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ARTICLE INFO ABSTRACT

Keywords: Background: Parkinson’s disease (PD) is the second most common neurodegenerative disease,
Parkinson’s disease characterized by motor and non-motor symptoms. It has been reported that astrocytes play a
Astrocytes

critical role in the pathogenesis and progression of PD. Here, we aimed to identify the hetero-
geneity of astrocytes and investigate genes associated with astrocyte differentiation trajectories in
PD.

Methods: The single-cell transcriptomic profiles of PD samples were collected from the GEO
database. We have identified subsets of astrocytes and analyzed their functions. The differenti-
ation trajectory of astrocyte subtypes was explored using Monocle2. Inflammatory response
scores were determined using AUCell. The levels of CHI3L1 mRNA and protein expressions in
astrocytes were analyzed using qRT-PCR and Western Blot assay, respectively.

Results: We characterized seven cell types within the substantia nigra region of both PD and
normal samples. Our analysis revealed that astrocytes comprised the second-highest proportion of
cell types. Additionally, we identified three distinct subpopulations of astrocytes: Astro-C0, Astro-
C1, and Astro-C2. Notably, Astro-CO was associated with inflammatory signaling pathways.
Trajectory analysis indicated that Astro-CO occupies an intermediate stage of differentiation. The
astrocyte-related gene CHI3L1 was found to be highly expressed in the Astro-CO subpopulation.
Furthermore, we observed increased levels of CHI3L1 mRNA and protein in LPS-induced astro-
cytes. Astrocytes exhibiting elevated CHI3L1 levels demonstrated interactions with microglia in
PD patients. Lastly, we discovered that CHI3L1 was significantly overexpressed in PD patients and
exhibited strong diagnostic potential for the disease.

Conclusion: This study clarified the heterogeneity of astrocytes in PD based on the single-cell
transcriptomic profiles and found that CHI3L1 may be a diagnostic biomarker for PD.

CHI3L1
Inflammation
Diagnostic biomarker
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Abbreviations:

PD Parkinson’s disease

GEO Gene Expression Omnibus
ScRNA-seq Single cell RNA sequencing
PCA Principal component analysis
DEGs Differentially expressed genes
GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genome
GSVA  Gene set enrichment analysis

WB Western Blot
OPCs Oligodendrocyte Progenitor Cells
NC Normal Control

1. Introduction

Parkinson’s disease (PD) is a prevalent neurological disorder. It is the second most common neurodegenerative disease charac-
terized by motor and nonmotor symptoms [1]. Motor symptoms are classic findings of PD, including resting tremors, bradykinesia,
postural instability, and rigidity [1,2]. The frequency of PD increases with age, and it affects 1 % of the population over the age of 60
[3]. The pathological features of PD are the presence of nerve inclusions in the form of Lewy bodies and Lewy neurons, and the loss of
cells in the substantia nigra and other brain regions [4]. PD is defined as a synucleinopathy due to the significant presence of
aggregated and misfolded a-synuclein species in Lewy bodies [4]. Currently, the therapy of PD is based on the control of motor
symptoms by levodopa supplementation [1]. However, diagnosis of PD remains a challenge because the pathogenesis of PD is un-
known, and diagnostic tests or biomarkers are still unable to make a definitive diagnosis from the earliest stages.

Previous studies have shown that neuroinflammation plays an important role in the etiology of neurodegeneration in PD [5,6].
Activated glial cells produce pro-inflammatory and neurotoxic factors causing neuronal damage and neurodegeneration [7,8]. It is
well known that astrocytes are the most abundant glial cells in the central nervous system and surrounding neurons. Astrocytes protect
neurons by releasing neurotrophic chemicals, producing antioxidants, and removing waste items, such as aggregated a-synuclein and
damaged mitochondria [9,10]. In the brains of neurodegenerative disease patients, astrocytes migrate and become hypertrophic
reactive astrocytes [11]. In PD, reactive astrocytes formed by inflammatory stimuli increase cytokine secretion such as IL-6 and
RANTES [12]. Moreover, reactive astrocytes emit pro-inflammatory cytokines including TNF-a and IL-1f, causing neurotoxicity and
neuronal death, which are associated with the pathogenesis of PD [13,14]. Liddelow et al. have discovered that activated microglia
secrete IL-1a, TNF-a, and Clq, which induce neurotoxic Al astrocytes that are detected in postmortem brains of PD patients [15].
Recent studies have revealed the regional heterogeneity of astrocytes [16,17]. However, the composition of the astrocyte subtypes in
substantia nigra samples of PD and their interaction with other glial cells remains unclear.

