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Sirtuins are a class of NAD "-dependent deacetylases having beneficial health effects. This extensive
review describes the numerous intracellular actions of the seven mammalian sirtuins, their protein
targets, intracellular localization, the pathways they modulate, and their role in common diseases of
aging. Selective pharmacological targeting of sirtuins is of current interest in helping to alleviate global
disease burden. Since all sirtuins are activated by NAD*, strategies that boost NAD™ in cells are of
interest. While most is known about SIRT1, the functions of the six other sirtuins are now emerging.
Best known is the involvement of sirtuins in helping cells adapt energy output to match energy
requirements. SIRT1 and some of the other sirtuins enhance fat metabolism and modulate mitochon-
drial respiration to optimize energy harvesting. The AMP kinase/SIRT1-PGC-1a-PPAR axis and
mitochondrial sirtuins appear pivotal to maintaining mitochondrial function. Downregulation with
aging explains much of the pathophysiology that accumulates with aging. Posttranslational modifica-
tions of sirtuins and their substrates affect specificity. Although SIRT1 activation seems not to affect life
span, activation of some of the other sirtuins might. Since sirtuins are crucial to pathways that counter
the decline in health that accompanies aging, pharmacological agents that boost sirtuin activity have
clinical potential in treatment of diabetes, cardiovascular disease, dementia, osteoporosis, arthritis, and

Molecular genetics other conditions. In cancer, however, SIRT1 inhibitors could have therapeutic value. Nutraceuticals such

Agi“fé . as resveratrol have a multiplicity of actions besides sirtuin activation. Their net health benefit and
Cardiovascular disease
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Type 2 diabetes relative safety may have originated from the ability of animals to survive environmental changes by
Obesity utilizing these stress resistance chemicals in the diet during evolution. Each sirtuin forms a key hub to
Dementia

the intracellular pathways affected.
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Introduction

The “Seven Deadly Sins” of old (sloth, gluttony, wrath, greed,
pride, lust, and envy) have overlapping counterparts in modern
society (sloth, gluttony, junk food, smoking, alcoholism, drug
abuse, and psychosocial stress). These “sins” contribute to the
seven deadly conditions that increase in prevalence with aging
(obesity, type 2 diabetes, cardiovascular disease, cancer, demen-
tia, arthritis, and osteoporosis).

The sirtuins are a class of NAD"-dependent deacetylases
comprising seven members in humans and other mammals [1].

These enzymes have attracted major interest because of their
apparent roles as protectors, and controversially, as contributors
to all or some of the life-threatening conditions of aging. More
specifically, the sirtuins are important in the transduction path-
ways emanating from energy sensing. Their ability to regulate
systems that control the redox environment has the potential to
help counteract oxidative damage that is associated with com-
mon diseases of aging and that contributes to aging itself [2].
Because sirtuin malfunction likely has pathophysiological con-
sequences in common clinical conditions of aging pharmaceutical
agents targeting sirtuins have been developed [3].
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The history leading up to the explosion in research on sirtuins
stems from the finding that calorie restriction can extend rat life
span [4,5] and later evidence that the natural flavanoid resvera-
trol might mimic this effect in lower organisms [6-8]. The gain in
life expectancy achieved by calorie restriction was suggested to
exceed that achieved by curing cardiovascular disease, cancer,
and type 2 diabetes combined [9]. Since population level calorie
restriction is unrealistic, many therefore asked whether sirtuin
activation might mimic calorie restriction [10] or at least delay
onset of age-related diseases by “compression of morbidity” [11].

Although the first sirtuin was discovered in 1984 in yeast [12],
interest did not really take off until an effect on life span was noted,
first in yeast in 1997 [13], then in higher eukaryotes such as the
nematode worm Caenorhabditis elegans in 2001 [14] and the fruit fly
Drosophila melanogaster in 2004 [15]. The nature of sirtuins as
NAD*-dependent deacetylases was recognized in 2000 [16] and
immediately implicated them in the metabolic state of the cell [17].
Once their enzymatic actions in the cell started to be elucidated it
was soon realized that their apparent ability to extend life span
involved similar pathways as utilized by calorie restriction.

A role for the most-studied sirtuin, SIRT1, in life span has now
been refuted, however. Manipulation of SIRT1 expression or activity
has little or no effect on mammalian life span [18,19]. And
subsequent studies in model organisms using better controls
showed that SIRT1 activation or deletion had little [20,21] or no
[22] effect on their life span. So too calorie restriction it seems, at
least in primates, with the 25-year study of rhesus monkeys having
found no effect on life span [23], in contrast to earlier findings by
others that did [24]. The earlier study involved ad libitum feeding of
controls with a different diet that notably included 28% (as opposed
to 4%) sucrose, leading to overweight and diabetes. So earlier death
of controls may partly explain the discrepancy. Disease onset was
later and health markers were nevertheless more favorable in the
calorie-restricted group of each cohort of monkeys.

Overexpression of SIRT6, however, extended the life span of
male mice by 15%, in effect extinguishing the sex difference in
mouse longevity [25]. This effect was seen in mice with different
genetic backgrounds. While SIRT1 deacetylates numerous targets,
the best-known substrates for SIRT6 are two histones (H3K9 and
HK56); the targeting of these explains SIRT6’s role in DNA damage
response, especially during oxidative stress, and in telomere
maintenance [26-28]. While SIRT1 is more similar structurally to
the single sirtuin present in yeast, SIRT6 is more similar function-
ally to yeast sirtuin [29]. Male SIRT6 transgenic mice exhibit a
female metabolic profile, most notably in fat tissue, in which

Table 1
The activity and localization of each sirtuin.

changes seem linked to life span [29]. The liver of male mice
showed the biggest changes in gene expression [25], which
overlapped those seen in calorie-restricted mice [30,31]. Serum
IGF-1 level was reduced modestly in male mice, as was IGF-1
signaling in adipose tissue [25]. Thus SIRT6 has partial feminizing
effects in male mice. Loss of SIRT6 causes severe metabolic
defects, rapid aging, and death at 4 weeks of age [32].

The seven mammalian sirtuins all appear to be important in
suppression of such common diseases of aging as cardiovascular
disease, type 2 diabetes and dementia [33-35]. Effects involving
mitochondrial function are crucial to this.

Here I provide the most extensive review of sirtuins to date. This
describes their function and roles in disease processes. Because
there are over 2500 publications on sirtuins, only a selective
overview is provided. Moreover, for simplicity, this review will
use the human nomenclature “SIRT” rather than “Sirt” or “SirT” to
refer to both the human and rodent sirtuin proteins and genes. All
abbreviations are shown in the footnote on the previous page.

Intracellular localization

SIRT1 is localized in the nucleus [36] (Table 1), but it shuttles
to the cytoplasm when required to act on cytoplasmic targets,
such as during inhibition of insulin signaling [37]. During pro-
metaphase, levels increase and SIRT1 associates with mitotic
chromatin until telophase [38]. It mediates loading of histone
H1 and the condensing I complex to chromatin, thus contributing
to chromosomal condensation [38].

In contrast, SIRT2 is cytoplasmic (Table 1). It deacetylates tubulin
microtubules [39] and transcription factors that shuttle from the
cytoplasm to the nucleus [40]. During mitosis SIRT2 is required for
exit of cells from the mitotic phase [41]. It localizes to chromatin and,
in part by a dynamic interplay with the human ortholog of MOF [42],
deacetylates acetylated histone H4K16, and thus decreases the latter
during G2/M transition [43]. SIRT2 is thereby pivotal to formation of
condensed chromatin when the latter must be generated anew [43].
Moreover, SIRT2, by deacetylating BubR1 kinase, may help ensure
faithful chromosome separation during mitosis [44].

