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SUMMARY
Dyslipidemia and atherosclerosis are associated with reduced insulin sensitivity and diabetes, but
the mechanism is unclear. Gain-of-function of the gene encoding deacetylase SirT1 improves
insulin sensitivity, and could be expected to protect against lipid abnormalities. Surprisingly, when
transgenic mice overexpressing SirT1 (SirBACO) are placed on atherogenic diet, they maintain
better glucose homeostasis, but develop worse lipid profiles and larger atherosclerotic lesions than
controls. We show that transcription factor cAMP response element binding protein (Creb) is
deacetylated in SirBACO mice. We identify Lys136 is a substrate for SirT1-dependent
deacetylation that affects Creb activity by preventing its cAMP-dependent phosphorylation,
leading to reduced expression of glucogenic genes, and promoting hepatic lipid accumulation and
secretion. Expression of constitutively acetylated Creb (K136Q) in SirBACO mice mimics Creb
activation and abolishes the dyslipidemic and insulin-sensitizing effects of SirT1 gain-of-function.
We propose that SirT1-dependent Creb deacetylation regulates the balance between glucose and
lipid metabolism, integrating fasting signals.

INTRODUCTION
Patients with type 2 diabetes develop more severe and more extensive atherosclerosis that
contributes to their increased risk of cardiovascular disease (CVD) and related mortality
(National Institute of Diabetes and Digestive and Kidney Diseases, 2005). Thus, it is
important to understand the mechanism linking diabetes and atherosclerosis. Insulin
resistance is a prominent feature of type 2 diabetes and an independent risk factor for
atherosclerosis (Howard et al., 1996). The mechanism linking dyslipidemia with insulin
action remains unclear (Haeusler and Accili, 2008), but alterations of hepatic insulin
sensitivity are sufficient to bring about changes of lipid metabolism reminiscent of diabetic
dyslipidemia (Biddinger et al., 2008; Han et al., 2009).
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We and others have reported that genetic gain-of-function or pharmacologic activation of
the NAD+-dependent protein deacetylase SirT1 improve insulin sensitivity in rodents
(Banks et al., 2008; Baur et al., 2006; Pfluger et al., 2008). Moreover, SirT1 overexpression
in endothelial cells increases endothelial nitric oxide synthase (eNOS) function (Chen et al.,
2008; Li et al., 2007; Zhang et al., 2008), and sirtuins reduce inflammation in the vessel
wall, and improve hepatic and macrophage cholesterol metabolism (Chen et al., 2008; Li et
al., 2007). These and germane findings (Schwer and Verdin, 2008) raise the question of
whether the insulin-sensitizing effects of sirtuins can prevent atherosclerosis.

To answer this question, we placed transgenic mice carrying an extra copy of the SirT1 gene
(Banks et al., 2008) on a cholesterol-rich (Western-type) diet (WTD), and determined their
susceptibility to dyslipidemia and atherosclerosis. Surprisingly, we show that SirT1 gain-of-
function has detrimental effects on lipid metabolism, despite its beneficial effects on glucose
metabolism. We show that these effects are associated with deacetylation-dependent
inhibition of the cAMP response element binding protein (Creb). Creb promotes hepatic
gluconeogenesis (Chrivia et al., 1993) and inhibits lipid synthesis (Herzig et al., 2003). Its
activity is regulated by several cofactors, two of which–Torc2 and Cbp–are also
deacetylated by SirT1 (Liu et al., 2008). However, it’s unknown whether Creb itself is a
SirT1 substrate and how this might affect the cAMP response. We report that SirT1 directly
deacetylates Creb and identify Lys136 as a site of SirT1-dependent Creb deacetylation that
modulates its protein kinase A (PKA)– dependent phosphorylation. We demonstrate that a
constitutively acetylated Creb mutant (K136Q) reverses the effects of SirT1 on hepatic lipid
synthesis and deposition, as well as glucose homeostasis, indicating that Creb deacetylation
plays a central role in the paradoxical dissociation between glucose and lipid metabolic
effects observed in SirT1 transgenics.

RESULTS
Increased dyslipidemia and atherosclerosis in SirBACO:Ldlr–/ mice

To test the effects of SirT1 gain-of-function on lipid metabolism and atherosclerosis, we
intercrossed SirT1-transgenic mice (SirT1 Bacterial Artificial Chromosome Overexpressor,
SirBACO) (Banks et al., 2008) and Ldlr−/− mice, subjected double mutant mice to WTD and
analyzed the resulting phenotypes. SirBACO:Ldlr−/− mice displayed better glucose tolerance
(Figure 1A,B) and lower fasting glucose than Ldlr−/− controls (Figure 1C). Strikingly, the
improvement of glucose metabolism was associated with a worsening lipid profile,
characterized by increased total cholesterol (Figure 1D), a trend toward increased
triglycerides (TG) (Figure 1E) and elevated VLDL- and LDL-cholesterol and VLDL-TG
(Figure 1F, G). These changes were not present in mice fed standard chow (Figure S1A–D),
and were independent of changes in insulin levels (Figure S1E–H).

