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Background: Aging is recognized as the key risk for intracerebral hemorrhage (ICH). The detailed mechanisms of aging in ICH
warrant exploration. This study aimed to identify potential aging-related genes associated with ICH.

Methods: ICH-specific aging-related genes were determined by the intersection of differentially expressed genes (DEGs) between
perihematomal tissues and corresponding contralateral parts of four patients with ICH (GSE24265) and 349 aging-related genes
obtained from the Aging Atlas database. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Set
Enrichment Analysis (GSEA) analyses were performed to identify the potential biological functions and pathways in which these ICH-
specific aging-related genes may be involved. Then, PPI network was established to identify the hub genes of ICH-specific aging-
related genes. Meanwhile, miRNA-mRNA and transcription factor (TF)-mRNA regulatory networks were constructed to further
explore the ICH-specific aging-related genes regulation. The relationship between these hub genes and immune infiltration was also
further explored. Additional single-cell RNA-seq analysis (scRNA-seq, GSE167593) was used to locate the hub genes in different cell
types. Besides, expression levels of the hub genes were validated using clinical samples from our institute and another GEO dataset
(GSE206971).

Results: This study identified 24 ICH-specific aging-related genes, including 22 up-regulated and 2 down-regulated genes. The results
of GO and KEGG suggested that the ICH-specific aging-related genes mainly enriched in immunity and inflammation-related
pathways, suggesting that aging may affect the ich pathogenesis by regulating inflammatory and immune-related pathways.
Conclusion: Our study revealed 24 ICH-specific aging-related genes and their functions highly pertinent to ICH pathogenesis,
providing new insights into the impact of aging on ICH.
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Introduction

Intracerebral hemorrhage (ICH) is one of the most dangerous stroke diseases, referring to bleeding caused by non-traumatic
rupture of blood vessels in the cerebral parenchyma, with a high mortality and disability rate that seriously affects people’s
healthy lives."> One-year post-ICH onset, mortality exceeds 50%, with survivors often experiencing functional and cognitive
impairments.®* In the Global Burden of Disease Study 2019, the global incidence of intracerebral hemorrhage (ICH) was
approximately 3.5 million cases, with disproportionately high rates observed in low-income countries, as well as certain
regions of Oceania and Southeast Asia.” Individuals in low-income regions have nearly double the incidence of ICH compared
to those in higher-income regions (29.5% compared with 15.8% of all stroke cases in 2019).” Hypertension, cerebral amyloid
angiopathy and anticoagulation are the main causes of ICH in adults. Meanwhile, previous studies have also highlighted that
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patients with haematological disorders could manifest ICH.”® The pathological process can be divided into primary injury,
which refers to mechanical compression due to a hematoma, and secondary injury, which consists of cytotoxicity of blood,
hypermetabolism, excitotoxicity, oxidative stress and inflammation, eventually leading to neuronal apoptosis.’ !

Aging is an inevitable biological process characterized by cell type-specific and tissue-specific changes, leading to
numerous chronic and age-related pathologies.'>'? Previous studies have proved that aging is a critical risk factor for
ICH. The risk of ICH in elderly individuals is five times higher than their younger counterparts.'* Aging can affect the
body in multiple ways, such as cardiovascular and central nervous system changes, interplaying with the multiple risk
factors for ICH."> Cytologically, aging is associated with mitochondrial dysfunction, genomic instability, and cellular
senescence.'® Mitochondria play a crucial role in not only supplying energy through ATP production but also in
regulating calcium homeostasis and metabolite synthesis, which are essential for ensuring optimal neuronal function
and development.'” Mitochondrial dysfunction generally occurs in the initial stage of brain injury, which can exacerbate
secondary brain injury.'® Aging-related genes play an important role in the initialization and regulation of cell senescence
and may affect neuron and vessel tissues in a sophisticated way.'® ' Recent studies have uncovered the potential roles of
aging-related genes in Alzheimer’s Disease,”? periodontitis®> and chronic obstructive pulmonary disease.”* However,
how aging-related genes contribute to ICH remains largely unknown.

Single-cell RNA sequencing enables the study of genome-wide express changes at single-cell resolution, offering
a powerful solution for analyzing phenotypic variations and intercellular communication dynamics within distinct cell
subsets during complex pathological processes.>> Current therapeutic options for ICH include hematoma evacuation,
reduction in blood pressure and the administration of haemostatic drugs.’® However, there are no proven medical
treatments that can improve the functional outcome of ICH patients. More preclinical studies are needed to elucidate
injury mechanisms in ICH and facilitate the development of novel therapies.

Materials and Methods

Data Acquisition

Three hundred and forty-nine aging-related genes were derived from the Aging Atlas database.?” Dataset GSE24265,%
including expression profiles of perihematomal tissues and corresponding contralateral parts (white matter and grey
matter) of four patients with ICH, was downloaded from the GEO for further analysis. Meanwhile, dataset GSE206971,2°
including microarray data of hematoma basal ganglia tissue of ICH mice model (n = 3, aged 8-10 weeks) and sham
operation control, was downloaded to validate the expression of 10 hub ICH-specific aging-related genes.

