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BACKGROUND AND PURPOSE

Hypoxia-mediated neovascularization plays an important role in age-related macular degeneration (AMD). There are few
animal models or effective treatments for AMD. Here, we investigated the effects of the flavonoid silibinin on hypoxia-induced
angiogenesis in a rat AMD model.

EXPERIMENTAL APPROACH

Retinal pigmented epithelial (RPE) cells were subjected to hypoxia in vitro and the effects of silibinin on activation of key
hypoxia-induced pathways were examined by elucidating the hypoxia-inducible factor-1 alpha (HIF-10) protein level by
Western blot. A rat model of AMD was developed by intravitreal injection of VEGF in Brown Norway rats, with or without
concomitant exposure of animals to hypoxia. Animals were treated with oral silibinin starting at day 7 post-VEGF injection and
AMD changes were followed by fluorescein angiography on days 14 and 28 post-injection.

KEY RESULTS

Silibinin pretreatment of RPE cells increased proline hydroxylase-2 expression, inhibited HIF-10 subunit accumulation, and
inhibited VEGF secretion. Silibinin-induced HIF-1a. and VEGF down-regulation required suppression of hypoxia-induced
phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin (mTOR) pathway. In the rat model of AMD, silibinin
administration prevented VEGF- and VEGF plus hypoxia-induced retinal oedema and neovascularization.

CONCLUSION AND IMPLICATIONS
The effects of silibinin, both in vitro and in vivo, support its potential as a therapeutic for the prevention of neovascular AMD.

Abbreviations

AMD, age-related macular degeneration; ARNT, aryl hydrocarbon receptor nuclear translocator; HIF-1o,
hypoxia-inducible factor-1a; HRE, hypoxia-response element; mTOR, mammalian target of rapamycin; p70S6K,
ribosomal protein S6 kinase; PHD, proline hydroxylase; RPE cell, retinal pigment epithelial cell; VHL, von
Hippel-Lindau protein

Introduction 17.5% in people aged >75 years (Klein et al., 2007). AMD

patients experience reduced quality of life resulting from the
Age-related macular degeneration (AMD) is a chronic and irreversible retinal degeneration and blindness (Klein et al.,
multifactorial disease of the elderly, with an incidence of 2011). Unfortunately, effective treatments remain scarce.
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Photodynamic therapy is an invasive method and has a
number of systemic adverse side effects (Mozaffarieh et al.,
2009). AMD pathogenesis occurs in four major steps; lipofus-
cinogenesis, drusogenesis, inflammation and neovasculariza-
tion. In the dry form of AMD, drusen accumulates in the
retinal pigment epithelium (RPE) and leads to atrophy of the
epithelial layer. Over time, some patients with dry form AMD
develop the wet form of the disease (neovascular AMD),
which is characterized by abnormal retinal or choroidal ang-
iogenesis (Bird, 2010).

Recent studies indicate that degeneration of retinal blood
vessels in the elderly results in oxygen deprivation; thus,
hypoxia-mediated signalling may play a critical role in AMD
progression (Arjamaa et al., 2009). Hypoxic conditions are
associated with rapid accumulation of the transcription
factor hypoxia-inducible factor-1o. (HIF-1at) and induction of
hypoxia-inducible genes that participate in hematopoiesis
(e.g. erythropoietin), glucose metabolism (e.g. glucose trans-
porter 1), angiogenesis (e.g. VEGF), cell proliferation and
apoptosis (DeClerck and Elble, 2010). Inactivation of HIF-1 is
associated with defects in embryonic vascularization. HIFs are
heterodimers composed of an O,-dependent o subunit and a
constitutively expressed B subunit, the aryl hydrocarbon
receptor nuclear translocator (ARNT). In essentially all cell
types examined, HIF-1o subunits undergo oxygen-dependent
hydroxylation on specific proline residues (catalysed by
proline hydroxylase) and is then recognized by the von
Hippel-Lindau E3 ubiquitin ligase (VHL) and targeted for
proteasomal degradation. In low-oxygen conditions, the
non-hydroxylated form of the HIF-1a subunit escapes degra-
dation and binds to the constitutively expressed HIF-13 ARNT
subunit through the PER-ARNT-SIM and helic-loop-helix
domains. The HIF-10/B heterodimers then bind to hypoxia-
response elements (HREs) in the promoter regions of target
genes, activating their transcription (Mole et al., 2009).

