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Background: It has been reported that formononetin (FMN), one of the main ingredients from
famous traditional Chinese medicine “Huang-qi” (4stragalus membranaceus [Fisch] Bunge)
for Qi-tonifying, exhibits the effects of immunomodulation and tumor growth inhibition via
antiangiogenesis. Furthermore, A. membranaceus may alleviate the retinal neovascularization
(NV) of diabetic retinopathy. However, the information of FMN on retinal NV is limited so
far. In the present study, we investigated the effects of FMN on the hypoxia-induced retinal
NV and the possible related mechanisms.

Materials and methods: The VEGF secretion model of acute retinal pigment epithelial-19
(ARPE-19) cells under chemical hypoxia was established by the exposure of cells to 150 uM
CoCl, and then cells were treated with 3-(5"-hydroxymethyl-2’-furyl)-1-benzylindazole (YC-1,a
potent HIF-1ot inhibitor, 1.0 pg/mL) or different concentrations of FMN (0.2 pg/mL, 1.0 pg/mL,
and 5.0 ug/mL). The supernatants of cells were collected 48 hours later to measure the VEGF
concentrations, following the manufacturer’s instruction. The mRNA expressions of VEGF,
HIF-1o, PHD-2, and B-actin were analyzed by quantitative reverse transcription polymerase
chain reaction, and the protein expressions of HIF-1o. and PHD-2 were determined by Western
blot analysis. Furthermore, the rats with retinopathy were treated by intraperitoneal administra-
tion of conbercept injection (1.0 mg/kg) or FMN (5.0 mg/kg and 10.0 mg/kg) in an 80% oxygen
atmosphere. The retinal avascular areas were assessed through visualization of the retinal vas-
culature by adenosine diphosphatase staining and hematoxylin and eosin staining.

Results: FMN can indeed inhibit the VEGF secretion of ARPE-19 cells under hypoxia, down-
regulate the mRNA expression of VEGFA and PHD-2, and decrease the protein expression of
VEGF, HIF-1a, and PHD-2 in vitro. Furthermore, FMN can prevent hypoxia-induced retinal
NV in vivo.

Conclusion: FMN can ameliorate retinal NV via the HIF-10/ VEGF signaling pathway, and it
may become a potential drug for the prevention and treatment of diabetic retinopathy.
Keywords: formononetin, angiogenesis, oxygen-induced retinopathy, vascular endothelial
growth factor, hypoxia-inducible factor-1

Introduction

Astragalus membranaceus (Fisch) Bunge, known as Huang-qi in Chinese or Radix
Astragali in Latin, is one of the most popular herbal medicines worldwide, and it
has been widely used as a Qi-tonifying medicine in the People’s Republic of China,
Mongolia, and Korea for a long time.'? Pharmacological studies have shown that
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A. membranaceus exhibits many beneficial effects, including
immunomodulation,® antihyperglycemic effects and
improved insulin sensitivity,*® anti-inflammation effects,*!°
antioxidant effects,'!'? antiviral effects,'*'* hepatoprotection
effects,'>!¢ antineoplastic effects, protection of cardiovascular
function,'” and so on. Meanwhile, phytochemical studies have
displayed >100 compounds from 4. membranaceus (root),
such as flavonoids, polysaccharides, saponins, sucroses,
amino acids, and phenolic acids.! Among them, formononetin
(FMN; 7-hydroxy-4’-methoxyisoflavone), a flavonoid with
neuroprotection,'® anti-inflammation, " antiviral,* antiangio-
genesis and tumor growth inhibition,* cardioprotection,?
and other pharmacological effects, has been frequently
used as the quality control marker of 4. membranaceus and
its preparations. Recently, it has been reported that some
preparations mainly composed of 4. membranaceus, such
as Huangqi injection and Keluoxin capsule, could alleviate
the retinal neovascularization (NV) of diabetic retinopathy
(DR).2** A previous study has clearly demonstrated that
FMN from A. membranaceus has an inhibitory effect on the
tumor growth via antiangiogenesis, but it is still unknown
whether FMN can inhibit hypoxia-induced retinal NV in the
pathophysiologic process of DR.

