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Genome-wide DNA methylation profiling in
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Abstract. Vascular dementia (VaD), the second most preva-
lent type of dementia, is caused by reduced blood supply to the
brain that results in cognitive impairment. Despite the efforts
of numerous studies, the pathological mechanisms behind VaD
remain unclear. The aim of the present study was to identify
candidate genes that undergo changes in hippocampal DNA
methylation owing to VaD. A genome-wide DNA methyla-
tion analysis was performed, using methylated DNA-binding
domain sequencing. VaD model rats with cognitive impair-
ment induced by bilateral common carotid artery occlusion
were confirmed using the radial arm maze test. A total of
1,180 differentially methylated genes (DMGs) were identi-
fied, and functional annotation analysis revealed the DMGs
to be enriched in 10 Gene Ontology biological processes.
Network analysis using the STRING database indicated that
seven genes were closely connected. Rats in the VaD model
group demonstrated relative hypomethylation in the promoter
region and increased mRNA expression of the hippocampal
genes vascular endothelial growth factor (VEGFA) and kinase
insert domain receptor, but only differences in VEGFA mRNA
expression levels were determined to be statistically signifi-
cant. In conclusion, these preliminary data from the functional
annotation of hippocampal DMGs in the promoter region
highlighted candidate genes for VaD that may contribute to
the elucidation of its pathophysiology.

Introduction
Vascular dementia (VaD) is the second most prevalent form

of dementia, after Alzheimer's disease (AD), and accounts for
~20% of all dementia cases (1). According to world prevalence
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data, the number of individuals affected by dementia is
expected to increase to 70 million by 2030 (2). VaD is charac-
terized by hypoxia, oxidative stress, and inflammation, which
may lead to symptoms of mood disorders and difficulties with
problem solving, memory, thinking, reasoning, and executive
functions such as judgment (3-5). Moreover, the white matter,
basal ganglia, and hippocampus are vulnerable to damage,
and disruption of the blood-brain barrier subsequently leads
to memory impairment (6-8). Although numerous studies on
the pathophysiology of VaD have been conducted, the patho-
logical mechanisms behind this disorder have yet to be fully
understood (3,8-10). Studies into the genetic basis of dementia
have been conducted since 1993, when it was reported that
apolipoprotein E (APOE) 4 was a risk factor for AD (11).

Previous genetics studies on VaD have identified
several single-nucleotide polymorphisms (SNPs), such as
methylenetetrahydrofolate 677C/T (rs1801133), paraox-
onase 1 L55M (rs854560), transforming growth factor-f31
+29C/T (rs1800470), and tumor necrosis factor-a -850C/T
(rs1799724) (12). Although SNPs may be crucial to verifying
the pathogenesis of the disease, VaD is more affected by
lifestyle-associated risk factors, such as age, diabetes, hyper-
tension, and the metabolic syndrome, compared with AD (8).
Therefore, epigenetic-associated changes in the expression of
a gene (that is, without alterations in the DNA sequence) may
present a more suitable approach for studying VaD (13).

Epigenetic changes include DNA methylation, histone
modification, chromatin remodeling, and microRNA regula-
tion (14). DNA methylation, one of the most widely studied
epigenetic changes that regulate many cellular processes (15),
is mediated by DNA methyltransferases during early develop-
ment and throughout the lifespan of an organism (16). Methyl
group additions to the cytosine residue that precedes a guanine,
the so-called cytosine-guanine (CpG) dinucleotides, have
been reported to significantly modify gene expression (17,18).
Previous studies have concentrated mainly on how the posi-
tion of the methylation in the transcriptional unit affects its
association to gene expression. The majority of these studies
focused on CpG islands (CGIs), which are dense repetitions of
CpG nucleotides located mainly in the gene promoter region
and are known to repress long-term gene expression (13,19,20).
The methyl-CpG-binding domain proteins function by binding
to the promoter region of the transcription site and blocking
gene expression (21).
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To the best of the authors' knowledge, there are currently
no studies that used the epigenetic approach of VaD. The
present study may be meaningful as an initial study on the
genome-wide DNA methylation differences in VaD. The aim
of the present study was to investigate the differences in DNA
methylation in the hippocampus, which serves an important
role in VaD pathogenesis.

