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Summary

The NAD+-dependent SIRT6 deacetylase is a therapeutic

candidate against the emerging metabolic syndrome epi-

demic. SIRT6, whose deficiency in mice results in prema-

ture aging phenotypes and metabolic defects, was

implicated in a calorie restriction response that showed

an opposite set of phenotypes from the metabolic syn-

drome. To explore the role of SIRT6 in metabolic stress,

wild type and transgenic (TG) mice overexpressing SIRT6

were fed a high fat diet. In comparison to their wild-type

littermates, SIRT6 TG mice accumulated significantly less

visceral fat, LDL-cholesterol, and triglycerides. TG mice

displayed enhanced glucose tolerance along with

increased glucose-stimulated insulin secretion. Gene

expression analysis of adipose tissue revealed that the

positive effect of SIRT6 overexpression is associated with

down regulation of a selective set of peroxisome prolifer-

ator-activated receptor-responsive genes, and genes

associated with lipid storage, such as angiopoietin-like

protein 4, adipocyte fatty acid-binding protein, and diac-

ylglycerol acyltransferase 1, which were suggested as

potential targets for drugs to control metabolic syn-

drome. These results demonstrate a protective role for

SIRT6 against the metabolic consequences of diet-induced

obesity and suggest a potentially beneficial effect of

SIRT6 activation on age-related metabolic diseases.

Key words: diet-induced obesity; metabolic syndrome;

SIRT6.

Introduction

Modern life is characterized by an increase in human longevity,

accompanied by an increase in age-related metabolic diseases.

One of the main epidemics of the twenty-first century is the

metabolic syndrome. This syndrome includes a cluster of disor-

ders comprising abdominal obesity, dyslipidemia, glucose

intolerance, insulin resistance, and premature appearance of

age-related diseases, such as diabetes type II, hypertension,

generalized inflammation, and a propensity towards developing

neurodegenerative diseases (Grundy et al., 2005; Milionis et al.,

2008; Huang, 2009). The significant increase in human longevity

along with the increasing prevalence of metabolic disorders cre-

ates medical challenges. To address these challenges, the mech-

anisms that determine the interplay between metabolism and

aging must be better understood.

For more than 70 years, it has been known that calorie

restricted (CR) diet slows the rate of aging and extends the life

span of many organisms, including yeast and rodents (McCay

et al., 1935); (Weindruch & Walford, 1988). Moreover, rodents

fed a CR diet display a spectrum of phenotypes that are the

direct opposite of the metabolic syndrome, including decreased

total body fat, LDL-cholesterol, free fatty acids (FFA) and trigly-

cerides, improved glucose tolerance, and increased HDL-choles-

terol. Additionally, the CR diet delays the appearance of many

age-related disorders such as cancer, diabetes, and neurodegen-

erative diseases (Weindruch & Walford, 1988; Fontana & Klein,

2007). Thus, it is possible that metabolic syndrome and CR-asso-

ciated changes lie at diametric ends of the same spectrum and

involve an overlapping set of regulators (Guarente, 2006).

One family of proteins that have been implicated in aging and

in the regulation of CR and the metabolic syndrome are the sir-

tuins. Sirtuins are highly conserved enzyme homologues of yeast

Sir2, with NAD+ dependant deacetylase and ⁄ or mono ADP-

ribosyltransferase activity (Imai et al., 2000; Blander & Guarente,

2004; Liszt et al., 2005; Haigis et al., 2006). Studies in several

organisms have indicated that sirtuins are critical in the regula-

tion of longevity of Saccharomyces cerevisiae (Kaeberlein et al.,

1999), Caenorhabditis elegans (Tissenbaum & Guarente, 2001)

and Drosophila melanogaster (Rogina & Helfand, 2004). In addi-

tion, mutations in ySir2 or Drosophila Sir2 block the beneficial

effect of a CR diet on life span (Lin et al., 2000; Rogina & Helf-

and, 2004). Thus, in these organisms, sirtuins are pivotal in regu-

lating both longevity and the role of metabolism in life span.

There is much evidence to support a role for mammalian sir-

tuins (SIRT1 to 7) in CR and the metabolic syndrome (Guarente,

2006). Recent studies showed that nutrient levels and CR regu-

late the protein levels of SIRT1 and SIRT6 (Nemoto et al., 2004;

Kanfi et al., 2008a,b). CR also regulates the anti-apoptotic

activity of SIRT1 (Cohen et al., 2004), and SIRT1) ⁄ ) mice do

not exhibit the increase in physical activity seen in wild-type

(wt) mice under CR (Chen et al., 2005). However, mice overex-

pressing SIRT1 or fed with SIRT1 activators such as resveratrol

display only partial phenotypes of CR (Bordone et al., 2007;
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Pearson et al., 2008). Thus, no single sirtuin is the sole player

in CR-metabolic syndrome, and the identification of the role of

other sirtuins in this pathway is required. Similarly, it was

recently shown that mice overexpressing SIRT1 or fed with

SIRT1 activators such as resveratrol are protected from meta-

bolic damage induced by a high fat diet (HFD), through induc-

tion of antioxidant proteins and decreased activation of

proinflammatory cytokines (Baur et al., 2006; Pfluger et al.,

2008). It is unclear whether other sirtuins are involved in these

responses, and whether the activation of other sirtuin family

members will also protect against HFD.

