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Abstract

The first link between sirtuins and longevity was made 15 years ago in yeast. These initial studies
sparked efforts by many laboratories working in diverse model organisms to elucidate the
relationships between sirtuins, lifespan, and age-associated dysfunction. Here we discuss the
current understanding of how sirtuins relate to aging. We focus primarily on mammalian sirtuins
SIRT1, SIRT3, and SIRTS, the three sirtuins for which the most relevant data are available.
Strikingly, a large body of evidence now indicates that these and other mammalian sirtuins
suppress a variety of age-related pathologies and promote healthspan. Moreover, increased
expression of SIRT1 or SIRT6 extends mouse lifespan. Overall, these data point to important roles
for sirtuins in promoting mammalian health, and perhaps in modulating the aging process.
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Phenotypes of aging: lifespan versus healthspan

Aging is a conserved phenomenon across all species, and imposes an everincreasing risk of
dysfunction and death on older organisms. In humans, beginning in the 19t century,
dramatic improvements in medicine, nutrition and hygiene significantly reduced early life
mortality, while adult mortality in industrialized countries has decreased roughly 25-fold [1].
Collectively, these developments have led to a remarkable increase in average lifespan in
industrialized societies, where life expectancy at birth has doubled in less than 10
generations, reaching 78.7 years in the United States in 2011. The estimated age-adjusted
death rate, which accounts for changes in the age distribution of the population, reached a
record low of 740.6 per 100,000 in 2011 in the US [2]. In the 75 years between 1935 and
2010, the overall risk of dying dropped by a remarkable 60%. Although the US population
becomes overall older with each year, the rate of death continues to decline steadily across
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all races and sexes. Taken together, these data indicate that people living in advanced
industrialized societies are living dramatically longer on average.

Although these changes represent a great boon for individuals fortunate enough to live in
affluent societies — affording them the opportunity to live longer and healthier lives — they
have also come with unintended consequences. As we live longer, and escape the (typically
infectious) causes of early-life mortality that afflicted our forebears, we become more
susceptible to age-associated pathologies, including cardiovascular disease, cancer, diabetes
and neurodegenerative diseases. These chronic conditions exert an enormous toll, both in
terms of human suffering and economic loss. For example, in the US the total cost of
healthcare for people age 65 and older with dementia was estimated to be over $200 billion
in 2013, and is expected to top $1 trillion yearly by 2050 [3]. This has led to intense interest
in devising means to delay or even prevent this and other age-associated conditions.

Studies of the basic biology of aging may offer answers in this regard. A wealth of data from
studies in model organisms has now shown conclusively that modulation of specific cellular
signaling pathways — e.g. insulin/insulin-like growth factor-1 (IGF-1) signaling (11S),
mammalian target of rapamycin (mTOR), and sirtuins — can extend lifespan, in a manner
that is conserved across distantly-related organisms [4]. Such interventions not only extend
lifespan, but more importantly, extend the period of healthy living (i.e., healthspan) as well
[5]. In mammals, interventions that slow the aging process concomitantly retard the onset
and pace of an impressive array of degenerative, neoplastic, and metabolic diseases [6].

This review focuses on mammalian sirtuins, and addresses the key question of whether these
proteins truly regulate aging in mammals. We focus our discussion on the three mammalian
sirtuins currently thought to represent the most promising regulators of mammalian
longevity: SIRT1, SIRT3, and SIRTS6.

Initial observations of sirtuin-driven lifespan extension

In 1959, Mortimer and Johnston made the seminal observation that individual cells of the
budding yeast Saccharomyces cerevisiae are not immortal. Instead, they found that a yeast
mother cell divides only a finite number of times (replicative lifespan) [7]. Since that initial
finding, numerous genes have been identified as regulators of longevity in this model
organism [8]. The first evolutionarily conserved gene to be identified in such studies was the
silent information regulator 2, or SR2. Biochemically, Sir2p acts as an NAD*-dependent
histone deacetylase (HDAC) [9]. Sir2p HDAC activity promotes increased chromatin
compaction and decreased transcription at the silent mating-type loci, telomeric regions, and
ribosomal DNA (rDNA). Inactivation of sir2 decreases lifespan by 50%; conversely a single
extra copy of SIR2 extends lifespan by 30% [10]. Initial insights into mechanism focused on
the finding that Sir2p protects yeast cells from a toxic accumulation of self-replicating
extrachromosomal rDNA circles (ERCs) [11]. In this regard, deletion of the gene encoding
the replication fork-blocking protein, Fobl1p, enhances replicative lifespan by protecting
against rDNA instability [10, 12], rescuing the short lifespan of sir2 mutant cells.
Subsequent work has revealed additional, distinct mechanisms by which Sir2p promotes
replicative lifespan. Sir2p facilitates retention of oxidized proteins, misfolded protein
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aggregates, and dysfunctional mitochondria in mother cells by maintaining cellular polarity
[13, 14]. This allows nascent daughter cells to begin life with undamaged proteins and
mitochondria, extending daughter cell lifespan at the expense of the mother. More recent
studies have elucidated an additional epigenetic mechanism by which Sir2p promotes yeast
replicative lifespan, involving the densely packaged (heterochromatic) regions adjacent to
telomeres. Sas2p, a histone acetyltransferase, and Sir2p act in concert to regulate histone H4
lysine 16 acetylation (H4K16Ac) at the telomere-euchromatin boundary [15]. Levels of
Sir2p decline over the yeast lifespan, concomitant with an increase in H4K16Ac. A mutation
mimicking constitutive H4K16 acetylation reduces longevity, suggesting that derepression
of subtelomeric silencing negatively affects yeast lifespan [16]. Altogether, these studies
have revealed multiple distinct roles for Sir2p in promoting yeast replicative lifespan: first,
in promoting rDNA array stability; second, in protecting daughter cells from inheriting
damaged proteins and mitochondria; and third, in maintaining transcriptional silencing at
subtelomeric regions.

S R2 homologs have been identified in other species as well (BOX 1). Collectively, these
Sir2p-like proteins are termed sirtuins and are present in eukaryotes and prokaryotes,
implying an ancient origin [17]. Sirtuins possess NAD*-dependent deacetylase, deacylase,
desuccinylase, demalonylase, deglutarylase, and ADP-ribosyltransferase activities, and
regulate diverse cellular functions via modification of histones and many other proteins [9,
18-21]. Sirtuin-mediated deacetylation generates the feedback inhibitor nicotinamide
(NAM), 2’-O-acetyl-ADP-ribose, and the deacetylated target protein [22]. In mammals,
fluctuations in NAD™ levels due to varied dietary conditions, exercise, and circadian rhythm
can all regulate sirtuin activities [23]. Owing to their requirement for oxidized NAD?*,
synthesized de novo or recycled via metabolic pathways, the enzymatic activity of sirtuins
is, therefore, tightly linked to cellular nutritional milieu and metabolism [24]. Although
mammalian sirtuins share a fairly conserved NAD*-binding catalytic domain, they have
divergent amino and carboxy termini, and differ from one another with respect to catalytic
activities, subcellular localization, protein targets, and biological functions [23].