Consistent with the plasma lipid values, we observed a 28% increase of aortic root
atherosclerotic lesion area (P<0.05) (Figure 1H, I). There was no difference in necrotic core
area (Figure S1I). The phenotype was present in both genders and was independent of
macrophage function, as it failed to be transferred by transplanting bone marrow from
SirBACO:Ldlr−/− into Ldlr−/− mice (data not shown).

SirT1 increases hepatic lipid content and secretion in WTD-fed mice
To determine the role of SirT1 in the observed phenotype of euglycemia with dyslipidemia,
we first analyzed the effect of WTD on hepatic SirT1 expression in wild-type C57BL6 mice.
SirT1 levels rose ~twofold following 2 weeks on WTD, as did Acc, Fas, and Pparγ levels
(Figure 2A). Thus, the transgenic SirT1 gain-of-function can be viewed as mimicking a
pathophysiological response to WTD. Conversely, SirT1−/− mice show decreased levels of
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Fas and Acc1 in basal conditions (Figure S2A). Due to their poor health, a more detailed
characterization of these mice was not possible.

Next, we examined the regulation of glucose and lipid metabolism in SirBACO mice
independently of the Ldlr deletion. On a normal diet, these mice have normal metabolic
parameters (Figure S2B, C). Strikingly, 2 weeks of WTD recapitulated aspects of the
SirBACO:Ldlr−/− mouse phenotype. Thus, glucose levels were significantly lower and
glucose tolerance greater in WTD-fed SirBACO compared to control mice (Figure 2B, C)
with normal insulin levels (Figure S2D), while TG rose in both ad lib and fasted conditions
(Figure 2D and S2E, F). We observed similar trends with longer duration of the diet (data
not shown).

To examine the mechanism of lipid abnormalities, we measured hepatic lipid synthesis,
content, and secretion. Hepatic de novo lipogenesis demonstrated a trend toward increased
levels (Fig. S2G); TG and cholesterol content increased (Figure 2E–G) in a SirT1 copy
number-dependent fashion in SirBACO hemizygous and homozygous mice. Secretion of TG
(Figure 2H), cholesterol (Figure 2I), and the main VLDL apoprotein, ApoB48 (Figure 2J, K)
(Ginsberg et al., 2005) also rose.

Analyses of gene expression showed increased levels of mRNAs encoding lipogenic
enzymes and their transcriptional regulators, including peroxisome proliferator-activated
receptor gamma (Pparγ), Srebp-1c (Srebf1), fatty acid synthase (Fasn), acetyl-CoA
carboxylase 2 (Acacb), diacylglycerol O-acyltransferase 2 (Dgat2) and stearoyl-coenzyme A
desaturase 1 (Scd1), whereas the cholesterol synthesis regulator Srebp2 (Srebf2) (Figure 2L),
and its target genes Ldlr and Pcsk9 (Figure S2H), were unchanged. We also observed
increases of fatty acid β-oxidative genes Pparα and peroxisomal acyl-CoA oxidase (Acox)
(Figure S2G). Thus, metabolic and gene expression data support the conclusion that SirT1
gain-of-function promotes hepatic lipid accumulation and secretion in response to WTD.

SirT1 gain-of-function decreases Creb acetylation
To understand the mechanism of decreased plasma glucose and increased liver fat content
and secretion, we examined Akt activation, but failed to detect statistically significant
differences in phospho-Akt or its substrate phosphor-Gsk3β between SirBACO and control
mice (Figure 3A and S3A). These data are consistent with normal insulin signaling in
SirBACO:Ldlr−/− mice (Figure S1J), and with our previous data in SirBACO mice under
different experimental conditions (Banks et al., 2008).

Creb activates gluconeogenesis (Herzig et al., 2001) and inhibits lipid synthesis (Herzig et
al., 2003). Hence, decreased Creb activity could explain the phenotype of WTD-fed
SirBACO mice. We hypothesized that SirT1 gain-of-function could inhibit Creb function
through deacetylation, resulting in decreased gluconeogenesis and elevated lipogenesis.
Indeed, Creb acetylation was nearly absent in SirBACO mice, and phosphorylation of
Ser133–the site required for Creb activation (Chrivia et al., 1993)– was substantially
decreased when assessed by either western blotting (Figure 3A) or immunohistochemistry.
The latter change occurred in a SirT1 transgene copy number-dependent manner (Figure
3B).