SIRT6 has the potential to regulate the response to CR diet and

the physiological effects of HFD. Recently we showed that SIRT6

protein levels increase in response to CR diet and nutrient limita-

tion (Kanfi et al., 2008b). The increase was due to stabilization

of SIRT6 protein, and not via enhanced synthesis. These findings

suggest that SIRT6 is involved in the beneficial effect of CR, that

overexpression of SIRT6 might itself mimic CR, and that SIRT6

might be involved in the regulation of the metabolic syndrome.

SIRT6 was originally identified as ADP-ribosyltransferase; this

is a nuclear protein that is found in association with chromatin,

and is expressed in all of the tissues tested (Liszt et al., 2005;

Mostoslavsky et al., 2006). A recent report showed that in addi-

tion to its ribosyltransferase activity, SIRT6 possesses a histone 3

(H3) lysine 9 deacetylase activity that modulates telomeric

chromatin and cellular senesence (Michishita et al., 2008). The

precise role of SIRT6 in regulating metabolism is still elusive.

SIRT6-deficient mice are small, express severe metabolic defects,

and by 2–3 weeks of age develop abnormalities usually associ-

ated with aging. These abnormalities include profound lymp-

hopenia, loss of subcutaneous fat, lordokyphosis, and

eventually death at about 4 weeks (Mostoslavsky et al., 2006).

Notably, cells deficient in SIRT6 exhibit defects in base excision

repair and are sensitive to oxidative stress. Serum insulin like

growth factor 1 (IGF-1) and glucose levels are both severely

reduced in SIRT6) ⁄ ) mice by the age of 24 days (Mostoslavsky

et al., 2006). These findings suggest that SIRT6 is required for

glucose homeostasis and maintenance of normal IGF-1 levels.

In this study, to follow a possible role for SIRT6 in the meta-

bolic syndrome, we generated and characterized several lines of

mice overexpressing exogenous SIRT6 (termed MOSES). When

fed a standard chow diet, no significant difference was found in

fat and glucose homeostasis between MOSES and wt litter-

mates. Yet, under HFD, significant differences were found

between the MOSES and their wt littermates including reduced

accumulation of visceral fat, improved blood lipid profile, glu-

cose tolerance, and insulin secretion, and reduced expression of

selected peroxisome proliferator-activated receptor (PPAR)c-

regulated genes affecting lipid homeostasis. Taken together,

these results demonstrate that SIRT6 overexpression protects

against HFD-induced physiological damage by blocking the lipo-

toxicity of obesity, and restoring glucose homeostasis via specific

reduction of PPARc signaling and in the level of diacylglycerol

acyltransferase 1 (DGAT1), a key regulator of triglycerides

synthesis.

Results

Generation of transgenic mice

To follow a possible role for SIRT6 in metabolism, we generated

the MOSES mice. SIRT6 cDNA was generated from mRNA iso-

lated from the brain of a 3-month-old male mouse. The SIRT6

gene was cloned under the control of chicken beta actin pro-

moter, and cytomegalovirus (CMV) enhancer (Fig. 1A). Eight

founder mice were chosen, and the single integration site was

verified by southern analysis. Throughout the study the viability

rate of the MOSES mice was the same as their wt littermates.

Overexpressed SIRT6 was detected by quantitative real-time PCR

and western analysis in every tissue examined, including: heart,

liver, pancreatic islets, white adipose tissue (WAT), muscle and

brain (Fig. 1B and Table S1). Interestingly, the increased levels of

SIRT6 resemble the observed increase in SIRT6 levels found in

rats under CR (Kanfi et al., 2008b), suggesting that MOSES mice

may show beneficial physiological effects under HFD conditions.

SIRT6 overexpression protects against HFD-induced

fat accumulation

Mice from three different lines, 85, 91, and 108, were fed ad lib-

itum with normal chow diet. To follow a possible role for SIRT6

in HFD, mice were fed for 16 weeks with HFD in which 60% of

Fig. 1 Generation of transgenic (TG) mice. (A)

Schematic representation of the 3.3 kb SIRT6

transgene construct. (B) Expression of SIRT6 in

various organs of TG mice and their control wild-

type littermates from lines 85, 91, and 108

analyzed by Western blot using a specific rabbit

polyclonal antibody against SIRT6. WAT, white

adipose tissue.
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the calories were from fat, and metabolic parameters were mea-

sured. No difference was detected between the food intake of

MOSES and their wt littermates, fed with chow or HFD, during

4 days of measurement (Fig. 2A). In addition, comparison

between TG vs. wt mice showed no difference in the serum lev-

els of the adipose derived hormone, leptin, which controls appe-

tite (Fig. 2B). To estimate metabolic rate and substrate

utilization, we measured oxygen consumption (VO2) and carbon

dioxide production (VCO2), normalized to body weight. No dif-

ference was found between the TG mice and their wt litter-

mates in either criterion (Fig. 2C). Similarly, there was no

difference in the respiratory quotient (RQ, VO2 ⁄ VCO2), indicat-

ing that both wt and TG mice use similar proportions of fat and

carbohydrates as fuel substrates (Fig. 2C). Finally, no significant

difference in body weight was found between the TG and their

wt littermates (Fig. 2D).

