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Purpose: To investigate the effect of tacrolimus in alkali burn-induced corneal neovascularization
(NV) and inflammation and to compare with anti-vascular endothelial growth factor
(anti-VEGF).

Methods: After corneal alkali-burn, 84 Wistar rats were randomly divided into three groups
and received either saline solution or 0.05% tacrolimus (0.5 mg/mL) four times daily, or sub-
conjunctival anti-VEGF injection (0.5 mg/0.05 mL). Corneal NV, opacity and epithelial defects,
the status of inflammation, and the levels of proinflammatory and angiogenic cytokines were
assessed on Days 3, 7, 14 and 28 post-injury.

Results: Compared with the control, tacrolimus significantly reduced corneal NV on Days 7,
14 and 28 post-injury, and anti-VEGF significantly reduced corneal NV at each assessment.
Nevertheless, the tacrolimus group had significantly less corneal NV than the anti-VEGF group
on Days 14 and 28. Furthermore, both tacrolimus and anti-VEGF significantly decreased the
VEGF-A expression on Days 7 and 14, with no significant difference between the two groups.
Moreover, corneal inflammatory response was alleviated, and corneal opacity and epithelial
defects were significantly reduced by tacrolimus. Additionally, the expression of IL-1f, IL-6,
monocyte chemotactic protein-1, macrophage inflammatory protein-1o. and TGF- were sig-
nificantly decreased by tacrolimus.

Conclusion: Our findings suggested that 0.05% tacrolimus suspension eye drops effectively
reduced alkali burn-induced corneal NV and inflammation, with a better effect than subcon-
junctival anti-VEGF injections on Days 14 and 28.

Keywords: tacrolimus, anti-vascular endothelial growth factor, corneal alkali burn, corneal

neovascularization, corneal inflammation

Introduction

Ocular alkali burn is a common trauma worldwide, particularly in developing coun-
tries.! Caustic agents often cause extensive corneal damage, resulting in permanent
visual impairment.? Clinically, except for recurrent epithelial erosions, corneal
ulceration and severe stromal inflammation, secondary corneal neovascularization
(NV) is one of the most damaging conditions to sight.> The cornea is an avascular
and transparent tissue that acts as the refractive surface of the eye.* After alkali burn,
a large number of leukocytes and macrophages infiltrate the cornea;’ moreover,
the levels of numerous cytokines, such as the inflammatory factors IL-1f, IL-6
and vascular endothelial growth factor A (VEGF-A), are dramatically elevated in
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the alkali-burned cornea.*” The disruption of the balance
between proangiogenic and antiangiogenic molecules will
lead to NV of the cornea.?’

Currently, the focus of corneal alkali burn treatment is
anti-inflammatory therapies, such as steroids and NSAIDs.
Furthermore, citrate, argon laser photocoagulation and pho-
todynamic therapy are used to treat corneal inflammation and
inflammatory NV induced by an alkali burn.'®!" Nevertheless,
their clinical efficacy is limited, and undesirable side effects
can occur.'>"* Anti-VEGF agents, such as bevacizumab and
ranibizumab, effectively reduce NV by binding to VEGF-A
and are the most effective methods used to inhibit NV at
present; however, their role is confined to reducing inflam-
mation, and their long-term use is expensive and leads to
epithelial erosion or corneal thinning.'* Thus, further research
exploring effective therapeutic protocols for alkali burn-
induced corneal inflammation and NV is imperative.

Tacrolimus (FK506), a macrolide molecule, suppresses
inflammatory cascades by inhibiting the infiltration of
lymphocytes and neutrophils, reducing free radical produc-
tion from monocytes, and reducing the levels of related
inflammatory cytokines IL-1, IL-6 and tumor necrosis
factor.'>!1¢ A previous study indicated that topical and sub-
conjunctival FK506 application effectively reduced silver
nitrate cauterization-induced corneal NV and the expression
levels of VEGF,' but the study only detected the effects for
a short term (7 days). Moreover, tacrolimus demonstrated
comparable effects to subconjunctival bevacizumab injec-
tion on corneal stromal suture-induced corneal NV during
a short-term study (7 days).'® In addition, FK506 has also
proven effective in the treatment of corneal graft rejection,
inflammatory conjunctival and corneal diseases, uveitis,
and ocular graft-versus-host disease.'*? Our previous study
indicated that 0.05% (0.5 mg/mL) FK506 suspension eye
drops was a suitable candidate for clinical application in
ophthalmology.?! And, we also demonstrated that up to 0.1%
FK506 administered topically, four times daily, is safe for
the rabbit eye.?? At present, 0.05% FK506 has been widely
used in clinics to relieve rejection after keratoplasty, and
so on. However, its therapeutic effect and mechanism in
alkali burn-induced corneal NV and inflammation remains
unknown.

