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unhealthy levels of circulating FFAs requires the tight con-
trol of lipolysis. 

 It is now appreciated that lipolysis is a complicated 
multi-step process. The complete hydrolysis of TG to glyc-
erol and FFA is performed jointly by tri- di- and monoacyl-
glyceride lipases ( 7–9 ). The recently discovered enzyme 
adipose triglyceride lipase, or ATGL (a.k.a. desnutrin, 
PNPLA2, TTS2.2, iPLA 2  � ) ( 10–12 ) is responsible for the 
bulk of triacylglycerol hydrolase activity in various cells but 
has low affi nity to di- and monoacylglycerides ( 7, 8 ). The 
major diacylglyceride lipase in adipocytes is hormone-
sensitive lipase, or HSL. Monoacylglyceride products of 
HSL are hydrolyzed by monoacylglyceride lipase ( 7, 8 ). 

 According to current views, lipolysis is regulated primar-
ily at the posttranslational level, with the cAMP/cGMP-
mediated signaling pathways playing the key role in this 
process. Briefl y, phosphorylation of the peripheral lipid 
droplet protein, perilipin, and HSL by cAMP-dependent 
protein kinase and/or cGMP-dependent protein kinase 
leads to the recruitment of HSL to the lipid droplet and 
activation of the enzyme. At the same time, a protein co-
factor of ATGL, CGI-58 dissociates from phosphorylated 
perilipin and activates ATGL ( 9 ). Jointly, both processes 
rapidly and signifi cantly stimulate lipolysis. 

 It has also been established that the rates of lipolysis are 
directly proportional to the levels of the ATGL protein, 
which is therefore considered the rate-limiting lipolytic 
enzyme. Basically, in every experimental model tested thus 
far, elevated ATGL expression increases while attenuated 
ATGL expression decreases both basal and isoproterenol-
stimulated lipolysis ( 10–21 ). In particular, activation of li-
polysis by fasting may be mediated by upregulation of 
ATGL expression ( 11, 17, 22, 23 ). Thus, not only post-
translational regulation of the enzymatic activity but also 
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 In the mammalian organism, most energy is stored in 
adipose tissue in the form of triglycerides (TGs). Upon TG 
hydrolysis, free fatty acids (FFAs) are delivered by blood to 
starving cells and tissues. Meanwhile, it has long been 
known that elevated levels of circulating FFAs cause insu-
lin resistance and diabetes mellitus ( 1–3 ) via mechanisms 
that are currently under intense investigation [as reviewed 
in ( 4–6 )]. Clearly, the fi ne balance between healthy and 
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through a 0.45  � m fi lter. The viral fi ltrate was used to infect 3T3-
L1 preadipocytes. 

 3T3-F442a AMPK DN � 1 cells that express the dominant-
negative mutant of human AMPK  � 1 catalytic subunit (D157A) 
were established using a TET-OFF lentiviral-inducible expression 
system. The cDNA for AMPK � 1 (D157A) was kindly provided by 
Dr. Carling, and a Flag epitope was added to its N terminus by 
PCR. 3T3-F442a preadipocytes were fi rst infected with the lentivi-
rus that expresses tetracycline transactivator (tTA) and were se-
lected with puromycin (2 µg/ml). The TET preadipocytes were 
then infected with the lentivirus containing a tTA-responsive 
vector with Flag-tagged AMPK � 1 (D157A), and the cells were se-
lected with blasticidin (2 µg/ml) to establish the stable cell line. 

 Mouse embryonic fi broblasts (MEFs) stably expressing V5-tagged 
human FoxO1 were established by lentiviral infection and blasti-
cidine selection as described previously ( 21 ). 

 3T3-L1 preadipocytes were cultured, differentiated, and main-
tained as described previously ( 34 ). HEK 293T cells and MEFs 
were cultured in DMEM supplemented with 10% FBS in 2 mM 
 L -glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin. 

