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ARTICLE INFO ABSTRACT

Original paper Acute myocardial infarction (AMI) is a serious cardiovascular medical emergency that can lead to death.
Necroptosis, a programmed cell death pathway, has been implicated in the development and progression of
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investigate their interactions and functions. The GSE66360 dataset was screened for NRDEGs using the 'lim-
ma' R package, with a threshold of p 0.05. A set of 159 necroptosis-related genes (NRGs) was retrieved from
the KEGG database. The protein-protein interactions (PPI) network was constructed using the STRING data
resource. Molecular Complex Detection (MCODE) and cytohHubba plugin was applied to find the major mo-
dules and genes. Gene ontology (GO) and KEGG pathway analyses were performed using the R ‘clusterPro-
filer’ package. The enrichment scores for immune cell types and associated biological pathways or functions
were gained using the ssGSEA method. Our study identified 5 down-regulated and 16 up-regulated NRDEGs
in AMI. The PPI network analysis revealed several important modules and hub genes, including TNF, IL1B,
TLR4, STAT3, NLRP3, TNFAIP3, CYBB, IFNGR1, FADD, and IL33. GO analysis revealed that NRDEGs
were enriched in multiple biological processes, cellular components, and molecular functions, including those
related to cytokine production, response to cytokine stimulus, and necroptotic process. NRDEGs were found
to be particularly abundant in a number of non-disease pathways, such as necroptosis and immune-related pa-
thways like cytokine-cytokine receptor interaction and TNF signaling pathway, according to KEGG pathway
analysis. The ssGSEA analysis revealed a correlation between immune cells and NRDEGs in AMI. The study
identified NRDEGs and their interactions in AMI, providing insights into the potential function of necroptosis
in the pathological process of AMI. The results imply that immune-related pathways and cytokines may be
crucial in the initiation and development of AMI. The study provides a foundation for further research on the
underlying mechanisms of necroptosis in AMI and the potential for developing novel therapies.
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Introduction

sis, including caspase-8, Fas-associated protein with death
domain (FADD), a cellular inhibitor of apoptosis proteins

Acute myocardial infarction (AMI) is a serious car-
diovascular event characterized by the abrupt occlusion
of coronary arteries, leading to ischemia and necrosis of
the myocardial tissue (1). According to the World Health
Organization (WHO), cardiovascular diseases (CVDs),
including AMI, are the leading cause of death globally,
accounting for approximately 17.9 million deaths annually
(2). In the United States, the American Heart Association
(AHA) reports that about 805,000 Americans suffer from
AMI each year, and it is responsible for approximately one
in every seven deaths in the country (3-5). Furthermore,
the incidence of AMI increases with age, and men are
more likely to experience AMI than women (6).

Necroptosis is a form of programmed necrosis mimic-
king features of apoptosis and necrosis (7). It is primarily
regulated by receptor-interacting protein kinase 1 (RIPK1)-
and RIPK3 and its substrate MLKL (8). Other genes and
proteins are also involved in the regulation of necropto-

(cIAPs), and TNF receptor-associated factor (TRAF) pro-
teins. Dysregulation of these genes and proteins can lead
to various pathological conditions associated with necrop-
tosis, such as inflammation, autoimmune diseases, and
cancer (9-11). It has also been shown to play a critical role
in the pathogenesis of AMI (12). Zhu et al. (13) found that
the necroptosis-related gene RIPK3 was upregulated in a
mouse model of AMI and that ablation of RIPK3 protec-
ted against AMI-induced cardiac injury. Luedde et al. (14)
revealed that overexpression of RIPK3 was able to induce
necroptosis of cardiomyocytes. It implies that necroptosis
might contribute to the pathogenesis of AMI. Interestingly,
a study on the inhibition of RIP1 prevents adverse cardiac
remodeling (15). Despite the identification of numerous
necroptosis-related genes (NRGs), the underlying mecha-
nisms of necroptosis in AMI remain poorly understood.
The objective of this study was to identify differen-
tially expressed necroptosis-related genes (NRDEGs) in
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acute myocardial infarction (AMI) and investigate their
potential roles in the disease. We conducted bioinforma-
tic analysis of publicly available gene expression datasets
and identified 21 NRDEGs that showed significant dysre-
gulation in AMI. Additionally, we performed protein-pro-
tein interaction (PPI) network analysis and gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis to examine the in-
teractions and functions of these NRDEGs. The findings
from our study offer valuable insights into the molecular
mechanisms underlying necroptosis in AMI, which may
contribute to the development of effective diagnostic and
therapeutic strategies for this disease.

