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Background: Vascular dementia (VaD) is a kind of cerebrovascular diseases characterized by decreased cognitive function. No
effective treatments have been approved for the treatment of VaD. Accumulative evidence reveals that pyroptosis plays a key
role in mediating VaD. Therefore, this study aimed to identify pyroptosis-linked hub genes by using bioinformatics analysis and
construct a regulatory network among transcription factors (TFs), microRNAs (miRNAs), and mRNAs for VaD.

Methods: Differentially expressed genes (DEGs) in the frontal cortex between VaD and control samples were identified. Several
analyses were performed, including functional enrichment, protein-protein interaction (PPI), miRNA-target gene interaction,
transcription factor-microRNA (TF-miRNA) interaction, and drug-hub gene interaction. The goal was to obtain pyroptosis-
related hub genes and create a TF-miRNA-mRNA regulatory network for VaD.

Results: We identified 27 DEGs related to pyroptosis, nine of which were considered as pyroptosis-related hub genes. These hub
genes were nucleotide-binding oligomerization domain-like receptor protein 3 (VLRP3), TLR2, CASP1, heat shock protein 90 kDa
alpha family class A member 1 (HSP90AAI), VEGFA, AIM2, LY96, CEBPB, and BTK. In our TF-miRNA-mRNA regulatory net-
work, two hub genes (vascular endothelial growth factor-A (VEGFA) and heat shock protein 90 kDa alpha family class A member
1 (HSP90AAI)), four miRNAs (miR-1304-3p, miR-1293, miR-191-5p, and miR-5193), and five TFs (Early Growth Response Pro-
tein 1 (EGRI), runt-related transcription factor-1 (RUNXI), SPI1, PHD finger protein 8 (PHFS8), and CCAAT/enhancer binding
protein beta (CEBPB)) were identified as potential biomarkers for VaD. The expression levels of these key target genes, miRNAs,
and TFs were verified using an oxygen-glucose deprivation (OGD)-induced SH-SY5Y cell model. The drug-target gene interac-
tion analysis revealed that three drugs (tanespimycin, bevacizumab, and aflibercept) targeting HSP90A4A1 and VEGFA could be
potential drugs for VaD treatment.

Conclusions: This study built a pyroptosis-related regulatory network among TFs, miRNAs, and target genes for VaD. The re-
sults of this study might assist with clarifying the new molecular mechanisms of VaD. Additionally, HSP90AA1 and VEGFA were
identified as potential biomarkers or therapeutic targets for VaD treatment.
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Introduction is currently needed to develop more effective therapeutic

strategies targeting VaD.

Vascular dementia (VaD) is a kind of cerebrovascular
diseases characterized by impaired cognition, accounting
for 20%-30% of dementia cases after Alzheimer’s disease
(AD) [1]. Although numerous drugs such as cholinesterase
inhibitors and memantine have been proposed as potentially
efficient in treating VaD, clinical trials indicate that these
therapeutic agents have failed to show efficacy in prevent-
ing VaD [2]. Unfortunately, with the aging of the world
population, the number of individuals affected by aging-
related dementia is predicted to triple by 2050, and demen-
tia has emerged as a major public health challenge in this
century [3]. Therefore, identifying novel mediators of VaD

Pyroptosis, a common form of programmed cell death
linked to inflammation, is triggered by the activation of the
nucleotide-binding oligomerization domain-like receptor
protein 3 (NLRP3) inflammasome. Once activated, NLRP3
activates caspase-1, which in turn induces the cleaving of
the pro-interleukin-1beta (pro-IL-1/5) and pro-interleukin-
18 (pro-IL-18) into IL-1/3 and IL-18, respectively, and their
release. These inflammatory factors can induce cell dam-
age and eventually trigger pyroptosis [4]. Recent evidence
suggests that pyroptosis may play a key role in mediat-
ing VaD [5-7] and contribute to blood-brain barrier break-
down in diabetes-induced cognitive decline [6]. Inhibition
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of NLRP3 inflammasome with MCC950 has been shown
to improve diabetes-mediated cognitive impairment [7].
However, the possible role of pyroptosis in mediating VaD
remains unknown.

Dysregulation of various microRNAs (miRNAs) has
been implicated in vascular dementia. In humans and rats
with VaD, miRNA-154-5p up-regulation was found to be as-
sociated with impaired endothelial progenitor cell functions
and angiogenesis in VaD rats [8]. In VaD mice, miR-132-
3p down-regulation was reported, and the infusion of mes-
enchymal stromal cells-derived exosomal miR-132-3p im-
proved synaptic injury and cognitive decline in VaD mice
[9]. Dysregulated miRNAs were believed to impair the
blood-brain barrier and promote neuronal apoptosis and in-
flammation, all of which contributed to the development of
VaD [10]. However, the functional implications of various
miRNAs in regulating pyroptosis in VaD are not fully elu-
cidated.

In this study, the microarray profiles of VaD brain
samples from the Gene Expression Omnibus (GEO) were
analyzed to identify the pyroptosis-related differentially
expressed genes (Pyro-DEGs) between VaD and control.
Functional enrichment analyses of the Pyro-DEGs were
carried out to examine potential signaling pathways asso-
ciated with VaD. Protein-protein interaction (PPI) network
was built to screen hub Pyro-DEGs. Furthermore, miRNA-
hub Pyro-DEG and transcription factor-microRNA (TF-
miRNA) interaction analyses were performed to identify
the potential transcriptional regulatory factors, and drug-
hub Pyro-DEG interaction analysis was used to screen can-
didate drugs for VaD. The findings of the study might assist
with clarifying the new molecular mechanism and therapeu-
tic targets of VaD.

