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AMP-Activated Protein Kinase–Deficient Mice Are
Resistant to the Metabolic Effects of Resveratrol
Jee-Hyun Um,1 Sung-Jun Park,1 Hyeog Kang,1 Shutong Yang,1 Marc Foretz,2,3 Michael W. McBurney,4
Myung K. Kim,1 Benoit Viollet,2,3 and Jay H. Chung1

OBJECTIVE—Resveratrol, a natural polyphenolic compound
that is found in grapes and red wine, increases metabolic rate,
insulin sensitivity, mitochondrial biogenesis, and physical endurance and reduces fat accumulation in mice. Although it is thought
that resveratrol targets Sirt1, this is controversial because resveratrol also activates 5⬘ AMP-activated protein kinase (AMPK),
which also regulates insulin sensitivity and mitochondrial biogenesis. Here, we use mice deficient in AMPK␣1 or -␣2 to
determine whether the metabolic effects of resveratrol are mediated by AMPK.
RESEARCH DESIGN AND METHODS—Mice deficient in the
catalytic subunit of AMPK (␣1 or ␣2) and wild-type mice were
fed a high-fat diet or high-fat diet supplemented with resveratrol
for 13 weeks. Body weight was recorded biweekly and metabolic
parameters were measured. We also used mouse embryonic
fibroblasts deficient in AMPK to study the role of AMPK in
resveratrol-mediated effects in vitro.
RESULTS—Resveratrol increased the metabolic rate and reduced fat mass in wild-type mice but not in AMPK␣1⫺/⫺ mice. In
the absence of either AMPK␣1 or -␣2, resveratrol failed to
increase insulin sensitivity, glucose tolerance, mitochondrial
biogenesis, and physical endurance. Consistent with this, the
expression of genes important for mitochondrial biogenesis was
not induced by resveratrol in AMPK-deficient mice. In addition,
resveratrol increased the NAD-to-NADH ratio in an AMPKdependent manner, which may explain how resveratrol may
activate Sirt1 indirectly.
CONCLUSIONS—We conclude that AMPK, which was thought
to be an off-target hit of resveratrol, is the central target for the
metabolic effects of resveratrol. Diabetes 59:554–563, 2010
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esveratrol is a natural polyphenolic compound
found in grapes and red wine and has been
shown to extend lifespan in many organisms,
including yeast (1), flies (2), and worms (2– 4).
Resveratrol extended lifespan in mice on a high-fat diet (5)
but not a regular diet (6). In mice with diet-induced
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obesity, resveratrol reduced fat accumulation and improved glucose tolerance and insulin sensitivity (5,7). In
addition, resveratrol increases mitochondrial biogenesis
and physical endurance. A resveratrol derivative with
higher bioavailability is being tested in clinical trials for
treating type 2 diabetes.
Given its potential as a lead molecule for the development of drugs that treat metabolic disorders, it is critical to
understand how resveratrol modulates metabolism. It is
widely accepted that Sirt1, the founding member of the
Sirtuin family (8) of NAD-dependent deacetylase, is the
target of resveratrol (1,5,7). However, whether the putative Sirt1 activators such as resveratrol actually target
Sirt1 in vivo is controversial because resveratrol increases
Sirt1 activity in vitro only if the substrate is modified with
a fluorescent tag (9,10). Resveratrol appears to increase
the deacetylation rate by enhancing the affinity of Sirt1 for
fluorescent-tagged peptides.
Resveratrol also has a number of indirect effects (11),
including stimulation of 5⬘ AMP-activated protein kinase
(AMPK) (5,12,13). AMPK is a heterotrimeric protein consisting of an ␣-catalytic subunit and two regulatory subunits, ␤ and ␥ (14). AMPK is a fuel-sensing kinase, which
is activated by ATP-depleting conditions such as physical
exercise, ischemia, and glucose deprivation. The catalytic
subunit of AMPK has two isoforms, ␣1 and ␣2, which have
different tissue expression patterns. Muscle expresses
predominantly the ␣2-isoform (15), whereas fat and brain
express predominantly the ␣1 isoform (16,17), and liver
expresses both ␣1 and ␣2 isoforms (18). AMPK␣1 and
AMPK␣2 knockout mice are viable, but AMPK␣1/␣2 double knockout causes embryonic lethality. Like resveratrol,
activation of AMPK has been shown to reduce fat accumulation and increase glucose tolerance, insulin sensitivity, mitochondrial biogenesis, and physical endurance
(19 –23). Therefore, it is possible that the metabolic effects
of resveratrol are mediated by AMPK. Supporting this
possibility, resveratrol-mediated extension of lifespan in
worms requires AMPK (24).
Resveratrol may activate AMPK in several different
ways. Resveratrol, as well as other polyphenols, can
reduce ATP levels by inhibiting ATP synthase (25). Resveratrol can also activate AMPK without altering the
AMP-to-ATP ratio. Dasgupta et al. (12) showed that, at
lower doses, resveratrol can activate AMPK through a
Sirt1-independent manner. Interestingly, Hou et al. (26)
and Lan et al. (27) reported that the activity of liver kinase
B (LKB)-1, one of the AMPK kinases that is important for
AMPK activity, is activated by resveratrol in a Sirt1dependent manner.
