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Abstract: 

Nicotinamide adenine dinucleotide (NAD+) is an essential cofactor in all living cells that is 

involved in fundamental biological processes. NAD+ depletion has been associated with 

hallmarks of aging and may underlie a wide-range of age-related diseases, such as 

metabolic disorders, cancer and neurodegenerative diseases. Emerging evidence implicates 

that elevation of NAD+ levels may slow or even reverse the aspects of aging and also delay 

the progression of age-related diseases. Here we discuss the roles of NAD+-synthesizing and 

-consuming enzymes in relationships to aging and major age-related diseases. Specifically, 

we highlight the contribution of NAD+ depletion to aging and evaluate how boosting NAD+ 

levels may emerge as a promising therapeutic strategy to counter aging-associated 

pathologies and/or accelerated aging. 
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1. Introduction  

Nicotinamide adenine dinucleotide (NAD+) is an important cofactor in all living cells that is 

involved in fundamental biological processes, namely metabolism, cell signalling, gene 

expression, DNA repair, among others [1-4]. Originally, Harden and Young described NAD+ 

in 1906 as a molecular fraction (“cozymase”) that accelerated fermentation in yeast extracts. 

Over subsequent years, NAD+ was identified as a nucleoside sugar phosphate, which plays a 

role in redox reactions [5]. However, evidence stemming from recent studies have unveiled 

numerous roles of NAD+ metabolism on aging and longevity. In particular, an age-dependent 

decline in NAD+ levels have consistently been reported, possibly due to an imbalance in the 

synthesis and consumption of NAD+. Decreased levels of NAD+ are associated with the 

hallmarks of aging as well as several age-related diseases, including metabolic disorders, 

cancer and neurodegenerative diseases. Replenishment of NAD+ levels via administration of 

its precursors have been demonstrated to display beneficial effects against aging and age-

related diseases. Importantly, boosting NAD+ levels have been shown to extend lifespan of 

various laboratory animal models including worms, flies, and rodents [3, 5-8].  

As a cofactor, NAD+ is found in abundance in the mitochondria, cytoplasm, and nucleus. It is 

essential for many cellular metabolism pathways that include: glycolysis, fatty acid β-

oxidation, and the tricarboxylic acid cycle. Whilst the reduced form of NAD+ (NADH) is a 

primary hydride donor in the production of ATP via anaerobic glycolysis and mitochondrial 

oxidative phosphorylation (OXPHOS) [6, 9]. On the other hand, NAD+ is consumed by the 

NAD+-dependent sirtuins and the DNA damage sensors poly (ADP-ribose) polymerases 

(PARPs) in the processes of protein deacetylation and poly-ADP-ribosylation (PARylation), 

respectively. In addition, NAD+ glycohydrolases (i.e. CD38 and CD157) also consume NAD+ 

via conversion of NAD+ into ADP-ribose (ADPR) or cyclic-ADPR [1-3]. Thus, the importance 

of NAD+ has expanded from a key element in intermediate metabolism to a critical regulator 

of multiple cell signaling pathways; and is now a major player contributing to aging and age-

related diseases [6].  
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In mammals, NAD+ is synthetized from a variety of dietary sources, including NAD+ itself (it is 

metabolized in the gut, then synthesized again in cells) 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 [5, 6]. 

Accumulating evidence demonstrates an age-dependent decline in NAD+ levels and 

associate its depletion to several hallmarks of aging and age-related diseases (Figure 1) [6]. 

Here, we summarize the roles of NAD+-synthesizing and -consuming enzymes in aging and 

age-related diseases. Specifically, we highlight the contribution of NAD+ depletion to 

mammalian aging and evaluate how boosting endogenous NAD+ levels might emerge as a 

promising therapeutic strategy to counter aging-associated pathologies and/or accelerated 

aging. 

 

2. Recent progress on the roles of NAD+ in aging  

Mounting evidence has indicated that NAD+ levels decline with age in multiple types of 

tissues, which include the liver, skeletal muscle, adipose tissue, heart, brain, kidney, 

pancreas, lungs, spleen, skin, as well as extracellular fluids [3, 10]. In addition, an age-

dependent decline in NAD+ levels in C. elegans, mice, and human post-mortem tissues are 

reported. Thus, highlighting a universal age-dependent decrease of NAD+ across species. 

However, it remains elusive whether this is due to increased NAD+ consumption and/or 

decreased synthesis [6]. In this section, we provide an overview of methods that could 

potentially boost endogenous levels of NAD+. 

 

2.1. NMN and aging 

NMN is a physically stable natural compound that serves as an efficient NAD+ precursor. In 

mammals, NMN is synthesized from nicotinamide, a form of water-soluble vitamin B3 and 5’-
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phosphoribosyl-1-pyrophosphate (PRPP), by the rate-limiting enzyme, nicotinamide 

phosphoribosyl transferase (NAMPT). In addition, it can also be synthesized from NR via NR 

kinases (NRKs)-mediated phosphorylation reactions. NMN is subsequently converted into 

NAD+ by NMN adenylyl transferases (NMNATs) [5]. Over the years, it has become 

increasingly evident that systemic administration of NMN in rodents enhances the 

biosynthesis of NAD+ in various peripheral tissues including liver, pancreas, adipose tissue, 

heart, skeletal muscle, kidney, eyes, and blood vessels [5, 6, 11-19]. Furthermore, NMN has 

also been shown to elevate levels of NAD+ in hypothalamus and hippocampus following an 

intraperitoneal injection, thereby indicating its ability to penetrate the blood-brain barrier (BBB) 

[20, 21]. More importantly, long-term (1-year) oral administration of NMN (up to 300 mg/kg) 

has recently been shown to be well tolerated without any obvious deleterious or toxic effects 

in normal wild type C57BL/6 mice [22].  

 

NMN has been shown to have remarkable beneficial effects that counter normal aging. In 

models of aging, long-term administration of NMN protects against age-associated functional 

decline as demonstrated by increases in energy metabolism, insulin sensitivity, lipid 

metabolism, mitochondrial oxidative metabolism, eye function, bone density and immune 

function [10, 22]. On the other hand, it suppressed age-related changes in gene expression 

and adipose tissue inflammation [22]. Moreover, it has been shown to maintain neural 

stem/progenitor cell population and restore skeletal muscle mitochondrial function as well as 

arterial function in aged mice [15, 19, 20]. In addition, loss of enzymes involved in NAD+ 

synthesis, namely NAMPT during the process of aging, led to decrease in NAD+ content and 

reduced SIRT1 activity; consequently, promoted cellular senescence in retinal pigment 

epithelium, which performs numerous functions critical to retinal health and visual function 

[23].  