Materials and Methods

The workflow diagram of the present study is pre-
sented in Fig. 1.

Identification of Differentially Expressed Genes
(DEGs) from Microarray Datasets Associated with
VaD

The Gene Expression Omnibus (GEO) (https:/www.
ncbi.nlm.nih.gov/geo) datasets were searched to obtain two
VaD-associated gene expression datasets, GSE122063 (for
mRNA analysis) and GSE120584 (for miRNA analysis).
The inclusion criteria used to filter VaD-associated datasets
included the following: (i) the datasets focused on “Expres-
sion profiling by array”, (ii) the organism was “homo sapi-
ens”, (iii) transcript expression profiles were derived from
the samples from both VaD and normal control patients, and
(iv) the raw data of the series matrix file(s) can be down-
loaded for reanalysis. GSE122063 comes from GPL16699
platform. The samples in GSE122063 were derived from
human brain frontal cortex tissues of VaD (n = 18) and nor-
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Fig. 1. Workflow diagram of the present study. DEGs, differ-
entially expressed genes; miRNAs, microRNAs; DEMs, differen-
tially expressed miRNAs; KEGG, Kyoto Encyclopedia of Genes
and Genomes; VaD, vascular dementia; GO, gene ontology; ROC,

receiver operating characteristic.

mal control (n = 22) patients. GSE120584 comes from
GPL21263 platform. The blood samples in GSE120584
were obtained from the healthy control (n = 288) and VaD
(n=91) groups.
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Differentially Expressed Gene Analysis

The online biological tool Gene Expression Omnibus
2R (GEO2R) (https://www.ncbi.nlm.nih.gov/geo/geo2r/)
was applied to screen differentially expressed genes
(DEGs) between VaD and control in GSE122063. The
p-value was modified using the Benjamini and Hochberg
method to avoid false positive results. The cut-off criteria
of adjusted p-value less than 0.05 plus absolute log2 fold
change (FC) > 0.585 were set to screen DEGs. The bioin-
formatics analysis software TBtool (version 1.113, South
China Agricultural University, Guangzhou, China) was ap-
plied to visualize the volcano plots and heatmaps of DEGs

[11].

Identification of Pyroptosis-Related DEGs

The pyroptosis-related genes that were obtained from
the online GeneCards dataset (https://www.genecards.org)
are presented in Supplementary Table 1. Subsequently,
to obtain pyroptosis-related differentially expressed genes
(Pyro-DEGs), the pyroptosis-related genes were intersected
with the total DEGs in GSE122063. TBtool was used to
create the Venn diagrams and heatmaps of Pyro-DEGs.

Functional Enrichment Analysis of Pyro-DEGs

Functional enrichment analyses were conducted to in-
vestigate the functional role and signaling mechanisms of
Pyro-DEGs. The online bioinformatics tool Metascape (ht
tps://metascape.org/gp/index.html#/main/stepl) was used
to perform gene ontology (GO) enrichment and Kyoto En-
cyclopedia of Genes and Genomes (KEGQG) pathway en-
richment analysis. The cut-off criteria of an adjusted p-
value less than 0.05 were statistically significant. Bubble
plots of GO and KEGG pathway enrichment analyses of
Pyro-DEGs were obtained using the bioinformatics analy-
sis platform SangerBox (http://www.sangerbox.com/) [12].

Creation of Protein-Protein Interaction (PPI)
Network and Screening of Hub Genes

To investigate the protein-protein interaction
(PPI) among these Pyro-DEGs, the STRING database
(http://string-db.org/) was applied to create a PPI network
with a cut-off interaction score > 0.4. The interaction result
was introduced into Cytoscape software (version v3.8.2,
University of California San Diego School of Medicine,
San Diego, CA, USA) to identify the top 10 hub genes
ranked by high connectivity in this interaction network
using the Maximal Clique Centrality (MCC) algorithm.
Genes predicted by more than three types of algorithms
including MCC, Maximum Neighborhood Component
(MNC), and Degree at the same time were considered hub
genes for VaD.
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Identification of Differentially Expressed miRNAs
(DEMSs) Targeting Hub Pyro-DEGs and
miRNA-Target Gene Regulatory Network
Construction

GEO2R was used to identify the DEMs between VaD
and control in GSE120584. An adjusted p-value less than
0.05 and absolute log2(FC) > 0.5 were set as the cut-off
criteria to screen DEMs.

In addition, potential miRNAs that target hub
Pyro-DEGS were predicted using miRNet v2.0
(https://www.mirnet.ca/miRNet/home.xhtml), which
is a web-based platform that integates four well-known
bioinformatics algorithms including miRTarBase v8.0, mi-
Randa, miRecords, and TarBase v8.0. The predicted
miRNAs were intersected with the total DEMs in
GSE120584 to obtain overlapping DEMs. The overlapping
DEMs were filtered based on the following inclusion
criteria: the up-regulated DEMs in GSE120584 target the
down-regulated Pyro-DEGs in GSE122063, whilst the
down-regulated DEMs target the up-regulated Pyro-DEGs.
Subsequently, the miRNA-target gene regulatory networks
between the overlapping DEMs and their target Pyro-DEGs
were constructed and visualized by Cytoscape software
(version v3.8.2, University of California San Diego School
of Medicine, San Diego, CA, USA).

