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Exendin-4, a GLP-1 receptor agonist regulates retinal capillary
tone and restores microvascular patency after ischaemia-

reperfusion injury
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Background and Purpose: The aim of this study is to investigate the vasorelaxant
effect of exendin-4, a GLP-1 receptor agonist on retinal capillaries under normal and
ischaemia-reperfusion (I/R) conditions.

Experimental Approach: Capillary diameters in the whole-mounted retina were
directly observed using infrared differential interference contrast microscopy. A
model of retinal I/R was established inraats,using high perfusion pressure in an ante-
rior chamber. To assess the effects of exendin-4, it was administered through subcu-
taneous injection, intravitreal injection, or eye drops. The underlying mechanism was
explored by immunofluorescence, gPCR, and capillary western blots.

Key Results: Immunofluorescence staining showed that GLP-1 receptors were
expressed in endothelial cells of retinal capillaries. Exendin-4 relaxed the capillaries
precontracted by noradrenaline, an effect abolished by denuding endothelium with
CHAPS and inhibited by GLP-1 receptor antagonist exendin-9-39, endothelial NOS
(eNOS) inhibitor L-NAME, and the guanylate cyclase blocker ODQ but not by a COX
inhibitor, indomethacin. Retinal capillaries were constricted in I/R injury, an effect
reversed by perfusion of exendin-4. Expression of PI3K and Akt, phosphorylation
level of eNOS and NO production after I/R were lower than that in the normal con-
trol group. Administration of exendin-4 improved the changes.

Conclusion and Implications: Exendin-4 can restore injured microvascular patency in
I/R. Exendin-4 may regulate retinal capillaries through the GLP-1 receptor-PI3K/Akt-
eNOS/NO-cGMP pathway. Therefore, exendin-4 may be an effective treatment for
improving tissue perfusion in I/R-related conditions.

Abbreviations: EGM, endothelial growth medium; eNOS, endothelium NOS; GLP-1, 1 | I N T RO D U CT I O N
glucagon-like peptide-1; HRMEC, human microvascular endothelial cell; HRP, human retinal

pericytes; I/R, ischaemia-reperfusion; ODQ, 1H-[1,2,4]oxadiazolo[4,3-alquinoxalin-1-one;

OGDY/R, oxygen-glucose deprived with reperfusion.

Ruyi Zhai and Huan Xu should be considered joint first author.

Exendin-4, an agonist of GLP-1 receptors, is widely used under the

trade name Exenatide in the clinical treatment of Type 2 diabetes.
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More studies are showing that GLP-1 receptor agonists, in addition to
having a hypoglycaemic effect, may reduce the incidence of adverse
cardiovascular events (Marso et al., 2016; Marso et al., 2016). As a
result, such agonists have been recommended by the American
Diabetes Association for the management of glycaemia in Type 2 dia-
betic patients with atherosclerotic cardiovascular disease (Davies
et al., 2018). GLP-1 receptor agonists have been shown to have a pro-
tective effect on the cardiovasculature (Ravassa, Zudaire, &
Diez, 2012; Woo et al., 2013) and improve endothelial function by the
activation of GLP-1 receptors (Basalay et al, 2016; Koska
et al., 2015). However, the mechanism(s) underlying vascular protec-
tion by GLP-1 receptor agonists remain unclear (Torekov, 2018).

Currently, several studies have indicated that capillaries are vital
to the regulation of organ blood flow (Biesecker et al., 2016;
Fernandez-Klett & Priller, 2015; Hall et al., 2014; Kisler, Nelson,
Montagne, & Zlokovic, 2017; Peppiatt, Howarth, Mobbs, &
Attwell, 2006). The blood flow in tissue can increase by 84% following
nerve stimulation, with the dilatation of the capillaries preceding that
of the small arteries (Hall et al., 2014). In addition, the prolonged con-
striction of pericytes impaired the re-flow in capillaries even after the
successful re-opening of constricted arteries in the reperfusion period
after ischaemia (Hall et al., 2014), which is the pathophysiology of a
wide series of diseases including stroke and microvascular complica-
tions. Thus, relieving pericyte constriction and restoring the blood
flow is a novel strategy for preventing ischaemia-reperfusion (I/R)
injury (Biesecker et al., 2016; Yemisci et al., 2009). Recent studies
have shown that GLP-1 receptor agonists have a vasoactive function
through regulating smooth muscle to change the diameter of blood
vessels, such as mesenteric arteries, adipose tissue arterioles, and
afferent arterioles (Jensen et al., 2015; Koska et al., 2015; Salheen,
Panchapakesan, Pollock, & Woodman, 2015) or an area of microvas-
cular perfusion (Chai, Zhang, Barrett, & Liu, 2014; Smits et al., 2015).
While there is no data showing that GLP-1 receptor agonists could
directly affect capillaries or pericytes, the lack of such data may be
related to the inability to capture in vivo measurements of the very
small capillary diameters. However, as capillaries lack smooth muscle,
the regulation of capillary diameter is quite different from that of
other blood vessels. It is of great significance to investigate whether
GLP-1 receptor agonists can regulate capillary diameter in either
physiological or pathological conditions, or both.

The retina has a great demand for oxygen supply by blood, and
this tissue possesses an autoregulatory system for maintaining a con-
stant blood flow to ensure metabolism in retinal tissue
(Country, 2017). I/R injury can occur in a variety of ocular diseases,
including acute attacks of glaucoma and vascular obstructive disease,
and may cause irreversible damage to and functional changes in neu-
rons (Osborne et al., 2004). The transparency of the retina is ideal for
directly observing the effects on retinal vessels such as capillaries.
Thus, in this study, we used a live-vessel imaging system to evaluate
the potential effect of exendin-4, a GLP-1 receptor agonist, on regu-
lating capillary blood flow in the retina under physiological and patho-
logical conditions and performed in vivo and in vitro experiments to
investigate its possible mechanisms.

What is already known

e |schaemia-reperfusion can impair microvascular flow and

thus negatively affect tissue survival.
What does this study add

e The GLP-1 receptor agonist, exendin-4, restored capillary
patency following ischaemia-reperfusion injury.

What is the clinical significance

e Exendin-4 may be an effective treatment for improving

tissue perfusion in I/R-related conditions.

2 | METHODS
2.1 | Animals

All animal care and experimental procedures adhered to the guidelines
for the Care and Use of Laboratory Animals published by the United
States National Institutes of Health (revised in 2011) and were
approved by EENT Hospital of Fudan University. Animal studies are
reported in compliance with the ARRIVE guidelines (Kilkenny
et al., 2010) and with the recommendations made by the British Jour-
nal of Pharmacology.

Male Sprague-Dawley rats (6 to 8 weeks old, from SLAC Labora-
tory Animal Co., Ltd; Shanghai, China) weighing 200 to 250 g were
used in the work described here. The animals had free access to food
and water under clean, temperature-controlled conditions, in accor-
dance with the Association for Research in Vision and Ophthalmology
Statement on the Use of Animals in Ophthalmic and Vision Research.
The rats were housed in groups of six to eight animals in cages con-
taining rich bedding made of dried wood chips. Rats were selected for
treatment randomly and observed without knowledge of the treat-

ments administered.