Impact of sirtuins on longevity in mouse models

Several studies in yeast, worms and flies have raised the important issue of whether sirtuins
regulate aging in mammals (Box 1). Experimentally, this topic can be broken down into
several distinct questions. First, does overexpression or hyperactivity of mammalian sirtuins
increase lifespan in animal models, and/or suppress the appearance of age-sensitive traits?
Conversely, does sirtuin loss-of-function shorten lifespan, and/or hasten the appearance of
characteristics associated with normal aging? A closely related issue concerns how sirtuins
interact with diseases of aging, i.e. what are their roles in regulating mammalian healthspan?
We discuss below the fairly limited data on sirtuins and longevity in mammals, and then
summarize the much larger body of literature concerning sirtuins and healthspan.
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Sirtuins and mammalian aging

Sirtl

SIRT1 deacetylates a diverse array of cellular proteins — histones, transcription factors,
DNA repair proteins, autophagy factors, and others — to modulate metabolism, stress
responses, and many other cellular processes [25]. In vitro, SIRT1 possesses deacylase
activity, though the functional significance of this activity in vivo remains unclear [26].
Though SIRT1 can localize to the cytoplasm in certain transformed cell lines [27, 28], adult
cardiomyocytes [29] and neurons [30, 31], most studies have focused on nuclear SIRT1
functions.

Several studies address the question of whether increased SIRT1 levels can increase
mammalian lifespan. In two Srtl transgenic mouse strains, overexpression of SIRT1 in
many different tissues does not extend overall longevity [32]. For one of these strains, it was
hypothesized that ectopically expressed SIRT1 did not increase overall longevity because it
did not reduce the incidence of age-associated lymphoma, a major cause of death in many
inbred mouse strains [33]. Srtl transgenic mice do show amelioration of several age-
sensitive traits: improved maintenance of glucose homeostasis, wound healing, and
neuromuscular function, as well as delayed bone loss, and a reduced incidence of
carcinomas and sarcomas [33].

In contrast to results obtained with global SIRT1 overexpression, brain-specific SIRT1
overexpression in the BRASTO mouse line results in an ~11% increase in median lifespan,
and delays cancer-related death in both sexes [34]. SIRT1 overexpression in the dorsomedial
and lateral hypothalamic nuclei (DMH/LH) increases physical activity and whole-body
oxygen consumption, preserves mitochondrial morphology in skeletal muscle, and promotes
body temperature homeostasis in aged transgenic mice. These phenotypes are thought to
result from an increase in neural activity due to SIRT1-mediated upregulation of brain-
specific orexin type 2 receptor (OX2R) expression (Fig. 1A). Strikingly, in the DMH/LH of
mice on a calorie-restricted diet, SIRT1 activity and OX2R expression mimics that of the
BRASTO mouse [34]. Overexpression of SIRT1 has no lifespan effect in a second
independently derived BRASTO transgenic line, possibly as a result of opposing longevity
effects in different regions of the brain, and/or differences in SIRT1 overexpression levels.
There is ample precedent for dose-dependent effects of sirtuin overexpression, both in
invertebrates and in mammals. For example, in the mouse heart, modest SIRT1
overexpression (7.5-fold) protects against cardiac dysfunction, apoptosis and oxidative
stress, whereas higher SIRT1 levels (12.5-fold overexpression) results in hypertrophy and
impaired cardiac function [35]. Similar dose-dependent effects of SIR2 overexpression have
been noted in invertebrate systems [36].

Germline Srt1 deletion causes late prenatal or early postnatal lethality in an inbred 129/Sv
strain background. Homozygous null embryos are developmentally delayed, with a subset
showing exencephaly [37]. However, in a genetically outbred background, or on other
inbred backgrounds [38], SIRT1 deficiency is compatible with adult viability [37]. SIRT1-
deficient mice are runted, sterile and have a reduced lifespan under both normal feeding and
dietary restricted conditions [31, 39, 40]. The pleiotropic nature of the phenotypes associated
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with SIRT1 deficiency renders it difficult to make firm conclusions about the appearance of
age-sensitive traits in this strain.

The active form of SIRT3 is present in the mitochondrial matrix, where it deacetylates many
proteins to regulate diverse mitochondrial functions such as ATP production, reactive
oxygen species (ROS) management, p-oxidation, ketogenesis, cell death, and others [41].
Ectopically-expressed SIRT3 partially reverses the age-associated functional decline of
murine hematopoietic stem cells [42]. Currently no pan- or tissue-specific transgenic animal
models overexpressing SIRT3 have been described in the literature to determine whether
SIRT3 overexpression confers lifespan extension or protects against age-associated
pathologies. This is a critical question in clarifying current discrepancies regarding potential
roles for SIRT3 in modulating human lifespan (BOX 2). SIRT3-deficient mice have no
grossly apparent phenotype, but manifest a variety of defects associated with impaired
mitochondrial functions, particularly under stress conditions or with increasing age (see
below).

SIRT6 deacetylates specific cellular targets: H3K9Ac and H3K56Ac [43-45], the DNA
repair factor CtIP [46], and the acetyltransferase GCN5 [47]. In vitro deacetylation of an
H3K9Ac peptide by SIRT6 is stimulated by addition of physiologic concentrations of
several long-chain fatty acids, representing a mode of endogenous catalytic regulation
distinct from NAD* concentration [26]. SIRT6 also activates poly[ADP-ribose] polymerase
1 (PARP1) via mono-ADP-ribosylation [48], and promotes secretion of the pro-
inflammatory cytokine tumor necrosis factor alpha (TNFa) via deacylation [18]. Although
nuclear SIRT6 functions are best characterized, SIRT6 and its invertebrate homolog SIR-2.4
promote formation of cytoplasmic stress granules, and associate with these structures [49—
51]. Through these functions, SIRT6 plays essential roles in metabolic homeostasis,
inflammation, stress responses, and genomic stability [52].

In two independent Srt6 transgenic mouse strains, whole-body SIRT6 overexpression
extends median lifespan of males by 14.5% and 9.9% respectively (Fig. 1B). In female
transgenics, no significant increase in lifespan is observed. [53]. One possible rationale for
this sexual dimorphism is that transgenic Srt6 expression lowers serum IGF-1 levels and
downstream signaling in male mice, but not in females. Reduced IIS in model organisms is
strongly associated with increased longevity [54]. Male Srt6 transgenics show some
protection against lung tumors, and a trend towards preservation of glucose tolerance with
age, but no protection against some other phenotypic characteristics of aging (e.g.
osteoporosis and adrenal cortical hyperplasia) [53]. These data support a pro-longevity role
for SIRT6 in male mice; however, a more comprehensive assessment of a variety of age-
associated pathologies is necessary to characterize fully the effects of Srt6 on healthspan.

Germline deletion of Srt6 in inbred 129/SvJ-strain mice causes progressive, lethal
hypoglycemia; SIRT6-deficient mice display a degenerative phenotype, lymphopenia, and
genomic instability [55]. A subset of germline knockout mice on an outbred 129/Sv-
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C57BL/6 genetic background can survive up to 1 year if supplemented with glucose [56]. It
is currently unknown whether these mice show accelerated appearance of aging
characteristics. Germline or heart-specific deletion of Srt6 results in cardiac pathologies
(see below) [57].

Do sirtuins regulate aging?

