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Life as we know it cannot exist without the nucleotide nicotinamide adenine dinucleotide (NAD). From
the simplest organism, such as bacteria, to the most complex multicellular organisms, NAD is a key
cellular component. NAD is extremely abundant in most living cells and has traditionally been described
to be a cofactor in electron transfer during oxidation-reduction reactions. In addition to participating in
these reactions, NAD has also been shown to play a key role in cell signaling, regulating several pathways
from intracellular calcium transients to the epigenetic status of chromatin. Thus, NAD is a molecule that
provides an important link between signaling and metabolism, and serves as a key molecule in cellular
metabolic sensoring pathways. Importantly, it has now been clearly demonstrated that cellular NAD
levels decline during chronological aging. This decline appears to play a crucial role in the development
of metabolic dysfunction and age-related diseases. In this review we will discuss the molecular mech-
anisms responsible for the decrease in NAD levels during aging. Since other reviews on this subject have
been recently published, we will concentrate on presenting a critical appraisal of the current status of the
literature and will highlight some controversial topics in the field. In particular, we will discuss the
potential role of the NADase CD38 as a driver of age-related NAD decline.

© 2016 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

NAD was discovered over a hundred years ago (Harden and
Young, 1906), and now that it has achieved its status as a super-
centenarian molecule, its role in the biological process of aging is
being recognized (Braidy et al., 2011; Gomes et al., 2013; Lin et al.,
2000; Massudi et al., 2012; Scheibye-Knudsen et al., 2014; Zhu
et al., 2015). It has been shown that NAD levels decline during
chronological aging, and that this decline is both a consequence of
the aging process and also a contributor to the development of age-
related cellular dysfunction (Braidy et al., 2011; Gomes et al., 2013;
Massudi et al., 2012; Scheibye-Knudsen et al., 2014; Verdin, 2015;
Zhu et al., 2015). It is possible that a vicious cycle exists in which
molecular mechanisms involved in the aging process, such as
oxidative stress, DNA damage, senescence, and inflammation, lead
to tissue NAD decline which subsequently exacerbates the pro-
cesses that caused its decline in the first place (Fig. 1). To potentially
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intervene in this vicious cycle it is crucial that we understand the
mechanisms that lead to cellular NAD decrease during aging and, in
particular, whether the decrease is mediated primarily by changes
in its degradation, synthesis, or both. Furthermore, it is critical to
understand how oxidative stress, DNA damage, inflammation, and
senescence impact cellular NAD metabolism during the aging
process. In the current review we will present a critical analysis of
this subject, and will provide new mechanistic hypotheses to
explain the age-related NAD decline.
2. The discovery of NAD and its role in oxidation-reduction
reactions

The study of NAD began around 1906 when Sir Arthur Harden
andWilliam John Young first identified a heat-stable lowmolecular
weight fraction implicated in sugar fermentation in yeast (Harden
and Young, 1906). These investigators observed that this fraction
could support fermentation, and therefore postulated it to be a
cofactor in this process (Harden and Young, 1906). Almost thirty
years later, Hans von Euler-Chelpin identified this low molecular
weight factor as being composed of two mononucleotides,
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Fig. 1. A vicious cycle that amplifies tissue NAD decline, cellular senescence and
damage during aging. We propose that a vicious cycle exists in which molecular
mechanisms involved in the aging process, such as oxidative stress, DNA damage,
senescence, and inflammation, lead to tissue NAD decline which subsequently exac-
erbates the processes that caused its decline in the first place.

Fig. 2. The structure of NADþ. The molecular structure of NAD, including the two ri-
boses, the adenine and the nicotinamide base.
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adenosine monophosphate (AMP) and nicotinamide mono-
nucleotide (NMN) (von Euler-Chelpin, 1930). Next, Otto Warburg
isolated NAD and described its role in electron transfer in biological
systems (Warburg and Christian, 1936). Since Warburg's discovery,
the electron-transferring properties of NAD have been widely
recognized (Ziegler and Niere, 2004). The role of NAD in oxidation-
reduction (oxidoreduction) reactions is due to the fact that its redox
potential is at an intermediary value between biological donors and
acceptors of electrons. NAD and its phosphorylated analogue
NAD(P) are involved in both catabolic and anabolic reactions,
serving as acceptors or donors of electrons. Some key cellular
metabolic pathways where NAD(P)(H) plays a crucial role include,
transfer of electrons during aerobic and anaerobic glycolysis,
mitochondrial oxidative phosphorylation, biosynthetic lipid path-
ways, metabolism of several pharmacological and biological com-
pounds, and cellular protection against oxidative stress (Ziegler and
Niere, 2004). In these electron transfer reactions there is an inter-
conversion between oxidized and reduced forms of NAD (NADþ,
NADH), and these reactions are easily reversible. Therefore, the
oxidoreduction reactions do not contribute directly to changes in
total NAD levels in cells. This is not to say that electron transfer
reactions do not modify the availability of NAD to other processes.
In particular, the metabolic status of the organism can change the
ratio between NADþ and NADH (known as the NADþ/NADH ratio).
Since NADþ is the actual substrate of several NAD-dependent en-
zymes involved in protein modification and signal transduction, it
is plausible that changes in NADþ/NADH ratios in cells could have a
key role in the regulation of several cellular functions (Lin et al.,
2004; Cant�o et al., 2009).

3. Since the 1960s it has been recognized that NAD is a
substrate for covalent protein modifications and cell signaling

Interestingly, several years after the discovery of the role of NAD
in electron transfer in biological systems, it was recognized that
NAD is also involved in non-oxidoreduction pathways in cells
(Chambon et al., 1963). These “novel” roles of NAD include protein
modification by ADP-ribosylation, generation of cellular second
messengers, and modulation of the acetylation status of histones
and other proteins (Chambon et al., 1963; Chini et al., 1995; Clapper
et al., 1987; Imai and Guarente, 2010; Lee, 2012). In these reactions
the oxidized form of NAD (NADþ) serves as a substrate for a wide
range of enzymes, such as poly-ADP-ribose polymerases (PARPs),
CD38, and SIRTUINS that are involved in signal transduction and
cell signaling. For example, NADþ is used as a substrate for the
generation of calcium-regulating second messengers, such as
cyclic-ADP-ribose (cADPR) and likely nicotinic acid adenine dinu-
cleotide phosphate (NAADP) (Chini et al., 1995; Chini and Dousa,
1995; Lee, 2012). These signaling pathways have been shown to
be very important in many physiological conditions, like egg
fertilization, and pathological conditions such as cellular dysfunc-
tion induced by toxins and infectious agents (Chini, 2009;Wei et al.,
2014). Due to the key role of NAD in multiple biological functions, it
is crucial to characterize the mechanisms that control its meta-
bolism. In recent years, we have learned much about the cellular
mechanisms of NAD synthesis and degradation, and also about
several of the in vivo NAD metabolites (Garten et al., 2015; Cant�o
et al., 2015).
4. NAD is highly abundant in cells and can be converted into
several molecules of biological significance