Expression of most Creb target genes was lower, consistent with decreased Creb activity.
Thus, levels of Insulin receptor substrate-2 (Irs2) and Nur77, a gene that promotes
gluconeogenesis and inhibits lipogenesis (Chao et al., 2007; Pols et al., 2008), decreased, as
did mRNA levels encoding Nur77 (encoded by Nr4a1), Irs2, Igfbp1, and neuron-derived
orphan receptor-1 Nor1 (encoded by Nr4a3). Pparγ, a target of Creb-dependent suppression
(Herzig et al., 2003) showed increased levels, consistent with decreased Creb activity
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(Figure 3A). The only Creb target gene that was discordant with this pattern was Nurr1
(Nr4a2), whose levels rose by ~50% (Figure 3C). These data indicate that Creb
deacetylation is accompanied by decreased expression of most–but not all–of Creb target
genes.

Both SirT1 and Creb are active in fasted conditions (Mayr and Montminy, 2001; Schwer and
Verdin, 2008). Accordingly, we did not detect differences in Creb phosphorylation,
acetylation, Creb-dependent gene expression, and liver fat accumulation in re-fed mice
(Figure S3B–E).

SirT1 loss-of-function activates Creb
Next, we assessed Creb acetylation and phosphorylation in animals with reduced SirT1
levels. SirT1 haploinsufficient mice showed increased acetyl-Creb and phospho-Creb
(Figure 3D). In the liver of ob/ob mice, a genetic model of insulin resistance and obesity,
total Creb levels were decreased, but the ratio of acetyl-Creb to total Creb increased due to
reduced hepatic SirT1 expression (Figure 3E). These data indicate that SirT1 regulation of
Creb is not limited to the SirBACO model, but is mirrored in models of insulin-resistant
diabetes.

SirT1 regulates Creb activity through deacetylation
We asked whether acetylation affects Creb activity. Concurrent inhibition of class I/II
histone deacetylases (HDACs) by trichostatin A (TSA) and class III HDACs by
nicotinamide increased Creb Ser133 phosphorylation and acetylation without affecting
phosphorylation levels of the Creb kinase PKA (Figure 4A), suggesting that acetylation
modulates Creb phosphorylation independent of PKA. Indeed, overexpression of the Creb
acetylase Cbp (Lu et al., 2003) was sufficient to promote Creb phosphorylation, while SirT1
overexpression blocked it (Figure 4B). In the presence of the SirT1 inhibitors, nicotinamide
or EX527 (Napper et al., 2005), forskolin-induced Creb phosphorylation increased in
magnitude and duration (Figure S4A), further supporting the notion that deacetylation of
Creb by SirT1 negatively regulates its activity.

We tested whether pharmacological SirT1 inhibition affected Creb activity. Consistent with
the in vivo gene expression data, inhibition of SirT1 deacetylase activity resulted in higher
levels of Creb targets Nur77, Nor1, Irs2, Igfbp1 and glucose-6-phosphatase (encoded by
G6pc) in hepatoma cells (Figure S4B). Conversely, SirT1 overexpression repressed
forskolin-induced Creb-luciferase activity by 50%, and EX527 treatment preempted Creb
inhibition by SirT1 (Figure 4C). Overexpression of SirT1 in hepatoma cells had similar
effects, increasing expression of Ppar γ, Dgat2, Acaca and Acacb, repressing Nur77, Tnf-α,
Il-1α and Il-6 (Pfluger et al., 2008); the only discordant change was Nurr1 (Figure S4C).
These data suggest that SirT1 affects Creb function via deacetylation.

Creb is a SirT1 substrate
We sought to determine whether Creb is a SirT1 substrate. We transfected 293 cells with
FLAG-tagged Creb, SirT1, and Cbp in various combinations. Creb acetylation was
enhanced by Cbp (Figure 4D, top panel, lane 3), and decreased by SirT1 (Figure 4D, top
panel, lane 2). The phosphorylation-deficient Creb mutant M1 (S133A) was similarly
deacetylated by SirT1, suggesting that deacetylation doesn’t require Ser133 phosphorylation
(Figure S4D). We then asked whether SirT1 physically interacts with Creb. We detected
endogenous Creb by immunoblotting, following immunoprecipitation of FLAG-SirT1
transfected in 293 cells (Figure 4E, lanes 2 and 3), demonstrating that SirT1 binds to
endogenous Creb and that this interaction is unaffected by Creb phosphorylation.
Conversely, we detected SirT1 by immunoblotting of Creb immunoprecipitates obtained
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from cells co-expressing SirT1 and FLAG-tagged Creb (Figure 4F). Notably, unlike the
SirT1-interacting protein Dbc1 (Zhao et al., 2008), Creb bound the mutant SirT1 H355Y,
albeit with reduced efficiency (Figure 4E, lane 4).

