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Abstract
Background  Myocardial ischemia reperfusion injury (MIRI), the tissue damage which is caused by the returning of 
blood supply to tissue after a period of ischemia, greatly reduces the therapeutic effect of treatment of myocardial 
infarction. But the underlying functional mechanisms of MIRI are still unclear.

Methods  We constructed mouse models of MIRI, extracted injured and healthy myocardial tissues, and performed 
transcriptome sequencing experiments (RNA-seq) to systematically investigate the dysregulated transcriptome of 
MIRI, especially the alternative splicing (AS) regulation and RNA binding proteins (RBPs). Selected RBPs and MIRI-
associated AS events were then validated by RT-qPCR experiments.

Results  The differentially expressed gene (DEG) analyses indicated that transcriptome profiles were changed by MIRI 
and that DEGs’ enriched functions were consistent with MIRI’s dysregulated pathways. Furthermore, the AS profile 
was synergistically regulated and showed clear differences between the mouse model and the healthy samples. 
The exon skipping events significantly increased in MIRI model samples, while the opposite cassette exon events 
significantly decreased. According to the functional analysis, regulated alternative splicing genes (RASGs) were 
enriched in protein transport, cell division /cell cycle, RNA splicing, and endocytosis pathways, which were associated 
with the development of MIRI. Meanwhile, 493 differentially expressed RBPs (DE RBPs) were detected, most of which 
were correlated with the changed ratios of AS events. In addition, nine DE RBP genes were validated, including Eif5, 
Pdia6, Tagln2, Vasp, Zfp36l2, Grsf1, Idh2, Ndrg2, and Uqcrc1. These nine DE RBPs were correlated with RASGs enriched 
in translation process, cell growth and division, and endocytosis pathways, highly consistent with the functions of all 
RASGs. Finally, we validated the AS ratio changes of five regulated alternative splicing events (RASEs) derived from 
important regulatory genes, including Mtmr3, Cdc42, Cd47, Fbln2, Vegfa, and Fhl2.
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Background
Acute myocardial infarction (AMI) is an acute ischemic 
heart disease caused by sudden occlusion of the coro-
nary artery, resulting in myocardial ischemia, injury, and 
necrosis [1]. AMI is considered as a major fatal and dis-
abling cardiovascular diseases (CVDs). Reperfusion is the 
most important treatment for myocardial infarction (MI), 
which can significantly reduce ischemic injury caused by 
AMI, limit the MI size, and lower the related mortality. 
However, reperfusion therapy can lead to myocardial 
ischemia-reperfusion injury (MIRI) while restoring the 
blood supply to the myocardium, reducing the efficacy 
of the treatment [2]. Thus, how to ameliorate MIRI has 
become a highly debated topic in CVD research [3]. The 
pathophysiological processes involved in MIRI are highly 
complex, including inflammation, endothelial dysfunc-
tion, oxidative stress, intracellular calcium overload, and 
mitochondrial dysfunction [2].

RNA binding proteins (RBPs) are a large group of pro-
teins that can bind double- or single-stranded RNA and 
form ribonucleoprotein (RNP) complexes within cells. 
RBPs primarily function by binding with RNA and are 
often associated with RNA transcription initiation. At 
different stages of its life span, RNA binds to various 
types of RBPs to form RNP complexes, which regulate 
their maturation, transport, localization, and translation 
processes. Thus, diverse RBPs enable pivotal regulatory 
functions in almost all physiological and pathological 
processes [4]. Specifically, RBPs play vital roles in myo-
cardial ischemia–reperfusion injury. For instance, QKI is 
an anti-apoptotic RBP in cardiac myocytes that facilitates 
survival under conditions of myocardial ischemia–reper-
fusion injury by antagonizing the elevation of specific 
pro-apoptotic factors [5]. Moreover, HMGB1, another 
RBP, plays a role in myocardial ischemia–reperfusion 
injury by triggering cardiomyocyte apoptosis through the 
TLR4 axis, promoting the release of cytokines and medi-
ation of the inflammatory response via HMGB1/TLR4-
related pathways [6]. Therefore, the present project aims 
to explore myocardial ischemia–reperfusion injury from 
the perspective of RBPs and offer novel insights for the 
diagnosis and treatment of this condition.

