










differences in the expression levels of Vegf between the
treated and control mice (8.17±6.28 versus 80.29±135.38,
respectively, F-ratio=19.77, t-value=–1.603,      p-
value=0.130,95% Confidence Interval: –168.02 to 23.78) and

Vegfr1 (113.85±145.94 versus 206.73±263.29, F-
ratio=0.844,t-value=–0.914,p-value=0.375,95% Confidence
Interval:–309.41 to 123.66; p>0.05 for both genes).

Figure 3. The expression of exogenous human vasohibin-1 protein in mouse corneas at different time points after alkali-induced injury. Ad-
Vasohibin-1 was injected subconjunctivally 5 days before alkali-induced corneal injury at a titer of 109 viral particles. A–C: On day 3 after
alkali-induced injury (8 days after injection), vasohibin-1 was expressed within the injection sites and some staining signals were detected at
the roots of the iris. D–F:On day 6 after alkali treatment, vasohibin-1 was highly expressed in the subepithelial stroma of the cornea, and some
immunostaining was detected in the deep stroma of the central cornea. Vasohibin-1 expression was highly co-localized with corneal
neovascularzation. Immunostaining was diffusely distributed in the frontal stroma, which was not co-localized with new blood vessels within
the cornea. G–I: On day 9, peripheral cornea showed a similar staining pattern as central cornea, but more vasohibin-1 expression was detected
in the deep corneal stroma. J–L: There   was no positive immunostaining  for vasohibin-1  and CD31  antigen in normal  cornea  without 
subconjunctival injection.
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DISCUSSION
Corneal neovascularization alters visual acuity and is induced
by inflammatory, infectious, ischemic, degenerative, or
traumatic diseases of the cornea and loss of the limbal stem
cell barrier. This major ocular complication also results in loss
of the immune-privileged status of the cornea, thereby
worsening the prognosis of subsequent penetrating
keratoplasty. Several clinical studies have shown that corneal
neovascularization is the main risk factor of corneal transplant
rejection [20], and for highly neovascularized cornea, the
rejection rate has been reported as high as 50%. Angiogenesis
is an extremely complicate process that is related to vascular
endothelial cells. It is a prerequisite that vascular endothelial
cells proliferate and migrate to form capillary tubes during
angiogenesis. Hence, many therapeutic strategies for anti-
angiogenesis involve blocking or inhibiting these processes.
Several angiogenesis inhibitors have been investigated for
medical treatment, including prolactin [21], somatostatin
[22], and thalidomide [23]. Recently, targeted angiostatin and

endostatin gene transfer [24,25] has been attempted as a
means to halt angiogenesis in a mouse tumor model.

As previous studies have shown, overexpression of
VEGF, bFGF, PDGF, nitric oxide synthases, angiopoietin,
and angiopoietin 2 were detected in alkali-burned corneas as
early as 3 days [1]. VEGF is a key mediator of angiogenesis,
and anti-VEGF therapies have been demonstrated to strongly
suppress corneal neovascularization [26,27]. Even though
anti-VEGF single chain antibody has shown some promise for
the treatment of angiogenic-related diseases, such as age-
related macular degeneration and tumor angiogenesis,
effective endogenous anti-angiogenic molecules still have
superb application prospects because they will not interfere
with survival pathways.

In this study, we selected vasohibin-1, which is well
known to have an anti-angiogenic effect on vascular
endothelial cells in vitro and investigated whether vasohibin-1
gene delivery can inhibit corneal neovascularization in an in
vivo model. Our results demonstrate that transfer of
recombinant adenovirus encoding vasohibin-1 obviously

Figure 4. Expression of vasohibin-1
protein within mouse cornea, as
detected by western blot analysis. Mice
were administered with subconjunctival
injection of Ad-Vasohibin-1 at 109 viral
particles. Corneas were harvested at
different time points, and protein
samples were extracted. Ten corneal
samples were pooled together for each
western blot analysis. A mouse
antihuman vasohibin-1 monoclonal
antibody was used for the western blot.
No vasohibin-1 western blot signal was
detected before Ad-Vasohibin-1 was
injected. A relatively weak signal was
detected on day 5 and was maintained at
high levels until day 14 after injection.

Figure 5. Quantitative comparison of
gene expression between the treatment
and control groups by real time RT–
PCR. The transcript quantification of
target genes was normalized relative to
the standard housekeeping gene
encoding Gapdh (arbitrary units, AU).
The expression of Vegfr2 and
endogenous Vash1 mRNA transcripts
were significantly decreased in the
treatment group compared to the control
group (A, B). Meanwhile, there were
slightly decreased but no significant
differences in the expression levels of
Vegf and Vegfr1 (C, D) in the treatment
versus control group (p>0.05 for both
genes).
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suppressed corneal neovascularization in vivo. The inhibition
of corneal neovascularization is associated with a robust
expression of exogenous human vasohibin-1, which is
detected not only in the endothelial cells of newly formed
blood vessels but also within the corneal stroma as a soluble
protein. This could possibly indicate that endothelial
progenitor cell recruitment into the cornea was reduced.

