1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mech Ageing Dev. Author manuscript; available in PMC 2020 October 09.

-, HHS Public Access
«

Published in final edited form as:
Mech Ageing Dev. 2020 January ; 185: 111194. doi:10.1016/j.mad.2019.111194.

The NAD+-mitophagy axis in healthy longevity and in artificial
intelligence-based clinical applications

Yahyah Aman?, Johannes Frank?, Sofie Hindkjeer Lautrup?, Adrian Matysek®P, Zhangming
NiuC, Guang Yang®€, Liu Shif, Linda H. Bergersen%MNik Jon Storm-Mathisen™K, Lene J.
Rasmussenk!, Vilhelm A. Bohrik! Hilde Nilsen®K, Evandro F. Fang&k*

aDepartment of Clinical Molecular Biology, University of Oslo and Akershus University Hospital,
1478, Larenskog, Norway PSchool of Pharmacy and Division of Laboratory Medicine in
Sosnowiec, Medical University of Silesia in Katowice, 40-055, Katowice, Poland cAladdin
Healthcare Technologies Ltd., 24-26 Baltic Street West, London, EC1Y OUR, UK 9Cardiovascular
Research Centre, Royal Brompton Hospital, London, SW3 6NP, UK €National Heart and Lung
Institute, Imperial College London, London, SW7 2AZ, UK ‘Department of Psychiatry, University
of Oxford, Oxford, UK 9The Brain and Muscle Energy Group, Electron Microscopy Laboratory,
Department of Oral Biology, University of Oslo, NO-0316, Oslo, Norway "Amino Acid
Transporters, Division of Anatomy, Department of Molecular Medicine, Institute of Basic Medical
Sciences (IMB) and Healthy Brain Ageing Centre (SERTA), University of Oslo, NO-0317, Oslo,
Norway ‘Center for Healthy Aging, Department of Neuroscience and Pharmacology, Faculty of
Health Sciences, University of Copenhagen, DK-2200, Copenhagen N, Denmar iLaboratory of
Molecular Gerontology, National Institute on Aging, National Institutes of Health, Baltimore, MD,
21224, United States The Norwegian Centre on Healthy Ageing (NO-Age), Oslo, Norway !Center
for Healthy Aging, Department of Cellular and Molecular Medicine, Faculty of Health Sciences,
University of Copenhagen, DK-2200, Copenhagen N, Denmark

Abstract

Nicotinamide adenine dinucleotide (NAD™) is an important natural molecule involved in
fundamental biological processes, including the TCA cycle, OXPHOS, p-oxidation, and is a co-
factor for proteins promoting healthy longevity. NAD* depletion is associated with the hallmarks
of ageing and may contribute to a wide range of agerelated diseases including metabolic disorders,
cancer, and neurodegenerative diseases. One of the central pathways by which NAD* promotes
healthy ageing is through regulation of mitochondrial homeostasis via mitochondrial biogenesis
and the clearance of damaged mitochondria via mitophagy. Here, we highlight the contribution of
the NAD*-mitophagy axis to ageing and age-related diseases, and evaluate how boosting NAD™*
levels may emerge as a promising therapeutic strategy to counter ageing as well as
neurodegenerative diseases including Alzheimer’s disease. The potential use of artificial
intelligence to understand the roles and molecular mechanisms of the NAD*-mitophagy axis in
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ageing is discussed, including possible applications in drug target identification and validation,
compound screening and lead compound discovery, biomarker development, as well as efficacy
and safety assessment. Advances in our understanding of the molecular and cellular roles of NAD*
in mitophagy will lead to novel approaches for facilitating healthy mitochondrial homoeostasis
that may serve as a promising therapeutic strategy to counter ageing-associated pathologies and/or
accelerated ageing.
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1. Introduction

Ageing is an inevitable biological process but over the years there has been a dramatic
increase in human life expectancy. A recent United Nations report estimated that over 700
million people (representing 9% of the world population) were over 65 years old in 2019, a
figure that is expected to double by 2050 (United Nations, 2019). A rise in human longevity
has led to an increased global burden of age-related diseases, such as cardiovascular
diseases, cancer, and neurodegenerative diseases (especially Alzheimer’s disease/AD) (Fang
etal., 2015; Partridge et al., 2018). These age-related conditions not only result in reduced
quality of life of the elderly population, but also present as a formidable healthcare and
socio-economic challenge. Interestingly, there is a subpopulation of elderly individuals that
experience little ill-health. One aim of molecular gerontology is to define the features of
such superaged individuals in order to be extended to the general population. In this pursuit,
it is necessary to elucidate the intricate molecular mechanisms underlying the human ageing
process, which may provide therapeutic interventions to promote “healthy ageing” and
possibly halt the progression of age-related pathological conditions (Campisi et al., 2019;
Fang et al., 2019, 2016c; Kennedy et al., 2014; Partridge et al., 2018).

Mitochondrial dysfunction and impairment of mitochondrial-autophagy, termed mitophagy,
have emerged as important components of the age-related cellular processes that contribute
to disease (Kerr et al., 2017b; Rubinsztein et al., 2011). In particular, impairment of the
lysosome-targeting and recycling mechanisms have been highlighted as causative for the
accumulation of damaged mitochondria, which consequently leads to cellular dysfunction
and/or death (Lautrup et al., 2019b; Lou et al., 2019). Evidence stemming from animal
models and human cell lines implicate a novel role of NAD* in autophagy and mitophagy
(Fang et al., 2014; Lee et al., 2008; Vannini et al., 2019). An increasing body of evidence
over the past decades demonstrates that decline in levels of NAD* contribute to the ten
hallmarks of cellular ageing and age-related diseases (Fivenson et al., 2017; Lautrup et al.,
2019a; Nikiforov et al., 2015; Verdin, 2015).