Many RBPs can bind pre-mRNA to regulate alternative 
splicing (AS) and produce proteins with various func-
tions. AS refers to a process in which the 5′ and 3′ splice 
sites on the pre-mRNA of a transcribed gene are spliced 
together in different ways to generate multiple mRNA 

isoforms, resulting in protein products with different 
amino acid sequences that serve diverse physiological 
functions [7]. RBP-mediated AS regulation allows for the 
selection of different splicing sites, thus allowing a gene 
to produce multiple mRNAs and proteins to enhance the 
manner in which proteins can interact with one another 
[8, 9]. Aberrant AS is very common and plays an impor-
tant role in the development of many human diseases [5]. 
Specifically, AS plays crucial roles in myocardial [10] and 
cerebral [11] ischemia–reperfusion injury. AS can add 
complexity to gene expression patterns, increase tran-
scriptional efficiency, and promote protein diversity, thus 
playing an important role in various diseases. The RBP-
AS regulatory network and its possible functions in MIRI 
have not yet been investigated with regard to a genome-
wide landscape of RBPs.

Therefore, we proposed the scientific hypothesis that 
differentially expressed RBPs are involved in the post-
transcriptional regulation processes after MIRI, which in 
turn causes variable splicing of pre-mRNAs. We hypoth-
esised that the RBP-AS regulatory axis plays a molecu-
lar regulatory role in the MIRI process. In this study, we 
performed a systematic analysis of RNA-seq in mice with 
MIRI to obtain differentially expressed RBPs and variable 
splicing pre-mRNAs; we also combined with co-expres-
sion analysis to explore the genome-wide landscape 
of the RBP-AS regulatory network. The present study 
reveals a global picture of gene expression and splicing 
profiles as well as functional pathways in mouse models 
of MIRI. At present, there are a small number of reports 
on the role of RASEs and RBPs in the development of 
MIRI. In this view, we will discuss RBPs and its regula-
tion of AS, and provide new mechanism insights for the 
development in MIRI.

Methods
MIRI model construction
The 6-week male C57BL/6 mice were originated from 
Hunan Slak Jingda. The mice were raised in the absence 
of specific pathogen free (SPF). The temperature of the 
feeding environment is 22 ~ 26  °C, the relative humidity 
is 50% ~ 60%, and the artificial light is dimmed for 12 h. 
For experiments, the mice were anesthetized by intraper-
itoneal injection of 0.12ml/10  g 1% sodium amytal. The 
hair on neck and chest was removed and the surgery site 
was disinfected. After oral tracheal intubation, the mice 
were connected to the ventilators to maintain respiration. 

Conclusion  Our study emphasized the critical roles of the dysregulated AS profiles in MIRI development, investigated 
the potential functions of MIRI-associated RASGs, and identified regulatory RBPs involved in AS regulation. We 
propose that the identified RASEs and RBPs could serve as important regulators and potential therapeutic targets in 
MIRI treatment in the future.
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The peak airway pressure was 14.40 cm H2O, the respira-
tory rate 88 times/min, and the ventilation volume 1 L/
min. The skin of the surgical area was disinfected and cut 
off on the left side of the sternum between the third and 
fourth ribs. The subcutaneous tissue and muscles were 
passively separated layer by layer. The thoracic cavity 
was opened. The intercostals were opened by the chest 
opener to fully expose the heart. The pericardial sac was 
cut open by carefully identifying it under a stereomicro-
scope. A pink blood vessel appeared at the lower edge or 
left side of the auricle, which is the anterior descending 
branch (LAD) of the left coronary artery. Use a needle 
to pass a 6 − 0 suture through the surface layer of myo-
cardium at 1 mm from the lower edge of the auricle and 
ligate the LAD under pressure. The traditional method 
group: before ligation, put a 0.2 ~ 0.3 cm 10 # polyethyl-
ene tubing under the line, and then ligate the LAD. After 
confirming that myocardial ischemia has been induced 
by ligation, close the chest cavity layer by layer by sutur-
ing the skin and muscle, and place two coils on both 
sides of the incision, leaving them outside the body. After 
40 min of ischemia, the polyethylene tube was drawn out 
for perfusion for 24 h. The control group was treated by 
sham operation by receiving the same surgical interven-
tions. For each group, five biological replicates were pre-
pared. We used 0.12ml/10 g of 1% pentobarbital sodium 
for anesthesia, and after death from anesthesia, we bled 
the abdominal aorta to extract the heart tissue.