DR is a common microvascular complication of patients
with diabetes mellitus.”> Retinal NV can induce vitreous
hemorrhage and tractional retinal detachment, resulting
in visual deterioration.?® Furthermore, increased vascular
permeability leads to macular edema in patients with DR.?
Therefore, DR becomes the leading cause of blindness in
the adults. Importantly, VEGF plays a critical role in the
retinal NV of DR, which stimulates the proliferation and
migration of vascular endothelial cells and increases vascular
permeability.?® Hypoxia is one of the most potent triggers
of VEGF expression, acting on the processes of DNA tran-
scription, mRNA stabilization, and translation and release
of VEGF,” which is centrally controlled by the HIF-1a., a
transcription factor that regulates hypoxia-inducible genes,
including VEGFA, and induces an angiogenic response.*
Therefore, HIF-1o is increased to induce the expression
of VEGF under hypoxia, resulting in increased vascular
permeability and retinal NV. On the other hand, inhibition
of HIF-1o can prevent the retinal NV in the condition of
hypoxia.*'* These studies indicate that HIF-10/VEGF
signaling pathway plays the key role in the retinal NV of DR.
In the present study, we investigated the preventive effect
of FMN on retinal NV from secretion of VEGF in the acute
retinal pigment epithelial-19 (ARPE-19) cells induced by
CoCl, in vitro and NV of oxygen-induced retinopathy of a
rat model in vivo.

Materials and methods

Reagents and antibodies

Conbercept injection (Lot: 20110610B) was provided
by Chengdu Kanghong Pharmaceutical Group Co., Ltd.
(Chengdu, Sichuan, People’s Republic of China). FMN
(Lot: 20100311) was purchased from Jubang Biotechnology
Co., Ltd. (Chengdu, Sichuan, People’s Republic of China)
and dissolved in dimethyl sulfoxide (DMSO) to make a
stock solution of 10.0 mg/mL. Human VEGF enzyme-
linked immunosorbent assay (ELISA) kits (Lot: DVEO0O)
were provided by R&D Systems Inc. (Minneapolis, MN,
USA). Dulbecco’s Modified Eagle’s Medium (DMEM)/
F12 medium, fetal bovine serum (FBS), and trypsin—
ethylenediaminetetraacetic acid (EDTA) solution were
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Tetramethylethylenediamine, DMSO, adenosine
diphosphate (ADP), and ammonium sulfide were purchased
from Sigma-Aldrich Co. (St Louis, MO, USA). The 5-[1-
(phenylmethyl)-1H-indazol-3-yl]-2-furanmethanol (YC-1),
anti-HIF-1o antibody, and anti-PHD-2 antibody were
obtained from Abcam (Cambridge, MA, USA). PrimeScript
RT reagent kit with gDNA Eraser and SYBR Premix Ex Taq™
were purchased from Takara-Bio (Kusatsu, Shiga, Japan).

Cell culture

A human ARPE-19 cell line (Lot: 60279299) was purchased
from the American Type Culture Collection (Manassas, VA,
USA), and the cells were cultured in DMEM/F12 medium
with 10% FBS, 100 units/mL penicillin, and 100 pg/mL
streptomycin in an incubator at 37°C with 5% CO,. After 90%
confluence, the cells were digested by 0.25% trypsin—0.02%
EDTA for passage.

Determination of VEGF secretion by
ARPE-19 cells under chemical hypoxia

According to the previous report from the literature,?
ARPE-19 cells were seeded into 96-well plates at a density
of 8x103 cells/well. After being cultured for 24 hours, the cul-
ture medium was replaced with fresh FBS-free DMEM/F12
medium. Then, the cells were treated with 1.0 pg/mL YC-1
and different concentrations of FMN (0.2 pg/mL, 1.0 pg/mL,
and 5.0 ug/mL). The cells in the control group were treated
with the culture medium containing the same concentration of
DMSO as in the FMN solution. A total of 150 uM of CoCl,
was added to mimic hypoxic condition after 24 hours. The
cells treated with DMSO-containing medium were used as
control, and those treated with CoCl, and YC-1 as positive
controls. Conditioned medium was collected 48 hours later
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and centrifuged at 800x g for 5 minutes, and the supernatants
were transferred to vials and stored at —80°C for further
analysis. All experiments were performed in triplicate.