As discussed above, the molecular structure of NAD consists of
two nucleotides: an adenine base and nicotinamide, which are
joined by a phosphate group (Fig. 2). The b diastereomer is the one
that supports cellular biochemical reactions. Reported NAD con-
centrations in cells vary between studies and methodologies, but
are generally in the range of 0.2e0.3 mM, making this a very
abundant molecule in cells. The fact that NAD is a key molecular
coin in energy metabolism and is abundant in cells raises the
inevitable analogy with ATP (the main energy coin of living



C.C.S. Chini et al. / Molecular and Cellular Endocrinology 455 (2017) 62e7464
organisms). Several parallels between these two molecules are
quite interesting and provide an important opportunity to under-
stand the mechanisms that couple energy metabolism and cell
signaling. Asides from being highly abundant in cells, both NAD and
ATP are used to perform work coupling several catabolic and
anabolic pathways in cells and also act as donors or acceptors for
covalent protein modifications that further regulate metabolism
and cell signaling. More than that, they are key components of
metabolic sensing, and both NADþ/NADH and ATP/AMP ratios
appear to be used by cells to integrate signaling and metabolism.
Finally, both NAD and ATP are precursors of second messengers,
such as cADPR and cAMP respectively, that integrate environmental
signaling and cellular functions. These parallels are further sup-
ported by the fact that multiple biological compounds can be
derived from both NAD and ATP. Thus, NAD and ATP appear to be at
a similar hierarchical level, as far as the integration of cell meta-
bolism, signaling, and function.

As discussed above, NAD can be converted into several mole-
cules that play a role in energy transduction and cell signaling such
as NADP, NAADP, and cADPR. In addition, products of NAD degra-
dation such as nicotinamide (NAM) and n-methyl-nicotinamide are
emerging as key regulators of energy metabolism, epigenetics,
aging, and longevity (Anderson et al., 2003; Kraus et al., 2014;
Schmeisser et al., 2013). However, at this moment, it appears that
we are far from understanding the complete picture of how all
these NAD metabolites integrate during the course of the aging
process. Below we will briefly discuss the metabolism of NAD in
biological systems.

4.1. NAD metabolism

NAD Biosynthesis: NAD levels remain constant when used as a
co-enzyme, but in non-redox reactions its levels are depleted from
the cellular pool, requiring continuous synthesis of the dinucleotide
(Nikiforov et al., 2015). The mechanisms of NAD synthesis have
been extensively reviewed by others (Nikiforov et al., 2015; Yang
and Sauve, 2016). Here we will only briefly describe some key as-
pects relevant to the aging field.

There are two main pathways for the synthesis of NAD, the so
called de novo pathway that utilizes the essential amino acid L-
tryptophan to generate quinolinic acid (QA) that is further metab-
olized into NAD (Fig. 3) (Nikiforov et al., 2015), and the salvage
pathway that utilizes nicotinamide (NAM), nicotinic acid (NA), and
nicotinamide riboside (NR) (Fig. 3) (Imai and Yoshino, 2013). The
salvage pathways are the main source of NAD. Although NA and
NAM are generically called niacin, these two distinct molecules
serve as NAD precursors in two different reactions.

In the Preiss-Handler pathway, NA is converted to nicotinic acid
mononucleotide (NAMN) by the enzyme nicotinic acid phosphor-
ibosyltransferase (NAPRT) (Fig. 3). In mice, NAPRT seems to be
expressed in tissues where NA is the preferential source for NAD
biosynthesis, like liver, intestine, heart, and kidney (Jackson et al.,
1995).

In mammalians, some studies indicate that NAM is the main
niacin-derived NAD precursor (Collins and Chaykin, 1972; Terakata
et al., 2013). The enzyme Nicotinamide phosphoribosyltransferase
(NAMPT) generates NMN from NAM and 50-phosphoribosyl-1-
pyrophosphate (PRPP), thereby catalyzing the rate-limiting step
in the mammalian NAD salvage pathway from NAM (Garten et al.,
2015). In addition to being an NAD precursor, NAM is also
responsible for the regulation of NAD-consuming enzymes through
inhibition of NAD-binding sites (Zhao et al., 2013). Thus, under-
standing NAMmetabolism is of great importance for modulation of
NAD levels.

Another niacin-derived NAD precursor, NR, has been identified
(Bieganowski and Brenner, 2004) and it is mainly obtained from the
diet and from the partial digestion of NAD and NMN (Bogan and
Brenner, 2008). NR is phosphorylated to NMN by the ATP-
dependent nicotinamide riboside kinase (NRK) inside of cells
(Bieganowski and Brenner, 2004). NR can also be generated via the
enzyme CD73 (cluster of differentiation 73), an ecto-5'-nucleo-
tidase. The CD73 catalytic site faces the outside of the cell and
mediates the synthesis of NR from NAD and NMN, contributing to
the availability of NR for intracellular synthesis of NAD (Fig. 3)
(Grozio et al., 2013).

The synthetic pathways described above converge in the for-
mation of the dinucleotides NAMN and NMN (Fig. 3). Both mole-
cules are subsequently converted by the same enzyme, NMNAT
(Houtkooper et al., 2010) which uses ATP as the adenyl donor,
releasing pyrophosphate (Ruggieri et al., 2015). However, in the
case of NAMN, it is first converted to NAAD, which is then amidated
to NAD by glutamine-dependent NAD synthetase (NADS).

5. Synthesis of NAD-derived calcium second messengers
cADPR and NAADP

cADPR is a second messenger that induces calcium release from
intracellular stores via activation of the ryanodine channel (Lee,
2012). It is synthesized from b-NADþ by an ADP-ribosyl cyclase
activity and then converted to ADPR in a cADPR hydrolase reaction
(Fig. 3). It must be noted, however, that in many cell types studied
so far, the precise nature of the enzyme(s) responsible for physio-
logical ADP-ribosyl cyclase and cADPR hydrolase activities has not
been well established. Nevertheless, ADP-ribosyl cyclase activity
has been found across different species, suggesting that cADPR
metabolism has been preserved in evolution (Kim et al., 1993;
Malavasi et al., 2008; Rusinko and Lee, 1989). The first character-
ization of ADP-ribosyl cyclase was performed in Aplysia californica
ovotestis and this soluble enzyme was found to have pure cyclase,
but no hydrolase activity (Hellmich and Strumwasser,1991; Lee and
Aarhus, 1991).

