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Grape seed extract inhibits VEGF expression via reducing HIF-1a protein expression
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Grape seed extract (GSE) is a widely consumed dietary supple-
ment that has antitumor activity. Here, we have investigated the
inhibitory effect of GSE on the expression of vascular endothelial
growth factor (VEGF) and the mechanism underlying this action.
We found that GSE inhibited VEGF messenger RNA (mRNA)
and protein expression in U251 human glioma cells and MDA-
MB-231 human breast cancer cells. GSE inhibited transcriptional
activation of the VEGF gene through reducing protein but not
mRNA expression of hypoxia-inducible factor (HIF) 1. The in-
hibitory effect of GSE on HIF-1« expression was mainly through
inhibiting HIF-1a protein synthesis rather than promoting pro-
tein degradation. Consistent with this result, GSE-suppressed
phosphorylation of several important components involved in
HIF-1a protein synthesis, such as Akt, S6 kinase and S6 protein.
Furthermore, in the MDA-MB-231 tumor, we found that GSE
treatment inhibited the expression of VEGF and HIF-1la and
the phosphorylation of S6 kinase without altering the subcellular
localization of HIF-1«, correlating with reduced vessel density
and tumor size. Depletion of polyphenol with polyvinylpyrroli-
done abolished the inhibitory activity of GSE, suggesting a wa-
ter-soluble fraction of polyphenol in GSE is responsible for the
inhibitory activity. Taken together, our results indicate that GSE
inhibits VEGF expression by reducing HIF-1« protein synthesis
through blocking Akt activation. This finding provides new in-
sight into the mechanisms of anticancer activity of GSE and re-
veals a novel molecular mechanism underlying the antiangiogenic
action of GSE.

Introduction

Vascular endothelial growth factor (VEGF) is one of the most critical
and specific factors that stimulate angiogenesis (1). Inhibition of
VEGF has demonstrated efficacy in the treatment of several cancers
including colorectal cancer and renal cancer. Expression of VEGEF is
regulated by hypoxia, growth factors and oncogenes. The primary
regulator of VEGF expression in response to hypoxia is hypoxia-in-
ducible factor (HIF) (1).

HIF-1 is a heterodimeric transcription factor that consists of HIF-1f3
and HIF-1a, which is highly regulated. The level of HIF-1o ex-
pression is determined by the rate of protein synthesis, which is ox-
ygen independent, and the rate of protein degradation, which is
oxygen dependent. HIF-1 activates the expression of VEGF genes
by binding to the hypoxia response element in the VEGF promoter
region. In the presence of oxygen (2), HIF-1a protein is rapidly de-
graded via ubiquitination and subsequent degradation by proteasome.
HIF-10 degradation is dependent on the hydroxylation of Pro-564 and
Pro-402 via an enzymatic process that requires O, and iron. The
hydroxylated HIF-1o then binds rapidly to von hippel-lindau (VHL)
tumor suppressor protein, which directs HIF-1a for proteasomal deg-
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mitogen-activated protein kinase; mRNA, messenger RNA; PCR, polymerase
chain reaction; PI3K, phosphoinositide-3-kinase; PVPP, polyvinylpyrrolidone;
RT-PCR, real-time PCR; siRNA, small interfering RNA; VEGF, vascular en-
dothelial growth factor.

radation through its E3 ubiquitin ligase activity. Under hypoxia, HIF-
la is not hydroxylated in the absence of oxygen and therefore cannot
bind to von hippel-lindau to be degraded. Consequently, HIF-1a
accumulates in the nucleus, forms an active complex with HIF-1
and activates transcription of target genes (3).

In addition to hypoxia, HIF-1a level can also be stimulated by growth
factors, cytokines and other signaling molecules by increasing HIF-1a
protein synthesis via activation of phosphoinositide-3-kinase (PI3K)/
Akt or mitogen-activated protein kinase (MAPK) pathways (2,4,5) and
activation of Stat3-signaling pathway (6-9). VEGF expression can also
be regulated in HIF-la-independent manner. Multiple transcription
factor binding sites including Stat3, activated protein 1 (AP-1), Sp-1
and cAMP response element binding have been identified within the
VEGEF promoter to regulate VEGF expression (10,11).

HIF-1a plays a central role in tumor progression and angiogenesis
in vivo. Tumor xenografts of HIF-1B-deficient hepatoma cells (12),
HIF-1a-deficient H-ras-transformed cell lines or embryonic stem cells
from HIF-10—/— mice showed reduced growth rate and vasculariza-
tion compared with the tumor xenograft of wild-type cells (13-15).
More importantly, overexpression of HIF-1a has been demonstrated
in many common human cancers including human breast cancer.
There is a positive link between increased patient mortality and ele-
vated HIF-1a levels (16-18).

