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profiling to reveal the transcriptional dynamics
of Alzheimer’s disease, Parkinson’s disease,
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Abstract

Background Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS) are three nervous system
diseases that partially overlap clinically and genetically. However, bulk RNA-sequencing did not accurately detect

the core pathogenic molecules in them. The availability of high-quality single cell RNA-sequencing data of post-
mortem brain collections permits the generation of a large-scale gene expression in different cells in human brain,
focusing on the molecular features and relationships between diseases and genes. We integrated single-nucleus
RNA-sequencing (snRNA-seq) datasets of human brains with AD, PD, and MS to identify transcriptomic commonalities
and distinctions among them.

Methods The snRNA-seq datasets were downloaded from Gene Expression Omnibus (GEO) database. The Seurat
package was used for snRNA-seq data processing. The uniform manifold approximation and projection (UMAP) were
utilized for cluster identification. The FindMarker function in Seurat was used to identify the differently expressed
genes. Functional enrichment analysis was carried out using the Gene Set Enrichment Analysis (GSEA) and Gene
ontology (GO). The protein-protein interaction (PPI) analysis of differentially expressed genes (DEGs) was analyzed
using STRING database (http://string-db.org). SCENIC analysis was performed using utilizing pySCENIC (v0.10.0)
based on the hg19-tss-centered-10 kb-10species databases. The analysis of potential therapeutic drugs was analyzed
on Connectivity Map (https://clue.io).

Results The gene regulatory network analysis identified several hub genes regulated in AD, PD, and MS, in which
HSPBT and HSPATA were key molecules. These upregulated HSP family genes interact with ribosome genes in AD
and MS, and with immunomodulatory genes in PD. We further identified several transcriptional regulators (SP/1,
CEBPA, TFE3, GRHPR, and TP53) of the hub genes, which has important implications for uncovering the molecular
crosstalk among AD, PD, and MS. Arctigenin was identified as a potential therapeutic drug for AD, PD, and MS.

Conclusions Together, the integrated snRNA-seq data and findings have significant implications for unraveling
the shared and unique molecular crosstalk among AD, PD, and MS. HSPBT and HSPATA as promising targets involved
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in the pathological mechanisms of neurodegenerative diseases. Additionally, the identification of arctigenin
as a potential therapeutic drug for AD, PD, and MS further highlights its potential in treating these neurological
disorders. These discoveries lay the groundwaork for future research and interventions to enhance our understanding

and treatment of AD, PD, and MS.

Keywords Alzheimer’s diseases, Parkinson’s disease, Multiple sclerosis, Single-cell sequence, Crosstalk, HSPB1, HSPATA,

Ribosomal proteins, Arctigenin

Introduction

In face of aging world population and the absence of
effective cures, central nervous system (CNS) diseases
pose a significant economic burden on society. Alz-
heimer’s disease (AD), Parkinson’s disease (PD), and
multiple sclerosis (MS) are chronic and progressive dis-
eases of the CNS, characterized by the loss of neurons
in the brain or the spinal cord [1]. Although a variety
of efforts at the molecular level have attempted to elu-
cidate the basic biological pathologies contributing to
these diseases, the principal causes and cures for these
diseases remain elusive, which hinders the discovery of
disease-modifying therapies.

AD is the most common neurodegenerative dis-
ease, identified by the presence of extracellular aggre-
gates of amyloid p (AP) peptides and intraneuronal
tau neurofibrillary tangles in the brain. Patients with
AD primarily exhibit the impairments in short-term
memory and cognitive processing [2]. PD is the sec-
ond most common neurodegenerative disease, and is
clinically defined by the symptoms of akinesia, rigid-
ity, and tremor. Cytosolic Lewy bodies aggregated by
a-synuclein and the loss of dopaminergic neurons
in the substantia nigra pars compacta are the major
neuropathological features [3]. MS is a progressive
neuroinflammatory disease with distinct lesion char-
acteristics in the cortical grey versus subcortical white
matter, and neurodegeneration at chronic stages. Clini-
cally, the symptoms of MS are diverse, involving the
impairments of movement, sensation, vision, and cog-
nition [4]. Although AD, PD, and MS differ in many
clinical and pathological aspects, it is possible that
they share cross-molecular features. Growing evidence
indicates that brain endothelial dysfunction might play
a significant role in the neurobiology of AD, PD, and
MS [5, 6], which causes derangement of the mitochon-
drial machinery [7], suppressing glutamate reuptake by
astrocytes and resulting in glutamate-mediated toxicity
[8]. Immune cell infiltration from the periphery into the
CNS as well as the inflammatory responses mediated
by reactive astrocytes and by activated microglia in the
CNS also have been implicated in AD, PD, and MS [9].
Elucidating the shared and distinct molecular crosstalk
could provide a biological basis for the treatments of

AD, PD, and MS, which remains controversial in the
field.