Materials and methods

Animal preparation. Male Wistar rats (n=4; weight, 80+10 g;
age 4 weeks; Orient Bio, Seongnam, Korea) were used in this
experiment. Animals were housed in a controlled environment
at 25+2°C, 50-55% humidity, and 12-h light/dark cycle, with
ad libitum access to food and water. The rats were randomly
divided into two groups: The sham-operated animals (Sham
group; n=2) and BCCAO-operated animals (VaD group; n=2).
The BCCAO or sham surgery was performed when the rats
were 12 weeks old, and the animals were sacrificed 6 weeks
post-surgery. The experimental procedures were performed in
accordance with the animal care guidelines of The National
Institutes of Health (Bethesda, MD, USA), and all animal
experiments were approved by The Committee for the Care
and Use of Laboratory Animals at Kyung Hee University
[Seoul, Korea; approval no. KHUASP(SE)-15-082].

BCCAO model establishment. The BCCAO model is an
animal model of permanent VaD; it is established through the
permanent ligation of the common carotid artery to induce
chronic cerebral hypoperfusion, which leads to damage to
the white matter, disruption of the blood-brain barrier, nerve
injury of the cerebral cortex and hippocampus, oxidative
stress, and inflammation (22). Rats were anesthetized with
50 mg/kg body weight Zoletil 50 (Virbac Laboratories, Carros,
France); body temperature was maintained at 36.5-37.5°C
using a heating pad. Following a midline incision to expose the
common carotid arteries, the vessel ligations were carefully
performed to avoid damage to the vagus nerve. Each carotid
artery was double ligated with 3-0 silk sutures (Ailee, Seoul,
Korea). Similar surgical procedures were performed on the
Sham-operated animals, except for the vessel ligation step.
To prevent postoperative pain and infection, the animals were
maintained in a warm and clean environment during a three
day recovery period.

Radial arm maze test. A behavioral study was conducted to
determine whether the VaD model had been induced by the
BCCADO surgery. The radial arm maze test was conceived
by Olton and Samuelson in 1976 to measure spatial working
memory in rats (23). The radial arm maze apparatus comprises
eight arms (length, 50 cm; width, 10 cm), spaced equidistantly.
The apparatus was placed 1 m above the floor, and a small
water bowl was located at the end of each arm. The rats were
deprived of water for 48 h and subsequently moved to the room
where the radial arm maze was located and allowed acclimate
for 1 h to prevent bias caused by anxiety. Rats were placed
into the apparatus and were allowed to move freely for 8 min
and to drink water. Three observers that were independent of
the present study were recruited to count the number of errors
in revisitation of the same arm each time and to calculate the
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data. If their spatial working memory were perfect, the rats
would explore a novel arm each time to find water.

DNA extraction and methylation profiling. To explore the
DMGs, genomic DNA was extracted from 10 mg hippocampal
tissue using the DNeasy Blood & Tissue kit (Qiagen, Inc.,
Valencia, CA, USA), according to the manufacturer's protocol.

In the present study, the MBD-seq method was used,
owing to its low cost, high specificity, and efficiency (24-26).
Genomic DNA (1.5 ug) was sent to the Theragen Etex
Bio Institute (Suwon, Korea) for the generation of
recombinant methyl-binding domain protein to enrich 5-meth-
ylcytosine-modified regions of the genome for subsequent
massively parallel sequencing analysis. Fragmentation of
the genomic DNA was achieved with a Covaris S220 ultra-
sonicator (duty cycle, 10%; intensity, 5; 200 cycles per burst
for 180 sec; Covaris, Woburn, MA, USA) to obtain sequences
with an average length of 200 bp. Methylated fragments were
captured using the MethylCap kit (Diagenode Inc., Denville,
NJ, USA), according to the manufacturer's protocol. The
captured DNA fragments were purified using QIAquick
PCR purification columns (Qiagen, Inc.), and the purified
DNA was used for library preparation. Quantification of the
captured DNA was performed with the Quant-iT PicoGreen
dsDNA Assay kit (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), and 20 ng of chromatin immunoprecipi-
tation (ChIP)-enriched, fragmented input DNA was used in
the TruSeq ChIP Library Preparation kit (Illumina, Inc., San
Diego, CA, USA), according to the manufacturer's protocol.
The library was examined with a bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA, USA) and quantified. The
denatured and amplified libraries were loaded onto Illumina
NextSeq 500 using the High Output v2 kit (1x72 cycles, 2
index reads; I1lumina, Inc.).

