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Resveratrol, a polyphenol compound, is known for its effects
on energy homeostasis. With properties of energy sensors me-
diating effects of calorie restriction, sirtuins are targets of res-
veratrol. The mammalian sirtuin homolog SIRT1 is a protein
deacetylase playing a role in glucose metabolism and islet
function. Here, we investigated the effects of resveratrol and
possible link with SIRT1 in �-cells. Insulinoma INS-1E cells
and human islets were cultured with resveratrol before analyz-
ing their physiological responses. Treatment of INS-1E cells
for 24 h with 25 �M resveratrol resulted in marked potentia-
tion of glucose-stimulated insulin secretion. This effect was
associated with elevated glycolytic flux, resulting in increased
glucose oxidation, ATP generation, and mitochondrial oxygen
consumption. Such changes correlated with up-regulation of
key genes for �-cell function, i.e. Glut2, glucokinase, Pdx-1,
Hnf-1�, and Tfam. In human islets, chronic resveratrol treat-
ment similarly increased both the glucose secretory response
and expression of the same set of genes, eventually restoring
the glucose response in islets obtained from one type 2 dia-
betic donor. Overexpression of Sirt1 in INS-1E cells potenti-
ated resveratrol effects on insulin secretion. Conversely, inhi-
bition of SIRT1 achieved either by expression of an inactive
mutant or by using the EX-527 inhibitor, both abolished res-
veratrol effects on glucose responses. Treatment of INS-1E
cells with EX-527 also prevented resveratrol-induced up-regu-
lation of Glut2, glucokinase, Pdx-1, and Tfam. Resveratrol
markedly enhanced the glucose response of INS-1E cells and
human islets, even after removal of the compound from the
medium. These effects were mediated by and fully dependent
on active SIRT1, defining a new role for SIRT1 in the regula-
tion of insulin secretion.

Resveratrol (3,5,4�-trihydroxystilbene) is a polyphenolic
compound found in grape skins that has been shown to in-
crease lifespan in various organisms, promoting effects similar
to those induced by caloric restriction (1–3). In rodents, a
20–40% reduction in calorie intake extends lifespan by �50%

(4). Calorie restriction enhances insulin sensitivity and he-
patic gluconeogenesis in mice (5) and increases muscle mito-
chondrial biogenesis in humans (6). These observations sug-
gest a link between the molecular pathways activated by
resveratrol and caloric restriction, sirtuins acting as common
mediators (7, 8).
Sirtuins represent a conserved family of NAD�-dependent

proteins homologous to the yeast deacetylase SIR2 (silent in-
formation regulator 2), found to be involved in aging pro-
cesses. Overexpression of Sir2 increases lifespan of lower or-
ganisms, whereas deletion or mutations of Sir2 accelerates
aging (9–11). Seven human homologs of Sir2 have been iden-
tified, named SIRT1 to SIRT7 (12, 13). They are ubiquitously
expressed in human tissues but have diverse subcellular local-
izations, target substrates, and enzymatic activities (14, 15).
Sirtuins can function as deacetylase or as mono(ADP-ribosyl-
transferase). Both reactions occur via cleavage of NAD� to
release nicotinamide, the latter being a sirtuin inhibitor. Be-
cause sirtuins hydrolyze NAD� as a co-substrate, their activ-
ity depends on the NAD�/NADH ratio. Accordingly, sirtuins
are sensitive to the cellular energy and redox states, confer-
ring them a role as metabolic sensors.
The closest homolog to SIR2 is SIRT1, a protein deacety-

lase that is up-regulated and activated in adipose tissue, liver,
muscle, and brain after fasting or calorie restriction in rodents
(16). In these different organs, it has been shown that SIRT1 is
implicated in glucose homeostasis and metabolism. In the
liver, SIRT1 activates PGC-1� to increase gluconeogenic
genes and to repress glycolysis (17), whereas in muscles,
SIRT1 activates PGC-1� to increase mitochondrial biogenesis
and function (18, 19). In white adipose tissue, SIRT1 de-
creases peroxisome proliferator-activated receptor � activity
and mobilizes free fatty acids (20).
Less clear is the role of SIRT1 on the endocrine pancreas,

which controls glucose homeostasis via insulin secretion. In
pancreatic �-cells, glucose entering through GLUT2 trans-
porter is phosphorylated by glucokinase (21) and undergoes
glycolysis leading to pyruvate formation that promotes mito-
chondrial activation and complete oxidation of glucose prod-
ucts (22). Mitochondrial metabolism generates ATP as well as
additive factors. The resulting elevation of cytosolic ATP in-
duces the closure of ATP-sensitive K� channels and, as a con-
sequence, depolarization of the plasma membrane (23). This
induces the opening of the voltage-gated Ca2� channels, re-
sulting in Ca2� influx within the cell (24) and stimulation of
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insulin exocytosis. Some reports have shown that SIRT1 posi-
tively regulates glucose-stimulated insulin secretion in pan-
creatic �-cells (25, 26). Mice with �-cell-specific Sirt1 overex-
pression exhibit improved glucose tolerance and enhanced
insulin secretion when challenged with high glucose (26). In
contrast, Sirt1 general knock-out animals have lower levels of
circulating insulin, and their isolated islets show blunted insu-
lin secretion (25). The authors proposed that SIRT1 would
increase insulin secretion and ATP production through the
transcriptional repression of the Ucp2 (uncoupling protein 2)
gene expression (25).
Resveratrol is an allosteric activator of SIRT1 (2). Treat-

ment of mice fed a high fat diet with resveratrol for �1 year
was shown to improve insulin sensitivity and to increase lifes-
pan (27). In another study, resveratrol treatment protected
mice against high fat diet-induced obesity. These effects were
associated with improved muscle function, explained by in-
creased expression of genes involved in mitochondrial oxida-
tive phosphorylation through SIRT1-mediated PGC-1�
deacetylation (19).
Studied in insulin-secreting cells, resveratrol has been

shown either to enhance exocytosis by one group (28) or to
inhibit insulin secretion by another (29). Therefore, our com-
prehension of resveratrol effects on �-cell function is limited
and contradictory. In view of the importance of SIRT1 in met-
abolic homeostasis and of the potential of resveratrol (or de-
rivatives) for the treatment of metabolic disorders, it is strik-
ing how little is known about interactions between SIRT1,
resveratrol, and �-cell function. In the present study, we in-
vestigated the effects of chronic resveratrol treatment on
INS-1E �-cells and human islets. Because resveratrol mark-
edly potentiated glucose-stimulated insulin secretion, we
questioned the role of SIRT1 in resveratrol responses, show-
ing that in �-cells, resveratrol effects were fully
SIRT1-dependent.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—The clonal rat �-cell line
INS-1E was cultured as described previously (30) in a humidi-
fied atmosphere containing 5% CO2 in RPMI 1640 medium
supplemented with 5% (v/v) heat-inactivated fetal calf serum,
2 mM glutamine, 10 mM HEPES, 100 units/ml penicillin, 100
�g/ml streptomycin, 1 mM sodium pyruvate, and 50 �M