The establishment of single-nucleus RNA-sequencing
(snRNA-seq) databases over the last decade permits
global bioinformatics analyses of gene expression in dif-
ferent cells. Transcriptomic profiling, through snRNA-
seq of patient-derived tissues, can address confounding
by cellular composition, providing previously unattain-
able insight into cell-type-specific transcriptomic pathol-
ogy [10, 11]. Existing data resources have not yet been
fully exploited to understand the causal disease pathways
in AD, PD, and MS. With this in mind, we integrated sev-
eral existing human snRNA-seq datasets to gain a com-
prehensive view of the cell-type-specific transcriptional
changes of these diseases in the CNS. Our results showed
the shared and distinct transcriptional changes in multi-
ple cell types among AD, PD, and MS. We hypothesized
that HSPBI may be the core molecule of the shared path-
ological mechanism of the three diseases, which is the
result of the induction by the blood—brain barrier (BBB)
in response to cellular stress, providing insight into the
nervous system diseases with unique pathogenic pro-
cesses. Additionally, arctigenin has shown potential as a
therapeutic drug for AD, PD, and MS.

Methods

Resources of single-nucleus RNA sequencing data

The selection of datasets was driven by the specific dis-
ease contexts and the relevant anatomical sites, which
mainly based on the specific disease pathology. The
complete snRNA-seq data sets used in this study were
downloaded from the NCBI Gene Expression Omnibus
database (GEO; https://www.ncbi.nlm.nih.gov/geo/)
under accession numbers GSE138852 [12], GSE174367
[13], GSE157783 [14], and GSE118257 [15] (Table 1;
Additional file 2: Table S1). Dataset GSE138852 con-
tains entorhinal cortex samples from control and AD
brains (n=6 per group). GSE174367 contains prefron-
tal cortex samples from control (n=238) and late-stage
AD brains (n=12). GSE157783 contains midbrain
samples from idiopathic PD (n=5) and control brains
(n=6). GSE118257 contains white matter samples from
patients with MS (n=12) and controls (n=9).
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Table 1 Summary of snRNA-seq datasets used in this study
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Accession ID Disease Year Data type Brain region Nucleus number Controls/Cases
GSE138852 AD 2019 sNRNA-seq Entorhinal cortex 12,777 6/6

GSE174367 AD 2021 sNRNA-seq Prefrontal cortex 58,894 8/12
GSE157783 PD 2022 SNRNA-seq Midbrain 41,377 5/6

GSE118257 MS 2019 sNRNA-seq White matter 16,778 16/17

The nucleus number were the amounts of the nuclei after the quality control

Quality control, normalization, batch correction,
dimensionality reduction, and clustering

All bioinformatic analyses were performed with Seu-
rat (version 4.0; https://satijalab.org/seurat/) [16] in R
software (version 4.0.2) for data processing and analysis.
We obtained the gene expression matrix and metadata
information of GSE138852, GSE174367, and GSE118257
datasets from GEO database. The metadata information
includes cell-specific details such as cell origin, tissue
source, disease status, and other relevant annotations. The
expression matrix was directly transformed into a Seu-
rat object using the CreateSeuratObject() function. Sub-
sequently, we systematically incorporated the metadata
information into this Seurat object. For the GSE157783
dataset, we downloaded three files from GEO, namely the
cell barcode file, gene feature file, and expression matrix
file. To integrate these files, we employed the Read10X()
function, which resulted in an expression matrix with
genes represented as rows and cells as columns. Then,
the CreateSeuratObject() function was employed to gen-
erate a Seurat object. Finally, we utilized the merge func-
tion to integrate four Seurat objects together, facilitating
further analysis. Cells with less than 200 genes, mito-
chondrial counts greater than 5%, and genes expressed in
less than three cells were filtered out for quality control.
The data was first normalized by functions Normalize-
Data and ScaleData functions. Then FindVariable func-
tion was applied to select the top 2000 variable genes. We
conducted principal component analysis (PCA) using the
top 2000 variable genes. We selected the top 10 principal
components (PCs) for sub-clustering and set the resolu-
tion parameter to 0.1. To mitigate batch effects and non-
biological technical biases, we employed the Harmony
package in Seurat (https://github.com/immunogenomics/
harmony). Default parameter values were utilized for
Harmony settings. The expression of known marker genes
was used as a reference for annotation of different cell
types. The results were visualized by Uniform Manifold
Approximation and Projection (UMAP).

