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Purrosk. Erianin has been reported to inhibit tumor activity by suppressing the expres-
sion of integrins. It is hypothesized that erianin can inhibit retinal neovascularization in
collagen by suppressing the expression of integrins. With an aim to test this hypothesis,
the regulation of erianin on collagen-mediated retinal angiogenesis via the Ras homolog
gene family member A (RhoA)/Rho-associated coiled-coil containing protein kinase 1
(ROCK1) signaling pathway induced by «2 and 1 integrin-collagen interactions was
investigated.

MertHoDs. The effects of erianin on human retinal vascular endothelial cells (HRVECs)
were assessed in vitro using a hypoxia model in a three-dimensional cell culture induced
by cobalt (ID) chloride (CoCl,). A hypoxia-induced retinopathy model in adult zebrafish
and zebrafish embryos was established to assess the antiangiogenic effect of erianin
with and without vitreous collagen in vivo. The expression of «¢2 and 1 integrin and
RhoA/ROCK1 pathway in HRVECs and zebrafish retinas were analyzed.

Resurrs. In vitro, collagen improved the angiogenic potential of HRVECs, including migra-
tion, adhesion, and tube formation, in a three-dimensional cell culture model. Erianin
suppressed the angiogenic processes of the CoCl,-induced hypoxia HRVEC model in a
concentration-dependent manner. In vivo, erianin reduced retinal angiogenesis in the
hypoxia-induced retinopathy model in adult and embryo zebrafish. Erianin inhibited the
expression of o2 and 1 integrin and RhoA/ROCK1 in a hypoxia-induced model in vitro
in three-dimensional cell culture and in vivo in adult zebrafish.

Concrusions. Collagen-mediated retinal angiogenesis may be regulated by erianin via the
RhoA/ROCKI1 signaling pathway induced by o2 and g1 integrin-collagen interactions.
These findings suggest that erianin has the therapeutic potential on intraocular collagen-
mediated retinal angiogenesis.

Keywords: erianin, retinal neovascularization, collagen, «2 and $1 integrin, RhoA/ROCK1
pathway

E xtracellular matrix (ECM) molecules play an important
role in angiogenesis.! Many ECM molecules, including

recognize collagens and activates the Ras homolog gene
family member A / Rho-associated coiled-coil containing

collagen, laminin, and fibronectin, have proangiogenic prop-
erties.>® Vitreous is a hydrated ECM comprised primarily
of collagens,’ including collagens II, IX, and V/XI and type
II collagen forms the main scaffold of the vitreous body
and contribute to preretinal neovascularization.® Vitreous
collagen provides a scaffold that is required for vascular
endothelial cells to form not only blood vessels but also
adhesion to specific ECM components via cell receptors,
providing critical intracellular signaling required for angio-
genic processes.’ In our previous study, key angiogenesis
processes, such as proliferation, migration, and adhesion of
retinal vascular epithelial cells, were detected in a three-
dimensional cell culture model in vitro, and «2 and 1 inte-
grin and RhoA/ROCK1 pathways appeared to be key medi-
ators in the signaling pathways that control the proangio-
genic effect of collagen in retinal angiogenesis.!’ The o281
integrin is the cell surface receptor for collagens, which can
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protein kinase 1 (RhoA/ROCK) signaling pathway, mediat-
ing cell proliferation, adhesion, migration, and a lot of cellu-
lar processes.!! However, the regulatory factors and their
molecular mechanisms remain unclear.

The present study investigated the mechanism of the
proangiogenic effects of collagen in vivo and in vitro
and explored the effects of the inhibitory factor erianin
on collagen-induced neovascularization. Erianin is the
major bibenzyl compound found in the traditional Chinese
medicine Dendrobium chrysotoxum Lindl.'> Experimental
data demonstrate that erianin has therapeutic potential to
inhibit tumor angiogenesis'>!4 and attenuate the develop-
ment of diabetic retinopathy by inhibiting retinal angiogen-
esis.”®

It was hypothesized that erianin could play an important
role in retinal neovascular disease by inhibiting collagen-
mediated integrin and RhoA/ROCK1 pathways. Therefore,
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Determination of CoCl, concentration for the cell hypoxia model. (A) Cell proliferation was tested by CCK-8 assay. The OnM

CoCl2 treated group was chosen as control. (B) The mRNA expression of VEGFA and HIF1A in HRVECs was tested after 24 hours of CoCl,
exposure. Values are expressed as the mean + SD. VEGFA, vascular endothelial growth factor A; HIF1A, hypoxia-inducible factor 1-alpha.
Normoxia group was set as the control at 100%. * Significant difference among CoCl, with various concentrations (100 pM, 150 pM, and
200 uM; paired ftest, P < 0.05). © Significant difference of CoCl, groups (100 uM, 150 pM, and 200 pM) compared with the control normoxia

group (paired #-test, P values < 0.05).

the inhibitory effect of erianin on collagen pro-angiogenesis
in vivo and in vitro and its potential mechanisms were inves-
tigated in this study. In in vitro and in vivo studies, the
hypoxic microenvironment plays a crucial role in angiogene-
sis. Although a decrease in oxygen concentration is the opti-
mal hypoxia model, the problem faced by many researchers
is access to a hypoxia chamber or a CO, incubator with regu-
lated oxygen levels, which is not possible in many labora-
tories. Several alternative models have been used to mimic
hypoxia. One of the most commonly used models is cobalt
(ID chloride (CoCly)-induced chemical hypoxia. There are
numerous reports that CoCl, is the most widely used in vari-
ous cultured cell lines and zebrafish hypoxia models.'-?2
CoCl, could induce the same hypoxia cell and zebrafish
model just as those under low-oxygen condition,?*=%> which
were utilized in this study.

MATERIALS AND METHODS
In Vitro Study

Human Retinal Vascular Endothelial Cells
Culture on Collagen. Three-dimensional collagen gels
were prepared according to Maritan et al?° by mixing
ice-cold gel solutions at a final concentration of 1 mg/mL
type I collagen (Corning, Tewksbury, MA, USA) to form
gels. HRVECs (ACBRI-181; CSC, Kirkland, WA, USA) were
cultured in 10% fetal bovine serum in Dulbecco’s modified
Eagle medium. HRVECs (10° cells/mL) were seeded on gels
or plates. All cells were incubated in a humidified incubator
at 37°C with 5% CO,.