The amino acid sequence of ADP-ribosyl cyclase from Aplysia
has considerable homology with the human lymphocyte surface
antigen CD38, which led to the discovery that CD38 has ADP-ribosyl
cyclase activity (States et al., 1992). However, in contrast to the
Aplysia cyclase, CD38 is a transmembrane protein and has both
ADP-ribosyl cyclase and cADPR hydrolase activities. Surprisingly,
CD38 bound to the plasma membrane has its catalytic site located
on the extracellular domain of the cell (Chini, 2009; Quarona et al.,
2013), which poses theoretical difficulties for understanding how
CD38 generates cADPR in the cytoplasm, where it should be
available to interact with calcium channels. Several mechanisms for
generation of intracellular cADPR have been proposed, but a clear
molecular model remains to be established (Wei et al., 2014). In
cells from vertebrates, there are other enzymes with cyclase ac-
tivity, although not as extensively characterized as CD38. The
lymphocyte surface antigen named BST-1 (CD157) also has ADP-
ribosyl cyclase activity and appears to be the product of a gene
duplication of CD38 (Hirata et al., 1994).

We were the first to describe the synthesis of NAADP in several
mammalian tissues including brain, liver, spleen, heart, and kidney
(Chini and Dousa,1995; Cheng et al., 2001). Synthesis of NAADP can
be catalyzed in vitro by a NAD(P)ase such as the aplysia cyclase and
by CD38 (Lee, 1999; Chini et al., 2002), in a reaction called the base-
exchange reaction (Chini et al., 2002; Chini and Dousa, 1995).
In vitro, these enzymes catalyze the exchange of NAM for NA on the
molecule of NAD(P)þ, generating NAADP (Chini et al., 2002).
However, whether NAADP can be generated via the base-exchange
reaction in vivo is still an open question (Kim et al., 2008; Palade,
2007; Soares et al., 2007). Using CD38 knockout mice, we and



Fig. 3. Pathways for synthesis and degradation of NAD and its metabolites. On the upper left side of the figure is the simplified scheme of the de novo NAD synthetic pathway. On the
left-lower part of the figure is the savage pathway and the interconversion of nicotinamide mononucleotide (NMN) and nicotinamide riboside (NR). On the center and lower part of
the figure are the mechanisms of degradation of NAD including CD38, PARPs, and SIRTUINs. On the upper right are the phosphorylation of NAD to NADP and the conversion of NADP
to NAADP. Also on the upper right are the oxireduction reactions of NAD-NADH and NADP-NADH. On the lower portion of the figure is the metabolism of nicotinamide (NAM) via
salvage pathway and (lower-right) via methylation. All of the abbreviations for metabolites and enzymes are found on the text.
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others have observed that NAADP could be produced by cells in the
absence of CD38 (Kim et al., 2008; Soares et al., 2007). This in-
dicates that the base-exchange reaction is unlikely to be the
physiological route for the synthesis of NAADP.

Very little is known about the metabolism and role of these
NAD-derived second messengers during the aging process. NAADP
is an extremely potent calcium-releasing agent that promotes cal-
cium release from lysosomal acid calcium stores (Soares et al.,
2007; Morgan et al., 2015). NAADP appears to regulate a family of
Ca2þ/Naþ channels known as Two pore calcium channels (TPCN1
and 2) (Morgan et al., 2015). These messengers and channels are
involved in the regulation of lysosomal function and the process of
autophagy (Lu et al., 2013; Morgan et al., 2015). Furthermore, the
TPCN channels are important regulators of lysosomal-anchored
activation of the mTOR pathway (Cang et al., 2013). Interestingly,
both autophagy and mTOR dysregulation have been implicated in
the molecular mechanisms of aging. Thus, it is possible that both
NAADP and its activated channels may play a role in the aging
process by modulating autophagy and the mTOR pathway.
6. Mechanisms of NAD catabolism

The reactions that consume NAD in cells and tissues are medi-
ated by several enzymes that are involved in the non-oxidative
roles of NAD (Chini, 2009). From all of the enzymes involved,
CD38 and PARPs are the ones that appear to significantly contribute
to the cellular NAD degradation. In contrast, SIRTUINS appear to
have a minor role in NAD degradation, likely due to the fact that
they are low turnover enzymes.
6.1. CD38 is the main NADase in mammalian tissues

Although CD38 clearly generates and degrades the second
messenger cADPR, and plays key roles in the regulation of intra-
cellular calcium transients, it is clear that CD38 also have other
functions (Chini, 2009; Quarona et al., 2013). In fact, it is quite
interesting that CD38 is a very inefficient second messenger-
generating enzyme, as it will hydrolyze almost a hundred molecules
of NAD to generate one molecule of the second messenger cADPR
(Beers et al., 1995; Kim et al., 1993; Zielinska et al., 2004). In this
regard, we have focused on the possible role of CD38, not as a
second messenger enzyme, but as a NADase that can control
cellular NAD levels (Aksoy et al., 2006a, 2006b; Barbosa et al., 2007;
Chini, 2009; Escande et al., 2013; Hu et al., 2014). CD38 is clearly the
main NADase in mammalian tissues and contributes to the degra-
dation of NAD both in cultured cells and in tissues. CD38 will
consume NAD during its normal catalysis, generating the products
NAM and ADPR, and a minuscule amount of the second messenger
cADPR (Beers et al., 1995; Chini, 2009) (Fig. 3).

CD38 is mostly an ectoenzyme highly expressed in immune cells



C.C.S. Chini et al. / Molecular and Cellular Endocrinology 455 (2017) 62e7466
(Partida-Sanchez et al., 2001; Quarona et al., 2013). Although the
great majority of the enzyme is on the cell surface with its catalytic
site facing the extracellular space (Chini, 2009; Quarona et al.,
2013), the enzyme has also been observed in intracellular mem-
branes, including the nuclear membrane, mitochondria, and
endoplasmic reticulum (Chini, 2009; Malavasi et al., 2008). Soluble
intra and extracellular forms of CD38 have also been described
(Chini, 2009; Malavasi et al., 2008). These data are quite intriguing,
since the majority of NAD is intracellular. It is difficult to explain
this topological paradox, where the extracellular catalytic enzy-
matic activity of CD38 can influence intracellular NAD levels. A
possible mechanism to explain this paradox is if CD38 could
degrade not only NAD, but also its extracellular precursors before
they could enter the cell. Indeed, it has been shown that CD38 and
its homolog BST-1/CD157 degrade both NMN and NR (Grozio et al.,
2013; Preugschat et al., 2014). In particular, NMN is degraded by
CD38 and NR can be hydrolyzed by BST-1 (Grozio et al., 2013;
Preugschat et al., 2014). Thus, CD38 and BST-1 may have an
important impact on the regulation of cellular metabolism and
signaling, including regulation of the activity of SIRTUINS (Aksoy
et al., 2006b; Barbosa et al., 2007). In fact, we and others have
previously shown that CD38 regulates the organismal response to
high caloric feeding and that genetic or pharmacological ablation of
CD38 protects against high fat diet-induced metabolic dysfunction
via modulation of SIRT1 activity (Barbosa et al., 2007; Chiang et al.,
2015).

