
EXPERIMENTAL AND THERAPEUTIC MEDICINE  24:  748,  2022

Abstract. Since ferroptosis is considered to be a notable 
cause of cardiomyocyte death, inhibiting ferroptosis has 
become a novel strategy in reducing cardiac cell death and 
improving cardiopathic conditions. Therefore, the aim of 
the present study was to search for ferroptosis‑related hub 
genes and determine their diagnostic value in myocardial 
infarction (MI) to aid in the diagnosis and treatment of the 
disease. A total of 10,286 DEGs were identified, including 
6,822 upregulated and 3.464 downregulated genes in patients 
with MI compared with healthy controls. After overlapping 
with ferroptosis‑related genes, 128 ferroptosis‑related DEGs 
were obtained. WGCNA successfully identified a further 
eight functional modules, from which the blue module had 
the strongest correlation with MI. Blue module genes and 
ferroptosis‑related differentially expressed genes were over‑
lapped to obtain 20 ferroptosis‑related genes associated with 
MI. Go and KEGG analysis showed that these genes were 
mainly enriched in cellular response to chemical stress, trans 
complex, transferring, phosphorus‑containing groups, protein 
serine/threonine kinase activity, FoxO signaling pathway. Hub 
genes were obtained from 20 ferroptosis‑related genes through 
the PPI network. The expression of hub genes was found to 
be down‑regulated in the MI group. Finally, the miRNAs‑hub 
genes and TFs‑hub genes networks were constructed. The 
GSE141512 dataset and the use of RT‑qPCR assays on patient 
blood samples were used to confirm these results. The results 

showed that ATM, PIK3CA, MAPK8, KRAS and SIRT1 may 
play key roles in the development of MI, and could therefore be 
novel markers or targets for the diagnosis or treatment of MI.

Introduction

Myocardial infarction (MI) is a severe disease that occurs 
globally; from 2002 to 2015, the incidence of MI was 
~242/100,000 individuals per year (1). According to the 
universal definition of MI (2), it may be divided into five 
types and is primarily induced by acute myocardial ischemia 
resulting from several factors. For example, the rupture of 
acute atherosclerotic plaques leads to ischemic myocardial 
damage due to the mismatch between oxygen supply and 
demand (3). Based on the existing clinical guidelines (4,5), 
clearing blocked vessels and reducing thrombotic obstruction 
with drugs as quickly as possible are the two most important 
treatment options. However, for vessels that are difficult to 
clear and when MI is caused by microvascular lesions, only 
conservative drug treatment should be used and recurrent 
attacks are more probable (6). Consequently, it is important to 
identify novel therapeutic targets to reduce MI.

Ferroptosis is a process in which unsaturated fatty acids are 
highly expressed on the cell membrane and are subject to lipid 
peroxidation by Fe2+ ions and lipoxygenase, thereby inducing 
cell death. It is also hallmarked by a decrease in the expres‑
sion of the glutathione‑dependent antioxidant system and 
glutathione peroxidase 4 (GPX4) enzymes (7). Ferroptosis is 
involved in tumor cell death, neurodegenerative diseases, renal 
failure and cardiac ischemic injury (8‑10). MI is a severe type 
of ischemic heart disease in which ferroptosis plays a central 
role (11). At present, studies on the mechanism of ferroptosis 
in MI have primarily focused on endoplasmic reticulum 
stress, reactive oxygen species (ROS) generation, GPX4 and 
the autophagy‑dependent ferroptosis pathway (11‑15). Several 
studies have concluded that the inhibition of cardiomyocyte 
ferroptosis is a potentially important target for MI treat‑
ment. For example, treatment of an MI mouse model using 
ferrostatin‑1 (an inhibitor of ferroptosis) or dexrazoxane (an 
iron‑chelating agent) can reduce MI scar areas and myocardial 
enzyme activity (16). In addition, baicalin has been shown to 
prevent MI by inhibiting long‑chain‑fatty‑acid‑CoA ligase 
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4‑mediated ferroptosis (17). Moreover, other drugs, such as 
piperonylamine and artesunate, have also inhibited ferroptosis 
and represent potential drugs for the treatment of related 
diseases (18,19).

