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Single-cell sequencing and
transcriptomic data reveal that
P65 activation significantly
promotes microglia-mediated
neuroinflammation after ischemic
stroke

Ruiyu WangX*, Yilun Qian'*, Xinchen Zhou%**, Hang Xu?, Yu Wang?, Yao Geng***,
Tianshu Wang'* & Binxiu Sha'™*

The pathophysiological mechanisms underlying cerebral ischemia-reperfusion (I/R) injury are highly
complex. Previous studies have indicated phenotypic changes in various cell types following stroke
but have failed to identify the key regulatory genes and cell subtypes associated with the disease.
The study utilized five datasets: GSE227651, GSE104036, GSE116878, GSE249957, and GSE22255.
The Seurat pipeline was employed for standard quality control and single-cell data analysis. Monocle2
and CytoTRACE were used for trajectory analysis, while Mfuzz was applied to identify time-series
gene expression patterns. Middle cerebral artery occlusion (MCAO) mice served as the animal model
for cerebral I/R injury, and oxygen-glucose deprivation/reoxygenation (OGD/R)-treated BV2 cells
were used to simulate microglial phenotypic changes following ischemia-reperfusion. qPCR, Western
blotting, and immunofluorescence staining were used to detect key gene and protein alterations. P65
was identified as a key transcription factor driving inflammatory responses and transcriptional changes
following ischemic stroke. Two microglial subtypes, Cx3crl + and Cdk1+, were identified, with their
proportions significantly increasing on days 1 and 3 after MCAO. Increased levels of inflammation,
neuronal apoptosis, and P65 phosphorylation in microglia were observed in both the MCAO animal
model and OGD/R cell model. Notably, inhibition of P65 phosphorylation effectively suppressed the
progression of inflammation during cerebral I/R injury. We identified microglial subtypes associated
with inflammatory responses following cerebral ischemia-reperfusion injury, with their proportions
increasing post-injury. P65 was confirmed as a critical regulator of the inflammatory response,
contributing to neuronal protection and the restoration of neurological function.
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TFs Transcription factors

Cerebral ischemia-reperfusion (I/R) injury is a multifaceted pathological condition that results in significant
neurological impairments'. The underlying mechanisms involve a cascade of complex biological processes,
including inflammation, neuronal apoptosis, and tissue remodeling®. Recent advancements in transcriptomics,
particularly single-cell RNA sequencing (scRNA-seq), have offered unprecedented opportunities to explore
cellular heterogeneity and dynamic molecular changes following ischemic stroke®. However, identifying key
regulatory genes and specific cell subtypes involved in neuroinflammation remains a significant challenge.

Microglia, the resident immune cells of the central nervous system, play a pivotal role in mediating
inflammatory responses during cerebral I/R injury!. Their activation is accompanied by extensive
transcriptional reprogramming, which contributes to both neuroprotection and neurodegeneration®’. Among
the transcriptional regulators implicated in microglial activation, the NF-kB signaling pathway has garnered
particular attention due to its central role in driving proinflammatory responses®. Specifically, P65 (RELA), a key
component of the NF-kB pathway, has been shown to influence inflammatory cascades and neuronal survival
during ischemic events’.

This study employs an integrative approach combining single-cell transcriptomic analysis with in vivo
and in vitro experiments to elucidate the role of P65 in microglial activation and its downstream effects on
neuroinflammation and neuronal apoptosis. By leveraging datasets such as GSE227651, GSE104036, GSE116878,
GSE249957 and GSE22255 we systematically characterized the transcriptional landscape of microglia and
identified key subtypes involved in inflammatory responses post-stroke. These findings were further validated
in middle cerebral artery occlusion (MCAO) animal models and oxygen-glucose deprivation/reoxygenation
(OGD/R)-treated BV2 cells. Our results highlight the critical role of P65 activation in amplifying microglia-
mediated neuroinflammation, which exacerbates neuronal apoptosis and impairs functional recovery.

Results

Single-cell landscape of mouse brains at different time points Post-MCAO

Cerebral ischemia-reperfusion involves complex pathophysiological mechanisms, with phenotypic changes
occurring in different cell types at specific time points'’. After data curation, single-cell sequencing analysis of
the ipsilateral brain hemispheres from sham-operated mice and mice at 1, 3, and 7 days post-MCAO revealed
the presence of 10 major cell populations in the mouse brain: Endothelial (Cldn5+, Flt1+), Oligodendrocytes
(Oligl+, Mobp+), Pericytes (Vtn+, Pdgfrb+), VSMCs (Acta2+, Myh11+), Microglia (Clga+, Clgb+), Neurons
(Meg3+, Rtnl+), Epithelial cells (Krt18+), Astrocytes (Aqp4+, Gfap+), OPCs (Pdgfra+, Vcan+), and Fibroblasts
(Dcn+, F3+). Among these, the proportions of Microglia and Astrocytes significantly increased following stroke,
while the proportion of Neurons significantly decreased at day 3 post-stroke (Fig. 1A-C).