SIRT3, SIRT4, and SIRT5 are located in mitochondria [36,45]
(Table 1). SIRT6 and SIRT7 are nuclear, being present in hetero-
chromatin and nucleoli, respectively [36]. However, during G1,
but not the S phase of the cell cycle, SIRT6 is present in nucleoli,
and when overexpressed it slows down mitosis [46]. More about
the function of each in their respective locations follows.

Sirtuin Activity Location Targets
SIRT1 Deacetylation Nucleus FOXO1, FOXO03, PGC-1a, p53.
Cytosol NF-xB, Notch, HIF1a, LXR, FXR,
SREBP1c, etc
SIRT2 Deacetylation Cytosol FOXO01, PEPCK, tubulin, PAR-3
SIRT3 Deacetylation Mitochondria OXPHOS complexes, SOD2, LCAD,
ADP- HMGCS2, GDH, IDH2, PIP2, ACADL,
Ribosylation FOXO03, ACSS2, OTC, GLUD1,
NDUFA9, SDHA, ATP5A1, ALDH2,
MRPL10, STK11, HISTH3, XRCC6
SIRT4 ADP-ribosylation Mitochondria GDH
SIRT5 Deacetylation Mitochondria CPS1
Demalonyation
Desuccinylation
SIRT6 ADP-ribosylation Nucleus H3K9, H3K56
SIRT7 deacetylation Nucleolus

References to the information in this table can be found in the text and Ref. [45] in the case of mitochondrial sirtuins.
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Enzymatic activity of each sirtuin

Each sirtuin has a characteristic enzymatic activity [47-49]
(Table 1). SIRTs 1, 2, 3, 5, and 6 have NAD " -dependent deacetylase
activity [16,50]. Whether SIRT7 is [51] or is not [36] a deacetylase
[3] has now been clarified by recent evidence pointing to an
important role for SIRT7 in deacetylation of acetylated histone
H3K18 [52]. Deacetylation is the most prominent activity of SIRT1
[16] and SIRT2 [39]. In contrast, SIRT4 [53] and SIRT6 [54] possess
mostly mono-ADP-ribosyl transferase activity. SIRT3 [55] and SIRT
6[26,54,56] possess both activities. SIRT5 was originally reported to
deacetylate CPS1 [57], but its demalonylation [58,59] and desucci-
nylation [58] actions on CPS1 and other proteins now seem more
important. It has therefore been suggested that sirtuins should be
redefined as “deacylases” rather than deacetylases [58].

A 25 amino acid sequence in the C-terminal domain of SIRT1 is
essential for SIRT1 activity, serving as an “on” switch for the
deacetylase core [60]. By itself the catalytic core has low catalytic
activity, but regions in the N- and C-terminal potentiate catalytic
activity 12- to 45-fold [61]. NAD* levels increase during exercise,
fasting, and calorie restriction [62,63]. During such “energy
stress,” NAD' may serve as a metabolic sensor leading to SIRT1
activation. While the 2-fold range of intracellular NAD* fluctua-
tions encompasses the K, of SIRT1, it is not clear how much
NAD™ is actually bioavailable [63].

Conversion of NAD* to its reduced form, NADH, lowers sirtuin
activity [64]. A high-fat diet reduces the NAD*/NADH ratio and
sirtuin activity in mice [65]. NAD" can be synthesized from trypto-
phan [66] and the dietary vitamin B3 components nicotinic acid and
nicotinamide [67], as well as nicotinamide ribose present in milk
[68]. Although the NAD™ precursor nicotinamide mononucleotide
can activate SIRT1 and improve glucose tolerance, it is not present in
the human diet [69]. Whereas at low levels nicotinamide serves as a
NAD™ precursor, thus producing an increase in SIRT1 activity, at high
levels nicotinamide exerts potent, end-product inhibition of SIRT1 in
a manner that is noncompetitive with NAD* [70,71], making
nicotinamide deleterious to the cell [72]. Nicotinamide, by increasing
the NAD™/NADH ratio, induces SIRT1-mediated autophagy [73].
A conserved serine in the catalytic domain of SIRT1 can be phos-
phorylated in response to cAMP-mediated PKA activation, leading to
increased SIRT1 activity independent of NAD™ [74]. This may have
relevance to B-adrenoceptor- or cold-mediated stimulation of fatty
acid oxidation and energy expenditure [74].

Alterations in the activity of enzymes that deplete intracellular
NAD™* also affect sirtuin activity. The protein nimbrin, involved in
DNA repair, is mutated in Nijmegen breakage syndrome, a condi-
tion exhibiting elevation in ROS and hyperactivation of PARP
enzymes, which consume and thereby lower NAD ™, thus reducing
SIRT1 activity [66]. But when PARPs are inhibited, SIRT1 is activated
[75]. Since SIRT1 and PARPs are confined to the nucleus, PARP gene
deletion has no effect on SIRT2 or SIRT3 [75,76]. CD38 also
consumes NAD ™, and CD38 deletion increases sirtuin activity [77].

Thus sirtuins have unique and overlapping activities and their
activation is exquisitely sensitive to modulation of NAD*/NADH
ratios.

Actions of nuclear sirtuins (SIRT1 and SIRT6)

These are crucial in adaptation of metabolic processes to
redox state.

SIRT1

There is now considerable data on how dietary restriction
exerts antiaging effects via SIRT1. Histone deacetylation was

noted first [78] and then later deacetylation of nuclear receptors
and the transcriptional coactivator PGC-1a [79], FOXO proteins
[80-82], and transcription factors and their cofactors (see reviews
[34,49,63]). The activation of SIRT1 by calorie restriction stimu-
lates PGC-1a to induce expression of gluconeogenic genes and
reduces the repressive effect of PGC-1a on glycolytic genes, thus
increasing hepatic glucose output [79]. By activating PPAR-a,
SIRT1 increases fatty acid oxidation [83].

Screening for transcription factors that partner with SIRT1 in
response to nutrient restriction identified HNF-1a,, a homeobox
protein involved in regulation of B-cell and hepatocyte function
[84]. The HNF-1a.-SIRT1 complex binds to two sites in the promoter
of the gene for the well-known disease marker C-reactive protein.

Deacetylation of FOXOs by SIRT1 [80,82] channels transcrip-
tional regulation toward specific targets in pathways involved in
stress resistance, lipid metabolism, and apoptosis [85]. Whereas
deacetylation of FOXO3A by SIRT1 suppressed apoptosis genes, it
activated stress resistance genes [80]. An additional stress-
derived signal is required to trigger the functional interaction of
FOXOs and SIRT1 in the nucleus.

PGC-1a is the master regulator of mitochondrial biogenesis,
doing so by orchestration of a constellation of transcription factors
needed for induction of gene expression in mitochondria [79,86].
Just as is the case for FOXOs, the coexistence of PGC-1a and SIRT1
in the nucleus does not lead to deacetylation unless additional
signals concerning energy stress occur. This involves an imbalance
in AMP/ATP ratio [87]. When this ratio is increased, SIRT1 and
AMPK are activated [87]. The link between SIRT1 and AMPK is one
of the most important connections to have emerged in recent years
[64]. Each is activated under conditions of energy deprivation, such
as occurs during calorie restriction. SIRT1 and AMPK work in
synergy to adjust cellular physiology. AMPK phosphorylates, and
thereby activates, PGC-1a [88]. This effect primes PGC-1o. for
deacetylation and activation by SIRT1 [64], although, in vitro, SIRT1
can deacetylate nonphosphorylated PGC-1a [89]. It has been
suggested that the phosphorylation either modifies the nuclear
localization or facilitates interaction with proteins capable of
stabilizing the SIRT1-PGC-1a interaction [63]. FOXOs are also
phosphorylated by AMPK in response to energy stress [90]. It was
therefore suggested that a similar mechanism as for PGC-1a might
explain why, despite their coexistence in the nucleus, the interac-
tion of FOXOs with SIRT1 only occurs during energy stress. The
AMPK/SIRT1/PGC-1a signaling pathway is utilized by several hor-
mones, such as leptin, adiponectin, and fibroblast growth factor 21,
to increase mitochondrial metabolism [91-93].

