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Abstract
Significant progress in clinical care has extended human life expectancy to unprecedented levels. However, this trend has been parallelled 
by a rise in years lived with poor health, posing profound challenges not only to individual quality of life, but also to substantial medical and 
socioeconomic burdens at the population level. This underscores the urgent need for strategies that extend healthspan alongside lifespan. 
In this regard, nicotinamide adenine dinucleotide (NAD+) has emerged as a central metabolic cofactor and signaling molecule that regulates 
processes fundamental to health and longevity, including energy metabolism, mitochondrial function, inflammation, and DNA repair. 
Importantly, intracellular NAD+ levels decline with age across multiple tissues and organ systems, and restoring NAD+ content has been 
shown to reinstate cellular and physiological function in various model systems. Among the strategies to augment NAD+, supplementation 
with its precursors, namely nicotinic acid/niacin, nicotinamide, nicotinamide riboside, and nicotinamide mononucleotide, represents the most 
practical and extensively studied approach. Over the past two decades, preclinical research and an increasing number of clinical trials have 
investigated the therapeutic potential of these precursors in preventing or reversing age-associated decline and pathologies. In this review, 
we synthesize recent clinical advances, critically evaluate the promise and limitations of NAD+ precursor supplementation, and discuss future 
directions for leveraging NAD+ metabolism to improve healthspan in a rapidly aging global population.
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1. Introduction
Aging is one of, if not the leading risk factor for the development of chronic disorders, including cardiovascular, metabolic, and 
neurodegenerative diseases, and musculoskeletal impairments[1]. Over the past decade, substantial progress has been made in 
understanding the fundamental mechanisms of aging and their contribution to age-related functional decline[2], suggesting that 
slowing the aging process itself may delay the onset and progression of late-life chronic diseases[3]. There is a growing recognition 
that, unlike chronological aging, the mere passage of time, biological aging, which reflects the rate at which cells and organs loose 
function, is a modifiable risk factor. Ample preclinical evidence demonstrating that targeting the hallmarks of aging can slow 
age-associated deterioration has fueled interest in human trials aimed at evaluating potential geroprotective therapies[3,4]. Optimizing 
these therapeutic approaches for clinical use could provide safe and effective strategies to improve quality of life and reduce 
morbidity in older individuals.

Emerging experimental and epidemiological studies indicate that aging is associated with a gradual decline in nicotinamide adenine 
dinucleotide (NAD+)[5-7], a central molecule in energy metabolism and a pleiotropic coenzyme involved in, but not limited to, cell 
signaling, mitochondrial function, post-translational protein modifications, epigenetic regulation, and autophagy. These cellular 
processes and functions are critical for maintaining tissue and metabolic homeostasis and for healthy aging[8]. Recent findings have 
transformed our understanding of NAD+ metabolism and guided research aimed at uncovering why aging drives NAD+ decline in 
certain tissues and how non-uniform NAD+ decline impacts physiological function in health and disease.

Aberrant NAD+ metabolism in general, and declines in NAD+ levels in particular, are implicated in the pathogenesis of multiple 
age-related disorders, ranging from cardiovascular and metabolic diseases[5,9,10], cognitive decline and cerebrovascular disorders[11] 
to muscular impairments[12]. Conversely, therapeutic replenishment of NAD+ levels through supplementation with its precursors 
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reduces chronic low-grade inflammation, reactivates autophagy and mitochondrial biogenesis, and enhances oxidative metabolism 
in various cell types in both humans and rodents with age-related pathologies[8].

The accumulating experimental evidence supporting the broad health-improving effects of NAD+-boosting agents, which can 
attenuate age-related functional decline and increase healthspan in various experimental models of aging, has spurred scientific and 
public interest in translating NAD+-based therapies into clinical practice[8,9,13,14]. Despite extensive preclinical evidence demonstrating 
the benefits of NAD+, clinical studies still lag behind. To date, a limited number of trials have been completed, and many of these 
focused on safety, tolerability, and the ability of NAD+ precursors to increase NAD+ bioavailability. Moreover, only a few trials have 
consistently reported an age-related decline in NAD+ levels in humans. Nonetheless, completed clinical studies investigating the 
therapeutic potential of NAD+ precursors in age-related diseases highlight that we are only beginning to understand both the 
challenges and opportunities of translating promising preclinical findings from anti-aging studies into meaningful health benefits in 
humans.

In this review, we summarize and critically assess clinical trials completed over the past decade investigating NAD+ precursors in the 
context of aging and age-related disorders. We outline future directions and challenges to advance research aimed at defining the 
therapeutic value of NAD+ precursors and supporting their implementation in clinical practice to promote healthy aging. For a 
comprehensive overview of the physiological functions of NAD+, intracellular NAD+ metabolism, including NAD+ biosynthesis and 
consumption, subcellular compartmentalization of NAD+, inhibitors of NAD+-consuming enzymes, as well as NAD+ bioavailability, we 
refer readers to other relevant in-depth reviews[5,8,13,15].

2. Human Trials Exploring NAD+ Precursors Supplementation in Aging and Age-Related Disorders
NAD+ precursors are vitamin B3 derivatives and important dietary components found in various foods. The main dietary sources of 
NAD+ are nicotinamide (NAM) and nicotinic acid (NA), collectively referred to as preformed niacin, which is an essential micronutrient 
and often fortified in food staples (Figure 1), like rice, flour, cereals, bread, pasta and milk to improve their nutritional value and help 
prevent niacin deficiencies that can lead to pellagra[16]. Furthermore, NAD+ precursors such as nicotinamide riboside (NR) and 
nicotinamide mononucleotide (NMN) have been proposed as alternative, and arguably more effective[17], NAD+ enhancers to 
counteract metabolic and age-related functional decline[18]. Based on promising findings from rodent studies, which demonstrated 
that increasing intracellular NAD+ levels may help improve various human age-related diseases and comorbidities, clinical trials have 
primarily investigated the preventive and therapeutic benefits of oral supplementation with NAD+ precursors (Figure 2). The majority 
of NAD+-centered clinical trials have determined the safety, tolerability, and bioavailability of different naturally occurring NAD+ 
precursors in older individuals. Human studies consistently show that oral supplementation with various NAD+ precursors is generally 
safe and well tolerated, while only a minority of trials have reported mild side effects or negative outcomes. For example, 
supplementation with NR combined with pterostilbene, a sirtuin activator, was associated with minor gastrointestinal symptoms, 
nausea, and diarrhea in aged patients with acute kidney injury[19] as well as in otherwise healthy older adults[20]. Another study 
suggested that exposure to excessive niacin can provoke vascular inflammation and increase risk of cardiovascular disease[21], 
although these observations remain correlative and require further validation in future studies.

