
SIRT1 Regulates Hepatocyte Lipid Metabolism through
Activating AMP-activated Protein Kinase*□S

Received for publication, March 19, 2008, and in revised form, May 14, 2008 Published, JBC Papers in Press, May 14, 2008, DOI 10.1074/jbc.M802187200

Xiuyun Hou‡, Shanqin Xu‡, Karlene A. Maitland-Toolan‡, Kaori Sato§, Bingbing Jiang‡, Yasuo Ido¶, Fan Lan¶,
Kenneth Walsh§, Michel Wierzbicki�, Tony J. Verbeuren�, Richard A. Cohen‡, and Mengwei Zang‡1

From the ‡Vascular Biology Unit and §Molecular Cardiology Unit, Whitaker Cardiovascular Institute, Boston University School of
Medicine, and ¶Section of Endocrinology, Boston University, Boston, Massachusetts 02118 and �Institut de Recherche Servier,
Suresnes 92150, France

Resveratrol may protect against metabolic disease through
activating SIRT1 deacetylase. Because we have recently defined
AMPKactivation as a keymechanism for thebeneficial effects of
polyphenols onhepatic lipid accumulation, hyperlipidemia, and
atherosclerosis in type 1 diabetic mice, we hypothesize that
polyphenol-activated SIRT1 acts upstream of AMPK signaling
and hepatocellular lipid metabolism. Here we show that poly-
phenols, including resveratrol and the synthetic polyphenol
S17834, increase SIRT1 deacetylase activity, LKB1 phosphoryl-
ation at Ser428, and AMPK activity. Polyphenols substantially
prevent the impairment in phosphorylation of AMPK and its
downstream target, ACC (acetyl-CoA carboxylase), elevation in
expression of FAS (fatty acid synthase), and lipid accumulation
in human HepG2 hepatocytes exposed to high glucose. These
effects of polyphenols are largely abolished by pharmacological
and genetic inhibition of SIRT1, suggesting that the stimulation
of AMPK and lipid-lowering effect of polyphenols depend on
SIRT1 activity. Furthermore, adenoviral overexpression of
SIRT1 stimulates the basal AMPK signaling in HepG2 cells and
in the mouse liver. AMPK activation by SIRT1 also protects
against FAS induction and lipid accumulation caused by high
glucose.Moreover, LKB1, but notCaMKK�, is required for acti-
vation of AMPK by polyphenols and SIRT1. These findings sug-
gest that SIRT1 functions as a novel upstream regulator for
LKB1/AMPK signaling and plays an essential role in the regula-
tion of hepatocyte lipid metabolism. Targeting SIRT1/LKB1/
AMPK signaling by polyphenolsmay have potential therapeutic
implications for dyslipidemia and accelerated atherosclerosis in
diabetes and age-related diseases.

AMPK (AMP-activated protein kinase)2 serves as a sensor of
cellular energy status, being activated by increased AMP/ATP

ratio or by the upstream kinases, LKB1 (the tumor suppres-
sor kinase), CaMKK� (Ca2�/calmodulin-dependent protein
kinase kinase �), and TAK1 (transforming growth factor-�-
activated kinase-1) (1–7). Our previous studies demonstrated
that dysfunction of hepatic AMPK induced by hyperglycemia
represents a keymechanism for hepatic lipid accumulation and
hyperlipidemia associatedwith diabetes (8, 9). Also,metformin,
an antidiabetic drug, lowers systemic and hepatic lipids via acti-
vating LKB1/AMPK signaling (2, 8, 10). Our recent studies with
human hepatocytes and type 1 diabetic LDL receptor-deficient
(LDLR�/�) mice have shown that polyphenols strongly stimu-
late hepatic AMPK and reduce lipid accumulation, which in
turn attenuates hyperlipidemia and atherosclerosis in diabetic
mice (9). Therefore, AMPK activation by polyphenols or met-
forminmay be at least partially responsible for their therapeutic
benefits on hyperlipidemia in diabetes (2, 8, 9). Resveratrol also
stimulates AMPK in neurons (11). However, rapid activation of
AMPK by polyphenols has been shown to be independent of
altered adenine nucleotide levels (9, 11). Also, resveratrol acti-
vates AMPK in intact cells via an indirect mechanism, since it
does not activate AMPK in a cell-free assay (12). The signaling
molecules that mediate the metabolic actions of AMPK activa-
tion by polyphenols are poorly understood.
SIRT1, a mammalian ortholog of Sir2 (silent information

regulator 2), is an NAD-dependent deacetylase that acts as a
master metabolic sensor of NAD� and modulates cellular
metabolism and life span (13–15) and delays the onset of age-
related diseases (16). SIRT1 has been implicated in the control
of energy metabolism through deacetylation of FOXO and
PGC-1� (proliferator-activated receptor � coactivator 1) (13,
17, 18). The impact of SIRT1 on diabetes is evidenced by the
fact that newly discovered small molecule activators of SIRT1
improve insulin sensitivity in type 2 diabetes (19). Resveratrol, a
putativemimetic of caloric restriction, increasesmitochondrial
biogenesis and insulin sensitivity through SIRT1 activation (12,
19–21). Interestingly, the insulin sensitivity andmitochondrial
activity are also regulated by AMPK (22, 23). Because some of
the beneficialmetabolic actions of polyphenols aremediated by
their ability to activate SIRT1 (12, 20) or AMPK (9), we hypoth-
esized that polyphenols may protect against high glucose-in-
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duced lipid accumulation in hepatocytes by activating SIRT1
and AMPK.
The aim of the present study is to test whether SIRT1 is a

critical regulator of AMPK signaling in controlling hepatocel-
lular lipidmetabolism.We show here that polyphenols, includ-
ing resveratrol and 6,8-diallyl-5,7-dihydroxy-2-(2-allyl-3-hy-
droxy-4-methoxyphenyl)1-H benzo(b)pyran-4-one (S17834),
potently increase both SIRT1 deacetylase activity and AMPK
activity, which in turn reduces lipid accumulation in HepG2
hepatocytes exposed to high glucose. Also, these responses to
polyphenols are dependent on SIRT1. Moreover, adenoviral
overexpression of SIRT1 increases the basal AMPK activity in
HepG2 cells and in mouse liver. SIRT1 also suppresses expres-
sion of FAS (fatty acid synthase) and lipid accumulation
through activating AMPK. Furthermore, AMPK activation by
polyphenol-activated SIRT1 is mediated by the upstream
kinase, LKB1, but not CaMKK�. Therefore, SIRT1 activation
by polyphenols functions as an upstream regulator in the LKB1/
AMPK signaling axis. Because of the associated improvements
of hyperlipidemia and atherosclerosis observed in type 1 or type
2 diabetic mice treated with polyphenols (9, 12, 20), these find-
ings suggest that targeting SIRT1/LKB1/AMPK signaling by
polyphenols may have potential therapeutic implications for
lipidmetabolic disorders and accelerated atherosclerosis in dia-
betes and age-related diseases.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—The SIRT1 activity assay kits (cat-
alog number AK-555) were purchased from BIOMOL (Plym-
outh Meeting, PA). AdenopureTM kits for adenovirus purifica-
tion were from Puresyn Inc. (Malvern, PA). InfinityTM
triglyceride reagents were fromThermoDMA (Louisville, CO).
Resveratrol and splitomicin were obtained from Calbiochem,
nicotinamide was from Sigma, and STO-609 (CaMKK inhibi-
tor) was from Tocris Bioscience (Ellisville, MO). S17834, a
synthetic polyphenol, was previously described (9) and was
provided by the Institut de Recherches Servier (Suresnes,
France). Rabbit polyclonal phospho-Thr172 AMPK�, phos-
pho-Ser428 LKB1 antibodies, total AMPK� and ACC anti-
bodies were purchased from Cell Signaling Technology
(Beverly, MA). Rabbit polyclonal phospho-Ser79 ACC1
(Ser221 ACC2) antibody and Sir2 antibody were obtained
from Upstate Biotechnology, Inc. (Lake Placid, NY). Rabbit
polyclonal AMPK�1 or -�2 isoform antibodies were from
Bethyl Laboratories Inc. (Montgomery, TX). Rabbit poly-
clonal anti-SIRT1 antibody (sc-15404), mouse monoclonal
LKB1 antibody (sc-32245), and horseradish peroxidase-con-
jugated anti-mouse and anti-rabbit secondary antibodies
were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Mouse monoclonal antibodies against FAS (cat-
alog number 610962), CaMKK (catalog number 610544), and
anti-Myc (9E10) antibody were from BD Biosciences. Mouse
monoclonal anti-FLAG M2 antibody was from Sigma.
Mouse monoclonal anti-�-actin antibody was from Abcam
Inc. (Cambridge, MA).
SIRT1DeacetylaseActivityAssays—TheFluor de Lys fluores-