RESEARCH DESIGN AND METHODS
Mice and diet. Wild-type C57BL/6J mice were originally purchased from The
Jackson Laboratory. AMPK␣2⫺/⫺ (22) and AMPK␣1⫺/⫺ (28) mice were backdiabetes.diabetesjournals.org
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crossed to C57BL/6J for at least six generations before this study. Four- to
6-week-old male mice were housed with a 12-h light-dark cycle (light on 6:00
A.M. to 6:00 P.M.) and fed a high-fat diet (40% calories from fat; Bio-serv) or a
high-fat diet supplemented with resveratrol (400 mg 䡠 kg⫺1 䡠 day⫺1; Orchid
Chemicals and Pharmaceuticals) for 12 weeks as previously described (7). All
experiments were approved by the National Heart, Lung, and Blood Institute
Animal Care and Use Committee.
Metabolic measurements. Body weight and caloric intake were monitored
biweekly. Plasma glucose was measured by using a glucometer (Ascensia).
For the glucose tolerance test, mice were fasted for 16 h, and 1 mg/g glucose
was injected intraperitoneally. Blood glucose was measured at 0, 15, 30, 45, 60,
and 90 min after injection. For the insulin tolerance test, mice were fasted for
4 h before they were injected with 0.4 units/g i.p. of human insulin (Sigma).
Prior to the endurance test, the mice were accustomed and trained by running
on an Exer-3/6 mouse treadmill (Columbus Instruments) at 10 m/min for 5 min
for 3 days before endurance testing. For the endurance test, the treadmill was
set at a 15o incline, and the speed was increased in a stepwise fashion (10
m/min for 10 min followed by 14 m/min for 5 min and then the final speed of
18 m/min). The test was terminated when mice reached exhaustion, which
was defined as immobility for ⬎30 s. Locomotor activity of mice was
measured by photobeam breaks using an Opto-Varimex-4 (Columbus Instruments). Indirect calorimetry was performed using Oxymax chambers (Columbus Instruments). All mice were acclimatized for 24 h before measurements.
Resting metabolic rate was determined by calculating the average energy
expenditure at each 30-min time point during a 24-h period.
Isoform-specific AMPK kinase assay. Muscle lysates (300 g protein) were
immnoprecipitated with specific antibody against ␣1 or ␣2 catalytic subunits
(Abcam) and protein G beads (Invitrogen). Kinase reaction was carried out in
40 mmol/l HEPES, pH 7.0; 1 g GST-SAMS; 0.2 mmol/l AMP; 80 mmol NaCl; 0.8
mmol/l dithiothretiol; 5 mmol/l MgCl2; and 0.2 mmol/l ATP (2Ci [␥-32P]ATP)
for 20 min at 30°C. Reaction products were dissolved in SDS sample buffer for
SDS-PAGE. Gels were dried and the kinase activity was quantified by Phospho
Imager (BAS-2500; Fuji Film).
Mitochondrial DNA quantification. Relative amount of nuclear DNA and
mitochondrial DNA (mtDNA) were determined by quantitative real-time RCR.
The ratio of mtDNA to nucleic DNA reflects the mitochondrial content in a
cell. Muscle tissue were homogenized and digested with protein K overnight
in a lysis buffer for DNA extraction by DNeasy kit (Qiagen). Quantities PCR
was performed using each primer (mtDNA-specific PCR, forward 5⬘-CCG
CAAGGGAAAGATGAAAGA-3⬘, reverse 5⬘-TCGTTTGGTTTCGGGGTTTC-3⬘;
and nuclear DNA–specific PCR, forward 5⬘-GCCAGCCTCTCCTGATGT-3⬘,
reverse 5⬘-GGGAACACAAAAGACCTCTTCTGG-3⬘; and SYBR Green PCR kit
in a prism 7900HT sequence detector (Applied Biosystem) with a program of
20 min at 95°C, followed by 50 – 60 cycles of 15 s at 95°C, 20 s at 58°C, and 20 s
at 72°C. mtDNA content was normalized with nuclear DNA content.
Fat index calculation. Fat mass was first measured by nuclear magnetic
resonance spectroscopy using Minispec (Bruker Biospin, Houston, TX). Fat
index was calculated by dividing the fat mass by total body weight.
Reactive oxygen species measurements. Reactive oxygen species (ROS)
levels were determined in muscle extracts using the ROS-sensitive fluorescent
dye dichlorodihydrofluorescein (DCF), as previously described (29,30).
Briefly, oxidation-insensitive dye (carboxy-DCFDA) was used as a control to
ensure that changes in the fluorescence seen with the oxidation-sensitive dye
(H2DCFDA) were due to changes in ROS production. Oxidation-insensitive
and oxidation-sensitive dyes were first dissolved at a concentration of 12.5
mmol/l and diluted with homogenization buffer to 125 mol/l immediately
before use. Diluted dyes were added to tissue extract (100 g) in a 96-well
plate to achieve a final concentration of 25 mol/l. The change in fluorescence
intensity was monitored at two time points (0 and 30 min) by using a
microplate fluorescence reader (Bio-Tek Instruments), at excitation 485
nm/emission 530 nm.
Serum analysis. Serum free fatty acid (MBL International) and triglyceride
(Cayman Chemical) levels were measured using the spectrophotometric
enzymatic assay kits. Serum insulin and adiponectin levels were determined
using the insulin and adiponectin enzyme-linked immunosorbent assay kits
(Alpco).
