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Impact statement

NAD is a central metabolite connecting
energy balance and organismal growth
with genomic integrity and function. It is
involved in the development of malignancy
and has a regulatory role in the aging pro-
cess. These processes are mediated by a
diverse series of enzymes whose common
focus is either NAD’s biosynthesis or its
utilization as a redox cofactor or enzyme
substrate. These enzymes include dehy-
drogenases, cyclic ADP-ribose hydro-
lases, mono(ADP-ribosyl)transferases,
poly(ADP-ribose) polymerases, and sirtuin
deacetylases. This article describes the
manifold pathways that comprise NAD
metabolism and promotes an increased
awareness of how perturbations in these
systems may be important in disease pre-
vention and/or progression.

Abstract

NAD™ and its derivatives NADH, NADP", and NADPH are essential cofactors in redox
reactions and electron transport pathways. NAD serves also as substrate for an extensive
series of regulatory enzymes including cyclic ADP-ribose hydrolases, mono(ADP-ribosyl)
transferases, poly(ADP-ribose) polymerases, and sirtuin deacetylases which are O-acetyl-
ADP-ribosyltransferases. As a result of the numerous and diverse enzymes that utilize NAD
as well as depend on its synthesis and concentration, significant interest has developed in
its role in a variety of physiologic and pathologic processes, and therapeutic initiatives have
focused both on augmenting its levels as well as inhibiting some of its pathways. In this
article, we examine the biosynthesis of NAD, metabolic processes in which it is involved,
and its role in aging, cancer, and other age-associated comorbidities including neurode-
generative, cardiovascular, and metabolic disorders. Therapeutic interventions to augment
and/or inhibit these processes are also discussed.
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Introduction

Nicotinamide adenine dinucleotide (NAD) is a soluble,
multifunctional metabolite consisting of the covalent link-
age of two mononucleotides: adenosine monophosphate
(AMP) and nicotinamide mononucleotide (NMN)." The
dinucleotide NAD has a fascinating biomolecular, epidemi-
ologic, and translational history. NAD, along with its
reduced counterpart, NADH, plays a critical role in the
regulation of cellular respiration, electron transport, and
redox status.” Phosphorylation of NAD vyields the triphos-
phorylated metabolite, NADP, which, along with its
reduced counterpart, NADPH, plays important regulatory
roles in anabolic metabolism and is essential for lipid and
and fatty

cholesterol synthesis
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In addition to its function as a coenzyme in oxidation
reduction reactions, NAD was found to be a substrate for
catalytic cleavage yielding nicotinamide and ADP-ribose
moieties, the latter being used for covalent modification
of protein structure and function, and for synthesis of the
poly nucleotide, poly(ADP-ribose), which may contain
multiple ADP-ribose units, covalently linked in either
linear or branch chain fashion.*® Polymer synthesis and
degradation are involved in modulating the DNA
damage response, transcription, translation, and a multi-
tude of other biological and physiologic processes.”®
More recently, NAD has been identified as an essential
cofactor for longevity-promoting sirtuins, where it facili-

% tates deacetylation and is cleaved to generate nicotinamide

acid elongation.

Experimental Biology and Medicine 2020; 245: 1594-1614

Copyright © 2020 by the Society for Experimental Biology and Medicine


https://orcid.org/0000-0003-0660-9813
https://orcid.org/0000-0001-7086-9885
mailto:nab@case.edu

and o-acetyl ADP-ribose.”® Given NAD’s manifold and
diverse functions and ubiquitous presence, it is not surpris-
ing that organisms have developed multiple systems for
regulation of its synthesis, utilization, and distribution,
and that glitches in these systems may have profound bio-
logic and disease-related effects (Figure 1).

An early indication of the biomedical importance of
NAD was realized when the disease pellagra was shown
to result from nicotinamide deficiency and to be cured by
dietary nicotinamide supplementation.”'” Recent observa-
tions have suggested that aberrations in NAD levels
and/or its utilization may contribute to multiple disorders
including the aging process, carcinogenesis, neurodegener-
ative diseases, ischemia reperfusion injury, and inflamma-
tory disorders."'™"® As a consequence, supplementation of
NAD and/or its precursors has become a popular
approach and strategic target to retard the aging process
and ameliorate some of its comorbidities; however, this
approach may enhance the risk of carcinogenesis.' ™'
Conversely, NAD synthesis and its utilization have
become an important target for cancer chemotherapy, as
well as a potential target for some neurodegenerative and
age-related disorders."” In this review, we outline many of
the molecular processes mediated by NAD synthesis,
metabolism, and utilization, particularly as they relate to
aging and cancer, as well as highlight areas where these
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processes may be therapeutically targeted. Since augmen-
tation of NAD levels has become a popular therapeutic
objective, we start with a review of its synthesis and pre-
cursors (Figure 2).

Biosynthesis of NAD

The de novo pathway

In de novo NAD synthesis, tryptophan (ITrp), via the first
rate-limiting step of the pathway, is aerobically converted
to N-formylkynurenine by either tryptophan-2,3-
dioxygenase (TDO) or indoleamine-2,3-dioxygenase
(IDO). IDO has shown expression in a diverse range of
cell types within the small intestine, lung, heart, and less
so in neuronal tissue, whereas TDO activity is mainly local-
ized to the liver.'®'” In addition, TDO and IDO have been
implicated in the pathogenesis of a variety of diseases,
including cancer, diabetes, and a number of inflammatory
disorders,*~** highlighting the potential that NAD biosyn-
thetic pathways may serve as targets for therapeutic devel-
opment. N-formylkynurenine is subsequently converted to
kynurenine by kynurenine formamidase (KFase), then
hydroxylated to form 3-hydroxykynurenine via the
NADPH-dependent action of kynurenine-3-hydroxylase
(K3H). The subsequent two enzymatic reactions convert
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Figure 2. NAD biosynthetic pathways

3-hydroxykynurenine to a high-energy intermediate,
2-amino-3-carboxy-muconate-semialdehyde (ACMS).
ACMS can then react with ACMS decarboxylase
(ACMSD), forming 2-amino-3-muconate-semialdehyde
(AMS) and exit the de novo pathway. Following its anabo-
lism, AMS will either react spontaneously to form picolinic
acid or follow the glutarate pathway, eventually leading to
entrance into the tricarboxylic acid (TCA) cycle to form
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CO,, HyO, and ATP. However, ACMS can also undergo
spontaneous cyclization to quinolinic acid (QA), which
can be converted to nicotinic acid mononucleotide
(NAMN) by quinolinate phosphoribosyltransferase
(QPRT). The action of QPRT is comparatively inefficient
relative to that of ACMSD, and only when ACMSD
becomes saturated is QA converted to NAMN, making
this reaction the second rate-limiting step of the de novo



synthetic pathway.** This infrequent reaction remains a key
contributor to the relative inefficiency of de novo NAD syn-
thesis,” with prior study indicating an intake of 60 mg of
dietary Trp to be equivalent to 1 mg of niacin.** NAMN, a
key precursor of NAD, will enter as an intermediate of the
Preiss-Handler pathway after conversion from QA.

The Preiss-Handler pathway

In 1958, Jack Preiss and Philip Handler utilized an in vivo
rat model and cultured human erythrocytes to discover
nicotinic acid’s (NA) conversion to NAD via a three-step
synthetic pathway.*”*® Similar to QA, NA enters the Preiss-
Handler pathway as NAMN through its metabolism by NA
phosphoribosyltransferase (NAPRT), which uses phos-
phoribosyl pyrophosphate (PRPP) as a substrate. NAPRT
is allosterically regulated by ATP, being stimulated at con-
centrations <100uM and inhibited at concentrations of
100-640 pM. In addition, the activity of NAPRT is regulated
by a number of molecules involved in aerobic respiration,
including stimulation by pyruvate and dihydroxyacetone
phosphate (DHAP), and inhibition by fructose-1,6-
bisphosphate  (F1,6BP),  glyceraldehyde-3-phosphate
(G3P), CoA, succinyl-CoA, and acetyl-CoA.” NAMN is
then converted to NA adenine dinucleotide (NAAD) by
the ATP-dependent action of a variety of NMN adenylyl-
transferases (NMNAT1-3). NMNAT expression is charac-
terized by varied subcellular and tissue-specific
distributions, indicating the compartmentalization of
NAD metabolism.>**> NMNATT1 is located solely in the
nucleus, and is highly expressed in the skeletal muscle
and heart, moderately in the liver and kidney, and slightly
in neuronal tissue.’>*> NMNAT2, located in the Golgi appa-
ratus and cytosol, has shown activity largely in the brain
with lower level expression in skeletal muscle and
heart.>"** Lastly, NMNAT3 is expressed in the mitochon-
dria and cytosol, and is mainly located in the lung and
spleen.* To conclude the Preiss-Handler pathway, NAAD
is converted to NAD by NAD synthetases (NADSYN1-2),
which, similar to NMNATSs, are also differentially compart-
mentalized. NADSYNs synthesize NAD through catalysis
of ATP and transfer of an amide group from glutamine or
ammonia. NADSYN1, which can utilize either amide group
as a donor to NAAD, is located largely in the small intes-
tine, liver, kidney, and testicles, and weakly expressed in
the skeletal muscle and heart.> Conversely, NADSYN2
activity is exclusively ammonia-dependent, and its expres-
sion is low in the small intestine, liver, and kidney, and high
in skeletal muscle and heart.*”

