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2Glenn Laboratory for the Science of Aging, Department of Biology, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA

Abstract

Sirtuins such as SIRT1 are conserved protein NAD+-dependent deacylases and thus their function
is intrinsically linked to cellular metabolism. Over the past two decades, accumulating evidence
has indicated that sirtuins are not only important energy status sensors but also protect cells
against metabolic stresses. Sirtuins regulate the aging process and are themselves regulated by diet
and environmental stress. The versatile functions of sirtuins and more specifically SIRT1 are
supported by their diverse cellular location allowing cells to sense changes in energy levels in the
nucleus, cytoplasm and mitochondrion. SIRT1 plays a critical role in metabolic health by
deacetylating many target proteins in numerous tissues, including liver, muscle, adipose tissue,
heart and endothelium. This sirtuin also exerts important systemic effects via the hypothalamus.
This review will cover these topics and suggest that strategies to maintain sirtuin activity may be
on the horizon to forestall diseases of aging.
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Sirtuins: indispensable energy sensors

Sirtuins are class 11 histone deacylases that consume one molecule of NAD+ during each
deacylation cycle [1]. The first identified sirtuin protein is silent information regulator 2
(SIR2) from Saccharomyces cerevisiae. SIR2 was originally characterized as a chromatin
silencing component which repressed gene transcription at selected loci [2]. Soon after the
discovery that SR2 extended yeast replicative lifespan [3,4], the orthologs of SR2 were
proposed to carry out same lifespan prolonging effects in Caenorhabditis elegans [5,6], and
in Drosophila melanogaster [7], and to mediate beneficial effects of calorie restriction (CR)
on health and longevity[7-10]. These findings were challenged in 2011 by a study
suggesting that SR2 orthologs in worms and flies did not mediate increases in lifespan [11].
As discussed in the next section below, more recent studies in many organisms have now
confirmed the original hypothesis that sirtuins are conserved diet-sensitive, anti-aging
proteins.
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In mammals, the anti-aging functions of sirtuins are conserved [12,13]. There are seven
mammalian sirtuins, SIRT1-7, which function to regulate metabolism in non-redundant
ways in many tissues. Because sirtuins are located in distinct cellular compartments, they are
able to coordinate cellular responses to CR throughout the organism. SIRT1, SIRT6 and
SIRTY7 are localized in the nucleus, where they function to deacetylate histones thereby
influencing gene expression epigenetically [14]. SIRT1 also deacetylates specific
transcription factors and enzymes to influence their activities, as described below. SIRT2
was originally described as a cytosolic sirtuin, however, recent data show that SIRT2 is also
found in the nucleus where it functions to modulates cell cycle control [15-17]. SIRT3,
SIRT4 and SIRTS5 are localized in mitochondria, and regulate the activities of metabolic
enzymes and moderate oxidative stress in this organelle [18]. In general, sirtuins 3-5
respond to CR by switching cells to favor mitochondrial oxidative metabolism, along with
induction of accompanying stress tolerance.

In this review, we focus our attention on SIRT1, the most studied sirtuin, but also touch
briefly on other mammalian paralogs of SIRT1. We focus on the metabolic functions of
SIRT1 and other sirtuins in critical tissues to mediate physiological adaptability to diets. We
also discuss briefly some of the challenges and controversies that have emerged about the
role of sirtuins in CR, and critically assess new findings that have begun to resolve these
differences. While we will not cover the large body of data on sirtuins and diabetes and
neurodegenerative diseases, but will address the relationship between sirtuins and cancer.
Finally, we will consider emerging findings on the importance of the sirtuin co-substrate
NAD+ in aging and diseases.

