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Abstract. – OBJECTIVE: Women have a high-
er lifetime risk of stroke than men and are more 
likely to die from it. Ferroptosis is a recently dis-
covered form of programmed cell death impli-
cated in many diseases. The role of ferropto-
sis-related genes in the diagnosis, prognosis, 
and treatment of elderly women with ischemic 
stroke (IS) requires additional clarification. This 
paper aimed to screen ferroptosis-related genes 
associated with IS in elderly women and to iden-
tify hub genes and candidate drugs.

MATERIALS AND METHODS: Ferroptosis-re-
lated differentially expressed genes (DEGs) in 
elderly women with IS were identified by bioin-
formatics analysis of the GSE22255 and ferro-
ptosis-related gene datasets. Subsequently, fer-
roptosis-related hub genes were used to predict 
targeted miRNA, construct the miRNA-mRNA 
network, and identify candidate drugs.

RESULTS: Eleven ferroptosis-related DEGs 
were identified in elderly women with IS vs. con-
trols. Gene Ontology and Kyoto Encyclopedia 
of Genes and Genomes analysis revealed that 
the 11 genes were mainly enriched in the IL-
17, TNF, and NF-κB signaling pathways. More-
over, the hub genes suggested 10 ferropto-
sis-related biomarkers for IS, including SOCS1, 
IFNG, TNFAIP3, IL1B, IL-6, PTGS2, DDIT3, CX-
CL2, NFE2L2, and ATF3. Furthermore, our find-
ings revealed the miRNA-mRNA network of the 
hub genes and identified candidate drugs. 10 
potential therapeutic compounds, especially es-
tradiol CTD 00005920, corresponded to the 10 
key genes which could be targets for IS treat-
ment in elderly women. 

CONCLUSIONS: Our results suggested fer-
roptosis-related DEGs (SOCS1, IFNG, TNFAIP3, 
IL1B, IL-6, PTGS2, DDIT3, CXCL2, NFE2L2, and 

ATF3) as potential biomarkers for IS diagnosis, 
prognosis, and treatment, providing additional 
evidence of the important role of ferroptosis in 
IS in elderly women.

Key Words:
Ferroptosis, Ischemic stroke, Elderly women, Bio-

marker, Bioinformatics.

Introduction

Stroke is a leading cause of death and disabili-
ty globally1, with ischemic stroke (IS) accounting 
for approximately 87% of all strokes2. Major risk 
factors of IS include age, sex, ethnicity, genetics, 
hypertension, diabetes mellitus, smoking, metabolic 
syndrome, and atrial fibrillation3. Women have an 
approximately 4% higher lifetime stroke risk4 and 
have worse outcomes and higher mortality than that 
in men5. This is attributable to female-specific risk 
factors, such as menopause, delayed recognition 
of the condition, and treatment delay6. In contrast, 
there is increasing evidence7 that early the diag-
nosis of IS can improve the therapeutic effect and 
prognosis for patients. It suggests the importance of 
clarifying the potential mechanisms of IS in elderly 
women to identify new biomarkers and therapeutic 
targets.

Dixon et al8 first reported ferroptosis, a novel 
form of programmed cell death characterized by 
intracellular iron accumulation and lipid peroxida-
tion. Morphologically, ferroptosis is characterized 
by an intact cell membrane, reduced cell volume, 
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increased mitochondrial membrane density, the 
disappearance of mitochondrial cristae, mitochon-
drial membrane contraction, mitochondrial outer 
membrane rupture, a normal nucleus size, and the 
lack of chromatin concentration8,9. Ferroptosis can 
be regulated by multiple proteins and genes, and 
it involves various metabolic pathways, including 
iron, amino acid, and lipid metabolism. Ferroptosis 
is ubiquitous in human bodies because it functions 
in physiological and pathogenic processes. Re-
cent evidence10 suggests that ferroptosis is related 
to diseases such as atherosclerosis (AS), isch-
emia-reperfusion injury, and stroke. However, the 
role of ferroptosis-related genes in the diagnosis, 
prognosis, or treatment of IS in elderly women has 
not been fully clarified.