 Transient transfections and reporter gene assays 
 Transient transfections with cDNA were performed using Li-

pofectamine 2000 (Invitrogen Life Technologies; Grand Island, 
NY) according to the manufacturer’s instructions. Briefl y,  � 80% 
confl uent HEK293T cells and  � 50% confl uent MEFs were trans-
fected with 500 ng of luciferase and 100 ng of eGFP cDNA in a 
6-well plate format. HEK293T cells were cotransfected with 500 ng 
of FoxO1 and SIRT1 cDNA, and MEFs were cotransfected with 1 µg 
of SIRT1 cDNA. All experiments were performed in triplicate. 
After 48 h of transfection, cells were harvested in Reporter Lysis 
Buffer (Promega). Luciferase activity was determined in whole-
cell lysates using the Promega luciferase assay kit and expressed 
as relative light units. Expression of eGFP was measured fl uoro-
metrically. Firefl y luciferase was normalized by eGFP fl uorescence 
to correct for transfection effi ciency. 

 RNA interference with siRNA 
 siRNA against the sequence TGAGGGAGTTAGAAGGTTCT-

TCATG of mouse PPAR �  and scrambled siRNA were obtained 
from Integrated DNA Technologies (Coralville, IA). Transfec-
tion of siRNAs was performed with the help of the DeliverX Plus 
delivery kit (Panomics) according to the instructions of the 
manufacturer. 

 RNA extraction and quantitative PCR 
 Total RNA was extracted from differentiated 3T3-L1 cells 

using TRIzol reagent (Invitrogen). Reverse transcription of 500 ng 
total RNA was performed using random decamers (RETROscript 
kit; Ambion, Austin, TX), and the gene expression was deter-
mined by quantitative PCR (MX4000 Multiplex qPCR system; 
Stratagene, La Jolla, CA). Reactions were performed in triplicate 
in the total volume of 25 µl containing 2.5 µl 1:10-diluted cDNA, 
1× SYBR green master mix (Brilliant II SYBR Green qPCR Master 
Mix; Stratagene), and gene-specifi c primers. Gene expression 
was normalized by GAPDH or 36B4 expression by the  �  � Ct 
method. DNase-treated samples and no-template controls were 
analyzed in parallel experiments to confi rm specifi city. Primer 
sequences are available upon request. 

 Lipolysis assay 
 Differentiated 3T3-L1 adipocytes were incubated in Phenol 

Red-free DMEM with 2% FA-free BSA for 1 h at 37°C in the presence 
or absence of 10  � M isoproterenol. Glycerol content in the media 
was measured colorimetrically at 540 nm using the Triglyceride 

tight control of ATGL expression is necessary for normal 
lipolysis and FFA homeostasis. However, unlike the post-
translational regulation of lipolysis that has been studied 
in much detail (as reviewed in Refs.  7–9 ), relatively little is 
known about regulation of ATGL expression. 

 Mammalian sirtuins represent a group of seven proteins 
(SIRT1 through SIRT7) with NAD + -dependent deacetylase 
activity that controls various aspects of cell growth, divi-
sion, and metabolism by deacetylating histones, transcrip-
tion factors, corepressors, coactivators, cytoplasmic enzymes, 
and mitochondrial proteins ( 24, 25 ). In particular, SIRT1 
plays an important role in the regulation of lipid metabo-
lism both in vitro and in vivo. In cultured adipocytes, 
SIRT1 inhibits adipogenesis and accumulation of triglyc-
erides ( 26 ). Interestingly, SIRT2 has an analogous activity 
in 3T3-L1 adipocytes ( 27, 28 ), suggesting some degree of 
redundancy in SIRT1 and SIRT2 action. In vivo, pharma-
cological activation ( 29 ) or overexpression ( 30 ) of SIRT1 
inhibits diet-induced accumulation of fat and, in fact, 
mimics caloric restriction ( 31 ). In contrast, heterozygous 
SIRT1 +/ �   animals show diminished release of FFA upon 
fasting ( 26 ). These data suggest that SIRT1 controls fat 
storage and mobilization, at least in part by regulating li-
polysis. Therefore, in this study, we decided to explore the 
effect of SIRT1 on lipolysis and its potential mechanism(s). 
Our results demonstrate that SIRT1 regulates the expres-
sion of the rate-limiting lipolytic enzyme, ATGL, and 
hence lipolysis in cultured adipocytes. We also show that 
deacetylation of FoxO1 is essential for this process. 