Diacylglycerol and ceramide quantification. After extracting total lipids
from skeletal muscle, kinase reaction was performed in kinase buffer containing 100 mmol/l imidazole HCl (pH 6.6), 100 mmol/l NaCl, 25 mmol/l MgCl2, 2
mmol/l ethyleneglycolbis (B-aminoethyl ether)-NN-tetraacetic acid (pH 6.6), 2
l 100 mmol/l dithiothreitol in 1 mmol/l Detapac (pH 7.0), 5 g diglyceride
(DG) kinase (Sigma), and 8 l water. The reaction was initiated by the
addition of 10 l each of unlabeled 10 mmol/l ATP and [␥-32P]ATP (4.5 Ci per
sample) in 20 mmol/l imidazole (pH 6.6), 1 mmol/l Detapac, and incubation at
25°C for 45 min. The standards of diacylglycerol and ceramide (Sigma) were
run along with the samples by thin-layer chromatography on silica gel 60
diabetes.diabetesjournals.org

plates by use of a solvent system consisting of chloroform/acetone/methanol/
acetic acid/water.
Cell culture and reagents. Sirt1⫺/⫺ mouse embryonic fibroblasts (mefs) (31)
were maintained in DMEM supplemented with 10% fetal bovine serum.
Sirt1⫺/⫺ mefs were stably transfected with either an empty vector or an
expression vector for V5-tagged mouse Sirt1 with lipofectamine to generate
⫺Sirt1 and ⫹Sirt1 mefs, respectively. AMPK␣1/␣2 double knockout and
wild-type mefs were derived as previously described (32). Cells were treated
with 50 mol/l resveratrol (Sigma) or DMSO for the indicated time. C2C12
myoblast cells (ATCC) were maintained in DMEM and 10% FBS. To generate
C2C12 myotubes, a confluent culture of C2C12 cells were grown in DMEM and
2% horse serum for 3 days.
Immunoblotting. Cells were lysed in radioimmunoprecipitation assay buffer
and subjected to immunoblotting. For tissue extraction, samples were pulverized in liquid nitrogen and homogenized in a lysis buffer. The following
antibodies were used: AMPK␣ (Cell Signaling Technology), p-AMPK (T172)
(Cell Signaling Technology), phosphor–acetyl-CoA carboxylase (ACC), which
recognizes phosphorylated Ser 79 in ACC1 or phosphorylated Ser 22 in ACC2
(Cell Signaling Technology), ACC (Cell Signaling Technology), Sirt1 (Upstate
Biotechology), V5 (Invitrogen), cytochrome C (Cell Signaling Technology),
actin (Santa Cruz), and glyceraldehyde 3-phosphate dehydrogenase (BD
Bioscience). Peroxisome proliferator–activated receptor (PPAR)-␥ coactivator (PGC)-1␣ acetylation was visualized by immunoprecipitating PGC-1␣
(antibody from Santa Cruz) from the nuclear extract (500 g) of skeletal
muscle and immunoblotting with antibody specific for acetylated lysine (Cell
Signaling Technology) or PGC-1␣. Levels of PGC-1␣ acetylation were then
quantified by scanning densitometry.
Real-time PCR. Total RNA was isolated by using the TRIzol reagent
extraction kit (Invitrogen), according to the manufacturer’s instructions. RNA
was subsequently reverse-transcribed to cDNA by using the high-capacity
cDNA archive kit (ABI). The mRNA levels were measured by real-time PCR
using the ABI Prism TM 7900HT Sequence Detection System (Applied
Biosystem).
Detection of PGC-1␣ acetylation. PGC-1␣ was immunoprecipitated from
skeletal muscle extract (500 g of nuclear protein) using with anti–PGC-1a
antibody (Santa Cruz). Immunoprecipitated PGC-1␣ was electrophoresed in
SDS-PAGE and immunoblotted with antibody specific for acetylated lysine
(cell signaling) to detect acetylation or antibody specific for PGC-1␣ to detect
total PGC-1␣ level.
NADⴙ-to-NADH ratio measurements. The NAD⫹-to-NADH ratio was measured from whole cell extracts of C2C12 myotubes or skeletal muscle
(gastrocnemius) using the Biovision NAD/NADH Quantitation kit according to
the manufacturer’s instructions.
Statistical analysis. Comparisons between the treatment groups were
analyzed by Student’s t test, and comparisons involving repeated measurements were analyzed by repeated-measures ANOVA followed by Bonferroni
posttest. Results are expressed as the means ⫾ SE. Significance was accepted
at P ⬍ 0.05.

RESULTS

Resveratrol-induced weight loss requires AMPK. We
examined AMPK activity in the skeletal muscle (gastrocnemius) and white adipose tissue (WAT) of wild-type mice
fed a high-fat diet (40% fat by calories). Supplementation
of resveratrol (400 mg 䡠 kg⫺1 䡠 day⫺1) in the diet-induced
phosphorylation of Thr 172 (p-AMPK), a marker of AMPK
activity in both skeletal muscle (Fig. 1A, left) and WAT
(Fig. 1A, right). Consistent with this, AMPK-mediated
phosphorylation of ACC is also increased with resveratrol.
The Sirt1 level, however, did not change with resveratrol.
