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Abstract

We survey the historical development of scientific knowledge surrounding Vitamin B3, and
describe the active metabolite forms of Vitamin B3, the pyridine dinucleotides NAD* and NADP*
which are essential to cellular processes of energy metabolism, cell protection and biosynthesis.
The study of NAD* has become reinvigorated by new understandings that dynamics within NAD*
metabolism trigger major signaling processes coupled to effectors (sirtuins, PARPs, and CD38)
that reprogram cellular metabolism using NAD™ as an effector substrate. Cellular adaptations
include stimulation of mitochondrial biogenesis, a process fundamental to adjusting cellular and
tissue physiology to reduced nutrient availability and/or increased energy demand. Several
metabolic pathways converge to NAD™, including tryptophan-derived de novo pathways,
nicotinamide salvage pathways, nicotinic acid salvage and nucleoside salvage pathways
incorporating nicotinamide riboside and nicotinic acid riboside. Key discoveries highlight a
therapeutic potential for targeting NAD™ biosynthetic pathways for treatment of human diseases.
A recent emergence of understanding that NAD* homeostasis is vulnerable to aging and disease
processes has stimulated testing to determine if replenishment or augmentation of cellular or tissue
NAD™ can have ameliorative effects on aging or disease phenotypes. This experimental approach
has provided several proof of concept successes demonstrating that replenishment or augmentation
of NAD* concentrations can provide ameliorative or curative benefits. Thus NAD* metabolic
pathways can provide key biomarkers and parameters for assessing and modulating organism
health.

1. Historical background of Vitamin B3 and NAD*

Over two centuries ago, a Spanish doctor Gasper Casal described a disease in poor farmers,
whose diet was poor in meat and mainly dependent on Indian corn or maize [1]. This disease
was characterized by dermatitis, diarrhea, dementia and death and was later termed pellagra
[2]. Pellagra was a peril amongst the malnourished populations in southern Europe for over
two hundred years and became an epidemic in the southern states of the U.S. in the early
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1900s [3]. By 1912, South Carolina alone had over 30,000 cases of pellagra with 40%
eventual mortality [4]. Between 1907 and 1940, 100,000 Americans died from pellagra [4].
In 1914, Joseph Goldberger related pellagra with a nutrient deficiency associated with a
corn-based diet [5]. He later suggested that a deficiency in a specific amino acid caused
pellagra [6], and identified a water soluble substance as the “pellagra preventive factor” in
the 1920s [7]. He also recommended the use of dried yeast as a cheap dietary source to
prevent the disease [8]. In 1937, Conrad Elvehjem discovered that nicotinic acid and
nicotinamide alternatively, cured “black tongue”, a correlated disease to pellagra in dogs [9].
Nicotinic acid and nicotinamide are now collectively recognized as Vitamin B3. It is now
clear that the chronic lack of dietary Vitamin B3 and the amino acid tryptophan, precursors
to nicotinamide adenine dinucleotide (NAD™), are the cause of pellagra. Vitamin B3
obtained from NAD* and NADP™* hydrolysis in meat and tryptophan are markedly deficient
in a corn-based diet. Eventually, due to key breakthroughs in knowledge and diet, the
epidemic of pellagra was relieved in the U.S. especially with the fortification of Vitamin B3
in bread starting in 1938 [10].

While the clinical investigation of pellagra was underway, the metabolic importance of
nicotinamide adenine dinucleotide (NAD™) was also being recognized. In 1906, Harden and
Young discovered that yeast extract that was boiled and filtered facilitated a rapid alcoholic
fermentation in unboiled yeast extract [11]. They named the responsible component in the
extract coferment or cozymase, which was a mixture of components that are essential to
carbohydrate utilization. In 1923, von Euler-Chelpin and Myrback purified cozymase, from
which they identified a nucleoside sugar phosphate [12]. A decade later, Otto Warburg
isolated NAD* from cozymase and showed its role in hydrogen transfer during fermentation
[13, 14]. The chemistry of NAD* and discovery of its key role in human health converged
with the discovery of the cure of pellagra. The biosynthetic pathways to produce NAD™ in
cells was more fully elucidated by the work of Arthur Kornberg in the 1940s [15] and by the
work of Preiss and Handler in the late 1950s [16, 17]. In the meantime, the role of NAD* in
metabolism was being elucidated by scientists such as Krebs [18], and this included fuller
descriptions of its integral roles in glycolysis, the TCA cycle and mitochondrial oxidative
phosphorylation (See Figure 1). In more recent decades, non-redox roles for NAD* have
been elucidated. NAD™ possess multiple crucial functions in cell signaling pathways
including ADP-ribosylation reactions and sirtuin activities. Remarkably, NAD* homeostasis
is not only important for the prevention of pellagra, but is also associated with extended
lifespan, increased resistance against infectious and inflammatory diseases [19, 20] and is
likely very important in resisting a number of other disease processes [21] such as
cardiovascular disease, metabolic syndrome, neurodegenerative diseases and even cancer.

2. Roles of NAD" in energy producing metabolic pathways

NAD™ is an important co-enzyme for hydride transfer enzymes essential to multiple
metabolic processes including glycolysis, pyruvate dehydrogenase complex, the TCA cycle
and oxidative phosphorylation. The enzymes using NAD* in hydride-transfer are known as
dehydrogenases or oxidoreductases, which catalyze reduction of NAD* into NADH
(Examples shown in Figure 1). Mitochondrial NADH is then utilized by the electron
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transport chain and therein participates as a substrate in mitochondrial ATP production
through oxidative phosphorylation (Figure 1).

The first enzyme utilizing NAD* in glycolysis is glyceraldehyde 3-phosphate dehydrogenase
[22]. 1t is the sixth step in glycolysis, wherein glyceraldehyde 3-phosphate is oxidized to D-
glycerate 1,3-bisphosphate in the cytosol (See Figure 1) via transfer of a hydride equivalent
to NAD™. As one glucose can be converted into two glyceraldehyde 3-phosphate
equivalents, one mole of glucose can generate 2 moles of NADH. Maintenance of high
NAD*/NADH in cytoplasm is sustained by two NADH utilization pathways, which combine
to maintain a flux of hydride removal from hydride rich carbon substrates inherent to
cellular energy metabolism. NADH equivalents generated in the cytoplasm via glycolysis
are transferred to the mitochondria by shuttling mechanisms such as the malate-aspartate
shuttle, in which NADH in the cytosol is oxidized to NAD* and NAD* in mitochondria is
reduced to NADH. Alternatively, NADH is oxidized back to NAD* in the cytoplasm via
lactate dehydrogenase, correspondingly producing lactate from pyruvate.