Therefore, this study aimed to investigate the 
role of ferroptosis in elderly women with IS. Us-
ing bioinformatics, this study applied the Gene 
Expression Omnibus (GEO) dataset GSE22255 
to identify the differentially expressed genes 
(DEGs) in elderly women with IS. The intersect-
ing genes, DEGs of the GSE22255 dataset, and 
ferroptosis-related genes of the FerrDb database 
were considered the ferroptosis-related DEGs. 
Finally, these common genes were analyzed to 
determine their main biological functions and 
to perform enrichment analysis. Meanwhile, 
through protein-protein interaction (PPI) and cy-
toHubba analysis, key IS-associated genes were 
identified and predicted based on miRNA and 
target drug prediction. The results could provide 
a molecular theoretical basis for diagnostic and 
therapeutic biomarkers of IS.

Materials and Methods

Ferroptosis-Related Gene Database 
The assembled set of ferroptosis-related genes 

was retrieved from the FerrDb database (http://
www.zhounan.org/ferrdb)11, including the gene 
and chemical substance categories of the ferro-
ptosis regulators. The gene regulators included 
drivers, suppressors, and markers, and the chem-
ical substance regulators included inducers and 
inhibitors. FerrDb consists of six independent 
datasets. 

Dataset Collection and Processing
The GSE22255 dataset illustrates the genomic 

expression profiles of peripheral blood mononu-
clear cells (PBMCs) from IS patients compiled 
from the GEO database. The platform was the 

GPL570 [HG-U133_Plus_2] Affymetrix Human 
Genome U133 Plus 2.0 Array. The IS dataset 
(GSE22255) contains data from PBMCs of 20 IS 
patients and 20 sex- and age-matched controls. 
The study selected five samples of elderly women 
with IS (≥60 years old) and five sex- and age-
matched control samples. The ‘Umap’ (version 
0.2.7.0) and ‘ggplot2’ (version 3.3.3) packages 
of R (version 3.6.3, https://cran.r-project.org/in-
dex.html) were used for statistical analysis and 
visualization, including the development of box 
diagrams of normalized samples, principal com-
ponent analysis (PCA), and Umap visualisation.

Differential Analysis
First, we combined the data of the six inde-

pendent FerrDb datasets. Then, DEGs between 
the five samples of elderly women with IS and the 
control group were analyzed and visualized using 
the ‘ggplot2’ and ‘ComplexHeatmap’ packages of 
R software (version 3.6.3)12. Cut-off criteria were 
obtained for GSE22255 using the criteria |log2 (fold 
change, FC)| > 1 and p.adj < 0.05. Venn diagrams 
(http://www. interactivenn.net) were applied to 
find common DEGs between the GSE22255 data-
set and the FerrDb database, which were visual-
ized using volcano and heat maps.

Functional Enrichment Analysis 
Gene ontology (GO) terms are organized into 

three categories, biological process (BP), mo-
lecular function (MF), and cellular component 
(CC)13. The analysis and visualization of GO 
and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) databases were performed using logFC 
on the ‘org.Hs.eg.db’ (version 3.10.0), ‘GOplot’ 
(version 1.0.2), ‘clusterProfiler’ (version 3.14.3), 
and ggplot2 (version) packages14. The results were 
visualized using column, circle, and chord dia-
grams. The selection criteria were p.adj < 0.05 
and q-value < 0.2.

PPI Establishment and Identification of 
Hub Genes

The PPI analysis of the DEGs was conduct-
ed using the Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING) database 
(version 11.0, http:// string-db.org)15. In addition, 
a combined score >0.4 was considered a statis-
tically significant interaction. Then, Cytoscape 
software (version 3.7.1, http://www. cytoscape.
org) was employed to visualize the resulting 
PPI network. The nodes correspond to proteins, 
and the edges represent the protein interactions. 



S. Li, Z.-Y. Li, L.-H. Qin

4746

Finally, the cytoHubba plugin in Cytoscape was 
applied to look for hub genes using the calculated 
degree of network topology. 

Statistical Analysis
According to the data distribution, the ex-

pression of hub genes was statistically analyzed 
using either a t-test or Mann-Whitney U test. In 
addition, the Spearman correlation analysis was 
carried out for the hub genes, and the result was 
visualized using the ‘ggplot2’ package of R soft-
ware. p-values <0.05 were considered statistically 
significant (all p-values presented are two-sided).

