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Abstract

For the past several years, it has been demonstrated that the NAD-dependent protein deacetylase
Sirtl and nicotinamide phosphoribosyltransferase (Nampt)-mediated systemic NAD biosynthesis
together play a critical role in the regulation of metabolism and possibly aging in mammals. Based
on our recent studies on these two critical components, we have developed a hypothesis of a novel
systemic regulatory network, named “NAD World”, for mammalian aging. Conceptually, inthe NAD
World, systemic NAD biosynthesis mediated by intra- and extracellular Nampt functions as a driver
that keeps up the pace of metabolism in multiple tissues/organs, and the NAD-dependent deacetylase
Sirtl serves as a universal mediator that executes metabolic effects in a tissue-dependent manner in
response to changes in systemic NAD biosynthesis. This new concept of the NAD World provides
important insights into a systemic regulatory mechanism that fundamentally connects metabolism
and aging and also conveys the ideas of functional hierarchy and frailty for the regulation of metabolic
robustness and aging in mammals.
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Introduction

For the past couple of decades, aging research has rapidly gained momentum, and studies using
experimental model organisms, such as yeast, worms, and flies, have identified a number of
evolutionarily conserved regulators and signaling pathways for the control of aging and
longevity. One such pathway is insulin/insulin-like growth factor-1 (IGF-I) signaling (I1S)
(1-4). The importance of 1S pathways for the regulation of aging and longevity has been
established in worms and flies (3,4). Although the significance of 1IS pathways still remains
to be determined in mammals, the growth hormone (GH)/IGF-I axis has drawn much attention
in the field of aging research mainly because naturally occurring or genetically engineered
mutant mice that have defects in the production of GH or in GH/IGF-I signaling exhibit delayed
aging and significant life span extension (1,2). Another critical regulator for aging and
longevity is the Sir2 (silent information regulator 2) protein family of NAD-dependent protein
deacetylases/ADP-ribosyltransferases, called “sirtuins” (5,6). In 2000, Leonard Guarente and
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| demonstrated that yeast and mammalian Sir2 proteins have NAD-dependent deacetylase
activity and that this activity is essential for the longevity control in yeast (7). Since this first
discovery, it has been demonstrated that Sir2 orthologs play an important role in the regulation
of aging and longevity in worms and flies (8,9), and sirtuin biology has been exploding in many
different research areas from bacteria to humans (6,10-12).

A major focus in the current field of aging research is to examine whether those signaling
pathways and regulators, as well as newly identified ones, also regulate mammalian aging and
longevity. In mammals, however, multiple organs and tissues communicate through a variety
of hormones and metabolites in a more complex manner, and therefore, untangling these
complex interplays between tissues/organs and drawing a blueprint of a systemic regulatory
network for mammalian aging still remains as a big challenge. To achieve this ultimate goal
and understand the regulatory mechanism of mammalian aging at a systemic level, there are
several fundamental questions that need to be addressed: 1) In the presumed hierarchical
structure of the systemic aging-regulatory network, which tissues/organs play a dominant role
in the regulation of aging and longevity in mammals? 2) If there are such “control centers of
aging,” it is highly likely that they use certain hormones or humoral factors to communicate
with other tissues/organs and govern the pace of aging through the body. If so, what are those
“aging-regulatory” hormones or humoral factors? 3) Are there any universal molecular
regulators for the production and/or the secretion of the presumed “aging-regulatory” hormones
or humoral factors?

There is still a long way to go for clear answers to these fundamental questions. Nevertheless,
our recent studies on the roles of the mammalian NAD-dependent deacetylase Sirt1 and
mammalian NAD biosynthetic pathways in the regulation of metabolism and aging have
provided critical insights to develop a hypothesis of a novel systemic regulatory network,
named “NAD World”, for mammalian aging (13). Conceptually, the NAD World is comprised
of two critical components: nicotinamide phosphoribosyltransferase (Nampt)-mediated
systemic NAD biosynthesis as a driver that keeps up the pace of metabolism, and the NAD-
dependent deacetylase Sirtl as a mediator that executes regulatory effects in various tissues in
response to changes in systemic NAD biosynthesis. In this review, | will first summarize the
physiological significance of Sirtl function and Nampt-mediated systemic NAD biosynthesis
in the regulation of metabolism and aging and then introduce the concept of the “NAD World.”