Current data show that brain-specific (SIRT1) or ubiquitous (SIRT6) overexpression of
specific sirtuin proteins can extend mammalian lifespan. Future studies must assess the
robustness of these findings across different strain backgrounds and in different laboratories.
These initial results are consistent with anti-aging functions for these proteins. However,
disease-specific interventions can also extend lifespan, provided they mitigate a condition
that is a common cause of mortality in the population. To prove that SIRT1 and SIRT6 slow
aging in mice, many more studies are required to comprehensively elucidate the impact of
increased levels of these proteins on diverse age-sensitive traits in different tissues, as has
been done in the context of dietary restriction (BOX 3) and reduced growth hormone
signaling [6]. Recent controversies in the literature regarding whether the mTOR inhibitor
rapamycin truly delays aging emphasize the difficulty of establishing a primary effect of a
singular intervention on aging [58-60].

Sirtuin effects on diseases

In contrast to the modest amount of data regarding mammalian sirtuins and longevity per se,
a very large literature exists substantiating roles for these proteins as guarantors of
mammalian healthspan (Fig. 2). The following section focuses on the salient findings from
current research concerning sirtuins in neurodegenerative disease, metabolic dysfunction,
inflammation, cancer, and cardiovascular disease. Due to space requirements, only recent
work will be highlighted here; the reader is referred to any of a number of excellent recent
reviews in this area for a more comprehensive discussion (e.g. [61]).

Neurodegenerative disease

Sirtl

The risk of neurodegenerative disease — e.g. Alzheimer’s disease (AD), Huntington’s
disease (HD), Parkinson’s disease (PD), and others — increases sharply with age [62].
Several studies have revealed important roles for sirtuins in neuronal development and
neurodegenerative disease [63].

AD is characterized by an accumulation of extracellular f-amyloid plaques and intracellular
neurofibrillary tau protein tangles. In an AD mouse model, SIRT1 overexpression
diminishes toxic f-amyloid plaque accumulation, mitigates loss of learning and memory,
and increases survival [64]. Conversely, brain-specific Srt1 knockout increases -amyloid
aggregates and worsens the phenotypes observed in this strain [64]. Mechanistically, SIRT1-
mediated deacetylation of the retinoic acid receptor RAR f activates expression of the a-
secretase ADAM10, which directs amyloid precursor proteins away from processing by -
secretase, thereby attenuating production of p-amyloid [64]. A separate study in AD mice
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deficient for SIRT1 demonstrated that SIRT1 deacetylates tau, promoting its ubiquitin-
mediated degradation to suppress its pathogenic accumulation [65, 66].

Parkinson’s disease (PD) is associated with aggregation of presynaptic a-synuclein, and
death of dopamine-secreting neurons in the substantia nigra. In transgenic mice harboring a
mutant human a-synuclein gene associated with familial PD, brain-specific SIRT1
overexpression suppresses a-synuclein aggregation and extends lifespan. Conversely,
compared to controls, PD mice lacking SIRT1 in the brain have a truncated lifespan, and
elevated levels of a-synuclein aggregates [67]. Mechanistically, SIRT1 deacetylates the
transcription factor heat shock factor 1, upregulating expression of the molecular chaperone
HSP70, and reducing pathogenic a -synuclein aggregation [67].

HD is an autosomal dominant disease caused by polyglutamine repeat expansion in the
huntingtin protein, resulting in neuronal dysfunction and death, primarily in the basal
ganglia. Although conflicting roles have been described for SIRT1 orthologs in C. elegans
and D. melanogaster HD models [68, 69], mammalian SIRT1 is clearly neuroprotective in
mouse models of HD [32, 70]. SIRT1 overexpression in the brain of HD mice results in
delayed onset and slower progression of disease, whereas Sirt1 deletion in the brain
exacerbates HD symptomatology. SIRT1-dependent activation of p53, target of rapamycin
complex 1 (TORC1), forkhead box O3a (FOXO3A), and peroxisome proliferator-activated
receptor (PPAR)y coactivator 1a (PGC-1a) pathways in the brain have been hypothesized
as the molecular mechanisms by which SIRT1 promotes cell survival and confers
neuroprotection in HD [70].

It is clear that increased SIRT1 activity can ameliorate disease effects in animal models of
neurodegeneration. Whether or not modulating SIRT1 activity in human patients might
prove therapeutically useful in treating these diseases awaits the results of clinical trials
using SIRT1 activators (BOX 4).

SIRT3 is neuroprotective in an ex vivo cell culture system expressing nonpathogenic and
mutant forms of huntingtin. Expression of mutant huntingtin results in decreased SIRT3
activity, reduced cellular NAD* levels, and inhibition of mitochondrial biogenesis.
Conversely, treatment with viniferin, a dimer of resveratrol (BOX 4), activates AMP-
activated kinase (AMPK), promotes mitochondrial biogenesis, and increases SIRT3
expression. Srt3 knockdown inhibits viniferin-mediated AMPK activation and attenuates its
neuroprotective effects [71]. Given that mitochondrial dysfunction is thought to contribute
to HD pathogenesis [72], it will be of interest to assess potential protective effects of SIRT3
in HD in vivo.

Metabolic dysfunction

Body composition changes with age, resulting in progressive loss of skeletal muscle mass
and accumulation of white adipose tissue (WAT) [73, 74]. Increased visceral WAT is
associated with an elevated risk of cardiovascular disease, type 2 diabetes (T2D), insulin
resistance, hypertension and cancer [75, 76]. In this regard, obesity is associated with
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increased risk for cancers at diverse sites, including pancreas, breast, thyroid, kidney, colon
and rectum. The 2007 NCI Surveillance, Epidemiology, and End Results (SEER) study
estimated that about 4% of new cases of cancer in men and 7% in women are due to obesity
in the US [77]. Sirtuin-related pathways, such as inflammatory responses, I1S, mTOR and
AMPK signaling have all been hypothesized to mediate this obesity-cancer connection [78].
A large body of evidence now supports physiological roles for SIRT1, SIRT3, and SIRT6 in
regulating metabolic homeostasis, with the potential to affect other age-related diseases such
as cancer.

SIRT1 is a primary regulator of metabolism, an area reviewed extensively by others [79,
80]. For example, in the liver, SIRT1 regulates gluconeogenesis, fatty acid oxidation,
cholesterol efflux, bile acid synthesis, and lipogenesis. Deletion of Srtl in hepatocytes
sensitizes mice to liver steatosis on a high-fat diet (HFD); in humans this condition is
associated with T2D, and represents a common cause of liver dysfunction. Aged mice with
hepatic Srtl deletion also present with hepatosteatosis under normal dietary conditions [81,
82]. In the rat hypothalamus, pharmacological or siRNA-mediated inhibition of SIRT1
results in increased activity of anorexinergic pro-opiomelanocortin (POMC) neurons and
decreased activity of orexinergic agouti-related protein (NPY/AgRP) neurons. Subsequently,
these rats eat less and gain less weight [83]. However, another study found that Cre-
mediated Sirt1 deletion specifically in POMC neurons predisposes mice to diet-induced
obesity [84]. These discrepant results could be explained by differences in model organisms,
neuronal populations affected, acute versus sustained inhibition of SIRT1 activity, and/or
degrees of SIRT1 inhibition.