Bisulfite genomic sequencing. The aforementioned genomic
DNA (500 ng) from each hippocampal sample was treated
by bisulfite conversion with the EZ-96 DNA Methylation kit
(Zymo Research Corp., Irvine, CA, USA), according to the
manufacturer's protocol. To determine the methylation patterns
in the genes, the following primers were used: Vascular
endothelial growth factor A (VEGFA)-1, forward 5'-AGG
TGAGGTTTGAGTTTTTTATTTA-3', reverse 5'-CTAAAC
CATCAAACACCCAAAAA-3; VEGFA-2, forward 5-TTG
TAGGGTTTTATTTTGTTATTAGG-3, reverse 5-AAA
TACAAATATCCACTACACCCTC-3"; kinase insert domain
receptor (KDR)-1, forward 5'-GAAGTTTTTTTAAGTGGT
TTATTTTGTT-3', reverse 5'“"AAAAACTTTTCAAAATCC
AAATTCA-3'"; and KDR-2, 5-GGATTTTGAAAAGTTTTT
TGGGTT-3', reverse 5'-ATATAACTTTCTTTCCATTCC
TTCCA-3. Both genes were analyzed by using two primers
divided into 300-400 bp for accurate analysis. PCR amplifi-
cation of these regions was achieved by using a PCR KOD
FX kit (Toyobo Life Science, Osaka, Japan). Amplification
was carried out with the following thermocycling conditions:
95°C for 4 min; 35 cycles of 95°C for 30 sec, 55°C for 30 sec,
72°C for 30 sec and final extension at 72°C for 7 min. PCR
products were purified using a QIAquick PCR purification kit
(Qiagen, Inc.) and quantified using Quant-iT™ PicoGreen™
dsDNA Assay kit (Invitrogen; Thermo Fisher Scientific,
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Inc.), according to the manufacturer's protocol. PCR product
sizes were confirmed through agarose gel electrophoresis.
Polymerase chain reaction (PCR) products were subsequently
processed to produce a DNA sequencing library using the
TruSeq Nano DNA LT kit (Illumina Inc.), according to the
manufacturer's protocol. For each library, an amplified PCR
product size of approximately 450 bp was determined with
a bioanalyzer using the Agilent DNA 1000 ChIP kit, and
library quantification was performed on a CFX96 Real-Time
PCR Detection System (Bio-Rad Laboratories Inc., Hercules,
CA, USA). Serial sequencing of each library was conducted
using Illumina MiSeq, and the generation of clusters of DNA
libraries in flow cells and of 250 bp paired-end reads (2x250)
were performed using the MiSeq 500 Cycle v2 kit (Illumina,
Inc.). The raw image data were transformed into sequence data
by base calling and stored in the FASTQ format.

