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Delphinidin and cyanidin inhibit PDGF5g-induced
VEGF release in vascular smooth muscle cells by
preventing activation of p38 MAPK and JNK
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Background and purpose: Red wine polyphenols (RWPs) inhibit the expression of vascular endothelial growth factor (VEGF),
a major pro-angiogenic and pro-atherosclerotic factor, in vascular smooth muscle cells (VSMCs). The aim of this study was to
identify which red wine polyphenols were inhibitory and to determine the mechanism underlying the inhibitory effects.
Experimental approach: Release of VEGF stimulated by platelet derived growth factorag (PDGFag), from human aortic VSMCs
was measured by immunoassay and phosphorylation of kinases by Western blot analysis. The direct antioxidant properties of
polyphenols were determined by electron paramagnetic resonance and the cellular formation of reactive oxygen species (ROS)
by dichlorofluorescein.

Key results: The inhibitory effect of RWPs on PDGFag-induced release of VEGF was mimicked by delphinidin but not
by quercetin, catechins, resveratrol, gallic acid or caffeic acid. In the anthocyanin class, not only delphinidin but also cyanidin
prevented VEGF release whereas malvidin and peonidin were without effect. RWPs, delphinidin and cyanidin directly
scavenged ROS and prevented the PDGFag-induced formation of ROS in VSMCs. Malvidin and peonidin did not scavenge ROS
but prevented the cellular formation of ROS. Although the p38 MAPK, ERK1/2 and JNK pathways have been involved in the
PDGFag-induced expression of VEGF, in our experiments, only phosphorylation of p38 MAPK and JNK was inhibited by RWPs,
delphinidin and cyanidin.

Conclusions and implications: Anthocyanins presenting a hydroxyl residue at position 3’ are able to inhibit PDGFag-induced
VEGF expression by preventing activation of p38 MAPK and JNK in VSMCs.
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Introduction

Epidemiological studies have suggested an inverse relation
between moderate wine consumption, particularly red wine,
and the risk of coronary heart disease (Renaud et al., 1998;
Gronbaek et al., 2000). The beneficial effect of red wine on
coronary disease might be attributable, in part, to its ability
to retard the progression of early atherosclerotic lesions, as
observed in human coronary arteries at childhood, to
advanced plaques, which are prone to rupture with super-
imposed thrombosis as suggested by studies with experi-
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mental models of atherosclerosis (Hayek et al., 1997; da Luz
et al.,, 1999; Vinson et al., 2001). As non-alcoholic wine
products and the red wine polyphenols (RWPs), quercetin
and catechin, were also able to prevent the progression of
atherosclerotic lesions, polyphenols present in red wine
account, at least in part, for the protective effect of moderate
wine consumption (Hayek et al., 1997; da Luz et al., 1999;
Vinson et al., 2001). However, the mechanism underlying
the beneficial effect of RWPs on coronary diseases remains
unclear.

Experimental evidence has suggested that the protective
effect might be attributable to the ability of RWPs to prevent
oxidation of low-density lipoprotein (Frankel et al., 1993),
activation of platelets and matrix metalloproteinase
(Wang et al., 2002; Oak et al., 2004), and expression of
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pro-thrombotic and pro-atherosclerotic molecules such as
monocyte chemoattractant protein-1 and tissue factor (Feng
et al.,, 1999; Pendurthi et al., 1999). Our recent findings
suggest that it may also be owing to the ability of RWPs to
prevent the expression of vascular endothelial growth factor
(VEGF), a major angiogenic factor, in vascular smooth
muscle cells (VSMCs) (Oak et al., 2003). Indeed, VEGF is
strongly expressed in human atherosclerotic plaques (Couf-
finhal et al., 1997; Chen et al., 1999), and the number of
VEGF-positive cells increases gradually with the progression
of lesions (Chen et al., 1999). The cellular sources of VEGF in
human atherosclerotic plaques are predominantly VSMCs
and to some extent foamy macrophages (Couffinhal et al.,
1997; Chen et al.,, 1999). VEGF has been suggested to
contribute to the growth of atherosclerotic lesions by
stimulating the formation of neointimal blood vessels and
also by inducing the expression of pro-coagulant and pro-
atherosclerotic factors (Clauss et al., 1990; Melder et al., 1996;
Marumo et al., 1999). Although RWPs are potent inhibitors
of VEGF expression, the active compounds still remain to be
determined. Analysis of red wine has indicated the presence
of more than 500 polyphenolic compounds, which belong
either to the flavonoid group or the non-flavonoid group
(Soleas et al., 1997). Therefore, the aim of the present study
was to determine the ability of major RWPs to inhibit VEGF
expression and, if so, to elucidate the underlying mechanism
in VSMCs. The findings indicate that among nine major
RWPs, only the anthocyanins of the flavonoid group,
delphinidin and cyanidin, are able to inhibit the platelet-
derived growth factorag (PDGFap)-induced expression of
VEGF by preventing activation of the redox-sensitive p38
mitogen-activated protein kinase (p38 MAPK) and c-Jun
N-terminal kinase (JNK) pathways.

