
INTRODUCTION

Age-related macular degeneration (AMD) is the most fre-
quent cause of blindness globally and is common in people 
over 60 years old (Klein et al., 2006). This disease is an ac-
quired degeneration of the central portion of the retina, called 
the macula, manifested by the progressive loss of central vi-
sion through non-neovascular (dry AMD) or neovascular de-
rangement (neovascular or wet AMD). Dry AMD is an early 
stage of the disease and is generally characterized by as-
ymptomatic deposition of clustered extracellular byproducts 

of photoreceptor metabolism on the retinal pigment epithe-
lium (RPE), known as drusen. As drusen enlarge, the RPE 
degenerates to a state of geographic atrophy, resulting in 
the death of RPE cells and subsequent loss of photorecep-
tor cells and choriocapillaries. Approximately 10-15% of AMD 
patients eventually develop the wet form (Klein et al., 2007). 
Wet or exudative AMD is characterized by macular leakage 
of fluid via abnormal choroidal neovascularization (CNV) that 
results in retinal distortion, scarring, macular destruction, and 
decreased vision in AMD patients (Hernández-Zimbrón et al., 
2018). An excessive amount of vascular endothelial growth 
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Vascular endothelial growth factor (VEGF) plays a pivotal role in pathologic ocular neovascularization and vascular leakage via 
activation of VEGF receptor 2 (VEGFR2). This study was undertaken to evaluate the therapeutic mechanisms and effects of the 
tetrapeptide Arg-Leu-Tyr-Glu (RLYE), a VEGFR2 inhibitor, in the development of vascular permeability and choroidal neovascu-
larization (CNV). In cultured human retinal microvascular endothelial cells (HRMECs), treatment with RLYE blocked VEGF-A-
induced phosphorylation of VEGFR2, Akt, ERK, and endothelial nitric oxide synthase (eNOS), leading to suppression of VEGF-
A-mediated hyper-production of NO. Treatment with RLYE also inhibited VEGF-A-stimulated angiogenic processes (migration, 
proliferation, and tube formation) and the hyperpermeability of HRMECs, in addition to attenuating VEGF-A-induced angiogenesis 
and vascular permeability in mice. The anti-vascular permeability activity of RLYE was correlated with enhanced stability and posi-
tioning of the junction proteins VE-cadherin, β-catenin, claudin-5, and ZO-1, critical components of the cortical actin ring structure 
and retinal endothelial barrier, at the boundary between HRMECs stimulated with VEGF-A. Furthermore, intravitreally injected 
RLYE bound to retinal microvascular endothelium and inhibited laser-induced CNV in mice. These findings suggest that RLYE has 
potential as a therapeutic drug for the treatment of CNV by preventing VEGFR2-mediated vascular leakage and angiogenesis. 
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factor (VEGF) triggers the growth and leakage of abnormal 
blood vessels under the macula, resulting in the irreversible 
loss of central vision (Ferrara, 2010).

VEGF is known to be a potent angiogenic and vascular per-
meability factor in the pathogenesis of retinal diseases that ex-
hibit CNV (Miler et al., 2013). Although VEGF family proteins 
activate three types of VEGF receptors (VEGFRs), the VEGF-
A/VEGFR2 axis elicits the most potent angiogenic activity and 
vascular permeability. Consequently, anti-VEGF drugs have 
shown great promise for the treatment of CNV (Angkawinit-
wong et al., 2017; Neves et al., 2017). Indeed, intravitreal in-
jection of the VEGF antagonists ranibizumab (Lucentis) and 
aflibercept (Eylea) has been widely used to treat AMD (Mitch-
ell et al., 2018). The humanized anti-VEGF antibody bevaci-
zumab (Avastin) has also been used clinically for the treat-
ment of angiogenesis-based human diseases, including AMD 
(Spaide et al., 2006). These results suggest that inhibiting the 
VEGF-A/VEGFR2 signaling axis may be a promising strategy 
for the treatment of angiogenesis and vascular permeability-
associated human diseases.

Numerous chemical inhibitors related to the VEGF-A/VEG-
FR2 signaling pathway have been developed and used as 
antiangiogenic therapies (Aziz et al., 2016; Cao et al., 2016). 
Our recent study showed that the tetrapeptide Arg-Leu-Tye-
Glu (RLYE) effectively inhibited VEGF-A-induced angiogenic 
activity and vascular permeability by binding to VEGFR2, 
resulting in the suppression of tumor angiogenesis and pro-
gression (Baek et al., 2015, 2017). This suggests that RLYE 
can potentially be used to treat wet AMD via the disruption of 
pathologic ocular neovascularization. 

