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a b s t r a c t

Objectives: Smooth muscle cell (SMC) proliferation is a major feature in atherosclerosis, since it con-
tributes to the formation of the fibrous cap, thus to plaque stability, but also to arterial stenosis and
post-angioplasty restenosis. Among the various mitogenic signaling pathways involved in SMC prolif-
eration, the mTOR pathway regulates both the cell cycle and cell growth. Resveratrol, a polyphenolic
compound from grapes and red wine, has potential anti-atherogenic and anti-cancer properties. This
work was designed to investigate the activation of the mTOR pathway by the proatherogenic oxidized
LDL (oxLDL) in SMC, and the potential inhibitory effect of resveratrol.
Results: mTOR and its downstream target p70S6 kinase are phosphorylated and activated by mitogenic
concentrations of oxLDL (50 �g/ml), and are involved in SMC proliferation, as assessed by the inhibitory
effect of the mTOR inhibitor rapamycin. The activation of mTOR signaling by oxLDL, requires the upstream
activation of PI3K and Akt, as assessed by the inhibitory effect of the PI3K inhibitor Ly294002 on mTOR

activation and DNA synthesis. Resveratrol blocked the oxLDL-induced phosphorylation and activation of
the PI3K/Akt/mTOR/p70S6K pathway and strongly inhibited both the DNA synthesis and proliferation of
SMC. This activity is independent of the anti-oxidant effect and of AMPK activation by resveratrol.
Conclusion: These data indicate that the mTOR pathway is activated by oxLDL via PI3K/PDK1/Akt, and
is required for SMC proliferation. Resveratrol blocks specifically this pathway, thereby inhibiting oxLDL-
induced SMC proliferation. These data highlight a new property for resveratrol that could contribute to

nic p
the general anti-atheroge

. Introduction

Vascular smooth muscle cells proliferation is a key process in
he pathogenesis of atherosclerosis as it underlies the formation of
bro-atheroma plaques, a hallmark of the disease [1]. Oxidized low
ensity lipoproteins (oxLDL) are involved in the formation of fatty
Please cite this article in press as: Brito PM, et al. Resveratrol inhibits the m
cells. Atherosclerosis (2008), doi:10.1016/j.atherosclerosis.2008.11.011

treaks and exhibit various biological properties, including vascular
mooth muscle cells proliferation, that are potentially implicated
n the evolution towards more advanced lesions [2]. The mito-
enic effect of oxLDL depends on the activation of various signaling

Abbreviations: LDL, low density lipoproteins; SMC, smooth muscle cells; oxLDL,
xidized low density lipoprotein; FCS, fetal calf serum; PI3K, phosphoinositide 3
inase; mTOR, mammalian target of rapamycin.
∗ Corresponding author at: INSERM U858–Team 10 - IFR-31, Institut Louis Bug-
ard, CHU Rangueil, 1 avenue Jean Poulhès, BP84225 - 31432 Toulouse Cedex 4,
rance. Tel.: +33 561 32 28 08; fax: +33 561 32 20 84.

E-mail addresses: anne.negre-salvayre@inserm.fr (A. Nègre-Salvayre),
athalie.auge@inserm.fr (N. Augé).

021-9150/$ – see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.atherosclerosis.2008.11.011
roperties of this polyphenol.
© 2008 Elsevier Ireland Ltd. All rights reserved.

pathways including the sphingolipid pathway leading to ERK1/2
phosphorylation, and the EGF receptor/PI3K/Akt pathway involved
in survival [3–5]. Beside its role in cell survival, the PI3K/Akt path-
way is a key trigger of mTOR signaling. The Ser/Thr kinase mTOR
is implicated in spatial and temporal aspects of cell growth, con-
trolling translation and cell cycle progression by phosphorylating
4EBP1 protein family and S6 protein kinases [6,7]. The activation of
mTOR through PI3K/Akt involves a direct Akt-mediated phospho-
rylation of mTOR at Ser2448 and Thr2446 [8,9]. Although mTOR has
been implicated in cardiovascular diseases and more particularly in
cardiac hypertrophy, its role in oxLDL-induced SMC proliferation is
still unknown.