Identification of Differentially Expressed
Transcription Factors (DE-TFs) Targeting DEMSs
and TF-miRNA Regulatory Network Construction

To investigate the interactions between transcription
factors (TFs) and miRNAs, the upstream TFs that target
the overlapping DEMs were predicted using the TransmiR
v2.0 dataset (http://www.cuilab.cn/transmir) [13]. The pre-
dicted upstream TFs were intersected with the total DEGs in
GSE122063 to obtain the overlapping DE-TFs. The regu-
latory networks between the overlapping DE-TFs and their
corresponding target miRNAs were created and visualized
using Cytoscape software (version v3.8.2, University of
California San Diego School of Medicine, San Diego, CA,
USA).

Construction of TF-miRNA-Target Gene Regulatory
Network

A TF-miRNA-target gene regulatory network was
constructed in VaD by combining the miRNA-target
gene and TF-miRNA networks and displayed using Cy-
toscape software (version v3.8.2, University of Califor-
nia San Diego School of Medicine, San Diego, CA, USA).
The integrated TF-miRNA-target gene regulatory network
was filtered based on the inclusion criteria, which in-
volved discarding the miRNA-target gene pairs that had
no predicted regulatory TFs. The topological properties of
the regulatory network were analyzed using the Network-
Analyzer plug-in in Cytoscape software (version v3.8.2,
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University of California San Diego School of Medicine,
San Diego, CA, USA) to identify the key nodes in the net-
work.

Receiver Operating Characteristic (ROC) Curve
Analysis

Key TFs and key target genes from GSE122063,
and key miRNAs from GSE120584 presented in the TF-
miRNA-target gene regulatory network were considered to
be potential biomarkers for VaD. The Pyro-DEGs’ expres-
sion data in GSE122063 were applied to compare the VaD
and control groups using MedCalc Statistical Software ver-
sion 20 (MedCalc Software Ltd., Ostend, Belgium). An
independent sample #-test was conducted for comparison
between groups, and p less than 0.05 was considered to
be statistically significant. The diagnostic value of these
key genes for VaD was evaluated by using ROC analysis.
Key target genes and key TFs with the area under the curve
(AUC) larger than 0.7 and p less than 0.05 were consid-
ered potential biomarkers. Key miRNAs with AUC larger
than 0.5 and p less than 0.05 were identified as potential
biomarkers.

Validation of Key Target Genes, miRNAs, and TFs
Using Oxygen-Glucose Deprivation (OGD)-Induced
SH-SY5Y Cells

To verify the key target genes, miRNAs, and TFs in
the regulatory network, an in vitro model of cerebral is-
chemia in human SH-SY5Y neuroblastoma cells were used
to examine the detrimental effects of oxygen-glucose de-
privation on the gene expression of key nodes. SH-SY5Y
cells were purchased from the American Type Culture
Collection (cat. no. CRL-22660, Manassas, VA, USA)
and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM)/F-12 complete medium at 37 °C with 5% carbon
dioxide (CO2). Short tandem repeat (STR) characterization
was performed at Shanghai Biowing Applied Biotechnol-
ogy Limited Corporation (Shanghai, China) for cell authen-
tication. Before starting our in vitro validation experiments,
SH-SYS5Y cells were regularly assessed for mycoplasma
contamination, and the test results were negative.

SH-SYSY cells were seeded into a 6-well plate at
the density of 5.0 x 10° cells/well and cultured for 24
h. To induce OGD injury [14], the culture medium was
replaced with oxygen-glucose-free DMEM, and the SH-
SYSY cells were transferred into an incubator chamber af-
ter the oxygen-glucose-free DMEM was produced by bub-
bling glucose-free DMEM with a gas mixture containing
CO4 and N3 (5% and 95%, respectively) for 5 min. The
chamber was then sealed and flushed with a gas mixture
containing 5% COs and 95% N» for 5 min at a flow rate of
25 L/min. Finally, the two ports were sealed, and the cham-
ber was placed in an incubator at 37 °C for 24 h to induce
lethal OGD. The control cells were cultured in a normoxic
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condition (95% air and 5% COy) with regular DMEM. Im-
mediately after applying OGD, cells were harvested for fur-
ther analysis.

The mRNA or miRNA expression of key nodes in
OGD-induced SH-SYS5Y cells were determined using real-
time quantitative polymerase chain reaction (RT-qPCR).
Total RNA was obtained from cultured SH-SYS5Y cells us-
ing TRIzol Reagent (cat. no. 15596026, Invitrogen, Carls-
bad, CA, USA) following the manufacturer’s protocol. 2 pug
of RNA was reverse transcribed using SuperScript™ III re-
verse transcriptase (cat. no. 18010400, ThermoFisher Sci-
entific Inc., Waltham, MA, USA) to synthesize cDNA. The
synthesized cDNA was amplified using the SYBR Green
Master Mix. The PCR amplification protocol were per-
formed as follows: step 1: initial denaturation at 94 °C for
2 min; step 2: 35 cycles of denaturation at 94 °C for 10 s,
annealing at 55-65 °C for 30 s, and extension at 72 °C for
30 s. The primers used in the present study are presented
in Supplementary Table 2. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an intenal reference.
Results were normalized to GAPDH expression using the
2~AAC method. The individual data for RT-gPCR analysis
were compared with that of the control group and presented
as multiples of the control mean.