 MATERIALS AND METHODS 

 Antibodies 
 Polyclonal antibodies against ATGL, SIRT1, perilipin, acety-

lated lysine, peroxisome proliferator-activated receptor  �  (PPAR � ), 
AMPK, and all the phospho-specifi c antibodies were from Cell 
Signaling (Beverly, MA). Polyclonal antibody against FoxO1 and 
4E-BP1 was from Santa Cruz Biotechnology (Santa Cruz, CA). 
Monoclonal antibody against adiponectin was from Abcam (Cam-
bridge, MA). Monoclonal anti-Flag tag antibody and monoclonal 
anti- � -actin antibody were from Sigma (St. Louis, MO). Poly-
clonal antibody against HSL was a gift from Dr. A. Greenberg 
(Tufts University). A rabbit polyclonal antibody against cellu-
gyrin was described previously ( 32 ). Monoclonal anti-V5 tag anti-
body was from Invitrogen. 

 Cell culture 
 Stable 3T3-L1 cell line with decreased expression of SIRT1 was 

prepared using pSUPER-SIRT1 shRNA as described previously 
( 33 ). Cells stably infected with the pSUPER empty vector (EV) 
were used for control experiments. 3T3-L1 cells stably expressing 
Flag-epitope-tagged wild-type SIRT1 or an acetylase-defi cient 
dominant-negative mutant SIRT1 (H363Y) were prepared by ret-
roviral infection. Briefl y, HEK-293T cells were grown to 70% con-
fl uence in 100 mm-diameter dishes, at which stage they were 
transfected with a DNA-FUGENE cocktail consisting of 36  � l 
Fugene 6, 6  � g retrovirus plasmid pBABE-SIRT1, 6  � g pVPack-
VSV-G vector, 6  � g pVPack-GAG-POL vector, and 164  � l DMEM 
without FBS. After 24 h, the medium was replaced with 6 ml fresh 
DMEM containing 10% FBS. On the following day, the culture 
medium containing high-titer retrovirus was harvested and fi ltered 
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were cross-linked to DNA by 18.5% formaldehyde, lysed in SDS lysis 
buffer, and sonicated seven times for 15 s. FoxO1 proteins were then 
immunoprecipitated from the precleared lysates. Protein–DNA 
complexes were eluted, and cross-links were reversed. Purifi ed DNA 
was subjected to PCR using the following primers: 5 ′ -ATCTT-
TAAAAGGCAATTAAGCTG-3 ′  and 5 ′ -TAAGTCCAGGTCTTAGA-
AATGT-3 ′ . Purifi ed DNA was also analyzed by quantitative PCR 
using SYBR Green reaction (Brilliant II SYBR Green qPCR Master 
Mix; Stratagene). For all PCR reactions, 10% input was used. 

 Gel electrophoresis and Western blotting 
 Proteins were separated in SDS-polyacrylamide gels and trans-

ferred to Immobilon-P membranes (Millipore) in 25 mM Tris, 
192 mM glycine. Following transfer, the membrane was blocked 
with 10% nonfat milk in PBS with 0.5% Tween-20 for 2 h. Blots 
were probed overnight with specifi c primary antibodies at 4°C 
followed by 1 h incubation at room temperature with HRP-
conjugated secondary antibodies (Sigma). Protein bands were 
detected with the enhanced chemiluminescence substrate kit 
(PerkinElmer Life Sciences; Boston, MA) using a Kodak Image 
Station 440CF (Eastman Kodak; Rochester, NY). 

 Statistics 
 Student’s paired two-tailed  t -test was used to evaluate the statis-

tical signifi cance of the results. 

(GPO) Reagent Set (Pointe Scientifi c; Canton, MI) against a set 
of glycerol standards. Nonesterifi ed fatty acids (NEFAs) were 
measured colorimetrically at 560 nm using the HR Series NEFA-
HR ( 2 ) kit (Wako Chemicals; Richmond, VA) against a set of 
palmitate standards. Cells were then washed with cold PBS and 
lysed in 1% Triton X-100 buffer, and the protein concentration 
was determined and used to normalize glycerol release. All ex-
periments were carried out in triplicate. 

