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Abstract

NAD™ is a pivotal metabolite involved in cellular bioenergetics, genomic stability, mitochondrial
homeostasis, adaptive stress responses, and cell survival. Multiple NAD*-dependent enzymes are
involved in synaptic plasticity and neuronal stress resistance. Here, we review emerging findings
that reveal key roles for NAD* and related metabolites in the adaptation of neurons to a wide range
of physiological stressors and in counteracting processes in neurodegenerative diseases, such as
those occurring in Alzheimer’s, Parkinson’s, and Huntington diseases, and amyotrophic lateral
sclerosis. Advances in understanding the molecular and cellular mechanisms of NAD*-based
neuronal resilience will lead to novel approaches for facilitating healthy brain aging and for the
treatment of a range of neurological disorders.
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NAD* Synthesis and Metabolism
NAD* Synthesis in Cells

Nicotinamide adenine dinucleotide (NAD") is a fundamental molecule in health and disease,
as it is central to several cellular bioenergetic functions. NAD* is synthesized via three
major pathways, including de novo biosynthesis, the Preiss-Handler pathway, and the
salvage pathway (Figure 1). While the aspartate pathway is the de novo NAD* pathway in
most photosynthetic eukaryotes, the kynurenine pathway is the only de novo NAD*
synthetic pathway in mammals. The kynurenine pathway starts with the catabolism of the
amino acid tryptophan that is converted via two steps to the intermediate kynurenine, which
can generate NAD™, kynurenic acid, or xanthurenic acid (Vécsei et al., 2013). The
kynurenine pathway modulates neuronal functions as it is involved in the synthesis of two
fundamental neuro-transmitters (glutamate and acetylcholine) as well as regulates N-methyl-
D-aspartate (NMDA) receptor activity and free radical production (Vécsei et al., 2013). The
kynurenine pathway exhibits “double-edged sword” effects on neurons with both
neuroprotective metabolites (tryptophan, kynurenic acid, and picolinic acid) and neurotoxic
intermediates, including 3-hydroxykynure-nine (3-HK) that generates free radicals, 3-
hydroxyanthranilic acid (3-HAA), and quinolinic acid (that induces glutamate receptor
excitotoxicity) (Figure 1). While kynurenic acid is an NMDA receptor antagonist, quinolinic
acid is an NMDA receptor agonist (\VVécsei et al., 2013). The ambient levels of these
metabolites are determined by different enzymes, which in the brain are preferentially
localized in microglia and astrocytes, suggesting necessary glial cell-neuron communication
(Schwarcz and Pellicciari, 2002).

The Preiss-Handler pathway and the salvage pathway synthesize NAD* from pyridine bases.
The Preiss-Handler pathway synthesizes NAD™ from nicotinic acid (NA) in three steps via
the intermediate nicotinic acid adenine dinucleotide (NAAD). One important step in the
Preiss-Handler pathway constitutes the nicotinamide mononucleotide adenylyltransferases
(NMNATSs), which are also involved in the kynurenine and salvage pathways. Three
mammalian NMNATSs exist, NMNAT1-3, showing neuroprotective effects in both mice and
D. melanogaster models (Ali et al., 2013). While NMNAT1 and NMNAT3 are ubiquitously
expressed, NMNAT?2 is enriched in the brain, and adequate levels of NMNAT2 seem to be
essential for axon development and survival (Gilley et al., 2019). The NAD* salvage
pathway starts from the recycling of nicotinamide (NAM) to nicotinamide mononucleotide
(NMN) by intracellular nicotinamide phosphoribosyltransferase (iNAMPT), followed by the
conversion of NMN into NAD* via the NMNATSs (Bogan and Brenner, 2008; Verdin, 2015).
Additionally, nicotinamide riboside (NR) integrates in this pathway via the conversion of
NR into NMN by nicotinamide riboside kinase 1 (NRK1) or NRK2 (Bieganowski and
Brenner, 2004; Ratajczak et al., 2016). Despite NAMPT being relatively highly expressed in
brown adipocyte, liver, and kidney tissues compared to brain tissue in mice, several studies
have supported an essential role of INAMPT in neuronal NAD* metabolism (Stein and Imai,
2014; Stein et al., 2014; Zhang et al., 2010). Experimental evidence suggests that blood NA
and NAM are able to cross the plasma membrane, while blood NAD* cannot be taken up by
cells directly but needs to be converted to smaller uncharged molecules to enter the cells
(Hara et al., 2007; Ratajczak et al., 2016). Extracellularly, NAD* can be digested to NAM by
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the membrane-bound CD38 and CD157, with NAM further metabolized into NMN by
extracellular NAMPT (eNAMPT); however, NAD* can also be converted directly into NMN
by CD73 (Bogan and Brenner, 2008; Verdin, 2015). Three ways for extracellular NMN to
enter the cells have been proposed. First, extracellular NMN converts into NR by CD73,
followed by NR being taken up by the cells via a presumptive nucleoside transporter
(Fletcher et al., 2017; Grozio et al., 2013; Nikiforov et al., 2011; Ratajczak et al., 2016;
Sociali et al., 2016). Second, CD38 may metabolize NMN, but not NR, into NAM, which is
able to cross the plasma membrane (Camacho-Pereira et al., 2016; Grozio et al., 2013; Sauve
et al., 1998). Third, NMN has been reported to enter cells directly (Grozio et al., 2019;
Yoshino et al., 2011). A newly reported NMN transporter, the Slc12a8, is highly expressed
and regulated by NAD*, in the murine small intestine, and Slc12a8 deficiency abrogates the
uptake of NMN /n vitroand in vivo (Grozio et al., 2019). These pathways are detailed in
Figure 1. Studies in mice and humans indicate that NR supplementation dramatically
upregulates intracellular NAAD, suggesting unknown NAD™ metabolic pathways, including
possibilities of NAD* conversion to NAAD and/or NMN to nicotinic acid mononucleotide
(NAMN) (Trammell et al., 2016a). Thus, although the NAD* metabolic pathways have been
intensively characterized for a long time, there are steps remaining to be determined.

NAD* Has Numerous Functions in Cells

NAD™ is a vital redox cofactor for metabolism and ATP production, and a key substrate for
at least four families of enzymes involved in healthspan and longevity (Fang et al., 2017;
Gomes et al., 2013; Verdin, 2015). NAD™ plays an essential role in glycolysis and the citric
acid (TCA) cycle, by its ability to accept hydride equivalents, forming NADH during ATP
production (Krebs, 1970; Wallace, 2012). NADH is one of the central electron donors in
oxidative phosphorylation (OXPHQS) in the mitochondria, providing electrons to the
electron transport chain (ETC) to generate ATP (Krebs, 1970; Wallace, 2012). The ratio of
NAD*/NADH is important in various bioenergetic reactions in different subcellular
compartments, and increased activity of one of these reactions can influence the metabolic
homeostasis via changes in the NAD*/NADH ratio (Ying, 2008). Additionally, the
conversion of NAD* to NADP*/NADPH is important in the involvement of different cellular
functions, including antioxidation and generation of oxidative stress, calcium homeostasis,
and cell survival or death (Ying, 2008).

In addition to cellular bioenergetics, NAD" is also a substrate for different NAD*-consuming
proteins, which catabolize NAD* to NAM. They are class Il histone deacetylases sirtuins
(SIRTs), poly (ADP-ribose) polymerases (PARPs), ADP ribosyl-cyclases (CD38/CD157),
and NADase sterile alpha and TIR motif-containing 1 (SARM1) (Figure 1). In mammals,
there are seven SIRTS, which regulate a large number of cellular pathways, including
neuronal survival, stem cell rejuvenation, cancer, and healthy longevity (Chalkiadaki and
Guarente, 2015). The SIRTs are NAD*-dependent enzymes that regulate a wide spectrum of
cellular pathways involved in health and disease (Chalkiadaki and Guarente, 2015; Imai et
al., 2000). For example, SIRT1 consumes NAD™ to regulate glycolysis, gluconeogenesis,
and mitochondrial homeostasis via the balance between mitochondrial biogenesis and
mitophagy and adaptive responses of neurons to exercise and metabolic/excitatory
challenges (Bonkowski and Sinclair, 2016; Cheng et al., 2016; Fang, 2019). Furthermore,
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SIRT1 has been shown to promote neurite outgrowth and axon development, in addition to
regulating dendritic arborization, long-term potentiation and learning, and memory (Gao et
al., 2010). Among the 17 PARPs, only four of them are capable of adding multiple ADP-
ribose units (poly[ADP-ribosyl]ation) or PARYylation; they are PARP1, PARP2, PARP5a
(tankyrase 1), and PARP5b (tankyrase 2) (Leung, 2017; Rouleau et al., 2010). Experimental
evidence supports that PARP1 transfers the first ADP-ribose moiety from NAD* to lysine,
arginine, glutamate, aspartate, and serine residues on an acceptor protein, followed by
addition of multiple ADP-ribose units to the preceding ones, thereby forming poly(ADP-
ribose) (PAR) chains (Bonfiglio et al., 2017; Daniels et al., 2014). The majority of
PARylation is executed by PARP1, which participates in a number of necessary cellular
processes, such as DNA repair, DNA/RNA metabolism, and cellular stress response.
Additionally, PAR is serving as a signaling molecule and scaffolding element (Fang et al.,
2016b; Leung, 2017), e.g., PARP1 is critical in the stabilization of DNA repair forks, with its
catalytic activity necessary for multiple DNA repair pathways, such as the repair of single-
strand breaks, bulky lesions, and double-strand breaks (DSBs) (Ray Chaudhuri and
Nussenzweig, 2017). However, excessive PARP1 activation can trigger cell death, termed
parthanatos, through a mechanism in which PAR formation triggers the release of
mitochondrial apoptosis-inducing factor (AIF) from the cytosolic side of the mitochondrial
outer membrane. AIF is then translocated to the nucleus to activate macrophage migration
inhibitory factor (MIF, a nuclease), which finally results in MIF-dependent chromatinolysis
and cell death (Wang et al., 2011, 2016; Yu et al., 2002). Notably, excessive PARP1
activation induces ATP depletion through PAR-dependent inhibition of hexokinase activity,
resulting in dysfunctional glycolysis, a mechanism likely independent of NAD* depletion
(Andrabi et al., 2014; Fouquerel et al., 2014). In addition to ATP loss, hyperactivation of
PARP1-induced NAD* depletion can induce neuronal loss and accelerated aging (Fang et
al., 2016a). In view of such detrimental roles of PARP1 in endogenous and exogenous stress,
e.g., glutamate excitotoxicity, ischemia-reperfusion injury, and inflammation-induced (Yu et
al., 2002) neuronal death, targeting the regulation of PARP1 activity may provide therapeutic
strategies for neurodegenerative diseases.

CD38 catalyzes the synthesis of the Ca2*-responsive messenger cyclic ADP-ribose (CADPR)
by use of NAD* and plays a key role in multiple physiological processes such as immunity,
metabolism, inflammation, and even social behaviors (Jin et al., 2007). While CD38
molecules are expressed in both a type 1l form(i.e., large extracellular C-terminal) and a type
I11 form (with its catalytic domain facing the cytosol) (Liu et al., 2017, 2008), there is an
age-dependent increase of CD38, which may contribute to cellular NAD™ depletion and
impaired mitochondrial function (Camacho-Pereira et al., 2016). Despite CD38 being a
lymphocyte differentiation antigen, it is also expressed in the brain (Mizuguchi et al., 1995),
and CD38 knockout mice show significant protection against ischemic brain damage (Long
etal., 2017). SARML1 is a newly recognized class of NADase that cleaves NAD™ into NAM,
ADPR, and cADPR via its TIR domain. It is expressed in both brain and non-brain tissues,
including the liver (Essuman et al., 2017; Pan and An, 2018). SARM1 exhibits both cyclase
and glycohydrolase activities, and the estimated Michaelis constant (Kyy) is 24 UM, which is
similar to that of the other known NAD™-consumers (PARP1, 50-97 uM; SIRT1, 94-96 uM;
CD38, 15-25 pM) (Canto et al., 2015). The NADase activity of SARM1 may contribute to

Cell Metab. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lautrup et al.

