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Role of dysregulated ferroptosis-related genes in cardiomyocyte
ischemia-reperfusion injury: Experimental verification
and bioinformatics analysis
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Abstract. Acute myocardial infarction is a life-threatening
condition with high mortality and complication rates. Although
myocardial reperfusion can preserve ischemic myocardial
tissue, it frequently exacerbates tissue injury, a phenomenon
known as ischemia-reperfusion injury (IRI). However, the
underlying pathological mechanisms of IRI remain to be
completely understood. Ferroptosis is a novel type of regulated
cell death that is associated with various pathological condi-
tions, including angiocardiopathy. The purpose of this article
was to elucidate the possible mechanistic role of ferroptosis
in IRI through bioinformatics analysis and experimental
validation. Healthy and IRI heart samples were screened for
differentially expressed ferroptosis-related genes and func-
tional enrichment analysis was performed to determine the
potential crosstalk and pathways involved. A protein-protein
interaction network was established for IRI, and 10 hub genes
that regulate ferroptosis, including HIFIA, EGFR, HMOX],
and ATF3 were identified. In vitro, an anoxia/reoxygenation
(A/R) injury model was established using H9¢2 cardiomyo-
blasts to validate the bioinformatics analysis results, and
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extensive ferroptosis was detected. A total of 4 key hub genes
and 3 key miRNAs were also validated. It was found that IRI
was related to the aberrant infiltration of immune cells and
the small-molecule drugs that may protect against IRI by
preventing ferroptosis were identified. These results provide
novel insights into the role of ferroptosis in IRI, which can help
identify novel therapeutic targets.

Introduction

Cardiovascular diseases (CVDs) are life-threatening condi-
tions with high mortality and complication rates despite the
advances made in diagnostic and therapeutic approaches (1).
The standard treatments for acute myocardial infarction
(AMI) are reperfusion or reoxygenation, which limits the
size of the infarct through percutaneous coronary interven-
tion (PCI) or thrombolytic therapy (2). However, myocardial
reperfusion or reoxygenation can cause further damage to the
ischemic cardiac tissues, resulting in ischemia-reperfusion
injury (IRI) (3,4). Several key pathological factors involved in
IRI have been identified, including the excessive production
of ROS, regulated cell death, Ca®* overload, mitochondrial
dysfunction, and inflammatory responses. However, the exact
biological process and pathways related to IRI have not yet
been elucidated (5). Thus, there is an urgent need to elucidate
the pathological mechanisms underlying IRI to develop more
effective pharmaceutical and other therapeutic strategies.
Ferroptosis is a novel type of programmed cell death initi-
ated by iron-dependent lipid peroxidation, which leads to the
condensation of mitochondrial membranes, and the reduction
of mitochondrial cristae (6). It is a complex event mediated
by multiple pathways and has been increasingly implicated in
CVD (7). A previous study showed that the administration of
deferoxamine during the reperfusion of isolated rabbit hearts
significantly decreased the free radical content and protected
heart tissue from IRI (8). Deferoxamine also reduced cardiac
function injury after coronary artery bypass grafting (9).
Dysregulated iron homeostasis is a leading cause of IRI,
which increases the generation of hydroxyl radicals (*OH) via
the Fenton reaction, thereby triggering ferroptosis, pyroptosis,
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necroptosis, and other forms of programmed cell death (10).
Although these studies established the pathological role of
ferroptosis in IRI, the underlying mechanism and targets
remain unclear (11).

The aim of the present study was to elucidate the role of
ferroptosis in the pathophysiology of IRI through bioinfor-
matics analysis and in vitro experiments. The association
between ferroptosis and IRI was confirmed and the differen-
tially expressed genes related to ferroptosis were identified.