Resveratrol (3,4,5-trihydroxystilbene) is a natural phytoalexin
found in grapes and red wine. A growing body of evidences in
TOR mitogenic signaling evoked by oxidized LDL in smooth muscle

the literature reports a protective effect for resveratrol as anti-
oxidant, anti-inflammatory, anti-thrombotic and anti-proliferative
agent, thereby supporting a role for this agent in the cardiopro-
tective effects observed by a moderate consumption of red wine
[10–12]. Several molecular mechanisms and signaling pathways

dx.doi.org/10.1016/j.atherosclerosis.2008.11.011
http://www.sciencedirect.com/science/journal/00219150
http://www.elsevier.com/locate/atherosclerosis
mailto:anne.negre-salvayre@inserm.fr
mailto:nathalie.auge@inserm.fr
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ave been reported to underly resveratrol ability to prevent SMC
roliferation. Indeed, resveratrol has been reported to inhibit the
ellular signaling exerted by various agents such as growth fac-
ors, TNF-�, angiotensin II or oxLDL [13–17]. Liu and Liu [18] have
hown that resveratrol hindered SMC proliferation mediated by
xLDL through reduction of ROS production and ERK1/2 activation.
oreover, resveratrol may also interrupt the Akt pathway induced

y angiotensin II, EGF and PDGF, but not that elicited by serum
16,17].

The aim of this work was to investigate whether the mTOR
athway is required for the mitogenic effect of oxLDL in SMC and
o evaluate whether resveratrol could modulate this potentially
athogenic signaling.

. Materials and methods

.1. Reagents

[3H]thymidine (5 Ci/mmol) was obtained from Amersham (Les
lis, France), resveratrol from Extrasynthese (Genay, France),
y294002, PD98059 and rapamycin from Calbiochem (Darmstadt,
ermany), FPA-124 (Akt inhibitor) from Echelon/Tebu (Le Per-

ay, France) and the other reagents were from VWR (France)
r Sigma (France). Inhibitors were stored in DMSO at −20 ◦C.
or the experiments, the final concentration in DMSO did not
xceeded 0.1%. A same amount of DMSO (vehicle) was used
n the controls without inhibitors. Rabbit polyclonal antibod-
es against phospho-mTOR (Ser2448), phospho-PDK1 (Ser241),
hospho-MAPK, phospho-p70S6K (Thr389), phospho-Akt and �-
ctin were from Cell Signaling (Beverley, MA, USA); AMPK,
hosphoAMPK and ERK2 were from Santa Cruz Biotechnology
Santa Cruz, CA, USA). SiRNA specific for AMPK (smartpool no.
-005361), were from Dharmacon (ThermoFisher Scientific, Per-
io/Eurotech).

.2. LDL preparation and oxidation

Human low-density lipoproteins (LDL) were isolated from
ooled fresh plasma and stored at 4 ◦C under nitrogen until use,
s previously described [3]. LDL were oxidized by UV–C irradia-
ion, and the extent of oxidation was evaluated by monitoring the
ormation of thiobarbituric acid reactive substances (TBARS), as
reviously reported [3]. Under the standard conditions used here,
xLDL contained 2.5–6 nmol TBARS/mg protein. LDL protein was
uantified according to Lowry procedure.

.3. Cell culture and treatment

Rabbit femoral smooth muscle cells (SMC) were from ATCC
Camden, NJ, USA) and were cultured in RPMI-1640 medium sup-
lemented with 10% fetal calf serum (FCS), 100 U/ml penicillin,
00 �g/ml streptomycin at 37 ◦C, in a humidified atmosphere of 5%
O2. Cells were starved in RPMI medium containing 0.5% FCS for
4 h before the experiments.

.4. Transfection of siRNA
Please cite this article in press as: Brito PM, et al. Resveratrol inhibits the m
cells. Atherosclerosis (2008), doi:10.1016/j.atherosclerosis.2008.11.011

AMPK (smartpool no. L-005361) and scrambled siRNA were
urchased from Dharmacon (Lafayette, CO). SMC were transfected
ith 100 nM double strand siRNA in Optimem medium (Invitrogen)
ixed with Hiperfect, under supplier’s instructions as described

19]. 48 h after transfection, cells were incubated in RPMI contain-
ng 10% FCS for 24 h. Then SMC were incubated for 12 h in RPMI
ontaining 0.5% FCS, before experiments.
 PRESS
sis xxx (2008) xxx–xxx

2.5. Cell proliferation and DNA synthesis

DNA synthesis was evaluated by [3H]thymidine incorporation
into DNA, under the previously used conditions [5].

Cell counting was performed as previously described, using a Z1
Beckman cell counter [20].