In this study, we evaluated the inhibitory and therapeutic 
effects of RLYE on angiogenesis and endothelial permeability 
in VEGF-A-stimulated retinal endothelial cells and in a mouse 
model of laser-induced CNV. Our data show that RLYE inhib-
ited VEGF-A-induced angiogenesis and vascular permeability 
without causing cytotoxicity and inhibited laser-induced CNV 
in a mouse model, providing evidence that this peptide may be 
useful for treating wet AMD.

MATERIALS AND METHODS

Materials
Antibodies for p-VEGFR2 (Tyr-1175), p-ERK (Thr-202/Tyr-

204), p-Akt (Ser-473), p-FAK (Tyr-397), VEGFR2, ERK, Akt, 
and FAK were obtained from Cell Signaling Technology (Bev-
erly, MA, USA). Antibodies for p-eNOS (Ser-1177), eNOS, VE-
cadherin, and β-catenin were purchased from BD Bioscience 
(San Diego, CA, USA). Antibodies for ZO-1 and claudin-5 and 
isolectin B4-647 were purchased from Invitrogen Life Tech-
nologies (Carlsbad, CA, USA). VEGF-A, [3H]-thymidine, and 
[14C]-sucrose were obtained from R&D Systems (Minneapolis, 
MN, USA) and Amersham (Aylesbury, UK). Fetal bovine se-
rum (FBS) and NG-methyl-L-arginine acetate were purchased 
from MEDIAN Life Science (Houston, TX, USA) and Sigma-
Aldrich (St. Louis, MO, USA), respectively. RLYE and fluores-
cein isothiocyanate (FITC)-conjugated RLYE were purchased 
from Peptron (Daejeon, Korea).

Cell culture
Human retina microvascular endothelial cells (HRMECs) 

were purchased from Cell Systems (Kirkland, WA, USA) and 

grown in complete classic medium (4Z0-500, Cell Systems) at 
37°C in a humidified incubator with 5% CO2. For the experi-
ments, cells were used between passages 3-5.

In vitro angiogenesis assay
Angiogenic activity was determined by measurements of 

proliferation, migration, and tube formation of cultured HR-
MECs stimulated with 10 ng/mL VEGF-A following pretreat-
ment with 0.15 nM RLYE for 30 min as described previously 
(Baek et al., 2015, 2017). Endothelial cell proliferation was 
determined by a [3H]-thymidine incorporation assay. Briefly, 
HRMECs were cultured at a density of 2×104 cells/well in gel-
atin-coated 24-well plates overnight and then further cultured 
for an additional 6 h in M199 medium containing 1% FBS. 
The cells were pretreated with 0.15 nM RLYE for 30 min and 
stimulated with 10 ng/mL VEGF-A for 24 h, followed by the ad-
dition of 0.5 μCi/mL [3H]-thymidine and incubation for 6 h. [3H]-
Thymidine incorporated into high-molecular-weight DNA was 
determined using a liquid scintillation counter (Perkin Elmer, 
Gaithersburg, MD, USA) as described previously (Baek et al., 
2015, 2017). Chemotactic migration and motility of HRMEC 
were determined using Boyden chambers (24-well Transwell 
plates, Corning Costar) with 6.5-mm diameter polycarbonate 
filters (8 μm pore size). Briefly, the lower surface of the filter 
was coated with 2% gelatin (10 μg). M199 media (1% FBS) 
containing VEGF-A (10 ng/mL) was placed in the lower cham-
ber. HRMECs (1×106 cells/mL of M199 medium containing 1% 
FBS) were pre-incubated with 0.15 nM RLYE for 30 min at 
room temperature. An aliquot (100 μL) from the cell suspen-
sions was loaded into each of the upper wells. After incubation 
in a CO2 incubator for 4 h, the cells were fixed and stained 
with hematoxylin and eosin (H&E). Non-migrating cells on 
the upper surface of the filter were removed by wiping with 
a cotton swab and chemotaxis was observed and quantified 
using a computer-aided inverted phase-contrast microscope. 
Tube formation was determined after culturing the HRMECs 
on growth factor-reduced Matrigel (Baek et al., 2015, 2017). 
Twenty-four-well culture plates were coated with 250 μL of 
growth factor-reduced Matrigel (10 mg/mL). The HRMECs cul-
tured in M199 media containing 1% FBS for 6 h were collected 
and plated onto the Matrigel layer at a density of 2.5×105 cells/
well. The cells were pretreated with RLYE (0.15 nM) for 30 
min and stimulated with VEGF-A (10 ng/mL) in a CO2 incuba-
tor for 20 h. Tube-like structure formation was observed using 
a phase-contrast microscope. The degree of tube formation 
was quantified by measuring the length of the tubes in ran-
domly chosen low-power fields using ImageJ software (NIH, 
Bethesda, MA, USA). 