Different Expression Analysis

The Limma package®® was used to perform the analysis of differential expression. The expression profiles of perihema-
tomal tissues and normal tissues were compared to identify the differentially expressed genes (DEGs) using the following
criteria: | log2 (fold-change) | >1 and adjusted P-value <0.05 (Table S1). The DEGs were intersected with 349 aging-
related genes to identify ICH-specific aging-related genes. The Venn diagram of DEGs was generated by the web tool
Draw Venn Diagram (Draw Venn Diagram (ugent.be)).

Functional Enrichment Analysis

GSEA of perihematomal tissues was performed by the R package “clusterProfiler”.’! Gene sets were considered
significantly enriched genes with a threshold of P <0.05 and false discovery rate (FDR) <0.05. Meanwhile, the GO
and KEGG enrichment were also performed using “clusterProfiler”.

Protein—Protein Interaction Network Analysis and Identification of Hub Genes

An online database, STRING,** which can retrieve the interaction among multiple proteins, was used to predicate
protein—protein interactions (PPI) with default parameters. Cytoscape v3.8.2>% was used to visualize the PPI network and
Cytohubba,’* a Cytoscape plugin app was used to explore the hub genes.
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miRNA-mRNA Interaction Networks

Three databases, miRDB,*> miRTarBase,>® and TargetScan (TargetScanHuman 7.2) were used to predict the potential
upstream miRNAs for the ICH-specific aging-related genes based on the regulatory associations. The intersection of the
three database results were considered high-confidence miRNAs. Then, a miRNA-mRNA regulatory network was
established using Cytoscape software.

TF-mRNA Interaction Networks

The TF-mRNA interaction network was constructed according to the previous work: after selecting 53 TFs from the
DEGs, we performed Pearson correlation test to explore the correlation between the expression of 24 ICH-specific aging-
related genes and 53 differential expression TFs. Based on the cut-off criteria of P <0.0001 and |[Pearson’s correlation
coefficient| >0.7, 23 TFs and 23 mRNAs were used to establish the TF-mRNA regulatory network. The TF-mRNA
regulatory network was visualized by Cytoscape.

Immune Infiltration Analysis
The R package ‘CIBERSORT’*” was used for analysis of immune cell fractions in ICH tissues and normal controls.

Single-Cell RNA-Seq Data Analysis

The single-cell RNA-seq dataset GSE167593°% was downloaded from GEO database, which contained cerebral cortical
samples of ICH mice and normal mice. R package ‘Seurat™>® was used to process the data. The specific parameters were
as follows: Low-quality sequencing data was filtered out based on the criteria of <500 expressed genes or 20%
mitochondrial transcripts. After normalizing the filtered data by the “NormalizeData” function, top 2000 highly variable
genes were identified by the ‘FindVariableFeatures’ function. Then, the “RunPCA” function was applied to perform
principal component analysis (PCA) to reduce the dimension of the scRNA-seq data based on the top 2000 genes. We
choose dims = 8 and clustered the cells through the ‘FindNeighbors’ and “FindClusters” functions (resolution = 0.3) to
find the clusters. Cluster annotation was referred to the previous work.*®

Drug Selection and Molecular Docking
DGIdb database (https:/dgidb.genome.wustl.edu/)** was used for drug prediction of hub genes in order to screen

potential targeting small molecule drugs for aging-related genes. The drug with highest gene—drug interaction scores
were selected to perform small-molecule drug-large-molecule protein docking using AutoDock.*!

Immunohistochemistry

As previously reported,** the fresh tissues obtained during operation were embedded using paraffin after being fixed
neutral-buffered formalin (G1101, Servicebio, Wuhan, China) with for 24 hours in room temperature. After that, the
tissues were cut into 5-um sections, followed by deparaffinization, rehydration and immersion. The sections were
incubated in NCM Blot Blocking Buffer (P30500, NCM Biotech, Suzhou, China) for 1h to block. After washing the
sections three times with PBS, the sections were incubated with the corresponding antibodies (listed in Table S2) at 4°
overnight. The sections were washed three times with PBS again and incubated with poly-HRP-conjugated Goat Anti-
Rabbit 1gG (H+L) (RCA054, Recordbio Biological Technology, Shanghai, China) at room temperature for 2h. The
sections were then stained with 3.3’-diaminobenzidine solution and hematoxylin counterstain at room temperature before
observation. The percentage of positive cells was scored for analysis. The collection and use of clinical samples is in
strict conformity with the declaration of Helsinki.

Statistical Analysis
Statistical analysis was performed in R v.4.1.0 and GraphPad Prism v.6.0 (GraphPad Software, La Jolla, California). The
Pearson correlation coefficient was used for correlation analysis. The Wilcoxon rank-sum test was used to analyze the
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statistical significance of continuous variables. Student’s #-test was used for statistical significance analysis of IHC result
of normal control and ICH groups. The difference was statistically significant at the level of P < 0.05.