Here, we summarise the roles and molecular mechanisms of NAD™ in ageing, mitochondrial
homeostasis, and mitophagy. Specifically, we highlight the contribution of NAD* depletion
to mammalian ageing and evaluate how boosting endogenous NAD™ levels may be a
promising therapeutic strategy to counter age-associated pathologies and/or accelerated
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ageing via promotion of mitochondrial homeostasis and mitophagy (Fig. 1). In addition, we
discuss the potential use of artificial intelligence to understand the roles and molecular
mechanisms of the NAD*-mitophagy axis in ageing and disease.

NAD* metabolic pathways and NAD* precursors

NAD™ is an essential small molecule that regulates fundamental biological processes such as
metabolic redox reactions, cell signalling, gene expression, and DNA repair (Canto et al.,
2015; Magni et al., 2004; Nikiforov et al., 2015; Stromland et al., 2019; Verdin, 2015; Yaku
et al., 2018). Harden and Young first discovered NAD* as a molecular fraction (“cozymase™)
which accelerated fermentation in yeast extracts. NAD* has been identified as a necessary
cofactor for many cellular metabolism pathways, transporting high energy electrons to
support oxidative phosphorylation by reversibly oxidising or reducing NAD*, and serving as
a substrate for NAD*-dependent enzymes that link cellular metabolism with epigenetic
regulation and DNA damage repair. In particular, an age-dependent decline in NAD* levels
have consistently been reported and is associated with the 10 hallmarks of ageing, including
the 10 hallmarks of brain ageing (detailed in our recent review) (Lautrup et al., 2019b), as
well as several age-related diseases, including metabolic disorders, cancer and
neurodegenerative diseases (Fang et al., 2016c; Fivenson et al., 2017; Lautrup et al., 2019a;
Verdin, 2015; Yoshino et al., 2018). Replenishment of NAD™ levels via administration of its
precursors has been demonstrated to have beneficial effects against ageing and age-related
diseases. Importantly, boosting NAD* levels have been shown to extend lifespan and or the
improvement of healthspan of various laboratory animal models including worms, flies, and
rodents (Fivenson et al., 2017; Frederick et al., 2016; Katsyuba and Auwerx, 2017; Rajman
etal., 2018; Yaku et al., 2018; Yoshino et al., 2018). Thus, the importance of NAD™ has
expanded from a key element in intermediate metabolism to a critical regulator of multiple
cell signalling pathways and is now considered a major player contributing to ageing and
age-related diseases.

In mammals, NAD* is abundant within the cell (Canto et al., 2015; Rajman et al., 2018). It is
synthesized from a variety of dietary sources, including NAD™ itself; as well as from one or
more of its major precursors that include: tryptophan (Trp), nicotinic acid (NA),
nicotinamide riboside (NR), nicotinamide mononucleotide (NMN), and nicotinamide
(NAM). Based upon the bioavailability of its precursors, there are three pathways for the
synthesis of NAD* in cells: (i) from Trp by the de novo biosynthesis pathway or kynurenine
pathway; (ii) from NA in the Preiss—Handler pathway; and (iii) from NAM, NR, and NMN
in the salvage pathway (Bogan and Brenner, 2008; Lautrup et al., 2019b). However, the
molecular mechanisms that dictate NAD™* synthesis pathway choice remain largely elusive.
More studies are needed to further investigate those molecular mechanisms and artificial
intelligence (Al) can be a one promising method to accelerate the research process (detailed
below).
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3. NAD* regulates mitochondrial homeostasis via mitochondrial
biogenesis and mitophagy

Mitochondria are dynamic structures considered as the ‘powerhouses’ of all nucleated cells
and play a critical role in developmental and adult neuroplasticity as well as neuronal
survival (Lautrup et al., 2019b; Lin and Beal, 2006; Mattson et al., 2008; McWilliams et al.,
2018). Thus, they are indispensable for healthy ageing in most eukaryotic organisms (Fang
et al., 2016¢; Lane and Martin, 2010; Scheibye-Knudsen et al., 2015; Wallace, 1999).
Mitochondria are the source the cellular energy currency, namely adenosine triphosphate
(ATP). NAD* has a fundamental role in the production of ATP in the mitochondria. The
reduced form of NAD* (NADH) is utilised as a primary hydride donor in the production of
ATP via anaerobic glycolysis and mitochondrial oxidative phosphorylation (OXPHQS)
(Fivenson et al., 2017; Wallace, 2012). In recent years it has become apparent that
mitochondria coordinate multiple central processes; and mitochondrial homeostasis and
maintenance is key to health (Lou et al., 2019); regulation of calcium ions (Ca?*), redox
signalling, mitochondria-nuclear communications, and the intricate regulation of cell
survival/stress resistance and death (Fang et al., 2016c; Lou et al., 2019; Mattson et al.,
2008; Palikaras et al., 2018). Mitochondrial dysfunction is considered a hallmark of ageing
and implicated in a spectrum of diseases. While mutations of nuclear- or mitochondria-
encoded mitochondrial proteins cause rare mitochondrial disorders (Scheibye-Knudsen et
al., 2015), mitochondria-mediated ATP deprivation, oxidative stress and impaired cell
signalling have been linked to the pathogenesis of prominent metabolic (e.g., diabetes and
cancer) and neurodegenerative diseases (e.g., AD and Parkinson’s disease, PD) (Fang et al.,
2019; Kerr et al., 2017b; Wallace, 2012).