The slices of heart tissue were placed in TTC incuba-
tion solution (T8877-10 g, Sigma) preheated at 37 ℃ in 
advance, and incubate them in a 37 ℃ water bath in dark 
for 30 min. We then gently shaked the tissue at intervals 
of 10  min to evenly contact the staining solution, and 
observed the staining results.

RNA extraction and sequencing
We used liquid nitrogen grounding method for myo-
cardial tissue homogenization, and 10 to 50  mg of 
each sample was used to extract RNA. Total RNA was 
extracted using TRIZOL (Ambion). DNAs were removed 
by treating total RNA with RQ1 DNase (Promega). To 
detect the quality and count the number of the purified 
RNAs, the absorbance was measured at 260 nm/280nm 
(A260/A280) using smartspec plus (BioRad). Then, the 
integrity of total RNA was validated by 1.5% agarose gel 
electrophoresis.

Next, 1 µg total RNA was used to construct RNA-seq 
libraries for each sample. mRNAs were captured using 
oligo-d(T) capture Beads (VAHTS, Vazyme, N401). The 
purified RNA was used to prepare directional RNA-seq 
libraries by Stranded RNA-seq Kit for Illumina platforms 
(KK8544, KAPA). Polyadenylated mRNAs were subjected 
to purification and fragmentation. The cDNA synthesis 
was done by reverse transcription kit(R323-01, Vazyme, 

China) at 42˚C for 5 min, 37 ˚C for 15 min, 85 ˚C for 5 s 
that was performed on the thermocycler(T100, Bio-Rad, 
USA). After end repair and A tailing, the DNAs were sub-
jected to ligation with Diluted Roche Adaptor (KK8726). 
After purifying the ligated products and fractioning the 
size to 300-500bps, the ligated products were subjected 
to amplification, purification, and quantification and 
were stored at -80℃ for sequencing. The second cDNA 
strand, which is marked with dUTP, is not amplified for 
sequencing specific strand.

For high-throughput sequencing, the libraries were 
constructed according to the manufacturer’s protocols 
and were sequenced with the Illumina NovaSeq 6000 
platform for 150 nt paired-end sequencing.

RNA-Seq raw data cleaning and alignment
Raw reads with no less than 2-N bases were first dropped. 
Then raw reads were trimmed using FASTX-Toolkit to 
remove low-quality bases and adaptors (Version 0.0.13). 
The short reads with no more than 16nt were also dis-
carded. Subsequently, use HISAT2 [12] to align the clean 
reads to the GRCm39_M27 genome with 4 mismatches. 
And use uniquely mapped reads to count the reads num-
ber of genes and fragments per kilobase of transcript per 
million fragments mapped (FPKM) [13].

Differentially expressed gene (DEG) analysis
DEGs were screened by using the R Bioconductor pack-
age DESeq2 [14] and identified by setting the corrected 
p-value < 0.05 and fold change > 2 or < 0.5 as the cut-off 
criteria.

Alternative splicing analysis
ABLas pipeline was used to define and calculate the alter-
native splicing events (ASEs) and RASEs between the 
samples as described previously [15, 16]. In brief, nine 
types of ASEs were identified, including alternative 5’ 
splice site (A5SS), exon skipping (ES), alternative 3’splice 
site (A3SS), mutually exclusive 5’UTRs (5pMXE), mutu-
ally exclusive exons (MXE), cassette exon (exon inclu-
sion), mutually exclusive 3’UTRs (3pMXE), A3SS&ES 
and A5SS&ES.

