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Abstract
·AIM: To explore the effects and mechanism of vascular
endothelial cadherin (VE -cadherin) on experimental
corneal neovascularization (CRNV).

·METHODS: Mouse corneas were burned with sodium
hydroxide to build a CRNV model. The burned corneas
were locally administrated with anti-mouse VE-cadherin
neutralizing antibody. Annexin V and cluster of
differentiation 31 (CD31) double staining was used to
measure vascular endothelial cell apoptosis with the use
of flow cytometry (FCM). The protein expression of
NADPH oxidase 2 (Nox2), caspase-3, and protein kinase
C (PKC) in the burned corneas were examined by
Western blot. Human retinal endothelial cell (HREC)
proliferation was detected using a Cell Counting Kit 8
(CCK-8) assay .

·RESULTS: The amount of CRNV peaked two weeks
after the alkali burn. FCM confirmed that VE -cadherin
neutralizing antibody treatment increased CD31 positive
cell apoptosis. Western blot revealed that the intracorneal
protein expression of Nox2 and caspase -3 were up -
regulated, while PKC was down -regulated in the VE -
cadherin neutralizing antibody administrated group.
CCK -8 assay showed that VE -cadherin neutralizing
antibody markedly inhibited HREC proliferation.

·CONCLUSION: VE-cadherin exhibited an anti-apoptosis
effect through enhanced PKC signaling and an enhanced
cell proliferation pathway.
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INTRODUCTION

T he cornea is a transparent tissue that lacks vessels under
normal physiological conditions. If infection, physical

injury, or chemical or other pathological damages occur,
corneal neovascularization (CRNV) will take place. CRNV
can reduce the transparency of the corneas and cause serious
visual impairment [1,2], eventually leading to blindness [3].
Therefore, effective prevention of the occurrence of CRNV is
important to reduce corneal injuries and restore vision[4].
CRNV is one of a multitude of angiogenesis-dependent
diseases [5]. Many studies have been carried out using
anti-angiogenic drugs because medications such as
bevacizumab have been proven to be of benefit for the
treatment of corneal disease [6]; however, clinical data on the
safety and efficacy of such drugs are currently limited to
non-randomized, largely non-comparative case series, and
antiangiogenic agents developed and approved specifically
for CRNV are not yet available. Hence, although we have a
thorough understanding of the molecules relevant to vascular
development, we are still on the cusp of translating that
knowledge into specific therapeutic agents, which will be
useful in the ophthalmic clinic to treat and prevent CRNV[7].
Vascular endothelial cadherin (VE-cadherin) is a member of
the adhesion molecule family [8]. It is mainly expressed in
vascular endothelial cells [9]. As a component of endothelial
cell-to-cell adhesion junctions, it plays a key role in the
maintenance of vascular integrity [10]. During embryo
development, VE-cadherin is required for the organization of
a stable vascular system, while in the adult it controls
vascular permeability and inhibits unrestrained vascular
growth [11,12]. The mechanisms of action of VE-cadherin are
complex and include reshaping and organization of the
endothelial cell cytoskeleton and modulation of gene
transcription[13].
The roles of VE-cadherin in mediating CRNV subsequent to
severe injury remain unclear. To further address the roles of
VE-cadherin in CRNV, alkali-induced CRNV was induced
and anti-VE-cadherin neutralizing antibody was topically
administrated into the injured eyes. The anti-VE-cadherin
neutralizing antibody is a kind of reagent which is used for
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inhibiting VE-cadherin function and thereby blocking the
VE-cadherin signal pathway. Here, we provide the definitive
evidence to indicate the important role and mechanism of
VE-cadherin in CRNV.
MATERIALS AND METHODS
Reagents and Antibodies Rat anti-mouse VE-cadherin
monoclonal antibodies (mAbs) (Clone: BV13, Cat No.138003)
were acquired from BioLegend (San Diego, CA, USA). Goat
anti-mouse cluster of differentiation 31 (CD31) (ABIN958222)
mAbs were purchased from antibodies- online.com (Atlanta,
GA, USA). 3H-Indocyanines (Cy3)-labeled donkey anti-goat
IgG antibody was obtained from Pierce (Rockford, IL, USA).
Rabbit anti-NADPH oxidase 2 (Nox2) polyclonal antibody
(Cat No.NBP1-02160), rabbit anti-caspase-3 polyclonal
antibody (Cat No.NBP1-51398), and rabbit anti-protein
kinase C (PKC) polyclonal antibody (Cat No.NBP1-61529)
were supplied by Novus Biologicals (Littleton, CO, USA).
We purchased horseradish peroxidase (HRP)-goat anti-rabbit
IgG antibody from Huamei Biological Engineering Co., Ltd.
(Shanghai, China). The Cell Counting Kit-8 (CCK-8) was
sold by Biyuntian Biological Engineering Co., Ltd.
(Shanghai, China), and the Human Retinal Endothelial cell
line (HREC) was purchased from Yaji Biological
Engineering Co., Ltd. (Shanghai, China).
Animals All animal experiments were approved by the
Guidelines for the Care and Use of Laboratory Animals of
the Chinese Medical Academy and the Soochow University
Animal Care Committee and were performed in accordance
with the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research. Specific pathogen-free 7-
to 8-week-old male BALB/c mice weighing 20-25 g were
obtained from Shanghai Laboratory Animal Co., Ltd
(SLAC), and were kept in our animal facility under specific
pathogen-free conditions. Forty-eight mice were equally
assigned into either the control group or the VE-cadherin
antibodies group according to a randomized number table. A
12-hour day/12-hour night cycle was maintained during the
entire course of the study. Animals were kept in groups of
five and fed regular lab chow and water .
Alkali -induced Corneal Injury Model Mice were
anesthetized with an intraperitoneal injection of 1.8% (v/v)
avertin at a dosage of 0.20 mL/10 g body weight. A 2-mm
disc of filter paper saturated with 1 mol/L sodium hydroxide
(NaOH) was placed onto the left cornea of each mouse for
40s and then followed by rinsing extensively with 10 mL of
phosphate-buffered saline (PBS). The corneal epithelia were
removed using a corneal knife in a rotary motion parallel to
the limbus by gently scraping over the corneal surface
without injuring the underlying corneal stroma [14].
Erythromycin ophthalmic ointment was instilled immediately
following epithelial denudation. Anti-mouse VE-cadherin