The salvage pathway

Apart from NA, additional metabolite recycling and the
intake of other nicotinic precursors can be used to synthe-
size NAD through the salvage pathway.*® Nicotinamide
(NAM) is converted to NAM mononucleotide (NMN) by
nicotinamide phosphoribosyltransferases (NAMPTs) in the
first rate-limiting step of the pathway which uses PRPP as a
cofactor.> NAMPTs exist in both intracellular (iNAMPT)
and extracellular (eNAMPT) forms, of which the extracel-
lular variant demonstrates an increased propensity
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towards NMN biosynthesis. To this end, a relatively high
concentration of both NAMPT and NMN have been found
circulating in human plasma.*’ Alternatively represented
as pre-B cell colony-enhancing factor (PBEF), eNAMPT
was originally discovered as a cytokine implicated in cell
colony formation.** Additionally, eNAMPT production has
been connected to the action of both leukocytes and adipo-
cytes, and deacetylation of iNAMPT via SIRT1 results in
stimulated adipocyte eNAMPT secretion in mice.*?
iNAMPT is located both in the nucleus and cytosol, and
demonstrates diverse tissue expression with activity
mainly occurring in the bone marrow, liver, and skeletal
muscle.****> NAMPTs have also been linked to the patho-
genesis of a variety of human diseases including cancer,
diabetes mellitus, stroke, atherosclerosis, and rheumatoid
arthritis.***” NAM riboside (NR), another NAD precursor,
may also enter the salvage pathway and be converted to
NMN by NAM riboside kinases (NRK1-2), a highly con-
served enzymatic family in eukaryotes.*® NRK1 is univer-
sally expressed across human tissue, whereas NRK2
exhibits variable expression largely in the skeletal muscle,
heart, and brain.*’ Following formation from either NAM
or NR, NMN is converted to NAD by the same NMNAT
enzymes of the Preiss-Handler pathway which adenylate
NAMN to NAAD.>*

Biosynthesis of NADP

A phosphorylated analogue of NAD, NADP is synthesized
by NAD kinases (NADK), which transfer a phosphate from
ATP to the 2’-hydroxyl group on the ribose portion of
NAD.”" NADK has also shown high selectivity towards
its substrates ATP and NAD, as well as the use of Ca>™,
Mg”", and Mn*" as cofactors, mechanisms originating both
from evolutionary divergence and conservation.* In addi-
tion, the process may be modulated by calmodulin kinase-
dependent phosphorylation, as well as the possibility of
regulation via feedback inhibition.” NADK is ubiquitously
expressed in human tissue although the small intestine and
skeletal muscle demonstrate minimal activity. Recent
findings have also indicated the varied subcellular com-
partmentation of NADK isoforms: a cytoplasmic form
and a mitochondrial form (MNADK).>* Although both var-
iants elicit the same tissue-specific activity, MNADK has
demonstrated significantly higher expression than its cyto-
solic counterpart.”

Compartmentalization of NAD

In alignment with its diverse functionality, NAD demon-
strates varied tissue-specific and subcellular compartmen-
talization. While the intracellular concentration of NAD is
usually conserved between 0.2 and 0.5 mM, NAD levels can
shift approximately 2-fold depending on its location in
tissue or the cell, as well as in the presence of various phys-
iological stimuli. Because of NAD’s role as a redox carrier
in cellular respiration, many metabolic conditions associat-
ed with energy stress (i.e. exercise and fasting) will increase
NAD formation. In addition, NAD has been shown to be a
key metabolite in the mediation of circadian rhythm.>
Since NAD lacks the ability to diffuse across cell
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membranes,”” the mechanisms by which intracellular levels
of NAD are compartmentally regulated play a major role in
the molecule’s metabolism.

The localization of NMNATs, as well as the presence of
NAD-dependent enzymes (i.e. SIRTs and PARPs), in the
cytosol, mitochondria, and nucleus, indicate the require-
ment for NAD synthesis in these subcellular compart-
ments. In addition, each member of the NMNAT
enzymatic family demonstrate unique cell-specificity:
NMNATT1 to the nucleus, NMNAT?2 to the Golgi apparatus
and cytosol, and NMNATS3 to the mitochondria and cyto-
sol.”® This distribution suggests that NAD metabolism is
differentially regulated to meet the individual demands
of each compartment. Thus, Yang et al.>® found that mito-
chondrial NAD levels can remain homeostatically balanced
despite depletion of nuclear and cytoplasmic NAD pools,
suggesting that compartment-specific NAD metabolism
may be independent of NAD-centered activity in other
compartments. Studies have also demonstrated unequal
compartmental distribution, with mitochondrial NAD con-
centrations being >250pM and nuclear concentrations
being significantly lower at approximately 70 uM.*® While
estimating cytosolic levels of NAD has proven difficult,
analyses have suggested levels similar to those found in
mitochondrion.®"**

Although it is widely viewed that NAD does not cross
the mammalian cell membrane, recent evidence has sug-
gested the presence of an NAD/NADH transporter.®®
However, because of the purported cellular impermeability
to NAD, the molecule’s homeostatic maintenance is solely
dependent on derivation from NAMN or NMN synthe-
sized via the salvage and Preiss-Handler pathways, or for-
mation from the NAM by-product of NAD-dependent
enzymes. Treatment with exogenous NAD has been
shown to increase mitochondrial, cytosolic, and nuclear
NAD levels, resulting in a comparatively high elevation
of mitochondrial NAD, thus indicating the capacity for nic-
otinic precursors to permeate the mitochondrial mem-
brane. The administration of NR has also resulted in
increased levels of mitochondrial NAD.** In addition, sup-
plementation of NR has been shown to enhance oxidative
metabolism and protect against high-fat diet-induced obe-
sity via the activation of SIRT1 and SIRT3.”>° Because NRK is
not expressed in the mitochondria to convert NR to NMN,
it is likely that NMN has the ability to cross the mitochon-
drial membrane (following cytosolic conversion from NR)
for the synthesis of NAD.®” The work of Grozio et al.®® iden-
tified the first NMN transporter, which is encoded by the
Slc12a8 gene and requires the presence of sodium ions for
activity. These observations indicate an underlying com-
plexity behind not only the compartments which segregate
NAD pools, but also the interactions of biosynthetic and
transport pathways that regulate pyridine nucleotide
metabolism.

NAD functions as redox cofactor

NAD plays a crucial role as a redox carrier in eukaryotic
energy metabolism, acting as a hydrogen acceptor to gen-
erate its reduced form, NADH, and contributing to

processes such as glycolysis, the TCA cycle, and oxidative
phosphorylation. It is these compartmentally segregated
pathways that make the independence of subcellular
NAD pools necessary. Located in the cytosol, the glycolytic
pathway metabolizes glucose through a series of enzymatic
reactions, resulting in the synthesis of two molecules of
NADH, ATP, and pyruvate per glucose molecule catalyzed;
a process consuming two molecules of NAD and ADP.
Following conversion of glucose to fructose-1,6-
bisphosphate (F1,6BP) via the first three steps of the path-
way, F1,6BP is cleaved to form two molecules of
glyceraldehyde-3-phosphate (G3P). Next, G3P is oxidized
and subsequently phosphorylated to make 1,3-bisphospho-
glycerate by glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), which couples this favorable reaction to the
reduction of NAD to NADH.®” The energy harnessed in
NADH is used in the production of ATP from oxidative
phosphorylation, but due to the impermeability of the
mitochondrial membrane to NADH,” the action of the
malate-aspartate or glycerol-3 phosphate shuttles is used
to transport a reducing equivalent of NADH into the mito-
chondrial matrix. The TCA cycle, which functions in the
mitochondrion, is another contributor of reducing equiva-
lents for oxidative phosphorylation, producing six mole-
cules of NADH per turn of the cycle.