For RT-qPCR of miRNAs, total RNA was converted
into cDNA using a TagMan miRNA reverse transcription
kit (cat. no. 4366596, Applied Biosystems, Foster City,
CA, USA) with specific stem-loop primers. After syn-
thesizing single-stranded cDNA, RT-qPCR amplifications
were carried out using an iCycleriQ Real-Time Detection
System (version 3.1, Bio-Rad Laboratories, Hercules, CA,
USA). The primer used for miR-1304-3p, miR-1293, miR-
191-5p, miR-23a-3p, miR-5193, and U6 are presented in
Supplementary Table 2.

Drug-Gene Interaction Analysis

To verify the drug-gene interaction, the Drug-Gene
Interaction Database (DGIdb, https://dgidb.genome.wustl.e
du/) were explored search for existing drugs that could in-
teract with the hub Pyro-DEGs. Potential drugs that exhib-
ited well-known interaction types with the hub Pyro-DEGs
were considered for use in the treatment of VaD. The inter-
actions between the potential drugs and their corresponding
target genes were visualized using Cytoscape software ver-
sion v3.8.2.

Statistical Analysis

The data were subjected to statistical analysis using
the SPSS 13.0 statistical package (SPSS Inc., Chicago, IL,
USA). An unpaired two-side ¢-test was conducted for com-
parisons between groups. A p-value of less than 0.05 was
considered to be statistically significant.
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Fig. 2. Identification of differentially expressed genes (DEGs) in VaD. (A) Volcano plot of total DEGs in GSE122063 associated with
VaD. (B) Heatmap of the top 30 DEGs in GSE122063. FC, fold change.

Results

Expression Signature of PyroDEGs in GSE122063

First, the online GEO2R tool was applied to screen
the differentially expressed genes (DEGs) in brain samples
between the VaD patients and corresponding non-dementia
controls. Based on the inclusion criteria (adjusted p less
than 0.05 and absolute log2(FC) > 0.585), there were a
total of 2973 DEGs (1382 up-regulated and 1591 down-
regulated) identified and visualized in the volcano plots
(Fig. 2A) and heatmap (Fig. 2B) using TBtools. Subse-
quently, 372 pyroptosis-related genes downloaded from the
GeneCards database were intersected with the total DEGs
in GSE122063 to obtain a total of 27 pyroptosis-related dif-
ferentially expressed genes (Pyro-DEGs) (17 up-regulated
and 5 down-regulated) (Table 1, Fig. 3).

Functional Enrichment of the Pyro-DEGs in
GSE122063

GO enrichment and KEGG pathway analysis were
used to deduce the function of the 27 Pyro-DEGs. The re-
sults are shown in Fig. 4. For the biological process (BP)
category of GO enrichment, the Pyro-DEGs were mainly
focused on the inflammatory response, positive regulation
of cytokine production, regulation of defense response, etc.
(Fig. 4A). The Pyro-DEGs were also focused on the cellu-
lar component (CC) category such as membrane raft, mem-
brane microdomain, and vesicle lumen (Fig. 4B). Molecular
function (MF) category was focused on the protein domain
specific binding, signaling receptor activator activity, and
signaling receptor regulator activity (Fig. 4C). KEGG path-
way enrichment analysis showed that the Pyro-DEGs were
focused on salmonella infection, NOD-like receptor signal-
ing pathway, lipid and atherosclerosis, etc. (Fig. 4D).
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Table 1. 27 pyroptosis-related DEGs in dataset GSE122063.

Gene.symbol adj.p.Val Log2(FC) changes
IKZF1 0.0023 0.895032 up-regulated
BTK 0.00977 0.692539 up-regulated
CDI14 0.0112 0.987846 up-regulated
GSDMB 0.00177 0.748021 up-regulated
SIGLEC14 0.00196 1.876486 up-regulated
BST2? 0.00588 0.937123 up-regulated
SETD7 0.0000957 —1.14025  down-regulated
TLR2 0.00565 1.29503 up-regulated
VEGFA 0.0268 0.81473 up-regulated
PKN2 0.00802 0.716306 up-regulated
ADORA3 0.0077 1.224925 up-regulated
BNIP3L 0.000774 0.870023 up-regulated
SDHB 0.000133 —0.61082  down-regulated
LY96 0.0168 0.737435 up-regulated
DPPY 0.00000154  0.628471 up-regulated
NLRP3 0.00619 0.805065 up-regulated
TACI 0.00444 -1.39572  down-regulated
NEK7 0.0307 0.660205 up-regulated
GLMN 0.000404 —0.62616  down-regulated
CASP7 0.00545 0.615276 up-regulated
CASPI 0.0188 0.868561 up-regulated
HSP90A4A1 549 x10°% 0958937 up-regulated
AIM?2 0.0315 0.74194 up-regulated
CHI3L1 0.0417 1.10387 up-regulated
CHMP6 0.000324 —0.64061  down-regulated
CEBPB 0.000582 0.707662 up-regulated
USF2 0.00111 0.666251 up-regulated

Note: NLRP3, nucleotide-binding oligomerization
domain-like receptor protein 3; HSP90AAI, heat shock
protein 90 kDa alpha family class A member I;
VEGFA, vascular endothelial growth factor-A; CEBPB,
CCAAT/enhancer binding protein beta.

Pyroptosis-related genes
DEGs in GSE122063 from GeneCards

Fig. 3.
Venn diagram showing the intersection between total DEGs in

Identification of pyroptosis-related DEGs in VaD.