6.2. PARPs as NAD-degrading enzymes

Another group of enzymes that uses NAD as a substrate and can
regulate cellular NAD levels are the PARP enzymes (Veith and
Mangerich, 2015). PARPs were discovered in the 1960s, and are
involved in the process of DNA damage repair and also regulate
epigenetics and gene expression (Veith and Mangerich, 2015). It
appears that PARPs are generally low turnover enzymes in the
absence of DNA damage. During DNA damage, PARPs can be acti-
vated to a level that leads to significant consumption of cellular
NAD, causing cellular NAD decline, metabolic collapse, and cell
death (Bai et al., 2011; Veith and Mangerich, 2015). Genetic and
pharmacological inhibition of PARP1was shown to increase cellular
NAD levels and regulate organismal metabolic function (Bai et al.,
2011; Pirinen et al., 2014).

6.3. SARM1 and NAD depletion

Another emerging factor that appears to be involved in NAD
metabolism is the sterile alpha and TIRmotif-containing 1 (SARM1)
protein. It has been reported that SARM1 is involved in the mech-
anisms that link NAD depletion and neuronal Wallerian degener-
ation (Gerdts et al., 2015). In particular, formation of the SARM1-TIR
dimer triggered rapid breakdown of cellular NADþ, whereas
SARM1-induced axon destruction could be counteracted by
increased NADþ synthesis. However, it is not known if SARM1 has
NADase activity, and how it correlates with the other mechanisms
of NAD degradation (Gerdts et al., 2015). It would be interesting to
understand the potential role of SARM1 in the mechanisms of age-
related NAD decline.

7. The emerging role of NAD metabolism in aging and
longevity

7.1. Cellular NAD levels decline during the aging process

NAD levels change during many physiological processes.
Mounting evidence indicates that intracellular NAD levels are
significantly affected by nutritional and environmental stimuli.
These changes in NAD content are reflected into NAD-dependent
enzymatic activities, which in turn lead to changes in cellular
metabolism, gene expression, and protein function. Therefore,
maintenance of a proper intracellular NAD concentration appears
critical to maintain tissue homeostasis (Cant�o et al., 2012; Imai and
Guarente, 2014; Ruggieri et al., 2015).

Recently, it has been described that cellular NAD levels decline
during chronological aging and in progeroid states. This decline has
been shown to be about twofold in old worms and in multiple mice
tissues, including liver and skeletal muscle, leading to mitochon-
drial dysfunction and metabolic abnormalities (Braidy et al., 2011;
Gomes et al., 2013; Massudi et al., 2012; Mouchiroud et al., 2013;
Scheibye-Knudsen et al., 2014; Zhu et al., 2015). NAD decline was
also observed in animals submitted to high fat diet and during
senescence (Borradaile and Pickering, 2009; van der Veer et al.,
2007; Yoshino et al., 2011). In contrast, NAD increases in cells and
tissues after interventions associated with metabolic and age-
related benefits, such as exercise and caloric restriction (CR)
(Cant�o et al., 2010; Fulco et al., 2008). Moreover, NAD also oscillates
in a circadian fashion (Nakahata et al., 2009; Ramsey et al., 2009),
confirming the relationship between NAD levels and the nutritional
state of the organism.

Recent studies show that NAD levels are regulated indepen-
dently in different cell compartments, but the different NAD pools
are still interconnected (Gomes et al., 2013; Kato and Lin, 2014;
Stein and Imai, 2014; Yang et al., 2007). In fact, the study of
Gomes et al. indicate that mitochondria are regulated by nuclear
NAD and that the impairment in OXPHOS function during aging
may be precipitated by depletion of the nuclear NAD pool (Gomes
et al., 2013). Recently, the development of a genetically encoded
biosensor allowed the direct measurement of the NAD concentra-
tion within specific subcellular compartments (Cambronne et al.,
2016). This new study proposes that NAD in the mitochondria
fluctuates distinctly from that in the nucleocytoplasm. They also
report that there appears to be at least two mechanisms for
maintaining mitochondrial NAD in various cell types, the conver-
sion of NMN by NMNAT3 and transport of cytoplasmic NADþ

(Cambronne et al., 2016). However, it is not clear in which cellular
compartment(s) is NAD decline relevant to aging.

These studies highlight the need to understand the mechanisms
that lead to age-related NAD decline. There are several key ques-
tions in aging research such as: (a) What causes the NAD decline
observed during the aging process? (b) What are the consequences
of this NAD decline to the cellular dysfunction during aging? (c)
Finally, which interventions can be used to prevent NAD decline
during aging?

7.2. What causes the NAD decline observed during the aging
process?

The decline in NAD levels during aging appears to be a potential
hallmark of the aging process and has been demonstrated by
several independent investigators using multiple techniques and
biological models (Braidy et al., 2011; Gomes et al., 2013; Massudi
et al., 2012; Mouchiroud et al., 2013; Scheibye-Knudsen et al.,
2014; Zhu et al., 2015). Thus, it is crucial to understand the mech-
anisms that lead to the decline of this molecule during the aging
process. While decline in NADþ levels is a potential mediator of
aging phenotypes, it remains unclear whether this deficit is the
result of a single underlying mechanism (Wiley and Campisi, 2014).
Three possible scenarios could explain this decline: (A) NAD syn-
thesis could be decreased during the aging process, or (B) NAD
degradation could be increased or (C) any combination of these two
processes.
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7.3. Decrease in NAD synthesis as a cause of age-related NAD
decline: role of NAMPT

One explanation for the loss in NAD during aging is that one or
more of the NAD-biosynthetic pathways, such as the NAMPT
pathway, decline with aging. NAMPT is an important regulator of
the intracellular NAD pool. Through its NAD-biosynthetic activity,
NAMPT influences the activity of NAD-dependent enzymes, such as
SIRTUINS and PARPs, and thereby regulates cellular metabolism,
mitochondrial biogenesis, and responses to inflammatory, oxida-
tive, proteotoxic, and genotoxic stress (Garten et al., 2015; Imai and
Yoshino, 2013) There is some evidence indicating that levels of
NAMPT decline during replicative senescence of human smooth
muscle cells, and in peripheral tissue of old mice, such as WAT and
skeletal muscle (van der Veer et al., 2007; Yoshino et al., 2011),
whereas exercise training has the opposite effect, at least in skeletal
muscle (Costford et al., 2010). In addition, lifelong muscle-specific
Nampt transgene expression preserved muscle NAD levels and
exercise capacity in aged mice (Frederick et al., 2016).