Examining the body composition of the TG and wt mice, fed

with normal chow diet, using dual-energy X-ray absorptiometry

(DEXA) analysis showed no differences. Yet, when fed with

HFD, MOSES mice had lower total body fat in comparison to

their wt littermates (Fig. S1A,B) and an increase in total lean

body mass (Fig. S1C). This increase in lean body mass probably

explains the lack of significant difference in total body weight

due to reduced fat content. Notably, weighing of visceral fat as

a measurement of WAT content in three different lines showed

a significant fat decrease of more than 25% in the TG mice in

comparison to their wt littermates when fed HFD (Fig. 3A).

Obesity is also accompanied by an increase in triglycerides,

FFA, LDL-cholesterol, LDL- ⁄ HDL-cholesterol ratio and lipidosis of

the liver (fatty liver). No significant differences were found in the

following general markers for liver lipidosis between the wt and

MOSES mice: oil red O staining, weights and the levels of

SREBP1 mRNA (data not shown and Fig. S2A,B). To follow the

progression of lipidosis, liver slices of five TG and five wt litter-

mates were examined for the presence of macro- and microvesi-

culars lipidosis, as the latter are associated with a worse

prognosis in human patients (Burt et al., 1998). All of the livers

taken from wt animals had microvesicular lipidosis whereas only

20% of the TG mice were affected (Fig. S2C). In addition, the

mRNA levels of interleukin 6 (IL-6) in the liver, a marker for

inflammation, were lower in MOSES mice than in wt mice

(Fig. S2D). Next, FFA, cholesterol, and triglyceride profile was

measured in mice fed with chow diet or HFD. In mice fed with

chow diet, there was no significant difference in the level of tri-

glycerides between the wt and the TG mice (Fig. 3B). Yet, when

fed HFD, MOSES mice showed 33% lower triglyceride levels

than their wt littermates (Fig. 3B). Moreover, triglyceride levels

in MOSES mice fed with HFD were similar to triglyceride levels of

those fed with chow diet. Similarly, the TG mice accumulated

25% less FFA (Fig. 3C). Finally, when fed with either chow diet

or HFD, the TG mice had significantly less LDL-cholesterol (50%

and 30% respectively) in comparison to their wt littermates

(Fig. 3D). Taken together, these results show that overexpress-

ing SIRT6 attenuates the aberrations in fat homeostasis due to

diet-induced obesity.

SIRT6 overexpression protects against impaired

glucose tolerance induced by HFD

One of the hallmarks of the metabolic syndrome is a decrease in

insulin sensitivity and the consequent development of impaired

glucose tolerance. To follow the effect of overexpression of

SIRT6 on glucose homeostasis, glucose levels were compared in
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Fig. 2 Balanced Energy Homeostasis. (A) Food intake (g day)1) of transgenic

(TG) and wt mice fed with chow or high fat diet (HFD) (n = 5 per group;

Chow: wt 5.05 ± 0.42, TG 5.26 ± 0.54; HFD: wt 2.95 ± 0.39, TG

2.56 ± 0.35; mean ± SEM). All measurements were carried out at the same

time with mice at the same age. (B) Serum leptin levels of TG and wt mice fed

with chow or HFD (n = 5–9 per group; mean ± SEM). (C) Oxygen

consumption (VO2) and respiratory quotient (RQ, VCO2 ⁄ VO2) of TG and wt

mice fed with chow or HFD (n = 5 per group; mean ± SEM). (D) Body weight

of TG and wt mice fed with chow or HFD (chow, n = 18–30; HFD, n = 8–12

per group; mean ± SEM). For all values measured, no significant difference

was found between TG and WT. Results were taken from line 85 and the

other lines showed similar results.
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wild type and TG mice fed with normal chow diet. The TG mice

had lower (although not significant) fasted glucose levels relative

to their wt littermates (Fig. 4A). Lower glucose levels may sug-

gest that the TG mice have more effective insulin signaling. To

investigate this possibility, a glucose tolerance test (GTT) was

performed on mice fed with chow or HFD. No difference was

found in glucose uptake during the initial 2 h after glucose injec-

tion between the TG and wt littermates fed a normal chow diet

(Fig. 4B). Strikingly, in mice fed with HFD in comparison to the

wt mice, the glucose uptake in the TG mice was significantly

more efficient in all three tested lines (Fig. 4C). Similarly, the cal-

culated homeostasis model assessment (HOMA) measurement

of insulin resistance was lower in TG mice fed with HFD

(3.0 ± 0.2 in TG mice vs. 4.2 ± 0.9 in wt mice, mean ± SEM).