 

NMN administration may counteract age-predisposed metabolic diseases and 

neurodegeneration. In age-related pathophysiological conditions, NMN ameliorated 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 6

impairments in glucose tolerance and promoted insulin secretion/sensitivity in age- or diet-

induced diabetic mice, Nampt +/- mice, as well in aged wild-type and β cell-specific Sirt1-

overexpressing (BESTO) mice [5, 6, 11, 24-26]. Likewise, promotion and overexpression of 

the mitochondrial Nmnat3 in mice, also involved in NAD+ biosynthesis, resulted in improved 

glucose tolerance during the process of aging as well as in models of high-fat induced 

obesity [27]. The beneficial effect was suggested to be a result of improved mitochondrial 

function and by an independent mechanism of NAD+–SIRT1–PGC1α axis, which despite 

previously being reported to contribute to improved mitochondrial function, was not activated 

in these transgenic mice despite elevated levels of NAD+ [27].Furthermore, NMN protects the 

heart and brain from ischemia-induced damage [28, 29]. In rodent models of Alzheimer’s 

disease (AD), administration of NMN decreased AD-associated β-amyloid (Aβ) pathology 

and improved cognitive function. In addition, it restored mitochondrial function and 

ameliorated inflammation, synaptic loss as well as protected against neuronal cell death [30-

32]. The beneficial effect of NMN was also evident in premature aging conditions as 

demonstrated by extended lifespan and improved healthspan in the C. elegans model of 

xeroderma pigmentosum group A (XPA, a nucleotide excision DNA repair (NER) disorder 

with severe neurodegeneration) [33], and Ataxia telangiectasia (A-T, due to mutation of ATM 

which encodes a master regulator of DNA damage response)[34, 35].   Moreover, in mice 

with hypomorphic BubR1 (a mitotic check-point kinase) exhibited characteristics of 

premature aging as evidenced by shorter lifespan, which was restored by NMN 

supplementation [17]. Altogether, these findings highlight NMN induced restoration of NAD+ 

levels serve as beneficial therapeutic strategy in countering aging as well as age-related 

pathological conditions in animal models.  

 

2.2. NR and aging 

NR is a natural NAD+ precursor. It can directly be converted into NMN via the activity of 

NRKs, thereby bypassing the requirement of the NAMPT in the salvage pathway, and 

therefore offers to provide an additional pathway for elevation of NAD+ levels. Similar to NMN, 
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NR also exhibited beneficial effects in protection against aging and age-related diseases. It 

has been shown to promote longevity as well improve healthspan in multiple laboratory 

animal models [36-41]. In age-related disease, in particular obesity, diabetes and 

cardiovascular conditions NR was able to decrease weight gain, improve glucose tolerance 

and increase survival rates, respectively in rodents [42-44]. In addition, in models of diabetes 

and high-fat diet, NR was able to improve metabolic function and reduce lipid accumulation 

as well as increasing lifespan [40, 44-46]. Furthermore, supplementation of NR reversed the 

progressive wasting syndrome and restored endurance in Nampt skeletal muscle knockout 

mice, mdx model of Duchenne’s muscular dystrophy [47, 48]. 

 

NR ameliorates neurodegeneration in animal models. In animal models of age-related 

neurodegenerative diseases such as AD and Parkinson’s disease (PD), NR has been shown 

to improve memory, learning, motor function and mitochondrial function as well as protected 

against neuronal cell death [49-52]. In particular, chronic NR administration in the 

amyloidogenic models of AD delayed the development and progression of Aβ pathology in 

AD mice, SH-SY5Y cells, and AD C. elegans [50, 52]. In addition, it was able to promote 

longevity and inhibit/delay cognitive decline in AD C. elegans and mice, with the enhanced 

process of mitochondrial proteostasis and modulation of β-secretase 1 (BACE-1) activity via 

peroxisome proliferator-activated receptor-gamma coactivator 1 (PGC)-1alpha highlighted as 

possible underlying mechanisms [50, 52]. Further evidence reinforcing the beneficial effects 

of NR as a therapeutic strategy in AD was provided by a recent study using triple transgenic 

model of AD (3×Tg), which exhibited not only reduced phosphorylated tau pathology and 

inhibited cognitive decline; but also, normalised AD-associated neuroinflammation and 

synaptic dysfunction. Moreover, DNA damage was reduced, in addition, following chronic 

administration of NR in a DNA repair-deficient 3×Tg/Polβ+/− mouse model [6, 51]. The 

underlying mechanism proposed was the reduction in DNA damage results in reduced 

activity of NAD+ consuming enzyme PARPs that is involved in DNA repair; thereby increase 

in the levels of NAD+, which in turn contributes to neurogenesis and inhibits AD-associated 
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pathology, neuroinflammation and mitochondrial dysfunction [51]. Likewise, NR treated 

induced pluripotent stem cells (iPSCs) derived from PD patients harbouring mutations in the 

lysosomal enzyme β-Glucocerebrosidase (GBA) gene (GBA-PD), the most common genetic 

risk for PD, resulted in elevated levels of NAD+ and NAM which coincided with improved 

mitochondrial morphology and function [49, 53].  Mitophagy was suggested to be a possible 

mechanism promoted by NR, which may underlie improved mitochondrial qualtity control [49]. 

In addition, flies model of GBA-PD expressing human N370S GBA raised on food containing 

NR displayed improved motor function and significantly decline in loss of dopamine-

containing neuronal population [49].  Additionally, NR has shown significant neuroprotection 

in a series of DNA repair-deficient premature aging diseases, including XPA, A-T, and 

Cockayne syndrome (CS, due to impairment of NER) [33, 34, 54]. 

 

2.3. NAM and aging 

NAM is also a precursor for NAD+ and a key molecule involved in energy metabolism. Low 

doses of NAM have been shown to increase lifespan in yeast and C. elegans, however, 

higher doses have been associated with reduced lifespan via inhibition of Sir2 activity [39, 

55-58]. In models of aging and high fat diet-induced obesity, NAM improved healthspan 

although it failed to extend lifespan as illustrated by comparable mean and maximum lifespan 

[59]. In the model of obesity, it has able to restore glucagon storage to similar levels as age-

matched standard-diet mice as well as ameliorate diet-induced hepatosteatosis, oxidative 

stress and inflammation [59]. It was suggested that the beneficial impact of NAM may be 

attributes to improved mitochondrial function and countering age and high fat diet induced 

DNA damage [59]. Further evidence reinforcing the beneficial impact of NAM stemmed from 

a mouse model of glaucoma, which inhibited the development glaucoma in the eyes [60]. 

Moreover, these findings were replicated by Nmnat1 gene therapy whereby an intravitreal 

administration of adeno-associated virus AAV2.2 carrying a plasmid to overexpress murine 

Nmnat1 under a CMV promoter was performed in D2 eyes [60]. The improvement of 
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mitochondrial health and metabolism was suggested to be the underlying mechanism for 

countering glaucoma mediated by NAM supplementation and Nmnat1 gene therapy [60].     

