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Introduction

Spinal cord injury (SCI) represents a severe neurological 
condition that results in profound sensory, motor, and auto-
nomic dysfunction(Anjum et al. 2020). The pathological 
progression of SCI involves not only primary mechanical 
damage to neurons and axons but also a cascade of second-
ary responses, including neuroinflammation, glial activation, 
vascular disruption, and apoptotic cell death(Sunshine et al. 
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Abstract
Background. Spinal cord injury (SCI) is a debilitating neurological disorder characterized by complex pathological pro-
cesses involving dynamic responses of multiple cell types and intricate regulatory networks. Although single-cell RNA 
sequencing (scRNA-seq) has been employed to dissect cellular heterogeneity in SCI, the activity and regulatory functions 
of microRNAs (miRNAs) at single-cell resolution remain largely unexplored. Methods. This study utilized the GSE189070 
dataset, integrating single-cell transcriptomic data from mouse spinal cord tissues at eight time points: uninjured control 
and 0.5, 1, 3, 7, 14, 60, and 90 days post-injury. Following quality control, batch correction, and cell-type annotation, 
miRNA activities across 12 major cell types were computationally inferred using a motif enrichment-based approach. 
Temporal clustering of miRNA activity was performed with Mfuzz, and subsequent analyses included target gene predic-
tion, functional enrichment, and network construction. Inferred miRNA activity patterns were validated using an indepen-
dent bulk miRNA sequencing dataset (GSE90452). Key findings were experimentally verified in BV-2 microglial cells and 
C8-D1A astrocytes using miRNA inhibitors and mimics. Results. We successfully constructed a single-cell transcriptomic 
atlas and a dynamic computationally inferred miRNA activity landscape during SCI progression. Independent dataset 
validation confirmed that inferred miRNA activity changes (e.g., mmu-miR-488-3p, mmu-miR-132-3p) were consistent 
with actual miRNA expression alterations. Our analysis revealed that microglia and macrophages exhibited dynamic 
miRNA activity patterns closely associated with inflammatory pathways, including TNFA_SIGNALING_VIA_NFKB 
and TOLL-LIKE RECEPTOR signaling. Cross-cell-type comparison identified 38 common differentially active miRNAs 
shared between microglia and macrophages, with network analysis revealing coordinated regulation of key inflammatory 
genes (e.g., Lif, Csf1, Il18rap). In astrocytes, specific miRNAs (e.g., miR-7a-5p, miR-124-3p) were found to regulate 
apoptotic pathways by targeting Casp3 and Bcl2 family genes. Experimental validation confirmed that miR-130a-3p 
promotes microglial inflammation, while miR-7a-5p inhibits astrocyte apoptosis under oxidative stress. Conclusion. This 
study presents a computationally inferred, experimentally validated single-cell-resolution map of miRNA activity dynam-
ics during SCI, revealing potential regulatory networks in key cell types. The concordance between computational infer-
ence and independent experimental data supports the biological plausibility of our findings and provides a foundation for 
further therapeutic exploration.
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2023, Wang et al. 2025). These dynamic cellular and molec-
ular events collectively shape the post-injury microenviron-
ment and critically influence neurological recovery(Li et al. 
2025, Qin et al. 2023). Therefore, a systematic understand-
ing of cell type-specific responses and regulatory networks 
following SCI is essential for uncovering its underlying 
mechanisms and developing effective therapeutic strategies.

In recent years, single-cell RNA sequencing (scRNA-seq) 
has emerged as a powerful tool for dissecting cellular het-
erogeneity, state transitions, and gene regulatory networks 
at unprecedented resolution(Ma et al. 2023). Studies utiliz-
ing scRNA-seq have revealed distinct cellular subpopula-
tions and transcriptional dynamics in various neurological 
disorders(Sirkis et al. 2023), including stroke and neuro-
degenerative diseases (Wang et al. 2024). In the context of 
SCI, scRNA-seq has begun to elucidate cell type-specific 
transcriptional changes and intercellular crosstalk during 
injury progression (Zhang et al. 2023). However, a compre-
hensive, time-resolved atlas of cellular responses across the 
acute to chronic phases of SCI remains limited, particularly 
regarding the role of post-transcriptional regulators such as 
microRNAs (miRNAs).

MiRNAs are small non-coding RNAs of approximately 
22 nucleotides that regulate gene expression post-transcrip-
tionally by binding to the 3′ untranslated regions (3′UTRs) 
of target mRNAs, leading to mRNA degradation or transla-
tional repression (Lu and Rothenberg 2018). In SCI, miR-
NAs have been implicated in key pathological processes, 
including neuroinflammation, glial scar formation, axonal 
regeneration, and cell survival (Xiong et al. 2022, Gao et al. 
2023). Despite their recognized importance, most studies on 
miRNA function in SCI have relied on bulk tissue analyses, 
which mask cell type-specific regulatory activities(Silvestro 
and Mazzon 2022). Recent methodological advances now 
allow for the inference of miRNA activity from scRNA-seq 
data based on motif enrichment analysis (miReact), enabling 
the exploration of miRNA function at single-cell resolution 
(Zhang et al. 2023). This approach provides a promising 
avenue to uncover cell type-specific miRNA regulatory net-
works in complex tissues such as the injured spinal cord.

In this study, we leveraged a publicly available scRNA-seq 
dataset (GSE189070) spanning eight time points from acute 
to chronic SCI to construct a dynamic, single-cell-resolved 
map of computationally inferred miRNA regulatory activ-
ity. By integrating computational approaches—including 
temporal clustering, target prediction, pathway enrichment, 
and network analysis—we aimed to elucidate the regulatory 

roles of miRNAs in key cell types such as microglia, mac-
rophages, and astrocytes. Our findings not only map the 
spatiotemporal dynamics of miRNA activity post-SCI but 
also identify functional modules through which miRNAs 
coordinate inflammatory and apoptotic responses, providing 
novel mechanistic insights and potential therapeutic targets 
for SCI.

Materials and Methods

Data Source and Inclusion Criteria

The single-cell RNA sequencing (scRNA-seq) data used 
in this study were obtained from the NCBI Gene Expres-
sion Omnibus (GEO) database under accession number 
GSE189070. The dataset consists of 8 mouse spinal cord 
samples: 1 sham control (uninjured) and 7 spinal cord injury 
(SCI) samples at 0.5, 1, 3, 7, 14, 60, and 90 days post-injury. 
All samples were derived from C57BL/6 mice, and library 
preparation and sequencing were performed using the 10x 
Genomics Chromium™ Single Cell 3′ RNA-seq platform. 
Sample inclusion criteria were as follows: sequencing qual-
ity ≥ Q30, cell viability > 80%, and data integrity verified 
prior to analysis.

