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Sirtuin family of proteins possesses NAD-dependent deacetylase and ADP ribosyltransferase activities. They are found
to respond to nutrient deprivation and profoundly regulate metabolic functions. We have previously reported that caloric
restriction increases the expression of one of the seven mammalian sirtuins, SIRT2, in tissues such as white adipose tissue.
Because adipose tissue is a key metabolic organ playing a critical role in whole body energy homeostasis, we went on to
explore the function of SIRT2 in adipose tissue. We found short-term food deprivation for 24 h, already induces SIRT2
expression in white and brown adipose tissues. Additionally, cold exposure elevates SIRT2 expression in brown
adipose tissue but not in white adipose tissue. Intraperitoneal injection of a �-adrenergic agonist (isoproterenol)
enhances SIRT2 expression in white adipose tissue. Retroviral expression of SIRT2 in 3T3-L1 adipocytes promotes
lipolysis. SIRT2 inhibits 3T3-L1 adipocyte differentiation in low-glucose (1 g/l) or low-insulin (100 nM) condition.
Mechanistically, SIRT2 suppresses adipogenesis by deacetylating FOXO1 to promote FOXO1’s binding to PPAR� and
subsequent repression on PPAR� transcriptional activity. Overall, our results indicate that SIRT2 responds to nutrient
deprivation and energy expenditure to maintain energy homeostasis by promoting lipolysis and inhibiting adipocyte
differentiation.

INTRODUCTION

Sirtuin family of proteins possess NAD-dependent deacety-
lase and ADP ribosyltransferase activities (Frye, 1999). They
regulate many biological functions, such as longevity and
metabolism (Guarente, 2006; Michan and Sinclair, 2007).
SIRT2 is the mammalian ortholog of the yeast Hst2 gene,
which has been shown to play a complementary role to the
yeast Sir2 gene in mediating life span extension by caloric
restriction (Lamming et al., 2005). SIRT2 proteins are distrib-
uted throughout the cytoplasm (Yang et al., 2000; North and
Verdin, 2007), mainly colocalizing with microtubules and
functioning as an �-tubulin deacetylase (North et al., 2003).
A recent report showed SIRT2 can transiently migrate to
nuclei in the G2/M transition during mitosis to deacetylate
histone H4Lys16 (Vaquero et al., 2006). SIRT2 plays a role in
the control of G2/M transition, through its increase in ex-
pression and phosphorylation during the G2/M phase. Cells
overexpressing SIRT2 have an extended mitotic phase (Dry-
den et al., 2003). In addition, SIRT2 expression is down-
regulated in gliomas, suggesting a potential role in the con-
trol of cell proliferation (Hiratsuka et al., 2003). We have
previously discovered that the expression of SIRT2 is in-
duced by caloric restriction in several mouse tissues, most
prominently, the white adipose tissue (Wang et al., 2007). In
addition, SIRT2 level is elevated by oxidative stress and
consequently deacetylates FOXO3a to activate FOXO3a-me-

diated anti-oxidative stress response to reduce cellular levels
of reactive oxygen species (Wang et al., 2007).

Adipose tissue plays a major role for regulating metabo-
lism by storing excess energy and mobilizing the stored
lipids for energy supply in case of need. Moreover, adipose
tissue also functions as an endocrine organ, secreting vari-
ous adipokines and cytokines, such as leptin and adiponec-
tin, to influence metabolism (Nawrocki and Scherer, 2005).
Adipose tissue mass is tightly regulated according to nutri-
tional and physiological conditions. Many factors participate
in the up- or down-regulation of adipose tissue formation.
Among these factors, PPAR� transcription factor plays a
central role (Rosen and MacDougald, 2006; Gesta et al.,
2007). Mice deficient of PPAR� gene (Barak et al., 1999;
Kubota et al., 1999; Rosen et al., 1999) or with an adipose
specific deletion of PPAR� (Jones et al., 2005) have adipo-
genesis defects. In addition to PPAR�, C/EBP family of
transcription factors are also major regulators of adipocyte
differentiation (Christy et al., 1989; Lane et al., 1999). On
stimulation with proadipogenic signals, the expression of
C/EBP family of transcription factors and PPAR� are ele-
vated in a sequential manner. They then regulate the expres-
sion of genes associated with the adipocyte phenotype
(Rosen et al., 2002). Conversely, many factors suppress adi-
pogenesis (Rosen and MacDougald, 2006). FOXO1 transcrip-
tion factor is one of those negative regulators found to
inhibit adipogenesis(Dowell et al., 2003; Armoni et al., 2006).