Under fasting conditions, SIRT1 expression is elevated in skeletal muscle, where activated
PGC-1a supports mitochondrial biogenesis [85]. SIRT1 deletion in skeletal muscle results
in reduced mitochondrial gene (mtDNA) expression, while mitochondrial copy number and
expression of nuclear-encoded mitochondrial genes remain unchanged [86]. SIRT1 ablation
in skeletal muscle reduces promoter activity of the nuclear mitochondrial transcription factor
A (TFAM). These results suggest mtDNA gene expression can be regulated by a PGC-1a-
independent pathway to maintain mitochondrial homeostaisis. Also, via PPARYy
deacetylation, SIRT1 induces “browning” of WAT, suggesting a potential for SIRT1-
dependent inhibition of adiposity [87, 88].

Pancreatic f§ cell-specific SIRT1 overexpression promotes insulin secretion and improves
glucose tolerance in younger mice [89, 90]. Despite sustained SIRT1 overexpression, insulin
secretion and glucose tolerance declines as this cohort ages, due to an age-associated
decrease in plasma nicotinamide mononucleotide (NMN) [89]. NMN is an NAD* precursor
that ameliorates glucose intolerance by elevating NAD?* levels in a mouse T2D model [91].
NMN supplementation restores the age-related glucose-stimulated insulin secretion defect in
aged B cell-specific Srtl transgenic females [89]. Taken together, these studies suggest that
in addition to SIRT1 protein levels, maintenance of proper cellular NAD* concentrations is
critical for guarding against metabolic dysfunction. Indeed, an age-related reduction in the
skeletal muscle NAD™ pool negatively affects mitochondrial homeostasis and ATP
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production by impairment of SIRT1-dependent TFAM expression [86]. Strikingly, this
defect is prevented by chronic calorie restriction, or reversed by NMN supplementation. A
more careful investigation of cell type-specific effects of SIRT1 modulation will be
necessary to fully elucidate the numerous mechanisms by which SIRT1 affects energy
expenditure, food intake and diet-related obesity.

SIRT3 governs diverse mitochondrial functions [41], and plays important roles in regulating
fuel utilization. In this regard, SIRT3 deacetylates metabolic enzymes to promote fatty acid
-oxidation [92], glucose oxidation [93], and ketogenesis [94]. Srt3 knockout mice have
increased amounts of WAT and are glucose intolerant [95]. In response to a long-term HFD
challenge, Srt3 germline knockout mice develop obesity, insulin resistance, and hepatic
steatosis at an accelerated rate [96]. Interestingly, Srt3 gene ablation in either skeletal
muscle or the liver alone does not apparently recapitulate the metabolic dysfunction
observed in the whole-body knockout strains, suggesting that SIRT3 may exert metabolic
control in part through non-tissue autonomous means, via effects in other tissues (e.g. the
CNS) [41, 97]. SIRT3 plays important roles in response to dietary restriction (Box 3).

SIRT6 plays significant functions in glucose and lipid homeostasis. Srt6 global knockout
mice typically die from severe hypoglycemia by 4 weeks of age [55]. This phenotype has
been attributed to cell-autonomous roles for SIRT6 in promoting mitochondrial respiration
via suppression of hypoxia-inducible factor 1 a (HIF-1 a) function, and in reducing cellular
insulin signaling through mechanisms that remain obscure [56, 98]. In contrast to the
phenotype observed in whole-body SIRT6-deficient mice, hepatic Srt6 knockdown
increases both blood glucose levels and gluconeogenic gene expression [47, 99]. SIRT6
inhibits gluconeogenesis by indirectly inactivating a key transcription factor of
gluconeogenic genes, PGC-1a [47]. Liver-specific Srt6 deletion also results in liver
steatosis, reduced fatty acid p-oxidation, and increased expression of lipogenic genes [99].
The role of SIRT6 in regulating lipid homeostasis has recently been investigated; SIRT6
negatively regulates activities of the lipogenic transcription factors SREBP1 and SREBP2,
via multiple mechanisms [100, 101].

These diverse metabolic functions of SIRT6 may eventually render it a therapeutic target in
the context of metabolic dysfunction. In this regard, SIRT6 overexpression ameliorates
aspects of age-associated metabolic decline, such as insulin insensitivity and glucose
intolerance. Srt6 transgenic mice fed a HFD are protected against WAT accumulation,
elevation of serum triglyceride and LDL cholesterol levels, and impaired glucose tolerance
relative to non-transgenic controls [102]. In an obese/diabetic mouse model, SIRT6
expression in the liver is reduced, and gluconeogenesis is hyperactive. Adenoviral-mediated
hepatic SIRT6 expression decreases blood glucose levels and suppresses expression of
gluconeogenic genes [47].
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Inflammation

Cancer

Sirtl

Aging is associated with sub-clinical, chronic inflammation that has been linked to a number
of age-related diseases including cancer, T2D, and cardiovascular disease [103]. The nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-xB) family of transcription
factors coordinates cellular responses to diverse genotoxic, inflammatory, and oxidative
stresses. NF-xB is critical in regulating cellular processes such as apoptosis, proliferation,
inflammation, immunity, and has been directly implicated in the aging process [104].
Several cellular signaling pathways involved in lifespan extension, including 11S, forkhead
box O (FOXO) transcription factors, mTOR, and sirtuins, overlap with NF-xB signaling
[104].

SIRT1 suppresses inflammation in multiple tissues by deacetylation of regulatory factors,
including the NF-xB p65 subunit and FOXO proteins [105-107]. Consequently, liver-
specific Srtl knockout mice fed a HFD show increased inflammation and elevated NF-xB
signaling [81]. SIRT1 has also been shown to modulate NF-xB responses in macrophages
[79]. Cartilage breakdown is increased in Sirtl knockout mice, and increased levels of
matrix metalloproteases that are typically elevated in osteoarthritis are present, suggesting
an anti-inflammatory role for SIRT1 in osteoarthritis [108]. In humans, a mutation in the
SRT1 coding sequence was identified in a family with individuals suffering from the
autoimmune disorders type 1 diabetes and ulcerative colitis [109]. This finding provides
compelling evidence that SIRT1 suppresses inflammation and autoimmunity in humans.

Evidence that SIRT6 plays an anti-inflammatory role comes from studies in Srt6-null mice.
SIRT6 interacts with the NF-kB RELA/p65 subunit and localizes to the promoter regions of
NF-kB targets, where it deacetylates H3K9Ac to silence expression of these genes.
Haploinsufficiency of the RELA/p65 subunit in SIRT6-deficient mice rescues some of these
mice from early demise, suggesting that elevated inflammation mediated through NF-xB
plays an important role in the pathologies associated with SIRT6 deficiency [106]. Recent in
vitro analyses have demonstrated that SIRT6 stimulates pro-inflammatory TNF « secretion
by removal of long-chain fatty acyl groups. More detailed analysis in vivo is required to
elucidate the role that SIRT6 may play in enhancing inflammation [18].

Accumulated genetic and epigenetic alterations, as well as metabolic reprogramming, are
among the hallmarks of cancer [110]. Sirtuins regulate many aspects of chromatin biology,
genome stability, and metabolism. Perhaps not surprisingly, then, a large body of evidence
now links sirtuins to cancer in a complex, cell- and context-specific manner.