The products of glycolysis are two moles of pyruvate, 2 moles of NADH and two moles of
ATP. Pyruvate has multiple possible fates. In lactate dehydrogenase reaction pyruvate is
reduced to lactate. (See Figure 1) [23]. For maximal energy yield pyruvate is alternatively
acted upon by the pyruvate dehydrogenase complex to form acetylCoA with concomitant
NAD™ reduction to NADH [24]. AcetylCoA can then enter the TCA cycle, where NAD*
equivalents are reduced to NADH moieties in several key steps by isocitrate dehydrogenase
(IDH), oxoglutarate dehydrogenase (OGD) and malate dehydrogenase. IDH is a key step in
the TCA cycle, which oxidizes isocitrate to oxalosuccinate, which is then decarboxylated to
form a-ketoglutarate. IDH exists in three isoforms [25], with IDH3 located in mitochondria
and used to support the TCA cycle. IDH1 and IDH2 catalyze the same reaction and use
NADP* as cofactor. The next enzyme in the cycle, OGD, catalyzes the reaction from a.-
ketoglutarate to succinyl CoA, with reduction of NAD* to NADH. OGD is a key regulatory
point in the TCA cycle and is inhibited by its product succinylCoA and NADH. ADP and
calcium are allosteric activators of the enzyme [26]. OGD is considered to be a redox sensor
in the mitochondria. Increased NADH/NAD" ratio is associated with increased ROS
production and inhibited OGD activity. Once ROS levels are removed, OGD activity can be
restored [27]. Malate dehydrogenase completes the TCA cycle and produces the third
equivalent of NAD™ reduction to NADH from one mole of acetyl-CoA that enters the cycle.

NADH formed from glycolysis (via the malate-aspartate shuttle) or the TCA cycle can react
at Complex I, also known as the NADH/coenzyme Q reductase in the mitochondrial electron
transport chain [28]. Each NADH consumed by the mitochondria results in the net
production of 3 ATP molecules (Figure 1). The complete oxidation of one glucose molecule
generates 2 NADH equivalents in cytosol and 8 NADH molecules in mitochondria, enabling
production of 30 ATP equivalents from NADH of the total of 36 ATP equivalents derived
from the whole process of catabolizing glucose to CO, and H,0.

The NAD*/NADH ratio plays a crucial role in regulating the intracellular redox state,
especially in the mitochondria and nucleus. Free NAD*/NADH ratio varies between 60 to
700 in eukaryotic cells, although the estimated mitochondrial NAD*/NADH ratios are
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possibly maintained at closer to 7-10 [29, 30]. Total NAD* levels in mammalian cells
appear to be maintained at 200-500 pM under most conditions. Mitochondrial NAD*
content appears to be relatively more abundant than cytosolic NAD* in metabolically active
cells and tissues, e.g. cardiac myocytes and neurons, probably because of the needs of these
tissues for significant energy and ATP production [31]. Interestingly, the mitochondrial
NAD™ pool is likely more stable compared to the cytosolic pool, possibly to preserve
oxidative phosphorylation and to maintain cell survival even in stressed cells [32]. Under
cytoplasmic NAD™ depletion, mitochondrial NAD™ levels can still be maintained for up to 1
day [33]. Remarkably, the mitochondria pool of NAD™ can provide the threshold parameter
for the survival of the cell [32].

Inhibition of mitochondrial electron transport chain activity decreases mitochondrial
conversion of NADH to NAD* and reduces the mitochondrial NAD*/NADH ratio. Complex
I/l11 inhibitors can decrease the intracellular NAD*/NADH ratio by more than 10 fold. This
decreased ratio changes the ratio of a-ketoglutarate/citrate ratio and limits acetyl-CoA entry
into the TCA cycle [27]. Thus feedback of NADH into metabolism is a key factor
determining the rate of catabolism and energy production. Overall oxidative metabolism is
decreased when mitochondrial NADH/NAD™ level is elevated. NAD™ within the nucleus
also plays significant signaling roles in controlling and regulating metabolic pathways [34,
35]. For example, nuclear NAD* alters sirtuin 1 (SIRT1) activity [34, 35], which in turn
regulates the activity of the downstream transcriptional regulators such as Forkhead box O
(FOXOs) that play important role in metabolism, stress resistance and cell death [19, 36]. A
decline in nuclear NAD™ level and elevation of NADH results in the accumulation of
hypoxia-inducible factor 1 alpha (HIF-1a) stimulating the Warburg effect, a hallmark of
cancer cell metabolism called aerobic glycolysis [37]. Aging has been shown to promote the
decline of nuclear and mitochondrial NAD™ levels, and the risk of cancer development may
be increased by this phenomenon [37], although the role of dinucleotides in cancer risk is
currently being vigorously investigated.

3. NADPH/NADP* roles

A structural analogue to NAD* is NADP* which incorporates a 2”-phosphate on the
adenosine ribose moiety absent in NAD*. This structural and chemical difference enables a
distinctive role for NADP* and its reduced form NADPH in cells [38]. For example,
intracellular levels of NADP* and NADPH are maintained at significantly lesser amounts
than NAD* and NADH. In addition, the NADP*/NADPH ratio is preferentially maintained
to favor the reduced form, very unlike the corresponding NAD*/NADH ratio [38, 39].
NADPH is essential for survival, and is important for detoxification of oxidative stress. For
example, NADPH donates a hydride equivalent to generate antioxidant molecules, such as
reduced glutathione, reduced thioredoxin and reduced peroxiredoxins [40-42], which help
eliminate cellular reactive oxygen species (ROS) [43]. NADPH is also required in the
activity of detoxifying enzymes, such cytochrome P450 that function in xenobiotic
metabolism [44]. In inflammatory pathways, NADPH acts as a substrate for NADPH
oxidase in neutrophils and phagocytes, which use these enzymes to kill pathogens by
generating superoxides [45]. NADPH serves as a key electron donor in the synthesis of fatty
acid, steroid and DNA molecules [38]. NADP™ is utilized in the pentose phosphate pathway

Biochim Biophys Acta. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang and Sauve

Page 5

to regenerate NADPH in a pathway which can ultimately produce ribose-5-phosphate for
nucleotide synthesis [46]. Interestingly, in a non-redox capacity, NADP* serves as a
precursor for nicotinic acid adenine dinucleotide phosphate (NAADP), a potent calcium
mobilizing messenger which regulates calcium homeostasis [47]. Numerous studies indicate
that maintenance of NADP* and NADPH levels are vital to ensure the survival of cells
especially in oxidative stress [38].

NADP* is generated from NAD* in cells, by action of the enzyme NADK. A well-studied
cytosolic NADK preferentially uses NAD" (K, = 1.07 mM for NAD™) as a substrate over
NADH in human cells, and the NADP* is rapidly converted to NADPH by
transdehydrogenase activity [48]. Interestingly, the overexpression or down-regulation of
cytoplasmic NADK influences exclusively NADPH level without altering the level of
NADP*, NAD* and NADH [48]. The activity of NADK can be activated by oxidative stress
and calcium/calmodulin [49] and inhibited by high NADPH levels [50]. A putative
mitochondrial human NADK has been reported [51-53]. The reported K, for NAD* is 22
UM [53], suggesting it is typically saturated with NAD™* substrate, unlike the cytoplasmic
counterpart. This may indicate greater demand for NADP* maintenance in mitochondria,
although the lifetimes of the NADP*/(NADPH) moiety in cells or in subcellular
compartments are unknown.