Since resveratrol-treated mice have less fat, the effect of
resveratrol on AMPK in these tissues may not be cell
autonomous. To address this, we treated C2C12 myotubes
with resveratrol and examined AMPK activity. Resveratrol
treatment increased AMPK activity and ACC phosphorylation also in C2C12 myotubes (Fig. 1B), indicating that
resveratrol activates AMPK in a cell-autonomous manner.
To differentiate the effect of resveratrol on AMPK␣1 and
-␣2 activity, we immunoprecipitated them from WAT
and skeletal muscle of mice treated with resveratrol and
measured their kinase activity (Fig. 1C). In WAT, the
activity of AMPK␣1, but not AMPK␣2, was induced by
DIABETES, VOL. 59, MARCH 2010
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FIG. 1. Resveratrol does not reduce fat mass in AMPK␣1ⴚ/ⴚ mice. A: AMPK Thr-172 phosphorylation (p-AMPK) status in skeletal muscle
(gastrocnemius, left) and epididymal fat (right) of wild-type mice fed with high-fat diet (HF) alone or with high-fat diet supplemented with
resveratrol (RSV, 400 mg 䡠 kgⴚ1 䡠 dayⴚ1) (left) for 3 months. AMPK-mediated phosphorylation (Ser-79) of ACC and Sirt1 levels in the muscle are
also shown. B: AMPK phosphorylation and ACC phoshorylation in C2C12 myotubes treated with RSV (50 mol/l) in vitro are shown. C: Kinase
activity of AMPK␣1 or -␣2 immunoprecipitated from WAT or skeletal muscle from A (n ⴝ 5 per genotype). The activity level of the kinase isolated
from high-fat tissue was arbitrarily set to one for each isoform. Results are means ⴞ SE. *P < 0.05; **P < 0.01; ***P < 0.001 between high-fat
diet and resveratrol. D: Body weight of wild-type (WT), AMPK␣1ⴚ/ⴚ (␣1KO), and AMPK␣2ⴚ/ⴚ (␣2KO), mice fed with high-fat diet alone or with
high-fat diet supplemented with resveratrol (HF-RSV) for 3 months (n ⴝ 9 –10 for each genotype). The body weight curves between high-fat diet
and resveratrol were statistically significant for wild-type (P ⴝ 0.003) and AMPK␣2ⴚ/ⴚ (P ⴝ 0.02) mice. Results are means ⴞ SE. Bonferroni’s
post hoc analysis: *P < 0.05; **P < 0.01; ***P < 0.001 between high-fat diet and resveratrol for each genotype at the indicated time points. E:
Fat mass index (fat mass/body weight) of wild-type, AMPK␣1ⴚ/ⴚ, and AMPK␣2ⴚ/ⴚ mice (n ⴝ 9 –10). Results are means ⴞ SE. **P < 0.01 between
high-fat diet and resveratrol for wild-type mice. #P ⴝ 0.07 between high-fat diet and resveratrol for AMPK␣2ⴚ/ⴚ mice.

resveratrol, but in skeletal muscle, both the activity of
both AMPK␣1 and -␣2 was induced by resveratrol, although the activity of AMPK␣2 was induced significantly
more than that of AMPK␣1. To determine whether AMPK
activation is required for the metabolic effects of resveratrol, we fed AMPK␣1⫺/⫺ and AMPK␣2⫺/⫺ mice that had
been backcrossed to C57BL/6J for at least six generations
a high-fat diet or a high-fat diet supplemented with resveratrol for 3 months. Food intake was similar for wildtype, AMPK␣1⫺/⫺, and AMPK␣2⫺/⫺ mice and was not
affected significantly by resveratrol (data not shown).
Resveratrol reduced the body weight of wild-type and
AMPK␣2⫺/⫺ mice but not that of AMPK␣1⫺/⫺ mice (Fig.
1D). Consistent with this, resveratrol decreased the fat
index in wild-type mice and AMPK␣2⫺/⫺ mice (Fig. 1E).
These results suggest that AMPK␣1 is required for the
antiobesity effect of resveratrol.
To understand why AMPK␣1⫺/⫺ mice did not lose
weight on resveratrol, we measured their O2 consumption
(VO2) and physical activity (Fig. 2). Resveratrol increased
the metabolic rate of wild-type mice, but it did not increase
the metabolic rate of AMPK␣1⫺/⫺ mice (Fig. 2A). Resveratrol did not affect the physical activity levels (Fig. 2B) in
either wild-type or AMPK␣1⫺/⫺ mice, indicating that resveratrol increases the intrinsic metabolic rate through
AMPK. To determine the source of the increased metabolic rate in wild-type mice treated with resveratrol, we
measured the expression levels of uncoupling proteins
(UCPs) in WAT and brown adipose tissue (BAT). As
shown in Fig. 2C and D, resveratrol increased the expression of UCP1, -2, and -3 in both WAT and BAT in wild-type
mice but not in AMPK␣1⫺/⫺ or AMPK␣2⫺/⫺ mice. More556
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over, UCP2 and UCP3 are not even detectable in
AMPK␣1⫺/⫺ WAT. Increased uncoupling in adipose tissue
may increase the body temperature. However, the body
temperatures of wild-type, AMPK␣1⫺/⫺, and AMPK␣2⫺/⫺
mice were not significantly different and did not change
with resveratrol.