The evolving role of sirtuins in CR and aging

The finding that sirtuins are NAD+ dependent deacetylases [1] prompted the suggestion that
they helped mediate the effects of CR in an active process. This idea contrasted with earlier
proposals that CR extended life span by passive mechanisms, such as lowering the
production of reactive oxygen species. In model organisms, nutrient limitation was shown to
extend the life span via sirtuins in yeast, Drosophila, and C. elegans [19]. However, some
laboratories observed life span extension by nutrient limitation that was independent of SR2
orthologs [11,20,21]. Part of the difficulty in interpreting these data is that laboratories may
use a variety of protocols to limit nutrients. Another potential problem is differences in
strain backgrounds among laboratories. Since several other nutrient sensors besides sirtuins
exist, such as insulin signaling [22], target of rapamycin (TOR) [23], and AMP-activated
protein kinase (AMPK) [24], varied experimental conditions between different laboratories
may activate different nutrient sensing pathways. In the lower organisms, it therefore seems
extremely likely that multiple pathways, including sirtuins, can elicit the benefits of nutrient
limitation. In mice, the same murine strains are used under the same limitation of food of
roughly the same composition. The lines of evidence that sirtuins mediate effects of CR in
mammals are numerous and are outlined below.

First, the non-histone proteins targeted for deacetylation by sirtuins closely define those
pathways involved in metabolic adaptation to CR, for example oxidative metabolism in
mitochondria (Figure 1) [14]. Second, CR induces the expression of the sirtuins, SIRT1 [25],
SIRT3 [26], and SIRT5 [27] in mice and SIRT1 in humans [28]. Conversely, a high fat diet
can trigger the loss of SIRT1 in mice via proteolysis [29], and obesity can reduce the
expression of SIRT1 in humans [30,31]. Third, loss of function mutations in specific sirtuin
genes can reduce specific outputs of CR. For example, SIRT1 knockout mice do not show
the usual increase in physical activity induced by this diet [32]. In addition, brain-specific
knockout of SIRT1 in mice do not show the characteristic changes in the somatotropic axis
(growth hormone/IGF-1) induced by CR[33]. Most revealingly, SIRT1 knockout mice do
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not live longer on a CR diet [34,35]. As for other sirtuins, knocking out the mitochondrial
SIRT3 prevents the protective effect of CR against neuronal degeneration, leading to hearing
loss [36]. In this case, SIRT3 is required to reduce oxidative damage in crucial hair cell
neurons of the cochlea. Deletion of the mitochondrial SIRT5 prevents the up-regulation of
the urea cycle, which is required to reduce blood ammonia when amino acids serve as
energy sources [27]. SIRT3 null mice also show a defect in regulation of the urea cycle [37].

A number of reports have also demonstrated that over-expression of SIRT1 in transgenic
mice can mitigate disease syndromes much like CR, including diabetes, neurodegenerative
diseases, liver steatosis, bone loss and inflammation [38—42]. Tissues responsible for these
effects are discussed in detail below (Figure 1). Conversely, compromised sirtuin activity
contributes to metabolic syndrome and diabetes and exacerbates the effects of a high fat diet
in mice and humans [29,43]. In addition, SIRT1 activators like resveratrol [44] and newer
sirtuin activating compounds (STACS) [45], exert effects that are similar to those of CR as
revealed by measures of whole animal physiology [46] or by transcriptional profiling [47].
Importantly, a recent study strongly suggests that the effects of resveratrol and all 117
described STACs are direct, and not an artifact of assays using fluorophore-containing
peptides. STACs target an allosteric site in SIRT1, which is separate from the catalytic
domain, and thus activate the deacetylation of substrates containing lysines with nearby
hydrophobic residues [48]. In toto these data comprise a compelling set of evidence that
sirtuins are fundamentally involved in mediating effects of CR.

