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    Chapter 4   
 SIRT1 in Metabolic Health and Disease                     

     Marie     Boutant     and     Carles     Cantó    

4.1           Introduction 

 The story of  SIRT1  , and  sirtuins   in general, began more than three decades ago, 
with the identifi cation of an enzyme, Sir2, participating in gene silencing at specifi c 
genomic regions (Ivy et al.  1986 ; Shore et al.  1984 ). However, it was not until fi f-
teen years later that we began to truly grasp the signifi cance of Sir2 activity. A key 
fi nding in the story of sirtuins was the identifi cation of Sir2 as an NAD + -depedent 
deacetylase enzyme (Imai et al.  2000a ). This meant that Sir2, and all its homologs 
along the evolutionary scale, used NAD +  as a cosubstrate to catalyze deacetylation 
of a substrate,  rendering nicotinamide   and  2’-O-acetyl-ADP-ribose   as concomitant 
reaction products. The engagement of sirtuins with NAD +  as a cosubstrate is unique 
compared to all other deacetylase enzyme families known to date. In addition, this 
fundamental feature suggests that  sirtuins   might respond directly to changes in 
intracellular metabolism by “sensing” NAD +  levels (Canto and Auwerx  2012 ; Imai 
et al.  2000b ). Since reversible acetylation has putative regulatory properties on the 
activity and function of a constellation of proteins, including  histones  , sirtuins were 
proposed to act as enzymes coupling metabolic cues to transcriptional outputs. 

 Among all sirtuins, SIRT1 is the most well-studied mammalian homolog of the 
yeast enzyme Sir2. The initial interest in this protein rapidly spread due to its pos-
sible role in eukaryote lifespan regulation (Berdichevsky et al.  2006 ; Canto and 
Auwerx  2009 ; Kaeberlein et al.  1999 ; Viswanathan and Guarente  2011 ; Viswanathan 
et al.  2005 ). While this is still a matter of debate (Burnett et al.  2011 ; Lombard et al. 
 2011 ), an overwhelming amount of evidence in animal models suggests that SIRT1 
might play key role in metabolic regulation and adaptation (Canto and Auwerx 
 2012 ). This, in turn, impinges on the sensibility of organisms to develop metabolic 
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and age-related diseases, including insulin resistance, cancer and diverse neurode-
generative pathologies. Here, we aim to review the most recent advances on SIRT1 
functions, with strong emphasis on the knowledge obtained using  transgenic animal 
models  .  

4.2      SIRT1 Biology   

4.2.1     Basic Structure and Localization 

 The human SIRT1  protein   spans for 747 amino acids. The structure of the protein is 
immaculately conserved within mammals and contains the defi ning conserved cata-
lytic core of  sirtuins   fl anked by both N- and C-terminal extensions (Michan and 
Sinclair  2007 ). These extensions span each around 240 amino acids and serve as 
docking and interactive platforms for regulatory proteins and substrates (Canto and 
Auwerx  2012 ; Michan and Sinclair  2007 ). 

 The expression of  Sirt1  is rather ubiquitous, and can be detected at the protein 
level in most, if not all, mammalian tissues. However, as described later,  Sirt1  
expression is very plastic, and can dramatically change in response to metabolic 
stress in an organ, tissue and cell-autonomous fashion. In addition, the SIRT1 pro-
tein can be found in the nuclei and/or the cytosolic compartment (Michishita et al. 
 2005 ; Tanno et al.  2007 ). SIRT1 contains two nuclear localization signals, that drive 
nuclear import, and two nuclear exportation signals, that drive the export (Tanno 
et al.  2007 ). The balanced function of these different signals determines SIRT1 
localization in diverse tissues. This way, SIRT1 can display a very predominant 
nuclear localization in some tissues and cells, such as COS-7 cells or mouse  embry-
onic fi broblasts   (McBurney et al.  2003 ; Sakamoto et al.  2004 ). In turn, SIRT1 is 
predominantly cytosolic in  pancreatic β-cells  ,  myotubes      and  cardiomyocytes   
(Moynihan et al.  2005 ; Tanno et al.  2007 ). Furthermore, SIRT1 can actively shuttle 
between these compartments in response to environmental cues. For example, inhi-
bition of the  phosphatidylinositol 3-kinase (PI3K)   pathway rapidly promotes 
nuclear exclusion of SIRT1 (Tanno et al.  2007 ). These observations further support 
the possible interrelation between SIRT1 activity and the cellular metabolic  state  .  

4.2.2     SIRT1  Regulation   

4.2.2.1     Regulation at the Expression  Level   

 Intracellular SIRT1 activity can be modulated at the transcriptional level. The over-
expression of  Sirt1  in cultured cells, tissues and organisms is enough to increase 
global SIRT1  activity   (Banks et al.  2008 ; Pfl uger et al.  2008 ; Rodgers et al.  2005 ; 
Rodgers and Puigserver  2007 ). At the endogenous level, the  expression   of  Sirt1  is 
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generally upregulated in  situations   of low nutrient availability and energy stress 
(Canto and Auwerx  2012 ; Nemoto et al.  2004 ; Noriega et al.  2011 ). Hence, it was 
not surprising to fi nd out how many transcriptional effectors of key metabolic sig-
nals directly regulate the activity of the  Sirt1  promoter. 

 Initial studies trying to elucidate how the expression of the  Sirt1  gene increased 
upon  glucose deprivation   found out that the  Sirt1  promoter is critically regulated by 
members of the  Forkhead-O-box (FOXO)   family of transcription factors (Nemoto 
et al.  2004 ). FOXOs are transcription factors whose activity is negatively modu-
lated by the  PI3K   pathway via direct  Akt-mediated phosphorylation   (Brunet et al. 
 1999 ). Therefore, insulin and other  PI3K-activating growth factors  , inhibit FOXO 
activity (Calnan and Brunet  2008 ). Elegant studies from the Finkel lab demon-
strated that  FOXO3a   is a key regulator of the activity of the  Sirt1  promoter (Nemoto 
et al.  2004 ). FOXO3a modulated Sirt1 gene expression via its interaction with p53 
(Nemoto et al.  2004 ). When nutrients are abundant, FOXO3a is exported to the 
 cytosol   and p53 is bound to the proximal region of the  Sirt1  promoter, repressing its 
transcriptional activity. However, upon nutrient  depletion  , FOXO3a is no longer 
sequestered to the cytosol via phosphorylation, hence shuttling to the nucleus where 
it directly interacts with p53 at the  Sirt1   promoter   (Nemoto et al.  2004 ). The interac-
tion between FOXO3a and p53 relieves the inhibition of  Sirt1  transcription, proba-
bly by modulating the accessibility of  coactivator/corepressor complexes  . It was 
exciting to fi nd that  FOXOs   can also regulate  Sirt1  transcription through direct 
binding to the  Sirt1  promoter. Indeed, a number of FOXO binding sites have been 
identifi ed in more distal regions (up to 1.5 kbp) of the rat  Sirt1  promoter (Xiong 
et al.  2011 ). To date, however, only FOXO1 has been shown to bind to them and 
positively infl uence SIRT1 transcription (Xiong et al.  2011 ), and the conservation of 
these binding sites has to be yet fully analyzed. While organismal confi rmation of 
these fi ndings needs still to be solidifi ed, FOXOs provide an excellent link on how 
nutrient deprivation enhances  Sirt1  transcription. Similarly, the nuclear exclusion of 
FOXO constitutes a beautiful mechanism to integrate hormonal signals linked to 
nutrient abundance and the repression of the  Sirt1   promoter  . 

 Additional mechanism by which feeding/fasting  cycles   might infl uence  Sirt1  
expression in diverse tissues was unraveled recently in animal models. In the fed 
state, the  Sirt1  promoter is repressed via the direct binding of the carbohydrate 
response element-binding protein (ChREBP) (Noriega et al.  2011 ). Upon fasting, 
ChREBP is translocated to the  cytosol      and its binding region is liberated. This goes 
together with the activation of CREB by fasting-derived cAMP signals triggered for 
example, by glucagon.  CREB   and  ChREBP   can bind to similar response elements 
(Noriega et al.  2011 ). Therefore, during the fasting state, the activated CREB can 
bind to the regions liberated by ChREBP and activates  Sirt1   transcription  . 

 Further supporting the metabolic regulation of  Sirt1  gene expression, the  peroxi-
some proliferator-activated receptor (PPAR)   family of nuclear receptors also has 
key roles on  Sirt1  transcriptional regulation. PPARs are directly activated by differ-
ent lipid species and critically control lipid anabolism and catabolism (Michalik 
et al.  2006 ). The distal region of the  Sirt1  promoter contains  PPAR response ele-
ments (PPREs)   (Han et al.  2010 ; Hayashida et al.  2010 ), even though a thorough 
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analysis of their mapping and conservation is still lacking. This way, it was demon-
strated that  PPARγ   can directly bind to and repress the  Sirt1  promoter (Han et al. 
 2010 ). This could explain how situations of nutrient overload, when PPARγ is acti-
vated, are generally correlated with Sirt1 downregulation, both in mice (Coste et al. 
 2008 ) and  humans   (Costa Cdos et al.  2010 ). Interestingly, the existence of PPREs 
also opens the door for other PPARs to regulate the  Sirt1  gene. Indeed, the activa-
tion of PPARα and PPARβ can also regulate  Sirt1   expression  , both in a positive 
manner (Hayashida et al.  2010 ; Kim et al.  2012 ; Okazaki et al.  2010 ). However, 
whether this regulation occurs via the same PPREs described is far from clear. In the 
case of  PPARβ  , it has been reported that such positive regulation could rely on an 
alternative mechanism, where PPARβ would enhance the positive action of p21 on 
the  Sirt1   promoter   (Okazaki et al.  2010 ). While the possible regulation of  Sirt1  
expression by PPARs provides a beautiful link between lipid metabolism and SIRT1 
transcriptional activity, the  mechanisms   remain still poorly defi ned and even con-
fl ictive  observations   have been reported on the role of  PPARγ   on  Sirt1  gene regula-
tion (Chiang et al.  2013 ). Further work in vivo will be key to fully grasp the 
relevance of PPARs on  Sirt1  transcription. 