In recent years, with the development of single cell sequencing technology, single-cell RNA sequencing (scRNA-seq) technology has
enabled accurate and in-depth studies of intra- and inter-cell heterogeneity in neurodegenerative disease. Lang et al. have Lang et al.
have reconstructed the PD disease progression process by single-cell transcriptome analysis of induced pluripotent stem cell dopamine
neurons, identifying histone deacetylase 4 as a regulator of the Parkinson’s cell phenotype [18]. Xu et al. have reported that abnormal
changes occur in the composition and transcriptional status of immune cells in Alzheimer’s disease, and Alzheimer’s disease-specific
clonotypes are enriched in T cell and B cell receptor [19]. Collectively, scRNA-seq is a powerful and unbiased tool for the analysis of
heterogeneous and functional sub-populations. In this study, we collected the single-cell sequencing data of nigrostriatal samples with
PD from the GEO database to identify the heterogeneity of astrocytes and investigate genes associated with astrocyte differentiation
trajectories in PD. The present study reveals the heterogeneity of astrocytes and changes in the expression of specific genes in PD,
which may provide molecular-level insights for the development of new therapeutic strategies.

2. Materials and methods
2.1. Study subjects

ScRNA-seq data of PD samples were collected from the Gene Expression Omnibus database (GEO, https://www.ncbi.nlm.nih.gov/
geo/), including GSE148434, GSE157783, GSE140231, and GSE126836 datasets. GSE148434 included 6 normal substantia nigra
samples and 6 substantia nigra samples from PD patients. GSE157783 contained 6 normal substantia nigra samples and 5 substantia
nigra samples from PD patients. GSE140231 and GSE126836 had 6 and 6 normal substantia nigra samples, respectively.

Bulk RNA-seq data of PD samples with complete survival samples were downloaded from the GSE136666 (5 normal substantia
nigra samples and 5 substantia nigra samples from PD patients), GSE114517 (6 normal substantia nigra samples and 17 substantia
nigra samples from PD patients), and GSE148434 (6 normal substantia nigra samples and 8 substantia nigra samples from PD patients)
datasets (Table S1). Moreover, whole blood RNA transcriptome (RNA-seq) sequencing data of 12 PD patients and 14 healthy control
individuals were downloaded in the GSE165082 dataset.
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2.2. ScRNA-seq data analysis and cluster annotation

The scRNA-seq data from PD and healthy samples were analyzed using Seurat (v4.1.1). Cells with mitochondrial content exceeding
20 %, hemoglobin content above 5 %, and gene expression levels below 500 or above 20, 000 were filtered out. Doublets in the scRNA-
sequencing data were predicted using DoubletFinder to remove multicellularity from the dataset to ensure the reliability and accuracy
of the results of subsequent analyses. The data were normalized using the default parameters of the “NormalizeData”, 2000 highly
variable genes were selected by the “FindVariableFeatures” function. These highly variable genes were then normalized using “Sca-
leData”, and then principal component analysis (PCA) was performed using “RunPCA” function, and the top 20 principal components
were retained for further analysis. The batch effects were corrected by “RunHarmony” with R-package harmony. The integrated data
were again dimensionality and clustering based on the results of harmony (resolution 0.3). Cell subpopulations were annotated with
the cellmark2.0 database based on the common cell mark gene.

2.3. Differential gene and enrichment analyses

The differentially expressed genes (DEGs) between PD and normal control (NC) groups were identified using FindMarkers in the
Seurat package, according to the |Log2FC|>0.3 and p. adjust <0.05. The gene ontology (GO, including biological processes (BP),
cellular component (CC), and molecular functionalities (MF)) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed using R language ClusterProfiler [20], and the significantly enriched pathways were screened using p < 0.05.

