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Resveratrol is a class IA phosphoinositide 3-kinase inhibitor
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Resveratrol, a polyphenol found in fruits, possesses chemo-
preventive and chemotherapeutic properties and has been shown
to increase lifespan in yeast and metazoans, including mice.
Genetic evidence and in vitro enzymatic measurements indicate
that the deacetylase Sir2/SIRT1, an enzyme promoting stress
resistance and aging, is the target of resveratrol. Similarly,
down-regulation of insulin-like pathways, of which PI3K (phos-
phoinositide 3-kinase) is a key mediator, promotes longevity
and is an attractive strategy to fight cancer. We show here that

resveratrol inhibits, in vitro and in cultured muscle cell lines, class
IA PI3K and its downstream signalling at the same concentration
range at which it activates sirtuins. Our observations define class
IA PI3K as a target of resveratrol that may contribute to the long-
evity-promoting and anticancer properties and identify resveratrol
as a natural class-specific PI3K inhibitor.
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INTRODUCTION

Resveratrol is a phytoalexin found in vegetal dietary sources
that has been shown to possess chemopreventive and chemo-
therapeutic properties as well as the capability to increase stress
resistance and extend lifespan in eukaryotes by acting as a caloric
restriction mimetic [1].

The chemopreventive/chemotherapeutic properties of resverat-
rol are correlated to (i) its inhibitory action on COX-1 (cyclo-oxy-
genase 1) [2] and other enzymes involved in prostaglandin syn-
thesis acting downstream of COX proteins [3], and (ii) its
capability to decrease PI3K [PI (phosphoinositide) 3-kinase]-
controlled glucose metabolism and the activatory phosphorylation
of the anti-apoptotic kinase PKB (protein kinase B)/Akt [3,4].

The function of resveratrol as a caloric restriction mimetic is
thought to occur via activation of Sir2-family proteins [SIRs
(silent information regulators), collectively termed sirtuins].
Sirtuins are NAD+-dependent deacetylases involved in transcrip-
tional silencing, genomic stability and DNA repair, p53-mediated
apoptosis, lipid mobilization and gluconeogenesis [5]. These
functions depend on a deacetylase activity that is not limited
to histone proteins but also directed to other targets, including
p53 and FOXO (forkhead box O)-family forkhead transcription
factors [6,7].

Yeast Sir2 – as well as the metazoan SIR-2.1, Sir2 and SIRT1
orthologues from Caenorhabditis elegans, Drosophila melano-
gaster and mammalians respectively – are involved in lifespan
control and define a major genetic pathway promoting aging
[8]. High-throughput screening aimed at discovering sirtuin
activators, using a fluorescently modified p53 peptide substrate,
identified resveratrol as an in vitro activator of SIRT1 and yeast
Sir2 [9]. Resveratrol administration induced lifespan extension in
yeast, C. elegans, D. melanogaster and mice fed on a high-calorie
diet [9–11]. Yet, a caveat on the causal relationship between
resveratrol-activated SIRT1/Sir2 and lifespan prolongation exists.
Indeed, while in vivo sirtuin activation by resveratrol has been
related to decreased PGC-1α (peroxisome-proliferator-activated

receptor γ co-activator-1α) acetylation status [12], the in vitro
activatory effects of resveratrol are reportedly dependent on the
fluorescently modified substrate used in the screening [13,14].

A further pathway central to the control of lifespan implicates
insulin and insulin-like signalling – through the PI3K/PKB cas-
cade and the downstream target forkhead transcription factors
FOXO/DAF-16 (abnormal dawer formation protein-16) [8].
Mild mutations lowering insulin-like signalling, either at the
receptor level or at intracellular signalling components, lead to
sirtuin-independent lifespan prolongation in eukaryotes [8,15,16],
including mammals [17,18]. FOXO/DAF-16 may represent a
convergence point of lifespan control by the insulin-like and
sirtuins pathways. In fact, C. elegans SIR-2.1, through interaction
with 14-3-3 proteins, regulates DAF-16 and extends lifespan [19].

Besides controlling lifespan, SIRT1 acts as a regulator of insulin
action. In hepatocytes, SIRT1 promotes gluconeogenesis via the
induction of PGC-1α-dependent gluconeogenic genes [20]; in
adipose tissue, it inhibits adipogenesis and favours non-esterified
fatty acid mobilization by repressing PPARγ (peroxisome-
proliferator-activated receptor γ ) [21] and, in pancreatic β-
cells, it improves insulin secretion via repression of the UCP2
(uncoupling protein 2) gene [22,23].