2.2 | Whole retina preparation

The rats were killed after anaesthetizing with 10% chloral hydrate
(0.4 ml per 100 g, i.p. injection). After enucleation, the eyes were cut
along the corneal limbus. The retinas were gently detached from the
choroid and vitreous body and then immediately immersed in continu-
ously oxygenated (95% O, 5% CO,) artificial CSF (ACSF; 15-mM glu-
cose, 125-mM NaCl, 3-mM KCl, 26-mM NaHCOj;, 1-mM MgCl,,
1.25-mM NaH,PO,, and 2-mM CaCl,). All experiments were per-
formed at temperatures ranging from 23 to 25°C.
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2.3 | Capillary imaging

As the entire retina curled inward, it was cut into four quadrants with
the vitreous side up after detachment from the eye and then fixed to
the recording chamber bath installed on an upright microscope by a
tungsten ring with a nylon mesh. The bath was perfused with oxygen-
ated ACSF with or without drugs at a rate of 5 ml-min~1. Using infra-
red differential interference contrast (IR-DIC) microscopy, the capil-
laries were visualized under a 40x water immersion objective and
then captured by a video capture box (Zhongan Vision Co., Ltd;
Shenzhen, China) and video recording software (Open Broadcaster
Software, 22.0.2). The changes in capillary diameter and pericyte mor-
phology were recorded during the experiments. The pixel size was
112 nm. The capillary diameters were measured at the same location
marked as the middle point of the same pericyte using ImageJ soft-
ware (Fuji Version, RRID:SCR_003070) (Schindelin et al., 2012). Vessel
diameter was expressed as percentage of baseline value, in order to
reduce unwanted sources of variation. As we used paired analysis,
randomization was not needed.

To further test the effects of exendin-4 on retinal vessels, capil-
laries were precontracted by noradrenaline (6 pM). After the contrac-
tion was stabilized, exendin-4 (20 pM) was administered in the
perfusing ACSF. Because the contractile response to noradrenaline
varied between capillaries, only those capillaries with a contracted
diameter less than 80% of the original diameter were selected for fur-
ther analysis. The inhibitors used (including exendin-9-39, .-NAME,
(ODQ), and

indomethacin) were added after the addition of exendin-4. For

1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one

denuding endothelium, the retina was preincubated for 10 min with
0.3% CHAPS (McNeish, Wilson, & Martin, 2001). One researcher car-
ried out the vascular reactivity experiments and another performed
imaging and calculations of blood vessel diameters. Five rats were
used in each vascular experiment. Sample size of retinal capillaries and
pericytes varied and depended on the number of clear, countable peri-

cytes contained in each image (Hall et al., 2014).

2.4 | Experimental protocol of ischaemia-
reperfusion (I/R)

Rats were anaesthetized (10% chloral hydrate, i.p.; 0.4ml per 100g)
and tropicamide eye drops and oxybuprocaine hydrochloride eye
drops (Santen, Japan) were applied locally to the right eye for pupil
dilation and topical anaesthetization, respectively. Next, a needle was
inserted into the anterior chamber and connected to a syringe pump
set with physiological saline at a vertical distance to achieve increased
intraocular pressure (Figure S2). Under the operation microscope, the
fundus blood vessels appeared extremely thin and almost severed
(Figure 4a,b). The intraocular pressure was monitored using a tonome-
ter (TonolLab, ICare; Espoo, Finland). After the high pressure-induced
ischaemia was maintained for 1 h, the needle was removed, and
refilling of the fundus vessels could be observed. The rats were placed

in a warm and clean environment for fundus blood flow reperfusion
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for 2 h. Then, the animals were killed with an overdose of chloral
hydrate. Retinal detachment was performed as described above, and
the isolated retinas were used in both DIC and in vivo experiments.
This model of I/R in rats reproduces aspects of I/R injury in humans
(Goncalves et al., 2016), including ocular diseases such as retinal vas-
cular occlusion, acute glaucoma and diabetic retinopathy, myocardial
infarction, and cerebral stroke. At the beginning, there were 10 rats in
each group. Ductal slippage during high pressure ischaemia, retinal
fragmentation, and other reasons may lead to the failure of the model,
and such animals were excluded from the next experiment.

For the DIC experiments, the detached retina was immediately
immersed in ACSF and gassed continually with 95% O,; 5% CO, to
permit observation of the capillaries and pericytes. After the capil-
laries reached a stable state, exendin-4 (final concentration, 20 pM)
was added to the perfusion solution to further study its effects on ret-
inal capillaries, under I/R conditions.

For the in vivo experiments, the retina was used to investigate
changes in certain target proteins. First, exendin-4 or vehicles were
applied to rats by either subcutaneous injection (1 or 10 pg-kg‘l), eye
drops (2.5 or 25 pg-kg™1, at the concentration of 0.1 or 1 pg-pl™Y), or
intravitreal injection (1 or 10 pg-kg™?, at the concentration of 0.1 or
1 pg-pl~Y). Immediately after the drug administration, the needle was

inserted to achieve intraocular ischaemia.

2.5 | Cell cultures

Human retinal microvascular endothelial cells (HRMECs) (cAP-0010,
Angio-Proteomie; Boston, MA, USA) were grown and maintained in
endothelial growth medium (EGM, 1001, ScienCell; Carlsbad, CA,
USA) containing 10% FBS and 1% penicillin/streptomycin in 5% CO,
at 37°C. Human retinal pericyte cells (HRPs) (ACBRI 183, Cell Sys-
tems, Kirkland, WA, USA) were grown and maintained in complete
medium (4Z0-500, Cell Systems, Kirkland, WA, USA) with 10% FBS in
5% CO, at 37°C. HRMECs were used before eight passages. HRPs
were used before five passages.

2.6 | Oxygen-glucose deprived/reperfusion
(OGD/R) model

Briefly, the HRMECs were seeded and cultured under normal condi-
tions (21% O,, 5% CO,) at 37°C. When the HRMECs were cultured
to reach 80% confluency, the original medium (EGM) was removed
and replaced with glucose-free DMEM (Gibco, Carlsbad, CA, USA).
The cells were placed in hypoxic conditions (0.1% O,, 94.9% N,, and
5% CO,) at 37°C for 8 h. Then, the DMEM was discarded and the
EGM with or without administration of exendin-4 (1 nM), exendin-
9-39 (low dose: 10 nM; high dose: 20 nM), and L-NAME (low dose:
50 pM; high dose: 100 pM) were added to incubate HRMECs during
reperfusion in normoxic conditions (21% O,, 5% CO,) for 16 h.
HRMECs maintained in EGM and under normoxic conditions were
regarded as the control group.
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2.7 | NO detection

HRMECs (10 x 10* cells per well) were seeded in six-well plates. Then,
the cells were collected and lysed by RIPA buffer (PO013B, Beyotime,
Haimen, China) and centrifuged at 15777 x g for 15 min at 4°C. The
supernatants were collected for assessment of intracellular NO levels
by the Griess Reagent System (#G2930, Promega, Madison, USA).

2.8 | Immunofluorescence

The whole retina was placed into a 24-pore plate and fixed in 4%
paraformaldehyde at temperatures ranging from 23 to 25°C. After
40 min, the retina was washed with PBS three times and incubated in
PBS containing 2% Triton X-100 for 1 h. Next, the tissue was blocked
using PBS with 3% BSA for 1 h at room temperature, followed by
incubation with primary antibodies GLP-1R (1:200, Santa Cruz
Biotechnology, Inc.; Dallas, TX, USA, Cat# sc-66,911, RRID:
AB_2110037), RECA-1 (1:200, Cat# ab9774, RRID:AB_296613,
Abcam; Cambridge, MA, USA), and NG-2 (1:200, Cat# ab50009,
RRID:AB_881569, Abcam) overnight at 4°C. The retina was then incu-
bated with secondary goat-anti-mouse IgG (Alexa Fluor 488, Abcam,
Cat# ab150117, RRID:AB_2688012) and goat-anti-rabbit IgG (Cy3,
Abcam, Cat# ab6939, RRID:AB_955021) antibodies each at a concen-
tration of 1:1,000 for 1 h. Afterward, the retina was washed three
times with PBS, gently removed from the well plate in the dark, flat-
tened on the slide with the vitreous body side up, and the fluorescent
sealing liquid applied. A Leica confocal microscope (Heidelberg,
Germany) was used for observations.