2.4. Astrocyte subpopulation and gene set variation analysis (GSVA)

To identify astrocyte subpopulations, we integrated cells from different samples and selected the top 1000 genes with high vari-
ables in astrocytes. Additionally, we employed unsupervised clustering methods, specifically the Louvain algorithm, based on the top
20 principal components (PCs) of the integrated dataset, to delineate three distinct astrocyte subpopulations. The DEGs between
astrocyte subpopulations were identified using FindAllMarkers, according to the |[Log2FC| > 1 and p. adjust <0.05.

To investigate the functional network of DEGs among astrocyte subpopulations, we downloaded h. all: HALLMARK gene set from
the MSigDB v2023.1 (https://www.gsea-msigdb.org). GSVA was applied to assess the differences in biological pathways between
astrocyte subpopulations.

2.5. Trajectory analysis

The trajectory analysis was performed using the Monocle 2 v2.28.0 [21] package to reveal astrocyte differentiation trajectories. An
integrated expression matrix, which accounted for the deletion of batch effects, served as the input data. Unit trajectories and
evolutionary order were inferred utilizing the default parameters. The highly variable genes associated with cell trajectories were
identified using the graph_test function.

2.6. Inflammatory response score

The genes in the PD astrocyte groups were evaluated for their inflammatory response using the R package AUCell v1.16.0 [19]. The
inflammatory response score for each cell was determined by calculating the area under the curve (AUC) value for the set of
inflammation-associated genes. UMAP plots were then colored according to these AUC scores. The gene set associated with the in-
flammatory response was obtained from the Gene Ontology (GO) term “inflammatory response” (GO: 0006954).

2.7. Intercellular communication

The CellChat (v1.5.0) package [22] was used to predict and visualize biologically significant intercellular communication. In brief,
a CellChat object was made using the createCellChat function. The object was annotated with tags and overexpressed genes were
identified, after which the computeCommunProb function was used to infer the communication probability, and the compute-
CommunProbPathway function was used to predict the intercellular communication for each cell signaling pathway.

2.8. Cell culture and constructing inflammation cell model

Mouse astrocytes (C8-D1A) were purchased from the cell bank of the Chinese Academy of Sciences (275,679, Shanghai, China). The
cells were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco, Grand Island, NY, USA) containing 1 % penicillin/strep-
tomycin (Gibco) and 10 % fetal bovine serum (Invigentech). The cells were placed in a humidified incubator maintained at 37 °C with
5 % COg. Next, the C8-D1A cells were incubated with 1 pg/mL lipopolysaccharide (LPS, L8880, Solarbio) for 24 h to induce the
inflammation cell model.

2.9. RT-qPCR

Total RNA was extracted from cells using the TRIzol (OSR-M610, TIANGEN). The quality and concentration of the extracted RNA


https://www.gsea-msigdb.org

Z. Gong et al. Heliyon 11 (2025) e42051

A seurat_clusters B C
Oligtﬁl*te_precursor_cells
? 1‘ Epe?ﬂymal_ce

*a®s . "e®y.

gl ; gl * NC
3 5 w = “PD
0 0 i .
E lial_cells | es
-10 -5 0 5 10 15 -10 -5 0 5 10 15 -10 -5 0 5 10 15
D UMAP_1 UMAP_1 UMAP_1
Ependymal_cells eo - o e 09000
Endothelial_cells o 000 o Ave;age Expression
Neurons o 'Y X I1
Microglia o000 | ©
OPCs PY NEX ) Percent Expressed
e 25
. . ® 50
Astrocytes o000 ® 75
Oligodendrocytes {1 @ @ @ e o
T LS TAN e r N ZONST N N D - LD~ KN
nNALILIIITrGO ON-ZE<<SEZEESIrJL —w
gogm(}u-"ﬂujjgg DLLE;II>-Di§u.6<(DE
S=0<06090rEpp>S0 OCREvm@x O
I » Q0 Omw < O at-zs i
E o o (0] a 0945
% Cell Ratio

