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Abstract: Mitochondrial dysfunction and oxidative stress are prominent features of a plethora of human
disorders. Dysregulation of mitochondrial functions represents a common pathogenic mechanism of diseases
such as neurodegenerative disorders and cancer. The maintenance of the Nicotinamide adenine dinucleotide
ARTICLE HISTORY (NADY) pool, and a positive NAD*/NADH ratio, are essential for mitochondrial and cell functions. The
synthesis and degradation of NAD* and transport of its key intermediates among cell compartments play an
important role to maintain optimal NAD levels, for regulation of NAD*-utilizing enzymes, such as sirtuins
(Sirt), poly-ADP-ribose polymerases, and CD38/157 enzymes, either intracellularly as well as extracellularly.
In this review, we present and discuss the links between NAD*, NAD*-consuming enzymes, mitochondria
Accepted: functions, and diseases. Attempts to treat various diseases with supplementation of NAD* cycling intermediates
and inhibitors of sirtuins and ADP-ribosyl transferases may highlight a possible therapeutic approach for
therapy of cancer and neurodegenerative diseases.
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1. INTRODUCTION

Mitochondria are intracellular organelles performing
essential functions for energy production [1]. They
produce ATP in the Krebs cycle, oxidative
phosphorylation and fatty acid oxidation. These reactions
point out to mitochondria as the principal source of
reactive oxygen species (ROS) within the cell; thus, it
comes natural to believe that dys-regulation of

NAD* metabolism and mitochondrial well-being are
therapeutic targets for ageing and neurodegeneration-
related diseases. NAD*-consuming reactions are carried
on by poly-ADP-ribose polymerases (PARPs) and mono-
ADP-ribose transferases, in addition to NAD-dependent
histone  deacetylases  (sirtuins) and CD38/NAD
glycohydrolase [6]. In addition, NAD* degradation,
cycling and re-synthesis need to be considered within
various compartments of the cell and in the framework of

mitochondrial functions is a pathogenic mechanism
shared by many human diseases [2-4]. The maintenance
of the nicotinamide adenine dinucleotide (NAD™) pool as
well as a positive NAD*/NADH ratio are essential for
well-functioning mitochondria [5]. Indeed, NAD*
participates in many redox reactions and plays essential
roles in the control of mitochondrial biology, metabolism,
energy production, mitophagy, activation of apoptotic
programs and in regulation of intracellular signals [6].
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relocalization between compartments [7, 8]. Various
different NAD* pools are present in cells, i.e.
mitochondrial, cytosolic and nuclear pools [9]. Depletion
of NAD" in mitochondria has been indicated as the cause
of ageing and of several human diseases [10]. Reactions
based on NAD* dependent enzymes are influenced by
compounds such as nicotinamide (Nam), a competitive
inhibitor. In cells, the uncontrolled activity of NAD*
degrading enzymes such as PARP1/2 or CD38 may cause
cell death in a cell-specific pathway, i.e. apoptosis,
necrosis and parthanatos [11]. A compartment-specific
NAD* pool may decrease at such a level that the rapid
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increase of nicotinamide may inhibit either ADP-ribosyl
transferases including MARylating sirtuins, and NAD-
dependent protein deacetylases. Increased NAD®
degradation and impairment of NAD™* synthesis cause a
decline in NAD™ levels in mitochondria, especially when
levels of NAD* synthesis enzymes are decreased [12].
Mitochondria play a critical role in cell viability, since
energy depletion and reduction of oxygen metabolism
induce cell death pathways in cells, including neurons and
neuroglia [16]. Therefore, in this review the roles of NAD
levels, involvement of enzymes consuming NAD*, and
those required to restore NAD' levels are discussed.
Finally, prospects for the use of inhibitors and NAD*
intermediates are introduced in treatment of various
diseases, either in slowdown of neurodegenerative disease
progress or to stop cancer growth.

2.1.NAD* cycling

Cellular NAD™* concentrations change during aging, and
modulation of NAD* availability may extend lifespan
[12], and its consumption is linked to oxidative stress
[13]. De novo synthesis of NAD in cells, called the
kynurenine pathway, originates from tryptophan. NAD
precursor kynurenine has been used in some trials to
study the replenishment of NAD pools under stress
conditions [14]. Nicotinamide (NAM), the product of
enzymes that use NAD as cofactor/substrate, is the
starting substrate in the NAD* salvage pathway [15],
predominant in maintaining NAD* levels in many cells.
One pathway involves nicotinic acid
phosphoribosyltransferase ~ domain  containing 1
(NAPRT1) starting from nicotinic acid (NA) (niacin, a
form of vitamin B3). NA is supplied by diet and
metabolized by NAPRT1 to nicotinic acid
mononucleotide (NAMN) that is transformed in NAD in
the Preiss-Handler pathway. A second pathway involves
nicotinamide phosphoribosyltransferase (NAMPT), that
produces nicotinamide mononucleotide (NMN) from
nicotinamide (NAM) to which 5-phospho-a-D-ribosyl 1-
pyrophosphate (PRPP) donates the ribose group, reaction
that consumes ATP. In neurons, NAMPT orchestrates the
NAD+ salvage pathway, and resides in the mitochondrial
matrix [16]. The body circadian clock is ensured by
transcription-translation  feedback loop in  which
transcription  factor pairs CLOCK/BMAL1 and
NPAS2:BMALL1 activate expression of Cryptochrome
(Cryl and 2) and Period (Perl, 2, and 3), with CRY and
PER proteins causing repression of CLOCK/BMAL1.
DNA binding activity of these heterodimers is regulated
by NAD redox state. The core clock proteins induce
circadian rhythmic transcription of NAMPT in the heart
and in other organs. NAMPT-mediated NAD+
biosynthesis participates to maintain the circadian clock
[17, 18], with Sirtuin 1 modulating the activity of the
clock complex through deacetylation of PER, BMAL1
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and histone H3 at NAMPT cis-acting site, which
suppresses NAMPT transcription [19, 20]. The
transcription factor KLF15 integrates inputs from the core
clock and from metabolic signals to promote NAMPT
transcription through binding to NAMPT enhancer.
NAMPT, NAD* and Sirtl have been indicated as “time
regulation” enzymes determining the biological age of
organisms, while their decay may contribute to
senescence [21]. Nicotinamide phosphoribosyltransferase
(NAMPT) acts via enzymatic activity to synthesize
nicotinamide mononucleotide (NMN), precursor of NAD*
[22]. NAMPT expression decreased during the treatment
of APP/PS1 mice with its inhibitor, FK866, and was
rescued by supplementation with NAD* [23]. NMN is a
substrate for nicotinamide mononucleotide adenylyl
transferases (NMNATS), also known as NAD synthase. In
eukaryotic cells, there are three isoforms of Nicotinamide
mononucleotide adenylyltransferase (NMNAT1, 2 and 3).
NMNAT1 is localized in nuclei, NMNAT?2 in the cytosol,
and NMNAT3 in mitochondria. NAD* is produced in
each compartment by the resident NMNAT [24].
NMNAT3 is not essential to maintain NAD* levels in
mitochondria, thus other NMNATS may have a major role
[25]. In humans, the gene nmnat3 codes for two mMRNAS,
NMNAT3v1l and FKSG76, through alternative splicing:
NMNAT3v1 protein is cytosolic and inactive, whereas
FKSG76, localized to mitochondria, cleaves NAD* in the
reverse reaction, more favorable than NAD* synthesis
[25]. NMN production with NAD* degradation has also
been reported for NMNAT?2 [26]. The extracellular NAD*
sustains mitochondrial NAD pool in an ATP-independent
manner, while metabolic precursors NAM, NMN,
nicotinamide riboside (NR) and nicotinic acid (NA) were
not effective when added to the medium; cytosolic NAD™,
not requiring ATP driven pumps but only the
mitochondrial NAD/NADH shuttle, sustained
mitochondrial NAD* pool even in presence of
oligomycin, inhibiting ATP formation. Nicotinamide
riboside (NR) is an additional salvage pathway element
and NAD* precursor. NR is converted to NMN by
nicotinamide ribose kinases, NRK1 and NRK2, and then
NMN is converted to NAD* by NMNATS, which utilize
either NMN or nicotinic acid mononucleotide (NaMN)
[27]. NR can give rise to NAM by purine nucleoside
phosphorylase (NP), and after NAM maodification to
NMN, NMNAT converts NMN to NAD* [28]. NR can
enter cells through the Nrtl transporter, thus NR can be
supplemented with diet or drugs. NR does not produce
side effects or flushing [28]. Also the NR reduced form,
NRH, can be supplemented as NAD™* precursor, being
NRH more stable than NR in plasma, and can be
converted to NAD* through the NMNH intermediate,
with adenosine kinase (ADK) acting as a NRH kinase
[28]. NAMPT can metabolize specific inhibitors (FK866,
KPT-9274, CHS-828 and GMX1778) into phosphoribosyl
derivatives that inhibit NAMPT and block NAD*
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synthesis. For instance, compounds bearing the 3-
pyridinyl ring bound to urea or to an amide group are
recognized as substrates and bind the NAMPT active site
where they are linked with phosphoribosylpyrophosphate
(PRPP). In this reaction, FK866 efficiently suppressed
NAD* production and reduced NAD* levels, leading to
loss of ATP as potential anticancer drugs [29]. Following
this study, a research was performed to verify whether
NAMPT can metabolize Vacor, a rodenticide, and
transform it into Vacor adenine dinucleotide (VAD), a
mimetic of NAD. VAD produced inhibition of NMNAT?2
and NMNATS3, but not of NMNAT1 [30]. Results showed
the coordinated requirement of NAMPT and NMNAT2 in
NAD? synthesis, and their inhibition led to derangement
of the NAD* pool. The study showed that VAD can be
used as an antimetabolite with anticancer potential,
especially in  cancers overexpressing NAMPT.
Similarities, either structural as well as functional, are
present in human NAMPT and NAPRT, that uses
nicotinic acid (NA) to produce nicotinic acid
mononucleotide (NaMN) [31]. Using FK866 to inhibit
NAMPT, A375 cells were treated with nicotinamide,
nicotinic acid, nicotinamide riboside, kynurenine and
quinolinic acid, as precursors of NAD*, showing that each
substrate has organelle-specific ability to rescue from
NAMPT block [31]. The authors showed that cytosolic
NAD* content decreased, mitochondrial NAD* did not
change, so that NAMPT was not affected in
mitochondrial ~compartment, whereas nicotinamide
riboside kinase (NRK) was found active in nuclei and in
mitochondria, and NAPRT was predominant in the
cytosol and mitochondria [30]. NAMPT and NAPRT can
be secreted extracellularly (eNAMPT, eNAPRT) as
cytokines and Damage associated Molecular Patterns
(DAMPs): eNaMPT is known as pre-B cell colony-
enhancing factor or visfatin [32, 33], acting through the
activation of Toll-like receptor 4 (TLR4) [34]. This
enzyme is involved in human inflammation, obesity,
diabetes, and has been indicated as a target for anticancer
and immunotherapy strategy [35], and eNAPRT is a
biomarker of sepsis and septic shock [36].

