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Purrose. The glucagon-like peptide-1 receptor (GLP-1R), a diabetes therapy target, is
expressed in multiple organs and is associated with neuroprotective, anti-inflammatory,
and antitumor effects, particularly in cardiac and cerebral tissues. Although GLP-1’s role in
diabetic and ischemic retinopathies is well-studied, its influence on choroidal neovascu-
larization (CNV) in exudative age-related macular degeneration (AMD) remains unclear.
This study explored the effects of GLP-1 on CNV using a laser-induced mouse model.

MerHops. The anti-angiogenic effects of GLP-1 were tested using ex vivo sprouting assays
in 3-week-old C57BL/6J mice. In 6-week-old mice, GLP-1R localization in laser-induced
CNV lesions was analyzed via immunohistochemistry. Liraglutide, a GLP-1R agonist, was
administered subcutaneously for 7 days or by single intravitreal injection post-laser.
Eyeballs collected on days 1 to 7 post-laser were analyzed using RT-qPCR for GLP-1R
expression and inflammatory cytokines.

Resurts. GLP-1R-positive cells were detected in CNV lesions and were expressed in Iba-
1-positive activated microglia or macrophages. They also expressed in abnormal retinal
pigment epithelial cells and surrounding normal endothelial cells. NOD-like receptor
protein 3 (NLRP3) inflammasome signaling was observed near CNV. Liraglutide inhibited
angiogenesis in ex vivo assays and significantly reduced CNV formation with both subcu-
taneous and intravitreal administration. Additionally, Liraglutide inhibited expression of
NLRP3, IL-18, IL-6, and TNF expression compared with healthy controls. Intravitreal GLP-
1R antagonist reduced subcutaneous effects.

Concrusions. Liraglutide suppresses CNV formation, likely via NLRP3 inflammasome
inhibition. Intraocular GLP-1R appears to mediate anti-CNV effects, supporting GLP-1R
agonists as potential adjunctive therapy for exudative AMD and warranting further inves-
tigation into its safety and clinical feasibility.

Keywords: age-related macular degeneration (AMD), choroidal neovascularization (CNV),
glucagon-like peptide-1 receptor (GLP-1R) agonists, glucagon-like peptide-1 recep-
tor (GLP-1R) expression, laser-induced mice model, intravitreal injection, nucleotide
oligomerization domain-like receptor protein 3 (NLRP3), reverse transcription poly-
merase chain reaction (RT-PCR), sprouting assay, subcutaneous injection

ge-related macular degeneration (AMD) is a leading

cause of visual impairment in developed countries.'?
The atrophic form is characterized by gradual macular atro-
phy, with anti-complement therapies recently developed to
decelerate its progression. In the exudative form, overex-
pression of vascular endothelial growth factor-A (VEGF-
A) promotes neovascularization and vascular permeability,
leading to recurrent exudates, hemorrhage, and damage
to photoreceptor cells, resulting in vision loss. Intravitreal
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anti-VEGF injections, including ranibizumab, aflibercept,
brolucizumab, and faricimab, significantly improve visual
outcomes*~®; however, they carry risks such as endoph-
thalmitis and retinal detachment”!° and require frequent
treatments, creating financial and logistical burdens.'!
Therefore, alternative therapies are needed.

Glucagon-like peptide-1 (GLP-1), an incretin hormone,
was first identified in monkfish islets in 1981.}2 It
enhances glucose-dependent insulin secretion, lowering
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blood glucose in humans and animal models.'>** GLP-1
receptor (GLP-1R) agonists and dipeptidyl peptidase-4 (DPP-
4) inhibitors are central in diabetes treatment.!>"'® GLP-1R is
expressed beyond the pancreas, including in the brain, heart,
and kidneys.!”” Whereas GLP-1 has a short half-life'® due
to DPP-4 degradation, long-acting GLP-1R agonists extends
systemic activation, offering benefits like reduced cardiovas-
cular risk and neuroprotection.!*-2!