Differential expression analysis and functional enrichment
analysis

To identify the genes that were upregulated in AD, PD,
and MS brains across different cell types, the FindMarker
function (Logfc.threshold=1, p<0.05, Only.pos=T,
pct.1 —pct.2>0.2, Wilcoxon test) in Seurat was used. In
addition, we defined the active (MS_Active) and chronic
active (MS_CA) samples as the disease group to identify
the truly upregulated genes in MS. Functional enrich-
ment analysis was carried out using the Gene Set Enrich-
ment Analysis (GSEA) [17] and hypergeometric tests
with the clusterProfiler R package. Gene ontology (GO)
enrichment analyses was performed using clusterProfiler
R package with the input species set to Homo sapiens.
The protein-protein interaction (PPI) analysis of dif-
ferentially expressed genes (DEGs) was analyzed using
STRING database (http://string-db.org).

Gene regulatory network analysis

Single-cell regulatory network inference and clustering
(SCENIC) analysis was performed using utilizing pySCE-
NIC (v0.10.0) based on the hgl9-tss-centered-10 kb-
10species databases (https://github.com/aertslab/pySCE
NIC) [18]. Default parameters were used for the SCENIC
workflow, and the raw count matrix from all the samples
was used as the input. A three-step process was used
for the analysis. Firstly, we calculated the co-expression
modules and evaluated the weight between transcrip-
tional factors (TFs) and their target genes using GRN-
Boost, and then TFs with direct targets (regulons) were
identified using RcisTarget. Finally, the activity of each
regulon in each cell was evaluated using AUCell. For vis-
ualization, the average regulon activity (AUC) scores for
each cell type were calculated, and a rank plot of regulons
was drawn using ggplot2.

Connectivity map bioinformatics analysis

The connectivity map was analyzed on Connectivity Map
(https://clue.io) [19, 20] with default settings. The dif-
ferentially up-regulated genes in AD, PD, and MS were
uploaded to the Connectivity Map database for analysis
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of potential therapies with gene expression signatures.
Normalized connectivity score (nomalized_cs)<0 and
p<0.05 as the threshold.

Results

Multi-dataset integration revealed the single cell
transcriptional states of AD, PD, and MS

To understand the shared and distinct transcriptional
responses in patients with nervous diseases, we inte-
grated human brain snRNA-seq datasets, spanning the
entorhinal cortex (EC), prefrontal cortex (PFC), mid-
brain, and white matter from 64 cases (Fig. 1, Table 1,
Additional file 2: Table S1). As a result of variations in
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specimen sources, experimental conditions, and library
preparation methods, batch effects were observed in
the dimensionally reduced visualizations of these data-
sets (Fig. 2A). Following the application of Harmony
integration, the batch effects were effectively mitigated,
with no prominent separation observed across different
platforms or conditions (Fig. 2A). Unsupervised nucleus
clustering, differential expression analysis, and classifica-
tion were performed on the merged snRNA-seq data. In
the UMAP space, we profiled a total of nine major cell
types with 129,826 nuclei by employing Seurat’s data
integration pipeline [21] (Fig. 2B). Cell types identified on
the basic of defining markers included excitatory neurons
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Fig. 1 The workflow of the study. After literature search, 64 cases from different single-nucleus sequence studies were selected. These studies were
done on post-mortem human brain tissue, which were categorized into entorhinal cortex, prefrontal cortex, midbrain, and white matter, severely

affected regions by AD, PD, and MS pathology, respectively
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Fig. 2 Single cell transcriptional landscape of AD, PD, and MS. A Uniform Manifold Approximation and Projection (UMAP) plot of the combined
datasets before (right) and after (light) batch correction with Harmony, colored by dataset source. B UMAP representation of the landscape of different
CNS cell types. € Dot-plots for the merged snRNA-seq data demonstrates the marker expressions in the different nuclei clusters. D Stacked bar plots
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MS_NAWM (non-lesioned, normal appearing white matter), MS_ Remyelinating (remyelinating lesions), and Ctrl_NWM (normal white matter)
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(CAMK2A*, SLC17A7", SNAP25%), inhibitory neurons
(GADIT, GAD2"), microglia (C3*, CX3CRI*, CSFIR™),
astrocytes (AQP4*, SLCIA2*, SLCIA3*, GFAP™), oli-
godendrocytes (MBP*, OLIGIT, OLIG2", OPALINTY,
MAG"), oligodendrocyte precursors (OPCs) (PDG-
FRA™, VCANY), ependymal cells (DCDCI™), endothe-
lial cells (CLDN5™), and pericytes (PDGFRB™) (Fig. 2C).
The UMAP plot displayed the same expression patterns
of the markers (Additional file 1: Fig. S1). We estimated
cell-type proportions across disease groups and observed
a decrease in oligodendrocytes and a marked increase in
microglia occurred in the active (MS_Active) and chronic
active lesion areas (MS_CA) of MS patients, and the mid-
brain of PD relative to the control groups; these changes
were not observed in the AD group (Fig. 2D). OPCs were
also significantly reduced in the active and CA lesion
areas of MS, which is consistent with demyelination in
the MS brain (Fig. 2D).

