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Summary

NAD(H) and NADP(H) have traditionally been viewed as co-factors (or co-enzymes) involved in a
myriad of oxidation-reduction reactions including the electron transport in the mitochondria.
However, NAD pathway metabolites have many other important functions, including roles in
signaling pathways, post-translational modifications, epigenetic changes, and regulation of RNA
stability and function via NAD-capping of RNA. Non-oxidative reactions ultimately lead to the net
catabolism of these nucleotides, indicating that NAD metabolism is an extremely dynamic
process. In fact, recent studies have clearly demonstrated that NAD has a half-life in the order of
minutes in some tissues. Several evolving concepts on the metabolism, transport, and roles of
these NAD pathway metabolites in disease states such as cancer, neurodegeneration, and aging
have emerged in just the last few years. In this perspective we discuss key recent discoveries and
changing concepts in NAD metabolism and biology that are re-shaping the field. In addition, we
will pose some open questions in NAD biology, including: Why is NAD metabolism so fast and
dynamic in some tissues? How are NAD and its precursors transported to cells and organelles? and
How is NAD metabolism integrated with inflammation and senescence? Resolving these questions
will lead to significant advancements in the field.
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INTRODUCTION:

The current teaching on NAD pathway metabolites such as NAD and NADP is focused
primarily on their roles in oxidation-reduction reactions, with little discussion about their
non-oxidative roles or their metabolism. In fact, the most current biochemistry textbooks
portray nicotinamide nucleotide metabolism as very static, placing importance mainly on the
interconversion between oxidized and reduced forms of NAD and NADP. Publications over
the past several decades, however, and particularly more recent studies, clearly demonstrate
that NAD metabolism, transport, and function are very complex and dynamic (Figure 1)
(Covarrubias et. al., 2020; Hogan et. al., 2018; Piedra-Quintero et. al., 2020). NAD can be
converted into several molecules that play key roles in energy transduction and cell signaling
such as NADP, NAADP, and cADPR. Products of NAD degradation such as nicotinamide
and n-methyl-nicotinamide have also emerged as key regulators of energy metabolism,
epigenetics, and disease states (Brachs et. al., 2019; Covarrubias et.al., 2020; Eckert et. al.,
2019; Liu et. al., 2018; Piedra-Quintero et.al., 2020), making it clear that NAD pathway
metabolites are involved in much more than the traditionally described oxidation-reduction
reactions (Covarrubias et. al., 2020; Hogan et. al., 2018; Piedra-Quintero et. al., 2020).

NAD pathway metabolites can also serve as substrates for a group of diverse enzymes,
including PARPs, sirtuins, CD38, ARTs, SARM1, and RNA polymerases, which are
involved in several aspects of cellular homeostasis (Figure 1) (Coleman and Hoke, 2020;
Seman et. al., 2004). Different from oxidation-reduction reactions, these enzymes promote a
net catabolism of nicotinamide nucleotides. Interestingly, cellular levels of these nucleotides
appear to decrease during chronological aging, in progeroid states, and in several
pathological conditions. In fact, dysregulation in NAD metabolism has emerged as a
contributing factor in the pathogenesis of several disease states, and the so-called NAD-
boosting or NAD-regenerative therapy has been proposed as an approach to treat human
diseases (Chini, 2020; Lautrup et. al., 2019). This promising therapeutic concept has sparked
a renewed interest in the biology of NAD pathway metabolites. Understanding the
metabolism, transport, and biological roles of these nucleotides has been the focus of
intensive investigation, leading to several key discoveries in the field. Many important
questions, however, like the contribution of different topological forms of NADases such as
CD38 and SARM1 to the NAD degradation process, and how NAD and its precursors are
transported to cells, are only beginning to be addressed. In addition, emerging data indicate
that an important, but largely neglected, aspect of NAD metabolism is the generation and
repair of toxic NAD metabolites such as NAD(P)HX (Figure 1). Below we will discuss
some of these new exciting discoveries in NAD biology and metabolism that are reshaping
our understanding of the field. These sections will discuss many topics that are relevant, but
still controversial, in the field of NAD biology and integrate some of these emerging
concepts.

NAD-replacement therapy: a new approach to human diseases?

A growing number of pre-clinical studies demonstrate that NAD levels decline in
physiological states such as aging, progeroid states, and pathological conditions involving
multiple organ systems including skeletal muscle, heart, kidney, central nervous system,
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hearing, and vision (Abdellatif al., 2021; Elhassan et. al., 2019; Katsyuba et. al., 2020; Ralto
et.al., 2020). However, as with any other approach that relies on data in rodents and /n vitro
cell culture, significant skepticism exists regarding the translational potential of NAD-
replacement therapy to humans. In fact, several studies with the NAD precursor
nicotinamide riboside (NR) failed to demonstrate clinical, structural, or functional effects in
the obese and the elderly (Dollerup et al. 2018; Dollerup et al., 2019; Dollerup et al., 2020;
Martens et al., 2018). On the other hand, key studies using simpler forms of vitamin B3 such
as nicotinic acid or nicotinamide have shown interesting positive results. However, even
these positive studies still need to be validated by large, double-blind randomized studies
before NAD-boosting therapy can be translated to human conditions. Here we will discuss
three human studies which have indicated that NAD-boosting therapy may indeed have a
salutary effect in specific pathological conditions. We will also discuss the pitfalls of these
studies and highlight what we believe is needed in the field to eventually be able to translate
NAD-boosting therapy to humans.

The first study, by Pirinen published in Cell Metabolism in 2020, evaluated 5 adult patients
with progressive external ophthalmoplegia (PEO), a mitochondrial myopathy caused by
mitochondrial DNA (mtDNA) deletions (Pirinen et al., 2020). The authors described that
levels of NAD in skeletal muscle and blood were lower in patients with PEO when
compared to age- and gender-matched healthy controls (Pirinen et. al., 2020). Although the
specific mechanism of NAD decline observed in the PEO patients was not well
characterized, it is possible that it is at least in part mediated by increased catabolism of
NAD via PARPs, as described before in other progeroid or mitochondrial myopathy animal
models (Bolderson et. al., 2019; Khan et. al., 2014). This is supported by the fact that the
products of NAD hydrolysis, namely nicotinamide and ADPR, were higher in these patients
(Pirinen et. al., 2020). Treatment of these patients with the vitamin B3 niacin (nicotinic acid)
for 12 months increased both skeletal muscle and blood NAD levels in PEO patients (Pirinen
et. al., 2020). Importantly, in their secondary outcomes, the authors observed several striking
effects of niacin treatment in the PEO patients, including significant increases in muscle
strength and mitochondrial biogenesis.