2.6. Cell viability, apoptosis and necrosis

Cytotoxicity was evaluated using a two-color fluorescence
live/dead viability/cytotoxicity assay, using two vital fluorescent
dyes, 0.6 �M SYTO-13 (a permeant DNA intercalating green-colored
probe) and 15 �M propidium iodide (a non-permeant intercalat-
ing red probe), as described [5]. Necrotic and apoptotic cells were
counted by using an inverted fluorescence microscope (Fluovert FU,
Leitz).

2.7. Western blot experiments

Time-course experiments of ERK1/2, Akt, mTOR and p70S6K1
phosphorylation were analyzed by Western blot after incubation
with oxLDL and inhibitors, PD098059, Ly294002 or rapamycin and
resveratrol. After stimulation, cells were washed and scraped in
PBS, then disrupted at 4 ◦C in 20 mM HEPES, 1 mM EDTA, 1 mM
Na3VO4, 250 mM sucrose, 5 �M digitonine, 1 mM DTT, 1 mM PMSF,
for 15–30 min. After two cycles of clarification at 2500 × g for 5 min,
supernatant was centrifuged at 12,000 × g for 15 min (Beckman
Optima) and used for Western blot experiments in the previously
reported conditions [5].

2.8. Intracellular reactive oxygen species increase determination

Time-course generation of intracellular ROS was measured after
loading SMC with the permeant H2DCFDA probe, as previously
reported [21].

2.9. PI3 kinase activity evaluation

PI3K activity was determined on phosphotyrosine protein
immunoprecipitates according to Burgering et al. [22] using 20 �g
phosphatidylinositol in a 30-mM HEPES buffer containing 200 �M
adenosine and 1 �Ci [�-33P] ATP, 40 �M ATP and 30 mM MgCl2 per
assay. [33P]phosphoinositides were localized by autoradiography,
scraped off, and counted by liquid scintillation.

2.10. Statistical analysis

All data were expressed as mean ± S.E.M. of at least three inde-
pendent assays, each one in duplicate. Differences between groups
were analysed by one-way analysis of variance (ANOVA) followed
by Tukey’s or Dunnet’s post-test. p < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Mitogenic concentration of oxLDL trigger the activation of the
PI3K/PDK1/Akt/mTOR/p70S6 kinase pathway

OxLDL induce a dose-dependent SMC proliferation, with a max-
imal mitogenic effect between 50 and 100 �g apoB/ml, as assessed
TOR mitogenic signaling evoked by oxidized LDL in smooth muscle

by increased DNA synthesis (determined as [3H]thymidine incorpo-
ration in the DNA), and increased cell number (Fig. 1A). It is to note
that mitogenic oxLDL concentration (50 �g apoB/ml) used here was
not toxic (apoptotic), in contrast to higher concentrations (200 �g
apoB/ml) (Fig. 1B and C), and in agreement with [3].

dx.doi.org/10.1016/j.atherosclerosis.2008.11.011
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Fig. 1. Mitogenic concentrations of oxLDL trigger the activation of the PI3K/PDK1/Akt/mTOR/p70S6K pathway. (A) Mitogenic vs. toxic effect of increasing oxLDL concentration.
Subconfluent SMC, starved for 24 h in RPMI medium containing 0.5% FCS were incubated for 48 h with oxLDL at the indicated concentrations. SMC proliferation was evaluated
by measuring DNA synthesis assessed by the incorporation into DNA of [3H]thymidine added 12 h before stopping the incubation of SMC with oxLDL, as described in Section 2,
and by counting the number of cells, expressed as percent of the untreated control (without oxLDL). (B and C) Evaluation of the viability/cytotoxicity by the Syto13/PI live/dead
a ls exh
g ing po
i includ

i
t
(
o
i

F
c
(
i

ssay. (B) Fluorescence microscopy of cell culture treated or not by oxLDL. Live cel
reen or yellow/green condensed (pycnotic) or fragmented nucleus and cell undergo
ndicate some apoptotic nuclei). (C) Cell count of live (normal) cells and apoptotic (

