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ABSTRACT

Stilbenes are phenolic compounds present in different higher plant families, which have
shown different biological activities such as antioxidant properties, anti-tumoral and anti-
atherosclerotic effects, among others. Angiogenesis is a key process involved in both
cancer and cardiovascular diseases, the vascular endothelial growth factor (VEGF) and
its receptor VEGFR-2 being the main triggers. Certain polyphenol compounds such as
flavonoids have shown a potent capacity to inhibit VEGF and consequently,
angiogenesis. The present work, therefore, aims to evaluate the potential effect of
stilbenes on inhibiting VEGF and their subsequent effect on the downstream signaling
pathway (PLCy1, Akt and eNOS). VEGFR-2 activation was study through ELISA assay
in HUVEC line while the phosphorylation of intracellular downstream proteins PLCy1,
Akt and eNOS were tested by western-blot. Student’s t-test was used to determine
significant differences between samples. On the one hand, astringin, pallidol and ®-
viniferin showed the lowest ICso values (2.90 + 0.27, 4.42 £ 0.67 and 6.10 = 1.29 puM,
respectively) against VEGFR-2 activation. Additionally, VEGF-induced PLCyl
phosphorylation was significantly inhibited by e-viniferin, astringin and w-viniferin.
However, e-viniferin and pallidol simultaneously enhanced eNOS activation, proving to
be via Akt activation in the case of e-viniferin. . For the first time, these data suggest that
stilbenes such as astringin, pallidol, w-viniferin and e-viniferin have a potential anti-
angiogenic effect and they could be further considered as anti-VEGF ingredients in food
and beverages. In addition, e-viniferin and pallidol significantly allowed eNOS activation

and could likely prevent the side effects caused by anti-VEGF hypertension drugs.

Keywords: Antiangiogenic, Astringin, HUVEC, Stilbenes, VEGF
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1. INTRODUCTION

Stilbenes are secondary metabolites classified as non-flavonoid polyphenols with a
monomeric structure comprising two aromatic rings joined by an ethylene ring®. These
compounds derive from the amino acid phenylalanine via the phenylpropanoid pathway,
through the enzyme stilbene synthase? and they are synthesized by different higher plant
families such as Leguminoseae, Pinaceae and Vitaceae among others®. The most
representative compound of the stilbenes family is resveratrol, found in foods such as
cranberries, peanuts, pistachios or chocolate. However, table grapes and red wine are the
main source of dietary intake* As well as resveratrol, other stilbenes, such as astringin,
piceatannol, pallidol, e-viniferin and hopeaphenol, have also been described in grapes and

wines (Table 1)°18,

Moreover, not only is e-viniferin present in diet sources, it is also present in grape cane,
grapevine and root extracts of Vitis vinifera, as well as other stilbenoids compounds such
as o-viniferins, r-viniferin, r2-viniferin and ampelopsin A. These are currently being
studied for their promising biological effects’® and also as an alternative to SO in

winemaking?.

Resveratrol has shown antioxidant, anti-inflammatory, antidiabetic, neuroprotective,
antiaging, anti-cancer and cardioprotective effects® 2%. With regard to its cardioprotective
effect, resveratrol has been proven to reduce atherosclerotic plaques formation and it
restores flow-mediated dilation in rabbits fed on a high-cholesterol diet??. Resveratrol
supplementation in mice also delayed spontaneous mammary tumor development and
reduced metastasis®. Additionally, pterostilbene, a resveratrol methoxylated monomer,
has shown antioxidant properties?®; it reduces blood pressure?®, improves cardiac

function? and exerts inhibiting an effect on aortic vascular smooth muscle cells growth?”.
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Furthermore, piceatannol has demonstrated an inhibitory effect on the proliferation and

migration of human aortic smooth muscle cells?®,

Angiogenesis, which involves the formation of new capillary vessels from pre-existing
ones?, plays a crucial role in both cancer and cardiovascular diseases. It drives tumor cell
growth as well as the development and destabilization of atherosclerotic plaques®* 3. The
most pro-angiogenic factor involved in this process is the vascular endothelial growth
factor (VEGF)*2 by binding to its receptor VEGFR-2, which is the main mediator of the
proliferation, migration, survival and permeability process on endothelial cells®3. In fact,
VEGEF inhibition is an objective for current pharmacological cancer therapies. Anti-
VEGF antibodies such as Avastin®, among other drugs, have recently been developed
and approved for the treatment of colon, lung, breast, kidney and liver cancer®* However,
their lengthy treatment causes serious side effects, increasing the risk of hypertension,
since, as a consequence of VEGF signaling inhibition®, anti-VEGF drugs also inhibit

nitric oxide (NO) production, this latter being a potent vasodilator..

