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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 meta-
bolism 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 con-
cepts in NAD metabolism and biology that are reshaping the field. In addition, we will pose some open ques-
tions in NAD biology, including why NAD metabolism is so fast and dynamic in some tissues, how NAD and its
precursors are transported to cells and organelles, and how NAD metabolism is integrated with inflammation

and senescence. Resolving these questions will lead to significant advancements in the field.

INTRODUCTION

The current teaching on NAD pathway metabolites such as NAD
and NADP is focused primarily on their roles in oxidation-reduc-
tion 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 be-
tween oxidized and reduced forms of NAD and NADP. Publica-
tions 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., 2019; 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.,
2021; Eckert et al., 2019;.Liu et al., 2018b; Piedra-Quintero
et al., 2020), making it clear that NAD pathway metabolites are
involved in much more than the traditionally described oxida-
tion-reduction reactions (Covarrubias et al., 2021; Hogan et al.,
2019; 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
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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; Shi et al., 2017). This promising
therapeutic concept has sparked a renewed interest in the
biology of NAD pathway metabolites. Understanding the meta-
bolism, 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 indi-
cate that an important, but largely neglected, aspect of NAD
metabolism is the generation and repair of toxic NAD metabo-
lites such as NAD(P)HX (Figure 1). Below we will discuss some
of these new exciting discoveries in NAD biology and meta-
bolism 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
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systems including skeletal muscle, heart, kidney, central ner-
vous system, hearing, and vision (Abdellatif et 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
in 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 ri-
boside (NR) failed to demonstrate clinical, structural, or func-
tional effects in the obese and the elderly (Dollerup et al., 2018,
2019, 2020; Martens et al., 2018). On the other hand, key studies
using simpler forms of vitamin B3 such as nicotinic acid or nico-
tinamide 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 hu-
man studies which have indicated that NAD-boosting therapy
may indeed have a salutary effect in specific pathological condi-
tions. We will also discuss the pitfalls of these studies and high-
light what we believe is needed in the field to eventually be able
to translate NAD-boosting therapy to humans.

The first study, by Pirinen et al., published in Cell Metabolism in
2020, evaluated 5 adult patients with progressive external oph-
thalmoplegia (PEO), a mitochondrial myopathy caused by mito-
chondrial DNA (mtDNA) deletions (Pirinen et al., 2020). The
authors described that levels of NAD in skeletal muscle and
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Figure 1. An overview of the NAD

oH metabolome and metabolic pathways

This figure is an integrative view of the networks
5 related to NAD metabolism, including synthesis (de
=N novo, Preiss-Handler, and salvage pathways),
J 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-carbox-
amide; 4PY, N-methyl-4-pyridone-3-carboxamide;
ACMS, 2-amino-3-carboxymuconic acid semi-
aldehyde; AFMID, arylformamidase; AOX, aldehyde
oxidase; ARTs, ADP-ribosyl-transferases; CYP2E1,
cytochrome P450 2E1; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; HAAO, 3-hydroxyan-
thranilate 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 dinucleo-
tide; NAM, nicotinamide; NaMN, nicotinic acid
mononucleotide; NAMPT, nicotinamide phosphor-
ibosyltransferase; NaPRT1, nicotinic acid phos-
phoribosyltransferase 1; NAXD, NAD(P)HX dehy-
dratase; NAXE, NAD(P)H-hydrate epimerase; NMN,
nicotinamide mononucleotide; NMNAT1, nicotin-
amide/nicotinic acid mononucleotide adenylyl-
transferase 1; NNMT, nicotinamide N-methyl-
tranferase; NR, nicotinamide riboside; PARP,
poly(ADP-ribose) polymerase; PRPP, phosphor-
ibosyl pyrophosphate; QPRT, quinolinate phos-
phoribosyl transferase; SARM1, sterile alpha and
TIR-motif-containing protein 1; TPO, tryptophan
2,3-dioxygenase.
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blood were lower in patients with PEO when compared with
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 catabo-
lism of NAD via PARPSs, 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 pa-
tients with the vitamin B3 niacin (nicotinic acid) for 12 months
increased both skeletal muscle and blood NAD levels in PEO pa-
tients (Pirinen et al., 2020). Importantly, in their secondary out-
comes, 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 et al. published in Nature Medicine
(Poyan Mehr et al., 2018), the authors demonstrated that impair-
ment of de novo NAD biosynthesis from tryptophan appears to be
involved in the development of acute kidney injury (AKI). The au-
thors elegantly showed that the enzyme quinolinate phosphori-
bosyltransferase (QPRT) is crucial for protection against NAD
decline and resistance to AKI in mice. Furthermore, they pro-
posed that an elevated urinary quinolinate/tryptophan (uQ/T) ra-
tio, as an index of reduced activity of QPRT, predicted AKI and
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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 Ill trial conducted by
Chen et al. on the role of nicotinamide as a chemoprevention
against non-melanoma skin cancer in high-risk 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 carci-
nomas, 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 Il study on the potential role of nico-
tinamide 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, 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 mononu-
cleotide (NMN), all of which are capable of supporting NAD syn-
thesis in 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 dis-
eases 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,
2019, 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, insu-
lin-resistant men (Dollerup et al., 2018). Also, glucose tolerance,
B cell secretory capacity, a cell function, and incretin hormone
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secretion in nondiabetic males with obesity were also not
changed (Dollerup et al., 2019). Finally, NR did not alter mito-
chondrial 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 dis-
ease-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 indi-
cation was not clearly defined.