Mitogenic oxLDL concentrations (50 �g apoB/ml) rapidly
nduced PI3 kinase activation that started after 30 min incuba-
Please cite this article in press as: Brito PM, et al. Resveratrol inhibits the m
cells. Atherosclerosis (2008), doi:10.1016/j.atherosclerosis.2008.11.011

ion with oxLDL and was maintained over 3 h of stimulation
Fig. 2A). Concomitantly, oxLDL triggered the phosphorylation
f PDK1 and Akt (Fig. 2B and C). Since the PI3K/Akt pathway
s a known trigger of mTOR [6–9], we investigated whether

ig. 2. Activation of the PI3K/Akt/mTOR pathway by oxLDL. (A) Time-course of PI3K en
oncentrations of oxLDL (50 �g/ml). Values are means ± S.E.M. of three experiments. (B–F
F) induced by oxLDL (50 �g apoB/ml) and dose-response of mTOR phosphorylation with
ncubation of cells with oxLDL. Each blot is representative of three experiments. Values of
ibit green-colored nucleus with normal morphology, whereas apoptotic cells have
st-apoptotic necrosis have red-colored nucleus with apoptotic morphology (arrows
ing post-apoptotic) cells. (A and C) Values are means ± S.E.M. of four experiments.

mTOR and its downstream target p70S6 kinase (p70S6K) were
activated by oxLDL. As shown in Fig. 2D–F, oxLDL induced a
TOR mitogenic signaling evoked by oxidized LDL in smooth muscle

time- and dose-dependent phosphorylation of mTOR and p70S6K,
which was concomitant to the activation of PI3K/PDK1/Akt,
and was optimal for mitogenic oxLDL concentrations (50 �g
apoB/ml).

zymatic activation measured in cell extracts from SMC incubated with mitogenic
) Time-course of phosphorylation of PDK1 (B), Akt (C), mTOR (D) and p70S6 kinase

increasing concentration of oxLDL (0–200 �g apoB/ml) measured after 45 min of
densitometric analysis are means ± S.E.M. of three experiments.

dx.doi.org/10.1016/j.atherosclerosis.2008.11.011
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.2. The PI3K/Akt/mTOR pathway is required for the mitogenic
ffect of oxLDL

Then, we investigated the potential role of the PI3K/PDK1/Akt
ystem and mTOR activation in SMC proliferation elicited by oxLDL.
s shown in Fig. 3A, the pharmacological PI3K inhibitors, Ly294002
nd wortmannin, blocked the phosphorylation of Akt. Similarly, the
hosphorylation of mTOR and p70S6K was inhibited by Ly294002,
hus suggesting that mTOR and p70S6K activation is dependent on
I3K (Fig. 3B and C). The inhibition by rapamycin of p70S6K phos-
Please cite this article in press as: Brito PM, et al. Resveratrol inhibits the m
cells. Atherosclerosis (2008), doi:10.1016/j.atherosclerosis.2008.11.011

horylation indicates that p70S6K activation depends on mTOR
Fig. 3C). Rapamycin dose-dependently inhibited DNA synthesis
[3H]thymidine incorporation) (pale bars), and cell proliferation
dark bars), a full inhibitory effect being observed at 10–100 nM
Fig. 3D and E). In cells treated with oxLDL (50 �g apoB/ml),

ig. 3. The PDK1/Akt/mTOR/p70S6K pathway is required for the mitogenic effect of oxLDL
y specific inhibitors. SMC were incubated for 1 h with oxLDL (50 �g/ml) and with or w
ith the mTOR inhibitor rapamycin (Ra, 10 nM). Cell extracts were used for Western-blo

qual protein loading. Each blot is representative of at least three experiments. Values o
f inhibitors of the PI3K/Akt/mTOR pathway on oxLDL-induced SMC proliferation and vi
5 �M), wortmannin (W, 100 nM), Akt inhibitor FPA-124 (FPA, 2 �M) or rapamycin (R, 1–1
he conditions of Fig. 1. Values are means ± S.E.M. of four experiments, each assayed in
ncubated with oxLDL ± rapamycin and stained with Syto13/P, under conditions of Fig. 1B
 PRESS
sis xxx (2008) xxx–xxx

rapamycin was not toxic up to 100 nM (Fig. 3E and F). SMC prolifera-
tion was also completely inhibited by the PI3K inhibitors Ly294002
and wortmannin and by the Akt inhibitor FPA-124 (Fig. 2D and E),
without toxic effect (Fig. 3E).

Altogether, these data suggest that SMC proliferation elicited
by mitogenic concentration of oxLDL requires the activation of the
PI3K/Akt/mTOR pathway.