Recently, it has been reported that VEGF is the key molecular target for certain
polyphenol compounds, such as epigallocatechin gallate (EGCG), procyanidin oligomers
and guercetin, among others, which potently inhibit VEGF signaling and angiogenesis at
physiological concentrations (ICso: 0.08-1 uM)®* 7. Additionally, EGCG and tetrameric
procyanidin inhibited phospholipase gamma 1 (PLCy1), the principal regulator of the cell
proliferation, while they increased activation (phosphorylation) of endothelial nitric oxide
synthase (eNOS) via protein kinase B (Akt), which still might induce NO
bioavailability®®. Such data show that these bioactive compounds might be a promising
alternative for cancer and cardiovascular diseases prevention, reducing VEGF-induced
angiogenesis while avoiding eNOS inhibition, and the subsequent hypertension risk

caused by treatment with drugs®.
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Resveratrol has been the only stilbene compound evaluated for inhibiting VEGF-induced
VEGFR-2 activation, showing a weak inhibitory effect (24 % of inhibition at 50 uM)*'.
However, the inhibitory effect of the different compounds of this polyphenol family needs
to be explored, since different substituents on the phenolic rings (total OH, catechol,
methyl and glycosyl groups) affect their potential inhibitory effect®”. The aim of this work
is, therefore, to evaluate the potential anti-VEGF effect of twelve different stilbene
compounds present in food, including monomers, dimers and tetramers, on VEGF
inhibition and their subsequent effect on the downstream signaling pathway (PLCy1, Akt

and eNOS) in endothelial cells.
2. MATERIAL AND METHODS

2.1. Chemicals

Human Umbilical Vein Endothelial Cells (HUVEC) and the Endothelial Cell Growth
Medium-2 (EGM-2) were provided by Lonza (Slough, UK). Rhapontin and pterostilbene
standards, as well as dimethyl sulfoxide, were purchased from Sigma-Aldrich (Steinheim,
Germany). Methanol and acetonitrile were provided by Merck (Darmstadt, Germany) and
formic acid by Prolabo® (Obregon, México). VEGFies was supplied by R&D Systems
(Minneapolis, USA). The PathScan Phospho-VEGFR-2 (Tyr1175) sandwich ELISA Kit
was provided by Cell Signaling Technology (Danvers, MA, USA). For western blot
assay, sample buffer LDS (4x), sample reducing agent DTT (10x), antioxidant and 4-12
% Bis-Tris gels were purchased from ThermoFisher Life Technologies (NUPAGE,

Waltham, Massachusetts, USA). Nitrocellulose membrane for transfer step was provided

by Bio Rad Laboratories (Hercules, California, USA). Bovine serum albumin (BSA) was
supplied by Sigma-Aldrich (Steinheim, Germany). Phospho-PLCy1 (Tyr 783), PLCyl,
phospho-Akt (Ser 473), Akt, phospho-eNOS (Ser 1177), eNOS and anti-rabbit IgG-HRP

antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA).
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SuperSignal West Pico chemiluminescent substrate was supplied by Thermo Scientific

(Hitchin, UK).
2.2. Cell culture

HUVEC were cultured at 37 °C in a 5 % CO- atmosphere between passages 4 and 5 in 6-

well plates until completely confluence.
2.3. Stilbenes extraction and purification

Figure 1 shows the chemical structure of the stilbenes included in the present work:
ampelopsin A, astringin, e-viniferin, hopeaphenol, isohopeaphenol, pallidol, piceatannol,
pterostilbene, rhapontin, r-viniferin (vitisin B), r2-viniferin (vitisin A) and w-viniferin.
Additionally, resveratrol and piceid are included in Figure 1 for comparative purposes.
Except for piceatannol and rhapontin, the rest of stilbenes were extracted and purified (>
92% purity) from a raw grapevine shoot following the method described by Biais et al.*°,
except for astringin, whose extraction was based on Gabaston et al. method*°. Purity was
determined using UPLC with UV detection at 280 nm in an Agilent Zorbax C18 column
(100 x 2.1 mm) with a particle size of 1.8 um. Two mobile phases consisting of water
with 0.1% of formic acid (A) and acetonitrile (B) were used, with a flow rate of 0.4
mL/min. The chromatograms for the stilbenes tested are shown in Supplementary
material (Figure S1). Before cell treatment, each compound was diluted in dimethyl
sulfoxide (DMSO) at different stock concentrations (between 1 and 50 mM) and stored

at -20 °C until HUVEC treatment.
2.4. Determination of VEGFR-2 phosphorylation by ELISA