Ectonucleotidases form two groups based on substrate
specificity: one group includes enzymes that metabolize
extracellular NAD", such as CD38, CD157, and CD203;
in the second group are enzymes that degrade ATP, such
as CD39 (ENTPDases) and CD73 [37-39].

Adenine nucleotides (AdNs) have an important role in
immunity and inflammation [40]. Intracellular AdNs
originating from ATP or NAD are signaling molecules in
immune cells, such as T lymphocytes, macrophages,
microglia and astrocytes. The ectoenzyme ecto-5'-
nucleotidase/cluster of differentiation 73 (CD73),
expressed on multiple cells, is active on NAD and
adenosine  monophosphate  (AMP), catalyzes the
conversion of purine 5’-mononucleotides to nucleosides,
such as adenosine, and dephosphorylates NMN to

produce NR [41]. NAD glycohydrolase/Cluster of
differentiation 38 (CD38), catalyzes the synthesis of
cyclic ADP-ribose (cCADPR) and cADPR hydrolysis,
leading to NAD*depletion [42], a state that can be rescued
by the increase of NMNAT activity. CD38 has been
implicated in the regulation of intracellular NAD* levels.
CD38 may insert into intracellular membranes or in
plasma membrane as an ectoenzyme, and degrades NAD*
as well as NMN and NADP, generating the second
messengers cyclic ADP ribose (CADPR), ADP ribose
(ADPR), and nicotinic acid adenine dinucleotide
phosphate (NAADP). CD38 facilitated autophagy for its
role in autophagic fusion with lysosomes [43]. Various
cell compartments are involved in CD38 activity: in
CD38 knockout mouse, no NADase activity was detected
in the plasma membrane, sarcoplasmic reticulum,
mitochondria and nuclei [44]. Sterile alpha and TIR motif
containing 1 (SARM1) is an ADP-ribosyl cyclase 1/cyclic
ADP ribose hydrolase, similar to CD38. SARML1 is
required for the activation of an injury-induced axon
degeneration, and facilitates mitophagy in depolarized
mitochondria; thus, SARM1 has been involved in
neuroprotection and in neuronal death [43]. To protect
from NAD* consumption by SARML activity, cytosolic
NMNAT1 was overexpressed, producing a beneficial
effect that could be related also to a chaperone function
[45]. CD38 inhibitor 78c was administered to slow down
the age-related NAD®* decline: a therapy with 78c
improved physiological parameters, such as glucose
homeostasis, cardiac function, muscle architecture, and
exercise capacity. The mechanisms of these anti-aging
effects are still to be identified [46]. A schematic view of
NAD* homeostasis, NAD" salvage pathway, role of NAD*
precursors and of compartmentalization of enzymes
involved, is presented in Figure 1. ADPR released by
CD38 is an agonist of the non-selective cation and ca’
permeable channel Transient Receptor Potential of
Melastatin subfamily 2 (TRPM2), activated by ADPR
binding to its Nudix homology domain [47], regulating
functions such as cytokine production, insulin release,
oxidative stress and cell death. ADPR-2'-phosphate
(ADPRP) is also a potent agonist [48]. TRPM2 activation
produces Ca?* influx, and provides positive feedback for
channel activation, leading to necrosis and cell death.
NMNAT-2 and CD38 sequentially lead to the production
of 2'-deoxy-ADPR, an endogenous TRPM2 activator
[40].

2.2. Parylation/Marylation reactions and players

Poly-ADP-ribose polymerases (PARPS), mono-ADP-
ribose transferases (ARTS) and sirtuins use NAD* to
modify proteins, in post-translational modifications
(PTMs), namely, PARylation and MARylation [49].
Seventeen ARTSs of the diphtheria toxin group, (ARTD1
to ARTD17), two cholera toxin group ARTC enzymes
(hARTC1, hARTCS5), and a subgroup of sirtuins are
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enzyme writers that add mono-ADP-ribose (MAR) to
proteins, while a minority of them (PARP1-2, PARP5a
and 5b/ARTD1-2, ARTD5-6) can produce poly-ADP-
ribose (PAR) polymers, an activity that is linked to
catalytic triad H-Y-E in their active site. MARylation
occurs on arginine, while PARylation targets various
amino acids, glutamate and aspartate being the first one to
be studied, and also lysine, tyrosine and serine, the last
one mediated by the interaction of PARP1/2 with histone
parylation factor 1 (HPF1) [50]. ADP-ribosylation on
serines in histones may lead to the exclusion of
acetylation on the same residue by histone acetylases
(HATS), with consequence on epigenetic signaling.
MAR/PAR structures, recognized by MAR/PAR readers,
regulate protein-protein interactions. The main domains
present in reader proteins are the Macrodomain, the PAR
Binding Zinc finger domain (PBZ), the PAR binding
domain (PBD), the WWE (tryptophan/glutamate) domain,
the Oligonucleotide binding (OB) motif, the PilT N-
terminal (PIN) domain (in PIN and Exol nucleases), the
RNA recognition Motif (RRM), the serine arginine
repeats and lysine arginine repeats (SR/KR), among
others, recognizing and binding MAR and PAR
structures, and enabling the formation of protein
complexes important in cell signaling [51].

Finally, PTMs require enzymes able to remove the
modifications, named erasers. Macrodomain proteins may
be either MAR readers, as well as erasers with hydrolase
activity [51]. ADP ribose hydrolases (ARHs) and poly
ADP-ribose glycohydrolase (PARG) cleave ADP-
ribose/ADP-ribose bonds and ADP-ribose-protein bonds.
Terminal ADP-ribose protein glycohydrolase (TARG)
and ectonucleotide pyrophosphatase/ phosphodiesterase 1
(ENPP1) remove the last ADP-ribose group, transforming
it into phosphoribose bound to the proteins [52].

Enzymes maintaining PAR homeostasis include
nucleoside diphosphates linked to some moiety X
(NUDX, NUDT) hydrolases that cleave ADP-ribose to
produce adenosine monophosphate (AMP) and ribose-5-
phosphate (R5P) [47]. Some Nudix proteins have
pyrophosphatase activity using as substrates ADP-ribose
and NAD*, with PAR hydrolysis producing adenine and
adenosine nucleotides.

