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Abstract: Background: Neuroinflammation typically arises within 24 to 72 hours following intracerebral hemorrhage,
ultimately contributing to neuronal cell apoptosis. Objective: Our objective was to integrate clinical research data
and investigate new signaling pathways of ferroptosis in post-intracerebral hemorrhage neuroinflammation. Meth-
ods: We downloaded GSE125512 and identified 30 ferroptosis-related differentially expressed genes by intersect-
ing with known ferroptosis genes. The protein-protein interaction network was performed by the STRING database
and Cytoscape software to generate an interaction network among ferroptosis-related differentially expressed
genes and to screen key nodes for biomarker prediction. Results: The interleukin-18 signaling pathway exhibited
a statistically significant upregulation when comparing the periods of O to 24 hours and 72 to 96 hours post-
intracerebral hemorrhage. We identified key genes associated with the interleukin-18 signaling pathway, including
SQSTM1, IL-1B, and TLR4, and constructed a transcription factor-mRNA-miRNA regulatory network to pinpoint target
microRNAs. Conclusion: Interleukin-18 signaling pathway activates in post-intracerebral hemorrhage neuroinflam-
mation. Through a comprehensive bioinformatics analysis, we uncovered transcription factors and microRNA linked
to interleukin-18, which offers new therapeutic targets for post-intracerebral hemorrhage neuroinflammation.
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Introduction

Intracerebral hemorrhage (ICH) ranks as the
second most prevalent etiology of stroke, re-
sulting in significant morbidity and mortality [1].
According to The Global Burden of Diseases,
Injuries, and Risk Factors Study, ICH constitut-
ed 27.9% of all newly identified strokes in 2019
[2]. In 2020, ICH accounted for 14.9% of stroke
presentations in China [3]. Notably, fever oc
curs in 30-45% of patients within the initial 72
hours following ICH onset [4]. Numerous stud-
ies indicate that neuroinflammation plays a piv-
otal role in the neuronal cell death associated
with ICH [5, 6]. Future investigations are essen-
tial to identify key immune factors or pathways
that could elucidate critical mediators of pathol-
ogy in ICH.

The mechanisms of cell death in ICH encom-
pass necroptosis, pyroptosis, ferroptosis, and
autophagy [7]. Ferroptosis is characterized by

the accumulation of high levels of iron ions,
lipid peroxidation, and increased reactive oxy-
gen species [8]. GPX4 is an enzyme known to
inhibit ferroptosis [9]. In contrast, RSL3 antago-
nizes GPX4 activity, which diminishes the cellu-
lar antioxidant capacity and leads to an accu-
mulation of reactive oxygen species, ultimately
resulting in ferroptosis [10, 11]. Research has
shown that the regulation of ferroptosis can be
modulated by GPX4 through targeting specific
immune-related proteins or genes. Notably,
the knockdown of NLRP3 inflammasomes was
shown to inhibit ferroptosis through this mecha-
nism, accompanied by reduced levels of IL-18
and IL-1B [12].

Interleukin-18 (IL-18) is a pro-inflammatory
cytokine that is believed to play a role in inflam-
mation associated with various neurological
diseases, including ischemic stroke, post-stro-
ke depression, and ICH. Research has shown
that knocking out IL-18 leads to a reduction in
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activated microglia in ICH model mice [13].
Several studies have explored the mechanisms
behind the activation of the IL-18 signaling
pathway following ICH. One key aspect is pyrop-
tosis, a form of programmed cell death that
occurs after ICH, which releases IL-18 and trig-
gers a secondary immune-infammatory res-
ponse [14]. Additionally, the NLRC4 inflamma-
some is involved in processing IL-18, contribut-
ing to inflammatory injury after ICH [15]. Given
these findings, targeting 1L-18 holds therapeu-
tic potential for treating neuroinflammation af-
ter ICH.

