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Abstract

ing was performed on the myocardial tissue of the mice.

Objective To screen Myocardial ischemia—reperfusion Injury in mice. adenosine monophate-activatedprotein
kinase (AMPK) -related differentially expressed circularRNA (circRNA) in MIRI model, Ampk-related circRNA network
was drawn to provide possible ideas for the prevention and treatment of MIRI.

Methods The mouse MIRI model was constructed by ligation of the left anterior descending artery. After the model
was successfully established, the related indicators of cardiac function were detected, and high-throughput sequenc-

Results MIRI model was successfully constructed, and two AMPK related differentially expressed loops (novel_
circ_043550 and novel_circ_035243) were screened out. A circRNA-miRNA-MRNA network consisting of 2 circRNA, 28
microRNA(mMIRNA) and 229 messengerRNA (mRNA) was constructed.

Conclusions This study reveals the differential expression of several AMPK-related circRNAs in MIRI in mice,
and the AMPK-related circRNA regulatory network is constructed, suggesting that AMPK-related circRNA may have
potential clinical application prospects as a potential molecular marker and therapeutic target for MIRI.
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Myocardial ischemia—reperfusion Injury (MIRI) refers to
the interruption of myocardial blood supply for a short
period of time, and the restoration of blood supply for
a certain period of time, the original ischemic myocar-
dium occurs more serious damage than ischemia [1]. It
is the main cause of cardiac dysfunction and even death
after coronary thrombolysis, coronary interventional
surgery and Cardiopulmonary bypass (CPB) open heart
surgery [2, 3]. Reducing or eliminating such damage is
one of the urgent problems in the cardiovascular field.
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Previous studies have shown that mitochondrial dys-
function causes accumulation of reactive oxygen species
(ROS) and dysfunction of adenosine triphosphate (ATP)
synthesis in cells. It is one of the important mechanisms
of MIRI [4, 5]. AMP-activated protein kinase (AMPK) is
a heterotrimeric protein composed of «, § and y subunits
[6, 7], which is a member of the serine/threonine protein
kinase family. It can be activated under conditions such
as ischemia, hypoxia, fasting, and exercise. Activated
AMPK can sense changes in the energy metabolism of
cells, participate in a variety of metabolic processes in
cells, and is a sensor to maintain intracellular energy bal-
ance [8]. AMPK is widely present in eukaryotic cells. By
promoting myocardial mitochondrial biosynthesis [9],
inhibiting excessive fission of myocardial mitochondria
[10] and maintaining the activity of myocardial mito-
chondrial autophagy, it achieves endogenous myocardial
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protective effect [11, 12], and maintains the dynamic bal-
ance of myocardial mitochondrial function through the
regulation of mitochondrial function by cohesion. It can
inhibit the abnormal accumulation of ROS and promote
the production of mitochondrial ATP, so as to play an
anti-MIRI effect [13].

The current drugs and strategies for the prevention and
treatment of MIRI still do not achieve very ideal results
in clinical practice, and there may be other unrecog-
nized or valued factors involved. For example, circleRNA
(circRNA) and other previously neglected non-coding
RNA(ncRNA) play an urgent role in MIRI, which needs
to be further explored [5]. circRNA is a special class of
non-coding RNA molecules. End to end connected to
form a closed ring, which is not easily degraded by RNA
enzymes, is considered to be a potential biomarker [14].
circRNA plays a regulatory role at the transcriptional
and post-transcriptional levels, and is involved in various
cardiovascular physiological and pathological processes
such as embryogenesis, cardiovascular development,
heart failure, myocardial hypertrophy, myocardial fibro-
sis, and myocardial apoptosis. Recent studies have shown
that some circRNA in myocardial tissue cells are involved
in the regulation of mitochondrial function and play an
important role in the mechanism of MIRI [15]. Given
that AMPK is an important molecule regulating mito-
chondrial function [16], these circRNA molecules related
to mitochondrial function show the regulatory effect of
myocardial MIRL It may be closely related to AMPK.
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In order to further clarify the mechanism of MIRI, we
screened AMPK-related differentially expressed circRNA
in MIRI, constructed AMPK-related circRNA regulatory
network, speculated and explored the molecular mecha-
nism of MIRI, and provided possible research basis for
finding potential circRNA diagnostic markers of MIRL
As shown in the Fig. 1.

Materials and methods

Experimental animals

Male C57BL/6 mice, 6—8 weeks old, weighing 18-24 g,
32 in total. They were purchased from Guizhou HuiJiu
Biotechnology Co., Ltd. and fed in the animal room of
the Public Laboratory Center for Clinical Medicine of the
Affiliated Hospital of Zunyi Medical University, with the
room temperature of 22-26°C, humidity of 45—-55%, ven-
tilation, and regular illumination around the clock, and
the mice were free to drink and eat. This experiment has
been approved by the Experimental Animal Ethics Com-
mittee of the Affiliated Hospital of Zunyi Medical Uni-
versity (Ethics number: zyfy-an-2023-0221).

