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Abstract

Background: Vascular dementia (VaD) is a prevalent
neurodegenerative disease characterized by cognitive im-
pairment due to cerebrovascular factors, affecting a signif-
icant portion of the aging population and highlighting the
critical need to understand specific targets and mechanisms
for effective prevention and treatment strategies. We aimed
to identify pathways and crucial genes involved in the pro-
gression of VaD through bioinformatics analysis and sub-
sequently validate these findings.

Methods: We conducted differential expression anal-
ysis, Weighted Gene Co-expression Network Analysis
(WGCNA), Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analysis, and Protein-Protein Interaction (PPI) analysis.
We utilized pheochromocytoma 12 (PC12) cells to cre-
ate an in vitro oxygen-glucose deprivation (OGD) model.
We investigated the impact of overexpression and inter-
ference of adrenoceptor alpha 1D (4DRAID) on OGD
PC12 cells using TdT-mediated dUTP nick-end labeling
(TUNEL), reverse transcription-quantitative polymerase
chain reaction (RT-qPCR), western blot (WB), and Fluo-
3-pentaacetoxymethyl ester (Fluo-3 AM) analysis.

Results: We found 187 differentially expressed genes
(DEGs) in the red module that were strongly associated
with VaD and were primarily enriched in vasoconstric-
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tion, G protein-coupled amine receptor activity, and neu-
roactive ligand-receptor interaction, mitogen-activated pro-
tein kinase (MAPK) signaling pathway, and cell adhesion.
Among these pathways, we identified ADRAID as a gene
shared by vasoconstriction, G protein-coupled amine re-
ceptor activity, and neuroactive ligand-receptor interaction.
The TUNEL assay revealed a significant decrease in PC12
cell apoptosis with ADRA 1D overexpression (p < 0.01) and
a significant increase in apoptosis upon silencing ADRA 1D
(p < 0.01). RT-qPCR and WB analysis revealed elevated
ADRAI1D expression (p < 0.001) and decreased phospho-
lipase C beta (PLCp) and inositol 1,4,5-trisphosphate re-
ceptor (IP3R) expression (p < 0.05) with ADRAID overex-
pression. Moreover, the Fluo-3 AM assessment indicated
significantly lower intracellular Ca?* levels with ADRA1D
overexpression (p < 0.001). Conversely, interference with
ADRA 1D yielded opposite results.

Conclusion: Our study provides a new perspective on
the pathogenic mechanisms of VaD and potential avenues
for therapeutic intervention. The results highlight the role
of ADRA1D in modulating cellular responses to OGD and
VaD, suggesting its potential as a target for VaD treatment.
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Introduction

Vascular dementia (VaD) is a clinical syndrome char-
acterized by brain tissue damage and cognitive impairment
that occurs after a series of cerebrovascular diseases such
as stroke [1]. Approximately 50 million individuals world-
wide are currently afflicted with dementia, and the num-
ber of VaD patients is projected to triple by 2050 [2]. The
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prevalence of VaD is increasing in the elderly population,
with at least 20% of dementia cases attributed to vascu-
lar dementia, ranking second only to Alzheimer’s disease
(AD) [3]. VaD leads to declines in cognitive function,
memory, and executive abilities, which not only severely
impacts the well-being of individuals but also jeopardizes
their health, making it a significant global public health
challenge [4]. Researches have indicated that cerebrovas-
cular disease is the core cause of VaD, and risk factors
such as smoking, drinking, hypertension, hyperlipidemia,
hyperglycemia, hyperhomocysteinemia, heart disease, and
diabetes are also closely associated with VaD occurrence
[5,6]. The pathogenesis of VaD is complex and has not
yet been fully elucidated. It may be related to oxidative
stress, cell apoptosis, inflammatory responses, blood-brain
barrier damage, chronic hypoperfusion, and hypoxia [7-9].
Currently, the treatment of VaD relies primarily on clini-
cal data, cognitive function tests, and pathological exam-
inations [10]. However, there is a lack of ideal drugs or
therapies that can effectively improve or reverse VaD pro-
gression. Hence, it is imperative to explore the molecular
functions of VaD and to identify promising indicators for
treatment.