While many agents targeting VEGF have been developed for can-
cer treatment, the efficacy of these anti-VEGF agents could be im-
proved if they can be used chronically. However, most of the current
anti-VEGF agents result in some side effects such as hypertension,
bleeding, gastrointestinal perforation, etc. and therefore cannot be
used chronically (19). The diet-based anti-angiogenesis approach is
being actively explored (20,21), as it has a major advantage due to the
proven safety in human use. It is evident that consumption of a plant-
based diet can prevent the development and progression of cancer;
however, the underlying mechanisms remain largely unclear (22).

Grapes and red wines are consumed world widely and have been
reported to be associated with reduced risk of cancer (23). Grapes are
rich in polyphenols, of which ~60-70% is found in grape seeds. Com-
mercial preparations of grape seed extract (GSE) contain 70-95% stan-
dardized procyanidins. GSE is marketed as a dietary supplement in the
USA, due to their powerful antioxidant activity. It is also being explored
for its cancer preventive properties. There are a number of studies
showing cancer preventative potential of GSE against breast, prostate,
lung, skin and gastrointestinal cancers (24-30). Several biochemical
characteristics of GSE, such as anti-aromatase, anti-proliferation, pro-
apoptosis and anti-oxidation, have been proposed as possible mecha-
nism for its anticancer activity (24,25,31-34). Recently, GSE has been
shown effective in inhibiting angiogenesis, suggesting a strong possi-
bility that growth inhibitory effects of GSE on tumor are, in part,
contributed via the inhibition of tumor angiogenesis (27,35,36).

GSE has also been shown previously to suppress VEGF production
in prostate cancer (27); however, the mechanism is not well known. In
this study, we found that GSE could inhibit VEGF expression through
inhibiting HIF-1o protein expression in human breast cancer cells
(MDA-MB-231) and human glioma cells (U251), but had no apparent
inhibitory effects on HIF-1a messenger RNA (mRNA) expression.
We further found that the inhibition of HIF-1a and VEGF by GSE
appeared to involve blockage of HIF-1a protein synthesis via inhibit-
ing PI3/Akt-signaling pathway.

Materials and methods

Grape seed extract

GSE-standardized preparation, constituting of at least 85% (wt/wt) procyani-
dins, was provided by San Joaquin Valley Concentrates (Fresno, CA) and was
dissolved in water and incubated in a boiling water bath for 30 min. The solution
was centrifuged at 13 000 r.p.m. for 10 min to remove any insoluble ingredients.
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Fig. 1. GSE inhibits VEGF expression in tumor and cultured cancer cells. (A and B) GSE inhibits VEGF mRNA and protein expression in human breast tumors.
Severe combined immunodeficiency (SCID) mice carrying MDA-MB-231 human tumor grown subcutaneously in the back was treated either with GSE (50 mg/
kg) or water. Tumor tissues were collected at the end of the treatment and measured for human VEGF mRNA and protein expression by RT-PCR or enzyme-linked
immunosorbent assay as described. The data were expressed as a percentage of control treated with water. Each bar represents the mean + SD of four tumors.
*P < 0.05 versus tumor fed with water alone. (C and D) GSE inhibits VEGF production in human cancer cells. MDA-MB-231 cells (C) were incubated with GSE
(10 pg/ml) in serum-free medium under normoxia and hypoxia, either in the presence of 1% oxygen or 250 M DFX. Glioma U251 cells (D) were incubated with
GSE (10 pg/ml) in the presence of DFX. After 24 h incubation, conditioned media were collected and analyzed for the presence of VEGF by enzyme-linked
immunosorbent assay. Data were normalized to cell numbers and medium volume. **P < 0.005 versus control treated with water (<1% in culture media).

Same lot of GSE was used for all experiments. The GSE preparation contains
~19, 36, 8 and 22 ng/ug of procyanidins B1, B2, B3 and B4, respectively.

Reagents and antibodies

Cycloheximide (CHX), deferoxamine mesylate (DFX), MG132 and antibody
for B-actin were from Sigma (St. Louis, MO). The antibodies against phospho-
Akt (Ser473), phospho-S6K, S6K, phospho-S6 and S6 were from Cell Signal-
ing Technology (Danvers, MA). Antibody against total Akt was from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibody against HIF-1o was from BD
Bioscience (Lexington, KY). Antibodies for f-tubulin were from Thermo
Fisher Scientific (Fremont, CA). Small interfering RNA (siRNA) of HIF-1a
and control siRNA were from Santa Cruz.

