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Chronic intermittent hypoxia (CIH) is the main feature of obstructive sleep apnea (OSA) and
is known to exaggerate cardiac remodeling after myocardial infarction (MI). However, the
specific contribution of CIH to overall OSA-induced pathological complications and the
transcriptomic mechanisms underlying CIH-exaggerated post-MI remodeling remains
unclear. In this study, we used RNA-sequencing to construct the expression profiles of
cardiac mRNAs, microRNAs, and long non-coding RNAs (lncRNA) in four groups of
C57BL/6J mice (Sham, CIH, MI, MI + CIH) to evaluate how CIH regulates cardiac
remodeling after MI. Compared with the other three groups, the MI + CIH group
exhibited 345 lncRNAs, 35 microRNAs, and 5,220 differentially expressed mRNAs.
Further analysis showed that CIH led to significant changes in Gene Ontology (GO)
enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of the
differentially expressed mRNAs. Co-expression network analysis identified two core
lncRNAs (Mirt1 and AC125351.1) and two core microRNAs (miR-466i-5p and miR-
574-5p) during the development of CIH-exaggerated post-MI remodeling, and they
were verified by quantitative real-time PCR (qRT-PCR). LncRNA-mRNA correlation
analysis further showed that lncRNA Mirt1 was positively correlated with Apbb1ip and
Lcp2. In addition, microRNA-mRNA correlation analysis showed that microRNAmiR-466i-
5p was positively correlated with Snai2, Cdc27, and Ngfr. Furthermore, combining with
lncRNA-mRNA and miRNA-mRNA networks, 44 RNAs were identified in the competitive
endogenous RNA (ceRNA) network. Mirt1 acts as a ceRNA to bind to miR-466i-5p to
further regulate the expression levels of the target gene, thereby aggravating cardiac
remodeling after MI. In conclusion, our study provides a systematic perspective on the
potential functions of mRNAs, microRNAs, and lncRNAs in CIH-exaggerated post-MI
cardiac remodeling. Our data suggest that lncRNA Mirt1 may be the most critical regulator
of MI aggravated by CIH.
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INTRODUCTION

The incidence of myocardial infarction (MI) has increased
rapidly over recent years, and the mortality rate associated
with MI has steadily increased in the past 10 years
(Yeghiazarians et al., 2021). The mean annual hospitalization
expenses for MI have gradually become a serious public health
problem. Despite advances in reperfusion therapy and the fact
that various measures have been taken to control traditional
cardiovascular risk factors (smoking, hypertension, dyslipidemia,
and diabetes), the incidence and mortality rate of MI have not
been reduced effectively. This suggests that other risk factors may
have serious effects on the prognosis of patients with MI.

In recent years, researchers have been increasingly targeting
the relationship between obstructive sleep apnea (OSA) and MI.
OSA refers to the complete or partial obstruction of the upper
airway during sleep that leads to repeated apneas and/or shallow
breathing, mainly manifested as sleep fragmentation, repeated
snoring, and daytime sleepiness (Javaheri et al., 2017; Cowie et al.,
2021). In 2019, global statistics showed that there were
approximately 936 million patients with OSA. Of these, 425
million cases were classified as moderate to severe OSA.
Moreover, China had the highest number of patients at 176
million (Benjafield et al., 2019). Chronic intermittent hypoxia
(CIH) is the main feature of OSA and is known to exaggerate
cardiac remodeling after MI (Du et al., 2020). However, the
specific contribution of CIH to overall OSA-induced
pathological complications, and the transcriptomic
mechanisms underlying cardiac remodeling after MI that
causes the exaggeration of CIH, remain very unclear.

Long non-coding RNAs (lncRNAs) are RNAs that are longer
than 200 nucleotides (nts) and can regulate chromatin
modification and the development of diseases by affecting
epigenetic programs in the transcriptome (Kaikkonen et al.,
2011; St Laurent et al., 2015). Furthermore, lncRNAs can act
as endogenous microRNA sponges, thereby participating in
mutual competition for the common binding sites of target
microRNAs, thus modifying the functions of the target
mRNAs to participate in cardioprotection (Zhu et al., 2021).
MicroRNAs are a class of small non-coding RNAs, which exert
function in the post-transcriptional regulation of gene expression,
including cell growth, differentiation, development, and
apoptosis (Saliminejad et al., 2019). However, the effect of
CIH on the expression profiles of lncRNAs, microRNAs, and
mRNAs, in MI mice and whether specific lncRNAs or microRNA
are critical for CIH-exaggerated post-MI cardiac remodeling
remains to be elucidated.

RNA sequencing is a useful method with which to identify
gene function categories, important pathways, molecular
interactions, and signal transduction networks and this
method can also predict the mechanisms that underlie disease
progression. To characterize the dynamic patterns of lncRNA,
microRNA, and mRNA expression, and their potential
correlation to cardiac remodeling after MI, we used RNA-
sequencing to investigate the expression profiles of lncRNA,
microRNA, and mRNA between Sham, MI, CIH, and MI +
CIH groups of mice. Next, we generated and combined

lncRNA-mRNA and microRNA-mRNA networks and
identified two lncRNAs and two microRNAs to construct a
competing endogenous RNA (ceRNA) network. Node analysis
showed that Mirt1 and miR-466i-5p exhibited the largest degrees.
These results confirmed that Mirt1 and miR-466i-5p were
significantly associated with CIH-exaggerated post-MI cardiac
remodeling andmaybe the most critical transcriptional regulators
in cardiac remodeling after MI.

MATERIALS AND METHODS

Animal Model
Adult male C57BL/6J mice (8–10 weeks old) were randomly
assigned to the four experimental groups (Sham, MI, CIH, and
MI + CIH groups). In the model groups, MI mice were first
anesthetized with 2% isoflurane, and then ligated the left anterior
descending artery (LAD) by left thoracotomy to induce surgical
MI. Sham-operated control mice (Sham) underwent the same left
thoracotomy, except that the LAD was not tied. For CIH, mice
were subjected to intermittent hypoxia (5% O2 at nadir, 20 cycles/
h) for 4 weeks. The MI + CIH mice were exposed to CIH for
4 weeks after MI surgery. At the end of exposure, all of the
experimental animals were anesthetized with 2% isoflurane and
then killed. Hearts were then collected from each mouse for RNA
extraction. All animal handling complied with the standard
animal welfare regulations of Capital Medical University. This
study was approved by the Institutional Animal Care and Use
Committee of Capital Medical University, Beijing, China
(2013025).

