuvant. Among the rats that developed arthritis, AF susceptibility and atrial remodeling were examined 8 weeks after the primary
immunization. AF inducibility and duration were substantially increased in collagen-induced arthritis rats, and AF duration was
significantly and positively correlated with the serum IL-6 and TNF-a levels. Rats with collagen-induced arthritis showed prolonged
atrial conduction time with no changes in the atrial effective refractory period. Atrial conduction delay was accompanied by
significantly increased atrial fibrosis. In addition, atrial structural and autonomic remodeling, including left atrial dilation, apoptosis
and autophagy of atrial myocytes, and atrial heterogeneous sympathetic hyperinnervation, was observed. Interestingly, we found that
collagen-induced arthritis had no significant effects on connexins, Nav1.5, and the main ion channels’ protein expressions in atria.

Conclusions-—We demonstrated that RA increased AF susceptibility by inducing AF-promoting atrial remodeling. This study may
provide insights into mechanisms underlying RA-induced AF and validate a model that is suitable for further mechanistic and
therapeutic exploration. ( J Am Heart Assoc. 2017;6:e007320. DOI: 10.1161/JAHA.117.007320.)
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R heumatoid arthritis (RA) is a chronic immunomediated
disease primarily affecting the joints and leading to

extra-articular manifestations, characterized by persistent
high-grade systemic inflammation. RA affects 0.5% to 1% of
adults in developed countries and causes significant disability
and preterm mortality.1 The morbidity of cardiovascular
disease such as ischemic heart disease and congestive heart
failure are significantly increased in RA patients.1,2 Atrial
fibrillation (AF) is the most common clinically relevant
arrhythmia, with a wide range of potential complications,
and contributes significantly to population morbidity and
mortality.3 Large population-based studies indicate that the
prevalence of AF is significantly higher in RA patients than in

the general population.4–6 The meta-analysis of the pooled
data from these studies demonstrated �30% statistically
significant increased risk of AF in RA patients compared with
participants without RA.7 However, the effects of RA on AF
vulnerability and atrial remodeling have not been studied in
experimental models.

Collagen-induced arthritis (CIA) is a classic animal model of
RA and is widely used to study the pathophysiology of human
RA.8 To clarify the exact role and the underlying mechanism of
RA in AF, we assessed the effects of RA on AF susceptibility
and atrial arrhythmogenic remodeling in a CIA rat model.

Materials and Methods
The data, analytic methods, and study materials have been
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure. The authors
declare that all supporting data are available within the
article.

Induction of CIA in Rats
Previous study suggested that female Wistar rats were greatly
susceptible to CIA and had low variability in clinical signs.9

Therefore, the CIA model was induced in female Wistar rats in
this study.
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Female Wistar rats (weighing 180–200 g and aged 8 weeks)
from Beijing Vital River Laboratory Animal Technology Co, Ltd
(Beijing, China) were used. The present study was performed in
accordance with the Guide for the Care and Use of Laboratory
Animals and were approved by the institutional animal care and
use committee at Harbin Medical University. The CIAmodel was
induced as described previously.10 In brief, 30 rats were
immunized twice, intradermally at the tail base with 1:1 (vol/vol)
200 lg bovine type II collagen and Freund’s incomplete
adjuvant at a volume of 200 lL with a 7-day interval. The
control group rats (n=20) were injected with 0.2 mL of sterilized
physiological saline only. Arthritic signs in the paws of the rats,
characterized by edema and erythema, were inspected daily
following the second immunization, and the onset of arthritis
was monitored. Among the 25 rats that developed arthritis, 20
were randomly selected for the subsequent experiment (the CIA
group). At 8 weeks after the primary bovine type II collagen
injection, echocardiography and electrophysiological studies
were performed, and atrial tissues were sampled.