KEGG enrichment analysis of genes significantly upregulated at different time points post-MCAO revealed
activation of the HIF-1 signaling pathway, cytokine-cytokine receptor interaction, NF-kappa B signaling pathway,
phagosome formation, efferocytosis, and apoptosis (Fig. 1D,E) (www.kegg.jp/kegg/keggl.html). Similarly, GO
enrichment analysis indicated significant activation of terms such as cytokine binding, immune receptor activity,
and transcription coregulator activity (Fig. 1F), suggesting heightened inflammatory activation, increased
cytokine release, and enhanced immune cell phagocytic activity after MCAO!!2. Scoring of significantly
activated terms across all cell populations revealed that Microglia exhibited the highest scores, indicating that
Microglia play a central role in inflammatory responses and immune regulation following MCAO (Fig. 1G-I).

Transcriptome sequencing analysis of mouse brains at different time points post-MCAO
To further investigate the transcriptional changes and dynamic expression patterns of genes in the ipsilateral brain
hemisphere at different time points after MCAO, two datasets of mRNA sequencing data from MCAO-operated
mice were analyzed. Compared to the sham group, analysis of the GSE104036 dataset revealed 1204 significantly
upregulated genes and 853 significantly downregulated genes at 3 h post-MCAOQO; 2720 upregulated and 1964
downregulated genes at 6 h; 2842 upregulated and 2469 downregulated genes at 12 h; and 3,130 upregulated
and 3149 downregulated genes at 24 h (Fig. 2A). Similarly, analysis of the GSE116878 dataset revealed 432
significantly upregulated genes and 524 downregulated genes immediately after MCAQ; 1477 upregulated and
717 downregulated genes at 3 h; 1489 upregulated and 772 downregulated genes at 12 h; 1972 upregulated and
1571 downregulated genes at 24 h; and 1810 upregulated and 840 downregulated genes at 72 h (Fig. 2B).

Dynamic gene expression patterns after MCAO were explored using Mfuzz. Based on the optimal number of
clusters, gene expression trends were categorized into four distinct clusters (Fig. 2C,D). In the GSE104036 dataset,
cluster analysis revealed significant enrichment at 6 h post-MCAO in processes such as “pattern specification
process’, “embryonic organ morphogenesis’, and “cell fate commitment” indicating the initiation of brain tissue
repair and structural remodeling. At 12 h, processes such as “mRNA processing”, “RNA splicing” and “ncRNA
processing” were significantly enriched, reflecting substantial changes in gene expression regulation and protein
homeostasis, likely aimed at repairing damaged brain tissue, regulating inflammation, and maintaining cellular
function. At 24 h, processes such as “regulation of innate immune response”, “regulation of immune effector
process’, and “cytokine-mediated signaling pathway” were enriched, indicating the activation of nonspecific
immune responses, complement system activation, and enhanced phagocytosis to clear necrotic cells and debris,
thereby protecting neurons and promoting tissue repair (Fig. 2C)!*>!4. Similarly, four distinct dynamic gene
expression patterns were identified in the GSE116878 dataset. Significant changes in gene regulation and protein
homeostasis were observed at 3, 12, and 24 h post-MCAO, while robust activation of the immune system and
inflammatory responses was evident at 72 h (Fig. 2D).

KEGG and GO enrichment analyses were performed on significantly upregulated and downregulated genes
at different time points post-MCAO. KEGG analysis revealed significant activation of pathways such as “INF
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Fig. 1. Cellular atlas of the ipsilateral brain hemisphere of mice at different time points following MCAO. (A)
UMAP dimensionality reduction plot. (B) Proportions of cell types at different time points post-MCAO. (C)
Heatmap of marker genes used for cell annotation. (D,E) KEGG enrichment analysis of differentially expressed
genes (DEGs) at various time points post-MCAO. (F) GO enrichment analysis of DEGs at different time points
post-MCAO. (G-I) Boxplots of cell scores ranked from high to low at different time points post-MCAO.