Both oncogenic and tumor suppressor roles have been ascribed to SIRT1. SIRT1 regulates
more than 50 distinct substrates relevant to cancer proliferation and survival, notably
including the c-MYC oncoprotein and the tumor suppressor p53 [111]. Increased SIRT1
expression has been detected in many human cancers including: breast, prostate, lung, colon,
liver, pancreatic, lymphoma, leukemia and some ovarian and cervical cancers, suggesting an
oncogenic role for SIRT1 [111].
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Conversely, evidence primarily from mouse models supports a role for SIRT1 as a tumor
suppressor, where SIRT1 promotes the maintenance of genome stability [112], and
inhibition of cell growth via survivin (an inhibitor of apoptosis), p-catenin, and other
pathways [113, 114]. Consequently, the incidence of spontaneous carcinomas and sarcomas
is reduced in Sirt1 transgenic mice [33]. Also, ectopic expression of SIRT1 in the APC*min
mouse model of intestinal cancer decreases tumorigenesis [115]. Paradoxically however,
global or enterocyte-specific deletion of Srtl reduces the size and number of intestinal
polyps formed in this model [40, 116]. Srt1 deletion results in increased apoptosis in polyps
arising in APC*/Min mice, implying SIRT1 can play a pro-survival role during tumor
progression [116].

SIRT1 directly binds to and deacetylates HIF-1q, a transcription factor that mediates gene
expression in response to increased ROS and metabolic reprogramming in cancer cells
[113]. Whether SIRT1-dependent deacetylation promotes HIF-1a activity, or attenuates its
ability to promote expression of its target genes, is currently a matter of debate. One study
demonstrated SIRT1 knockdown in vivo impairs transcriptional output of HIF target genes
in hepatocellular carcinoma cells [117]. Others have shown that SIRT1-dependent
deacetylation of HIF-1a inhibits transcriptional co-activator binding to promoters of HIF-1a
target genes, and negatively regulates tumor growth and angiogenesis in xenograft tumor
models [113]. SIRT1 also interacts with the oncoprotein c-MYC, though the functional
outcome of this interaction is also controversial [112, 118, 119]. Overexpression of c-MYC
and SIRT1 is present in several cancer types, and is often associated with higher tumor
grade [111]. Although SIRT1 expression is stimulated by c-MYC, deacetylated c-MYC is
more susceptible to degradation; therefore SIRT1 indirectly inhibits c-MYC function [112,
119]. However, others have found that deacetylated c-MYC is stabilized, and enhances
SIRTL1 activity by promoting NAD* synthesis, which establishes a positive feedback loop to
enhance cellular transformation [118]. Thus, while SIRT1 expression may inhibit
oncogenesis in some contexts (e.g. primary cells), increased SIRT1 expression may confer a
growth advantage in cells that have already acquired oncogenic mutations. Future studies
focusing on the relationship between SIRT1 and its substrates, in particular HIF-1 o and c-
MYC, in various tissue- and cell-type specific contexts will clarify the multiple ways in
which SIRT1 interacts with carcinongenesis.

As with SIRTL, conflicting data exist regarding SIRT3’s roles in cancer. One study found
that the human SIRT3 gene is deleted in up to 20% of all human cancers analyzed overall,
and up to 40% of breast and ovarian cancers [120]. Expression of SIRT3 is reduced in a
number of other human malignancies including testicular, prostate, and hepatocellular
cancers [99]. SIRT3-deficient mice show an increased incidence of mammary cancer [120,
121]. Mechanistically, elevated ROS levels promote tumorigenesis via increased mutation
rate and genomic instability, and activation of pathways regulating metabolism, cell
survival, and proliferation [122]. Therefore, suppression of ROS levels is likely a principal
means by which this sirtuin inhibits tumorigenesis. In this regard, SIRT3 deacetylates and
activates mitochondrial antioxidant proteins, superoxide dismutase 2 (SOD2) and isocitrate
dehydrogenase 2 (IDH2); deacetylation of IDH2 in turn allows regeneration of the
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antioxidant glutathione [123]. Srt3 deletion increases ROS and stabilizes HIF-1 a, which
results in protumorigenic metabolic reprogramming [120, 121, 124]. Deletion of Srt3in
mouse embryonic fibroblasts increases intracellular superoxide levels and aneuploidy in
response to genotoxic stressors, suggesting that SIRT3 guards against chromosomal
instability and tumorigenesis by maintaining genomic integrity [121]. A novel function of
SIRT3 in tumor suppression was recently revealed in studies demonstrating a role for SIRT3
in stimulating activity of the pyruvate dehydrogenase complex (PDC) to promote
mitochondrial respiration [93]. Suppression of PDC activity is an important component of
metabolic reprogramming in many tumors [125].

However, data also exist supporting an oncogenic role for SIRT3. SIRT3 has been reported
to deacetylate p53 and counteract p53-induced growth arrest in human bladder cancer cells
[126]. Li-Fraumeni Syndrome (LFS) is characterized by a predisposition to a wide spectrum
of cancers, and frequently results from mutations in the TP53 gene. In a study of a family
with LFS without a detectable TP53 mutation, a genomic duplication of the entire SRT3
gene was identified, leading to increased SRT3 mMRNA expression [127]. To evaluate the
role of SIRT3 as a cause of tumorigenesis in these patients, the authors of this study
demonstrated that SIRT3 overexpression in a glioma cell line prevents apoptosis,
deregulates cell cycle progression and results in hypermethylation of CpG islands, features
typically associated with cancer [110]. Furthermore, elevated levels of SIRT3 have been
detected in node-positive breast cancer [128] and oral squamous cell cancer (OSCC). In
OSCC, SRT3 knockdown inhibits proliferation and sensitizes cells to radiation and
chemotherapeutic treatments in vitro [129]. Thus, the oncogenic and tumor suppressor
activities of SIRT3 are likely highly context specific.

As with SIRT1 and SIRT3, evidence exists supporting both oncogenic and tumor suppressor
properties for SIRT6. Elevated SIRT6 expression is associated with reduced overall survival
in breast cancer patients, where SIRT6 promotes chemoresistance [130]. Similarly,
knockdown of SIRT6 expression in prostate cancer cells sensitizes cells to
chemotherapeutics and decreases cancer cell survival [131].

However, supporting a tumor suppressor role for SIRT6, a survey of ~1,000 human cancer
cell lines revealed that the SRT6 locus was deleted in 35% of samples [132]. In a mouse
intestinal polyposis model, Srt6 deletion resulted in a dramatic exacerbation of adenoma
number and severity [132]. Mechanistically, SIRT6 inhibits the transcriptional activities of
HIF-1a and c-MYC, resulting in repression of glycolytic metabolic reprogramming [98,
132]. In a mouse liver cancer model, increased SIRT6 expression reduces survivin
expression by deacetylating H3K9Ac at the survivin promoter, and induces apoptosis during
cancer initiation [133]. In this context, SIRT6 expression averts tumorigenesis by inhibiting
tumor cell survival. In human cancer cell lines, ectopic SIRT6 overexpression results in
increased p53/p73-dependent apoptosis. Cell death occurs through the ataxia telangiectasia
mutated (ATM) kinase, and requires SIRT6 mono-ADP-ribosyltransferase activity [134].
The opposing actions of SIRT6 to suppress or facilitate tumorigenesis may be specific to
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tumor type and stage. Modulation of SIRT6 activity or expression in pre-malignant and
advanced tumors in vivo would help further delineate these roles of SIRT6.