Bioinformatics analysis of transcriptome data to iden-
tify biomarkers and elucidate the mechanisms underlying
various diseases, including dementia and VaD, has been ex-
tensively investigated [11,12]. Research has shown that in-
flammatory responses significantly impact the development
of VaD, and specific biomarkers associated with inflamma-
tion have emerged as potential indicators [13]. Interleukin-
1 beta (IL-1/3) accelerates the release of other inflammatory
cytokines, generates inflammatory metabolites, promotes
leukocyte migration, and further damages neurons, lead-
ing to the development of VaD [14]. Interleukin-6 (IL-6) is
also a potential inflammatory biomarker and may serve as
a novel marker for distinguishing AD and VaD [15]. Addi-
tionally, oxidative stress is considered a pathogenic mech-
anism involved in VaD [16]. Malondialdehyde (MDA), a
product of lipid reactions with oxygen-free radicals dur-
ing the oxidation process, has been identified as a reliable
biomarker of oxidative damage [17]. Studies have indi-
cated that dynamic monitoring of serum MDA levels can
provide essential data for assessing the severity and prog-
nosis of patients [ 18]. However, there is currently a lack of
reported biomarkers to diagnose VaD, highlighting the need
for large-scale research and clinical validation to identify
such biomarkers.

In this study, we examined the gene expression data
of frontal cortex samples in the VaD microarray dataset
to identify differentially expressed genes (DEGs) between
VaD and normal samples. Weighted Gene Co-expression

Network Analysis (WGCNA) was conducted to investigate
and describe various gene combinations and correlations
among samples and identify DEGs in the key module as-
sociated with VaD. Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway enrich-
ment analyses were carried out to determine the biologi-
cal processes of DEGs in the key module. Additionally,
Protein-Protein Interaction (PPI) analysis was conducted
to reveal potential interactions among proteins encoded by
DEGs and identify key genes. Finally, through interfer-
ence and overexpression experiments, the effects of candi-
date genes in an oxygen-glucose deprivation (OGD) model
cell model were assessed using TdT-mediated dUTP nick
end labeling (TUNEL), reverse transcription-quantitative
polymerase chain reaction (RT-qPCR), western blot (WB),
and Fluo-3-pentaacetoxymethyl ester (Fluo-3 AM) meth-
ods. Our extensive bioinformatics and molecular biology
analyses revealed the molecular characteristics of VaD, of-
fering novel insights into the underlying mechanisms and
potential therapeutic targets.

Materials and Methods
Data Collection

Gene expression information was downloaded from
NCBI's Gene Expression Omnibus (GEO) database (http
s://www.ncbi.nlm.nih.gov/geo/). The GSE122063 dataset
contains gene expression data of frontal cortex samples
from 8 VaD patients and 11 controls.

Analysis of Differential Gene Expression

DEG analysis on the GSE122063 dataset was con-
ducted to identify DEGs in VaD versus matched controls
using the R package of DEseq2 software (version 1.31.2,
European Molecular Biology Laboratory, Heidelberg, Ger-
many). The fold change (FC) based on Fragments Per
Kilobase of transcript per Million mapped reads (FPKM)
values was calculated to determine differential expression
levels. DEGs meeting the conditions of |logoFC| >1 and
adjusted p-value of <0.05 were regarded as statistically
significant. The expression of DEG was visualized using
a volcano plot and heatmap, then was standardized using
the “normalize between arrays” function of the R software
(version 4.2.1, Lucent Technologies Inc., Union, NJ, USA,
https://www.r-project.org/) and visualized with a box plot.
Using R software, we conducted principal component anal-
ysis (PCA) on the dataset and visualized the results.
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WGCNA

We used the “WGCNA” package in R software to
build a co-expression network and identify gene modules
highly correlated with VaD. In this study, 634 DEGs were
used for WGCNA analysis. A soft threshold value of 4 was
applied to construct an adjacency matrix from the DEGs,
which was then transformed into a topological overlap ma-
trix. Hierarchical clustering and dynamic tree cutting were
used to identify gene modules, merging similar modules
with a height merge threshold of 0.25. We calculated gene
significance (GS) and module significance (MS) to assess
the association and significance between genes in biologi-
cal modules and clinical information.

GO Function and Pathway Enrichment Analyses

To further explore the gene functions associated with
VaD, we performed Gene Ontology (GO) function (ht
tp://www.geneontology.org/) and KEGG pathway enrich-
ment (http://www.genome.jp/kegg/) on the gene modules
most correlated with VaD. We employed R 3.6.1 software
along with “biological conductor” and “goplot” software
packages, considering results significant at p < 0.05. GO
functional enrichment analysis included three major cat-
egories: molecular functions (MF), biological processes
(BP), and cellular components (CC).

PPI Network Analysis

To investigate the PPI relationships of genes within
the WGCNA modules, we used the STRING database (ht
tp://www.string-db.org) to establish the PPI network. In-
formation from the PPI network was loaded into the Cy-
toscape software to identify key gene nodes within the mod-
ules (version 3.6.1, The Cytoscape Consortium, New York,
NY, USA).