»

signaling pathway”, “NF-kappa B signaling pathway” and “IL-17 signaling pathway” across different stages of
MCAO, while pathways related to “oxidative phosphorylation’, “pathways of neurodegeneration-multiple
diseases” and “synaptic vesicle cycle” were significantly suppressed. These findings indicate prominent immune
cell infiltration, inflammation, and neuronal dysfunction following MCAO (Fig. 2E-H). GO enrichment results
further demonstrated significant activation of terms such as “cytokine activity”, “cytokine receptor binding”,
“transcription factor binding” and “immune receptor activity” while terms such as “sodium ion transmembrane
transporter activity’, “metal ion transmembrane transporter activity” and “gated channel activity” were
significantly suppressed. These findings suggest pronounced changes in gene regulation, inflammation, impaired
neuronal signaling, and ion homeostasis dysregulation after MCAO (Fig. 2I-L).

Identification of key transcription factors associated with inflammatory activation

Transcription factors (TFs) are proteins that bind to specific DNA sequences, such as promoters and enhancers,
to regulate gene transcription, thereby influencing a wide range of biological processes'”. Transcription factors
can exacerbate inflammatory damage or participate in anti-inflammatory repair mechanisms'¢. Based on the
previous analytical results, to identify key transcription factors associated with inflammation activation and
dynamic gene expression changes, transcription factor activities at different time points post-MCAO were
scored using the decoupleR package. The GSE104036 dataset revealed that transcription factors related to the
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Fig. 2. Transcriptome sequencing analysis of mouse brains at different time points following MCAO. (A-B)
Number of differentially expressed genes (DEGs) at various time points post-MCAO: (A) GSE104036, (B)
GSE116878. (C,D) Mfuzz analysis revealing four dynamic gene expression patterns over time post-MCAO: (C)
GSE104036, (D) GSE116878. (E,F) KEGG enrichment analysis of significantly upregulated and downregulated
genes at different time points post-MCAO: (E) GSE104036, (F) GSE116878. (G,H) GO enrichment analysis of
significantly upregulated and downregulated genes at different time points post-MCAO: (G) GSE104036, (H)
GSE116878.

NF-B signaling pathway, including Rela (P65) and Nfkb1 (p50)'7, exhibited high activity scores at 3, 6, 12, and
24 h post-MCAO (Fig. 3A-D). Similarly, the GSE116878 dataset al.so showed high activity scores for Rela (P65)
and Nfkbl (p50) at various post-MCAO time points (Fig. 3E-H). Scoring across datasets further demonstrated
elevated activities of Rela (P65) and Nfkb1 (p50) in Microglia and Fibroblasts (Fig. 3I-]).

To validate the reliability and generalizability of these results, mRNA sequencing data from BV2 microglial
cells subjected to oxygen-glucose deprivation/reoxygenation (OGD/R) were used to simulate transcriptional
changes in microglia during ischemic stroke (Fig. 4A). KEGG enrichment analysis revealed significant activation
of pathways such as Apoptosis, Toll-like receptor signaling, and TNF signaling, with a notable upregulation of
Rela (Fig. 4B). Similarly, GO enrichment analysis indicated substantial changes in gene regulation and protein
homeostasis in microglia following OGD/R treatment, alongside enhanced transcription factor activity (Fig. 4C).
Further validation was conducted using microarray data from human ischemic stroke patients (Fig. 4D). KEGG
enrichment analysis demonstrated significant activation of the NF-kB signaling pathway, IL-7 signaling pathway,
and TNF signaling pathway, with RELA significantly upregulated (Fig. 4E). GO analysis also indicated increased
immune cell infiltration and enhanced transcription factor activity (Fig. 4F). Correlation analyses of P65-
regulated gene networks and GSVA scores for the NF-«B signaling pathway across datasets revealed a significant
positive correlation between P65 activity and NF-kB signaling pathway activity. Moreover, mice subjected to
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Fig. 3. Identification of key transcription factors associated with inflammatory activation. (A-D) Bar plots

of transcription factor activity scores at different time points post-MCAO in the GSE104036 dataset. (E-H)
Bar plots of transcription factor activity scores at different time points post-MCAO in the GSE116878 dataset.
(I-)) Boxplots of cell scores for key transcription factors in the NF-kB signaling pathway, ranked in descending
order of score.

MCAO, BV2 cells treated with OGD/R, and human blood samples from ischemic stroke patients exhibited
higher levels of P65 activity and NF-«B signaling pathway activation (Fig. 4G-]).

