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Abstract: Aims: This study aimed to characterize circular RNA (circRNA) profiles associated with atrial fibrosis-related 
atrial fibrillation (AF) and reveal critical circRNAs for AF. Methods: Sprague Dawley rats were randomly divided into 
control and atrial fibrosis-related AF groups (n = 15 in each group). The rats in the atrial fibrosis-related AF group 
were induced by chronic intermittent hypoxia (CIH), and then confirmed by electrocardiograms, echocardiography, 
hematoxylin-eosin staining, Masson staining, immunohistochemistry assays and western blotting. After that, the atri-
al tissues were sent for circRNA sequencing, and the differentially expressed circRNAs were identified and validated 
by quantitative real-time polymerase chain reaction (qRT-PCR). Finally, a series of cell experiments were performed 
to explore the roles of two crucial circRNAs in rat atrial fibroblasts. Results: A CIH-induced AF model was successfully 
established in the rats. After sequencing, five upregulated and 11 downregulated circRNAs were identified in the 
CIH-induced AF group. These dysregulated circRNAs were primarily associated with “carbohydrate metabolism” and 
“cardiovascular diseases”. Two circRNAs (circRNA_0263 and circRNA_1507) were predicted to regulate target gene 
expression by interacting with corresponding miRNAs, including rno-miR-29b-5p, rno-miR-29b-3p, rno-miR-496-5p, 
rno-miR-136-5p, and novel123-mature. Additionally, circRNA_0263 knockdown and circRNA_1507 overexpression 
inhibited the cell viability of fibroblasts, and downregulated the expression of fibrosis-related proteins. Conclusion: A 
series of circRNAs were identified as dysregulated in an AF rat model, and circRNA_0263 and circRNA_1507 might 
be crucial for atrial fibrosis-related AF development by competing with several miRNAs. 
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Introduction

Atrial fibrillation (AF) is the most common type 
of cardiac arrhythmia, affecting an increasing 
number of individuals worldwide. The preva-
lence of AF is increasing sharply with the aging 
of the population [1]. Aging and aging-related 
diseases result in cardiac electrical abnormali-
ties and myocardial remodeling, which increase 
the occurrence of AF [2]. AF might also acceler-
ate the aging process by causing ischemic or 
non-ischemic events [3]. Currently, the preva-
lence of AF is the highest among white popula-
tions, with an estimated 7 million individuals 
diagnosed with AF in Europe and the USA [3, 4]. 

In Asia, the incidence of AF was reported at 
5.38 per 1,000 persons each year, according  
to a meta-analysis of data from three countri- 
es [5]. Multiple factors are associated with an 
increased risk of AF, including age, arterial 
hypertension, obesity, diabetes, coronary artery 
disease, and heart failure. Progressive atrial 
fibrosis is the primary pathological change 
reported in AF, associated with disease recur-
rence and resistance to therapy [6]. However, 
the molecular mechanisms underlying atrial 
fibrosis-related AF remain poorly understood.

AF is well known to increase the risk of ischemic 
stroke, heart failure, and mortality, exacerbat-
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ing the overall global health burden. Current 
treatment options for AF are challenging, espe-
cially for AF in older patients. Available the- 
rapeutic strategies for AF primarily include anti-
arrhythmic drug therapy and catheter ablation 
[7, 8]. Guidelines recommend antiarrhythmic 
drugs as the initial therapy for symptomatic AF 
patients. However, recent randomized control 
trials have suggested catheter cryoballoon 
ablation as an initial therapy for AF instead  
of antiarrhythmic drug therapy due to signifi-
cantly reduced rates of AF recurrence [8, 9]. 
Clinically, cardiac ultrasound, enhanced com-
puted tomography, positron emission tomogra-
phy, myocardial contrast echocardiography, 
enhanced nuclear magnetic field, myocardial 
biopsy, and other examinations can be used to 
evaluate the heart structure, pulmonary vein 
anatomy, and degree of myocardial fibrosis  
to guide preoperative evaluations and predict 
prognosis. Recently, a catheter-based ablation 
of atrial fibrosis, monitored by late gadolinium-
enhancement magnetic resonance imaging, 
has been identified as an effective approach 
for improving clinical outcome in AF [10]. In- 
vestigating the mechanisms that underlie AF 
will facilitate the exploration of novel approach-
es to AF prevention and therapy. Obstructive 
sleep apnea (OSA) has previously been associ-
ated with AF [11, 12], and several animal mod-
els of AF have been developed, including a rat 
model of AF induced by chronic intermittent 
hypoxia (CIH), which appears to closely model 
AF pathogenesis [13, 14]. However, limited 
data are available regarding the molecular 
mechanisms underlying atrial fibrosis in the 
CIH-induced AF model.

Circular RNAs (circRNAs) are a non-coding 
RNAs (ncRNAs) that have attracted much atten-
tion for the major roles they play in transcrip-
tional and post-transcriptional regulation. Due 
to their highly conserved sequences and stabil-
ity in circulation, circRNAs have been extensive-
ly investigated in cancers, such as liver, colorec-
tal, and lung cancer [15-17]. Recently, an inte-
grative analysis of circRNA profiles in AF sub-
jects was reported by Hu et al., which identified 
several dysregulated circRNAs associated with 
the inflammatory response in AF, including 
hsa_circ_0007256 and hsa_circ_0003533 
[18]. Zhang et al. suggested that circ_0000075 
and circ_0082096 might be involved in AF 
development through the regulation of trans-

forming growth factor-β (TGF-β) signaling path-
way [19]. However, the mechanisms through 
which circRNAs regulate AF have not yet been 
fully revealed, especially in AF progression.

