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Purrose. Nattokinase (NK), an active ingredient extracted from traditional food Natto,
has been studied for prevention and treatment of cardiovascular diseases due to vari-
ous vasoprotective effects, including fibrinolytic, antihypertensive, anti-atherosclerotic,
antiplatelet, and anti-inflammatory activities. Here, we reported an antineovascular effect
of NK against experimental retinal neovascularization.

Mernops. The inhibitory effect of NK against retinal neovascularization was evaluated
using an oxygen-induced retinopathy murine model. Expressions of Nrf2/HO-1 signaling
and glial activation in the NK-treated retinae were measured. We also investigated cell
proliferation and migration of human umbilical vein endothelial cells (HUVECs) after NK
administration.

Resurts. NK treatment significantly attenuated retinal neovascularization in the OIR reti-
nae. Consistently, NK suppressed VEGF-induced cell proliferation and migration in a
concentration-dependent manner in cultured vascular endothelial cells. NK ameliorated
ischemic retinopathy partially via activating Nrf2/HO-1. In addition, NK orchestrated
reactive gliosis and promoted microglial activation toward a reparative phenotype in
ischemic retina. Treatment of NK exhibited no cell toxicity or anti-angiogenic effects in
the normal retina.

Concrusions. Our results revealed the anti-angiogenic effect of NK against retinal neovas-
cularization via modulating Nrf2/HO-1, glial activation and neuroinflammation, suggest-
ing a promising alternative treatment strategy for retinal neovascularization.

Keywords: Nattokinase, retinal neovascularization, oxygen-induced retinopathy, Nrf2,
glial activation

schemic retinopathy is the leading cause of irre-
I versible visual impairment and blindness among neonates
(retinopathy of prematurity), working age adults (diabetic
retinopathy), and the elderly (retinal vein occlusion).! The
common hallmark of these diseases is the presence of
pathological neovascularization. In past decades, target-
ing vascular endothelial growth factor (VEGF) has been
widely adopted and proven to be effective for macular
edema secondary to diabetic retinopathy and retinal vein
occlusion.? Despite being achieved in great success, VEGF-
based strategies could have drawbacks, including drug
resistance and macular ischemia/atrophy.> Compensatory
neovascularization by expression of VEGF-independent
factors after anti-VEGF therapy has been demonstrated.
In addition, reactive gliosis and neuroinflammation have
been proposed as the novel mechanisms for retinal neovas-
cularization.” Herein, exploration of new anti-angiogenic
agents is warranted, including natural products with anti-

angiogenic properties.
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Nattokinase (NK), an alkaline protease composed of 275
amino acid residues, is the most active constituent in Natto,
a traditional food made from soybean fermentation by Bacil-
lus subtilis.° NK has been developed for the prevention and
health care of cardiovascular diseases because of its potent
fibrinolytic and antithrombotic effects, as well as the profile
of oral availability and safety.” From the experimental and
clinical studies, NK has recently been shown to exert multi-
ple biological functions, including anti-atherosclerotic, anti-
hypertensive, antiplatelet, lipid-lowering, anti-inflammatory,
and neuroprotective activities.®-'? Based on the multiple
preventive pharmacologic properties of NK, we hypothe-
sized that it could possess vasoprotective effects by atten-
uating retinal neovascularization.

Recent studies have demonstrated the beneficial effects
of NK in oxidative stress injury and LPS-induced inflam-
mation,’®> which plays a critical role in the regulation
of retinal neovascularization.'* Nuclear factor-erythroid
2-related factor-2 (Nrf2), a cytoprotective transcriptional
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factor involved in the regulation of stress-induced antioxi-
dant and anti-inflammatory responses, is a target molecule in
the treatment of retinal pathological angiogenesis and hyper-
permeability.!> Exogenous activation of Nrf2 could promote
reparative angiogenesis, suggesting a potential therapeu-
tic strategy for retinal neovascularization.!® In addition, the
inflammatory mediators, such as TNF-« and IL-18, initiated
by oxidative stress could further trigger reactive oxygen
species production, leading to a vicious feedback loop.!”