cence assay for in vitro SIRT1 activity (24) was performed by
incubation with recombinant human SIRT1 and substrates,

including a fluorogenic acetylated Lys382 p53 peptide (50 �M)
and NAD (100 �M) at 37 °C for 30 min according to the
BIOMOL manufacturer’s instructions. Fluorescent intensity
wasmeasured using a FluoroskanAscent�microplate fluorom-
eter (Thermo Electron Corp., Milford, MA). Negative controls
included “No Enzyme” and “Time Zero” controls, in which
Developer II solution plus 2mMnicotinamidewas added before
mixing the substrates with or without the SIRT1 enzyme.
SIRT1 activity was calculated with the corrected arbitrary flu-
orescence units of the tested compounds to “no enzyme” con-
trol and expressed as fluorescent units relative to the control.
To rule out whether polyphenolic compounds possess
autofluorescence or nicotinamide itself interferes with the flu-
orescent signal, the Developer II solution was incubated with
the Fluor de Lys deacetylated standard or the tested com-
pounds in the absence of SIRT1 enzyme or substrates. The
deacetylated standard dose-dependently increased the fluores-
cent rate, whereas the tested compounds did not alter the fluo-
rescent intensity, indicating the change in p53 deacetylation
caused by these compounds depends on specific SIRT1 activity
(data not shown).
Cell Culture and Treatments—Human HepG2 hepatocytes,

human embryonic kidney (HEK) 293 cells, and HeLa cells that
lack LKB1 (American Type Culture Collection, Manassas, VA)
were cultured in DMEM containing 10% fetal bovine serum,
100 units/ml penicillin and 100 �g/ml streptomycin, and 5.5
mM D-glucose (normal glucose), as previously described (8, 9,
25). To characterize the functional relevance of SIRT1 to
AMPK signaling and lipidmetabolism, high glucose-induced
lipid accumulation in HepG2 hepatocytes model was studied
(8, 9, 26, 27).
Adenoviruses and Cell Infection—Adenoviral vectors encod-

ing the wild type mouse SIRT1 (Ad-SIRT1) (28) were a gener-
ous gift fromDr. Sadoshima (New JerseyMedical School, New-
ark, NJ). Adenoviral vectors encoding FLAG-tagged wild type
mouse SIRT1 (Ad-FLAG-SIRT1), an inactive mutant of SIRT1
with a histidine 355 to alanine mutation (Ad-SIRT1H355A),
and Ad-SIRT1 short hairpin RNA (shRNA) and Ad-control
shRNA (15, 17, 18, 28) were kindly provided by Drs. Puigserver
and Rodgers (HarvardMedical School, Boston,MA). Adenovi-
ral vector expressing FLAG-tagged wild type LKB1 (Ad-
FLAG-LKB1) was kindly provided by Dr. Walsh (Boston
University School of Medicine, Boston, MA). Adenoviral
vectors encoding green fluorescent protein (GFP) and a
Myc-tagged dominant-negative mutant of AMPK�2 (Ad-
DN-AMPK, AMPK� K45R) were described elsewhere (8, 9).
The replication-deficient adenoviruses were amplified in
HEK293 cells and purified by AdenopureTM kits. Cells were
infected with adenoviruses for 36–48 h prior to the experi-
ments as described elsewhere (8, 9).
Lentivirus-mediated SIRT1 shRNA—Lentivirus express-

ing short hairpin RNA (shRNA) for human SIRT1 was gen-
erated as previously described (8, 25, 29, 30). For knockdown
of human SIRT1, the sequence GTATTGCTGAACAGATG-
GAA was chosen for the shRNA target. The expression cas-
sette was created by tandem PCR with human U6 promoter
as a template using CACCGCGCGCCAAGGTCGGGCA for
forward primer and CTACACAAACTCCAcCTGTTCAG-
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CAATACGGTGTTTCGTCC as the first reverse primer and
CCAAAAAAGTATTGCTGAACAGATGGAACTACACA-
AACTC as the second reverse primer. The produced expres-
sion cassette was inserted into a directional pENTR/D-topo
vector (Invitrogen) and then transferred to shRNA express-
ing lentivirus vector pDSL_hpUGIP (ATCC) by LR-clonase
(Invitrogen). Recombinant lentiviruses were produced by
co-infection into HEK293T cells with the lentivirus plasmid
and three other helper vectors, pLP-1, pLP-2, and pVSVG
(Invitrogen), using the calcium phosphate method. Lentivi-
ral supernatant was harvested at 72 h postinfection and fil-
tered through a 0.45-�m membrane. HepG2 cells were
infected with fresh lentivirus expressing either control
shRNA or SIRT1 shRNA in DMEM containing 8 �g/ml Poly-
brene (Sigma) for 24 h and cultured for an additional 72 h.
The cells were selected for puromycin resistance (0.6 �g/ml,
7 days).
Immunoblot Analysis—Immunoblotting of cell lysates was

carried out according to our previous experimental procedure
(8, 9, 25, 31). The phosphorylation of LKB1, AMPK, and ACC
was analyzed by immunoblots with antibodies against phos-
pho-Ser428 LKB1, phospho-Thr172 AMPK, and phospho-Ser79
ACC1 (Ser221 ACC2), which are specific AMPK phosphoryla-
tion sites, as well as total LKB, AMPK�1 or -�2, or ACC as
loading controls. In some cases, we used AMPK�2 as a loading
control because our previous studies showed similar expression
levels of endogenous AMPK�1 or -�2 protein in HepG2 cells
and in the mouse livers (9). The levels of phosphorylation
were quantified by scanning densitometry using a model
GS-700 imaging densitometer (Bio-Rad), normalized to the
levels of total protein and expressed as relative phosphoryl-
ation to the basal or control level. In some cases, two bands of
phosphorylated and total ACC were detected in HepG2 cells
and in the mouse livers, which was also observed by other
studies (32, 33), and phosphorylation intensity of ACC was
expressed as the ratio of the sum of the two bands of
phosphorylated ACC to the sum of the two bands of endog-
enous ACC. In addition, expression of FAS (�270 kDa) was
assessed by immunoblots with FAS antibody, and its levels
were normalized to those of �-actin and presented as the
-fold change relative to the control.
Measurement of Hepatocellular Triglyceride Content—Intra-

