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DNA hypermethylation of PLTP mediated o

by DNMT3B aggravates vascular dysfunction
in diabetic retinopathy via the AKT/GSK3[3
signaling pathway
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Abstract

Background This study aims to elucidate the effect and mechanism of phospholipid transfer protein (PLTP)
on vascular dysfunction in DR and explore the molecular mechanism of abnormal PLTP expression based on DNA
methylation.

Methods Human retinal microvascular endothelial cells (HRMECs) cultured in high glucose (HG) and streptozotocin-
treated mice were used as DR models to detect and screen the key genes with abnormal promoter DNA methylation.
Single-cell sequencing, tube formation and migration assays were employed to verify the relationship between PLTP
and vascular function. Additionally, sIRNA and luciferase reporter assay were used to study the key enzymes regu-
lating the DNA methylation of PLTP. Transcriptome sequencing, coimmunoprecipitation and GSK3[3 inhibitor were
utilized to identify and validate the key downstream pathways of PLTP.

Results DR models exhibited DNA hypermethylation and decreased expression of PLTP. Abnormal PLTP expres-

sion was implicated in vascular dysfunction, and PLTP overexpression reversed HG-induced effects on the migration
and tube formation of endothelial cells. The siDNMT3B and luciferase reporter assay indicated that DNMT3B is the pri-
mary enzyme affecting abnormal methylation. Interestingly, PLTP promoted the phosphorylation of AKT and GSK3,
indicating that PLTP modulates angiogenesis via the AKT/GSK3[ signaling pathway.

Conclusions PLTP regulates the proliferation, migration and tube formation of HRMECs, and is involved in main-
taining vascular function via the AKT/GSK3 signaling pathway. In HG environment, increased DNMT3B expression
upregulates DNA methylation of the PLTP promoter, downregulating PLTP expression and leading to vascular dysfunc-
tion in DR.
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Graphical abstract

PLTP promotes the phosphorylation of AKT and GSK3, leading to the enhancement of endothelial cell proliferation,
migration and tube formation, thereby maintaining vascular function. In HG environment, increased DNMT3B expres-
sion results in abnormally increased DNA methylation of the PLTP promoter, leading to decreased PLTP expression

and subsequent vascular dysfunction.
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Introduction

Diabetic retinopathy (DR), a progressive neurovascular
complication of diabetes mellitus (DM), is a leading cause
of irreversible visual impairment in middle-aged adults
[1]. Microvascular impairment manifests across the spec-
trum of DR, ranging from initial pathological changes,
including microaneurysms and intraretinal hemorrhages
in the non-proliferative stage (NPDR), to advanced vas-
cular alterations characterized by capillary non-perfusion
and pathological neovascularization in the prolifera-
tive stage (PDR) [2, 3]. Nevertheless, effective therapies
targeting microvascular pathophysiology of DR remain
limited, with a substantial proportion of patients dem-
onstrating suboptimal long-term clinical outcomes [4].
Therefore, a deeper understanding of the vascular injury
mechanisms in DR and the identification of novel thera-
peutic targets are imperative.

Recent advancements in the field of epigenetics have
provided novel insights into the pathogenesis and
potential treatments for DR [5]. DNA methylation is
vital for maintaining genomic stability and regulating
gene expression [6]. CpG hypermethylation at gene
promoters can induce long-term stable gene silenc-
ing by obstructing the binding of transcription fac-
tor or chromatin remodeling mediators [7]. Genomic
responses to biological, lifestyle, and environmental

Vascular dysfunction

factors can alter gene expression patterns through
modifications in promoter DNA methylation [8]. Aber-
rant DNA methylation is involved in DR development,
including oxidative stress, inflammation, and neovas-
cularization [9]. We found abnormal DNA methyla-
tion of the phospholipid transfer protein (PLTP) may
be related to DR pathogenesis by utilizing reduced rep-
resentation bisulfite sequencing (RRBS) and transcrip-
tome sequencing. PLTP is essential for endothelial cell
function and vascular homeostasis. It has been shown
that proper functioning of PLTP is crucial for main-
taining normal vascular integrity, which be destructed
in DR [10]. However, the specific impacts and mecha-
nisms of PLTP on vascular dysfunction in DR remain
unexplored.

Currently, there are no studies on the epigenetics of
PLTP in DR. Epigenetic studies of PLTP mainly focus on
abnormal DNA methylation levels in cardiometabolic
diseases [11]. Epigenetic studies in coronary artery
disease suggest that alterations in PLTP DNA methyla-
tion may play an important role in the disease [12]. The
methylation level of PLTP gene promoter region is sig-
nificantly correlated with high density lipoprotein cho-
lesterol (HDL-C), low density lipoprotein cholesterol
(LDL-C), and triglyceride levels, and may be involved
in the pathological process of cardiometabolic diseases
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through the lipid metabolic pathway [11, 13]. However,
the specific epigenetic mechanisms by which PLTP con-
tributes to vascular dysfunction in DR remain unclear.