3.3. Resveratrol inhibits oxidized LDL-induced SMC proliferation
TOR mitogenic signaling evoked by oxidized LDL in smooth muscle

Since resveratrol has been shown to inhibit SMC proliferation
induced by various agonists [23,24] and regulate cell survival/death
[25], we investigated whether resveratrol inhibited the prolifera-
tion of SMC by oxLDL and whether it increases or decreases the
cytotoxicity of oxLDL.

. (A–C) Inhibition of oxLDL-induced phosphorylation of Akt, mTOR and p70S6 kinase
ithout the PI3K inhibitors, Ly294002 (Ly, 25 �M) and wortmannin (W, 100 nM), or
t experiments of Akt (A), mTOR (B), and p70S6K (C), using anti-�-actin to control
f densitometric analysis are means ± S.E.M. of three experiments. (D and E) Effect
ability. SMC were incubated with oxLDL (50 �g/ml) without or with Ly294002 (Ly,
00 nM, as indicated). DNA synthesis (D) and cell viability (E) were evaluated under
triplicate (*p < 0.05 vs. oxLDL-treated cells). (F) Fluorescence microscopy of SMC

.

dx.doi.org/10.1016/j.atherosclerosis.2008.11.011
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Dose-response experiments showed that DNA synthesis and
ell proliferation were significantly inhibited by 25 �M resvera-
rol (Fig. 4A and B), without any significant apoptotic effect at
his concentration (Fig. 4C and D). It may be noted that, 50 �M
esveratrol exhibited a slight toxic effect in the presence of oxLDL
Fig. 4C). Interestingly, 25 �M resveratrol inhibited almost com-
letely the phosphorylation of ERK1/2, in agreement with its
nti-proliferative effect (Fig. 4E), thus suggesting that it inhibits
he mitogenic signaling triggered by oxLDL. As resveratrol has been
hown to inhibit PI3K/Akt activation by EGF and angiotensin II
17], we investigated whether it was able to inhibit the oxLDL-
nduced activation of PI3K/Akt/mTor pathway. As shown in Fig. 5,
esveratrol inhibited the phosphorylation of PDK1, Akt, mTOR and
70S6K1 induced by oxLDL. This strongly suggests that resvera-
rol acts on an upstream target in the PI3K/Akt/mTOR signaling
athway.
Please cite this article in press as: Brito PM, et al. Resveratrol inhibits the m
cells. Atherosclerosis (2008), doi:10.1016/j.atherosclerosis.2008.11.011

.4. Resveratrol prevents oxLDL-induced SMC proliferation
ndependently of ROS scavenging

As resveratrol (like other polyphenolic compounds) exhibits
nti-oxidant properties, we investigated whether the anti-oxidant

ig. 4. Resveratrol inhibits the mitogenic effect of oxLDL. (A, B) Dose-response of resve
ontaining 0.5% FCS, were incubated without (empty circles and squares) or with oxLD
oncentrations. DNA synthesis was determined by the incorporation of [3H]thymidine (A)
of oxLDL-treated control without inhibitor. (C) Cell viability experiments on SMC incuba
y counting living vs. apoptotic cells, after staining by Syto13/PI. (A–C) Values are means
xLDL, with or without rresveratrol and stained with Syto13/PI. (E) Time-course of ERK
25 �M). Total cell lysates were analyzed by Western blotting using an anti-phosphorylat
epresentative of five separate experiments.
 PRESS
sis xxx (2008) xxx–xxx 5

effect was involved in the inhibition of the PI3K/Akt/mTOR signal-
ing pathway. OxLDL induced an early rise of intracellular reactive
oxygen species (ROS) peaking 1 h after adding oxLDL to the culture
medium (Fig. 6A). The ROS peak was inhibited by 25 �M resver-
atrol, 20 mM N-acetylcysteine (NAC) or 10 �M Trolox (Fig. 6B).
In contrast, Akt phosphorylation was only inhibited by resvera-
trol (25 �M), whereas NAC and trolox were not effective (Fig. 6C).
This strongly suggests that resveratrol prevents oxLDL-induced Akt
phosphorylation probably independent of its anti-oxidant effect,
since anti-oxidants such as N-acetylcysteine and trolox did not
inhibit Akt phosphorylation by oxLDL (in contrast to resveratrol),
while all these agents exhibited similar inhibitory effect on intra-
cellular ROS generation.