Preprocessing and Quality Control of Single-Cell 
Data

Raw sequencing data were aligned to the mouse reference 
genome (mm10) and gene expression matrices were gener-
ated using Cell Ranger (v6.1.2). Quality control and filter-
ing were performed using Seurat (v4.3.0) with the following 
criteria: cells with 200–5,000 detected genes were retained; 
cells with mitochondrial gene content > 20% were excluded; 
cells with high hemoglobin gene expression (indicative of 
red blood cell contamination) were removed; and doublets 
were predicted and excluded using DoubletFinder (v2.0.3) 
with an expected doublet rate of 5%. A total of 75,183 high-
quality single cells were retained for downstream analyses.

Batch Correction, Dimensionality Reduction, and 
Cell Clustering

To mitigate batch effects between samples, the gene expres-
sion matrices were integrated and corrected using Harmony 
(v1.0). Data were normalized and variance-stabilized using 
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the SCTransform method]. Principal component analysis 
(PCA) was performed, and the top 30 principal components 
were selected for downstream analysis. Uniform Manifold 
Approximation and Projection (UMAP) was applied for 
nonlinear dimensionality reduction. Unsupervised cluster-
ing was conducted using the Louvain algorithm at a reso-
lution of 1.0, yielding 30 transcriptionally distinct clusters.

Cell Type Annotation

Cell types were annotated based on the expression of well-
established marker genes. Key markers included: Astro-
cytes: Aqp4, Gfap, Agt; Microglia: Cx3cr1, Tmem119, 
P2ry12; Oligodendrocytes: Plp1, Mag, Mog; Monocyte-
derived Macrophages: Gpnmb, Spp1, Fabp5; Endothelial 
cells: Cldn5, Pecam1, Ly6c1; Ependymocytes: Foxj1, Nnat, 
Rsph1; Neutrophils: Ly6g, S100a8, S100a9; T cells: Cd3d, 
Cd3e, Nkg7; B cells: Cd79a, Cd79b; Pericytes: Pdgfrb, Vtn; 
Erythrocytes: Hba-a1, Hba-a2.

Inference of miRNA Activity

miRNA activity was inferred using the miTEA-HiRes 
(microRNA Target Enrichment Analysis - High Resolution) 
software(Nielsen and Pedersen 2021), a statistically robust 
method designed for evaluating miRNA regulatory activity 
at single-cell and spatial transcriptomics resolution. Mouse 
3’untranslated region (3’UTR) sequences were retrieved 
from Ensembl (release 106). For each cell, genes were 
ranked in ascending order based on their expression fold-
change values between SCI and control groups. miTEA-
HiRes employs a minimum HyperGeometric (mHG) test 
to assess the enrichment of miRNA target genes within the 
ranked lists. The method relies on a curated miRNA-target 
interaction set derived from miRTarBase, including only 
interactions with at least one strong experimental support 
or two weak experimental supports, ensuring high confi-
dence in predicted regulatory relationships miRNA activ-
ity scores were defined as −log10(p-value) × sign(statistic), 
where p-values were derived from hypergeometric tests. 
Activity scores were z-score normalized within each cell 
type. This computational inference approach leverages the 
principle that increased miRNA activity leads to downregu-
lation of its target genes, resulting in detectable enrichment 
of miRNA target genes among downregulated transcripts.

Differential Analysis of miRNA Activity

To assess global changes in miRNA regulatory activity 
following SCI, we performed differential activity analysis 
comparing injured and uninjured samples. For each miRNA 
in each cell type, we extracted the inferred activity scores 
for all cells belonging to that type. Activity scores were 
compared between injured samples (pooling all post-injury 
time points) and uninjured controls using the Wilcoxon 
rank-sum test. miRNAs with |log₂FC| > 0.5 and adjusted 
p-value < 0.05 (Bonferroni correction) were considered sig-
nificantly differentially active. The results are visualized as 
a volcano plot, with each dot representing a unique miRNA-
cell type pair. 

Temporal Clustering of miRNA Activity (Mfuzz)

To identify dynamic patterns of miRNA activity across 
injury time points, temporal clustering was performed using 
Mfuzz (v2.60.0) (Kumar 2007). The standardized miRNA 
activity matrix was subjected to fuzzy c-means clustering. 
The number of clusters (k = 8) was selected based on both 
biological rationale and statistical optimization. Biologi-
cally, SCI progression encompasses acute (0.5–3 days), sub-
acute (7–14 days), and chronic (60–90 days) phases, each 
potentially associated with miRNA upregulation, down-
regulation, or complex biphasic patterns. Statistically, we 
evaluated k values from 4 to 10 using average silhouette 
width, with k = 8 yielding the highest value (0.44) and pro-
ducing clusters with clear, distinct temporal patterns. This 
choice also enabled consistent cross-cell type comparisons. 
miRNAs with membership values > 0.5 were assigned to the 
corresponding trend.

miRNA Target Prediction and Functional Enrichment 
Analysis

Target genes of differentially active miRNAs were predicted 
using miRanda (v3.3a) with thresholds: Total_Score ≥ 200 
and Tot_Energy ≤ 30 (Clyde 2022). Predictions were inter-
sected with TargetScan (v8.0) and miRDB (v6.0) to enhance 
reliability(Dogan et al. 2022).

Functional enrichment analysis was conducted using 
clusterProfiler (v4.6.2) for KEGG pathways and Hallmark 
gene sets. Terms with an FDR-adjusted p-value < 0.05 were 
considered significant.
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in a 5% CO₂ atmosphere. Cells were seeded in 6-well plates 
at a density of 2 × 10⁵ cells per well and allowed to adhere 
overnight. For inflammation induction, cells were stimu-
lated with lipopolysaccharide (LPS, 100 ng/mL) for 24 h.

miRNA Transfection

miR-130a-3p inhibitor, negative control inhibitor (NC-
inhibitor), and corresponding mimics were synthesized by 
RiboBio (Guangzhou, China). BV-2 cells were transfected 
at 50% confluence using Lipofectamine 3000 (Invitrogen) 
according to the manufacturer’s protocol. The final con-
centration of miRNA inhibitor was 50 nM. After 48  h of 
transfection, cells were treated with LPS (100 ng/mL) for an 
additional 24 h before analysis.

RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from BV-2 cells using TRIzol 
reagent (Invitrogen) according to the manufacturer’s 
instructions. For miRNA detection, cDNA was synthesized 
using the Mir-X miRNA First-Strand Synthesis Kit (Takara, 
Japan). qRT-PCR was performed using TB Green Premix 
Ex Taq II (Takara) on a LightCycler 480 System (Roche). 
U6 snRNA was used as an internal control for miRNA nor-
malization. The relative expression levels were calculated 
using the 2⁻ΔΔCt method. Primers for miR-130a-3p and U6 
were purchased from RiboBio.

