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Corneal injury is associated with hypoxia-induced neovascularization, which interferes optical trans-
parency of the cornea, resulting in vision loss and blindness. The treatment of corneal damage remains a
significant unmet medical need. Lactoferrin (Lf) and angiostatins (AS) are naturally occurring antiin-
flammatory and antiangiogenic proteins, which play important roles in eye physiology and can be used as
protectors against corneal diseases.

The aim of the study was to evaluate and compare the effects of plasminogen fragment AS K1-3 and
Lf (as a referent preparation) on the levels of the principal markers of angiogenesis, apoptosis, and
autophagy in the burn-injured cornea. Additionally, effects of AS on the metabolic activity of macro-
phages have been studied.

Materials and Methods. Experimental model of corneal burn was induced by NaOH application to rab-
bit’s eye surface. One of the group of animals with injured cornea topically received AS, which were
applied as eye drops (1 1M solution) daily for 14 days after injury, another one was treated by the equi-
molar solution of Lf. The levels of protein markers of angiogenesis (VEGF), apoptosis (caspase-3), and
autophagy (beclin-1) were evaluated in corneal lysates by western blot. Histological analysis was per-
formed by hematoxylin/eosin staining of corneal slices followed by light microscopy. Effects of AS in the
range of concentrations 10—200 nM on the activity of phagocytic cells were assessed in murine macro-
phage cell line J744.2 by the test with nitroblue tetrazolium (NBT). The quantitative results were anal-
ysed with the use of Mann-Whitney U-test. The difference between group mean values was considered
significant at P < 0.05.

Results. Dramatically increased levels of protein markers related to angiogenesis, apoptosis, and
autophagy were found in the corneas with burn-induced injury. AS or Lf-based treatment reduced burn-
induced overexpression of VEGF, caspase-3, and beclin-1. It is important to note that AS, along with
anti-VEGF activity, appeared to more effectively suppress apoptosis and autophagy by decreasing tested
markers near the control level, as compared with Lf. Histochemical examination revealed typical signs of
fibrotic and necrotic changes in the injured corneas, which were associated with excessive inflammatory
infiltration and intense neovascularization. Treatment of burn-induced injury with AS alleviated histo-
pathological changes in cornea, which is evidenced by improving epithelial regeneration, reducing neo-
vascularization, and moderating leucocyte infiltration. These observations are in agreement with the
data of NBT test suggesting that AS in the concentrations >50 nM is able to moderately inhibit meta-
bolic activity of macrophages up to 30% as compared with intact cells (P < 0.05).

Conclusions. Obtained results indicate that AS may serve as an effective treatment option to relief
alkali-induced corneal injury with the efficacy comparable or even higher than that of firmly established
eye protective protein Lf.

Key words: plasminogen kringles, angiostatin, lactoferrin, alkali burn, corneal injury, macro-
phages, VEGF, caspase-3, beclin-1.
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The cornea is a transparent structure with
significant refractive and barrier functions.
The corneal avascular status is also defined
as “angiogenic privilege” because the cornea
is lack of both lymphatic and blood vessels,
deriving nutrients and oxygen supply from
the tear film, peripheral nerves, and posterior
aqueous humor. The corneal angiogenic
privilege is based on a subtle balance between
pro-angiogenic and anti-angiogenic factors
[1, 2]. Disruption in the balance of angiogenic
counteracting factors can be caused by several
ocular insults, including mechanical trauma,
infectious keratitis, inflammatory disorders,
autoimmune diseases, contact lens-related
hypoxia, allergy, chemical burns, limbal
stem cell deficiency and loss of the limbal
stem cell barrier, corneal transplantation
(keratoplasty), chronic alcohol consumption.
Therefore, corneal neovascularization as a
nonspecific response to different clinical
insults, which occur in a wide variety of
corneal pathologies, can lead to loss of
transparency and an impairment of visual
acuity due to the development of oedema,
persistent inflammation, intrastromal protein
and lipid deposition, and scarring [3].

It has been reported that 1.4 million people
develop corneal neovascularization per year,
12% of whom suffer the subsequent loss of
vision, and the incidence is expected to rise.
Corneal neovascularization and opacity are the
fourth cause of blindness globally (5.1% ) after
cataract, glaucoma, and age-related macular
degeneration (AMD) [4]. A PubMed review
was performed, analysing all publications from
1970 to 2024 concerning the topic “corneal
neovascularization” and gave the result of
such search as much as 3,901 articles with a
tendency to constant growing.