Hepatic effects of SIRT1 involve control of two pathways that
affect gluconeogenesis in opposite ways. The activation by SIRT1
of FOXO1 and PGC-1a favors glucose production [79]. In contrast,
deacetylation by SIRT1 of CRTC-2 leads to CRTC2 destabilization,
with the result that glucose production is suppressed [94]. Each
pathway is fine-tuned according to the length of fasting. Overall,
with steady calorie restriction, the net effect is a mild increase in
glucose output [64].

SIRT1 modulates carbohydrate metabolism by deacetylating
other transcription factors. In the case of gluconeogenesis, which
maintains blood glucose levels during fasting, regulation involves
CREB, which in turn is controlled by CRTCs [95]. In the early
stages of fasting CRTC2 translocates to the nucleus, where it
activates CREB on promoters for genes such as PEPCK and G6P
[94]. With prolonged fasting, increased NAD™ in the liver acti-
vates SIRT1, which deacetylates CRTC2, shunting it to degradation
pathways [79,94]. In this way SIRT1, by attenuating gluconeogen-
esis, helps prevent premature energy depletion during the fasting
state. The ability of SIRT1 orthologs to decrease CRTCs may be one
mechanism by which abrogation of CRTC and CREB orthologs in C.
elegans had been thought to prolong life span [96].
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After deacetylation, both PGC-1o0 and FOXOs increase lipid
catabolism and mitochondrial respiration [63]. SIRT1 also inhibits
lipid anabolism. SIRT1 forms a complex with NCoR1 [97], leading
to interference with PPAR-vy signaling in white adipose tissue and
LXR [98]. During fasting the suppression of PPAR-y activity results
in fat mobilization instead of storage. The SIRT1-LXR pathway
appears important for reverse cholesterol transport. The benefi-
cial effects of SIRT1 on cholesterol metabolism may involve not
only LXR deacetylation but also deacetylation of SREBP-1c. As a
result, the affinity of SREBP-1c for promoters of lipogenic target
genes is decreased and, via ubiquitination and ensuing degrada-
tion, SREBP-1c protein levels in the cell are reduced (see review,
[63]). This could explain how SIRT1 might promote beneficial
effects on cholesterol metabolism with no detrimental effect on
lipid accumulation in the liver. In this regard SIRT1 prevents
steosis during high-fat feeding [99,100].

The processes described above explain how SIRT1 is able to
orchestrate metabolism at the cellular and whole-body level in
order to extract energy from sources other than carbohydrate—in
particular, pathways involving mitochondrial respiration (Fig. 1).

By actions on circadian clock proteins [101], circadian rhythm
appears connected to SIRT1’s deacetylation reactions that affect
aging and metabolism. Feeding/fasting cycles influence the circa-
dian clock via NAD* levels, that then influence SIRT1 activity and
thus metabolism [63].

SIRT1 assists in stress resistance via p53, HIF-1a, and HIF -2,
as well as HSF-1 [102]. It regulates the cellular response to
oxidative and genotoxic stress by binding to elF-2a, as well as
effects involving the mediators of elF2a dephosphorylation,
growth arrest, and GADD34 protein and CreP [103].

SIRT1 is intimately linked to the formation of facultative and
constitutive heterochromatin. This effect is crucial during the
cellular response to stress. In the case of facultative heterochro-
matin formation, SIRT1 deacetylates the acetylated forms of
histones H4K16, H3K9, and H1K26 [104]. It also promotes
methylation of H3K9 in conjunction with the histone methyl-
transferase SUV39H1 [105]. SIRT1 is important for histone gene
expression, which takes place during the S phase of the cell cycle.
Histone gene regulation involves recruitment of SIRT1 and the
CBP-p300 coactivator complex to histone promoters [106]. The
role of SIRT1 in DNA repair involves actions on NBS1, PARP-1,
Ku70, and WRN [102]. In the case of constitutive heterochromatin

formation, SIRT1 enhances SUV39H1 protein levels and turnover,
thus leading to greater genomic integrity during the stress
response [107].

There are also targets for SIRT1 in the cytosol. Cytosolic acetyl-CoA
synthetase 1 is only deacetylated, and thereby activated, by SIRT1
[108], although the physiological role of this is unclear. SIRT1
activates eNOS in the cytoplasm [109]. This increases NO, leading
to vasodilatation, increased blood flow, and nutrient delivery to
tissues.

Cytosolic SIRT1 regulates autophagy by deacetylation of key
components of the autophagic machinery ATG5, ATG7, and ATG8
[110]. This prevents accumulation of damaged organelles, espe-
cially mitochondria, during starvation [110], consistent with
SIRT1 being a master metabolic switch that drives the cell to
derive energy from sources other than carbohydrate.

SIRT1 represses NF-kB-dependent expression of STAT3, thus
lowering mitochondrial respiration [111]. FOXO3A, by inhibiting
c-MYC, represses a large number of nuclear-encoded mitochon-
drial genes, leading to reduction in mitochondrial copy number,
mitochondrial proteins, respiratory complexes, and mitochondrial
respiratory activity [112]. FOXO3A inhibits the increase in ROS
and HIF-1a stabilization normally seen during hypoxia [112].

A hallmark of most diseases of aging is inflammation. Not
surprisingly, SIRT1 is involved in countering inflammatory pro-
cesses [63,64]. This involves negative regulation of NF-kB [113].

SIRT1 activity in cells is also altered by factors that regulate its
transcription and thus its intracellular concentration, by post-
transcriptional regulation and posttranslational modifications, as
will be discussed later.

SIRT6

Deficiency of this other nuclear sirtuin in mice leads to low
IGF-1, severe hypoglycemia, and early death [32]. SIRT6-deficient
cells show increased HIF-1a, glucose uptake, and glycolysis, and
diminished mitochondrial respiration [56]. The high glucose uptake
by muscle and brown adipose tissue leads to severe, potentially
fatal hypoglycemia [56]. Loss of SIRT6 is accompanied by genome
instability. This is because during oxidative stress SIRT6 is recruited
to sites of DNA double-strand breaks, where it stimulates DNA
repair through both nonhomologous end-joining and homologous
recombination [114]. SIRT6 binds to, and mono-ADP-ribosylates,
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Fig. 1. Proteins that are targeted by SIRT1 for deacetylation and the metabolic processes that these regulate. Protein targets in the nucleus that are implicated in
transcriptional metabolic adaptations are shown on the right, and those in the cytoplasm are shown on the left. (Modified from [63]).
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PARP-1, leading to increased PARP poly-ADP-ribosylase activity and
DNA repair [114]. Overexpression of SIRT6 in “middle aged” and
presenescent cells strongly stimulates PARP1-dependent homolo-
gous recombination repair, suggesting that in aging cells the precise
homologous recombination pathway becomes repressed, giving
way to a more error-prone nonhomologous DNA end-joining path-
way [115]. Mice in which deletion of SIRT6 is neural specific are
small at birth owing to low growth hormone and IGF-1, but exhibit
catch-up growth and become obese in adulthood [116]. Moreover,
histone H3 in the brain becomes hyperacetylated [116]. The
occurrence of the latter in regions involved in neuroregulation
points to a central role of SIRT6 in obesity prevention via modula-
tion of neural chromatin structure.

SIRT6 is a transcriptional regulator. A deficiency of SIRT6 alters
expression of hundreds of genes [117-119]. Like SIRT1, SIRT6 is
able to repress NF-kB activity [117]. In response to TNF-a, SIRT6
exhibits a highly dynamic response on mouse promoters across
the genome, with more than half of SIRT6 target genes only
becoming apparent in response to stress-induced signaling that
involves NF-KB [118]. The RelA subunit of NF-kB recruits SIRT6
and is responsible for SIRT6 relocalization [118]. The epistatic
interaction between RelA and SIRT6 determines the shaping of
diverse temporal patterns of gene expression, including promi-
nent genes involved in cell senescence and aging [118].