Echocardiography
Transthoracic echocardiographic studies were performed with
the Philips S12-4 phased-sector ultrasound transducer in Philips
CX50 ultrasound systems, with rats under sedation with 2%
isoflurane. Cross-sectional echocardiogram was obtained in
apical 4-chamber view tomeasure left atrial diameter, right atrial
(RA) up–down and left–right diameter at end diastole. M-mode
echocardiogram was obtained in parasternal long-axis views to
measure right ventricular diameter at end diastole and in
parasternal short-axis views to measure left ventricular diam-
eter at end diastole and systole. Left ventricular ejection fraction
was recorded. Peak velocity of E-wave in transmitral flow was
also measured by pulsed-wave Doppler. The average of 3
consecutive cardiac cycles was used for each measurement.

Electrophysiological Study
Ten rats in each groupwere randomly selected to undergo in vivo
open-chest electrophysiological programmed stimulation under
2% isoflurane anesthesia. The 1.9-F octapolar catheter used for
programmed stimulation was placed on the right atrium. To
assess AF inducibility, 25-Hz burst pacing was applied for
30 seconds. AF was defined as >1 second of irregular atrial
electrograms (>800 beats/min) with irregular ventricular
response. The RA effective refractory period was measured
with 8-beat basic pacing-stimulus trains (cycle length: 120 mil-
liseconds) followed by a premature extrastimulus with the
coupling interval reduced in 2-millisecond decrements and was
defined as the longest coupling interval failing to produce a
propagated response. In addition, intra-atrium conduction time
was measured during pacing at a cycle length of 120 millisec-
onds and defined as the stimulus conduction time between
electrodes from the distal dipole (the first dipole) to the third
dipole (the distance between the 2 dipoles is 2 mm).

Quantitation of Serum Cytokines
After electrophysiological study, the serum was collected, and
concentrations of IL-6 (interleukin 6) and TNF-a (tumor
necrosis factor-a) were measured using ELISA kits according
to the manufacturer’s instructions (BlueGene Biotech Co Ltd,
Shanghai, China).

Hematoxylin and Eosin and Masson’s Trichrome
Staining
RA tissues were stained with hematoxylin and eosin or
Masson’s trichrome. The interstitial fibrotic areas were
calculated using Image-Pro Plus software (version 4.0; Media
Cybernetics LP). Collagen volume fraction was calculated as
collagen area/total area9100%.

Terminal Deoxynucleotidyl Transferase Mediated
dUTP Nick-End Labeling Staining
TUNEL (Terminal Deoxynucleotidyl Transferase Mediated dUTP
Nick-End Labeling) staining was performed using the ApopTag
kit (Roche) according to the manufacturer’s instructions. The
apoptosis content was calculated as apoptotic cells per field.

Immunohistochemistrical Studies
The nerve sprouting marker GAP43 (growth associated protein
43) and the sympathetic nerve marker TH (tyrosine hydroxy-
lase) were stained on 5-lm transmural sections of atrial
tissues. The sections were incubated overnight at 4°C with
primary antibody and with peroxidase-conjugated second
antibody at 37°C for 20 minutes. Then the sections were

Clinical Perspective

What Is New?

• The present study demonstrated that rheumatoid arthritis
increased susceptibility to atrial fibrillation by inducing atrial
fibrillation–promoting atrial remodeling, including significant
atrial fibrosis, apoptosis, autophagy, heterogeneous sympa-
thetic hyperinnervation, and atrial conduction delay in a rat
model of collagen-induced arthritis.

What Are the Clinical Implications?

• This study may provide insights into the mechanisms
underlying clinical rheumatoid arthritis–induced atrial fibril-
lation and validate a model that is suitable for further
therapeutic exploration.
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visualized with a DAB (3,30-diaminobenzidine)–based
colorimetric method. The density of stained nerves was
determined by Image-Pro Plus software. The nerve density
was expressed as the nerve area divided by the total area
examined (lm2/mm2).