Microglial subsets and trajectory analysis

To investigate the key microglial subpopulations involved in the inflammatory response and the regulatory role
of the Rela transcriptional network in microglial activity following MCAO, we conducted a detailed analysis
of microglial subpopulations. Microglia were classified into nine subpopulations based on marker expression:
Cx3crl+, Flt1+, Ms4a7+, Cdkl+, Ccr2+, Gpr37+, Pdgfrb+, Cd79a+, and Hba-al+. Among these, the proportions
of Cx3crl + Microglia and Cdk1 + Microglia were significantly increased on days 1 and 3 post-stroke (Fig. 5A-
C). Trajectory analysis combined with CytoTRACE inferred the starting point of the trajectory as State 3, with
one branching point and three distinct states (Fig. 5D-G). State 1 exhibited the highest P65 activity scores, with
Cx3crl + Microglia and Cdk1 + Microglia being predominant within this state (Fig. 5H,I). KEGG enrichment
analysis of genes driving the differentiation of microglia from the branching point toward State 1 revealed
significant involvement in the NF-«B signaling pathway, TNF signaling pathway, Toll-like receptor signaling
pathway, and Apoptosis (Fig. 5]). These findings suggest that Cx3cr1 + Microglia and Cdk1 + Microglia are the
primary microglial subpopulations contributing to inflammatory activation following MCAO and are regulated
by the Rela transcriptional network.

Inflammatory factors are up-regulated in tMCAO mice, and microglia activation is
accompanied by increased phosphorylation of P65
To elucidate the mechanism of P65 regulation, we constructed the tMCAO mouse model. The tMCAO group
underwent transient middle cerebral artery occlusion (tMCAO) surgery to prepare the I/R brain injury model.
Figure 6A presents a schematic diagram of the animal experimental workflow. The sham group underwent the
same procedure but without monofilament insertion. tMCAO mice had reduced scores in the neurological
function assessment and balance beam test (Fig. 6B,C), regional cerebral blood flow measurements showed
decreased regional cerebral blood flow in the tMCAO group (Fig. 6D,E), and TTC staining showed significant
infarct localized in the tMCAO group (Fig. 6EG). Phosphorylation of P65 was significantly increased in the
infarcted area of tMCAO mice (Fig. 6H-K), along with a significant increase in proinflammatory markers,
including IL-6, TNF-a, and IL-1p (Fig. 6L-N).

Immunofluorescence staining was used to quantify the number of neurons (Neun) and microglia (Ibal) and
the expression of P-P65. tMCAO mice had a significant reduction in the number of neurons in the infarct area
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Fig. 4. Validation of key transcription factors involved in inflammatory activation after ischemic stroke.
(A) Volcano plot of differentially expressed genes (DEGs) between OGD/R-treated BV2 cells and control
group. (B) KEGG enrichment analysis of significantly upregulated genes in BV2 cells. (C) GO enrichment
analysis of significantly upregulated genes in BV2 cells. (D) Volcano plot of differentially expressed genes

in human ischemic stroke blood samples. (E) KEGG enrichment analysis of significantly upregulated genes
in human ischemic stroke blood. (F) GO enrichment analysis of significantly upregulated genes in human
ischemic stroke blood. (G-J) Correlation analysis of GSVA scores for the NF-kB signaling pathway and P65
transcription factor.

and a significant increase in the number of IBA1 + microglia, accompanied by an increase in P65 phosphorylation
(Fig. 7A-D). Cytoskeleton analysis of IBA1 + microglia showed that the cell body of microglia in tMCAO mice
was significantly larger and the average branch length was shortened (Fig. 7A,E,F), indicating the presence of
activation of microglia in tMCAO mice. Immunofluorescence co-localization analysis further showed that the
proportion of IBA1 + P-P65 + microglia was significantly increased in tMCAO mice, and P65 phosphorylation
was activated in microglia of stroke mice (Fig. 7G,H).