Results

Identification of Aging-Related DEGs in ICH

Figure 1 shows the flowchart of this study. The gene transcriptome data of the GSE24265 dataset from perihematomal
tissues and corresponding contralateral parts (white matter and grey matter) of four patients with ICH were downloaded
from the GEO dataset. A total of 467 DEGs, including 338 up-regulated and 129 down-regulated genes were identified
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using the Limma package with a threshold of P-value <0.05 and | log2(fold-change) | >1 (Table S1). A volcano plot for
the distribution of DEGs was generated using R package (Figure 2A). After intersecting DEGs with 349 aging-related
genes obtained from the Aging Atlas database, 24 aging-related genes were derived. The Venn diagram and the heatmap
of the aging-related DEGs were shown in Figure 2B and C.

Enrichment Analysis of Aging-Related DEGs
GSEA was performed to elucidate the differentially expressed pathways and GO between the ICH tissues and normal
tissues using “clusterProfiler” package. As is shown in Figure 3, the top 8 enriched GO terms in ICH were ribosomal
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Figure 2 Identification of differentially expressed aging-related genes in ICH. (A) Volcano plot of DEGs with ICH-specific aging-related genes labeled; (B) Venn diagram of
ICH-specific aging-related genes. (C) Heatmap of 24 ICH-specific aging-related genes. ICH, intracerebral hemorrhage; DEGs, differentially expressed genes.

International Journal of General Medicine 2024:17 httpsi/doi.org/102147/)GM.S457480 9 F D3
DovePress


https://www.dovepress.com/get_supplementary_file.php?f=457480.docx
https://www.dovepress.com
https://www.dovepress.com

Li et al Dovepress

A

=== chemokine receptor binding

=== cytosolic ribosome

=== granulocyte migration

=== humoral immune response
== |eukocyte chemotaxis

== myeloid leukocyte migration
== neutrophil migration

ibosomal subunit

UM BI R

| I‘ i IIIIIIIIIIIIIIIIIIIIIIII | II I II'IIII Il I III II| I

Running Enrichment Score

i I IIl Jienll

Sl

L 44
o}
2
L
|
3 o — —- — -
x
c
2 -2
5000 10000 15000
Rank in Ordered Dataset
B === Coronavirus disease - COVID-19
=== Cytokine—cytokine receptor interaction
% === |L-17 signaling pathway
Sl)_' == Phagosome
S — Rheumatoid arthritis
_FE’ - Ribosome
I_|EJ rotein interaction with cytokine and cytokine receptor
2
c
c
3
14
II I I I I
Ih | IIII I III IIIII IIIIIIIIIIIIII IIII 11 IIIII | II I IIIII'I I lIIII I IIIII I I
I \'I III | |I I IIIHIIIII A |||| ! ]
tm ]II“II Il 1 IIIIII‘ II“I' IIIJII 1[ III|”)| II,I | |II I I I I | IIII I,I |
][] IIIIIII IIII {1} I I
QO 44
b
5}
2 5
L
4
3 o B f —
X
c
e 2]

5000 10000 15000
Rank in Ordered Dataset

Figure 3 GSEA analysis of ICH and control groups reveal the potential mechanism involved in ICH. The top 8 gene ontologies (A) and KEGG pathways (B) based on the
normalized enrichment score (NES) between ICH and control groups. GSEA, gene set enrichment analysis.
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subunit, neutrophil migration, cytosolic ribosome, granulocyte migration, chemokine receptor binding, myeloid leuko-
cyte migration, humoral immune response and leukocyte chemotaxis, and top 8 enriched KEGG terms in ICH were
ribosome, rheumatoid arthritis, coronavirus disease - COVID-19, IL-17 signaling pathway Viral protein interaction with
cytokine and cytokine receptor, cytokine—cytokine receptor interaction, Phagosome, and antigen processing and pre-
sentation, which indicated that molecular alteration in ICH group was closely related to Inflammation and immune-
related pathways.

The R package “clusterProfiler” was used to perform GO and KEGG enrichment analyses of ICH-specific aging-
related genes to further understand the biological process that would be affected. The annotations of the GO terms
suggested the 24 aging-related DEGs were most involved in cellular response to biotic stimulus, cellular response to
lipopolysaccharide, cellular response to molecule of bacterial origin, response to lipopolysaccharide, response to
molecule of bacterial origin, cytokine-mediated signaling pathway, tertiary granule, RNA polymerase II transcription
regulator complex, chemokine activity, chemokine receptor binding, cytokine activity, cytokine receptor binding,
G protein-coupled receptor binding and CXCR chemokine receptor binding (Figure 4A). The KEGG enrichment analysis
showed that the aging-related genes play a key role in NF-kappa B signaling pathway, TNF signaling pathway, lipid and
atherosclerosis, rheumatoid arthritis, IL-17 signaling pathway, viral protein interaction with cytokine and cytokine
receptor, cytokine—cytokine receptor interaction, NOD-like receptor signaling pathway, chemokine signaling pathway
and human cytomegalovirus infection pathway (Figure 4B). It is worth noting that the enrichment results of 24 aging-
related genes are nearly identical to the GSEA results of ICH, which indicates the potentially important role of the 24
aging-related genes in ICH.