FOXO transcription factors are key component of the in-
sulin/IGF-signaling cascade (Woods and Rena, 2002). This
pathway is pivotal in controlling organism growth and me-
tabolism, it also regulates life span (Daitoku and Fukamizu,
2007). It was found that Caenorhabditis elegans harboring a
mutation of the insulin receptor-like gene daf-2, lives longer.
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This is dependent on the FOXO ortholog daf-16 (Kenyon et
al., 1993). Interestingly, ablation of the insulin receptor gene
just in the adipose is enough to delay aging (Bluher et al.,
2003), indicating the importance of both the insulin-signal-
ing pathway and the adipose in longevity determination.
FOXO family of transcription factors regulate metabolism
(Burgering and Kops, 2002; Accili and Arden, 2004) and
confer stress resistance (Kajihara et al., 2006). In adipose, it
was shown that FOXO1 transcription factor interacted with
PPAR� and negatively regulated its transcriptional activity
(Dowell et al., 2003). FOXO1 can also bind to PPAR� pro-
moter region and suppress PPAR� expression(Armoni et al.,
2006). Meanwhile, FOXO1 up-regulates p21 expression to
suppress adipogenesis by inhibiting clonal expansion at the
early stage of adipocyte differentiation (Morrison and
Farmer, 1999; Nakae et al., 2003).

In this study, we investigated the effect of short-term
fasting and cold exposure on the expression of SIRT2 in
adipose tissues. We also studied the effect of SIRT2 on
3T3-L1 differentiation. We further explored the mechanism
underlying SIRT2’s action on adipogenesis and found that
SIRT2 deacetylates FOXO1 to repress the transcriptional
activity of PPAR�.

MATERIALS AND METHODS

Animals and Reagents
Sixteen-week-old C57BL/6 male mice were fasted for 24 h starting at 6 pm,
followed by 3 or 24 h refeeding. For cold exposure, 4-wk-old C57BL/6 male
mice were exposed to 5°C for 12 h. In addition, 3–4-mo-old C57BL/6 male
mice were exposed to either room temperature at 23 or 27.5°C. Lastly, iso-
proterenol was injected intraperitoneally to 2-wk-old male C57BL/6 mice at a
dose of 10 mg/kg. Saline (0.85%) was used as control. Six hours after injection,
tissues were collected for protein extraction and immunoblotting.

Cell Culture and Differentiation
3T3-L1 preadipocytes were maintained in high-glucose (4.5g/L) DMEM with
10% calf serum. To induce differentiation, 2 d after confluence, cells were
treated for 3 d with DMEM containing either a high (4.5 g/l) or low (1.0 g/l)
concentration of glucose, supplemented with 10% fetal bovine serum (FBS), 1
�M dexamethasone, 0.5 mM isobutyl methyl xanthine (IBMX), and 5 �g/ml
(872 nM) insulin. The cells were then maintained in DMEM with 10% FBS and
5 �g/ml insulin for another 4 d for the high-glucose condition or 6–8 d for the
low-glucose condition. During the differentiation process, media were
changed daily for the low-glucose condition and every other day for high-
glucose condition.

Plasmids
pBabe puro-SIRT2 and pCMV-SIRT2 were previously described (Wang et al.,
2007). pCMV-SIRT2N168A was generated by a PCR-based mutagenesis
(Makarova et al., 2000) with the following primer: 5�-GCGCTGCTACACG-
CAGGCCATAGACACGCTGGAAC-3�.

Transient Transfection
HEK293T cells were cultured in high-glucose DMEM with 10% calf serum.
For transient transfection, 1–5 �g of plasmid DNA was transfected into
six-well plates by the calcium phosphate method (Jordan et al., 1996). Twenty-
four hours after transfection, cells were lysed in RIPA buffer (Wang et al.,
2007).

Retroviral and Lentiviral Infection
Retroviral expression of SIRT2 in 3T3-L1 cells was conducted similarly as
previously described (Shi et al., 2005). Briefly, Bosc23 cells were transfected
with 5 �g pBabe-puro plasmids carrying a SIRT2 or SIRT2N168A mutant by
the calcium phosphate method in T25 flasks. Two days after transfection,
packaged retroviral particles in the supernatant were collected and filtrated
through 0.45-�m filters. Viral suspension (3 ml) were then mixed with 1 ml
culture medium containing 16 �g polybrene to infect 3T3-L1 cells in T25
flasks. Forty-eight hours after infection, 2 �g/ml puromycin was added to the
medium to select for infected cells for 5–7 d.

Lentiviral-mediated SIRT2 short hairpin RNA (shRNA) knockdown 3T3-L1
cells were generated as described in our previous work (Wang et al., 2007).
Packaged lentivirus produced from 293T cells were used to infect 3T3-L1 cell.
Three days later, lentiviral infected 3T3-L1 cells coexpressing green fluores-

cent protein (GFP) were selected by fluorescence-activated cell sorter. SIRT2
knockdown efficiency was confirmed by immunoblotting with anti-SIRT2
antibodies.