Inhibition of P65 phosphorylation can reduce the levels of inflammatory factors in microglia
and provide neuroprotection
To explore the differences in microglia neuroinflammation between tMCAO mice and sham mice, and the role
of P65 in this process, we treated BV2 cells with OGD/R to simulate the ischemia-hypoxia state. The Fig. 8A
illustrates a schematic representation of the cell experiment. BV2 cells and conditioned medium were collected
to detect the phosphorylation level of P65 and the expression of cytokines in BV2 cells. The conditioned medium
of BV2 cells was co-cultured with SH-SY5Y cells for 24 h to detect neuronal activity. The results showed that
the expression of proinflammatory cytokines IL-6, TNF-a, and IL-1p was increased in BV2 cells treated with
OGD/R. However, treatment with JSH23, an inhibitor of P65 phosphorylation, significantly reduced this
proinflammatory response (Fig. 8F-H). P-P65 expression was increased in BV2 cells treated with OGD/R,
but P65 phosphorylation was decreased in cells co-treated with OGD/R and JSH23 (Fig. 8B-E). In addition,
SH-SY5Y cells co-cultured with conditioned medium from OGD/R-treated microglia showed an increased
proportion of apoptosis, which was significantly attenuated by the addition of JSH23 (Fig. 81,]). A schematic of
the study is shown in (Fig. 8K).
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Fig. 5. Microglial subsets and trajectory analysis. (A) UMAP plot of microglial subsets. (B) Proportions of
microglial subsets at different time points post-MCAO. (C) Heatmap of marker genes used for microglial
subset identification. (D) CytoTRACE inference of the trajectory origin. (E) Pseudotime trajectory of
microglial subsets. (F) Trajectory of microglial cell subsets. (G) Different states of microglial differentiation.
(H,I) P65 scores in microglial cells at different states, along with the proportion of microglial subsets in state
1. (J) KEGG enrichment analysis of genes driving the differentiation of microglial cells from branch point 1 to
state 1.

Discussion

This study comprehensively analyzes the transcriptional dynamics and functional roles of microglia in
ischemic stroke, focusing on the NF-«B signaling pathway and its key regulator, P65. By integrating single-cell
transcriptomics, bioinformatics, and experimental validation, this study reveals novel mechanisms of microglial
activation and its contribution to post-stroke neuroinflammation.

In comparison to previous studies, which broadly described the role of microglia in post-stroke
inflammation'®'%, this study refines this understanding by identifying specific microglial subtypes involved in
the process. For the first time, we identified the significant activation of Cx3cr1 +and Cdk1 + microglial subtypes
following ischemic stroke, providing new perspectives on microglial heterogeneity and their functional roles.

The NF-xB signaling pathway is well-established as a driver of neuroinflammation®*?!, but the specific
role of P65 (Rela) remains unclear. Our findings reveal that P65 phosphorylation acts as a molecular switch
promoting the production of pro-inflammatory cytokines such as IL-6, TNF-q, and IL-1p, thereby exacerbating
neuronal apoptosis. These results extend the understanding of transcriptional regulators in microglial
activation and underscore the central role of P65 in regulating inflammatory responses in specific microglial
subtypes?. Additionally, bioinformatics analysis using datasets such as GSE227651 revealed dynamic changes in
inflammatory pathways within the microglial transcriptional landscape after stroke.

Using the MCAO model, we validated these findings in vivo, demonstrating that ischemic stroke induces
robust microglial activation characterized by increased P65 phosphorylation and elevated expression of pro-
inflammatory cytokines. While prior studies highlighted the critical role of microglia in the progression of
ischemic damage?’, this study goes further by providing detailed analyses of specific transcriptional regulators
and microglial subtypes driving these effects. Furthermore, we showed that inhibiting P65 phosphorylation with
JSH23 significantly reduced inflammation and neuronal apoptosis, consistent with previous research on the
therapeutic potential of transcription factor inhibition?*,
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Invitro experiments using OGD/R-treated BV2 cells provided further mechanistic insights. These experiments
demonstrated that OGD/R induces P65 phosphorylation and pro-inflammatory cytokine production, both of
which were significantly mitigated by JSH23 treatment. While prior studies explored the effects of OGD/R on
microglial activation?, this study uniquely elucidates the specific regulatory role of P65 in this process and
its downstream impact on neuronal survival. Co-culture experiments further highlighted the neuroprotective
effects of inhibiting P65 phosphorylation, as conditioned media from treated BV2 cells significantly improved
SH-SY5Y cell viability. This aligns with earlier findings that targeting microglial-mediated inflammation can
reduce neuronal damage®.
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«Fig. 6. Inflammatory factors are up-regulated in the infarct area of tMCAO mice, accompanied by increased
phosphorylation of P65. (A) Flow chart of the experiment: After one week of adaptive feeding, mice in the
tMCAO group were subjected to transient middle cerebral artery occlusion surgery, and those in the Sham
group were subjected to the same surgery but only blood vessels and nerves were exposed without ligation
and insertion of emboli. Neurological function and cerebral blood flow were assessed after the mice were
confirmed to be fully awake, and euthanasia and tissue collection were completed within 24 h after surgery.
(B,C) Behavior test: Neurological deficit score and Beam walk test (n=13). (D,E) Cerebral blood flow imaging,
quantitative statistical analysis of mean cerebral blood flow (n=13). (F,G) Representative images for infarct
volume assessment (TTC staining) and statistical analysis (n=3). (H-K) Representative bands of Western blot
and statistical analysis for P-P65, P65, and B-actin (n=5). (L-N) qRT-PCR statistical analysis of IL-1p, IL-6 and
TNF-a (n=5). Data are Mean + SEM. #p < 0.05, #:#p <0.01, ##:3%p <0.001, and ss#xp <0.0001.