GLP-1R is also expressed in the eyes, particularly
in ganglion cells and nerve fiber layers.?* In vitro studies
confirm its presence in retinal pigment epithelial (RPE)*®
cells and retinal endothelial cells.?® Animal studies have
shown GLP-1’s benefits in diabetic retinopathy,”’~3* oxygen-
induced retinopathy,** and ischemia-reperfusion injury.>-3
Its anti-inflammatory®’~% effects involve suppression of the
NOD-like receptor protein 3 (NLRP3) inflammasome.4!
which is implicated in choroidal neovascularization (CNV)
models, where inhibition reduces CNV size.*2-%*

We hypothesized that GLP-1R agonist administration miti-
gates CNV in AMD by suppressing inflammation. Given
their well-established safety profile, flexible administration
routes, and broad metabolic benefits, GLP-1-based therapies
hold promise for non-diabetic applications.?! If validated
for preventing AMD onset and progression, these therapies
could ease the treatment burden on patients. This study
explored GLP-1’s therapeutic potential in AMD by assess-
ing GLP-1R expression and inflammatory markers in a laser-
induced CNV mouse model.

2223

METHODS
Animals

Three- and 6-week-old C57BL/6] mice (Japan SLC, Inc.,
Shizuoka, Japan) were used in accordance with the Asso-
ciation for Research in Vision and Ophthalmology and
Nagasaki University’s Animal Experimentation Guidelines.
Ethical approval was obtained from the Institutional Review
Board at Nagasaki University Graduate School of Medicine.
Mice were housed under a 12-hour light/12-hour dark cycle
throughout the study.

Sprouting Assay

The sprouting assay, an ex vivo model of angiogenesis in
AMD research,?>%® was conducted using RPE/choroid/sclera
tissue from 3-week-old mice. Tissue sections (1 mm x 1
mm) were cultured in 24-well plates embedded in 30 pL of
Growth Factor Reduced Matrigel (BD Biosciences, Franklin
Lakes, NJ, USA). The medium (Complete Medium Kit with
Serum and Cultureboost-R, KAC CO., Ltd., Kyoto, Japan)
was supplemented with 100 to 1000 nmol/L human GLP-1R
agonist (Liraglutide, Victoza, Novo Nordisk A/S, Bagsveerd,
Denmark) or 100 ng/mL Recombinant Mouse VEGFR1/Flt-
1 Fc Chimera Protein, CF (FUJIFILM Wako Pure Chemi-
cal Corporation, Osaka, Japan), as previously described.*”48
The medium was changed every 2 days. Furthermore,
clodronate-encapsulated liposomes SMALL (Funakoshi Co.,
Ltd., Tokyo, Japan) were added to the culture medium at a
concentration of 100 ug/mL for the first 2 days of culture to
promote macrophage depletion.®:>° On day 6, images were
acquired using the BIOREVO BZ-9000 microscope (Keyence
Corporation, Osaka, Japan), and sprouting areas were quan-
tified with Image]J (version 2.14.0/1.54f).>! Detached tissues
within Matrigel were excluded from the analysis.
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Induction of CNV

Laser-induced CNV, a model replicating the inflamma-
tory pathogenesis of neovascular (exudative) AMD>?>3 was
induced in 6-week-old mice. Anesthesia was administered
intraperitoneally with 80 mg/kg ketamine HCl and 10
mg/kg xylazine. Pupils were dilated using 5% phenylephrine
hydrochloride/0.8% tropicamide (SandolP, ROHTO NITTEN
Co., Ltd., Nagoya, Japan), and Slip glasses were applied for
stabilization. Laser photocoagulation was performed at 2 to
3 disk diameters from the optic disk using a slit-lamp system
(MC-300, Nidek Corporation, Gamagori, Japan; wavelength
= 647 nm; power = 150 mW, duration = 50 ms; and spot
size = 70 pm).

For CNV measurements, 4 laser spots were used; 10 spots
were used for expression analyses. Cavitation bubbles, mark-
ing Bruch’s membrane disruption, served as endpoints. Laser
spots were excluded based using established protocols®*: (1)
immediate bleeding > 2 Xx optic nerve diameter, (2) fusion
with other lesions, (3) scars >5 x average size, or (4) bleed-
ing scars or connections at the endpoint. Eyes exhibiting
vitreous hemorrhage were excluded to limit the impact of
intraocular inflammation.