Several treatment modalities have
been derived based on the understanding
of molecular mechanisms of corneal
neovascularization pathogenesis. For
example, corticosteroids are potent inhibitors
of inflammation and remain widely accepted
as first-line therapy for corneal diseases
[6]. However, their antiangiogenic effects
are weak and insufficient to induce long-
term regression of mature corneal vessels.
Agents and antibodies, which inhibit vascular
endothelial growth factor (VEGF), the most
influential regulator in inducing corneal
angiogenesis, have provided encouragement in
the management of corneal neovascularization.
Nevertheless, anti-VEGF therapy produces
only a partial and temporary reduction in
neovascularization and is associated with
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serious complications, including corneal
wound healing impairment, appearance of
persistent epithelial defects, corneal stromal
thinning, neurotrophic keratopathy, and
subconjunctival hemorrhage [6]. Thus,
because conventional anti-angiogenic drugs
and agents have partial efficacy and may
lead to a multitude of side effects, it is of
great significance to develop new effective
drugs to suppress the occurrence of corneal
neovascularization. Several earlier studies
suggest that naturally occurring plasminogen
fragments, known as angiostatins (AS), are
promising candidates for the suppression of
angiogenesis and corneal neovascularization
[7, 8]. AS comprise a group of polypeptides,
which contain various number of plasminogen
kringle (K) domains (K1-3, K1-4, K1-4.5, K5,
etc.), which are produced by several proteases
including matrix metalloproteinases, a
metalloelastase, cathepsins V, and plasmin
autoproteolysis [9]. AS binds to surface
proteins in the activated vascular endothelial
cells to hinder their migration and tubule
formation [10, 11]. Although there are
several studies [8, 12-15] that explored
the inhibitory effects of AS on the corneal
neovascularization, the objective evaluation of
the injury-related molecular biomarkers in the
wounded cornea is important for monitoring
natural course and treatment response. It
has been currently reported that proteomic
profile of the human cornea is accounted
4824 proteins. Moreover, signaling pathway
analysis revealed enrichment of spliceosome,
phagosome, lysosome, and focal adhesion
pathways, along with pro-apoptotic signaling,
in the injured cornea, thereby demonstrating
activated function of scavenging/autophagy
corneal proteins [16]. It is also highlighted
that corneal neovascularization is critically
dependent on the presence of corneal
macrophages, which are critical participants
of injury-associated corneal angiogenesis [17].
It has been established that macrophages are
able to secrete various isoforms of VEGF that
promote vascular endothelial proliferation
[18]. Human AS K1-3 has been earlier
shown to exert anti-inflammatory effects by
suppressing monocyte/macrophage migration
that may help to restrict undesirable tissue
angiogenesis [19].

Thus, the aim of the present study was
to investigate the effects of AS K1-3 on the
levels of marker proteins, which regulate key
pathophysiological processes in the cornea of
the eye under conditions of damage caused
by alkali. The corneal levels of the following
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markers of angiogenesis (VEGF), apoptosis
(caspase-3), and autophagy (beclin-1) were
evaluated on the model of alkaline burn of the
rabbit eye. As an additional task, effects of AS
on the metabolic activity of phagocytic cells
were assessed. A well-known natural protein
abundant in the tear fluid, lactoferrin (Lf), was
used in this experiment as a reference drug.
Lf is a crucial protein for the eye health due
to its pleiotropic protective activities, which
is widely used for the treatment of ocular
disease [20, 21]. For example, bovine Lf has
been generally recognized as a safe substance
(GRAS) by the Food and Drug Administration
(FDA) and the European Food Safety Authority
(EFSA)[22].

Materials and Methods

Experimental model. Chinchilla male
rabbits (2-months-aged, 1.8-2.2 kg) were
divided into four groups: I) intact control
(n = 3); II) alkali burn group (n = 4); III) alkali
burn + AS K1-3 (n = 4); IV) alkali burn +
Lf (n = 4). Experimental animals received
topically a drop of tetracaine as an aesthetic.
Then, a 4 mm diameter Whatman no. 1 filter
paper soaked in 1 N NaOH was placed on the
center of the corneal surface of the eye for
30s, and then the injured eye was thoroughly
washed with 10 ml of saline [23]. Alkali burn
was induced only in the right eye, while left
eyes obtained equal volume of saline drops. The
animals were kept and handled in compliance
with the guidelines of the ARVO Statement for
the Use of Animals in Ophthalmic and Vision
Research. The experimental protocol has
been approved by the Institutional Bioethical
Committee (protocol No. 4, 8, June 2021).

AS K1-3 was isolated from the products
of human Glu-plasminogen elastolysis
followed by affine chromatography on lysine-
sepharose as described elsewhere [24]. Topical
administration of 1.0 uM AS K1-3 solution
dissolved in sterile buffered saline (25 nl per
eye) was done daily for 14 days. The single dose
of K1-3 was calculated to contain 0.75 png of
protein. The dose of AS was selected based on
the data of our previous examinations [14].
Lf (Novax Pharma SARL, Monaco) was used
as an equimolar solution in same regime of
application. To determine if tested proteins have
any side effects in the non-injured rabbit eye,
K1-3 or Lf solutions were dropped to the left
eye of rabbits from group III or IV, respectively,
daily for the whole experimental period. After
the end of the experimental period, the rabbits
were sacrificed by air embolism.

Corneal sample preparations. After eye
enucleation, rabbit corneas were slightly
rinsed in the ice-cold phosphate-buffered saline
(PBS). Each cornea was thoroughly grinded
in liquid nitrogen and homogenized in lysis
buffer (0.05 M Tris-HCI, pH 7.4, 0.15 M Nac(Cl,
1% Triton X-100, 0.1% SDS) supplemented
with the Pierce™ protease and phosphatase
inhibitor cocktail (ThermoScientific, USA, cat.
no. A32961) for protein extraction. Tissue to
buffer ratio was 1:2 (m/v). After additional
sonification with the use of ultrasound
disintegrator Sartorius (Labsonic®M,
Gottingen, Germany), homogenates were
centrifuged at 16,000 g for 45 min at 4 °C.
Concentration of total protein in supernatants
were evaluated spectrophotometrically,
using the measurements of absorbance at the
wavelengths of 280 and 260 nm as described
earlier [25]. Supernatants were then mixed
with an equal volume of 2xreducing Laemmli
sample buffer, boiled for 5 min, and stored at
—20 °C until analysed.