Accumulation of HIF-lo protein is induced by both
cytokines and hypoxia and has been shown to involve the
PI3K/Akt/mammalian target of rapamycin (mTOR) signalling
pathway (Garcia-Maceira and Mateo, 2009). mTOR, a
member of the PI3K-related kinase superfamily, appears to
play a central role in signalling induced by depletion of
oxygen, nutrients and energy. mTOR activation increases
mRNA translation by activating the ribosomal protein S6
kinase (p70S6K), eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1) and eukaryotic elongation factor 2 kinase.
RPE-associated neovascularization in dry form AMD is known
to be strongly associated with hypoxia (Salminen et al.,
2010). RPE damage stimulates the secretion of angiogenic
factors through HIF-1lo-dependent and -independent path-
ways (Kernt et al., 2010). VEGF is a critical angiogenic factor
and has been implicated in the development of several oph-
thalmic diseases in humans such as retinopathy of prematu-
rity, diabetic retinopathy, and AMD (Abu El-Asrar et al., 2011;
Gonzalez Viejo et al., 2011), as well as in retinal neovasculari-
zation models in rats (Caldwell et al., 2005; Skondra et al.,
2008; Sawada et al., 2010). It is likely that induced neovascu-
larization triggers haemorrhage and oedema in the local
macula, worsening the condition.

Silibinin is a bioactive polyphenolic flavonoid isolated
from milk thistle (Silybum marianum) and has been used as a
traditional medicine, especially for protection of liver func-
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tion (Mayer et al., 2005; Beinhardt et al., 2011). In cancer
models, silibinin treatment not only reduces free radical gen-
eration, but also inhibits endothelial and tumour cell prolif-
eration, and thus shows anti-cancer and anti-angiogenic
therapeutic potential (Zi and Agarwal, 1999; Varghese et al.,
2005; Singh et al., 2008). In this study, we investigated the
anti-neovascularization effects of silibinin in a Brown Norway
(BN) rat model of AMD induced by intravitreal injection of
VEGF, or VEGF injection followed by long-term exposure of
animals to hypoxia. The molecular mechanisms of action
of silibinin were studied in vitro using cultured RPE cells. We
show that silibinin inhibits hypoxia-induced PI-3 K/Akt/
mTOR/p70S6K signalling and reduces VEGF secretion in vitro,
and rescues VEGF-mediated retinal neovascularization in vivo.

Methods

Chemicals

SP600125, LY294002, PD98059 and rapamycin were obtained
from Calbiochem (San Diego, CA, USA). Silibinin, sodium
fluorescein and all other chemicals used in this study were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture and hypoxia treatment

Human RPE cells were obtained from American Type Culture
Collection (Manassas, VA, USA). RPE cells were maintained in
DMEM medium supplemented with 10% heat-inactivated
FBS and were cultured in a humidified atmosphere of 5% CO,
at 37°C. For analysis of signalling pathways, RPE cells were
preincubated with the appropriate inhibitors and/or silibinin
for 30 min, and then conditioned in a hypoxia chamber with
95% N, and 5% CO, at 37°C (Anaerobic System ProOx model
110; BioSpherix, Lacona, NY, USA) for the indicated times.

Cell viability determination

Cell viability was assessed by the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
(Carmichael et al., 1987). RPE cells were treated with different
concentrations of silibinin for 24 h. After incubation,
50 uL-well MTT (0.5 mg mL™") was added and cells were
incubated at 37°C for an additional 2 h. Finally, the medium
was gently removed and the formazan product was dissolved
in 100 uL dimethylsulfoxide. Absorption was measured at
570 nm using an ELISA plate reader (MRX-TC; Dynex Tech-
nology, Chantilly, VA, USA). The readings were corrected for
background absorbance by subtracting the readings of a
blank treatment. The data presented are from at least three
independent assays.

Immunofluorescence

RPE cells were fixed with 4% paraformaldehyde in PBS for
30 min and stained for LC3A antibody (Cell Signaling,
Beverly, MA, USA) and for nuclei with hoechst 33258 (Stein-
heim, Germany). Then the fluorescent changes were observed
by Carl Zeiss Axio Imager al (Gottingen, Germany).