Although we focus here on SIRT1, SIRT3, and SIRT6, other sirtuins have important roles in
cancer, reviewed in depth elsewhere [111]. For example, SIRT2 can also function as an
oncogene or a tumor suppressor [111]. SIRT4 functions as tumor suppressor by suppressing
glutamine metabolism and promoting genomic stability [135-137]. SIRT7 has recently been
shown to sustain malignant properties of cancer cells by deacetylating H3K18Ac [138].

Cardiovascular Disease

Sirtl

Cardiovascular disease (CVD) accounts for roughly one-third of all deaths in the United
States, [139] and the risk of developing clinically evident CVD increases dramatically with
advancing age [140]. Sirtuins have been implicated in cardiac and vascular protection by
regulating mechanisms associated with CVD risk factors, such as vasorelaxation [141],
vasoprotection [142], endothelial ischemic recovery, and cholesterol metabolism [143]. For
example, SIRT1 knockdown inhibits endothelial cell migration and angiogenesis in human
endothelial cells [144], and endothelial cell-specific Srtl knockout mice are unable to
revascularize tissue in response to ischemic injury [145]. Mechanistically, SIRT1
deacetylates and inactivates the FOXO family of transcription factors and components of the
NOTCH signaling pathway that have anti-angiogeneic properties [146—150].

SIRT1 promotes endothelial homeostasis in response to atheroprotective vascular flow and
pulsatile shear (PS) stress. PS stress induces expression of anti-inflammatory and
antioxidant genes such as Sod1 and Sod2, an effect that is lost upon knockdown of the gene
encoding Ca2*/calmodulin-dependent protein kinase kinase (CaMKK)p. CaMKKp, an
AMP-activated protein kinase, phosphorylates and subsequently stabilizes SIRT1, and
together are able to suppress the oxidative stress and inflammation pathways in an
atheroprotective PS stress model. When crossed onto an apolipoprotein E-deficient
background and fed an atherogenic diet, increased atherosclerotic lesions are observed in
mice lacking either CaMKKJ or SIRT1, indicating that this pathway may be a clinically
relevant target for intervention to treat age-associated CVD [151].

Pathological cardiac hypertrophy (CH) is a response to chronic hypertension or other
sources of cardiac injury that manifests as increased cardiomyocyte size and re-induction of
developmental genes whose expression is typically restricted to the fetal heart. Cardiac
metabolism of fatty acids shifts to favor glucose in CH, likely due to repression of fatty acid
oxidation and oxidative phosphorylation transcriptional networks in the adult heart [152].
SIRT1 interacts with and activates peroxisome proliferator-activated receptor-a (PPARa) to
prevent this metabolic switch and the development of hypertrophy, by promoting fatty acid
oxidation gene expression, and inactivates the NF-xB pro-inflammatory pathway. Treating
mice with resveratrol (BOX 4) attenuates markers of induced CH in wild-type, but not
PPARa-null mice [153]. Thus, SIRTL1 is able to orchestrate metabolic reprogramming and
inflammatory responses to protect against development of CH. Overexpressing both PPARa
and SIRT1 in mice impairs mitochondrial function and promotes heart failure during CH, by
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downregulating genes involved in mitochondrial respiration, oxidative stress and cardiac
contractility [154]. These data demonstrate that the activation of mechanisms that coordinate
a predisposition to CH by SIRT1 is dose-dependent. Correspondingly, Srt1-null mice are
resistant to the development of exercise- or agonist-induced CH, phenotypes associated with
reduced AKT activation in the heart [155].

Sirt3 and Sirt6

AKT is a serine-threonine kinase that is central in a network of diverse cellular processes,
such as cell proliferation, apoptosis, glucose metabolism, and angiogenesis [156]. The end
result of persistent hyperactive IGF-AKT signaling in myocardium is hypertrophy and
eventual heart failure [157, 158]. Both SIRT3 and SIRT6 negatively regulate CH in part by
inhibiting the IGF-AKT signaling cascade. Overexpressing Srt3 in cultured cardiomyocytes
and transgenic mouse lines, or supplementing mice with exogenous NAD™ precursors,
represses the hallmarks of agonist-induced CH [159, 160]. SIRT3 protects against CH by
inducing expression of the antioxidant proteins, SOD2 and catalase. SIRT3-mediated
reduction in ROS levels inhibits AKT signaling and downstream gene expression associated
with CH induction [159].

In failing human and hypertrophic mouse hearts, SIRT6 protein expression is reduced
compared to controls. Srt6 deletion in the mouse heart or globally results in CH, whereas
cardiac-specific SIRT6 overexpression protects mice from induction of CH.
Mechanistically, SIRT6 functions as a negative regulator of CH by co-repressing c-Jun-
dependent transcription at the chromatin level, thereby inhibiting downstream IGF-AKT
signaling. Importantly, in vivo inhibition of IGF signaling in whole-body and cardiac-
specific Srt6 knockout mice abrogates the hypertrophic response [57]. Overall, SIRT1,
SIRT3, and SIRT®6 all protect against CH in cell culture and mouse models, through
overlapping and distinct mechanisms. It will be of great interest to assess the therapeutic
potential of sirtuin activation in patients with CH.

Concluding remarks

The finding that sirtuin overexpression in yeast, worms and flies can extend longevity in
these organisms has led to intensive efforts to test whether mammalian sirtuins might act
similarly. With the recent observations that SIRT1 overexpression in the brain, and SIRT6
overexpression globally, increases lifespan in mice, this question has now been settled
decidedly in the affirmative [34, 53]. Moreover, a large body of literature in mouse models
demonstrates that sirtuins play powerful roles as guardians of mammalian healthspan in
many diverse disease contexts by interacting with a variety of cellular factors (Fig. 3).

However, these findings lead to a series of important downstream questions (Box 5). From
the perspective of aging biology, it is vital to determine whether SIRT1 and SIRT6 extend
lifespan by modulating the pace of aging per se, by suppressing major age-associated
diseases, or through a combination of both activities. Since the onset and course of aging
pathologies is itself tied to the aging rate, this distinction can be difficult to tease out, and
will require careful assessment of numerous age-associated phenotypes in many tissue types
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in sirtuin overexpressors and controls [6]. In this regard, suppression of lung cancer may
represent an important element of the pro-longevity effects of SIRT6 in male mice [53].

At a basic level, what does the extension of mammalian longevity by sirtuins imply? One
unifying feature of sirtuins is they require NAD™ for catalytic function. NAD* levels
decrease in the liver, muscle and pancreas of aged mice [89, 161], in several tissues of aged
rats [162, 163], in aged C. elegans [161] and in skin of elderly humans [164]. This age-
related decline in NAD* would be predicted to reduce sirtuin activity, potentially
predisposing organisms to phenotypes associated with sirtuin loss-of-function. In this model,
elevated sirtuin levels could compensate for reduced NAD* levels through simple mass-
action; that is, the elevated numbers of sirtuin protein molecules in the cell would compete
more effectively for the increasingly-limited pool of NAD™. Importantly, several studies
have now demonstrated that supplementation with the NAD™ precursors nicotinamide
riboside (NR) or NMN can restore cellular NAD* levels and protect against diet-induced
obesity [165] and the decline in mitochondrial function in aged mice [86]. It will be of great
interest to test sirtuin function and longevity in mouse strains with chronically elevated
NAD* levels. In this regard, the CD38 protein represents the major NADase in many mouse
tissues; mice lacking CD38 show elevated NAD* levels in vivo and increased SIRT1
activity, coupled with protection from diet-induced obesity [166].