The concentrations of VEGF protein in the conditioned
media were measured using the human VEGF Quantikine
ELISA kits according to the manufacturer’s instruction.
Absorbance values (450 nm) were recorded in triplicate with
a microplate reader (SpectraMax M,; Molecular Devices
LLC, Sunnyvale, CA, USA). The concentrations of VEGF
were calculated from the standard curve. The sensitivity of
the VEGF kits was 5.0 pg/mL.

RNA isolation and analysis of the mRNA

expressions of VEGF, HIF- 1o, and PHD-2
ARPE-19 cells were plated at a density of 1x10° cells/well
in six-well plates, allowed to adhere overnight, and then
treated with YC-1 (1.0 pug/mL) or different concentrations of
FMN (0.2 pg/mL, 1.0 ug/mL, and 5.0 ug/mL). After being
cultured for 24 hours, the culture media were withdrawn,
and the cells were washed with cold phosphate-buffered
saline before harvest. The cell pellets were collected for
mRNA extraction after microcentrifuging at 800x g for
5 minutes at 4°C. Total RNA from the ARPE-19 cells was
isolated with the TRIzol reagent. cDNA was synthesized
with a cDNA synthesis kit according to the manufacturer’s
protocol. The relative levels of each gene mRNA transcripts
to B-actin were determined by quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR) using the SYBR
premixed system and specific primers. The primer sequences
for VEGFA, HIF-1o, PHD-2, and -actin were as follows:
homo VEGFA 5-CGA AAC CAT GAA CTT TCT GC-3’
(forward) and 5’-CCT CAG TGG GCA CAC ACT CC-3’
(reverse), homo HIF-1a 5-ACA AGT CAC CAC AGG
ACA G-3’ (forward) and 5-AGG GAG AAA ATC AAG
TCG-3 (reverse), homo PHD-2 5-AAA CCA TTG GGC
TGC TCA T-3’ (forward) and 5’-CGT ACA TAA CCC GTT
CCA TTG-3’ (reverse), and homo B-actin 5'-AGC GGG
AAA TCG TGC GTG AC-3’ (forward) and 5-AGT TTC
GTG GAT GCC ACA GGA C-3’ (reverse). qRT-PCR was
performed by Opticon 3 continuous fluorescence detector
(M1J Research, Inc., Waltham, MA, USA). The comparative
cycle of threshold fluorescence (C,) method was used, and the
relative transcript amount of the target gene was normalized
to that of B-actin using the 2-24¢ method.

Western blot analysis of the proteins

of HIF-1o and PHD-2
ARPE-19 cells were seeded at a density of 2.0x10° cells/bottle
in culture bottles, and the cells were treated with YC-1

(1.0 pg/mL) or different concentrations of FMN (0.2 pg/mL,
1.0 pug/mL, and 5.0 pg/mL). After being cultured for 24 hours,
the culture media were withdrawn and the cells were washed
with cold phosphate-buffered saline for harvest. The cell
pellets were disrupted in cell radioimmunoprecipitation
assay buffer (0.5% NP-40, 50 mM Tris-HCI, 120 mM NacCl,
1 mM EDTA, 0.1 mM Na,VO,, I mM NaF, | mM PMSF,
and 1 pug/mL leupeptin, pH 7.5), and then the lysates were
centrifuged at 12,000 rpm for 15 minutes at 4°C. The protein
concentrations were determined using the BCA method, after
an equal amount of protein (30 pg) was electrophoresed on
7.5% density of sodium dodecyl sulfate—acrylamide gels.
Following electrophoresis, the proteins were transferred
from the gel to a nitrocellulose membrane using an electron
transfer system. Nonspecific binding was blocked with 5%
skim milk in Tris-buffered saline with Tween 20 (TBST)
buffer (5 mM Tris-HCI, 136 mM NacCl, and 0.1% Tween-20,
pH 7.6) for 1 hour. The blots were incubated with antibodies
against HIF-10.(1:2,000), PHD-2 (1:1,500), or B-actin (1:300)
overnight at 4°C and were washed three times with 1x TBST.
Then, the blots were incubated for 1 hour at room temperature
with a 1:4,000 dilution of horseradish peroxidase-labeled
antirabbit or antimouse IgG and washed three times with 1x
TBST. The membranes were developed by incubation within
the ECL Western blot detection reagents. The specific pro-
tein bands (the upper band of HIF-1o: and the lower band of
PHD-2) were visualized and analyzed with a ChemiDoc image
analyzer (Bio-Rad Laboratories Inc., Hercules, CA, USA).