 

3. Other approaches to regulate NAD+ 

3.1. PARP Inhibition 

The NAD+ consuming enzymes, PARPs, cleave NAD+ into NAM and ADP-ribose (ADPR), as 

a result generating a chain of ADPR. PARP1 is the most abundant PARPs, which is 

ubiquitously expressed and is a major consumer of NAD+ in response to DNA damage 

whereby it contributes to facilitation of the DNA repair process [61]. Both PARPs and sirtuins 

share NAD+ as a common substrate thus compete for its consumption. It has been reported 

that PARP1 activity increased with the inevitable process of aging possibly due accumulation 

of DNA damage[33]. Consequently, the NAD+ pool is depleted which results in reduced 

activity of sirtuins [62]. Evidence stemming from genetic deletion of PARP1 in mice as well as 

pharmacological inhibition of PARPs revealed increase in NAD+ content and enhanced 

activities of sirtuins, in particular SIRT1 and SIRT6[33, 34, 39]. Elevated SIRT1 activity was 

associated with increased mitochondrial content and oxidative metabolism as well as 

protection against metabolic dysfunction, DNA damage, and neurodegeneration[4, 10, 62]. 

 

In addition, increased PARP1 activity has been reported in animal models of age-related 

neurodegenerative diseases, namely AD and PD [63-65]. Deletion of PARP1 in AD mice 

protected against cognitive decline as well as attenuated neuroinflammation and Aβ-induced 

neurotoxicity [66]. In PD rodents, PARP1 pharmacological inhibitors or deletion resulted in 

resistance to the toxic effects and loss of dopamine-containing neurons in 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA), respectively [67-69]. 

Thus, implicating the contribution of PARP1 hyperactivity in processes leading to 

neurodegeneration. Moreover, hyperactivity of PARP1 is reported in models of premature 

aging that resulted decrease in SIRT1 activity, a feature that was reversed by replenishment 

of NAD+ using its precursors [33, 34]. Therefore, a potential therapeutic counter for depleted 
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NAD+ pool in aging and age-related diseases could be inhibition of its consumer, PARPs, 

which will enable activity of sirtuins that plays a pivotal role in regulating cellular processes.  

 

3.2. CD38 inhibition  

CD38 is one of the primary NADases in mammals. It can modulate the levels of NAD+ via 

hydrolysis of NAD+ itself as well degradation of its precursors, NMN and NR. Primarily, CD38 

hydrolyses NAD+ to produce of ADPR and NAM [70-72]. It is a key player in several 

physiological processes, including nuclear Ca2+ homeostasis, immunity, inflammation, 

glucose and lipid homeostasis, transferring of mitochondria from astrocytes to neurons, as 

well as social behaviour [6, 73-77]. An age-dependent increase in levels of CD38 protein has 

been reported in multiple tissues and organs, which as a result contributes to NAD+ decline 

[78]. Therefore, CD38-dependent modulation of NAD+ can alter the activity of NAD+-

consuming enzymes and affect cellular signalling and metabolism [71, 72]. Inhibition of CD38 

can also promote NAD+ levels and improve glucose and lipid metabolism, which protects 

against age- and diet-induced diabetes and obesity [72, 75]. In APP/PS1 model of AD, CD38 

depletion resulted in elevation of NAD+ levels that were associated with decrease in Aβ 

pathology and associated neuroinflammation accompanied by improvement spatial learning 

behaviour [79]. However, due to the reported important neuroprotective activities of CD38, 

further stringent and comprehensive evaluation of the procedures of CD38 inhibition as a 

safe anti-aging strategy [76, 77]. 

 

3.3. NNMT knockdown  

Nicotinamide N-methyltransferase (NNMT) catalyzes the methylation of NAM N1-methyl-2- 

pyridone-5-carboxamide (2py) and N1-methyl-4-pyridone-3-carboxamide (4py) using the 

universal methyl donor S-adenosyl methionine (Met) (SAM). Both products of NAM 

methylation are eventually excreted in the urine; thus, NNMT removes NAM from the NAD+ 

biosynthesis pathway and thereby contributes to decrease in levels of NAD+ [80]. It is 

predominantly expressed in the liver and adipose tissue but is also found in other tissues 
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including kidney, lung, muscle, heart, brain, and tumour cells. NNMT has been shown to be 

involved in various disease conditions such as metabolic disorders, neurodegenerative 

diseases and cancer [80]. In conditions such as obesity and diabetes, NNMT levels have 

been reported to be upregulated significantly, which in turn are associated with the disease 

phenotype [81, 82]. In fact, genetic knockdown as well as pharmacological inhibition of 

NNMT was shown to be beneficial in protection against obesity in rodent models of obesity 

[83, 84]. 

 

3.4. Genetic promotion of NAD+ biosynthesis   

In addition to abovementioned techniques that have shown to enhance NAD+ biosynthesis, 

genetic tools in the form of Lactobacillus brevis (LbNOX), a water-forming NADH oxidase, 

has been demonstrated to also induce an increase in compartment-specific levels of 

NAD+/NADH ratio in HeLa cells [85]. It catalyses a four-electron reduction of oxygen to water 

(2 NADH + 2H+ + O2 → 2 NAD+ + 2 H2O) [85, 86]. The NAD+/NADH ratio plays a role in 

cellular metabolism by affecting the activity of NAD+-dependent enzymes such as sirtuins. 

LbNOX was shown to ameliorate proliferative and metabolic defects induced by a 

dysfunctional electron transport chain (ETC) by recycling the pool of NAD+ [85]. This, 

therefore offers to be a novel approach whereby NAD+ levels could potentially be boosted via 

genetic manipulation in order to understand the fundamental molecular mechanisms in 

models of aging and age-related diseases.  

 

4. Methods to detect subcellular NAD+  

In view of the importance of NAD+ in life, aging, and diseases, it is necessary to accurately 

detect subcellular NAD+ levels to further unveil its intracellular functions as well as to develop 

sub-cellular organelle-targeted therapeutic approaches. Traditionally, several assays, such 

as high-performance liquid chromatography (HPLC)-based methods (e.g., HPLC/MALDI/MS) 

and fluoremetric-based commercial kits have been utilised to detect whole NAD+ [26, 48] at 

both cellular levels and/or sub-cellular levels (by isolating sub-cellular fractions ahead). There 
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have some challenges of using these methods to accurately detect sub-cellular NAD+ levels 

because of the highly instability of NAD+ as well as impossibility of NAD+ detection in live 

cells/tissues. The recent development of genetically encoded fluorescent biosensors such as 

SoNar and a biosensor with a bipartite NAD+-binding domain have enabled imaging of 

relative levels of free NAD+ in the subcellular compartments [87, 88]. Quantification of NAD+ 

using fluorescent biosensor targeted to different compartments of mammalian cells showed 

that mitochondria contain more than twice as much free NAD+ as other compartments [87]. 