Since ferroptosis plays a key role in MI, in the present 
study genes associated with MI and ferroptosis were identified. 
These genes may be useful for identifying putative therapeutic 
targets or providing a theoretical basis for understanding 
the molecular pathology of MI. Furthermore, microRNAs 
(miRNAs/miRs), transcription factors (TFs) and targeted 
drugs were analyzed in context to the above genes, and differ‑
ential expression of these genes was verified using a separate 
dataset and clinical specimens. The present study provides a 
basis for further research exploring the potential therapeutic 
targets and regulatory mechanisms of MI, and also provides a 
new treatment strategy.

Materials and methods

Data sources. The transcriptome data of the current study 
were obtained from two datasets, GSE59867 (20) and 
GSE141512 (21) datasets of Gene Expression Omnibus (GEO) 
database (http://www.ncbi.nlm.nih.gov/geo/) (22). The popula‑
tion of the GSE59867 dataset consisted of 46 controls and 390 
MI samples, and was used as a training set. The GSE141512 
dataset consisted of 6 controls and 6 MI samples, and was used 
as an external validation set. The ferroptosis‑related genes were 
extracted from the FerrDb database (http://www.zhounan.
org/ferrdb). After removing the duplicated genes of the three 
subgroups of ferroptosis gene sets, a total of 259 genes were 
obtained (23).

Acquisition of differentially expressed genes (DEGs). All the 
microarray data after normalization were analyzed by R 4.1.0 
software (24). The R package, ‘limma’, was used to identify 
differentially expressed mRNAs between MI and control 
samples, with adjusted P‑value <0.05 as the threshold (25). A 
heatmap cluster and volcano plot of the DEGs were created using 
the ‘ggplot2’ packages via R software. Furthermore, by inter‑
secting with ferroptosis‑related genes, the ferroptosis‑related 
DEGs were obtained and the heat map of ferroptosis‑related 
DEGs was created using the ‘pheatmap’ package (26).

Gene set enrichment analysis (GSEA). The potential biological 
function of the DEGs was enriched using the GSEA method 
and annotated using Gene Ontology (GO) (http://geneontology.
org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
databases (https://www.kegg.jp/). In GSEA, a false discovery 
rate (FDR) of <0.05 was considered to indicate DEGs that 
were significantly enriched.

Weighted gene co‑expression network analysis (WGCNA). 
The GEO expression file was used for WGCNA using the 
WGCNA R package (27). Firstly, samples were clustered 
to assess the presence of any outliers. Then, the automatic 
network construction function was used to obtain the 
co‑expression network. The ‘pick Soft Threshold’ function 
was used (set to 15) to calculate the soft thresholding power 
β. Furthermore, the matrix data were then transformed into an 
adjacency matrix, hierarchical clustering and the ‘dynamic Tree 

Cut’ function were used to detect modules. After completing 
the calculation of module eigengene (ME) and merging similar 
modules in the clustering tree according to ME, a hierarchical 
clustering dendrogram was drawn. Modules were combined 
with phenotypic data to calculate gene significance (GS) and 
module significance (MS) to measure the significance of genes 
and clinical information and analyze the correlation between 
modules and clinical features. Then which modules are most 
relevant to MI was revealed. 

Functional annotation and pathway enrichment analysis. To 
reveal the functions of DEGs, GO annotation (28) and KEGG 
enrichment (29) analysis were conducted using the ‘cluster 
profile’ package. GO enrichment results of ‘biological process’ 
(BP), ‘cellular component’ (CC) and ‘molecular function’ 
(MF) were obtained. KEGG pathway analysis was used to 
describe gene function at the genomic and molecular levels 
and reveal the associated genes. P<0.05 was considered to 
indicate a statistically significant difference.