To examine if the improved GTT is due to an increased insulin

sensitivity, insulin secretion, or both, an insulin tolerance test

(ITT) assay was performed; no significant difference was found

in mice fed with chow diet or HFD (Fig. 4D). These results sug-

gest that overexpression SIRT6 does not affect insulin sensitivity

of the peripheral tissues. To explore the possibility that the TG

mice secrete more insulin in response to glucose stimulus, we

measured the insulin blood levels after glucose stimulation. As

seen in Fig. 4E and Fig. S2F, under HFD but not chow diet

(Fig. S2E) the TG mice secreted significantly higher levels of insu-

lin upon glucose stimulation in comparison to their wt litter-

mates. The enhanced glucose-stimulated insulin secretion (GSIS)

was maintained in vitro in isolated pancreatic islets of TG mice,

as compared to wt mice, 24 h following isolation (Fig. 4F).

Chronic consumption of a HFD results in an increase in both

peri- and intra–pancreatic fat, and inflammatory cells and is

associated with high incidence of pancreatic inflammation in

obese patients (Frossard et al., 2009). Increased inflammation in
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Fig. 3 Transgenic (TG) mice are protected against

high fat diet (HFD)-induced fat accumulation. (A)

Abdominal (epididymal) WAT weight as a

percentage of body weight of TG and wt mice

from lines 85, 91, and 108 fed with normal chow

or HFD (WT, n = 7–12; TG, n = 5–8 per group;

mean ± SEM). (B) Plasma triglyceride levels of TG

and wt mice fed with chow or HFD (n = 9–12 per

group, mean ± SEM). (C) Serum concentrations of

free fatty acid of TG and wt mice fed with chow or

HFD (n = 8 per group; mean ± SEM). (D) Plasma

total cholesterol, LDL-cholesterol and HDL-

cholesterol of TG and wt mice fed with chow or

HFD (n = 8–11 per group; mean ± SEM).

*P < 0.05, **P < 0.01. For B, C, and D results

were taken from line 85 and the other lines

showed similar results.
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Fig. 4 Transgenic (TG) mice are protected against high fat diet (HFD)-Induced Glucose Intolerance. (A) Fasting blood glucose levels of TG and wt mice on chow

diet (n = 7 per group, mean ± SEM). (B) Glucose tolerance test (GTT) (left) and area under curve (AUC) values (right) of TG and wt mice fed chow diet. Blood

glucose was measured before the intraperitoneal injection of glucose (2 g kg)1 body weight), as well as at the times indicated after glucose administration (n = 7

per group, mean ± SEM). (C) GTT (upper) and AUC values (lower) of TG and wt mice fed with HFD from lines 85, 91 and 108 (WT, n = 5–13; TG, n = 7–9 per

group, mean ± SEM). *P < 0.05, **P < 0.01. (D) Insulin tolerance test of TG and wt mice fed with chow or HFD. Blood glucose levels were determined before and

at the times indicated after injection of insulin (0.75 U kg)1 body weight). Data are presented as percentage of initial blood glucose concentration (n = 5–8 per

group, mean ± SEM). (E) Serum insulin levels of TG and wt mice, from line 85, fed with HFD before and 30 min after glucose administration (2 g kg)1 body

weight) as measured by ELISA (n = 7–12 per group, mean ± SEM). *P < 0.03. (F) Glucose-stimulated insulin secretion of isolated pancreatic islets from TG and wt

mice fed with HFD, presented as a fold increase over control (n = 3 mice, 15 islets each in duplicate; mean ± SEM). Media used for nonstimulated controls

contained 2.8 mM glucose, while the stimulating media contained 16 mM glucose. Unless indicated the presented results were taken from line 85 and the other

lines showed similar results.
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the pancreas occurs due to lymphocyte infiltration might lead to

defective insulin secretion. Histological analysis of the pancreas

from mice fed with HFD revealed that 60% of the wt and none

of the TG mice had lymphocyte infiltrates in the fat cells sur-

rounding their pancreas (Fig. S2G). Thus, overexpressing SIRT6

protects against many of the manifestations of impaired glucose

tolerance associated with HFD.

SIRT6 regulates lipid homeostasis under HFD by

down regulating a specific set of PPARc regulated

genes

To explore the mechanism by which SIRT6 protects against the

deleterious physiological effects of diet-induced obesity, the

transcription profile of visceral fat from MOSES and wt litter-

mates was compared. Pathway analysis (DAVID Bioinformatics

Resources) of down regulated genes demonstrated that PPAR

signaling was the most affected pathway among all identified

KEGG pathways (P = 3.4 · 10)3). PPAR regulated genes are

involved in lipid metabolism, lipid transport and adipogenesis.

The effect of overexpressing SIRT6 was specific to a set of PPARc

regulated genes, resulting in at least a twofold reduction in

their transcription levels (Fig. 5A). Interestingly, no difference

was found in the transcription level of PPARc itself between

the TG and wt littermates (Fig. S3A). Of these, selected genes

that were previously suggested as potential targets for the

metabolic syndrome therapy were validated by quantitative

real-time PCR. The transcription levels of these genes were

measured from two TG lines. From each line, we examined

ten mice, five TG and five wt littermates. Significant reductions

in the transcription of angiopoietin-like protein 4 (ANGPTL4),

and adipocyte fatty acid-binding protein (A-FABP) were found

in the TG mice in comparison to their wt littermates (Fig. 5B).