Sirtl, a key mediator that coordinates metabolic responses to nutritional
availability in various tissues

Sir2 family proteins, called “sirtuins,” have been implicated in the regulation of aging and
longevity in experimental model organisms, such as yeast, worms, and flies (5,6). In those
organisms, the dosage or activity of Sir2 proteins determines the length of their life spans, and
in certain genetic backgrounds, Sir2 proteins also play an important role in the life span-
extending effect of caloric restriction (CR), a dietary regimen that has been demonstrated to
retard aging and extend life span in a wide variety of organisms (14). Mammals have seven
sirtuin members, named Sirt1 through Sirt7, and Sirt1 is the mammalian ortholog of the founder
protein Sir2 in budding yeast (6,15,16). Although it is still unclear whether Sirtl regulates
aging and longevity in mammals, increasing lines of evidence have firmly established that Sirt1
plays critical roles in the regulation of metabolism in response to changes in nutritional
availability in multiple tissues (Figure 1).

In the liver, Sirtl regulates the gluconeogenic and glycolytic pathways in response to fasting
by interacting with and deacetylating PGC-1a, a key transcriptional regulator of glucose

production, in an NAD-dependent manner (17,18). Sirt1 also regulates cholesterol metabolism
by deacetylating and activating LXRa, a critical nuclear receptor that controls cholesterol and
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lipid homeostasis (19). In skeletal muscle, Sirt1l-mediated PGC-1a deacetylation is required to
induce mitochondrial fatty acid oxidation genes in response to nutrient deprivation (20).
Additionally, in skeletal myotube cells, it has been reported that Sirt1 contributes to the
improvement of insulin sensitivity through the transcriptional repression of the protein tyrosine
phosphatase 1B (PTP1B) gene (21). In white adipose tissue, Sirtl triggers lipolysis and
promotes free fatty acid mobilization in response to fasting by repressing PPARy, a nuclear
receptor that promotes adipogenesis (22). Furthermore, Sirt1 appears to regulate the production
and/or the secretion of adipokines, such as adiponectin, through the regulation of FOXO1 and
PPARYy (23,24). In pancreatic B cells, we and others have demonstrated that Sirtl promotes
glucose-stimulated insulin secretion in part by repressing the expression of uncoupling protein
2 (Ucp2), a mitochondrial proton transporter that uncouples respiration from ATP production,
and increasing cellular ATP levels (25,26). Indeed, pancreatic 3 cell-specific Sirtl-
overexpressing (BESTO) transgenic mice show enhanced insulin secretion and improved
glucose tolerance in response to glucose challenge (26). These findings clearly suggest that
Sirtl mediates multiple physiological responses to changes in nutritional input in various
tissues and integrates them into a coordinated metabolic response at a systemic level.

Most recently, two groups have reported that Sirtl regulates the circadian clock oscillatory
mechanism and affects the expression of circadian clock genes (27,28). Sirtl forms a complex
with Clock and Bmal1l, key regulators of the circadian clock that heterodimerize and activate
transcription of target genes, including the Period (Perl, 2, and 3) and Cryptochrome (Cryl
and 2) genes, through E-box cis-regulatory elements (29). Although there are some
discrepancies between results from these groups, Sirtl deacetylates Bmall or Per2 proteins
and regulates the amplitude and the duration of circadian gene expression. Because the core
molecular clock machinery has been demonstrated to be one of the most powerful modifiers
of metabolism (30), it is likely that Sirtl might provide another layer of metabolic regulation
through the epigenetic control of the core circadian clock oscillatory mechanism.