Although a paper by Burnett et al. [11] did not find life span extension in SIR2 ortholog
transgenic lines of C. elegans or Drosophila, many other studies have established such a
connection [5-7,10,49-51]. In the past year, new studies were reported confirming the
importance of SR2 orthologs in slowing aging and extending life span in yeast [52], C.
elegans [53,54] and Drosophila [55]. Extension of murine life span has also been reported
for transgenic lines of SIRT6 [12] or SIRT1 [13]. Thus, there is also compelling evidence
that sirtuins regulate aging, which is consistent with their important role in CR.

regulation in the liver

Whole body glucose homeostasis is critically regulated by the liver. When blood glucose
levels are low, due to fasting or CR, hepatic metabolism immediately shifts to glycogen
breakdown and then gluconeogenesis to ensure glucose supply, and ketone body production
to bridge energy deficits. Fasting also activates muscle and liver oxidation of fatty acids
produced by lipolysis in white adipose tissue. Several transcription factors are involved in a
sophisticated switch to adapt to energy deprivation, and SIRT1 mediates the metabolic
switch during fasting (Figure 1) [56]. During the initial (post glycogen breakdown) phase of
fasting, pancreatic alpha cells produce glucagon to systemically activate gluconeogenesis in
the liver via the cyclic AMP response element binding protein (CREB) and its coactivator,
CREB-regulated transcription coactivator 2 (CRTCZ2). During more prolonged fasting,
however, this effect is cancelled by SIRT1-mediated CRTC2 deacetylation, which targets
the coactivator for ubiquitin/proteasome -mediated destruction [56]. SIRT1 then triggers the
next stage of gluconeogenesis by deacetylating and activating the peroxisome proliferator-
activated receptor (PPAR) vy coactivator 1a (PGC-1a), a coactivator for forkhead box O1
(FOXO01) [57]. Besides supporting gluconeogenesis, PGC-1a is also important for
mitochondrial biogenesis, which assists the liver in accommodating the reduced energy
status. Meanwhile, to increase energy production, SIRT1 stimulates fatty acid oxidation by
deacetylating and activating the nuclear receptor, PPARa [58]. SIRT1 can also shut down
the production of energy via glycolysis by deacetylating and repressing glycolytic enzymes,
for example, phosphoglycerate mutase-1 (PGAM-1)[59]. Interestingly, another nuclear
sirtuin, SIRTS, has also been reported to repress glycolysis by serving as a corepressor for
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hypoxia-inducible factor 1a (HIF-1a) [60]. As SIRTG itself is transcriptionally activated by
SIRT1Y, sirtuins might regulate cellular physiology in a coordinated way to determine the
duration of each phase of fasting [61].

In addition to glucose homeostasis, the liver plays important roles in controlling lipid and
cholesterol homeostasis. During fasting, fat and cholesterol synthesis in the liver is turned
off, and lipolysis in white adipose tissue (WAT) is favored. The major hepatic transcription
factors for lipogenesis and cholesterol synthesis are proteins belonging to sterol regulatory
element binding protein (SREBP) family [62]. Upon fasting, SIRT1 deacetylates SREBP1
and targets the protein for destruction through the ubiquitin/proteasome system (Figure 1)
[63]. The result is repression of fat and cholesterol synthesis, consistent with the finding that
SIRT1 liver-specific knockout mice develop hepatic steatosis [58]. For regulating
cholesterol homeostasis, SIRT1 also regulates the oxysterol receptor (LXRa) to assist in
reverse cholesterol transport from peripheral tissues by up-regulating the LXRa target gene
ATP-binding cassette transporter A1 (ABCAL) [64]. The cholesterol regulatory loop can be
further modulated through the bile acid receptor, e.g., farnesoid X receptor (FXR), which is
important for biosynthesis of bile acids and cholesterol catabolic pathways. SIRT1
deacetylates and activates FXR [65], and FXR can also up-regulate SIRT1 by repressing the
SIRT1 targeting microRNA, mir-34a [66]. Similarly, SIRT6 appears to regulate cholesterol
levels by repressing SREBP1/2, both at the level of their expression and their post-
translational cleavage into the active form [67,68]. These results again point out
collaborative roles of nuclear sirtuins, in this case in hepatic lipid metabolism.