Ferroptosis-Related Hub Gene-Mediated 
Prediction of miRNA and Construction 
of the miRNA–mRNA Network

The miRNAs targeted by hub genes were pre-
dicted with miRwalk (version 3.0, http://mirwalk.
umm.uni-heidelberg.de/). The selected genes tar-
geting miRNAs were predicted using the miR-
Walk, miRDB, and TargetScan databases and 
were included in databases (miRDB or TargetS-
can database) other than the miRWalk database. 
Furthermore, the interaction network was visual-
ized using Cytoscape software.

Identification of Candidate Drugs
Based on the hub genes, the targeting drugs 

were analysed with the Drug Signatures database 
(DSigDB). Access to the DSigDB database was 
acquired through the Enrichr (https:/amp. pharm.
mssm.edu/Enrichr/) platform. 

Results

Evaluation of GEO Datasets
After data standardization, the median of the 

visualization diagram of each sample was basi-

cally a horizontal line (Figure 1, A1). In terms 
of sample clustering, the samples of two groups 
in the PCA and Umap diagram were separated 
(Figure 1, A2 and A3).

Analysis of Ferroptosis-Related DEGs 
Eleven DEGs [suppressor of cytokine sig-

nalling 1 (SOCS1); interferon-gamma (IFNG); 
TNF alpha-induced protein 3 (TNFAIP3); in-
terleukin-1β (IL1B), nuclear receptor subfamily 
1 group D member 2 (NR1D2); interleukin-6 
(IL-6); prostaglandin-endoperoxide synthase 2 
(PTGS2); DNA damage-inducible transcript 3 
(DDIT3); CXC chemokine ligand 2 (CXCL2); 
nuclear factor erythroid 2-like 2 (NFE2L2); and 
activating transcription factor 3 (ATF3)] were 
found to be common between the GSE22255 
datasets and FerrDb database (Table I and Figure 
2, B1). This is displayed in the form of a volcanic 
plot and heat map (Figure 2, B2 and B3).

Functional Enrichment Analysis of 
Ferroptosis-Related DEGs

The current study analyzed GO terms and the 
KEGG pathways associated with the 11 common 
DEGs. Based on criteria of p.adj of <0.05 and 
q-value of < 0.2, there were 916 BPs, 6 CCs, 18 
MFs, and 45 KEGG pathways were identified. 
The five most eminent GO terms included in the 
BP, MF, CC, and KEGG categories are presented 
in Table II and Figure 3.

PPI Network Construction and 
Ferroptosis-Related Hub 
Gene Identification

Based on the STRING database, the PPI net-
work analysis of ferroptosis-related DEGs was 
performed and visualized with Cytoscape (Fig-
ure 4 D1). The top 10 genes, including IL-6, 
IL1B, PTGS2, ATF3, CXCL2, TNFAIP3, NFE2L2, 

Figure 1. Evaluation of data in GSE22255 database. Group1 is the control group, and group2 is the experimental group. (A1) 
The normalized box diagram of the samples. (A2) The PCA diagram of two groups. (A3) The umap diagramof two groups.
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DDIT3, SOCS1, and IFNG, were taken as po-
tential hub genes via Cytoscape and are shown 
in Figure 4 D2 and Table III. IL-6, IL1B, and 
PTGS2 (degree 18) were the most significantly 
enriched genes, followed by ATF3 (degree 14); 
CXCL2 and TNFAIP3 (degree 12); and NFE2L2, 
DDIT3, SOCS1, and IFNG9 (degree 10), as shown 
in Table III.

Differential Expression of 
Ferroptosis-Related Hub Genes

The sample did not meet the normality test (p 
< 0.05); therefore, the Mann-Whitney U test was 
selected. The test showed that the expression of 
the 10 hub genes, SOCS1, IFNG, TNFAIP3, IL1B, 
IL-6, PTGS2, DDIT3, CXCL2, NFE2L2, and ATF3 
was significantly (p < 0.01) lower in group 2 than 
in group 1, as shown in Figure 5. Moreover, the 
expression of these markers was downregulated 
and verified in an IS cohort. 

Correlation of Ferroptosis-Related the 
Hub Genes

Spearman correlation analysis was conducted 
for the 10 hub genes (Figure 6), and the results 
showed a positive correlation. All genes were 
correlated with each other. 

Further miRNA Mining and 
Interaction Network Analysis

We analyzed the interaction of the hub genes 
with miRNAs. Figure 7 shows the interactions 
among the 10 hub genes and their target miR-
NAs.