antibody was dissolved in 0.2% sodium hyaluronate
(Sigma-Aldrich) at 10 滋g/mL. Next, 5 mL of VE-cadherin
antibody preparation or vehicle was applied topically to the
alkali-treated eye three times a day for 7d. At the indicated
time on day 14, the mice were sacrificed and the corneas
were removed from experimented eyes.
Flow Cytometrical Analysis Mononuclear cells were
isolated from corneas according to a previously described
procedure with some modifications[15]. Briefly, at day 14 after
the alkali injury, the corneas were removed, teased away with
scissors, and incubated at 37℃ for 30min with constant
shaking in the presence of 0.5 mg/mL collagenase type D
(Roche Diagnostics, Mannheim, Germany). Cell suspensions
were then passed over a nylon filter with a pore size of
100 滋m. The resultant cells were stained with propidium
iodide (PI), Annexin V, and goat anti-mouse CD31 following
by staining with Cy3-labeled donkey anti-goat IgG antibody.
The samples stained with non-immunized goat IgG were
used as an isotype control. In apoptotic cells, the membrane
phospholipid phosphatidylserine (PS) is translocated from the
inner to the outer leaflet of the plasma membrane, thereby
exposing the PS to the external cellular environment.
Annexin V is a 35-36 kDa Ca2+-dependent phospholipid-
binding protein that has a high affinity for PS and binds to
cells with exposed PS. These characteristics allow it to retain
its high affinity for PS and thus to serve as a sensitive probe
for the flow cytometric analysis of cells that are undergoing
apoptosis.
Western Blotting Caspase-3, Nox2, and PKC protein
expression levels in vehicle- and VE-cadherin antibody-
treated corneas were evaluated by Western blotting. The eyes
were enucleated, and the corneal samples were placed in a
150-mL lysis buffer [20 mmol/L imidazole hydrochloric
acid (HCl), 10 mmol/L potassium chloride (KCl), 1 mmol/L
magnesium chloride (MgCl2), 10 mmol/L ethylene glycol tetra
acetic acid (EGTA), 1% Triton, 10 mmol/L sodium
fluoride (NaF), 1 mmol/L sodium molybdate, 1 mmol/L
ethylenediaminetetraacetic acid (EDTA)], pH 6.8
supplemented with a protease inhibitor cocktail (Boehringer
Mannheim, Indianapolis, IN, USA) and were sonicated. The
lysate was centrifuged at 12 000 rpm for 15min at 4℃ .
Samples (20 滋g/each lane) were boiled for 5min and then
separated by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis under denaturing conditions and
electroblotted to a polyvinylidene difluoride membrane
(Bio-Rad, Hercules, CA, USA). The membranes were
blocked with PBS/5% nonfat dry milk for nonspecific
binding and incubated with antibodies as follows:
anti-caspase-3, anti-Nox2, and anti-PKC (Novus Biologicals,
Littleton, CO, USA). Immunoblot assays were then washed
and incubated with a HRP-labeled secondary antibody
(Amersham Pharmacia, Piscataway, NJ, USA). The blot was
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Figure 1 Protein of caspase-3 expression in the injured corneas of vehicle and anti-VE-cadherin mAbs-treated BALB/c mice A:
Protein extracts were obtained and subjected to Western blotting analysis. Representative results from three independent experiments are
shown here. B: Ratios of caspase-3 to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein bands of vehicle- (open bars) and
anti-mouse VE-cadherin antibody (black bars) were determined as described in Methods. All values represent mean依SEM ( =6-8 animals).
a <0.05 compared with vehicle-treated mice.