In the present study, we aimed to assess the inhibitory
effect of NK against retinal neovascularization using an
oxygen-induced retinopathy (OIR) model and cultured
vascular cells. The degree of retinal neovascularization as
well as the activation of Nrf2/HO-1 pathway and glia-
mediated neuroinflammation were evaluated upon the treat-
ment of NK.

METHODS
Oxygen-Induced Retinopathy Murine Model

C57BL/6) mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. Animals were kept
in a specific pathogen-free facility. All the experiments were
conducted in accordance with the ARVO Statement for Use
of Animals in Ophthalmic and Vision Research and were
approved by the local Animal Ethic Committee of Joint Shan-
tou International Eye Center of Shantou University and The
Chinese University of Hong Kong. The OIR model was estab-
lished according to a previously described method.!® Briefly,
mouse pups and their nursing mother were exposed to 75%
oxygen using an Oxy Cycler system (BioSpherix, Inc., Parish,
NY, USA) from postnatal day 7 (P7) to P12 and then returned
to room air. Intravitreal injection of NK (AbMole BioScience,
Houston, TX, USA; 1 uM dissolved in 10% [v/v] DMSO in
PBS) or control vehicle (the same solvent) was performed at
P12 and P14 in the right eye using a 5-uL Hamilton syringe
with a 33-gauge needle (# = 6 in each group). For Nrf2
inhibition, Brusatol (Sigma-Aldrich, St. Louis, MO, USA) at a
concentration of 100 nM was injected intravitreally together
with NK at P12 and P14. For treatment with intraperitoneal
injection, NK (5 uM) or control vehicle was injected intraperi-
toneally once a day from P12 to P16. At P17, mice were euth-
anized and the eyeballs were enucleated for further investi-
gations. Mice under 6 g at P17 were excluded from further
analysis.

Immunofluorescence Assay

For retinal cryosections, eyes were enucleated and embed-
ded in optimal cutting temperature compound overnight.
Eight-um serial cryosections were prepared. The slices were
probed with primary antibodies (1:100) at 4°C overnight
followed by incubation with fluorescence-labeled secondary
antibodies (1:1,000 forl hour). For retinal wholemounts,
eyes were fixed in 4% paraformaldehyde for 30 minutes and
the retinae were carefully removed. After incubated with
primary (1:100, 4°C, overnight) and respective secondary
antibodies (1:1000 for 1 hour), and counterstained with 4'6-
diamidino-2-phenylindole (DAPI, 1:1000 for 5 minutes), the
retinae were washed extensively and flat-mounted on the
slides. The primary antibodies include Isolectin (Invitrogen,
Waltham, MA, USA), anti-Nrf2 antibody (Abcam, Cambridge,
United Kingdom), anti-HO-1 antibody (Abcam), anti-Ibal
antibody (Wako Chemicals, Osaka, Japan), anti-GFAP anti-
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body (Abcam), anti-CD86 antibody (Abcam), and anti-CD206
antibody (Santa Cruz Biotechnology, Dallas, TX, USA). The
sections and flat mounts were observed using a confocal
microscope (Carl Zeiss LSM700-ZEN 2009, Germany) or an
automated upright fluorescence camera (Leica DM4000B,
Solms, Germany). Areas of neovascularization were assessed
using Image-Pro Plus 6.0 (Media Cybernetic, Rockville, MD,
USA).

Retro-Orbital Injection of Fluorescein
Isothiocyanate-Dextran

The OIR mouse pups at P17 were anesthetized with 10%
chloral hydrate. The peri-orbital area of the right eye was
gently exposed by two fingers. Fluorescein isothiocyanate
(FITC)-dextran (50 mg/mL in 0.05 mL, molecular weight
= 2000; Sigma-Aldrich) was then injected into the mouse’s
orbital venous sinus using a 27-gauge needle with a 1 mL
syringe.' After 5 minutes, the eyeballs were enucleated. The
whole-mount retinae were carefully removed for imaging.
There were six eyes in each group. The vascular leakage
of retinal microvessels was calculated as the percentage of
leakage area to the total area.