In the study by Poyan Mebhr et. al. published in Nature Medicine (Poyan et. al., 2018), the
authors demonstrated that impairment of de novo NAD biosynthesis from tryptophan
appears to be involved in the development of acute kidney injury (AKI). The authors
elegantly showed that the enzyme quinolinate phosphoribosyltransferase (QPRT) is crucial
for protection against NAD decline and resistance to AKI in mice. Furthermore, they
proposed that an elevated urinary quinolinate/tryptophan (uQ/T) ratio, as an index of
reduced activity of QPRT, predicted AKI and other adverse outcomes in critically ill
patients. Furthermore, the authors performed a small (31 patients) phase 1 placebo-
controlled study of oral vitamin B3 (nicotinamide) administration preemptively before
cardiac surgery and observed a dose-related increase in circulating NAD metabolites and
less AKI in these patients. Thus, the authors suggested that impaired NAD biosynthesis may
be a feature of high-risk hospitalizations for which NAD augmentation could be beneficial.

Next, we would like to highlight the phase 111 trial conducted by Chen and colleagues on the
role of nicotinamide as a chemoprevention against non-melanoma skin cancer in high risk
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patients (Chen et. al., 2015). In this study the authors performed a double-blind, randomized,
controlled trial with over 380 patients who had at least two non-melanoma skin cancers in
the previous 5 years. Patients received 500 mg of nicotinamide or placebo twice daily for 12
months. Patients who received nicotinamide had a decrease in the incidence of non-
melanoma skin cancer, including both basal-cell carcinomas and squamous-cell carcinomas,
of about 20% and 30%, respectively (Chen et. al., 2015). In this study the authors did not
perform mechanistic studies to evaluate the potential role of nicotinamide-induced NAD-
boosting as the driver of the chemoprevention. However, it is possible that the increased
NAD levels promoted protection against UV-radiation-induced DNA damage via activation
of PARP1 and sirtuins (Malesu et. al., 2020). The authors further published a follow-up
phase |1 study on the potential role of nicotinamide chemoprevention of skin cancer in
recipients of kidney transplant. This study demonstrated a trend for a decrease in the
incidence of skin cancer in the patients receiving nicotinamide but did not observe statistical
differences between the groups. (Chen et. al., 2016). Follow-up studies on the role of
vitamin B3 and other NAD-boosting approaches as chemoprevention for skin cancer are
necessary to establish its potential clinical use (Bagcchi et. al., 2015).

Although the studies mentioned above provide evidence on the role of NAD decline and
NAD replacement therapy in human subjects, they have obvious limitations that prevent
their clinical implementation at this moment. In particular, larger, double-blinded,
multicenter, and randomized studies are necessary to validate these clinical uses.
Nevertheless, these studies provide important frameworks, including the use of blood and
urinary NAD metabolome as biomarkers for certain diseases.

It is known that vitamin B3 can exist in multiple forms, including niacin, nicotinamide, NR,
and nicotinamide mononucleotide (NMN), all of which are capable of supporting NAD
synthesis /n vivo (Elhassan et. al., 2019; Lautrup et. al., 2019; Remie et. al., 2020). However,
it is not known if any of the NAD-boosting strategies is superior to the others, or if there are
specific diseases that would benefit from different NAD precursors. In fact, as discussed
above, some studies using the NAD precursor NR failed to demonstrate clinical benefits and
had only modest effects in structure and function studies (Dollerup et al. 2018; Dollerup et
al., 2019; Dollerup et al., 2020; Martens et al., 2018). For example, a randomized placebo-
controlled clinical trial of NR in humans showed that NR is safe, however, it did not show
benefits in the population studied. This clinical trial showed that NR did not improve insulin
sensitivity and whole-body glucose metabolism in obese, insulin-resistant men (Dollerup et
al., 2018). Also, glucose tolerance, p-cell secretory capacity, a-cell function, and incretin
hormone secretion in nondiabetic males with obesity were also not changed (Dollerup et al.,
2019). Finally, NR did not alter mitochondrial respiration, content, or morphology in
skeletal muscle from obese and insulin-resistant men (Dollerup et al., 2020). Another study
on NR administration in humans (Martens et al., 2018) found that chronic NR
supplementation was well tolerated and elevated NAD levels in healthy middle-aged and
older adults. However, the clinical outcomes in this study were not disease-specific and were
mostly not affected by NR. The authors suggested that larger clinical trials should be
performed to test the effect of NR in cardiovascular function and health in older adults
(Martens et al., 2018), although the specific disease indication was not clearly defined.
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Because translation of NAD-boosting therapy to humans has been limited, it requires
standardization and rigorous clinical trials before it can be implemented in clinical practice.
In order to define the optimal approach to promote NAD-boosting via administration of
vitamin B3 derivatives, rigorous head-to-head comparisons between the different NAD
precursors should be performed. These head-to-head comparisons are of great importance
since different NAD-precursors are expected to have distinct biological effects. For example,
nicotinic acid, in addition to being a NAD precursor, can also activate its own specific
receptor, which appears to be responsible for its effects in cutaneous flushing and decrease
in free fatty acids in the plasma (Lauring et al., 2012; Offermanns, 2006). On the other hand,
precursors such as nicotinamide, NR, and NMN are not expected to activate the nicotinic
acid receptor, unless they are converted to nicotinic acid.

Interestingly, pharmacokinetic studies indicate that both NR and NMN are significantly
metabolized by the gut microbiome (Shats et. al., 2020) and by the first passage in the liver
(Liu et. al., 2018). Thus, it appears that when NR and NMN are given orally, the vitamin B3
species that circulate and reach the peripheral tissues are likely nicotinamide and nicotinic
acid (Liu et. al., 2018; Shats et. al., 2020). Niacin and nicotinamide have been extensively
studied in humans, and its pharmacokinetics and safety profile are well known (Ralto et. al.,
2020).

