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Calorie restriction (CR) has been reported to increase
SIRT1 protein levels in mice, rats, and humans, and el-
evated activity of SIRT1 orthologs extends life span in
yeast, worms, and flies. In this study, we challenge the
paradigm that CR induces SIRT1 activity in all tissues
by showing that activity of this sirtuin in the liver is, in
fact, reduced by CR and activated by a high-caloric diet.
We demonstrate this change both by assaying levels of
SIRT1 and its small molecule regulators, NAD and
NADH, as well as assessing phenotypes of a liver-spe-
cific SIRT1 knockout mouse on various diets. Our find-
ings suggest that designing CR mimetics that target
SIRT1 to provide uniform systemic benefits may be
more complex than currently imagined.
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Caloric intake influences life span, and the incidence of
diseases in animals (Koubova and Guarente 2003). Food
excess accounts for the recent historic increase in meta-
bolic disorders in humans. Conversely, calorie restric-
tion (CR) promotes metabolic fitness, long life, and dis-
ease protection in rodent models (Weindruch 1988). Sev-
eral genetic pathways have been identified that govern
diet, metabolism, and life span (Van Remmen et al. 2001;
Koubova and Guarente 2003; Kenyon 2005; Sinclair
2005).

Genes related to yeast SIR2, called sirtuins, encode
NAD-dependent deacetylases, and promote longevity in
yeast, worms, and flies (Chen and Guarente 2007). In
model systems ranging from yeast to mice, sirtuins have
also been associated with the salutary effects of CR. The
mammalian Sir2 ortholog SIRT1 targets numerous regu-
latory factors affecting stress management and metabo-
lism (Sinclair 2005; Chen and Guarente 2007). The levels
of SIRT1 have been reported to increase in rodent and
human tissues in response to CR (Cohen et al. 2004;

Nisoli et al. 2005; Civitarese et al. 2007), and this in-
crease is proposed to cause favorable changes in metabo-
lism and stress tolerance triggered by this diet. The poly-
phenol resveratrol has also been proposed to partially
mimic CR by activating SIRT1 to induce beneficial ef-
fects on health (Baur et al. 2006; Lagouge et al. 2006).

Results and Discussion

To address the relationship between SIRT1 activity and
the diet, we first analyzed SIRT1 protein levels in the
liver, white adipose tissue (WAT), and skeletal muscle in
mice fed ad libitum (AL) or CR. While SIRT1 was in-
duced in the WAT and muscle, as previously reported
(Cohen et al. 2004; Nisoli et al. 2005; Civitarese et al.
2007), levels surprisingly were lower in CR liver (Fig.
1A). It is not clear whether the increased SIRT1 expres-
sion in CR liver reported by Cohen et al. (2004) is specific
to rat or to the time point when the tissue samples are
removed from animals after daily feeding. Because SIRT1
activity is also regulated by the NAD/NADH ratio (Lin
et al. 2004), we determined NAD and NADH levels in
these tissues. Whereas the NAD/NADH ratio increased
significantly in the muscle during CR, it decreased in the
liver (Fig. 1B). In the WAT, both NAD and NADH were
found in extremely low amounts in AL mice, and there
was a striking increase in their absolute levels in CR,
suggesting an up-regulation of metabolic activity. These
findings suggest that SIRT1 activity in the liver may de-
crease in CR, opposite to what occurs in the muscle and
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Figure 1. Differential regulation of SIRT1 in the tissues of CR
mice. (A) The expression of SIRT1 is upregulated in the muscle and
WAT but downregulated in the liver of CR mice. The expression of
SIRT1 in the liver, muscle, and WAT of mice fed ad libtum or calorie
restricted was determined by Western blotting with the anti-SIRT1
antibody. Tubulin was used as a loading control. (B) The NAD/
NADH ratio is increased in the muscle and WAT but decreased in
the liver of CR mice. Note that levels of both NAD and NADH are
increased in WAT by CR. The NAD and NADH concentrations in
the liver, muscle, and WAT of wild-type and SIRT1 knockout mice
fed ad libitum or calorie restricted are expressed as nanomole per
gram of tissue.
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the WAT. Very similar changes in NAD and NADH
were observed in the same tissues derived from whole-
body SIRT1 KO mice (Fig. 1B), indicating that diet-in-
duced metabolic changes that influence NAD and
NADH occur upstream of SIRT1, similar to what was
observed in the case of yeast Sir2 (Lin et al. 2002).