Materials and methods

Data collection. Gene expression datasets associated with
myocardial reperfusion injury were downloaded from GEO
(https://www.ncbi.nlm.nih.gov/geo/) (12) using ‘ischemia-
reperfusion’, ‘post-ischemia’, and ‘after ischemia’ as the key
words. The inclusion criteria for the microarray datasets were:
i) Consisted of cardiac tissue specimens, ii) included control
and ischemia/reperfusion samples, and iii) had an adequate
sample size (both IRI and normal samples >3). Accordingly,
four microarray datasets were obtained from GEO. The first
two datasets were GSE58486 (3 control and 6 IRI heart
samples) and GSE160516 (4 control and 12 IRI heart samples),
which were screened for differentially expressed genes (DEGs)
between the normal and IRI heart samples), as well as for
hub genes. GSE4105 (6 control and 6 IRI heart samples) was
used for hub gene validation. GSE124176 (3 control and 3 IRI
heart samples) was used for screening differentially expressed
miRNAs (DEmiRs) between the normal and IRI heart
samples. Ferroptosis-related genes (FRGs) were downloaded
from FerrDb (https://www.zhounan.org/ferrdb) (13).

Identification of DEGs, differentially expressed ferroptosis-
related genes (DEFRGs), and DEmiRs. The genes were first
converted to the official gene IDs based on the annotations
from the corresponding platform. The gene expression values
were then transformed to a log2 format and quantile normal-
ization was performed. Identifying and extracting DEGs
using the limma package (version 3.48.0) (14) in R software
(version 3.6.3) (15), with llog2FCl=1 and P-values <0.05 as
the thresholds for selection (where FC is fold change). After
removing repetitive genes, 388 genes were included in the
FRG set (Table SI). In addition, 51 DEFRGs were obtained
using the VennDiagram package (version 1.7.3) (16) in R, and
8 DEmiRs were identified in GSE124176.

Gene set enrichment analysis (GSEA). GSEA was conducted
on the 388 FRGs to evaluate the functional correlation between
ferroptosis and myocardial reperfusion injury. Briefly, the
FRGs in GSE58486 and GSE160516 were scored and ranked
based on expression values to evaluate the enrichment score
(ES) and core genes. FRGs with a false discovery rate (FDR)
<0.25 and a P-value <0.05 were considered significantly
enriched.

Functional and pathway enrichment analyses of DEFRGs.
DEFRGs between the normal and IRI heart samples were
submitted to Data for Annotation, Visualization, and
Integrated Discovery (DAVID; david.ncifcrf.gov/) (17,18) for
Gene Ontology (GO) (19,20) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) enrichment analyses (21). P<0.05 was
considered to indicate a statistically significant difference.

Construction of a protein-protein interaction (PPI)
network and hub gene identification. A PPI network of the
DEFRGs was constructed using the STRING database
(https://string-db.org/) (22) and visualized in Cytoscape
software (version 3.8.2) (23). The hub genes in DEFRGs were
identified by Cytohubba, a Cytoscape plugin based on the
MCC algorithm (24). Each DEFRG in the PPI network was
allocated a value, and the genes were ranked accordingly. The
top 10 genes were screened as hub genes.

Verification of hub genes in GSE4105. The expression levels
of the hub genes were validated in the GSE4105 dataset.
Comparisons between the control and IRI samples were made
using a Student's t-test and P<0.05 was considered to indicate
a statistically significant difference.

Prediction of target genes and transcription factors of
DEmiRs. The target mRNAs of the DEmiRs extracted from
GSE124176 were predicted using TargetScan (targetscan.
org/), miRwalk (http://mirwalk.umm.uni-heidelberg.de/), and
miRDB (http:/www.mirdb.org/) (25-27). After removing the
duplicate genes, the overlapping differentially expressed target
genes and DEFRGs were extracted using the VennDiagram
package in R. Potential transcription factors (TFs) for key
DEmiRs were screened using the TransmiR v2.0 database
(http://www.cuilab.cn/transmir) (28). The overlapping poten-
tial TFs and DEFRGs were considered the key TFs involved in
the miRNA-mRNA-TF network.

Construction of the DEmiR-target gene-TF regulatory
network. A TF-miRNA-mRNA regulatory network was
established based on the key TFs, key DEmiRs, and target
genes and visualized using Cytoscape to identify the regulatory
pathways.

