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Prolonged inflammation and excessive neovascularization of the cornea due to severe injury can
impair optical clarity and lead to vision impairment. Plasminogen kringle (K) fragments, known as angio-
statins (AS), play a well-established role as inhibitors of neovascularization by suppressing pro-angiogenic
signaling. However, AS effects in the cornea, beyond inhibiting the angiogenesis, are still unexplored. In this
study, we estimate the protective effect of two AS variants (K1-3 and K5) against alkali burn injury induced in
rabbit and rat corneas. AS KI1-3 in the single doses of 0.075 or 0.75 ug (0.1 or 1.0 uM, respectively) or 0.3 ug
of AS K5 (1.0 uM) were applied locally as eye drops daily for 14 days after the injury. A significant regression
of corneal vessels in-growth in injured eyes treated with AS was revealed. Western blot analysis of corneal
tissue lysates revealed that injury-induced overexpression of protein markers of hypoxia (HIF-1a), angiogen-
esis (VEGF), tissue remodeling and fibrosis (MMP-9), autophagy (beclin-1) and endoplasmic reticulum stress
(GRP-78) was significantly reduced under AS treatment. Besides, the level of tight junctions protein ZO-1 was
shown to be up-regulated after the treatment of the damaged cornea with AS K1-3. Summarizing, our study
uncovered novel biological functions of the kringle-containing plasminogen fragments indicating its benefi-
cial effects during corneal healing in the experimental model of alkali burn. The data obtained can be helpful
for the development of novel efficient formulations to manage complications of ocular surface injuries.
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T he cornea is an optically transparent, nor-
mally avascular tissue that plays several pivo-
tal roles within the eye. It serves as a shield
to protect the inner content of the eye from debris,
infections and other foreign objects and acts as the
main refracting lens to provide perfect light trans-
mission [1]. However, the cornea is very susceptible
to injuries that can be caused by physical traumas,
foreign objects, dust and other abrasives, chemical
irritants, thermal burns, dry eye syndrome, surgery,
uncontrolled wearing of contact lenses, viral infec-
tions, and ultraviolet light. Corneal injuries may lead
to worsening or even loss of vision while more se-
vere cases make corneal transplantation necessary.
Corneal blindness has been reported as the second
leading cause of blindness, after cataract. Globally,
the incidence rate of corneal injuries of various ori-
gins accounts for 1.4 million people per year, 12% of
whom suffer subsequent vision troubles [2].

When the eye surface is damaged, corneal
neovascularization is being induced as an adaptive

response to preserve corneal tissue from hypoxic
impact. However, when an imbalance between an-
giogenesis activators and inhibitors is developed, the
invasion of new blood vessels into the cornea occurs
accompanied by persistent inflammation, massive
tissue remodeling, and fibrosis. During severe cor-
neal injuries or traumas, neovascularization can have
a significant negative impact on vision [3]. Hypoxia
inducible factor-la (HIF-1a) has been considered the
major transcriptional factor, which governs the adap-
tive response to hypoxia and, therefore, to be the
main contributor to the angiogenic response. Vas-
cular endothelial growth factor (VEGF), a crucial
participator in stimulating the mitosis of endothelial
cells and the formation of new blood vessels, is un-
der the regulation of HIF-1a [4]. Furthermore, the
expression of matrix metalloproteinases (MMPs),
well-known proangiogenic and profibrotic enzymes
via extracellular matrix (ECM) degradation, tissue
remodeling, and cell migration, is also activated
by HIF-1a [5]. Mild corneal injuries can be self-re-
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paired, while greater injuries or metabolic impacts
often lead to various detrimental processes, such
as endoplasmic reticulum (ER) stress [6] and dys-
regulated autophagy [7] resulting in corneal haze,
fibrosis, and scar formation that are implicated to
pathophysiology of cornea diseases and vision loss.

In healthy conditions, peripheral epithelial
cells migrate via epithelial to mesenchymal transi-
tion (EMT) closing the defects to facilitate corneal
wound healing [8]. A cytoskeletal intermediate pro-
tein, vimentin, is overexpressed in epithelial cells
with highly motile phenotype and serves as a well-
established marker of EMT not only for cancerous
neoplasia but also for EMT during wound healing
[9]. Zonula occludens (ZO)-1 is a component of epi-
thelial tight junctions, which contributes to the bar-
rier function of corneal epithelium [10]. However,
defects can occur, which lead these cells to undergo
apoptosis or autophagy, resulting in abnormal repair,
loss of regular optical surface, and disruption of bar-
rier function thus aggravating deterioration of vision
[11]. Cumulative data from experimental and clini-
cal studies suggest that hypoxia, ECM remodeling,
angiogenesis, and autophagy are tightly intertwined
and regulate the homeostasis in the cornea during
normal reparative processes and may contribute to
the development of corneal diseases.