Vehicle control (< 0.1 % DMSO) and VEGF at 25 ng/mL concentration (< 0.1 % DMSO)
were used as negative and positive controls, respectively. We followed the previously

described plausible molecular mechanism for polyphenols VEGF inhibition®® on
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endothelial cells in which VEGF is proven to be the molecular target for different
polyphenols. Confluent HUVEC cells were incubated separately for 5 minutes with
different concentrations of stilbenes (1-50 uM for monomers and dimers; 1 uM for
tetramers) which had been pre-incubated (for 5 minutes) with VEGF (25 ng/ml) using
Endothelial Basal Medium (EBM) (DMSO final concentration < 0.1 %). . Every sample
was performed in duplicate. HUVECs were then lysed with radioinmunoprecipitation
assay (RIPA) buffer and subsequently centrifuged at 4 °C, 13000 rpm for 10 minutes.
Finally, a bicinchoninic acid assay (BCA) was performed in order to determine protein

content in the supernatant. Every experiment was carried out in duplicate.

To measure the phosphorylated VEGFR-2 levels in the lysates, the Phospho-VEGFR-2
(Tyr1175) sandwich ELISA kit was used following the manufacturer’s instruction. Half
maximal inhibitory concentration (ICso) with confidence intervals was then determined
for each stilbene with the GraphPad Prism software v. 6.00 (GraphPad Software, La Jolla

California USA). Each sample was also analyzed in duplicate.

2.5. Western Blot analysis for PLCy1, Akt and eNOS

Compounds with the highest anti-VEGF effect were evaluated for their potential effect
on modulating the activity of the dowmstream signaling proteins PLCy1, Akt and eNOS.
The experimental conditions were the same as those explained above in section 2.4,
except for the HUVEC cells which were incubated with the stilbene+VEGF mixture or
stilbene alone for 10 minutes in the case of PLCy1, and 60 minutes for Akt and eNOS
evaluation. The stilbene doses used were, according to their respective I1Cso values for
VEGFR-2 inhibition, as follows: 10 uM for pallidol, o-viniferin and astringin; and 50
pM for e-viniferin and piceatannol. All compounds were tested in duplicate. The protein
lysates (26.8 ug) were mixed with the sample buffer and the reducing agent before heating

them for 10 minutes at 70 °C to denature proteins. Subsequently, electrophoresis was
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performed in the Bis-Tris gel and then, proteins were transferred into nitrocellulose
membranes (0.2 uM). Tris-buffered saline with Tween® 20 (TBST) was mixed with BSA
to a final concentration of 5 % for blotting the membranes before adding primary
antibodies (p-PLCyl1, PLCyl1, p-Akt, Akt, p-eNOS, eNOS). The primary antibodies were
then incubated overnight with the membranes at 4 °C. Subsequently, a secondary antibody
(anti-rabbit 1gG-HRP) in TBST+BSA (5 %) was added to incubate membranes for 1h at
room temperature. After treating membranes with the chemiluminescent substrate, image
analysis of bands was performed using an Amershan Imager 600 station (GE Healthcare

life sciences, Marlborough, MA, USA). Samples were analyzed in triplicate.
2.6. Statistical analysis

GraphPad Prism software V.6.00 (GraphPad Software, La Jolla California USA) was
used to determine significant differences between samples through Student’s t-test. The
degree of significance of the analysis was as follows: p < 0.05 (*), p < 0.01 (**), p<0.001

(***) and p<0.0001 (****). Data were displayed as mean * standard deviation in all cases.
3. RESULTS & DISCUSSION
3.1. Inhibition of VEGFR-2 activation by stilbenes

