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ABSTRACT

Advancing age and many disease states are associated with declines in nicotinamide adenine
dinucleotide (NAD") levels. Preclinical studies suggest that boosting NAD" abundance with precursor
compounds, such as nicotinamide riboside or nicotinamide mononucleotide, has profound effects on
physiological function in models of aging and disease. Translation of these compounds for oral
supplementation in humans has been increasingly studied within the last ten years; however, the
clinical evidence that raising NAD" concentrations can improve physiological function is unclear. The
goal of this review was to synthesize the published literature on the effects of chronic oral
supplementation with NAD" precursors on healthy aging and age-related chronic diseases. We
identified nicotinamide riboside, nicotinamide riboside co-administered with pterostilbene, and
nicotinamide mononucleotide as the most common candidates in investigations of NAD*-boosting
compounds for improving physiological function in humans. Studies have been performed in
generally healthy midlife and older adults, adults with cardiometabolic disease risk factors such as
overweight and obesity, and numerous patient populations. Supplementation with these compounds is
safe, tolerable, and can increase the abundance of NAD" and related metabolites in multiple tissues.
Dosing regimens and study durations vary greatly across interventions, and small sample sizes limit
data interpretation of physiological outcomes. Limitations are identified and future research directions
are suggested to further our understanding of the potential efficacy of NAD"-boosting compounds for

improving physiological function and extending human healthspan.
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INTRODUCTION

Aging is the primary risk factor for a host of chronic disorders, including cardiovascular and
metabolic diseases, chronic kidney disease, Alzheimer’s disease, and related dementias, which
represent many of the leading causes of death in developed and developing countries. As the number
of older adults rises rapidly, the personal and societal burden of chronic diseases will subsequently
grow. This heightens the need for efficacious interventions that can mitigate age-related declines in
physiological function by targeting fundamental mechanisms of aging to extend healthspan and

reduce morbidity in midlife and older adults.

A central molecule in cellular energy metabolism and nutrient sensing is nicotinamide
adenine dinucleotide (NAD"), an essential coenzyme in redox reactions-and co-substrate for non-
redox related NAD"-dependent enzymes (1). NAD" concentrations in humans may be ~10-80% lower
with advancing age (2-8). Additionally, numerous diseases are associated with reduced NAD" levels,
including metabolic disorders, cancer, and neurodegenerative diseases (1,9). Although such declines
in NAD" levels have not been observed universally across all tissues (10), the potential benefits of
restoring tissue and cellular NAD™ abundance back to young, healthy concentrations on physiological

function with aging remains a prevailing question in biomedical research.

Promising preclinical findings indicate that increasing NAD" abundance is causally linked to
improvements in physiological function and select markers of healthspan. NAD" precursors, i.e.,
endogenous molecules involved in the synthesis or regeneration of NAD*, can improve outcomes
such as glucose and insulin regulation (11), mitochondrial oxidative metabolism (12), muscle and
physical functioning (13), vascular function (14), and cognitive function (15) in numerous preclinical
mouse models of aging, obesity, and Alzheimer’s disease. These improvements in physiological
function in animal models may be mediated in part by improvements in mitochondrial function and
reductions in oxidative stress, DNA-damage pathways, and inflammation (14,16,17). These

observations have spurred interest in translating NAD*-boosting strategies for human health.
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Herein, we summarize the currently available results from clinical trials assessing the efficacy
of NAD" precursors for increasing NAD™ levels, promoting healthy aging, and improving age- and
disease-associated declines in physiological function. Of the numerous NAD" precursors available for
study in humans, most data have been collected on supplementation with niacin (i.e., nicotinamide
and nicotinic acid). Niacin has long been recognized for improving lipid metabolism and blood lipid
levels (18); however, more recent meta-analyses have concluded that niacin may not be an effective
strategy for reducing cardiovascular or all-cause mortality (19,20), limiting the biomedical
significance of this treatment. More pragmatically, niacin also is commonly associated with side
effects, particularly painful flushing, which further hinders its clinical use by lowering treatment
adherence. Nevertheless, niacin supplementation has been investigated for its potential
neuroprotective effects and may be useful as a therapeutic strategy to combat neuropathological
conditions (21). Moreover, supplementation with niacin improves muscle performance and
mitochondrial biogenesis in patients with adult-onset mitochondrial myopathy (22). Thus, although
niacin may not be a viable NAD"-boosting compound for treating cardiometabolic disorders, it may
hold promise as a therapy in other pathophysiological settings. The following discussion will not
include niacin therapies but interested readers are directed to reviews on niacin (23,24). Rather, we
specifically focus this review on supplementation with nicotinamide riboside (NR); NR in
combination with the polyphenol, pterostilbene; and nicotinamide mononucleotide (NMN), as these
compounds make up-the majority of published clinical trials to date (Figure 1). Additionally, we
excluded the review of clinical trials that studied the effects of a single dose of a NAD™ precursor as
we were primarily interested in the chronic effects of supplementation. Short-term administration (i.e.,
less than 2 weeks of treatment) of NAD*-boosting compounds are not the focus of this review but will
be discussed where applicable. Lastly, we discuss limitations of the research to date and potential
future directions for further investigation of oral supplementation with NAD*-boosting compounds in
humans. For the purposes of this review, we will use the term “NAD" metabolome” to refer to the
interconnected small molecules that are involved in, or products of, the biosynthesis and breakdown

of NAD" (25).
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NAD*-PRECURSOR CLINICAL TRIALS

Nicotinamide Riboside

Much of the human data on NAD"-boosting strategies for improving physiological function
come from clinical trials investigating oral supplementation with NR (Figure 2). The focus of many
of these trials was to assess the safety and efficacy of supplementation with NR for increasing NAD"
levels or NAD"-related metabolites in the context of healthy aging and diseased populations over
intervention durations ranging from 1 to 20 weeks. Additional physiological outcomes were
investigated to gain insight into the effects of chronic supplementation on cardiovascular, metabolic,
motor, skeletal muscle and adipose tissue function, with variable results. Of note, most of the trials
performed to date have consisted of relatively small sample sizes (n<40), thus limiting the definitive

conclusions that can be drawn regarding any treatment-induced changes in physiological function.