2-mercaptoethanol. Freshly isolated human islets were ob-
tained from five different donors with the family’s consent.
The use of human islets for research was approved by the in-
stitutional ethic committee. Donors had an average body
mass index of 26 � 2 (24–28) kg/m2 and age of 58 � 7 (50–
70) years. Islets were maintained in CMRL-1066 at 5.6 mM

glucose supplemented with 10% FCS and antibiotics for 2–4
days before experiments. One extra batch of islets was used
separately as it was obtained from a donor with a 22-year his-
tory of type 2 diabetes (44 years old, with a body mass index
of 27.8 kg/m2, HbA1C of 6.7% at admission) under anti-dia-
betic medication (gliclazide, rosiglitazone, and exenatide).
After 3–4 days of culture, cells were incubated in complete
RPMI 1640 medium supplemented with the indicated con-
centrations of resveratrol (Sigma-Aldrich) prepared in eth-

anol. Control cells were incubated for the same culture pe-
riod with 0.5% final (v/v) ethanol. Following chronic
treatments, resveratrol was washed out at the end of the
24-h culture period and was not present during subsequent
stimulations. The pharmacological inhibitor of SIRT1, EX-
527 (31), was purchased from Tocris Bioscience (Ellisville,
MO).
Adenoviral Treatments of INS-1E Cells—INS-1E cells were

seeded in 24-well plates and cultured 3–4 days before adeno-
virus transduction with the respective adenoviruses, a kind
gift from Joseph Rodgers and Pere Puigserver. For infection,
cells were incubated for 2 h with adenoviral vectors encoding
GFP (Ad-GFP,2 1.6 � 109 infectious units/ml), FLAG-tagged
wild type mouse Sirt1 (Ad-FLAG-SIRT1, 2.1 � 1010 infectious
units/ml), or inactive SIRT1 mutant that lacks deacetylase
activity (Ad-SIRT1-H355A, 5.73 � 1010 infectious units/ml)
(32). After transduction, cells were washed and cultured for
another 2-day period before the 24-h resveratrol treatment.
Quantitative Real-time PCR—Total RNA from INS-1E cells

and human islets was extracted using the NucleoSpin RNA II
kit (Macherey-Nagel, Düren, Germany) and TRIzol reagent
(Invitrogen), respectively. First-strand cDNA synthesis was
performed with 1 or 2 �g RNA, reverse transcriptase (Super
Script II, Invitrogen) and 1 �g random primers (Promega,
Madison, WI). Primers for mitochondrial transcription factor
A (Tfam), peroxisome proliferator-activated receptor coacti-
vator-1� (Pgc-1�), hepatocyte nuclear factor-1 (Hnf-1�) and
-4 (Hnf-4�), FoxO1, Ucp2 (uncoupling protein 2), Glut2 (glu-
cose transporter 2), glucokinase, Pdx1 (pancreatic duodenal
homeobox 1), Sirt1, NADH dehydrogenase 6 (ND6), cyto-
chrome c oxidase I (CoxI), pyruvate carboxylase, and insulin
were designed using the Primer Express Software (Applera
Europe) and are listed in supplemental Table S1. Real-time
PCR was performed using an ABI 7500 Sequence Detection
System (Applera), and PCR products were quantified fluoro-
metrically using the Power SYBR Green PCR Master Mix kit
(Applied Biosystems). Values were normalized to transcrip-
tion factor II B or cyclophilin genes.
Immunoblotting Analyses—Following the culture periods,

cells and isolated mitochondria were harvested in radioim-
mune precipitation assay lysis buffer (50 mM Tris, pH 7.2, 150
mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA, 1% de-
oxycholic acid, 50 mM NaF, 0.2 mM Na3VO4, 10 �g/ml aproti-
nin, 10 �g/ml leupeptin, 10 �g/ml pepstatin A, and 1 mM

phenylmethylsulfonyl fluoride). For control of SIRT1 expres-
sion, INS-1E cells were transduced with respective adenovi-
ruses, and 3 days later, cells were harvested in radioimmune
precipitation assay lysis buffer. Protein extracts were sepa-
rated by 10–12% SDS-PAGE before transfer onto Hybond-
ECL nitrocellulose membrane (Amersham Biosciences). The
membrane was blocked with 5% milk dissolved in TBS con-
taining 0.1% Tween 20 and probed overnight at 4 °C with dif-
ferent antibodies: mouse anti-SIRT1 (1:1000, Chemicon-Mil-
lipore, Zug, Switzerland), rabbit anti-AMPK polyclonal
antibody (Cell Signaling, Danvers, MA), mouse monoclonal