Although topical formulations of steroid and
non-steroid anti-inflammatory drugs or anti-VEGF
agents is the first-line treatment for individuals with
corneal injuries, these substances are only partial-
ly effective and may cause several side effects [3].
Therefore, seeking natural remedies that may com-
bine high efficacy in treating excessive neovasculari-
zation and have desirable pleiotropic effects to target
crucial pathological patterns in order to restore the
transparency of an injured cornea is still an actual
goal of applied pharmacology. During the last two
decades, internal fragments of plasmin(o)gen known
as angiostatins (AS) have attracted considerable at-
tention as promising candidates for the suppression
of neovascularization [12]. Several proteases can
cleave the plasminogen/plasmin molecules at dif-
ferent sites to generate diverse AS species, which
contain various number of plasminogen kringle (K)
domains (K1-3, K1-4, K1-4.5, K5, etc.). All of these
AS-related polypeptides inhibit proliferation and/
or migration of endothelial cells to suppress growth
of new blood vessels, though with various degrees
of effectiveness depending on their K content [13].
Originally isolated from urine of mice bearing Lewis
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lung carcinoma, AS have been shown to effectively
suppress tumor-induced angiogenesis and metastasis
growth [14]. Lately, it has been demonstrated that
AS variants generated in various tissues contribute
to regulation of the angiogenic balance in an organ-
ism and are involved in the pathogenesis of various
diseases such as cancer, autoimmune disorders, dia-
betic retinopathy, cardiovascular events, etc. [15-18].
Apart from playing a role of potent endogenous in-
hibitors of vessel outgrowth via VEGF counteracting
mechanisms, AS have been recently reported to be
novel anti-inflammatory regulators [19]. After AS
had been discovered to be formed in the corneal tis-
sue [20], attempts were made to apply exogenous
plasminogen fragments as subconjunctival injec-
tions or eye drops for alleviating pathological vas-
cular growth and corneal ulceration in experimental
animals [21]. Although principal therapeutic effects
of AS toward regression of corneal neovasculariza-
tion have already been described by several research
groups [22, 23], molecular mechanisms, which
may underlie multifacial activities of AS in the in-
jured cornea, except well-established inhibition of
endothelial cell activity, have not been elucidated.
Here, we first addressed the question of whether AS
can be beneficial through restricting hypoxia- and
inflammation-driven processes in the injured cornea.
Alkali burn has been used extensively as an animal
model to test efficacy of novel anti-angiogenic drugs
to reduce neovascularization in the cornea [24].
Thus, the aim of the current study was to investigate
the effects of two AS variants, K1-3 and K5, on the
levels of HIF-1a and various key protein regulators
related to angiogenesis, ECM remodeling, ER stress,
and autophagy in the rat cornea injured by alkali
burn. In parallel, we designed the study assessing
AS efficacy to inhibit vascular growth in a model of
chemical burn-induced corneal injury of rabbit eye.

Materials and Methods

Reagents. All chemicals were purchased
from Sigma Aldrich Co. (St Louis, MO, USA) un-
less otherwise stated. All other reagents were of
analytical grade and were provided by commercial
suppliers.

Angiostatin production. Native, or Glu-, form
of human plasminogen was isolated by the affine
chromatography on lysine-Sepharose from the fresh
citrated donor plasma as described earlier [25]. AS
K1-3 was produced by limited proteolysis of plas-
minogen with the use of porcine pancreatic elastase
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followed by gel-filtration and affine chromatography
techniques as described elsewhere [26]. Mini-plas-
minogen, a by-product of plasminogen elastolysis,
was used for producing AS K5 by means of pepsin
fragmentation followed by purification with the use
of aminohexyl (AH)-sepharose affinity chromatog-
raphy as reported earlier in details [27]. Prepared
proteins were electrophoretically pure and did not
contain any proteolytic activities.

Animals and models of corneal alkali injury.
Wistar rats (6-month-old males, 190-220 g) were
kept and handled in compliance with the guidelines
of the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. The experimen-
tal protocol has been approved by the Institutional
Bioethical Committee (protocol no. 4, 2021/06/08).
The rats were anesthetized by intraperitoneal injec-
tion of ketamine (50—100 mg/kg) and received topi-
cally a drop of tetracaine. A 4 mm diameter What-
man no. 1 filter paper soaked in 1 N NaOH was
placed on the center of the corneal surface of both
eyes for 30 sec, and then the eyes were thoroughly
washed with 10 ml of saline. After the injury, the
rats were randomly divided into five groups (n =6 in
each group): I) intact control (saline); 1) burn control
(saline); 1) burn + K1-3 (1.0 uM); I'V) burn + K1-3
(0.1 uM); V) burn + K5 (1.0 uM). Topical admin-
istration (25 ul) of AS dissolved in sterile buffered
saline to the injured eye was done daily for 14 days.
Thus, single dose of 1.0 uM solution of K1-3 contains
0.75 pg (respectively, 0.075 pg in the case of 0.1 uM
solution), while a single dose of 1.0 uM solution of
K5 contains 0.3 pg of this angiostatin. K5 was used
in one concentration because of its limited amount
available. All rats were thereafter euthanatized.

