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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

0, 4, and 8wk) in diabetic mice. Solid lines represent linear regression, and shaded areas indicate 95% confidence bands. Each dot represents an

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

CON group. WB: Western blotting; VPS35: Vacuolar protein sorting 35; GFAP: Glial fibrillary acidic protein; S100B: S100 calcium-binding protein
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
one-way ANOVA followed by Dunnett’s multiple comparisons test. *P<0.05, ®P<0.01, “P<0.001, °P<0.0001 vs control group. HUVEC: Human
umbilical vein endothelial cell; VPS35: Vacuolar protein sorting 35; GFAP: Glial fibrillary acidic protein; SI00B: S100 calcium-binding protein B; C3:

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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Figure 4 Effects of supernatant fluid from primary astrocytes under different treatment conditions on HUVEC proliferation, morphology,
and protein expression of CD31, claudin-5, and GLUT1 A, B: EdU assay showing the effect of supernatant fluid from primary astrocytes under
different treatment conditions on HUVEC proliferation, with corresponding statistical analysis. C—E: Effects of supernatant fluid from primary
astrocytes under different treatment conditions on the number of junctions and average tube length in the HUVEC tube formation assay,
with statistical analysis. F-H: F-actin fluorescence staining showing the effect of supernatant fluid from primary astrocytes under different
treatment conditions on the mean fluorescence intensity and fiber organization of the HUVEC cytoskeleton, with statistical analysis. I-L: WB
analysis of CD31, claudin-5, and GLUT1 protein expression in HUVECs treated with supernatant fluid from the following groups: normal control,
high-glucose alone, normal astrocyte supernatant fluid, high-glucose-stimulated astrocyte supernatant fluid, and si-VPS35-treated astrocyte
supernatant fluid, with corresponding statistical analysis. Data are presented as meantSEM; n=3. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test. °P<0.05, ®p<0.01, °P<0.001, “P<0.0001. HUVECs: Human umbilical vein endothelial cells; HG:
High glucose; AS SNF: Astrocyte culture supernatant fluid; HG AS SNF: High glucose-stimulated astrocyte culture supernatant fluid; si-VPS35
AS SNF: si-VPS35-treated astrocyte culture supernatant fluid; CD31: Cluster of differentiation 31; GLUT1: Glucose transporter 1; WB: Western

blotting; SEM: Standard error of the mean; EdU: 5-Ethynyl-2’-deoxyuridine; ANOVA: Analysis of variance.

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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Figure 5 Effects of VPS35 knockdown in primary astrocytes on LRRK2, EAAT2, and GLUA2 protein expression and proinflammatory cytokine
mRNA levels, and the interaction between VPS35 and LRRK2 A, B: WB analysis of EAAT1, excitatory EAAT2, LRRK2, and GLUA2 protein
expression in primary astrocytes under high-glucose stimulation at different time points, with corresponding quantitative analysis. Data are
presented as mean+SEM; n=3. Statistical analysis was performed using two-way ANOVA followed by Sidak’s post hoc test. C, D: WB analysis
of VPS35, GFAP, EAAT2, GLUA2, and LRRK2 protein expression in the retina at 8wk post-diabetes onset, with quantitative analysis. Data are
presented as mean+SEM; n=6, analyzed by t-test. E, F: WB analysis of EAAT2, GFAP, GLUA2, and LRRK2 protein expression in primary astrocytes
after VPS35 knockdown, with quantitative analysis. Data are presented as meanSEM; n=3, analyzed by two-way ANOVA followed by Sidak’s
post hoc test. G: Co-IP assay showing the interaction between VPS35 and LRRK2. H-J: RT-qPCR analysis of the relative mRNA expression levels
of IL-1B, TNF-a, and IL-6 in primary astrocytes under normal control, high-glucose treatment, si-NC, and si-VPS35 knockdown conditions. Data
were normalized to B-actin and are presented as mean+SEM; n=3 independent experiments. Statistical analysis was performed using one-way
ANOVA followed by Tukey’s post hoc test. °P<0.05, ®p<0.01, °P<0.001, °P<0.0001. LRRK2: Leucine-rich repeat kinase 2; GLUA2: Glutamate
receptor 2; EAAT2: Excitatory amino acid transporter 2; EAAT1: Excitatory amino acid transporter 1; AS: Astrocyte; SNF: Supernatant fluid; IL-1B:
Interleukin-1 beta; IL-6: Interleukin-6; TNF-a: Tumor necrosis factor-alpha; RT-qPCR: Quantitative real-time reverse transcription polymerase
chain reaction; Co-IP: Co-immunoprecipitation; WB: Western blotting; SEM: Standard error of the mean; VPS35: Vacuolar protein sorting 35;
GFAP: Glial fibrillary acidic protein; CON: Control; DM: Diabetes mellitus; ANOVA: Analysis of variance.

Astrocyte culture SNF
High glucose AS culture SNF-1D

astrocyte 2D 3D A High glucose AS culture SNF-2D
culture SNF - T High glucose AS culture SNF-3D
si-VPS35 astro-
— 1.5+ d
cyte culture SNF T 3 b d
FoxM1| e e s s [4120Kd
HIF-101 [ J4120Kd

P-NF-KB [ ol ¢ 50K

NF-KB[ === wm= v [460Kd

GLUT1 [ e W - | ¢55Kd

B-actin| e ——lg42Kd

Relative protein expression
(VS B-actin)

GLUT1 FoxM1 HIF-1a p-NF-kB NF-kB

Figure 6 Knockdown of VPS35 in astrocytes activates the NF-kB signaling pathway in HUVECs WB analysis of HIF-1a, FoxM1, NF-kB,
and p-NF-kB protein expression in HUVECs treated with supernatant fluid from si-VPS35-treated astrocytes at different time points, with
corresponding statistical analysis. Data are presented as mean+SEM; n=3 independent experiments. Statistical analysis was performed using
two-way ANOVA followed by Sidak’s post hoc test. °P<0.05, °P<0.01, “P<0.001, “P<0.0001. HIF-1a: hypoxia-inducible factor 1-alpha; FoxM1:
Forkhead box protein M1; NF-kB: Nuclear factor kappa-B; p-NF-kB: Phosphorylated nuclear factor kappa-B; SNF: Supernatant fluid; WB:
Western blotting; SEM: Standard error of the mean; VPS35: Vacuolar protein sorting 35; HUVECs: Human umbilical vein endothelial cells; SNF:
Supernatant fluid; GLUT1: Glucose transporter 1; ANOVA: Analysis of variance.
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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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