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Abstract

Vascular endothelial growth factor (VEGF) and platelet-derived lipid sphingosine-1-phosphate (S1P) are two proinflammatory mediators
which contribute to angiogenesis, in part through the synthesis of platelet-activating factor (PAF). The red grape skin polyphenolic extract (SGE)
both prevents and inhibits angiogenesis in the Matrigel model, decreases the basal motility of endothelial and cancer cells, and reverses the
chemotactic effect of SIP and VEGF on bovine aortic endothelial cells (BAECs) as well as the chemotactic effect of conditioned medium on
human HT-1080 fibrosarcoma, human U-87 glioblastoma, and human DAOY medulloblastoma cells. Inhibition of VEGF- and S1P-mediated
chemotaxis by SGE is associated with a down-regulation of ERK and p38/MAPK phosphorylation and a decreased in acute PAF synthesis.
Notably, as do extracellular inhibitors of PAF receptor, SGE prevents S1P-induced PAF synthesis and the resulting activation of the S1P/
endothelial differentiation gene-1 cascade. Given the key role of VEGF and S1P in inflammation, angiogenesis, and tumor invasion, SGE may
therefore contribute to prevent (or to delay) the development of diseases associated with angiogenesis dysregulation, including cancer. The dual
inhibition of S1P- and VEGF-mediated migration of endothelial cell and of serum-stimulated migration of U-87 cells suggests a usefulness of SGE
against highly invasive human glioblastoma.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

Vascular endothelial growth factor (VEGF) has first been
identified as a platelet-derived growth factor [1]. It is already
established that free radicals markedly increase the expression
and the release of VEGF in a variety of cell types [2,3]. VEGF
contributes to inflammation through the synthesis by endothelial
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cells (EC) of platelet-activating factor (PAF), a potent inflam-
matory mediator capable of promoting EC migration [4].
Compelling evidence has revealed that VEGF expressed by
cancer cells deprived from oxygen or nutrients is capable of
inducing neovascularization (neoangiogenesis), the process by
which tumors grow and invade surrounding host tissues [1,5,6].
Thereby, in addition to its proinflammatory effects, VEGF,
through binding with high affinity on VEGF receptor-2
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(VEGFR-2, Flk-1/KDR) at the endothelial cell surface, con-
tributes to switch tumors from a dormant toward an invasive state
[5]. Of note, VEGF is the proangiogenic cytotokine most closely
associated with aggressive tumor proliferation [5—9]. As aresult,
inhibition of VEGF-mediated signaling in EC has become a
primary target for antiangiogenic strategies [8]. Interestingly, in
clinical practice, VEGF signaling may serve both as a prognosis
factor of tumor aggressivity and as a marker for the effectiveness
of antiangiogenic inhibitors used in cancer therapy [9,10].

In man, various agents present in serum contribute to amplify
VEGEF signaling and, consequently, aggressive cancer growth
[11]. One of the most effective is the sphingolipid derivative:
sphingosine 1-phosphate (S1P), which has recently been
identified as the major chemoattractant of serum [12]. This
bioactive lipid is released by stimulated platelets during
activation of clotting cascade and by several cell types in
response to various extracellular stimuli [13]. It is involved in a
variety of physiological processes, including thrombosis and
hemostasis [12], and plays an important role in the regulation of
EC migration and proliferation which are prerequisite of the
angiogenic process [12,14]. It is already established that in vivo,
S1P contributes to neovascularization [12], to inflammation
[14], and to the metastastic cascade [15]. Recently, S1P-driven
EC inflammation has been associated with the synthesis of
platelet-activating factor, a potent inflammatory mediator which
takes part in the SIP chemotactic effect, and S1P-induced EC
migration has been demonstrated to be PAF dependent [16].