3.5. The inhibitory effect of resveratrol against oxLDL-induced
SMC proliferation is independent of AMPK
TOR mitogenic signaling evoked by oxidized LDL in smooth muscle

Resveratrol has also been shown to activate AMP-activated
kinase (AMPK), which could take part in the protective and anti-
atherogenic properties of polyphenolic compounds [26]. Moreover,
the activation of AMPK induces TSC2 and raptor phosphory-
lation, resulting finally in mTOR inhibition and suppression

ratrol on SMC proliferation. Sub-confluent SMC starved for 24 h in RPMI medium
Ls (50 �g/ml) for 48 h (filled circles and squares) and resveratrol at the indicated
and cell proliferation was evaluated by cell counting (B). The data are expressed as

ted with oxLDL (50 �g/ml), with or without resveratrol (25 and 50 �M), determined
± S.E.M. of three experiments. (D) Fluorescence microscopy of SMC incubated with
1/2 phosphorylation triggered by oxLDL (50 �g/ml), with or without resveratrol

ed ERK1/2 antibody, and anti-ERK2 antibody as control. The effect of resveratrol is

dx.doi.org/10.1016/j.atherosclerosis.2008.11.011
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Fig. 5. Resveratrol inhibits the oxLDL-induced phosphorylation of PDK1, Akt, mTOR and p70S6K. SMC were incubated with or without oxLDL (50 �g/ml) and with or without
resveratrol (25 �M) for 1 h and the phosphorylation of PDK1 (A), Akt (B), mTOR (C) and p70S6K1 (D) was evaluated. The data are expressed as % of the unstimulated control
cells. Values of densitometric analysis are means ± S.E.M. of three experiments.

Fig. 6. Resveratrol and anti-oxidants inhibit the oxLDL-induced ROS rise, but blocking ROS does not inhibit Akt phosphorylation by oxLDL. (A) Time-course of intracellular
ROS level in SMC treated by oxLDL (50 �g apoB/ml), and without (squares) or with resveratrol (25 �M) (circles). (B) Intracellular ROS level in SMC treated by oxLDL (50 �g
apoB/ml), and resveratrol (R, 25 �M), or N-acetylcysteine (N, 20 mM) or Trolox (T, 10 �M). Intracellular ROS level was evaluated using the permeant oxidant-sensitive
fluorogenic probe CM-H2CFDA. The data are expressed as % of the stimulated control (oxLDL without anti-oxidant), and are means ± S.E.M. of three separate experiments
*p < 0.05. (C) Western-blot of phospho-Akt in SMC incubated with or without oxLDL in presence of resveratrol (R, 25 �M), N-acetylcysteine (N, 20 mM) or Trolox (T, 10 �M).
These data are representative of three separate experiments.

dx.doi.org/10.1016/j.atherosclerosis.2008.11.011
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Fig. 7. The anti-mitogenic effect of resveratrol does not require AMPK. (A) Western-blot of phospho-AMPK and AMPK in cell extracts from SMC treated with or without
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esveratrol (25 �M) and oxLDL (50 �g apoB/ml). Representative of three separate
f resveratrol. SMC were transfected with siRNA for 48 h, then were incubated w
roliferation were evaluated as described in Fig. 1A. Data are means ± S.E.M. of thre

f cell proliferation [27]. This led us to investigate whether
MPK is involved in the anti-proliferative effect of resvera-

rol.
As expected, resveratrol triggered the activation of AMPK,

hereas oxLDL did not trigger AMPK phosphorylation (Fig. 7A).
nterestingly, in cells treated with oxLDL and resveratrol, we
bserved no AMPK phosphorylation, thus suggesting that oxLDL
nhibited the resveratrol-induced AMPK activation (Fig. 7A). This
trongly suggests that, under our experimental conditions, AMPK
s not involved in the inhibitory effect of resveratrol on the
I3K/Akt/mTOR pathway and oxLDL-induced proliferation. It may
e noted that compound C, an AMPK inhibitor, inhibited oxLDL-

nduced SMC proliferation, independent of any effect of AMPK.
inally, depletion of AMPK by specific siRNA, induced no signifi-
ant change on oxLDL-induced SMC proliferation and did not alter
he inhibitory effect of resveratrol (Fig. 7B).

Altogether, these data strongly suggest that the inhibition of
xLDL-induced SMC proliferation by resveratrol does not require
MPK.

. Discussion

The data reported here indicate that the mTOR pathway is acti-
ated by oxLDL, and is involved in SMC proliferation. Resveratrol,
polyphenolic phytoalexin present in red wine, potently inhibits
TOR signaling and the subsequent SMC proliferation exerted by

xLDL, by interfering specifically with the PI3K/Akt signaling cas-
ade.

