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ARTICLE INFO ABSTRACT
Keywords: An increase in acute myocardial infarction (AMI)-related deaths has been reported during the COVID-19
SARS-CoV-2 pandemic. Despite evidence suggesting the association between severe acute respiratory syndrome coronavi-

Acute myocardial infarction
Molecular mechanisms
Computational biology

rus 2 (SARS-CoV-2) infection and AMI, the underlying mechanisms remain unclear. Here, we integrated mRNA
and microRNA expression profiles related to SARS-CoV-2 infection and AMI from public databases. We then
performed transcriptomic analysis using bioinformatics and systems biology approaches to explore the potential
molecular mechanisms of SARS-CoV-2 infection affects AMI. First, twenty-one common differentially expressed
genes (DEGs) were identified from SARS-CoV-2 infection and AMI patients in endothelial cells datasets and then
we performed functional analysis to predict the roles of these DEGs. The functional analysis emphasized that the
endothelial cell response to cytokine stimulus due to excessive inflammation was essential in these two diseases.
Importantly, the tumor necrosis factor and interleukin-17 signaling pathways appeared to be integral factors in
this mechanism. Interestingly, most of these common genes were also upregulated in transcriptomic datasets of
SARS-CoV-2-infected cardiomyocytes, suggesting that these genes may be shared in cardiac- and vascular-related
injuries. We subsequently built a protein-protein interaction network and extracted hub genes and essential
modules from this network. At the transcriptional and post-transcriptional levels, regulatory networks with
common DEGs were also constructed, and some key regulator signatures were further identified and validated. In
summary, our research revealed that a highly activated inflammatory response in patients with COVID-19 might
be a crucial factor for susceptibility to AMI and we identified some candidate genes and regulators that could be
used as biomarkers or potential therapeutic targets.

1. Introduction rapidly and widely around the world and poses a threat to human health.
As of August 2022, COVID-19 has killed over 1 million individuals in the

Coronavirus disease 2019 (COVID-19), which is caused by severe United States [1]. It is estimated that there were 180 excess deaths per
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread 100,000 individuals in the United States in 2020 and 2021 [2]. An
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earlier study showed that 64 of 138 (46.4 %) hospitalized patients had
comorbidities, including cardiovascular disease, diabetes, hypertension,
and chronic obstructive pulmonary disease [3]. A meta-analysis and a
study that analyzed 1590 SARS-CoV-2-infected hospitalized patients
observed that cardiovascular disease was the third most common
complication [4,5].

Acute myocardial infarction (AMI) represents a major cause of
morbidity and mortality worldwide and has attracted considerable
attention in patients with COVID-19 [6]. Prior epidemiological studies
have linked SARS-CoV-2 infection to acute cardiovascular syndrome,
and the excess rise in AMI-related deaths in the United States has been
reported during the COVID-19 pandemic [6,7]. A high incidence rate of
myocardial infarction, myocarditis, and cardiac arrest has been recorded
in patients with COVID-19 [8]. Moreover, AMI may be represented as
the first clinical manifestation of COVID-19, and the potential role of
genetic susceptibility in COVID-19-related cardiac complications has
been reported [9,10]. Based on these findings, we hypothesized that
common molecular pathways shared between COVID-19 and AMI might
be activated during SARS-CoV-2 infection and result in cardiovascular
complications.

SARS-CoV-2 infects host cells by binding to angiotensin-converting
enzyme 2 receptors, which are expressed in the lungs, vascular system
(endothelial cells, vascular smooth muscle cells, and migratory angio-
genic cells, etc.), and the heart (cardiofibroblasts, cardiomyocytes,
endothelial cells, and epicardial adipose cells, etc.) [11]. Therefore,
although the primary target of SARS-CoV-2 in patients with COVID-19 is
the respiratory tract, the cardiovascular system can be involved. A prior
study highlighted that SARS-CoV-2 could infect endothelial cells, lead-
ing to diffuse endothelial inflammation [12]. Moreover, substantial
evidence indicates that endothelial dysfunction, especially changes in
vascular integrity and coagulation ability, may be the pivotal factor in
determining clinical outcomes for COVID-19 patients [12,13]. Endo-
thelial cell also plays the frontline role in initiating and modulating the
pathogenesis of AMI. From this perspective, analyzing the endothelial
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cells from COVID-19 and AMI patients is key to understanding the
pathogenesis of these two diseases.

The development of microarray and accurate RNA-sequencing
technology provides an excellent opportunity to understand patho-
genic molecular mechanisms further. In this study, bioinformatics
analysis was used to determine the key biological factors and pathways
between SARS-CoV-2 infection and AMI, which could contribute to the
early detection and treatment of COVID-19-related AMI.

2. Materials and methods
2.1. Overview of the analysis workflow of the study

The analysis workflow of this study is shown in Fig. 1. Briefly, two
datasets from the Gene Expression Omnibus (GEO) database were
downloaded first, including 1) GSE178331, an RNA-Seq dataset that
represents the transcriptomic data of endothelial cells in patients with
SARS-CoV-2 infection, and 2) GSE66360, a microarray dataset that de-
scribes the transcriptomic data of endothelial cells in patients with AMIL.
Then the differentially expressed genes (DEGs) were extracted for
GSE178331 and GSE66360 datasets, respectively. The common DEGs
were defined as the overlapped DEGs between the two datasets. To
explore the biological functions of the common DEGs at the pathway
level, the pathway enrichment analysis was utilized (using Gene
Ontology [GO] and Kyoto Encyclopedia of Genes and Genomes [KEGG]
databases). Next, to explore if the common DEGs were also induced in
the SARS-CoV-2-infected cardiomyocyte cells, we further downloaded
two more transcriptomic datasets (GSE150392 and GSE162736) to
validate our results. Finally, to extract the critical genes in the regulation
network of common DEGs, a protein-protein interaction (PPI) network
was constructed to discover the hub genes and gene modules. Addi-
tionally, we further detected and validated the key transcription factors
(TFs) and microRNAs (miRNAs) that regulate the expression of these
hub genes by analyzing the TF-gene interaction network, the miRNA-
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Fig. 1. Flowchart of the bioinformatics analysis.
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target gene network, and corresponding datasets.

2.2. GEO datasets in the study

We used the keywords “acute myocardial infarction” or “SARS-CoV-
2 or COVID-19” to search publicly available COVID-19 and AMI tran-
scriptomic datasets from the GEO (https://www.ncbi.nlm.nih.
gov/geo/). Datasets GSE178331, GSE66360, GSE150392, GSE162736
and GSE178246 were selected. GSE178331 is an expression dataset
generated by high-throughput sequencing, including the sequencing of
human umbilical vein endothelial cells (HUVECs) stimulated with
plasma from patients with COVID-19 [14]. In the AMI dataset
(GSE66360) [15], circulating endothelial cells were isolated from pa-
tients experiencing AMI and healthy subjects. The GSE150392 was
derived from human induced pluripotent stem cell-derived -car-
diomyocytes infected with SARS-CoV-2 [16]. The GSE162736 dataset
was also selected, which included transcriptomic data of SARS-CoV-2-
infected cardiomyocytes differentiated from embryonic stem cell [17].
And the GSE178246 dataset was downloaded, which included the whole
transcriptome miRNA profile from the plasma of COVID-19 patients.
The detailed information on the datasets used in this study is provided in
Supplementary Table 1. All data are available online for free. This study
did not include any newly generated datasets on humans or animals.