In an effort to uncover possible functions of SIRT1 in muscle in-
sulin signalling, we treated human primary myotubes and muscle-
derived cell lines with resveratrol (in the micromolar concen-
tration range) and studied insulin signalling events. Here, we show
that resveratrol inhibits the PI3K–PKB–FOXO signalling cascade
induced by insulin without affecting the insulin-induced MAPK
(mitogen-activated protein kinase) cascade. This inhibition, rather
than depending on sirtuin activation, is due to a direct inhibitory
action of resveratrol on class IA PI3K catalytic subunits p110α
and p110β.

Class IA heterodimeric PI3Ks of the p85/p110 type are
activated by tyrosine kinase receptor signalling and are involved in
mitogenic signalling and metabolic control, while class IB PI3K
p110γ is activated by G-protein-coupled receptor and is mainly
involved in immune responses [24,25].

Abbreviations used: AMPK, AMP-activated protein kinase; COX-1, cyclo-oxygenase 1; DAF-16, abnormal dauer formation protein-16; DMEM, Dulbecco’s
modified Eagle’s medium; FCS, fetal calf serum; FOXO, forkhead box O; GST, glutathione S-transferase; Hck, haemopoietic cell kinase; IRS, insulin receptor
substrate; LPA, lysophosphatidic acid; MAPK, mitogen-activated protein kinase; PGC-1α, peroxisome-proliferator-activated receptor γ co-activator-1α; PI,
phosphoinositide; PI3K, PI 3-kinase; PKB, protein kinase B; PS, 3-sn-phosphatidyl-L-serine; SIR, silent information regulator; siRNA, short interfering RNA.
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Our results define class IA PI3Ks as an additional target upon
which resveratrol could act to induce lifespan extension, affect
insulin action and exert its chemopreventive function.

EXPERIMENTAL

Materials

Resveratrol, recombinant human insulin, PtdIns, PtdIns(4,5)P2,
bovine brain crude PIs, PS (3-sn-phosphatidyl-L-serine), sodium
cholate, 2-deoxy-D-glucose and LPA (lysophosphatidic acid)
were purchased from Sigma. Inositol lipids and PS were dis-
solved in chloroform and stored at −80 ◦C until use. [γ -32P]ATP
(∼220 TBq/mmol) and [1,2-3H]2-deoxy-D-glucose (259 GBq/
mmol) were obtained from Amersham and NEN respectively.
The following antibodies were used: anti-phospho-Ser-473 PKB,
anti-phospho-Thr-308 PKB and anti-phospho-FOXO1/4 (Cell
Signaling Technology, Danvers, MA, U.S.A.), anti-PKB, anti-
IRS1 (insulin receptor substrate 1) and anti-IRS2, anti-SIRT1
(Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.), anti-
phospho-MAPK1/2 and anti-p85α (Upstate Biotechnology, Lake
Placid, NY, U.S.A.). The adenovirus expressing constitutively
activated p110αCAAX was described previously [26]. Expression
plasmids for p85α, p110α, p110β, GST (glutathione S-
transferase)–p110α and GST–p110γ were previously described
[27–29].

Cell culture

L6 and CCL-136, RD cells (hereinafter referred to as CCL),
both from A.T.C.C. (Manassas, VA, U.S.A.), were cultured by
standard cell culture procedures in DMEM (Dulbecco’s modified
Eagle’s medium), containing 4.5 g/l glucose, and supplemented
with 10% (v/v) FCS (fetal calf serum); cells were starved in the
same medium without FCS. Human primary myotube cultures
were prepared as described in [30] and kept in DMEM, containing
1 g/l glucose, and supplemented with 10% FCS.

Western blot, immunoprecipitations and PI3K assays

Cells were lysed in a lysis buffer containing 20 mM Tris/HCl,
138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 5% (v/v) glycerol,
1% (v/v) Nonidet P40, 5 mM EDTA, 1 mM Na3VO4 (sodium
orthovanadate), 20 mM NaF, 1 mM dithiothreitol and protease
inhibitor cocktail (Sigma P2714) (pH 8.0). Lysates were kept on
ice for 15 min and cleared by centrifugation at 13 000 g for 15 min.
Protein concentrations were determined by the Bio-Rad protein
assay reagent (Bio-Rad).

When subjected to immunoprecipitation, cell lysates were
incubated with Protein A–Sepharose and antibodies to p85α, IRS-
1 or IRS2 as indicated.