The mechanisms underlying ferroptosis in neu-
roinflammation are currently not well under-
stood. Given that IL-18 may play a role in post-
ICH neuroinflammation, we aimed to investigate
whether ferroptosis during ICH leads to the
upregulation of IL.-18 and to explore therapeutic
strategies targeting IL-18. We began by com-
paring gene expression in peripheral blood
samples collected from ICH patients at two dif-
ferent time points: O to 24 hours and 72 to 96
hours after the onset of symptoms. This analy-
sis revealed 521 differentially expressed genes
(DEGs). We then intersected these DEGs with a
ferroptosis dataset, which led to the identifica-
tion of 30 ferroptosis-related differentially ex-
pressed genes (FDEGs). Furthermore, we devel-
oped a transcription factorrmRNA-miRNA net-
work to explore potential key biomarkers con-
tributing to neuroinflammation following ICH.
These findings provide valuable insights into
the critical pathways associated with neuroin-
flammation after ICH and enhance our under-
standing of therapeutic strategies for treating
this condition.

Methods
Differential expression analysis

Limma (linear models for microarray data) is
a differential expression screening method ba-
sed on a generalized linear model [16]. Here,
we used the R software package limma (ver-
sion 3.40.6) for differential analysis to obtain
differential expression genes (DEGs) between
different groups. First of all, the raw data GS-
E125512 of intracerebral hemorrhage was
downloaded from Gene Expression Omnibus
(GEO) [17]. Subsequently, we used the limit
function to perform multiple linear regression.
Further, the eBays function was used to com-
pute moderated t-statistics, moderated F-sta-
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tistics, and log-odds of differential expression
by empirical Bayes moderation of the standard
errors towards a common value. We considered
P < 0.05 to be statistically significant.

The Ferroptosis Database

(http://www.zhounan.org/ferrdb/current/oper-
ations/download.html) included 534 genes al-
so obtained to be intersected with GSE125512
to identify ferroptosis-related differentially ex-
pressed genes (FDEGS).

Functional enrichment of differentially ex-
pressed genes

To better demonstrate the biological function
of DEGs, we used GO analysis in R package org.
Hs.eg.db (version 3.1.0) as a background,
mapped the genes to the background set, and
performed enrichment analysis using cluster-
Profiler (version 3.14.3). The minimum number
of gene sets was set to be 5 and the maximum
was set to be 5000. GO terms with P < 0.05
and FDR < 0.05 were considered statistically
significant.

To further capture the relationships between
the terms, a subset of enriched terms has been
selected and rendered as a network plot, where
terms with a similarity > 0.3 are connected by
edges. We selected the terms with the best p-
values from each of the 20 clusters, with the
constraint that there are no more than 15
terms per cluster and no more than 250 terms
in total. The network is visualized using Cyto-
scapeb, where each node represents an enri-
ched term and is colored first by its cluster-ID
and then by its p-value.

Protein-protein interaction network analysis

STRING (https://string-db.org/) is an online da-
tabase to study protein-protein interaction in-
formation [18]. In the paper, we set the default
cutoff (interaction score > 0.4) in the STRING
online database. Genes were represented by
nodes, and the interactions between the genes
were indicated by edges. Furthermore, the fun-
ctional analysis for genes using Metascape.

Gene-miRNA interaction networks

We used TRRUST version 2 (https://www.grn-
pedia.org/trrust/) to obtain the T-mRNA re-
lationship pair data [19] and used miRWalk
(http://mirwalk.umm.uni-heidelberg.de/) to ex-
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Figure 1. |dentification and classification of differentially expressed genes in IHC samples. A: Volcano plot showing
differentially expressed genes (DGEs) in the dataset GSE125512. Red dots represent up-regulated genes and green
dots represent down-regulated genes. B: An expression heat map of the DEGs in the GSE125512 dataset. Red
color represented up-regulated genes and blue color represented down-regulated genes. C: GO enrichment analysis
of DEGs with bar-plot. The dot size reflects the number of genes enriched under the given ontology term, and the
color indicates the significance of enrichment. D: Venn diagram of ferroptosis-related differentially expressed genes
(FDEGS). The Ferroptosis dataset is intersected with GSE125512 to identify FDEGs.

plore the gene-miRNA interaction networks
[20]. In addition, we screened key transcription
factors that overlapped more than 2 genes and
miRNAs that target more than two genes.