The findings that Sirtl mediates a variety of metabolic effects in response to nutritional cues,
particularly to low nutritional input, and coordinates the production and the secretion of key
metabolic hormones, such as insulin and adiponectin, and essential metabolites, such as
glucose, cholesterol, and fatty acids, place this protein at a central position as the universal
molecular regulator that likely plays a critical role in the systemic regulation of aging and
longevity in mammals. This notion has been confirmed, at least in part, by the studies on the
significance of Sirtl in the induction of physiological responses to CR. For example, Sirt1-
deficient mice do not exhibit the CR-induced increase in physical activity (31). It has also been
reported that Sirtl-deficient mice are metabolically inefficient and unable to adapt to CR
normally (32). On the other hand, the whole-body Sirt1 transgenic mice display phenotypes
that mimic some of the physiological changes in response to CR, including decreased blood
insulin and glucose levels, improved glucose tolerance, reduced fat mass and circulating free
fatty acid and leptin levels, reduced total blood cholesterol levels, enhanced oxygen
consumption, and improved activity in rotarod assays (33). These findings provide strong
support for the function of Sirtl as the universal mediator that may integrate a variety of
metabolic responses to the systemic regulation of aging and longevity in mammals.

An interesting question is how Sirt1 as a metabolic regulator could be evolved for the regulation
of aging and longevity. One possible explanation is that Sir2 orthologs including Sirtl might
have been selected through evolution to have individuals survive through famine or other
nutritionally scarce conditions until the environment changes to a more favorable one for
reproduction (34). Because Sir2 orthologs translate the availability of NAD, essentially the
currency of energy metabolism, to transcriptional regulation of genes important for metabolic
adaptation, Sirtl might have been placed at a center of this survival-assurance metabolic
program through the process of natural selection. Therefore, through the evolution of this
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particular metabolic program that assures longer survival under nutritionally scarce conditions,
Sirtl might have been evolved to be the universal molecular regulator that is capable of delaying
aging and extending life span as the consequence of assuring longer survival in mammals.
Comparative studies on Sirtl in diverse mammalian species might provide important clues to
the evolutional aspect of Sirtl function as the universal molecular regulator that connects
metabolism and aging in mammals.

Systemic NAD biosynthesis mediated by intra- and extracellular nicotinamide
phosphoribosyltransferase (Nampt)

While Sirtl executes its metabolic effects by interacting with specific transcriptional regulators
in a tissue-dependent manner, NAD biosynthesis appears to provide a more global regulatory
mechanism that fine-tunes Sirtl enzymatic activity and coordinates its effects at a systemic
level. Particularly, Nampt plays a central role in the systemic regulation of NAD biosynthesis
inmammals. In this section, I will summarize recent findings on this unique enzyme and discuss
the importance of Nampt-mediated systemic NAD biosynthesis in mammals.

NAD is synthesized from three major precursors —tryptophan, nicotinic acid, and nicotinamide
(35-37). The latter two are different forms of vitamin Bs3. In lower eukaryotes and invertebrates,
such as yeast, worms, and flies, nicotinic acid is used as a major NAD precursor (Figure 2A)
(36,37). In these organisms, nicotinamide, which is produced from the breakdown of NAD,
undergoes deamidation to nicotinic acid, a reaction catalyzed by a nicotinamidase encoded by
the Pncl gene (Figure 2A) (38,39). While the pathways starting from tryptophan and nicotinic
acid are highly conserved in mammals, these animals predominantly use nicotinamide as a
precursor for NAD biosynthesis (35-37). Indeed, the administration of radiolabeled
nicotinamide and nicotinic acid to mice has clearly shown that nicotinamide is a better precursor
of NAD than nicotinic acid and that nicotinic acid is rapidly cleared by being converted to
nicotinamide and excreted as nicotinuric acid (40).

The NAD biosynthetic pathway from nicotinamide is initiated by a unique enzyme, Nampt
(Figures 2B and 2C). In mammals, Nampt catalyzes the conversion of nicotinamide to
nicotinamide mononucleotide (NMN) (Figure 2C), which is then converted to NAD by
nicotinamide/nicotinic acid mononucleotide adenylyltransferase (Nmnat) (Figure 2B). We and
other groups have characterized the biochemical and structural features of Nampt and have
firmly established that Nampt belongs to a dimeric class of type Il phosphoribosyltransferases
(41-46). Strangely, despite the fact that Nampt has ancient origins as an NAD biosynthetic
enzyme, no organisms between bacteria and vertebrates have obvious homologs of Nampt,
except for a few species (43, 44). Nonetheless, the homology of Nampt proteins between
bacteria and vertebrates is unusually high (43). Because no obvious homologs of Pncl have
been found in vertebrates (37, 39), the presence of Nampt, which allows a more direct pathway
for NAD biosynthesis from nicotinamide, clearly distinguishes NAD biosynthesis in mammals
from that in yeast and invertebrates.