Treatments

Liraglutide was administered via subcutaneous injection
(SCD or intravitreal (IV) injection. In the SCI group, mice
received daily saline or Liraglutide (250, 500, or 1000
pg/kg) injections on the dorsal skin immediately after laser
photocoagulation. In the IV injection group, mice received
either phosphate-buffered saline (PBS) or Liraglutide (0.1-
6.0 pg/eye/pl) into the vitreous humor immediately post-
laser. The 0.1-ng dose, a 60-fold dilution of the product, was
determined based on prior GLP-1R agonist studies®”?® in
rats. Single IV injection administration was performed using
an Ito Special Compatible Needle, 33 Gauge, 15 mm, Type
A (GL Sciences, Tokyo, Japan).

To assess ocular GLP-1R involvement, exendin 9-39 amide
(Abcam plc, Cambridge, UK)>> was injected intravitreally at
a dose of 2 pg/eye/pL or 1 pL of PBS immediately after laser
treatment. VEGFR1/Flt-1 Fc chimera protein, a positive anti-
angiogenic control, was administered intravitreally at a dose
of 10 ng/eye/uL. All IV injections were performed once with
the mice under anesthesia immediately post-laser.

Immunohistochemistry

Mice were euthanized 7 days after laser treatment. Eyes
were flat-mounted, sectioned on ice, and fixed in 10%
formalin. Paraffin-embedded sections were cut to 3-um
thickness and stained for microscopic observation. Fluores-
cence observation materials are provided in Supplementary
Table S1.

Antigen retrieval was performed by incubating slides in a
95°C water bath for 40 minutes in Tris-EDTA buffer (pH 9.0;
Nichirei Bioscience, Tokyo, Japan). After PBS washes, the
samples were incubated at 20°C to 25°C for 2 hours with the
primary antibody and 1 hour with the secondary antibody,
both diluted in TBS-DT (20 mM Tris-HCIl, 137 mM NacCl, and
pH 7.6, containing 50 mg/mL skim milk and 0.1% Tween-
20). Slides were mounted with PBS containing 10% glycerol
and 1 pg/mL diamidino-2-phenylindole. Fluorescent images
were captured using a DM-6000B microscope and a DFC-350
FX digital camera (Leica, Wetzlar, Germany).
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Choroidal Neovascularization Analyses

To measure the CNV area, the eyes were collected on day
7 post-laser and fixed in 4% paraformaldehyde in PBS for
30 minutes at 4°C. The cornea, iris, and lens were removed
by sectioning at the corneal limbus on ice, and the vitreous
and retina were extracted to create flat-mount specimens.
After fixation at 20°C to 25°C for 60 minutes with Block-
ing One (Nacalai Tesque, Inc., Kyoto, Japan), then they were
incubated overnight at 4°C with Anti-Mouse CD102. After
three 10-minute washes, Alexa Fluor 488 was applied at
20°C to 25°C for 60 minutes. The antibody buffer contained
5% Blocking One and 0.05% Tween 20 in PBS. Samples
were washed three more times and mounted on slides. CNV
images were captured using a BIOREVO BZ-9000 fluores-
cence microscope (Keyence Corporation), and areas were
measured using ImageJ software.

Reverse Transcription and Real-Time PCR

In the ex vivo sprouting assay, the RPE/choroid/sclera
complex embedded in Matrigel was cultured for 6 days,
then enzymatically dissociated using dispase at 37°C for 2
hours. Tissues and sprouts were separated via pipetting and
homogenization to isolate target cells. In laser CNV models,
total mRNA was extracted from RPE/choroid/sclera with
retina at baseline (day 0) and days 1, 3, and 7 post-laser using
the NucleoSpin RNA XS kit (Takara Bio Inc., Shiga, Japan)
per the manufacturer’s protocol. RNA concentration and
purity were evaluated with a NanoDrop spectrophotome-
ter (ThermoFisher Scientific, Waltham, MA, USA). Single-
stranded cDNA was synthesized from DNasel-treated RNA
using the PrimeScript RT reagent Kit (Takara Bio Inc.). The
RT-qPCR was performed using a LightCycler 480 System II
(F. Hoffmann-La Roche Ltd., Switzerland) for 40 cycles, with
2 pL cDNA in a 20 pL reaction volume using TB Green
Premix DimerEraser (Takara Bio Inc.) and gene-specific
primers (details in Supplementary Table S2). The PCR proto-
col included 50°C for 2 minutes, 95°C for 30 seconds, and
then followed by 40 cycles of 95°C for 5 seconds, 55°C for 30
seconds, and 72°C for 30 seconds. Melt curve analysis was
performed by heating samples to 95°C at 0.11°C per second
after incubation at 95°C for 5 seconds and 60°C for 1 minute.
Non-single-peak Tm values were excluded. Reactions were
performed in duplicate, and experiments were repeated at
least twice. Cycle threshold (Ct) values were analyzed using
the AACt method*® and normalized to S-actin.