To demonstrate that SirT1 deacetylates Creb directly, and not through interactions with Cbp
or Torc2 (Liu et al., 2008), we performed in vitro deacetylation assays with purified FLAG-
Creb and SirT1. Addition of SirT1 to the reaction mix resulted in complete Creb
deacetylation that was entirely reversed by the SirT1 inhibitor, nicotinamide (Figure 4G).
Next, we asked whether repression of Creb by SirT1 requires the latter’s deacetylase
activity. In 293 cells, a catalytically inactive SirT1 mutant (H355Y) (Luo et al., 2001) failed
to repress Creb acetylation and phosphorylation, while repression by wild type SirT1 was
blunted by EX527 (Figure S4E), indicating that Creb inhibition is dependent on the
deacetylase activity of SirT1. We also saw inhibition of Creb by SirT1 in adipocytes (Figure
S4F), suggesting that it’s a general event.

SirT1 deacetylates Creb on Lys136
To identify SirT1 deacetylation sites, we immunprecipitated Creb from cells expressing Cbp
or control DNA, purified the immunoprecipitated protein from polyacrylamide gels, and
subjected it to MALDI-MS and LC-MS/MS. Out of fifteen lysine residues present in Creb,
ten are clustered in the bZIP domain, and two (Lys123 and Lys136) are adjacent to the
cAMP-dependent phosphorylation site, Ser133 (Figure S5A). We detected acetyl- Lys136,
but not acetyl-Lys123 (Figure 5A). Interestingly, Lys136 is the only lysine residue in this
region conserved across Creb homologs in different species (Figure S5A).

To evaluate the role of Lys136 in Creb function, we mutated it to glutamine (K136Q) as
acetylation mimetic, or to arginine (K136R) as deacetylation mimetic. Neither mutation
affected Creb binding to SirT1, but both decreased Cbp-dependent Creb acetylation (Figure
5B), consistent with the notion that this is a site of Creb acetylation in intact cells (Lu et al.,
2003). Moreover, both mutations preempted the ability of SirT1 inhibitors to stimulate Creb
phosphorylation (Figure S5B), indicating that Lys136 is the acetylation site involved in
regulating Creb activation.

Time-course analyses of forskolin induction indicated that phosphorylation of the K136Q
mutant was more rapid and long lasting, while that of the K136R mutant was more slow and
short-lived than WT (Figure 5C). The K136Q mutant mimicked the effect of SirT1
inhibition (Figure S5B). Dose-response studies showed that the K136Q mutation increased
Creb sensitivity to forskolin-induced phosphorylation, whereas the K136R mutation restored
it to normal (Figure 5D). Moreover, in CRE transactivation assays, the K136Q mutant
increased Creb reporter gene activity, while the K136R mutant decreased compared to WT
Creb, indicating that the acetylation state of K136 directly affects Creb activity (Figure 5E).
To sum up, these data show that Lys136 acetylation increases Creb sensitivity to PKA-
dependent phosphorylation.

Gene expression studies in hepatoma cells further support these conclusions. Expression of
K136Q resulted in greater basal or forskolin-induced levels of phosphoenolpyruvate-
carboxykinase (Pck1), Igfbp1, G6pc, Nur77, Nor1 and Nurr1, and suppressed Fasn and
Acaca (Figure S5C), mirroring the effects seen in SirBACO mice and supporting the idea
that acetylation activates Creb. In addition, the ability of insulin to suppress forskolin-
induced expression of Pck1, Igfbp1, and G6pc was impaired. The lipogenic genes do not
respond to insulin induction in this cell type, so this aspect of the phenotype could not be
properly evaluated.
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K136Q mutant Creb reverses the phenotype of WTD-fed SirBACO mice
To study the metabolic consequences of the K136Q mutation in vivo, we transduced C57BL
mice with adenoviruses encoding WT or K136Q mutant Creb and subjected them to WTD.
The adenoviruses affected neither glucose levels nor glucose tolerance (Figure S5D–G), but
the K136Q mutant did decrease plasma TG and lowered hepatic de novo lipogenesis, as
assessed by tracer methods, by nearly 50% (Figure 5F,G). In addition, expression of
lipogenic genes (Srebf1, Fasn) was decreased, while that of glucogenic genes (Pgc1α, Pck1,
Nur77) was increased, consistent with the notion that Creb acetylation mimics Creb
activation by cAMP (Figure 5H).

Next, we evaluated the ability of the K136Q mutant Creb to prevent WTD-induced
dyslipidemia and steatosis in SirBACO mice. We administered adenoviruses encoding WT
or K136Q mutant Creb to SirBACO mice and control littermates and placed them on WTD.
After 2 weeks on the diet, SirBACO mice treated with WT Creb still demonstrated the same
abnormalities seen in untreated mice: increased hepatic lipid, as well as plasma TG and
cholesterol, lower blood glucose, and unchanged insulin levels compared to control
littermates (Figure 6A–G). In contrast, SirBACO mice treated with Ad-K136Q showed
similar glucose, TG and cholesterol levels to wildtype controls in the fasted or refed states
(Figure 6E–G, S6A–B). Administration of Ad-K136Q also prevented diet-induced weight
gain and reduced body fat content in both control and SirBACO mice (Figure 6H–J, S6C).
These data show that preventing Creb deacetylation reverses the metabolic features of
WTD-fed SirBACO mice.