Interestingly, it has been shown that Nampt has both intra- and extracellular forms (iNampt
and eNampt, respectively) in mammals (36). While the function of iNampt has been firmly
established as an NAD biosynthetic enzyme, the function of eNampt has been a matter of debate
(36,47-49). We have recently demonstrated that eNampt exhibits robust, even higher NAD
biosynthetic activity compared to iNampt (50). eNampt has also been documented as a
presumptive cytokine named PBEF (51) or a controversial insulin-mimetic hormone named
visfatin (52). Although eNampt clearly shows a cytokine-like function that does not require its
enzymatic activity (53), careful assessments will be necessary to distinguish these different
functions of eNampt in each biological context. Indeed, the function originally reported as
PBEF has not been reconfirmed to date, and the original visfatin paper has recently been
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retracted because of the irreproducibility of the results (54). Additionally, to avoid the
confusing nomenclatures of Nampt/PBEF/visfatin, Nampt has recently been approved as the
official nomenclature of the protein and the gene by both the HUGO Gene Nomenclature
Committee (HGNC) and the Mouse Genome Nomenclature Committee (MGNC). Therefore,
Nampt will be used throughout this review.

We have recently demonstrated that NAD biosynthesis mediated by iNampt and eNampt plays
a critical role in the regulation of glucose-stimulated insulin secretion (GSIS) in pancreatic
cells (50). Interestingly, Nampt heterozygous (Nampt*/-) female mice show impaired glucose
tolerance due to a defect in GSIS, while males do not show these phenotypes. Primary
Nampt*/~ islets also show defects in NAD biosynthesis and GSIS. These phenotypes in
Nampt*/- mice and islets can be completely ameliorated by administration of NMN, suggesting
that the observed defects in GSIS are due to a lack of Nampt-mediated NAD biosynthesis.
Consistent with these results, FK866, a potent Nampt inhibitor, significantly inhibits NAD
biosynthesis and GSIS inisolated wild-type primary islets, and administration of NMN restores
normal NAD biosynthesis and GSIS in FK866-treated wild-type primary islets. Surprisingly,
only Nampt*/~ females, but not males, show reduced plasma levels of eNampt and NMN
(50). This disparity in plasma eNampt and NMN levels between Nampt*/- males and females
provides a logical explanation to why only Nampt*/- females show defects in glucose
metabolism and why NMN administration can restore normal function in those females. These
findings strongly suggest that Nampt-mediated NAD biosynthesis plays an important role in
the regulation of glucose homeostasis and also that the maintenance of high NMN levels by
eNampt in blood circulation is critical for normal B cell function, probably because pancreatic
islets have very low levels of iNampt compared to other tissues (50).

This study has provided a novel physiological framework of systemic NAD biosynthesis
(Figure 3) (13,50). While NMN is synthesized from nicotinamide by iNampt in a variety of
tissues/organs, a significant amount of NMN may also be synthesized by eNampt in blood
circulation and distributed to organs/tissues through blood circulation. We are now able to
detect NMN as well as other NAD intermediates in both mouse and human plasma
(unpublished observations). Therefore, it will be of great importance to elucidate how exactly
NMN is synthesized in mouse and human plasma. Once NMN gets to each tissue, NMN is
transported from blood circulation to the inside of cells and converted rapidly to NAD by
Nmnat. Based on our studies with pancreatic islets (50), exogenous NMN clearly stimulates
intracellular NAD biosynthesis, suggesting that there must be a transporter for the uptake of
NMN. Currently, nothing has been known for this putative NMN transporter, and therefore,
further studies will be required to identify the NMN transporter.