Identification of Candidate Drugs
Using the Enrichr platform for identification 

and the DSigDB database for analysis, the can-
didate drugs were selected according to the ad-

Table I. The eleven differentially expressed ferroptosis-related DEGs in elderly women with IS compared to healthy controls.

	 ID	 Gene symbol	 logFC	 p value	 Adj. p value	 Changes

210001_s_at	 SOCS1	 -1.505	 p ≤ 0.001	 0.003	 Down
210354_at	 IFNG	 -1.863	 p ≤ 0.001	 0.005	 Down
202644_s_at	 TNFAIP3	 -1.243	 p ≤ 0.001	 0.030	 Down
205067_at	 IL1B	 -3.064	 p ≤ 0.001	 0.008	 Down
209750_at	 NR1D2	 -1.196	 p ≤ 0.001	 0.046	 Down
205207_at	 IL6	 -5.050	 p ≤ 0.001	 0.020	 Down
204748_at	 PTGS2	 -2.714	 p ≤ 0.001	 0.001	 Down
209383_at	 DDIT3	 -1.199	 p ≤ 0.001	 0.020	 Down
209774_x_at	 CXCL2	 -3.080	 p ≤ 0.001	 0.003	 Down
201146_at	 NFE2L2	 -1.065	 p ≤ 0.001	 0.013	 Down
202672_s_at	 ATF3	 -1.844	 p ≤ 0.001	 0.010	 Down

Figure 2. Analysis of Ferroptosis-Related DEGs. B1, The Venn map of intersection of ferroptosis-related genes and DEGs of 
GSE22255 dataset. B2, Volcano plot of ferroptosis-related DEGs between the elderly women with IS in the experimental group 
and the elderly wome in the control group. Upregulated genes are marked with red dots, downregulated genes with blue dots, 
and genes without any significant difference are marked with gray dots. B3, Heat map of 11 ferroptosis-related DEGs between 
the elderly women with IS in the experimental group and the elderly wome in the control group.
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justed p-value. The result showed that the drug 
estradiol CTD 00005920 interacted with most 
genes. These landmark drugs were detected for 
the hub genes, representing common drugs that 

can be used to treat ferroptosis-associated patho-
genesis in elderly women with IS. Table IV shows 
the candidate drugs identified from the DsigDB 
database with respect to the hub genes.

Table II. The top 5 GO/KEGG terms for ferroptosis-related DEGs in elderly women with IS.

	Ontology	 ID	 Description	 GeneRatio	 BgRatio	 p-value	 p. adjust	 q-value

BP	 GO:2001233	 Regulation of 	 6/11	 406/18670	 4.29e-08	 2.41e-05	 6.90e-06
		  apoptotic signaling					   
		  pathway					   

BP	 GO:0150076	 Neuroinflammatory	 4/11	 75/18670	 7.76e-08	 2.41e-05	 6.90e-06
		  response					   

BP	 GO:0045073	 Regulation of	 3/11	 15/18670	 6.90e-08	 2.41e-05	 6.90e-06
		  chemokine 					   
		  biosynthetic process					   

BP	 GO:0042033	 Chemokine 	 3/11	 16/18670	 8.48e-08	 2.41e-05	 6.90e-06
		  biosynthetic process					   

BP	 GO:0050755	 Chemokine 	 3/11	 16/18670	 8.48e-08	 2.41e-05	 6.90e-06
		  metabolic process					   

CC	 GO:0090575	 RNA polymerase	 2/11	 163/19717	 0.004	 0.031	 0.019
		  II transcription					   
		  factor complex

CC	 GO:0044798	 Nuclear transcription	 2/11	 201/19717	 0.005	 0.031	 0.019
		  factor complex					   

CC	 GO:0032993	 Protein-DNA complex	 2/11	 202/19717	 0.005	 0.031	 0.019

CC	 GO:0005788	 Endoplasmic 	 2/11	 309/19717	 0.012	 0.048	 0.030
		  reticulum lumen					   

CC	 GO:0005942	 Phosphatidylinositol	 1/11	 27/19717	 0.015	 0.048	 0.030
		  3-kinase complex					   

MF	 GO:0005125	 Cytokine activity	 4/11	 220/17697	 7.16e-06	 4.30e-04	 1.88e-04

MF	 GO:0005126	 Cytokine receptor 	 4/11	 286/17697	 2.02e-05	 6.05e-04	 2.65e-04
		  binding	