DISCUSSION
The question addressed in this work was whether SirT1, by virtue of its ability to prevent
diabetes (Banks et al., 2008; Pfluger et al., 2008) would also protect against atherosclerosis.
Surprisingly, our investigations reveal an apparent proatherogenic phenotype in mice
carrying an extra copy of SirT1.

Are sirtuins good or bad for atherosclerosis?
The link between SirT1 and lipid metabolism has been the subject of intense investigation.
Sirt1−/− mice display reduced HDL cholesterol and TG and a blunted response to LXR
agonists that has been linked to reduced SirT1-dependent activation of LXR through
deacetylation (Li et al., 2007). The predisposition of SirBACO mice to WTD-induced
hepatosteatosis and the rise of plasma TG are consistent with these findings; however, we
found no evidence of either increased HDL cholesterol, as would be expected based on the
Sirt1−/− phenotype, nor did we see changes in cholesterol efflux and foam cell formation
from SirBACO macrophages (data not shown). Potential explanations for this discrepancy
include variations in genetic background and SirT1 expression levels, or source of
macrophages (Li et al., 2007).

The phenotype of liver-specific SirT1 ablation is also consistent with that of SirBACO mice:
decreased liver fat accumulation in response to WTD, lower Srebf1 and Fasn levels (Chen et
al., 2008), as well as decreased Pparγ-dependent gene expression, increased inflammation
and ER stress (Purushotham et al., 2009). In our study we observed decreased inflammation
and ER stress (Figure S3F), as was seen in another model of SirT1 gain-of-function (Pfluger
et al., 2008). Unlike the latter study, we saw increased hepatosteatosis in WTD-fed SirBACO
mice. Although it’s possible that this apparent discrepancy is due to the different diets used
in the two studies (cholesterol-rich vs. high-fat), we should point out that in our previous
work we didn't see protection from hepatosteatosis in high fat-fed SirBACO mice that were
protected from diabetes, as documented by glucose clamps and other metabolic data (Banks
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et al., 2008). The explanation for the difference between the two transgenic lines may not be
unrelated to unusual features of the mice studied by Pfluger et al.: (i) extreme insulin
sensitivity on the normal diet (low body weight, near-undetectable fasting insulin levels,
near-flat glucose excursions during GTT); (ii) uncharacteristic response to the diet, in which
glucose levels remained unchanged compared to the normal diet, insulin levels remained
low, and yet glucose and insulin tolerance became altered in wild-type mice (Pfluger et al.,
2008).

Previous work demonstrated anti-atherogenic effects of SirT1 in macrophages and vascular
endothelial cells (Zhang et al., 2008). The design of our study allowed us to parse the
integrated contribution of SirT1 gain-of-function in different tissues to atherosclerosis. Our
data indicate that the proatherogenic effects of SirT1 on hepatic lipid metabolism trump its
“peripheral” benefits on macrophages and vasculature. In fact, SirBACO macrophages
appear to have largely normal functions in cholesterol uptake and inflammation, and failed
to affect atherosclerosis development in bone marrow transfer experiments (data not shown).

We conclude that the effects of SirT1 are pleiotropic, and that in type 2 diabetes, sirtuin
agonists might have undesired effects on lipid metabolism. However, such effects seemingly
arise from increased insulin sensitivity, not from insulin resistance, adding to a growing
body of evidence that suggests that excessive insulin action, as opposed to insulin resistance,
predisposes to the characteristic plasma lipid profile of type 2 diabetes (Han et al., 2009;
Shimomura et al., 2000).

Sirtuins and polyphenols
Polyphenols like resveratrol have been suggested to promote sirtuin activity (Howitz et al.,
2003). But their effect on hepatic lipid metabolism stands in apparent contrast to the
phenotype of SirBACO mice (Baur et al., 2006; Hou et al., 2008). In light of the
demonstration that polyphenols activate AMPK (Canto et al., 2009; Lagouge et al., 2006),
we suggest that their metabolic effects are independent of SirT1. Alternatively, it’s possible
that their effect exceeds that of a single extra copy of SirT1 in SirBACO mice; however, in
view of the fact that key SirT1 substrates are hypoacetylated in SirBACO mice (Banks et al.,
2008; Pfluger et al., 2008), this explanation seems unlikely.