Robust NADP* reduction to NADPH is key to maintenance of high NADPH/NADP? ratio
[38]. In the cytosol, NADPH is generated from NADP™ by glucose-6-phosphate
dehydrogenase, 6-gluconate phosphate dehydrogenase, IDH1, 2 or cytosolic NADP*-
dependent malate dehydrogenase enzymes. The NADPH generated in the cytoplasm is
believed to be responsible for NADPH oxidase-dependent ROS generation. In mitochondria,
NADPH is generated from NADP* by IDH3, mitochondrial malate dehydrogenase or
transhydrogenases. NADP* and NADPH concentration changes and how they mediate
downstream biological effects are of current interest, and these concentration changes may
be influenced by NAD* responsive mediators, such as SIRT3, which upregulates IDH3
activity and thereby affects mitochondrial NADPH/NADP* ratio [54]. More research in this
area is clearly needed, as the cross talks between NAD™ metabolism and NADPH/NADP™*
dynamics are still poorly understood. Moreover, how cellular, hormonal or nutritional
stimuli affect NADPH/NADP* dynamics are still generally poorly understood as well.

4. Roles of NAD" in signaling pathways

The realization that NAD™ could be directly involved in the regulation of cell biological
processes through changes in global signaling events was revealed by two sets of studies
made in the 1960s. The first of these were pioneered by Chambon, who published two
papers in 1963, and 1966, investigating if ATP could become incorporated into nuclear
proteins. He initially reported an nicotinamide mononucleotide (NMN) stimulated activity
[55], which turned out to be the incorporation of the ADP-ribose moiety of NAD™ into acid-
precipitated proteins [56]. Further analysis of the protein adducts by digestion with snake
venom phosphodiesterase indicated a polymer, later determined to be poly-ADPribose [56].
This insightful and brilliant investigative work laid the foundation for decades of subsequent
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biochemical and biological investigations into the roles of ADP-ribosyltransfer in
modulating protein activity in mammalian cells.

Interestingly, at nearly the same time, it became apparent that selected bacterial toxins might
act via a similar kind of mechanism. In 1964, Collier and Pappenheimer determined that a
key protein virulence factor of the organism Corynebacterium Diphtheria (the cause of the
human disease Diphtheria) caused inhibition of protein synthesis in mammalian cells in an
NAD*-dependent manner [57]. Honjo et al. later determined that Diphtheria toxin ADP-
ribosylates the elongation factor Ef-2, which is required to complete protein synthesis within
mammalian cells [58]. This covalent modification of a mammalian protein by
ADPribosylation clearly altered protein function, and provided the prototype biochemical
event upon which to postulate that NAD* can serve as a protein modifying agent, with a
direct consequence to a cellular protein activity.

Stemming from these seminal studies emanating from the 1960s, and with the advent of
modern proteomics and bioinformatics approaches, it has become apparent that there are a
variety of signaling enzymes that harness NAD* as a substrate, and transfer the ADPribose
unit to proteins by mono-ADP-ribosylation mechanisms, or by poly-ADP-ribosylation
mechanisms thereby altering protein functions (For a recent comprehensive review on this
topic, see Hassa et al.[59]). For example, the parent poly-ADPRibosyl polymerase (PARP),
PARP1, along with other family members (PARP2, 5a and 5b), are responsible for
conferring poly-ADP-ribosylpolymerase activity [60, 61], whereas another 11 PARPs are
mono-ADP-ribosyltransferases. Surprisingly, although a number of these are likely to have
key functions in NAD™ mediated signaling processes, only a subset of functions have been
firmly described for family-members in this group.

In addition to PARP-related ADPribosyltransferases, there is another major group of ADP-
ribosyltransferases, which are called s/rtuins[62, 63]. Technically, sirtuins are
ADPribosyltransferases because they use this mechanism chemically to effect deacylation of
substrates. The connection of sirtuins to the ADP-ribosylating toxins and PARPs was not
immediately apparent, as the sirtuins are distinct in structure, sequence and chemistry from
known NAD*-consuming enzymes, responsible for ADPribosyltransfer [63]. However,
sirtuins have been shown to react NAD* with acyl-lysine modified protein substrates,
leading to formation of transiently-ADP-ribosylated acyl-groups, causing subsequent
deacylation of these substrates [63]. This protein deacylation activity leads to regulated
changes in cell behaviors, linked to these deacylation events. Most remarkable of these are at
the level of chromatin, where histone and transcription factor deacylations are responsible
for regulation of a whole spectrum of gene regulatory changes (as reviewed recently by
Kraus and co-workers [35]).

The activities of some ADPribosylating enzymes are regulated partially in a manner
independent of the availability of NAD™ substrate. A case in point is the regulation of
PARP1 and PARP2 by the formation of DNA strand breaks [59]. However, a key emerging
premise in understanding the activities and roles of NAD* utilizing enzymes, is that these
enzymes are regulated dynamically by cellular NAD* metabolism. Specifically, the idea that
nicotinamide and NAD™ concentrations act as inhibitors or drivers, respectively, of
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ADPribosylating enzymes has become a key concept, supported by biochemical
measurements which determine the apparent steady-state K, enzyme parameters for NAD™*
(e.g. sirtuins) in the 100-200 pM range [64, 65], squarely within the range of physiological
NAD™ concentrations. In fact, recent work examining the effects of supraphysiological
NAD™ concentrations, obtainable by genetic modifications (CD38 [66] and PARP1 [67]
knockouts for example), confirm that increased NAD* causes activation of signaling
programs linked to and requiring sirtuins, leading to downstream events such as increased
mitochondrial biogenesis [67, 68]. Naturally, there are some caveats associated with these
knockouts, since they also eliminate key biochemical activities from cells and tissues.
However, evidence indicates that SIRT1 activity is enhanced in these high NAD conditions
to produce deacetylation of peroxisome proliferator-activated receptor gamma coactivator 1-
a (PGC1a), activating this co-transcriptional regulator, to enhance transcription of a broad
subset of genes responsible for formation of new mitochondria [67]. Indeed, low calorie
diets, fasting [32] and exercise [69] appear to enhance NAD* synthesis [32], which leads to
activation of sirtuins [70] and presumably PARP family members. It is notable that PARP1
deletion leads to significant upregulation of NAD* levels [67], indicating that baseline PARP
activity is a key factor in establishing normal tissue NAD* homeostasis, and implying that
significant crosstalk exists between NAD* metabolism, sirtuins and PARP enzymes [71].