HO9c2 cell culture and treatment. Rat H9c2 cardiomyocytes,
purchased from the Cell Bank/Stem Cell Bank (Chinese
Academy of Sciences, China) were cultured in high-glucose
DMEM (H-DMEM) (HyClone, Cytiva) containing 10% FBS
(Gibco, Thermo Fisher Scientific, Inc.), 100 U/ml penicillin
and 100 pg/ml streptomycin (Beijing Solarbio Science &
Technology Co., Ltd.) at 37°C under in a humidified incubator
supplied with 5% CO,air and 21% O,. For the experiments, the
cells were treated with ferrostatin-1 (Fer-1, MedChemExpress)
freshly prepared in DMSO.

Establishment of the in vitro IRI model. The cellular IRI
model was established as described previously (29). Briefly,
HOc2 cells were subjected to anoxia for 3 h in a specialized
medium (1 mM CaCl,, 10 mM KCI, 20 mM HEPES, 98.5 mM
NaCl, 1.2 mM MgSO,, 6 mM NaHCO;, 0.9 mM NaH,PO,,
and 40 mM sodium lactate, pH 6.8) in a humidified incubator
supplied with 95% N, and 5% CO,, and then reoxygenated for
2 hin 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) in ahumidified
incubator supplied with 95% O, and 5% CO,. The cells were
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treated with 5 mM Fer-1 for 2 h prior to anoxia/reoxygenation
(A/R) to inhibit ferroptosis.

Measurement of cell viability. H9c2 cells were seeded in
96-well plates at a density of 1x10* cells per well in 100 ul
H-DMEM and cultured for 24 h. Following treatment, cell
viability was determined using a Cell Counting Kit-8 assay
(GlpBio Technology; cat. no. #GK10001) and absorbance at
450 nm was assessed using a Multiskan FC microplate reader
(Thermo Fisher Scientific, Inc.).

Measurement of total iron concentration and malondialdehyde
(MDA) levels. Treated H9¢2 cells were harvested, sonicated,
and centrifuged at 12,000 g for 10 or 5 min at 4°C to remove
cell debris. The quantity of MDA and iron in the supernatants
were analyzed using specific assay kits (Beyotime Institute of
Biotechnology, cat. no. #S01031M; Pulilai Gene Technology,
cat. no. #E1042), and the absorbance was measured at 530 and
560 nm, respectively, using a Multiskan FC microplate reader.

Measurement of intracellular ROS generation. Intracellular
ROS generation was detected using an ROS assay kit
(Beyotime Institute of Biotechnology, cat. no. #S0033M).
Briefly, H9¢c2 cells were cultured with 10 M DCFH-DA solu-
tion in H-DMEM for 20 min at 37°C in the dark and washed
once with H-DMEM. DCFH-DA fluorescence was detected
using a fluorescence Olympus I1X73 microscope (Olympus
Corporation) at an excitation wavelength of 488 nm and an
emission wavelength of 525 nm.

Transmission electron microscopy (TEM). Following the
different treatments, H9¢2 cells were rapidly gathered and
incubated in 2% glutaraldehyde for 2 h. Then, the cells were
observed by transmission electron microscopy after washing,
dehydration, embedding in Epon 812, sectioning (60 nm), and
stained with 2% uranyl acetate and 2.6% lead citrate for 8§ min
at 37°C. Finally, the Flameng scoring method was used to
assess the ultrastructural injury of the mitochondria (30).

Measurement of intracellular lipid ROS. Following the
different treatments, H9c2 cells were collected and incubated
with 10 uM C11-BODIPY581/591 (GlpBIO) in the dark for 1 h
at 37°C and washed twice with PBS. The cells were centrifuged
at 400 g for 5 min at 25°C and resuspended in PBS supple-
mented with 10% FBS. The levels of lipid ROS were measured
using a Cytomics FC500 flow cytometer (Beckman Coulter,
Inc.). Increases in lipid ROS shifted the fluorescence emission
peak from ~590 to ~510 nm, which reflected increased lipid
ROS levels. The flow cytometry data were analyzed using
NovoExpress (v.6.2; Agilent Technologies, Inc.).