Actions of mitochondrial sirtuins (SIRT3, SIRT4, and SIRT5)

These sirtuins help the cell adapt to reduced energy consumption
[45].

SIRT3

SIRT3 is the major mitochondrial deacetylase [120]. It regulates
the acetylation status, and thus activity, of metabolic enzymes such
as acetyl CoA synthetase 2 [45]. During prolonged fasting, upregu-
lation of SIRT3 in liver and brown adipose tissue leads to activation
of long-chain acyl dehydrogenase and ornithine transcarbamoylase
involved in B-oxidation of fatty acids and the urea cycle [121,122].
It could be that involvement of sirtuins in the production of ATP
from catabolism of fat rather than carbohydrates may protect
against ROS production and aging [123]. In support of this, SIRT3
deletion exacerbates diet-induced obesity [124]. Another target of
SIRT3, HMGCS2 [125], regulates ketone body production, thus
helping supply energy to the brain during fasting. During calorie
restriction SIRT3 activates the TCA cycle components IDH2
[126,127] and GDH [120,126]. GDH then promotes metabolism of
glutamate and glutamine to generate ATP, which results in insulin
secretion.

SIRT3 maintains basal ATP levels and regulates mitochondrial
electron transport by stimulatory effects on mitochondrial respira-
tion [128]. SIRT3 targets involved in OXPHOS were identified by a
proteomic screen [129]. These included electron transport chain
complex I components (NDUFA11 and NDUFS8) [128,129], complex
Il components (SDHA and SDHB) [129], complex IIl component (56-
kDa core I subunit) [130], and complex V components (ATP5A1,
ATP5B1, and ATP5F1) [129]. Others targeted were proteins that
bind to SIRT3 [129]. Thus SIRT3 controls the final stage of
mitochondrial aerobic respiration and may be an important reg-
ulator of SDH activity in cells and mouse brown adipose tissue
[129]. Despite these effects, SIRT3-deficient mice exhibit normal
basal metabolic rate and adaptive thermogenesis [120].

SIRT3 protects cells from oxidative stress in several ways. One is
by reducing ROS, since ROS production is elevated in SIRT3 knock-
out mice [130]. Another is SIRT’s ability to deacetylate and activate
SOD2, a major mitochondrial antioxidant enzyme [131-133].

The activation of IDH referred to above [127] increases NADPH
generation, leading to in an increase in the ratio of reduced-to-
oxidized glutathione in mitochondria and protection against oxida-
tive stress-induced cell death via enhanced detoxification of ROS.
SIRT3-dependent mitochondrial adaptations, by stimulating path-
ways associated with calorie restriction, might be a central compo-
nent of age retardation in mammals [127]. Cardiac protection by
SIRT3 involves activation of FOXO3A, MnSOD, and catalase, thus
reducing ROS, a reduction in activation of Ras, and downstream
signaling through the MAPK/ERK and PI3K/AKT (also known as PKB)
pathways, blocking hypertrophy and interstitial fibrosis [134]. The
ability of SIRT3 to reduce superoxide is accompanied by increased
genomic stability [135]. Thus the SIRT3-mediated increase in
efficiency of OXPHOS protects against the damaging effects of ROS.

Other protective effects involving SIRT3 include prevention of
cell death caused by hypoxia and staurosporine. SIRT3 does this by
preventing loss of mitochondrial membrane potential, intracellular
acidification, and the accumulation of ROS [136]. Senescence of
human diploid fibroblasts induced by high glucose is reduced when
the SIRT3-FOXO1 signaling pathway is activated [137].

SIRT3 also acts as a tumor suppressor [135]. This involves
suppression of ROS. Consistent with this, SIRT3 is inactivated in
many tumors [135,138]. When overexpressed in tumor cell lines
SIRT3 reverses the Warburg effect [138], which is the metabolic
reprogramming that occurs in cancer cells to enforce the production
of ATP by glycolysis. SIRT3 appears to achieve this by reducing HIF-
1a, thus suppressing genes for glycolysis and angiogenesis [138].

Stimulation by resveratrol of the enzyme involved in the first
step of adrenal steroid hormone synthesis, P450scc, located in the
mitochondrial inner membrane, involves SIRT3 and SIRT5 [139].
Interestingly, another enzyme required for cortisol synthesis,
P4504, is also stimulated by resveratrol [139].

SIRT4

This mitochondrial sirtuin appears to be involved primarily in
metabolism. In pancreatic B-cells SIRT4, via ADP-ribosylation,
represses GDH [53]. Thus SIRT4 and SIRT3 have opposing roles
in GDH regulation [53,120,126]. They also have opposing roles in
fatty acid oxidation [121,140]. What is not known is how SIRT3
and SIRT4 integrate similar nutrient states into opposite
responses. The decline in SIRT4 in B-cells and liver during calorie
restriction increases glutamine availability for catabolic metabo-
lism, as well as glucose production in the liver. Depletion of SIRT4
in hepatocytes and myotubes, or in vivo, increases mitochondrial
and fatty acid metabolizing enzymes, as well as SIRT1, which
mediates the effect on fatty acid oxidation [140]. Thus inhibition
of SIRT4 may have implications for type 2 diabetes, a condition in
which ectopic lipid storage is elevated.

SIRT5

The effects mediated by this mitochondrial sirtuin include
activation of the first and rate-limiting enzyme in the urea
cycle—CPS1 [57,141]. This facilitates the disposal of ammonia
during calorie restriction, when amino acids are used as fuel
sources. As stated earlier, the main enzymatic activity of SIRT5 is,
however, demalonylation and desuccinylation [59], including of
CPS1 [58].

Actions of the cytosolic sirtuin (SIRT2)
SIRT2 deacetylates FOXO1 [142] and FOX03 [143,144], thus

implicating it in the diversity of processes that these key tran-
scription factors regulate.
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SIRT2 overexpression delays cell cycle progression [41]. It
colocalizes with microtubles in the cytoplasm, where it deacety-
lates a-tubulin [39,145]. During mitosis SIRT2 increases [41]. It
migrates transiently into the nucleus during G2/M transition [39],
where it deacetylates histone H4 to modulate chromatin con-
densation during metaphase [43,146]. SIRT2 also deacetylates
histone H3 [147]. These effects implicate SIRT2 in cell cycle
regulation [146,148].

A specific target of SIRT2 is the acetyl transferase p300 [149].
Autoacetylation of p300 is a transcriptional regulatory check-
point. Deacetylation by SIRT2 of a lysine in the catalytic domain of
p300 restores binding of p300 to the preinitiation complex, thus
affecting preinitiation complex assembly [149]. In turn, p300 is
able to acetylate SIRT2 [150], thus attenuating its deacetylase
activity and relieving the inhibitory effect of SIRT2 on p53
transcriptional activity [150].

SIRT2 binds to 14-3-3 B and y protein isoforms [151], which
are involved in control of a multitude of signaling molecules
such as kinases and phosphatases, as well as transmembrane
receptors [152]. The SIRT2-14-3-3f/y interaction enhances the
AKT-dependent deacetylation of p53 by SIRT2, thus reducing the
effect of p53 on transcription [151]. The homeobox transcription
factor HOXA10 is another SIRT2 binding partner [153], although
more work is required to ascertain the biological role of this
interaction.

By deacetylating the p65 subunit of NF-kB, SIRT2 regulates the
wide repertoire of NF-kB-dependent genes [154]. It stabilizes
PEPCK, the rate-limiting enzyme for gluconeogenesis, by deace-
tylation [155]. SIRT2 affects Schwann cell myelination by deace-
tylation of the cell polarity protein PAR-3 [156].