Northern Blot Analysis
Total RNA was isolated from cells or tissues using TRIzol Reagent (Invitro-
gen, Carlsbad, CA) following the manufacturer’s instruction. Ten micrograms
of RNA of each sample was separated on 1% agarose gels and then trans-
ferred to nylon membrane. cDNA fragments for mouse SIRT2, PPAR�, adip-
sin, and Glut4 were used as templates to synthesize probes labeled with
[�-32P]dCTP to detect the expression of corresponding genes.

Western Blot Analysis
Cells were lysed in lysis buffer (50 mM Tris, 50 mM KCl, 20 mM NaF, 1 mM
Na3VO4, 10 mM EDTA, 1% NP-40, 10 mM nicotinamide (NAM), 1 mM
tricostatin A (TSA; Cayman, Ann Arbor, MI), 1 mM PMSF, 5 �g/ml leupeptin,
pH 8.0). Protein concentration was determined with BCA protein assay kit
(Pierce, Rockford, IL). Fifteen micrograms of protein of each sample were
separated by 10% SDS-PAGE and electro-transferred to nitrocellulose mem-
brane for immunoblot anaylsis. The following antibodies were used: anti-
SIRT2 (Santa Cruz Biotechnology, Santa Cruz, CA; sc-20966, 1:1000), anti-actin
(Santa Cruz, sc-1616, 1:1000), anti-FOXO1 (Santa Cruz, sc-11350, 1:1000),
anti-PPAR� (Santa Cruz, sc-7196, sc-7273, 1:500), anti-GAPDH (Ambion, Aus-
tin, TX; 4300, 1:500,000), anti-Lamin A/C (Cell Signaling, Beverly, MA; 4056,
1:1000), anti-acetylated lysine (Cell Signaling, 9441, 1:1000), anti-�-tubulin
(Sigma, St. Louis, MO; T5168, 1:100,000), HRP-conjugated anti-mouse (Bio-
Rad, Richmond, CA; 170-6516, 1:3000), anti-rabbit (Bio-Rad, 170-6515, 1:3000),
and anti-rabbit IgG-native (Sigma, R3155, 1:2000) antibodies. In addition,
anti-Flag-HRP (Sigma, A8592, 1:2000) was also used. The SuperSignal West
Pico Chemiluminescent kit (Pierce) was used as substrates.

Immunoprecipitation
Cell lysate (200 �l) was supplemented with 300 �l lysis buffer to get the
appropriate protein concentration and volume. Forty microliters of anti-Flag
M2 agarose affinity gel (Sigma, A2220) were added to the lysate and rocked in
4°C overnight. After washing for five times with lysis buffer, protein was
eluted with 2� loading buffer for Western blot analysis. For endogenous
protein–protein interaction, 10 mg total 3T3-L1 adipocyte lysates were incu-
bated with 4 �g antibodies against SIRT2 or PPAR� overnight and then
captured by 1 ml goat anti-rabbit or goat anti-mouse IgG magnetic beads
(Polysciences, Warrington, PA) for 4 h. After washing four times with lysis
buffer, proteins were eluted with 2� loading buffer for Western blot analysis.

Luciferase Assay
PPAR�-responding luciferase construct PPRE-Luc was transfected into
HEK293T cells along with plasmids expressing the PPAR�, SIRT2, FOXO1, or
FOXO1-3KA mutant using the calcium phosphate method. Renilla luciferase
reporter (pRL-TK) was included as an internal control for transfection effi-
ciency. Eight hours after transfection, cells were treated with PPAR� ligand
rosiglitazone (1 �M) for 15 h. Cells were then lysed, and luciferase activity
was measured with the dual luciferase kit (Promega, Madison, WI) according
to the manufacturer’s instructions. Firefly luciferase activity was normalized
by the Renilla luciferase activity.

Real-Time PCR
Real-time PCR was performed by using FastStart SYBR Green Master reagent
(Roche, Indianapolis, IN) or Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA) according to manufacturer’s instructions. Prim-
ers used were as follows: C/EBP�: AGTCGGTGGACAAGAACAGC and
ACTCCAGCACCTTCTGTTGC; PPAR�: GCTGTTATGGGTGAAACTCT and
TGGCATCTCTGTGTCAACCA; Adipsin: ATGGATGGAGTGACGGATGAC
and ATACCATCGCTTGTAGGGTTCAG; SIRT2: CTCATCAGCAAGGCAC-
CACTAG and CCATCATCATGCCCAGGAA; Cyclophilin: CTGTTTGCA-
GACAAAGTTCCA and AGGATGAAGTTCTCATCCTCA; 18sRNA: AAC-
GAGACTCTGGCATGCTAACTAG and CGCCACTTGTCCCTCTAAGAA.

Cytoplasmic/Nuclear Fractionation
Cytosol and nuclear protein fractionation was performed using the NE-PER
Nuclear and Cytoplasmic Extraction kit (Pierce) according to the manufac-
turer’s instructions.