Methods

Preparation of RWPs

RWPs dry powder from red French wine (Corbieres AOC)
was provided by Dr M Moutounet (Institut National de la
Recherche Agronomique, Montpellier, Montpellier, France)
and analyzed by Dr P-L Teissedre (Département d’cenologie,
Université de Montpellier, France). The procedures used to
prepare and analyze RWPs have been described previously
(Oak et al., 2003). One liter of red wine produced 2.7 g of
RWPs, which contained 471 mgg ! of total phenolic com-
pounds expressed as gallic acid equivalents.

Cell culture

Human aortic VSMCs were obtained from Clonetics
(Tebu, Le Perray, France) and cultured as recommended.
All experiments were performed with VSMCs from passages
5 to 15, which were serum-deprived for 24 h. Cell viability
was assayed with the Cell Titer MDSU Kkit.

Determination of VEGF

A commercially available human VEGF immunoassay was
used for the determination of VEGF content in human
VSMCs-conditioned medium (24 h).
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Electron paramagnetic resonance measurements

The direct reactive oxygen species (ROS)-scavenging prop-
erty of polyphenols was assessed by the electron para-
magnetic resonance (EPR)-spin trapping method. RWPs were
introduced into the reaction mixture containing 1mM
1-hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine (TEMPONE-
H), and 0.1 M diethyltetraaminopentaacetic acid in aqueous
buffered solution (0.1 M phosphate, pH =7.4). The reaction
was started by adding 0.8 uM potassium superoxide, a source
of superoxide ions. After S5min, the level of TEMPONE was
detected by EPR in glass capillary. EPR spectra were recorded
on a MS100 spectrometer (Magnettech, Berlin) under the
following conditions: room temperature, microwave fre-
quency 9.34 GHz, microwave power 20mW, modulation
frequency 100kHz, modulation amplitude 0.1 mT and time
constant 100 ms.

Determination of ROS formation in VSMCs

The medium of treated and untreated VSMCs grown in
96-well plates was replaced by Hank’s balanced salt solution
(HBSS), and the cells were loaded with dichlorofluorescein
(DCF) diacetate (10 um) dissolved in HBSS for 30 min at 37°C.
The extracellular dye was removed, and HBSS containing
PDGF,5 (30 ng ml 1) or solvent was added. DCF fluorescence
was measured in a Wallac Victor 1420 fluorescence plate
reader (EG&G Wallac, PerkinElmer, Courtaboeuf, France) at
37°C at an excitation wavelength of 488 nm and an emission
wavelength of 535nm.

Western blot analysis

Total proteins (20 pug) were subjected to sodium dodecyl
sulfate-polyacrylamide electrophoresis (12%) and blotted on
polyvinylidine difluoride membrane. Inmunodetection was
carried out using antibodies directed against phosphorylated
p38 MAPK, extracellular signal-regulated kinase (ERK)1/2
and JNK, and the respective non-phosphorylated proteins.
The immunoreactive band was detected by enhanced
chemiluminescence.

Statistical analysis

Results are shown as mean +s.e.m. Statistical analyses were
performed using ANOVA followed by Fisher’s protected least
significant difference test to compare two treatments.
P<0.05 was considered statistically significant.