Rat model of oxygen-induced retinopathy
All animal experiments were performed strictly in accor-
dance with the university’s guidelines and were approved
by the Committee on Use and Care of Animals of Sichuan
University (Chengdu, Sichuan, People’s Republic of China).
Ten pregnant (1620 weeks old and body weight 300-350 g,
for oxygen-induced retinopathy [OIR] model study) Sprague
Dawley rats (SPF Grade, Certificate No SCXK2013-24) were
purchased from the Experimental Animal Centre, Sichuan
Provincial Academy of Medical Sciences in the People’s
Republic of China (Chengdu, Sichuan, People’s Republic
of China). OIR was induced in Sprague Dawley rat pups
according to a protocol as previously described.** In brief,
normalized litters of 50 Sprague-Dawley rat pups with their
nursing mothers on postnatal day (PD) 7 were placed in an
80% oxygen atmosphere for 5 days. After being returned to
normoxia condition for 5 days (on PD 12), the rat pups were
intraperitoneally administered with Conbercept injection at
1.0 mg/kg or FMN at 5.0 mg/kg and 10.0 mg/kg, and the
same volume of normal saline as control. Five days later
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(on PD 17), the rat pups were sacrificed (the pups in the
control group were bred under normoxia conditions until
PD 17), and the eyes were enucleated and fixed in fresh
4% paraformaldehyde for 2 hours. Eyecups were dissected,
and the retinal flat mounts were created and stained with
ADPase staining as described previously.*® The retinal avas-
cular areas were assessed through visualization of the retinal
vasculature using infusion of ADPase staining, examined
under fluorescent microscopy. In each whole mount, the total
areas of preretinal neovascular areas were measured using
Image-Pro Plus System and expressed as the percentage of
the respective average in relation to total retinal areas. The
retinas were also histologically examined. Serial sections
of paraffin-embedded small pieces of retina (6 mm) were
stained with hematoxylin and eosin. Images were taken
under microscopy, and endothelial nuclei extended beyond
the inner limiting membrane into the vitreous were manually
counted in a blind manner.

Statistical analysis

All the data were reported as mean + standard deviation.
Statistical significance of the data was analyzed by one-way
univariate analysis of variance for comparing data from more
than two groups. A difference at P<<0.05 was considered to
be statistically significant (marked as *). The higher signifi-
cance level was set at P<<0.01 (marked as **). The data were
analyzed among the CoCl,-treated groups as one factor and
FMN-treated groups as another factor.

Results
FMN inhibits the secretion of VEGF in the
ARPE-19 cells under hypoxia condition

FMN is an important compound in A. membranaceus for the
protection of DR, and the structure is shown in Figure 1. In
order to study the effect of FMN on VEGF secretion under
hypoxia, ELISA was applied to examine the concentrations
of VEGF in the cultured medium of the ARPE-19 cells
treated with 150 uM CoCl, alone or in combination with

N

)

Figure | Structure of 7-hydroxy-4’-methoxyisoflavone (FMN).