Protein‑protein interaction (PPI) network construction. The 
PPI network was constructed using the STRING database (30). 
The confidence score was set at 0.4 for the PPI analysis and was 
considered statistically significant. Cytoscape 3.8.2 was used 
to visualize the PPI network (31). Cytoscape plugin, MCODE, 
was used to screen the significant modules in the PPI network.

Validation of hub genes. Receiver operating characteristic 
(ROC) curve analysis was performed using the pROC 
package (32) to evaluate the diagnostic value of the hub genes 
for MI. ROC curve analysis, which yields indictors of accu‑
racy, such as the area under the curve (AUC), provides the 
basic principle and rationale for distinguishing between the 
specificity and sensitivity of diagnostic performance.

Analysis of interaction effect and functional similarity for hub 
genes. The ‘ggpubr’ package was used to perform Spearman's 
correlation analysis on hub genes. The ‘ggpubr’ was a flexible 
package for data visualization based on ‘ggplot2’ package in 
R (33). Moreover, the functional similarity among proteins 
was evaluated using the geometric mean of semantic simi‑
larities in CCs and MFs through the GOSemSim package (34). 
Functional similarity measures the strength of the relationship 
between each protein and its partners by considering the func‑
tion and location of proteins.

Construction of gene‑drug interaction network and regula‑
tory network of hub genes . In order to explore the potential 
therapeutic drugs for MI, DEGs were uploaded to the CMAP 
database (https: //www.complement.us/cmap) (34), and rele‑
vant drugs associated with MI treatment were identified. Then, 
drugs targeting proteins encoded by hub genes were identified 
using the through the Comparative Toxicogenomics Database 
(CTD)  (35). MiRNet database (36) was used to predict the 
TFs and miRNAs of hub genes. Hub genes and their TFs and 
miRNAs were integrated into a regulatory network, and visu‑
alized using Cytoscape software.

Sample collection. The present study was approved by the 
Ethics Committee of Dezhou Municipal Hospital (Dezhou, 
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China; approval no. 2022‑L‑06; January 17, 2022) and 
complied with The Declaration of Helsinki. Written informed 
consent was obtained from all subjects. A total of 5 patients 
with MI and 5 patients with stable angina pectoris/chronic 
coronary syndromes (CCS) were enrolled at Dezhou Municipal 
Hospital (Dezhou, China) between February 2022 and March 
2022, and blood draws were completed at the hospital. The 
diagnoses of the patients followed the latest diagnostic guide‑
lines. The diagnosis of MI was in accordance with the Fourth 
Universal Definition of Myocardial Infarction (2018) (3). MI is 
diagnosed when there is clinical evidence of acute myocardial 
ischemia and the rise or fall of cardiac troponin T values with 
at least one value exceeding the 99th percentile upper reference 
limit, followed by at least one of the following: i) Symptoms 
of myocardial ischemia; ii) changes on an electrocardiogram 
indicating new ischemia; iii) development of pathological Q 
waves on an electrocardiogram; iv) new loss of viable myocar‑
dium or new regional wall motion abnormality evidenced by 
imaging; and v) coronary thrombus evidenced by angiography 
or autopsy. CCS is diagnosed when the following three char‑
acteristics are met simultaneously: i) Retrosternal discomfort 
(its nature and duration have typical characteristics) (37); 
ii) fatigue or emotional stress can be induced; and iii) rest or 
nitrates can provide relief. The above criteria were met, and 
serum cardiac troponin I (cTnI) and myocardial enzymes 
were negative (38,39). Subjects diagnosed with CCS were 
considered to be the control group. Peripheral blood collection 
was completed within 12 h after admission.

Inclusion criteria: i) Patients met the diagnostic criteria 
for MI or CCS; ii) patients were aged between 40‑80 years 
old (sex was not limited); and iii) patient hemodynamics were 
stable, and there was no evident abnormality in liver and 
kidney function.