Actions of the nucleolar sirtuin (SIRT7)

SIRT7 associates with active ribosomal RNA genes and binds to
histones and RNA polymerase I to stimulate transcription [157].
A proteomic analysis using HEK293 kidney cells identified 462
proteins bound by SIRT7, including 257 in the nucleus, 189 of
which were nucleolar [158]. Its interaction with RNA polymerase
I and upstream binding factor was confirmed, and new associa-
tions included 150 proteins involved in transcriptional processes
involving both RNA polymerase I and II, as well as 32 associated
with chromatin remodeling complexes, particularly members of
the B-WICH complex known to associate with the RNA polymer-
ase [ machinery to facilitate rDNA transcription, and 30 relevant
to proteosome/ubiquination processes [158]. By chromatin
immunoprecipitation and sequencing, 276 binding sites for SIRT7
were identified in the genome, 241 of which were at protein-
coding genes [52]. Most (74%) of the latter were close to the
transcription start site where histone H3K18 binds and where
H3K18 was shown to be a deacetylation target of SIRT7 [52].
Almost 60% of the SIRT7-binding sites contain the MAP kinase-
signaling-dependent ETS transcription factor, ELK4 [52].

Mice with SIRT7 deletion develop inflammatory cardiomyo-
pathy, cardiac hypertrophy, fibrosis, increased collagen III accu-
mulation, hyperacetylation of p53, increased apoptosis, and
reduced resistance to oxidative stress [51].

Transcriptional regulation of sirtuin genes

Most is known about SIRT1, whose expression is induced
during low energy states such as nutrient or calorie deprivation
[159], and repressed during energy excess, such as high-fat
feeding [160].

Fig. 2 shows transcription factors and targets in the SIRT1
promoter. Activators include FOXO1 [159], PPAR-o [161] and PPAR-
B (also known as PPAR-3) [162], CREB [163], and the cell-cycle and
apoptosis regulator E2F1 [164]. Repressors include PPARy [165],
ChREBP [163], HIC1 [166] (via CTBP [167]), and PARP-2 (involved in
DNA repair, apoptosis, and transcription) [76].

SIRT3 transcription is stimulated by ERRa which binds to the
transcriptional coregulator PGC-1a, leading to changes in expres-
sion of genes for development and function of brown adipose
tissue [168].

The outcome of the various transcriptional effects will be
discussed in subsequent sections.

Posttranscriptional regulation

The well-known posttranscriptional regulator HuR binds to
the 3'UTR of mRNA for many different genes and enhances mRNA
stability. HuR increases SIRT1 mRNA and protein levels [169].
Under oxidative stress the cell-cycle checkpoint kinase CHK2
phosphorylates HuR causing it to dissociate from SIRT1 mRNA
causing HuR to decay [169].

Micro (mi) RNAs target specific sequences in the 3’'UTR of
mRNAs to cause mRNA decay [170]. Sixteen microRNAs can bind
to the SIRT1 3'UTR [171]. The miRNAs miR-34a [172] and miR-
199a [173] destabilize SIRTT mRNA. More on miRNA effects will
be discussed later.

Posttranslational regulation

Various posttranslational modifications of sirtuins 1 to 6 take
place [174]. These direct sirtuins to specific targets. They can also
increase activity, as occurs after phosphorylation of SIRT1 [175].
The pattern of SIRT1 phosphorylation by the cyclin B-CDK-1
complex affects the cell cycle and cell proliferation [175]. JNK1-
mediated phosphorylation during oxidative stress increases
nuclear localization of SIRT1 and orients SIRT1 to substrates such
as histone H3, although not p53 [176]. Curiously, in obesity and
metabolic syndrome, while SIRT1 activity is reduced [160], JNK
activity is elevated [177]. In contrast, deacetylation of p53 occurs
when SIRT1 is phosphorylated at threonine 522 by DYRK-1 and
DYRK-2 [178]. This prevents apoptosis during genotoxic stress,
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Fig. 2. Transcriptional regulation of the SIRT1 gene. Shown is the SIRT1 promoter
and several of the transcription factors that influence transcriptional activity by
acting on either proximal or distal regions of the promoter. Once synthesized, the
SIRT1 protein can enhance the activity of some positive regulators such as FOXOs,
and inactivate repressor complexes such as p53, PPAR-y, and HIC1/CTBP. (Mod-
ified from [63]).
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thus promoting cell survival [178]. Many other kinases phosphor-
ylate SIRT1 at sites that differ between species.

A ubiquitin-specific peptidase, USP22, stabilizes SIRT1 by
removing polyubiquitin chains conjugated to it [179]. Since
USP22 is one of the 11 death-from-cancer signature genes and
this effect leads to suppression of p53, USP22 may have critical
roles in embryonic development and cancer.

SIRT2 phosphorylation by cyclin E-CDK2, cyclin A-CDK2, and
p53-CDK5 inhibits SIRT2 activity [180]. SIRT2 is dephosphory-
lated by the dual specificity protein phosphatase CDC14B, which
decreases SIRT2 abundance [41]. SIRT2 phosphorylation occurs
late in G2, during mitosis, and into the period of cytokinesis [41].
CDC14B may provoke exit from mitosis when ubiquitination of
SIRT2 results in its proteosomal degradation [41].

SUMO proteins can interact with (“SUMOylate” ) human, but
not mouse, SIRT1, thus increasing its activity [181]. This affects
apoptosis, leading to speculation that SUMOylation serves as a
switch between the survival and the death of a cell [181].

Desomoylation, which involves SENP protease, inactivates
SIRT1, leading to cell death [181].

Posttranslational modifications may help specify particular
substrates according to the circumstances. Moreover, SIRT1-
mediated deacetylation of PGC-1a requires phosphorylation of
the latter by AMPK [63]. A considerable amount of work is,
however, needed to decipher the various mechanisms by which
SIRT1 specificity is regulated.

Formation of complexes with other proteins

Sirtuin action is modulated SIRT1-binding proteins. Binding of
the cell-cycle apoptosis regulator E2F1 inhibits SIRT1 activity [164].
This effect may regulate the induction of apoptosis in response to
DNA damage.

The protein AROS binds to the N-terminus of SIRT1, but not
other sirtuins, to double its activity and inhibit p53 [182]. AROS
reduction increases apoptosis [182]. In contrast, SENP-1 inacti-
vates SIRT1 by binding to the C-terminus and desumoylating it,
thus increasing p53 activity [181].

During fasting, NCoR1 and SMRT bind to SIRT1 and PPAR-y to
downregulate adipogenesis mediated by PPAR-y [97] (Fig. 3A).

In response to genotoxic stress DBC1 binds to the catalytic domain
of SIRT1 and inhibits its activity [183,184] in mice on a high-fat diet,
but not during fasting [185] (Fig. 3B). DBC1 loss leads to increased
SIRT1 activity, SIRT1-mediated deacetylation of p53, and a reduction
in p53-mediated apoptosis [183,184]. DBC1 gene knockout increases
SIRT1 activity 2- to 4-fold in various tissues, causes p53 hypoacetyla-
tion, and protects against hepatic steosis and liver damage in mice on
a high-fat diet [185]. This phenotype was noted in liver-specific SIRT1
knockout mice [83,186]. DBC1 was, moreover, able to disrupt a
complex of SIRT1 with the histone methyltransferase SUV39H1, thus
inactivating each enzyme [187]. The interaction of DBC1 with SIRT1
in response to DNA damage and oxidative stress requires ATM-
dependent phosphorylation of DBC1 at threonine 454, which creates
a second binding site for SIRT1 [188]. DBC1 binds to ER-o¢ and
cooperates synergistically with the important coactivator of estrogen-
induced gene expression and estrogen-dependent growth of breast
cancer cells, CCAR1, to enhance ER-o function [189]. In contrast DBC1
reduces binding of SIRT1 to ER-o and thus lowers ER-o. deacetylation
[189]. Binding of SIRT1 to DBC1 disrupts the binding of DBC1 to
CCAR1 [189]. In this reciprocal manner, SIRT1 and DBC1 exert major
effects on ER-o activity.