5. Overall view of mammalian NAD* metabolism

Consistent with the centrality of NAD* to cellular bioenergetics, and supportive of the
relatively high concentrations of NAD™ metabolites in cells (200-500 pM typically in
mammalian cells), several distinct pathways are involved in the biosynthesis of NAD*. In
humans this includes de novo pathways from the amino acid precursor tryptophan, and
additional pathways, including from different nicotinoyl precursors, such as nicotinic acid,
nicotinamide as well as nucleosides nicotinamide riboside (NR) and nicotinic acid riboside
(NAR). Broadly, NAD* metabolism can be viewed in four main categories, 1. De Novo
Synthesis, 2. Scavenging Pathways from preformed precursors (nicotinic acid, nicotinamide
riboside and nicotinic acid riboside), 3. Core Recycling Pathway through nicotinamide.
Finally, 4. ADPR-transfer/NAD hydrolysis, which occurs through a variety of enzymatic
pathways, leading to cleavage of the N-glycosidic bond of nicotinamide to the ribose ring,
thereby liberating nicotinamide and providing an ADPR-nucleophile product. Thus, three
general types of synthesis pathways converge to produce NAD*, while consumption
pathways comprised of several types of NAD* consumers deplete NAD*. Steady-state
NAD™ levels are set where the magnitude of the rate of turnover of NAD* is equalized by
the net formation rate contributed by the separate synthetic pathways. Evidence indicates the
entire NAD™ pool is consumed and resynthesized in mammals several times a day [72].
Under normal cellular and tissue conditions, synthesis of NAD* is affected by the
availability of possible precursors, so that availabilities of nicotinic acid, nicotinamide
riboside, nicotinamide and tryptophan can alter NAD* synthetic rates, thus affecting NAD*
level. Not each of these precursors is bioequivalent in this respect. Strikingly, nicotinamide
is not limiting in many tissues, except possibly in liver, so availability of nicotinamide is not
crucially tied to NAD* formation rate, and even when administered at fairly substantial
doses via diet [73]. The identity and not necessarily only quantity of NAD* precursor is
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important to the biological NAD* level. The importance of increased NAD* levels to
signaling pathways emphasizes the relevance of the different NAD biosynthetic pathways,
which are examined in greater detail in the following section.

6. Pathway and enzymes to make NAD* from tryptophan

Tryptophan (Trp) is a substrate for the de novo synthesis of NAD* in humans, much of
which is believed to take place in the liver [74]. Trp is one of the essential amino acids
required for protein synthesis and metabolic functions, with primary producers including
bacteria, fungi and plants [75]. After proteins are hydrolyzed into amino acids in the Gl
tract, Trp is available for protein synthesis, and the majority of Trp catabolism occurs
through the kynurenine (KYN) pathway [76, 77]. In the brain, in particular, Trp is the
building block for several essential molecules, for instance the neurotransmitter serotonin
and the sleeping hormone melatonin [78]. These metabolites are synthesized in a pathway
independent of the kynurenine pathway (Figure 2). Trp is also considered as a nutritionally
relevant precursor to NAD*. In a niacin deficient diets, Trp can be a key source for NAD*
and NADP* synthesis. However, due to other metabolic fates of this amino acid, it has been
estimated that 60 mg of Trp converts to only 1 mg niacin [79].

Trp can be converted to NAD™* through an eight-step biosynthesis pathway. The first and
rate-limiting step in this pathway is the conversion of Trp to N-formylkynurenine by
indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase (TDO) [80]. TDO exists
primarily in liver [81] and can be activated by Trp [76] or corticosteroids [82], whereas IDO
is found in numerous cell types, such as microglia, astrocytes, neurons [83] and
macrophages [84] that reside in extra-hepatic tissues and is activated by pro-inflammatory
signals [85, 86]. The first stable intermediate in the pathway, KYN, can be metabolized
through two distinct pathways to form kynurenic acid or NAD* [86]. With the enzymatic
reaction of kynurenine mono-oxygenase, and kynureninase KYN is metabolized into 3-
hydroxyanthranillic acid, which is then converted by 3-hydroxyanthranilate-3,4-dioxygenase
into 2-amino-3-carboxymuconate semialdehyde. This metabolic intermediate can be acted
upon by 2-amino-3-carboxymuconate semialdehyde decarboxylase (ACMSD) (formally
termed picolinic carboxylase) to provide picolinic acid, or non-enzymatically converted into
quinolinic acid (QA) [87]. QA is metabolized by quinolinate phosphoribosyltransferase
(QPRT) to form nicotinic acid mononucleotide (NAMN) and enter the salvage pathway for
NAD™ synthesis in liver [88]. Trp will only be diverted to NAD* synthesis when the
substrate supply far exceeds the enzymatic capacity of ACMSD [89], which helps explain
the weak niacin equivalence of 60 mg trp per mg niacin [79].

The daily recommendation of tryptophan intake is 4 mg/kg body weight for adults and 8.5-6
mg/kg body weight for infants to adolescents [90]. Being an alternative but weak source for
NAD?, it is an interesting question why the Trp pathway to NAD is evolutionarily well-
retained in humans (Cats do not use Trp efficiently to make NAD™* [89]). Studies have
shown that the de novo biosynthesis rate of NAD* from Trp is unchanged by the absence or
presence of nicotinamide in the diet, as the urinary excretion of intermediates in the Trp
pathway are not altered with 0 or up to 68.6 mg/day nicotinamide [91]. Upregulated Trp
derived NAD* biosynthesis pathway does not appear to compensate for a deficiency of other
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NAD™ precursors. Oral intake of Trp as high as 15 g/day renders low acute toxicity, with
side effects such as drowsiness and headache [92]. Overconsumption of tryptophan causes
toxicity in certain animal species. The LD50 value is 1.6 g/kg body weight in rats and 2 g/kg
body weight in mice and rabbits with i.p. or i.v. administration. Oral LD50 is around 3 times
that of i.p. dose [90]. Increases in Trp catabolism may result in adverse effects in the human
body. Several intermediates and products in the KYN pathway, including QA, 3-hydroxyl-L-
kynurenine and kynurenic acid, are neurotransmitters and display key roles in central
nervous system [87]. High levels of QA in brain have been associated with
neurodegenerative conditions such as Huntington’s disease [93] or seizure [94]. QA and
KYN have also been shown to induce anxiety in mice [95, 96]. Therefore, it may not be
ideal to use Trp as a primary dietary or pharmacologic source to enrich NAD* level.

7. Pathway and enzymes to make NAD* from nicotinic acid

In humans and mammals, nicotinamide and nicotinic acid are routed in non-overlapping
pathways to NAD™. These separate paths stand in contrast to the NAD* metabolism
observed in flies, worms, yeast and many bacteria. In flies, yeast, worms and many bacteria
the breakdown product of NAD™, nicotinamide, is directly converted to nicotinic acid by a
highly conserved enzyme called nicotinamidase [97]. This key transformation connects the
pathways of nicotinamide and nicotinic acid derived NAD* biosynthesis in these organisms,
as they represent consecutive metabolites in NAD* production. On the other hand, humans
and mammals lack nicotinamidase activity [19]. Consequently, nicotinamide is directly
metabolized to NAD™ independent of nicotinic acid. Nicotinic acid is converted to the
intermediate nicotinic acid phosphoribosyltransferase (NaMN) by action of the enzyme
nicotinate phosphoribosyltransferase (Npt) (Figure 3). NaMN is common to the nicotinic
acid salvage pathway and the tryptophan quinolinate pathway. Adenylation of NaMN can be
accomplished by NaMN adenylyltransferase (hmnat). This enzyme has 3 isoforms nmnat-1,
nmnat-2 and nmnat-3. Compartmentalization of these in cells are known, with the nmnat-1
nuclear, nmnat-2 golgi associated, and nmnat-3 mitochondrial. These enzymes can accept
either NaMN or NMN as nucleotide substrates, with the NaMN being formed to nicotinic
acid adenine dinucleotide (NaAD"). The terminal enzyme in this pathway is NAD*
synthetase. It converts the NaAD* to NAD™ in an ammonia and ATP-dependent process.
NAD™ synthetase in humans also combines a glutaminase activity which provides a source
of the ammonia to complete the reaction. This basic set of transformations is found in nearly
all organisms that can recycle nicotinic acid, and has become famously called the Preiss-
Handler pathway, after Preiss and Handler who first described it over 60 years ago [16, 17,
98].