Results

Ferroptosis-related genes are upregulated in
the periods of 72 to 96 hours post-intracere-
bral hemorrhage

We downloaded GSE125512 from the GEO
database and identified a total of 551 differen-
tially expressed genes (DEGs) in the peripheral
blood gene expression induced by intracerebral
hemorrhage (ICH) at 72 to 96 hours compared
to 0 to 24 hours. This included 311 upregulated
genes and 240 downregulated genes. The heat
map and volcano plot of the DEGs are shown in
Figure 1A and 1B. Furthermore, we conducted
a Gene Ontology (GO) enrichment analysis to
reveal the potential biological significance of
these DEGs. The upregulated DEGs were pri-
marily involved in immune system processes,
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intracellular vesicles, cytoplasmic vesicles, se-
cretion, and cell activation (Figure 1C). Next, we
intersected these DEGs with 564 ferroptosis-
related genes obtained from the FerrDb data-
base. The Venn diagram illustrates 30 ferrop-
tosis-related differentially expressed genes
(FDEGs) that are common between the two
datasets (Figure 1D), comprising 16 upregu-
lated and 14 downregulated genes (Table 1).
These FDEGs were further classified as ferrop-
tosis drivers, ferroptosis suppressors, and fer-
roptosis markers (Table 2). Among the findings,
two suppressors - TMSB4X and FTL-exhibited
significant upregulation, while TLR2 and MAPK
were significantly downregulated, indicating the
activation of inhibitory pathways during the 72
to 96 hours post-ICH period. However, the fer-
roptosis marker NFE2L2 remained upregulat-
ed, alongside the sustained release of the cyto-
kine IL-1B, suggesting ongoing neuroinflamma-
tion and ferroptosis. The results showed that
an anti-inflammatory process occurs in parallel
with neuroinflammation in post-ICH neuroin-
flammation.
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Table 1. Ferroptosis-related differentially expressed genes of intracerebral hemorrhage

Gene symbol P-value logFC Gene name Gene ID
TMSB4X 0.0161105 832.315909 thymosin beta 4, X-linked 7114
FTL 0.02654884  491.93873 ferritin light chain 2512
CYBB 0.0084075 86.6314706 cytochrome b-245 beta chain 1536
CTSB 0.03142506 23.8354833 cathepsin B 1508
CFL1 0.0141053  15.0749937 cofilin 1 1072
IL1B 0.01825334 10.4426286 interleukin 1 beta 3553
SQSTM1 0.04401366 9.21699755 sequestosome 1 8878
BID 0.0058005 8.92396907 BH3 interacting domain death agonist 637
TRIM21 0.00646655 8.18493467 tripartite motif containing 21 6737
TIMP1 0.03703792 5.55847592 TIMP metallopeptidase inhibitor 1 7076
NFE2L2 0.00071917 4.13110903 nuclear factor, erythroid 2 like 2 4780
CHP1 0.04611212 3.59918755 calcineurin like EF-hand protein 1 11261
Cs 0.03858287 1.94544291 citrate synthase 1431
FADS1 0.0469293  1.08097498 fatty acid desaturase 1 3992
SREBF2 0.04617337 0.69159975 sterol regulatory element binding transcription factor 2 6721
MYB 0.02267785 0.62078398 MYB proto-oncogene, transcription factor 4602
TLR4 0.02651365 -104.38385 toll like receptor 4 7099
PARPS8 0.01807284 -16.656838 poly (ADP-ribose) polymerase family member 8 79668
MIR15A 0.00378213 -16.450918 microRNA 15a 406948
ZFAS1 0.03554356 -12.228215 ZNFX1 antisense RNA 1 441951
RICTOR 0.03381748 -10.32279 RPTOR independent companion of MTOR complex 2 253260
GABARAPL1 0.01260636 -10.277444 GABA type A receptor associated protein like 1 23710
OSBPL9 0.00351135 -6.3200169 oxysterol binding protein like 9 114883
CIRBP 0.02719321  -5.7287768 cold inducible RNA binding protein 1153
MIR302A 0.01539279 -3.0732534 microRNA 302a 407028
ACSL3 0.04586207 -2.2655125 acyl-CoA synthetase long-chain family member 3 2181
DDIT3 0.01413426  -1.6724347 DNA damage inducible transcript 3 1649
EMC2 0.01304393 -1.4298627 ER membrane protein complex subunit 2 9694
FANCD2 0.03830996 -1.0412744 Fanconi anemia complementation group D2 2177
MAPKS8 0.01564312 -0.5887148 mitogen-activated protein kinase 8 5599

