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Abstract

The endless quest for the “fountain of youth’ has led to the discovery of a family of molecules known
as sirtuins in humans, or silent mating type information regulator 2 (Sir2) in yeast, which are
associated with longevity in yeast, nematodes, drosophila and rodents. Although sirtuins have yet to
be proven to delay aging and promote longevity in humans, they promise “healthy aging’, an ideal
of modern society. This review emphasizes the role of various sirtuins in maintaining glucose
homeostasis, the therapeutic potential of sirtuin modulators in the prevention and treatment of
diabetes, and the emerging associations of SIRT genetic polymorphisms with human longevity.

Introduction

One of the major health crises that we face today is an escalating trend of obesity and associated
disorders such as type 2 diabetes mellitus (T2DM) and cardiovascular diseases (CVD). The
incidence of T2DM is rising at an alarming rate, affecting more than 170 million people
worldwide, and is expected to affect in excess of 300 million by 2025 [1]. Studies on the
centenarian population suggest that various lifestyle factors including a lower calorie diet are
major contributors to ‘healthy longevity’. Calorie restriction (CR) without malnutrition has
been demonstrated to increase lifespan in yeast, nematodes, drosophila and rodents by reducing
age-associated diseases such as cancer, neurological disorders, CVD and diabetes [2]. The
regulatory gene that mimics CR response is the silencing information regulator 2 (Sir2) gene,
a nicotinamide adenine dinucleotide (NAD)-dependent histone deacetylase enzyme that
regulates important biological and metabolic pathways in eubacteria, archaea and eukaryotes
[3-7]. A growing list of reviews elegantly describe the evolution, structure and metabolic
regulatory functions of sirtuins which are associated with aging, cancer, neurodegenerative
diseases, metabolic disorders and longevity [8-16]. The focus of this review is to compile the
accumulating evidence for the role of sirtuins as prospective therapeutic targets for T2DM, and
the effect of SIRT genetic polymorphism upon human health and longevity.

Mammalian sirtuins

Sirtuins are class 111 histone deacetylases (HDACS) that were initially associated with
transcriptional repression, specifically through deacetylation of lysine 16 residues of histone
H4. Itis now apparent that non-histone proteins such as the nuclear factor-xB (NFxB), forkhead
box type O transcription factors (FOXO), HIV Tat and the peroxisome proliferator-activated
receptor y (PPARY) coactivator 1a (PGC-1a), enzymes such as acetyl coenzyme A (CoA)
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synthetase 2 (AceCS2), and structural proteins such as a-tubulin, are also deacetylated by
sirtuins.

There are seven mammalian sirtuins (SIRT1 to SIRT7) which differ in their intracellular
location, substrate specificities, and biological functions (reviewed in [10,12,14,17]). The most
widely characterized mammalian homolog of Sir2, SIRT1, is a NAD-dependent deacetylase
which is located in the nucleus. SIRT1 acts as a nutrient-sensitive growth suppressor [18] and
is a principal modulator of pathways downstream of CR that produces beneficial effects on
glucose homeostasis and insulin sensitivity and is implicated in regulating lifespan. Regardless
of their nuclear location, neither SIRT6 and SIRT7 co-localizes with SIRT1, but SIRT6 is
associated with heterochromatin and SIRT7 is concentrated in the nucleolus [19-21]. In
contrast to SIRT1, SIRT6 possess auto-ADP-ribosyltransferase activity and is implicated in
DNA repair and modulation of telomeric chromatin [19,22,23]. While the substrates of SIRT6
and SIRT7 are still elusive, the biological role of SIRT7 is emerging. Overexpression of SIRT7
in HEK293T, U20S, and NIH-3T3 cells significantly increased RNA polymerase | (Pol I)-
mediated transcription, whereas knockdown of SIRT7 or inhibition of its activity resulted in
reduced association of Pol | with rDNA with a concomitant reduction in Pol | transcription
[24]. Knockdown of SIRT7 in mice results in heart hypertrophy and inflammatory
cardiomyopathy with increases in basal apoptosis and reduced resistance to genotoxic and
oxidative stress [25].