ANGPTL4 is a negative regulator of lipoprotein lipase (LPL)

(Yoshida et al., 2002). LPL hydrolyzes serum triglycerides into

FFA, allowing their clearance from the circulation. Thus,

reduced levels of ANGPTL4 are expected to enhance triglycer-

ide clearance.

The regulation of lipogenesis by PPARc encouraged us to fol-

low the cycle of triglyceride synthesis and hydrolysis inside the

adipose tissues. Quantitative real-time PCR demonstrated that

the level of hormone sensitive lipase (HSL), which hydrolyzes tri-

glycerides, did not change (Fig. 5C). However, the levels of

DGAT1, a key enzyme in triglycerides synthesis (Cases et al.,

1998), were reduced up to 50% in MOSES mice (Fig. 5C). These

findings suggest that SIRT6 binds to the DGAT1 promoter and

represses its transcription. Indeed chromatin immunoprecipita-

tion (ChIP) assays on DGAT1 promoter show that SIRT6 binds to

DGAT1 promoter (Fig. 5D and Fig. S3B), and its binding was 3.5

times higher in MOSES mice than in wt mice. ChIP assay

revealed that PPARc does not bind to DGAT1 promoter

(Fig. S3C). Thus, the binding of SIRT6 to DGAT1 promoter did

not require the presence of PPARc on DGAT1 promoter.

Taken together, under HFD conditions, overexpression of

SIRT6 increases serum triglyceride clearance and reduces triglyc-

eride synthesis inside adipose tissue by specific inhibition of

selected PPAR target genes and DGAT1.

Discussion

Mice deficient in SIRT6 develop abnormalities usually associ-

ated with premature aging phenotypes, including severe met-

abolic defects. Thus, SIRT6 might regulate mammalian

longevity via its effect on metabolism. To further examine this

possibility we generated a series of TG mice (MOSES lines)

overexpressing SIRT6, and followed the effects of overexpress-

ing SIRT6 on fat and glucose metabolism. We show here that

SIRT6 overexpression did not cause any metabolic phenotypes

in mice fed normal chow other than a decrease in LDL-choles-

terol levels. However, SIRT6 overexpression in mice fed a HFD

led to the following changes: (i) When fed with HFD, MOSES

mice accumulated less total body fat and significantly less vis-

ceral fat, triglycerides and LDL-cholesterol than wt animals;

(ii) over a 4-month period of HFD, MOSES mice maintained

better glucose tolerance than wt littermates due to improved

insulin secretion; (iii) overexpression of SIRT6 resulted in a

reduction in the transcription of specific PPARc regulated

genes such as ANGPTL4 and A-FABP; and (iv) in comparison

to wt mice, MOSES mice exhibited an increase in SIRT6 bind-

ing to DGAT1 promoter and a 50% reduction in DGAT1 tran-

scription levels. Taken together, these findings suggest that

overexpression of SIRT6 protects against HFD-induced meta-

bolic damage and maintains proper fat and glucose homeo-

stasis by reducing specific PPAR regulated pathways; in

particular SIRT6 overexpression increases triglyceride clearance

in the blood and reduces production of triglycerides in the

adipose tissues (Fig. 5E).

Central obesity and dyslipidemia are considered as major

requirements for diagnosing the metabolic syndrome (Huang,

2009). MOSES mice fed a chronic HFD showed a significant

improvement in these criteria, highlighting the therapeutic

importance of our findings. The combination of the reduction

in specific PPARc regulated genes such as ANGPTL4, together

with the reduction in DGAT1, can explain the protection

against the increase in triglycerides and abdominal fat

induced by HFD. For example, in a mouse model of obesity,

ANGPTL4 levels are elevated (Yoon et al., 2000), resulting in

increased LPL inhibition. This in turn decreases the clearance

of triglycerides from the serum (Yoshida et al., 2002). There-

fore, the observed reduction in ANGPTL4 levels in mice over-

expressing SIRT6 is expected to result in an opposite

phenotype of enhanced clearance of lipoproteins from the

serum, and to explain their lower levels in MOSES mice. In

addition, reduced levels of DGAT1 result in decreased accu-

mulation of triglycerides in the visceral fat, and can explain

the significantly lower percentage of abdominal fat in MOSES

mice. Reduction in fat deposits and circular lipids results in

improved function of beta cells and improved glucose toler-

ance, as were indeed seen in the MOSES mice fed HFD. In

addition to these effects on transcription, SIRT6 can also
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mediate its protective effect against HFD-induced physiologi-

cal damage via direct deacetylation, thereby modifying the

activity of key proteins in fat homeostasis.