Table 2. The ferroptosis-related differentially expressed genes were classified into ferroptosis driver,
suppressor, and marker

Suppressor

Driver

Marker

NFE2L2, TMSB4X, PARPS, FTL, RICTOR, OSBPL9, MIR15A, BID, TRIM21, CYBB, GABARAPL1, EMC2,

FANCD2, SQSTM1, ACSL3, SREBF2

CFL1, MIR302A, MAPKS, IL1B, MYB, TLR4, CIRBP, CTSB,

ZFAS1, TIMP1, CS, CHP1, FADS1

NFE2L2

IL-18 signal pathway activates in post-intrace-
rebral hemorrhage neuroinflammation

We utilized 30 FDEGs to perform Gene Ontology
(GO) analysis using the Metascape online plat-
form. The findings indicated that these genes
were mainly enriched in processes related to
necroptosis, cellular response to external stim-
ulus, and cellular response to chemical stress
(Figure 2), which revealed that cellular signal
pathwayswereinducedbybiologicalstimulus.Ther-

115

efore, ER-nucleus signal pathway, ferroptosis,
IL-18 signal pathway and HIF-1 signal pathway
exhibited significant activation (Figure 2).

Protein-protein interaction network analysis
of ferroptosis-related differentially expressed
genes

In order to investigate the mechanistic signal-
ing program that underly pro-inflammatory acti-
vation, we established a protein-protein inter-
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Figure 2. Enrichment pathway of ferroptosis-related differentially expressed genes. Metascape chart of top 20 bio-
logical pathways. Each band represents the enriched term or pathway colored by p-value.
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Figure 3. Protein-Protein Interaction Network Analysis of ferroptosis-related differentially expressed genes. A: The
protein-protein interaction network constructed among FDEGs. Genes were represented by nodes, and the interac-

tions between the genes were indicated by edges. B: Functional enrichment analysis.

action network to identify potential interacting
proteins associated with the IL-18 signaling
pathway. Notably, SQSTM1, IL-1B, and TLR4
may significant impact this pathway (Figure
3A). Furthermore, GO analysis demonstrated
that these genes are enriched in the PID IL1
pathway, the IL-18 signaling pathway, and the
adaptive immune system (Figure 3B).

MIiRNA interaction of ferroptosis-related dif-
ferentially expressed genes

TRRUST database was used to contrasted tran-
scription factor (TF)-mRNA-miRNA intersection
network, which was helpful to find key tran-
scription factors and targeted miRNA. Through
the use of the TRRUST database, a total of 12
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significant TFs and 94 miRNAs were identified
(Figure 4A). Among 12 key TFs, 8 were found to
target IL1B (Table 3). Additionally, there were 7
miRNAs that received a score of >2 (Table 4).
These miRNAs were primarily enriched in tran-
scription factor activity, kinase activity, and
receptor binding. The principal biological path-
ways implicated in this analysis included the
glypican pathway, the ErbB receptor signaling
network, and plasma membrane estrogen re-
ceptor signaling (Figure 4B).

