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Exploring the molecular biology of ischemic
cardiomyopathy based on ferroptosis-related genes
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Abstract. Ischemic cardiomyopathy (ICM) is a serious
cardiac disease with a very high mortality rate worldwide,
which causes myocardial ischemia and hypoxia as the main
damage. Further understanding of the underlying pathological
processes of cardiomyocyte injury is key to the development
of cardioprotective strategies. Ferroptosis is an iron-dependent
form of regulated cell death characterized by the accumulation
of lipid hydroperoxides to lethal levels, resulting in oxidative
damage to the cell membrane. The current understanding of
the role and regulation of ferroptosis in ICM is still limited,
especially in the absence of evidence from large-scale tran-
scriptomic data. Through comprehensive bioinformatics
analysis of human ICM transcriptome data obtained from
the Gene Expression Omnibus database, the present study
identified differentially expressed ferroptosis-related genes
(DEFRGS) in ICM. Subsequently, their potential biological
mechanisms and cross-talk were analyzed, and hub genes
were identified by constructing protein-protein interaction
networks. Ferroptosis features such as reactive oxygen species
generation, changes in ferroptosis marker proteins, iron ion
aggregation and lipid oxidation, were identified in the H9c2
anoxic reoxygenation injury model. Finally, the diagnostic
ability of Gap junction alpha-1 (GJA1), Solute carrier family
40 member 1 (SLC40A1), Alpha-synuclein (SNCA) were
identified through receiver operating characteristic curves and
the expression of DEFRGs was verified in an in vitro model.
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Furthermore, potential drugs (retinoic acid) that could regulate
ICM ferroptosis were predicted based on key DEFRGs. The
present article presents new insights into the role of ferroptosis
in ICM, investigating the regulatory role of ferroptosis in the
pathological process of ICM and advocating for ferroptosis as
a potential novel therapeutic target for ICM based on evidence
from the ICM transcriptome.

Introduction

Ischemic cardiomyopathy (ICM) is one of the most common
cardiomyopathies with a high rate of sudden cardiac death;
>9 million people suffering from chronic stable angina in the
United States alone (1). It is characterized by several clinical
manifestations which manifest clinically as dyspnea or chest
pain, and has a pathophysiological basis in myocardial isch-
emia and hypoxia due to coronary atherosclerosis, as well
as myocardial cell reduction, necrosis, myocardial fibrosis
and myocardial scar formation (2,3). Advances in medical
technology have made it possible to treat ICM with a range of
clinical treatments, including drugs, thrombus recanalization,
stent implantation and cardiac bypass surgery (4). Restoring
blood flow after ischemia remains the best therapeutic option
in limiting myocardial infarct size and maintaining cardiac
function (5). However, it can also trigger adverse effects that
damage myocardium known as ischemia/reperfusion (I/R)
injury (6). The pathogenesis of ICM is complex and there is a
lack of a definitive clinical management strategy (7). Current
therapeutic strategies to prevent myocardial I/R injury are
helping to treat ICM (8). Therefore, it is crucial to clarify the
molecular biological mechanisms of ischemic cardiomyopathy
as well as new therapeutic strategies.

Ferroptosis is an iron-dependent form of regulated
cell death (9). Ferroptosis causes oxidative damage to cell
membranes, through the continuous accumulation of lipid
hydroperoxides (10). Studies have reported that most diseases
are associated with ferroptosis, such as cancer (11), traumatic
brain injury (12), intracerebral hemorrhage (13) and I/R
injury (14), and ferroptosis is an important form of myocardial
cell death in myocardial I/R injury (15). In clinical practice,
patients with myocardial infarction (MI) often experience
left ventricular remodeling accompanied by the accumulation


https://www.spandidos-publications.com/10.3892/etm.2024.12509

2 ZHAO et al: EXPLORING THE MOLECULAR BIOLOGY OF ICM BASED ON FERROPTOSIS-RELATED GENES

of ferrous ions, and large amounts of ferrous ions have been
reported in the infarcted tissue of patients with ST-segment
elevation MI (16). Moreover, iron overload may cause
cardiomyocyte death, which is an important mechanism in
the development of cardiomyopathy (17). Investigating the
molecular mechanism of ferroptosis in I/R injury and under-
standing the potential therapeutic targets related to ferroptosis
may effectively reduce myocardial I/R injury and avoid the
advancement of ICM during treatment.

In the present study, a systematic bioinformatics analysis
was performed to analyze the differential expression of
ferroptosis-related genes (FRGs) in ICM and their potential
crosstalk and functional pathways, which contributes to an
in-depth understanding of the mechanisms and new diag-
nostic and therapeutic targets in ICM. A protein-protein
interaction (PPI) network was constructed to identify the
hub genes. Subsequently, the expression of hub genes and
ferroptosis characteristics were verified in the H9¢2 anoxic
reoxygenation (A/R) injury model, and then the diagnostic
ability of hub genes for ICM was evaluated. Finally, potential
ferroptosis-regulating drugs were predicted for ICM based on
key genes in the Drug Signatures Database (DSigDB), which
will help to improve the likelihood of translating the drugs
into the clinic.