High-throughput sequencing provides an effec-
tive method for the exploration of the patho-
genic mechanisms that lead to AF at multiple 
levels. In this study, we established an atrial 
fibrosis-related AF rat model induced by CIH 
and identified differentially expressed circRNAs 
between the CIH-induced AF group and control 
group. Functional enrichment analysis was per-
formed, followed by competitive endogenous 
RNA (ceRNA) network analysis. The differential 
expression patterns of critical circRNAs were 
further validated by quantitative real-time poly-
merase chain reaction (qRT-PCR) assay and 
their functions were investigated by a series of 
cell experiments. These results might aid in 
understanding of the complex mechanisms of 
atrial fibrosis in the progression of AF.

Materials and methods

Reagents and rats

Primary antibodies were purchased from Ab- 
cam, including antibodies against collagen I 
(COL-1), collagen III (COL-3), connective tissue 
growth factor (CTGF), TGF-β, matrix metallopro-
teinase 2 (MMP2), MMP9, α-smooth muscle 
actin (SMA) and β-actin (details in Table 1). 
Secondary goat anti-rabbit IgG and mouse anti-
rabbit IgG antibodies were obtained from 
Beijing Solarbio Science & Technology Co., Ltd. 
(Beijing, China). 

Thirty healthy male Sprague Dawley (SD) rats 
(6-8 weeks old), weighing 200-250 g, were pur-
chased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. (Beijing, China).

Construction of a CIH-induced rat model

All animal studies were conducted in compli-
ance with the guidelines established by the 
Animal Administration Committee of Tianjin 
Medical University (Approval number: TMUa- 
MEC2016012). The rats were randomly divided 
into a control group and a CIH group, with 15 
rats in each group. The rats were allowed free 
access to normal food and water. The atrial 
fibrosis-related AF rat model was established 
by exposure to a CIH environment, using a pre-
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viously described protocol [20]. Briefly, the rats 
in the CIH group were placed in a chamber filled 
with alternating cycles of nitrogen and oxygen, 
whereas rats in the control group were raised 
under normal oxygen conditions. The intermit-
tent hypoxia time was gradually increased from 
4 hours every day to 8 hours every day during 
the first week (from 9:00 AM to 5:00 PM) and 
then fixed at 8 hours every day. The oxygen con-
centration was adjusted to 8% from 21% by fill-
ing the chamber with nitrogen and was main-
tained at 8% for 50 s. The oxygen concentration 
was then increased from 8% to 21% by aerating 
with oxygen and was maintained for 50 s. Each 
intermittent hypoxia cycle comprised 300 s, 
alternating between oxygen concentrations of 
8% and 21%.

Data assessment

Intermittent hypoxia exposure lasted for 8 
weeks, after which all rats were weighed and 
anesthetized with ether to perform the echo-
cardiography. Rats were fixed on a platform and 
assessed by a GE Vivid-7 Doppler ultrasonic 
machine (General Electric, USA). Interventricular 
septal thickness (IVS), left ventricular end-dia-
stolic dimension (LVEDD), left ventricular end-
systolic dimension (LVESD), left atrial diameter 
(LAD), and mean pulmonary artery pressure 
(mPAP) were monitored.

We performed a carotid artery intubation for 
the blood pressure and ECG monitoring of all 
rats in both groups. The right common carotid 

artery was separated from the vagus nerve 
without damage. Distal ligation was performed 
with a non-absorbable suture, and a single vas-
cular clamp was fixed on the proximal carotid 
artery. After a wedge-shaped resection was 
performed in the middle area, the artery was 
inserted into a polystyrene catheter (1.5-mm-
diameter, injecting heparin sodium) connected 
to a biological signal acquisition system. ECG 
data and arterial blood pressure variables were 
recorded in 10 cardiac cycles, including heart 
rate, RR interval, PR interval, QRS interval, QT 
interval, systolic blood pressure, diastolic blood 
pressure, mean blood pressure, and pulse pre- 
ssure.

At the end of ECG monitoring, the hearts of rats 
were collected, weighed, and washed with pre-
cooled phosphate-buffered saline three times. 
The left atrial tissue of five rats in each group 
was used for hematoxylin-eosin (HE) staining, 
Masson’s trichrome staining, and immunohis-
tochemistry (IHC); all other rat samples were 
frozen at -80°C for molecular biological an- 
alysis.

H&E staining and Masson’s trichrome staining

The left atrial tissues were immersed in 4% 
paraformaldehyde for two weeks. After paraf-
fin-embedding, these tissues were cut into 
5-μm sections. The slices were dewaxed in 
xylene for 10 min, three times, and then moved 
through a 95%, 80%, and 70% alcohol gradi-
ents for gradual dehydration, for 5 min each. 

Table 1. Primary and secondary antibodies used in western blotting (WB), immunofluorescence (IF) 
and immunohistochemical (IHC) assay
Primary antibodies molecular weight dilution (WB/IHC/IF) solvent (WB/IHC/IF)
Rabbit anti-Collagen I antibody (ab34710) 130 kDa 1:7500/1:200/- TBST/PBS/-
Rabbit anti-Collagen III antibody (ab7778) 138 kDa 1:5000/1:200/- TBST/PBS/-
Rabbit Anti-CTGF (ab6992) 36 kDa 1:4000/1:100/- TBST/PBS/-
Rabbit anti-TGF β1 (ab170874) 44 kDa 1:1000/1:150/- TBST/PBS/-
Mouse anti-β-actin (ab32572) 42 kDa 1:5000/-/- TBST/PBS
Rabbit anti-MMP2 (ab92536) 72 kDa 1:1000/-/- TBST/-/-
Rabbit anti-MMP9 (ab76003) 92 kDa 1:1000/-/- TBST/-/-
Mouse anti-α-SMA (ab7817) 42 kDa 1:1000/-/1:500 TBST/-/PBS
Secondary antibodies - dilution solvent
Goat anti-rabbit IgG-HRP (SE00002-1) - 1:5000 TBST
Mouse anti-rabbit IgG-HRP (SE131) - 1:5000 TBST
Note: TBST: Tris Buffered Saline Tween; PBS: Phosphate Buffer Saline; HRP: Horseradish Peroxidase; CTGF: Connective Tissue 
Growth Factor; TGF β1: Transforming Growth Factor beta 1; MMP2: Matrix Metalloproteinase 2; MMP9: Matrix Metalloprotein-
ase 9; α-SMA: α-Smooth Muscle Actin.
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The specimens were then successively stained 
with hematoxylin for 3 min and eosin for 5  
min, followed by reimmersion in alcohol and 
xylene. Morphological changes were observed 
under an Olympus CX-21FSI microscope sys-
tem (Olympus, Japan), and Image-Pro Plus 7.0 
software was applied for imaging analysis. 
Three fields of view were taken from each slide.

