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Abstract

Retinal neovascularization is a major cause of vision loss in diseases characterized by retinal
ischemia and is characterized by the pathological growth of abnormal vessels. VVascular
Endothelial Growth Factor (VEGF) is known to play an important role in this process. Oxidative
stress has been strongly implicated in up regulation of VEGF associated with neovascularization
in various tissues. Hence, compounds with anti-oxidant actions can prevent neovascularization. a-
mangostin, a component of mangosteen (Garcinia mangostana Linn), has been shown to have an
anti-oxidant property in pathological conditions involving angiogenesis such as cancer. However,
the effect of a-mangostin on ROS formation and angiogenic function in microvascular endothelial
cells has not been studied. Hence, this study demonstrated the anti-angiogenic effects of a-
mangostin in relation to ROS formation in bovine retinal endothelial cells (REC). a-mangostin
significantly and dose-dependently reduced formation of ROS in hypoxia-treated REC. a-
mangostin also significantly and dose-dependently suppressed VEGF-induced increases in
permeability, proliferation, migration and tube formation in REC and blocked angiogenic
sprouting in the ex vivo aortic ring assay. In addition, a-mangostin inhibited VEGF-induced
phosphorylation of VEGFR2 and ERK1/2-MAPK. According to our results, a-mangostin reduces
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oxidative stress and limits VEGF-induced angiogenesis through a process involving abrogation of
VEGFR2 and ERK1/2-MAPK activation.
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INTRODUCTION

Angiogenesis is the process of vessel sprouting from pre-existing vessels that is involved in
various pathological conditions such as cancer, rheumatoid arthritis and ocular diseases
including diabetic retinopathy (DR), age-related macular degeneration (AMD) and
retinopathy of prematurity (ROP). Retinal neovascularization is a major cause of vision loss
and is characterized by disruption of endothelial cell-cell junctions, leading to increased
permeability which is followed by endothelial cell migration, proliferation, and capillary
tube formation. Vascular endothelial growth factor (VEGF), a potent angiogenic growth
factor, is known to play an important role in these events.

Formation of reactive oxygen species (ROS) has been strongly implicated in up regulation
of VEGF associated with neovascularization. ROS increase VEGF expression and activity
by inhibition of the protein tyrosine phosphatase and activation of VEGFR and downstream
signaling proteins (Colavitt et al., 2002; Ushio-Fukai and Nakamura, 2008). Hence, the use
of anti-oxidants can suppress angiogenesis.

Mangosteen (Garcinia mangostana Linn) is a tropical fruit native to Southeast Asia
including Indonesia, Malaysia, and Thailand. Various parts of mangosteen have been used
as traditional medicine. For example, dried and powdered fruit hull is used as anti-microbial
agent and anti-parasitic treatment for dysentery, whereas leaves and bark are used for
eczema treatment (Obolskiy et al., 2009). At present, scientific reports demonstrate
numerous actions of mangosteen including anti-tumor (Ho et al., 2002; Jung et al., 2006;
Matsumoto et al., 2003, 2004; Moongkarndi et al., 2004a,b; Suksamrarn et al., 2006), anti-
inflammation, anti-allergy (Chen et al., 2008; Nakatani et al., 2002a,b, 2004), and anti-
oxidant activity (Chin et al., 2008; Jung et al., 2006; Yu et al., 2007). Mangosteen contains
high amounts of xanthones which are secondary metabolites that demonstrate significant
biological activities. a-mangostin is the one of the major biological components of
mangosteen. Recently, it has been shown that a-mangostin inhibited growth of umbilical
vein endothelial cells and suppressed ATP-induced phosphorylation of recombinant
VEGFR?2 at Y1175 (Shiozaki et al., 2012). However, the effect of a-mangostin on VEGF
signaling and VEGF-induced hyperpermeability and angiogenesis has not been studied.
Hence, this study determined the effects of a-mangostin on VEGF induced angiogenesis in
retinal microvascular endothelial cells.
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MATERIAL AND METHODS

1. Cell culture

Bovine retinal endothelial cells (REC) were used in these studies. Cells were cultured in
M199 medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS (Gemini, Bio-
product), penicillin and streptomycin (Gemini, Bio-product) at 37°C in 5% CO,. REC at
passages 5-8 were used for all experiments. a-mangostin, at a purity of 96%, was kindly
provided by Dr. Moongkarndi and dissolved in DMSO with a final DMSO concentration of
less than 0.006 %.