Body Weight and Blood Glucose Levels

In 6-week-old C57BL/6] mice treated with Liraglutide, the
body weight and blood glucose levels were monitored.
Liraglutide was administered subcutaneously at 1000 pg/kg
daily at 11:00 AM. Blood glucose was measured at 0, 6, 12,
24, 36, and 48 hours post-treatment, and then every 24 hours
until day 7. Body weights were recorded daily at 24-hour
intervals. Blood glucose was measured using LAB Gluco
(Funakoshi Co., Ltd.), calibrated specifically for mice.

Statistics

Data are presented as mean =+ standard deviation. For
CNV PCR, body weight, and glucose comparisons between
treatment and control groups, the Mann-Whitney U test
was used. Multiple-group comparisons were evaluated using
the Kruskal-Wallis test, followed by Bonferroni-corrected
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Mann-Whitney U tests. Analyses were conducted using
Easy R, a biostatistics-specific R (version 4.2.0) comman-
der.”’ Significance was set at P < 0.05. All experimental
procedures—including culture, laser treatment, specimen
preparation, imaging, and PCR—were conducted by author
Akira Machida. Data analysis was performed in a blinded
manner by authors Sugao Miyagi and Ryuya Murakami.

RESULTS

Ex Vivo Anti-Angiogenic Analysis by Sprouting
Assay

The anti-angiogenic effect of Liraglutide was evaluated using
an ex vivo sprouting assay on the mouse RPE/choroid/sclera
complex (n = 25). Representative images from the control
and treatment groups are shown in Figures 1A and 1B. In the
negative control, the mean sprouting area was 2.47 + 0.33
mm?, serving as the baseline (Fig. 1C). Low-dose Liraglu-
tide (100 nmol/L) reduced the area to 2.23 + 0.46 mm?,
but the change was not significant (P = 0.270). In contrast,
high-dose Liraglutide (1000 nmol/L) significantly reduced
the area to 1.92 & 0.44 mm? (P < 0.001), demonstrating
a strong anti-angiogenic effect. FLT-1 Fc (100 ng/mL), the
positive control, reduced the area to 1.69 + 0.45 mm?. As
shown in Figure 1D, adding clodronate-encapsulated lipo-
somes for 2 days significantly decreased the sprouting vessel
area (P = 0.035), and Liraglutide’s effect was no longer
evident (# = 10). RT-qPCR revealed reduced I1-13, TNFq,
and NLRP3 expression after clodronate-liposome treat-
ment, with no significant changes observed with Liraglutide
(Fig. 1E).

Expression Analysis of GLP-1R in Paraffin
Sections

To validate antibody specificity, staining images of untreated
mouse pancreatic islets are shown in Supplementary Figure
S1. Consecutive sections stained under identical conditions
as the isotype control confirmed specific labeling of pancre-
atic B-cells.

GLP-1R and NLRP3 expression was examined in paraffin-
embedded retinal sections from the mice on day 7 post-
laser. Isotype controls are shown in Figures 2A to 2D.
These sections revealed RPE rupture, labeled with cytok-
eratin 8/18 (CK8/18), confirming CNV induction. GLP-1R
was broadly expressed (Figs. 2E-H), with strongest fluores-
cence in photoreceptor outer segments—regions affected by
autofluorescence. GLP-1R was also detected in nerve fibers
near the ganglion cell layer (GCL), outer plexiform layer
(OPL), parts of the RPE, and choroidal vascular endothelium.
Specific expression was identified in spindle-shaped Iba-1-
positive cells within the CNV, suggesting activated microglia
or macrophages (Figs. 2I-L).

NLRP3 was observed throughout the retina, with strong
localization in the GCL, inner nuclear layer (INL), RPE, and
CNV-associated spindle-shaped cells. Several NLRP3-positive
cells co-expressed Iba-1 (Figs. 2M-P), supporting their iden-
tity as immune cells.