Masson’s trichrome staining was performed 
using a kit from Nanjing Jiancheng (Jiangsu, 
China). Briefly, the left atrial tissues were cut 
into 5-μm sections. The slides were dewaxed, 
rehydrated, and immersed in Bouin’s solution 
at 56°C for 15 min. Then, the slides were dyed 
with Wiegert’s hematoxylin, Biebrich scarlet-
acid fuchsin, and aniline blue, followed by fixa-
tion in 1% acetic acid. Finally, the slides were 
dehydrated and mounted. Three fields of view 
were taken from each slide.

Immunohistochemistry (IHC)

The expression levels of fibrosis-related pro-
teins, including COL-1, COL-3, CTGF, and TGF-
β1, were detected using IHC. The baked slices 
were dewaxed with xylene and hydrated with an 
ethanol gradient (100%-70%). After successive-
ly incubating with citrate buffer and 3% H2O2 for 
30 min, the slides were sealed with blocking 
solution and incubated with the primary anti-
bodies overnight at 4°C. On the second day,  
the slides were rinsed and incubated with the 
corresponding secondary antibody (Zhongshan 
Jinqiao Biotechnology Company; Beijing, China) 
for 15 min, followed by 3,3’-diaminobenzidine 
(DAB) and HE staining. The slides were then 
examined and photographed (400 ×) using  
an Olympus BX53 fluorescence microscope 
(Tokyo, Japan). The DAB staining was analyzed 
by Image-Pro Plus 7.0 software (Media Cy- 
bernetics, Rockville, MD, USA). Three fields of 
view were taken of each slide. The mean optical 
density was calculated as the integral optical 
density/total brown area.

Western blotting

Frozen artery tissue samples were homoge-
nized in radioimmunoprecipitation assay lysis 
buffer and centrifuged at 12,000 rpm for 15 
min. Protein samples (10 µl) were separated  
by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, transferred onto polyvinylide- 
ne difluoride membranes, and incubated with 

primary antibodies at 4°C overnight (Table 1). 
After washing with Tris-buffered saline contain-
ing Tween-20 for 3 times, the membranes were 
incubated with secondary antibody for 2 h. The 
signal was visualized using a chemilumines-
cence kit (Millipore, USA) and exposed using an 
autoradiographic system.

Identification of the differentially expressed 
circRNAs

High-throughput sequencing on the three sam-
ples of each group was performed by Shanghai 
OE Biotech Company. Trimmomatic [21] soft-
ware was used to perform the original data pre-
processing, including quality control, read num-
ber counts, and summarization. The CircBase 
database [22] contains numerous circRNA se- 
quences from six species: humans, mice, nem-
atodes, speartail, Drosophila melanogaster, 
and coelacanth. CircRNAs were annotated CIRI 
software [23]. The prediction results were com-
pared with the CircBase database to obtain 
known and novel circRNAs.

In addition, circRNA expression was quantified 
using the reads per million (RPM) method, and 
the RPM files for circRNAs in each sample were 
obtained. DESeq software was used to normal-
ize the junction read counts of circRNA in each 
sample. A negative binomial distribution test 
was conducted to identify the differentially 
expressed circRNAs, based on the criteria of 
log2|fold change| > 1 and P-value < 0.05. Clu- 
ster analysis was performed for the differen-
tially expressed circRNAs. Gene ontology (GO) 
and Kyoto Encyclopedia of Genes and Geno- 
mes (KEGG) enrichment analyses were per-
formed for the host genes of the differentially 
expressed circRNAs.

Prediction of circRNA-miRNA interactions

Miranda database was used to predict microR-
NAs (miRNAs) that interact with the differen-
tially expressed circRNAs. The miRNAs with 
greater connections to circRNAs were screen- 
ed using a hypergeometric distribution test. 
The circRNA-miRNA target interaction network 
was visualized using R software.

qRT-PCR analysis

The expression levels of critical circRNAs we- 
re further validated by qRT-PCR analysis. Total 
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RNA from atrial tissue samples was isolated  
by TRIzol reagent (Invitrogen, USA) and was 
reverse transcribed into cDNA by the reverse 
transcription kit (TIANGEN, Beijing, China). The 
obtained cDNAs were used for qRT-PCR analy-
sis using a qRT-PCR kit (TransGen Biotech, 
Beijing, China) on a 7500 RT-PCR System 
(Thermo, USA). Primers were generated by 
Beijing BGI Company (Beijing, China), and the 
primer sequences are shown in Table 2. The 
cDNA levels were analyzed by the 2-ΔΔCt method, 
and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used as an internal control.