The immunofluorescence of cells was measured with a procedure
similar to that of the retinal tissue. Briefly, cells were grown on cover-
slips to a density of about 80% and then washed with PBS. After fix-
ing with 4% paraformaldehyde for 10 min
permeabilization with PBS containing 1% Triton X-100 for 20 min, the
coverslips were washed with PBS and then blocked using 3%

followed by

BSA/PBS for 1 h. The following primary antibodies were used for
staining overnight at 4°C. For HRMECs: anti-GLP-1R (1:200, RRID:
AB_2110043, Novus; Centennial, CO, USA) and anti-ET-1 (1:200,
Cat# ab2786, RRID:AB_303299, Abcam). For HRPs: anti-GLP-1R
(1:200, RRID: AB_2110043, Novus; Centennial, CO, USA) and anti-
a-SMA (1:200, Cat# ab21027, RRID:AB_1951138, Abcam). After a
PBS wash, the coverslips were incubated with secondary antibodies
for 1 h at room temperature, followed by staining with DAPI (1:1,000,
Cat# D9542, Sigma-Aldrich, Saint Louis, USA) for 10 min. Secondary
antibodies for HRMECs: Alexa Fluor 488 donkey anti-mouse IgG
(1:1,000, Cat# ab150109, RRID:AB_2571721, Abcam) and Cy3 don-
key anti-rabbit 1gG secondary antibodies (1:1,000, Cat# ab150064,
RRID:AB_2734146, Abcam). Secondary antibodies for HRPs: Alexa
Fluor 647 donkey anti-goat 1gG (1:1,000, Cat# ab150135, RRID:
AB_2687955, Abcam) and Cy3 donkey anti-rabbit IgG secondary anti-
bodies (1:1,000, RRID: AB_2734146, Abcam). The immuno-related
procedures used comply with the recommendations made by the
British Journal of Pharmacology (Alexander et al., 2018).

2.9 | Capillary western blot

Protein expression of rat retina was detected by capillary western
blot (Wes, Protein Simple; San Jose, CA, USA), which is considered
as a more accurate, efficient, and sensitive measurement method
than traditional western, which has been applied in many studies
(Back et al., 2019; Du et al., 2018). All experimental steps were
carried out according to the manufacturer's instructions. Briefly,
after protein extraction and quantification of retina tissue, 1.5-pg
total protein was added to the capillary cartridges (12-230 kDa
Wes Separation Module 8 x 25 capillary cartridges, Cat#SM-
WO004) for each protein to be separated. Using the Wes system,
the proteins were detected automatically with corresponding pri-
mary antibodies, including B-actin (1:200, Cat#3700S, RRID:
AB_2242334, Cell Signalling Technology; Denver, MA, USA), eNOS
(1:50, Cat# ab199956, Abcam), p-eNOS (1:50, Cat#9571S, RRID:
AB_329837, Cell Signalling Technology), GLP-1R (1:50, Cat#
NLS1205, RRID:AB_2110043, NOVUS), Akt (1:50, Cat# 9272,
RRID:AB_329827, Cell Signalling Technology), and PI3K (1:50, Cat#
60225-1-Ig, RRID:AB_11042594 Proteintech). The calculation and
analysis of protein expression were based on the gel-like images
produced by the Compass for SW software (Version 4.0, Protein
Simple). The value was expressed as “fold mean of the controls”
for reducing unwanted sources of variation. The experimental
details of the western blot conform to the BJP guidelines
(Alexander et al., 2018).

2.10 | Data and statistical analysis

The data and statistical analysis comply with the recommendations
of the British Journal of Pharmacology on experimental design and
analysis in pharmacology (Curtis et al., 2018). The results are pres-
ented as mean + SEM. Given the past experience, each group con-
tained at least five different subjects. The group size is the number
of independent values, and the statistical analysis was done using
these independent values. Outliers were included in data analysis.
All vessel data were expressed as actual vessel diameters or the
normalized percentage of the initial diameters before noradrenaline
treatment. Following data transformation, units of a variable were
determined as “normalized vessel diameter (%),” “normalized
pericyte width (%),” or “fold mean of the controls,” as the Y-axis
label. Student's t-tests and one-way ANOVA with LSD or Dunnett's
T3 test was used for group comparison. Paired t-tests and random-
ized block design ANOVA with an LSD test were used for compar-
ing vascular responses. The correlation between pericyte width and
the change in vessel diameter was analysed by linear regression
and calculated by Pearson correlation coefficients. Statistical signifi-
cance was set as P <.05. Post hoc tests were conducted only if
F achieved P < 0.05. IBM SPSS Statistics 22.0 (SPSS: RRID:
SCR_002865) was used for the statistical analysis. Statistical analy-
sis was undertaken only for studies where each group size was at
least n = 5.
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2.11 | Materials

Exendin-4, exendin-9-39, and noradrenaline bitartrate monohydrate
were purchased from MedChemExpress (Monmouth Junction, NJ,
USA). N®-nitro-L-arginine methyl ester hydrochloride (.-NAME: inhibi-
tor of endothelial NOS), indomethacin (inhibitor of COX), sodium
chloride, sodium phosphate monobasic, potassium chloride, sodium
bicarbonate, b-(+)glucose, calcium chloride dehydrate, magnesium
chloride hexahydrate, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ: inhibitor of c¢GMP), DMSO,
dimethylammonio]-1-propanesulfonate (CHAPS), and DAPI were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). BSA was purchased
from YEASEN Biotech Co., Ltd. (Shanghai, China).

3-[(3-cholamidopropyl)

2.12 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Guide to PHARMACOLOGY 2019/20
Christopoulos et al., 2019; Alexander, Fabbro et al., 2019).

Concise (Alexander,

3 | RESULTS

3.1 | Expression of GLP-1 receptors on retinal
capillaries

Retinal patch immunofluorescence was used to assess whether the
GLP-1 receptor existed in retina microvessels. The results show that the
GLP-1 receptor was co-expressed with the specific marker (RECA-1) of
endothelial cells in capillaries (Figure 1a-d). However, the GLP-1 recep-
tor was not present in NG2-labelled pericytes (Figure 1e-h). In addition,
the GLP-1 receptor was present in the HRMECs (Figure 1i-1) but not in
HRPs (Figure 1m-p). The expression of mRNA for GLP-1 receptors in
primary human retinal pericytes (HRPs) was evaluated using quantitative
real-time PCR assay. The results indicated that the expression of mRNA
for GLP-1 receptors was very low or even undetectable in HRPs, using

our experimental system and technique (data not shown).

3.2 | Effect of exendin-4 on tone of retinal
capillaries

After administration of noradrenaline (6 puM), the capillaries were
strongly contracted (Figure 2a,b). The application of exendin-4 dilated
the pre-constricted retinal capillaries (NA + Exendin-4; 0, 0.1, 1, 10,
20, 40 uM; Figure 2b). After the administration of exendin-4 at
20 uM, the diameter of pre-constricted capillaries was clearly
increased (contraction reversed) towards baseline values. At 20 pM

exendin-4, the reversal was significantly greater than at 10 pM or

40 pM and thus, 20 uM exendin-4 was chosen as the concentration
to be used in in the subsequent experiments.

Figure 2c shows the changes in the diameter of a single retinal
capillary region after the successive addition of noradrenaline and
exendin-4. After perfusion with noradrenaline for 51 s, the capillary
rapidly narrowed, contracting from 5.1 to 1.6 pm (~9.3% of the origi-
nal diameter). Exendin-4 (20 pM) was added as the contraction stabi-
lized during the continuous noradrenaline perfusion (diameter was
1.336 um). After perfusion of exendin-4 for 185 s, the retinal capillary
diameter gradually increased to 4.9 um, close to the initial diameter,

and maintained this size thereafter.

