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Abstract

Intracerebral hemorrhage (ICH) is a highly fatal form of stroke for which there are limited effective treatments. Cuproptosis,
a newly discovered type of programmed cell death, has not yet been investigated in relation to ICH. Thus, the main goal
of our study was to investigate the involvement of cuproptosis-related genes (CRGs) in predicting the early outcomes of
ICH. We used datasets GSE228222 and GSE200575 from the Gene Expression Omnibus (GEO) database to identify and
analyze differentially expressed genes (DEGs) between ICH samples and control samples from mice. From this analysis,
seven cuproptosis-related DEGs (CuDEGs) were identified: pyruvate dehydrogenase E1 component subunit alpha (Pdhal),
glutaminase (Gls), dihydrolipoamide dehydrogenase (D1d), pyruvate dehydrogenase E1 component subunit beta (Pdhb),
dihydrolipoamide S-acetyltransferase (Dlat), metal regulatory transcription factor 1(Mtf1), and solute carrier family 31 mem-
ber 1 (Slc31al). Pathway enrichment analysis connected these genes to metabolic pathways, while immune cell infiltration
analysis revealed increased macrophages and naive CD8 T cells alongside reduced NK resting cells and CD4 T cells in ICH
samples. Verification through qRT-PCR and immunohistochemistry demonstrated a lower expression of CuDEGs in ICH
samples. Of particular note, Gls, a gene significantly linked to both cuproptosis and immune regulation, exhibited reduced
expression, possibly reflecting a protective response to limit glutamate production and mitigate neuronal damage. In sum-
mary, Gls emerges as a promising target for improving ICH outcomes by regulating cuproptosis and immune activity. This
research provides novel insights into the molecular processes involved in ICH and suggests potential therapeutic approaches.
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Introduction

Intracerebral hemorrhage (ICH) constitutes about 25% of
all stroke cases, with a high mortality rate, and many sur-
vivors suffer from varying degrees of disability (Li et al.
2021; Cordonnier et al. 2018). The initial or primary injury
in ICH refers to the mechanical deformation and destruc-
tion of brain tissue caused by the expanding hematoma (Xi
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et al. 2006). Following this, secondary injury continues to
cause brain damage and neuronal death, driven by perihem-
orrhagic inflammation, hematotoxic product breakdown, and
the development of perihematoma edema (Keep et al. 2012;
Lim-Hing et al. 2017). Neuroinflammation is a critical fac-
tor contributing to secondary brain injury after ICH. Ani-
mal studies have demonstrated that the endogenous hema-
toma clearance system becomes active post-ICH, primarily
through the phagocytosis of inflammatory cells (Han et al.
2023). Additionally, monocyte-derived macrophages and
neutrophils from the peripheral blood infiltrate the hema-
toma and surrounding brain tissue (Wilkinson et al. 2018).
Neuronal necrosis, driven by a variety of pro-inflammatory
mediators, is a major cause of functional impairment after
ICH, and it intensifies the conditions leading to neuronal
death (Zille et al. 2017). As such, targeting the neuroin-
flammatory response and mitigating inflammatory neuronal
necrosis represent promising strategies for improving func-
tional outcomes after ICH.
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Copper, a vital micronutrient in the human body, serves
as a crucial enzymatic cofactor involved in essential bio-
logical processes, including mitochondrial respiration,
antioxidant defense, and the synthesis of biomolecules. The
concentration of copper is tightly regulated within a narrow
range, as abnormal accumulation of copper ions can lead to
severe cytotoxicity (Zille et al. 2017). Cuproptosis, a newly
identified type of programmed cell death, occurs when Cop-
per ions directly interact with fatty acylated components of
the tricarboxylic acid (TCA) cycle during mitochondrial
respiration. This interaction leads to the accumulation of
fatty acylated proteins and inhibits the function of iron-
sulfur cluster proteins, which ultimately triggers cell death
(Tsvetkov et al. 2022; Tang et al. 2022). However, the pre-
cise mechanisms of cuproptosis are not yet fully understood.