Mitochondrial NADH, following synthesis from either
the glycolytic pathway or TCA cycle, are oxidized by
Complex I (NADH:ubiquinone reductase), the first of
four multiprotein structures which compose the electron
transport chain (ETC).%® The two electrons received from
oxidizing NADH are transported through a series of redox
reactions relayed through Complex I, ubiquinone
(Coenzyme Q), Complex III (Coenzyme Q-cytochrome c
oxidoreductase), cytochrome ¢, and finally Complex IV
(cytochrome c oxidase). The oxidation of NADH (as well
as succinate and FAD) is coupled to the transport of protons
across the mitochondrial inner membrane to the intermem-
brane space, creating an osmotic gradient. Protons then dif-
fuse back to the matrix via osmotic flux, a process whose
energy release is coupled to the synthesis of ATP by ATP
synthase.”” NAD's role in oxidative phosphorylation con-
tributes to the molecule’s high mitochondrial concentra-
tion.”" At times of nutritional abundance, the energy
producing metabolic balance shifts the ratio of NAD"/
NADH to increase NADH pools. In contrast, at times of
nutritional restriction and/or heavy energy utilization,
the oxidized to reduced ratio is shifted to favor increased
NAD™.”! In addition, the levels of NAD can be limiting to
the glycolytic pathway, TCA cycle, and ETC,”* meaning
their function may contribute to homeostatic imbalances
in both nuclear and cytosolic NAD pools and vice
versa.®””® For example, DNA damage, which activates
poly(ADP-ribose) polymerase (PARP1) to synthesize
ADP-ribose polymers, causes systemic NAD depletion via
the molecule’s function as a PARP substrate, which induces
downstream inhibition of glycolysis, oxidative phosphory-
lation, and eventually cell death.”*”> Inhibition of PARP1
increases SIRT1 activity, suggesting a reciprocal relation-
ship between these NAD-dependent enzymes,”® as well
as the need to understand the mechanisms regulating the



interdependence of compartmentalized NAD pools. NADP
and its reduced counterpart, NADPH, likewise play a vital
role in electron transport and biosynthetic pathways, par-
ticularly for fatty acid and cholesterol synthesis and for
reduction of ribonucleotides to deoxynucleotides. In addi-
tion, NADPH is important for maintaining reduced gluta-
thione pools for protection against oxidative stress.>>

NAD functions as substrate

Mono-ADP-ribosylation

The covalent addition of an adenosine diphosphate ribose
(ADP-ribose) moiety to proteins is a post-translational
modification (PTM) catalyzed both by mono(ADP-ribosyl)
transferases and/or poly(ADP-ribosyl)transferases.”” "
Both sets of enzymes cleave NAD at the N-glycosidic
bond between nicotinamide and ADP-ribose, liberating
free nicotinamide and covalently attaching the ADP-
ribose moiety to protein amino acid side chains, including
arginine, asparagine, glutamate, lysine, serine, and/or cys-
teine residues.®”® As discussed below, the poly(ADP-
ribose) polymerases continue to cleave NAD and attach
subsequent ADP-ribose moieties to growing chains of
poly(ADP-ribose).”

The mono(ADP-ribosyl)transferases (mARTs) are
widely distributed among prokaryotes and eukaryotes
where their function and regulatory selectivity appear to
be related to their organ and subcellular distribution.””®!
mARTS serve as a common mechanism for several prokary-
otic toxins.*? ADP-ribosylation of an arginine residue on a
membrane-bound GTP-binding protein by cholera toxin or
E. coli heat-labile enterotoxin increases the activity of
adenylyl cyclase resulting in intestinal fluid and electrolyte
flux leading to severe fluid loss and dehydration.**** Both
diphtheria toxin and pseudomonas toxin ADP-ribosylate a
modified histidine residue in eukaryotic elongation factor
2, which leads to cell death through the inhibition of protein
synthesis.®”> Some of the effects of these toxins can be mod-
ulated by (ADP-ribosyl)hydrolases (ARHs) which remove
the protein bound ADP-ribose residues.®

At least five mARTs (ART1-5) have been identified in
mammalian tissues,’ including cardiac and skeletal
muscle, brain, testes, and hematologic, including erythro-
cytes, platelets, and lymphocytes, where their function may
be further defined by subcellular location.”®"*> A variety of
acceptor proteins have likewise been identified suggesting
a regulatory role for mono-ADP-ribosylation in a multitude
of metabolic processes and structural activities. These
ADP-ribose acceptor proteins include such diverse proteins
as glutamate synthetase, dinitrogen reductase, and
glyceraldehyde-3-phosphate dehydrogenase. Mono-ADP-
ribosylation has also been noted to modulate histone
protein and oncogene functions.®® For example, mono-
ADP-ribosylation of histone H3 at arginine 117 (H3R117)
promotes proliferation, migration, and colonization by
cancer cell lines through a mechanism involving activation
of P300 and the up-regulation of B-catenin, c-Myc, and
cyclin D1.%° These results suggest the possibility that
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mono-ADP-ribosylated proteins may be a target for control
of the malignant phenotype.”*%

Several of the eukaryotic mARTSs are located at cell sur-
face where they function as ecto-ARTs.* Proteins shown to
be ADP-ribosylated by these ecto-enzymes include integ-
rins and P2X7, the latter involved in calcium flux leading to
apoptotic cell death.*”~*° Overall, the ecto-ARTs are consid-
ered to regulate cell-cell communication and signal trans-
duction. The ecto-(ADP-ribosyl)transferases have also been
implicated in regulation of multiple soluble growth factors
including fibroblast growth factor 2 (FGF2), platelet-
derived growth factor (PDGF), insulin-like growth factor
(IGF), and a-defensin 1 (DEFA1).*” Interestingly, the K,
for NAD of the ecto-ARTs is approximately 0.6 mM, where-
as free NAD in plasma is 0.1 to 0.3 uM. However, extracel-
lular NAD may be significantly increased at times of cell
damage, lysis due to trauma, and/or stress. Accordingly,
the function of these enzymes may be restricted to times of
stress and/or trauma.®’

Regulatory roles of mono-ADP-ribosyl PTMs are further
controlled by a series of (ADP-ribosyl)hydrolases (ARHs),
which can remove ADP-ribose moieties restoring protein
structure and function”~? as well as from ADP-ribosylated
sites on DNA and RNA.*' As suggested, the ARHs are com-
posed of a group of enzymes including MacroD1 and D2,
terminal ADP-ribose protein glycohydrolase (TARG1), and
the ADP-ribosyl-acceptor hydrolases, ARH 1 and 3.5

Similar to the ARTs, the selectivity of the ARHs is depen-
dent on tissue and subcellular distribution. Thus, different
ARHs are distributed among different subcellular organ-
elles.®"”° Of particular interest to carcinogenesis is the dem-
onstration that ARHI-deficient MEF cells injected into
nude mice developed tumors in multiple organs and
increased metastasis.”’ Moreover, mice genetically engi-
neered to be defective in ARH1 developed increased spon-
taneous malignancies including lymphoma, hepatocellular
carcinoma, sarcoma and tumors in the lungs, GI tract,
uterus, and mammary tissue.”’

A role for ARHs in the neurologic system is shown by a
family where homozygous offspring of individuals hetero-
zygous for a mutation that inactivates the ARH3 gene
showed variable degrees of neurodegeneration with histo-
logic signs of hippocampus, cerebellum, and cortical
degeneration.93 In mice, this defect showed accumulation
of poly(ADP-ribose) in the cytoplasm associated with neu-
rodegeneration. The PARP inhibitor, veloparib prevented
the histologic and neurodegenerative changes in ARH3-
knockout mice.” Thus, the (ADP-ribosyl)transferases and
hydrolases constitute important regulatory elements for
multiple diverse systems and defects in their function can
result in pathologic conditions.

Cyclic ADP-ribosylation

Cyclic ADP-ribose (cADP-ribose) is a secondary messenger
involved in signal transduction, cell adhesion, calcium
mobilization, and cell cycle control.”*%°  cADP-
ribosylation, catalyzed through the cyclization of NAD,
occurs via the action of the cADP-ribose hydrolase family
of enzymes, specifically CD38 and its homologue, CD157.””
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Although first observed within T lymphocytes and thymo-
cytes, CD38 and CD157’s tissue- and cell-specific expres-
sion is now considered virtually ubiquitous with
comparatively high expression in cell types of the
immune system.”® In addition to its function in secondary
messenger synthesis, CD38 plays a major role in the hydro-
lysis of NAD, suggesting its role as a regulator of cellular
NAD levels.” Specifically, the NADase activity of CD38 has
been shown to increase with age, and is implicated as a key
mediator of age-related NAD decline and mitochondrial
function. The mechanism by which CD38 regulates metab-
olism has been connected to the modulation of the NAD-
dependent sirtuin family. SIRT1, which is implicated in
aging, cell protection, and energy metabolism, and SIRT3,
which functions in oxidative metabolism, have both dem-
onstrated significantly increased expression in Cd38-KO
mice.'" Through activation of the SIRT3/FOXO3-
mediated antioxidative stress pathway, CD38-deficient
mice become protected from diet-induced obesity,
highlighting the enzyme’s role in energy expenditure.'**'"
CD38 deficiency also activates the SIRT1/FOXOs pathway,
which protects cardiac muscle from ischemia-reperfusion
injury (IRI).'** Conversely, Hu et al.'® utilized proteomic
analysis to demonstrate that overexpression of CD38
decreases cellular NAD levels, thus inhibiting a variety of
proteins involved in antioxidative function and metabolic
regulation. It has been shown that CD38 expression is
induced by both lipopolysaccharides and inflammatory
cytokines like TNF-0.''% From a cancer perspective,
nasopharyngeal carcinoma (NPC) cell lines overexpressing
CD38 promoted cellular proliferation and metastasis, as
well as an inhibited senescence response.l09 In addition,
CD38 has implicated functions in mediating psychosocial
behavior via its role in hormonal regulation,l10 as well as
distinct activity in the immune response."" These varied
effects of CD38 activity present the potential impact on
numerous conditions by therapeutic interventions of the
NAD metabolome.