Due to the relatively small size of the rat’s
eye surface that technically limits morphological
observations, we additionally developed a rabbit
corneal alkali burn model in order to monitor the
anti-angiogenic activity of K1-3 (1.0 pM), the most
abundant naturally occurring AS variant. There are
overall similarities in anatomical features and matrix
structure between rabbit and human corneas, there-
fore rabbit eye is commonly used as an experimental
model to simulate human ocular diseases [28]. The
model was developed in accordance with earlier re-
ported recommendations for the standardization of
corneal alkali burn methodology in rabbits based on
the observations that 1 N NaOH produces greater
stromal fibrosis and warrants neovascularization in
individual corneas [29]. In general, we reproduced

above-mentioned rat model of alkali burn corneal
injury and divided Chinchilla rabbits (2-month-old,
1,800-2,200 g) into the three groups: I) intact con-
trol (n = 2); 1) alkali burn group (n = 3); 1) alkali
burn + K1-3 (n = 3). In a rabbit model, alkali burn
was induced only in the right eye, while the left eye
obtained an equal volume of saline drops. To deter-
mine if tested AS polypeptide has any side effects
in the non-injured rabbit eye, K1-3 solution at the
same concentration was dropped to the left eye of
rabbits from group Il daily for entire experimen-
tal period. On the 14" day after the injury, bulbar
redness as a measure of corneal neovascularization
was estimated according to the Efron grading scale
(ranging from 0 = normal to 4 = severe) [30] with
the assistance of an experienced ophthalmologist in
a masked fashion. After the end of the experimental
period, the rabbits were returned to their home cages
for routine care.

Cornea isolation and tissue lysate prepara-
tion. After eye enucleation, rat corneas were slightly
rinsed for 5 min in the ice-cold phosphate-buffered
saline (PBS). Both corneas of each rat were pooled,
ground in liquid nitrogen, and homogenized in RI-
PA-buffer (0.05 M Tris-HCI, pH 7.4, 0.15 M NacCl,
1% Triton X-100, 0.1% SDS) supplemented with the
Pierce™ protease and phosphatase inhibitor cock-
tail (ThermoScientific, USA, cat. no. A32961). Tis-
sue to buffer ratio was 1:5 (m/v). After additional
sonification (ultrasound disintegrator Sartorius,
Labsonic®M, Gottingen, Germany), homogenates
were centrifuged at 16,000 g for 45 min at 4°C.
Concentrations of total protein in supernatants were
evaluated spectrophotometrically, using the measu-
rements of absorbance at the wavelengths of 280 and
260 nm as described earlier [31]. Supernatants were
then mixed with an equal volume of 2 x reducing
Laemmli sample buffer.

Western blot. Sample aliquots were loaded onto
10% SDS-PAGE (50 pug protein per well) and elec-
trophoresed in a vertical gel electrophoresis cham-
ber (BioRad, USA). After electrophoresis, proteins
were transferred from the gel onto nitrocellulose
membrane (GE Healthcare, Amersham Bioscience,
UK, RPN 203D) with 0.45 um pore diameter by
electroblot. After 1 h blocking in a 5% solution of a
skimmed milk powder in PBS, the blots were over-
night incubated at 4°C with the following primary
antibodies to the proteins of interest: rabbit anti-
HIF-1a (Sigma Aldrich, USA, cat. no. HPA001275,
1:2,500 diluted), mouse anti-VEGF (Invitrogen,
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USA, cat. no. MA5-12184, 1:3,000 diluted), rab-
bit anti-MMP-9 (Sigma Aldrich, USA, cat. no.
AV33090, 1:2,000 diluted), mouse anti-vimentin
(Santa Cruz Biotechnology, Inc, USA, clone V9, cat.
no. sc-6260, 1:500 diluted), mouse anti- BECN1/
Beclin-1 (Santa Cruz Biotechnology, Inc, USA,
clone E-8, cat. no. sc-48341, 1:1,000 diluted), rabbit
anti-GRP-78 (Abcam, USA, cat. no. ab21685, 2,000
diluted), mouse anti-ZO-1 (Invitrogen, USA, cat.
no. ZO1-1A12, 1:2,500 diluted), and B-actin (Invit-
rogen, USA, cat. no. MAS5-15739, 1:5,000 diluted).
After washing each membrane five times with PBS
supplemented with 0.05% Triton X-100 (PBST), the
blots were incubated with HRP-conjugated goat anti-
rabbit IgG (1:6,000 diluted) or HRP-conjugated goat
anti-mouse IgG (1:8,000 diluted) purchased from
Invitrogen, USA (cat. nos. G-21234 and 31430, re-
spectively) for 2h at 37°C. Non-specifically bound
antibodies were washed away with PBST, and there-
after specific immunoreactivity was developed by
enhanced chemiluminescence (ECL) with the use of
p-coumaric acid, luminol, and hydrogen peroxide.
The molecular weight of each protein band was de-
termined by comparing their migration with the lo-
cation of coloured markers Ruler™ Plus Prestained
Protein Ladder 10-230 kDa (ThermoScientific,
Lithuania, cat. no. 26619). Each band immunostain-
ing was quantified by measuring optical density
values with the use of densitometry software To-
talLab TL120 (Nonlinear Inc., USA), normalized to
the B-actin level as a loading control, and expressed
as arbitrary units (a. u.).