 Immunoprecipitation 
 Precleared cell lysates (500 µg/sample) were incubated with 

protein A-agarose beads (30 µl/sample) and primary antibody or 
IgG (2 µg/sample) overnight at 4°C with constant rotation. The 
lysates were then centrifuged at 4,000  g  for 1 min, the pelleted 
beads were then washed three times with lysis buffer, and immu-
noprecipitated proteins were eluted from the beads by adding 2× 
sample loading buffer (40 µl/sample). Beads with immunopre-
cipitated proteins were incubated at 95°C for 5 min. After a brief 
centrifugation, the supernatants (immunoprecipitation samples) 
were analyzed by Western blotting. 

 Chromatin immunoprecipitation 
 Chromatin immunoprecipitation (ChIP) studies were carried 

out in 3T3-L1 adipocytes using the EZ-chIP kit (Millipore; Bedford, 
MA) according to the manufacturer’s instructions. Briefl y, proteins 

  Fig.   1.  Knockdown of SIRT1 decreases lipolysis and ATGL expression in 3T3-L1 adipocytes. A: Control 
(EV) and SIRT1-ablated (Sh) 3T3-L1 adipocytes were homogenized on day 10 of differentiation, and total 
lysates (50 µg) were analyzed by Western blotting for the indicated proteins. Cellugyrin and actin were used 
as loading controls. B: Empty vector (EV)-infected and stably depleted SIRT1 (Sh) 3T3-L1 adipocytes on day 
10 of differentiation were incubated in Phenol Red-free DMEM with 2% FA BSA without (basal) or with 
(stimulated) 10  � M isoproterenol (Iso) for 1 h. Glycerol was measured in media aliquots in triplicate and 
normalized by protein concentration in whole-cell lysates. A representative result of three independent ex-
periments is shown. Data are presented as nM glycerol/mg of protein/h and expressed as mean ± SD; 
*  P  < 0.05. C: Release of NEFA was measured in triplicate samples from the EV and Sh cells for the indicated 
time periods and normalized by protein concentration in whole-cell lysates. Data are expressed as mean ± SD; 
* P  < 0.05; **  P  < 0.001. D: Relative band intensities for ATGL and HSL in EV (black bars) and Sh (white bars) 
cells were determined in three independent experiments and normalized by cellugyrin. Data are presented 
relative to nonstimulated EV cells and are expressed as mean ± SD. *  P  < 0.05.   
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expression ( 22, 36–38 ) and lipolysis ( 37 ). It was reported, 
however, that SIRT1 represses PPAR �  by docking with its 
corepressors, NCoR and SMRT ( 26, 33 ), and the inhibi-
tory effect of SIRT1 on PPAR �  activity in vitro may reach 
2-fold ( 26 ). Thus, we decreased levels of PPAR �  in control 
and in SIRT1-ablated adipocytes to  � 50% using siRNA 
technology. As shown in    Fig. 2A  , this had a signifi cant ef-
fect on the expression of the known PPAR �  target, adi-
ponectin ( 39 ). Partial knockdown of PPAR �  also had a 
small negative effect on the expression of the two major 
lipases in adipocytes, ATGL and HSL, regardless of the lev-
els of SIRT1 expression ( Fig. 2A, B ). Lipolysis in adipo-
cytes with partial knockdown of PPAR �  showed a tendency 
to decrease, although the numbers did not always reach 
statistical signifi cance ( Fig. 2C ). These results confi rm that 
PPAR �  has a positive effect on ATGL expression. Thus, 
inhibition of PPAR �  can explain the inhibitory role of 
SIRT1 in adipogenesis ( 26 ) but cannot account for stimu-
lation of lipolysis in differentiated cells. 