Understanding whether other approaches to NAD-boosting are superior or can improve
niacin’s biological effects is of major importance to advance the field. New studies on NAD-
boosting could use niacin and nicotinamide as gold standards by which other NAD-boosting
compounds could be compared or added on to.

Other important issues to be addressed before NAD-replacement therapy can be translated to
patients are determining if there is a threshold of NAD that needs to be achieved, and if very
high levels of NAD could be detrimental in some situations. This is of particular importance
considering the development of extremely potent NAD*-boosting compounds such as the
reduced form of NR, namely NRH (Dihydronicotinamide riboside)(Giroud-Gerbetant et al.,
2019; Sonavane et al., 2020; Yang et al., 2019). Interestingly, a recent study indicates that
NRH could cause a cell specific cytotoxicity, likely via an oxidative stress pathway
(Sonavane et al., 2020 ). On the other hand, an /n vivo study demonstrates that its
administration can prevent cisplatin-induced acute kidney injury (Giroud-Gerbetant et al.,
2019 ). We believe that these studies in NAD-replacement therapies are indeed promoting a
renewed interest in NAD metabolism and fueling basic scientific discoveries that are
tremendously increasing our understanding of the biology of NAD.

Nicotinamide nucleotide metabolism is complex, fast and dynamic, but why?

As described above, with the growing interest in NAD-replacement therapy it becomes
imperative to investigate the metabolism of NAD precursors and metabolites, and to
understand the dynamics of their fluxes in normal and disease states. Furthermore, it is
essential to determine the relative contributions of anabolic and catabolic pathways to tissue-
and cell-specific NAD(P)(H) biology. Several pathways for NAD synthesis have been very
well described in mammalian cells and tissues (Figure 1) (Yoshino et. al., 2017). These
include de novo NAD synthesis from tryptophan that appears to be present predominantly in
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the liver, the salvage pathway via re-cycling or incorporation of nicotinamide, and the
Preiss-Handler pathway (Figure 1). The precise and relative roles of these different pathways
in mammalian synthetic fluxes of NAD pathway metabolites in health and disease states
have not been fully characterized. However, new data on these topics are emerging. For
example, a manuscript published by Liu et al. in Cell Metabolism (Liu et. a/., 2018),
described the NAD synthetic fluxes in cell lines and mouse tissues, and arrived at some
expected and new conclusions. The expected conclusion was that the liver makes NAD from
tryptophan, excreting nicotinamide to be used by other tissues. The exciting and unexpected
discoveries in this study were about the NAD half-life /n vivo. In particular, the authors
described that NAD fluxes vary widely across tissues, with t1/2 life that varies from 15 min
to 15 hours, high fluxes in the small intestine and spleen, and low fluxes in the skeletal
muscle. Therefore, flux analysis can reveal distinct tissue-specific features of NAD
metabolism. As with any important study, the study by Liu et. al. also opens new questions
in the field. First, which are the specific catabolic pathways that are responsible for the
differences in tissue turnover of NAD pathway metabolites? Second, why do some tissues
recycle nicotinamide at such a high speed? The latter question is of particular interest since
this “futile cycle” of NAD synthesis and degradation is predicted to be a very energy-
demanding process.

To date, the impact of specific catabolic pathways on NAD fluxes and NAD half-life have
not been explored. Some years ago, we showed that one of the main NAD consuming
enzymes in mammalian tissues during aging is the enzyme CD38 (Camacho-Pereira et. al.,
2016; Hogan et. al., 2019). CD38 is highly expressed in tissues that are rich in immune cells,
such as spleen, bone marrow, and gut (Camacho-Pereira et. al., 2016; Chini et. al, 2020).
Furthermore, two independent groups have shown that CD38 levels in tissues can be
increased by induction of an inflammatory response that promotes invasion of tissue by
CD38* immune cells such as T cells, B cells, and macrophages (Chini et.al, 2020;
Covarrubias et. al., 2020). These studies demonstrate that the accumulation of CD38
observed during aging is, at least in part, mediated by the accumulation of CD38* immune
cells which can be induced by senescent cells and their secretory phenotypes (Chini et.al.,
2020; Covarrubias et. al., 2020). Thus, it is possible that the high turnover of NAD and the
“futile cycle” of NAD synthesis and degradation in tissues such as spleen and gut are
mediated by the presence of CD38-expressing immune cells. This observation raises yet
another important question related to the specific cellular and tissue compartments where
NAD degradation occurs. CD38 is oriented in great majority as an ecto-enzyme in cells
(Chini et. al, 2020). This aspect of NAD biology and metabolism presents an important
topological paradox where the CD38 NADase faces the extracellular compartment and the
majority of NAD is intracellular (Chini et. al., 2020). We have recently approached this
paradox experimentally using a CD38 blocking antibody /n vivoand in vitro. Our results
demonstrate that CD38 ecto-enzymatic activity plays a major role in NAD homeostasis by
regulating the availability of NAD precursors such as NMN to cells and by degrading NAD
that may “leak” out of cells (Chini et. al., 2020). Thus, examining the contribution of
specific anabolic and catabolic pathways to nicotinamide nucleotide metabolism in health
and disease is an important and complex undertaking that will further shape our
understanding of NAD biology. Certainly, investigating the role of multiple synthetic and
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catabolic pathways such as the SARM1, ARTs, PARPs and sirtuins in nicotinamide fluxes /n
vivowill be crucial to provide a full understanding of the metabolism of NAD pathway
metabolites.

Regarding the question of why some tissues turnover NAD so quickly, we can only
speculate at this moment. It is possible that, as reported before, some immune cells are
sensitive to an extracellular NAD-mediated cell death via an ART-mediated ADP-
ribosylation of the P2RX7 purinergic receptor (Kiinzli et. al., 2020; Nolz, 2020; Seman et.
al., 2003). Furthermore, it is possible that immune cells may hydrolyze extracellular
precursors such as NMN, NAD, and NR to prevent their use by bacteria which are unable to
synthetize their own NAD(P) pool (Hogan et. al., 2019). Finally, as will be discussed next, it
is possible that the high turnover, low steady state levels and short half-life of NAD pathway
metabolites in some tissues may decrease the likelihood that a static NAD(P) pool could be
converted into side toxic metabolites, such as hydrated forms of NADH (Figure 1). Future
experimentation will be necessary to provide responses to these provocative ideas.