Mitochondrial homeostasis can be divided into multiple steps, including mitochondrial
biogenesis, mitochondrial fusion and fission, mitochondrial quality control along with repair
and the removal of damaged mitochondria via mitophagy. Although, mitochondria are semi-
autonomous organelles, the majority of their proteins are encoded by the nuclear genome
and have to be imported into the mitochondrion (Calvo and Mootha, 2010). Hence,
mitochondrial biogenesis requires a sophisticated communication between the
mitochondrion and the nucleus, recruitment of recently synthesized lipids and proteins,
mitochondrial import and assembly of both nuclear and mitochondria-derived proteins (Zhu
et al., 2013). Mitochondrial homeostasis is necessary for the maintenance of neuronal
function and neuronal survival. Mitochondrial quality is tightly regulated by mitophagy, in
which defective/superfluous mitochondria are degraded and recycled. Mitophagy in neurons
is necessary to prevent neuronal cell death and pathogenic brain ageing, which are at least
partially caused by accumulating dysfunctional mitochondria (Fang et al., 2016¢; Fivenson
etal., 2017; Lin et al., 2017). Several different mitophagy pathways are known, and many
are conserved from C. elegansto humans (summarized in Table 1) (Egan et al., 2011;
Fivenson et al., 2017; Kerr et al., 2017a).

NAD* does not only play a key-role in cellular energy metabolism and mitochondrial
function, it is also involved as a co-factor for a broad array of signalling pathways (O’Bryant
et al., 2015). NAD* acts as a coenzyme for important proteins such as the sirtuins (SIRT1 to
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SIRT7), CD38, sterile alpha and TIR motif containing 1 (SARM1), and poly [ADP-ribose]
polymerase (PARPs). SIRT1 is involved in the regulation of autophagy/mitophagy via
multiple pathways namely: (1) deacetylating the autophagy proteins ATG5, ATG7, and LC3
(Huang et al., 2015; Lee et al., 2008); (2) via increase in levels of BECN1 expression, which
initiates the class I11 phosphatidylinositol 3-kinase nucleation complex autophagy (Ou et al.,
2014); (3) by enabling the de-acetylation and translocation of LC3 from nucleus to
cytoplasm (Huang et al., 2015); (4) by acetylation and deacetylation of FOXO1 and FOXO3
via increased expression of autophagic proteins LC3, Atg12, BNIP3, and Rab7 (Hariharan et
al., 2010; Kume et al., 2010; Sengupta et al., 2009); and by upregulation of the expression of
proteins involved in autophagy/mitophagy, such as PINKZ1, Parkin, NIX, etc (Fang et al.,
2019, 20164a; Fang et al., 2014). The small GTPase Rab7 interacts with the UVRAG-Vps 16
complex to facilitate autophagosome and endosome maturation (Zhan et al., 2017).
Moreover, RAB7A phosphorylation by TBK1 has been shown to promote mitophagy via the
PINK1-Parkin pathway (Heo et al., 2018). Furthermore, the NAD*-SIRT1 pathway may
stimulate the autophosphorylation and activation of ataxia telangiectasia mutated (ATM),
which induces mitophagy by a STK11/LKB1-AMPK-TSC2 pathway (Alexander et al.,
2010; Dobbin et al., 2013; Fang, 2019; Zhang et al., 2016b). SIRT2 is a cytoplasmic and
mitochondrial-localised NAD-dependent protein, which is a key regulator of mitochondrial
function and initiation of mitophagy, in particular via deacetylation of E3 ubiquitin ligase,
ATGS5 (Liu et al., 2017). The mitochondrial SIRT3 induces mitophagy via the mitochondrial
SIRT3PGAM5-FUNDC1-pathway (Fang, 2019; Ma et al., 2018; Onyango et al., 2002).
SIRT4 is involved in the mitochondrial morphology/quality control in conjunction with
OPA1 as well as regulation of mitophagy in a parkin-independent manner (Fang, 2019; Lang
et al., 2017). The function of SIRT5 regulates, among other things, ammonia induced
mitophagy (Fang, 2019; Polletta et al., 2015). SIRT6 and SIRT7 are nuclear proteins and
they inhibit mTOR, thereby promoting autophagy (Fang, 2019; Takasaka et al., 2014; Xu et
al., 2018). Besides sirtuins, CD38, another NAD*-consuming enzyme, plays a crucial role in
autophagic fusion with lysosomes (Xiong et al., 2013). Members of the PARPs family,
which are mainly involved in DNA repair and cell death through parthanatos, can lead, in
conjunction with the cyclic ADP-ribose synthases like CD38, to NAD™ depletion and
consequently limiting the activity of SIRT1, therefore decreasing mitophagy (Fang et al.,
2014, 2016c¢). Collectively, such data suggest that NAD™ functions in a multifaceted manner
but how the different pathways interact with each other have to be determined.

