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Abstract

e AIM: To explore how vacuolar protein sorting 35
(VPS3b5) regulates astrocytic inflammation, impairs retinal
endothelial function and drives early diabetic retinopathy
(DR) neurovascular lesions in diabetic mouse model.

e METHODS: A streptozotocin (STZ)-induced C57BL/6)J
diabetic mouse model was established. Retinal tissues
were collected from O to 12wk after successful induction of
diabetes. Protein expression levels of VPS35, glial fibrillary
acidic protein (GFAP), excitatory amino acid transporter 2
(EAAT2), leucine-rich repeat kinase 2 (LRRK2), and vascular
endothelium-associated proteins were assessed by Western
blotting (WB). The interaction between VPS35 and LRRK2
was verified by co-immunoprecipitation. Vascular leakage and
astrocyte activation were evaluated by fundus fluorescein
angiography and retinal flat-mount immunofluorescence
staining. Primary astrocytes were cultured in vitro and
subjected to high-glucose stimulation or VPS35 knockdown.
Cell activation, expression of glutamate transport-associated
proteins, and inflammatory cytokine expression were
examined. Supernatant fluid from the primary astrocytes
was applied to human umbilical vein endothelial cells
(HUVECs) to assess cell migration, proliferation, and tube
formation capacity. The expression of proteins related to the
nuclear factor kappa-B (NF-kB) pathway was also evaluated.
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e RESULTS: In diabetic mice, retinal VPS35 protein
expression exhibited a progressive decline beginning at
4wk post-diabetes onset, whereas GFAP protein expression
increased significantly. By 8wk, marked astrocyte activation
was observed, accompanied by retinal microvascular
leakage and a reduction in vascular area. In vivo and in
vitro experiments further confirmed that under high-glucose
conditions, retinal VPS35 and EAAT2 protein levels were
markedly decreased, while GFAP and LRRK2 protein levels
were significantly elevated. Co-immunoprecipitation verified
the physical interaction between VPS35 and LRRK2 in
astrocytes. Finally, in vitro experiments demonstrated that
both high-glucose stimulation and VPS35 knockdown led to
astrocyte activation, upregulation of inflammatory cytokine
expression, downregulation of EAAT2 and AMPA receptor
subunit GLUA2, and upregulation of LRRK2. Treatment
of HUVECs with supernatant fluid from these astrocytes
enhanced cell migration but significantly inhibited cell
proliferation and tube formation. WB analysis revealed
markedly increased levels of NF-kB and phosphorylated NF-
kB in the treated HUVECs.

e CONCLUSION: During early DR in mice model,
decreased retinal VPS35 protein expression induces
astrocyte-mediated inflammatory responses and glutamate
transport dysfunction. Through the interaction between
VPS35 and LRRK2, paracrine inflammatory cytokines
subsequently activate the NF-kB signaling pathway in
vascular endothelial cells, leading to endothelial dysfunction
and further driving DR-associated neurovascular injury. This
study provides novel insights into the pathogenesis of DR
and highlights the potential of VPS35 as a target for early
intervention in DR.
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kappa-B; excitatory amino acid transporter 2; blood-retinal
barrier; astrocytes; neurovascular unit; mice
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INTRODUCTION

iabetic retinopathy (DR) is the most common ocular
D complication in diabetic patients and a leading cause
of visual impairment among working-age populations
worldwide!™. To date, disruption of the blood-retinal barrier
(BRB), characterized by retinal capillary dilation, leakage,
pericyte apoptosis, and basement membrane thickening, has
been regarded as the fundamental pathological alteration
underlying DR'**. However, an increasing body of research
into the pathogenesis of DR has demonstrated that structural
and functional changes in neurons and glial cells, such as
increased apoptosis of retinal ganglion cells (RGCs) and
astrocyte activation, occur prior to the onset of microvascular
pathology. These findings indicate that DR is not solely a
microvascular disease but rather a neurovascular disorder
characterized by the coexistence neurodegenerationtion

% The retinal neurovascular unit

and microangiopathy!
(NVU) is precisely assembled from neurons, glial cells, and
vascular cells, collectively maintaining BRB homeostasis and
microenvironmental equilibrium. Metabolic disturbances in
DR can induce glial cell activation, leading to the release of
inflammatory cytokines that trigger neuroinflammation and
consequently disrupt NVU function. In turn, degenerating glial
cells further exacerbate inflammation, creating a vicious cycle
that ultimately drives neurodegenerative changes in DR"*"”,

Within the retina, astrocytes are confined to the nerve fiber
layer and ganglion cell layer, which coincide precisely with the
location of the inner retinal vasculature. Astrocytes ensheathe
blood vessels and participate in the formation of the BRB. This
histological distribution confers upon astrocytes a pronounced
relevance to inner retinal vascular pathology. Astrocytes extend
across the retinal surface to monitor hypoxic conditions within
the inner retina. During the early stages of DR, high-glucose-
induced hypoxia triggers astrocyte activation, resulting in the
production of vascular endothelial growth factor (VEGF),
interleukin-6 (IL-6), interleukin-1 beta (IL-1f), tumor necrosis
factor-alpha (TNF-a), and other inflammatory cytokines that
disrupt BRB metabolic balance'"". Astrocytes also regulate
the membrane localization and distribution of glucose
transporters, preferentially delivering blood-derived glucose
to neurons. Under high-glucose conditions, this mechanism
is suppressed, thereby precipitating neuronal energy
metabolic dysfunction!"”. Miiller cells, the principal glial
cells indigenous to the retina, maintain microenvironmental

homeostasis via the glutamate-glutamine cycle™”. Under high-

glucose conditions, microglia undergo M1-type polarization,
unleashing an inflammatory cytokine storm that, in concert
with pro-angiogenic factors, aggravates BRB disruption and
pathological neovascularization™. Studies have shown that
astrocytic changes in DR precede those of Miiller cells and
microglia®*>,