Enzyme-Linked Immunosorbent Assay (ELISA)

Culture supernatants from BV-2 cells were collected after 
LPS stimulation. Concentrations of tumor necrosis factor-
alpha (TNF-α) and interleukin-6 (IL-6) were measured 
using commercial ELISA kits (R&D Systems, Minneapolis, 
MN, USA) according to the manufacturer’s protocols. Each 
sample was assayed in triplicate, and absorbance was read 
at 450  nm using a microplate reader (Bio-Rad, Hercules, 
CA, USA).

Western Blot Analysis

BV-2 cells were lysed in RIPA buffer (Beyotime, China) 
containing protease inhibitor cocktail. Protein concen-
trations were determined using the BCA protein assay 
kit (Thermo Fisher Scientific). Equal amounts of protein 
(30 µg) were separated by 12% SDS-PAGE and transferred 

Gene set enrichment analysis (GSEA) was performed 
using fgsea (v1.24.0) with gene sets from MSigDB (v7.5)
(Wang et al. 2024). Gene sets with |NES| > 1.5 and p < 0.05 
were regarded as significantly enriched.

Construction of miRNA–Target–Pathway Networks

To identify high-confidence miRNA-target interactions, 
we employed a hierarchical filtering strategy prioritiz-
ing experimental evidence and multi-algorithm computa-
tional support. First, we retrieved experimentally validated 
miRNA-target interactions from the miRTarBase database, 
including only interactions supported by strong experi-
mental evidence. For miRNAs without experimentally 
validated targets or to expand the network, we performed 
computational predictions using three independent algo-
rithms: miRanda (v3.3a) with thresholds Total_Score ≥ 200 
and Tot_Energy ≤ 30, TargetScan (v8.0) using cumulative 
weighted context + + scores, and miRDB (v6.0) using pre-
diction scores. Additionally, miRWalk binding probabilities 
were considered. Target genes supported by at least two of 
these three computational sources (TargetScan, miRDB, 
miRWalk) were retained for further analysis. After estab-
lishing candidate miRNA-target pairs based on experi-
mental validation or multi-algorithm support, we applied 
an expression correlation filter using our single-cell data. 
Pearson correlation coefficients were calculated between 
miRNA activity scores and target gene expression across all 
cells. Pairs showing significant inverse correlation (r < − 0.2, 
adjusted p < 0.05) were retained, confirming that the pre-
dicted regulatory relationship is active in the SCI context.
Finally, networks were manually curated for biological 
relevance to specific pathways (e.g., INFLAMMATORY_
RESPONSE, APOPTOSIS) and visualized using Cytoscape 
(v3.9.1). Detailed filtering statistics, including numbers of 
pairs retained at each step, are provided in Supplementary 
Tables 1–3.

Experimental Validation of miR-130a-3p in 
Microglial Inflammation

Cell Culture and Treatment

BV-2 murine microglial cells were obtained from the Ameri-
can Type Culture Collection (ATCC) and cultured in DMEM 
medium supplemented with 10% fetal bovine serum (FBS), 
100 U/mL penicillin, and 100 µg/mL streptomycin at 37 °C 
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collected, washed twice with cold PBS, and resuspended in 
500 µL binding buffer. Cells were then incubated with 5 µL 
Annexin V-FITC and 5 µL propidium iodide (PI) for 15 min 
at room temperature in the dark. Apoptotic cells were ana-
lyzed using a flow cytometer (BD FACSCanto II) within 
1 h. Data were analyzed using FlowJo software (v10.0).

Statistical Analysis

All statistical analyses were performed in R (v4.2.2). Group 
comparisons were conducted using the non-parametric 
Mann–Whitney U test, with multiple testing correction via 
the Bonferroni method. A p-value < 0.05 was considered 
statistically significant. Data visualization was performed 
using ggplot2 (v3.4.2) and ComplexHeatmap (v2.14.0).

Result

Construction of Computationally Inferred Single-
Cell Transcriptomic Atlas and Cell Type Identification 
in Spinal Cord Injury Mice

To systematically dissect the dynamic changes in cellular 
composition following spinal cord injury (SCI), we inte-
grated single-cell transcriptomic data from the GSE189070 
dataset, encompassing eight time points: uninjured control 
and 0.5, 1, 3, 7, 14, 30, 60, and 90 days post-injury. After 
unified quality control, batch correction, and normaliza-
tion, a total of 75,183 high-quality cells were retained for 
unsupervised clustering and cell type annotation. As shown 
in Fig. 1A, UMAP dimensionality reduction partitioned the 
cells into 30 transcriptomic clusters. Based on the expression 
patterns of established marker genes (Fig. 1C), we success-
fully identified 12 major cell types (Fig. 1B), including: Glial 
cells: Microglia, Astrocytes, Oligodendrocytes, Ependymo-
cytes; Immune cells: Monocytes, Monocyte-derived Mac-
rophages, Neutrophils, T cells, B cells; Vascular-associated 
cells: Endothelial cells, Pericytes; Other cells: Erythrocytes. 
Notably, oligodendrocytes and microglia exhibited the high-
est cell counts and gene detection numbers (Fig. 1D), sug-
gesting their potential pivotal roles in post-SCI responses. 
Temporal analysis (Fig.  1E) demonstrated a significant 
increase in neutrophils and monocyte-derived macrophages 
during the early injury phase (0.5–3 days), whereas microg-
lia and astrocytes were persistently enriched in the chronic 
phase (60–90 days), reflecting the dynamic remodeling of 
immune and glial cell populations after SCI.

to PVDF membranes (Millipore). Membranes were blocked 
with 5% non-fat milk in TBST for 1  h at room tempera-
ture and incubated overnight at 4 °C with primary antibod-
ies against TNF-α (1:1000, Abcam), IL-6 (1:1000, Abcam), 
and GAPDH (1:5000, Cell Signaling Technology). After 
washing, membranes were incubated with HRP-conjugated 
secondary antibodies (1:5000, Cell Signaling Technology) 
for 1 h at room temperature. Protein bands were visualized 
using enhanced chemiluminescence (ECL) reagent (Milli-
pore) and quantified using ImageJ software.

Experimental Validation of miR-7a-5p in Astrocyte 
Apoptosis

Cell Culture and Treatment

C8-D1A murine astrocyte cells were obtained from ATCC 
and cultured in DMEM medium supplemented with 10% 
FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin at 
37 °C in a 5% CO₂ atmosphere. To induce oxidative stress 
and apoptosis, cells were treated with 200 µM hydrogen 
peroxide (H₂O₂) for 12 h.

miRNA Transfection

miR-7a-5p mimic, negative control mimic (NC-mimic), 
and corresponding inhibitors were synthesized by RiboBio. 
C8-D1A cells were transfected at 50% confluence using 
Lipofectamine 3000 with a final miRNA mimic concentra-
tion of 50 nM. After 48 h of transfection, cells were treated 
with H₂O₂ (200 µM) for an additional 12 h before analysis.