Western blot analysis. Western blotting was performed
as described in our previous study (21). Cardiomyocytes
were lysed in RIPA lysis buffer (Beyotime Institute of
Biotechnology) containing 1% PMSF, and the protein
concentration was measured using the BCA protein assay kit
(GLPBIO). 30 pg/lane from each sample were loaded on a
10% SDS-gel, resolved by SDS-PAGE, and then transferred
to PVDF membranes. After blocking with 5% non-fat dry
milk in TBS with 0.1% Tween 20 (TBST) at room temperature

for 2.5 h, the membranes were incubated overnight with
anti-PTGS2 (ProteinTech Group, Inc.; cat. no. #12375-1-AP;
1:1,000), anti-GPX4 (ZENBIO; cat. no. #381958; 1:1,000), and
anti-B-actin (OriGene Technologies, Inc.; cat. no. #TA-09;
1:1,000) antibodies at 4°C. The membranes were then washed
three times and incubated with the secondary antibody
(Beyotime Institute of Biotechnology; cat. no. #A0208;
1:3,000) for 1.5 h at room temperature. The protein bands were
detected using an ultra-high-sensitivity ECL kit (Beyotime
Institute of Biotechnology) and imaged using FluorChem
FC3 (ProteinSimple). The signal intensities of the bands were
quantified using ImageJ 1.8.0 (National Institutes of Health)
and normalized to that of the respective -actin band.

Reverse transcription-quantitative (RT-q)PCR. RT-qPCR
was performed as described previously (19). Briefly, total
RNA, including miRNA, was isolated from H9c2 cells using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
and reverse-transcribed to cDNA using RevertAid™ (Thermo
Fisher Scientific, Inc.) after evaluating the quality and concen-
tration of RNA. RT were as follows: 42°C for 1 h, 72°C for
10 min. gPCR was performed using Power SYBR Green PCR
MasterMix (Thermo Fisher Scientific, Inc.) on an Applied
Biosystems StepOnePlus Real-time PCR system (Thermo
Fisher Scientific, Inc.). The RT-PCR process involved initial
denaturation at 95°C for 10 min, followed by thermocycling
95°C for 15 sec, and 60°C for 1 min, repeated 40 cycles.
Relative mRNA expression levels were calculated using the
2-2484 method (31). All primers were synthesized by Sangon
Biotech Co., Ltd.; the sequences of the primers used in the
present study are shown in Table SII.

Immune infiltration analysis. The expression data of
GSE58486 and GSE160516 were uploaded to Immune
Cell Abundance Identifier (http://bioinfo. life.hust.edu.
cn/web/ImmuCellAl/) (32) to evaluate the infiltration ratio
of different immune cells. The infiltration ratio of 36 types
of immune cells was calculated using the ImmuCellAl
algorithm and compared between control and IRI samples
using Student's t-test. P<0.05 was considered to indicate a
statistically significant difference.

Prediction of potential therapeutic drugs. The DSigDB data-
base (http://tanlab.ucdenver.edu/DSigDB) was used to predict
potential therapeutic drugs for IRI, with an FDR of <0.05 and
a combined score of >2,000,000 as the cutoff criteria (33).

Statistical analysis. Data are presented as the mean + standard
derivation. Statistical analysis was performed using GraphPad
Prism 8.0 (GraphPad Software, Inc.) or the Sangerbox platform.
An unpaired two-tailed Student's t-test was used to compare
differences between two groups and a one-way ANOVA
followed by a Dunnett's post hoc multiple comparisons test
was used to compare differences between =3 groups. P<0.05
was considered to indicate a statistically significant difference.

Results

Study protocol. The overall workflow of this study is shown
in Fig. 1.
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Figure 2. GSEA. GSEA of the FRG set in (A) GSEA58486 and (B) GSE160516. GSEA, gene set enrichment analysis; FRG, ferroptosis related gene; NES,

normalized enrichment score; FDR, false discovery rate.