Ependymal_cells -
Endothelial_cells -
Neurons -
Microglia -

OPCs
Astrocytes -

Oligodendrocytes -

20000 40000 60000
Cell_num

o

Fig. 1. ScRNA-seq data revealed distinct cellular constitutions in Parkinson’s disease and normal control samples.
The UMAP plot of cells was color-coded by clusters (A) and cell type (B). C. The expression of marker genes of seven-cell types. D. The UMAP plot
showed cell distribution in Parkinson’s disease and normal control samples. E. The proportions of seven-cell types in PD and NC samples.
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were assessed using a UV spectrophotometer. Reverse transcription was performed using the cDNA reverse transcription kit (KR118-
02, TIANGEN). qPCR assay was conducted employing LightCycler 480 II Fluorescence Quantitative System (Roche, Basel,

Switzerland). The reference gene was p-Actin, and the primer sequences were listed in Table S2. The mRNA expression levels were
calculated according to the 2724CT (three repeats).

2.10. Western Blot (WB)

The total protein was extracted from the cells using RIPA lysis solution (HY-K1001, MedChemExpress), and its concentration was
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Fig. 2. Identification of astrocyte subpopulations in Parkinson’s disease and normal control samples.

A. The differentially expressed genes (DEGs) in astrocytes between the Parkinson’s disease and normal control groups. B. The result of Gene
Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses. C. The UMAP plot of astrocyte subpopulations (Astro-CO0, -C1, -C2).
D. The proportion of astrocyte subpopulations in Parkinson’s disease and normal control groups. E. The result of Gene set variation analysis for
marker genes of astrocyte subpopulations.
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determined using the Bradford Protein Quantification Kit (E161, Genstar). The internal reference used in the experiment was f-actin
(AC026, abclonal) and the secondary antibody used was HRP Goat Anti-Rabbit IgG (H + L) (AS014, abclonal). The primary antibody
used was CHI3L1 antibody (12036-1-AP, proteintech), and the secondary antibody used was HRP Goat Anti-Rabbit IgG (H + L)
(AS014, abclonal). The protein bands were detected using a Western blotting detection system (Tanon, Tanon 4800, Shanghai, China).
The experimental results were analyzed using Image J software to determine optical density.

2.11. Statistical analysis

All experiments were conducted a minimum of three times. Data analysis and visualizations were performed using GraphPad Prism
10. Statistical significance was assessed by comparing mean values (£SD) using a student’s t-test for independent groups and was
expressed for *p < 0.05; **p < 0.01; ***p < 0.001.

3. Results
3.1. ScRNA-seq data revealed distinct cellular constitutions in PD and NC samples

Following quality control and filtration, a total of 34,671 cells from PD samples and 70,830 cells from NC samples were clustered
into 11 cellular subpopulations using dimensionality reduction clustering analysis (Fig. 1A). Based on the expression of marker genes,
these 11 cellular subpopulations were categorized into 7 cell types: ependymal cells (DANF1, SPAG1), endothelial cells (CLDN5, VWF),
neurons (SYT1, STMN2), microglia (CD74, CSF1R), oligodendrocyte progenitor cells (OPCs, VPAN, OLIG1), astrocytes (AQP4, GFAP),
and oligodendrocytes (MOBP, MOG) (Fig. 1B-C, Table S3). As illustrated in Fig. 1E, oligodendrocytes constituted the largest proportion
of cells in the substantia nigra, followed by astrocytes (Fig. 1D-E).

3.2. Identification of astrocyte subpopulations in PD and NC samples

To further investigate the expression of genes in astrocytes between the PD and NC groups, we analyzed the DEGs between the two
groups (Table S4). We found that GFAP, AQP4, SERPINA3, and CHI3L1 were up-regulated in the PD group (Fig. 2A). The GO and KEGG
enrichment analyses showed that the up-regulated DEGs were highly enriched in oxidative phosphorylation, PD, and ferroptosis
signaling pathways (Fig. 2B).