As was reported previously [11-14], vasohibin-1 can act
in a negative feedback loop to help suppress
neovascularization within an experimental tumor transplant
model, a retinal neovascularization model, and a corneal
micropocket model. However, the results of our study showed
that the anti-angiogenic effect exhibited by vasoinhibin-1
appears to be VEGF independent and not mediated by
suppression of VEGF. The level of Vegf mRNA expression
was almost the same in both the treatment and control groups.
The inhibition of corneal neovascularization was associated
with suppression of Vegfr2 but not Vegfr1 expression by
exogenous vasohibin-1 signaling. This may be achieved by
either inhibiting the expression or enhancing the degradation
of Vegfr2 mRNA. The same result was also observed in
cultured endothelial cells in vitro [14] and in animal models
with retinal neovascularization [13], whereby suppression of
Vegfr2 but not Vegfr1 reduced the ability of VEGF to induce
vasohibin-1. Basic FGF is another major factor implicated in
the induction of corneal angiogenesis and has been reported
to exert a more potent effect compared to VEGF at the same
dosage [28]. FGF function is mediated by binding to its
cognate receptor. In a previous study by Sato and colleagues,
vasohibin-1 protein inhibited corneal neovascularization
induced by bFGF. However, it is unknown whether
vasohibin-1 will also have an effect on either the expression
or binding of FGF receptors.

Vasohibin inhibits growth, migration, and network
formation by endothelial cells. It has two homologs, vasohibin
1 and 2 [29], both of which are expressed in endothelial cells.
The expression pattern of vasohibin-2 in vivo resembles that
of vasohibin-1 but is generally at a lower level than
vasohibin-1 expression and unaffected by stimulation that
normally induces vasohibin-1. Vasohibin-2 was previously
shown to exhibit anti-angiogenic activity like vasohibin-1 in
a mouse corneal micropocket assay when implanted together
with bFGF [30]. In this study, only vasohibin-1 cDNA was
incorporated within an adenovirus and injected
subconjunctivally into the eyes of mice. Vasohibin-1
functions through two isoforms of 42 and 36 kDa that are
processed by proteolytic cleavage at a site close to the mutated
residues, which include the carboxyl terminal basic domain
that possesses activities for heparin binding and anti-
angiogenesis [30]. A previous study showed that vasohibin-1
could be a downstream effecter of protein kinase C-delta
(PKC-δ) in endothelial cells, which regulate angiogenesis
inhibition [31]. In any case, the underlying mechanism of the
anti-angiogenic effect of vasohibin-1 has not yet been fully

characterized. However, it is unlikely to work antagonistically
against VEGF, as shown in this study. Additional studies are
needed to elucidate the mechanism by which vasohibin-1
works and find ways to utilize its anti-angiogenic activity for
the treatment of corneal diseases.

As shown in the results, endogenous vasohibin-1 was
downregulated with lesser corneal neovascularization but was
not detected in normal corneas. This implies that the
expression of vasohibin-1 is associated with the appearance
of corneal neovascularization and suggests that vasohibin-1
may not be an important determining factor of corneal
avascularity. The avascularity of the cornea is required for
optical clarity and optimal vision. The most crucial factor
discovered to date in maintaining corneal avascularity is
soluble VEGF receptor-1 [32], which is required to prevent
neovascularization. Several other mechanisms may also
contribute to corneal avascularity, such as the angiostatic
nature of corneal epithelial cells, low levels of pro-angiogenic
matrix metalloproteinases (MMPs), several anti-angiogenic
factors—including pigment epithelium-derived factor and
tissue inhibitor of metalloproteinases—as well as the barrier
function of limbal cells [33]. In any case, the mechanisms
underlying the maintenance of corneal avascularity remain
poorly understood. Currently, no single factor has yet been
identified to be critically responsible for maintaining corneal
avascularity.

Gene therapy has great potential in treating ocular surface
diseases related to cornea because of its accessibility and
immune privileged status. Various routes of administration of
the target gene have been investigated in experimental studies
to test the feasibility of gene transfer to the ocular surface
tissues. Intracameral delivery, intrastromal application,
topical eyedrops, and subconjunctival injection have all
demonstrated encouraging results [34]. However, except for
topical and subconjunctival administration, all other gene
delivery strategies to the cornea are invasive and result in the
damage of corneal integrity. Major determinants for the
success of gene therapy are the use of a novel vector and new
gene delivery techniques. In our animal model, recombinant
replication-defective adenovirus vector was used. Alkali-
induced corneal angiogenesis was successfully reduced by
subconjunctival injection of Ad-Vasohibin-1. The results thus
demonstrated that replication-defective adenovirus vector
could provide a highly efficient gene delivery system for
ocular surface gene therapy. The recombinant adenovirus was
successfully transferred into corneal cells, such as
keratocytes, and produced targeted protein. However, the
duration of recombinant target gene expression by an
adenoviral vector is limited (around 1 month), according to
previous studies [11-14]. In our study, a high expression level
of vasohibin-1 was observed from day 5 onwards, and
expression was maintained at high levels up to day 14 after
administration, but expression gradually declined afterwards.
As a result, the current approach of using an adenoviral vector
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may not always be useful for clinical therapy of chronic or
slowly progressing degenerative diseases.

Ad-Vasohibin-1 significantly reduced corneal
neovascularization in the alkali-treated animal model. We
observed that Ad-Vasohibin-1 successfully transduced mouse
cornea. A diffused distribution of vasohibin-1 protein
expression extending over the cornea was acquired in the
alkali-treated mouse cornea. The transgene usually switches
on 5 days after adenoviral gene transduction. However, we
could not obtain an anti-angiogenic effect when Ad-
Vasohibin-1 was injected at the day of corneal alkali burn
(data not show). This may be due to the lagging expression of
the transferred gene and its lower efficiency of transduction
in the damaged keratocytes of burned cornea than in normal
cornea before an alkaline burn.

In summary, we demonstrated that topical application of
adenovirus encoding human vasohibin-1 has potent inhibitory
effects on the progression of corneal neovascularization in
vivo. Therefore, vasohibin-1 therapy may be useful as an
angiogenic regulator for treating corneal diseases that exhibit
neovascularization.
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