Western blot analysis
After incubation with silibinin, cells (seeded in 60-mm
dishes) were washed twice with ice-cold PBS and lysed in RIPA
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lysis buffer [SO0 mM Tris-HCI (pH 7.4), 1% Nonidet P-40,
150 mM NaCl, 1 mM EGTA, 1 mM NaF, 1 mM Na;VO, and
protease inhibitor cocktail]. The whole-cell lysate was pre-
pared by 14 000x g centrifugation, and the supernatant
was collected. Protein concentration was determined using
Braford reagent (Bio-Rad, Hercules, CA, USA). Aliquots
of whole lysates were mixed with 4 xsample loading
buffer (250 mM Tris-HCI, 8% SDS, 40% glycerin, B-
mercaptoethanol, 0.5% bromophenol blue, pH 6.8), and
separated by reducing 10% SDS-PAGE and electrotransferred
onto PVDF membranes according to the manufacturer’s pro-
cedures (PerkinElmer Life Sciences, Boston, MA, USA). The
PVDF membrane was blocked in nonfat milk and incubated
in TBST with antibodies specific to phospho-Akt, Akt,
phospho-JNK, JNK and VEGF (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); Becilin-1, Atg-7, phosphor-p38, p38,
phospho-mTOR, mTOR and phospho-p70S6 kinase (Cell Sig-
naling); HIF-1oo (BD Transduction, Erembodegem, Belgium);
and B-actin (Sigma-Aldrich). For chemiluminescent detec-
tion, blots were incubated with HRP-conjugated secondary
antibodies (1:5000 in TBST; Cayman Chemical, Ann Arbor,
MI, USA) for 2 h at room temperature, followed by chemilu-
minescent HRP substrate detection according to the manu-
facturer’s protocol (Millipore Corporation, Billerica, MA,
USA).

Immunoprecipitation

Total cell lysates (1 mg protein mL™ for each sample) were
precleared by incubating for 2 h at 4°C with 20 pL of protein
A magnetic beads (Millipore). Supernatants were collected,
1 ug mL™ polyclonal rabbit anti-VHL antibody (Genetex Inc.,
Irvine, CA, USA) was added, and the samples were rotated
overnight at 4°C. Protein A magnetic beads (20-30 uL) were
then added and the samples were rotated for a further 2 h at
4°C. The bead-conjugated immune complexes were collected
by centrifugation and washed three times with RIPA buffer
before addition of 50-100 uL of 2 x SDS sample buffer and
heating at 95°C for 5 min. The associated proteins were sepa-
rated on 10% SDS-PAGE and immunodetection was per-
formed as described later.

RNA isolation and reverse-transcriptase
polymerase chain reaction (RT-PCR) assay
Total RNA was isolated by Tripure reagent (Roche Molecular
Biochemicals, Basel, Switzerland) as described by the manu-
facturer’s protocol. To analyse HIF-1o. and VEGF messenger
mRNA expression, an RT-PCR was performed and evaluated
with a housekeeping gene, B-actin, as the internal control.
First-strand cDNA was synthesized from 6 pg of total RNA at
42°C for 50 min. The cDNAs were amplified in a DNA
thermal cycler (M] Research, Watertown, MA, USA) using the
following program: denaturation for 5 min at 95°C, followed
by 35 cycles of denaturation for 30 s at 95°C, annealing for
30s at 52°C, and extension for 40 s at 72°C; with a final
extension for 10 min at 72°C. The PCR primers were: HIF-1o.
sense: 5’-gctggccccagecgetggag-3’, antisense: 5’-gagtgcagggtc
agcactac-3’; VEGF sense: S’-aaggaggagggcagaatcat-3’, anti-
sense: 5’-cacacaggatggcttgaaga-3’; f-actin sense: 5’-tgacccagat
catgtttgag-3’, antisense: 5’-tcatgaggtagtcagtcagg-3’. The PCR
products were separated by 2% agarose gel electrophoresis
and visualized by ethidium bromide staining.
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VEGF quantification

VEGF secreted into the culture medium was measured by
using an ELISA kit (R&D Systems, Minneapolis, MN, USA).
RPE cells were plated in 60-mm dishes and cultured to
80-90% confluence. The growth medium was replaced with
serum-free medium and cultures were treated as indicated in
the text. VEGF present in 1-mL aliquots of culture medium
was quantified at the indicated times, according to the ELISA
manufacturer’s instructions. Results were normalized to the
amount of protein per well.