Several types of cell death, including ferroptosis, may
occur after ICH, collectively contributing to neuronal death.
Ferroptosis, specifically, is distinguished by an increase in
reactive oxygen species (ROS) levels within cells (Lin et al.
2023). Previous research has demonstrated that cupropto-
sis plays a role in the pathological regulation of various
diseases, such as osteoarthritis, rheumatoid arthritis (Han
et al. 2024), and diabetic nephropathy (Xu et al. 2023), all of
which are also associated with increased intracellular ROS
levels. This suggests a potential link between cuproptosis
and ferroptosis. Given that both processes involve metal ion-
induced programmed cell death, it is proposed that cupropto-
sis could play a crucial role in the pathophysiology of ICH,
although the precise mechanisms underlying this process
have yet to be fully understood.

To investigate potential prognostic mechanisms, we uti-
lized the Gene Expression Omnibus (GEO) database to
analyze differentially expressed genes (DEGs) in control
and ICH samples from mice. We then identified the DEGs
and cross-referenced them with cuproptosis-related genes
(CRGs) to discover differentially expressed cuproptosis-
related DEGs (CuDEGs). Pathway enrichment analysis
was conducted to explore the potential biological pathways
involved. Additionally, we validated our findings using
human data from the GSE24265 dataset. Finally, we exam-
ined the connection between cuproptosis and immune cell
infiltration, offering a novel perspective for understanding
the molecular mechanisms underlying ICH prognosis.

Materials and Methods

Data Collection and Processing

We retrieved the GSE228222, GSE220575, and GSE24265
datasets from the Gene Expression Omnibus database (GEO,

https://www.ncbi.nlm.nih.gov/geo/). The GSE228222 and
GSE220575 datasets, consisting of six ICH samples and
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six control samples, were combined to form a training set.
Batch effects were calculated using the"sva"package (ver-
sion 3.48.0), and the datasets were normalized by batch
correction with the Combat function (version 0.0.4). Dif-
ferential gene expression analysis was performed using the R
package"limma"(version 3.56.2), with a selection threshold
for DEGs set at adj. P < 0.05 and llog,FCI> 1.5. CRGswere
sourced from the existing literature (Tsvetkov et al. 2022;
Liu et al. 2022).

Functional Enrichment Analysis

We conducted functional enrichment analysis of the DEGs
using WebGestalt (http://webgestalt.org/). Gene Set Enrich-
ment Analysis (GSEA) was employed to analyze genome-
wide expression profiling microarray data, comparing the
identified genes to predefined gene sets (Debrabant et al.
2017). The Kyoto Encyclopedia of Genes and Genomes
(KEGG) database was used to explore the complex inter-
actions and functional dynamics of biological systems at
the gene level, offering insights into the pathways connect-
ing various biological components (Kanehisa et al. 2000).
Additionally, Gene Ontology (GO) analysis was performed
to categorize the functional roles of genes and proteins, cov-
ering three main aspects: biological process (BP), cellular
component (CC), and molecular function (MF) (The Gene
Ontology Resource 2019). Both GO and KEGG enrichment
analyses were conducted using the"ClusterProfiler"package
(version 4.8.2) in R software (Yu et al. 2012). By utilizing
these different enrichment tools, which operate on distinct
algorithms, we were able to cross-validate the findings from
each analysis method.

Evaluation of Inmune Cell Infiltration

In this study, we initially evaluated the proportions of 22
different immune cell types in control and ICH samples from
the merged database using the CIBERSORT algorithm. To
further extend our analysis beyond GSEA, we employed
single-sample gene set enrichment analysis (sSGSEA) to
generate 23 immune-related gene sets. The immunological
profile of all samples was then examined using the"GSVA"R
package (version 1.48.3) (Hénzelmann et al. 2013). This
approach provided a comprehensive assessment of immune
cell infiltration and immune activity across the dataset.

Intracerebral Hemorrhage Model Construction

Male C57BL/6 (C57) mice, weighing between 20 and 23
g, were sourced from the Animal Center of the Chinese
Academy of Sciences in Shanghai, China. Anesthesia was
induced using isoflurane, and the mice were positioned
in a stereotactic frame. The surgical procedure included
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preparation of the skin, sterilization, and exposure of the
skull under aseptic conditions. A small burr hole was
drilled into the right hemisphere, avoiding the meninges,
with bregma serving as a reference point at coordinates 2.0
mm lateral and 0.6 mm anterior. A microinjector was then
positioned 3.0 mm deep in the basal ganglia, delivering 30
pl of non-heparinized autologous blood at a rate of 2 pl per
minute. After maintaining the needle in position for 10 min,
it was carefully removed. In the control group, the needle
was inserted but no blood was injected. The incision was
sterilized and closed using silk sutures.