Cell Viability Assay

Cell viability was assessed using the Cell Counting Kit-8 
(CCK-8, Dojindo, Japan). C8-D1A cells were seeded in 
96-well plates at a density of 5 × 10³ cells per well. After 
treatment, 10 µL of CCK-8 solution was added to each well 
and incubated for 2 h at 37 °C. Absorbance was measured at 
450 nm using a microplate reader. Cell viability was calcu-
lated as (OD450_sample - OD450_blank) / (OD450_control - 
OD450_blank) × 100%, and expressed as percentage relative 
to the control group at each time point.

Apoptosis Assay by Flow Cytometry

Apoptosis was detected using the Annexin V-FITC/PI 
Apoptosis Detection Kit (BD Biosciences) according to 
the manufacturer’s protocol. Briefly, C8-D1A cells were 
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To validate the reliability of our computationally inferred 
miRNA activity patterns, we performed an orthogonal com-
parison using an independent bulk miRNA sequencing data-
set (GSE90452). This dataset contains miRNA expression 
profiles from spinal cord tissues of control and SCI mice, 
allowing us to directly measure actual miRNA abundance 
changes following injury. As shown in Supplementary 
Fig. 1, miRNAs that were inferred to have increased activity 
in our single-cell atlas (e.g., mmu-miR-488-3p, mmu-miR-
300-3p, and mmu-miR-16b-3p) consistently exhibited sig-
nificantly higher expression levels in SCI samples compared 
to controls in the independent dataset. Conversely, miRNAs 
with inferred decreased activity (e.g., mmu-miR-200a-3p, 
mmu-miR-132-3p, and mmu-miR-129-5p) showed corre-
spondingly reduced expression in SCI samples. This con-
cordance between computationally inferred miRNA activity 
and experimentally measured miRNA expression in an 
independent cohort provides critical orthogonal validation 
of our analytical approach, supporting the biological plausi-
bility of the inferred miRNA activity atlas.

Dynamic miRNA Activity and Functional Regulation 
in Microglia After Spinal Cord Injury

Microglia, as resident immune cells of the central nervous 
system, undergo significant phenotypic and functional 
remodeling after SCI, transitioning from a pro-inflamma-
tory “M1-like” to a pro-repair “M2-like” state, which criti-
cally influences the balance between neuroinflammation and 
regeneration. To elucidate the miRNA regulatory mecha-
nisms in microglia during injury progression, we performed 
temporal activity trend analysis and functional enrichment 
studies. Mfuzz trend analysis identified eight dynamic 
miRNA activity patterns in microglia (Fig. 3A). Trends such 
as Trend1 (early upregulation), Trend2 (sustained upregula-
tion), and Trend4 (late downregulation) were notably asso-
ciated with inflammatory and repair phases, suggesting that 
different miRNAs may exert regulatory functions at dis-
tinct injury stages. Functional enrichment analysis of target 
genes of differentially active miRNAs revealed significant 
enrichment in Hallmark pathways including TNFA_SIG-
NALING_VIA_NFKB, INFLAMMATORY_RESPONSE, 
IL6_JAK_STAT3_SIGNALING, and COMPLEMENT, as 
well as pathways related to APOPTOSIS and OXIDATIVE_
PHOSPHORYLATION (Fig. 3B). KEGG enrichment anal-
ysis further corroborated these findings, showing significant 
enrichment in classical inflammatory pathways such as 
TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY, 

Construction of Computationally Inferred Single-
Cell miRNA Activity Atlas in Spinal Cord Injury

To investigate the regulatory potential of miRNAs at sin-
gle-cell resolution following spinal cord injury (SCI), 
we employed a motif enrichment-based computational 
approach to infer miRNA activity across 12 major cell 
types, thereby constructing the first dynamic atlas of com-
putationally inferred miRNA regulatory activity throughout 
SCI progression. As shown in Fig. 2A, we revealed that a 
subset of miRNAs exhibited coordinated activity changes 
across multiple cell types. Specifically, mmu-miR-200a-3p, 
mmu-miR-132-3p, and mmu-miR-129-5p showed consis-
tently decreased activity following injury across various 
cell populations. In contrast, mmu-miR-488-3p, mmu-miR-
300-3p, and mmu-miR-16b-3p displayed universally 
increased activity, indicating their potential roles as com-
mon regulatory factors in the post-SCI microenvironment. 
To systematically identify miRNAs with significantly altered 
regulatory activity following SCI, we performed differential 
activity analysis comparing injured and uninjured samples 
within each cell type. The volcano plot summarizes the com-
parative results for all miRNA–cell type pairs (Fig. 2B). As 
shown in Fig. 2C, we identified cell type-specific miRNAs 
with the highest activity in each population. For instance, 
mmu-miR-3110-5p was specifically enriched in astrocytes, 
while mmu-miR-92a-3p exhibited high activity in endo-
thelial cells. In microglia, mmu-miR-5097 and mmu-miR-
188-3p showed increased activity specifically following 
injury, whereas miR-208b-3p displayed elevated activity in 
monocyte-derived macrophages. Conversely, mmu-miR-
191-5p showed significantly reduced activity in oligoden-
drocytes, and mmu-miR-466 g was decreased in neutrophils. 
These cell type-specific miRNA activity patterns suggest 
their potential involvement in maintaining cellular identity 
and regulating functional states in response to SCI.