Construction of Adrenoceptor Alpha 1D (ADRAID)
Plasmids

Plasmids for ADRAID interference and overexpres-
sion were constructed by Chongqing Biomedicine Biotech-
nology Co., Ltd., (Chongqing, China). The ADRAID in-
terference target was ligated onto the linearized pLVX-
shRNA2-Luc-puro vector, while the ADRAID gene’s tar-
get sequence was connected to the pLVX-IRES-puro vec-
tor. The interference target sequence and overexpression
sequence for ADRA 1D are provided in Supplementary Ta-
bles 1,2.

Cell Culture and Grouping

Rat adrenal pheochromocytoma cells (PC12, SNL-
124) were obtained from Wuhan Shengen Biological
(Wuhan, China). They were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (L110KJ, Basal-
media Biotechnology, Shanghai, China) supplemented with
10% Fetal Bovine Serum (FBS) (AC03L055, LiJi Biotech,
Shanghai, China) and 1% penicillin-streptomycin (C0009,
Beyotime, Shanghai, China) in a CO incubator at 37 °C.
The logarithmic growth phase cells were taken at gener-
ation P3 to construct an in vitro oxygen-glucose depriva-
tion (OGD) model. When the cells reached 60%—70%
confluence under normal culture conditions, the medium
was replaced with Earle’s balanced salt solution, and the
cells were incubated in a hypoxic chamber (94% N3, 5%
CO2, 1% O3, 37 °C) for 2 hours. Subsequently, the
medium was replaced with fresh Dulbecco’s Modified Ea-
gle Medium (DMEM) (C11995500BT, Thermo Fisher Sci-
entific, Waltham, MA, USA) [19]. The cells were divided
into different groups: ADRAID overexpression empty
vector group (OE-ADRAID NC), ADRAID overexpres-
sion group (OE-ADRAID), ADRAID interference empty
vector group (sh-ADRAID NC), and ADRAID interfer-
ence group (sh-4DRA1D). Plasmids corresponding to each
group were transfected into PC12 cells using Lentifusion
Nanofusion version 2.0 (1019-014, Biomedicine Biotech-
nology, Chongqing, China). To prepare the transfection
mixture, plasmids for each group and Lentifusion Nanofu-
sion version 2.0 were dissolved in 490 uLL Optimized Min-
imal Essential Medium (OPTI-MEM) (31985070, Thermo
Fisher Scientific, Waltham, MA, USA). After incubating at
room temperature for 5 minutes, the mixture was added to
the culture dish, thoroughly mixed, and then placed in the
incubator for further cultivation. It was confirmed that all
cell lines were no contamination with mycoplasma.

TUNEL Detection of Cell Apoptosis

Cell slides fixed with 4% paraformaldehyde (DF0135,
Leagene Biotechnology Co., Ltd., Beijing, China) were
washed with Phosphate-Buffered Saline (PBS) (G0002,
Servicebio Biotechnology, Wuhan, China). A suitable
amount of 0.3% Triton X-100 permeabilization solution
(T795, Beyotime Biotechnology, Shanghai, China) was
added to the slides. Subsequently, TUNEL staining was
performed according to the instructions of the one-step
TUNEL apoptosis detection kit (FITC green fluorescence)
(G1501, Sevier Biotechnology Co., Ltd., Wuhan, China).
Detection solution (TdT enzyme: fluorescent labeling so-
lution = 1:9) was added by drops, and the samples were in-
cubated at 37 °C for 1 hour in the dark. After one cycle of
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PBS washing, 4’,6-diamidino-2-phenylindole (DAPI) was
added in drops to stain for 5 minutes, and slides were
dehydrated and mounted with neutral resin (10004160,
Sinopharm, Beijing, China). Image acquisition of the slices
was conducted using a Mshot inverted microscope (MF53,
Guangzhou Mingmei Photoelectric Technology Co., Ltd.,
Guangzhou, China). The nuclei of apoptotic cells emitted
green fluorescence, while the DAPI-stained nuclei emitted
blue fluorescence.

RT-gPCR

Total RNA extraction was performed using TRI-
zol reagent (15596026, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) [20], following the manufacturer’s
instructions. Reverse transcription was carried out ac-
cording to the Goldenstar™ RT6 cDNA Synthesis Kit
Ver.2 (TSK302M, Tsingke Biotechnology Co., Ltd., Bei-
jing, China) protocol. mRNA expression was assessed
using the 2x T5 Fast RT-qPCR Mix (SYBR Green I)
kit (TSE002, Tsingke Biotechnology Co., Ltd., Beijing,
China) with the following reaction conditions: 95 °C for
30 seconds, 95 °C for 5 seconds, 60 °C for 30 seconds,
for 40 cycles. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as the internal reference gene, and the
relative gene expression was calculated using the 2~ 2AC
method. Specific primers for RT-qPCR are provided in
Supplementary Table 3.