Cell culture

The MDA-MB-231 human breast cancer cells were cultured in RPMI 1640
medium containing 10% heat-inactivated fetal bovine serum (Gibco BRL,
Grand Island, NY), 100 U/ml penicillin and 100 pg/ml streptomycin, 1 mM
sodium pyruvate, 2.5 g/l glucose, 10 pg/ml insulin, 2 mM L-glutamine. U251
human glioma cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 pg/
ml streptomycin in 5% CO, incubator at 37°C. For cell culture under hypoxia,
the cells were grown in a chamber containing 1% O,, 5% CO, and 94% N, at
37°C. Hypoxia can also be induced in normoxia using the hypoxia mimetic
agent DFX (Sigma) at a concentration of 250 pM. Human umbilical vascular
endothelial cells (Clonetics, Lonza, Allendale, NJ) were cultured in endothelial
cell growth medium 2 (Lonza) containing 10% fetal bovine serum.

Construction of plasmids

A 2135 bp fragment of the human VEGF gene promoter (—2080 to +54),
encompassing the HIF-1-binding site at position —985 and —939, was ampli-
fied from human peripheral blood mononuclear cells genomic DNA by poly-

merase chain reaction (PCR) using a Kpnl restriction site primer
(5'-CGGGGTACCTCAGAGCCTCCATCCTGCCCCAAG-3") and a HindIII
restriction site primer (5'-CCCAAGCTTGACCGGTCCACCTAACCGCT-3").
The amplicon was cloned into the upstream of the luciferase (Luc) gene of
pGL4.14/[luc2/Hygro] plasmid (Promega, Madison, WI) with Kpnl and
HindIII restriction enzymes to construct the Luc reporter plasmid (pGL4/
VEGF-Luc). The plasmid (pGL4/VEGF-Luc) was validated by sequencing.

Reporter cell line

Stable transfection was used to generate U251/VEGF-Luc reporter cell line
using construct pGL4/VEGF-Luc. Human glioma U251 cells were transfected
with VEGF-Luc plasmid. Stably transfected single cell lines were cloned from
cells resistant to 250 pg/ml of hygromycin B (Calbiochem, San Diego, CA).
One of the cell lines (U251-VEGF-Luc) with stable Luc activity and high
response to hypoxia treatment was chosen for the study.

Luc reporter assay

U251/VEGF-Luc cells were seeded at a concentration of 2.5 x 10* cells per
well in 48-well plate or 1.5 x 10* cells per well in 96-well plate in growth
medium the day before treatment. Cells were then washed with phosphate-
buffered saline and incubated with serum-free medium for 16 h in the presence
of GSE. There is no add-back of complete media with GSE. All experiments
were done in triplicates. Cells were washed once with phosphate-buffered
saline and lysed with reporter lysis buffer from Promega (Madison, WI).
Luc activities were determined according to the manufacturer’s instruction
and were normalized to protein concentrations or cell numbers. The experi-
ment was repeated three times. Data were reported as an average + SD.

Preparation of conditioned medium

U251/VEGF-Luc cells and MDA-MB-231 cells were seeded in 10 cm dishes in
10 ml of growth medium to reach ~90% confluency. Cells were washed with
phosphate-buffered saline three times and then treated with GSE or water (<1%
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Fig. 2. GSE inhibits VEGF expression in human cancer cells. Human MDA-MB-231 breast cancer cells (A) and glioma U251 cells (B and C) were incubated with
GSE (10 pg/ml) under both normoxia and hypoxia, either in the presence of 1% oxygen or 250 uM DFX that mimic hypoxia condition. RT-PCR was used to
determine the effect of GSE on VEGF mRNA expression in human breast cancer MDA-MB-231 cells (A) and in human glioma U251 cells (B) after 16 h
incubation. Data were expressed as a ratio to the control treated with water under normoxia. (C) U251 cells were incubated with GSE (10 pg/ml) for various times
in the presence of DFX. Each sample was measured for mRNA by RT-PCR. Data were expressed as a ratio to the control treated with water at each time point. (D
and E) GSE inhibits Luc activity of VEGF reporter. U251 cells expressing Luc reporter containing human VEGF gene were incubated with GSE (10 pg/ml) for 16 h
under both normoxia and hypoxia. Each sample was measured for Luc activity (D) and cell numbers (E) as described. Data were represented as a ratio to control
treated with water under normoxia. *P < 0.05, **P < 0.005 versus control treated with water alone.

in volume in culture media) for 24 h under normoxic or hypoxic condition in
6 ml of serum-free medium at 37°C. The media were collected and subjected to
low-speed centrifugation. The remaining cells were used in parallel for real-time
PCR (RT-PCR).