2 The abbreviations used are: Ad, adenovirus; KRBH, Krebs-Ringer bicarbon-
ate-HEPES; AMPK, adenosine monophosphate kinase.
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antibody against the five subunits of oxidative phosphoryla-
tion complexes (1:250, catalog no. MS604, MitoSciences, Eu-
gene, OR), goat anti-UCP2 polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA). After washing, the mem-
branes were incubated 1 h at room temperature with second-
ary horseradish peroxidase-coupled anti-mouse IgG, anti-
rabbit IgG, or anti-goat IgG (Amersham Biosciences),
according to primary antibodies. The target proteins were
visualized by chemiluminescence (ECL SuperSignal West Pico
chemiluminescent substrate, Pierce) and analyzed by a
ChemiDoc XRS System (Bio-Rad). Protein-related bands were
quantified with Scion Image software (Scion Corporation,
Frederick, MD).
Insulin Secretion Assay—Following the culture period and

treatments as described, INS-1E cells were assayed for insulin
secretion as detailed previously (30). Cells were maintained
for 2 h in glucose-free medium. Then, cells were washed and
preincubated in glucose-free KRBH buffer (Krebs-Ringer bi-
carbonate-HEPES buffer; 129 mM NaCl, 5 mM NaHCO3, 4.8
mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 10 mM HEPES, and
1 mM CaCl2 at pH 7.4) containing 0.1% bovine serum albumin
(KRBH/BSA). Next, cells were incubated for 30 min at 37 °C
in KRBH/BSA containing different secretagogues. At the end
of the incubation, supernatants were collected to measure
insulin release, and cellular insulin contents were determined
following acid-EtOH extraction (30) by radioimmunoassay
(Linco, St. Charles, MO).
Cultured human islets were treated for 24 or 72 h with or

without 25 �M resveratrol. On the day of the experiment,
batches of 10 islets were hand-picked, starved for 1 h in
KRBH/BSA 2.8 mM glucose, and then stimulated for 1 h at
37 °C in KRBH/BSA containing basal 2.8 mM or stimulatory
16.8 mM glucose concentrations.
Glucose Utilization and Oxidation—Glucose utilization,

reflecting glycolytic rate, and oxidation were measured as de-
scribed previously (33). Briefly, INS-1E cells seeded in six-well
plates were preincubated for 2 h in glucose-free RPMI 1640
medium and then for 30 min in KRBH. Regarding glucose
utilization, cells were then incubated in KRBH containing 2.5
or 15 mM glucose traced with D-[5-3H]glucose, and the reac-
tion was stopped on ice after 30 min. Supernatants were col-
lected, centrifuged to remove detached cells, and [3H]H2O
was separated from D-[5-3H]glucose using a Dowex column.
For glucose oxidation, cells were incubated for 1 h with KRBH
containing 15 mM glucose traced with [U-14C]glucose.
[3H]H2O and 14CO2 production was measured with an LKB-
Wallak 1217 Rackbeta counter. Glucose metabolism was nor-
malized to cellular protein contents (34).
Cellular ATP and Glutamate Measurements—Cellular ATP

levels were monitored in INS-1E cells expressing the ATP-
sensitive bioluminescent probe luciferase (35) following
transduction with the viral construct AdCAG-luciferase
the day before measurements (30). Cells were washed, in-
cubated at 37 °C for 30 min at basal 2.5 mM glucose KRBH
buffer containing 100 �M luciferin and then stimulated
with 15 mM glucose for 20 min before adding 2 mM NaN3
as mitochondrial poison. Luminescence was monitored in a
plate-reader luminometer (Fluostar Optima, BMG

Labtechnologies, Offenburg, Germany). Total cellular ATP
concentrations were determined in INS-1E cells after stim-
ulation for 10 min with KRBH at 2.5 and 15 mM glucose,
extraction in radioimmune precipitation assay lysis buffer
and sonication. Cellular ATP concentrations were deter-
mined according to the manufacturer’s instructions (ATP
Bioluminescence Assay Kit HS II, Roche Diagnostics) and
normalized to cellular protein contents. Glutamate con-
centrations were determined following a 60-min incuba-
tion at 2.5 and 15 mM glucose as described previously (36),
normalized to cellular protein contents.
Oxygen Consumption—Oxygen consumption measure-

ments were performed on isolated mitochondria as described
previously (37). Cells were washed with PBS, scraped, lysed in
mitochondria isolation buffer (250 mM sucrose, 20 mM Tris/
HCl, 2 mM EGTA, pH 7.4) supplemented with 0.5% BSA, and
pelleted by centrifugation (10 min at 500 � g). Pellets were
resuspended in mitochondria isolation buffer and homoge-
nized in a Teflon glass potter with a 500-rpm rotation rate for
20 up-and-down, followed by centrifugation for 8 min at
1500 � g to precipitate nuclei. Supernatants were further cen-
trifuged for 15 min at 12,000 � g, and the resulting pellets
were collected in respiration buffer (200 mM sucrose, 50 mM

KCl, 20 mM Tris/HCl, 1 mM MgCl2, and 5 mM KH2PO4 at pH
7.0). Proteins were determined by Bradford assay, and 100 �g
of mitochondria were used for measurements of oxygen con-
sumption using a Clark-type electrode (Rank Brothers Ltd.,
Cambridge, UK). Oxygen consumption rates were measured
on mitochondria directly after isolation and stimulated with
succinate (5 mM) and ADP (100 �M).
Immunohistochemistry—INS-1E cells were seeded on poly-

ornithine-treated glass coverslips 3 days prior to treatment
with 25 �M resveratrol. Following the incubation time periods
(2, 6, and 24 h), cells were fixed in 4% paraformaldehyde for
20 min, incubated with boiling 10 mM citrate, pH 6.0, for 10
min, and then permeabilized with 0.2% Triton PBS for 10
min. Slides were incubated overnight at 4 °C with primary
rabbit antibodies against SIRT1 (1:250, Chemicon-Millipore,
Zug, Switzerland) or FoxO1 (1:100). Next, after several
washes with PBS, slides were treated with goat anti-rabbit
biotinylated antibody (Jackson ImmunoResearch Laborato-
ries, West Grove, PA) and streptavidin-Alexa Fluor 488 (In-
vitrogen). Coverslips were then mounted on glass slides using
fluorescent mounting medium (DakoCytomation AG, Unter-
müli, Switzerland), and samples were analyzed on a 63� ob-
jective Axiocam microscope (Zeiss, Zürich, Switzerland). Ac-
quisition times were kept the same between groups according
to channels to compare signal intensities.
Statistical Analysis—Statistics were done using the SPSS

statistical package (version 15.0; Chicago, IL). Unless indi-
cated, data are represented as the means � S.E. of at least
three independent experiments performed in triplicate. Dif-
ferences between groups were assessed by the two-tailed un-
paired t test for single comparison or by one-way analysis of
variance, using a post hoc multiple comparison procedure
(Fischer’s least significant difference method). Results were
considered statistically significant at p � 0.05.
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RESULTS

Chronic Effects of Resveratrol on Insulin Secretion and Glu-
cose Metabolism in INS-1E Cells—Cells were treated for the
last 24 h of culture with 1, 5, and 25 �M resveratrol. Cells were
then washed so that resveratrol was not present any longer
during challenges. Insulin secretion tested in control cells
showed a 2.8-fold increase upon 15 mM glucose stimulation
compared with basal release at 2.5 mM glucose (p � 0.05).