Western Blotting Assay

Retinal and cellular protein was harvested and homoge-
nized in lysis buffer containing protease and phosphatase
inhibitor mini tablets (Thermo Fisher Scientific, Waltham,
MA, USA). The protein concentration was determined with
bicinchoninic acid protein assay. Equal amounts of protein
were loaded and Western blotting was performed as previ-
ously described. The gray intensity of proteins was measured
using Image J software (National Institutes of Health, 9000
Rockville Pike, Bethesda, MD, USA). Primary antibodies
include Anti-Nrf2 antibody (Abcam), anti-HO-1 antibody
(Abcam), anti-VEGF antibody (Abcam), anti-bFGF antibody
(Abcam), anti-IL-17 antibody (Abcam), anti-IL-6 antibody
(Abcam), anti-TNF-« antibody (Abcam), and anti-MCP-1 anti-
body (Abcam). Nuclear expression of Nrf2 was detected
using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher, No. 78833).

Hematoxylin-Eosin Staining

The eyeballs were fixed with 4% formalin overnight, embed-
ded in paraffin and cut into 3-pm vertical slices. Sections
were washed and stained with hematoxylin buffer for 10
minutess at room temperature. The sections were rinsed
with deionized water and dipped in 1% Eosin solution for
15 seconds. After being rehydrated in alcohol gradient, the
slices were washed and mounted. Histological analyses of
retinal tissues were imaged under a light microscope (Leica
DM4000B, Solms, Germany) for calculating neovascular cell
nuclei beyond the inner limiting membrane.

Tunel Assay

The eyeballs were embedded in optimal cutting temperature
compound overnight and sectioned. TUNEL staining (In Situ
Cell Death Detection Kit, Fluorescein; Roche, IN, USA) was
performed according to the manufacturer’s instructions. The
sections were photographed using a confocal microscope.
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For quantitative analysis, TUNEL" cell nuclei were counted
in six microscopic fields from six sections in each group.

Human Umbilical Vein Endothelial Cell Culture

Human umbilical vein endothelial cells (HUVECs) were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA; cat. no. CRL-1730) and cultured in tissue
culture flasks (Corning, Lowell, MA, USA) coated with 0.5
pg/cm? human fibronectin (HFN; Millipore, Billerica, MA,
USA) in complete medium (CM) consisting of Endothelial
Basal Medium (EBM-2MV, Lonza, Basel, Switzerland) supple-
mented with Single Quot Bullet Kits (Lonza) and 10% fetal
bovine serum (FBS, PAA Laboratories, Pasching, Austria).
Cells used for experiments were with five passages. EBM-
2MV supplemented with hydrocortisone and ascorbic acid,
but without serum or growth factors, was used to starve the
cells.

Tube Formation Assay

Tube formation assays were carried out as described previ-
ously.?® HUVECs were starved for 24 hours in BM, harvested
by trypsin detachment, seeded at a density of 5000 cells/well
in 24-well plates precoated with Matrigel, and were treated
with NK (1 or 2 pM) and/or Brusatol (0.1 uM) for 2 hours
before being incubated in medium supplemented with 10
ng/mL VEGF. The images were taken at fourfold magnifica-
tion using an inverted light microscope. The extent of tube
formation was quantified by counting the number of meshes
using Image]J software.

Scratch Wound Assay

The scratch wound assay was performed as described previ-
ously.! HUVECs were seeded at a density of 1 x 10° cells
per well in 6-well culture plates and incubated at 37°C in 5%
CO;, for 24 hours to create confluent monolayers. The mono-
layers were scratched using a sterile pipette tip and treated
with NK (1 or 2 pM) and/or Brusatol (0.1 uM). After 2 hours,
VEGF was added into the medium at a final concentration
of 10 ng/mL. Before and after the 18-hour NK treatment, the
cells were imaged, and cell migration was determined by the
number of cells migrating into the scratched area.

Cell Transfection

Nrf2-siRNA constructs were diluted in buffer (Lipofectamine
transfection reagent; Invitrogen Inc., Carlsbad, CA, USA)
and transfected in culture medium of HUVECs at a work-
ing concentration of 100 nM for 24 hours before NK
treatment. Phosphate buffer saline (PBS) and scrambled
siRNA were used as control. The transfection efficacy was
evaluated by western blot and found to be satisfactory
(data not shown). The sequences for Nrf2-siRNA were 5'-
CCAACCAGUUGACAGUGAACUCAUU-3'".