Animal husbandry and AMD model
BN rats (250-300 g body weight) were purchased from

National Laboratory Animal Center (Taipei, Taiwan) and
acclimated for 1 week in the housing room under controlled
conditions of 12 h/12 h light/dark cycle, 23 = 1°C tempera-
ture, and 39-43% relative humidity; water and food were
available ad libitum. All procedures involving the use of
animals complied with the Association for Research in Vision
and Ophthalmology guidelines for the use of animals in
ophthalmic and vision experimental research, and were
approved by the Institutional Animal Care and Use Commit-
tee (approval number: NTUIACUC-20090024).

To establish the VEGF-induced retinal angiogenesis
model, BN rats were intravitreally injected with 10 ug mL™
VEGF recombinant protein (Pepro Tech, Rocky Hill, NJ, USA)
in the right eye on day 1. The left eye was uninjected and
served as a control. Silibinin (500 mg kg' body weight) was
administered to the rats by oral gavage once daily starting on
day 7. After five independent experiment, retinal angiogen-
esis were examined by fluorescein angiography on day O
(prior to the VEGF injection), and again on days 14 and 28, as
described later.

Choroidal neovascularization (CNV)
evaluation by fluorescein angiography

Rats were anaesthetized with an intramuscular injection
of ketamine (80 mgkg™) and xylazine (10 mg kg™). Before
testing, the pupil of the right eye of each rat was dilated with
atropine (0.125%, Sinphar, Ilan City, Taiwan). The eyes were
covered with 2% Methocel gel (OmniVision, SA, Neuhausen,
Switzerland) and the retinal and fluorescein angiography
images were captured with a Micron III retinal imaging
microscope (Phoenix Research Laboratories, San Ramon, CA,
USA). For fluorescein angiography, 10% sodium fluorescein
was injected intravenously and serial images were captured
immediately (every 10 s for 10 min). The injected sodium
fluorescein is completely excreted after 24 h. The images were
quantified by Image-Pro software (Bethesda, MD, USA) to
determine the extent of CNV formation and oedema area.

Statistical analysis

All data are expressed as the mean = SD from at least three
independent experiments (n = 3). Statistically significant
differences among groups were determined using one-
way ANOVA. A value of P <0.05 was considered statistically
significant.



Results

Silibinin treatment is not cytotoxic to RPE
cells but inhibits hypoxia-induced autophagy
The viability of cultured RPE cells was assayed after 24 h
incubation with silibinin (1, 5, 10, 50, 100 and 500 uM) by
MTT. Silibinin treatment had no obvious toxic effect on RPE
cell viability (Figure 1A) or morphology (Figure 1B) at any of
the concentrations tested. Therefore, incubations of 24 h with
100 uM silibinin were used for the following experiments. To
investigate whether silibinin could affect autophagy in RPE
cells, The LC3A protein expression was detected by immun-
ofluorescence assay (Figure 1C). Our data suggested silibinin
inhibited hypoxia-induced autophagy in RPE cells.
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Silibinin inhibits HIF-1a protein
accumulation, but does not affect
hypoxia-induced VEGF mRNA expression
Incubation of RPE cells under hypoxic (1% O,) conditions
resulted in a rapid and time-dependent accumulation of
HIF-1o protein, which peaked at 6 h (3.1 = 0.4-fold increase)
and returned to basal levels at 12 h (Figure 2A). In compari-
son with the hypoxia-treated control cells, pretreatment of
cells with silibinin inhibited hypoxia-induced HIF-1a. accu-
mulation, with complete inhibition being observed with 50
and 100 uM silibinin (Figure 2B). The expression of proline
hydroxylase 2 (PHD2) was upregulated by silibinin pretreat-
ment, whereas ARNT and VHL expression remained unaf-
fected (Figure 2B). Incubation of cells under hypoxic

Silibinin Conc. (uM)