Lipolysis Assay
3T3-L1 cells with SIRT2 overexpression were stimulated for differentiation in
high-glucose medium for 7 d. Cells were then cultured in medium with or
without insulin for 48 h. Glycerol content in the medium was measured by the
glycerol assay kit (Randox; Crumlin, Co. Antrim, United Kingdom) following
the manufacturer’s instructions. Briefly, 10 �l supernatant of culture was
incubated with 1 ml assay reagent for 5 min at 37°C. The absorbance was
measured by spectrometer at 520 nm.
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Statistics
Statistical significance was determined by the Student’s t test. Differences
between groups were considered statistically significant if p � 0.05.

RESULTS

SIRT2 Expression in Adipose Tissue Is Up-Regulated by
Fasting
Our previous study found an increase of SIRT2 expression
in kidney and adipose tissue when mice were dietary
restricted for 18 mo (Wang et al., 2007). In this study, we
decided to investigate the influence on SIRT2 expression
by shorter-term nutrient deprivation in the form of 24-h
fasting. As shown in Figure 1A, fasting increased SIRT2
mRNA levels as detected by quantitative RT-PCR in white
adipose tissue. SIRT2 protein level is also elevated by 24-h
fasting (Figure 1B). Refeeding for 24 h restored SIRT2
mRNA and protein levels to the baseline. Fasting also
induced the expression of SIRT2 markedly in brown adi-
pose tissues (Supplemental Figure S1). However, this up-
regulation of SIRT2 by fasting was not seen in liver or
skeletal muscle (data not shown).

SIRT2 Expression in Brown Adipose Tissue Is
Up-Regulated by Cold Exposure
Because rodent brown adipose is responsible for cold-
stimulated nonshivering thermogenesis (Lowell and
Spiegelman, 2000; Spiegelman and Flier, 2001), we inves-
tigated the relationship between cold exposure and SIRT2
expression in adipose tissues. The mice were exposed to
5°C temperature for 12 h (Shi et al., 2005). As shown in
Figure 2A, the RNA levels of SIRT2 were increased in
brown adipose by cold exposure. In contrast, the SIRT2

expression level in white adipose tissue is not regulated
by cold (data not shown). When we subjected mice to a
thermo-neutral temperature of 27.5°C for 16 h, we found
that SIRT2 expression in brown adipose tissue was down-
regulated, compared with the mice kept at ambient room
temperature of 23°C (Figure 2B). We also tested the SIRT2
protein levels in brown adipose tissue from mice exposed
to these temperatures. As shown in Figure 2C, SIRT2
protein levels is elevated in brown adipose by cold expo-
sure and dampened in higher ambient temperature. These
results suggest that the expression of SIRT2 in the brown
adipose is regulated in response to environmental tem-
perature.

Figure 1. Fasting induce SIRT2 mRNA and protein expression in
white adipose tissue. (A) C57BL/6 male mice were deprived of
food at the onset of dark cycle (6:00 pm). Twenty-four hours later,
mice were refed for 24 h. SIRT2 mRNA level in white adipose
tissue was examined by real time RT-PCR analysis and normal-
ized by the level of cyclophilin. (B) SIRT2 protein levels in white
adipose from fasted mice were detected by Western blotting,
SIRT2 protein amount was quantified and normalized by actin
level. *p � 0.05; **p � 0.01.

Figure 2. Regulation of SIRT2 expression in brown adipose by
environmental temperature. (A) Four-week-old C57BL/6 male mice
were exposed to 5°C for 3, 6, or 12 h, whereas the control mice were
kept at room temperature (23°C). Northern blot analysis was used
to detect SIRT2 expression in brown adipose. (B) Mice were exposed
to 27.5°C for 16 h, whereas the control mice were kept at 23°C. SIRT2
expression in brown adipose tissue was detected by Northern blot
analysis. Ethidium bromide (EtBr) staining of the RNA was in-
cluded to show the loading and the integrity of samples. (C) SIRT2
protein levels in the brown adipose tissues from mice exposed to 5,
23, or 27.5°C for 16 h were detected by Western blot analysis. SIRT2
protein amount was quantified and normalized by GAPDH levels.
*p � 0.05; **p � 0.01.
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SIRT2 Expression in Adipocytes Is Stimulated by
�-Adrenergic Agonist (Isoproterenol)
Because cold exposure and starvation cause the release of
sympathetic and glucocorticoid hormones, we tested
whether �-adrenergic agonist (isoproterenol) or glucocorti-
coid (dexamethasone) participated in the stimulation of
SIRT2 expression. We treated differentiated 3T3-L1 cells
with isoproterenol and dexamethasone for 6 h. SIRT2 pro-
tein levels were detected by Western blot analysis. As shown
in Figure 3A, isoproterenol treatment elevated SIRT2 protein
level, whereas dexamethasone had no effect. To test if iso-
proterenol elevates SIRT2 protein level in vivo, isoprotere-
nol or saline control was injected into C57BL/6 male mice
intraperitoneally. Six hours after injection, tissues were col-
lected for protein extraction, and SIRT2 protein levels were
detected via Western blot analysis. We found that the ex-
pression of SIRT2 in white adipose tissue is stimulated by
isoproterenol (Figure 3B). These results indicate that SIRT2
expression in adipocytes is stimulated by �-adrenergic ago-
nist but not glucocorticoids.