Poly-ADP-ribosylation

Poly-ADP-ribosylation, another NAD-dependent revers-
ible PTM catalyzed by the poly(ADP-ribose) polymerase
(PARP1-17) family of enzymes is heavily involved in
signal transduction, particularly in the DNA damage
response (DDR), transcriptional regulation, cellular prolif-
eration, centrosome and mitotic spindle organization, telo-
mere maintenance, and cell cycle control.>® Like the mono
(ADP-ribosyl)transferases, poly(ADP-ribose) polymerase
cleaves NAD at the N-glycosidic bond releasing nicotin-
amide, a proton, and ADP-ribose, with the latter becoming
covalently linked to amino acid side chains, especially glu-
tamate or aspartate residues. Once activated, the enzyme
continues to cleave NAD with subsequent ADP-ribose moi-
eties being joined by ribosyl-ribosyl linkages to form a
growing linear or branched chain, unique polymer, poly
(ADP-ribose), which may reach hundreds of units in
length."">" The sole nucleoside in poly(ADP-ribose) is
adenosine, while the backbone is composed of ribose-
ribose bonds alternating with diphosphate ester

bonds.®”®!'? Extensive studies have shown that the poly-
mer can be attached directly to PARP as well as to a host of
other signaling molecules including p53, p21, MSH6, DNA
ligase 1III, X-ray repair cross-complementing 1 (XRCC1),
DNA polymerase ¢, DNA PK’s, Ku70, NF-xB, inducible
nitric oxide synthase (iNOS), caspase-activated DNAse,
and telomerase.''*

While 17 proteins have been identified with DNA
sequence homology to PARPs, only four have been clearly
shown to be capable of synthesizing ADP-ribose poly-
mers.® PARP1 and PARP2 have been extensively investigat-
ed in the DDR, where PARP facilitates base excision repair
and provides a mechanism for repairing DNA double
strand breaks, especially when cellular capacity for homol-
ogous recombination is defective or exceeded as in BRCA1
and 2 deficiency. PARP1 is activated by single and double
DNA strand breaks, causing the enzyme to auto-poly-ADP-
ribosylate and recruit protein complexes involved in DNA
repair such as XRCC1.>7%"2 In addition, PARP1 has dis-
played a role in regulating the activation of the p53 tumor
suppressor pathway, as well as alternative activation from
both heat shock proteins (HSPs) and phosphorylated extra
signal-regulated kinases (ERKs) during DNA stress
responses.®’®!'> PARP1 and PARP2, which is also involved
in DNA repair, both exhibit association with mammalian
centromeres during mitosis and meiosis, indicating these
enzymes’ function in cell cycle regulation.®”*''? In addi-
tion, PARP2 functions in telomere maintenance through
inhibition of telomeric repeat-binding factor 2 (TRF2),
thus modulating DNA binding functions to promote telo-
meric integrity. In addition to modifying the activity of
multiple signaling proteins, the diphosphate polymer back-
bone of PARP is negatively charged and by virtue of its
interaction with negatively charged DNA and positively
charged chromatin proteins, it serves to decondense
chromatin.”®

PARP activity is dependent on and proportional to the
amount of DNA strand breaks. Upon PARP activation by
DNA strand breaks, poly(ADP-ribose) is rapidly synthe-
sized and the polymer is rapidly degraded by the enzyme
poly(ADP-ribose) glycohydrolase (PARG), yielding free
ADP-ribose. The latter can be re-used in an ATP dependent
process to synthesize NAD. Depending on number and/or
duration of DNA strand breaks, PARP may be sufficiently
activated to deplete cellular NAD.”* Attempts to resynthe-
size NAD can subsequently consume ATP, and the rapid
turnover of polymer and attempts to resynthesize NAD can
deplete both NAD and ATP leading to cell necrosis. The
importance and relevance of poly-ADP-ribosylation in the
DDR are shown by the demonstration that genetically mod-
ified mice with deletions of either PARP1 or the 110kDa
isoform of PARG, each show normal growth and develop-
ment, but each is hypersensitive to alkylating agents and/
or ionizing radiation and each is hypersensitive to endotox-
ic shock. "1

Studies of PARP activity in peripheral blood mononu-
clear leukocytes from a series of mammalian species have
shown a positive correlation with longevity; however, no
correlation was observed with the amount of PARP pro-
tein.'®? PARP activity has been noted to decrease with



chronologic age in both rats and humans. In contrast,
Epstein-Barr virus-transformed lymphocytes from cente-
narians were found to have greater PARP activity than con-
trol cells prepared from 20- to 70-year-old individuals.'*
PARP has been described as a guardian of the genome pro-
tecting against accumulation of DNA damage.'”! Taken
together, these reports of association of its activity with lon-
gevity, its decline with aging, yet elevated levels in cente-
narians, suggest that an age-associated decrease in enzyme
activity renders the genome more susceptible to DNA
damage, whereas higher levels may be associated
with greater longevity, promoted via protection of genetic
integrity.'*' 71

In addition to its involvement in cellular proliferation
and the DDR, PARP mediates immune function of T-cells,
B-cells, and dendritic cells by activation of IKK and NF-«B,
as well by altering nuclear retention of NF-kB.'* PARP has
also been shown to play an important role in organizing
chromatin during spermatogenesis, and the enzyme’s
normal function may be required for male fertility.'*>*%
Poly-ADP-ribosylation has been shown to modify and
decrease activity of alcohol dehydrogenase in model organ-
isms and human cells in tissue culture leading to the sug-
gestion that this process may stimulate the accumulation
of toxic aldehydes and subsequent neurodegenerative
diseases.'”’

PARP inhibitors in malignant, inflammatory, and
neurodegenerative diseases

Because of its role in the DDR, and since enzyme inhibitors
were shown to potentiate the cytotoxicity of alkylating
agents and ionizing radiation, PARP was identified as a
potential therapeutic target to amplify the effect of cancer
chemotherapy. However, early clinical trials showed these
combinations to be too toxic. Subsequent studies showed
that PARP inhibitors (PARPi) alone could be useful in treat-
ing tumors in patients with defective homologous recom-
bination (HR), where the predisposing genetic defect in
HR, in combination with the PARP], created a synthetically
lethal combination which was initially shown to be effec-
tive in treatment of breast and ovarian cancer in patients
with BRCA1 or 2 deficiency.'* ' Agents now approved
for clinical use in treating oncologic disorders include nir-
aparib, olaparib, rucaparib, and talase. These agents have
been found to be useful in first line and maintenance ther-
apy as well as treatment of advanced disease.*' More
recently, PARPis have been extended to patients with
BRCA mutations in pancreatic and prostate cancers'>*'**
as well as in patients with metastatic disease.'**

PARP inhibitors have shown some efficacy in treating
Parkinson’s disease in animal models where inhibition of
PARP interferes with synthesis of poly(ADP-ribose), slows
a-synuclein fibrillation, and sequesters the development of
neurotoxicity.*>13® Age-associated diseases, such as ische-
mia reperfusion, Alzheimer’s and others have been sug-
gested to result in PARP activation, providing an
opportunity to examine repurposing of PARPi for non-
oncologic disorders.””” In model systems, PARPis are
able to downregulate immunologic-mediated diseases
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including rheumatoid arthritis, colitis, experimental auto-
immune encephalomyelitis, and allergic airway
inflammation.'®

Acetylation/deacetylation reactions and sirtuins

Acetylation reactions, in which an acetyl group (CH3CO)
becomes covalently linked to a target protein, are another
form of post-translational modification. Like other forms of
PTM including protein methylation, phosphorylation, ADP
ribosylation, ubiquitination, and others, acetylation has the
capacity to regulate both protein structure and function.
Each of these processes has their own unique specificity
for alteration of molecular structure and function.
Accordingly, each of these PTM systems has a unique set
of regulatory enzyme locations and molecular donors, such
that, just as kinases and phosphatases control protein phos-
phorylation, so too acetylation is reciprocally controlled by
acetylation and deacetylation. While protein acetylation
takes place in the nucleus, cytoplasm, and mitochondria,
the major focus of this activity is in the nucleus and mito-
chondria. For example, 20% of liver mitochondrial proteins
may be reversibly acetylated, with high levels noted on
proteins of the TCA cycle and beta-oxidation pathways.'*®

Acetylating enzymes use acetyl CoA as the donor of
acetyl groups, which are then transferred to covalent link-
age at the o-amino group or ammo-terminal residues or to €
amino groups of lysine, resulting in the neutralization of
their positive charge and consequent changes in protein
structure and/or function.'® Acetylation of proteins may
also result from non-enzymatic processes. Accordingly,
both enzymatic and non-enzymatic acetylation of proteins
is partially dependent on acetyl CoA concentration, which
is a common product of carbohydrate, amino acid, and fatty
acid catabolism. Generated in mitochondria and increased
during periods of nutritional abundance,"****! acetyl CoA
can be converted to citrate, which can then be transported
from the mitochondria to the cytoplasm to be re-converted
to acetyl CoA via the ATP-dependent enzymes, acetyl CoA
synthetases 1 and 2.'4'%!