2.3. General statistical analysis, bioinformatics and data visualization

The most statistical analysis and data visualization were performed
using R language (version 4.1.3). The multiple comparisons were
adjusted by the Benjamini & Hochberg method (BH) using the “p.adjust”
function in R. Differences in quantitative genes expression in both
datasets were analyzed using Student’s t-test, Weltch t-test and Mann-
Whitney U test, with normality evaluated by Shapiro-Wilk normality
test and variance homogeneity tested through Leven’s test. In addition,
the Kruskal-Wallis test for multiple comparisons of genes expression
were also performed. p-Values < 0.05 were considered statistically sig-
nificant. The R package “ggplot2” was used to perform most of the data
visualization in this study.

2.4. Identification of DEGs and common DEGs between COVID-19 and
AMI datasets

For the GSE178331, the raw counts were extracted, and the R
package DESeq2 [18] was used to identify DEGs from pooled pHUVECs
either unstimulated or stimulated with plasma from patients with
COVID-19. For the AMI GSE66360 dataset, the microarray data was
analyzed using the GEO2R (https://www.ncbi.nlm.nih.gov/geo/g
eo2r/) web tool to identify the DEGs. The conditions for identification
of DEGs were: BH-adjusted p-value < 0.05 and absolute logFC > 1.0 (FC:
fold change). Common DEGs between the two datasets were acquired
using the UpSetR package.

2.5. GO and KEGG pathway analysis

GO analysis is a standard method for large-scale functional enrich-
ment research. Gene functions can be divided into biological process,
molecular function, and cellular component. KEGG pathway analysis is
used to understand genomes, biological pathways, and other high-level
functions from molecular-level information. In this study, the GO
annotation and KEGG pathway enrichment analyses were performed
using the R package clusterProfiler [19]. Briefly, symbol gene IDs were
first converted to Entrez gene IDs and enrichment analysis was per-
formed with clusterProfiler by mapping the gene to the background set.
Based on the threshold p-value < 0.05, GO terms and signal pathways
with significant enrichment were screened out.
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2.6. Analysis of the expression of identified genes in cardiomyocytes
infected with SARS-CoV-2

We detected whether the expression of the identified genes was also
induced specifically in SARS-CoV-2-infected cardiomyocytes. The
expression of the identified common genes in the GSE150392 and
GSE162736 datasets, which included data from cardiomyocytes infected
with SARS-CoV-2 in vitro, was further explored.

2.7. PPI network construction and hub genes identification

Cell viability depends on a complex web of functional associations
between biomolecules. A protein interacts with many other proteins
inside the cell, and this interaction is important for the function and
regulation of the protein. The Search Tool for the Retrieval of Interacting
Genes (STRING) database (http://string-db.org/) was designed to
construct the PPI network [20]. To evaluate potential PPI relationships,
first, the common DEGs were mapped to the STRING database. Next, we
added an additional first shell of interactors (only direct interactors) to
the number of DEGs in the network to increase the network size. We set
the confidence score to 0.4, considered a medium confidence score.
Subsequently, the PPI network was visualized using Cytoscape software
(www.cytoscape.org/). CytoHubba, a plugin in Cytoscape, offers 11
algorithms for hub gene identification. We employed its degree algo-
rithm to determine the top five genes based on protein node connec-
tivity. This algorithm effectively highlights genes with the highest
number of connections, pinpointing key players in gene interaction
networks. To achieve more robust conclusions, we further validated
their importance using the remaining ten algorithms. Based on these hub
genes, we established a coexpression network and performed functional
analysis using GeneMANIA (http://www.genemania.org/). GeneMANIA
uses different parameters, including genetic and protein interaction,
coexpression, colocalization, pathways, and protein domain similarities,
to predict the interaction of the input gene with other genes [21]. Mo-
lecular Complex Detection, another plugin in Cytoscape (http://apps.
cytoscape.org/apps/mcode), was used to detect the highly inter-
connected portion of the PPI network with default parameters.

Construction of the transcriptional regulation network and verifica-
tion of TFs.

The Transcriptional Regulatory Relationships Unraveled by
Sentence-based Text-mining(TRRUST, http://www.grnpedia.org/trrust
/) database presents the relationships between TFs and genes based on
the existing literature [22]. Using the TRRUST database of human
transcriptional regulatory interactions, potential key TFs of the common
genes were identified to build a TF-gene interaction network. FDR (false
discovery rate) < 0.05 was considered significant. Subsequently, we
verified the expression levels of these TFs in the GSE178331 and
GSE66360 datasets.

2.8. Construction of the miRNA-gene interaction network and validation
of miRNAs

TFs and miRNAs coregulate the expression of genes at the tran-
scriptional and post-transcriptional levels, respectively. The roles of
miRNAs are being studied in almost every area of biology. We used the
NetworkAnalyst  (https://www.networkanalyst.ca)  platform  to
construct the miRNA-gene interaction network [23]. The network pro-
duced for the miRNA-gene interaction network was obtained from the
miRTarBase, which is included in the NetworkAnalyst platform. The
Cytoscape software was used to visualize the results. The expression of
crucial identified miRNAs was verified in the GSE178246 dataset.


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://www.ncbi.nlm.nih.gov/geo/geo2r/
http://string-db.org/
http://www.cytoscape.org/
http://www.genemania.org/
http://apps.cytoscape.org/apps/mcode
http://apps.cytoscape.org/apps/mcode
http://www.grnpedia.org/trrust/
http://www.grnpedia.org/trrust/
https://www.networkanalyst.ca

E. Xie et al.

3. Results

3.1. Common dysregulated genes were identified between COVID-19 and
AMI

We hypothesized that COVID-19 affects the risk factors of AMI,
which aggravate the mortality of AMI patients. So, we first explore if
COVID-19 and AMI could dysregulate the same genes in the patients. For
the COVID-19 (GSE178331) dataset, 360 DEGs were identified,
including 266 upregulated and 94 downregulated genes (Fig. 2A). For
the AMI dataset (GSE66360), 657 DEGs were identified, including 463
upregulated and 194 downregulated genes (Fig. 2B). Interestingly, 21
common DEGs were identified between COVID-19 and AMI datasets
(Fig. 2C, and Supplementary Table 2). Among the 21 common DEGs, 20
genes were upregulated (CCL20, CH25H, CXCL8, DUSP1, EGR1, EGR3,
EIF1AY, FOSB, ICAM1, KLF4, LIF, MGP, NR4A3, PFKFB3, PLXDC2,
PTGS2, RPS4Y1, SERPINB2, SIK1, and SULF1) and one gene was
downregulated (PATJ, also designated as INADL) in both two datasets.
This result demonstrated that the COVID-19 and AMI patients share the
same dysregulated genes (common DEGs), which indicates that COVID-
19 may aggravate the AMI disease via those genes.