Expression Analysis of GLP-1R and NLRP3 in
Flatmount

Paraffin-embedded flatmount sections with CNV lesions are
shown in Figure 3. GLP-1R-positive cells (see Figs. 3A, 3B)
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Ficure 1. Representative images of RPE/choroid/sclera tissues and sprouting vessels on day 6 of culture. (A) Control group cultured in
medium alone; sprouting area measured at 2.84 mm? using Image]J software. (B) Group treated with 1000 nM Liraglutide; sprouting area
measured at 1.43 mm?. Scale bar = 1 mm. (C) Box-and-whisker plot comparing sprouting areas in the negative control (NC), Liraglutide

(100 nM, and 1000 nM), and VEGFR1/Flt-1 Fc (100 pg/mL) groups (n =

25). Sprouting areas expressed as fold change versus control. Boxes

show interquartile range (IQR); lines indicate median; whiskers extend to values within 1.5 x IQR. (D) Box-and-whisker plot comparing
NC, clodronate liposomes (CLO, 100 uL/mL), and CLO + Liraglutide (1000 nM) groups (z = 10). (E) Bar chart of relative mRNA expression
in sprouting tissues (RT-PCR) from the same groups as in D (# = 8). Data shown as mean =+ SD. The P values were calculated using the
Mann-Whitney U test with Bonferroni correction. *P < 0.05; **P < 0.01. IL, interleukin; NLRP3, NOD-like receptor protein 3; TNF, tumor

necrosis factor; VEGFA, vascular endothelial growth factor A.

were observed in laser-induced abnormal RPE regions,
strongly stained with CK8/18 (see Figs. 3C, 3D). Among
CD31-positive endothelial cells, newly formed endothelial
cells within the lesion lacked GLP-1R, whereas surround-
ing physiological choroidal endothelial cells expressed it
(see Figs. 3E, 3F). GLP-1R-positive cells in the lesion were

predominantly Vim-positive, indicating mesenchymal origin
(see Figs. 3G, 3H).

NLRP3 staining showed strong nuclear signals within
and around the lesion (see Figs. 3A, 3B). A clus-
ter of intensely positive cells in the lower right was
suspected to be lymphatic cells near the Harderian gland.
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Figure 2. Fluorescent staining of paraffin-embedded mouse retina sections post-laser treatment shows isotype control images in panels
(A to D), GLP-1R expression (red) in (E to L), and NLRP3 expression in (M-P); CK8/18 highlights RPE structure and rupture zones, with
green, indicating CK8/18 or Iba-1 as labeled; magnified views in D, H, L, and P correspond to yellow-boxed regions in C, G, K, and O,
respectively, and arrows in H and L mark representative spindle-shaped GLP-1R-positive cells in the CNV area; scale bars are 10 pm for D,
H, L, and P, and 100 pm for the other panels. CK8/18, cytokeratin 8/18; CNV, choroidal neovascularization; GCL, ganglion cell layer; GLP-1R,
glucagon-like peptide-1 receptor; Iba-1, ionized calcium-binding adapter molecule 1; INL, inner nuclear layer; NLRP3, NOD-like receptor
protein 3; ONL, outer nuclear layer; RPE, retinal pigment epithelium.

Figures 3K and 3L show NLRP3-positive round cells in
the RPE co-expressing Iba-1, suggesting undifferentiated
or migrating monocytes. Within the lesion, NLRP3/Iba-
1 co-positive cells surrounded by vimentin likely repre-
sent spindle-shaped microglia (see Figs. 3M-P). Granular
NLRP3 near the laser scar likely indicates laser-induced
inflammation.

Inhibition of CNV Formation by GLP-1R Agonist

In the CNV model, the target was set to exceed 50 effective
scars; in all groups (Fig. 4), the mean was 19.3 + 3.8 eyes
and 54.6 £ 4.5 scars. Liraglutide significantly suppressed
CNV formation in laser-induced mice (see Fig. 4A). Daily
SCI of Liraglutide reduced CNV area from 20,080 £+ 9259
pm? (control) to 15,340 + 7584 um? at 250 pg/kg (P =
0.048). Higher doses showed greater suppression: 13,232
+ 6635 um? at 500 pg/kg and 11,491 % 5729 pm? at 1000
pg/kg (both P < 0.001). This effect was inhibited by IV of

Exendin9-39 amide, a GLP-1R antagonist (18,906 + 8816 vs.
13,128 & 8660 um?, P < 0.001; see Fig. 4B).