Protein—Protein Interactions Network and Identification of Hub Aging-Related DEGs
The 24 aging-related DEGs were uploaded to the STRING online website to derive the PPI network. According to the
result, a total of 22 DEGs were consequently extracted among 24 genes uploaded with default parameters. The PPI
network containing 22 nodes and 85 edges was visualized by Cytoscape (Figure 5A). Figure 5B shows the degree of each
gene calculated by CytoHubba, and CXCL2, CXCL12, CCL4, CCL3, VCAMI, ILIR1, TNFAIP3, IL1B, CCL20 and
CXCLI1 were defined as hub genes according to these degrees (Figure 5C). To further understand the correlation of the
ten hub genes, we explored the correlation between their expression levels. Interestingly, all of these hub genes showed
a significant co-expression trend. Furthermore, KEGG and GO enrichment analyses were also performed based on the ten
hub genes. Similar to the result of 24 ICH-specific aging-related genes, the 10 hub genes also enriched in inflammatory
and immune-related pathways (Table 1 and Table 2), further illustrating the critical role of these hub genes in ICH.

miRNA Regulatory Network

TargetScan, miRTarBase and miRDB databases were used to predict miRNAs that might play a regulatory role over the
24 ICH-specific aging-related genes. The results of three databases were intersected in order to obtain the high
confidence miRNAs. Finally, a miRNA-mRNA regulatory network containing 14 mRNA nodes, 89 miRNA nodes and
98 edges was established and visualized by Cytoscape (Figure 6). Has-miR-374a-5p, has-miR-21-5p, has-miR-125b-5p,
has-miR-23a-3p, has-miR-19a-3p, has-miR-19b-3p, has-miR-29a-3p, has-miR-23b-3p may function as ceRNAs among
these 89 miRNAs.

TF Regulatory Network

To elucidate the potential regulatory mechanisms of aging-related DEGs, we built a TF regulatory network. According to
previous study,*® the TF regulatory network was established in three steps: (1) 53 different expressed TFs and 24 aging-
related DEGs were selected. (2) The correlation test between the expression of each TF and each aging-related DEGs was
performed using Pearson correlation test with a threshold of |Pearson’s correlation coefficient| >0.7 and P-value <0.0001,
which was shown in Table S3. (3) Cytoscape was used to construct and visualize the regulatory network according to TFs
and aging-related DEGs that were significantly linked at transcriptional level. As shown in Figure 7, PLEK regulated
most of the aging-related DEGs, suggesting the dominant position of PLEK in the regulatory network. IL1R1 was
predicted to have the greatest TF abundance.
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pathways (B) of the 24 ICH-specific aging-related genes.

Immuno-Correlation Analysis of ICH Tissues and Aging-Related Hub Genes

ICH results in the activation of multiple immune cells. R package “CIBERSORT” was used to analyze the differences in the
immune landscape between ICH tissues and normal controls. Figure 8A and B illustrate the immune infiltration in ICH tissues
and normal controls. T cells CD8, T cells follicular helper and Neutrophils were significantly upregulated in normal control
tissues, while T cells gamma delta were upregulated in ICH tissues. Considering that the aging-related hub genes are mainly
enriched in inflammation-related pathways, we further analysed the relationship between these aging-related hub genes and
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The correlation between the expression of 24 |CH-specific aging-r

elated genes with 10 hub genes highlighted. (* P<0.05, Pearson correlation test).

immune cell infiltration (Figure 8C). Interestingly, the relationship between these aging-related genes and immune cells
showed the same trend that most aging-related genes are negatively correlated with neutrophils, macrophages M2, B cells
naive and T cells follicular helper. However, they are strongly positively correlated with mast cells activated. Mast cells are
located along blood vessels in the brain.** In the early stages of ICH, the activation of mast cells contributed to inflammation
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Table | The Top 10 KEGG Enriches the ten Hub Genes Based on p-value

ID Description p-value Gene ID

hsa04064 NF-kappa B signaling pathway 2.26E-14 CXCLI2/ILIRI/CCL4/CXCL2/ VCAMI/TNFAIP3/CXCLI/ILIB
hsa04060 | Cytokine-cytokine receptor interaction 1.09E-10 | CXCLI2/ILIRI/CCL20/CCL4/ CXCL2/CCL3/CXCLI/ILIB
hsa05323 Rheumatoid arthritis 3.68E-10 | CXCLI2/CCL20/CXCL2/CCL3/ CXCLI/ILIB

hsa0406 | Viral protein interaction with cytokine and cytokine receptor 5.74E-10 CXCLI12/CCL20/CCL4/CXCL2/ CCL3/CXCLI

hsa04668 | TNF signaling pathway 1.15E-09 | CCL20/CXCL2/VCAMI/TNFAIP3/ CXCLI/ILIB

hsa04062 Chemokine signaling pathway 2.98E-08 CXCL12/CCL20/CCL4/CXCL2/ CCL3/CXCLI

hsa04657 | IL-17 signaling pathway 4.30E-08 | CCL20/CXCL2/TNFAIP3/ CXCLI/ILIB

hsa05417 Lipid and atherosclerosis 2.69E-06 CXCL2/VCAMI/CCL3/CXCLI/ ILIB

hsa05163 Human cytomegalovirus infection 3.37E-06 CXCLI2/ILIRI/CCL4/CCL3/ ILIB

hsa05146 | Amoebiasis 4.49E-06 ILIRI/CXCL2/CXCLI/ILIB

Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes.