DNA methyltransferases (DNMTs) and ten-eleven
translocation dioxygenases (TETs) play a critical role
in DNA methylation. DNMTs transfer methyl groups
from S-adenosyl methionine (SAM) to the fifth carbon
of cytosine DNA, forming 5-methylcytosine (5mC) and
silencing gene transcription [14, 15]. TETs can rapidly
hydroxymethylate 5-mC to 5-hydroxymethylcytosine
(5-hmC), 5-formylcytosine (5-fC) and 5-carboxylcyto-
sine (5-caC) [16]. This opens the chromatin structure
for the binding of transcription factors and promotes
the activation and expression of specific genes [17].
DNMTs and TETs are activated in the retina and its
vasculature, with their expression varying as diabe-
tes progresses [18]. Additionally, direct inhibition of
DNMTs can ameliorate persistent mitochondrial dys-
function and delay DR progression [9]. However, it is
not clear which enzyme mediates PLTP hypermethyla-
tion in DR. This study aims to elucidate the effects of
DNA hypermethylation of PLTP gene on vascular dys-
function in DR, identify the key enzyme in this process,
and clarify the mechanisms by which PLTP dysregula-
tion leads to vascular damage in DR. These findings will
offer new insights into DR pathogenesis and potential
therapeutic targets for vascular injury.

Methods

Diabetic mice

C57BL/6 mice (8 weeks, male) were divided into two
groups: control (NC) and DR. To induce the DR model,
mice received intraperitoneal injections of streptozotocin
(STZ, #S0130, Sigma-Aldrich, USA) in 10 mmol/L citrate

Table 1 Methylation specific PCR primers
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buffer or vehicle (citrate buffer control) for 5 consecutive
days. Mice with blood glucose levels above 13.9 mmol/L
one week post-injection were considered diabetic mice
[19]. Three months after the induction of diabetes, reti-
nal vascular leakage was detected to determine whether
there were DR-related changes, including Evans blue (EB)
dye leakage and fundus fluorescein angiography.

EB dye leakage

Diabetic and age-matched non-diabetic control mice
were injected with 5% EB (100 mg/mL, #E2129, Sigma-
Aldrich, USA) via the angular vein. After ensuring sys-
temic circulation of EB by placing the mice on a warm
pad at 37 °C for 2 h, eyeballs were collected and fixed in
4% paraformaldehyde for 30 min. Retinas were carefully
removed and EB leakage in retinal vessels was observed
using confocal microscopy.

Fluorescein fundus angiography (FFA)

Mice were anesthetized via intraperitoneal injection
of 1.25% avertin (20 pl/g). Prior to imaging, pupil dila-
tion was achieved using topical application of a 0.5%
tropicamide/0.5% phenylephrine mixture. Fluores-
cein sodium (Alcon Laboratories, USA) was admin-
istered intraperitoneally at 5 ul/g body weight [20].
Using a Micron IV Retinal Imaging Microscope (Phoe-
nix Research Labs, USA), imaging begins at 3 min
post-injection with brightfield alignment, followed by
fluorescence capture at 5, 10, 15, and 20 min (488 nm
excitation/520 nm emission).

Gene Sequence Product size (bp) PCR conditions
Pltp-M-F 5'-ATTTTGGTTAATACGGTGAAATTTC-3’ 178 95°C 5 min;
Pltp-M-R 5’ -CCCCCAAACTAAAATACAATAACG-3” 96‘3 ché%ssr
Pltp-U-F 5/ TTTGGTTAATATGGTGAAATTTTGT-3" 179 72°C20s
Pltp-U-R 5/ TCCCCCAAACTAAAATACAATAACA-3’ 35 cycles;
Prrt1-M-F 5'-GAAAGAAGGTTTTTTTAGGTTTCGT-3” 132 72°C5min
Prrt1-M-R 5'-CCCCTTAAAAAATACAAACTTCGTA-3'

Prrti-U-F 5’ TGGAAAGAAGGTTTTTTTAGGTTTT-3’ 134

Prrti-U-R 5/-CCCCTTAAAAAATACAAACTTCATA-3/

Aen-M-F 5'-GTTAGTATGGTCGGTTCGTAGTAC-3’ 13

Aen-M-R 5"-CAAAACCTCTTCTAATTAATCGAA-3’

Aen-U-F 5'-GTTAGTATGGTTGGTTTGTAGTATGA-3’ 13

Aen-U-R 5’-CAAAACCTCTTCTAATTAATCAAA-3”
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Gene Forward primers Reverse primers

