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Abstract. The aim of the present study was to investigate the
inhibitory effects of *°Sr-"°Y B-irradiation in a rat model of
alkali burn-induced corneal neovascularization (CNV). Alkali
burn-induced CNV was induced in the right eyes of 30 female
Wistar rats, which were randomly divided into the following
three groups (n=10/group): i) The alkali burn control group,
which received a balanced salt solution treatment; ii) group 1,
which received treatment with angiogenesis inhibitors; and
iii) group 2, which received *°Sr-*°Y f-irradiation treatment. A
further 10 female Wistar rats comprised a blank control group
and received only balanced salt solution. Digital photographs of
the corneas were acquired and the area of NV was calculated.
In addition, the expression levels of matrix metalloproteinase
(MMP)-9, vascular endothelial growth factor (VEGF), VEGF
receptor (VEGFR)-1 and VEGFR-2 in alkali-burned rat corneas
were determined using western blot analysis. The results
suggested that the number of new vessels and the area of CNV
were significantly decreased in groups 1 and 2, as compared
with the alkali burn group at each time point (P<0.05). In addi-
tion, the number of inflammatory cells and the degree of edema
were decreased in groups 1 and 2, as compared with the alkali
burn group, with group 2 exhibiting the most marked reduction.
Western blot analysis demonstrated that the expression levels
of MMP-9, VEGF, VEGFR-1 and VEGFR-2 were significantly
decreased in groups 1 and 2, as compared with the alkali burn
control group, with group 2 exhibiting the most significant
reduction (P<0.05). The results of the present study suggested
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that **Sr-"°Y B-irradiation and angiogenesis inhibitor treatments
were able to inhibit alkali burn-induced CNV, although *°Sr-"°Y
[B-irradiation may be more effective.

Introduction

Corneal neovascularization (CNV) is typically associated with
inflammatory, infectious, traumatic, toxic, degenerative or
immunological disorders of the ocular surface and cornea (1,2).
CNYV may result in significant visual impairment and blind-
ness, due to edema, scar formation or lipid deposition (3,4). The
regulation of corneal angiogenesis is known to be a complex
multistep process controlled by stimulatory and inhibitory
factors (5). Among various other proangiogenic factors, the
vascular endothelial growth factor (VEGF) family serves a
crucial function in stimulating the multiplication of endothelial
cells and the formation of new blood vessels (6). Furthermore,
VEGF inhibitors have exhibited potential for the treatment of
CNV through the direct inhibition of angiogenesis at a molec-
ular level (3). In addition, numerous pharmacological agents,
including glucocorticosteroids, interleukin-1 receptor antago-
nist, cyclosporine A, plasminogen fragments, doxycycline and
triamcinolone acetonide, appear to exhibit anti-angiogenic
activity (7-12). However, there is currently no clear consensus
regarding the most effective treatment option for CN'V, which
underlines the requirement for novel therapies for the treatment
of CNV.

9Sr-22Y B-irradiation has been widely used for the treat-
ment of various diseases, including coronary artery in-stent
restenosis, post-operative scar hyperplasia and skin heman-
gioma (13-15). Notably, a previous study demonstrated that
the inhibition of the budding process of CNV pathogenesis
via B-irradiation may limit the formation and development of
new corneal blood vessels (16); however, the effect of *°Sr-"°Y
[B-irradiation in the cornea, and specifically in animal models of
CNYV, has not yet been described. The aim of the present study
was to evaluate the safety and efficacy of *°Sr-"°Y B-irradiation
in an experimental rat model of alkali burn-induced CN'V.

Materials and methods

Materials. The *°Sr-"°Y ophthalmic applicator (SSR9013) used
in the present study was provided by the China Institute of
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Atomic Energy (Beijing, China). The slit-lamp microscope
was purchased from Topcon Corporation (Tokyo, Japan) and
the BX41-72H02 binocular optical microscope was obtained
from Olympus Corporation (Tokyo, Japan).