Materials and methods

Data collection. The microarray datasets GSE26887 (18)
and GSE57338 (19) were retrieved from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.
gov/geo/) (20). In the present study, data from 12 post-ischemic
myocardium samples and 5 non-heart failure heart-matched
donor heart samples from the GSE26887 dataset were
subjected to RNA sequencing analysis and bioinformatic
exploration. For validation, data from 94 post-ischemic
myocardium samples and 137 non-heart failure heart-matched
donor heart samples from the GSE57338 dataset were used.

Gene set enrichment analysis (GSEA). GSEA was performed
using GSEA software (v4.2.3) (http:/software.broadinstitute.
org/gsea/index.jsp) (21) to observe the overall correlation
between ferroptosis and ICM. Genes in the GSE26887 dataset
were scored using the ferroptosis custom dataset in GSEA.
The normalized enrichment score (NES) was calculated and
P.adjust <0.05 was considered to indicate a statistically signifi-
cant difference.

Weighted gene co-expression network analysis (WGCNA)
in GSE26887. The ‘WGCNA’ R package (v1.72-1) (22)
was used and WGCNA was performed on GSE26887, with
abnormal samples removed to ensure reliable results of the
network construction. Firstly, an optimal soft threshold was
set to divide the data into different modules by the ‘flash-
Clust’ (v1.01-2-3) (22) function in WGCNA. The adjacency
matrix consisted of continuous values between 0-1, thus the
constructed network conformed to a power-law distribution
and represented the real biological state more accurately.
Secondly, the block module function was used to construct
scale-free networks and perform module partitioning analysis.
Each module was summarized by module identity genes, and

each module was illustrated in color. Ultimately, the module
which demonstrated the highest positive correlation with the
ICM was identified.

Identification of differentially expressed genes (DEGs) and
differentially expressed FRGs (DEFRGs). The ‘limma’ R
package (v3.52.0) (23) was used to determine the DEGs
between ICM and normal hearts. The thresholds set for
selecting the DEGs were log,fold change (FC) =0.50 and
false discovery rate (FDR) <0.05. The volcanoes and heat
maps of the DEGs were plotted using the ‘ggplot2’ R package
(v3.4.3) (24). A total of 484 FRGs were acquired from the
FerrDb database (http://www.zhounan.org/ferrdb/) (25), clas-
sified as Driver, Suppressor and Marker genes (Table SI). The
online Venn diagram tool (v1.9.0) (https://jvenn.toulouse.inrae.
fr/app/example.html) (26) overlapped the most ICM-correlated
modular genes, DEGs in GSE26887 and FRGs. The overlap-
ping genes were defined as DEFRGs.

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses. GO annotation
and KEGG pathway enrichment analysis of DEFRGs was
performed using the ‘cluster profiler’ R package (v4.8.3) (27)
and visualized using Sangerbox 3.0 (http://sangerbox.
com/home.html) (28). P.adjust <0.05 was used to indicate
statistically significant enrichment by DEFRGs.

PPI network and identification of key modules and hub
genes. In the present study, the PPI network for DEFRGs was
constructed using the online tool provided by the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING)
database (v11.09) (https://string-db.org/) (29). To visualize
the resulting PPI network, Cytoscape (v3.7.2; Cytoscape
Consortium) software (30) was used. Furthermore, using cyto-
Hubba and the Maximal Clique Centrality (MCC) algorithm,
and the MCODE plugin (24) (Cytoscape Consortium) (degree
cutoff=2; node score cutoff=0.2; K-core=2), the genes were
screened and the top 10 hub genes and key functional modules
were identified.

Receiver operating characteristic curve (ROC) analysis. To
evaluate the diagnostic ability of the hub genes identified,
ROC curves were constructed using data from the GSE26887
and GSE57338 databases. The area under the curve (AUC)
was calculated and hub genes with AUC >0.7 were considered
to have favorable diagnostic potential.

Cell culture and treatment. H9c2 cardiomyocytes were
purchased from the Cell Bank/Stem Cell Bank (Chinese
Academy of Sciences). All cells were cultured in DMEM
(Hyclone; Cytiva) with 10% FBS (HyClone; Cytiva) and
placed in a 37°C incubator under standard conditions (5% CO,,
95% humidity and 21% O, concentration) for 24 h.