Vacuolar protein sorting 35 (VPS35) is a core component of the
retromer complex, a retrograde vesicle trafficking machinery.
Its primary function is to mediate the protein sorting and
transport of transmembrane receptors from endosomes to the
trans-Golgi network or back to the cell surface. VPS35 plays
a pivotal role in the pathogenesis of central neurodegenerative
disorders such as Parkinson’s disease (PD) and Alzheimer’s
disease (AD)”**". Studies have demonstrated that VPS35-
deficient mice exhibit visual dysfunction, accompanied by
Lewy body-like inclusions and phosphorylated a-synuclein
aggregation in the retina, suggesting that VPS35 deficiency
promotes the abnormal accumulation of a-synuclein within
late endosomes””. Reduced VPS35 expression has also been
observed in hippocampal neurons of the central nervous
system across various diabetic animal models, a phenotype
resembling the VPS35 deficits seen in AD patients™***". Our
research group has previously established that VPS35 is stably
expressed in mouse RGCs. VPS35 insufficiency leads to RGC
degeneration and optic nerve gliosis, manifested by reduced
axonal and dendritic processes, thinning of the retinal nerve
fiber layer, increased RGC apoptosis, and hyperphosphorylation

[31-32] Unpublished data from our

of Tau protein in the retina
group indicate that VPS35

vascular leakage, and with advancing age, develop astrocytic
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mice exhibit enhanced retinal

structural disruption, increased RGC apoptosis, and a series
of pathological features resembling those of DR. These
phenotypes are consistent with early changes observed in
DR, We therefore employed a diabetic mouse model to
conduct further investigations and found that retinal VPS35
expression progressively declines with the prolongation of
the diabetic disease course. Moreover, high glucose markedly
affects VPS35 expression in astrocytes. These observations
suggest that VPS35 likely contributes to microvascular
pathology by influencing retinal astrocytes. Consequently, the
present study aims to elucidate the mechanistic role of VPS35
in regulating retinal vascular function via the modulation of
astrocyte-mediated neuroinflammatory responses during the
pathogenesis of DR.

MATERIALS AND METHODS

Ethical Approval The study protocol was approved by the
Laboratory Animal Welfare and Ethics Committee of Army
Medical University (No.AMUWEC20224779).
Streptozotocin-Induced Diabetic Mouse Model C57BL/6
wild-type mice (6—8 weeks old, body weight 20£2 g) were
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purchased from the Animal Experimental Center of Army
Medical Center and housed in the barrier facility of the same
center. Male C57BL/6 mice aged 6—8wk were randomly
divided into a control group and a diabetic model group using
a random number table method (=60 per group). Mice in the
diabetic model group received daily intraperitoneal injections
of streptozotocin (STZ; Bioss, D21012) at a dose of 55 mg/kg
for five consecutive days. Three days after the final injection,
random blood glucose levels were measured via tail vein
sampling. Mice with a blood glucose level >16.7 mmol/L were
considered successfully diabetic, yielding a modeling success
rate of 86.7% (52/60). No mortality occurred in either the
diabetic or control groups during the observation period.

Primary Astrocyte Culture and Identification Primary
astrocytes were isolated and cultured according to previously
described methods"**’

primary cultured astrocytes demonstrated that the percentage

!, Immunofluorescence staining of the

of glial fibrillary acidic protein (GFAP)-positive cells exceeded
95%, and the cells exhibited typical astrocytic morphology,
confirming their suitability for subsequent experiments.
HUVECS Culture and Identification The human umbilical
vein endothelial cells (HUVECs), HUVEC-T1 cell line
(Cellcook, CC4004), was cultured in Dulbecco’s modified
eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin at 37°C in a 5%
CO, incubator. Upon reaching 90% confluence, cells were
passaged at a 1:3 ratio. Cells were cryopreserved in freezing
medium at —80°C overnight and subsequently stored in liquid
nitrogen. Cells at passages 3—8 were used for all experiments.
Immunofluorescence staining confirmed that the percentage
of cluster of differentiation 31 (CD31) positive cells exceeded
95%, and the cells displayed a typical cobblestone-like
morphology.

siRNA-Mediated VPS35 Knockdown in Astrocytes Primary
astrocytes were seeded into 12-well plates. Upon reaching
40% confluence, cells were transfected with si-VPS35 or
negative control siRNA (si-NC; RiboBio) according to the
manufacturer’s instructions for 24h. The medium was then
replaced with DMEM containing 10% FBS, and cells were
cultured until 90% confluence. Culture supernatant fluid and
cellular protein were collected for subsequent analyses. The
experiment included a si-NC group and three independent si-
VPS35 sequence groups, with three replicate wells per group.
Knockdown efficiency was verified by Western blotting (WB),
and the most effective sequence was selected for subsequent
experiments.