Fig. 1   Single-cell transcriptomic atlas of spinal cord injury (SCI) in 
mice. (A) UMAP dimensionality reduction plot showing cell clus-
tering results. Different colors represent 30 transcriptional clusters 
(seurat_clusters). (B) UMAP plot after cell type annotation, display-
ing 12 identified cell types (cell_type). (C) Heatmap illustrating the 
expression intensity and specificity of marker genes across 12 cell 
types. Color intensity indicates normalized expression levels. (D) Bar 
chart showing the number of detected genes per cell type. (E) Heatmap 
depicting the relative frequency of each cell type across time points. 
Color represents cell frequency (%)
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resolution or repair phases, reflecting the diversity of miRNA 
regulation across different injury stages. KEGG and Hall-
mark pathway enrichment analyses of target genes from dif-
ferentially active miRNAs showed significant enrichment 
in classical inflammatory and immune pathways, includ-
ing TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY, 
CHEMOKINE_SIGNALING_PATHWAY, CYTOKINE_
CYTOKINE_RECEPTOR_INTERACTION, INFLAMMA-
TORY_RESPONSE, and TNFA_SIGNALING_VIA_NFKB 
(Fig. 4B, C), indicating that miRNAs participate in macro-
phage functional regulation through inflammatory networks. 
Notably, metabolic pathways such as OXIDATIVE_PHOS-
PHORYLATION and GLYCOLYSIS were also significantly 
enriched, suggesting potential metabolic reprogramming 
in macrophages during injury. To validate these regulatory 
inferences at the transcriptional level and assess global path-
way alterations, we performed Gene Set Enrichment Analysis 
(GSEA) on the transcriptomic profiles of monocyte-derived 
macrophages after SCI. Figure  4D presents GSEA plots 
demonstrating significant enrichment of key inflammation-
related gene sets. Specifically, the HALLMARK_INFLAM-
MATORY_RESPONSE gene set was markedly enriched in 
macrophages following injury, confirming robust activation 
of inflammatory programs. Additionally, the HALLMARK_
TNFA_SIGNALING_VIA_NFKB pathway showed strong 
enrichment, consistent with the central role of TNF-α/
NF-κB signaling in macrophage activation. Enrichment of 
the HALLMARK_IL6_JAK_STAT3_SIGNALING path-
way further supported the involvement of cytokine-mediated 
signaling cascades. These GSEA results provide orthogo-
nal validation of the pathway enrichments identified from 
miRNA target analysis, confirming that the dynamic changes 
in miRNA activity we observed are functionally relevant and 
actively shape the inflammatory phenotype of macrophages 
following spinal cord injury.

miRNA–Target–Inflammatory Pathway Regulatory 
Network in Microglia and Macrophages

To elucidate the cooperative regulatory mechanisms of 
microglia and macrophages in SCI-associated inflamma-
tory responses, we focused on the Trend7 miRNAs from 
microglia (90 miRNAs) and the Trend4 miRNAs from mac-
rophages (64 miRNAs), both of which were closely associ-
ated with post-injury inflammatory processes. Comparative 
analysis identified 38 common differentially active miRNAs 
between the two cell types (Fig. 5A–C), suggesting poten-
tial cooperative regulation across immune cells. We then 

NF-KB_SIGNALING, and CHEMOKINE_SIGNALING_
PATHWAY (Fig.  3C), indicating that miRNAs regulate 
microglial function through inflammatory networks. To val-
idate these regulatory inferences at the transcriptional level, 
we performed differential expression analysis on microglial 
genes and conducted independent KEGG enrichment. Nota-
bly, the pathways enriched among differentially expressed 
genes (Fig. 3D) were highly concordant with those identi-
fied from miRNA target analysis, both converging on key 
inflammatory and immune-related processes. This consis-
tency was further reinforced by Gene Set Enrichment Anal-
ysis (GSEA), which confirmed significant upregulation of 
gene sets associated with inflammatory responses and cyto-
kine signaling in microglia following injury (Fig. 3E). This 
alignment suggests that the dynamic changes in miRNA 
activity we observed are functionally relevant, actively 
shaping the microglial transcriptome and driving the inflam-
matory phenotype that characterizes the cellular response to 
spinal cord injury.

Dynamic miRNA Activity and Functional Regulation 
in Monocyte-Derived Macrophages After Spinal 
Cord Injury

Monocyte-derived macrophages play a crucial role in inflam-
matory responses and tissue repair following SCI. To system-
atically investigate miRNA regulatory mechanisms in these 
cells during injury progression, we conducted temporal activ-
ity trend analysis and functional enrichment studies. Mfuzz 
analysis identified eight dynamic miRNA activity trends in 
macrophages (Fig.  4A). Among these, Trend1 (acute rapid 
upregulation) and Trend3 (subacute sustained upregulation) 
were associated with early inflammatory activation, whereas 
Trend7 (chronic downregulation) may relate to inflammation 

Fig. 2  Construction of computationally inferred single-cell miRNA 
activity atlas in spinal cord injury. (A) Heatmap showing miRNAs 
with commonly upregulated (red) or downregulated (blue) activity 
across all cell types. (B) Volcano plot summarizing changes in inferred 
miRNA activity following SCI. For each miRNA in each cell type, we 
compared activity scores between all injured samples (pooled across 
post-injury time points) and uninjured controls. Red dots indicate miR-
NAs with significantly increased activity in injured samples (|log₂FC| 
> 0.5, adjusted p < 0.05), blue dots indicate miRNAs with significantly 
decreased activity, and gray dots indicate miRNAs with no significant 
change. Each dot represents a unique miRNA-cell type pair. (C) Heat-
map displaying the top cell type-specific miRNAs in terms of activity 
across 12 cell types. Color indicates log₂FoldChange values

1 3

Page 9 of 21     67 



Journal of Molecular Neuroscience           (2026) 76:67 

 

1 3

   67   Page 10 of 21



Journal of Molecular Neuroscience           (2026) 76:67 

and functional network construction. Mfuzz analysis iden-
tified eight dynamic miRNA activity patterns in astrocytes 
(Fig. 6A). Among these, Trend4 (84 miRNAs) and Trend5 
(60 miRNAs) were significantly downregulated in the late 
injury phase, potentially associated with apoptosis inhibi-
tion or cell survival, whereas Trend8 (117 miRNAs) showed 
sustained upregulation during mid-to-late injury stages, 
possibly promoting apoptosis. GSEA functional enrichment 
analysis of target genes from differentially active miR-
NAs revealed significant enrichment in pathways related 
to apoptosis and inflammation, including APOPTOSIS, 
P53_PATHWAY, TNFA_SIGNALING_VIA_NFKB, and 
INFLAMMATORY_RESPONSE (Fig. 6B), suggesting that 
miRNAs influence astrocyte survival and death by regu-
lating these pathways. igure 6 C presents the miRNA–tar-
get–apoptosis pathway (APOPTOSIS) interaction network. 
This network reveals that miRNAs such as mmu-miR-
7a-5p, mmu-miR-124-3p, and mmu-miR-15b-5p target key 
apoptosis-related genes, including Casp3, Bcl2l1, Bcl2l11, 
Sod2, Fas, and Tnfsf10. These interactions form dense reg-
ulatory modules that collectively coordinate the apoptotic 
response in astrocytes following injury. Notably, multiple 
miRNAs converge on the same target genes (e.g., Casp3 
is targeted by miR-7a-5p, miR-124-3p, and miR-15b-5p), 
suggesting cooperative or redundant regulatory mecha-
nisms. Figure 6D displays the miRNA–target–P53 pathway 
interaction network in astrocytes. This network identifies 
miRNAs that potentially modulate the P53 signaling cas-
cade, including mmu-miR-7a-5p, mmu-miR-124-3p, and 
mmu-miR-15b-5p, which target P53 pathway components 
such as Mdm2, Pmaip1 (Noxa), Bbc3 (Puma), and Cdkn1a 
(p21). The convergence of multiple miRNAs on both apop-
tosis and P53 pathways suggests a coordinated regulatory 
program governing astrocyte stress responses. Figure  6E 
shows the temporal activity patterns of key apoptosis-regu-
lating miRNAs in astrocytes. Figure 6F depicts the temporal 
activity patterns of key P53 pathway-regulating miRNAs in 
astrocytes.

