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Purrosk. Inflammation associated with blood-retinal barrier (BRB) breakdown is a common
feature of several retinal diseases. Therefore, the development of novel nonsteroidal anti-
inflammatory approaches may provide important therapeutic options. Previous studies
demonstrated that inhibition of dipeptidyl peptidase-IV, the enzyme responsible for the
degradation of glucagon-like peptide-1 (GLP-1), led to insulin-independent prevention of
diabetes-induced increases in BRB permeability, suggesting that incretin-based drugs may have
beneficial pleiotropic effects in the retina. In the current study, the barrier protective and anti-
inflammatory properties of exendin-4 (Ex-4), an analog of GLP-1, after ischemia-reperfusion
(IR) injury were examined.

MEerHODS. Ischemia-reperfusion injury was induced in rat retinas by increasing the intraocular
pressure for 45 minutes followed by 48 hours of reperfusion. Rats were treated with Ex-4
prior to and following IR. Blood-retinal barrier permeability was assessed by Evans blue dye
leakage. Retinal inflammatory gene expression and leukocytic infiltration were measured by
gRT-PCR and immunofluorescence, respectively. A microglial cell line was used to determine
the effects of Ex-4 on lipopolysaccharide (LPS)-induced inflammatory response.

Resurrs. Exendin-4 dramatically reduced the BRB permeability induced by IR injury, which
was associated with suppression of inflammatory gene expression. Moreover, in vitro studies
showed that Ex-4 also reduced the inflammatory response to LPS and inhibited NF-xB
activation.

Concrusions. The present work suggests that Ex-4 can prevent IR injury-induced BRB
breakdown and inflammation through inhibition of inflammatory cytokine production by
activated microglia and may provide a novel option for therapeutic intervention in diseases
involving retinal inflammation.

Keywords: blood-brain barrier, inflammation, ischemia-reperfusion injury, microglia, vascular
biology

A number of ocular diseases have been associated with
retinal ischemia-reperfusion (IR) injury, including retinal
vascular occlusion, acute glaucoma, diabetic retinopathy, and
retinopathy of prematurity.! The intraocular pressure IR model
consists of transient ischemia followed by natural reperfusion,
which causes neural cell damage, an inflammatory response,’
and blood-retinal barrier (BRB) alterations.?

Blood-retinal barrier breakdown associated with vascular
hyperpermeability may lead to tissue edema with consequent

vision loss.? Sterile inflammation

alterations in diabetic retinopathy, as a number of inflammatory
cytokines are elevated in the vitreous of diabetic patients.*> In

fact, inflammatory mediators have

increased vascular permeability, junctional deregulation, leuko-
cyte adhesion, and retinal cell death.®

Glucagon-like peptide-1 (GLP-1) is an incretin hormone that
enhances glucose-dependent insulin response via the G
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protein-coupled GLP-1 receptor (GLP-1R).” Glucagon-like
peptide-1 displays a very short half-life in circulation due to
degradation by the enzyme dipeptidyl peptidase IV (DPP-IV);
therefore, long-acting GLP-1 analogs like Ex-4 have been
developed to promote insulin secretion in type 2 diabetic
patients. Exendin-4 has been shown to have neuroprotective
effects in retinas of streptozotocin-diabetic rats, preventing
neuronal death, abnormalities in electroretinogram responses,
and inner retinal layer thinning.® Using the same animal model,
we previously reported® that a DPP-IV inhibitor (sitagliptin)
prevents the diabetes-induced increase in BRB permeability,
while exerting anti-inflammatory and antiapoptotic effects,
independent of increased insulin secretion. A recent study'?
also showed that intravitreal administration of Ex-4 was able to
reduce retinal vascular permeability in type 2 diabetic Goto-
Kakizaki rats and inhibit intercellular adhesion molecule-1
(ICAM-1) expression. These studies collectively suggest that

may contribute to BRB

been shown to promote
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GLP-1R activation may have benefits in treating diabetic
retinopathy in addition to its role as an incretin. However,
these studies provide little mechanistic understanding of the
action of Ex-4 on retinal vascular permeability.