Among the various mitogenic and survival pathways activated
y oxLDL, we have previously reported that the PI3K/Akt pathway
s required for SMC survival and proliferation [5]. This pathway
s a trigger of the serine/threonine kinase mTOR, which regulates

any cellular processes including cell growth, proliferation, sur-
ival, autophagy, and cell metabolism [9]. This is, to our knowledge,
he first report showing that mTOR is activated by oxLDL. More-
ver, mTOR activation is required for oxLDL-induced DNA synthesis
Please cite this article in press as: Brito PM, et al. Resveratrol inhibits the m
cells. Atherosclerosis (2008), doi:10.1016/j.atherosclerosis.2008.11.011

nd SMC proliferation, as demonstrated by the inhibitory effect of
apamycin, a specific inhibitor of mTOR. The reported data show
hat mTOR activation requires the activation of the signaling cas-
ade PI3K/PDK1/Akt, as assessed by the effect of the PI3K inhibitors
ortmannin and Ly294002 that block PDK1, Akt and mTOR phos-
iments. (B) siRNA specific to AMPK does not prevent the anti-proliferative effect
without resveratrol (25 �M) and oxLDL (50 �g apoB/ml). DNA synthesis and cell
rate experiments. *p < 0.05.

phorylation, and SMC proliferation, in agreement with previous
reports [5,8,9].

It may be noted that, in addition to the role of the
PI3K/PDK1/Akt/mTOR pathway (reported here), oxLDL-induced
SMC proliferation requires also another signaling cascade involving
metalloproteases (MT1-MMP and MMP2) and sphingolipid media-
tors generated by the neutral sphingomyelinase-2 and sphingosine
kinase-1 [28]. All these data suggest that the two signaling path-
ways (PI3K/mTOR and sphingolipid pathways) converge towards
and activate cell cycle progression. Moreover, PI3K activation
inhibits the pro-apoptotic effect of moderate concentration of
oxLDL [5], and plays thereby a major role to allow expressing oxLDL-
induced SMC proliferation.

The polyphenolic phytoalexin resveratrol, has been shown to
reduce SMC and cardiac fibroblast proliferation [18,23] and to
inhibit PI3K [29]. As the reported data shown that PI3K/Akt/mTOR
pathway is required for oxLDL-induced SMC proliferation, this led
us to investigate whether resveratrol inhibited the activation of
the PI3K/Akt/mTOR signaling and SMC proliferation by oxLDL. As
expected, resveratrol (25 �M) blocked effectively the activation of
the PI3K/Akt/mTOR signaling pathway and SMC proliferation. Of
note, the resveratrol concentration used here was in the middle of
those utilized in the literature. For instance, inhibitory concentra-
tion of resveratrol ranged from 5 to 100 �M on cultured fibroblasts,
cardiomyocytes, rhabdomyosarcoma cells, HepG2 [23,29–31]. It
is to note that this concentration of resveratrol (25 �M) did not
induce any apoptotic effect, while higher concentration (50 �M)
was slightly toxic for SMC. These data are in agreement with the fact
that resveratrol, like many anti-oxidants, is either a pro-survival or
a pro-apoptotic agent, depending on the dose, the cell type, and the
nature of the stimulus [25].

In our experimental system, resveratrol, as well as the other
tested anti-oxidants NAC and Trolox, inhibited the early rise of intra-
cellular ROS elicited by oxLDL, but it is likely that the inhibition of
PDK1 phosphorylation, was not due to its anti-oxidant properties,
since NAC and Trolox had no effect on PDK1. These results are in
agreement with the lack of effect of anti-oxidants on the first early
TOR mitogenic signaling evoked by oxidized LDL in smooth muscle

steps of oxLDL mitogenic signaling, such as EGFR phosphorylation
and PI3K activation [21].

The reported data show that the oxLDL-induced activation of
PI3K/Akt/mTOR is strongly inhibited by resveratrol. This is con-
sistent with several reports that point out the crucial role of

dx.doi.org/10.1016/j.atherosclerosis.2008.11.011
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he inhibition of PI3K/Akt in the biological effect of resveratrol
29,32,33]. This inhibitory effect has been associated with the sig-
aling through estrogen receptor ERalpha [32]. Another mechanism
roposed by [30] suggests that resveratrol activates Shp2, thereby
reventing interaction between Gab1 and PI3K that is necessary for
urther signal transduction.