Table 2 The Top 10 GO Enriches the ten Hub Genes Based on p-value

ONTOLOGY ID Description p-value Gene ID

BP GO:0019221 Cytokine-mediated signaling pathway 3.73E-14 CXCLI2/ILIRI/CCL20/CCL4/CXCL2/ CCL3/TNFAIP3/CXCLI/ILIB
MF GO:0008009 Chemokine activity 5.47E-14 CXCLI12/CCL20/CCL4/CXCL2/CCL3/ CXCLI

MF GO:0042379 Chemokine receptor binding 6.08E-13 CXCLI12/CCL20/CCL4/CXCL2/CCL3/ CXCLI

BP GO:0050900 Leukocyte migration 9.18E-13 CXCLI2/ILIRI/CCL20/CCL4/CXCL2/ VCAMI/CCL3/CXCLI
BP GO:0070098 Chemokine-mediated signaling pathway 1.88E-12 CXCLI12/CCL20/CCL4/CXCL2/CCL3/ CXCLI

BP GO:0097529 Myeloid leukocyte migration 3.27E-12 CXCLI2/ILIRI/CCL20/CCL4/CXCL2/ CCL3/CXCLI

BP GO:1990868 Response to chemokine 341E-12 CXCLI12/CCL20/CCL4/CXCL2/CCL3/ CXCLI

BP GO:1990869 Cellular response to chemokine 341E-12 CXCLI12/CCL20/CCL4/CXCL2/CCL3/ CXCLI

MF GO:0005125 Cytokine activity 5.96E-12 CXCLI12/CCL20/CCL4/CXCL2/CCL3/ CXCLI/ILIB

BP GO:1990266 Neutrophil migration I.39E-11 ILIR1/CCL20/CCL4/CXCL2/CCL3/ CXCLI

Abbreviation: GO, Gene Ontology.

leading to blood—brain barrier disruption, brain edema and hematoma expansions after ICH.** The strong correlation between
mast cells and aging-related hub genes further suggests that aging-related genes further exacerbate brain damage after ICH
mainly by promoting inflammation, which is the same as the results of the previous KEGG enrichment analysis.

Single-Cell Analysis of Hub Genes

The Seurat package was used to perform the single-cell analysis. Cluster analysis through uniform manifold approxima-
tion and projection (UMAP) showed that the cells from both control and ICH groups could be divided into 7 clusters:
oligodendrocyte, microglia, endothelial cell, neuroblast, astrocyte, choroid plexus cell and T cell (Figure 9A and B).
Marker genes used to identify each subgroup were shown in Figure S1. As shown in Figure 9C and D, Cxcl2, Ccl4, Ccl3,
Tnfaip3 and Il11b were obviously upregulated in the endothelial cell in the ICH model. The endothelial cell is an
important component of the blood—brain barrier, maintaining a safe and homeostatic milieu for proper neuronal function

and synaptic transmission.*® Previous works had reported that proinflammatory cytokines, chemokines, adhesion

2728 e International Journal of General Medicine 2024:17

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=457480.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

hsa-miR-373-5p

-miR-: -2
hsa-miR-4255 S '“'Rhg’gfmiR_423_5p hsa-miR-223-3p hsa<miR-22-5p hsa-miR-340-5p

-miR-; -5p
hsa-miR-371b-5p hsa-miR-155-5p
hsa-miR-616-

hsa-iR-548az-5p hsa-miR-22-3p hsa-miR-4262 hsa-miR-33a-5p
hsa-miR-3613-3p

hsa-miR-193a-3p

yiRJQSb-Sp
hsa-miR-374a-5p hsaqgiRa147 hsa-miR-4645-3p
hsa-miR-6837-3p
“MiR-4259 —tsaemiR-7845-5p

hsa-miR-19,-504iR-

hsa-miR-377-3p

hsa-miR—46;}g -miR-125a-5p hsa-miR-23b-3p
hsasmiR4729 /

hsamiR243p

hsamiR-4674 hsa<miR-96-5p

hsa-miR-6833-5p
hsa-miR-125b-5p

hsa-miR-181b-5p hsa-miR-29a-3p

hsa-miR-6887-3p hsa-miR-6858-3p

f hsa<miR-4458
hsa-miR-19b-3p "
hsa-miR-23a-3p sasmiR-3921 hsadet-7g-5p ~ hsa-miR-3148
hsa-miR-4515 hsa-miR-4659a-3p
hsa-miR-19a-3p __ - hsadlet-7e-5)
Rsa:miR-4500 hbadett-sp saclet-7e-5p
hsa-miR-18a-3p hsa-miR-146a-3p hsa-let-7a<5p
hsa<miR-98-5p 3‘-SyniR-ttew—:Sp
sa-MIRBB6Z:00 MiRA517
hsa-miR-152-3p-
hsa<miR-8485

hsa-miR-31-5p

hsa-let-7d-5p

hsa-miR-525-5p
hsaxmiR-301a-5p

h: a—miR—SZ()aff)p

hsa-let-7i-5p
hsa-miR-7162-3p

hsa-miR-3675-3p hsa-miR-138-5p

Figure 6 miRNA-mRNA regulatory network of ICH-specific aging-related genes. The target prediction of each miRNA was conducted using miRDB, TargetScan, and
miRTarBase databases. Red nodes present the up-regulated genes. Blue nodes represent the down-regulated genes.