We performed a systematic search in the PubMed database for randomized clinical trials published between 2020 and 2025 using 
terms related to NAD+ precursors (e.g., nicotinamide riboside, nicotinamide mononucleotide, niacin, nicotinic acid, nicotinamide) in 
combination with aging or age-related diseases. In Table 1, we provide a comprehensive overview of recently completed and 
published trials testing the efficacy of natural NAD+ precursors against cardiac-, vascular-, cerebral-, metabolic-, and 
skeletomuscular-related endpoints in middle-aged and older adults.

2.1 NAD+ precursors against dyslipidemia to reduce cardiovascular disease risk
A major contributor to unhealthy aging is obesity and associated dyslipidemia, both of which have been growing exponentially over 
recent decades[22]. Obesity accelerates the aging process, while aging exacerbates the metabolic consequences of obesity, creating a 
vicious cycle that has contributed to a global surge in cardiovascular disease, currently affecting approximately 640 million people 
worldwide[22]. The causal relationship between obesity and cardiovascular aging has driven substantial interest in interventions 
aimed at improving lipid profiles to reduce obesity and mitigate the associated risk of cardiovascular disease and metabolic disorders 
in older adults.

Among the various NAD+ precursors, niacin, alone or in combination with statins, has received considerable attention for its potent 
lipid-lowering effects in this context. NA (commonly referred to as niacin) is the most extensively studied NAD+ precursor for reducing 
cardiovascular risk, not by increasing NAD+ itself, but through the management of dyslipidemia and related atherosclerosis. Its ability 
to lower circulating triglycerides and low-density lipoprotein (LDL) cholesterol while increasing high-density lipoprotein (HDL) 
cholesterol[23,24] has historically been associated with reduced mortality in humans[25]. However, recent large trials, including the 
Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides: Impact on Global Health Outcomes 
(AIM-HIGH)[26] and the Heart Protection Study 2-Treatment of HDL to Reduce the Incidence of Vascular Events (HPS2-THRIVE)[27], 
demonstrated no additional reduction in cardiovascular risk when niacin was added to statin therapy, despite improved HDL and 
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triglyceride levels. Both trials used sustained-release formulations to improve tolerability, as high dose NA frequently causes flushing, 
a cutaneous vasodilatory reaction primarily mediated by prostaglandin D2 release. Although extended-release forms of niacin reduce 
flushing, their lipid-lowering effect is associated with modest increases in adverse events, including disturbances in glucose control, 
gastrointestinal symptoms, and myopathy[27,28].

Figure 1. Classification of foods by category and their nutritional values for niacin equivalents. The graph depicts a range of selected foods, ranked based on their niacin 

equivalent content. The main dietary sources of NAD+ are nicotinamide and nicotinic acid, collectively referred to as preformed niacin. One milligram of niacin equivalents 

corresponds to either 1 mg of niacin or 60 mg of tryptophan. For similar food items (e.g., types of cheese), average values were calculated and grouped accordingly. 

Nutritional values for niacin equivalents were sourced from the German Nutrient Data Base (https://www.blsdb.de/; Federal Ministry of Food and Agriculture, Karlsruhe, 

Germany). Created in BioRender.com. NAD+: nicotinamide adenine dinucleotide.
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Figure 2. Clinical outcomes and potential benefits of NAD+ augmentation in age-associated disorders. (A) Aging is associated with a gradual decline of intracellular NAD+ 

levels due to reduced NAD+ biosynthesis, increased NAD+ consumption or both. NAMPT is the rate-limiting enzyme of the NAD+ salvage pathway and a key regulator of the 

intracellular NAD+ content. Major NAD+ consumers include PARPs, and cADPR synthase (e.g., CD38), and sirtuins. Potential interventions that increase cellular NAD+ content 
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include NAD+ precursor supplementation, such as NA, NAM, NR, and NMN, increased intake of foods containing high levels of NAD+, regular physical exercise, and caloric 

restriction; (B) Effects and potential health benefits of NAD+ precursors supplementation in middle-aged and older adults. Arrows indicate effects that are up- or 

downregulated in response to NAD+ precursors supplementation, as demonstrated in clinical trials. Points indicate potential preventive and therapeutic benefits of NAD+ 

precursors to delay age-related diseases. Created in BioRender.com. NAD+: nicotinamide adenine dinucleotide; AD: Alzheimer’s disease; MCI: mild cognitive impairment; 

NA: nicotinic acid; NAM: nicotinamide; NAMPT: nicotinamide phosphoribosyltransferase; NMN: nicotinamide mononucleotide; NR: nicotinamide riboside; PBMCs: peripheral 

blood mononuclear cells; PD: Parkinson’s disease; PAD: peripheral artery disease; PARPs: poly(ADP-ribose) polymerases.

Table 1. List of completed clinical trials (between years 2020-2025) testing the efficacy of NAD+ precursors against various age-related 

diseases and their relevant endpoints in middle-aged and older adults.

Disease/target 

population

Number and health status 

of participants
Precursor Regimen/dose Study findings

Side 

effects
References

Healthy young- and old-

aged adults, N = 24

500 mg 

(single dose)

Increased NAD(P)H levels, 

decreased oxidative stress, 

and improved physical 

performance only in old 

individuals

Not 

observed

[51]

Healthy old-aged adults, 

N = 22-24

NR

500 mg twice a day, 

6 weeks

Increased serum NAD+ 

metabolome, decreased 

neurodegenerative markers 

in neuron-derived 

extracellular vesicles

Not 

observed

NCT02921659[70]

Healthy middle-aged men, 

N = 42

250 mg/day, 

6 or 12 weeks

Trend towards 

improvements in gait speed 

and left grip strength

Safe [112]

Healthy old-aged men, 

N = 10

100/250/500 mg 

(single dose)

No adverse effects Safe [40]

Healthy middle age adults, 

N = 10

9 mmol/L 

(single intravenous 

dose)

Reduced blood triglyceride 

levels

Safe [113]

Healthy middle- and old-

aged adults, N = 66

250 mg/day, 

60 days

Increased serum NAD+, 

helped to maintain healthy 

glycemic profile

Safe NCT04228640[114]

Healthy

Old adults with deteriorating 

sleep quality, fatigue, and 

impaired physical 

performance, N = 108

NMN

250 mg 

(morning or evening 

dose), 12 weeks

Improved physical 

performance and less 

fatigue specifically in the 

evening intervention group

Not 

observed

[55]

Old-aged patients with heart 

failure with reduced ejection 

fraction, N = 30

1 g/day (twice daily), 

12 weeks

Increased whole blood NAD+ 

levels, which correlated with 

increased respiration and 

decreased proinflammatory 

cytokine expression in 

peripheral immune cells.