To evaluate the ASEs regulated by RBPs, Student’s 
t-test was performed to assess the significance of the 
ratio alteration of AS events. Those events which were 
significant at a p-value cutoff of 0.05 and a false discovery 
rate (FDR) of 5% were considered RASEs.

To construct the correlation network between RBPs 
and RASEs, we performed Pearson’s correlation analysis 
between the RASE ratios and the expression levels of dif-
ferentially expressed RBPs (DE RBPs). The p-value < 0.01 
and Pearson’s correlation coefficient > 0.95 were set as the 
criteria for DE RBP-RASE pairs.
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RT-qPCR experiment
For the validation of DEGs and RASEs, we performed 
reverse transcription and quantitative polymerase chain 
reaction (RT-qPCR) experiment. Specific primers were 
designed for each DEGs and RASEs and were provided 
in supplemental Table S1. GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) was used as a control gene 
for assessing the relative expression of specific genes. 
cDNA synthesis was done by standard procedures and 
RT-qPCR was performed on the Bio-Rad S1000 with 
Hieff™ qPCR SYBR® Green Master Mix (Low Rox Plus; 
YEASEN, China). The concentration of each transcript 
was then normalized to GAPDH mRNA level using 
2−ΔΔCT method [17]. Four biological replicates, and three 
technical replicates for each, were picked for the valida-
tion experiments.

Protein-protein interaction analysis
For protein-protein interaction analysis, the symbols 
of selected genes were served as input to calculate and 
construct protein-protein interaction network through 
STRING database (https://cn.string-db.org/; Version: 
12.0).

Functional enrichment and statistical analysis
To sort out the DEGs’ functional groups, Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways and 
Gene Ontology (GO) terms. were identified by utilizing 
KOBAS 2.0 server [18]. To define the enrichment of each 
term, Benjamini-Hochberg FDR controlling procedure 
and Hypergeometric test were used. As we have tested 
the that variances were equal and that the data were nor-
mally distributed for RT-qPCR results, we used two-tail 
unpaired Student’s t-test to obtain statistical significance. 
The statistical tests were performed with R software 
(v4.2.3).

Results
MIRI extensively regulated the global transcriptome 
profiles in the mouse model
Myocardial ischemia-reperfusion, clinical treatment 
for myocardial infarction, could induce myocardial 
injury and cardiomyocyte death, reducing its curative 
effects [19]. The underlying mechanisms of MIRI remain 
unclear. A MIRI mouse model was constructed using 
male C57BL/6 mice. The TTC staining result showed the 
obvious heart injury for myocardial tissues compared 
with the normal tissues (Figure S1A). Then five injured 
and adjacent normal myocardial tissues were extracted 
for RNA-seq experiments. After the qualified reads had 
been aligned to the mouse genome, one injured sample 
was removed due to its aberrant expression patterns 
compared with other ones. Principal component analysis 
(PCA) of all expressed genes indicated that there was a 

clear separation between the model (injured) and nor-
mal samples (Figure S1B). According to the DEG analy-
sis, a total of 3265 DEGs were upregulated and 3459 
downregulated between the model and normal samples 
(Figure S1C), indicating that extensive transcriptome 
alternations were induced by MIRI. Hierarchical cluster-
ing heatmap demonstrated the obvious and consistent 
expression patterns of DEGs (Figure S1D). We then per-
formed functional enrichment analyses of these up- and 
down-regulated DEGs. The results demonstrated that 
up-regulated DEGs were mostly enriched in inflamma-
tory and immune responses, cell cycle, and cell migration 
pathways (Figure S1E), while down-regulated DEGs in 
mitochondrial metabolism-associated pathways (Figure 
S1F), consistent with previous conclusions [19]. These 
results demonstrated that the global transcriptome pro-
file was dramatically regulated by MIRI.