Resveratrol-induced mitochondrial biogenesis and
muscle function requires AMPK. As reported previously (7), resveratrol increased physical endurance
(309.2 ⫾ 37 vs. 212.3 ⫾ 19 m) (Fig. 3A) of wild-type mice.
However, resveratrol did not increase the physical endurance of AMPK␣1⫺/⫺ or AMPK␣2⫺/⫺ mice (Fig. 3A). Prolonged activation of AMPK increases Glut4 expression
(33). To determine whether increased expression of Glut4
expression was involved in the resveratrol-mediated improvement of physical endurance, we measured Glut4
mRNA levels in skeletal muscle. As shown in Fig. 3B, Glut4
mRNA levels in resveratrol-treated wild-type mice were
similar to that in resveratrol-treated AMPK␣1⫺/⫺ mice,
although it was higher than that in resveratrol-treated
AMPK␣2⫺/⫺ mice, suggesting that Glut4 did not play a
significant role in resveratrol-mediated increase in physical indurance. It is believed that the resveratrol effects are
mediated by increased expression and function of PGC-1␣,
the master regulator of mitochondrial biogenesis and
oxidative phosphorylation (34). We measured the expression of PGC-1␣ and other resveratrol-induced genes critical for mitochondrial function in the skeletal muscle of
resveratrol-treated AMPK-deficient mice. As shown in Fig.
3C, resveratrol induced the expression of these genes in
wild-type mice but not in AMPK␣1⫺/⫺ or AMPK␣2⫺/⫺
mice. Consistent with this, resveratrol increased the mitodiabetes.diabetesjournals.org
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FIG. 2. Resveratrol does not increase the metabolic rate in AMPK␣1ⴚ/ⴚ mice. A: Twenty-four-hour oxygen consumption (VO2) of wild-type (WT)
and AMPK␣1ⴚ/ⴚ mice. Results are means ⴞ SE. **P < 0.01 between high-fat diet (HF, 䡺) and resveratrol (RSV, f) for wild-type mice (n ⴝ 3 for
each genotype). B: Twenty-four-hour activity level as measured by beam breaks (B.B.). 䡺, High-fat diet; f, resveratrol. C: Transcription levels
of UCP1, UCP2, and UCP3 in WAT as measured by real-time PCR (n ⴝ 4 –5 per genotype). Results are means ⴞ SE. *P < 0.05; **P < 0.01 between
high-fat diet and resveratrol for wild-type mice. 䡺, High-fat diet; f, resveratrol. D: Transcription levels of UCP1, UCP2, and UCP3 in BAT as
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E: Core temperature was measured by a rectal thermometer (n ⴝ 4 –5 per genotype). 䡺, High-fat diet; f, resveratrol.

chondrial content, as measured by cytochrome C (Fig. 3D)
and mitochondrial DNA (Fig. 3E) levels, in wild-type
muscle but not in AMPK␣1⫺/⫺ or AMPK␣2⫺/⫺ muscle. To
determine whether the requirement of AMPK for the
resveratrol effect is cell autonomous, we treated mefs
developed from AMPK␣1/␣2 double knockout (32) and
wild-type embryos with resveratrol for 6 –24 h. The cellular
content of cytochrome C increased after resveratrol treatment in wild-type mefs, but it did not change significantly in AMPK␣1/␣2 double knockout mefs (Fig. 3F).
Sirt1 levels were not affected by resveratrol treatment in
either wild-type or AMPK␣1/␣2 double knockout mefs.
In agreement with these findings, resveratrol induced
the expression of PGC-1␣, medium-chain acyl-CoA dehydrogenase (MCAD), and estrogen-related receptor
(ERR) in wild-type mefs but not in AMPK␣1/␣2 double
knockout mefs (Fig. 3G). Taken together, these findings
indicate that the resveratrol-activated signaling pathway
that increases mitochondrial biogenesis and physical
endurance is AMPK dependent.
Resveratrol-induced improvements in glucose homeostasis require AMPK. Sirt1 overexpression (35–37),
AMPK activation (21,22,38), and resveratrol treatment
(5,7) all improve glucose tolerance and insulin sensitivity.
To determine whether the resveratrol-induced improvements in glucose homeostasis required AMPK, we performed glucose and insulin tolerance tests with wild-type,
AMPK␣1⫺/⫺, and AMPK␣2⫺/⫺ mice fed a high-fat diet or a
high-fat diet supplemented with resveratrol. Glucose tolerance (Fig. 4A) and insulin sensitivity (Fig. 4B) were
similar between wild-type, AMPK␣1⫺/⫺, and AMPK␣2⫺/⫺
mice on high-fat diet alone. However, glucose tolerance
was dramatically improved by resveratrol in wild-type
mice but only modestly in AMPK␣2⫺/⫺ mice and not at all
in AMPK␣1⫺/⫺ mice. Insulin sensitivity was also dramatidiabetes.diabetesjournals.org

cally improved by resveratrol in wild-type mice but not in
AMPK␣1⫺/⫺ or AMPK␣2⫺/⫺ mice.
Insulin-resistant states are associated with increased
production of ROS, and reduction of ROS with antioxidants improves insulin sensitivity (39,40). Since resveratrol is thought to have antioxidant properties, it is possible
that some insulin sensitizing of resveratrol effect may be
related to its antioxidant effect. We quantified the levels of
ROS in skeletal muscle to determine whether resveratrol
reduced ROS (Fig. 4C). Resveratrol reduced ROS levels in
wild-type mice by almost 30% but not in AMPK␣1⫺/⫺ or
AMPK␣2⫺/⫺ mice, suggesting that, at least in vivo, the
antioxidant effect of resveratrol is produced indirectly
through an AMPK-dependent pathway.