It has already been demonstrated that certain polyphenols inhibit VEGFR-2 activation by
binding tightly to VEGF. As a consequence, it is prevented from binding to the receptor.
More than fifty polyphenols compounds from different families have been tested for their
anti-VEGF effect. The only stilbene reported, however, was resveratrol which showed a
weak inhibition of VEGFR-2 phosphorylation (24 % at 50 uM). Since different structural
features affect potential VEGF inhibition, the present work assesses for the first time the
potential anti-angiogenic effect of this family of polyphenols on twelve different

stilbenes, including monomers (astringin, piceatannol, pterostilbene and rhapontin),
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dimers (ampelopsin A, e-viniferin, pallidol and w-viniferin) and tetramers (hopeaphenol,

isohopeaphenol, r-viniferin and r2-viniferin) (Table 2).
3.1.1. Monomers

Piceatannol has quite a similar structure to resveratrol with an additional OH group
forming a catechol group which enhances the inhibition of the VEGFR-2
phosphorylation, showing a 3.5-fold higher inhibitory effect than resveratrol (1Csq = 39.7
uM). Similarly, the presence of a catechol group on flavonoids such as luteolin, orobol
or quercetin showed an enhanced inhibitory effect on VEGFR-2 activation®’. Piceatannol
has been previously reported to reduce VEGF expression in cancer cells, indirectly
preventing angiogenesis**. However, this is the first time that piceatannol has been proven
to inhibit directly VEGF-induced VEGFR-2 phosphorylation on endothelial cells.
Considering the highest piceatannol concentration presents in grapes (702 pg/kg, Table
1) and its bioavailability (50 %)*?, 3 portions of grapes (average grapes portion = 125 g)
would be enough to reach its ICso concentration in plasma. These data are in line with a
balanced diet.

Astringin, which is the piceatannol glucoside (Figure 1), was the tested stilbene that
exhibited the highest VEGFR-2 phosphorylation inhibitory activity (ICso = 2.90 uM),
showing a 14-fold greater effectiveness against VEGFR-2 phosphorylation than its
aglycone piceatannol (ICso = 39.7 uM). In contrast, piceid, which is the main natural
resveratrol glucoside form, did not show significant differences on the inhibition of
VEGFR-2 phosphorylation compared with resveratrol (28 % and 24 % respectively, at 50
uM)*’. Additionally, Cerezo et al. (2015) have previously shown that different
glycosylated forms of quercetin were completely ineffective in inhibiting VEGFR-2
phosphorylation®” compared with quercetin (ICso = 0.75 uM). In the case of stilbenes, the

presence of the catechol group in one of the rings of the astringin and a 3-O-glucoside
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groupappears to be the structural combination that best enhances anti-VEGF activity.
Therefore, our present results prove for the first time that a glycoside polyphenol can be
also a good candidate for anti-VEGF activity.

Considering the highest astringin concentration reported in red wine (38.1 mg/L, Table
1) and the bioavailability data for related stilbenoids (piceatannol, pterostilbene and
resveratrol 50 %, 80 % and 30 % of bioavailability, respectively)*> 43, and, since there is
no available dataon astringin bioavailability, between 2 and 4 glasses of red wine (average
glass of wine = 150 mL) would be sufficient to reach an active astringin concentration in
plasma (3.4-4.5 uM). Since, for a healthy diet, alcohol content limits wine consumption,
food supplements would be a good option for achieving an active astringin concentration

in plasma without the limitations imposed by alcohol.

Pterostilbene and rhapontin, the other two monomers tested, present methyl groups in
their structures. Pterostilbene (3',5'-dimethoxy-resveratrol) results from a double
methylation of resveratrol in positions 3' and 5'. Although pterostilbene provoked a low
inhibitory activity against VEGFR-2 phosphorylation at 50 UM (40 %), it was more
effective than resveratrol (24 %). In flavonoids, methyl groups on the B-ring strongly
diminished bioactivity against VEGF phosphorylation®’. In stilbenes, it appears that the
presence of methyl groups allows certain bioactivity against VEGFR-2 phosphorylation.
On the other hand, rhapontin, which presents a methyl group on 4’ position and a 3-O-
glucosyde group, was completely ineffective at 50 uM.. In this case, it appears that the
presence of both glycoside and methyl groups strongly diminished the effect against

VEGFR-2 phosphorylation.
3.1.2. Dimers

The order of anti-VEGF potency for stilbenes dimers were as follows: pallidol (ICso =