Quantitative real-time PCR

Total RNA was extracted from cell lines using Qiagen RNeasy Mini Kit. Residual
genomic DNA was removed by incubating the RNA with DNase (Qiagen,
Valencia, CA). Complementary DNA was synthesized from 1.0 pg of total RNA
using the Superscript I1I first-strand complementary DNA synthesis kit (Invitro-
gen, Carlsbad, CA) in a final volume of 20 pl with 0.25 pg random hexamer and
200 U of Superscript RNase H reverse transcriptase. The reaction mixture was
first incubated at 25°C for 5 min and followed by incubation at 50°C for 50 min.
Quantitative real-time PCR was carried out in ABI Prism 7900HT Sequence
Detection System (Applied Biosystems, Foster City, CA). The reaction mixture
consisted of 1x ABI SYBR Green PCR Master Mix, 0.25 pl complementary
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DNA and 0.2 uM of each primer. The PCR protocol was 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The following
primers were used: HIF-lo, 5'-TGAGGAAATGAGAGAAATGCTTACA-3’
(forward) and 5'-ACACTGAGGTTGGTTACTGTTGGT-3’ (reverse); VEGF,
5'-CCAGCACATAGGAGAGATGAGCTT-3" (forward) and 5'-TCTTTCTTT-
GGTCTGCATTCACAT-3’ (reverse) and B-actin, 5'-ATCTGGCACCACACCT-
TCTACAA-3’ (forward) and 5'-GTACATGGCTGGGGTGTTGAAG-3’ (reverse).

B-Actin was amplified as an internal control. Samples were loaded in trip-
licates, and results of each sample were normalized to B-actin. Comparative
quantitative method was used to calculate the fold change of mRNA expression
according to the formula of 2~ (AACD),

Quantification of VEGF

An enzyme-linked immunosorbent assay-based bead multiplex assay (Lumi-
nex Corp., Austin, TX) was used to measure VEGF level. Human VEGF was
determined using a human cytokine kit from Invitrogen.



Immunoblot

Total cell extract was prepared in Laemmli sample buffer and electrophoresed
on sodium dodecyl sulfate gels. Separated proteins were transferred to polyvi-
nylidene difluoride (Millipore, Billerica, MA) membrane and incubated with
primary antibody. Binding of primary antibody was detected using a horseradish
peroxidase-conjugated secondary antibody and chemiluminescent substrate
(Thermo Fisher Scientific). Densitometric analysis was performed using the
AlphaEase FC imaging system (Alpha Innotech Corporation, San Leandro, CA).

Immunohistochemistry

HIF-1a staining was performed as described previously (37). In brief, antigen
retrieval was performed (45 min at 96°C) in target retrieval solution (Dako,
Glostrup, Denmark). The primary mouse antibody (anti-HIF-1o; 1:500 dilu-
tion; BD Transduction Laboratories, Lexington, KY) was incubated for 30 min
at room temperature. Tyramide signal amplification system (NEN Life Science
Products, Boston, MA) was used to detect HIF-1o staining.

Migration assay

Endothelial cell migration was assessed using a modified Boyden chamber assay
(38). Human umbilical vascular endothelial cells (1 x 10°) were plated in endo-
thelial cell basal medium 2 containing 0.05% fetal calf serum in the upper
chamber of the transwell (8 pm pore, Corning Costar, Corning, NY), which were
precoated with 200 pg/ml Matrigel (Becton-Dickinson, Bedford, MA). Serum-
free Dulbecco’s modified Eagle’s medium, containing various amount of tumor-
conditioned medium, was added to the lower chamber of the transwell. After 5 h,
non-migrated cells were removed by cotton swap and migrated cells were stained
and examined under microscope. The number of migrated cells was quantified by
counting the cells at x40 objectives.

Statistical analysis

Data were expressed as mean + SD. Student’s r-test is used to determine
statistical significance between control and test group. P < 0.05 is considered
to be statistically significant.

Results

Effect of GSE on VEGF expression in human tumor and human cancer
cells

We have previously found that GSE could suppress MDA-MB-231
breast cancer growth in mice partly though inhibiting vascular endo-
thelial cell growth factor receptor 2 (VEGFR2) signaling pathway
(36). To better understand the mechanism by which GSE inhibit tumor
growth, we further investigated whether GSE could have an impact on
the expression of VEGF. Real-time PCR was used to compare the
level of VEGF mRNA in tumors derived from mice treated with
GSE versus controls treated with water. As shown in Figure 1A, we
found that the mRNA level of human VEGF produced in MDA-MB-
231 tumor was significantly reduced in GSE-treated mice. Similar
result was obtained with VEGF protein level assessed by enzyme-
linked immunosorbent assay (Figure 1B). These results were consis-
tent with our previous report that GSE was able to reduce breast
cancer growth and the blood vessel density in the same MDA-MB-
231 tumor xenograph model (36).

To determine whether GSE can directly inhibit VEGF expression in
cancer cells, we treated human breast cancer cell line MDA-MB-231 with
GSE under normoxia or hypoxia condition, either in the presence of 1%
O, or 250 uM DEX that mimic hypoxia condition. The conditioned
media were collected and measured for the protein level of VEGF by
enzyme-linked immunosorbent assay. VEGF level was normalized to
cell numbers and medium volume. As shown in Figure 1C, GSE treat-
ment led to a decrease of VEGF production in MDA-MB-231 cells under
both normoxia and hypoxia. In addition, GSE also inhibited VEGF
expression in U251 glioma cells in the presence of DFX (Figure 1D).