Immunohistochemistry (IHC)

The immunoreactivity of Gls was evaluated using immuno-
histochemistry in accordance with standard procedures. The
primary antibody used for this purpose was Gls (diluted at
1:200, sourced from Proteintech, catalog number 66265-1-
Ig). For detection, the secondary antibody kit GT VisionTM
III Detection System/Mo&Rb (including DAB) was applied,
obtained from Genetech, Shanghai, China. Following the
immunostaining process, tissue sections were counter-
stained with hematoxylin, which was supplied by KeyGEN
BioTECH, Jiangsu, China. All microscopic images of the
stained sections were captured using an ECLIPSE Ti2
microscope from Nikon, Japan.

Real-Time Quantitative PCR (qRT-PCR)

Perihematomal brain tissue was collected, and total RNA
was isolated using the TRIzol extraction method. Comple-
mentary DNA (cDNA) synthesis was performed using the
RT Master Mix from MedChemExpress (Shanghai, China)
with the JPCR II system. Real-time PCR analysis followed,
using the SYBR Green qPCR Master Mix (also from Med-
ChemExpress), to assess gene expression levels. The 274A¢T
method was applied to quantify gene expression. Three
technical replicates were set for each sample, with p-actin
used as the internal reference gene. All amplification curves
showed a single peak, and the melting curves exhibited char-
acteristics of a single product. The primer sequences used in
this analysis are listed in Table 1.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9
(GraphPad Software, CA, USA). To compare the levels of
immune cell expression and hub gene expression between
the ICH (intracerebral hemorrhage) and control groups, an
unpaired t-test was used. P-value <0.05 was considered
statistically significant, indicating a meaningful difference
between the two groups.

Table 1 Primers for qRT-PCR

Genes Primers (5'-3")

Mtf1-forward
Mtfl-reverse
Slc31al-forward
Slc31al-reverse
DIld-forward
Dld-reverse
Dlat-forward

GACCTAACCCCGCATGACAAG
CCACACTGTCCATCGTCTTCA
TATGAACCACACGGACGACAA
GCCATTTCTCCAGGTGTATTGA
ACACTAGGTGGAACATGCTTG
CAAATCCATTGACGTGAACAACC
TAGTCCTCTTGCGAAGAAGTTGG
TCACTCGACGAATGTTGCTGA
GTGGAAGAAATACGGTGACAAGA
ACCTGGTCAATAGCTTGCATAGA

Dlat-reverse
Pdhb-forward
Pdhb-reverse

Gls-forward TTTCCAGAAGGCACAGACA
Gls-reverse GGGCAGAAACCACCATTAG
Pdhal-forward TCATTCGTGGTTTCTGTCA
Pdhal-reverse CCTCCTCTTCGTCCTGTTAG
B-actin-forward AACAGTCCGCCTAGAAGCAC
B-actin-reverse CGTTGACATCCGTAAAGACC

Results
GEO Data Merging and DEGs Identification

The integrated dataset, comprising six ICH samples and six
control samples from GSE228222 and GSE200575, was cre-
ated after removing batch effects from the GEO platform
data (Fig. 1A and B). Using the"limma"package, we identi-
fied a total of 8,254 differentially expressed genes (DEGs),
including 2,658 up-regulated and 5,596 down-regulated
genes. The corresponding volcano plot and heat map of
these DEGs are presented in Fig. 1C and D.