Interestingly, NAMPT has been implicated as a critical regulator
of neuronal stem and/or progenitor cell (NSPC) proliferation, self-
renewal, and differentiation. It was described that hippocampal
NAD levels and NAMPT expression decline with age, and in vivo
ablation of Nampt impaired NSPC proliferation and self-renewal. In
addition, acute ablation of NAMPT in hippocampal neurospheres
significantly reduced NAD levels in NSPCs and stalled them in G1 of
the cell cycle, while chronic ablation of NAMPT in hippocampal
neurospheres abrogated oligodendrogenesis. These results
together reveal that Nampt deficiency in adult NSPCs recapitulates
their functional defects observed during the aging process (Stein
and Imai, 2014).

If NAMPT is indeed an important regulator of NAD decline
during aging, an essential question is how NAMPT is down regu-
lated during aging. Inflammatory cytokines and oxidative stress
appear to be major contributors to the development of chronic
inflammation during aging (Franceschi and Campisi, 2014; Kim
et al., 2016). One possibility is that chronic inflammation during
aging could decrease NAMPTexpression and cause a decline in NAD
synthesis and subsequent cellular NAD decline (Imai and Yoshino,
2013) (Fig. 4). However, neither the role of cytokines on NAMPT
expression, nor the role of NAMPT in age-related NAD decline, has
been clearly established. In fact, interestingly, inflammatory cyto-
kines can cause either a reduction or increase in NAMPT expression
(Iqbal and Zaidi, 2006; Yoshino et al., 2011), implying a complex
connection between chronic inflammation and NAMPT-mediated
NAD biosynthesis.

7.4. NAD degradation as a cause of age-related NAD decline

7.4.1. PARP1
A role for PARP1 in the regulation of NAD levels was proposed by

studies of PARP1 knockout mice. In one study, it was shown that
PARP1 knockout mice had a systemic elevation in NADþ levels,
SIRT1 activity, and metabolic benefits (Bai et al., 2011). Interest-
ingly, in this study, PARP1 knockout mice phenocopied many as-
pects of SIRT1 activation, such as a higher mitochondrial content,
increased energy expenditure, and protection against metabolic
disease. Also, pharmacologic inhibition of PARP in cells increased
NAD content, SIRT1 activity, and enhanced oxidative metabolism
(Bai et al., 2011). In sharp contrast, others have reported a decrease
in metabolic flexibility in PARP1 knockout mice, showing that these
animals present glucose intolerance and metabolic decline
(Devalaraja-Narashimha and Padanilam, 2010). These discrepant
results could be due to different animal backgrounds used in each
of the studies. Furthermore, the role of PARP1 in aging and
longevity is also controversial. For example, one of the current
hypotheses to explain the age-related NAD decline is that this
phenomenon could be mediated by accumulation of DNA damage
and activation of PARP1 during aging (Fig. 4) (Imai and Guarente,
2014). However, depending on the study, it has been observed
that levels and activity of PARPs may either decrease or increase
during chronological aging or accelerated aging disorders (Bakondi
et al., 2011; Braidy et al., 2011; Noren Hooten et al., 2012; Scheibye-
Knudsen et al., 2014; Zhang et al., 2014). For example, it was re-
ported that in Cockayne syndrome (CS), an accelerated aging dis-
order characterized by progressive neurodegeneration, there is
aberrant PARP activation leading to decreased SIRT1 activity and
mitochondrial dysfunction (Scheibye-Knudsen et al., 2014). PARP
inhibition, or NAD supplementation, could activate SIRT1 and
rescue the CS-associated phenotypes (Scheibye-Knudsen et al.,
2014). Also, PARP activity in nuclei from the liver, heart, kidney,
and lung of aging rats was found to be upregulated and there was
an increase in formation of poly(ADP-ribosylated proteins in all
these tissues (Braidy et al., 2011). In contrast, a different study
showed that there was a positive correlation between life span and
PARP expression across several species (Grube and Bürkle, 1992). In
addition, senescent fibroblasts showed a decline in the expression
and activity of PARP1, and the protein expression level of PARP1
was significantly lower in the skin of aged donors compared to that
of young ones (Bakondi et al., 2011). Thus, the precise role of PARP1
in aging and lifespan need to be further explored. In particular, at
the same time that PARPs appear to have a beneficial effect on the
control of DNA integrity and may positively contribute to an in-
crease in organismal longevity, its over-activation during the aging
process may contribute to cellular NAD decline and metabolic
dysfunction (Fig. 4). Interestingly, this appears to be the case, since
it was proposed that over-activation of PARP1 in skeletal muscle of
old mice during exercise can lead to cellular NAD decline that may
contribute to exercise-induced fatigue and reduced muscle per-
formance in response to exercise during aging (Mohamed et al.,
2014).

7.4.2. CD38
CD38 regulates numerous processes, including cell activation

and proliferation, muscle contraction, hormone release, and cell
immunity (Chini, 2009; Malavasi et al., 2008). Impaired CD38
function is associated with effects on immunity, metabolic
dysfunction, and behavioral deficits in mice (Barbosa et al., 2007;
Lopatina et al., 2012; Partida-Sanchez et al., 2001). Tissue NAD
levels were found to be tenfold to 20-fold higher in CD38-deficient
mice compared to wild-type animals. In addition, NADase activity
was almost absent in CD38 knockout mice (Aksoy et al., 2006a;
Young et al., 2006), suggesting that CD38 is the main NADase in
mammalian tissues. We and others have previously shown that
CD38 knockout mice have higher NAD levels and are protected
against obesity and metabolic syndrome (Barbosa et al., 2007;
Chiang et al., 2015). In addition, treatment of obese mice with
CD38 inhibitors increased intracellular NAD levels and improved
several aspects of glucose and lipid homeostasis (Escande et al.,
2013; Haffner et al., 2015). Importantly, we recently demon-
strated that the expression and activity of CD38 increase with aging
and that CD38 is required for the age-related NAD decline and
mitochondrial dysfunction via a pathway mediated, at least in part,
by regulation of SIRT3 activity (Camacho-Pereira et al., 2016)
(Fig. 5). We also identified that CD38 is the main enzyme involved
in the degradation of the NAD precursor nicotinamide mono-
nucleotide (NMN) in vivo (Camacho-Pereira et al., 2016), indicating
that CD38 has a key role in age-related NAD decline and as a
modulator of NAD-replacement therapy for aging and metabolic
diseases.