In this study, an alkali burn-induced rat model was
employed to explore the effect and mechanism of tacrolimus
on corneal alkali burn and to compare the long-term effect
of tacrolimus and anti-VEGF on alkali burn-induced corneal
NV and inflammation.

Materials and methods

Animals

Wistar rats (specific-pathogen-free grade, 6—8 weeks old,
200-250 g, with equal numbers of males and females) were
obtained from the Southern Medical University animal breed-
ing center, Guangzhou, China. The Institutional Animal Care
and Use Committee of Zhongshan Ophthalmic Center, Sun
Yat-sen University, Guangzhou, China approved the study
protocol. All animal experiments complied with the National
Institutes of Health Guidelines for the Care and Use of Labora-
tory Animals (NIH Publications No 8023, revised 1978). The
right eye was experimental eye, and the left eye was intact.

Corneal alkali burn model

The alkali burn model was improved according to the previ-
ous method.’ The rats were anesthetized via an intraperitoneal
injection of ketamine hydrochloride and xylazine combina-
tion (94 mg/kg body weight), and the topical anesthetic lido-
caine was used. A total of 12 UL of 1 mol/L sodium hydroxide
was added to a circular piece of Whatman #3 filter paper
(5§ mm in diameter), which was then pressed onto the central
cornea of the right eye for 30 seconds. The corneal surface
was then carefully rinsed with 60 mL of physiologic saline
solution. After the alkali burn was induced, the rats (n=84)
were divided into three groups. The control group (n=28) was
treated with a topical instillation of saline solution eye drops
four times daily until the time the animals were euthanized.
The FK506 group (n=28) was given topical 0.05% FK506
(0.5 mg/mL) eye drops (Zhongshan Ophthalmic Center,
Guangzhou, China) four times daily until the time animals
were euthanized. The anti-VEGF group (n=28) received a
single dose of 0.5 mg (0.05 mL) anti-rat VEGF (Abcam,
Cambridge, UK) via a subconjunctival single injection
immediately after the corneal alkali burn.?

Evaluation of corneal opacity

The animals’ condition was monitored once per day. On
Days 3, 7, 14 and 28 post-injury, seven rats from each
group were randomly chosen for corneal opacity evaluation.
Two researchers, who were blind to the study groups, inde-
pendently examined corneal opacity under a slit lamp and
obtained photographs with a slit lamp camera system (Carl
Zeiss, Inc., Jena, Germany). Corneal opacity was graded
according to Sonoda and Streilein.>

Quantification of corneal NV
On Days 3, 7, 14 and 28 post-injury, seven rats from each
group were randomly chosen for corneal NV assessment.
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Images of the corneas were obtained, and the area of NV
was measured automatically by ImagelJ software (http://

imagej.nih.gov/ij/).

Measurement of corneal epithelial

damage

Five microliter of a 0.1% fluorescein sodium solution was
instilled in the rats’ eyes. After 30 seconds, the eyes were
examined with cobalt blue light under a slit lamp and were
photographed with a slit lamp camera system. ImageJ soft-
ware was used to measure the percentage of defect area.

Ink perfusion

Two rats from each group underwent ink perfusion on Day 28
as previously described.” The rats were deeply anesthetized,
and the thorax cavity was surgically exposed to reach the
heart. A syringe needle (diameter=1.6 mm) was inserted into
the left ventricle, and a small slit was cut in the right atrium.
The inferior vena artery was occluded with a vascular clamp,
and saline solution was perfused through the aorta until no
blood flowed out of the right atrium. Then, 10 mL of 10%
India ink was perfused in the same manner. Subsequently, the
rats were euthanized, and the eyes were enucleated and fixed
in a 4% paraformaldehyde solution overnight. The cornea
was carefully dissected under a biomicroscope for observa-
tion and photography with a microscope camera system
(Leica Camera AG, Wetzlar, Germany) the next day.