Materials and Methods

Data source

A set of 159 necroptosis-related genes were obtained
by downloading from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database. The mRNA expres-
sion profile dataset GSE66360 was downloaded from the
GEO database (http://www.ncbi.nlm.nih.gov/geo/), which
contains sequencing data in circulating endothelial cells
from 50 healthy individuals versus 49 patients with acute
myocardial infarction. The data were processed on the
GPL570 platform (HG-U133_Plus_2) Affymetrix Human
Genome U133 Plus 2.0 Array).

Necroptosis-related differentially expressed genes
screening

Necroptosis-related differentially expressed genes
(NRDEGs) were screened by the ‘limma’ R package with
a screening threshold of P < 0.05. The visualization of NR-
DEGs was generated by using the R packages ‘heatmap’
and ‘ggplot2’.

Protein-protein interaction network and correlation
analysis of NRDEGs

The STRING database (https://string-db.org/) was
used to predict protein-protein interactions between pro-
teins. Then, hub genes and important modules in the PPI
network were found using Cytoscape's (https://cytoscape.
org) cytoHubba and MCODE plug-ins. The correlation
analysis of NRDEGs was identified using Spearman cor-
relation in the R software ‘corrplot’ package.

Functional enrichment analysis

GO enrichment and KEGG pathway analysis of NR-
DEGs were performed using the R ‘clusterProfiler’ pac-
kage, and P values were corrected using the BH method,
with a corrected P-value of <0.05 as the threshold.

Immune infiltration analysis

Enrichment scores for immune cell types, biologi-
cal pathways and functions were obtained using ‘single-
sample Gene Set Enrichment Analysis (ssGSEA)’ method.
Spearman's correlation was used to explore the association
of NRDEGs and the composition and quantity of infiltra-
ting immune cells, which were visualised using the R pac-
kage 'ggcorrplot'.

Statistical analysis
Based on the data distribution features, the statistical
significance of differences between the two groups was

determined using a non-parametric test or a t-test. All ana-
lyses were carried out with the R3.5.3 program, and a P-
value of 0.05 was considered statistically significant.

Results

Identification of differentially expressed genes

We retrieved 159 necroptosis-related genes (NRGs)
from the KEGG database. The R ‘limma’ package was
used to screen necroptosis-related differentially expressed
genes (NRDEGs) in the GSE66360 dataset. NRDEGs
were screened out based on the threshold of P<0.05. There
were 16 genes upregulated and 5 genes downregulated in
acute myocardial infarction (AMI). A volcano plot was
generated from all 159 NRGs in the dataset (Figure 1A).
We highlighted the ten most up-regulated and down-regu-
lated genes in the dataset, including IL1B, GLUL, PYGL,
NLRP3, CHMP4B, USP21, PPID, FADD, AIFMI1, and
PARP. Furthermore, a heat map (Figure 1B) was created to
represent the expression levels of the 21 NRDEGs across
the AMI and control groups. The average expression le-
vels of these genes were also presented in Figure 1C.