2.3. Human ARTD1-3 relevance in diseases.

In presence of damaged DNA, such as single or double
strand breaks, activated PARP1 and 2 (ARTD1, ARTD?2)
catalyze the transfer of ADP-ribose units from NAD"* to
proteins, forming long and branched ADP-ribose
polymers (PAR). [50]. A NAD* binding pocket in
Deleted in breast cancer 1 (DBC1) regulates
DBC1/PARP1 interaction, so that DBC1 may block DNA
repair [10]. When NAD™* concentrations decline, DBC1 is
tightly bound to PARP1, producing accumulation of
damaged DNA, and NAD* supplementation relieves the
inhibition: the binding of NAD* to the Nudix (NHD)
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domain of DBC1 prevents it from inhibiting PARP1 [53].
The excessive activation of PARP1 and 2 by DNA
damage was proposed to cause NAD* depletion and
finally cell death, a process involving one of the forms of
apoptosis, parthanatos [11]. Neuronal cell death has been
associated with neurodegenerative disease progression.
The accumulation of Amyloid-f (AR) peptide in the brain
is one of the causative agents in Alzheimer's disease. The
aggregation of amyloid fibers is linked to the generation
of free radicals that cause mitochondrial failure as well as
DNA damage. PARP1 activation contributes to the
functional energy decline, lowering oxygen consumption,
membrane potential, NAD* levels, resulting in cellular
bioenergetic deficit in AD animal models [54].
Inactivation of Alcohol dehydrogenase 1 (ADH1) has
been shown in PARP1-dependent PARylation of ADH1,
in Parkinson disease in mouse primary neurons in which
a-synuclein ~ fibrils  activate PARP1, and in
neurodegeneration in D. melanogaster [55]. PARP1
activated by DNA breaks affects glycolysis and causes
energy depletion [56]. PARylated PARP1 binds to and
inhibits hexokinase 1 (HK1), which interacts through its
PAR-binding domain [57], and the interaction inhibits
glycolysis without interference with NAD* or NAM
competition.

PARP1 activity is regulated by acetylation on K498 and
K524, Sirtuin 1 and Sirt3 deacetylate PARP1, decreasing
PARP1 activity, and this regulation may be exploited to
protect against cardiac hypertrophy [58].

PARP hyperactivation has been indicated as causative for
cell death and in neurodegenerative diseases: the
mechanism initiates with protein aggregates activating
PARP1, leading to energy depletion, drop in intracellular
NAD", leading to cell death. Some findings show that
PARylation affects liquid-liquid phase separation and
aggregation of AR oligomers [59]. Excessive PARP1
activity contributes to the pathogenesis of stroke,
myocardial infarction, neurodegeneration, and various
diseases involving excessive inflammation states. Thus,
PARP1 inhibition and drug control of the inflammatory
state can improve these diseases [60]. PARP1 inhibitors
may reduce cell necrosis in stroke and infarction of
myocardium, can down-regulate multiple pathways of
inflammation and tissue injury, in circulatory shock,
diabetic complications and colitis [61, 62].

Synthetic lethality is a condition in which an inhibitor
targets a gene product that compensates a pathway
defective for a mutated gene, as in the case of DNA repair
complexes. PARP inhibitors are used as therapeutics in
certain cancers, such as in homologous recombination
(HR)-defective cancers, and homologous recombination
defective (HRD) cancers. In cancers mutated in
BRCA1BRCA2, ATM, ATR, FANC and PALB2, a
treatment with poly-ADP-ribose polymerase inhibitors
(PARPI) has been successfully applied in phase 11 trials.
Olaparib, rucaparib, niraparib, veliparib (ABT-888), and
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talazoparib block DNA repair, trap PARP proteins on
DNA, and block PARP catalytic activity, interfering with
replication and leading to cell death [63]. Also, some
cancers defective in PTEN as prostate cancers can be
sensitive to PARP inhibitors, due to downregulation of
Rad51. Since lysine methylase SMYD3, often
overexpressed in tumors, regulates BRCA1/2 and DNA
Repair, inhibiting SMYD3 with BCI-121 promotes cancer
inhibition by PARPi such as olaparib [64]. Olaparib, as
well as similar inhibitors, may induce cancer resistance in
patients due to extrusion by multidrug resistance proteins
and ATP-binding cassette pumps. PARPL1 inhibitor
AZD2281 was more effective when co-administered with
the P-glycoprotein inhibitor tariquidar [65, 66]. Non-
NAD-like PARP1 inhibitors, binding to sites different
from the NAD binding site, have been studied for prostate
cancer treatment [67]. XAV939 is a potent inhibitor of
PARP1 in cells and a promiscuous tankyrase inhibitor,
differently from IWR1 and AZ-6102, selective for
tankyrase [68]. PJ34 and UPF1069 are broad
PARP/tankyrase inhibitors: PJ34 inserts a flexible region
into a hydrophobic pocket in several ADP-
ribosyltransferases. PARP1 inhibition by PJ34 improved
the function of endothelial progenitor cells (EPCs) during
stress-induced premature aging [69], stabilized NAD*
levels and increased Sirtuin 1 activity [70]. Although
PJ34 induces death in cancer cells, in association with
other cytostatic drugs, PJ34 stimulated mitochondrial
fusion and hyperpolarization and protected mitochondria
[71]. PARP-1 has a role in regulating the intracellular
trafficking of key cellular proteins such as nuclear factor-
kappa B (NF-xB), is a transcription coactivator of NK-kB
complex, and plays a role in cellular trafficking during
inflammation. PARP3 is considered a MARYylating
enzyme, for the absence of DNA binding and
automodification domains: PARP3 may interact with
PARP1 in DNA repair. While PARP1 homodimers can
autoPARylate in the nucleus and possibly in
mitochondria, PARP1-PARP3 heterodimers are active in
the nucleus. PARP3 has been involved in cellular
response to DNA damage and mitotic progression; it has
been shown to modify the mitotic spindle components
NuMal and the tankyrase ARTD5/PARP5a, the DNA
repair proteins Ku80 and ARTD1/PARP1, and the histone
H2B.PARP3 is also present in the cytoplasm, similarly to
PARP2. PARP3 interacts with and ADP-ribosylates the
glycogen synthase kinase GSK3p: GSK3p is a positive
regulator in ubiquitination and degradation of Rictor, that
is a drug target in PTEN deficient tumors [72-74]. Several
chemical structures have been developed and studied for
higher specificity toward certain PARP enzymes, so that
various approaches can be exploited to treat particular
disease states. For instance, ABT-888 showed high
specificity toward PARP2 [72]. Certain chemical
structures were shown to target PARPs and tankyrases
[68], or only tankyrases, such as XAV939 and G007-

LK[73], while conjugates of ADP and morpholino
nucleosides target PARP1/2/3 with high specificity [74].
To this aim, a highly active and selective ribose-
functionalized NAD* was identified and used in vitro
[75].

Small-molecule inhibitors targeting MARylating PARPS
(containing the H-Y-@© catalytic triad) have been studied,
such as OUL35 inhibiting PARP10 [76-79]. Several
PARP14 inhibitors have been studied, showing low
selectivity over H-Y-E PARPs [80-83]. A quinazolin-
4(3H)-one scaffold with propynyl in R1 and pyrimidine in
R2 substitutions, ITK7, showed high specificity toward
PARP11/ARTD11 [80], with activity toward nuclear pore
complex proteins, inducing PAR to dissociate from
nuclear envelope. Tankyrases (TKSs), interact with E3
ubiquitin ligase RNF146/lduna, that modifies axin to
target it to the proteasome. In this pathway TKs
antagonize B-catenin degradation: inhibitors specific for
TKs were shown effective in Wnt-driven cancers [83].
Due to the presence of many different ADP-ribosyl
transferase enzymes with PARP domain in humans
(ARTD1-ARTD17, ARTC1, ARTC5)[84], it is important
to use selective inhibitors to target a particular enzyme or
phenotype, in order to overcome drawbacks due to
undesired side effects. While for PARP1 there are many
target proteins, as shown in proteomic data [85], for other
ARTD and ARTC group enzymes few proteins are known
to be MARylated, and MARYylation inhibition can be
detected promptly [86]. PARP13/ARTD13 known as
Zinc-finger Antiviral Protein (ZAP) is inactive, and has
antiviral action, with involvement in stress granule
assembly. PARP7, PARP10 and PARP12 also play a role
in suppressing viral replication [49]. ARTC1 modifies
Grp78/BiP in ER, and modifies T-cell coreceptors and
hemopexin [87]. Among macrodomain-containing PARP
in group 6, PARP14/ARTD8 MARYylates HDAC2 and
HDAC3 [88]. ARTDS8 inhibitors may be applied in
lymphoma and myeloma, and in therapeutic approach in
asthma [89]. PARP16/ARTD15 MARylates karyopherin-
1-beta [90], and has a role in ER stress and Unfolded
Protein Response [91]. ARTD10 targets and modifies
GSK3p and NEMO (NF-kB subunit, IKK-y), and plays a
role in neurodegenerative disorders [92]. Thus several
PARPs converge on NF-kB dependent transcription and
pro-inflammatory pathway, and PARP1 activates STAT-1
and STAT-6 dependent transcription.