Western Blot

Total cellular protein was extracted using Radio-
Immunoprecipitation Assay (RIPA) lysis buffer (PO013B,
Beyotime, Shanghai, China) containing Phenylmethylsul-
fonyl fluoride (PMSF) and a cocktail of protease inhibitors.
Protein samples from each group were mixed with 5x
SDS Loading Buffer (8015011, DAKEWE Biotechnology,
Shenzhen, China) in a 4:1 ratio and denatured by heating
at 100 °C for 6 minutes in a metal bath. Subsequently,
20 pL of each protein sample underwent 10% Sodium Do-
decyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) electrophoresis (PG112, Epizyme Biology, Shang-
hai, China) for 90 minutes, followed by protein transfer to a
Polyvinylidene Difluoride (PVDF) membrane (10600023,
Amersham, Germany). After transfer, the membrane
was blocked with 5% skimmed milk at room tempera-
ture for 1 hour. Primary antibodies, namely phospholi-
pase C beta (PLC/) (A22526), inositol 1,4,5-trisphosphate
receptor (IP3R) (A4436), and GAPDH (AS014) obtained
from ABclonal Technology (Wuhan, China), and ADRA1D
(ab166925) acquired from Abcam Technology (Shanghai,

China), were diluted 1:1000 and incubated overnight at 4
°C. The membrane was then incubated with the secondary
antibody, HRP Goat Anti-Rabbit IgG antibody (ASO014,
ABclonal Technology, Shanghai, China), diluted 1:2000,
at room temperature for 1 hour. Enhanced Chemilumines-
cence (ECL) exposure solution (34580, Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA) was uniformly applied
to the membrane, and detection was carried out using a nu-
cleic acid and protein gel imaging system (Universal Hood
I, Bio-Rad, Hercules, CA, USA). Grayscale values of the
bands were determined using ImagelJ (version 1.48b, Na-
tional Institutes of Health, Bethesda, MD, USA).

Measurement of Intracellular Ca®>* Levels Using
Fluo-3-pentaacetoxymethyl Ester (Fluo-3 AM)

PC12 cells were collected, and Fluo-3 AM (S1056,
Beyotime Biotechnology, Shanghai, China) was added to
achieve a final concentration of 5 uM. The cells were then
incubated at 37 °C for 60 minutes. Afterward, the cells were
washed three times with cell staining buffer, followed by
the addition of 500 pL of staining buffer. The cells were
further incubated at 37 °C for 30 minutes to ensure com-
plete conversion of Fluo-3 AM to Fluo-3 within the cells.
Subsequently, flow cytometry (Beamcyte-1026M, Beam-
diag Biotechnology, Changzhou, China) was employed for
detection.

Statistical Analysis

Descriptive statistical values for experimental data
were presented as mean + standard deviation. Statistical
analyses, including one-way analysis of variance (ANOVA)
and Tukey’s post hoc test, were performed using GraphPad
Prism (version 8.0, GraphPad Company, San Diego, CA,
USA). A level of p < 0.05 was considered as statistically
significant difference.

Results

Differential Gene Expression Analysis and Distinct
Expression Patterns in VaD

In this study, the genetic expression dataset
GSE122063 was chosen, and 634 DEGs were detected,
comprising 276 upregulated genes and 358 downregulated
genes (Fig. 1A). The heatmap revealed the levels of
expression of the top 50 DEGs, which were accurately
distinguished between the control and VaD samples based
on distinct expression patterns, indicating the reliability
of the results for subsequent analysis (Fig. 1B). Before
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further analysis, the expression data of the DEGs from
GSE122063 were normalized and visualized using a box
plot (Fig. 1C). The signal box blot demonstrates a uniform
signal intensity distribution in all the samples. Principal
component analysis (PCA) was then used to condense the
dimensionality of the data and display different genetic
expression patterns between the control and VaD groups
(Fig. 1D).