4. NAD" in ageing and neurodegenerative diseases
4.1. NAD" in healthy ageing

An age-related decline in NAD™ levels has been reported across species, ranging from yeast
to human, and within multiple types of tissues (Fang et al., 2017, 2014; Mouchiroud et al.,
2013). Thus, it can be postulated that replenishment of NAD™ levels may serve as an anti-
ageing agent that promotes longevity. Indeed, studies utilising NAD* precursors, NMN, NR,
and NAM in laboratory animal model systems have proved to be effective in promoting
healthspan and/or longevity (Canto et al., 2015; Frederick et al., 2016; Lautrup et al., 2019b;
Mitchell et al., 2018; Rajman et al., 2018; Yoshino et al., 2018). In a yeast model, NR
supplementation increased the replicative lifespan of wild-type yeast by more than ten
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generations (Belenky et al., 2007). The Nrk1 and the Urh1/Pnpl/Meul pathways were
identified to induce NR-mediated extension of lifespan (Belenky et al., 2007). In C. elegans,
NR extended the average lifespan of wild-type worms (N2) via SIR-2.1 (ortholog to
mammalian SIRT1) (Fang et al., 2016b; Mouchiroud et al., 2013). In mice, administration of
NR in two-year old mice resulted in extension of lifespan (Zhang et al., 2016a). NR-
dependent boosting of mitochondrial function via the mitochondrial unfolded protein
response (UPR™) was identified to a contributor to longevity (Zhang et al., 2016a). NAM,
another precursor for NAD* and a key molecule involved in energy metabolism, was shown
to increase lifespan in yeast and C. elegans, but not in WT mice. Higher doses of NAM have,
however, been associated with reduced lifespan via inhibition of Sir2activity (Bitterman et
al., 2002; Gallo et al., 2004; Mitchell et al., 2018; Mouchiroud et al., 2013; Schmeisser et
al., 2013; van der Horst et al., 2007). NAD* augmentation does not only promote longevity,
but it also has been shown to improve healthspan and prevent age-associated frailty in
multiple laboratory models (Canto et al., 2015; Frederick et al., 2016; Lautrup et al., 2019b;
Mills et al., 2016; Mitchell et al., 2018; Rajman et al., 2018; Yoshino et al., 2018). In
particular, NR supplementation and aerobic exercise, both increase NAD™* levels, improve
muscle function and aerobic performance (Crisol et al., 2019). Elevated NAD" levels trigger
SIRT1-mediated deacetylation of peroxisome proliferator-activated receptor-gamma
coactivator 1-alpha (PGC-1a), which is associated with skeletal muscle mitochondrial
biogenesis (Crisol et al., 2019). NMN improved mitochondrial health, immune function,
lipid metabolism, muscle strength, motor and cardiac function (de Picciotto et al., 2016;
Fang et al., 2016a; Gomes et al., 2013; Kerr et al., 2017b; Mills et al., 2016; Stein and Imai,
2014). Thus, these studies collectively converge to suggest that NAD* replenishment
promotes healthy longevity in laboratory animal models.

Notably, improvement of mitochondrial health and the NAD* consuming sirtuins have been
identified as common factors coinciding with extension of lifespan and improvement of
healthspan. NAD™ has been shown to bolster mitochondrial function via mitochondrial
biogenesis as well as degradation of damaged and/or dysfunctional mitochondria through the
process of mitophagy. The sirtuins have been shown to promote mitochondrial biogenesis in
mouse skeletal muscle tissues, in response to increase in NAD* levels, via the SIRT1/
PGC-1a pathway (Crisol et al., 2019). The NAD* precursors increase NAD™* levels that is
utilised by SIRT1 to deacetylate and thus activate PGC-1a. Deacetylated PGC-1a is
translocated to the nucleus where phosphorylation by AMPK triggers the expression of
NRF-2 and TFAM, which in turn upregulate mitochondrial biogenesis (Yuan et al., 2016). In
addition, the NAD*/SIRT1 pathway may also trigger autophagy/mitophagy via multiple
pathways (Fivenson et al., 2017): (1) activation of AMPK, that in turn phosphorylates
ULKZ1, the human autophagy protein 1 (hATG1) (Egan et al., 2011; Kim et al., 2011); (2)
activation of AMPK which in turn phosphorylates Tuberous Sclerosis Complex 2 (Tsc2) at
Ser1387, and thereby inhibiting the autophagy inhibitor mTOR (Inoki et al., 2003); (3)
deacetylation of Foxol, which induces upregulation of the autophagic protein Rab7 that
mediates late autophagosome-lysosome fusion (Hariharan et al., 2010). In fact, AMPK
activation and dietary restriction, which also increases NAD* levels, has been shown to
increase lifespan in C. elegans via maintenance of mitochondrial network homeostasis
(Mitchell et al., 2016; Weir et al., 2017). Altogether, these findings indicate a key role of
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NAD™* in longevity by regulating the balance between mitochondrial biogenesis and removal
of damaged mitochondria via mitophagy in the effort to maintain healthy and functional
mitochondria.

4.2. Premature ageing

NAD™ depletion is not a phenomenon solely associated with normal ageing but is also a
common feature underlying various premature ageing conditions. As a result, laboratory
models of premature ageing have also provided great insight into the potential of NAD* in
promoting longevity. In the C. elegans model of Xeroderma pigmentosum group A (XPA, a
nucleotide excision DNA repair (NER) disorder with severe neurodegeneration), and Ataxia
telangiectasia (A-T, due to mutation of AT which encodes a master regulator of DNA
damage response), replenishment of NAD™, using its precursors, was able to extend lifespan
and improve healthspan (Fang and Bohr, 2017; Fang et al., 2016b, 2014). In addition, motor
deficits in the Azm™~ mice were rescued and lifespan was shown to be extended following
NR supplementation (Fang et al., 2016b). NAD* augmentation was able to restore
mitochondrial function, resulting in enhanced neuronal survival and improved motor
function in models of premature ageing. In particular, activities of SIRT1 and PGC-1a were
elevated along with enhanced DNA repair, which were identified as the underlying
mechanisms upon NAD* supplementation. Similar phenotypes were reported in models of
increased replication stress suggesting an improvement in nuclear-to-mitochondria
communication as a possible pathway to healthy longevity in the animal models (Fang et al.,
2016¢). Collectively, these findings highlight mitochondrial dysfunction and impaired
mitophagy as a fundamental underlying cause of accelerated ageing, which can be rescued
upon NAD™ replenishment.