Experimental Validation of miR-130a-3p Pro-
inflammatory Function in Microglia Cells

To experimentally validate the computationally predicted 
roles of miRNAs in microglial inflammation, we focused on 
miR-130a-3p, one of the 38 common differentially active 
miRNAs identified in both microglia and macrophages, 

plotted heatmaps showing the dynamic expression of these 
common miRNAs in microglia (Fig. 5D) and macrophages 
(Fig. 5E). The results revealed that miRNAs such as mmu-
miR-130a-3p, mmu-miR-27b-3p, and mmu-miR-223-3p 
were significantly upregulated during early injury and main-
tained high activity thereafter, indicating their critical roles 
in initiating and sustaining inflammation. KEGG pathway 
enrichment analysis further demonstrated that target genes 
of these common miRNAs were significantly enriched in 
inflammation- and immune-related pathways, including 
PI3K-Akt signaling pathway, MAPK signaling pathway, T 
cell receptor signaling pathway, and FoxO signaling path-
way (Fig. 5F), reinforcing the functional relevance of these 
miRNAs in regulating SCI-related inflammatory responses. 
Finally, we constructed an miRNA–target–inflammatory 
pathway (INFLAMMATORY_RESPONSE) interaction 
network (Fig.  5G), with red nodes representing miRNAs 
and blue nodes representing target genes. Network analysis 
revealed that multiple common miRNAs (e.g., mmu-miR-
27b-3p, mmu-miR-130a-3p) targeted key inflammatory 
genes such as Lif, Clec5a, Csf1, Tnfrsf1b, and Il18rap. These 
genes are broadly involved in cytokine signaling, inflamma-
tory mediator release, and immune cell activation, indicat-
ing that this network plays a crucial role in coordinating the 
inflammatory responses of microglia and macrophages.

Mechanisms of miRNA-Mediated Apoptotic Pathway 
Regulation in Astrocytes

The significant reduction in astrocyte numbers after SCI 
is largely attributed to programmed cell death (apoptosis). 
To investigate the role of miRNAs in regulating astrocyte 
apoptosis, we performed systematic activity trend analysis 

Fig. 3  Dynamic miRNA activity and functional regulation in microglia 
after spinal cord injury. (A) Mfuzz trend analysis of miRNA activ-
ity changes in microglia, identifying 8 dynamic trends. Numbers on 
the right indicate the number of miRNAs in each trend. (B) Heatmap 
of Hallmark pathway enrichment analysis for miRNA target genes. 
Color represents normalized enrichment score (NES). (C) Heatmap of 
KEGG pathway enrichment analysis for miRNA target genes. Color 
represents NES. (D) KEGG pathway enrichment analysis of differen-
tially expressed genes (DEGs) in microglia following SCI. (E) Gene 
set enrichment analysis (GSEA) plots depicting significant enrichment 
of inflammation-related gene sets in microglia after injury
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Fig. 4  Dynamic miRNA activity and functional regulation in mono-
cyte-derived macrophages after spinal cord injury. (A) Mfuzz trend 
analysis of miRNA activity changes in macrophages, identifying 8 
dynamic trends. Numbers on the right indicate the number of miRNAs 
in each trend. (B) Heatmap of KEGG pathway enrichment analysis for 

miRNA target genes. Color represents NES. (C) Heatmap of Hallmark 
pathway enrichment analysis for miRNA target genes. Color repre-
sents NES. (D) Gene set enrichment analysis (GSEA) plots depicting 
significant enrichment of inflammation-related gene sets in monocyte-
derived macrophages after spinal cord injury
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we examined cleaved caspase-3 levels by Western blot. 
H2O2 treatment markedly increased cleaved caspase-3 
protein expression (p < 0.001), indicating activation of the 
apoptotic cascade. miR-7a-5p mimic transfection signifi-
cantly reduced cleaved caspase-3 levels in H2O2-treated 
cells (p < 0.01), consistent with its anti-apoptotic function 
(Fig.  8E, F). These results provide direct experimental 
validation that miR-7a-5p promotes astrocyte apoptosis 
under oxidative stress conditions, confirming our compu-
tational prediction from the network analysis.

Discussion

Single-cell RNA sequencing (scRNA-seq) has emerged as 
a powerful tool for resolving cellular heterogeneity and 
molecular dynamics following spinal cord injury (SCI)
(Tansley et al. 2022, Yao et al. 2022). Numerous studies 
have utilized this technology to characterize changes in 
various cell subpopulations post-injury, such as the phe-
notypic switching of microglia and macrophages, reactive 
astrogliosis, and the damage and regeneration of oligo-
dendrocytes (Saraswathy et al. 2024, Cao et al. 2022). 
In this study, using samples from eight time points in 
the GSE189070 dataset, we systematically mapped the 
dynamic changes of 12 major cell types after SCI. Our 
findings further confirm the spatiotemporal pattern of 
rapid immune cell recruitment—particularly neutrophils 
and monocyte-derived macrophages—in the early injury 
phase, and the persistent enrichment of neuroglial cells 
(microglia and astrocytes) during the chronic phase. These 
observations align with previously reported temporal fea-
tures of immune and inflammatory responses in SCI, sup-
porting a dual-phase injury response model characterized 
by “early inflammation clearance and late glial remodel-
ing” (Cavalcanti et al. 2025, Lai et al. 2024).

A key methodological contribution of this study is the 
inference of miRNA regulatory activity at single-cell reso-
lution using miTEA-HiRes. Investigating miRNA function 
at the single-cell level has long presented technical chal-
lenges, primarily because conventional scRNA-seq plat-
forms are inefficient at capturing miRNAs lacking poly-A 
tails (Olgun et al. 2022). Motif enrichment-based analyti-
cal approaches provide new avenues for indirectly infer-
ring miRNA activity from transcriptomic data (Nielsen 
and Pedersen 2021). Adopting this methodology, we con-
structed the first dynamic single-cell miRNA activity atlas 

and examined its functional role in LPS-stimulated BV-2 
microglial cells. qRT-PCR analysis confirmed that LPS 
stimulation (100 ng/mL, 24  h) significantly upregulated 
miR-130a-3p expression in BV-2 cells compared to con-
trol (p < 0.01). This upregulation was effectively reversed 
by transfection with miR-130a-3p inhibitor, while nega-
tive control inhibitor (NC-inhibitor) had no significant 
effect (Fig. 7A). To assess the functional consequences of 
miR-130a-3p modulation, we measured the secretion of 
pro-inflammatory cytokines. ELISA assays demonstrated 
that LPS stimulation markedly increased TNF-α and IL-6 
secretion in culture supernatants (p < 0.001). Transfection 
with miR-130a-3p inhibitor significantly attenuated LPS-
induced TNF-α and IL-6 secretion (p < 0.01), whereas 
NC-inhibitor showed no effect (Fig. 7B, C). Consistently, 
Western blot analysis revealed that miR-130a-3p inhibition 
significantly reduced the protein levels of TNF-α and IL-6 
in LPS-stimulated BV-2 cells (Fig.  7D-F). These results 
provide direct experimental evidence that miR-130a-3p 
promotes microglial inflammation, supporting our com-
putational prediction that this miRNA functions as a pro-
inflammatory regulator in microglia following SCI.