Echocardiography
Mice were examined on a Visual Sonics Vevo 2,100 system using
a30 MHz-Transducer (MS-400; Visual Sonics). First, the mice
were weighed, anesthetized, and fixed on an operating table. The
angle of the probe was adjusted to obtain a long axis view of the
left ventricle. Then, the probe was rotated 90° clockwise to obtain
each view of the short axis of the left ventricle. The value used for
analysis was the mean value over the three measured cardiac
cycles.

RNA Preparation, Transcriptome
Sequencing, and Analysis
TRIzol reagent (Invitrogen, Carlsbad, Canada) was used to
extract total RNA from heart tissue. A NanoDrop
2000microspectrophotometer was used for purification. An
Agilent 2,100 Bioanalyzer and an Agilent RNA 6000 Nano Kit
were used to assess RNA integrity. Once RNA concentration had
been quantified, we used a Small RNA Sample Pre-Kit to build a
library from total RNA, use the special structure of small RNAs at
the 3′ and 5′ ends (the 5′ end has a complete phosphate group
while the 3′end has a hydroxyl group). Next, we added adapters to
both ends of the small RNAs and then used reverse transcription
to synthesize cDNAs. Polymerase Chain Reaction (PCR) was
then used to amplify target DNA fragments, amplicons were then
separated by PAGE. Finally, the cDNA library was recovered by
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cutting out appropriate parts of the gel. Once the cDNA library
had been constructed, we used a Qubit2.0 for preliminary
quantification. Next, we diluted the cDNA to 1 ng/μl and used
an Agilent 2,100 to detect the insert size of the library. Once the
insert size had met our expectations, we use a Quantitative PCR
(qPCR) method to determine the effective concentration of the
library. Quantification was carried out very precisely to ensure
that the library was of good quality (an effective library
concentration > 2 nM). Following final library quality control,
we performed HiSeq/MiSeq Illumina sequencing. A random
variance model (RVM) t-test was applied to filter differentially
expressed genes according to the p-value threshold. Hierarchical
clustering was then employed to analyze differentially expressed
lncRNAs, microRNAs, and mRNAs. The RNA-sequencing
(RNA-seq) data has been uploaded into a public database
(accession number GSE138008). The scripts used to reproduce
the analysis are available from the Bioconductor repository
(http://www.bioconductor.org/packages/release/bioc/html/
DESeq.html).

Quantitative Real-Time PCR
Quantitative real-time PCR (qRT-PCR) was performed to
validate the expression of significantly altered mRNAs,
microRNAs, and/or lncRNAs, in heart tissues from the mouse
model. Total RNAs were extracted using TRIzol reagent
(Invitrogen, Carlsbad, Canada). First-stand cDNA was
synthesized using a First Strand cDNA Synthesis kit (Thermo
Fisher Scientific). qRT-PCR was performed with a SYBR Green
MasterMix (Takara) to determine the relative mRNA levels of the
indicated genes. 18s served as an endogenous control so that we
could normalize the expression levels of each target gene. The
2−ΔΔCt value was calculated to indicate the relative expression
levels of each gene. Sequences of the qRT-PCR primers are shown
below:

mouse 18s: (5′-GCGGCGGAAAATAGCCTTTG-3′
forward; 5′GATCACACGTTCCACCTCATC-3′
reverse); mouse AC152979.5: (5′- GGGCAGCCT
ACACAGCTACA-3′ forward; 5′-CACGCTCACTGT
CTCACCCA-3′ reverse); mouse Gm45055: (5′- CCT
GCTCTACAGTGCGACAACATG-3′ forward; 5′-TCT
CAGCTTCAGGACCAGCGATAG-3′ reverse); mouse
Mirt1: (5′-GCACCATCTCAGTGACAGCTTCC-3′
forward; 5′-CAGTTGGCTTGGAGGAGGACAATC-
3′ reverse); mouse AC125351.1: (5′- CAAGAACCT
GGCGACTTCACCTG-3′ forward; 5′- TGCCTCAGC
CTCCTGTGTAGC-3′ reverse); mouse mmu-miR-
466i-5p: (5′- cgTGTGTGTGTGTGTGTGTGTG-3′
forward); mouse mmu-miR-574-5p: (5′- cgTGAG
TGTGTGTGTGTGAGTGTGT-3′ forward).

Bioinformatics Analysis
Next, we attempted to identify significant functions and pathways
related to the differentially expressed genes. For this, we applied
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. GO analysis usually divides
corresponding genes by three aspects: biological process (BP),

molecular function (MF), and cellular component (CC). KEGG
pathway analysis was used to identify significant pathways related
to the differential genes according to the KEGG database. Two-
sided Fisher’s exact tests and Chi-squared tests were used to
analyze and compare the significantly different functions and
pathways. We also used false discovery rate (FDR) and corrected
p values < .05 to identify important expression profiles.

Next, we performed co-expression network (lncRNA-mRNA
and mRNA-microRNA) analysis to investigate functional
annotation. The expression correlation network was built on
the normalized signal intensity of differentially expressed
mRNAs and lncRNAs/microRNAs. The R function cor. test
(Hmisc and corrplot) was used to compute the Pearson’s
correlation coefficient for mRNA-lncRNA/microRNA pairs.
Significant correlation pairs we identified using a correlation
cutoff of 0.99. Pearson’s correlation was used to select
significant lncRNA-mRNA or mRNA-microRNA correlation
pairs. The network was visualized by Cytoscape (version:
3.6.0) software. The degree was calculated to measure a gene
or lncRNA centrality within a network.

A lncRNA/microRNA target pathway network was built
according to the relationships created by significant pathways
and lncRNAs/microRNAs, as well as the relationships among
lncRNAs/microRNAs and pathways. In the target pathway
network, a round node represents a pathway, a square
represents a lncRNA/microRNA, and relationships between
them are represented by edges. The degree of each lncRNA/
microRNA was the number of pathways regulated by that
lncRNA/microRNA, and the degree for each pathway was the
number of lncRNAs/microRNAs that regulated the pathway. The
size of the node represents the strength of the correlation. Core
lncRNAs/microRNAs and pathways in the network had the
biggest degrees.