Gel electrophoresis & Western blot. Sample
aliquots were loaded onto 10% polyacrylamide
gel (PAG) in the volume, which contains 50 ng
protein per track, then corneal proteins were
separated by SDS-PAGE in a vertical gel
electrophoresis chamber (BioRad, USA). After
electrophoresis, proteins were transferred
from the PAG onto nitrocellulose membrane
(GE Healthcare, Amersham Bioscience,
UK, RPN 203D, 0.45 nm pore diameter) by
electroblot. After 90 min blocking in a 5%
solution of a skimmed milk powder in PBS,
the blots were overnight incubated at 4 °C with
the mouse primary antibodies to the protein
markers: anti-VEGF (Invitrogen, USA, cat.
no. MA5-12184, 1:3,000 diluted), mouse anti-
BECN1/Beclin-1 (Santa Cruz Biotechnology,
Inc, USA, clone E-8, cat. no. sc-48341,
1:1,000 diluted), anti-caspase-3 (Abcam,
USA, cat. no. ab208161, 1:2,500 diluted).
Beta-actin was probed as a loading control
by anti-B-actin mouse antibody (Invitrogen,
USA, cat. no. MA5-15739, 1:5,000 diluted).
After washing each membrane six times with
PBS supplemented with 0.05% Triton X-100
(PBST), the blots were incubated with HRP-
conjugated goat anti-mouse IgG (1:8,000
diluted) purchased from Invitrogen, USA (cat.
no. G-31430) for 2h at 37 °C. Non-specifically
bound antibodies were washed away with PBST,
and thereafter specific immunoreactivity was
developed by enhanced chemiluminescence
(ECL) with the use of p-coumaric acid, luminol,
and hydrogen peroxide as a HRP substrate.
The molecular weight of each protein band was
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determined by comparing their migration with
the distance run by coloured markers Ruler™
Plus Prestained Protein Ladder 10-230 kDa
(ThermoScientific, Lithuania, cat. no. 26619).
Each band immunostaining was quantified
by measuring optical density values with the
use of densitometry software TotalLab TL120
(Nonlinear Inc., USA), normalized to the
B-actin level, and expressed as arbitrary units
(a. u.).

Histochemistry. For histological exami-
nation, enucleated rabbit corneas were taken
and tissue fragments were fixed in 10%
neutral buffered formalin for 16 hs. Tissue
processing was performed in the LOGOS
One EVO histoprocessor (Milestone, Italy).
Paraffin sections of the cornea (thickness
5-6 nm) were stained with hematoxylin (Gill
IIT Hematoxylin) and eosin according to the
method described earlier [26]. Microscopic
studies of sections were performed using an
Olympus BX51 microscope. Ultrastructural
analysis of photomicrographs of corneal
tissue was performed with the use of Image J
software (Wayne Rasband NIH, USA).

NBT-test. The nitro blue tetrazolium test
(NBT-test) was performed according to the
previously described method [27] with minor
modifications. The NBT-test characterizes
the extent of intracellular NADPH-N-oxidase
system activation. This test is relatively
simple to perform, is highly reproducible
and sensitive. The principle of the method
is based on the reduction of soluble colorless
tetrazolium dye absorbed by phagocytic
cells and its transformation into insoluble
diformazan under the influence of superoxide
anion (O, ), which is formed as a result of
the NADP-H-oxidase reaction. To study the
influence of AS K1-3 on the metabolic activity
of macrophage cells, J744.2 cells (mouse
macrophages) were used. Cells were grown to
a confluent state (90-95%) in 96-well plates
(cat. no. 655950, Greiner, Germany) in DMEM
medium (Sigma-Aldrich, USA) supplemented
with 10% fetal bovine serum. The number
of cells was 2.5x105 per well. In 24 hs before
conducting AS testing, the medium was
discharged, and 90 pl of DMEM without fetal
serum were added to the cells. K1-3 diluted
in sterile PBS was added in the concentration
range of 10—-200 nM and cultured for 24 hs
under standard conditions (5% CO,, 100%
humidity, 37 °C). An appropriate volume of
PBS was added to the cells used as a control.
Later, the culture medium was replaced with
a fresh one with the addition of NBT reagent
(Sigma-Aldrich, USA) in a concentration
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corresponding to the manufacturer’s
recommendations (1.0 mg/ml) and incubated
for 4 hs under standard conditions. After
incubation, the medium was carefully removed,
0.2 ml of dimethylsulfoxide (DMSO) solution
was added for cell lysis and kept for another
5 min under intensive shaking conditions.
The optical absorption of the solution was
determined at a wavelength of 550 nm (test)
and 620 nm (reference). The values of control
cells and each concentration of angiostatin
K1-3 were measured in nine replicates (n=9).
To represent the results, the absorbance of cell
samples that were not treated with AS (control)
was taken as 100% .

Statistical analysis. The results are
presented as mean = SEM. Analysis of
variances (ANOVA) followed 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
significant.