Previous studies demonstrated that retinal IR injury in the
rat induces a VEGF-driven alteration in permeability and
subsequent inflammatory response that maintains permeability
at least 48 hours after ischemic injury.!’!3 In the present
work, we found that Ex-4 prevents the increase in BRB
permeability and inhibits the expression of classical inflamma-
tion markers induced by IR injury at 48 hours. In vitro studies
revealed that Ex-4 has anti-inflammatory effects that prevent
the ability of microglia to produce factors that are known to
cause vascular permeability, but fails to directly inhibit the
permeability response of primary endothelial cell cultures
treated with cytokines or VEGE These data suggest that Ex-4
acts to suppress microglia activation in models of retinal
inflammation reducing subsequent vascular permeability.

MATERIALS AND METHODS

Retinal Ischemia-Reperfusion

Adult male Long-Evans rats (Charles River Laboratories,
Wilmington, MA, USA) weighing 200 to 225 g were maintained
in specific pathogenic-free conditions, monitored by quarterly
sentinel testing and treated in accordance with the University
of Michigan Committee on Use and Care of Animals (UCUCA)
and consistent with the ARVO Statement for the Use of Animals
in Ophthalmic and Visual Research. All animal procedures
were approved by the University of Michigan Committee on
the Use and Care of Animals. Animals were anesthetized with
intramuscular injection of ketamine and xylazine (66.7 mg/kg
and 6.7 mg/kg body weight, respectively).

Ischemia was applied to the left eyes by increasing the
intraocular pressure (IOP) to cut off the blood supply from the
retinal artery as previously described.!!"!? Increased IOP was
achieved by infusing sterile saline to the anterior chamber
through a 32-gauge needle connected to a syringe pump set at a
constant flow rate of 40 pul/min. We monitored IOPs with a
microtonometer designed for use on rodent eyes (TonoLab;
Icare, Helsinki, Finland). Retinas were subjected to 45-minute
ischemia followed by natural reperfusion of blood for a period of
48 hours. The contralateral eyes were subjected to needle
puncture and served as sham controls. Exendin-4 (Tocris
Bioscience, Bristol, UK), dissolved in 0.9% saline solution (pH
6), was administered twice daily as a subcutaneous injection of
10 pg/kg, with two initial administrations prior to ischemia and
every 12 hours for the next 48 hours during the reperfusion
period. Nontreated animals received saline vehicle injections.
The last injection was given 1 hour prior to injection of Evans
blue dye for the permeability assay or 1 hour prior to sacrificing
the animals and collecting the retinas for the gene expression
and whole-mount staining studies. A timeline for the drug
administration protocol is provided in Supplementary Figure S1.

Evans Blue Assay

Retinal vascular permeability was measured by the accumula-
tion of albumin-binding dye, Evans blue, according to the
method described by Xu and colleagues.'*

Isolation of Tissue and Cell RNA and Quantitative
RT-PCR

Retinas and cell pellets were collected, flash-frozen in liquid
nitrogen, and stored at —80°C until analysis. Total RNA was
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purified with an RNA preparation kit (RNeasy Plus Mini Kit;
Qiagen, Venlo, Limburg, The Netherlands), and a homogenizer
(QIAshredder; Qiagen) for dissociation of retinal tissues.
Quantitative realtime (qRT)-PCR and duplex qPCRs were
performed as previously described.!> Duplex qPCRs were
performed using gene-specific primers and fluorescent dye-
labeled probes (Applied Biosystems Life Technologies, Carls-
bad, CA, USA). Primer-probe assay information and gene
information are provided in Supplementary Table S1. Reac-
tions were performed and monitored using a real-time PCR
system (CFX384; Bio-Rad, Hercules, CA, USA). Relative
normalized mRNA levels were calculated using the AAC,
method.

Retinal Whole-Mounts Immunostaining

Retina whole-mounts were prepared according to the proce-
dure previously described.' Retinas were stained with mouse
anti-rat CD45 (1:50, BD Biosciences, Franklin Lakes, NJ, USA),
AlexaFluor 488-labeled isolectin B4 (IB4) from Griffonia
simplicifolia (1:75, Life Technologies) and 10 pg/mL
Hoechst-33342 DNA stain (Life Technologies). Retinas were
visualized under a confocal microscope (Leica TCS SP5 AOBS;
Leica Microsystems, Wetzlar, Germany). Eight animals per
group were used and from each retina eight fields were
averaged and used to determine the number of CD45-positive
cells in a masked fashion.

