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Abstract

Aging science has recently drawn much attention, and discussions on the possibility of anti-aging
medicine have multiplied. One potential target for the development of anti-aging drugs is the SIR2
(silent information regulator 2) family of NAD-dependent deacetylases/ADP-ribosyltransferases,
called “sirtuins.” Sirtuins regulate many fundamental biological processes in response to a variety
of environmental and nutritional stimuli. In mammals, the mammalian SIR2 ortholog SIRT1 has
been most studied, and small molecule SIRT1 activators (STACS), including a plant-derived
polyphenolic compound resveratrol, have been developed. On the other hand, sirtuin activity is
regulated by NAD biosynthetic pathways, and nicotinamide phosphoribosyltransferase (NAMPT)
plays a critical role in the regulation of mammalian sirtuin activity. Recent studies have provided a
proof of concept for the idea that nicotinamide mononucleotide (NMN), the NAMPT reaction
product, can be used a nutriceutical to activate SIRT1 activity. Based on these recent findings, the
possibility of sirtuin-targeted nutriceutical development will be discussed.
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Introduction

The 21st century is the era of pharmaceutical drug development. For example, in 2008 and
20009, the Lasker~DeBakey Clinical Medical Research Awards were given to the discovery of
the statins and the development of Gleevec (a.k.a Glivec), respectively. From 2000 to 2005,
the number of people purchasing statins increased from 15.8 million to 29.7 million, and the
total expenditures for statins in an outpatient setting rose from $7.7 billion to $19.7 billion
[1]. Based on Novartis’s media release, sales from Geevec/Glivec totaled $1.9 billion during
the first half of 2009. These trends are just the tip of an iceberg. Pharmaceutical companies are
now screening a myriad of compounds to target a variety of diseases, but only a tiny fraction
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of them become marketable drugs. In such pharmaceutical drug developments, there must
always be clear target diseases or symptoms, most commonly type 2 diabetes, cancer,
Alzheimer’s disease, atherosclerosis, and so on. But how about aging? Can aging per se be a
decent, reasonable target for pharmaceutical drug development? The majority of scientists who
are fully aware of the regulations and the hard reality of pharmaceutical drug development
would answer “no.” Nonetheless, discussions pertaining to anti-aging drugs and medicine have
multiplied in the recent past [2-4]. In these discussions, the concept of “anti-aging” connotes
aging as something that must be corrected by pharmaceutical interventions, as if aging is one
of many diseases that we face. Indeed, age-associated complications or pathological aspects
of aging can be considered reasonable, treatable targets of pharmaceutical drugs, making efforts
to develop drugs against age-associated complications exceedingly important in our
predominantly aging society. However, the idea of “anti-aging” drugs does not seem to well
suit the natural, physiological aspects of aging. Aging is a long, gradual process of functional
decline which might not necessarily connect to diseases that need to be treated. One might
think that it is more important to simply maintain better functionality throughout life than to
try to treat individual age-associated complications with the battery of different drugs, but how
can we achieve it? What scientific basis enables us to do so? To accomplish such a goal, we
need a unique way of thinking and type of approach. In this review article, I will first summarize
recent efforts to develop new drugs targeting the SIR2 (silent information regulator 2) family
of proteins, now called “sirtuins,” for the treatment of diseases of aging. | will then discuss a
new avenue of effective anti-aging interventions, namely, the possibility of neutriceuticals,
based on the evolutionarily conserved connection between NAD-dependent sirtuins and NAD
biosynthesis.

Development of small molecule sirtuin activators (STACs): A pharmaceutical
approach for diseases of aging

Over the past decade since the discovery of NAD-dependent deacetylase activity of sirtuins
[5-7], this novel connection between energy metabolism and protein deacetylation has inspired
many scientists. Ranging from bacteria to humans, numerous target proteins have been
identified for sirtuins, particularly for the mammalian SIR2 ortholog SIRT1. These studies
have firmly established that the evolutionarily conserved NAD-dependent deacetylase activity
of sirtuins regulates many fundamental biological processes in response to a variety of
environmental and nutritional stimuli [8,9]. Among these key processes, the regulation of aging
and longevity is clearly one of the most exciting aspects of sirtuin biology. In experimental
model organisms including yeast, worms, and flies, the dosage or the activity of SIR2 and its
orthologs determines the length of their life span [10-15]. In certain genetic backgrounds of
these organisms, sirtuins also mediate the life span-extending effect of caloric restriction, a
dietary regimen that retards aging and extends life span in a wide variety of organisms [13,
16-19]. Mammals have seven sirtuin family members, SIRT1-7, but concrete evidence
connecting alterations in mammalian sirtuin activity to aging and longevity is still awaited.
Nonetheless, recent studies have provided support for the notion that SIRT1 is involved in the
pathogenesis of age-associated complications, such as type 2 diabetes and Alzheimer’s disease,
and the induction of age-associated physiological changes [9,20-23]. These unique aspects of
SIRT1 function, already summarized and discussed in many review articles [20,22-25], have
raised a broad interest in sirtuin-targeted pharmaceutical interventions, particularly against age-
associated diseases.