Since PARylation and MARylation may be affected at the
same time by non-specific inhibitors, and each enzyme
may have a specific role in certain diseases [93],
pharmacological teams are developing high-throughput
drug discovery screens to find and individuate inhibitors
of mono-ADP-ribosylation reactions using high-
throughput  screens [94]. To this aim, 4-
benzyloxybenzimide derivatives have been developed,
specifically inhibiting PARP10 in the nanomolar range
[78]. Finally, N-(2(-9H-carbazol-1-yl)phenyl)acetamide
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(GeA-69) was identified as a novel allosteric PARP14
inhibitor acting on macrodomain 2 (MD2) [95]. A scheme
describing therapeutic potential of various ART inhibitors
is shown in Table 1.

2.4. Sirtuins

Sirtuins (Sirt) are histone and non-histone NAD-
dependent protein deacetylases (HDAC) of type IlI.
NAD? is hydrolyzed, forming NAM and ADP-ribose, that
receives the acetyl group to form 2'-O-acetyl-ADP-ribose
[96]. Silent information regulator/sirtuin 1 (Sirtl) is
cytoplasmic, and is involved in calorie/glucose restriction
and life extension [97], through the activation of
mitochondrial Unfolded protein response (UPRp). Sirtl
targets are histones, p53, RB1, E2F1, Forkhead box
protein O1 and 3 (FOXO1, FOXO03, and Forkhead in
rhabdomyosarcoma- FKHR) transcription factors, and
peroxisome proliferator activated receptor gamma
(PPARY) coactivator 1 alpha (PGC-1a) [98]. Activation
of AMP-activated protein Kinase (AMPK) induces the
phosphorylation of Sirtl and PGC-1a, increases NAD*
availability by upregulating the synthesis pathway.
Increased NAD* degradation or impairment of NAD*
synthesis causes a decline in NAD* levels in
mitochondria.  Agents inducing oxidative  stress,
producing reactive oxygen species (ROS), over time
induce damage and failure of mitochondria, one of the
causative factors of Alzheimer’s disease (AD) [99-101].
Sirtl affects cell metabolism, promotes oxidative
catabolism to sustain energy and induces mitochondrial
biogenesis. PGC-1a protects cells against oxidative stress,
relieves mitochondrial dysfunction, and is linked to
Alzheimer’s disease (AD) [102]. Sirtl suppressed
amyloid-B production [103], protected against alpha-
synuclein  aggregation, and activated molecular
chaperones. Sirtl protected against neurodegeneration in
animal models for Alzheimer’s disease and amyotrophic
lateral sclerosis [104], and protected from mutant
huntingtin by activating the mammalian Target of
Rapamycin  (mTOR) complex (TORC1) and CREB
transcriptional pathway [105].

Sirt3, Sirt4 and Sirt5 reside in mitochondria and are
involved during mitochondrial dysfunctions. Sirt3
regulates the unfolded protein response (UPRm:) pathway
and mitophagy [106], in association to other sirtuins.

Sirtl upregulates autophagy/mitophagy through various
activities. Sirtl deacetylates the autophagy proteins
ATG5, ATG7, and MAP1LC3/LC3, and the nuclear
proteins LC3 at K49 and K51, enabling the
nucleocytoplasmic transport and interaction with ATG7;
and increases BECN1, RAB7, LC3, ATG12, and BNIP3
expression by deacetylating FOXO1 and FOXO3 [61]. In
the attempt to pursue health improvement, resveratrol and
stilboenes have been used to improve Sirtl and AMPK
activity, leading to inhibition of the mTOR and NF-xB
pathways [108], inducing mitochondrial biogenesis. Sirtl
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and mTOR converge on S6 kinase 1 (S6K1) with
opposite effects, since acetylation impedes S6K1
phosphorylation by mTOR, essential to maintain
intestinal stem cells for prolonged lifespan [109], while
AMPK activates mTOR, such as during calorie
restriction. Resveratrol, sirtuin-activating compounds
(STACs) and rapamycin are compounds that can block
mTOR and downstream NF-kB signaling, and induce
UPRm and mitochondrial biogenesis, extending fitness
and lifespan. Energy boosters are chemical structures
sustaining mitochondrial function [110]. Rapamycin, as
well as resveratrol, nicotinamide riboside, nicotinamide
and PARP inhibitors, can couple longevity to increased
respiration [111].

Also supplementation of NAD™ intermediates such NMN
increased cell signaling, which led to mTOR inhibition
and up-regulation of mitophagy, a process that is also
Sirté and Sirt7 dependent [47]. NAD* replenishment
induced Sirt3-PGAM5-FUNDC1-dependent mitophagy,
but also activated a Sirt2/Sirt4/Sirt5s/PARP dependent
inhibition of mitophagy, thus the balance between the
induction and inhibition signals regulates overall
mitophagy levels.

In presence of DNA damage and low NAD* levels in
mitochondria, Sirt3, as well as Sirt4, can have an anti-
apoptotic role [5]. Sirt3 was shown to have an important
role in cardiovascular diseases and extended ageing in
humans [112]. Co-immunoprecipitation data showed Sirt3
interaction with PARP1, and overexpressed Sirt3
decreased PARP1 acetylation levels [61]. Sirt3 protects
cells from hypoxia through PGC-la and superoxide
dismutase  (MnSOD)-dependent  pathways  [113].
Treatment of the knocked-out SIRT3 cells with Sirt3
recombinant protein, prior to oxygen/glucose deprivation
(OGD), restored cell viability and reduced cell damage,
measured as released lactate dehydrogenase (LDH), and
increased ATP levels in mitochondria [113-115]. Cells
expressing oligomeric a-synuclein within the cytosolic
and mitochondrial-enriched fractions showed low Sirt3
levels [115].

The application of an AMPK agonist, 5-aminoimidazole -
4-carboxamide-1-p-d-ribofuranoside (AICAR) led to
higher Sirt3 levels, restored mitochondrial function, and
decreased a-synuclein oligomers [10]. Sirt3 induces the
FOXO03a translocation from the cytosol to the nucleus
[116]. Sirt3 promotes UPRn: [117], and by deacetylating
GDH promotes amino acid metabolism [114].

Sir4, Sirt6é and Sirt7 possess ADP-ribosyl transferase
activity. Sirt4 ADP-ribosylates glutamate dehydrogenase
(GDH) and inhibits the conversion of glutamate to -
ketoglutarate (0-KG) [119], decreasing glutamine uptake,
relevant for cancer cell growth, and interfering with
epithelial to mesenchymal transition (EMT) in gastric
cancer. o-KG upregulates H3/H4 histone acetylases, and
is required for o-KG dependent N6-methyladenine
demethylase ALKBHD5, and epigenetic RNA modification
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enzyme: other intermediates of the Krebs cycle also have
similar influence on epigenetic enzymes [120]. Sirt4 also
hydrolyzes lipoamide cofactors from the
dihydrolipoamide acetyltransferase (DLAT), the E2
subunit of the mammalian pyruvate dehydrogenase
complex (PDH), a mechanism of switch regulating
cellular metabolism.

Sirt6 and Sirt7 are localized in the nuclei. Overexpression
of Sirt6 is found in skin cancer and in non-small cell lung
carcinoma (NSCLC) with poor prognostic value, but in
other types of cancers it is considered a tumor suppressor.
Sirté regulates by deacetylation NAMPT activity, and
restores NAD(P)(H) pools in cancer cells [121]. A role of
Sirt6 in Alzheimer’s disease has been hypothesized. Sirt6
has been related to DNA repair, genome integrity,
telomere maintenance, energy metabolism, inflammatory
states, and various processes regulating lifespan. Sirt6 is
found depleted in AD patients. Sirt6 decreases in level
during ageing. Sirt6 has a role in stabilization and
phosphorylation of tau protein [122]. Sirt6 has been
involved in genome integrity, DNA repair, energy
metabolism and inflammation, and is found decreased
during ageing and cell senescence. Sirt6 was found to
auto—ADP-ribosylate  [123]. Sirt6  ADP-ribosylates
PARP1, enhancing its DNA repair activity [124]. Sirt6
ADP-ribosylates epigenetic enzymes such as lysine
demethylase KDM2A [125], chromatin-silencing factors
such as nuclear corepressor protein KAP1 [126],
regulating KAP1 interaction with HPlo and LINEI1
retrotransposon silencing [127]. Sirt6 ADP-ribosylates
BAF170, activating the transcription of a subset of Nrf2
target genes [128], and this may sustain Nrf2-dependent
boost of mitochondrial function. Lamin A binds Sirt6 and
promotes histone deacetylation, and Sirt6-mediated
functions upon DNA damage [129]. Sirt6 ADP-
ribosylating activity induced p53- and p73- dependent
cell death in cancer cells [130]. Sirt6, in particular the
catalytically active form, associates in a phosphorylation-
dependent mode with Ras-GTPase activator G3BP1,
transcription factors NKRF, BCLAF1 and THRAP3, the
telomerase regulator YLPML1, and the RNA polymerase
complex factors XRN2 and COIL [131].