Finally, SIRT1 plays an important role in maintaining circadian regulation of metabolic
processes in the liver by regulating the cell-autonomous, circadian clock in that tissue
[69,70]. This regulation involves the deacetylation of two central components of the clock,
BMAL1 and PER2, in the liver.

Besides nuclear sirtuins, mitochondrial SIRT3 is critical in fatty acid oxidation in the
mitochondria. Upon fasting or calorie restriction, SIRT3 protein level and activity are up-
regulated in mitochondria [26] to promote fatty acid oxidation via deacetylating long-chain-
specific acyl-coenzyme A dehydrogenase (LCAD) [71]. This sirtuin also activates the urea
cycle [37] and. ketogenesis in liver [72]. Interestingly, mitochondrial SIRT4 shows opposite
activity to SIRT1 and SIRT3. SIRT4 depletion prevents steatosis upon high fat diet feeding
[73]. In addition, SIRT4 represses PPARa to inhibit fatty acid oxidation, meanwhile also
represses malonyl CoA decarboxylase 1 (MCD1) to supports lipid synthesis [74]. Thus
multiple sirtuins play many important roles in tuning liver metabolism to nutrient
availability.

regulation in the muscle and WAT

The switch from carbohydrate to lipid use for energy production is induced in skeletal
muscle by exercise or fasting. When SIRT1 levels are elevated upon fasting, PGC-1a is
deacetylated by this sirtuin to activate genes for fat oxidation (Figure 1) [75]. AMPK is also
activated by energy depletion (resulting in higher AMP levels in cells) and drives the
expression of the PGC-1a gene under these conditions [76]. The combined result is
increased mitochondrial biogenesis and fatty acid oxidation in the muscle [75,77]. The effect
of SIRT1 and AMPK can also be amplified through a reciprocal positive regulatory loop.
AMPK can increase NAD+ levels by up-regulating NAMPT (nicotinamide
phosphoribosyltransferase), one of the crucial enzymes for NAD biosynthesis [78,79].
Reciprocally, SIRT1 can deacetylate the serine/threonine kinase liver kinase B1 (LKB1) to
activate AMPK [80]. Muscle thus mediates an essential anti-diabetic function by oxidizing
fatty acids. The mitochondrial SIRT3 also drives oxidative metabolism in skeletal muscle as
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well as liver. SIRT3 deacetylates and activates pyruvate dehydrogenase (PDH), and loss of
SIRT3 results in impaired oxidative metabolism [81].

WAT also regulates physiology systemically through secretion of adipokines, such as leptin
and adiponectin. Adiponectin combats obesity and diabetes, enhances insulin sensitivity, and
promotes proper glucose homeostasis. During exercise, the muscle adiponectin receptor is
activated and induces expression of SIRT1, AMPK and PGC-1q in a Ca** dependent
manner, which in turn drive fatty acid oxidation and mitochondrial biogenesis [82]. A
number of SIRT1 benefits have been reported to occur via WAT. During fasting, SIRT1 can
promote fat mobilization from WAT to support lipid oxidation in liver and muscle [83].
Further, SIRT1 can induce white fat to switch into metabolically active brown fat by
deacetylating two critical lysine residues on PPARy (Figure 1) [84]. Conversely, excess
energy, which can be induced by a high fat diet, causes activation of caspase | as a part of
the inflammasome, which cleaves SIRT1 in WAT [29]. This reduction in adipose SIRT1
contributes to the metabolic dysfunction induced by this diet. In summary, sirtuins also play
critical roles in adapting the physiology of muscle and WAT to nutrient availability.

regulation in vascular endothelium and the heart

Another major age-associated disease is atherosclerosis, which is caused in part by chronic
inflammation in the blood vessel. With aging, the lack of regeneration capacity together with
senescence and cell death strongly compromise the function of blood vessels. Nitric oxide is
crucial in maintaining a functioning vascular endothelium. Nitric oxide can promote
angiogenesis and smooth muscle proliferation, and reduces the accumulation of
atherosclerotic plaques. Moreover, the production of nitric oxide from the endothelial nitric
oxide synthase (eNOS) is important for muscle relaxation, lowering of blood pressure, and
general endothelium health. Interestingly, SIRT1 and eNOS form a positive regulatory loop:
upon CR, eNOS induces SIRT1 expression and, SIRT1 further promotes eNOS activity
through deacetylation [85].