Safe NCT03423342[95]

1 g/day NR with 3 

days/week of 

supervised 30 mins 

NR + exercise showed a 

trend towards greater 

nighttime blood pressure 

Cardiovascular 

disease

Middle-aged and old adults 

with hypertension, N = 54

NR

Safe [64]
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walking exercise, 6 

weeks

reduction

Old-aged patients with 

peripheral artery disease, 

N = 8

1 g/day NR, 

4 weeks

Improvement in vascular and 

cognitive health

Not 

observed

NCT06534944[49]

Old-aged patients with 

lower extremity peripheral 

artery disease, N = 90

1 g/day NR alone and 

NR with resveratrol, 

6 months

Improvement in 6-minute 

walk distance at 6-month 

follow-up

Not 

observed

NCT03743636[54]

Old-aged overweight or 

obese adults, N = 30

β-NMN 500 mg β-

nicotinamide 

mononucleotide (MIB-

626) (twice daily), 28 

days

Decreased body weight, 

diastolic blood pressure and 

total cholesterol.

Safe [42]

Old-aged patients with heart 

failure with reduced ejection 

fraction, N = 12

Niacin Single dose of 1g (oral) 

Niacin

Decreased serum free fatty 

acids, no change in cardiac 

output.

Flushing 

and facial 

heat 

sensation

NCT04703361[42]

Old-aged obese and insulin 

resistance men, N = 40

NR 1 g (twice daily), 

12 weeks

No change in skeletal muscle 

mitochondrial amount, 

morphology and respiration

Not 

observed

NCT02303483[56]

Post-menopausal women 

with prediabetes,overweight 

or obese, N = 25

250 mg/day, 

10 weeks

Increased insulin-stimulated 

glucose disposal and skeletal 

muscle insulin signaling

Not 

observed

NCT03151239[65]

Metabolic disorders

Old adults with diabetes and 

impaired physical 

performance, N = 14

NMN

250 mg/day, 

24 weeks

No improvement in grip 

strength and walking speed

Safe [58]

Old-aged Parkinson’s 

disease patients, 

N = 47

Niacin 100-250 mg/day, 

3-12 months

Trend to improved mood 

and motor functions

Mild 

flushing at 

100 

mg/day

[115,116]

Old-aged Parkinson’s 

disease patients, 

N = 30

1 g/day, 

30 days

Increased brain NAD+ 

metabolism, decreased 

neuronal inflammation.

Safe NCT03816020[80]

Old-aged mild cognitive 

impairment patients, N = 20

NR

Dose escalation to a 

final dose of 1 g/day 

over a 10-week study 

duration

Increased blood NAD+ levels, 

no change in cognitive 

function

Safe NCT02942888[71]

Neurodegenerative 

diseases

Old-aged mild cognitive 

impairment or Alzheimer's 

disease patients, N = 40

NAM 1.5 g (twice daily), 

48 weeks

Potentially slower CSF p-tau
231 protein accumulation

Safe NCT03061474[76]

Improved markers of 

systemic mitochondrial 

metabolism and blood lipid 

profile, No improvement in 

Chronic kidney 

disease

Old-aged chronic kidney 

disease patients, N = 25

NR NR (1 g/day) and 

Coenzyme Q10 (1.2 

g/day), 

6 weeks

Not 

observed

NCT03579693[43]
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maximal oxygen 

consumption or total work 

efficiency

Fatty Liver Disease Middle-aged non-alcoholic 

fatty liver disease patients, 

N = 111

NR NRPT (nicotinamide 

riboside and 

pterostilbene) a 

recommended dose 

(NRPT 1x) and a 

double dose (NRPT 2x), 

6 months

Improvement in liver health Safe NCT03513523[117]

Young- and old-aged 

patients with mitochondrial 

myopathy, N = 15

Niacin 750-1,000 mg/day, 

10 months

Increase in skeletal muscle 

mitochondrial functions, 

muscle strength, and 

physical performance

Not 

observed

NCT03973203[53]Skeletomuscular 

disorder

Old adults with 

experimental muscle injury, 

N = 32

NR 1 g/day NR and 200 

mg/day PT, two weeks 

before injury and 

continued until 30 

days after

No effect on muscle stem 

cell content and 

proliferation. No effect on 

muscle fiber area.

Safe NCT03754842[118]

COPD Old-aged patients, 

N = 58

NR 2 g/day, 

6 weeks

Significantly reduced sputum 

interleukin-8 levels.

Safe NCT04990869[97]

NAD+: nicotinamide adenine dinucleotide; NA: nicotinic acid; NAM: nicotinamide mononucleotide; NMN: nicotinamide mononucleotide; NR: nicotinamide riboside; 
COPD: chronic obstructive pulmonary disease; NRPT: nicotinamide riboside with pterostilbene.