Materials

Authentic polyphenols were purchased from Extrasynthese
(Lyon, France). The purity of resveratrol was >90% and that
of all other polyphenols was >98%. The human VEGF
immunoassay kit (VEGFs 165 and 120) was supplied by R&D
Systems (Lille, France), TEMPONE-H by Alexis Biochemicals
(Lausen, Switzerland) and DCF diacetate by Invitrogen
(Cergy Pontoise, France). The antibodies against phosphory-
lated p38 MAPK, ERK1/2 and JNK, and the respective non-
phosphorylated proteins were from Cell Signalling (Danvers,
MS, USA) and the enhanced chemiluminescence reagent was



from Amersham (Orsay, Paris). The cell viability kit, CellTiter
96 MDSU aqueous one solution cell proliferation assay, was
purchased from Promega (Charbonniéres, France).

Results

The anthocyanins delphinidin and cyanidin inhibit VEGF
expression

Exposure of VSMCs to PDGF,p for 24 h markedly increased
the modest basal release of VEGF (Figure 1). The stimulatory
effect of PDGF,3 was abolished by pretreatment of VSMCs
with RWPs for 30min before the addition of the growth
factor (Figure 1). Among polyphenolic compounds belong-
ing to the flavonoid group, delphinidin (a member of the
anthocyanin class) mimicked the inhibitory effect, whereas
catechin and epicatechin (members of the flavanol class) and
quercetin (a member of the flavonol class) did not have such
an effect (Figure 1). The stimulatory effect of PDGF5p was
also not affected by three members of the non-flavonoid
group: gallic acid (a member of the benzoic acid class),
caffeic acid (a member of the cinnamic acid class) and
resveratrol (a member of the distilbene class; Figure 1).
Exposure of VSMCs to a polyphenol alone did not affect the
basal release of VEGE, with the exception of gallic acid,
which caused a 175+27% increase (Figure 1). In addition,
a higher concentration of quercetin alone (100uM) also
increased VEGF release by 302+ 16%.

Next, experiments were planned to determine whether,
besides delphinidin, other members of the anthocyanin class
are able to prevent PDGFup-induced VEGF release. Both
delphinidin and cyanidin inhibited the stimulatory effect
of PDGF,p in a concentration-dependent manner, whereas
malvidin and peonidin were without effect at concentrations
as high as 100uM (Figure 2). The inhibitory effect of the
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Figure 1 Effect of RWPs and several authentic RWPs on PDGFg-
stimulated release of VEGF into conditioned medium of VSMCs.
VSMCs were exposed to either solvent (0.1% dimethylsulphoxide
(DMSO)), RWPs (30 ug mli~") or a polyphenol (30 um) for 30 min
before the addition of PDGFag for 24 h. Thereafter, the amount of
VEGF protein into conditioned medium was determined by
immunoassay. Results are shown as mean +s.e.m. of three different
experiments performed in triplicate. *versus control, #versus PDGFag
treatment alone.
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active anthocyanins was observed at concentrations of 10 uM
or higher (Figure 2).

Neither delphinidin nor cyanidin affected cell viability;
viabilities were 102+4 and 106+3% in delphinidin- and
cyanidin-treated cells (both were tested at 30 uM) after a 24-h
incubation period, respectively (n=6). RWPs (30 ugml ')
did also not affect cell viability (Oak et al., 2003).

Antioxidant properties of polyphenols

Previous studies have indicated that growth factor-induced
expression of VEGF is critically dependent on the formation
of ROS by a p22phox-containing nicotinamide adenine
dinucleotide phosphate (reduced form) (NADPH) oxidase
in VSMCs (Bassus et al., 2001; Gorlach et al., 2001; Oak et al.,
2003). Therefore, experiments were planned to determine
the ability of the different polyphenols to directly scavenge
ROS and to prevent the PDGF,p-induced formation of ROS
in VSMCs.

The direct scavenging properties of polyphenols were
assessed using the EPR-spin trapping method with TEM-
PONE-H and potassium superoxide. The EPR signal was
markedly reduced by the addition of either RWPs or super-
oxide dismutase (Figure 3). A reduced signal was also
obtained with delphinidin and cyanidin, whereas malvidin
and peonidin were without effect (Figure 3). In addition, the
EPR signal was markedly reduced by quercetin and gallic acid
and, a lesser extent, by caffeic acid, whereas catechin,
epicatechin and resveratrol did not have such an effect
(Figure 3).