Angiogenic Processes Evaluation - Proliferation,
Migration, Tube Formation, and Adbesion Assays.

During the cell proliferation assays, HRVECs was
incubated with Cell Counting Kit-8 (CCK-8) (Dojindo,
Kumamoto, Japan) reagent solution and the absorbance at
450 nm was measured using a microplate reader (Bio-Tek
EIx800, Bio-Tek, Winooski, VT, USA). During the migra-
tion assays, cells in the noncollagen culture were measured
using a wound-healing assay and cells in collagen cultures
were measured using the Transwell assay with the plate
coated with type I collagen. Images were captured under

an inverted microscope (Nikon, Tokyo, Japan). The migrated
area in wound healing assay and migrated cells in Transwell
assay were quantified using ImageJ 1.52a software (National
Institutes of Health [NIH], Bethesda, MD, USA). During
the tube formation assay and adhesion assays, the upper
surfaces of the 96-well plates were coated with Matrigel
(Corning, Bedford, MA, USA) in the noncollagen group and
coated with type I collagen in the collagen group. HRVECs
were seeded in 96-well plates. In the tube formation assay,
the plates were incubated for 12 hours to form capillary-
like structures. The degree of tube formation was quantified
by measuring the average branches of tubes using ImageJ
software with the Angiogenesis Analyzer plugin 16. In the
adhesion assay, HRVECs were incubated in the CO, incuba-
tor for 45 minutes. Nonadherent cells were removed, and
adherent cells were fixed and the absorbance at 570 nm was
measured using a microplate reader.

Concentration Determination of CoCl, in the
Cell Hypoxia Model. Because cobalt is capable of
mimicking hypoxia by causing inactivation of hydroxylase
enzymes and stabilization of hypoxia-inducible factor-1, we
applied CoCl, to induce hypoxia in cultured HRVECs. To
determine the reasonable concentration and exposure time
of CoCl, for inducing hypoxia in HRVECs, the cells were
treated with various concentrations of CoCl, (0, 50, 100,
150, 200, 300, 600, and 900 pM) for 24 hours and 48 hours.
The cell proliferation improved significantly in the 100 pM,
150 pM, and 200 pM concentration groups of CoCl, after
24 hours of exposure with the most obvious increase in
150 pM CoCl, (Fig. 1A). Vascular endothelial growth factor
A (VEGFA) and HIF1A were the major factors for cell prolif-
eration stimulation. The mRNA expression of VEGFA and
HIF1A in HRVECs was increased significantly in the 100 uM,
150 pM, and 200 pM CoCl, groups after 24 hours of expo-
sure with the most obvious increase in 150 pM CoCl, (see
Fig. 1B). Thus, CoCl, precultured or exposed to HRVECs at a
concentration of 150 uM for 24 hours was applied to estab-
lish a cell hypoxia model in the following study.

Effects of Erianin on Angiogenic Processes In
Vitro. In all of the above assays, HRVECs were pretreated
with 150 pm CoCl, (Sigma, St. Louis, MO, USA) for 24 hours
to mimic a hypoxic microenvironment. Erianin (Shanghai
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Figure 2. The effect of erianin on the proliferation of HRVECs. (A) Chemical structure of erianin. (B) The effect of erianin on
the proliferation of HRVECs. Data are presented as percentages relative to the untreated control (0 nM erianin; % of control). * Signif-
icant difference in erianin at various concentrations (200 nM, 500 nM, and 1000 nM) compared with the control group (paired f-test,

P values < 0.05).

yuanye Bio-Technology Co., Shanghai, China; purity, 98.0%),
molecular formula as Figure 2A, was made up in DMSO
(Solarbio, Beijing, China) as a 25 mM stock solution. HRVECs
were treated with different concentrations of erianin rang-
ing from 5 to 1000 nM for cytotoxicity assay (see Fig. 2B)
and screened for safe concentrations from 10 to 100 nM.
Erianin at concentrations of 10 to 100 nM was added and
HRVECs were analyzed by the same methods to observe the
inhibitory effect on angiogenic processes.

In Vivo Study

Zebrafish Strains and Maintenance. The Tg (flk-
GFP) zebrafish used in this study were obtained from the
Zebrafish Model Animal Facility at the Institute of Clini-
cal and Translational Research of Sun Yat-sen University.
Approximately 5 to 18 months old adult zebrafish were used
for experiments in the collagen group and maintained in
tap water at 28.5°C. Zebrafish embryos were collected at 1-
day post-fertilization (dpf) for experiments in the noncol-
lagen group. Before experimental operations, all zebrafish
were anaesthetized with 0.02% tricaine (Sigma, St. Louis,
MO, USA). This study was conducted in strict accordance
with the recommendations stated in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. The experiment protocol was approved by the Ethics
Committee of Zhongshan Ophthalmic Center, Sun Yatsen
University.

Hypoxia-Induced Retinopathy Models in
Zebrafish.

CoCly-Induced Hypoxia Retinopathy Model in Zebrafish
Embryos. To establish chemically induced hypoxia and
neovascularization, 5 mM CoCl, was used at 1 dpf to stim-
ulate abnormal embryonic retinal angiogenesis. The 5-dpf
embryos were anesthetized in 0.02% tricaine in fish water
and zebrafish embryonic eyes were isolated by intense
shaking. Eyes were mounted in a glass-bottomed imaging
dish and retinal vascular branching points and buds were
observed under a 40 x objective of a Zeiss LSM 710 confo-
cal microscope (Carl Zeiss Inc., Oberkochen, Germany).

Low Oxygen-Induced Retinopathy Model in
Adult Zebrafish. The protocol for low oxygen exposure
of adult zebrafish have been described previously.?” Briefly,
adult zebrafish were kept in water with a relative air satura-

tion of 10% for 7 days. After the zebrafish were euthanized,
the fish eyes were dissected to isolate the retina. The retina
was carefully divided evenly into four quadrants with no lost
tissue fragments. Retinal neovascularization was visualized
by a Zeiss LSM 710 confocal microscope and quantified by
Angio Tool 64 0.6a software (SAIC-Frederick Inc., Frederick,
MD, USA), as described previously.?*?” The increase in reti-
nal neovascularization under low oxygen demonstrates that
the model was established successfully.