Statistical analysis. The results are presented as
mean = SEM. Analysis of variances (ANOVA) fol-
lowed by post-hoc Tukey’s Multiple Comparison was
used to verify significant difference between group
means. P value of less than 0.05 was considered sig-
nificant.

Results

In the present study, we assessed the primary
biological activity of plasminogen fragment AS
K1-3 to reduce blood vessel outgrowth by utilizing
a commonly used model of chemically induced cor-
neal neovascularization in rabbits. Overall corneal
neovascularization was scored using a system of
scaling from 0 to 4 (Efron scale), where 0 = no neo-
vascularity, 1 — slight neovascularity, 2 — moderate
neovascularity, 3 — severe neovascularity, 4 — com-
plete neovascularity. As shown in Fig. 1, there was
no significant difference in neovascularity grading
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between intact control and isolated K1-3 dropped
corneas.

This observation means that tested AS does not
have irritating hypoxic action in the healthy cornea.
However, intense vessel outgrowth was seen in all
rabbit corneas after NaOH-induced burn, the severi-
ty of which was scored to be 3.67+0.56 according to
Efron scale. Significant regression of corneal neo-
vascularization was observed on the 14" post-injury
day in rabbits, which obtained K1-3 1 uM solution
as eye drops. It is worth noting that chemical burn
induced corneal opacification in the limbal region,
while AS treatment did not diminish opacity ex-
tent during the period of observation. The obtained
findings clearly prove that produced AS (plasmino-
gen fragment K1-3) has an expectable physiological
activity in terms of angiogenesis inhibition. Due to
extremely low amounts of AS K5 obtained for the
experiments, its effect on overall corneal neovas-
cularization in chemically induced corneal burn of
rabbit eye was not explored in the current research,

Efron scale, ES (grading from 0 to 4: Grade 0=normal, 1=trace,
2=mild, 3=moderate, 4 = severe):

A — intact control, Ctrl (4 eyes), ES=0.

B - K1-3 control (3 eyes), ES = 0.33+0.58 (n.s. versus Ctrl).

C — alkali burn, a.b. (3 eyes), ES = 3.67+0.56 (P<0.001 versus Ctrl).
D — alkali burn + K1-3 (3 eyes) ES = 1.33+0.58 (P<0.01 versus a.b.).

Fig. 1. Topical application of angiostatin KI-3 re-
duces corneal neovascularization induced by alkali
burn in rabbits: A — intact control; B — K1-3 con-
trol; C — alkali burn; D — alkali burn + K1-3 treat-
ment (P < 0.05 considered statistically significant
difference; n.s. — non-significant difference)
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however, the results of immunochemical analysis de-
scribed below demonstrate that the effects of K5 on
the expression of the studied biomarkers were com-
parable with those of K1-3 applied at the same dose.

To verify a hypothesis that AS may play mul-
tiple roles in cornea healing processes, aside from
angiogenesis suppression, we further investigated
their effects on the expression of the key regula-
tory proteins related to hypoxia, ECM remodeling,
reepithelization, EMT, and autophagy. Western blot
results on the quantification of the corresponding

80 kDa

AU GRP-78
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markers are depicted in Fig. 2. It was shown that
burn injury caused statistically significant elevation
of HIF-la (by two folds vs. control), VEGF (both
monomeric and dimeric forms, by 4.5 and 2 folds,
respectively, vs. control), MMP-9 (by 2.7 folds vs.
control), GRP-78 (by 3.4 folds vs. control), and be-
clin-1 (by 2.6 folds vs. control) protein levels on the
14" post-injury day. As well, there was a two-fold de-
crease in the protein level of ZO-1 (P < 0.05 vs. con-
trol), which is related to tight junctions, indicating
persistent epithelial defects and slow epithelization

Actin (loading control)

A VEGF 40
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Fig. 2. Angiostatin application modulates levels of regulatory proteins in the rat cornea after alkali burn
(western blot data): 1 — intact control; 2 — alkali burn; 3 — burn + KI1-3 (1.0 uM); 4 — burn + KI-3 (0.1 uM);
5—burn + K5 (1.0 uM). The results of western blot were analyzed by scanning densitometry and expressed as
arbitrary units (AU). *P < 0.05 vs. control; *P < 0.05 vs. alkali burn
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in burned corneas. The content of EMT marker, vi-
mentin, had a tendency to increase in burned un-
treated corneas, but these changes did not reach the
level of statistical significance.