3.2. Endothelial cell response to inflammatory stimulus in COVID-19
drive the occurrence of AMI

To explore the biological function of the 21 common DEGs between
COVID-19 and AMI at a higher level, the pathway enrichment analyses
(GO and KEGG database) of the common DEGs were performed. Inter-
estingly, most of the enriched GO terms and pathways from the 21
common DEGs are related to inflammation and immune responses
(Fig. 3A-D). For example, in biological process category, the cellular
response to chemical stimulus, cellular response to endogenous stim-
ulus, and cellular response to cytokine stimulus were significantly
enriched. For cellular component category, the membrane raft, mem-
brane microdomain, and membrane region were enriched, and they play
important roles in signal transduction of immune responses [24]. For the
molecular function category, the histone acetyltransferase binding,
transcription cofactor binding, promoter-specific chromatin binding,
chemokine receptor binding and cytokine receptor binding were
enriched. Additionally, for the KEGG pathway enrichment analysis, the
tumor necrosis factor (TNF) signaling pathway and the interleukin (IL)-
17 signaling pathway were enriched, which play a central role in the
control of infections [25]. In summary, all the pathway enrichment re-
sults strongly suggest that endothelial cell response to inflammatory
stimulus mediated by cytokines in COVID-19 may drive the occurrence
of AMI.
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3.3. SARS-CoV-2 cause the cardiovascular complications in patients

As cardiovascular complications in COVID-19 has been recognized as
a predictor of mortality, we also carried out in silico analysis of publicly
available datasets derived from cardiomyocytes infected with SARS-
CoV-2 to decipher the molecular basis in the pathogenesis of cardiac
and vascular injuries in COVID-19. Specifically, we want to know if the
common dysregulated genes can also be found in the cardiomyocyte
infected by SARS-CoV-2. The GSE150392 and GSE162736 datasets were
utilized and analyzed. Interestingly, we found that the vast majority of
common dysregulated genes (17/21, 81.0 %, including CH25H, CXCLS8,
DUSP1, EGR1, EGR3, FOSB, ICAM1, KLF4, LIF, MGP, NR4A3, PFKFB3,
PLXDC2, PTGS2, SERPINB2, SIK1, and SULF1) in AMI and COVID-19
patients were also significantly upregulated (SARS-CoV-2-infected
compared to mock-infected cells, Supplementary Fig. 1). According to
biological function analysis of the 21 common DEGs as previously
mentioned, it is obvious that the inflammation caused by SARS-CoV-2 is
also the potential cause of cardiovascular complications in patients with
COVID-19, which may contribute to myocardial injury.

3.4. Identification of the hub genes in the PPI network

We then want to explore the hub genes in the PPI network con-
structed using the common DEGs. We first predicted the protein in-
teractions among the DEGs using the STRING tool. Nineteen proteins in
Homo sapiens were matched with our input genes. After removing the
disconnected nodes in the network, a PPI network with 35 nodes and
352 edges was constructed (Fig. 4A). We initially assessed the impor-
tance of nodes by their connectivity degree. The top five genes identified
as hub genes in the PPI network (IL1B, CXCL8, CTNNBI, FOS, and
PTGS2, as shown in Table 1) were then validated using ten additional
algorithms. A comprehensive analysis was conducted by extracting the
top ten genes from each algorithm. It’s noteworthy that these five genes
were featured in 10 out of the 11 algorithms utilized, although they were
not included in the DMNC algorithm (Supplementary Fig. 2A). Their
consistent high ranking across these algorithms confirms their reliability
as hub genes (Supplementary Fig. 2B). We then extracted the sub-PPI
network containing the hub genes and their directly connected genes
(Fig. 4B). Based on GeneMANIA, we analyzed the coexpression network
and related functions of these genes. A total of 20 predicted genes were
included in this coexpression pattern. These genes showed the complex
network with physical interactions of 77.64 %, coexpression of 8.01 %,
predicted components of 5.37 %, colocalization of 3.63 %, genetic in-
teractions of 2.87 %, pathway of 1.88 % and shared protein domains of
0.60 % (Fig. 4C). Functional annotation analysis showed that those 5
hub genes were involved in inflammatory processes, including the
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prostaglandin biosynthetic process, cytokine-related response, and
granulocyte migration, which was consistent with our previous results.
Subsequently, a vital module was extracted from the whole PPI network
using the Molecular Complex Detection algorithm, which contains 10
nodes and 45 edges (Fig. 4D). The GO enrichment analysis for the key
module emphasized the role of cytokine stimulus and cellular response
to stress in COVID-19 and AMI (Fig. 4E). In addition, the analysis of the
KEGG pathway demonstrated that the IL-17 and TNF signaling pathways
were the most prominent (Fig. 4F). It is noteworthy that six genes (IL1B,
FOS, CTNNB1, JUN, MAPK14, and DUSP1) were also involved in fluid
shear stress and atherosclerosis. At the same time, the module was also
correlated with several types of infections, like Kaposi sarcoma-
associated herpesvirus infection, pertussis, leishmaniasis, and Chagas
disease. These results suggest that there may be molecular crosstalk
between COVID-19 and some infection diseases. And these findings are
also supported by previous studies. For example, systemic reactivation
of herpesviruses has been reported in COVID-19 patients [26] and a
multi-omics-based research found that bacterial, parasitic, and proto-
zoan infection pathways are shared in SARS-CoV-2 infection [27].

3.5. Identification and verification of key transcriptional factors

We next want to know what are the related key transcriptional reg-
ulators of the common dysregulated genes between COVID-19 and AMI
using the TRRUST database. Finally, 30 key transcriptional regulator
factors were identified using the 21 common DEGs (Table 2). The TF-
target gene transcriptional regulation network is shown in Fig. 5A.
Interestingly, three key TFs (EGR2, NFKBIA, ZFP36) were all signifi-
cantly upregulated in the endothelial cells of patients with AMI and

COVID-19 (Figs. 5B, C). They participated in the regulation of five genes
(SERPINB2, LIF, PTGS2, ICAM1, and CXCL8), which were involved in
inflammation-related signal pathways.