Effects of Erianin on Angiogenesis In Vivo. The
effect of various concentrations of erianin (100, 200, 500,
and 1000 nM) on retinal angiogenesis in vivo were evaluated
in hypoxia-induced retinopathy models in zebrafish. In the
embryo model, zebrafish embryos were exposed to embryo
medium contains various concentrations (0-1000 nM)
of erianin and 5 mM CoCl, at 1 dpf. After 4 days of expo-
sure to erianin, developmental changes in embryonic retinal
vessels were observed in one randomly selected eye. In the
adult model, various concentrations (0—1000 nM) of erianin
were injected into the vitreous cavity of the left eye, and
the right eye was served as the paired control group. Retinal
specimens were observed 7 days after erianin exposure. Reti-
nal vessel branch points, numbers of sprouts, vessel diam-
eters, and total vascularization areas were assessed using
Image] software.

Expression of a2 and $1 Integrin and the
RhoA/ROCK1 Pathway In Vitro and In Vivo

To investigate the mechanism of erianin on retinal neovas-
cularization, we evaluated the gene and protein levels
of @2 and P1 integrins and the activation status of the
RhoA/ROCK1 pathway.

Real-Time PCR. RNA isolation and semiquantitative
RT-PCR were performed as described previously.?® The rela-
tive expression of target genes was normalized to S-actin,
analyzed by the 2"-AACt method and given as a ratio
compared with the control. The primer sequences used in
this study are shown in Tables 1 and 2.

Rho GTPase Pull-Down Assay. Rho activation in
cultured cells was assessed as previously described.?:*° The
cells were lysed on ice in lysis buffer. The lysates were
incubated with the glutathione S-transferase-rhotekin-Rho-
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Tasie 1. Primer Sequences of In Vitro Study

Gene Species Primer

itga2  Human Forward 5-AGACGTGCTCTTGGTAGGTG-3'
Reverse  5-GCTGACCCAAAATGCCCTCT-3'

itgbl ~ Human Forward 5-CGCGCGGAAAAGATGAATT-3'
Reverse  5'-CACAATTTGGCCCTGCTTGT-3/

rhoa Human Forward 5-CCAGAGGTGTATGTGCCCAC-3'
Reverse  5'-ACAAAGCCAACTCTACCTGCT-3

rockl Human Forward 5-GGTGGTCGGTTGGGGTATTTT-3
Reverse  5'-CTCACTTCCCTGTCAGTAAGGA-3’

mypt] Human Forward 5'-CCAGAGGTGTATGTGCCCAC-3'
Reverse  5'-ACAAAGCCAACTCTACCTGCT-3/

actbl Human Forward 5-CTCCATCCTGGCCTCGCTGT-3'
Reverse  5-GCTGTCACCTTCACCGTTCC-3/

itga2, integrin subunit alpha 2; itgb1, integrin subunit beta 1;
rboa, ras homologue gene family, member A; rock1, Rho-associated,
coiled-coil containing protein kinase 1; mypt1, Myosin phosphatase
target subunit 1; actbl, actin, beta 1.

TaBLE 2. Primer Sequences of In Vivo Study

Gene Species Primer

Zebrafish Forward 5'-CGCTTACCTCCGACTCCAACAATG-3'
Reverse 5'-CTGTTCCACTCACTCCGTTCITGC-3'
Zebrafish Forward 5'-CGCTGCTGATTATCGAGGCTGAG-3/

Reverse 5'-CTGACCACACACCAAGGCACTG-3/
Zebrafish Forward 5-AAGAGGACTACGACAGGCTGAGG-3'
Reverse 5'-GGCGTCCATTTCTCTGGGATGTTC-3/

rockl Zebrafish Forward 5-GCATTCCAAGACGACCGCTACC-3’
Reverse 5'-GCACAACCTCCGCAGTGTAGAAG-3/
myptl Zebrafish Forward 5-AAGAGGACTACGACAGGCTGAGG-3/
Reverse 5'-GGCGTCCATTTCTCTGGGATGTTC-3/

actbl Zebrafish Forward 5'-CGCTGGTGCTGGTATTGCTCTC-3'
Reverse 5'-GCCATCAGGTCACATACACGGTTG-3/

itgb1
itga2

rhoa

itga2, integrin subunit alpha 2; itgh1, integrin subunit beta 1;
rboa, ras homologue gene family, member A; rock1, Rho-associated,
coiled-coil containing protein kinase 1; mypt1, Myosin phosphatase
target subunit 1; actb1, actin, beta 1.

binding domain previously bound to glutathione-Sepharose
beads. Associated GTP-bound forms of Rho were released
with SDS-polyacrylamide (SDS-PAGE) gel electrophoresis
loading buffer and analyzed by Western blot analysis using
a monoclonal antibody against RhoA.

Western Blot Analysis. The protein extracts of the
HRVECs and zebrafish retinas were run on SDS-PAGE
gels and transferred to polyvinylidene difluoride (PVDF)
membranes, which were then incubated with primary
antibodies against «2 integrin (ab133557), B1 integrin
(ab179471), RhoA (ab86297), ROCK1 (ab134181; Abcam,
Cambridge, UK), MYPT1 (D6C1), phosphomyosin phos-
phatase targeting subunit 1 (p-MYPT1; Thr696), or B-actin
(DG6AS; Signaling Technology, Danvers, MA, USA), followed
by secondary antibody incubation. The membranes were
incubated with the corresponding secondary antibodies
(Bioworlde Technology Company, Nanjing, Jiangsu, China)
the next day.

Statistical Analysis. The data were obtained from at
least three independent experiments and are presented as
the mean = standard deviation (SD). In an in vitro study, cells
cultured under the same collagen or noncollagen conditions
were compared by paired #-test, and the cells were cultured
under different condition (between collagen and noncolla-
gen) were compared by independent sample #tests. In the
in vivo study, the paired f-test was taken in the study of adult
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zebrafish, and the independent sample #-tests were taken in
zebrafish embryos. Inhibition rate of cell proliferation and
tube formation were calculated for comparison by paired ¢-
test between hypoxic HRVECs cultured under collagen and
noncollagen conditions.