8. Core recycling pathway from nicotinamide

For mammalian cells the central challenge in NAD* homeostasis is successful recycling of
nicotinamide, released from NAD™ consuming processes, back to NAD*. Published data for
NAD™ turnover Jin vivoindicate half lives of as little as 4-10 hours [72]. For resynthesis that
equates to a minimal need to recycle 200-600 umol/kg per day of tissue in rats [73].
Assuming comparable numbers for a 75 kg human, 3 g of nicotinamide is required to be
resynthesized to NAD* up to several times per day (assuming 300 umoles NAD/kg wet
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tissue)[99]. These levels are far below the amounts available from food intakes (1 Ib tuna
provides 100 mg vitamin B3, and 1 Ib beef provides 30 mg B3, whereas 4 cups of broccoli
provide only 4 mg of B3). These facts implicate efficient nicotinamide recycling as the basis
for effective NAD* maintenance in humans, and a consistent lack of pellagra in the
developed world.

The nicotinamide recycling reaction is catalyzed by an enzyme called nicotinamide
phosphoribosyltransferase (nampt). Nampt couples nicotinamide with PRPP to form
nicotinamide mononucleotide (NMN) (Figure 4). Kinetic studies indicate that ATPase
activity is also coupled to this process, which drives the equilibrium toward NMN formation
[100, 101]. A valuable pharmacologic tool has been developed to inhibit this enzyme, called
FK866. This inhibitor, which has a binding constant of 0.3 nM [102] can be applied to
mammalian cells and leads to rapid depletion of cellular NAD*, causing levels to reach 30%
within 4-8 hours. In vivo, this inhibitor has been evaluated as a possible anti-cancer agent,
since it limits the abilities of tissues to recycle nicotinamide caused by anti-cancer
genotoxins. Recently Nuncioni and coworkers showed that NAD™* contents can be
significantly reduced in several tissues, including blood, spleen and heart with systemic
administration of FK866 alone to mice [103].

Experiments to assess the role of Nampt in setting the NAD™ level in cells confirms that the
level of the enzyme, and not nicotinamide concentrations themselves, have the largest effect
on setting NAD™ level. For instance, Sinclair and Sauve and co-workers [32] used
overexpression of Nampt or knockdown of Nampt in mammalian cultured cells to establish
that Nampt levels regulate how much cellular NAD* is available in cells. As expected,
knockdown of Nampt caused reduced NAD* levels in cells and also within the
mitochondrial compartment. Conversely, overexpression caused increased cellular NAD
contents and increased mitochondrial NAD™ levels. An interesting effect of overexpression
of Nampt was noted on cell resistance to genotoxic stress, in that Nampt overexpressors
proved resistant to apoptosis [32]. These protection effects required mitochondrial sirtuin
activities, notably SIRT3 and possibly SIRT4 [32]. Interestingly, Nampt levels appear to be
upregulated by dietary intake and exercise. Increased levels in liver were observed for fasted
rats [32], and exercised rats [69]. Nampt levels also increase in humans in exercised legs as
compared with matched unexercised legs [104].

Although comprehensive data on Nampt activity in humans is unclear, due to lack of
published data, the efficiency of this nicotinamide recycling appears to be very high. For
example, there is a relatively low Vitamin B3 requirement published by the Food and
Nutrition Board at the Institute of Medicine which states that only 16 mg day Vitamin B3 is
required for male adults above 16 and 14 mg day for females above 14 [105]. This implies a
net loss of not greater than 0.5% total NAD™ per day, to maintain niacin homeostasis, if no
additional input is available from outside sources. This is remarkable, if one considers the
possibility that the entire NAD™* pool is being replaced 2—4 times per day, suggesting that
only 0.1-0.2 % nicotinamide is lost per turnover cycle. This result implicates a highly
efficient NAD™ resynthesis capacity in humans, made more impressive if one considers that
nicotinamide is neutral, small (MW = 122) and a polar hydrophobic (LogP = -0.4), likely to
passively diffuse through cell membranes, a phenomenon demonstrated in experimental
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studies [106]. The existence of nicotinamide methyltransferases and downstream catabolic
enzymes that degrade nicotinamide to pyridone-related catabolites are a likely source for lost
nicotinamide, and the amount of nicotinamide degradation products have been noted in some
neurodegenerative diseases, suggesting enhanced NAD* breakdown [21].

9. Pathways and enzymes to make NAD* from nucleosides

Additional relevant pathways to NAD™ are from nucleosides, including nicotinamide
riboside (NR) and nicotinic acid riboside (NaR)(Figure 5). These pathways are facilitated by
action of nicotinamide riboside kinases (Nrk1 and Nrk2) [107]. These enzymes are encoded
by the human genome, and by genomes of other mammalian organisms and have been
shown to enzymatically convert NR and NaR to NMN and NaMN respectively [108, 109].
X-ray crystallographic evidence, as well as biochemical data, show that these enzymes bind
NR and NaR into an active site that discriminates against purines and pyrimidine
nucleosides, thus making these enzymes preferentially specific for NR derivatives, as well as
able to accommodate the antimetabolite drugs tiazofurin (TZ) and benzamide riboside (BR)
[108]. NR and NaR raise NAD™ levels dose-dependently and up to 2.7 fold in mammalian
cells [110] in a manner unlike the behavior of nicotinamide or nicotinic acid at the same
concentrations. It is proposed that a transporter can convey NR and NaR into mammalian
cells, and an NR transporter (Nrtl) in yeast has been identified [111]. Evidence for such a
transporter is provided by studies of transport of BR and TZ [112]. Human concentrative
nucleoside transporter 3 was most efficacious as a nucleoside transporter of both BR and TZ
in transfected xenopus oocytes [112]. Recent data suggests that both NR and NaR could be
produced in mammalian cells and released extracellularly, and could thereby be produced in
mammals as NAD* precursors [113], suggesting possible intercellular metabolic networks
involving NR and NaR creation, release and transport into other cells. In addition, an NR
degrading and possibly NaR degradative pathway may also help explain some of the effects
of NR and NaR on cells and tissues, as first described by Kornberg [114]. The potency of
NR in increasing cellular NAD™ has led to investigations to determine if it can treat diseases
such as neurodegenerative disorders, or metabolic syndromes, based on the idea that reduced
NAD™ level might be a risk factor in these conditions [32, 68, 70].