 Other transcriptional regulators have been described on the  Sirt1  promoter, but 
with either poor understanding of their in vivo relevance or their regulatory mecha-
nisms. For example, the  poly(ADP-ribose) polymerase (PARP)-2   protein has 
recently been described as a powerful repressor of  Sirt1  transcription by directly 
binding to the proximal promoter region (Bai et al.  2011a ). The downregulation or 
genetic ablation of  PARP-2  is enough to enhance basal  Sirt1  expression and protein 
levels (Bai et al.  2011a ). However, the mechanism by with PARP-2 represses the 
 Sirt1  promoter is still nebulous, and so is the possible physiological  modulation   of 
PARP- 2   inhibitory action. Another mechanism for  Sirt1  transcriptional repression 
that deserves attention is that constituted by the  hypermethylated in cancer 1 (HIC1)   
protein. HIC1 naturally forms a corepressor complex on the SIRT1 promoter (Chen 
et al.  2005 ). The stability of this complex is critically modulated by the presence of 
the  C-terminal binding protein (CtBP)  , which depends on NADH (Zhang et al. 
 2007 ). In situations of low NADH  levels  , such as in cells treated with 
2- deoxyglucose – mimicking low glucose availability – the complex is destabilized 
and the inhibitory effect is relieved, allowing enhanced  Sirt1  transcription rates, 
which, in turn, optimizes the adaptation to low nutrient  availability   (Zhang et al. 
 2007 ). In this case the molecular regulation of the HIC1:CtBP complex on the  Sirt1  
promoter is very well defi ned, but support of such fi ndings in animal models will be 
required. 

 Another level of regulation of  Sirt1   mRNA   occurs through  microRNAs (miR-
NAs)  , which promote the cleavage of specifi c mRNAs or inhibit their translation 
(Neilson and Sharp  2008 ). To date, more than 16 miRNAs have been described to 
regulate  Sirt1  expression and activity (Yamakuchi  2012 ). Among them, miR-34a 
has been the most widely studied. Briefl y, miR-34a binds to the 3’-untranslated 
region of the  Sirt1  mRNA in a partial complementary manner and represses its 
translation (Lee et al.  2010 ; Yamakuchi et al.  2008 ). Several interventions have 
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demonstrated a strong negative correlation with  Sirt1  levels in physiological 
 situations (Lee et al.  2010 ; Yamakuchi  2012 ; Yamakuchi et al.  2008 ). We kindly 
refer the reader to other recent  reviews   in order to gain more insight into the fasci-
nating new level of complexity on the regulation of  Sirt1  introduced by  miRNAs      
(Yamakuchi  2012 ).  

4.2.2.2     Regulation by NAD +  and NAM 

 The fact that SIRT1  activity   requires NAD +  as a mandatory cosubstrate raised the 
hypothesis that SIRT1 could act as an NAD +  sensor in the cell, coupling the meta-
bolic and redox status of the cell to transcriptional outputs (Imai et al.  2000b ). 
However, to act as a true metabolic sensor, the activity of SIRT1 should be rate- 
limited by NAD +  availability. But, is this really the case? 

 Most studies to date suggest that the Km of SIRT1 for NAD +  is around 150-200 
μM (Houtkooper et al.  2010 ). Whether this is the true range of NAD +  availability in 
the cell is diffi cult to confi rm. First, most estimates indicate that basal intracellular 
NAD +   levels   in most cells and tissues fall in a range between 0.2 and 0.5 μM 
(Houtkooper et al.  2010 ). This originally led to think that NAD +  might not be rate- 
limiting for SIRT1. However, these values hardly take into account NAD +  intracel-
lular compartmentalization. In fact, some estimates have indicated that nuclear 
NAD +  concentrations might be around 70 μM (Fjeld et al.  2003 ), which would be 
critically rate-limiting for SIRT1 activity. Similarly, the most commonly used tech-
niques to measure intracellular NAD +  fail to distinguish between free (available) 
and protein-bound NAD + . Therefore, our current  knowledge      is still too preliminary 
to unequivocally determine NAD +   bioavailability  . However, given the above con-
siderations, it seems plausible that NAD +  could truly be rate-limiting for SIRT1 
activity. Supporting this possibility, most – if not all – experimental strategies aimed 
to alter intracellular NAD +  levels have consistently been shown to infl uence SIRT1 
activity (Canto and Auwerx  2012 ). 

 A number of in vivo strategies have demonstrated how increases in NAD +  levels 
translate into SIRT1 activation. One strategy relied in the deletion of alternative 
NAD +  consumers, such as  PARP-1   or the  cADP-ribose synthase CD38  . Both of 
these  enzymes   are avid NAD +  consumers and, therefore, their deletion should allow 
higher NAD +  bioavailability for  SIRT1  . This way, if NAD +  was rate-limiting for 
SIRT1, these models should display enhanced SIRT1 activity. In line with this 
hypothesis, the deletion of either  PARP-1   or  CD38   has consistently shown a cor-
relative increase in NAD +  levels and SIRT1 activity in most tissues examined 
(Aksoy et al.  2006 ; Bai et al.  2011b ). A second strategy has relied in enhancing 
NAD +  biosynthesis by providing NAD +  precursors or manipulating the expression 
of NAD +  biosynthetic enzymes. The efforts from the Imai lab have consistently 
demonstrated how  intraperitoneal (ip) injection   of  nicotinamide mononucleoside 
(NMN)   is enough to raise NAD +  levels and robutstly increase SIRT1 activity 
(Yoshino et al.  2011 ). Parallel experiments demonstrated that ip injections of NMN 
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prevented fructose rich diet-induced islet dysfunction, likely through SIRT1  activa-
tion   (Caton et al.  2011 ). Similarly, the Auwerx lab has demonstrated how food 
 supplementation with the natural NAD +  precursor nicotinamide riboside (NR) also 
leads to an elevation in NAD +  levels and enhanced SIRT1 activity in mouse tissues 
(Canto et al.  2012 ). The overexpression of NAD +  biosynthetic enzymes, such as the 
 nicotinamide phosphoribosyltransferase (Nampt)   or the  nicotinamide mononucleo-
tide adenylyltransferase 1 (NMNAT1)  , provides an alternative way to boost NAD +  
availability, which generally leads to enhanced SIRT1 activity (Araki et al.  2004 ; 
Revollo et al.  2004 ; Wu et al.  2011 ; Zhang et al.  2009 ). In fact, it has been reported 
that SIRT1 might directly interact with NMNAT1 (Zhang et al.  2009 ). Such a com-
plex could potentially channel NAD +   production   to fuel SIRT1 enzymatic catalysis, 
creating a  microdomain   for the regulation of SIRT1  activity  . Altogether, these strat-
egies support that boosting NAD +  availability enhances SIRT1  activity  . 

 Many physiological challenges also promote fl uctuations in NAD +  levels. In 
most cases, these fl uctuations rarely increase NAD +  levels beyond 2-fold (Canto 
et al.  2009 ; Chen et al.  2008 ; Fulco et al.  2008 ; Rodgers et al.  2005 ), very much in 
line with the range expected to affect SIRT1 activity. In general, NAD +  levels and 
SIRT1 activity increase in most tissues in response to nutrient deprivation or energy 
stress, such as exercise (Canto et al.  2009 ; Costford et al.  2010 ), fasting (Canto et al. 
 2010 ; Rodgers et al.  2005 ) or calorie  restriction   (Chen et al.  2008 ). The degree of 
the response, however, depends on the baseline NAD +   levels   and SIRT1 activity of 
each tissue. For example, the exercise-induced enhancement in SIRT1 activity was 
evident in glycolytic muscle, but not in oxidative muscle, where SIRT1 activity was 
already high on the basal state (Canto et al.  2009 ). 

 SIRT1 activity can also be modulated by other NAD +  metabolites. For example, 
it has been shown that NADH can compete with NAD +  binding to  SIRT1   and inhibit 
SIRT1 activity (Lin et al.  2004 ; Schmidt et al.  2004 ). While this could prompt the 
hypothesis that SIRT1 could also act as an NADH sensor, the levels of NADH 
required to promote competitive inhibition are in the millimolar range, which are 
unlikely to be met physiologically (Schmidt et al.  2004 ). Therefore, NADH levels 
should rarely determine SIRT1 activity in most common physiological situations, 
even if it cannot be fully ruled out that such cases might exist. 

 Another prominent natural inhibitor of SIRT1 activity is nicotinamide (NAM), 
which is a product of the sirtuin reaction. NAM exerts end-product inhibition of 
SIRT1 in a non-competitive fashion with NAD +  (Anderson et al.  2003 ; Bitterman 
et al.  2002 ). While it is known that NAM can inhibit SIRT1 at concentrations around 
200 μM or lower, the true intracellular content of NAM content is far from clear. In 
addition, NAM can diffuse across membranes (van Roermund et al.  1995 ), which 
further complicates compartmentalization studies. An important  point   is that, at low 
levels, NAM actually prompts activation of SIRT1, due to its property as an NAD +  
precursor (Houtkooper et al.  2010 ; Revollo et al.  2004 ). Therefore, NAM at lower 
micromolar  range   might be benefi cial for SIRT1 activity, while its  accumulation   is 
deleterious.  
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4.2.2.3     Regulation  by Post-translational Modifi cations   

 The enzymatic activity of SIRT1 can also be infl uenced through post-translational 
modifi cations. Initial evidence for this came from a large mass spectrometry-based 
screening, which identifi ed SIRT1 as a  phosphorylated protein   (Beausoleil et al. 
 2004 ). Two  phosphoresidues     , Ser 27  and Ser 47 , on the human SIRT1 were identifi ed, 
but their respective function and modulation is not yet clear. A later SIRT1-centered 
 study   revealed up to 13 phosphorylable  residues  , mostly located on the N- and 
C-terminal expansions fl anking the conserved catalytic domain (Sasaki et al.  2008 ). 
Among them, the authors identifi ed Thr 530  and Ser 540  as residues directly phosphory-
lated by cyclinB/cdk1 (Sasaki et al.  2008 ). The  phosphorylation   of these residues 
resulted in higher SIRT1 activity (Sasaki et al.  2008 ). Very much in the same line, it 
was reported how Ser 27 , Ser 47  and Thr 530  could be phosphorylated by JNK1, result-
ing in nuclear translocation and enhanced SIRT1 activation (Nasrin et al.  2009 ). 
Interestingly, the phosphorylation by JNK1 targetted SIRT1 activity to specifi c sub-
strates, as it triggered the deacetylation of histone H3 but not that of p53, which is 
another well-established SIRT1 substrate (Nasrin et al.  2009 ). This is actually a key 
concept, as it is often overlooked that SIRT1 affects many different targets and cel-
lular processes, sometimes with opposite effects. Therefore, SIRT1 action must be 
targeted to some degree. In this sense, post-translational  modifi cations   might be an 
attractive mechanism by which SIRT1 could be channeled to specifi c  subsets   of 
targets. 