The test level was o = 0.05, with P < 0.05 considered
significant. SPSS version 25.0 (SPS Inc., Chicago, IL, USA)
was used for all statistical analyses.

REsuLTS

In Vitro: Antiangiogenic Effect of Erianin on
HRVECs

Concentration Determination of CoCl; in the
Cell Hypoxia Model. Because cobalt is capable of
mimicking hypoxia by causing inactivation of hydroxylase
enzymes and stabilization of hypoxia-inducible factor-1,
we applied CoCl, to induce hypoxia in cultured HRVECs.
To determine the reasonable concentration and expo-
sure time of CoCl, for inducing hypoxia in HRVECs,
the cells were treated with various concentrations of
CoCl, (0, 50, 100, 150, 200, 300, 600, and 900 uM) for
24 hours and 48 hours. The cell proliferation improved
significantly in the 100 pM, 150 pM, and 200 pM concen-
tration groups of CoCl, after 24 hours of exposure with the
most obvious increase in 150 uM CoCl, (see Fig. 1A). The
VEGFA and HIF1A were the major factors for cell prolif-
eration stimulation.>® The mRNA expression of VEGFA and
HIF1A in HRVECs was increased significantly in the 100 uM,
150 pM, and 200 pM CoCl, groups after 24 hours of expo-
sure with the most obvious increase in 150 pM CoCl, (see
Fig. 1B). Thus, CoCl, precultured or exposed to HRVECs at a
concentration of 150 uM for 24 hours was applied to estab-
lish a cell hypoxia model in the following study.

Effect of Erianin on Angiogenic Processes
of Hypoxic HRVECs Cytotoxicity Evaluation of
Erianin on HRVECSs. First, to determine the appropri-
ate treatment dose of erianin with no cytotoxicity, various
concentrations of erianin (0, 5, 10, 25, 50, 100, 200, 500, and
1000 nM) were applied to HRVECs for 24 hours. Erianin did
not cause cytotoxic effects on HRVECs at concentrations up
to 100 nM (see Fig. 2B). Therefore, in vitro angiogenesis
assays using HRVECs were performed at treatment concen-
trations of less than 100 nM erianin.

Inhibition of Hypoxic HRVEC Proliferation by
Erianin. The proliferation of collagen-cultured hypoxic
HRVECs was inhibited significantly more by erianin at vari-
ous concentrations (25, 50, and 100 nM) compared with the
CoCl, group without erianin treatment. Erianin exerted a
dose-dependent inhibition of cell proliferation from 10 nM
to 100 nM (Fig. 3A). The inhibition rate of hypoxic cell prolif-
eration was increased more significantly by erianin at vari-
ous concentrations (50 and 100 nM) in the collagen-cultured
groups than in the noncollagen group (see Fig. 3B).

Inhibition of Hypoxic HRVEC Migration by
Erianin. Transwell assays were used to assess the effect
of erianin on HRVEC migration in collagen culture (Fig.
4A). Wound healing assays were used to assess the effect of
erianin on HRVEC migration in noncollagen culture (see Fig.
4B). The migration of collagen- and noncollagen-cultured
hypoxic HRVECs was inhibited more significantly by erianin
at various concentrations (10, 25, 50, and 100 nM) than by
0 nM erianin. Erianin exerted a dose-dependent inhibition on
cell migration in the collagen group and noncollagen groups



Investigative Ophthalmology & Visual Science

Erianin Inhibits Retinal Angiogenesis in Collagen

a
160
140 El Normoxia
§ = 120 3 CoCly
& £ 100 3 CoCly*+10nM Erianin
=38 80 CoCl,+25nM Erianin
23 609 B3 CoCly*+50nM Erianin
[ ul
© :z EED CoCl,+100nM Erianin

Noncollagen

Collagen

Groups

IOVS | January 2022 | Vol.63 | No. 1 | Article27 | 5

120 El Noncollagen group

-

o

o
1

3 Collagen group

o ®
T 9

40+

Inhibition rate of
cell proliferation (%)

0 10 25 50 100
Erianin (nM)

Ficure 3. Effect of erianin on the proliferation of HRVECs induced by CoCl; for 24 hours. Cell proliferation was determined by CCK-8
assay. (A) HRVECs were treated with erianin at various concentrations (0-100 nM). Comparison of the inhibition rate of cell proliferation
among collagen groups and among noncollagen groups. The normoxia group without erianin treatment was set as the control at 100%.
(B) The inhibition rate of cell proliferation was compared between hypoxic HRVECs cultured under collagen and noncollagen conditions.
Hypoxic cells without erianin treatment were set as the control at 100%. * Significant difference between samples (paired #-test, P values <
0.05); * Significant difference compared with CoCl,-incubated cells without erianin treatment (paired #-test, P values < 0.05). 1 Significant
difference between collagen- and noncollagen-culture groups (independent sample f-test, P values < 0.05).

in the 10 nM to 100 nM erianin concentration groups (see
Fig. 4C).

Inhibition of Hypoxic HRVEC Tube Formation
by Erianin. Following stimulation by CoCl,, collagen-
cultured HRVECs became aligned into cords, and a tube-
like structure was formed (Fig. 5A). HRVECs seeding on the
Matrigel were used to assess the effect of erianin on tube
formation of HRVECs in the noncollagen group (see Fig.
5B). Tube formation of collagen- and noncollagen-cultured
hypoxic HRVECs was inhibited more significantly by erianin
at various concentrations (10, 25, 50, and 100 nM) than by
0 nM erianin (see Fig. 5C). Erianin exerted a dose-dependent
inhibition of cell tube formation from 10 nM to 100 nM (see
Fig. 5A, 5C). After comparing the collagen and noncollagen
groups, the inhibition rate of hypoxic cell tube formation
was inhibited more significantly by erianin exposure at vari-
ous concentrations (25, 50, and 100 nM) in the collagen
group than in the noncollagen group (see Fig. 5D).