3.6. MiRNA-gene interaction network construction and validation

The discovery and development of miRNAs have been viewed as
potential sources of genomic medicine after viral infection, based on
their gene silencing functions. Exploring the function of miRNAs after
viruses invade will assist in providing novel and effective targets for the
exploration and development of innovative therapeutic strategies. More
importantly, miRNAs have been proved to be closely associated with
diseases, which can not only provide detailed prognosis information, but
also provide insight into the mechanism [28]. In our study, a set of 405
miRNAs was identified. Fig. 6A showed the miRNA-gene interaction
network, which had 426 nodes and 500 edges. The miRNAs with the
greatest degree were miR-26b-5p, miR-335-5p, miR-124-3p, let-7b-5p,
let-7a-5p and miR-146a-5p (Supplementary Table 3). A hierarchical
clustering heatmap of key miRNAs is shown in Supplementary Fig. 3.
Interestingly, we found that as the severity of the disease increased, the
expression of these six miRNAs in the plasma of patients with COVID-19
decreased significantly (Fig. 6B).

4. Discussion

While respiratory failure remains the primary complication of SARS-
CoV-2 infection, the cardiovascular complications arising from the virus
have garnered significant attention. Many COVID-19 patients exhibit
cardiovascular involvement, exacerbating the risk of complications
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Table 1

Top five hub genes with higher degrees of connectivity.
Gene symbol Gene description Degree
IL1B Interleukin 1 beta 46
CXCL8 C-X-C motif chemokine ligand 8 44
CTNNB1 Catenin beta 1 38
FOS Fos proto-oncogene 38
PTGS2 Prostaglandin-endoperoxide synthase 2 36

Table 2

Search results of key regulators using the Transcriptional Regulatory Relation-
ships Unraveled by Sentence-based Text-mining database.

Key TF FDR Target genes

HDAC1 3.80E—-07 KLF4, EGR1, CXCL8, PTGS2, ICAM1
STAT6 9.78E—-07 FOSB, CXCL8, PTGS2, DUSP1
ETS2 5.77E—05 EGR1, CXCL8, ICAM1

RELA 0.000102 EGR1, CXCL8, ICAM1, PTGS2, CCL20
NFKB1 0.000102 EGR1, CXCLS8, ICAM1, CCL20, PTGS2
NFATC1 0.000123 EGR3, ICAM1

ZFP36 0.000141 SERPINB2, CXCL8

EGR2 0.000159 LIF, PTGS2

PPARG 0.000173 KLF4, PTGS2, ICAM1

APC 0.000232 PTGS2, KLF4

ING4 0.000335 CXCL8, PTGS2

CEBPD 0.000397 CCL20, PTGS2

NFKBIA 0.00046 ICAM1, CXCL8

HDAC4 0.000687 PTGS2, KLF4

PGR 0.000697 PTGS2, DUSP1

ERG 0.000719 ICAM1, CXCL8

HDAC2 0.000719 CXCL8, KLF4

STAT3 0.000826 PTGS2, ICAM1, CXCL8

ATF2 0.000826 PTGS2, DUSP1

CDX2 0.000826 PTGS2, KLF4

JUN 0.000826 CXCL8, PTGS2, MGP

ATF4 0.000936 PTGS2, CXCL8

EP300 0.00227 PTGS2, CXCL8

FOS 0.00227 PTGS2, CXCL8

CEBPB 0.00241 CXCLS8, PTGS2

STAT1 0.00449 ICAM1, PTGS2

EGR1 0.00474 CXCL8, PTGS2

CREB1 0.00477 NR4A3, PTGS2

TPS3 0.0146 EGR1, DUSP1

SP1 0.0148 ICAM1, EGR1, PTGS2

TF: transcription factor; FDR: false discovery rate.

related to SARS-CoV-2 [29]. In alignment with our prior research find-
ings [6,301], which linked the increase in AMI-related mortality with the
COVID-19 pandemic, we proposed a hypothesis centered around the
interaction between AMI and COVID-19. This hypothesis posits that
SARS-CoV-2 infection may trigger shared molecular pathways in both
AMI and COVID-19. Although earlier study has attempted to decipher
the molecular mechanisms of cardiac injury post-COVID-19 [31], they
were limited by the use of restricted datasets and lacked comprehensive
analysis, such as restricted analytical scope, no independent data vali-
dation, and insufficient identification of regulatory elements. In this
study, we adopted a bioinformatics approach from the perspective of
AMI, utilizing multiple datasets to explore the molecular mechanisms of
cardiac injury following SARS-CoV-2 infection. Our aim is to gain a
deeper understanding of the high incidence of cardiovascular compli-
cations in COVID-19 patients.

Endothelial function is a primary determinant in the outcome of
COVID-19, and endothelial cell injury is the earliest event of athero-
sclerosis and subsequent AMI complications. We first analyzed endo-
thelial cells from COVID-19 and AMI datasets. A total of 21 common
DEGs were identified in the COVID-19 and AMI datasets. GO, and KEGG
pathway enrichment analysis revealed that these genes were signifi-
cantly enriched in inflammatory and immune pathways. Endothelial cell
response to cytokine stimulus due to excessive inflammation was
involved in the development of these two inflammatory diseases. Recent

American Heart Journal Plus: Cardiology Research and Practice 44 (2024) 100417

literature on the pathogenesis of COVID-19 has demonstrated that the
induction of severe acute respiratory distress phenotype is driven by a
mismatched inflammatory response and extensive vascular dysfunction
[32]. Thrombosis, fluid exosmosis and microvascular lesions observed in
small blood vessels and capillaries of the lung also support the view that
patients with severe disease have strong vascular reactions [33]. Study
has shown that with the aggravation of the severity of COVID-19,
endothelial cell dysfunction, cell death, and metabolic changes in-
crease [34]. The lack of integrity or dysfunction of normal endothelium
leads to a susceptibility of atherosclerotic plaque rupture [35]. More-
over, cytokines act as the major stimulators of atherosclerosis. The in-
flammatory state that leads to the production of circulating cytokines,
such as ILs and TNF, can activate inflammatory cells in atherosclerotic
plaques [36]. Thus, atherosclerotic patients infected with SARS-CoV-2
may be more susceptible to COVID-19-mediated AMI. We observed
that the TNF and IL-17 signaling pathways, which are the main mech-
anisms involved in the production of inflammatory cytokines, were the
most significantly enriched pathways, indicating their critical roles in
the two diseases. Correspondingly, some studies have also observed the
importance of the relationship between these signaling pathways, SARS-
CoV-2 infection and AMI [37,38]. Overall, our findings could explain
molecular pathogenesis of the two diseases, including acute inflamma-
tory reactions caused by infection, which may induce endothelial
dysfunction, hypercoagulability and acute thrombosis, leading to an
increased risk of severe cardiac ischemic injury.