Incubating cells for 24 h with resveratrol did not change basal
insulin release at any of the tested concentrations. However,
the secretory response evoked by 15 mM glucose was potenti-
ated in a dose-dependent manner (Fig. 1A). Compared with
control INS-1E cells, those treated with 5 and 25 �M resvera-
trol exhibited a secretory response at 15 mM glucose that was
enhanced 1.76-fold (p � 0.05) and 2.24-fold (p � 0.01), re-
spectively (Fig. 1A). Cellular insulin contents were not statisti-

FIGURE 1. Chronic effects of resveratrol on insulin secretion and glucose metabolism in INS-1E cells. INS-1E cells, cultured for 5 days after seeding,
were exposed for 24 h to the indicated concentrations of resveratrol (RSV) in standard medium before experiments performed in the absence of resveratrol.
A, chronic effects of resveratrol on insulin secretion. Insulin release was measured over a 30-min incubation period at basal 2.5 mM glucose (Glc) and stimu-
latory 15 mM glucose. B, cellular insulin contents following the 24-h treatment period described in A. C, the secretory responses of INS-1E cells treated for
24 h with 25 �M resveratrol (24h RSV) were assayed with different secretagogues: basal 2.5 mM glucose, intermediate 7.5 mM glucose, stimulatory 15 mM

glucose, 30 mM KCl, 5 mM glutamine (Gln) with 10 mM 2-amino-bicycloheptane-2-carboxylic (BCH), and 5 mM methylsuccinate (mSuc). D, glucose utilization
was measured at 2.5 and 15 mM glucose using D-[5-3H]-glucose in control and resveratrol (25 �M) treated INS-1E cells. E, glucose oxidation to 14CO2 was
measured in control and resveratrol (25 �M) treated INS-1E cells over a 1-h stimulation period with 15 mM [U-14C]glucose. Values are means � S.E. of 4 –10
independent experiments, with each performed in triplicate. *, p � 0.05; **, p � 0.01 versus 2.5 mM glucose; §, p � 0.05; §§, p � 0.01 versus control group at
15 mM glucose.
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cally different following the 24 h treatment with the different
concentrations of resveratrol (Fig. 1B), which did not induce
noticeable side effects such as cell death or proliferative
changes. The rest of the study was based on the effective and
safe resveratrol concentration of 25 �M.

Beside glucose, additional secretagogues were tested to nail
down the target pathways of resveratrol. INS-1E cells were
incubated for 24 h with 25 �M of resveratrol, washed, and
then stimulated for 30 min with 7.5 and 15 mM glucose (Fig.
1C), showing that resveratrol was mostly effective at high glu-
cose. Insulin secretion evoked by 30 mM KCl to directly in-
duce plasma membrane depolarization and the accompanying
calcium rise was not changed by the treatment. Similarly, res-
veratrol had no effects on glycolysis-independent mitochon-
drial activation using either 5 mM glutamine plus 10 mM 2-
amino-bicycloheptane-2-carboxylic or 5 mM methyl-succinate
(Fig. 1C). Data show that culturing cells in the presence of
resveratrol potentiated the secretory response specifically to
glucose.
These results prompted us to measure effects of resveratrol

on glucose metabolism. Glucose utilization reflecting
glycolytic rate was measured by [3H]H2O formation from
D-[5-3H]glucose (Fig. 1D). In control cells, raising glucose

concentration from 2.5 to 15 mM increased the glycolytic rate
by a factor of 5.3 (p � 0.01). In cells previously incubated for
24 h with 25 �M resveratrol, there was a further 32% increase
in 15 mM glucose utilization compared with control cells (p �
0.01), whereas basal glycolytic rate was unchanged.
[U-14C]glucose complete oxidation to CO2 was measured in
cells over a 60-min stimulation period following the 24-h
treatment period (Fig. 1E). Incubation with 25 �M resveratrol
enhanced 14CO2 formation by 15% (p � 0.01) upon 15 mM

glucose stimulation (Fig. 1E), correlating with the observed
increase in glucose utilization.
Mitochondrial Metabolism in INS-1E Cells after Resveratrol

Treatment—Resveratrol increased glucose metabolism,
whereas CO2 production accounted only for half of the en-
hanced glucose utilization (Fig. 1, D and E). This suggested
that glucose carbons underwent alternative cataplerotic path-
ways (38), such as the formation of glutamate that may con-
tribute to the glucose response (39). Cellular glutamate levels
were similarly elevated upon glucose stimulation in both res-
veratrol treated and nontreated cells (Fig. 2A).
Next, ATP levels were measured in INS-1E cells, showing

that in control cells, glucose stimulation increased cellular
ATP concentrations by 19% (p � 0.017; see Fig. 2B). Follow-

FIGURE 2. Effects of resveratrol on mitochondrial activation in INS-1E cells. INS-1E cells were exposed for 24 h to 25 �M resveratrol (RSV) in standard
medium before glucose stimulation in the absence of resveratrol and measurements of cellular glutamate, ATP generation, and oxygen consumption.
A, cellular glutamate concentrations measured at the end of the incubation period at 2.5 and 15 mM glucose (Glc). B, total cellular ATP concentrations were
determined following a 10-min incubation period at 2.5 and 15 mM glucose. C, real-time cellular ATP changes were monitored in luciferase-expressing
INS-1E cells as bioluminescence. ATP generation was induced by raising glucose from 2.5 to 15 mM (see arrow, 15 mM glucose) and collapsed by addition of
the mitochondrial poison 2 mM NaN3 (see arrow, NaN3). D, O2 consumption measured on mitochondria isolated from INS-1E cells following the culture pe-
riod and stimulated with 5 mM succinate, followed by further addition of 100 �M ADP. Values are means � S.E. of five independent experiments. *, p � 0.05;
**, p � 0.01 versus basal conditions; §, p � 0.05; §§, p � 0.01 versus control group at corresponding stimulatory conditions.