Reverse transcription-quantitative PCR (RT-gPCR). RT-qPCR
was performed using the T100 thermal cycler and CFX-96
real-time PCR detection systems (Bio-Rad Laboratories, Inc.).
RNA was extracted from hippocampal whole tissue (10 mg)
using the RNeasy mini kit (Qiagen, Inc.). cDNA synthesis
using the ReverTra Ace-a kit (Toyobo Life Sciences) according
to the manufacturer's protocol. PCR was performed with the
Thunderbird SYBR qPCR Mix (Toyobo Life Science); all cDNA
samples were diluted 1:10. The PCR mixture (20 ul) contained
c¢DNA (2 ng/ul), 1X SYBR Green qPCR mix, and 250 yM of
each primer set. The following primers were used: VEGFA
forward, 5'-CCTCCTCCTCCTGGGAAC-3' and reverse,
5'-AGGGTAAGCCACTCACACA-3"; KDR forward, 5-GCA
GCCAAGTCCGAATCC-3' and reverse, 5"TCCCGCATCTCT
TTCACTCA-3'; GAPDH forward, 5-CTCCCATTCTTCCAC
CTTTGAT-3' and reverse, 5'-CACCACCCTGTTGCTGTAG-3.
Thermocycling conditions were as follows: Initial denaturation
at 95°C for 1 min, followed by a single cycle of denaturation at
95°C for 10 sec, annealing at 58°C for 10 sec, and extension at
72°C for 20 sec. Data were analyzed with CFX Manager v1.5
software (Bio-Rad Laboratories, Inc.) and the relative expres-
sion of genes were quantified using the 2224 method (27).

Data analysis. MBD-seq reads were mapped with Bowtie
v1.0.0 (www.bowtie-bio.sourceforge.net). Genome-wide and
meta-gene profile analyses were performed using in-house
PERL and R scripts. Highly methylated regions (HMRs)
were called with MACS v1.4.2 (www.liulab.dfci.harvard.
edu/MACS; P<0.01), and differentially methylated regions
(DMRs) were analyzed using an in-house PERL script. DMGs
were selected by in-house scripts, and were defined with at least
1 DMR between a region located 2 kbp upstream and 500 bp
downstream from the transcription start site. Gene Ontology
(GO) and functional annotation analysis for significant genes
were performed on the DAVID Bioinformatics Resource
v6.8 server (david.abce.nciferf.gov) (28). To identify potential
functional pathways, protein-protein interaction (PPI) network
analysis was conducted using the STRING v10.0 database
(www.string-db.org). Putative binding sites at the promoter
regions of VEGFA and KDR were also analyzed. Transcription
factor binding sites were predicted by AliBaba2.l using
the TRANSFAC 4.0 transcription factor database (www.
gene-regulation.com/pub/programs/alibaba2/index.html).
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Figure 1. Radial arm maze test for cognitive impairment. The number of
errors in the radial arm maze test were examined between sham-operated
rats and VaD model rats, and were used to confirm reduced cognitive func-
tion in VaD rats. The data are presented as the mean + standard error of the
mean. "P<0.05 vs. Sham. VaD, vascular dementia.

Statistical analysis. Statistical analyses were performed
using SPSS v22.0 (IBM Corp., Armonk, NY, USA). All data
are presented as the mean =+ standard error of the mean. All
experiments were repeated at least three times. Statistical
comparisons between groups were processed with the unpaired
Student t-test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Confirmation of cognitive impairment induced by BCCAO.
Alternation behavior in the radial arm apparatus was recorded
to assess the spatial working memory performance. Rats in
the VaD group had a significantly higher number of errors
(12.00+2.07) in the radial arm maze test compare with rats
in the Sham group (5.14+1.28; P<0.05; Fig. 1). These results
confirmed that cognitive impairment had been induced by
BCCAO.

Identification of DMRs. The aim of the present study was to
uncover the DNA methylation changes associated with cogni-
tive impairment by comparing the gene methylated regions in
an animal model of VaD. To investigate the difference in DNA
methylation between the Sham and VaD groups, DMRs were
analyzed in the promoter regions that may affect the regula-
tion of mRNA expression. Promoter regions were defined as
being between 2 kbp upstream and 500 bp downstream from
the transcription start site. DMRs were identified by HMR
peaks with a fold enrichment ratio of >2.0 between Sham and
VaD samples, or if a HMR peak occurred in only one sample.
Of the 112,665 reliable HMRs detected, a total of 95,238
DMRs were identified, of which 1,250 (1.3%) DMRs were
specifically located in the promoter region. Of the 27,030
hypermethylated DMRs detected, 397 (1.5%) were associated
with the promoter, and of the 68,208 hypomethylated DMRs
detected, 853 (1.3%) were associated with the promoter.

