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Abstract

Sirtuin-1 (SirT1) is a nutrient-sensing deacetylase whose levels and activity increase with caloric
restriction to preserve euglycemia and promote efficient energy utilization. Focusing on data
obtained in vivo, we review how SirT1 orchestrates the adaptive response to fasting by stimulating
hepatic gluconeogenesis and fatty acid oxidation, increasing circulating adiponectin levels, and
limiting immune activation. Finally, we consider its viability as a therapeutic target for the
treatment of type 2 diabetes.
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Background

Sirtuin 1 (SirT1), the mammalian homolog of yeast silent information regulator 2 (Sir2), is a
nicotinamide adenine dinucleotide (NAD+)-dependent deacetylase that influences a diverse
assortment of cellular processes through interactions with targets such as p53, NFxB,
PGC-1a, FOXOs, and the histones H3 and H4 [1]. In the process of removing acetyl groups
from acetyl-lysine protein residues, the SirT1/Sir2-catalyzed reaction hydrolyzes NAD+ to
yield 2’-O-acetyl-ADPR and nicotinamide [2]. This unusual requirement for NAD+ and the
knowledge that Sir family members influence longevity in yeast [3] led early investigators to
hypothesize that the expression and activity of these enzymes might be regulated by changes
in cellular energy/redox status (e.g. an increase in the NAD+/NADH ratio) and account for
the increases in lifespan observed during caloric restriction [4]. Subsequent work, with some
exceptions [5], substantiated this notion, showing that Sir2 levels increase with nutrient
deprivation, and that caloric restriction does not extend lifespan in Sir2/SirT1 deficient
Drosophila, yeast, or mice [6-11]. Furthermore, overexpression of Sir2 in Drosophila
increases lifespan, and this increase is not further augmented by caloric restriction [10].
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As a result of these findings in model organisms, there has been a surge in interest in
understanding the role of SirT1 in mammals, with the hope of developing new therapies to
combat diseases of aging [12]. Although this work is incomplete, existing data support the
contention that mammalian SirT1 expression and activity are regulated by nutrient
availability, and orchestrate the adaptive response to caloric restriction. Given that many of
the metabolic changes wrought by reduced energy intake are beneficial--increases in
circulating adiponectin levels, improved lipid profiles, and decreased inflammation--SirT1
based therapies may hold promise for the treatment of insulin resistance and type 2 diabetes
[13].

SirT1, gluconeogenesis and fatty acid oxidation

During states of negative energy balance such as fasting or prolonged caloric restriction, a
key function of the liver is to produce glucose through glycogenolysis and gluconeogenesis
in order to maintain euglycemia. In the latter case, the coordinated actions of transcription
factors, such as cyclic AMP response element binding protein (CREB), CREB regulated
transcription coactivator 2 (CRTC2), forkhead box O1 (FOXO1), and peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), induce expression of
essential gluconeogenic enzymes, including glucose-6-phosphatase (G6Pase), fructose-1,6-
bisphosphatase (FBPase) and phosphoenolpyruvate carboxylase kinase (PEPCK) [14-16] to
increase gluconeogenic capacity. SirT1 intercedes in this process by deacetylating FOXO1
and PGC-1a, thereby increasing their ability to promote transcription of their gluconeogenic
targets and inhibit the expression of glycolytic genes such as glucokinase [17]. Additionally,
SirT1 antagonizes STAT3-mediated repression of gluconeogenesis by deacetylating STAT3
and in turn decreasing its phosphorylation [18]. Accordingly, reduction of hepatic SrT1
gene expression in mice using viral techniques in vivo results in lower expression of
gluconeogenic genes and mild hypoglycemia, whereas overexpression of SirT1 results in
mild hyperglycemia [19]. This finding was also observed in studies where, in a rat model of
type 2 diabetes, in vivo knockdown of SirT1 using antisense oligonucleotides (ASOs)
reduced hepatic mMRNA expression of gluconeogenic enzymes (PEPCK, FBPase, and
G6Pase) as a result of increased STAT3, FOXO1, and PGC-1a acetylation. These changes
were associated with reduced plasma glucose concentrations and improved whole body
insulin sensitivity that was entirely attributable to an increased hepatic responsiveness to
insulin [20]. Interestingly, during prolonged starvation, SirT1 downregulates the expression
of key gluconeogenic genes due to deacetylation and subsequent ubiquitination of CRTC2
[21]. Further research is necessary to delineate the opposing roles of SirT1 in acute fasting/
caloric restriction and starvation.