2. Cytotoxicity assay

Cytotoxicity was studied using trypan blue staining. REC were seeded onto 6 well plates in
complete medium. At 70% confluence, the cultures were switched to M199 with 0.1%
bovine serum albumin (BSA). The next day, the cells were treated with or without a-
mangostin in the same medium at doses 1, 4, 8, 12 and 16 pM for 24 hours. Subsequently,
cells were trypsinized and stained with 0.25% trypan blue. Numbers of surviving cells were
counted using a hemocytometer under an inverted microscope.

3. Dihydroethidium (DHE) and 2’, 7” dichlorodihydrofluorescein diacetate (DCF-DA) assay

After overnight incubation in M199 with 0.1% BSA, confluent cultures were incubated in
hypoxia (1% O5) or normoxia (20% O») in a-mangostin or vehicle (DMSO) for 8 hours.
Some cultures were also treated with SOD (superoxide dismutase, 400 units, Sigma-Aldrich)
or catalase (400 units, Sigma-Aldrich). DHE (10 uM, Invitrogen, Carlsbad, CA) or DCF (25
UM, Sigma-Aldrich) in phenol red free M199 with 25 mM HEPES was added for 15
minutes. For DHE staining, images were taken at 200X magnification by using an inverted
fluorescent microscope (Axiovert 135, Carl Zeiss, excitation, 480 nm; emission, 567 nm).
The fluorescence intensity was quantified by MetaMorph Image System (Molecular
Devices). For DCF staining, the fluorescence intensity was detected by microplate reader
(Bio-Tek) with excitation 504 nm and emission 529 nm.

4. Electronic Cell-substrate Impedance Sensing (ECIS) assay

Cell barrier function was assessed by measuring the transendothelial electrical resistance
using ECIS. REC (5x10%) were seeded on the gelatin coated 8 well ECIS chambers
(8W10E). At 70% confluence, the cultures were switched to M199 with 0.1% BSA. The
next day, the ECIS chamber was connected to the ECIS machine and placed in a 5% CO»,
incubator at 37°C. Current was applied and electrical resistance was recorded continuously
until the cultures reached confluence and resistance became stable, indicating that the cells
were fully confluent and well differentiated. Then the cultures were treated with VEGF (30
ng/ml) in the presence or absence of a-mangostin for 24 hours. Resistance was normalized
to the baseline. Decreases in transendothelial electrical resistance across the cell monolayer
indicates increases in paracellular permeability.
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5. Cell proliferation assay
Cell proliferation was studied by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide) assay. This assay is based on the conversion of MTT into formazan
crystals by living cells, which determines mitochondrial activity, an indication of cell
number. Cells (8x10%/ml) were seeded on 96 well plates, incubated in complete medium for
24 hours and then switched to M199 containing 0.1% BSA. The next day the cells were
treated with or without VEGF (20 ng/ml) in the presence or absence of a-mangostin or
vehicle for 24 hours. MTT (Invitrogen, Carlsbad, CA) solution was added at a final
concentration of 0.05% and the cultures were incubated for 4 hours at 37°C. Subsequently,
50 pl of DMSO was added to dissolve the formazen crystals, the cultures were placed on a
shaker for 5 minutes and absorbance was measured at 540 nm by using a microplate reader.

6. Migration assay

REC were seeded onto 6 well plates, maintained in complete medium until they reached
100% confluence and then incubated in M199 containing 0.1% BSA overnight. The next
day scrape wounds were made and cells were treated with VEGF (20 ng/ml) in the presence
or absence of a-mangostin or vehicle for 24 hours. Pictures were taken at time 0 and 24
hours after scraping. The areas of cell migration into the scrape wound were analyzed by
image J software.

7. 3D Matrigel tube formation assay

REC (2.5x10* cells) were suspended in matrigel (BD Biosciences) with or without VEGF
(50 ng/ml) in the presence or absence of a-mangostin or vehicle. After 48 hours of
treatment, images of the cultures were taken using an inverted confocal microscope (Zeiss
510; Carl Zeiss) and cell alignment into vessel-like networks was analyzed using image J
software to measure the area of the aligned endothelial cells.