Metabolite repair mechanisms in NAD(P) biology, and their potential implications for NAD-
replacement therapy.

An important aspect of cellular metabolism is the recognition that several enzymes through
side reactions or even spontaneous non-enzymatic reactions can generate potentially toxic
products. In fact, mechanisms to restore these metabolites via metabolite repair enzymes
exist (Bommer et. al., 2020). Interestingly, some of the oldest known metabolic repair
mechanisms involve NAD pathway metabolites (Figure 1) (Bommer et. al., 2020). In fact,
since the 1950s it has been known that a toxic metabolite of NADH, known as NADHX, can
be generated through its hydration. This side reaction is catalyzed by the glycolytic enzyme
glyceldehyde-3-phosphate dehydrogenase (GAPDH) (Figure 1). In addition, another
metabolite NADPHX can be generated by a non-enzymatic conversion at physiological
temperatures at a rate of 10% per hour (Bommer et. al., 2020). These metabolites exist as
different isomers (R and S), as well as cyclic and non-cyclic forms. They are known to
inhibit several dehydrogenases, and as a result, their accumulation should be prevented
(Figure 1) (Bommer et. al., 2020). Extremely conserved repair enzymes named NAXE
(NAD(P)H-hydrate epimerase) and NAXD (ATP-dependent (S)-NAD(P)H-hydrate
dehydratase) play a key role in promoting the recycling of these metabolites back to their
NAD(P)H forms, protecting several different metabolic pathways (Fig. 1) (Bommer et al.,
2020). In eukaryotes, these enzymes are present in different cellular compartments including
the cytosol, mitochondria, chloroplasts in plants, and endoplasmic reticulum in mammals
(Bommer et. al., 2020), indicating that these enzymes are present in virtually all locations
where pyridine nucleotides are present. Another extremely important aspect of these
metabolites is that although there are repair mechanisms to detoxify cells from isomers of
NADPHX, no mechanisms have been described for the detoxification of their cyclic forms.

Mutations in NADPHX repair enzymes have been described recently. These mutations
promote accumulation of toxic metabolites, causing severe encephalopathy and death in kids
after a febrile episode (Kremer et al., 2016; Van Bergen, et al., 2019). The predominant
clinical features found in subjects with mutations in these repair pathways are sub-acute
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onset of ataxia, cerebellar edema, spinal myelopathy, and skin lesions (Kremer et al. 2016;
Van Bergen, et al., 2019). Importantly, infection and fever appear to be triggers of these
processes, indicating that a temperature-dependent conversion of NADPH to these toxic
metabolites plays a role in the pathogenesis of these diseases.

Little is known about the dynamic changes in these toxic metabolites and repair enzymes
under normal physiological and pathological conditions such as exercise, inflammation, and
aging. Furthermore, it is not known if there is any differential accumulation of these toxic
metabolites in specific tissues, or how the levels of these metabolites correlate with NAD
fluxes. Interestingly, a new study by Sabatasso’s group highlights the need to understand the
dynamics of the accumulation of toxic NADPH metabolites during pathological conditions
(Aljakna Khan, et al., 2021). In this study, the authors describe that ”~-NADPHX is one of
the top metabolites that accumulate in an ex-vivorat heart Langendorff model of ischemia
(Aljakna Khan, et al., 2021).

One possible reason NAD(P) metabolism is so dynamic could be to promote continue
recycling of the NAD(P) pool to prevent accumulation of these toxic metabolites. A fast and
dynamic flux could influence the accumulation of these toxic metabolites through different
mechanisms. Since at least part of the generation of these metabolites is mediated by non-
enzymatic processes, one would expect that the high turnover of the NAD and NADP pool
in tissues would promote a kinetic disadvantage for the generation of the toxic metabolites.
In addition, a high turnover of NAD in the spleen and gut are also accompanied by lower
steady state levels that would be expected to decrease the mass effect that could drive
generation of the toxic metabolites. Finally, it is also possible that these metabolites are
directly degraded by the same NADases that are important for the high turnover of the NAD
pool. For example, could inhibition of the NAD(P) degrading enzymes such as CD38,
SARM1, and PARP1 lead to the accumulation of these toxic metabolites over time by
increasing the NAD(P) pool? Thus, it is critical to understand the potential consequences of
manipulations of NAD(P) metabolic fluxes in the accumulation and metabolism of NADHX
and NADPHX toxic metabolites. In particular, the compartmentalization of the flux and
metabolism of the NAD(P) pool and these toxic metabolites are open questions in the field.

Another important question on this topic is whether NAD(P) metabolizing enzymes can
generate other side products that can be toxic to cells. For example, both CD38 and SARM1
hydrolyze NAD to ADPR and nicotinamide, but they also generate a small amount of the
cyclic nucleotide cADPR. Traditionally, CADPR has been considered a second messenger.
However, we can speculate that in mammalian cells the “vestigial” cyclase activity of CD38
and SARM1 may lead to an accumulation of cADPR that could be toxic to some cells.

Finally, as we have been approaching NAD-replacement therapy as a novel therapeutic
modality, it is imperative to understand if different types of NAD-boosting therapies like
vitamin B3 derivatives, NAD anabolism activators such as NAMPT activators, or NAD(P)
catabolism inhibitors would lead to the accumulation or clearance of these toxic NAD(P)HX
metabolites. In particular, investigating the long-term effect of these therapies in metabolite
repair mechanisms will be extremely important.
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SARM1: the killer within.