David Sinclair and his colleagues pioneered the development of small molecule sirtuin
activators (STACSs) and reported that a group of polyphenolic compounds, including
resveratrol, activates the catalytic activity of SIR2 and its orthologs and extends the life spans
in yeast, worms, and flies [11,15]. Although this sirtuin-activating activity of resveratrol has
been shown to be dependent on specific peptide substrates with a covalently attached
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fluorophore invitro [26,27], two independent groups have provided in vivo evidence supporting
the efficacy of resveratrol to counteract detrimental effects of high-fat diet on metabolism and
other physiological parameters [28,29]. Resveratrol has also been shown to induce gene
expression profiles similar to those induced by every-other-day feeding, a regimen known to
convey physiological effects similar to those caused by caloric restriction, particularly in liver
and skeletal muscle [30]. Resveratrol has other pleiotropic effects on multiple diseases of aging,
including cardiovascular and neurodegenerative diseases [25,31]. More recently, new SIRT1-
activating non-polyphenolic compounds, which are 1,000-fold more potent than resveratrol,
have been developed [32]. These new STACs, particularly SRT1720, have so far been proven
to improve metabolic complications in several different rodent models [32-35], providing a
hope for the first anti-aging pharmaceutical drugs to treat pathological aspects of aging.

However, the development, evaluation, and usage of these STACs are still bound by the
pharmaceutical approach of targeting specific symptoms or diseases of aging [25,36]. Such an
approach does not provide any particular rationale for ordinary, healthy people to start taking
these drugs until they develop specific target diseases of aging. It is for this reason exactly why
nutriceuticals might better suit the physiological aspects of aging. Nutriceuticals are
compounds that naturally exist in our body and provide specific, essential systemic functions.
Their use as an anti-aging intervention stems from the idea that supplementing such essential
compounds is able to maintain better body functionality throughout life. While this definition
might sound like many other commercially available supplements, there is a strict distinction
between ordinary supplements and nutriceuticals: the requirement of solid scientific foundation
and rigorous clinical assessment. Omega-3 fatty acids, such as eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), are a recent case of nutriceutical development [37], and the
development of equol, an isoflavone derivative, could be another [38,39]. Can we learn from
such examples to develop effective sirtuin-targeting nutriceuticals to improve our body
functionality and prevent its decline? An important hint comes from the absolute requirement
of NAD for sirtuin enzymatic activity.

Promoting sirtuin activity by manipulating NAD biosynthesis: lessons from

yeast

The NAD-dependent nature of sirtuin deacetylase activity is highly conserved from bacteria
to mammals [40], suggesting an ancient and fundamental connection between NAD and
sirtuins. NAD biosynthetic pathways have been well characterized in prokaryotes [41] and
yeast [42,43]. In these organisms, NAD is synthesized by the de novo pathway via quinolinic
acid and by the salvage pathway via nicotinic acid [41] (Figure 1). In yeast, the de novo pathway
begins with tryptophan, which is converted to nicotinic acid mononucleotide (NaMN) through
six enzymatic steps and one non-enzymatic reaction [43]. Upon NaMN synthesis, the de
novo pathway converges with the salvage pathway. The salvage pathway begins with the
breakdown of NAD into nicotinamide and ADP-ribose that is primarily catalyzed by yeast
sirtuins, including SIR2 and HST1-4. Nicotinamide is then deamidated to nicotinic acid by a
nicotinamidase encoded by the PNC1 gene. Nicotinic acid phosphoribosyltransferase (NPT1)
converts nicotinic acid to NaMN, which is eventually converted to NAD through the sequential
reactions of nicotinamide/nicotinic acid mononucleotide adenylyltransferase (NMA1 and
NMAZ2) and NAD synthetase (QNS1).