MF	 GO:0048018	 Receptor ligand	 4/11	 482/17697	 1.54e-04	 0.003	 0.001
		  activity	

MF	 GO:0001228	 DNA-binding 	 3/11	 439/17697	 0.002	 0.022	 0.010
		  transcription 					   
		  activator activity,					   
		  RNA polymerase					   
		  II-specific					   

MF	 GO:0000980	 RNA polymerase 	 2/11	 99/17697	 0.002	 0.022	 0.010
		  II distal enhancer 					   
		  sequence-specific 					   
		  DNA binding					   

KEGG	 hsa04657	 IL-17 signaling pathway	 6/9	 94/8076	 1.73e-10	 1.56e-08	 7.28e-09

KEGG	 hsa04668	 TNF signaling pathway	 5/9	 112/8076	 5.65e-08	 2.54e-06	 1.19e-06

KEGG	 hsa05323	 Rheumatoid arthritis	 4/9	 93/8076	 1.99e-06	 5.60e-05	 2.62e-05

KEGG	 hsa05146	 Amoebiasis	 4/9	 102/8076	 2.88e-06	 5.60e-05	 2.62e-05

KEGG	 hsa04064	 NF-kappa 	 4/9	 104/8076	 3.11e-06	 5.60e-05	 2.62e-05
		  B signaling pathway					   



Investigating potential ferroptosis-related DEGs and biomarkers of IS in elderly women

4749

Discussion

We first explored the DEGs in elderly women 
with IS vs. sex- and age-matched controls using 
the GSE22255 dataset, and then, compared them 
to a set of ferroptosis-related genes retrieved 
from the FerrDb database. Consequently, 11 fer-
roptosis-related DEGs were discovered in elderly 
women with IS. Moreover, GO and KEGG anal-
yses revealed that these 11 ferroptosis-related 
DEGs were mainly enriched in the IL-17, TNF, 
and NF-κB signaling pathways. Interestingly, 

these genes and pathways were involved in IS. 
Through PPI construction and cytoHubba analy-
sis, we identified 10 ferroptosis-related biomark-
ers for IS, namely, IL-6, IL1B, PTGS2, ATF3, 
CXCL2, TNFAIP3, NFE2L2, DDIT3, SOCS1, 
and IFNG.

IL-6, a key proinflammatory cytokine, par-
ticipates in the pathological process of cerebral 
ischemia-reperfusion injury and is upregulated 
with transient middle cerebral artery occlusion16. 
In another study17, the expression of an inflam-
matory mediator cytokine, IL1B, was elevated 

Figure 3. Enrichment analysis of ferroptosis-related DEGs in IS. C1, Column  diagrams of GO and KEGG enrichment 
analysis. C2, Circle diagrams of GO and KEGG enrichment analysis. C3, Chord diagrams of BP. C4, Chord diagrams of CC. 
C5, Chord diagrams of MF. C6, Chord diagrams of KEGG. 

Figure 4. PPI network and ferroptosis-related hub gene. D1, PPI network of ferroptosis-related DEGs. D2, Ferroptosis-related 
hub genes.
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upon early cerebral ischemia. IL-6 leads to the 
ferroptosis of cartilage cells by inducing cellular 
oxidative stress and altering iron homeostasis18. 
However, liproxstatin-1, a selective ferroptosis 
inhibitor, reduces microglia activation and IL-6 
and IL1B release19. In this study, IL-6 and IL1B 
were involved in the IL-17, TNF, and NF-κB sig-
naling pathways. Therefore, they were considered 
hub genes associated with ferroptosis in elderly 
women with IS. 

PTGS2, known as cyclooxygenase-2, produces 
the inflammatory mediator prostaglandin E2 and 
is a rate-limiting enzyme in the biosynthesis of 
prostaglandins. The overexpression of PTGS2 
also has a central role in IS pathogenesis. More-
over, the synthesis of inducible PTGS2 in the 
brain is activated by the NF-κB signaling path-
way20. Another study21 showed that PTGS2 as po-
tential diagnostic biomarkers for IS. Additionally, 

PTGS2 is a marker of ferroptosis22. These studies 
are consistent with our results, which identified 
PTGS2 as a hub gene of ferroptosis in elderly 
women with IS. 