We sought to devise a functional test of the hypothesis
that the activity of SIRT1 in the liver is directly propor-
tional to caloric intake. This hypothesis would predict
that the elimination of SIRT1 in the liver would generate
an extreme phenotype under dietary conditions in which
this sirtuin is normally most active (i.e., high caloric
intake), but would be without a strong phenotype under
conditions where it is least active (i.e., low caloric in-
take). Thus, we bred a SIRT1 allele containing a floxed
exon 4 (encoding a catalytic domain of the protein)
(Cheng et al. 2003) into the C57/BL6 background. Cross-
ing this floxed allele to a whole-body Cre expressing
mouse recapitulated the SIRT1-null phenotype (Cheng
et al. 2003). Subsequent crossing to C57 mice expressing
Cre under the liver-specific albumin promoter generated
littermates that were homozygous for this SIRT1 allele
and expressed Cre. Tissues of these mice showed the loss
of the SIRT1 protein and the appearance of a slightly
smaller protein missing exon 4 specifically in the livers
of Cre-expressing mice, compared with littermates ho-
mozygous for the floxed allele but not expressing Cre
(wild type) (Fig. 2A). Unlike the whole-body SIRT1 KO
mice, liver-specific KO mice (LKO) did not display any
overt phenotype; i.e., the LKO mice showed no differ-
ence in body weight, liver weight, blood insulin, blood
glucose, or glucose tolerance on the standard AL chow
diet (Fig. 2B–F).

Next we tested the LKO mice on a high-calorie/high-
fat Western diet versus a CR diet. LKO mice showed a
highly significant difference on the Western diet com-
pared with wild type (Fig. 3). Weight gain over time,
which is indicative of accumulation of body fat, was re-
duced in LKO mice (Fig. 3A), even though food intake
was not affected (data not shown). Correspondingly, the
accumulation of fat in the WAT and the liver was sig-
nificantly reduced in LKO mice (Fig. 3B–D). In addition,
the LKO mice were protected from the physiological de-
cline induced by the Western diet in wild-type mice;
they were more glucose tolerant and had lower levels of
blood glucose and insulin (Fig. 3E–G). We conclude that
LKO mice are at least partially protected from fat accu-
mulation and accompanying metabolic deficits on the
Western diet. The SIRT1 whole-body KO mice on a high-
fat diet are also protected from body weight gain and fat
accumulation in the liver (X. Li and L. Guarente, un-
publ.), consistent with our findings using the LKO mice.

We next investigated the mechanism by which LKO
mice are resistant to effects of the Western diet. A prior
study showed that the nuclear receptor LXR was
deacetylated and activated by SIRT1 (Li et al. 2007). LXR
is most active in the liver in a high-calorie diet. Indeed,
the LXR targets, the ABCA1 transporter involved in cho-
lesterol transport to blood LDL, and SREBP1c, the mas-
ter regulator of fat synthesis, were not fully activated in
LKO mice on the Western diet (Fig. 3H,I). Activation of
the SREBP1c target, fatty acid synthase (FAS), encoding
the rate-limiting step in fatty acid synthesis, was also
reduced. As expected, levels of all three targets were low
and not altered in LKO mice on CR. Thus, a failure to
coactivate LXR can explain the reduction in fat produc-

Figure 2. SIRT1 liver-specific knockout mice have no overt phenotype when fed a chow diet. (A) SIRT1 is specifically knocked out in the livers
of SIRT1 LKO mice. Expression of SIRT1 in the liver, the muscle, and the WAT was detected by Western blotting with an anti-SIRT1 antibody.
Actin was used as a loading control. (B–F) Body weight, liver weight, blood glucose, and insulin levels (fed and fasted), and glucose tolerance
were compared between wild-type and SIRT1 LKO mice on a chow diet.
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tion and accumulation in the liver, as well as the pro-
tection from metabolic deficits, in LKO mice fed the
Western diet.

The fact that the LKO had a phenotypic effect in mice
fed a high-calorie diet but not mice fed a normal chow
diet suggested that the activity of the liver SIRT1 may be
directly proportional to caloric intake, and predicted that
this sirtuin may not be functional in the liver of wild-
type mice on CR. Consistent with this idea, LKO mice
showed weight loss and fat reduction over time on CR
that paralleled wild type (Fig. 4A,B). Liver size reduction,
which is triggered in part by apoptosis after imposition of
CR (Grasl-Kraupp et al. 1994; James et al. 1998), also
occurred normally in LKO mice (Fig. 4C). Further, meta-
bolic parameters that were tested (blood glucose, insulin,
and glucose tolerance) all changed similarly in LKO mice
(Fig. 4D–F). Finally, the CR-induced up-regulation of two
key gluconeogenic genes, PEPCK, and glucose 6-phos-
phatase (G6P), as well as their transcriptional coactivator
PGC-1�, proceeded normally in LKO mice (Fig. 4G).