It was found that both variants of AS applied
as eye drops almost equally decreased burn-induced
overexpression of HIF-lo, VEGF, vimentin, and
GRP-78. Of note that K1-3 and K5, both taken in the
concentration of 1.0 uM appeared to be more potent
suppressors of VEGF expression that 0.1 uM K1-3
solution. Furthermore, K1-3 in the highest concen-
tration was the only treatment regime, which was
able to reduce MMP-9 level in the injured corneal
tissue (by 7.55 fold as compared with burn group,
P < 0.05). Similarly, the highest dose of K1-3 re-
covered ZO-1 level, which was reduced after alkali
burn, by the normal value. AS, either 1.0 uM K1-3
or K5, significantly reduced up-regulated expression
of beclin-1 in the injured cornea that proves a dose-
dependent manner of AS efficacy.

Discussion

In the present report, we describe for the first
time that AS, which are well- known to perform a
“canonical” role as the most potent inhibitors of ne-
ovascularization in vivo, are able to target multiple
cellular events related to the post-traumatic processes
in the chemically injured cornea, beyond angiogene-
sis inhibition. The development of an adequate ani-
mal model of the corneal injury is pivotal to gaining
valuable insights into the underlying pathogenesis of
human ocular diseases. As opposed to acids, which
are able to bind with proteins located on the outer
layer of the cornea, the hydroxyl ions, which are pro-
duced by alkaline compounds, cause saponification
of fatty acids, denaturation or dissolution of stromal
collagen, and can destroy the underlying ECM [32].
Corneal neovascularization is considered a sight-
threatening condition that introduces vascular pa-
thology into the normally avascular corneal tissue,
therefore, regression of vessel outgrowth is thought
to be emerging treatment concept in the manage-
ment of neovascular ocular diseases associated with
eye traumatization. Nevertheless, besides neovascu-
larization, many other individual processes occur as
serious complications of corneal chemical injury that
include chronic inflammation, stromal fibrosis, per-
sistent epithelial defects or slow epithelization, cor-
neal perforation and opacity, which can be potential
targets for novel therapeutics [2].
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Although several steroid and non-steroid drugs
are widely used for the management of ocular sur-
face diseases, they exert some side effects such as
elevated intraocular pressure, cataract or glaucoma
formation, and increased risk of concomitant infec-
tions [3]. From this point of view, purified plasmino-
gen fragments have raised a recent wave of interest
as useful therapeutic tools for treating of corneal
injuries. AS in a wide range of concentrations have
neither toxic nor immunogenic capacities and do not
exert known undesirable effects. Since the protec-
tion of the ocular surface is a vital component in the
treatment of corneal injuries, the results of our study
give ground to regard tested proteins as possible
therapeutics to provide a wide spectrum of benefi-
cial effects in the injured cornea, including control
for neovascularization and inflammation-related
complications, but simultaneously keeping ocular
surface from affecting the healing process.

Human plasminogen, a zymogen of fibrinolytic
enzyme plasmin (EC 3.4.21.7) and a parent molecule
for AS formation, is an abundant protein in blood
circulation. Its plasma concentration is approximate-
ly 200 mg/I. It is a glycoprotein with an apparent
molecular mass of 92 kDa, containing 2% carbohy-
drate and consisting of 5 kringle domains with a to-
tal of 24 disulfide bonds. Early studies have shown
that AS have properties distinct from the precursor
protein. During proteolytic cleavage, removal of a
segment of plasminogen facilitates conformational
changes in the resulting molecules that confers their
unique binding properties and biological activities
compared with the plasminogen. All known variants
of AS can be produced by limited proteolysis of plas-
minogen by various proteases, including by plasmin
auto-proteolysis. Among them, K5 displays the most
potent inhibitory activities toward both endothelial
cell proliferation and migration [33]. K1-3 plasmino-
gen fragment, which is formed by elastolysis of plas-
minogen molecule and comprises its Cys84-Cys333
region, possesses potent anti-proliferative activity to-
ward endotheliocytes, while exerting relatively weak
anti-migratory effects [34]. Because of its high thera-
peutic efficacy and short amino acid sequence, K5
has considerable potential in the treatment of ocular
neovascular diseases. An extra potential benefit of
K5 could be the possibility of its production as a re-
combinant molecule [35].