Inhibition of Hypoxic HRVEC Adhesion by
Erianin. Adhesion of collagen-cultured hypoxic HRVECs
was inhibited more significantly by erianin exposure at vari-
ous concentrations (10, 25, 50, and 100 nM) than by 0 nM
erianin exposure. Erianin exerted a dose-dependent inhibi-
tion of cell adhesion from 10 nM to 100 nM (Fig. 6).

In Vivo: Effect of Erianin on Hypoxia-Induced
Retinal Neovascularization in Zebrafish

Low Oxygen-Induced Retinal Neovasculariza-
tion in Adult Zebrafish. The retinal capillary plexuses
of retinal arterioles and veins formed new sprouts that grew
to a high density of capillary networks over 14 days in
the low oxygen group compared with the normoxia group
(Figs. 7a-c). Quantification analysis of vascular branches,
sprouts, and vascularization areas of the total retina and high
vascularity areas of the retina after exposure to low oxygen
showed significant increase compared with the normoxia
group, suggesting that a retinal neovascularization model
was established (see Figs. 7A, 7B).

Effect of Erianin on Low Oxygen-Induced Reti-
nal Neovascularization in Adult Zebrafish. All adult
zebrafish retinas were exposed to various concentrations

of erianin (0, 100, 200, 500, and 1000 nM) for 7 days,
and retinal branch points, sprouts, thickness, and vascu-
larization areas were observed. After comparison with the
0 nM erianin concentration group, various concentrations
of erianin (100, 200, 500, and 1000 nM) showed approxi-
mately 7%, 15%, 20%, and 28% reduction in low oxygen-
induced vessel branch points of the total retina, 10%, 19%,
26%, and 32% reduction in vessel sprouts and 9%, 18%, 25%,
and 30% in vascularization areas, and 18%, 35%, 54% and
64% reduction in low oxygen-induced vessel branch points
of high vascularity areas of the retina, 10%, 19%, 26%, and
32% reduction in vessel sprouts and 8%, 17%, 36%, and
48% in vascularization areas, respectively. Meanwhile, after
comparison with the 0 nM erianin concentration group, vari-
ous concentrations of erianin (100, 200, 500, and 1000 nM)
showed approximately 7%, 5%, 8%, and 9% reduction in low
oxygen-induced vessel thickness of the total retina, and 6%,
8%, 11%, and 12% reduction in high vascularity areas of the
retina, respectively. Erianin exerted a dose-dependent inhibi-
tion on low oxygen-induced retinal vessel branches, sprouts,
and vascularization areas from 200 nM to 1000 nM in both
the total retina and high vascularity areas of the retina (Figs.
8A, 8B). However, the difference in retinal vessel thickness
between different concentrations of erianin was not statisti-
cally significant (independent sample #test, P values > 0.05).

CoCl-Induced Retinal Neovascularization in
Zebrafish Embryos. We treated embryos with 5 mM
CoCl, for 5 days to establish a model of CoCl,-induced
retinal neovascularization according to previous research.?
A confocal examination of 5 mM CoCl,-treated zebrafish
embryos at 5 dpf revealed an increased number of vascu-
lar branch points and dilated vessels compared with that in
the control group (Figs. 9A, 9B). Compared with the experi-
mental controls (0 mM CoCl,), vegfaa and vegfr2 expression
significantly increased at 5 dpf in the CoCl,-treated embryos
(see Fig. 9B). Overexpression of vegfaa and vegfr2 mRNA
was consistent with hypoxia, indicating that CoCl,-induced
hypoxia is suitable for a retinal neovascularization model in
zebrafish embryos.

Effect of Erianin on CoCl-Induced Retinal
Neovascularization in Zebrafish Embryos. All
zebrafish embryos were exposed to various concentrations
of erianin (0, 100, 200, 500, and 1000 nM) for 4 days, and
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various concentrations of 10 nM (IID), 25 nM (IV), 50 nM (V), and 100 nM (VD). (B) Cell migration of noncollagen-cultured HRVECs evaluated
by wound healing assays (100 x). (C) Comparison of the inhibition rate of cell migration among collagen groups and among noncollagen
groups. The normoxia group was set as the control at 100%. * Significant difference between samples (paired #test, P values < 0.05);
* Significant difference compared with CoCly-incubated cells without erianin treatment (paired f-test, P values < 0.05).

the retinal vessel diameter, sprouts, branch points, and erianin (100, 200, 500, and 1000 nM) showed approximately
thickness were observed (Fig. 10A). Compared with the 0 10%, 15%, 28%, and 40% reductions in CoCl,-induced retinal
nM erianin concentration group, various concentrations of vessel branch points, 18%, 24%, 32%, and 47% reductions in
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conditions. Hypoxic cells without erianin treatment were set as the controls at 100%. * Significant difference between samples (paired #test,
P values < 0.05); © Significant difference compared with CoClz-incubated cells without erianin treatment (paired #test, P values < 0.05);
1 Significant difference between collagen- and noncollagen-culture group (independent sample -test, P values < 0.05).

Normoxia

CoCl,

CoCl,+10nM Erianin
CoCl,+25nM Erianin
CoCly+50nM Erianin
CoCl,+100nM Erianin

EDBOC0N

1404
| — * *
120- —
1 #
S 5 100
-
£5 o
2 (¥}
<% 60—
8 a0+
20
0- T _—
Noncollagen
Groups

I
Collagen

Figure 6. Effect of erianin on HRVEC adhesion. Comparison of cell adhesion ability in each collagen- and noncollagen-culture groups.
The normoxia group was set as the control at 100%. * Significant difference between samples (paired t-test, P values < 0.05); © Significant
difference compared with CoCl,-incubated cells without erianin treatment (paired #-test, P values < 0.05).

vessel diameter, 14%, 28%, 35%, and 53% in vessel sprouts,
and 10%, 12%, 14%, and 18% in vessel thickness, respec-
tively. Erianin at a 1000 nM concentration exerted significant
inhibition on CoCl,-induced retinal vessel branches, vessel
sprouts, and dilated vessels compared with the 200 nM
concentration groups, whereas there was no statistically
significant difference in vessel thickness (independent
sample #-test, P values > 0.05; see Fig. 10B).