Measurement of Bovine Retinal Endothelial Cell
Permeability

Bovine retinal endothelial cells (BREC) were isolated as
previously described.'> We cultured BREC in flasks coated with
1 pg/cm? fibronectin in MCDB-131 medium, supplemented with
10% fetal bovine serum (FBS), 22.5 pg/mL endothelial cell
growth factor, 120 pg/mL heparin, 0.01 mL/mL antibiotic-
antimycotic. For experimentation, BREC were used from
passages 4 to 7. To measure cell monolayer permeability, BREC
were grown to confluence on 0.4 um pore transwell filters
(Corning Costar, Acton, MA, USA) and then cell culture media
was changed to MCDB-131 medium supplemented with 1% FBS,
0.01 mL/mL antibiotic/antimycotic, and 100 nmol/L hydrocor-
tisone for 2 days before the experiment. Monolayer permeability
of BREC to 70 kDa rhodamine isothiocyanate (RITC) dextran
(Sigma-Aldrich Corp., St. Louis, MO, USA) was measured as
previously described.!> We pretreated BREC with 10 nmol/L Ex-
4, a concentration described to prevent increased permeability
in endothelial cells.'® After 1 hour of incubation, BREC were
then exposed to TNF (5 ng/mL for 1.5 hour), VEGF (50 ng/mL
for 30 minutes), or the combination of both.

Murine Microglial Cell Line BV2 Culture and
Treatment

The immortalized murine BV2 microglial cell line'” was
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing L-alanyl-L-glutamine (Glutamax; Thermo Fisher
Scientific, Inc., Rockville, MD, USA) and supplemented with
10% FBS, 10,000 U/mL penicillin, and 10 mg/mL streptomycin.
The concentration of Ex-4 used for microglial cells was based
on preliminary results showing a dose-dependent inhibition of
IL-1P expression after treatment with LPS for 4 hours (data not
shown). For the experiments, BV2 cells were plated at a
density of 1 X 10> cells/cm? in DMEM containing 1% FBS and
then treated with 100 nmol/L Ex-4 1 hour prior to the addition
of LPS (from Escherichia coli; Sigma-Aldrich Corp.) at a
concentration of 100 ng/mL for the times specified in the
respective figure legends.
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Ficure 1. Ex-4 protects against the increase in retinal vascular leakage

triggered by IR. Rats were treated twice daily with a subcutaneous
injection of Ex-4 (10 pg/kg), with two initial administrations prior to
ischemia and injections every 12 hours for the next 48 hours during
the reperfusion period. Nontreated animals received saline vehicle
injections. One eye of each animal was subjected to retinal ischemia for
45 minutes, followed by natural reperfusion. The contralateral eyes
were subjected to needle puncture and served as sham controls. Evans
Blue dye was injected in the tail vein and allowed to circulate 2 hours
before flushing and determination of dye accumulation in retinal tissue.
Data are expressed as mean = SEM (1 = 16 retinas per group). **P <
0.001. ns, nonsignificant. One-way ANOVA followed by Bonferroni’s
post hoc test.

Total Cell Lysates

Cell lysates were prepared as previously described.!® Protein
concentration was determined by the BCA colorimetric assay
(Pierce Biotechnology, Rockford, IL, USA). Samples were then
denaturated with 6X Laemmli buffer, boiled for 5 minutes at
95°C, and stored at —20°C until use.

Measurement of Cyclic Adenosine Monophosphate
(cAMP) Levels

BV2 cells were incubated with Ex-4 for the periods of time
indicated in the respective figure legend. Cells were lysed in
0.1 mol/L HCl and the intracellular levels of cAMP were
measured using a colorimetric competitive immunoassay kit
according to the manufacturer instructions (Enzo Life Sciences,
Farmingdale, NY, USA). Results were normalized to protein
content.

Subcellular Fractionation Assay for Nuclear
Extraction

Nuclear protein fractions were prepared according to the
method previously described.'® Protein quantification and
sample preparation were performed for the total extracts.

Immunoblot Analysis

For immunodetection of p65, p-cAMP-response element
binding protein (CREB), CREB, and GLP-1R, 30 pg of protein
from nuclear or total cell extracts were separated using SDS-
PAGE and transferred onto a polyvinylidene difluoride mem-
brane (Boehringer Mannheim, Mannheim, Germany). Western
blot was performed as previously described.” Membranes were
probed with rabbit polyclonal anti-p65, anti-CREB, anti-
phosphoCREB (1:1000, all from Cell Signaling Technology,
Beverly, MA, USA) and anti-GLP-1R (1:300, Abcam, Cambridge,
UK). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
1:10,000; Sicgen, Cantanhede, Portugal) and Lamin B (1:4000,
Abcam) were used as loading controls for total and nuclear
extracts, respectively. Immunoreactive bands were detected by
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enhanced chemiluminescence (ECL) substrate using an imag-
ing system (VersaDoc 4000 MP; Bio-Rad) and quantification
was performed using ImageJ software (version 1.47, http://
imagej.nih.gov/ij/; provided in the public domain by the
National Institutes of Health, Bethesda, MD, USA).