Ferrell et al. recently reported that increased levels of a terminal metabolite of excess niacin, N1-methyl-4-pyridone-3-carboxamide 
(4PY), were associated with endothelial inflammation and increased risk of major adverse cardiovascular events (MACE, a composite 
of strokes, myocardial infarctions, and death) in two cohorts involving more than 4,300 participants with stable cardiac disease[21]. 
Several interpretations could explain the correlational observations ascribed to niacin by Ferrell et al., who suggested that exposure 
to excessive niacin might provoke vascular inflammation and increase risk of cardiovascular disease[21]. First, higher 4PY levels could 
reflect independent nutritional and lifestyle habits, which predispose to MACE and/or simply serve as markers of chronic 
inflammatory vascular processes, suggesting that elevated 4PY levels are not causally responsible for the detrimental effects[29]. 
Intriguingly, niacin can inhibit vascular inflammation and protect against endothelial dysfunction independently of plasma lipid 
changes, particularly under low tryptophan conditions[30]. This anti-inflammatory effect appears to be mediated, at least in part, by 
direct interactions between tryptophan metabolites, such as NAM and NA, and the gut microbiome[31], especially when these 
metabolites are administered using a pH-targeted delayed-release formulation[32]. Secondly, overall diet quality, such as consumption 
of an unhealthy fast-food diet rather than micronutrient intake, may account for the observed association between 4PY and MACE[33]. 
Third, as 4PY is a terminal niacin metabolite designated for excretion, its increase could reflect impaired clearance rather than 
increased niacin intake, highlighting the need for metabolic flux assessments. Future research is required to clarify these assumptions 
and resolve the long-standing “niacin paradox”. In this context, Guyton and Boden recently proposed a thought-provoking 
“counterregulatory sympathetic stimulation” hypothesis[34]. Central to this theory is that niacin taken at bedtime may impair 
cardiovascular outcomes by substantially reducing non-esterified fatty acids. This can provoke fuel insufficiency during fasting and 
trigger a counterregulatory hormone response, including a catecholamine surge[35] and increased sympathetic nervous system 
activity, which may elevate the risk of myocardial infarction or sudden cardiac death, particularly in the morning[36,37]. Historically, 
niacin was taken with meals, whereas recent trials administered it at bedtime, possibly contributing to its lack of cardiovascular 
benefit when combined with statin therapy. Hence, future studies are needed to determine whether the timing of niacin 
administration (ie, bedtime vs. mealtime) is a critical factor affecting its efficacy and safety. Given that raising HDL with niacin does 
not further reduce cardiovascular risk in patients with low LDL, niacin is now primarily used as an alternative lipid-lowering agent 
for statin-intolerant patients.

Niacin is less potent at increasing NAD+ levels compared to other precursors, such as NR, NMN, and NAM[38]. Thus, the interest in 
human trials has shifted toward these NAD+-enhancing agents, particularly because they do not activate GPR109A receptors, which 
mediate the well-known flushing side effect of niacin. In this context, NR and NMN are the most commonly tested natural NAD+ 
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precursors in clinical studies. Although the majority of these trials involved small numbers of participants, they consistently showed 
that various doses and durations of NR and NMN supplementation are well tolerated and increase whole blood NAD+ levels in healthy 
middle-aged and older adults[39,40]. Nevertheless, larger trials are needed to confirm the safety of these precursors, as the adverse 
effects of niacin became apparent in large-scale clinical trials enrolling thousands of participants and long-term follow-ups[27].

A recent meta-analysis of eight NMN-centered clinical trials conducted between 2021 and 2023 (dose range 250-2,000 mg/day for a 
duration of 14 days to 12 weeks), involving a total of 342 mainly non-diabetic and relatively healthy middle-age and older adults, 
reported no significant benefit of NMN on lipid profile or glucose control[41]. By contrast, oral supplementation of β-NMN (also known 
as MIB-626) in older adults with obesity increased circulating NAD+ levels, improved lipid parameters, and reduced diastolic blood 
pressure[42]. Similarly, NR supplementation combined with coenzyme Q10 improved markers of systemic mitochondrial metabolism 
and lipid profiles but did not enhance peak oxygen consumption or total work efficiency in middle-age patients with chronic kidney 
disease. Importantly, these findings were based on advanced lipidome analysis, and not traditional lipid panel values, such as LDL and 
HDL[43].

Like NR and NMN, NAM does not cause the flushing characteristic for NA/niacin. However, it has a more established safety profile, 
supported by phase 3 trials testing high doses over extended periods in both juvenile and older patients with type 1 diabetes and 
non-melanoma skin cancer, respectively, as demonstrated in the Oral Nicotinamide to Reduce Actinic Cancer (ONTARC)[44] and 
European Nicotinamide Diabetes Intervention Trial (ENDIT)[45] trials. Furthermore, NAM is disproportionately abundant among NAD+ 
precursors in both food and circulation[5], reinforcing its safety and suitability for human studies in other conditions. This finding 
opens a new perspective on the previously understudied therapeutic potential of NAM against cardiovascular disease. In support of 
this idea, a prospective community-based study enrolling an age- and sex-stratified random sample of 1,000 men and women 
(between the 4th and 7th decades) found that a diet enriched in NAM and NA was associated with lower blood pressure and reduced 
risk of overall and cardiac mortality over 20-year follow-up[46]. In another study, NAM depletion was associated with a more severe 
heart failure with preserved ejection fraction (HFpEF) phenotype and poorer prognosis. Specifically, older patients with HFpEF 
displaying a higher methyl-nicotinamide/nicotinamide ratio, indicative of reduced NAM bioavailability for NAD+ biosynthesis, had a 
significantly increased risk of adverse outcomes, a composite of cardiovascular death, heart failure hospitalization, urgent heart 
failure visits, or diuretic intensification[47,48].

Peripheral artery disease (PAD), characterized by systemic endothelial dysfunction, is associated with an increased risk for cerebral 
small vessel disease and vascular cognitive impairment in older adults. A pilot clinical study with an open-label design demonstrated 
that NR in older adults with PAD may lead to significant improvements in both macrovascular and microvascular endothelial 
function. Additionally, NR appeared to enhance cerebrovascular hemodynamics during cognitive tasks, resulting in modest gains in 
cognitive performance[49]. While these findings rely on surrogate endpoints, such as endothelial function and cognitive tests, they 
provide a rationale for future randomized controlled trials incorporating functional, anatomical, symptomatic, and clinical 
event-based outcomes to more accurately assess the benefits of NAD+ supplementation in mitigating age-related vascular and 
cognitive decline.

Taken together, these findings highlight both the promise and complexity of targeting NAD+ metabolism in cardiovascular aging. 
Niacin, the most extensively studied precursor, shows inconsistent clinical benefits, adverse effects, and mechanistic uncertainties, 
which have limited its broad clinical application. In contrast, newer precursors such as NR, NMN, and NAM exhibit more favorable 
safety profiles, reliable NAD+-boosting capacity, and early evidence of potential vascular and cardiometabolic benefits in older adults. 
Nevertheless, most clinical trials remain small and underpowered, underscoring the need for larger, long-term studies to determine 
whether NAD+ repletion can effectively reduce cardiovascular risk and chronic inflammation in aging populations with cardiovascular 
disease.