4.3. Neurodegenerative diseases

Recent findings have highlighted the depletion of NAD" and compromised mitophagy as
contributors to neurodegenerative diseases such as AD, Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD) (Fang et al., 2019;
Lautrup et al., 2019b; Lloret and Beal, 2019). AD is the most common form of dementia
affecting over 45 million people worldwide, a figure estimated to triple by 2050,
representing a major healthcare and socio-economic challenge (Prince et al., 2016). It is
clinically characterized by an insidious onset and a gradual and progressive deterioration of
cognitive abilities ranging from loss of memory to impairment of judgement and reasoning
(Canter et al., 2016; Kerr et al., 2017b). The neuropathological hallmarks of AD are
extracellular amyloid plaques composed of B-amyloid (AB) aggregates and intracellular
neurofibrillary tangles (NFT) containing aberrantly hyper-phosphorylated microtubule
associated protein tau (MAPT). These changes are accompanied by neuronal loss, synaptic
dysfunction, and neuroinflammation (Hou et al., 2017).

Emerging data have shown NAD* depletion and metabolic dysfunction in mouse models of
early-onset familial AD as well as in rat cortical neurons challenged with AB (Dong and
Brewer, 2019; Fang et al., 2019; Hou et al., 2018; Liu et al., 2013). In fact, NAD*
augmentation inhibited the AD-associated pathology and cognitive decline in multiple AD
models, namely, 3xTgAD mice treated with NAM, 3xTgAD/PolB*/~ mice treated with NR,
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and in AB1_4» and the neuronal Tau (pro-aggregating F3AK280 tau fragment) transgenic C.
elegans models (Fang et al., 2019; Hou et al., 2018; Liu et al., 2013; Sorrentino et al., 2017).
In addition, NAD* augmentation restored mitochondrial function and ameliorated
inflammation, synaptic loss as well as protected against neuronal cell death (Gong et al.,
2013; Hou et al., 2018; Long et al., 2015; Schondorf et al., 2018; Sorrentino et al., 2017;
Wang et al., 2016; Yao et al., 2017). Thus, implicating the contribution of NAD™ depletion in
the development and progression of AD in animal models.

In the amyloidogenic models of AD, NAD* augmentation resulted in rescue of cognitive
decline and reduction of AP pathology. The underlying mechanisms indicated for reduced
ApB pathology upon NAD* augmentation were via PGC-1a mediated modulation of -
secretase 1 (BACE-1) activity and/or increased phagocytosis of A by microglia (Fang,
2019; Fang et al., 2019; Lautrup et al., 2019a; Sorrentino et al., 2017). In addition,
improvement of mitochondrial proteostasis and mitophagy had the major benefit of NAD*
augmentation (Fang, 2019; Fang et al., 2019; Lautrup et al., 2019a; Sorrentino et al., 2017).
In the APP/PS1 mouse model of AD, CD38 depletion resulted in elevation of NAD* levels
that were associated with decrease in Ap pathology and neuroinflammation accompanied by
improvement of spatial learning behaviour (Blacher et al., 2015). CD38 is an NAD*
hydrolase, which increases with the process of ageing, and contributes significantly to age-
related decline in NAD* levels and mitochondrial dysfunction via inhibition of NAD*/
SIRT3 activity (Camacho-Pereira et al., 2016). Collectively, NAD* augmentation improves
memory in different APP/PS1 CE mouse models, possibly through reducing Ap pathology
and promoting mitochondrial health and function.

Further evidence stemming from the 3xTgAD mouse studies display reduced
phosphorylated tau and rescue of cognitive decline upon NAD* augmentation (Fang et al.,
2019; Hou et al., 2018; Misiak et al., 2017). NAD* augmentation contributes to
neurogenesis and inhibition of AD-associated pathology, neuroinflammation and
mitochondrial dysfunction via mitophagy and possibly DNA repair enhancement (through
SIRT3 and SIRT6) (Fang et al., 2019; Hou et al., 2018). Thus, NAD* induced mitophagy is
implicated as a key underlying mechanism in rescuing the AD phenotype.

Mitophagy deficits and accumulation of mitochondria were in fact detected in AD human
post-mortem tissue as evidenced by reduced phosphorylation of mitophagy initiation
proteins, namely ULK1 and TBK1 (Fang et al., 2019). Both ULK1 and TBK1 play an
important role induction of mitophagy via recognition and sequestering of damaged
mitochondria (Wang et al., 2019). Further evidence from C. elegans, murine and human cell
lines overexpressing WT and/or mutant tau implicate impaired mitophagy, which leads to
accumulation of damaged mitochondria and functionally to cognitive deficits (Cummins et
al., 2019; Fang et al., 2019). Overexpression of WT htau in human cell lines revealed
reduced levels of Parkin in the mitochondrial fraction accompanied by localisation of tau in
the outer membrane of the mitochondria (Hu et al., 2016). Moreover, upon upregulation of
Parkin, the mitophagy deficits were rescued. Thus, suggesting that the insertion of tau in the
outer membrane may reduce the interaction between Parkin and the mitochondria (Hu et al.,
2016; Perez et al., 2018). However, a recent study highlights an alternative mechanism
whereby tau specifically impairs clustering and recruitment of Parkin to the defective
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mitochondria via sequestering it in the cytosol. The sequestering was indicated to be
resulting from an aberrant interaction between the projection domain of tau and Parkin. As a
consequence, inhibiting the recognition of damaged mitochondria by the mitophagy
machinery; thereby inhibiting the degradation of damaged mitochondria (Cummins et al.,
2019). Collectively, these studies suggest that an overexpression of tau impairs the
recognition of damaged mitochondria due to impaired Parkin-mitochondria interaction,
resulting in accumulation of dysfunctional mitochondria.