Immunocytochemistry

V2 cells cultured on cover glass were washed with pre-warmed
PBS and fixed with ice-cold 4% paraformaldehyde for 15
minutes at room temperature. Cells were then washed with
PBS, blocked with 5% BSA in PBS containing 0.3% Triton X-100
(PBS-T) for 1 hour and incubated with the polyclonal primary
antibody anti-p65 (Cell Signaling, 1:100 dilution in PBS-T
containing 1% BSA) overnight at 4°C. After washing with PBS,
cells were incubated at room temperature for 1 hour (kept
dark) with the secondary antibody (1:1000 dilution in PBS-T)
AlexaFluor 488 goat anti-rabbit (Life Technologies) and 10 pg/
mL Hoechst-33342 DNA stain (Life Technologies) for nuclear
staining. The coverslips were mounted upside down on glass
slides and visualized under a confocal microscope (Leica
Microsystems). Nuclear p65 immunostaining was measured
using ImageJ software by averaging the fluorescence intensity
of delimitated nuclei from four fields per slide from three
experiments in a masked fashion.

Statistical Analysis

Results are expressed as mean * SEM. One-way ANOVA
followed by Bonferroni’s post hoc test was employed to
calculate the statistical difference between three or more
groups. Statistical software (Prism 4.0; GraphPad Software, San
Diego, CA, USA) was used and values of P < 0.05 were
considered statistically significant.

RESULTS

Ex-4 Prevents the Increase in BRB Permeability
Induced by IR Injury

Vascular permeability was significantly increased by 3.8-fold (P
< 0.001, vehicle-sham versus vehicle-IR, 7z = 16) in IR retinas at
48 hours after reperfusion when compared to nontreated sham
retinas, as revealed by the increased retinal Evans Blue dye
accumulation (Fig. 1). Treatment with Ex-4 by subcutaneous
injection twice a day was able to significantly reduce the effect
of IR on vascular permeability (P < 0.001, vehicle-IR versus Ex-
4-IR, n = 16; Fig. 1).

Ex-4 Treatment Alters the Inflammatory Response
Following IR Injury Without Affecting the Number
of CD45-Positive Cells

Ischemia-reperfusion injury induced a significant increase in
retinal mRNA expression of several proinflammatory cyto-
kines, including interleukin-18 (IL-1f, 3.2-fold, P < 0.001,
vehicle-sham versus vehicle-IR, n = 8); interleukin-6 (L-6, 4.2-
fold, P < 0.05, vehicle-sham versus vehicle-IR, 7z = 8); TNF (5.6-
fold, P < 0.001, vehicle-sham versus vehicle-IR, z = 8); and C-C
motif chemokine ligand 2 (CCL2, 116.9-fold, P < 0.01, vehicle-
sham versus vehicle-IR, n = 8; Figs. 2A-D). However,
expression of mRNA for cyclooxygenase 2 (COX2) was not
altered after 48 hours in IR retinas (Fig. 2E) and mRNA for
ICAM-1 (1.9Aold) trended up (Fig. 2F).

Comparison of mRNA expression levels in sham eyes of Ex-
4-treated and nontreated rats revealed that the drug alone
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Fiure 2. Exendin-4 inhibits the induction of the expression of IR-responsive genes associated with inflammation without affecting the number of
CD45-positive cells. Rats were treated with Ex-4 (10 ng/kg) twice daily with two initial administrations prior to ischemia, and injections every 12
hours for the next 48 hours during the reperfusion period. Nontreated animals received saline vehicle injections. One eye of each animal was
subjected to retinal ischemia for 45 minutes, followed by natural reperfusion. The contralateral eyes were subjected to needle puncture and served
as sham controls. Total RNA was isolated from the retinas and the relative levels of mRNA of (A) IL-1§, (B) IL-6, (C) TNE (D) CCL2, (E) COX2, and (F)
ICAM-1 were determined by duplex qRT-PCR with B-actin serving as control. Data are expressed as mean = SEM (n = 8 retinas per group). (G)
Retinas were isolated and stained with antibodies to CD45 (red), isolectin B4 (IB4, green), and Hoechst nuclear stain (b/ue) and then flat mounted.
The majority of CD45-positive cells are present in the perivascular region (arrows) with few cells positively staining inside the vessels (arrowbead).
Scale bar: 25 nm. (H) We quantified CD45-positive cells in each retina from each group. Data are presented as CD45-positive cells per field and
represent the mean = SEM (n = 8 retinas per group). *P < 0.05, **P < 0.01, **P < 0.001. One-way ANOVA followed by Bonferroni’s post hoc test.