3.3 | Mechanism of exendin-4-induced relaxation of
retinal capillaries

To first evaluate whether exendin-4 causes capillary dilation through
binding to the GLP-1 receptor, exendin-9-39 (a GLP-1 receptor antago-
nist) was added to perfusate that included noradrenaline and exendin-4
(Figure 3a-c). The results reveal that exendin-9-39 significantly attenu-
ated the vasorelaxation effect of exendin-4 on pre-constricted capil-
laries (Figure 3b). Next, we evaluated whether the eNOS/NO/cGMP
pathway was involved in the vasodilator effect of exendin-4
(Figure 3d-f). The administration of L-NAME (an inhibitor of NOS)
inhibited the capillary relaxation induced by exendin-4 (Figure 3e) and
pericytes relaxation (Figure 3f). ODQ, which blocks GC (Figure 3g-i),
also significantly reduced the exendin-4-induced relaxation of capillaries
and changes in the width of the pericytes. However, the capillary dila-
tion and pericyte flattening caused by exendin-4 were not affected by
blocking COX with indomethacin (P = 0.82, Figure 3j-1).

To investigate whether the regulation of exendin-4 on blood ves-
sels depends on endothelial cells, we carried out chemical removal of
endothelium with 0.3% CHAPS. Pretreatment with CHAPS had no
significant effect on the diameter of non-precontracted capillaries or
on the diameter of noradrenaline-precontracted capillaries. But
CHAPS preincubation almost abolished the vasodilator effects of
exendin-4 (Figure 3m).

To further evaluate the relationship between pericyte and capil-
lary regulation, linear correlation analysis was conducted between the
normalized width of the pericyte cell body and the normalized diame-
ter of the capillary in the corresponding area after administration of
noradrenaline or noradrenaline with exendin-4. Figure 3n shows the

significant, negative correlation between the two indices.

3.4 | Effect of exendin-4 on the tone of retinal
capillaries under ischaemic-reperfusion conditions

Under ischaemic conditions, the retinal arteries appeared to be almost
blocked at a perfusion pressure of up to 110 mmHg (Figure 4a,b). In
DIC systems, the retinal capillaries that had been exposed to I/R injury
were markedly narrow and sometimes even blocked by constricted

pericytes (Figure 5a). Figure 5b shows that in the I/R group, capillary
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Location of GLP-1 receptors and effects of the receptor agonist exendin-4 on retinal capillaries. (a-h) Expression of GLP-1

receptors (GLP-IR) in retinal capillaries. Scale bar: 100 pm. (a, ) GLP-1 receptors are labelled in green. (b) Endothelial cells labelled with RECA-1
antibodies (red). (f) Pericytes labelled with NG2 antibodies (red). (c, g) Merged images. (d and h) Enlargement of the inset of (c) and (d),
respectively. (i-1) Expression of GLP-1 receptors in human retinal microvascular endothelial cells (HRMECs). (i) Endothelial cells labelled with
endothelin-1 (ET-1) antibodies (green). (j) GLP-1 receptors are labelled in red. (k) DAPI staining indicates the cell nucleus (blue). (I) Merged images.
(m-p) Evaluation of GLP-1 receptors expression in human retinal pericytes (HRPs). (m) Pericytes labelled with a-SMA antibodies (green). (n) GLP-1
receptors are labelled in red. (o) DAPI staining indicates the cell nucleus (blue). (I) merged images

diameter was significantly reduced and pericytes were contracted,
when compared with normal retinal capillaries.

Further study revealed that, after exendin-4 was added to ACSF
for continuous perfusion, the capillary diameter gradually increased,
with the gradual dilation of pericytes, in retina that had been exposed

to I/R procedures (Figure 5c,d).
3.5 | Effect of exendin-4 on retina under ischaemic-
reperfusion conditions

To further study the possible pathway of exendin-4 under retinal

ischaemic-reperfusion conditions, the rats were pretreated with

exendin-4, different methods of administration, prior to inducing retinal
I/R injury. Compared with the control group, the expression of mRNA
for GLP-1 receptors was significantly decreased in the I/R model group.
However, the exogenous administration of exendin-4 did not increase
the transcription level of GLP-1 receptors (Figure S1A). Levels of mRNA
for eNOS in the I/R group were significantly lower than that in the con-
trol group and no difference was found during the I/R injury, with or
without exendin-4 treatment (Figure S1B).

The expression of total eNOS protein showed no difference
among all groups (Figure 6a,b). However, the phosphorylation level of
eNOS protein in the I/R group was significantly lower than that of the
control group (Figure 6a,c). After administering exendin-4 by intra-

vitreal injection or in eye drops, the phosphorylated level of eNOS
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FIGURE 2 Noradrenaline-
precontracted retinal capillaries were
dilated by exendin-4. (a) Images
showing changes in the rat retinal
capillaries in response to 6 yM
noradrenaline and 20-pM exendin-4.
The red lines indicate the lumen
diameter. The yellow arrow indicates
the pericyte soma. Scale bar: 10 pm.
(b) Effects of different concentrations
of exendin-4 on capillaries
precontracted with noradrenaline
(NA). Randomized block ANOVA
followed by an LSD test (n = 27, (c)
26,19, 27, 27, 26, 19, for group of

control, NA, NA + 0.1 uM exendin-4,

NA + 1 uM exendin-4, NA + 10 pM
exendin-4, NA + 20 pM exendin-4,

NA + 40 uM exendin-4, respectively;

#p < 05, significantly different from
noradrenaline without exendin-4
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level was normalized in retina with I/R injury. Administration of
exendin-4 in eye drops almost reversed the decrease in translation of
GLP-1 receptors caused by I/R (Figure 6d). Compared with the control
group, PI3BK expression was significantly reduced after I/R injury
group and treatment with exendin-4 showed a trend towards revers-
ing that reduction. However exendin-4 did reverse the decreased

level of Akt caused by I/R injury (Figure 6e).

3.6 | Effect of exendin-4 on blood glucose under
ischaemic-reperfusion conditions

As exendin-4 affects blood glucose in patients with diabetes, we
investigated possible changes in the blood glucose level after the
administration of exendin-4 through different routes. No significant
difference was found among the control group, low and high dosage
subcutaneous injection groups, low and high dosage intravitreal injec-

tion groups, and low and high dosage eye drop groups (Figure S1C).

3.7 | Exendin-4 ameliorated the reduction of NO
levels induced by OGD/R in HRMECs

To further investigate the molecular mechanism of exendin-4 effect,
we examined the intracellular NO levels of HRMECs induced by
OGD/R. As shown in Figure 6f, the average NO levels of HRMECs

significantly decreased after OGD/R insult. Administration of
exendin-4 during reperfusion partly protected against this OGD/R-
induced reduction of NO. The addition of exendin-9-39 (GLP-1
receptor antagonist) or L-NAME (eNOS inhibitor) eliminated the effect
of exendin-4 on NO levels. These results confirmed that treatment
with exendin-4 ameliorated the reduction of NO induced by OGD/R,
through a GLP-1 receptor/eNOS pathway.

4 | DISCUSSION

The present study demonstrated that GLP-1 receptors were present
on the retinal capillary endothelium and that exendin-4 could effec-
tively regulate the diameter of retinal capillary through the GLP-1
receptor-PI3K/Akt-eNOS/NO-cGMP pathway. Moreover, this is the
first time that exendin-4 has been shown to relieve the narrowing of
capillaries induced by I/R injury. In addition, the topical administration
of exendin-4 was able improve retinal vascular endothelial function
under I/R conditions.

Our results have shown that GLP-1 receptor agonists have a
direct dilator effect on the capillary tone. IR-DIC microscopy with
continuously oxygenated ACSF was used to maintain blood vessel
vitality for the direct, real-time observation of the changes in living
capillaries, as has been performed previously for microvascular obser-
vations (Hall et al., 2014; Peppiatt et al., 2006; Yemisci et al., 2009;
Zong et al., 2018). In addition, the isolated retina was selected as an
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FIGURE 4 A model of ocular ischaemia-
reperfusion induced by high perfusion pressure in
the anterior chamber. (a, b) Fundus photographs
of retinal vascular perfusion before (a) and during
(b) ischaemia injury. During ischaemia injury, the
retinal arteries were almost invisible
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ideal object for vascular observation due to its transparent character-
istics and tissue integrity. Moreover, compared with in vivo vascular
regulation by systemic delivery, the regulation by perfusion of
exendin-4 over isolated retinal capillaries under the IR-DIC system
could avoid changes in the systemic metabolism of insulin or other
vasoactive substances.