Inside the cell, NAD biosynthesis might be compartmentalized because there are three different
forms of Nmnat, Nmnat1-3, which are localized in the nucleus, cytoplasm, and mitochondria,
respectively (35). Indeed, this particular idea has long been discussed (55,56), and it has also
been suggested that the rapid turnover of NAD occurs in a compartment in which the NAD
does not equilibrate with the pyridine nucleotide involved in glycolysis, such as NADH (55).
Therefore, it will also be of great importance to examine how NAD biosynthesis is regulated
in each subcellular compartment as well as in an extracellular compartment, and this could be
a separate critical issue from how NAD/NADH ratio is regulated in these compartments.
Alterations in NAD levels could affect activities of important enzymes in metabolic pathways,
such as glycolysis or fatty acid oxidation, and other NAD-consuming enzymes, such as NAD-
dependent sirtuins, poly(ADP-ribose)polymerases (PARPs), and non-sirtuin mono-ADP-
ribosyltransferases. In the following section, I will focus on the connection between Sirtl and
Nampt-mediated NAD biosynthesis, partly because we have shown that Nampt-mediated NAD
biosynthesis plays an important role in the regulation of Sirtl activity (43,57). Nonetheless, it
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does not exclude a possibility that Nampt-mediated systemic biosynthesis is also important for
the regulation of other NAD-dependent enzymes.

The extracellular biosynthesis and the distribution of NMN through blood circulation may be
particularly important for organs/tissues that do not have sufficient levels of iNampt to
synthesize NAD from nicotinamide. Based on our findings described above, pancreatic B cells
are definitely one such tissue. For pancreatic B cells, circulating NMN functions as an essential
plasma metabolite that can modulate their insulin-secreting function through NAD
biosynthesis (50). It will be of great interest to examine the role of circulating NMN in other
tissues that also have low levels of iNampt, such as brain (50). Given that fully differentiated
adipocytes are natural produces of eNampt (50), adipose tissue may play an important role in
the regulation of metabolic functions of those tissues through secretion of eNampt and
extracellular biosynthesis of NMN (see Figure 4). Although further investigation will be
necessary, Nampt-mediated systemic NAD biosynthesis might function as a global regulatory
mechanism that coordinates the pace of metabolism and possibly aging at a systemic level.

NAD World: A new systemic regulatory network for metabolism and aging

As summarized above, Sirtl and Nampt-mediated systemic NAD biosynthesis together play
acritical role in the regulation of metabolism and possibly aging in mammals. Nampt-mediated
systemic NAD biosynthesis functions as a driver or a pacemaker that keeps up the pace of
metabolism in tissues/organs through intra- and extracellular biosynthesis of NMN, and the
NAD-dependent deacetylase Sirtl serves as a universal mediator that executes metabolic
effects in various tissues in response to changes in systemic NAD biosynthesis. These two
critical components comprise a novel systemic regulatory network for metabolic regulation in
mammals, named “NAD World” (Figure 4). This new concept of the NAD World also provides
important insights into a systemic regulatory mechanism that fundamentally connects
metabolism and aging in mammals.

The NAD World functions to orchestrate metabolic responses to a variety of nutritional and
environmental cues, contributing to the maintenance of the robustness of metabolic regulation
at a systemic level (Figure 4). However, every system has a frailty point. In the NAD World,
frailty points are tissues/organs that rely on circulating NMN to maintain adequate levels of
NAD biosynthesis because of their very low levels of iNampt. Among those tissues/organs,
pancreatic B cells and brain (neurons), both of which have very low levels of iNampt (50), are
likely the most critical frailty points because of their systemic impacts on many other tissues/
organs. If systemic NAD biosynthesis starts declining, these two frailty points would respond
first to this change and start having functional problems due to inadequate NAD biosynthesis
and thereby reduced Sirt1 activity (Figure 5). We have recently found that plasma NMN levels
measured by HPLC significantly decrease over age in both male and female mice (57). This
reduction in systemic NAD biosynthesis significantly decreases Sirtl activity in pancreatic 3
cells and abolishes all phenotypes of enhanced  cell function in aged BESTO mice. Strikingly,
administration of NMN significantly enhances GSIS in both aged wild-type control and
BESTO female mice (57). Aged BESTO females show a further increase in GSIS compared
to controls so that improved glucose tolerance, which used to be observed in younger BESTO
mice (26), is restored in aged BESTO females (57). Similar to the case of the Nampt*/- males
(50), the aged BESTO males do not respond to NMN administration, and further investigation
will be necessary to clarify this sex-dependent difference. Nonetheless, these findings strongly
suggest that Nampt-mediated systemic NAD biosynthesis declines over age, resulting in
reduced Sirtl activity and GSIS in aged p cells.