Exposure of VSMCs to PDGF,p caused the formation of
ROS as assessed by DCF (Figure 4). The stimulatory effect of
PDGFap was abolished by RWPs and superoxide dismutase
(Figure 4). Among compounds from the flavonoid group,
delphinidin, cyanidin, malvidin, peonidin and quercetin
markedly reduced the response to PDGF,p, whereas catechin
had no effect (Figure 4). Among compounds from the non-
flavonoid group, resveratrol abolished the pro-oxidant
response of PDGF,p, whereas gallic acid and caffeic acid
did not have such an effect (Figure 4). All polyphenols alone
affected only slightly the basal formation of ROS, with the
exception of caffeic acid, which caused a 1.8-fold increase
(Figure 4).

RWPs and the redox-sensitive p38 MAPK, ERK1/2 and JNK
pathways

The stimulatory effect of PDGF,g on VEGF expression is
critically dependent on the redox-sensitive activation of the
p38 MAPK pathway and also, to some extent, the ERK1/2
pathway in VSMCs (Oak et al., 2003). In addition, the JNK
inhibitor SP 600125 (30 uM) also significantly reduced the
stimulatory effect of PDGF,5 (30 ng ml ™% from 427 to 156%,
n=4), indicating also the involvement of the JNK pathway.
As RWPs have been shown to be potent inhibitors of the
PDGFpp-induced p38 MAPK activation (lijima et al., 2002;
Oak et al., 2003), the effect of cyanidin and delphinidin on
the activation of p38 MAPK, JNK and ERK1/2 was deter-
mined. Immunoblot analysis indicated that PDGF,p caused
a time-dependent phosphorylation of p38 MAPK, JNK and

British Journal of Pharmacology (2006) 149 283-290



Anthocyanins and VEGF expression in VSMCs

286 M-H Oak et al
a Cyanidin b Delphinidin
OH OH
3 OH oH
HO O+\ HO O"\
OH
 oH S oH
OH OH
-1 -1
PDGFAB (30ngml™) PDGFAB (30ngml™)
800 * -
g * c 600
] = *
£ 3 I
T 600 £
S ¢ *# 2 — 400
EE — Sg
o = c *
S £ 400 % 8 #
£ 0 o
= £ N *#
% *# 5 < 200 * #
2 200 3
lL —
o # &
> 0 |__I__| g o
Control 100 Control 3 10 30 100 Control 100 Control 3 10 30 100
Cyanidin (pM) Delphinidin (pM)
c Malvidin d Peonidin
ocH, OCH,
OH OH
O+ O+
HO. x HO AN
OCH,
on oM
OH ; OH ;
PDGFAB (30ngml™) PDGFAB (30ngml™)
g 800 - * g 800 *
. L : s
° 600 - — * 3 600 — *
£35 * ] 58 T
T 5 T 9
5§ ° 400 S .2 400
[SINS) O o
= * =8 *
c ¢
o 200 - 2 200
& G
> > [ ]
0 0
Control 100 Control 3 10 30 100 Control 100 Control 3 10 30 100
Malvidin (pM) Peonidin (pM)

Figure 2 Effect of (a) cyanidin, (b) delphinidin, (c) malvidin and (d) peonidin (all belonging to the anthocyanin class) on PDGFg-induced
release of VEGF into conditioned medium of VSMCs. VSMCs were exposed to either solvent (0.1% DMSO) or an anthocyanin compound for
30min before the addition of PDGFag for 24 h. Thereafter, the amount of VEGF protein in conditioned medium was determined by
immunoassay. The chemical structure of each anthocyanin tested is also shown. Results are shown as mean+s.e.m. of three different
experiments performed in triplicate. *versus PDGFag treatment alone, #versus PDGFag treatment alone.

ERK1/2 (Figures 5 and 6). Both cyanidin and delphinidin stimulatory effect of PDGF5p on p38 MAPK phosphorylation
significantly reduced the stimulatory effect of PDGF,p on was also inhibited by quercetin, whereas malvidin, catechin
p38 MAPK and JNK but not on ERK1/2 (Figures 5 and 6). The and resveratrol were without effect (data not shown).
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Figure 3 Direct ROS-scavenging activity of RWPs and several
authentic RWPs. (a) Representative EPR signals induced by the
reaction of TEMPONE-H with potassium superoxide in the absence
and presence of superoxide dismutase (SOD), RWPs (30 ug ml~") or
an authentic RWP (30 um). (b) Bar graph showing cumulative data.
Results are shown as meants.e.m. of four different experiments.
*versus control.