Other mechanisms evoked by resveratrol could involve a direct
nhibition of PDK1, or an increased PTEN activity resulting in active
kt dephosphorylation [34]. It is to note that mTOR phosphory-

ation by oxLDL requires neither ERK1/2 nor the other mitogenic
ignaling evoked by oxLDL, such as the sphingolipid pathway,
ince inhibiting these pathways did not affect the activation of
I3K and Akt (data not shown), in agreement with Auge et al.
5].

Resveratrol appears as a potent modulator of the balance pro-
iferation/apoptosis characteristic of oxLDL and oxidative stress,
ince it is able to reverse oxLDL-induced apoptosis of endothe-
ial cells [13], and to increase the oxidative stress resistance of
ascular cells [14], but it may also inhibit oxLDL-induced SMC
roliferation, in agreement with previously reported data [18]. It

s to note that resveratrol also inhibited ERK1/2 phosphorylation
n our system, which takes place in the general inhibitory effect
f this molecule on DNA synthesis elicited by oxLDL. These data
re in agreement with reports showing that resveratrol inhibits
APK activation elicited by various agents including growth factors

PDGF) [16], angiotensin II [17,35] and oxLDL [18]. At the oppo-
ite, some reports indicate that ERK1/2 phosphorylation induced
y EGF is not affected by resveratrol [16]. These discrepancies
ould also result from differences in the cell type, the nature
f the stimulus and the concentration of the polyphenol. For
nstance, in human prostate carcinoma DU145 cells, low doses of
olyphenol-rich grape seed extracts inhibited EGF-induced ERK1/2
hosphorylation, whereas higher doses induced an increase [15].
ere we show that the PI3K/Akt/mTOR pathway is not involved in
RK1/2 phosphorylation, as previously reported in [5]. These data
ndicate that other mitogenic pathways are activated by oxLDL,
nd involved in ERK1/2 phosphorylation, independently of the
I3K/Akt system, and in agreement with our previous data show-
ng an involvement of the metalloproteinase/sphingolipid pathway
n oxLDL- and TNF�-mediated SMC proliferation [28,19]. As a mat-
er of fact, preliminary experiments indicate that the sphingolipid
athway is also inhibited by resveratrol, thereby inhibiting in turn
RK1/2 phosphorylation, independently of the PDK1/Akt/mTOR
ystem.

Since AMPK is known to be activated by resveratrol [26] and
ctivated AMPK is able to inhibit mTOR (mediated by two mech-
nisms, TSC2 phosphorylation and raptor phosphorylation) [27],
nd may participate to the anti-atherogenic effect of resvera-
rol [26,31], we investigated whether AMPK was required for the
nti-mitogenic effect of resveratrol in our experimental model
ystem. Under the used conditions, AMPK was activated by resver-
trol, but not by oxLDL. This was unexpected, because AMPK is
ble to respond to oxidative stress [36] and oxLDL trigger a cel-
ular oxidative stress. Moreover, unexpectedly, oxLDL inhibited
MPK activation by resveratrol. This led us to conclude that, in
pite AMPK is activated by resveratrol under basal conditions
i.e. in the absence of oxLDL), it is not activated in the pres-
nce of oxLDL, thus indicating that AMPK is not involved in the
nhibitory effect of resveratrol on PI3K/Akt/mTOR activation by
xLDL.

From a general point of view, resveratrol exhibits various poten-
Please cite this article in press as: Brito PM, et al. Resveratrol inhibits the m
cells. Atherosclerosis (2008), doi:10.1016/j.atherosclerosis.2008.11.011

ially anti-atherogenic properties, including anti-oxidant effect and
n ability to modulate major signaling pathways, such as the
I3K/PDK1/Akt/mTOR system. Therefore, resveratrol is susceptible
f slowing down the formation of foam cells and fatty streaks in
arly atherosclerotic lesions (via its anti-oxidant effect), which indi-

[

[

 PRESS
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rectly limit the migration and proliferation of SMC in the intima.
On the other hand, the inhibitory effect of resveratrol on the
PI3K/Akt/mTOR activation and SMC proliferation, suggests that this
polyphenol could help to limit the deregulated SMC proliferation
occurring in extensive atherosclerotic arterial stenosis and in post-
angioplasty restenosis.
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