significantly affected the expression of IL-6 (increased 3.2-fold,
P < 0.05, vehicle-sham versus Ex-4-sham, n = 8; Fig. 2B).

Treatment with Ex-4 significantly inhibited IR-induced
upregulation of cytokines with known effects on vascular
permeability; IL-1B (61% inhibition, P < 0.01, vehicle-IR versus
Ex-4-IR, n = 8); TNF (30% inhibition, P < 0.001, vehicle-IR
versus Ex-4-IR, n = 8); and CCL2 (53% inhibition, P < 0.05,
vehicle-IR versus Ex-4-IR, n = 8) mRNAs (Figs. 2A, 2C, 2D,
respectively). No effect on ICAM-1 mRNA expression levels
was observed (Fig. 2F).

To determine whether Ex-4 treatment decreases leukocyte
migration and infiltration into the retinal tissue following IR,
retinal whole-mount retinas were stained with CD45, a marker of
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leukocytes, and with IB4, an isolectin binding to terminal alpha-D-
galactose residues of glycoconjugates found on endothelial cells
and some macrophages (Fig. 2G). The number of CD45-positive
cells was significantly higher in IR retinas, relative to sham retinas.
Most CD45-positive cells were present in the perivascular space
after 48 hours of reperfusion (Fig. 2G, arrows). A few CD45-
stained cells were also observed within vessels in IR-injured
retinas (Fig. 2G, arrowhead). Exendin-4-treated IR retinas did not
demonstrate any statistically significant decrease in CD45-positive
cells when compared with vehicle-treated IR retinas (Fig. 2H),
suggesting that the anti-inflammatory effects of Ex-4 are not due
to a decrease in infiltrating leukocytes and are not sufficient to
cause a decrease in leukocyte accumulation.
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endothelial cells permeability. We grew BREC to confluence on
transwell filters and the monolayer permeability to RITC-70 kDa
dextran was measured over the following 4 hours after the several
treatments. Exendin-4 does not block TNF and/or VEGF-induced
permeability in cultured BREC. We treated BREC with 10 nmol/L Ex-4 1
hour before TNF (5 ng/mL, 1.5 hours) and/or VEGF (50 ng/mL, 30
minutes) treatment. Average rate of P, for the control was 5.5 X 1077
cm/s. The results represent the mean = SEM (z > 3). *P < 0.05, **P <
0.001 versus control. One-way ANOVA followed by Bonferroni’s post
hoc test.

Ex-4 Has No Effect on TNF and/or VEGF-Induced
Endothelial Cell Permeability

Given that Ex-4 was able to prevent the IR-induced BRB
permeability in vivo, we hypothesized that it could have direct
beneficial effects on endothelial barrier integrity. We therefore
evaluated the effect of Ex-4 pretreatment on in vitro
endothelial cell monolayer permeability to RITC-dextran
following treatment with TNF and/or VEGE As shown in
Figure 3, treatment with TNF and/or VEGF resulted in a
significant increase in 70 kDa RITC-dextran permeability across
BREC monolayer (Fig. 3). Pretreatment of BREC with Ex-4 did
not prevent or reduce the increase in permeability induced by
TNE VEGE or both combined (Fig. 3).
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Ex-4 Modulates Inflammatory Response in BV2
Microglial Cells

Having established that Ex-4 reduced the production of
proinflammatory cytokines without inhibition of induction of
expression of ICAM-1 or accumulation of leukocytes occurring
in IR retinas, we proceeded by assessing the impact of Ex-4 in
microglia, the resident innate immune cells of the retina, and
other neural tissues. Production of nitric oxide and proin-
flammatory cytokines by microglia may contribute to neuro-
inflammation in the IR injury model.'® In order to test the
ability of Ex-4 to inhibit microglial activation, we used BV2, a
microglia cell line, stimulated with LPS, which is a potent
inducer of microglial activation and inflammatory gene
expression.