4.42 uM) > o-viniferin (ICso = 6.10 puM) > e-viniferin (ICso = 18.8 pM). Ampelopsin A
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was completely ineffective at 50 uM. At 10 UM e-viniferin has previously shown an anti-
proliferative effect () on vascular smooth muscle cells*. This, however, is the first time
that e-viniferin and w-viniferin have shown anti-VEGF activity by inhibiting VEGF-
induced VEGFR-2 phosphorylation. Comparing the anti-VEGF activity of stilbenoid
dimers with previously reported procyanidins dimers®’, the former present geather
effectiveness (ICso = 4.42 — 18.8 pM, ICso = 52.6 pM, respectively). The reactivity
differences between stilbene dimers could be related to their three-dimensional structures.
For example, ®- and e-viniferin have the same plane structure and differ only by the
orientation of their phenol rings. Cerezo et al. (2015) have demonstrated that flavonoids
with near-planarity on their structure such as quercetin or myricetin displayed potent anti-
VEGF activity®’, since near-planar structures have been shown to enter hydrophobic
pockets in proteins more easily*®. In addition, the complexity of the ampelopsin A
structure might not enter the pocket of the VEGF molecule, rendering it completely
ineffective®. Structure-activity relationship studies are needed to better understand the

properties of these compounds.

Bioavailability data for dimers have been reported for e-viniferin only (0.77 %)*.
Considering also its highest concentration described in wine (4.35 mg/L, Table 1), 8
glasses of wine would be necessary to reach its ICso value in plasma. If, given the
similarity in structure, we assume a similar bioavailability for pallidol which is the most
active dimer, and its highest concentration found in wine (2.22 mg/L, Table 1), 4 glasses
of wine would be needed to achieve the ICso value in plasma. In both cases, the doses
exceed the acceptable quantity of wine in a balanced diet (1-2 glasses). Food supplements
including e-viniferin and pallidol dimmers would, therefore, be a good strategy to achieve

an active concentration in plasma.

3.1.3. Tetramers
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High molecular weight stilbenes (tetramers) such as hopeaphenol, isohopeaphenol, r-
viniferin and r2-viniferin caused a low inhibitory effect (<25 %) on VEGFR-2
phosphorylation at 1 uM (Table 2). These results contrast with those obtained in
procyanidins, where the more polymerized structures confer the greatest activity against
VEGFR-2 phosphorylation, reaching 1Cso values of 0.28 pM for the procyanidin

tetramer®’.

Considering that resveratrol (monomer) and e-viniferin (resveratrol dimer) bioavailability
(30 % and 0.77 %, respectively)*?#® decrease with the degree of polymerization,
bioavailability can be expected to be much lower for hopeaphenol, isohopeaphenol, r-
viniferin and r2-viniferin (resveratrol tetramers). Additionally, the low anti-VEGF
activity of the tetramers at 1 uM (Table 2) render them irrelevant as anti-VEGF agents,

since an insufficient concentration for them to be active would be expected in plasma.

3.2. Modulation of downstream signaling proteins (PLCy1, Akt and eNOS) in HUVEC

by stilbenes

To check whether the inhibition of VEGF-induced VEGFR-2-activating activity by
stilbenes also regulates signaling events downstream of pVEGFR-2, the inhibition of
PLCy1 phosphorylation, (PLCy1 being the first protein activated in response to VEGFR-
2 activation and responsible for cell proliferation), by the most potent stilbenes
(piceatannol, astringin, pallidol, € -viniferin and w-viniferin) was evaluated. In addition,
Akt and eNOS phosphorylation, activated later in the VEGF signaling cascade and
accountable for NO production were also tested. Two sets of concentrations were
assessed, depending on the ICso values of stilbenes, to ensure that VEGFR-2
phosphorylation was inhibited completely (10 uM for astringin, pallidol and w-viniferin;

and 50 uM for piceatannol and e-viniferin).

3.2.1. Phosphorylation of PLCy1
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Pallidol and piceatannol presented 1Cso values for VEGFR-2 inhibition below 10 uM and
50 uM respectively (Table 2), but they had either no effect or a very low effect (6 %),
respectively, against the inhibition of the PLCyl phosphorylation in the presence of
VEGF (Figure 2A and 2E). The data, therefore, suggest that these compounds might be
acting in other proteins also involved in endothelial cell migration and as a consequence
in angiogenesis mediation, such as Shb-Sck-PI9K-Rac-IQGAPI (also mediated by
VEGFR-2 tyrosin 1175)*". Further research should, therefore, be carried out on the effects

of pallidol and piceatannol on the inhibition of the Shb protein phosphorylation.