In the whole-mounted retina of normal rats, GLP-1 receptors
were detected in retinal capillary endothelial cells but not in pericytes.
In addition, GLP-1 receptors were expressed in cultured HRMECs but
not in HRPs. Some studies have shown GLP-1 receptors in the vascu-
lar endothelial cells of tissues such as that of the heart (Ban
et al., 2008) and umbilical veins (Dai, Mehta, & Chen, 2013). However,

regarding the endothelial cells in retina, a previous study using immu-
nohistochemistry of tissue sections found no GLP-1 receptors located
in human retinal vasculature (Hebsgaard et al., 2018). The conflicting
results may be due to our use of whole-patch retina rather than tissue
sections for immunohistochemistry. The retina vasculature runs within
multiple layers of abundant nerve cells, which might cause difficulty in
identifying the proper cross-section containing blood vessels on the
vertical surface of the retina when using tissue sections. In addition,
the microvasculature could be much harder to distinguish, by immu-
nohistochemistry, using tissue sections.

As the GLP-1 receptors were expressed on retinal capillary endo-

thelial cells, we further investigated the vasodilator pathways)
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involved. In particular, pericytes can response to NO and arachidonic
acid metabolites, such as PGs, to induce capillary relaxation (Hall
et al., 2014). In the present study, inhibitors of eNOS or cGMP
blocked dilation by exendin-4. This observation is in line with previous
reports that the exendin-4-mediated vasorelaxation on human arteri-
oles (Koska et al, 2015) and rat mesenteric arteries (Salheen
et al., 2015) was dependent on NO. However, the results of a human
clinical study are in contrast with our findings (Smits et al., 2015). This
study had found that exendin-4-induced vasorelaxation could not be
abolished when NOS was inhibited. The differences may be explained
by the different methods used to administer exendin-4. The systemic
administration used in the previous clinical study may have caused
the vessel to relax through both direct and indirect means due to the
effects of systemic metabolites and catabolic enzymes. Additionally,
in our study, the COX inhibitor, indomethacin did not affect the vaso-
dilation caused by exendin-4. In capillaries, COX can metabolize
arachidonic acid to produce PGE,, which could activate EP,4 receptors
on pericytes and cause pericyte relaxation (Kisler et al., 2017). Our
results showed that the COX pathway did not participate in the
exendin-4-induced relaxation of retinal capillaries, which was consis-
tent with studies of exendin-4 on isolated mesenteric arteries and the
aorta (Green et al., 2008; Jensen et al., 2015).

Capillaries are considered to be controlled by pericytes or precap-
illary arterioles (Fernandez-Klett & Priller, 2015; Kisler, Nelson, Rege,
et al., 2017). In our study, we observed that the constriction or dilata-
tion of the capillary was accompanied by corresponding changes in
the pericyte. In addition, correlation analysis indicates a significant
correlation between changes in the capillary diameter and pericyte
width. These data would support the possibility of the dilatation of
capillaries by exendin-4 through the relaxation of pericytes. Addition-
ally, after denuding endothelium with CHAPS, exendin-4 did not dilate
the pre-constricted retinal capillaries, which demonstrates that the
relaxation of exendin-4 on capillaries was dependent on endothelial
cells. It would also indicate that the capillary relaxation induced by
exendin-4 was dependent on endothelial function and involved peri-
cytes. Further investigation is needed, however, to determine the
exact mechanism of the interactions of the endothelial cells with
pericytes.

I/R injury models were designed to further explore whether
exendin-4 could also regulate retinal capillaries under disease condi-
tions. The present study showed, using DIC systems, that the pericyte
constricted and even blocked the capillary flow under reperfusion
conditions after ischaemia. The model mimicked pathological injury in
clinical settings, such as a grand attack of acute angle-closure glau-
coma, in which the patient intraocular pressure often rises sharply, up
to 70 mmHg. Similar to our findings, even if the intraocular pressure is
reduced and artery blood supply is restored, damage still occurs in the
peripapillary retinal vessels (Wang, Jiang, Kong, Yu, & Sun, 2017).
Previous laboratory research has confirmed that pericyte control of
capillaries plays a critical role in ischaemia and that the capillary con-
striction or even “no-reflow” induced by pericyte outlasts the period
of ischaemia. (Hall et al., 2014; Yemisci et al., 2009), which also corre-

sponds with our results. A broken balance of vasoactive molecules,
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overload of calcium fluxes in pericytes (Hamilton, 2010; Peppiatt
et al., 2006), and oxidative-nitrative stress induced by I/R injury could
be the possible reason for this prolonged effect. Interestingly, after
the injured retina capillaries were superfused with exendin-4, capillary
constriction was clearly relieved. Restoring capillary patency is of vital
significance for tissue survival (Yemisci et al., 2009). To our knowl-
edge, this is the first report that exendin-4 could relieve the narrowing
of the capillaries following I/R injury. This may provide a potential
therapy to treat pathological events occurring in the early course of
I/R injury.

To further investigate whether exendin-4 also had effects in vivo
in addition to the most likely pathway, drugs were administered to
rats through different routes before the ischaemia. First, we demon-
strated that the transcription and translation levels of GLP-1 receptors
was significantly decreased in the I/R model. A previous study found
that expression of GLP-1 receptors could be detected in normal
human eyes but not in eyes with advanced diabetic retinopathy
(Hebsgaard et al., 2018). This finding suggests that GLP-1 receptors
might be decreased in conditions involving microvascular damage,
which may explain the decrease of these receptors following I/R in
the present study. As the exogenous administration of exendin-4 did
not increase the transcription level of GLP-1 receptors but increased
their translation, we hypothesize that the agonist could have
enhanced the number of activated receptors and thus improved the
signalling function of the GLP-1/ GLP-1 receptor pathway. The results
indicate that exendin-4 can improve the endothelial dysfunction
induced by I/R injury.

In our study, the constriction or occlusion of retinal capillaries
induced by I/R injury could be ameliorated by exendin-4. Improve-
ment of endothelial function could underlie this finding. NO, synthe-
sized by eNOS, is a key factor in maintaining the balance of vascular
tone. It is also considered that the activation of eNOS plays a protec-
tive role on blood vessels and may be damaged under I/R conditions
(Brunner et al., 2003). Our present study shows that the level of phos-
phorylated eNOS decreased due to I/R injury but was significantly
increased by exendin-4 administration, which was consistent with the
previous studies of GLP-1 receptor agonists on other organs such as
kidney and heart after I/R injury (Abdel-Latif, Heeba, Taye, &
Khalifa, 2018; Baba et al., 2017; Chang et al., 2015; Chen et al., 2017).
To further investigate whether the exendin-4 improved the endothe-
lial dysfunction during I/R injury through increasing NO production,
the intracellular NO levels were evaluated in cultured primary
HRMECs. In our present study, the OGD/R condition could reduce
NO release from HRMECs and exendin-4 could partly reverse this
change. However, these effects of exendin-4 were eliminated by
blocking the GLP-1 receptors with its antagonist (exendin-9-39) or by
inhibiting eNOS with L-NAME. These findings indicated that the bene-
ficial actions of exendin-4 on endothelial cells did involve GLP-1
receptors. In several diseases such as diabetes and hypertension, the
uncoupling of eNOS characterizes the endothelial dysfunction, as it
decreases production of NO and increases the generation of superox-
ide (Forstermann & Munzel, 2006). The decreased NO levels during
OGD/R could partly be due to an exacerbation of eNOS uncoupling.
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In addition, this study explored different modes of drug delivery
through subcutaneous injection, intravitreal injection and eye drops.
Among these, eye drops as a non-invasive and convenient topical
administration method, was able to improve the phosphorylation level
of eNOS that had been decreased by I/R injury. Earlier work had
shown that eye drops containing exendin-4 were effective at
preventing  retinal  neurodegenerative  changes (Hernandez
et al., 2016), and our findings would confirm the efficacy of local
administration of this GLP-1 receptor agonist. In our study, none of
the three different routes of administration resulted in systemic
glycaemic changes. This showed that the vascular protective effect of
exendin-4 was independent of any effects on blood glucose levels or
insulin levels. In addition, no obvious ocular surface damage, such as
conjunctival hyperaemia and corneal injury, was observed after apply-
ing the eye drops. This opens the possibility of developing eye drops
as a safe and effective therapy in ocular conditions following I/R
injury, such as acute glaucoma and retinal artery occlusion.