To elucidate the detailed subpopulations of astrocytes and their roles in the PD, we performed the sub-clustering of astrocytes and
obtained three astrocyte subpopulations: Astro-C0, -C1, -C2 (Fig. 2C-Table S5). Notably, the proportion of Astro-C1 subpopulations
was all derived from NC samples (Fig. 2D). GSVA indicated that the Astro-CO and -C2 subpopulations were associated with inflam-
mation and apoptosis signaling pathways (Fig. 2E).

3.3. Pseudotime Trajectory Identified differentiation trajectory of astrocyte subtypes

Furthermore, we calculated the differentiation trajectory of three astrocyte subtypes (Fig. 3A) and organized the cells along a
pseudotime trajectory. In this trajectory, the Astro-C1 subpopulation, which was present only in the NC group, clustered at the front
end of the differentiation pathway, followed by a gradual activation into the Astro-CO and Astro-C2 subpopulations. The distribution of
PD cells varied along the activation trajectories of the astrocytes (Fig. 3B). To further characterize the molecular phenotypes of these
two activated astrocyte states, we identified genes that correlated with the activity trajectories (Fig. 3B-Table S6).

In addition, we analyzed the expression of the top three genes associated with astrocyte activation trajectories. We discovered that
CHI3L1 was lowly expressed in the Astro-C1 (at the beginning of the pseudotime trajectory) and Astro-C2 (at the end of the pseudotime
trajectory) subpopulations and highly expressed in the Astro-CO (at the beginning of the pseudotime trajectory) (Fig. 3C-D).

3.4. CHI3L1'™" astrocytes had a higher inflammatory response in PD patients

The astrocytes from 11 PD samples were divided into CHI3L1™8 and CHI3L1™Y groups in the PD samples (Fig. 4A), and these two
groups were distributed in both Astro-CO and Astro-C2 subpopulations (Fig. 4B). Moreover, we identified DEGs between CHI3L1gh
and CHI3LI™" groups and found that astrocyte-related genes (C3, BCL6, SERPINA3, and VEGFA) were highly expressed in the
CHI3L1M" group (Fig. 4C). The levels of inflammatory response score were significantly increased in the CHI3L1™#" group compared
to the CHI3LI™" group (Fig. 4D-E, Table S7).

Furthermore, we constructed an astrocyte inflammation model using LPS and found that the expressions of C3, TNF-a, and IL-6
mRNA levels were elevated in the LPS-induced astrocyte groups compared to the NC group (Fig. 5A). Moreover, the levels of
CHI3L1 mRNA and protein were increased in the LPS-induced astrocyte groups (Fig. 5A and B, Fig.S1, Fig.S2, LPS vs. NC).

3.5. CHI3L1'&" astrocytes had interactions with microglia in PD patients
To explore the interactions and signaling networks between CHI3L1 High 4nd CHIZLI™" astrocytes and other cells, we measured the

expression of various ligand-receptor pairs (Table S8). Compared to CHI3L1Mish astrocytes, the interaction between CHI3L1 High 55
trocytes and microglia was increased (Fig. 6A and B, Fig. S3A, S3B).
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Fig. 3. Pseudotime Trajectory Identified differentiation trajectory of astrocyte subtypes.

A. The differentiation trajectory of three astrocyte subtypes. B. Cell density distribution along the timeline for Parkinson’s disease and normal
control samples (upper panel) and expression heatmap of 50 genes associated with astrocyte activation trajectories (lower panel). C. The expression
of the top three genes associated with astrocyte activation trajectory. D. The expression of CHI3L1 in Astro-CO, -C1, -C2 in the Parkinson’s disease
eind normal control groups.
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Fig. 4. CHI3L1™8" astrocytes had a higher inflammatory response in Parkinson’s disease patients.

A. Astrocytes were divided into CHI3LI'™#® and CHI3LI" groups in the Parkinson’s disease samples. B. The proportion of CHI3LI™&" and
CHI3LI1™" astrocytes in Parkinson’s disease samples. C. The differentially expressed genes between CHI3L1'#" and CHI3L1*" groups. D-E. The
level of inflammatory response score in the CHI3L1™#" and CHI3L1"" astrocytes.