NRDEGs interactions analysis

To explore the interactions between NRDEGs, we
utilized the STRING database (https://string-db.org/)
to conduct protein-protein interactions (PPI) analysis
of NRDEGs, as depicted in Figure 2A. The outcome
was subsequently subjected to MCODE analysis, which
identified key modules including IL33, NLRP3, FADD,
TNFAIP3, IL1B, CYBB, IFNGRI, TNF, and RARPI in
the PPI network (Figure 2B). Additionally, we employed
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Figure 1. (A) Volcano plot of 159 NRGs with the five most signifi-
cantly down-regulated genes and the five most significantly up-regu-
lated genes highlighted and red dots denoting significantly up-regu-
lated genes, blue dots denoting significantly down-regulated genes,
and grey dots denoting genes with no differential expression. (B)
Heat map of expression of NRDEGs, red indicates higher expres-
sion and green indicates lower expression. (C) The box-line plot of
21 differentially expressed autophagy-related genes in AMI samples
versus healthy control samples, including 16 highly expressed genes
and 5 down-regulated genes. Student t-test; *P<0.05; ** P<0.01; ***
P<0.001; *** P<0.0001. NRGs, necroptosis-related genes; NRDEGs,
necroptosis-related differentially expressed genes.
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Figure 2. (A) protein-protein interactions network of NRDEGs. The
circles indicated the genes and the connecting line among NRDEGs
indicates their interaction. Blue and pink represent negative and posi-
tive correlations with logFC values, respectively. (B) Significant mo-
dules in the PPI network using the MCODE plug-in. (C) Screening
for hub genes using cytoHubba. The more saturated the red color, the
higher the rank on the list. (D) Spearman correlation analysis of 21
NRDEGs. Blue and red represent negative and positive correlations,
respectively. NRDEGs, necroptosis-related differentially expressed

genes.

cytohHubba to screen the top ten hub genes, which were
ranked based on their importance in the network, namely
TNF, IL1B, TLR4, STAT3, NLRP3, TNFAIP3, CYBB,
IFNGR1, FADD, and IL33 (Figure 2C). Additionally, as
shown in Figure 2D, we used the "corrplot" R package to
perform Spearman correlation analysis among NRDEGs.

Functional enrichment analysis of NRDEGs

To enhance our understanding of NRDEGs, we utilized
the R 'clusterProfiler' package to perform GO enrichment
and KEGG pathway analysis. Our GO analysis showed
significant enrichment of NRDEG in 1,028 biological pro-
cesses (BP), 1 cellular component (CC) and 41 molecular
functions (MF). Notably, the enriched terms included posi-
tive regulation of protein secretion, positive regulation of
peptide secretion, positive regulation of cytokine produc-
tion, regulation of protein secretion, regulation of response
to cytokine stimulus, necroptotic process (BPs), phagocy-
tic cup (CCs), interferon-gamma receptor activity, inter-
feron receptor activity, steroid hormone receptor binding,
oxidoreductase activity, acting on NAD(P)H, oxygen as
acceptor, cytokine receptor binding (MFs), among others
(Figure 3A).

Additionally, our KEGG pathway analysis results,
presented in Figure 3B, revealed that NRDEGs exhibited
high enrichment in these pathways, including necroptosis,
NOD-like receptor signaling pathway, NF-kappa B signa-
ling pathway, HIF-1 signaling pathway, and apoptosis. Im-
portantly, rich enrichment of NRDEGs was also observed
in immune-related pathways, including cytokine-cytokine
receptor interaction, IL-17 signaling pathway, Th17 cell
differentiation, and TNF signaling pathway.

Since our study primarily focused on BP terms, we fur-
ther examined the relationships between BP terms, which
are illustrated in Figure 4A. Notably, we identified 12 genes
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Figure 3. (A) Gene Ontology (GO) enrichment analysis of 21 NR-
DEGs. Including BPs, CCs and MFs. Biological process (BP) in
green, cellular component (CC) in blue, and molecular function (MF)
in orange. The abscissa represents enrichment, and the ordinate repre-
sents GO. (B) KEGG pathway analysis of 21 NRDEGs. The circle's
size corresponds to the number of genes, and its color is determined
by the P.adjust value.
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Figure 4. (A) Interrelationships between BPs pathways. The color of
the circle is based on the P. adjust value. (B) Common genes among
the top 5 pathways. The size of the circle represents the count of the
genes and the color of the circle is based on fold change. (C) Heat
map showing genes enriched in BPs. The abscissa represents genes
and the ordinate represents BP items. The color gradient indicates fold
change.
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that were common to the top 5 BP enrichment pathways,
including IFNGR2, SPATA2, TNFAIP3, FADD, STAT3,
CYBB, PPID, IL33, IFNGRI, TLR4, TNF, NLRP3,
GLUL, and IL1B (Figure 4B). Furthermore, we visualized
the genes enriched in BP terms using a heatmap, as shown
in Figure 4C.