ANGPTL4, A-FABP, and DGAT1 were suggested as potential

targets for drugs that would control or reverse the metabolic

syndrome (Oike et al., 2005; Kusunoki et al., 2006; Furuhashi &

(A)

(B)

(D) (E)

(C)
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Hotamisligil, 2008). Our data demonstrate that overexpressing

SIRT6 results in a reduction in the expression of these genes, and

SIRT6 protects against metabolic damage induced by HFD. Thus,

developing small molecule activators of SIRT6 has great thera-

peutic potential. Such molecules have been developed for SIRT1,

and are able to mimic the protective effect of overexpressing

SIRT1 against obesity-induced physiological damage (Baur et al.,

2006; Lagouge et al., 2006; Milne et al., 2007; Feige et al.,

2008). Yet, the main difficulty in screening for such molecules is

the poor deacetylase activity of SIRT6 in vitro (Liszt et al., 2005).

Therefore, one of the future challenges in SIRT6 biology would

be the development of a reliable in vitro deacetylase activity assay

for SIRT6; such experiments are currently underway in our lab.

Mice deficient in SIRT1 do not show the same spectrum of

phenotypes as mice deficient in SIRT6, but rather develop reti-

nal and heart defects, and rarely survive postnatally (Cheng

et al., 2003). Since the absence of each SIRT independently

results in premature death, SIRT1 and SIRT6 do not comple-

ment each other. Moreover, MOSES and wt mice have similar

SIRT1 levels in the liver, WAT, and muscle (Fig. S4A,B). Yet, a

comparison of the effects of overexpressing SIRT1 to those of

overexpressing SIRT6 reveals similarity between the functions

of these proteins. SIRT1 and SIRT6 protect against obesity-

induced physiological and metabolic damage, and maintain

improved glucose tolerance after several months of HFD (Pflu-

ger et al., 2008). Both negatively regulate the NF-kappaB path-

way (Yeung et al., 2004; Kawahara et al., 2009), have been

implicated in regulating the role of WRN in telomere mainte-

nance (Li et al., 2008; Michishita et al., 2008) and their protein

levels increased in rats fed with CR diet (Cohen et al., 2004;

Kanfi et al., 2008b).

Interestingly, at the mechanistic level, SIRT1 and SIRT6 pro-

teins might share functional redundancy, but not necessarily

substrate identity. They negatively regulate NFjB by different

means. SIRT1 negatively regulates NF-kappaB pathway by

deacetylating RelA (Yeung et al., 2004), and SIRT6 attenuates

NF-kappaB signaling by deacetylating H3K9 at NFjB ⁄ RelA target

gene promoters (Kawahara et al., 2009). Furthermore, SIRT1

directly interacts with WRN, whereas SIRT6 does not (Li et al.,

2008; Michishita et al., 2008). Similarly, SIRT1 suppresses a dif-

ferent set of PPARc regulated genes than SIRT6 (Fig. 5A and

Wang et al., 2008). The mechanism by which SIRT6 is directed

to this specific set of PPARc target genes and not to others is still

elusive. Previous studies localized SIRT6 to the chromatin but did

not address how SIRT6 becomes associated with specific loci

(Mostoslavsky et al., 2006). We predict that in analogy to SIRT1,

which represses PPARc in association with NcoR and SMART

(Picard et al., 2004), the repression of genes by SIRT6 is also

complex-dependent. Thus, identification of SIRT6-associated

complexes that mediate its protective role against fat-related

metabolic defects has great therapeutic implications.

Several conclusions can be drawn from the functional simi-

larity between SIRT1 and SIRT6. These findings strongly sug-

gest that to mimic the beneficial effects of CR on metabolism

and life span or to protect against HFD-induced damage,

both SIRT1 and SIRT6 should be activated, potentially in addi-

tion to other sirtuins, as well. For example, in contrast to

SIRT1 overexpression, SIRT6 reduced cholesterol and triglycer-

ide levels under HFD (Pfluger et al., 2008 and Fig. 3B,D). Yet,

overexpression of SIRT1 but not SIRT6 increases insulin sensi-

tivity (Pfluger et al., 2008). This might also explain why

genetic overexpression of SIRT1 or its activation by resveratrol

results in only a limited spectrum of the CR phenotypes and

does not extend mice life span (Bordone et al., 2007; Pearson

et al., 2008). These findings also suggest that therapeutic

approaches for treating the metabolic syndrome must use

activators of both SIRT1 and SIRT6. For example, resveratrol

might not be sufficient as a monotherapy, as we could not

activate SIRT6 deacetylase activity in an in vitro assay by using

resveratrol (data not shown). Whereas SIRT1 regulates various

pathways by deacetylating a wide range of substrates, it

appears that SIRT6 executes its regulatory effects only by con-

trolling transcription ⁄ chromatin modifications. Our findings

that SIRT6 affects the transcription of PPARc regulated genes,

join the recent publications reporting negative regulation by

SIRT6 of the transcription of NF-kappaB target genes, and its

deacetylation of telomeric chromatin (Kawahara et al., 2009).

The functional similarities between SIRT1 and SIRT6 also sug-

gest that other SIRT1 regulated pathways will be recognized

in the future to be regulated by SIRT6, as well.

