
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Lan et al. BMC Pulmonary Medicine          (2025) 25:158 
https://doi.org/10.1186/s12890-025-03609-w

BMC Pulmonary Medicine

†Jiuhuang Lan, Yuhui Wang and Qingshi Chen contributed equally 
to this work.

*Correspondence:
Jiuhuang Lan
lanjiuhuang2001@163.com
Qingshi Chen
chenqingshi1986@126.com

1The Second Clinical Medical College, Fujian Medical University, 
Quanzhou, China
2The Second Affiliated Hospital of Fujian Medical University, No.950 
Donghai Street, Fengze District, Quanzhou 362000, China
3Department of Endocrinology and Metabolism, The Second Affiliated 
Hospital of Fujian Medical University, No.950 Donghai Street, Fengze 
District, Quanzhou 362000, China

Abstract
Background  The peculiar expression of N6-methyladenosine (m6A) in Circular RNAs (circRNAs) is closely linked to 
the occurrence of many diseases. However, roles of m6A-modified circRNAs in OSA-induced cardiovascular disease 
are unknown. Here, we use bioinformatics analysis to investigate the expression profiles of m6A-modified circRNAs 
and reveal their potential functional roles in the mouse models of chronic intermittent hypoxia (CIH).

Methods  Firstly, the expression profiles of m6A-modified circRNA in left ventricular tissue of the CIH mouse model 
were examined using circRNA microarray analysis. Then, the expression level of selected circrRNA was compared by 
folding change filtration, and the consistency between them and microarray results was verified by MeRIP-qPCR. 
GO analyses and KEGG analyses were conducted to predict the potential functions of these m6A-modified circRNAs. 
Finally, we conducted a ceRNA analysis, and a network was constructed to clarify the relationship between the 
selected circRNAs and miRNAs as well as the targeted genes.

Results  In total, 255 circRNAs with m6A peaks in CIH-treated cardiac tissues were identified. 250 were up-regulated, 
5 were down-regulated. The results of MeRIP-qPCR were consistent with the microarray results. 73 pathways were 
detected in the up-regulated transcripts and no relevant pathways were detected in the down-regulated transcripts. 
Finally, three circRNAs (mmu_circRNAs_22543, mmu_circRNAs_29768, and mmu_circRNAs_34841) were selected for 
ceRNA analysis, and the circRNA-miRNA-mRNA network was constructed.

Conclusion  Our findings are the first to show that m6A-modified circRNAs play a key role in OSA-induced 
cardiovascular disease. This study highlights the pivotal role of m6A-modified circRNAs in regulating gene expression 
and their potential implications in understanding the molecular pathogenesis of OSA-induced cardiac injury.

Keywords  CircRNAs, N6-methyladenosine(m6A), Obstructive sleep apnea, Chronic intermittent hypoxia (CIH), 
Cardiovascular disease, Bioinformatics analysis
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Introduction
Obstructive sleep apnea (OSA) is a frequent medical 
condition characterized by sleep-disordered breathing 
with episodes of sectional or complete obstruction of the 
upper airway, which causes sleep fragmentation, auto-
nomic instability, and occasional hypoxemia [1]. OSA 
affects about 10% of adults, but the great majority of 
them don’t attach importance to it [2]. OSA is regarded 
as a risk factor for conditions including hypertension, 
coronary artery disease, stroke, congestive heart failure, 
pulmonary hypertension, and cardiac arrhythmias [2, 
3]. Potential mechanisms include sympathetic activa-
tion, oxidative stress, and inflammation [4]. Numerous 
prevalent risk factors and concomitant circumstances 
that raise the risks of cardiovascular disease (CVD) alone 
are also connected to OSA, including metabolic syn-
drome and hyperlipidemia [5]. Based on this, studying 
the unique pathophysiology of OSA and cardiovascular 
illness as well as the precise possible mechanism underly-
ing their connection is crucial.