Because translation of NAD-boosting therapy to humans has
been limited, it requires standardization and rigorous clinical tri-
als 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 spe-
cific 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, pre-
cursors 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., 2018a). Thus, it appears that when NR and NMN are given
orally, the vitamin B3 species that circulate and reach the periph-
eral tissues are likely nicotinamide and nicotinic acid (Liu et al.,
2018a; Shats et al., 2020). Niacin and nicotinamide have been
extensively studied in humans, and its pharmacokinetics and
safety profile are well known (Canner et al., 1986; Ralto et al.,
2020). Understanding whether other approaches to NAD boost-
ing 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-replace-
ment 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
in 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 thera-
pies are indeed promoting a renewed interest in NAD
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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-replace-
ment therapy it becomes imperative to investigate the meta-
bolism 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., 2018). These include de novo NAD syn-
thesis from tryptophan that appears to be present predominantly
in the liver, the salvage pathway via recycling or incorporation of
nicotinamide, and the Preiss-Handler pathway (Figure 1). The
precise and relative roles of these different pathways in mamma-
lian 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 manu-
script published by Liu et al. in Cell Metabolism (Liu et al.,
2018a) described the NAD synthetic fluxes in cell lines and
mouse tissues and arrived at some expected and new conclu-
sions. The expected conclusion was that the liver makes NAD
from tryptophan, excreting nicotinamide to be used by other tis-
sues. The exciting and unexpected discoveries in this study were
about the NAD half-life in vivo. In particular, the authors
described that NAD fluxes vary widely across tissues, with t1/2
life that varies from 15 min to 15 h, high fluxes in the small intes-
tine 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 differ-
ences 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 en-
ergy-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 (Cama-
cho-Pereira et al., 2016; Hogan et al., 2019). CD38 is highly ex-
pressed 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 in-
flammatory 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 ag-
ing 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
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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 pre-
sents 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
in vivo and 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 catabolic pathways such as the SARM1, ARTs, PARPs,
and sirtuins in nicotinamide fluxes in vivo will be crucial to pro-
vide a full understanding of the metabolism of NAD pathway me-
tabolites.

Regarding the question of why some tissues turn over NAD so
quickly, we can only speculate at this moment. It is possible that,
as reported before, some immune cells are sensitive to an extra-
cellular NAD-mediated cell death via an ART-mediated ADP-ri-
bosylation of the P2RX7 purinergic receptor (Kunzli 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

Animportant aspect of cellular metabolism is the recognition that
several enzymes through side reactions or even spontaneous
non-enzymatic reactions can generate potentially toxic prod-
ucts. In fact, mechanisms to restore these metabolites via
metabolite repair enzymes exist (Bommer et al., 2020). Interest-
ingly, 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 physiolog-
ical temperatures at a rate of 10% per hour (Bommer et al.,

Cell Metabolism 33, June 1, 2021 1079




¢ CellPress

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 (Figure 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
etal., 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 detoxifi-
cation of their cyclic forms.