Cell culture and treatment

Rat atrial fibroblasts was purchased from  
Cell Bank of Chinese Academy of Sciences 
(Shanghai, China) and cultured in complete 
medium in 37°C with 5% CO2. Knockdown and 
overexpression of circRNA_0263 and circ_ 
1507 were achieved by transfection with si-cir-
cRNA_0263/circRNA_1507 and oe-circRNA_ 
0263/circRNA_1507 with Lipofectamine 3000 
(Thermo Fisher Scientific, Waltham, MA, USA) 
following the manufacturer’s instructions. The 
effect of knocking down of circRNA_0263 and 
overexpressing of circRNA_1507 on homolo-
gous mRNA were confirmed by qRT-PCR. After- 
wards, the cells with different treatment were 
harvested for Cell Counting Kit-8 (CCK-8, Beyo- 
time Biotechnology, Shanghai, China) in accor-
dance to the protocols. In addition, the expres-
sion of α-SMA in the cells with different treat-
ments was measured using immunofluores-
cence. Western blotting was employed to de- 
termine the expression levels of α-SMA, COL-1, 
COL-3, MMP2 and MMP9 in the cells with dif-
ferent treatments. 

Fluorescence in situ hybridization (FISH)

The expression sites of circRNA_263 and cir-
cRNA_1507 were identified by FISH as des- 

cribed elsewhere. The rat atrial fibroblasts at 
60%-70% confluence were fixed by 4% parafor-
maldehyde for 10 min. Subsequently, the cells 
were added with pre-cooled transparent liquid 
and placed at 4°C for 5 min. Cells were blocked 
with 200 μl prehybridization solution at 37°C 
for 30 min. Then, circRNA FISH probe mix and 
probe hybridization solution were added in  
cells and incubated at 37°C overnight. At the 
second day, the cells were hybridized at 42°C, 
followed by stained with 4’,6-diamidino-2-phe-
nylindole for 10 min. The cells were captured 
using the confocal microscope (Leica, Ger- 
many).

Statistical analysis

All experimental data are presented as the 
mean ± standard deviation. Comparisons be- 
tween groups were performed by two-tailed 
t-tests in SPSS 19.0 software (SPSS Inc., USA). 
P < 0.05 was considered a significant differ- 
ence.

Results

Establishment of an AF model induced by CIH

A CIH process was employed to construct a rat 
model of AF, which was evaluated using elec- 
trocardiograms, echocardiography, H&E stain-
ing, Masson’s Trichrome staining, IHC assays 
and western blotting. Representative ECG 
images for control and CIH rats after burst  
pacing were shown in Figure 1A. Cardiac  
ultrasound analysis of the rat heart showed 
decreased cardiac systolic function in the CIH 
group compared with the control group (Figure 
1B). In addition, after 8 weeks of CIH induction, 
no significant differences were observed in 
body weight (P > 0.05) or heart mass (P > 0.05) 
between rats in the CIH and control groups 
(Table 3). The basic parameters of mPAP (P < 
0.05), LAD (P < 0.001), left ventricular (LV) 
internal dimensions (P < 0.05), and LV volumes 

Table 2. Primers used in real-time PCR
Primer Sequence (5’-3’) Tm (°C)
GAPDH F: AGTGCCAGCCTCGTCTCATA 58.0

R: ACCAGCTTCCCATTCTCAGC
circRNA_1507|Chr12:41157218_41200958_+ F: TGAAGGAGAGATGCTTCCGA 58.0

R: GACTTGCCCTTGAGTGTG
circRNA_0263|Chr1:131552706_131639910_+ F: ACGCCTTCATGTCTGAGTA 58.0

R: AGCTTTCCTTAAGACCACATTG
Note: GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase. 
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(P < 0.05) were significantly higher in the CIH 
group than in the control group (Table 3). The 
results for blood pressure and ECG monitoring 
performed in the two groups of rats are shown 
in Table 4. 

H&E staining showed that the atrial muscle 
cells in CIH rats were larger than those in con-
trol rats. Masson’s trichrome staining revealed 
that the atrial tissues of CIH rats presented col-
ored collagen fibers within the interstitial area. 
The volume fraction of collagen in the atrial tis-
sues exhibited a significant increase (246.47%) 
in the CIH group compared with that in the con-
trol group (P < 0.001, Figure 2).

Western blotting also revealed that fibrosis-
related proteins (COL-1, COL-3, CTGF, and TGF-
β) were significantly overexpressed in atrial tis-
sues from the CIH group compared with those 
from the control group (P < 0.05, P < 0.01; 
Figure 3A). In the IHC assay, CIH induced the 
significant deposition of atrial interstitial colla-
gen. The protein expression levels of COL-1, 
COL-3, CTGF, and TGF-β in the CIH group were 
significantly upregulated compared to those of 
the control group (P < 0.01, P < 0.001; Figure 
3B). All these results indicated that the CIH-
induced AF model was successfully established 
in the rats.