Specifically, the concentration of NAD+ was reported to be approximately 110µM in the 

cytoplasm and the nucleus relative to 230µM in the mitochondrion [87]. These levels are 

consistent with other reports demonstrating that, in highly metabolically active, post mitotic 

cells, such as neurons, mitochondria have higher NAD+ levels compared with other sub-

cellular compartments [1]. It was further demonstrated genetic and pharmacologic inhibition 

of NAMPT result in a reduction in NAD+ concentration in all compartments, but depletion of 

mitochondrial NAD+ occurred at a slower rate. Furthermore, the nuclear and cytoplasmic 

pools were shown to be readily exchangeable, whilst the mitochondrial pool may maintain 

mitochondrial NAD+ levels via NAD+ biogenesis by mitochondrial isoform NMNAT3 and 

import from the cytoplasm [87]. Another recent development has been offered in the form of 

NAD+ flux quantification that is isotope-tagged and used for analysis of NAD+ metabolism. It 

demonstrated that approximately 50% decrease in NAD+ consumption following treatment 

with SIRT1/2 and PARP1/2 inhibitors; thereby implicating both are major consumers of NAD+ 

[89]. The use of such approaches in models of aging and age-related diseases in 

combination with NAD+ promoting methods would allow the identification of subcellular 

localisation as well as consumption, which in turn would allow to identify the underlying 

molecular mechanisms and pathways attributed to NAD+ benefits.  

 

5. Clinical Translation 

Encouraged by significant and replicable benefits of NAD+ precursors, NR and NMN, in aging 

and disease animal models, a series of clinical trials of NR and NMN in normal aged 
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population and individuals with diseases have been performed [10]. NAD+ precursors, in 

particular NR has been demonstrated to elevate blood concentration of NAD+ in healthy 

individuals in a dose-dependent manner and without any toxic effects [90]. In particular, 

single oral self-administration of NR (1000mg) over a period of seven days in a 52 years old 

male increased blood concentration of NAD+ by 2.7-folds and 45.5-fold increase in nicotinic 

acid adenine dinucleotide (NAAD), an NAD+ biosynthesis intermediate [90]. In addition, a 

randomized double-blind pharmokinetic study of single oral administration NR (doses: 100mg, 

300mg, and 1000mg) with seven-days gap conducted in 12 healthy patients (aged 30-55 

years old) revealed a dose-dependent increase in NAD+ and NAAD levels, with no reported 

adverse effects [90]. The encouraging results in animal models of aging and age-related 

diseases of chronic administration of NAD+ precursors have led to studies in humans. [91, 

92]. An eight-week randomized, double-blinded, placebo-controlled study in 120 healthy 

adults (60-80 years old) demonstrated NR (250mg and 500mg) induced dose-dependent 

increase of blood NAD+ level that becomes apparent after 4-weeks and is sustained till the 

end of the study [91]. Importantly, no serious adverse effects were reported, thereby 

implicating the chronic administration of NR is a safe and effective way to increase NAD+ 

levels [91]. These findings are reinforced by a 2 × 6-week randomized, double-blind, placebo-

controlled crossover clinical trial conducted in 55-79 years old individuals that showed NR 

(oral 500mg, twice a day) to be well tolerated and able to effectively elevates NAD+ levels in 

healthy adults [92]. Moreover, it was able to reduce systolic blood pressure and aortic 

stiffness, which are considered measures of cardiovascular disease [92]. Thus, not only the 

NAD+ precursors are safely administrated but they may also recapitulate the beneficial 

effects that were evident in animal models, which is an exciting prospect for future clinical 

trials. However, in conditions such as pancreatic cancer, cell growth has been shown to be 

dependent of the NAD+ salvage pathway [93]. Hence, inhibition of NAD+ synthesis (via 

Nampt inhibition) and/or promotion of its consumption (via CD38 NADase) prevented cancer 

cell growth [93, 94]. Therefore, implicating that there should be a thorough evaluation for the 

use of approaches that promote NAD+ biosynthesis as it may be contributor rather than a 
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counter-mechanism in certain conditions. Clinical trials of NAD+ precursors on age-related 

diseases, such as diabetes, premature aging diseases, and neurodegenerative diseases are 

in progress [10].      

 

6. Outstanding questions and future perspectives 

Age is the primary cause of the majorly of human diseases and interventional 

strategies/therapeutics targeting on human aging is arguably the most efficient approach to 

achieve healthy aging and the improvement of the quality of life worldwide. Although, 

maintaining a healthy diet, fasting, and exercise may improve the quality of life, it may not be 

feasible option for all individuals. Therefore, the beneficial effects of NAD+ discussed in the 

present review, highlight possible ways for improving the quality of life via hindering 

numerous pathological hallmarks of aging and thereby improving the quality of life and delay 

ag-related diseases (summarized in Figure 2). Preclinical evidence of NAD+ replenishment 

that could potentially delay and/or prevent metabolic conditions, hearing loss, muscle atrophy, 

and cognitive decline are really encouraging for future perspectives. Moreover, NAD+ 

precursors, in particular NR has been shown to be safely administrated and also able to 

demonstrate improvement of cardiovascular functions in human. Thus, implicating a possible 

translational aspect of preclinical benefits of NAD+ supplementation, which is an exciting 

prospect and opens avenues for future studies to test the impact of elevated NAD+ 

biosynthesis in aging and age-associated diseases in human. 

 

Despite extensive research on NAD+ biosynthesis and its implications in health and disease, 

there are major questions that are yet to be explored. Firstly, what levels of NAD+ are to be 

associated with healthy aging and age-related diseases? In particular, it is of great relevance 

to elucidate organ and sub-cellular localisation as well levels of NAD+ in health and disease. 

Such observations would allow to map health- and disease-specific alterations of NAD+, 

which could be utilised to develop therapeutic interventions that promote NAD+ in a region-

specific manner as a counter-mechanism. Decline in NAD+ has been implicated during the 
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process of aging and age-associated diseases, thereby may be affect various processes that 

are likely to key contributors and drivers of associated dysfunction. Thus, preclinical studies 

driven towards unveiling the pathways and mechanisms underlying the beneficial effects of 

NAD+ replenishment in healthy aging and models of disease are required in order to 

understand how NAD+ contributes to delay and/or prevent hallmarks associated with aging. 