Circular RNAs (circRNAs) are a brand-new class of 
non-coded RNAs. There are some studies reporting 
that these circRNAs could be essential to numerous cel-
lular processes [6, 7]. Recent research has revealed that 
circRNAs interact with microRNAs (miRNAs), form-
ing circRNA-miRNA axes that regulate disease-related 
genes [8]. These interactions are implicated in diseases 
such as carcinogenesis [9], myocardial infarction [10], 
and bone-related diseases [11]. The process of adding one 
or two dimethyl groups to certain nucleotide residues in 
RNA is known as RNA methylation, such as N1-methyl-
adenosine (m1A) and 5-methylcytosine (m5C) [12, 13]. 
Among these modifications, one of the most common 
alterations is N6-methyladenosine (m6A) [14]. Research-
ers have conducted many analyses on the mechanism of 
m6A modification [15]. For instance, highly conserved 
methyltransferases (writers), demethylases (erasers), and 
binding proteins all work together to catalyze the m6A 
modification process (readers) [16, 17]. For instance, 
AML destroys normal cell differentiation through m6A 
modification, thus promoting cancer development [18]. 
m6A modifications are crucial post-transcriptional reg-
ulators, and emerging evidence links circRNAs to heart 
disease. Understanding these modifications in OSA-
induced injury opens new therapeutic possibilities. 
Although substantial progress has been made in the field 
of RNA methylation related to m6A-modified RNAs, 
the mechanism of m6A methylation in mouse models of 
OSA-induced cardiac injury has not been investigated. 
And the relationship between m6A methylation and 
OSA-induced myocardial injury is still unclear.

In the current study, we first identified the expression 
profiles of m6A-modified circRNAs in the left ventricu-
lar tissues of the chronic intermittent hypoxia (CIH) 

animal models using circRNA microarray analysis. Fol-
lowing that, the reliability of the microarray chip results 
was verified by MeRIP-qPCR to provide the basis for our 
experiments. Meantime, Gene Ontology (GO) analyses 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses were conducted to predict the poten-
tial functions of these m6A-modified circRNAs. Finally, 
we conducted the ceRNA analysis on the alternative cir-
cRNAs screened by the microarray, a network was con-
structed to elucidate the relationship between the chosen 
circRNAs and miRNAs as well as targeted genes. Our 
findings lay the groundwork for future studies on m6A-
modified circRNAs in OSA-related heart disease and 
raise the possibility that m6A-methylated circRNAs may 
be associated with the development and incidence of 
OSA-induced cardiac damage.

Materials and methods
Animal models
Beijing Weitong Lihua Experimental Animal Technol-
ogy Co., Ltd. provided male Balb/c mice (17–21  g, 6 
weeks old). The National Institutes of Health Guide for 
Laboratory Animals was followed for performing animal 
research. The animal protocol for this work was approved 
by the Second Affiliated Hospital of Fujian Medical Uni-
versity’s Experimental Animal Ethics Committee. All 
methods were performed in accordance with relevant 
guidelines and regulations.

Simply put, considering potential mortality during 
chronic intermittent hypoxia exposure, we randomly 
assigned the 18 mice listed above to 2 groups. There 
were 9 mice in the CIH group and 9 mice in the control 
group, and the dead mice were excluded as the experi-
ment progressed. Last, 3 mice were chosen at random 
from each group to participate in the experiment. Mice 
were housed in a temperature-controlled environment 
with a 12-hour light/dark cycle to minimize stress dur-
ing the experiments. The control group was housed in a 
chamber with an oxygen concentration of 21% through-
out the experiment. And the CIH group was put into the 
specially designed, commercially intermittent hypoxia 
system (ProOx-100-CIH-M, Shanghai TOW Intelli-
gent Technology Co., Ltd). In the first 60 s, nitrogen was 
transported to the container in order to reach 6% oxy-
gen, which could provide an environment for hypoxia. In 
the last 60  s, oxygen was delivered to the container for 
the purpose of reaching 21% O2. With the assistance of 
an oxygen analyzer, the oxygen concentration was com-
puted automatically. The hypoxia chamber was moni-
tored continuously to maintain precise oxygen levels and 
avoid unnecessary stress to the animals. Recovery peri-
ods were provided between hypoxia cycles. The above 
operations constituted one cycle. It lasts for eight weeks, 
30 cycles a day for a total of eight hours. Euthanasia was 
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performed using cervical dislocation following guidelines 
from the ARRIVE 2.0 framework, ensuring a humane and 
ethical endpoint. Then, their left ventricular tissues were 
collected.

Take myocardial samples and HE pathology
After the mice were euthanized, the ventricular tissue 
was retrieved, treated with 4% formaldehyde, and then 
embedded in paraffin. Subsequently, we stained all the 
5-µm-thick slices with hematoxylin and eosin to look for 
alterations in the overall cell morphology in the myo-
cardial tissues. In the end, we carefully inspected the 
sections under an optical microscope with a 400x magni-
fication to make an accurate pathology diagnosis.