Identification of Hub Modules with WGCNA

Based on the systems biology approach of WGCNA,
a gene co-expression network was constructed for the
GSE122063 dataset to screen potential genes associated
with VaD. The results of WGCNA indicate that when
selecting the appropriate soft threshold power, the gene
co-expression network exhibits scale-free characteristics,
meaning that the network structure demonstrates similar
topological features at different scales. The network topol-
ogy analysis was performed with a threshold of 4 (Fig. 2A).
Fig. 2B indicates that the mean connectivity varies signifi-
cantly across soft threshold powers. This variation reflects
gene co-expression network density changes and structural
characteristics under different soft threshold settings. Each
branch of the dendrogram corresponds to a different gene
module, and each leaf on the dendrogram represents a
gene in which similar genes are clustered into modules of
the same color. The dynamic tree-cut method was em-
ployed to identify gene modules, and highly similar mod-
ules were merged, resulting in 32 modules (Fig. 2C). A cor-
relation heatmap of the modules and clinical traits is plotted
(Fig. 3A). Eight modules showed significant associations
with VaD: black (0.002), blue (9 x 10™%), red (2 x 1079),
brown (0.02), cyan (7 x 10~%), dark turquoise (0.007), sky
blue (0.01), and dark green (0.04). Among these, the red
module exhibited the strongest correlation with the clinical
phenotype of VaD (r = 0.86). In addition, module member-
ship versus gene significance results are shown in Fig. 3B,
illustrating that the red module was closely related to the
VaD (cor=0.87,p < 1 x 1072%9). The red module was des-
ignated as the key gene module, containing 767 genes, and
a Venn diagram revealed 187 overlapping DEGs (Fig. 3C).

Functional and Pathway Enrichment Analysis of DEGs in
the Hub Module

We performed GO and KEGG enrichment analyses
to identify the functional and pathway enrichment of VaD-
related DEGs. The results of GO and KEGG analyses were
ranked in descending order of p-value, and the top 10 most
significant results were selected and plotted using the R

software. GO analysis results showed that BP was mainly
focused on the regulation of organelle assembly, vasocon-
striction mRNA cis splicing via spliceosome, and mito-
chondrial protein processing, such as Heat Shock Protein
Family A Member 1A (HSPAI1A), Small Mothers Against
Decapentaplegic 4 (SMAD4), and ADRAID; CC was
mainly focused on neuron projection cytoplasm, Transport
Protein Particle (TRAPP) complex, vesicle tethering com-
plex, axon cytoplasm, spliceosomal complex, and Gamma-
Aminobutyric Acid (GABA)-ergic synapse, such as Heat
Shock Protein Family B (Small) Member 1 (HSPBI) and
Trafficking Protein Particle Complex 2-Like (TRAPPC2L);
MF was mainly focused on Adenosine Triphosphate (ATP)
hydrolysis activity, peptidyl-proline dioxygenase activity,
protein folding chaperone, and G protein-coupled amine
receptor activity, such as HSPAIA, Prolyl 4-Hydroxylase
Subunit Alpha 1 (P4HAI), HSPB1 and ADRA1D (Fig. 4A).
The KEGG pathways involved were mainly arginine and
proline metabolism, neuroactive ligand-receptor interac-
tion, DNA replication, adherens junction, neurotrophin sig-
naling pathway, mitogen-activated protein kinase (MAPK)
signaling pathway, such as P4HA1, Prolyl 4-Hydroxylase
Subunit Alpha 2 (P4HA2), ADRA 1D, Replication Factor C
Subunit 3 (RFC3), and SMAD4 (Fig. 4B).

PPI Network Construction and Identification of Hub
Genes

The PPI between the hub genes were derived from the
STRING database (https://string-db.org/) and are shown
in Fig. 5. STRING is a database that collects informa-
tion on known and predicted protein functional associations
from multiple sources [21]. Among the 187 DEGs in the
red module, 18 genes were found to have protein—protein
interactions, including Fanconi Anemia Complementation
Group C (FANCC), HSPAIA, HSPBI1, Leucine Proline-
Enriched Proteoglycan (Leprecan) Like 1 (LEPRELI),
Mitogen-Activated Protein Kinase Kinase 3 (MAP2K3,
MAP3K3), P4HAI, P4HA2, Prohibitin 2 (PHB2), Pre-
MRNA Processing Factor 4B (PRPF4B), Replication Fac-
tor C Subunit 3 (RFC3), Squamous Cell Carcinoma Antigen
Recognized by T Cells 1 (SARTI), SMAD4, Spastic Para-
plegia 7 (SPG7), Serine/Threonine Kinase 11 Interacting
Protein (STK11IP), Trafficking Protein Particle Complex
12 (TRAPPC12), TRAPPC2L, and Trafficking Protein Par-
ticle Complex 9 (TRAPPCY9), which were considered can-
didate hub genes.
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Fig. 1. Analysis of differentially expressed genes (DEGs) in the dataset GSE122063. (A) Volcano plot of DEGs. Colors toward
blue indicate downregulated DEGs, colors toward red indicate upregulated DEGs, and gray represents non-significantly DEGs. (B)
Hierarchical clustering heatmap of the top 50 DEGs. Colors toward blue indicate downregulated DEGs, colors toward red indicate
upregulated DEGs. (C) Box plot of the DEGs expression data after normalization. (D) Principal component analysis (PCA) plot. The
blue points represent the control samples, and the red points represent Vascular dementia (VaD) samples. VaD, vascular dementia samples;

con, control samples.