A ceRNA network was constructed to identify ceRNA
mechanisms based on differentially expressed lncRNAs, miRNAs,
and mRNAs. RNA transcripts can combine with miRNAs by the
miRNA response element (MRE). Therefore, we could identify
competitive relationships between RNA transcripts in the process
of combiningMREs by predicting MREs and computing free energy.
First, miRNA-mRNA andmiRNA-lncRNA target relationships were
predicted by a target prediction database. Pearson’s correlation
coefficient (PCC) was then computed between matched lncRNA-
mRNAs based on their expression data. Then, the PCC between
miRNA-mRNA and miRNA-lncRNA was computed. For a given
lncRNA-mRNA pair, both mRNA and lncRNA were targeted by a
common miRNA and co-expressed negatively with this miRNA.
Finally, the miRNA-mRNA-lncRNA network was identified as
competing triplets. The network was visualized by Cytoscape
software (version: 3.6.0). In the ceRNA network, square nodes
represent lncRNAs, triangle nodes represent microRNAs, and
rhombi nodes represent mRNAs. The lines between nodes
indicate a correlation. The size of a node represents the strength
of the correlation.

Statistical Analysis
Normally distributed data were compared using the independent-
sample t-tests (two groups) or one-way analysis of variance
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(ANOVA) with Bonferroni’s procedure for multiple comparison
tests (three groups). Non-normally distributed and unpaired data
were compared using the Mann-Whitney U test or the Kruskal-
Wallis test. GraphPad Prism version 6.0 (GraphPad Software Inc.,
San Diego, CA) and SPSS version 24.0 (SPSS Inc., Chicago, IL)
were used for statistical analyses. p < .05 was considered
significant.

RESULTS

CIH Exaggerated Post-MI Cardiac
Remodeling and Reduced Survival
CIH is the main feature of OSA-related cardiovascular diseases
and is characterized by repeated circulating hypoxemia and re-
oxidation. In order to determine the effect of CIH on cardiac

FIGURE 1 | CIH increased post-MI cardiac injury and reduced survival. The effect of CIH upon survival and LV function was determined 28 days after MI. WT mice
were subjected toMI or MI with CIH operation. (A) Survival curve (p = .0275). (B)Cardiac function was examined by echocardiography, and four representative sets of left
ventricular M-mode echocardiography images were displayed. (C) Statistics of HW/BW. (D–N) Quantification of EF, FS, LVmass, LVAWd, LVAWs, LVPWd, LVPWs,
LVIDd, LVIDs, LV Vol-d, and LV Vol-s, from the echocardiographic analysis. n = 6–8/group, SHAM vs. MI + CIH: *p < .05, **p < .01; SHAM vs. MI + CIH: $p < .05,
$$p＜ .01; MI vs. MI + CIH: #p＜ .05, ##p＜ .01. Abbreviations: HW, heart weight; BW, body weight; EF, ejection fraction; FS, fractional shortening; LVmass, Left
Ventricular Mass; LVAWd, Left Ventricular Diastolic Anterior Wall; LVAWs, Left Ventricular Systolic Anterior Wall; LVPWd, Left Ventricular Diastolic Posterior Wall; LVPWs,
Left Ventricular Systolic Posterior Wall; LVIDd, Left Ventricular Internal Diastolic Diameter, LVIDs, Left Ventricular Internal Systolic Diameter; LV Vol-d, Left Ventricular
Diastolic Volume; LV Vol-s, Left Ventricular Systolic Volume.
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remodeling after infarction, we exposed mice undergoing left
coronary artery ligation to a three-gas animal incubator to
simulate OSA conditions. Compared to the other three groups,
the survival rate was significantly decreased in the MI + CIH

group (p = .0275) (Figure 1A). To determine whether CIH
exposure may differentially affect post-MI pathological
remodeling, we determined heart weight (HW) and analyzed
cardiac function by echocardiography (Figure 1B). MI mice

FIGURE 2 | Hierarchical cluster shows the relatedness of differentially expressed genes. (A) Heat map of the relative abundance of significantly changed LncRNAs
by Sham, MI, CIH, andMI + CIH groups. (B)Heat map of the relative abundance of significantly changedmRNA by Sham, MI, CIH, andMI + CIH groups. (C)Heat map of
the relative abundance of significantly changed microRNAs by Sham, MI, CIH, and MI + CIH groups. n = 8/group.
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subjected to CIH exhibited a high cardiac hypertrophy index, as
indicated by HW/body weight (BW) ratios at 28 days
(Figure 1C). MI mice subjected to CIH showed markedly
exacerbated post-MI remodeling and heart failure (HF). As
shown in Figures 1D–N, MI with CIH induced cardiac
dysfunction, as evidenced by the reduction of ejection fraction
(EF), fractional shortening (FS), left ventricular systolic anterior
wall (LVAW), and left ventricular posterior wall (LVPW), within
2 weeks after MI. Meanwhile, Left Ventricular Mass (LVmass),
Left Ventricular Internal Diameter (LVID), and Left Ventricular
Volume (LV VOL) were significantly increased (p < .05).
Collectively, these data indicate that CIH exposure in MI is an
important factor that can increase pathological remodeling.

Hierarchical Clustering Demonstrated How
Differentially Expressed mRNAs,
microRNAs and lncRNAs Were Related
Next, we investigated the transcriptomic mechanisms associated
with CIH-exaggerated post-MI cardiac remodeling and assessed
how CIH modulates the expression profiles of mRNAs,
microRNAs, and/or lncRNAs during MI. To do this, we
performed transcriptome-sequencing analysis on each group of
mice and identified the expression profiles of mRNAs,
microRNAs, and lncRNAs in mouse heart tissue. As a result, a
total of 5,220 differentially expressed genes (fold change ≥5,
p-value < .05), 35 differentially expressed microRNAs (fold
change ≥30, p-value < .05), and 345 differentially expressed
lncRNAs (fold change ≥1.5, p-value < .05) were identified in
the MI + CIH group when compared with the sham group. The
relative abundances of the mRNAs, microRNAs, and lncRNAs,
affected by CIH under MI injury are shown in Figure 2. Clearly,
these differentially expressed mRNAs, microRNAs, and lncRNAs
showed different expression patterns among the groups.