IV injections of Liraglutide also reduced the CNV area in a
dose-dependent manner (see Fig. 4C). PBS-treated eyes had
a mean CNV area of 21,145 4 8558 um?, which decreased
to 16,895 + 6072 pm? for 0.1 pg (P = 0.056), 15,789 + 6519
pm? for 0.6 pg (P = 0.018), and 13,433 + 6366 pm? for
6.0 pg (P < 0.001). The VEGFR1/Flt-1 Fc group had a CNV
area of 11,937 + 4914 pm?, comparable to 6.0 png Liraglu-
tide. Figures 4D to 4] present CD102-stained flat mounts
showing optic nerves and CNV lesions with magnified lesion
views.

Reduction of MRNA Expressions After GLP-1R
Agonist Treatment

RT-qPCR of the RPE/choroid/sclera complex from day 0
to 7 post-laser showed that SCI of Liraglutide significantly
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Ficure 3. Fluorescent images of paraffin-embedded flat-mounted mouse eye sections on day 7 post-laser show red staining for GLP-1R
in (A-H) and for NLRP3 in (I-P); in C, CK8/18 highlights the RPE, and D provides a magnified view near the laser scar with arrowhead
indicating GLP-1R-positive abnormal RPE; in E, endothelial cells are stained with CD31, and F shows a magnified view of GLP-1R-positive
vascular endothelial cells; G shows Vim staining, and H highlights GLP-1R-positive cells within CNV (arrowbeads); L, N, and P are magnified
views illustrating NLRP3-positive cells at the laser scar with CK8/18, Iba-1, and Vim staining, respectively; arrowbeads in L and N mark
nuclei of abnormal RPE and NLRP3/Iba-1 co-expressing cells within the CNV; scale bars = 10 pm (magnified images), 100 pm (others).
CD31, cluster of differentiation 31; CK8/18, cytokeratin 8/18; CNV, choroidal neovascularization; GLP-1R, glucagon-like peptide-1 receptor;
Iba-1, ionized calcium-binding adapter molecule 1; NLRP3, NOD-like receptor protein 3; RPE, retinal pigment epithelium; Vim, vimentin.

reduced IL-18, IL-6, and TNF on day 1 (P = 0.005, P = 0.038,
and P = 0.020, respectively), except for IL-18 (Figs. 5A-D).
Although NLRP3 expression remained unchanged on day 1,
it was significantly suppressed on day 3 (P = 0.021; Fig.
SE). Liraglutide had no notable effects on VEGFA or PLGF,
but migration-associated factors, such as CXCL12 and AIF2,
tended to increase without reaching statistical significance
(Figs. SF-1). GLP-1R expression levels remained unaffected
(see Fig. 5H).

Changes in Body Weight and Blood Glucose
Levels With GLP-1R Agonist Administration

High-dose Liraglutide (1000 pg/kg) led to rapid body weight
loss from day 1 to day 3, followed by partial recovery
(Fig. 6A). On day 7, the body weight remained significantly

lower than the controls (P < 0.001). Blood glucose decreased
at 6 hours post-treatment and persisted until 12 hours, rising
by 24 hours before decreasing again with re-administration
(Fig. 6B). Glucose levels remained above 70 mg/dL through-
out the study, and no severe hypoglycemic symptoms were
observed.

Discussion
Expression of GLP-1R in Mice

This study is the first to report GLP-1R-positive cells
within laser-induced CNV scars in a mouse model. GLP-
1R has been associated with inflammation-related immune
cells in various organs.”® We hypothesize that the GLP-1R-
positive cells in CNV scars are microglia or macrophages
activated by abnormal proliferation and inflammation,
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Bonferroni correction, and statistical significance indicated by *P < 0.05 and **P < 0.01; (D) presents representative flat-mounts stained with
CD102 showing the optic nerve and CNV lesions, including three successful CNV formations and one failed scar due to incomplete Bruch’s
membrane disruption; (E-J) show magnified CNV lesions with areas of 30,103 um? (E, control), 23,301 um? (F, SCI 250 ug/kg), 12,592 pm?
(G, SCI 1000 ng/kg), 24,618 pm? (H, SCI 1000 pg/kg and IV Ex9), 16,992 um? (I, IV 6 pg), and 11,212 pm? (J, IV Flt-1 Fo); scale bar =
100 pm. CD102, cluster of differentiation 102; CNV, choroidal neovascularization; GLP-1R, glucagon-like peptide-1 receptor; ON, optic nerve;
PBS, phosphate-buffered saline; VEGFR1, vascular endothelial growth factor receptor 1.