Human

PLTP 5'-GGGCTGCGAGAGGTGATTGAG-3 5’ -AATGTGGGAAAAGAGGGGCTGAG-3"
PRRTT 5’-CTGTACCATCCTCACCGTAGTCATC-3 5"-GCAGAAAGAGCCTGGGAGATCG-3
AEN 5'-GTGCGGGAGGTGACAACAGAG-3” 5’ TGACAGGGAGGGAGCCAGTG-3”
DNMT1 5'-GCCTGAGTGTGGGAAATGTAAAGC-3’ 5"-CCTCATCGTCATCTGCCTCCTTC-3"
DNMT3A 5’-GGCTGACAGAGGCACCGTTC-3" 5’-CGTGGTCTTTGGAGGCGAGAG-3”
DNMT3B 5'-GCAGCCCTGGAGACTCATTGG-3" 5/ TTGTTCTCTGGTTGCGTGTTGTTG-3
TETT 5'-CTTGGCGAAGTGGCTCCTCTC-3’ 5"-GTCACACCAGTGGAAGGCTCAG-3”
TET2 5’ TCGCAGAAGCAGCAGTGAAGAG-3’ 5'-CCGAGTAGAGTTTGTCAGCCAGAG-3”
TET3 5’-CTTCCACTCCAAGTACGCTCTCC-3” 5"-AACTGCCACTGCTGCCACTG-3"

PI3K 5"-AGAGCACTTGGTAATCGGAGG-3’ 5’-CTTCCCCGGCAGTATGCTTC-3”

AKT 5’ TGACACCACCGAGCCAAAGATG-3 5"-CAGGAGACACCAGGAAGCACTATG-3
GSK3B 5'-GCACTCTTCAACTTCACCACTCAAG-3’ 5"-CTGTCCACGGTCTCCAGTATTAGC-3"
B-ACTIN 5’-GCACCGCAAATGCTTCTA-3 5'-GGTCTTTACGGATGTCAACG-3"
Mouse

Pltp 5'-AGTGACCTGGACATGCTTCTGAG-3’ 5'-GATGGAGATGGTGGTGCCTGAC-3"
Prrt1 5"-ATCACCACCACCACCACCATTAC-3’ 5'-CGGTAGCGTGGCGGAAGAC-3

Aen 5" -GGTTCGGAGAAGACACAAGAGGAG-3 5" -GGTGAAGGCAGAAGGCAGAGAC-3’
Dnmt1 5’-CGAGGACAGAGACGAGGATGAG-3’ 5'-ACGGGAACGGTGTGTGACTC-3
Dnmt3a 5"-AGACCAGAGCAGGCAACAGAC-3" 5"-AACGCAAGGTTCTTCCAGGATTC-3"
Dnmt3b 5"-AAGACGCACAACCAATGACTCTG-3’ 5’-GTTCTCGGCTCTCCTCATCCTC-3"

Tet] 5" TGGGCAAGGGTTCAGACTCAC-3’ 5’ TTGGAGGCTTAGGAAGGAAGATAGG-3"
Tet2 5"-AACACTCCAGAGGCACCTTCAG-3 5" TCCAGAACAATGAGAACCAACAGAC-3’
Tet3 5"-CGGCAGGCTGGGAAACTTTG-3" 5" TCAGGATGATGGAGAAGGCTACG-3”
Pi3k 5"-CGAGAGTGTCGTCACAGTGTC-3’ 5’ TGTTCGCTTCCACAAACACAG-3’

Akt 5’ TGCTGCTCCAAGGCGTGATC-3" 5’-CGGCTCTGCTTCTCTAAGTCTGAG-3”
Gsk3B 5"-GTCACACTGCCGTCTCCACTC-3" 5'-ACATCAGAGCAAGGTCATCTCAGAG-3”
B-Actin 5’-GGCTGTATTCCCCTCCATCG-3’ 5’-CCAGTTGGTAACAATGCCATGT-3"

Reduced representation bisulfite sequencing (RRBS),

transcriptome sequencing and single-cell sequencing

Retinal DNA was extracted, qualified, and subjected
to bisulfite treatment using the EZ DNA Methylation-
gold™ Kit (#¥D5006, Zymo Research, USA), followed
by PCR amplification to obtain the final DNA library.
Sequencing results were reverse-complemented and
aligned with the reference genome. Differentially meth-
ylated genes (DMGs) were identified through statistical
analysis. Concurrently, transcriptome analyses quanti-
fied gene expression, identifying differentially expressed
genes (DEGs). Intersection of DMG and DEG datasets
revealed aberrantly methylated genes in DR, including
hypermethylated down-regulated and hypomethylated
up-regulated genes. Details of single-cell sequencing
are provided in our previous studies [21]. Raw single-
cell data generated by Illumina platforms were pre-
processed using Cell Ranger to obtain gene expression
matrices. These matrices were imported into Seurat
for analysis, with batch effect correction performed

via Harmony. Elbow Plot identified 30 principal com-
ponents as optimal, followed by dimensionality reduc-
tion visualization using RunTSNE and RunUMAP. Cells
were clustered via Find Neighbors and classified into
homogeneous groups with Find Cluster, yielding final
clustering results. Marker genes for distinct subpopula-
tions were identified using Find All Markers, enabling
cell type annotation based on marker gene signatures.

Cell culture, transfection and inhibitor treatments

Consistent with single-cell RNA sequencing and immu-
nofluorescence staining results, human retinal micro-
vascular endothelial cells (HRMECs) were selected as
the cell model. HRMECs were obtained from Applied
Cell Biology Research Institute (#ACBRI 181; Kirkland,
USA) and cultured as described in the supplementary



Cai et al. Clinical Epigenetics (2025) 17:82

document [22]. Cells were treated with different con-
centrations (5 pM, 10 pM, 20 uM) of GSK3p inhibitor
(#BRD3731, MedChemExpress, USA) for 48 h.