Effects of Erianin on o2 and 1 Integrins and the
RhoA/ROCK1 Pathway

Effects of Erianin on «2 and f1 Integrins In
Vitro. To determine the mechanism of erianin in collagen-
cultured hypoxic HRVECs, in an in vitro study, we evaluated
the levels of «2 and f1 integrins, receptors on collagen-
cultured HRVECs. The mRNA and protein expression of
a2 and B1 integrins in HRVECs were higher in the colla-
gen group than in the noncollagen group. Both the mRNA
and protein expression of a2 and B1 integrins in CoCl,-
stimulated HRVECs were the same as those in the normoxia
group. Compared with 0 nM erianin, various concentrations
of erianin (25, 50, and 100 nM) significantly decreased the
mRNA and protein levels of o2 and 81 integrins in hypoxic
cells in both the collagen and noncollagen groups. Erianin
dose-dependently inhibited the mRNA and protein levels of
a2 and B1 integrins from 10 nM to 100 nM (Figs. 11A, 11B).
After comparing the collagen and noncollagen groups, we
found that the inhibition ratios of mRNA and protein levels
in hypoxic cells were decreased more significantly by vari-
ous concentrations of erianin (25, 50, and 100 nM) in the
collagen groups than in the noncollagen group (see Fig.
110).

Effects of Erianin on «2 and 1 Integrins In Vivo.
In an in vivo study, we evaluated the mRNA and protein
levels of o2 and B1 integrins in the zebrafish retinas of
adults and embryos. Under normoxic conditions, the mRNA
and protein expression of «2 and f1 integrins in the retina
was higher in adult zebrafish than in zebrafish embryos.
Under hypoxic conditions, the mRNA and protein levels of

a2 and B1 integrins in the retina were the same as those
in normoxic retinas in both adult zebrafish and zebrafish
embryo. Compared with 0 nM erianin, various concentra-
tions of erianin (200, 500, and 1000 nM) significantly inhib-
ited the mRNA and protein levels of @2 and 1 integrins in
the retinas of adult and embryonic zebrafish under hypoxic
conditions. Erianin dose-dependently inhibited the mRNA
and protein levels of @2 and B1 integrins in the retinas
of adult zebrafish and zebrafish embryos at concentrations
from 100 nM to 1000 nM (Figs. 12A, 12B). After comparing
the adult and embryos groups, we found that the inhibi-
tion of itga2 and itgb1 in the adult zebrafish retina by vari-
ous concentrations of erianin (200, 500, and 1000 nM) and
the inhibition of protein levels of «2 and 1 integrins by
various concentrations of erianin (500 and 1000 nM) were
decreased more significantly under hypoxic conditions than
in zebrafish embryos (see Fig. 12C).

Effects of Erianin on the RhoA/ROCK1 Pathway
In Vitro. We also evaluated the activation status of the
RhoA/ROCK1 pathway by assessing the active GTP-RhoA,
ROCK1, and p-MYPT1. In the in vitro study, the activity of
RhoA and ROCK1 in HRVECs under normoxic conditions
were significantly increased in the collagen group compared
with the noncollagen group. The mRNA and protein levels
of RhoA, ROCK1, and MYPT1 in CoCl,-stimulated HRVECs
were the same as those in normoxia-stimulated HRVECs in
both the collagen and noncollagen groups (Figs. 13A, 13B).
There were no significant differences in RhoA, ROCK1, and
MYPT1 gene expression in hypoxic cells by various concen-
tration of erianin (see Fig. 13A). In the collagen group,
various concentrations of erianin (25, 50, and 100 nM)
significantly decreased the activity of RhoA and ROCK1
in CoCl,-stimulated HRVECs compared with 0 nM erianin.
Erianin dose-dependently inhibited the activity of RhoA
and ROCK1 from 10 nM to 100 nM (see Fig. 13B). In the
noncollagen group, erianin had no significant effect on the
activity of RhoA and ROCK1 in CoCl,-stimulated HRVECs
(see Fig. 13A).

Effects of Erianin on the RhoA/ROCK1 Pathway
In Vivo. In an in vivo study, the activity of RhoA and
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Ficure 7. Comparison of low oxygen-induced retinal neovascularization in adult zebrafish. (A) Confocal microscopic observation of
total retinal vessels in adult zebrafish. (B) Confocal microscopic observation of high vascularity areas of the retina (within the 350 um square
yellow area in panels A-I) in adult zebrafish. (C) Confocal microscopic observation of low vascularity areas of the retina (within the 350 pm
square red area in panels A-I) in adult zebrafish. (I) Fluorescence excitation; (II) Photography by Angio Tool Software. The outline of the
vasculature is shown in yellow, the skeleton representation of vasculature in red and branching points are blue; (III) comparison of vessel
branch points, sprouts, and vascular area. * Significant difference compared with the normoxia group (paired t-test, P values < 0.05).
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Ficure 8. Effect of erianin on low oxygen-induced retinal neovascularization in adult zebrafish. (A) Confocal microscopic observation
of total retinal vessels in adult zebrafish treated with erianin (200 nM and 1000 nM). (B) Confocal microscopic observation of high vascularity
areas of the retina (within the 350 um square yellow area in panels A—I) in adult zebrafish treated with erianin (200 nM and 1000 nM).
(C) Confocal microscopic observation of low vascularity areas of the retina (within the 350 pm square red area in panels A-1) in adult
zebrafish treated with erianin (200 nM and 1000 nM). (I) Fluorescence excitation; (II) Photography by Angio Tool Software. The outline of
the vasculature is shown in yellow, the skeleton representation of vasculature in red and branching points are blue; (III) Comparison of
vessel branch points, sprouts, and vascular area. * Significant difference compared with normoxia group (paired -test, P values < 0.05).
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Ficure 9. Comparison of CoCl;-induced retinal neovascularization in zebrafish embryos. (A) With fluorescence excitation, excessive
retinal vascularization was shown in 5 mM CoCl,-treated embryos compared with the untreated control at the same developmental stage.
(B) The method of counting branch points (red asterisks), vessel sprouts (white arrowbeads) within a red semicircle with a radius of
100 pm, and measuring the mean diameter of the retinal vessels proximal to the optic disc (within the yellow semicircle with a radius of
50 pm). Comparison of branch points, vessel diameter and sprouts. mRNA expression of vegfaa and vegfr2 in the retinas of zebrafish embryos.
* Significant difference compared with the normoxia group (independent sample #-test, P values < 0.05).
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Ficure 10. Effect of erianin on CoCl;-induced retinal neovascularization in zebrafish embryos. (A) Confocal microscopic observation
of retinal vessels in zebrafish embryos treated with erianin at various concentrations (0, 200, and 1000 nM). The panels show the method
for counting vessel branch points (red asterisks), sprouts (white arrowheads) within the red semicircle with a radius of 100 pm, and
measuring the mean diameter of the retinal vessels proximal to the optic disc (within the yellow semicircle with a radius of 50 um).
(B) Comparison of branch points, vessel diameter, and sprouts. * Significant difference among samples after multiple comparisons (SNK-q test,
P values < 0.05).
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Ficure 11. Effects of erianin on o2 and 1 integrins in vitro. (A) The mRNA levels of ITGA2 and ITGB1 in HRVECs exposed to normoxia,
CoCly, or erianin at various concentrations. (B) (B-I) Protein levels of 2 and 1 integrins in HRVECs exposed to normoxia, CoCly, or erianin
at various concentrations. (B-II) Quantitative analysis of @2 and $1 integrins; the results are presented as percentages of the normoxia group.
(C) (C-D The inhibition ratios of ITGA2 and ITGB1 were compared between hypoxic HRVECs cultured under collagen and noncollagen
conditions and treated with erianin at various concentrations. (C-II) The inhibition ratios of @2 and 1 integrin proteins were compared
between hypoxic HRVECs cultured under collagen and noncollagen conditions and treated with erianin at various concentrations. Hypoxic
cells without erianin treatment were set as controls at 100%. * Significant difference between samples (paired #-test, P values < 0.05);
* Comparison with the noncollagen group of CoCly-incubated cells without erianin treatment (paired #test, P values < 0.05); + Comparison
with the noncollagen group of normoxia cells without erianin treatment (independent sample /-test, P values < 0.05); $ Significant difference
between collagen and noncollagen groups (independent sample -test, P values < 0.05; ITGA2: integrin subunit alpha 2 [human]; ITGB1:

integrin subunit beta 1 [human)).
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Ficure 12. Effects of erianin on «2 and f1 integrins in vivo. (A) mRNA levels of itga2 and itgbl in adult and embryonic zebrafish
retinas exposed to normoxia, hypoxia, or erianin at various concentrations. (B) (B-I) Protein levels of «2 and f1 integrins in the retinas
of adult and embryonic zebrafish under normoxia, hypoxia, or erianin at various concentrations. (B-II) Quantitative analysis of @2 and $1
integrins; the results are presented as percentages of the normoxia group. (C) (C-I) The inhibition ratios of ifga2 and itgb1 were compared
between low-oxygen induced adult zebrafish and CoClz-induced zebrafish embryos. (C-II) The inhibition ratios of @2 and f1 integrin
proteins were compared between hypoxia-induced adult zebrafish and CoCl,-induced zebrafish embryos and treated with erianin at various
concentrations. Low-oxygen induced adult zebrafish and CoCl,-induced zebrafish embryos without erianin treatment were set as controls
at 100%. * Significant difference (P values < 0.05) between samples in the adult zebrafish (paired #-test) in A, in the zebrafish embryos

(independent sample ftest) in B, and between adult zebrafish and zebrafish embryos (independent sample #-test) in C); *

Comparison with

adult zebrafish induced by low oxygen without erianin treatment (paired #-test, P values < 0.05) or with zebrafish embryos induced by CoCl,
without erianin treatment (independent sample f-test, P values < 0.05); ¥ Comparison with normoxia zebrafish embryos without erianin
treatment (independent sample -test, P values < 0.05); (itga2: integrin subunit alpha 2 [zebrafish]; izgb1: integrin subunit beta 1 [zebrafish]).
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Ficure 13. Effects of erianin on the RhoA/ROCK1 pathway in vitro. (A) The mRNA levels of RHOA, ROCK1, and MYPT1 in HRVECs
exposed to normoxia, CoCly, or erianin at various concentrations. (B) (B-I) Protein levels of GTP-RhoA, ROCK1, and p-MYPT1 in HRVECs
exposed to normoxia, CoCl,, or erianin at various concentrations. (B-II) Quantitative analysis of GTP-RhoA, ROCK1, and p-MYPT1; the
results are presented as percentages of the normoxia group. * Significant difference between samples (paired #-test, P values < 0.05);
* Comparison with the collagen group of CoCl,-incubated cells without erianin treatment (paired #-test, P values < 0.05); + Comparison with
noncollagen group of normoxia cells without erianin treatment (independent sample #-test, P values < 0.05).
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Ficure 14. Effects of erianin on the RhoA/ROCK1 pathway in vivo. (A) The mRNA levels of rhoa, rock1l, and mypt1 in adult and
embryonic zebrafish retinas exposed to normoxia, hypoxia, or erianin at various concentrations. B (B-I) Protein expression of GTP-
RhoA, ROCK1, and p-MYPT1 in adult and embryonic zebrafish retinas under normoxia, hypoxia, or erianin at various concentrations.
(B-II) Quantitative analysis of GTP-RhoA, ROCK1, and p-MYPT1 in adult and embryonic zebrafish retinas. The results are presented as
percentages of the normoxia group. * Significant difference between samples in the adult zebrafish (paired #-test, P values < 0.05) and in the

zebrafish embryos (independent sample #-test, P values < 0.05); *

Comparison with adult zebrafish induced by low-oxygen without erianin

treatment (paired #-test, P values < 0.05) or with zebrafish embryos induced by CoCl, without erianin treatment (independent sample -test,
P values < 0.05); + Comparison with normoxic zebrafish embryos without erianin treatment (independent sample #-test, P values < 0.05).

ROCK1 in the retina were higher in adult zebrafish than
in zebrafish embryos under normoxic conditions. Under
hypoxic conditions, the mRNA and protein levels of RhoA,
ROCK1, and MYPT1 in the retinas of adult zebrafish and
zebrafish embryos were the same as those in normoxic reti-
nas (Figs. 14A, 14B). There was no significant difference in
RhoA, ROCK1, and MYPT1 gene expression in the hypoxic
retina by various concentration of erianin (see Fig. 14A).