Figure 1. Establishment of an atrial fibrillation (AF) rat model induced by chronic intermittent hypoxia (CIH) using 
electrocardiograms (ECG) and echocardiography. N = 15. A. Representative electrocardiograms of the control rats 
and CIH rats. B. Cardiac ultrasonic analysis of rat heart in chronic intermittent hypoxia (CIH, lower) induced rats and 
normal healthy rats (upper).
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Table 3. Echocardiography assessment for control group and 
chronic intermittent hypoxia (CIH) induced-atrial fibrillation rats 
(n = 15)
Parameter Control (n = 15) CIH (n = 15) P value
Body weight (g) 417.75±30.79 401.38±31.27 0.146
Heart weight (g) 1.10±0.12 1.08±0.20 0.724
IVSd, mm 2.40±0.21 2.32±0.30 0.833
IVSs, mm 3.79±0.35 3.36±0.54 0.012
LA, mm 3.55±0.32 4.11±0.26 < 0.001
LVIDd, mm 6.79±0.54 7.05±0.60 0.209
LVIDs, mm 3.46±0.57 4.13±0.81 0.012
LVPWd, mm 2.55±0.30 2.38±0.41 0.201
LVPWs, mm 3.74±0.30 3.48±0.41 0.048
EF, % 78.73±6.90 69.23±14.72 0.026
FS; diameter, % 49.06±6.78 41.32±11.44 0.027
LV Vold, mm3 240.31±44.17 261.80±49.03 0.203
LV Vols, mm3 51.57±20.42 79.36±36.60 0.014
mPAP, mmHg 64.00±1.20 65.81±2.42 0.013
IVSd: Interventricular Septal thickness in diastole; IVSs: Interventricular Septal 
thickness in systole; LA: Left Atrial diameter; LVIDd: Left Ventricular Internal 
Diameter in diastole; LVIDs: Left Ventricular Internal Diameter in systole; 
LVPWd: Left Ventricular Posterior Wall thickness in diastole; LVPWs: Left Ven-
tricular Posterior Wall thickness in systole; EF: Ejection Fraction; FS: Fractional 
Shortening; LV Vold: Left Ventricular Volume in diastole; LV Vols: Left Ventricu-
lar Volume in systole; mPAP, mean Pulmonary Artery Pressure; Comparisons 
between groups were analyzed by two-tailed t-tests. *: P < 0.05. 

Characteristics of circRNAs in rat 
atrial tissue

Transcriptomic high-throughput 
sequencing (including circRNAs, 
mRNAs, and miRNAs) analysis 
was performed, and 6,911 cir-
cRNAs were identified as being 
highly enriched in atrial tissue. 
These circRNAs were derived fr- 
om 2,875 host genes and con- 
sisted of five types: sense-over-
lapping (6,357; 92%), intronic (37; 
1%), intergenic (227; 3%), exonic 
(217; 3%), and antisense (73; 1%). 
Among these host genes, 1,509 
(53%) host genes produced only  
1 circRNA, whereas 54 host ge- 
nes (2%) produced ten or more 
circRNAs (Figure 4). Most cir-
cRNAs were primarily distributed 
between 200 bp and 1,000 bp in 
length, and 1,025 circRNAs con-
tained over 2,000 nucleotides 
(Figure 4). The characteristics of 
these circRNAs are shown in Fig- 
ure 4, including the chromosomal 
distribution and circRNA lengths.

Screening differentially ex-
pressed circRNAs

Using the criteria of log2|fold ch- 
ange| > 1 and P < 0.05, we iden- 
tified 16 differentially expressed 
circRNAs in the CIH group com-
pared with the control group, 
including 5 upregulated and 11 
downregulated circRNAs (Figure 
5A and 5B). A volcano plot and an 
MA plot were used to visualize the 
differences in gene expression 
between the two groups (Figure 
5C and 5D). Among the dysre- 
gulated circRNAs, circRNA_0263 
and circRNA_1507 were the most 
upregulated and most downregu-
lated circRNAs, respectively (Ta- 
ble 5).

Functional enrichment analysis

Gene Ontogeny (GO) analysis de- 
monstrated that the host genes 

Table 4. Blood pressure and ECG monitoring for two groups of 
rats (n = 15)

Control 
(n = 15)

CIH 
(n = 15)

P 
value

Blood pressure
    Systolic Pressure (mmHg) 153.60±12.01 151.83±22.71 0.814
    Diastolic Pressure (mmHg) 119.75±12.10 117.28±18.11 0.699
    Mean Pressure (mmHg) 136.06±11.47 134.53±19.41 0.816
    Pulse Pressure (mmHg) 33.85±8.07 34.55±5.89 0.811
ECG
    RR Interval (s) 0.16±0.02 0.15±0.02 0.443
    Heart Rate (BPM) 330.34±42.05 399.90±55.32 0.046
    PR Interval (s) 0.045±0.002 0.047±0.007 0.456
    P Duration (s) 0.016±0.001 0.015±0.003 0.748
    QRS Interval (s) 0.018±0.003 0.017±0.001 0.507
    QT Interval (s) 0.064±0.008 0.079±0.010 0.049
    P Amplitude (mV) 0.148±0.031 0.166±0.030 0.184
    Q Amplitude (mV) -0.030±0.022 -0.037±0.022 0.463
    R Amplitude (mV) 0.850±0.194 0.852±0.181 0.974
    ST Height (mV) 0.041±0.062 0.054±0.039 0.542
    T Amplitude (mV) 0.139±0.051 0.183±0.046 0.038
Comparisons between groups were analyzed by two-tailed t-tests.
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of the dysregulated circRNAs were primarily 
associated with the “regulation of biological 
regulation”, “cellular process”, “metabolic pro-
cess”, and “response to stimulus”. The KEGG 
pathway enrichment analysis revealed that the 
host genes of these circRNAs were primarily 
associated with the pathways “carbohydrate 
metabolism”, “cardiovascular diseases”, “im- 
mune system”, “excretory system”, “circulatory 
system”, “glycan biosynthesis and metabo-
lism”, “amino acid metabolism”, “translation”, 
“substance dependence”, “signal transduc-
tion”, and “transport and catabolism” (Figure 
6).

Regulatory network involving circRNA-miRNA-
mRNA interactions

Next, we constructed ceRNA networks com-
prised of the two significantly differentially 
expressed circRNAs, and their associated miR-
NAs and mRNAs (Figure 7A). In these networks, 
the upregulated circRNA_0263 was predicted 
to regulate corresponding target genes by inter-
acting with several miRNAs, such as rno-miR-
29b-5p/3p, novel33-mature, and novel17-ma- 
ture. The downregulated circRNA_1507 was 
predicted to regulate target genes by spon- 
ging rno-miR-136-5p, rno-miR-496-3p, rno-
miR-337-3p, and novel123_mature. The analy-
sis of the ceRNA network revealed complex and 
extensive interactions among circRNAs, miR-
NAs, and mRNAs in atrial fibrosis-related AF. 