molecules and matrix metalloproteinases (MMPs) broke down the blood—brain barrier (BBB) and destroyed surrounding
tissues, which contributed to ICH-induced brain injury.*® Considering the strong correlation between these hub genes and
activated mast cells, we speculated that activated mast cells could lead to inflammatory responses in endothelial cells by
upregulating Cxcl2, Ccl4, Ccl3, Tnfaip3 and Il1b, resulting in damage to the blood-brain barrier. Hence, we queried the
GDIdb database for prospective small-molecule drugs. The result of CCL4 and IL1B targeting drugs was shown in
Table 3. The molecule drug with the highest gene—drug interaction scores was selected to perform molecular docking
using AutoDock (Figure 10). The energy required for docking clodronic to CCL4 is —3.98 Kcal/mol, and the energy
required for docking TT-301 to IL1B is —7.85 Kcal/mol. Amino acid residues GLU-30, THR-31 and ALA-39 in CCL4
and clodronic form hydrogen bonds tightly. Amino acid residues GLN-38 in IL1B and TT-301 form hydrogen bonds
tightly. Overall, it showed that CCL4 and IL1B had a high affinity for their docked compounds.

Validation of the Expression Levels of Hub Genes in ICH Tissues

To verify the expression of part of hub genes at the protein levels in ICH tissues, we collected 3 cases of ICH samples and 3 cases
of peritumoral samples for immunohistochemistry (IHC). The clinical characteristics of patients were described in Table S4. The
results showed that CCL20, CXCL1 and CXCL12 were significantly upregulated in ICH tissues (Figure 11A and D). Meanwhile,
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Figure 7 The TF-mRNA regulatory network. Red nodes represent up-regulated genes. Blue nodes represent down-regulated genes. TF, transcription factors.

we also downloaded the gene expression profile of hematoma basal ganglia tissue of ICH mice model GSE206971 from GEO.
As shown in Figure 11E and N, the expression of Ccl4, Ccl3, Cxcl12 and Il1r1 were significantly up-regulated in ICH models
compared to the sham operation models (n = 3, aged 8-10 weeks). Meanwhile, the expression of Tnfaip3, Ccl20, II1b, Cxcl2,
Vcaml and Cxcll also showed an upregulation trend in the ICH sample, although not statistically significant.

Discussion

Elevated systemic chronic inflammation is a pivotal hallmark of aging and exerts a crucial impact on multiple age-related
conditions in the elderly population.*” Numerous studies have proved that the controversial role of inflammation in the
secondary brain injury of ICH.***° Based on the results of enrichment analysis of aging-related genes, we suggested that
aging could promote inflammatory responses in the development of ICH. 24 ICH-specific aging-related genes were
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Figure 8 Immune infiltration analysis of ICH. (A and B) Immune landscape of ICH tissues and normal controls (*P<0.05; ns, non-significance, Wilcoxon test). (C) The

correlation between aging-related hub genes and immune cells (*P<0.05, **P<0.005, ***P<0.001, Pearson correlation test).
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identified through different expression analysis. Our GO and KEGG enrichment analysis revealed that ICH-specific
genes participated in inflammatory, cellular communication and immune-related pathways, indicative of the prominent
biological significance of ICH-specific aging-related genes in ICH pathogenesis. Using the PPI network, we further
explored the potential interactions between ICH-specific aging-related genes. The ten hub genes (CXCL2, CXCL12,
CCL4, CCL3, VCAMI, IL1R1, TNFAIP3, IL1B, CCL20, CXCL1) were selected according to degree calculated by
CytoHubba. Additionally, the KEGG enrichment analysis of hub genes showed similarities to ICH-specific aging-related
genes, illustrating the importance of hub genes. According to Wasserman et.al, aging is associated with an increased
inflammatory response after ICH, but it does not have a significant impact on neuron death.’ Meanwhile, Zhang et al
also founded that ICH induced more pronounced histone mark redistribution in neuroinflammation-associated genes in
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Table 3 Identification of Drugs for CCL4 and ILIB in ICH
Gene Drug Sources PMIDs Interaction score
CCL4 CLODRONIC NCI 12388372 6.18
CCL4 EPOETIN ALFA NCI 17119331 325
ILIB CANAKINUMAB TdgClinicalTrial, 19,169,963 10.03
Chemblinteractions,
MyCancerGenome,
TEND,
TTD
ILIB TT-301 TTD 22131899 3.34
ILIB GEVOKIZUMAB TdgClinicalTrial, NA 3.34
Chemblinteractions
ILIB RILONACEPT Chemblinteractions, | 23,553,601; 3.34
TTD 23319019
ILIB PENTAMIDINE NCI 8370344 1.67
ILIB GLUCOSAMINE TTD NA 1.67
ILIB TILUDRONIC ACID PharmGKB 16257277 1.67
ILIB THYROGLOBULIN NCI 2788696 .11
ILIB MAFOSFAMIDE NCI 3497116 0.84
ILIB ECHINACEA NCI 8951617 0.84
UNSPECIFIED
ILIB RISEDRONIC ACID PharmGKB 16257277 0.84
ILIB RABEPRAZOLE PharmGKB 21054464; 0.56
16,815,316;
14,638,340
ILIB CELASTROL TTD NA 0.42
ILIB DLACEREIN TdgClinicalTrial, NA 0.37
TTD
ILIB USTEKINUMAB PharmGKB 28696418 0.33
ILIB CLODRONIC ACID PharmGKB 16257277 0.33
ILIB LANSOPRAZOLE NCI, 21,054,464, 0.32
PharmGKB 16815316;
14,638,340
ILIB ACITRETIN NCI 1431212; 0.31
2,954,576
(Continued)
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Table 3 (Continued).