The histone methyltransferase LSD1 binds to the catalytic domain
of SIRT1 resulting in convergent repression of Notch target genes
(Fig. 3C). The latter involves SIRT1-mediated deacetylation of acety-
lated histones H4K16 and H1K26, and LSD1-mediated demethylation
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Fig. 3. Proteins that form complexes with SIRT1 affecting its activity. (A). Binding
of the NCoR1-SMRT complex to SIRT1 leads to blockade of the transcriptional
effect of PPAR-y on PPAR-y target genes. (B). Genotoxic and metabolic stress
caused by a high-fat diet results in DBC1 forming a complex with SIRT1, leading to
SIRT1 inhibition. (C). LSD1 demethylates, while SIRT1 deacetylates, specific
histone genes (H3K4, H4K16, and H1K26) leading to repression of transcription
of genes targeted by Notch. Activation of the Notch pathway reverses this effect.
(Adapted from [192]).

of H3K4 [190]. Notch, once activated, blocks the interaction of LSD1
with SIRT1 [190] (Fig. 3C). SIRT1 is a component of the PRC4 complex
[191]. At least one of the other components, EZH2, is a histone
methyltransferase, which, when overexpressed, upregulates all other
PRC4 components [191].

These and other proteins that bind to SIRT1 should affect the
ability of SIRT1 to deacetylate other SIRT1 substrates, including
PGC-1a and FOXOs [63]. SIRT1, via its deacetylase activity, may
also influence corepressor and coactivator complexes and thus
the binding properties of these.

In the case of SIRT7 a proteomic analysis referred to earlier has
identified 462 proteins that bind to this sirtuin [158]. A major
theme for many of these was regulation of transcription of RNA
polymerase I.

Roles for sirtuins in tissue functions

Sirtuins have a multiplicity of different actions in most tissues
in the body. Those involving SIRT1 are summarized in Fig. 4.

Liver

Fig. 5 depicts the action of each sirtuin in the regulation of
hepatocyte function. SIRT1 activates gluconeogenesis and inhibits
glycolysis [192]. Studies in vitro show that SIRT1 increases fat
oxidation and downregulates the master regulator of fatty acid
synthesis, SREBP-1c¢ [100,193].
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arrows) increases. This involves the conversion of pyruvate to oxaloacetate and subsequently to malate. In the cytoplasm malate is converted back to oxaloacetate, which is
used by PEPCK to produce phosphoenolpyruvate. The latter is then available for conversion to glucose. In B-cells SIRT1 increases insulin secretion by repressing UCP2
transcription. In liver cells SIRT2 stimulates gluconeogenesis by deacetylating and increasing the stability of PEPCK. SIRT3 stimulates SOD2, thus decreasing ROS

production, and also enhances cellular respiration by increasing the activities of complex I, complex II (via SDH), complex III, and IDH2. SIRT3 deacetylates GDH,
stimulating its activity to affect gluconeogenesis and insulin secretion. By ADP-ribosylation SIRT4 inhibits GDH. (Modified from [192]).
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Studies of liver-specific SIRT1-null mice show that the gluco-
neogenic G6K and PEPCK genes are normally downregulated by a
signaling pathway in which SIRT1 positively regulates the gene
for Rictor, a component of the mammalian TOR complex 2
(mTORC2), to trigger a cascade of phosphorylation of AKT and
FOXO1 [194]. The hepatic overproduction of glucose, chronic
hyperglycemia, and increased ROS production in SIRT1 null mice
leads to oxidative stress-mediated impairment in mTORC2/AKT
signaling in other insulin-sensitive organs, and consequent insu-
lin resistance [194]. The latter is reversed by treatment with
antioxidants.

Knockdown of SIRT1 mRNA by delivery of adenoviral vectors
containing SIRT1 short hairpin RNAs has no effect on hepatic
triglyceride accumulation, but severely affects glucose home-
ostasis and gluconeogenic capacity [193]. This is not, however,
seen in the liver-specific SIRT1 knockout mice above [194]. While
there has been speculation that SIRT1 boosts gluconeogenesis by
PGC-1a activation, leading to coactivation of CREB on the pro-
moters of genes for gluconeogenesis [195,196], this was based on
artificial overexpression of PGC-1a, whereas the evidence for such
a mechanism during physiological modulation of PGC-1a is weak
[197]. In fact, as evident from liver-specific SIRT1 knockout [194],
under most circumstances SIRT1 activation in liver is associated
with a reduction in gluconeogenesis [198].

SIRT1 binds to PXR which, apart from being a xenobiotic-
sensing nuclear receptor with a major role in drug metabolism, is
upregulated in liver during fasting and serves as a modulator of
hepatic energy metabolism [199]. This SIRT1 interaction disrupts
PXR binding to PGC-1a [199].

SIRT2 activates gluconeogenesis by deacetylation and increased
stability of PEPCK [155] (Fig. 5).

SIRT3 has several targets in hepatocytes [192] (Fig. 5). SIRT3
knockout mice respond to a high-fat diet by accelerated obesity,
insulin resistance, hyperlipidemia, and hepatic steosis [124]. After
a week on a high-fat diet SIRT3 expression is elevated, but by
13 weeks is decreased [124]. The lipogenic enzyme SCD1 was
highly induced in these mice, and SCD1 deletion rescued the mice
from liver steosis and insulin resistance [124]. During calorie
restriction SIRT3 stimulates [120,126] and SIRT4 inhibits [53]
GDH and thereby gluconeogenesis (Fig. 5).

Less is known about the function of SIRT6, although in the
Otsuka Long-Evans Tokushima Fatty rat, rosiglitazone ameliorates
hepatic stenosis by activating SIRT6, AMPK, PGC-1a, FOXO1, LKB1,
and adiponectin, thus reducing hepatic lipid accumulation [200].

Pancreas

SIRT1 stimulates insulin secretion from B-cells [201,202] only
in young mice [203]. This might be explained by the reduction in
NAD™* that occurs with age [204]. In B-cells UCP2 affects the
ability of glucose to modulate the ADP/ATP ratio and cause insulin
secretion [205]. By reducing UCP2, SIRT1 permits better coupling
and production of ATP in response to high glucose [202]. The
ability of SIRT1 to stimulate insulin secretion involves other
mechanisms further downstream [202]. SIRT1 levels in B-cells
are modulated by miR-9, which reduces SIRT1 mRNA stability
[206]. Glucagon-like peptide 1 lowers NAD*/NADH ratio, thus
reducing SIRT1 activity and binding to FOXO4, leading to
increased FOX04 activity [207]. FOX04 activation stimulates -
cell growth, thus increasing insulin secretion. These experiments
show that SIRT1 is a negative regulator of B-cell proliferation.

SIRT3 activates GDH [120,126], but an effect on insulin secretion
is yet to be shown. Mitochondrial SIRT4 inhibits insulin secretion
via suppression of GDH activity in -cells, thereby downregulating
insulin secretion in response to amino acids [53]. These effects are
alleviated during calorie restriction. In insulinoma cells, SIRT4 is

overexpressed, leading to a decrease in insulin secretion in response
to glucose [208].