Quantification of m6A-RNA Immunoprecipitation and 
purification
The total RNAs were immunoprecipitated using an anti-
N6-methyladenosine (m6A) antibody. Polysome lysis 
buffer was used to lyse total RNA and m6A-peak con-
trol mixture, then cleavage product was gleaned. After 
attaching the anti-m6A rabbit polyclonal antibody (Syn-
aptic Systems) to the encapsulated magnetic beads, the 
mixture was immunoprecipitated by incubating with 
protein-A beads for 2  h at 4  °C. In each sample, 20 µL 
Dynabeads™M-280 Sheep Anti-Rabbit IgG suspension 
was blocked at 4℃ for 2  h and then re-suspended in a 
previously prepared total RNA antibody mixture. The 
washing solution and 1xlP buffer solution were used for 
treatment, then elution buffer was used to extract and 
enrich RNA. Finally, the RNA was then extracted with 
acid phenol chloroform and precipitated with ethanol. 
The modified RNAs were extracted using the “IP”—
immunoprecipitated magnetic beads. The unmodified 
RNAs, referred to as “Sup,” were recovered from the 
supernatant. Following the addition of an equal quan-
tity of calibration spike-in control RNA, the enriched 
“IP” and “Sup” RNAs were amplified independently and 
labeled with Cy3 (for “Sup”) and Cy5 (for “IP”) using 
the Arraystar Super RNA Labeling Kit. The purity and 
amount of total RNA sample were determined using the 
NanoDrop ND-1000 (pmol dye/µg cRNA). RNA integrity 
was assessed using the Bioanalyzer 2100 or Mops electro-
phoresis. The generated cRNAs were purified using the 
RNeasy Mini Kit.

CircRNA microarray hybridization
The Arraystar standard methodology was followed for 
sample preparation and microarray hybridization. The 
“IP” and “Sup” RNAs were subjected to RNase R treat-
ment before being individually tagged with Cy5 and Cy3 
as cRNAs in accordance with the Arraystar RNA Label-
ing technique to remove linear RNAs and enrich circu-
lar RNAs. After the cRNAs were concatenated, they were 

hybridized in an Agilent Hybridization Oven at 65 °C for 
17  h using the Arraystar Mouse CircRNA Epitranscrip-
tomic Arrays (8 × 15  K, Arraystar). After cleaning the 
slides, an Agilent Scanner G2505C was used to scan the 
arrays in two-color channels. The Limma R package’s 
quantile normalization was used to standardize the raw 
signal intensities, and the Benjamini-Hochberg FDR cor-
rection was used to assess statistical significance.

Microarray data analysis
Using Agilent Feature Extraction software, the acquired 
array pictures were examined. The IP (Cy5-labelled) nor-
malized intensities were used to determine the “m6A 
quantity,” or the amount of m6A methylation in each 
transcript. In the meantime, the IP (Cy5-labelled) and 
Sup (Cy3-labelled) normalised intensities were used to 
compute the percentage of m6A methylation (%Modi-
fied) for a transcript. We also employed the R software’s 
Limma package for quantile normalization and further 
data processing. The Fold fold change (FC) ≥ 2 and P val-
ues < 0.05 were used to determine statistical significance 
for circulating RNAs in order to compare two groups for 
differential m6A modification. The Data/Sort and Filter 
features in Microsoft Excel can be used to further rank 
the differentially m6A-methylated circRNAs and mod-
ify the stringency thresholds. The samples were sorted 
according to how similar their m6A methylation levels 
or amounts were and how closely related they were. To 
identify the differentially changed circRNAs between the 
two groups, fold-change filtering was used. To illustrate 
the distinctive circRNA-expression patterns among the 
samples, hierarchical clustering was also used. the vol-
cano plot and the scatter plot described the differences in 
the expression of m6A-modified circRNAs between the 
two groups.

GO annotation and KEGG pathway enrichment analyses
To learn more about the biological activities of the genes 
in the substantially connected module, we performed GO 
analysis and KEGG pathway enrichment analysis for the 
host genes of the selected circRNAs with m6A peaks. 
Cellular component (CC), molecular function (MF), and 
biological process (BP) categories were included. The 
important routes all have a p-value of less than 0.05.

MeRIP-qPCR
Real-time qPCR was carried out using the 2−∆∆Ct tech-
nique to examine the enrichment of m6A-modified RNA, 
and the m6A-RIP fraction normalized to the input was 
determined. The samples were extracted and then uti-
lized to build the library on the HiSeq 4000 using Prep 
Kit (Illumina). The primers were shown in Table 1.
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Construction of a CeRNA interaction network
To construct the circRNA-miRNA-mRNA network, we 
chosen three significantly differentially expressed cir-
cRNAs modified by m6A by software (Arraystar’s in-
house miRNA target prediction software), which was 
based on miRanda and TargetScan. This ceRNA network 
represents a predictive model derived from computa-
tional analysis, providing insights into potential regula-
tory interactions. Then, we used Cytoscape for 3 chosen 
circRNAs and all differentially expressed mRNAs as well 

as targeted genes to build a competitive endogenous 
RNA (ceRNA) network (commonNum > = 3, context+ < 
-0.15, Structure > 140). Cytoscape with a Pearson correla-
tion coefficient (r) > 0.97 was utilized to depict the CNC 
network.