8. Ex- Vivo aortic ring assay

C57BL6 mice (8-12 weeks old) were euthanized by CO, inhalation. Then the aorta was
removed, isolated in Kreb’s solution and sectioned into 0.5-1 mm pieces. Subsequently, the
aortic rings were embedded in fibrin matrigel and incubated in complete medium for 24
hours. Aortic rings were then pretreated with or without a-mangostin followed by
incubation with or without VEGF (20 ng/ml) for 7 days. At the end of the experiment, aortic
rings were fixed with 4% paraformaldehyde for 10 minutes, permeabilized with 0.3% triton
X, in PBS with 3% normal goat serum and then stained with isolectin B4 (Invitrogen,
Carlsbad, CA) overnight at 4°C. Images were taken by inverted fluorescent microscope at
50X magnification.

9. Western blot

Cellular protein was extracted in RIPA buffer containing protease inhibitor cocktail inhibitor
and PMSF (phenyl methyl sulfonyl fluoride). Proteins (20 ug) were separated by 7.5-10%
SDS-PAGE and transferred onto nitrocellulose membrane. The membrane was blocked with
5% non-fat dry milk in TBST for 60 minutes and then washed with TBST (5 minutes 3
times). Subsequently, the membrane was incubated in primary antibodies against phospho-
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ERK, total ERK, and phospho-VEGFR2 (Cell Signaling Technology, MA, USA) overnight
at 4°C and then washed with TBST 3 times. Horseradish peroxidase-conjugated secondary
antibody was added for 60 minutes followed by washing with TBST 3 times. Subsequently,
the protein bands were detected using chemiluminescence (Amersham Pharmacia). The
membranes were stripped and re-probed with an antibody against B-tubulin (Sigma-Aldrich,
MO, USA) as a loading control.

10. Statistical analysis

RESULTS

Data were expressed as mean + SE. Statistical analysis was performed using ANOVA.
Tukey test was used for post-hoc analysis of individual group differences. A p-value is less
than 0.05 was considered statistically significant.

1. Cytotoxicity

Because a-mangostin is a natural product that has potential cytotoxic effects, we first
determined the non-toxic dose range of a-mangostin for treatment of REC by trypan blue
staining. Cell viability was not significantly changed by 24 hours treatment with 1-8 pM of
a-mangostin (Figure 1). However, concentrations of a-mangostin greater than 8 uM
significantly reduced the number of surviving cells. Hence, a-mangostin concentrations at 1,
4 and 8 uM were used in further experiments.

2. a-mangostin reduces intracellular oxidative stress

ROS formation plays a pivotal role on angiogenesis. Hence, we next determined the effects
of a-mangostin on hypoxia-induced intracellular ROS formation by DHE assay. DHE is a
cell-permeable probe that fluoresces red upon superoxide formation (O,"). This analysis
showed that a-mangostin treatment caused a dose-dependent inhibition of hypoxia-induced
O, generation (Figure 2A and 2B). These results were confirmed by DCF-DA assay which
showed a similar dose-dependent decrease in hypoxia induced ROS production following
the a-mangostin treatment (data not shown).

3. a-mangostin inhibits VEGF-induced permeability increase

Hyperpermeability is one of the first steps in angiogenesis. In order to determine the effect
of a-mangostin on VEGF-induced permeability we measured transendothelial electrical
resistance (TER) of REC by using Electric Cell-substrate Impedance Sensing (ECIS).
Decreases in TER are an indication of increases in paracellular permeability through the cell
to cell junctions. This analysis showed that VEGF treatment caused a significant decrease in
TER at 4 hour compared with the control group. On the other hand, this VEGF-induced
decrease in TER was significantly inhibited by pretreatment with a-mangostin (8 uM)
compared with VEGF + vehicle treated group (Figure 3).

4. a-mangostin inhibits VEGF-induced proliferation

We investigated the effect of a-mangostin on REC proliferation by using the MTT assay.
MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazoliumbromide) is reduced by
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mitochondrial dehydrogenases in living cells to a formazan crystal. Thus, the amount of
dissolved formazan is directly correlated with the number of living cells. a-mangostin at a
dose 1, 4 and 8 uM inhibited VEGF-induced cell proliferation by 5, 42 and 81%,
respectively, as compared to the vehicle control group. These results show that a-mangostin
inhibits VEGF induced REC proliferation in a dose-dependent manner (Figure 4).