Page 5

its role in axonal degeneration (Essuman et al., 2017) and is therefore a potential target for
therapeutic intervention in neurodegenerative diseases. SARM1 also holds a mitochondrial
localization signal, but its role in mitochondrial function is not clear.

SIRTS, PARPs, CD38/CD157, and SARM1 compete with each other to consume cellular
NAD™; thus, the hyperactivation of one enzyme can impair the activities of other NAD*-
dependent enzymes. The interrelationships of these enzymes have been reviewed recently
(Bonkowski and Sinclair, 2016; Fang et al., 2017; Verdin, 2015).

NAD* Subcellular Equilibrium

NAD™ is in constant equilibrium between synthesis, consumption, and recycling in various
subcellular compartments, including the cytoplasm, nucleus, mitochondria, and Golgi
apparatus. Two major mechanisms are involved in the regulation of subcellular balance of
NAD™, including the expression of subcellular-specific NAD*-synthetic enzymes and
subcellular transporters for NAD™ and related metabolites. NMNATSs convert NMN to NAD
*. The three mammalian NMNATSs include the nuclear NMNATZ, the cytoplasmic
NMNAT?2, and the mitochondrial NMNAT3, which is also present in the cytosol (Berger et
al., 2005). In neurons, NMNAT2 localizes to Golgi and Rab7-containing late endosomes as
well as to both synaptic terminals and axons (Gilley and Coleman, 2010; Mayer et al.,
2010). Thus, one can imagine that cells can regulate subcellular NAD™ levels through the
control of these subcellular-specific NAD* synthetic enzymes. Similarly, NAMPT (Figure 1)
is primarily localized in the nucleus and cytoplasm, where it regulates subcellular NAD*
levels. The existence of mitochondrial NAMPT is still debated. While a small fraction of
NAMPT has been shown to co-purify with mitochondria in liver extracts (Yang et al., 2007),
results from mitochondrial purification and immunofluorescence in cell lines suggested an
exclusion of NAMPT from the mitochondrial matrix, suggesting the lack of NAM recycling
to NAD™ in the mitochondria (Pittelli et al., 2010).

It is still not fully understood whether or how NAD* and its precursors enter the cell and
even less clear how or if they enter the mitochondria. While the existence of mitochondrial
NAD™ transporters is well documented in yeast and plants, a mammalian counterpart has yet
to be identified. Recent studies have demonstrated that both NMN and NAD*/NADH can be
transported into the mitochondria by unknown systems, and that NMN is converted to NAD*
by NMNAT3 within the mitochondrial matrix, whereas NR is likely converted to NMN or
NAD™ in the cytoplasm before transport into mitochondria (Davila et al., 2018; Nikiforov et
al., 2011). Furthermore, some NAD™ transporters (SLC25A17) localize in peroxisomes,
where NAD™ participates in b-oxidation like in mitochondria (Agrimi et al., 2012).
Peroxisomes have recently been shown to have a shared mitochondrial and endoplasmic
reticulum (ER) origin, further linking the function of mitochondria and peroxisomes
(Sugiura et al., 2017). In addition to a role in mitophagy, USP30 was recently demonstrated
to be involved in the peroxisome-specific degradation process, pexophagy. Peroxisomes
have a half-life of 1.5-2.5 days, though pexophagy can be regulated by the metabolic state
of the cells. This suggests a role for NAD* in pexophagy regulation (Marcassa et al., 2018).
Since the NAD*/NADH ratio is important in the regulation of redox and metabolism,
cytoplasmic and mitochondrial NAD*/NADH ratios are tightly regulated by the malate-
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aspartate and the glyceraldehyde 3-phosphate (G3P) shuttles (Verdin, 2015). Furthermore, in
the pentose phosphate pathway (PPP), glucose-6-phosphate (G6P) dehydrogenase (G6PD)
converts G6P to 6-p-gluconate, when the NAD*-dependent SIRT2 deacetylates and activates
G6PD. The PPP pathway converts NADP* to NADPH and regenerates the antioxidant
glutathione (GSH), thus promoting cell survival during oxidative stress (Wu and Sinclair,
2014). A schematic representation of the sub-cellular NAD* balance is shown in Figure 2.
Advances in tracing strategies have allowed for the detection and tracing of NAD* and NAD
* intermediates in different subcellular compartments of the cell (Cambronne et al., 2016;
Cameron et al., 2016; Ddlle et al., 2010) and will facilitate further mechanistic explorations
of subcellular NAD* control.

NAD* in Brain Aging

NAD* in Normal Brain Aging

During normal aging, lower NAD™ levels are observed in tissues of various organisms
including humans, mice, and C. efegans. Using a non-invasive 1P magnetic resonance
(MR)-based /n vivo NAD assay, Zhu et al. demonstrated an age-dependent reduction of
NAD™ levels, NAD*/NADH, and total NAD(H) contents in intact human brain from healthy
volunteers (Zhu et al., 2015). In mice, there was a nearly 40% decrease of NAD* levels in
the hippocampus in 10- to 12-month-old mice compared with 1-month-old mice (Stein and
Imai, 2014). Similarly, an age-dependent reduction of organismal NAD* in wild-type (WT)
worms has been shown (Fang et al., 2014). Comprehensive summaries of reduced tissue
NAD™ levels in aging and diseases are available (Fang et al., 2017; Yoshino et al., 2018). In
line with the role of NAD* in maintaining healthy brain function, genetic approaches to
reduce brain NAD* production via CA1-region-specific knockdown of Nampt recapitulate
hippocampal cognitive phenotypes of old mice (Johnson et al., 2018). NMN treatment
improved cognition in this Mamptknockdown (CA1) mouse model, partially through
upregulation of calcium/calmodulin-dependent serine protein kinase (Cask), a potential
downstream effector, in a SIRT1-dependent manner (Johnson et al., 2018). Furthermore,
adding extracellular vesicles containing eNAMPT improved cognitive/neuronal function and
extended lifespan in WT mice (Yoshida et al., 2019). Possible explanations for reduced
cellular NAD* during aging include increased NAD* consumption by PARPs and CD38
(Camacho-Pereira et al., 2016; Fang et al., 2014) and reduced NAD™ production, such as that
evidenced by reduced eNAMPT in the aged mice and humans (Yoshida et al., 2019). While
mounting evidence in animals shows age-dependent NAD* depletion, similar data on NAD*
changes through normal aging in humans are sparse, and data from large, well-controlled
population studies will be required.

NAD* Depletion in Premature Aging Diseases with Neurodegeneration

NAD™ depletion is observed not only during normal aging, but also in accelerated aging.
Several accelerated aging diseases exhibit neurodegeneration, including ataxia telangiectasia
(AT), xeroderma pigmentosum group A (XPA), and Cockayne syndrome (CS). NAD*
depletion has been shown in both C. elegans and brain tissues from mouse models of AT,
XPA, and CS. In line with the importance of NAD* depletion in neurodegeneration, multiple
NAD™* augmentation strategies (including treatment with the NAD* precursors NR or NMN,
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or treatment with a PARP1 inhibitor or a SIRT1 activator) improved healthspan and lifespan
in the accelerated aging animal models (Fang et al., 2014, 2016a; Scheibye-Knudsen et al.,
2014). Moreover, NAD* augmentation restores mitochondrial function and bioenergetics,
leading to enhanced neuronal survival and improved cognitive function in premature aging
animal models. The mechanism underlying the benefits of NAD* augmentation likely
involves reduced levels of DNA damage, leading to decreased PARP1 activity. Additionally,
increased SIRT1 and peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1a) activities were observed after NAD* augmentation, which, when combined with
enhanced DNA repair, suggest improved nuclear-to-mitochondrial communication (Fang et
al., 2016b). These effects of bolstering cellular NAD™ levels suggest a central role for
mitochondrial dysfunction and impaired mitophagy in the neurodegenerative features of
these premature aging disorders.

NAD* and the Hallmarks of Brain Aging

During aging, the cellular milieu of the brain exhibits mitochondrial dysfunction,
intracellular accumulation of oxidatively damaged macromolecules (DNA, lipids, and
proteins), dysregulated energy metabolism, impaired cellular “waste disposal” mechanisms,
impaired adaptive stress response signaling, compromised DNA repair, aberrant neuronal
network activity, dysregulated neuronal Ca2* handling, stem cell exhaustion, and
inflammation. We refer to these as the 10 hallmarks of brain aging (Mattson and Arumugam,
2018). Two hallmarks of aging in proliferative tissues, including cellular senescence and
telomere damage, may also apply in some types of glial cells and neural progenitor cells in
the brain, but this remains elusive (Mattson and Arumugam, 2018). Emerging findings are
revealing linkages by which age-related NAD™ depletion is positively related to the 10
hallmarks of brain aging. Based on the established linkages between NAD™ depletion and
the hallmarks of aging (Fang et al., 2017), the linkage of NAD™ and autophagy/mitophagy,
and the emerging evidence of an important role of defective mitophagy in neurodegenerative
disorders (Lou et al., 2019), we propose a model of the relationships between NAD™ and the
10 hallmarks of brain aging (Figure 3) (Mattson and Arumugam, 2018).

NAD* Depletion in Mitochondrial Dysfunction.—Mitochondria isolated from animal
and post-mortem human brain tissues show an age-dependent rise in mitochondrial
functional heterogeneity, increased oxidative damage, reduced function of the ETC,
disrupted membrane potential, impaired Ca2* handling, and/or an accumulation of
dysfunctional mitochondria (Lin and Beal, 2006; Mattson et al., 2008; Sorrentino et al.,
2017). Mitochondria generate ATP to support neuronal activities including
neurotransmission and Ca%* homeostasis and are a source of signals that regulate nuclear-
mitochondrial communication and even the arbitration of neuronal survival and death
(Mattson et al., 2008).

NAD™ is central to mitochondrial homeostasis, including in mitochondrial biogenesis,
mitophagy, the mitochondrial unfolded protein response (UPR™!), and nuclear-mitochondrial
communication (Fang et al., 2014; Gomes et al., 2013; Mouchiroud et al., 2013). In brain
tissues from old normal mice and accelerated aging mice, a decline in NAD™ levels
contributes to the age-associated decline of mitochondrial biogenesis via impaired SIRT1-
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PGC-1a signaling (Fang et al., 2014; Mouchiroud et al., 2013; Stein and Imai, 2014).
Furthermore, an age-dependent reduction in the cellular ability to clear damaged
mitochondria via mitophagy/macro-autophagy has been shown (Fang et al., 2019; Hansen et
al., 2018; Palikaras et al., 2015). Reduced NAD™ levels play a pivotal role in brain aging and
neurodegenerative disorders because NAD* replenishment improves mitochondrial function
and mitochondrial biogenesis and reduces accumulation of damaged mitochondria in both
premature aging models and Alzheimer’s disease (AD) models (Fang et al., 2014, 2016a;
Scheibye-Knudsen et al., 2014). Furthermore, NAD™* depletion induces a pseudohypoxic
state that disrupts PGC-1a/p-independent nuclear-mitochondrial communication, which
contributes to the decline in mitochondrial function with age (Gomes et al., 2013). Thus,
NAD" is critical for the coupling of mitochondrial biogenesis and mitophagy to maintain
mitochondrial homeostasis in neurons. As described in the following sections, reduced NAD
* levels contribute to most, if not all, of the hallmarks of brain aging.