Western Blotting Retinal tissue or cells were lysed on ice for
30min in RIPA lysis buffer containing protease and phosphatase
inhibitors. Lysates were centrifuged at 12 000 r/min for
15min at 4°C, and the supernatant was collected. Protein
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concentration was determined using a BCA assay kit, and
samples were adjusted to equal concentrations. After adding
S5xloading buffer, samples were denatured in a boiling water
bath for 10min and stored at —20°C. Protein samples (10 pL)
were separated on 10% SDS-PAGE gels by electrophoresis
at 80 V until the marker bands were resolved, followed
by 120 V until completion. Proteins were transferred to
polyvinylidene fluoride membranes at a constant current of
250 mA for 90min. Membranes were blocked with 5% non-
fat milk for 1.5h, incubated with primary antibodies overnight
at 4°C, and then incubated with secondary antibodies for 1.5h
at room temperature. Signals were detected using enhanced
chemiluminescence.

Retinal Flat-Mount Preparation and IB4 Immuno-
fluorescence Staining Mice were anesthetized by
intraperitoneal injection of 1% sodium pentobarbital (50 mg/kg)
and perfused with normal saline. Eyeballs were enucleated
and fixed in cell fixation solution on ice for lh. Retinas
were dissected under a microscope, cut radially, and fixed
in methanol for 30min. Retinas were transferred to 48-
well plates, rinsed with normal saline, and blocked with
goat serum containing 5% Triton X-100 overnight at 4°C.
Primary antibody incubation was performed at 4°C for 48h.
After rinsing with normal saline, retinas were incubated
with fluorophore-conjugated secondary antibody overnight
at 4°C. Subsequently, retinas were incubated with isolectin
B4 (IB4, Alexa Fluor 594, Invitrogen, 121413) overnight at
4°C. Following thorough rinsing, retinas were mounted with
antifade mounting medium and imaged using a high-resolution
microscope.

Cell Immunofluorescence Staining Primary astrocytes were
seeded onto coverslips in 48-well plates. Upon reaching 40%—
50% confluence, cells were divided into a control group and
a high-glucose group (50 mmol/L) and treated for 48h, after
which supernatant fluid was collected. Cells were washed with
phosphate-buffered saline (PBS), fixed with fixation solution
for 15min, permeabilized with 0.3% Triton X-100 for 10min,
and blocked with 3% bovine calf serum for 1h. Cells were
incubated with primary antibodies overnight at 4°C, followed
by fluorophore-conjugated secondary antibodies for 1h at room
temperature. Coverslips were mounted with DAPI-containing
antifade mounting medium and imaged using a high-resolution
microscope.

HUVEC Scratch Wound Healing Assay HUVECs were
seeded into 12-well plates and cultured until 100% confluence.
A vertical scratch was created in each well using a 10 pL
pipette tip. After washing with PBS, cells were assigned
to the following treatment groups: control group (DMEM
complete medium), high-glucose group (50 mmol/L), normal
astrocyte supernatant fluid group, high-glucose-stimulated
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astrocyte supernatant fluid group, and lipopolysaccharide
(LPS)-stimulated astrocyte supernatant fluid group. Images
were captured at fixed positions at 0, 12, and 24h post-scratch.
Scratch widths were measured using ImageJ software, and
statistical analyses were performed.

HUVEC Proliferation Assay HUVECs were seeded onto
coverslips in 48-well plates at a density of 5x10° cells per well.
Upon reaching 30%-40% confluence, cells were assigned to
the following groups and treated for 48h: control group, high-
glucose group (50 mmol/L), normal astrocyte supernatant
fluid group, high-glucose-stimulated astrocyte supernatant
fluid group, and si-VPS35 astrocyte supernatant fluid group.
5-Ethynyl-2’-deoxyuridine (EdU) staining was performed
using the EdU assay kit (RiboBio, C10310) according to the
manufacturer’s instructions. Images were acquired using a
fluorescence microscope, and the percentage of EdU-positive
cells was quantified.

HUVEC Tube Formation Assay A 48-well plate was pre-
coated with Matrigel (200 pL per well), incubated at 4°C for
10min, and then transferred to 37°C for 30min to solidify.
HUVECs were seeded at a density of 5x10* to 6x10" cells per
well and assigned to the following groups: control group, high-
glucose group (50 mmol/L), normal astrocyte supernatant fluid
group, high-glucose-stimulated astrocyte supernatant fluid
group, and si-VPS35 astrocyte supernatant fluid group. Tube
formation was observed and photographed at 3, 6, and 8h. The
number of junctions, number of branches, and total tube length
were quantified using the ImageJ Angiogenesis Analyzer
plugin.

Fundus Fluorescein Angiography Mice were anesthetized by
intraperitoneal injection of 1% sodium pentobarbital
(50 mg/kg), and pupils were dilated with compound
tropicamide eye drops. Fluorescein sodium (0.5%, 10 mL/kg;
Alcon) was administered via intraperitoneal injection.
Fundus vascular imaging was performed immediately using a
Heidelberg laser scanning ophthalmoscope.