 Downregulation of AMPK activity does not play a major 
role in regulation of lipolysis by SIRT1 

 It has been shown previously that SIRT1 activates AMPK 
in HEK293T cells and hepatocytes, presumably by deacety-
lating and promoting the cytoplasmic localization of LKB1 
( 40–42 ). On the basis of these studies, we suggested that in 
SIRT1-depleted cells, the activity of AMPK would be de-
creased. Indeed, we have found that knockdown of SIRT1 
decreases phosphorylation of AMPK and its substrate, 
acetyl-CoA carboxilase (  Fig. 3A  ). Because AMPK may partici-
pate in the regulation of lipolysis in adipocytes ( 43 ), we de-
cided to explore this connection further. 

 To this end, we established a line of cultured adipocytes 
that express the Flag-tagged dominant negative (DN)  � 1 
catalytic subunit (D157A) of AMPK under the control of 
an inducible TET-OFF lentiviral expression system. As is 

 RESULTS AND DISCUSSION 

 Knockdown of SIRT1 decreases lipolysis and ATGL 
expression in adipocytes 

 To determine the role of SIRT1 in lipolysis, its expression 
was signifi cantly attenuated by constitutive production of a 
SIRT1-shRNA in 3T3-L1 adipocytes employing a retroviral 
vector as described previously ( 33 ). It has been reported 
that overexpression of SIRT1 attenuates differentiation of 
3T3-L1 adipocytes ( 26 ). In agreement with this study, we 
have found that knockdown of SIRT1 somewhat accelerates 
differentiation, so that the cells acquire fat droplets 1–1.5 
days earlier than control empty vector-infected cells (not 
shown). Nonetheless, by day 8–10 of differentiation, con-
trol cells “catch up” with SIRT1-depleted cells, as evidenced 
by equal levels of expression of adipogenic markers such as 
PPAR � , perilipin, Glut4, and adiponectin  (  Fig. 1A  ) ( 33 ). 

 In agreement with results obtained in vivo ( 26 ), we have 
found that knockdown of SIRT1 decreases rates of basal 
and isoproterenol-stimulated lipolysis in cultured adipo-
cytes ( Fig. 1B,C ). To get insight into this effect, we have 
measured the levels of expression of HSL and ATGL. It 
turns out that knockdown of SIRT1 does not affect HSL, 
whereas expression of ATGL is signifi cantly diminished 
( Fig. 1A, D ). This result is consistent with the recent re-
port of Shan et al. ( 35 ), who have determined that knock-
down of Sirt1 in primary porcine adipocytes decreases 
ATGL mRNA. Given the large body of literature showing 
that the rates of lipolysis tightly correlate with ATGL levels, 
we suggest that SIRT1 controls lipolysis by regulating ex-
pression of ATGL. In the following experiments, we de-
cided to explore the potential mechanisms of this effect. 

 The role of PPAR �  in SIRT1-regulated 
expression of ATGL 

 One possible connection between SIRT1 and ATGL 
may be PPAR � , which has been shown to stimulate ATGL 

  Fig.   2.  PPAR �  upregulates ATGL independently of SIRT1 expression. A: Control (EV) and SIRT1-ablated 
(Sh) 3T3-L1 adipocytes were transfected with 30 nM of scrambled (sc) RNA or siRNA directed against mouse 
PPAR �  (si-P � ) on day 8 of differentiation. After 48 h, cells were homogenized and total lysates (50 µg) were 
analyzed by Western blotting. B: Relative band intensities for ATGL (gray bars), HSL (white bars), and 
PPAR �  (black bars) were determined in three independent experiments and normalized by cellugyrin. C: 
Control (EV) and SIRT1-ablated (Sh) 3T3-L1 adipocytes were transfected with scrambled (sc, black bars) 
RNA or siRNA directed against mouse PPAR �  (si-P � , gray bars). Glycerol was measured in media aliquots 
without (basal) or with (stimulated) 10  � M isoproterenol (Iso) for 2 h. A representative result of three inde-
pendent experiments is shown. Data are presented as nM glycerol/mg of protein/h and expressed as mean ± 
SD. NS, not signifi cant. *  P  < 0.05; **  P  < 0.001.   
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For example, Gaidhu et al. ( 46 ) have recently shown that 
activation of AMPK has antagonistic effects on HSL and 
ATGL. This mechanism should minimize the overall effect 
of AMPK on glycerol release from adipocytes. It is also 
clear that lipolysis affects AMPK activity as well ( 44 ), add-
ing another level of complexity to the potential role of 
AMPK in lipolysis. In any case, and regardless of the poten-
tial mechanism or lack thereof, our results suggest that 
inhibition of AMPK activity by  � 50% may not represent a 
major factor in regulation of lipolysis in adipocytes. 