Nitric oxide (NO) measurement
Intracellular NO levels were measured using DAF-FM di-

acetate (Molecular Probes, Eugene, OR, USA) according to 
the manufacturer’s instructions. HRMECs were pretreated 
with RLYE (0.15 nM) and stimulated with VEGF-A (10 ng/mL) 
for 15 min. The HRMECs were then incubated with 5 M DAF-
FM diacetate for 20 min in a CO2 incubator, then washed in 
flash medium, and the fluorescence images were captured 
from at least 10 randomly selected cells per dish using a con-
focal laser microscope. The relative levels of intracellular NO 
were quantified from the DAF-FM fluorescence intensity. 
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Immunofluorescence staining
HRMECs were grown as a monolayer on 2% gelatin-coated 

cover glasses and cultured for 6 h in M199 medium containing 
1% FBS. The cells were pretreated with 0.15 nM RLYE for 30 
min and stimulated with 10 ng/mL VEGF-A for 1 h. The cells 
were then fixed with 3.7% formaldehyde for 15 min at 4°C, 
permeabilized with 0.1% Triton X-100 for 30 min at 4°C, and 
stained for 3 h with antibodies for VE-cadherin (1:50), ZO-1 
(1:100), claudin-5 (1:100), and β-catenin (1:100). The cells 
were then incubated with an Alexa Fluor 555 secondary anti-
body (1:100, Invitrogen Life Technologies) for 1 h. Nuclei were 
visualized with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich) staining. Fluorescence was observed by confocal la-
ser scanning microscopy (LSM-880, Carl Zeiss, Oberkochen, 
Germany).

Endothelial cell hyperpermeability assay
To determine [14C]-Sucrose permeability in HRMECs, 24-

well Transwell plates with 6.5-mm diameter polycarbonate 
membrane insert (0.4 μm pore size) were used. HRMECs 
were incubated with M199 containing 1% FBS for 4 h and 
treated for 30 min with RLYE (0.15 nM), followed by stimu-
lation with VEGF-A (20 ng/mL) for 1 h. Fifteen microliters of 
[14C]-sucrose (0.8 μCi/mL) was added to the upper compart-
ment. After incubation for 30 min, the amount of radioactivity 
that diffused into the lower compartment was measured using 
a liquid scintillation counter.

Western blot analysis
HRMECs were lysed in RIPA buffer [50 mmol/L Tris-HCl (pH 

8.0), 150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% 
sodium dodecyl sulfate (SDS)]. Cell lysates (50 μg protein) 
were electrophoresed on SDS-polyacrylamide gel and trans-
ferred to polyvinyldifluoride membranes. The membranes 
were incubated with an antibody against each target protein 
for 2 h. After three washes, the membranes were incubated 
with a HRP-conjugated secondary antibody. Protein levels 
were detected by an enhanced chemiluminescence system 

as described previously (Park et al., 2019) and quantified by 
using ImageJ software (NIH).

Animals
Six-week-old male C57BL/6 mice were purchased from 

Orient Bio Inc (Sungnam, Korea). The mice were housed in 
a specific pathogen-free animal facility with a constant tem-
perature of 21 ± 2°C, relative humidity of 45 ± 15%, and a 
12 h-light/dark cycle and provided free access to standard 
food and water. All animal experiments were performed in ac-
cordance with the guidelines of the Institutional Animal Care 
and Use Ethics Committee of Kangwon National University 
(KW-181109-1). Moreover, this investigation conformed to the 
Guide for the Care and Use of Laboratory Animals published 
by the United States National Institutes of Health (NIH Publi-
cation, 8th edition, 2011).

Vascular permeability assay 
The Miles assay was performed to determine vascular per-

meability in 6-week-old male C57BL/6 mice. The mice were 
carefully shaved on both flanks 2 days before the experiment 
and intraperitoneally injected with RLYE (1 mg/kg, volume 100 
μL). After 20 min, the mice were intravenously injected with 
1% Evans blue following anesthesia and, 10 min later, intra-
dermally injected with 50 μL of PBS and VEGF-A (100 ng/50 
μL). The mice were euthanized after 20 min and the dorsal 
skin was carefully removed. The lesions were resected using 
an 8-mm biopsy punch, and Evans blue dye was extracted 
from the skin with 1 mL of formamide at room temperature for 
5 days. The concentration of the Evans blue dye was deter-
mined spectrophotometrically at 620 nm. 