Defining potential shared gene regulatory network
among AD, PD, and MS
To identify the shared gene regulatory network among
AD, PD, and MS, we analyzed the association degree of
DEGs (AD vs. control, PD vs. control, MS_Active and
MS_CA vs. Ctr]_ NWM) connectivity among the three
diseases (Fig. 3A, Additional file 3: Table S2, Additional
file 4: Table S3, Additional file 5: Table S4). Most genes
upregulated in AD were expressed in excitatory neu-
rons, astrocytes, and pericytes (Fig. 3A, Additional file 3:
Table S2). PD-associated upregulated genes were found
in almost all endothelial cells and astrocytes (Fig. 3A,
Additional file 4: Table S3). Most of the upregulated
genes in MS were found in endothelial cells, micro-
glia, OPCs, and astrocytes (Fig. 3A, Additional file 5:
Table S4). Upregulated DEGs that shared at least two cell
types among three diseases were defined as hub-genes
(Fig. 3A). Interestingly, the hub gene HSPBI was iden-
tified to be significantly upregulated in the astrocytes,
pericytes, OPCs, and excitatory cells of AD brains, and in
endothelial cells of PD and MS brains (Fig. 3A, Additional
file 3: Table S2, Additional file 4: Table S3, Additional
file 5: Table S4). HSPA 1A was found upregulated in oligo-
dendrocytes, OPCs, pericytes, astrocytes, and excitatory
cells of AD brains, and of oligodendrocytes, pericytes,
and endothelial cells of PD brains (Fig. 3A, Additional
file 3: Table S2, Additional file 4: Table S3). DNAJAI was
upregulated in pericytes of AD and in endothelial cells of
PD (Fig. 3A, Additional file 3: Table S2, Additional file 4:
Table S3). Additionally, SERPINHI1, AEBPI1, and DNAJBI
were similarly upregulated in both AD and MS (Fig. 3A,
Additional file 3: Table S2, Additional file 5: Table S4).

To summarize the integrated ranking in the pathway,
we performed GO analysis using GSEA (Fig. 3B). We
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prioritized the signaling pathways and identified five
major pathways in each disease (p<0.05, normalized
enrichment score (NES) >0, Fig. 3B). In the line part, the
horizontal axis is the sorted gene, and the vertical axis is
the corresponding Running Enrichment Score. There is
a peak in the line chart, which is the Enrichment score
of this gene set, and the corresponding gene is the core
of the gene set. Collectively, two common pathways
were identified in AD and PD: chaperone-mediated pro-
tein folding (GO: 0061077) and protein folding (GO:
0006457) (Fig. 3B), consistent with the well-established
pathological mechanism of protein folding abnormalities
in AD and PD [22]. Interestingly, MS-related biological
processes were mainly related to the transport of proteins
to the endoplasmic reticulum (ER) (GO: 0006613, GO:
0072599, GO: 0045047, GO: 0006614) (Fig. 3B).

Both GO biological process and molecular functions
analysis of the hub-genes revealed a significant enrich-
ment in the protein folding and regulation of inclusion
body assembly, which may module of the process of the
pathological protein aggregation (Fig. 4A). HSPB1 and
HSPAIA were both involved in multiple protein folding-
related biological processes (Fig. 4B). STRING analysis
of DEGs has unveiled the significant involvement of the
heat shock protein (HSP) family in the pathogenesis of
neurodegenerative diseases. In the brains of individuals
with AD, HSPBI and HSPA1A interacted with DNAJBI in
pericytes and excitatory cells, and with DNAJAI in peri-
cytes (Fig. 4C, Additional file 3: Table S2). In PD, HSPBI
and HSPA1A interacted with DNAJA1 in endothelial cells
(Fig. 4D, Additional file 4: Table S3). Moreover, in the
brains of individuals with MS, HSPBI interacted with
DNAJBI in endothelial cells (Fig. 4E, Additional file 5:
Table S4). We simultaneously observed that a series of
ribosomal proteins play important roles in the pericytes
of AD brains (Fig. 4C). For instance, RPL4, RPS7, RPL18,
RPLI8A, and RPS28 were all upregulated in the pericytes
(Fig. 4C, Additional file 3: Table S2). These ribosomal
proteins also interact directly or indirectly with HSPAIA
(Fig. 4C). In PD, the HSP family interacted with IRFI in
endothelial cells, potentially mediating the regulation
of inflammatory responses (Fig. 4D, Additional file 4:
Table S3). In MS, HSPBI not only demonstrated its role
in upregulated proteins of astrocytes but also exhibited
close interactions with upregulated ribosomal proteins of
microglia (Fig. 4E, Additional file 5: Table S4).