HOc2 cells were separated into three groups: i) Control,
ii) A/R and iii) A/R + ferrostatin-1 (Fer-1). The control group
cells were incubated with normal medium (37°C; 5% CO,;
95% humidity and 21% O, concentration) for 24 h. As with
previous studies (31,32), the A/R group was induced by 4 h
anoxia and 4 h reoxygenation. The H9c2 cells were exposed
to anoxic conditions by adding fresh anoxia medium (1 mM
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CaCl,, 10 mM KCI, 20 mM HEPES, 98.5 mM NacCl, 1.2 mM
MgSO,,6 mM NaHCO;,0.9 mM NaH,PO, and 40 mM sodium
lactate; pH 6.8) and then incubated in a 37°C chamber with an
atmosphere of 95% N, and 5% CO, for 4 h. Following 4 h of
anoxia, the anoxia medium was removed from the cells and a
reoxygenation medium (1 mM CaCl,, 5.5 mM glucose, 5 mM
KCI,20 mM HEPES, 129.5 mM NaCl, 1.2 mM MgSO,,20 mM
NaHCO; and 0.9 mM NaH,PO,; pH 7.4) was added. The cells
were then incubated in a 37°C incubator with an atmosphere of
95% O, and 5% CO, for 4 h. Fer-1 (5 uM; MedChemExpress)
pretreatment was added to the A/R + Fer-1 group in a 37°C
chamber under standard conditions (5% CO,; 95% humidity
and 21% O, concentration) for 2 h to inhibit ferroptosis.

Evaluation of cell viability. Cell viability was assessed using
the Cell Counting Kit-8 (CCK-8) assay (cat. no. GK10001;
GlpBio Technology, Inc.) based on the suggested procedure.
Briefly, H9¢c2 cells were plated into a 96-well plate at a density
of 5x10° cells/well and CCK-8 solution was added to each well
at a final concentration of 10% and incubated for 1 h at room
temperature. The optical density (OD) value at 450 nm was
measured using Spark® multimode microplate reader (Thermo
Fisher Scientific, Inc.).

Western blot analysis. Proteins were extracted from the
lysates of the H9c2 cells using RIPA lysis buffer (Beijing
Solarbio Science & Technology Co., Ltd.), which contained
1% PMSF. The extracted proteins were determined using a
BCA kit (GlpBio Technology, Inc.). Proteins were denatured
through boiling for 5 min and then separated using 12%
SDS-PAGE with a protein mass of 40 ug per lane. The sepa-
rated proteins were then transferred onto PVDF membranes
(MilliporeSigma). The membranes were then blocked with
5% non-fat dry milk for 2 h at room temperature, followed
by incubation overnight at 4°C with the following primary
antibodies: Prostaglandin-endoperoxide synthase 2 (PTGS2;
1:500; cat. no. R23969; Chengdu Zen-Bioscience Co., Ltd),
glutathione peroxidase 4 (GPX4; 1:1,000; cat. no. 381958;
Chengdu Zen-Bioscience Co., Ltd.) and f-actin (1:1,000;
cat. no. GB113225-100; Wuhan Servicebio Technology Co.,
Ltd.). Subsequently, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies
(1:2,000; cat. no. A0239; Beyotime Institute of Biotechnology)
for 2 h at room temperature. Positive blots were visualized
using the Ultra High Sensitivity ECL kit (cat. no. GK10008;
GlpBio Technology, Inc.) and imaged using the FluorChem
FC3 System (ProteinSimple). Finally, the densitometric
scanning of the blots were calculated using ImageJ software
(v1.8.0.345; National Institutes of Health). f-actin was selected
as the internal reference.

Measurement of intracellular reactive oxygen species (ROS). To
determine the intracellular levels of ROS, the ROS Detection Kit
(cat. no. SO033M; Beyotime Institute of Biotechnology) was used.
HOc2 cells were seeded in a 6-well plate at a density of 1x10° cells
per well. After incubation and treatment as aforementioned, H9c2
cells were incubated with 2'/7'-Dichlorodihydrofluorescein diace-
tate for 30 min at 37°C in the dark according to the manufacturer's
instructions. Subsequently, a fluorescence microscope (Olympus
Corporation) was used to observe the associated alterations.
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Iron content detection. Total iron content in H9c2 cells was
obtained using a Total Iron Content Colorimetric Assay Kit
(cat. no. E1042; Applygen Technologies, Inc.). HO9c2 cells
were lysed at 4°C for 20 min, the cell lysate was centrifuged
at 12,000 x g for 5 min at 4°C and the total iron ion content
was measured according to the manufacturer's instructions.
The OD value was determined using the Spark multimode
microplate reader (Thermo Fisher Scientific, Inc.).

Detection of antioxidant enzymes activities and lipid peroxi-
dation. Treated H9c2 cells were lysed at 4°C for 20 min and
centrifuged at 12,000 x g for 10 or 5 min at 4°C to remove cell
debris. The malondialdehyde (MDA), superoxide dismutase
(SOD), glutathione (GSH) and glutathione disulfide (GSSG)
contents, and the GSH/GSSG ratio in H9¢2 cells were measured
according to the manufacturer's instructions of the Lipid
Peroxidation MDA Assay Kit (cat. no. S01031S; Beyotime
Institute of Biotechnology), Total Superoxide Dismutase
Assay Kit with WST-8 (cat. no. S0101S; Beyotime Institute of
Biotechnology), GSH and GSSG Assay Kit (cat. no. S0053;
Beyotime Institute of Biotechnology), respectively. The OD
value was determined using the Spark multimode microplate
reader (Thermo Fisher Scientific, Inc.).