10. NAD* metabolism as a target of therapy

Figure 6 provides a comprehensive view of NAD* metabolic pathways as found in humans
and how these pathways intersect and converge on the central metabolite NAD*. This figure
also conveys the fact that different NAD™* precursors can enter NAD* biosynthetic pathways
and can converge to NAD™ via independent and also overlapping pathways. This
distinctiveness in how different NAD™ precursors are metabolized is now clearly recognized
with the understanding that these distinct NAD* precursors have different properties and
have distinct biological effects.

The unique properties of NAD* precursors was first appreciated by the determination that
high doses of nicotinic acid could cause lowering of serum lipids, including free fatty acids
and low density lipoprotein (LDL)- cholesterol, and could increase the “good” cholesterol
form called high density lipoprotein (HDL)- cholesterol [115]. Kirkland and co-workers
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explored effects of high doses of nicotinamide or nicotinic acid on tissue NAD* levels in
rats, and concluded that these precursors had different abilities to raise NAD* levels in
different tissues [73]. Nicotinamide had ability to increase NAD* level in liver (47%), but
was weaker in kidney (2%), heart (20%), blood (43%) or lungs (17%). Nicotinic acid raised
NAD™ in liver (47%), and impressively raised kidney (88%), heart (62%), blood (43%) and
lungs (11%) [73] [both nicotinamide and nicotinic acid were administered at 1000 mg/kg
diet].

The reinvestigation of less-studied Vitamin B3 forms such as nicotinamide riboside and
NMN for their possible NAD* enhancing benefits became important with the recognition
that NAD* may act as a key signaling molecule in cellular physiology. The Brenner
laboratory showed that NR raises NAD* levels substantially in yeast [116]. Our laboratory
then explored the ability of NR to increase NAD* in mammalian cell lines and determined
that cellular NAD* levels increased as much as 270% above controls in several different cell
lines [110]. This potency of NR to increase cellular NAD* levels implied a novel mechanism
of metabolism for this compound, possibly through action of the newly characterized Nrk
enzymes. Our laboratory similarly showed that the NR relative, NaR was also able to
increase NAD™* level in mammalian cells by as much as 1.9 fold [110], possibly through
direct synthesis of NaMN.

11. NAD* increases as a novel modality to treat diseases

The hypothesis that augmentation of NAD™* level could stimulate adaptive changes in
cellular bioenergetic and survival adaptation has been experimentally examined. This
hypothesis is anchored by biochemical demonstrations that human NAD* consuming
enzymes, such as sirtuins (and other mammalian sirtuins), have kinetic parameters (Ky,)
which make them intrinsically sensitive to changes in NAD* concentrations in the
physiologic range found in cells. Key additional support for this idea is that NAD* is an
intrinsic regulator of cell bioenergetics as revealed by studies showing that the Nampt level
is upregulated by dietary stress or by exercise. This suggests that some of the health
beneficial effects of diet and exercise could derive in part from upregulated NAD™*
production [69, 117, 118]. If so, this raises additional interest in the therapeutic prospects of
raising NAD™ levels as a possible intervention to effect beneficial changes in human

physiology.

Metabolic Syndrome

The NAD* enhancing effects of the compound NR were explored for potential therapeutic
effects in a mouse model of metabolic syndrome. The Auwerx and Sauve laboratories found
that NR enhanced NAD™ contents in several mammalian tissues, and induced mitochondrial
biogenesis as determined by increased cristae content and increased expression of
mitochondrial proteins, such as Complex V [119]. This data provided a pharmacologic
mirroring of effects found in at least two genetic models where NAD* levels were increased,
where animals were protected from weight gain caused by high fat diets. For example,
PARP1~/~ animals displayed overexpression of mitochondrial proteins in skeletal muscle
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[67]. CD38~/~ animals were protected from weight gain also showed impressive
mitochondrial biogenesis in skeletal muscle [66].

NAD™* Signaling by activation of SIRT1 and PGC1la to promote mitochondrial biogenesis

The mechanisms by which NAD™ increases can lead to mitochondrial biogenesis are still
being examined, but one fundamental mechanism of action is through activation of SIRT1,
and stimulated activity of the co-transcriptional activator PGCla [20, 120]. SIRT1
deacetylation of PGC1la leads to activation and possibly stabilization of this protein,
whereby it can coordinate with nuclear transcription factors that control mitochondrial
biogenesis genes [121]. Thus, increases in NAD* levels caused by genetic modifications
(CD38~/~ or PARP1 /") or pharmacologic interventions such as NR administration lead to
increased PGCla deacetylation, increased transcription of genes in the mitochondrial
biogenesis pathway, and increased oxidative activity as determined by assays of
mitochondrial activity [119]. Similar consequences are associated with activation of SIRT1
and PGCla signaling applying the putative SIRT1 activator resveratrol [122, 123].
Resveratrol has since been appreciated to have complex effects, including activation of
AMPK [124] as well as potentiation of cCAMP signaling [125]. Since these additional
pathways are known to stimulate mitochondrial biogenesis it remains to be determined if
and how these pathways contribute to the observed effects of NAD* enhancement on
mitochondrial biogenesis.

Mitochondrial Disorders

DNA Repair

Proof of concept studies establishing that increased NAD* level stimulates mitochondrial
biogenesis, place NAD™* squarely in the center of key signaling pathways with major impact
for bioenergetic and survival physiology. Translationally directed followups to these
provocative studies addressed the possibility that enhanced NAD™* production could provide
a stimulative and ameliorative benefit in mitochondrial disorders. Three independent studies
in animal models of mitochondrial disease largely supported the initial findings and showed
that increased NAD™ production achieved by one of the following: 1) by administration of
NAD™ precursors (NR), 2) by PARP inhibition or 3) by PARP genetic knockout could
improve mitochondrial function [67], improve exercise intolerance [68], and could improve
mitochondrial protein levels [68, 126, 127]. In addition, sirtuins have been shown to be
protect mitochondria from stress. SIRT3, known to be influenced by NAD* level, can reduce
oxidative stresses through SOD activation [128, 129] and increased SIRT7 activity can
alleviate mitochondrial protein folding stress [130]. It can be proposed that combinations of
NAD™ concentration increases and SIRT7 induction can suppress mitochondrial stress and
promote mitochondrial integrity. Collectively, these results have stimulated interest in the
potential benefits of enhancing tissue NAD* as a means to treat mitochondrial diseases
[131].

Syndromes

Cockayne’s Syndrome is an accelerated aging disease involving mutations in either
Cockayne syndrome group A (CSA) or CSB proteins, involved in DNA repair, leading to
progressive neurodegeneration [132, 133]. Bohr and coworkers verified that one feature of
deficiency in CSB mutant animals is activation of PARP1, and increased PAR levels in
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CSB™M cells [134]. Accompanying this increase in NAD* turnover is a severe metabolic
disruption including defects in weight gain due to a hypermetabolic phenotype and increased
levels of lactate in brain tissues, such as the cerebellum [134]. Application of PARP
inhibitors as a means to reverse this metabolic effect proved successful, in that the inhibitor
PJ34 could increase oxygen consumption rate/extracellular acidification (OCR/ECAR) ratio,
a measure of improvement in the normalization of catabolism [134]. Administration of NR
for one week as an NAD™ repletion agent enabled improvements in NAD™ level in
cerebellum of WT and CSB™M animals. Moreover, ATP homeostasis was also substantially
improved in this tissue. NR treated CSB™M mice had cerebellum mitochondria that had
corrected defects in membrane potential and ROS production [134].