visualized with enhanced chemiluminescence (ECL Plus;
Amersham Pharmacia) according to the manufacturer's
instructions[16].
CCK-8 Assay Cell proliferation was analyzed using CCK-8
(Biyuntian Biological Engineering Co. Ltd, Shanghai, China).
This kit measures the metabolic activity of dehydrogenases
by employing a tetrazolium salt. In the presence of
dehydrogenases, tetrazolium salt produces a yellow-colored,
water-soluble Formosan. The amount of the Formosan is
directly proportional to the number of living cells and can be
measured by a thermo multi-scan EX plate reader (Thermo
Multiskan EX plate reader, VWR, CA, USA). After the
HRECs were attached to the plate and stimulated with
anti-VE-cadherin neutralizing antibody, the absorbance was
measured at 6, 12, and 24h. The inhibition rate (IR) for the
proliferation of cells in different groups was compared to the
control groups.
Statistical Analysis The means and standard error of the
mean (SEM) were calculated for all parameters determined
in the study. Data were analyzed statistically using one-way
analysis of variance (ANOVA) or two-tailed Student's test.
A value of <0.05 was considered statistically significant.
RESULTS
Exacerbated Cell Death in Vascular Endothelial
Cadherin Antibody -treated Animals Firstly, we
compared the expression of apoptosis-related protein of
caspase-3 in control versus VE-cadherin antibody-treated
mice. Western blot demonstrated that the caspase-3 relative
expression level was increased to 2.14依0.45 in VE-cadherin
antibody-treated corneas in comparison to controls (1.32依0.39)
(Figure 1A). Statistical significance was shown between
these two groups ( <0.05) (Figure 1B).
Dependence of Vascular Endothelial Viability upon
Vascular Endothelial Cadherin To determine whether
VE-cadherin's protective effects in CRNV were targeted at
vascular endothelial cells, PI and Annexin V-positive cells