In our opinion one of the most remarkable discoveries in NAD biology in the last years
came from Jeffrey Milbrandt’s laboratory at Washington University in St. Louis. Working
with Wallerian degeneration models his laboratory found that the protein SARM1 (Sterile
alpha and Toll/interleukin receptor (TIR) motif-containing protein 1) is an evolutionarily
conserved executioner of this degenerative cascade (Essuman et. al., 2018; Gerdts et. al.,
2015). They further described that the TIR domain of SARML is necessary for SARM1
activity, although in other proteins dimerized TIR domains serve as scaffolds for innate
immune signaling. In SARM1, dimerization of TIR domains promotes consumption of NAD
* and induces neuronal destruction (Essuman et. al., 2018). Another interesting finding in
SARML1 biology and Wallerian degeneration is that NMN may be an endogenous activator
of SARM1, and NMN deamidase, an enzyme with NMN-consuming activity, delays axon
degeneration in neuronal cultures (Di Stefano et. al., 2017).

Remarkably, the catalytic activity of dimerized SARML is nearly identical to the enzymatic
activity of CD38, despite a complete lack of homology between these two proteins.
Dimerized SARM1 has glycohydrolase activity that consumes NAD™, converting it to
ADPR and nicotinamide, with a very small portion converted to cCADPR (Essuman et.al.,
2017; Essuman et. al., 2018). This mirrors the enzymatic activity of CD38 with one very
important distinction, CD38 is mostly an ecto-enzyme and SARML1 is an intracellular
enzyme. Thus, dimerization and activation of SARM1 enzymatic activity consumes NAD*
leading to metabolic collapse and cell death (Figure 2) (Essuman et. al., 2017). The specific
role, if any, of SARM1-generated cADPR in neuronal cell death has not been clearly
demonstrated at this point. Therefore, dissecting the specific mechanisms of regulation of
cell death induced by SARM1 dimerization and activation is critical.

Three recent studies explored the regulation of SARM1 using a structure-based approach

( Bratkowski et. al., 2020; Jiang et. al., 2020; Sporny et. al., 2020). These studies report the
unique and unexpected finding that NAD*-binding to the armadillo/heat repeat motifs
(ARM) domain of SARML1 facilitates the inhibition of the TIR-domain NADase through the
domain interface, and that disruption of the NAD™ binding site or the ARM-TIR interaction
causes constitutive activation of SARM1 and axonal degeneration (Figure 2). These findings
suggest that NAD™ itself mediates self-inhibition of this central pro-neurodegenerative
protein and controls its own fate (Figure 2). Another interesting finding was the
demonstration that NAD* binding to this inhibitory site can be displaced by the NAD*
precursor NMN. NMN displaces NAD™ from its binding site in the ARM, leading to
activation of SARML1 (Figure 2). On the other hand, it has been proposed that an initial NAD
* decline induced by metabolic dysfunction or perhaps by DNA damage and PARP1
activation or activation of CD38 could release NAD* from its ARM binding site. This NAD*
release could free the TIR domain to be dimerized and activated, leading to NAD
consumption and metabolic collapse and neural cell death (Figure 2).

Further studies are necessary to clearly delineate the mechanisms involved in SARM1
activation /n vivo. This is of particular importance when considering the potential use of
NMN as an NAD precursor. It is essential to know if NMN supplementation can lead to
displacement of NAD* from the regulatory site on SARM1, inducing activation of SARM1
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NADase activity, NAD" metabolic collapse, and cell death. In fact, a recent study supports
the notion that SARML1 is a sensor of the NMN/NAD ratio (Figley et al., 2021).

New findings and controversies in nicotinamide nucleotide transport.

Another important aspect of nicotinamide nucleotide biology being intensively investigated
relates to the machinery used by cells and organelles to transport NAD pathway metabolites
and precursors (Figure 3). This aspect of NAD biology is a source of heated debates (Grozio
et. al., 2019a; Grozio et.al., 2019b; Schmidt and Brenner, 2019; Wu and Sinclair, 2019). Key
questions in this field are how NAD(P) precursors are transported from the extracellular to
the intracellular space and whether NAD is transported into the mitochondria.

Interestingly, pathogens such as H. aegyptius, H. influenzae, H. haemolyticus, H.
parainfluenzae, and H. parahaemolyticus, that are responsible for a spectrum of infections,
lack the ability to synthesize NAD*, and rely instead on uptake of extracellular NAD and
NAD precursor molecules (e. g., NMN, NR) to support their metabolism and growth
(Andersen et. al., 2003). In fact, NAD and its precursors are necessary for the growth of
these bacteria and must be included in culture media as the V-factor. These bacteria express
nucleotide transporters to facilitate intracellular incorporation of nicotinamide nucleotides,
and it has been suggested that NR, NMN, and NAD can be transported through the
membranes of H. influenzae through different putative channels (Andersen et. al., 2003). In
contrast, in mammalian cells it has been proposed that only nicotinamide, nicotinic acid,
NR, and a reduced form of NR (NRH) can be transported from outside to the inside of the
cells through specific transporters. Conversion of extracellular NAD and NMN by CD38 and
CD73, to either free nicotinamide or NR, would be the mechanism available to incorporate
these extracellular precursors into cells (Figure 3). However, the debate on how extracellular
NMN is incorporated into cells persists (Garavaglia et. al., 2012; Wilk et.al., 2020).

Regarding the transport of NMN, the study by Grozio and colleagues, and the subsequent
criticism by Schmidt and Brenner deserve special attention (Grozio et. al., 2019a; Grozio et.
al., 2019b; Schmidt and Brenner, 2019). NMN is a biosynthetic precursor of NAD* known
to promote cellular NAD* production and to counteract age-associated pathologies in mice.
However, it is still not clear how NMN is taken up into cells. Grozio et al proposed that the
Slc12a8 gene, which has been previously named a salt transporter, encodes a specific NMN
transporter that is regulated by NAD in the mouse small intestine (Grozio et. al., 2019a).
They report that S/c12a8knockdown abrogates the uptake of NMN in cultured cells and in a
mouse knockdown model (Grozio et. al., 2019a). The authors further propose that Slc12a8
specifically transports NMN, but not NR, and that NMN transport depends on the presence
of sodium ions (Grozio et. al., 2019a). However, Schmidt and Brenner claim that the
analytical and transport data are not sound and do not support the transport of NMN by
Slc12a8 (Schmidt and Brenner, 2019). In addition, they state that there is enough genetic,
pharmacological, and kinetic evidence indicating that NMN is dephosphorylated to NR
before entering the cell (Schmidt and Brenner, 2019). Therefore, two scenarios may exist,
one where NMN is indeed transported into cells via a transporter such as Slc12a8, and
another where NMN must be converted to NR by an enzyme such as CD73, to be
incorporated by cells. To add to the controversy, studies on the role of CD73 in converting
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NMN to NR have come to very different conclusions (Mateuszuk et. al., 2020; Wilk et. al.,
2020). In one study, it was shown that CD73 is necessary for the cellular effect of NMN both
in vivoand in vitro in endothelial cells (Mateuszuk et. al., 2020). In contrast, in a different
study, it has been proposed that CD73 does not efficiently convert NMN to NR, and that
NMN uptake into some cancer cells occurs independently of CD73 (Wilk et. al., 2020). It is
possible that these different mechanisms to incorporate NAD precursors are present, or more
abundant, in specific cell types. Because studies /n vitro usually focus in one or few cell
types, a more complete picture is still missing. For example, it is possible that the
mechanism to incorporate NAD and NMN /n vivo could be cell, tissue, and context
dependent. Thus, it appears that much is still to be learned about the mechanisms that cells
use to uptake NAD precursors from the extracellular space (Figure 3).