Increased troponin levels in COVID-19 are associated with severe
illness and higher mortality, which emphasizes that myocardial injury is
a prognostic factor [39]. In SARS-CoV-2-infected cardiomyocytes, our
analysis showed that 17 of the 21 DEGs were upregulated, suggesting
that these genes may be shared in cardiac and vascular-related injuries.
In fact, in addition to the myocardial infarction caused by ischemia,
SARS-CoV-2 can aggravate cardiac damage by inducing myocardial
inflammation. Endomyocardial biopsy of a patient with COVID-19
showed diffuse T lymphocytic inflammatory infiltrates, which pro-
vided evidence of myocardial inflammation [40]. In another study,
endomyocardial biopsy of a patient with COVID-19 demonstrated low-
grade myocardial inflammation, while SARS-CoV-2 particles were
observed in interstitial macrophages but not in cardiac myocytes [41].
In general, SARS-CoV-2 could contribute to myocardial inflammation,
leading to cardiac dysfunction. Prevention of cytokine-induced cardiac
dysfunction may limit severe outcomes in inflammatory diseases.

A PPI network was constructed to investigate the interrelationship of
the DEGs. Five hub genes, including IL1B, CXCL8, CTNNBI1, FOS, and
PTGS2, were identified. IL1B, the primary form of circulating IL-1, is
critically involved in inflammatory processes that lead to the develop-
ment of atherosclerotic plaques and acute coronary syndrome [42].
Huang et al. [43] reported higher blood levels of IL1B in patients
infected with SARS-CoV-2 than in healthy adults. The protein encoded
by CXCL8 (also known as IL-8) is a member of the C-X-C chemokine
family and is a major mediator of the inflammatory response. This
proinflammatory protein was been demonstrated to play a role in AMI
and COVID-19 [44,45]. CTNNBI, targeted by SARS-CoV-2 miRNAs [46],
encodes f-catenin, which is a key integral part of the canonical Wnt/
B-catenin pathway. The activation of the Wnt/f-catenin pathway en-
hances the transcription of target genes involved in inflammation,
endothelial dysfunction, and vascular smooth muscle cell proliferation
[47]. The protein encoded by the FOS gene is closely related to cell
apoptosis. FOS is a key biomarker of coronary artery disease progression
and AMI occurrence [48]. COX-2 (encoded by PTGS2) can be induced in
various cell types (including monocytes/macrophages, vascular endo-
thelial cells, and colorectal cancer cells) in response to inflammatory
cytokines, laminar shear stress, and growth factors. It has been shown to
regulate lung inflammation and injury observed in patients with COVID-
19 [49]. The functional analysis of these genes suggests that they are
likely to play a central role in the occurrence and development of AMI
after SARS-CoV-2 infection. Furthermore, highly dense modules were
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extracted from the PPI network. Notably, the five hub DEGs were all
involved in the modules. The functional analysis of the hub genes and
key modules emphasized the core pathogenesis of inflammatory stim-
ulus mediated by cytokines. Specifically, the pathway of fluid shear
stress and atherosclerosis was highly enriched. The pathway is involved
in the tangential stress due to the friction of flowing blood on the
endothelial surface of the arterial wall [50]. Disturbed flow patterns
induce inflammatory activation of the endothelium [51], and the in-
fluence of this pathway in COVID-19 should be examined further.

In addition, we found that 30 key TFs may regulate these common
genes. By further verification, three TFs (EGR2, NFKBIA and ZFP36) are
highly expressed in AMI and COVID-19, and they could be major drivers
for the progression of COVID-19 complicated with AMI by promoting
the expression of proinflammatory genes. Circulating profiles of plasma
miRNAs are associated with SARS-CoV-2 infection [52]. As a potential
biomarker, miRNA could provide a breakthrough therapeutic strategy
for the diagnosis and management of COVID-19. Therefore, we further
studied miRNAs associated with the common DEGs. By analyzing the
miRNA-gene interaction network, miR-26b-5p, miR-335-5p, miR-124-
3p, let-7b-5p, let-7a-5p, and miR-146a-5p had the highest connectiv-
ity, indicating that they may play important regulatory roles in the
shared pathogenesis. More importantly, we found that these miRNAs in
the plasma were significantly related to the severity of COVID-19. This
observation could lead to the development of biomarkers to determine

the severity of COVID-19 from patient blood samples collected at
admission.

Our research has some limitations. First, this is a retrospective study,
and more studies are needed to verify our findings. Second, some
datasets are derived from in vitro models. Therefore, data from in vivo
samples may better explain the microenvironment changes of COVID-
19. Last, the association between the identified biomarkers and clin-
ical outcomes was not experimentally verified. This will be the focus of
our future work.

In summary, our study identified common DEGs between SARS-CoV-
2 infection and AMI, followed by an extensive bioinformatics analysis.
Our research revealed that a highly activated inflammatory response in
patients with COVID-19 might be a crucial factor for susceptibility to
AMLI. Furthermore, we pinpointed potential genes, transcription factors
(TFs), and miRNAs that hold promise as biomarkers or therapeutic tar-
gets. This research offers novel insights, paving the way for further
exploration of the intricate molecular mechanisms underlying AMI in
the context of SARS-CoV-2 infection.

Sources of funding

There is no funding for this work.



E. Xie et al.

American Heart Journal Plus: Cardiology Research and Practice 44 (2024) 100417

@ miRNA @ Genes

e o Pren
wrr
25 P ek

—_—
ok Sk
—

e
S
1

Expression

Type

@ control

@ wild COVID-19

@ woderate COVID-19
@ severe COVID-19

T T T
miR-26b-5p miR-335-5p miR-124-3p

T T
let-7b-5p let-7a-5p

T
miR-146a-5p

Fig. 6. (A) MiRNA-gene interaction network. (B) The expression level of six key miRNAs in varying degrees of COVID-19 severity. *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001.
Ethical statement

This study did not require ethics committee approval.
CRediT authorship contribution statement

Enrui Xie: Conceptualization, Data curation, Formal analysis.
Xiaotao Shen: Conceptualization, Data curation, Formal analysis. Yee
Hui Yeo: Conceptualization, Data curation, Formal analysis. Zixuan
Xing: Conceptualization, Data curation. Joseph E. Ebinger: Investiga-
tion. Yixuan Duan: Investigation. Yue Zhang: Investigation. Susan
Cheng: Investigation. Fanpu Ji: Conceptualization, Funding acquisi-
tion. Jie Deng: Conceptualization, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
All data used to support the findings of this study are available from

the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/).

Acknowledgments

The authors are grateful who have participated in this research work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0org/10.1016/j.ahjo.2024.100417.


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1016/j.ahjo.2024.100417
https://doi.org/10.1016/j.ahjo.2024.100417

E. Xie et al.

References

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

A. Awadasseid, Y. Wu, Y. Tanaka, W. Zhang, Current advances in the development
of SARS-CoV-2 vaccines, Int. J. Biol. Sci. 17 (1) (2021) 8-19, https://doi.org/
10.7150/ijbs.52569.

W. Haidong, R.P. Katherine, A.P. Spencer, W. Stefanie, C. Haley, Z. Peng, et al.,
Estimating excess mortality due to the COVID-19 pandemic: a systematic analysis
of COVID-19-related mortality, 2020-21, Lancet 399 (10334) (2022) 1513-1536,
https://doi.org/10.1016/50140-6736(21)02796-3.