Correlations of NRDEGs and immune cells

From the above results, NRDEGs were strongly en-
riched in immune pathways. The correlation between im-
mune cells and NRDEGs was then assessed, by ssGSEA
and the results are presented in Figure 5. Additionally, we
examined the correlation between hub genes and immune
cells.

Discussion

The present study aimed to investigate necroptosis-re-
lated differentially expressed genes (NRDEGs) in acute
myocardial infarction (AMI) and their association with
immune-related pathways and protein-protein interactions.
To achieve this goal, we downloaded 159 necroptosis-rela-
ted genes (NRGs) from the KEGG database and screened
NRDEGs using the R 'limma' package in the GSE66360
dataset. Our results showed that 5 down-regulated and 16
up-regulated NRDEGs were identified in AMI.

We used the STRING database and cytoHubba to per-
form protein-protein interaction (PPI) analysis and iden-
tified 10 hub genes (TNF, IL1B, TLR4, STAT3, NLRP3,
TNFAIP3, CYBB, IFNGRI1, FADD, and IL33) in the
PPI network. Moreover, we performed GO enrichment
and KEGG pathway analysis using the R 'clusterProfiler'
package to gain a deeper understanding of NRDEGs. It
was indicated by GO analysis that NRDEGs were mainly
enriched in immune pathways. NRDEGs were found to
be particularly rich in pathways involved in necroptosis,
NOD-like receptor signaling pathway, NF-xB signaling
pathway and other various pathways, according to KEGG
pathway analysis.

The association of NRDEGs and immune cells was also
demonstrated by ssGSEA, which indicated that NRDEGs
appeared to be highly associated with immune-related
pathways. Furthermore, IL1B, STAT3, TNF, and IFNGR1
hub genes were positively related to immune cell infiltra-
tion, whereas TNF6A, CYBB, and FADD hub genes were
negatively related. It indicated that necroptosis may be
associated with the immune response in AMI. Overall, our
findings add to our understanding of how necroptosis and
genes associated with it contribute to the development of
AMI and suggest that inhibiting these genes may be a pro-
mising therapeutic strategy for the management of AMI
(16,17).

This study emphasizes the potential of necroptosis-re-
lated genes as biomarkers for acute myocardial infarction
(AMI). However, further investigation is necessary to vali-
date these findings in a larger patient cohort and determine
their clinical utility. Additionally, targeting necroptosis-re-
lated genes as a therapeutic strategy may hold promise for
AMI treatment. Nevertheless, certain limitations should be
acknowledged. Firstly, the modest sample size may limit
the generalizability of the results. Secondly, the study so-
lely focused on gene expression levels, without examining
protein expression or activity, which could have provided
a more comprehensive understanding of necroptosis-rela-
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Figure 5. Correlation of immune cells and NRDEGs. The abscissa
represents immune cell types and the ordinate represents genes. Red
represents a positive correlation and blue represents a negative cor-

relation.

ted gene function in AMI. Furthermore, exploring additio-
nal necroptosis-related genes in AMI is warranted, as this
study only examined a small subset. Future research could
delve into the mechanisms underlying the association
between necroptosis-related genes and AMI. For instance,
investigating whether these genes are involved in regula-
ting inflammation, oxidative stress, or apoptosis—known
contributors to AMI pathogenesis—would be worthwhile.
Moreover, exploring potential interactions between ne-
croptosis-related genes and other pathways implicated in
AMI development would be of interest.