Another key aspect of NMN metabolism and transport relates to the dramatically different
levels of this metabolite reported in the circulation. It is worth noting that the range of NMN
levels reported in the circulation varies from nearly undetectable to the uM range (Chini et
al., 2020; Irie et al., 2020; Grozio et al., 2019; Liu et al., 2018; Mills et al., 2016; Ratajczak
et al, 2016). The reason for these different results is not known, but it can likely be explained
by the lack of standardization common to the field. In fact, collection of samples, extraction
of nucleotides, storage, and the specific detection assays used could all be responsible for
these differences. Therefore, we believe that standardization of experimental protocols on
the analysis of NAD metabolites and precursors is imperative to be able to compare different
studies and get to the bottom of the NMN levels and transport controversy. Interestingly, we
have observed that after the administration of oral doses of NMN, NMN levels are nearly
undetectable in plasma. However, NMN levels can be increased by inhibition of the enzyme
CD38, indicating that this ecto-enzyme plays an important role in the pharmacokinetics of
NMN in the plasma (Chini et al., 2020). One important factor to consider about NMN
metabolism is the potential role of secreted exosomes containing the rate limiting enzyme
for the synthesis of NMN (eNAMPT). These exosomes could potentially present a site for
the synthesis of NMN in the circulation and, also a source of tissue crosstalk between
adipocytes and the brain, as proposed by Imai’s group (Yoon et al., 2015). Although, these
are intriguing possibilities, they still await experimental validation and confirmation in the
literature. As we will discuss next, the uptake of NAD and its precursors by organelles such
as the mitochondria is also the subject of very important new discoveries in the field, and
may provide clues to discover how NAD and NMN may be incorporated by cells.

NAD™* can be transported into mammalian mitochondria after all.

One important topic that has been debated in the field of NAD precursor transport is whether
NAD™ in mitochondria arises from nicotinamide, NMN, or NAD itself. Recently, a study by
Davila et al. suggested the existence of an unrecognized NAD* (or NADH) mitochondrial
transporter (Davila et al, 2018), challenging the old view that mitochondria were
impermeable to NAD™*. To further expand on this important finding, three independent
studies simultaneously identified the solute transporter MCART1/SLC25A51 as the first
discovered mammalian mitochondrial NAD™* transporter (Figure 3) (Girardi et. al., 2020;
Kory et. al., 2020; Luongo et. al., 2020).
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The NAD*/NADH pair is particularly critical in mitochondria, as it connects substrate
oxidation by the tricarboxylic acid (TCA) cycle to adenosine triphosphate (ATP) generation
by the electron transport chain (ETC) and oxidative phosphorylation. Using different
approaches, including gene essentiality data and gene interaction networks, MCART1
(SLC25A51) was identified as a mitochondrial NAD™ transporter. In support of that, all
three studies showed that MCART1-null cells have significant decreases in mitochondrial
NAD"* levels, TCA cycle flux, and mitochondrial respiration (for example, the NAD-
dependent mitochondrial complex | activity). Furthermore, these three independent studies
also demonstrated that isolated mitochondria from cells lacking MCARTI had impaired
NAD* uptake. Importantly, the functional consequences of the absence of MCARTI in cells
could be prevented by the expression of NDT71, a yeast mitochondrial NAD™ transporter
(Kory et. al., 2020; Luongo et al., 2020). Thus, these studies propose that MCART1 is the
long sought mitochondrial transporter for NAD* in human cells.

In light of these findings described above, one could predict that transporters for other forms
of NAD pathway metabolites may be revealed in the near future, further enhancing our
understanding of NAD metabolism and biology. Identification of these transporters may
have important physiological and translational implications. For example, in addition to
MCART1, humans have another homologous gene named MCART?2 that appears to be
expressed nearly exclusively in sperm cells (Girardi et. al., 2020; Kory et. al., 2020; Luongo
et. al., 2020). It is possible that exploration of the specific role of the NAD mitochondrial
transporter in sperm cells may lead to the development of a male-specific contraceptive.
Also, the renewed interest in the transport of NAD and its precursors has now led to the
identification of a transport mechanism for the most clinically used form of vitamin B3,
namely nicotinic acid (Mathialagan et. al., 2020).

In conclusion, the renewed interest in NAD metabolism, transport, and its biology has
promoted investigators to explore several extremely important open questions in the field
that has led to an expansion of our understanding of NAD transport and metabolism in
mammalian cells. The use of gene essentiality data and gene interaction networks will likely
be instrumental to continue to investigate these questions.

NAD, inflammation-senescence, and aging: the good, the bad, and the ugly.