Moreover, reduced basal mitophagy as well as impaired induction of mitophagy in response
to mitochondrial stress has been shown in C. elegans harbouring pan-neuronal
overexpression of human WT and/or mutant tau displayed (Cummins et al., 2019; Fang et
al., 2019). Although, administration of mitophagy inducers, small compounds urolithin A
(UA) and actinonin (AC), rescued the memory deficits in C. elegans harbouring pan-
neuronal expression of tau as well as in the 3xTgAD mouse model of AD (Fang et al.,
2019). Furthermore, UA and AC inhibited multiple tau phosphorylation sites in the
hippocampi of 3xTgAD mice as well as in human cell lines overexpressing WT htau.
Interestingly, inhibition of tau phosphorylation in human cell lines and rescue of memory
loss in C. elegans were demonstrated to be strictly mitophagy dependent as specific
knockdown of mitophagy initiation genes (cells: ULK1, PINKI; C. elegans. pink1, parkin/
par-1, nix/dct-1) failed to show the benefits of mitophagy inducing small compounds, like
NMN (Fang et al., 2019). How does NAD™ and mitophagy reduce total Tau and p-Tau? One
possibility could be autophagic clearance of Tau tangles by NAD* augmentation (Fang et al.,
2019). In line with our study, a recent study shows that p-Tau aggregates were observed
localised to mitochondria and within mitophagic vesicles, a possible mode of clearance of
tau aggregates (Grassi et al., 2019). Furthermore, we also show that NAD*-induced
mitophagy inhibited NLRP3 inflammasome activation in the 3XTgAD mice (Fang et al.,
2019). Since NLRP3 inflammasome activation is a driver of Tau pathology, thus NAD™*
(including NAD*-induced mitophagy and possibly other NAD*-dependent but mitophagy-
independent pathways) may also inhibit Tau pathology through elimination of NLRP3
inflammasome activation. However, whether a possibility of kinases or phosphates directly
regulated by NAD* or mitophagy that could reduce tau phosphorylation needs to be further
determined.

Although these data implicate the beneficial effect of boosting mitophagy in AD, partially
NAD* mediated, it remains to be considered as a viable therapeutic strategy. Moreover,
studies revealing inhibition of tau phosphorylation and reduction in Ap pathology following
NAD™* augmentation; however, whether NAD™ is inhibiting the development and/or
contributing to degradation of these pathological protein deposits remains elusive. For the
purpose of translation to humans, the latter is vital as by the time the clinical features of AD
are presented by patients, the pathology is well established. Thus, if NAD* augmentation has
the ability to degrade established pathological deposits and promote neurogenesis, it would
be a good candidate for AD prevention and/or slowing down the progression of disease.
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5. Clinical translation of NAD* precursors and precautions

5.1. Clinical trials

5.2.

Encouraging evidence from preclinical models has led to initiation of several clinical trials
using NAD* precursors. NR is orally bioavailable, and it is well-tolerated and elevates NAD
* in healthy middle aged and older adults as well as in old diabetic males. In particular,
Trammell et al. reported that oral administration of NR (1000 mg/day for seven days) led to
an increase in blood concentration of NAD™* by 2.7-fold and 45.5-fold increase in nicotinic
acid adenine dinucleotide (NAAD), an NAD* biosynthesis intermediate (Trammell et al.,
2016). Further evidence arising from an eight-week randomized, double-blind, placebo-
controlled study in 120 healthy adults (60-80 years old) revealed that NR (250 mg and 500
mg) induced dose-dependent increase of blood NAD* levels that became apparent after 4-
weeks and was sustained till the end of the study, without any serious adverse effects
(Dellinger et al., 2017). In addition, a 2 x 6-week randomized, double-blind, placebo-
controlled crossover clinical trial conducted in 55-79 years old individuals showed NR (oral
500 mg/time, twice a day) to be well tolerated and was not only limited to effectively
elevating NAD™ levels in healthy adults, but also improve cardiovascular function (Martens
et al., 2018). Dollerup et al. showed that 12 weeks of NR supplementation in doses of 2
g/day appears to be safe in diabetic aged men (Dollerup et al., 2018). A more recent study
from aged men found good tolerance of NR (1000 mg/day) over a period of 21 days, which
resulted in downregulation of energy metabolism and mitochondria pathways as well as an
anti-inflammatory effect in skeletal muscle (Elhassan et al., 2019). Collectively, these
findings indicate that NR supplementation (up to 2 g/day for up to 3 months) is orally
bioavailable and safe. Thus, clinical trials of NAD* precursors on age-related diseases, such
as diabetes, cardiovascular disease, premature ageing diseases, and neurodegenerative
diseases are in progress (Lautrup et al., 2019b; Rajman et al., 2018; Yoshino et al., 2018).

NAD™" supplementation - precaution

Whilst encouraging findings suggesting NAD* supplementation to be orally bioavailable and
safe in healthy individuals; there may be some concerns with regards to administration in
certain conditions such as cancer. The expression of major NAD* metabolic enzymes,
namely, INAMPT, eNAMPT, and/or NMNAT2, are upregulated in a various cancers
including: breast, pancreatic, prostate and colorectal cancers (Demarest et al., 2019).
Preclinical studies report that elevated levels of NAD™*, via NAD* synthetic enzymes or
NAD™ precursors supplementation, promotes cancer cell proliferation, migration, and
resistance to anticancer chemo-/radiotherapy (Demarest et al., 2019). Thus, strategies to
deplete cellular NAD* and the inhibition of NAD* synthetic enzymes can trigger cancer cell
death (Buonvicino et al., 2018). Specifically, in pancreatic cancer, cell growth has been
shown to be dependent on NAD* salvage pathway (Chini et al., 2014). Therefore, inhibition
of NAD™* synthesis (via Nampt inhibition) and/or promotion of its consumption (via CD38
NADase) inhibits some forms of cancer cell growth (Chini et al., 2014; Ju et al., 2016). A
recent study shows that high NAD™* levels may lead to cancer promotion via changes in the
secretory activity of senescent cells to release pro-inflammatory cytokines (Nacarelli et al.,
2019). Therefore, these studies collectively indicate that there should be a thorough
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evaluation before the use of and supplementation as this may be a contributor rather than a
countermechanism in certain conditions.