In particular, it is important to elucidate whether individual or multiple hallmark(s) 

mechanisms associated with aging are countered by NAD+ replenishment. This would allow 

understanding of the mode of NAD+ action and the interconnection and contribution of the 

various hallmarks of aging.  NAD+ precursors have thus far shown to be safely and effectively 

administrated in healthy old humans, elevating NAD+ levels in blood, but its safety and 

tolerance is yet to be determined in individuals with age-related diseases. Therefore, future 

clinical trials are required to assess the safety of NAD+ precursors in patients with age-

associated diseases such as diabetes and AD. Though, as abovementioned, careful 

evaluation of the role of NAD+, whether friend or foe in disease, must be taken into account 

for each disease-condition. Altogether, NAD+ replenishment may serve as a potential 

therapeutic strategy for aging and multiple conditions to improve the quality of life of the 

increasing aged population. 
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Figures 

 

Figure 1: NAD+ decline at the core of hallmarks of aging 

A schematic representation of age-dependent decline in NAD+ levels which contribute to ten 

hallmarks of aging, namely DNA damage, epigenetic alteration, deregulated nutrient-sensing, 

loss of proteostasis, altered cellular communication, cellular senescence, stem cell 

exhaustion, mitochondrial dysfunction, compromised autophagy, and possibly telomere 

attrition. Figure modified from[10].   
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Figure 2: Physiological and pharmacological strategies for boosting NAD+ levels 

Inhibiting the age-related decline in NAD+ levels is critical for preventing age- or disease-

related frailties. Physiological strategies that could potentially boost NAD+ levels include 

exercise, fasting, and maintaining a healthy diet. Pharmacologically, boosting NAD+ can be 

achieved via either supplementation of its precursors, NR and NMN, or inhibition of its 

consumers by use of CD38 and PARPs inhibitors. Figure modified from[10, 95].   

  

Acknowledgements  

This research was supported by the HELSE SøR-ØST (E.F.F., #2017056), The Research 

Council of Norway (E.F.F., #262175 and #277813), and two NIA Intra-laboratory grants 

(2016, 2017 to E.F.F. and V.A.B.). The E.F.F. laboratory has CRADA arrangements with 

ChromaDex. We thank Øystein Horgmo (Senior Photographer, Medical Photography 

and Illustration Service, UiO) for making some elements in Figure 1 and Figure 2.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 18

5. References 
[1] Canto C, Menzies KJ, Auwerx J. NAD(+) Metabolism and the Control of Energy Homeostasis: A 

Balancing Act between Mitochondria and the Nucleus. Cell Metab. 2015;22:31-53. 

[2] Magni G, Amici A, Emanuelli M, Orsomando G, Raffaelli N, Ruggieri S. Enzymology of NAD+ 

homeostasis in man. Cell Mol Life Sci. 2004;61:19-34. 

[3] Yaku K, Okabe K, Nakagawa T. NAD metabolism: Implications in aging and longevity. Ageing Res 

Rev. 2018;47:1-17. 

[4] Verdin E. NAD(+) in aging, metabolism, and neurodegeneration. Science. 2015;350:1208-13. 

[5] Yoshino J, Baur JA, Imai SI. NAD(+) Intermediates: The Biology and Therapeutic Potential of NMN 

and NR. Cell Metab. 2018;27:513-28. 

[6] Misiak M, Vergara Greeno R, Baptiste BA, Sykora P, Liu D, Cordonnier S, et al. DNA polymerase 

beta decrement triggers death of olfactory bulb cells and impairs olfaction in a mouse model of 

Alzheimer's disease. Aging Cell. 2017;16:162-72. 

[7] Katsyuba E, Auwerx J. Modulating NAD(+) metabolism, from bench to bedside. EMBO J. 

2017;36:2670-83. 

[8] Rajman L, Chwalek K, Sinclair DA. Therapeutic Potential of NAD-Boosting Molecules: The In Vivo 

Evidence. Cell Metab. 2018;27:529-47. 

[9] Wallace DC. Mitochondria and cancer. Nat Rev Cancer. 2012;12:685-98. 

[10] Fang EF, Lautrup S, Hou Y, Demarest TG, Croteau DL, Mattson MP, et al. NAD+ in Aging: 

Molecular Mechanisms and Translational Implications. Trends Mol Med. 2017;23:899-916. 

[11] Yoshino J, Mills KF, Yoon MJ, Imai S. Nicotinamide mononucleotide, a key NAD(+) intermediate, 

treats the pathophysiology of diet- and age-induced diabetes in mice. Cell Metab. 2011;14:528-36. 

[12] Peek CB, Affinati AH, Ramsey KM, Kuo HY, Yu W, Sena LA, et al. Circadian clock NAD+ cycle drives 

mitochondrial oxidative metabolism in mice. Science. 2013;342:1243417. 

[13] Stromsdorfer KL, Yamaguchi S, Yoon MJ, Moseley AC, Franczyk MP, Kelly SC, et al. NAMPT-

Mediated NAD(+) Biosynthesis in Adipocytes Regulates Adipose Tissue Function and Multi-organ 

Insulin Sensitivity in Mice. Cell Rep. 2016;16:1851-60. 

[14] Karamanlidis G, Lee CF, Garcia-Menendez L, Kolwicz SC, Jr., Suthammarak W, Gong G, et al. 

Mitochondrial complex I deficiency increases protein acetylation and accelerates heart failure. Cell 

Metab. 2013;18:239-50. 

[15] Gomes AP, Price NL, Ling AJ, Moslehi JJ, Montgomery MK, Rajman L, et al. Declining NAD(+) 

induces a pseudohypoxic state disrupting nuclear-mitochondrial communication during aging. Cell. 

2013;155:1624-38. 

[16] Guan Y, Wang SR, Huang XZ, Xie QH, Xu YY, Shang D, et al. Nicotinamide Mononucleotide, an 

NAD(+) Precursor, Rescues Age-Associated Susceptibility to AKI in a Sirtuin 1-Dependent Manner. J 

Am Soc Nephrol. 2017;28:2337-52. 

[17] North BJ, Rosenberg MA, Jeganathan KB, Hafner AV, Michan S, Dai J, et al. SIRT2 induces the 

checkpoint kinase BubR1 to increase lifespan. EMBO J. 2014;33:1438-53. 

[18] Lin JB, Kubota S, Ban N, Yoshida M, Santeford A, Sene A, et al. NAMPT-Mediated NAD(+) 

Biosynthesis Is Essential for Vision In Mice. Cell Rep. 2016;17:69-85. 

[19] de Picciotto NE, Gano LB, Johnson LC, Martens CR, Sindler AL, Mills KF, et al. Nicotinamide 

mononucleotide supplementation reverses vascular dysfunction and oxidative stress with aging in 

mice. Aging Cell. 2016;15:522-30. 

[20] Stein LR, Imai S. Specific ablation of Nampt in adult neural stem cells recapitulates their 

functional defects during aging. EMBO J. 2014;33:1321-40. 