Experimental grouping and MIRI model construction

Thirty-two male C57BL/6 mice were randomly divided
into four groups: Sham group (n=_8), MIRI group (n=8),
MIRI+AMPK agonist adipocarcin (5-Aminoimidazole-
4-carboxamidel-p-D-ribofuranoside,AICAR) (n=38), and
MIRI+ AMPK inhibitor Dorsomorphin (Compound C)
group (n=38). The mouse MIRI model was constructed

Rosl

Fig.1 Key molecules and regulatory networks that mediate cardiac mitochondrial function after AMPK activation
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by ligating the left anterior descending artery [17, 18].
Each mouse was anesthetized with a concentration of 3%
pentobarbital (0.75 ml/kg), and the skin was prepared,
disinfected, and a sterile towel was spread after the anes-
thesia was effective. The subcutaneous and pectoralis
major tissues were separated layer by layer to expose the
intercostal space. The 3—4 intercostal space was used as
the surgical entry port. The bending forceps were used to
gently press the intercostal space with a sense of loss. The
color of the heart tip changed from red to white, and the
ECG showed ST segment elevation. Then the heart was
put back into the chest and the wound was closed tightly.
At the same time, excess blood gas was quickly removed.
To achieve the purpose of myocardial ischemia—reperfu-
sion [19]. As shown in Fig. 2.

Sham group did not do any treatment, MIRI group did
not do any drug intervention, MIRI + AICAR group and
MIRI+ Compound C group were given corresponding
drugs by intraperitoneal injection 1 h before opera-
tion. The doses of AICAR solution and Compound C
solution were 100 mg/kg and 10 mg/kg, respectively
[20]. Except Sham group, myocardial reperfusion was
achieved by ligating the left anterior descending artery
and removing the coronary ligating line 30 min later in
the other three groups, so as to construct MIRI model.
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After natural recovery, the heart tissues of the mice
were collected for detection of cardiac related indica-
tors after 1 week of feeding. High-throughput sequenc-
ing technology and bioinformatics technology were
used to capture differentially expressed circRNA. Clus-
ter software was used to screen differentially expressed
circRNA molecules coexisting in the ischemia—reperfu-
sion myocardium for cluster analysis, and GO function
and KEGG pathway analysis of differentially expressed
circRNA genes were performed. Ampk-related cir-
cRNA molecules closely related to MIRI were mined,
and the accuracy of the screening results was verified
by real-time fluorescent quantitative polymerase chain
reaction (qRT-PCR). Finally, the candidate circRNA
molecules were screened, and the expression profile of
AMPK-related circRNA was drawn.

Identification of differentially expressed AMPK-related
circRNAs

In this study, RNA extraction and high-throughput
sequencing of myocardial tissue samples were commis-
sioned by Shenzhen BGI Technology Service Co., LTD.

Fig.2 Establishment of mouse MIRI model (A: anesthesia, disinfection, fixation. B: make a 1 cm incision 0.5 cm outside the left sternum

of the mouse, and use 3-0 silk thread to close the purse-string suture. C: separate the subcutaneous tissues and the pectoralis major muscle tissues
layer by layer, and expose the intercostal space, use the 3rd ~4th intercostal space as the surgical access, and use curved forceps to press gently
and feel the sensation of falling out. D: the left thumb with the forefinger to press on the incision, making the heart "pop out". D: The left thumb
and index finger apply pressure on the incision to make the heart "pop out". E: A 7-0 wire was used to ligate near the root of the aorta and 1T mm
below the left auricle, and the color of the heart tip was observed to change from red to white. F: The heart was retracted into the chest cavity,

and the incision was closed.)
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Data analysis process

The raw data generated by sequencing were called raw
reads, firstly, we filtered out the reads with low quality,
connector contamination and high content of unknown
base N, and the filtered data were called clean reads, and
then the clean reads were compared to the reference
genome, and the circRNAs were predicted by the two
software programs, CIRI and find_circ, and the results
of the two software programs were merged. After com-
bining the results of the two software, the genes from
which the circRNAs originated were annotated in Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases, and the genes from which
the circRNAs originated were analyzed by quantitative
and differential expression analysis, and the genes from
which the differential circRNAs originated were enriched
by GO function. The circRNAs were quantified and
differentially expressed, and the genes with different
circRNA origins were analyzed for GO functional enrich-
ment and Pathway functional enrichment. Finally, the
genes of circRNA origin were analyzed for miRNA target
gene prediction in this study [21]. The complete analysis
flow is shown in Fig. 3.

CircRNA prediction and annotation

CircRNAs were predicted using two software programs,
CIRI [22] and find_circ [23], and the results of the two
software programs were integrated based on the start
and end positions of circRNAs [24].CIRI was based
on the genome matching algorithm of BWA-MEM
[25], and it detects circRNAs through the Sequence

Differential
expression analysis
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Alignment Map (SAM) file generated from two scans
matching. CIRI is based on the BWA-MEM genome
alignment algorithm, and detects circRNAs by com-
paring the SAM (Sequence Alignment Map) files gen-
erated from two scans. the front and back parts of the
same read need to be cross-referenced to the genome
in order to prove that they are junction reads of circR-
NAs. Therefore, during the first scanning process, CIRI
will filter the junction reads with Paired Chiastic Clip-
ping (PCC) signals, and then further filter the junction
reads by the restriction of Paired-end Mapping (PEM)
range and GT-AG clipping signals. junction reads are
further filtered. In the second scanning of the SAM
file, CIRI detects new junction reads and also excludes
false-positive circRNAs caused by incorrect match-
ing to homologous genes or repetitive sequences, thus
improving the sensitivity and accuracy of the software.
The specific process was shown in Fig. 4A. find_circ
was a software based on Bowtie2 [26, 27] to compare
genomes. First, find_circ discards the reads that can
be aligned to the genome in a continuous and full-
length manner, and then extracts 20 bp from the ends
of the remaining reads to align the genome, and those
sequences that can be cross-referenced to the exons
can be used to prove the existence of circRNAs. This
part of the aligned sequences will be extended to col-
lect further information about the junction site. Finally,
candidate circRNAs are obtained through a series of
filtering strategies. The specific process was shown in
Fig. 4B.