SIRT2 Increases Lipolysis in Mature Adipocytes
Because SIRT2 expression is specifically regulated in adipose
by fasting and cold exposure, we detected the expression
pattern of SIRT2 during adipocyte differentiation by North-
ern blot analysis. As shown in Figure 4A, SIRT2 expression
was increased when the cells reached confluence. SIRT2
level decreased after the initiation of differentiation, and

gradually increased from day 2, suggesting SIRT2 may play
a role in regulating adipocyte differentiation and function in
mature adipocytes. We established 3T3-L1 cells with consti-
tutive SIRT2 expression using a retroviral system and tested
adipocyte differentiation in the presence of SIRT2 overex-
pression under the conventional differentiation condition
with high glucose (4.5 g/l) and high insulin (5 �g/ml).
Under this condition, adipocyte differentiation was not af-
fected by overexpression of SIRT2 or a SIRT2 deacetylase
mutant with asparagine 168 to alanine substitution (SIRT2-
N168A; Finnin et al., 2001; data not shown). We then mea-
sured lipolysis of these cells, by measuring glycerol release
to the culture medium in the presence or absence of insulin.
As expected, insulin treatment suppressed adipocyte lipol-
ysis, whereas SIRT2 increases glycerol release with or with-
out insulin treatment (Figure 4B).

SIRT2 Inhibits Adipocyte Differentiation
To further investigate the function of SIRT2 in adipocytes,
3T3-L1 cells with SIRT2 knockdown were generated, using
two lentiviral mediated shRNA targeting two different re-
gions of SIRT2. SIRT2 protein level was detected by Western
blot analysis to confirm the down-regulation of SIRT2 in
these cells (Figure 5A). Under conventional adipocyte dif-
ferentiation procedure, where cells were differentiated in
media containing high glucose (4.5 g/l) and high insulin (5
�g/ml, 872 nM), both SIRT2 knockdown cells and vector
control cells were well differentiated and show no difference
(data not shown). It was reported that 3T3-L1 adipocytes
differentiated in the presence of high glucose are insulin
resistant, compared with the cells differentiated in medium
with lower glucose (Lin et al., 2005). Therefore, we con-
ducted adipocyte differentiation in low-glucose medium (5.6
mM, 1 g/l glucose), which is close to the normal physiolog-
ical glucose level. Under this condition, the SIRT2 knock-

Figure 3. Isoproterenol stimulates SIRT2 expression in 3T3-L1 adi-
pocytes and adipose tissue. (A) 3T3-L1 cells are differentiated ac-
cording to standard protocol with high-glucose (4.5 g/l) and high-
insulin (5 �g/ml) medium. Differentiated 3T3-L1 cells were treated
with 10 �M isoproterenol or 1 �M dexamethasone for 6 h, and
SIRT2 protein levels were detected by Western blotting. (B) Twenty-
one-week-old C57BL/6 male mice were injected with 10 mg/kg
isoproterenol intraperitoneally. Saline (0.85%) was used as the con-
trol. Six hours after injection, white adipose tissue was collected for
protein extraction. SIRT2 expression was detected via Western blot-
ting. **p � 0.01.

Figure 4. SIRT2 increases lipolysis in mature adipocytes. (A)
3T3-L1 cells are differentiated according to standard protocol with
high-glucose (4.5 g/l) and high-insulin (5 �g/ml) medium. RNA
was isolated at indicated time points with the initiation of differen-
tiation by adding differentiation medium as day 0. The mRNA
levels of SIRT2 were detected by Northern blot analysis. (B) 3T3-L1
cells with retroviral-mediated SIRT2 expression were established.
These cells were differentiated with standard high-glucose, high-
insulin medium. Glycerol release in the culture medium with or
without insulin treatment from differentiated 3T3-L1 cells was mea-
sured. The SIRT2 protein levels in these cells were shown in the
inset. V, vector control cells. *p � 0.05; **p � 0.01.
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down 3T3-L1 cells differentiated better than the vector con-
trol cells. Oil red-O staining of the differentiated cells
revealed SIRT2 knockdown cells accumulated more lipid
than vector control cells (Figure 5B). In addition, SIRT2
knockdown cells also had higher expression of markers of
adipocyte differentiation, such as Glut4, PPAR�, and adipsin
as detected by Northern blot analysis (Figure 5C) and
C/EBP�, PPAR� and adipsin as detected by quantitative
RT-PCR (Figure 5D). However, SIRT2-overexpressing cells
showed no difference in terms of adipogenesis, compared
with vector control cells, when differentiated with either
high- or low-glucose medium (data not shown). A recent
study (Jing et al., 2007) reported that SIRT2 overexpression
inhibits 3T3-L1 cell differentiation in high-glucose medium
(4 g/l) with low-insulin concentration (100 nM). Therefore,
we repeated the differentiation of 3T3-L1 cells with SIRT2
knockdown or SIRT2 overexpression under a similar condi-
tion (4.5 g/l glucose and 100 nM insulin). We confirmed that
under this condition, SIRT2 knockdown promotes adipo-
genesis (Supplemental Figure S2A), whereas SIRT2 over
expression inhibits 3T3-L1 differentiation (Supplemental
Figure S2B). In addition, we found SIRT2 deacetylase mu-
tant SIRT2-N168A lose this effect (Supplemental Figure S2B),
suggesting SIRT2 deacetylase activity is required for its ac-
tion. Furthermore, PPAR� agonist rosiglitazone rescues adi-
pocyte differentiation in SIRT2 over expressing cells, imply-
ing that SIRT2 inhibits adipogenesis through repression of
the key adipogenic factor PPAR� (Supplemental Figure
S2B). Comparing adipocyte differentiation under various
conditions, we conclude that SIRT2’s inhibitory effect on
adipocyte differentiation can be abrogated by high-insulin or
high-glucose concentration or rescued by PPAR� ligand
treatment.