GO and KEGG Analyses Showed That CIH
Induced Significant Changes in mRNAs and
microRNAs
To further study the biological functions of differentially expressed
genes, we performed mRNA and microRNA enrichment analysis
(FDR <0.05) based on a dataset of biological processes, cell
components, and molecular functions, created by the GO
database. We found that differentially expressed mRNAs were
enriched in terms of translation, cell-cell adhesion, and oxidation-
reduction processes (for biological processes), and extracellular
exosomes, cytoplasm, and mitochondria (for cellular components).
For molecular function, the differentially expressed mRNAs were
mainly enriched in terms of protein binding, RNA binding, and
cadherin binding (Figure 3A). Next, enrichment analysis was carried
out for the microRNAs, we found that differentially expressed
microRNAs were enriched in transcription, DNA-templates, and
cell adhesion (for biological processes); membranes, cell junctions,
and synapses (for cellular components); and protein binding, metal
ion binding, and DNA binding (for molecular function) (Figure 3B).
Based on the KEGG database, the most enriched pathways
corresponding to the differentially expressed mRNAs were

associated with oxidative phosphorylation and carbon metabolism
(Figure 4A). Next, we performed pathway enrichment analysis using
the CIH-associated microRNAs. As shown in Figure 4B, several
signaling pathways were activated, including GABAergic synapses,
the sphingolipid signaling pathway, and the thyroid hormone
signaling pathway.

Generation of a lncRNA-mRNA
Co-Expression Network and Target
Pathway
We established a co-expression network for lncRNA and mRNA
based onmicroarray results and used this data to identify the possible
linkage between lncRNAs and downstream mRNAs in MI + CIH
mouse heart tissue. LncRNA-mRNA co-expression Network was
built according to the relationships of significant mRNA and
lncRNAs, as well as the relationships among lncRNAs and
mRNA. Using the methods of graph theory, we evaluated the
regulatory status of lncRNAs and mRNA; the evaluation criteria
were the degrees of lncRNAs and mRNA in the network. The degree
of each lncRNA was the number of mRNAs regulated by that
lncRNA, and the degree of each mRNA was the number of
lncRNAs that regulated the mRNA. Key lncRNAs and mRNA in
the network had the biggest degrees. Four significant lncRNAs (with a
degree >80) were identified in the network map (Figure 5A).
Therefore, we think these four core lncRNAs are of great
importance in the four groups of C57BL/6J mice (Sham, CIH,
MI, MI + CIH). We selected these four for subsequent analysis
and verification. A total of four lncRNAs and 815 mRNAs were
selected to generate a network map. The nodes that showed the
highest degrees included Gm45055 (degree = 135), Mirt1 (degree =
117), AC152979.5 (degree = 98), and AC125351.1 (degree = 96). For
the core lncRNAs (Gm45055, Mirt1, AC152979.5, and AC125351.1),
we observed that lncRNAGm45055was positively linked with Gcnt2
and Dok3, and that lncRNA Mirt1 was positively correlated with
Apbb1ip and Lcp2. LncRNA AC152979.5 was positively correlated
with Socs3 and Tgfbi. LncRNAAC125351.1 was positively correlated
with Osbpl11 and Emb. The core lncRNAs were indirectly connected
by their corresponding mRNAs. These mRNAs and lncRNAs were
enriched and clustered for further analysis.

Based on the functions and interactions of these differentially
expressed lncRNAs, we next identified significant lncRNA target
pathway networks (Figure 5B). All of the core lncRNAs [Mirt1
(degree = 98), Gm45055 (degree = 97), AC125351.1 (degree = 94),
and AC152979.5 (degree = 92)], exhibited interaction networks with
the HIF-1 and PI3K-Akt signaling pathways. The HIF-1 signaling
pathway, the PI3K-Akt signaling pathway, and the core lncRNAs,
therefore represent putative players that are most likely to contribute
to post-MI cardiac remodeling under CIH conditions.

Generation of a Co-Expression Network
(microRNA-mRNA) and microRNA Target
Pathway Network
Similarly, we established a microRNA-mRNA co-expression
network based on our RNA-sequencing results to predict

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 13 | Article 8188236

Wang et al. Mirt1 and Chronic Intermittent Hypoxia

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


FIGURE 3 |GO analysis of differentially expressedmRNAs andmicroRNAs induced by CIH. (A)GO enrichment analysis for mRNAs. (B)GO enrichment analysis for
microRNAs. The abscissa is -LgP. The bigger the -LgP, the smaller the p-value.
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possible associations between microRNAs and target genes in MI +
CIHmouse heart tissue (Figure 6A).We identifiedmicroRNAmiR-
466i-5p (degree = 466) and miR-574-5p (degree = 92) during the
development of MI-induced cardiac remodeling and exposure to
CIH. When considering these core microRNAs (miR-466i-5p and
miR-574-5p), we observed that miR-466i-5p was positively
correlated with 932 mRNAs, including Snai2, Cdc27, and Ngfr.
MicroRNAmiR-574-5p was positively correlated with 184 mRNAs,
including Tmed8 and Ctsz. Next, we identified an important
microRNA target pathway network based on the KEGG network.
As shown in Figure 6B, miR-466i-5p and miR-574-5p were
associated with the PI3K-Akt signaling pathway, the Wnt
signaling pathway, and the cAMP signaling pathway.

Verification of Key Genes by Real-Time PCR
Analysis
To validate the reliability of the RNA-sequencing results, the four
lncRNAs and two microRNAs were selected and validated by qRT-
PCR. PCR data showed that the four lncRNAs (Gm45055, Mirt1,
AC152979.5, and AC125351.1) and the two microRNAs (miR-466i-
5p andmiR-574-5p) exhibited the same trends in expression changes
and the same significant differences when compared between RNA-
sequencing and RT-qPCR analyses (Figure 7). Consequently, these

may represent key target genes in CIH-exaggerated post-MI cardiac
remodeling. The key genes associated with CIH-exaggerated post-MI
cardiac remodeling are shown in Table 1.

CeRNA Analyses Identified Potential
lncRNA/miRNA/mRNA Interactions
Next, we constructed a competing endogenous RNA (ceRNA)
network and used this to identify ceRNA mechanisms based on
differentially expressed lncRNAs, miRNAs, and mRNAs. Some
lncRNAs act as ceRNAs that participate in mutual competition
for the common binding sites of target miRNAs and thus modify
the functions of target mRNAs. To further investigate the significant
functions of differentially expressed genes, we constructed a lncRNA-
miRNA-mRNA ceRNA network. There were 44 nodes (including
three lncRNAs, 17 miRNAs, and 24 mRNAs) in the ceRNA network
(Figure 8). A key lncRNA, Mirt1 (degree = 35), was identified in our
analysis and it was connected with 25 miRNAs, including miR-466i-
5p (degree = 10), miR-667-5p (degree = 6), and miR-365-1-5p
(degree = 4). The network hub features of Mirt1 suggest that thus
lncRNA can function as a sponge for miR-466i-5p, thus further
regulating the level of target genes such as Enah and Maf. Mirt1 and
miR-466i-5p may be the most critical transcriptional regulators in
CIH-exaggerated post-MI cardiac remodeling.