Quantitative Real-Time Reverse Transcription Polymerase
Chain Reaction Total RNA was extracted, and reverse
transcription was performed to obtain complementary
DNA (cDNA) according to the manufacturer’s protocols.
Quantitative real-time reverse transcription polymerase
chain reaction (RT-qPCR) was carried out using the ChamQ
Universal SYBR qPCR Master Mix kit (Vazyme, Q711-
02/03) on a StepOnePlus RT-qPCR detection system (Thermo
Fisher Scientific, USA). The thermal cycling conditions were
as follows: initial denaturation at 95°C for 3min, followed
by 30 cycles of 95°C for 15s and 55°C for 30s. Relative gene
44 method.

Co-Immunoprecipitation of VPS35 and Leucine-Rich

expression levels were calculated using the 2

Repeat Kinase 2 Primary astrocytes were washed with

PBS and lysed on ice for 20min in lysis buffer containing
protease inhibitors at a ratio of 30 pL per 1x10° cells. Lysates
were centrifuged at 12 000 r/min for 15min at 4°C, and the
supernatant was collected. Magnetic beads were washed with
PBST and subsequently incubated with anti-VPS35 or anti-
leucine-rich repeat kinase 2 (LRRK2) primary antibody
(30 pg/mL) at room temperature for 30min, followed by
incubation at 4°C for 2h. For the negative control group,
species-matched immunoglobulin G was used in place of the
primary antibody. After washing, the antibody-conjugated
beads were incubated with the protein supernatant at room
temperature for 30min and then at 4°C for 2h. Following
additional washes, 1xloading buffer was added, and the
samples were heated at 95°C for Smin. The eluted supernatant
was then collected for WB analysis.

Statistical Analysis Statistical analyses were performed
using GraphPad Prism 9.5 software. All continuous data were
assessed for normality and homogeneity of variance. Data
meeting the assumptions of normal distribution and equal
variance were analyzed using parametric tests; otherwise,
nonparametric tests were employed. Data are expressed as
mean+tstandard error of the mean (SEM). Each experiment
included at least three independent replicates. Comparisons
between two groups were performed using Student’s #-test.
Comparisons among multiple groups were conducted using
one-way or two-way analysis of variance (ANOVA), followed
by Tukey’s, Dunnett’s, or Sidak’s post hoc tests for pairwise
comparisons, as appropriate. For correlation analyses, Pearson
correlation analysis was applied when data conformed to
a bivariate normal distribution; otherwise, Spearman rank
correlation analysis was used. P<0.05 was considered
statistically significant.

RESULTS

Early Retinal Microvascular Pathology in the Diabetic
Mouse Model Fundus fluorescein angiography (FFA)
revealed marked retinal microvascular leakage and
structural disorganization in diabetic mice at 8wk post-STZ
induction (Figure 1A, 1B). WB analysis demonstrated that
retinal expression of CD31 and claudin-5 began to decline
significantly at 4wk post-diabetes onset, with the most
pronounced reductions observed at 8 and 10wk (Figure
1C—1E). Retinal flat-mount IB4 staining and Angio Tool
quantitative analysis showed that from 8wk onward, diabetic
mice exhibited decreased numbers of vascular junctions and
total vessel area, increased mean vascular lacunarity, and
visibly narrowed vessels, whereas no significant alterations
in these parameters were detected at 0 or 4wk (Figure 1F—11).
Collectively, these findings demonstrate that STZ-induced
diabetic mice develop unequivocal retinal microvascular injury
by 8wk after successful induction of diabetes.
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Figure 1 Retinal microvascular pathology in diabetic mice from 0 to 12wk post-diabetes onset A, B: Representative FFA images from CON and

DM mice and quantification of vascular branch number. Data were analyzed using an unpaired t-test and are presented as mean+SEM; n=4. C—

E: WB analysis of retinal CD31 and claudin-5 protein expression and corresponding quantitative analysis. Data were analyzed using an unpaired

t-test and are presented as mean+SEM; n=6 per time point. F-I: IB4 staining of retinal flat-mounts and quantitative analysis of vascular

parameters using Angio Tool software. Data were analyzed using an unpaired t-test and are presented as mean+SEM; n=6 per time point.
°P<0.05, °P<0.01, °P<0.001, °P<0.0001 vs age-matched control group. CON: Control; DM: Diabetes mellitus; CD31: Cluster of differentiation 31;
FFA: Fundus fluorescein angiography; I1B4: Isolectin B4; SEM: Standard error of the mean.

Early Retinal Astrocyte Activation and Decreased VPS35
Expression in Diabetic Mouse Model In the retinal tissue of
diabetic mice, compared with age-matched normal controls,
VPS35 protein expression began to decline progressively
from 4wk after successful induction of diabetes and decreased
further with prolongation of the disease course. GFAP
expression increased immediately upon successful diabetes
induction and continued to rise as the disease progressed.
S100 calcium-binding protein B (S100B) expression gradually
increased from 4wk onward (Figure 2A—2D). These findings
indicate that retinal astrocytes are activated during the early
stages of diabetes. Retinal flat-mount preparations revealed
that at 4wk post-diabetes onset, VPS35 fluorescence appeared
more diffusely distributed, although the fluorescence intensity
did not yet differ significantly from that of controls. By
8wk, however, VPS35 fluorescence intensity was markedly
reduced compared with the normal control group (Figure
2E-2F). At the same time point (8wk), GFAP fluorescence
intensity was significantly enhanced in the diabetic retina,
and astrocytes exhibited thickened and shortened processes
with reduced branching (Figure 2G-2H), further confirming
astrocyte activation. Pearson correlation analysis demonstrated
that retinal VPS35 protein expression in diabetic mice was
negatively correlated with GFAP (=—0.511, P=0.0039),
positively correlated with CD31 (»=0.5068, P=0.0043),
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positively correlated with claudin-5 (»=0.3881, P=0.0341),
and positively correlated with vascular area (r=0.7293,
P=0.0006; Figure 2I-2L). These results suggest that VPS35
downregulation is closely associated with early neurovascular
injury in diabetic retinopathy. In summary, decreased VPS35
expression and astrocyte activation may play important roles in
early vascular injury during diabetic retinopathy.