NAD* Depletion and Accumulation of Oxidatively Damaged Molecules.—
During aging, neurons accumulate dysfunctional proteins and subcellular organelles as a
result of the actions of reactive oxygen species (ROS). This has been exemplified by the
observed increase in oxidative damage to DNA, proteins, and lipids in the aging brain
(Mattson and Arumugam, 2018). Accordingly, long-lived animals, including the naked
mole-rat, rodents maintained on calorie restricted (CR) and intermittent fasting (IF) diets,
and long-lived gaf-2 mutant worms exhibit decreased levels of oxidative damage and are
more resistant to oxidative stress (Fontana and Partridge, 2015; Guarente and Kenyon, 2000;
Pérez et al., 2009). Exogenous stress (e.g., UV exposure and y-radiation and the use of the
mitochondrial toxicant paraquat), endogenous DNA damage, and impaired ROS detoxifying
pathways are common causes of cellular oxidative damage, while exceeding a threshold may
lead to neuronal death. Superoxide produced during mitochondrial electron transport and via
the activity of NADPH oxidase are the two major routes of cellular ROS production, and
both NAD*/NADH and NADP*/NADPH play key roles in cellular antioxidant systems
(Ying, 2008). The aging of rats has been associated with a decrease in NAD™ levels that is
correlated with increased lipid and protein oxidation as well as increased DNA damage in
the heart, lung, kidney, and liver (Braidy et al., 2011). Moreover, NAD* augmentation
decreases the elevated levels of ROS in cell and animal models of premature aging diseases
through reduced ROS production, improved mitochondrial function, and possibly also
increased ROS detoxification (Fang et al., 2016a, 2019; Scheibye-Knudsen et al., 2014).
However, relationships between NAD™ levels and oxidatively damaged molecules in the
human brain remain to be determined.

NAD™* Depletion and Impaired Lysosome and Proteasome Function.—Compared
to the dominant replicative cells in the human body, post-mitotic neurons are likely more
fragile and susceptible to age-dependent accumulation of damaged or dysfunctional
molecules and subcellular organelles due to impaired autophagy or proteasomes. As we age,
levels of autophagy and proteasomal degradation gradually decline, leading to
proteinopathies, a result of aberrant protein misfolding and aggregation (Menzies et al.,
2015; Nixon, 2013). The autophagy-lysosome pathway plays important roles in life and
health, such as in longevity, germ-cell lineage, and the rejuvenation of hematopoietic stem
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cells (HSCs) and neural stem cells (NSCs). The lysosome pathway plays an important role
in longevity of C. elegans, where one of the pathways is involved in the lyso-some-to-
nucleus signaling pathway. A major protein involved is the lysosomal acid lipase LIPL-4
(orthologue of the human LIPA), which induces nuclear translocation of the lysosomal lipid
chaperone LBP-8 and extends worm lifespan; however, whether LIPL-4 has a role in neural
function remains to be determined (Folick et al., 2015). In both C. elegans and Xenopus,
sperm-secreted hormones re-establish oocyte proteostasis via activation of the vacuolar H*-
ATPase (V-ATPase), which acidifies lysosomes (Bohnert and Kenyon, 2017). Furthermore,
the autophagy-lysosome pathway maintained stemness of HSCs in mice through elimination
of active and healthy mitochondria to maintain quiescence and low metabolism (Ho et al.,
2017), an outcome that can be achieved by NAD* augmentation (Vannini et al., 2019).

In the adult brain, the autophagy-lysosome pathway keeps healthy brain function via the
maintenance of the survival and function of mature neurons and keeping a “youthful state”
of NSC pool. NSC pools comprise activated and quiescent populations of stem cells, with
the former containing active proteasomes and the latter having large lysosomes (Leeman et
al., 2018). In quiescent NSCs from old mice, an age-dependent reduction of lysosome
activity with accumulated protein aggregates was observed. Genetic (expression of the
transcription factor EB/TFEB, a master regulator of autophagy and lysosome biogenesis) or
pharmacological (feeding with the mTOR inhibitor rapamycin) enhancement of the
lysosome activity in old quiescent NSCs cleared protein aggregates and inhibited the NSCs’
activation to maintain the “youthful state” (Leeman et al., 2018). Impaired autophagy with
accumulated proteinopathies are common pathological features in many age-predisposed
neurodegenerative diseases, including AD, Parkinson’s disease (PD), Huntington disease
(HD), and tauopathies. Importantly, impaired lysosome function and autophagy/mitophagy
are common features among them (Kerr et al., 2017; Lou et al., 2019; Menzies et al., 2015;
Nixon, 2013). Genetic and pharmacological restorations of autophagic/mitophagic clearance
in animal models of these diseases ameliorate disease-defining pathologies and behavioral
deficits (Fang et al., 2019; Ravikumar et al., 2004; Sliter et al., 2018). NAD™ levels are
reduced in many neurodegenerative diseases, and NAD* augmentation forestalls pathologies
in animal and cell culture models of AD, PD, and HD, at least partially through induction of
autophagy/mitophagy (detailed in the next section). Recently, it was shown that knockdown
of any of three mitophagy-related genes (pink1, pdr-1, and dct-1) in a C. elegans AD model
eliminated benefits of NAD* augmentation on behavioral deficits, and a similar pivotal role
for mitophagy was demonstrated in AD mice and AD patient-derived induced pluripotent
stem cells (iPSCs) (Fang et al., 2019). NAD*-dependent proteins involved in stimulation of
autophagy/mitophagy include SIRT1, SIRT3, SIRT6, SIRT7, CD38, SARML, and 1L10-
dependent upregulation of the expression of autophagic/mitophagic proteins (Fang, 2019).

In addition to the autophagy-lysosome pathway, experimental evidence suggests an
important role for the ubiquitin-proteasome system (UPS)-mediated protein degradation in
brain function. Some key proteins involved in UPS and memory are 19S/20S/26S
proteasomes, small ubiquitin-related modifier I (SUMO-I), ubiquitin-specific protein 14
(USP14), and the proteasome phosphorylation-regulating protein CaMKII (Jarome and
Devulapalli, 2018; Jarome et al., 2013, 2016). Similar to age-dependent reduction of
autophagy, evidence of impaired UPS in the aging brain arises from studies showing age-
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dependent accumulation of polyubiquitinated proteins in neurons and a brain region-specific
reduction of age-dependent proteasome activity in the hippocampus and cerebral cortex
(Keller et al., 2002; Mattson and Arumugam, 2018). Impaired UPS can be caused by the
global aging process and by intracellular proteinopathies, such as Ab and tau aggregates
(Saez and Vilchez, 2014). Accordingly, enhancement of UPS can improve healthy aging as
well as longevity in disease and aged animals, although the specific benefits to neurons and
brain function are still elusive (Saez and Vilchez, 2014; Walther et al., 2015). Interestingly,
the reduced form of NAD*, NADH, binds and stabilizes 26S proteasomes, and may also
regulate the function of 20S proteasomes, the two main proteolytic complexes (Asher et al.,
2005; Tsvetkov et al., 2014). Collectively, there is a strong link between impaired
autophagy-lysosome and UPS pathways in the aging brain, while detailed linkages between
NAD™ levels and such pathways in the aging brain remain to be further studied.

NAD* Depletion and Dysregulation of Neuronal Calcium Homeostasis.—The
calcium ion (Ca2*) regulates neuronal function and structural adaptations of neuronal
networks to various environmental challenges. Perturbed Ca2* signaling is implicated in the
aging brain and age-related neurodegenerative diseases. During synaptic activity, the
transient Ca2* influx affects glutamate receptor trafficking, cytoskeletal remodeling, and
local protein synthesis through activation of cytosolic kinases, phosphatases, and the major
neuronal transcription factors, including PGC-1a and cyclic AMP response element-binding
protein (CREB) (Mattson and Arumugam, 2018; Tsien et al., 1988). During aging, the
neurons suffer impaired proteostasis and energy production as well as increased oxidative
damage, resulting in compromised subcellular Ca2* handling, which may lead to caspase-
regulated apoptosis and PARP1-mediated neuronal death (Bezprozvanny and Mattson, 2008;
Mairet-Coello et al., 2013). NAD(P) is a precursor of nicotinic acid adenine dinucleotide
phosphate (NAADP), cADPR, and ADPR, which are key regulators of Ca2* signaling and
are synthesized by CD38 and CD157 by the use of NAD™* (Figure 1) (Guse, 2015). NAADP
and cADPR stimulate the release of Ca?* from ER stores, whereas CADPR regulates the
entry of Ca2* from the extracellular space. The NAD*-dependent CD38 plays a fundamental
role in cellular Ca2* homeostasis, social memory, and transfer of mitochondria from
astrocytes to neurons after stroke and may protect against amnesia and autism (Adebanjo et
al., 1999; Hayakawa et al., 2016; Higashida et al., 2012). Thus, with advancing age, a
depletion of NAD™ levels can compromise these neuronal protective functions of CD38.

Additionally, studies in aged mice show that calcium/calmodulin-dependent serine protein
kinase (CASK) is a potential downstream effector in response to age-related NAD*
depletion in the hippocampus (Johnson et al., 2018). However, it remains to be determined
whether a decline of NAD" levels is responsible for dysregulation of Ca2* signaling in
neurons during aging.

NAD* Depletion and Compromised Adaptive Cellular Stress Responses.—
Three major initiators of adaptive cellular stress responses in neurons are ATP consumption,
ROS production, and Ca2* signaling. With advancing age, these stress responses might
become impaired, which will render the neurons more vulnerable to various forms of stress
of either endogenous or exogenous origin (Mattson et al., 2018). This will in turn
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compromise synaptic function due to reduced expression and activity of neurotrophic factors
and decreased mitochondrial function. As previously mentioned, the strong links between
NAD* and mitochondrial function (ATP production), ROS, and Ca?* signaling suggest that
bolstering cellular NAD* levels can improve adaptive cellular stress responses in neurons.
Multiple molecular mechanisms are involved in enhancement of adaptive cellular stress
responses by NAD*. Among the different subcellular pools of NAD™, /n vitro cell culture
and /n vivo rodent studies suggest that reduced mitochondrial NAD™ might be more
detrimental to cell death than the other subcellular NAD* pools (Yang et al., 2007). For
example, mitochondrial NAD™ levels remain unchanged following genotoxic stress and can
maintain cell viability in the conditions of depleted nuclear and cytoplasmic NAD™. In
Sprague-Dawley rats, short-term fasting (48 h) can increase tissue mitochondrial NAD*
levels, at least partially through upregulation of the NAD* biosynthetic enzyme NAMPT,
which provides protection against cell death and requires an intact mitochondrial NAD*
salvage pathway as well as the mitochondrial NAD*-dependent proteins SIRT3 and SIRT4
(YYang et al., 2007). In neurons, SIRT3 mediates the adaptive responses of neurons to
exercise, intermittent fasting, and excitatory challenges and helps prevent noise-induced
hearing loss and spiral ganglia neurite degeneration (Brown et al., 2014; Cheng et al., 2016;
Liu et al., 2019). NAD™ also improves adaptive cellular stress responses in
neurodegenerative diseases. The neurotrophin brain-derived neurotrophic factor (BDNF) is
important in the development, maintenance, and plasticity of the central and peripheral
nervous system; it also protects the aging brain against injury and disease through
stimulation of glucose transport and mitochondrial biogenesis (Marosi and Mattson, 2014).
In different neurodegenerative mouse models including AD, HD, and the premature aging
disease A-T, NAD* augmentation increases the expression and activity of BDNF, leading to
enhanced synaptic plasticity and function (Fang et al., 2016a; Hathorn et al., 2011; Liu et al.,
2013).