5. a-mangostin inhibits VEGF-induced migration

We used the scrape/wound assay to determine the effect of a-mangostin on VEGF-induced
REC migration. At 24 hours after scraping, 20 ng/ml of VEGF enhanced REC migration and
a-mangostin inhibited VEGF induced migration by 6%, 10% and 14% at concentrations of
1, 4 and 8 pM, respectively (Figure 5). This data shows that a-mangostin can suppress
VEGF induced migration in a dose-dependent manner.

6. a-mangostin inhibits 3D tube formation and ex vivo aortic ring vascular sprouting

Tube formation and vascular sprouting are hallmarks of angiogenesis. Hence, we used the
3D Matrigel and aortic ring assays to determine the effects of a-mangostin on angiogenesis
in vitro and ex vivo, respectively. VEGF (50 ng/ml) significantly increased cellular
alignment by 37% compared with the control. On the other hand, a-mangostin pretreatment
at doses 1, 4 and 8 uM significantly attenuated cellular alignment by 42%, 62% and 82%
compared with vehicle pretreated group, respectively (Figure 6A and 6B). In the aortic ring
assay, pretreatment with a-mangostin at doses 1, 4 and 8 uM also inhibited VEGF induced
endothelial cell outgrowth significantly by 30%, 41% and 70%, respectively, compared with
the VEGF group (Figure 7A and 7B). These results indicate that a-mangostin inhibits
VEGF-induced endothelial cell alignment and vascular sprouting in a concentration
dependent manner.

7. a-mangostin suppresses VEGFR2 and ERK1/2-MAPK signaling of angiogenesis

The biological action of VEGF in endothelial cells is mediated through VEGFR2. VEGF
binding to VEGFR2 leads to dimerization and auto-phosphorylation. Subsequently, the
downstream signaling proteins such as ERK1/2, p38 and Akt are activated. REC were
pretreated with or without a-mangostin for 30 minutes and then treated with VEGF 30
ng/ml for 5 minutes. Immunoblotting using antibodies against phopho-VEGFR?2 and
ERK1/2 showed that a-mangostin suppresses VEGFR2 and ERK1/2-MAPK signaling
significantly (Figure 8).

DISCUSSION

In this study, we demonstrated that a-mangostin has anti-oxidant and anti-angiogenic effects
on retinal endothelial cells. We have shown that (1) ROS formation induced by hypoxia
treatment of REC is inhibited by a-mangostin, (2) VEGF induced angiogenic responses
including increases in REC permeability, proliferation, migration and tube formation and
vascular sprouting in the aortic ring assay are inhibited by a-mangostin, (3) VEGF induced
phosphorylation of VEGFR2 and ERK1/2-MAPK in REC are reduced by a-mangostin.
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The polyphenols have been shown to be effective in reducing ROS formation and preventing
endothelial cell growth in other systems. In mangosteen extract, a polyphenolic xanthone
derivative, has been claimed to have anti-oxidant activity. Mangosteen extract has been
found to attenuate amyloid induced cytotoxicity and ROS production in human
neuroblastoma cells (Moongkarndi et al., 2010). Another study showed that a-mangostin
had cardioprotective effects due to suppression of ROS production in models of cardiac
reperfusion injury (Buelna-Chontal et al., 2011) and in isoproterenol induced myocardial
infarction in rats (Devi Sampath and Vijayaraghavan, 2007).