Increased production of acetyl CoA and protein acetyla-
tion activity in the presence of nutrient excess may contrib-
ute to increased transcriptional activity by multiple
mechanisms, including the neutralization of histone
charges resulting in transcriptionally open and active
euchromatin as well as the activation of specific transcrip-
tion activators. Interaction of positively charged lysine res-
idues in histone proteins with negatively charged
phosphates in the DNA backbone contributes to the tight
packing of chromatin in heterochromatin, which is tran-
scriptionally inactive. Charge neutralization via the acety-
lation of lysine residues in chromatin proteins is associated
with the transition from a tightly packed heterochromatin
to transcriptionally active euchromatin. While acetylation
usually reduces the activity of modified enzymes, in some
cases, acetylation activates function. For example, acetyla-
tion of histone H3 serves as a transcriptional promoter.'*?

Removal of acetyl residues is carried out by several
different classes of enzymes known as deacetylases,
which include histone deacetylases (HDAC)' and
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sirtuins.” The reason for discussing acetylations and deace-
tylations in this review is because the major group of deace-
tylases, sirtuins, are (ADP-ribosyl)transferases that transfer
the acetyl groups from proteins to ADP-ribose-acceptors in
a reaction requiring NAD and yielding 2'-O-acetyl-ADP-
ribose, nicotinamide, and the deacetylated protein.7
Mammalian tissue contains a series of sirtuins, which, as
described below, are differentially distributed on a subcel-
lular and tissue basis, and have multiple regulatory func-
tions. Accordingly, NAD is an essential substrate for this
class of deacetylases, and increased NAD levels resulting
from nutrient restriction result in decreased acetylation,
leading to inactive heterochromatin with decreased tran-
scriptional activity. Thus, increased generation of acetyl
CoA during nutritional abundance, in contrast to increased
NAD during times of nutritional restriction, provides a
reciprocal regulatory mechanism for mitochondrial metab-
olism to regulate chromatin structure and activity, as well
as nutrient metabolism based on metabolic production of
intermediary metabolites. Increased NAD and its utiliza-
tion by sirtuins in deacetylation reactions during periods
of scarce nutrition, such as exercise, fasting, or calorie
restriction are considered to partially mediate the
longevity-promoting effects of these activities as well as
protect against some of the age-associated comorbidities
such as cancer and heart failure. This likely contributes to
the decreased acetylation of histone protein during aging in
human fibroblasts, and in part provides the rationale for
increasing NAD levels to promote healthier aging.”

As noted above, sirtuins (SIRT1-7), also known as silent
information regulator proteins, are a family of highly con-
served, NAD-dependent deacetylases. They have been
extensively studied for their roles in cancer development
and aging, which are connected to their widespread activ-
ity in genomic integrity, energy metabolism, cell cycle con-
trol, inflammation, circadian rhythm, cardiac physiology,
and neuronal function. Originally discovered in
Saccharomyces cerevisiae, Sir2 (the equivalent of mammalian
SIRT1) was identified through its role in silencing all
heterochromatin-like regions, such as telomeres, rDNA,
and the cryptic mating type loci, HML/HMR. %
Subsequently, four Sir2 homologues (Hstl, Hst2, Hst3,
and Hst4) were located, although deletions of these genes
did not result in the inhibition of HML/HMR silenc-
ing.'**!*” Caloric restriction (CR) also plays a role in mod-
ulating sirtuins and aging in yeast, with a decrease in media
glucose from 2% to 0.5% resulting in significant longevity
promotion, a phenotype initiated either via a Sir2-
dependent mechanism through decreasing levels of
NADH, a competitive inhibitor of Sir2, or via the action
of the nicotinic phosphoribosyltransferase 1 (Nptl), a com-
ponent of NAD salvage which converts NAM, a non-
competitive inhibitor of sirtuins, to NAD."*¥7%° To this
end, pyrazinamidase/nicotinamidase 1 (Pncl), an enzyme
upstream of Nptl, is required for extending lifespan via
CR.™' These pathways can also be stimulated via exoge-
nous treatment of NAD precursors, with treatment of NR in
yeast cells resulting in stimulated Sir2 activity and extend-
ed lifespan via an NRK-dependent pathway of NAD
replenishment.'** These in vitro findings not only implicate

the cooperation between the NAD metabolome and sirtuins
in the aging process, but also highlight the importance of
low-intensity stress responses in the modulation of these
cellular processes.

The function of Pncl in yeast is largely analogous to the
role of NAMPT in mammalian systems, which is not only
nutrient- and stress-sensitive, but also a mediator of nuclear
and mitochondrial sirtuin activity through its function in
NAD biosyr1thesis.153’154 However, regulation of mammali-
an Nampt expression is uniquely circadian through the
transcription factors CLOCK/BMAL. NAD biosynthesis
and sirtuin activity modulation via CLOCK/BMAL are
also affected by a sirtuin-based feedback loop in both
peripheral tissue and the suprachiasmatic nucleus (SCN)
of the hypothalamus, whereby SIRT1 and SIRT6 positively
regulate circadian phase in a reciprocal pathway with
Period 2 (Per2), whose activity suppresses Sirtl and Sirt6
transcription."”® SIRT1, which forms a complex with perox-
isome proliferator-activated receptor-gamma coactivator
(PGC-1a) and binds directly to the BMAL promoter, acti-
vates transcription and amplifies a robust circadian
response. SIRT1 and BMAL were found to decrease in the
SCN of aged mice, owing to the characteristic, age-
associated decline in circadian control. The Per2 promoter,
a primary target of SIRT1, was found to be epigenetically
modified during the aging process, leading to an increased
level of Per2 protein in aged mice."*® SIRT1 has also been
found to mediate the secretion of eNAMPT from adipose
tissue following the enzyme’s deacetylation of iNAMPT at
lysine 53, which affects hypothalamic NAD production and
neural function.*” This implicates both adipose tissue and
sirtuins as central communication units for the modulation
of systemic NAD biosynthesis, as well as potential hypo-
thalamic regulators. Unlike SIRT1, SIRT6’s interaction with
circadian control is through stimulating chromatin recruit-
ment of both CLOCK/BMALL1 and SREBP-1, additionally
implicating SIRT6 in fatty acid metabolism and explaining
the disruption of fatty acid and cholesterol metabolism in
SIRT6 knockout mice."”” SIRT6 deficiency also results in a
compromised and dysregulated circadian rhythm, making
the enzyme an integral component of circadian function.'*®
SIRT3, which deacetylates a variety of mitochondrial
enzymes involved in oxidative metabolism, is also mediat-
ed by the effect of the circadian-linked fluctuations of NAD
bioavailability, with exogenous treatment of NAD resulting
in restored SIRT3 function and improved oxygen consump-
tion in circadian mutant, Bmall 7~ mice.®

SIRT1 displays an especially diverse functional profile.
Brain-specific SIRT1-overexpressing (BRASTO) transgenic
mice demonstrated significantly increased longevity, a phe-
notype likely connected to stimulated neural activity in the
hypothalamus.'®® Conversely, systemic upregulation of
SIRT1 in mice had no effect on aging, indicating brain-
localized SIRT1 is likely the primary sirtuin mediator of
mammalian longevity. However, whole-body overexpres-
sion of SIRT1 actually promoted healthy aging through
downregulation of p16 gene expression, as well as reduced
liver cancer susceptibility and metabolic damage in mice.'®*
Hydrogen peroxide-treated human diploid fibroblast cells
demonstrated  stimulated senescence due to an



accumulation of acetylated p53, which resulted from a sig-
nificant downregulation of SIRT1 activity.'®® To this end,
SIRT1 expression was diminished in atherosclerotic vascu-
lar smooth muscle cells, reducing DNA repair and allowing
the cells to undergo replicative senescence.'®® SIRT1 has
demonstrated differential expression in a wide variety of
cancer ’cypes,164 indicating not only dual roles in tumor
promotion and suppression, but also the need for further
study and improved understanding of the enzyme’s varied
functions. SIRT1’s pleiotropic capabilities implicate the
enzyme in the aging process, cancer development, and a
number of diseases and comorbidities.