Generally Healthy Populations

The majority of early studies investigating dietary supplementation with NR were performed
in healthy young, midlife, and older adults to gain preliminary insight into treatment safety and
efficacy. Airhart et al. performed an open-label, non-randomized trial to initially investigate the
pharmacokinetics and NAD"-boosting capabilities of orally supplemented NR (26). Eight healthy men
and women (aged 21-50 years) took increasing doses of NR (250 mg/day up to 2000 mg/day) over an
8-day period. In this timeframe, NAD" abundance in whole blood (measured by mass spectrometry)
increased 2-fold on average and no clinically significant changes were seen in the pre-specified
laboratory safety endpoints (i.e., serum potassium, creatine kinase, glucose, uric acid, and alanine
aminotransferase). Furthermore, no changes in blood pressure, body weight, or white blood cell count
were observed. There were slight reductions in hematocrit, hemoglobin and platelet count, though

these changes have not been observed in subsequent trials. This trial was not blinded nor placebo-
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controlled, but it provided some initial evidence that supplementation with NR was safe in humans

and could effectively boost NAD" abundance.

Martens et al. performed the first randomized, double-blind, placebo-controlled, crossover
clinical trial of NR treatment in healthy midlife and older men and women (age 55-79 years) (27).
Twenty-four participants were supplemented with NR (500 mg twice/day) capsules for 6 weeks to
investigate its safety, tolerability, and efficacy for raising NAD" levels and its associated metabolites,
versus placebo treatment. Oral supplementation with NR was safe, well-tolerated, and increased
NAD" levels (assessed by mass spectrometry) in peripheral blood mononuclear cells by ~60%.
Supplementation with NR also increased nicotinic acid adenine dinucleotide (NAAD), a product of
NR utilization (28), by ~7-fold. Additionally, the investigators gained initial insight into the effects of
chronic supplementation with NR for improving cardiovascular and other physiological functions,
although it is stated that these outcomes were exploratory in nature. They found that NR decreased
casual (resting) systolic blood pressure and arterial stiffness (carotid-femoral pulse wave velocity),
with the largest improvements seen in those with above-normal systolic blood pressure (>120 mmHg)
at baseline. However, the authors note that the effects were not statistically significant after correction
for multiple comparisons. Additional outcomes such as endothelial function, motor function, and
exercise capacity, were unchanged following the intervention. Although these preliminary results
from Martens et al. suggest select cardiovascular benefits of supplementation with NR, other trials
have shown no changes in blood pressure following treatment with NR (29-31). A larger (targeted
enrollment=118 participants), appropriately-powered, parallel group design randomized controlled
trial with a 3-month treatment duration is underway to assess the therapeutic potential of NR on blood
pressure and arterial stiffness in midlife and older adults (ClinicalTrials.gov Identifier:

NCT03821623) (32).

Elhassan et al. performed a small, double-blind, placebo-controlled, crossover design study in
12 older men (age 70-80 years) to assess the effects of 3 weeks of supplementation with NR (500 mg
twice/day), with a 3-week washout period between treatments (29). The investigators sought to

determine whether NR could boost the NAD" metabolome (assessed by mass spectrometry) and alter
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skeletal muscle mitochondrial bioenergetics. They found that 3 weeks of supplementation increased
skeletal muscle NAAD (2-fold) and products of nicotinamide methylation clearance pathways (5-fold)
(i.e., N-methyl nicotinamide [MeNAM]; N-methyl-2-pyridone-5-carboxamide [Me2PY]; and N-
methyl-4-pyridone-5-carboxamide [Me4PY]) but did not change NAD" levels. Further,
supplementation had no effect on mitochondrial bioenergetics, despite inducing downregulation of
energy metabolism. Additionally, neither hand grip strength nor forearm muscle blood flow were
changed after supplementation with NR, nor were cardiometabolic parameters such as blood pressure,
body weight, and lipid profiles affected by the intervention. However, Elhassan et al. did observe ~50-
70% reductions in select plasma markers of inflammation, including interleukin (IL)-6, IL-5, and IL-
2. Chronic inflammation is a hallmark of aging and many age-associated diseases, so the potential for
supplementation with NR to modulate systemic inflammation is a promising finding. Larger studies in
both sexes are warranted to examine the effects of NR for reducing tonic inflammation in midlife and

older adults.

Some investigators have posited that the benefits of NAD*-boosting therapies may be more
efficacious in settings of cellular stress, such as that elicited by acute exercise. This led Stocks et al. to
perform a placebo-controlled, crossover design study assessing the effects of 7 days of
supplementation with NR (500 mg twice/day) on whole body substrate utilization and skeletal muscle
mitochondrial function at rest and following acute steady-state exercise in 8 young men (33). NR
treatment did not increase NAD™ levels in skeletal muscle (assessed by mass spectrometry) but did
increase abundance of the deaminated NAD™ precursors nicotinic acid mononucleotide and nicotinic
acid riboside (~2-3-fold), as well as methylated nicotinamide breakdown products (Me2PY and
Me4PY). However, 7 days of oral supplementation did not change whole body metabolism or
substrate utilization at rest or during exercise. Furthermore, Stocks et al. found that skeletal muscle
mitochondrial function, skeletal muscle sirtuin activity, and poly(ADP-ribose) polymerase 1 (PARP1;
an NAD’-consuming enzyme) protein content, measured at rest and post-exercise, were unchanged
following 7 days of supplementation with NR. The impact of a longer duration of supplementation

with NR on NAD"-consuming enzymes is unknown.
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Overweight and Obese Populations

Given the role of NAD™ in metabolism and promising preclinical results, there has been
considerable interest in testing dietary supplementation with NR in overweight and obese adults with
the goal of improving body composition and metabolic function. Thus far, 4 clinical trials have been

performed assessing supplementation with NR in this population.