Histologic examination

H&E staining was performed on two randomly selected rats
from each group on Days 3, 7 and 14. The rats were eutha-
nized, and the right eye was enucleated, then an incision
was made outside of the cornea. Then, the eyes were fixed
in a 4% paraformaldehyde solution overnight. The cornea
was dissected and washed with PBS and then embedded in
paraffin the next day. Subsequently, paraffin blocks were
sliced into ~3 um sections and stained with H&E.

Quantitative Real-Time PCR

Gene and protein expression levels were examined in
corneas of five randomly selected rats from each group on
Days 3, 7, 14 and 28 post-injury. Each cornea was divided
into two slices, and total RNA was extracted from one-half
of each cornea. The corneas were cut into small pieces and
homogenized in TRIzol™ (Invitrogen, Carlsbad, CA, USA)
on ice using an ultrasonic crusher. Total RNA was extracted
according to the manufacturer’s instructions. Then, 100 ng

of RNA was reverse-transcribed into cDNA using Oligo
(dT) and a PrimeScript™ RT Reagent Kit (Takara Bio Inc.,
Kusatsu, Japan). The mRNA levels of VEGF-A, IL-1p, IL-6,
MCP-1, MIP-1o. and TGF-f3 were quantified via real-time
PCR with SYBR™ Green (Kapa Biosystems, Wilmington,
MA, USA). The assays were conducted in triplicate, and the
relative expression levels were determined by normalizing
the expression of each target gene to GAPDH using the
2725% method. In this study, Primer3 (http:/primer3.ut.ce/)
was used for designing primers, and the specificity of the

primers was verified by NCBI Primer-BLAST (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). Primer sequences for qRT-
PCR included rat GAPDH, 5-TCTCTGCTCCTCCCTGTT
CTA-3" and 5'-AAGAGAAGGCAGCCCTGG TAA-3’; rat
VEGF-A, 5-CCAAAGCCAGCACATAGGAGA-3’ and
5-TCTGCGGA TCTTGGACAAACA-3’; rat IL-1B,
5’-TGAAGCAGCTATGGCAACTGT-3" and 5-CATCT
GGACAGCCCAAGTCAA-3’; rat IL-6, 5-TCACAGA
GGATACCACCCACA-3’" and 5-CAGTGCATCA
TCGCTGTTCAT-3"; rat MCP-1, 5’-TGTTCACAGTTGCT
GCCTGTA-3"and 5-AGTTCTCCAGCCGACTCATTG-3;
rat MIP-1a, 5-TGCTG TTCTTCTCTGCACCAT-3’
and 5'-TCGTGGAATTTGCCGTCCATA-3’; and rat
TGF-B, 5-CAGTGGCTGAACCAAGGAGA-3’ and
5-GGAAGGGTCGGTTCAT GTCA-3".

ELISA

The other half of each cornea was used for protein exami-
nation. Briefly, the corneas were cut into small pieces and
homogenized in a tissue extraction reagent on ice using an
ultrasonic crusher. Total protein concentrations were mea-
sured using a BCA protein assay kit (Bio-Rad, Hercules,
CA, USA). Total protein (20 pg) from each sample was
used for measurements of VEGF-A, IL-1f, IL-6, MCP-1,
MIP-1o and TGF-3 with ELISA kits (R&D Systems®,
Minneapolis, MN, USA) according to the manufacturer’s
instructions. The ELISA experiments were performed in
triplicate.