SIRT2, which is primarily localized to the cytoplasm,
also has the ability to deviate to the nucleus where it is
known to deacetylate histone-based lysine residues
H4K16 and H3K56 to initiate DNA repair.'*>'% In addition,
the enzyme shares a number of non-histone substrates with
SIRT1, such as FOXO1, FOXO3, and p53,'*"~'%’ which mod-
ulate cell cycle progression and apoptosis, as well as,
uniquely, a-tubulin, which contributes to oligodendrocyte
differentiation.””® In terms of carcinogenic functionality,
SIRT2 has demonstrated roles both in tumor development
as well as suppression. Murine SIRT2 deficiency leads to a
robust tumorigenic response,'”’ and human melanomas
and gliomas have been found to be associated with various
abnormalities and expression changes in the SIRT2
locus,'”*'”® indicating the enzyme’s tumor-suppressive
capability. Conversely, SIRT2 has also demonstrated
diverse oncogenic effects, with in vitro expression positive-
ly correlating to the proliferation of acute myeloid leuke-
mia, prostate, glioblastoma, pancreatic, and colorectal
cancer (CRC) cells.””*"”® In addition, silencing of SIRT2
has been found to inhibit tumor angiogenesis by inactivat-
ing STAT3/VEGFA signalling, resulting in heavily imped-
ed tumor progression.’”? Similar to SIRT1, due to SIRT2's
varied involvement in a number of both carcinogenic and
tumor suppressive pathways, enhanced understanding of
the enzyme’s functionality is required to elucidate SIRT2’s
exact impact in cancer biology.

SIRT3, the primary mitochondrial sirtuin,'®” acts as both
a deacetylase and ADP-ribosyltransferase to regulate
mitochondrial-based biogenesis, energy metabolism, and
thermogenesis, as well as inhibit rates of nuclear gene tran-
scription through deacetylating H4K16, H3K9, and most
recently H3K56."®! Unlike SIRT1 and SIRT2, SIRT3 has
largely been considered a tumor suppressive enzyme due
to its defined role in the scavenging of reactive oxygen spe-
cies (ROS) and antioxidant defense.'®?'® SIRT3 also inhib-
its the metabolic reprogramming characteristic of cancer
cells through the destabilization of HIF1la, a key transcrip-
tion factor involved in the cellular response to systemic
oxygen and, transitively, energy metabolism.'®* However,
it is noteworthy that the implication of SIRT3 in carcinogen-
esis is both cell- and tumor-specific. While expression of
SIRT3 is downregulated in a variety of human malignancies
such as breast, lung, colon, prostate, pancreatic, and ovarian
cancers, as well as osteosarcoma and glioblas’coma,l85‘]88
increased expression has been observed in oral, thyroid,
pancreatic, and node-positive breast cancer, as well as mel-

anoma,'®*'% suggesting the protein’s capability to promote
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cancer development. While the mechanisms by which
SIRT3 promotes tumorigenesis remain undefined, the
enzyme’s expression can be linked to defending cancer
cells from genotoxicity and stress-mediated apoptosis.'**

Unlike its other enzymatic family members, SIRT4 lacks
observed deacetylase functionality, instead primarily cata-
lyzing mono-ADP-ribosylation and regulating metabolic
activity in the mitochondria. SIRT4 largely ADP-
ribosylates glutamate dehydrogenase (GDH), inhibiting
the catalysis of glutamate to a-ketoglutarate and downre-
gulating the flux of amino acids into energy production.
Through regulating the stress-induced inhibition of gluta-
mine catabolism, SIRT4 has demonstrated a clear role in
attenuating carcinogenesis, with decreased expression
levels having been observed in T-cell leukemia as well as
lung, gastric, colorectal, and breast cancers. %1%

Expressed in the mitochondria and cytoplasm,®® SIRT5
functions as both an NAD-dependent deacetylase as well as
a demalonylase and desuccinylase,” with the enzyme’s
main substrate being carbamoyl phosphate synthetase 1
(CPS1), which catalyzes the rate-limiting step of the urea
cycle.®? SIRT5's implications in carcinogenesis are poorly
understood, but the enzyme’s involvement in energy
metabolism may play a role in the metabolic reprogram-
ming characteristic of cancer cells. Having been shown to
deacylate glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH), as well as other key enzymes of the glycolytic
pathway, SIRT5 may facilitate aerobic glycolysis and regu-
late carbon flux into the mitochondria, potentially aiding
cell growth,?** which may account for its overexpression in
hepatocellular and ovarian carcinomas, as well as in non-
small cell lung cancer.***% SIRT5 has also demonstrated
potential functionality as a tumor suppressor, with the
enzyme being underexpressed in both endometrial and
squamous cell carcinomas.?***"

Similar to SIRT3 and SIRT4, SIRT6 is largely regarded as
a tumor suppressor due to its roles in DNA repair and
cancer metabolism. Bound to chromatin and localized to
the nucleoplasm,*® SIRT6 is an NAD-dependent deacety-
lase and ADP-ribosyltransferase whose main substrates are
histones H3K9 and H3K56.2°%'° Overexpression of SIRT6
results in the activation of both the p53 and p73 pathways
leading to widespread apoptosis of cancer cells,”"" and
SIRT6 ™/~ mice displayed a number of aging-associated
complications such as lymphopenia, lordokyphosis, and
acute metabolic defects resulting from genomic instabili-
ty.212 To this end, SIRT6 expression has been shown to be
negatively correlated with colon, pancreatic, liver, breast,
and nasopharyngeal cancer cell growth.>**'” SIRT6 has
also demonstrated the potential to promote cancer devel-
opment, with expression being increased in ovarian, pros-
tate, and skin cancer.”®?* In addition to its roles in
carcinogenesis, SIRT6, similar to SIRT1, plays a profound
role in lifespan determination. The recent studies by Onn
et al.**! found SIRT6 to share a role with PARP1 as a DNA
double-strand break sensor, a finding which, in conjunction
with the enzyme’s function in the recruitment of proteins of
the homologous recombination and non-homologous end
joining pathways, may contribute to increased SIRT6 activ-
ity and efficiency of DSB repair in long-lived species.”* To
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this end, SIRT6-deficient cynomolgus monkeys (Macaca fas-
cicularis) displayed severe developmental retardation and
dramatically reduced survival, emphasizing the protein’s
role in primate development.”*

Considerably less studied than other sirtuins, SIRT7 is
an NAD-dependent deacetylase which targets H3K18 as
well as non-histone substrates such as p53, PGK1, and
FOX03.??* SIRT7, which is primarily localized to the nucle-
olus, has additionally been shown to act through its role in
desuccinylating H3K122.*® Currently, SIRT7 has been pur-
ported to have oncogenic potential through its implications
in defending cancer cells from genotoxicity. Colorectal,
ovarian, and liver cancer cells have all shown increased
expression levels of SIRT7,?%6-229 lending to the likelihood
of the enzyme’s function as a tumor promoter. While
further study is necessary to understand its direct implica-
tions in cancer development, the diverse functional profile
of SIRT7 highlights numerous possibilities for the enzyme’s
involvement in carcinogenesis.

Altered NAD levels and associated diseases

As NAD synthesis, compartmentalization, utilization, and
response to stress is subject to multiple levels of control and
regulation, it is not surprising that variations in these pro-
cesses have been identified to accompany a variety of phys-
iologic changes and disease states. Accordingly, therapeutic
attempts have been targeted at correcting NAD levels with
the expectation of improving comorbidities, especially
those that are aging-associated. Several possibilities need
to be considered regarding a role for NAD in the aging
process. First, it is possible that NAD levels are primarily
altered through decreased synthesis and/or increased uti-
lization, that changes in NAD levels affect processes requir-
ing NAD, and that NAD levels may be improved by
targeting the synthetic or utilization pathways.
Alternatively, it is possible that some age-associated molec-
ular pathologies may alter NAD levels, which in-turn may
affect other processes requiring NAD. In the first proposal,
where the primary defect is synthesis or degradation of
NAD, the correction of NAD levels might completely cor-
rect any associated disorders. For example, a primary, age-
associated defect in the de novo NAD synthetic pathway
could affect a number of processes, all of which might be
corrected through promoting other pathways of NAD bio-
synthesis. In the second proposal, NAD levels could be sec-
ondarily affected by an indirect pathway. For example, a
primary defect in DNA repair could sufficiently activate
poly(ADP-ribose) polymerase to continuously consume
NAD, resulting in lowered cellular NAD levels and
decreased availability for co-enzymatic functionality in
oxidation-reduction reactions. In the latter case, it might
be possible to augment NAD biosynthesis to keep up
with its rapid utilization. This process might correct the
side effects of NAD depletion, but might not correct its
primary mutagenic consequences. The following sections
review some of the systems and comorbidities where
altered NAD levels are considered to be etiologically asso-
ciated with disease and/or their comorbidities.