We conclude that SIRT1 ablation in the liver does not
alter the time course or steady-state levels of physiologi-

cal changes during CR. This genetic finding,
along with the demonstration that SIRT1 pro-
tein levels and the NAD/NADH ratio decrease
in the CR liver, indicates that the activity of
this sirtuin indeed goes down in the liver dur-
ing CR. The recent observation that resve-
ratrol induces glycogen synthesis in cultured
HepG2 cells (Sun et al. 2007) is consistent
with the idea that high SIRT1 activity in liver
cells favors energy storage.

Why is SIRT1 regulated by diet oppositely in
the liver compared with other tissues; for ex-
ample, the muscle or the WAT? CR increases
metabolic activity in the muscle and the
WAT, which likely promotes the entry of
NADH into electron transport and may ac-
count for our observed increases in the NAD/
NADH ratio. However, the liver is unique in
carrying out key biosynthetic functions—the
synthesis of the bulk of fat and cholesterol for
the body (Canbay et al. 2007), which occurs in
proportion to caloric intake. Since fat synthe-
sis is a highly reductive process—i.e., con-
sumes reducing equivalents—the highly fed
liver should have a redox state that is oxidized
and the CR liver a redox state that is reduced.
This redox effect will dictate a high NAD/
NADH ratio in the fed liver and a low ratio in
the CR liver, which is supported by our find-
ings. As we also showed above, changes in the
NAD/NADH ratio lie upstream of SIRT1, and
will therefore constrain the activity of this sir-
tuin to be high in the fed liver and low in the
CR liver. Further, SIRT1 expression levels
have been reported to be coordinated to the
redox state in cells (Zhang et al. 2007), which
may explain the strong positive correlation ob-
served between SIRT1 protein levels and the
NAD/NADH ratio in CR versus AL tissues.

Evolution may have adapted the function of
SIRT1 in different tissues to the metabolic
constraints on its activity imposed by CR. In
the muscle, CR-activated SIRT1 deacetylates
PGC-1� to induce mitochondria and fat oxida-

tion (Gerhart-Hines et al. 2007), and also prevents apo-
ptosis (Luo et al. 2001; Vaziri et al. 2001), while in the
WAT it fosters fat mobilization (Picard et al. 2004). In
the liver, the repression of SIRT1 by CR also makes
physiological sense. First, because SIRT1 coactivates
LXR, the reduced activity of this sirtuin in CR will de-
crease fat synthesis (Li et al. 2007). Second, reduced
SIRT1 activity may activate liver apoptosis, which is
known to occur in response to CR (Grasl-Kraupp et al.
1994; James et al. 1998). Third, while SIRT1 deacetyla-
tion of PGC-1� activates mitochondrial biogenesis in the
muscle, deacetylation of this coactivator by SIRT1 does
not affect mitochondrial gene expression in the liver
(Rodgers et al. 2005). Thus, there should be no cost in
energy production associated with the reduction in
SIRT1 activity in the liver during CR.

It has been suggested that SIRT1 deacetylation of
PGC-1� in the liver is important for the induction of
gluconeogenesis during fasting (Rodgers et al. 2005;
Rodgers and Puigserver 2007). However, our findings in-
dicate that blood glucose and insulin are not altered in
LKO mice, at least in a long-term fast (24 h). Moreover,

Figure 3. SIRT1 LKO mice are protected from physiological decline when fed a
high-fat diet. (A–G) Body weight gain over time, WAT weight, liver weight, blood
glucose, and insulin levels (both fed and fasted) and glucose tolerance were com-
pared between wild-type and LKO mice on a high-fat diet. (H) Expression of ABCA1,
FAS, and SREBP1c were compared between wild-type and LKO mice fed a high-fat
diet or a CR diet by QRT–PCR. (I) Expression of SREBP1c was compared between
wild-type and LKO mice fed a high-fed diet by Western blotting. Statistics was
calculated by Student’s t-test. (*) P < 0.05; (**) P < 0.01.
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during steady-state CR two key enzymes of gluconeo-
genesis, PEPCK and G6P, as well as PGC-1� itself, are
normally induced in the LKO mice. Evidently the el-
evated level of PGC-1� during CR suffices for gluconeo-
genesis, even in the absence of SIRT1 coactivation.
These findings are consistent with the recent demonstra-
tion that resveratrol and the newer classes of SIRT1 ac-
tivators do not induce gluconeogenesis in dosed animals
(Baur et al. 2006; Lagouge et al. 2006; Milne et al. 2007).
It remains possible that SIRT1 is required for gluconeo-
genesis during shorter times after fasting, but this will
require further study.