Matrigel plug assay
Six-week-old male C57BL/6 mice were injected subcutane-

ously with 0.5 mL of Matrigel containing heparin (30 units), 
VEGF-A (100 ng), or RLYE (0.75 pmol) after anesthesia with 
pentobarbital (50 mg/kg, intraperitoneally). The mice were eu-
thanized 7 days later and the Matrigel plugs were retrieved 
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Fig. 1. RLYE decreases VEGF-induced angiogenic activity in HRMECs. HRMECs were pretreated with or without RLYE (0.15 nM) for 30 
min prior to stimulation with VEGF-A (10 ng/mL) for the indicated time periods, followed by assessment of angiogenic activity. (A) After 24 h 
of stimulation, cell proliferation was determined by the [3H]-thymidine incorporation assay (n=4). (B) After 4 h of stimulation, chemotactic cell 
migration was determined by the Boyden chamber assay. The migrated cells were quantified by counting the cells using a computer-aided 
optical microscope (n=4). (C) After 20 h of stimulation, tube-like structures were photographed using an inverted phase-contrast micro-
scope, and the tube length was quantified using ImageJ software (NIH) (n=4). **p<0.01.
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and imaged. The hemoglobin content in the Matrigel plugs 
was measured using Drabkin’s reagent Kit 525 (Sigma-Al-
drich) to quantify functional blood vessel formation. 

Laser photocoagulation-induced CNV
Laser-induced CNV was performed as described previ-

ously (Jo et al., 2017). Male C57BL/6 mice were fully anes-
thetized with an intraperitoneal injection of ketamine (80 mg/
kg)-xylazine (10 mg/kg) and the pupils were dilated with 1% 
tropicamide (Alcon Laboratories, Fort Worth, TX, USA). Then, 
the laser was delivered to the retina at the 3, 6, 9, and 12 
o’clock positions of 2 disc diameters from the optic disc using 
an indirect head set delivery system (Iridex, Mountain View, 
CA, USA) and a custom 810-nm diode laser system (Ilooda, 
Suwon, Korea). The success of photocoagulation was eval-
uated by the bubble at the laser site or the popping sound 
verifying the rupture of Bruch’s membrane. Only the success-
ful photocoagulated sites were included in the analysis. Mice 
were intravitreally injected with 2 μL of RLYE (1.5 nM), EYLR 
(1.5 nM, as a negative control), or PBS (as a control) 10 days 
after laser photocoagulation.

Quantitative analysis of CNV
For histological examination, the eyes were enucleated 

from the sacrificed mice by inhalation of CO2 gas 14 days af-
ter laser photocoagulation and fixed in 3.7% formaldehyde for 
24 h at room temperature. After removal of the anterior seg-
ments, the posterior eyecups were embedded in paraffin. Sag-
ittal sections of the tissues into 6 μm-thickness were prepared 
by cutting through the center of the eye at the site of laser 

photocoagulation. The sections were stained with H&E and 
assessed by light microscopy. In addition, fluorescein angiog-
raphy was also performed on day 14 after laser photocoagula-
tion. The mice were anesthetized with an intraperitoneal injec-
tion of ketamine (80 mg/kg)-xylazine (10 mg/kg) and perfused 
with FITC-dextran (MW, 500 kDa; Sigma-Aldrich) dissolved in 
PBS. After 1 h of perfusion, the eyes were enucleated from 
the sacrificed mice by inhalation of CO2 gas and fixed in 4% 
paraformaldehyde for 1 h. After removal of the cornea, lens, 
and vitreous material, the retinas were carefully peeled from 
the RPE-choroid-scleral complexes. The complexes were 
mounted on a microscope slide using an aqueous mounting 
medium (Dako, Agilent Technologies, Santa Clara, CA, USA) 
and observed under a fluorescence microscope (BX50, Olym-
pus, Tokyo, Japan) at ×400 magnification. The CNV areas 
were quantified using ImageJ software (NIH). 

FITC-RLYE binding assay in the mouse retina
After inhalational anesthesia with isoflurane, six-week-old 

male C57BL/6 mice were intravitreally injected with 2 μL of 
PBS, VEGF-A (50 ng/2 μL), or RLYE (1.5 nM) 5 h prior to 
intravitreal FITC-RLYE (2 μL of 1.5 nM) administration. After 
24 h, the mice were anesthetized with an intraperitoneal in-
jection of Avertin (200 mg/250 μL/kg) and perfused (via the 
left ventricle) with PBS for 7 min (30 mL/min, total 210 mL) 
and 4% paraformaldehyde (90 mL) for 3 min. The eyes were 
isolated and fixed with 4% paraformaldehyde for 2 h. Retinas 
were dissected, immunostained with isolectin B4-647 (1:200), 
and flat-mounted on glass slides. Fluorescence in the retinas 
was observed by confocal laser scanning microscopy (LSM-
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880, Carl Zeiss). FITC-RLYE binding in retinal vessels was 
quantitatively analyzed by measuring the intensities of whole 
retina tissues.