Raw data

Data filtering

circRNA
Prediction

circRNA
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L
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Fig.3 Flowchart of circRNA information analysis
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Fig.4 (A:Flowchart of circRNA detection by CIRI, B: Schematic diagram of find_circ for detecting circRNA)

Screening of differential circRNAs

In this study, we used the differentiallye xpressed genes
from RNA-seq data (DEGseq) algorithm [28] for the
detection of differentially circRNAs.According to the
amount of gene expression, genes with differences in gene
expression levels in each group are called differentially
expressed genes ( differentially expressed gene,DEG),
RNA sequencing can be treated as a random sampling
process, where each read is taken independently and uni-
formly from the sample. Under this assumption, the num-
ber of reads from a gene follows a binomial distribution.
Using the statistical model described above, DEGseq pro-
poses a new method based on MA-plot [29], which was
widely used in the processing of microarray data, by let-
ting C1 and C2 denote the number of reads from a spe-
cific gene obtained from two samples, and they conform
to the Ci~binomial(ni,pi), i=1,2 distribution, where ni
denotes the number of reads on all the comparison total
number of reads, and pi denotes the probability of being
from that gene. DEGseq defines M =10g2C1-log2C2 and
A=(log2C1+10g2C2)/2 and demonstrates that under
the assumption of random sampling, the conditional

distribution M, given A =a (a is the observed value of A),
follows an approximately normal distribution. For each
gene on the MA plot, a hypothesis test HO: p1=p2 ver-
sus H1: p1#p2 was performed. p-values were then calcu-
lated based on the normal distribution, and the p-values
were corrected to Q-values.To improve the accuracy of
differential circRNAs [30], we defined that we would dif-
ferentiate multiplicity of difference by more than a factor
of two and with a Q-value £0.001 circRNAs, screened as
significantly differentially expressed circRNAs.

Gene Ontology GO functional analysis of differential
circRNA-derived genes

Based on the GO annotation results and the official
classification, we functionally categorized the genes of
differential circRNA sources [31], and also used the phy-
per function in the R software to perform enrichment
analysis. p-value was calculated as shown in Fig. 4, and
then the p-value was corrected by the g-value, and the
functional classes with a g-value of<0.01 were usually
regarded as significantly enriched [32].
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KEGG functional analysis of differential circRNA-derived
genes

According to the KEGG annotation results and the offi-
cial classification, we classified the differential circRNA-
derived genes into biological pathways, and also used the
phyper function in the R software to perform enrichment
analysis. p-value was calculated as shown in Fig. 5, and
then g-value correction was applied to the p-value, and
the pathways with a q-value <0.01 were usually regarded
as significantly enriched [33].

gRT-PCR validation

After RNA-seq analysis, qRT-PCR validation was per-
formed on the significantly differentially expressed
genes that had been screened. we selected five differen-
tially expressed circRNAs (novel_circ_034906, novel
circ_043550, novel_circ_061688, novel circ_056122,
novel_circ_035243) were validated by qRT-PCR. The
primer sequences of each differentially expressed gene
are detailed in Table 1.

Construction of circRNA-miRNA-mRNA relationship network
RNAhybrid database and miRanda database were used to
predict the miRNAs that circRNAs may bind [34, 35], and
then the downstream mRNA target genes of miRNAs are
predicted in Targetscan database, and the final regulatory
genes of miRNAs are determined by intersection analysis
[36]. The circRNA-miRNA-mRNA relationship network
was constructed based on the ceRNA theory [37, 38], and
the circRNA relationship network was visualized and dis-
played using Cytoscape software.
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Fig.5 Method of p-value calculation
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Statistical analysis

Data were expressed as meantstandard deviation
(mean+SD), and statistical processing was performed
using SPSS 29.0 software. One-way analysis of variance
(ANOVA) was used: if the variance was homogeneous,
the test was performed using the LSD method; if the
variance was not homogeneous, the test was performed
using the Games-Howell method. Statistical significance
was indicated when P <0.05.

Results

Establishment of MIRI model in mice

The construction process of mouse MIRI model is shown
in Fig. 1. The construction effect of MIRI model was con-
firmed by observing the changes of electrocardiogram,
myocardial markers detection, cardiac color Doppler
ultrasound function detection, myocardial histopatho-
logical examination, mitochondrial function and other
indicators.