cellular triglyceride contents were measured in HepG2 cell
lysates, as previously described (8, 9, 34, 35). To assay, 30 �l of
triglyceride standard or cleared cell supernatant was added to a
96-well flat bottom polystyrene plate, and 300 �l of Infinity
triglyceride reagent was then added to themicroplate. After the
plate was incubated for 5 min, the optical density was read at
520 nm with a SPECTRAmax340 Microplate Spectrophotom-
eter (Molecular Devices Corp.). Intracellular triglyceride levels
were normalized to protein concentrations and expressed as�g
of lipid/mg of protein (8, 9).
In Vivo Adenoviral Gene Transfer—All of the animal experi-

ments were performed according to the guidelines for the Care
and Use of Laboratory Animals of Boston University. Male
C57BL/6 mice at 10 weeks of age received standard mouse
chow diet and water ad libitum. Mice were kept under isoflu-
rane anesthesia during surgery. One hundred microliters con-

taining 5 � 109 to 1 � 1010 plaque-forming units per mouse of
Ad-FLAG-SIRT1 or Ad-GFP were injected through the right
jugular vein using a 0.1-ml syringe with a 29.5-gauge needle
(36). Mice were sacrificed at 7 days postinjection, and livers
were immediately dissected and flash-frozen in liquid nitrogen.
To assess the expression of recombinant SIRT1 and the phos-
phorylation of AMPK and ACC in the liver, �100 mg of frozen
liver was placed in 1 ml of lysis buffer (20 mM Tris-HCl, pH 8.0,
100 mM NaCl, 1% (v/v) Nonidet P-40, 1 mM EDTA, 1 mM
EGTA, 1mM sodium orthovanadate, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 2 �g/ml aprotinin, 2 �g/ml leu-
peptin, and 1 �g/ml pepstatin) and homogenized on the ice (9).
Samples were allowed to stand on ice for 30 min and then cen-
trifuged at 14,000 rpm at 4 °C for 15 min, and the supernatant
was analyzed for immunoblots.
Statistical Analysis—All data are presented as the

means � S.E. Statistical analysis was performed by a two-
tailed unpaired Student’s t test. A value of p � 0.05 was
accepted as statistically significant.

RESULTS

Pharmacological Activation of SIRT1 by Polyphenols Stimu-
lates AMPK and Prevents Enhanced Expression of FAS and Ele-
vated Lipid Levels Caused by High Glucose—To test the
hypothesis that activation of SIRT1 by polyphenols is con-
nected to the modulation of AMPK signaling, the effect of res-
veratrol and a synthetic polyphenol, S17834, on recombinant
SIRT1 deacetylase activity was assessed. SIRT1 deacetylation
activity was slightly but significantly increased by resveratrol as
low as 10 �M and displayed a 4–5-fold increase at higher con-
centrations (50–100 �M) (Fig. 1A), consistent with the results
of earlier studies (24). S17834 at 50 �M also caused a �2-fold
increase in SIRT1 activity (data not shown). These results indi-
cate that SIRT1deacetylase is activated by the two polyphenolic
compounds.
We previously demonstrated that polyphenols strongly and

persistently stimulate AMPK activity more potently than met-
formin (9). As shown in supplemental Fig. 1,A and B, phospho-
rylation of AMPK was stimulated 2-fold over the basal level by
resveratrol at 50 �M and sustained up to �3.5-fold at 100 �M
and was associated with a dose-dependent increase in ACC
phosphorylation in human HepG2 hepatocytes. Consistently,
resveratrol (50 �M) increased the phosphorylation of AMPK
and ACC to an extent similar to that of specific AMPK �1 and
�2 isoform kinase activity as measured by a SAMS peptide
assay (9). The results demonstrate that resveratrol (10–100
�M) strongly stimulates both SIRT1 deacetylase and AMPK
activity in a concentration-dependent manner.
In the liver, glucose induces the expression of genes involved

in lipogenesis, such as FAS, a key enzyme that catalyzes de novo
fatty acid synthesis from glucose, leading to increased incorpo-
ration of free fatty acid into triglyceride (37). To determine
whether activation of SIRT1 and AMPK by polyphenols is of
functional relevance, HepG2 cells were treated with resveratrol
(1–50 �M, 24 h) in the presence of high glucose, and AMPK,
ACC, FAS, and lipid levels were determined. As shown in Fig. 1,
B–E, and supplemental Fig. 1,C andD, impaired AMPK signal-
ing caused by high glucose was associated with a 2.8-fold
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increase in FAS expression and consequently�2-fold elevation
in intracellular triglyceride content, as was seen in hepatic lipid
accumulation in diabetic mice (9). In contrast, decreased
AMPK and ACC phosphorylation caused by high glucose was
counteracted by resveratrol at 10 or 50 �M, reaching a level
comparable with that in untreated cells. Notably, altered
AMPK activity caused by resveratrol or by high glucose could
be attributed to their ability to regulate SIRT1 activity, since
SIRT1 expression was not significantly changed throughout
treatments. Activation of SIRT1 by resveratrol also dose-de-
pendently reversed enhanced FAS expression and elevated trig-
lyceride level caused by high glucose, which is associated with
its ability to activate AMPK. Resveratrol strongly stimulated
AMPK activity and inhibited lipid accumulation caused by high
glucose to an extent similar to that of S17834 (9). The results
suggest that SIRT1 activation by polyphenols stimulates AMPK

andACCphosphorylation, which in
turn inhibits ACC activity as well as
FAS expression, thereby reducing
the triglyceride accumulation.
Pharmacological Inhibition of

SIRT1 Attenuates Polyphenol-in-
duced AMPK Activation and Lipid
Reduction—To further characterize
the potential role of SIRT1 in regu-
latingAMPKand its functional con-
sequences, we examined the influ-
ence of pharmacological SIRT1
inhibitors on AMPK signaling and
lipids. Consistent with it being a
product and inhibitor of the
deacetylase reaction (13), nicotina-
mide at 1 or 2 mM caused an
80% decrease in SIRT1-mediated
deacetylation of p53 (Fig. 2A). As
shown in Fig. 2, B and C, when
HepG2 cells were pretreated with
nicotinamide at 10 mM, a concen-
tration thatwas previously shown to
significantly decrease deacetylation
of histones in cardiacmyocytes (28),
and then treated with S17834 (10
�M), phosphorylation of AMPK and
ACC was enhanced �4-fold by
S17834, and the increase was largely
blocked by nicotinamide, returning
to a nearly normal level. Nicotina-
mide completely blocked the lipid-
lowering effect of resveratrol or
S17834 in HepG2 cells incubated in
high glucose, although it did not
alter the basal lipid levels (Fig. 2E).
The results demonstrate that poly-
phenols stimulate AMPK activity
and lower lipids in a nicotinamide-
sensitive manner.
Next, the effect of splitomicin, a

selective and cell-permeable inhibi-
tor of SIRT1 (38), was determined. Like nicotinamide, activa-
tion of AMPK by resveratrol was markedly diminished by
splitomicin in HepG2 cells (Fig. 2D). Similarly, resveratrol
(50 �M) significantly increased AMPK and ACC phosphoryl-
ation �2-fold as effectively as S17834 (10 �M), and the
response to polyphenols was almost completely prevented
by splitomicin in HEK293 cells (Fig. 2, F–H). These data
indicate that the effect of activators or inhibitors of SIRT1 to
modulate AMPK signaling occurs in different cell types.
The Ability of Polyphenols to Stimulate AMPK and Reduce