SIRT2 is localized in the nucleus as well as in the cytoplasm, and is involved in cell cycle and
mitosis regulation [26-28]. SIRT3, SIRT4 and SIRTS5 are mitochondrial proteins, with SIRT3
being associated with protein deacetylation and adaptive thermogenesis. SIRT4 which exhibits
mono-ADP-ribosyltransferase activity, is located in mitochondria of several tissues including
pancreatic B-cells and is implicated in insulin release and gluconeogenesis [29-31]. Although
the function of SIRT5 remains unknown, emerging data demonstrate its possible role in
translocating SIRT3 to the nucleus [32]. In general sirtuins can function either as NAD-
dependent deacetylases or ribosyltransferases and play an important role in energy
homeostasis, metabolic adaptations, aging and longevity

Sirtuins and insulin secretion

Both insulin resistance and B-cell insufficiency, with eventual decreased insulin secretion are
major features within the pathophysiology of T2DM. Under normal conditions, postprandial
increase in circulating glucose signals insulin release from pancreatic B-cells that stimulate
glucose uptake and utilization by peripheral tissues. In contrast, the initial stages of T2DM are
associated with resistance to insulin action in the peripheral tissues and hyperinsulinemia. With
the progression of disease, high glucose and insulin concentrations induce p-cell degeneration
as a result of mitochondrial toxicity [1]. Role of sirtuins in pancreatic homeostasis was initially
evident when circulating insulin levels were low in SIRT1™/~ mice in response to glucose
challenge [33]. Alternatively, overexpression of B-cell-specific SIRT1 demonstrated an
improved glucose tolerance and an increase in glucose-stimulated insulin secretion [34].

Within the pancreas, SIRT1 is expressed in p-cells of the islets of Langerhans, as well as
glucagon-producing a-cells [33,34]. Increases in circulating glucose result in elevated ATP/
ADP ratios in B-cells, the closing of K* channels, the activation of voltage-gated Ca2* channels,
and Ca?* influx, ultimately leading to insulin release. SIRT1 sensitizes p-cells by repressing
uncoupling protein 2 (UCP2), a mitochondrial inner membrane protein that dissociates
mitochondrial respiration and ATP synthesis [33]. UCP2-knock out mice demonstrate an
increased insulin secretion and higher ATP levels in pancreatic -cells [5], while SIRT17/~
mice exhibit low levels of circulating insulin and increased UCP2 levels in B-cells [33]. It was
further demonstrated that SIRT1 inhibits UCP2 through binding to its promoter region, thereby
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leading to the coordinated coupling of mitochondrial respiration to ATP synthesis [33]. It is
possible that effects of SIRT1 on regulation of insulin secretion may not be confined to only
UCP2 repression, but may also involve other transcription factors such as p53, Ku70, NF-«B,
FOXO1, PGC-1a, PPARY and p300, all of which are important regulators of gene expression
within pancreatic p-cells. Chronic exposure to high circulating glucose levels plays an
important role in B-cell degeneration in diabetic patients due to oxidative stress. Kitamura et
al [35] demonstrated that SIRT1-associated protection of glucose-induced cytotoxicity in
pancreatic B-cells was due to nuclear translocation of FOXO1 and sustained FOXO1-mediated
activation of MafA and NeuroD transcription factors, involved in Insulin 2 gene expression
and apoptosis prevention.

SIRT1 is also highly expressed in pancreatic a-cells which are involved in the fasting response
by increasing hepatic gluconeogenesis [34]. In contrast to SIRT1, SIRT4 appears to negatively
regulate both glucose stimulated- and amino acid-stimulated insulin secretion (GSIS and
AASIS), respectively, in B-cells [29-31]. Depletion of SIRT4 from insulin-producing INS-1E
cells significantly increased glucose-stimulated insulin secretion [31]. SIRT4 is a
mitochondrial ADP-ribosyltransferase that represses pancreatic glutamate dehydrogenase
(GDH) during adequate calorie intake, and prevents glutamine-stimulated insulin release
[29]. Interestingly, GDH activity is increased during CR due to alleviation of SIRT4-associated
repression, resulting in the activation of AASIS in B-cells [29]. Mass-spectroscopy studies
indicated that SIRT4 interacts with insulin degrading enzyme (IDE) and the ADP/ATP carrier
proteins, ANT2, ANT3, and negatively regulated insulin secretion [31]. The contradictory roles
of these two sirtuins, SIRT1 and SIRT4, within the same tissue is intriguing, and are possibly
elicited to regulate insulin secretion under different dietary conditions, from acute starvation
to chronic food limitation.