Statistical Analysis

All experiments were repeated three times. Data are
presented as mean =+ standard deviation (SD). Two-tailed
Student’s #-test was used to compare the differences between
the two groups, and 1-way analysis of variance (ANOVA) was
carried out to compare multiple groups with post hoc anal-
ysis. P < 0.05 was considered statistically significant.

IOVS | May 2021 | Vol.62 | No.6 | Article 25 | 3

RESULTS

NK Reduced Retinal Neovascularization in the
OIR Model

The anti-angiogenic effect of NK was evaluated using the
murine model of OIR (Fig. 1A). NK was administered
by either intravitreal injection or intraperitoneal injection.
Isolectin staining on retinal whole-mounts on P17 was
performed, which showed reduced neovascular tufts after
NK treatment, particularly in the intravitreal injection group
(Figs. 1B, 1C). Decreased avascular area was also observed,
indicating a potential role of NK in promoting reparative
angiogenesis. We also investigated retinal neovascularization
by quantifying the number of neovascular nuclei on reti-
nal sections. Consistently, the NK-treated retina presented
with significantly less neovascular cells, in which intravitreal
injection achieved better outcomes (Figs. 1D, 1E). Based on
these results, intravitreal injection was used for NK adminis-
tration in subsequent studies. We next investigated whether
NK could improve vascular hyperpermeability, a distinctive
feature of pathological angiogenesis. As shown, obvious
leakage of FITC-dextran was observed in the OIR retinae,
which could be largely attenuated after the treatment of NK
(Figs. 1G, 1H). These data provide substantial evidence for
the inhibitory effect of NK against retinal neovascularization.

NK Suppressed Neovascularization Via Activating
Nrf2/HO-1 Pathway

To explore the underlying molecular mechanism, we iden-
tified a significant increase in the expression of Nrf2 and
its downstream target hemeoxygenasel-1 (HO-1) with NK
treatment (Figs. 2A-C). Nrf2 activation was further clari-
fied with increased Nrf2 nuclear translocation (Figs. 2D-F).
Consistently, co-staining of Nrf2 and HO-1 confirmed their
upregulation in the NK-treated retinae. Of note, Nrf2 and
HO-1 were found mainly in the inner layer, where retinal
ganglion cells and vascular endothelial cells locate (Fig. 2G).
We next investigated whether NK worked through Nrf2/HO-
1 signaling by combining NK with intravitreal injection of
Brusatol, a specific inhibitor of Nrf2. As a result, Nrf2 inhi-
bition largely abolished the anti-angiogenic effect of NK.
Notably, the neovascularization tufts were found mainly in
the central and mid-peripheral area of the retina, compared
with that located in the mid-peripheral and peripheral area
in the vehicle-treated retina. However, the inhibition of Nrf2
did not affect the avascular area in the NK-treated retina
(Fig. 2H). Blockade of Nrf2 also significantly downregulated
HO-1 expression in the NK-treated retina, further suggest-
ing the involvement of Nrf2/HO-1 pathway in NK treatment
(Figs. 2I-K). These data showed that NK inhibited retinal
neovascularization, at least partially, through the activation
of the Nrf2/HO-1 pathway.

NK Regulated Reactive Gliosis and Increased
Reparative Microglia

Glial activation is the hallmark of retinal neuroinflamma-
tion. To investigate whether NK could regulate glial activa-
tion and neuroinflammation in the OIR retinae, we carried
out immunofluorescence staining on Ibal and GFAP, the
markers for microglia and astrocytes/Miller cells, respec-
tively. Of note, the activated microglia in the OIR presented
with enlarged somas and short lamellipodia, as compared
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Ficure 1. Nattokinase (NK) attenuated retinal neovascularization and vascular leakage in the oxygen-induced retinopathy (OIR) model.
(A) The protocol showing the establishment of OIR model and treatment of NK in mice. (B) Representative images of Isolectin staining on
retinal whole mounts with magnification in the region framed by white square. Neovascularization tufts (arrowbeads) and avascular area
(asterisks) were indicated in the magnified images. Scale bar: 50 um. (C, D) Neovascularization and avascular area were quantified. There
were six retinae in each group. (E) Representative images of H&E staining showing neovascular cells beyond the inner limiting membrane
(arrowbeads) in the retina. ILM, inner limiting membrane; GCL, ganglion cell layer; INL, inner nuclear layer; ONL: outer nuclear layer. Scale
bar: 50 um. (F) Neovascular cells beyond the ILM were analyzed. There were six retinae and six microscope fields per eye in each group.
(G, H) Assessment of vascular leakage using retro-orbital injection of FITC-dextran. There were six retinae and six microscope fields per
eye in each group were analyzed. Scale bar: 100 pm. L.P., intraperitoneal injection; 1.V., intravitreal injection. Data are shown as mean + SD.