In addition to its role in controlling carbohydrate metabolism, SirT1 is also a key regulator
of hepatic lipid metabolism. It was reported that hepatic deletion of SirT1 protected mice
from high-fat diet induced glucose intolerance by reducing lipid synthesis and subsequently
reducing fasting plasma glucose and fed insulin concentrations [22]. However, these
findings were not seen in a separate liver-specific SirT1 KO study [23], a discrepancy that
was attributed to differences in dietary fat and cholesterol content [4]. In this second model
[23], the notable metabolic phenotype was a profound decrease in hepatic expression of
peroxisome proliferator-activated receptor alpha (PPARa) target genes that support
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increased fatty acid oxidation, resulting in elevated levels of triglyceride, fatty acids, and
cholesterol in liver. The authors went on to show that SirT1/PPARa interaction is required
for the appropriate stimulation of PPARa regulated genes [23].

SirT1 has also been shown to regulate hepatic lipid metabolism via the activation of AMPK
and PGC-1a. Adenovirus-mediated overexpression of SirT1 led to an approximately two-
fold increase in phospho-AMPK levels in both HepG2 cells and livers of C57BL/6 mice and
prevented hepatic lipid accumulation in HepG2 cells [24]. Similarly, viral knockdown of
SirT1 increased hepatic fatty acid and cholesterol levels, and was associated with enhanced
PGC-1a acetylation [19]. Activation of AMPK, PGC-1a, and PPARa are essential events in
the liver during times of fasting and caloric restriction, facilitating expression of genes that
allow for efficient lipid handling and oxidation [25]. These data suggest that SirT1 is a
critical mediator of this adaptive response and therefore central to the maintenance of
hepatic lipid balance.

In further support of this hypothesis, three distinct in vivo mouse models of SirT1
overexpression are protected from high-fat diet induced steatosis in a manner that is
consistent with increased AMPK, PGC-1a, and PPARa activity [26—-28]. In two models
where glucose tolerance was assessed after high-fat feeding, improved insulin sensitivity
was observed in SirT1 overexpressing animals [26, 28]. Although this appears at odds with
data showing that SirT1 is a positive regulator of gluconeogenesis, we believe these findings
to be compatible for two reasons: First, hepatic lipid overload is a known insulin resistance
trigger [29-32], and in the setting of chronic high fat feeding, the insulin sensitizing effects
of lower liver lipids predominates over direct effects on gluconeogenic gene transcription.
Second, whole-body SirT1 overexpression increases the production of insulin-sensitizing
hormones, such as adiponectin, which positively impact hepatic insulin sensitivity via
activation of AMPK and prevention of ectopic lipid deposition [33]. When hepatocytes are
isolated from SirT1 overexpressing mice and stimulated with cAMP, higher gluconeogenic
gene expression is observed, corroborating the effects of acute SirT1 overexpression or
knockdown in liver [26, 28].

Recent reports also suggest that SirT1 may reduce hepatic lipogenesis by inhibiting the
activity of SREBP-1c. Deacetylated SREBP-1 has reduced affinity for the promoters of its
lipogenic target genes, and increased susceptibility to ubiquitination and degradation. The
prevention of lipogenesis via SREBP-1 antagonism may be a complementary means by
which increases in SirT1 expression and activity prevent steatosis during high fat feeding as
well as a physiologic function of the enzyme to block lipogenesis during the fasted state [34,
35].

Taken together, these results indicate that SirT1 expression and/or activity increase with
fasting to increase expression of fatty acid oxidative and gluconeogenic genes while
decreasing expression of lipogenic genes; and that in the context of high fat feeding, the
beneficial effects of SirT1 on lipid homeostasis predominate, leading to an overall
improvement in hepatic insulin sensitivity. Thus, SirT1 is a key regulator of the hepatic
response to fasting and caloric restriction.
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SirT1, adiponectin, and metabolic thrift

During times of fasting and caloric restriction, mammals dramatically increase their
metabolic efficiency, reducing metabolic rate, decreasing locomotor activity, and conserving
fat mass [36]. The adipocyte-derived hormone adiponectin, whose abundance in circulation
is elevated by caloric restriction and suppressed by overnutrition, is an important molecular
mediator of these adaptations. Modest two-fold overexpression of adiponectin on the ob/ob
background results in dramatic increases in body weight (~60 g in controls versus ~100 g in
overexpressers) and adiposity in association with decreases in locomotor activity and
metabolic rate. Remarkably, despite their massive obesity, the adiponectin overexpressers
have levels of blood glucose, insulin, and triglycerides indistinguishable from those of lean
animals, highlighting the therapeutic potential of strategies that increase adiponectin levels
to treat insulin resistance and type 2 diabetes [37].