C DAPI

Control

Hypoxia

Hypoxia
+

silibinin

100 uMm

Figure 1

1 10 100

Silibinin is not cytotoxic to RPE cells. Cell viability (%) was measured by the MTT assay. Treatment of cells with silibinin (1-500 uM) for 24 h did
not affect cell viability (A) or cell morphology (B) Autophagy was detected by immunofluorescence assay (C). Treatment of silibinin inhibited
hypoxia-induced LC3A fluorescenceintensity. Data are mean =+ SE from three independent experiments.
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Figure 2

Silibinin inhibits HIF-1a. protein accumulation, but not HIF-1o. MRNA levels. (A) Images and quantification of Western blots show that 1% O,
hypoxia induces HIF-To. protein in RPE cells. (B) Hypoxia-induced HIF-1o. protein accumulation, but not ARNT, PHD2, or VHL, was prevented by
silibinin treatment. (C) Transactivation of an HRE reporter was increased in response to hypoxia, and this effect was inhibited by silibinin
pretreatment. (D) HIF-1o. and VEGF mRNA levels are unaffected by hypoxia or silibinin treatment. Data quantification was performed by
densitometry and expressed as mean * SE from three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the
control group. *P < 0.05, #P < 0.01 and *#P < 0.001 compared with the hypoxia-treated control group.
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Figure 3

Association of HIF-1a. and VHL proteins is prevented by silibinin.
Formation of HIF-1o. and VHL protein complexes was evaluated by
immunoprecipitation and Western blotting. (A) RPE whole lysates
used for immunoprecipitation were probed for their input HIF-1a
and VHL levels. (B) Anti-VHL immune-complexes were analysed by
blotting with anti-VHL and anti-HIF-1o. antibodies. HIF-To/VHL
protein complex formation is increased by hypoxia and significantly
reduced in the silibinin-pretreated group.

conditions induced transactivation of an HRE luciferase
reporter, which was also suppressed by pretreatment of
the cells with silibinin (Figure 2C). Neither normoxia-
conditioned (18% O,) nor hypoxia-conditioned RPE cells
exhibited changes in HIF-loo or VEGF mRNA levels, even
those pretreated and coincubated with silibinin (Figure 2D).
These data suggest that silibinin reduces HIF-1a. protein sta-
bility but does not alter their mRNA levels.

HIF-1a and VHL protein—protein interactions
are inhibited by silibinin

The interaction between HIF-1o and VHL proteins was evalu-
ated by immunoprecipitation with anti-VHL antibodies fol-
lowed by immunoblotting of the resolved complexes with
anti-HIF-1o antibodies. We found that the HIF-1o/VHL asso-
ciation in RPE cells was increased by hypoxia (Figure 3A and
B). However, the interaction was significantly reduced by
treatment of cells with 100 uM silibinin, suggesting that sili-
binin treatment did not accelerate HIF-1o. protein degrada-
tion through a proteasome-dependent pathway.

Silibinin inhibits HIF-1a protein
accumulation by repressing signalling through
the PI-3K/Akt/mTOR/p70S6K pathway

To identify the pathway involved in silibinin-induced down-
regulation of HIF-1a, RPE cells were pretreated with specific
signalling pathway inhibitors and then subjected to hypoxia.
We found that hypoxia-induced HIF-1a protein accumula-
tion was completely inhibited by treatment of cells with
LY294002 (20 uM, PI-3K inhibitor) and rapamycin (20 nM,
mTOR inhibitor), but was unaffected by treatment with
PD98059 (20 uM, p42/p44 ERK inhibitor), SP600125 (20 uM,
JNK inhibitor), or SB203580 (20 uM, p38-MAPK inhibitor)
(Figure 4A). We also assessed the activation state of ERK, JNK,
p38 Akt, mTOR and p70S6K in hypoxia-conditioned RPE cells
with or without 100 uM silibinin by immunoblotting with
antibodies against the phosphorylated forms of these
enzymes. Akt and mTOR were clearly phosphorylated upon
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exposure to hypoxia (Figure 4B and C), with maximal phos-
phorylation of Akt (4.3-fold increase) occurring after a 3-h
hypoxia and of mTOR (5.2-fold) after a 1-h hypoxia. Phos-
phorylation of both Akt and mTOR was inhibited to nearly
basal levels by pretreatment of cells with 100 uM silibinin
(Figure 4B and C). An earlier report linked mTOR to control
of p70S6K activation in vivo and in vitro (Fenton and Gout,
2011). In this study, we observed asynchronous activation of
mTOR and p70S6K in response to hypoxia, but silibinin treat-
ment also effectively reduced p70S6K phosphorylation com-
pared with the control group (Figure 4B and D). In contrast,
neither ERK nor JNK and p38 phosphorylation was increased
in hypoxia-treated RPE cells (Figure 4B). These data suggest
that signalling through the PI3K/Akt/mTOR/p70S6K pathway
is required for hypoxia-induced accumulation of HIF-1o
protein and that silibinin treatment inhibited activation of
this pathway and reduced HIF-1a protein levels.