Compared with 0 nM erianin, various concentrations of
erianin (100, 200, 500, and 1000 nM) significantly decreased
the activity of RhoA and ROCK1 in the low oxygen-induced
retinas of adult zebrafish. Erianin dose-dependently inhib-
ited the activity of RhoA and ROCK1 from 100 nM to 1000
nM. In CoCly-induced zebrafish embryos, erianin had no
significant effect on the activity of RhoA and ROCK1 in reti-
nas (see Fig. 14B).
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DISCUSSION

Previous studies have shown that erianin has anticancer
activity’*>3* and inhibited angiogenesis in vivo and in
vitro.!># Erianin also inhibited high glucose-induced reti-
nal angiogenesis by blocking the ERK1/2-regulated HIF-
1a-VEGF/VEGFR2 pathway.!> Although anti-VEGF therapy
has become the standard treatment for retinal neovascular-
ization, many patients do not respond adequately to this
therapy. Therefore, developing agents that inhibit retinal
neovascularization through different pathways will hope-
fully provide a promising therapeutic strategy. The vitreous
plays an important role in pathological retinal angiogene-
sis.353% In this research, we used cell models in vitro and
zebrafish models in vivo to mimic neovascularization, and
observed the effects of erianin on retinal neovascularization
in collagen in both in vitro and in vivo.

In the present study, the concentration-dependent effects
of erianin on hypoxic cells but had no significant inhibitory
effect on normoxic cells, which may be because the cellular
target receptor of erianin was not activated in the normoxic
environment. In the hypoxic cell model, erianin signifi-
cantly inhibited cell proliferation, migration, tube formation,
and adhesion in a concentration-dependent manner, and
the inhibitory effect of cell proliferation and tube forma-
tion was more evident in the collagen group. Comparison
of the effects of erianin in cell migration and cell adhe-
sion assays could not be performed due to the inconsis-
tent environments of adherent cultures and 3D collagen
cultures, which will be further investigated in a subsequent
study. This finding suggested that erianin selectively inhibits
collagen-mediated neovascularization, likely because erianin
only interferes with the interaction between collagen and
cells. Consequently, the inhibitory effect of erianin was not
fully functional in the environment without collagen. These
results demonstrate that erianin plays a crucial inhibitory
role in the proangiogenic effects on collagen.

A model of hypoxia-induced retinal neovascularization
in zebrafish was used to assess the inhibitory effect of
erianin on retinal neovascularization in vivo. Because there
was no vitreal space in embryonic zebrafish,*® they were
used as an in vivo neovascularization model for the low
collagen environment in this study. Our study success-
fully established a CoCl,-induced retinal neovascularization
model in zebrafish embryos by exposing zebrafish embryos
to CoCl, based on previous studies.?? In addition, a previous
study successfully induced retinal hypoxia by intraocular
injection of CoCl, into adult zebrafish vitreous.’” However,
because multiple intraocular injections increase the risk
of complications and repeated anesthesia can also reduce
the survival rate of zebrafish in this method. We therefore
chose to construct a hypoxic zebrafish retinal model by
reducing the oxygen content in the water based on previ-
ous studies.”” This model has been applied in a variety of
fields, such as oncology,*® cardiovascular, and ophthalmol-
ogy,*4! and has been successfully used to screen for small
molecule antiangiogenic compounds.? Our study demon-
strated that erianin inhibited retinal neovascularization in
a concentration-dependent manner in both adult zebrafish
and zebrafish embryos models. However, there was no
statistical difference in the thickness of the zebrafish reti-
nal vessels. Thus, further studies with expanded samples
size should be done to address this issue. To explore
the mechanism by which erianin inhibition of collagen
promotes neovascularization, this study revealed significant
increase in the protein and mRNA levels of «2 and fS1
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integrins. «281 integrin was identified as an ECM receptor
for collagens.”® Collagen signals into endothelial cells via
integrins and activates cells. Intracellular responses include
increased RhoA/ROCK1 signaling activity.?>444 RhoA binds
ROCK, which leading to the phosphorylation of MYPT1
and the increase of actomyosin contractility.*>%” The Rho
family of small GTPases play pivotal roles in the control of
cytoskeletal rearrangements, cell-matrix adhesions, and cell-
cell junctions in endothelial cells, thereby regulating vascu-
lar formation and permeability.#$44 The present study
shows that erianin inhibits the transcription and transla-
tion of collagen-activated o2 and B1 integrins. However, in
vitro assays showed that erianin inhibited collagen-activated
RhoA/ROCK1 pathway activity only in the collagen group.
In vivo experiments in zebrafish also showed that the
inhibitory effect of erianin on RhoA/ROCK1 pathway activ-
ity was more evident in adult zebrafish eyes containing
more vitreous collagen than in embryonic zebrafish eyes.
It suggests that erianin may have an effect on the intracellu-
lar transactivation pathway via inhibition of the expression
of collagen-bound integrins.

In the present study, the inhibitory effect of erianin on
retinal vasculature in vitreous-containing zebrafish was more
pronounced than in vitreous-free zebrafish, suggesting that
erianin inhibits neovascularization more significantly in the
presence of collagen than in the absence of collagen. This
suggests that the inhibition of intraocular neovasculariza-
tion by erianin may be related to the collagen. The mech-
anism of collagen interference has not been further elab-
orated in this study, which is subject to further research.
In this paper, we analyzed the unique receptor for collagen
in the vascular endothelial cell membrane, “integrin,” and
the downstream signaling pathway after integrin activation.
The results showed that erianin significantly inhibited inte-
grins and downstream signaling pathways. Because integrins
are the only receptors that bind collagen, the inhibition of
neovascularization in the collagen environment by erianin is
evident.

In summary, our data provide compelling evidence that
erianin is an important regulator of pathological angio-
genesis in both in vitro hypoxia-induced cell models and
in vivo hypoxia-induced retinal neovascularization models
by inhibiting collagen binding to @2 and S1 integrins and
suppressing the intracellular RhoA/ROCK1 signaling path-
way. These findings suggest that erianin has therapeutic
potential for intraocular collagen-mediated retinal angiogen-
esis, which remains to be further analyzed in animal disease
models and clinical applications.
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