Reverse transcription (RT)-quantitative (q)PCR. H9c2 cells
were subjected to RNA extraction using the TRIzol™ reagent
(Invitrogen; Thermo Fisher Scientific,Inc.) to obtain total RNA.
The quality and yield of the isolated RNA were assessed to
confirm its suitability for evaluating mRNA expression. cDNA
was produced by RT of total RNA using the HiScript® IT 1st
Strand cDNA Synthesis Kit (cat. no. R211-01; Vazyme Biotech
Co., Ltd.). Briefly, 20 ul RT system (1 ug RNA, 10 xl1 RT mix,
2 ul HiScript I1 Enzyme Mix, 1 ul oligo, 1 ul random hexamers
and RNase-free double-distilled H,O) was converted to cDNA
using the Bio-Rad PCR T100 Thermal Cycler (Bio-Rad
Laboratories, Inc.) at 25°C for 5 min, 50°C for 15 min and 85°C
for 2 min. Subsequently, using the SYBR Green qPCR Master
Mix (cat. no. B21203; Bimake.com), the level of gene expres-
sion was determined by qPCR and normalized to the level of
[B-actin. Briefly, 20 ul qPCR system (2 pl cDNA, 10 ul SYBR
Green qPCR Master Mix, 1 pl forward primers, 1 ul reverse
primers and 6 ul RNase-free double-distilled H,O) was ampli-
fied by BIO-RAD CFX Connect Real-Time PCR Detection
Systems (Bio-Rad Laboratories, Inc.). The procedure was as
follows: Denaturation at 95°C for 10 min, followed by thermal
cycling at 95°C for 15 sec and denaturation at 60°C for 1 min,
repeated for 40 cycles. Relative mRNA expression levels were
calculated using the 2424 method (33). The primers used in
the present study were designed and synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China). Table SII provides details
on the primers used.

Potential therapeutic drug prediction. Data on protein-drug
interactions from the DSigDB (34) were used to predict the
potential impact of drugs on ferroptosis in the context of ICM.
The Drugbank database (35) was used to identify the chemical
structures of the predicted drugs.

Statistical analysis. The results are presented as either the
mean # standard deviation or the mean =+ standard error of
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the mean. Statistical analyses were performed in GraphPad
Prism 8 (v8.0.2; Dotmatics). To compare differences between
two groups, the unpaired two-tailed Student's t-test was used.
For comparisons between =3 groups, one-way analysis of
variance and Dunnett's post hoc multiple comparison test was
used. P<0.05 was used to indicate a statistically significant
difference.

Results

Overall study protocol. The present study followed the flow-
chart presented in Fig. 1. Transcriptomic data obtained from
the GSE26887 dataset available in the GEO public database,
with data from 12 samples of post-ischemic myocardium and
5 samples of non-heart failure heart-matched donor heart.

Altered transcriptome in ICM is associated with the
dysregulation of genes related to ferroptosis. GSEA is a
widely-utilized method for evaluating the pertinence of defined
gene sets with respect to the disease phenotype in disease
transcriptomes (36). GSEA was used to assess the variation
of FRGs in the transcriptome of individuals with ICM vs. the
control group, as presented in Fig. 2. GSEA revealed significant
dysregulation of FRGs between the two groups (NES=1.736;
P.adjust <0.005; Fig. 2A). This suggests that FRGs are a crucial
feature of ICM and their dysregulation provides evidence for
the association between ICM and ferroptosis.

Identification of differentially expressed genes. Following
the division of data from GSE26887 into normal and ICM
groups, a differential analysis was performed using the
‘limma’ R package and 1,524 DEGs were identified with
significance set at FDR <0.05 and log,FC >0.5 (Table SIII).
Among these, 669 exhibited low expression and 855 showed
high expression. These results are presented using a heat
map (Fig. 2B) and a volcano plot (Fig. 2C), revealing distinct
differential expression profiles of the DEGs between the ICM
and control samples.

WGCNA. WGCNA is an analytical method used to analyze
gene expression patterns of multiple samples, which can cluster
genes with similar expression patterns. It has been widely used
in several studies such as in gene association analysis (37).