Transmission Electron Microscopy
Briefly, atrial samples were fixed with 4% glutaraldehyde,
followed by 1% osmium tetroxide after fixation. After dehydra-
tion in a graded series of ethanol, the samples were embedded
in Epon-Araldite resin. Ultrathin sections with 50-nm thickness

were prepared and then stained with uranyl acetate and lead
citrate. A JEM-1220 transmission electron microscope (JEOL)
was used to observe autophagosomes.

Western Blotting
Proteins were separated by electrophoresis on 8% to 12%
SDS-polyacrylamide gels and transferred moist to polyvinyli-
dene difluoride membranes. Membranes were blocked by 5%
nonfat dry milk in PBS and incubated overnight at 4°C.
Membranes were washed with PBS containing 0.5% Tween 20
and incubated with primary antibodies overnight, then

Figure 1. CIA-induced systemic and atrial inflammation. A and B, Serum levels of IL-6 (interleukin 6) and
TNF-a (tumor necrosis factor a) 8 weeks after primary collagen II and Freund’s incomplete adjuvant injection
(n=10 per group). C and D, Representative Western blots and quantification of IL-6 and TNF-a protein
expression in atrial tissues (n=6 per group). E and F, Examples of hematoxylin and eosin staining (n=6 per
group). **P<0.01, ***P<0.001, vs the CON group; ###P<0.001, vs baseline. Scale bar=50 lm. Arrow
indicates the accumulation of inflammatory cells. CIA indicates collagen-induced arthritis; CON, control.
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Figure 2. AF susceptibility and electrophysiological parameters changes. A and B, Examples of AF
induction attempts in (A) a control rat and (B) a CIA rat. C, AF inducibility. D, AF duration. E, AERP. F, Intra-
atrium CT. G and H, AF duration was significantly and positively correlated with the serum levels of IL-6
(interleukin 6; r=0.82, P<0.01) and TNF-a (tumor necrosis factor a; r=0.84, P<0.01). *P<0.05, **P<0.01,
***P<0.001, vs the CON group, n=10 per group. AERP indicates atrial effective refractory period; AF, atrial
fibrillation; CIA, collagen-induced arthritis; CON, control; CT, conduction time; EGM, electrogram; SR, sinus
rhythm.
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incubated with horseradish peroxidase–conjugated secondary
antibody for 1 hour. Antibodies against IL-6, TNF-a, collagen I,
collagen III, Kir2.1, Kir3.1, Kir3.4, Kv1.5, Nav1.5, Cx40
(connexin 40), and Cx43 (connexin 43) were purchased from
Biosynthesis Biotechnology Co, Ltd. Antibodies against a-SMA
(a–smooth muscle actin), Bcl-2, Bax, CASP-3 (caspase 3),
GAP43, TH, NGF (nerve growth factor), and Cav1.2 were
obtained from Abcam. Antibodies against LC3B and ATG5
were purchased from Cell Signaling Technology. Antibody
against TGF-b1 (transforming growth factor-b1) was provided
by Sigma-Aldrich. The images were captured on the Bio-Rad
system, and GAPDH was used as an internal control.

Statistical Analyses
Data are expressed as mean�SD except for AF duration,
which is expressed as median and interquartile range (25–
75%). The Fisher exact test was applied to compare AF
inducibility. AF duration was compared using the Wilcoxon
rank-sum test. The paired t test was used in the comparison
of the serum IL-6 and TNF-a levels before and after bovine
type II collagen injection within each group. Other data were
compared using an unpaired Student t test. Natural logarith-
mic transformation was performed if the data did not satisfy
statistical criteria for normal distribution, and the data were
presented on the original scale. Pearson product-moment
correlation analysis was used to determine the relationship
between the levels of serum IL-6 and TNF-a and AF duration.
Analyses were processed with GraphPad Prism version 5.0
(GraphPad Software, Inc). P<0.05 was considered statistically
significant.