Results and Discussion

The present study was performed to check
the relative efficacy of AS in inhibiting pro-
angiogenic signaling and modulate apoptosis/
autophagy pathways in the injured cornea.
We chosed to use an alkali burn-induced
corneal neovascularization rabbit model
because it is easy-to-perform/reproduce and
due to similarities in anatomical features and
matrix structure between rabbit and human
corneas, while rabbit eye is commonly used
as an experimental model to simulate human
ocular diseases [28]. In comparison with
acids, which are able to bind with proteins
located on the outer layer of the cornea, the
hydroxyl ions, which are produced by alkaline
compounds, cause saponification of fatty
acids, denaturation or dissolution of stromal
collagen, and can destroy the underlying ECM
[29]. Corneal neovascularization is considered
a sight-threatening condition that introduces
vascular pathology into the normally
avascular corneal tissue. Thus, regression of
vessel outgrowth is thought to be emerging
treatment concept in the management of
neovascular ocular diseases associated with
eye traumatization. The maintenance of the
corneal avascular state is an active process
based on continuous interactions between
multiple pro- and anti-angiogenic factors.
However, corneal healing response can be
accompanied by loss of tissue transparency
through vessel ingrowth, fluid leakage, and
fibrosis [30]. These pathologies lead to a
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disequilibrium between proangiogenic and pro- and anti-angiogenic factors and
antiangiogenic factors that can result in overweighing of proangiogenic factors may
the proliferation and migration of vascular result in pathological vessel formation [1, 3].
endothelial cells into the corneal stroma. At present, not all mechanisms involved in the
The results of western blot analysis of development of corneal neovascularization
VEGF levels in the corneal tissue are presented are completely understood. Macrophage
in Fig. 1. recruitment during inflammation stage
It was established that corneal plays a key role for corneal angiogenesis.
damage induces an increase in VEGF level Activated macrophages are known to secrete
approximately by 3.3 times compared to the inflammatory cytokines such as tumor necrosis
control (P < 0.01). It should be noted that the factor alpha (TNF-a) and VEGF-A, -C, and -D,
indicated changes are mostly related to the resulting in the induction of angiogenesis and
VEGF dimer, a biologically active form of this further macrophage infiltration [17]. VEGF-A
growth factor. Application of AS or Lf to the is considered to be one of the most important
intact eye did not affect the level of VEGF in members of the VEGF family and a main
the healthy cornea. Otherwise, both tested driver for pathologic angiogenesis. Apart from
proteins reduced the level of angiogenesis macrophages, corneal fibroblasts and epithelial
activator in the cornea of the alkali burn eye cells are the most important sources of
near the control value. It is interesting that VEGF-A [32]. Taking into consideration these
AS demonstrated a more pronounced effect circumstances, current anti-VEGF therapies,
in comparison with Lf, which, however, does although efficacious, affects consequences,
not reach the level of statistical significance. but not causes of pathological processes.
The obtained results suggest the induction of Besides, anti-VEGF therapy requires
pro-angiogenic signaling in the cornea tissue prolonged treatment regimens, which may
during chemical burn, thus supplementing cause various ocular complications, such as a
our earlier data that showed AS K1-3 to prolonged corneal epithelial healing period and
induce pronounced regression of corneal increased the occurrence of corneal ulceration
neovascularization in the model of alkali- [33]. Other researcher’s group has previously
burned injury [14]. demonstrated that depletion of macrophages
It is known that VEGF plays a pivotal decreases angiogenesis in experimental
role in maintaining normal corneal function, corneal neovascularization, indicating that
corneal epithelium and nerve healing [31]. inactivating macrophages can be the primary
However, disruption of the balance between target to reduce vessel in-growth in the injured
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Fig. 1. Angiostatin K1-3 and lactoferrin decrease VEGF levels in the alkali burned rabbit cornea
(typical result of Western blot analysis):
0 — intact control; B (burn); Lf (lactoferrin); AS (angiostatin); B+Lf (lactoferrin-treated burn injury);
B+AS (angiostatin-treated burn injury). P < 0.05 is considered statistically significant difference
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cornea [34]. In order to explore, if AS K1-3,
which was obtained in our laboratory, may
affect macrophages in terms of their metabolic
activity, we organized the study on the line of
phagocytic J744.2 cell assessed by NBT-test.

Fig. 2 shows that AS in the tested
concentration range of 50-200 nM inhibits the
activity of the NADP-H oxidoreductase system
of J744.2 mouse macrophages, approximately
by 30% compared to intact cells (P < 0.05).

Despite the possible relative species
specificity of AS action, it can be assumed
that the effect of K1-3 on human macrophages
can be more powerful, but this issue requires
further clarification. However, the data
obtained in our study are generally consistent
with the results of a prior research [19],
which demonstrated that human AS K1-3
effectively inhibited the migration of mouse
peritoneal monocytes/macrophages in a
model of atherosclerosis. Therefore, the
described AS effects to inhibit the activity of
phagocytic cells may be useful for modulating
the processes associated with hypoxia, not
only during tumor growth and atherosclerosis,
but also those associated with corneal
damage in terms of preventing excessive
neovascularization.