SIRT1-dependent Effects of Resveratrol on �-Cells

FEBRUARY 25, 2011 • VOLUME 286 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 6053



ing the 24-h resveratrol treatment, cellular ATP levels were
further elevated at 15 mM glucose (�18%, p � 0.05) compared
with control cells. We also monitored dynamic changes in
cellular ATP, revealing elevated and sustained increases of
ATP upon glucose stimulation in resveratrol-treated cells ver-
sus naïve cells (Fig. 2C).
Resveratrol-induced increases in ATP generation might be

associated with changes in the electron transport chain effi-
ciency. In this context, oxygen consumption was measured in
mitochondria isolated from cells previously cultured for 24 h
with resveratrol. Both state 4 and state 3 were tested, evoked
respectively by 5 mM succinate and by succinate plus 100 �M

ADP (Fig. 2D). In mitochondria isolated from control cells,
induction of state 4 and state 3 resulted in 12- and 20-fold
elevations, respectively, versus basal respiratory rates (p �
0.01 for both conditions). After 24 h of resveratrol (25 �M)
treatment, state 3 was markedly enhanced (�73%, p � 0.01)
compared with control mitochondria. The respiratory control
ratio, defined as state 3 over state 4 ratio, was calculated to
estimate coupling efficiency between oxygen consumption
and phosphorylation of ADP to ATP. Respiratory control ra-
tio was 24% higher following resveratrol treatment (2.09 ver-
sus 1.68 in control mitochondria, p � 0.05), indicating that
resveratrol increased coupling of the mitochondria.
Effects of Resveratrol on Expression of Key Components of

�-Cell—The increased efficiency of the respiratory chain ob-
served following resveratrol treatment could be the conse-
quence of changes in the machinery of the electron transport
chain (37). Accordingly, the five respiratory chain complexes
were analyzed by immunoblotting on mitochondria isolated
from INS-1E cells after exposure to resveratrol for 24 h (sup-
plemental Fig. S1), revealing similar expression levels in con-
trol and treated cells for all tested subunits, i.e. ND6 (complex
I), FeS (complex II), COX I (complex IV), core 2 (complex III),
and � (complex V).
Resveratrol is known to activate SIRT1, which, in turn, may

repress Ucp2 expression (25). Although the uncoupling prop-
erties of UCP2 are debated, we checked expression of this
protein following the 24-h resveratrol treatment (Fig. 3A). In
mitochondria isolated from resveratrol-treated INS-1E cells,
UCP2 expression was 24% lower versus controls (p � 0.05,
Fig. 3B). This suggests that resveratrol mediated down-regula-
tion of UCP2 through SIRT1-dependent activation.
SIRT1 can translocate between the cytoplasm and the nu-

cleus, where expression of target genes may be regulated
through deacetylation mechanism. To check whether resvera-
trol would affect SIRT1 subcellular localization, we performed
immunohistochemistry on INS-1E cells following a time
course treatment with 25 �M resveratrol. As shown in Fig. 3C,
SIRT1 was mainly localized within the nucleus, independently
of resveratrol treatment. As it has been demonstrated that
SIRT1 can regulate the activity of the transcription factor
FOXO, and in particular FoxO1, we also checked FoxO1 sub-
cellular localization. Following resveratrol treatment, INS-1E
cells displayed mostly cytosolic FoxO1 labeling over the whole
24-h period of resveratrol treatment (Fig. 3C). These data in-
dicate that resveratrol effects are not mediated by transloca-
tion of the transcription factors SIRT1 and FoxO1.

Expression studies were complemented at the mRNA level
by quantitative RT-PCR focusing on a panel of genes playing a
key role in �-cell function and differentiation (Fig. 3D). Treat-
ment for 24 h with 25 �M resveratrol increased expression of
both the glucose transporter GLUT2 (�59%, p � 0.05) and
the enzyme initiating glycolysis glucokinase (�89%, p � 0.05).
The transcription factors HNF-1� and PDX-1, necessary for
�-cell differentiation, were up-regulated (�73 and �70%, re-
spectively, both with p � 0.05), as well as the nuclear-encoded
transcription factor TFAM responsible for stability and tran-
scriptional activity of the mitochondrial genome (�232%, p �
0.01). None of the tested genes participating to mitochondrial
biogenesis were changed by resveratrol treatment; i.e. Pgc-1�,
pyruvate carboxylase, ND6, and Cox1. Ucp2, which was found
to be down-regulated at the protein level (Fig. 3A), was not
modified at the mRNA level (Fig. 3D), an observation compat-
ible with the know regulation of this mitochondrial protein at
the translational level (40). Finally, expressions of both insulin
and Sirt1 were unchanged by resveratrol, in agreement with
cellular insulin contents (Fig. 1B) and SIRT1 protein levels
analyzed by immunoblotting (supplemental Fig. S2).
Effects of Resveratrol on Insulin Secretion and Gene Expres-

sion in Human Islets—Given the strong effects of resveratrol
observed in clonal INS-1E cells, we next evaluated selected
key parameters in primary cells in the form of human islets.
Human islets were treated for 24 h with 25 �M resveratrol and
were tested the following day for glucose-stimulated insulin
secretion in the absence of resveratrol (Fig. 4A). In control
islets, 16.8 mM glucose stimulated insulin secretion 2.5-fold
versus basal release (p � 0.01). Islets previously treated with
resveratrol exhibited a secretory response enhanced by 42%
compared with stimulated controls (p � 0.05), whereas basal
insulin release was not changed.
In human islets, exposure to resveratrol for 24 h signifi-

cantly (p � 0.05) increased expression of glucokinase
(�239%), GLUT2 (�87%), TFAM (�97%), HNF-1� (�111%),
and IPF-1 (�64%), with the latter corresponding to Pdx-1 in
rodents. Similarly to INS-1E cells, no significant changes of
expression were observed for UCP2, PGC-1�, HNF-4�,
FoxO1, and insulin. Altogether, secretion and expression data
show good agreement between rat insulinoma and human
islets regarding resveratrol effects.
Exceptionally, we had access to one batch of islets from a