Firstly, cluster analysis was performed using the ‘flash-
Clust’ (v1.01-2-3) (22) function in WGCNA package with a
threshold of 70, and cluster 1 was found to contain 17 samples.
The sample clustering tree is shown in Fig. 3A, and the normal
control and ICM groups were clustered separately. Secondly,
a soft threshold of =7 (scale-free R2=9; Fig. 3B) was used to
establish a scale-free network. Thirdly, the threshold was set
at 0.25 and the minimum number of modules was set at 50 to
amalgamate comparable modules in a cluster. A total of six
modules were created, each containing genes with comparable
patterns of expression (Fig. 3C). The analysis of module-trait
associations revealed that several modules were linked to ICM.
The turquoise module, consisting of 683 genes, was found to
have the strongest correlation with ICM (r=0.81; P=8x1075;
Fig. 3D and E). The correlation between the genes within the
turquoise module and the ICM genes was significant (correla-
tion=0.66; P=4.8x10%'; Fig. 3F).

Identification of DEFRGs. After the aforementioned screening
process, 1,524 DEGs, 638 turquoise module genes identified
by WGCNA, and 484 FRGs were overlapped, resulting in 19
genes (Table SIV) for further analysis (Fig. 4A). A clustered
heatmap (Fig. 4B) and a correlation heatmap (Fig. 4C) were
generated to display the differences in expression and correla-
tion of the 19 DEFRGs between ischemic cardiac tissue and
normal control cardiac tissue.

GO and KEGG analyses. To understand the functions and
pathways associated with DEFRGs, enrichment analyses
were performed for GO and KEGG pathways. The DEFRGs
were primarily associated with the biological processes of
cellular iron ion homeostasis and negative regulation of
transferase activity, positive regulation of peptidyl serine
phosphorylation, smooth muscle cell proliferation, and tissue
remodeling (Fig. 5A). Among the molecular functions, the
DEFRGs were also involved in other processes such as heat
shock protein and iron ion binding, protein kinase inhibitor
activity, virus receptor activity and exogenous protein
binding (Fig. 5B). The DEFRGs were found to be localized
in several cellular components, such as the basal plasma
membrane, cellular basal fraction and secretory granule
membrane (Fig. 5C). KEGG enrichment analysis revealed
that the DEFRGs were mainly associated with ferroptosis,
hypoxia-inducible factor (HIF)-1 signaling and hematopoi-
etic cell lineage pathways (Fig. 5D). Associations between
genes and different functions or pathways were identified
in gene and pathway cross-talk mapping and these findings
indicate that multiple genes and pathways may be dysregu-
lated in ICM (Fig. SE-H).

Construction of PPI network and identification of key module
and hub genes. As the regulatory role of FRGs in ICM
involves the cross-talk of multiple gene functions and path-
ways, a PPI network of DEFRGs was constructed (Fig. 6A)
using the STRING database and functional modules and key
genes in the PPI network were searched for using Cytoscape
software. Using cytoHubba and the MCC algorithm, and the
MCODE plugin for gene screening, the key functional and top
10 hub genes were identified: Interleukin-6 (IL6), Transferrin
receptor protein 1 (TFRC), Gap junction a-1 protein (GJA1),
CD44 antigen (CD44), Cytochrome b-245 heavy chain
(CYBB), Metalloproteinase inhibitor 1 (TIMP1), a-synuclein
(SNCA), Cyclin-dependent kinase inhibitor 1 (CDKNI1A),
Solute carrier family 40 member 1 (SLC40A1), Stearoyl-CoA
desaturase (SCD) (Fig. 6C), and key modules (Fig. 6B).
Notably, the key modules completely overlapped with the hub
genes. Fig. 6D shows the differential expression of hub genes
in ICM. Moreover, it was found that the hub genes were associ-
ated with other DEFRGs in ICM (Fig. 6E), which indicated
that the hub genes may regulate ferroptosis through multiple
genes in ICM.

Exploration of the diagnostic capability of hub genes. The
diagnostic capability of hub genes in the GSE26887 and
GSE57338 datasets were assessed. In the GSE26887 dataset,
the expression of hub genes was compared, and the screened
hub genes were demonstrated to be significantly different in
both ICM and normal heart tissues (Fig. 7A). ROC analysis
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Figure 1. Overall protocol of the present study. GSEA, gene set enrichment analysis; WGCNA, weighted gene co-expression network analysis; DEG, differ-
entially expressed genes; A/R, anoxic reoxygenation; FRG, ferroptosis-related gene; DEFRG, differentially expressed FRG; PPI, protein-protein interaction;
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DSigDB, Drug Signatures Database.

results confirmed the association between the hub genes and
ICM. Additionally, the diagnostic potential of these genes was
favorable (AUC >0.7; Fig. 7B) (38). Subsequently, validation of
the hub genes was performed based on the GSE57338 dataset.
Fig. 7C demonstrates that /L-6 and CD44 were not elevated
in the samples with ICM and did not significantly differ from
normal samples; however, GJAI, SNCA, and SLC40AI had
significantly higher gene expression in ICM samples, and
TFRC, TIMPI, CDKNIA, SCD and CYBB had significantly
lower gene expression in ICM samples compared with the
normal samples. The diagnostic ability of the hub genes was
then further validated, in which TFRC, IL-6 and CD44 were
unable to effectively diagnose ICM and the diagnostic potential
of SCD was weak; however, the other hub genes demonstrated
good diagnostic ability (Fig. 7D). The aforementioned genes
were validated by multiple steps, and most of the FRGs demon-
strated good diagnostic ability, suggesting that there may be
a connection between ferroptosis and ICM. Nevertheless, the
significance of hub genes needs to be continued to be explored
in subsequent studies.