*P < 0.05, *P < 0.01, **P < 0.001.

with the resting ones with small cell bodies and long
processes. Treatment of NK decreased the number of
ameboid microglia (Fig. 3A). Because microglia exhibited a
shift from an anti-inflammatory and neuroprotective pheno-
type to a pro-inflammatory and detrimental state in the
central nervous system (CNS) diseases,*? we investigated the
alteration of these microglia subsets using specific mark-
ers and found that NK treatment remarkably decreased
pro-inflammatory while increased reparative microglia (Figs.
3B, 30). In addition, enhanced GFAP immunoreactivity indi-
cates reactive gliosis in astrocytes and Miller cells. In
the OIR retinae, GFAP labeling demonstrated axial extent
through the retina and much intensity in the astrocytes along
the inner layer. NK markedly reduced GFAP immunoreactiv-
ity in astrocytes and Miiller cell processes (Fig. 3D).

The ischemia insult elicits a robust amount of pro-
angiogenic and inflammatory cytokines in the retina. We
investigated the effect of NK on production of several
cytokines. As expected, VEGF and bFGF, the two major pro-

angiogenic factors, and the pro-inflammatory factors includ-
ing IL-17, IL-6, and TNF-« cytokines, and MCP-1 chemokine,
were downregulated with NK administration (Fig. 4). Collec-
tively, these data indicated the role of NK in modulating reac-
tive gliosis and neuroinflammation in the OIR retinae.

NK Inhibited VEGF-Induced HUVEC Proliferation
and Migration Via Nrf2 Activation

The in vitro effect of NK was explored by evaluating VEGF-
induced proliferation and migration in HUVECs. Incuba-
tion of HUVECs with NK induced a significant decrease in
cell proliferation and tube formation. However, co-treatment
with NK and the Nrf2 inhibitor Brusatol largely abol-
ished this effect, indicating that NK inhibited cell prolif-
eration in part by activating Nrf2 (Fig. 5A). We next
silenced Nrf2 expression using siRNA together with NK
treatment to further confirm the involvement of Nrf2. As
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Ficure 2. Nrf2/HO-1 signaling was responsible for the anti-neovascular effect of Nattokinase (NK). (A-C) NK treatment reduced protein
expression of Nrf2 and HO-1 in the OIR retinae at P17 (n = 3). (D-F) NK-induced nuclear translocation of Nrf2 was observed by Western
blot using the NE-PERTM Nuclear and Cytoplasmic Extraction Reagents. (G) Double immunofluorescent staining showing increased intensity
of Nrf2 and HO-1 in the inner retinal layer. Scale bar: 50 pm. (H) Representative images of Isolectin staining on retinal whole mounts in the
OIR retinae. Note that Nrf2 blockade by BRU (Brusatol) diminished the anti-neovascularization effect of NK in the OIR retina. Scale bar: 1
mm. Neovascularization and avascular area in retina treated with NK and BRU were quantified. There were six retinae in each group. (I-K)
Co-administration of BRU reduced levels of Nrf2 and HO-1 in the NK-treated retinae (z = 3). Data are shown as mean £ SD. *P < 0.05, **P

< 0.01, **P < 0.001.

expected, Nrf2 deficiency promote tube formation in the NK-
treated HUVECs (Fig. 5B). Consistently, pretreatment with
NK inhibited VEGF-induced cell migration in HUVECs in a
concentration-dependent manner, whereas Nrf2 inhibition
or silencing partially reversed this process (Figs. 5C, 5D).