Animals. A total of 40 female Wistar rats (age, 55-60 weeks;
weight, 200-250 g) obtained from the Experimental Animal
Center of Changchun Institute for Biological Sciences
(Changchun, China) were used in the present study. Approval
of the experimental protocol was obtained from the Jilin
University Medical School Research Committee (Changchun,
China). The rats were treated and maintained in accordance
with the guidelines of the Statement for the Use of Animals
in Ophthalmic and Visual Research by the Association for
Research in Vision and Ophthalmology (17). The present study
was approved by the Ethics Committee of Jilin University. The
rats were stored in a specific pathogen-free facility, within
filter-topped cages, under a 12 h light/dark cycle at room
temperature and 50-60% humidity. The rats had ad libitum
access to standard rodent chow and water throughout the study.

Alkali-induced corneal injury model and drug treatment
protocol. A study population of 30 female Wistar rats were
anesthetized with an intraperitoneal injection of ketamine
hydrochloride (25 mg/kg) and xylazine hydrochloride (5 mg/kg;
both Sigma-Aldrich, St. Louis, MO, USA). All eyes were
examined under a binocular microscope to exclude corneal
scaring, opacity and NV prior to the study. Corneal injury was
induced by placing a monolayer filter saturated with 1 mol/l
NaOH onto the right eye of the rat for 2 min, as previously
described (18-20). Following the establishment of the alkali
burn corneal injury, the 30 alkali-injured rats were allocated
at random into three groups: Alkali burn control group, which
received, 3 drops of balanced salt solution (Sigma-Aldrich)
3 times a day for 7 days in the alkali-treated eyes; group 1,
which received 1% cyclosporine (Sigma-Aldrich) from day 1
following alkali injury, 3 drops 3 times a day for 7 days in
the alkali-treated eyes; and group 2, which received *°Sr-"°Y
[B-irradiation from day 1 following alkali injury, 1 Gy once a
day for 7 days in the alkali-treated eyes. In addition, 10 Wistar
rats which did not receive any treatment were selected as the
alkali burn control group, receiving 3 drops of the balanced
salt solution, 3 times a day for 7 days).

Evaluation of CNV. The CNV and edema formation in each
group under anesthesia was observed using the slit-lamp
microscope on days 2, 5 and 7 following the experiment. The
average NV length (VL), corneal radius (r) and corneal hours
(CH) were calculated. The NV area was measured according
to the following formula (21): Area (mm?) = CH/12 x 3.14[r*-
(r-VL)?.

Photographic analysis. All rats were sacrificed by exsangui-
nation on day 7 immediately followed by observation using the
slit-lamp microscope. Briefly, the eyes were enucleated and the
globes were fixed in freshly prepared 4% paraformaldehyde.
Following fixation for 24 h, corneal samples were prepared by
macroscopic incisions from limbus to limbus passing through
the central cornea to include the region with the highest NV
intensity. Subsequently, fixed tissues were sectioned serially in
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the horizontal plane at 4 ym. In the majority of sections, the
NV density was obtained from the central region of the cornea.
The sections were stained with hematoxylin and eosin (H&E;
Sigma-Aldrich). The degree of CNV was evaluated histomor-
phometrically using the optical microscope, as described in a
previous study (22). In addition, the inflammatory index was
evaluated using slit-lamp biomicroscopy, and inflammatory
cells that had infiltrated into the cornea tissue were detected
by histological analysis at days 1,7 and 14 following the alkali
burn, as previously described (23).