FIGURE 4 | KEGG pathway analysis for the mRNAs and microRNAs regulated by CIH. (A) KEGG pathway enrichment analysis for mRNAs. (B) KEGG pathway
enrichment analysis for microRNAs. The abscissa is -LgP. The bigger the -LgP, the smaller the p-value.
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FIGURE 5 | LncRNA-mRNA co-expression correlation network and target pathway network of core lncRNAs. (A) LncRNA-mRNA expression correlation network
analysis of core lncRNAs (Gm45055, Mirt1, AC152979.5, and AC125351.1) and their correlated mRNAs regulated by CIH post-MI. Square nodes and round nodes
represent lncRNAs and mRNAs. The lines between nodes indicate a correlation, with a solid line representing positive correlation and a dotted line representing a
negative correlation. The size of node represents the correlation strength. (B) Network of the core lncRNAs (Gm45055, Mirt1, AC152979.5, and AC125351.1) and
target pathways. Square nodes represent lncRNAs, round nodes represent pathways, and relationships between them are represented by edges. The size of node
represents the correlation strength.
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FIGURE 6 |MicroRNA-mRNA co-expression correlation network and target pathway network of core MicroRNAs. (A)MicroRNA—mRNA expression correlation
network analysis of core MicroRNAs (miR-466i-5p and miR-574-5p) and their correlated mRNAs regulated by CIH post-MI. Square nodes and round nodes represent
MicroRNAs and mRNAs. The lines between nodes indicate a correlation. The size of node represents the correlation strength. (B) Network of the core MicroRNAs (miR-
466i-5p and miR-574-5p) and target pathways. Square nodes represent MicroRNAs, round nodes represent pathways, and relationships between them are
represented by edges. The size of node represents the correlation strength.
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DISCUSSION

In the present study, we used RNA sequencing to analyze the
expression profiles of mRNAs, microRNAs, and/or lncRNAs in
the myocardial tissue of four groups of C57BL/6J mice (Sham,
CIH,MI, MI + CIH). Compared with other groups, the animals in
the MI + CIH group were associated with 345 lncRNAs, 35
microRNAs, and 5,220 differentially expressed mRNAs. In
addition, ceRNA analysis suggested that microRNA miR-466i-
5p and lncRNA Mirt1 may be the most critical transcriptional
regulators in the cardiac remodeling that occurs after MI.

OSA promotes cardiac remodeling after MI, identifying
targets for early prevention or intervention in this process

is of great significance if we are to delay the deterioration of
heart function and improve the prognosis of patients. CIH is a
process involving long-term exposure to repeated episodes of
hypoxia followed by reoxygenation, which is considered to be a
prominent feature of OSA pathophysiology (Semenza and
Prabhakar, 2007). However, the effect of CIH on the
expression profiles of lncRNAs, microRNAs, and mRNAs in
MI mice, and whether specific lncRNAs or microRNA are
critical for CIH-exaggerated post-MI cardiac remodeling,
remains unclear. RNA sequencing is a new generation of
sequencing technology that could expand our understanding
of the molecular pathogenesis of CIH and how this regulates
cardiac remodeling after MI (Kowara et al., 2021).

FIGURE 7 |Quantitative real-time PCR (qRT-PCR) validation of four selected lncRNAs and two microRNAs in RNA-sequencing results. (A) The expression level of
lncRNAsGm45055, Mirt1, AC152979.5 and AC125351.1. (B) The expression level of microRNAsmiR-466i-5p andmiR-574-5p. SHAM vs. MI + CIH: *p < .05, **p < .01;
SHAM vs. MI + CIH: $p＜ .05, $$p＜ .01; MI vs. MI + CIH: #p < .05, ##p＜ .01.

TABLE 1 | The detailed information of top genes ranked by degree after analysis of LncRNA/microRNA -mRNA co-expression correlation network analysis.

Gene name Biotype Position Degree Fold change FDR

Gm45055 lncRNA chr7:64001885-64020959: + 135 1.266850501 0.01055173
Mirt1 lncRNA chr19:53441212-53464796: − 117 1.289953773 0.01636217
AC152979.5 lncRNA chr10:51526340-51531161: + 98 1.618291764 0.03795368
AC125351.1 lncRNA chr12:81717830-81720052: − 96 1.453047958 0.00305501
mmu-miR-466i-5p microRNA — 466 54.68407947 0.01690546
mmu-miR-574-5p microRNA — 92 43.61002412 1.7116E-05

FDR, false discovery rate.
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Cardiac remodeling is the main pathophysiological process
after MI, which can lead to ventricular dilatation and cardiac
insufficiency, and is a key factor affecting the prognosis of
patients (Spinale, 2007). A number of clinical studies have
shown that OSA is closely associated with pathological cardiac
remodeling after MI (Dumitrascu et al., 2013; Du et al., 2020;
Yeghiazarians et al., 2021). Cardiac remodeling involves many
cellular and molecular pathways, and its pathophysiological
processes involved mainly include interstitial fibrosis,
cardiomyocyte hypertrophy, and the death of cardiomyocytes
(such as necrosis, apoptosis, or autophagy). In this study, we
confirmed the contribution of CIH to MI mice. The
morphological changes of CIH 4 weeks after infarction have
been previously reported to be severe, including an enlarged
heart, infarct size, and cardiac dysfunction (reductions in LVEF,
FS, and LVAW). These observations are consistent with our
findings.