 A constellation of additional kinases have been described to phosphorylate one 
or more residues of SIRT1 (see (Canto and Auwerx  2012 ) for review). A critical 
 point  , however, is that most of the residues identifi ed – or their fl anking sequences – 
are very poorly conserved, making it diffi cult to argue that they are key to the pri-
mordial metabolic functions described for SIRT1 orthologs across evolution. 
Similarly, the physiological modulation of these possible  phosphorylation   events is 
far from understood. A major change in the fi eld was hence provided by the 
 Puigserver lab  , when they identifi ed mouse Ser 434  (human Ser 442 ) as a phosphoryla-
tion substrate for PKA (Gerhart-Hines et al.  2011 ). First, because Ser 442  is located in 
the catalytic core domain of SIRT1 and is highly conserved across species. Second, 
because the authors elegantly demonstrated how the  phosphorylation   of this residue 
is modulated by hormonal inputs and physiological stimuli in mice. Third, and most 
importantly, because the phosphorylation of this residue allowed SIRT1 to decrease 
the Km for NAD +  (Gerhart-Hines et al.  2011 ). The enhanced affi nity for NAD +  via 
phosphorylation can explain how SIRT1 activity can change even in the  absence   of 
changes in NAD + . 

 SIRT1 activity can also be infl uenced by the addition of  small ubiquitin-like 
modifi er (SUMO)  . SIRT1 is SUMOylated at Lys 734  upon irradiation or treatment 
with toxic  concentrations      of hydrogen peroxide (Yang et al.  2007 ). Upon 
 SUMOylation   SIRT1 increases its intrinsic deacetylase activity and enhances the 
ability of the cell to survive to the above mentioned damaging agents (Yang et al. 
 2007 ). A key caveat of the described SUMOylation event is the poor conservation 
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of the Lys 734  residue, even within mammals. While this does not rule out the  potential 
contribution of SUMOylation in some species, including humans, it is unlikely that 
SUMOylation is a major contributor of the conserved key metabolic actions of 
SIRT1. Moreover, further studies will have to underscore the physiological implica-
tions and regulation of SIRT1 SUMOylation. 

 While we are just beginning to grasp the complex interplay of post-translational 
modifi cations that occur on SIRT1, it is tempting to hypothesize that they do not act 
independently. Rather these modifi cations might interact to control substrate acces-
sibility, modify the kinetic properties or serve as interaction platforms for SIRT1. 
Understanding these specifi c mechanisms will be essential to design future strate-
gies to selectively channel SIRT1 into specifi c  functions        .  

4.2.2.4     Regulation by Protein Interactions 

 Another layer of  regulation   is provided by the association of SIRT1 with different 
proteins. As described previously, SIRT1 was originally described as a transcrip-
tional silencing enzyme. Therefore, it was not surprising that SIRT1 was found in 
mammalian cells and tissues forming part of corepressor complexes with the 
 Nuclear Receptor Corepressor 1 (NCoR1)   (Picard et al.  2004 ). In there, SIRT1 par-
ticipated in silencing of the transcriptional activitiy of nuclear receptors, such as 
 PPARγ  . However, the coregulator properties of SIRT1 are not limited to silencing. 
For example, when associated to the PPAR coactivator 1α (PGC-1α)   , it participates 
in the transcriptional activation of mitochondrial and fatty acid oxidation genes 
(Gerhart-Hines et al.  2007 ; Rodgers et al.  2005 ). Therefore, the association with 
different  partners   confers SIRT1 the  ability   to act both as a  corepressor   and as a 
 coactivator  . 

 A key fi nding in the SIRT1 fi eld came with the simultaneous  identifi cation   by two 
different labs of a nuclear protein,  deleted in breast cancer 1 (DBC1)  , as a protein 
forming a stable complex with SIRT1 (Kim et al.  2008 ; Zhao et al.  2008 ). DBC1 binds 
to the catalytic domain of SIRT1 and inhibits SIRT1 activity both in vivo and in vitro 
(Kim et al.  2008 ; Zhao et al.  2008 ). This way, reductions in DBC-1 prompted an 
increase in SIRT1 activity in cultured cells (Kim et al.  2008 ; Zhao et al.  2008 ). Mice 
with a germline deletion of DBC1  display   a 2- to 4-fold increase in endogenous SIRT1 
activity in a wide range of tissues (Escande et al.  2010 ). Under normal circumstances, 
it was estimated that at least 50 % of the total SIRT1 in liver is associated with DBC1, 
and that this interaction was nearly absent upon starvation, when SIRT1 activity is 
higher (Escande et al.  2010 ). In contrast, the interaction was more prominent after 
chronic high-fat feeding, when SIRT1 activity is decreased (Escande et al.  2010 ). 
While these evidences illustrate that the interaction of DBC1 and SIRT1 can be modu-
lated, the nature of this plasticity has been elusive for a long time. However, it has 
been recently reported that this interaction can be modulated by phosphorylation 
 events  . For example, the interaction between  DBC1   and SIRT1 increases following 
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DNA damage and oxidative stress (Yuan et al.  2012 ). This is due to the  phosphoryla-
tion   of DBC1 at Thr 454  by the ATM (ataxia telangiectasia-mutated) and ATR (ataxia 
telangiectasia and Rad3- related  ) kinases, which create a second binding site for SIRT1 
(Yuan et al.  2012 ; Zannini et al.  2012 ). In contrast, it has been found that the activation 
of the  AMP-activated protein kinase (AMPK) pathway      leads to the dissociation of 
DBC1-SIRT1 complexes (Nin et al.  2012 ), even though the underlying mechanism is 
not fully understood. 

 Almost simultaneous to the identifi cation of  DBC1   as a negative regulator of 
SIRT1, Kim and colleagues identifi ed the  active regulator of SIRT1 (AROS)   as an 
activator of SIRT1 activity (Kim et al.  2007 ). The interaction of AROS with SIRT1, 
presumably in its catalytic domain, enhances SIRT1 activity by 2-fold (Kim et al. 
 2007 ). However, the exact nature of the action of AROS on SIRT1 and its physio-
logical relevance has been barely explored, still constituting promising area for 
 research        .   

4.2.3     SIRT1 Functions 

 While initially described as a transcriptional silencing  enzyme  , the actions of SIRT1 
have unfolded as a rich universe that expands far beyond histone modifi cations. In 
fact, a very large number of non-histone protein targets have been identifi ed. There 
are a number of reviews that extensively recapitulate SIRT1 targets, and we kindly 
refer the reader to them for further information (Canto and Auwerx  2012 ; Houtkooper 
et al.  2012 ). 

 In general, the physiological activation of SIRT1 orchestrates cellular and organ-
ismal adaptations aimed to favor survival in situations of nutrient scarcity. This way, 
SIRT1 activation potentiates the extraction of energy from  non-carbohydrate 
sources     , mostly through  mitochondrial respiration  . Given the dual localization of 
SIRT1, either in the cytoplasm and/or the nucleus, it is not surprising that SIRT1 
targets have also been identifi ed in both compartments (Canto and Auwerx  2012 ). 
The cytosolic targets of SIRT1 generally potentiate short-term adaptations, while 
the nuclear ones are transcriptional regulators by which SIRT1 controls mitochon-
drial and fatty acid oxidation gene expression to allow chronic adaptations (Canto 
and Auwerx  2012 ). The metabolic adaptations prompted by SIRT1 do not only 
impact directly on metabolic homeostasis, but also indirectly on cellular prolifera-
tion, infl ammation and survival (Canto and Auwerx  2012 ; Houtkooper et al.  2012 ). 
Therefore, it is not surprising that SIRT1 activation has not only been linked to 
benefi cial effects on metabolic health, but also on cancer and cognitive function, 
among others. 

 In the next sections we will analyze SIRT1 functions based on the evidences 
gathered on animal models, so as to favor a physiological integrative point of  view      
(Table  4.1  and  4.2 ).     
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   Table 4.1    Prominent energy metabolism phenotypes observed in SIRT1 gain-of-function models 
through genetic mechanisms   

 Targeted tissue  Genetic strategy 
 Prominent phenotypes 
observed  References 

 Whole body  Overexpression (moderate)  Protection against dietary 
and age-related metabolic 
damage 

 Pfl uger et al. 
(2008) 
 Banks et al. 
(2008) 

 Similar lifespan as WT mice  Herranz et al. 
(2010) 

 Overexpression (moderate)  Calorie-restriction like 
behavior 

 Bordone et al. 
(2007) 

 Overexpression (moderate)  Higher susceptibility to 
atherosclerotic lesions when 
fed a atherogenic diet 

 Quiang et al. 
(2012) 

 Overexpression (high)  Higher muscle 
mitochondrial content 

 Price et al. 
(2012) 

 Liver  Overexpression (adenoviral 
delivery) 

 Positive regulation of 
hepatic glucose production 
and inhibition of lipid 
anabolism 

 Rodgers et al. 
(2007) 

 Overexpression (adenoviral 
delivery) 

 Attenuation of hepatic 
glucose prediction and 
insulin resistance in ob/ob 
mice 

 Wang et al. 
(2010) 

 Muscle  Overexpression  Similar aspect, insulin 
sensitivity and adaptation to 
calorie restriction as in 
wild-type mice 

 White et al. 
(2013)  MCK-Cre 

 Adipose tissue  Overexpression  Prevention against 
age-induced deterioration of 
insulin sensitivity and 
ectopic lipid distribution. 
Reduction of whole body fat 
mass and enhanced 
locomotor activity 

 Xu et al. (2013) 
 Ap2-Cre 

 Pancreas  Overexpression  Enhanced glucose-induced 
insulin secretion 

 Moynihan et al 
(2005)  SIRT1 insertion under the 

human insulin promoter 
 Brain  Whole brain overexpression  Enhanced foraging behavior 

upon calorie restriction 
 Satoh et al. 
(2010) and 
(2013) 

 SIRT1 insertion under the 
mouse PrP promoter  Lifespan exetension 
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   Table 4.2    SIRT1 loss-of-function models through genetic mechanisms   

 Targeted tissue  Genetic strategy 
 Prominent phenotypes 
observed  References 

 Whole body  Knock-out  High embryonic lethality  McBurney et al. 
(2003)  Numerous developmental 

defects 
 Knock-out  Numerous developmental 

defects 
 Cheng et al. (2003) 