Relationship between ferroptosis and myocardial reperfusion.
GSEA of the FRG dataset was used to determine whether
ferroptosis was a key pathophysiological factor in IRI. The
genes associated with ferroptosis were significantly enriched
in the GSE58486 and GSE160516 IRI samples with a normal-
ized enrichment score (NES) of >1 (nominal P-value <0.05 and
FDR <0.25; Fig. 2A and B), suggesting a relationship between
IRI and ferroptosis. A total of 87 and 84 genes were extracted
from GSE58486 and GSE160516, respectively, for GSEA and
are listed in Table SIII.

Screening of DEGs, DEmiRs, and DEFRGs. A total of 1,287
DEGs (673 upregulated and 614 downregulated) in GSE58486

and 1,079 DEGs (752 upregulated and 327 downregulated) in
GSE160516 were screened (Fig. 3A and B). A total of eight
DEmiRs (4 downregulated and 4 upregulated) were obtained
from GSE124176 (Table I). Additionally, 51 DEFRGs were
identified based on the overlapping genes between the 388
FRGs downloaded from FerrDb, and the DEGs screened
from GSE58486 and GSE160516 (Fig. 3E, Table SIV). The
DEFRGs showed distinct expression patterns in the normal
and IRI samples (Fig. 3C and D).

Functional and pathway enrichment analysis of DEFRGs. The
DEFRGs were functionally annotated by GO enrichment and
KEGG pathway analyses. The GO terms were categorized into
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Figure 3. Identification of the DEFRGs. (A) Volcano plot of DEFRGs in GSE58486. (B) Heatmap of the DEFRGs in GSE160516. (C) Volcano plot of the
DEFRGs in GSE58486. (D) Heatmap of the DEFRGs in GSE160516. (E) Venn diagram of the DEGs between DEGs in GSE58486 and GSE160516 and FRGs
in the FerrDb database. DEG, differentially expressed gene; FRG, ferroptosis related gene; DEFRG, differentially expressed FRG.

biological process (BP), cellular component (CC), and molecular
function (MF). The DEFRGs were significantly enriched in BP
terms such as inflammatory response, positive regulation of the
apoptotic process, and positive regulation of transcription from
RNA polymerase II promoter (Fig. 4A). Cytoplasm, membrane,
and cytosol were significantly enriched CC terms (Fig. 4B), and
those related to the MF category were identical protein binding,

protein binding, and macromolecular complex binding (Fig. 4C).
The pathways significantly associated with DEFRGs included
the hypoxia-inducible factor (HIF)-1, ferroptosis, and NF-xB
signaling pathways (Fig. 4D). The interactions between DEFRGs
and the above functions and pathways were explored and found
that the regulation of DEFRGs during myocardial reperfusion
injury may involve multiple genes and pathways (Fig. 5).
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Table 1. Key differentially expressed miRs obtained from
GSE124176.

miRNA_ID logFC P-value
mmu-miR-23b-5p -1.059027778 0.000560393¢
mmu-miR-1940 1.042500000 0.001688678°
mmu-miR-7030-5p 1.022222222 0.001989443°
mmu-miR-706 -1.084861111 0.005639392°
mmu-miR-582-5p 2.275000000 0.009632056°
mmu-let-7f-1-3p -1.036805556 0.01466152*
mmu-miR-714 -1.053055556 0.02414709*
mmu-miR-466j 1.441666667 0.049095123*

"P<0.05, *P<0.01, °P<0.001. miR/miRNA, microRNA.

Construction of a PPI network and extraction of hub
genes. To further understand the interactions between these
DEFRGs, a PPI network was constructed using the STRING
database (Fig. 6A). The hub genes were extracted using the
Cytohubba plugin of Cytoscape and included IL-1B, HIF-1A,
IL-6, epidermal growth factor receptor (EGFR), toll-like
receptor (TLR)4, transforming growth factor (TGF)-BI,
heme oxygenase (HMOX)I1, prostaglandin-endoperoxide
synthase (PTGS)2, activating transcription factor (ATF)3, and
peroxisome proliferator-activated receptor o (PPARa). The
interactions between the DEFRGs and hub genes are shown
in Fig. 6B and D. The differential expression of hub genes
between normal and IRI hearts is shown in Fig. 6C.