Mutations in NADPHX repair enzymes have been described
recently. These mutations promote accumulation of toxic me-
tabolites, 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 muta-
tions in these repair pathways are sub-acute 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 me-
tabolites and repair enzymes under normal physiological and
pathological conditions such as exercise, inflammation, and ag-
ing. Furthermore, it is not known if there is any differential accu-
mulation of these toxic metabolites in specific tissues, or how the
levels of these metabolites correlate with NAD fluxes. Interest-
ingly, a new study by Sabatasso’s group highlights the need to
understand the dynamics of the accumulation of toxic NADPH
metabolites during pathological conditions (Khan et al., 2021).
In this study, the authors describe that R-NADPHX is one of
the top metabolites that accumulate in an ex vivo rat heart Lan-
gendorff model of ischemia (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 genera-
tion of these metabolites is mediated by non-enzymatic pro-
cesses, 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 is also accompanied by
lower steady-state levels that would be expected to decrease
the mass effect that could drive generation of the toxic metabo-
lites. 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
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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 hy-
drolyze 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 ther-
apy as a novel therapeutic modality, it is imperative to under-
stand if different types of NAD-boosting therapies like vitamin
B3 derivatives, NAD anabolism activators such as NAMPT acti-
vators, or NAD(P) catabolism inhibitors would lead to the accu-
mulation 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.

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
SARM1 is necessary for SARM1 activity, although in other pro-
teins dimerized TIR domains serve as scaffolds for innate im-
mune signaling. In SARM1, dimerization of TIR domains
promotes consumption of NAD* and induces neuronal destruc-
tion (Essuman et al., 2018). Another interesting finding in SARM1
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 degenera-
tion in neuronal cultures (Di Stefano et al., 2017).

Remarkably, the catalytic activity of dimerized SARM1 is
nearly identical to the enzymatic activity of CD38, despite a com-
plete lack of homology between these two proteins. Dimerized
SARM1 has glycohydrolase activity that consumes NAD™*, con-
verting it to ADPR and nicotinamide, with a very small portion
converted to cADPR (Essuman et al., 2017, 2018). This mirrors
the enzymatic activity of CD38 with one very important distinc-
tion, CD38 is mostly an ecto-enzyme, and SARM1 is an intracel-
lular 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. There-
fore, 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.,



Cell Metabolism

SARMI
(Active)

2020; Sporny et al., 2020). These studies report the unique and
unexpected finding that NAD™ binding to the armadillo/heat
repeat motifs (ARMs), domain of SARM1, facilitates the inhibition
of the TIR domain NADase through the domain interface, and
that disruption of the NAD"-binding site or the ARM-TIR interac-
tion causes constitutive activation of SARM1 and axonal degen-
eration (Figure 2). These findings suggest that NAD* itself medi-
ates 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
SARM1 (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 mecha-
nisms involved in SARM1 activation in 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
SARMA1, inducing activation of SARM1 NADase activity, NAD*
metabolic collapse, and cell death. In fact, a recent study sup-
ports the notion that SARM1 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 be-
ing intensively investigated relates to the machinery used by
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Figure 2. Potential mechanisms involved in
Sarm1 activation

SARM1 homo-octamer assumes a packed inac-
tive conformation, which is stabilized by NAD
binding to allosteric sites located in the ARM do-
mains. NAD decline leads to the disassembly of
SARM1’s peripheral ARM ring, allowing the for-
mation of TIR dimers, which are responsible for
SARM1 NADase activity. It has been postulated
that NMN may promote NAD displacement from
SARM1 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 ac-
tivity. 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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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, 2019b; Schmidt and
Brenner, 2019; Wu and Sinclair, 2019). Key questions in this field
are how NAD(P) precursors are transported from the extracel-
lular 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,
which are responsible for a spectrum of infections, lack the abil-
ity to synthesize NAD* and rely instead on uptake of extracellular
NAD and NAD precursor molecules (e.g., NMN and NR) to sup-
port 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 intra-
cellular 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 puta-
tive 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 avail-
able 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 et al. and
the subsequent criticism by Schmidt and Brenner deserve spe-
cial attention (Grozio et al., 2019a, 2019b; Schmidt and Brenner,
2019). NMN is a biosynthetic precursor of NAD* known to pro-
mote cellular NAD* production and to counteract age-associated
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pathologies in mice. However, it is still not clear how NMN is taken
up into cells. Grozio et al. proposed that the Sic72a8 gene, which
has been previously named a salt transporter, encodes a specific
NMN transporter that is regulated by NAD in the mouse small in-
testine (Grozio et al., 2019a). They report that Sic12a8 knock-
down 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 so-
dium 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 ge-
netic, 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 convert-
ing NMN to NR have come to very different conclusions (Mateus-
zuk 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 vivo and
in vitro in endothelial cells (Mateuszuk et al., 2020). In contrast, in
a different study, it has been proposed that CD73 does not effi-
ciently convert NMN to NR, and that NMN uptake into some can-
cer 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 in vitro usually focus in one or few cell types, a
more complete picture is still missing. For example, it is possible
that the mechanism toincorporate NAD and NMN in 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.,
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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 exonu-
cleotidases such as CD38 or CD73, respectively,
before being transported into the cells. The transport
of NR is mediated by equilibrative nucleoside
transporters (ENTs). Whether NMN can be taken up
into cells through the transporter Sic12a8 or any
other transporter is still under debate. NAM is known
to enter 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 immuno-
suppressive metabolite. Slc25a51, a member of the
solute carrier transporter family, has recently been
identified as the NAD transporter in the mitochon-
drial inner membrane. NAM, nicotinamide; NMN,
nicotinamide mononucleotide; NR, nicotinamide ri-
boside; ADPR, adenosine diphosphate ribose; AMP,
adenosine mononucleotide; ADO, adenosine.