 Infrequent postnatal survival 
 Knock-out (outbred 
stocks) 

 Metabolic ineffi ciency and 
defective adaptation to 
nutrient stress 

 Boily et al. (2008) 

 Knock-out 
(Adulthood deletion) 

 Defective mitochondrial 
function 

 Price et al. (2012) 

 Hemizygosis  Hepatic steatosis  Purushotham et al. 
(2010) 
 Xu et al. (2012) 

 Liver  Deletion  Protection from 
physiological decline when 
fed a high-fat diet 

 Chen et al. (2008) 
 Alb-Cre; SIRT1 fl /fl  
(exon 4) 
 Deletion  Higher susceptibility for the 

development of 
hepatosteatosis 

 Purushotham et al. 
(2009)  Alb-Cre; SIRT1 fl /fl  

(exon 4) 
 Deletion  Hepatic steatosis even on 

chow diet and chronic 
hyperglycemia 

 Wang et al. (2010) 
and (2011)  Alb-Cre; SIRT1 fl /fl  

(exon 5–6) 
 Muscle  Deletion  Normal adaptation to 

exercise, but not to calorie 
restriction 

 Schenk et al. 
(2011) 

 MCK-Cre; SIRT1 fl /
fl  (exon 4) 

 Philp et al. (2011) 

 Deletion  Defective mitochondrial 
function 

 Menzies et al. 
(2013) 

 MLC1f-Cre; SIRT1 
fl /fl  (exon 4) 

 No synergism between 
resveratrol and exercise on 
mitochondrial biogenesis 

 Adipose tissue  Deletion  Increased infl ammation of 
white adipose tissue, 
increased adiposity and 
higher susceptibility to 
obesity and insulin 
resistance 

 Gillum et al. 
(2011) 
Chalkiadaki et al. 
(2012) 

 FABP4-Cre; SIRT1 fl /fl  
(exon 4) 

 Pancreas  Adulthood deletion  Disrupted glucose-
stimulated insulin secretion 

 Moynihan et al. 
(2005)  Pdx1-ERCre; SIRT1 fl /

fl  (exon 4) 
 Brain  Whole brain deletion  Altered behavioral response 

to caloric restriction 
 Cohen et al. (2009) 

 Nestin-Cre; SIRT1 fl /fl  
(exon 4)  Defective control of pituitary 

hormones Increased glucose 
intolerance with aging 

(continued)
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4.3      What Animal Models Have Taught Us 

4.3.1     SIRT1 and Whole Body  Metabolism   

  SIRT1 orthologs   in lower eukaryotes have been proposed to be determinants of 
lifespan (Canto and Auwerx  2009 ). Despite the abstract notion of what lifespan 
determination really means and the controversial results on whether SIRT1 
overexpression truly enhances longevity in lower eukaryotes (Burnett et al. 
 2011 ), it seems clear that SIRT1 activation does not enhance lifespan in mice 
under normal food regimes (Baur et al.  2006 ; Herranz et al.  2010 ; Pearson et al. 
 2008 ). However, SIRT1 transgenic mice are protected against the metabolic 
damage induced by high-fat diets (Banks et al.  2008 ; Pfl uger et al.  2008 ), and 
SIRT1 activation prevents the curving of lifespan induced by high-fat feeding 
(Baur et al.  2006 ). 

 The fi rst  SIRT1 gain-of function model   reported displayed several features 
resembling  calorie restriction  : they were leaner, metabolically more active, and 
had increased glucose tolerance (Bordone et al.  2007 ). Two additional SIRT1 
transgenic lines were later generated, both of them concluded that mild overex-
pression of SIRT1 prevented against high-fat diet induced hyperglycemia, insu-
lin resitance and fatty liver, despite no signifi cant differences in body weight 
(Banks et al.  2008 ; Pfl uger et al.  2008 ). Posterior efforts have also certifi ed that 
lines with a higher SIRT1 overexpression have enhanced mitochondrial content 
and display greater mitochondrial function (Price et al.  2012 ). While this feature 
has not been deeply analyzed in the previous lines, it could provide an interesting 
mechanism to explain the  phenotypes   observed. The major caveat of this 
approach is that higher SIRT1 levels do not necessarily have to correlate with 
SIRT1 activity. This has been demonstrated recently in aging models, where 
reduced NAD +  availability compromises SIRT1 activity, despite higher SIRT1 
content (Braidy et al.  2011 ). 

 A number of compounds have been used as  SIRT1 activating compounds 
(STACS)  , even though their specifi city has been long debated (Canto and Auwerx 
 2012 ). A recent publication elegantly demonstrates that STACS directly infl uence 

 Targeted tissue  Genetic strategy 
 Prominent phenotypes 
observed  References 

 Deletion in AgRP 
neurons 

 Decreased food intake and 
body weight 

 Dietrich et al. 
(2010) 

 Agrp-Cre; SIRT1 fl /fl  
(exon 4) 
 Deletion in POMC 
neurons 

 Hypersensitivity to 
HFD-induced obesity 

 Ramadori et al. 
(2010) 

 POMC-Cre; SIRT1 
fl /fl  (exon 4) 

Table 4.2 (continued)
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the activity of SIRT1 through a specifi c residue, Glu 230  for human SIRT1 (Hubbard 
et al.  2013 ). This mechanism for direct activation of SIRT1, however, would only 
affect a subset of substrates with specifi c structural requirements (Hubbard et al. 
 2013 ) and would not explain the effects of STACs on lower eukaryotes, where the 
 human Glu 230  residue   is not conserved. While further in vivo consolidation of these 
observations is required, they provide an interesting conciliatory explanation on 
why STACs have been reported to trigger SIRT1 activation through both direct and 
indirect  mechanism  . Among all STACS,  resveratrol   has probably been the one 
receiving more attention. Indeed, mice fed with resveratrol show a number of fea-
tures in common with the SIRT1 transgenic mice. Most notably, they are protected 
against high-fat diet induced metabolic damage and display enhanced mitochon-
drial function (Baur et al.  2006 ; Lagouge et al.  2006 ). The effects, however, were 
more marked than those observed on the transgenic, including prevention against 
high-fat diet induced obesity (Lagouge et al.  2006 ). A possible explanation for this 
relies on the ability of resveratrol to activate also other pathways (Canto and Auwerx 
 2012 ; Park et al.  2012 ). In fact, many studies suggest that the activation of SIRT1 
by resveratrol, at least at the doses most commonly used in animal studies, could be 
an indirect consequence of AMPK activation (Canto et al.  2010 ; Um et al.  2010 ), 
which leads to increased NAD +  levels (Canto et al.  2009 ) and promotes Nampt 
expression (Canto et al.  2009 ; Fulco et al.  2008 ). A more recent screening for other 
possible small molecular SIRT1 agonists led to the identifi cation of a second batch 
of compounds, among which the best characterized is  SRT1720   (Milne et al.  2007 ). 
Similar to resveratrol, the treatment of mice with SRT1720 ameliorated the diabetic 
phenotype of obese  mice   (Milne et al.  2007 ) and prevented high-fat diet induced 
insulin resistance (Feige et al.  2008 ). Furthermore, SRT1720-fed mice displayed 
enhanced longevity (Minor et al.  2011 ). All this correlated with enhanced SIRT1 
activity in the tissues of SRT1720 treated mice (Feige et al.  2008 ; Minor et al.  2011 ). 
However, similar to resveratrol, several questions have been raised regarding the 
specifi city of SRT1720 on SIRT1 (Pacholec et al.  2010 ). In addition to that, the 
in vitro assays indicated that SRT1720 was a more potent activator of SIRT1 than 
resveratrol (Milne et al.  2007 ). This, however was not clearly translated in vivo, 
indicating either poor bioavailability or that the actions of SRT1720 in vivo on 
SIRT1 largely rely on an indirect  activation  . 

 There are also a number of transgenic models that indirectly affecting SIRT1 
activity. For example, mice lacking  DBC1  , the inhibitory endogenous interacting 
protein, display many features similar to SIRT1 transgenic mice, such as protection 
against high-fat diet-induced  hepatic steatosis   and infl ammation (Escande et al. 
 2010 ). However,  DBC1   defi cient mice still developed diabetes under high-fat feed-
ing (Escande et al.  2010 ), indicating that SIRT1 function is not solely controlled by 
DBC1. Another strategy aimed to boost SIRT1 activity has been the knockout of 
alternative cellular NAD +  consumers.  PARP-1   is considered to be a major NAD +  
consumer in the cell, and its activity can deplete intracellular NAD +  by 70 % (Bai 
and Canto  2012 ). The deletion of  PARP-1   is enough to increase basal NAD +  availa-
vility and SIRT1 activity (Bai et al.  2011b ). PARP-1 defi cient mice also show a 
number of phenotypes resembling  SIRT1 transgenesis  , such as enhanced energy 
expenditure and protection against high-fat diet-induced diabetes (Bai et al.  2011b ). 
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A similar case could be made for  CD38  , another alternative cellular NAD +  con-
sumer (Aksoy et al.  2006 ). Mice defective for CD38 have increased SIRT1 activity 
in most tissues, probably due to increased NAD +  availability, and this confers pro-
tection against many of the metabolic complications induced by high caloric diets 
(Barbosa et al.  2007 ). However, similar to the PARP-1 model, this protective phe-
notype is markedly more pronounced than that observed in SIRT1 transgenic. This 
could be mainly due to two reasons: fi rst, that these alternative NAD +  consumers 
affect many other processes other than SIRT1 activity and, second, that SIRT1 
transgenesis might not reach similar SIRT1 activity levels as in the PARP-1 or 
CD38 models, due to NAD +  availability  limitations  . 

 A fi nal strategy to enhance NAD +  availability consists in dosing with NAD +  pre-
cursors. Intraperitoneal injections of NMN for 7 days were enough to ameliorate 
age and high-fat diet-induced glucose intolerance, coupled to higher SIRT1 activity 
(Yoshino et al.  2011 ). Similarly, dietary supplementation of mice with NR was 
enough to increase SIRT1 activity in diverse tissues (Canto et al.  2012 ). This was 
coupled to a marked enhancement of insulin sensitivity, in both chow and high-fat 
fed animals, as well as increased oxidative capacity and global energy expenditure 
(Canto et al.  2012 ). Altogether, these strategies illustrate how a number of strategies 
aimed to enhance SIRT1 activity converge into higher glucose tolerance and 
increased capacity for oxidative  metabolism  . 