FMN at 0.2 ug/mL, 1.0 ug/mL, or 5.0 ug/mL. As shown
in Figure 2, the level of VEGF in the culture supernatant
was significantly increased after the cells were treated with
150 uM CoCl, compared to the non-CoCl, cells (P<<0.01).
However, YC-1 at 1.0 pg/mL and FMN at 0.2 pg/mL,
1.0 ug/mL, and 5.0 pg/mL markedly decreased the secretion
of VEGF compared to the cells treated with CoCl, under
hypoxia condition (P<<0.01). These results indicate that FMN
inhibits the secretion of VEGF in the culture supernatant of
the ARPE-19 cells.

Effects of FMN on the mRNA expressions
of VEGFA, HIF-10, and PHD-2 in the

ARPE-19 cells

The expression of VEGFA can be induced by posttran-
scriptional mechanisms directed at the VEGFA mRNA
or its relative regulator in the pathophysiological states.’
We hypothesized that FMN may be involved in the mRNA
expressions of VEGFA, HIF-1a, and PHD-2. For this purpose,
we examined the mRNA expressions of VEGFA, HIF-1¢, and
PHD-2 in the ARPE-19 cells by qRT-PCR analysis. As shown
in Figure 3A, the expression of VEGFA mRNA increased
significantly in the ARPE-19 cells treated with 150 uM CoCl,
for 24 hours (P<<0.01). FMN at 0.2-5.0 pug/mL significantly
decreased the high expression of VEGFA mRNA induced by
CoCl, (P<0.01) in a dose-dependent manner (Figure 3A),
indicating that FMN blocked the elevated expression of
VEGFA mRNA induced by hypoxia. The data in Figure 3B
show that the combination of 150 uM CoCl, with YC-1 at
1.0 pug/mL or FMN at 0.2-5.0 pg/mL did not affect the mRNA

150
125
100
75
50

25

VEGF concentrations
(fg/mL)

0
CoCl, (150 uM) ~ _ + + + + +
YC-1 (1 pgimL) - - + - - -

FMN (pg/mL) - - - 02 10 50

Figure 2 The effects of FMN on VEGF secretion in the ARPE-19 cells at 48 hours
under hypoxic condition.

Notes: The results are representative of at least three independent experiments
run in triplicate and expressed as mean * SD. **P<<0.01 vs CoCl,-treated group. The
control cells were treated with a culture medium containing 0.1% DMSO.
Abbreviations: FMN, formononetin; ARPE-19, acute retinal pigment epithelial-19;
SD, standard deviation; DMSO, dimethyl sulfoxide.
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Figure 3 The effects of FMN on the mRNA expressions of VEGFA (A), HIF-10. (B), and PHD-2 (C) in the ARPE-19 cells at 24 hours under normoxia or hypoxic condition.
Notes: The results are representative of at least three independent experiments run in triplicate and expressed as mean + SD. **P<0.01 vs CoCl,-treated cells. The control

cells were treated with a culture medium containing 0.1% DMSO.

Abbreviations: FMN, formononetin; ARPE-19, acute retinal pigment epithelial-19; SD, standard deviation; DMSO, dimethyl sulfoxide.

expression of HIF-10. compared to CoCl, alone. However, the
data in Figure 3C show that the mRNA expression of PHD-2
was increased (P<<0.01) under CoCl -induced hypoxia-
mimicking conditions and was significantly downregulated
by YC-1 (1.0 ug/mL) or FMN (0.2-5.0 ug/mL) compared to
CoCl, alone (P<<0.01). These results show that VEGF expres-
sion under hypoxia is associated with the mRNA expressions
of VEGFA and PHD-2.