based on immunohistochemistry findings. GLP-1R was also imens, we successfully visualized the three-dimensional
observed in damaged RPE. Although not well studied structure of small CNVs. This study is the first to docu-
in human RPE, functional GLP-1R expression has been ment GLP-1R expression around mouse CNV using this
reported in cultured human RPE cells (ARPE-19).%> Further- approach.

more, GLP-1R has been detected in vascular endothe- Previous studies have reported GLP-1R expression in
lial cells,”® suggesting expression in choroidal endothe- mouse eye tissue using PCR?*>%; we also detected it in
lium. Detecting GLP-1R by immunostaining is often chal- posterior tissue, although levels were low and varied
lenging due to its wide distribution and antibody limita- among individuals. No significant expression changes were

tions.® Using thin paraffin sections of flat-mounted spec- detected before or after laser stimulation or GLP-1R agonist
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Ficure 5. RT-qPCR analysis of inflammatory cytokines, migration-
related proteins, GLP-1R, and NLRP3 expression in posterior ocular
tissues of laser-induced CNV mice shows relative expression levels
as bar graphs compared to untreated controls (day 0); black bars
represent PBS-treated mice, and gray bars indicate mice treated
daily with subcutaneous Liraglutide (1000 pg/kg) from post-laser
day 0 to day 6; tissues were collected on days 1, 3 (n = 8-10),
and 7 (n = 5-06); data are presented as mean + SD, and differences
between PBS and Liraglutide groups were assessed using the Mann—
Whitney U test, with significance marked as *P < 0.05 and **P < 0.01.
(A) TL-18, (B) IL-6, (C) TL-18, (D) TNF«, (E) NLRP3, (F) VEGFA,
(G) PLGF, (H) AIF2, (I) CXCL12, and (J) GLP-1R. AIF, apoptosis-
inducing factor; CNV, choroidal neovascularization; CXCL12, C-X-
C motif chemokine ligand 12; GLP-1R, glucagon-like peptide-1
receptor; IL, interleukin; NLRP3, NOD-like receptor protein 3; PBS,
phosphate-buffered saline; PLGF, placental growth factor; RT-qPCR,
reverse transcription polymerase chain reaction; SCI, subcutaneous
injections; TNF, tumor necrosis factor; VEGFA, vascular endothelial
growth factor A.
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Ficure 6. Changes in body weight (A) and blood glucose (B) over
7 days in mice administered PBS or subcutaneous Liraglutide (1000
ng/kg, n =10), with timepoint 0 marking the time of administration;
body weight was recorded every 24 hours, whereas blood glucose
was measured at 6, 12, 24, 36, and 48 hours, and then daily; solid
lines represent the Liraglutide group (LIRA) means, dotted lines
indicate PBS controls; data are shown as mean + SD, and group
differences were assessed by Mann-Whitney U test, with signifi-
cance denoted as *P < 0.05 and **P < 0.01. PBS, phosphate-buffered
saline.

treatment. This variability may reflect global inflammation
from laser damage, rather than localized changes near the
lesion.

NLRP3 Expression

NLRP3 contributes to AMD pathogenesis as part of the
inflammatory pathway.**# In a VEGF-A-induced AMD
model, NLRP3 activation was suggested to suppress VEGF-
A-induced AMD,*? whereas knockout mouse studies showed
reduced CNV formation.®® NLRP3 promotes CNV by convert-
ing IL-18 to its active form and inducing inflammation
while also producing IL-18, which suppresses CNV.2 The
stronger CNV-promoting effect of IL-18 likely outweighs IL-
18’s suppressive role, explaining the apparent contradiction.

In our study, NLRP3 was induced near CNV lesions after
laser treatment, implicating the inflammasome pathway in
this model. IL-18 expression increased alongside NLRP3,
whereas IL-18 mRNA remained unchanged. The limited post-
laser time points suggest that more frequent or extended
monitoring may reveal further dynamics. Liraglutide down-
regulated NLRP3, IL-18, IL-6, and TNF, suggesting a role for
the GLP-1-NLRP3 pathway in regulating intraocular inflam-
mation and CNV formation.