Keeping with its putative role as an important sensor and coordinator of the mammalian
response to caloric restriction, SirT1 stimulates adiponectin production. In differentiated
3T3-L1 adipocytes, SirT1-mediated FOXO1 deacetylation enhances its association with C/
EBP, augmenting adiponectin transcription [38]. Recently, this observation was
corroborated in vivo using BAC-mediated whole-body overexpression of SirT1 (roughly a
two-fold increase). In three models--regular chow fed, high fat chow fed, and regular chow
fed crossed to the db/db background--SirT1 overexpression led to ~40% higher circulating
levels of adiponectin [26], whereas in vivo knockdown of SirT1 in adipose tissue causes a
large decrease in plasma adiponectin concentrations [20].

This line of SirT1 overexpressing mouse also exhibits reduced levels of voluntary locomotor
activity and oxygen consumption. And, as expected, it is protected from high-fat diet
induced or leptin receptor-mutation induced glucose intolerance. Moreover, on the db/db
background, the SirT1 overexpressing mouse has a significantly higher body weight at 15
weeks of age that also may be attributable to elevated adiponectin levels [26].

A diametrically opposite phenotype is seen in whole-body SirT1~/~ mice, however.
Although metabolic phenotyping data from this strain call for cautious interpretation due to
the extensive developmental defects observed in homozygous knockouts (craniofacial
malformations, skin inflammation, and small size), they are complementary to observations
made in SirT1 overexpressing animals. Instead of being more energy efficient, SirT17/~
animals consume similar amounts of calories as wild-type controls, despite being 30-50%
smaller, with this relative hyperphagia driven by large increases in whole-body oxygen
consumption [6].

Collectively, these observations show that SirT1 is an important participant in the switch
from the ad libitum fed to the calorie-restricted condition in adipose tissue as well as the
liver, spurring the production of efficiency promoting endocrine factors and transcriptional
changes that improve organismal adaptation to energy shortages.
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SirT1 and inflammation

For reasons that remain inadequately understood, obesity, insulin resistance, and type 2
diabetes are accompanied by a state of low-grade inflammation. Activation of NF«xB and
MAPK, central effectors in the inflammatory cascade, is observed in liver and adipose tissue
in these conditions [39], and is accompanied by recruitment of cells of the immune system,
such as monocytes and macrophages [40]. Although the extent and mechanism of its
contribution to the pathogenesis of type 2 diabetes is debated, this inflammatory cascade is
unguestionably capable of influencing insulin sensitivity, likely through local cytokine
effects on insulin sensitive tissues, but perhaps more importantly through cytokine-induced
lipolysis, which leads to ectopic lipid accumulation and resultant insulin resistance [41].

Interestingly, the genomic region flanking SrT1 in both mice [42] and humans [43] contains
several NFxB binding elements, suggesting that it is regulated by NFkB activation.
Moreover, SirT1 has been shown to deacetylate NFxB p65 [44] (reducing its ability to
induce expression of its targets) and histones to silence the expression of inflammatory
genes [45, 46]. Given the apparent reciprocal relationship between SirT1 and NFxB and the
marked suppression of SirT1 expression during insulin resistance and obesity [47, 48], SirT1
may be an important contributor to the etiology of the accompanying low-grade
inflammatory state.

In agreement with this idea, a conserved observation between different research groups
studying SirT1 is that animals with altered levels of SirT1 expression or activity exhibit
inflammatory phenotypes. For instance, the SirT1~"mouse develops an autoimmune
condition, featuring the accumulation of immunoglobulin aggregates in liver and kidney
[49], which may be explained in part by the recently identified role for SirT1 in regulating
T-cell tolerance [50]. Dysregulation of inflammatory processes is also observed in tissue-
specific knockouts of SirT1. Selective deletion of SirT1 in liver and subsequent microarray
experiments identified elevated expression of NFkB pathway components and gPCR
experiments confirmed increased levels of cytokines [23]. This result is consistent with four
recent observations: (1) increased inflammation in liver and fat of fat-fed SirT1*/~ mice
[51]; (2) increased numbers of activated macrophages in liver and fat from fat-fed myeloid-
specific SirT17/~ mice [52]; (3) decreased cytokine expression in livers of fat-fed SirT1/
Dnajc12 overexpressing mice and an altered response to lipopolysaccharide (LPS) treatment
[28]; and (4) decreased Kupffer cell cytokine production capacity and inflammation in livers
from fat-fed DBC1~/~ mice, which have constitutively high levels of SirT1 activity [27].
Thus, it is probable that the reduction in SirT1 activity accompanying obesity, insulin
resistance and type 2 diabetes may contribute to not only low-grade inflammation, but also
overt inflammatory pathologies such as nonalcoholic steatohepatitis (NASH).