 All the above observations raise an obvious interest in understanding how the 
deletion of SIRT1 could impact  global metabolic homeostasis  . This has proven not 
to be an easy task. The whole-body deletion of SIRT1 leads to elevated prenatal 
death rates in inbred mice (Cheng et al.  2003 ; McBurney et al.  2003 ). The very few 
pups that were born displayed marked cardiac and neurological problems, leading 
to death very early in the postnatal period (Cheng et al.  2003 ; McBurney et al. 
 2003 ). In order to bypass this situation, SIRT1 deletion was performed in outbred 
mice. These mice were viable and displayed a marked metabolic ineffi ciency, which 
impaired their ability to metabolically adapt to calorie restriction (Boily et al.  2008 ). 
 Outbred mouse stocks  , however, are not ideal for metabolic studies due to their 
heterogeneity. Recently, an inducible model has been developed in order to geneti-
cally ablate SIRT1 exclusively in adulthood (Price et al.  2012 ). The induction of 
SIRT1 knockout in adult mice did not result in any overt  phenotype  . Similarly, there 
were no obvious differences between SIRT1 KO and WT mice on most metabolic 
parameters, although weight gain was slightly lower in the knockouts when placed 
on a high-caloric diet (Price et al.  2012 ). Another model worth discussing is the 
SIRT1 heterozygous mice. The  heterozygous SIRT1-KO (SIRT1 +/− ) mice   were nor-
mal in body weight, fat content, and lean body mass relative to their WT littermates 
(Purushotham et al.  2012a ). Similarly, they did not display any remarkable differ-
ence in a series of histologic and gene expression analyses. However, when placed 
in high fat diets these mice were more prone to develop  hepatic steatosis   and meta-
bolic damage (Purushotham et al.  2012a ; Xu et al.  2010 ). Overall, these models 
provide conclusive evidence that SIRT1 deletion leads to ineffi cient metabolism. 
While this does not dramatically manifest into an overt phenotype when fed regular 
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diets, it renders them more prone to metabolic complications upon dietary 
challenges. 

 In order to gain knowledge on the role of SIRT1 in particular tissues and how this 
could contribute to metabolic impairment, several tissue-specifi c SIRT1 defi cient 
mouse models have been generated. In the sections below we will discuss the 
hypothesized roles for SIRT1 in different tissues and how the different tissue- 
specifi c models have validated or not these possible  actions  .  

4.3.2     SIRT1 Functions in the  Liver   

4.3.2.1     SIRT1 and Hepatic Glucose Production 

 Liver is the major gluconeogenic  organ      in mammalian organisms. Formation of 
glucose from  noncarbohydrate sources   such as  lactate  ,  glycerol   or  amino acids   is 
called  gluconeogenesis  . Initial hypothesis suggested that SIRT1 could potentiate 
gluconeogenesis by directly deacetylating and enhancing the transcriptional activity 
of PGC-1α or FoxO1, which are considered key positive controllers of the  gluco-
neogenic transcriptional program   (Brunet et al.  2004 ; Erion et al.  2009 ; Frescas 
et al.  2005 ; Rodgers et al.  2005 ; Rodgers and Puigserver  2007 ). Experiments using 
tail-vein injection of adenoviruses demonstrated that the activation of PGC1α by 
SIRT1 overexpression induced gluconeogenic genes  expression  , potentiated glu-
cose production and repressed glycolytic genes mRNA levels (Rodgers and 
Puigserver  2007 ). Conversely, shRNA mediated inhibition of SIRT1 in liver was 
enough to decrease  glycemia   and improve both glucose and pyruvate tolerance 
(Rodgers and Puigserver  2007 ). Moreover, gluconeogenic capacity was almost 
completely defective upon SIRT1 reduction. Accordingly, the injection of  antisense 
oligonucleotides   against SIRT1 induces an increase of FoxO1 and  PGC-1α acetyla-
tion  , leading to decreased glycemia and hepatic glucose production through the 
down regulation of gluconeogenic gene expression (Erion et al.  2009 ). 

 Given the above observations, it would be expected that the genetic ablation of 
SIRT1 in the liver would lead to compromised gluconeogenic function and decreased 
basal  glycemia  . To date, a number of independent liver-specifi c SIRT1 knockout 
 mice   have been generated. Surprisingly, none of them displayed reduced basal  gly-
cemia   (Chen et al.  2008 ; Purushotham et al.  2009 ; Wang et al.  2011 ; Wang et al. 
 2010 ). In fact, one of them had a tendency to have higher glucose levels even on 
chow diet and displayed enhanced glucose production upon fasting (Wang et al. 
 2011 ). Conversely, the initial work using adenoviral vectors suggested that higher 
SIRT1 levels in the liver should promote  hyperglycemia   (Rodgers and Puigserver 
 2007 ). These results, however, have been challenged recently by fi ndings indicating 
that liver  overexpression   of SIRT1 actually attenuates  hyperglycemia   in insulin 
resistant mouse models (Li et al.  2011 ). In line with the latter observation, mice with 
a whole body overexpression of SIRT1 do not show signs of hyperglycemia and are 
protected against glucose intolerance (Banks et al.  2008 ; Pfl uger et al.  2008 ). 
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 The above results indicate that there are certain discrepancies between the results 
obtained in the initial experiments using adenoviral vectors and the transgenic 
mouse models. Therefore, either the  adenoviral shRNA delivery   is causing addi-
tional effects or SIRT1 transgenic models suffer from some sort of compensation. 
To shed some light onto these discrepancies it might be worth also considering a 
number of molecular and physiological observations. First of all SIRT1 activation 
in the liver does not seem to take place in the initial phases of  gluconeogenesis   (Liu 
et al.  2008 ). Hepatic glucose production is controlled during the early fasting stages 
by the  cAMP response element binding protein (CREB)   regulated transcription 
coactivator 2 (CRTC2). Detailed time-course analyses revealed that SIRT1 activa-
tion occurs during later phases, leading to the deacetylation and degradation of 
CRTC2, which attenuates the gluconeogenic rate (Liu et al.  2008 ). Similarly phar-
macological activation of SIRT1 by  resveratrol   does not lead to enhanced hepatic 
 glucose   production (Baur et al.  2006 ; Lagouge et al.  2006 ), despite leading to a 
marked deacetylation of SIRT1  targets   (Baur et al.  2006 ). Instead, it normalizes 
glycemia in insulin resistant mice (Lagouge et al.  2006 ). Altogether, these observa-
tions indicate that SIRT1 activation is not per se linked to enhanced hepatic glucose 
production, even if in some scenarios this might be the case. Rather, SIRT1 activa-
tion generally leads to an attenuation of the gluconeogenic rate, which constitutes a 
valuable therapeutic strategy in situations of insulin resistance and type 2  diabetes     .  

4.3.2.2     SIRT1 and Hepatic Lipid Metabolism 

 As described next, most  studies      to date agree that SIRT1 activation enhances oxida-
tive metabolism in liver. The knock-down or genetic ablation of  SIRT1   in liver 
induces hepatic lipid accumulation by upregulating the expression of  lipogenic 
genes   and reducing fatty acid oxidation capacity (Purushotham et al.  2009 ; Rodgers 
and Puigserver  2007 ; Wang et al.  2010 ; Xu et al.  2010 ). This renders SIRT1 defi -
cient livers more sensitive to high-fat diet-induced  hepatic steatosis   (Purushotham 
et al.  2009 ). Conversely, SIRT1 overexpressing mice are protected against hepatic 
lipid accumulation and infl ammation when fed a western diet (Li et al.  2011 ). 
Strikingly, one of the  liver-specifi c knock-out models   displayed the unusual feature 
of being protected against  hepatic steatosis   (Chen et al.  2008 ). The reasons for such 
a discordant observation in this particular model are not yet clear 

 So, how does SIRT1 enhance oxidative metabolism and prevent hepatic lipid 
accumulation? Rodgers et al., observed an increase in fatty acid oxidation genes and 
of cholesterol transport and the decrease in lipogenic gene expression induced by 
SIRT1 was dependent of PGC1α (Rodgers and Puigserver  2007 ). This is not surpris-
ing, as PGC-1α is a key downstream deacetylation target of SIRT1 in the regulation 
of mitochondrial and  fatty acid oxidation gene   expression. Complementarily, 
Purushotham et al. suggested that SIRT1 positively controls fatty acid oxidation 
though  peroxisome proliferator-activated receptor α (PPARα)   activation 
(Purushotham et al.  2009 ). The nuclear receptor PPARα regulates lipid  metabolism  , 
and, more particularly, gene  expression   implicated in  β-oxidation  . In SIRT1 defi cient 

M. Boutant and C. Cantó



87

livers, no activation of PPARα target genes  expression   in presence of PPARα syn-
thethic ligands was observed (Purushotham et al.  2009 ). Mechanistically, the authors 
elegantly demonstrated that SIRT1 binds to the  ligand binding domain (LBD)   and 
 DNA binding domain (DBD)   of PPARα. Consistently, SIRT1 was found to be pres-
ent on the promoter of PPARα-target genes (Purushotham et al.  2009 ). In turn, SIRT1 
allows proper deacetylation of PGC-1α, which then can coactivate PPARα. In the 
absence of SIRT1, PGC-1α remains associated in a constitutively hyperacetylated 
 state  , which dampens PGC-1α coativating activity (Rodgers et al.  2005 ) and, hence, 
blunts PPARα transcriptional activation. 

 SIRT1 inhibits lipogenic  gene   expression, most likely by acting as a negative 
regulator of  Sterol Regulatory Element Binding Protein (SREBP)-1c   (Ponugoti 
et al.  2010 ; Rodgers and Puigserver  2007 ; Walker et al.  2010 ). SREBP-1c is a tran-
scription factor activated in situations of nutrient abundance. It promotes the expres-
sion of  lipogenic   and  cholesterogenic genes   in order to facilitate fat storage. Walker 
et al. have demonstrated that deacetylation of SREBP-1c by SIRT1 makes the pro-
tein prone to ubiquitin-mediated degradation (Walker et al.  2010 ). Hence, SIRT1 
activation leads to decreased SREBP-1c protein levels. This is manifested in a 
decreased abundance of SREBP-1c on the promoter of lipogenic target genes upon 
SIRT1  activation      (Ponugoti et al.  2010 ; Walker et al.  2010 ).  