 The role of FoxO1 in SIRT1-regulated 
expression of ATGL 

 One of the well-known direct targets of SIRT1 is FoxO1, 
which is activated by deacetylation ( 49–52 ). Because we 
have recently demonstrated that FoxO1 directly stimulates 
expression of ATGL and lipolysis in adipocytes ( 21 ), we 
decided to test the hypothesis that SIRT1 controls lipolysis 

shown in supplementary  Fig. I , withdrawal of doxycycline 
from the cell medium leads to the induction of the Flag-
tagged DN  �  subunit, increasing total AMPK �  levels in the 
cell by  � 50–80%. Correspondingly, phosphorylation of 
AMPK and the AMPK substrate, ACC, is decreased by 
 � 50% ( Fig. 3B ). However, reduction of AMPK activity in 
our cell model has virtually no effect on either expression 
of ATGL and HSL or on phosphorylation of HSL on the 
critical residue, Ser565 ( Fig. 3B ). The rates of basal and 
isoproterenol-stimulated lipolysis also do not change sig-
nifi cantly ( Fig. 3C ). 

 The role of AMPK in the regulation of lipolysis has been 
controversial, inasmuch as different groups have reported 
both lipolytic and anti-lipolytic activity of AMPK ( 43–48 ). 
The reasons for this controversy are not yet clear. Because 
AMPK may regulate various aspects of lipid metabolism 
and, in particular, biosynthesis and oxidation of FAs ( 43 ), 
its effect on lipolysis may be indirect and multifactorial. 

  Fig.   3.  Decrease in AMPK activity in SIRT1-depleted adipocytes does not affect lipolysis. A: Left panels, 
control (EV) and SIRT1-ablated (Sh) 3T3-L1 adipocytes on day 10 of differentiation were serum starved for 
2 h, and total cell lysates (50 µg) were analyzed by Western blotting. Actin was used as a loading control. A 
representative result of four independent experiments is shown. Right panel, relative band intensities for 
phosphorylated AMPK in EV (black bar) and Sh (white bar) cells were determined in four independent 
experiments and normalized by total AMPK. *  P  < 0.05. B: Left panels, 3T3-F442a cells stably expressing 
AMPK DN � 1 under the control of tetracycline responsive element were differentiated in the presence of 
2 µg/ml doxycycline (Dox+) for 6 days. Doxycycline was then withdrawn for 2 days (Dox � ). On day 8, cells 
were serum starved for 2 h, and the total cell lysates were analyzed by Western blotting. A representative re-
sult of three independent experiments is shown. Right panels, relative band intensities for phosphorylated 
ACC, phosphorylated HSL and total ATGL in Dox+ (black bars) and Dox �  (white bars) cells were deter-
mined in three independent experiments and normalized by actin, HSL, and actin, respectively. **  P  < 0.001. 
C: Glycerol (left panel) and NEFA (right panel) released from 3T3-F442a cells stably expressing AMPK 
DN � 1 incubated with (Dox+, black bars) or without (Dox � , white bars) doxycycline were measured in the 
media on day 8 of differentiation. For experimental details, see legend to  Fig. 1 . Data are presented relative 
to the nonstimulated Dox+ cells and are expressed as mean ± SD. NS, not signifi cant. A representative result 
of three to fi ve independent experiments is shown.   
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(not shown). We attribute this to the fact that quantitative 
PCR is a more sensitive and accurate technique in com-
parison to semi-quantitative Western blotting. 