Exendin-4 is known to activate GLP-1R, a G-protein-
coupled receptor, leading to activation of adenylyl cyclase,
which results in generation of cAMP.” We observed by Western
blotting that Ex-4 and LPS each induced a significant increase
in GLP-1R protein levels (P < 0.01, Control [Ctr] versus Ex-4,
Ctr versus LPS, » = 5) that was not additive (P < 0.001, Ctr
versus L + E, n = 5; Fig. 4A).

Treatment with 100 nmol/L of Ex-4 promoted a significant
increase of intracellular cAMP levels by 15 minutes (P < 0.001,
Ctr versus Ex-4 15’, Ctr versus Ex-4 30’, n = 3) that was
maintained for at least 1 hour (P < 0.01, Ctr versus Ex-4 1h, n=
3) confirming GLP-1R activation (Fig. 4B).

Activation of GLP-1R was further confirmed by measuring
the PKA-mediated phosphorylation of the transcription factor
CREB. Treatment with Ex-4 promoted a peak in CREB
phosphorylation after 30 minutes (P < 0.01, Ctr versus Ex-4
30’, n =5; Fig. 4C). Further, Ex-4-induced CREB activation was
maintained after incubation with LPS (Fig. 4D).

Treatment with Ex-4 was able to inhibit LPS-induced
increase in mRNA expression of IL-1B (43% inhibition, P <
0.05, LPS versus LPS + Ex-4, n = 4) after 4 hours; and IL-6 (64%
inhibition, P < 0.05, LPS versus LPS + Ex-4, n = 4), CCL2 (58%
inhibition, P < 0.001, LPS versus LPS + Ex-4, n = 4), nitric
oxide synthase 2 (NOS2; 76% inhibition, P < 0.01, LPS versus
LPS + Ex-4, n = 4) after 24 hours (Figs. 5A-E). A nonsignificant
trend toward a decrease in TNF mRNA levels after Ex-4
treatment was seen at both 4 hours (40% inhibition) and 24
hours (63% inhibition; Fig. 5A-E).
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Exendin-4 induces activation of GLP-1R and CREB in LPS-treated microglial BV2 cells. (A) We treated BV2 cells with Ex-4 (100 nmol/L) 1

hour prior to the LPS stimulus (100 ng/mL for 4 hours), and protein levels of GLP-1R were evaluated by Western blotting. We used GAPDH as a
loading control. Quantification of GLP-1R protein levels was performed by densitometric analysis. Data represent the mean * SEM (n = 5). (B)
Intracellular cAMP levels were determined by ELISA after stimulating BV2 cells with Ex-4 (100 nmol/L) for 15 minutes, 30 minutes, and 1 hour. Data
are presented as pmol of CAMP per mg of total protein and represent the mean = SEM (n = 3). (C) We incubated BV2 cells with Ex-4 as described in
(B) and protein levels of p-CREB and CREB were determined by Western blotting. (D) The effects of LPS on CREB phosphorylation were also
assessed. Data represent the mean = SEM (n = 5). P < 0.01, ™P < 0.001 versus control. #P < 0.05 versus LPS; 1-way ANOVA followed by

Bonferroni’s post hoc test.
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Ficure 5. Exendin-4 attenuates the inflammatory response of BV2 microglial cells to LPS. We treated BV2 cells with Ex-4 (100 nmol/L) 1 hour prior
to the LPS stimulus (100 ng/mL for 4 hours or 24 hours). Total RNA was isolated from the cells and the relative levels of mRNA of (A) IL-1f, (B) IL-6,
(O) TNE (D) CCL2, and (E) NOS2 were determined by duplex qRT-PCR with B-actin serving as control. Data are presented as the relative mRNA
quantity and represent the mean + SEM (z=4). *P < 0.05, *P < 0.01, **P < 0.001 versus control. #P < 0.05, ##P < 0.01, ###P < 0.001 versus LPS.

Two-way ANOVA followed by Bonferroni’s post hoc test.