The PLTP expression plasmid (OE-PLTP, pcDNA3.1-
PLTP) was purchased from Hanbio (Shanghai, China)
and transfected using Lipofectamine” 3000 (#1.3000008,
Thermo Fisher Scientific, USA). Small interfering RNAs
targeting PLTP (siPLTP), DNMT1I (siDNMT1), DNMT3B
(siDNMT3B) and negative control (siNC) were pur-
chased from RiboBio (Guangzhou, China), and trans-
fected using Lipofectamine® RNAIMAX transfection
reagent (#13,778,075, Thermo Fisher Scientific, USA).
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DNA extraction, bisulfite conversion,

and methylation-specific PCR (MS-PCR)

Procedures and reagents were as described in the sup-
plementary document. The intensity of methylated to
unmethylated bands (M/U) was analyzed and quantified.
Primers were obtained from Sangon Biotech (Shanghai,
China) and are listed in Table 1.

RNA extraction and real-time PCR

Procedures and reagents were as described in the sup-
plementary document. Specific primers were obtained
from Sangon Biotech (Shanghai, China) and are listed in
Table 2. B-Actin served as the housekeeping gene.

20 min

15 min

Fig. 1 Induction of a DR Mouse Model and Identification of Diabetic Retinopathy. A Blood glucose levels in mice after the last injection (NC vs DM
mice, n=40). B Evans blue dye leakage in the retinas (NC and DR mice, n=3). C Fluorescein fundus angiography of the retinas (NC and DR mice,

n=3). NC, normal control; DR, diabetic retinopathy. ***p <0.001
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Protein extraction and western blotting (WB)

Proteins extracted from HRMECs were separated
by 4-20% SDS-PAGE (#M00930, GenScript, USA)
and transferred onto polyvinylidene fluoride mem-
branes (#IPVH00010, Millipore, Ireland). After block-
ing with 5% nonfat milk or bovine serum albumin
(BSA, #4240, BioFroxx, Germany) for 2 h, membranes
were incubated with primary antibodies against PLTP
(1:1500, #PA5-102,820, Thermo Fisher Scientific, USA),
DNMT1 (1:1000, #ab188453, Abcam, UK), DNMT3A
(1:1000, #ab307503, Abcam, UK), DNMT3B (1:1000,
#PA5-91,864, Thermo Fisher Scientific, USA), PI3K
(1:1000, #4249 T, Cell Signaling Technology, USA),
AKT (1:1000, #4685S, Cell Signaling Technology, USA),
phosphorylated AKT (p-AKT, 1:1000, #4060 T, Cell
Signaling Technology, USA), GSK3p (1:4000, #22,104—
1-AP, Proteintech, China), phosphorylated GSK3p
(p-GSK3p, 1:1000, #29,125-1-AP, Proteintech, China),
VEGEFR1 (1:3000, #ab32152, Abcam, UK) or VEGFR2
(1:1000, #ab39638, Abcam, UK). Secondary antibodies
(1:50,000, #98,261 and #97,910, Jackson ImmunoRe-
search, USA) were used. B-ACTIN (1:30,000, #66,009—
1-Ig, Proteintech, China) served as standard controls.
Image] software was employed to analyze the ratio of
phosphorylated AKT to AKT (p-AKT/AKT) or phos-
phorylated GSK3 to GSK3p (p-GSK3B/ GSK3p).

Cell migration and tube formation assays

Cell Migration: A total of 5x 10* cells from each group
were seeded in 200 pl serum-free medium and observed
after 16—18 h of migration. Tube Formation: HRMECs
were seeded at 8000 cells per well in 50 pl of complete
medium and at 37 °C for 3—-4 h. Specific procedures
and reagents were as described in the supplementary
document. Migrating cells and tubular networks were
imaged and quantified by Image]J software.

Enzyme-linked immunosorbent assay (ELISA)
The level of IL-1p (ab214025, Abcam, UK) and IL-18
(ab215539, Abcam, UK) protein was determined using

(See figure on next page.)
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a colorimetric ELISA kit according to the manufactur-
er’s instructions.

Luciferase reporter assay

The PLTP promoter was constructed upstream of the
firefly luciferase (FLuc) in the pGL3-basic vector, and
DNMT3B was constructed into the pcDNA3.1 vec-
tor with renilla luciferase (Rluc). Co-transfection into
cells was followed by luciferase activity measurement
to analyze FLuc/Rluc activity in response to PLTP pro-
moter activity.

RNA extraction, library construction, illumina sequencing
(RNA-Seq), and data analysis

Total RNA was extracted from HRMECs using TRIzol
reagent (#15596018CN, Invitrogen, USA). Differential
expression analysis of the two groups was performed
using the DESeq2 R package. Transcripts with a fold
change>2 or<-2 and a adjusted p value<0.05 were con-
sidered differentially expressed genes. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses were conducted by
the clusterProfiler R package. GO terms and KEGG path-
ways with p <0.05 were considered significantly enriched.