There are also hints that sirtuin expression may decline in some tissues with aging. SIRT3
expression is decreased in hematopoietic stem/progenitor cells isolated from aged mice (18—
24 months) compared to 3 month-olds [42]. SIRT6 protein levels are significantly lower in
human dermal fibroblasts derived from males >50 years old compared with males <18 years
old [167]. This may represent an evolutionarily conserved phenomenon; in yeast, levels of
Sir2p decline with age, resulting in chromatin dysregulation [16]. It will be of interest to
determine systematically whether levels of SIRT1 and other sirtuins decline in aged tissues.
Increased longevity and disease suppression conferred by sirtuin overexpression would then
represent a means to bypass a hypothetical reduction in sirtuin expression in aged animals.

The striking fact that sirtuins can mitigate so many diverse mammalian diseases — involving
both proliferative and non-proliferative tissues — likely indicates that these proteins as a
group modulate process(es) that are central to many pathologies. In this regard, one current
hypothesis concerning the role of mTOR signaling in mammalian disease and aging
postulates that mTOR signaling increases with physiologic aging and in many different
disease states; hence the mTOR inhibitor rapamycin suppresses diverse pathologies and
extends mammalian lifespan [168]. Analogously, perhaps a decline in cellular NAD* levels
occurs as a final common event in many different pathologic states, in turn reducing sirtuin
activities and contributing to disease severity. Restoration of sirtuin activity via
overexpression or NAD* precursor supplementation could mitigate downstream pathologies
in any disease state where such reduced NAD™* occurs. Unfortunately, little is known about
what happens to cellular NAD™ levels in pathological states, apart from obesity and diabetes,
where the NAD*/NADH ratio declines due to dysregulated energy metabolism, an increase
in the activity of the NAD*-consuming DNA-repair enzyme, PARP1, and a decrease in
hepatic nicotinamide phosphoribosyltransferase expression, the enzyme that catalyzes the
rate-limiting step of NAD* biosynthesis [91, 169, 170].
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Intensive pharmaceutical research has centered on developing specific activators of SIRT1
as a means to stave off age-related disease (BOX 4); little is known about specific activators
of other sirtuins. As sirtuin functions are further elucidated using systematic tissue-specific
approaches, additional target pathways for potential sirtuin-directed pharmacological
intervention will certainly be identified. Approaches to maintain NAD* concentrations at a
youthful level may provide a means to maintain sirtuin function and promote health during

aging.
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Box 1: Sirtuin-driven lifespan extension in invertebrate models

Much work has centered on delineating the genetic, molecular and biochemical roles
sirtuins may play in promoting longevity in Caenorhabditis elegans and Drosophila
melanogaster. The C. elegans genome encodes four sirtuin genes, SIR-2.1 though

S R-2.4, whose products are homologous to mammalian SIRT1 (SIR-2.1), SIRT4
(SIR-2.2/2.3) and SIRT6/SIRT7 (SIR-2.4) [17]. SIR-2.1 overexpression modestly
extends mean lifespan in worms by 10-15%, via interaction with DAF-16 and the 1S
pathway [161, 171-175]. C. elegans secrete dauer-inducing small molecules called
ascarosides that control developmental timing and various social behaviors.
Supplementation with pure synthetic ascarosides increases worm lifespan and stress
resistance in a SIR-2.1-dependent manner, independent of 11S signaling through DAF-16.
Inhibition of chemosensation in sensory neurons abolishes this phenotype, linking
sensing of endogenous small molecules to sirtuin-dependent longevity and stress
resistance [176]. In D. melanogaster, ubiquitous dSIR2 overexpression, or
overexpression restricted to the nervous system or the fat body, also increases longevity
[177-179]. Here it should be pointed out that some groups have been unable to reproduce
these pro-longevity effects of invertebrate sirtuins [180]. Differences in genetic
backgrounds or husbandry conditions may account for some of these discrepancies.
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Box 2: SIRT3 Polymorphisms in Human Populations

It is unknown whether increased sirtuin expression or activity would promote lifespan
extension in humans. Studies testing links between sirtuins and human longevity have
yielded conflicting results. Genetic linkage analysis in an Italian cohort identified an
association between a synonymous single nucleotide polymorphism (SNP) in SRT3 and
increased male survival [181]. A follow-up study revealed this SNP, rs11555236, to be in
linkage disequilibrium with a variable number tandem repeat found in a putative RT3
enhancer, and to be associated with male longevity [182]. However, a larger study was
unable to validate this finding when samples from central and southern Italy were pooled
with a German cohort [183].

A recent study of an Italian population, described in the prospective TRELONG study
[184], analyzed SIRT3 genetic variants previously reported to be present in healthy
elderly individuals of European ancestry [185]. Two SNPs, rs11555236 and rs4980329,
were associated with longevity of the entire population, though this association remained
significant only in females when the data were stratified by sex. Furthermore, this study
confirmed the earlier finding that rs11555236 is in linkage disequilibrium with a putative
S RT3 enhancer. Individuals homozygous for this variant have increased SIRT3
expression in peripheral blood mononuclear cells [186], though it is unclear if genetic
variation in this enhancer region directly affects SRT3 mRNA expression. While current
data are consistent the notion that SIRT3 genetic variation affects human longevity, and
rs11555236 is a marker for longevity in some populations, further validation of the
relationship between these SNPs and longevity in other human populations is necessary

SIRT3 may also impart protection from forms of metabolic dysfunction in humans,
including obesity, insulin resistance and liver steatosis. Knockout of the Sirt3 gene in
mice exacerbates the metabolic sequelae of a HFD. A nonsynonymous SNP in the
catalytic domain of SIRT3 was found to be associated with metabolic syndrome in a
cohort of human patients with nonalcoholic fatty liver disease. This correlation was
further validated in a human population of ~8,000 males of Finnish decent who are part
of the Metabolic Syndrome in Men cohort. This polymorphism reduces the catalytic
activity of recombinant SIRT3 by ~34%. Thus, reduced SIRT3 activity may result in
enhanced susceptibility to metabolic disease in humans [96]. Careful assessment of
SIRT3 polymorphisms and expression in genetically diverse populations is essential to
rigorously assess whether increased SIRT3 expression does indeed correlate with longer
lifespan in either sex, protection against various age-related diseases, and/or cancer
predisposition [127].
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Box 3: Dietary Restriction and Sirtuins

In many diverse organisms, dietary restriction (DR) is a robust means to extend lifespan.
In rodents, DR elicits lifespan extension up to 50% and protection against a variety of
age-associated conditions [187]. Given that sirtuin catalytic activity is NAD*-dependent,
and NAD™ levels rise upon nutrient stress in certain tissues, sirtuins have been proposed
to link reduced intake with the pro-longevity response [188].