In yeast, the NAD salvage pathway has been shown to play an important role in regulating
SIR2 activity [16,18,44]. Increased dosage of NPT1 increases SIR2-dependent transcriptional
silencing and extends the life span of yeast mother cells [44]. Consistent with this finding,
deletion of NPT1 causes a loss of SIR2-dependent silencing [45]. Importantly, PNC1 is induced
by different types of stress, including glucose restriction, low amino acids, heat stress, and
osmotic stress, and plays a critical role in promoting SIR2 activity and thereby life span in
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yeast [16], suggesting that PNC1 is a master regulator translating nutritional and environmental
stimuli to the regulation of aging in yeast [46]. It has recently been reported that nicotinamide
riboside (NR), another NAD precursor, promotes SIR2-dependent silencing and extends life
span in yeast through two novel NR salvage pathways [47,48]. These findings support the
intriguing idea that sirtuin activity can be manipulated by controlling NAD biosynthetic
pathways.

Nicotinamide phosphoribosyltransferase (NAMPT): The key connecting NAD
biosynthesis and sirtuin activity in mammals

Vertebrate NAD biosynthesis markedly differs from that of yeast and invertebrates. Mammals
predominantly use nicotinamide (a form of vitamin Bg) rather than nicotinic acid (another form
of vitamin Bg3) as a major precursor for NAD biosynthesis [49,50]. To initiate the NAD
biosynthetic pathway directly from nicotinamide, mammals utilize the unique enzyme
nicotinamide phosphoribosyltransferase (NAMPT) [51,52] (Figure 2). NAMPT is the rate-
limiting enzyme in the NAD biosynthesis pathway from nicotinamide, catalyzing the
conversion of nicotinamide and 5’-phosphoribosyl-1-pyrophosphate (5’-PRPP) to
nicotinamide mononucleotide (NMN). NMN is then converted to NAD by the second enzyme
in this pathway, nicotinamide/nicotinic acid mononucleotide adenylyltransferase (NMNAT).
In mammals, NMNAT has three different isoforms, NMNAT1-3, that are localized in the
nucleus, cytoplasm, and mitochondria, respectively [53].

The enzymatic activity of NAMPT was originally reported by Preiss and Handler in 1957
[54]. However, the gene encoding NAMPT was first identified in Haemophilus ducreyi in 2001
[55], revealing a surprising finding that bacterial NAMPT shows very high homology to
mammalian NAMPT (a.k.a. PBEF or visfatin). Indeed, NAMPT has an ancient origin as an
NAD biosynthetic enzyme. The entire pyridine nucleotide salvage cycle containing NAMPT,
NMNAT, and SIR2 homologues exists even in the vibriophage [56]. Despite its ancient origin,
NAMPT has a peculiar phylogenetic distribution. No other organisms between bacteria and
vertebrates have obvious homologs of NAMPT, with several exceptions [57]. Interestingly,
the organisms lacking NAMPT homologs, including yeast, worms, and flies, unanimously have
nicotinamidase (PNC1) homologues [58]. It is likely that the organisms that have
nicotinamidase use nicotinic acid as a precursor for NAD biosynthesis, while the organisms
that have NAMPT use nicotinamide as the main precursor for NAD biosynthesis. Because no
obvious homologues of PNC1 have been found in vertebrates [50], the presence of NAMPT,
which allows a more direct pathway for NAD biosynthesis from nicotinamide, clearly
distinguishes NAD biosynthesis in vertebrates from that in yeast and invertebrates.

In mammals, NAMPT has intra- and extracellular forms (iNAMPT and eNAMPT,
respectively). INAMPT is expressed in a wide variety of tissues and organs: highest in the
brown adipose tissue (BAT), liver, and kidney, intermediate in the heart, low in the white
adipose tissue (WAT), lung, spleen, testis, and skeletal muscle, and under a detectable level in
the pancreas and brain [59]. On the other hand, eNAMPT is positively secreted through a non-
classical secretory pathway by fully differentiated mouse and human adipocytes [59], as well
as rat and human primary hepatocytes [60]. eENAMPT exhibits robust, even higher NAD
biosynthetic activity compared to iNAMPT, likely contributing to the extracellular
biosynthesis of NMN. Therefore, both INAMPT and eNAMPT play a critical role in the
regulation of NAD biosynthesis at a systemic level in mammals.