Sirtuins and the regulation of liver glucose homeostasis

The liver is the primary organ regulating glucose homeostasis, and does so by differentially
regulating glycogenolysis, gluconeogenesis, glycolysis and fatty acid oxidation within both
the starved and fed state. SIRT1 was initially identified as a regulator of hepatic
gluconeogenesis through its regulation of FOXO1 [36]. In fasting mice, hepatic SIRT1
deacetylates PGC-1a which promotes its association with hepatic nuclear factor 4 (HNF-4) to
induce gluconeogenesis and inhibit the glycolytic pathway [37], ensuring that glucose-
dependent tissues such as brain and red blood cells (RBCs) have an ample supply of glucose
during starvation or fasting. Upregulation of PGC-1a within the liver of fasted mice was
associated with increased levels of NAD* and pyruvate, further implying that the catalytic
activity of SIRT1 is under metabolic control [37]. In contrast, hepatic PGC-1a activity is also
upregulated in diabetic mice, increasing gluconeogenesis and contributing to hyperglycemia.
The importance of hepatic gluconeogenesis is emphasized by the fact that anti-diabetic drugs
such as metformin regulate blood glucose levels by inhibiting gluconeogenesis [38]. Similar
to its action in the pancreas, CR ameliorates SIRT4 repression of GDH and increases
gluconeogenesis in the liver [29].

In insulin-stimulated liver cells the effects of SIRT1 upon the hepatic insulin signaling cascade
are opposite to those on PGC-1a. Zhang et al [39] demonstrated that inhibition of SIRT1 in
liver cells impaired insulin signaling due to reduced Akt activation and the inhibition of insulin
receptor substrate 2 (IRS-2) phosphorylation. These studies suggest that insulin-induced
phosphorylation of the insulin receptor (IR) is insufficient to phosphorylate IRS2. Instead,
insulin-induced increase in SIRT1 is necessary to deacetylate the lysine residues of IRS-2
before its tyrosine residues can be phosphorylated [39]. Based on the above evidence, both
SIRT1 and SIRT4 are attractive targets in the modulation of gluconeogenesis, the major
contributor of elevated glucose levels during diabetes.
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Sirtuins and metabolic adaptations in peripheral tissues

T2DM is associated with impaired glucose uptake and utilization in peripheral tissues such as
muscle and adipose tissue, resulting in increased blood glucose and secondary
hyperinsulinemia. Studies by Sun et al [40] indicate that resveratrol-associated activation of
SIRT1 improves insulin sensitivity and ameliorates peripheral insulin resistance in part due to
suppression of protein tyrosine phosphatase 1B (PTP1B), a negative regulator of insulin
signaling. Most of the anti-diabetic drugs are prone to secondary failure due to secondary
weight gain as a result of increased adipose differentiation. SIRT1 regulators such as CR and
resveratrol demonstrate reductions in fat accumulation within adipose tissue of mice fed a high-
fat-diet (HFD [41,42]). PPARy stimulated fat synthesis and differentiation in white adipose
tissue during CR or resveratrol treatment [43]. Binding of SIRT1 to PPARy promoter ensures
the docking of the nuclear receptor corepressor (NcoR) and thyroid hormone receptor, and
recruitment of this complex to adipose tissue-specific fatty acid binding protein (aP2) promoter
[41], thereby preventing the accumulation of TG in adipose tissue. It is further possible that
anti-adipogenic effects of SIRT1 are mediated through the activation of FOXO1 since FOXO1
represses PPARYy activity [44]. SIRT1 also regulates the secretion of adiponectin in the
adipocytes, an adipocytokine that is involved in sensitizing the liver and muscle to insulin.