To determine whether the reduced level of VEGF protein expression
in cancer cells might occur at the level of mRNA, real-time PCR was
used to compare VEGF mRNA expression. As shown in Figure 2A and
B, GSE could inhibit VEGF mRNA level under normoxia, as well as
the elevated VEGF mRNA level in cells cultured under hypoxia, either
in the presence of 1% oxygen or 250 uM DFX. Time course analysis
showed that the inhibitory effect of GSE on VEGF mRNA production
increased with time and peaked at 16 h (Figure 2C). These results
suggest that GSE can inhibit VEGF mRNA expression.

Grape seed extract inhibits VEGF expression

We next examined the effect of GSE on VEGF promoter reporter
containing a 2.1 kb fragment of human VEGF gene promoter in U251
cells. This Luc reporter could test whether GSE inhibited transcrip-
tional activation of the VEGF gene and thereby affected VEGF
mRNA production. As shown in Figure 2D, GSE was found to inhibit
the VEGF reporter activity under both normoxia and hypoxia. At this
concentration, GSE had little effect on cell numbers (Figure 2E).

Effect of GSE on HIF-1u protein expression

To explore the possible mechanism of inhibition of VEGF production
by GSE, we asked whether GSE could modulate the level of HIF-1a,
a major regulator of VEGF expression. Overexpression of HIF-1o and
VEGEF is commonly observed in many human cancers including pros-
tate, breast and ovarian cancer cells (16—18). We treated U251 cells
with GSE and then examined the effect of GSE on HIF-1o protein
level. As shown in Figure 3A, we found that HIF-1o protein expres-
sion in U251 cells were suppressed by the increasing amount of GSE
under both normoxia and hypoxia conditions. GSE showed an effec-
tive inhibition of HIF-1a protein expression at a concentration of 26
pg/ml. This concentration was higher than what was needed (10 pg/
ml) for an effective inhibition of VEGF protein (Figure 1) and mRNA
expression (Figure 2), perhaps the smaller inhibition of HIF-1a level
seen at a lower concentration (e.g. 13 pig/ml) may be sufficient to elicit
an inhibition of VEGF expression. Alternatively, GSE might also
modulate factors or pathways that work in co-ordination with HIF-
la in regulating VEGF expression, thus a small inhibition of individ-
ual factors could lead to a synergistic effect on VEGF expression.

To address whether HIF-1a is involved in the regulation of VEGF
expression in U251 cells, we performed RNA interference of HIF-1a
using siRNA under both normoxia and hypoxia. As shown in Figure
3B, VEGF Luc reporter expression was significantly reduced in the
cells transfected with siRNA but not in the cells transfected with
control siRNA.

We next asked whether inhibition of HIF-1a protein accumulation by
GSE could be a result of transcriptional inhibition. RT-PCR of HIF-1a
showed no significant changes in HIF-1oo mRNA levels in U251 cells
after exposure to hypoxia for 16 h (Figure 3C). Similar results were
obtained in MDA-MB-231 cells under the same experimental condi-
tions (data not shown). These results suggest that GSE suppresses HIF-
lo protein accumulation probably via a posttranscriptional mechanism.

One possible posttranscriptional mechanism of the inhibitory ac-
tivity of GSE is increased degradation and/or reduced synthesis of
HIF-1o protein. To determine the effect of GSE on the stability of
HIF-1o, protein translation inhibitor CHX was used to prevent
de novo HIF-1a protein synthesis. We first induced HIF-1o accumu-
lation by exposing the cells to DFX to mimic hypoxia condition for
4 h followed by addition of CHX alone or together with GSE. In the
presence of CHX, HIF-1a levels declined rapidly as expected. The
degradation rate of HIF-1a in the presence or absence of GSE ap-
peared comparable (Figure 3D and F), suggesting that the inhibitory
activity of GSE on VEGF/HIF-1u is less probably mediated through
directly promoting HIF-1a degradation.

To determine the effect of GSE on HIF-1a protein synthesis, we ex-
amined the accumulation of HIF-1ot in U251 cells with the use of protea-
some inhibitor MG-132 to prevent HIF-1a degradation. HIF-1a rapidly
accumulated over a period of 2 h in the presence of MG-132 under
normoxia. However, accumulation of HIF-1o protein was markedly im-
paired in the presence of GSE (Figure 3E and G). As a control, little effect
of GSE on B-tubulin synthesis was observed. These results suggest that
the inhibitory effect of GSE on VEGF and HIF-1a protein expression is
mainly mediated by suppressing the synthesis of HIF-1a protein.