Accumulating bodies of evidence have clearly shown that NAMPT-mediated NAD
biosynthesis regulates the activity of sirtuins, particularly SIRT1, in a variety of cellular and
physiological conditions. Increased dosage of INAMPT enhances total cellular NAD levels
and thereby SIRT1 activity in mouse fibroblasts [57]. Indeed, SIRT1 activity is regulated by
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NAMPT and NMNATZ1, the nuclear NMNAT isoform, at the target gene promoters where both
SIRT1 and NMNAT1 are recruited through their interaction [61]. The NAMPT/SIRT1
pathway also plays an important role in the regulation of cellular differentiation. In human
vascular smooth muscle cells (SMCs), INAMPT levels are up-regulated during SMC
maturation. Increased INAMPT promotes their maturation [62] and cellular life span [63,64]
by enhancing SIRT1 activity. In skeletal myoblasts, glucose restriction inhibits their
differentiation through the AMP-activated protein kinase (AMPK)-dependent induction of
Nampt expression and the resultant activation of SIRT1 [65]. The NAMPT/SIRT1 pathway
also mediates granulocyte colony-stimulating factor (G-CSF)-triggered granulocyte
differentiation in vitro and in vivo [66]. Furthermore, the connection between NAMPT-
mediated NAD biosynthesis and sirtuins plays a critical role in regulation of the stress response.
Increased iNAMPT protects cardiac myocytes from cell death by a SIRT1-mediated
mechanism [67]. NAMPT levels in the heart significantly decrease in several
pathophysiological conditions, including ischemia, ischemia/reperfusion, and pressure
overload, and heart-specific Nampt transgenic mice prevent this reduction in NAMPT levels
and thereby oppose to cardiac damages and apoptosis induced by prolonged ischemia and
ischemia/reperfusion [68]. Under genotoxic stress, increased iNAMPT maintains NAD levels
in mitochondria and protects cells from cell death through activation of the mitochondrial
sirtuins SIRT3 and SIRT4 [69].

NAMPT-mediated NAD biosynthesis also provides a novel layer of metabolic regulation
through SIRT1 and other sirtuins. In pancreatic 3 cells, both SIRT1 and NAMPT-mediated
NAD biosynthesis play important roles in the regulation of glucose-stimulated insulin secretion
[59,70,71]. More recently, we and others have demonstrated that the NAMPT/SIRT1 pathway
modulates circadian transcriptional regulation through a novel circadian clock feedback loop
in which NAD functions as a metabolic oscillator and regulates the core clock machinery
through SIRT1 [72,73]. NAMPT-mediated NAD biosynthesis also regulates SIRT5 activity
in mitochondria in response to low nutritional input [74]. Therefore, the connection between
NAD biosynthesis and sirtuins is evolutionarily universal and important, and in mammals, the
intimate connection between NAMPT-mediated NAD biosynthesis and sirtuins comprises a
critical regulatory network for the regulation of many fundamental biological processes at a
systemic level.

A possibility of nutriceuticals as an anti-aging intervention: promoting
mammalian sirtuin activity by administering key NAD intermediates

As summarized above, it is now clear that NAMPT-mediated NAD biosynthesis regulates
sirtuin activity, particularly SIRT1 activity, in a number of different cellular and physiological
conditions. Therefore, it is conceivable that activating SIRT1 by promoting NAD biosynthesis
could be another efficient anti-aging intervention (Figure 3). One way to promote NAD
biosynthesis and SIRT1 activity in mammals is to use key NAD intermediates, such as NMN
and NR, as nutriceuticals. Using NAD itself is probably not a viable idea because NAD
administration causes serious hyperglycemia in mice (our unpublished observation) likely due
to the stimulation of glycogenolysis in the liver [75]. The idea to supply key NAD intermediates
has been brought to the field by a series of our own studies in which we have administered
NMN to multiple mouse models of metabolic complications. One of these models was
Nampt-heterozygous (Nampt*/~) mice [52,59]. Whereas Nampt-homozygous (Nampt~/~) mice
are lethal around embryonic day 10.5, Nampt*/~ mice are born and grow normally through
adulthood. Interestingly, Nampt*/~ females develop moderately impaired glucose tolerance
due to a significant defect in glucose-stimulated insulin secretion. Consistent with this
phenotype, primary islets isolated from Nampt*/~ mice exhibit defects in NAD biosynthesis
and insulin secretion. These defects in glucose-stimulated insulin secretion observed in
Nampt*/~ mice and islets are fully ameliorated by NMN administration. Another model was
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the BESTO (pancreatic f cell-specific SIRT1-overexpressing) transgenic mouse [71,76].
Young BESTO mice exhibit significantly enhanced glucose-stimulated insulin secretion and
improved glucose tolerance. However, these phenotypes are lost completely by 18-24 months
of age. Even though SIRT1 protein levels remain overexpressed in old BESTO islets, its
activity decreases. The loss of SIRT1 activity in old BESTO islets appears to be due to an age-
associated decrease in NAMPT-mediated systemic NAD biosynthesis [76]. Consistent with
this notion, NMN administration to aged BESTO mice is able to restore the original phenotypes
apparent in young BESTO mice. NMN administration is also able to restore significantly higher
levels of glucose-stimulated insulin secretion to aged wild-type mice. Given that a progressive
age-associated decline in f cell function has been suggested to be one of the major contributing
factors to the pathogenesis of type 2 diabetes [77-79], promoting NAD biosynthesis and SIRT1
activity by NMN could be a novel preventive/therapeutic approach to maintain the functionality
of pancreatic  cells.