Statistics

The statistical analyses were performed using SPSS version
21.0 (IBM, Armonk, NY, USA). Differences in the areas
of NV, corneal opacity grade, corneal epithelial deficiency,
expression levels of VEGF-A, and inflammatory and chemot-
actic cytokines were analyzed via one-way ANOVA with the
least significant difference post hoc test. Significant differ-
ences were defined as P<<0.05.
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Results and 28.01 mm? on Days 3, 7, 14 and 28 after alkali burn,
FK506 reduced alkali burn-induced respectively, while less NV was observed in the FK506 and
corneal NV and opacity anti-VEGF groups at every checkpoint. Moreover, corneal

Representative slit lamp images show that the area of NV opacity was markedly decreased over time in the FK506 and
markedly increased over time in the control group, with  anti-VEGF groups, but not in the control group (Figure 1A).
increasing mean areas of 4.45 mm?, 8.54 mm?, 26.74 mm?  In addition, FK506 significantly reduced corneal NV area on
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Figure | FK506 reduced NV and corneal opacity in a corneal alkali burn model.

Notes: (A) Representative ocular surface images of rats in the control group (a—d), rats in the FK506 group (e—h) and rats in the anti-VEGF group (i-1) on Days 3, 7, 14 and
28 post-injury. Magnification x10. (B) Time-dependent changes in corneal NV area among the three groups on Days 3, 7, 14 and 28 post-injury. (C) Time-dependent changes
in corneal opacity grades among the three groups on Days 3, 7, 14 and 28 post-injury. (Data are presented as the mean * SEM, n=7. *P<0.05, **P<<0.01, ***P<0.001).
Abbreviations: Anti-VEGF, anti-vascular endothelial growth factor; CNV, corneal neovascularization; FK506, tacrolimus; NV, neovascularization.
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Days 7, 14 and 28 post-injury (all P<<0.001, ANOVA) but not
on Day 3 (P=0.058), while anti-VEGF significantly reduced
corneal NV area on Days 3 (P<<0.05), 7, 14 and 28 (P<<0.001).
Moreover, the NV area in the FK506 group was significantly
smaller than that in the anti-VEGF group on Days 14 and 28
post-injury (P<<0.001 and P<<0.05, respectively) (Figure 1B).
Additionally, compared with control and anti-VEGF, FK506
significantly reduced corneal opacity from Day 3 to Day 28
(all P<0.01). Furthermore, compared with the control, anti-
VEGEF significantly reduced corneal opacity on Days 14
and 28 (P<<0.01 and P<<0.001, respectively) (Figure 1C).

FK506 reduced the expression levels of

VEGF-A in a corneal alkali burn model

The mRNA (Figure 2A) and protein (Figure 2B) levels of
VEGF-A visibly increased after alkali burn, reached a peak
on Day 7 post-injury. The mRNA and protein levels of
VEGF-A in the FK506 group were significantly lower than
those in the control group on Days 7 and 14 (all P<<0.05)

>

VEGF-A/GAPDH
mRNA expression
relative to normal

but not on Day 3 (P=0.387), while the VEGF-A expression
level in the anti-VEGF group was significantly reduced on
Days 3, 7 and 14 (all P<<0.05) compared with control group.
No significant differences were observed between the FK506
and anti-VEGF groups on all checkpoints. In addition, ink
perfusion was used on Day 28 in each group to explore
whole mounts of neovascularized corneas, which revealed
new vessels with black staining. New vessels extended into
every fraction of the cornea in the control group, while there
were fewer new vessels in the anti-VEGF group. The FK506
group exhibited the fewest new vessels, which were distrib-
uted only at the periphery of the cornea (Figure 2C). The NV
distribution revealed by ink perfusion was consistent with the
NV area calculation results shown in Figure 1B.

FK506 accelerated corneal wound healing

in a corneal alkali burn model
To explore the role of FK506 in corneal wound healing, we
examined corneal epithelial defects with fluorescein staining
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Figure 2 FK506 inhibited NV by reducing the expression levels of VEGF-A in a corneal alkali burn model.

Notes: (A) VEGF mRNA expression in the control group, the FK506 group and the anti-VEGF group on Days 3, 7, 14 and 28 post-injury. (B) VEGF-A protein expression
in the three groups on Days 3, 7, 14 and 28 post-injury. (C) Representative ink perfusion images of whole mounts of rat corneas treated with saline solution, FK506 or anti-
VEGF on Day 28 post-injury. (Data are presented as the mean + SEM, n=5. *P<<0.05, **P<<0.01, ***P<<0.001). Magnification x40.