Hypoxia-induced VEGF secretion is
suppressed in silibinin-treated RPE cells

We next examined VEGF secretion by RPE cells, and found
that hypoxia treatment increased VEGF secretion in a time-
dependent manner (Figure SA). Although silibinin treatment
did not change VEGF mRNA levels (Figure 2D), quantities of
secreted VEGF were significantly decreased by silibinin treat-
ment (Figure 5B).

Silibinin prevents VEGF-induced and VEGF
plus hypoxia-induced retinal oedema and
neovascularization in a rat AMD model

Figure 6A shows a schematic of the VEGF-induced and VEGF
plus hypoxia-induced rat model of retinal angiogenesis. Fluo-
rescein angiography of VEGF-injected eyes was performed on
days 14 and 28 post-injection. A significant increase in the
permeability of retinal tissues was observed, as indicated by
diffusion of fluorescein from the vessels, and resulted in
retinal oedema and plexuses of microvascular angiogenesis
(Figure 6B). Silibinin treatment of VEGF-injected animals
rescued the oedema, retinal permeability and microvascular
angiogenesis (Figure 6C). Additional groups of rats were
injected with VEGF and then housed in a hypoxia chamber
with 10% O, for 28 days. This treatment synergized with
VEGF to increase the retinal oedema and microvascular ang-
iogenesis compared with that seen in response to the VEGF
injection alone (Figure 6D). In addition, the diameter and
length of the retinal vessels was obviously increased by
hypoxia exposure. As was observed for the VEGF-induced
retinal damage, treatment of animals with silibinin prevented
the AMD-related microvascular angiogenesis and oedema in
the VEGF plus hypoxia-induced model (Figure 6E). Figure 6F,
G and H showed the quantification of the day 0, 14 and 28 in
vessel length, vessel width and the oedema area. These data
demonstrate that treatment of animals with silibinin delayed
or protected the animals from AMD-related syndromes.

Discussion

The AMD Alliance International (AMDAI) has reported that
the worldwide cost of vision loss (including people with low
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vision and blindness) was nearly USD $3 trillion in 2010. The
cost due to AMD alone is estimated to be USD $343 billion,
and is projected to rise dramatically through 2020 unless
effective prevention and treatment modalities are adopted.
Today, therapeutic strategies for AMD highlight the impor-
tance of early treatment to delay the progression of AMD.
However, the development of therapies for AMD is restricted
by the paucity of appropriate animal models. Laser-induced
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retinal choroidal angiogenesis and silver nitrite-induced
corneal angiogenesis are popular in vivo models (Tobe et al.,
1998; Edelman and Castro, 2000; Oh et al., 2009; Abdel-
Rahman et al., 2010). However, both models are insufficient
to elucidate the causes and factors involved in AMD devel-
opment. In previous studies, exposure of mouse and zebrafish
to hypoxia resulted in the formation of arterial sprouts and
branches in the retina (Cao et al., 2008; Taylor et al., 2010). In
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Hypoxia-induced VEGF secretion is suppressed by silibinin. VEGF protein secreted by cultured RPE cells was quantified by ELISA. (A) VEGF secretion
was increased in a time-dependent manner in hypoxia-conditioned RPE cells. (B) Silibinin inhibits hypoxia-induced VEGF release. *P < 0.05,
**P < 0.01, and ***P < 0.001 compared with the control group. *P < 0.05, *#*P < 0.01, and ##P < 0.001 compared with the hypoxia-treated control

group.