type 2 diabetic donor. In this case, we tested glucose-stimu-
lated insulin secretion following periods of 24 and 72 h of
treatment with 25 �M resveratrol (Fig. 4C). After 24 h, un-
treated type 2 islets did not respond to stimulatory glucose
concentration, and extending the culture to 72 h only reduced
basal insulin release without restoring the response to 16.8
mM glucose. Remarkably, type 2 islets treated with resveratrol
for 72 h exhibited robust glucose-stimulated insulin secretion
(7-fold versus basal, p � 0.05, Fig. 4C). Although extremely
encouraging, it must be emphasized that these results are
based on islets obtained from one type 2 diabetic patient, and
it remains to be determined whether such beneficial effects
could be extrapolated to others.
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Effects of Resveratrol and Metformin on AMPK Activation
in INS-1E Cells—Studies have shown that resveratrol could
increase adenosine monophosphate kinase (AMPK) activity,
i.e. phosphorylation, in hepatocytes (41), cardiac myocytes,
and neurons (42, 43). This prompted us to test whether res-
veratrol could similarly activate AMPK in insulin secreting
cells and potentially explain its potentiating effects. We used
the AMPK inhibitor compound C (1 �M) as negative control

and the AMPK activator metformin (5 mM) as positive control
(Fig. 5A). Treatment of INS-1E cells with 25 �M resveratrol
for 2, 6, and 24 h increased AMPK phosphorylation in a time-
dependent manner.
We then tested whether activation of AMPK could corre-

late with the secretory response. Treatment of INS-1E cells
with 25 �M resveratrol for 24 h potentiated glucose-stimu-
lated insulin secretion (�173%, p � 0.01) compared with con-

FIGURE 3. Effects of resveratrol on expression and location of key components of insulin-secreting cells. INS-1E cells were exposed for the indicated
time period to 25 �M resveratrol (RSV) in standard medium before expression analyses and immune detection. A, INS-1E mitochondria were isolated to
measure UCP2 protein levels by immunoblotting. B, immunoblotting for UCP2 (A) was normalized to �-actin and quantified by densitometry. Values are
means � S.E. of three independent experiments; *, p � 0.05 versus control. C, immunofluorescence images showing INS-1E cells stained for SIRT1 and
FoxO1 following resveratrol treatment for 0, 2, 6, and 24 h. Images are representative of three independent preparations. D, after the 24-h treatment period
with resveratrol, RNA was extracted from INS-1E cells, and expression of selected genes was measured by quantitative RT-PCR. Values were normalized to
TFIIb expression. Results are means � S.E. of three to five independent experiments, with each performed in triplicate. *, p � 0.05; **, p � 0.01 versus control
(Ctrl).
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trol cells (Fig. 5B). On the contrary metformin (5 mM) treat-
ment reduced the secretory response (	44%, p � 0.01) versus
control group. The data show that resveratrol activated
AMPK similarly to metformin. However, the reduction in
glucose-stimulated insulin secretion associated with AMPK
activation was overruled by the potentiating effects of resvera-
trol, pointing to alternative molecular targets.

SIRT1 Inhibitor EX-527 Abrogates Resveratrol Effects in
INS-1E Cells—Besides AMPK, SIRT1 is another candidate as
molecular target for resveratrol effects, although resveratrol
treatment modified neither expression nor translocation of
SIRT1 (Fig. 3). Alternatively, resveratrol can promote SIRT1
deacetylase activity, an effect mediated by the lowering of the
Michaelis constant of SIRT1 for acetylated substrates (2). In
this context, we used the pharmacological SIRT1 inhibitor
EX-527 (31) to further investigate the putative link between
resveratrol and SIRT1 in insulin-secreting cells. Addition of
EX-527 (1 �M) in the culture medium during the 24-h period
preceding glucose-stimulated insulin secretion assay did not
modify the secretory response. The 2.1-fold secretory re-
sponse to 15 mM glucose observed in control INS-1E cells was
enhanced by 122% (p � 0.01) following the 24-h resveratrol
(25 �M) treatment (Fig. 6A). Culturing INS-1E cells with res-
veratrol in the presence of EX-527 totally abolished the po-
tentiating effect induced by resveratrol (	42%, p � 0.01, see
Fig. 6A). In human islets, addition of 1 �M EX-527 during the
24-h culture period in the presence of resveratrol reduced the
secretory response at 16.8 mM glucose by 46% compared with
resveratrol treatment alone (2.61 � 0.55 versus 4.83 � 0.39
ng/ml insulin per islet, respectively, p � 0.01, n � 4). When

FIGURE 4. Effects of resveratrol on insulin secretion and gene expres-
sion in human islets. Islets obtained from human donors were exposed for
24 h to 25 �M resveratrol (RSV) in standard medium before measurements
of the secretory response and expression of selected genes. A, following
resveratrol treatment, human islets were hand-picked and washed, and
insulin release was measured over a 60-min incubation period at basal 2.8
mM and stimulatory 16.8 mM glucose (Glc). Values are means � S.E. of four
independent experiments, with each performed in quintuplet. **, p � 0.01
versus basal 2.8 mM glucose; §, p � 0.05 versus control at 16.8 mM glucose.
B, expression of selected genes measured by quantitative RT-PCR and nor-
malized to tubulin and cyclophilin expression. Results are means � S.E. of
three to four independent experiments performed in triplicate. *, p � 0.05
versus control; **, p � 0.01 versus control (Ctrl). C, human islets obtained
from a donor with type 2 diabetes were treated for periods of 24 and 72 h
with 25 �M resveratrol and then tested for glucose-stimulated insulin secre-
tion as described in A. Values are the means � S.D. of one experiment per-
formed in quintuplet. **, p � 0.01 versus 2.8 mM glucose of the correspond-
ing group.