 In any case, our results show that SIRT1 controls the 
acetylation status and functional activity of FoxO1, as well 
as ATGL expression in adipocytes. Given that FoxO1 binds 
to and regulates the activity of the ATGL promoter ( 21 ), 
we suggest that FoxO1 mediates the effect of SIRT1 on 
ATGL gene transcription. To confi rm this regulatory 
connection, we carried out several experiments. First, we 
cotransfected HEK293T cells with a luciferase reporter 
construct containing the ATGL promoter ( 22 ) together 
with FoxO1 and SIRT1 cDNA in different combinations. 
In agreement with previously published results ( 21 ), 
FoxO1 increases expression of luciferase  � 7-fold, whereas 
cotransfection with SIRT1 increases the stimulatory effect 
of FoxO1 on the ATGL promoter even further  (  Fig. 5A  ). 
We have confi rmed this result in mouse embryonic fi bro-
blasts (MEFs) that do not express FoxO1 endogenously ( Fig. 
5B ). In the absence of FoxO1, transfection of SIRT1 into 
wild-type MEFs has no effect on the activity of the ATGL 
promoter ( Fig. 5C ). Stable transfection of FoxO1 into 
MEFs ( 21 ) not only increases levels of endogenous ATGL 
( Fig. 5B ) but also confers SIRT1 responsiveness to the 
ATGL promoter ( Fig. 5C ). 

via FoxO1-mediated stimulation of ATGL expression. We 
immunoprecipitated FoxO1 from control and SIRT1-
depleted cells and showed, by Western blotting with anti-
acetylated lysine antibodies, that acetylation of FoxO1 is 
dramatically increased in the latter  (  Fig. 4A  ). Phosphoryla-
tion of FoxO1 on T24 and S253 is also increased in SIRT1-
ablated cells ( Fig. 4B ). Phosphorylation of these sites 
inhibits the functional activity of FoxO1 ( 52 ); correspond-
ingly, we have found that expression of ATGL mRNA as 
well as mRNAs for several other FoxO1 target genes, such 
as 4E-BP1, SOD2, and PCK1, are suppressed by knock-
down of SIRT1 ( Fig. 4C ). 

 To confi rm the role of SIRT1 in regulating ATGL 
expression, we stably expressed wild-type SIRT1, as well as 
a deacetylase-defective dominant-negative mutant, each 
tagged with the Flag epitope in 3T3-L1 adipocytes (see 
supplementary  Fig. IIA ). Using quantitative PCR, we found 
that expression of ATGL mRNA is increased in response 
to overexpression of SIRT1 and decreased by the mutant 
protein (see supplementary  Fig. IIB ). In parallel, we deter-
mined that overexpression of wild-type SIRT1 decreases 
specifi c acetylation (see supplementary  Fig. IIC ) and neg-
ative phosphorylation (see supplementary  Fig. IID ) of 
FoxO1. In these experiments, however, we were unable to 
detect statistically signifi cant changes in the ATGL protein 

  Fig.   4.  Knockdown of SIRT1 leads to acetylation and inhibition of FoxO1 in adipocytes. A: Control (EV) 
and SIRT1-ablated (Sh) 3T3-L1 adipocytes on day 10 of differentiation were serum starved for 4 h, and 
FoxO1 was immunoprecipitated from the whole-cell lysates (500 µg). Proteins were eluted from the beads, 
and acetylated FoxO1 was analyzed by Western blotting with an antibody against acetylated lysine (Ac-Lys). 
Input lane shows 50 µg of the total cell lysates. B: Left panel, control (EV) and SIRT1-ablated (Sh) 3T3-L1 
adipocytes on day 10 of differentiation were serum starved for 2 h, and total cell lysates (50 µg) were analyzed 
by Western blotting with the indicated antibodies. Right panel, relative band intensities for phosphorylated 
FoxO1 in EV (black bar) and Sh (white bar) cells were determined in three independent experiments and 
normalized by total FoxO1. Data are expressed as mean ± SD relative to the EV cells. *  P  < 0.05. C: Levels of 
mRNA in control (EV, black bars) and SIRT1-ablated (Sh, white bars) adipocytes were determined in tripli-
cate by quantitative PCR and normalized by GAPDH mRNA levels. Data are expressed as mean ± SD relative 
to the expression levels in EV cells. 4E-BP1, eIF4E binding protein 1; SOD2, superoxide dismutase 2; PCK1, 
phosphoenolpyruvate carboxykinase 1. *  P  < 0.05; **  P  < 0.001.   
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 The effect of food restriction on ATGL expression has 
been documented earlier ( 11, 17, 22, 23 ). Our previous 
work showed that both inhibition of mTORC1 ( 20 ) and 
activation of FoxO1 ( 21 ) also increase ATGL expression 
and lipolysis and may thus mimic the effect of calorie re-
striction. Here, we demonstrate that the effect of SIRT1 
on fat mobilization ( 26, 31 ) may be attributed, at least in 
part, to the deacetylation of FoxO1 and a corresponding 
increase in ATGL expression. Thus, all pathways presently 
known to extend life activate ATGL expression and lipoly-
sis in adipocytes and reduce TG stores. Given that deple-
tion of fat reserves by lipolysis may represent an 
evolutionarily conserved longevity signal ( 61, 62 ), we 
speculate that ATGL may represent the “life-extending 
lipase” postulated by Cynthia Kenyon ( 57 ) in a recent re-
view.  