Discussion

We recently reported that RWPs strongly inhibit growth
factor-induced VEGF mRNA expression and the subsequent
release of the pro-angiogenic and pro-atherosclerotic factor
at concentrations that are likely to be achieved in blood after
moderate consumption of red wine, in VSMCs (Oak et al.,
2003). The present findings further extend the earlier results
by demonstrating that two RWPs of the anthocyanin group,
cyanidin and delphinidin, were able to mimic the inhibitory
effect of RWPs. In contrast, several other RWPs including
quercetin, catechin, gallic acid, caffeic acid and resveratrol
were inactive. Moreover, other members of the anthocyanin
group did not share the inhibitory effect as malvidin and
peonidin did not affect VEGF release. The comparison of the
chemical structure of the four anthocyanins studied indi-
cates that the active compounds have a hydroxyl residue
at position 3’, whereas the inactive ones have a methoxy
residue. Thus, the presence of a hydroxyl residue at position
3’ of the anthocyanin structure appears to be essential to
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Figure 4 Effect of RWPs and several authentic RWPs on the PDGFpg-
induced formation of ROS in VSMCs. VSMCs were exposed to
either solvent (0.1% DMSO), RWPs (30 ug ml~") or an authentic
RWP (30 um) for 30 min before the addition of PDGFg. After a 1-h
incubation period, the generation of intracellular ROS was assessed
using DCF and expressed in arbitrary units as a fold increase of the
signal obtained with control cells. Results are shown as mean +s.e.m.
of three different experiments performed in triplicate. *versus control,
#versus PDGFag treatment alone. SOD: superoxide dismutase.

inhibit VEGF expression. Delphinidin and cyanidin effec-
tively inhibited VEGF expression at concentrations as low as
10 M. Such concentrations are likely to be achieved in blood
after red wine consumption as the concentration of cyanidin
and delphinidin in red wine is about 150 uM (Nyman and
Kumpulainen, 2001), and the bioavailability of cyanidin and
delphinidin has been estimated to be about 60% in healthy
volunteers after consumption of red wine (Frank et al., 2003).

The characterization of the signalling pathway leading to
VEGF expression in response to growth factors has indicated
a critical and early role of the NADPH oxidase-dependent
formation of ROS (Bassus et al., 2001; Gorlach et al., 2001).
Indeed, antioxidants including vitamin C and N-acetylcys-
teine, and selective inhibition of the NADPH oxidase using
the p22phox antisense approach reduced the growth factor-
induced pro-oxidant response and expression of VEGF
(Bassus et al., 2001; Gorlach et al., 2001; Oak et al., 2003).
The inhibitory effect of RWPs on VEGF expression has been
explained, at least in part, by their ability to prevent the pro-
oxidant response to PDGF,p (Oak et al., 2003). A similar
mechanism may also account for the inhibitory effect of
delphinidin and cyanidin as observed in the present study as
both compounds directly scavenged superoxide anions and
abolished the PDGF,g-induced intracellular formation of
ROS. However, as malvidin, peonidin, quercetin and resver-
atrol also abolished or markedly reduced the pro-oxidant
response to PDGF,p without affecting the release of VEGF,
the inhibitory effect of polyphenols on VEGF expression
requires, besides prevention of the pro-oxidant response,
also inhibition of essential downstream mediators leading to
VEGF expression. Growth factors are potent activators of
protein kinases in VSMCs, including ERK1/2, p38 MAPK, JNK
and the phosphatidylinositol-3-kinase/Akt pathway, which
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Figure 5 Effect of cyanidin on the PDGFg-induced phosphoryla-
tion of ERK1/2, p38 MAPK and JNK inVSMCs. VSMCs were exposed
to either solvent (0.1% DMSO) or cyanidin (30 M) for 30 min before
the addition of PDGFpg for the indicated time. Thereafter, the
phosphorylation level of p38 MAPK, JNK and ERK1/2 was assessed by
Western blot analysis. Total amount of p38 MAPK is also shown.
A representative Western blot is shown in (a). The corresponding
cumulative data for p38 MAPK phosphorylation (zero time
levels=100) is shown in (b) and the corresponding cumulative
data for JNK phosphorylation is shown in (c). *Significantly different
from the corresponding values without cyanidin; n=3; P<0.05.