Mouse cardiac ultrasound results

Using the small animal ultrasound system to monitor the
cardiac function indexes of the four groups of mice after
modeling, compared with the Sham group, the SV, CO,
LVEF and LVES of the MIRI group, the MIRI+AICAR
group, and the MIRI+Compound C group decreased
(P<0.05), compared with the MIRI group, the SV, CO,
LVEF and LVFS increased (P<0.05) and SV, CO, LVEF
and LVFS decreased (P <0.05) in the MIRI+Compound
C group, as shown in Fig. 6. Echocardiographic obser-
vation in the four groups of mice showed that the heart
chambers became larger and the contraction of the
anterior wall of the left ventricle became smaller in the
MIRI group compared with the Sham group, the heart
chambers became smaller and the contraction of the
anterior wall of the left ventricle became larger in the
MIRI+ AICAR group compared with the MIRI group,
and the heart chambers became larger and the contrac-
tion of the anterior wall of the left ventricle was smaller
in the MIRI+Compound C group compared with the
MIRI group, as shown in Fig. 7.

Table 1 gRT-PCR primer sequences of AMPK-related differential circRNAs

Name Forward primer(5°-3°) Reverse primer(5°-3°) Product(bp)
novel_circ_034906 ATAAGTCTGTGCTTGCAGCTCGA CCAGGCAGAGGTGGAGTAGGTT 164
novel_circ_043550 TACCATCGGCCCAAACCCT GTTGAGGTCAGTGAACATCCGAA 107
novel_circ_061688 TGTATATGCAGCTAGATGAGGGAAG GTTCTCTGCTGAGGTAGCCTGTCT 146
novel_circ_056122 GCTGAATACCAGTCATTGTGTCCTC GCTGTATCAAAGTAGCACTCGCG 218
novel_circ_035243 TCGGCGAACTGAACAGCATG TAGAAGAGGCTGATGACTGGGAG 105
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mm MIRI

M MIRI+AICAR

M MIRI+Compound C

0 LVEF( %) LVFS (%) CO (ml/min) SV (uL)

Fig.6 Comparison of cardiac function parameters among the four groups of mice, the X-axis represents the cardiac ultrasound indexes,
and the Y-axis represents the values of the indexes, which are expressed as the mean + standard deviation, compared with the Sham group,
*p <0.05, with statistical difference; compared with the MIRI group, # p < 0.05, with statistical difference; compared with the MIRI+AICAR group,

Ap <0.05, with statistical difference

¥
LVAW;4

LVIDd

Fig. 7 M-mode ultrasound patterns of the morphology structure and systolic function of the left ventricle in mice (A: Sham group, the shape

of the cardiac chambers was regular, and the beat was strong; B: MIRI group, the cardiac chambers become larger and the contraction amplitude
of the anterior wall of the left ventricle becomes smaller than that of the Sham group; C: MIRI+ AICAR group, the cardiac chambers become
smaller and the contraction amplitude of the anterior wall of the left ventricle becomes larger than that of the MIRI group; D: MIRI+Compound
group, compared with the MIRI group, the cardiac chambers became larger and the contraction amplitude of the anterior wall of the left ventricle
became smallerWhite arrows are left ventricular internal end-diastolic diameter (LVID; d), left ventricular internal end-systolic diameter (LVID; s),
Left ventricular end-diastolic posterior wall thickness (LVPW; d), Left ventricular end systolic—posterior wall thickness, LVPW; s); Left ventricular
end-diastolic anterior wall thickness (LVAW; d); Left ventricular end-systolic anterior wall thickness (LVAW; s))

Results of serum myocardial markers

Serum myocardial marker levels were measured using
the enzyme linked immunosorbent assay (ELISA)
method, and BNP, CK-MB, and CTnT increased in
the MIRI group, the MIRI+AICAR group, and the
MIRI+Compound C group compared with the Sham
group (P<0.05), and BNP, CK-MB, and CTnl decreased
in the MIRI+AICAR group compared with the MIRI
group (P<0.05). BNP, CK-MB, and CTnl decreased in

the MIRI+ AICAR group (P<0.05) and increased in the
MIRI+ Compound C group (P<0.05) compared to the
MIRI+ AICAR group (P<0.05) (as shown in Fig. 8).

HE staining results

The results of HE staining showed that the cardiomyo-
cytes in Sham group were arranged in a regular man-
ner, the nuclei of the cells were obvious, and there was
no inflammatory cell infiltration; the myocardial tissue in
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Fig. 8 Comparison of serum myocardial marker results in four groups of mice, X-axis represents serum myocardial marker indexes, Y-axis represents
the values of the indexes, expressed as mean + standard deviation, compared with the Sham group, *p <0.05, statistically different, compared
with the MIRI group, # p <0.05, statistically different, compared with the MIRI group, and compared with the MIRI+ AICAR group, Ap <0.05,

statistically different

MIRI group showed limited necrosis of cardiomyocytes,
disordered arrangement of myocardial fibers and a small
amount of inflammatory cell infiltration; the cardiomyo-
cytes in the MIRI+AICAR group were arranged in an
orderly manner, and the degree and scope of necrosis of
the cells were lower than those in the MIRI group; the
cardiomyocytes in the MIRI+ Compound C group had
a more disorganized arrangement of cardiomyocytes,
a greater extent of cell necrosis, and a large number of
inflammatory cell infiltration than the MIRI group. As
shown in Fig. 9.
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Ultra-microscopic cardiomyocyte morphology results