Pellagra

Pellagra is a disease caused by severe niacin or tryptophan
deficiencies, resulting in the development of clinical neuro-
logical, gastrointestinal, and dermatologic manifestations,
specifically ~dementia, diarrhea, and dermatitis.?*°
Although pellagra is not an age-related disorder, some
of its consequences have important implications for
age-related problems. While 1914 marked Joseph
Goldberger’s discovery that development of pellagra is
due to dietary inadequacy,'’ it was not until 1937 that
Conrad Elvehjem demonstrated the therapeutic effect of
NAM and NA supplementation in malnourished dogs
that symptomatically recapitulated pellagra.”®! Following
exogenous NAM or NA treatment, subjects of Elvejehm’s
study demonstrated attenuated dermatitis as well as stim-
ulated growth. In conjunction with the findings of
Katsyuba et al.,”>*> who demonstrated the role of NAD sup-
plementation in health, aging, and mitochondrial homeo-
stasis, the enhanced growth of Elvejehm’s specimens can
likely be connected to inhibited mitochondrial function via
niacin deficiency. While these phenotypes were reversible
through therapeutic intervention, prolonged dietary defi-
ciency and pellagra result in irreversible neurological com-
plications. Although pellagra has become practically
eradicated due to the fortification of flour products with
niacin, the biochemical implications of NAD deficiency
can be correlated to a variety of other pathological
situations. Research has linked flaky paint dermatosis, a
condition involving the flaking and pigmentation of
photo-exposed skin regions (not to be confused with
pellagra-associated dermatitis), to both increased IDO
expression as well as decreased urinary excretion of
N1-methylnicotinamide, a biomarker of pellagra.”* These
observations represent the potential clinical prevalence of
niacin and NAD metabolism in disease pathophysiology.

Aging

NAD has been implicated in the aging process since Braidy
et al.>* in 2011 observed significant age-associated intracel-
lular NAD decreases in rats. Subsequently, systemic NAD
levels were clinically demonstrated to experience age-
linked decline, with significant decreases observed in
adults from ages 36 to 77.*° Chini et al. have connected
the age-linked decline of NAD to the function of CD38§,
the primary regulator of NAD homeostasis through its
role in both NMN and NAD degradation.”'!

Aging is a process characterized by a number of physi-
ological changes such as metabolic dysfunction, genomic
instability, chronic inflammation, and an increased suscep-
tibility to disease. The suppression of mitochondrial energy
production, widely regarded as a main aspect of aging, is
linked to a mitochondrial-specific loss of protein complexes
involved in oxidative phosphorylation. This process is
impacted by a decline in nuclear NAD levels, which is facil-
itated by an alternate peroxisome proliferator activated
receptor gamma coactivator 1 alpha/beta (PGC-1a/
B)-independent pathway of nuclear-mitochondrial commu-
nication.”*® Decreases in NAD also lead to the suppression
of SIRT1 and SIRT3, whose inhibited roles in oxidative



stress defense and mitochondrial function lead to down-
regulated energy production.’®'’! Due to NAD's diverse
subcellular and tissue-specific expression, CD38 mediation
of age-related NAD decline may be further impacted by
other pathways, such as with PARP activity, remains
open, for example, PARP activities have been noted to
increase with aging.'* In addition, the chronic inflamma-
tory characteristic of aging results in the production of bac-
terial endotoxins and pro-inflammatory cytokines, which
have both been shown to stimulate CD38 expression.'*¢~%®

Decreasing NAD levels may impact regenerative capac-
ity and the aging process through effects at the stem cell
level. For example, Zhang et al. showed that muscle stem
cells from 24-month-old mice compared to 3-month-old
mice demonstrated lower NAD levels, lower levels of
TCA cycle and oxidative phosphorylation enzymes,
increased senescence pathway enzymes, reduced rates of
oxidative phosphorylation, loss of mitochondrial mem-
brane potential, and a reduced ability to replenish muscle
stem cells in a mouse model of Duchene muscular dystro-
phy, a disease characterized by the loss of muscle stem
cells.’® The older mice also showed more phosphorylated
vH2AX and DNA strand breaks on comet assays, indicating
increased DNA damage. These observations suggest that
ongoing or sustained DNA damage-induced activation of
PARP may contribute to the decrease in NAD levels dem-
onstrated by these cells. Notably, all of the above abnormal-
ities improved with dietary supplementation of NR, which
also improved endurance and led to a slight increase (4.7%)
in average life span, although the authors noted that NR
supplementation was only administered late in life.
Importantly, the improvement in muscle stem cell regener-
ation upon NR supplementation was abolished in SIRT1
knockdown mice. In addition, it is notable that the authors
reported no toxicity nor change in spontaneous malignan-
cies due to the administration of exogenous NR.'®

Cancer

As noted above, many of the processes are affected by the
enzymes of ADP-ribosylation and its removal function as
tumor suppressors and in some cases, tumor promoters. To
the extent that these enzymes are affected by NAD levels,
these metabolites may play an important role in maintain-
ing genome integrity, fidelity of the signaling process, and
energy balance in support of normal and/or tumor growth.
A specific aging and cancer-related issue not yet covered is
the senescence-associated secretory phenotype (SASP), in
which damaged cells lose their proliferative capacity,
undergo stable growth arrest, and upregulate secretion of
proinflammatory cytokines as an age-related process. SASP
is thought to contribute to the low-grade inflammation that
accompanies aging, and may be associated with age-
dependent comorbidities”” such as insulin resistance,
neurodegenerative disease, heart failure, progressive accu-
mulation of DNA damage, cognitive decline, and unfolded
protein response. It is noteworthy that many of these pro-
cesses can be partially slowed or reversed through upregu-
lating NAD levels via the supplementation of NAD

precursors.237
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This replicative senescence may be oncogene-induced
senescence (OIS), in which NAD and NAD/NADH ratios
are increased, or mitochondrial dysfunction-associated
senescence (MiDAS), which is associated with decreased
NAD/NADH ratios.®® With OIS, the elevated NAD
levels and NAD/NADH ratios are mediated by high
mobility group (HMG) proteins that epigenetically enhance
upregulation of NAMPT synthesis resulting in increased
NAD and NAD/NADH ratios, as well as upregulation of
NF-«B activity, leading to increased expression of IL1, IL6,
and IL8. These processes promote tumor growth in tissue
culture and pancreatic neoplasia in a mouse model in
response to elevated NAD, and can be prevented by genetic
knockdown of NAMPT or pharmacologic inhibition with
FK866. The latter agent prevents the increase in IL1, IL6,
and IL8. These results have raised the concern that, while
strategies to boost NAD levels may retard the aging pro-
cess, they may concurrently promote the carcinogenic
impact of SASP cells. A theoretical strategy has been pro-
posed to eliminate SASP cells using senolytic agents such as
dasatinib, quercetin, and/or navitoclax before attempting
to increase NAD levels.?”/23%240

Brain and neurologic diseases

In pursuit of a role for NAD levels in regulation of age-
associated disease and comorbidities, a great deal of
research has been focused on the brain and neurodegener-
ative disorders, the heart and cardiovascular disorders and
metabolic diseases such as type 2 diabetes. In a recent
review of NAD™ in Brain, Aging, and Neurodegenerative
Disorders, Lautrup et al.**' indicated the importance of
NAD on synthesis of the neurotransmitters glutamate and
acetylcholine, as well as the role of SIRT1 in promoting
neuronal and axonal outgrowth. They also reported on
NAD decreases in normal brain from c. elegans, mice, and
humans, and showed their decreases were associated with
cognitive impairment. Importantly, they reported that
genetic knockdown of NAMPT-produced cognitive charac-
teristics of old mice,?*?> and that NMN treatment could cor-
rect the phenotype. They suggested also that NAD
decreases in aging brain could be associated with aging
mitochondria and with accumulation of oxidatively dam-
aged DNA. NAD levels have been implicated in facilitating
neuronal stress response, maintaining neuroplasticity, sup-
pressing neural inflammation, and maintaining neurogen-
esis. Mouse model studies using NR supplementation
suggest these processes may be amenable to increasing
NAD levels.