4.3.2.3     SIRT1 and Cholesterol Metabolism 

 Several observations, such as decreased  expression      of genes involved in cholesterol 
transport in SIRT1 liver-specifi c KO mice or the reduction of blood cholesterol 
levels in SIRT1 overexpressing mice, suggest that SIRT1 could also modulate cho-
lesterol metabolism (Bordone et al.  2007 ; Rodgers and Puigserver  2007 ). Indeed, 
SIRT1 have been shown to modulate cholesterol metabolism though a positive con-
trol of  Liver X Receptors (LRX)  , LXRα and LXRβ. To do so, SIRT1 deacetylates 
LXRα on Lys 432  and LXRβ on Lys 433 , promoting their activation (Li et al.  2007 ). In 
 mouse embryonic fi broblasts (MEFs)   from SIRT1 knockout mice, LXR target genes 
expression is decreased (Li et al.  2007 ). Similarly, LXR targets are not fully acti-
vated in SIRT1 liver-specifi c knockout mice  mice   fed with high-caloric diet, a con-
dition where LXRs are highly active (Chen et al.  2008 ). Upon ligand binding, LXRs 
interact with SIRT1, which then mediates its deacetylation and activation. This 
deacetylation event, however, also makes  LXRs   more susceptible to ubiquitination 
and degradation (Li et al.  2007 ). The knock-down of SIRT1 in the liver also leads to 
decreased expression of  CYP7A1  , a key LXR target, even though whether this hap-
pens in a LXR dependent fashion is unclear (Rodgers and Puigserver  2007 ). It is 
worth mentioning that LXRs are also a potent inducer of lipid anabolism by increas-
ing SREBP-1c activity (Kalaany and Mangelsdorf  2006 ). However, SIRT1 can 
deacetylate SREBP-1c and lead it to  proteasomal degradatation   (Walker et al. 
 2010 ). Therefore, SIRT1 activation might prompt the benefi cial effects of LXR 
activity on cholesterol homeostasis while preventing the detrimental effects on lipid 
 anabolism   by deacetylating  SREBP-1c  . This scenario is perfectly aligned with the 
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data obtained in mouse models, where SIRT1 transgenesis improves cholesterol 
metabolism and prevents hepatic steatosis, while SIRT1 deletion in the liver favours 
lipid  accumulation  . 

 The bile acid sensing  Farnesoid X-receptor (FXR)   is another key player in the 
regulation of cholesterol and lipid metabolism that can be directly deacetylated on 
Lys 157  and Lys 217  by SIRT1 (Kemper et al.  2009 ). Down regulation of hepatic SIRT1 
increases FXR acetylation, which inhibits its heterodimerization with RXRα 
(Kemper et al.  2009 ). Indeed, high FXR acetylation levels are observed in a mouse 
model of  metabolic disease   (Kemper et al.  2009 ). In line with these observations, 
SIRT1 deletion in the liver is enough to deregulate FXR transcriptional program 
and lead to the formation of cholesterol gallstones (Purushotham et al.  2012b ). 
Activation of SIRT1 might, hence, become an attractive strategy to activate FXR 
and induce its target genes expression, which could contribute to the better  choles-
terol homeostasis           .   

4.3.3     SIRT1  Functions in Skeletal Muscle   

 Sketetal muscle is a key player in  whole body metabolic homeostasis  . A major fea-
ture of skeletal muscle is its plasticity. It can dramatically increase glucose uptake 
upon insulin stimulation or contraction and accounts for up to 80 % of total post- 
pandrial glucose disposal (Hawley et al.  2006 ). Similarly it can regulate oxidative 
metabolism and mitochondrial biogenesis in response to a number of stimuli. For 
example, skeletal muscle switches from glucose to fatty acid utilization during fast-
ing so to spare glucose for other tissues. Therefore,  muscle   exquisitely fi ne tunes 
fuel utilization to environmental cues. 

 Initial hints on the possible roles of SIRT1 in skeletal muscle were obtained 
when SIRT1 was identifi ed as a  negative myogenic regulator  . Overexpression of 
SIRT1 impairs myotube formation (Fulco et al.  2003 ). Conversely, decreased SIRT1 
triggers premature differentiation (Fulco et al.  2003 ). Mechanistically this effect 
could be explained because SIRT1 represses the muscle transcriptional regulator 
 MyoD  , which acts as a critical determinant of skeletal muscle differentiation (Fulco 
et al.  2003 ). SIRT1 is also a key mediator by which nutrient restriction impairs 
muscle differentiation. Upon glucose depletion, AMPK is activated. In turn, AMPK 
enhanced Nampt expression, which increased the NAD +  availability SIRT1 activity 
(Fulco et al.  2008 ). 

 As mentioned above, muscle is a very plastic tissue, and has the ability to regulate 
oxidative metabolism and mitochondrial function in response to contraction or changes 
in nutrient availability. PGC-1α is a key master regulator of mitochondrial biogenesis 
in mammals.  PGC-1α   overexpression is enough to trigger mitochondrial biogenesis 
and oxidative metabolism in skeletal muscle (Lin et al.  2002 ). SIRT1 deacetylates 
PGC-1α in skeletal muscle during fasting and this deacetylation is required for PGC-
1α-mediated induction of mitochondrial and  fatty acid oxidation gene   expression 
(Gerhart-Hines et al.  2007 ). Similarly, PGC-1α becomes deacetylated after an exercise 
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bout (Canto et al.  2009 ). AMPK seems to play a key role in triggering SIRT1 activity 
during energy stress. Indeed, various labs have demonstrated that the activation of 
SIRT1 in  response   to nutrient or energy deprivation depends on AMPK activation 
(Canto et al.  2010 ; Fulco et al.  2008 ). The link between AMPK and SIRT1 activities 
can be explained by, at least, two non- exclusive mechanisms. The fi rst link proposed 
consists in the modulation of NAD +  bioavailabily. The shift from glucose to fat oxida-
tion induced by AMPK allows an increase in NAD +  that is enough to activate SIRT1 in 
a relatively short time frame (Canto et al.  2009 ). Additionally, AMPK triggers Nampt 
expression, which helps maintaining a more protracted increase in NAD +  (Canto et al. 
 2009 ; Fulco et al.  2008 ). As an alternative possibility, it has been recently proposed that 
AMPK could phosphorylate SIRT1 and abrogate this way its interaction with  DBC1   
(Nin et al.  2012 ). However, the phosphorylation of SIRT1 by AMPK has not been 
observed previously by other labs (Canto et al.  2009 ; Greer et al.  2007 ), and the resi-
dues reported are far from conserved or from matching AMPK target consensus 
sequences. At this level, it is also interesting to note that  resveratrol  , which is generally 
considered as a SIRT1 activator, also requires AMPK in vivo to activate SIRT1 and 
achieve its benefi cial metabolic effects (Canto et al.  2010 ; Um et al.  2010 ). However, it 
has been recently noticed that this might only be the  case   when resveratrol is used at 
high doses (Price et al.  2012 ). 

 Considering the above data, one would expect that  SIRT1 transgenesis   would 
increase mitochondrial biogenesis in skeletal muscle. In line with this speculation, 
global SIRT1 transgenic mice have been shown to display higher mitochondrial 
content (Price et al.  2012 ). Conversely, deletion of SIRT1 in adulthood led to 
impaired mitochondrial function (Price et al.  2012 ). Similarly, muscle-specifi c dele-
tion of SIRT1 leads to a slight impairment in mitochondrial function (Menzies et al. 
 2013 ), even though this was not clearly observed in another study in a similar mouse 
model (Philp et al.  2011 ). The reason for this discrepancy might derive from the 
different Cre lines used to ablate the  Sirt1  gene in muscle. In both mouse models, 
however, the deletion of SIRT1 in skeletal muscle, however, did not seem to have a 
major effect on metabolic homeostasis of mice on regular diet (Menzies et al.  2013 ; 
Schenk et al.  2011 ). 

 A second extrapolation derived from above mentioned the  cell-based assays   
would be that mice defi cient in SIRT1 would display impaired adaptation to nutrient 
and energy stress. In line with this, muscle-specifi c SIRT1 knock-out mice failed to 
become more insulin sensitive upon  caloric restriction (CR)   (Schenk et al.  2011 ). 
CR increases SIRT1 deacetylase activity in skeletal muscle, in parallel with 
enhanced insulin-stimulated  PI3K   signaling and  glucose   uptake (Schenk et al. 
 2011 ). These adaptations in skeletal muscle insulin action triggered by CR were 
completely abrogated in mice lacking SIRT1 deacetylase activity in muscle (Schenk 
et al.  2011 ). This could be mechanistically explained by various reasons. Firstly, 
SIRT1 was found to be required for the deacetylation and inactivation of the tran-
scription factor Stat3 during CR, which resulted in decreased gene and protein 
 expression   of the p55α/p50α subunits of  PI3K  , thereby promoting more effi cient 
PI3K signaling during insulin stimulation (Schenk et al.  2011 ). Alternatively, SIRT1 
has also been demonstrated to be a repressor of PTP1b, a major tyrosine phospha-
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tase for the insulin receptor and the  insulin receptor substrate proteins  , IRS1 and 
IRS2 (Sun et al.  2007 ). Therefore, it is likely that SIRT1 defi cient muscles also 
display higher PTP1b activity, which would also prevent the enhancement of insulin 
signaling in response to calorie restriction. These results clearly support the notion 
that SIRT1 is key for metabolic adaptations triggered by nutrient deprivation in 
skeletal muscle. Given this premise, it was surprising to see that mice lacking 
SIRT1 in skeletal muscle could perfectly adapt and enhance oxidative metabolism 
in response to exercise training (Philp et al.  2011 ). However, exercise is a complex 
stimuli, affecting multiple pathways with likely redundant functions. Strikingly, 
 PGC-1α   was normally deacetylated in response to exercise, despite the lack of 
SIRT1 (Philp et al.  2011 ). To solve this paradox, it was proposed that muscle con-
traction decreases the interaction of PGC-1α with the acetyltransferase enzyme, 
GCN5 (Philp et al.  2011 ). This way, PGC-1α deacetylation upon exercise would not 
be a consequence of enhanced deacetylation but of decreased acetylation rates. 
Importantly, it was recently found that  resveratrol   had synergistic effects with exer-
cise on muscle mitochondrial biogenesis (Menzies et al.  2013 ). While the effect of 
exercise on mitochondrial biogenesis was independent of SIRT1, the synergy of 
resveratrol and exercise was lost on SIRT1 muscle-specifi c knock-out  mice   
(Menzies et al.  2013 ). 