NAD™* Depletion and Impaired Neuronal Network Plasticity.—Human neuronal
circuits consist primarily of excitatory glutamatergic neurons that form synapses with other
glutamatergic neurons and with inhibitory GABAergic inhibitory interneurons. Structural
integrity and proper integration of the synaptic activity of different neurotransmitter systems
are both required for normal brain function. During aging, neuronal network activity within
and between brain regions, including impaired GABAergic signaling, occurs to various
degrees and can be pathological (McQuail et al., 2015). Several of the hallmarks of brain
aging, including persistent oxidative stress, accrual of damaged and misfolded proteins and
subcellular organelles, and inflammation, can lead to increased vulnerability of neural
circuits to hyperexcitability and excitotoxicity. Supplementation with NAD* precursors has
been shown to improve synaptic plasticity and neuronal morphology in AD mouse models
(Fang et al., 2019; Hou et al., 2018). Moreover, NAD* biosynthesis from tryptophan is also
related to neurotransmitter synthesis since tryptophan, in addition to being incorporated into
proteins, is also converted into the neurotransmitter serotonin. Additionally, a number of the
intermediates in the kynurenine pathway are neuroactive and have been related to
neurodegenerative diseases, including AD, PD, and HD (Maddison and Giorgini, 2015). In
summary, NAD™* plays an important role in the maintenance and structural and functional
plasticity of neuronal circuits. While the data from animal studies are encouraging, it
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remains to be determined whether bolstering cellular NAD* levels will improve cognition
during aging and/or in neurodegenerative disorders in humans.

NAD™* Depletion and Impaired DNA Repair.—Highly replicative NSCs and the
lifelong survival and function of differentiated mature neurons require an efficient DNA
repair system. Multiple DNA repair pathways exist to ensure genetic fidelity in neurons.
While homologous recombination (HR), hon-homologous end joining (NHEJ), and
mismatch repair (MMR) are active during neurogenesis, NHEJ, base excision repair (BER)/
single-strand break repair (SSBR), and nucleotide excision repair (NER) are necessary for
DNA repair in differentiated neurons and glial cells (Fang et al., 2016b; McKinnon, 2013).
In neurons, BER, the primary pathway for the repair of oxidative DNA damage, is reduced
in elderly humans and in AD patients (Hou et al., 2018; McKinnon, 2013). Furthermore,
mutations of the genes encoding DNA repair proteins can cause humerous human
neurological syndromes. These diseases include ocular motor apraxia (mutation of XRCCI,
a gene involved in SSBR), spinocerebellar ataxia with axonal neuropathy-1 (SCANL1,
mutation in tyrosyl phosphodiesterase 1/ 7DP1, a gene involved in SSBR), CS (mutations in
CSA and CSB, which are involved in NER), XPA (mutation in XPA, which is involved in
NER), and A-T (mutation in ATM, mainly participating in HR and BER) (Fang et al., 2014,
20164a; Hou et al., 2017, 2018; Scheibye-Knudsen et al., 2014). NAD™ plays a critical role in
DNA repair through multiple pathways, including the regulation of protein-protein
interactions, the activation of the DNA repair signaling PARylation via PARPs, and via the
NAD* SIRT1/SIRT6 pathways (Fang et al., 2016b; Li et al., 2017). NAD* can regulate
protein-protein interactions through binding to the Nudix homology domains (NHDs) of
target proteins, including binding to deleted in breast cancer 1 (DBC1). In normal mice,
there is an age-dependent increase of tissue DBC1, which binds to and inhibits PARP1,
leading to accumulation of DNA damage, a process rapidly reversed by restoring cellular
NAD™ levels (Li et al., 2017). Moreover, NAD™* depletion is evident as a phenotypic driver
in many of these DNA damage-induced diseases, including at least CS, XPA, and A-T, since
restoration of tissue NAD* through PARPs inhibition ameliorates disease pathologies (Fang
et al., 2014). At the molecular level, NAD* rescues neurodegeneration in CS, XPA, and A-T
through mitophagic maintenance of mitochondrial homeostasis and enhanced DNA repair
(Fang et al., 2014, 2016b). Impaired autophagy and DNA repair have been suggested as
causal and intertwined mechanisms in the pathogenesis of amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTD) (Walker and EI-Khamisy, 2018). NAD*
augmentation ameliorates ALS phenotypes, which is a testament to the importance of NAD*
in the protection of DNA-damage-induced neuronal dysfunction (de la Rubia et al., 2019).
Collectively, impaired DNA repair byproducts and intermediates accumulate in cells of the
aging brain and may contribute to numerous human neurological diseases, at least partially
through NAD™ depletion driven by hyperactivation of PARP.

NAD* Depletion in Inflammation and Glial Cell Activation.—Inflammation is
commonly seen in brain aging and involves activated microglia (M2 phenotype), which
produce pro-inflammatory cytokines and ROS, including nitric oxide and superoxide (Latta
et al., 2015). Complement is one part of the immune system participating in host defense,
including the initiating protein of the classical complement cascade, C1q, and the central
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component of complement C3 (a key inflammatory protein activated in AD), among others
(Hong et al., 2016; Morgan, 2018). The complement cascade, a series of protein-protein
interactions that attack and damage the cell membrane, can also be activated in brain aging.
Inhibition of the complement cascade (pharmacologically or genetically) can ameliorate
synapse loss and neuronal death seen during normal aging, in AD and stroke mouse models
(Arumugam et al., 2007; Hong et al., 2016; Morgan, 2018; Shi et al., 2015). In AD mouse
models, supplementation with the NAD* precursor NR inhibited the disease-associated
neuroinflammation, decreased the numbers of activated microglia and astrocytes, and
reduced pro-inflammatory cytokines (Fang et al., 2019; Hou et al., 2018). The effect of NAD
* augmentation on inflammation has also been demonstrated in relation with diabetes, a
disease-state predisposed to developing AD (Lee et al., 2015; Trammell et al., 2016b;
Yoshino et al., 2011). The underlying molecular mechanism by which NAD* suppresses
neuroinflammation involves the elimination of damaged pro-inflammatory mitochondria and
inhibition of the major inflammasome NLRP3 (Fang et al., 2019; Lautrup et al., 2019).

NAD* and Impaired Neurogenesis.—Adult neurogenesis is the process by which
neurons are generated from NSCs in the hippocampus and subventricular zone of the brain.
Neurogenesis is critical for the function and plasticity of the hippocampus and olfactory
system. Animal studies have shown that neurogenesis declines during aging and this may
also occur in humans, although there is evidence that neurogenesis may occur in healthy
people up to the ninth decade of life (Kuhn et al., 2018). In contrast, there is a sharp decline
in the size and maturation in hippocampal neurogenesis in AD (Moreno-Jiménez et al.,
2019). Mounting evidence supports a critical role for NAD* in stem cell rejuvenation,
including in HSCs, endothelial stem cells, muscle stem cells, and melanocyte stem cells
(Das et al., 2018; Vannini et al., 2019; Zhang et al., 2016). Similarly, NR treatment of aged
mice resulted in increased proliferation and increased neurogenesis in both the
subventricular zone and the dentate gyrus of the hippocampus in aged mice (Zhang et al.,
2016). NR treatment also improved neurogenesis and proliferation of neural progenitor cells
in a BER-defective 3xTg AD mouse model (Hou et al., 2018). Molecular mechanisms
underlying NAD*-dependent stem cell rejuvenation may include autophagic/mitophagic
elimination of superfluous mitochondria, regulation of UPR™®, inhibition of the senescence
phenotype, and the maintenance of the NAD* and H,S signaling (Das et al., 2018; Fang et
al., 2014; Vannini et al., 2019; Zhang et al., 2016)

NAD* and Cell Senescence and Telomere Shortening.—During aging, most, if not
all, tissues exhibit accumulation of senescent cells that exhibit distinct features, including
permanent cell-cycle arrest, resistance to apoptosis, and the acquisition of an inflammatory
senescence-associated secretory phenotype (SASP). Cellular senescence is a double-edged
sword: while on one hand it is necessary for disabling potentially cancerous cells and for
wound healing, senescent cells accumulate with age and contribute to aging phenotypes and
pathologies, including inflammation and cognitive impairment (Wiley et al., 2016).
Emerging evidence suggests a detrimental impact of senescent cells, including p16/NK4A.
positive senescent astrocytes and microglia, and AP plague-associated Olig2- and NG2-
expressing p16'NK4A_positive oligodendrocyte progenitor cells (OPCs) in neuronal loss and
cognitive impairment in mouse models of AD (Bussian et al., 2018; Zhang et al., 2019).
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NAD™* augmentation exhibits anti-senescence capabilities. In primary cell culture,
supplementation with NR delays cellular senescence (Wiley et al., 2016), and NR treatment
also reduces the senescent state in both NSCs and other stem cell types (Zhang et al., 2016).
Molecular mechanisms between NAD* depletion and senescence may also involve CD38
and the AMPK pathway. Studies in endothelial cells and bone marrow-derived macrophages
show that the SASP factors released by senescent cells induce both high expression and
NADase activity of CD38, leading to further NAD* depletion, thereby creating a vicious
cycle (Chini et al., 2019). Furthermore, the activity of AMPK is low in senescent cells,
correlating with low NAD* levels. By activating AMPK with metformin or berberine, NAD*
levels were restored and oxidative stress-induced senescence was prevented (Han et al.,
2016). Collectively, the knowledge so far suggests an important role of reduced NAD™ levels
in senescence, though further research is needed to understand the mechanisms upstream
and downstream of NAD* depletion in cell senescence in the aging brain.

In addition to senescence, another hallmark of aging in proliferative tissues is telomere
shortening, which may occur in some types of glial cells and neural progenitor cells in the
brain (Mattson and Arumugam, 2018). Experimental evidence from human neurons, gray
matter glial cells, and white matter glial cells suggests telomeres of neurons remain stable
throughout life, and there is no significant correlation between telomere length and adult age
(from young adult to elderly) in the three cell types; however, there is likely an age-
dependent telomere shortening in white matter glial cells in the adolescents (Tomita et al.,
2018). A recent study showed that NMN treatment ameliorated telomere shortening in
hepatocytes from successive generation 4 (G4) TERT knockout mice (Amano et al., 2019).
Therefore, it would be interesting to explore NAD™ augmentation in telomere length in
neuronal stem cells and glial cells in the future.

The hallmarks of brain aging are mechanistically interrelated and converge on impaired
cellular energy metabolism (Mattson and Arumugam, 2018). It remains to be determined
whether reduced NAD™ level is a pivotal factor in brain aging. Despite the strong links
between NAD™* depletion and hallmarks of brain aging, it is very likely that there are NAD*-
independent pathways as well. Considerable further studies on animal models will be
required to more clearly understand the roles for NAD* and the various proteins and cellular
processes it supports in normal brain aging.

NAD* Depletion in Different Neurological Disorders with NAD*

Replenishment in Neural Resilience

NAD* and AD

AD, the most common type of dementia, is characterized by the progressive impairment of
memory. There are currently no treatments that affect the progression of AD. In 2015, there
were 47 million people with dementia worldwide, a number estimated to triple by 2050,
bringing formidable healthcare and socioeconomic challenges (Livingston et al., 2017). The
defining neuropathological hallmarks of AD are amyloid B-peptide (Ap) plaques and
neurofibrillary tangles (NFTs). In most cases, AD occurs late in life (7!-9™ decades) and
does not have an obvious family history of AD. However, people with the epsilon 4 isoform
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of apolipoprotein E (ApoE4) are at an increased risk for late-onset AD. Rare cases of early-
onset dominantly inherited familial AD are caused by mutations in either the A precursor
protein (APP) or presenilin 1, the enzymatic component of the y-secretase protein complex
that cleaves APP at the C terminus, which releases the Ap that self-aggregates and can be
neurotoxic. Neurons affected by AB and p-Tau neurofibrillary pathology in AD exhibit
oxidative damage, impaired Ca2* handling, defective lysosome function and mitophagy, and
reduced DNA repair (Canter et al., 2016; Fang et al., 2019; Mattson et al., 2018; Polanco et
al., 2018).