6. The application of artificial intelligence to facilitate drug development
targeting on the NAD*-mitophagy axis

Development of artificial intelligence (Al), in particular, recent advancement in deep
learning techniques, has returned dividend in superior performance in solving computer
vision, natural language processing and robotics problems (Schmidhuber, 2015). More
recently, Al, including conventional machine learning and newly developed deep learning
techniques, have been successfully used in the drug discovery and development pipeline
with certain requirements of the data characteristics, e.g., data quality and quantity
(Vamathevan et al., 2019). Traditionally, the drug discovery and development process is
costly, long, and complicated including drug target identification and validation, compound
screening and lead compound discovery (hit to lead generation and lead optimization) within
several preclinical and clinical study cycles (Mohora and Singh, 2018). According to DiMasi
et al.’s latest research (DiMasi et al., 2016), the mean pre-tax cost of developing a novel
prescription drug is around 2.6 billion USD and a complete traditional workflow can take
about 10-15 years (Turner, 2010). Although there is huge investment in drug discovery and
development, the failure rate is still very high (Takebe et al., 2018).

Essentially, the successful deployment of machine learning and deep learning models is
based on reliable data quality and sufficient amount of data, appropriate design of
computational algorithms, and prevalence of powerful computing resources such as
graphical processing units (GPUs) and tensor processing units (TPUs) for accelerated
parallel processing. In general, the models are trained using labelled data (supervised
learning) or they can directly learn the characteristics from the unlabelled data (unsupervised
learning). Although currently there is no Al algorithm proposed for NAD™ specific drug
discovery and mitophagy in ageing, we can envisage such development in near future using
the experience gained from previously proposed Al based drug discovery and biomarker
identification methods. Here we briefly review Al technologies in drug discovery and
biomarker development process and provide a prospective view on Al technologies for
understanding roles and molecular mechanisms of NAD* and mitophagy in ageing.

6.1. Drug target identification and validation

Most diseases (i.e., AD) are caused by protein dysfunctions, and the target identification
aims to establish a causal association between the target and the disease. The structure-based
drug design methods can be used to discover active small molecules towards the protein
targets, but the procedure could be slow. Al algorithms can be used to make predictions of
the 3D structure of a protein. Costa et al. proposed a decision tree based method to predict
genes associated with morbidity and druggability (Costa et al., 2010). Jeon et al. used
supervised support vector machine (SVM) for drug and non-drug targets classification for
various cancers (Jeon et al., 2014). Recently, Wang et al. developed a convolutional neural
network (CNN) based method for predicting the residue contacts of proteins, which
outperformed traditional approaches (Wang et al., 2017). Du et al. applied deep learning for
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sequence features extraction to predict protein-protein interaction (Du et al., 2016). In
addition, natural language processing based techniques have been advanced to identify
drug—disease, gene—disease and target—drug associations in the medical literature (Bravo et
al., 2015; Kim et al., 2017). In ageing-related studies, deep learning has been used to
identify compounds with potential pro-longevity properties, and features used by ageing
clocks can potentially be learnt by machines to find new targets (Aliper et al., 2016). Several
machine learning based methods have also been proposed to evaluate blood markers,
imaging, omics, and epigenetic biomarkers, for age prediction (Bobrov et al., 2018;
Mamoshina et al., 2018; Moskalev and Vaiserman, 2018; Putin et al., 2016). Thus, the use of
Al may not only provide grounds for orchestration of novel hypothesis in pursuit to
unveiling the regulation of NAD* dependent signalling networks in both health and disease;
but it may also possibly pave path for drug discovery and biomarkers development.

6.2. Compound screening and lead compound discovery

6.3.

A crucial step in drug discovery is the selection of drug candidates that can block or activate
the target protein of interest and possess expected characteristics, e.g., bioavailability,
bioactivity, and toxicity. These will involve comprehensive virtual and experimental high-
throughput screening of large compound libraries (Vamathevan et al., 2019). SVM-based
machine learning methods and deep learning methods (e.g., deep neural networks [DNN]
and 3D graph CNN) have been used for virtual screening and activity scoring that have
reproducible results with superior performance compared to the methods without using Al
(Carpenter et al., 2018; Leelananda and Lindert, 2016; Pereira et al., 2016). In addition, drug
repurposing (also known as drug repositioning) is a commonly applied alternative strategy to
find new targets or novel indications of the approved drugs that can accelerate the drug
discovery procedure and reduce the risk of drug development. Advanced Al based
approaches have been applied for computational drug repurposing (Luo et al., 2017;
Vanhaelen, 2018; Vanhaelen et al., 2017; Yella et al., 2018). Recently, deep learning based
methods have been considered in this context, e.g., Aliper et al. designed a DNN based
system to classify drugs into different therapeutic categories based on the transcriptomic
data alone (Aliper et al., 2016).