LipidAccumulation Is Abrogated byKnockdown or Inhibition of
SIRT1—We rigorously examined the involvement of SIRT1
in regulating AMPK by using several independent
approaches to knock down or inhibit SIRT1. Lentiviral vec-
tors expressing either an shRNA control or shRNA targeting
human SIRT1 were infected into HepG2 cells. As shown in

FIGURE 1. Pharmacological activation of SIRT1 by resveratrol prevents the decrease in AMPK activity and
elevation in FAS expression and triglyceride level in human HepG2 hepatocytes exposed to high glu-
cose. A, the dose-response effect of resveratrol on in vitro SIRT1 deacetylase activity. Fluor de Lys fluorescence
deacetylase assays were preformed with human recombinant SIRT1, using a synthetic acetylated Lys382 p53
peptide and NAD as substrates in the absence or presence of increasing concentrations (10 –100 �M) of res-
veratrol as described under “Experimental Procedures.” SIRT1 activity was expressed as arbitrary fluorescence
units relative to the control (mean � S.E., n � 4). *, p � 0.05 versus control. B, resveratrol prevents the inhibition
of AMPK caused by high glucose in a dose-dependent manner. HepG2 cells were maintained in serum-free
DMEM containing normal glucose overnight and incubated for 24 h without or with increasing concentrations
(1–50 �M) of resveratrol in the absence or presence of 30 mM D-glucose (high glucose). Representative immu-
noblotting analysis with antibodies against AMPK� phosphorylated at Thr172 (pAMPK) and total AMPK�1 or
-�2 for loading controls, respectively, is shown. Immunoblots with anti-SIRT1 antibody show the existence of
�120 kDa of endogenous SIRT1 in HepG2 cells and no detectable change in SIRT1 throughout treatment. C and
D, high glucose increases and resveratrol suppresses expression of FAS. Expression of FAS was analyzed by
immunoblots with anti-FAS and normalized to �-actin level and presented as the -fold change (mean � S.E.,
n � 3). E, resveratrol protects against high glucose-induced triglyceride accumulation. Intracellular triglyceride
contents were measured and expressed as �g of lipid/mg of protein (the mean � S.E., n � 4) as described
under “Experimental Procedures.” *, p � 0.05 versus normal glucose; #, p � 0.05 versus high glucose alone.
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Fig. 3, compared with control
shRNA, expression of endogenous
SIRT1 protein (�120 kDa) was
remarkably suppressed by SIRT1
shRNA, but no detectable change in
other proteins, such as AMPK�1 or
-�2 and ACC, was observed, sug-
gesting that the knockdown effect of
this SIRT1 shRNA is specific. Nota-
bly, cells infected with SIRT1
shRNA grew more slowly than cells
expressing control shRNA. No dif-
ference in the basal and polyphenol-
stimulated phosphorylation of
AMPK and ACC was seen between
non-lentivirus-infected cells and
control shRNA-infected cells (data
not shown). Importantly, compared
with control shRNA, knockdown of
SIRT1 by shRNA reduced the basal
phosphorylation of AMPK and
ACC by �70%, suggesting that the
basal AMPK activity is largely
dependent on the presence of
SIRT1. Moreover, enhanced phos-
phorylation of AMPK by the
polyphenol was remarkably atten-
uated by specific SIRT1 knock-
down, and consequently S17834-
induced phosphorylation of ACC
was almost completely blocked,
reaching nearly the basal level
seen in control shRNA.
To exclude off-target effects of

SIRT1 shRNA, an adenovirus
expressing SIRT1 shRNA, which
up-regulates the acetylation of
PGC-1 and FOXO, two known tar-
gets of SIRT1, in mouse livers (17,
18), was used to assess the effect of
resveratrol on AMPK signaling.
Compared with Ad-control shRNA,
expression of endogenous SIRT1
and resveratrol-induced phospho-
rylation of AMPK was consistently
decreased by Ad-SIRT1 shRNA,
without changes in the expression
of AMPK�2 (supplemental Fig. 2).
Taken together, these results indi-
cate that SIRT1 positively regulates
AMPK signaling, and polyphenol-
stimulatedAMPK activation at least
partially depends on SIRT1.
To seek further evidence for the

functional relevance of SIRT1-stim-
ulated AMPK activation to its regu-
lation of lipid metabolism, HepG2
cells were infected with an adenovi-

FIGURE 2. Pharmacological inhibition of SIRT1 attenuates polyphenol-induced AMPK activation and
lipid reduction in human HepG2 cells or HEK293 cells. A, SIRT1 deacetylase activity is largely inhibited by
nicotinamide. The SIRT1 activity assay was carried out in the absence or presence of nicotinamide or suramin, an
SIRT1 inhibitor included in the SIRT1 activity assay kit. *, p � 0.05 versus control. B–D, inhibition of SIRT1 activity by
nicotinamide or splitomicin diminishes enhanced phosphorylation of AMPK and ACC in response to the polyphenol
in HepG2 cells. Cells were pretreated without or with either nicotinamide (10 mM) or splitomicin (100 �M) in the
serum-free medium for 24 h and then incubated without or with S17834 (10�M) or resveratrol (50�M) for an another
1 h. Densitometric quantification of the phosphorylation of AMPK and ACC is shown. *, p �0.05 versus control; #, p �
0.05 versus polyphenol alone (mean � S.E., n � 3). E, nicotinamide prevents the lipid-lowering effect of polyphenols
in HepG2 cells. Cells were pretreated for 24 h without or with nicotinamide (10 mM) in serum-free medium and
incubated for 24 h without or with polyphenols in the presence of high glucose. *, p � 0.05 versus normal glucose
alone; #, p � 0.05 versus high glucose alone; ##, p � 0.05 versus high glucose plus polyphenols (mean � S.E., n � 4).
F–H, the polyphenols increase and splitomicin decreases phosphorylation of AMPK and ACC in HEK293 cells. Phos-
phorylation of AMPK and ACC was assessed in cells pretreated with splitomicin (100 �M) for 24 h and incubated with
resveratrol (50 �M) or S17834 (10 �M) for an additional 1 h as indicated. *, p � 0.05 versus control; #, p � 0.05 versus
polyphenol alone (mean � S.E., n � 3). No detectable change in the expression of endogenous SIRT1 was observed
throughout treatments in both human cell lines.
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ral vector encoding a catalytically inactive mutant of SIRT1
(Ad-SIRT1H355A), which was shown to enhance the NAD-de-
pendent acetylation of p53 and PGC-1�, twowell characterized
substrates of SIRT1 (17, 28, 39, 40). As shown in Fig. 4,A and B,
in cells expressing Ad-GFP, resveratrol or S17834 rapidly and
potently stimulated AMPK phosphorylation, and this effect
was remarkably abrogated by overexpression of a SIRT1H355A
mutant (�120 kDa) that was confirmed by immunoblots with
SIRT1 antibody. The results also demonstrate that deacetyla-
tion activity of SIRT1 plays a key role in mediating polyphenol-
stimulated AMPK activation. Moreover, as shown in Fig. 4,
C–E, in Ad-GFP-infected cells under conditions of high glu-
cose, phosphorylation of AMPK and ACC was stimulated
�2-fold by either resveratrol or S17834. In contrast,
SIRT1H355A-infected cells exhibited significantly less phos-
phorylation than control GFP cells. Furthermore, chronic
AMPK activation by resveratrol caused a 50% reduction in trig-
lyceride levels that were elevated by high glucose in Ad-GFP-
infected cells, but the SIRT1H355A mutant attenuated the lip-
id-lowering effect of polyphenols. Taken together, our findings