Western blot analysis. The rats were sacrificed by exsangui-
nation and the corneas harvested from the treated eyes were
dissected and frozen at -70°C, then homogenized in ice-cold
RIPA lysis buffer solution (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA). Following centrifugation for 5 min at
12,000 x g, the supernatants were collected and the protein
concentrations were determined using the Bradford reagent
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Equal
quantities of protein (15 ug/lane) from the cell lysates were
separated using 8-15% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes (Santa Cruz Biotechnology, Inc.).
Membranes were incubated for 2 h in phosphate-buffered
saline plus 0.1% Tween-20 and 5% non-fat skim milk to
block non-specific binding. The membranes were then incu-
bated overnight at 4°C with the following antibodies: Goat
monoclonal anti-mouse VEGF (1:2,000; sc-7269; Santa
Cruz Biotechnology, Inc.), goat monoclonal anti-mouse
VEGEF receptor (VEGFR)-1 (1:3,000; 4762; Sigma-Aldrich),
goat monoclonal anti-mouse VEGFR-2 (1:1,000; 3817; Cell
Signaling Technology, Danvers, MA, USA.), goat monoclonal
anti-mouse matrix metalloproteinase (MMP)-9 (1:2,000;
sc-21733; Santa Cruz Biotechnology, Inc.), and goat mono-
clonal anti-mouse p-actin (1:10,000; sc-47778; Santa Cruz
Biotechnology, Inc.), which was used as a loading control.
Subsequently, the membranes were incubated with the
anti-mouse horseradish peroxidase-conjugated immuno-
globulin G (1:10,000; sc-2005; Santa Cruz Biotechnology,
Inc.), and protein bands were visualized using a SuperSignal
chemiluminescence detection kit (Thermo Fisher Scientific,
Inc., Rockford, Illinois, USA).

Statistical analysis. Data are presented as the mean + standard
deviation. The statistical comparison among >2 groups was
performed using one-way analysis of variance followed by the
Tukey's post-hoc test. Statistical analysis was performed using
SPSS software, version 16.0 (SPSS Inc., Chicago, IL, USA)
and GraphPad Prism, version 5.01 (GraphPad Software Inc.,
San Diego, CA, USA) for Windows. P<0.05 was considered to
indicate a statistically significant difference.

Results

Anti-NV effects of °°Sr-°°Y B-irradiation in the cornea. The
clinical indication of CNV was examined first. The results
showed that numerous new vessels had invaded the suture
area from the limbal region in the alkali burn control group
on day 7 (Fig. 1A). The rats treated with angiogenesis inhibi-
tors (group 1) and *°Sr-*°Y B-irradiation (group 2) exhibited
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Table I. Average length of CNV among the different groups at each time-point (n=10 per group).

Average length of CNV (mm)

Group Day 2 Day 5 Day 7
Alkali burn group 0.410+£0.024 1.980+0.015 2.580+0.037
Group 1 0.278+0.025* 1.678+0.017* 2.178+0.032*
Group 2 0.352+0.021%* 1.482+0.030* 1.882+0.033%

Data are presented as the mean + standard deviation. *P<0.05 vs. the alkali burn control group; ®P<0.05 vs. group 1. CNV, corneal neovascu-

larization.

Table II. Average area of CNV among the different groups at each time-point (n=10 per group).

Average area of CNV (mm?)
Group Day 2 Day 5 Day 7
Alkali burn group 4.596+0.184 14.516+0.112 21.739+0.209
Group 1 2.167+0.181* 12.465+0.132 17.851+0.199*
Group 2 3.471+0.178% 10.499+0.202% 14.471+0.211%

Data are presented as the mean + standard deviation. “P<0.05 vs. the alkali burn control group; "P<0.05 vs. group 1. CNV, corneal neovascu-

larization.