Furthermore, we analyzed receptor-ligand pairs (LRs) of CHI3L1 High and CHIZL1Y™ astrocytes interacting with other cells and
found that C3- (ITGAX + ITGB2), CSF1-CSF1R were present only in CHI3L1High astrocyte-microglial cell interactions, FGF2-FGFR3
were present only in CHI3LIM" and CHI3LI'Y astrocyte interactions, and FGF2-FGFR2 were present only in astrocyte-
oligodendrocyte interactions (Fig. 6C).

The LRs of CHI3L1"8" astrocytes interacting with microglia involved two signaling pathways: CSF and COMPLEMENT (Fig. 6D and
E). The CSF was a unique signaling pathway in CHI3L1Mish astrocytes and microglia (Fig. 6D). CHI3L1M8" and CHI3LI™Y astrocytes in
the FGF signaling pathway had a stronger role (Fig. 54).

3.6. CHI3L1 might be a marker for pre-diagnosis of PD

Gene regulatory network analysis revealed that the expression of transcription factor (TF) was significantly different between
CHI3L1"8M and CHI3L1Y astrocytes (Fig. S4). We analyzed the expression of CHI3L1 in PD and NG samples from three bulk RNA-seq
datasets, GSE136666, GSE114517, and GSE148434 (Fig. 7A-B,7D), and found that only in the GSE148434 dataset, CHI3L1 was
significantly overexpressed in PD samples. In the GSE136666 and GSE114517 datasets, PD patients had Braak stage 5-6, while in the
GSE148434 dataset, PD patients had Braak stage 2-3. Moreover, we found that CHI3L1 expression was higher in blood samples of PD
patients compared to blood samples of healthy control individuals (Fig. 7C) in the GSE165082 dataset. Our previous analysis also
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level of CHI3L1 protein in the Lipopolysaccharide-induced astrocyte group was measured by Western blot analysis. * means p < 0.05, ** means p <
0.01, *** means p < 0.001.

showed that CHI3LI1 expression was increased in the middle of the astrocyte differentiation trajectory (Fig. 3C). Moreover, in the
GSE148434 dataset, we found that the area under the curve (AUC) of CHI3L1 was 1 (Fig. 7E). These results indicated that CHI3L1
might be used as a marker for pre-diagnosis of PD.

4. Discussion

PD is a progressive neurodegenerative condition pathologically defined by the loss of dopaminergic neurons in the substantia nigra
and the development of protein inclusions known as Lewy bodies [23]. Multiple investigations of peripheral blood and cerebrospinal
fluid from PD patients have revealed changes in inflammatory markers and immune cell populations that may trigger or worsen
neuroinflammation and prolong the neurodegenerative process [24-26]. It has been demonstrated that astrocytic lesions were present
in the substantia nigra and striatum of the brain in PD patients [23,27]. Therefore, studying astrocyte populations in the substantia
nigra of PD patients will help us better understand the pathogenesis of PD.

In this study, we identified seven cell types in the substantia nigra of PD and healthy samples. Among these, oligodendrocytes were
the most cell constitutions in the substantia nigra, followed by astrocytes. Oligodendrocytes and astrocytes are glial cells in the CNS.
Fan et al. integrated high-quality scRNA-seq data and observed a decrease in oligodendrocytes and a significant increase in microglia in
the midbrain of PD patients [28]. Smaji¢ et al. also found that in the PD midbrain, the proportion of oligodendrocytes was decreased
and the proportion of astrocytes was increased, and astrocytes and microglia showed idiopathic PD-specific cellular proliferation as
well as dysregulation of genes associated with unfolded protein responses and cytokine signaling [29]. In the present study, compared
to the NC group, the proportion of oligodendrocytes and astrocytes was increased in the substantia nigra of PD. These findings sug-
gested that oligodendrocytes and astrocytes in different brain regions were not identical, and even neighboring astrocytes within the
same brain region might have differences [30]. It has been reported that in PD, continuously activated glial cells by a-syn aggregates
could cause chronic inflammation, thereby impairing the phagocytic activity of glia, increasing the levels of inflammatory cytokine
and intercellular a- Syn spread, prompting o- Syn lesion spread [31]. Furthermore, we found that GFAP (astrocyte activation marker)
[32], AQP4 (densely expressed in astrocyte end-feet) [33], SERPINAS3 (related to the progression of CNS diseases) [34], and CHI3L1 (a
regulator of inflammatory reactions and muscle cell proliferation) [35] were up-regulated in the PD group compared to NC group.
Next, we identified three astrocyte subpopulations: Astro-C0, -C1, and -C2, and found that the Astro-C1 subpopulation was all derived
from NC samples the Astro-CO and -C2 subpopulations were associated with inflammation and apoptosis signaling pathways. In PD, the
levels of inflammatory cytokines, including TNF-a, IL-2, IL-4, IL-6, and IL-1p were found to be increased [36,37]. In addition, activated
(reactive) astrocytes could release a variety of chemokines and cytokines such as TNF-a and IL-1f, which are neurotoxic [38,39]. Given
the Astro-CO and -C2 subpopulations were correlated with inflammation in PD, we hypothesized that two astrocyte subpopulations
might be in an activated state in PD, which was confirmed by trajectory analysis. The Astro-C1 subpopulation clustered at the front end
of the differentiation trajectory, followed by a slow activation into Astro-C0, and Astro-C2 subpopulations.