Effects of FMN on the intracellular levels
of HIF-1a and PHD-2 protein in the

ARPE-19 cells

VEGFA is potently induced by hypoxia and regulated by
HIF-1ow and its degradation regulator PHD-2.>” Here, we
used the anti-HIF-10 and anti-PHD-2 antibodies to examine
the protein expressions of HIF-10. and PHD-2 in the cultured
ARPE-19 cells under hypoxia condition. Western blot analy-
sis showed that the protein expressions of HIF-1o. and PHD-2
were significantly upregulated in the ARPE-19 cells treated

with 150 uM CoCl, for 24 hours compared to the cells treated
with the medium (P<<0.01) and significantly downregulated
by YC-1 (1.0 pg/mL) or FMN (0.2-5.0 pg/mL) compared to
CoCl, alone (P<<0.01; Figure 4A and B). These results indi-
cate that the inhibition of FMN on VEGF secretion of the
ARPE-19 cells under hypoxia condition is associated with
the protein expressions of HIF-1o. and PHD-2, suggesting
a possible mechanism involved in hypoxia-induced retinal
NV and related signaling pathways.

FMN inhibits hypoxia-induced retinal NV

in vivo

After we demonstrated the inhibitory effect of FMN on
VEGF secretion of the ARPE-19 cells in vitro, next, we
investigated the preventive effect of FMN on the hypoxia-
induced retinal NV with the superficial vascular plexuses,
using ADPase staining in a rat pup model. Rat pups were
exposed to 80% oxygen from PD 7 to PD 12 to produce
retinal vaso-obliteration and then returned to room air.
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Figure 4 The effects of FMN on the protein expressions of HIF-10, (A) and PHD-2 (B) in the ARPE-19 cells at 24 hours under normoxia or hypoxic condition.
Notes: The results are representative of at least three independent experiments run in triplicate and expressed as mean + SD. *P<<0.05, **P<<0.01 vs CoCl,-treated cells.

The control cells were treated with a culture medium containing 0.1% DMSO.

Abbreviations: FMN, formononetin; ARPE-19, acute retinal pigment epithelial-19; SD, standard deviation; DMSO, dimethyl sulfoxide.

This condition made the retina relatively hypoxic, resulting
in the formation of retinal NV. On the PD 17, the preretinal
neovascular area ratio was significantly increased in the
OIR rats treated with vehicle (saline) compared to that of
the normal rats treated with vehicle (P<<0.01). However,
Conbercept (1 mg/kg) or FMN (5 mg/kg and 10 mg/kg) by
intraperitoneal injection markedly reversed the hypoxia-
induced neovascular area ration and inhibited retinal NV
(Figure 5A and B). Furthermore, Conbercept and FMN
alleviated NV, vessel tortuosity, and dilated vessels in the
OIR rats significantly (Figure 6).

In order to further confirm the inhibitory effect of FMN
on retinal NV, we counted the vascular cell nuclei extended

A

25.0
22.5
20.0
17.5
15.0
125
10.0
7.5
5.0
25
0.0
Oxygen (80%)
CBC (1 mg/kg) - - + - -
FMN (mg/kg) 10

Retinal NV area ratio (%)

- + + +

|
|
[&)]

beyond the internal limiting membrane in the retinal tissue
sections of rats, with hematoxylin and eosin stain. Nuclei
anterior to the internal limiting membrane were not found in
the retinal tissue sections of the control rats (Figure 7A), but a
lot of neovascular nuclei and vessels were found in the retinal
tissue sections of the OIR rats (Figure 7B). Interestingly, the
neovascular nuclei and vessels in the retinal tissue sections
were remarkably reduced by Conbercept (1 mg/kg) or FMN
(5 mg/kg and 10 mg/kg) treatment (Figure 7C and D).

Discussion
The present study aimed to investigate whether FMN
can prevent hypoxia-induced retinal NV, and the role of

B 100
90
80
70
60
50
40
30
20
10

0
Oxygen (80%) - + + + +
CBC (1 mg/kg) - - + - -

FMN (mg/kg) - - + 5 10

Inhibition of
retinal NV (%)