Therefore, the antiangiogenic activity
of AS can be mediated not only by direct
suppression of endothelial cells but also via
inhibiting macrophage expression of VEGF
in the damaged corneal tissue. It turned out
that Lf is able to inhibit neovascularization
by inhibiting p-p65 through binding to TNF
receptor-associated factor 6 (TRAF6), thus
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suppressing the activation of HIF-la and,
subsequently, the expression of VEGF [35].
The effects of AS appeared to be comparable
to the effectiveness of an equimolar dose
of Lf, taken as a reference drug. Lf is
widely used for the pharmacotherapy of
eye diseases, presumably in the form eye
drops, having been characterized in in vitro
and in vivo studies as a biocompatible and
safe substance. The choice in favor of this
protein as reference was made based on the
requirements of the European Medical Agency
(EMA). According to the Guideline On The
Investigation Of Bioequivalence (2016),
the rule of pharmaceutical equivalence (or
pharmaceutical alternative) is extended to the
substances under investigation. The reference
drug, which is used to compare the effects
with the new drug, must meet a number of
basic criteria: 1) contain an identical amount
of the active substance and be used in the same
concentration or dosage; 2) be in the same
medicinal form; 3) have the same route of
application; 4) affect acceptable or comparable
pharmacological points (targets). Lf fully
meets all the essential requirements for a
reference drug to study the effects of ASin the
alkali burned cornea. The comparability of the
biological effects of L.f and AS is based on their
antiangiogenic activity, which is well known
for plasminogen fragments. However, Lf also
exhibits significant antiangiogenic activity,
which was recently shown in a model of tumor-
induced angiogenesis [36].

Further results of our study represent
important findings indicating AS to lower

P <0.05vs. Ctrl

f |

50 100

200 K1-3 (nM)

Fig. 2. Angiostatin K1-3 affects metabolic activity of macrophage J744.2 cell line
(the results of spontaneous NBT-test)
P < 0.05 is considered statistically significant difference

52



Experimental articles

Ctrl

Burn

Burn+Lf Burn+AS

0O LFAS 1 2 3 1 2 3 1 2 3 kDa

caspase-3 B w3
3 P < 0.001 P <0.05
I L 1
2,5
e
)
< P<0.05
315 f |
- t
3
t
0
0 Lf AS B B+Lf B+AS

Fig. 3. Angiostatin K1-3 and lactoferrin reduce caspase-3 levels in the alkali burned rabbit cornea
(typical result of Western blot analysis):
0 — intact control; B (burn); Lf (lactoferrin); AS (angiostatin); B+Lf (lactoferrin-treated burn injury);
B+AS (angiostatin-treated burn injury). P < 0.05 is considered statistically significant difference

both apoptosis- and autophagy-related
markers in alkali burned corneal tissue. The
results of Western blot analysis of the level
of the apoptotic executive protein caspase-3
in the rabbit damaged cornea are shown in
Fig. 3. It is shown that this enzyme is present
in trace amounts in the tissue of the intact
cornea of control group animals, while the
level of pro-caspase-3 in burn pathology
is (zymogen) dramatically increases by
15.6 times compared to the control value
(P <0.001). In addition, a 17 kDa polypeptide,
which corresponds to the active form of this
caspase, is obviously appeared in the damaged
tissue. It was established that neither AS nor
Lf affect the content of this apoptosis-related
protein. However, the use of Lf or AS in the
form of eye drops under conditions of alkaline
corneal burn contributed to a statistically
significant decrease in the level of caspase-3
by 1.8 and 4.5 times, respectively (P < 0.05
compared to the Burn group). It is important
to note that the anti-apoptotic effect of K1-3
was significantly more pronounced than that
of Lf (P <0.05). The obtained results indicate
activation of the apoptotic pathway of corneal
cell death caused by alkali burn. K1-3 used
in the tested dose exerts pronounced anti-
apoptotic effects under conditions of the
developed experimental model of alkaline
corneal burn.

Apoptosis and autophagy can be stimulated
by the same stresses and may both induce cell
death in some conditions. Emerging evidence
indicates a crosstalk between apoptosis and
autophagy [37]. The results of Western blot
analysis of the level of beclin-1, an autophagy
marker [38], in the rabbit cornea damaged
by alkaline burn are shown in Fig. 4. In the
samples of control animals, this marker
protein is poorly detected that indicates the
maintenance of autophagy flux at a relatively
low basal level in healthy tissue. However,
in chemically burned cornea, the level of
beclin-1 is significantly up-regulated (31 times
compared to the control, P < 0.001).

Both tested proteins had no effects on
the basal level of the autophagy marker in
the intact eye. However, the use of either
AS or Lf as potential modulators of the
pathophysiological processes that accompany
alkaline corneal burn lead to a statistically
significant decrease in beclin-1 levels by 3.2-
and 12.9-folds, respectively, compared to
the Burn group (P < 0.05). As in the case of
apoptosis regulator level, AS K1-3 appeared
greater compared to Lf, which was taken in
equimolar amounts. Therefore, the obtained
results suggest an overactivation of the
autophagy pathway in the cornea caused
by alkaline burn, which, together with the
activation of apoptosis, may underlie the
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Fig. 4. Angiostatin K1-3 and lactoferrin alleviate beclin-1 overexpression in the alkali burned rabbit cornea
(typical result of Western blot analysis):
0 — intact control; B (burn); Lf (lactoferrin); AS (angiostatin); B+Lf (lactoferrin-treated burn injury);
B+AS (angiostatin-treated burn injury). P<0.05 is considered statistically significant difference

destructive changes in the injured eye that are
corrected by AS.