NK Treatment had No Visible Retinal Toxicity or
Anti-Angiogenic Effects in Normal Vessels

We administered NK intravitreally in normal mice and
assessed the toxicity and anti-angiogenic effect of NK in the
normal retina. Treatment with NK did not affect the density
and morphology of retinal microvasculature as compared
with vehicle-treated control (Figs. 6A, 6B). Injection of NK
did not induce cell death (Figs. 6C, 6D) and had no impact
on the structure and thickness in each layer of retina (Figs.

G6E-H). These results confirmed the safety of NK administra-
tion in the eye.

DISCcUSSION

Since its discovery in 1987,2> NK, the most active ingredient
of Natto, has been proved to exert multiple protective effects
on cardiovascular health. Due to potent fibrinolytic and
antithrombotic activities as well as antihypertensive, anti-
atherosclerotic, lipid-lowering, and anti-apoptotic actions,
NK is considered a promising alternative therapy in preven-
tion and treatment of cardiovascular diseases.” In addition,
Chang et al. found less apoptosis and improved viabil-
ity of vascular endothelia in the laser irradiation damage
model, suggesting a vasoprotective effect of NK.?4 In this
study, we revealed the anti-angiogenic effect of NK against
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Scale bar: 50 pm. (C) Representative images of triple immunostaining on retinal whole mounts. Treatment of NK increased the expression
of CD86 (white arrowhbeads), a marker for M1 microglia, whereas decreased the expression of CD206 (yellow arrowhbeads), a marker for M2
microglia. Scale bar: 50 pm. (D) The number of M1 microglia (ibal1t*CD86™) and M2 microglia (ibalTCD206%) was analyzed. There were
three retinae and six microscope fields per eye in each group. Data are shown as mean £ SD. *P < 0.05, **P < 0.01.



Investigative Ophthalmology & Visual Science

NK Attenuates Retinal Neovascularization

OIR

OIR

IOVS | May 2021 | Vol. 62 | No.6 | Article 25 | 7

c OIR

Vehicle NK

Vehicle

1.0 T

* %k

o
«n
o
«n

VEGF protein levels
(Fold of vehicle)
FGF protein levels
(Fold of vehicle)

1.0

0.5
*%

B

IL-17 protein levels
(Fold of vehicle)

Vehicle NK

OIR
Vehicle

Vehicle  NK

OIR F
Vehicle

Vehicle NK

OIR
Vehicle

o

1.5
w0 0
0~ v = o —
0 9 > v > 9
22 10 2210 = 210
£ g g ¢ g g
2% % °% *
1 2 5 5 * Q 5
25 05 s o 05 = 5 0.5
QL *% s g <=
-
= g = s
. 0 - 0 .
Vehicle NK Vehicle NK Vehicle NK

Ficure 4. Nattokinase (NK) reduced levels of proangiogenic factors and proinflammatory cytokines in the OIR. The relative intensity of
Western blot assay is defined as the fold change of protein levels with B-actin. NK treatment significantly reduced expressions of VEGF (A),
FGF (B), IL-17 (O), IL-6 (D), TNF-« (E), and MCP-1 (F) in the OIR retina. Six retinae from six mice in each group were used for Western blot
(2 retinae per sample and 3 independent samples). One sample from each group was loaded for two consecutive lanes. Data are shown as

mean *+ SD. *P < 0.05, *P < 0.01.

retinal neovascularization, indicating an antineovascular
effect of this natural product.

The stress-response transcription factor Nrf2 and its
downstream target HO-1 are well known for their antioxida-
tive and cytoprotective properties. In ischemic retinopathy,
Nrf2 was found highly expressed in the early period and
then depleted continually with progression of the ischemia
insults,'° indicating the breakdown of anti-ischemic defense
system. Activation of Nrf2/HO-1 axis attenuated ischemia
reperfusion injury and improved neurological function.?>2
In addition, Nrf2 was found to regulate ischemic revascular-
ization and neurovascular repair, suggesting a potential ther-
apeutic strategy for ischemic CNS diseases.'®?” Recently, the
role of Nrf2 in retinal neovascularization has been revealed
using RS9, a specific Nrf2 activator.!> These results also
suggest a strong correlation between Nrf2 and ischemic
retinopathy.