Exclusion criteria: i) Patients with acute decompensation 
of chronic heart failure, symptomatic hypotension (systolic 
blood pressure <90 mmHg) or an expected survival period of 
<3 months; ii) patients with abnormal liver and kidney function 
and serious primary disease (for example, acute exacerbation 
of chronic obstructive pulmonary disease, diabetic ketoaci‑
dosis, multiple tumor metastasis); iii) pregnant and lactating 
women; iv) patients who have previously been found to be 
allergic to the experimental drug; or v) the presence of factors 
that can increase death, such as severe arrhythmia, pulmonary 
embolism, cardiogenic shock or obvious infection.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA from peripheral blood was extracted 
using the SPEAKeasy Serum/Plasma RNA kit (Shandong 
Sparkjade Biotechnology Co., Ltd.) according to the manu‑
facturer's protocol under low temperature. The Nano400 
Spectrophotometer (Hangzhou Allsheng Instruments Co., 
Ltd.) was utilized to check the concentration and purity of the 
extracted RNA, with the A260/A280 ratio between 1.8 and 
2.0. cDNA synthesis was conducted using HiScript II Q RT 
SuperMix (Vazyme Biotech Co., Ltd.) according to the manu‑
facturer's protocol. Using GAPDH as a reference, RT‑qPCR 
was performed with ChamQ Universal SYBR qPCR Master 
Mix (cat. no. R311‑02; Vazyme Biotech Co., Ltd.) in the 
CFX96 Touch Real‑Time PCR Detection System (Bio‑Rad 
Laboratories, Inc.). Primer sequences (TsingKe Biological 

Technology) for reference and candidate genes are shown 
in Table I. The thermocycling protocol for PCR was as follows: 
50˚C For 3 min, 95˚C for 2 min, followed by 40 cycles of 95˚C 
for 10 sec and 60˚C for 10 sec. The 2‑ΔΔCq method was applied 
to calculate the relative expression level of mRNA (40).

Statistical analysis. SAS 9.4 (SAS Institute, Inc.) was used 
to analyze the clinical data, and the measurement data were 
tested for normality first. Two groups were compared using 
independent Student's t‑test. If non‑conformity was expressed 
as the median (Q1‑Q3), Wilcoxon rank‑sum test was used. 
Enumeration data were compared between the two groups 
using the x2 test. If the theoretical frequency was too small, 
Fisher's exact probability method was used. All experiments 
were performed three times, and the results are expressed as 
the mean ± standard error of the mean. GraphPad Prism 9 
(GraphPad Software, Inc.) was used to analyze the data. The 
statistically significant differences between the MI group 
and controls were examined using independent Student's 
t‑test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Identification of DEGs. After standardization of the micro‑
array results from GSE59867, a total of 10,286 DEGs, including 
6,822 upregulated genes and 3,464 downregulated genes, 
were detected, as shown in Fig. 1. GSEA analysis showed 
that upregulated genes were enriched in GO and KEGG 
pathways, including ‘Glycolysis gluconeogenesis’, ‘Myeloid 
leukocyte mediated immunity’, ‘Tertiary granule’ and ‘Cargo 
receptor activity’. Downregulated genes were enriched in ‘Cell 
cycle’, ‘mRNA processing’, ‘Ribonucleoprotein complex’ and 
‘ATPase activity’ (Fig. 2A‑D).

Analysis of ferroptosis‑related DEGs. A total of 259 
ferroptosis‑related genes were extracted from the FerrDb 
database. After intersecting them with the DEGs, a total of 
128 ferroptosis‑related DEGs were found. The Venn diagram 
of the ferroptosis‑related DEGs are shown in Fig. 3A. Fig. 3B, 

Table I. Primer sequences for reverse transcription‑quantitative 
PCR.