D. Wang, B. Hu, C. Hu, F. Zhu, X. Liu, J. Zhang, et al., Clinical characteristics of 138
hospitalized patients with 2019 novel coronavirus-infected pneumonia in Wuhan,
China, JAMA 323 (11) (2020) 1061-1069, https://doi.org/10.1001/
jama.2020.1585.

J. Yang, Y. Zheng, X. Gou, K. Pu, Z. Chen, Q. Guo, et al., Prevalence of
comorbidities and its effects in patients infected with SARS-CoV-2: a systematic
review and meta-analysis, Int. J. Infect. Dis. 94 (2020) 91-95, https://doi.org/
10.1016/j.1jid.2020.03.017.

W. Guan, W. Liang, Y. Zhao, H. Liang, Z. Chen, Y. Li, et al., Comorbidity and its
impact on 1,590 patients with COVID-19 in China: a nationwide analysis, medRxiv
(2020) 2020-2022, https://doi.org/10.1101/2020.02.25.20027664.

Y.H. Yeo, M. Wang, X. He, F. Lv, Y. Zhang, J. Zu, et al., Excess risk for acute
myocardial infarction mortality during the COVID-19 pandemic, J. Med. Virol. 95
(1) (2023) e28187, https://doi.org/10.1002/jmv.28187.

R.K. Wadhera, C. Shen, S. Gondi, S. Chen, D.S. Kazi, R.W. Yeh, Cardiovascular
deaths during the COVID-19 pandemic in the United States, J. Am. Coll. Cardiol. 77
(2) (2021) 159-169, https://doi.org/10.1016/j.jacc.2020.10.055.

S. Shi, M. Qin, B. Shen, Y. Cai, T. Liu, F. Yang, et al., Association of cardiac injury
with mortality in hospitalized patients with COVID-19 in Wuhan, China, JAMA
Cardiol. 5 (7) (2020) 802-810, https://doi.org/10.1001/jamacardio.2020.0950.
G.G. Stefanini, M. Montorfano, D. Trabattoni, D. Andreini, G. Ferrante, M. Ancona,
et al., ST-elevation myocardial infarction in patients with COVID-19: clinical and
angiographic outcomes, Circulation 141 (25) (2020) 2113-2116, https://doi.org/
10.1161/CIRCULATIONAHA.120.047525.

J.R. Giudicessi, D.M. Roden, A. Wilde, M.J. Ackerman, Genetic susceptibility for
COVID-19-associated sudden cardiac death in African Americans, Heart Rhythm 17
(9) (2020) 1487-1492, https://doi.org/10.1016/j.hrthm.2020.04.045.

M. Gheblawi, K. Wang, A. Viveiros, Q. Nguyen, J.C. Zhong, A.J. Turner, et al.,
Angiotensin-converting enzyme 2: SARS-CoV-2 receptor and regulator of the renin-
angiotensin system: celebrating the 20th anniversary of the discovery of ace2, Circ.
Res. 126 (10) (2020) 1456-1474, https://doi.org/10.1161/
CIRCRESAHA.120.317015.

Z.Varga, A.J. Flammer, P. Steiger, M. Haberecker, R. Andermatt, A.S. Zinkernagel,
et al., Endothelial cell infection and endotheliitis in COVID-19, Lancet 395 (10234)
(2020) 1417-1418, https://doi.org/10.1016/50140-6736(20)30937-5.

C. Sardu, J. Gambardella, M.B. Morelli, X. Wang, R. Marfella, G. Santulli,
Hypertension, thrombosis, kidney failure, and diabetes: is COVID-19 an endothelial
disease? A comprehensive evaluation of clinical and basic evidence, J. Clin. Med. 9
(5) (2020), https://doi.org/10.3390/jcm9051417.

D. Gustafson, M. Ngai, R. Wu, H. Hou, A.C. Schoffel, C. Erice, et al., Cardiovascular
signatures of COVID-19 predict mortality and identify barrier stabilizing therapies,
Ebiomedicine 78 (2022) 103982, https://doi.org/10.1016/j.ebiom.2022.103982.
E.D. Muse, E.R. Kramer, H. Wang, P. Barrett, F. Parviz, M.A. Novotny, et al.,

A whole blood molecular signature for acute myocardial infarction, Sci. Rep. 7 (1)
(2017) 12268, https://doi.org/10.1038/s41598-017-12166-0.

A. Sharma, G.J. Garcia, Y. Wang, J.T. Plummer, K. Morizono, V. Arumugaswami, et
al., Human IPSC-derived cardiomyocytes are susceptible to SARS-CoV-2 infection,
Cell Rep. Med. 1 (4) (2020) 100052, https://doi.org/10.1016/].
xcrm.2020.100052.

S. Marchiano, T.Y. Hsiang, A. Khanna, T. Higashi, L.S. Whitmore, J. Bargehr, et al.,
SARS-CoV-2 infects human pluripotent stem cell-derived cardiomyocytes,
impairing electrical and mechanical function, Stem Cell Rep. 16 (3) (2021)
478-492, https://doi.org/10.1016/j.stemcr.2021.02.008.

M.L Love, W. Huber, S. Anders, Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2, Genome Biol. 15 (12) (2014) 550,
https://doi.org/10.1186/513059-014-0550-8.

G. Yu, L.G. Wang, Y. Han, Q.Y. He, Clusterprofiler: an r package for comparing
biological themes among gene clusters, Omics 16 (5) (2012) 284-287, https://doi.
org/10.1089/0mi.2011.0118.

D. Szklarczyk, A.L. Gable, K.C. Nastou, D. Lyon, R. Kirsch, S. Pyysalo, et al., The
string database in 2021: customizable protein-protein networks, and functional
characterization of user-uploaded gene/measurement sets, Nucleic Acids Res. 49
(D1) (2021) D605-D612, https://doi.org/10.1093/nar/gkaal074.

D. Warde-Farley, S.L. Donaldson, O. Comes, K. Zuberi, R. Badrawi, P. Chao, et al.,
The genemania prediction server: biological network integration for gene
prioritization and predicting gene function, Nucleic Acids Res. 38 (Web Server
issue) (2010) W214-W220, https://doi.org/10.1093/nar/gkq537.

H. Han, J.W. Cho, S. Lee, A. Yun, H. Kim, D. Bae, et al., Trrust v2: an expanded
reference database of human and mouse transcriptional regulatory interactions,
Nucleic Acids Res. 46 (D1) (2018) D380-D386, https://doi.org/10.1093/nar/
gkx1013.

J. Xia, E.E. Gill, R.E. Hancock, Networkanalyst for statistical, visual and network-
based meta-analysis of gene expression data, Nat. Protoc. 10 (6) (2015) 823-844,
https://doi.org/10.1038/nprot.2015.052.

P. Varshney, V. Yadav, N. Saini, Lipid rafts in immune signalling: current progress
and future perspective, Inmunology 149 (1) (2016) 13-24, https://doi.org/
10.1111/imm.12617.