Astringin, e- and o-viniferins showed a significant inhibition of VEGF-induced PLCy1
phosphorylation (86, 55 and 68 %, respectively), astringin being the most effective
(Figure 2 C-F). Astringin treatment in the presence of VEGF presented a pPLCy1/PLCy1
7-fold lower ratio than VEGF alone (Figure 2C), while e-viniferin reached a 3 fold lower
ratio (Figure 2E). These data are in agreement with Moyle et al. (2015)* who showed
that certain polyphenols such as a procyanidin tetramer isolated from apple (dp4) and
EGCG from green tea inhibited VEGFR-2 phosphorylation and as a consequence they
totally inactivated PLCy1 phosphorylation at 1 uM3%. As far as we are concerned, our
data show for the first time the potential of certain stilbenes for the inhibition of PLCyl

(at 10 and 50 uM) and, as a likely consequence, the cell proliferation of endothelial cells.
3.2.2. Phosphorylation of Akt and eNOS

The importance of activating eNOS lies on the fact that anti-VEGF drugs currently used
in the treatment of colon, lung, breast, kidney and liver cancer®* have been demonstrated
to cause serious side effects, increasing the risk of hypertension by inhibiting the
production of NO (a potent vasodilator) as a consequence of VEGF signaling inhibition®,
Akt is a protein prior activated in the signaling cascade by VEGF that has been proven to

activate eNOS phosphorylation, among different alternative pathways.
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Although e- and o-viniferins inhibited VEGF-induced VEGFR-2 and PLCyl
phosphorylation (Table 2 and Figure 2), VEGF-induced phosphorylation of Akt was not
inhibited but significantly enhanced by these compounds, both in the presence and
absence of VEGF (more than twenty-fold higher for e-viniferin and more than two-fold
higher for w-viniferin) regarding negative control (Figure 3A-D). On the other hand,
pallidol and piceatannol only increased the Akt activation in presence of VEGF (Figure
3 E-F), likely due to the fact that neither pallidol at 10 uM or piceatannol at 50 puM
completely inhibited VEGFR-2 (84.4 % and 85 % of inhibition, respectively). In spite of
the above, the relevant point is that while pallidol and piceatannol are almost completely
inhibiting VEGFR-2 phosphorylation, they are able to maintain Akt activation similar to
VEGF alone (positive control). However, astringin, which inhibited VEGFR-2 and
PLCy1 phosphorylation, did not enhance the Akt activation in presence or absence of

VEGF (Figure 3A).

Since pAkt is known to activate the eNOS enzyme (peNOS), we evaluated the effects of
the stilbenes on eNOS activation. The present data show that VEGF alone increased the
peNOS/eNOS ratio (Figure 4). e-Viniferin increased the peNOS/eNOS by a 3.2 and 3-
fold higher ratio in both the presence and absence of VEGF, respectively (Figure 4A).
The e-viniferin data are in agreement with those previously reported for EGCG and dp4
also at 10 pM, which, although inhibiting VEGFR-2 and PLCy1, were able to increase or
retain pAkt and peNOS activation in both the presence and absence of VEGF*®. The
hypothesis postulated was that polyphenol compounds were able to activate Akt and
eNOS by means of other surface receptors or by directly generating ROS in a receptor-
independent fashion, since Kim et al. (2007) demonstrated that EGCG activated Akt,
eNOS and NO production in BAECs via these possible ways*. Similarly, resveratrol has

been reported to activate eNOS via AMP-activated protein kinase, estrogen receptors and
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sirtuin 1 on endothelial cells®. A similar unexplored mechanism might be involved in the

activation of Akt and eNOS by e- viniferin.

Additionally, pallidol also significantly activated the peNOS/eNOS ratio in both the
presence and absence of VEGF (Figure 4C), although our data demonstrate that it is not
Akt-mediated (Figure 3E). Considering that not only can eNOS be activated by Akt but
also by PKA, AMPK and CAMKII proteins®®, further studies should be performed to

determine the protein involved.

On the other hand, only in the presence of VEGF did w-viniferin slightly increase the
peNOS/eNOS ratio regarding negative control (Figure 4B). This could be because -
viniferin at 10 uM did not inhibited VEGFR-2 phosphorilation completely; there is still
a 27.5 % of VEGFR-2 activity (data not shown). The residual VEGFR-2 activity could
therefore be responsible for the eNOS activation. In addition, VEGF can also activate
eNOS via VEGFR1%®. Thus, the eNOS activation observed in the presence of VEGF and
w-viniferin could also be VEGFR-1 activation mediated. The present results reinforce the
notion that certain polyphenols are potent VEGF inhibitors but may still induce NO
production by increasing eNOS phosphorylation, revealing for the first time that e-

viniferin and pallidol show the same trend.