FIGURE 5. Effects of resveratrol and metformin on AMPK activation and
insulin secretion in INS-1E cells. A, INS-1E cells were treated either with 25
�M resveratrol (RSV) for 2, 6, and 24 h; with 5 mM of the AMPK activator met-
formin (metf.) for 24 h; and with 1 �M of the AMPK inhibitor compound C
(comp.C). Levels of phosphorylated AMPK protein (pAMPK) and total AMPK
were assessed by immunoblotting of INS-1E cell extracts. Total AMPK and
pAMPK protein were normalized to �-actin. Immunoblotting is representa-
tive of three independent experiments. B, the secretory responses of INS-1E
cells treated with resveratrol and metformin for 24 h were assayed at basal
2.5 mM and stimulatory 15 mM glucose (Glc). Values are means � S.D. of one
of three representative experiments (n � 3). *, p � 0.05; **, p � 0.01 versus
2.5 mM glucose; §§, p � 0.01 versus control at 15 mM glucose; ##, p � 0.01
versus resveratrol at 15 mM glucose.
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we used splitomicin, another inhibitor of SIRT1 catalytic ac-
tivity (44), similar results were obtained (data not shown).
Effects of EX-527 were tested on the expression of those

genes that were up-regulated by resveratrol treatment (Fig.
3D). As shown in Fig. 6B, addition of the SIRT1 inhibitor EX-
527 in the culture medium abolished resveratrol-mediated
up-regulation of Tfam, Glut2, glucokinase, and Pdx-1. These
results indicate that SIRT1 enzymatic activity was responsible
for resveratrol effects on INS-1E cells.
Effects of SIRT1 Overexpression and of an Inactive Mutant

on Insulin Secretion—A pharmacological approach pointed to
SIRT1 enzymatic activity as a mediator of resveratrol effects
on insulin-secreting cells (Fig. 6). To further scrutinize this
link, the presence of active Sirt1 in INS-1E cells was modu-
lated by means of adenoviral gene transfer. Practically, we
either overexpressed the wild type form (Ad-SIRT1) or ex-
pressed a mutant lacking deacetylase activity (Ad-H355A-
SIRT1). Efficiency of the corresponding adenoviruses was as-
sessed by quantitative RT-PCR and by immunoblotting 3 days
after transduction of INS-1E cells. At the protein level, Ad-
SIRT1 increased Sirt1 3.5-fold and Ad-H355A-SIRT1 4.3-fold
over endogenous expression level (Fig. 7A).
Two days after transduction with the indicated adenovi-

ruses, INS-1E cells were further cultured for the remaining

24 h in the presence of 25 �M resveratrol before glucose-stim-
ulated insulin secretion assay. Cells transduced with control
Ad-GFP and treated with resveratrol exhibited a glucose (15
mM) response enhanced 2.3-fold (p � 0.01) compared with
untreated Ad-GFP controls (Fig. 7B). On its own, overexpres-
sion of SIRT1 did not modify the secretory pattern, neither at
basal nor stimulatory glucose concentrations. In contrast, res-
veratrol treatment of INS-1E cells overexpressing SIRT1 fur-
ther potentiated glucose-stimulated insulin release compared
with resveratrol-treated Ad-GFP cells (�46%, p � 0.01).

FIGURE 6. Effects of the SIRT1 inhibitor EX-527 on insulin secretion and
gene expression in INS-1E cells. INS-1E cells were exposed for 24 h to 25
�M resveratrol (RSV) and 1 �M EX-527 in standard medium before secretory
responses and gene expression analyses. A, the secretory responses of
INS-1E cells treated with 25 �M resveratrol with or without 1 �M EX-527 (EX-
527) were assayed at basal 2.5 mM glucose (Glc) and stimulatory 15 mM glu-
cose. Values are means � S.E. of three independent experiments each per-
formed in sextuplet. B, after the treatment period, RNA was extracted from
INS-1E cells, and expression of selected genes was measured by quantita-
tive RT-PCR. Values were normalized to TFIIb expression. Results are
means � S.E. of four to seven independent experiments performed in tripli-
cate. *, p � 0.05; **, p � 0.01 versus basal 2.5 mM glucose; §§, p � 0.01 versus
control at 15 mM glucose; ##, p � 0.01 versus resveratrol at 15 mM glucose.

FIGURE 7. Effects of SIRT1 overexpression and inactive mutant expres-
sion on insulin secretion in INS-1E cells. INS-1E cells cultured for 3– 4 days
were transduced for 2 h with adenoviral vectors encoding GFP (AdGFP, con-
trol), wild type mouse SIRT1 (AdSIRT1, SIRT1 overexpression), and mutant
H355A-SIRT1 lacking deacetylase activity (AdSIRT1mut, inactive mutant).
Next, cells were washed and cultured for another 2-day period before the
24-h resveratrol (RSV, 25 �M) treatment followed by analyses. A, levels of
SIRT1 protein were assessed by immunoblotting on INS-1E cell extracts 3
days after transduction. Immunoblotting is representative of three inde-
pendent experiments. B, the secretory responses of INS-1E cells treated with
resveratrol with or without SIRT1 overexpression (AdSIRT1) were assayed at
basal 2.5 mM glucose (Glc) and stimulatory 15 mM glucose. C, the secretory
responses of INS-1E cells treated with resveratrol with or without expression
of an inactive SIRT1 mutant (AdSIRT1mut) were assayed at basal 2.5 mM

glucose and stimulatory 15 mM glucose. Values are means � S.E. of five in-
dependent experiments, with each performed in sextuplet. **, p � 0.01 ver-
sus 2.5 mM glucose; §§, p � 0.01 versus AdGFP at 15 mM glucose; ##, p �
0.01 versus AdGFP and resveratrol at 15 mM glucose.
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Finally, we tested the effects of the inactive deacetylase mu-
tant H355A-SIRT1 on resveratrol-treated INS-1E cells. Com-
pared with nontreated Ad-GFP controls, the secretory re-
sponse to 15 mM glucose was potentiated 2.3-fold (p � 0.01)
following the 24-h culture period in the presence of resvera-
trol. Expression of the mutant H355A-SIRT1 partially abro-
gated such potentiation (	31%, p � 0.01) evoked by resvera-
trol (Fig. 7C), indicating that H355A-SIRT1 acted as a
dominant negative.
These results show that resveratrol, although it is does not

change SIRT1 expression, directly depends on cellular levels
of active SIRT1 to exert its effects. However, in the absence of
resveratrol, endogenous expression of SIRT1 seems to meet
�-cell function requirement.