Results

Systemic and Atrial Inflammation Induced by CIA
At 8 weeks after the primary bovine type II collagen injection,
the serum levels of IL-6 and TNF-a in the CIA group were
significantly higher compared with the control group and
baseline (Figure 1A and 1B). Moreover, IL-6 and TNF-a protein
expressions in atrial tissues of the CIA group were signifi-
cantly higher than those of control group (Figure 1C and 1D).
In addition, hematoxylin and eosin staining showed accumu-
lations of inflammatory cells in the atrial myocardium in the
CIA group (Figure 1E and 1F). The results showed that CIA not
only induced systemic inflammation but also caused local
inflammatory response within the atrial myocardium.

Changes in AF Inducibility and
Electrophysiological Parameters
Figure 2 showed changes in AF inducibility and main electro-
physiological parameters. Burst pacing rarely induced AF in

control rats (Figure 2A), whereas it commonly induced AF in
CIA rats (Figure 2B). AF inducibility was substantially
increased in CIA rats, with 9 of 10 CIA rats (90%) becoming
inducible versus 2 of 10 control rats (20%; Figure 2C). AF
duration was also significantly increased in CIA rats (Fig-
ure 2D). There were no significant differences in RA effective
refractory period between the 2 groups (Figure 2E); however,
atrial conduction time was significantly longer in CIA group
(Figure 2F). Moreover, AF duration was significantly and
positively correlated with the serum IL-6 (r=0.82, P<0.01;
Figure 2G) and TNF-a levels (r=0.84, P<0.01; Figure 2H).

Atrial Structural Remodeling Produced by CIA
To understand the mechanisms underlying CIA-induced AF
promotion, we analyzed cardiac structural changes. As shown in
Figure 3, echocardiography revealed mild but statistically
significant increases in left atrial diameter but no differences
in RA diameter. Left ventricular diameter, right ventricular
diameter, and left ventricular systolic function (as indicated by
left ventricular ejection fraction) did not change; however, the
peak velocity of E-wave decreased, indicating left ventricular
diastolic dysfunction. Moreover, atrial fibrosis, apoptosis, and
autophagywere examined.Masson’s trichrome staining showed
greater atrial collagen deposition (Figure 4A) and significantly
increased collagen volume fraction (Figure 4B) in CIA rats
compared with control rats. The protein expression of collagen I,
collagen III, and fibrosis-related molecules TGF-b1 and a-SMA
were also increased significantly in atria from CIA rats
(Figure 4C through 4F). The results demonstrated CIA could
induce atrial interstitial fibrosis. Furthermore, CIA increased the
apoptosis of atrial cells (Figure 5A). The apoptotic cells sharply
increased in the atria of theCIA group comparedwith the control
group (Figure 5B). The antiapoptotic Bcl-2 protein level was
decreased, whereas proapoptotic Bax andCASP-3 protein levels
were increased in atrial samples from CIA rats compared with
control rats (Figure 5C through 5E). In this study, we found that
CIA also induced autophagy in atrial myocytes. As shown in
Figure 6A and 6B, the electron microphotographs of atria
samples from control rats showed few autophagic vacuoles,
whereas CIA rats exhibited several autophagic vacuoles, and
most of them were late autophagic vacuoles. Western blot
showed that the ratio of LC3II/I (an established marker of
autophagy) and ATG5 (a key autophagy-regulatory gene)
expression were increased (Figure 6C and 6D). These findings
suggested that autophagy was activated in the CIA group.

Protein Expression of Connexins, Nav1.5, and the
Main Ion Channels
In addition to atrial fibrosis, connexins andNa+-channela subunit
(Nav1.5) expression alteration also can contribute to atrial
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conduction abnormalities. Therefore, we studied the changes of
connexin and Nav1.5 protein expressions in atria. As shown in
Figure 7A and 7B, both Cx40 and Cx43 protein levels showed
decreases in CIA rats compared with control rats; however, the

observed changes were not significant. In addition, Nav1.5
protein expression showed no significant changes (Figure 7C).