High Glucose Reduces VPS35 Expression in Primary
Astrocytes and Astrocyte-Derived Supernatant Fluid
Promotes HUVEC Migration Primary astrocytes were
treated with high glucose (50 mmol/L) for 1 to 3d. WB
analysis revealed that VPS35 protein expression decreased
progressively over time, whereas GFAP expression increased
gradually. S100B and complement component 3 (C3)
expression tended to decline, but the changes were not
statistically significant (Figure 3A—3E). Immunofluorescence
staining confirmed the cytoplasmic localization of VPS35 in
astrocytes. In the high glucose group, VPS35 fluorescence
intensity was markedly reduced, while GFAP fluorescence
intensity was significantly enhanced (Figure 3F—3H).

Next, we collected supernatant fluid from primary astrocytes
under normal control conditions, LPS stimulation, and high
glucose treatment. These supernatant fluids were applied to
cultured HUVECS, and a high-glucose directly treated HUVEC
group was included for comparison. The scratch wound healing
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Figure 2 Temporal changes in retinal VPS35 and GFAP expression and correlation analysis in diabetic mice at different time points A:

Representative WB bands of VPS35, GFAP, and S100B in the retina of CON and DM mice at 0, 2, 4, 6, 8, and 10wk post-diabetes onset. B—
D: Quantification of VPS35, GFAP, and S100B protein levels. Data are presented as mean+SEM; n=6 per time point. Statistical analysis was
performed using an unpaired t-test. E, F: Representative immunofluorescence images of VPS35 in retinal flat-mounts from CON and DM mice at
different time points and corresponding quantitative analysis. G, H: Representative immunofluorescence images and quantification of GFAP in
retinal flat-mounts from CON and DM mice at 0 and 8wk. Data are presented as mean+SEM; n=6 per time point, analyzed by unpaired t-test. |-
L: Pearson correlation scatter plots between relative retinal VPS35 protein expression and GFAP, claudin-5, CD31, and vascular area (data from
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individual diabetic mouse; n=36 (I-K) or n=18 (L). r is the Pearson correlation coefficient. °P<0.05, °P<0.01, °P<0.001, *P<0.0001 vs age-matched
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B; DM: Diabetes mellitus; CON: Control; SEM: Standard error of the mean; CD31: Cluster of differentiation 31.

assay was used to assess differences in HUVEC migration
capacity among the groups. The results demonstrated that
supernatant fluid from both LPS stimulated and high glucose
treated astrocytes significantly promoted HUVEC migration,
with the high glucose astrocyte supernatant fluid exhibiting
the most potent pro-migratory effect. In contrast, direct high
glucose treatment of HUVECs had no significant effect on
their migration (Figure 31-3K). These findings indicate that
certain molecules secreted by astrocytes under high glucose
conditions play a critical role in promoting HUVEC migration,
rather than the high-glucose environment itself.

Supernatant Fluid from VPS35-Suppressed Astrocytes
Induces HUVEC Dysfunction HUVECs were divided
into five groups: normal control group, HG group, normal
astrocyte supernatant fluid group, high-glucose-stimulated
astrocyte supernatant fluid group, and si-VPS35-treated
astrocyte supernatant fluid group. The EdU proliferation
assay showed that the proliferative capacity of HUVECs in

the high-glucose-stimulated astrocyte supernatant fluid group
and the si-VPS35-treated astrocyte supernatant fluid group
was lower than that in the control group, the high-glucose
alone group, and the normal astrocyte supernatant fluid group
(Figure 4A, 4B). The tube formation assay demonstrated
that the number of junctions and the average tube length in
the aforementioned two groups were lower than those in
the other three groups (Figure 4C—4E). F-actin fluorescence
staining revealed that in the normal control group, the HUVEC
cytoskeleton exhibited an ordered arrangement of parallel
stress fibers, whereas in the high-glucose-stimulated astrocyte
supernatant fluid group and the si-VPS35 group, the mean
fluorescence intensity was decreased, and the fibers were
disorganized with reduced orientation; these alterations were
more pronounced in the si-VPS35 group (Figure 4F—4H). WB
analysis showed that protein expression of CD31 and claudin-5
in HUVECs was lower in the high-glucose-stimulated
astrocyte supernatant fluid group and the si-VPS35 group
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Figure 3 High glucose reduces VPS35 protein expression in primary astrocytes, and the effect of astrocyte-derived supernatant fluid on HUVEC