Emerging evidence points to a key role for NAD* depletion and impairment of NAD*-
dependent pathways in AD pathophysiology (Figure 4; Table 1). In rodent models of early-
onset familial AD, brain NAD* depletion and metabolic dysfunction have been
demonstrated (Dong and Brewer, 2019; Hou et al., 2018). Exposure of cultured rat cortical
neurons to aggregating Ap results in reduced NAD* levels (Liu et al., 2013). Accordingly,
NAD™* augmentation inhibited AD-related pathology and cognitive decline in different AD
animal models, including 3xTgAD mice treated with NAM (Liu et al., 2013), 3XTgAD/Polp
*I~ mice treated with NR (Hou et al., 2018), and in neuronal AB1_42 and the neuronal Tau
(pro-aggregant F3AK280 tau fragment) transgenic C. efegans models (Fang et al., 2019)
(summarized in Table 1). This provides strong support for the contribution of NAD™*
depletion to AD progression. While AB, p-Tau, and inflammation are major contributors to
AD pathogenesis, NAD* augmentation can ameliorate cognitive deficits in AD mouse
models by suppressing these pathologies. NAD* augmentation may or may not lessen A
pathology depending upon the animal model (Gong et al., 2013; Liu et al., 2013). Reduced
AB1_42 accumulation in NAM- or NR-treated AD mice could result from reduced AB1_42
production through the activation of PGC-1a-mediated BACE1 (B-secretase) degradation
and/or increased phagocytosis of AR plaques by microglia (Fang et al., 2019; Gong et al.,
2013).

p-Tau is a prerequisite for the formation of NFTs, and inhibition of p-Tau by NAD*
augmentation has been demonstrated in different settings. NAD* augmentation inhibited Tau
phosphorylation at different sites (Thr181, Ser202, Thr205, and Thr231) possibly through
suppression of cyclin-dependent kinase 5 (Cdk5)-p25 complex activity (Fang et al., 2019;
Green et al., 2008). While glycogen synthase 3 (GSK-3) and Cdk5 are thought to be the
main tau kinases, p25 is a calcium-dependent degradation product of p35, the principal Cdk5
activator. p25 is important in synaptic plasticity and hippocampus-dependent memory
(Fischer et al., 2005). The p25 protein level is reduced by more than 60% in vulnerable brain
regions of AD patients at an early symptomatic stage (Engmann et al., 2011). Four months
of NAM treatment increased the level of p25 2-fold, reduced p-TauT"231 Jevels, and
improved cognitive function in 3XTgAD mice (Green et al., 2008). Note that p25
upregulation is normally associated with increased Cdk5 activity and hence higher p-Tau
levels; however, there was reduced p-Tau in NAM-treated 3XTgAD mice (Green et al.,
2008). This paradoxical phenomenon can be explained by the opposing roles of p25: while
prolonged p25 production causes severe cognitive deficits, transiently increased p25
expression enhances long-term potentiation (LTP) and memory (Fischer et al., 2005).
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The NAD hydrolase CD38 is an ectoenzyme highly expressed in endothelial and
inflammatory cells as well as brain cells, including neurons, astrocytes, and microglia
(Blacher et al., 2015). In mice, the expression and activity of CD38 increase during aging,
and CD38 contributes significantly to age-related NAD* depletion and mitochondrial
dysfunction at least in part via inhibition of NAD*/SIRT3 activity (Camacho-Pereira et al.,
2016). Knockdown of CD38 in APPs,PSIAEI (APP.PS) mice reduced AP plaques and
soluble Ap levels, and increased spatial learning, possibly through upregulation of brain
NAD™ levels (Blacher et al., 2015). LTP is a classic measure of synaptic plasticity essential
for learning and memory. While LTP is impaired in the 3xTgAD mice, NR restores LTP,
correlating with improvements in learning and memory (Hou et al., 2017). In summary,
NAD™* augmentation enhances synaptic plasticity and improves memory in different AD
mouse models possibly through the reduction of Ap and p-Tau pathologies and suppression
of inflammation (see below).

NAD* supports several major cellular processes that can protect neurons against A and p-
Tau pathologies. First, NAD* augmentation improves DNA repair in AD mice. It has been
proposed that DNA damage is a cause of neuronal loss in AD, with oxidative damage likely
being the most significant type of DNA damage (Hou et al., 2017). In a BER-defective
3xTgAD/PolB'~ mouse model, NR supplementation reduced DNA damage as evidenced by
reduced yH2AX staining (marking DNA DSBs) in the hippocampus (Hou et al., 2018).
DSBs are lethal to neurons and predominantly repaired via NHEJ (Fang et al., 2016b).
Consistent with NHEJ being bolstered by NAD*, NR treatment of ATM-deficient neurons
improved neuronal NHEJ activity through deacetylation and activation of the key NHEJ
protein Ku70 in addition to facilitating the chromatin binding of Ku70 and DNA-PKcs, an
additional NHEJ repair protein (Fang et al., 2016a). Second, NAD* augmentation inhibits
neuroinflammation in AD mice (Hou et al., 2018). The underlying molecular mechanisms
could involve NAD*-dependent mitophagy and inhibition of the NLRP3 inflammasome
pathway (Fang et al., 2019; Lautrup et al., 2019). As such, a NAD*-dependent programing
of immune responses could lead to improved resolution of inflammation and phagocytic
activity (Minhas et al., 2019) as well as inhibition of mitochondrial dysfunction-associated
senescence (MiDAS) (Wiley et al., 2016). Third, NAD* augmentation restores neurogenesis
in AD mice by promoting the proliferation of neural progenitor cells (Hou et al., 2018). In
line with this, studies in large numbers of human brain samples indicate that hippocampal
neurogenesis progressively declines as AD advances (Moreno-Jiménez et al., 2019). The
stem cell rejuvenating activity of NR/NMN may therefore contribute to amelioration of
hippocampus-dependent learning and memory deficits. While the underlying molecular
mechanisms of NAD"-dependent neurogenesis in AD are still elusive, mechanistic studies of
other tissues show the involvement of the mTORC1/SIRT1 pathway (lgarashi and Guarente,
2016), the regulation of the UPR™ (Zhang et al., 2016), and the stimulation of
hematopoiesis through mitophagy (Vannini et al., 2019). Additionally, accumulation of
senescent brain cells is an etiopathological feature of the aging brain and the
neuropathological lesions in AD brain. Senolytic elimination of Af-associated senescent
OPCs or Tau pathology-associated senescent glial cells ameliorates cognitive impairment in
different AD mouse models (Bussian et al., 2018; Zhang et al., 2019). NR supplementation
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delayed senescence of adult NSCs in 2-year-old mice (Zhang et al., 2016), suggesting a role
for a deficit in NAD™ or one or more of the enzymes it supports in neural-cell senescence.

Mitophagy plays a major role in specific recognition and degradation of damaged
mitochondria, with the central participating proteins PTEN-induced kinase 1 (PINK1),
Parkin, NIX (BNIP3L), BCL2/adenovirus E1B 19-kDa protein-interacting protein 3
(BNIP3), FUNDCL1, and cardiolipin (Kerr et al., 2017; Palikaras et al., 2018). On the basis of
evidence from post-mortem brain tissues from AD patients as well as different AD mouse
models, damaged mitochondria and increased oxidative stress are common features of AD
(Lin and Beal, 2006; Mattson et al., 2008). Additionally, recent studies suggest that there is
an accumulation of damaged mitochondria in AD caused by defective mitophagy (Cummins
etal., 2019; Fang et al., 2019). It was recently reported that treatment with the NAD*
precursor NMN and mitophagy-inducing chemicals can reduce the accumulation of
dysfunctional mitochondria in human AD patient iPSC-derived neurons and in AD mouse
and C. elegans models (Fang et al., 2019). This in turn reduces neuroinflammation, lessens
the burden of Tau and Ab proteinopathies, and improves learning and memory. Combined
with data from previous studies, the mechanisms behind NAD* augmentation likely include
the prevention of Tau and Ab-induced impairment of the initiation of the mitophagic
machinery (reduced p-TBK1 and p-ULK1) (Fang et al., 2019) and Tau-based binding and
segregation of cytoplasmic Parkin, preventing its translocation to damaged mitochondria
(Cummins et al., 2019). Genetic strategies (upregulation of PINK1) and pharmacological
approaches (use of robust neuronal mitophagy inducers including NR, NMN, urolithin A,
and actinonin) reduce damaged mitochondria, forestall synaptic dysfunction, and bolster
learning and memory in several AD animal models (Du et al., 2017; Fang et al., 2019;
Sorrentino et al., 2017). NAD*-induced mitophagy likely plays a major role in the observed
benefits, as mutation of key mitophagy genes (pink1, parkin/pdr-1, and nix/dct-1) abolishes
NAD*" dependent memory improvement in AB and p-Tau C. elegans models (Fang et al.,
2019).

In addition, NAD* may alleviate AD pathologies by regulating the functions of lysosomes
and UPS. NAD™ augmentation via NR supplementation induced UPS in both the
hippocampus and cortex of Tg2576 AD mice (Gong et al., 2013) and restored UPR™ in
APPg,,o/PSENI1 49 AD mice. Further evidence to support lysosome and UPS functions in
maintaining a healthy brain comes from studies showing that the AD toxic proteins Ap
and/or p-Tau inhibit the proteasome and autophagy/mitophagy and dominantly accumulate
in the hippocampus and prefrontal cortex, while NAD* augmentation ameliorates both Ab
and p-Tau pathologies (Fang et al., 2019; Tseng et al., 2008).

Despite the recent studies filling in some of the gaps in our understanding of the relations
between NAD™*, AD, and mitochondrial function, we still lack knowledge of how NAD*
activates the mitophagic machinery, whether the mitophagic machinery is functional but
deregulated due to unknown upstream defects, and what side effects mitophagy induction
might have. Furthermore, the interconnection between NAD* and inflammation in AD
remains elusive and requires further investigation.
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NAD* and PD

PD is a progressive fatal neurological disorder of aging that profoundly impairs one’s ability
to control body movements as the result of loss of dopaminergic neurons in the substantia
nigra, which exhibit abnormal accumulation of a-synuclein fibrils in their cell body and
neurites (Kam et al., 2018; Spillantini et al., 1997). Alpha-synuclein spreads in a prion-like
manner in cultured neurons and in mice /7 vivo (Li et al., 2008). Interestingly, emerging
evidence suggests a gut-to-brain spread of a-synucleinopathy and related loss of
dopaminergic neurons and motor and non-motor symptoms. Studies from mice suggest that
the neurons initially affected by a-synuclein pathology are those that innervate the gut
(enteric neurons) and the pathology then spreads retrogradely via the vagus nerve to the
brainstem and hence to the midbrain (Kim et al., 2019; Kishimoto et al., 2019). Despite
Lewy bodies with a-synuclein being a defining pathological characteristic of PD, the driver
of the production of a-synuclein fibrils and how abnormally aggregated a-synuclein induces
the loss of dopaminergic neurons are not fully understood. In addition to aging and
environmental factors, early-onset inherited cases of PD are caused by mutations of SNCA,
LRRK2, PINK1, and PARKZ (which encode the proteins a-synuclein, leucine rich repeat
kinase 2, PINK1, and Parkin, respectively; Kitada et al., 1998; Sliter et al., 2018; Valente et
al., 2004), PARK15 (encoding F-box only protein 7, Fbxo7; Cookson, 2010), and GBA-PD
(encoding the lysosomal enzyme B-glucocerebrosidase; Sidransky et al., 2009).