There are several circumstances that prompted
our laboratory to further explore the use of AS pro-
teins as modulatory agents in the model of chemical
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corneal injury. Firstly, plasminogen is locally syn-
thesized in the corneal tissue in physiologically rele-
vant concentrations to play a role of AS local source.
Coppini et al. [20] have shown that AS are constant-
ly produced in the cornea by cysteine proteases cath-
epsins and critically involved in the maintenance of
angiogenic balance by counteracting VEGF. Ambati
et al. [22] have proved biological activity of AS iso-
lated from tumor tissue to regress neovasculariza-
tion in any tissue, including cornea. Secondly, Sack
et al. [36] have shown that tear fluid collected af-
ter overnight eye closure contains various isoforms
of AS in amounts necessary to counteract VEGF-
mediated pro-angiogenic signaling during hypoxic
condition. In our most recent study [37], we detected
enhanced levels of AS in the tear fluid of patients
with non-penetrating ocular traumas. It is thought
that AS overproduction in the injured eye can pro-
vides an adaptive mechanism aimed at protecting
cornea against traumatic injury-induced excessive
neovascularization. Thirdly, AS has been reported
to display potent anti-inflammatory capacities, ex-
cept being powerful anti-angiogenic agents [19].
Perri et al. [38] have demonstrated that human AS
K1-3 protein almost completely blocks murine and
human macrophage migration via disruption of
actin cytoskeleton but does not affect macrophage
viability. Naive cornea is devoid of blood and lym-
phatic vessels, and few immune cells are present in
different parts of cornea. However, corneal injury
is accompanied by infiltration and accumulation of
macrophages, which play a dual role in tissue repair.
During chronic inflammation, macrophages may
permanently produce a plethora of biologically active
molecules such as growth factors, cytokines, MMPs,
reactive oxygen species, and other paracrine factors
that support cell migration, tissue remodeling, and
angiogenesis, but when uncontrolled, they may ag-
gravate pathology. As a result of acute injury, angio-
genic privilege of the cornea might be overwhelmed
by inducing disequilibrium between angiogenic and
anti-angiogenic regulators due to a surplus of mac-
rophage-produced proangiogenic factors, like VEGF
[39]. It has been reported earlier [40] that VEGF is
the most significant pro-angiogenic factor in neovas-
cular corneal diseases. Both, hypoxia and inflamma-
tory stimuli have been shown to overexpress and sta-
bilize HIF-1a, a major transcriptional factor, which
is required for the induction of VEGF synthesis [41].
In response to hypoxia, the expression of VEGF in-
creases 30-fold within minutes [42]. The critical role

of HIF-1a in regulating VEGF expression in mac-
rophages already at an early stage of the post-injury
period and acquiring the inflammatory phenotype of
corneal macrophages is well documented [43]. Over-
expression of HIF-1a in parallel with up-regulation
of pro-angiogenic and pro-fibrotic factors (VEGF
and MMP-9, respectively), which is demonstrated
by the results of western blot analysis, indicates the
development of hypoxia state in the injured cornea.
Since increased expression of HIF-1o and VEGF by
macrophages greatly contributes to the process of
formation of new vessels, which invade the cornea
with the consequent loss of transparency, targeted
modulation of macrophage activity may represent a
promising approach to diminish corneal neovascu-
larization. There are several reports indicating the
inhibition of HIF-1la using siRNA to treat corneal
neovascularization [4]. Moreover, double-target in-
terference for VEGF and HIF-1a appeared to be ef-
fective in inhibiting neovascularization in rabbits
following corneal alkali burn [44]. It is possible that
decreased HIF-1a and VEGF expression, in paral-
lel with vessel regression, observed in animals with
corneal alkali burn after topical AS application can
be a result of inhibitory action of the tested proteins
on macrophage activity.

It is generally considered that early reparative
phase (8 to 21 days) is a critical post-injury period,
which is accompanied by dynamic changes in in-
flammation, neovascularization, and re-epitheliali-
zation. Since slow epithelization or complete failure
of reepitalization, resulting in persistent epithelial
defects or corneal perforations, are among the most
serious complications of chemical injury, treatment
of corneal defects at this stage is critical [45]. ZO-1
protein is a component of epithelial tight junctions,
which is expressed in superficial and subsuperficial
cell layers of the corneal epithelium and contributes
to its barrier function. Earlier, it was been shown
that hypoxia induces a change in the distribution of
Z0-1 as well as a disruption of barrier function in
cultured human corneal epithelial cells [46]. In the
present study, we showed that topical application
of K1-3 as 1.0 uM solution restored ZO-1 protein
content in the burned cornea near the basal level.
This observation suggests that AS may contribute to
the formation of tight junctions and play an impor-
tant role in the differentiation of corneal epithelial
cells after injury. Further, vimentin, an abundant
cytoskeletal protein in cells of mesenchymal origin,
has been associated with increased cell motility as
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a hallmark of EMT during wound healing [9]. In
epitheliocytes and keratocytes of uninjured cornea,
relatively low levels of vimentin are considered nor-
mal, while corneal epithelial cells transiently express
vimentin during wound healing. When excessive,
vimentin expression may contribute to the develop-
ment of fibrosis, scarring, and opacity during corneal
wound healing [47]. Based on western blot results,
AS-mediated ZO-1 up-regulation, together with the
tendency of reducing level of the EMT marker and
pro-fibrotic factor vimentin, suggest that tested pro-
teins may restore tight junctions and modulate EMT
in alkali burned cornea.