Experimental Validation of miR-7a-5p Anti-
Apoptotic Function in Astrocytes

Our computational network analysis predicted that miR-
7a-5p may regulate apoptosis in astrocytes by targeting 
key apoptotic genes including Casp3. To experimentally 
validate this prediction, we examined the functional role 
of miR-7a-5p in H2O2-induced oxidative stress and apop-
tosis in C8-D1A astrocyte cells. First, we confirmed that 
H2O2 treatment (200 µM, 12 h) significantly downregu-
lated miR-7a-5p expression in C8-D1A cells (p < 0.01), 
and miR-7a-5p expression was enhanced by transfection 
with miR-7a-5p mimic (Fig.  8A). CCK-8 assay showed 
that H2O2 treatment significantly reduced astrocyte via-
bility in a time-dependent manner. Transfection with 
miR-7a-5p mimic significantly attenuated H2O2 -induced 
cell death at 24, 48 and 72 h (Fig. 8B). Flow cytometry 
analysis using Annexin V/PI staining demonstrated that 
H2O2 treatment significantly increased the apoptosis rate 
of C8-D1A cells (p < 0.001). Consistent with the viability 
results, miR-7a-5p mimic transfection significantly atten-
uated H2O2 -induced apoptosis (p < 0.01), as evidenced 
by an increased percentage of Annexin V-positive cells 
(Fig.  8C, D). To investigate the molecular mechanism, 
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TLR4/NF-κB pathway (Wang et al. 2022, Li et al. 2020). 
This multi-dimensional validation strengthens confidence 
in the inferred regulatory networks while acknowledging 
that further experimental confirmation using single-cell 
small RNA sequencing or spatial transcriptomics would be 
valuable.

Microglia and macrophages play central roles in the 
inflammatory response after SCI, and the balance of their 
phenotypic polarization (M1 pro-inflammatory vs. M2 
pro-repair) directly influences injury outcomes and repair 
(Ge et al. 2025, Brennan et al. 2022). Our study found that 
miRNAs with significantly altered activity in these two cell 
types were highly enriched in pathways such as TNF-α/
NF-κB signaling, Toll-like receptor signaling, and cytokine 
signaling, consistent with previously reported roles of miR-
NAs in neuroinflammation (Liu et al. 2024, Li et al. 2024). 
Notably, the strong concordance between miRNA target 
enrichment and differential gene expression analysis—both 
converging on identical inflammatory pathways—provides 
orthogonal validation that the dynamic changes in miRNA 
activity are functionally relevant and actively shape the 
immune cell transcriptome. For instance, miR-155-5p has 
been shown to promote macrophage polarization toward an 
M1 phenotype (Prevost et al. 2025), whereas miR-146a-5p 
exerts protective effects by negatively regulating inflamma-
tory signaling through feedback mechanisms (Zhou et al. 
2024). The upregulation of these two miRNAs in macro-
phages in our study further supports their crucial roles in 
regulating inflammation during SCI.

Moreover, for the first time, we identified 38 common 
differentially active miRNAs shared between microglia and 
macrophages and constructed an miRNA–target–inflam-
matory pathway interaction network. Network analysis 
revealed that multiple common miRNAs (e.g., miR-27b-3p, 
miR-130a-3p) cooperatively targeted key inflammatory 
genes such as Lif, Csf1, and Il18rap, suggesting poten-
tial functional synergy between these two cell types at the 
post-transcriptional level during inflammatory responses. 
Experimental validation confirmed that miR-130a-3p pro-
motes microglial inflammation, as its inhibition signifi-
cantly attenuated LPS-induced TNF-α and IL-6 secretion in 
BV-2 cells. This direct functional evidence supports the pro-
inflammatory role predicted by our computational analysis 
and exemplifies the value of integrating in silico predictions 
with in vitro experimentation.

during SCI progression. This atlas not only successfully 
identified miRNAs known to play key roles in neuroinflam-
mation, such as miR-124-3p and miR-21a-5p (Liu et al. 
2021, Yu et al. 2022), but also revealed several miRNAs 
with shared activity across multiple cell types, suggesting 
their potential involvement in cross-cellular cooperative 
pathological processes.

We acknowledge an important consideration regarding 
the computational nature of our miRNA activity infer-
ences. The activity scores presented are derived from 
mRNA expression data and motif enrichment rather than 
direct measurements of miRNA abundance. To address this 
limitation, we performed an orthogonal validation using an 
independent bulk miRNA sequencing dataset (GSE90452). 
The significant concordance between computationally 
inferred activity changes and experimentally measured 
miRNA expression—with mmu-miR-488-3p, mmu-miR-
300-3p, and mmu-miR-16b-3p showing both increased 
inferred activity and elevated expression, and mmu-miR-
200a-3p, mmu-miR-132-3p, and mmu-miR-129-5p show-
ing concordant decreases. Notably, these findings are 
consistent with previous studies reporting the involvement 
of these miRNAs in SCI pathology. miR-488-3p has been 
shown to regulate astrocyte inflammatory status and pro-
mote functional recovery after SCI, and its upregulation 
following injury has been documented in multiple inde-
pendent studies (Pan et al. 2021). Similarly, miR-132-3p 
has been demonstrated to modulate macrophage M1 polar-
ization and alleviate spinal cord ischemia-reperfusion 
injury(Fang et al. 2021), while miR-129-5p is well-estab-
lished as a neuroprotective miRNA that suppresses apopto-
sis and inflammatory responses through targeting HMGB1/

Fig. 5  miRNA–target–inflammatory pathway regulatory network 
analysis in microglia and macrophages. (A–C) Venn diagram illus-
trating 38 common differentially active miRNAs shared between 
microglia (Trend7) and macrophages (Trend4). (D) Heatmap showing 
the expression of the 38 common miRNAs in microglia. (E) Heatmap 
showing the expression of the 38 common miRNAs in macrophages. 
(F) Bubble plot of KEGG pathway enrichment analysis for target 
genes of common miRNAs. Color indicates adjusted p-value; bubble 
size indicates gene count. (G) miRNA–target–inflammatory pathway 
(INFLAMMATORY_RESPONSE) interaction network. Red nodes 
represent miRNAs; blue nodes represent target genes
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2019). The simultaneous regulation of these two pathways 
by miRNAs in our study further highlights their hub role in 
coordinating cellular stress responses.