Disease

The ability of NR to penetrate into brain was recently verified, where it was then shown to
provide improvements in Alzheimer’s Disease (AD) neuropathology in the Tg2576 mouse
model of this disease [135]. Previous work had shown that the effects of calorie-restriction
(CR) in animal models of AD provided reduced neuropathology, as determined by plaque
burden, and improvements in behavioral scores measuring memory and cognition [135].
This was shown to be accompanied by increased NAD™* levels and increased NAD™/
nicotinamide ratios in CR treated animals as compared to ad libitum fed Tg2576 transgenic
mice [70]. These results suggested the possibility that increased NAD* levels could provide
a component in the protective mechanisms that are produced by CR. Administration of NR
was shown to increase NAD™* levels in brain and caused reduced production of Ap1-42. NR
was shown to promote PGCla levels in transgenic animals. In parallel, the authors showed
that PGC1a ™/~ animals exhibited markedly worse neuropathology in the Tg2576
background [135]. Taken together, NR promotes NAD* levels, increases PGCla and
improves behavioral and molecular markers indicative of resistance to AD progression.

Fatty Liver Disease

Recent investigations into the ability of NAD* to potentiate oxidative metabolism and to
improve mitochondrial function and density led several collaborating groups, including
ourselves, to investigate the effects of NR administration in models of liver disease, such as
fatty liver disease [136]. These studies provided evidence that NAD* elevation is protective
of this disease in at least two disease models, such as high fat combined with high sucrose
(HFHS), as well as in apolipoprotein E (ApoE)™~ animals fed a high fat high cholesterol
(HFHC) diet. NR administered at 500 mg/kg protected from fatty liver induced by HFHS as
determined by Oil-Red O staining, as well as fibrosis and lipogenesis markers [136]. In an
anti-inflammatory effect, plasma TNFa was reduced to control levels in NR fed animals but
was elevated 2 fold in HFHC fed animals. As hypothesized, NR administration led to
increased oxidative metabolism as measured in isolated liver tissue; for example O,
consumption was elevated, as was citrate synthase activity. Activation of the mitochondrial
unfolded protein response was also observed, suggesting that activation of mitochondrial
protein stress may be a key to the benefits observed with NR, and therefore NAD* increase
[136]. Similar findings were obtained in ApoE ™~ animals challenged with HFHC [136]. At
this stage, more mechanistic studies are needed to understand how NR-induced NAD™*
increases exert these protective effects. For one possible link to nuclear signaling,
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overexpression of SIRT7 can prevent the spontaneous development of fatty liver disease
[137, 138] and SIRT7 suppresses mitochondrial protein folding stress by repressing NRF1
activity [130]. The full set of molecular players that participate to produce the protective
effects of NR in prevention of fatty liver disease may belong to several signaling pathways.

Hepatic Carcinoma

An illuminating study in the area of cancer biology in liver examined effects of NAD* and
unconventional prefoldin RPB5 interactor (URI) driven dysregulation of hepatocellular
mTOR/S6K1 signaling pathways on development of hepatocellular carcinoma (HCC). Using
overexpression of an oncogenic protein called URI in liver, Tummala et al.[139] found that
livers became fibrotic and developed progressive hepatocellular dysplasia, resembling
transformative cell phenotypes common to early stage human hepatocarcinoma.
DiethylInitrosoamine induced accelerated hepatocellular carcinoma in heterozygous URI*/~
and homozygous URI*/* transgenic animals, with increased gene dosage of URI providing
shortened induction to HCC in liver. Interestingly, NAD* levels in URI*/* homozygous
livers were found to be substantially lower (35-50% of control) at 3 weeks of life. To
investigate if NAD™ repletion could mitigate the adverse effects of URI overexpression on
liver phenotype, the authors administered NR via diet, and determined that this increased
NAD™ levels back to near normal levels, and completely prevented the development of
hepatocellular dysplasia observed in untreated controls. Treatment of 12 week old mice with
fully developed hepatocellular carcinoma with NR for 48 weeks produced regression of
HCC tumors [139].

Inflammatory Conditions

The NLRP3 inflammasome complex, a component of innate immune surveillance, is known
to be activated in a number of disease associated conditions, and is known to be
overactivated in the physiology of obesity and is involved in disease states such as insulin
resistance [140]. Overactivation of innate immunity can be triggered by pathogen-associated
molecular patterns or damage associated molecular patterns (DAMPS), such as those derived
from mitochondrial dysfunction [141]. DAMPs can stimulate assembly of the
inflammasome, and lead to production of cytokines such as pro IL-1p or pro IL-18, which
can amplify inflammation [140]. Sack and coworkers [142] determined that nutritional
intakes increase activation of the inflammasome, whereas fasting attenuates these
activations. They found that NR treatment of human derived macrophages had attenuated
inflammasome activation in a SIRT3 dependent manner, suggesting that NAD* signaling can
be a potential means to inhibit excessive inflammation triggered by nutritional inputs [142].

Cardiomyopathy

Andrews and coworkers recently demonstrated that deletion of transferrin receptor 1 (Tfrl)
leads to a profound defect in iron loading in the heart, causing early lethality in Tfr1™~ mice
due to the iron deficit [143]. This impairment in iron loading causes mitochondrial defects,
and leads to cardiodilation and early death at post-natal day 10. Remarkably, administration
at birth of NR causes up to 50% improvements in survival of mice (day 15) [143]. Although
mechanistically the effect of NR was not fully elucidated, the presumptive effect may be
through improvement in mitochondrial function and maintenance, as this effect of NR has
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been noted in other situations as discussed in this review. Notably, NR decreased
accumulation of p62, suggesting improvements in mitochondrial mitophagy [143]. The
effect of improving NAD* status on improving survival outcomes in a model of heart disease
is notable, given the broad impact of this disease in human populations, and its substantial
mortality.

Noise Induced Hearing Loss

Hearing loss affects 100s of millions of people worldwide, from a variety of causes.
Nevertheless, new treatments to prevent hearing loss are largely unavailable. In a recent
study Brown and co-workers [144] showed that high intensity wide spectrum sound could
cause loss of hearing in a mouse model of hearing loss. Overexpression of the mitochondrial
sirtuin SIRT3 or the WLDS mouse which encodes a triplicate repeat of the NAD*
biosynthetic gene NMNAT1, could largely prevent the loss of hearing. To investigate if
increased NAD™* content could also prevent the noise induced hearing loss, these
investigators administered NR before, before and after, or only after noise exposure and
showed that all three treatments fully protected hearing in all frequencies [144]. This finding
strongly hinted that approaches which can augment NAD* levels in the neurons and tissues
of the ear could provide protection from trauma induced hearing loss and could also be
meaningful in progressive hearing loss syndromes. These ideas will require additional study
to determine if this approach can be broadly applied in hearing loss treatment.