The vexing question that emerges from these observations is: why would natural selection
favor a system where inflammation is regulated by nutrient availability? In the case of
caloric restriction, a reasonable explanation for this is that immune activation is
energetically expensive. It has been shown in bumblebees that artificial activation of the
immune system significantly increases mortality in nutrient-limited settings [53]. Thus, the
robust inhibitory effect of SirT1 on NFxB activity is consistent with its role in regulating the
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fate of available nutrients during times of energy crisis, diverting calories away from the
immune system to spare them for essential survival processes. However, why overnutrition
causes inflammation remains a mystery. One possibility is that cells of the immune system
and the cytokines they generate are bona fide metabolic regulators (e.g. effectors of adipose
tissue remodeling, etc.) and that obesity-associated inflammation is intended. Another is that
SirT1 is a dual-purpose protein that is nutrient regulated but also serves as an epigenetic
inflammatory checkpoint. In this scenario, negative regulation of SirT1 by overnutrition
would incidentally decrease the activation threshold required for inflammatory gene
transcription. At present, however, the purpose of SirT1’s interaction with inflammatory
networks is unknown, as are the circumstances in which this interaction might occur outside
of obesity and caloric restriction.

SirT1lin the brain and beyond

A role was also recently proposed for SirT1 in the neural control of food intake. Genetic
deletion of SirT1 in orexigenic Agrp neurons, and administration of EX527, a SirT1
inhibitor, were found to reduce food intake and body weight in rodents via the melanocortin
pathway [54, 55]. This putative orexigenic function of SirT1 is congruent with its increased
expression and activity in the hypothalamus [56] (including in nuclei critical to the
regulation of energy balance [57]) during fasting. However, knockout of SirT1 in
anorexigenic POMC neurons leads to obesity, arguing against it functioning exclusively as
an orexigenic molecule in the hypothalamus [58]. One possibility is that regulation of its
expression and activity is population specific. Another is that SirT1 is required for neuronal
homeostasis (e.g. NF«xB repression) and deleting it in an anorexigenic cell type causes
obesity while deleting it in an orexigenic cell type causes leanness by disrupting the normal
biology of these circuits. Future research will be required to differentiate between these
possibilities.

Finally, B-cell specific SirT1 overexpression increases glucose-stimulated insulin secretion
by repressing UCP2, while SirT1 loss of function has the opposite effect [59, 60]. Because
SirT1 decreases in the pancreas with fasting while UCP2 increases, this mechanism may
explain the attenuation of insulin secretion caused by caloric restriction. However, the
SirT17/~ mouse has normal postprandial glucose levels [6], and wild-type (or lower) levels
of insulin were noted in two strains of whole body SirT1 overexpressing mice fed either
regular chow or high fat diet [26, 28]. Thus, more work is required to quantify the extent of
pancreatic SirT1 ‘s contribution to the maintenance of glucose homeostasis.

SirT1 as a therapeutic target for metabolic disease

The prevalence of metabolic disease has been increasing steadily worldwide in recent years,
making the need for new therapies pressing. Despite the complex regulation of metabolic
homeostasis by SirT1, data from in vivo overexpression models and DBC1~/~ mice strongly
suggest that increasing SirT1 expression and/or activity improves glucose tolerance under
conditions of metabolic stress produced by dietary or genetic overnutrition. Because SirT1
expression is suppressed in obesity and type 2 diabetes and activation or increased
expression of SirT1 stimulates hepatic fatty acid oxidation, augments insulin secretion,
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increases circulating adiponectin levels, and reduces inflammation, discovery of SirT1
activators would allow clinicians to treat multiple features of diabetes simultaneously. As a
result, the engineering of sirtuin activating compounds (STACs) has become a subject of
intense interest.