Abbreviations: Anti-VEGF, vascular endothelial growth factor; FK506, tacrolimus; NV, neovascularization.
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Figure 3 FK506 promoted corneal wound healing in a corneal alkali burn model.
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Notes: (A) Representative ocular surface fluorescein staining images of rats in the control group (a—d), rats in the FK506 group (e—h) and rats in the anti-VEGF group (i-l) on
Days 3, 7, 14 and 28 post-injury. Magnification x10. (B) Time-dependent changes in the percentage of corneal epithelial defect area in the three groups on Days 3, 7, 14 and 28
post-injury. (Data are presented as the mean + SEM, n=7. ***P<<0.001 for the FK506 group vs the control group; **P<0.001 for the FK506 group vs the anti-VEGF group).

Abbreviations: Anti-VEGF, vascular endothelial growth factor; FK506, tacrolimus.

from Day 3 to 28 in the different groups. Figure 3A shows
the representative fluorescein staining images. On Day 3, the
corneal epithelial deficiency rate was ~62% in the control
group, 23% in the FK506 group and 53% in the anti-VEGF
group. On Day 7, the corneal epithelium deficiency rate
was ~30%, 8% and 29% in the three groups, respectively. On
Days 14 and 28, the corneal epithelium was almost healed in
the three groups. Furthermore, the corneal epithelium defi-
ciency rate in the FK506 group was significantly lower than
that in the control and anti-VEGF groups on Days 3 and 7
(all P<<0.001), while there was no significant difference
between the control and anti-VEGF groups. Additionally,

there was no significant difference in the corneal epithelium
deficiency rate among the three groups on Days 14 and 28
(Figure 3B).

FK506 alleviated cellular infiltration in a

corneal alkali burn model

The representative H&E staining images (Figure 4A—C)
show that numerous inflammatory cells infiltrated the injured
cornea on Days 3, 7 and 14, and obvious NV cavities were
observed on Day 14 in the control group. Furthermore,
FK506 noticeably decreased not only the number of the
infiltrating inflammatory cells but also the number of NV

submit your manuscript

2964

Dove

Drug Design, Development and Therapy 2018:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Tacrolimus effect on alkali burn-induced corneal NV and inflammation

100 pm
N P——
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Figure 4 FK506 suppressed inflammatory cell infiltration in a corneal alkali burn model.

Day 7

Day 14

Notes: Representative H&E staining images of rats in the control group (A-C), rats in the FK506 group (D—F) and rats in the anti-VEGF group (G-I) on Days 3, 7 and 4
post-injury. FK506 obviously suppressed inflammatory cell infiltration in alkali-burned corneas compared with the control group and the anti-VEGF group (blue triangles);
furthermore, NV cavities were obviously decreased by FK506 and anti-VEGF (blue arrows).

Abbreviations: Anti-VEGF, vascular endothelial growth factor; FK506, tacrolimus; NV, neovascularization.

cavities (Figure 4D—F). In addition, the number of infiltrating
inflammatory cells was slightly decreased by anti-VEGF on
Days 3, 7 and 14. Furthermore, the number of NV cavities
in the anti-VEGF group was markedly lower than that in the
control group on Day 14 (Figure 4G-I).

FK506 reduced the expression levels of
inflammatory and chemotactic cytokines

in a corneal alkali burn model

To explore the mechanism of FK506 in the alkali-burned
cornea, we evaluated the expression levels of inflammatory
cytokines (IL-1p and IL-6), chemotactic cytokines (MCP-1
and MIP-10) and TGF-P from Day 3 to Day 28 post-injury
in each group (Figure SA-J). The mRNA and protein levels
of IL-1P3, MCP-1 and MIP-1a were noticeably elevated in
the control group and peaked on Day 3. Furthermore, the
mRNA and protein levels of IL-6 and TGF-f§ were notably
elevated in the control group and peaked on Day 7. In addi-
tion, compared with control, FK506 significantly decreased
the mRNA levels of IL-1p (all P<<0.01), IL-6 (all P<<0.001),
MCP-1 (all P<0.01), MIP-1a. (all P<0.01) and TGF-P (all
P<0.01) on Days 3, 7 and 14, as well as the mRNA levels