All these data support a close link between increased S1P and
VEGF signaling, inflammation, neoangiogenesis, and cancer
invasion and metastasis. By inhibiting events sensitive to redox
regulations, such as the activity of key enzymes involved in
inflammation and angiogenesis, radical scavenging agents may
thereby positively affect cancer proliferation. Until the discovery
of the “French paradox” [17], much attention has been focused
on the health properties of polyphenols from wine and grape
berries (see [18,19] as reviews). These properties depend in large
part to their antioxidant and free radical scavenging properties
(OK). Because these are dose dependent and structure related
[20], small qualitative and quantitative differences in the
polyphenolic pattern of grape extracts are likely to have
profound repercussions on the antiangiogenic, anti-inflamma-
tory, and anticancer activity of these extracts. Agarwal and co-
workers have reported that grape seed anthocyanins inhibit
angiogenesis in vitro [21,22] while another team has reported the
opposite effects [23,24]. It cannot be excluded that these
different results are due to differences in the chemical
composition of the extracts tested by each team. The polyphe-
nolic composition of red grape skin polyphenols significantly
differs from that of grape seeds [25]. To our knowledge, neither
the antiangiogenic activity of red grape skin extract nor, more
generally, the effects of grape polyphenols on S1P-induced EC
migration have been examined. In the present study, we show for
the first time that in vitro, red grape skin polyphenols issued from
Cabernet Sauvignon berries (SGE) decreases the basal motility
of endothelial and cancer cells, and antagonizes the chemoat-
tractant effect of VEGF and S1P on BAEC, in part by down-
regulating PAF synthesis. We demonstrated that SGE not only

inhibits and prevents angiogenesis in a dose-dependent manner
but also reduces the migration of cancer cells under basal and
stimulated conditions. Taken together, the present findings
suggest a chemopreventive and a therapeutic value of SGE
against cancer and diseases characterized by alterations in the
physiological mechanisms controlling angiogenesis. Consider-
ing its capacity to antagonize both S1P- and VEGF-induced EC
motility, and the motility of U-87 human glioblastoma cells
induced by conditioned medium, SGE may, in particular, be
helpful against highly invasive glioblastoma.

Material and methods
Materials

Cell culture media were obtained from Life Technologies
(Burlington, Ontario, Canada) and serum (FBS, fetal bovine calf
serum, and BCS, bovine calf serum) was purchased from
Hyclone Laboratories (Logan, UT). Matrigel was purchased
from Becton Dickinson Labware (Bedford, MA). Electrophore-
sis reagents were purchased from Bio-Rad (Mississauga,
Ontario, Canada). Anti-phospho-ERK and anti-phospho-p38
polyclonal antibodies were respectively purchased from Cell
Signaling Technology (Beverly, MA) and Calbiochem (San
Diego, CA). Anti-rabbit horseradish peroxidase (HRP)-linked
secondary antibodies were purchased from Jackson ImmunoR-
esearch Laboratories (West Grove, PA) and enhanced chemilu-
minescence (ECL) reagents were from Amersham Pharmacia
Biotech (Baie d’Urfé, Québec, Canada). Human recombinant
VEGEF was obtained from R and D Systems (Minneapolis, MN)
and S1P from Sigma (St. Louis, MO). Micro-bicinchoninic acid
protein assay reagents were from Pierce (Rockford, IL).
[*H]Acetate and *H-PAF were from New England Nuclear
(Boston, MA). All other reagents were from Sigma-Aldrich
Canada. Methanol, acetonitrile, and trifluoroacetic acid were
purchased from Merck (Darmstadt, Germany). All these
solvents were liquid chromatography grade.

The grape skin anthocyanins batch CB-2002/11/9 (SGE)
was prepared in the laboratory from red grape skins issued
from Cabernet Sauvignon variety. High-pressure liquid chro-
matography/electrospray ionization—mass spectrometry
(HPLC/ESI-MS) analysis has revealed that SGE has a trans-
resveratrol content of 1800 ppm (data not shown).

Cell culture

Human umbilical vein endothelial cells (HUVECs) were
purchased from Clonetics (San Diego, CA) and maintained in
endothelial cell basal medium-2 (EBM-2) supplemented with
EGM-2 MV growth factor mixture (Clonetics, San Diego, CA).
Bovine aortic endothelial cells (BAECs; Clonetics) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
low glucose, containing 10% BCS and antibiotics (100 units/ml
penicillin and 100 pg/ml streptomycin). DAOY (human
medulloblastoma) and U-87 MG (human glioblastoma) cell
lines were obtained from ATCC (American Tissue Culture
Collection, Manassas, VA) and HT1080 (human fibrosarcoma)
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cells were kindly provided by ConjuChem (Montréal, Québec,
Canada). All these cells were cultured in minimal essential
medium (MEM) supplemented with 1 mM sodium pyruvate and
containing 10% BCS and antibiotics. The cells were cultured at
37°C under a humidified 95%—5% (v/v) mixture of air and CO..