GSE122063 and pyroptosis-related genes from GeneCards.
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PPI Network Construction and Identification of Hub
Pyro-DEGs

To further characterize the protein-protein interaction
(PPI) of the 27 Pyro-DEGs, they were imported into the
String database to construct a PPI network with the cut-off
criterion of confidence score > 0.4. The obtained PPI net-
work had 20 nodes and 76 edges, with 20 of 27 Pyro-DEGs
identified as interacting with each other (Fig. 5). The PPI
network was generated and displayed using Cytoscape soft-
ware version v3.8.2. Seven genes (GSDMB, BST2, PKN2,
BNIP3L, SDHB, DPP9, and CHMP6) that did not interact
with any nodes in the PPI network were discarded in fur-
ther analysis. The top nine genes (NLRP3, TLR2, CASP1,
heat shock protein 90 kDa alpha family class A mem-
ber 1 (HSP90AAI), vascular endothelial growth factor-A
(VEGFA), AIM2, LY96, CCAAT/enhancer binding protein
beta (CEBPB), and BTK) in the PPI network were regarded
as hub Pyro-DEGs using Cytoscape software version v3.8.2
based on at least three types of algorithms (MCC, MNC,
Degree) (Table 2).

Table 2. Node score of the top-ranked pyroptosis-related hub
DEGs in the dataset GSE122063 based on the Maximal
Clique Centrality (MCC), Maximum Neighborhood
Component (MNC), and Degree algorithms of Cytoscape
software version v3.8.2.

MCC MNC Degree

Gene.symbol

NLRP3 51 9 20
TLR2 51 9 20
CASPI 48 8 16
HSP90A4A1 33 6 14
VEGFA 33 5 16
AIM?2 12 4 8
LY96 8 4 8
CEBPB 7 3 8
BTK 7 3 8

Construction of TF-miRNA-Target Gene Interaction
Network

First, nine hub Pyro-DEGs were introduced into the
online miRNet v2.0 dataset to predict the upstream miR-
NAs that target them. There were a total of 431 miRNAs
predicted to target these Pyro-DEGs. These miRNAs were
then intersected with the differentially expressed miRNAs
(DEMs) in the dataset GSE120584 to obtain 22 overlap-
ping DEMs (Fig. 6A, Table 3). Based on the inclusion cri-
teria of pairing inversed expression profiles of miRNAs and
mRNAs, 15 of the 22 overlapping DEMs were identified
to target five of the nine hub Pyro-DEGs. These 15 miR-
NAs were then used to build a miRNA-target gene network
(Fig. 6B, Table 3). In this regulatory network, four unre-
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Fig. 5. PPI network of 27 pyroptosis-related DEGs. PPI net-
work was visualized using Cytoscape software version v3.8.2.
Green nodes represent down-regulated genes and red nodes rep-

s

resent up-regulated genes. DEGs, differentially expressed genes

PPI, protein-protein interaction.

lated miRNA-target gene pairs (miR-4269-BTK, miR-92a-
3p-BTK, miR-92a-3p-CASP1, miR-1236-3p-CASPI) were
eliminated from further analysis.

Next, 12 overlapping DEMs that target hub Pyro-
DEGs (VEGFA, HSP90AAl, CEBPB) in the miRNA-target
gene network were introduced into the TransmiR v2.0
dataset to predict the upstream TFs that interact with these
DEMs. A total of 245 TFs were predicted and subsequently
intersected with the total DEGs in GSE122063 to obtain 31
overlapping DE-TFs (Fig. 6C, Supplementary Table 3).
These TF-miRNA pairs were then applied to create a TF-
miRNA network and visualized using Cytoscape software
version v3.8.2. The TF-miRNA network eventually con-
tained 31 DE-TFs, 10 DEMs, and 100 interactions between
the DE-TFs and their target DEMs (Fig. 6D).

Furthermore, the miRNA-target gene network and the
TF-miRNA network were merged using the network merge
operation of Cytoscape software version v3.8.2 to create a
regulatory network among TFs, miRNAs, and target genes
(Fig. 7). This regulatory network consists of 43 nodes, 116
edges, and two types of interactions: the TF-miRNA and
miRNA-target gene actions.
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Table 3. The 22 overlapping differentially expressed miRNAs (DEMs) in dataset GSE120584 and their target genes from

GSE122063.
Gene.symbol adj.p.Val Log2(FC) changes Predicted target
miR-92a-3p 0.00000503  —0.98377  down-regulated BTK (up), CASPI (up)
miR-6133 0.00000724  0.822513 up-regulated none
miR-4269 0.00003 —0.82052  down-regulated BTK (up)
miR-3646 0.00252 —0.77139  down-regulated VEGFA (up)
miR-24-3p 0.00000653 —0.749 down-regulated ~ HSP90AAI (up), VEGFA (up)
miR-1304-3p 0.00308 —0.72479  down-regulated HSPY90AAI (up)
miR-1293 0.000269 —0.70059  down-regulated = HSP90AAI (up), VEGFA (up)
miR-125a-3p 0.000219 0.663917 up-regulated none
miR-1236-3p  0.00000534  —0.64988  down-regulated CASPI (up)
miR-191-5p 0.0021 —0.57594  down-regulated VEGFA (up), CEBPB (up)
miR-23a-3p 0.000134 —0.57358  down-regulated HSP90AAI (up)
miR-30d-5p 0.000615 —0.56737  down-regulated HSP90AAI (up), VEGFA (up)
miR-3184-5p  0.0000322 0.562125 up-regulated none
miR-320a 0.00000396  0.553367 up-regulated none
miR-4732-5p 0.00458 —0.55016  down-regulated HSPY90AAI (up)
miR-4792 0.0000925 —0.54822  down-regulated VEGFA (up)
miR-5193 0.0000315  —0.53926  down-regulated VEGFA (up)
miR-522-5p 0.000623 0.537903 up-regulated none
miR-642b-5p 0.0267 —0.52075  down-regulated VEGFA (up)
miR-670-5p 0.000254 —-0.513 down-regulated VEGFA (up)
miR-6754-3p  0.0000017 0.512345 up-regulated none
miR-6859-5p 0.000252 0.50305 up-regulated none

Finally, the NetworkAnalyzer plug-in in Cytoscape
software version v3.8.2 was applied to analyze the topo-
logical properties of the TF-miRNA-target gene interaction
network. The top-ranked three key target genes, five miR-
NAs, and five TFs with high degrees are presented in Ta-
ble 4.