of IL-1f and IL-6 on Day 28 (both P<<0.05) (Figure 5A-E).
Moreover, compared with control, anti-VEGF significantly
decreased the mRNA levels of IL-1p, IL-6, MCP-1, MIP-1c
and TGF-B (all P<0.05) on Days 3 and 7 (Figure 5A-E).
The mRNA levels of these factors in the FK506 group were
significantly decreased on Days 3, 7 and 14 compared with
those in the anti-VEGF group. Additionally, the protein
levels of IL-1B, IL-6, MCP-1 and MIP-1c on Days 3, 7 and
14 and TGF- on Days 3 and 7 were significantly decreased
in the FK506 group compared with those in the control group
(all P<<0.05). Compared with the control, anti-VEGF also
significantly decreased the protein levels of IL-1B, IL-6,
MCP-1 and TGF- on Days 3 and 7, as well as MIP-la
on Day 3 (all P<<0.05) but exhibited higher levels than the
FK506 group (Figure SF-J).

Discussion

Alkali injury is one of the most devastating injuries to
the eye and causes severe corneal damage.' Controlling
inflammation is critical in the treatment of corneal alkali
burns. Anti-inflammatory medication, including steroids,
NSAIDs and cyclosporine A are administered, but do not
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Figure 5 FK506 reduced increases in the expression of inflammatory cytokines and chemokines in a corneal alkali burn model.

Notes: The mRNA expression levels of IL-1B (A), IL-6 (B), MCP-1 (C), MIP-l1co. (D) and TGF-B (E) in the control group, the FK506 group and the anti-VEGF group on
Days 3, 7, 14 and 28 post-injury. The protein expression levels of IL-1f (F), IL-6 (G), MCP-1 (H), MIP-l1ca (I) and TGF-B (J) in the control group, the FK506 group and the
anti-VEGF group on Days 3, 7, 14 and 28 post-injury. (Data are presented as the mean * SEM, n=5. *P<<0.05, **P<<0.01, ***P<<0.001).

Abbreviations: Anti-VEGF, vascular endothelial growth factor; FK506, tacrolimus.

produce optimal clinical effects.?® Furthermore, the alkali-
burned cornea is in a dysregulated chronic inflammatory
state, which results in the formation of NV, a major sight-
threatening complication in corneal alkali injury.” Anti-
VEGEF has limited efficacy in the treatment of inflammatory
NV, and corneal transplantation to replace scarred corneal
tissue following alkali injury is complicated by a higher
incidence of rejection than that of transplantation follow-
ing other injuries.?” Overall, current treatment outcomes
in alkali-burned corneas are generally unsatisfactory, and

the development of more effective and safer treatments
is needed.

Tacrolimus (FK506), a potent immunosuppressive mac-
rolide, acts primarily by suppressing both B-cell and T-cell
activation and proliferation.'>?® Clinically, topical FK506
is effective in ocular surface diseases, such as superior
limbic keratoconjunctivitis, atopic keratoconjunctivitis and
penetrating keratoplasty.?>2° Although the role of FK506
in many ocular surface diseases has been explored, little is
known about its role and mechanism in corneal alkali burns.
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The present study explored the effect and mechanism of
tacrolimus on corneal alkali burn and compared the long-term
effect of tacrolimus and anti-VEGF on alkali burn-induced
corneal NV and inflammation.

In alkali-burned corneas, inflammation is the critical
and first stage in which immune cells, such as neutrophils,
lymphocytes and monocytes, are activated and recruited
by chemokines, such as MCP-1 and MIP-1q, to induce
downstream pathways.’!*? In the present study, we assessed
the effects of FK506 on the status of inflammation in alkali
injury cornea. Our study showed that the mRNA and protein
levels of the chemokines MCP-1 and MIP-10a. were increased
and significantly inhibited by FK506 in alkali burned cor-
nea; furthermore, FK506 markedly reduced the number of
infiltrating inflammatory cells, as shown by H&E staining,
which indicated the role of FK506 in alleviating inflammation
by reducing the infiltration and activation of inflammatory
cells after a corneal alkali burn. In addition, the inflamma-
tory cytokines IL-13 and IL-6 were significantly inhibited,
which confirmed the effects of FK506 in inhibiting the acti-
vation and release of inflammatory cytokines. Additionally,
a single subconjunctival injection of anti-VEGF reduced the
number of infiltrating inflammatory cells and the expression
levels of the chemokines MCP-1 and MIP-1a along with
the inflammatory cytokines IL-1 and IL-6. Consistent with
previous research findings, anti-VEGF inhibited macrophage
recruitment by reducing NV formation.'® Nevertheless, our
study demonstrated that the effect of FK506 on alkali burn-
induced corneal inflammation significantly surpassed that
of anti-VEGF.