Insulin-resistant tissues are often associated with elevated levels of intramyocellular lipids such as diacylglyceride (DAG) and ceramide (41). Mitochondrial dysfunction
decreases fat oxidation, leading to accumulation of these
lipids, which decrease insulin sensitivity (41,42). Since
resveratrol increases mitochondrial function (7), we measured the DAG and ceramide levels in resveratrol-treated
skeletal muscle. As shown in Fig. 4D and E, resveratrol
decreased DAG and ceramide levels in wild-type mice but
not in AMPK␣1⫺/⫺ and AMPK␣2⫺/⫺ mice. Although resveratrol decreased intramyocellular DAG and ceramide, it
did not decrease serum free fatty acid or triglyceride levels
(Fig. 4F and G), suggesting that resveratrol did not decrease the intramyocellular lipids by decreasing the delivery of lipids to the muscle but by increasing their
oxidation. Adiponectin, a cytokine that is produced by fat
and is decreased in obese and diabetic subjects (43),
increases insulin sensitivity by activating AMPK (38). To
determine whether resveratrol increased insulin sensitivity by increasing adiponectin levels, we measured serum
adiponectin levels in resveratrol-treated mice. Adiponectin
DIABETES, VOL. 59, MARCH 2010
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FIG. 3. Resveratrol-induced mitochondrial biogenesis and endurance require AMPK. A: Physical endurance of mice fed high-fat diet (HF, 䡺) alone
or high-fat diet supplemented with resveratrol (RSV, f) as measured by treadmill running until exhaustion (n ⴝ 4 –5). Results are means ⴞ SE.
*P < 0.05 between wild-type mice fed a high-fat diet (HF) alone and high-fat diet supplemented with RSV. B: Transcription levels of Glut4 in
skeletal muscle as measured by real-time PCR in arbitrary units (n ⴝ 4 –5 per genotype). 䡺, High-fat diet; f, resveratrol. C: Transcription levels
of skeletal muscle genes induced by resveratrol (n ⴝ 4 –5 for each genotype). *P < 0.05 and **P < 0.01 between wild-type mice fed high-fat diet
alone and high-fat diet supplemented with resveratrol. 䡺, High-fat diet; f, resveratrol. D: Cytochrome C (Cyt C) levels induced by resveratrol
in skeletal muscle. Cytochrome C levels were detected by immunoblotting with Cytochrome C antibody and quantified by densitometry analysis
(n ⴝ 4 –5 per genotype). **P < 0.01 between wild-type mice fed high-fat diet alone and high-fat diet supplemented with resveratrol. E: Relative
mtDNA copy number in skeletal muscle (n ⴝ 4 –5 per genotype). The copy number in wild-type mice fed with high-fat diet alone was arbitrarily
set to 1. *P < 0.05 between wild-type mice fed high-fat diet alone and high-fat diet supplemented with resveratrol. 䡺, High-fat diet; f, resveratrol.
F: Cytochrome C and Sirt1 levels in wild-type and AMPK␣1/␣2 double knockout (AMPK KO) mefs after resveratrol treatment for the indicated
durations were detected by immunoblotting. G: The mRNA levels (arbitrary units) of PGC-1␣, MCAD, and ERR␣ in wild-type (䡺) and AMPK␣1/␣2
double knockout (AMPK KO, f) mefs after resveratrol treatment were measured by real-time PCR (n ⴝ 3). The statistical difference between
wild-type and AMPK KO mefs: P ⴝ 0.0001 for PGC-1␣, P ⴝ 0.07 for MCAD, and P ⴝ 0.02 for ERR␣. Bonferroni’s posttests: *P < 0.05; ***P < 0.001
between the genotypes at the indicated time points. WT, wild type.

levels were similar for wild-type, AMPK␣1⫺/⫺, and
AMPK␣2⫺/⫺ mice and were not changed by resveratrol
(Fig. 4H). An increase in insulin sensitivity usually decreases insulin levels. However, resveratrol dramatically
decreased the fasting insulin levels in wild-type,
AMPK␣1⫺/⫺, and AMPK␣2⫺/⫺ mice even though resveratrol increased insulin sensitivity only in wild-type mice
(Fig. 4I). Although this can be explained, at least in part,
by the observation that resveratrol inhibits insulin secretion by inhibiting the electrical activity in the ␤-cells (44),
more studies are required to fully understand the disparity
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between the insulin levels and insulin sensitivity in resveratrol-treated AMPK-null mice.