Fig. 4. Hypothetical interactions between molecular mechanisms of aging and cellular NAD decline. Molecular mechanisms of aging such as oxidative stress via reactive oxygen
species (ROS), DNA damage, and chronic inflammation of aging (Inflammaging) may promote dysregulation of NAD metabolism via activation of CD38 and PARPs, or inhibition of
NAMPT. NAD decline can amplify the aging process via acceleration of cellular metabolic dysfunction and senescence.
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An interesting question that remain to be addressed is how is
CD38 expression regulated during aging. CD38 expression and ac-
tivity are induced by cytokines and bacterial endotoxins such as
lipopolysaccharides (LPS) (Lee et al., 2012; Musso et al., 2001; Sun
et al., 2006; Yamamoto-Katayama et al., 2002). Thus, the chronic
inflammation observed during aging could lead to an increase in
expression of CD38 and subsequently cause NAD decline (Figs. 4
and 5). This hypothesis provides a link between the
Fig. 5. CD38 plays a key role in NAD decline in aging. NAD degradation via CD38 increases
activity increases during the aging process and that CD38 knock out is sufficient to inhibit th
representation of the role of CD38 in age-related NAD and NAD precursor degradation, and
“inflammaging” theory of aging and the age-related cellular NAD
decline (Fig. 4).
7.5. The consequences of the age-related NAD decline: role of
SIRTUINS

Decreased activity of SIRTUIN family members during aging,
especially SIRT1, SIRT3, and SIRT6, has been strongly associated
during the aging process. In A, we have recently observed that CD38 expression and
e age-related NAD decline (Camacho-Pereira et al., 2016). In B, we present a schematic
its impact in age-related metabolic decline and age-related diseases.
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with the susceptibility of organs to aging and age-related diseases
(Brown et al., 2013; Choudhury et al., 2011; Kanfi et al., 2012; Yuan
et al., 2016). A major cause of the decline in sirtuin activity is a
decrease in NAD levels with age, a decline that is accelerated by
obesity and counteracted by caloric restriction (CR) and physical
activity (Chang and Guarente, 2014; Choudhury et al., 2011; Kincaid
and Bossy-Wetzel, 2013; Koltai et al., 2010; Rappou et al., 2016;
Yoshino et al., 2011).

SIRT1 has the capability to extend life span, delay aging, and
prevent aging-related diseases, mainly by catalyzing the deacety-
lation of histones, and regulation of transcription factors, or coac-
tivators, such as p53, forkhead box O (FOXO), nuclear factor-kB (NF-
kB), PGC-1a, and Ku70 (Ramis et al., 2015). Although there is no
decline in SIRT1 protein with age, SIRT1 activity might be
compromised in old mice due to the systemic decline in NAD.
Indeed, several studies have reported that the activity of SIRTUINS
decayswith aging (Braidy et al., 2011; Cho et al., 2015; Quintas et al.,
2012).

Pharmacological interventions directed to increase SIRT1 ac-
tivity have been found to slow the onset of aging and delay age-
associated diseases. Studies show that overexpression of SIRT1 in
mice and use of small molecule activators of SIRT1, such as
resveratrol and SRT1720, enhance insulin sensitivity and protect
against diet-induced impairments in mitochondrial capacity and
oxidative metabolism in animals (Banks et al., 2008; Feige et al.,
2008; Milne et al., 2007; Pfluger et al., 2008). SIRT1 activators
have also been shown to improve health and extend lifespan of
mice maintained on a standard diet and also on a high-fat diet
(Baur et al., 2006; Minor et al., 2011). Also, the effects of CR on
spontaneous activity, cell survival, and lifespan extension require
SIRT1 (Boily et al., 2008; Chen et al., 2005).

Like SIRT1, SIRT6 expression is correlated with longevity and its
expression decreased with age in human dermal fibroblasts
(Sharma et al., 2013). SIRT6 is also induced by CR in rats (Kanfi et al.,
2008). Accumulating evidence also suggest a role for the mito-
chondrial SIRTUINS like SIRT3 in age-related pathologies
(Choudhury et al., 2011; McDonnell et al., 2015; Osborne et al.,
2016). For example, SIRT3 plays a central role in mitochondrial
function and it has been implicated in the effects of caloric re-
striction (Someya et al., 2010; Osborne et al., 2016). As SIRT3
knockout mice age, they show accelerated signs of aging and
dysfunction in the heart, including cardiac hypertrophy and fibrosis
(Hafner et al., 2010; McDonnell et al., 2015).

The cytoplasmic SIRT2 protein remains one of the least under-
stood of the SURTUINS, but it was shown that, along with NADþ, it
is upregulated in some tissues during CR (Wang et al., 2007).
Recently, it was shown that SIRT2 overexpression extends both
mean andmaximum lifespan of BubR1-deficient mice, a model that
lives shorter and show signs of accelerated aging (North et al.,
2014). However, although it appears that this process is mediated
by SIRT2, other sirtuins could also be involved (North et al., 2014).

7.6. Mitochondria as a target of NAD decline during aging

One of the hallmarks of aging is a decline in mitochondrial
function. During aging there are distinct mitochondrial morpho-
logical changes, such as abnormal rounded mitochondria, reduc-
tion of mitochondrial DNA with increase in mutation rate, and
impairedmitochondrial biogenesis (Yuan et al., 2016). A decrease in
mitochondrial biogenesis may reduce the turnover of mitochon-
drial components, resulting in the accumulation of oxidized lipids,
proteins, and DNA (Ungvari et al., 2008). Thus, it is believed that
maintaining mitochondrial biogenesis capacity during aging is vital
to prevent the progression of aging-related diseases (Ungvari et al.,
2008; Yuan et al., 2016).
It is now clear that a decrease in SIRT1 activity during aging has
deleterious effects on mitochondria (Imai and Guarente, 2014). A
reduction in SIRT1 activity down-regulates mitochondrial biogen-
esis, oxidative metabolism, and antioxidant defense pathways,
leading to damage to complex I of the electron transport chain and
a decline in mitochondrial function (Imai and Guarente, 2014). In
addition, a defect in SIRT1 activity led to a decrease in expression of
mitochondria-encoded proteins and metabolic decline in the
skeletal muscle of 24-month-old mice (Gomes et al., 2013). These
changes were reversed by supplementation with NMN, indicating
that the NAD shortage appears to be the primary trigger. Consistent
with these studies, some of the health benefits of SIRT1 have been
linked to improved mitochondrial function (Baur et al., 2006;
Gerhart-Hines et al., 2007; Mouchiroud et al., 2013).