 Altogether, these results indicate that SIRT1 activation can improve mitochon-
drial function in mice and infl uence insulin sensitivity. However, they also demon-
strate that many physiological stimuli prompting enhanced oxidative metabolism in 
muscle may rely in additional complementary effectors to induce such  adaptations  .  

4.3.4     SIRT1  Functions in Adipose Tissues   

4.3.4.1     White Adipose Tissue 

  White adipose tissue (WAT)       is an important tissue for the regulation of metabolic 
homeostasis. WAT is the major site for fat storage in mammalian organisms. Fat 
storages are dynamically regulated in WAT, and lipolytic or lipogenic processes can 
be activated in response to nutrients and hormones. In obesity and  type 2 diabetes 
(T2D)  , circulating  free fatty acid (FFA)   levels are high, generally correlating with 
insulin resistance in both conditions. Importantly, the WAT also has critical actions 
as an endocrine tissue, by  secreting hormones   and  cytokines  , such as leptin, adipo-
nectin or TNFα, that affect insulin sensitivity, infl ammation and, therefore, have 
major consequences on metabolic homeostasis (Rosen and Spiegelman  2006 ). 

 One of the critical regulators of fat storage in  WAT   is the nuclear receptor  peroxi-
some proliferator-activated receptor gamma (PPARγ)  , whose activity promotes adi-
pocyte differentiation and lipid anabolism (Rosen and Spiegelman  2006 ). A possible 
role of SIRT1 in WAT homeostasis was evidenced when it was found that SIRT1 
could act as a PPARγ repressor (Picard et al.  2004 ). During fasting  SIRT1      associated 
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with PPARγ and promoted the binding of the corepressor NCoR1 (Picard et al. 
 2004 ). This favored fat mobilization instead of storage. A complementary study dem-
onstrated that SIRT1 could repress  PPARγ   transcriptional activity on target lipogenic 
genes through a direct inhibitory- deacetylation   (Qiang et al.  2012 ). The ablation of 
SIRT1 in adipose tissue promotes body weight gain, mostly due to an increase in fat 
mass. The size of adipocyte was bigger than in control mice, even on chow diet 
(Chalkiadaki and Guarente  2012 ). Altogether, this renders the adipocyte- specifi c 
SIRT1 KO mice prone to develop insulin resistance. Importantly, it has been described 
that obesity results in decreased SIRT1 in rodent and human adipose tissues 
(Chalkiadaki and Guarente  2012 ; Costa Cdos et al.  2010 ; Gillum et al.  2011 ). The 
reason for this decrease might rely on the fact that obesity triggers the cleavage of 
SIRT1 via a  caspase 1 dependent mechanism   (Chalkiadaki and Guarente  2012 ). This 
 cleavage   renders SIRT1 prone to degradation, therefore, decreasing global SIRT1 
activity. 

 Two models of SIRT1 overexpression in mice have shown to be protected against 
HFD-induced insulin resistance (Banks et al.  2008 ; Pfl uger et al.  2008 ). However, 
none of them observed decreased fat mass. Interestingly, a third model of global 
SIRT1 overexpression displayed a decrease in fat mass (Bordone et al.  2007 ), in line 
with the observations derived from the use of  pharmacological activators   of SIRT1, 
such as  resveratrol   or  SRT1720   (Feige et al.  2008 ; Lagouge et al.  2006 ). 

  Adipose tissue infl ammation   is believed to be a hallmark of whole body insulin 
resistance. All animal models examined to date suggest a protective role of  SIRT1      
in adipose tissue infl ammation (Chalkiadaki and Guarente  2012 ; Gillum et al. 
 2011 ). SIRT1 represses the expression of genes implicated in infl ammation in  adi-
pocytes   (Yoshizaki et al.  2009 ). Adipose-specifi c SIRT1 knockout mice displayed 
an increase of macrophage recruitment to adipose tissue (Gillum et al.  2011 ). In line 
with these studies, overexpression of SIRT1 in mice (SirBACO mice) prevents 
against adipose tissue macrophage accumulation caused by HFD (Gillum et al. 
 2011 ). Importantly, it has also been shown in humans how SIRT1 mRNA levels are 
inversely related to adipose tissue macrophage infi ltration in human sub-cutaneous 
 fat      (Gillum et al.  2011 ).  

4.3.4.2     Brow Adipose Tissue 

  Brown adipose tissue (BAT)      has a remarkable abundance of  mitochondria   and con-
tributes positively to energy expenditure, at least in mice. BAT is characterized by 
the expression of the mitochondrial uncoupling protein  UCP1  , which allows dissi-
pation of energy as heat for  thermogenesis   (Rosen and Spiegelman  2006 ). In 
response to adrenergic  stimulation   or cold exposure, white  adipocytes   can also 
obtain brown adipocyte-like characteristics (Orci et al.  2004 ; Puigserver et al.  1998 ; 
Rosen and Spiegelman  2006 ; Tiraby et al.  2003 ; Wu et al.  2012a ). The binding of 
PGC1α to  PPARγ   promotes brown adipocyte-like features in white adipocytes 
though an up-regulation of brown-adipocyte specifi c genes, such as UCP1, and a 
down-regulation of white-adipocyte specifi c genes (Puigserver et al.  1998 ). Adipose 
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tissue specifi c SIRT1 knockout mice display both enhanced  WAT   and BAT mass, 
due to enhanced fat accumulation (Chalkiadaki and Guarente  2012 ). Given the abil-
ity of SIRT1 to increase PGC-1α activity and lipid oxidation, SIRT1 activation 
might prevent excessive accumulation of lipids in BAT by boosting fat consumption 
and enhancing thermogenic function. Studies on indirect SIRT1 activation  models      
would support this hypothesis. First, deletion of  PARP-1   in mice increases NAD +  
content and SIRT1 activity in BAT. PARP-1 -/-  mice can retain body temperature 
much better upon cold exposure, testifying for enhanced thermogenic function (Bai 
et al.  2011b ). The BAT of these mice display higher mitochondrial content and a 
transcriptional up-regulation of genes implicated in mitochondrial respiration and 
fatty acid oxidation, as well as UCP1 (Bai et al.  2011b ). Second, the enhancement 
of SIRT1 activity promoted by  nicotinamide riboside   also results in a better ability 
to maintain their body temperature during cold exposure (Canto et al.  2012 ). These 
two studies illustrate that activation of SIRT1 could benefi t BAT function. 

 A recent study has demonstrated a role for SIRT1 in the “browning” of 
WAT. Overexpression of SIRT1 enhances a down-regulation of WAT specifi c genes 
in a white adipose depots and up-regulates BAT characteristics, while SIRT1 dele-
tion has the opposite  effect      (Qiang et al.  2012 ). To do so, SIRT1 deacetylates  PPARγ   
by SIRT1. The deacetylation of PPARγ favors the recruitment of PRDM16, a tran-
scriptional coregulator that drives the  BAT adipogenic program   (Seale et al.  2007 ). 
This way, mice overexpressing SIRT1 have a more potent induction of a BAT-like 
phenotype of the subcutaneous WAT upon cold exposure (Qiang et al.  2012 ). 

 Altogether, while we are just beginning to understand the infl uence of SIRT1 on 
adipose tissue homeostasis, it seems clear that SIRT1 promotes lipid  mobilization   
and enhances BAT-like characteristics. Therefore, SIRT1 activation could protect 
against  metabolic diseases   by enhancing energy expenditure and favoring thermo-
genic  function        .   

4.3.5     SIRT1 Functions in the  Pancreas   

 Pancreatic β-cells play a central position in the regulation of  glucose homeostasis   
by secreting insulin in response to elevated glucose levels. Initial data from trans-
genic models proposed that SIRT1 positively controls  glucose stimulated insulin 
secretion (GSIS)  . The overexpression of SIRT1 specifi cally in pancreatic  β-cells   is 
enough to improve glucose tolerance and insulin secretion in response to glucose or 
 KCl stimulation   (Moynihan et al.  2005 ). In line with this model, GSIS is blunted in 
islets from SIRT1 knockout mice or in β-cells where SIRT1 has been knocked down 
by siRNAs (Bordone et al.  2006 ). Both studies  converge   proposing that SIRT1 
improves  GSIS   though a negative control of the mitochondrial uncoupling protein 
UCP2. This would favor ATP production in response to higher glucose levels. Along 
this line, β- cell   specifi c overexpression of SIRT1 suffi ces to prevent glucose intoler-
ance upon high-fat feeding. The benefi cial effects of SIRT1 on insulin secretion, 
however, are lost upon aging (Ramsey et al.  2008 ), to be completely lost at 18 -24 

M. Boutant and C. Cantó



93

months of life. This was explained by a decrease of NAD +  availability in aged tis-
sues, which could potentially limit the activation of SIRT1. Supporting this hypoth-
esis, increasing NAD +  by NMN supplementation is enough to recover the benefi ts 
of β-cell SIRT1 overexpression in aged mice. Highlighting the relevance of NAD +  
availability for SIRT1 activity and pancreatic function, the  Slow Wallerian 
Degeneration (Wld S )   spontaneous mutant mice, overexpressing a chimeric protein 
that contains the full length NMNAT1 protein, display enhanced NAD +  availability 
and are protected against streptozotocin- and dietary-induced  glucose   intolerance in 
a SIRT1 dependent manner (Wu et al.  2011 ). Further supporting the benefi cial 
effects of SIRT1 on pancreatic function, Wu et al. have shown that SIRT1 activation 
could be a promising strategy to prevent the deleterious effects of palmitate on insu-
lin secretion and β-cell function (Wu et al.  2012b ). 