This study also has certain limitations. The signalling pathways
related to the regulation of vasodilation and contraction include not
only the pathways involving eNOS/NO and COX but also several
other mediators including ET-1 and brain natriuretic peptide, which
we did not assess in our study. Therefore, it is possible that exendin-4
may regulate capillaries in other pathways in addition to that we have
identified, the PI3K/Akt-eNOS/NO-cGMP pathway. Furthermore, the
interaction between endothelial cells and pericytes requires further
investigation. We used an acute rather than a chronic injury model, as
the duration of the ischaemia was only 1 h. Therefore, an experiment
with longer term ischaemic damage may produce a varied response to
exendin-4. Finally, cell experiments should be used for a more com-
prehensive mechanistic study, and a corresponding in vitro I/R model
is needed. However, in vivo and in vitro cell models of I/R injury may
not be uniform. Nevertheless, further studies are needed to elucidate
additional pathway details and should incorporate additional experi-
mental groups.

In conclusion, GLP-1 receptor agonists, such as exendin-4, could
effectively regulate the diameter of retinal capillaries through a GLP-1
receptor-PI3K/Akt-eNOS/NO-cGMP pathway under physiological
conditions and after I/R injury. In addition, eye drops containing
exendin-4 may have a protective effect on retinal endothelial cells
in vivo. Thus, through restoring capillary patency, exendin-4 may be
an effective treatment for improving tissue perfusion in I/R-related

diseases.

ACKNOWLEDGEMENTS

This work was supported by the Project of National Natural Science
Foundation of China (Grant 81770922, 81790641, and 81430007),
the Project of Shanghai Municipal Health Commission (Grant
201740204), the Clinical Science and Technology Innovation Project
of the Shanghai Shenkang Hospital Development Center (Grant
SHDC12017X18), and the Western Medicine Guidance Project of
Shanghai Science and Technology Commission (Grant 19411961600).
The funding agencies had no role in the study design, data collection,

analysis, decision to publish, or preparation of the manuscript. The

authors declare that they have no conflict of interest. The authors
thank Jian Gao from Zhongshan Hospital (Shanghai, China) for his kind

guidance concerning statistical matters.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS

R.Z. and H.X. performed and analysed the experiments. R.Z. wrote
the first draft of the manuscript. X.S. participated in the analysis of
the experiments. J.W. revised the manuscript. F.H. participated in the
experiments related to gqPCR, cell culture, and immunofluorescence.
X.K. contributed to the experimental design and revised the

manuscript.

DECLARATION OF TRANSPARENCY AND SCIENTIFIC
RIGOUR

This Declaration acknowledges that this paper adheres to the princi-
ples for transparent reporting and scientific rigour of preclinical
research as stated in the BJP guidelines for Design & Analysis,
Immunoblotting and Immunochemistry, and Animal Experimentation,
and as recommended by funding agencies, publishers and other orga-

nisations engaged with supporting research.

ORCID
Ruyi Zhai "2 https://orcid.org/0000-0002-7906-6357
REFERENCES

Abdel-Latif, R. G., Heeba, G. H., Taye, A., & Khalifa, M. (2018). Lixisenatide,
a novel GLP-1 analog, protects against cerebral ischemia/reperfusion
injury in diabetic rats. Naunyn-Schmiedeberg's Archives of Pharmacology,
391(7), 705-717. https://doi.org/10.1007/s00210-018-1497-1

Alexander, S. P. H., Christopoulos, A., Davenport, A. P., Kelly, E., Mathie, A.,
Peters, J. A, ... Davies, J. A. (2019). The Concise Guide to pharmacol-
ogy 2019/20: G protein-coupled receptors. British Journal of Pharma-
cology, 176(Suppl 1), 521-5141.

Alexander, S. P. H., Fabbro, D., Kelly, E.,, Mathie, A. Peters, J. A,
Veale, E. L., ... Collaborators, C. G. T. P. (2019). The Concise Guide to
PHARMACOLOGY 2019/20: Enzymes. British Journal of Pharmacol-
ogy, 176, 5297-5396. https://doi.org/10.1111/bph.14752

Alexander, S., Roberts, R. E., Broughton, B., Sobey, C. G., George, C. H.,
Stanford, S. C., ... Ahluwalia, A. (2018). Goals and practicalities of
immunoblotting and immunohistochemistry: A guide for submission to
the British Journal of Pharmacology. British Journal of Pharmacology,
175(3), 407-411. https://doi.org/10.1111/bph.14112

Baba, S., Iwasa, M., Higashi, K., Minatoguchi, S., Yamada, Y., Kanamori, H.,
... Minatoguchi, S. (2017). Antidiabetic drug alogliptin protects the
heart against ischemia-reperfusion injury through GLP-1 receptor-
dependent and receptor-independent pathways involving nitric oxide
production in rabbits. Journal of Cardiovascular Pharmacology, 70(6),
382-389. https://doi.org/10.1097/FJC.0000000000000531

Back, S., Necarsulmer, J., Whitaker, L. R, Coke, L. M., Koivula, P,
Heathward, E. J., ... Harvey, B. K. (2019). Neuron-specific genome
modification in the adult rat brain using CRISPR-Cas9 transgenic rats.
Neuron, 102, 105-119.e8. https://doi.org/10.1016/j.neuron.2019.
01.035

Ban, K., Noyan-Ashraf, M. H., Hoefer, J., Bolz, S. S., Drucker, D. J., &
Husain, M. (2008). Cardioprotective and vasodilatory actions of


https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14207
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14208
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14206
https://orcid.org/0000-0002-7906-6357
https://orcid.org/0000-0002-7906-6357
https://doi.org/10.1007/s00210-018-1497-1
https://doi.org/10.1111/bph.14752
https://doi.org/10.1111/bph.14112
https://doi.org/10.1097/FJC.0000000000000531
https://doi.org/10.1016/j.neuron.2019.01.035
https://doi.org/10.1016/j.neuron.2019.01.035

ZHAI ET AL

glucagon-like peptide 1 receptor are mediated through both glucagon-
like peptide 1 receptor-dependent and -independent pathways. Circu-
lation, 117(18), 2340-2350. https://doi.org/10.1161/
CIRCULATIONAHA.107.739938

Basalay, M. V. Mastitskaya, S., Mrochek, A., Ackland, G. L. Del
Arroyo, A. G., Sanchez, J., ... Gourine, A. (2016). Glucagon-like peptide-
1 (GLP-1) mediates cardioprotection by remote ischaemic condition-
ing. Cardiovascular Research, 112(3), 669-676. https://doi.org/10.
1093/cvr/cvw216

Biesecker, K. R, Srienc, A. |, Shimoda, A. M., Agarwal, A., Bergles, D. E.,
Kofuji, P, ... Newman, E. A. (2016). Glial cell calcium signaling mediates
capillary regulation of blood flow in the retina. The Journal of Neurosci-
ence, 36(36), 9435-9445.