with pharmacological and genetic inhibition of SIRT1 indicate
that polyphenols stimulate AMPK and suppress lipid accumu-
lation at least in part through SIRT1 activation.
Overexpression of SIRT1 Stimulates Hepatocyte AMPK Sig-

naling inVitro and inVivo—Togain direct evidence for the role
of hepatocyte SIRT1 in modulating AMPK, we examined
whether adenovirus-mediated overexpression of wild type
SIRT1 (Ad-SIRT1) (28) could stimulate AMPK signaling in
HepG2 cells. As shown in Fig. 5, A–C, phosphorylation of
AMPK was stimulated �2-fold over the basal level by
Ad-SIRT1. Consistently, overexpression of SIRT1 led to an
�2-fold increase in ACC phosphorylation. The increase in the
basal AMPK activity by SIRT1 mimicked that of resveratrol at
50 �M (supplemental Fig. 1B) and expression of a constitutively
activeAMPK (8). Thus, a role for SIRT1 in stimulatingAMPK is
further supported by the evidence that both overexpression and
knockdown of SIRT1 are sufficient to modulate the basal
AMPK activity.
Because adenovirus-mediated overexpression of SIRT1 spe-

cifically in mouse liver was recently shown to lower hepatic
lipids by down-regulation of SREBP (sterol regulatory element-
binding protein), a lipogenic transcription factor, and its target
gene, FAS (18), we further investigated the in vivo effects of
overexpression of SIRT1 on AMPK signaling in the liver of
C57BL/6 mice. Adenoviral SIRT1 gene transfer was accom-
plished by jugular vein injection of a recombinant FLAG-tagged
wild type SIRT1 (Ad-FLAG-SIRT1) (17). Although the immu-
noblot with anti-SIRT1 antibody can detect endogenous
human SIRT1 in cultured HepG2 and HEK293 cells (Fig. 2), it
does not detect endogenous mouse SIRT1 and the Ad-FLAG-
tagged SIRT1 expressed in mouse livers. We performed the
immunoblot with anti-FLAGantibody to confirm that the FLAG-
tagged SIRT1 was expressed in the livers of mice injected with
Ad-FLAG-SIRT1 but not in those of control mice injected with
Ad-GFP (Fig. 5D). Thus, hepatic expression of recombinant
FLAG-SIRT1 was successfully achieved in mice in vivo. Fur-
thermore, hepatic overexpression of SIRT1 caused an �2-fold
increase in the basal phosphorylation of AMPK and ACC in
vivo (Fig. 5, E and F), with no detectable changes in endogenous
AMPK� or ACC protein. These in vitro and in vivo studies
define a novel role of hepatic SIRT1 in stimulating the basal
AMPK activity, which may explain the inhibitory effect of
SIRT1 on hepatic lipids (18).
SIRT1 Reduces Hepatocellular Lipid Accumulation through

Activation of AMPK—The above data suggest that AMPKmay
act as an intermediary regulator for themetabolic role of SIRT1.
To further examine if SIRT1-dependent AMPK regulates high
glucose-induced lipid accumulation, the effect of SIRT1 on
AMPK and its downstream effectors, ACC and FAS, was
determined in HepG2 cells. As shown in Fig. 6, overexpres-
sion of SIRT1 counteracted high glucose-induced suppression
of AMPK and ACC phosphorylation, mimicking the effect of
polyphenols (Fig. 1B) and constitutively active AMPK (8, 9). In
addition, AMPK activation by SIRT1 caused a 45 and 38%
decrease in FAS induction and the elevated triglyceride levels
induced by high glucose, respectively, which was as effective as
resveratrol (Fig. 1). Therefore, similar to the beneficial meta-
bolic effects of polyphenol, SIRT1-dependent AMPK inhibits

FIGURE 3. Lentivirus-mediated knockdown of SIRT1 diminishes the basal
and polyphenol-induced AMPK activation in HepG2 cells. HepG2 cells
were infected without or with lentivirus expressing either an shRNA control or
SIRT1 shRNA and then selected in 0.6 �g/ml puromycin. Cells were allowed to
recover from the selection for 1 week prior to the experiments. A, co-expres-
sion of GFP in both control shRNA cells and SIRT1 shRNA cells was observed
under fluorescence microscopy. B, endogenous SIRT1 expression was largely
suppressed by lentivirus expressing SIRT1 shRNA. Representative immunob-
lots for the expression of SIRT1 and �-actin are shown in duplicates under the
identical condition. C–E, knockdown of SIRT1 by lentivirus-mediated SIRT1
shRNA down-regulates the basal and polyphenol-stimulated AMPK and ACC
phosphorylation. HepG2 cells expressing either control or SIRT1 shRNA were
quiesced in serum-free medium overnight and treated with S17834 (10 �M,
1 h). *, p � 0.05 versus untreatment in cells expressing control shRNA; #, p �
0.05 versus S17834 treatment in cells expressing control shRNA (mean � S.E.,
n � 3).
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ACC and FAS, thereby preventing hepatocellular lipid
accumulation.
We previously showed that overexpression of a Myc-tagged

dominant negative AMPK (DN-AMPK; AMPK�K45R) pre-
vented the increase in AMPK activity and the decrease in lipid
accumulation caused by metformin and polyphenols (8, 9). To
examine whether AMPK is required for SIRT1 to prevent
hepatic lipid accumulation, Ad-DN-AMPK and Ad-SIRT1
were co-infected into HepG2 cells, and ACC phosphorylation,
FAS, and lipid levels were determined. Overexpression of DN-
AMPK and SIRT1 was confirmed by immunoblots with anti-
Myc and anti-SIRT1 antibodies, respectively (Fig. 6A). TheDN-
AMPK did not alter SIRT1 expression, since neither total
cellular nor nuclear SIRT1 was altered (Fig. 6A) (data not
shown). Under high glucose conditions, the SIRT1-mediated
increase in phosphorylation of AMPK and ACC was largely
abrogated by the DN-AMPK (Fig. 6, A–C). As a consequence,
the DN-AMPK completely blocked the effect of SIRT1 to sup-
press FAS induction and triglyceride accumulation as well as
the lipid-lowering effect of resveratrol (Fig. 6, D–F), indicating
that AMPK is necessary for SIRT1 and resveratrol to lower
hepatic lipids. These data demonstrate that AMPK functions as
a novel downstreameffector for SIRT1 regulation of hepatocyte
lipid metabolism.