ATF3, as a transcription factor, is involved in 
the occurrence and regulation of ferroptosis and 
AS23. Endoplasmic reticulum stress promotes an 
increase in intracellular H2O2 levels by upreg-
ulating ATF3. H2O2 increases intracellular Fe2+ 
and restricts glutathione synthesis, leading to the 
continuous accumulation of toxic intracellular 
lipid peroxides24. ATF3 also promotes ferroptosis 
induced by erastin25. The vulnerability of ath-
erosclerotic plaques is one of the main causes of 
IS. These studies are consistent with our results, 
which also identified ATF3 as one of the hub 
genes of IS ferroptosis.

The mRNA levels of CXCL2 were found to in-
crease significantly during plaque progression in 
a mouse AS model26. In another study17, CXCL2 
expression was significantly increased at 24 h 
after brain ischemia induced by endothelin-1, but 
this increase returned to the baseline level after 
48 h. Similarly, in this study, CXCL2 was deter-
mined to be involved in ferroptosis and IS. 

TNFAIP3 is a ubiquitin-modifying enzyme 
that is essential for the negative regulation of in-
flammation27. Furthermore, TNF α-induced pro-
tein has been shown to negatively regulate the 
Toll-like receptor signaling pathway, which could 
lead to inflammatory effects28. Mice lacking TN-
FAIP3 develop severe multiple organ inflamma-

Table III. Top ten in network edges ranked by Degree method.

	 Rank	 Gene symbol	 Score

1	 IL6	 18
1	 IL1B	 18
1	 PTGS2	 18
4	 ATF3	 14
5	 CXCL2	 12
5	 TNFAIP3	 12
7	 NFE2L2	 10
7	 DDIT3	 10
7	 SOCS1	 10
7	 IFNG	 10

Figure 6. Correlation heatmap of ferroptosis-related hub 
genes. Red and blue represent positive correlation and neg-
ative correlation respectively of ten ferroptosis-related hub 
gene. The darker the color, the higher the correlation coef-
ficient. The value represents the correlation coefficient, the 
larger the value, the stronger the correlation.

Figure 5. The expression of 10 ferroptosis-related hub genes. 
Blue represents group 1 (the control group), and red represents 
group 2 (the experimental group). *p < 0.05; **p < 0.01.
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tion, leading to premature death29. Likewise, in 
this study, TNFAIP3 was found to be involved in 
ferroptosis and IS. 

NFE2L2, also known as nuclear factor eryth-
roid 2-related factor 2 (Nrf2), is a transcription 

factor-regulated antioxidant enzyme30. It plays 
an important physiological role in regulating 
oxidative stress and inflammation. In contrast, 
NRF2 could regulate ferroptosis-related genes 
(including glutathione regulation genes) nicotin-

Table IV. Suggested top drug compounds for the hub genes of IS.

	 Name of drug	 p-value	 Adjusted p-value	 Genes

Estradiol CTD 00005920	 2.28E-07	 2.81E-06	 IL6, SOCS1, IFNG, IL1B, DDIT3, TNFAIP3,
			   PTGS2, CXCL2, ATF3, NFE2L2
Methanol CTD 00005338	 3.15E-11	 1.66E-09	 IFNG, IL1B, PTGS2, NFE2L2
Nsc267099 ctd 00001568	 3.15E-11	 1.66E-09	 IL6, IFNG, IL1B, NFE2L2
Trifluoperazine PC3 UP	 5.46E-15	 5.88E-12	 IL6, DDIT3, TNFAIP3, PTGS2, CXCL2, ATF3
Prochlorperazine PC3 UP	 1.12E-12	 1.72E-10	 DDIT3, TNFAIP3, PTGS2, CXCL2, ATF3
Bepridil PC3 UP	 1.34E-12	 1.80E-10	 DDIT3, TNFAIP3, PTGS2, CXCL2, ATF3
Primaquine HL60 UP	 1.34E-12	 1.80E-10	 IL1B, DDIT3, PTGS, CXCL2, ATF3
Suloctidil PC3 UP	 4.77E-14	 2.05E-11	 IL6, DDIT3, TNFAIP3, PTGS2, CXCL2, ATF3
Cortisol succinate CTD 00000336	 1.48E-08	 2.85E-07	 IL6, IL1B, NFE2L2
2’-Hydroxychalcone TTD 00000428	 1.48E-08	 2.85E-07	 IL1B, PTGS2, NFE2L2