Dollerup et al. conducted a 12-week randomized, double-blind, placebo-controlled, parallel-
group design clinical trial in 40 sedentary men (age 40-70 years) with a body mass index >30 kg/m?
(34-36). The investigators aimed to determine the safety, tolerability, and efficacy of NR for
improving insulin sensitivity and other metabolic markers, as well as pancreatic and mitochondrial
function. They found that NR (1000 mg twice/day) was safe, well-tolerated and resulted in increased
urinary NR and NAD"-related catabolites (measured by mass spectrometry). However, there was no
change in skeletal muscle NAD" metabolites (measured via a florescence-based cycling enzymatic
assay) and supplementation decreased nicotinamide phosphoribosyltransferase (NAMPT), an enzyme
involved in the biosynthesis of NAD" from nicotinamide. Furthermore, 12 weeks of supplementation
with NR did not affect insulin sensitivity, body composition, resting energy expenditure, pancreatic
function, incretin hormone secretion, or skeletal muscle mitochondrial respiration, content, or
morphology. Dollerup et al.’s findings question whether oral supplementation with NR can be

effective for improving metabolic health in sedentary, obese men.

Considering the need to understand the optimal dose of NR for improving health, Conze et al.
investigated the kinetics and dose-dependent effects of oral supplementation with NR. Overweight
(BMI 25-30 kg/m?), but otherwise healthy, men and women (age 40-60 years; n=133) were
randomized to placebo or 100 mg, 300 mg, or 1000 mg of supplementation with NR per day for 8
weeks, which resulted in dose-dependent increases in whole blood NAD" levels measured by mass
spectrometry (100 mg= +10%; 300 mg= +48%; 1000 mg= +139%), which were significantly different

from placebo in the 300 mg and 1000 mg groups. Plasma nicotinamide also was increased in the 1000
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mg group Vvs. placebo and plasma and urinary levels of MeNAM and Me2PY increased in the 300 mg
and 1000 mg groups. However, despite increasing the abundance of NAD", no clinical effects (blood

pressure, body weight, blood chemistries, or resting energy expenditure) were observed.

A crossover design study was performed in 13 overweight or obese (BMI 27-35 kg/m?) men
and women (age 45-65 years) who were supplemented placebo or NR (1000 mg/day) for 6 weeks
each to investigate changes to metabolic phenotypes, mitochondrial function, and brown adipose
tissue activity (31,37). Supplementation with NR resulted in increased markers of NAD® synthesis in
skeletal muscle (NAAD increased ~7-fold; MeNAM increased ~4-fold; measured via mass
spectrometry), as well as decreased fat mass (-4%), increased fat free mass (+2%), and increased
sleeping metabolic rate (+4%), the latter which was likely due to the increase in fat free mass.
However, the intervention did not affect insulin sensitivity, ambulatory blood pressure, systemic
inflammation, brown adipose tissue activity, or cold-induced thermogenesis. The select, minor
benefits on metabolic health seen in this study are somewhat promising but, to our knowledge, no

other studies of NR have replicated these results.

In the longest NR clinical trial to date, Lapatto et al. investigated 5 months of oral
supplementation with NR (38). Sixteen BMI-discordant twin pairs (within pair difference in BMI >2.5
kg/m?; average BMI 30 kg/m? mean age ~40 years old) were supplemented with NR (increasing from
250 mg/day to 1000 mg/day by 1 month, 1000 mg/day for remaining 4 months). The investigators
measured several outcomes, including mitochondrial biogenesis, satellite cell differentiation, gut
microbiome composition, and cardiovascular and metabolic health. No placebo group was included in
this open-label trial, so it is not possible to determine if any changes observed over the treatment
period can be attributed to NR per se. It is possible, however, to assess changes in outcomes with
treatment in the heavier vs. leaner BMI-discordant cotwins. Multiple markers of NAD" abundance in
whole blood (measured by mass spectrometry) increased in all twins over the course of the
intervention, with Me4PY increasing to a greater extent in the heavier vs. leaner cotwins. Muscle
mitochondrial biogenesis, satellite cell differentiation, gut microbiome composition, insulin

sensitivity, and cardiovascular outcomes did not differ with treatment within the BMI-discordant twin
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pairs but hemoglobin Alc and total plasma homocysteine increased more in the lower compared with
the higher BMI cotwins. Additionally, 4 BMI-concordant twin pairs (within pair difference in BMI
<2.5 kg/m?; average BMI 32 kg/m?; mean age ~41 years old) were assessed. Twins within a pair were
randomized to receive placebo or NR (same dose and duration as BMI-discordant twin pairs). The
limitations imposed by the small sample size and statistical tests utilized aside, descriptively speaking,

there were no obvious effects of NR in the 4 BMI-concordant twin pairs on any outcomes.

Patient Populations

Although NR has mostly been studied in generally healthy midlife and older adults,
supplementation with NR may be more effective in individuals with greater baseline physiological
dysfunction, such as those with neurodegeneration or cardiovascular diseases. Currently, three trials

have investigated oral supplementation with NR in patient populations.

Brakedal et al. examined its effects in newly diagnosed men and women with Parkinson’s
disease (mean age 64 years) (39). Thirty days of supplementation with NR (1000 mg/day) elicited
increases in brain NAD" (assessed by magnetic resonance spectroscopy), and NAD"-related
metabolites in the cerebrospinal fluid. However, the response was variable, with only 10/13
participants demonstrating an increase in NAD™ levels, and 9/10 exhibiting an increase >10%. In the
participants that exhibited increased brain NAD" after supplementation with NR, cerebral metabolism
was increased in select brain regions, indicative of increased bioenergetic efficiency, which was
related to modest improvements in motor function. In addition, those who took NR exhibited
improved mitochondrial, lysosomal, and proteasomal function within skeletal muscle and peripheral
blood mononuclear cells. Select markers of inflammation measured in serum and cerebrospinal fluid
also were reduced after 30 days of supplementation, however many of the markers were also reduced
following placebo treatment. Combined, results suggest initial promise for NR as a potential
neuroprotective therapy in Parkinson’s disease; however, larger trials are needed to confirm its