Figure 5 The effects of FMN on quantification of preretinal neovascular area ratio in the OIR rats.
Notes: (A) Retinal NV area ration. (B) Inhibition of retinal neovascular area. The results were expressed as mean + SD (n=10). *P<<0.05, *P<<0.01, compared to the OIR rats.
Abbreviations: FMN, formononetin; OIR, oxygen-induced retinopathy; NV, neovascularization; SD, standard deviation; CBC, conbercept ophthalmic injection.
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Figure 6 The effects of Conbercept and FMN on retinal NV of the OIR rats in the ADPase-stained retinal sections (40x).
Notes: Central retinal region (AI-El) and peripheral retinal region (A2—E2) of rat pups fostered under normoxia conditions (control), and OIR rats under 80% oxygen.
The rats were treated with normal saline (control), 1.0 mg/kg Conbercept, and 5.0 mg/kg or 10.0 mg/kg FMN by ip injection. Ten rats were used for each group. The red

arrowhead shows the vessel tortuosity, and dilated vessels.
Abbreviations: FMN, formononetin; NV, neovascularization; OIR, oxygen-induced retinopathy; ADP, adenosine diphosphate; ip, intraperitoneal.

Figure 7 The effects of FMN on retinal NV in H&E-stained retinal tissue sections (x400).
Notes: (A) Control group, rat pups fostered under normoxia conditions, (B) treated with normal saline (C) treated with 1.0 mg/kg Conbercept, (D) treated with 10.0 mg/kg

FMN OIR rats under 80% oxygen. The rats were treated with normal saline (control), 1.0 mg/kg Conbercept, or 10.0 mg/kg FMN by ip injection. Ten rats were used for each

group. Red arrows indicate neovascular nuclei or vessel.
Abbreviations: FMN, formononetin; NV, neovascularization; H&E, hematoxylin and eosin; OIR, oxygen-induced retinopathy; ip, intraperitoneal.
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HIF-10/VEGEF signaling pathway. We applied the VEGF
secretion model of ARPE-19 cells induced by CoCl, in vitro,
and NV rat model of oxygen-induced retinopathy in vivo. Our
results reveal that FMN can indeed inhibit VEGF secretion
ofthe ARPE-19 cells under hypoxia condition, downregulate
mRNA expressions of VEGFA and PHD-2, and decrease the
protein expressions of VEGF, HIF-1a., and PHD-2 in vitro.
Furthermore, the results also show that FMN can prevent
hypoxia-induced retinal NV in vivo. The results show that
FMN can alleviate hypoxia-induced retinal angiogenesis
through suppression of the HIF-1a/VEGF signaling path-
way (Figure 8). Therefore, our findings suggest that FMN is
effective against DR and may potentially be developed as a
natural drug for the treatment of DR. However, the pharma-
cological effects on other animal models and the associated
mechanism(s) against DR need to be further investigated.
VEGEF plays a key role in the retinal NV in the pathologi-
cal process of DR, including angiogenesis, vasculogenesis,
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endothelial cell growth, and so on. Meanwhile, retinal
pigment epithelium cells located between the photoreceptors
and choriocapillaris (capillaries forming the inner vascular
layer of the choroid) play an important role in maintaining
retinal homeostasis and VEGF production within the area of
blood—ocular barrier.’*3#* In the present study, we employed
CoCl,, a widely used chemical compound, to mimic hypoxia
condition in the cultured ARPE-19 cells to study the regula-
tion of VEGF expression. Our data revealed that exposure
of 150 mM CoCl, to the cells significantly increased mRNA
expression at 24 hours and markedly increased the VEGF
secretion at 48 hours. The different response times with
CoCl, exposure may result because the mRNA transcrip-
tion and translation and secretion of VEGF occurred at dif-
ferent times. Furthermore, our data demonstrate that FMN
can simultaneously inhibit the mRNA transcription and
protein expression of VEGF. This finding is consistent with
the previous study of antiangiogenesis on the tumor with high

Retinal

NV
( !/!. <

o

Degradation

Figure 8 FMN alleviates hypoxia-induced retinal angiogenesis through suppression of the HIF-10/VEGF signaling pathway.