In skeletal muscles SIRT1 has an opposing effect on myogenesis, depending upon glucose
availability. In the absence of glucose, insulin induces massive upregulation of SIRT1 and
FoxO3a, whilst inhibiting myocyte differentiation [45]. During fasting, metabolic control in
the skeletal muscle of mice was achieved by SIRT1 through deacetylation of PCG-1a and
activating mitochondrial fatty acid oxidation genes [46]. The switch from glucose to fatty acid
oxidation during low nutrient supply was dependent upon SIRT1 activation in these fasting
animals, and was correlated to high NAD™ levels in skeletal muscle [46]. In another study,
feeding of fructose resulted in SIRT1 dependent induction of the a-myaosin heavy chain (MHC)
in cardiac muscle and prevented ischemia- and reperfusion-mediated cell injury in the heart
[47]. Itis evident from the above studies that in the muscle SIRT1 functions not only to allow
metabolic adaptations to nutrient supply, but also switches energy homeostasis in muscle from
the oxidation of glucose to that of fatty acids, enabling glucose utilization by neurons and RBCs
during nutrient deprived states.

Uncoupling of mitochondrial respiration in skeletal muscles due to increased UCP1 expression
was correlated with a reduced age-related disease burden in mice demonstrating reduced
adiposity, increased temperature and metabolic rate, elevated muscle SIRT and AMP kinase,
and increased serum adiponectin [48]. Long-term fasting or diabetes induces the release of
large amounts of acetate from the liver due to increased ketogenesis [8]. Mitochondrial acetyl-
CoA synthetase (AceCS) expressed in heart, muscle, brain and kidney, but not in the liver,
converts the circulating acetate into acetyl CoA that enters the tricarboxylic cycle (TCA) for
energy production. Cytoplasmic (AceCS1) and mitochondrial (AceCS2) are differentially
regulated by SIRT3 [49,50]. Fasting induced AceCS2 and reduced AceCS1 in muscle, thereby
diverting the acetate to TCA cycle in extrahepatic tissues. In streptozocin-induced diabetic
mice SIRT3 mRNA is down-regulated [51], possibly accounting for the increased ketogenesis
observed during diabetes.

SIRT1 and diabetic complications

The importance of tight glycemic control in the prevention of diabetic complications such as
dyslipidemia, neuropathy and nephropathy, is widely recognized. Diabetic nephropathy (DN)
is one of the leading causes of end stage renal disease and is associated with proteinurea
resulting from a damaged kidney filtration system. Glomerular lesions with thickening of
basement membrane, endothelial cell proliferation and apoptosis in tubular and interstitial cells
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are observed in DN [52]. Pathophysiological studies associate stress-activated signaling
pathways, such as NF-«xB, p38 mitogen activated protein kinase (MAPK) and Jun kinases, with
diabetic complications [52]. Intermittent fasting in Sprague-Dawley rats demonstrated a
nephroprotective effect in diabetic conditions which was associated with activation of Sir2 and
areduction in proaopoptotic p53 [52]. Resveratrol prevented the decrease of SIRT1 expression
aswell asanincrease in p38, p53 expression and dephosphorylation of histone H3 in rat diabetic
kidney [53]. Sirtuins therefore present attractive targets not only in the treatment of insulin
resistance and diabetes, but also their associated complications.

Sirtuin regulation

Although several SIRT substrates have been identified and characterized, very little is known
about the actual regulators of SIRT activity. Two models were initially proposed in
Saccharomyces cerevisiae to explain how CR might stimulate Sir2 activity. The first model
proposed a role for increased NAD™ or the NAD*:NADH ratio to increase Sir2 activity, while
the second model suggested depletion of nicotinamide (NAM), a feedback inhibitor of Sir2
metabolism per se [54,55]. In yeast, bacteria, worms and flies, NAD is synthesized de novo in
four steps from tryptophan, and is recycled from nicotinamide via the NAD* salvage pathway
[56], while in mammals it is a two step process [57,58]. In yeast, the first step is catalyzed by
Pncl while in mammals NAM phosphoribosyltransferase (Nampt, also known as PBEF to
visfatin) is the rate-limiting enzyme [58,59]. Studies indicate that yeast Sir2 activity is
enhanced by Pncl, a stress- and calorie-responsive gene catalyzing the first rate-limiting step
in NAD* biosynthesis [59-61]. SIRT1 activity is increased due to Nampt over expression
[62] and was demonstrated to protect cells from apoptosis due to PARP overexpression [63].
In mammals, fasting significantly increased levels of Nampt with a concomitant increase in
mitochondrial NAD*. Genotoxic stress-associated cell death was inhibited by increased levels
of Nampt and mitochondrial NAD* through mitochondrial specific sirtuins, SIRT3 and SIRT4.