Verification of hub gene expression in GSE4105. The differ-
ential expression of hub genes in the GSE4105 dataset was
analyzed to further clarify their role in IRI. HIF-1A, EGFR,
TGF-B1, HMOX1, and ATF3 showed similar expression
patterns in GSE4105 (Fig. 7) and were markedly upregulated
in the IRI samples compared to the controls. Thus, these 5
genes were considered key FRGs involved in myocardial
reperfusion injury.

Ferroptosis is induced in cardiomyocytes subjected to A/R
injury in vitro. To validate the results of the bioinformatics
analysis, an A/R injury model was established to simulate IRI
in vitro and ferroptosis induction was explored. The viability
of H9c2 cells subjected to A/R was markedly decreased
compared to that of cells cultured under normoxic condi-
tions. Interestingly, pretreatment with the ferroptosis inhibitor
Fer-1 protected the cells against A/R injury (Fig. 8A). The
levels of PTGS2 and GPX4 proteins were also analyzed, as
established markers of ferroptosis (34,35), in the treated H9c2
cells. A/R treatment increased the expression of PTGS2 and
decreased that of GPX4, whereas Fer-1 neutralized the effect
of A/R and restored the levels of both proteins (Fig. 8B and C).
Furthermore, cells subjected to A/R showed a significant
increase in the cytoplasmic levels of total iron and MDA
compared to the controls, which was attenuated by Fer-1
pretreatment (Fig. 8E and F). In addition, Fer-1 pretreatment
alleviated A/R-induced increases in ROS levels (Fig. 8D).
Previous studies showed that lipid peroxidation and extensive

mitochondrial injury are key signs of ferroptosis (34). The
mitochondria in A/R-induced H9c2 cells were significantly
distorted, and the Flameng scores were significantly increased;
Fer-1 pretreatment protected against such pathological changes
(Fig. 8G and H). As shown in Fig. 8I and J, the content of lipid
ROS in the A/R group was significantly increased compared
to the control group, and Fer-1 pretreatment abolished the
effects induced by A/R treatment. These findings suggested
significant activation of the ferroptosis program in cardio-
myocytes in response to A/R injury. The expression levels of
HIF-1A, EGFR, TGF-B1, HMOX1, and ATF3, the five key
FRGs identified in bioinformatics analysis, were analyzed in
the treated cells. HIF-1A, EGFR, HMOX1, and ATF3 mRNA
levels increased significantly after A/R treatment and were
downregulated by Fer-1, indicating that these genes are key
regulators of ferroptosis during IRI (Fig. 8K-O).

Immune infiltration analysis. Previous studies showed that
ferroptosis is a form of immune cell death (36,37). Therefore,
the abundance of 36 immune cell types between IRI and control
samples was compared using the ImmuCellAI algorithm.
Consistent with the clustered heatmap results, immune infiltra-
tion was significantly different between the IRI and control
samples in the GSE58486 dataset, whereas the differences
were not obvious in the GSE160516 dataset (Fig. 9A and C).
However, the infiltration of M1 and M2 macrophages was
markedly increased in the IRI samples in both datasets.
Single Sample Gene Set Enrichment Analysis (ssGSEA)
results showed that the abundance of NK and CD4 T cells,
eosinophils, CD4 Tm cells, and Tregs was notably lower in
the IRI samples in both the GSE58486 and GSE160516 data-
sets (Fig. 9B and D). In addition, the IRI and control sample
infiltration scores evaluated by ssGSEA were significantly
different in GSE58486 (P<0.05) and GSE160516 (P<0.05).

Prediction of the target genes and TFs of DEmiRs. The target
genes of DEmiRs were predicted using miRwalk, TargetScan,
and miRDB; 248 upregulated and 306 downregulated mRNAs
that were common to all three databases were screened. Two
upregulated and one downregulated target mRNA overlapped
with the DEFRG set (Fig. 10A and C). Three DEmiRs,
including mmu-let-7f-3p, mmu-mir-706, and mmu-mir-466j,
were the putative regulators of these overlapping genes and,
thus, were considered key miRNAs involved in ferroptosis
during myocardial reperfusion injury. The target TFs of these
key DEmiRs were then screened in the TransmiR database,
and ATF3 was identified as the key TF for the DEFRGs
(Fig. 10B and D).