Mechanism of Action of GLP-1

In our experiments, continuous subcutaneous Liraglu-
tide injections suppressed inflammatory cytokine eleva-
tion in laser-treated tissue. GLP-1R, a membrane-bound G
protein-coupled receptor, activates adenylate cyclase via
Gas coupling, increasing cAMP and initiating cell-specific
responses.”> However, the mechanism of GLP-1 action
remains complex and debated. GLP-1 has shown anti-
inflammatory effects via AMPK in HAECs*® but conversely
induces angiogenesis in HUVECs.’*% In our sprouting
assay, angiogenesis was suppressed. This apparent contra-
diction may result from the assay’s inclusion of various
cell types—pericytes, microglia, and macrophages—not just
endothelial cells.*> Notably, when immune cells such as
microglia and macrophages were depleted using clodronate
liposomes, Liraglutide’s anti-angiogenic effect disappeared.
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These results suggest immune cells are essential to GLP-1’s
anti-angiogenic action.

The relationship between VEGF signaling and GLP-
1 remains controversial. Some studies suggest GLP-1
suppresses VEGF in diabetic models®® and mediates anti-
angiogenic effects®® through eNOS or MAPK/ERK>* path-
ways,’® whereas others found no direct interaction. In our
study, Liraglutide had little to no impact on VEGF levels.

Direct and Indirect Effects of GLP-1R

Liraglutide stimulation involves both direct mechanisms—
through GLP-1R-expressing immune and vascular endothe-
lial cells—and indirect mechanisms—through glycemic
control and weight loss.”® In our study, blood glucose
and body weight changes suggest indirect action. However,
subcutaneous Liraglutide’s CNV-suppressing effect was nulli-
fied by intravitreal GLP-1R antagonist, confirming intraocu-
lar GLP-1R involvement. The efficacy of intravitreal Liraglu-
tide supports this direct mechanism. Additional evidence
includes reports of topical GLP-1 treatments, such as eye
drops.?

Liraglutide Dosing Concentrations and Safety

In vitro Liraglutide stimulation typically uses 100 nM, based
on the manufacturer’s monograph corresponding to a 1.8
mg/day human dose.’® Moreover, dose-dependent effects
have been reported between 50 and 2000 nM.% In our study,
100 nM had no significant effect in the sprouting assay,
whereas 1000 nM induced strong anti-angiogenic and anti-
inflammatory responses.

Rodent safety studies confirm tolerability up to 2000
pg/kg. The clinical human dose (15-30 pg/kg) translates
to approximately 200 to 400 pg/kg in mice. Herein, 250
to 1000 pg/kg was used. At 1000 pg/kg, rapid weight
loss occurred—a known GLP-1R agonist effect linked to its
anti-obesity mechanism.®”-%® No severe hypoglycemia was
observed, confirming short-term safety.”

Limitations

This study has methodological limitations in evaluating
the GLP-1 signaling pathway. To confirm whether GLP-1R
agonists directly affect NLRP3 or downstream cytokines,
knockout models and gene silencing would be informative.
ELISA and multiplex assays are also needed to assess protein
expression.

The systemic effects of GLP-1 cannot be excluded.
Metabolic conditions like diabetes and obesity, which
promote angiogenesis, may have influenced results. Inves-
tigating these would require glycemic control approaches,
such as calorie restriction or insulin, although such inter-
ventions may also alter CNV formation, complicating inter-
pretation.

The laser-induced CNV model partially replicates AMD
pathology. Unlike chronic degeneration in exudative AMD,
laser injury causes acute Bruch’s membrane disruption,
creating an inflammatory environment that may have ampli-
fied GLP-1R agonist effects. Although low-dose intravit-
real liraglutide was less effective than direct VEGFR inhi-
bition, we do not propose it as a replacement for anti-
VEGF drugs. However, GLP-1R agonists are safe, low-
cost, and can be administered orally or subcutaneously.
Their anti-inflammatory and anti-angiogenic properties may
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offer complementary benefits, potentially reducing treat-
ment burden.

Despite these limitations, our findings show that GLP-
1R agonists suppress CNV formation, likely via intraoc-
ular mechanisms involving immune cell modulation and
NLRP3-cytokine pathway suppression. These results support
GLP-1R agonists as promising complementary therapies for
exudative AMD.
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