2.2 NAD+ precursors and exercise to improve skeletal muscle health in aging
Lower skeletal muscle mass and strength during aging can lead to progressive pathological muscle wasting and weakness, termed 
sarcopenia, which directly affects physical mobility and survival. A decline in cellular NAD+ levels has been associated with reduced 
mitochondrial oxidative capacity in patients with sarcopenia of different ethnicities between the ages of 65 and 79 years[12]. 
Moreover, skeletal muscle NAD+ abundance is reduced in physically impaired, but otherwise healthy, older adults[50], suggesting that 
increased energy expenditure during exercise, combined with compromised energy metabolism due to NAD+ insufficiency, may result 
in an inadequate exercise response. By contrast, exercise-trained older subjects exhibit NAD+ levels similar to those of younger 
individuals[50]. These findings support the ostensible link between normal cellular NAD+ content and a healthy muscle phenotype in 
humans. Importantly, these observations further suggest that maintaining physiological skeletal muscle NAD+ levels might not only 
prevent, but potentially reverse, age-associated physical weakness and even sarcopenia. In support of this idea, skeletal muscle 
biopsy studies in healthy elderly men showed that NR modulates muscle transcriptomes, enhances NAD+ metabolism (though not 
NAD+ abundance itself), improves redox status, and reduces inflammatory cytokine levels[43,51,52]. Similarly, niacin supplementation 
increased strength and muscle performance, an effect attributed to stimulated mitochondrial biogenesis and elevated mitochondrial 
mass in patients with mitochondrial myopathy[53]. In another study, six months of NR supplementation increased six-minute walk 
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distance in older adults with PAD[54], whereas NMN supplementation for the same duration enhanced physical performance and 
reduced fatigue in older adults with low physical activity[55]. However, not all studies support the therapeutic potential of dietary NAD+ 
precursor supplementation against skeletomuscular diseases. For example, oral NR supplementation failed to increase muscle 
mitochondrial respiratory capacity, insulin sensitivity or muscle NAD+ content[52,56,57]. Similarly, NMN did not enhance physical 
performance in older adults with type 2 diabetes mellitus[58], and NR did not improve activity levels in patients with chronic kidney 
disease[43]. Additionally, no notable improvements in mitochondrial or skeletal muscle function were observed after supplementation 
with L-tryptophan, NA, and NAM in physically impaired, but otherwise healthy, older individuals[59]. A recent meta-analysis showed 
minimal potential of NR and NMN supplementation to improve sarcopenia-related conditions across diverse patient populations[60], 
further limiting the biomedical significance of these interventions. Nevertheless, it is important to note that these studies used 
relatively low oral doses of precursors, which may be suboptimal for effectively targeting skeletal muscle.

Aerobic exercise is widely regarded as the gold standard intervention for maintaining healthy skeletal muscle function at any stage of 
life. However, the effects of exercise have been shown to be variable in older adults[61,62]. For example, aerobic exercise can lower 
blood pressure, but the magnitude of this effect differs among hypertensive adults[63], with some older individuals showing resistance 
to exercise-induced reductions in systolic blood pressure[63]. This variability suggests that additional biological factors may influence 
individual responses to exercise. In this regard, it is tempting to speculate that reduced NAD+ abundance may be a critical biological 
factor contributing to the heterogeneity of physical function adaptations to exercise training in middle-aged and older adults. 
However, combining aerobic exercise with NR supplementation did not improve blood pressure control beyond that achieved with 
aerobic exercise alone in middle-aged and older adults with hypertension[64]. Given that this pilot study was of short duration 
(6 weeks) and involved a relatively small number of participants, larger and longer-term studies, incorporating alternative or more 
intensive exercise programs are warranted.

Taken together, current evidence indicates that NAD+ precursors supplementation induces a limited number of favorable molecular 
and metabolic adaptations in skeletal muscle, even in the absence of measurable increases in muscle NAD+ levels in biopsies from 
older adults. However, the translation of these biochemical changes into consistent, clinically meaningful gains in muscle strength or 
performance remains variable and appears to be influenced by age-associated comorbidities, baseline functional status, and disease 
context. Given that previous trials largely failed to elevate muscle NAD+ levels through oral precursors, intravenous delivery of NAD+ 
precursors, as reported mainly in case studies, may offer additional benefits by sustaining increases in muscle NAD+ content, although 
the evidence remains preliminary and speculative[64]. While exercise is the most powerful strategy to delay normal muscle aging and 
prevent sarcopenia, regular physical activity is often difficult to implement in older adults with comorbidities or poor baseline 
physical health. In this context, further studies are needed to test whether NAD+ precursor supplementation can enhance the 
biological responses to, and the efficacy of, regular exercise training in preventing or delaying age-related functional decline and 
comorbidities[62].

2.3 NAD+ precursors against the loss of metabolic control in aging
A decline in cellular NAD+ levels can contribute to the gradual loss of metabolic regulation and the onset of metabolic dysfunction 
during aging[6]. In turn, impaired metabolic control may exacerbate other aging processes, creating a self-perpetuating cycle that 
accelerates age-related decline. For instance, insulin sensitivity and glucose tolerance progressively decline with age, affecting 
multiple tissues, including—but not limited to—skeletal muscle, pancreas, liver, brain, and heart. Preclinical studies have shown that 
impaired NAD+ metabolism is closely linked to insulin resistance and glucose dysregulation. Reduced NAD+ levels and NAD+/NADH 
ratios, commonly observed in diabetes and obesity, contribute to mitochondrial dysfunction, increased accumulation of reactive 
oxygen species, and impaired glucose uptake[8]. Despite these promising experimental findings, clinical trials have produced mixed 
results. For example, oral NMN supplementation enhanced skeletal muscle insulin sensitivity in postmenopausal women with 
prediabetes who were overweight or obese[65]. However, aside from an approximately 20% increase in insulin sensitivity, NMN had no 
significant effects on body composition, liver/adipose fat, basal glucose and insulin levels, or other basal metabolic indicators, 
limiting the generalizability of these findings. In another study, NR supplementation modulated acetyl-carnitine metabolism in 
skeletal muscle and induced minor changes in body composition and sleeping metabolic rate in healthy overweight or obese men 
and women[57]. However, not all studies support the therapeutic potential of dietary NR supplementation. For example, NR 
supplementation did not improve insulin sensitivity or whole-body glucose metabolism in obese men with type 2 diabetes mellitus[66]. 
Similarly, short-term β-NMN supplementation did not change glucose metabolism or insulin sensitivity in middle-aged and older 
adults[42]. Furthermore, niacin showed no effect on fasting blood glucose or insulin levels in non-diabetic individuals[67]. Contrarily, an 
in-depth analysis of the AIM-HIGH trial cohort revealed that extended-release niacin did not improve glucose control in participants 
with normal fasting glucose and even increased plasma glucose levels in subjects at higher risk for diabetes[68].