Although, e-viniferin is mainly present in grapevine shoot, root and grape cane extracts'®,
they are gaining importance due to their promising use in winemaking as an alternative
to SO in order to avoid its adverse effects®®. Further research should, therefore, be
conducted in order to focus on determining this mechanism and to evaluate the final
concentration of these compounds in the final product, and the different winemaking

conditions necessary to improve their content in wines.

The other compounds investigated, such as astringin or piceatannol did not show any

significant eNOS stimulation (Figures 4), although they have demonstrated their potential
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to be VEGF inhibitors (Table 2). These data demonstrate that not all of the VEGF-
inhibiting polyphenols are able to show the beneficial effect of activating eNOS and thus

likely induce NO production.

This is the first time that stilbenes such as astringin, pallidol, ®-viniferin and e-viniferin
have shown potential anti-VEGF effects in endothelial cells (most ICso < 10 uM).
Additionally, e- viniferin have been proven to inhibit the downstream VEGF-induced
PLCy1 phosphorylation which is responsible for cell proliferation, while stimulating Akt
and eNOS phosphorylation. Pallidol also showed itself able to inhibit VEGFR-2
activation while inducing eNOS phosphorylation. The present data suggest for the first
time that stilbenes, such as w-viniferin and pallidol, possess potential anti-angiogenic
effect, likely preventing the side effects caused by anti-VEGF drugs on NO
bioavailability. Therefore, these compounds present great potential for future exploitation

as anti-VEGF ingredients in foods and beverages.

Abbreviations:

Akt, protein kinase B; BCA, bicinchoninic acid; DMSO, dimethyl sulfoxide; EGM-2,
endothelial cell growth medium-2; eNOS, endothelial nitric oxide synthase; EGCG,
epigallocatechin gallate; HUVEC, human umbilical vein endothelial cells; NO, nitric
oxide; PLCyl, phospholipase gamma 1; RIPA, radioinmunoprecipitation assay buffer;
TBST, Tris-buffered saline with Tween® 20; VEGF, vascular endothelial growth factor;

VEGFR-2, vascular endothelial growth factor receptor 2.
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Figure captions

Figure 1. Chemical structure of different stilbenes.

Figure 2. Pallidol caused no inhibition of VEGF-induced PLCy1 phosphorylation (A).
Astringin, w-viniferin (C) and e-viniferin (E) showed a significant inhibition of VEGF-
induced PLCy1 phosphorylation (86, 68 and 55% respectively). Basal medium containing
VEGF (25 ng/mL) was pre-incubated with astringin, w-viniferin, pallidol (10 uM), -
viniferin and piceatannol (50 uM) separately. HUVECs were subsequently incubated
for 10 minutes with the pre-incubated solution. Cell were lysed and proteins were
separated on an SDS-PAGE gel and probed with the corresponding PLCy1 antibodies.
Generated bands (B, D, F) and ratios for pPLCy1/PLCy1 (A, C, E) are displayed, *p<0.05,
**p<0.01, *** p<0.001, ****p<0.0001 versus VEGF positive control. Western blot

analysis was performed in triplicate (n=3).

Figure 3. -Viniferin (A), e-viniferin (C), piceatannol (C) and pallidol (E) did not inhibit,
but even enhanced the VEGF-induced Akt phosphorylation, while astringin (A) caused
inhibition of VEGF-induced Akt activation. HUVEC were incubated for 60 minutes in
basal medium containing preincubated VEGF (25 ng/mL) with astringin, pallidol, ®-
viniferin (10 uM), e-viniferin and piceatannol (50 uM) separately. Then, HUVEC were
lysed and proteins were separated on and SDS-PAGE gel to be treated with specific Akt
antibodies. Western blot bands (B, D, F) and ratios for pAkt/Akt are presented, *p<0.05,
**p<0.01, *** p<0.001, ****p<0.0001 versus negative control. Analysis was performed

in triplicate (n=3).
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Figure 4. e-Viniferin (A) and pallidol (C) significantly enhances eNOS phosphorylation,
while piceatannol (A), w-viniferin (B) and astringin (B) did not induce eNOS
phosphorylation. VEGF (25 ng/mL) was incubated in basal medium with astringin,
pallidol, ®-viniferin (10 uM), e-viniferin and piceatannol (50 uM) separately. HUVEC
were treated for 60 min with the VEGF/stilbene mixture and the subsequent lysed proteins
were separated on a gel (SDS-PAGE) and treated with eNOS antibodies. Ratios for
peNOS/eNOS are displayed, *p<0.05, **p<0.01, *** p<0.001 versus VEGF positive

control. Western blot analysis was performed in triplicate (n=3).