Autophagy is an evolutionary conservative
catabolic process aimed at supporting cell survival
through the recycling of intracellular substances and
organelles in response to various stresses. Compo-
nents of autophagic pathways are constitutively ex-
pressed in high levels in various ocular structures,
including the cornea, lens, retina, and orbit in the
eye. Autophagy could be an important pathway in-
fluencing corneal wound healing in various wound
repair conditions and/or stages [48]. Dysregulation
of autophagy is involved in the pathogenesis of ocu-
lar disorders, including corneal disorders. For exam-
ple, a continuously high level of stress or acute in-
jury may lead to enhanced autophagy. Frost et al. [7]
showed that elevated levels of autophagic proteins
are associated with corneal endothelial dystrophies.
Therefore, the autophagy pathway has attracted con-
siderable attention as a potential therapeutic target
in ocular diseases. Excessive autophagy can lead to
autophagic cell death, thus the dysregulation of the
autophagy pathway can represent potential contrib-
utory mechanisms associated with the pathophysi-
ological conditions in the cornea [49]. Beclin-1 is
one of the autophagy-related proteins, which is com-
monly used as a marker to monitor autophagy flux.
It initiates and regulates the formation of the nascent
autophagosome (phagophore) [50]. We showed bec-
lin-1 overexpression in wounded corneas that means
enhanced autophagy flux induced by chemical in-
jury. However, both K1-3 and K5 in the concentra-
tion of 1 uM modulates autophagy flux in the injured
cornea by reducing it near the control level, but not
completely inhibiting this process. It is an important
observation because the basal level of autophagy in
injured tissue is indispensable for the maintenance
of corneal epithelial physiology via degrading and
recycling damaged macromolecules and organelles,
restoring normal ECM after corneal injury, and pro-
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viding energetic supply and survival for cells in the
stress condition.

Furthermore, the western blot assay showed
that GRP-78 expression significantly increased af-
ter alkali-induced corneal burn, indicating ER stress
development. ER stress is a condition, which is de-
veloped due to an overwhelming accumulation of
misfolded proteins in the ER, and is implicated in
various physiological states, including extreme hy-
poxic stress. Overactivated ER stress is accompanied
by mitochondrial dysfunction and oxidative stress,
resulting in cell death [51]. So far, little is known
about role of ER stress in ocular diseases. Mohlin
et al. [52] reported that autophagy and ER stress
contribute to the degeneration of photoreceptors in
cultured porcine retina exposed to cyclic dim light
illumination. Other authors highlighted involvement
of ER stress in diabetes-induced corneal endothelial
dysfunction [53], while inhibition of ER stress has
been efficient in enhancing human corneal epithelial
cell viability under hyperosmotic conditions [6]. It is
believed that pharmacological inhibition of ER stress
could alleviate hyperglycemia-induced pathological
changes in the cornea by improving mitochondrial
bioenergetics, preventing endothelial cell loss, and
promoting corneal epithelial wound healing. GRP-
78, the major chaperone and master regulator of the
so-called unfolded protein response that underlie ER
stress [54]. Our data indicate that topical application
of AS in injured cornea may offer therapeutic poten-
tial by reducing GRP-78 expression as a hallmark of
attenuation of ER stress. Since autophagy and ER
stress are intertwined [55], suppressing ER stress
may abrogate over-activated autophagy and improve
the healing process in the injured cornea.

The results of our study expand our knowled-
ge on the functional significance of AS in injured
corneal tissue, which extends far beyond their well-
recognized function to suppress angiogenesis. Ob-
tained results have perspective practical value, and
application of AS in ophthalmology may be an ef-
fective option for clinicians to consider. It has been
documented that 20% of tissue samples obtained
from corneal transplants had histological evidence
of neovascularization [4]. Since excessive proteo-
lytic activities, including MMPs and lysosomal en-
zymes, and neovascularization are among the major
factors of corneal transplant failure [42, 56], topical
AS could be tested as multi-action modulators, alone
or synergistically with other drugs or formulations,
to decrease risk of graft rejection via inhibiting
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proteolytic pathways. AS can be applied as an ad-
ditive to bandage contact lenses, which are used as
a therapeutic eye bandage that creates a protective
stabilizing shell around the cornea. Such a bandage
can be useful for controlling neovascularization and
inflammation extent and promoting re-epithelial-
ization of the corneal epithelium after laser vision
correction, surgical interventions, or other corneal
injuries.