Sirt7 has auto-modifying ADPRT activity, leading to
change in Sirt7 distribution on chromatin [132]. Sirt7
auto-modification occurs on several sites, as proteomic
studies identified eight MARylated peptides. In the
ELHGN catalytic motif, shared by sirtuins, H187 is a
conserved residue involved in acetylated substrate
recognition as well as deacetylation activity. H187 is
oriented toward the NAD*-binding pocket and the main
catalytic site, as the flanking residues E185 and N189. On
the contrary, in Sirté and Sirt7 these flanking residues are
faced in the opposite direction, toward the surface of the
cavity, with the interaction of both residues through their
side chains to form a loop. These residues are important
for their role in the ADP-ribosylation reaction. E185 is

the catalytic residue that initiates the reaction, whereas
N189 acts as the first acceptor of the ADP-ribosyl moiety
[132]. Sirt7 plays a key role in mitochondrial function,
and in the liver, it regulates autophagy and the
physiological response to calorie restriction [132]. Sirt7
has been involved in non-homologous end joining
(NHEJ) DNA repair [133, 134].

Sirt7 is enriched in nucleoli: auto-MARylation affects
Sirt7 relocalization to genomic loci. The epigenetic
pathway involving ADP-ribosyl-Sirt7 recognition by the
ADP-ribose binding macrodomain of histone H2A1.1
(mH2A1) under glucose starvation induces auto-modified
Sirt7 to enrich mH2A1 in loci associated with metabolic
genes, changing chromatin-binding dynamics during
glucose starvation [132]. Antagonism has been observed
between Sirt7 and HsKyyme3 marks, competing for
mH2A enrichment upon metabolic stress. Although most
sirtuin inhibitors have been developed to target
deacetylase activity, others can block the NAD* binding
site, such as selisistat, with a carboxamide moiety that
mimics the amide group of the endogenous pan-sirtuin
inhibitor [112]. The SIRT2-selective inhibitor AGK2
could reduce a-synuclein-induced cytotoxicity in a
Drosophila model of Parkinson’s disease: three SIRT2
inhibitors (AGK2, AK1 and AK7), were neuroprotective
in  Huntington’s disease animal models, with toxic
accumulation of protein aggregates [135]. New
compounds, such as diketopiperazine-containing 2-
anilinobenzamides, simultaneously target the “selectivity
pocket” substrate-binding siteand the NAD*-binding site
[136]. A scheme describing the potential therapeutic use
of sirtuin inhibitors is shown in Table 2. The links
between PARPs and sirtuins are presented in figure 2on
PARP1/Sirtl and Sirt3/PARPL interconnections and
figure 3, indicating PARP1 and SIRT1 upstream regulator
and downstream effectors, showing interactions between
sirtuins, activity of various ARTDs and their positive and
negative feedbacks.

3.1Role of NAD*metabolic products in regulation of
cell function

1-methylnicotinamide ~ (MNAM)  produced  from
nicotinamide by  nicotinamide-N-methyltransferase
(Nnmt) links sirtuins to lifespan extension [137]. Aberrant
expression levels of NNMT, whose excessive activity
consumes S-adenosyl methionine (SAM), have been
implicated in cancer, metabolic, and neurodegenerative
diseases [138]. SAM s required for methylation of
lysines in histones, therefore Nnmt enzymatic activity
regulates epigenetic modifications. Sirtl levels are
stabilized by MNAM through regulation of
ubiquitination. Higher levels of Sirtl lead to a decrease in
protein acetylation levels. In hepatocytes, this leads to
decreased levels of triglycerides and cholesterol, in
endothelial cells to decrease prostacyclin PGI2, and to
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nitric oxide synthesis. Altered NNMT expression levels
have cell-specific effects, ranging from proliferation of
cancer cells, to changes in metabolic rate in adipocytes, to
altered metabolism of lipids and cholesterol in
hepatocytes [139].MNAM serves as a substrate for a
newly identified aldehyde oxidase, GAD-3, in C. elegans,
and generates hydrogen peroxide, acting as a
mitohormetic ROS signal. MNAM oxidized by AOX
produces pyridones that are excreted through the urine
[139]. MNAM addition to SH-SY5Y neuroblastoma cell
line was not linked to mitochondrial complex | activity,
since ROS production did not change, but rescued cells
from toxicity of 1-methyl-4-phenylpyridinium (MPP*)
and rotenone, inhibitors of complex 1, and also increased
the level of ATP. Furthermore, the addition of MNAM
protects from lipotoxicity in renal tubular kidney cells
[139].

In individuals affected by chronic obstructive pulmonary
disease (COPD), NNMT is over-expressed in the lungs
and skeletal muscle. A treatment with IL-6, TNFa and
TGFB increases NNMT expression in human skeletal
muscle myoblasts: activity of NNMT and production of
MNAM are thought to play a protective compensatory
response to injury [139].

3.2. Intermediates restoring or regulating NAD levels
in cells for therapeutic approaches

NAD intermediates regulate and restore NAD* levels in
cells, and have been tested in several therapeutic
approaches. Extracellular NAD* is degraded by CD73 to
NMN and successively to nicotinamide riboside (NR).
Exogenous NMN could decrease AD-associated
pathological characteristics in a mouse model of AD [26,
140]. Abnormal protein aggregation is a pathological
feature of several neurodegenerative diseases, such as in
Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), Alzheimer’s disease (AD) and Huntington’s
disease (HD), and causes brain ageing and neuronal cell
death: NAD™ and its precursors could delay and block the
development of these diseases [141, 142]. NAD
supplementation was used to improve mitochondrial
function, leading to a significant increase in lifespan [19,
143, 144]. NAD* synthesis precursors such as
nicotinamide (NAM), NMN or nicotinamide riboside
(NR) [145-149] can improve cell conditions: NAD*
boosters protect mice against high fat diet [145], and may
prevent age-related diseases and increase longevity [31].
A recent clinical trial on healthy overweight adults to test
the safety of NIAGEN (Nicotinamide Riboside Chloride)
was positively concluded [146].

NAD* precursors, including NMN and nicotinamide
riboside (NR), are drug candidates in AD for their ability
to induce autophagy [31, 47]. De novo NAD™ synthesis or
increased availability of NAD precursors may support
health quality during aging [147] and improve cognitive
functions through a decrease of AP fibrils. Nicotinamide
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or NMN treatment preserved mitochondrial integrity in
mouse models of AD [62, 148], and may function in the
therapy of pathological processes such as diabetes,
ischemia-reperfusion injury, heart failure are age-related
diseases [25, 149]. The application of NMN and NR may
sustain the need for higher levels of NAD*, either due to
higher consumption, or to reduced synthesis. NAD*
synthesis intermediates have been associated with
stiloenes to exert beneficial effects on NAD-dependent
enzymes such as sirtuins. NAD* availability supports a
proper function of sirtuins, required either in cellular
signaling, mitochondrial energy, and mitophagy.
Salidroside, a bioactive from Rhodiola rosea, protected
PCI12 cells from APiso induced cytotoxicity [150], by
regulating the NAPRT signaling pathway [6]. NAMPT
expression levels decline with aging [151]: NAMPT
depletion aggravates, while NAMPT overexpression
prevents age-related changes [6]. It is worth noting that a
calibration of NAD* synthesis and regulation of NAMPT
and NAPRT may be required in chronic disease treatment
and in anticancer therapy. Quercetin and apigenin, among
flavonoids, are potent inhibitors of CD38, with the effect
to increase NAD levels: administration to obese mice
increased NAD™ levels, decreased protein acetylation, and
improved glucose and lipid homeostasis [152].

NAM, proposed for the treatment of early AD; NAM can
affect and inhibit sirtuins and PARPs when NAD salvage
enzymes (i.e. NAMPT) are downregulated, therefore its
use needs to be evaluated considering the possible side
effects [153].