Receiver Operating Characteristic (ROC) Curve
Analysis

Based on the expression data in GSE122063 and
GSE120584, ROC analysis was carried out on the top-
ranked nodes in our TF-miRNA-target gene regulatory net-
work, which included two key target genes (VEGFA and
HSP90AAI), five key miRNAs (miR-1304-3p, miR-191-5p,
miR-23a-3p, miR-1293, miR-5193), and five key TFs (Early
Growth Response Protein 1 (EGRI), runt-related transcrip-
tion factor-1 (RUNXT), SPI1, PHD finger protein 8 (PHF'S),
CEBPB). AUC values were calculated for each key compo-
nent. The AUC of key target genes and key TFs were all
greater than 0.7, including VEGFA (p < 0.05), HSP90AA1
(» < 0.05), EGRI (p < 0.05), RUNXI (p < 0.05), SPII (p
< 0.05), PHF8 (p < 0.05), CEBPB (p < 0.05) (Fig. 8A—
G). The AUC of key miRNAs was calculated, including
miR-1304-3p (AUC = 0.700, p < 0.05), miR-1293 (AUC
=0.689, p < 0.05), miR-191-5p (AUC = 0.582, p < 0.05),
miR-23a-3p (AUC = 0.554, p > 0.05), miR-5193 (AUC =
0.689, p < 0.05) (Fig. 8H-L). Except for miR-23a-3p, other
key components were identified as potential biomarkers of

VaD. The p-value for miR-23a-3p failed to reach statisti-
cal significance, so miR-23a-3p could not be regarded as a
potential biomarker for VaD.

Verification of Key Nodes in SH-SY5Y Cell Injury
Induced by Oxygen-Glucose Deprivation (OGD)

To validate the key nodes in the regulatory network,
RT-qPCR was used to analyze the expression levels of the
key target genes, miRNAs, and TFs in OGD-triggered SH-
SYSY cell injury. OGD-induced SH-SYSY cell injury
is widely used as an in vitro model to study cerebral is-
chemic stroke [15]. The RT-qPCR analysis of the genes
in OGD-stimulated SH-SYS5Y cell injury revealed that the
mRNA expressions of two key target genes (VEGFA and
HSPY90AAT) and five key TFs (CEBPB, RUNX1, SPI1, and
PHF8) were significantly up-regulated, while the transcript
expressions of key TF EGR! and five key miRNAs (miR-
1304-3p, miR-191-5p, miR-23a-3p, miR-1293, miR-5193)
were markedly down-regulated in the OGD group than
those in the control group (Fig. 9A-L. p < 0.01 for VEGFA,
HSP90AAI, SPI1, EGRI, miR-1293, miR-191-5p, and miR-
5193; p < 0.05 for CEBPB, RUNXI, PHF8, miR-1304-3p,
and miR-23a-3p). The changing trend of most predicted
key nodes in our OGD-stimulated SH-SY5Y cell injury was
similar to that in the microarray analysis in GSE122063 and
GSE120584. The results revealed that the relationships be-
tween the hub target genes and the corresponding miRNAs
or between the target miRNAs and their corresponding TFs
in the TF-miRNA-target gene network were reliable.
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Drug-Gene Interaction Analysis

To explore the treatment for VaD, the DGIdb database
was used to predict potential drugs that target biomark-
ers. The analysis identified 210 drugs or compounds tar-
geting 4 marker genes (VEGFA, HSP90AAI, EGRI, and
RUNXI), as shown in Supplementary Table 4. Most drug-
gene interaction types were unknown, except for 16 known
types that were all inhibitory for VEGFA and HSP90AAI
(Fig. 10). Among the 16 drugs that exert inhibitory effects
on VEGFA and HSP90AAI, nine drugs belong to the anti-
neoplastic agents, and two drugs (ranibizumab and pegap-
tanib sodium) are used for the treatment of age-related mac-
ular degeneration.

Discussion

Dementia is a significant global challenge for health
and social care in the 21st century. Age is one of the most
substantiated risk factors for ischemia brain injury, and as
a result, the number of individuals affected by VaD is pre-
dicted to increase over time [16,17]. However, it is chal-
lenging to understand the pathogenesis of VaD and iden-
tify novel therapeutic strategies to effectively alleviate VaD
symptoms.