In this study, treatment of NK activated the Nrf2/HO-1
pathway in the OIR retina, whereas Nrf2 inhibition blocked
the anti-angiogenic effect of NK, implicating that NK attenu-
ated retinal neovascularization at least partially through the
Nrf2/HO-1 pathway. In addition, we noted that Nrf2 and
HO-1 mainly located in the inner retinal layer around the
neovascular tufts, which was consistent with previous study
that Nrf2 was expressed in vascular endothelial cells and

retinal ganglion cells.'® The anti-angiogenic effect of NK via
Nrf2 was further confirmed by our in vitro experiment that
inhibition of Nrf2 largely abolished the inhibitory effect of
NK on the migration, proliferation, and tube formation of
HUVECs.

The anti-inflammatory and anti-apoptotic effects of NK on
neurological diseases have also been investigated. Several
studies on animal model of Alzheimer’s disease found
improved learning and memory capability with suppression
of proinflammatory IL-6 and increase of anti-apoptotic Bcl-
2 activity.!!?® Besides, treatment with NK could reduce the
production of TNF-a and rescue neurons from apoptosis
with peripheral nerve injury.?® The concept of inflammation-
associated angiogenesis has recently been proposed and
is believed to play a critical role in ischemic retinopa-
thy.3® In this study, we investigated the anti-inflammatory
effect of NK in the OIR retinae and found consistent results
that NK decreased the levels of the critical proinflamma-
tory cytokines and chemokines, of which IL-17 has been
shown to promote ischemic retinopathy?! Of note, NK
mitigated neuroinflammation probably through modulating
glial activation. Microglia activation toward a proinflamma-
tory phenotype is considered the hallmark of retinal and
CNS neuroinflammation.?> NK switched proinflammatory
microglia into an anti-inflammatory and reparative state,



Investigative Ophthalmology & Visual Science

NK Attenuates Retinal Neovascularization

A

Vehicle

NK 1uM

B NK 2uM

IOVS | May 2021 | Vol. 62 | No.6 | Article 25 | 8

NK 2uM +BRU

40 * %k %k
k% %k

Cell proliferation/field

Vehicle NK1pM NK2uM NK2uM
+BRU

Scrambled siRNA
» -

C VEGF

25 - * %k

20 ~

15 1

10 A

Cell proliferation/field

PBS Scrambled Nrf2-siRNA
NK 2um

207 %k xx

Control Vehicle NK 1pM

VEGF + NK 2uM

NK 2uM

PBS Scrambled siRNA Nrf2-siRNA

1.5 A

1.0 1

Cell migration (area of control)

: NK 2um
Control Vehicle NK1uM NK2uM +BRU

15 x VEGF

Cell migration (area of PBS)

PBS  Scrambled Nrf2-siRNA
VEGF + NK 2uM

Ficure 5. Nattokinase (NK) inhibited proliferation and migration of human umbilical vein endothelial cells (HUVECS) in vitro. (A) Repre-
sentative images and statistical analysis of VEGF-induced tube formation in HUVECs. Note that NK treatment significantly inhibited tube
formation and that blockade of Nrf2 with BRU abolished this effect. (B) Nrf2 silencing using siRNA largely abolished the effect of NK against
HUVEC proliferation. (C) Representative images and quantitative data of wounded monolayer of HUVECs with and without treatments.
NK attenuated VEGF-induced HUVEC migration which was partially abolished by BRU. (D) Nrf2 silencing using siRNA partially promoted
migration in NK-treated HUVECs. BRU, the specific Nrf2 inhibitor Brusotal. Data are shown as mean £ SD. *P < 0.05, **P < 0.01, **P <

0.001.

implicating a potential immunoregulation function of this
natural agent.