Validation of hub gene expression in the H9c2 A/R injury
model. To confirm whether the ferroptosis inhibitor Fer-1

pretreatment can attenuate ferroptosis and protect cardio-
myocytes from the impact of A/R injury, a A/R cellular
injury model was established using H9¢2 cells. The H9c2
cells were subjected to A/R treatment to simulate myocardial
I/R injury, and the extent of ferroptosis in the model, as well
as the changes in FRGs, were detected. Firstly, the changes in
GPX4 and PTGS2 were assessed at the protein level, which
are widely used as indicators for detecting the occurrence of
ferroptosis (10). The protein level of GPX4 in A/R treated
HO9c2 cells significantly decreased in comparison with
control, whilst the protein level of PTGS2 in A/R treated
HOc2 cells significantly increased in comparison with control
correspondingly; however, these changes were reversed by
pretreatment with Fer-1 (Fig. 8A and B). Consistently, H9c2
cells subjected to A/R treatment exhibited notably higher
levels of intracellular ROS in comparison with control;
however, intervention with Fer-1 resulted in a marked
decrease in ROS levels in comparison with A/R (Fig. 8C).
In subsequent experiments, the cell viability assay revealed
that A/R treated H9c2 cells had lower cell viability compared
with the control; however, Fer-1 intervention increased the
cell viability of H9c2 cells compared with A/R (Fig. 8D). In
addition, significantly increased levels of total iron (Fig. 8E),
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Figure 2. GSEA and identification of differentially expressed genes. (A) GSEA of ferroptosis-related genes in GSE26887. (B) Heatmap clustering of genes with
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analysis; DEG, differentially expressed gene; NES, normalized enrichment score; FDR, false discovery rate; FC, fold change; ICM, ischemic cardiomyopathy.
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MDA (Fig. 8F) and GSSG (Fig. 8G), significantly decreased
levels of GSH (Fig. 8H), GSH/GSSG ratio (Fig. 8) and SOD
(Fig. 8J) were observed in A/R treated H9c2 cells compared
with the control. These findings indicate the presence of
ferroptosis during the process of A/R.

Disruption of FRGs was also observed in the tran-
scriptomics of human ischemic myocardium samples. The
transcription levels of hub genes in the A/R model were
assessed and the qPCR results showed that 3/7 hub genes
(GJAI, SCL40A1 and SNCA; Fig. 8K-Q) were significantly
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Figure 4. Identification of DEFRGs. (A) Venn diagram showing the overlay of the turquoise modules, DEGs and FRGs. (B) Clustered heatmap of DEFRGs
in the GSE26887 dataset. (C) Correlation heatmap of DEFRGs in ischemic cardiomyopathy from the GSE26887 dataset. DEG, differentially expressed gene;
FRG, ferroptosis-related gene; DEFRG, differentially expressed ferroptosis-related gene.

differentially elevated in the model group compared with
the control and were significantly alleviated by the addition
of Fer-1 intervention, indicating that they were involved in
the regulation of ICM ferroptosis. Thus, it was demonstrated
that GJAI, SCL40A1 and SNCA are key genes regulating
ferroptosis in ICM.

Potential ferroptosis-regulating drugs prediction. The
DSigDB was used to predict potential ferroptosis-regulating
drugs associated with key genes that may treat ICM by modu-
lating ferroptosis. A final total of 233 drugs was obtained
and their combination scores and corresponding target genes
are listed in Table SV. The drugs with the highest combined
scores were retinoic acid and benzo[a]pyrene (Fig. 9A).
Retinoic acid (combined scores=219193; Fig. 9B) had a strong
drug-target association (P.adjust <0.05; Fig. 9C). By contrast,
benzo[a]pyrene is strongly toxicogenic and may accelerate
the process of ferroptosis, requiring protection in daily life
species (39).

Discussion

Globally, ICM is a principal contributor to mortality, sickness
and incapacity arising from cardiovascular disease (40,41).

Therefore, it is urgent to identify the pathophysiological
mechanisms of ICM and provide meaningful diagnostic and
therapeutic targets for clinical work (7).