Gene Drug Sources PMIDs Interaction score
ILIB OFLOXACIN NCI 3260587 0.3
ILIB NICARDIPINE NCI 1888883 0.24
ILIB CEFACLOR NCI 3260587 0.24
ILIB IBUDILAST TTD NA 0.21
ILIB OMEPRAZOLE PharmGKB 21054464; 0.2
16,815,316;
14,638,340

ILIB HYDROQUINONE NCI 7589278 0.2
ILIB ALTEPLASE NCI 8615654 0.18
ILIB ERYTHROMYCIN NCI 2534682 0.18
ILIB INFLIXIMAB PharmGKB 22960943 0.17
ILIB MELATONIN NCI 8077674 0.13
ILIB RALOXIFENE NCI 12773123 0.12
ILIB MORPHINE PharmGKB 27649267 0.11
ILIB PENTOXIFYLLINE NCI 8048000 0.1
ILIB VERAPAMIL NCI 2686646 0.1
ILIB PRAVASTATIN PharmGKB 14515062 0.1
ILIB HYDROCORTISONE NCI 2162889 0.09
ILIB LITHIUM NCI 9342951 0.07
ILIB RESVERATROL NCI 16389574 0.07
ILIB ASPIRIN PharmGKB 19448967 0.05

Abbreviation: ICH, intracerebral hemorrhage.

late-aging rat brains.”! Interestingly, more than half of hub aging-related genes belong to chemokines, which are critical
for the function of the innate immune system, including CCL3, CCL4, CCL20, CXCL1, CXCL2 and CXCL12.#
According to previous studies, chemokines play an important role in neuroinflammation evoked by intracerebral blood.>?
CCL3 displays diverse proinflammatory functions. CCL3 is secreted by microglia, astrocytes, hippocampal neurons, and
cerebral endothelial cells in the central nervous system.> It has implications in several conditions, including ischemic
stroke, seizures, and traumatic injuries.>*>® Earlier investigations have indicated that cytokines and lipopolysaccharides
can upregulate CCL3 expression in human brain endothelial cells (ECs).”” Our single-cell analysis also highlights the
predominant upregulation of CCL3 in ECs after intracerebral hemorrhage (ICH), underscoring its significant role in
blood-brain barrier (BBB) disruption resulting from ICH. Previous study reported that CCL4 was increased in the
monocytes and blood of elderly individuals.’® CCL4 may affect numerous immune cell functions including migration,
growth, and differentiation which are altered during aging, yet its exact impaction on the decline of immune function and
the increase in disease with aging remains to be elucidate. CCL20 is upregulated in ischemic brain injury and
subarachnoid hemorrhage, leading to an inflammatory cascade reaction. CCL20 knockdown in neurons could decrease
the percentage of apoptotic neurons.”® Circulating CXCL1 was elevated significantly after traumatic brain injury and
associated with poor prognosis, suggesting the potential biomarker role of CXCL1 in traumatic brain injury.*® Besides,
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Figure 10 The protein-drug of the docking simulation. (A and B) CCL4-clodronic. (C and D) ILIB-TT30I.

the abnormal activation of CXCLI1-IL-8 signaling contributes to acute and chronic seizures in mice, representing
a potential new target for status epilepticus.®’ Meanwhile, circulating CXCL12 was enhanced after ICH and could
serve as a novel biomarker for severity and prognosis following hemorrhagic stroke.> The expression of CXCL2 is
notably elevated in ECs post ICH.>” A prior study has demonstrated that inhibiting CXCR2, the receptor for CXCL2,
contributes to functional recovery in ICH mice. Also, Matsushita et al revealed that interruption of CXCL2 signaling
could ameliorate neurological deficits after ICH, providing a promising target for ICH treatment.> Meanwhile, Li
reported that CXCL12 could stimulate endothelial progenitor cells (EPCs) to initiate angiogenesis via activation of the
CXCR4 pathway following ICH.** Additional hub aging-related genes also contribute significantly to ICH. Meng et al
reported that overexpressing TNFAIP3 in ICH-afflicted mice attenuates brain edema and reduces neuronal necrosis after
ICH. While localized TNFAIP3 overexpression might not suffice in lowering post-ICH mortality rates.®> Simultaneously,
Lu et al found that TNFAIP3 could suppress microglial necroptosis following ICH by ubiquitinating RIP3, implying
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Figure 11 Validation of hub ICH-specific aging-related genes using ICH tissues and GSE20697 |. P-values were calculated using a two-sided unpaired Student’s t-test. (A-D)
The expression of CCL20, CXCLI and CXCLI2 was upregulated in ICH at protein level. (E-N) The RNA-Seq expression of hub ICH-specific aging-related genes. (*p < 0.05,
**p<0.01, ¥*¥p<0.001; ns, non-significance. Student’ t-test, n=3, aged 8-10 weeks).