Functional Enrichment Analysis of DEGs

We conducted GO and KEGG pathway enrichment anal-
yses in R to investigate the potential roles of DEGs. GO
enrichment analysis for BP highlighted the involvement of
autophagy, cellular component disassembly, processes uti-
lizing autophagic mechanisms, and exocytosis. For CC, the
DEGs were enriched in postsynaptic specialization, asym-
metric synapse, dense postsynaptic density, and the cell
leading edge. MF analysis revealed enrichment in phospho-
lipid binding, GTPase regulator activity, nucleoside-triphos-
phatase regulator activity, and actin binding (Fig. 2A).
KEGG pathway analysis demonstrated that the DEGs were
significantly enriched in several key pathways, including the
MAPK signaling pathway, chemokine signaling pathway,
sphingolipid signaling pathway, neurotrophic pathway, apop-
tosis, and the P53 signaling pathway (Fig. 2B).
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Fig. 1 Differential analysis of the GSE228222 and GSE200575 data-
sets. A Before batch effect removal, the data distribution was discrete.
B After batch effect removal, the data distribution became concen-
trated. C The differential analysis after batch effect removal identi-
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Fig.2 Enrichment analysis of DEGs. A Gene Ontology (GO) enrichment analysis and B Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway analysis of ICH DEGs in datasets

Evaluation of Inmune Cell Infiltration

Building on previous findings of secondary inflammation
and immune responses following ICH (Han et al. 2023;
Wilkinson et al. 2018; Zille et al. 2017), we conducted
an immune cell infiltration analysis using the CIBER-
SORT algorithm to further investigate immune regulation
after ICH. Box plot analysis revealed that ICH samples
had increased proportions of MO macrophages, M1 mac-
rophages, and naive CD8 T cells. Conversely, the propor-
tions of resting NK cells, follicular CD4 T cells, and naive
CDA4 T cells were reduced (Fig. 3A).

Figures 3B and 3 C illustrate the expression levels and
corresponding proportions of immune cells across the
grouped samples. Additionally, correlation analysis among
11 immune cell types indicated no significant correlation
between TH17 and THI cells. However, strong correlations

were observed between follicular CD4 T cells and MO
macrophages (r =— 0.97), follicular CD4 T cells and M1
macrophages (r =— 0.97), and MO macrophages with M1
macrophages (r =0.97) (Fig. 3D).

Identification and Enrichment Analysis of CUDEGs

We plotted the 8,254 differentially DEGs and 12 CRGs on
a Venn diagram and identified seven overlapping genes:
Pdhal, Gls, DI1d, Pdhb, Dlat, Mtf1, and Slc31al (Fig. 4A).
Functional enrichment analysis of these seven CuDEGs, per-
formed on the WebGestalt platform, revealed associations
with the citrate cycle, pyruvate metabolism, and glycolysis/
gluconeogenesis pathways (Fig. 4B). Similarly, analysis
using GeneMANIA indicated that the CuDEGs were linked
to the acyl-CoA metabolic process, the oxidoreductase
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Fig.3 Immune infiltration analysis of DEGs. A Box plots suggested
changes in immune cells in ICH and control samples. B Heatmap
reflected changes in immune cell expression in ICH and control sam-

complex, and the glutamine family amino acid biosynthetic
process (Fig. 4C).

We also conducted GO and KEGG enrichment analyses
on 27 genes identified via GeneMANIA. For BP, these genes
were involved in the acyl-CoA metabolic process, thioester
metabolic process, acetyl-CoA metabolic process, and
acetyl-CoA biosynthetic process from pyruvate. In terms of
CC, they were linked to the oxidoreductase complex, dihy-
drolipoyl dehydrogenase complex, tricarboxylic acid cycle
enzyme complex, and mitochondrial protein-containing
complex. MF analysis indicated involvement in oxidoreduc-
tase activity, specifically acting on the aldehyde or oxo group
of donors, and S-acyltransferase activity (Fig. 4D and E).
Additionally, KEGG pathway analysis reflected that these
27 genes were involved in carbon metabolism, lipoic acid
metabolism, and the citrate cycle, among other pathways.
Lastly, we assessed the overall expression of CuDEGs in
the combined ICH dataset, as shown in Fig. 4F. In addition
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to slc31al, other CuDEGs exhibited lower expression in
ICH samples compared to control samples, aligning with
the results of our analysis.