Identification of ADRAID as a Potential Therapeutic
Target in Vascular Dementia

ADRA 1D was selected as a candidate gene from sig-
naling pathways associated with VaD, including vasocon-
striction, G protein-coupled amine receptor activity, and the
neuroactive ligand-receptor interaction. Simultaneously,
ADRA 1D showed significant differential expression in the
dataset. The impact of ADRA 1D was validated through both

overexpression and interference experiments. In TUNEL
experiments, the nuclei of apoptotic cells were stained in
brownish-yellow, while the nuclei of normal negative cells
were stained in blue. The results revealed a notable sup-
pression of PC12 cell apoptosis with the overexpression of
ADRAID (p < 0.01), contrasting with a significant increase
of apoptosis upon silencing ADRAID (p < 0.01) (Fig. 6A).
Additionally, RT-qPCR results demonstrated a substantial
elevation in ADRAID expression in PC12 cells following
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expressed genes clustered based on a dissimilarity measure.

ADRAI1D overexpression (p < 0.001), accompanied by a
marked reduction in PLCS expression (p < 0.001). Con-
versely, interference of ADRAID led to a significant de-
crease in ADRA 1D expression (p < 0.001) and a notewor-
thy increase in PLC[ expression (p < 0.001) (Fig. 6B).
Moreover, WB analysis illustrated a significant increase in
ADRAI1D expression with overexpression of ADRAID in

PC12 cells (p < 0.001), coupled with a significant decrease
in PLCS and IP3R expression (p < 0.05). Conversely, in-
terference of ADRA 1D resulted in a significant decrease in
ADRAI1D expression (p < 0.001) and a significant increase
in PLCS and IP3R expression (p < 0.05) (Fig. 6C). Fluo-
3AM was also employed to assess intracellular Ca?* con-
tent in PC12 cells. The x-axis represents the mean fluo-
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Fig. 3. Identification of modules associated with the clinical traits of VaD. (A) Heatmap of the correlation between module eigengenes

and clinical traits of VaD. (B) There is a significant correlation between the key module (red module) and VaD. (C) Venn diagram of red

module genes with DEGs.

rescence intensity, while the y-axis represents the number
of cells. Overexpression of ADRAID significantly dimin-
ished the Ca%* content (p < 0.001), whereas interference
of ADRAID led to a substantial increase in Ca* content (p
< 0.001) (Fig. 7).

Discussion

VaD, a clinical syndrome characterized by cognitive
impairment resulting from cerebrovascular diseases, is the
second most prevalent type of dementia after AD [22]. The
pathogenesis of VaD is intricate and involves various fac-
tors, such as cerebrovascular diseases, aging, and diabetes,
which collectively contribute to cerebral white matter dys-

90

function and significant regression of higher cortical func-
tions [23]. Understanding the molecular mechanisms un-
derlying VaD onset is crucial for developing effective pre-
vention and treatment strategies. Consequently, large-scale
gene expression profiling of VaD patients using gene chip
technology, combined with bioinformatics analysis, can fa-
cilitate the identification of hub genes and the selection of
viable therapeutic targets, thereby aiding in developing ef-
fective treatments for VaD [24]. In this study, we con-
ducted bioinformatics analyses on gene expression patterns
in frontal cortex samples from VaD patients, identifying
634 differentially expressed genes (DEGs) between VaD
and normal samples. Further WGCNA analysis revealed
187 DEGs strongly correlated with VaD in the red module.
GO and KEGG enrichment analyses highlighted pathways
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Fig. 5. Network plot of key genes in the red module; nodes indicate genes.

related to vasoconstriction, G protein-coupled amine recep-
tor activity, neuroactive ligand-receptor interaction, MAPK
signaling pathway, and adherens junctions.