Transcriptional dynamics and the regulators of AD, PD,

and MS

The SCENIC was used to map the gene regulatory net-
works governing the different diseases and identify
potential TFs modulating the DEGs in disease sam-
ples. We initially identified the modules of TFs which
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regulate the cell heterogeneity (Fig. 5A, Additional file 6:
Table S5). Some modules of TFs were highly specific in
AD, PD, and MS (M1, M4, and M7) (Fig. 5B, Additional

file 6: Table S5). Using the regulon activity scores (RAS),
we identified some regulons that were active in spe-
cific cell types among three diseases, regulating cell
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type-specific functions (Fig. 5B). Regulons activity in the
M1 module was higher in the microglia of among three
diseases (Fig. 5B). In the M4 module, the active regulons
were mostly found in pericytes, especially in patients
with PD and MS (Fig. 5B). Most of regulons in the M7
module were in the oligodendrocytes of PD and MS
patients, indicating that PD and MS patients may share
highly active TFs (Fig. 5B). Information regarding the
modules and regulons is provided in Additional file 6:
Table S5.

To obtain a specific correspondence between regulons
and each cell type, we further analyzed the top 20 specific
regulons in different cell types using the regulon specific-
ity score (RSS) (Fig. 6A, Additional file 7: Table S6). We
identified some shared specific regulons among three
diseases by the Specificity score as candidate transcrip-
tion factors underlying the gene expression differences
in different cells (Fig. 6A). CEBPA and SPII in micro-
glia, GRHPR in oligodendrocytes, and TFE3 and TP53 in
astrocytes were shared by AD, PD, and MS (Fig. 6A). By
integrating the transcription profiles previously identified
upregulated in the three disease groups, we conducted an
analysis to identify the candidate target genes regulated
by these shared TFs (Fig. 6B). We identified several target
genes that showed up-regulation in the disease groups,
including PSAP and CNTN2 in AD, as well as CHI3LI
in PD (Fig. 6B, Additional file 8: Table S7). Interestingly,
HSPBAPI, which interacts with hub-gene HSPB1 [23],
was identified as a target gene regulated by both CEBPA
and SPI1 (Fig. 6B). The corresponding motifs are showed
in Fig. 6B. These analyses identified the upstream regu-
lons that drive cell-type-specific state transitions toward
disease.

Discovery of repurposable drugs

Connectivity Map (CMap) (https://clue.io) [20] is a
genome-wide transcriptional expression dataset of
selected human cell lines processed by bioactive small
molecules, including many drugs. CMap is used to dis-
cover functional links between drugs, genes, and diseases
through transient signatures of common gene expression
changes. With CMap, we identified that 30 shared drugs
were inversely correlated with AD, PD, and MS (Fig. 7,
Additional file 9: Table S8, Additional file 10: Table S9,
Additional file 11: Table S10). Calcium channel blocker,
topoisomerase inhibitor, MEK inhibitor, DNA meth-
yltransferase inhibitor, and adenosine receptor agonist
were inversely correlated with the up-regulated genes in
AD, PD, and MS (Table 2). Arctigenin is a phenylpropa-
noid dibenzylbutyro lactone lignan compound which
showed a potential therapeutic agent for AD, PD, and MS
in our study (Fig. 7). Arctigenin has been shown having
neuroprotective effects in vivo and in vitro of AD models
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[24]. Previous studies showed that arctigenin effectively
ameliorated memory impairment in AD mice model by
targeting the production and clearance of p-amyloid [25].
Arctigenin could improve the movement behaviors and
upregulate dopamine and y-aminobutyric acid levels in
a PD mice model [26]. Arctigenin may have anti-inflam-
matory and immunosuppressive properties via inhibiting
Th17 cells in MS [27]. These findings suggested that arc-
tigenin holds promise as a potential therapeutic agent for
AD, PD, and MS.

Discussion

AD, PD, and MS are CNS diseases that differ clinically.
Previous studies have noted the importance of the com-
mon pathological changes in these diseases, such as small
vessel disease [5] and inflammation [9]. However, the
molecular crosstalk between these three diseases remains
largely unknown. This study aimed to identify the key
molecules which regulate the pathogenic pathways in
AD, PD, and MS.

We observed that the dataset obtained from the white
matter of MS patients had a higher proportion of glial
cells compared to neuronal populations. The nature of
the tissue and the inherent heterogeneity of the cell type
present pose challenges in achieving a completely unbi-
ased representation. The result of the higher proportion
of glial populations may lead to an overemphasis on glial-
specific gene expression patterns while potentially mask-
ing or downplaying certain neuronal-specific signals.
Furthermore, the altered proportions in the dataset could
impact the functional interpretation of the results. It is
important to consider the potential contributions of glial
cells to the observed gene expression patterns and their
implications for the underlying biological processes.