Figure 7. Predicted interactions among 10 ferroptosis-related hub genes and their target miRNAs. Blue represents 10 
ferroptosis-related hub genes, and red represents the target miRNAs of 10 ferroptosis-related hub genes.
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amide adenine dinucleotide phosphate regenera-
tion, which is critical for glutathione peroxidase 
4 (GPX4) activity, and iron homeostasis31. Thus, 
Nrf2 is an important regulatory factor for ferro-
ptosis31. Furthermore, one study32 revealed that 
Nrf2 has a neuroprotective effect through com-
plex signal crosstalk and is located at the center 
of the entire pathway. The results of the present 
study also showed that Nrf2 is closely related to 
ferroptosis in elderly women with IS. 

DDIT3, also called C/EBP homologous protein 
(CHOP), plays key roles in endoplasmic reticu-
lum stress-induced apoptosis and autophagy33. The 
expression of p53-independent p53 upregulated 
modulator of apoptosis, mediated by the CHOP 
(DDIT3) signaling pathway, is involved in the syn-
ergistic interaction between apoptosis and ferro-
ptosis34. Furthermore, CHOP (DDIT3) expression 
is significantly increased after 3, 6, and 12 h of 
reperfusion following global ischemia35. These are 
consistent with results of our study showing that 
DDIT3 is closely related to ferroptosis and IS.

The main function of the SOCS1 gene is the 
recruitment of E3 ubiquitin ligases to inhibit cell 
signaling and promote ubiquitination36. However, 
SOCS1 is necessary for the activation of p53 and 
the regulation of cellular senescence, and it induces 
ferroptosis through p53-target genes and SLC7A11 
downregulation37. Exogenous SOCS1 is sufficient 
to adjust p53-target gene expression and make cells 
sensitive to ferroptosis37. Another study38 demon-
strated that SOCS1 expression is lower in rats with 
IS. In summary, SOCS1 is related to ferroptosis and 
IS, which corresponds with our results.

IFNG, also called IFN-γ, is a dimerized soluble 
cytokine39. Our study found that IFNG was one 
of the hub genes of ferroptosis in elderly women 
with IS. Iron and the erythropoiesis-inducing 
hormones (erythropoietin) affect innate immune 
responses by influencing IFNG-mediated iron 
or NF-κB-inducible immune effector pathways 
in macrophages. One study40 demonstrated that 
IFN-γ induces the death of human retinal pigment 
epithelial cells, accompanied by the main charac-
teristics of ferroptosis. Simultaneously, treatment 
with IFN-γ decreases the level of GPX4, render-
ing cells more sensitive to ferroptosis. However, 
IFN-γ increases the SOD2 level in neural stem 
cells cultures. High-dose IFN-γ injection also 
aggravates the level of inflammation in a cerebral 
ischemic model41. In summary, IFNG (IFN-γ) is 
closely related to cell ferroptosis and IS, but we 
did not verify that IFN-γ is directly related to the 
ferroptosis mechanism in IS. 

Another important finding is the identification 
of 10 potential therapeutic compounds corre-
sponding to the 10 key genes in elderly wom-
en with IS, especially estradiol CTD 00005920. 
However, the influence of estrogen on stroke 
remains unclear. Previous scholars41 have shown 
that high-dose estrogen is correlated with an 
elevated IS risk42. In contrast, another study42 
suggested that a higher dose of estrogen is not 
correlated with a high IS risk. Compared to es-
trogen, conjugated equine estrogen, comprising 
equine estrogens, estrone, equilin, and equilenin, 
is related to a high risk of stroke43. Therefore, the 
association between estrogen and stroke risk in 
relation to the estrogen dose and types should 
thus be further investigated. 

Conclusions 

Based on GEO, FerrDb, and other multi-da-
tabase biological big data mining, we found that 
IL-6, IL1B, PTGS2, ATF3, CXCL2, TNFAIP3, 
NFE2L2, DDIT3, SOCS1, and IFNG are ferro-
ptosis-related DEGs that might be promising in 
the development of diagnostics and therapeutics 
for elderly women with IS. This study provides a 
new potential target for the clinical diagnosis of 
elderly women with IS. Meanwhile, the relation-
ship between the expression of 10 key genes and 
therapeutic compounds suggests that estradiol 
could be used for the treatment of elderly women 
with IS. The deficiency of this study is that the 
key genes were not verified in our experiments. 
We plan to verify them in further studies.
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