co-localized with CD31 were examined using FCM and the
apoptotic cells were quantified. The results showed that the
apoptotic cells were vascular endothelial cells. Apoptotic
cells co-localized with CD31 were significantly increased to
11.27%依1.66% in VE-cadherin antibody-treated mice compared
to vehicle-treated mice (6.81%依1.14%) ( <0.05) (Figure 2).
These data suggested that the protective effect of
VE-cadherin on alkali-induced CRNV was directly targeted
at vascular endothelial cells by suppressing vascular
endothelial cell apoptosis.
Vascular Endothelial Cadherin Mediated Repression of
Nox2 Activation in Corneal Neovascularization To
determine the mechanism by which VE-cadherin regulates
cell apoptosis, we next measured Nox2 levels in the burned
corneas. Nox2 levels increased to 0.42依0.08 in the VE-cadherin
antibody-treated mice, which was much more than the
control mice (0.20 依0.05) ( <0.05) (Figure 3A, 3B),
suggesting that Nox2's effect was VE-cadherin-dependent.
Nox2 is a very important cytokine that promotes cell
apoptosis. Our results suggested that VE-cadherin plays an
important role in suppressing cell apoptosis at least in part by
inhibiting Nox2 expression in hypoxia after alkali injury.
Furthermore, we also detected PKC expression in the burned
corneas. PKC is one of the most important transcription
factors for cell survival and proliferation. We found that PKC
decreased to 0.26 依0.07 in VE-cadherin antibody-treated
mice, which was a greater decrease than that of the control
mice (0.53依0.09) ( <0.05) (Figure 3A, 3C), suggesting that
VE-cadherin antibody suppresses PKC expression.
Reduced Cell Proliferation with Vascular Endothelial
Cadherin Antibody Stimulation To delineate the effects of
VE-cadherin on vascular endothelial cell function, we also
examined the role of VE-cadherin in cell proliferation of
HRECs . After incubation and stimulation with
anti-VE-cadherin antibody for 24h, cell viability was
examined; HRECs incubated with anti-VE-cadherin antibody
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Figure 2 The proportion of PI/Annexin V-positive cells co-localized with CD31 in corneas after alkali injury Corneal tissues were
obtained 14d after injury from vehicle- or anti-VE-cadherin mAbs-treated mice, and the tissues from 7-8 mice were combined and subjected
to analysis using a flow cytometer after being immunostained with anti-mouse PI/Annexin V and CD31 antibody. Isotype IgG derived from
the same species of the test antibody was used as a negative control. Representative results from three to four tests of intracorneal PI/Annexin
V and CD31-positive cells from either vehicle- or anti-VE-cadherin mAbs-treated BABL/c are shown.

Figure 3 Protein of Nox2 and PKC expression in the injured corneas of vehicle- and anti-VE-cadherin mAbs-treated BALB/c
mice A: Protein extracts were obtained and subjected to Western blotting analysis. Representative results from three independent
experiments are shown here. B, C: Ratios of Nox2 and PKC to GAPDH protein bands of vehicle- (open bars) and anti-mouse VE-cadherin
antibody (black bars) were determined as described in Methods. All values represent mean依SEM ( =6-8 animals). a <0.05 compared with
vehicle-treated mice.

showed a significant reduction in cell proliferation compared
to the vehicles (Figure 4). Optical density (OD) value
quantification and statistical analysis on inhibition rate (IR)
demonstrated that the anti-VE-cadherin antibody was able to
reduce cell proliferation (Table 1). These data indicated that
a decrease in proliferation of HRECs after anti-VE-cadherin
antibody stimulation was responsible for the protective effect
of VE-cadherin .
DISCUSSION
We have previously found that VE-cadherin was
intracorneally expressed and had a protective effect on
CRNV [17]. In the present study, we explored the specific
mechanism and latent efficacy of VE-cadherin. Here, we
have identified for the first time that VE-cadherin has a
potent protective effect in CRNV. Our results demonstrated
that blocking of VE-cadherin increased intracorneal vascular
endothelial cell apoptosis, while PKC was down-regulated in
the group that received VE-cadherin neutralizing antibody.

Further, we also identified that VE-cadherin neutralizing
antibody was able to markedly inhibit HREC proliferation,
establishing a molecular mechanism of action.

Figure 4 CCK-8 assays to detect the effects of VE-cadherin
antibody on cell proliferation The inhibition rate (IR) on HREC
cell proliferation was determined. Each value represents the mean
and SEM ( =3). a <0.05 and b <0.01 compared with untreated
animals.

