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Objective: The hypothalamus is the brain center that controls the energy balance. Anorexigenic proopio-

melanocortin (POMC) neurons and orexigenic AgRP neurons in the arcuate nucleus of the hypothalamus

plays critical roles in energy balance regulation. FoxO1 is a transcription factor regulated by insulin signaling

that is deacetylated by Sirt1, a nicotinamide adenine dinucleotide- (NAD1-) dependent deacetylase. Over-

expression of insulin-resistant constitutively-nuclear FoxO1 (CN-FoxO1) in POMC neurons leads to obesity,

whereas Sirt1 overexpression in POMC neurons leads to leanness. Whether overexpression of Sirt1 in

POMC neurons could rescue the obesity caused by insulin-resistant CN-FoxO1 was tested here.

Methods: POMC neuron-specific CN-FoxO1/Sirt1 double-KI (DKI) mice were analyzed.

Results: The obese phenotype of CN-FoxO1 KI mice was rescued in male DKI mice. Reduced O2 con-

sumption, increased adiposity, and fewer POMC neurons observed in CN-FoxO1 mice were rescued in

male DKI mice without affecting food intake and locomotor activity. Sirt1 overexpression decreased

FoxO1 acetylation and protein levels without affecting its nuclear localization in mouse embryonic fibro-

blasts and hypothalamic N41 cells.

Conclusions: Sirt1 rescues the obesity induced by insulin-resistant CN-FoxO1 in POMC neurons of male

mice by decreasing FoxO1 protein through deacetylation. Sirt1 ameliorates obesity caused by a genetic

model of central insulin resistance.
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Introduction
Since 1980, the prevalence of obesity has nearly doubled worldwide

and threefold in the adolescents in the United States (1). Obesity

results from an imbalance between energy intake and energy expendi-

ture. The hypothalamus is the key brain region for controlling energy

balance, and the central melanocortin system plays a crucial role.

Proopiomelanocortin (POMC) neurons secrete a-melanocyte stimulat-

ing hormone (a-MSH), which suppresses food intake and increases

energy expenditure by activating the melanocortin type-3 receptor

(MC3R) and the melanocortin type-4 receptor (MC4R) (2). Agouti-

related protein (AgRP) is an inverse agonist for MC3R and MC4R that

increases food intake and suppresses energy expenditure.

Insulin signaling in the hypothalamus contributes to the energy bal-

ance regulation. The forkhead box-containing protein of the O sub-

family (FoxO)1 is a downstream transcription factor for insulin sig-

naling, and it is inactivated by the insulin signaling through

phosphorylation by Akt (3). FoxO1 in the hypothalamus increases

food intake (4,5). Overexpression of insulin-resistant (phosphoryla-

tion mutant) constitutively-nuclear FoxO1 (CN-FoxO1) in POMC

neurons results in obesity and hyperphagia (6). Conversely, Foxo1
ablation in POMC neurons results in decreased food intake (7,8).

Sirt1 is a protein deacetylase with numerous substrates and improves

insulin sensitivity (9). Sirt1 deacetylates FoxO1, enhances FoxO1

ubiquitination, and decreases FoxO1 protein levels (10). Along with

insulin signaling, leptin signaling is another major contributor to the

central regulation of energy balance, and POMC neuron-specific

Sirt1 overexpression prevents age-associated weight gain by improv-

ing leptin sensitivity and by stimulating energy expenditure in male

mice (11). Therefore, we asked whether Sirt1 regulates energy
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balance by improving insulin signaling in POMC neurons as well.

Toward this end, we used the genetic overexpression of CN-FoxO1

as a model for insulin resistance and analyzed POMC neuron-

specific CN-FoxO1/Sirt1 double knock-in (DKI) mice.

Methods
Animal studies
Pomc-Cre mice, Rosa26CN-Foxo1 mice, and Rosa26Sirt1-WT mice were

described previously (6,11). DKI mice were generated by mating

Pomc-Cre; Rosa26CN-Foxo1/1 mice with Pomc-Cre; Rosa26Sirt1-WT/1

mice. Mice were housed in individual cages in a temperature-

controlled facility with a 12-h light, 12-h dark cycle, and with free

access to water and normal chow (60% kcal of carbohydrate, 15%

kcal of fat, and 25% kcal of protein) until the experiments. Because

high-calorie diet suppresses hypothalamic SIRT1 function, the stud-

ies were conducted with normal chow only (11). All animal care

and experimental procedures were approved by the Institutional Ani-

mal Care and Use Committee at Gunma University. Body weight

was measured weekly. Food intake was measured when mice were

25 and 26 weeks old. Oxygen (O2) consumption, carbon dioxide

(CO2) production, and locomotor activity were measured in individ-

ual 7-month-old mice and locomotor activity was measured as

described previously (11).