In the heart, eNOS plays a role in responding to CR by promoting SIRT1 entry into the
nucleus, which increases myocardial ischemic tolerance [86]. Additionally, SIRT1 protects
against hypertrophy through PPARa activation and increased fat oxidation (Figure 1) [87].
However, high levels of cardiac-specific expression of SIRT1 can be detrimental [88]. It is
noteworthy that exogenous NAD + supplementation via NAD precursors can block
hypertrophy by a mechanism that appears to require SIRT3 [89]. Besides SIRT1, other
nuclear sirtuins were also demonstrated to be vital in maintaining cardiac health. Both
SIRT6 and SIRT7 deficient mice displayed cardiac hypertrophy phenotype due to up-
regulated IGF signaling and p53 activity, respectively [90,91]. These findings indicate that
sirtuins exert beneficial effects on cardiac health by coordinating nuclear and mitochondrial
programs.

regulation in the hypothalamus

The hypothalamus is an area in the brain important for coordinating systemic mammalian
physiology (Figure 2). Diurnal activities, including feeding, body temperature, energy
expenditure and other metabolic functions are all governed by specific neurons within the
hypothalamus. SIRT1 levels in the hypothalamus change in response to diet, and appear to
mediate several aspects of hypothalamic control (Figure 2) [92]. For example, the response
of the somatotropic axis to CR is blocked in the SIRT1 brain specific knockouts [33].
Further, during CR, SIRT1 level increases in the dorsomedial hypothalamus (DMH) and
lateral hypothalamus (LH), and SIRT1 transgenic over-expression in these neurons promotes
higher physical activity and increased body temperature through up-regulation of the orexin
type 2 receptor, a receptor involved in the central feedback mechanisms that regulate
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feeding behavior [93]. In the anorexigenic pro-opiomelanocortin (POMC) neurons, SIRT1 is
essential in maintaining normal energy expenditure. Mice devoid of SIRT1 specifically in
POMC neurons are susceptible to diet induced obesity [94]. SIRT1 in the SF1 neurons is
also protective against obesity and diabetes [95]. In addition, SIRT1 can influence feeding
by repressing the FOXO1 dependent release of the orexigenic agouti-related peptide [96]
and controlling the signaling output in the ventromedial hypothalamic neurons (VMH) [97].
However, pan-neuronal deletion of SIRT1 was surprisingly associated with insulin
sensitization in hypothalamic neurons and systemically [98]. In the suprachiasmatic nucleus
(SCN), which mediates circadian control centrally in mammals, SIRT1 can influence the
circadian amplitude via up-regulation of the core transcription factor, BMALL1 and other
components of the clock machinery (Figure 2) [99]. It is important to note that SIRT1 level
declines with aging in the SCN, and indeed, over-expressing SIRT1 can delay the age-
related decline in central circadian function [99]. Moreover, transgenic over-expression of
SIRT1 in the DMH and LH slows aging and extends life span in both males and females
[13]. In conclusion, it is becoming clear that the hypothalamus may be a central regulator of
aging and the weight of evidence suggests that hypothalamic SIRT1 plays an important role
in this brain region in aging-related function.