have all been involved in VEGF expression (Milanini et al.,
1998; Jiang et al., 2000; Tanaka et al., 2000). Pharmacological
inhibition of these signalling pathways has indicated that
the PDGFg-induced expression of VEGF is mediated pre-
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Figure 6 Effect of delphinidin on the PDGFag-induced phosphor-
ylation of ERK1/2, p38 MAPK and JNK in VSMCs. VSMCs were
exposed to either solvent (0.1% DMSO) or delphinidin (30 um) for
30 min before the addition of PDGFsg for the indicated time.
Thereafter, the phosphorylation level of p38 MAPK, JNK and ERK1/2
was assessed by Western blot analysis. Total amount of p38 MAPK
is also shown. A representative Western blot is shown in (a). The
corresponding cumulative data for p38 MAPK phosphorylation (zero
time levels =100) is shown in (b) and the corresponding cumulative
data for JNK phosphorylation is shown in (c). *Significantly different
from corresponding values without delphinidin; n=3; P<0.05.

dominantly by the p38 MAPK and JNK pathways and also,
to some extent, ERK1/2 pathway (Oak et al., 2003, present
findings). PDGFag-induced activation of the p38 MAPK and
JNK pathways is markedly reduced by antioxidants such as
vitamin C, whereas that of ERK1/2 is not affected (Oak et al.,
2003; Kyaw et al., 2004). Thus, the PDGF,p-induced expres-
sion of VEGF involves both a redox-sensitive pathway



leading to p38 MAPK and JNK activation and an insensitive
one leading to ERK1/2 activation. These previous findings in
conjunction with the present ones suggest that both
activator pathways may represent potential targets for the
inhibitory effect of polyphenols on VEGF expression.
Indeed, delphinidin and cyanidin markedly reduced the
PDGFug-induced phosphorylation of p38 MAPK and JNK
without affecting that of ERK1/2. Similar observations were
made with the RWP extract (Oak et al., 2003). The central
role of the p38 MAPK is also supported by the fact that
although malvidin and resveratrol inhibited the pro-oxidant
response to PDGF,g, these compounds failed to affect
activation of p38 MAPK and release of VEGF (present
findings). Altogether, inhibition of p38 MAPK and JNK
appears to be closely related to the inhibitory effect of
polyphenols on the expression of VEGE. In addition, RWPs
have been shown to inhibit PDGFgp binding to the PDGF p
receptor and its phosphorylation (Rosenkranz et al., 2002).
However, such an explanation is unlikely to account for the
present observations as RWPs, cyanidin and delphinidin did
not affect the PDGFag-induced phosphorylation of ERK1/2.

Similarly to delphinidin and cyanidin, quercetin also
abolished the PDGFap-induced pro-oxidant response and
phosphorylation of p38 MAPK, but this polyphenol did not
affect the release of VEGFE. Moreover, VEGF release was
elicited by quercetin alone when the concentration was
increased from 30 to 100uM. An upregulation of VEGF
expression by quercetin alone has also been observed in
endometrial cancer cells and endothelial cells (Wilson and
Poellinger, 2002; Kaneuchi et al., 2003). Altogether, these
findings suggest that quercetin might either directly or
indirectly affect key signalling molecules downstream of the
formation of ROS and activation of p38 MAPK pathway
leading to VEGF expression. The increased release of VEGF
may be explained by the ability of quercetin to activate
hypoxia-inducible factor, a key transcription factor control-
ling VEGF expression (Wilson and Poellinger, 2002).

In conclusion, the present findings indicate that the red
wine anthocyanins, delphinidin and cyanidin, like RWPs,
strongly inhibit PDGF,g-induced VEGF expression in VSMCs
by preventing activation of the p38 MAPK and JNK pathways
by both redox-sensitive and -insensitive mechanisms. Such
an inhibitory effect is not shared by other anthocyanin
compounds like malvidin and peonidin, indicating the
crucial role of the hydroxyl residue at position 3'. The ability
of the active anthocyanin compounds to maintain endothe-
lial cells in a quiescent state by preventing the vascular
expression of VEGF might contribute to a decreased rate of
development of atherosclerotic lesions.
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