Gene Direction Primer sequence (5'‑3')

ATM Forward GGAGCCATAATTCAGGGTAGT
 Reverse GTCAGTGCCAAAGTCAAACA
KRAS Forward TGGCGTAGGCAAGAGTG
 Reverse TTGACCTGCTGTGTCGAG
PIK3CA Forward GACGCATTTCCACAGCTAC
 Reverse CACATAAGGGTTCTCCTCCA
MAPK8 Forward TCTCCAACACCCGTACATC
 Reverse CCTCCAAGTCCATAACTTCCT
SIRT1 Forward TTCCAGCCATCTCTCTGTC
 Reverse ATTCCCGCAACCTGTTC
GAPDH Forward CCTTCCGTGTCCCCACT
 Reverse GCCTGCTTCACCACCTTC
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which presents the 10 most significantly upregulated and 10 
downregulated genes by heat map, indicating the differential 

expression of ferroptosis‑related DEGs between the control 
and MI groups.

Figure 1. Volcano plot for the analysis of the differentially expressed genes. FC, fold change.

Figure 2. Continued



EXPERIMENTAL AND THERAPEUTIC MEDICINE  24:  748,  2022 5

Weighted co‑expression network construction and 
identification of key modules. Euclidean distance of the 
expression was used to perform hierarchical clustering. There 
were no outliers to remove (Fig. 4A). The soft threshold was 
set to 15 to construct a scale‑free network (Fig. 4B). Next, eight 
modules were identified based on average hierarchical clus‑
tering and dynamic tree clipping (Fig. 4C). The blue module 
was the most relevant module associated with MI (Fig. 4D). 
Thus, a total of 1,547 genes in this module were selected for 
further analysis.

GO and KEGG enrichment analysis of ferroptosis‑related 
genes. Blue module genes and ferroptosis‑related DEGs were 
overlapped to obtain 20 ferroptosis‑related genes (Fig. 5). 
The 20 genes are TGFBR1, ZEB1, SNX4, IREB2, ATG5, 
KRAS, SLC38A1, FANCD2, ATM, MAPK8, MAP3K5, 
FBXW7, MAPK9, EMC2, PIK3CA, SIRT1, KLHL24, 

OXSR1, GABPB1 and PRKAA1. It was observed that for 
GO‑BP they were mainly enriched in ‘cellular response to 
chemical stress’, ‘response to oxidative stress’ and ‘cellular 
response to oxidative stress’ (Fig. 6A). For GO‑CC, the 
genes were mainly enriched in ‘transferase complex, trans‑
ferring phosphorus‑containing groups’ and ‘protein kinase 
complex’ (Fig. 6B). Finally, regarding GO‑MF, the genes were 
mainly enriched in ‘protein serine/threonine kinase activity’ 
,‘protein serin kinase activity’ and ‘protein threonine kinase 
activity’ (Fig. 6C). Moreover, KEGG analysis revealed that 
those genes were mainly involved in the ‘FoxO signaling 
pathway’, ‘Longevity regulating pathway‑multiple species’ and 
‘Apoptosis’ (Fig. 6D).

PPI network construction and module analysis. To further 
study the interaction of the 20 ferroptosis‑related genes, a PPI 
network was constructed using the STRING database. A total 

Figure 2. Gene set enrichment analysis for the differentially expressed genes. (A) Kyoto Encyclopedia of Genes and Genomes pathways. (B) GO for ‘biological 
process’. (C) GO for ‘cellular component’. (D) GO for ‘molecular function’. GO, Gene Ontology; NES, Normalized Enrichment Score.
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of six of the 20 genes were not related to other molecules and 
did not form a molecular network. With a confidence of >0.4 
and hiding the disconnected nodes, a visualized PPI network 
was created using Cytoscape (Fig. 7A). Using the MCODE 
plugin, five genes in the key module were selected as hub 
genes, namely ATM, PIK3CA, MAPK8, KRAS and SIRT1 
(Fig. 7B).