beneficial effects in this population.
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Veenhuis et al. performed an open-label trial investigating the effects of 4 months of
supplementation with NR (25 mg/kg/day) in 24 children and young men and women with the
neurodegenerative disorder ataxia telangiectasia (32). Preclinical models of this disorder are
characterized by impaired DNA repair, oxidative stress responses, and energy metabolism, including
neuronal NAD" deficiency (40,41). NR-related plasma metabolites (measured by mass spectrometry)
tended to increase (~8-fold increase in Me2PY, ~8-fold increase in Me4PY, ~32-fold increase in
MeNAM, and ~3-fold increase in nicotinamide) in all subjects. Additionally, ataxia rating scores
improved after the 4-month treatment period, though no placebo group was available for comparison.
These results highlight how NAD*-boosting strategies may be beneficial even in young populations

when NAD™ abundance is compromised due to disease processes.

Further extending the range of populations in which supplementation with NR has been
tested, Wang et al. explored the therapeutic potential of NR treatment in 30 patients with heart failure
with reduced ejection fraction (mean age 59 years) (42). The investigators found that 12 weeks of oral
supplementation with NR (500 mg/day titrated up to 2000 mg/day by week 3) was safe, well-
tolerated, and approximately doubled whole blood NAD" levels (measured via mass spectrometry).
Supplementation did not improve functional capacity (6-minute walk test) or cardiac function, but
changes in NAD" in response to NR treatment correlated with improved peripheral blood
mononuclear cell mitochondrial respiration and reduced NLRP3 inflammasome gene expression.
These results suggest that treatment with NR may lower systemic inflammation in this population by

acting on circulating immune cells.

Overall, chronic supplementation with NR has been safely administered at doses up to 2000
mg/day and its chronic effects have been investigated for up to 20 weeks. Across multiple tissues,
supplementation with NR has been reported to increase the abundance of NAD" and its related
metabolites (measured in plasma, whole blood, peripheral blood mononuclear cells, brain, skeletal

muscle, and urine). However, increases in NAD" abundance have not been observed in all studies,
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including in many of these same tissues. The variability between studies likely arises from the
different NR dosing regimens and treatment durations used, and from the different subject populations

investigated.

Studies to date on NR are limited by small sample sizes and many lack proper control groups.
Oral supplementation with NR may improve select markers of physiological function in certain
cohorts of midlife and older adults and, more recently, patient populations. However, multiple
randomized, controlled trials have shown no effect of NR for improving common clinical outcomes
such as insulin sensitivity, energy expenditure, or exercise capacity. These inconsistent findings
highlight the need for larger clinical trials in populations of healthy midlife and older adults as well as
those with diseases to rigorously evaluate whether there are therapeutic benefits of supplementation

with NR.

Nicotinamide Riboside + Pterostilbene

An important class of mammalian NAD*-dependent enzymes are the sirtuins, which play a
pivotal role in many functions essential for maintaining cellular homeostasis (43). It has been
proposed that sirtuins may mediate physiological improvements evoked by supplementation with
NAD"-boosting compounds; however, data on the ability of current NAD" precursors to increase
activity of sirtuin enzymes in humans is limited. Some researchers have begun to study dietary
supplements that combine NR with the polyphenol and putative SIRT-1 activator, pterostilbene (44—
46), in hopes of increasing NAD" abundance such that these NAD*-dependent enzymes can carry out
their necessary functions. This section will review the small number of studies that have implemented

interventions with the combination therapy of NR plus pterostilbene (Figure 3).
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Generally Healthy Populations

Dellinger et al. performed a 3-arm trial in 115 generally healthy men and women (age 60-80
years) (47). Participants were randomized to receive a low dose (250 mg NR plus 50 mg
pterostilbene), high dose (500 mg NR plus 100 mg pterostilbene) or placebo treatment for 8 weeks.
NR plus pterostilbene was found to be safe and increased NAD" in whole blood (measured by mass
spectrometry) in a dose-dependent fashion. That is, NR plus pterostilbene increased NAD" by 40% in
the low dose group and 90% in the high dose group. Additionally, despite normal baseline values, the
low dose group saw a reduction in diastolic blood pressure by 3.4 mmHg and decreased plasma
alanine transaminase, suggestive of positive effects on cardiovascular and liver function, respectively.
Although the high dose did not induce the same positive effects on cardiovascular and liver function
as the low dose, it did improve select measures of mobility including the 6-minute walk test and the
30-second chair stand test. Lastly, the high dose also increased total and low-density lipoprotein
cholesterol, which are associated with increased risk of cardiovascular disorders. The latter
observation further supports that the low dose might represent a stronger candidate for

supplementation in older adults.

Jensen et al. also investigated NR plus pterostilbene for promoting muscle stem cell function
in midlife and older adults with muscular injury (48). Thirty-two men and women (age 55-80 years)
were randomized to daily supplementation of NR plus pterostilbene (1000 mg NR plus 200 mg
pterostilbene) or placebo. After 2 weeks of supplementation, participants were exposed to electrically-
induced eccentric. muscle work to cause skeletal muscle injury. Skeletal muscle biopsies were
obtained before injury and 2 hours, 2 days, 8 days, and 30 days after injury. Jensen et al. observed
whole blood, but not skeletal muscle, NAD" levels were increased (~3-fold) after supplementation
with NR plus pterostilbene (measured by mass spectrometry). However, muscle stem cell content,
proliferation, cell size, and histological analyses of muscle recovery were unchanged. This study
found that supplementing NR plus pterostilbene at double the amount initially investigated was safe
and increased NAD" abundance in whole blood, but was not an effective therapy for increasing

skeletal muscle NAD" or muscle recovery in response to injury.
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Patient Populations

Trials also have been performed to test the NR plus pterostilbene combination in patient
populations. A double-blind, randomized, placebo-controlled trial assessed NR plus pterostilbene in
the form of EH301 (Elysium Health) in men and women with amyotrophic lateral sclerosis (ALS)
(mean age 56 years) (49). Sixteen weeks of supplementation with EH301 (1200 mg/day) led to
improvements in an ALS functional rating score, forced vital capacity, and muscular strength.
Furthermore, EH301 modestly decreased fat weight (~1 kg) and increased skeletal muscle weight
(~0.5 kg) compared to placebo. After the 16-week intervention, subjects were given the option to
continue treatment via an open-label extension to the study and were reevaluated after 1 year of
supplementation. ALS functional rating scores and muscle function were maintained whereas
pulmonary function slightly declined, however no placebo group was included for comparison at the
1-year mark. Although NAD" levels were not measured in this trial, the functional improvements

observed suggest the initial promise of NR plus pterostilbene for patients with ALS.