Coimmunoprecipitation (co-IP)

Co-IP assays were performed to investigate interactions
between PLTP and AKT or GSK3p. Co-IP was conducted
using the Pierce CO-IP Kit (#26,149, Thermo Fisher
Scientific, USA). Cells were lysed in IP lysis buffer con-
taining a protease/phosphatase inhibitor cocktail. The
anti-PLTP antibody was immobilized with AminoLink
Plus coupling resin or control resin at room temperature
for two hours. The cell lysates were incubated overnight
at 4 °C, with agarose resin conjugated to the anti-PLTP
antibody and with control agarose resin not bound to
PLTP. Western blotting was used to analyze the eluted
immunoprecipitated samples after washing.

Fig. 2 Abnormal DNA Hypermethylation of Pltp Promoter is Associated with DR. A Venn diagram of the DMG and DEG. B Expression of three key
genes (Pltp, Prrt1, and Aen) with abnormal DNA methylation in the retina (NC vs DR mice, n=3). C Agarose gel electrophoresis results of MS-PCR
products of the key genes and quantitative analysis of promoter methylation levels (NC vs DR mice, n=5). D Western blot analysis of PLTP in retina
(NC vs DR mice, n=3). E Single-cell sequencing showing Pltp predominantly distributed in retinal cells (NC vs DR mice, n=3). F Retinas from mice
with diabetic retinopathy and non-diabetic controls were incubated with antibodies against PLTP and vWF, followed by secondary antibodies
conjugated with Alexa Fluor 488 and Alexa Fluor 647 respectively (NC vs DR mice, n=3). Red boxes show areas that co-express vVWF and PLTP which
surround retinal endothelial cells. DMG, differentially methylated genes; DEG, differentially expressed genes; MS-PCR, methylation-specific PCR;

M, methylation bands; U, unmethylated bands; M/U, quantifying the ratio of the intensity of the methylated band to the unmethylated band; NC,
normal control; DR, diabetic retinopathy; vVWF, von Willebrand factor. *p <0.05, **p < 0.01, ***p <0.001
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Immunofluorescence staining

Retinas from DR mice and non-diabetic controls were
fixed for 10 min at -20°C and incubated with antibod-
ies against von Willebrand factor (vWF; endothelial cell
marker) and PLTD, followed by secondary antibodies con-
jugated with Alexa Fluor 488 (#ab150117, Abcam, UK)
and Alexa Fluor 647 (#ab150075, Abcam, UK) respec-
tively. Arrowheads show areas that co-express vWF and
PLTP which surround retinal endothelial cells. Nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI).

Statistical analysis

Data are presented as means +standard deviations. Dif-
ferences between groups were analyzed using 2-tailed
Student’s ¢-test by GraphPad Prism (ver. 8.0; San Diego,
USA) and SPSS (ver. 26.0; Chicago, USA). Notably,
p<0.05 was considered statistically significant.

Result

Increased DNA methylation in Pltp promoter is associated
with DR

STZ-induced diabetic mouse models were successfully
generated (Fig. 1A). EB leakage and FFA results con-
firmed the presence of retinal vascular leakage in DM
mice, indicating successful DR model construction. Leak-
age or microaneurysm areas are highlighted by red circles
(Fig. 1B-C). Combined analysis of RRBS and transcrip-
tome sequencing of DR and NC mice retinas revealed
differences in genomic methylation levels, with hyper-
methylated down-regulated genes and hypomethylated
up-regulated genes (Fig. S1A, B). Three key genes with
abnormal DNA methylation were screened out, includ-
ing Pltp, proline-rich transmembrane protein 1 (Prrtl)
and apoptosis-enhancing nuclease (Aen) (Fig. 2A). The
retina tissue was used to verify the DNA methylation
and mRNA expression levels of these genes. Real-time
PCR results revealed decreased Pltp and Prrtl mRNA
expression, concurrent with increased Aen expression
(Fig. 2B). MS-PCR analysis demonstrated elevated meth-
ylation levels in the promoter regions of Pltp and Prrtl
genes, whereas Aen methylation remained unchanged
(Fig. 2C). The inverse correlation between hypermeth-
ylation and reduced mRNA levels for Pltp and Prrtl
aligned with the established epigenetic principle that

(See figure on next page.)
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DNA hypermethylation silences gene transcription, with
Pltp exhibiting a more pronounced expression discrep-
ancy compared to Prrtl. Protein expression validation
indicated decreased PLTP levels in DR mouse retinas
(Fig. 2D). Therefore, increased DNA methylation of Pltp
promoter correlates with decreased mRNA and protein
expression in DR mouse retinas.