Analysis of interaction effect and functional similarity of hub 
genes. Analysis of the interactome of the hub genes revealed 
that ATM and PIK3CA had the highest correlation (Fig. 8A). 
Proteins were ranked by their average functional similarity 
relationships among proteins within the interactome. ATM, 
MAPK8 and PIK3CA were the three top‑ranked proteins 
potentially playing key roles in MI (Fig. 8B).

Multi‑factor regulation network construction. Based on the 
results from miRNet database, miRNAs‑hub gene (Fig. 9A) 
and TFs‑hub gene (Fig. 9B) networks were constructed using 
Cytoscape software. In order to facilitate the selection of key 
miRNAs, miRNAs targeting ≥3 hub genes were selected for 
network analysis. Finally, the network included five hub genes, 
43 miRNAs and 34 TFs.

Drug prediction. The Connectivity Map (CMap) database was 
used to search for potential drugs associated with MI (41,42). 

Based on the interaction information of genes and drugs in 
the CTD database, the association between potential drugs 
and hub genes was obtained Among them, dorsomorphin is a 
small‑molecule drug may act on five hub genes (Fig. 10).

Evaluation of the diagnostic performance of hub genes in 
GSE59867. The expression of hub genes in MI and control 
samples was detected, and it was found that the expression of 
hub genes was downregulated in MI (Fig. 11A). The diagnostic 
values of hub genes were further evaluated by ROC curves. It 
was found that ATM, PIK3CA and MAPK8 had high accuracy 
with AUC values of >0.7 (Fig. 11B).

Expression of hub genes in GSE141512. The expression of hub 
genes was verified in the GSE141512 dataset, and it was found 
that the expression of all hub genes was downregulated in 
the MI group compared with the control. ATM, PIK3CA and 
SIRT1 genes showed significant differences in the expression 
between the MI and control groups (Fig. 12).

Baseline characteristics of study subjects. In patients with 
CCS, there is no necrosis of the myocardium. Therefore, the 
CCS group was used as the normal control group. Moreover, 
the basic conditions between the MI and CCS groups, such as 
age, past medical history and medication history, were similar. 
A total of 10 participants were recruited in the present study 

Figure 3. Ferroptosis related DEGs. (A) Venn diagram showing the overlap between the DEGs and ferroptosis‑related genes. (B) Heatmap for ferroptosis‑related 
DEGs in patients with MI and controls. DEG, differentially expressed gene; MI, myocardial infarction.
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Figure 4. Continued.
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and were separated into two groups, MI (n=5) and controls 
(n=5). Comparison between groups showed that the levels of 
high‑sensitivity cTnI, creatine kinase‑MB and low‑density 
lipoprotein‑cholesterol were statistically different between 
the two groups (P<0.05). The demographic, clinical features, 

medication history and laboratory data of all participants are 
shown in Table II.

Validation of the hub genes. RT‑qPCR was used to detect 
the transcriptional changes of all overlapped hub genes in 
peripheral blood from the controls and patients with MI. The 
results indicated that the expression levels of all hub genes 
were decreased in the MI group in comparison with those in 
controls (Fig. 13).

Discussion

In the current study, five hub genes associated with ferroptosis 
in patients with MI were screened by comprehensive bioinfor‑
matics analysis, namely ATM, KRAS, MAPK8, PI3KCA and 
SIRT1. miRNAs and transcription factors targeting the hub 
genes were selected to construct the corresponding regulatory 
network, as well as potential therapeutic drugs for MI targeting 
of the hub genes. Subsequently, using the GSE141512 validation 
set, the five hub genes were all confirmed as lowly‑expressed 
genes in the MI group. Of these, the inter‑group differences 
of ATM, PI3KCA and SIRT1 were statistically significant. 
Finally, it was verified that gene expression was decreased in 
patients with MI and CCS.

GSEA enrichment analysis was also performed for the 
10,286 identified DEGs. The intersection of DEGs and 
ferroptosis‑related genes revealed 128 ferroptosis‑related 
DEGs. Intersecting with the candidate genes for MI screened 

Figure 4. Weighted co‑expression network construction and identification of key modules. (A) Sample clustering to detect outliers. (B) Soft threshold selection. 
(C) Co‑expression modules selection. (D) Correlation between co‑expression modules and MI. MI, myocardial infarction.