~ Alkali burn group

Group 1

Figure 1. Effect of *Sr-"’Y B-irradiation treatment on alkali burn-induced corneal neovascularization (CNV) in rats. Following the induction of alkali burn
injury in the corneas of the rats, NV was monitored using a slip-lamp microscope. Representative photographs of alkali burn-induced CNV at 7 days following
induction in the (A) alkali burn control group, (B) group 1 and (C) group 2. The Alkali burn control group was treated with balanced salt solution. Group 1
received angiogenesis inhibitors treatment and group 2 received *°Sr-""Y B-irradiation treatment.

reduced CNV (Fig. 1B and C), as compared with the alkali
burn control group (Fig. 1A). The results for the NV length
and area revealed that angiogenesis inhibitors (group 1) and
Sr-Y B-irradiation (group 2) treatment significantly reduced
the CNV at the various time points, compared with the alkali
burn control group (Tables I and IT); however, the CN'V length
and area in group 1 were significantly decreased, as compared
with group 2 on day 2 (P<0.05; Tables I and II), and increased
on days 5 and 7 (P<0.05; Tables I and II).

Anti-inflammatory effects of *°Sr-°°Y B-irradiation in
the cornea. Corneal inflammation was detected and
analyzed simultaneously. The inflammatory index results

demonstrated that the treatments administered in groups 1
and 2 significantly reduced inflammation on day 7 compared
with the alkali burn control group (Fig. 2A). The the most
marked reduction in the number of inflammatory cells and
the degree of edema was observed in group 2. Histological
examination of H&E staining showed that the alkali burn
control group exhibited increased inflammatory cell infiltra-
tion in the corneal stroma compared with the other groups
(Fig. 2B), while the treatments administered in groups 1 and 2
decreased inflammatory cell infiltration (Fig. 2B). In addi-
tion, the angiogenesis inhibitors and *°Sr-*°Y B-irradiation
treatment resulted in reduced corneal edema compared with
the alkali burn control group.
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Figure 2. Anti-inflammatory effects of f-irradiation treatment in the cornea. (A) Statistical analysis of clinical inflammatory index data among the three
groups on day 7 following treatment. The alkali burn control group was treated with balanced salt solution. Group 1 received angiogenesis inhibitors
treatment and group 2 received *°Sr-"°Y B-irradiation treatment. (B) Representative images of hematoxylin and eosin staining of the central cornea on day 7.

“P<0.05 and “P<0.01 vs. alkali burn control group.

Inhibition of angiogenic factor expression in alkali-injured
corneas by °’Sr-°Y B-irradiation. The balance of proangio-
genic factors is crucial for angiogenesis. Therefore, the effect
of °Sr-2Y B-irradiation on the expression levels of a number
of proangiogenic factors in alkali-burn corneal wounds was
examined. The expression of MMP-9, VEGF, VEGFR-1 and
VEGFR-2 was measured using western blot analysis. The
angiogenesis inhibitors (group 1) and *°Sr-°Y f-irradiation
(group 2) appeared to produce marked reductions in the
expression levels of MMP-9, VEGF, VEGFR-1 and VEGFR-2
compared with the alkali burn control group (Fig. 3).
Compared with the treatment in group 1, the treatment in
group 2 appeared to produce reductions in the protein expres-
sion levels of MMP-9, VEGF, VEGFR-1 and VEGFR-2.

Discussion

CNV is able to cause edema, scar formation or lipid
deposition, resulting in significant visual impairment and
blindness (3). Therefore, treating this potentially blinding
condition is of clinical significance (24). Previous studies
have shown that thalidomide, photodynamic therapy, steroids,
cyclosporine, conjunctival limbal allograft and fine needle
diathermy may exert inhibitory effects against CNV (25-29);
however, these drugs are not always effective and may result
in complications (30). Radiation therapy is widely used to treat

post-operative scar hyperplasia and skin hemangioma (14,15),
which suggests that it may exert an inhibitory effect against
CNV. The aim of the present study was to compare the
treatment efficacy of *°Sr-*°Y fB-irradiation with that of angio-
genesis inhibitors in a rat model of alkali burn-induced CNV,
and to evaluate the inhibitory effects of *°Sr-"°Y B-irradiation
on CNV. The present results showed that *°Sr-°Y B-irradiation
exhibits inhibitory effects on alkali burn-induced CNV, which
were found to be superior to those of the angiogenesis inhibitor
cyclosporine.