SIRT2 Deacetylates FOXO1
Because we have found SIRT2 deacetylates FOXO3a (Wang
et al., 2007) and it was known that FOXO1 regulates adipo-
genesis (Nakae et al., 2003), it is likely that SIRT2 also
deacetylates FOXO1 to regulate its function. To investigate

SIRT2 interaction with FOXO1, we transfected 293T cells
with FOXO1 and SIRT2-Flag. SIRT2 proteins were immuno-
precipitated with anti-Flag agarose beads. FOXO1 interac-
tion with SIRT2 protein was detected by immunoblot anal-
ysis with anti-FOXO1 antibodies. As shown in Figure 6A,
FOXO1 is coimmunoprecipitated with SIRT2-Flag. Further-
more, we express Flag-FOXO1 with SIRT2 in 293T cells, after
immunoprecipitation of FOXO1 by anti-Flag agarose beads,
FOXO1 acetylation levels were detected by anti-acetylated
lysine antibodies. As shown in Figure 6B, FOXO1 acetylation
level is decreased in SIRT2 coexpressing cells, suggesting
that SIRT2 deacetylates FOXO1. To detect endogenous in-
teraction between SIRT2 and FOXO1 in adipocytes, we im-
munoprecipitated SIRT2 from 3T3-L1 adipocyte lysate, and
the presence of FOXO1 in the precipitate can be detected by
anti-FXOX1 Western blot analysis (Figure 6C). Furthermore,
in 3T3-L1 adipocytes with SIRT2 knocking down, endoge-
nous FOXO1 acetylation level is elevated (Figure 6D). These
results indicate SIRT2 binds and deacetylates FOXO1 in
adipocytes.

Deacetylation of FOXO1 by SIRT2 Increases Its Binding
to PPAR�

It was reported that FOXO1 binds to PPAR� and inhibits its
transcriptional activity (Dowell et al., 2003). However, it was
not known whether the acetylation modification of FOXO1
affects its interaction with PPAR�. To this end, HEK293 cells
were transfected with Flag-FOXO1 and PPAR�, together
with SIRT2 or SIRT2-N168A deacetylase mutant. Cell lysates
were collected and flag-tagged FOXO1 proteins were immu-
noprecipitated with anti-Flag antibodies conjugated to aga-
rose beads. As shown in Figure 7A, in the presence of
wild-type SIRT2 expression, FOXO1 acetylation level is de-
creased, whereas the interaction between PPAR� and Flag-
FOXO1 is increased. SIRT2 deacetylase mutant SIRT2-
N168A loses the ability to promote the interaction between
PPAR� and FOXO1, indicating deacetylation of FOXO1 is
important for its ability to bind to PPAR�. To test if modu-
lating FOXO1 acetylation affects endogenous FOXO1–