The alternative splicing analyses of cardiac tissues in MIRI
A recent study has highlighted the influence of AS on 
cardiovascular diseases (CVDs) [20], but the underlying 
mechanisms of AS profiles being regulated in MIRI are 
largely unknown. Thus, we systematically explored the 
dysregulated AS profiles in MIRI mouse models. After 
aligning reads onto mouse genome, junction spliced 
reads were used as input for AS analysis. A toal of 2566 
RASEs were detected between the model and healthy 
samples using ABLas program with the p-value < 0.05. 
PCA by calculating RASE ratios showed that the first 
component clearly separated the model and healthy sam-
ples, and that the first component could explain 68.3% 
of total variation (Fig. 1A). Then the RASEs were classi-
fied into nine types, with four types having more RASEs 
than others, including cassette exon, ES, A5SS, and A3SS 
(Fig. 1B). Another interesting finding was that the inclu-
sion (up) or exclusion (down) number of cassette exon 
and ES events showed opposite trends (Fig. 1B), suggest-
ing that MIRI model has the preference to exclude exons 
from primary transcripts. Then the clustering heatmap 
showing the ratios of all RASEs was plotted and high 
consistency was found among the replicates of each indi-
vidual group, implying the high confidence of detected 
RASEs (Fig.  1C). We analyzed the enriched functions 
of RASGs, genes extracted from RASEs, using GO and 
KEGG databases, with protein transport, cell division/ 
cell cycle, RNA splicing, and endocytosis being the top 
enriched GO BP pathways (Fig.  1D). KEGG pathway 
analyses showed that autophagy-animal, protein process-
ing in endoplasmic reticulum, neurotrophin signaling 
pathway, thermogenesis, and regulation of actin cyto-
skeleton were the top enriched pathways (Fig. 1E). These 
results together demonstrated genes involved in impor-
tant pathways were regulated at the AS level in MIRI 
models. To validate the RASEs involved in pathways 

https://cn.string-db.org/
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associated with MIRI, we designed specific PCR primers 
at splicing junctions and used RT-qPCR method to check 
the changed AS ratios of RASEs with high significance 
between the model and healthy samples. Both RNA-seq 
and RT-qPCR results indicated that events Mtmr3 cas-
sette exon and Cdc42 A3SS were significantly changed 
between the model and healthy samples (Fig.  1F). In 
summary, MIRI model also greatly affected the AS pro-
files and perhaps substantially contributes to the progres-
sion of various diseases.

Analysis of the differential expression of RBPs in MIRI
RBPs are associated with diseases and have essential 
roles in post-transcriptional regulation, including AS 

[21, 22]. We then analyzed the RBP expression in MIRI 
model to decipher the underlying molecular mechanisms 
of RASEs. The RBP gene list, containing 1914 genes, was 
obtained from published study [22]. First, 493 DE RBPs 
were identified by overlapping RBPs and DEGs (Fig. 2A). 
Hierarchical clustering heatmap also revealed the con-
sistency in DE RBPs’ expression changes between the 
model and healthy samples (Fig.  2B). By checking their 
functions, we found DE RBPs were enriched in transla-
tion and mRNA processing pathways, as well as energy 
metabolism pathways (Fig.  2C). Interestingly, KEGG 
enrichment analysis demonstrated that they were highly 
enriched in several neurodegenerative diseases and car-
bon metabolism pathways (Fig.  2D), consistent with 

Fig. 1  The AS analysis of cardiac tissues in MIRI. (A) PCA based on ratio values of all RASEs’ different expression levels. (B) Bar plot showing the RASEs. (C) 
Hierarchical clustering heatmap of the RASEs based on ratio values. (D) Scatter plot shows the top ten GO BP results of the RASGs. (E) Scatter plot shows 
the top ten KEGG pathways of the RASGs. (F) Bar plot shows the statistical differences and expression patterns of some important genes’ RASEs from 
RT-qPCR and RNA-seq validation. The Y-axis represent the AS ratio between model event and alternative event. Mean ± SEM is represented by error bars. 
Student’s t-test; *** P-value < 0.001, ** P-value < 0.01, * P-value < 0.05
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the previous summary of dysregulated RBPs in neuro-
degenerative diseases [23]. Protein-protein interaction 
(PPI) analysis indicated that several interactive networks 
were formed and may have potential regulatory func-
tions, including the ribosome complex and ubiquinone 

oxidoreductase complex (Figure S2). To confirm the 
dysregulated RBPs in the MIRI model, RT-qPCR experi-
ment was conducted to validate the changed RNA levels 
of nine randomly selected RBPs, including Eif5, Pdia6, 
Tagln2, Vasp, Zfp36l2, Grsf1, Idh2, Ndrg2, and Uqcrc1. 