Among the three SITUINS present in the mitochondria (SIRT3,
SIRT4 and SIRT5), SIRT3 is the major mitochondrial deacetylase
(Lombard et al., 2007). In mitochondria, SIRT3 serves as an
important regulator of energy metabolism (Liu et al., 2014) and is
highly expressed in metabolically active tissues such as brown
adipose tissue, muscle, liver, kidney, heart, and brain. Particularly in
the skeletal muscle, SIRT3 expression is sensitive to the diet
(Palacios et al., 2009). SIRT3 deacetylates several proteins of the
electron transport chain and oxidative phosphorylation, being
important for mitochondrial energy production (Ahn et al., 2008).
Importantly, SIRT3 expression and activity are suppressed with
aging, and SIRT3 up-regulation in aged hematopoietic stem cells
improves their regenerative capacity (Brown et al., 2013).

PARP activation also appears to be involved in mitochondrial
dysfunction. PARP1 inhibition in cellular models has been shown to
increase mitochondrial metabolism through SIRT1 activation (Bai
et al., 2011). Also, in the Sco2 knockout/knockin mouse, a mito-
chondrial disease model characterized by impaired cytochrome c
oxidase biogenesis, PARP inhibition led to a reduction of NAD
consumption, and a marked improvement of the respiratory chain
defect and exercise intolerance (Cerutti et al., 2014). However, it is
still not clear whether PARP activation regulates the mitochondria
dysfunction that happens during aging. In addition, in our recent
study, we observed that the increased CD38 activity during the
aging process appears to contribute to the development of mito-
chondrial dysfunction by decreasing cellular NAD availability
(Camacho-Pereira et al., 2016).

7.7. Nicotinamide metabolism in aging and longevity

One of the main products of the degradation of NAD is NAM.
Recent data clearly indicate that NAM and its derived cellular me-
tabolites have a role in the regulation of aging, energy metabolism,
and epigenetics (Bitterman et al., 2002; Anderson et al., 2003;
Kraus et al., 2014). For example, in yeast it has been shown that
accumulation of cellular NAM has a negative effect on longevity
(Anderson et al., 2003). This effect is likely due to the fact that NAM
serves as an inhibitor of the Sir2 enzyme, the yeast homolog of
mammalian SIRT1 (Anderson et al., 2003; Avalos et al., 2005). Thus,
yeast has a mechanism to clear cellular NAM via a nicotinamidase
(PNC1) that promotes the deamidation of this molecule (Anderson
et al., 2003). PNC1 has been implicated as a longevity gene in yeast
and is both necessary and sufficient for lifespan extension by calorie
restriction and low-intensity stress in this organism (Anderson
et al., 2003).

An analogous role of NAM in mammalians appears likely. In fact,
NAM is an inhibitor of SIRTUINS (Bitterman et al., 2002). It is
possible that during NAD metabolism, cellular NAM may accumu-
late and need to be metabolized (Bitterman et al., 2002; Anderson
et al., 2003; Kraus et al., 2014). Indeed, it has been shown that NAM
metabolism appears to play a key role in the regulation of energy
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metabolism, obesity, and liver steatosis (Kraus et al., 2014). The
enzyme Nicotinamide N-methyltransferase (NNMT) was shown to
be involved in the regulation of cellular metabolism and obesity
(Kraus et al., 2014). NNMT is an enzyme that methylates nicotin-
amide using S-adenosylmethionine (SAM), one of the main cellular
methyl donors, and is present at high levels in adipose tissue in
obesity (Kraus et al., 2014). Therefore, this enzyme may link NAD
metabolism and changes in DNA methylation during aging. In
particular, it is possible that increased NAD degradation during
aging may increase the availability of NAM to NNMT, increasing the
consumption of SAM (Kraus et al., 2014). This decrease in the
availability of SAM to methylate DNA may explain the changes in
methylation observed during aging (Fig. 3). In addition, SAM is also
involved in the synthesis of polyamines that are key regulators of
chromatin structure (Kraus et al., 2014). Interestingly, N-methyl-
nicotinamide has been implicated as a longevity factor in the worm
C. elegans (Schmeisser et al., 2013). However, to date, the role of
NNMT and methyl-nicotinamide in the aging process in mamma-
lians has not been explored. It would be interesting to understand
how degradation of NAD via CD38 and PARPs integrates and reg-
ulates the process of nicotinamide metabolism and DNA methyl-
ation in mammals.

7.8. Interventions to prevent age-related NAD decline

7.8.1. Caloric restriction
CR extends lifespan and prevents chronic diseases in a range of

organisms, including yeast, worms, flies, mice, rats, and perhaps in
monkeys and humans. It has been hypothesized that CR, by
increasing the levels of intracellular NAD, could stimulate SIRTUIN
activity, and then extend the lifespan of organisms, (Lin et al., 2000;
Longo et al., 2015; Lu and Lin, 2010). Recently, it was reported that a
CR mimetic, 2-deoxyglucose (2-DG), can extend the replicative
lifespan of Hs68 cells by increasing intracellular NAD and SIRT1
activity (Yang et al., 2011). However, several other mechanisms,
independent of SIRTUINS, have also been implicated in the bio-
logical effects of CR, including inhibition of the IGF-1 pathway and
modulation of the AMPK-mTOR pathway (Longo et al., 2015). A
recent study indicates that even though CR not always correlates
with lifespan extension, it consistently improved health across
mice strains and sexes (Mitchell et al., 2016).