Functional annotation of DMGs. A total of 1,180 DMGs
were identified based on the detected promoter region DMRs,
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Table I. Top 10 GO biological processes for 1,180 differentially methylated genes.

GO term Count Fold enrichment P-value  FDR Genes

Regulation of nucleotide 18 3.37 <0.001 <0.01 ACR,ADCY3, GNAZ, AVP, LHCGR, ABCAI,

biosynthetic process SSTRS, SIPR3, ADRB2, HRH3, HTR7, GIPR,
GNAS, NOS3, ADM2, GUCA2B, GLPIR, GNG7

Regulation of cAMP 16 334 <0.001 <001 ACR,ADCY3, GNAZ, AVP, LHCGR, ABCAI,

biosynthetic process SSTRS, SIPR3, ADRB2, HRH3, HTR7, GIPR,
GNAS, ADM2, GLPIR, GNG7

Multicellular organism 45 1.84 <0.001 <0.01 ACR,NANOS3,RADS5IC, PCDHAS, HIFNT,

reproduction SPATA20, FKBP6,LHCGR,PCDHGA9,ADADI,
MAEL, HP, BCL2L1, SOHLH1, SOHLH?2, KRT9,
VDR, WNT4, POU5SF2, NOS3, DAZL, TGM4,
FAS, PIWIL4, DND1, SPATA3, BAGALNT1,
PCDHGAI2, EGFR, B4GALTI, AVP,
PCDHGAII, MAK, TNP1, CELSR2, THEG,
KDR, APRT, LEP, RECS, ESR2, TXNDC?2,
P2RX1, TXNDCS, VEGFA

Regulation of lyase activity 15 3.28 <0.001 <001 ACR,ADCY3, GNAZ, LHCGR, SSTRS5, SIPR3,
ADRB2, HRH3, HTR7, GIPR, GNAS, NOS3,
ADM?2, GLPIR, GNG7

cAMP-mediated signaling 15 3.13 <0.001 <001 ADCY3, GNAZ, LHCGR, RIMS2, LEP, SSTRS,
SI1PR3, ADRB2, HTR7, GIPR, GNAS, ADM2,
GLP2R, MC3R, GLPIR

Regulation of adenylate 14 3.26 <0.001 <0.01 ACR,ADCY3, GNAZ, LHCGR, SSTRS5, S1PR3,

cyclase activity ADRB2, HRH3, HTR7, GIPR, GNAS, ADM2,
GLPIR, GNG7

Sexual reproduction 38 1.85 <0.001 <0.01 ACR,NANOS3,RADS5IC, PCDHAS, HIFNT,
SPATA20, FKBP6, PCDHGA9, ADADI, MAEL,
HP, BCL2L1, SYCP2, SOHLHI, SOHLH?2,
KRT9, WNT4, POUSF2, CD4, NOS3, DAZL,
FAS, PIWILA4, DND1, SPATA3, B4GALNT1,
PCDHGAI2, BAGALT1, PCDHGAII, MAK,
TNP1, CELSR2, THEG, LEP, RECS, TXNDC?2,
ADAMIA, TXNDCS8

G-protein signaling, 14 3.18 <0.001 <001 ADCY3,GNAZ, LHCGR, SSTRS5, SIPR3,

coupled to cyclic nucleotide ADRB2, HRHI, HTR7, GIPR, GNAS, ADM?2,

second messenger GLP2R, MC3R, GLPIR

Antigen receptor-mediated 9 4.67 <0.001 <0.01 PTPRC,LAT2,CDI19,LAXI,CD247,LCK,

signaling pathway ZAP70, CACNB4, SKAPI

Spermatogenesis 28 2.05 <0.001 <001 NANOS3,RADSIC, HIFNT, SPATA20,

PCDHAS, FKBP6, ADADI, PCDHGA9, MAEL,
HP,BCL2LI1, SOHLHI, SOHLH?2, KRT9,
POUSF2, FAS, SPATA3, PIWIL4, B4GALNT1,
PCDHGAI2, PCDHGAII, MAK, TNPI,
CELSR2, THEG, RECS, TXNDC2, TXNDC8

cAMP, cyclic adenosine monophosphate; FDR, false discovery rate; GO, Gene Ontology.