DISCUSSION

The present study shows that chronic treatment with the
polyphenolic compound resveratrol rendered insulin-secret-
ing cells highly responsive to glucose stimulation. This poten-
tiating effect was specific to glucose and associated with en-
hanced metabolism of the sugar. Increased mitochondrial
activation in resveratrol-treated cells was favored by up-regu-
lation of GLUT2 and glucokinase, thereby accelerating the
glycolytic rate at high glucose and funneling more substrates
into the Krebs cycle. Increased expression of GLUT2 and glu-
cokinase might be secondary to the observed up-regulation of
the transcription factors PDX-1 and HNF-1� in resveratrol-
treated cells. PDX-1 is a �-cell master gene (45) that has been
shown to regulate GLUT2 transcription in �-cells (46),
whereas effects on glucokinase expression remain conflicting
(47–49). Regarding HNF-1�, its expression is required for
GLUT2 transcription in differentiated insulin-producing cells
(50, 51) and, consequently, necessary to maintain mitochon-
drial catabolism of the glycolytic product pyruvate (52).
TFAM, another transcription factor controlling the mito-
chondrial genome (53) and which is under the control of
PDX-1 (54), was also up-regulated upon resveratrol treat-
ment. Overall, data indicate a sequence of events in which
resveratrol activates SIRT1, inducing up-regulation of key
transcription factors, in turn promoting expression of GLUT2
and metabolic enzymes, ultimately increasing metabolism-
secretion coupling.
Similar effects were observed in human islets, even after

removal of resveratrol from the medium. The resveratrol ef-
fects were fully dependent on the presence of active SIRT1 in
the cells. Indeed, potentiation of the glucose responses was
inhibited by both pharmacological and genetic inhibition of
SIRT1 and, conversely, was further increased by overexpres-
sion of the sirtuin.
Resveratrol treatment enhanced efficiency of mitochondrial

function, such as oxygen consumption and ATP generation.
In particular, we observed an increased respiratory control
ratio, reflecting tighter coupling between ADP to ATP phos-
phorylation and oxygen consumption. This correlated with
up-regulation of TFAM, both in INS-1E cells and human is-
lets, following resveratrol treatment. However, expression
levels of the electron transport chain subunits were not modi-
fied, arguing against changes in mitochondrial biogenesis. At

the protein levels, UCP2 was down-regulated, an effect possi-
bly associated with mitochondrial coupling. These results in-
dicate that resveratrol modified mitochondrial efficiency
through qualitative rather than quantitative changes on this
organelle.
It has been shown that resveratrol improves the metabolic

state in animal models by increasing tissue responsiveness to
insulin (19, 42) and exerts hypoglycemic effects in diabetic
rats (55). Only few studies focused on resveratrol and insulin-
secreting cells, still providing conflicting results. In MIN6 in-
sulinoma cells, it was shown that resveratrol enhances insulin
secretion by blocking KATP and KV channels (28). Conversely,
resveratrol was reported to inhibit insulin secretion in rat
pancreatic islets (29) and to counteract stimulus-induced de-
polarization of INS-1E cells (56). A close link between res-
veratrol and SIRT1 has been demonstrated in muscles and
adipose tissues (19). Here, we provide the first evidence for
SIRT1-dependent effects of resveratrol in �-cells, both in in-
sulinoma cells and human islets. In agreement with positive
effects of SIRT1 on insulin secretion (26), our results show
that resveratrol exerts strong potentiating effects on glucose-
stimulated insulin secretion, mediated by SIRT1.
Thus, present data show that a major target of resveratrol

in �-cells is SIRT1. Although effects of resveratrol positively
correlate with SIRT1 protein levels, the polyphenolic com-
pound exerts its effects through SIRT1 activation without
changing its expression. Downstream of SIRT1 activation, we
identified molecular targets such as PDX-1, HNF-1�, TFAM,
GLUT2, glucokinase, and UCP2 at the protein level. Two
studies proposed that SIRT1 positively regulates glucose-
stimulated insulin secretion in pancreatic �-cells through
down-regulation of UCP2 and increased ATP production (25,
26). Here, upon SIRT1 activation, we similarly observed a cor-
relation between increased glucose-stimulated insulin secre-
tion and ATP generation, accompanied by down-regulation of
UCP2 protein. Careful examination of mitochondrial activa-
tion revealed increased coupling when SIRT1 was activated by
resveratrol. Although increased UCP2 expression has been
associated with inhibition of glucose-stimulated insulin secre-
tion (57, 58), the supposedly uncoupling properties of UCP2
have been disputed recently (59) or proposed to require addi-
tional activators (60, 61). In view of past and present data, the
role of UCP2 in �-cell function remains a matter of debate.

Several papers have shown that resveratrol also stimulates
AMPK in different tissues (41–43) and that phosphorylation
of AMPK is associated with changes in SIRT1 expression and
activity (62). Accordingly, activation of AMPK by resveratrol
could account for some of the beneficial effects in mice on a
high fat diet (19, 27). Here, in agreement with what was dem-
onstrated in other tissues, we observed that resveratrol treat-
ment increased AMPK phosphorylation in insulin-secreting
cells. However, at least in �-cells, SIRT1 and AMPK seem to
act in opposite directions because activation of the former by
resveratrol increased insulin secretion, whereas metformin,
used to selectively activate the latter, reduced the glucose re-
sponse. This shows that stimulating actions of SIRT1 fully
counteract inhibitory effects of AMPK activation (63, 64).
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In conclusion, data show that resveratrol potentiates glu-
cose-stimulated insulin secretion, glucose metabolism, and
mitochondrial activity in insulin-secreting cells. These effects
of resveratrol are dependent on the presence of active SIRT1,
which mediates up-regulation of key genes for �-cell function.
SIRT1 is not the only member of the sirtuin family to be in-
volved in the regulation of insulin secretion. For instance,
SIRT4, a mitochondrial ADP-ribosyl transferase, decreases
glutamate dehydrogenase activity, thereby reducing the secre-
tory response of �-cells (15, 65). SIRT3, another mitochon-
drial sirtuin, deacetylates the enzymes glutamate and isoci-
trate dehydrogenases (66) and maintains ATP levels through
regulation of complex I in the electron transport chain (67).
Thus, sirtuin modulators might represent novel therapeutic
tools in the control of �-cell function. However, such promis-
ing drugs might fulfill drastic criteria such as sirtuin and tis-
sue specificity.
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