LKB1, but Not CaMKK�, Medi-
ates the Ability of Polyphenol and
SIRT1 to Stimulate AMPK—To
date, three AMPK kinases, LKB1,
CaMKK�, and TAK1 (transforming
growth factor-�-activated kinase-
1), have been identified to phospho-
rylate and activateAMPK (1–3, 5–7,
41). To elucidate the mechanism
underlying the role of SIRT1 in reg-
ulating AMPK activity, we further
determined the role of LKB1 and
CaMKK� in mediating AMPK acti-
vation by polyphenols. Consistent
with previous studies showing that
CaMKK�, the predominant isoform
of CaMKK present in HeLa cells (5),
is responsible for AMPK activation
by some stimuli (5, 41), endogenous
CaMKK�, which migrated at the
expected apparent molecular mass
(�65 kDa), but not CaMKK� (�56
kDa), was readily detected by
immunoblotswith the total CaMKK
antibody in HeLa cells (supplemen-
tal Fig. 3). As expected, LKB1 was
only detectable in HepG2 cells (Fig.
7 and supplemental Fig. 3). Since
phosphorylation of LKB1 at Ser428
was shown to regulate LKB1 func-
tion (42), the effect of polyphenols
on LKB1/AMPK signaling was
assessed by determining phospho-
rylation of both LKB1 at Ser428 and

AMPK at Thr172. It has been shown that AICAR, a precursor of
the AMP analog ZMP, activates AMPK, but not other LKB1-
dependentAMPK-like kinases (43). As shown in Fig. 7,A–C, we
indeed found that exposure of HepG2 cells to AICAR (1 mM)
increased Thr172 phosphorylation of AMPK by 2-fold but did
not alter Ser428 phosphorylation of LKB1. Unlike AICAR,
S17834 (10 �M) strongly stimulated phosphorylation of LKB1
by �3-fold, as effectively as resveratrol (50 �M), which paral-
leled increased phosphorylation of AMPK at Thr172, suggesting
that polyphenol-activated SIRT1 stimulates LKB1/AMPK sig-
naling in HepG2 cells. In contrast, HeLa cells, which are defi-
cient in LKB1 and represent a natural “knock-out” cell line (5,
44), showed significantly less phosphorylation of both LKB1
and AMPK when treated with polyphenols, implying the
importance of LKB1 in polyphenol action on AMPK signaling.
We sought to confirm the effect of LKB1by performing a rescue
experiment, in which adenovirus-mediated overexpression of
FLAG-tagged wild type LKB1 was infected into LKB1-deficient
HeLa cells.Overexpression of LKB1 caused an�3-fold increase
in the basal phosphorylation of AMPK and ACC and restored
polyphenol-induced phosphorylation of AMPK, as compared
with their negligible effect in HeLa cells expressing Ad-GFP
(Fig. 7, D and E). These results demonstrate that the defect in
polyphenol-stimulated LKB1/AMPK signaling in HeLa cells

FIGURE 4. Polyphenol-induced AMPK activation and lipid reduction is abolished by overexpression of a
catalytically inactive mutant of SIRT1 (SIRT1H355A) in HepG2 cells. A, a representative immunoblot of
overexpression of an adenovirus vector encoding a catalytically inactive SIRT1 mutant in HepG2 cells is shown.
B, polyphenol-stimulated AMPK phosphorylation is abolished by the SIRT1H355A mutant under normal glu-
cose conditions. HepG2 cells were infected for 48 h with Ad-GFP or Ad-SIRT1H355A, followed by treatment
with S17834 (10 �M) or resveratrol (50 �M) for 1 h. C and D, polyphenol-stimulated AMPK signaling is dimin-
ished by the SIRT1H355A mutant under high glucose conditions. HepG2 cells infected with Ad-GFP or
Ad-SIRT1H355A were quiesced in serum-free medium overnight and treated for 24 h without or with 10 �M of
resveratrol or S17834 in the presence of high glucose. E, the lipid-lowering effect of resveratrol is attenuated by
the SIRT1H355A mutant. *, p � 0.05 versus normal glucose in cells expressing GFP; #, p � 0.05 versus high
glucose alone in cells expressing GFP; ##, p � 0.05 versus polyphenol treatment in cells expressing GFP
(mean � S.E., n � 4).
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can be attributed to the deficiency in LKB1.We next examined
whether LKB1 is also necessary for AMPK activation by SIRT1.
Overexpression of SIRT1 was unable to stimulate AMPK in
HeLa cells expressing Ad-GFP, and the activation of AMPK by
LKB1was further potentiated by SIRT1 in cells thatwere recon-
stituted with wild type LKB1 (Fig. 7, F–H). Collectively, these
results indicate that polyphenols and SIRT1 stimulate AMPK
signaling via an LKB1-dependent mechanism.
To further assess whether AMPK activation by polyphenols

is mediated by an alternate upstream kinase, CaMKK�, STO-
609, a relatively selective and cell permeable inhibitor of
CaMKK (3, 5, 41, 45), was used to distinguish the effects medi-
ated by CaMKK� or by LKB1 in both human cell lines. As
shown in supplemental Fig. 3, A and B, inhibition of CaMKK�
by STO-609 totally ablated the basal phosphorylation of AMPK
andACC inHeLa cells that lack LKB1 but express CaMKK�. By
contrast, LKB1-dependent AMPK activity in the absence or
presence of resveratrol was unaffected by STO-609 in HeLa
cells that were reconstituted with wild type LKB1, suggesting
that CaMKK� is only responsible for the basal but not polyphe-

nol-stimulated AMPK in HeLa cells. Moreover, in HepG2 cells
that may express LKB1, CAMKK�, and CAMKK�, pharmaco-
logical inhibition of CaMKKby STO-609 also had no inhibitory
effect on the phosphorylation of LKB1, AMPK, and ACC that
was stimulated by S17834 in HepG2 cells, as was seen in HeLa
cells (supplemental Fig. 3, C–E). Although the basal phospho-
rylation of AMPK and ACC was unchanged by STO-609 in
HepG2 cells, this might suggest that LKB1 or other mecha-
nisms maintain the basal AMPK activity in hepatocytes. Taken
together, our results indicate that LKB1 acts as the major
AMPK kinase to mediate the role of polyphenols and SIRT1 on
AMPK signaling.