There was significant overlap in differentially expressed
genes and pathways between AD and PD in our study.
In the GSEA analysis, the genes of AD and PD were
co-enriched into two identical pathways, chaperone-
mediated protein folding and protein folding, which has
previously been shown to be associated with the abnor-
mal protein folding in AD and PD. In our study, we found
that HSPAIA, which encodes the major heat shock pro-
tein in the HSP70 family, was upregulated in certain
cell types, including oligodendrocytes, OPCs, pericytes,
and astrocytes in AD, as well as oligodendrocytes, peri-
cytes, and endothelial cells in PD. Our findings align
with prior research on AD and PD. Some studies showed
that HSPA1A is upregulated in human entorhinal cortex
samples and layer III pyramidal cells of AD, contribut-
ing to protein folding abnormalities, and altered synaptic
transmission [28, 29]. A proteomics analysis of extracel-
lular vesicles isolated from cerebrospinal fluid in AD also
revealed elevated expression of HSPA1A compared to the
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mild cognitive impairment and control groups [30]. Sin-
gle-cell transcriptomics also uncovered the upregulation
of HSPA1A (HSP70) in endothelial cells of patients with
PD, which was further confirmed in PD patients’ blood
specimens and peripheral blood mononuclear cells [31,
32]. Furthermore, HSPA1A protein regulates the pro-
cessing and generation of APP (amyloid precursor pro-
tein) and the production and aggregation of AP [33, 34].
HSPA1A exerted a significant restorative effect on neu-
ronal morphology and functional status in the temporal
cortex and hippocampal region in transgenic mouse [35].
The upregulation of HSPA1A can also play a preven-
tive and decelerating role in PD-like neurodegeneration
through its chaperone activity, which effectively inhibits
a-synuclein aggregation and microglia activation [36,
37]. Taken together, our findings strongly support that
HSPA1A could serve as a potential therapeutic target for
AD and PD.

In our study, MS-related biological processes were
mainly related to the transport of proteins to the endo-
plasmic reticulum (ER) (GO:0006613, GO:0072599,
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GO0:0045047, GO:0006614), which is responsible for the
proper folding and processing of polypeptide chains into
functional proteins in cells. ER stress occurs when mis-
folded or unfolded proteins accumulate in the ER due to
exogenous or endogenous factors. In MS, the destruction
of the BBB leads to an escalation of pro-inflammatory
damage, leading to cell damage. This is followed by oxi-
dative damage and ER stress [38], leading to apoptosis or
repair of CNS cells. These results are largely controlled by
the unfolded protein response [39], which is consistent
with our hypothesis. The preliminary findings indicate a
strong association between ER function and MS, high-
lighting the need for additional investigation in this area.

The most prominent discovery arising from our anal-
ysis was the consistent upregulation of HSPB1 (HSP27)
across among AD, PD, and MS. An increase of HSPB1
protein in the chronic active lesions of MS brains was
reported [40], as we found in the present study. HSPB1
phosphorylation also was reported to be elevated in MS
and AD [41, 42]. HSPBI codes for a small heat shock
protein that probably maintains folding competence in
denatured proteins [43, 44]. In response to environmen-
tal stresses such as heat shock, HSPB1 protein is upreg-
ulated [45]. The molecular chaperone activity of HSPB1
may regulate a broad spectrum of biological processes,
including the phosphorylation of neurofilament proteins
and their transport along axons [46]. In AD, amyloid
plaques and neurofibrillary tangles (composed of hyper-
phosphorylated tau) are present extracellularly and intra-
cellularly, respectively [47]. A transgenic mouse model of
AD showed HSPBI1 localization in plaques [48]. By cross-
ing the APPswe/PS1dE9 mouse model with the mouse
model of HSPB1 overexpressed, spatial learning and
electrophysiological parameters improved significant lye
[49]. HSPBI1 can delay, but not prevent fibril formation by
interacting with hyperphosphorylated tau [50]; this inter-
action is enhanced with increased tau phosphorylation
[51]. Moreover, overexpression of HSPB1 reduces the
cellular deposition and cytotoxicity of a-synuclein in PD
[52]. HSPB1 binds to the surface of a-synuclein fibrils,
thereby reducing their hydrophobicity [53]. Based on the
cumulative evidence from previous studies, we put forth
the hypothesis that the observed upregulation of HSPB1
in our study strongly suggests its protective function in
mitigating the formation of pathological protein aggre-
gates, particularly in response to toxic stimuli or stressful
conditions associated with neurological disorders.