Indeed, soon after the life-extending properties of Sir2 were described in model organisms,
resveratrol, a polyphenol found in red wine, was reported to activate the enzymatic activity
of sirtuins [61]. Subsequent studies in which rodents fed a high-fat, high-calorie diet
supplemented with resveratrol indicated that this molecule could diminish metabolic
pathology caused by such feeding regimens [62, 63]. These findings led to development of
the SRT series of compounds for treatment of type 2 diabetes, and publications showing
their benefits in ameliorating metabolic disease in rodents [64, 65]. However, the apparent
ability of resveratrol [66, 67] and the SRT family of compounds to stimulate SirT1
enzymatic activity requires the presence of a fluorophore in the substrate peptide employed
in the in vitro assay, indicating that the original observations that these compounds were
SirT1 activators was likely an assay artifact [68]. Although some SRT compounds stimulate
SirT1 activity against acetyl-4/5mers comprised of only unmodified amino acids via an
allosteric mechanism, the significance of this finding is uncertain given that the sequence of
these short polypeptides no longer matches the SirT1 deacetylation site surrounding Lys382
of p53 [69]. In summary, despite the bioactivity and promise of resveratrol and SRT1720 in
vivo as future therapeutics, their effects on metabolism do not appear to be caused by
specific activation of SirT1.

Thus, the key challenge in harnessing the clinical promise of SirT1 is to develop activators
that specifically stimulate its activity against native substrates. However, even if this project
is ultimately successful, it is also likely that SirT1 regulation of metabolism may be far more
complex than is currently appreciated, and increasing SirT1 activity could induce global
histone deacetylation in many tissues where this may not be beneficial. For example, histone
deacetylase inhibitors (HDACS) are currently used to treat psychiatric disorders and some
forms of cancer. Thus, while exciting, SirT1-activating therapies should be pursued with
caution and in a tissue targeted manner.

Concluding remarks

SirT1 is a nutrient-responsive protein that facilitates the whole-body response to reduced
food availability by inducing hepatic gluconeogenesis, fatty acid oxidation and adiponectin
production while repressing lipogenesis and inflammation. The induction of SirT1 by caloric
restriction and salubrious effects of increased SirT1 on aging are conserved from yeast to
humans, indicating that it provides a useful means of coping with energy stress for a diverse
array of species. Nevertheless, despite a decade of intense work by many groups, and the
emergence of the broad picture of SirT1 functions in metabolic control, much awaits
discovery.

One important endeavor will be to identify genes regulated by SirT1 at the level of histone
acetylation in metabolic tissues, which in turn should refine our understanding of SirT1’s
coordination of nutrient homeostasis. While much effort has been focused on SirT1’s role in
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deacetylating important metabolic transcription factors, epigenetic effects of SirT1 are
largely unexplored. Learning more about SirT1’s epigenetic targets will help illuminate
other tissue-specific roles of this enzyme in vivo by exposing large classes of genes it
regulates (e.g. NFkB). To support these efforts, it is necessary to study the effects of
selectively and inducibly perturbing SirT1 expression in tissues important for the
preservation of glucose and lipid homeostasis, such as liver, skeletal muscle, adipose tissue
and macrophages in vivo, as in vitro studies have indicated an important role for SirT1 in
these tissue types [48, 70, 71]. This approach will clarify the tissues and junctures
responsible for the complex phenotypes observed in existing SirT1 knockout and transgenic
animals. Finally, more work is needed to identify other mechanisms that regulate SirT1
activity and expression, encompassing transcriptional, post-transcriptional and post-
translational factors. AROS and DBC1 have been identified as posttranslational regulators
of SirT1 activity [72-74], and PPARS as a transcriptional regulator of SrT1 expression [75],
but there are likely others that control how its expression, intracellular targeting and activity
are altered by energy status, high fat feeding or specific nutrients. Hopefully these and other
future studies will provide additional insights into the metabolic functions of this enigmatic
enzyme that lead to novel therapies for metabolic diseases.
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Figure.
Overview of SirT1 regulated processes in metabolically important tissues.

Outstanding Questions Box:

»  What is the primary mechanism behind insulin sensitization evoked by whole body
overexpression of SirT1?

»  What genetic networks does SirT1 regulate at the level of histone deacetylation in
metabolic tissues?
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«  What additional proteins/metabolites control SirT1 abundance and activity?

» Can pharmacological strategies be developed that augment SirT1 activity and/or
abundance?
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