The uncovered response of the cornea to
alkali burn damage, which is manifested, in
particular, in increased production of the
pro-angiogenic factor VEGF and enhanced
apoptosis/autophagy levels, can be partially
explained by the activation of macrophages.
Although the cornea is considered an
immune-privileged structure, dendritic
cells and macrophages can migrate and
become activated in response to infectious
agent penetration or damage [39]. These
patrolling immunocompetent cells have
been shown to provide a rapid but “rough”
response, remaining in the tissue for a long
time. At the same time, cytotoxic T-cells
are transformed into long-lived memory
cells present in the cornea. An important
observation was made by the authors [40],
who showed that tissue fragments of the
cornea are capable of activating monocytes/
macrophages, inducing the recruitment of
other immunocompetent cells and causing the
release of various cytokines (CP-1, MIP-1a
and MIP-1p). It has been proven that strong
overactivation of macrophages by tissue debris
can be one of the causes of the development
of neovascularization and allograft rejection
after corneal transplantation in humans. Our
study established that the effect of AS K1-3
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on J744.2 macrophage cell line suppresses the
metabolic activity of these cells in nearly dose-
dependent manner.

Findings of histopathological examination
of the corneal tissue, which are depicted
in Fig. 5, mainly confirm the results of
molecular/cellular analysis suggesting
pronounced anti-angiogenic and pleiotropic
protective effects of the tested AS polypeptide.

Fig. 5 (panel A) shows a section of a
fragment of the protein shell (sclera) covered
by conjunctiva. The tissue architectonic of the
eye corner has a typical structure. The sclera
is built of orderly arranged plates of dense
fibrous connective tissue, between which single
fibroblast-like cells are interposed. It should
be noted that blood capillaries are found in
rare cases, microvessels are most often found
on the border of the conjunctiva and sclera. In
the conjunctiva that covers the sclera, a multi-
layered non-keratinized epithelium is clearly
visible. Beneath the epithelium layer, fibrous
connective tissue is loosely arranged, in which
amorphous substance is dominated. There is also
a small number of thin bundles of collagen fibers.
In the observed area, both resident fibroblast-
like cells and non-resident cells (lymphocytes
and plasma cells, macrophages, and single tissue
basophils) are also found in limited cases.

Histological analysis of tissue sections
from chemically burned rabbit cornea
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Fig. 5. Microphotographs
of rabbit cornea sections:
A — Control group, B — Burn group, C — Burn +
AS K1-3-treated group (hematoxylin/eosin stain-
ing, magnification x 200)

demonstrate the obvious signs of necrosis
of the inner edge of the conjunctiva and the
adjacent peripheral surface of the cornea
(Fig. 5, panel B). Fibrinous-necrotic masses
form a dense scar, which is located on the
surface of the tissue defect. Directly under
the scar, swelling and abundant inflammatory
infiltration of the underlying connective tissue
are observed. There is increased number of
cells, mainly leukocytes, in the adjacent areas
of the sclera. It has been emphasized that
there are no obvious signs of regeneration of
connective tissue. An abundant number of
thin-walled blood microvessels are present,
which are oriented towards the surface of the
wound defect. The edge of the conjunctival

epithelium is drastically thickened but it shows
no tendency for ingrowth between the necrotic
and viable tissues.

In animals with corneal burns that
received treatment in the form of angiostatin-
containing eye drops for 14 days, pronounced
regeneration of connective tissue is observed in
the area of the tissue defect (Fig. 5, panel C).
It is important to note that the wound defect
is already filled with new connective tissue.
A significant thickening of the conjunctival
lamina propria at the site of the lesion, edema,
and moderate leukocyte infiltration are seen.
In the deeper layers, a limited number of blood
vessels with larger diameter, which develop the
signs of differentiation of the wall membranes,
were detected. The basal connective tissue
of the cornea was practically preserved and
characterized by moderate cell infiltration.
Fibroblasts were present in the regenerate, as
well as leukocyte cells, and tissue basophils.
There were signs of epithelial regeneration
that were more pronounced on the side of
the conjunctiva, which grows on the newly
formed connective tissue. Thus, the results
of histological analysis and morphological
observations confirm are in parallel with
the data of immunochemical assay that
demonstrate the protective effect of AS K1-3
on corneal tissue regeneration after an alkaline
burn and restriction of burned-induced
neovascularization. It is possible that one of
the subtle mechanisms, by which tested AS is
able to modulate inflammatory processes in the
cornea after chemical damage, is a moderate
inhibitory effect on macrophages. Reduced
extent of macrophage infiltration into the
damaged tissue along with moderate decrease
of their metabolic activity might prevent
excessive production of pro-inflammatory
cytokines and extensive detrimental events
in the cornea during recovery after a burn
impact.