Correlation Between CRGs Expression and Imnmune
Infiltration Levels

To further clarify the connection between individual
CuDEGs and immune infiltration following ICH, we con-
ducted ssGSEA for each sample. This approach enabled
us to assess the enrichment of immune-related gene sets in
relation to specific CuDEGs, providing insights into how
these genes influence immune cell infiltration in the con-
text of ICH. Box plot analysis revealed that the majority of
immune cells exhibited increased infiltration in ICH sam-
ples, with the exception of CD4 T cells, which were reduced
in ICH samples (Fig. SA). Correlation analysis showed that
CD4 T cells were positively correlated with the CuDEGs
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Gls, Dld, Dlat, Pdhb, Pdhal, and Mtf1, but negatively cor-
related with Slc31al. Interestingly, Slc31al was uniquely
negatively correlated with CD4 T cells, while the other six
genes showed positive correlations (Fig. 5B). Figures 5C-F
further depict the relationships between CuDEGs and vari-
ous immune-related functions, including immunostimula-
tory and immunoinhibitory roles, as well as associations
with chemokines and chemokine receptors. Lastly, to clarify
the functional roles of these seven CuDEGs, we performed
sSGSEA-KEGG pathway enrichment analysis. The results
demonstrated that these genes were significantly enriched
in key signaling pathways, including the TGF-f signaling
pathway, MAPK signaling pathway, and B-cell receptor
signaling pathway (Fig. 6).

qRT-PCR Analysis of CuDEGs Expression
and Immunohistochemistry

We utilized qRT-PCR to validate the expression levels of the
seven identified CuDEGs in ICH samples, including Pdhal,
Gls, DId, Pdhb, Dlat, Mtf1, and Slc31al (Fig. 7A-G). The
gqRT-PCR results indicated that the expression of all seven
CuDEGs was significantly lower in the ICH samples com-
pared to the control group, which aligns with the findings
from our initial analysis. However, in human samples, only
GLS showed a significant reduction in expression in ICH
samples compared to controls (S1 Fig).

Finally, immunohistochemistry was employed to assess
the expression of Gls in both ICH and control tissues. The
results confirmed the qPCR findings, with statistical analysis
showing significantly lower expression of Gls in ICH tissues
compared to the control group (Fig. 7H and I).

Discussion

In this study, we identified a set of DEGs in a mouse ICH
dataset by mining the Gene GEO database. Through our
analysis, we confirmed the role of inflammation in sec-
ondary injury following ICH by examining immune cell
infiltration. We then intersected these DEGs with CRGs to
identify seven key CuDEGs: Gls, DId, Pdhal, Dlat, Pdhb,
Mitf1, and Slc31al. PPI networks were constructed for these
genes, and immune correlation analyses were performed. To
obtain more insights into the potential mechanisms of these
seven genes, we conducted GSEA and pathway enrichment
analyses across multiple pathways. We observed frequent
enrichment in the MAPK signaling pathway and TGF-beta
signaling pathway. Additionally, enrichment in the B-cell
receptor signaling pathway further supported the pivotal role
of immuno-inflammation in the activation of cuproptosis fol-
lowing ICH. We validated our findings using the human ICH
dataset GSE24265 and found that only the expression of Gls

followed the same trend as in the mouse model. Addition-
ally, the qPCR results for Gls were in alignment with our
computational analysis, further supporting its involvement
in ICH-related cuproptosis and immune regulation.

The Gls gene, involved in cuproptosis, emerged as a dif-
ferentially expressed gene in both our differential analyses,
suggesting that it may serve as a critical target for modu-
lating cuproptosis to intervene in intracerebral hemorrhage
(ICH). Notably, no prior studies have examined the role of
Gls in ICH. Gls is the first rate-limiting enzyme in glutamine
metabolism, catalyzing the deamination of glutamine to pro-
duce glutamate and ammonia (Yu et al. 2019). Glutamate
is a key excitatory neurotransmitter in the central nervous
system (Zhou et al. 2014), but excessive glutamate can lead
to excitotoxicity, resulting in neuronal injury and death
(Budgett et al. 2022; Ribeiro et al. 2017). Previous studies
have shown that the TGF-f signaling pathway increases Gls
mRNA expression, and the transcription factor STAT1 binds
to the Gls1 promoter to upregulate Gls1 expression (Zhao
et al. 2012), consistent with our GSEA analysis (Andratsch
et al. 2007). Moreover, Gls is implicated in the cuproptosis
process, tumor mutation, and immune evasion in glioma
cells, where patients in the high-risk Gls group exhibited
significantly lower survival rates than those in the low-risk
group (Ouyang et al. 2022). In addition, Gls has been shown
to promote neuroinflammation by activating microglia and
facilitating the secretion of pro-inflammatory extracellular
vesicles (Ding et al. 2021). Inhibition of Gls has been linked
to reduced glycolytic activity by decreasing Hifl protein in
Th17 cells, providing therapeutic benefits in systemic lupus
erythematosus (SLE) (Kono et al. 2019). Furthermore, the
conversion of glutamine to glutamate by GLS plays a crucial
role in T cell function, influencing both the promotion and
inhibition of Th17 responses, making Gls a potential target
for controlling inflammatory diseases (Johnson et al. 2018).