Matrigel endothelial cell tube formation assay

Matrigel (12.5 mg/ml) was thawed at 4°C, and 50 ml was
quickly added to each well of a 96-well plate and allowed to
solidify for 10 min at 37°C. The wells were then incubated for
6 h at 37°C with HUVECs (20,000 cells/well) with or without
1% FBS. In some treatments, HUVECs were added after an 18-
h treatment with the indicated concentrations of SGE (pre-
treatment). In other treatments, HUVECs were treated for 18
h with SGE after adhesion to Matrigel. The medium was then
removed and replaced by fresh medium EBM-2 supplemented
(or not) with natural compound extracts (treatment). The
formation of capillary-like structures was examined micro-
scopically and pictures (50 %) were taken using a Retiga 1300
camera and a Zeiss Axiovert S100 microscope. The extent of
capillary-like structures formed in the gel was quantified by
analysis of digitized images to determine the thread length of
the capillary-like network, using a commercially available
image analysis program (Northern Eclipse).

Migration assays

Transwells (8-mm pore size; Costar, Cambridge, MA) were
precoated with 0.5% gelatin—phosphate-buffered saline (PBS)
by adding 600/100 pl in the lower/upper chambers for 24 h at
4°C. The transwells were then washed with PBS and assembled
in 24-well plates. The upper chamber of each transwell was filled
with 1.0 x 10° cells (BAEC or U87 or HT 1080 or DAQY) in
100 pl of medium, and the cells were allowed to adhere for 30
min. Cells were then treated for 2 h by adding 100 ul of 2-fold
concentrated natural compound extracts prepared in serum-free
medium into the upper chamber and 600 pl of serum-free
medium into the lower chamber. Migration was initiated by
adding VEGF (10 ng/ml) or S1P (1 pM) to the lower chamber
(BAECs) or by replacing the medium with 600 pl of U87-
conditioned medium containing drugs (tumor cells). The plate
was incubated at 37°C in 5% CO,—95% air for 3 h. Cells that
have migrated to the lower surface of the filters were fixed with
10% formalin phosphate and stained with 0.1% Crystal Violet—
20% methanol (v/v). The migration was quantified using
computer-assisted imaging and data were expressed as the
average density of migrated cells per four fields (50x
magnification).

ERK and p38 phosphorylation

Cells were plated in 100-mm plastic dishes at 5000 cells/
cm?® and were grown to confluence before overnight serum
starvation (18 h) without supplements. Cells were treated with
vehicle or with natural compound extracts and stimulated with
50 ng/ml VEGF or 1 pM S1P for 10 min. After treatment, cells

were washed once with PBS containing 1 mM NaF and 1 mM
Na3;VO, and were incubated in the same medium for 1 h at
4°C. The cells were lysed on ice in lysis buffer (150 mM NaCl,
10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.5% (v/
v) Nonidet P-40, 1% (v/v) Triton X-100) containing NaF/
Na3zVOy. The cells were then scraped from the culture dishes
and the resulting lysates were clarified by centrifugation at
10,000g for 10 min. Protein concentrations were determined
using the micro-bicinchoninic acid method (Pierce).

Immunoblotting procedures

Lysates (20 pg) were solubilized in Laemmli sample buffer,
boiled for 4 min, and resolved by SDS-PAGE. The proteins
were transferred onto polyvinylidene difluoride (PVDF)
membranes, blocked overnight at 4°C with TBS—Tween 20
(147 mM NaCl, 20 mM Tris—HCI, pH 7.5, and 0.1% Tween
20) containing 2% BSA and incubated 1 h at room temperature
with primary antibody. Immunoreactive bands were revealed
after 1 h incubation with HRP-conjugated anti-rabbit anti-
bodies and the signals were visualized with an ECL detection
system.

Measurement of PAF synthesis

PAF production by BAEC was measured by incorporation
of [*H]acetate into lyso-PAF as described previously [4].
Briefly, confluent BAECs (6-well tissue plate) were rinsed with
Hank’s balanced salt solution (HBSS) + Hepes (10 mM, pH
7.4) and then stimulated for 10 min with 1 ml of HBSS—Hepes
buffer (107> M, pH 7.4) containing CaCl, (1072 M),
[H]acetate (2.5 x 107> Ci) and PBS with or without SIP (1
puM). The reaction was stopped by the addition of acidified
methanol. Polar lipids were isolated according to Bligh and
Dyer. After solvent evaporation under N, *H-PAF was purified
by HPLC on silica gel vs an authentic *H-PAF sample, and
quantified by counting radioactivity with a B-counter.