Development of biomarkers

In view of the strong relationship between NAD* depletion and ageing as well as diseases
(i.e., AD); and the potent therapeutic benefits of NAD* augmentation on such conditions (at
least in animal studies as mentioned above), we are working on a possibility to develop the
use of blood NAD™ levels, and possibly NAD*-related metabolite(s), as biomarker(s) for
ageing and age-related diseases, such as AD. Such biomarkers could be potentially used for
the early detection of disease. Furthermore, it could be utilised for measuring rate of change
and response to NAD™ related therapeutic intervention, namely, precision medicine.
Precision medicine is an emerging approach for disease treatment and prevention that takes
into account individual variability. As NAD* signalling has been suggested as therapeutic
intervention in neurodegenerative disease, a compound marker indicating a specific response
to NAD™ might help to select individuals who are more likely to respond to such
intervention.
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The development of biomarkers requires two critical steps. Firstly, is the availability of high
dimensionality platform, which could measure NAD* and its downstream metabolic or
proteomic signature. Due to the inherent heterogeneity of the disease, a single biomarker is
unable to achieve high accuracy, multimodal biomarkers (e.g. combining both metabolites or
proteins) may have greater sensitivity and specificity as a biomarker; and may collectively
better reflect and define the disease and its pathology. Secondly, the management and
analysis of high-dimensional data. Al methods, such as Support Vector Machine (SVM), a
supervised machine learning algorithm, are commonly used in biomarker discovery
(Dragomir et al., 2019; Eke et al., 2018). With the rapid evolvement of modern Al
technologies, more advanced machine learning algorithms such as lightGBM and Deep
Learning based algorithms are developed and widely used in recent years. These methods
ought to be employed into the development of NAD™ related biomarkers in ageing and AD
to provide better performance and efficiency.

6.4. Efficacy and safety assessment

It is important to perform efficacy and safety assessment for the treatments and drugs that
have been developed. Longitudinal studies on patients’ feedback can provide telling
information to improve the drug development by optimising the drug discovery procedure.
However, in AD and ageing related studies, the actual effects may take years to be revealed
and the validation for the effects of anti-ageing treatment might not be straightforward
(Zhavoronkov et al., 2019). There is still on-going debate on how to validate Al based
algorithms fast and reliably in general healthcare settings, and inputs from domain experts
should absolutely be helpful.

Currently, the revolution in Al that has been witnessed by the successful applications in
computer vision is speedily disseminating in healthcare and drug discovery and development
research. In particular, in ageing related studies, deep learning has been widely used in early
diagnosis using multimodal data acquired from various imaging modalities, clinical records,
patient’s medical history and etc. There are ongoing research studies on biomarker
development using deep learning, which are very promising. How we can utilise deep
learning to understand roles and molecular mechanisms of NAD™ in ageing, mitochondrial
homeostasis, and mitophagy is still an open question. Regardless how fast the technology
can advance, we should perform comprehensive testing on the developed Al methods and
deploy them with discretion.

7. Outstanding questions and future perspectives

The inevitable process of ageing is a major cause of various human diseases. Recent findings
in preclinical animal models have improved our understanding of NAD* and NAD™-
dependent enzymes in mitochondrial homeostasis, mitophagy and neurodegenerative
disorders. Emerging evidence suggest impairment of the NAD*-mitophagy axis as a
common feature underlying ageing that is exacerbated in neurodegenerative diseases such as
AD. NAD* augmentation promoted mitophagy and mitochondrial function as well as
inhibited AD-associated pathology and cognitive deficits. In particular, the rescue of
behavioural phenotype upon NAD* augmentation was identified to be mitophagy dependent.
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However, the intricate interaction within the NAD*-mitophagy axis in health and disease is
still not fully understood. For this purpose, it is important to initially characterise of NAD*
signalling networks in mitophagy using preclinical models systems (animals and stem cells).
Secondly, it is of great significance to uncouple and define how this NAD*-mitophagy axis
is altered during the process of ageing and disease. Subsequently, Al can be utilised for: 1)
understanding the intricacies of NAD* signalling networks in mitophagy and novel
hypothesis building (Fig. 1); 2) drug discovery; and 3) development of novel biomarkers of
ageing and disease. Thus, the combination of traditional drug development with the
involvement of Al and machine learning will accelerate the development of biomarkers and
drugs for ageing and age-related diseases.
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Fig. 1. Schematic representation of NAD* mediated coupling of mitophagy and mitochondrial
biogenesis for maintenance of homeostasis and longevity.

Cellular levels of NAD* decline in an age-dependent manner. NAD* is a cofactor for sirtuins
(i.e. SIRT1) as well as other NAD* consuming enzymes including: PARPs, CD38, and
CD157. The NAD"/sirtuins pathways regulate both mitochondrial biogenesis and induction
of mitophagy through designated pathways as detailed in the text. E.g., mitochondrial
biogenesis can be triggered by SIRT1 mediated deacetylation and thus activates peroxisome
proliferator-activated receptorgamma coactivator 1-alpha (PGC-1a), which in turn
translocates to nucleus and interacts with AMP-activated protein kinase (AMPK) to trigger
the expression of nuclear factor-erythroid 2-related factor 2 (NRF-2) that in turn orchestrates
numerous mitochondrial, stress resistance and longevity genes. Induction of mitophagy is
triggered by the NAD*/SIRT1 pathway via multiple pathways, including AMPK-dependent
phosphorylation of ULK1, and NIX upregulation. A synergy between mitochondrial
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biogenesis and mitophagy, as well as the involvement of other known and unknown
mechanisms, maintains mitochondrial homeostasis, stress resistance, and finally results in
healthy longevity in animals. To note, there may be many other NAD*-dependent but sirtuin-
independent pathways that contribute to longevity, mitochondrial homeostasis and stress
resistance. Abbreviations: Mito., mitochondrial; trans., transfer.
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