Dellinger et al. has since expanded on their original investigation in healthy adults to assess
NR plus pterostilbene in 111 adults with non-alcoholic fatty liver disease (mean age 54 years) (50).
Their previously employed low and high dosing regimens (low: 250 mg NR plus 50 mg pterostilbene;
high: 500 mg NR plus 100 mg pterostilbene) were found to be safe and well-tolerated for 26 weeks of
treatment, though the primary outcome of hepatic fat fraction was not changed by the intervention. In
the subset of subjects who were classified as protocol compliant (>80% compliance), select markers
of liver damage and inflammation were reduced by the low dose of NR plus pterostilbene relative to
placebo supplementation. Insulin resistance and C-reactive protein were improved from baseline in
the low-dose group but were not different from the placebo group. Of note, the two trials by Dellinger

et al., suggest greater clinical efficacy with the lower dose of NR plus pterostilbene (47,50).

In summary, limited data exist on the effects of NR plus pterostilbene, but currently

completed trials suggest that this combination therapy may improve select markers of cardiovascular,
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liver, pulmonary, and muscular function in healthy and diseased populations. Though NR plus
pterostilbene may boost NAD™ in a dose-dependent manner, the optimal dosing paradigm to elicit
beneficial clinical outcomes is less clear, with lower doses potentially possessing greater clinical
efficacy. Of note, no trials have directly compared this combined treatment to supplementation with
either NR or pterostilbene in isolation, so it is unclear whether NR plus pterostilbene is truly
beneficial in combination or whether the efficacy is driven primarily by one or the other major

bioactive component.

Nicotinamide Mononucleotide

Numerous preclinical trials have been performed with another NAD" precursor, NMN, and
some have shown promising beneficial effects on physiological outcomes (14,51-53). At first, due to
the initial high costs of manufacturing this compound at concentrations necessary for human
consumption, translation of NMN into the clinical space lagged compared to other NAD*-boosting
compounds such as NR. More recently, NMN has become more available and less expensive; as a
result, several clinical trials have recently been completed investigating the efficacy of oral
supplementation with NMN in_humans, which are outlined below (Figure 4). Of note, at the end of
2022, the Federal Drug Administration announced that NMN can no longer be sold as a dietary
supplement in the United States due to its authorization as an investigational new drug. While clinical
trials on the compound can continue to move forward, this announcement may severely limit the

availability of NMN products to the general public.

Generally Healthy Populations

Fukamizu et al. recently found that 4 weeks of oral supplementation with NMN (1250
mg/day) was safe and well-tolerated in 31 healthy men and women of varied ages (20-65 years) (54).
Indeed, no serious adverse events were reported and hematological tests (e.g., white blood cell count),
clinical biochemical tests (e.g., cholesterol), urinalysis, body composition, and vital signs were

unchanged over the 4-week treatment period. However, metabolomic analyses of blood or urine
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samples were not performed to confirm the efficacy of supplementation for increasing NAD™ or
NAD"-related metabolite abundance, limiting the interpretation and potential significance of these
results. This study provided initial evidence supporting the safety of NMN, but more rigorous
pharmacokinetics studies are necessary to understand the NAD"-boosting potential of orally

supplemented NMN.

Liao et al. studied healthy male and female recreational runners (age 27-50 years) in a double-
blind, randomized controlled trial assessing the effects of different doses of NMN on aerobic capacity
(55). Participants were randomized into 1 of 4 groups (12 participants/group): low dose (300 mg/day
NMN), medium dose (600 mg/day NMN), high dose (1200 mg/day NMN), or placebo control;
standardized exercise training was performed in each group across the 6-week intervention. Changes
to the NAD" metabolome were not assessed in this study. Submaximal exercise performance was
improved in the medium and high dose groups compared to the control group. However, maximal
aerobic exercise capacity was unchanged in all groups. These results from Liao et al. suggest NMN
treatment was safe when supplemented at up to. 1200 mg/day but efficacious for aerobic performance
only at higher (600 and 1200 mg/day) doses. Whether supplementation with NMN can induce similar
or greater beneficial effects on cardiopulmonary exercise performance in midlife and older adults (age

50+ years) is unknown.

In a multi-center, double-blind, placebo-controlled, parallel group design clinical trial, Huang
investigated the effects of 60 days of supplementation with NMN (300 mg/day) in 62 healthy men and
women (age 40-65 years) (56). NAD" levels in the serum (assessed by a colorimetric quantification
kit) increased (~10%) after the intervention but functional outcomes, including the 6-minute walk test,
blood pressure, insulin sensitivity, and well-being, were unchanged. Overall, this study supports the
efficacy of NMN for increasing serum NAD" abundance in healthy adults, though no clinical benefits

were observed.