Recent study has implicated prolonged glucose and
oxygen deprivation in neurovascular unit damage, leading
to VaD via vasoconstriction [25]. Chen et al. [26] identified
DEGs associated with Danshen treatment for VaD, enrich-
ing in GO terms such as G protein-coupled amine receptor
activity. Li et al.’s [27] research revealed that key targets of
acupuncture therapy (AT) treatment for VaD were enriched
in pathways like Neuroactive ligand-receptor interaction,
mirroring our findings. Increasing evidence has suggested
that the MAPK signaling pathway plays a critical role in the

progression of VaD, with improvement in both AD and VaD
linked to the inhibition or inactivation of the p38 MAPK
pathway [28]. Additionally, emerging studies have indi-
cated the potential involvement of adherent junctions in
VaD development. Patients with AD and VaD often exhibit
changes in brain microcirculation, including loss of tight
and adherent junctions and increased blood-brain barrier
permeability [29], which is believed to be a consequence of
altered adherent junctions [30]. We conducted a PPI analy-
sis to further understand the pathogenic mechanisms and
identify potential therapeutic targets in VaD. Among the
187 DEGs identified in the robust red module of WGCNA,
18 hub genes were found to have protein-protein inter-
actions, including FANCC, HSPAIA, HSPBI1, LEPRELI,
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Fig. 6. Impact of overexpression and interference of adrenoceptor alpha 1D (4DRAID) on apoptosis and Ca®>" homeostasis in
oxygen-glucose deprivation (OGD) model pheochromocytoma 12 (PC12) cells. (A) TdT-mediated dUTP nick end labeling (TUNEL)
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cells. (C) Western blot assessing the impact of overexpression and silencing of ADRA 1D on protein expression of ADRA1D, inositol
1,4,5-trisphosphate receptor (IP3R), and PLCS in PC12 cells. *p < 0.05, **p < 0.01, ***p < 0.001 compared to OE-4DRA 1D NC or
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MAP2K3, MAP3K3, P4HAIl, P4HA2, PHB2, Pre-MRNA
Processing Factor 4B (PRPF4B), RFC3, SARTI1, SMAD4,
SPG7,STKI11IP, TRAPPC12, TRAPPC2L, TRAPPC?9.

The core pathogenic factor of VaD is believed to be
cerebrovascular disease, leading to hypoxia, phosphoryla-
tion of tau protein, S-amyloid accumulation, blood-brain
barrier dysfunction, and neuronal degeneration [31,32].
Factors like oxidative stress, cell apoptosis, and inflam-
matory responses are also implicated in VaD pathogene-
sis [33]. Studies have also shown that specific biomark-
ers correlated with inflammation and oxidative stress have
emerged as potential indicators of VaD [13,18]. FANCC, a
fanconi anemia (FA) protein family member, is involved
in cellular stress responses, including DNA damage and
oxidative stress [34]. Heat shock proteins (HSPs) are a
group of proteins that accumulate in cells after heat shock
and possess heat resistance characteristics that are gener-
ated in large quantities during cellular damage or conditions
such as heat stress and oxidative stress [35]. Research sug-
gests that HSPA 1A regulates the INK/p38 pathway within
the MAPK signaling pathway and can inhibit apoptosis

induced by this pathway [36]. HSPBI, a potential anti-
inflammatory gene, represents a compensatory response to
pro-inflammatory reactions [37]. PRPF4B, a kinase be-
longing to the Cell Division Cycle-like Kinase (CLK) pro-
tein kinase family [38]. Studies have demonstrated that si-
lencing PRPF4B increases apoptosis in pancreatic cancer
cell lines [39]. RFC3 is a small subunit of the RFC com-
plex initially purified from HeLa cells and plays a critical
role in DNA replication, DNA damage repair, and check-
point control [40]. Downregulation of RFC3 expression has
been shown to induce cell cycle arrest in the S phase and
trigger apoptosis in OVCAR-3 cells [41]. VaD develop-
ment is related to cell apoptosis, which is in accordance with
our findings. PAHA1 and P4HA?2 are rate-limiting subunits
of prolyl 4-hydroxylase (P4H) [42]. Study has indicated
that the expression of PAHA 1 and P4HA?2 is associated with
chronic hypoxia and is linked to AD [43]. Chronic hypoxia
contributes to VaD, which is consistent with our results.
MAP2K3 is a member of the MAPK family [44]. Increas-
ing evidence has suggested that targeting MAP2K3 to block
the MAPK signaling pathway can prevent blood-brain bar-
rier damage and be beneficial for treating cerebral ischemia

94 Actas Esp Psiquiatr 2024;52(2):83-98. https://doi.org/10.62641/aep.v52i2.1601| ISSN:1578-2735
© 2024 Actas Espaiiolas de Psiquiatria.



Qiansong He,
Zhang, et al.