Validation of critical circRNAs

The expression levels of the two critical cir-
cRNAs (circRNA_0263 and circRNA_1507) 
were further verified by qRT-PCR analysis. 
Compared to the control group, circRNA_0263 
was significantly upregulated in the atrial tissue 
of CIH-induced AF model rats (P < 0.05, Figure 
7B), whereas circRNA_1507 was significantly 
downregulated (P < 0.001, Figure 7B). These 
results of qRT-PCR analysis were consistent 
with the high-throughput sequencing results 
and the bioinformatic prediction, indicating the 
reliability of our study.

Effects of circRNA_0263 and circRNA_1507 in 
rat atrial fibroblasts

FISH results showed that circRNA_0263 and 
circRNA_1507 transcript signals were largely 
distributed in the cytoplasm of rat atrial fibro-
blasts (Figure S1). The rat atrial fibroblasts wi- 
th circRNA_0263/circRNA_1507 overexpres-
sion and knockdown were successfully estab-
lished. Overexpressing or knocking down of 
these two circRNAs does not affect the expres-
sion of their homologous mRNA (Figure S2). 
CCK-8 results showed that compared with the 
oe-NC (negative control) group, circRNA_0263 
overexpression significantly enhanced the cell 
viability of fibroblasts (P < 0.05); while cir-
cRNA_0263 knockdown inhibited the cell via-
bility compared to the si-NC group (P < 0.05, 

Figure 2. Hematoxylin-eosin staining and Masson staining results of rat atrial tissue in two groups (400×). Compari-
sons between groups were analyzed by two-tailed t-tests. ***, P < 0.001. 
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Figure 8A). The effects of circRNA_1507 over-
expression and knockdown on cell viability in 
different groups were opposite to those of cir-
cRNA_0263 overexpression and knockdown 
(Figure 8A). The immunofluorescence assay 
showed that the α-SMA expression was signifi-
cantly increased after circRNA_0263 overex-
pression and circRNA_1507 knockdown (P < 
0.05); whereas it was marked reduced when 
circRNA_0263 was knocked down and cir-

cRNA_1507 was overexpressed (P < 0.05, 
Figure 8B). In addition, western blotting was 
used to further determine the protein expres-
sion of α-SMA, COL-1, COL-3, MMP2, and 
MMP9. The expression trend of α-SMA in differ-
ent groups determined by western blotting was 
in line with that measured by immunofluores-
cence assay (Figure 8C). For COL-1, COL-3, 
MMP2 and MMP9, their expression was signifi-
cantly up-regulated in the circRNA_0263 over-

Figure 3. Protein levels of fibrosis biomarkers [collagen I (COL-1), collagen III (COL-3), connective tissue growth factor 
(CTGF), tumor growth factor-β (TGF-β)] in both groups were detected by using western blotting (A) and immunohisto-
chemistry assay (B). Comparisons between groups were analyzed by two-tailed t-tests. **P < 0.01, ***P < 0.001. 
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Figure 4. Characteristics of circular RNAs (circRNAs) in rat atrial tissue were visualized, including gene types of circRNAs, distribution on chromosome or scaffold, 
circRNA numbers produced by host gene, the length of circRNAs. 
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expression and circRNA_1507 knockdown gr- 
oups compared with the NC groups (P < 0.05), 
but was markedly down-regulated in the cir-
cRNA_0263 knockdown and circRNA_1507 
overexpression groups (P < 0.05, Figure 8C). 

Discussion

Atrial fibrillation (AF) is an important clinical dis-
ease with increasing impact on public health. 
Abundant evidence suggests that fibrosis plays 
a central role in stabilizing reentry drivers of 
arrhythmias [24, 25]. The content and distribu-
tion of fibrous tissue in AF patients are not only 
related to the pathogenesis of AF, but also 

related to the risk of complications and treat-
ment failure [6]. Atrial fibrosis is the central 
pathology of many cardiovascular diseases, 
including AF. Clinical atrial fibrosis imaging is 
expected to provide useful information to guide 
the treatment of AF, and prevention of the 
development of atrial fibrosis can open up new 
targets for AF therapy [26, 27]. Therefore, this 
study established an AF rat model by CIH, and 
then the atrial tissues were sent for circRNA 
sequencing. After sequencing, a total of 16 dif-
ferentially expressed circRNAs were identified, 
and functional enrichment analysis revealed 
that the host genes of these dysregulated cir-
cRNAs were primarily involved in “biological 

Figure 5. Screening differentially expressed circRNAs from atrial tissue of the CIH group compared to control groups. 
A, B. Cluster analysis results of 16 differentially expressed circRNAs. Red color indicated upregulated circRNA while 
blue meant downregulated circRNAs. C, D. Volcano Plot and MA Plot visualized the screening result of differential 
expressed circRNAs. Gray dots referred to circRNA with non-significant difference. Red and green represented up-
regulated and downregulated circRNA.
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regulation”, “cellular process”, “carbohydrate 
metabolism”, and “cardiovascular diseases”. In 
the ceRNA networks, circRNA_0263 and cir-
cRNA_1507 were identified as critical circRNAs 
involved in the gene regulation of AF through 
interactions with multiple miRNAs. After that,  
a series of cell experiments were further per-
formed to verify the roles of circRNA_0263 and 
circRNA_1507 in rat atrial fibroblasts.