PLTP regulates the function of vascular endothelial cells
The results of retinal single-cell sequencing analy-
sis showed that Pltp was mainly expressed in vascular
endothelial cells (Fig. 2E). This was also confirmed by
immunofluorescence and PLTP fluorescence appeared to
be reduced in the DR group compared with the NC group
(Fig. S1C and Fig. 2F). Therefore, we established an in vitro
endothelial cell model to explore the expression and func-
tional mechanisms of PLTP in DR. MS-PCR results sug-
gested that DNA methylation of PLTP promoter was
increased in HRMECs treated with HG (Fig. 3A). Sub-
sequently, the results of PCR and WB suggested that
mRNA and protein expression were also significantly
decreased in HRMECs treated with HG (Fig. 3B, C). Next,
this study used cell migration and tube formation assays
to further examine the role of PLTP in the function of
vascular endothelial cells. The results showed that PLTP
knockdown and HG incubation enhanced the migration
and tube formation ability of endothelial cells, while PLTP
overexpression reversed HG-induced effects on endothe-
lial cells (Fig. 3D—H). ELISA assays display an elevation of
IL-1P and IL-18 in HRMEC:s treated by PLTP knockdown
or high glucose, and this trend can be reversed by PLTP
overexpression (Fig. 31I).

DNMT3B is a key enzyme in aberrant PLTP methylation

PCR analysis of mouse retinas and HG-treated HRMECs
revealed that DNMTs and TETs were generally increased
in the DR group. Among them, DNMTI1 and DNMT3B
demonstrated a more stable trend and a more signifi-
cant change than other enzymes in HRMECs and ret-
ina (Fig. 4A, B). The DNA methylation level of PLTP is
increased in DR, and it is closely related to DNMTs.
Therefore, further study focused on exploring the effect
of DNMTs (especially DNMT1 and DNMT3B) on the
methylation of PLTP promoter. The protein expression

Fig. 3 Abnormal PLTP is Involved in Vascular Dysfunction in DR. A Agarose gel electrophoresis results of MS-PCR products of PLTP in HRMECs

and quantitative analysis of promoter methylation levels (NC vs HG, n=3). B PLTP expression in HRMECs (NC vs HG, n=3). C Western blot

and quantitative analysis of PLTP in HRMECs (NC vs HG, n=3). Migration assay of HRMECs D and quantitative analysis E (NC, NC+siPLTP, HG

and HG + OE-PLTP, n=5). Tube formation assay of HRMECs F, and quantitative analysis of nodes G and branches length H (NC, NC+siPLTP, HG

and HG+OE-PLTP, n=3). | ELISA results of IL-13 and IL-18 in HRMECs (NC, NC+siPLTP, HG and HG + OE-PLTP, n=3). MS-PCR, methylation-specific PCR;
M, methylation bands; U, unmethylated bands; M/U, quantifying the ratio of the intensity of the methylated band to the unmethylated band; NC,

normal control; HG, high glucose. *p <0.05, **p < 0.01, ***p <0.001
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of DNMT1 and DNMT3B was increased in the retinas
of DR mice and HRMECs incubated with HG (Fig. 4C).
There was no significant change in the expression of
DNMT3A (Fig. S2A, B). We identified siRNAs with
the highest efficiency, including siDNMTI#3 and siD-
NMT3B#1 (Fig. S2C). By constructing DNMTI- and
DNMT3B-knockdown cell models, the results of MS-
PCR, real-time PCR, and WB showed that DNMT3B
knockdown significantly reduced the DNA methyla-
tion of PLTP promoter, and the mRNA and protein
expressions were significantly increased (Fig. 4D-F and
Fig. S2C). Luciferase reporter assay was further used to
determine the binding of DNMT3B to the PLTP pro-
moter, and the results showed that DNMT3B interacted
with the PLTP promoter (Fig. 4G). Besides, DNMT3B
knockdown reversed the enhanced migration and tube
formation ability of endothelial cells induced by HG
(Fig. 4H-K). This suggested that DNMT3B may be the
key enzyme responsible for the abnormal DNA methyla-
tion of the PLTP promoter in DR.

AKT/GSK3p is the key downstream pathway of PLTP

After constructing the PLTP-knockdown cell model, the
cells were collected for transcriptome sequencing and
functional analysis was used to screen out the related
pathways of PLTP, among which PI3K/AKT/GSK3p
signaling pathway was the most significant (Fig. 5A and
Fig. S3A). Consistent with PLTP, PI3K/AKT/GSK3p also
plays a role in regulating vascular function, so this path-
way was selected for subsequent studies. Based on the
significant finding of the PI3K/AKT/GSK3p signaling
pathway from the above analysis, Co-IP was then used
to explore the relationship between PLTP and PI3K/
AKT/GSK3p, indicating the interactions between PLTP
and AKT or GSK3p (Fig. 5B). Given that phosphoryl-
ated AKT and phosphorylated GSK3[ are the active
forms of the PIBK/AKT/GSK3p signaling pathway, we
subsequently studied the ratio of the phosphorylated
form to the unphosphorylated form to show the rela-
tive activities. The levels of p-AKT/AKT and p-GSK3p
/GSK3B measured by WB analysis were decreased in
PLTP knockdown and HG treatment groups, while PLTP
overexpression reversed the decrease of p-AKT/AKT

(See figure on next page.)
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and p-GSK3p/GSK3p induced by HG (Fig. 5C, D). Simi-
lar results were observed in mouse models. In the DR
group, p-AKT/AKT and p-GSK3P/GSK3pB levels were
decreased (Fig. 5E, F). PCR demonstrated similar results.
In HRMECs, GSK3f5 and AKT expression decreased in
HG and PLTP knockdown groups, while PLTP overex-
pression reversed HG-induced decrease in GSK3f and
AKT expression. In the retina, the expression of Gsk3f
and Akt also decreased in DR (Fig. S3B, C).