Effect of GSE on PI3K/Akt pathway

The PI3K/Akt pathway has been implicated in regulation of HIF-1a
protein synthesis at the translational level (39). It has been shown that
many growth factors and mitogens induce the activation of p70 S6
kinase, which in turn phosphorylates the S6 ribosomal protein of the
40S subunit of the ribosome. Phosphorylation of S6 correlates with an
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Fig. 3. GSE inhibits HIF-1a expression. (A) GSE inhibits HIF- 1o protein expression. U251 cells were incubated under normoxia, 1% oxygen or treated with DFX
for 16 h, in the absence or presence of increasing concentrations of GSE (6.5-26 pg/ml). Whole-cell lysates were analyzed by immunoblotting with antibody
against HIF-1o. B-Actin level was used as a loading control. (B) Silence of HIF-1o expression resulted in a decrease in VEGF expression. HIF-1o siRNA and
control siRNA were transfected into U251 cells expressing VEGF reporter gene. Cells were incubated under normoxia and hypoxia (1% oxygen) for 24 h and then
measured for Luc activity. Data were represented as a ratio to control treated with water in each condition, **P < 0.005. (C) GSE has no apparent effect on HIF-1o
mRNA expression. U251 cells were incubated with GSE (10 pg/ml) in the presence of DFX for 16 h. Cells were harvested for HIF-1oe mRNA expression by RT-
PCR. Data were normalized to B-actin and expressed as a ratio to the control treated with water alone. (D) GSE has little effect on HIF-1a degradation. Cells were
first incubated in the presence of DFX (250 uM) for 4 h and then treated with CHX (10 pM) in the presence or absence of GSE (26 pg/ml) for indicated times. Cells
were harvested and whole-cell lysates were analyzed for HIF-1o protein level by immunoblotting. (E) GSE inhibits HIF-1a protein synthesis. Cells were
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increase in translation, particularly of mRNAs with an oligopyrimi-
dine tract in their 5 untranslated region (3,40,41). To address whether
the inhibition of HIF-1a protein synthesis was mediated by down-
regulation of the PI3K/Akt pathway, we tested the effect of GSE on
phosphorylation of Akt, S6 kinase and ribosomal S6 protein, the
major components involved in regulating HIF-1o protein synthesis.
We found that GSE could inhibit the phosphorylation of Akt, S6
kinase and S6 protein (Figure 4A). A slight inhibition of the total
protein level was seen for Akt and S6K, but not in the case of S6.
GSE showed little effect on the phosphorylation of p42/p44 MAPK,
which was relatively low in U251 cells (data not shown).

To further address whether inhibition of PI3K/Akt pathway con-
tribute, at least in part, to the inhibitory effect of GSE on HIF-1a
expression, we transfected an active form of Akt, Myr-Akt, into
U251 cells. In the presence of Myr-Akt, inhibition of VEGF reporter
activity by GSE was blocked (Figure 4B). Taken together, our results
suggest that GSE can suppress VEGF expression through inhibiting
HIF-1o protein translation regulated by the PI3/Akt pathway.

HDM?2 is an oncogene that is regulated by PI3K/Akt signaling and
has been shown to regulate HIF-1o. expression by mediating p53
degradation. P53 is known to reduce HIF-la level by promoting
HIF-1o degradation. Therefore, we tested the effect of overexpression
of HDM2 on GSE-induced inhibition. As shown in Figure 4C, ex-
pression of HDM2 protein in U251 cells did not significantly alter the
GSE-inhibited VEGF transcription. Similarly, HDM2 expression had
no significant effect on GSE-inhibited HIF-1o expression (data not

shown). This suggests that HDM2 is unlikely the major factor in-
volved in the inhibition by GSE in U251 cells.

Effect of GSE on HIF-1o expression in tumors

To explore whether GSE can affect HIF-1a expression in tumors, we
compared HIF-1a level in tumors derived from mice treated with GSE
versus controls treated with water. As shown in Figure 5SA, HIF-1a
expression was significantly reduced in the GSE-treated tumor. Con-
sistent with the in vitro findings, phosphorylation of S6K and S6 in the
tumor was also significantly reduced. The phosphorylation of Akt was
relatively low and was hard to evaluate.

As the activity of HIF-1a can also be regulated by its localization,
we further asked whether the inhibitory effect of GSE on HIF-1a
expression could be mediated by affecting HIF-1o nuclear localiza-
tion. As shown in Figure 5B, in tumors derived from the mice treated
with GSE, HIF-1o was mainly found in the nucleus by immunohis-
tochemistry, suggesting that GSE had little effect on HIF-1o sub-
cellular localization. Similar result was obtained in cultured cells
(data not shown). Taken together, our in vitro and in vivo results
support that GSE inhibits VEGF expression by preventing HIF-1o
protein expression.