In conclusion, our study provides novel insights into
the role of necroptosis-related genes in acute myocardial
infarction and suggests potential therapeutic targets for the
disease. However, further experimental studies are war-
ranted to validate the findings and to elucidate the under-
lying mechanisms of necroptosis-related gene dysregula-
tion in acute myocardial infarction.

Conflict of Interests
The authors declared no conflict of interest.

References

1. Anderson JL, Morrow DA. Acute Myocardial Infarction. New
Engl J Med 2017; 376(21): 2053-2064.

2. Virani SS, Alonso A, Benjamin EJ, et al. Heart Disease and Stroke
Statistics-2020 Update: A Report From the American Heart Asso-
ciation. Circulation 2020; 141(9): e139-e596.

3. Mozaffarian D, Benjamin EJ, Go AS, et al. Heart Disease and
Stroke Statistics-2016 Update: A Report From the American
Heart Association. Circulation 2016; 133(4): e38-e360.

4.  Roth GA, Johnson C, Abajobir A, et al. Global, Regional, and
National Burden of Cardiovascular Diseases for 10 Causes, 1990
to 2015. J Am Coll Cardiol 2017; 70(1): 1-25.

5. Benjamin EJ, Muntner P, Alonso A, et al. Heart Disease and Stroke
Statistics-2019 Update: A Report From the American Heart Asso-
ciation. Circulation 2019; 139(10): e56-e528.

195



Yanping Zha et al. / Necroptosis genes in heart attack, 2023, 69(5): 192-196

10.

11.

12.

Moran AE, Forouzanfar MH, Roth GA, et al. The global burden
of ischemic heart disease in 1990 and 2010: the Global Burden of
Disease 2010 study. Circulation 2014; 129(14): 1493-1501.
Degterev A, Huang Z, Boyce M, et al. Chemical inhibitor of nona-
poptotic cell death with therapeutic potential for ischemic brain
injury. Nat Chem Biol 2005; 1(2): 112-119.

Linkermann A, Green DR. Necroptosis. New Engl J Med 2014;
370(5): 455-465.

Pasparakis M, Vandenabeele P. Necroptosis and its role in inflam-
mation. Nature 2015; 517(7534): 311-320.

Newton K, Manning G. Necroptosis and Inflammation. Annu Rev
Biochem 2016; 85: 743-763.

Gupta K, Phan N, Wang Q, Liu B. Necroptosis in cardiovascular
disease - a new therapeutic target. ] Mol Cell Cardiol 2018; 118:
26-35.

Heusch G. Myocardial ischaemia-reperfusion injury and cardio-
protection in perspective. Nat Rev Cardiol 2020; 17(12): 773-789.

13.

14.

15.

16.

17.

Zhu P, Hu S, Jin Q, et al. Ripk3 promotes ER stress-induced ne-
croptosis in cardiac IR injury: A mechanism involving calcium
overload/XO/ROS/mPTP pathway. Redox Biol 2018; 16: 157-
168.

Luedde M, Lutz M, Carter N, et al. RIP3, a kinase promoting
necroptotic cell death, mediates adverse remodelling after myo-
cardial infarction. Cardiovasc Res 2014; 103(2): 206-216.
Oerlemans M1, Liu J, Arslan F, et al. Inhibition of RIP1-dependent
necrosis prevents adverse cardiac remodeling after myocardial is-
chemia-reperfusion in vivo. Basic Res Cardiol 2012; 107(4): 270.
Zhao Y, Chen L. Effects of intestinal bacteria on cardiovascular
disease. Biotechnol Genet Eng 2022; 38(2): 270-287.

Zhang L, Yuan X, Dong B. Analysis Effects of Pender Health Pro-
motion Model Education on Health Behaviors and Maternal and
Infant of Cardiac Disease in Pregnancy. Biotechnol Genet Eng
2022: 1-13.

196