Muscle

SIRT1 regulates mitochondrial metabolism in cultured muscle
cells [209]. Muscle-specific knockout SIRT1 mice show that SIRT1 is
not needed for deacetylation of PGC-1ot nor for mitochondrial
biogenesis induced by exercise [210]. Acute exercise leads to
increased nuclear SIRT1 activity, but not protein, accompanied by
increased expression of genes activated by PGC-1a, as well as of
mitochondrial biogenesis, possibly via AMPK activation [211]. SIRT1
overexpressing mice have a normal phenotype under basal conditions
[212]. During calorie restriction SIRT1 enhances insulin sensitivity of
skeletal muscle by deacetylation and inactivation of the transcription
factor STAT3, leading to decreased expression of the p55a/p50a
subunits of PI3K [213]. This results in more efficient PI3K signaling
in response to insulin. SIRT1 also binds to the p85 adaptor subunit of
PI3K to stimulate PI3K-mediated insulin signaling in muscle cells
[214]. During exercise muscle temperature can rise to 40 °C. Mild
heat stress induces mitochondrial biogenesis and this correlates with
activation of the AMPK-SIRT1-PGC-1at pathway [215]. The muscle
wasting induced by glucocorticoid administration can be prevented
by resveratrol-mediated activation of SIRT1 [216].

Calorie restriction reduces age-associated muscle atrophy by
lowering oxidative stress, even when CuZnSOD (SOD1) is absent
[217]. SIRT3 and MnSOD are increased in these mice [218]. SIRT3
is highly expressed in slow oxidative type I soleus muscles
compared to fast type Il muscles, and exercise training increases
SIRT3 expression, phosphorylation of CREB, and upregulates PGC-
1a in skeletal muscle [218]. While fasting and calorie restriction
increase SIRT3 protein levels, a high-fat diet suppresses SIRT3
[218]. Germ-line SIRT3 knockout mice exhibit reduced phosphor-
ylation of AMPK and CREB, as well as lower PGC-1a expression
[218]. Mice with muscle-specific deletion of SIRT3 exhibit marked
hyperacetylation of mitochondrial proteins, but do not have the
high-fat diet-induced mitochondrial dysfunction nor the meta-
bolic abnormalities seen in germ-line SIRT3 knockout mice [219].
In resting muscle SIRT3 is localized to subsarcolemmal and
intermyofibrillar mitochondria and with chronic stimulation
SIRT3 is upregulated in an AMPK-independent manner [220].

Adipose tissue

Lipid metabolism and homeostasis are affected by actions of
sirtuins on various tissues, particularly white adipose tissue, liver,
and skeletal muscle [192]. Fig. 6 shows the sirtuin targets and
mechanisms involved. In fat cells, SIRT1 inhibits adipogenesis and
increases lipolysis by suppressing PPAR-y activity [97]. This
involves the ability of SIRT1 to promote the assembly of a
corepressor complex that includes NCoR1 and SMRT on the
promoters of PPAR-y target genes, thus repressing their transcrip-
tion (Fig. 3A) and opposing fat storage during calorie restriction
and fasting [97]. SIRT2-mediated inhibition of adipogenesis and
promotion of lipolysis involves deacetylation-mediated activation
of FOXO1 during nutrient deprivation [40]. SIRT2 enhances the
binding of FOXO1 to PPAR-y and represses the transcription of the
PPAR-y gene [40,142].

Brain and nerves

SIRT1 sensitizes neurons to oxidative damage but also has
neuroprotective effects [221]. Deletion of SIRT1 in neurons does
not affect development of the CNS, although because of a
deficiency in growth hormone the mice are smaller [222]. While
glucose tolerance is affected little in younger mice, defects
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became greater as the mice age [222]. SIRT1 and SIRT5 proteins
increase in cerebral tissue of rats in response to calorie restriction,
and their rise is accompanied by enhanced cognitive ability [223].
SIRT1 mediates anxiety level, which is probably an adaptive
response to environmental changes affecting food availability
[224]. The mechanism involves deacetyaltion of brain-specific
helix-loop-helix transcription factor NHLH2, thus stimulating
monoamine oxidase A and reducing serotonin in the brain
[224]. The prevention of aging-related neurodegeneration and
impaired neuronal plasticity, memory, and social behavior by
calorie restriction involves forebrain CREB-1 [225]. CREB directly
regulates SIRT1 transcription [163] and recruits SIRT1 to assist it
in the regulation of PGC-1a and nNOS transcription [225]. Loss
of such functions may explain accelerated brain aging during
overnutrition and diabetes. SIRT1 binds to and stimulates pro-
moter activity of the presenilinl gene [226]. Resveratrol stimu-
lates both SIRT1 and presenilin expression, as well as proliferation
of neuronal stem cells in the hippocampus of rats [226]. This
points to a role for SIRT1 signaling in hippocampal plasticity. By
deacetylating the critical epigenetic regulator methyl-CpG-
binding protein 2, SIRT1 controls binding of this protein to BDNF
in the hippocampus [227]. Treadmill exercise improves various
important parameters in the rat CNS, especially the hippocampus,
and is associated with increased SIRT1, mitochondrial biogenesis,
and AMPK activation [228].

The hypothalamus is crucial for metabolic actions of SIRT1
[229]. In arcuate neurons of the hypothalamus, necdin, by

formation of a stable ternary complex with SIRT1 and FOXO1, is
crucial for FOXO1 deacetylation and for modulation of the
hypothalamo-pituitary-thyroid axis [230].

SIRT2 is the most abundant sirtuin in the brain. It is expressed
in virtually all brain cells, but is highest in cells that produce
myelin, namely the oligodendrocytes [145,231]. SIRT2 is severely
depleted from the myelin proteome in PLP knockout mice, in
which PLP and DM20 (which arise from the same primary mRNA
transcript by alternative splicing) are absent [232]. PLP regulates
SIRT2 protein levels via the QKI-dependent pathway [231]. By
deacetylation of a-tubulin, SIRT2 decelerates cell differentiation
of oligodendrocyte precursor cells [145]. The transcription factor
Nkx2.2, via HDAC-1, binds to the start codon of the SIRT2 gene,
and suppresses SIRT2 transcription in oligodendroglial cells, thus
enhancing cellular differentiation [233]. In myelin sheaths SIRT2
acts at sites of microtubule remodeling [234,235]. In postmitotic
hippocampal neurons SIRT2 inhibits neurite outgrowth and
growth cone collapse [180]. There are, however, no studies to
date in support of a direct role of SIRT2 in neuronal differentiation
[148]. But since SIRT2 can deacetylate FOXO3, which can regulate
the neuronal stem cell pool by maintaining senescence [236], it is
possible that SIRT2 might be involved in the latter process [148].
SIRT1 also deacetylates FOXO3A and thereby modulates differ-
entiation of neuroblastoma cells [237]. Since p53 can regulate
neuronal growth and p53 can be deacetylated by SIRT2 in vitro,
a role for SIRT2 in p53-dependent neuronal function is possible
[148].
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SIRT2 transcripts undergo alternative splicing [238]. The full-
length SIRT2 protein (SIRT2.1) is only moderately expressed in the
central nervous system, the levels being comparable to those in
other tissues. SIRT2.2 concentrations are, however, much higher,
both during postnatal development and in adulthood. In the aged
brain, an age-dependent increase in SIRT2.3 was observed [238].

In peripheral nerves, elaboration of myelin by Schwann cells is
dependent on SIRT2 [156]. SIRT2 deacetylates the master reg-
ulator of cell polarity, PAR-3, thus lowering activity of the polarity
signaling component atypical protein kinase C during the myeli-
nation program [156]. This may be relevant to peripheral neuro-
pathy in diabetes [156]. Moreover, stimulation of SIRT2 may help
in the treatment of multiple sclerosis, a disease involving pro-
gressive loss of myelin [148].

Mitochondrial SIRT3 serves as a prosurvival factor by protect-
ing neurons exposed to NMDA-induced excitotoxicity [239]. The
latter involves PARP-1 mediated NAD* depletion. The ensuing
rise in ROS is responsible for the increase in SIRT3.

Sirtuins in metabolism

Mice with whole-body overexpression of SIRT1 are leaner,
more metabolically active, and glucose tolerant [240,241]. This
phenotype resembles calorie restriction. The mice were moreover
resistant to diet-induced hyperglycemia, metabolic syndrome,
and fatty liver [242,243]. Although they were protected against
diseases of aging such as metabolic syndrome and cancer, there
was no significant increase in their life span [19]. The higher
SIRT1 activity achieved by its overexpression confirmed that
NAD™ is sufficiently abundant in cells not to be rate limiting for
SIRT1 activity.