PCR genotyping
We extracted genomic DNA from tail samples using phenol/chloro-

form and genotyped them using Rosa26 genotyping PCR with

ExTaq polymerase (TAKARA, Otsu, Japan) as described previously

(11). The primer sequences are listed in Supporting Information

Table 1. For PCR identification of the Rosa26Sirt1-WT locus and the

Rosa26CN-Foxo1 locus, the Sirt1–1918F and M13F primer set and the

Flag S1 and SE 1 primer set were used, respectively.

Immunohistochemistry
For immunofluorescence analysis of samples from the hypothalamus,

4% paraformaldehyde-fixed frozen sections were stained with anti-

POMC antibody. Pictures were taken, and the number of neurons that

were positive for POMC immunostaining was counted and marked

digitally using Adobe Photoshop to prevent re-counting. The results

are expressed as the number of POMC-positive, nucleus-containing

cell bodies per hemisection (the average of the left and the right) or

the sum of these cells in all five counted sections of the ARC.

Cell culture, transfection, and adenovirus
infection
Mouse embryonic fibroblasts (MEFs) were prepared as described

previously (12). Hypothalamic N41 cells (Cosmo Bio, Tokyo, Japan)

and MEFs were maintained in high-glucose Dulbecco’s modified

Eagle’s mediaum (DMEM) supplemented with 10% fetal bovine

serum (FBS). Transient transfection was performed using Lipofect-

amine 2000 (Invitrogen, Carlsbad, CA) according to the manufac-

turer’s instructions. Adenovirus infection was performed using a

standard protocol at an MOI (multiplicity of infection) of 50. The

cells were harvested 24 h after transfection or infection.

Western blot analyses
Proteins from cell lysates or MEFs were separated by sodium

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE),

transferred to nitrocellulose membranes (Pall Life Sciences,

Dreieich, Germany), and blotted with antibodies. The antibodies

used in this study are listed in Supporting Information Table 2.

Immunoreactive proteins were assessed using the LAS-4000 Image

analyzer (Fuji Film, Tokyo, Japan) and densitometry using Image-J

software.

Preparation of cell lysates from cultured cells
Total cell lysates and nuclear lysates were prepared using lysis

buffer supplemented with a Complete Mini Protease Inhibitor Cock-

tail tablet (Roche), 40 mM MG132 (Sigma-Aldrich, St. Louis, MO),

and 0.25 mg/ml ubiquitin aldehyde (Peptide Institute, Minoh, Japan).

To prepare cytoplasmic and nuclear lysates, ice-cold cytoplasmic

lysis buffer (5 mM PIPES (KOH) pH 8.0, 65 mM KCl, and 0.5%

NP 40) was added and the supernatants after centrifugation recov-

ered as cytoplasmic lysates. Remaining nuclear pellets were mixed

with the lysis buffer to make nuclear lysates.

Statistical analyses
Data are expressed as the mean value 6 SEM. Statistical significance

was assessed using one-way analysis of variance (ANOVA) with

post hoc Fisher’s Least Significant Difference (LSD) Test. A P
value of <0.05 was considered statistically significant.

Results
Sirt1 overexpression in POMC neurons rescues
the obese phenotype caused by CN-FoxO1 in
male mice by improving energy expenditure
Male CN-FoxO1 KI mice were obese whereas male Sirt1 KI mice

were lean as reported previously (6,11,13). The DKI mice were

leaner than CN-FoxO1 mice starting at 12 weeks of age (Figure 1a).

The increase in body weight in CN-FoxO1 KI male mice was

accompanied by increases in body length and adiposity, and these

phenotypes were rescued in DKI mice (Figure 1b-d). There were no

significant differences in body weight and adiposity in female mice

among four groups (data not shown). Daily food intake was not dif-

ferent in the examined groups (Figure 1e). Oxygen consumption was

significantly decreased in CN-FoxO1 KI mice and it was rescued in

DKI mice (Figure 1f,g), without significant difference in respiratory

exchange ratio (Figure 1h). The locomotor activity did not differ in

the groups studied (Figure 1i). These results suggest that the rescue

of CN-FoxO1-induced obesity by Sirt1 overexpression in POMC

neurons could be explained by an effect on energy expenditure.