10

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

American Heart Journal Plus: Cardiology Research and Practice 44 (2024) 100417

L. Monin, S.L. Gaffen, Interleukin 17 family cytokines: signaling mechanisms,
biological activities, and therapeutic implications, Cold Spring Harb. Perspect.
Biol. 10 (4) (2018), https://doi.org/10.1101/cshperspect.a028522.

A. Simonnet, I. Engelmann, A.S. Moreau, B. Garcia, S. Six, K.A. El, et al., High
incidence of Epstein-Barr virus, cytomegalovirus, and human-herpes virus-6
reactivations in critically ill patients with COVID-19, Infect. Dis. Now. 51 (3)
(2021) 296-299, https://doi.org/10.1016/j.idnow.2021.01.005.

D. Barh, S. Tiwari, M.E. Weener, V. Azevedo, A. Goes-Neto, M.M. Gromiha, et al.,
Multi-omics-based identification of SARS-cov-2 infection biology and candidate
drugs against Covid-19, Comput. Biol. Med. 126 (2020) 104051, https://doi.org/
10.1016/j.compbiomed.2020.104051.

D. Gustafson, K. Tyryshkin, N. Renwick, Microrna-guided diagnostics in clinical
samples, Best Pract. Res. Clin. Endocrinol. Metab. 30 (5) (2016) 563-575, https://
doi.org/10.1016/j.beem.2016.07.002.

N.S. Hendren, M.H. Drazner, B. Bozkurt, L.J. Cooper, Description and proposed
management of the acute COVID-19 cardiovascular syndrome, Circulation 141
(23) (2020) 1903-1914, https://doi.org/10.1161/
CIRCULATIONAHA.120.047349.

Y.H. Yeo, Y. Zhang, X. He, F. Lv, J.K. Patel, F. Ji, et al., Temporal trend of acute
myocardial infarction-related mortality and associated racial/ethnic disparities
during the omicron outbreak, J. Transl. Int. Med. 11 (4) (2023) 468-470, https://
doi.org/10.2478/jtim-2023-0125.

X. Liu, L. Lou, L. Zhou, Molecular mechanisms of cardiac injury associated with
myocardial SARS-CoV-2 infection, Front. Cardiovasc. Med. 8 (2021) 643958,
https://doi.org/10.3389/fcvm.2021.643958.

A. Dupont, A. Rauch, S. Staessens, M. Moussa, M. Rosa, D. Corseaux, et al.,
Vascular endothelial damage in the pathogenesis of organ injury in severe COVID-
19, Arterioscler. Thromb. Vasc. Biol. 41 (5) (2021) 1760-1773, https://doi.org/
10.1161/ATVBAHA.120.315595.

M. Ackermann, S.E. Verleden, M. Kuehnel, A. Haverich, T. Welte, F. Laenger, et al.,
Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in COVID-19,
N. Engl. J. Med. 383 (2) (2020) 120-128, https://doi.org/10.1056/
NEJMoa2015432.

G. Goshua, A.B. Pine, M.L. Meizlish, C.H. Chang, H. Zhang, P. Bahel, et al.,
Endotheliopathy in COVID-19-associated coagulopathy: evidence from a single-
centre, cross-sectional study, Lancet Haematol. 7 (8) (2020) e575-e582, https://
doi.org/10.1016/52352-3026(20)30216-7.

J.C. Sluimer, F.D. Kolodgie, A.P. Bijnens, K. Maxfield, E. Pacheco, B. Kutys, et al.,
Thin-walled microvessels in human coronary atherosclerotic plaques show
incomplete endothelial junctions relevance of compromised structural integrity for
intraplaque microvascular leakage, J. Am. Coll. Cardiol. 53 (17) (2009)
1517-1527, https://doi.org/10.1016/j.jacc.2008.12.056.

A. Mauriello, G. Sangiorgi, S. Fratoni, G. Palmieri, E. Bonanno, L. Anemona, et al.,
Diffuse and active inflammation occurs in both vulnerable and stable plaques of the
entire coronary tree: a histopathologic study of patients dying of acute myocardial
infarction, J. Am. Coll. Cardiol. 45 (10) (2005) 1585-1593, https://doi.org/
10.1016/j.jacc.2005.01.054.

P. Miossec, Proinflammatory cytokines and cardio-vascular risk: from myocardial
infarction tocytokine storm of COVID-19, Bull. Acad. Natl. Med. 205 (1) (2021)
43-48, https://doi.org/10.1016/j.banm.2020.10.012.

D. Wu, X.0. Yang, Th17 responses in cytokine storm of COVID-19: an emerging
target of jak2 inhibitor fedratinib, J. Microbiol. Immunol. Infect. 53 (3) (2020)
368-370, https://doi.org/10.1016/].jmii.2020.03.005.

F. Liu, F. Liu, L. Wang, COVID-19 and cardiovascular diseases, J. Mol. Cell Biol. 13
(3) (2021) 161-167, https://doi.org/10.1093/jmcb/mjaa064.

S. Sala, G. Peretto, M. Gramegna, A. Palmisano, A. Villatore, D. Vignale, et al.,
Acute myocarditis presenting as a reverse tako-tsubo syndrome in a patient with
SARS-CoV-2 respiratory infection, Eur. Heart J. 41 (19) (2020) 1861-1862,
https://doi.org/10.1093/eurheartj/ehaa286.

G. Tavazzi, C. Pellegrini, M. Maurelli, M. Belliato, F. Sciutti, A. Bottazzi, et al.,
Myocardial localization of coronavirus in COVID-19 cardiogenic shock, Eur. J.
Heart Fail. 22 (5) (2020) 911-915, https://doi.org/10.1002/ejhf.1828.

S. Pfeiler, H. Winkels, M. Kelm, N. Gerdes, Il-1 family cytokines in cardiovascular
disease, Cytokine 122 (2019) 154215, https://doi.org/10.1016/j.
cyto.2017.11.009.

C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, et al., Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China, Lancet 395 (10223) (2020)
497-506, https://doi.org/10.1016/50140-6736(20)30183-5.

C.R. Li, L.M. Wang, Z. Gong, J.F. Jiang, Q.L. Duan, W.W. Yan, et al., Expression
characteristics of neutrophil and mononuclear-phagocyte related genes mrna in the
stable angina pectoris and acute myocardial infarction stages of coronary artery
disease, J. Geriatr. Cardiol. 12 (3) (2015) 279-286, https://doi.org/10.11909/j.
issn.1671-5411.2015.03.021.

Y. Tan, F. Tang, SARS-CoV-2-mediated immune system activation and potential
application in immunotherapy, Med. Res. Rev. 41 (2) (2021) 1167-1194, https://
doi.org/10.1002/med.21756.