Two fasting signals
The identification of Creb as a bona fide SirT1 substrate reveals a biochemical and genetic
pathway linking two critical “fasting” signals: cAMP and NAD+. It also allows us to
integrate these two proteins with another regulator of the fasting response, FoxO1 (Accili
and Arden, 2004). Interestingly, acetylation plays a permissive role in FoxO1 (Qiang et al.,
2010) and Creb phosphorylation (this report). But phosphorylation inactivates FoxO1, while
activating Creb. It can thus be envisioned that SirT1 activation in response to falling nutrient
levels promotes a shift from Creb- to FoxO1-dependent metabolism (Liu et al., 2008),
leading to increased lipid utilization. Our findings can also help reconcile conflicting reports
on Creb and lipid metabolism. While dominant-negative Creb (A-Creb) or Creb RNAi cause
liver steatosis in mice (Herzig et al., 2003), Creb inhibition by antisense oligonucleotide
results in lower plasma and liver cholesterol and TG in diabetic rats but not in ob/ob mice
(Erion et al., 2009). The dissociation between Creb levels and its phosphorylation/
acetylation in ob/ob mice indicates that changes in acetylation can offset the effects of
decreased protein levels.

Two recent findings in human studies support our conclusions that Creb regulates lipid
metabolism: clinical trials of glucagon receptor antagonists demonstrate an improvement of
glucose levels in patients with diabetes associated with a rise in LDL-cholesterol (Engel et
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al., 2011). And genetic mutations of the Creb family gene CrebH are associated with
alterations of TG clearance leading to hypertriglyceridemia (Lee et al., 2011). Thus, we
tentatively propose that the mechanism identified in our study is relevant to human disease
pathophysiology.

In summary, we demonstrate a dyslipidemic effect of SirT1 gain-of-function, mediated
through Creb deacetylation. This effect might limit the therapeutic value of SirT1 agonists in
diabetes treatment. Further studies of the pathway linking SirT1 and Creb will provide
alternative approaches to the modulation of lipid metabolism by insulin sensitizers.

EXPERIMENTAL PROCEDURES
Reagents

We cultured McA-RH7777 and HEK-293T cells (ATCC, Manassas, VA) in DMEM with
10% fetal bovine serum (Mediatech, Inc., Manassas, VA). We used Hygromycin B (Sigma-
Aldrich) to select for stable clones expressing CRE-luciferase. We used the following
antibodies: monoclonal and polyclonal anti-acetylated-Lysine, p-Akt (T308 or S473), p-
Creb, total Creb, p-AMPK (Cell Signaling), Fas, PPARγ, cyclophillin A, p-PKA, α-tubulin,
RXRα, FXR (Santa Cruz); SirT1, Irs2, p-Acc (Millipore-Upstate); mouse Nur77
(eBioscience); Dbc1 (Bethyl Laboratories); FLAG M2 (Sigma-Aldrich); LXRα (R&D
systems); apoB and HA (Abcam). Expression vectors for FLAG-Creb (# 22968) and
phosphorylation-defective Creb-M1 (# 22969) were from Addgene Inc. (Cambridge, MA).
Creb-K136Q and Creb-K136R mutants were made by site-direct mutagenesis (GenScript
USA Inc., Piscataway, NJ). Creb-K136Q adenovirus were made and purified by Welgen Inc.
(Worcester, MA). FLAG-SirT1 and SirT1-H363Y were cloned into pEGFP-N1 for transient
expression. pGL4.29[luc2P/CRE/Hygro] was from Promega (Madison, WI), and TransIT-
LT1 transfection reagent from Mirus Bio LLC (Madison, WI).

Mice
SirBACO mice on C57BL/6J background (Banks et al., 2008) were mated with Ldlr−/− mice
to generate SirBACO:Ldlr−/− mice. SirT1+/− mice have been described (Li et al., 2007), and
C57BL/6J and Lepob/+ mice were from Jackson Laboratories (Bar Harbor, ME). The
western diet used in these experiments contains 42% milk fat, 0.15% cholesterol (TD88137,
Harlan Teklad). Atherosclerotic lesions were analyzed as described (Han et al., 2006). All
adenovirus administrations were at a dose of 1×109 vp/g. The Columbia University Animal
Care and Utilization Committee have approved all animal experiments.

Protein Studies
For native immunoprecipitation, we lysed cells in FLAG IP buffer (50mM Tris pH 7.4,
150mM NaCl, 0.2% Triton-X100, 10% glycerol) supplemented with 2µM Trichostatin A
(TSA) (Sigma-Aldrich), 10mM nicotinamide (Sigma-Aldrich), protease and phosphatase
inhibitors (Boston Bioproducts), and incubated 1 mg protein with Anti-FLAG M2 Affinity
Gel (Sigma-Aldrich) overnight at 4°C. After 4 washes with FLAG IP buffer, proteins were
eluted by 3x FLAG peptides in FLAG IP buffer. Acetylated-Lysine IP was carried out
following Tansey WP’s protocol. Mouse tissue was lysed in TSD buffer (50mM Tris pH 7.4,
1% sodium dodecyl sulfate (SDS), 5mM DTT) with 2µM TSA and 10mM nicotinamide,
boiled for 10 minutes, and centrifuged. Thereafter, we transferred 0.6 mg protein to 1.2mL
TNN buffer (50mM Tris pH7.4, 250mM NaCl, 5mM EDTA and 0.5% NP-40) with
inhibitors, pre-absorbed with 50µL Protein A/G agarose slurry (Santa Cruz), and
immunoprecipitated using 5µL anti Acetylated-Lysine antibody (Cell Signaling). Immune
complexes were bound to protein A/G agarose slurry, extensively washed and eluted by
boiling in 0.1 mL sample buffer.
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For western blotting, we lysed cells or tissues in buffer containing 20mM Tris, pH 7.4,
150mM NaCl, 10% glycerol, 2% NP-40, 1mM EDTA pH 8.0, 0.2% SDS, 0.5% NaDOC
supplemented with protease and phosphatase inhibitors. Protein were denatured under
reducing condition and separated on SDS-PAGE prior to western blotting using either ECL
substrate kit (Thermo Scientific) or Odyssey Infrared Imagining System (LI-COR
Biosciences).