Another multi-center, randomized controlled trial by Yi et al. assessed the effects of daily oral

supplementation with 300 mg, 600 mg, and 900 mg of NMN or placebo for 60 days in 80
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midlife/older adults (age 40-65 years) (57). Blood NAD* concentrations (assessed by a colorimetric
guantification kit) increased in the 300 mg (~3-fold), 600 mg (~6-fold), and 900 mg (~5-fold) groups
but was unchanged in the placebo group. Participants in the 600 mg and 900 mg groups walked ~1.5-
fold further during the 6-minute walk test after the intervention. Insulin sensitivity was not affected by
supplementation with NMN. Blood-based analysis of biological age (Aging.Ai 3.0 calculator) was
unchanged in the NMN-treated groups, but increased significantly in the placebo group after 60 days.
This trial showed positive effects of supplementation with NMN on physical function in healthy
midlife/older adults and observed no significant differences in treatment efficacy between 600 mg/day

and 900 mg/day NMN.

Morita et al. performed a single-arm, 8-week intervention trial in 17 healthy postmenopausal
women (age 50-80 years) and observed clinical effects of supplementation with NMN at 300 mg/day
(58). Blood nicotinamide abundance increased by ~4-fold but blood NAD" levels decreased by ~20%
after supplementation (measured by mass spectrometry) compared to baseline. This was accompanied
by declines in hemoglobin Alc (a measure of chronic blood glucose concentrations) and elevated
high-density lipoprotein cholesterol. No significant changes in body fat percentage, basal metabolic
rate, blood pressure, grip strength, or leukemic cell sirtuin 1 mMRNA expression were observed. These

results should be interpreted with caution as no placebo control group was studied for comparison.

Four randomized controlled trials have assessed supplementation with NMN across 12-week
interventions. A broad range of physiological outcomes were assessed but NMN had varying
effectiveness. Igarashi et al. found that supplementation with NMN (250 mg/day) in 42 healthy older
men (age 65+ years) increased NAD" levels by 6-fold in whole blood (measured by mass
spectrometry) (59). NR (~1.4-fold increase), NMN (~1.7-fold increase), nicotinic acid
mononucleotide (~23-fold increase), and nicotinic acid riboside (~7-fold increase) also were increased
compared to placebo treatment. Select improvements in motor function, such as increased gait speed
and grip strength, were observed, but skeletal muscle mass did not change. Additional outcomes such
as fat mass, lipids, insulin sensitivity, glucose tolerance, cognitive function, blood pressure, and

endothelial function were unchanged after the intervention. Okabe et al. found that 12 weeks of NMN
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treatment (250 mg/day) in 29 healthy men and women (age 20-65 years) was safe and increased
NAD" levels in whole blood by ~75% (assessed via mass spectrometry) (60). However, similar to the
findings of Igarashi et al., no changes to blood panels, blood pressure, or body composition were
observed. Kim et al. investigated the circadian implications of NMN treatment (250 mg/day) through
a comparison of 12 weeks of morning vs. afternoon supplementation with NMN or placebo in 108
healthy older men and women (age 65+ years) (61). They found that sleep quality, fatigue, and
physical performance were not different from placebo. Lastly, Katayoshi et al. assessed the
cardiovascular effects of 12 weeks of oral supplementation of NMN (250 mg/day) in 34 healthy
midlife/older adults (age 40-59 years) (62). Serum nicotinamide levels (measured by mass
spectrometry) were increased by ~60% but NAD" abundance was below detection limits at all
timepoints. No significant changes in blood pressure or arterial stiffness were observed. The varied
outcomes assessed in these studies limits comparison between trials, but together the results suggest

limited effectiveness of 12 weeks of supplementation of NMN in generally healthy adults.

Overweight and Obese Populations

Three studies have been performed assessing the efficacy of NMN treatment in overweight
and obese cohorts. Yoshino et al. performed a 10-week trial in 25 overweight and obese
postmenopausal women with prediabetes (age 55-75 years; BMI 25.0-44.9 kg/m?) who were
randomized to receive either supplementation with NMN (250 mg/day) or placebo (63). NMN was
found to be safe, increased NAD™ content (~50%) in peripheral blood mononuclear cells (measured
via mass spectrometry), and increased levels of the muscle NMN metabolites MeNAM, Me2PY,
and Me4PY, which the authors suggested may indicate greater NAD" turnover in skeletal muscle.
Furthermore, muscle insulin sensitivity was greater after NMN treatment. However, Yoshino et al.
reported that other important clinical outcomes such as body composition, blood pressure, plasma

glucose, lipids, and muscle strength and fatigability were unchanged following the intervention.
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Additionally, Pencina et al. performed a short-term, 2-week, placebo-controlled study in 32
overweight and obese men and women (age 55-80 years, BMI 28-40 kg/m?) and found that MIB-626,
a microcrystalline polymorph of B-NMN oral formulation (1000 mg/day vs. 2000 mg/day), was safe
and increased whole blood NAD" levels (measured by mass spectrometry) in a dose-dependent
manner (~100% increase in 1000 mg/day group; ~200% increase in 2000 mg/day group) (64).

Metabolic markers such as glucose and cholesterol were unchanged.

The same investigators also performed a 4-week, placebo-controlled study in 30-overweight
or obese adults (age > 45 years; mean BMI 29.2 kg/m?) assessing the safety and physiological effects
of oral supplementation with 2000 mg MIB-626 (65). Follow-up blood sampling also was performed
28 days after the completion of supplementation. Whole blood NAD™ (measured by mass
spectrometry) increased by ~150%, and NAD"-related metabolites such as Me2PY, nicotinamide, and
1-methylnicotinamide also were higher after supplementation, but all declined to baseline levels after
28 days without treatment. Body weight, total cholesterol, low-density lipoprotein cholesterol and
diastolic blood pressure decreased in the treatment group compared to placebo. In contrast, muscle
performance (e.g., strength, fatiguability, power), physical function (e.g., aerobic capacity), muscle
bioenergetics (e.g., creatine phosphate depletion and recovery), fasting glucose, and insulin sensitivity
were unchanged. Combined, these studies suggest supplementation with NMN is safe and can
increase NAD" abundance in overweight and obese adults. Select clinical improvements also were
observed, though how between-study differences in treatment duration and participant sex impacted

these findings requires further interrogation.