According to the chemical structure of a-mangostin, it is a polyphenolic xanthone. The anti-
oxidant property of polyphenolic xanthones involves the donation of hydrogen atoms from
hydroxyl groups to unpaired electrons of ROS (Rice-Evans et al., 1997; Soobrattee et al.,
2005). It has been shown that various xanthones derived from mangosteen, 8-
hydroxycudraxanthone G, gartanin, y-mangostin, smeathxanthone A and a-mangostin have
high anti-oxidant activity (Jung et al., 2006). ROS play a key role in angiogenesis.
Numerous publications have been shown that hypoxia and growth factors induce ROS
generation and up regulate VEGF and VEGFR expression. ROS also increase the DNA
binding activity of the hypoxia-inducible factor 1o (HIF-1a) and promote VEGF expression
(Chandel et al., 1998; Deudero et al., 2008; Wang et al., 2011). Moreover, VEGF signaling
utilizes ROS as second messenger intermediates downstream of VEGFR2 during
angiogenesis (Colavitt et al., 2002). Our previous study showed that VEGF induced
peroxynitrite formation mediates angiogenesis in REC in vitro and in a mouse OIR model in
vivo (El-Remessy et al., 2007). In the present study, we showed that a-mangostin inhibits
hypoxia induced ROS production as detected by DHE and DCF-DA (data not shown). These
data strongly suggest that the anti-angiogenic effects of a-mangostin could be associated
with anti-oxidant actions.

Our present results show that a-mangostin significantly and dose-dependently suppresses
VEGF induced angiogenic responses in retinal endothelial cells, including
hyperpermeability, increased migration and proliferation and alignment into vessel-like
structures. The a-mangostin treatment also limited vascular sprouting ex vivo in the aortic
ring assay. Furthermore, a-mangostin inhibited VEGF induced phosphorylation of VEGFR2
and ERK1/2 but not Akt and p38 (data not shown). Increased permeability is one of first
steps in neovascularization and supports the angiogenic process by allowing for the
extravasation of growth factors. Hyperpermeability can also augment disease progression by
inducing edema and tissue damage. We have shown previously that VEGF induced
permeability in REC through activation of phosphorylation of VEGFR2, ERK1/2 and p38
(Yang et al., 2010). It has also been shown that hydrogen peroxide induced
hyperpermeability involves the activation of ERK1/2 (Fischer et al., 2005).

Numerous studies have shown that a-mangostin has pro-apoptotic actions on cancer cells
including human leukemia HL60 cells (Matsumoto et al., 2004), PC12 rat
pheochromocytoma (Sato et al., 2004), human colorectal cancer DLD-1 cells (Nakagawa et
al., 2007), human chondrosarcoma SW1353 cells (Krajarng et al., 2011) and human colon
cancer cells (Watanapokasin et al., 2011). Thus, it is possible that the anti-angiogenic
actions of a-mangostin involve apoptosis. However, stable cell-cell junctions are known to
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protect endothelial cells from apoptosis (Dejana, 2004) and our studies showed that
treatment with 8 UM a-mangostin blunted VEGF-induced increases in TER, suggesting that
the treatment preserved the cell-cell junctions. In order to further investigate whether the
anti-angiogenic effect of a-mangostin may involve the apoptosis pathway, we performed
preliminary studies in REC treated with VEGF in the presence or absence of 8 uM a-
mangostin for 24 hours and assessed levels of cleaved PARP (a marker for apoptosis) by
immunoblotting. This analysis showed low levels of cleaved PARP in the VEGF + vehicle-
treated cultures. Consistent with our TER results showing preservation of the cell-cell
junctions, cleaved PARP levels were even lower in the cultures treated with VEGF + a-
mangostin as compared with the VEGF + vehicle cultures (data not shown). VEGF-induced
cell death through activation of ERK1/2 has been reported in cerebral endothelial cells
exposed to oxygen-glucose deprivation (Narasimhan et al., 2009). VEGF induces ROS
formation which in turn triggers ERK1/2 signaling and cell death. Presumably, a-mangostin
blocked this pathway by limiting VEGF-induced ROS formation. These data suggest that the
anti-angiogenic action of a-mangostin does not involve endothelial cell death and indicate
that a-mangostin has pleiotropic actions on apoptosis, depending on the cell type and
experimental context.