7.8.2. Supplementation with NAD precursors
It is now clear that NAMPT-mediated NAD biosynthesis regu-

lates SIRUTIN activity, particularly SIRT1 activity, in a number of
different cellular and physiological conditions. Therefore, it is
conceivable that activating SIRT1 by promoting NAD biosynthesis
could be an efficient anti-aging intervention (Imai and Guarente,
2010). One way to promote NAD biosynthesis and SIRT1 activity
in mammals is to use key NAD intermediates, such as NR and NMN
(Cant�o and Auwerx, 2011). Therefore, pharmacological approaches
able to improve NAD availability have been investigated as poten-
tial therapeutic treatments for different human disorders
(Houtkooper and Auwerx, 2012). NR has been investigated as an
NAD-boosting molecule because of its ability to cross the plasma
membrane and, different than NAM, it does not inhibit NAD-
hydrolyzing enzymes such as PARP-1 and SIRTUINS (Chi and
Sauve, 2013). Recently, diet supplementation with NR was shown
to increase NAD levels in mammalian cells and mice tissue, and
activate SIRT1 and SIRT3. This supplementation ameliorated
metabolic defects of obese mice, boosted their energy expenditure
and oxidative performance of skeletal muscle and brown adipose
tissue, and, overall, reverted metabolic impairment (Cant�o et al.,
2012). In pre-diabetic mice NR improved glucose tolerance,
reduced weight gain, liver damage and the development of hepatic
steatosis, while protecting against sensory neuropathy (Trammell
et al., 2016). Additionally, NR was shown to prevent and reverse
the development of nonalcoholic fatty liver disease (NAFLD) by
inducing a SIRT1-and SIRT3-dependent mitochondrial unfolded
protein response (Gariani et al., 2016). NR supplementation also
increased mitochondrial NAD levels and improved mitochondria
function of old mice (Gomes et al., 2013), and rejuvenated and
prevented senescence of muscle stem cells in aged mice (Zhang
et al., 2016). Furthermore, NR supplementation was sufficient to
increase longevity in mice (Zhang et al., 2016).

Another key NAD intermediate, NMN, a product of the NAMPT
reaction, was shown to ameliorate glucose intolerance by restoring
NAD levels in HFD-induced Type 2 diabetic mice. NMN adminis-
tration enhanced hepatic insulin sensitivity and restored gene
expression related to oxidative stress, inflammatory response, and
circadian rhythm, partly through SIRT1 activation (Yoshino et al.,
2011). Additionally, NMN improved glucose intolerance and lipid
profiles in age-induced T2D mice. Treatment of mice for 1 week
with NMN reduced lactate level, and increased ATP and mito-
chondrial encoded OXPHOS transcripts, improving mitochondrial
function in aging mice, in a SIRT1-dependent manner (Gomes et al.,
2013). In another study, 8 weeks of NMN supplementation restored
arterial SIRT1 activity and ameliorated age-associated endothelial
dysfunction and large elastic artery stiffening in mice. These im-
provements restored nitric oxide bioavailability, reduced oxidative
stress, and promoted complete or partial normalization of struc-
tural proteins in the arterial wall (de Picciotto et al., 2016).

Beta cell-specific SIRT1-overexpressing (BESTO) transgenic mice
exhibited enhanced glucose-stimulated insulin secretion and
improved glucose tolerance compared to controls at both 3 and 8
months of age. However, in old BESTO mice there was loss of the
improved glucose tolerance and insulin secretion (Ramsey et al.,
2008). In these mice SIRT1 protein levels remain overexpressed,
but its activity decreases. The loss of SIRT1 activity in old BESTO
islets appears to be due to an age-associated decrease in NAMPT-
mediated systemic NAD biosynthesis, since these animals have
significantly reduced NMN levels. Administration of NMN in old
BESTO mice restored the metabolic phenotype and improved
glucose tolerance (Ramsey et al., 2008). These findings strongly
suggest that an age-associated decline in systemic NAD biosyn-
thesis indeed accounts for the reduced activity of SIRT1 in aged
pancreatic b cells (Ramsey et al., 2008). The restoration of increased
insulin secretion and improvement of glucose tolerance by NMN
administration have also been observed in female NAMPT hetero-
zygous mice.

Mice overexpressing the mitotic checkpoint kinase gene BubR1
live longer, whereas mice hypomorphic for BubR1 (BubR1(H/H))
live shorter and show signs of accelerated aging. During aging,
BubR1 levels decline in many tissues of wild-type mice. Loss of
BubR1 levels with age is due to a decline in NAD, and treatment of
mice with the NAD precursor NMN increases BubR1 abundance
in vivo (North et al., 2014). These studies together imply that NAD
precursors do in fact ameliorate metabolic and age-related
disorders.

7.8.3. CD38 and PARP1 inhibitors
Several CD38 inhibitors (CD38i) have been developed, including

the natural products apigenin and quercetin (Escande et al., 2013),
and the thiazoloquin(az)olin(on)es developed by GlaxoSmithKline
(Haffner et al., 2015). All of these compounds can increase cellular
NAD levels, and at least apigenin and quercetin have been shown to
have beneficial metabolic effects (Escande et al., 2013). However,
the precise role of CD38i on the regulation of NAD degradation and
the generation of CD38-derived second messengers such as cADPR
and NAADP is not known. CD38i may serve as pharmacological
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tools for several conditions including age-related metabolic
dysfunction, obesity, diabetes, Alzheimer disease, and cancers, and
for inflammatory conditions such asthma, COPD, and arthritis
(Chini, 2009) (Fig. 5). Interestingly, anti-CD38 antibodies have been
recently introduced as therapeutic tools in multiple myeloma and
are being tested for other hematological malignancies (Lokhorst
et al., 2015; van de Donk et al., 2016). It would be relevant to
determine the impact of these antibodies on CD38 activity, NAD
decline, and metabolic dysfunction during the aging process.

Similar data has been generated for PARP1 inhibitors (Bai et al.,
2011; Pirinen et al., 2014). Pharmacological inhibition of PARP
in vitro and in vivo increased NADþ content, SIRT1 activity, and
enhanced oxidative metabolism (Bai et al., 2011). A PARP inhibitor
also improved mitochondrial function in skeletal muscle, enhanced
endurance performance, and protected against HFD-induced
metabolic complications (Pirinen et al., 2014), suggesting that
these inhibitors can be used to treat metabolic dysfunction. Inter-
estingly, to date, the effect of combination therapies with CD38i,
PARP inhibitors, and NAD precursors have not been reported. It is
likely that a combination of these agents may provide a superior
therapeutic approach to prevent age-related NAD decline.
7.9. Closing remarks

In conclusion, NAD metabolism is very complex and includes
several pathways and metabolites that need to be integrated in our
understanding of the aging process. Future research will determine
how mechanisms involved in aging, such as reactive oxygen radi-
cals, DNA damage, inflammation, and cellular senescence, regulate
and are regulated byNADmetabolism. In addition, it is important to
determine the precise enzymes involved on the age-related NAD
decline. Our recent work highlights the role of the enzyme CD38 as
a key NADase involved on the process of age-related NAD decline.
Metabolic dysfunctions of aging maybe treated by targeted NAD-
replacement therapies with NAD precursors and/or NAD degrada-
tion inhibitors. In particular, it is also important to notice that CD38
and its homologous gene BST-1 are involved on the degradation of
not only NAD itself, but also its precursors such as NMN and NR.
Thus, CD38i and PARP inhibitors may be used in combination with
NMN and NR to enhance the potential of NAD-replacement therapy
for several diseases. Future studies on the role of NAD metabolism
in the aging process will be essential for the development of drugs
that target age-related diseases.
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