Fig. 2  Analysis of the differential expression of RBPs in MIRI. (A) The overlapped genes between DEGs and RBPs are shown in venn diagram. (B) The ex-
pression levels of the DE RBPs are shown in hierarchical clustering heatmap. (C) The scatter plot shows the top ten GO BP results of the DE RBPs. (D) The 
scatter plot shows the top ten KEGG pathways of the DE RBPs. (E) Bar plot shows the statistical differences and expression patterns of the DEGs of some 
critical RBPs. Mean ± SEM is represented by error bars. Student’s t-test; *** P-value < 0.001; **** P-value < 0.0001
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With four models and four healthy samples as input, the 
results showed significant expression differences between 
models and healthy samples. The results of RNA-seq and 
RT-qPCR demonstrated consistency in the changed pat-
terns (Fig. 2E). These results showed that RBPs were also 
dysregulated in MIRI models and may be essential for 
disease formation through regulating the fate of associ-
ated RNAs.

Correlation network between DE RBPs and RASGs was 
associated with MIRI
To further explore how dysregulated RBPs participate 
in the AS regulation in MIRI models, we constructed a 
correlation network between DE RBPs and RASGs, with 
DE RBP expression levels and RASE ratios being used 
as input data and Pearson’s correlation analysis per-
formed to extract significant DE RBP-RASE pairs (|R| 
> 0.95 and p-value < 0.01). Finally, in this network, 848 
RASEs correlated with 483 RBPs were obtained (Figure 
S3A). Analyses of the functions of the RASGs from the 
848 RASEs indicated that they were associated with cell 
growth/division and important metabolism pathways 
(Figure S3A). Bubble plot also demonstrated that these 
RASGs were enriched in endocytosis, protein transport, 
and mitochondrial respiratory chain complex I assem-
bly, the top three GO BP pathways (Figure S3B). Ther-
mogenesis, Alzheimer disease, and bacterial invasion 
of epithelial cells were the top three KEGG pathways 
(Figure S3C). Dilated cardiomyopathy (DCM) pathway, 
including Lama2, Tnnt2, Actg1, Atp2a2, Gnas, Tpm3, 
Itga6, Tpm1, and Pln, was enriched in the KEGG path-
way (Figure S3C). To further ensure the credibility of the 
result, we focused on the nine validated RBPs in Fig. 2E, 
and RBP Cox6b1, which was the most highly expressed 
and dysregulated RBP. Cox6b1 is an enzyme of the mito-
chondrial respiratory chain; a recent study demonstrated 
that metabolic enzymes have RNA binding activity and 
functions [24]. In total, 421 RASEs were correlated with 
these ten DE RBPs (Fig. 3A). Functional analyses of 290 
RASGs from 421 RASEs revealed that they were closely 
associated with translation process, cell growth and divi-
sion, and endocytosis (Fig. 3A). Then the top ten GO BP 
and KEGG pathways of the 290 RASGs were presented 
respectively, with endocytosis and cell division being 
the top two GO BP pathways (Fig.  3B), indicating the 
regulated cell cycle and cellular environment. Similarly, 
ubiquitin-mediated proteolysis was the top KEGG path-
way (Fig.  3C). The vascular endothelial growth factor 
(VEGF) signaling pathway was also clustered in KEGG 
pathway (Fig.  3C). Finally, we selected several RASEs 
and validated the changed AS ratios by conducting RT-
qPCR experiments. Cassette exon events of Cd47, Fbln2, 
and Vegfa were repressed in MIRI model; 5pMXE event 
of Fhl2 was repressed in MIRI model (Fig.  3D). These 

results suggest that DE RBPs may participate in the AS 
regulation of Cd47, Vegfa, Fhl2, Fbln2, and other genes 
by bindig to RNA, thus promoting MIRI progression.