Statistical analysis
Quantitative data are expressed as the means ± SEM of 

at least three separate experiments performed in triplicate. 
Statistical analysis was performed using GraphPad Prism 6 
software (GraphPad, Inc., La Jolla, CA, USA). Statistical sig-
nificance was determined using either one-way ANOVA or the 
Student’s t-test, depending on the experimental group ana-
lyzed. Significance was established at a p-value<0.05.

RESULTS

RLYE suppresses VEGF-induced angiogenesis in HRMECs
Endothelial cells are highly specialized in organ-specific 

functions and responses to environmental cues (Aird, 2006; 
Liu et al., 2008; Langenkamp and Molema, 2009). Therefore, 

we examined whether RLYE inhibits VEGF-A-induced angio-
genesis in cultured HRMECs, although in our previous studies 
RLYE was shown to exhibit an anti-angiogenic effect in human 
umbilical vein endothelial cells (HUVECs) (Baek et al., 2015, 
2017). Treating HRMECs with RLYE significantly inhibited 
VEGF-A-induced proliferation, a typical characteristic of an-
giogenesis, as determined by the [3H]-thymidine incorporation 
assay (Fig. 1A). Treatment with RLYE also markedly inhibited 
VEGF-A-induced migration and tube formation in HRMECs 
(Fig. 1B, 1C). These results suggest that RLYE inhibits VEGF-
A-mediated angiogenic activity not only in HRMECs, but also 
in HUVECs.

RLYE blocks angiogenic signaling in VEGF-A-stimulated 
HRMECs

VEGF-A promotes angiogenesis mostly through the ac-
tivation of VEGFR2 and its downstream signaling cascades 
(Taimeh et al., 2013), and RLYE has been shown to bind to 
VEGFR2, interfering with the interaction between VEGF-A 
and VEGFR2 in HUVECs (Baek et al., 2017). Therefore, we 
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further examined whether RLYE could inhibit the VEGF-A-
induced signaling pathways in HRMECs. Treatment of HR-
MECs with RLYE inhibited the VEGF-A-induced phosphoryla-
tion of Akt, ERK, Src, and FAK (Fig. 2A), molecules known 
to be crucial mediators of endothelial cell functions during 
angiogenesis, such as survival, proliferation, and migration 
(Hofer and Schweighofer, 2007). In addition, RLYE treatment 
resulted in statistically significant inhibition of the multiple sig-
naling pathways activated by VEGF-A (Fig. 2B-2E). Moreover, 
the peptide effectively blocked the increased phosphorylation 
of the apical signal mediator VEGFR2 at Tyr 1175 in HRMECs 
stimulated with VEGF-A (Fig. 2F, 2G). These results indicate 
that RLYE potently blocked VEGF-A-induced retinal angio-
genesis by inhibiting VEGFR2 activation and its downstream 
signaling cascade in HRMECs.

RLYE inhibits the VEGF-A-induced eNOS/NO signaling axis 
and endothelial hyperpermeability in HRMECs

Since Akt-dependent endothelial nitric oxide synthase 
(eNOS) activation stimulates NO production, which plays an 
important role in angiogenesis and vascular permeability (Karar 
and Maity, 2011; Shi et al., 2012; Di Lorenzo et al., 2013), we 
examined the inhibitory effect of RLYE on the eNOS/NO path-
way. As expected, VEGF-A stimulated the phosphorylation of 
eNOS at Ser1177 in HRMECs, but this phosphorylation was 
reduced by co-treatment with RLYE to almost the basal levels 
observed in the unstimulated control cells (Fig. 3A). As a re-
sult, RLYE markedly inhibited the VEGF-A-mediated increase 
in NO production in HRMECs, with an inhibitory effect compa-
rable to that of the NOS inhibitor NMA (Fig. 3B, 3C). Because 
NO is essential for the increased retinal endothelial barrier 
permeability induced by VEGF-A (Di Lorenzo et al., 2013), 
we examine the effect of RLYE on endothelial junctions and 
permeability in an in vitro blood-retinal barrier (BRB) model 
using cultured HRMECs stimulated with VEGF-A. Treatment 
with RLYE or NMA significantly rescued the VEGF-A-mediat-
ed loss of the adherence junction protein VE-cadherin and its 
binding partner β-catenin at the cell-cell boundary of HRMECs 
(Fig. 3D, Supplementary Fig. 1A, 1B). In addition, RLYE and 
NMA also inhibited the VEGF-A-induced loss of the tight junc-
tion components claudin-5 and ZO-1 from the cell-cell contact 
sites of HRMECs (Fig. 3E, Supplementary Fig. 1C, 1D). As 
a result, RLYE and NMA significantly attenuated endothelial 
hyperpermeability in HRMECs stimulated with VEGF-A as de-
termined by the [14C]-sucrose leakage assay (Fig. 3F). Collec-
tively, these results suggest that RLYE effectively suppressed 
the VEGF-A-induced increase in retinal endothelial barrier 
permeability by inhibiting the VEGFR2-mediated eNOS/NO 
pathway.