migration A: Representative WB bands of VPS35, GFAP, S100B, C3 in primary astrocytes stimulated with high glucose (50 mmol/L) for 1, 2, and
3d. B-E: Quantification of VPS35, GFAP, C3, and S100B protein levels. Data are presented as mean+SEM; n=6. Statistical analysis was performed
using an unpaired t-test. F—H: Representative immunofluorescence images of VPS35 (red) and GFAP (green) in primary astrocytes after 3d of
high glucose stimulation, and quantification of fluorescence intensity. Data are presented as meanSEM; n=6, analyzed by unpaired t-test. I:
Representative images from the scratch wound healing assay at 0, 12, and 24h after treatment of HUVECs with the indicated conditioned media.
Groups: control, high glucose, normal astrocyte supernatant fluid, high-glucose-stimulated astrocyte supernatant fluid, and LPS-stimulated
astrocyte supernatant fluid. J, K: Quantification of wound healing rates at 12 and 24h. Data are presented as mean+SEM; n=6, analyzed by
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Complement component 3; LPS: Lipopolysaccharide; SEM: Standard error of the mean; WB: Western blotting; ANOVA: Analysis of variance.

than in the other three groups, whereas glucose transporter 1
(GLUT1) protein expression was higher in these two groups
than in the other three groups (Figure 41-4L). Collectively,
these results indicate that inhibition of VPS35 expression
in astrocytes affects glucose transport function, leads to
cytoskeletal disorganization in HUVECs, and suppresses their
tube formation and proliferation.

Suppression of VPS35 in Astrocytes Promotes LRRK2
Expression, Inhibits EAAT2/GLUA2 Expression, and
Enhances Inflammatory Cytokine Secretion Following
high-glucose (50 mmol/L) treatment of primary astrocytes for
24, 48, and 72h, WB analysis revealed no significant change in
excitatory amino acid transporter 1 protein expression, whereas
excitatory amino acid transporter 2 (EAAT2) and glutamate
receptor 2 (GLUA2) protein expression were downregulated,
and LRRK?2 protein expression was upregulated (Figure 5A,
5B). At 8wk after successful diabetes induction, retinal protein
expression of VPS35, EAAT2, and GLUA2 was lower in
diabetic mice than in control mice, whereas GFAP and LRRK2
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protein expression was higher than in controls (Figure 5C, 5D).
Following transfection of primary astrocytes with si-VPS35,
GFAP and LRRK2 protein expression increased, while EAAT2
and GLUAZ2 protein expression decreased (Figure SE, 5F).
Co-immunoprecipitation (Co-IP) analysis demonstrated an
interaction between VPS35 and LRRK?2 in primary astrocytes
(Figure 5G). RT-qPCR showed that under high-glucose
treatment or si-VPS35 transfection, the mRNA expression of
IL-1B, IL-6, and TNF-a in primary astrocytes was higher than
that in the control group (Figure SH-5J). These results indicate
that under high-glucose conditions, reduced VPS35 expression
in retinal astrocytes leads to astrocyte activation and disruption
of glutamate homeostasis via upregulation of LRRK2
expression, thereby promoting the secretion of inflammatory
cytokines.

Supernatant Fluid from VPS35-Knockdown Astrocytes
Activates NF-kB and Suppresses FoxM1/HIF-1a in
HUVECs Following treatment of HUVECs with supernatant
fluid from si-VPS35-treated astrocytes, WB analysis revealed
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that protein expression of nuclear factor kappa-B (NF-kB)
and phosphorylated NF-xB (p-NF-«B) increased from day
2 onward, whereas protein expression of hypoxia-inducible
factor 1-alpha (HIF-1a) and forkhead box protein M1 (FoxM1)
decreased (Figure 6). These results indicate that following
VPS35 reduction in astrocytes, the derived supernatant
fluid activates the NF-kB inflammatory pathway in adjacent
vascular endothelial cells.

DISCUSSION

Disruption of the BRB and the resultant retinal microangiopathy
have long been regarded as the fundamental pathological
alterations in DR. In recent years, however, techniques such
as neuroelectrophysiology, optical coherence tomography,
and microperimetry have revealed that abnormalities in
the electroretinogram, foveal thickness, and mean retinal
sensitivity of the central fovea are already present in diabetic

patients even in the absence of clinically evident retinal

. . 9,36-38
microvascular lesions™

I Accumulating evidence indicates
that DR is a neurovascular disorder characterized by the
coexistence of neurodegeneration and microangiopathy, and
that structural and functional alterations in neurons and glial
cells precede the onset of microvascular pathology”***"*",
These findings suggest that pathological changes in neural
cells and microvascular injury may occur concurrently in
the diabetic state, and that DR is not solely a microvascular
disease but rather a neurovascular disorder comprising both
neurodegenerative and microvascular components. Moreover,
an increasing body of research has confirmed that the NVU
plays a pivotal role in DR. The literature indicates that metabolic
disturbances in DR lead to reciprocal interactions among the
various constituents of the NVU, such that dysfunction of any
single component can precipitate overall NVU impairment.
Specifically, a series of metabolic abnormalities in DR

activate retinal glial cells, which in turn produce a variety of
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inflammatory cytokines, chemokines, and growth factors.
These mediators incite retinal neuroinflammation, thereby
compromising NVU function. Degenerating glial cells further
exacerbate the neuroinflammatory response, creating a vicious
cycle that progressively drives neurodegenerative changes in
DR[IZ'W].