Patient Populations

Akasaka et al. assessed the safety and efficacy of NMN treatment in a population of diabetic,
physically impaired older men (grip strength <26 kg or walking speed <1.0 m/s) (66). Fourteen
participants (mean age 81 years) were supplemented with NMN (250 mg/day) or placebo for 24

weeks. Supplementation with NMN was safe and tolerable, but no changes in grip strength or walking
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speed were observed between groups. NAD" levels were not measured. The lack of improvement in
physical function in a population with impaired baseline function suggests that this outcome may not

be responsive to supplementation with NMN.

Together, supplementation with NMN appears to be safe for up to 24 weeks and, when
measured, tends to boost at least some components of the NAD"* metabolome. However, the efficacy
of NMN for improving physiological function is less clear. Whereas some studies have seen
beneficial effects of NMN on muscle insulin sensitivity and submaximal exercise performance,
several trials have reported no effects of NMN on cardiovascular, metabolic, motor, cognitive, and
sleep outcomes. Additional trials are needed to understand the optimal dose, outcomes, and
populations in which to harness supplementation with NMN for improving physiological function.
Studies to date have mostly focused on healthy adults, including those that are physically active, or
adults with cardiovascular disease risk factors. Therefore, studying different patient populations will
be necessary to understand the effects of NMN treatment in those with greater baseline physiological

dysfunction.

LIMITATIONS

Although not universally observed, several clinical studies have shown that NAD" precursors
can boost NAD" abundance and levels of NAD"-related metabolites in several different tissues.
Interventions have raised NAD" levels in midlife and older adults by ~10-100%
(27,30,39,42,47,48,56), with some trials seeing even greater improvements (59,64). Many of these
initial investigations also have reported on the safety and tolerability of supplementation across varied
doses and durations with no indications of serious adverse effects. However, there are important

limitations to consider regarding the investigation of NAD" precursor supplementation in humans.
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Oral Bioavailability of NAD" Precursors

Although some studies have quantified an increase in NAD™ abundance after treatment with
NR or NMN, many clinical trials to date do not provide evidence that oral supplementation of these
NAD™ precursors raised tissue NAD" levels. It is important to note that the exact metabolic fates of
orally administered NR and NMN in humans are complex and incompletely understood. Moreover,
interindividual differences in intestinal transport and metabolism of these compounds likely play a
role in the absorption of oral NR or NMN and may be involved in the variability of metabolites
guantified between studies (67). Different pathways have been identified in attempts to understand the
oral bioavailability of NR, such as the conversion of NR to NAD" via NAAD (28). Due to its
hydrophilicity, NR is expected to have a low passive permeability across the human intestinal mucosa
(26). Indeed, there is evidence to suggest a role of the gut microbiome in the degradation of oral NR
to nicotinic acid, which may boost in vivo NAD" via microbiota-dependent deamidation pathways
(68,69). Additionally, the ability of NR to transport freely into cells versus the need for NMN to be
dephosphorylated to NR or utilize a transporter for cell entry is controversial (70,71). Answers to
these questions are crucial to our understanding of the regulation of intestinal and systemic NAD"
metabolism. Overall, limited data exist on the pharmacokinetics of orally supplemented NAD*
precursors in humans. As such, definitive studies on the pharmacokinetics of orally dosed NR and

NMN are needed.

Quantification of NAD* Abundance

In general, lack of standardization of sample collection procedures and analytical methods
limits our ability to compare NAD" assay results among clinical trials. NAD" and its related
metabolites are highly unstable. As such, neutralizing samples and appropriate storage with internal
standards is necessary in clinical trials during which degradation of samples over the course of the
intervention is a critical issue. Inter-laboratory differences in internal standards and sensitivity of

assays also weaken our understanding of the effects of orally dosed NAD" precursors on NAD*
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abundance among studies. An additional weakness is that many extraction solvents used to maintain
NAD" degrade NADH due to differences in pH-dependent stability of the two metabolites, thus
limiting quantification to only part of the NAD" metabolome. Moreover, selection of the proper
extraction solvent is critical to prevent degradation of NAD" into other metabolites. Mass
spectrometry and nuclear magnetic resonance (NMR) spectroscopy are the most common and
accurate methods for measuring NAD™ levels (72). Although much progress has been made to
improve quantification of NAD" across different tissues, currently available techniques are expensive,
require technical expertise, and still may exhibit inherent sensitivity issues. Thus, further optimization
and standardization of these methods is necessary to establish greater confidence in NAD*
quantification within and between studies. NAD" data from clinical trials to date should be interpreted
with caution given the limitations and variability of NAD™ quantification methods utilized across

studies (72).

Of note, clinical trials that measure changes to NAD" abundance after precursor
supplementation typically use assays that quantify steady state levels of NAD" and its related
metabolites. However, if supplementation with NAD™ precursors is increasing NAD" synthesis, this
also will be accompanied by increased NAD" consumption. Thus, assessing only steady state NAD*
levels provides an incomplete picture of the efficacy of orally dosed NAD" precursors for boosting in
vivo NAD" bioavailability. Isotope tracer studies are necessary to determine how NAD" precursors are

modulating NAD" biosynthesis flux.

FUTURE DIRECTIONS

The study of NAD" precursors for enhancing human physiological function is still in its
infancy. As such, knowledge gaps exist that create opportunities for future research directions in this
field (Figure 5). Additional NAD" boosters, beyond those discussed in this review, are presently in
various stages of development and may provide additional avenues for enhancing physiological

function beyond the precursors currently available for human consumption. These novel NAD'-
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enhancing agents are harnessing different chemical structures related to NR (e.g.,
dihydronicotinamide riboside (73)) or combining multiple compounds (74,75), including nicotinamide
plus d-ribose (76), to explore novel approaches for restoring NAD™ abundance with advancing age
and disease. However, it is still unclear whether supplementation with NAD*-increasing compounds
can enhance physiological function and improve key clinical outcomes. Meaningful interpretation of
the results of published studies are limited by small sample sizes, variations in dosing regimens, wide-
ranging treatment durations, and heterogenous populations. Therefore, future research into NAD"-
boosting compounds must involve larger randomized controlled trials that are properly powered to
detect effects on physiological outcomes of interest. These trials will need to be performed in both
healthy populations and patients with chronic diseases to better determine the groups for whom
supplementation with NAD™ precursors are most efficacious. Currently, most trials have either studied
only one sex or have included small samples of men and women without assessing sex-specific effects
of supplementation. Thus, studies that seek to determine whether sex and gender differences exist in
treatment efficacy also will help to elucidate the populations who might benefit most from NAD*

precursor supplementation.