RLYE inhibits VEGF-A-induced neovascularization and 
vascular permeability in mice

To further confirm the in vitro data, we examined the ef-
fect of RLYE treatment on VEGF-A-induced neovasculariza-
tion and vascular permeability in mice using the Matrigel plug 
assay and the Evans blue-based Miles assay, respectively. 
Matrigel plugs containing VEGF-A, implanted subcutaneously 
in mice, showed a dark-red color indicative of neovascular-
ization, whereas the control Matrigel plugs were colorless; 
however, the plug containing VEGF-A with RLYE was pale or 
reddish (Fig. 4A), indicating that RLYE inhibited the VEGF-A-
induced formation of a functional vasculature. This was further 

confirmed by measuring the hemoglobin content in the Matri-
gel (Fig. 4B). Intradermal injection of VEGF-A significantly 
increased the extravasation of intravascular Evans blue via 
elevated microvascular leakage in mice, and this increase 
was markedly suppressed by pretreatment with RLYE (Fig. 
4C, 4D). These results suggest that RLYE blocks VEGF-A-
induced angiogenesis and vascular permeability in mice. 

RLYE binds to retinal vascular endothelial cells in mice
Since RLYE has been shown to bind to VEGFR2 in HU-

VECs, we next examined whether the peptide would bind to 
endothelium in retinal vessels after intravitreal injection of 
FITC-conjugated RLYE in mice. The results showed a sig-
nificant increase in the binding of RLYE to retinal microvas-
cular endothelium, as determined by the confirmation of its 
co-localization in isolectin B4-stained endothelial cells, and its 
binding potential was comparatively inhibited by pretreatment 
with either VEGF-A or the non-fluorescent peptide (Fig. 5A, 
5B). However, FITC and FITC-EYLR did not bound to retinal 
endothelial cells (Supplementary Fig. 2A, 2B). These findings 
suggest that RLYE competes with VEGF-A in binding to retinal 
microvascular endothelial cells. 
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Fig. 4. RLYE inhibits VEGF-A-induced neovascularization and 
vascular permeability in mice. (A, B) Mice were subcutaneously 
injected with 0.5 mL of Matrigel containing VEGF-A (100 ng) alone 
or in combination with RLYE (0.75 pmol). (A) After 7 days, Matrigel 
plugs were excised from the mice after sacrifice by cervical dis-
location and photographed. (B) Hemoglobin (Hb) concentrations 
were measured after extraction from the Matrigel plugs using the 
Drabkin method (n=4). (C, D) Mice were injected intraperitoneally 
with RLYE (1 mg/100 μL/kg). After 4 h, the mice were injected in-
travenously with 1% Evans blue following anesthesia, followed by 
intradermal injection of PBS (50 μL/site) or VEGF-A (100 ng/50 μL/
site). (C) The mice were euthanized after 20 min, and the dorsal 
skin was carefully removed and photographed. (D) Evans blue dye 
was extracted from the skin with formamide, and the dye concen-
tration was determined by spectrophotometry (n=4). **p<0.01.
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RLYE inhibits laser-induced CNV 
The mouse laser-induced CNV model has been used exten-

sively as a crucial mainstay model for studies of neovascular 
AMD (Shah et al., 2015). By administering targeted laser inju-
ry to the RPE and Bruch’s membrane, the procedure induces 
angiogenesis, mitogenesis, and vascular permeability, which 
are the pathogenic hallmarks of neovascular AMD (Lambert 
et al., 2013). To verify the biological activity of RLYE in nega-
tively regulating laser-induced CNV in mice, the peptide was 
injected into the vitreous cavity of mice after laser photoco-
agulation. Histopathological examination using H&E staining 
showed that RLYE treatment significantly decreased laser-
induced CNV areas in the retina compared to mice admin-
istrated PBS, whereas the control peptide (EYLR) that does 
not exhibit antiangiogenic activity did not significantly affect 
laser-induced CNV lesions (Fig. 6A, 6B). Moreover, fluores-
cein angiography using FITC-dextran further confirmed that 
RLYE inhibited the formation of laser-induced CNV compared 
to either PBS or EYLR injection (Fig. 6C, 6D). These results 
suggest that RLYE inhibits pathological CNV.