Astrocytes in the retina exhibit two distinct morphological
phenotypes and tissue localizations, which are classified
as either neurotoxic (A1) or neuroprotective (A2)“"*", A1
astrocytes are characterized by high expression of complement
components (e.g., C3), S100B, and proinflammatory cytokines,
whereas A2 astrocytes highly express neurotrophic factors
such as S100 calcium-binding protein A10*. Our study
demonstrated elevated S100B expression in the diabetic
mouse model, indicative of astrocyte activation and the
consequent exertion of neurotoxic effects. Studies have shown
that astrocytic changes in DR precede those of Miiller cells
and microglia®¥. Previous research has confirmed that
during the development and progression of DR, astrocyte
activation triggered by high-glucose-induced hypoxia can
be detected at the earliest stages of the disease. Activated
astrocytes produce inflammatory factors such as VEGF, IL-6,
IL-1B, thereby initiating a neuroinflammatory cascade that
ultimately disrupts BRB homeostasis. Moreover, activated
astrocytes release chemokines that recruit and activate
microglia, further amplifying the inflammatory response
and accelerating neurovascular pathology'*. Consistent
with these findings, studies employing STZ-induced
diabetic animal models have demonstrated that the earliest
neurodegenerative alterations occur along the visual pathway,
with disease progression leading to retinal vascular damage,
and astrocyte activation represents the most prominent early
change in this process™*". Our own findings revealed that
in the retinas of diabetic mice at early disease stages, GFAP
expression began to increase significantly at week 0 and
progressively migrated from the ganglion cell layer toward the
inner plexiform layer by week 12, suggesting that astrocyte
activation commences early following high-glucose exposure.
In contrast, immunofluorescence labeling of Miiller cells with
vimentin indicated that their activation occurred at week 10.
considerably later than that of astrocytes.

VPS35, a core component of the retromer complex, is
well established to be intimately associated with central
neurodegenerative disorders such as AD and PD. Our research
group previously demonstrated that VPS35 heterozygous
knockout mice (VPS35”™) exhibit impaired RGC axons

U as well as

and thinning of the retinal nerve fiber layer!
phenotypes characteristic of DR, including enhanced retinal
vascular leakage, disrupted astrocyte architecture, and

increased RGC apoptosis. Together with literature reports

of a marked deficiency of VPS35 in the hippocampal tissue
of diabetic mouse models, these findings strongly suggest
that VPS35 may represent a convergent point in the shared
pathogenesis of AD and diabetes”. In the present study, we
further found that retinal VPS35 expression progressively
declines in diabetic mice beginning at 4wk post-diabetes
onset, concomitant with astrocyte activation that is initiated
at the very early stage of diabetes and becomes progressively
enhanced as the disease advances. Subsequent cell-based
experiments confirmed that high-glucose stimulation of
primary astrocytes leads to astrocyte activation and a
significant reduction in cytoplasmic VPS35 expression
compared with the normal control group. Collectively, these
results demonstrate that retinal astrocytes are activated during
carly diabetes in parallel with a decrease in VPS35 expression,
and Pearson correlation analysis confirmed a significant
association between these two events. We therefore speculate
that the reduction of VPS35 under high-glucose conditions
may be a causative factor in astrocyte activation.

Studies have demonstrated that, in addition to its role in
neurodegeneration, VPS35 dysfunction plays a critical role
in vascular differentiation and maturation during mouse
brain development. VPS35 deficiency markedly increases
the activity of reactive astrocytes associated with vascular
differentiation and maturation, thereby accelerating vascular
endothelial cell apoptosis™***". The present study found that
inhibition of VPS35 expression in primary astrocytes leads
to cytoskeletal disorganization in vascular endothelial cells,
decreased tube formation capacity, impaired cell proliferation,
and concomitant abnormalities in glucose transport function.
These findings indicate that VPS35 exerts a key regulatory
role in the interaction between astrocytes and vascular
endothelial cells under high-glucose conditions. LRRK2
represents the most common cause of autosomal dominant PD
and is associated with abnormal vesicle trafficking, leading
to shortened neuronal axons and dendrites, thereby playing a
W41 Literature

reports indicate that LRRK?2 is highly expressed in the brain

significant role in neurodegenerative diseases

tissue of diabetic rat models, and that VPS35 can induce
disease progression through activation of LRRK2, although
the precise underlying mechanism remains unclear ",
Using Co-IP assays in primary astrocytes, we confirmed an
interaction between VPS35 and LRRK?2 in astrocytes, which
is consistent with previous reports demonstrating their spatial
and functional interaction in brain tissue®™”. Furthermore, our
study demonstrated that LRRK2 expression is significantly
upregulated both in the retinal tissue of diabetic mice and in
astrocytes activated by high glucose. Moreover, cell-based
experiments revealed that knockdown of VPS35 in astrocytes