Alkali burn may result in corneal endothelial cell division
and angiogenesis (31). The growth trend of NV in the angiogen-
esis inhibitors and *°Sr-*’Y B-irradiation groups were similar to
that of the alkali burn control group, but with a limited degree
of inhibition at different time points (P<0.05). The curative
effect of angiogenesis inhibitors was more marked compared
with that of *°Sr-°Y B-irradiation in the early stage of treat-
ment (P<0.05), while the opposite occurred in the later stage
(P<0.05). These results suggested that *°Sr-"°Y p-irradiation
was more effective compared with angiogenesis inhibitors in
inhibiting alkali burn-induced CNV. The phenomenon in the
early stage of treatment could be explained by the interference
of 1% cyclosporine with certain cytokines associated with
angiogenesis, thus achieving a rapid biological effect (32).

The corneal of rats in the alkali burn control group
exhibited marked NV and numerous inflammatory cells, and
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Figure 3. Effect of °Sr-*’Y B-irradiation treatment on the protein expression of
neovascularization-related signal molecules in the cornea. 3-Actin served as
an internal standard. The alkali burn control group was treated with balanced
salt solution. Group 1 received angiogenesis inhibitors treatment and group 2
%Sr-2Y B-irradiation treatment. MMP-9, matrix metalloproteinase-9; VEGF,
vascular endothelial growth factor; VEGFR, VEGF receptor.

presented obvious edema. These pathological manifestations
were consistent with the results of a previous study (33). In the
Sr-Y B-irradiation group, the degree of NV and edema, in
addition to the number of inflammatory cells, were reduced
compared with the angiogenesis inhibitors group. These
results implied that **Sr-*°Y p-irradiation was more effective
in inhibiting CNV compared with angiogenesis inhibitors.
This may be explained by the biological effects of ionizing
radiation, which is able to damage DNA in endothelial cells of
cornea angiogenesis, inhibit cell proliferation and accelerate
apoptosis, which caused the vascular permeability to decrease
and capillaries to atrophy. Furthermore, the superiority of
Sr-Y B-irradiation may be a result of the ability of ionizing
radiation to reduce plasma leakage and corneal inflammation,
thus reducing cytokine expression and leading to a subsequent
reduction in CNV (34).

To investigate the effects of the *°Sr-°Y B-irradiation on
mediators responsible for angiogenic activity, the expression
levels of VEGF, VEGFR-1, VEGFR-2 and MMP-9 were inves-
tigated in the present study. It is generally acknowledged that
an upregulation of angiogenic factors occurs during CNV (35).
VEGF is a major mediator of the process of angiogenesis and
is crucially involved in the development of NV (36). Two
high-affinity receptor tyrosine kinases, soluble VEGFR-1 and
VEGFR-2 have been shown to regulate the angiogenic activity
of VEGF (37). Therapeutic strategies involving the targeting
of VEGF, in order to inhibit the cascade of neovascular forma-
tion, have recently been investigated (3). Abnormal MMPs are
potent proangiogenic factors and are known to be involved in
CNYV progression (38). The present study demonstrated that
Sr-°Y B-irradiation suppressed the expression of VEGF,
VEGFR-1, VEGFR-2 and MMP-9, suggesting that *°Sr-°Y
B-irradiation may inhibit CN'V by downregulating the expres-
sion of angiogenic factors.
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In conclusion, the results of the present study indicate that
PSr-Y B-irradiation and angiogenesis inhibitors have inhibi-
tory effects on CNV induced by alkali burn, with the former
being more effective, suggesting that *°Sr-*°Y B-irradiation
possesses therapeutic potential for CNV. Although the
short-term inhibiting effect of *°Sr->°Y p-irradiation in Wistar
rats was promising, its long-term effect and mechanism
remains to be elucidated.
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