Emerging evidence suggests that neurons affected in PD experience a deficit of NAD*
(Table 1; Figure 4). As evidenced, neurons expressing the LRRK2 G2019S mutation exhibit
mitochondrial dysfunction and a 30% reduction of NAD™ levels. Interestingly, this mutation
seems to specifically affect dopaminergic neurons, since no mitochondrial dysfunction or
NAD™ reduction was observed in glutamatergic or sensory neurons expressing the mutation
(Schwab et al., 2017; Sison and Ebert, 2018). Mitochondrial impairments in dopaminergic
neurons expressing mutant LRRK?2 include decreased mitochondrial mass, aberrant
subcellular distribution of mitochondria, altered mitochondrial respiration and ATP levels,
and impaired mitochondrial motility (Schwab et al., 2017; Sison and Ebert, 2018).
Dopaminergic neurons derived from iPSCs expressing mutant GBA exhibit a reduced
cytosolic NAD*/NADH ratio, although no significant change of total cellular NAD™ was
seen (Schondorf et al., 2018). The reduction of cytoplasmic NAD*/NADH ratio in the GBA-
mutant neurons was possibly due to a reduction of the NAD* synthetic enzyme NMNAT2,
which localizes to the cytosol (Schéndorf et al., 2018). Knockdown of PINK1 expression in
primary neurons and neuroblastoma cells causes increased oxidative stress and 50%
reduction of NADH levels (Gandhi et al., 2009). Mutant PINK1 also dramatically impairs
NAD* metabolism in flies, including reduced levels of NAD™* (69% reduction), NMN (81%
reduction), and NR (11% reduction) (Lehmann et al., 2017). A similar phenomenon was
shown in parkin mutant flies, including a 24% reduction of NR, 92% reduction of NMN, and
78% reduction of NAD*, compared with controls (Lehmann et al., 2016). Of note, PINK1
depletion may not be overtly detrimental (e.g., no dramatic inhibition of basal mitophagy),
possibly due to the compensatory responses by other PINK1-independent pathways (Lee et
al., 2018; McWilliams et al., 2018). Supporting a role of PINK1 in the aging brain, PINKI
deletion in rhesus monkeys resulted in neurodegeneration, but this phenotype was not
associated with altered mitochondrial morphology in the neurons, suggesting the existence
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of a mitophagy-independent role of PINK1 (Yang et al., 2019). However, NAD™* levels were
not measured in these studies, and the effect of aging or age-related dysfunctions was not
examined. Moreover, Fbxo7 directly binds to PINK1 and Parkin, and participates in
Parkinmediated mitophagy (Burchell et al., 2013). Total cellular NAD* levels were
approximately 50% lower in both Fbxo7-deficient SH-SY5Y cells and patient fibroblasts
expressing the Fbxo7R378G mutation (Delgado-Camprubi et al., 2017).

Further evidence supporting that a cellular NAD™ deficit is common to most, if not all, cases
of PD comes from a study showing that hyperactivation of the NADase SARM1 may
contribute to NAD* depletion and axonal degeneration. The TIR domain of SARM1 induces
axonal degeneration depleting axonal NAD* (Essuman et al., 2017; Gerdts et al., 2015). In
oxidative stress conditions, the c-jun N-terminal kinase (JNK) phosphorylates SARM1 at
serine 548, which enhances its NADase activity. Moreover, SARML1 activity, measured as its
ability to cleave NAD*, was constitutively increased in neuronal cells from a PD patient,
providing a potential explanation of NAD™ depletion in PD (Murata et al., 2018). However,
experimental evidence including p-SARML1 (serine 548) in human PD-patient brain or at
least in mouse models of PD is required to support a role for this INK-SARM1 pathway in
PD. In addition to hyper-activation of SARM1, the activity of the NAD*-consuming PARPs
as well as PAR levels was increased in brains and the cerebrospinal fluid of PD patients
(Kam et al., 2018). Mechanistically, pathologic a-synuclein activates PARP-1 and increases
PARylation, leading to the formation of more toxic pathologic a-synuclein in a feedforward
loop, which finally results in neuronal death via parthanatos (Kam et al., 2018). Supporting
an important role of PARP1 in PD, PARP inhibition or NAD* augmentation forestalled PD
pathology in PD animal models (Kam et al., 2018; Lehmann et al., 2016). There is also
evidence showing that a-synuclein competes with NAD* for binding to the partially
oxidized glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which
co-localizes with a-synuclein in Lewy bodies in PD (Barinova et al., 2018). The immediate
consequence of increased a-synuclein binding on GAPDH is the inhibition of glycolysis.
The mitochondrial matrix protein TRAP1 (tumor necrosis factor type 1 receptor-associated
protein, also known as HSP75) participates in mitophagy when phosphorylated by PINK1.
Genetic screenings of PD patients and controls have identified a 7RAPI mutation that leads
to complete loss of functional protein in fibroblasts, from a 71-year-old patient with late-
onset PD (Fitzgerald et al., 2017). Surprisingly, compared with fibroblasts from a healthy
control, this PD-patient’s fibroblasts exhibit increased complex | activity, OCR, and NAD™*
levels (Fitzgerald et al., 2017). The involvement of complex | deficiency in PD is well
established although it is unclear whether it is an early causal factor in PD or a prominent
alteration downstream of primary triggers of mitochondrial dysfunction (Palin et al., 2013).
Nevertheless, NAM treatment restored mitochondrial function and reduced oxidative stress
in a 1-methyl-4-phenylpyridinium (MPP*; a complex | inhibitor) PD model, and NAM
treatment significantly improved climbing ability in a fly model of PD (Jia et al., 2008).
Furthermore, NAM supplementation ameliorated PD phenotypes, including loss of
dopaminergic neurons, in both pinkI mutant and parkin mutant flies (Lehmann et al., 2016,
2017).
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Combined, the data suggest the involvement of NAD™ depletion and mitochondrial/
mitophagic defects in PD, though the underlying mechanisms are complex (Poewe et al.,
2017) and more studies are needed to understand the involvement of NAD™ insufficiency.

NAD* and HD

HD is an autosomal-dominant neurodegenerative disease with a clinical presentation of
involuntary choreiform movements that result from degeneration of medium spiny neurons
in the striatum. As the disease progresses and affects neuronal circuits in the cerebral cortex,
HD patients exhibit cognitive impairment and psychiatric symptoms. HD is caused by
trinucleotide (CAG) expansions in the Htt gene resulting in polyglutamine repeats in the
huntingtin protein (Lloret and Beal, 2019). Mutant huntingtin (mHtt) self-aggregates and
forms inclusions in vulnerable neurons. While mitochondrial dysfunction and escalated
oxidative stress are the well-defined cellular features of HD, impairment of the kynurenine
pathway and consequent reduction of NAD* production may occur in HD. The under-
recognized kynurenine pathway plays important roles in neuronal function and resilience, as
it is the primary pathway metabolizing 95% of tryptophan in the entire body. Impairment of
the kynurenine pathway occurs in dementias and schizophrenia (Stone and Darlington,
2013). Compared with normal humans, HD patients show reduced level of kynurenic acid
and increased levels of 3-HK and quinolinic acid (Beal et al., 1990; Zwilling et al., 2011).
The impairment of the kynurenine pathway might contribute to elevated glutamatergic
neurotransmission, increased intracellular CaZ* levels, and impaired mitochondrial function,
finally leading to neuronal dysfunction and cell death (Zwilling et al., 2011). Thus,
correcting the metabolic imbalance in the kynurenine pathway is a viable therapeutic
approach. One possibility is to inhibit kynurenine 3-monooxygenase (KMO) to inhibit the
production of the neurotoxic 3-HK, 3-HAA, and quinolinic acid and perhaps shift the
metabolic flow toward enhanced production of kynurenic acid and NAD™. Indeed,
pharmacological inhibition of KMO prevented synaptic loss and decreased CNS
inflammation in both fly and mouse models of HD (Campesan et al., 2011; Zwilling et al.,
2011). Likely, there is a similar impaired metabolic profile of the kynurenine pathway in
multiple brain regions as suggested by prevention of spatial memory deficits, anxiety-related
behavior, and synapse loss when KMO is inhibited (Zwilling et al., 2011).

In addition to the modulation of the kynurenine pathway, direct supplementation with NAD*
precursors as well as an agonistic augmentation of the NAD*/SIRT1-PGC-1a axis and
SIRT3 activity show therapeutic potential for HD (Lloret and Beal, 2019). NAM
administration (with a histone deacetylase inhibitor trichostatin A) reversed the toxic effects
of mHtt in primary striatal and cortical neurons through autophagic clearance of acetylated
mHtt (Jeong et al., 2009). In an Httex1p Q93-expressing HD fly model, both NAM and NA
inhibited mHtt-induced loss of photo-receptor neurons (Pallos et al., 2008). Although these
two studies concluded that the effects of NAM were the result of inhibiting HDACs by over-
activating SIRTS, data from these studies did not consider the role of increased NAD™ levels
after NAM treatment. Studies from the Beal group showed that NR increases NAD™ levels in
both cell cultures and mouse brain tissues, including a 2-fold increase of NAD* in brain
mitochondria (Lloret and Beal, 2019). Intriguingly, NR supplementation ameliorated motor
deficits and molecular phenotypes in two HD models (R6/2 and BACHD), possibly through
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activation of SIRT1-PGC-1a- and SIRT3-related pathways (Lloret and Beal, 2019). Thus,
strong evidence for linkage between NAD™ metabolism/catabolism and HD exists, but
further detailed mechanistic studies in HD mice as well as in HD patient-derived iPSCs are
needed.

NAD* and ALS

ALS is a group of rare neurological diseases with impairment of voluntary muscle
movement caused by the progressive degeneration of motor neurons in the spinal cord, brain
stem, and motor cortex. The death of motor neurons leads to muscle weakness and paralysis,
causing death of the patients within 1-5 years from the time of symptom onset, typically due
to respiratory failure (Tang, 2017). Though the pathology of ALS is complex, mitochondrial
dysfunction and increased oxidative stress are common and prominent features of motor
neurons (Carri et al., 2017). Most of the ALS cases are sporadic, whereas 5%-10% are
familial. Mutations in superoxide dismutase 1 (SOD1) account for up to 20% of familial
cases and 1%—-2% of sporadic cases of ALS, whereas other genes mutated include Fused in
Sarcoma (FUS) and the C90orf72 non-coding hexanucleotide repeat expansion, which is the
most common cause of familial ALS (Tang, 2017). Additionally, transcriptomic profile
analyses have reported changes in multiple neurodegeneration-associated genes encoding
APP, Tau, PINK1, and Cdk5 in ALS. Familial and sporadic cases are indistinguishable at the
clinical and histopathological levels. The function of SOD1 clearly relates to constraint of
oxidative stress, although the underlying mechanism of the toxicity of the SOD1 mutations
remains unknown. Interestingly, the ALS-related toxicity to motor neurons is believed to
arise from an adverse effect on astrocytes resulting in impaired glutamate transport which
promotes neuronal excitotoxicity.

ALS has been linked to NAD* metabolism via impairment of the kynurenine pathway and
the potential involvement of altered SIRT1 and SIRT3 activities. Similar to that in HD
patients, the kynurenine pathway is also impaired in ALS. In ALS patients, there were
higher levels of CSF and serum tryptophan, kynurenine, and quinolinic acid, and decreased
serum picolinic acid; furthermore, there was higher microglial inflammation and increased
neuronal and microglial expression of indoleamine 2,3-dioxygenase and quinolinic acid in
the motor cortex and spinal cord tissues from ALS patients (Chen et al., 2010). Though
NAD™ levels were not reported, all the data suggest an inflammation-related excitotoxic-
chelation defective mechanism in ALS patients. SIRT1 activity is altered in mouse models
of ALS and in postmortem tissue samples from ALS patients; however, the direction of
change has been debated (Kim et al., 2007; Kdrner et al., 2013; Lee et al., 2012; Valle et al.,
2014). The discrepancies between the findings on SIRT1 levels in ALS might be due to
different cell lines used or altered expression of SIRT1 during disease progression. In
addition, SIRT3 expression has been linked to ALS in a PGC-1a-dependent pathway,
though the mechanism remains unknown (Buck et al., 2017; Harlan et al., 2016).
Interestingly, treatment with SIRT1 activators, including resveratrol, ameliorates the disease
progress in ALS animal models (reviewed in Tang, 2017). ALS has also been directly linked
to NAD™ metabolism in a study showing that enhancement of the NAD* salvage pathway
protects astrocytes expressing an ALS-linked mutant SOD1 and thereby promotes motor
neuron survival (Harlan et al., 2016). Interestingly, overexpression of NAMPT, the protein
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converting NAM to NMN, or overexpression of a mitochondria-targeted NAMPT results in
increased levels of NADY, including the mitochondrial NAD™ fraction. NAD* precursor
treatment (NMN or NR) or NAMPT overexpression results in increased oxidative stress
resistance in motor neurons and prevents the toxicity of co-cultured SOD1-mutant
astrocytes. SIRT1, SIRT3, and/or SIRT6 are likely activated as a result of improved NAD*
salvage, leading to decreased acetylation of IDH2 and activation of Nrf2, thereby improving
the resistance of motor neurons to oxidative stress and the mitochondrial function (Harlan et
al., 2016, 2019). Consistent with a protective role of NAD* and its metabolites in ALS, a
recent study reported lower NAM levels in the ALS-prone SOD1-Tg mice due to
impairment of the gut microbiome via diminution of the protective bacterium Akkermansia
muciniphila (Blacher et al., 2019). Importantly, the NAM level was decreased in both serum
and CSF samples from ALS patients (n = 60 for serum and 14 for CSF) compared with
healthy controls (n = 33 for serum and 17 for CSF) (Blacher et al., 2019). Accordingly,
NAM supplementation dramatically improved both behavioral and pathological phenotypes
in the ALS-prone SOD1-Tg mice (Blacher et al., 2019). The importance of NAD*
metabolism and SIRT1 activation has been supported by a recent preliminary clinical trial
with EH301, consisting of an NAD* precursor and a SIRT1 activator (de la Rubia et al.,
2019).