We observed that the upregulation of HSPB1 occurred
in different cells in the three diseases. HSPBI exhibited
upregulation in endothelial cells in PD and MS, as well
as in astrocytes, pericytes, OPCs, and excitatory cells
in AD. Initially, we attributed it to a non-specific cel-
lular response. However, we have observed that the
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Table 2 The names, Moa, and targets of the 30 drugs
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Drug name Moa Target name

Adenosine Adenosine receptor agonist ADORAT|ADORA2A|ADORA2B|ADORA3|PI4K2A|PI4K2B|T
RPM4

Anagrelide Phosphodiesterase inhibitor PDE3A

Arctigenin MEK inhibitor ADIPORT|AHR|CHUK|MAP2K1

Azacitidine DNA inhibitor DNMT1|DNMT3A

Azacitidine DNA methyltransferase inhibitor DNMT1|DNMT3A

Beclomethasone-dipropionate

Benzonatate Anesthetic—Ilocal
Cholic-acid Bile acid
Clofarabine Ribonucleoside reductase inhibitor

Immunosuppressant|Glucocorticoid receptor agonist

NR3C1|CYP3A5|ADGRG3
SCN5A

CES1|FECH|PLA2G1B|ADH1C|COX1|COX2|COX3|COX4I1|COX5
A|COX5B|COX6A2|COX6B1|COX6C|COX7AT|COX7BICOX7C|C
OXBA|ESRRG|FABPE|GPBART

RRM1|POLAT|RRM2|SLC22A8|POLD1|POLE|RRM2B

Cycloheximide Protein synthesis inhibitor GSK3B|RPL3

Epothilone Tubulin inhibitor TUBB

Etoposide Topoisomerase inhibitor TOP2A|TOP2B|CYP2ET|CYP3A5

Gliquidone Sulfonylurea ABCC8|KCNJ1T|KCNJTO|KCNJ8

GSK-1070916 Aurora kinase inhibitor AURKB|AURKC|AURKA|CYP2D6|CYP3A4

GSK-429286A Rho associated kinase inhibitor ROCK1

Imatinib PDGFR inhibitor|Bcr-Abl inhibitor|KIT inhibitor ABL1|KIT|PDGFRA|BCR|CSF1R|PDGFRB|ABCG2|CYP2C19|CYP2
C8|CYP3A5|DDRTINTRKT|RET

Isoflupredone-acetate Glucocorticoid receptor agonist NR3C1

KINOO1-244 PDK1 Inhibitor PDPK1

KN-62 Calcium channel blocker|Purinergic receptor antagonist  P2RX7|CAMK2A|AKT 1|CHEKT|LCKIMAPKT|MAPKT 1|MAPK12|M
APK14|MAPK8|PRKCA|ROCK1|RPS6KB1|SGK1

Lupanine Sodium channel inhibitor INS

Mitoxantrone Topoisomerase inhibitor TOP2A|PIM1

Nateglinide Insulin secretagogue

Nifedipine Calcium channel blocker
Nimodipine Calcium channel blocker
Oxybenzone Lipase inhibitor

Phenacetin Cyclooxygenase inhibitor

PLX-4720 RAF inhibitor

SB-216763 GSK inhibitor

SB-756050 G protein-coupled receptor agonist
Tanaproget Progesterone receptor agonist

ABCCB|KCNJ11|CYP3A4|INS|KCNJ10|PPARG

CACNATC|CACNATDICACNATS|CACNATFICACNA2D1T|CYP3A
5|CACNATH|CACNB2|CALMT|GLRAT|GLRA3|GLRBIKCNAT|KC
NAS|NRTI2[TRPM3

CACNATC|NR3C2|CACNATDICACNATF|CACNATS|AHRICACN
B1|CACNB2|CACNB3|CACNB4|CFTR

LIPE

PTGST

BRAF|KDR
GSK3B|CCNA2|CDK2|GSK3A
GPBART1

PGR

upregulation of HSPBI is consistently present in the
constituent cells of the BBB, including endothelial cells,
pericytes, and astrocytes, across AD, PD, and MS. This
finding indicates that HSPB1 plays a role in the disrup-
tion of the BBB in three diseases. A previous study sug-
gested that the endothelium-targeted overexpression of
HSPB1 ameliorated BBB disruption after ischemic brain
injury [54, 55]. The immune response of HSPB1 was also
found to be present in the temporal cortex of patients
with epilepsy and was mainly confined to vascular walls
and glial cells [56]. As a selective physical barrier, the

BBB plays a protective role in maintaining the environ-
mental balance in the brain. One hypothesis we consider
is that conceptual BBB damage may play an important
role in the pathogenesis of AD, PD, and MS. BBB dys-
function contributes to the onset and progression of AD
[57, 58], PD [59], and MS [60] as an upstream or down-
stream events. However, clinical studies in this area have
shown that the BBB is less pronounced in patients with
AD, PD, and MS. The BBB damage is more associated
with cerebrovascular disease [61]. The recent interest in
AD immunotherapy has provided a reassessment of the
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BBB damage, as intact BBB is a potential barrier to effec-
tive treatment of anti-amyloid immunoglobulin [62]. At
the same time, dysfunctional BBB may be a risk factor
for immune-mediated toxicity, including autoimmune
encephalitis. Another reason for revisiting the role of
BBB is that the current understandings of the pathogen-
esis of AD, PD, and MS are incomplete. Our findings sug-
gest that HSPBI is initially induced in regions where BBB
is disrupted in response to cellular stress, particularly in
endothelial cells and pericytes associated with blood ves-
sels, as well as astrocytes. This endogenous response may
serve as a protective mechanism against vascular and
BBB injury. Further investigation is required to under-
stand the mechanism by which HSPB1 maintains BBB
structure and function.