Several diseases have been proposed to receive beneficial
effects from administration of PARP1 inhibitors. Olaparib
was tested in the treatment of amyotrophic lateral
sclerosis, protected cardiomyocytes against oxidative
stress, improved functionality in various organs,
suppressed inflammatory responses and accelerated
wound healing in a murine model of third-degree burn
injury, so it may be repurposed for treating non-
oncological diseases [154, 155].

PARP1/2 inhibitors used in cancer therapeutics are
unlikely to be of therapeutic value for neurodegenerative
diseases, due to the trapping effect: this effect locks the
enzyme on DNA. Inhibitors are screened for the ability to
mimic genetic deletion of PARP1[53, 156].

A scheme in Table 3 shows the use of NAD boosters and
Sirtl regulators in therapeutic applications. Table 4 shows
the potential use of NAD synthesis inhibitors in disease
treatment and in combined therapies.

3.3. Combined approaches and association of drugs
boosting mitochondrial metabolism

In search for chemicals and bioactive compounds
stimulating mitochondrial function, a huge number of
publications can be retrieved. Catalpol is an iridoid
glycoside able to exert a hypoglycemic action and to
improve mitochondrial function [157]. Catalpol increases
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mitochondria biogenesis, leading to upregulation of three
genes: PGC-la, mitochondrial transcription factor A
(TFAM) and nuclear respiratory factor 1 (NRF1).
Catalpol increases glucose uptake and ATP production in
C2C12 myotubes as cells related to skeletal mass [157].
This effect was linked to activation of AMPK-mediated
mitochondrial biogenesis.

Noteworthy, drugs for treatment of neurodegenerative
disease require to be transported through the blood-brain-
barrier (BBB). The passage of solutes through the BBB
may be facilitated by exploiting formulations with protein
tags able to be transported into the brain circulation.
Additionally, delivery systems able to allow the transport
of drugs into mitochondria have been developed, such as
dequalinium-based liposome-like vesicles [158, 159].
KL1333 is an orally available derivative of lapachones,
organic molecules isolated from the bark of the lapacho
tree. Using human fibroblasts from patients with
mitochondrial encephalomyopathy, lactic acidosis and
stroke (MELAS), the study showed that KL133 was
effective in increasing NAD* levels, through oxidation of
NADH by NAD(P)H:quinone oxidoreductase 1 [160]
Among the new drugs and chemical entities for
mitochondrial diseases, Mitoquinone (MitoQ,
ubiquinoyldecyltriphenylphosphonium) has been studied
in a clinical trial for ageing as NCT 02597023, while in
other trials has been included as a dietary supplement. A
similar drug, plastoquinone triphenyl phosphonium
(SKQ1) has been tested with positive effect in treatment
of mitochondrial induced oxidative damage in dry eye
disease [161-163]. Among redox-active molecules, EPI-
743 treatment showed improvement in disease state of
individuals, patients at risk for progressing to end-of-life
care for mitochondrial diseases (Leigh syndrome,
MELAS, Friedreich’s ataxia) and treated with EPI-743,
showed a slower disease progression, improved their
quality-of-life and showed positive clinical evaluation,
based on noninvasive brain-imaging [160].

Mitochondria are required to be cleared from protein
aggregates and damaged DNA, so mitophagy boosters
may offer a first line of therapeutics [161].

MitoQ (ubiquinone),MitoVitE, MCAT (catalase), SKQ
(plastoquinone)[159],MitoTEMPO  (SOD  mimetic),
MitoPBN (coenzyme Q and phenyltertbutylnitrone
conjugate), concentrate within mitochondria where they
scavenge free-radicals and improve mitochondrial
function [160].

Novel molecules including Szeto-Schiller (SS) peptides
target the inner mitochondrial membrane stability. SS-31
is a member of the Szeto-Schiller (SS) peptides binding
selectively to cardiolipin via electrostatic and
hydrophobic interactions. SS-31 prevents cardiolipin from
converting cytochrome c¢ into a peroxidase while
protecting its electron carrying function [164]. MTP-131
is a tetrapeptide that targets cardiolipin, a modulator of
the inner mitochondrial membrane (IMM) essential for

formation of cristae and for good functioning of the
respiratory complex. In a reperfusion injury assay, MTP-
131 was shown to load into the IMM, inhibiting
mitochondrial swelling and oxidative cell death [160].
Diethyl  3,4-dihydroxyphenethyl  aminoquinolin-4-yI
methylphosphonate (DDQ) can improve cell energy,
reducing mitochondrial fragmentation [160].
a-Tocopherolquinone (EPI-A0001), Indole-3-propionic
acid (SHP622) and another quinone derivative (EP1-589)
were tested in Friedreich’s ataxia patients, in A3243G
mtDNA mutation and Parkinson’s disease, respectively.
One completed phase 111 trial (NCT02652780) has been
published, showing that elamipretide prevented disease
progression or alleviated symptoms, significantly
improving the quality of life for patients.

Dichloroacetate (DCA) inhibits pyruvate dehydrogenase
kinase (PDK), thus preventing the inhibition of PDH,
thereby acting as a metabolic modulator. DCA increases
the flux of pyruvate into mitochondria and boosts
mitochondrial respiration and generation of ATP [160].
Phase Il study (NCT02255435) was designed to assess
the dose-dependent safety and potential benefits of
RTA408 (omaveloxolone) in Friedreich’s ataxia patients,
able to improve neurological functions [160]. RTA408 is
a synthetic oleanane triterpenoid derivative that activates
Nrf2 and suppresses NF-kB. RTA408 improves
mitochondrial function, increasing ATP generation, and
suppresses uncontrolled inflammatory cellular reactions
[160]. Dexpramipexole, with good brain permeability and
binding to FiF, ATP synthase to increase mitochondrial
ATP production, was tested in patients with amyotrophic
lateral sclerosis (ALS) and found effective in treatment of
ischaemic brain injury [165].

Recently, metformin has been studied as an anti-ageing
compound, in association with NAM or NMN [166].
Metformin may directly act on mitochondria to
reestablish a balance between glycolysis intermediates
and oxidative phosphorylation [167, 168]. Metformin
may inhibit complex | of the respiratory chain, by means
of ubiquinone reduction. It induces mitochondrial
biogenesis, oxidizes mitochondrial NADH, suppresses
oxidative stress, inhibits gluconeogenesis, and prevents
gentamicin-induced nephrotoxicity. Metformin exerts
pleiotropic effects on metabolic hallmarks of aging, such
as the insulin/ILGF-1 and AMPK1/mTOR signaling
pathways [169].

A scheme showing the therapeutic potential of energy
boosters is presented in Table 5.

3.4. Neurodegenerative disease and cancer: targeting
cell metabolism regulating glycolysis and oxphos

Links between cancer and Alzheimer’s disease have been
proposed via oxidative stress and mitochondrial damage
[170]. While PARP inhibition in DNA repair defective
cancers has been based on PARP trapping inhibitors,
novel PARPi could be efficient in therapies of wound
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healing [154], heart failure, cardiovascular protection
[193], emphysema [205], retinal degeneration [206], diet-
induced obesity and various inflammatory states [208]
and asthma [209]. NAD bhoosters have been applied in
diabetes, ischemia-reperfusion injury, heart failure are
age-related diseases [25, 149, 193]. NAD consumption by
PARPs and CD38 reduces NAD levels, while at the same
time NAD salvage enzymes (i.e. NAMPT) may be
downregulated, such as during aging. Quercetin and
apigenin, as CD38 inhibitors, rescued from high fat diet
damages in animal models. Thus, NAD protection and
NAD boosters may be associated in therapies, improving
cognitive functions, decreasing AP fibrils, and protecting
from other neurodegeneration-related modifications.
Increased NAD availability may allow proper function of
sirtuins (Sirtl, Sirt3, Sirt4, Sirt6, Sirt7), with a positive
effect on mitochondria and energy production,
metabolism, PARP1 activation, functions that need to be
regulated since in aging these enzymes are
downregulated.