We also detected protein expression of the main ion
channels in atria. We found that protein levels of Cav 1.2, Kir

Figure 3. Echocardiographic variables changes. A, Echocardiography images of left atrial (LA) and right atrial (RA) dimensions in the control
(CON) and collagen-induced arthritis (CIA) groups. B through D, LA diameter, RA up–down diameter and RA left–right diameter in CON and CIA
rats. E through I, Left ventricular diameter at end diastole (LVDd) and systole (LVDs), left ventricular ejection fraction (LVEF), peak E-wave
velocity, and right ventricular diameter (RVD) in CON and CIA rats. *P<0.05, vs the CON group, n=10 per group.
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2.1, Kir 3.1, Kir 3.4, and Kv 1.5 were not significantly different
between the 2 groups (Figure 7D through 7H).

Atrial Sympathetic Remodeling
We further examined atrial sympathetic innervation of CIA
rats. Immunohistochemistrical staining showed that nerves
that were immunopositive to GAP43 (a marker for nerve
sprouting) and TH (the sympathetic nerve marker) were more
abundant in rats with CIA than in controls, and the distribution
of nerves within the same microscopic field showed signifi-
cant inhomogeneity (Figure 8A through 8D). The atrial protein
expression of GAP43, TH, and NGF was further determined by
Western blot analysis, and the results showed that all were

dramatically increased in CIA rats compared with control rats
(Figure 8E through 8G). These results suggested that CIA
induced atrial nerve sprouting and heterogeneous sympa-
thetic hyperinnervation.

Discussion

Major Findings
To our knowledge, the present study was the first experi-
mental analysis of the effects of RA on AF susceptibility and
atrial arrhythmogenic remodeling. We found that AF inducibil-
ity and duration were substantially increased in CIA rats
8 weeks after primary immunization, and AF duration was

Figure 4. Effect of collagen-induced arthritis (CIA) on atrial fibrosis. A, Examples of Masson’s trichrome
staining. B, Collagen volume fraction (CVF) of each group, n=8 per group. C through F, Representative
Western blots and quantification of protein expressions of collagen I, collagen III, TGF-b1 (transforming
growth factor-b1), and a-SMA (a–smooth muscle actin) in atrial tissues; n=6 per group. **P<0.01,
***P<0.001, vs the control (CON) group. Scale bar=50 lm.
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significantly and positively correlated with serum IL-6 and
TNF-a levels. The prolonged atrial conduction time was
observed in CIA rats, with no changes in the atrial effective
refractory period. Atrial conduction delay was accompanied
by significantly increased atrial fibrosis. In addition, atrial
structural and autonomic remodeling was observed. Interest-
ingly, we found that CIA had no significant effects on protein
expression of connexins and the main ion channels in atria.

Relationship to Clinical Findings
The potential association between RA and AF in humans has
been evaluated in 3 large retrospective cohort studies
involving �40 000 RA patients and >4 million non-RA
controls.4–6 The meta-analysis of these studies demonstrated
�30% higher risk of AF in RA patients compared with non-RA
participants.7 Moreover, recent studies have demonstrated
significant atrial remodeling in patients with RA. Prolonged
electromechanical delays and impaired left atrial mechanical
functions were observed in RA patients and correlated with

CRP level.11 P-wave dispersion was found to be increased in
RA and correlated with CRP and disease duration.12 P-wave
dispersion is considered as an electrocardiographic marker of
inhomogeneous and discontinuous propagation of sinus
impulses in the atrial myocardium, representing a sensitive
and specific clinical predictor of AF. The left atrial volume
index increased at a higher rate in the RA cohort than in the
non-RA cohort.13 In clinical studies, however, it is difficult to
determine whether RA directly causes atrial remodeling or
whether the observed associations are due to potential
confounders. Consequently, an experimental study is needed
to understand the association between RA and AF. Our
findings are consistent with the cited clinical studies. We
found that CIA is sufficient to induce significant atrial
conduction slowing and then increase AF susceptibility.
Furthermore, our present study may provide insights into
the mechanisms underlying AF promotion by RA, including
significant atrial fibrosis, increased atrial cardiomyocyte
apoptosis and autophagy, and atrial heterogeneous sympa-
thetic hyperinnervation.