Sirtuins and cancer

Numerous experimental evidences exist that supports a relationship between sirtuins and
cancer. Significantly, several sirtuins have been reported to have tumor suppressing
activities: SIRT1 overexpression is sufficient to suppress colon cancer growth in the
APCMI+ model [100]. Further, mice heterozygous for both SIRT1 and p53 developed
spontaneous tumors, indicating that SIRT1 might function as a haplo-insufficient tumor
suppressor [101]. However, it should be noted that numerous reports also show that SIRT1
expression can positively correlate with malignancy, in certain human cancers [14]. These
findings led to the idea that SIRT1 expression may suppress tumor formation, but its
expression may actually aid the growth of certain, already established tumors. SIRT?2
regulates cell cycle, and mice deficient for SIRT2 develop mammary tumors in females and
hepatocellular carcinoma in males, due to an altered anaphase-promoting complex/
cyclosome activity [102].

Mitochondrial SIRT3 and nuclear SIRT6 repress the use of carbon from carbohydrates
through glycolysis, by inhibiting the function of HIF-1a [60,103]. Similarly, mitochondrial
SIRT4 regulates the use carbon from amino acids by repressing glutamate dehydrogenase
[104]. Thus, SIRT3, 4, and 6 all repress the Warburg effect, in which deregulation of
glycolysis and glutaminolysis occur in many human tumors and support tumor growth.
Accordingly, the loss of SIRT3 [103] or SIRT6 [105] induces glycolysis, and loss of SIRT4
induces glutaminolysis [104]. Finally, loss of each of these three sirtuins has been found in
many human tumors, with loss of up to 40% in breast and ovarian cancer for SIRT3, and
20% of all cancers for SIRT6 [104-106].

The emerging role of NAD+ in aging

SIRT1 activity can be regulated post-transcriptionally by several mechanisms, including
phosphorylation [107,108], interactions with other proteins such as DBC1 [109,110], or
changes in NAD+ levels [111]. Importantly, AMPK activates expression of the NAD
biosynthetic enzyme NAMPT, linking the activity of these two crucial energy-sensing
pathways [79]. Moreover, it appears likely that NAD+ levels decline with aging, which
would lead to a reduction in sirtuin activity and also blunt the effects of resveratrol and other
STAC:s. It is not clear whether this decline in NAD+ is severe enough to affect metabolic
enzymes, which bind it tightly as a cofactor. The decline in NAD+ was first noticed in
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transgenic mice over-expressing SIRT1 in pancreatic beta cells [112]. These mice show
enhanced glucose stimulated insulin secretion when they are young, but lose this phenotype
when they become old (18-24 months). Importantly, administration of the NAD+ precursor,
nicotinamide mono-nucleotide (NMN) can restore the metabolic phenotype in old transgenic
mice. This finding suggests that a decrease in NAD+ with aging was responsible for the
blunting of the phenotype in pancreatic beta cells of SIRT1 transgenic mice. More recently,
supplementation with NAD precursors has been shown to restore NAD+ levels and prevent
diet- or aging-induced diabetes in wild type mice [113,114]. Another recent paper suggests
that a metabolite derived from the NAD+ precursor nicotinamide, 1-methyl nicotinamide,
may have beneficial effects in worms [115].

An aging-induced decline in NAD+ levels has also been linked to an aging dependent
activation of poly-ADP-ribose polymerase (PARP)[54]. This enzyme responds to DNA
damage and ADP-ribosylates proteins at sites of DNA breaks by cleaving NAD+. This
finding is complementary to an earlier study showing that PARP-1 inhibition in mice
increased NAD+ content and up-regulated SIRT1 [116]. Thus, one can imagine that aging is
associated with chronic DNA damage leading to NAD+ depletion and sirtuin inactivation.
Indeed, a decrease in the activity of SIR-2.1 in worms or SIRT1 in mammals also leads to
mitochondrial dysfunction, possibly related to increased acetylation of FOXO and PGC-1a
[54]. Thus, one can trace an aging-dependent mechanism connecting the nucleus and
mitochondria resulting from NAD+ deficiency.