In our study, we observed a decrease in Gls expression
following ICH, which could result in reduced glutamate pro-
duction. Regarding the observed Gls downregulation, while
we propose this reflects an endogenous neuroprotective
response to limit glutamate toxicity, alternative interpreta-
tions merit consideration. First, compensatory upregulation
of alternative ammonia-metabolizing enzymes (e.g., gluta-
mate dehydrogenase) in astrocytes might mitigate metabolic
stress (Wilhelm et al. 2012). Second, persistent Gls suppres-
sion could impair glutamine-to-GABA conversion in inhibi-
tory neurons, paradoxically exacerbating excitability (Huang
et al. 2021). These findings suggest that targeting Gls could
offer a novel therapeutic strategy for improving ICH progno-
sis by modulating glutamate levels and immune responses.
Pharmacological inhibition (e.g., repurposing brain-permea-
ble glutaminase inhibitors), cell-specific epigenetic silencing
via CRISPR systems delivered by nanoparticles, and copper
chelation synergy may be effective therapeutic approaches
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«Fig. 4 Identification of hub genes in ICH and cuproptosis. A Dif-
ferential genes of ICH and CRGstook intersections. B Enrichment
analysis of 7 CuDRGs was on the WebGestalt. C Protein—protein
interaction network analysis in GeneMANIA. D, E GO and KEGG
enrichment analysis were done on the basis of all genes given in Fig-
ure C. F Ladder diagram of differences in expression of CuDRGs in
ICH and control samples

for targeting Gls. However, clinical translation will require
temporal precision, biomarker-guided dosing, and a balance
between neuroprotection and metabolic risks.

Following ICH, secondary injury is primarily driven by
inflammation, which exacerbates neuronal death through
inflammatory neuronal necrosis mediated by various pro-
inflammatory mediators (Zille et al. 2017). Several inflam-
matory mediators, including Ccl5 (C-C motif chemokine
5), have been previously reported in the literature (Lin et al.
2023). In our analysis, we found that two chemokines asso-
ciated with Gls are Ccl26 (C-C motif chemokine 26) and
Ccl28 (C-C motif chemokine 28). Ccl26 is a chemotactic
cytokine from the CC family, also known as eosinophil-spe-
cific chemokine 26, and is involved in regulating eosinophil
accumulation, particularly in allergic disease models such
as lung inflammation (Lloyd et al. 2003). In earlier studies,
IL-13 receptor alpha 2 was shown to elevate Ccl26 expres-
sion in atopic dermatitis, which exacerbated the inflamma-
tory response (Xiao et al. 2021). However, the role of Ccl26
in ICH has not yet been explored. Since we observed a posi-
tive correlation between Gls and Ccl26, we hypothesize that
after ICH, the decreased expression of Gls could lead to
a corresponding decrease in Ccl26 expression, potentially
reducing the inflammatory response. However, the specific
mechanisms underlying this relationship remain to be inves-
tigated. Ccl28, also a CC family chemokine, is known as
mucosa-associated epithelial chemokine and serves as a
ligand for Cer10. It is secreted by epithelial cells in organs
such as the intestines, lungs, mammary glands, and salivary
glands (Pan et al. 2000; Wang et al. 2000). Ccl28 is constitu-
tively expressed in colonic epithelial cells, and its expression
is regulated by pro-inflammatory cytokines and bacterial
products, suggesting a role in attracting Ccr10 + cells to sites
of colonic inflammation (Hieshima et al. 2003). In rheuma-
toid arthritis, Ccl28 has been shown to mediate the inflam-
matory response by promoting angiogenesis and endothe-
lial cell migration through activation of the ERK signaling
pathway (Pan et al. 2015). In our study, the expression of
Ccl28 was positively correlated with Gls. We hypothesize
that the decrease in Gls expression following ICH could also
result in a reduction in Ccl28 expression, thereby contribut-
ing to a decrease in the inflammatory response. However,
like Ccl26, the exact mechanisms by which Ccl28 affects
inflammation after ICH require further investigation.In sum-
mary, both Ccl26 and Ccl28 may play significant roles in the
inflammatory response following ICH, with their expression

potentially regulated by Gls. The reduction in Gls expression
after ICH could be a self-protective mechanism that lowers
the levels of these chemokines, thereby mitigating inflamma-
tion. Further research is needed to explain the mechanisms
at work.