The balance between NAD* synthesis and activity of
NAMPT and NAPRT must be taken in consideration
when deciding the type of anticancer therapy. The LDH
inhibitor FX11 produced an effect additive to FK866 in
reducing the growth of the human P493 B cell line, used
as a model for Burkitt’s lymphoma. The combined
administration of FK866 and FX11 has been tested for
dual inhibition of metabolic pathways [171]. A distinct
NAMPT inhibitor ~(CHS828) showed anti-tumor
properties in various xenograft models. In triple-negative
(TN) breast cancers, NAMPT was found as a non-
redundant modifier of olaparib response: association of
FK866 with olaparib was more effective for therapy of
the tumors [172]. In a subtype of BRCA1/BRCA2
defective ovarian cancers showing NAMPT-dependent
glycolysis, FK866 was coadministered in the therapy with
PARPi [175]. Some tumor types show defects or
deregulation in NAD synthesis enzymes. In tumor cell
lines lacking NAPRT1 enzyme, nicotinic acid was
supplemented to restore NAD™ levels in normal tissues in
vivo, to alleviate the toxicity of NAMPT inhibitors [135].
Wilm’s tumor 1 (WT1) is a transcription factor that binds
to the QPRT gene inducing its transcription. Quinolinate
phosphoribosyltransferase is a key enzyme in the de novo
NAD synthesis pathway (kynurenine pathway): when
overexpressed, QPRT may confer resistance to imatinib,
an anti-leukemic drug, so it may have anti-apoptotic
functions in leukemic K562 cells [173]. The screening
and selection of tumors with specific vulnerabilities that
can be co-targeted with NAMPT inhibitors is a
prerequisite to avoid the failure of NAMPT inhibitors in
clinical trials [174], combining it to therapies targeting
sirtuin ~ function, DNA repair machinery, redox
homeostasis, cellular stemness, molecular signaling and
immune processes.
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Various cancers showed to respond well to PARP
inhibitors. Prostate cancers, in which androgen signaling
is out of control, are responsive toUPF-1069, a PARP2
specific inhibitor [199, 200]. Wnt-driven cancers may
benefit from Tankyrase inhibitors [71, 86]. Homologous
recombination  (HR)  defective  cancers,  with
BRCA1,BRCA2, ATM, ATR, FANC, PALB2 mutation,
respond to PARPI, that were tested also in RNASEH2B
deleted cancers, in HER negative cancers, in few cases as
pretreatment with adjuvant taxanes, or anthracycline [66,
179, 180, 194, 195, 198]. PARP14 macrodomain 2
inhibitor may be applied to treatment of lymphoma and
myeloma [92, 98].

However, PARPI therapies should be carefully considered
when co-administered with other types of anticancer
drugs. Homologous recombination defective (HRD) cells
are sensitive to metformin and changes in NAD?*
concentration [176]. HRD tumors show a metabolic
profile that includes enhanced oxidative phosphorylation
(OXPHOS) with low glycolytic activity [176]. Shifting
from an OXPHOS metabolism to increased glycolysis,
i.e. by rotenone or dichloroacetate addition, may interfere
with the sensitivity to PARP inhibitors (PARPI) in HRD
cells. The treatment of HRD cancers with OXPHOS
inhibitors (such as metformin) does not support a
favorable response to PARP inhibitors, but could be
effective on cancers with high oxidative phosphorylation
metabolism. PARPi can be effective in HRD cells in
combination to NAD* boosters that activate
mitochondrial respiration.

CONCLUSION

The application of NAD precursors may prevent
mitochondrial failure and cell death in neurodegenerative
and metabolic diseases. PARP inhibitors may be
associated with regulators of NAD salvage enzymes, in
treatment of various cancers and degenerative A great
improvement in therapeutic applications is under
progress, through application of drugs sustaining
mitochondrial functions. Further studies and clinical trials
may give rise to targeted therapies for various chronic
diseases, applying PARP inhibitors and sirtuin
modulators to cell metabolic profiles.
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Drug Activity Therapeutic application Refs
PARPi (PARP1, PARP2) Olaparib, | PARP inhibition and trapping on | BRCA1,BRCA2, ATM, ATR, FANC, PALB2 | 66, 179, 180,
Rucaparib, Niraparib, Talazoparib | DNA mutated,HR defective cancers; RNASEH2B deleted | 194,195, 198
FDA/EMA approved ] cancers; HER negative cancers; pretreatment with
::Sl'pa”b’ completed phase 111 clin adjuvant taxanes, or anthracycline
PARPI, olaparib PARP inhibition Cardiomyocytes protection against oxidative stress, | 154
improvement of organ functionality; suppression of
inflammatory responses, accelerated wound healing
during burn injury; treatment of ALS
non-NAD-like PARP-1 inhibitor, | PARP1 inhibition Prostate  cancers  (hormone dependent and | 70
5F02 (no FDA/EMA) independent); PARG mutated cancers
UPF-1069 selective PARP2 inhibitor Prostate cancers, block androgen receptor signaling 199, 200
IWR1, AZ-6102 (no FDAJEMA) Tankyrases: ARTD5-6/PARP5a, b Wht-driven cancers 86, 71
ARTD8/PARP14 inhibitors N-(2(- | PARP14 macrodomain 2 inhibitor Lymphoma, myeloma, 92,
9H-carbazol-1-yl) . .
phenyl)acetamide  (GeA-69) (no therapeutic approach in asthma 98
FDA, EMA)
4-benzyloxybenzimide derivatives | PARP10/ARTD10 inhibition Neurodegenerative disorders 81
(no FDA/JEMA)
in progress ARTD17/PARP6 Colorectal cancer 96,
in progress ARTD17/PARP16 Various cancers 95, 96
in progress ARTC1 Various cancers 90

Table 1. PARP/ADP-ribosyltransferases inhibitors and therapeutic targets
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Drug Activity Therapeutic application Refs
pan-sirtuin inhibitors Block NAD" binding site, potential | In certain types of cancer 112,181, 182
for ADP-ribosylation inhibition
Selisistat ~ (EX-527), indoles, | Sirtl deacetylase inhibitor Passed phase Il clinical trials as a disease-modifying | 112
nicotinamide mimics therapeutic for early stage Huntington’s disease
AGK2, AK-1, AK-7, sirtinol, | Sirt2 deacetylase inhibitors reduced a-synuclein-induced cytotoxicity in fruitfly, | 135, 196, 197
SirReal2, SRT1720, SRT2104 neuroprotective in Huntington’s disease and HD
models; SIRT2 inhibition improves neurological and
behavioral deficits in a PD model induced by MPTP
in old mice; prevent cell death, induce growth arrest
in colon cancer
diketopiperazine-containing 2- | Sirt2  “selectivity pocket” in | neuroprotective 136
anilinobenzamides  double  site | substrate-binding site and the
inhibitors NAD"-binding site
tenovins Sirtl inhibitors chronic myelogenous leukemia (CML), suppressing | 181
growth of xenograft tumors derived from human
lung and colon cancer
cambinol Sirt1-Sirt2 inhibitor inducing apoptosis by hyperacetylation of p53 and | 181
Bcl-6, in Bcl-6 expressing Burkitt’s lymphoma
Suramin non-specific  sirtuin | Sirtl, Sirt5 deacylase inhibitor bladder cancer, antiproliferative 181
inhibitor
Salermide Sirtl and Sirt2 p53-induced apoptosis, epigenetic reactivation of | 181
tumor suppressing pro-apoptotic genes
thieno[3,2-d]pyrimidine-6- Sirtl, 2, 3 inhibitor inhibiting A549 lung carcinoma and MCF-7 breast | 182, 139
carboxamide derivatives, SDX-437, carcinoma cell growth
ELT-31, ELT-11c
thieno[3,2-d]pyrimidine-6- Sirt5 deacylase inhibitors Regulation of SOD1 deacylation and growth of a | 182, 184
carboxamide-15, indole GW5074, cancer cell line
inhibiting peptide3-methyl-3-
phenyl-succinyl-CPS1
Sirt1  activating compounds | AMPKZ1-dependent signaling, | Increase oxidative phosphorylation and longevity, | 101, 191, 212
(STACs), fisetin (7-3’-4  flavon- | regulation of mTOR and autophagy | block PI3K/Akt/mTOR signaling, Sirtl deacetylase
3-ol), stilbenes inhibits NF-kB and inflammation
Activators:  quercetin, cyanidin, | Sirt6 modulation In most cases Sirt6 is a tumor suppressor. When | 124,189,
fatty acids, polyphenols Sirté is overexpressed, reduces cancer cell
susceptibility to doxorubicin or H202 196, 197
PARP inhibitors and NAD boosters | PARP1 inhibition, NAD increase effects on sirtuin levels; protection against diet- | 201, 202,
to increase SIRT1 activity restore autophagy mediated by Sirtl | induced obesity; NAD boosting effect;
protection against retinal pigment epithelial (RPE) 206
degeneration
acetylated lysine-ADP-ribose | Sirt7 inhibition hepatocellular ~ carcinoma,  histone ~ H3K18 | 183, 184, 185
conjugates deacetylation and oncogenic transformation