Our findings may have important implications for the
development of SIRT1 activators as CR mimetics. Any
systemic SIRT1 activator may have the unwanted effect
of inducing, or at least failing to prevent, the synthesis of
fat and cholesterol in the liver. This possibility may ex-
plain why several categories of SIRT1 activators do not
reduce body weight (Milne et al. 2007). However, activa-
tion of SIRT1 in metabolic tissues like muscle and adi-
pocytes may partially offset untoward effects of fat ac-
cumulation. For example, resveratrol-fed mice on a high-
fat diet do not acquire fatty liver, and actually show
improved liver physiology and metabolic function (Baur
et al. 2006; Lagouge et al. 2006). Our findings do raise the
interesting possibility that SIRT1 inhibitors specifically
targeted to the liver may be of benefit in treating obesity.
Such inhibitors may also help mitigate unwanted side
effects in the liver of LXR agonists, which have been
developed to increase reverse cholesterol transport and
efflux from peripheral tissues.

In summary, we show that the regulation of SIRT1 by
the diet is more complicated than originally imagined.
While it has been assumed that SIRT1 activity increases
generally during CR, we show that in the liver the ac-
tivity of this sirtuin actually decreases. The regulation of
SIRT1 activity during CR is not only tissue-specific, but
region-specific in nonhomogeneous tissues, such as the

brain (D. Chen and L. Guarente, un-
publ.). The reduction in SIRT1 activ-
ity in the CR liver correlates with the
reduced role of this organ in fat syn-
thesis. SIRT1 may thus figure promi-
nently in the redistribution of re-
sources during CR from growth,
metabolism, and reproduction to
maintenance and survival.

Materials and methods

Mice
SIRT1 knockout mice have been described pre-
viously (McBurney et al. 2003). SIRT1 liver-spe-
cific knockout mice were generated by crossing
a SIRT1 allele containing a floxed exon 4 (Cheng
et al. 2003) with Cre-expressing mice driven by
the liver-specific albumin promoter. All mice
were housed on a 12:12-h light:dark cycle at con-
trolled temperature (25 ± 1°C). Three- to four-
month-old animals (n = 10) were either fed ad
libitum or subjected to a 40% calorie restricted
diet for up to 3 mo, which was provided daily in
the evening. The data of the CR experiments
were collected in the morning. The high-fat
Western diet was provided by OpenSource Diets
(D12079B). All animal procedures were in accor-
dance with the MIT animal care committee.

Blood was collected from the tail veins of 10 mice per group and kept
on ice until centrifugation (1500g, 15 min at 4°C). The plasma was either
used immediately for assays or stored at −80°C until analysis. Glucose
concentrations were determined using OneTouch Ultra glucose meter
(LifeScan). Insulin levels were measured using the Ultrasensitive Mouse
Insulin EIA Kit (Alpco Diagnostics).

For the glucose tolerance test, mice were fasted overnight and injected
intraperitoneally with a saline glucose solution at 1 g/kg body weight.
Plasma glucose levels were measured before and 20, 40, 60, and 120 min
after glucose injection.

RNA and protein preparation and analysis
Total RNA was extracted from tissues by TRIZOL (Invitrogen) and was
further purified with RNeasy mini-kit (Qiagen). For real-time PCR analy-
sis, cDNA was synthesized from total RNA by SuperScript III reverse
transcriptase (Invitrogen) with random primers. cDNA was subjected to
PCR analysis with gene-specific primers in the presence of CYBR green
(Bio-Rad). Relative mRNA abundance was obtained by normalization to
cyclophilin levels.

Proteins from mouse tissues were extracted in RIPA buffer (1% Triton
X-100, 150 mM NaCl, 5 mM EDTA, 10 mM Tris 7.0) containing a pro-
tease inhibitor cocktail (Sigma). Protein extracts were subjected to cen-
trifugation at 14,000 rpm for 10 min. SIRT1 antibody (1:1000 dilution;
Upstate Biotechnologies). SREBP1c antibody (Santa Cruz Biotechnolo-
gies).

NAD and NADH measurement
NAD and NADH nucleotides were measured as described (Lin et al.
2004). About 10 mg of frozen tissues were homogenized in 300 µL of acid
extraction buffer to obtain NAD concentration or alkali buffer to obtain
NADH concentration. Two-hundred-forty microliters of supernatant
were neutralized with 120 µL of buffer. The concentration of nucleotides
was measured fluorimetrically in an enzymatic cycling reaction using
2–5 µL of sample.
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