An idea similar to that just proposed for pancreatic {3 cells might be applicable to neurons as
both cell types have such low levels of INAMPT that they must rely on an extracellular source
of NAD intermediates to maintain sufficient NAD biosynthesis [21]. Considering that one of
the triad symptoms in pellagra, vitamin B3 deficiency, is dementia [80], it is plausible that the
age-associated decline in NAMPT-mediated systemic NAD biosynthesis causes neurological
problems. If this is the case, it will be of great interest to examine whether NMN administration
is also able to improve age-associated neurological complications in mammals.

Taken together, our findings have provided evidence for the notion that applying endogenous
NAD intermediates can be an effective anti-aging nutriceutical approach. The intimate
connection between NAD biosynthesis and sirtuin activity suggests that promoting NAD
biosynthesis by nutriceutical NMN application could effectively enhance sirtuin activity at a
systemic level and maintain better body functionality, particularly the functionality of key cell
types, such as pancreatic p cells and neurons, throughout our entire lives [21] (Figure 3). Such
an approach is well-suited to deal with the natural, physiological aspects of aging, as well as
the pathophyiological aspects of aging. The efficacy of NMN is currently being assessed for
age-associated metabolic alterations in mice, which will hopefully lead to testing this key NAD
intermediate in humans in the near future.

Concluding remarks

Societies in most advanced countries are now experiencing serious issues to accommodate
their large populations of aging baby boomers. Considering a frightening increase in medical
expenses required for the elderly, it is indeed urgent to develop effective, affordable anti-aging
interventions to maximize the duration of high quality of life. The biology of sirtuins and NAD
biosynthesis provides a substantial opportunity to think about how to achieve this challenging
goal. In this regard, the development of effective, scientifically sound nutriceutical
interventions provides a reasonable option to deal with physiological, as well as pathological,
aspects of aging in this new arena of anti-aging medicine. More rigorous investigation on key
NAD intermediates and sirtuin-related biology will hopefully make this dream a reality.
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Figure 1.

The de novo and salvage NAD biosynthetic pathways in the budding yeast Saccharomyces
cerevisiae. Pncl, Nptl, Nmal and Nma2, Qns1, and Qptl are nicotinamidase, nicotinic acid
phosphoribosyltransferase, nicotinic acid mononucleotide adenylyltransferase 1 and 2, NAD
synthetase, and quinolinic acid phosphoribosyltransfease, respectively. This pathway is also
conserved in C. elegans, Drosophila and other invertebrates. Nic, nicotinamide; NA, nicotinic
acid; NaMN, nicotinic acid mononucleotide.
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Figure 2.

NAD biosynthetic pathways from nicotinamide and nicotinic acid in mammals. The de novo
pathway from tryptophan is not shown in this scheme. These pathways, are conserved
throughout vertebrates. Nicotinamide is the main precursor for NAD biosynthesis in mammals.
NPT, NAMPT, and NMNAT are nicotinic acid phosphoribosyltransferase, nicotinamide
phosphoribosyltransferase, and nicotinamide/nicotinic acid mononucleotide
adenylyltransferase, respectively. Multiple enzymes break NAD down to nicotinamide and
ADP-ribose, but only sirtuins are shown in this scheme. Nic, nicotinamide; NA, nicotinic acid;
NaMN, nicotinic acid mononucleotide; NMN, nicotinamide mononucleotide.
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Figure 3.

Sirtuin-targeted nutriceutical and pharmaceutical anti-aging interventions. Whereas small
molecule sirtuin activators (STACS) aim to treat pathological aspects of aging as
pharmaceutical drugs, key NAD intermediates, such as nicotinamide mononucleotide (NMN)
and nicotinamide riboside (NR), can be used to manage physiological aspects of aging and
prevent functional declines in particular cell types, including pancreatic (3 cells and neurons,
as nutriceuticals. See text for details.
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