Cell lysates (10–30 µg of protein) were separated by SDS/
PAGE, transferred on to PVDF membranes (PerkinElmer) and
blocked in 3% (w/v) BSA or 4% (w/v) skimmed dry milk in
Tris-buffered saline/0.5% Tween 20. Membranes were incubated
overnight at 4 ◦C with primary antibodies followed by horse-
radish peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence (Pierce) detection. PI3K protein kinase
assays on overexpressed PI3Ks were performed as described in
[27].

PI3K lipid kinase assays on IRS1 immunoprecipitates and
overexpressed PI3Ks were performed as follows: Protein A-
bound p85α/p110α, p85α/p110β and IRS1 immune complexes
or glutathione–Sepharose-bound p85α/GST–p110α and GST–

p110γ were washed twice with ice-cold PI3K lipid kinase buffer
(10 mM Hepes and 5 mM MgCl2, pH 7.4). After washing, Protein
A/glutathione–Sepharose beads containing residual lipid kinase
buffer (∼5 µl) were incubated on ice in 25 µl of lipid kinase buffer
containing 2× concentrated resveratrol for 30 min. Sonicated
lipids (10 µl; see below for their preparation) were added
for 10 min (on ice) and phosphorylation reactions were
started by adding 10 µl of 50 µM ATP supplemented with
0.5 µCi/µl [γ -32P]ATP (final ATP concentration = 10 µM, sup-
plemented with 5 µCi of [γ -32P]ATP/reaction). Reactions were
allowed to proceed for 20 min at room temperature (20 ◦C) on a
shaking platform.

Lipid mixtures were prepared as follows: chloroform was
removed under vacuum from stock solution. PtdIns (10 µg/reac-
tion) was resuspended in lipid kinase buffer prior to sonication.
Bovine brain crude PIs (10 µg/reaction) and PtdIns(4,5)P2/PS
mixture (5 and 10 µg/reaction respectively) were resuspended in
lipid kinase buffer containing 2.5% (w/v) sodium cholate prior
to sonication.

Reactions were stopped by the addition of 50 µl of 1 M
HCl. Phosphorylated lipids were separated from the unreacted
ATP by addition of 200 µl of methanol/chloroform (1:1, v/v).
After vortex-mixing and centrifugation, the lipid-containing lower
phase was collected and dried under vacuum.

Extracted lipids from reactions using PtdIns(4,5)P2 or PIs as
substrate were separated on oxalate-treated silica 60 TLC plates
(Merck) with chloroform/acetone/methanol/acetic acid/water
(80:30:26:24:14, by vol.). Extracted lipids from reactions using
PtdIns as substrate were separated on silica 60 TLC plates (Merck)
with chloroform/methanol/water/ammonia (45:35:8.5:1.5, by
vol.). Phosphorylated lipids were detected by autoradiography
on Kodak X-Omat films and quantified by phosphoimaging.

2-Deoxyglucose uptake in 3T3-L1 adipocytes

3T3-L1 preadipocytes seeded on 12-well plates were differ-
entiated as previously described [31]. Once differentiated, cells
were starved overnight in DMEM without FCS. Insulin-induced
2-deoxyglucose uptake was determined as described previously
[26].

RNA interference

The siRNA (short interfering RNA) duplex targeting SIRT1 was
purchased from Qiagen (Courtaboeuf, France). Transfection with
siRNAs was performed by the calcium phosphate method as
described in [26]. The sense sequence of the siRNA for SIRT1
was as follows: 5′-CCCUGUAAAGCUUUCAGAAdTdT.

Statistical analysis

Unless otherwise indicated, all experiments were performed at
least three times. Values are expressed as means +− S.D. or S.E.M.
Results were analysed by an unpaired Student’s t test (unless
otherwise indicated) and differences were considered to be statisti-
cally significant when P < 0.05.

RESULTS

Resveratrol inhibits PI3K activity and PI3K downstream targets in
human primary myotubes and muscle-derived cell lines

The deacetylase SIRT1 has been implicated in the control of
insulin secretion by pancreatic β-cells [22,23] and has been shown
to affect insulin signalling in hepatocytes and adipocytes [20,21].
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To investigate the possible function of SIRT1 in muscle insulin
signalling, we used the small polyphenolic compound resveratrol,
reported to activate SIRT1 [9].