Figure 5. CIA increased atrial myocytes apoptosis. A, Examples of TUNEL (terminal deoxynucleotidyl transferase mediated dUTP nick-end
labeling) staining. B, The number of apoptotic cells per field, n=8 per group. C through E, Representative western blots and quantification of
protein expressions of Bcl-2, Bax, and CASP-3 (caspase 3) in atrial tissues; n=6 per group. **P<0.01, ***P<0.001, vs the CON group. Scale
bar=50 lm. CIA indicates collagen-induced arthritis; CON, control.
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It is also important to consider the differences between
experimentally induced arthritis and human RA when inter-
preting findings from rat arthritis models; therefore, our
findings in CIA rats may not be applied directly to human RA.

Atrial Arrhythmogenic Remodeling by CIA and the
Possible Underlying Mechanism
Atrial fibrosis is a common feature of clinical AF and a
hallmark of arrhythmogenic structural remodeling, which
provides a basis for unidirectional conduction block and
macro reentry, resulting in an AF substrate.14 Increased
apoptosis has been detected in atrial tissues of patients with

AF and has been proven to contribute to AF-promoting atrial
contractile abnormalities and dilation associated with heart
failure.15,16 Moreover, apoptosis is thought to cause atrial
fibrosis by inducing a reparative fibrosis process to replace
the degenerating myocardial cells.17 However, TUNEL is only
a qualitative procedure that gives no information about the
cell type undergoing apoptosis. Further studies are needed to
clarify what kind of cells undergo apoptosis. Atrial autonomic
remodeling has been observed in chronic AF patients and in a
canine model of rapid atrial pacing, and chronic left
ventricular myocardial infarction and rapid ventricular pacing
induced heart failure.18–20 Previous studies demonstrated
that atrial autonomic remodeling could promote

Figure 6. CIA-induced autophagy in the atria. A and B, Representative electron microphotographs
showing autophagic vacuoles in atrial myocytes. C and D, Representative Western blots and quantification
of protein expressions of LC3B and ATG5 in atrial tissues. ***P<0.001, vs the CON group, n=6 per group.
Scale bar=2 lm. Arrows indicate the autophagic vacuoles. CIA indicates collagen-induced arthritis; CON,
control.
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heterogeneity of atrial refractoriness and provide an impor-
tant substrate for AF.20 Consequently, RA-induced atrial
fibrosis, apoptosis, and autonomic remodeling could con-
tribute to AF vulnerability.

The precise effect of autophagy on AF in our study remains
poorly understood. Our previous study proved that autophagy
occurred in atrial myocytes of rapid atrial pacing-induced
experimental AF canines and chronic AF patients.21

Figure 7. Protein expressions of connexins, Nav1.5, and the main ion channels in the atria. A and B, Representative Western blots and
quantification of protein expressions of total Cx40 (connexin 40) (A) and total Cx43 (connexin 43) (B) in control (CON) and collagen-induced
arthritis (CIA) rats. C, Representative Western blots and quantification of protein expressions of Nav1.5 in CON and CIA rats. D through H,
Representative Western blots and quantification of protein expressions of Cav 1.2, Kir 2.1, Kir 3.1, Kir 3.4, and Kv 1.5 in atrial tissues of CON
and CIA rats. n=6 per group.
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Considering the finding that autophagy activation was
observed in most cases of atrial cardiomyocytes with severe
mitral and tricuspid regurgitation and was closely associated
with the degree of myolysis,22 it is reasonable to conclude
that autophagy may be a novel mechanistic contributor to AF.