In mouse model studies of Alzheimer’s disease, NAD
depletion has been suggested to contribute to neural
inflammation, and deposition of neural fibrillary tangles,
while NAD augmentation may slow some cognitive
defects, and slow accumulation of DNA damage. In
Parkinson’s disease rodent models, accumulation of a-syn-
uclein fibrils has been suggested to occur with NAD defi-
cits®*! possibly associated with hyper activation of SARMI,
and NADase, leading to axonal degeneratiom.243 Moreover,
PARP1 is activated by a-synuclein leading to further
consumption of NAD and consequent cell death®**
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Other neurodegenerative diseases associated with
decreased NAD levels include Huntington disease (HD)
and amyotrophic lateral sclerosis.?*>?**¢ In HD, the primary
molecular pathology is known to be associated with tri-
nucleotide repeats leading to self-aggregation of the
Huntington protein and impairment of the kynurenine
pathway, potentially leading to NAD reduction. Although
the mechanism of ALS is not clearly determined, the dis-
ease is simulated by SOD-Tg mice where a defect in NAM
metabolism has been noted and NAM supplementation has
corrective effects.**” Each of the above diseases appears to
affect NAD levels by different mechanisms, suggesting that
the NAD defect is a secondary consequence. In the case of
HD, the primary etiologic defect has clearly been identified
as amplification of the trinucleotide repeat. Nonetheless,
mouse model studies and some early clinical trials suggest
a beneficial effect of augmenting NAD synthetic pathways.

Cardiovascular disease

NAD levels and their regulation by sirtuins have been
implicated in cardiovascular disorders including heart fail-
ure and accompanying cardiac hypertrophy,**® ischemia
reperfusion,249 and cardiac arrhythmia.249 Much of this
research has been conducted at the cellular and tissue cul-
ture level, with further investigation in rodent models, and
now with increasing investigation in humans leading to
clinical trials of supplementation with NAD" and its
precursors.?*52%

Using genetically altered mouse models with deletion of
serum response factor (SRF™), Diguet et al.**® demon-
strated that the development of dilated cardiomyopathy
(DCM), decreased left ventricular ejection (LVE) fraction,
and heart failure were all associated with increased protein
acetylation and a 30% decrease in NAD level. They further
demonstrated a decrease in nicotinamide phosphoribosyl-
transferase with a concurrent increase in nicotinamide ribo-
side kinase 2 (NMRK2). These morphologic and
physiologic changes of cardiac remodeling were signifi-
cantly prevented by intraperitoneal (IP) and/or oral admin-
istration of NR to stabilize myocardial NAD.***

Similar metabolic findings, but to a lesser degree, were
observed with mechanically induced cardiac hypertrophy
using transverse aortic constriction (TAC), where NR sup-
plementation partially protected the myocardial NAD pool
and the decrease in LVE fraction, but not the morphologic
changes of DCM.?*® An important indication that that these
findings represent the condition in humans comes from the
demonstration of reduced NAD levels in biopsies obtained
from patients with failing hearts. In these studies, the NR-
driven restoration of NAD appears to be based on
increased synthesis, with the NR supplying sufficient pre-
cursors to the NMRK2 pathway to increase NAD, resulting
in increased glycolysis, increased mitochondrial citrate syn-
thase, decreased acetyl-ATP citrate lyase, and increased
selected nuclear and cytoplasmic acetylated proteins. It is
notable that there were no increases in ADP-ribosylated
protein, poly-ADP-ribosylated protein, ADP-ribose,
or NAM. On the other hand, NR supplements were
shown to increase NAAD, methyl-NAM, and

N1-methyl-4-pyridine-5-carboxamide, which provides the
basis for biochemical monitoring of the NR effect, although
there is potential for increased H,O, production associated
with Me4Py.*" Based on this and previous evidence that
expanding NAD pools can improve a failing heart,” there
was a call for translational clinical trials to normalize NAD
levels in patients with cardiac dysfunction while conduct-
ing careful pharmacokinetic, metabolomic, safety, and tol-
erability studies.

Multiple studies in mice and isolated cardiac myocytes
show the impact of NAD and its precursors, as well as
sirtuins on cardiac rhythm control based on regulatory
improvement of metabolic defects, oxidative stress, sirtuin
activation, and voltage channel signaling such as NAD
channel Ca”" signaling. Since both cardiac NAD and sirtuin
activity studies in rodent models and isolated cardiac myo-
cytes demonstrate an impact of NAD, its precursors, and
sirtuins on cardiac rthythm control, these effects appear to
be mediated by multiple pathways including metabolic
and oxidative stress, voltage channel signaling, and SIRT
activation, and modulating these channels by altering NAD
and/or sirtuin levels has shown some efficacy in attenuat-
ing arrhythmias in murine models and has been suggested
as a strategic approach for preventing the associated devel-
opment of cardiac arrhythmias in patients.***"

Ischemia reperfusion (IR) injury occurs in the myocardi-
um, most commonly with aging-associated coronary artery
obstruction resulting in acute cardiac ischemia and hypox-
ia, causing metabolic shifts with rapid depletion of energy
metabolites such as NAD and ATP. Reperfusion associated
with reoxygenation may then result in ROS, oxidative
stress, and an increase in intracellular Ca®*, leading to apo-
ptosis and extended injury.****" In vitro studies in rat car-
diac myoblasts showed that elevated NAD levels increase
survival in a NAD/SIRT1-dependent fashion.”®? In vivo,
these findings were averted by pretreatment with IP injec-
tions of NMN,'** resulting in increased SIRT1 activity and
decreased infarct size.?>> Moreover, intravenous NAD infu-
sion has been shown to reduce infarct size as well as
decrease troponin 1 levels and apoptosis in a murine
model of IR.*** It is further notable that mice with deficien-
cy of SIRT3 are more susceptible to IR injury.*> These stud-
ies are supportive of clinical trials to evaluate the
contribution of NAD and its precursors on limiting IR tox-
icity in humans.

Metabolic disorders

Declining NAD levels and shifts in NAD/NADH ratios
occur with age-associated mitochondrial dysfunction.**®
In addition to the clinical disorders noted above, changes
in NAD have been implicated in many of the comorbidities
that accompany aging, including obesity and its conse-
quences, diabetes mellitus, metabolic syndrome, and ath-
erosclerotic cardiovascular disease, the latter of which
involves both lipid abnormalities and alterations in vascu-
lar endothelial function.”” Many of these comorbidities
appear to be mediated in association with quantitative
and/or functional alterations in sirtuins, and most have
been demonstrated in experimental systems, particularly



genetically altered animal models. In general, these models
support an anti-aging comorbidity role for NAD and sir-
tuins. For example, aging transgenic mice that overexpress
SIRT in pancreatic B islets show increased insulin secretion
and better glucose tolerance,?>® while SIRT1 knockout mice
show decreased insulin levels.?®”**® Nonetheless, other
studies suggest SIRT may contribute to insulin resis-
tance.”® Thus, clinical trials in which SIRT activities and
NAD levels are modulated alone and in combination are
crucial to targeting these pathways to prevent and/or
reverse aging phenomena. In conducting these studies, it
will be important to determine the specific metabolic and
genetic conditions in which they may be effective, and to
further evaluate whether they may be effective in a preven-
tive or therapeutic fashion. Studies on organ specific target-
ing will also be important in this regard. The critical
question is whether utilization of precursors to increase
NAD levels can compensate for mitochondrial underpro-
duction, or whether underlying mitochondrial disorders
will still result in age-associated disease.

Conclusion

NAD, its precursors, and its derivatives including NADH,
NADP, NADPH, cyclic ADP-ribose, mono-ADP-ribosy-
lated proteins, poly(ADP-ribose) and poly(ADP-ribosy-
lated) proteins, and acetyl-ADP-ribose, as well as the
enzymes and proteins involved in their synthesis and deg-
radation, constitute a vast array of interconnected metabol-
ic, regulatory, and structural processes, all impacted by
their central dependence on NAD, yet each characterized
by its own unique vulnerability. Based on demonstration of
their roles in cancer, aging, and other disease states, as well
as their unique vulnerabilities, they have become the focus
for multiple targeted interventions. PARP inhibitors have
undergone successful clinical trials, are now major compo-
nents of the cancer control armamentarium, and are being
further evaluated for therapy of inflammatory, neurode-
generative, and ischemia/reperfusion disorders. 3137

Elevating NAD levels by administration of its precursors
to improve health, extend longevity, and ameliorate aging-
associated comorbidities is supported by considerable
experimental data''>*1%%* and is already being commer-
cially promoted. Although this approach may have consid-
erable benefits, its real benefits and risks of adverse effects
associated with the vast array of its dependent processes
need to be evaluated with carefully controlled clinical trials.
These trials should serve to demonstrate the following
principles: (1) it should be possible to demonstrate altered
NAD levels or interactions in tissue culture, animal models,
and human samples of disease, (2) it should be possible to
simulate the condition by molecular and/or pharmacologic
manipulation of the defect, (3) it should be possible to
translate the observation to correct the consequences by
restoring NAD levels at both the individual and population
levels, (4) for a primary disorder of NAD levels, it should be
possible to protect against development of consequences by
promoting normal NAD levels, and finally (5) it should be
shown that there are no adverse effects associated with
long-term administration of the agent.
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