Besides an increase in NAD* biosynthetic pathway, inhibition of NAD™ hydrolysis also is an
important regulator of SIRT activity. CD38 is located on the inner nuclear membrane and is
involved in the synthesis of secondary messengers such as CADPR, NAADP, and ADPR, as
well as in the hydrolysis of NAD* ([64] and references within). Hepatic levels of NAD" and
nuclear SIRT1 activity were significantly increased in CD38 knockout mice, with an increase
in deactylation of p53, a SIRT1 substrate, suggesting that CD38 is a major regulator of nuclear
NAD™ levels and SIRT1 activity in mammals [64]. The oxidation and reduction of NAD and
NADH are involved in anabolic and catabolic reactions within mitochondria. Under aerobic
conditions the mitochondrial electron transport chain reoxidizes NAD from NADH. However,
the mitochondrial membrane is impermeable to NAD/NADH. Thus, the malate-aspartate
NADH shuttle is extremely critical to maintaining the NAD:NADH ratio within mitochondria
and the cytosol. Recent studies indicate that malate-aspartate shuttle is vital to metabolic
regulation and CR-induced lifespan extension in yeast [65].

SIRT1 is also regulated at the transcriptional level by various enhancers and suppressors.
SIRT1 transcription is suppressed by p53 feedback regulation in unstimulated rodent cells
which was relieved by the association of Foxo3a [66]. Tumor suppressor HIC1 and E2F1 also
transcriptionally represses SIRT1 activity by binding to its promoter region [67-69],
suggesting that SIRT1 expression is subject to feedback autoregulation. SIRT1 is also subject
to regulation by various transcriptional enhancers and protein suppressors such as active
regulator of SIRT1 (AROS) and deleted in breast cancer-1 (DBC1), respectively [70-73].
Studies by Kim et al. demonstrate that AROS directly binds to SIRT1 and enhances SIRT1-
mediated p53 deacetylation both in vitro and in vivo, thereby regulating p53-mediated
transcriptional activity as well as p53-induced cell growth responses to DNA damage [72].
SIRT1 activity can be further regulated by direct-protein-protein interactions by a DBC1
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protein which forms a stable complex with SIRT1 and reduces its activity. DBC1 directly binds
to the catalytic domain of SIRT1, preventing substrate access and inhibiting genotoxic stress-
induced apoptosis [72,73]. Studies by Abdelmohsen demonstrate that stability of SIRT1
mRNA was increased by binding of HuR protein to its 3’ untranslated region, with a
concomitant increase in its protein expression [74,75]. Oxidative stress triggered the
dissociation of the HUR SIRT1 mRNA complex due to increased phosphorylation of HUR by
stress-associated increases in Chk2 cell cycle kinase activity [74,75], and promoted SIRT1
mRNA decay, thereby reducing SIRT1 expression and cell survival. It is therefore evident that
different SIRT regulators may influence the downstream targets of SIRT and thus differentially
modulate disease and lifespan outcomes.

Sirtuin modulators

The obvious role of SIR2 in regulating lifespan within diverse organisms and their coupling
to NAD* metabolism has stimulated a prevailing interest in the possibilities of identifying
therapeutic SIRT regulators as CR mimetics that will reduce the age-associated disease burden,
disease-associated morbidity and mortality, and thereby increase lifespan in humans. SIRT1
is now considered a ‘metabolic master switch’ [76] that extends lifespan in various species
including mammals, by modulating pathways downstream of CR. Sirtuins regulate apoptosis,
DNA repair, stress resistance, metabolism, aging and endocrine signaling, suggesting that they
could be targeted for therapeutic benefit. CR is an extremely daunting task and the quest is
therefore directed towards identifying prospective modulators of SIRT activity.