Statistical analysis
Through using R version 4.0.2, we carried out at least 
three separate repeated experiments and conducted 
all statistical analysis of the data. The means standard 
deviation of several m6A modification subclusters were 
shown. The fold change (FC) was calculated using nor-
malized microarray signal intensities, and significance 
was tested using a two-tailed Student’s t-test for two-
group comparisons. For pathway enrichment analysis 
(GO and KEGG), we employed the hypergeometric test, 
with p-values adjusted using the Benjamini-Hochberg 
method for multiple comparisons (FDR < 0.05). To show 
a statistically significant difference, a P < 0.05 test was 
used.

Results
Observation of myocardial histological changes
To ascertain whether the heart tissue in the CIH group 
had sustained any damage, histological abnormalities 
in the control group and the CIH group were identified 
using hematoxylin and eosin staining, respectively. After 
viewing the magnified image under the microscope, no 
significant changes were observed in the left ventricular 
myocardium of the control group (Fig.  1A). The abnor-
mal myocardial structure, myocardial cell atrophy, and 
nuclear deformation in the CIH group were prominent 
(Fig. 1B).

Table 1  Primers used for MeRIP-qPCR
Genes Sequence Tm 

(℃)
Lengths 
(bp)

mmu_circRNA_011180 F:5’-ACTGCGCAAGAGA-
AAGTGG-3’
R:5’-CTCAAAGGGATG-
GAAGTCG-3’

60 95

mmu_circRNA_014597 F:5’-CTTCAATGATTTTCACCTC-
CAG-3’
R:5’-AGCGGTCATCCATGCT-
TATAT-3’

60 123

mmu_circRNA_008397 F:5’-GATGCGTTTTCACAGGC-
TACA-3’
R:5’-TCTCCAGACAGAACCTC-
CAGG-3’

60 299

mmu_circRNA_34841 F:5’-AGATTTGTAGTTC-
CAGAAAGGTG-3’
R:5’-GCTCCAATCAGAGATGC-
TACTT-3’

60 155

mmu_circRNA_22543 F:5’-CTTAACAGGTCGTA-
AGAGTGAGGC-3’
R:5’-GTAGAAAATGTGTGTC-
CAGGGG-3’

60 150

mmu_circRNA_29768 F:5’-TATGACGAAACGGTA-
ACCCAC-3’
R:5’-GGATAACAGACTGCAGAT-
CAAGC-3’

60 157

Fig. 1  Effect of CIH on the histopathology of myocardium. (A) Myocardial tissue from control group mice (normoxia) shows intact and well-organized 
myocardial architecture, with normal cell morphology and nuclei. The cells are uniformly distributed, and no signs of inflammation or fibrosis are ob-
served. (B) Myocardial tissue from CIH-treated mice exhibits significant abnormalities, including distorted myocardial structure, nuclear deformation, and 
noticeable atrophy of myocardial cells. The tissue shows signs of inflammation and fibrosis, indicating pathological changes induced by chronic intermit-
tent hypoxia. Hematoxylin and eosin staining was used to visualize the tissue morphology at 400x magnification
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Identification of m6A-modified circrnas in the animal 
model of OSA
We calculated the fold change (FC) and statistical sig-
nificance of the difference (P value) for each transcript 
in order to compare two groups (the CIH groups and 
controls) for differential m6A modification. The default 
threshold was set to|FC| ≥ 2, and the P-values were set 
to P < 0.05. Six samples (three samples in the CIH group 
and the other three samples in the control group) were 
selected for the microarray analysis. According to the cri-
teria of|FC| threshold ≥ 2 and P < 0.05, 255 differentially 
expressed m6A-modified circRNAs were detected in our 
OSA-induced heart damage mouse model. Among them, 
250 circRNAs were found significantly up-regulated, and 
5 circRNAs were found significantly down-regulated.