Gene Expression Analysis
We isolated RNA with RNeasy kit (Qiagen) and DNase I (Qiagen) digestion, synthesized
cDNA with High-capacity cDNA Reverse Transcription kit (Applied Biosystems), and
performed quantitative real-time PCR (qPCR) with goTaq qPCR Master Mix (Promega) on
Bio-Rad CFX96 Real-Time PCR system. Expression levels were calculated by ΔΔCt
method using murine cyclophilin A or rat 36B4 as controls. Primer sequences are in Table
S1.

Metabolic Measurements
TG secretion was measured following intravenous injection of Triton WR-1339 (0.5mg/g
body weight) (Sigma-Aldrich) in 5-hr-fasted mice (Han et al., 2009). Blood samples were
collected in EDTA capillaries. Hepatic lipids were extracted as described (Folch et al.,
1957). Metabolites were measured with NEFA-HR(2), Cholesterol E, HDL-Cholesterol E
(Wako Diagnostics), Infinity™ Triglyceride Reagent (Thermo Scientific), Mouse Insulin
ELISA (Millipore), and OneTouch Glucometer (Lifescan, Inc.).

De novo Lipogenesis Assay
Hepatic de novo lipogenesis was measured as described (Zhang et al., 2006), using 1
mCi 3H2O (American Radiolabeled Chemicals) per mouse.

Histological Analysis
We used paraffin-embedded liver sections for hematoxylin and eosin, and frozen sections
for Oil Red O staining. Immunohistochemical analysis of phospho-Creb in paraffin-
embedded liver sections was carried out using phospho-Creb (Ser133) (87G3) antibody
(Cell Signaling) at a dilution of 1:50 with dehydration.

Luciferase Assay
McA-RH7777 cells stably overexpressing CRE-driven luc2P were infected with SirT1
adenovirus at MOI=1, and pretreated with 10 µM EX527 overnight prior to 100µM
forskolin for 5 hr. Luciferase activity was determined with Bright-Glo™ Luciferase Assay
System (Promega).

Statistical analysis
We used unpaired 2-tail student’s t-test to evaluate differences and the customary value
P<0.05 to declare statistical significance. All values are expressed as means ± standard error
of means (SEM).

Highlights

• SirT1 gain-of-function predisposes to dyslipidemia and atherosclerosis

• SirT1 deacetylates cAMP-response-element binding-protein (CREB) on K136

• Constitutively acetylated CREB mutant K136Q lowers plasma lipids in SirT1
transgenics
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• CREB acetylation integrates cAMP-dependent with SirT1-dependent fasting
responses