Physiologically, an increase in SIRT1 activity occurs during
nutrient deficiency and exercise [159]. This correlated with elevated
expression of nuclear-encoded genes for mitochondrial proteins
and higher energy expenditure [159,244]. In early studies nutrient
deprivation was found to increase expression of FOXO3A in concert
with SIRT1 promoter stimulation [159]. p53 is another transcription
factor that normally represses SIRT1. During nutrient depletion
FOXO03A is activated and binds to p53, thus extinguishing its
inhibitory effect [159]. SIRT1 and p53 negatively regulate each
other by a homeostatic loop involving deacetylation and by
transcriptional effects. Deacetylation of FOXO3A by SIRT1 enhances
FOXO3A action, and this includes FOXO3A-mediated stimulation of
SIRT1 transcription. Whereas the effect of FOXO3A on the SIRT1
promoter is indirect (via binding of p53), FOXO1 binds to DNA
target sites in the SIRT1 promoter to activate transcription directly
[245] (Fig. 2). By their separate actions both FOX0O3A and FOXO1
generate a feed-forward mechanism involving SIRT1 expression
and activity. It is notable, moreover, that AMPK also activates
FOXOs [90] and increases SIRT1 expression [246].

The protein HIC1 binds to SIRT1, forming a corepressor com-
plex on the SIRT1 promoter [166]. This action of HIC1 is regulated
by its binding to the energy and redox stress sensor CTBP [167].
Since the binding of CTBP to HIC1 is increased by NADH, when
glycolysis is low NADH decreases, leading to destabilization of
CTBP/HIC1/SIRT1 inhibitory complexes, with the result that SIRT1
transcription increases. The consequent elevation in SIRT1 results
in metabolic adaptation favoring utilization of energy sources
other than carbohydrate.

Chronic inflammation represses SIRT1. This involves induction
by interferon-y of CIITA, which, with HIC1, attaches to the SIRT1
promoter to repress SIRT1 expression [247].

In obese mice and humans SIRT1 is reduced [160,248]. Nutri-
ent overload activates PPAR-y, which then binds to PPAR-y
response elements in the SIRT1 promoter to repress SIRT1

transcription [161,165] (Fig. 2). PPAR-a and PPAR-B/d can also
bind to PPAR-y response elements, although for PPAR-f/5 at least,
the elevation in SIRT1 expression that ensues involves instead
binding to p21, which has a stimulatory binding site in the SIRT1
promoter [162] (Fig. 2). The effects of each on lipid metabolism
differ. PPAR-y causes lipid anabolism and inhibits SIRT1 expres-
sion, whereas PPAR-a and PPAR-B/d are involved in fatty acid
oxidation and increased SIRT1 expression. More research is
needed to understand whether differential sensing of lipid species
may direct pathways in one direction or the other.

The NAD™'-dependent protein PARP-2 binds to the SIRT1
promoter, thus inhibiting transcription [76] (Fig. 2). PARP-2
increases PPAR-y transcription, but not that of PPAR-o and
PPAR-B/6 [249]. PARP-2 deletion has a similar effect on bodily
processes as SIRT1 activation [76]. This includes protection
against diet-induced obesity, elevation in mitochondrial number,
enhanced oxidative metabolism, and insulin resistance.

During fasting, glycogenesis and glycogenolysis in the liver are
activated early, followed by ketogenesis when fasting is pro-
longed. The fasting hormones glucagon and norepinephrine
increase cAMP signaling, which elevates CREB. Gluconeogenesis
is activated by at least two transcriptional pathways [250]
(Fig. 7). One involves glucagon-mediated dephosphorylation of
CRTC2 in the cytoplasm, causing it to move to the nucleus and
serve as coactivator for CREB [94]. At the same time glucagon-
mediated activation of cAMP-dependent PKA phosphorylates
CREB (Fig. 7).

With longer fasting (12-18 h in mice), SIRT1 deacetylates
CRTC2, permitting ubiquitination and degradation of CRTC2, thus
attenuating CREB [94]. During this period, SIRT1 activates FOXO1
and its coactivator PGC-1a [79,80], which maintains gluconeo-
genesis after the loss of CRTC2.

The regulation of SIRT1 transcription during fasting involves a
short promoter sequence containing overlapping sites for CREB
and ChREBP (Fig. 2), known to be activated by feeding and which
mediate energy disposal and storage [251]. ChREBP suppresses
SIRT1 transcription, whereas CREB activates it [163]. During
fasting ChREBP translocates to the cytosol, meaning that its
binding site on the SIRT1 promoter becomes exposed. Binding
of CREB within this composite response element then stimulates
SIRT1 transcription [163]. This effect of CREB occurs by 18 h of
fasting and coincides with activation of SIRT1 as a result of the
elevation in NAD* generated by gluconeogenesis. SIRT1 limits the
early phase of gluconeogenesis by deacetylating CRTC2 and, by
activating PGC-1a, promotes the onset of the prolonged phase of
fasting. At this time deacetylation of SREBP1 represses SREBP1
activity, thus shutting down fat and cholesterol synthesis [99].

By 24 h of fasting SIRT1 transcription returns to normal, most
likely as a result of CRTC2 destruction, and such normal SIRT1
transcription appears to be sufficient for ongoing gluconeogenesis
during prolonged fasting (Fig. 7).

Gluconeogenesis then needs to be switched off quickly when
feeding resumes. This involves insulin. Upon refeeding, insulin
signaling stimulates AKT, leading to phosphorylation of FOXO1,
which causes FOXOT1 to shuttle to the cytoplasm. During this time
ChREBP moves to the nucleus, binds to a site in the SIRT1
promoter that overlaps the CREB site, and represses SIRT1
transcription [163] (Fig. 7). Thus when insulin is high and
glucagon is low PGC-1a and CREB actions are turned off.

The SIRT1 substrate PGC-1a activates not only gluconeogen-
esis but also biogenesis of mitochondria, and PPAR-o, another
substrate activated by SIRT1, stimulates mitochondrial fatty acid
oxidation [83]. Thus SIRT1 upregulation early in fasting would
boost oxidative metabolism in cells, thus assisting in the use of
fatty acids, amino acids, and acetate as energy sources involving
the gluconeogenic pathway.
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of the transcription factor ChREBP, which translocates to the nucleus.

Fasting also leads to upregulation of mitochondrial SIRT3
[121], which then deacetylates enzymes for oxidative metabolism
and for detoxification of ROS [252]. SIRT3 knockout mice exhibit
decreased oxygen consumption, accompanied by increased pro-
duction of ROS and oxidative stress in skeletal muscle, leading to
activation of JNK, along with impaired insulin signaling [130].

The microRNA miRNA-34a is elevated in diet-induced and
genetically obese mice [253] and serves to negatively regulate
SIRT1 expression at the posttranscriptional level by binding to the
3’'UTR of SIRT1 mRNA [172,253].

Chemical compounds that activate sirtuins

Given the health benefits of sirtuins, it makes sense that
chemicals that activate sirtuin activity might prove useful in
pharmacotherapy [3,35,254-256]. The natural polyphenol,
resveratrol, has long been known to confer health benefits. The
first demonstration of this was its ability to prevent skin cancer in
mice [257]. Then a decade ago, screening an array of chemical
compounds for the ability to activate SIRT1 and extend C. elegans
life span led to the identification of not just resveratrol but also
quercetin, piceatannol, and several other natural polyphenols
with this ability [6]. In 2007, large-scale screening of thousands
of unselected compounds identified several small molecular
activators of SIRT1, including SRT1720, that were up to 1000 times
more potent than resveratrol in their ability to activate SIRT