Aging is characterized by many changes at the cellular and molecular level, including
epigenetic changes, genomic instability, mitochondrial dysfunction, and dysregulated
nutrient sensing (Lépez-Otin and Kroemer, 2020). Cells that do not properly function can
either die or become senescent (LApez-Otin and Kroemer, 2020). In the senescent state, cells
secrete many pro-inflammatory factors, including a variety of inflammatory cytokines and
chemokines (SASP), resulting in a low-grade inflammation called “inflammaging”
(Franceschi and Campisi, 2014). Another feature of aging and aging-associated pathologies
is a decline in NAD™ levels in tissues, which may influence the activity of sirtuins and
promote age-related metabolic disruption (McReynolds et. al., 2020). In order to better
understand the role of NAD* decline during aging, it is important to characterize NAD™*
metabolism and its enzymes during aging. In particular, two critical topics need to be better
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understood: what the roles of NAD* are in different cell types, including senescent cells, and
whether senescent cells and “inflammaging” regulate NAD* metabolism (Figure 4).

Regarding NAD* metabolism in senescent cells, a recent study proposes that NAD*
metabolism plays a key role in senescent cells by determining the strength of the pro-
inflammatory SASP (Figure 4). In a model of high pro-inflammatory SASP associated
senescence, oncogene induced senescence (OIS), significant increases were observed in the
NAD*/NADH ratio, NAD™ levels, and NAMPT expression, and knockdown of NAMPT
decreased not only NAD™ levels, but also secretion of the pro-inflammatory SASP (Nacarelli
et. al., 2019). Thus, this study proposes that in OIS the high pro-inflammatory SASP appears
to be predominantly driven by the NAD*/NADH ratio (Nacarelli et. al., 2019). However, in a
model of replicative senescence (RS), which is a low pro-inflammatory SASP-associated
senescence, the authors found that NAMPT was downregulated and the NAD*/NADH ratio
was decreased. It appears that in RS, senescence is primarily driven by DNA damage. In
addition, this study reported that increasing the NAD*/NADH ratio in RS by ectopic
oncogenic RAS or NMN supplementation significantly enhanced the SASP /in vitro
(Nacarelli et. al., 2019) Because pro-inflammatory SASP has been shown to be tumorigenic,
this study suggests that supplementation with NAD precursors should be approached with
caution, since it may be pro-inflammatory or tumorigenic in some conditions (Nacarelli et.
al., 2019).

In contrast to the hypothesis that NAD* increase in senescent cells may be pro-
inflammatory, a new study published in Science (Desdin-Mico et. al., 2020) showed that
mitochondrial dysfunction in T cells generated defective T cells that initiated an
inflammaging process in distal tissues of these animals. The senescence observed in these
mice was accompanied by low NAD*/NADH ratios in peripheral tissues (Desdin-Mico et.
al., 2020). Notably, administration of NR restored the NAD*/NADH ratio, prevented
transcriptional changes related to aging, and rescued the multimorbidity syndrome in these
mice (Desdin-Mico et. al., 2020). In support of this study, a study by Elhassan and
colleagues in 2019 showed that NR supplementation in aged individuals depressed levels of
some circulating inflammatory cytokines, proposing that NR administration in aged humans
may have anti-inflammatory effects (Elhassan et. al., 20219). In view of these findings,
several issues need to be addressed to better understand the role of NAD™ metabolism in the
development of senescence during aging. It is critical to fully characterize the role of NAD
synthesizing and consuming enzymes in senescent cells and to investigate the role of NAD
metabolism in other cellular models of senescence. More importantly, it is necessary to
manipulate NAD™ levels through different mechanisms /7 vivo, using different NAD
precursors or manipulating NAD metabolism enzymes, to have a clear picture of their role in
the development of senescence and age-related inflammation /n vivo.

Another interesting topic in NAD metabolism and aging is how senescent cells and their
secretory phenotype regulate NAD metabolism in non-senescent cells. Three recent studies,
including two by our group (Chini et. al., 2019, Chini et. al., 2020, Covarrubias et. al.,

2020), explored this topic and provided a key connection between senescent cells and the
NAD*-degrading ecto-enzyme CD38. These studies show that immune cells are the main
cells that accumulate CD38 during aging (Chini et. al., 2019; Chini et. al., 2020; Covarrubias
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et. al., 2020). In addition, the SASP induces expression of CD38 in immune cells 7in vitro
and /n vivo, especially in macrophages, but also in non-immune cells (Figure 4) (Chini et.
al., 2019, Chini et. al., 2020, Covarrubias et. al., 2020). Induction of senescence in vivo
increased CD38 expression in white adipose tissue and liver (Chini et. al., 2020, Covarrubias
et. a/, 2020). Importantly, depletion of senescent cells or their secretory phenotype /n vivo,
decreased CD38 levels and partially rescued NAD™ levels in aging tissues, demonstrating
that senescent cells contribute to the NAD* decline observed during aging (Chini et. al.,
2020). Therefore, increased CD38 expression in immune cells during aging is a key event
that connects accumulation of senescent cells with inflammation and NAD* metabolism.
Because CD38 degrades not only intracellular NAD*, but also extracellular NMN, blocking
the extracellular CD38 activity with a specific antibody increased both NAD and NMN
levels in tissues of aging mice (Chini et. al., 2020). This finding raises the possibility that
inhibition of CD38 ecto-enzymatic activity with specific antibodies could be used together
with other NAD boosting therapies in studies of NAD-replacement therapies. It would also
be interesting to investigate the effects of CD38 inhibition in combination with other aging
therapies, such as senolytic or senomorphic agents, to improve aging-related diseases. More
important, however, is the need to determine if an increase in CD38 expression during the
aging process may have a potential negative feedback effect on the SASP in tissues enriched
in senescent cells (Wu and Zhang, 2020). Thus, whether tissue NAD-decline during aging is
a friend or foe has not been completely elucidated (Wu and Zhang, 2020).