Under transmission electron microscopy, the myofib-
ers of cardiomyocytes in the Sham group were neatly
arranged, with abundant mitochondria in the cytoplasm,
which were located next to the nucleus and between the
bundles of myofibrils, and were round or oval in shape.
Compared with the Sham group, cardiomyocyte myofib-
ers in the MIRI group were sparse, mitochondria were
swollen and degenerated, disordered and piled up, and
cristae disintegrated, and the MIRI+AICAR group
showed significant improvement compared with the
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Fig. 9 Comparison of HE staining results of cardiomyocytes in four groups of mice (A: Sham group, cardiomyocytes were regularly arranged,
with obvious nuclei; B: MIRI group, limited cardiomyocyte necrosis, and disorganized arrangement of myocardial fibers; C: MIRI+ AICAR group,
cardiomyocytes were arranged in an orderly manner, and the degree and extent of cellular necrosis were lower in comparison to MIRI group D:
MIRI+Compound C group, more disorganized, and a large amount of inflammatory cell infiltration in comparison to MIRI group). MIRI group,
the arrangement of cardiomyocytes was more disorganized, the extent of cell necrosis was larger, and a large number of inflammatory cells were

infiltrated)
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MIRI group, with basically normal myocardial fiber struc-
ture and well-arranged myofibrillar fibers, mitochondrial
swelling, and myocardial injury was reduced compared
with that of the MIRI group, and the MIRI + Compound
C group was more sparse and well-arranged compared
with that of the MIRI group. MIRI+ Compound C group
was significantly reduced compared with the MIRI group.
Myocardial fibers of cardiomyocytes were sparse, and
mitochondria in the cytoplasm were swollen and disor-
derly. As shown in Fig. 10.

Screening of differential circRNA source genes

A total of 68,855 genes were predicted by RNA-seq
sequencing, and 315 genes were significantly differen-
tially expressed, of which 90 were up-regulated,225 were
down-regulated. The statistical results of the differential
circRNAs are shown in Fig. 11. Volcano-plot and Scatter-
plot were also used to show the distribution of differential
circRNAs in the MIRI group versus the MIRI+AICAR
group, and the MIRI group versus the MIRI+ Compound
C group, and expression heatmaps were made for each
group of the differential comparison scheme, which are
shown in Fig. 12, Fig. 13 and Fig. 14, respectively.

GO function analysis of differential circRNA-derived genes

The differentially expressed circRNAs from the MIRI
group and the MIRI+ AICAR group, and the MIRI group
and the MIRI+ Compound C group were subjected to
GO functional analysis, which was a database established
by the Gene Ontology Consortium, describe the roles of
genes and proteins in cells by creating a set of controlled
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vocabulary with dynamic forms, thus comprehensively
describing the attributes of genes and gene products in
organisms. GO was divided into three major functional
categories, namely, molecular function, cellular compo-
nent, and biological process. In the GO function analy-
sis, there were 27 types of GOs enriched in the MIRI
group compared with the MIRI+ AICAR group, and 29
types of GOs enriched in the MIRI group compared with
the MIRI+ Compound C group. The GO classification
results of differentially expressed circRNAs were shown
in Fig. 15, and the GO function classification up- and
down-regulation statistics of differentially expressed cir-
cRNAs are shown in Fig. 16.

Pathway functional analysis of differential circRNA-derived
genes

Using DEGs, we performed KEGG pathway classifica-
tion and functional enrichment, including illustrated
information on cellular biochemical processes such as
metabolism, membrane translocation, signaling, and
cell cycle. The genes were categorized into six branches
according to the KEGG metabolic pathways involved:
Cellular Processes, Environmental Information Process-
ing, Genetic Information Processing, Human Disease
(HDP),Metabolism, and Organismal Systems. In order to
analyze the pathological pathway of action of the differ-
ential genes more further, enrichment analysis was per-
formed between two comparison groups, the MIRI group
and the MIRI+ AICAR group and the MIRI group and
the MIRI+ Compound C group, to obtain the Pathway of
the enriched differential genes. As shown in Fig. 17.

A PANL T e IR

Fig. 10 Comparison of myocardial mitochondrial morphology under ultramicroelectron microscopy in four groups of mice (A: Sham group,
myofibrils were neatly arranged, mitochondria were regular in morphology and abundant in number; B: MIRI group, myofibrils were sparse,
mitochondria were swollen and denatured, and cristae disintegrated and disappeared; C: MIRI+ AICAR group, myofibrils were basically structurally
normal, and mitochondria were mildly swollen; D: MIRI+Compound C group. Myofibers are sparse, mitochondria are swollen and disordered

in arrangement)
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Fig. 11 Statistical plots of the number of differentially expressed circRNAs in the MIRI group versus the MIRI+AICAR group, and in the MIRI group
versus the MIRI+Compound C group (X-axis represents the differential comparison scheme for each group, and the Y-axis represents the number
of the corresponding differential circRNAs. Red color represents the number of up-regulated circRNAs and blue color represents the number

of down-regulated circRNAs)
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Fig. 12 Volcano-plot distributions of differentially expressed circRNAs in the MIRI group versus the MIRI+ AICAR group, and the MIRI group
versus the MIRI+Compound C group (X-axis represents log2-transformed differential multiplicity values, and Y-axis represents -log10-transformed
significance values. Red represents up-regulated circRNAs, blue represents down-regulated circRNAs, and gray represents non-differentially
expressed circRNAs)
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Fig. 13 Scatter-plot distributions of differentially expressed circRNAs in the MIRI group versus the MIRI+AICAR group, and in the MIRI group
versus the MIRI+Compound C group (X and Y axes both represent logarithmic values of circRNA expression. Red represents up-regulated circRNAs,
blue represents down-regulated circRNAs, and gray represents non-differentially expressed circRNAs)
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expression)