Hyperpermeability is a distinctive feature of patholog-
ical angiogenesis, which is directly responsible for reti-
nal edema and visual loss*® In this study, treatment of
NK was able to suppress vascular leakage in the OIR.
The role of Nrf2 signaling in regulating CNS vasoperme-
ability has been proposed.>® In the retina, Nrf2 supple-
mentation increased the expression levels of tight junc-
tion proteins and pericytes!'® via defending reactive oxygen
species or inflammation,® indicating the capability of Nrf2
to protect the blood-retinal barrier. Based on these stud-
ies, we postulated that the antihyperpermeability activity
of NK is, at least in part, due to the enhancement of Nrf2
expression.

NK was also found to exert the fibrinolytic and anti-
apoptotic effects in a dose-dependent manner.3®3” Consis-
tently, our in vitro results showed NK inhibited HUVEC
proliferation and migration in a concentration-dependent
manner. However, increasing dosage does not lead to more
significant antineovascular effect in mouse models (data not
shown). In addition, treatment of NK via intravitreal injec-
tion has stronger anti-angiogenic effect than intraperitoneal
injection. The superiority of intravitreal NK delivery could
be attributed to a higher local concentration in the retina
tissue. In addition, it is noted that intravitreal injection of
NK can induce posterior vitreous detachment.’® In diabetic
retinopathy, a complete posterior vitreous detachment can
reduce proliferation and neovascularization since it removes
the “scaffolding” for new capillary growth and improves
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Figure 6. Nattokinase (NK) had no toxicity or antiangiogenic effect on the normal retina. Intravitreal injection of NK was performed at
P12 and P14 in normal mice. Retina were removed for investigation at P17. (A) Assessment of retinal vessels using retro-orbital injection of
FITC-dextran. No significant changes in vascular morphology with NK treatment were observed. Scale bar: 100 um. (B) Statistical analysis
on vascular density were shown. There were six retina and six microscope fields per eye in each group. (C) Images of retinal sections with
TUNEL assay were shown. Scale bar: 50 pm. (D) Quantitative data showing TUNEL™ apoptotic cells in the retina. There were six retinae and
six microscope fields per eye in each group. (E) A panoramic view of the whole retinal sections with H&E staining, with magnification in
the central (location 1), mid-peripheral (location 2), and peripheral (location 3) regions framed by black square. GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear layer. Scare bar: 50 pm. (F, G) The total thicknesses in different regions of retina were measured
and no significant changes were found. There were six retinae and six microscope fields per retina in each group were used for analysis.

Data are shown as mean =+ SD. ns, no significance.

retinal ischemia by allowing the exchange of oxygen-rich
aqueous fluid.** These findings provide additional evidence
for the superiority of NK administration via intravitreal injec-
tion than intraperitoneal injection. Finally, because NK can
be administered orally, it is interesting to investigate the anti-
angiogenic effect of NK through oral consumption.

One limitation of this study is that we deactivated Nrf2
signaling by using a specific inhibitor Brusatol. Although
Brusatol is a very highly efficient suppressor of Nrf2 that
functions by preventing Nrf2 from activation and migration
into the nucleus,” it can hardly bring a complete Nrf2 defi-
ciency, as compared with using gene knock-out animals.

Besides, there might be other potent signaling pathways
involved in the NK-mediated effect against retinal neovas-
cularization, although we detected levels of several pro-
angiogenic and pro-inflammatory molecules including the
HIF-1a, E-twenty six-1 (ETS-1), STAT3, AKT, and ERK1/2
signaling, which were found without significant alteration
by NK treatment (Supplementary Fig. S1). Finally, the OIR
model, although extensively used for assessment of exper-
imental neovascularization, is not a precise correlate of
human neovascular eye diseases. For instance, there is reso-
lution of neovascularization in the late phase of OIR, which
is seldom seen in human retinopathy of prematurity (ROP)
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diseases.’! In addition, studies have found glial activation
and upregulation of proinflammatory cytokines, indicating
the involvement of neuroinflammation in the OIR.*?> There-
fore, whether NK works for human neovascular diseases
needs further investigation.

In summary, this study revealed the anti-angiogenic effect
of NK against retinal neovascularization partially through
the activation of Nrf2/HO-1 pathway and the regulation of
glia-mediated neuroinflammation, suggesting its potential
value to be developed as a new pharmaceutical product for
the treatment of retinal neovascularization.
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