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Metabolic characterizations of WTD-fed SirBACO:Ldlr−/− mice
(A–B) IPGTT time courses (A) and areas under the curve (B) (*=P<0.05, n=5 each).
(C–E) Measurements of fasting plasma glucose (C), total cholesterol (D) and TG (E)
(**=P<0.01, *=P<0.05, n=18–24).
(F–G) FPLC fractionation of lipoprotein cholesterol (F) and TG (G) in pooled sera (6 mice
each). All measurements were carried out after a 5-hr fast.
(H) Measurements of aortic root lesion areas following 14 weeks on WTD (*=P <0.05,
n=15–19 each). A horizontal line indicates mean area in each group.
(I) H&E staining of representative aortic root lesions, with arrows indicating cholesterol
clefts, and asterisks indicating necrotic cores. Data are expressed as means ± SEM.
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Figure 2. Transgenic overexpression of SirT1 increases hepatic lipid content and secretion upon
WTD feeding
(A) Western blots analysis of liver proteins from male C57BL/6J mice after 4 weeks WTD
feeding. Mice were fasted for 7 hours. Dbc1 is used as a loading control.
(B–K) Metabolic analyses of SirBACO mice and control littermates (WT) after 2 weeks of
WTD, including glucose (B) (n=10–11 each), IPGTT (C) (n=5–6 each), plasma TG (D)
(n=10–11 each), hepatic H&E and Oil red-O staining (E), hepatic TG (F) and cholesterol
content (G) following an 8-hr fast (n=6–10).
(H–I) Triton assays to measure TG (H) and cholesterol secretion (I) (n=6–7 each).
(J) Representative ApoB western blot following Triton injection.
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(K) Quantification of multiple Triton secretion experiments (n=5 each).
(L) Q-PCR analysis of hepatic gene expression (n=5 each). In all experiments, **=P<0.01,
*=P<0.05. Data are expressed as means ± SEM.
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Figure 3. SirT1 modulates Creb activity in liver
(A) Western blots of liver proteins from WTD-fed mice (Quantification in Figure S3A).
(B) Immunohistochemical staining of phospho-Ser133 Creb in WTD-fed mice. 8-wk-old
mice were fasted for 8-hr prior to isolating livers for analysis.
(C) Q-PCR analysis of hepatic gene expression in mice on WTD for 2 wk. Mice were fasted
for 24-hr and then re-fed for 16-hr for RNA extraction (*= P<0.05, n=5 each). Data are
expressed as means ± SEM.
(D) Western blots analysis of liver proteins from 8-wk-old SirT1 heterozygous knockouts
(SirT1+/−) and control littermates (SirT1+/+).
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(E) Western blots of liver proteins from 12-wk-old ob/ob mice and control littermates. Mice
were fasted overnight prior to analysis. Dbc1 is used as a loading control.
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Figure 4. SirT1 regulates Creb acetylation and phosphorylation
(A) Western blots of anti-FLAG immunoprecipitates obtained from 293 cells overexpressing
FLAG-tagged Creb following treatment with 1 µM trichostatin A (TSA) and 5 mM
nicotinamide (Ntm) for the indicated times.
(B) Western blots of extracts from 293 cells transfected with FLAG-tagged Creb in
combination with Cbp or SirT1.
(C) CRE-luciferase assays from McA-RH7777 cells transduced with GFP or SirT1
adenovirus. (*= P<0.05, n=3). Data are expressed as means ± SEM.
(D) Immunoprecipitation of FLAG-Creb from 293 cells cotransfected with Cbp or SirT1.
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(E) Coimmunoprecipitation of endogenous Creb by FLAG-tagged WT or H363Y SirT1
mutant in 293 cells following 30 min treatment with forskolin (5 µM).
(F) Co-immunoprecipitation of SirT1 by FLAG-tagged Creb in 293 cells.
(G) In vitro Creb deacetylation assay with purified Creb and SirT1.
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Figure 5. Creb Lys136 is a SirT1 substrate
(A) Mass spectra obtained from FLAG-Creb isolated from 293 cells cotransfected with Cbp
(+Cbp) or control DNA (–Cbp).
(B) Immunoprecipitation of FLAG-tagged WT, K136Q or K136R Creb from 293 cells
cotransfected with Cpb or SirT1.
(C) Western blots of protein extracts from 293 cells transfected with WT, K136Q or K136R
Creb after 5 uM forskolin treatment for the indicated times.
(D) Western blot of 293 cells expressing wild type Creb (WT), K136Q (KQ) or K136R
(KR) mutant. Cells were harvested after 30 min forskolin treatment at indicated doses.
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(E) CRE-luciferase assays from McA-RH7777 cells transfected with WT, K136Q or K136R
Creb (**=P<0.01, *=P<0.05, n=4).
(F–H) Effects of in vivo transduction of C57BL/6J mice with wild-type (Ad-Creb) or
K136Q (Ad-K136Q) Creb adenoviruses after 1 wk on WTD. Mice were fasted overnight
and then refed for 4 hours.
(F) Plasma TG levels (*=P<0.05 vs. GFP control, n=6–7).
(G) Hepatic de novo lipogenesis (*=P<0.05 vs. GFP control, n=6–7).
(H) Q-PCR analysis of hepatic gene expression (**=P<0.01, *=P<0.05 vs. GFP control,
n=6). Data are expressed as means ± SEM.
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Figure 6. Creb K136Q prevents lipid abnormalities in WTD-fed SirBACO mice
(A–C) Hepatic lipid content characterized by Oil Red-O staining (A), TG (B) and
cholesterol measurements (C) (n=7–9 each).
(D) Liver weight (n=7–9).
(E–G) Plasma TG (D), glucose (E) and insulin (F) after 24-hour fasting (Fasted) followed by
4-hour re-feeding (Refed) (n=7–9).
(H–J) Body weight change (H) and composition, with lean (I) and fat mass (J) n=7–9)
during WTD feeding. In all experiments **=P<0.01, *=P<0.05. Open bar: Ad-Creb in WT
mice; black bar: Ad-Creb in SirBACO mice; blue bar: Ad-K136Q in WT mice; red bar: Ad-
K136Q in SirBACO mice. Data are expressed as means ± SEM.
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