Aging and the Diseases of Aging

Although there is not a firm understanding of all the factors that cause biological aging to
occur, there are a number of factors that appear to be common to aging, particularly in
mammals. Among these are loss of regenerative potential, defects in DNA repair and
mitochondrial decline. Although there is not a clear consensus on the pathways and causes
that lead to these effects, the findings that enhancements in cellular NAD* can improve
outcomes in DNA repair syndromes (i.e. Cockaynes Syndrome) and in mouse models
featuring mitochondrial deficiency (mito-disorders and Tfr1~/-) suggests that NAD*
stimulated pathways as modify aging phenotypes toward more youthful conditions (See
current review on this by Verdin [145]). Mechanistically NAD can elevate the activity level
of sirtuins, such as SIRT3 and SIRT7, as SIRT3 and SIRT7 have been shown to be depleted
in aged stem cells and reintroduction of SIRT3 or SIRT7 reverses stem cell aging by
reducing mitochondrial stresses [130, 146].

This idea that NAD* could be central to aging has been directly evaluated in a fascinating
and timely study authored by Sinclair and co-workers [37]. Leaping off from the idea that
mitochondrial decline and increased ROS could be a central cause of aging, as advocated by
Harman [147] these workers proposed that the decline is linked to imbalances in
mitochondrial proteinse encoded by nuclear and mitochondrial genomes. Imbalanced
mitochondrial and nuclear gene transcription for mitochondrial proteins impairs
mitochondrial activity in aged animals. Mitochondrial encoded proteins, in particular, were
found to be adversely affected by age. A key cellular factor in maintaining a correct balance
is the sirtuin SIRT1, as well as the SIRT1 substrate NAD™. Intriguingly, NAD" homeostasis
was found to be significantly impaired in older animals (22 months), causing NAD™ levels to
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drop to 40% of the levels observed in young animals (6 months)[37]. This suggested that
replenishing NAD* might rebalance mitochondrial-derived and nuclear-derived
mitochondrial protein production. Thus, aged mice were fed the compound NMN for one
week, and this treatment was able to restore NAD* levels in 22 month animals to amounts at
observed at 6 months. Several key mitochondrial fitness parameters improved, including
increased mitochondrial-encoded transcripts and increased ATP levels. This reversal in key
molecular phenotypes, by a relatively straightforward NAD* enhancement strategy provided
new insights into the role NAD* might play in human aging, and in mitochondrial decline,
and suggested new ways to intervene to mitigate these effects.

12. Conclusions

The centrality of energy metabolism in organisms, and the integration of key metabolic
components into signaling pathways that modulate organism health and physiology, make it
clear that some of the more abundant and central factors, such as NAD* can have
unexpected roles in maintaining healthy physiology and could be important in the
development of pathology. As this review attempts to illuminate, current knowledge of
NAD* metabolic pathways and knowledge of the ways in which NAD* regulates key
processes in cells and tissues is undergoing a current reblossoming of interest. This has been
bolstered by identification and investigation of “newer” Vitamin B3 forms, such as NMN
and NR, which provide new opportunities to pharmacologically modulate NAD* metabolism
and to possibly alleviate disease conditions. These newer NAD™ precursors have shown
impressive effects in a number of proof of concept studies that favorably mitigate, prevent or
cure animal models of disease including AD, cardiovascular disease, metabolic syndromes,
mitochondrial disorders, cancer and even aging. These developments set the stage for deeper
investigative understanding into the mechanisms by which some diseases are sensitive to
NAD™ status, and may pinpoint details of how deterioration of NAD™ homeostasis increases
the susceptibility to human disease conditions.
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Figure 1. Integration of NAD* and NADH into cellular energy metabolism
NAD™ reduction to NADH is featured in glycolysis, pyruvate dehydrogenase, and the

tricarboxylic acid cycle (TCA cycle). NADH oxidation to NAD* occurs in the cytoplasm by
action of lactate dehydrogenase and in mitochondria by action of Complex I. These
oxidations maintain the high NAD*/NADH ratio maintained by mammalian cells and the
majority of mitochondrial production of ATP is directly linked to Complex | activity.
Abbreviations: glucose 6-phosphate, G6P; fructose-6-phosphate, F6P; fructose-1,6-
bisphosphate, F1,6BP; glyceraldehyde-3-phosphate; 3-phosphoglycerate, 3PG; phosphoenol
pyruvate; oxaloacetate, OA, citrate, CIT; cis-aconitate, CiSACT; isocitrate, isoCIT; alpha-
ketoglutarate, a KG; succinylCoA, SUCCOoA, succinate, SUC; fumarate, FUM; malonate,
MAL. Coenzyme Q, CoQ.
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Figure 2. Tryptophan-Derived Biosynthesis of NAD™ via Kynurenine Pathway
Enzymes are A) tryptophan 2,3-dioxygenase B) kynurenine mono-oxygenase C)

kynureninase D) 3-hydroxyanthranilate 3,4,-dioxygenase E) no-enzyme F) Quinolinate
phosphoribosyltransferase G) nicotinic acid/nicotinamide mononucleotide
adenylyltransferase (Nmnat 1, 2, 3) H) NAD synthetase. I) 2-amino-3-carboxy-muconate-
semialdehyde decarboxylase (ACMSD) which acts upon 2-amino-3-carboxy-muconate-
semialdehyde to form picolinic acid, as an alternative pathway fed by the kynurenine
catabolic pathway, as discussed in the text.
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Figure 3. Nicotinic Acid Salvage Pathway (Preiss-Handler Pathway)

Enzymes are A) nicotinate phosphoribosyltransferase B) nicotinic acid/nicotinamide
mononucleotide adenylyltransferase (Nmnat 1, 2, 3) C) NAD* synthetase.
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Figure 4. Nicotinamide Core Recycling Pathway
Enzymes are A) nicotinamide phosphoribosyltransferase B) nicotinic acid/nicotinamide

mononucleotide adenylyltransferase (Nmnat 1, 2, 3). NAD* is constantly consumed in cells
by action of NAD* consumers, including sirtuins, PARP enzymes, CD38 etc., creating a
constant supply of nicotinamide, which must be recycled to maintain NAD* homeostasis.
The importance and efficiency of this process is discussed in the text.
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Figure 5. Nucleoside Salvage Pathway
Enzymes are A) nicotinamide riboside kinase 1 and nicotinamide riboside kinase 2 (Nrk1,

Nrk2) B) purine nucleoside phosphorylase C) nicotinic acid phosphoribosyltransferase D)
nicotinic acid/nicotinamide mononucleotide adenylyltransferase (Nmnat 1, 2, 3) E) NAD™*
synthetase F) nicotinamide phosphoribosyltransferase.
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Figure 6. Intracellular Import of NAD Precursors and Intracellular Conversions to NAD*
Depiction of how different NAD precursors are transported into cells via identified or

putative transport systems in cell membranes (embedded cylindrical domains). As can be
visualized by the figure, networks of biosynthetic pathways converge to two main NAD
biosynthetic intermediates, namely NaMN and NMN. NAD itself provides an action point
for several other downstream processes, including biosynthesis of NADP/NADPH and for
signaling processes, which regenerates nicotinamide for the core nicotinamide recycling
pathway.
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