Discussion
MIRI reduces the effect of myocardial reperfusion 
therapy for myocardial infraction, and its molecular 
pathogenesis should be deeply investigated. It has been 
shown that several factors, including oxidative stress, 
intracellular Ca2+ overload, physiological pH value, 
and inflammation, have been regarded as mediators of 
MIRI [19]. In this study, we constructed a MIRI mouse 
model, extracted injured and healthy myocardial tissues 
to explore the whole transcriptome alterations. In addi-
tion to the known dysregulated gene expression patterns, 
we also identified the AS profile changes between model 
and healthy samples. We found that the RASEs showed 
distinct features and their genes were enriched in sev-
eral important pathways associated with MIRI. Finally, 
we constructed an RBP-RASE co-regulation network to 
identify the key modulators of these RASEs. Our study 
demonstrated that AS regulation deeply participated in 
the pathogenesis of MIRI, and emphasized the critical 
regulatory roles of RBPs.

Firstly, we validated the global transcriptome alterna-
tions by identifying thousands of DEGs which were iden-
tified as the cellular mediators of MIRI. The functions 
of DEGs were mainly immune/inflammation response, 
mitochondrial functions, and oxidation − reduction pro-
cess [25, 26]. These results suggest the reliability of tran-
scriptome data generated from MIRI model and healthy 
mice. In total, 493 DE RBPs were identified among the 
DEGs. It has been demonstrated that transcriptional 
and post-transcriptional processes regulated by RBPs are 
essential for the remodeling and regenerative responses 
to cardiovascular tissue damage [27]. We found that in 
MIRI model, these DE RBPs were significantly associated 
with RNA splicing and translation, as well as the energy 
metabolisms, including TCA cycle and ATP metabolic 
process, suggesting that DE RBPs participate in multi-
ple biological aspects. We found that several RBPs were 
tightly associated with MIRI. EIF5A increased dramati-
cally due to hypoxia/reoxygenation, and could induce car-
diac myocyte apoptosis by acting as a ligand promoting 
apoptosis [28]. ZFP36L2 regulates MIRI by directly asso-
ciating with lncRNA PVT1 and attenuates mitochondrial 
fusion and fission, revealing that ZFP36L2 may be a novel 
molecular target for MIRI treatment [29]. Previous study 
demonstrated that after IDH2 had been deacetylated 
through SIRT3, the MIRI was attenuated, suggesting that 
IDH2 could act as a potential molecular target for treat-
ing MIRI [30]. In addition, enriched in TCA cycle, these 
DE RBPs could precede the development of heart failure 
and atrial fibrillation [31]. TCA cycle is mainly completed 
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mitochondria, and its dysfunction is the cause of many 
human diseases [32], implying that may RBPs have meta-
bolic functions and their interaction with RNAs could 
regulate both enzyme’s catalytic activity and RNA fate 

[24]. Together, these results demonstrate that DE RBPs 
play a critical role in MIRI through various functional 
mechanisms.