M.N. Aydemir, H.B. Aydemir, E.M. Korkmaz, M. Budak, N. Cekin, E. Pinarbasi,
Computationally predicted SARS-CoV-2 encoded microRNAs target NFKB, JAK/
STAT and TGFB signaling pathways, Gene Rep. 22 (2021) 101012, https://doi.org/
10.1016/j.genrep.2020.101012.

Z. Gao, X. Xu, Y. Li, K. Sun, M. Yang, Q. Zhang, et al., Mechanistic insight into
PPARy and Tregs in atherosclerotic immune inflammation, Front. Pharmacol. 12
(2021) 750078, https://doi.org/10.3389/fphar.2021.750078.

Q. Zhang, Y. Zheng, M. Ning, T. Li, KLRD1, FOSL2 and LILRB3 as potential
biomarkers for plaques progression in acute myocardial infarction and stable



https://doi.org/10.7150/ijbs.52569
https://doi.org/10.7150/ijbs.52569
https://doi.org/10.1016/S0140-6736(21)02796-3
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1101/2020.02.25.20027664
https://doi.org/10.1002/jmv.28187
https://doi.org/10.1016/j.jacc.2020.10.055
https://doi.org/10.1001/jamacardio.2020.0950
https://doi.org/10.1161/CIRCULATIONAHA.120.047525
https://doi.org/10.1161/CIRCULATIONAHA.120.047525
https://doi.org/10.1016/j.hrthm.2020.04.045
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.3390/jcm9051417
https://doi.org/10.1016/j.ebiom.2022.103982
https://doi.org/10.1038/s41598-017-12166-0
https://doi.org/10.1016/j.xcrm.2020.100052
https://doi.org/10.1016/j.xcrm.2020.100052
https://doi.org/10.1016/j.stemcr.2021.02.008
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkq537
https://doi.org/10.1093/nar/gkx1013
https://doi.org/10.1093/nar/gkx1013
https://doi.org/10.1038/nprot.2015.052
https://doi.org/10.1111/imm.12617
https://doi.org/10.1111/imm.12617
https://doi.org/10.1101/cshperspect.a028522
https://doi.org/10.1016/j.idnow.2021.01.005
https://doi.org/10.1016/j.compbiomed.2020.104051
https://doi.org/10.1016/j.compbiomed.2020.104051
https://doi.org/10.1016/j.beem.2016.07.002
https://doi.org/10.1016/j.beem.2016.07.002
https://doi.org/10.1161/CIRCULATIONAHA.120.047349
https://doi.org/10.1161/CIRCULATIONAHA.120.047349
https://doi.org/10.2478/jtim-2023-0125
https://doi.org/10.2478/jtim-2023-0125
https://doi.org/10.3389/fcvm.2021.643958
https://doi.org/10.1161/ATVBAHA.120.315595
https://doi.org/10.1161/ATVBAHA.120.315595
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1016/S2352-3026(20)30216-7
https://doi.org/10.1016/S2352-3026(20)30216-7
https://doi.org/10.1016/j.jacc.2008.12.056
https://doi.org/10.1016/j.jacc.2005.01.054
https://doi.org/10.1016/j.jacc.2005.01.054
https://doi.org/10.1016/j.banm.2020.10.012
https://doi.org/10.1016/j.jmii.2020.03.005
https://doi.org/10.1093/jmcb/mjaa064
https://doi.org/10.1093/eurheartj/ehaa286
https://doi.org/10.1002/ejhf.1828
https://doi.org/10.1016/j.cyto.2017.11.009
https://doi.org/10.1016/j.cyto.2017.11.009
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.11909/j.issn.1671-5411.2015.03.021
https://doi.org/10.11909/j.issn.1671-5411.2015.03.021
https://doi.org/10.1002/med.21756
https://doi.org/10.1002/med.21756
https://doi.org/10.1016/j.genrep.2020.101012
https://doi.org/10.1016/j.genrep.2020.101012
https://doi.org/10.3389/fphar.2021.750078

E. Xie et al.

[49]

[50]

coronary artery disease, BMC Cardiovasc. Disord. 21 (1) (2021) 344, https://doi.
org/10.1186/s12872-021-01997-5.

S. Baghaki, C.E. Yalcin, H.S. Baghaki, S.Y. Aydin, B. Daghan, E. Yavuz, COX2
inhibition in the treatment of COVID-19: review of literature to propose
repositioning of celecoxib for randomized controlled studies, Int. J. Infect. Dis. 101
(2020) 29-32, https://doi.org/10.1016/].ijid.2020.09.1466.

J.J. Wentzel, Y.S. Chatzizisis, F.J. Gijsen, G.D. Giannoglou, C.L. Feldman, P.

H. Stone, Endothelial shear stress in the evolution of coronary atherosclerotic

11

[51]

[52]

American Heart Journal Plus: Cardiology Research and Practice 44 (2024) 100417

plaque and vascular remodelling: current understanding and remaining questions,
Cardiovasc. Res. 96 (2) (2012) 234-243, https://doi.org/10.1093/cvr/cvs217.

N. Baeyens, C. Bandyopadhyay, B.G. Coon, S. Yun, M.A. Schwartz, Endothelial
fluid shear stress sensing in vascular health and disease, J. Clin. Invest. 126 (3)
(2016) 821-828, https://doi.org/10.1172/JCI83083.

C. Li, A. Wu, K. Song, J. Gao, E. Huang, Y. Bai, et al., Identifying putative causal
links between microRNAs and severe COVID-19 using Mendelian randomization,
Cells 10 (12) (2021), https://doi.org/10.3390/cells10123504.


https://doi.org/10.1186/s12872-021-01997-5
https://doi.org/10.1186/s12872-021-01997-5
https://doi.org/10.1016/j.ijid.2020.09.1466
https://doi.org/10.1093/cvr/cvs217
https://doi.org/10.1172/JCI83083
https://doi.org/10.3390/cells10123504

	Exploring the underlying molecular mechanisms of acute myocardial infarction after SARS-CoV-2 infection
	1 Introduction
	2 Materials and methods
	2.1 Overview of the analysis workflow of the study
	2.2 GEO datasets in the study
	2.3 General statistical analysis, bioinformatics and data visualization
	2.4 Identification of DEGs and common DEGs between COVID-19 and AMI datasets
	2.5 GO and KEGG pathway analysis
	2.6 Analysis of the expression of identified genes in cardiomyocytes infected with SARS-CoV-2
	2.7 PPI network construction and hub genes identification
	2.8 Construction of the miRNA-gene interaction network and validation of miRNAs

	3 Results
	3.1 Common dysregulated genes were identified between COVID-19 and AMI
	3.2 Endothelial cell response to inflammatory stimulus in COVID-19 drive the occurrence of AMI
	3.3 SARS-CoV-2 cause the cardiovascular complications in patients
	3.4 Identification of the hub genes in the PPI network
	3.5 Identification and verification of key transcriptional factors
	3.6 MiRNA-gene interaction network construction and validation

	4 Discussion
	Sources of funding
	Ethical statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