Ferroptosis is an iron-dependent and distinct form of
regulated cell death, differing from apoptosis, necrosis
and autophagy (9). It is characterized by the accumulation
of lipid hydroperoxides that reach lethal levels, causing
oxidative damage to the cellular membrane (9,10). In
the past decade, an increasing number of studies have
supported the important pathophysiological role of ferrop-
tosis in the development of cardiovascular diseases such
as doxorubicin-induced cardiomyopathy, myocardial I/R
injury, myocardial infarction and heart failure (42). High
levels of ferroptosis, mediated by certain signaling and
metabolic pathways, may result in more severe injury
to ICM, and the regulatory molecular mechanisms and
signaling pathway cross-talk remain unclear (43). The rapid
advancement of transcriptomics has offered new insights
into the pathological process of ferroptosis in ICM (44).
The present study comprehensively analyzed the dysregu-
lated ferroptosis-related genes in the transcriptome of ICM,
explored related functions and pathways through GO and
KEGG enrichment analysis, predicted hub genes through
the PPI network, analyzed their diagnostic ability through
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Figure 6. PPI network and identification of hub genes and module. (A) A total of 18 DEFRGs in the PPI network, constructed using the Search Tool for the
Retrieval of Interacting Genes/Proteins database, in which MIR15A was not associated with other DEFRGs (minimum required interaction score=0.4).
(B) Modules identified using the MCODE plugin and the K-means clustering algorithm (degree cutoff=2; node score cutoff=0.2; K-core=2). (C) Crosstalk
between 10 hub genes, in which the deepness of the dot color indicates that the rank order of the hub gene is higher. (D) Differential expression of hub
genes in ischemic cardiomyopathy. (E) Crosstalk between the top 10 hub genes ranked by the Maximal Clique Centrality algorithm and other DEFRGs.
PPI, protein-protein interaction; DEFRG, differentially expressed ferroptosis-related gene; FC, fold change.

ROC curves, and assessed hub genes in in vitro models.
Finally, potential ferroptosis-targeted drugs were obtained
from the DSigDB, providing several potential choices for
the clinical treatment of ICM.

In the present study, GSEA demonstrated a correlation
between ferroptosis and ICM, which is consistent with
previous research results, indicating the presence of ferrop-
tosis in the pathological process of ICM (44-46). WGCNA
and differential analysis identified clustered modules and
dysregulated FRGs in ICM, and subsequent GO enrichment
analysis revealed that the dysregulated FRGs in the ICM
are involved in the regulation of ferroptosis through several
pathways.

Iron is a crucial micronutrient within the human body
as it serves a vital role in biological processes, including
the transportation, storage and utilization of oxygen (47).
Iron homeostasis serves a crucial role in the function of
the heart. Most iron ions are transported through transport
proteins on the basal membrane, and intracellular iron
ions can also bind to ferritin and are secreted through the
multivesicular body-exosome pathway (48). FRGs nega-
tively regulate cellular iron homeostasis and transferase
activity, causing iron ions to accumulate in the mitochon-
dria, increasing oxidative stress and ultimately leading to
mitochondrial dysfunction (49). Due to the limited regen-
erative capacity of cardiomyocytes, a stable scar is formed
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Figure 7. Exploration of the diagnostic capability of key genes. (A) Relative expression of hub genes in GSE26887. (B) ROC curves show the diagnostic
capability of hub genes for ICM in GSE26887. (C) Relative expression of hub genes in GSE57338. (D) ROC curves show the diagnostic capability of hub genes
for ICM in GSE57338. n=3. "P<0.05; “P<0.01; “"P<0.001. ROC, receiver operating characteristic; ICM, ischemic cardiomyopathy; AUC, areas under the curve.
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Figure 8. Altered ferroptosis level and assessment of hub gene expression in the H9c2 A/R injury model. (A) Representative western blotting bands of PTGS2 and
GPX4. (B) Relative protein expression levels of PTGS2 and GPX4, estimated using ImageJ software. (C) Representative images of ROS content in H9¢2 myofi-
broblasts. (D) Cell viability was assessed using the Cell Counting Kit-8 assay. H9c2 cell levels of (E) total iron, (F) MDA, (G) GSSG, (H) GSH, (I) GSH/GSSG
ratios and (J) SOD in each group. Reverse transcription-quantitative PCR results of (K) SCD, (L) GJA1, (M) CYBB, (N) SLC40A1, (O) SNCA, (P) CDKNIA
and (Q) TIMP1. n=3. "P<0.05; "P<0.01; *"P<0.001; **P<0.0001. A/R, anoxic reoxygenation; PTGS2, prostaglandin-endoperoxide synthase 2; GPX4, gluta-
thione peroxidase 4; ROS, reactive oxygen species; SOD, superoxide dismutase; GSH, glutathione; GSSG, glutathione disulfide; MDA, malondialdehyde; ns,
not significant; CON, control; Fer-1, ferrostatin-1; SCD, Stearoyl-CoA desaturase; GJA1, Gap junction alpha-1 protein; CY BB, Cytochrome b-245 heavy chain;
SLC40A1, Solute carrier family 40 member 1; SNCA, Alpha-synuclein; CDKNI1A, Cyclin-dependent kinase inhibitor 1; TIMP1, Metalloproteinase inhibitor 1.
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immediately after myocardial ischemia. However, under the
stimulation of chronic ischemia, the excessive deposition of
collagen-rich extracellular matrix determines the patholog-
ical remodeling of the myocardium and causes an increase
in mechanical strain in the border zone, which may lead to
expansion of the fibrotic area, decreased tissue compliance
and increased cardiac afterload (50-54). Existing research
indicates that regulating FRGs can effectively reduce
cardiac injury, fibrosis and pathological remodeling during
ischemia (55). In the present study, the DEFRGs were found
to be enriched in iron metabolism and the HIF-1 signaling
pathway. Additionally, they were linked to certain pathways
of hematopoietic cell lines, which could be associated with
the transportation of iron ions. These findings indicate that
the regulation of ferroptosis in ICM involves unknown key
molecules and pathways that require further exploration.
To gain a more thorough understanding of the mechanism
behind iron metabolism in ICM, additional research is
necessary.