The involvement of cellular NAD* depletion and the potential therapeutic benefits of
treatments that bolster NAD™ levels include, but are not limited to, AD, PD, HD, and ALS.
Alterations in the kynurenine system have been expanded to cerebral ischemia, multiple
sclerosis, epilepsy, neuropathic pain, and migraine and have been reviewed elsewhere
(Vécsei et al., 2013).

NAD* Restoration as a Therapeutic Strategy

Clinical Trials

Multiple clinical trials of NAD™* precursors, including NAM, NR, and NMN, in neurological
disorders are in progress (Table 2). NR is orally bioavailable, and it is well tolerated and
elevates NAD* in healthy middle-aged and older adults as well as in old diabetic males. The
Brenner group reported oral bioavailability of NR and up to 2.7-fold increased NAD™ levels
and 45-fold increase in the intermediate NAAD in human blood after oral NR
supplementation (1,000 mg/day for 7 days) (Trammell et al., 2016a). A late clinical trial of
NR in combination with the polyphenol pterostilbene (PT) (NRPT or EH301: 500 mg NR

+ 100 mg PT for 8 weeks, n = 40 between the ages of 60 and 80 years) led by the Guarente
lab showed that NRPT treatment increased whole blood NAD™* levels by 90% with no
serious adverse events (Dellinger et al., 2017). Martens and colleagues performed a clinical
trial of 1,000 mg NR per day for 6 weeks in 24 healthy adults (average age 65 + 7), and the
data confirmed that NR was bioavailable and safe, with potential cardiovascular benefits
(Martens et al., 2018). A recent study with NR on diabetic men also showed that NR was
safe even at 2,000 mg/day (twice a day) for 12 weeks (Dollerup et al., 2018). Currently,
studies on NR in relation to mitochondrial function, bioenergetics, aging (and premature
aging), and obesity are conducted or recruiting participants and results from these clinical
trials will likely reveal the potential of NR in humans. Thus, at least four independent
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clinical trials indicate NR supplementation (1-2 g/day for up to 3 months) is orally
bioavailable and relatively safe.

Clinical trials with NAD* precursors in relation to cognitive decline with age are underway
(Table 2). One trial is focused on the effects of NR on memory and brain blood flow in
adults with mild cognitive impairment (n = 26, multiple doses from 250 mg/day to 1 g/day
for a total of 10 weeks). A similar trial is also in progress (500 mg twice daily, n = 58 for 12
weeks).

NADH, NR, and NAM have been and are in clinical trials for AD. While an open-label
study in 17 AD patients (33—-84 years, mean age 67.7) reported that NADH ingestion (twice
a day with a total 10 mg/day) for 8-12 weeks improved cognitive effects, a follow-up
clinical study with similar design did not result in any cognitive improvements (Rainer et al.,
2000). Several decades of clinical studies of NAM for a variety of diseases have been
performed, with the clinical data showing NAM is relatively safe (1,000-2,000 mg/day) and
is readily absorbed from the gastrointestinal tract with peak serum concentrations in 1 h after
oral ingestion (Chen et al., 2015; Petley et al., 1995; Phelan et al., 2017). Based on the
promising data from AD mice (Green et al., 2008), a phase Il clinical trial of NAM on 15
AD patients with mild to moderate dementia (1,500 mg twice daily) for 24 weeks was
performed () (Phelan et al., 2017). However, NAM did not show any significant effects,
though the lack of efficacy may have been due to several contributing factors, such as small
sample size and a relatively short treatment period (Phelan et al., 2017). A new clinical trial
with NAM on AD is now recruiting with the aim of studying the effect on p-Tau (p-Taul81)
and total Tau levels in the cerebrospinal fluid (Table 2).

Several clinical trials of NADH and NR in PD patients have been performed. With relation
to PD, NADH has shown beneficial effects on movement. An early study using NADH
(intravenous administration, 25 mg/day) in 34 PD patients for 4 days, reported that 21
patients (61.7%) showed dramatic benefits, while the remaining 13 PD patients showed
moderate improvement of motor deficits (Birkmayer et al., 1989). The benefits were
confirmed in a following study with 885 PD patients, also showing similar benefits between
parenteral and oral applications (Birkmayer et al., 1993). However, benefits were not seen in
a double-blinded study on 5 clinically moderate PD patients treated with NADH (25 mg)
given intravenously once a day for 4 days followed by NADH (25 mg) given intramuscularly
after 2 and 4 weeks (Dizdar et al., 1994). Niacin/nicotinic acid (NA) has also been tested in
one 78-year-old male PD patient. This report indicated that 500 mg NA twice a day
improved rigidity and bradykinesia, while a higher dose at 1,000 mg twice a day produced
severe nightmares and skin rash (Alisky, 2005). The side effects were not surprising since
painful flushing is a common side effect of high NA doses (DiPalma and Thayer, 1991). A
new clinical trial with NA is currently recruiting PD patients, with the aim of examining the
effects on inflammation and motor function/symptoms in PD (Table 2). Since NR is orally
bioavailable and has shown no detectable side effects as described above (Trammell et al.,
20164a), it would be desirable for clinical trial. Currently, two clinical trials with NR in PD
are starting, with the aims of investigating the neuro-metabolic profile and motor function
after treatment (Table 2).
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There are fewer clinical trials of treatments that bolster NAD™ levels in ALS patients.
Following the clinical trial of NRPT/EH301 in healthy elderly people (Dellinger et al.,
2017), a trial in ALS patients was completed (de la Rubia et al., 2019). The trial included 10
ALS patients receiving placebo and 10 patients receiving EH301 for 4 months. The study
was a randomized double-blind design and included both males and females. NRPT/EH301
treatment improved ALS functional rating scale revised (ALSFRS-R), increased the MRC
grading scale index (grades muscle power), and forced vital capacity (FVC, functional
respiratory capacity test), as well as increased electrical activity in muscles. All patients in
the EH301 group choose to continue the treatment after 4 months, and thus the treatment
was finalized after 1-year treatment, where no deterioration, except of FVC, was observed
(de la Rubia et al., 2019). Despite the low level of participants in this study, it sets the stage
for the potential for NAD* augmentation/SIRT1 activation as a treatment for ALS, and
large-scale phase trials are warranted.

NAD™ precursors are also being tested for other neurodegenerative conditions including a
clinical trial of NR in premature aging diseases including CS and A-T (Table 2) based on its
significant benefit in cross-species preclinical studies (Fang et al., 2014, 2016a).
Additionally, NAM is being tested in two clinical trials for Friedreich’s ataxia, an early-
onset autosomal recessive hereditary ataxia caused by a pathological expansion of a GAA
repeat in the first intron of the frataxin gene (FXN).

A Cautionary Note on Interventions that Bolster NAD* Levels

While NAD™ replenishment appears safe in the healthy elderly, there are concerns with
administering NAD™ precursors to patients with cancer. Major NAD* metabolic enzymes,
e.g., INAMPT, eNAMPT, and/or NMNAT2, are overexpressed in a broad variety of cancers
including breast, pancreatic, prostate, and colorectal cancers (Demarest et al., 2019).
Evidence from laboratory studies show that increased NAD™, through either overexpressed
NAD™ synthetic enzymes or supplementation with NAD™* precursors, promotes cancer cell
proliferation, migration, and resistance to anticancer chemo-/radiotherapy (Demarest et al.,
2019). Thus, strategies to deplete cellular NAD™ and the inhibition of NAD™* synthetic
enzymes can trigger cancer cell death (Buonvicino et al., 2018). It is not known whether
NAD™ replenishment would increase cancer risk in the aged general population. A recent
study shows that high NAD™ levels may lead to cancer promotion (at least in pancreatic
cancer) through changes in the secretory activity of senescent cells to release pro-
inflammatory cytokines (Nacarelli et al., 2019). Other studies indicate that NAD*
replenishment delays cellular senescence (including mitochondrial dysfunction-associated
senescence) (Wiley et al., 2016). Mature neurons are post-mitotic cells, while cancer cells
are highly replicative, and so both cell types have a high energy demand. Despite both being
nutrition demanding, cancer cells and post-mitotic cells exhibit a completely different
metabolism, which may explain why the neuroprotective conditions of NAD* augmentation
and autophagy (Sousa et al., 2016) can also promote the growth of specific cancers (e.g.,
pancreatic cancer).

However, in some cases NAD*/NADH and its metabolites can inhibit cancer growth and
metastasis. For example, a clinical case reports suggest that NADH inhibits the metastasis of
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invasive duct carcinoma, liver cancer, and breast cancer (Birkmayer, 1995). A phase-IlI
randomized large clinical trial reported that oral NAM was safe and effective in reducing the
rates of new nonmelanoma skin cancers and actinic keratosis in high-risk patients (Chen et
al., 2015). Because of limited studies in this field, it is still an open question for future
studies.

Outstanding Questions and Future Perspectives

Recent studies on animals and human clinical trials have expanded our understanding of
NAD* and NAD*-dependent enzymes in neuroplasticity, brain aging, and neurodegenerative
disorders. Emerging evidence suggests NAD™ depletion in brain cells is common during
aging and is accentuated in many neurodegenerative disorders including AD, PD, HD, and
ALS, and that NAD* augmentation inhibits pathological features in animal models of these
disorders (Table 1). Emerging findings are revealing a critical role for NAD™ in neural
resilience and in the molecular mechanisms of the hallmarks of brain aging. Although NAD*
depletion occurs in vulnerable neuronal populations in several major neurodegenerative
diseases, it remains to be established whether impaired NAD*-dependent processes occur
upstream and/or downstream of the specific proteopathic lesions that define each of the
neurodegenerative diseases (Figure 4).