Results

Treatment of endothelial cells by SGE inhibits the formation of
capillary-like structures in the Matrigel model

As a first approach in the evaluation of the antiangiogenic
activity of SGE, we tested its capacity to inhibit the formation
of capillary-like structures in the Matrigel model, commonly
used to identify antiangiogenic drugs. Matrigel is a reconsti-
tuted basement membrane containing various endogenous
growth factors, including transforming growth factors (TGF)-
B, EGF, b-FGF, and PDGF that stimulate angiogenesis in vitro
and in vivo [26].

In a first series of experiments, human umbilical veinous
endothelial cells were treated by SGE (0, 5, 10, or 25 pg/ml)
after adhesion to Matrigel. In the absence of SGE, HUVECs
migrate, proliferate, and differentiate into an extensive network
of thin tubules which mimic capillaries. The network formation
was decreased by 11.1% with 10 pg/ml SGE, and was
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completely abolished when SGE was used at 25 pg/ml (Fig. 1).
No effect was observed when the cells were treated with SGE
at 5 pg/ml (data not shown).

The antiangiogenic effect of SGE is enhanced when HUVECs
are preincubated with SGE before adhesion to Matrigel

In a second series of assays, HUVECs were exposed for 18
h to SGE (0, 5, 10, and 15 pg/ml) in serum-free medium or in
the presence of 1% serum, before adhesion to Matrigel. The
medium was then removed, and the cells were allowed to form
capillary-like structures. Under these conditions, a dose-
dependent decrease of network length was observed in the
dose range 5—15 pg/ml (Fig. 2). When SGE was used at a
concentration of 15 ug/ml, tubulogenesis was suppressed as
well in the absence (Fig. 2A) as in the presence (Fig. 2B) of
serum. The antiangiogenic effect of SGE was maximal when
the cells were preincubated with SGE in the absence of serum.
In the absence of serum, this effect was observed, but at a lower
intensity. Indeed, SGE at 5, 10, and 15 pg/ml decreased the
tube network formation by 28.5, 71.4, and 98% in serum-free
medium (Fig. 2A) instead of 3.6, 38.6, and 97% in the presence
of 1% serum (Fig. 2B).

Pretreatment with SGE inhibits the basal motility of BAEC and
antagonizes the chemotactic effect of VEGF and S1P

Endothelial cell migration in response to proangiogenic
stimuli is a prerequisite of angiogenesis and a hallmark of
neoangiogenesis. Because previous reports have revealed that
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VEGF and SI1P increase BAEC migration [16], we used
BAEC and Boyden-derived chambers to examine whether a
2-h preincubation with SGE affected EC migration in the
absence, and in the presence, of these two proinflammatory
and proangiogenic agents. As seen in Fig. 3, addition of
VEGF or SI1P to the lower compartment of the Boyden
chamber strongly increased BAEC motility. The migration
was increased 4.3-fold with 10 ng/ml VEGF and 5.6-fold
with 1 puM SIP. A preexposure of BAEC to SGE, dose
dependently decreased the migration of BAEC under basal
conditions, and antagonized the chemotactic effect of VEGF
and S1P. When SGE was used at 25 pg/ml, the basal
migration was reduced by 73%, the migration induced by
VEGF was almost completely suppressed (—93%), and the
migration induced by S1P was decreased by 40%. Of note,
this latter value was similar to that (—41%) observed by
Bernatchez et al. [16] after pretreatment of BAEC with a
selective antagonist of extracellular PAF receptor [BN52021
(10 pM)].