Conclusions

Two tested proteins, AS K1-3 and Lf, can
be used in therapeutic regimens that diminish
levels of angiogenesis-, apoptosis-, and
autophagy-related markers in the rabbit cornea
injured by alkali burn. The effectiveness of the
AS-based topical administration appeared to be
greater than that of Lf in inhibiting apoptosis
and autophagy extent. Multitargeted anti-
angiogenic and anti-inflammatory effects of
AS may contribute to safe tissue recovery and
restoration of corneal transparency.
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SAXHCHA OIS AHI'TOCTATHHY K1-3 TA JARTO®EPHHY B POI'IBIII KPOJIIB
3A YMOB IIOMIKOJAREHHA JIY AWHHUM OIIIKOM: IIOPIBHAJBHE JOCJIINKEHHSA
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ITomKomKeHHA POTIBKM ACOIiIOETHCS 3 IITOKCiA-iHAYKOBAHOIO HEOBACKYJIAPUIAIIi€l0, IKA IIOPYIIYE
OIITUYHY IPO30PiCTh POTiBKHU, 1110 MOKe IIPU3BOLUTH 10 IIOTipIIeHH 30PY Ta cainotu. Tepamid momKo KeHb
POTiBKM AK HarajJbHa MeAudYHa mpobsema moTpebye HeBigkaamuoro Bupimenud. Jlaktodepun (Lf) Ta
aHriocraTuHu (AS) € TPUPOAHNMU IPOTUIANIATHPHUIMY Ta AaHTUAHTIOTeHHUMH ITPOTeiHAMUY, AKi BigirpamoTs
Ba'KJIUBY POJIb Y HOpMaJbHOMY (DYHKI[IOHYBaHHI OKa i MOXXYTh BUKOPUCTOBYBATHUCA AK IPOTEKTOPHI
mpenapaTu IJisd JiKyBaHHA 3aXBOPIOBAHb POTiBKH.

Mema. OniruTty Ta nopiBHATH BILIUB (hparmeHTa niaasminoreny AS K1-3 ta Lf (ak pedepeHTHOTO
mpenapary) Ha piBeHb OCHOBHUX MapKepiB aHTioreHe3y, almonTo3y Ta ayTodarii B poriBIfi 3a yMOB JIy3KHOTO
omiky. SIK oKkpeMe 3aBIaHHA OYJIO0 IIOCTABJIEHO BUBUNUTU BIJINB AS Ha MeTaboIiuHy aKTUBHICTh MaKpodaris.

Mamepiaau ma memodu. ExcnepuMeHTaJIbHA MOe/b OIiIKY POTiBKM OyJjia CTBOpeHa HaHeceHHsM 1 H.
posunny NaOH Ha noBepxHI0 OKa Kpoauka. OmHa rpyma TBapyH 3 IMOITKOIMKEHOI0 POTiBKOIO OKa OTPUMYyBaJia
AS, axwuii 3acTocoByBaJ U y BUTJIAAL OUHUX Kpameab (1 MKM po3umH) mioeHHO MpoTAroM 14 nHiB micasa
TpaBMU, iHINA Ipylla OTpUMyBaJia eKBimMosnapuuit posunn Lf. PiBens nmporeiniB-mapkepiB anriorenesy
(VEGF), amonTosy (kacmasa-3) i ayrodarii (6ekiin-1) B sidaTax poriBKu BH3HAYAJIU BECTEPH-0JIOTOM.
TicTomoriunuii ananis mpoBoauau GapOyBaHHAM 3PidiB POTiBKY reMaTOKCUJIIHOM/€03MHOM 3 HACTYITHOIO
BisyaJizaiiiero 3a JomoMoroo cBiTsIoBoI Mikpockomii. Boius AS B gianasoni koumenTtpariini 10 200 M ma
aKTUBHICTh ()aroluTapHUX KJITUH OIiHIOBAJIM 3 BUKOPUCTAHHAM MaKpodariB mulmi jginii Kiaritua J744.2
3a JOIIOMOTOI0 TecTy 3 HiTpocuHiM Terpasosiem (HCT). Pesyabraru KibKicHUX BUMipIOBaHb aHAIi3yBaJIn
3a pmonomorom U-kpurepito Manua-VirHi. Pigaunga misk cepefHiMu 3HaUYeHHAMU I'DyNU BBasKaJjacd
CTATHUCTUYHO HocToBipHOIO ipu P < 0,05.

Pesyavmamu. Y TKaHWHI POTiBKHY, IOMIKOIKEHOO JIYKHUM OIIIKOM, CIIOCTepirayocs piske miABUIIeHHA
PiBHIB MapKepHHX HNPOTeiHiB, acoI[iiiOBAaHUX 3 aHTiOTeHe30M, allONTO30M i ayTodariero. 3acTtocyBaHHSI AS
a6o Lf ameHInmuio cipuunHeny omikoMm HaaMipHy ekcupecito VEGF, kacmasu-3 Ta 6exiin-1. Basxkauso
3asHaumuTH, 1Mo AS, kpim anTu-VEGF akTuBHOCTI, 6i/JbII e()eKTUBHO MPUTHiIUYE amonTos i ayTodariio
uyepes3 SHU)KEHHA PiBHA BifNOBIAHMX MapKepiB MPaKTHUUYHO A0 KOHTPOJBLHOIO PiBHA, y mopiBHAHHI 3 Lf.
Ticroximiuni mocaigskeHHA BUABUIN XapaKkTepHi o3HaKU (hiOPO3HO-HEKPOTUYHUX 3MiH y IOIIKOKEHIN
poriBimi, AKi CYIPOBOAKYBaJMCS HANJUIIKOBOIO 3amajbHOI iH@PiJbTpamieo Ta iHTEHCHUBHOIO
HeoBacKyJsgpusamieo. BHeceHHa AS 10 oka 3 OHNiKOBOI TPABMOIO POTiBKU 3HAUHO IIOKPAIIyBaJo
ricTomaToJIoTiuHiI 3MiHM, ITPO IIO CBIAUUTHL MiJficUjIeHa pereHeparid emiTesiio, 3MeHIIIeHHA HaAMipHOI
HeoBacKynApuaarii Ta ynoBinbHeHHA iH(GinbTpamnil sedikonuTiB. Ili cmocTepeskeHHA y3TroAKyIOThHCA 3
mauumu HCT-tecty, aKi cBiguaTs mpo Te, 110 AS y KoHIleHTpaIiax >50 HM momipHO mpurHiuye MeTaboiuyny
akTUBHIiCTH Makpodaris (o 30% y mopiBusHHI 3 inTakTHUMEU KaiTuHamu, P < 0,05).