2019a,b; Liu et al., 2018b; 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 nucleo-
tides, 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 meta-
bolism 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 be-
tween 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 incorpo-
rated 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 Da-
vila 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
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MCART1/SLC25A51 as the first discovered mammalian mito-
chondrial NAD* transporter (Figure 3) (Girardi et al., 2020; Kory
et al., 2020; Luongo et al., 2020).

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 MCARTT7-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 inde-
pendent studies also demonstrated that isolated mitochondria
from cells lacking MCART1 had impaired NAD* uptake. Impor-
tantly, the functional consequences of the absence of MCART1
in cells could be prevented by the expression of NDT7, 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 under-
standing 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 MCART2 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 trans-
porter in sperm cells may lead to the development of a male-spe-
cific 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, trans-
port, 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 mo-
lecular level, including epigenetic changes, genomic instability,
mitochondrial dysfunction, and dysregulated nutrient sensing
(Lopez-Otin and Kroemer, 2020). Cells that do not properly func-
tion can either die or become senescent (Lopez-Otin and
Kroemer, 2020). In the senescent state, cells secrete many
pro-inflammatory factors, including a variety of inflammatory cy-
tokines and chemokines (SASP), resulting in a low-grade inflam-
mation 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
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(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 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 senes-
cent 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 senes-
cence (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-inflam-
matory 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 inflammag-
ing 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 multi-
morbidity syndrome in these mice (Desdin-Mico et al., 2020). In
support of this study, a study by Elhassan et al. 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 ef-
fects (Elhassan et al., 2019). In view of these findings, several is-
sues 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 in vivo, using different NAD precur-
sors or manipulating NAD metabolism enzymes, to have a clear
picture of their role in the development of senescence and age-
related inflammation in 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, 2020; Covarrubias
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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.

et al., 2020), explored this topic and provided a key connection
between senescent cells and the NAD"-degrading ecto-enzyme
CDg38. These studies show that immune cells are the main cells
that accumulate CD38 during aging (Chini et al., 2019, 2020; Co-
varrubias et al., 2020). In addition, the SASP induces expression
of CD38 not only in immune cells in vitro and in vivo, especially in
macrophages, but also in non-immune cells (Figure 4) (Chini
et al., 2019, 2020; Covarrubias et al., 2020). Induction of senes-
cence in vivo increased CD38 expression in white adipose tissue
and liver (Chini et al., 2020; Covarrubias et al., 2020). Importantly,
depletion of senescent cells or their secretory phenotype in vivo
decreased CD38 levels and partially rescued NAD™ levels in ag-
ing tissues, demonstrating that senescent cells contribute to the
NAD™ decline observed during aging (Chini et al., 2020). There-
fore, 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 de-
grades 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 inhibi-
tion 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 inter-
esting to investigate the effects of CD38 inhibition in combination
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with other aging therapies, such as senolytic or senomorphic
agents, to improve aging-related diseases. More important,
however, is the need to determine whether an increase in
CD838 expression during the aging process may have a potential
negative feedback effect on the SASP in tissues enriched in se-
nescent 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 physiolog-
ical and disease states has rapidly evolved in the last few years
and has transformed our understanding of the roles of these nu-
cleotides 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 ques-
tions 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 organ-
elles? 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 dy-
namic? Do NAD toxic metabolites such as R-S-NADPHX



Cell Metabolism

accumulate during different physiological and pathological
states? How are multiple arms of nicotinamide nucleotide meta-
bolism 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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