DISCUSSION

The present studies provide the first direct evidence that
SIRT1 stimulates AMPK activation via an LKB1-dependent
manner and that SIRT1-mediated AMPK activation represents
a novel mechanism of the beneficial effects of polyphenols on
hepatocyte lipid metabolism. We showed here that polyphe-
nols, including resveratrol and the synthetic polyphenol,
S17834, increased NAD�-dependent deacetylase activity of
SIRT1 as well as enhanced phosphorylation of AMPK at Thr172
and its upstream kinase LKB1 at Ser428, leading to increased
phosphorylation of ACC. Overexpression of wild type SIRT1
also enhanced the basal phosphorylation of AMPK and ACC in
hepatocytes and in the mouse liver in vivo as well as countered
elevated expression of FAS and accumulated lipids caused by
high glucose, which has been linked to hyperlipidemia in dia-
betes (9). The lipid-lowering effect of SIRT1 was completely
abolished by DN-AMPK. In addition, the ability of polyphenols
to stimulate AMPK and reduce hepatocellular lipid accumula-
tion was mimicked by overexpression of SIRT1 and abolished
by knockdown or pharmacological inhibition of SIRT1. Fur-
thermore, in LKB-deficient HeLa cells, polyphenols and SIRT1
were unable to stimulate AMPK activation, and the activation
was reconstituted by overexpression of LKB1. Also, the activa-
tion of AMPK caused by polyphenols is not affected by phar-
macological inhibition of CaMKK. Although other factors may
contribute to the hepatocyte metabolic effects of SIRT1, the
present study provides an attractivemodel inwhich SIRT1 acti-
vation by polyphenols stimulates AMPK via an LKB1-depend-
ent manner. SIRT1-dependent AMPK activation functionally
inhibits ACC and FAS that are key downstream regulators of
AMPK in the control of lipid metabolism and consequently
reduces lipid accumulation, possibly through increased fatty
acid oxidation and/or decreased fatty acid synthesis (Fig. 8).
SIRT1 Positively Regulates AMPK Signaling—The most

important implication of the present studies is that SIRT1 plays
a critical role in stimulatingAMPK signaling in hepatocytes and
other cell types. Several lines of molecular and biochemical evi-
dence have previously supported functional connections
between the two master metabolic regulators, SIRT1 and
AMPK. The life span of Caenorhabditis elegans is increased by
overexpression of sir2.1 or aak-2 (AMPK) and blocked by loss
of sir2.1 or aak-2 (46, 47). SIRT1 has been implicated in the
regulation of aging and age-related diseases (48). Aging-associ-
ated reduction in AMPK activity also contributes to dysregu-
lated lipid metabolism (22). Both SIRT1 and AMPK play a crit-

FIGURE 5. Hepatic overexpression of SIRT1 is sufficient to enhance phos-
phorylation of AMPK and ACC over the basal levels in HepG2 cells and in
mouse liver in vivo. A, immunoblots with SIRT1 antibody confirm overex-
pression of recombinant SIRT1 protein (�120 kDa) in HepG2 cells infected
with adenovirus-mediated vector encoding wild type SIRT1 (Ad-SIRT1). B and
C, overexpression of SIRT1 is sufficient to increase the baseline phosphoryla-
tion of AMPK and ACC in HepG2 cells. D, in vivo expression of adenovirus-
mediated vector encoding FLAG-tagged wild type SIRT1 (Ad-FLAG-SIRT1) is
visualized by Western blots with anti-FLAG antibody in the livers from differ-
ent C57BL/6 mice that were sacrificed 7 days postinjection as indicated. Ad-
GFP-infected mice were used as a control. E and F, phosphorylation of AMPK
and ACC is increased in the livers of mice injected with Ad-FLAG-SIRT1 in vivo.
Representative immunoblots of phosphorylation of AMPK and ACC in the
livers from two mice each group as indicated and densitometric analysis are
shown. *, p � 0.05 versus Ad-GFP-infected HepG2 cells or Ad-GFP-injected
mice (mean � S.E., n � 3).
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ical role in glucose and lipid metabolism (4, 9, 18, 23, 34). In the
present study, the dose-dependent effect of resveratrol on
SIRT1 activity closely correlated with that of AMPK stimula-
tion. S17834, a synthetic polyphenol that we previously showed
increased AMPK phosphorylation in the liver of diabetic mice,
was also demonstrated to increase SIRT1-dependent AMPK
activity. These findings are consistent with the previous obser-
vation that SIRT1 deacetylation activity and AMPK activity are
increased in the liver of mice treated with resveratrol (12). Fur-
thermore, our finding that knockdown of SIRT1 by shRNA
decreased the basal AMPK activity suggests that endogenous
SIRT1 activity contributes to the maintenance of the AMPK in
an active state. In contrast, overexpression of SIRT1 stimulated
hepatic AMPK and ACC phosphorylation in vitro and in vivo.
Thus, geneticmanipulation of SIRT1modulates hepaticAMPK
activity and its downstream signaling, suggesting that SIRT1
functions as a novel upstream regulator of AMPK signaling.
SIRT1-dependent AMPK Activation Regulates Hepatocyte

Lipid Metabolism—Because overexpression of SIRT1
decreases lipid accumulation in adipocytes (34) and hepato-
cytes (18), it raises the possibility that SIRT1 functions as a
critical regulator of AMPK in the control of lipid metabolism.

AMPK was originally identified
through its phosphorylation and
inactivation of ACC in the liver (49,
50). AMPK-mediated ACC inhibi-
tion, through reducing malonyl-
CoA biosynthesis, plays a key role in
fatty acid oxidation and synthesis
(51), because liver-specific deletion
of ACC1 reduces hepatic triglycer-
ide accumulation by decreasing de
novo fatty acid synthesis (33), and
ACC2 knock-out mice display a
higher rate of fatty acid oxidation
(52). In the present study, the lipid-
lowering effect of SIRT1 can be
attributed to its ability to regulate
the downstream effectors of AMPK.
For instance, SIRT1-mediated acti-
vation of AMPK increases ACC
phosphorylation and therefore
inhibits its effects on fatty acid syn-
thesis and oxidation. In addition to
ACC, inhibition of FAS, a target
lipogenic enzyme for the transcrip-
tion factor SREBP, is another
important consequence of AMPK
activation by polyphenols and
SIRT1. Constitutively active AMPK
andAICAR both inhibit glucose-ac-
tivated expression of the FAS gene
in hepatocytes (53). These findings
define a novel molecular mecha-
nism by which SIRT1 regulates
hepatic lipid metabolism through
activation of AMPK and suppres-
sion of its downstream effectors,

ACC and FAS. Therefore, like the effect of AMPK activation by
metformin (8, 10), the lipid-lowering effect of SIRT1 can be
explained by increased fatty acid oxidation and decreased fatty
acid synthesis. This conclusion is also strengthened by the evi-
dence that hepatic overexpression of SIRT1 in vivo reduces lip-
ids by down-regulation of lipogenic gene expression (e.g.
SREBP-1 and FAS) and up-regulation of expression of genes
that control fatty acid oxidation (18).
Another major finding of the present study is that the effect

of SIRT1 overexpression on ACC phosphorylation and FAS
expression as well as lipid accumulation was completely abro-
gated by the DN-AMPK, indicating that AMPK is a key down-
stream regulator of the lipid metabolic effects of SIRT1. The
importance ofAMPK in the process is also evidenced by the fact
that the decrease in FAS expression and/or improvement in
lipid accumulation and fatty liver in resveratrol- or S17834-
treated diabetic mice (9, 12) may be attributed to increased
SIRT1 and AMPK activity. In addition, although we found that
nicotinamide or an SIRT1 inactive mutant had little effect on
basal lipid levels in HepG2 cells, it is possible that partial inhi-
bition of SIRT1 is not sufficient to affect basal AMPK activity
and its metabolic functions. Therefore, our studies support a