the present study, we used a rat model in which intravitreal
injection of VEGF combined with long-term exposure to
hypoxia simulated the progression of AMD observed in
humans. We found VEGF treatment alone increased the per-
meability of retinal tissue and oedema over 14-28 days, and
housing in 10% O, hypoxic conditions exacerbated the per-
meability and oedema and also increased vessel length and
width. These data suggest that hypoxia might synergize with
VEGF to induce microvascular angiogenesis in the eye. We
also found that daily administration of silibinin prevented
AMD-related symptoms in this rat model, supporting the
potential therapeutic use of silibinin in AMD prevention.
We studied the molecular mechanism by which silibinin
results in HIF-1o. down-regulation and found that the protein
accumulated rapidly in hypoxia-treated RPE cells, whereas
HIF-1a mRNA was unaffected. HIF-1a is a key factor in cellu-
lar adaptation to low-oxygen conditions, and increases in
HIF-1o. protein stability and concentrations could enhance
HIF-1o transactivation. In this study, silibinin treatment did
not change expression of VHL in RPE cells, but did increase
PDH2 levels. PHD2 is the most abundant isoform present in
many cultured cells. The promoter region of PHD2 contains
HREs that could be induced by hypoxia to serve as a negative
feedback loop. Moreover, we found that silibinin reduced the
association between HIF-1loo and VHL in treated RPE cells,
suggesting that silibinin-mediated HIF-1lo. down-regulation
was unrelated to the proteasomal degradation pathway. The
PI3K/Akt/mTOR pathway is a crucial regulator of cell prolif-
eration and angiogenesis. This pathway contributes to HIF-1o
protein accumulation and VEGF expression, in addition to its
function in hypoxia-dependent HIF-1o up-regulation, activa-
tion of the epidermal growth factor receptor (EGFR) and PI3K,
and inactivation of the tumour suppressor PTEN (Hudson
et al., 2002; Thomas et al., 2006; Sudhagar et al., 2011; Befani
etal., 2012). mTOR activation is sensitive to hypoxia, espe-

cially long-lasting hypoxic conditions. PI3K/mTOR activa-
tion is known to increase HIF-lo transactivation without
altering its mRNA level (Jiang ef al., 2010). In addition, mTOR
activity is required for activation of p70S6K and modulates
protein translation for a number of mRNAs that stimulate cell
growth and angiogenesis. In this study, we found that the
PI3K/Akt/mTOR/p70S6K pathway was activated in response
to hypoxia in RPE cells. Pretreatment of cells with silibinin
inhibited both the PI3K/Akt/mTOR/p70S6K pathway and
HIF-1o accumulation. This is consistent with previous obser-
vations that silibinin-treated cancer cell lines exhibit reduced
activation of the Akt/mTOR/p70S6K/4E-BP1 pathway, as well
as increased instability of HIF-1o protein and decreased cell
proliferation. These changes were reversed upon withdrawal
of silibinin (Garcia-Maceira and Mateo, 2009). Together with
previous reports, our study shows that suppression of the
PI3K/Akt/mTOR/p70S6K pathway is essential for silibinin-
induced HIF-lo. down-regulation in RPE cells. In contrast,
we saw no effect of silibinin on p42/p44 and p38 MAP
kinases, which stimulate HIF-o activity without affecting its
stability (Jing et al., 2012). Accordingly, inhibitors of these
proteins did not inhibit hypoxia-induced HIF-1la. protein
accumulation.

It is reported that another mTOR-mediated autophage
pathway leads to angiogenesis. In cancer cells, silibinin could
induce autophagy through induction Becilin-1 and Atg-7 in
HT1080, A431 and Hela cells (Fan et al., 2011; Jiang et al.,
2010). In our study, we found that a significant induction of
autophagy was significantly induced in hypoxia-conditioned
RPE cells, and data were detected by the LC3A fluorescence.
In the autophagy-activated RPE cells, further administrated
silibinin can reverse hypoxia-initiated autophagy induction.
Although silibinin can inhibit mTOR pathway, which might
lead us to predict the autophagy activation, but our data
showed the regulation about mTOR and autophagy in
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Silibinin prevents VEGF- and VEGF plus hypoxia-induced retinal oedema and neovascularization in a rat AMD model. (A) Schematic of the
VEGF-induced and VEGF plus hypoxia-induced retinal angiogenesis models in the BN rat. Fluorescein angiography was performed on day 0, 14
and 28. (B) In the group receiving intravitreal VEGF, the treated eye revealed diffusion of fluorescein from the vessel, representing increased
permeability of retinal tissues (indicated by circle) and retinal oedema (indicated by arrow). (C) Silibinin treatment (500 mg kg™' on days 7-28)
decreased the VEGF-induced oedema, retinal permeability, and microvascular angiogenesis. (D) Animals injected with VEGF and exposed to
hypoxia (10% O;) for 28 days show synergistic effects on retinal oedema (indicated by circle and arrow). The diameter and length of the retinal
vessels were obviously increased. (E) Silibinin treatment of animals injected with VEGF and exposed to hypoxia (10% O,) for 28 days exhibit
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hypoxia-conditioned RPE cells seems different. The detail
mechanism needs further investigation.