of which 384 (32.5%) were hypermethylated and 796 (67.5%)
were hypomethylated. There were fewer hypermethylated
DMGs identified in the VaD group compared with the Sham
group, with fold enrichment ratios ranging from 20 to 2,388
(log?2 ratios of 1.00-11.22). GO analysis of the DMG sets was
performed using DAVID to verify the functions associated
with the genes.

The top 10 GO biological processes for the 1,180 genes are
listed in Table I. The 10 functional categories of GO biological
processes: Regulation of nucleotide biosynthetic process;
regulation of cyclic (c)AMP biosynthetic process; multicel-
lular organism reproduction; regulation of lyase activity;
cAMP-mediated signaling; regulation of adenylate cyclase
activity; sexual reproduction; G-protein signaling, coupled to
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Figure 2. PPI network analysis. PPI network analysis was conducted using
STRING, and seven genes were demonstrated to be well-connected in the
VaD group. PPI, protein-protein interaction; cAMP, cyclic adenosine mono-
phosphate; Egfr, epidermal growth factor receptor; Kdr, kinase insert domain
receptor; Lck, lymphocyte-specific protein tyrosine kinase; Ptprc, protein
tyrosine phosphatase receptor type C; VaD, vascular dementia; VEGFA,
vascular endothelial growth factor A; Zap, C-chain-associated protein kinase.

cyclic nucleotide second messenger; antigen receptor-medi-
ated signaling pathway; and spermatogenesis. STRING
identified interactions among proteins coded by 72 genes.
PPI network analysis demonstrated that seven DMGs were
closely connected, including cluster of differentiation 247,
C-chain-associated protein kinase 70, protein tyrosine phos-
phatase receptor type C, lymphocyte-specific protein tyrosine
kinase, KDR, epidermal growth factor receptor, and VEGFA
(Fig. 2). Among these, VEGFA and KDR were selected as
candidate genes for VaD for further validation studies, due to
their high connectivity in the PPI network and association with
VaD.

Validation of VEGFA methylation and relative mRNA
expression levels. Bisulfite sequencing was used to confirm
the differences in promoter region methylation of VEGFA.
Although the mean CGI methylation status of VEGFA was
slightly higher in the Sham group (0.6971+0.0575) compare
with the VaD group (0.6729+0.0647; Fig. 3A), the differ-
ence was not statistically significant. However, VEGFA
mRNA expression was significantly higher in the VaD group
(1.9647+0.2804) compared with expression in the Sham group
(1.2759+0.2111; P>0.05; Fig. 3B), and the methylation status
in CpG8 was significantly lower in the VaD group compared
with the Sham group (Fig. 3C). CpGS8 is the eighth CGI in the
promoter region of VEGFA, 544 bp away from the transcrip-
tion start site, in the forward strand.
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Validation of KDR methylation and relative mRNA expression.
Although the mean methylation level of the CGIs in KDR
promoter region was higher in the Sham group (0.7673+0.1177)
than in the VaD group (0.7497+0.1185), the difference was
not statistically significant (Fig. 4A). KDR mRNA expres-
sion levels in the Sham group (0.7275+0.1568) were lower
compared with expression in the VaD group (0.8276+0.0383),
but the difference was not statistically significant (Fig. 4B).
However, significant differences were identified in the meth-
ylation status of four CGls (CpG3, CpG7, CpG8, and CpG9)
in the promoter region on the forward strand between the two
groups (Fig. 4C).