By constructing the PPI interaction network to identify
the top 10 hub genes based on the MCC algorithm. The
diagnostic ability of hub genes was determined by ROC, and
genes with weak diagnostic ability were excluded. In order to
more realistically verify the expression of the remaining hub
genes, the H9¢2 A/R injury model was further constructed
to verify whether the expression trend of the remaining hub
genes was consistent with the transcriptomics data. In the
present study, GJAI, SCL40AI and SNCA showed promise as
therapeutic targets for ICM. The upregulation of SNCA leads
to cells being subjected to abnormal ROS generation and
glutathione utilization, resulting in oxidative stress of lipid
peroxidation and eventual cell death via ferroptosis (56).
Notably, upon activation of ferroptosis, GJAI is markedly
upregulated as a negative regulatory gene. However, the
mechanism of GJAI in the ferroptosis pathway remains
incompletely understood, potentially as a result of its bidi-
rectional regulatory effect on ferroptosis which has yet to
be acknowledged (57,58). Further research is necessary to
supplement this. Furthermore, as a positive regulatory gene,

SCL40A1I notably increased in an A/R model, resulting in
cell iron overload and ferroptosis (59). The aforementioned
hub genes are expected to become new targets for the treat-
ment of ICM, and further investigation into their specific
regulatory mechanisms is required.

The present study aimed to regulate dysregulated
genes in ICM for treatment and clinical transformation.
According to the selected hub genes in the present study,
potential therapeutic drugs were predicted for ICM. Among
them, retinoic acid and benzo[a]pyrene demonstrated a
high drug target association. Retinoic acid is essential for
maintaining tissue homeostasis and has been shown to
ameliorate I/R injury and several instances of drug-induced
cardiotoxicity (60). These effects are achieved through the
inhibition of oxidative stress, prevention of cardiomyo-
cyte apoptosis and attenuation of p38 MAPK, JNK and
NF-kB activation (61-63). Benzo[a]pyrene is a polycyclic
aromatic hydrocarbon present in tobacco smoke and indoor
air pollution. It possesses attributes such as lipophilicity,
refractoriness, bioaccumulation, cytotoxicity, mutagenicity
and carcinogenicity (64,65). It may have a negative regula-
tory effect on I/R injury and lacks protective properties (39).
As a result, it should be avoided in everyday circumstances.
Similar protective medicines, such as retinoic acid, may
regulate ferroptosis to reduce damage to the ICM. However,
their pharmacological mechanisms have not yet been
explored (66).

The analyses in the present study confirmed the presence
of numerous dysregulated FGRs in ICM, providing evidence
for subsequent exploration; however, it is worth noting that
the present study has certain limitations. First, the present
study observed that ferroptosis features in the H9c2 cell injury
model, including intracellular ROS aggregation, ferroptosis
marker protein changes and lipid peroxidation (44-46).
Nevertheless, it did not investigate how dysregulation of
DEFRGs regulates ferroptosis in ICM, which is a limitation of
the present study. In addition, the present study did not directly
observe the characteristics of ferroptosis in human ICM. To
establish more dependable diagnostic and therapeutic targets,
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and to translate the findings of the present study into clinical
outcomes, in-depth mechanism and functional studies are
imperative for comprehending the regulation of ferroptosis in
ICM by the FGRs.

Overall, extensive dysregulation of ferroptosis-related
genes was identified in ICM. These are situated in the
basement membrane and secretory granules. They trigger
intracellular iron overload through the transport function
of iron ions, which may lead to positive regulatory peptide
serine phosphorylation, smooth muscle cell proliferation
and tissue remodeling. Furthermore, the expression of hub
FRGs (GJAI, SCL40A1, SNCA) were assessed in an A/R
model and a statistically significant association between
GJAI, SCL40Al, SNCA and the occurrence of ICM was
identified. In addition, the present research predicted that
retinoic acid may provide a protective mechanism by
regulating ferroptosis in ICM. The current study offers
new insights and evidence regarding the involvement of
ferroptosis in ICM. This is important for discovering
the pathological mechanisms of ICM and identifying its
diagnostic and therapeutic targets.
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