In addition to its effect on VEGF, HIF-1o regulates numer-
ous genes implicated in angiogenesis, such as placental
growth factor, angiopoietin 1, angiopoietin 2, histone
deacetylase 7, initiation factor 6 and B-arrestin 1 (Canales
et al., 2006; Chen et al., 2009; Li et al., 2011; Shenoy et al.,
2012). VEGF is one of the most important growth factors
for tumourigenesis and angiogenesis. VEGF-A expression
requires both PI3K and MAPK signalling, whereas VEGF-C
expression is dependent on MAPK but not the PI3K/mTOR
pathway (Luangdilok et al., 2011). In this study, we found
that hypoxia-induced VEGF secretion in RPE cells, but did
not affect VEGF mRNA levels. Inhibition of the PI3K/Akt/
mTOR/p70S6K pathway by silibinin also reduced VEGF secre-
tion in vitro, suggesting that silibinin might inhibit HIF-1o
and VEGF mRNA translation. VEGF participates in many
physiological and pathological events including vasculature
formation, cell proliferation, inflammation and angiogenesis
(Chung and Stadler, 2008; Halper, 2010; Kolar et al., 2011;
Manalo et al., 2011). Early studies showed that VEGF rapidly
induced phosphorylation of the tight-junction protein occlu-
din, increased the permeability between endothelial cells,
and resulted in retinal oedema, vascular haemorrhage and
rhegmatogenous retinal detachment (Antonetti et al., 1999).
In this study, silibinin administration to rats diminished
VEGF-induced retinal vascular permeability and delayed
retinal oedema until day 49 (data not shown). The data
suggest that collapse of endothelial cell tight junctions might
be involved in AMD pathogenesis, and this warrants investi-
gation of the effects of silibinin on VEGF-stimulated endothe-
lial cells.

Inhibition of hypoxia-induced PI3K/Akt/mTOR pathway
has become a focus of anti-angiogenesis therapy. Rapamycin
and NVP-BEZ235 (Novartis®), a dual PI3K/mTOR inhibitor,
have been shown to inhibit VEGF production, proliferation,
and VEGF-induced neovascularization in vivo (Zhong et al.,
2000; Guba et al., 2002; Schnell et al., 2008). However, these
drugs are generally cytotoxic, which limits their therapeutic
application. In contrast, silibinin is widely used, has a long
history in the treatment of liver diseases and is considered
safer than other PI3K/mTOR inhibitors (Gu et al., 2007; Kaur
and Agarwal, 2007; Cheung et al., 2010; Noh et al., 2011).
Recently, silibinin has been investigated as an anti-cancer,
anti-migration, anti-invasion and anti-angiogenesis agent
(Singh et al., 2008). In this study, we firstly found that silib-
inin could inhibit hypoxia-induced VEGF secretion in RPE
cells through suppression of the PI3K/Akt/mTOR/p70S6K
pathway.

Innovatively, long-term hypoxic-conditioned animal
experiments had been created up to 28 days, Micron III
retinal microscope has been applied to observe the progres-
sion of AMD and a significant increased in the permeability
of retinal tissues was observed. Comparing with physically
laser-induced CNV, chronic whole body hypoxia could better
mimic AMD progression.

We concluded that silibinin could protect against
hypoxia- and VEGF-induced ocular neovascularization and
retinal oedema in vivo. Collectively, our in vitro and in vivo
data support the potential of silibinin for prevention of neo-
vascular AMD.

Silibinin inhibits retinal neovascularization
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