This study has several limitations. First, although we val-
idated inferred activity patterns using bulk miRNA sequenc-
ing data, single-cell resolution validation using techniques 
such as single-cell small RNA sequencing or spatial tran-
scriptomics would provide deeper insights into cell type-
specific miRNA expression. Second, the functional roles 
of additional key miRNAs identified in our networks (e.g., 
miR-27b-3p, miR-124-3p) require further experimental 
investigation. Third, while our in vitro experiments sup-
port the pro-inflammatory and pro-apoptotic functions of 
selected miRNAs, in vivo validation using animal models of 
SCI would be essential for translational applications. Future 
studies could employ CRISPR screening, miRNA agomir/
antagomir approaches, and multi-omics integration to sys-
tematically elucidate miRNA regulatory networks in SCI.

Nonetheless, this study presents the first single-cell reso-
lution map of computationally inferred and experimentally 
supported miRNA activity dynamics after SCI, providing 
in-depth insights into their regulatory roles in key patho-
logical processes such as inflammation and apoptosis. The 
concordance across computational inference, independent 
dataset validation, and targeted experimentation enhances 
confidence in our findings and establishes a foundation for 
developing miRNA-based neuroprotective strategies.

Conclusion

In summary, this study provides a systematic, single-cell-
resolution computational inference of miRNA activity 
dynamics and candidate functional networks in SCI, offer-
ing important theoretical foundations and data support for 
understanding its pathological mechanisms and developing 
targeted therapeutic strategies. Future research should inte-
grate functional experiments and multi-omics approaches to 
advance the translational application of miRNAs in spinal 
cord injury repair.

Astrocytes are crucial for maintaining central nervous 
system homeostasis, and their apoptosis and dysfunction 
following SCI are important contributors to secondary 
injury (Patabendige et al. 2021, Hou et al. 2022). Our study 
found that certain miRNAs in astrocytes (e.g., miR-124-3p, 
miR-15b-5p) were significantly upregulated after injury, 
and their target genes were enriched in apoptotic pathways, 
participating in cell death by regulating key genes such as 
Casp3, Bcl2 family members, and Fas. This echoes previ-
ous findings that miR-124 promotes microglial apoptosis by 
targeting STAT3 (Li et al. 2025, Periyasamy et al. 2018), 
suggesting that miR-124 may participate in apoptosis regu-
lation through different targets in different cell types. Exper-
imental validation in C8-D1A astrocytes confirmed that 
miR-7a-5p mimic transfection exacerbated H₂O₂-induced 
apoptosis and increased cleaved caspase-3 levels, providing 
direct evidence for its pro-apoptotic function. This conver-
gence of computational prediction and experimental verifi-
cation strengthens the credibility of the proposed regulatory 
networks.

Additionally, we observed that apoptosis-related miR-
NAs were simultaneously enriched in both TNF signal-
ing and p53 pathways, indicating close cross-regulation 
between inflammation and apoptosis in SCI. Previous stud-
ies have shown that TNF-α can induce astrocyte apoptosis 
by activating caspase cascades, and the p53 pathway plays 
a key role in DNA damage stress responses (Wang et al. 

Fig. 6  Mechanisms of miRNA-mediated regulation of apoptotic 
pathways in astrocytes. (A) Mfuzz trend analysis of miRNA activity 
changes in astrocytes, identifying 8 dynamic trends. Numbers on the 
right indicate the number of miRNAs in each trend. (B) Heatmap of 
GSEA functional enrichment analysis for target genes of differentially 
active miRNAs. Color represents NES. (C) miRNA–target–apoptosis 
pathway (APOPTOSIS) interaction network. (D) miRNA–target-P53 
pathway interaction network. (E) Heatmap illustrating the temporal 
activity patterns of key apoptosis-regulating miRNAs in astrocytes 
across time points. Color represents z-score. (F) Heatmap illustrating 
the temporal activity patterns of key P53-regulating miRNAs in astro-
cytes across time points. Color represents z-score
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Fig. 7  Experimental validation of 
miR-130a-3p pro-inflammatory 
function in BV-2 microglial cells. 
(A) qRT-PCR analysis of miR-
130a-3p expression under indi-
cated conditions. LPS stimulation 
(100 ng/mL, 24 h) significantly 
upregulated miR-130a-3p, which 
was reversed by miR-130a-3p 
inhibitor transfection. (B, C) 
ELISA quantification of TNF-α 
(B) and IL-6 (C) secretion in cul-
ture supernatants. miR-130a-3p 
inhibition significantly attenuated 
LPS-induced cytokine release. 
(D) Representative western blot 
images showing TNF-α, IL-6, 
and GAPDH protein levels. (E, 
F) Quantification of relative 
protein levels of TNF-α (E) and 
IL-6 (F). Results confirm reduced 
inflammatory cytokine produc-
tion upon miR-130a-3p inhibi-
tion. All bar graphs represent 
mean ± SD (n = 3 independent 
experiments), with individual 
data points overlaid as scatter 
symbols. *p < 0.05, **p < 0.01, 
***p < 0.001
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Fig. 8  Experimental validation 
of miR-7a-5p pro-apoptotic 
function in C8-D1A astrocytes. 
(A) qRT-PCR analysis of miR-
7a-5p expression under indicated 
conditions. H₂O₂ treatment (200 
µM, 12 h) significantly upregu-
lated miR-7a-5p, which was 
further enhanced by miR-7a-5p 
mimic transfection. (B) CCK-8 
cell viability assay showing that 
miR-7a-5p mimic transfection 
significantly rescued viability of 
H₂O₂-treated C8-D1A cells. (C) 
Representative flow cytometry 
plots of Annexin V/PI staining. 
(D) Quantification of apoptosis 
rate showing that miR-7a-5p 
mimic significantly attenuated 
H₂O₂-induced apoptosis. (E) Rep-
resentative western blot images 
showing cleaved caspase-3 
and GAPDH protein levels. 
(F) Quantification of relative 
cleaved caspase-3 protein levels. 
miR-7a-5p mimic significantly 
reduced cleaved caspase-3 in 
H₂O₂-treated cells. All bar graphs 
represent mean ± SD (n = 3 
independent experiments), with 
individual data points overlaid 
as scatter symbols. *p < 0.05, 
**p < 0.01, ***p < 0.001
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