Tables

Table 1. Dietary sources of stilbenes derived from resveratrol (mean + standard

deviations and rank).

Compound Source Concentration Reference
Astringin Raboso Piave 106 £ 5.8 pg/Kg 5
grape
French red wines N.D-38.1 mg/L 6
French white N.D-8.5 mg/L
wines
Brazilian red wines  4.35-25.7 mg/L 7
Canadian red 0.04-0.35 mg /L 8
wines
Italian red wines N.D-1.83 mg /L 9
Italian white wines N.D-0.72 mg /L
Portuguese red N.D-35.9 mg /L 10
wines
Portuguese white N.D.-15.6 mg/L
wines
French red wines 2.5-26.1 mg/L
Pterostilbene Berries 99-520 ng/g dw 11
Piceatannol Raboso Piave 41.8 £ 0.5 ug/Kg 5
grapes
Primitivo grapes 282 +10.2 ug/Kg
Italian red wines N.D-5.22 mg/L 9
Italian white wines N.D-0.59 mg/L
Cabernet 0.05 mg/kg fw 12
Sauvignon berries
(without seeds)
Monastrell grapes  0.78 = 0.1 mg/kg fw 13
Monastrell wines 208 + 3.6 pg/L
Pallidol Raboso Piave 21.7 £ 0.2 pg/Kg 5

grapes



French red wines 0.5-4.8 mg/L 6
Canadian red 0.06-0.40 mg /L 8
wines
South Africanred  0.20-9.20 mg /L 14
wines
Primitivo grapes 356 + 2.6 ug/Kg 5
French red wines 1.33-2.22 mg /L 15
French rosé wines  0.38 mg /L

e-viniferin Raboso Piave 593 £ 11.6 ug/Kg 17
grapes
Primitivo grapes 702 + 3.4 pg/Kg
North Africanred  0.2-1.2 mg/L 14
wines
Merlot wine 1.20 + 0.05 mg/L 16
Cabernet 0.69 + 0.08 mg/L
Sauvignon wine
Ksar wine 0.49 + 0.08 mg/L
Amjad wine 0.20 £ 0.04 mg/L
Red wine 0.01 mg/L 17
Brazilian red wines 0.19-4.35 mg/L 7
French red wines 0.10-1.63 mg/L 15
French botrytized  0.08-0.17 mg/L
sweet white wines

Hopeaphenol South Africanred  0.30-3.80 mg/L 14
wines

Isohopeaphenol  Tunisian red wines 0-2.9 mg/L 18

Footnote: fw, fresh weight; dw, dry weight; N.D, non determined



Table 2. Inhibition of 12 different stilbenes on VEGF phosphorylation induced via VEGFR-2.

Compound Total OH (Position) Others (Position) ICso (LM) Inhibition (%)
Monomers

Astringin 7 Glucoside (3) 2.90 (2.65-3.17)

Piceatannol 4(3,5,3,4) 39.7 (37.6-41.9)

Pterostilbene 1(4) OCHa (3, 5) N/D 40.7 (50 uM)
Rhapontin 6 (5,5 OCHzs (4"), Glucoside (3) N/D Ineffective (50 uM)
Dimers

Pallidol 6 4.42 (3.84-5.09)

o-viniferin 5 6.10 (5.04-7.39)

e-viniferin 5 18.8 (17.4-20.4)

Ampelopsin A 6 N/D Ineffective (50 uM)
Tetramers

r2-viniferin 10 N/D Ineffective (1 uM)
r-viniferin 9 N/D 23.4 (1 uM)
Isohopeaphenol 10 N/D 16.2 (1 pM)
Hopeaphenol 10 N/D Ineffective (1 uM)

95% confidence intervals for the ICso values are shown in parentheses; N/D: non determined
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