Predicted transcription factor binding analysis. To further
examine the regulatory roles of site-specific DNA meth-
ylation in the promoter region of VEGFA and KDR, predicted
transcription factor analysis was performed by AliBaba2.1
programs using the TRANSFAC 4.0 transcription factor
database. CpG8 in VEGFA was predicted to be a binding site
for serum response factor (SRF). Putative transcription factor
binding sites for CpGs of KDR were as follows: SRF in CpG3,
activator protein (AP)-4 in CpG7 and CpG8, and immuno-
globulin transcription factor (ITF) 2 in CpG9 (data not shown).

Discussion

The present study investigated DMGs in the hippocampus
between Sham and VaD model animals, as well as their
functional categories, to identify candidate genes that may be
associated with cognitive function. To verify the successful
establishment of the BCCAO-induced VaD model rat model,
cognitive impairment was confirmed by the commonly used
radial arm maze test (29,30).

Alterations of DNA methylation in the promoter region
are a way to regulate gene expression (31,32). It has been
suggested that specific diseases, including neurodegenerative
disease, may occur by characterized hypermethylated and
hypomethylated CpGs (33). Gene expression may be regulated
by promoter-site CGI methylation, where hypermethylation of
the CpGs suppresses gene transcription, and hypomethylation
of the promoter region allows transcription factor binding and
activation of gene transcription (34,35). A previous methyla-
tion analysis using 122 cortical tissues from patients with AD
revealed that the Ankyrin 1 gene was hypermethylated in the
superior temporal gyrus and prefrontal cortex (36). In another
study using 708 autopsied brains from individuals with AD,
11 DMRs were identified, which were associated with several
genes, including ankyrin-1, cadherin-23, disco-interacting
protein homolog A, inactive rhomboid protein 2, 60S ribosomal
protein L13 and E3 ubiquitin-protein ligase RNF34 (37). In
the present study, 72 DMGs were identified and annotated to
10 categories of GO biological processes and may be associ-
ated with VaD. Through PPI network analysis, seven genes
were classified as closely interacting and may be related to the
VEGF signaling pathway.

VEGFA and KDR are involved in the VEGF signaling
pathway (38-40). In the present study, rats in the VaD group
exhibited relative hypomethylation, although this was not
significant. However, VEGFA mRNA expression increased
in the hippocampus, compared with rats in the Sham group.
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A number of putative transcription factors that bind to the
hypomethylated sites were analyzed in the present study,
and these may contribute to increased VEGFA expression.
VEGFA is a crucial regulator of angiogenesis, skeletal growth,
and ovarian angiogenesis (41). In the present study, CpGS8 in
the VEGFA promoter was confirmed to be hypomethylated
in the VaD group and was predicted to be a binding site for

the transcription factor SRF. SRF is a downstream mediator
of VEGF signaling pathway and serves a crucial role for
VEGF-induced angiogenesis (42,43). KDR is a VEGF receptor
and is crucial for endothelial cell proliferation, survival, and
migration, as well as neuroprotection or improved neuro-
vascular coupling (41,44,45). In the present study, putative
transcription factors, such as SRF, Ap-4, and ITF-2, were
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investigated if they were predicted bind to hypomethylated
CpG in KDR, but there were few studies on the association
between these transcription factors and KDR. Consistent
with previous studies, upregulated VEGFA mRNA expres-
sion in the VaD model rat was confirmed; this may serve an
important role in compensating for cellular damage through
neurobehavioral recovery and neurovascular remodeling after
hypoxic brain injury (46,47). It has also been demonstrated
that increased expression of VEGFA under hypoxic conditions
and increased VEGF-promoted angiogenesis and recovery of
neurological damage in animal models of stroke (48,49). In
the present study, hippocampal damage caused by VaD may
have increased the expression of VEGFA to compensate for
the impaired cognitive function through neurovascular remod-
eling via angiogenesis.

In summary, using methylation analysis, the present study
identified DMGs in the hippocampal tissues of Sham and VaD
model rats. These preliminary data may contribute to our
understanding of the pathophysiology of VaD, which may lead
to the development of methods for the recovery of cognitive
function; however, further investigations are required.
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