In S cerevisiae, reduced glucose extends replicative lifespan in a strain-specific manner.
There are conflicting reports as to whether this requires Sir2p, discrepancies which may
result from strain differences and the use of varying degrees of glucose restriction [189—
192]. Likewise, inconsistent results have been reported regarding the requirement for
Sir2p homologs for DR-induced longevity in C. elegans and D. melanogaster. In C.
elegans, most investigators find that SIR-2.1 is dispensable for lifespan extension in the
eat-2 DR model [193-198]. In D. melanogaster, dSIR2 is required for DR-induced
longevity, a finding that was not replicated by a subsequent study, but later supported
using tissue-specific and global dSIR2 RNA. [68, 178, 180, 199]. In the fat body, DR
induces gene expression changes distinct from those provoked by dSIR2 overexpression,
indicating that DR and SIR-2.1 act, at least in part, through separate pathways in this
tissue in flies [179].

Roles for mammalian sirtuins during DR are under active investigation (reviewed in
[188]). SIRT1 is required for certain physiological changes in response to DR, in a tissue-
specific manner. SIRT1 levels increase in WAT, skeletal muscle, and hypothalamus in
response to DR in mice, but hepatic SIRT1 and NAD™ levels decline; thus SIRT1 activity
is modulated in a tissue-specific manner during DR [38, 200]. Consistent with this, Srt1
ablation in skeletal muscle abrogates the increased insulin sensitivity associated with DR;
in contrast no metabolic defect in response to DR is observed when Srtl is deleted in the
liver [200, 201]. Sirt1 ablation in the CNS and peripheral neurons also impairs insulin
sensitivity in response to DR [202]; however, deletion in CNS neurons alone enhances
insulin sensitivity and glucose tolerance compared to controls [203]. SIRT1 supports
maintenance of body temperature and neuronal activity in hypothalamic nuclei during
DR [38]. During DR, SIRT1 protects against age-related decline in renal function [204].
DR does not extend lifespan in Srt1 global knockout mice [39, 205], though these mice
are too short-lived to draw definitive conclusions regarding the DR response in this
strain.

Increased SIRT3 expression in liver, skeletal muscle, and adipose tissue occurs during
DR [92, 206—211]. Hepatic SIRT3 deacetylates and activates SOD2 and IDH2, reducing
ROS levels during DR, [210, 212-214]. SIRT3 is required for protection against age-
associated hearing loss induced by DR, presumably by suppressing ROS levels [210]. In
wild-type mice, DR decreases hepatic acetyl-CoA, serum insulin and triglyceride levels,
changes that require SIRT3 [210, 214]. SIRT3 is clearly necessary for multiple metabolic
responses to DR, but whether or not it is required for longevity in response to this
intervention remains unclear. To date, no role for SIRT6 in response to DR has been
identified.
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Box 4: Pharmacologic approaches to activate sirtuin activities

Screens have been conducted to identify small molecule sirtuin-activating compounds
(STACs), work that has primarily focused on SIRT1 activation. The most widely-used
STAC is the polyphenol resveratrol (RSV). RSV has been reported to extend longevity in
yeast, worms, flies, and short-lived fish [215]. In mammals, RSV supplementation
rescues the shortened lifespan of mice on a HFD [216], but does not extend longevity in
mice fed a standard diet [58, 217]. RSV supplementation shifts the gene expression
pattern observed in mice on a HFD towards a profile associated with a standard diet. This
shift occurs in parallel with improved overall health, insulin sensitivity, increased
mitochondrial content and maintenance of motor function.

Whether RSV and other STACs actually activate mammalian SIRT1 or its paralogs in
vivo, and if so whether they function via direct mechanisms, or through upstream
mediators such as AMPK, has been a hotly contested topic in the literature [218, 219]. In
mice, RSV treatment stimulates mitochondrial function, activates AMPK and increases
cellular NAD* levels. These effects of RSV are SIRT1-dependent, though at higher doses
RSV dose not require functional SIRT1 to activate AMPK [219]. In human patients with
non-alcoholic fatty liver disease, RSV treatment appeared to be toxic to hepatocytes, and
did not ameliorate liver steatosis or insulin resistance [220]. This study was limited,
however, by including only male participants, and no assessment of RSV metabolites was
performed.

To obviate potential confounding off-target effects of RSV, structurally unrelated
synthetic STACs have been generated, one of which, SRT1720, activates SIRT1 in vitro
and extends mean mouse lifespan by 18% in response to a HFD [221] and by 8.8% in
mice fed a standard diet [222]. In this regard, a specific amino acid in SIRT1 targeted by
STACs has recently been identified. Cells bearing a SIRT1 allele mutated at this site do
not show the increased mitochondrial copy number and ATP content normally induced
by STAC treatment [223]. Pharmacologic approaches to increase cellular NAD™* levels
via administration of NR and NMN have recently provided alternative means of
promoting increased sirtuin function.
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Box 5: Outstanding Questions

Over the past decade, intense research interest in mammalian sirtuins has revealed
pleiotropic roles for these proteins in blunting a remarkable range of age-associated
diseases. Key important question remain, however, that need to be addressed before the
full therapeutic potential of sirtuin modulation can be realized clinically:

First, many different sirtuins affect common pathogenic states, and even shared
molecular targets. The extent to which mammalian sirtuins possess unigque versus
redundant functions, and the degree to which cross-talk exists between these proteins, are
key questions that need to be systematically tackled.

Second, to what extent does activation of all sirtuins occur as a consequence of increased
cellular NAD* levels? In disease states, where different sirtuins may have opposing roles
(e.0., neoplasia), pan-sirtuin activation may not be a viable therapeutic strategy.

Third, what are the consequences of long-term increases in sirtuin activity in vivo?
Sustained overexpression of SIRT1 and SIRT6 in specific contexts confers health
benefits and a modest increase in longevity. However, as a general matter, it is unknown
whether long-term increased sirtuin activity might have deleterious consequences.
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Figure 1. Lifespan extension in sirtuin transgenic mouse models
A. SIRT1 overexpressed in the dorsomedial and lateral hypothalamic nuclei (DMH/LH)

extends lifespan of both male and female mice by upregulating expression of the orexin type
2 receptor (OX2R), through deacetylation of the Nk2 homeobox 1 transcription factor
(NKX2-1). B. Whole-body SIRT6 overexpression increases lifespan in male mice by
inhibition of the insulin-like growth factor 1 (IGF-1) signaling cascade. Affected
downstream effectors are indicated: phosphorylated AKT, (pAKT), phosphorylated
forkhead box protein O1 and O3 (pFOXO1 and pFOX03), and phosphorylated S6 kinase
(pS6). IGFBP1, IGF-1 binding protein 1.
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Figure 2. Sirtuins as guardians of mammalian healthspan
SIRT1, 3, and 6 attenuate multiple age-associated diseases as indicated. Tumor suppressor

and oncogenic properties have been reported for each of these proteins. SIRT1 and SIRT6
overexpression extend longevity in mice.
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Figure 3. Representative major sirtuin interactors/substrates
Examples of sirtuin protein interacting partners or substrates relevant to pathways outlined

in the text.
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