RNA-sequencing has shown that many lncRNAs exhibit
strong regulatory effects on pathological cardiac remodeling
(Hao et al., 2019; Zhou et al., 2019). Therefore, the
manipulation of lncRNA expression levels, by inhibiting
up-regulated lncRNAs after MI or by increasing down-
regulated lncRNAs, maybe a new therapeutic strategy with
which to inhibit cardiac remodeling after MI (Chen et al.,
2021; Han and Yang, 2021; Kowara et al., 2021). In this study,
A total of 345 differentially expressed lncRNAs were identified
following 4 weeks of CIH after MI. We also identified a

number of novel lncRNAs, whose functions of these
lncRNAs have yet to be elucidated. We focused on four
lncRNAs (Mirt1, Gm45055, AC125351.1, and AC152979.5)
and found that all four exhibited an interaction network with
the HIF-1 and PI3K-Akt signaling pathways. HIF-α signaling
contributes to the cardiac remodeling process and can exert
significant effects on heart function (Abe et al., 2017). The
PI3K-Akt signaling pathway can be activated during MI and
myocardial reperfusion to produce cardioprotection-related
effects (Madonna et al., 2013). We speculate that the response
of key lncRNAs to CIH exaggerated cardiac remodeling after
MI may be exerted action via the regulation of certain signal
pathways (e.g., HIF-1 and PI3K-Akt) to inhibit the expression
of corresponding mRNAs, thereby exacerbating the
consequences of MI. Compared with lncRNA, microRNA is
a relatively conservative endogenous non-coding RNA that is
approximately 22 nts in length. microRNAs are known to
regulate more than 30% of genes by inhibiting or promoting
mRNA translation and play an important role in regulating
the biological activity of cells (Huang, 2018). Our results
identified 35 differentially expressed microRNAs after
4 weeks of CIH exposure. We identified two core
microRNAs (miR-466i-5p and miR-574-5p) in the
microRNA-mRNA co-expression network that predicted
the association between microRNA and target genes in MI
+ CIH heart tissue, and these were also associated with the
PI3K-Akt signaling pathway.

FIGURE 8 | LncRNA–miRNA–mRNA ceRNA network. Square nodes represent lncRNAs, triangle nodes represent microRNAs, and rhombus nodes represent
mRNAs. The lines between nodes indicate a correlation. The size of node represents the correlation strength.
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Indeed, several studies have shown that lncRNAs can act as
ceRNAs that sequester miRNAs, thus allowing for de-repression
of downstream miRNA targets (Wang et al., 2019; Kang et al.,
2021). Such integration between coding and non-coding RNA
forms complex ceRNA networks that when dysregulated lead to
cardiac remodeling after MI(Wang et al., 2021). We constructed a
lncRNA-miRNA-mRNA ceRNA network and found that Mirt1
exhibited an obvious network hub feature, and the highest-degree
microRNA related to Mirt1 was miR-466i-5p. Mirt1 is a newly
discovered and highly conserved lncRNA that is involved in
various pathological processes, including MI and diabetic
cardiomyopathy (Vausort et al., 2014; Boon et al., 2016; Zhou
et al., 2019). Early RNA-sequencing analysis showed that the
expression of Mirt1 in MI tissue showed the most significant
increase of all differentially expressed genes. The expression levels
of Mirt1 are related to the expression of various pro-fibrotic
genes, such as TGF-β and MMP9. The increase of Mirt1 reduces
the left ventricular ejection fraction of mice while knocking down
the expression of Mirt1 inhibits collagen production and
interstitial fibrosis (Zangrando et al., 2014; Liu et al., 2019).
Our research also suggested that Mirt1 may play a key role in
OSA to aggravate cardiac remodeling after MI. Studies by
Saravanan et al. showed that miR-466i-5p can inhibit
lipopolysaccharide-induced hepatocyte inflammatory response
(Saravanan et al., 2015). In diet-induced obese mice, the
inhibition of miR-466s can regulate the anti-inflammatory
differentiation of macrophages. Therefore, we speculate that
Mirt1 may act as a ceRNA to bind to miR-466i-5p to further
regulate the level of target genes, such as promoting fibrosis and
inhibiting inflammation, thereby aggravating cardiac remodeling
after MI.

Based on the above transcription analysis, we speculate that
Mirt1 can function as a ceRNA for miR-466i-5p to modulate the
HIF-1 and PI3K-Akt signaling pathways by further targeting the
level of corresponding mRNAs. However, to clarify that Mirt1 is
indeed the most critical transcriptional regulator in the process of
cardiac remodeling after MI, further in vivo and in vitro
experiments are needed to determine the effect of gain- and
loss-of-function of Mirt1 on CIH-exaggerated post-MI cardiac
remodeling. However, since the CIH and ischemia-reperfusion
(IR) models are both hypoxia and reoxygenation models under
different conditions, it is difficult for us to simultaneously
simulate the injury of CIH combined with IR in vitro. In
addition, if we want to fully simulate the in vivo situation, we
need to isolate C57BL/6 adult mouse primary cardiomyocytes.
The technology of isolating C57BL/6 adult mouse primary
cardiomyocytes is very mature (Li et al., 2021). However, the
survival time of adult mouse cardiomyocytes is very short under
CIH or IR, which can only survive for 48 h and cannot experience
CIH or IR. In addition, it takes at least 72/96 h for cardiomyocytes
to successfully overexpress/knockdown Mirt1, and adult mouse
primary cardiomyocytes also cannot survive for so long under
hypoxic conditions. This is why we did not do in vitro. Next, we
will design three different schemes to overexpression/knockdown
LncRNA Mirt1 in vivo, and select the most effective one of them

to verify the effect of gain- and loss-of-function of Mirt1 on CIH-
exaggerated post-MI cardiac remodeling.

In summary, we conducted a comprehensive analysis of the
transcriptomic mechanisms underlying cardiac remodeling after
MI when exposed to CIH. Our current data identified potential
lncRNAs and microRNAs in the expression profiles and
confirmed that Mirt1 can function as a ceRNA for miR-466i-
5p to modulate the HIF-1 and PI3K-Akt signaling pathways by
further targeting the level of correspondingmRNAs, such as Enah
and Maf. Based on these transcriptional analyses, we speculated
that Mirt1 and miR-466i-5p may be the most critical
transcriptional regulator during cardiac remodeling after MI.
Our data provide fundamental research clues to the
transcriptomic mechanisms underlying CIH-exaggerated post-
MI cardiac remodeling. Further studies are now needed to
confirm the regulatory mechanisms that associate Mirt1 and
miR-466i-5p with the HIF-1 and PI3K-Akt signaling pathways.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/supplementary
material.

ETHICS STATEMENT

The animal study was reviewed and approved by The
Institutional Animal Care and Use Committee of Capital
Medical University, Beijing, China (2013025).

AUTHOR CONTRIBUTIONS

ZL, XW, and SN conceived the study concept and design. ZL, YD,
YG, YZ, RG, and XW performed the acquisition, analysis, or
interpretation of data. ZL and YD drafted the manuscript. All
authors critically revised the manuscript for important
intellectual content. XW and SN obtained funding. WG
gathered the administrative, technical, or material support. ZL,
XW, and SN had full access to all the data in the study and took
responsibility for the integrity of the data and the accuracy of the
data analysis. All authors read and approved the final manuscript.