Validation of differentially expressed genes

Through bioinformatics analysis and screening, the
genes novel_circ_034906, novel_circ_043550, novel_
circ_061688, novel circ_056122, novel circ_035243

were found to be the key genes in the

development

of MIRI In order to verify these genes, we used qRT-
PCR to detect the relative expression levels of the
target genes. The five genes were all down-regu-
lated in MIRI+ AICAR group and up-regulated in
MIRI +Compound C group (P<0.05), which was
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Fig. 15 GO functional classification plots of differentially expressed circRNAs. panel A shows the GO functional classification of DEGs
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and the MIRI+Compound C group, Calcium Channel Activity (GO:0005262, p=0.01950), Cation Channel complex (GO:0034703, p=0.01402),
transporter protein complex (GO:1,990,351, p=0.02181), and postsynaptic specialization (GO:0099572, p=0.03244), and the related GO functional
enrichment was significant, suggesting that these types of GO functional classifications are involved in the mechanism of MIRI, (X-axis represents
the differentially expressed number of circRNA-derived genes, Y-axis represents GO functional classifications)

consistent with the change trend of RNA-seq results.
The accuracy of RNA-seq results was confirmed,
which supported the reliability and scientific nature of
the results of this study, as shown in Fig. 18. Differen-
tially expressed genes were therefore included in sub-
sequent analyses.

Construction of circRNA-miRNA-mRNA relationship
network

In order to further speculate the possible biological
functions of differential circrnas, two differential tar-
get genes (novel_circ_043550 and novel_circ_035243)
verified by qRT-PCR were selected to predict the
source genes of circrnas and the target genes of mir-
nas. Then, the downstream target gene mRNA of
miRNA was predicted in the Targetscan database, and
the circRNA-miRNA-mRNA relationship network
consisting of 2 circrnas, 28 mirnas and 229 mrnas was
finally constructed, as shown in Fig. 19.

Discussion
Ischemic Heart Disease (IHD) is the leading cause of
cardiovascular disease death. At present, the number
of patients with ischemic heart disease in the world has
reached 125 million, and its incidence is still increasing. It
seriously endangers human life safety [3, 39]. At the same
time, the number of people receiving reperfusion therapy
to open occluded coronary arteries due to myocardial
ischemia is also increasing, and MIRI is an important
pathophysiological mechanism causing heart dysfunction
after coronary thrombolysis, coronary intervention sur-
gery and CPB open heart surgery [1, 2]. Therefore, reduc-
ing or eliminating this damage has been one of the urgent
problems to be solved in the cardiovascular field.
Activated AMPK can sense the changes of energy
metabolism status of cells, participate in a variety of
metabolic processes in cells, and is a sensor to main-
tain the energy balance in cells [13]. The relationship
between AMPK and the development of MIRI can also
be found in recent studies. For example, WANG[40]
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is a key regulatory molecule in age-related MIRI. Com-
prehensive previous studies have found that AMPK, as
an important molecule in the regulation of mitochon-
drial function, has endogenous myocardial protective
effect and can be regulated in three ways: First, the per-
oxlsome proliferator-activated receptor-y coactlvator-la
(PGC-1a) is phosphorylated after AMPK activation. In

circRNA source genes in the corresponding GO classification)

et al. found that dexmedetomidine can reduce MIRI
induced iron apoptosis through AMPK/GSK-33/Nrf 2
axis. TIAN et al. [4] showed that Tilianin pretreatment

could improve mitochondrial energy metabolism and
oxidative stress through AMPK/SIRT 1/ PGC-1la sign-
aling pathway in MIRI rats. LI et al. [41] suggested that
genipin could reduce MIRI by inhibiting NLRP 3 inflam-
masome-mediated apoptosis through AMPK signaling
pathway. DU et al. [42] showed that activation of AMPK
could reduce MIRI by regulating DRP1-mediated mito-
chondrial dynamics. YIN et al. [43] suggested that AMPK

turn, nuclear respiratory factor-1/2 (NRF-1/2) is acti-
vated, Mitochondrial DNA (mtDNA) replication is
increased, and mitochondrial biosynthesis is promoted,
thus playing a protective effect on myocardium [9].
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Fig.17 A graph shows the Pathway classification of differentially expressed circRNAs between the MIRI group and the MIRI+ AICAR group, B
graph shows the Pathway classification of differentially expressed circRNAs between the MIRI group and the MIRI+Compound C group (the X-axis
represents the proportion of genes accounted for, and the Y-axis represents the classification of KEGG function), C graph shows the Pathway
enrichment results of differentially expressed circRNAs between the MIRI group and MIRI+AICAR group, D graph shows the Pathway enrichment
results of differentially expressed circRNAs between MIRI group and MIRI+Compound C group (X-axis represents the enrichment factor value,
Y-axis represents the pathway name. Red boxes were filtered functional categories and pathway names. The color represents the g-value (the
whiter the color the larger the value, the bluer the smaller the value), the smaller the value represents the more significant enrichment result.