Table 2. Sirtuins inhibitors and therapeutic targets
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Molecule Activity Therapeutic potential Refs
Kynurenine, quinolinic acid, NAD precursors preserved mitochondrial integrity in mouse models of | 26, 62, 143,
AD, neurodegenerative diseases, such as in 151. 152
NMN Parkinson’s disease (PD), amyotrophic lateral !
sclerosis  (ALS), Alzheimer’s disease (AD),
Huntington’s disease (HD), protecting from brain
ageing, neuronal cell death, age-related pathological
processes such as diabetes, ischemia-reperfusion
injury, heart failure
NR, NRH clinical trial of healthy overweight adults, AD | 148, 149
protection through the induction of autophagy;
protected mice against a high fat diet prevent age-
related diseases and increase longevity
Nicotinic acid NAD precursor tumor cells deficient in NAPRT 139
NAM Supports NAD synthesis, can inhibit | treatment of early AD 156, 211
PARPs and sirtuins when NAD
salvage enzyme levels are low;
substrate  for NNMT to produce
MNAM
1-methylnicotinamide (MNAM) Sirtl regulation, substrate for GAD-3 | MNAM activates Sirtl through deubiquitination; 139,
activity producing H202 lifespan extension, mitohormetic signaling, protects 141 142
from lipotoxicity in renal tubular kidney cells, '
protective compensatory response to injury in skeletal
muscle
Salidroside Activates NAPRT and NAPRT | protects PCI2 cells from ABupinduced cytotoxicity; | 153, 190
signaling pathway (and chaperone | clear a-sinuclein aggregates by autophagy and mTOR
role) regulation, antiapoptotic effect
Quercetin, apigenin, pelargonidin, | CD38 inhibition Increase in NAD levels; in obese mice decrease | 155
78c, global protein acetylation, and improve several
aspects of glucose and lipid homeostasis
5-aminoimidazole -4-carboxamide- | AMPK agonist higher  sirt3  levels, restoring  mitochondrial | 10
1-B-d-ribofuranoside (AICAR) respiration, decrease of a-synuclein oligomers
Sirt1 activating compounds | AMPK1-dependent signaling, | Increase oxidative phosphorylation, and longevity 101, 191,
(STACs), stilbenes regulation of mTOR and autophagy 212
B-hydroxybutyrate regulation of mTOR and autophagy improves brain network stability, a biomarker for | 191
brain aging in adults

Table 3. NAD, Sirtuins and mTOR regulators with therapeutic potential
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Molecule Activity Therapeutic potential Refs
Substrate analogs NNMT inhibition/regulation increase of S-adenosyl methionine for epigenetic | 142
regulation; treatment of chronic obstructive
pulmonary disease (COPD)
Substrate analogs QPRT inhibition Restore sensitivity to imatinib in WT1 expressing | 176
K562 leukemic cells
aminopropyl carbazole agents, NAMPT enzyme activation | neuroprotection in Wallerian degeneration (WD) | 192, 196
P7C3-A20; SB-797812; (through phosphorylation) and SOD1 mouse model for ALS
nutrition stress, oxidative stress | NAMPT expression
FK-866, CHS-828 NAMPT inhibitor anti-tumoral properties in various Xxenograft | 175,178
models, NAMPT-dependent glycolysis in BRCA1
negative ovarian cancers
FX-11 LDH inhibitor effect additive to that obtained with FK866 in | 176
reducing the growth of the human P493 B cell line,
used as a model for Burkitt’s lymphoma
PARP inhibitor + NAD salvage | activation of myocyte survival | Acute myocardial infarction, atherosclerosis, | 193
activators ( P7C3-A20; SB- | enzymes protein kinase B (Akt) | coronary disease, heart failure, cardiovascular
797812) and protein kinase C epsilon, | protection, limits ventricular remodeling and 155
restores the myocardial | fibrosis, and prevents significant decreases in
concentrations of NAD+ myocardial contractility; protects
cardiomyocytes against oxidative stress,
improves functionality in various organs,
suppresses inflammatory responses
PARPI, olaparib PARP1/PARP2/PARP3 treatment of amyotrophic lateral sclerosis; | 154,
inhibition, accelerated wound healing in a murine model | 155
of third-degree burn injury
PARP inhibitors and NAD | PARP1 inhibition, avoidance of | effects on sirtuin levels; protection against diet- | 201, 202,
boosters NAD decrease restores | induced obesity; increase in NAD levels ; 206
autophagy, inhibited by | protection against retinal pigment epithelial (RPE)
activated PARP1 in oxidative | degeneration
stress
PARPI block of PAR-dependent | protection from emphysema in mouse models, | 205
activation of proteases decrease matrix metalloproteinases
PARPI allergen triggered asthma block inflammation, asthma, hyper-responsiveness | 209
PARPI inflammation inhibition of PARylation of nuclear factor-kappa B | 208
(NF-kB), mitigation of inflammation
FK-866 + olaparib Potentiation of PARP inhibition | association of FK866 with olaparib in triple- | 179
by NAMPT inhibition | negative (TN) breast cancers, proposed as adjuvant
(NAMPT as a non-redundant | to ovarian cancers showing NAMPT-dependent
modifier of olaparib response) glycolysis, in cells defective in BRCA1/BRCA2

Table 4. NAD synthesis regulation in disease treatment and in combined therapies
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Energy boosters Activity and targets Therapeutic potential Refs
Dexpramipexole mitochondria treatment of ischaemic brain injury 169
boosting NAD  synthesis (by | ACMSD expressed in kidney and | protects against acute kidney injury after renal ischemia- | 196, 197
inhibition of  Quinolinic acid | liver reperfusion
pathway)
metformin Stimulates AMPK, that inhibits | candidate for an mTOR- targeting therapy for Multiple | 191
mTOR and mTORCL1 activity Sclerosis. Promotingmitochondrial biogenesis, suppress
oxidative stress, inhibits oxidative phosphorylation,
regulates pleiotropically metabolic hallmarks of ageing,
insulin/ILGF-1 and AMPK1/mTOR signaling pathways
RTA408(omaveloxolone), an | Energy production, anti- | improves mitochondrial function, increase ATP | 163
oleanane triterpenoid derivative inflammatory generation, suppresses uncontrolled inflammatory
cellular reaction, suppresses NF-kB pathway, beneficial
in Friedreich’s ataxia patients, improving neurological
functions
Dichloroacetate (DCA) inhibits pyruvate dehydrogenase | a metabolic modulator, increases the flux of pyruvate | 163
kinase (PDK) into mitochondria and boosts mitochondrial respiration,
ATP generation
Mitoquinone (MitoQ, ubiquinoyl | Redox-active compounds clinical trials for ageing 163
decyl triphenylphosponium) scavengers of free-radicals and improvement of | 162, 163,
MitoTEMPO  (SOD  mimetic), mitochondrial function 164-166
MitoPBN (coenzyme Q phenyl SKQL1 for treatment of mitochondrial induced oxidative
tertbutylnitrone), MitoVitE, MCAT damage in dry eye disease
(catalase), SKQ1 (plastoguinone)
EPI-743 Redox-active improvement in disease state and neurological | 163
functions, slowing down disease progression
Szeto-Schiller (SS) peptide SS-31, bind selectively to cardiolipin Stabilize inner mitochondrial membrane, inhibit | 162, 163
MTP-131 tetrapeptide membrane swelling, block oxidative cell death
Catalpol, iridoid glucoside Increase in PGC-1a, mitochondrial | hypoglycemic; activate AMPK1-dependent | 163
transcription factor A (TFAM), | mitochondrial biogenesis
NRF1 nuclear respiratory factor 1
KL1333 lapachone derivative increases NAD* levels, NADH | Beneficial in MELAS diseases 163
oxidation by NAD(P)H:quinone
oxidoreductase 1

Table 5. Chemical compounds with energy- and NAD- boosting activity
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Figure 1. Schematic overview of NAD salvage pathway, NAD precursors and uptake systems. N: Nuclei; M: mitochondria; E:
endosome/endoplasmic compartment. Acronyms: NR: nicotinamide riboside; NRH: NR reduced form; NRK: nicotinamide
riboside kinase; NA: Nicotinic acid; NAM: nicotinamide; NMN: nicotinamide mononucleotide; NAMPT: nicotinamide
phosporibosyltransferase; NaNMN: Nicotinic acid mononucleotide; NAPRT: nicotinic acid phosphoribosyltransferase;

NMNATS: nicotinamide mononucleotide adenilyltransferase; ADK: adenosine kinase; CD38: NAD glycohydrolase (ADPR
hydrolase); CD73: ecto-5'-nucleotidase.



26Current Medicinal Chemistry, 2021, Vol. 28, No. 0

Figure 2. PARP1/Sirt]l and Sirt3/PARP1 interconnections
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Figure 3. PARP1 and SIRT1 upstream regulators and downstream effectors
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