Anti-angiogenic properties of PLTP depend on AKT/GSK3f
pathway

To investigate the correlation between PLTP and AKT/
GSK3p in regulating vascular dysfunction, HRMECs
were treated with a selective GSK3p inhibitor (BRD3731).
Results showed that the level of pGSK3p/GSK3p was sig-
nificantly decreased after BRD3731 treatment (Fig. 6A,
B). This means that inhibition of GSK3[ could reverse the
increase of p-GSK3p/GSK3p level induced by PLTP over-
expression. Inhibition of GSK3p reversed the enhanced
migration and tube formation ability of endothelial cells
induced by PLTP overexpression (Fig. 6C-G). In addi-
tion, VEGFR1 and VEGFR2 were selected as markers
of endothelial cell proliferation. It was found that the
expression of VEGFR1 and VEGFR2 was increased in
HG and PLTP knockdown groups, and PLTP overex-
pression reversed the increased expression of VEGFR1
and VEGFR2 induced by HG treatment (Fig. S4B). The
expression of VEGFR1 and VEGFR2 was also increased
in retina of DR mice (Fig. S4C). GSK3p inhibition could
reverse the effect of PLTP overexpression on VEGFR1 or
VEGER2 expression (Fig. 6A and Fig. S4A). These results
indicate that the anti-vascular dysfunction effect of PLTP
may be related to its regulation on AKT/GSK3[ pathway.

Discussion

This study is the first to investigate the role of PLTP in
DR, focusing on aberrant methylation of the PLTP gene
and identifying the key enzymes involved. Additionally,
the role of Akt/GSK3p signaling pathway in retinal vas-
cular endothelial cell function, in conjunction with PLTP,
was explored to understand its impact on vascular dys-
function in DR.

Fig. 4 DNMT3B is the Main Enzyme Affecting the Abnormal Methylation of the PLTP Promoter. A Expression of enzymes involved in DNA
methylation in HRMECs (NC vs HG, n=8). B Expression of enzymes involved in DNA methylation in retina (NC vs DR mice, n=3). C Western blot
analysis of DNMT1 and DNMT3B in HRMECs (NC vs HG, n=3) or retina (NC vs DR mice, n=3). D Quantitative analysis of promoter methylation
levels of PLTP in HRMECs (siNC, siDNMTT and siDNMT3B, n=3). E PCR analysis of PLTP in HRMECs (siNC, siDNMTT and siDNMT3B, n=3). F Western
blot analysis of PLTP in HRMECs (siNC, siDNMTT and siDNMT3B, n=3). G Luciferase reporter assay for DNMT3B interaction with the PLTP promoter
(n=3). Migration assay of HRMECs H and quantitative analysis I (HG vs HG + siDNMT3B, n=5). Tube formation assay of HRMECs J, and quantitative
analysis of nodes and branches length (K) (HG vs HG+siDNMT3B, n=3). NC, normal control; HG, high glucose; DR, diabetic retinopathy; FLug, firefly

luciferase; Rlug, renilla luciferase. *p <0.05, **p <0.01, ***p < 0.001
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DNA methylation plays a crucial role in both normal
and pathological development of the human retina [23].
In normal cells, DNA methylation ensures the temporal

and spatial accuracy of gene expression, essential for
mammalian development [24]. For instance, it has been
shown to maintain specific gene expression patterns
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in retinal cells (photoreceptor and non-photoreceptor
cells) [25, 26]. Aberrant DNA methylation is implicated
in retinal diseases. Certain genes with abnormal DNA
methylation contribute to neovascularization, promot-
ing DR development [27]. Overexpression of mater-
nally expressed gene 3 (MEG3) can reduce pathological
expression of vascular endothelial growth factor (VEGF),
inhibit endothelial-mesenchymal transition, and block
DR development [27, 28]. However, MEG3 expression is
significantly reduced in DR, due to aberrant regulation
on DNA methylation induced by DNMTs [27]. In addi-
tion, CpG methylation has been shown to regulate angio-
genic pathways such as ETS1, HES5 and PRDM16 in DR
progression [29].