To ensure the high quality of the microarray data, we 
applied hierarchical clustering heatmap analysis to all 
differentially expressed circRNAs, which were shown in 
Fig. 2A. The heatmap showed that the circRNA expres-
sion profiles between the CIH and the control tissues 
significantly differed. Furthermore, the volcano plot and 
the scatter plot described the differences in the expres-
sion of m6A-modified circRNAs between the CIH and 
control groups (Fig. 2B, C). Meanwhile, we selected three 
significantly differentially expressed circRNAs (mmu_cir-
cRNAs_22543, mmu_circRNAs_29768, and mmu_cir-
cRNAs_34841) for ceRNA analysis to construct a ceRNA 
network, which enabled us to seek novel pathways and 
targets.

GO analysis of m6A-modified circrnas with significant 
differential expressions
To investigate the critical functions of the object genes in 
the biological and pathological meanings of m6A meth-
ylation in myocardial injury induced by OSA, GO enrich-
ment analysis of the host genes of the selected circRNAs 
with m6A peaks was performed. In the up-regulated 
transcripts, a total of 1319 biological processes (BP), 183 
cellular ingredients (CC), and 160 molecular functions 
(MF) were identified via GO analysis. For the down-regu-
lated transcripts, a total of 173 biological processes (BP), 
20 cellular ingredients (CC), and 46 molecular functions 
(MF) were identified We ranked the top five in each cat-
egory based on the p-value from smallest to largest and 
plotted the graph (Fig. 3). The transcripts of up-regulated 
were enriched in cellular process (Fig. 3A, BP), organelle 
(Fig. 3A, CC), and binding (Fig. 3A, MF). The transcripts 
of down-regulated were enriched in G1 to G0 transition 
(Fig. 3B, BP), chromatin silencing complex (Fig. 3B, CC), 
and transferase activity (Fig. 3B, MF).

Prediction of pathways
KEGG pathway analysis was conducted to identify mul-
tiple pathways of OSA-induced heart damage associated 

with m6A-modified circRNAs. We performed pathway 
analysis for the host genes of selected circRNAs with 
m6A peaks. In our study, a total of 73 pathways were 
detected in the up-regulated transcripts with P < 0.05, but 
the pathways could not be identified in the down-regu-
lated transcripts. Then we selected the top 10 pathways 
from the results based on the magnitude of the p-value 
values and drawn the Sankey diagram according to the 
counts of DE genes from small to large (Fig. 4). The tran-
scripts of the m6A-modified circRNAs were significantly 
associated with the pathways in cancer, the focal adhe-
sion, the proteoglycans in cancer, the phospholipase D 
signaling pathway, the thyroid hormone signaling path-
way, and the AMPK signaling pathway. Figure 4 showed 
that the genes such as ADCY5, CTNNA1, and HIF1A 
are associated with the pathways in cancer, whereas the 
genes such as FLNB, IGF1R, CTNNB1, and LAMB2 were 
involved in the focal adhesion.

Verification of m6A-RNA Immunoprecipitation and MeRIP-
qPCR
We used MeRIP-qPCR to detect the expression levels 
of six selected circRNAs with m6A peaks. The results 
demonstrated that three up-regulated circRNAs (mmu_
circRNAs_011180, mmu_circRNAs_014597, and mmu_
circRNAs_008397) and three down-regulated circRNAs 
(mmu_circRNAs_34841, mmu_circRNAs_22543, and 
mmu_circRNAs_29768) identified through MeRIP-qPCR 
showcased a similar trend of expression (Fig.  5). This 
result demonstrated the trustworthiness of our m6A-
modified circRNA-seq data.

Prediction of relevant targeted genes and pathways
To explore the m6A-modified circRNA-miRNA-mRNA 
network, we used TargetScan and miRanda to predict 
the circRNA targets and downstream genes with abnor-
mal regulation. Then, in order to elucidate the biological 
function of m6A-modified circRNAs in OSA-induced 
cardiac injury, a ceRNA interaction network was con-
structed by Cytoscape software. A total of three cir-
cRNAs (mmu_circRNAs_22543, mmu_circRNAs_29768, 
and mmu_circRNAs_34841) and their targeted genes 
were chosen. The network constructed was illustrated in 
Fig. 6.

In this network map, several important mRNAs that 
participated in the occurrence and development of OSA 
were found to bind to these m6A-modified circRNAs. For 
instance, mmu-miR-5134-5p, mmu-miR-1896, and mmu-
miR-7242-3p as well as their respective targeted genes 
were predicted to have a pathway linkage with mmu_cir-
cRNA_22543. In addition, Clip2, Fadd, and Hacd2 genes 
were associated with mmu_circRNA_22543.
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Discussion
According to our knowledge, this study is the first to 
describe the expression profiles of circRNAs modi-
fied by m6A in the mouse model of myocardial dam-
age induced by OSA. In addition, a few potential targets 
and pathways of circRNAs with m6A peaks involved in 
heart damage were shown in our study. What’s more, 
this work expanded our understanding of the roles of 

m6A-modified circRNAs in myocardial diseases induced 
by OSA and attempted to describe their significance.