To date, numerous chemical activators and inhibitors have been identified and their detailed
mechanisms have been reviewed elsewhere [77]. Much attention has been given to resveratrol,
apolyphenolic SIRT1 activator, present in red wine, that was demonstrated to mimic anti-aging
effects, ameliorate insulin resistance in mice fed HFD, increase mitochondrial biogenesis and
promote longevity [78,79]. Since then, various other small molecules have been identified with
varying SIRT activity, but lower than that of resveratrol [80-86]. Interestingly a recent study
has identified SIRT1 activators that are structurally unrelated but which are 1,000-fold more
potent than resveratrol [78]. These compounds were demonstrated to improve whole body
glucose tolerance, insulin sensitivity, and mitochondrial function in diet-induced and
genetically obese mice [78]. Although not direct activators of CR, vitamins such as niacin (B3)
are important for NAD™* biosynthesis, and are implicated in regulating SIRT1 activity [87—
89]. Another interesting study demonstrated the efficacy of the yeast Kluyveromyces
biopeptides in activating SIRT1 in human skin cells, leading to improved resistance to stress
and senescence and its usefulness in treating aging skin in humans [90], while resveratrol
containing skin care formulae have demonstrated 17-fold greater antioxidant activity than
idebenone [91]. These data suggest that CR mimetics and/or SIRT activators may offer a new
therapeutic approach to aging and related disorders such as T2DM [78]. However, due to
contradictory roles of sirtuins in different tissues, one has to exercise caution in selecting
prospective targets for sirtuin therapy. For example induction of SIRT1 in diabetics may reduce
adipogenesis [41] and increase insulin release in pancreas [33,34], but will concomitantly
increase gluconeogenesis in liver [92], leading to increased blood glucose.

CR in humans

CR extends lifespan and produces a metabolic profile desirable for treating diseases of ageing
such as T2DM. Regardless of all the available data on CR, sirtuins and longevity in various
species, itis still unclear how CR and/or sirtuins or their downstream targets influence diabetes,
aging and longevity in humans. In the animal kingdom, CR is the only proven way to extend
life. Now, a group of individuals are trying to pursue 30-40% CR. They refer to themselves
as ‘CRONies’, for calorie restricted, on optimal nutrition. Studies on CR in humans
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(www.jhu.edu/jhumag/1101web/eat.html) demonstrate that 25% reduction in calorie intake
alone or in combination with exercise significantly reduced 24 hour energy expenditure, and
improved mitochondrial function by increasing mitochondrial mass and gene expression of
peroxisome proliferator-activated receptor gamma coactivator 1o. (PPARGC1ay), transcription
factor A mitochondrial (TFAM), endothelial nitric oxide synthase (eNOS), SIRT1, and
presenilin associated rhomboid-like protein (PARL), involved in nutrient sensing and
mitochondrial biogenesis [93]. Furthermore, CR significantly reduced mitochondrial oxidative
stress and increased mtDNA content although it had no significant effect on the activities of
key mitochondrial enzymes of the TCA cycle (citrate synthase), beta-oxidation (beta-
hydroxyacyl-CoA dehydrogenase), or electron transport chain (cytochrome C oxidase Il
[93]). These studies suggest a role for CR in improving mitochondrial function in humans.
Similarly, the frequency of mtDNA J haplogroup was higher among Italian centenarians than
in younger individuals and was associated with longevity [94].