Discussion

This study utilized bioinformatics methods to
identify crucial genes involved in ferroptosis re-
lated to neuroinflammation following intracere-
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Figure 4. MiRNA Interaction of ferroptosis-related differentially expressed genes. (A) The transcription factor-mRNA-
miRNA network among FDEGs. Pink: FDEGs. Yellow: TFs. Blue: miRNAs. The edge represents different relationships.
(B) The biological pathways and (C) molecular function of miRNAs.

bral hemorrhage (ICH) and explored the under-
lying mechanisms. We successfully identified
30 ferroptosis-related differentially expressed
genes (FDEGSs) by intersecting the differentially
expressed genes (DEGs) from datasets GSE-
125512 with those from the Ferroptosis Da-
tabase. The results of pathway enrichment an-
alysis of FDEGs and protein-protein interaction
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(PPI) networks suggested that the IL-18 signal-
ing pathway plays a significant role in post-ICH
neuroinflammation. Furthermore, we identified
several genes associated with the IL-18 signal-
ing pathway, including IL-13 and TLR4. We also
recognized key transcription factors and tar-
geted microRNAs using the TRRUST database.
This study provides valuable insights into the
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Table 3. Key transcription factors and their target genes

Ferroptosis is known to be

associated with the release of

Key TF Count P value List of overlapped genes
IRF8 3 1.42E-07 CYBB, IL1B, TLR4

NFKB1 5 9.97E-06 TRIM21, IL1B, CTSB, TIMP1, SQSTM1
SPI1 3 3.15E-05 IL1B, CYBB, TLR4

STAT1 3 7.83E-05 CTSB, TIMP4, IL1B

RELA 4 0.000203 IL1B, CTSB, TIMP1, TRIM21
E2F1 3 0.000312 IL1B, MAPKS, DDIT3

JUN 3 0.000426 MAPKS, IL1B, DDIT3
CEBPB 2 0.00164 IL1B, DDIT3

ETS1 2 0.00283 CTSB, SQSTM1

SP3 2 0.00569 TIMP1, CTSB

STAT3 2 0.00884 TIMP1, DDIT3

SP1 3 0.0112 CTSB, SQSTM1, TIMP1

pro-inflammatory molecules,
such as IL-18. However, cur-
rent research has not defini-
tively established a direct ca-
usal relationship between fer-
roptosis and IL-18. Many stud-
ies suggest a potential con-
nection between the two. No-
tably, ferroptosis is linked to
the activation of the NLRP3
infammasome, which indire-
ctly leads to the release of
IL-18 [27]. Additionally, high

Table 4. miRNAs and its target genes
miRNA ID Gene targeted by miRNA Count
hsa-miR-1207-5p SREBF2, CFL1 2
hsa-miR-149-3p RICTOR, CFL1 2
hsa-miR-3680-3p BID, MAPKS8 2
hsa-miR-6734-3p CYBB, FADS1 2
hsa-miR-6752-3p FADS1, TMSB4X 2

2

3

hsa-miR-6785-5p SREBF2, CFL1
hsa-miR-6883-5p RICTOR, SREBF2, CFL1

mechanisms through which IL-18 influences
ICH from a bioinformatics perspective.