DISCUSSION

VEGF is a potent angiogenic and vascular permeability fac-
tor that plays a pivotal role not only in the physiology of embry-
onic vascular development and wound healing but also in the 
pathogenesis of many human diseases, including cancer, dia-
betic retinopathy, and wet AMD (Ferrara et al., 2003; Carme-
liet, 2005; Ferrara et al., 2007; Simo and Hernandez, 2008). 
The VEGF family consists of five VEGF isoforms, namely 
VEGF-A, -B, -C, -D, and placental growth factor. Among them, 
VEGF-A is the most abundant and most biologically active 
form (Ferrara, 2004), and binds both VEGFR1 and VEGFR2 
both of which are mainly expressed in endothelial cells. Both 
receptors are primarily associated with angiogenesis, but also 
have additional unique biological functions. For example, the 
binding affinity of VEGFR1 for VEGF-A is one order of magni-
tude higher than that of VEGFR2, whereas the kinase activity 

of VEGFR1 is approximately 10-fold weaker than that of VEG-
FR2 (Shibuya, 2006), indicating that VEGFR2 is the major in-
ducer of angiogenesis under physiological and pathological 
conditions. Based on this evidence, effective inhibition of the 
VEGF-A/VEGFR2 pathway serves as a therapeutic strategy 
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for treating angiogenesis-associated diseases, including wet 
AMD (Ferrara et al., 2007).

Retinal and choroidal neovascularization are the main 
causes of visual impairment in several ocular diseases, in-
cluding wet AMD and diabetic retinopathy. Several factors, 
like inflammatory and angiogenic factors, are known to be in-
volved in the pathological alteration of retinal and choroidal 
vessels (Ferrara et al., 2007; Kauppinen et al., 2016); they 
include VEGF-A, which is mainly associated with the induction 
of neovascularization and vascular leakage in the retinal and 
choroidal vessels. Indeed, the expression levels of VEGF-A 
are also increased in mouse and non-human primate models 
of retinal neovascularization and are highly correlated with the 
degree of retinal angiogenesis (Miller et al., 1994; Pierce et 
al., 1995). Intravitreal administration of VEGF-A-neutralizing 
chimeric proteins significantly suppressed retinal neovascu-
larization in a murine model of ischemic retinopathy (Aiello et 
al., 1995). Furthermore, the expression of VEGF-A is known 
to be elevated in patients with AMD (Grisanti and Tatar, 2008), 
and patients with pathologic retinal neovascularization have 
higher levels of VEGF-A expression in ocular tissue than pa-
tients without neovascularization (Aiello et al., 1994). Conse-
quently, treatment with anti-angiogenic drugs that inhibit the 
VEGF-A/VEGFR2 axis is currently still the most potent ther-
apeutic strategy for treating wet AMD, despite the advent of 
anti-inflammatory therapy as a new treatment option (Holz et 
al., 2014).

AMD is the leading cause of central visual loss worldwide 
among patients over 60 years of age. Dry AMD is the most 
common type, accounting for approximately 90% of all cases 
and there is currently no treatment available for patients with 
the dry form, although numerous therapeutic approaches for 
the treatment of dry AMD are under development. A recent 
study showed that visual function improved in patients with 
dry ADM following implantation of a thin synthetic substrate 
coated with a layer of human embryonic stem cell-derived 
RPE cells in the retina (Kashani et al., 2018). Moreover, treat-
ment of neovascular or wet AMD has been revolutionized by 
the availability of intravitreal anti-VEGF agents like bevaci-
zumab and aflibercept (CATT Research Group et al., 2011; 
Semeraro et al., 2013). These agents effectively inhibit ocular 
neovascularization triggered by VEGF, and their therapeutic 
efficacy has been demonstrated to be superior to previous 
treatment modalities, such as verteporfin photodynamic ther-
apy (Campochiaro et al., 2016). Although anti-VEGF therapy 
has proven to be useful and promises to improve the vision of 
patients with wet AMD, the efficacy of anti-VEGF treatments is 
poor in a subgroup of patients due to VEGF-A gene polymor-
phism (Park et al., 2014; Veloso et al., 2014). This suggests 
that individualized therapeutic approaches based on genetic 
background may be required to generate optimal efficacy in 
neovascular AMD. To date, many endogenous and synthetic 
inhibitors of angiogenesis including antibodies, siRNAs, pep-
tides, metabolites, and enzyme inhibitors, have been identified 
and proposed as potential therapeutic alternatives to target 
neovascularization and vascular leakage in neovascular AMD 
(Jo et al., 2017; Bee et al., 2018; Yan et al., 2018). Our data 
showed that the anti-angiogenic peptide RLYE suppressed 
laser-induced CNV in mice by blocking VEGF-A-triggered an-
giogenic signaling, such as Akt, ERK, and FAK, suggesting 
that this peptide has promising therapeutic applications for the 
treatment of neovascular AMD.