 The authors would like to thank Drs. Carling, Greenberg, and 
Smas for their generous gifts of reagents. 

 In addition, we have performed ChIP analysis on con-
trol and SIRT1-depleted adipocytes and demonstrated that 
knockdown of SIRT1 decreases the interaction of endoge-
nous FoxO1 with the endogenous ATGL promoter ( Fig. 
5D, E ). Taken together, these results suggest that SIRT1 
controls ATGL transcription by deacetylating FoxO1. 

 It may be intriguing to discuss this result in the context 
of lifespan regulation in mammals. At present, a signifi -
cant body of evidence shows the key role of adipose tissue 
in regulating longevity in different organisms ( 53–56 ). 
Multiple experimental fi ndings in both lower eukaryotes 
and mammals have uncovered the following major path-
ways of the extension of healthy life span: caloric restric-
tion, inhibition of mTORC1 signaling, and the activation 
of FoxO1 and SIRT1 ( 57–60 ). The key question is whether 
these pathways have a common downstream effector in 
adipocytes that may be responsible for their effect on lon-
gevity. Here, we put forward a hypothesis that all of these 
pathways converge on the activation of ATGL expression 
and lipolysis. 

  Fig.   5.  SIRT1 increases ATGL promoter activity and regulates binding of FoxO1 to the ATGL promoter. A: 
HEK 293T cells were transiently transfected with  � 2,979/+21 luciferase ATGL promoter construct together 
with enhanced green fl uorescence protein. Cells were cotransfected with either empty vector, SIRT1 or FoxO1, 
or with both SIRT1 and FoxO1 cDNA. After 48 h, cells were washed three times in cold PBS and harvested 
in the reporter lysis buffer. Luciferase activity in cell lysates was assayed as described in MATERIALS AND 
METHODS and normalized by GFP fl uorescence. Data are presented in triplicate as mean ± SD. *  P  < 0.05; NS, 
not signifi cant. A representative result of three independent experiments is shown. B: Control (EV) and 
FoxO1-infected MEFs were homogenized, and total cell lysates (50 µg) were analyzed by Western blotting. 
Actin was used as loading control. C: Control (EV) and FoxO1-infected MEFs were transiently transfected with 
 � 2,979/+21 LUC ATGL promoter construct together with eGFP. Cells were cotransfected with either empty 
vector or SIRT1 cDNA. After 48 h, luciferase activity in cell lysates was assayed and normalized by GFP fl uores-
cence. A representative result of two independent experiments is shown. Data are presented in tripli-
cate as mean ± SD. *  P  < 0.05; NS, not signifi cant. D, E: Chromatin immunoprecipitation assay was performed 
in control (EV) and SIRT1-ablated (Sh) 3T3-L1 adipocytes after 4 h serum withdrawal. Following cross-
linking and sonication, genomic fragments were immunoprecipitated with antibody against FoxO1 or rabbit 
IgG and amplifi ed by PCR (D) or by SYBR green reaction (E) as described in MATERIALS AND METHODS. 
Data are representative of three independent experiments and are expressed as mean ± SD relative to the 
promoter binding in EV cells. *  P  < 0.05.   
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