As a common disorder, OSA is characterized by 
repeated apnea or frequent hypopnea during sleep, 
resulting in decreased saturation and frequent awak-
enings [1]. Severe OSA may increase the risk of other 
comorbidities with adverse medical outcomes, such as 
cardiovascular and cerebrovascular disease, diabetes 
mellitus, depression, dementia, and even some types of 

Fig. 2  Differential expression analysis of m6A-modified circRNAs in CIH and control groups. A Heatmap of differentially expressed circRNAs modified by 
m6A, showing hierarchical clustering of samples from CIH and control groups. Red indicates up-regulated circRNAs, and blue indicates down-regulated 
circRNAs (|FC| ≥ 2, p < 0.05). The heatmap demonstrates clear separation between the CIH and control groups, indicating distinct expression patterns. B 
Volcano plot showing the distribution of circRNAs based on fold change and statistical significance. Up-regulated circRNAs are shown in red, and down-
regulated circRNAs are shown in blue, with gray dots indicating non-significant changes. The plot highlights the significant differences in circRNA expres-
sion between the two groups. C Scatter plot of normalized signal intensities of circRNAs in the two groups, highlighting the distribution of differentially 
expressed m6A-modified circRNAs (|FC| ≥ 2, p < 0.05). The scatter plot illustrates the overall expression trends and the degree of variation between the 
groups
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cancer [19–22]. OSA is considered a major cause of heart 
damage, as evidenced by numerous studies [23]. How-
ever, there are still some obstacles to the study of the rela-
tionship between OSA and cardiovascular diseases. For 
example, patients who are diagnosed with cardiovascular 
diseases induced by OSA often have a few risk factors 
such as smoking, diabetes mellitus, and obesity, and it is 
difficult to define the single mechanism of OSA induc-
tion. And it often takes years for OSA patients to have 
cardiovascular diseases diagnosed clinically, so changes 

in the condition can be challenging to detect. Due to 
these risk factors, macroscopic studies of the causal rela-
tionship between OSA and cardiovascular diseases are 
limited, driving research toward molecular and epigen-
etic targets.

CircRNAs have attracted increasing attention due 
to their wide expression in various diseases, especially 
cardiac diseases, and their potential association with 
pathogenic mechanisms [24]. For example, Garikipati et 
al. detected that circRNA expression levels changed in 

Fig. 3  GO enrichment analysis of host genes for m6A-modified circRNAs. A Top five enriched GO terms for up-regulated transcripts are displayed in three 
categories: biological processes (BP), cellular components (CC), and molecular functions (MF). Significant terms include ‘cellular process’ (BP), ‘organelle’ 
(CC), and ‘binding’ (MF). B Top five enriched GO terms for down-regulated transcripts, including ‘G1 to G0 transition’ (BP), ‘chromatin silencing complex’ 
(CC), and ‘transferase activity’ (MF). The bars represent the level of enrichment significance based on p-value
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a mouse model of post-myocardial infarction [25]. Ge 
et al. showed for the first time that 185 circRNAs were 
drastically differently expressed in the pathogenic and 
pathophysiological processes of ischemia/reperfusion 
heart damage [26]. In recent years, researchers have 
found that m6A methylation of circRNAs is pervasive in 
epigenetics-related research fields [27]. Some research-
ers have discussed the role of m6A modification in cir-
cRNA expression and metabolism, and there is a growing 
consensus that m6A-modified circRNAs play vital 
roles in the development of some diseases [28–33]. For 
instance, Chen R et al. reported that m6A-methylated 
circNSUN2 may promote the progression of colorectal 
cancer [28]. Berulava et al. reported that the expression 
of m6A-modified RNAs was altered in cardiac hyper-
trophy and heart failure [34]. However, the mechanisms 
and targets of m6A-modified circRNAs in OSA-induced 
myocardial injury remain unclear. So, we used the CIH 
mouse model to demonstrate the potential mechanisms 

of m6A-modified circRNAs in OSA-induced myocardial 
injury.

To fully elucidate the expression profiles of m6A-mod-
ified circRNAs, we conducted microarray analysis. We 
identified 255 differentially expressed m6A-modified cir-
cRNAs, with 250 upregulated and 5 downregulated. To 
validate these findings, we performed MeRIP-qPCR on 
six selected circRNAs, all of which showed statistically 
significant results consistent with the microarray data. 
Nevertheless, the specific biological functions of these 
circRNAs and the related genes and pathways remain to 
be elucidated.