Based on our findings from immune infiltration analysis
and the correlation of CRGs, we observed increased expres-
sion of MO macrophages, M1 macrophages, and naive CDS§
T cells, along with decreased expression of resting NK cells,
follicular CD4 T cells, and naive CD4 T cells in the ICH
model. Notably, CD4 T cells were positively correlated
with the expression of Gls. Our current study aligns with
previous research showing that recombinant human Ccl28
exhibits chemotactic activity for resting CD4 T cells in vitro
(Wang et al. 2000). Therefore, the reduced expression of Gls
in ICH may lead to lower Ccl28 expression, consequently
diminishing CD4 T cell activation, which is consistent with
our observations. During the acute and subacute phases of
ICH, lymphocytes accumulate near the hematoma, along
with activated brain cells like microglia and astrocytes.
Various lymphocyte subsets, including CD4 T cells, CD8
T cells, B cells, and NK cells, are detectable within one day
post-ICH, with their presence peaking around three days
(Loftspring et al. 2009; Mracsko et al. 2014; Li et al. 2020).
Previous studies have shown that CD4 T cells promote local-
ized inflammation via IL-17, and depletion of CD4 T cells
can reduce secondary injury after ICH (Shi et al. 2023).
These findings are in line with the results of our analysis,
which demonstrated decreased CD4 T cells in ICH samples.
Although the role of CRGs in ICH immunomodulation has
not been extensively studied, our data suggest that CRGs
could be critical in immune cell infiltration following ICH.
The correlation between Gls and CD4 T cells, coupled with
the decrease in Ccl28 expression, indicates a potential mech-
anism by which CRGs might regulate immune responses in
ICH. Although our data demonstrate significant correlations
between cuproptosis-related gene expression (particularly
Gls) and immune cell infiltration patterns, these associations
should be interpreted cautiously due to inherent limitations
in establishing causation. This highlights the need for further
investigation into the precise role of CRGs in ICH immune
infiltration and inflammatory regulation.

Not with standing these findings, several limitations should
be acknowledged. First, while our integrated bioinformatics
approach identified conserved CRGs signatures across species,
the exclusive reliance on GEO datasets may introduce selec-
tion bias, particularly given the limited sample size. Second,
the translational relevance of our findings is constrained by
the use of postmortem human specimens in GSE24265, where
agonal changes may alter gene expression profiles. Further-
more, bulk RNA-seq data cannot resolve cell-type-specific
dynamics—a critical gap given emerging evidence that micro-
glia exhibit distinct copper metabolism pathways compared
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Fig.5 Single gene immunoinfiltration analysis. A Box plots sug-
gested changes in immune cells in ICH and control samples. B Corre-

lation between CuDEGs and immune cells. C-F Correlation between
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Fig.6 Single-gene GSEA-
KEGG pathway analysis in
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to neurons. Finally, while we observed strong correlations
between Gls expression and immune infiltration, the temporal
sequence of these events remains unclear. Therefore, the valid-
ity of our data and conclusions will need further clinical and
experimental validation to ensure robustness and applicability.

@ Springer

~
3
.,
~.
~.

e

Conclusion

— 20pm

— 20pm

In summary, Gls was identified as a potential target
for cuproptosis intervention in the prognosis of ICH.
By reducing its expression in ICH, Gls may help miti-
gate cuproptosis, thus limiting neuronal damage caused
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by excessive glutamate production and decreasing the
immune response driven by CD4 T cells. This study pro-
vides insights that may contribute to the reduction of
cuproptosis progression following ICH and potentially
improve the clinical outcomes for patients with ICH. Fur-
ther investigation and clinical trials are essential to thor-
oughly evaluate the therapeutic potential of targeting Gls
in the treatment of ICH.
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