Alkali burn-induced NV, a common and serious complica-
tion, is closely related to inflammation. In the normal mature
ocular vascular system, angiogenesis-stimulating factors and
angiogenesis inhibitors exist in a homeostatic balance. Under
the pathologic conditions of alkali injury, the balance between
angiogenesis stimulators and inhibitors is disrupted, leading
to the formation of pathologic new vessels.**** VEGF-A is
the most important factor that regulates angiogenesis, while
inflammatory cytokines, such as IL-1B and IL-6, are also
important factors that lead to NV.83

Our study showed that FK506 significantly reduced alkali
burn-induced corneal NV on Days 7, 14 and 28 post-injury,
but not on Day 3. However, corneal NV area was significantly
reduced by anti-VEGF at all assessment points, which means
that anti-VEGF works faster than FK506 on inhibiting cor-
neal NV. Indeed, the mRNA and protein expression levels of
VEGF-A were significantly reduced by anti-VEGF but not by
FK506 on Day 3. This might be explained by the difference
of mechanisms between anti-VEGF and FK506 on corneal

NV. Furthermore, FK506 and anti-VEGF almost equally
inhibited NV on Day 7, but FK506 was superior to anti-VEGF
on Days 14 and 28. A previous study demonstrated that
0.1% tacrolimus eye drops, 0.5% tacrolimus subconjunctival
injection and subconjunctival bevacizumab injection had
comparable effects on stromal suture-induced corneal NV
during a short-term observation (7 days),'® which is consistent
with our findings. Our study further demonstrated that the
long-term effect of FK506 on alkali burn-induced corneal NV
was better than that of the anti-VEGF subconjunctival single
injection. A previous study also demonstrated that systemic
(0.3 mg/kg) and topical (0.03%) administration of tacrolimus
might be beneficial in the prevention of corneal NV in rats
induced by silver nitrate cauterization because of its effect on
VEGF." Our study demonstrated that there was no significant
difference for the expression of VEGF-A between the FK506
and anti-VEGF groups on Days 7, 14 and 28, but the NV area
in FK506 group was significantly less than the anti-VEGF
group on Days 14 and 28. The mechanism of FK506 decreas-
ing VEGF-A expression was still unclear, and we speculated
that FK506 reduced NV formation not only by reducing the
VEGF-A expression but also by inhibiting inflammatory
response, with the latter maybe playing a major role.

The corneal wound healing process involves complex
interactions, which were negatively correlated with the
inflammatory response in our previous study.** FK506
attenuated the inflammatory response and reduced the
inflammatory cytokines IL-13 and IL-6, which could
accelerate epithelial migration. In addition, we assessed the
levels of TGF-PB, which plays important roles in regulating
cell growth, epithelial-mesenchymal transition and tissue
fibrosis.’” FK506 abrogates TGF-B-induced type I collagen
production in normal human fibroblasts.*® The mRNA and
protein expression levels of TGF-3 were markedly increased
in alkali-burned rat corneas but were significantly inhibited
by FK506. Hence, it indicated that FK506 might promote
corneal epithelial healing and reduce the degree of corneal
opacity by attenuating the inflammatory response and down-
regulating the levels of inflammatory cytokines and TGF-3
in an alkali burn rat model.

Conclusion

FK506 significantly reduced alkali burn-induced corneal
NV and inflammation. The effect of FK506 on alkali burn-
induced corneal NV is slower than that of anti-VEGF, but
with an effect surpassing that of anti-VEGF on Days 14 and
28. In addition, FK506 effectively reduced corneal opacity
and facilitated corneal epithelial wound healing in the corneal
alkali burn model. This work provides a better understanding
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of the role of FK506 in the treatment of corneal alkali burns
and indicates promising new therapeutic directions.
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