To predict the biological roles and possible targets of 
circRNAs with m6A peaks in the progression of OSA-
induced cardiac injury, we conducted GO and pathway 
analyses. The results of the GO analysis showed that 
the transcripts of up-regulated were germane to cellular 
process, organelle, and binding, and the transcripts of 
down-regulated were enriched in G1 to G0 transition, 

Fig. 4  KEGG Pathway Enrichment Analysis of m6A-modified circRNAs. The Sankey diagram represents the enriched KEGG pathways linked to differ-
entially expressed m6A-modified circRNAs in the OSA-induced cardiac injury model. The pathways shown, such as the AMPK signaling pathway, focal 
adhesion, and proteoglycans in cancer, are among the top 10 enriched pathways with a significant involvement in myocardial injury. Each pathway is 
annotated with the associated genes, including CTNNA1, FLNB, and HIF1A, which play a crucial role in cardiac pathophysiology. The diagram also shows 
the ratio of differentially expressed genes (DE genes) to the total number of genes in each pathway, providing a visual summary of the functional roles of 
these circRNAs in OSA-induced cardiovascular damage. Color-coded pathways highlight the strength of enrichment, with red indicating pathways most 
significantly affected by the circRNAs
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chromatin silencing complex, and transferase activity. 
Using the gene ontology knowledgebase, we identified 
genes linking cellular metabolism to immunity, such 
as IRGM, which encodes a protein involved in antiviral 
responses. In addition, among the downregulated results, 
we queried the term of immunoglobulin V(D)J recombi-
nation and found that RAG2, PRKDC, LIG4, and NHEJ1 
genes were highly associated with it, suggesting that 
these genes may be suggestive for future studies on the 
immunological aspects of OSA pathogenesis.

As for the pathway analysis, the pathways in cancer, the 
focal adhesion, and the proteoglycans in cancer might 
play important roles in the development of heart injury 
caused by OSA. Recent studies suggest that cardiac dis-
ease development may involve dysregulated endocar-
dial cell migration [35]. Paluch et al. showed the focal 
adhesion pathway is thought to be associated with cell 
migration [36]. Focal adhesions serve as critical anchor-
ing points between cells and the extracellular matrix, 
enabling the transmission of mechanical forces that drive 
cell migration in two-dimensional (2D) environments. 
The AMPK pathway plays a pivotal role in mitigating 
cardiac microvascular ischemia/reperfusion (I/R) injury 
by activating LKB1/AMPK/ULK1-mediated autophagy, 
which promotes STING degradation and suppresses 
apoptosis [37]. Our data suggest that this pathway may 
be involved in OSA-induced cardiac injury. The results of 
these enrichment analyses give us a basis for our future 

exploration between OSA and the pathogenesis of car-
diovascular system lesions.

In the past few years, ceRNAs have emerged as an 
important class of transcriptional regulators involved 
in the development of many diseases [38–40]. As a sub-
class of ceRNA, circRNAs have been reported to func-
tion primarily as miRNA sponges in many biological 
processes [41]. There have been some studies reporting 
regulatory relationships between circRNAs, miRNAs, 
and target genes. For instance, Zhang N et al. reported 
that the overexpression of circ-ITCH protected cardio-
myocytes by inhibiting apoptosis, whereas miR-17-5p 
increased apoptosis and inhibited cell viability via the 
Wnt/-catenin signaling pathway [42].Shan B et al. discov-
ered that miR-93-5p protects myocardial cells by being 
regulated by H19, which sponges miR-93-5p to promote 
SORBS2 expression. This interaction helps reverse LPS-
induced cell growth inhibition, mitochondrial damage, 
and inflammatory responses, thereby attenuating sepsis-
induced myocardial injury [43]. Notably, the relationship 
between circRNAs with m6A peaks and the pathogenesis 
of cardiovascular disease has not been elucidated.

Therefore, we predicted a ceRNA network in our 
study. We found that mmu_circRNA_22543 was further 
predicted to have pathway linkage with miRNA such as 
mmu-miR-5134-5p, mmu-miR-1896, and mmu-miR-
7242-3p and their corresponding targeted genes. Of 
interest to us, Hu et al. reported that high expression of 
Clip2 allows oxidatively modified LDL to stimulate lipid 
accumulation in THP-1 macrophages and promote foam 
cell formation, implying that high expression of this gene 
may have an important role in heart damage [44]. The 
correlation between mmu_circRNA_22543 and the Clip2 
gene is suggested by our network, which means that the 
pathogenic bridge between m6A-modified circRNAs and 
cardiac injury may be the excessive accumulation of lip-
ids and the massive formation of foam cells. Our ceRNA 
network analysis revealed a potential link between mmu_
circRNA_22543 and lipid metabolism via the Clip2 gene, 
suggesting a previously unrecognized mechanism in 
OSA-induced cardiac damage. The construction of CNC 
networks and the analysis of relevant targeted genes may 
be vital steps for us to study the pathogenesis of cardio-
vascular disease caused by OSA.