Fig. 3  Correlation network between DE RBPs and RASGs associated with MIRI. (A) The network plot showing the RASG co-expressing with the ten 
RBPs. The enriched GO pathways for RASGs were shown in the right panel. (B) Scatter plot shows the top ten GO BP results of the co-expressed RASGs. 
(C) Scatter plot shows the top ten KEGG pathways of the co-expressed RASEs. (D) Bar plot shows the statistical differences and expression patterns of 
some important genes’ RASEs from RT-qPCR and RNA-seq validation. Mean ± SEM is represented by error bars. Student’s t-test; *** P-value < 0.001, ** P-
value < 0.01, * P-value < 0.05
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In addition to the dysregulated RBPs, global AS profile 
was also significantly regulated in MIRI model. AS regu-
lation has been recently reported in CVDs; circRNAs and 
products of irregular AS events were emphasized in the 
origination and development of MIRI [20]. In the current 
study, AS profile was found to show a certain changing 
pattern between model and healthy samples. In model 
samples, ES events dramatically increased, while the 
opposite events, cassette exon, decreased (Fig. 1B). Based 
on published results, ES or cassette exon events were 
dominant AS types in mammalian cells, and these events 
were precisely regulated by spliceosome complexes [33]. 
The result indicates that some key splicing factors may 
be dysregulated and alter the normal splicing patterns 
in myocardial cells of MIRI model. Consistent with this 
hypothesis, DE RBPs were found to be enriched in RNA 
splicing via spliceosome pathways (Fig.  2C), emphasiz-
ing the key regulatory functions of RBPs in splicing pro-
cesses. More importantly, we found that the RASGs were 
closely associated with MIRI. Cell division/cycle path-
ways emerged in enriched pathways. A previous study 
demonstrated that in mouse heart, the overexpression of 
p57Kip2, a cell cycle inhibitor, could attenuate ischemia-
reperfusion injury (IRI) [34], suggesting that the dysfunc-
tion of cell cycle RASGs may be a protective factor for 
MIRI. RASGs were enriched in autophagy and endocy-
tosis pathways, which were together enhanced in the 
ischemia and reperfusion phase, suggesting their ben-
eficial and detrimental effects during MIRI [35]. Among 
the RASGs, Mtmr3 regulates the formation and size of 
autophagosome, and finally affects the autophagic activ-
ity [36]. The enriched autophagy and endocytosis path-
ways for RASGs indicate the important functions of AS 
regulation in MIRI and the following recovery. Cdc42, 
a cell division cycle regulatory gene, may play a role in 
myocardial I/R by affecting the cardiacmyocyte apopto-
sis rate through JNK, Bcl-2 and Bax signal pathway [37]. 
Irregular AS patterns of these two genes may affect the 
final protein functions. These results together demon-
strate that AS patterns of genes have a profound impact 
on the progression of MIRI. Further studies are needed to 
investigate the functional mechanisms and functions of 
these dysregulated AS isoforms in MIRI.

Finally, we constructed the regulatory network between 
DE RBPs and RASEs. We found over 30% RASEs were 
correlated with DE RBPs, suggesting the regulatory roles 
of RBPs in AS profiles. Then nine validated DE RBPs were 
selected together with RASEs correlated with them, and 
several important RASGs were found to emerge, includ-
ing Cd47, Fbln2, Vegfa, and Fhl2. CD47, a transmem-
brane protein, has been used to explore MIRI treatment 
by delivering anti-apoptotic miRNAs via forming com-
plexes with extracellular vesicles (EVs) [38]. Meanwhile, 
acute CD47 inhibition could decrease cardiac damage 

and improve cardiac contractile function, suggesting that 
anti-CD47 could serve as a therapeutic strategy for treat-
ing ischemic heart [39]. Goltz et al. found that in Fhl2−/− 
mouse, altered immune infiltration was found to respond 
to myocardial ischemia, contributing to smaller infarcts 
and better hemodynamic performance after MIRI [40]. 
Vascular endothelial growth factor A (VEGFA), could 
promote vascularization after acute myocardial infarc-
tion (AMI) by enhancing ROS generation and autophagy 
mediated by ER stress [41]. The splicing patterns of these 
genes may greatly change the encoded proteins and func-
tions. There is a strong possibility that DE RBPs partici-
pate in important biological processes of MIRI through 
modulating the AS patterns of downstream genes. This 
regulatory process explains how RBPs are involved in 
myocardial diseases in the post-transcriptional level, 
which needs to be further validated. Meanwhile, the dys-
regulated expression of RBPs also needs to be validated 
by other methods in future.

Conclusion
In summary, our study highlights the important roles of 
AS and RBPs in the pathogenesis of MIRI using mouse 
models. We propose that DE RBPs and their regulated 
AS genes participate in RNA splicing, metabolic pro-
cesses, and immune/inflammatory response pathways to 
modulate MIRI progression. Several important RBPs, AS 
events and genes could serve as novel therapeutic targets 
in treating MIRI by designing accurate molecular medi-
cine in the future. Our study extends the understanding 
of the molecular pathogenesis of MIRI and emphasizes 
the important roles of post-transcriptional regulation.
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