In addition to the anti-VEGF drugs bevacizumab, afliber-
cept, and ranibizumab, the anti-VEGFR2 antibody ramucirum-
ab (Cyramza) that selectively binds to s specific epitope on the 
extracellular domain of VEGFR2 was shown to have similar 
antiangiogenic activity in cancer treatment to that seen with 
bevacizumab (Arrieta et al., 2017); this antibody may also elic-
it therapeutic benefits in patients with wet AMD (Clinical trials.
gov identifier NCT01940900). Another anti-VEGFR2 antibody, 
tanibirumab, has been shown to suppress and regress laser-
induced choroidal neovascularization in a rat model (Kim et 
al., 2014). This evidence suggests that targeted inhibition of 
VEGFR2 is a useful strategy for treating neovascular AMD 
and angiogenesis-related disorders. Therefore, numerous 
small molecule kinase inhibitors (e.g., sunitinib, sorafenib, and 
axitinib) have been developed to inhibit neovascularization 
by blocking VEGFR-mediated signaling (Ferrara and Adamis, 
2016). Our previous studies demonstrated that RLYE binds 
specifically to VEGFR2 at the VEGF-A binding site, thereby 
blocking VEGF-A/VEGFR2 interaction and tumor angiogen-
esis (Baek et al., 2015, 2017). 

Notably, our fluorescence analysis demonstrated that in-
travitreally administrated FITC-RLYE bound directly to the 
retinal microvascular endothelium in mice in a competitive 
manner with pretreated VEGF-A or non-conjugated RLYE. 
This suggests that RLYE binds directly to retinal microvascu-
lar endothelial cells by interacting with VEGFR2 in the eye 
and inhibits VEGF-A-induced angiogenic signaling and retinal 
neovascularization. We also showed that RLYE treatment in-
hibited VEGF-A-induced angiogenesis and hyperpermeability 
in cultured HRMECs and blocked retinal neovascularization in 
a mouse model of laser-induced CNV. Therefore, RLYE may 
be a feasible treatment for the improvement of visual acuity by 
inhibiting CNV associated with neovascular or wet AMD. 

Neovascular AMD is characterized by VEGF-A-induced 
retinal angiogenesis and vascular permeability. Similar to the 
blood-brain barrier, the BRB is a restrictive physiological bar-
rier that regulates nutrient, ion, protein, and water flux in and 
out of the retina. VEGF stimulates BRB breakdown and vas-
cular leakage that are implicated in the pathogenesis of ocular 
diseases, such as neovascular AMD and diabetic retinopathy 
(Cunha-Vaz et al., 2011). This pathological process is likely to 
be associated with eNOS-derived NO production, which also 
contributes to the stimulation of neovascularization. Thus, 
anti-VEGF strategies are effective in treating BRB breakdown 
and angiogenesis, which are associated with pathological 
changes in retinal diseases. We found that RLYE could inhibit 
VEGF-A-induced breakdown of the BRB, as assessed by the 
loss of junctional proteins like VE-cadherin and claudin-5 at 
the cell-cell boundaries of HRMECs, consequently resulting 
in attenuation of endothelial and vascular hyperpermeability. 
In addition, RLYE suppressed the VEGF-A-mediated increase 
in eNOS-derived NO production by inhibiting Akt-mediated 
eNOS activation, a key signaling pathway downstream of 
VEGFR2. This suggests that RLYE mitigates microvascular 
permeability and leakage in the retina by suppressing the 
eNOS/NO pathway under the pathogenic conditions of neo-
vascular AMD. Collectively, these findings indicate that RLYE 
can prevent retinal microvascular dysfunction mainly by inter-
fering with the interaction between VEGF-A and VEGFR2 in 
the retinal microvasculature.

In conclusion, the present study showed that RLYE blocked 
VEGF-A-induced angiogenesis and vascular leakage in HR-
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MECs by interfering with the interaction between VEGF-A and 
VEGFR2 and inhibited retinal neovascularization in a mouse 
model of laser-induced CNV. Therefore, RLYE has potential 
as a therapeutic agent for the treatment of neovascular AMD.
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