The size of the dots represents the number of differential circRNA source genes (the larger the dot represents the larger the number, the smaller
represents the smaller the number).RichFactor refers to the enrichment factor value, which was the quotient of the foreground value of a pathway
on the annotation (the number of differential circRNA source genes) and the background value of a pathway on the annotation (the number of all
circRNA source genes), and the larger the value, the more obvious the enrichment result was. indicates the more obvious enrichment results

Second, mitochondrial fission is mainly mediated by
dynamic related proteinl (Drpl) and mitochondrial fis-
sionfactor (Mff). Excessive Mitochondrial fission can

cause the opening of Mitochondrial permeability tran-
sition pore (mPTP) and the release of ROS, which leads
to the activation of mitochondrial pathway myocardial
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Fig. 18 Relative qRT-PCR expression results of differentially expressed circRNAs, X-axis represents differentially expressed genes, Y-axis represents
gene expression, expressed as mean +standard deviation, and ** indicates p < 0.01, statistically different

apoptosis, which is an important factor affecting myo-
cardial injury [10, 44]. Thirdly, mitophagy is a special
autophagy mode and defense mechanism, which is a pro-
cess of mitochondrial self-renewal and selective removal
of damaged mitochondria in cells [12, 45]. Therefore,
timely removal of damaged mitochondria is extremely
important for reducing abnormal accumulation of ROS,
maintaining mitochondrial ATP generation function and
the stability of cellular metabolic microenvironment [11].
The activation of autophagy initiation molecule UNC-
51-like kinase 1 (ULK1) is a key molecule regulating
autophagy. Activation of AMPK can promote the acti-
vation of ULKI, thereby inducing mitophagy, efficiently
removing damaged mitochondria and reducing the gen-
eration of ROS. Maintenance of ATP synthesis and meta-
bolic homeostasis in cardiomyocytes [12, 46]. Moreover,
AICAR, an activator of AMPK, can effectively increase
myocardial ATP content and alleviate myocardial injury
by promoting AMPK activation. Exogenous recombinant
adiponectin also has the effect of activating AMPK, and
can improve myocardial metabolic disorders and pro-
mote the recovery of cardiac function after ischemia—
reperfusion [13]. The previous research results of our
research group also proved the above conclusion. AMPK
maintains the dynamic balance of myocardial mitochon-
drial function through the regulation of mitochondrial
function through cohesion, and plays an anti-MIRI effect
by inhibiting the abnormal accumulation of ROS and
promoting the production of mitochondrial ATP [13, 46].

However, the current prevention and treatment drugs
and strategies for MIRI still have not achieved very ideal
results in clinical practice. There may be other unrecog-
nized or valued factors involved, such as circRNA and

other previously neglected ncRNA, which need to be fur-
ther explored in MIRI [14]. circRNA, a new member of
the non-coding RNA family [47, 48], is a class of ncRNA
with covalently closed loops formed through reverse
cleavage of pre-mRNA [49]. circRNA plays a regulatory
role at transcriptional and post-transcriptional levels, and
is involved in various cardiovascular physiological and
pathological processes such as embryo formation, cardio-
vascular development, heart failure, myocardial hyper-
trophy, myocardial fibrosis and myocardial apoptosis
[50]. Recent studies [51-55] have shown that some cir-
crnas in myocardial cells are involved in the regulation of
mitochondrial function. For example, circRNATtc3 is sig-
nificantly increased in the myocardium of ischemia and
hypoxia, and circRNATtc3 can inhibit the dysfunction of
mitochondrial ATP production induced by ischemia and
hypoxia. It can effectively reduce the apoptosis of myo-
cardial cells and myocardial ischemia—reperfusion injury
[56]. For example, circRNAMFACR was significantly
up-regulated in the myocardium of mice with ischemia/
reperfusion, which adsorbed miR-652-3p through the
"sponge” mechanism, and then increased myocardial
mitochondrial fission and cardiomyocyte apoptosis. Fur-
ther, after knocking down the expression of circRNAM-
FACR in the myocardium by adenovirus transfection,
the expression of circrnamFACR in the myocardium was
down-regulated. It reduces the adsorption of circRNA to
miR-652-3p, thereby inhibiting the expression of mito-
chondrial membrane protein MTP18, thereby reducing
the division of myocardial mitochondria and the size of
myocardial infarction in mice with ischemia—reperfusion
[57]. The above studies suggest that circrna may play an
important role in the mechanism of MIRIL Some specific
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circRNA molecules in response to AMPK activation may
be involved in this process and play an important role.
Since AMPK is a central molecule in the regulation of
mitochondrial function, the regulatory effects of these
circrnas may be closely related to AMPK. By reviewing
the literature, we found that some circrnas that respond
to AMPK activation play a role in the occurrence and
development of non-cardiac diseases. For example, Cir-
cRNA_002581 is involved in the pathogenesis of alco-
holic liver disease through PTEN-AMPK-mTOR pathway