Establishment of TF-miRNA-mRNA network. To further
elucidate the role of key miRNAs in IRI, the expression
of mmu-let-7f-3p, mmu-mir-706, and mmu-mir-466j was
assessed in vitro. As shown in Fig. 10E, mmu-mir-466j
miRNA levels were significantly increased in the A/R group
compared to the control group and downregulated by Fer-1
pretreatment. The levels of mmu-let-7f-3p and mmu-mir-706
miRNA were significantly reduced in the A/R group, whereas
Fer-1 pretreatment increased mmu-let-7f-3p and mmu-mir-706
levels compared with the A/R group (Fig. 10F and G). A
TF-miRNA-mRNA network was also constructed. As shown
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in Fig. 10H, the network consisted of three key DEmiRs, three
target genes, and one TF.

Targeted drug prediction of hub genes. The DSigDB database
was used to predict drugs correlated with the hub genes, which
can be potentially effective against IRI. The candidate drugs
were screened based on adjusted P-values and combined
scores. The top 10 predicted target drugs ranked by combined
scores are listed in Fig. 11A. As shown in Fig. 10E, the top
three drugs significantly correlated with the target genes
(adjusted P-value <0.0001, combined score >2x10°) were
resveratrol (Fig. 11B, combined score=4,650,762), quercetin
(Fig. 11C, combined score=3,110,735), and retinoic acid
(Fig. 11D, combined score=2,436,510).

Discussion

Ferroptosis, a novel type of programmed cell death characterized
by iron-induced lipid membrane peroxidation, is a pathological
factor in several types of cardiovascular diseases, including
heart failure, and acute aortic dissection (38-40). However,
the association between ferroptosis and IRI remains unclear.
Ischemic heart disease is often succeeded by myocardial IRI,
which is the result of the excessive production of free radicals
and cardiomyocyte apoptosis due to mitochondrial dysfunction,
calcium overload, and increased heat shock protein levels (41).
Several clinical studies showed that iron overload was a critical
factor involved in incomplete left ventricular remodeling after
IRI (42). Likewise, the inhibition of glutaminolysis alleviated
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IRI by blocking ferroptosis (43). Based on these reports, it is
hypothesized that ferroptosis plays a significant role in the
development of IRI. Here, Fer-1 pretreatment could remark-
ably reduce excess lipid ROS generation, iron accumulation,
and excessive mitochondrial injury induced by A/R treatment.
Based on the primary manifestations of ferroptosis, it was
confirmed that ferroptosis was involved in the pathological
process of IRI. To this end, the genes related to ferroptosis were
screened and their regulatory networks in IRI were explored
through bioinformatics analysis using multiple transcriptomic
datasets of normal and ischemic heart tissue.

Consistent with previous studies, several FRGs were
aberrantly expressed in the IRI samples, indicating that the
activation of ferroptosis is a key pathological factor (44).
In addition, DEFRGs were significantly enriched in GO
terms related to ferroptosis and oxidative stress, which is a
major trigger of ferroptosis, apoptosis, and the inflammatory
response (45). Other GO terms associated with DEFRGs
included identical protein binding and macromolecular
complex binding, which may also affect the pathological
process of IRI. KEGG analysis revealed that the HIF-1
signaling pathway and NOD-like receptor signaling pathway
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may mediate ferroptosis during IRI, although neither pathway
has yet been implicated in IRI.