Resveratrol modulates the NAD-to-NADH ratio in an
AMPK-dependent manner. A previous report (7) has
shown that resveratrol treatment leads to deacetylation of
PGC-1␣, suggesting that the catalytic activity of Sirt1 is
increased by resveratrol. Since AMPK activity increases
the NAD-to-NADH ratio and Sirt1 activity (45), we measured the NAD-to-NADH ratio in C2C12 myotubes treated
with resveratrol for 6 and 16 h. As shown in Fig. 5A,
resveratrol increased the NAD-to-NADH ratio by ⬎30%.
diabetes.diabetesjournals.org
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FIG. 4. Resveratrol does not improve glucose homeostasis in AMPK-deficient mice. A: Serum glucose levels after glucose injection (intraperitoneal) for wild-type (WT), AMPK␣1ⴚ/ⴚ, and AMPK␣2ⴚ/ⴚ mice fed high-fat diet (HF, F) alone or high-fat diet supplemented with resveratrol
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fluorescence (52) (n ⴝ 4 –5 for each genotype). The ROS level in wild-type mice on high-fat diet alone was set to 1. Results are means ⴞ SE. *P <
0.05 between wild-type mice fed high-fat diet alone or high-fat diet supplemented with resveratrol. D: DAG levels in skeletal muscle (n ⴝ 4 –5 per
genotype). **P < 0.01 between wild-type (WT) mice fed high-fat diet (䡺) alone or high-fat diet supplemented with resveratrol (f). E: Ceramide
levels in skeletal muscle (n ⴝ 4 –5 per genotype). ***P < 0.001 between wild-type (WT) mice fed high-fat diet (䡺) alone or high-fat diet
supplemented with resveratrol (f). Serum levels of free fatty acid (F), triglyceride (G), adiponectin (H), and fasting insulin (I) are shown (n ⴝ
4 –5). 䡺, High-fat diet; f, resveratrol. ***P < 0.001 between wild-type mice fed high-fat diet alone or high-fat diet supplemented with resveratrol.

NAD and the NAD-to-NADH ratio in skeletal muscle were
increased by resveratrol in wild-type mice but not in
AMPK␣1⫺/⫺ or AMPK␣2⫺/⫺ mice (Fig. 5B). The magnitude
of the increase was modest but statistically significant. To
determine whether the resveratrol-mediated increase in
NAD and NAD-to-NADH ratio increased Sirt1 activity, we
diabetes.diabetesjournals.org

quantified the acetylation level of PGC-1␣ in skeletal
muscle. As shown in Fig. 5C, resveratrol decreased the
acetylation level of PGC-1␣ only in wild-type mice.
PGC-1␣ is a coactivator for its own transcription (46),
and, as a result, deacetylation of PGC-1␣ by Sirt1 should
increase its ability to positively regulate PGC-1␣ transcripDIABETES, VOL. 59, MARCH 2010
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tion. A previous report (7) showed that resveratrol did not
induce PGC-1␣ transcription in Sirt1⫺/⫺ mefs and concluded that Sirt1 is essential for resveratrol-induced transcription of PGC-1␣. However, the PGC-1␣ mRNA levels
were measured only at one posttreatment time point (24 h)
in that report. We compared resveratrol-stimulated transcription of PGC-1␣ and mitochondrial biogenesis in
Sirt1⫺/⫺ mefs stably transfected with either an empty
vector (⫺Sirt1) or Sirt1 expression vector (⫹Sirt1). Consistent with previous reports (47), ⫺Sirt1 mefs had higher
AMPK activity than ⫹Sirt1 mefs (Fig. 6A). Moreover,
resveratrol activated AMPK in ⫺Sirt1 mefs, indicating that
Sirt1 is not essential for AMPK activity or its induction
by resveratrol. Transcription of PGC-1␣ was stimulated by
resveratrol in both ⫺Sirt1 mefs and ⫹Sirt1 mefs, but by
12–24 h, it returned to basal levels in ⫺Sirt1 mefs, whereas
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transcription but helps to prolong the duration of the
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that mimic calorie restriction and exercise are being
developed to combat metabolic disorders. One target for
treating metabolic disorders is Sirt1 (8), an NAD⫹-dependent protein deacetylase (48). Resveratrol, which was
discovered in a small-molecule screen to be a Sirt1 activator (1), has drawn a great deal of interest for its
therapeutic potential in treating metabolic disorders such
as type 2 diabetes. By increasing mitochondrial biogenesis
and metabolic rate, resveratrol reduced fat and increased
glucose tolerance and insulin sensitivity and physical
endurance.
If Sirt1 is the target of resveratrol, transgenic mice
overexpressing Sirt1 should have phenotypes very similar
to those induced by resveratrol. Thus far, three models of
whole-body Sirt1 gain of function have been reported. In
Sirt1 knockin mice (36), the Sirt1 transgene, which was
expressed from the ␤-actin locus, is overexpressed in fat
but not in muscle or liver, key organs affected in metabolic
disorders. These mice have increased metabolic rate,
lower fat mass, and are more insulin sensitive than control
mice, resembling mice treated with resveratrol. More
recently, transgenic mice in which the Sirt1 transgene is
expressed from its own promoter have been reported by
two independent groups (35,37). These transgenic mice,
which have a more physiological expression pattern of the
Sirt1 transgene than the knockin mice (36), are more
insulin sensitive partly due to increased adiponectin levels
and decreased hepatic steatosis. Surprisingly, the transgenic mice developed by Banks et al. (35), which are
congenic in C57BL6/J background, have reduced metabolic rate and body temperature and have the same
amount of fat despite eating less. It should be noted that
unlike the other Sirt1 gain-of-function studies, this study
measured the metabolic rate using regular diet not high-fat
diet. Nevertheless, this study shows that the function of
Sirt1 on energy balance may be opposite of what was
previously thought (7) and would be predicted if the
central target of resveratrol was Sirt1. One possible explanation for the reduced fat mass in the knockin mice (36) is
that expression of the Sirt1 transgene from the ␤-actin
locus impaired adipocyte differentiation during development (49). Therefore, the Sirt1 knockin model (36) cannot
distinguish between a direct effect of Sirt1 and an indirect
one caused by reduced fat.