Clinical studies have shown that patients with 
OSA are vulnerable to the onset of AF [28, 29]. 
CIH, which is a hallmark of OSA, has been asso-
ciated with the development of fibrosis in mul-
tiple tissues, including the myocardium [20, 
30], systemic vasculature [31], liver [32], and 
lungs [33], and can be employed to construct 
AF formation. Intermittent hypoxia for a period 
as short as 4-5 weeks can cause diffuse colla-
gen fiber deposition in rats [33, 34]. In this 
study, CIH-induced AF was established, and the 
CIH environment was maintained for eight 
weeks. Although no significant differences we- 
re observed for body weight (P > 0.05) or heart 
mass (P > 0.05) between the rats in the CIH 
and control groups, ECGs and the significantly 
overexpressed fibrosis-related proteins in CIH 
group showed the AF model rats were success-
fully constructed.

Persistent AF leads to electrical remodeling 
and fibrosis of the atria, which serve as the pri-

mary hallmarks of atrial remodeling in patients 
with AF. Experimental and clinical data suggest 
that this process involves complex interactions 
among multiple factors, such as continuous 
hypoxia, inflammation, oxidative stress, calci-
um overload, miRNAs, and myofibroblast acti-
vation [35, 36]. Here, we examined the protein 
expression levels of fibrosis-related cytokines 
in CIH-indued rat atrial tissues. Atrial fibrosis 
was indicated by the increased expression of 
COL-1 and COL-3 proteins in both IHC and west-
ern blot assays, suggesting the successful es- 
tablishment of the CIH-induced AF rat model. 
COL-1 and COL-3 are the major heart collagens 
and comprise the most common components 
of the cardiac extracellular matrix (ECM). Al- 
terations in collagen production or degradation 
have been observed in experimental canine 
models of AF, as well as in human patients with 
AF [37, 38]. CTGF is a potent profibrotic factor 
that promotes cellular adhesion and ECM syn-
thesis. Increased tissue levels of CTGF have 
been identified in pathological fibrosis states 
for many organs in heart disease patients, such 
as the lungs, kidneys, liver, and myocardium 
[39-41]. TGF-β serves as a major mediator of 
CTGF signaling and has been reported as 
upregulated in the atrial tissue of patients with 
AF [42]. The CIH rat model in our study showed 
significant upregulation of CTGF and TGF-β, 
which is in accordance with previous reports 
[39-42].

Table 5. List of differentially expressed circularRNAs (circRNAs) between the two groups (n = 15)
circRNA Log2 Fold change P value type

circRNA_0263|Chr1:131552706_131639910_+ 1.967317783 0.033776083 UP
circRNA_1856|Chr14:37251286_37262083_- 2.188355241 0.027084150 UP
circRNA_2007|Chr14:106381229_106384412_- 1.012044898 0.047278831 UP
circRNA_2108|Chr15:33611316_33637880_- 1.300817414 0.042367506 UP
circRNA_4760|Chr4:147527096_147528435_+ 1.621163997 0.013073357 UP
circRNA_1507|Chr12:41157218_41200958_+ -1.520180316 4.08197E-07 DOWN
circRNA_1674|Chr13:83636128_83660292_- -1.419384032 0.030138812 DOWN
circRNA_1879|Chr14:38434024_38454336_+ -3.782970471 0.013745937 DOWN
circRNA_1939|Chr14:81267948_81280976_- -1.023897799 0.024104189 DOWN
circRNA_2450|Chr17:5514017_5548199_+ -1.596120571 0.040256919 DOWN
circRNA_2527|Chr17:27571479_27602936_- -1.834588649 0.031667857 DOWN
circRNA_4260|Chr3:97349444_97419275_+ -1.346870195 0.007670028 DOWN
circRNA_4735|Chr4:127663314_127673795_- -2.721601859 0.044042436 DOWN
circRNA_4748|Chr4:133205267_133215619_+ -2.171132957 0.030243209 DOWN
circRNA_5285|Chr5:156454276_156463365_+ -1.045020571 0.038325511 DOWN
circRNA_6282|Chr8:84443616_84461546_- -1.11111 0.039550736 DOWN
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CircRNAs are covalently closed RNA molecules 
that are generated through a process known as 
back-splicing. Most circRNAs are evolutionarily 
conserved, and are highly stable [43]. CircRNAs 
act as ceRNA molecules, involved in several 
intracellular signaling pathways, and circRNAs 
can regulate cellular apoptosis and fibrosis in 
organs. By sponging miRNAs in cells, circRNAs 
can competitively inhibit the binding of miRNAs 

with mRNAs, effectively increasing the expres-
sion levels of target genes [44]. The roles 
played by circRNAs were also preliminarily iden-
tified during cardiovascular disease develop-
ment [45]. Based on the ceRNA networks and 
the qRT-PCR analysis, circRNA_0263 and cir-
cRNA_1507 were found to be dysregulated in 
AF rat atrial tissues. The upregulated cir-
cRNA_0263 was predicted to be involved in AF 

Figure 6. Functional analyses of differentially expressed circRNAs. A. Gene Ontology terms analysis. B. Kyoto Ency-
clopedia of Genes and Genomes pathways analysis.
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progression through interactions with rno-miR-
29b-5p/3p, novel33-mature, and novel17-ma- 
ture. MiR-29 family members play vital roles 
during fibrosis in many organs through the regu-
lation of fibroblast activation, including lung, 
cardiac, and hepatic fibrosis [46-48]. MiR-29b 
is a member of the miR-29 family that was 
downregulated in a canine atrial fibrosis model, 
resulting in the increased expression of target 
ECM genes. TGF-β can induce miR-29b down-
regulation in atrial fibroblasts, indicating that 
miR-29b likely regulates the fibrosis processes 
through the TGF-β signaling pathway [49]. Fur- 
thermore, miRNA-29b overexpression alleviat-
ed myocardial fibrosis and cardiac dysfunction 
in post-myocardial infarction rats through the 
targeting of SH2B3 [50]. In mouse heart tiss- 
ue, miR-29b prevented angiotensin II-mediated 
cardiac fibrosis and might represent a thera-
peutic agent for cardiac fibrosis by targeting  
the TGF-β/Smad3 pathway [19]. A recent stu- 
dy demonstrated that the miR-29b interaction 

with Smad3 regulated the expression of migra-
tion inhibitory factors, which exhibited an anti-
fibrotic role in cardiac fibrosis [51]. Therefore, 
we suggest that the circRNA_0263/miR-29b 
axis could play a crucial role in AF progression. 
However, the roles played by the circRNAs pre-
dicted in our study should be further verified by 
experimental studies.