Collectively, the effects of NAD+ precursor supplementation on glucose and insulin homeostasis in humans remain largely uncertain. 
Further research is needed to examine whether the discrepancies between animal and human studies are attributable to variables 
such as the relatively lower doses used in humans compared to animals, as well as other trial-related factors, like the age, sex, 
treatment duration, dietary habits, and underlying health conditions of the study population. Addressing these aspects in future 
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studies will be essential to clarify whether NAD+ repletion can effectively improve metabolic markers of glucose tolerance and insulin 
resistance in age-related metabolic diseases.

2.4 NAD+ precursors to improve cognitive decline and neurodegenerative diseases
The brain has high energy demands and relies heavily on mitochondrial oxidative metabolism, making it particularly vulnerable to 
NAD+ deficits[69]. A growing body of evidence indicates that NAD+ depletion in neurons commonly occurs during aging and is further 
exacerbated in major neurodegenerative disorders[11]. Conversely, augmenting brain NAD+ metabolism mitigates pathological features 
in animal models of neurological disorders. Inspired by rodent studies, several clinical trials have investigated the effects of 
NAD+-targeted interventions on cognitive function and prevalent neurodegenerative diseases, including Alzheimer’s disease, 
Parkinson’s disease, and amyotrophic lateral sclerosis (ALS). Oral NR supplementation has been shown to increase neuronal NAD+ 
levels and modulate biomarkers related to neurodegenerative pathology, including reductions in amyloid-beta and tau proteins in 
neuronally-derived extracellular vesicles in middle-aged and older healthy adults[70]. In another study, NR supplementation increased 
blood NAD+ levels, which was associated with elevated DNA methylation and concomitant reduction in epigenetic age[71], or increased 
perfusion of the left hippocampus in older adults with mild cognitive impairment[72]. However, these changes did not translate into 
measurable improvements in memory performance. Similarly, NR supplementation lowered concentrations of pTau217, an early 
marker of Alzheimer’s disease, but failed to improve cognition in older adults with subjective cognitive decline or mild cognitive 
impairment[73]. Along the same line, clinical trials with NAM showed limited efficacy. High dose oral supplementation of NAM 
(1,500 mg twice daily for 48 weeks) was safe and tolerable and elevated whole-blood NAM levels. However, NAM increase in 
cerebrospinal fluid (CSF) was detectable in only a subset of participants with early Alzheimer’s disease[74]. Notably, many individuals 
exhibited low NAM levels in CSF despite high methyl-NAM levels, indicating that NAM crosses the blood-brain barrier but is rapidly 
methylated, reducing its effective CNS concentration[75]. As a result, NAM did not significantly alter disease-relevant biomarkers, such 
as tau protein phosphorylation[76]. It is important to mention that overexpression of NAM N-methyl transferase (NNMT), the enzyme 
that methylates NAM and prevents CNS accumulation, is associated with metabolic disorders[77,78], and multiple neurodegenerative 
diseases[79]. These findings suggest that low NAM bioavailability due to rapid methylation limits its use as a potential intervention for 
Alzheimer’s disease. In this regard, future trials might consider exploring NAM treatment in combination with inhibitors of NNMT to 
reduce methylation and improve NAM bioavailability in individuals with mild cognitive impairment or early Alzheimer’s disease.

In contrast to NAM, oral NR supplementation increased NAD+ levels in both the brain and CSF in patients with Parkinson’s disease[80]. 
Specifically, the NADPARK trial demonstrated that NR supplementation was associated with transcriptional upregulation of pathways 
related to mitochondrial, lysosomal, and proteasomal function in blood cells and/or skeletal muscle. Furthermore, NR reduced 
inflammatory cytokine levels in both serum and CSF. Further investigation in larger clinical trials is warranted to determine whether 
NR could serve as an effective neuroprotective treatment for Parkinson’s disease[80]. ALS is a devastating neurodegenerative disease 
characterized by the progressive loss of spinal and cortical motor neurons, leading to muscle atrophy. Because NAD+ metabolism 
regulates numerous cellular processes involved in ALS, including energy metabolism, mitochondrial function, inflammation, and DNA 
repair, NAD+ precursors have emerged as promising therapeutic candidates[81]. The combination of NR and pterostilbene (EH301), two 
compounds that synergistically increase NAD+ levels, has been demonstrated to significantly improve the ALS Functional Rating 
Scale-Revised score, which assesses disease severity, including respiratory function and muscle strength, in middle-aged patients[82]. 
Treatment with EH301 also increased the skeletal muscle/fat weight ratio, collectively supporting its potential disease-modifying 
effects. Nevertheless, the efficacy of EH301 requires validation in larger patient cohorts.

In summary, animal studies consistently support many neuroprotective and cognitive benefits from NAD+ precursor supplementation, 
whereas clinical outcomes have been less robust so far[83]. Evidence from emerging clinical trials using NAD+ precursors 
supplementation show improvements in a limited number of neurodegenerative biomarkers. Factors such as NAD+ bioavailability, 
dosage, metabolism (including gut microbiota-mediated effects), and the specific forms of NAD+ precursors may affect efficacy. More 
rigorous, larger-scale clinical trials across different neurodegenerative diseases and stages are needed to determine whether 
enhancing intracellular NAD+ levels can translate into tangible neuroprotective outcomes in older adults.