[21] Yoon MJ, Yoshida M, Johnson S, Takikawa A, Usui I, Tobe K, et al. SIRT1-Mediated eNAMPT 

Secretion from Adipose Tissue Regulates Hypothalamic NAD+ and Function in Mice. Cell Metab. 

2015;21:706-17. 

[22] Mills KF, Yoshida S, Stein LR, Grozio A, Kubota S, Sasaki Y, et al. Long-Term Administration of 

Nicotinamide Mononucleotide Mitigates Age-Associated Physiological Decline in Mice. Cell Metab. 

2016;24:795-806. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 19

[23] Jadeja RN, Powell FL, Jones MA, Fuller J, Joseph E, Thounaojam MC, et al. Loss of NAMPT in aging 

retinal pigment epithelium reduces NAD(+) availability and promotes cellular senescence. Aging 

(Albany NY). 2018. 

[24] Caton PW, Kieswich J, Yaqoob MM, Holness MJ, Sugden MC. Nicotinamide mononucleotide 

protects against pro-inflammatory cytokine-mediated impairment of mouse islet function. 

Diabetologia. 2011;54:3083-92. 

[25] Ramsey KM, Mills KF, Satoh A, Imai S. Age-associated loss of Sirt1-mediated enhancement of 

glucose-stimulated insulin secretion in beta cell-specific Sirt1-overexpressing (BESTO) mice. Aging 

Cell. 2008;7:78-88. 

[26] Revollo JR, Korner A, Mills KF, Satoh A, Wang T, Garten A, et al. Nampt/PBEF/Visfatin regulates 

insulin secretion in beta cells as a systemic NAD biosynthetic enzyme. Cell Metab. 2007;6:363-75. 

[27] Gulshan M, Yaku K, Okabe K, Mahmood A, Sasaki T, Yamamoto M, et al. Overexpression of 

Nmnat3 efficiently increases NAD and NGD levels and ameliorates age-associated insulin resistance. 

Aging Cell. 2018:e12798. 

[28] Yamamoto T, Byun J, Zhai P, Ikeda Y, Oka S, Sadoshima J. Nicotinamide mononucleotide, an 

intermediate of NAD+ synthesis, protects the heart from ischemia and reperfusion. PLoS One. 

2014;9:e98972. 

[29] Park JH, Long A, Owens K, Kristian T. Nicotinamide mononucleotide inhibits post-ischemic NAD(+) 

degradation and dramatically ameliorates brain damage following global cerebral ischemia. 

Neurobiol Dis. 2016;95:102-10. 

[30] Long AN, Owens K, Schlappal AE, Kristian T, Fishman PS, Schuh RA. Effect of nicotinamide 

mononucleotide on brain mitochondrial respiratory deficits in an Alzheimer's disease-relevant 

murine model. BMC Neurol. 2015;15:19. 

[31] Wang X, Hu X, Yang Y, Takata T, Sakurai T. Nicotinamide mononucleotide protects against beta-

amyloid oligomer-induced cognitive impairment and neuronal death. Brain Res. 2016;1643:1-9. 

[32] Yao Z, Yang W, Gao Z, Jia P. Nicotinamide mononucleotide inhibits JNK activation to reverse 

Alzheimer disease. Neurosci Lett. 2017;647:133-40. 

[33] Fang EF, Scheibye-Knudsen M, Brace LE, Kassahun H, SenGupta T, Nilsen H, et al. Defective 

mitophagy in XPA via PARP-1 hyperactivation and NAD(+)/SIRT1 reduction. Cell. 2014;157:882-96. 

[34] Fang EF, Kassahun H, Croteau DL, Scheibye-Knudsen M, Marosi K, Lu H, et al. NAD+ 

Replenishment Improves Lifespan and Healthspan in Ataxia Telangiectasia Models via Mitophagy and 

DNA Repair. Cell Metab. 2016;24:566-81. 

[35] Fang EF, Bohr VA. NAD+: The convergence of DNA repair and mitophagy. Autophagy. 

2017;13:442-3. 

[36] Poljsak B, Milisav I. NAD+ as the Link Between Oxidative Stress, Inflammation, Caloric Restriction, 

Exercise, DNA Repair, Longevity, and Health Span. Rejuvenation Res. 2016. 

[37] Belenky P, Racette FG, Bogan KL, McClure JM, Smith JS, Brenner C. Nicotinamide riboside 

promotes Sir2 silencing and extends lifespan via Nrk and Urh1/Pnp1/Meu1 pathways to NAD+. Cell. 

2007;129:473-84. 

[38] Lu SP, Kato M, Lin SJ. Assimilation of endogenous nicotinamide riboside is essential for calorie 

restriction-mediated life span extension in Saccharomyces cerevisiae. J Biol Chem. 2009;284:17110-9. 

[39] Mouchiroud L, Houtkooper RH, Moullan N, Katsyuba E, Ryu D, Canto C, et al. The NAD(+)/Sirtuin 

Pathway Modulates Longevity through Activation of Mitochondrial UPR and FOXO Signaling. Cell. 

2013;154:430-41. 

[40] Zhang H, Ryu D, Wu Y, Gariani K, Wang X, Luan P, et al. NAD(+) repletion improves mitochondrial 

and stem cell function and enhances life span in mice. Science. 2016;352:1436-43. 

[41] Tsang F, James C, Kato M, Myers V, Ilyas I, Tsang M, et al. Reduced Ssy1-Ptr3-Ssy5 (SPS) signaling 

extends replicative life span by enhancing NAD+ homeostasis in Saccharomyces cerevisiae. J Biol 

Chem. 2015;290:12753-64. 

[42] Canto C, Houtkooper RH, Pirinen E, Youn DY, Oosterveer MH, Cen Y, et al. The NAD(+) precursor 

nicotinamide riboside enhances oxidative metabolism and protects against high-fat diet-induced 

obesity. Cell Metab. 2012;15:838-47. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 20

[43] Xu W, Barrientos T, Mao L, Rockman HA, Sauve AA, Andrews NC. Lethal Cardiomyopathy in Mice 

Lacking Transferrin Receptor in the Heart. Cell Rep. 2015;13:533-45. 

[44] Trammell SA, Weidemann BJ, Chadda A, Yorek MS, Holmes A, Coppey LJ, et al. Nicotinamide 

Riboside Opposes Type 2 Diabetes and Neuropathy in Mice. Sci Rep. 2016;6:26933. 

[45] Gariani K, Menzies KJ, Ryu D, Wegner CJ, Wang X, Ropelle ER, et al. Eliciting the mitochondrial 

unfolded protein response by nicotinamide adenine dinucleotide repletion reverses fatty liver 

disease in mice. Hepatology. 2016;63:1190-204. 