Concluding Remarks

Research in nicotinamide nucleotide metabolism in physiological and disease states has
rapidly evolved in the last few years and has transformed our understanding of the roles of
these nucleotides in the metabolism. However, at this moment, it appears that we are still far
from understanding the complete picture of how all these NAD metabolites are integrated.
Many open questions remain to be explored for us to improve our understanding of the
biology of these nucleotides and their potential therapeutic roles. First, how do NAD
precursors get into cells and organelles? This is still a point of debate, especially due to the
use of different cells and tissues in specific studies. Does it matter which precursors are used
and which pathways are targeted? Why is nicotinamide nucleotide metabolism so fast and
dynamic? Do NAD toxic metabolites such as #-S-NADPHX accumulate during different
physiological and pathological states? How are multiple arms of nicotinamide nucleotide
metabolism integrated with other metabolic pathways such as the methionine cycle? What
are the emerging non-oxidative roles of NAD and its derivatives, such as the role of NAD-
capping of RNA? Answering these questions would provide us with a clear picture on the
roles and biology of these nucleotides.
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Figure 1. An overview of the NAD metabolome and metabolic pathways.
This figure is an integrative view of the networks related to NAD metabolism, including

synthesis (de novo, Preiss-Handler, and salvage pathways), degradation, excretion, and
repair pathways. The structure of NAD, NMN, and NR is shown (upper right). The structure
of S-NADHX is shown (repair pathway - green) and the hydroxy group located at position 6
of the nicotinyl ring is highlighted. In the R-configuration the hydroxy group of the nicotinyl
ring is located at position 2 (not shown). Cyclic forms of both S- and R-NAD(P)HX (not
shown) are also toxic metabolites. 2-PY= N-methyl-2-pyridone-5-carboxamide; 4PY= N-
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methyl-4-pyridone-3-carboxamide; ACMS= 2-Amino-3-carboxymuconic acid
semialdehyde; AFMID= Arylformamidase; AOX= aldehyde oxidase; ARTs= ADP-ribosyl-
transferases; CYP2E1= Cytochrome P450 2E1; GAPDH= Glyceraldehyde-3-phosphate
dehydrogenase; HAAO= 3-hydroxyanthranilate 3,4-dioxygenase; IDO= indoleamine 2,3-
dioxygenase; KMO= kynurenine 3-monooxygenase; KYNU= kynureninase; M-NAM=
methyl nicotinamide; NA= nicotinic acid; NaAD= nicotinic acid adenine dinucleotide;
NAD= nicotinamide adenine dinucleotide; NAM= nicotinamide; NaMN= nicotinic acid
mononucleotide; NAMPT= nicotinamide phosphoribosyltransferase; NaPRT1= nicotinic
acid phosphoribosyltransferase 1; NAXD= NAD(P)HX Dehydratase; NAXE= NAD(P)H-
hydrate epimerase; NMN= nicotinamide mononucleotide; NMNAT1= nicotinamide/
nicotinic acid mononucleotide adenylyltransferase 1; NNMT= nicotinamide N-
methyltranferase; NR= nicotinamide riboside; PARP= poly (ADP-ribose) polymerase;
PRPP= phosphoribosy! pyrophosphate; QPRT= quinolinate phosphoribosyl transferase;
SARM1= short for sterile alpha and Toll/interleukin receptor (TIR) motif-containing protein
1; TPO= tryptophan 2,3-dioxygenase;
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Figure 2. Potential mechanisms involved in Sarm1 activation.
SARM1 homo-octamer assumes a packed inactive conformation which is stabilized by NAD

binding to allosteric sites located in the ARM domains. NAD decline leads to the
disassembly of SARM1’s peripheral ARM ring, allowing the formation of TIR dimers,
which are responsible for SARM1 NADase activity. It has been postulated that NMN may
promote NAD displacement from SARML inhibitory allosteric sites, resulting in SARM1
NADase activation. A) In normal physiological context NAD is bound to allosteric sites in
SARM1 oligomers, far from its catalytic sites. CD38 present in the cellular plasma
membrane would lead to the degradation of extracellular NMN, preventing the increase of
intracellular NMN levels. B) In a condition where extracellular CD38 activity is blocked, the
consequent increase in intracellular NMN levels could lead to the displacement of NAD
from SARM1’s allosteric inhibitory sites leading to SARM1 activation. C) Increased
expression/activity of intracellular NADases such as PARPs or intracellular CD38 (iCD38)
can lead to a decrease in intracellular NAD levels and consequent activation of SARM1
activity. Further decrease in NAD levels could lead to metabolic collapse and cell death.
SAM-= sterile alpha motif; TIR= toll/interleukin-1 receptor (TIR) homology domain; ARM=
armadillo repeat domain.
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Figure 3. Nicotinamide nucleotides transport into cells and organelles.
It is believed that extracellular NAD and NMN are degraded into ADPR and NAM or NR by

exonucleotidases such as CD38 or CD73, respectively, before being transported into the
cells. The transport of NR is mediated by equilibrative nucleoside transporters (ENT).
Whether NMN can be taken up into cells through the transporter Slc12a8 or any other
transporter is still under debate. NAM is known to enter into the cells, but the protein that
mediates its transport is still unknown. The CD38 product ADPR can be used as substrate by
other nucleotidases such as the nucleotide pyrophosphatase CD203a, which generates AMP.
AMP is the main substrate of CD73, which generates adenosine, an immunosuppressive
metabolite. Slc25a51, a member of the solute carrier transporter family, has recently been
identified as the NAD transporter in the mitochondrial inner membrane. NAM=
nicotinamide; NMN= nicotinamide mononucleotide; NR= nicotinamide riboside; ADPR=
adenosine diphosphate ribose; AMP= adenosine mononucleotide; ADO= adenosine.
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Figure 4. NAD, inflammation, and senescence: double edged sword?
In oncogene-induced senescence (OIS), high mobility group A protein (HMGA) upregulates

the expression of nicotinamide phosphoribosyltransferase (NAMPT), the rate liming enzyme
for the NAD salvage pathway. The HMGA-mediated NAMPT expression induces NAD
synthesis, leading to higher NAD*/NADH ratios. This metabolic change can induce a higher
pro-inflammatory SASP, which accelerates cancer progression in surrounding cells. During
aging-related senescence (ARS), the chronic SASP causes a low-level pro-inflammatory
environment, leading to inflammaging and upregulation of CD38 expression in M1
macrophages and other immune cells. Induction of CD38 expression in turn causes a
reduction in NAD and NMN levels in surrounding tissues. Pro-inflammatory immune cells
also have reduced NAD levels, but this reduction depends on other enzymes in addition to
CD38, like PARP1. NAD boosting-therapies are attractive therapeutical approaches, but it is
crucial to consider them carefully. NAD= nicotinamide adenine dinucleotide; NMN=
nicotinamide mononucleotide; SASP= senescence associated secretory phenotype; OIS=
oncogene-induced senescence
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