Our previous investigations have also implicated low levels of oxidative stress in VEGF-
induced angiogenesis in both cultured REC and in a mouse model of oxygen-induced
retinopathy (OIR) (El-Remessy et al., 2007). It has also been shown that VEGF increases
cell proliferation and tube formation through phosphorylation of ERK1/2 in retinal
microvascular endothelial cells and in a rat OIR model (Bullard et al., 2003). A recent study
reported that a-mangostin treatment of human umbilical vein endothelial cells (HUVEC)
inhibited their proliferation, migration and tube formation (Shiozaki et al., 2012). These
investigators also reported that a-mangostin treatment prevented ATP-induced
phosphorylation of the tyrosine 1175 residue in recombinant VEGFR2. Our present results
show for the first time that a-mangostin limits VEGF-induced activation of the VEGFR2
and ERK1/2-MAPK in microvascular endothelial cells. Further, the a-mangostin mediated
inhibition of the VEGF signaling pathway is associated with blockade of angiogenic
responses including increases in permeability, proliferation, migration and tube formation.
Taken together, our results suggest that a-mangostin can suppress hypoxia induced ROS
formation and VEGF induced angiogenic signaling in microvascular endothelial cells by
inhibiting the activation of VEGFR2 and ERK1/2-MAPK.

Conclusion

a-mangostin has anti-oxidant and anti-angiogenic activities and may be useful as natural
therapeutic agent to reduce oxidative stress and prevent retinal neovascularization.
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Figure 1.
Effect of a-mangostin on REC viability. REC were treated with different concentrations of

a-mangostin. Cytotoxicity was assessed by trypan blue staining. (n = 3-6 * p< 0.05, *** p<
0.001 vs control)
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Figure 2.
Impact of a-mangostin treatment on hypoxia-induced ROS formation as shown by DHE

assay. REC were exposed to 1% or 20% O, for 8 hours in the presence or absence of a-
mangostin and reacted with DHE. A) Fluorescence microscope images of DHE staining. B)
Quantification of DHE fluorescence intensity by MetaMorph Image System. (n = 3-6, ## p<
0.01, ### p< 0.001 vs control-normoxia, * p< 0.05, ** p< 0.01 vs vehicle-hypoxia)
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Figure 3.
Effect of a-mangostin on VEGF induced decreases in TER. REC were seeded on ECIS

chamber. At confluence, the cells were pretreated with a-mangostin (8 pM) for 30 minutes.
Subsequently, VEGF (30 ng/ml) was added. VEGF caused a significant decrease in TER at
4 hr which was inhibited by a-mangostin. (n=3, ##p< 0.01, ###p< 0.001 vs control, *p<
0.05 vs VEGF, +p< 0.05 vs vehicle+VEGF)
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Figure 4.
Effect of a-mangostin on proliferation. REC were pretreated with different concentrations of

a-mangostin and then treated with 20 ng/ml VEGF for 24 hours. Cell proliferation was
determined by MTT assay. (n =9, # p< 0.05 vs control, *** p< 0.001 vs VEGF, +++ p<
0.001 vs vehicle+VEGF)
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Figure 5.
Effect of a-mangostin on cell migration. A) REC were scraped and then treated with VEGF

in the presence or absence of a-mangostin. Images were taken at 0 and 24 hrs after scraping.
B) Cell migration across the scraped area was determined by image J software. (n = 12, # p<
0.05 vs control, ** p< 0.01 vs VEGF, + p< 0.05 vs vehicle+VEGF)
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Figure 6.
Effect of a-mangostin on tube formation. A) REC were suspended in matrigel with or

without VEGF (50 ng/ml) in the presence or absence of different concentrations of a-
mangostin and maintained for 48 hours. B) Quantification of area of cell alignment was
determined by image J software. (n=9, # p<0.05 vs control, *** p< 0.001 vs VEGF, +++
p<0.001 vs vehicle+VEGF)
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Figure 7.

Effect of a-mangostin on aortic ring sprouting. A) Aortic rings were treated with VEGF (20
ng/ml) in the presence or absence of different concentrations of a-mangostin for 7 days. B)
Quantification of vascular sprout length was determined by image J software. (n = 3-9, # p<
0.05 vs control, * p< 0.05 vs VEGF)
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Figure 8.
Impact of a-mangostin on VEGF angiogenic signhaling. REC were treated with VEGF (30

ng/ml) for 5 minutes in the presence or absence of different concentrations of a-mangostin.
Cell lysates were subjected to SDS-PAGE for phosphorylation of VEGFR2 (A) and ERK1/2
(B). (n=3, ### p< 0.001 vs control, * p< 0.05, ** p< 0.01 vs VEGF)
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