POMC neurons are known to exert stronger effects on energy expend-

iture than on food intake, partly because POMC neurons have direct

innervation on the sympathetic preganglionic neurons of the interme-

diolateral nucleus of the thoracic spinal cord, whereas AgRP neurons

do not (14). Postganglionic neurons that innervate the interscapular

brown adipose tissue receive projections from the intermediolateral

nucleus (15). Re-expression of MC4R in cholinergic neurons normal-

izes energy expenditure without affecting food intake (16), whereas

deletion of MC4R in sympathetic preganglionic neurons reduces

energy expenditure and causes obesity (17), providing a pathway by

which POMC neurons can regulate energy expenditure.

Sirt1 overexpression ameliorates the effect of
CN-FoxO1 on the number of POMC neurons
FoxO1 has been shown to regulate the number of POMC neurons

(18). Therefore, we tested whether Sirt1 overexpression affected the
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Figure 1 Sirt1 overexpression in POMC neurons rescues the obese phenotype caused by CN-FoxO1 in
male mice by improving energy expenditure. (a) Changes in the body weight of control mice, CN-FoxO1
KI mice, Sirt1 KI mice, and double-KI male (n 5 8–12) mice. (b) The body length of mice in the four
groups (n 5 8–12). (c, d) The weight of the brown adipose tissue (BAT) (c) and perigonadal white adipose
tissue (WAT) (d) of the studied mice (n 5 8–12). (e) Daily food intake at 25–26 weeks of age. (f-i) O2 con-
sumption (VO2) (f-g), respiratory exchange ratio (h), and locomotor activity (i) in control mice, CN-FoxO1
KI mice, Sirt1 KI mice, and DKI mice. Data are reported as mean 6 SEM. *P< 0.05; **P< 0.01 by ANOVA
with post hoc LSD procedure. For Figure 1g, only the significant differences between CN-FoxO1 KI mice
and DKI mice were marked.
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number of POMC neurons in DKI mice. Contrary to the previous

study, we found that the number of POMC neurons (both the aver-

age number and the total number) tended to be decreased in CN-

FoxO1 KI mice; it was rescued in DKI mice (Figure 2a-c). Sirt1

overexpression by itself did not affect the number of POMC neurons

as described previously (11). Therefore, Sirt1 overexpression in

POMC neurons rescued the obese phenotype caused by CN-FoxO1,

possibly by normalizing the effect of CN-FoxO1 on the number of

POMC neurons. One possible explanation for the differing results is

that the genetic background of the mice differs in the two studies.

Another possibility is that the loss of function (FoxO1 knock-out)

and the gain of function (CN-FoxO1 KI) differentially affect the

FoxO1 target genes. Because FoxO1 regulates both cell proliferation

and survival (10,19), the lack of FoxO1 may promote POMC neuro-

nal cell death, whereas overexpression of CN-FoxO1 may suppress

the proliferation of POMC neurons and/or their progenitors.

Sirt1 overexpression decreases FoxO1
acetylation and protein levels without affecting
the nuclear localization of CN-FoxO1
Deacetylation of the FoxO1 protein affects its stability by promoting

poly-ubiquitination of FoxO1 (10), while deacetylation of FoxO1

overrides the cytoplasmic localization signal conferred by

Figure 2 Sirt1 and FoxO1 regulate the number of POMC neurons. (a,b) The average number (a) and the total
number (b) of POMC neurons in the arcuate nucleus of the indicated mice. (c) Representative arcuate
nucleus sections with POMC neurons from control, CN-FoxO1, Sirt1, and DKI mice. Sections were immuno-
stained with anti-POMC (red) and stained with DAPI (blue). 400-fold magnification. Data are reported as
mean 6 SEM. *P< 0.05 by ANOVA.
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phosphorylation via Akt (20). Therefore, Sirt1 overexpression could

promote CN-FoxO1 deacetylation and affect either protein stability

and/or the nuclear localization. To address these questions, we

assessed the effect of Sirt1 overexpression on FoxO1 acetylation,

protein level, and subcellular localization in hypothalamic N41 cells

and MEFs. Sirt1 overexpression in hypothalamic N41 cells pro-

moted FoxO1 deacetylation and decreased the CN-FoxO1 protein

level without affecting its nuclear localization (Figure 3a-c). The

degree of Sirt1 overexpression achieved in MEFs via infection with

adenovirus encoding the Cre recombinase was sufficient to decrease

the level of FoxO1 protein in the nucleus without affecting the

FoxO1 protein level in the cytoplasm of DKI MEFs (Figure 3d).

Based on these results, we conclude that Sirt1 overexpression in

POMC neurons rescues the obesity caused by CN-Foxo1 by decreas-

ing FoxO1 acetylation and FoxO1 protein levels.O
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