The role of inflammation-associated pyroptosis in
VaD has not been extensively studied. In this study, key
genes related to pyroptosis and VaD were identified us-
ing bioinformatic analysis. A total of 27 pyroptosis-related
genes were found to be differentially expressed in the brain
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Table 4. Topological score of the top-ranked nodes in the transcription factor-microRNA (TF-miRNA)-target gene interaction

network.
Gene symbol Attribution  Average shortest path length Betweenness centrality Closeness centrality Degree
miR-1304-3p miRNA 1.880952 0.265651 0.531646 19
miR-191-5p miRNA 1.928571 0.175533 0.518519 18
miR-23a-3p miRNA 2.02381 0.2037 0.494118 16
miR-1293 miRNA 2.071429 0.127894 0.482759 15
miR-5193 miRNA 2.309524 0.089041 0.43299 10
Early Growth Response Protein 1 (EGRI) TF 1.809524 0.080633 0.552632 9
Runt-related transcription factor-1 (RUNXT) TF 1.857143 0.06213 0.538462 8
SPI1 TF 1.904762 0.064684 0.525 8
PHD finger protein 8 (PHF8) TF 2 0.037673 0.5 6
CEBPB TF/Target gene 2.095238 0.031742 0.477273 5
VEGFA Target gene 2.238095 0.04223 0.446809 7
HSP90A4AI Target gene 2.190476 0.020707 0.456522 5

samples from VaD patients, nine of which were identified
as pyroptosis-related hub genes. GO enrichment analyses
revealed that these pyroptosis-related DEGs were mainly
enriched in the inflammatory response, positive regula-
tion of response to external stimulus, positive regulation of
cytokine production, regulation of defense response, etc.

KEGG pathway enrichment analysis revealed that these
pyroptosis-related DEGs were enriched in salmonella infec-
tion, NOD-like receptor signaling pathway, and lipid and
atherosclerosis. It is worth noting that under endogenous
and/or exogenous stimuli, activation of the NOD-like re-
ceptor signaling pathway is essential for the initiation of
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pyroptosis [18]. The activated NOD-like receptor signaling
pathway initiates pyroptosis by promoting the secretion of
pro-inflammatory factors IL-13 and IL-18 and the activa-
tion of Gasdermin-D. Pyroptosis has been shown to aggra-
vate traumatic brain injury [19]. Conversely, suppression
of NLRP3 inflammasome reportedly improves diabetes-
mediated blood-brain barrier (BBB) damage and cognitive
impairment in rats [7]. Additionally, the NOD-like recep-
tor signaling pathway mediates cell death and neuronal loss
during the progression of vascular cognitive impairment
[20]. Thus, these identified pyroptosis-related hub genes
may play a key role in mediating VaD and serve as poten-
tial therapeutic targets for VaD.

In this study, the vascular endothelial growth factor-
A (VEGFA) and the heat shock protein 90 kDa alpha
family class A member 1 (HSP90AA1) were identified
as pyroptosis-related hub genes in our TF-miRNA-target

gene interaction network, and further as VaD-associated
biomarkers. These two genes have been identified in previ-
ous studies on inflammatory diseases [21,22]. Astrocyte-
derived VEGFA is believed to be a key driver of BBB
disruption in inflammatory central system disease [23].
Down-regulation of astrocyte-derived VEGFA contributes
to the improvement of experimental stroke by repairing
the BBB [24]. HSP90AAI belongs to one of the stress-
inducible mammalian cytosolic heat shock protein 90-alpha
(HSP90«) family. HSP90« acts as key chaperones to reg-
ulate the biological activity of various protein substrates,
among which there are some key signaling molecules (e.g.,
nuclear factor-kappa B) that are involved in inflammation
[25]. Besides their anti-tumor effects, HSP90 inhibitors
have been demonstrated to attenuate inflammation [26].
HSPY90AAI has been shown to have pro-inflammatory ef-
fects in lipopolysaccharide-stimulated human gingival fi-
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Fig. 9. Verification of the key nodes in the regulatory network using oxygen-glucose deprivation (OGD)-stimulated SH-SYSY cell
model. SH-SYS5Y cells were cultured in oxygen-glucose-free Dulbecco’s Modified Eagle’s Medium (DMEM) for 24 h to produce lethal
OGD. Immediately after applying OGD, cells were harvested for real-time quantitative polymerase chain reaction (RT-qPCR) analysis of
mRNA or miRNA expression of key nodes including key target genes HSP904A41 and VEGFA mRNA (A,B), key TFs (CEBPB, EGRI1,
RUNXI1, SPI1, and PHF8) (C-G), and key miRNAs (miR-1304-3p, miR-1293, miR-191-5p, miR-5193, and miR-23a-3p) (H-L). *p <

0.05, **p < 0.01 vs Control.

broblasts [22]. Suppression of HSP90AAI has been re-
ported to inhibit the apoptosis of human gingival fibroblasts
[22]. Therefore, modulation of VEGFA and HSP90AAI
may regulate inflammation and pyroptosis in VaD.

Ten down-regulated miRNAs were identified as key
genes, and four of these miRNAs were identified as VaD-
associated biomarkers, including miR-1304-3p, miR-1293,
miR-191-5p, and miR-5193. The miR-191-5p has been re-
ported to suppress NLRP3 inflammasome activation in reti-
nal pigment epithelium cell injury induced by amyloid-31-
40 [27] and attenuate sepsis-triggered acute kidney injury in
rats [28]. miR-191-5p down-regulation was found in mice
and patients with Alzheimer’s disease [29,30]. Conversely,

miR-191-5p overexpression attenuated microglial cell in-
jury and neuronal cell death in Alzheimer’s disease [30].
However, other miRNAs have been rarely studied, and the
results of this study are required to be validated in further
studies.