Abbreviations: FMN, formononetin; NV, neovascularization.
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expression of VEGF.?! However, FMN also can contrarily
promote angiogenesis through estrogen receptor or MAPK
pathway in human pancreatic tumor cells with low expression
of VEGF.*" The possible reasons for the difference may be
due to the diverse pathophysiologic foundation with differ-
ent VEGF expression levels, or FMN as a natural selective
estrogen receptor modulator and/or ligand for the GR and
estrogen receptor (ER), to exhibit the angiogenic or antian-
giogenic effect in the different pathophysiologic states as a
bidirectionally regulative effect of A. membranaceus.*
HIF is a heterodimeric transcriptional factor that is acti-
vated and stabilized under hypoxic condition. HIF promotes
the expressions of gene products, including angiogenesis
factors (eg, VEGF and TGF-B,), erythropoiesis factors (eg,
EPO), cell survival, and proliferation factors (eg, IGF-2, ID2,
and NOS).374-46 Meanwhile, HIF-1 is composed of two sub-
units of HIF-1o and HIF-1P. HIF-10 is an oxygen-sensitive
subunit, and its expression is induced under hypoxic condi-
tions. In contrast, HIF-1 is constitutively expressed. HIF-1(3
is also known as aryl hydrocarbon nuclear translocator,
because it needs to bind with HIF-1a and AhR, facilitating
its translocation to the nucleus.’” However, HIF-1o. can be
hydroxylated by HIF PHDs (especially PHD-2) in normoxia;
the hydroxylated HIF-10o is multiubiquitinated and degraded
in the proteasome. Conversely, the mRNA expression of
PHD-2 is upregulated by hypoxia through an HIF-1a-
dependent signaling pathway.*” In addition, the PHD activity
is inhibited under low oxygen tension.*® This counter action
could explain why the expression of PHD-2 is upregulated
by CoCl, and downregulated by FMN through inhibition of
HIF-1a protein expression, as previously reported.*’ In the
present study, we found the mRNA expressions of VEGF and
PHD-2 and the protein expressions of VEGF, HIF-1q, and
PHD-2 can be induced by CoCl, under hypoxia conditions.
Meanwhile, FMN can inhibit the increase induced by CoCl,
in a dose-dependent manner. FMN inhibited the secretion of
VEGEF via the HIF-10/VEGF signaling pathway. In order
to demonstrate the inhibitory effect of FMN on retinal NV
in vivo, the rat model of oxygen-induced retinopathy was
used to investigate the pharmacological effect of FMN on
ischemic retinopathy induced by hyperoxia and followed by
returning to normoxia as the literature reported.** Increased
retinal NV was found in the OIR rats, and FMN significantly
alleviated the NV, vessel tortuosity, and dilated vessels in
the OIR rats, suggesting that FMN may be a potent inhibi-
tor of retinal NV via the HIF-10/VEGF signaling pathway.
Actually, HIF-10, undergoes quick degradation under
normoxic condition and normally has a very short half-life

(~5 minutes).*® In contrast, in hypoxic conditions, several
pathways have been shown to control HIF-1a stability and
transcriptional activity via posttransnational modifications
involving hydroxylation, acetylation, ubiquitination, and
phosphorylation reactions, including hypoxic regulation
pathway (pVHL dependent or pVHL independent),’' growth
factor signaling pathway,’> Mdm2 pathway,* Hsp90 path-
way, and so on.>* Therefore, our further investigation into the
molecular mechanisms associated with the effects of FMN on
anti-retinal NV should include the study of upstream regula-
tion, degradation of HIF-1o, and HRE transcription.

Conclusion

In the present study, we reveal that FMN plays an important
role in the inhibition of VEGF secretion, through down-
regulating the mRNA expressions of VEGFA and PHD-2
and decreasing the protein expressions of VEGF, HIF-1a,
and PHD-2 in the cultured ARPE-19 cells. Furthermore,
we also demonstrate the inhibitory effect of FMN on retinal
NV in a rat model of oxygen-induced retinopathy in vivo.
These results may provide important insights into poten-
tial discovery and development of FMN as a novel drug
for the treatment of DR clinically. However, more stud-
ies are needed to further investigate the pharmacological
effects in other animal models and the possible associated
mechanism(s) against DR.
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