Calorie restriction and metabolic syndrome result in pheno-

types that reside at opposite ends of the same continuum. Here,

we show that overexpressing SIRT6 blocks the physiological

damage caused by diet-induced obesity. These findings, taken

together with our previous report demonstrating that SIRT6

levels are induced by CR diet (Kanfi et al., 2008b), might

Fig. 5 SIRT6 overexpression represses the expression of selected PPARc target genes and key lipid metabolism genes. (A) Modified presentation of PPAR signaling

pathway based on KEGG-Cellular Pathways, integrating the gene expression data of adipose tissues from MOSES (TG) vs. wt littermates fed with high fat diet

(HFD). Yellow boxes indicate down regulation of expression in TG samples. Green boxes indicate that the gene was not altered. (B) Comparison between cDNA

microarray analysis and quantitative real-time RT-PCR of PPARc and two of its target genes, angiopoietin-like protein 4 (ANGPTL4) and adipocyte fatty acid-

binding protein (FABP4) in lines 85 and 91 (n = 5 per group, mean ± SEM). (C) Relative expression of key lipid metabolism genes hormone sensitive lipase and

diacylglycerol acyltransferase 1 (DGAT1) analyzed by real-time PCR (n = 5 per group, mean ± SEM) in wt and MOSES mice fed with HFD. (D) ChIP analysis of cross-

linked chromatin from adipose tissue of wt and MOSES mice (line 85) fed with HFD. Chromatin fragments were immunoprecipitated with anti-SIRT6 or control

antibody (IgG). DNA from input and immunoprecipitated samples were detected by PCR using primers for DGAT1 promoter and separated on agarose gel. A

graph representing the difference between the binding of SIRT6 to DGAT1 promoter in wt and TG mice is shown below. (E) Model for the effects of SIRT6

overexpression in adipose tissue of mice under high fat diet; chronic high fat feeding results in an altered lipogenic ⁄ lipolytic balance. SIRT6 overexpression inhibits

the expression of DGAT1 and selective PPARc target genes. Two of those genes are the key enzyme in triglyceride synthesis DGAT1 and ANGPTL4 that regulate

serum triglycerides clearance by inhibiting lipoprotein lipase. The combination of the reduction in the levels of these proteins will result in a decrease in central

obesity and dyslipidemia, two fundamental criteria of the metabolic syndrome. FFA, free fatty acids; TAG, triglycerides.
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implicate SIRT6 as a positive regulator of life span by mimicking

several aspects of CR. In young mice fed with standard chow

diet, we did not find significant effects of SIRT6 on fat and glu-

cose homeostasis. Yet, one cannot rule out that positive effects

of overexpressing SIRT6 will become evident in middle aged to

elderly animals. The metabolic defects characterizing this time

period in the life span of mice resemble the observed pheno-

types of mice with metabolic syndrome. Thus, we predict that

MOSES mice fed normal chow diet will exhibit some effects of

CR in middle age, and will demonstrate extended life span rela-

tive to that of their wt littermates.

Experimental procedures

Generation of transgenic mice

SIRT6 mRNA was isolated from C57BL ⁄ 6J male mouse brain tis-

sue. The complete mouse SIRT6 cDNA was cloned into a

pCAGGS plasmid attached to CMV enhancer and chicken

b-actin promoter [Prof. J. Miyazaki, Osaka University (Niwa

et al., 1991)]. Linearized SIRT6 construct was microinjected into

CB6 ⁄ F1 zygotes. The pronuclear microinjection was carried out

by the Department of Veterinary Resources, Weizmann Institute

of Science, Israel. For genotyping, DNA was isolated from tails of

mice according to the manufacturer’s protocol (5Prime,

Gaithersburg, MD, USA) and amplified by PCR using the follow-

ing primers for TG mice genotyping: Sense: 5¢-GAG CTG CAC

GGA AAC ATG-3¢; Antisense: 5¢-CCC ATA ATT TTT GGC AGA

GG-3¢ (unique to the 3¢UTR).

Mice housing and diets

Mice were kept under specific pathogen free and 12 h day ⁄ night

conditions. The mice were divided into two diet groups. Each

group was fed a standard chow diet (21 kcal% Protein,

53.5 kcal%Carbohydrate,4 kcal%Fat) for thefirst8 weeksafter

weaning, and then was fed for 16 weeks with either a standard

diet or a HFD (18.4 kcal% Protein, 21.3 kcal% Carbohydrate,

60.3 kcal%Fat) (TekladTD06414;Harlan, Indianapolis, IN,USA).

Food intake, oxygen consumption, and body

composition

Food intake of mice fed with chow or HFD was measured every

24 h, for 4 days. Oxygen consumption (VO2) and carbon dioxide

production (VCO2) were measured using a specialized cage

adjusted for these measurements. The RQ was calculated as the

ratio of VCO2 produced ⁄ VO2 consumed. Body composition was

analyzed by DEXA using a Lunar PIXImus densitometer.

Blood parameters

Leptin (R&D, Minneapolis, MN, USA) and insulin (Crystal Chem,

Downers Grove, IL, USA) were analyzed from serum by ELISA.

FFA in serum were quantified by enzyme-based method (MBL,

Woburn,MA,USA). Triglycerides, cholesterol, LDL, andHDL levels

weremeasureddirectly inwholebloodusingLipidPanelTestStrips

andCardioCheckanalyzer (PTS, Indianapolis, IN,USA).