Resveratrol has been reported to affect the activities of
many enzymes (11) including AMPK (12). To evaluate the
possibility that the effects of resveratrol are mediated by
AMPK, we studied the effects of resveratrol in mice
deficient in AMPK␣1 or -␣2. Our findings indicate that all
of the salient effects induced by resveratrol are abolished
in AMPK␣1- and/or AMPK␣2-deficient mice, suggesting
that the metabolic changes induced by resveratrol are
largely mediated through AMPK rather than Sirt1. Because
the wild-type mice used in our study were not littermates
of AMPK-null mice, it is possible that some differences
between wild-type mice and AMPK-null mice may be due
to differences in the genetic background. However, we feel
that this difference is minimal because the AMPK-null mice
used in this study have been backcrossed to C57BL6/J
mice, which we used as wild-type control, for at least six
generations. Therefore, we expect our AMPK-null mice to
be at least 98% congenic to the wild-type controls. Moreover, the dominant role of AMPK in the metabolic effects
of resveratrol is supported by our studies using Sirt1deficient mefs. Resveratrol-induced transcription of
PGC-1␣ and PGC-1␣– dependent genes was shorter in
diabetes.diabetesjournals.org

duration but was not abolished in Sirt1-deficient mefs (Fig.
6), whereas it was abolished in AMPK-deficient mefs (Fig.
3). The ability of AMPK to increase NAD and the NAD-toNADH ratio (45) may also explain how resveratrol treatment can lead to Sirt1 activation without directly
activating it. Moreover, AMPK can activate PGC-1␣, one of
Sirt1 substrates, by directly phosphorylating it (50,51),
indicating that activation of AMPK can affect the Sirt1dependent pathways in multiple ways. Thus, our findings
suggest that the direct target of resveratrol in vivo may not
be Sirt1 and supports the possibility that Sirt1 plays a
modulatory role, rather than a central role, in resveratrol
response. Whether it is the direct target of resveratrol or
not, it appears that Sirt1 can also function upstream of
AMPK in HepG2 hepatocytes and HEK293T cell line
(26,27). Since Sirt1 is not required for resveratrol-mediated
activation of AMPK activation in mefs (Fig. 6A), it is
possible that Sirt1 is upstream of AMPK only in certain cell
types.
Resveratrol-induced physical endurance has been
largely attributed to increased mitochondrial function (7).
Certainly, converting muscle fiber to mitochondria-rich,
slow-twitch fibers increases physical endurance (52).
However, it is also likely that the glycogen content in
skeletal muscle, which is known to be increased by AMPK
activity (34), also plays a role in resveratrol-induced
physical endurance.
Although the expression levels of UCPs in WAT and
BAT increased with resveratrol in wild-type mice, the body
temperature of wild-type or AMPK⫺/⫺ mice did not increase with resveratrol. It is possible that the stress
associated with the rectal temperature measurement may
have masked any subtle differences in body temperature.
It should also be noted that unlike AMPK␣1⫺/⫺ mice,
AMPK␣2⫺/⫺ mice gained less weight on resveratrol even
though the expression levels of UCPs were not induced by
resveratrol in the adipose tissue. We do not have a clear
explanation for this, but one possibility is that the antiadipogenic function of Sirt1 (49) is being driven by the
resveratrol-AMPK␣1-Sirt1 pathway in AMPK␣2⫺/⫺ mice.
The complex nature of the resveratrol effect is also
demonstrated by our observation that even though resveratrol induced weight loss in AMPK␣2⫺/⫺ mice, it did
not improve their insulin sensitivity (Fig. 4B). One reason
resveratrol failed to improve insulin sensitivity in
AMPK␣2⫺/⫺ mice may be that the failure to increase
mitochondrial biogenesis and fat oxidation in skeletal
muscle led to a build up of lipids that are known to inhibit
insulin action. Indeed, resveratrol failed to increase mitochondrial content and decrease DAG and ceramide in both
AMPK␣1⫺/⫺ and AMPK␣2⫺/⫺ mice. In skeletal muscle, the
AMPK␣1 isoform makes up only ⬃20% of the total AMPK
activity (17), and, yet, resveratrol-induced mitochondrial
biogenesis (Fig. 3D and E) or reduction in ROS (Fig. 4C),
DAG (Fig. 4D), and ceramide (Fig. 4E) did not occur in the
skeletal muscle of AMPK␣1⫺/⫺ mice. One possible explanation is that in addition to the AMPK␣2 activity, a
crosstalk between the skeletal muscle and either the
nervous system or fat, where the AMPK␣1 isoform is
predominant (17), is required for resveratrol-induced mitochondrial biogenesis or reduction of ROS in skeletal
muscle. For example, the AMPK␣2 activity in skeletal
muscle and the low-energy signal from resveratrol-induced
weight loss, which requires AMPK␣1, may both be required for the full resveratrol effect. It is also likely that in
skeletal muscle, AMPK␣1 and AMPK␣2 have nonoverlapDIABETES, VOL. 59, MARCH 2010
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ping functions, both of which are required for responding
to resveratrol.
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