Figure 5. Venn diagram showing the co‑expression of ferroptosis‑related 
DEGs. DEG, differentially expressed gene.
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Figure 6. Continued.
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using WGCNA, 20 ferroptosis‑related genes were identified. 
Next, the 20 genes were subjected to GO and KEGG enrich‑
ment analysis. GO analysis revealed that ‘cellular response to 
chemical stress’ and ‘response to oxidative stress’ were the 
most significant BPs, while the 20 most influential genes had 
roles in ‘peptidyl‑serine’ modification, ‘protein serine/threo‑
nine kinase activity’ and ‘regulation of TOR signaling’. KEGG 
analysis indicated that these genes were mainly enriched in 
‘FoxO signaling pathway’, ‘Autophagy‑animal’, ‘Apoptosis’ and 
‘Longevity regulating pathway‑multiple species’. Furthermore, 
the recent study has shown that the sources of cellular stress 
damage can be divided into physicochemical (for example, 
radiation or toxins) and pathological (for example, hypoxia 
and infection) (43). Cell stress can cause rapid ROS accumula‑
tion, which further aggravates myocardial injury (44). ROS is 

involved in a variety of coronary diseases that occur under 
oxidative stress (45). It can affect DNA integrity by inducing 
mutations, modify protein structure by acting on enzymes and 
cause lipid peroxidation (46,47). lipid peroxidation is involved 
in apoptosis, autophagy and ferroptosis, which results in 
cardiomyocyte dysfunction and death. The underlying mecha‑
nism involves excessive ROS attacking the biofilm, which 
induces a lipid peroxidation chain reaction, and subsequently 
causes various types of cell death (48). To the best of our 
knowledge, there are no reports on the FoxO signaling pathway 
and ferroptosis, and most reports on mammalian target of 
rapamycin (mTOR) signaling and ferroptosis have focused on 
tumors. The mTOR and GPX4 signaling pathways mutually 
regulate autophagy‑dependent ferroptosis of pancreatic cancer 
cells (49). Baba et al (50) demonstrated a protective effect of 

Figure 6. GO and KEGG enrichment analysis of ferroptosis‑related genes. GO enrichment analysis of 20 genes for (A) ‘biological process’, (B) ‘cellular 
component’ and (C) ‘molecular function’. (D) KEGG enrichment of differentially expressed genes. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; FC, fold change.
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rapamycin‑targeted therapy on iron excess and ferroptosis of 
cardiomyocytes using mTOR‑knockout mice and found that 
it inhibited ROS production. In summary, previous studies on 
the biological processes that were identified in MI indicate that 
the 20 key ferroptosis‑related genes identified in the present 
study may affect the occurrence of ferroptosis by regulating 
ROS production and ultimately MI (51‑53).

To further explore the key genes affecting MI, the core 
modules were screened by PPI network analysis and five 
hub genes associated with ferroptosis were obtained, namely 
ATM, PIK3CA, SIRT1, KRAS and MAPK8. Low expression 
of ATM, PI3KCA and SIRT1 was observed in the GSE141512 
validation set. In addition, low expression of the five genes was 
also observed in serum samples collected from patients with 