Pretreatment with SGE inhibits the motility of various cancer
cells under basal and stimulated conditions

To determine whether inhibition of cell motility by SGE
was specific to endothelial cells, complementary assays were
further conducted in Boyden-derived chambers on U-87 MG
(human glioblastoma), DAOY (human medulloblastoma), and
HT1080 (human fibrosarcoma) cells. In our assays, the three
human cancer cell lines were preincubated for 2 h in the
absence or the presence of SGE (25 pug/ml) and then allowed

25 ug/mL

10 25  ug/ml

Grape extract in 50% ethanol

Fig. 1. SGE inhibits capillary-like structure formation on a 2D-Matrigel basement model. HUVECs (20,000 cells/well) were seeded on Matrigel and allowed to
adhere for 6 h at 37°C. The medium was removed and replaced by fresh EBM-2 medium supplemented with 0, 5, 10, or 25 pg/ml SGE, and incubated for 18 h at
37°C as described under Materials and methods. (A) The formation of capillary-like structures was examined microscopically and pictures (50x magnification) were
taken using a Retiga 1300 camera and a Zeiss Axiovert S100 microscope. (B) The total length of capillary-like structures was quantified by analysis of digitized
images with the Northern ECLIPSE software program. For each test, five randomly chosen areas were measured and averaged. The result was the average of two

independent tests.
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Fig. 2. Pretreatment with SGE prevents capillary-like structure formation on a 2D-Matrigel basement model. HUVECs were incubated for 18 h at 37°C with 0, 5, 10,
and 15 pg/ml SGE in (A) serum-free media or (B) medium supplemented with 1% serum and then seeded on Matrigel. The medium was removed and replaced by
fresh EBM-2 medium (OK) without SGE. The cells were incubated at 37°C as described under Materials and methods. The examination and quantification of the
tube network length (50x magnification) were done as previously. The result was the average of at least two independent tests.

to migrate for 3 h at 37°C in the presence or absence of U-
87-conditioned medium. In the presence of conditioned
medium, the cell motility was increased in the order HT-
1080 > U-87 > DAOY from 1.8 (H-1080) to 13.7 times
(DAQOY) (Fig. 4). A 2-h preincubation of BAEC with 25 pg/
ml SGE decreased the migration of cancer cells under both
the basal and the stimulated conditions. Under basal condi-
tions (absence of conditioned medium), the reduction of cell
migration varied from 45% (HT-1080) to 87% (U-87 cells). In
the presence of conditioned medium, the migration of U-87
and DAOY cells was almost completely suppressed while the

migration of HT-1080 was decreased by 85% and maintained
around the control value.

Pretreatment with SGE prevents the phosphorylation of p42/44
and p38 MAPK

The p42/44 and p38 mitogen-activated protein kinases (ERK)
and the phosphatidylinositol 3-kinase (PI3K) are downstream
targets of VEGF. ERK are implicated in EC proliferation and
migration. They are activated in response to multiple stimuli
including PDGF, epidermal growth factor (EGF), and S1P
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Fig. 3. SGE inhibits the basal migration of bovine aortic endothelial cells
(BAEC) and antagonizes the chemoattractant effect of vascular endothelial
growth factor (VEGF) and sphingosine-1-phosphate (S1P). BAECs (1.0 x 10°
cells) were seeded on gelatin-coated filters, allowed to adhere for 30 min,
treated with SGE at 0 and 25 pg/ml for 2 h, and allowed to migrate for 3 h, at
37°C in the absence or the presence of 10 ng/ml VEGF or 1 pM S1P. Cells that
have migrated were fixed, stained with 0.1% Crystal Violet—20% methanol (v/
v), and counted using computer-assisted imaging. Data are expressed as the
average density of migrated cells per four fields (50x magnification).

[11,13]. The p38/MAPK are activated by various cellular
stresses, inflammatory cytokines, and growth factors. As
PI3K, p38/MAPK also are activated by S1P [4,11]. The use of
selective inhibitors of each type of kinase has revealed that p38/
MAPK and, to a lesser extent, ERK are essential regulators of
VEGF- and S1P-driven PAF synthesis in EC [16,27]. As a first
approach to evaluate whether inhibition of VEGF- and S1P-
induced chemotactic activity by SGE was related to inhibition of
PAF synthesis, we examined the effect of a 2-h pretreatment with
25 pg/ml SGE on ERK and p38/MAPK phosphorylation in
control, and under VEGF- and S1P-stimulated conditions. As
seen in Fig. 5, these two stimuli markedly increased p38/MAPK
phosphorylation. As expected, ERK phosphorylation was also
strongly increased by VEGF. A preexposure to SGE decreased
by 66% the VEGF-mediated ERK phosphorylation, and reduced
by 87 and 39% the phosphorylation of p38/MAPK mediated by
VEGF- and S1P, respectively. Bernatchez et al. [16] have
demonstrated that PAF synthesis is significantly reduced when
BAEC are pretreated with a selective inhibitor of p38 MAPK
[SB203580 (10 uM)] before stimulation by S1P (1 uM), and that
this pretreatment also reduced by 42% the S1P-induced
migration of BAEC. In our study, a 2-h pretreatment of BAEC
with 25 pg/ml SGE reduced by 40% the migration of BAEC
induced by S1P, and by 39% the phosphorylation of p38/MAPK
mediated by this bioactive lipid. The used amount of S1P was the
same (1 pM) in the two studies. Our results thus evidenced that
SGE decreased both VEGF- and S1P-induced signaling They
also supported the hypothesis that inhibition of EC migration by
SGE was in part due to a decreased PAF synthesis.