Conclusions. Our study uncovered novel bio-
logical functions of kringle-containing plasminogen
fragments, AS, which have previously been widely
described for their potent anti-angiogenic effects.
The model of corneal alkali burn was useful to test
the effects of AS on the key patterns of healing pro-
cess, such as hypoxia-induced vasculogenesis, reepi-
thelization and EMT, tissue remodeling, autophagy,
and ER stress, though additional experiments are
required for the investigation of subtle molecular
mechanisms of the described effects. In the context
of ophthalmology, our results may provide a basis
for the use of AS in the development of new treat-
ments for severe ocular surface injuries and corneal
damage.
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MHOXHWHHI E@EKTH
AHI'TOCTATHHIB 3A
HOIKOJ’KEHHSA POT'IBKH
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TpuBane 3amaneHHs Ta HaAMIpHA HEOBACKYJISI-
pHU3aIlis poriBKH, IO PO3BUBAIOTHCS BHACHIIOK T'O-
CTPOI TPaBMH OKa, MOXYTb HOTIpPIIYyBAaTH ONTUUIHY
MPO30PICTh POTIBKH i TPU3BOAUTHU A0 TOTIPIICHHS
30py. @parmMeHTH MIa3MiHOTEHY, BIIOMI SK aHTiO-
cratuHu (AS), SKi NPUTHIYYIOTh IPOAHTIONCHHE
curHamoBanug. Onnak edekTd AS Ha POTIBKY,
OKpiM iHTiIOyBaHHS aHTIOT€HE3y, 3aJUIIAI0THCS Ha-
pasi He BUBYEHHUMH. Y TIpEACTaBIeHi poOOTi 10-
cmikyBanu edexTd AaBox BapiaHTiB AS (K1-3 i
K5) 3a yMOB 11y’KHOTO OMiKy POTiBKH KPOJIMKIB Ta
mrypiB. AS K1-3 y pazoBomy no3yeanui 0,075 abo
0,75 mxr (0,1 a6o 1,0 mxM), Ta AS K5 — 0,3 mMKT
(1,0 MxM) 3acTOCOBYBaIHN SIK OYHI Kparuti IOAEHHO
npotsaroMm 14 nHiB micns momkomkeHHs. Mopdo-
noriynuii rect Edpona nokaszas, mo AS cpusoTh
perpecy HOBOYTBOPEHHUX CYAHMH Y POTiBLI TBapHH
3a JIY)KHOTO OIiKy. BecTepH-010T anHami3 Ji3aTiB
TKAaHWHHW POTiBKU TIOKAa3aB, IO 3aCTOCYBaHHS AS
CIPHIIO 3MEHIIIEHHIO PiBHIB MPOTEiHIB-MapKepiB,
acoriioBanux i3 rimokciero (HIF-la), aHriorene-
3oM (VEGF), pemonentoBanHsM i piOpo30M TKaHUH
(MMP-9), ayrodariero (beclin-1), a Takox cTpe-
COM eHJIoIuTa3MaTuaHoro petukyiayma (GRP-78),
STK OCHOBHHUX JIAHOK TIATOJIOTIYHOTO TIporiecy. Kpim
toro, AS K1-3 ciipusis 3poctanHto piBas ZO-1, Ipo-
TEiHY IIiITbHUX KOHTAKTIB, 1[0 CBITYUTH MPO Tepe-
Oir peeriTenizamii poriBKM Micisl XiMIYHOTO YLIKO-
JUKeHHsI. Pe3ynbraTu JOCHIJKEHHSI PO3KPUBAIOTH
HOBi OiosoriyHi (QyHKIIi KPUHTIA-BMICHHX Qpar-
MEHTIB IIa3MIiHOTEHY, II0 JIeXaTh B OCHOBI IpO-
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TEKTOPHOTO BILUIMBY AS IiJl 4ac 3arO€HHS POTiBKU
3a eKCIIEPUMEHTAJIBHOIO Iy )KHOTO omiky. Otpu-
MaHi JaHi MOXXYTh OyTH KOPHCHUMH JUIsI PO3pO0-
KM HOBUX €(EeKTUBHHUX TpenapariB JJs JiKyBaHHS
YCKJIAJTHEHb YIIKOKEHOI TIOBEPXHI1 OKa.

KnrodoBi cJIoBa: aHTIOCTaTHHH, POTiBKa,

Ty>XKHUH o1k, HeoBackymsipu3zanis, HIF-1a, VEGF,
beclin-1, MMP-9, ZO-1.
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