FUNDING

This study was funded by grants from Natural Science
Foundation of Beijing, China (7222046, 7191002), National
Natural Science Foundation of China (81870322, 81670222,
82070370), Beijing Nova Program (Z201100006820087), and
Interdisciplinary Cooperation Project of Beijing Nova Program
(Z211100002121165).

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 13 | Article 81882313

Wang et al. Mirt1 and Chronic Intermittent Hypoxia

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


REFERENCES

Abe, H., Semba, H., and Takeda, N. (2017). The Roles of Hypoxia Signaling in the
Pathogenesis of Cardiovascular Diseases. Jat 24 (9), 884–894. doi:10.5551/jat.
RV17009

Benjafield, A. V., Ayas, N. T., Eastwood, P. R., Heinzer, R., Ip, M. S. M., Morrell, M.
J., et al. (2019). Estimation of the Global Prevalence and Burden of Obstructive
Sleep Apnoea: A Literature-Based Analysis. Lancet Respir. Med. 7 (8), 687–698.
doi:10.1016/s2213-2600(19)30198-5

Boon, R. A., Jaé, N., Holdt, L., and Dimmeler, S. (2016). Long Noncoding RNAs.
J. Am. Coll. Cardiol. 67 (10), 1214–1226. doi:10.1016/j.jacc.2015.12.051

Chen, Y., Li, Z., Chen, X., and Zhang, S. (2021). Long Non-Coding RNAs: From
Disease Code to Drug Role. Acta Pharmaceutica Sinica B 11 (2), 340–354.
doi:10.1016/j.apsb.2020.10.001

Cowie, M. R., Linz, D., Redline, S., Somers, V. K., and Simonds, A. K. (2021). Sleep
Disordered Breathing and Cardiovascular Disease. J. Am. Coll. Cardiol. 78 (6),
608–624. doi:10.1016/j.jacc.2021.05.048

Du, Y., Wang, X., Li, L., Hao, W., Zhang, H., Li, Y., et al. (2020). miRNA-Mediated
Suppression of a Cardioprotective Cardiokine as a Novel Mechanism
Exacerbating Post-MI Remodeling by Sleep Breathing Disorders. Circ. Res.
126 (2), 212–228. doi:10.1161/CIRCRESAHA.119.315067

Dumitrascu, R., Heitmann, J., Seeger, W., Weissmann, N., and Schulz, R. (2013).
Obstructive Sleep Apnea, Oxidative Stress and Cardiovascular Disease: Lessons
from Animal Studies. Oxidative Med. Cell Longevity 2013, 1–7. doi:10.1155/
2013/234631

Han, L., and Yang, L. (2021). Multidimensional Mechanistic Spectrum of Long
Non-coding RNAs in Heart Development and Disease. Front. Cardiovasc. Med.
8, 728746. doi:10.3389/fcvm.2021.728746

Hao, K., Lei, W., Wu, H., Wu, J., Yang, Z., Yan, S., et al. (2019). LncRNA-Safe
Contributes to Cardiac Fibrosis Through Safe-Sfrp2-HuR Complex in Mouse
Myocardial Infarction. Theranostics 9 (24), 7282–7297. doi:10.7150/thno.33920

Huang, Y. (2018). The Novel Regulatory Role of lncRNA-miRNA-mRNA Axis in
CardiovascularDiseases. J. CelMolMed 22 (12), 5768–5775. doi:10.1111/jcmm.13866

Javaheri, S., Barbe, F., Campos-Rodriguez, F., Dempsey, J. A., Khayat, R., Javaheri,
S., et al. (2017). Sleep Apnea. J. Am. Coll. Cardiol. 69 (7), 841–858. doi:10.1016/j.
jacc.2016.11.069

Kaikkonen, M. U., Lam, M. T. Y., and Glass, C. K. (2011). Non-Coding RNAs as
Regulators of Gene Expression and Epigenetics. Cardiovasc. Res. 90 (3),
430–440. doi:10.1093/cvr/cvr097

Kang, S., Ye, Y., Xia, G., and Liu, H.-B. (2021). Coronary Artery Disease:
Differential Expression of ceRNAs and Interaction Analyses. Ann. Transl
Med. 9 (3), 229. doi:10.21037/atm-20-3487

Kowara, M., Borodzicz-Jazdzyk, S., Rybak, K., Kubik, M., and Cudnoch-
Jedrzejewska, A. (2021). Therapies Targeted at Non-Coding RNAs in
Prevention and Limitation of Myocardial Infarction and Subsequent Cardiac
Remodeling-Current Experience and Perspectives. Ijms 22 (11), 5718. doi:10.
3390/ijms22115718

Li, Y., Zhang, H., Du, Y., Peng, L., Qin, Y., Liu, H., et al. (2021). Extracellular Vesicle
microRNA Cargoes from Intermittent Hypoxia-Exposed Cardiomyocytes and
Their Effect on Endothelium. Biochem. Biophysical Res. Commun. 548,
182–188. doi:10.1016/j.bbrc.2021.02.034

Liu, Y., Wang, T., Zhang, M., Chen, P., and Yu, Y. (2019). Down-regulation of
Myocardial Infarction Associated Transcript 1 Improves Myocardial Ischemia-
Reperfusion Injury in Aged Diabetic Rats by Inhibition of Activation of NF-κB
Signaling Pathway. Chemico-Biological Interactions 300, 111–122. doi:10.1016/
j.cbi.2019.01.001

Madonna, R., Bolli, R., Rokosh, G., and De Caterina, R. (2013). Targeting
Phosphatidylinositol 3-kinase-Akt Through Hepatocyte Growth Factor for
Cardioprotection. J. Cardiovasc. Med. 14 (4), 249–253. doi:10.2459/JCM.
0b013e3283542017

Saliminejad, K., Khorram Khorshid, H. R., Soleymani Fard, S., and Ghaffari, S. H.
(2019). An Overview of microRNAs: Biology, Functions, Therapeutics, and
Analysis Methods. J. Cel Physiol 234 (5), 5451–5465. doi:10.1002/jcp.27486

Saravanan, S., Thirugnanasambantham, K., Hanieh, H., Karikalan, K., Sekar, D.,
Rajagopalan, R., et al. (2015). miRNA-24 and miRNA-466i-5p Controls
Inflammation in Rat Hepatocytes. Cell Mol Immunol 12 (1), 113–115.
doi:10.1038/cmi.2014.67

Semenza, G. L., and Prabhakar, N. R. (2007). HIF-1-dependent Respiratory,
Cardiovascular, and Redox Responses to Chronic Intermittent Hypoxia.
Antioxid. Redox Signaling 9 (9), 1391–1396. doi:10.1089/ars.2007.1691