Pretreatment by SGE inhibited S1P-induced PAF synthesis

To ascertain this hypothesis, we measured the effect of a
preexposure to 25 pg/ml SGE on S1P-induced PAF synthesis.
The synthesis of PAF by SIP and VEGF involves the
conversion of EC membrane phospholipids into lyso-PAF

(the precursor of PAF) by two types of phospholipase A2
[the cytosolic phospholipase A, (cPLA;) and the group V
secreted phospholipase A, (sPLA,-V)phospholipase A2 iso-
forms]. This is followed by the conversion of lyso-PAF into
PAF by lyso-PAF acetyltransferase [4,16]. In our experiment,
PAF production was quantified by incorporation of [*H]ac-
etate into lyso-PAF. Results in Fig. 6 show that 10 min after
addition of 1 uM S1P, PAF expression was increased 3.1-fold
and that a 2-h exposure to 25 pg/ml SGE reduced this
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Fig. 4. Exposure to SGE prevents the migration of DAOY (human
medulloblastoma), U-87 MG (human glioblastoma), and HT1080 (human
fibrosarcoma) cells. Tests were done as previously described for endothelial
cells. The only difference was the use of U87-conditioned medium as
chemoattractant in place of VEGF or SIP.
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Fig. 5. SGE prevents p42/44 MAPK and p38 MAPK phosphorylation. Confluent BAECs were treated with vehicle or 10 pg/ml SGE for 2 h and then stimulated with
50 ng/ml VEGF (A) or 1 uM S1P (B) for 10 min as described under Materials and methods. Cell lysates [20 pg (A) or 30 pg (B)] were loaded onto 10% SDS-PAGE
followed by Western blotting and immunodetection with anti-phospho-ERK1/2 or anti-phospho-p38 antibody, revealed with HRP-conjugated anti-rabbit antibodies.

The signals were visualized with an ECL detection system.

stimulatory effect by 89%, and maintained PAF level around
the control value.

Discussion

Neoangiogenesis, the growth of novel capillaries in re-
sponse to proangiogenic cytokines synthesized by tumor cells
deprived of oxygen or nutrients, plays a crucial role in tumor
growth and metastasis [11]. Inhibiting angiogenesis has thereby
become a target for anticancer strategies. In the present study,
we have demonstrated that SGE inhibits the formation of
capillary-like structures in the Matrigel model. The observation
that the tube network is dose dependently inhibited when
HUVEC:s are exposed to SGE after or before cell adhesion to
Matrigel supports the hypothesis that SGE both down-regulates
and prevents angiogenesis and, consequently, may contribute to
prevent and treat cancer. The effect of SGE is decreased by
serum. However, as a preexposure to 15 pg/ml SGE is
sufficient to completely abolish tubulogenesis in the presence
of serum, it can be hypothesized that SGE would exhibit in
vivo activity.