In pancreatic {3 cells, a decrease in systemic NAD biosynthesis causes reduced insulin secretion
and impaired glucose tolerance, as demonstrated in Nampt*/- mice (50), and possibly type 2
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diabetes when the problem persists (Figure 5). Indeed, a progressive age-associated decline in
B cell function has been suggested to be one of the major contributing factors to the pathogenesis
of type 2 diabetes, one of the major age-associated complications in our modern society
(58-60). Therefore, although further investigation will be necessary to examine whether the
age-associated decline in Nampt-mediated systemic NAD biosynthesis also causes f cell
dysfunction in humans, pancreatic f cells are definitely an important frailty point in the NAD
World that is susceptible to changes in Nampt-mediated systemic NAD biosynthesis. Then,
how about brain or neurons? Interestingly, it has long been known that one of the triad
symptoms in pellagra, the vitamin B3 deficiency, is dementia (61). Therefore, in brain, it is
likely that the age-associated decline in systemic NAD biosynthesis causes functional deficits
in neurons and results in neurological problems, including dementia (Figure 5). Whereas the
role of Sirtl in the central nervous system has not been fully investigated yet, it is conceivable
that Sirtl might regulate critical molecular processes in brain that connects metabolism and
aging in response to changes in systemic NAD biosynthesis (Figure 4). Investigation is
currently underway to identify such Sirtl-mediated key molecular processes in brain. Once
pancreatic B cells and neurons start having functional problems due to inadequate NAD
biosynthesis, other peripheral tissues/organs would also be affected through insulin secretion
and central metabolic regulation so that the metabolic robustness would gradually deteriorate
over age at a systemic level. This cascade of robustness breakdown triggered by a decrease in
systemic NAD biosynthesis might be the central process of aging (Figure 5). In this regard,
aging is not a plethora of random events, but the process that occurs according to a functional
hierarchy determined by the susceptibility (frailty) to systemic NAD biosynthesis. Pancreatic
B cells and neurons, two major cell types that cause serious age-associated complications, are
placed at the top of this functional hierarchy due to their frailty in the system of the NAD
World.

The concept of the NAD World indicates an important direction to seek the answers to the
three questions cast at the beginning of this review. First, which tissues/organs play a dominant
role in the regulation of aging and longevity in mammals? In the NAD World, pancreatic
cells and brain (neurons) are the most attractive candidates due to their susceptibility to changes
in systemic NAD biosynthesis and their importance in metabolic regulation. Of course, these
two tissues have complex interactions with other tissues/organs for metabolic regulation, and
therefore this notion does not exclude the importance of other tissues/organs in the regulation
of aging and longevity. Nonetheless, their frailty to systemic NAD biosynthesis is key to
connect the functional hierarchy in the NAD World to the regulation of aging in mammals.
Second, what are “aging-regulatory” hormones or humoral factors? As well as a variety of
hormones, novel metabolites in blood circulation, such as NMN, may function as such “aging-
regulatory” factors. Given that circulating NMN is produced by eNampt mainly secreted by
adipose tissue (50), there might be a feedback regulatory mechanism by which the production
and the secretion of Nampt is regulated among pancreatic p cells, adipose tissue, and brain. It
will also be of great importance to examine whether NMN administration can prevent or treat
age-associated complications and possibly cause delayed aging and the extension of life span.
Third, are there any universal molecular regulators for the production and/or the secretion of
the presumed “aging-regulatory” hormones or humoral factors? In the NAD World, Sirtl is at
the central position as the major universal molecular regulator that plays a critical role in the
systemic regulation of aging and longevity in mammals, as discussed in this review. However,
other mammalian sirtuin members might also function as such universal regulators that connect
metabolism and aging (15,16). Further studies will reveal the importance of other mammalian
sirtuin members in the NAD World.