2.5 Therapeutic potential of NAD+ precursors in age-associated cancers
Aging is one of the strongest risk factors for most cancers, and age-related NAD+ decline has been implicated in multiple oncogenic 
processes, including genomic instability, impaired DNA repair, altered redox homeostasis, and immune dysregulation[84,85]. NAD+ 
serves as a critical co-substrate for enzymes involved in DNA damage surveillance and repair, particularly poly(ADP-ribose) 
polymerases (PARPs) and sirtuins, which are central to maintaining genomic integrity and chromatin structure[85]. Preclinical studies 
in aged rodents have shown that NAD+ repletion can enhance DNA repair capacity, suppress pro-inflammatory signaling, and 
modulate tumorigenesis[86-88]. However, translating these findings into clinical benefit is complex due to the highly 
context-dependent role of NAD+ metabolism in cancer. While NAD+ boosting may support genome maintenance, mitochondrial 
function, and immune surveillance in normal tissues, many tumors heavily rely on NAD+ biosynthesis, particularly via upregulation of 
the rate-limiting enzyme nicotinamide phosphoribosyltransferase (NAMPT), to sustain their elevated metabolic and biosynthetic 
demands[85,89]. Elevated NAMPT expression has been reported across multiple tumor malignancies, including colorectal, breast, 
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prostate, and hematologic cancers, and is often associated with aggressive tumor behavior and poor prognosis. This has prompted 
the development of NAMPT inhibitors as potential anticancer agents, aiming to selectively deplete NAD+ in tumor cells. Several 
first-generation NAMPT inhibitors (eg, FK866/APO866, GMX1777, CHS-828) have entered early-phase clinical trials in advanced solid 
and hematologic malignancies. While these agents achieved on-target NAD+ depletion, their clinical use was limited by dose-limiting 
hematologic toxicities, particularly thrombocytopenia, and modest monotherapy efficacy[90,91]. Newer NAMPT-inhibiting agents, such 
as OT-82, are currently in phase I/II trials in hematologic cancers, with the goal of improving therapeutic windows and enabling 
patient stratification[92].

Importantly, despite theoretical concerns, current randomized human studies do not support the notion that NAD+ precursor 
supplementation increases cancer risk. On the contrary, evidence from clinical chemoprevention trials suggests potential benefit. In 
the phase III ONTRAC trial, oral supplementation of NAM (500 mg administered twice daily) reduced the incidence of new 
non-melanoma skin cancers by 23% over 12 months in high-risk older adults[93]. In contrast, a subsequent trial in high-risk, 
immunosuppressed organ transplant recipients did not replicate this protective effect, likely reflecting the distinct biology of 
carcinogenesis under chronic immunosuppression[44]. More recently, a phase IIb trial combining NAM with epidermal growth factor 
receptor (EGFR) tyrosine kinase inhibitor therapy in non-small-cell lung cancer reported significant improvements in 
progression-free and overall survival in selected subgroups, attributed to NAM-mediated reactivation of the tumor suppressor gene 
RUNX3[94].

Taken together, there is currently no reliable evidence that NAD+ precursors can treat tumors or improve cancer recurrence or 
survival in humans, aside from their role in skin cancer prevention. Given the dual role of NAD+ in supporting genomic maintenance 
while potentially fueling tumor metabolism, future clinical trials should carefully stratify participants by cancer risk, tumor type, and 
metabolic phenotype, and include mechanistic biomarkers to distinguish protective from potentially tumor-promoting effects upon 
NAD+ precursor supplementation.

2.6 NAD+ precursor supplementation in the regulation of immune function
Age-related declines in NAD+ metabolism impair immune cell function, driving chronic inflammation, a key hallmark of aging and 
age-associated diseases. Emerging clinical studies indicate that NAD+ precursor supplementation can modulate systemic immune 
function and inflammatory pathways in aging, although human trials testing immune-specific functional endpoints are surprisingly 
limited. For example, NR was shown to reduce systemic inflammation, partly by suppressing the pro-inflammatory activation of 
peripheral blood mononuclear cells in male patients with heart failure[95,96]. Mechanistically, NR-mediated NAD+ repletion lowered 
mitochondrial reactive oxygen species production, thereby attenuating NLRP3 inflammasome-caspase-1 activation and the secretion 
of IL-1β and IL-18[96]. In healthy older men, NR supplementation also decreased circulating inflammatory cytokines, including IL-6, 
IL-5, IL-2, and TNF-a, and reduced inflammatory gene expression in skeletal muscle[52]. Consistently, NR supplementation lowered 
airway inflammation in older patients with chronic obstructive pulmonary disease[97].

Interestingly, a study comparing NMN, NR, and NAM with the novel NAD+ precursor, dihydronicotinamide riboside (NRH) 
demonstrated that only NRH markedly increased NAD+ levels in both bone marrow-derived and THP-1 macrophages, a human 
monocytic cell line[98]. Notably, NRH supplementation also upregulated gene expression of several cytokines and chemokines, 
indicating that NAD+ elevation can promote inflammation in resting macrophages[98]. Nevertheless, further studies are warranted to 
elucidate the complex interplay between NAD+, its metabolites and precursors, and the enzymes that regulate them, in controlling 
immune function and inflammatory diseases.

Collectively, these data suggest that NAD+ precursors are capable of modulating immune cell signaling, whereas clinical confirmation 
of immunological benefits, particularly in aging, is still lacking. Future progress in this area will depend on incorporating 
immune-specific endpoints in clinical studies and focusing on age-related immune dynamics and relevant immune cell populations. 
Such multi-omic longitudinal analysis of the healthy human peripheral immune system may help to comprehensively evaluate the 
potential of NAD+ precursors in mitigating inflammatory responses as well as inflammation-associated pathologies.

3. Future Perspectives and Concluding Remarks
The ability of NAD+ precursors to modify the hallmarks of aging and mitigate age-related pathologies in animal models has spurred 
interest and efforts to translate these findings into human therapies. Clinical studies consistently show that oral administration of 
different NAD+ precursors is safe and tolerable at varied doses and treatment durations, and elevates NAD+ abundance and/or its 
metabolites, although to different extents, with no indications of serious side effects. However, it is important to note that large-scale 
and long-term trials, particularly for NR and NMN, remain scarce, limiting conclusions about sustained efficacy or rare adverse 
events. While certain trials report benefits on cardiovascular, metabolic, or physical outcomes, others show neutral effects, 
underscoring the need to clarify why NAD+ repletion works in some contexts but not others. Below, we discuss some of the areas of 
future research that are critical to gain a better understanding of systemic and tissue-specific NAD+ metabolism and for defining the 
therapeutic value of NAD+ precursors in geromedicine.
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3.1 Uncertainties in NAD+ metabolism and its bioavailability
Studies in animal models have shown that NAD+ precursors exhibit differences in their absorption, conversion, and delivery to 
tissues[15,38]. For example, NA primarily supports hepatic NAD+ synthesis via the Preiss-Handler pathway, whereas NR and NMN are 
extracellularly converted to NAM prior to uptake, resulting in variable NAD+ bioavailability across tissues. However, no systematic 
head-to-head comparison has evaluated the efficiency with which each precursor restores NAD+ across different tissues in humans, as 
increases in whole blood NAD+ levels do not reflect organ- or compartment-specific NAD+ pools. It also remains unclear how different 
NAD+ precursors are absorbed, converted, and delivered to tissues in humans. In this context, an elegantly performed experimental 
study demonstrated that the decline in NAD+ with normal aging is relatively subtle and occurs despite maintained NAD+ production, 
likely due to increased consumption[99].