To further clarify the mechanisms underlying ferroptosis
activation in IRI, a PPI network of DEFRGs was constructed,
and several hub genes were identified, of which HIFIA,
EGFR, HMOXI, and ATF3 were validated experimentally
in an in vitro A/R model. Previous studies showed that
these critical genes participate in the regulation of ferrop-
tosis (46-49). Furthermore, the HIF1A/PTGS2 pathway

aggravates ferroptosis and mediates myocardial injury and
inflammation after coronary microembolization (50). By
contrast, the overexpression of ATF3 prevents the activation of
ferroptosis by erastin and RSL3 in cardiomyocytes (51). There
are currently no reports on the role of EGFR and HMOX1
in cardiovascular diseases in the context of ferroptosis to the
best of our knowledge. Since the aforementioned genes also
participate in other pathological processes, they may regulate
IRI through mechanisms independent of ferroptosis. Thus, it is
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necessary to identify the connections between ferroptosis and
other biological processes in IRI, such as autophagy. Although
TGFBI1 was screened as a hub gene, no changes in its expres-
sion levels were found between the control and A/R groups. It
is possible that TGFB1 mediates ferroptosis during IRI and is
altered at the protein level.

As anon-coding RNA, miRNAs can regulate gene expres-
sion post-transcriptionally by silencing target mRNAs (52). A
TF-miRNA-DEFRG network was established to determine
the possible regulatory pathways of the DEFRGs; 3 key
miRNAs were identified (mmu-miR-706, mmu-let-7f-1-3p,

and mmu-miR-466j) and were verified experimentally
using an in vitro A/R model, and the overlapping target
DEFRGs and TFs were SLC7A11, RIPK1, LIPINI, and ATF3.
Whereas mmu-miR-706 inhibited cardiomyocyte ferrop-
tosis by suppressing PTGS2 (53), mmu-7f-1-3p alleviated
smoke-induced bronchial and alveolar epithelial cell apoptosis
via regulating FOXO1 (54). These potential regulatory path-
ways may thus offer novel therapeutic targets for the treatment
of IRI, and thus warrant further investigation.

Previous studies have demonstrated that the inflammatory
response is crucial for the development of IRI, and that any
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disruption in iron homeostasis affects immune cell function,
differentiation and death (55,56). Consistent with this, notable
differences in the immune infiltration patterns of normal and
IRI samples were observed. While the abundance of M1 and
M2 macrophages increased in ischemic heart tissue, that of
CD4+ T cells, NK cells, Tregs, eosinophils, and CD4+ Tm
cells decreased, consistent with previous studies (57,58). These
findings indicate the possibility of crosstalk among the key
DEFRGs and aberrant immune responses in IRI, which need
to be validated further.

Since the genes involved in pathological processes are
potential therapeutic targets (59), the potential drug candidates
for the management of IRI based on the ferroptosis-related hub
genes were predicted. Resveratrol, quercetin, and retinoic acid
showed the highest correlation with the target genes. Retinoic
acid was shown to attenuate myocardial injury and inhibit
post-IRI cardiomyocyte apoptosis by increasing ADAMI10
expression (60). Quercetin exhibited therapeutic effects in
different H9¢2 cardiomyoblast injury models induced by lipo-
polysaccharide, doxorubicin, and A/R (61-64). Resveratrol can
also protect against IRI by inhibiting ferroptosis and reducing

oxidative stress (65). Nevertheless, further research is needed
to determine whether these compounds can alleviate IRI by
targeting ferroptosis.

Although the changes in expression levels of hub DEFRGs
were validated in another independent dataset, as well as in an
in vitro experimental model, the exact roles of these genes in
the pathological process of IRI requires further clarification
using in vivo experiments and molecular assays. In addition,
although animal models can simulate the morphological signs
of human IRI, they cannot recapitulate the natural history and
histological features, resulting in potentially inaccurate and
even contradictory conclusions. Thus, human tissue samples
need to be analyzed to validate our findings. Furthermore,
observing the role of the key genes in IRI through more
precise interference experiments is critical for the discovery
of meaningful therapeutic and diagnostic targets. Therefore,
further functional studies are needed to extend the results of
the present study to the clinic.

In conclusion, several dysregulated FRGs associated with
IRI were identified and experimentally validated, and the aber-
rant immune infiltration in ischemic heart tissue was explored.
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Resveratrol, quercetin, and retinoic acid were also identified
as potential candidate drugs for the management of IRI via
targeting of ferroptosis. The present study offers novel insight
into the role of ferroptosis in IRI, which can help to elucidate
its pathobiological mechanisms and identify novel diagnostic
and therapeutic targets.
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