  Pancreatic β-cell function   can be also infl uenced by controlling β-cell mass. 
β-cell mass is determined by the balance between apoptotic, proliferative and neo-
genic processes. Pancreatic β-cell mass and β cell area are unchanged in β-cell spe-
cifi c SIRT1 overexpressing  mice   as well as in heterozygous and homozygous SIRT1 
knockout mice (Moynihan et al.  2005 ) (Bordone et al.  2006 ). The lack of effect of 
SIRT1 on pancreatic β-cell mass, however, has been challenged recently by a few 
observations. First, the deletion of the  PARP-2  gene leads to a constitutive increase 
in SIRT1 expression in many tissues, including pancreas (Bai et al.  2011a ).  PARP- 
2  -/-  mice display marked glucose intolerance despite being more insulin sensitive 
(Bai et al.  2011a ). Explaining this,  GSIS   is dramatically impaired in  PARP-2  defi -
cient mice. Upon close examination β-cell mass was signifi cantly reduced in  PARP- 
2  -/-  mice, and failed to proliferate upon high-fat feeding, further magnifying 
HFD-induced glucose intolerance (Bai et al.  2011a ). Mechanistically, it was pro-
posed that higher SIRT1 activity led to a constitutive deacetylation and activation of 
 FOXO1  , a negative regulator of β-cell proliferation (Kitamura et al.  2002 ). In line 
with this, the expression of  pdx1 , a FOXO1 target and a critical regulator of β-cell 
proliferation and differentiation (Kitamura et al.  2002 ), was dramatically reduced in 
PARP-2 defi cient mice, as well as that of PDX1 target genes (Bai et al.  2011a ). In 
line with this, GLP-1 positively infl uences β- cell   proliferation by disrupting the 
association between FoxO1 and SIRT1 (Bastien-Dionne et al.  2011 ). This promotes 
FoxO1 hyperacetylation and nuclear exclusion, therefore relieving the repression of 
pancreatic β-cell proliferation. This constitutes another example where SIRT1 is 
also regarded as a negative regulator of β-cell mass and where SIRT1 inhibition 
might actually be positive to enhance β-cell function. 

 While seemingly opposite, these dichotomy of  effects   might have an explana-
tion. While chronic activation of SIRT1 could be deleterious, SIRT1 might be 
implicated in the protection and adaptation of β-cells to oxidative stress and infl am-
mation. In line with this, SIRT1 have been shown to be protective against cytokine 
induced β-cell toxicity (Lee et al.  2009 ). Several mechanisms might contribute to 
do so. First, SIRT1 negatively controls the pro-infl ammatory NF-kB signaling 
pathway though nuclear deacetylation of the subnit p65 which prevent the DNA 
binding and, consequently, the transcriptional activity of NF-kB (Lee et al.  2009 ; 
Yeung et al.  2004 ). Similarly, the control of FoxO1 activity by SIRT1 might critical 
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for the protection against oxidative stress in many cell types and tissues, including 
β-cells (Brunet et al.  2004 ; Hughes et al.  2011 ; Kitamura et al.  2005 ). This way, 
SIRT1 might have both protective and detrimental roles on β-cell function, depend-
ing on the timing and fl exibility of its activation. Therefore, therapeutic approaches 
aimed to increase SIRT1 activity in  β-cells   should take into account this delicate 
 balance  .  

4.3.6     SIRT1 and  Food Intake Behaviour   

 The  hypothalamus   has a key role in the control of food intake,  glucose homeostasis   
and energy balance. Hypothalamic neurons are able to detect changes in circulating 
hormones and nutrients and to respond to these changes by secreting several hun-
ger/satiety hormones such as  a-melanocyte-stimulating hormone (α-MSH)   or 
 agouti-related protein (AgRP)  . The  proopiomelanocortin (POMC)   expressing neu-
rons and the AgRP expressing neurons in the hypothalamus constitute central nodes 
in the regulation of feeding behaviour and energy expenditure. POMC neurons 
negatively controls food intake principally through the release of the α-MSH, which 
is a ligand for  melanocortin-4 receptor (MC4R) neurons  . This way, α-MSH acts as 
an agonist of the MC4R to promote satiety. Conversely, the AgRP is an antagonist 
of MC4R and has the opposite effect, that is promoting food intake in response to 
fasting or caloric  restriction   (Gao and Horvath  2008 ). 

 SIRT1 is highly expressed in the  arcuate nucleus (ARC)  , where we fi nd the 
AgRP and POMC neurons, and in the  vendromedial nuclei (VMN)  , where we fi nd 
the MC4R neurons (Ramadori et al.  2008 ; Satoh et al.  2010 ).  Intracerebroventicular 
(ICV) injection   of Ex527, a SIRT1 inhibitor, or SIRT1 siRNAs leads to reduced 
food intake in rodents (Cakir et al.  2009 ; Dietrich et al.  2010 ). In fact, the selective 
deletion of SIRT1 in AgRP neurons is enough to decrease food intake due to 
impaired MC4R antagonism from this neurons (Dietrich et al.  2010 ). This result 
suggests that SIRT1 might be required to increase food intake in  situations   of nutri-
ent deprivation. Strikingly, no effects on food intake where observed when SIRT1 
gene was deleted in POMC neurons (Ramadori et al.  2010 ). Interestingly, mice 
lacking SIRT1 in POMC neurons were prone to obesity upon high-fat feeding. This 
effect, however, does not seem to stem from the control of food intake behaviour 
but, rather by indirectly decreasing the metabolic rate of peripheral tissues (Ramadori 
et al.  2010 ). 

 Whole brain overexpression of SIRT1 ( BRASTO mice  ) promotes physical activity 
in response to CR (Satoh et al.  2010 ). This observation suggests SIRT1 could play a 
role in the control of pituitary hormones and metabolic peripherical effects in response 
to different dietetary. Again, this points out how SIRT1 might be activated upon nutri-
ent scarcity and promotes adaptations aimed to enhance food foraging behavior. In 
apparent discrepancy, whole-body overexpression or deletion of SIRT1 does not seem 
to lead to major changes in food intake (Banks et al.  2008 ; Pfl uger et al.  2008 ; Price 
et al.  2012 ). However, these mice undergo very signifi cant metabolic changes, which 
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might feedback and interfere with the natural regulation and effects of SIRT1. Indeed, 
the regulation of endogenous SIRT1 activity in the  hypothalamus   is still nebulous. 
While it seems clear that SIRT1 expression and activity might be modulated by food 
intake, a couple of studies have led to apparently opposite conclusions. On one hand, 
it has been shown that fasting increases SIRT1 activity, inducing the deacetylation of 
FoxO. This, in turn,  represses   POMC neurons and enhances  AgRP   expression, there-
fore promoting food intake (Cakir et al.  2009 ). Another study, however, demonstrates 
that SIRT1 protein level decreases during fasting in hypothalamus (Sasaki et al.  2010 ). 
In this case, shockingly, the authors argue that SIRT1 inhibits FoxO1-dependent 
expression of AgRP and consequently leads to the cessation of feeding (Sasaki et al. 
 2010 ). While these two studies illustrate the relevant nature of the SIRT1-FoxO1 axis 
for the regulation of food intake, the intricacy of the system is still far from 
unraveled. 

 Other studies have tried to clarify SIRT1 actions during feeding cycles by ana-
lyzing a possible role of SIRT1 in circadian food intake behavior. Indeed, SIRT1 has 
been found to act as a key regulator of the core circadian clock molecular  machinery   
(Asher et al.  2008 ; Nakahata et al.  2008 ). The regulation of NAD +  bioavailability 
might constitute an attractive mechanism tying the circadian fl uctuations of SIRT1 
activity. Essentially, the expression levels of Nampt, the critical rate limiting enzyme 
in the mammalian NAD +  salvaging pathway, display a robust diurnal oscillation, 
with a peak around the beginning of the dark period in mice, in line with the maxi-
mal peak for the circadian fl uctuation of SIRT1 activity (Nakahata et al.  2009 ; 
Ramsey et al.  2009 ). SIRT1 negatively regulates CLOCK:BMAL-1 transcriptional 
activity, which is a key positive controller of  Nampt expression   (Nakahata et al. 
 2009 ; Ramsey et al.  2009 ). Hence, the activation of SIRT1 shuts down Nampt 
expression. This will likely promote a decrease in NAD +  levels low enough to limit 
SIRT1. Once SIRT1 activity is low enough, CLOCK:BMAL-1 activity will be 
increased, and Nampt expression will be slowly recovered, reaching full circle. This 
way, SIRT1 constitutes an attractive mechanism by which metabolism can be tightly 
interconnected with circandian food  intake   behavior .   

4.4     Conclusions and Future Perspectives 

 In this chapter we have provided an overview on the myriad of functions that SIRT1 
exerts on metabolic regulation, based on the lessons learnt from  transgenic mouse 
models   (Fig.  4.1 ). Most data support the notion that SIRT1 contributes to an effi -
cient adaptation to couple  cellular   and  organismal metabolism   to the nutritional and 
energy status. The activation of SIRT1 can be intimately linked to cellular metabo-
lism by the rate-limitation imposed by NAD+ bioavailability. In general, most ani-
mal models demonstrate that SIRT1 activation is generally linked to a more effi cient 
use of lipid energy sources and respiratory metabolism.

   Despite the initial claims of SIRT1 as a “longevity”  gene   are debatable, SIRT1 
can certainly impact on health and age-related decline in a more pleiotropic manner. 
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In this sense, the complexity of SIRT1 physiology, largely conserved throughout 
evolution, involves an intricate network of downstream substrates, whose activation 
is only partially controlled via SIRT1. This can explain why initial fi ndings on cul-
tured cell models of SIRT1 overexpression or downregulation have sometimes not 
clearly mirrored into mouse physiology, where changes of SIRT1 activity might be 
more subtle or temporarily controlled. Another caveat on our understanding of 
SIRT1 comes from the knowledge inferred through the use of  resveratrol   or other 
so-called small molecule SIRT1 activators, whose specifi city of action is far from 
clear. 

 Altogether, the collection of mouse models generated to date, have largely clari-
fi ed the true role and limitations of SIRT1 actions. First, they established SIRT1 as 
a key gene for proper early organismal development. Tissue or temporatilly- 
controlled transgenic models all converge in the key role of SIRT1 for metabolic 
effi ciency. Therefore, SIRT1 constitutes an extremely attractive target to improve 
oxidative metabolism and mitochondrial function, generally impaired in insulin 
resistant and aged population. However, a fi ne-tuned SIRT1 activity might be key to 
fully provide metabolic advantages. This is exemplifi ed on the pancreatic regulation 
of SIRT1 activity, where constitutive activation of SIRT1 has been reported to be 
detrimental for global glucose tolerance. Similarly, enhanced SIRT1 activity in the 
heart can lead to cardiac failure by  promoting dilated cardiomyopathy   (Oka et al. 
 2011 ). Indeed, too much of a good thing might not always be that desirable and 
critical balances between metabolic benefi ts and side-effects might need to be bal-
anced upon pharmacological approaches aimed to increase SIRT1 activity.     

SIRT1

Liver

Enhanced lipid oxidation
Improved cholesterol metabolism
Reduced lipid anabolism
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Enhanced fat mobilization
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Favors brown-fat like characteristics

Brown Adipose Tissue
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Regulation of food
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  Fig. 4.1    Roles of SIRT1 in tissues implicated in metabolism regulation       
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