In human primary myotubes, insulin-induced PKB Ser-473
and Thr-308 phosphorylations were fully prevented by a 30 min
pretreatment with 100 µM resveratrol as was Ser-193 phos-
phorylation of the PKB downstream target FOXO4 (Figure 1A).
Such a complete inhibitory effect, obtained with resveratrol con-
centrations employed to activate SIRT1, is reminiscent of that
observed upon treatment of cells with the PI3K inhibitors
wortmannin or LY294002.

Upon insulin stimulation, PI3K associates with the IRS mol-
ecules IRS1 and IRS2 [32]. We thus evaluated the in vitro inhibit-
ory effect of resveratrol on the IRS1–PI3K complex immunopre-
cipitated following insulin stimulation of primary myotubes.
Increasing concentrations of resveratrol were added to IRS1
immunoprecipitates, which were subsequently subjected to a
PI3K assay. Resveratrol inhibited IRS1-associated PI3K activity
with an IC50 of ∼25 µM (Figure 1B). To corroborate the above
findings, we tested the effect of resveratrol on insulin signalling
in rat L6 and human rhabdomyosarcoma CCL muscle-derived
cell lines. As in primary myotubes, 100 µM resveratrol pretreat-
ment fully inhibited insulin-induced PKB Ser-473 and Thr-308
phosphorylations and, in both cell lines, the IC50 for such inhibi-
tion was <10 µM (Figures 2A and 2C). In L6 cells, insulin-in-
duced activation of the MAPK pathway was only mildly affected
by the highest concentration of resveratrol employed (Figure 2A),
and the insulin-induced interaction between the PI3K p85α
adaptor subunit and IRS1 or IRS2 was unaffected (Figure 2A),
suggesting that resveratrol exerts its inhibitory action downstream
of IRS1/2. Since an inhibitory effect of resveratrol on PI3K was
also observed in IRS1–PI3K immune complexes from L6 cells
(Figure 2B), PI3K is the likely target of resveratrol.

A major biological response induced by insulin via PI3K is
the translocation of the glucose transporter GLUT4 at the plasma
membrane and a consequential increase in glucose uptake [33].
We next tested the effect of resveratrol on insulin-induced 2-
deoxyglucose uptake in 3T3-L1 adipocytes, a cell line displaying
an increase in 2-deoxyglucose uptake after insulin stimulation.
Insulin treatment induced a 40.0% increase of 2-deoxyglucose
uptake (P < 0.05, paired t test, n = 6). Resveratrol (100 µM)
pretreatment yielded an 82.7% decrease of insulin-induced 2-
deoxyglucose transport in comparison with insulin-treated cells
(P < 0.01, paired t test, n = 6), thus lowering the overall uptake
below the basal level. This indicates that resveratrol not only
affects insulin-stimulated glucose uptake but also (as previously
reported in U937 and HL-60 cells [34]) the basal GLUT-1-
dependent glucose transport.

In C. elegans, the SIRT1 orthologue SIR-2.1 interacts with 14-
3-3 proteins to mediate lifespan extension [19]. As 14-3-3 proteins
reportedly interact with IRS1 [35,36], IRS1 could, in principle, co-
immunoprecipitate SIRT1 that would be targeted by resveratrol
and cause (perhaps by an indirect mechanism) PI3K inhibition.
However, we have been unable to detect SIRT1 in IRS1
immune complexes either before or after insulin stimulation (Fig-
ure 7A).

We next asked whether the inhibitory action of resveratrol on
PI3K and PKB occurs when cells are subjected to a stimulus
other than insulin. Adenovirus-mediated expression of a mem-
brane-targeted constitutively active PI3K (p110αCAAX) induced
a PKB Ser-473 phosphorylation – independently from an extra-
cellular stimulation – that was inhibited by resveratrol treatment
(Figure 3A), suggesting a direct inhibitory effect of resveratrol
upon p110α PI3K. As observed with insulin treatment,
stimulation of resveratrol-treated L6 cells with 10% FCS resulted

Figure 1 Resveratrol inhibits the insulin-activated PI3K–PKB pathway and
IRS1-associated PI3K activity in human primary myotubes