Spinale, F. G. (2007). Myocardial Matrix Remodeling and the Matrix
Metalloproteinases: Influence on Cardiac Form and Function. Physiol. Rev.
87 (4), 1285–1342. doi:10.1152/physrev.00012.2007

St. Laurent, G., Wahlestedt, C., and Kapranov, P. (2015). The Landscape of Long
Noncoding RNA Classification. Trends Genet. 31 (5), 239–251. doi:10.1016/j.
tig.2015.03.007

Vausort, M., Wagner, D. R., and Devaux, Y. (2014). Long Noncoding RNAs in
Patients With Acute Myocardial Infarction. Circ. Res. 115 (7), 668–677. doi:10.
1161/circresaha.115.303836

Wang, L., Cho, K. B., Li, Y., Tao, G., Xie, Z., and Guo, B. (2019). Long Noncoding
RNA (lncRNA)-Mediated Competing Endogenous RNA Networks Provide
Novel Potential Biomarkers and Therapeutic Targets for Colorectal Cancer.
Ijms 20 (22), 5758. doi:10.3390/ijms20225758

Wang, Q.-C., Wang, Z.-Y., Xu, Q., Chen, X.-L., and Shi, R.-Z. (2021). lncRNA
Expression Profiles and Associated ceRNA Network Analyses in Epicardial
Adipose Tissue of PatientsWith Coronary Artery Disease. Sci. Rep. 11 (1), 1567.
doi:10.1038/s41598-021-81038-5

Yeghiazarians, Y., Jneid, H., Tietjens, J. R., Redline, S., Brown, D. L., El-Sherif, N.,
et al. (2021). Obstructive Sleep Apnea and Cardiovascular Disease: A Scientific
Statement from the American Heart Association. Circulation 144 (3), e56–e67.
doi:10.1161/CIR.0000000000000988

Zangrando, J., Zhang, L., Vausort, M., Maskali, F., Marie, P.-Y.,Wagner, D. R., et al.
(2014). Identification of Candidate Long Non-coding RNAs in Response to
Myocardial Infarction. BMC Genomics 15 (1), 460. doi:10.1186/1471-2164-
15-460

Zhou, H., Wang, B., Yang, Y.-x., Jia, Q.-j., Zhang, A., Qi, Z.-w., et al. (2019). Long
Noncoding RNAs in Pathological Cardiac Remodeling: A Review of the Update
Literature. Biomed. Res. Int. 2019, 1–11. doi:10.1155/2019/7159592

Zhu, L., Li, N., Sun, L., Zheng, D., and Shao, G. (2021). Non-coding RNAs: The key
Detectors and Regulators in Cardiovascular Disease. Genomics 113 (1 Pt 2),
1233–1246. doi:10.1016/j.ygeno.2020.10.024

Conflict of Interest: SN: research grants to the institution from Boston Scientific,
Abbott, Jiangsu Hengrui Pharmaceuticals, China Resources Sanjiu Medical and
Pharmaceuticals, East China Pharmaceuticals. Other authors declare that the
research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022Wang, Li, Du, Xing, Guo, Zhang, Guo, Gong, Nie andWang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 13 | Article 81882314

Wang et al. Mirt1 and Chronic Intermittent Hypoxia

https://doi.org/10.5551/jat.RV17009
https://doi.org/10.5551/jat.RV17009
https://doi.org/10.1016/s2213-2600(19)30198-5
https://doi.org/10.1016/j.jacc.2015.12.051
https://doi.org/10.1016/j.apsb.2020.10.001
https://doi.org/10.1016/j.jacc.2021.05.048
https://doi.org/10.1161/CIRCRESAHA.119.315067
https://doi.org/10.1155/2013/234631
https://doi.org/10.1155/2013/234631
https://doi.org/10.3389/fcvm.2021.728746
https://doi.org/10.7150/thno.33920
https://doi.org/10.1111/jcmm.13866
https://doi.org/10.1016/j.jacc.2016.11.069
https://doi.org/10.1016/j.jacc.2016.11.069
https://doi.org/10.1093/cvr/cvr097
https://doi.org/10.21037/atm-20-3487
https://doi.org/10.3390/ijms22115718
https://doi.org/10.3390/ijms22115718
https://doi.org/10.1016/j.bbrc.2021.02.034
https://doi.org/10.1016/j.cbi.2019.01.001
https://doi.org/10.1016/j.cbi.2019.01.001
https://doi.org/10.2459/JCM.0b013e3283542017
https://doi.org/10.2459/JCM.0b013e3283542017
https://doi.org/10.1002/jcp.27486
https://doi.org/10.1038/cmi.2014.67
https://doi.org/10.1089/ars.2007.1691
https://doi.org/10.1152/physrev.00012.2007
https://doi.org/10.1016/j.tig.2015.03.007
https://doi.org/10.1016/j.tig.2015.03.007
https://doi.org/10.1161/circresaha.115.303836
https://doi.org/10.1161/circresaha.115.303836
https://doi.org/10.3390/ijms20225758
https://doi.org/10.1038/s41598-021-81038-5
https://doi.org/10.1161/CIR.0000000000000988
https://doi.org/10.1186/1471-2164-15-460
https://doi.org/10.1186/1471-2164-15-460
https://doi.org/10.1155/2019/7159592
https://doi.org/10.1016/j.ygeno.2020.10.024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	lncRNA Mirt1: A Critical Regulatory Factor in Chronic Intermittent Hypoxia Exaggerated Post-MI Cardiac Remodeling
	Introduction
	Materials and Methods
	Animal Model
	Echocardiography
	RNA Preparation, Transcriptome Sequencing, and Analysis
	Quantitative Real-Time PCR
	Bioinformatics Analysis
	Statistical Analysis

	Results
	CIH Exaggerated Post-MI Cardiac Remodeling and Reduced Survival
	Hierarchical Clustering Demonstrated How Differentially Expressed mRNAs, microRNAs and lncRNAs Were Related
	GO and KEGG Analyses Showed That CIH Induced Significant Changes in mRNAs and microRNAs
	Generation of a lncRNA-mRNA Co-Expression Network and Target Pathway
	Generation of a Co-Expression Network (microRNA-mRNA) and microRNA Target Pathway Network
	Verification of Key Genes by Real-Time PCR Analysis
	CeRNA Analyses Identified Potential lncRNA/miRNA/mRNA Interactions

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