The concept of the NAD World also conveys the ideas of functional hierarchy and frailty for
the systemic regulation of metabolic robustness and aging. Given that effective trade-offs
between robustness and frailty have been suggested in a highly optimized tolerance (HOT)
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architecture underlying complex biological networks, such as metabolism (62-64), whether
improving the frailty by simply enhancing Sirt1 activity always increases the entire robustness
of our physiological system still remains unclear. For example, while the system could become
more robust against nutritional perturbation by enhancing Sirtl activity, it could become more
fragile to an unexpected perturbation, such as virus infection (63). This possibility might be
well illustrated by the physiological effects of CR. As discussed in the previous section, it has
been shown that Sirtl is required for the metabolic adaptation to CR (31,32) and also that
increasing Sirtl dosage partially mimics the physiological responses to CR (33). Therefore,
Sirtl activity seems to be enhanced in CR, possibly through an increase in Nampt-mediated
NAD biosynthesis in response to low nutritional input (43,65). On the other hand, it has also
been reported that calorically restricted animals show reduced natural killer cell function and
increased mortality in response to influenza virus infection (66-68). Therefore, detailed
analysis of the system structure and its dynamics of the NAD World will be critical before
trying to intervene the complex systemic regulatory network for aging and longevity in
mammals. Nonetheless, in the next several years, this new NAD World will be further explored,
and it may not be so long before we find a way to reverse-engineer this complex system and
thereby achieve “productive aging” in our society.
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Mammalian Sirtl as a key mediator that coordinates metabolic responses to nutritional
availability in various tissues and organs. Sirtl regulates the activity of key metabolic
transcription factors, such as PGC-1a, LXRa, PPARY, and FOXOL1, and the expression of

important effecter genes, such as PTP1B and Ucp2, and mediates diverse metabolic responses

in organ/tissue-dependent manners.
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Figure 2.

Major NAD biosynthetic pathways in lower eukaryotes and invertebrates vs. mammals and
the enzymatic reaction of nicotinamide phosphoribosyltransferase (Nampt). (A) The NAD
biosynthetic pathway in the budding yeast Saccharomyces cerevisiae and invertebrates, such
as C. elegans and Drosophila. The de novo pathway from tryptophan is not shown in this
scheme. Pncl, nicotinamidase; Npt1, nicotinic acid phosphoribosyltransferase; Nmal and
Nmaz2, nicotinic acid mononucleotide adenylyltransferase 1 and 2; Qns1, NAD synthetase;
Sir2, silencing information regulator 2; Nic, nicotinamide; Na, nicotinic acid; NaMN, nicotinic
acid mononucleotide. (B) The NAD biosynthetic pathway from nicotinamide in mammals. The
pathways from tryptophan and nicotinic acid are not shown in this scheme. Sirtl and other
mammalian sirtuins are representative enzymes that catalyze NAD for their enzymatic
activities. Nampt, nicotinamide phosphoribosyltransferase; Nmnat, nicotinamide
mononucleotide adenylyltransferase; NMN, nicotinamide mononucleotide. (C) The reaction
catalyzed by Nampt. PRPP, 5-phosphoribosyl 1-pyrophosphate; PPi, inorganic pyrophosphate.
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Figure 3.

Systemic NAD biosynthesis mediated by intra- and extracellular Nampt. See texts for details.
NMN, nicotinamide mononucleotide; iNampt and eNampt, intra- and extracellular
nicotinamide phosphoribosyltransferase; Nmnat, nicotinamide/nicotinic acid mononucleotide
adenylyltransferase.
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A conceptual scheme of the NAD World. The NAD World is a novel systemic regulatory
network for metabolism and aging that is comprised of two critical components: Nampt-
mediated systemic NAD biosynthesis (see Figure 3) as a driver that keeps up the pace of
metabolism in tissues/organs and the NAD-dependent deacetylase Sirtl (see Figure 1) as a

Page 15

universal mediator that executes metabolic effects in various tissues in response to changes in

systemic NAD biosynthesis. See texts for details.
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Figure 5.

A model of mammalian aging as the process of robustness breakdown triggered by a decline
in systemic NAD biosynthesis. Pancreatic 3 cells and neurons are likely the most critical frailty
points in the NAD World due to their very low levels of iNampt and systemic impacts on many
other tissues/organs. When systemic NAD biosynthesis levels decline and reach frailty
thresholds for pancreatic B cells and neurons, these two cell types start having functional
problems, which eventually spread to other peripheral tissues/organs through insulin secretion
and central metabolic regulation. This cascade of robustness breakdown might be the central
process of aging that causes a variety of age-associated diseases, including impaired glucose
tolerance (IGT), type 2 diabetes, dementia, and many others. See texts for details.
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