PPI analysis of DEGs revealed that the upregulated
members of the HSP family may engage in interactions
with specific proteins within various cells implicated in
neurodegenerative diseases. In our study, the pericytes of
AD brains appeared to be a crucial focal point. HSP fam-
ily genes were upregulated in pericytes and interacted
with the upregulated ribosomal protein family in AD
brains. Different ribosomal proteins within the ribosome
bear distinct roles and functions, collaborating to ensure
accurate and efficient protein synthesis. Interestingly,
previous study has also reported the elevated expres-
sion of ribosomal proteins in the capillaries of AD brains,
which is remarkably like what we observed in pericytes
[63]. The researchers proposed that ribosomal function is
augmented in the cerebral blood vessels of AD patients,
leading to an aberrant protein translation network. The
clinically used anti-AD drugs donepezil and tacrine were
reported to inhibit ribosome biosynthesis [64]. These
viewpoints suggested the significant involvement of ribo-
some biosynthesis in the pathogenesis of AD and the
importance of it as a therapeutic target. Increased ribo-
some biosynthesis also occurred in the microglia of MS,
which indirectly interacted with HSPBI. This suggests
the potential involvement of microglial protein synthesis
in the pathogenesis of MS. In the endothelial cells of PD,
we observed a concurrent upregulation and interaction
between the HSP family and the inflammation-related
gene IRFI. IRF]I is involved in immune responses, cell
apoptosis, and tumorigenesis. Previous study has found
that IRF1 protein is upregulated in a-Syn overexpressed
SH-SY5Y cells and the substantia nigra of A53T a-Syn
transgenic mice. Furthermore, o-Syn overexpression
facilitates the translocation of IRF1 from the cytoplasm
to the nucleus, mediating neuroimmune responses [65].
Our research demonstrated the upregulation of IRFI
and HSP family genes in endothelial cells, revealing that
besides immune cells, protein processing and immune-
inflammatory responses in endothelial cells are also
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noteworthy. In this study, although we focused on the
HSP family genes and their interacting genes, their prom-
inent roles in distinct cell types appeared to vary across
different diseases. This observation suggested that differ-
ent cells may play diverse roles in the context of various
diseases.

The transcriptional regulatory analysis identified sev-
eral modules that are highly related to the pathogenesis of
AD, PD, and MS, mainly in microglial, oligodendrocytes,
and pericytes. We found that multiple top 20 specific
TFs in microglia, oligodendrocytes, and astrocytes were
shared across the AD, PD, and MS. Combined with the
hub genes identified above, we found that these shared
TFs can regulate multiple hub genes, including PSAP and
CNTN2 in AD, and CHI3LI in PD. The identification of
these shared TFs has opened new avenues for studying
their underlying pathological mechanisms.

We further identified that arctigenin could be a poten-
tial therapeutic drug for AD, PD, and MS. Arctigenin has
also been shown having neuroprotective effect in vivo
and in vitro of AD and PD models [24, 26]. Arctigenin
could obviously attenuate the decrease of cell survival
rates in SH-SY5Y cells with PD phenotypes by acting
against cell apoptosis through the decrease of Bax/Bcl-2
and caspase-3, and by reducing the surplus reactive oxy-
gen species production and downregulating the mito-
chondrial membrane potential [26]. These results shed
light on the potential therapeutic value of arctigenin as a
treatment option for AD, PD, and MS.

Conclusions

In summary, we performed a large-scale snRNA-seq inte-
gration of diverse neurodegenerative diseases (AD, PD,
and MS) from post-mortem patients. We showed that
the shared and distinct molecular networks of the three
diseases, which were significantly enriched for various
well-known neurodegeneration-related pathobiological
biological processes. HSPBI was identified as a key mol-
ecule in the pathogenic mechanisms of these three dis-
eases and is associated with the BBB. Arctigenin shows
promise as a potential therapeutic agent for AD, PD, and
MS. Further investigation into the pathogenic mecha-
nisms associated with HSPBI is required to gain a more
comprehensive understanding of the involvement of the
BBB in neurodegenerative diseases.
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