Buchosrku. OTpuMaHi pe3yabTaT BKa3yIOTh Ha Te, 1110 AS MosKe cayryBaTu e(DeKTUBHUM JiKyBaJIbHUM
3aco00M [JId KOPEKIlil IIaToJIOTiYHOTO CTaHy POTiBKHU, CIPUYHHEHOTO JYKHUM OoIliKkoM. EQeKTuBHIiCTD
KOpUryBaJbHOI Aii AS € MopiBHAHO BUIIOIO 3a e()eKTU BiZIOMOro IIPOTEeKTOPHOro mmporeiny Lf.

Knwu4oei cnoea: KpUHIIIN IIJIa3MiHOTE€HY, aHTiOCTaTUH, JIAKTOMEPUH, JYKHUN ONiK, ITOIIKOMKEHHS
poriBku, maxkpodaru, VEGF, kacnasa-3, 6exiin-1.
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akTuBHicTb L. officinalis BuBYaJIM 3a AOMOMOTOI KOTE€PEHTHOT'O MOHOXPOMATHUUYHOTO Ja3epPHOro
cBiTJIa HU3BbKOI iHTEHCUBHOCTI i3 3aJJaHMMU CHEKTPAJbHUMHU Ta iHTEHCUBHUMHU XapaKTePUCTUKAMMU.
B excrieprMeHTi BUKOPUCTOBYBAJIMCS BOAHI KOJIOIAHI PO3UNHN HAHOUACTUHOK OiOTeHHUX MeTasiB, TAKUX
aK FeNPs, MgNPs i AgNPs, orpumaHni MmeTomoM 00’€MHOTO eJIEKTPOiCKPOBOTO AUCIEePTyBaHHA METAaJiB
y piguHi.

Pesyavmamu. O6pobiienns inoxkymntomy L. officinalis KomoigHuMU posuynHaMU HAHOUYACTUHOK yCix
BUKOPUCTAHUX METAJIiB OCUJIIOE picT HA 31-54% , a onpoMiHEeHHA iHOKYIIOMY rpuba Jia3epHUM CBiTJIOM Yy
cepemoBUIIi 3 HAHOYACTUHKAMU 3HMIKY€E POCTOBY aKTUBHICTD Mitiesrito Ha 14,4—-22,6% . Yci HaHOUACTUHKHT
MeTaJIiB IpUTHiuyBaau 6i0CUHTEe3 MO3aKJIITHHHUX MoJicaxapuaiB, TOAi AK 00p0o0JeHHS IMTOCiBY KOJIOIZHUMU
posunaamu FeNPs ra MgNPs cTtumyiroBaio cuHTes3 eHoIodicaxapuiiB. BogHouac onpoMiHeHHS JJa3epHUM
cBiTyiom y mpucyrHocTi AgNPs 36iabmryBano KinbkicTs enponoaicaxapunis, Ttoai Ak FeNPs ra MgNPs
Ielio mpurHiuyBaJjo ix cuHTes. O6po0eHHSA MOCIiBHOTO MaTepiajy KOJOITHUMHU PO3UMHAMU METAJiB i
JIa3epPHUM BUITPOMiHIOBAaHHAM BILIMBAJIO HAa KiJMbKicTh 3aranbHuX herHonbHUX coayK (TPC) y minemianbHi
maci. Haiipunti sHauennsa TPC 3adikcoBaHO y eTaHOJIBHUX eKCTpaKkTax Minesmianbaoi macu 3 AgNPs Ta
OIPOMiHEHUX JIa3ePHUM CBITJIOM CTaHOBJATH 97,31+3,7 Mr eKBiBajieHTa rajJloBoi KMCJIOTH Ha 1 T cyxoi
macu (mr EI'K/r). Hafinuskui sHauenua y posdunHax meranony 3 MgNPs 6e3 onpomMiHeHHsSI CTAHOBUJIN
58,12+3,2 mr 'KE/r cyxoi macu.

BucHosku. PesyabTaTu AOCHiIsKeHb AAIOTh HifCTaBW PO3TJIAAJATH HAHOYACTHUHKU OioTeHHHUX
metaniB (AgNPs, FeNPs, MgNPs) ra Hu3bKOiHTeHCUBHE Jia3epHE CBITJIO AK IMEPCIEKTUBHUNA PETYIATOD
biocuHTeTruHOI akTUBHOCTI L. officinalis y 6ioTexHoorii i1oro KyJIbTUBYBAHH.

Katouosi ciosa: nasep, MiliesIifiHa Maca, moJricaxapuan, 3arajbHi (DeHOJIbHI CIIOIYKH, aHTUOKCUAAHTHA
aKTUBHICTB.
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