Despite these advancements, this study has certain limitations. First, while we elucidated the early role of P65
phosphorylation in neuroinflammation, the long-term effects of its inhibition on tissue repair and functional
recovery remain unexplored. Second, although human transcriptomic datasets were analyzed, experimental
validation was primarily conducted in murine models and BV2 cells, limiting the direct applicability of findings
to stroke patients. Third, interactions between the NF-«kB pathway and other signaling cascades, such as MAPK
and JAK-STAT, require further investigation to comprehensively understand the complexity of post-stroke
inflammation. Finally, while specific microglial subtypes were identified and characterized, their functional
roles, such as contributions to phagocytosis and cytokine secretion, warrant further validation.

Conclusion

This study integrates single-cell transcriptomics, bioinformatics, and experimental validation to elucidate the
role of P65-mediated microglial activation in ischemic stroke. We identified Cx3crl+and Cdk1 +microglial
subtypes that play critical roles in post-stroke inflammation and demonstrated that P65 phosphorylation serves
as a key regulatory mechanism driving the production of pro-inflammatory cytokines and neuronal apoptosis.
Using MCAO models and OGD/R-treated BV2 cells, we validated the therapeutic potential of P65 inhibition in
mitigating neuroinflammation and promoting neuronal survival. While our findings highlight the critical role of
P65 in neuroinflammation, further studies are needed to evaluate the long-term effects of its inhibition, explore
interactions with other signaling pathways, and validate the findings in human models.

Materials and methods

Data collection

Datasets GSE227651%7, GSE104036, GSE116878%8, GSE249957%, and GSE22255%? were selected from the Gene
Expression Omnibus (GEO) database of the National Center for Biotechnology Information (NCBI) (https://w
ww.ncbi.nlm.nih.gov/geo/) for analysis. Specifically, GSE227651 contains single-cell sequencing data from the
ipsilateral brain hemispheres of mice in the sham group and at 1, 3, and 7 days after transient middle cerebral
artery occlusion (tMCAO). GSE104036 includes high-throughput sequencing results of cortical tissues at 3, 6,
12, and 24 h after ischemia-reperfusion in mice. GSE116878 provides mRNA sequencing data from the ipsilateral
brain tissues of mice at 3, 12, 24, and 72 h following ischemic stroke. GSE249957 comprises high-throughput
sequencing data from BV2 microglia under the oxygen-glucose deprivation/reoxygenation (OGD/R) model and
control conditions. GSE22255 contains microarray data of peripheral blood mononuclear cells (PBMCs) from
20 ischemic stroke patients and age- and sex-matched controls.

Single-cell sequencing data analysis

Single-nucleus sequencing data were analyzed using Seurat (version 5.1.0)3! and Harmony (version 1.2.1)%,
with results visualized using ggplot2 (version 3.5.1) and pheatmap (version 1.0.12). Marker genes for each
cell subset were identified using the “FindAllMarkers” function, while differentially expressed genes (DEGs)
between groups were determined using the “FindMarkers” function. Enrichment analyses were performed
using clusterProfiler (version 4.12.0)%. Gene set scoring was conducted with the “AddModuleScore” function.
Trajectory analysis of snRNA-seq data was performed using monocle2 (version 2.32.0)*, and CytoTRACE*
(version 0.3.3) was applied to determine the trajectory origin.