Anti-angiogenesis activity of GSE
The ability of GSE to block VEGF protein expression is consistent
with our previous report that GSE can suppress both tumor growth and

pretreated with GSE (26 pg/ml) for 1 h prior to the addition of proteasome inhibitor MG-132 (10 uM). Cells were then incubated for various times as indicated.
Cells were harvested and whole-cell lysates were analyzed by immunoblotting for the presence of HIF-1o. (F and G) Relative levels of HIF-1a protein in (D) and
(E) were determined by measuring the density of the HIF- 1o protein band and normalized to that of B-actin (F) or B-tubulin (G). Data were expressed as a ratio to
control at time zero (F) and were the mean + SD of three experiments. *P < 0.05 versus control treated with water.
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Fig. 5. GSE inhibits HIF-1o expression in tumor. (A) GSE inhibited HIF-1o expression and phosphorylation of S6K and S6 ribosome proteins in tumors
implanted in the mice. Tumor tissue lysates were analyzed by immunoblotting for the expression of HIF-1o and phosphorylation of S6K and S6 proteins. -tubulin
was used as loading control. (B) GSE treatment had little effect on HIF-1a localization in tumor by immunohistochemistry. MDA-MB-231 tumor sections were
stained with antibody against HIF-1a. Bar, 20 uM. (C and D) Effect of MDA-MB-231-conditioned medium (C) and U251-conditioned medium (D) on endothelial
cell migration. Human umbilical vascular endothelial cells were placed in the top chamber of a transwell, whereas serum-free medium containing various amount
of tumor-conditioned medium was placed in the bottom of chamber. Migrated cells were quantified 5 h after incubation under x40 objective. Data were expressed
as number of migrated cells per high power field (HPF). *P < 0.05 versus control treated with water alone.

blood vessel density in MDA-MB-231 xenograph model (36). To
further address whether GSE inhibits angiogenesis by targeting an-
giogenesis factors such as VEGF, we used endothelial cell migration
assay to examine the effect of conditioned media derived from tumor
cells treated with either GSE or water. As shown in Figure 5C and D,
conditioned medium derived from tumor cells was able to induce
endothelial cell migration. However, the ability of conditioned me-
dium to induce endothelial cell migration was substantially sup-
pressed when tumor cells treated with GSE (Figure 5C and D). This
result is consistent with our observation that GSE could block VEGF
expression and further supports the idea that one mechanism of the
antitumor angiogenesis activity of GSE is mediated by reducing the
expression of angiogenesis factors produced by tumors.

Water-soluble polyphenol of GSE in anti-VEGF activity

GSE is rich in polyphenols. To test whether polyphenol in GSE is
responsible for its inhibitory activity on VEGF expression, we used
polyvinylpyrrolidone (PVPP) to remove the polyphenol from GSE.
PVPP forms hydrogen bonds with phenolic compounds, yielding
a PVPP-phenolic precipitate that can be removed by centrifugation.
As shown in Figure 6, PVPP-treated GSE has little effect on VEGF
reporter activity, suggesting that a water-soluble polyphenol in GSE is
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probably responsible for the inhibitory activity on VEGF expression
in GSE.

Discussion

Angiogenesis, the formation of new blood vessel, plays a critical role in
tumor progression. Angiogenesis inhibitors that suppress blood vessel
formation have emerged as a new class of drugs that can be used to treat
cancer (42). While many of the inhibitors are currently being tested at
various stages of clinical development, dietary-based anti-angiogenesis
approaches are being actively explored for cancer prevention and treat-
ment. Proven safety for human use is a major merit that strengthens this
approach. The long-known preventive effect of plant-based diet on
tumorigenesis and other chronic disease is well documented. These
data indicate that certain plant-derived dietary groups might contain
phytochemicals that exert antitumor and anti-angiogenesis activity,
thereby offering anticancer protection (20,21).

GSE is a popular dietary supplement that has been shown to have
a wide variety of beneficial actions including antioxidant and antitu-
mor activity. We have recently studied the anti-angiogenesis activity
of GSE and found that GSE could suppress tumor growth and reduce
microvessel density in MDA-MB-231 xenograph model (36). To bet-
ter understand the mechanism by which GSE inhibit tumor growth
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Fig. 6. PVPP treatment depletes the inhibitory activity of GSE on VEGF
expression. U251 cell expressing VEGF reporter was incubated with
increasing amount of GSE with or without PVPP treatment under hypoxia
condition (250 uM DFX). PVPP was used to remove polyphenol. After
incubation for 16 h, cells were subjected to Luc assay. Data were represented
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and angiogenesis, here we investigated the idea that GSE could inhibit
tumor angiogenesis partly by blocking expression of angiogenesis
factors in tumors. We (43) have looked at the effect of GSE on the
expression of VEGF, one of the most critical factors that stimulate
angiogenesis and found that GSE could reduce VEGF expression in
both U251 human glioma cells and MDA-MB-231 human breast
cancer cells, which are in good agreement with previous report show-
ing that GSE can inhibit VEGF secretion from DU145 prostate cancer
cells (27). Red wine, containing both GSE and reseveratrol, has also
been reported to suppress VEGF expression in vascular smooth mus-
cle cells (44). Consistent with these observations, endothelial cell
migration assay showed that the angiogenesis potential of conditioned
medium from tumor cells was significantly reduced when cells were
treated with GSE, supporting that GSE is a natural anti-angiogenesis
inhibitor by suppressing VEGF expression in tumor cells.