IL-18 is a pro-inflammatory cytokine located on
chromosome 11 in humans, consisting of 7
exons [21]. The transcription of the IL-18 pre-
cursor is activated under certain conditions,
such as when pathogen-associated molecu-
lar patterns (PAMPs) bind to Toll-like receptors
(TLRs) or through the activation of the NF-kB
signaling pathway [22]. The IL-18 precursor is
cleaved by caspase 1 and released as mature
IL-18 [23]. Once released, IL-18 binds to IL-
18Ra, forming a signaling complex that re-
cruits IL-18RB [24]. The formation of this het-
erodimer allows MyD88 to bind to the TIR
domain of IL-18Ra and IL-18R(, initiating the
IL-18 signaling cascade. This cascade ultima-
tely leads to the translocation of NF-kB into
the nucleus [25]. IL-18 activates microglia to
modulate the inflammatory response after
ICH [13]. Previous investigations have predo-
minantly concentrated on the involvement of
IL-18 in ICH through the inflammasome [15,
26].
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iron stress during ferroptosis
has been shown to upregulate
the expression of IL-18 [28]. In this context, we
aim to explore the relationship between IL-18
and ferroptosis, proposing that the IL-18 signal-
ing pathway may regulate ferroptosis in post-
ICH neuroinflammation.

The genes from 30 FDEGs identified to be
involved in the IL-18 pathway included BID,
IL1B, and TIMP1. BID, a pro-apoptotic Bcl-2
family member [29], is activated through cleav-
ing by caspase 8, which subsequently promotes
the release of cytochrome C from the mitochon-
dria [30, 31]. IL-18 triggers cell death through
the action of BID and the subsequent release
of cytochrome C in endothelial cells [32]. Both
IL-1B and IL-18 generally induced pyroptosis via
inflammasomes [33]. TIMP1 is a member of the
family of tissue inhibitors of metalloproteinas-
es. A study has shown that loss of TIMP1 re-
duced the expression of GPX4, which increa-
sed the level of ferroptosis [34]. These findings
suggest that these genes are all implicated in
the regulation of cell death. While our investiga-
tion did not delve deeper into the mechanisms
by which these genes influence ferroptosis, we
have established their direct link to this form of
cell death.

Transcription factors modulate gene expres-
sion and play an essential role in nearly all
physiological processes. We constructed the
TF-mRNA-miRNA network to pinpoint the criti-
cal TFs. Among the twelve key TFs identified,
eight were found to target IL1B, which include
IRF8, NFKB1, SPI1, STAT4, RELA, E2F1, JUN,
and CEBPB. The melanocortin-1 receptor was
observed to mitigate neuroinflammation via the
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CREB/Nr4al/NF-kB signaling pathway follow-
ing ICH in mice [35]. Spil, which encodes the
PU.1 protein, regulates the microglial inflamma-
tory response after intracerebral hemorrhage
via PIBK/AKT/mTOR [36]. Additionally, STAT1
elevates the transcription of Trpm7 via H3K-
27ac, resulting in calcium overload post-ICH
[37]. Moreover, curcumin has been shown to
reduce neuroinflammation after IHC by inhibit-
ing the JAK1/STAT1 pathway [38]. Therefore,
alongside the induction of ferroptosis, these
TFs exacerbate IHC through various other pa-
thways.

In this research, we identified several genes
and transcription factors associated with fer-
roptosis during neuroinflammation following
ICH. Many of these genes and transcription fac-
tors have not been explored in previous stud-
ies. Our analysis focused specifically on the
IL-18 signaling pathway. We screened for genes
related to 1L-18 and identified key target tran-
scription factors. Additionally, we identified
seven targeted microRNAs that may serve as
promising novel biomarkers.

One limitation of this study is the relatively
small sample size, which may restrict the gen-
eralizability of the results. Additionally, our find-
ings focus solely on the relationship between
ferroptosis and IL-18. It is important to note
that ferroptosis in the context of post-ICH does
not directly contribute to the upregulation of
IL-18. Further research is needed in this area.
For instance, inflammasome activation plays a
role in the processing of IL-18, which can wors-
en brain injury during post-ICH neuroinflamma-
tion. Therefore, future studies should explore
various upstream signaling pathways that are
involved in the upregulation of IL-18.
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