(A) Fully differentiated myotubes were serum-starved overnight and subsequently stimulated
for 20 min with 100 nM insulin. Resveratrol (Res.) (100 µM) was added to the cells 30 min
prior to insulin stimulation. Separated proteins were immunoblotted with antibodies to PKB
phospho-Ser-473 (pS473), PKB phospho-Thr-308 (pT308), total PKB – to monitor equal
loading – and pFoxO4. (B) Upper panel: IRS-1-associated PI3K activity was measured
in IRS1 immunoprecipitates obtained from starving (–) or insulin-stimulated (+, 100 nM
insulin, 20 min) cells. Immune complexes were pretreated with the indicated concentrations
of resveratrol. 32P-labelled PtdIns3P was separated by TLC (‘O’, origin). Lower panel:
phosphoimager quantification of PtdIns3P. PI3K activity was set at 100 for the insulin-stimulated
condition. Results are means +− S.E.M. (n = 4). The significance of resveratrol inhibition was
compared with the insulin-stimulated condition using Student’s t test. *P < 0.01, **P < 0.001.

in a complete blockade of PKB phosphorylation but not MAPK
phosphorylation (Figure 3A). Likewise, resveratrol inhibited
LPA-mediated PKB phosphorylation (Figure 3B).
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Figure 2 Inhibition of the PI3K–PKB pathway, but not of the MAPK pathway, by resveratrol in L6 and CCL cells

(A) L6 myoblasts were serum-starved overnight, pretreated for 30 min with the indicated concentrations of resveratrol and subsequently stimulated for 10 min with 1000 nM insulin. Separated
total proteins were immunoblotted with antibodies to PKB pS473, PKB and pMAPK. Furthermore, equal amounts of lysates were immunoprecipitated with antibodies to IRS1 and IRS2, and the
associated PI3K was visualized by immunoblotting with anti-p85α antibodies. I.P., immunoprecipitation. (B) IRS1-associated PI3K activity was measured in IRS1 immunoprecipitates obtained from
starving (–) or insulin-stimulated (+, 1000 nM insulin, 10 min) L6 cells. Immune complexes were pretreated with the indicated concentrations of resveratrol. 32P-Labelled PtdIns3P was separated
by TLC as in Figure 1. (C) Resveratrol dose–response inhibition of insulin-induced PKB Ser-473 and Thr-308 phosphorylations in CCL cells. Equal loading was verified by immunoblotting of
total PKB.

Figure 3 Resveratrol inhibits PKB Ser-473 phosphorylation induced by
various agonists

(A) L6 cells were infected for 48 h with an adenovirus expressing a constitutively active p110α
(Adp110αCAAX) as indicated. After overnight serum starvation, cells were pretreated for 30 min
with 100 µM resveratrol (Res.) as indicated and subsequently stimulated with 10 % FCS. Cell
lysates were immunoblotted with antibodies to PKB pS473 and pMAPK. (B) CCL cells were
starved overnight, pretreated for 30 min with the indicated concentrations of resveratrol and
subsequently stimulated with 10 µM LPA. Cell lysates were immunoblotted with antibodies to
PKB pS473 and PKB.

Resveratrol targets the class IA PI3K ATP-binding site in a
competitive and reversible fashion

To gain insight into isoform-specificity, class IA p85α/p110α,
p85α/p110β and class IB GST–p110γ were overexpressed in
HEK-293 cells (human embryonic kidney cells) and their sensitiv-
ity to resveratrol was tested in in vitro lipid kinase assays by
using PtdIns as the substrate. p85α/p110α was inhibited by resve-
ratrol with an IC50 of ∼25µM, the IC50 towards p85α/p110β
was ∼50 µM, while class IB GST–p110γ was less sensitive
to resveratrol, retaining ∼75% of the activity when treated
with 100 µM resveratrol (IC50 > 100 µM, Figure 4A). Although
PtdIns is routinely used to test in vitro PI3K activity, the PI3K
physiological substrate is PtdIns(4,5)P2 [24]. We thus tested the
inhibitory action of resveratrol on p85α/GST–p110α by using
PtdIns(4,5)P2 as substrate (Figure 4B), and likewise observed an
IC50 of ∼25 µM and ∼90% inhibition at 100 µM resveratrol.
Furthermore, comparison of the lipid kinase activities of
p85α/GST–p110α with GST–p110γ by using PtdIns(4,5)P2 as
substrate confirmed the modest inhibitory action of resveratrol
towards GST–p110γ (see Supplementary Figures 1A and 1B at
http://www.BiochemJ.org/bj/406/bj4060511add.htm). As a final
approach to determine the inhibitory action of resveratrol
towards PI3K, we performed lipid kinase assays using bovine
brain crude PIs, which contain a mixture of PtdIns, PtdIns4P
and PtdIns(4,5)P2. Inhibition of p85α/GST–p110α activity by
resveratrol was observed using either substrate [PtdIns(4,5)P2

or PIs, Figure 4C]. Finally, inhibition of class IA p85α/p110α,
p85α/p110β, p85α/GST–p110α and class IB GST–p110γ by
100 µM resveratrol was evaluated by using PIs as substrate. As
observed with PtdIns and PtdIns(4,5)P2, inhibition was maximal
for class IA p110 isoforms and moderate for the class IB p110γ
isoform (Supplementary Figures 1C and 1D).