Figure 5. SIRT2 regulates 3T3-L1 adipocyte differenti-
ation. (A) 3T3-L1 cells with SIRT2 shRNA knockdown
were generated and SIRT2 knockdown efficiency was
detected by Western blot analysis. (B) 3T3-L1 cells with
SIRT2 knockdown were stimulated and differentiated in
low-glucose DMEM (1 g/l glucose) for 8 d. Lipid accu-
mulation in cells was visualized by Oil red O staining.
Top panel, photograph of cells in a six-well plate. Bot-
tom panel, micrograph of representative areas of corre-
sponding cells. (C) The expression of adipocyte markers
(adipsin, PPAR�, and Glut4) in SIRT2 knockdown cells
differentiated as in B for indicated days was detected by
Northern blot analysis. (D) The expression of adipocyte
markers (C/EBP�, adipsin, and PPAR�) in SIRT2
knockdown cells differentiated for 6 d were detected by
real-time PCR. V, vector control cells. R1 and R2, cells
expressing two different shRNA against SIRT2.
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PPAR� interaction in adipocytes, we treated 3T3-L1 adipo-
cytes with sirtuin inhibitor nicotinamide. We found the
interaction between FOXO1 and PPAR� is reduced upon
nicotinamide treatment (Figure 7B), supporting the notion
that acetylation of FOXO1 diminishes its binding to PPAR�
in adipocytes. Nicotinamide inhibits not only SIRT2, but also
other sirtuins, including SIRT1, which was also shown to be
able to deacetylate FOXO1 (Daitoku et al., 2004; Motta et al.,
2004; Yang et al., 2005). Because it was found that the ex-
pression of SIRT2 is more abundant than SIRT1 in white
adipose tissue (Jing et al., 2007), SIRT2 is more likely to play
a major role.

In agreement with the finding that SIRT2 promotes
FOXO1 binding to PPAR�, PPAR� transcriptional activity
was reduced in the presence of SIRT2, revealed by luciferase
assay experiments using PPAR response element (PPRE)-
driven luciferase reporter construct (Figure 7C). Further-
more, the FOXO1–3KA mutant, which has the lysine resi-
dues at 242, 245, and 262 substituted with alanines and
mimicking the acetylated form of FOXO1 (Matsuzaki et al.,
2005), lose the ability to inhibit PPAR�, indicating deacety-
lation of FOXO1 is required for its repression on PPAR�
(Figure 7D). These results suggest that SIRT2 deacetylation
of FOXO1 directly increases its repressive binding to
PPAR�. As PPAR� is a key proadipogenic factor, SIRT2 may
inhibit adipogenesis through the FOXO1-mediated repres-
sion on PPAR�.

DISCUSSION

We have previously reported that caloric restriction stimu-
lates SIRT2 expression in adipose tissue and kidney. Here

we have found SIRT2 expression in adipose tissue also re-
sponded to short-term nutrient deprivation (24-h fasting) or
cold exposure. These conditions may trigger many physio-
logical responses in tissues to cope with nutritional or envi-
ronmental changes. Among them, hormonal changes play
important roles. Fasting and cold exposure increase the se-
cretion of both adrenergic and glucocorticoid hormones. We
found isoproterenol, but not dexamethasone, stimulated
SIRT2 expression in cultured 3T3-L1 adipocytes, indicating
SIRT2 expression is regulated by catecholamine but not
glucocorticoids. Furthermore, we have demonstrated that
intraperitoneal injection of isoproterenol also elevated SIRT2
level in white adipose, confirming the regulation of SIRT2
expression by adrenergic signaling in vivo.

Our findings demonstrate that SIRT2 level in adipose
tissue is regulated by fasting and environmental tempera-
ture changes. SIRT2 suppresses adipogenesis, fitting the sce-
nario that during times of energy deficiency (caloric restric-
tion or fasting) or energy needs (cold exposure), SIRT2
expression is elevated in adipose to promote fuel availabil-
ity, as we have found that SIRT2 increases adipocyte lipol-
ysis. This implies SIRT2 level changes in adipose tissues in
response to food availability and seasonal environmental
changes may result in the regulation of adipose function.

The inhibitory effect of SIRT2 on adipocyte differentiation
is only shown when the cells are differentiated under low-
glucose or low-insulin conditions. The reason for this is not
clear at this point. Given the fact that SIRT2 expression is
induced in adipose by caloric restriction (Wang et al., 2007)

Figure 6. SIRT2 interacts with FOXO1 and deacetylates FOXO1.
(A) HEK293 cells were transiently transfected with FOXO1, SIRT2-
Flag, or both by the calcium phosphate method. Forty hours after
transfection, cells were lysed, and SIRT2-Flag proteins were immu-
noprecipitated with agarose beads and conjugated with anti-Flag
antibodies. The precipitated proteins were washed five times and
analyzed by Western blotting as indicated. IP, immunoprecipita-
tion. IB, immunoblotting. (B) HEK293 cells were transfected with
Flag-FOXO1 and SIRT2. Cells were treated with 1 �M tricostatin A
(TSA) for 2 h before harvest. Flag-FOXO1 was immunoprecipitated
with anti-Flag beads, and acetylated FOXO1 was detected with
anti-acetylated lysine antibodies. (C) Endogenous SIRT2 in 3T3-L1
adipocyte lysate was immunoprecipitated with anti-SIRT2 anti-
body, and coprecipitation of FOXO1 was detected by Western blot
assay. (D) SIRT2 knockdown or vector control adipocytes were
treated with 1 �M TSA for 2 h. Cells were lysed and endogenous
FOXO1 was immunoprecipitated with anti-FOXO1 antibodies, and
the acetylation level was detected by anti-acetyl lysine antibodies.
AcK, acetylated lysine.