In this study, 31 differentially expressed TFs were
identified as miRNA-associated key genes, among which
five TFs were identified as VaD-related biomarkers. These
five TFs are EGRI, RUNXI, SPIl, PHFS8, and CEBPB.
Early Growth Response Protein 1 (EGRI), which is the
only down-regulated key TF identified as a VaD-related
biomarker, has been involved in cerebral inflammation and
ischemic stroke [31,32]. However, some results from dif-
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ferent groups were contradictory. Some studies revealed
that EGRI activation promoted inflammation and ischemic
brain damage [33—-35], while EGRI knockout inhibited
them. Conversely, Ducruet ef al. [36] found that EGRI
knockout exacerbated ischemic brain damage despite a re-
duction in inflammation. Zhu et al. [37] suggested that
stably expressed EGRI might contribute to keeping the
brain cholinergic signaling intact in early Alzheimer’s dis-
ease stages, whilst down-regulated EGRI might induce the
neurodegeneration of the cholinergic nucleus during late
stages. Therefore, EGR/ is believed to have a versatile role
in VaD. Runt-related transcription factor-1 (RUNXI) is a
key mediator of neuronal differentiation [38] that mediates

lipopolysaccharide-induced lung inflammation through in-
teraction with the nuclear factor-kappa B (NF-xB) pathway
[39]. Conversely, inhibition of RUNX] attenuates hepatic
inflammation and immune cell infiltration in the murine
models of non-alcoholic steatohepatitis [40]. RUNXI ex-
pression is induced in activated microglial cells and GFAP-
expressing neural stem cells from neurogenic regions in
mice with traumatic brain injury [41], suggesting the role
of RUNXI in mediating neuroinflammation. The spleen
focus forming virus (SFFV) proviral integration oncogene
spil (SPII), also known as PU.I, is up-regulated in rats
with spinal cord injury (SCI) and contributes to microglial-
mediated inflammation through interaction with the NF-<B
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p50 subunit [42]. Meanwhile, reduced PU.1 expression is
protective, while high SPI/ expression is linked to higher
risk for Alzheimer’s disease (AD) [43,44]. Proteomic anal-
ysis has revealed that PHD finger protein 8 (PHF8) plays a
key role in Toll-like receptor 4 (TLR4)-mediated acute in-
flammation in lipopolysaccharide-stimulated macrophages
[45]. Furthermore, PHFS8 knockout mice showed a deficit
in learning and memory, suggesting a potential role of
PHFS§ in mediating mental retardation [46]. As key regula-
tory TF, CCAAT/enhancer binding protein beta (CEBPB) is
up-regulated in AD [47] and has been shown to activate the
downstream §-secretase, promoting the production of neu-
rotoxic amyloid [ protein and tau protein [48]. Although
the prognostic value of these TFs in VaD has been seldom
reported in previous studies [49,50], the functional impli-
cation of these TFs should not be ignored. In the present
study, ROC analysis identified these TFs as key biomarkers
for VaD. These dysregulated TFs were found to be associ-
ated with miRNAs in VaD for the first time. Further studies
are required to validate the potential roles of these TFs in
regulating miRNAs related to VaD.

Currently, cholinesterase inhibitors and excitatory
amino acid receptor antagonists are the primary preven-
tive medications used for the treatment of VaD [51,52].
These drugs show anti-inflammatory effects and can im-
prove the symptoms of VaD [53,54]. In this study, four
biomarker genes (VEGFA, HSP90AA1, EGR1, and RUNXI)
were identified as important target genes for drug screen-
ing. This study identified 210 drugs targeting four marker
genes (VEGFA, HSP90AAI, EGRI, and RUNXI), 16 of
which were inhibitory for VEGFA and HSP90AAI. Among
the screened drugs, the HSP90 inhibitor Tanespimycin, also
known as 17-AAG, was demonstrated to attenuate amyloid-
[-induced synaptic toxicity and memory deficitina Tg2576
mouse model with Alzheimer’s disease [55]. Tanespimycin
has been found to ameliorate transient global cerebral
ischemia-induced memory deficit and hippocampal CAl
neuronal autophagic death [56]. Bevacizumab, an anti-
VEGF antibody, has been reported to improve cognition
and blood-brain barrier leakage in patients with radiation-
induced brain necrosis [57,58]. Aflibercept, a vascular en-
dothelial growth factor-A (VEGFA)-trap, has been found
to reduce stroke-induced vascular permeability and brain
swelling in obese mice [59]. Therefore, the efficacy of these
three drugs in VaD treatment should be evaluated in future
studies.

Conclusions

We identified 27 pyroptosis-related differentially ex-
pressed genes (Pyro-DEGs) in GSE122063, 24 overlapping
differentially expressed miRNAs (DEMs) in GSE120584,
and 31 overlapping DE-TFs in GSE122063. A VaD-related
TF-miRNA-target gene interaction network was created,
which contained 31 TFs, 10 miRNAs, and 3 target genes.
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Among these key components in the network, two key tar-
get genes (VEGFA and HSP90AAI), four miRNAs (miR-
1304-3p, miR-1293, miR-191-5p, and miR-5193), and five
TFs (EGR1, RUNX1, SPI1, PHF8, and CEBPB) were iden-
tified as VaD-related biomarkers. Drug-target gene inter-
action analysis identified three potential drugs targeting
HSP90AAI and VEGFA for the treatment of VaD. The iden-
tified pyroptosis-related hub genes, key DEMs, and DE-
TFs in our regulatory network were associated with VaD.
Therefore, our findings suggest that the TF-miRNA-target
gene interaction network may be involved in VaD, and
HSP90AAI and VEGFA can be the core genes associated
with VaD and represent potential therapeutic targets for
VaD treatment.
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