Moreover, we found that CHI3L1 was highly correlated with astrocyte activation trajectories and it was lowly expressed in the
Astro-C1 and Astro-C2 subpopulations and highly expressed in the Astro-CO. CHI3LI is a secreted glycoprotein that plays a role in
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Fig. 7. CHI3L1 might be a marker for pre-diagnosis of PD.
A-D. The expression of CHI3LI in Parkinson’s disease and normal control samples in the GSE136666, GSE114517, GSE165082 and GSE148434
datasets. E. Diagnostic value of CHI3LI for Parkinson’s disease in the GSE148434 dataset.

mediating inflammation, macrophage polarization, apoptosis, and carcinogenesis [40]. It has been reported that the expression of
CHI3L1 was elevated in various inflammatory diseases, including ischemic stroke [41], multiple sclerosis [42], PD [43], and Alz-
heimer’s disease [44]. CHI3L1 was mainly expressed and secreted by astrocytes in the brain [45], and CHI3L1I is a powerful biomarker
in neurodegenerative disease. The physiological functions of astrocyte CHI3L1 were associated with astrocyte migration, oligoden-
drocyte progenitor cell (OPC) proliferation, and neural progenitor cell differentiation [46]. In the present study, we observed that
CHI3L1 expression was upregulated in PD samples from the GSE148434 dataset, demonstrating strong diagnostic potential for PD. In
LPS-induced astrocytes, levels of C3, TNF-a, IL-6, and CHI3L1 expression were found to be elevated. Furthermore, CHI3L1 expression
in astrocytes was increased by IL-1, IL-6, and TNF-a, as well as by conditioned media from M1 macrophages [47,48]. Additionally, we
discovered that CHI3L1Mish astrocytes interacted with microglia in PD patients. Microglia release inflammatory mediators such as
IL-1a, IL-1B, and TNF-a, which can activate pro-inflammatory astrocytes and contribute to secondary inflammation [15,49]. CHI3L1
could bind to ACTN4 and NFKB1 and enhance the activation of the NF-kB signaling pathway by promoting the nuclear translocation of
NF-kB subunits [50]. Activation of the NF-kB pathway leads to increased production of cytokines, including IL-6, MCP-1, and IL-8, as
well as the release of CHI3L1 [35]. Given that CHI3L1 was mainly secreted by astrocytes, we speculated that astrocytes activated by
microglia might secrete the inflammatory signaling molecule CHI3L1, thereby promoting the activation of the NF-xB pathway to
mediate inflammatory responses and promote the pathological progression of PD.

5. Conclusion
In conclusion, this study identified three astrocyte subpopulations (Astro-C0, -C1, and -C2) in PD based on the single-cell tran-

scriptomic profiles and found that CHI3L1 may be a diagnostic biomarker for PD. These findings help us to better understand the
heterogeneity of astrocytes in PD and provide more reference information for exploring the diagnostic approaches for PD patients in
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the future.
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