Transcriptome sequencing data analysis

Data preprocessing was performed using tidyverse (version 2.0.0). Differential expression analysis of
transcriptome sequencing data was conducted with DESeq2 (version 1.44.0)%, while Mfuzz (version 2.64.0)
was utilized to reveal dynamic gene expression patterns across time series. Differential analysis of microarray
data was performed using the limma package (version 3.60.2)%”. Gene Ontology (GO)? and Kyoto Encyclopedia
of Genes and Genomes (KEGG)* enrichment analyses were performed using clusterProfiler (version 4.12.0),
and gene set scoring was carried out with GSVA (version 1.52.3). Results were visualized using ggplot2 (version
3.5.1) and ClusterGVis (version 0.1.1). The transcription factor activity at different time points post-MCAO was
scored using the decoupleR package (version 2.10.0).

Animal experiments

This study was conducted in accordance with the ARRIVE guidelines (Animal Research: Reporting of In Vivo
Experiments). C57BL/6 mice (male, 2 months old, 20-22 g) were purchased from the Experimental Animal
Center of Nanjing Medical University and housed in the university’s animal core facility under a standard 12-h
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Fig. 7. The activation of microglia in the infarction area of tMCAO mice was increased, accompanied by the
phosphorylation of P65. (A) Representative images of NeuN, IBA1 and P-P65 fluorescent staining in mouse
cortical infarct areas. Skeletal analysis of microglia. (B) Statistical analysis of the number of NeuN + cells
(n=5). (C) Statistical analysis of the area of P-P65+ cells (n=5). (D-F) Statistical analysis of the number, cell
body area, and average branch length of IBA1 + cells (n=5). (G-H) Quantification of immunofluorescence
was conducted to assess the colocalization of IBA1 and P-P65.Data are Mean + SEM. s#p <0.05, #%p<0.01,
w33 <0.001, and s < 0.0001.
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light/dark cycle with free access to food and water. All animal experiments were conducted in accordance with
the ethical policies and procedures approved by the Animal Welfare and Ethics Committee of Nanjing Medical
University (Approval No.: IACUC-2411055). The handling of animals adhered to the principles outlined in the
Procedures and Guidelines for Animal Ethics of the People’s Republic of China and the Animal Welfare Act.
Mice were randomly assigned using a random number table into the Sham group (n=13) and the t-MCAO
group (n=13). After a one-week acclimatization period, mice in the t-MCAO group underwent transient middle
cerebral artery occlusion (t-MCAO) surgery, while those in the Sham group underwent the same procedure
except for vascular ligation and insertion of the filament. Neurological function and cerebral blood flow were
assessed 23 h after surgery, followed by euthanasia using CO, and tissue collection 24 h after surgery.

Establishment of the ischemia/reperfusion (I/R) brain injury model in mice

A transient middle cerebral artery occlusion (t-MCAO) procedure was performed to induce an I/R brain injury
model?. Briefly, male C57BL/6] mice were anesthetized with isoflurane and placed on a thermostatic blanket to
maintain body temperature. A nylon filament (0.18 +£0.01 mm, Guangzhou Jialing Biotechnology, Cat#L1800)
was inserted into the internal carotid artery (ICA) via the external carotid artery (ECA) and advanced to the
middle cerebral artery. Occlusion was maintained for 60 min, after which the filament was removed to restore
blood flow to the MCA territory. Sham-operated mice underwent the same surgical procedures without filament
insertion.

Cell culture and treatment

BV2 microglial cells and human neuroblastoma SH-SY5Y cells were cultured in DMEM (Cat#C11995500BT,
Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 ug/mL streptomycin
in a humidified environment of 37 °C, 95% air, and 5% CO,. BV2 cells were divided into three groups: control
(CON), oxygen-glucose deprivation/reoxygenation (OGD/R), and OGD/R +JSH23 (CAT#749886-87-1, MCE,
USA) groups*!. BV2 cells at appropriate density underwent OGD treatment.

Oxygen-glucose deprivation (OGD): The complete medium was replaced with glucose-free DMEM (Life
Technologies, Cat#11966-025, Gaithersburg, MD, USA), and BV2 cells were placed in anaerobic bags (Mitsubishi,
Japan) along with anaerobic gas packs (Mitsubishi, Japan) to create an environment of 37 °C, 95% N,, and 5%
CO,,. The sealed bags were incubated at 37 °C for 4 h*2,

Reoxygenation with glucose: After 4 h, the anaerobic bags were opened, the glucose-free DMEM was replaced
with DMEM containing 10% FBS, and the BV2 cells were incubated at 37 °C, 95% air, and 5% Co, for 24 h. BV2
cells from all three groups were collected for Western blot and qPCR experiments. Conditioned media (CM)
from the three groups were added to SH-SY5Y cells for co-culture, and cell viability was assessed after 24 h.