FIGURE 6. AMPK is required for SIRT1 to suppress FAS induction and lipid accumulation in HepG2 cells
exposed to high glucose. HepG2 cells were infected with adenoviral vectors encoding GFP or a Myc-tagged
dominant-negative AMPK mutant (Ad-DN-AMPK, AMPK�K45R) or co-infected with Ad-SIRT1 and subse-
quently incubated for 24 h without or with resveratrol (10 �M) in the absence or presence of high glucose.
A, overexpression of the DN-AMPK (�64 kDa) and SIRT1 (�120 kDa) was confirmed by immunoblots with
anti-Myc and anti-AMPK�2 and with anti-SIRT1 antibodies, respectively. B and C, the ability of SIRT1 to prevent
the decrease in ACC phosphorylation caused by high glucose is attenuated by the DN-AMPK. D and E, SIRT1
suppression of high glucose-enhanced FAS expression is abrogated by the DN-AMPK. F, DN-AMPK blocks the
effect of SIRT1 and resveratrol on lipid accumulation. *, p � 0.05 versus normal glucose in cells expressing GFP;
#, p � 0.05 versus high glucose alone in cells expressing GFP; ##, p � 0.05 versus polyphenol treatment in cells
expressing GFP (mean � S.E., n � 4).
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model for the role of SIRT1-
dependent AMPK activation in the
regulation of hepatocyte lipid accu-
mulation (Fig. 8). These underlying
mechanisms may explain the thera-
peutic effects of polyphenols to
reduce hyperlipidemia and vascular
complications in diabetes in vivo (9,
12, 20).
SIRT1 Stimulates AMPK Sig-

naling in an LKB1-dependent
Mechanism—Previous studies indi-
cated that polyphenols stimulate
AMPK via an indirect mechanism
(12), suggesting that the upstream
kinases of AMPK, LKB1, and
CaMKK� are involved in the effect
of SIRT1 on AMPK. The present
study demonstrating that phospho-
rylation of AMPK and ACCwas not
increased in response to polyphe-
nols or SIRT1 overexpression in
LKB1-deficient HeLa cells, and that
the increase is restored by overex-
pression of wild type LKB1, strongly
supports the notion that AMPK
activation by SIRT1 and polyphe-
nols is mediated by LKB1. These
findings are consistent with the
recent study that resveratrol-stimu-
lated AMPK activity is abolished in
LKB1-deficient neurons (11). Fur-
thermore, because of the lack of
inhibitory effect of STO-609, the
effect of polyphenols on AMPK was
independent of CaMKK�.

Because the mice with liver-spe-
cific knock-out of LKB1 display a
complete loss of AMPK activity and
increased gene/protein expression
of lipogenic enzymes and block the
ability of metformin to activate
AMPK and lower glucose (2), LKB1
appears to be an attractive candi-
date as an intermediate of SIRT1/
AMPK signaling in regulating
hepatic lipid homeostasis. Phospho-
rylation of LKB1 at Ser428 and
AMPK at Thr172 was coincidentally
stimulated by polyphenols in
HepG2 cells. Importantly, LKB1
Ser428 was previously shown to be
phosphorylated by other protein
kinases, such as PKC�, PKA, and
p90RSK (42, 54). Mutation of LKB1
Ser428 to Ala abolishes the effect of
metformin on AMPK, like the dom-
inant negative mutant of LKB1 (54).

FIGURE 7. Polyphenols and SIRT1 stimulate AMPK signaling in an LKB1-dependent manner. A–C,
phosphorylation of LKB1 at Ser428 and AMPK at Thr172 in response to polyphenols is increased in HepG2
cells expressing LKB1 but not in HeLa cells lacking LKB1. Both human HepG2 hepatocytes and HeLa cells
were quiesced in serum-free DMEM overnight and incubated with AICAR (1 mM), S17834 (10 �M), or
resveratrol (50 �M) for an additional 1 h. The levels of phosphorylated LKB1 (pLKB1) or AMPK (pAMPK)
were normalized to those of total LKB1 or AMPK�2, respectively, and expressed as relative phosphoryla-
tion (mean � S.E., n � 3). *, p � 0.05, versus control in the identical cell lines. D and E, overexpression of
LKB1 restores AMPK activation by polyphenols in LKB1-deficient HeLa cells. Adenovirus-mediated vectors
encoding either GFP (Ad-GFP) or FLAG-tagged wild type LKB1 (Ad-FLAG-LKB1) were infected into HeLa
cells, followed by treatment with S17834 (10 �M) or resveratrol (50 �M) for 1 h as indicated. F–H, SIRT1-
dependent AMPK signaling is restored by overexpression of LKB1 in HeLa cells. Ad-GFP, Ad-FLAG-LKB1, or
Ad-SIRT1 was infected into HeLa cells as indicated. Immunoblots with anti-FLAG, anti-LKB1, or anti-SIRT1
antibodies confirmed overexpression of recombinant FLAG-LKB1 (�60 kDa) or SIRT1 (�120 kDa). *, p �
0.05 versus Ad-GFP alone; #, p � 0.05 versus Ad-FLAG-LKB1 alone (mean � S.E., n � 3).
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Although the precise mechanism by which SIRT1 activation by
polyphenols leads to LKB1-dependent AMPK activation
remains unclear, it is possible that SIRT1 regulates LKB1 via a
mechanism involving its direct deacetylation or Ser428 phos-
phorylation of LKB1,whichmight bemediated by other protein
kinases.Whether such amechanism has a role in the regulation
of lipidmetabolism controlled by SIRT1 is worthy of additional
investigation.
Polyphenols Stimulate AMPK and Prevent Hepatocyte Lipid

Accumulation by Activating SIRT1—The present studies
strongly suggest that the activation by polyphenols of AMPK
and their lipid metabolic effects are at least partially dependent
on SIRT1, since these effects of polyphenols were mimicked by
increased expression of SIRT1 and diminished by knockdown

or inhibition of SIRT1. These results are consistent with SIRT1
being the molecular target of polyphenols (24) and the main
mediator of their protection against metabolic disease in vivo
(12, 20, 21). In contrast, resveratrol-stimulated AMPK activa-
tion in neurons was shown to be independent of SIRT1 (11).
Given the accumulating evidence that different isoforms of
AMPK subunits and the upstream kinases of AMPK display
tissue-specific effects (23) and that metformin activates AMPK
in the liver (8, 10) but inhibits AMPK in neurons (55), the most
likely explanation is that SIRT1 regulation ofAMPK signaling is
also tissue-specific. Since SIRT1 interacts with and deacetylates
other substrates, such as PGC-1�, FOXO1, and PPAR� (18, 34,
56), it is possible that such regulators are involved in the meta-
bolic effects of SIRT1/AMPK signaling in hepatocytes. Impor-
tantly, PGC-1� is also directly phosphorylated by AMPK (57).
Because the current study has demonstrated that AMPK is
required for SIRT1 to inhibit lipid accumulation, it is conceiv-
able that SIRT1 regulates hepatic lipid homeostasis possible
through AMPK-mediated phosphorylation of PGC-1�.
In conclusion, the present study establishes a molecular

cross-talk between SIRT1- and LKB1/AMPK signaling in the
regulation of hepatocyte lipid metabolism. Our findings have
potential implications in polyphenols protecting against hepato-
cellular lipid accumulation and acceleration of atherosclerosis
associated with diabetes and age-relatedmetabolic disorders.
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