related autophagy inhibition [58]. Ampk-mediated
circPRKAA 1 plays a role in the occurrence and devel-
opment of hepatocellular carcinoma [59-61]. Some
researchers have also found that circLARP 1B promotes
the synthesis of fatty acids in hepatocellular carcinoma
and promotes cell metastatic characteristics and lipid
accumulation through the HNRNPD-LKB 1-AMPK
pathway. Circulus WIM 6 plays a key role in mammalian
hepatocellular carcinoma [62]. In addition, Gong et al.
[62] revealed that Circulus WIm 6 plays an important
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role in age-related osteoarthritis by regulating extra-
cellular matrix metabolism and AMPK related energy
metabolism. Circulus WIM 6-RPS 14-PCK 1-AMPK axis
is a potential biomarker for osteoarthritis. Therefore, we
wonder whether some specific circRNA in response to
AMPK activation is involved in the regulatory network of
myocardial mitochondrial function in ischemia—reperfu-
sion and is involved in the regulation of MIRI. At present,
there are few reports in the world, so it is of potential
research significance to focus on the above scientific
issues for in-depth research. Therefore, in this study, the
mouse MIRI model was constructed, and the differen-
tially expressed circRNA related to AMPK in MIRI was
screened by bioinformatics technology, and the AMPK-
related circRNA regulatory network was constructed
to explore the possible regulatory role of circRNA in
AMPK-mediated myocardial mitochondrial function
after ischemia-reperfusion. This study provides a possi-
ble research basis for finding the potential circRNA diag-
nostic markers of MIRI

In this study, the changes of cardiac morphology and
cardiac function parameters, serum myocardial marker
levels, pathological staining results, and the number
of mitochondrial morphology results under electron
microscopy were analyzed. Interestingly, the applica-
tion of AMPK agonist and AMPK inhibitor in the corre-
sponding groups produced different experimental effects.
After high-throughput sequencing of mouse myocardial
tissue, the differentially expressed circRNA was detected
by DEGseq algorithm, and a total of 68,855 genes were
predicted. Among them, 315 genes were significantly dif-
ferentially expressed, of which 90 were up-regulated and
225 were down-regulated. Five differentially expressed
circrnas were screened, among which novel_circ_034906
predicted transcription factor activity for DNA binding,
RNA polymerase II specificity, and RNA polymerase II
transcriptional regulatory region sequence-specific DNA
binding activity [63]. It is involved in the regulation of
nervous system development and the proliferation of
neural precursor cells [64]. novel_circ_043550 encodes a
ubiquitin-binding protein required for the regulation of
mitochondrial size and clearance. It is an essential gene
required for autophagy, mitochondrial size and clearance
in Drosophila. novel_circ_061688, as a DNA fragment,
may be related to eukaryotic neural tube defects [65].
novel_circ_056122 is a member of the protocadherin 3
gene cluster, which can promote ferroapoptosis and is a
new tumor suppressor in hepatocellular carcinoma [66)].
novel_circ_035243 is an important gene involved in fat
regulation and energy metabolism in Drosophila [67].
The results of qRT-PCR showed that 5 differential tar-
get genes were down-regulated in MIRI+ AICAR group
and up-regulated in MIRI+Compound C group, which
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was consistent with the results of RNA-seq. Considering
the correlation between MIRI and mitochondrial energy
metabolism in this study, two differential circrnas (novel_
circ_043550 and novel_circ_035243) were selected from
the above five differential genes for the construction of
AMPK-related circRNA relationship network. Firstly,
target gene prediction analysis of miRNA was performed
on the source gene of differential circRNA, and then the
downstream target gene mRNA of miRNA was predicted
in Targetscan database. Finally, a circRNA-miRNA-
mRNA network consisting of 2 circRNA, 28 miRNA
and 229 mRNA was constructed. Bioinformatics analy-
sis showed that these two circrnas (novel_circ_043550,
novel_circ_035243) were associated with calcium channel
activity (G0O:0005262, novel circ_035243). p=0.019500),
cation channel complex (GO:0034703, p=0.01402),
transporter complex (GO:1,990,351, p=0.02181), post-
synaptic specialization (GO:0099572, p=0.03244) and
other related functions were significantly enriched. It is
speculated that differential circRNA may regulate the
occurrence and development of MIRI by affecting biolog-
ical processes such as cell signal transduction, mitophagy,
and energy metabolism.

In conclusion, we used AMPK agonist and inhibitor
intervention in mouse MIRI model, screened AMPK-
related differentially expressed circRNA by bioinformat-
ics and high-throughput sequencing, and constructed
AMPK-related circRNA regulatory network in this study.
However, the researchers also realized many shortcom-
ings and defects, the first is the limitation of functional
verification. Although this study constructed AMPK-
related differentially expressed circrnas and constructed
the regulatory network, the function of these circr-
nas was not directly verified, such as overexpression or
knockdown experiments in vivo or in vitro. In the future,
we plan to conduct functional intervention experiments
of circRNA in in vitro cell model and mouse model to
further verify its specific role in MIRI. The second is
the selection of sample size. This study follows the ethi-
cal issues in animal research: the principles of three R’s
(replacement, reduction, and refinement). Based on the
reports in the existing literature and combined with the
limitations of actual experimental resources, we chose a
sample size of 8 C57 mice per group. The expression and
function of these circrnas were validated in different spe-
cies to enhance the generalization and reliability of the
results. Thirdly, the depth of mechanism research. This
study mainly puts forward the hypothesis that circRNA
may affect AMPK pathway based on ceRNA regulatory
mechanism, and fails to explore other potential mecha-
nisms in depth. In order to understand the multi-dimen-
sional regulatory mechanism of circRNA in MIRI more
comprehensively. However, its clinical application still
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needs to be verified. In the future, specific circRNA may
be screened in clinical samples to evaluate its expression
in patients, so as to promote the potential clinical trans-
formation of circRNA. This study provides new clues and
experimental basis for the development and transfor-
mation of myocardial protective drugs based on AMPK
targets.
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