The same differential sensitivity towards inhibition by
resveratrol was observed in relation to the PI3K protein kinase
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Figure 4 Resveratrol inhibits recombinant class IA, but not class IB, PI3K lipid kinase activity

(A) Relative dose–response inhibition of class IA p85α/p110α, p85α/p110β and class IB GST–p110γ in lipid kinase assays using PtdIns as substrate. Representative TLCs for each PI3K isoform are
shown at the bottom. Assays for each experimental condition were performed at least four times. Activity in the absence of resveratrol was normalized at 100 %. (B) Relative dose–response inhibition
of class IA p85α/GST–p110α in a lipid kinase assay using PtdIns(4,5)P2 as substrate and representative TLC. Assays for each experimental condition were performed in triplicate. (C) Inhibition of
class IA p85α/GST–p110α by 100 µM resveratrol by using PtdIns(4,5)P2 or PIs as substrates. Results are means +− S.D. for at least three independent assays; activity in the absence of resveratrol
was normalized at 100 %. The significance of inhibition was compared with the assays without resveratrol using Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.

activities of p110α/p110β compared with p110γ . While
p85α/GST–p110α autophosphorylation was inhibited by
resveratrol in a concentration-dependent manner, GST–p110γ
autophosphorylation was not affected by resveratrol (Figure 5
and see Supplementary Figure 2A at http://www.BiochemJ.org/bj/
406/bj4060511add.htm) and both p85α/p110α [37] and p85α/
p110β [28] autophosphorylation activities were inhibited by
100 µM resveratrol, albeit to a smaller extent than the inhibition
observed by LY294002 treatment (Supplementary Figure 2B).

The two most widely used PI3K inhibitors, wortmannin and
LY294002, differ in their mode of action. Both inhibitors target
competitively the ATP/substrate-binding site. However, wortman-
nin binds covalently to a lysine residue involved in the phos-
photransfer reaction (Lys-802 in p110α) causing an irreversible
inhibition, whereas LY294002 binding to the catalytic region is
reversible [38]. Pretreatment of L6 cells with 100 nM wortmannin
or 50 µM LY294002 resulted in the complete inhibition of
insulin-stimulated PKB phosphorylations on Ser-473 and Thr-
308. Medium replacement between inhibitor treatment and insulin
stimulation led to the loss of the inhibitory action of LY294002
but not wortmannin (Figure 6B). Under these experimental
conditions, the mode of action of resveratrol resembles that of
LY294002, and thus does not occur through a covalent binding to
the p110 catalytic subunit.

To assess whether resveratrol inhibits PI3K in a competitive
fashion, p85α/p110α lipid kinase activity was tested in the pre-
sence of 100 µM resveratrol and increasing concentrations of ATP
(Figure 6A). The inhibitory action of resveratrol was diminished
by increasing ATP concentrations, indicating that resveratrol acts

as a PI3K inhibitor by competing with ATP for the catalytic
site.

Inhibition of PI3K by resveratrol is sirtuin-independent

As discussed above, IRS1-associated PI3K activity is inhibited by
resveratrol, although SIRT1 does not co-purify in IRS1 immune
complexes, suggesting an SIRT1-independent inhibition directly
targeting PI3K. To demonstrate conclusively that resveratrol-
mediated PI3K inhibition is sirtuin-independent, we down-regu-
lated endogenous SIRT1 by RNA interference, obtaining a
>80% decrease in expression. Under these conditions, resver-
atrol inhibition of insulin-stimulated PKB Ser-473 phosphoryla-
tion was unaltered (Figure 7B), demonstrating the lack of involve-
ment of SIRT1 in the observed inhibition.

DISCUSSION

Resveratrol, a polyphenolic compound found in appreciable
amounts in grapes and red wine, is currently a widely investigated
molecule for its potentially beneficial effects on health and its
capability to promote longevity [11].

In yeast, contrasting reports exist as to whether resveratrol
administration increases replicative lifespan (reviewed in [39]).
In animal models, from lower metazoans to vertebrates, including
small mammals, resveratrol administration has the remarkable
property to prolong lifespan [10,11,40].