TNFAIP3’s novel potential as an ICH therapeutic target.°® ILIR1 can interact with the RIP1/RIP3 necrotic complex,
thereby triggering neuronal necroptosis. Targeting the assembly of IL-1R1/RIP1/RIP3 shows promise as a therapeutic
approach for ICH patients.”” VCAM1 functions as both an extracellular matrix (ECM) and cell adhesion protein. It
facilitates interactions between mast cells (MCs) and other cells, as well as components of the ECM, fostering structures
such as adherens junctions and focal adhesion sites, thereby initiating a signaling cascade.®® We observed significantly
heightened VCAMI expression in choroidal cells subsequent to ICH, specifically within endothelial cells. Furthermore,
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a substantial correlation between VCAM1 expression and MCs presence was noted. This underscores the crucial role of
VCAMI in mediating MCs enrichment within the choroid post ICH. Further work will be needed to explore these aging-
related genes’ role in ICH.

Meanwhile, our study also highlights the role of mast cell in ICH. Mast cells are located along blood vessels in the brain
and are important source of early inflammatory molecules following ICH.** The pro-inflammatory effects of activated mast
cells could induce rapid opening of the blood-brain barrier while promoting brain edema and hematoma expansions after
ICH.**% Aging-related hub genes are strongly correlated with activated mast cells. Meanwhile, Cxcl2, Ccl4, Ccl3, Tnfaip3
and Il11b were mainly upregulated in endothelial cells after ICH. It suggested that these aging-related genes could play an
important role in activated mast cell-mediated damage to blood—brain barrier, providing novel therapeutic targets for ICH.
Mast cell-mediated endothelial injury is prevalent in the central nervous system,’® respiratory system,’' cardiovascular
system,’? and intestinal system.”® Previous research has demonstrated that mast cells can trigger inflammatory responses in
human cerebral microvascular endothelial cells through degranulation, leading to disruption of the blood-brain barrier (BBB)
during neurological inflammation caused by ICH.*** This disruption facilitates inflammatory cell infiltration, ultimately
resulting in cerebral edema and hemorrhage.**”* Nevertheless, the extent to which the heightened inflammation observed in
aging individuals contributes to the pro-inflammatory actions of mast cells necessitates further investigation. The result of
molecular docking showed that CCL4 and IL1B had a high affinity for colonic and TT-301, respectively. Prior research
indicates that TT-301 administration post-injury enhances outcomes in mouse models of traumatic brain injury and intracer-
ebral hemorrhage by modulating neuroinflammation.’”> Clodronic acid, a non-nitrogen bisphosphonate effective in treating
osteoporosis, also depletes brain perivascular macrophages, reducing blood—brain barrier permeability around arterioles.”®”’
This suggests potential benefits in treating intracerebral hemorrhage-related secondary injuries. However, introducing
clodronic acid in murine intracerebral hemorrhage models diminishes microglia, impacting hematoma clearance and
neurological recovery.”® Addressing how clodronic acid can target perivascular macrophages without affecting microglia is
crucial for successful intracerebral hemorrhage treatment.

Nevertheless, there are several limitations in this study. Firstly, although we validated the results using another dataset, our
interpretation may contain some bias due to relatively smaller samples, and our conclusion needs to be verified using a larger
ICH cohort. Secondly, due to constraints on sample size, we refrained from investigating cerebral haemorrhage across distinct
clinical presentations. A subset of cerebral hemorrhage patients present with a lacunar syndrome and exhibit favorable
prognoses,””*” suggesting potential variations in the involvement of age-related genes. Future studies will require larger
clinical cohorts to elucidate this further. Thirdly, only the transcriptional levels of ICH-specific aging-related genes were
verified in the gene expression profiles. The mechanisms underlying the functions of these aging-related genes were not
explored in cellular and animal experiment. Further exploration is required in the future.

Conclusion

In brief, 24 ICH-specific aging-related genes associated were identified using bioinformatic analysis. Our study
demonstrates that these genes may affect the ICH pathogenesis by regulating inflammatory and immune-related path-
ways, such as chemokine receptor binding, humoral immune response, neutrophil migration, IL-17 signaling pathway,
cytokine—cytokine receptor interaction pathway. In addition, we have identified two small molecule drugs TT-301 and
clodronic, targeting IL-1B and CCL4 separately through molecular docking. Meanwhile, further cellular and animal-level
experiments are needed in the future to further explore the specific mechanisms of these hub genes and the effectiveness

of small-molecule drugs.

Data Sharing Statement

The gene expression profiles used in this study are available in the Gene Expression Omnibus (GSE24265, GEO Accession
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results generated during the present study are available from the corresponding author on request.
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