3.2 Age- and tissue-specific variability in NAD+ decline
Preclinical studies have demonstrated that age-related NAD+ decline is more pronounced in certain tissues, such as skeletal muscle, 
liver, adipose tissue, and brain, while being less evident in others, including kidney and the heart[7]. In humans, reductions in NAD+ 
with aging have been inconsistently observed in the brain, liver, skin, and skeletal muscle, whereas evidence for other tissues 
remains limited or inconclusive[15]. These findings indicate that NAD+ levels do not uniformly decline with age across all tissues, and 
that the variability may be also influenced, at least in part, by differences in measurement methods. Importantly, tissue-specific NAD+ 
turnover rates, enzymatic activity, metabolic demand, and baseline NAD+ status likely contribute to heterogeneous responses to NAD+ 
precursor supplementation.

3.3 Functional and translational impact of NAD+ precursor supplementation
A lack of head-to-head comparisons of the efficacy and pharmacokinetics of major NAD+ precursors limits a comprehensive 
understanding of systemic NAD+ metabolism in humans. This also hampers the ability to determine their benefits, potential risks, and 
to define the optimal precursor, dose, and duration for use in different patient populations. It is important to note that age-related 
NAD+ decline in humans is often relatively mild, making the therapeutic benefits of NAD+ precursors supplementation less pronounced 
than in animal models with engineered deficiencies in NAD+ metabolism. In addition, human evidence that NAD+ precursor 
supplementation can modulate immune and inflammatory pathways in older adults remains sparse. Although supplementation 
reliably increases NAD+ (or related metabolites) in blood and peripheral immune cells and, in some studies, has been associated with 
reduced pro-inflammatory signatures, translation of these molecular and cellular effects into clinically meaningful immune benefits 
in aging has not yet been demonstrated.

3.4 NAD+ precursor delivery and microbiome influence
Several practical aspects of NAD+ precursor supplementation need to be addressed, such as the optimal delivery method. For instance, 
slow-release NAM capsules have been designed to release their contents in the lower small intestine and colon rather than the 
stomach, ensuring systemic NAM availability while targeting distal regions of the intestinal tract, including the gut microbiota[32]. This 
ileocolonic delivery appears to provide high mucosal exposure without significantly altering the known side-effect profile and may 
modulate gut microbial metabolic activity, potentially reducing interindividual variability in NAD+ precursor metabolism and 
absorption. Oral bioavailability differences among NAD+ precursors, such as NR, likely depend not only on intestinal permeability but 
also on the gut microbiome. Indeed, emerging evidence suggests that gut microbes significantly modulate NAD+ precursor 
metabolism, potentially shaping individual responses. Specifically, bacterial-mediated deamidation contributes substantially to the 
NAD+-enhancing effects of oral NR and NAM supplementation in several tissues, highlighting the interplay between circulating host 
micronutrients and the gut microbiota[100,101]. Furthermore, NAM salvage genes nadV and pncA, present in distinct bacterial species, 
appear to have spread across the tree of life via horizontal gene transfer[102]. Recent advances in biochemical, genetic, and genomic 
analyses allow predictions of the precursors and pathways utilized by a given microorganism. Combining these analyses with 
machine learning algorithms can overcome challenges in understanding the regulation of these pathways. Future clinical trials and 
mechanistic studies are needed to compare systemic versus gut-targeted delivery routes, determine their relative clinical efficacy, 
and elucidate the precise mechanisms underlying their effects.

3.5 Methodological and trial limitations
Other practical issues include the standardization of sample collection procedures, analytical methods, and reliable biomarkers of 
NAD+ metabolism. Substantial progress has been made in improving the quantitation of NAD+ precursors and metabolites. For 
example, the development of NAD+ biosensors has advanced our understanding of how NAD+ levels are regulated both at the cellular 
and systems level. However, most clinical studies have used assays that measured steady-state NAD+ levels and related metabolites in 
body fluids and tissues, thereby providing an incomplete picture of the efficacy of NAD+ precursors in enhancing NAD+ bioavailability. 
Therefore, human studies employing isotope tracing are needed to accurately determine how NAD+ precursors modulate NAD+ flux, 
which more precisely reflects the dynamic balance between NAD+ synthesis and consumption[99,103-105]. Developing advanced 
methodologies for real-time NAD+ flux quantification and longitudinal of NAD+ profiling in easily accessible human tissues, such as 
skeletal muscle, will be crucial to determine whether and how aging alters tissue-specific NAD+ metabolism and why different tissues 
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and organs exhibit variable responsiveness to NAD+ precursor supplementation. Early studies often used suboptimal dosing, short 
durations, or insensitive endpoints, limiting conclusions on efficacy of NAD+ precursor supplementation. Greater resources should be 
allocated to conducting longer and adequately powered randomized controlled human trials, involving both young and aging 
populations. Considering careful dose adaptation from rodent to human studies and assessing sex-specific effects of NAD+ precursor 
supplementation are necessary to determine whether commonly used classic NAD+ precursors or next-generation NAD+-enhancing 
compounds, such as NRH[98,106], reduced form of NMN (NMNH)[107], MIB-626 (a microcrystalline β-NMN formulation)[108], or a 
combination of nicotinamide with D-ribose[109], alone or in combination, can improve clinical outcomes. It will be also valuable to 
directly compare the efficacy of pharmacologically-elevated NAD+ levels with lifestyle modifications capable of increasing NAD+, such 
as regular exercise and caloric restriction[110,111], to ensure that patients can achieve maximal clinical benefit. Resolving these issues 
will set the basis for future directions in revealing the role of NAD+ during aging in humans. This knowledge will guide the design of 
future NAD+-based therapeutic interventions to delay aging and prevent age-related diseases.
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