[46] Zhou CC, Yang X, Hua X, Liu J, Fan MB, Li GQ, et al. Hepatic NAD(+) deficiency as a therapeutic 

target for non-alcoholic fatty liver disease in ageing. Br J Pharmacol. 2016;173:2352-68. 

[47] Ryu D, Zhang H, Ropelle ER, Sorrentino V, Mazala DA, Mouchiroud L, et al. NAD+ repletion 

improves muscle function in muscular dystrophy and counters global PARylation. Sci Transl Med. 

2016;8:361ra139. 

[48] Frederick DW, Loro E, Liu L, Davila A, Jr., Chellappa K, Silverman IM, et al. Loss of NAD 

Homeostasis Leads to Progressive and Reversible Degeneration of Skeletal Muscle. Cell Metab. 

2016;24:269-82. 

[49] Schondorf DC, Ivanyuk D, Baden P, Sanchez-Martinez A, De Cicco S, Yu C, et al. The NAD+ 

Precursor Nicotinamide Riboside Rescues Mitochondrial Defects and Neuronal Loss in iPSC and Fly 

Models of Parkinson's Disease. Cell Rep. 2018;23:2976-88. 

[50] Gong B, Pan Y, Vempati P, Zhao W, Knable L, Ho L, et al. Nicotinamide riboside restores cognition 

through an upregulation of proliferator-activated receptor-gamma coactivator 1alpha regulated 

beta-secretase 1 degradation and mitochondrial gene expression in Alzheimer's mouse models. 

Neurobiol Aging. 2013;34:1581-8. 

[51] Hou Y, Lautrup S, Cordonnier S, Wang Y, Croteau DL, Zavala E, et al. NAD(+) supplementation 

normalizes key Alzheimer's features and DNA damage responses in a new AD mouse model with 

introduced DNA repair deficiency. Proc Natl Acad Sci U S A. 2018;115:E1876-E85. 

[52] Sorrentino V, Romani M, Mouchiroud L, Beck JS, Zhang H, D'Amico D, et al. Enhancing 

mitochondrial proteostasis reduces amyloid-beta proteotoxicity. Nature. 2017;552:187-93. 

[53] Sidransky E, Nalls MA, Aasly JO, Aharon-Peretz J, Annesi G, Barbosa ER, et al. Multicenter 

analysis of glucocerebrosidase mutations in Parkinson's disease. N Engl J Med. 2009;361:1651-61. 

[54] Scheibye-Knudsen M, Mitchell SJ, Fang EF, Iyama T, Ward T, Wang J, et al. A high-fat diet and 

NAD(+) activate Sirt1 to rescue premature aging in cockayne syndrome. Cell Metab. 2014;20:840-55. 

[55] Bitterman KJ, Anderson RM, Cohen HY, Latorre-Esteves M, Sinclair DA. Inhibition of silencing and 

accelerated aging by nicotinamide, a putative negative regulator of yeast sir2 and human SIRT1. J Biol 

Chem. 2002;277:45099-107. 

[56] Gallo CM, Smith DL, Jr., Smith JS. Nicotinamide clearance by Pnc1 directly regulates Sir2-

mediated silencing and longevity. Mol Cell Biol. 2004;24:1301-12. 

[57] Schmeisser K, Mansfeld J, Kuhlow D, Weimer S, Priebe S, Heiland I, et al. Role of sirtuins in 

lifespan regulation is linked to methylation of nicotinamide. Nat Chem Biol. 2013;9:693-700. 

[58] van der Horst A, Schavemaker JM, Pellis-van Berkel W, Burgering BM. The Caenorhabditis 

elegans nicotinamidase PNC-1 enhances survival. Mech Ageing Dev. 2007;128:346-9. 

[59] Mitchell SJ, Bernier M, Aon MA, Cortassa S, Kim EY, Fang EF, et al. Nicotinamide Improves 

Aspects of Healthspan, but Not Lifespan, in Mice. Cell Metab. 2018;27:667-76 e4. 

[60] Williams PA, Harder JM, Foxworth NE, Cochran KE, Philip VM, Porciatti V, et al. Vitamin B3 

modulates mitochondrial vulnerability and prevents glaucoma in aged mice. Science. 2017;355:756-

60. 

[61] Morales J, Li L, Fattah FJ, Dong Y, Bey EA, Patel M, et al. Review of poly (ADP-ribose) polymerase 

(PARP) mechanisms of action and rationale for targeting in cancer and other diseases. Crit Rev 

Eukaryot Gene Expr. 2014;24:15-28. 

[62] Bai P, Canto C, Oudart H, Brunyanszki A, Cen Y, Thomas C, et al. PARP-1 inhibition increases 

mitochondrial metabolism through SIRT1 activation. Cell Metab. 2011;13:461-8. 

[63] Martire S, Fuso A, Rotili D, Tempera I, Giordano C, De Zottis I, et al. PARP-1 modulates amyloid 

beta peptide-induced neuronal damage. PLoS One. 2013;8:e72169. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 21

[64] Cosi C, Chopin P, Marien M. Benzamide, an inhibitor of poly(ADP-ribose) polymerase, attenuates 

methamphetamine-induced dopamine neurotoxicity in the C57B1/6N mouse. Brain Res. 

1996;735:343-8. 

[65] Wu XL, Wang P, Liu YH, Xue YX. Effects of poly (ADP-ribose) polymerase inhibitor 3-

aminobenzamide on blood-brain barrier and dopaminergic neurons of rats with lipopolysaccharide-

induced Parkinson's disease. J Mol Neurosci. 2014;53:1-9. 

[66] Kauppinen TM, Suh SW, Higashi Y, Berman AE, Escartin C, Won SJ, et al. Poly(ADP-

ribose)polymerase-1 modulates microglial responses to amyloid beta. J Neuroinflammation. 

2011;8:152. 

[67] Mandir AS, Przedborski S, Jackson-Lewis V, Wang ZQ, Simbulan-Rosenthal CM, Smulson ME, et al. 

Poly(ADP-ribose) polymerase activation mediates 1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine 

(MPTP)-induced parkinsonism. Proc Natl Acad Sci U S A. 1999;96:5774-9. 

[68] Yokoyama H, Kuroiwa H, Tsukada T, Uchida H, Kato H, Araki T. Poly(ADP-ribose)polymerase 

inhibitor can attenuate the neuronal death after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-

induced neurotoxicity in mice. J Neurosci Res. 2010;88:1522-36. 

[69] Kim TW, Cho HM, Choi SY, Suguira Y, Hayasaka T, Setou M, et al. (ADP-ribose) polymerase 1 and 

AMP-activated protein kinase mediate progressive dopaminergic neuronal degeneration in a mouse 

model of Parkinson's disease. Cell Death Dis. 2013;4:e919. 