The downregulated circRNA_1507 was predi- 
cted to regulate the target genes by spon- 
ging rno-miR-136-5p, rno-miR-496-3p, rno-
miR-337-3p, and novel123_mature. MiR-13-5p 
is expressed at low levels and acts as a tumor 
suppressor in many types of cancers [52-54]. 
MiR-337-3p was demonstrated to promote adi-
pocyte browning by inhibiting TWIST1 in obesity 
[55] and serves as a tumor suppressor in can-
cers [56, 57]; however, its role in cardiovascu-
lar diseases has not been reported. By con-
structing the ceRNA network, we demonstrated 
that these miRNAs might participate in CIH-
induced AF by regulating Smim6, Gfra4, Sp6, 

Figure 7. CircRNA-miRNA-mRNA reg-
ulatory networks. A. Competitive en-
dogenous RNA (CeRNA) network. B. 
Real-time PCR analysis for validation 
of circRNA_0263 and circRNA_1507. 
Comparisons between groups were 
analyzed by two-tailed t-tests. *, P < 
0.05, ****, P < 0.0001.
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and Efnb3 and could be sponged by circ- 
RNA_1507.

In addition, the roles of circRNA_0263 and cir-
cRNA_1507 in rat atrial fibroblasts were fur-
ther investigated. It was found that circRNA_ 
0263 knockdown and circRNA_1507 overex-

pression could inhibit the cell viability of fibro-
blasts, and downregulate the expression of 
α-SMA, COL-1, COL-3, MMP2 and MMP9. COL-1 
and COL-3, two major fibrosis-related markers, 
have been reported as elevated in multiple 
fibrotic diseases, and play important roles in AF 
[58]. MMP2 and MMP9 belong to matrix metal-

Figure 8. Effects of circRNA_0263 and circRNA_1507 in rat atrial fibroblasts. A. The viability of fibroblasts with cir-
cRNA_0263 overexpression/knockdown and circRNA_1507 overexpression/knockdown using Cell Counting Kit-8. 
B. Expression of α-smooth muscle actin (SMA) in the cells with different treatments by immunofluorescence assay. 
C. Protein expression levels of α-SMA, COL-1, COL-3, matrix metalloproteinase 2 (MMP2) and MMP9 in the cells with 
different treatments using western blotting. Comparisons between groups were analyzed by two-tailed t-tests. *P < 
0.05, **P < 0.01. 
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loproteinase family, and a previous study has 
found that MMP-2 and MMP-9 levels in blood 
and atrial tissue had positive connections with 
AF risk [59]. α-SMA expression is a marker of 
mature myofibroblasts, and plays an important 
role in cardiac remodeling [60]. Su et al. showed 
that miR-133a overexpression could suppress 
the viability and migration of fibrotic cells and 
down-regulated the expression of COL-1, COL-3 
and α-SMA, thus improving atrial fibrosis-relat-
ed AF [61]. Another study indicated that cilo-
stazol could have protective effects on rapid 
atrial pacing-induced atrial remodeling by regu-
lating anti-inflammatory, anti-oxidative stress, 
MMP2 and MMP9 [62]. Combined with our 
results, it can be inferred that circRNA_0263 
and circRNA_1507 may mediate the growth of 
atrial fibroblasts via regulating α-SMA, COL-1, 
COL-3, MMP2 and MMP9, thus playing impor-
tant roles in AF.

However, this study has some limitations. First, 
this study was not conducted in aging AF rats; 
therefore, we were unable to provide a com- 
prehensive description of changes in genes or 
molecules associated with AF in rats during  
the aging process. Second, although the differ-
ential expression of circRNA_0263 and cir-
cRNA_1507 was verified by qRT-PCR, gain-of-
function and loss-of-function experiments in 
this study, further experiments, including dual 
luciferase reporter assay, RNA binding protein 
immunoprecipitation or RNA pull-down remain 
warranted to validated the connection of cir-
cRNA_0263 and circRNA_1507 to the miRNAs 
and mRNAs in the ceRNA network. Additionally, 
the underlying impacts of circRNA_0263 and 
circRNA_1507 on cardiomyocytes also need to 
be further explored.

In conclusion, 16 differentially expressed cir-
cRNAs were screened, and were enriched in 
the carbohydrate metabolism and cardiovas- 
cular disease pathways, which play essential 
roles in promoting AF progression. Additionally, 
circRNA_0263 and circRNA_1507 were identi-
fied as candidate genes involved in the devel-
opment of AF, which might control target gene 
expression through interactions with corresp- 
onding miRNAs, such as miR-29b-5p/3p, nov-
el33-mature, and rno-miR-136-5p. Our study 
promotes a better understanding of the cir-
cRNA functions in the occurrence and develop-
ment of fibrosis-related AF.
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Figure S1. Rat atrial fibroblasts were stained with circRNA_0263 or circRNA_1507 probe (red) and a nuclear marker 
[DAPI (4’,6-diamidino-2-phenylindole), blue], and imaged under confocal microscopy.

Figure S2. The effect of knocking down of circRNA_0263 and overexpressing of circRNA_1507 on homologous 
mRNA was detected by quantitative real-time polymerase chain reaction (qRT-PCR). **, P < 0.01.