Figure 7. SIRT2 increases FOXO1 repressive binding to PPAR�.
(A) HEK293T cells were transfected with Flag-FOXO1 and pSV-
PPAR�, pCMV-SIRT2, or pCMV-SIRT2N168A. Cells were treated
with 1 �M tricostatin A for 4 h before harvest. FOXO1 was immu-
noprecipitated with anti-Flag beads. Coprecipitation of PPAR� was
detected with anti-PPAR� antibodies. IP, immunoprecipitation; IB,
immunoblotting. (B) Differentiated 3T3-L1 adipocytes were treated
with 5 mM nicotinamide (NAM) for 4 h. Interaction between
FOXO1 and PPAR� was detected by immunoprecipitation of
PPAR� followed by anti-FOXO1 Western blot analysis. The levels
of FOXO1 in the lysates were also examined by direct Western
blot analysis. (C) HEK293T cells were transfected with PPRE-
Luciferase construct, together with pSV-PPAR� and SIRT2. Cells
were harvest for luciferase assay as described in Materials and
Methods. (D) HEK293T cells were transfected with PPRE-Lucif-
erase, PPAR�, and FOXO1 or FOXO1-3KA. Luciferase activity
was measured. *p � 0.05.
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and fasting, it is possible that SIRT2’s enzymatic activity is
only activated under low-glucose or low-insulin states. On
the other hand, we found the overall adipocyte differentia-
tion rate is lower with either low glucose or low insulin. It is
possible that the 3T3-L1 cells are already maximally differ-
entiated under the high-glucose and high-insulin condition
that the SIRT2 knockdown is not able to further enhance
adipocyte differentiation. When 3T3-L1 cells are differenti-
ated in a less optimal condition with low-glucose or low-
insulin medium, SIRT2 knockdown is able to show its effect
on adipogenesis. As for cells with SIRT2 over expression,
high glucose or high insulin may abrogate the action of
SIRT2 on adipogenesis.

A previous publication has demonstrated FOXO1 binds to
PPAR� and inhibits its transcription activity (Dowell et al.,
2003). In addition, FOXO1 was also found to inhibit PPAR�
gene promoter in primary adipocytes (Armoni et al., 2006).
Our result furthered these findings by identifying FOXO1
deacetylation as a necessary step for FOXO1’s repressive
interaction with PPAR�. Under our experiment condition,
SIRT2 decreases the acetylation level of FOXO1 and in-
creases its binding to PPAR� (Figure 7A), without affecting
FOXO1 subcellular localization (Supplemental Figure S3).
The interaction of FOXO1 and PPAR� happens endog-
enously in 3T3-L1 adipocytes and sirtuin inhibitor nicotin-
amide treatment diminishes this interaction in 3T3-L1 adi-
pocytes (Figure 7B). Furthermore, we found PPAR� ligand
(rosiglitazone) treatment rescued adipocyte differentiation
in SIRT2-overexpressing cells (Supplemental Figure S2B),
supporting our hypothesis that SIRT2 inhibits adipogenesis
through the inhibition of PPAR�.

It is interesting to note that SIRT2 and SIRT1 share a
similar function in adipose tissue. It was revealed that ca-
loric restriction elevates SIRT1 level in several rat tissues,
including adipose tissue, brain, liver, and kidney (Cohen et
al., 2004). In adipose tissue, SIRT1 attenuates adipogenesis
and promotes lipolysis (Picard et al., 2004). As SIRT1 is
already known to deacetylate FOXO1, the SIRT1 function in
inhibiting adipocyte differentiation may also be mediated by
regulation of FOXO1—PPAR� interaction.

Dietary caloric restriction delays aging and the onset of
age-related diseases, including obesity, diabetes (Hansen
and Bodkin, 1993), tumors (Fernandes et al., 1976; Sarkar et
al., 1982), kidney diseases (Fernandes and Good, 1984), and
several types of neurodegenerative disorders (Duan and
Mattson, 1999; Duan et al., 2003; Mattson, 2003). The under-
lying mechanism is not clear. It is conceivable that the met-
abolic changes rendered by caloric restriction may mediate
the beneficial effects on delaying aging and the on set of
age-related diseases. It was shown that sirtuins mediate the
action of caloric restriction in lower organisms, such as
yeast, C. elegans and Drosophila (Kaeberlein et al., 1999; Tis-
senbaum and Guarente, 2001; Wood et al., 2004; Lamming et
al., 2005). In addition, we and others have shown that the
expression of mammalian sirtuins is also responsive to ca-
loric restriction (Cohen et al., 2004; Shi et al., 2005; Wang et
al., 2007). Therefore, sirtuins may mediate the action of
caloric restriction in higher organisms. The metabolic regu-
lation function of SIRT2 described here and similar functions
for other sirtuins (Picard et al., 2004; Shi et al., 2005) may be
the obligatory pathways underlying caloric restriction’s ef-
fect on aging.
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