Several genes have been identified that play a part in the control
of lifespan, including genes implicated in insulin-like signalling
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Figure 5 Resveratrol inhibits recombinant class IA, but not class IB, PI3K
protein kinase activity

Relative dose–response inhibition of class IA p85α/GST–p110α and class IB GST-p110γ
autophosphorylation activities. ‘Relative autophosphorylation’ refers to the radioactivity
incorporated into p85α and GST–p110γ bands relative to the autophosphorylation reaction
without resveratrol. Lower panel: quantification of incorporated radioactivity from three
independent experiments. Results are means +− S.D. The significance of inhibition was
compared with the assays without resveratrol by using Student’s t test. *P < 0.1, **P < 0.05.
p85α/GST–p110α and GST–p110γ expression levels were visualized by Coomassie Blue
staining (see Supplementary Figure 2A).

and genes coding for the Sir2/SIRT1 sirtuin family of deacetylases
[8]. High-throughput screening for sirtuin activators identified
resveratrol as an activator of SIRT1 (13.4-fold at 100 µM) and
Sir2 (2-fold at 2–5 µM) [9]. This finding, combined with genetic
evidence of the involvement of Sir2/SIRT1 in lifespan pro-
longation, led to the suggestion that resveratrol acts through
enzymatic activation of sirtuins [9,10]. Yet, recent studies suggest
that resveratrol-induced increase in sirtuin enzymatic activity is
dependent on the modified substrate used in the in vitro screening
[13,14].

Besides sirtuins being bona fide enzymes activated by resver-
atrol, other targets have been proposed that may explain the aging-
promoting, antioxidant and chemopreventive/chemotherapeutic
properties of resveratrol, including COXs [2], intracellular sig-
nalling cascades activating nuclear factor-κB and AP-1 (activ-
ator protein-1) [41], AMPK (AMP-activated protein kinase) [11]
as well as the insulin–IGF-1 (insulin-like growth factor-1) sig-
nalling pathways [42]. Intriguingly, in the report by Zhang [42]
describing the inhibition of both the PKB and MAPK signalling
pathways by resveratrol in primary hepatocytes and hepatocyte-
derived cell lines [42], resveratrol appears to work through
inhibition of the insulin-stimulated interaction between IRS1 and
PI3K and between IRS-1 and Grb2 (growth-factor-receptor-bound
protein 2) [42]. Contrary to this finding, we failed to observe
inhibition of the IRS1/PI3K p85α interaction (Figure 2A) at
concentrations up to 100 µM. Such a discrepancy is probably
dependent on the different cell types investigated, and a direct
comparison of the action of resveratrol in hepatocytes with that
in muscle cells is warranted.

In most of the above-mentioned resveratrol-modulated path-
ways, the genuine molecular target has not been identified or it is
controversial. In our investigation, we obtained results indicating
that (i) the catalytic subunits p110α and p110β of class IA
PI3Ks are inhibited in vitro by resveratrol in the micromolar

Figure 6 Resveratrol targets the PI3K ATP-binding site in a non-covalent
fashion

(A) The lipid kinase activity of class IA p85α/p110α was assayed in the absence (–) or in the
presence (+) of 100 µM resveratrol (Res.) and with increasing ATP concentrations as indicated.
The experiment shown is representative of two independent ones in which each condition was
tested in duplicate. ‘% activity’ is the mean for four independent reactions. (B) Serum-starved L6
cells were pretreated with 50 µM LY294002 (LY), 100 µM resveratrol (R) or 100 nM wortmannin
(W) as indicated for 30 min. Prior to a 10 min stimulation with 1000 nM insulin, the medium
was replaced in the lanes indicated (washout), thus allowing the elimination of non-covalently
bound inhibitor. Separated proteins were immunoblotted with antibodies to PKB pS473, PKB
pT308 and total PKB to monitor equal loading.

concentration range with an IC50 ≈ 25 µM, and (ii) PI3K-
dependent phosphorylation of downstream targets (including
PKB and FOXO) is inhibited by resveratrol with an IC50 <10 µM
for insulin-induced PKB Ser-473 phosphorylation. This inhibition
occurred in several muscle-derived cell lines, including rat L6,
rhabdomyosarcoma CCL and human primary myotubes derived
from several donors. The different IC50 values observed in PI3K
in vitro assays compared with PKB Ser-473 measurements may
be a reflection of a different affinity of resveratrol towards PI3K
in a cell culture setting compared with the test tube. (iii) Finally,
an insulin-dependent end-point response such as insulin-induced
glucose uptake in 3T3-L1 adipocytes was likewise inhibited by
resveratrol.