Differences in efficacy between preclinical and clinical findings on the promise of NAD*
boosters may be due to differences in dosing concentrations and treatment durations. That is, many
preclinical studies have given animals higher concentrations of NAD*-boosting compounds, for
longer relative durations, than what has been supplemented in human trials (77-79). Furthermore,
preclinical studies have not found an optimal intervention duration, often supplementing mice with

NAD precursors for anywhere between 2-20 weeks (14,52,80,81).

Thus, future investigations must work to identify the optimal treatment paradigm for NAD" boosters
to be supplemented to populations of interest to achieve the desired outcomes. This includes
identifying appropriate dose concentrations and extending supplementation periods to further
characterize the long-term safety and efficacy of treatment. However, it should be recognized that
many human trials to date have not shown clinically significant health benefits, so treatment with

NAD™ boosters may not be efficacious even in larger trials of longer durations.
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Clinical trials to date have primarily investigated NAD" precursors as monotherapies, so the
potential synergistic effects of NAD" boosters with other healthy lifestyle strategies, such as aerobic
exercise or heat therapy (e.g., regular use of sauna), are unclear. Future research assessing the
combined effectiveness of NAD"-increasing supplements with conventional exercise paradigms, as
well as novel interventions (82,83), will add to our understanding of the optimal use of these

compounds.

Once target populations and effective regimens are better understood, multi-site clinical trials
are necessary to enhance the rigor and reproducibility of findings from single site studies. Numerous
trials are currently underway to enhance our understanding of NAD"-boosting therapies for novel
populations and extended treatment durations. These trials will help guide the field in our efforts to

better characterize the context in which NAD" precursors are most beneficial.

CONCLUSIONS

Promising preclinical findings and safe translation of compounds for human consumption
have paved the way for investigation of oral supplementation with NAD" precursors as a possible
strategy to improve physiological function. NR, NR plus pterostilbene, and NMN are three commonly
utilized NAD" precursors that have been investigated. When supplemented, these compounds have
been shown to be safe, well-tolerated, and may boost the NAD" metabolome. However, only limited
data from select studies have found clinically relevant improvements to physiological function after
treatment with these NAD*-boosting supplements. Some studies have reported improvements in
cardiovascular, metabolic and physical function, primarily in groups with chronic disorders or those
with reduced baseline function, though these data come from small sample sizes and need to be
confirmed. Larger trials in the future must seek to identify the optimal dose, duration, populations,
and outcomes in which NAD" precursors demonstrate the greatest promise for improving human

health.
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Figure 1. Conceptual display of physiological outcomes assessed in currently published clinical
trials investigating chronic supplementation of nicotinamide adenine dinucleotide (NAD")
precursors. Nicotinamide riboside (NR), NR plus pterostilbene (PT), and nicotinamide
mononucleotide (NMN) are the main NAD"-boosting compounds that have been tested in
clinical trials to date. Studies have been performed in young, midlife, and older populations
(middle, far left icon), as well as populations with risk factors such as overweight/obesity
(middle, second from left icon), and patient populations (middle, third from left icon).
Physiological outcomes assessed include, but are not limited to, (bottom left to right)
mitochondrial function, metabolism, inflammation, body composition, vascular function,
muscular strength, exercise capacity/physical function, glucose-insulin regulation, and sleep.

Designed with resources from flaticon.com.

Figure 2. Clinical trials assessing oral supplementation with nicotinamide riboside (NR).

Figure 3. Clinical trials assessing-oral supplementation with nicotinamide riboside (NR) plus

pterostilbene (PT).

Figure 4. Clinical trials investigating oral supplementation with nicotinamide mononucleotide

(NMN).

Figure 5. Current research gaps in the field and suggested future directions. NAD" =
nicotinamide adenine dinucleotide; RCT = randomized controlled trial. Designed with resources

from flaticon.com.
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Figure 5

Future Direction

Efficacy of novel compounds to increase NAD+
bioavailability and improve physiological function

V8

ANAD .%

Assess additional compounds in RCTs to gain insight
into their NAD+-boosting capabilities, safety profiles,
and physiological effects

Efficacy of NAD+-boosting compounds to improve
physiological function in larger trials

AN

Perform larger RCTs to establish the efficacy of
certain NAD+ precursors for improving physiological
function versus placebo supplementation

Optimal population(s) to benefit from
NAD* precursor supplementation

a8 3
1

Perform RCTs of NAD+-boosting compounds in
additional populations, such as those with diabetes
or Alzheimer’s disease

Mechanisms by which NAD+ precursors modulate
physiological function and the role of sex and gender
in treatment efficacy

& ER5 %

Interrogate mechanisms of action via translational
research approaches and assess sex and gender
differences in treatment responses

Optimal dose required to elicit beneficial
physiological adaptations

Perform RCTs to optimize dosing regimens and
treatment durations of NAD+-boosting compounds
on target outcomes

Safety and efficacy of extended periods of NAD+
precursor supplementation

Perform RCTs with longer treatment durations

Additive or synergistic effectiveness of
NAD+-boosting compounds given in combination
with established or novel healthy lifestyle practices

Perform RCTs in which NAD+ precursors are given in
combination with healthy lifestyle strategies, such as
aerobic exercise

Enhanced rigor and reproducibility of observed
benefits of NAD+ precursor compounds

Perform multisite RCTs with most promising
NAD+-boosting compound(s)