Our study discovered that abnormal DNA methylation
of PLTP gene is associated with DR pathogenesis. PLTP is
a phospholipid transfer protein crucial for lipid metabo-
lism and transport [30]. PLTP facilitates the formation and
remodeling of high-density lipoprotein (HDL) particles
through the accumulation and transport of phospholipids,
vitamin E and free cholesterol, playing an important role in
the development of atherosclerosis and cardiometabolic dis-
eases [31, 32]. Studies in retinopathy have shown that PLTP
is vital for retinal lipoprotein metabolism, and its dysregula-
tion may lead to the accumulation of subretinal lipids, ulti-
mately leading to age-related macular degeneration (AMD)
[33, 34]. Studies in vascular function have shown that PLTP
plays an important role in maintaining endothelial cell func-
tion and vascular homeostasis by regulating the distribution
of vitamin E and its metabolite a-tocopherol in vascular tis-
sues, especially in the vascular wall [10]. Our findings further
confirmed that PLTP expression regulates the proliferation,
tube formation, and migration ability of vascular endothelial
cells, significantly influencing vascular dysfunction in DR.

The PIBK/AKT/GSK3p signaling pathway is extensively
studied, and PI3K induces AKT phosphorylation, play-
ing a key role in cellular response to extracellular signals,
regulation of cell survival and angiogenesis [35]. GSK3p, a
downstream factor in the PI3K/AKT signaling pathway, is
phosphorylated by phosphorylated AKT [35]. High glucose
levels decrease activated AKT in tissues such as the liver and
retina, leading to abnormal GSK3p activity [36]. Previous
studies have linked aberrant DNA methylation to the PI3K/
AKT/GSK3p pathway in various pathological conditions
[37]. For example, abnormal DNA methylation leads to the
abnormal expression of tumor endothelial marker 8 (TEMS),
enhancing cell proliferation, invasion, migration, drug resist-
ance, radiation resistance and the recurrence of glioblastoma
[38]. These effects are primarily mediated through the AKT/
GSK3p pathway [38]. Our study enriches this understand-
ing by elucidating the role of aberrantly methylated PLTP in
regulating the AKT/GSK3p pathway in DR. The regulation
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of this pathway is crucial for reducing pericyte apoptosis,
resisting epithelial-mesenchymal transition, and managing
oxidation—reduction progress, ultimately improving DR and
other proliferative retinopathy [39-41]. Our findings sug-
gest that PLTP overexpression may ameliorate endothelial
dysfunction and improve DR via the AKT/GSK3[ pathway,
highlighting its key role in DR vascular dysfunction.

Modulating DNA methylation patterns or developing spe-
cific inhibitors targeting PLTP or the AKT/GSK3p pathway
could offer potential therapeutic strategies for DR. DNA
methylation modifiers such as DNMTs inhibitors or dem-
ethylating agents, could restore normal methylation pat-
terns and alleviate vascular dysfunction in DR [9, 42]. It has
been shown that abnormalities in retinal DNA methylation-
hydroxymethylation progress do not immediately improve
with glycemic control. However, direct inhibition of DNMTs
can ameliorate abnormal DNA methylation, mitigating per-
sistent mitochondrial dysfunction and delaying DR develop-
ment [43]. DNMTs inhibitor, such as 5-aza-2’-deoxycytidine,
can reverse increased DNMTs levels and maintain oxi-
dation-reduction homeostasis by regulating antioxidant
enzymes, demonstrating promising therapeutic potential for
DR [44].

The neurovascular unit damage underlying DR pathogen-
esis manifests through multifaceted pathological processes,
including pericyte depletion, endothelial dysfunction, neu-
rodegeneration, and chronic inflammation [45]. Emerging
evidence indicates these pathological cascades are driven
by complex intercellular crosstalk within the neurovascular
microenvironment [46]. Accumulating evidence demon-
strates that activated endothelial cells drive neurovascular
crosstalk dysregulation through pro-inflammatory cytokine
secretion and blood-retinal barrier disruption [45-47]. Our
study revealed that PLTP suppresses endothelial inflam-
matory mediator production, suggesting its potential to
modulate neuronal function through cytokine-dependent
mechanisms. Nevertheless, rigorous mechanistic investiga-
tions are warranted to delineate the precise regulatory role of
PLTP in DR-associated neurovascular pathophysiology.

Despite the insights provided, our study has certain limita-
tions. It primarily focused on the association between abnor-
mal PLTP expression and vascular dysfunction in DR, with
only preliminary exploration of the mechanisms underlying
abnormal DNA methylation of the PLTP promoter. While
DNMT3B was identified as a key enzyme in PLTP gene
methylation, the specific mechanism of DNMT3B-induced
methylation was not verified. This study did not include
DNMTS3B inhibition experiments to verify the therapeutic
effects of selective DNMTs inhibitors on DR, which is a limi-
tation that future research should address.
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Conclusion

In conclusion, this study is the first to explore the potential
role of DNA hypermethylation of PLTP in vascular dysfunc-
tion, providing new insights into the pathogenesis of DR.
Under high glucose conditions, PLTP upregulation medi-
ated by DNMT3B-induced DNA hypermethylation exacer-
bates vascular dysfunction in DR through the AKT/GSK3p
signaling pathway. These findings are expected to open novel
avenues for understanding DR pathology and developing tar-
geted therapeutic strategies.
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