We next examined the effects of Ex-4 on nuclear factor-
kappaB (NF-xB), which is an important transcription factor
modulating cytokine gene expression in microglia. Immuno-
cytochemical analysis shows that stimulation of BV2 cells with
LPS for 30 minutes resulted in a strong nuclear expression of
NF-kB p65 subunit, which was significantly inhibited by
pretreatment with Ex-4 (Figs. 6A, 6B). Additionally, these
results were confirmed by Western blotting using nuclear
extracts from BV2 cells (Fig. 6C). These data suggest that
modulation of NF-kB activation may be involved in the ability
of Ex-4 to inhibit the expression of inflammatory mediators in
microglial cells.

DIscussIoN

In the present study, we provide evidence that Ex-4, a GLP-1
analog, prevents the increase in BRB permeability and reduces
the expression of several classical inflammatory markers
induced by IR injury in rat retinas. Moreover, using a microglia
cell line for in vitro studies, we demonstrate that Ex-4 also
inhibits the inflammatory response to LPS activation, while
reducing the amount of NF-kB p65 in the nucleus. Collectively,
these results demonstrate, for the first time, that Ex-4 is able to
modulate inflammation and prevent loss of the BRB in a retinal
ischemia model.

Intraocular pressure-induced retinal IR injury provides a
useful model of VEGF-driven vascular permeability followed by
inflammatory response that maintains BRB loss, such as may be
observed in a number of retinal eye diseases, including diabetic
retinopathy and retinal vein occlusions.!! Evidence of retinal
neurodegeneration, inflammation, including microglial activa-
tion, and BRB loss associated with tight junction alterations all
may be observed after IR injury. Furthermore, this model does
not include any systemic metabolic alterations, providing an
opportunity to verify the direct effects of Ex-4 previously
observed on diabetic retinas. Given its high lipophilicity, Ex-4
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was shown to readily cross the blood-brain barrier, and
therefore likely enters the retina as well.?° Thus, in contrast to
previous studies®!® where Ex-4 was delivered by intravitreal
injection, we decided to administer Ex-4 by subcutaneous
injection, which is the mode of administration indicated for
GLP-1R agonists in the clinical practice. Furthermore, due to
the high risk of infectious endophthalmitis associated with
repeated intravitreal injections, any anti-inflammatory effects
of Ex-4 could be masked in the case of this route of
administration was used.

Exendin-4 has been reported to have multiple cellular
protective effects, including the protection of endothelial cells
and barrier function. A recent study showed that intravitreal
injection of Ex-4 reduces retinal vascular leakage in type 2
diabetic Goto-Kakizaki rats.'® Moreover, Ex-4 was found to
suppress LPS-mediated release of nuclear DNA-binding protein
high-mobility group box 1 (HMGBI1) and inhibits HMGB1-
mediated hyperpermeability and leukocyte migration in septic
mice.?! Previous studies'®22 have also shown that activation of
GLP-1R in cultured endothelial cells could prevent the increase
in monolayer permeability induced by LPS and thrombin. In
the present study, systemic administration of Ex-4 was able to
prevent increased retinal vascular permeability induced by IR
injury at 48 hours of reperfusion. However, in primary cultures
of retinal endothelial cells, Ex-4 could not prevent the increase
in permeability induced by permeabilizing agents that are
known to be increased in IR retinas, such as VEGF and TNE
These results point to indirect mechanisms accounting for the
in vivo protective effects of Ex-4 in BRB, other than directly
targeting the endothelial cells.

Inflammation triggered by reperfusion is a key mediator in
retinal damage after ischemic injury and anti-inflammatory
effects of Ex-4 have been proposed by recent studies.?3-2¢
However, the current study is the first demonstration of the
anti-inflammatory effects of Ex-4 on retinal IR injury. Exendin-4
inhibited the increase in the expression of classical inflamma-
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Ficure 6. Exendin-4 inhibits the nuclear accumulation of the NF-kB p65 subunit in LPS-stimulated BV2 microglial cells. (A) We treated BV2 cells
with Ex-4 (100 nmol/L) 1 hour prior to the LPS stimulus (100 ng/mL for 30 minutes). Subcellular localization of p65 subunit (red) was evaluated by
immunocytochemistry. Hoechst staining (blue) was used to visualize nuclei. Scale bar: 20 pm. (B) Quantification of nuclear fluorescence intensity
for p65 immunoreactivity in BV2 cells. Data are presented as arbitrary fluorescence units and represent the mean * SEM (n = 3). (C) We stimulated
BV2 cells as described in (A). Subcellular fractionation was performed and nuclear extracts were separated by SDS-PAGE and immunoblotted with
anti-p65 antibody. Lamin B was used as a loading control. Quantification of p65 protein levels was performed by densitometric analysis. Data are
presented as mean = SEM (7 =5). ***P < 0.001 versus control. #P < 0.05, ###P < 0.001 versus LPS. One-way ANOVA followed by Bonferroni’s post

hoc test.