leads to astrocyte activation accompanied by a marked
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increase in LRRK2 expression. These results suggest that
under high-glucose conditions, VPS35 may function as a
negative regulator of LRRK2. Decreased VPS35 expression
disrupts normal protein sorting homeostasis, resulting in
abnormal accumulation or enhanced kinase activity of LRRK2
in astrocytes, thereby triggering astrocyte activation.
Glutamate (Glu) is the most abundant, widely distributed,
and potent excitatory neurotransmitter in the central nervous
system. Its excitotoxicity can cause various forms of neural
injury and neurodegeneration. In the retina, Glu is extensively
distributed across photoreceptors, bipolar cells, and the
ganglion cell layer, where it plays a critical role in signal
transmission. The rapid clearance of excess extracellular
Glu is essential for maintaining normal retinal physiological
function, and one of the functions of astrocytes is to participate
in this clearance process. EAAT? is the principal transporter
responsible for Glu clearance in the central nervous system.
Impairment of its function leads to synaptic Glu accumulation,
resulting in neuronal excitotoxicity®”, and can also trigger
reactive astrogliosis and further neurodegeneration™***,
Studies in brain tissue have shown that LRRK2 interferes
with EAAT?2 function, leading to extracellular Glu overload
and consequent neurodegenerative changes”**". GLUA?2 is
responsible for receiving Glu signals; its reduction exacerbates
excitotoxic injury”. Thus, GLUA2 mediates Glu signal
reception, while EAAT? is responsible for Glu clearance,
and together they maintain normal glutamatergic signaling
while preventing excitotoxicity. Our study found that EAAT2
and GLUA2 expression levels were significantly reduced
in both the retinal tissue of diabetic mice and in astrocytes
subjected to high-glucose stimulation compared with normal
controls. Furthermore, knockdown of VPS35 in astrocytes also
markedly decreased EAAT2 and GLUA2 expression. These
findings indicate that the specific downregulation of EAAT2
and GLUAZ2 signifies a disruption of synaptic Glu homeostasis
in the retina. This series of changes suggests that aberrant
VPS35-LRRK?2 axis activity under high-glucose conditions
may represent a critical upstream event leading to retinal Glu
excitotoxicity and accelerated ganglion cell injury.

Astrocytes play a pivotal role within the retinal neurovascular
unit, serving not only as supportive cells for neurons but also
as guardians of the BRB. Our study demonstrates that upon
VPS35 knockdown, astrocytes become activated and exhibit
elevated expression of IL-1p, IL-6, and TNF-o. Treatment
of vascular endothelial cells with supernatant fluid derived
from these astrocytes results in a marked increase in NF-xB
and p-NF-xB protein levels, accompanied by a significant
decrease in HIF-1a and FoxM1 protein expression. NF-kB
is a well-established master transcription factor that governs
vascular permeability, leukocyte adhesion, and inflammatory
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responses. Previous studies have convincingly demonstrated
that TNF-a disrupts the tight junction complex of retinal
endothelial cells via activation of the NF-kB signaling
pathway, leading to increased barrier permeability"™”.
Moreover, NF-kB expression is known to escalate with the
progression of diabetes and has been closely linked to retinal
cell apoptosis and neovascularization'”. Our findings reveal
that under high-glucose conditions, astrocytes release multiple
proinflammatory cytokines (TNF-a, IL-18, IL-6), concomitant
with a significant increase in NF-kB and p-NF-kB protein
expression. This suggests that astrocytes likely contribute to
the disruption of the BRB by activating the NF-kB pathway in
vascular endothelial cells'®".

We therefore infer that reduced VPS35 expression in
astrocytes under high-glucose conditions may activate the
NF-«xB pathway in vascular endothelial cells via a paracrine
mechanism, thereby affecting endothelial cell function,
although the precise underlying mechanisms warrant further
in-depth investigation. Our study partially elucidates the
mechanism by which VPS35 influences vascular endothelial
function through astrocytes during the early stages of
diabetes. However, certain limitations remain. Specifically,
our mechanistic exploration relies predominantly on in vitro
cell-based experiments. Future studies will necessitate the
establishment of in vivo models, such as astrocyte-specific
VPS35 knockout mice or VPS35-overexpressing mouse lines,
to provide more direct validation and further investigation
within a physiological context.

Current clinical treatments for DR primarily target the
advanced neovascular stage, with anti-VEGF agents as
the mainstay, whereas interventions addressing early
neurodegenerative changes and vascular dysfunction
remain relatively limited'”*”. Our findings indicate that the
VPS35-LRRK2-NF-kB signaling axis plays a significant role
in neurovascular pathology during the early stages of DR,
thereby providing a potential novel target for early intervention.
Literature reports have shown that small-molecule compounds
targeting the VPS35-LRRK2 interaction have demonstrated
therapeutic potential in PD models, and several LRRK?2 kinase
inhibitors have entered clinical trial phases'®*". Consequently,
this study suggests that, following further mechanistic
exploration coupled with in vivo experimental validation,
such VPS35-LRRK2-targeting small molecules might also be
applicable for early intervention in DR, although their safety
and efficacy require further investigation in diabetic animal
models. Furthermore, our results underscore the driving role
of astrocyte activation in DR-associated vascular endothelial
dysfunction, implying that strategies aimed at modulating
astrocyte activation, such as inhibiting LRRK?2 kinase activity
or enhancing VPS35 expression, may confer dual benefits of
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neuroprotection and vascular stabilization. Considering recent

"and

advances in the regulation of Miiller cell ferroptosis'®’
the inhibition of the stimulator of interferon genes pathway in
microglia®), future therapeutic strategies for DR may involve
synergistic interventions targeting multiple glial cell types to
achieve optimal treatment outcomes.
In conclusion, during early diabetic retinopathy, VPS35
mediates astrocyte inflammatory responses through the
regulation of LRRK2, which activates the NF-kB signaling
pathway. This activation leads to functional abnormalities in
vascular endothelial cells, including impaired cytoskeletal
stability, altered migration, and reduced proliferative capacity,
thereby further driving retinal neurovascular dysfunction.
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