Different NAD™ precursors, NR, NMN, NA, and NAM, have been and are in clinical trials
of different diseases, and it is necessary to compare them on safety, therapeutic effects, and
side effects. Increasing NAD™ levels in the brain using NAD*, NADH, or NAD™ precursors
can be limited by their cell impermeability, the different routes of administration, stability,
and side effects. While mouse studies show that NR exhibits a unique oral bioavailability
compared to NA and NAM (Trammell et al., 2016a), direct comparisons in humans are not
available. While modern, sedentary, and overindulgent lifestyles contribute to brain aging
and age-related neurodegenerative diseases, intermittent bioenergetic challenges, as
exemplified by exercise, fasting, and intellectual challenges may protect the human brain
against age-related dysfunction and disease (Mattson and Arumugam, 2018; Mattson et al.,
2018). Studies on the effects of intermittent metabolic challenges on NAD™ levels, its
metabolism, and the activities of the NAD*-dependent enzymes in humans are required. In
addition, it will be of considerable interest to compare and contrast the efficacy and safety
profiles of NAD* precursors with the ketone B-hydroxybutyrate, which elevates NAD*
levels in neurons and has been shown to suppress Ap and p-Tau pathologies and ameliorate
behavioral deficits in a mouse model of AD (Kashiwaya et al., 2013; Marosi et al., 2016;
Pawlosky et al., 2017) and also protects dopaminergic neurons in an animal model of PD
(Tieu et al., 2003). The focus of this review is on brain aging, but the importance of NAD*"
related biogenetics also involves neurons and related pathologies outside the brain. One such
example is the group of neurodegenerative diseases termed glaucoma, which is characterized
by progressive dysfunction and loss of the retinal ganglion cells. Also here, NAD™" depletion
and mitochondrial abnormalities have been shown, and beneficial effects of NAM treatment
of mouse models have been reported (Williams et al., 2017). Furthermore, the gut-to-brain
axis may also show effects of NAD* augmentation and, hereby, provide a new target of
interest in neurodegenerative diseases (Blacher et al., 2019).
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There are many unanswered questions surrounding NAD* that need to be further addressed.
First, a direct role for impaired NAD*-dependent processes and neurodegenerative diseases
in humans remains to be established. Large longitudinal studies that include the
quantification of NAD* and related metabolites in using magnetic resonance spectroscopy or
novel imaging methods could clarify whether brain regional NAD* levels decline early in
the disease process (Figure 4). Second, the complex relationships between NAD™ and cancer
should be further studied to provide the necessary information to guide the use of NAD*
precursors as diet supplements for the general population. Third, it should be kept in mind
that NAD™ precursors may not be beneficial in specific conditions. For example, NMN may
exacerbate axon degeneration /n vitro induced by the chemotherapeutic agent vincristine
(Liu et al., 2018). Fourth, studies on the roles of NAD* precursors in neuronal Ca2*
homeostasis and the interactions between NAD* and different hallmarks of brain aging are
necessary. Additionally, encouraged by the positive roles of NAD* augmentation in
neuroprotection in A-T, it would be interesting to explore the effects of NAD* on other
neurodegenerative diseases in which neuronal DNA repair is impaired including XRCC1
mutation-related neurodegeneration, FTD, and SCANL.
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Figure 1. Nicotinamide Adenine Dinucleotide (NAD*) Production and Catabolism in
Mammalian Cells

(A) NAD* is produced via three major pathways in mammals. The first is the de novo
biosynthesis from tryptophan (Trp), also called the kynurenine pathway. Trp enters the cell
via the transporters SLC7A5 and SLC36A4. Within the cell, Trp is converted to
formylkynurenine (FK), which is further converted to kynurenine. Kynurenine can be
converted to kynurenic acid (via kynurenine aminotransferases/KATSs) and finally quinaldic
acid. Additionally, kynurenine can be converted to 3-hydroxykynurenine (3-HK) by
kynurenine 3-monooxygenase (KMO), and further to 3-hydroxyanthranilic acid (3-HAA) by
tryptophan 2,3-dioxygenase (KYNU). The next step is performed by 3-hydroxyanthranilic
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acid oxygenase (3HAO) to produce a-amino-p-carboxymuconate-e-semialdehyde (ACMS).
Via a spontaneous reaction, ACMS converts to quinolinic acid, which further formulates to
NAMN by quinolinate phosphoribosyltransferase (QPRT), and to nicotinic acid adenine
dinucleotide (NAAD), and finally to NAD™. 3-HK, 3-HAA, and quinolinic acid are
neurotoxic (denoted with red asterisk), whereas kynurenic acid and picolinic acid are
neuroprotective (marked with green asterisk). The second pathway is the Preiss-Handler
pathway during which nicotinic acid (NA) is used as an NAD™ precursor. NA enters the cell
via SLC5A8 or SLC22A3 transporters. The Preiss-Handler pathway is initiated by the
conversion of NA to NAMN by NA phosphoribosyl-transferase (NAPRT). NAMN, an
intermediate in both kynurenine pathway and the Preiss-Handler pathway, is converted to
form NAAD by NAM mononucleotide transferases (NMNATS). Lastly, NAAD is converted
to NAD™ by NAD™ synthase (NADS). The third pathway is the salvage pathway with the
cells generating NAD™* from nicotinamide riboside (NR) and recycling nicotinamide (NAM)
back to NAD™ via nicotinamide mononucleotide (NMN). Extracellularly, NAD* or NAM
can be converted to NMN, which is in turn dephosphorylated to NR, possibly by CD73. NR
is transported into the cell via an unknown nucleoside transport. Intracellularly, NR forms
NMN via NRK1 or NRK2 in a tissue-specific manner. NMN is then converted to NAD* by
NMNATSs. The enzyme NAM N-methyltransferase (NNMT) methylates NAM, using S
adenosyl methionine (SAM) as a methyl donor. This removes NAM from recycling and
indirectly affects NAD™ levels.

(B) The four major NAD*-consuming enzymes. From left: poly(ADP-ribose) polymerases
(PARPs), especially PARP1 and PARP2, use NAD™ as a co-substrate to PARylate target
proteins, generating NAM as a by-product. The deacetylation activity of sirtuin (SIRT)1,
SIRT3, and SIRT6 depends on NAD™, generating NAM as a by-product, with NAM at high
cellular levels inhibiting the activity of SIRTs. The NADases or cyclic ADP-ribose synthases
(cADPRSs) CD38 and CD157 hydrolyze NAD* to NAM, generating ADPR and cADPR; in
addition, CD38 can degrade NMN to NAM, removing NMN from NAD™ synthesis. Sterile
alpha and TIR motif-containing 1 (SARML1) was recently identified as a NADase, which
cleaves NAD™ to NAM, cADPR, and ADPR.

(C) The chemical structures of NAD™* and the NAD* precursors. From left: nicotinic acid
(NA), nicotinamide (NAM), nicotinamide riboside (NR), nicotinamide mononucleotide
(NMN), and oxidized form of nicotinamide adenine dinucleotide (NAD™).

Note that CD38, CD73, and CD157 are membrane proteins. For simplicity, we did not attach
them to the membrane in this schematic model.

Cell Metab. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lautrup et al. Page 41

De novo pathway Preiss-Handler pathway Salvage pathway
(Trp) (NA) (NR, NMN, NAM)

. Cytosol
SLC25A17 Peroxisome

Golgi

/ NMN \
NMNAT2 i
Malate INAM\PT
In IM space Anaerobic
glycoly5|s el
spartate
Gchon5|s
FADH
ETC ( Z) In 1M space NADK\ g
PARP1
FADH
SIRT2

@ Glyceraldehyde CD38
/ \ 3-phosphate shuttle
SIRT3/4/5 NMNAT3 PPP *T
Iy 4 \\
n U N NMN
LN /' \
N 2 -7 i1 WT
\ Sy o \
N S \
\
N ; NAM
\x\ NMN
Ry SIRTL, 6, 7
Mitochondrion A -~ PARP

<-- -V i Nucleus CD38

Figure 2. Subcellular Homeostasis of NAD*
The equilibrium of NAD* is a balance of synthesis, consumption, and recycling in various

subcellular compartments including the cytosol and Golgi, the nucleus, and the
mitochondria. The expression of subcellular-specific NAD*-consuming enzymes in addition
to the subcellular transporters and redox reactions of NAD* affect the equilibrium. After cell
entrance, NAD* precursors are metabolized via three major pathways (Figure 1) to NAD*.
In the cytosol nicotinamide (NAM) is converted to nicotinamide mononucleotide (NMN) by
the intracellular form of NAM phosphoribosyltransferase (iNAMPT). NMN is then
converted to NAD* by NMN transferase 2 (NMNAT?2), associated to the outer Golgi
membrane in the cytosol. NAD*/NADH is utilized during glycolysis, and NADH is also
used by the malateaspartate and the glyceraldehyde-3-phosphate shuttles located in the inner
mitochondrial membrane. In the mitochondrial matrix, the malate-aspartate shuttle oxidizes
NAD™* to NADH, whereas the glyceraldehyde-3-phosphate shuttle converts flavin adenine
dinucleotide (FADH) to FADH,, providing electron donors for the ETC. In the
mitochondrion, NMN is converted to NAD* by NMNAT3. NAD" is utilized by TCA cycle
in the mitochondrion to generate ATP, and additionally used by the NAD*-dependent
mitochondrial sirtuin 3-5 (SIRT3-5) generating NAM. It is still not known whether NAM
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can be converted back to NMN within the mitochondrion or whether it is transported/
diffusing out of the mitochondrion to the cytosol before conversion. Additionally, studies
have indicated transporters of NAD*, NADH, and NMN in the mitochondrial membrane, but
no specific transporters have been identified yet. An NAD™ transporter has been found in
peroxisomes, SLC25A17, where NAD* likely participates in b-oxidation. Within the
nucleus, NMN is converted to NAD* by NMNAT1, and NAD* is here consumed
predominantly by SIRT1, 6, 7, and poly (ADP-ribose) polymerase 1-3 (PARP1-3). Like in
the cytosol, NAM is recycled back to NMN by iNAMPT.
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Figure 3. Relationships between NAD™ and the Ten Hallmarks of Brain Aging
The 10 hallmarks of brain aging include mitochondrial dysfunction; accumulation of

oxidative damage; impaired waste disposal including autophagy, mitophagy, and
proteostasis; Ca2* deregulation; compromised adaptive stress responses; dysfunctional
neuronal network; impaired DNA repair; inflammation; impaired neurogenesis; and
senescence and telomere attrition. Evidence from cell culture, C. elegans, and mouse studies
shows that NAD* augmentation counteracts the adversities of the hallmarks of brain aging.
See the text for details. iPSCs, induced pluripotent stem cells; NAD™, nicotinamide adenine
dinucleotide; UPR™M, mitochondrial unfolded protein response.
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Figure4. NAD™ Depletion and | mpaired Mitophagy Are Pivotal Eventsin Common
Neurodegener ative Diseases

Based on the evidence summarized in the current review, we propose a hypothesis that may
explain, in part, why age is the primary driver of the common neurodegenerative diseases. At
a younger age, sufficient cellular NAD™ maintains mitochondrial quality to sustain normal
neuronal function via the NAD*-dependent regulations of autophagy/mitophagy, UPR™!,
proteasome degradation, and mitochondrial biogenesis. As we age, increased NAD™*
consumption drives NAD™* depletion, leading to impaired mitochondrial homeostasis and
neuronal function. Depending on the disease-related pathogenesis in the patient, age-
dependent NAD™ depletion and impaired mitophagy may exacerbate the disease progression.
This hypothesis explains why age makes people susceptible to neurodegenerative diseases,
but it is not sufficient. Center: the mitochondrion in the center exhibits the various
mitochondrial deficiencies observed in the four neurodegenerative diseases AD, PD, HD,
and ALS. These include impairment of Complex I (CI) in the ETC utilizing NADH as an
electron donor, creating NAD™. Impairments of both CI and ATP production create reactive
oxygen species (ROS), which increase the level of oxidative stress, likely affecting both the
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ETC itself and the TCA cycle, and increasing the amount of oxidative damage. This can
again affect the flux of Ca2* and the membrane potential, resulting in dysfunctional
mitochondria. Furthermore, compromised autophagy and/or mitophagy has been linked to
several neurodegenerative diseases, resulting in accumulation of dysfunctional mitochondria.
The four panels surrounding the mitochondrion illustrate the suggested explanations for
NAD™ depleted and the downstream effects of NAD* depletion in AD, PD, HD, and ALS.
See the text for detailed explanations and references. Kynurenine P, kynurenine pathway.
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