Longevity and SIRT polymorphisms

Longevity hasa strong genetic component, as apparent from studies in yeast through to humans.
Allelic association studies among centenarians demonstrated a strong correlation between
longevity and polymorphism of four genes located on 11p15.5 chromosome region viz. the
tyrosine hydroxylase (TH) gene, as well as the haplotypes defined by this marker and RFLPs
of proinsulin (INS), Insulin-like growth factor 2 (IGF2) and HRAS1 genes [95]. The human
SIRT3 gene is also located at the telomeric terminal on 11p15.5 chromosome. Analysis of
GA4T77T, a silent marker of SIRT3 gene among Italian male centenarians demonstrated that TT
genotype increases (p= 0.0272); while the GT genotype decreases (p=0.0391) survival in the
elderly [95]. Linkage-disequilibrium studies between G477T alleles and alleles of the longevity
genes, TH, INS, IGF2 and HRASL, indicated that disequilibrium was not significant in any
case, thus suggesting that either SIRT3, or another gene linked to SIRT3, may play an important
role in human longevity [95]. A follow up study by the same group further identified a
functional variant that could account for the association observed in the above study, between
the silent marker of SIRT3 and survival [96]. These functional studies indicated that the allele
completely lacking enhancer activity is virtually absent in males older than 90 years. Thus
reduced expression of a human sirtuin gene seems to be detrimental for longevity as in other
organisms [96].

Another pivotal study investigated the association between common allelic variation in the
SIRT1 gene and human longevity among German centenarians [97]. In this study, five single
nucleotide polymorphisms (SNPs) of SIRT1, distributed across the entire gene, including the
promoter region, were genotyped among centenarians and nonagenarians and matched with
younger controls. No association was detected between any of the tested SIRT1 SNPs and
longevity among this population [97]. Besides longevity, studies have investigated the relation
between SIRT1 polymorphism and age-related disease such as CVD and cognitive functioning.
In the prospective ‘Leiden 85-plus Study’ amongst older inhabitants of Leiden in the
Netherlands, Kuningas et al. assessed five SIRT1 SNPs in 1,245 participants and demonstrated
that the rs3758391 T-allele carriers had a better cognitive function [98]. In addition, Kuningas
et al. further demonstrated a trend for lower CVVD mortality for carriers of haplotype 2 and
rs3758391 T-allele [98]. Similarly, SIRT1 protein levels and its activity were shown to be
reduced in peripheral lung tissue and macrophages of smokers and patients with chronic
obstructive pulmonary disease [99]. Reduction in SIRT1 activity was found to be a result of
post-translational modification leading to increased acetylation of RelA/p65 subunits of NF-
kB, an important modulator of inflammation [99]. Such functional studies indicate the
possibility that although allelic variants of SIRT demonstrate limited correlation with
longevity, SIRT1 does play an important role in age-related disease ultimately affecting
lifespan in humans.
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A genome wide association study for longevity-related traits among Framingham Study
participants revealed a strong association between age at death and SNPs intronic to FOXO1A,
a gene implicated in lifespan extension in animal models, and a known target of SIRT1
[100]. Similarly, genetic variations in other target genes of SIRT1, such as insulin-like growth
factor 1 (IGFI) and its receptor (IGFR [101]) and p53 [102], have been associated with
longevity in Ashkenazi Jewish centenarians and Danish populations, respectively. Overall,
association studies between genetic variants of SIRT and longevity in humans have yielded
limited information. Similar studies are needed within different long-lived populations.
Moreover, further studies on gene-environment and gene-diet interactions are warranted to
understand the genotype/phenotype relationships between SIRT polymorphisms and exposure
to SIRT modulators (such as the consumption of red wine). Last, but not least, the precise role
of sirtuins in disease development and prevention has yet to be elucidated.

Conclusions

Healthy aging and longevity depend upon successful and dynamic interactions among
biological, psychological, and environmental factors. We are just beginning to assimilate the
various findings for CR and sirtuin functions. Manipulation of genes such as sirtuins and their
downstream metabolic targets will unveil novel strategies for intervention and prevention
within age-associated diseases such as T2DM. Gene therapy, stem cells, and modulation of
sirtuins through functional foods, nutriceuticals, cosmeceuticals and lifestyle alterations,
including mild stress-induced hormesis, are examples of such strategies that may in the fullness
of time increase longevity and reduce disease burden.
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Figure 1. Role of sirtuins in diabetes

During calorie restriction, sirtuins inhibit insulin release in the pancreas and inhibit or prevent
B-cell degeneration, promote gluconeogenesis and insulin signaling, inhibit glycolysis and
adipose differentiation, and prevent ketogenesis. Overall, sirtuins promote metabolic
adaptations during diabetes.
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