Lastly, the circadian clock also regulates NAD+ levels via the enzyme NAMPT [117,118].
This connection was recently shown to lead to circadian cycles of SIRT3 activation,
mitochondrial protein deacetylation, and oxidative metabolism [119]. In mice mutant for the
circadian clock, SIRT3 function is thus defective and oxidative metabolism becomes
dysfunctional. Importantly, NAD+ supplementation of the mutant mice via NMN can help
correcting this metabolic defect.

Concluding remarks and future perspectives

Almost 14 years ago, yeast Sir2 and its mammalian ortholog SIRT1 were recognized as
NAD+-dependent deacetylases, which immediately inspired research into the roles of
sirtuins in metabolic regulation. Now it is well accepted that sirtuins play important roles in
a broad spectrum of biological processes. Sirtuins function to slow aging and various
disorders associated with aging, including metabolic diseases, cancer, and
neurodegenerative conditions. Sirtuins respond to the energy availability provided by the
diet to determine the acetylation status of histones, key transcription factors and metabolic
enzymes. This coordinated response helps deliver the benefits of CR on health and
physiology. Indeed, STACs have been shown to directly target SIRT1 [48,120], and present
a promising strategy to ameliorate age-related diseases. Novel drugs for other sirtuins may
also become possible and offer additional benefits. And finally, NAD+ supplementation in
combination with STACs may offer a synergetic strategy to promote healthy aging.
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a hormone that is mainly secreted from the adipose tissue.
Adiponectin is important to maintain glucose level and fatty acid
oxidation. When it binds to its G protein-coupled receptors,
adiponectin can up-regulate SIRT1 and AMP kinase and promote
metabolic fitness.

a dietary regiment in mice and rats that provides ~70% of the
calories of an ad libitumdiet. It has been modeled with discrepant
results in lower organisms.

a transcriptional coactivator for the transcription factor cCAMP
response element-binding protein (CREB). CRTC2 responds to
glucagon upon fasting and up-regulates gluconeogenic gene
expressions.

an enzyme that produces nitric oxide. Nitric oxide is a key to
suppress inflammation and promote blood vessel relaxation, thus
high eNOS activity is protective for cardiovascular health. eNOS
is deacetylated and activated by SIRT1.

a nuclear receptor closely related to PPARs, and FXR. LXR is a
major regulator for whole-body cholesterol and lipid homeostasis.
SIRT1 deacetylates LXR and activates downstream target
ABCAL, an ATP-binding cassette (ABC) transporter to promote
cholesterol efflux.

a coenzyme that is involved in redox reactions in living cells and
thus crucial for many metabolism enzymes. It is also a co-substrate
for sirtuins and PARP-1.

a nuclear receptor that regulates lipid metabolism in the liver.
PPARa targets include HMG-CoA synthase (a rate limiting
enzyme of ketogenesis), medium-chain acyl-CoA dehydrogenase
(involved in B-oxidation) and carnitine palmitoyltransferase |
(CPT I, involved in the transport of long-chain fatty acyl groups
into the mitochondria). SIRT1 activates PGC-1aq, to further up-
regulate PPARa gene targets.

a nuclear receptor that promotes fat storage in white adipose
tissue. SIRT1 can repress PPARY to trigger lipolysis, or promote a
white fat “browning” program via PPARYy deacetylation.

a transcriptional coactivator that interacts with a number of
transcription factors to facilitate gluconeogenesis, fatty acid
oxidation, and mitochondrial biogenesis. PGC-1 a is deacetylated
and activated by SIRT1.

an enzyme that plays important role in single strand DNA break
repair. It can also mediate double strand DNA break repair when
BRCAL/2 activities are low. PARP1 consumes NAD+ and thus its
activation can reduce the activity of SIRTL.
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Sirtuin-activating firstly identified as polyphenols, e.g. resveratrol, that activate
compounds SIRT1. Synthetic small molecules have also been identified, which
(STACs) impede diseases such as diabetes in rodents.