Both the lipid-kinase and protein-kinase activities of p110α
and p110β catalytic subunits are affected by resveratrol and
this inhibition explains the in vivo blockade of the PI3K–PKB
signalling pathway induced by insulin, LPA or stimulation via
FCS in human primary myotubes and muscle-derived cell lines.

Overexpression of both class IA and class IB PI3Ks followed by
in vitro lipid-kinase and protein-kinase assays allowed us to show
that resveratrol is a class IA-specific PI3K inhibitor. Nonetheless,
further investigation will be necessary to define whether the class
IB PI3K p110γ relative refractivity to resveratrol inhibition is
maintained in intact cells. Based on competition studies with ATP,
resveratrol appeared to act as a competitive inhibitor targeting
the ATP-binding pocket. By comparing the inhibition of insulin-
induced PKB phosphorylation by LY294002, wortmannin and
resveratrol, we show that inhibition by resveratrol is reversible.
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Figure 7 SIRT1 is not found in IRS1 immune complexes and resveratrol
inhibits the insulin-activated PKB independently of sirtuin expression

(A) L6 myoblasts were serum-starved overnight and subsequently stimulated for 10 min with
1000 nM insulin. Separated total proteins were immunoblotted with antibodies to p85α (that
also recognizes the short-spliced forms p50 and p55α) and SIRT1. In parallel, equal amounts
of lysates were immunoprecipitated with antibodies to IRS1 and immunoblotted with anti-p85α
and α-SIRT1 antibodies. IP, immunoprecipitation. (B) L6 myoblasts were transfected with
siRNAs directed to SIRT1. After an overnight starving and a 30 min pretreatment with 100 µM
resveratrol as indicated, cells were stimulated with 1000 nM insulin for 10 min. Total lysates
were immunoblotted with antibodies to PKB pS473 and SIRT1.

The original screening leading to the identification of resver-
atrol identified other molecules structurally related to resveratrol
capable of activating Sir2/SIRT1, including quercetin. Quercetin
is a naturally occurring flavonoid reported to be a broad-spectrum
protein kinase inhibitor [43] and a PI3K inhibitor (IC50 = 3.8 µM)
[44].

The crystal structures of the tyrosine kinase Hck (haemopoietic
cell kinase) [45] and PI3K p110γ [44] complexed with quercetin
showed that the 4′ hydroxy group forms a hydrogen bond to the
catalytic phosphoacceptor Hck Lys-295 and p110γ Lys-833. By
comparing the structures of resveratrol and quercetin, we hypo-
thesize that the 4′ hydroxy group of resveratrol forms a hydrogen
bond to the p110α and p110β catalytic lysine residues in the
ATP-binding site.

Taken together, our results demonstrate that resveratrol targets
class IA PI3Ks and consequently inhibits their downstream
signalling molecules. However, given the broad spectrum of
kinases inhibited by the related molecule quercetin, we cannot
discount that other kinases might be inhibited by resveratrol with
similar IC50 values as class IA PI3K. Additionally to a possible
inhibitory activity on other kinases, the pleiotropic effects of
resveratrol are best underscored by the fact that it also activates
AMPK in C2C12 myotubes [11], a phenomenon that we also

observed in human primary myotubes and L6 cells (results not
shown).

In conclusion, our observation that class IA PI3K is inhibited
by resveratrol in the micromolar range usually employed in
lifespan extension, stress resistance and chemoprevention studies
defines a further target upon which resveratrol could act and
has several implications. (i) In cancer, the PI3K/PKB pathway
is virtually always activated [46]. The chemopreventive and/or
chemotherapeutic properties of resveratrol (in addition to its
inhibitory action on COX [2]) could be consequential to the neg-
ative regulation of the PI3K pathway. (ii) Active research is cur-
rently engaged in the discovery of PI3K inhibitors with therapeutic
potential. While several synthetic class- and isoform-specific
PI3K inhibitors have been described [47–49], resveratrol provides
an example of a natural and non-toxic molecule endowed with
isoform-selectivity towards class IA PI3K. (iii) Finally, given
the interplay of the insulin-like and sirtuin pathways in aging
regulation, resveratrol may exert its action on both pathways.
Further research is thus warranted to determine to which extent
each of the two pathways is modulated by resveratrol and whether
resveratrol inhibits PI3K in lower metazoans and unicellular
eukaryotes.
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