However, some limitations should be recognized in 
the study. Firstly, due to the limited number of circRNAs 
with m6A peaks identified in this study, the compre-
hensiveness of the results may be difficult to ascertain. 
In the meantime, to ascertain the appropriate sample 
size for the experiment, power analysis should be con-
ducted. And the sample size should be expanded as much 
as possible to improve the reliability of the experiment. 
Secondly, our study explores the pathways and targets 
that these candidate circRNAs may be involved in the 

Fig. 5  Validation of microarray results using MeRIP-qPCR for six candi-
date circRNAs. Three up-regulated circRNAs (mmu_circRNAs_011180, 
mmu_circRNAs_014597, mmu_circRNAs_008397) and three down-
regulated circRNAs (mmu_circRNAs_34841, mmu_circRNAs_22543, 
mmu_circRNAs_29768) were assessed. Bar plots represent the normalized 
expression levels of these circRNAs, showing trends consistent with the 
microarray data. Statistical significance was determined using Student’s 
t-test (p < 0.05)
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pathogenesis of heart injury caused by OSA, rather than 
investigating the exact mechanism. Therefore, more 
epigenetic research is needed to determine the precise 
regulatory mechanisms of m6A-modified circRNAs in 
OSA-induced myocardial injury. Thirdly, despite mice 
and human genomes being highly homologous, further 

research and confirmation are needed to see if the results 
we have obtained in mice can be applied to humans.

Our future work is structured into three integrated 
layers to elucidate the functional roles and therapeutic 
potential of m6A-modified circRNAs in OSA-induced 
cardiac injury. First, in cell models, we will investigate 
key m6A-modified circRNAs in human cardiomyocyte 

Fig. 6  ceRNA Network of m6A-modified circRNAs in OSA-induced Cardiac Injury. The ceRNA network demonstrates the interactions between m6A-mod-
ified circRNAs, miRNAs, and their target mRNAs in the context of OSA-induced myocardial injury. Key circRNAs identified, including mmu_circRNA_22543, 
mmu_circRNA_29768, and mmu_circRNA_34841, are shown in the network, interacting with miR-5134-5p, miR-1896, and other miRNAs. These miRNAs 
regulate downstream target genes such as Clip2, Fadd, and Hacd2, which are involved in myocardial injury and heart disease pathways. The figure high-
lights the potential regulatory role of these circRNAs in modulating gene expression through miRNA sponging, impacting key cellular processes like 
inflammation and fibrosis in OSA-induced cardiac injury. The arrows represent direct interactions, with color coding indicating the strength of correlation, 
and the size of nodes indicating the importance of each gene in the network
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cell lines under IH conditions mimicking OSA. Using 
RNAi, we will knockdown selected circRNAs and assess 
their effects on proliferation, apoptosis, and inflamma-
tion, while luciferase reporter assays will validate cir-
cRNA-miRNA-mRNA interactions to uncover regulatory 
mechanisms. Second, in animal models, we will expand 
OSA-induced cardiac injury studies in mice, employing 
gain- and loss-of-function strategies, such as circRNA 
overexpression or knockdown via AAV or RNAi, to eval-
uate their impact on cardiac function and injury, deter-
mining their protective or detrimental roles. We will also 
explore the therapeutic potential of circRNAs by assess-
ing their ability to mitigate cardiac damage and improve 
heart function. Third, bioinformatics and pathway vali-
dation will utilize pathway inhibitors and gene silenc-
ing to validate key pathways identified through GO and 
KEGG analyses, clarifying how m6A-modified circRNAs 
regulate signaling pathways in cardiac injury progres-
sion. Together, these multi-layered studies aim to bridge 
preclinical findings with clinical applications, uncovering 
circRNA-based therapeutic strategies for OSA-related 
cardiovascular diseases.

Conclusion
In summary, our study provides the first proof that m6A-
modified circRNAs have different expression levels in the 
onset and progression of cardiac injury caused by OSA. 
Then we predict their biological significance as well as 
potential targets and pathways. These findings could pro-
vide new insights into the possible pathologic and physi-
ological mechanisms of cardiac injury caused by OSA 
and assist in seeking novel therapeutic approaches.
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