Sterol regulatory a main transcription factor for lipid and cholesterol synthesis in the
element binding liver. SREBP repression can ameliorate non-alcoholic fatty liver
protein (SREBP) disease.
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Outstanding questions

Several pathways, including sirtuins, insulin signaling, TOR, and AMP kinase
are proposed to mediated CR. Do they work in a synergistic manner, or do they
act independently? How extensively do they crosstalk?

Will STACs and NAD+ supplementation provide a broad, new strategy to
forestall aging and diseases? Would these synergize with drugs affecting other
pathways above?

How do sirtuins communicate, besides sensing NAD+ levels, for collaborative
actions among cellular compartments? Are there additional feedback loops to
program communication between nuclear and mitochondrial sirtuins?

Overexpression of SIRT1 in the brain extended lifespan. Are the hypothalamic
nuclei, i.e. DMH and LH, the only regions important for the longevity effect?
Can SIRT1 overexpression in the periphery extend lifespan?

While other sirtuins are tumor suppressors, SIRT1, seem to play both tumor
suppressor and oncogenic roles. Is SIRT1 generally preventative for
establishment of cancer? Under what conditions does SIRT1 foster growth of
established tumors?
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Figure 1. SIRT1 mediates metabolic benefitsin varioustissues

Major metabolic tissues, such as liver, heart, white adipose tissue (WAT) and skeletal
muscle are depicted to illustrate SIRT1 functions. In the liver, SIRT1 supports
gluconeogenesis via PGC-1a and FOXO1[57], and facilitates CRCT2 degradation upon
prolonged fasting [56]. SIRT1 inhibits glycolysis by repressing glycolytic enzyme PGAM-1
[59]. In the liver, SIRT1 responds to fasting and promotes fatty acid oxidation by activating
PPARa [58] and inhibits fatty acid synthesis by targeting SREBP1c for degradation [63].
SIRT1 is a positive regulator of LXR and thus regulates whole-body cholesterol homeostasis
[64]. In the skeletal muscle, SIRT1 exerts similar actions on increasing fatty acid utilization,
and reduces glycolysis as described above [75]. Here SIRT1 and AMPK comprise a
reciprocal positive regulating loop. AMPK activates SIRT1 by up-regulating the gene
encoding the NAD+ synthetic enzyme, NAMPT [78,79]. Reciprocally SIRT1 activates
AMPK by deacetylating LKBL1 [80]. In WAT, SIRT1 mobilizes fat from WAT via PPARYy
to drive lipid utilization in liver and muscle [83]. In addition, by deacetylating PPARY to
facilitate Prdm16 binding, SIRT1 drives a white fat browning to enhance energy expenditure
[84]. SIRTL1 protein is degraded post high fat diet challenge by activated caspase | [29] and
can be up-regulated by adiponectin [82]. SIRT1 also benefits the heart by increasing
ischemic tolerance via an activation of eNOS [85]. SIRT1 additionally protects against
cardiac hypertrophy through PPARa activation [87]. Targets that are directly activated by
SIRT1 are shown in green. Those are repressed or inhibited by SIRT1 are in pink.
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Figure 2. SIRT 1 regulates metabolic functions centrally through the hypothalamus

This figure indicates major regions in the mouse hypothalamus that are influenced by
SIRT1: dorsomedial hypothalamus (DMH), ventromedial hypothalamus (VMH), lateral
hypothalamus (LH), arcuate nucleus (ARC), agouti related peptide producing
neurons(AgRP), proopiomelanocortin neurons(POMC) and suprachiasmatic nucleus (SCN).
High levels of SIRT1 in DMH and LH promote physical activity and increased body
temperature [93]. In POMC neurons, loss of SIRT1 causes susceptibility to diet induced
obesity [94]. In addition, SIRT1 regulates feeding and ghrelin response through the AgRP
neurons and VMH to counter diabetes [95-97]. In the SCN, SIRT1 assures robust central
circadian control by increasing the amplitude of the indicated machinery of the clock [99]
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