Brunner, F., Maier, R., Andrew, P., Wolkart, G., Zechner, R., & Mayer, B.
(2003). Attenuation of myocardial ischemia/reperfusion injury in mice
with myocyte-specific overexpression of endothelial nitric oxide
synthase. Cardiovascular Research, 57(1), 55-62. https://doi.org/10.
1016/s0008-6363(02)00649-1

Chai, W., Zhang, X., Barrett, E. J., & Liu, Z. (2014). Glucagon-like peptide
1 recruits muscle microvasculature and improves insulin's metabolic
action in the presence of insulin resistance. Diabetes, 63(8),
2788-2799. https://doi.org/10.2337/db13-1597

Chang, M. W,, Chen, C. H,, Chen, Y. C, Wu, Y. C, Zhen, Y. Y., Ley, S, ...
Yip, H. K. (2015). Sitagliptin protects rat kidneys from acute ischemia-
reperfusion injury via upregulation of GLP-1 and GLP-1 receptors.
Acta Pharmacologica Sinica, 36(1), 119-130. https://doi.org/10.1038/
aps.2014.98

Chen, J., Wang, D., Wang, F., Shi, S., Chen, Y., Yang, B., ... Huang, C.
(2017). Exendin-4 inhibits structural remodeling and improves Ca%*
homeostasis in rats with heart failure via the GLP-1 receptor through
the eNOS/cGMP/PKG pathway. Peptides, 90, 69-77. https://doi.org/
10.1016/j.peptides.2017.02.008

Country, M. W. (2017). Retinal metabolism: A comparative look at ener-
getics in the retina. Brain Research, 1672, 50-57.

Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H.,
Giembycz, M. A, ... Ahluwalia, A. (2018). Experimental design and
analysis and their reporting Il: Updated and simplified guidance for
authors and peer reviewers. British Journal of Pharmacology, 175(7),
987-993.

Dai, Y., Mehta, J. L., & Chen, M. (2013). Glucagon-like peptide-1 receptor
agonist liraglutide inhibits endothelin-1 in endothelial cell by repre-
ssing nuclear factor-kappa B activation. Cardiovasc Drug Ther, 27(5),
371-380.

Davies, M. J., D'Alessio, D. A., Fradkin, J., Kernan, W. N., Mathieu, C.,
Mingrone, G., ... Buse, J. B. (2018). Management of hyperglycemia in
type 2 diabetes, 2018. A consensus report by the American Diabetes
Association (ADA) and the European Association for the Study of Dia-
betes (EASD). Diabetes Care, 41(12), 2669-2701.

Du, Z. Y., Lucker, B. F., Zienkiewicz, K., Miller, T. E., Zienkiewicz, A.,
Sears, B. B., ... Benning, C. (2018). Galactoglycerolipid lipase PGD1 is
involved in thylakoid membrane remodeling in response to adverse
environmental conditions in chlamydomonas. Plant Cell, 30(2),
447-465.

Fernandez-Klett, F., & Priller, J. (2015). Diverse functions of pericytes in
cerebral blood flow regulation and ischemia. Journal of Cerebral Blood
Flow and Metabolism, 35(6), 883-887. https://doi.org/10.1038/jcbfm.
2015.60

Forstermann, U., & Munzel, T. (2006). Endothelial nitric oxide synthase in
vascular disease: From marvel to menace. Circulation, 113(13),
1708-1714. https://doi.org/10.1161/CIRCULATIONAHA.105.602532

Goncalves, A., Lin, C. M. Muthusamy, A. Fontes-Ribeiro, C.,
Ambrosio, A. F., Abcouwer, S. F., ... Antonetti, D. A. (2016). Protective
effect of a GLP-1 analog on ischemia-reperfusion induced blood-
retinal  barrier breakdown and inflammation. Investigative

BRITISH
B PHARMACOLOGICAL 3401
SOCIETY

Ophthalmology & Visual Science, 57(6), 2584-2592. https://doi.org/10.
1167/iovs.15-19006

Green, B. D., Hand, K. V., Dougan, J. E., McDonnell, B. M., Cassidy, R. S., &
Grieve, D. J. (2008). GLP-1 and related peptides cause concentration-
dependent relaxation of rat aorta through a pathway involving KATP
and cAMP. Archives of Biochemistry and Biophysics, 478(2), 136-142.
https://doi.org/10.1016/j.abb.2008.08.001

Hall, C. N., Reynell, C., Gesslein, B., Hamilton, N. B., Mishra, A,
Sutherland, B. A, ... Attwell, D. (2014). Capillary pericytes regulate
cerebral blood flow in health and disease. Nature, 508(7494), 55-60.
https://doi.org/10.1038/nature13165

Hamilton, N. B. (2010). Pericyte-mediated regulation of capillary diameter:
A component of neurovascular coupling in health and disease. Fron-
tiers in Neuroenergetics, 2, 5.

Harding, S. D., Sharman, J. L., Faccenda, E., Southan, C., Pawson, A. J.,
Ireland, S., ... Davies, J. A. (2018). The IUPHAR/BPS Guide to pharma-
cology in 2018: Updates and expansion to encompass the new guide
to immunopharmacology. Nucleic Acids Research, 46(D1),
D1091-D1106.

Hebsgaard, J. B., Pyke, C., Yildirim, E., Knudsen, L. B., Heegaard, S.,
& Kuvist, P. H. (2018). Glucagon-like peptide-1 receptor expression
in the human eye. Diabetes, Obesity and Metabolism, 20(9),
2304-2308.

Hernandez, C., Bogdanov, P., Corraliza, L., Garcia-Ramirez, M., Sola-
Adell, C., Arranz, J. A,, ... Simo, R. (2016). Topical administration of
GLP-1 receptor agonists prevents retinal Neurodegeneration in exper-
imental diabetes. Diabetes, 65(1), 172-187. https://doi.org/10.2337/
db15-0443

Jensen, E. P, Poulsen, S. S., Kissow, H., Holstein-Rathlou, N., Deacon, C. F.,
Jensen, B. L, ... Sorensen, C. M. (2015). Activation of GLP-1 receptors
on vascular smooth muscle cells reduces the autoregulatory response
in afferent arterioles and increases renal blood flow. American Journal
of Physiology - Renal Physiology, 308(8), F867-F877. https://doi.org/
10.1152/ajprenal.00527.2014

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M., & Altman, D. G.
(2010). Animal research: Reporting in vivo experiments: The ARRIVE
guidelines. British Journal of Pharmacology, 160, 1577-1579.

Kisler, K., Nelson, A. R., Montagne, A., & Zlokovic, B. V. (2017). Cerebral
blood flow regulation and neurovascular dysfunction in Alzheimer dis-
ease. Nature Reviews. Neuroscience, 18(7), 419-434. https://doi.org/
10.1038/nrn.2017.48

Kisler, K., Nelson, A. R., Rege, S. V., Ramanathan, A., Wang, Y., Ahuja, A, ...
Zlokovic, B. V. (2017). Pericyte degeneration leads to neurovascular
uncoupling and limits oxygen supply to brain. Nature Neuroscience, 20
(3), 406-416.