tory genes (IL-1B, TNE and CCL2) that are responsive to IR
injury. We also observed that the expression of another IR-
responsive gene, IL-6, was further exacerbated by Ex-4.
Interleukin 6 seems to have a dual role in inflammatory
processes as increased IL-6 in microglia medium protects
retinal ganglion cells (RGC) from pressure-induced death?” and
intravitreal injection of IL-6 protects RGC layer neurons from
IR injury.?® Thus, besides having anti-inflammatory effects, Ex-4
may also play an important role in neuroprotection, a question
that was not addressed in the present study.

In response to neural tissue injury, such as in IR, microglial
cells become activated, altering their morphology and gaining
increased phagocytic ability. They migrate to the site of injury,
proliferate and release a variety of factors, such as cytokines,
chemokines, nitric oxide, reactive oxygen species, and matrix
metalloproteinases, which are known to contribute to BRB
dysfunction and breakdown.!® Weakening of the barrier and
increased expression of adhesion molecules by endothelial
cells promotes the infiltration of circulating leukocytes that
may further exacerbate inflammation and retinal damage.'®

In the present study, Ex-4 was neither able to prevent the
increase in the number of CD45-positive cells nor inhibit the
induction of expression of ICAM-1 in IR retinas, suggesting that
the anti-inflammatory effects of Ex-4 are not due to inhibition
of the accumulation of inflammatory cells, nor was it sufficient
to block the accumulation of leukocytes in the injured retina.
The current study cannot identify potential changes in
subpopulations of circulating leukocytes and further studies
are warranted to discern between the populations of CD45-
positive cells and their activation state present in the ischemic
retinas. Our analysis of CD45-positive cells in retinal whole-
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mounts cannot definitively differentiate activated resident
microglia from invading leukocytes. Nevertheless, we observed
a decrease in proinflammatory factors induced by Ex-4 in IR
retinas and we clearly demonstrated that Ex-4 can modulate a
microglia cell line’s response to activation by inhibiting nuclear
accumulation of NF-xB and decreasing the expression of
classical inflammatory markers (IL-1f, IL-6, CCL2, and NOS2).
Furthermore, Ex-4 is also known to suppress macrophage
activation. Treatment of isolated mouse macrophages with Ex-4
suppresses LPS-induced gene expression of TNF and CCL2 by a
mechanism dependent on adenylate cyclase and PKA activa-
tion, and prevents nuclear translocation of p65.2° Additionally,
Ex-4 also attenuates high glucose-induced TNF and IL-1§
expression and secretion by macrophages derived from the
THP-1 human monocytic cell line in a GLP-1R-dependent
manner.?* Thus, it is probable that both microglia and
circulating monocytes were affected by systemic treatment
with Ex-4. In accordance with our findings, other studies have
pointed to microglia as a key mediator of GLP-1R-induced anti-
inflammatory effects in animal models of neurodegenerative
diseases.?3-29-31

It is well known that GLP-1R activates the cAMP/PKA
signaling pathway and a previous report? has revealed that an
increase in activity of this pathway suppresses NF-kB activity in
monocytic THP-1 cells and in HUVEC. These findings support
our observation that Ex-4 inhibited LPS-induced NF-xB
activation, decreasing p65 nuclear accumulation, possibly via
enhancement of cAMP following GLP-1R activation. Therefore,
Ex-4 anti-inflammatory effects in microglia cells may be due to
NF-kB inhibition and consequent decrease in proinflammatory
cytokine gene transcription.
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In conclusion, we report herein that Ex-4 confers significant
protective effects in the ischemic retina, preventing BRB
breakdown and inhibiting inflammation. Our in vitro studies
suggest that the effects of Ex-4 on BRB are not mediated by
direct effects on endothelial cells but by an inhibition of
microglia activation that leads to a decrease in the inflamma-
tory response and protects against barrier breakdown. These
data identify Ex-4 as a potential therapeutic option for the
treatment of retinal diseases characterized by increased
vascular permeability and neuroinflammation, such as diabetic
retinopathy.
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