Having the knowledge (i) that VEGF increases vascular
permeability and induces EC proliferation and migration
through high affinity binding to its receptor VEGFR-2 [Flk-
I/KDR] at the endothelial cell surface [29], and (ii) that the
increased synthesis of PAF by VEGF and S1P contributes to

EC migration and angiogenesis [4,16], we have then investi-
gated the effect of SGE on the migration of BAEC mediated by
S1P and VEGF. Under our experimental conditions, a 2-
h preincubation with 25 ng/ml SGE prevented the chemotactic
effect of SIP and VEGF and decreased by up 50% the basal
motility of BAEC. The EC migration induced by 10 ng/ml

400
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Relative PAF synthesis (%)
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PBS - +

S1P (1 pM)

SGE

Fig. 6. SGE prevents S1P-induced PAF synthesis. Confluent BAECs were
treated with 0 or 25 pg/ml SGE before stimulation with either SIP (1 pM) or
the vehicle (PBS alone). Results are expressed in relative PAF synthesis (%)
measured as described under Materials and methods. The values are means of
three experiments in duplicate.
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VEGF was completely abolished while the migration induced
by 1 uM SI1P was decreased by 40%. Agarwall’s team has
reported that grape seed anthocyanins decrease VEGF activa-
tion and tubulogenesis [21,22]. Our data show that SGE has a
similar effect, and presents the complementary interest to
inhibit the migration of EC induced by S1P, which amplify
angiogenesis. To our knowledge, this is the first time that grape
polyphenols are reported to exhibit this latter property.

Cell migration is dependent on local proteolysis of
extracellular matrix (ECM) by metalloproteases (MMPs)
[5,30]. MMPs not only facilitate the migration of the
endothelial through the extracellular matrix but also that of
tumor cells [28—33]. Inhibiting these proteases thus contribute
to decrease tumor proliferation and metastasis. It is established
that MMP expression and activity is in large part dependent on
VEGF signaling [5]. By increasing ERK, p38/ MAPK, and
phosphatidylinositol 3-kinase (PI3K) phosphorylation, S1P
amplify both MMP expression and activity. S1P-induced
biological effects are mediated through high affinity binding
to G-protein-coupled receptors of the endothelial differentiation
gene (EDG) family localized on the plasma membrane of EC
and of a wide range of cell lines, including cancer cells [34].
Consistent with the role of SIP in the promotion of
angiogenesis, a recent study has evidenced a key role of the
S1P/EDG-1 cascade in ECM proteolysis, and in endothelial
and nonendothelial cell migration [27]. The inhibition of S1P
and VEGF-induced endothelial and cancer cell migration by
SGE indicates that SGE not only inhibits VEGF signaling but
also down-regulates the activation of the SIP/EDG-1 cascade.
This supports the hypothesis that SGE not only decreases
MMP expression and activity, but may also positively affect
various other S1P-dependent biological effects. This is of
interest because S1P is not only secreted by EC but also by
platelets, macrophages, and different types of tumor cells and
mediates multiple biological effects. It contributes to cell
proliferation mediated by platelet-derived growth factor
(PDGF) and FCS mitogens [16,27,33], acts as a chemoattrac-
tant for hematopoietic precursor cells and immature dendritic
cells [34], stimulates MT1-MMP-dependent EC migration and
morphogenic differentiation [16,27,31,33,34], controls the
recruitment of inflammatory cells (including activated plate-
lets) to sites of inflammation [35], and contributes to the
metastatic cascade [35]. In addition, by regulating bone
marrow stromal cell migration/recruitment, SIP contributes to
diseases in which platelet-endothelial interactions are critical
such as thrombosis, angiogenesis, and atherosclerosis [35,36].
SIP is therefore a proinflammatory and proangiogenic agent
that contributes to enhance cancer proliferation and metastasis.
By down-regulating VEGF and S1P/EDG signaling, SGE may
prevent or down-regulate invasive cancer growth and metas-
tasis. Accordingly, tests on BAECs, HT-1080 human fibrosar-
coma, U-87 human gliobastoma, and DAOY human
medulloblastoma cells have demonstrated that a 2-h preincuba-
tion with 25 pg/ml SGE reduces not only the migration of
endothelial but also that of cancer cells under basal conditions.
Under stimulated conditions, the cell motility of DAOY and U-
87 cells is almost completely suppressed while the migration of