Neurological function evaluation

Neurological function was assessed by observing mice behavior and scoring neurological deficits:0: No deficits,
normal behavior; 1: Incomplete extension of the contralateral forelimb; 2: Circling behavior (towards the
affected side); 3: Loss of voluntary movement but able to stand; 4: No voluntary activity, unconsciousness, or
severe paralysis.

The Beam Walk Test was used to assess motor coordination and balance. A 6-mm wide, 50-cm long beam
with a safety platform at the end was used. Walking time, error frequency (e.g., paw slips), and success in reaching
the platform were recorded. Scoring:0: Normal, no slips; 1: Mild slips, but reached the platform; 2: Multiple slips,
but reached the platform; 3: Unable to reach the platform, falls, or circles.The assessments were conducted by a
blinded researcher within 23 h after t- MCAO.

Measurement of cerebral blood flow

Cerebral blood flow was measured using a moorFLPI laser speckle flow imager. The skin over the cranial area
was retracted, and the skull was exposed while the mouse was placed on a heated pad (37 °C). A charge-coupled
device (CCD) camera captured perfusion images under 775 nm laser illumination with an exposure time of 2
ms. Perfusion was displayed as pseudo-color images, ranging from blue (low perfusion) to red (high perfusion),

and analyzed using moorFLPI-2 software®>.

Infarct volume measurement

Brain infarct volume was measured using 2,3,5-triphenyltetrazolium chloride (TTC) staining. Each brain was
sectioned into five 1-mm slices, incubated with 2% TTC at 37 °C for 10 min, and fixed in 4% paraformaldehyde
for 30 min. Infarct volume was calculated as described previously**.

Immunofluorescence

Brain sections were washed with PBS, and endogenous peroxidase activity was removed with 3% H,0,. After
blocking for 1.5 h, primary antibodies were added and incubated at 4 °C for 24 h. After washing, secondary
antibodies and fluorescent dyes were applied at room temperature for 1.5 h. Nuclei were stained with DAPIL
Primary antibodies included anti-NEUN (1:50, Millipore, MAB377), anti-IBA1 (1:500, CST, 17198), and anti-
p-P65 (1:800, Millipore, MAB360). The ratio of dead and alive BV2 cells was quantified by (Calcein AM, PI)
(Proteintech, PF00007)double fluorescence staining kit. Images were captured using a Nikon fluorescence
microscope and analyzed with Image] software.

Western blot
Total protein was extracted from brain tissue or BV2 cells using RIPA lysis buffer containing PMSF and phosphatase
inhibitors. After centrifugation at 12,000 rpm for 15 min at 4 °C, the supernatant was collected, quantified by the
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BCA assay, and boiled with sample buffer at 95 °C for 10 min. Proteins were separated via 8-15% SDS-PAGE,
transferred to PVDF membranes, and blocked with 5% skim milk for 1 h at room temperature. Membranes were
incubated overnight at 4 °C with primary antibodies, including anti-p-P65 (1:1000, CST), anti-P65 (1:1000,
CST), and anti-B-actin (1:2000, Proteintech). HRP-conjugated secondary antibodies (anti-mouse or anti-rabbit,
1:5000, Proteintech) were applied for 1 h at room temperature. Protein bands were visualized using an ECL kit
and the Tanon 5200 imaging system, and grayscale intensity was analyzed with Image] software.

Quantitative PCR (qPCR)

Total RNA was extracted from the infarct regions of mice or BV2 cells using a total RNA extraction kit
(Cat#R401-01, Vazyme, Nanjing, Jiangsu, China), and reverse transcribed into cDNA. qPCR was performed
using ChamQ SYBR qPCR premix (Cat#Q341-02, Vazyme), and data were analyzed using the 2724% method.
Primer sequences are listed in Supplementary Table S1.

Statistical analysis

Statistical analyses were performed using R (version 4.4.2, http://www.r-project.org) and GraphPad (version
10.0.0). One-way analysis of variance (ANOVA) was used for comparisons among multiple groups, while
Student’s t-test was applied for comparisons between two groups. Additionally, Pearson correlation analysis was
conducted to evaluate the relationship between genes and groups. A P-value<0.05 was considered statistically
significant.

Data availability

The single-cell RNA sequencing (scRNA-seq) and bulk RNA-seq datasets analyzed in this study are public-
ly available through the Gene Expression Omnibus (GEO) repository with accession numbers GSE227651,
GSE104036, GSE116878, GSE249957, and GSE22255. All raw data were acquired from previously published
studies in accordance with respective data usage agreements.
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