Figure 7. PPI networks. (A) PPI network of 20 genes. (B) PPI subnetwork of hub genes. PPI, protein‑protein interaction.
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MI compared with the CCS (control) group. Reduced expres‑
sion of ATM may protect cells from ferroptosis induced by the 
GPX4 inhibitor at different concentrations. With respect to the 
underlying mechanism, ATM inhibition may rescue ferrop‑
tosis by increasing the expression of iron regulators involved 
in iron storage and export. The coordinated changes of these 
iron regulators during ATM inhibition results in the reduction 
of labile iron to prevent iron‑dependent ferroptosis (54,55). 
ATM is an important kinase in response to DNA damage 
and one of its downstream targets, p53, is associated with the 
regulation of ferroptosis (56). PIK3CA plays an important 
role in cell growth and survival, and it reduces the inflamma‑
tory response following MI through pyruvate dehydrogenase 
kinase 1/AKT signal transduction (57). The PIK3CA gene 
regulated by miR‑375 is a key gene involved in the MI disease 

module (58). The expression of SIRT1 decreases gradually 
after MI and it inhibits ferroptosis‑induced cardiomyocyte 
death through the p53/SLC7A11 axis. The increase in SIRT1 
contributes to enhanced cardiomyocyte viability and reduced 
ferroptosis‑induced cell death in vitro (13). MAPK8 has been 
shown to play an important role in the occurrence of recurrent 
cardiovascular events (59). There are numerous reports on the 
KRAS gene and tumor‑associated diseases (60‑62), suggesting 
that KRAS promotes tumor progression; however, there are 
few reports on the role of the KRAS gene in MI. Cells under‑
going ferroptosis release KRAS (63), but the relationship of 
MI with the KRAS gene requires further study.

ROC curve analysis can be used to evaluate MI biomarkers. 
The AUC for ATM, PIK3CA and MAPK8 were all >0.7. Of 
these, ATM presented the best discrimination performance, 

Figure 8. Analysis of interaction effect and functional similarity of hub genes. (A) Expression correlation of hub genes. (B) Function similarity of hub genes.
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Figure 9. Multi‑factor regulation network construction. (A) miRNA regulation network of hub genes. (B) Transcription factor regulation network of hub genes. 
miRNA/miR, microRNA.
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Figure 10. Hub genes and targeted drugs. The light blue rectangle in the figure is the Hub gene, and the light red hexagon is the potential small molecule drug.

Figure 11. Evaluation of the diagnostic performance of hub genes in GSE59867. (A) Expression of hub genes in control and MI groups. (B) Receiver operating 
characteristic curves of hub genes for discriminating patients with MI from normal controls. MI, myocardial infarction; FPKM, fragments per kilobase of exon 
per million mapped fragments; AUC, area under the curve.
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with an AUC of 0.790. TF‑target and miRNA‑target networks 
relevant to the hub genes were constructed, which highlighted 
43 miRNAs and 34 TFs. Finally, the potential small‑molecule 
drugs that could reverse this disease were investigated using the 
CMap database, which revealed 36 potential small‑molecule 
drugs. Among them, dorsomorphin is a small‑molecule drug 
that can act on all five hub genes. Dorsomorphin is a selective 
inhibitor of AMP‑activated protein kinase (64), which has 
not been well‑studied in MI. Therefore, its role should be the 
subject of future studies.

The present study had the following strengths: i) The 
GSE59867 dataset included data from 390 MI samples and 
46 healthy individuals, with a large sample size and high 

reliability of results; ii) verification was done twice using the 
GSE141512 dataset and by collecting and evaluating patient 
blood samples; and iii) for the first time, bioinformatics anal‑
ysis was used to identify the hub genes of ferroptosis and MI. 
However, the identified marker genes and pathways require 
further verification to provide conclusive evidence for targeted 
therapy; if the protein expression of these genes can be further 
analyzed, more evidence will be available to determine the 
effect of each gene on ferroptosis and MI.

In conclusion, the current study identified five putative 
genes relevant to ferroptosis and numerous genes associated 
with MI, which provides a basis for exploring the regulatory 
and intervening mechanisms of MI.

Figure 12. Expression of hub genes in the validation dataset. MI, myocardial infarction.

Figure 13. Validation of hub genes in patients with MI. Graphs showing the relative mRNA expression levels in controls compared with patients with MI for 
(A) ATM, (B) KRAS, (C) MAPK8, (D) PIK3CA and (E) SIRT1. **P<0.01. MI, myocardial infarction.
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