Anbang

Bioinformatic Identification of Signaling Pathways and Hub Genes in Vascular Dementia

[45]. MAP3K3 is a serine/threonine protein kinase belong-
ing to the MAP3K subfamily [46], and study has shown
its association with cerebrovascular diseases [47]. SMAD4
is a protein group that transmits extracellular signals di-
rectly to the cell nucleus [48]. Recent research has re-
ported that endothelial-specific knockout of SMAD4 leads
to blood-brain barrier disruption and severe bleeding [49].
Blood-brain barrier damage and cerebrovascular diseases
are important factors contributing to VaD, consistent with
our results. Therefore, the identified hub genes are impli-
cated in VaD development through their roles in cellular
stress responses, DNA repair, hypoxia-related pathways,
and blood-brain barrier integrity. Additionally, the involve-
ment of proteins like PHB2, STK11IP, and SPG7 in mito-
chondrial processes suggests a link between mitochondrial
dysfunction and neurodegenerative diseases like Parkin-
son’s disease and AD, which may also impact VaD devel-
opment [50-55]. However, further exploration is needed to
investigate the potential of these identified targets as thera-
peutic ones for VaD treatment.

We identified ADRA 1D as a DEG shared among vaso-
constriction, G protein-coupled amine receptor activity, and
the neuroactive ligand-receptor interaction. Previous stud-
ies have suggested that ADRA1D plays a role in control-
ling vascular constriction [56]. The alpha-D1 adrenergic
receptor encoded by ADRA 1D is downregulated in the hip-
pocampus of Alzheimer’s disease and Lewy body dementia
patients [57]. Li et al. [27] identified ADRAID as a key
target in acupuncture treatment for VaD through WGCNA.
Therefore, ADRA 1D may play a crucial role in the physio-
logical processes of VaD. However, the specific biological
mechanisms remain unclear. The OGD model is commonly
employed to simulate pathological changes at the cellular
level, mimicking the pathophysiological alterations associ-
ated with VaD and other brain ischemia-hypoxia-induced
damages [58]. It is well-known that abnormal intracellular
calcium homeostasis is a primary pathological mechanism
in brain ischemia-induced VaD [59], and the loss of calcium
ion balance plays a significant role in ischemia-induced
neuronal injury [60]. The phospholipase C (PLC)/inositol
triphosphate (IP3) pathway can mediate neuronal apopto-
sis in brain tissue and play a neuroprotective role. PLCj
can be activated by G protein-coupled receptors, hydrolyz-
ing phosphatidylinositol-4,5-bisphosphate (PIP2) into dia-
cylglycerol (DAG) and inositol trisphosphate (IP3) [61].
DAG and IP3 are important second messengers that can
activate protein kinase C, release calcium ions, and reg-
ulate cell apoptosis, as well as modulate the physiologi-
cal effects of neuronal growth, differentiation, and survival
[62]. By overexpressing and silencing ADRA1D in OGD-
induced PC12 cells, we investigated its impact on cell apop-

tosis and Ca?* balance. The results indicate that overex-
pression of ADRA1D significantly inhibits OGD-induced
PC12 cell apoptosis and decreases intracellular Ca%t levels
by suppressing the PLC/IP3 pathway. This suggests a po-
tential role for ADRA 1D in alleviating cell damage induced
by oxygen-glucose deprivation. Conversely, interference
with ADRA 1D yielded opposite results. However, the study
still has some limitations, such as lacking in vivo verifica-
tion of the gene ADRAID, as findings from in vitro studies
may not fully capture the complex interactions and effects
of the gene in a living organism. The study acknowledges
the need for further exploration to investigate the potential
of the identified targets, including ADRA 1D, as therapeutic
candidates for VaD treatment. This highlights the prelimi-
nary nature of the findings and the necessity for additional
research to confirm the therapeutic relevance of the identi-
fied genes.

Conclusion

In conclusion, DEGs associated with VaD are sig-
nificantly enriched in pathways such as vasoconstriction,
G protein-coupled amine receptor activity, neuroactive
ligand-receptor interaction, and MAPK signaling path-
way, which play crucial roles in the progression of VaD.
The gene ADRAID, shared among vasoconstriction, G
protein-coupled amine receptor activity, and neuroactive
ligand-receptor interaction, significantly inhibits apoptosis
in OGD-induced PC12 cells. This effect is achieved by sup-
pressing the PLC/IP3 pathway, reducing intracellular Ca®*
levels, and alleviating cellular damage induced by oxygen-
glucose deprivation. Our study provides potential therapeu-
tic targets for intervention in VaD. However, further in vivo
validation is necessary for future developments.
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