Koska, J., Sands, M., Burciu, C., D'Souza, K. M., Raravikar, K., Liu, J., ...
Reaven, P. D. (2015). Exenatide protects against glucose- and lipid-
induced endothelial dysfunction: Evidence for direct vasodilation
effect of GLP-1 receptor agonists in humans. Diabetes, 64(7),
2624-2635. https://doi.org/10.2337/db14-0976

Marso, S. P, Bain, S. C., Consoli, A., Eliaschewitz, F. G., Jodar, E.,
Leiter, L. A,, ... Vilsboll, T. (2016). Semaglutide and cardiovascular out-
comes in patients with type 2 diabetes. The New England Journal of
Medicine, 375(19), 1834-1844. https://doi.org/10.1056/
NEJMoa1607141

Marso, S. P, Daniels, G. H., Brown-Frandsen, K., Kristensen, P., Mann, J. F.,
Nauck, M. A,, ... Buse, J. B. (2016). Liraglutide and cardiovascular out-
comes in type 2 diabetes. The New England Journal of Medicine, 375(4),
311-322. https://doi.org/10.1056/NEJM0a1603827

McNeish, A. J., Wilson, W. S., & Martin, W. (2001). Dominant role of an
endothelium-derived hyperpolarizing factor (EDHF)-like vasodilator in
the ciliary vascular bed of the bovine isolated perfused eye. British
Journal of Pharmacology, 134(4), 912-920. https://doi.org/10.1038/sj.
bjp.0704332


https://doi.org/10.1161/CIRCULATIONAHA.107.739938
https://doi.org/10.1161/CIRCULATIONAHA.107.739938
https://doi.org/10.1093/cvr/cvw216
https://doi.org/10.1093/cvr/cvw216
https://doi.org/10.1016/s0008-6363(02)00649-1
https://doi.org/10.1016/s0008-6363(02)00649-1
https://doi.org/10.2337/db13-1597
https://doi.org/10.1038/aps.2014.98
https://doi.org/10.1038/aps.2014.98
https://doi.org/10.1016/j.peptides.2017.02.008
https://doi.org/10.1016/j.peptides.2017.02.008
https://doi.org/10.1038/jcbfm.2015.60
https://doi.org/10.1038/jcbfm.2015.60
https://doi.org/10.1161/CIRCULATIONAHA.105.602532
https://doi.org/10.1167/iovs.15-19006
https://doi.org/10.1167/iovs.15-19006
https://doi.org/10.1016/j.abb.2008.08.001
https://doi.org/10.1038/nature13165
https://doi.org/10.2337/db15-0443
https://doi.org/10.2337/db15-0443
https://doi.org/10.1152/ajprenal.00527.2014
https://doi.org/10.1152/ajprenal.00527.2014
https://doi.org/10.1038/nrn.2017.48
https://doi.org/10.1038/nrn.2017.48
https://doi.org/10.2337/db14-0976
https://doi.org/10.1056/NEJMoa1607141
https://doi.org/10.1056/NEJMoa1607141
https://doi.org/10.1056/NEJMoa1603827
https://doi.org/10.1038/sj.bjp.0704332
https://doi.org/10.1038/sj.bjp.0704332

ZHAI ET AL.

BRITISH
3402 PHARMACOLOGICAL
SOCIETY

Osborne, N. N., Casson, R. J.,, Wood, J. P, Chidlow, G., Graham, M., &
Melena, J. (2004). Retinal ischemia: mechanisms of damage and
potential therapeutic strategies. Progress in Retinal and Eye Research,
23(1), 91-147. https://doi.org/10.1016/].preteyeres.2003.12.001

Peppiatt, C. M., Howarth, C., Mobbs, P., & Attwell, D. (2006). Bidirectional
control of CNS capillary diameter by pericytes. Nature, 443(7112),
700-704. https://doi.org/10.1038/nature05193

Ravassa, S., Zudaire, A.,, & Diez, J. (2012). GLP-1 and cardioprotection:
From bench to bedside. Cardiovascular Research, 94(2), 316-323.

Salheen, S. M., Panchapakesan, U., Pollock, C. A, & Woodman, O. L.
(2015). The DPP-4 inhibitor linagliptin and the GLP-1 receptor agonist
exendin-4 improve endothelium-dependent relaxation of rat
mesenteric arteries in the presence of high glucose. Pharmacological
Research, 94, 26-33. https://doi.org/10.1016/j.phrs.2015.02.003

Schindelin, J., Arganda-Carreras, l., Frise, E., Kaynig, V., Longair, M.,
Pietzsch, T., ... Cardona, A. (2012). Fiji: An open-source platform for
biological-image analysis. Nature Methods, 9(7), 676-682. https://doi.
org/10.1038/nmeth.2019

Smits, M. M., Muskiet, M. H. A, Tonneijck, L., Kramer, M. H. H.,
Diamant, M., van Raalte, D. H., ... Serne, E. H. (2015). GLP-1 receptor
agonist exenatide increases capillary perfusion independent of nitric
oxide in healthy overweight men. Arteriosclerosis, Thrombosis, and Vas-
cular Biology, 35(6), 1538-1543.

Torekov, S. S. (2018). Glucagon-like peptide-1 receptor agonists and car-
diovascular disease: From LEADER to EXSCEL. Cardiovascular
Research, 114(10), e70-e71.

Wang, X., Jiang, C., Kong, X,, Yu, X., & Sun, X. (2017). Peripapillary retinal
vessel density in eyes with acute primary angle closure: An optical
coherence tomography angiography study. Graefe's Archive for Clinical

and Experimental Ophthalmology, 255(5), 1013-1018. https://doi.org/
10.1007/s00417-017-3593-1

Woo, J. S., Kim, W.,, Ha, S. J,, Kim, J. B,, Kim, S. J., Kim, W. S., ... Kim, K. S.
(2013). Cardioprotective effects of exenatide in patients with ST-seg-
ment-elevation myocardial infarction undergoing primary percutane-
ous coronary intervention: Results of exenatide myocardial protection
in revascularization study. Arteriosclerosis, Thrombosis, and Vascular
Biology, 33(9), 2252-2260.

Yemisci, M., Gursoy-Ozdemir, Y., Vural, A, Can, A. Topalkara, K, &
Dalkara, T. (2009). Pericyte contraction induced by oxidative-nitrative
stress impairs capillary reflow despite successful opening of an
occluded cerebral artery. Nature Medicine, 15(9), 1031-1037. https://
doi.org/10.1038/nm.2022

Zong, Y., Zhou, X., Cheng, J., Yu, J., Wu, J., & Jiang, C. (2018). Cannabinoids
regulate the diameter of pericyte-containing retinal capillaries in rats.
Cellular Physiology and Biochemistry, 43(5), 2088-2101.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Zhai R, Xu H, Hu F, Wu J, Kong X,
Sun X. Exendin-4, a GLP-1 receptor agonist regulates retinal
capillary tone and restores microvascular patency after
ischaemia-reperfusion injury. Br J Pharmacol. 2020;177:
3389-3402. https://doi.org/10.1111/bph.15059



https://doi.org/10.1016/j.preteyeres.2003.12.001
https://doi.org/10.1038/nature05193
https://doi.org/10.1016/j.phrs.2015.02.003
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1007/s00417-017-3593-1
https://doi.org/10.1007/s00417-017-3593-1
https://doi.org/10.1038/nm.2022
https://doi.org/10.1038/nm.2022
https://doi.org/10.1111/bph.15059

	Exendin-4, a GLP-1 receptor agonist regulates retinal capillary tone and restores microvascular patency after ischaemia-rep...
	  INTRODUCTION
	  METHODS
	  Animals
	  Whole retina preparation

	  What is already known
	  What does this study add
	  What is the clinical significance
	  Capillary imaging
	  Experimental protocol of ischaemia-reperfusion (I/R)
	  Cell cultures
	  Oxygen-glucose deprived/reperfusion (OGD/R) model
	  NO detection
	  Immunofluorescence
	  Capillary western blot
	  Data and statistical analysis
	  Materials
	  Nomenclature of targets and ligands

	  RESULTS
	  Expression of GLP-1 receptors on retinal capillaries
	  Effect of exendin-4 on tone of retinal capillaries
	  Mechanism of exendin-4-induced relaxation of retinal capillaries
	  Effect of exendin-4 on the tone of retinal capillaries under ischaemic-reperfusion conditions
	  Effect of exendin-4 on retina under ischaemic-reperfusion conditions
	  Effect of exendin-4 on blood glucose under ischaemic-reperfusion conditions
	  Exendin-4 ameliorated the reduction of NO levels induced by OGD/R in HRMECs

	  DISCUSSION
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DECLARATION OF TRANSPARENCY AND SCIENTIFIC RIGOUR
	REFERENCES