[70] Chini EN. CD38 as a regulator of cellular NAD: a novel potential pharmacological target for 

metabolic conditions. Curr Pharm Des. 2009;15:57-63. 

[71] Aksoy P, White TA, Thompson M, Chini EN. Regulation of intracellular levels of NAD: a novel role 

for CD38. Biochem Biophys Res Commun. 2006;345:1386-92. 

[72] Barbosa MT, Soares SM, Novak CM, Sinclair D, Levine JA, Aksoy P, et al. The enzyme CD38 (a 

NAD glycohydrolase, EC 3.2.2.5) is necessary for the development of diet-induced obesity. FASEB J. 

2007;21:3629-39. 

[73] Adebanjo OA, Anandatheerthavarada HK, Koval AP, Moonga BS, Biswas G, Sun L, et al. A new 

function for CD38/ADP-ribosyl cyclase in nuclear Ca2+ homeostasis. Nat Cell Biol. 1999;1:409-14. 

[74] Scheibye-Knudsen M, Tseng A, Borch Jensen M, Scheibye-Alsing K, Fang EF, Iyama T, et al. 

Cockayne syndrome group A and B proteins converge on transcription-linked resolution of non-B 

DNA. Proc Natl Acad Sci U S A. 2016;113:12502-7. 

[75] Escande C, Nin V, Price NL, Capellini V, Gomes AP, Barbosa MT, et al. Flavonoid apigenin is an 

inhibitor of the NAD+ ase CD38: implications for cellular NAD+ metabolism, protein acetylation, and 

treatment of metabolic syndrome. Diabetes. 2013;62:1084-93. 

[76] Jin D, Liu HX, Hirai H, Torashima T, Nagai T, Lopatina O, et al. CD38 is critical for social behaviour 

by regulating oxytocin secretion. Nature. 2007;446:41-5. 

[77] Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, et al. Transfer of mitochondria from 

astrocytes to neurons after stroke. Nature. 2016;535:551-5. 

[78] Camacho-Pereira J, Tarrago MG, Chini CCS, Nin V, Escande C, Warner GM, et al. CD38 Dictates 

Age-Related NAD Decline and Mitochondrial Dysfunction through an SIRT3-Dependent Mechanism. 

Cell Metab. 2016;23:1127-39. 

[79] Blacher E, Dadali T, Bespalko A, Haupenthal VJ, Grimm MO, Hartmann T, et al. Alzheimer's 

disease pathology is attenuated in a CD38-deficient mouse model. Ann Neurol. 2015;78:88-103. 

[80] Pissios P. Nicotinamide N-Methyltransferase: More Than a Vitamin B3 Clearance Enzyme. Trends 

Endocrinol Metab. 2017;28:340-53. 

[81] Liu M, Li L, Chu J, Zhu B, Zhang Q, Yin X, et al. Serum N(1)-Methylnicotinamide Is Associated With 

Obesity and Diabetes in Chinese. J Clin Endocrinol Metab. 2015;100:3112-7. 

[82] Kannt A, Pfenninger A, Teichert L, Tonjes A, Dietrich A, Schon MR, et al. Association of 

nicotinamide-N-methyltransferase mRNA expression in human adipose tissue and the plasma 

concentration of its product, 1-methylnicotinamide, with insulin resistance. Diabetologia. 

2015;58:799-808. 

[83] Kraus D, Yang Q, Kong D, Banks AS, Zhang L, Rodgers JT, et al. Nicotinamide N-methyltransferase 

knockdown protects against diet-induced obesity. Nature. 2014;508:258-62. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 22

[84] Kannt A, Rajagopal S, Kadnur SV, Suresh J, Bhamidipati RK, Swaminathan S, et al. A small 

molecule inhibitor of Nicotinamide N-methyltransferase for the treatment of metabolic disorders. Sci 

Rep. 2018;8:3660. 

[85] Titov DV, Cracan V, Goodman RP, Peng J, Grabarek Z, Mootha VK. Complementation of 

mitochondrial electron transport chain by manipulation of the NAD+/NADH ratio. Science. 

2016;352:231-5. 

[86] Cracan V, Titov DV, Shen H, Grabarek Z, Mootha VK. A genetically encoded tool for manipulation 

of NADP(+)/NADPH in living cells. Nat Chem Biol. 2017;13:1088-95. 

[87] Cambronne XA, Stewart ML, Kim D, Jones-Brunette AM, Morgan RK, Farrens DL, et al. Biosensor 

reveals multiple sources for mitochondrial NAD(+). Science. 2016;352:1474-7. 

[88] Zhao Y, Hu Q, Cheng F, Su N, Wang A, Zou Y, et al. SoNar, a Highly Responsive NAD+/NADH 

Sensor, Allows High-Throughput Metabolic Screening of Anti-tumor Agents. Cell Metab. 2015;21:777-

89. 

[89] Liu L, Su X, Quinn WJ, 3rd, Hui S, Krukenberg K, Frederick DW, et al. Quantitative Analysis of NAD 

Synthesis-Breakdown Fluxes. Cell Metab. 2018;27:1067-80 e5. 

[90] Trammell SA, Schmidt MS, Weidemann BJ, Redpath P, Jaksch F, Dellinger RW, et al. Nicotinamide 

riboside is uniquely and orally bioavailable in mice and humans. Nat Commun. 2016;7:12948. 

[91] Dellinger RW, Santos SR, Morris M, Evans M, Alminana D, Guarente L, et al. Repeat dose NRPT 

(nicotinamide riboside and pterostilbene) increases NAD(+) levels in humans safely and sustainably: a 

randomized, double-blind, placebo-controlled study. NPJ Aging Mech Dis. 2017;3:17. 

[92] Martens CR, Denman BA, Mazzo MR, Armstrong ML, Reisdorph N, McQueen MB, et al. Chronic 

nicotinamide riboside supplementation is well-tolerated and elevates NAD(+) in healthy middle-aged 

and older adults. Nat Commun. 2018;9:1286. 

[93] Chini CC, Guerrico AM, Nin V, Camacho-Pereira J, Escande C, Barbosa MT, et al. Targeting of NAD 

metabolism in pancreatic cancer cells: potential novel therapy for pancreatic tumors. Clin Cancer Res. 

2014;20:120-30. 

[94] Ju HQ, Zhuang ZN, Li H, Tian T, Lu YX, Fan XQ, et al. Regulation of the Nampt-mediated NAD 

salvage pathway and its therapeutic implications in pancreatic cancer. Cancer Lett. 2016;379:1-11. 

[95] Fivenson EM, Lautrup S, Sun N, Scheibye-Knudsen M, Stevnsner T, Nilsen H, et al. Mitophagy in 

neurodegeneration and aging. Neurochem Int. 2017;109:202-9. 

 
 