In our present study, in addition to systemic inflammation,
local inflammation in atrial myocardium was also observed, as
shownby theaccumulations of inflammatory cells and increased
TNF-a and IL-6 protein expression. Previous studies suggested
that these inflammatory cytokines play a key stimulatory role in
atrial remodeling through several mechanisms. TNF-a has been
demonstrated to induce atrial fibrosis by increasing atrial

myofibroblast proliferation and metalloproteinase secre-
tion.23,24 Saba et al25 found that cardiac-specific overexpres-
sion of TNF-a could cause atrial contractile dysfunction, fibrosis,
and arrhythmias in amousemodel.Moreover, a recent study has
revealed that enhanced expression of TNF-a in the murine atrial
cardiomyocyte HL-1 cell line promoted cardiomyocyte apopto-
sis by activating CASP-3.26 IL-6 has also been shown to be an
important regulator of cardiac interstitial fibrosis. IL-6 can
induceSTAT3 (signal transducer and activator of transcription 3)
phosphorylation, increase collagen production in cardiac fibrob-
lasts, and thus promote cardiac fibrosis.27,28 Deletion of IL-6
was consistently shown to be beneficial against fibrotic heart

Figure 8. Atrial sympathetic remodeling induced by collagen-induced arthritis (CIA). A through D, Atrial immunostaining and mean density of
GAP43 (growth associated protein 43)–positive nerves (A and B) and TH (tyrosine hydroxylase)–positive nerves (C and D), n=8 per group. E
through G, Representative Western blots and quantification of protein expressions of GAP43, TH, and NGF (nerve growth factor) in atrial tissues;
n=6 per group. ***P<0.001, vs the control (CON) group. Scale bar=50 lm. Arrows indicate the GAP43- and TH-positive nerves.
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disease.29 However, IL-6 seems to exert pleiotropic effects and
control the balance between anti- and proapoptotic path-
ways.30,31 The exact role of IL-6 signaling in atrial cardiomyocyte
apoptosis induced by RA needs to be further investigated in
future studies.

Zhou et al32 showed that NGF, which is critical for
sympathetic nerve sprouting, is upregulated after myocardial
infarction in animal models, resulting in the regeneration of
cardiac sympathetic nerves and heterogeneous innervation.
Therefore, CIA-induced atrial autonomic remodeling in our
current study may be mainly attributed to the upregulation of
NGF. Previous studies have shown that NGF could be
synthesized by multiple cell types within myocardium includ-
ing macrophages, myofibroblasts, and atrial myocytes.33–35

Consequently, increased synthesis by the accumulated
inflammatory cells and increased myofibroblasts (as shown
by upregulation of a-SMA protein, a marker of transformation
from fibroblasts to myofibroblasts) in the atrial myocardium is
thought to contribute to the upregulation of NGF in this study.

Limitations
Some limitations should be acknowledgedwhen considering the
results of the present study. First, we detected only protein
expression of the subunits of potassium and calcium channels.
Additional work is needed to examine related currents of these
channels. Second, we examined only total Cx40 and Cx43
expression. The changes in connexin phosphorylation and
distribution in present study are still unclear and need further
investigation. Third, the precise molecular basis of proarrhyth-
mic atrial remodeling in this CIA model remains unknown.
Furtherworkwill be necessary to establish theprecisemolecular
mechanisms by which RA induces atrial remodeling. Last, only
female Wistar rats were used to induce the CIA model in this
study; therefore, our findings may not be applicable to males.

Conclusions
In summary, our work provided convincing experimental
evidence, for the first time, that RA increased AF susceptibility
by inducing atrial remodeling. The AF-promoting substrate
includes atrial conduction abnormalities related to atrial fibrosis,
atrial cardiomyocyte apoptosis and autophagy, and atrial
autonomic remodeling. This study provides insights into mech-
anisms underlying RA-induced AF and validates a model that is
suitable for further mechanistic and therapeutic exploration.
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