VE-cadherin in corneal neovascularization
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The injured cornea consists of fibroblasts, corneal epithelial
cells, and vascular endothelial cells [18]. To assess the
possibility that VE-cadherin neutralizing antibody increases
endothelial cells (EC) death, we labeled corneal cells with
Annexin V, PI, and CD31 (an EC marker). Our results
demonstrated that in CRNV animals, Annexin V/PI-positive
cells also co-expressed CD31 [19]. In addition, we found that
the percentage of Annexin V, PI, and CD31 co-expression
cells in the VE-cadherin neutralizing antibody administrated
group was higher than the control group. We also examined
the intraocorneal caspase-3 protein expression. Based upon
our results, the caspase-3 protein expression was higher in
the VE-cadherin neutralizing antibody administrated group
than in the control group. Caspase-3 is one of the most
important proteins expressed by apoptotic cells [20,21]. The
quality of caspase-3 is closely related with the number of
apoptotic cells. More specifically, the caspase-3 protein
directly reflects the pathologic degree of cell apoptosis. Thus,
our results indicated that VE-cadherin had a protective effect
on cell viability by suppressing cell apoptosis. Taken
together, these results suggest that apoptotic cells at this
experiment model are vascular endothelial cells, and
VE-cadherin exerts a protective effect on newly developed
vascular endothelial corneal cells from cell apoptosis, as this
protective effect was blocked by VE-cadherin neutralizing
antibody in our current experiment. Therefore, VE-cadherin
improved vascular endothelial survival and integrity under
alkali injury. Furthermore, we used VE-cadherin neutralizing
antibody to stimulate HRECs . In CCK-8 assay, we
found that HREC proliferation was suppressed with the
stimulation of VE-cadherin neutralizing antibody. These
results are consistent with our experiments,
suggesting that VE-cadherin was the most important
protective factor for vascular endothelial cell survival and
proliferation.
Our prior studies have demonstrated that the VE-cadherin
gene is expressed in the mouse cornea, and we have also
shown that VE-cadherin exerted a direct protective effect on
CRNV, as evidenced by corneal whole-mount
immunofluorescence where the alkali injury markedly
reduced the vascular areas in corneas to a larger extent in
VE-cadherin neutralizing antibody-treated mice than in
controls. Hence, in the present study, we concluded that
VE-cadherin's vascular protective effects may result from a
direct effect of inhibiting cell apoptosis in vascular
endothelial cells.

VE-cadherin is an important signaling molecule. Signaling
VE-cadherin influences endothelial cell behavior by

modulating the activity of growth factor receptors,
intracellular messengers, and proteins that regulate gene
transcription [22]. Experimental studies have revealed that
VE-cadherin protects the stabilization of the vasculature [23];
however, they have provided little insight into which
pathophysiological parameters VE-cadherin was able to
improve in cornea neovascularization or how it could do so
on a molecular level [24]. Therefore, in order to delineate
VE-cadherin's protective effects in CRNV, we also examined
intracorneal Nox2 and PKC protein expression. We found
that VE-cadherin suppressed Nox2 expression. Moran [25]

reported that the transcription of Nox2 and Nox4 expression
was enhanced under pathologic conditions and Nox2 was one
of the promoters of reactive oxygen species (ROS), which
was the crucial factor in cell apoptosis. In turn, VE-cadherin
suppression of Nox2 expression may be one of the imperative
pathways that protect endothelial cells from apoptosis. Our
results in this experiment of CRNV are consistent with
previous findings, suggesting that VE-cadherin is an
important anti-apoptosis factor.
In summary, our studies identified novel anti-apoptotic
activities of VE-cadherin in CRNV, and established that it
negatively regulates the Nox2 pathway, which is likely
responsible in part for its anti-apoptosis effect. Therefore,
VE-cadherin has therapeutic potential as target for CRNV.
Investigation of the physiologic regulation of VE-cadherin
may thus be useful for the treatment in clinical settings
characterized by persistent neovascularization.
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