HT-1080 cells is decreased to the control level. The migration
of endothelial and cancer cell is a hallmark of cancer invasion
[5,28]. Despite significant advances in neuroimaging, neuro-
surgery, and radiotherapy, the median survival for patients with
malignant glioma is still less than 1 year [37]. It has been
reported that a combination of citrus flavonoids, chokeberry
extract, lycopene, selenium, red clover extract, and red grape
seed extract may reduce the progression of highly invasive
malignant glioma [37]. The capacity of SGE to inhibit both the
S1P- and the VEGF-induced EC migration, and the migration
of U-87 glioblastoma cell induced by conditioned medium,
suggests that SGE may also be helpful against this type of
cancer, characterized by an intensive vascularization and a
rapid tissue invasion [37]. Furthermore, by inhibiting VEGF-
and S1P-induced signaling, it is likely that SGE may also be
useful against inflammatory diseases associated with platelet—
endothelial cell interaction, ischemia and reperfusion injury,
and pathological angiogenesis. Indeed, compelling evidence
has shown that high VEGF levels enhance the intensity of
atherosclerotic lesions [38—-40] and favor ischemia and
reperfusion injury as well as excessive development of new
blood vessels and tumor aggressivity [1,7-9] and that S1P
contributes to increase VEGF signaling, amplifying inflamma-
tion and angiogenesis [16,33].

Further investigations have been conducted to understand
how SGE decreases S1P and VEGF chemotactic activity. It has
previously been reported that (i) SIP and VEGF stimulates the
synthesis of PAF, a potent inflammatory mediator contributing
to their chemotactic activity [4,16]. Notably, S1P-induced EC
migration is PAF dependent [16]. To test the hypothesis that
SGE may inhibit PAF synthesis mediated by S1P and VEGEF,
we have first investigated the effect of a preexposure of BAEC
to SGE on the activation of ERK and p38/MAPK previously
identified as the essential regulators of PAF synthesis in this
cell line [4,16]. This approach presented an interest in testing
SGE on native nontransfected EC which possess the intracel-
lular pathways found in normal endothelium. The down-
regulation of VEGF signaling by SGE, and the capacity of
SGE to down-regulate the SIP/EDG-1 cascade, is evidenced
by the reduced phosphorylation of p38/MAPK activated by
VEGF and SI1P and by the decreased VEGF-induced phos-
phorylation of ERK observed in cells preexposed to SGE. We
have unambiguously demonstrated that SGE antagonizes the
synthesis of PAF in response to S1P. A direct relation between
the decreased synthesis of PAF, the inhibition of p38/MAPK
and p42/44/MAPK signaling, the inhibition of S1P-induced EC
chemotaxis by SGE is in accord with reports of other teams
showing that PAF synthesis by VEGF and S1P enhances p42/
44 and p38/MAPK phosphorylation in EC [4,16] and that S1P-
induced PAF synthesis is specifically antagonized by the p38/
MAPK inhibitor SB203580 [16]. By down-regulating PAF
synthesis, it is obvious that SGE decreases VEGF- and S1P-
driven inflammation. Furthermore, because SGE down-regu-
lates both ERK and p38/MAPK, it is likely that inhibition of
PAF synthesis by SGE results from the inhibition of enzymes
involved in the phospholipid remodeling pathway activated by
S1P and VEGF and leading to the synthesis of PAF. This
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remains to be demonstrated, but is supported by various lines
of evidences: (i) the induction of PAF synthesis by VEGF and
S1P requires the activation of the phospholipase A, isoforms:
sPLA; and cPLA, and lyso-PAF acetyltransferase [16,41]; (ii)
p38/MAPK is capable of directly phosphorylating and activat-
ing various PLA2 isoforms and the lyso-PAF acetyltransferase
involved in PAF synthesis [42]. (iii) As do inhibitors of cPLA2
or sSPLA2 isoforms, inhibitors of p38/MAPK inhibit SI1P-
induced PAF synthesis [16].

Although these findings are not expected to be directly
representative of physiological effects because neither the
bioavailability nor the systemic metabolism of SGE are taken
into account, they suggest that SGE may contribute to prevent
(or to delay) the progression of diseases associated with
pathological angiogenesis, including cancer. Furthermore, they
demonstrate for the first time that polyphenols from Vitis vinifera
skin antagonizes the chemotactic effects of VEGF and SIP in
part through a decreased synthesis of PAF. This indicates that
they are capable of preventing VEGF signaling, the activation of
the S1IP/EDG-1 cascade, and the synthesis of PAF which amplify
inflammation and angiogenesis. These results provides a new
explanation for the lower prevalence of coronary heart disease in
the French population consuming moderate and regular amounts
of wine, a phenomenon called “French paradox” [22] and for the
prevention of inflammatory diseases, pathologic angiogenesis,
and cancer by wine polyphenols.
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