Metabolic studies

For GTT, the TG mice and their control littermates were

subjected to overnight fasting and injected intraperitoneally (IP)

with 2 g of glucose per kg of body weight. Blood glucose was

measured on samples obtained by tail bleeding prior to glucose

administration and after 15, 30, 60, 90, and 120 min using a

Ascensia Elite glucose meter (Bayer, Leverkusen, Germany). For

ITT mice were fasted for 6 h, injected IP with insulin (0.75 U

kg)1 body weight) (Eli Lilly, Indianapolis, IN, USA), and blood

glucose levels were measured before, and 15, 30, 60, 90, and

120 min after the injection. HOMA of insulin resistance

(HOMA-IR) was calculated using the equation: [fasting glucose

(mmol L)1) · fasting insulin (microunits mL)1) ⁄ 22.5]. GSIS by

isolated pancreatic islets was measured as previously described

(Moynihan et al., 2005). Briefly, islets of similar size were hand-

picked into groups of 15 islets in duplicate and incubated with

Krebs-Ringer bicarbonate HEPES buffer (KRBH) containing

either 2.8 mM or 16 mM glucose for 1 h at 37�C and the super-

natant was assayed for insulin.

Western blot analysis

Tissues were collected and frozen in liquid nitrogen. Protein was

extracted from tissues by homogenization in lysis buffer [50 mM

Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% Glycerol,

1%Triton-X100, 0.5%NP40, and Proteinase Inhibitor cocktail

tablet (Roche Diagnostics, Switzerland)]. Standard SDS–PAGE

electrophoresis was performed. Immunoblotting was carried

out with antibodies against SIRT6 (Novus, Littleton, CO, USA),

SIRT1 (Abcam, Cambridge, UK) and a-tubulin (12G10 Hybrid-

oma Bank, University of Iowa, USA).

Microarray analysis

Total RNA was extracted using RNeasy kit (Qiagen, Hilden,

Germany) from adipose tissue of TG mice and their control litter-

mates fed with normal chow or HFD. After determining the RNA

quality and integrity, the isolated total RNA was amplified and

fluorescently labeled with Cyanine 3 or Cyanine 5 and repurified

using Qiagen’s RNeasy Kit. For each hybridization, 1 lg of

labeled cRNA were fragmented and hybridized to an Agilent

Technologies whole mouse genome Gene Expression Micro-

array, using the Agilent Gene Expression hybridization kit as

described in the manufacturer’s manual. Following hybridiza-

tion, all microarrays were washed and scanned using Agilent’s

dual laser DNA microarray scanner. The data were then extracted

from images by using Feature Extraction 9.1 software (Agilent,

Santa Clara, CA, USA). The data were analyzed using GeneSpring

GX software (Agilent). Array normalization was performed using

intensity-dependent Lowess normalization method.
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Quantitative real-time PCR

Total RNA was extracted using RNeasy kit according to the manu-

facturer’s protocol. To remove potential template DNA, the sam-

ples were treated with DNase (Qiagen). cDNA was generated

using SuperScript Vilo (Invitrogen, Carlsbad, CA, USA). Quantita-

tive real-time PCR was performed in triplicate using ABsolute

blue SYBR Green (Thermo, Waltham, MA, USA) in a Chromo4

instrument cycler (Bio-Rad, Hercules, CA, USA). Ct values were

normalized to GAPDH. Primer sequences are detailed in Table S2.

Chromatin immunoprecipitation

White adipose tissue samples were treated using an EpiQuik tis-

sue ChIP kit according to the manufacturer’s instructions (Epi-

gentek Group Inc., Brooklyn, NY, USA). Briefly, the tissue was

mixed with formaldehyde at a final concentration of 1% for

20 min at room temperature to cross-link protein to DNA. Tissue

was homogenized using 20 strokes of a Dounce homogenizer.

DNA cross-linked with protein was sonicated into fragments of

500–1000 bp. Chromatin fragments were immunoprecipitated

with anti-SIRT6 (Sigma-Aldrich, Rehovot, Israel), anti-PPARc

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or control

(IgG) antibody (Epigentek Group Inc.). PCR amplification was

performed using primers specific for the DGAT1 promoter

(sense, 5¢-GAC ATC GGT GCC ATC TCT TT-3¢; antisense, 5¢-
TGA ATC CAC ACC ATC CAA GA-3¢) or aP2 promoter (sense,

5¢-GAA TTC CAG CAG GAA TCA GG-3¢; antisense, 5¢-GCC

AAA GAG ACA GAG GGC G-3¢).

Histopathology

Tissues were fixed in 4% buffered formaldehyde, embedded in

paraffin, sectioned and stained with Hematoxylin–Eosin (H&E)

stain, or frozen and stained with oil red O stain.

Statistical analysis

Results were expressed as mean ± SEM. P-values were calcu-

lated by two tailed, unpaired Student’s t-tests. All measure-

ments were performed in multiple lines. Unless indicated the

presented results were taken from line no. 85 and the other lines

showed similar results.
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