We found that GSE could inhibit HIF-1o expression in U251 gli-
oma cells. RNA interference of HIF-1a resulted in reduced expression
of VEGF under both normoxia and hypoxia conditions, suggesting
that HIF-1a is one of the major factors regulating VEGF expression in
U251 cells. The possible mechanisms by which GSE inhibits HIF-1a
protein expression could conceivably include (i) blocking HIF-1o
mRNA expression; (ii) promoting HIF-1a protein degradation or
(iii) reducing HIF-1a protein translation. The first possibility can be
ruled out because GSE treatment did not change the level of HIF-1a
mRNA (Figure 3C). The second possibility is unlikely to be a major
one, as under our experimental condition, comparable level of HIF-1a
protein was observed regardless of GSE treatment in the presence of
protein synthesis inhibitor (CHX) (Figure 3D and F). On the other
hand, inhibition of HIF-1a protein synthesis appears to be a possible
mechanism of the GSE action, as GSE treatment led to an impaired
accumulation of HIF-1a protein in the presence of proteasomal in-
hibitor MG132 (Figure 3E and G). GSE is not a general translation
inhibitor, as the expression level of ribosomal S6 protein, actin and
tubulin was not inhibited by GSE. Although our results indicate that
GSE can suppress VEGF expression through inhibition of HIF-1a., our
data do not rule out the possibility that GSE may modulate other
pathways also important for regulating VEGF expression.

Many cellular signaling pathways that regulate translation factors
have been elucidated, including MAPK pathway and Akt pathway
(5,39.45). The phosphorylation level of MAPK is low in U251 cells,
and addition of GSE did not seem to reduce the MAPK phosphory-
lation, suggesting that MAPK is not a major pathway regulating HIF-
1o involved in the U251 cells. Consistent with this result, GSE had

Grape seed extract inhibits VEGF expression

little effect on HIF-1a cellular localization, which could be regulated
by MAPK pathway.

On the other hand, phosphorylation of Akt is significantly reduced
upon treatment with GSE. Given that PI3K/Akt pathway plays an
important role in hypoxia-mediated HIF-1o stabilization (3), one an-
ticipated outcome of GSE treatment would be reduced stability of
HIF-1o under hypoxia. However, under our experimental condition,
significant inhibition was observed in HIF-1a protein synthesis but
not in HIF-1a protein stabilization. The fact that this effect of GSE
was also observed under the condition of normoxia implies that GSE
can affect HIF-1a protein synthesis in cancer cells activated by growth
factors and oncogenes, which can be regulated by the Akt pathway as
reported previously (5,39,43,46). Therefore, a reduction in phosphor-
ylation of Akt could be a possible mechanism for GSE-induced
inhibition of HIF-1a protein synthesis in cancer cells.

Many natural products display an inhibitory effect on VEGF pro-
duction, for example, green tea extract, epigallocatechins-3-gallate,
soy, resveratrol, apigenin and chrysin (47-51). These agents have
been shown to suppress VEGF expression in cancer cells through
promoting HIF-1o protein degradation in cell culture or suppressing
HIF-1a protein synthesis in the case of apigenin (43). Here, our data
indicate that GSE inhibits VEGF expression mediated in part by
blocking HIF-1a protein synthesis. It thus appears that the mechanism
of the action of GSE or other natural products is cellular context
dependent, for example depending on the relative ratio between
MAPK and Akt in individual cell type, the expression of their down-
stream signaling molecules and the mechanisms regulating HIF-1o
and VEGF expression in the cell.

Human tumors can remain dormant for years owing to the balance
between cell proliferation and apoptosis. It is thought that systemic
concentration of angiogenesis inhibitors exceeding that of stimulator
could prevent tumor from growing as well as spreading to other or-
gans. In this study, we have shown that GSE inhibits VEGF expression
in human cancer cells and we present one possible mechanism un-
derlying this action. Our data indicate that the effect of GSE can be
mediated through inhibition of Akt activation and HIF-1o protein
synthesis. This finding adds new insight into the potential mechanisms
of the anticancer activity of GSE and offers a novel molecular mech-
anism underlying the antiangiogenic action of GSE. These results
would help in the design of future strategies of developing GSE as
a chemopreventive agent for a potential clinical therapy in combina-
tion with current anticancer drugs.
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