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Abstract

Nicotinamide adenine dinucleotide (NAD+) is an important coenzyme essential for
metabolism, energy production, gene regulation, and cellular communication. With ag-
ing, NAD+ levels decrease, which may be partly responsible for age-related disease and
impaired function. While certain lifestyle practices may help to maintain NAD+, such as
intermittent fasting, exercise, and reduced alcohol consumption, these activities do not
appear to support optimal NAD+ levels. For this reason, numerous dietary supplements
have emerged, with the claim of increasing NAD+ levels and resulting in improved health
and, possibly, increased longevity. Such agents include NAD+, as well as the NAD+ precur-
sors niacin, nicotinamide riboside (NR), and nicotinamide mononucleotide (NMN). This
article discusses the scientific rationale and evidence for using such supplements, with a
particular emphasis on human oral ingestion and associated health outcomes. The current
literature has been reviewed, and practical applications are presented.

Keywords: nicotinamide adenine dinucleotide; nicotinamide riboside; nicotinamide
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1. Introduction

Nicotinamide adenine dinucleotide (NAD+) is an important coenzyme used for mul-
tiple physiological purposes. By modulating NAD+-sensing enzymes, NAD+ controls
hundreds of key cellular processes, including energy metabolism and cell survival [1].
NAD-+ is found in all living cells, is a necessary pyridine nucleotide cofactor, and is in-
volved in various biological processes. It acts as an electron carrier in converting energy
from one form to another and in enzymatic reactions [2]. NAD+ is also used to produce
adenosine triphosphate and initiate the repair of DNA [3] and is necessary for calcium-
dependent secondary messengers, gene expression, and oxidative phosphorylation. NAD+
has garnered such interest in recent years that the “NAD World” theory has been pro-
posed, describing a systemic regulatory network that connects NAD+ as a major player in
metabolism, biological rhythm, and aging. The theory has expanded to view the essential
communication between the hypothalamus and peripheral tissues. There is a new ver-
sion known as NAD World 3.0 [4], which presents more detailed layers of feedback loops
promoted by NMN and eNAMPT for longevity.

Unfortunately, NAD+ decreases with age, with a negative correlation noted between
NAD-+ levels and age in both males and females [5]. The lower tissue NAD+ levels have
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been noted in the brain, liver, pancreas, skin, skeletal muscle, and adipose tissue, with
NAD-+ deficiency associated with the age-related mitochondrial dysfunction [6] and a
disruption of nuclear-mitochondrial communication during aging [7]. Such alterations can
negatively impact longevity and age-related health through NAD+’s functions in energy
metabolism and activation of sirtuin proteins in mammalian tissue. In fact, this age-related
decline of NAD+ is linked to human disease [8].

As a result of the noted problem of NAD+ being reduced with age, coupled with the
fact that the reduction appears linked to untoward health effects, attempts to replenish
NAD+ have been made. While NAD+ is found in certain foods, such as fish (salmon, tuna,
and sardines), dairy milk, pork, beef, and turkey, the obtainable quantity in whole foods is
relatively low. Therefore, individuals seeking to elevate NAD+ levels to combat age-related
declines often look to dietary supplements. It has been proposed that supplementing with
NAD-+ precursors such as nicotinamide riboside (NR) and nicotinamide mononucleotide
(B-NMN) provides a means to restore NAD+ levels and acts to therapeutically provide
support to various body systems, including improved cognition [9]—a common concern
for aging adults. Figure 1 illustrates the synthesis of NAD+ from the two precursors.

NAD+ Biosynthesis from NR and NMN

(NRK1/NRK2)  Nicotinamide
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Figure 1. Schematic diagram of NAD+ synthesis from nicotinamide riboside (NR) and nicotinamide
mononucleotide (NMN). NR and NMN serve as key precursors in the synthesis of NAD+. The
enzymes NRK1/2 convert NR to NMN through phosphorylation, and NMNAT1-3 then catalyze the
adenylation of NMN to form NAD+. The salvage pathway illustrated here shows how nicotinamide
(NAM) is recycled back to NMN (white arrow) through the action of nicotinamide phosphori-
bosyl transferase (NAMPT), ensuring efficient NAD+ regeneration and maintenance of cellular
NAD+ levels.

The present brief review discusses the use of precursor dietary supplements targeting
increased NAD+ levels. Although actual NAD+ supplements are often touted as helpful by
those marketing these products, the evidence suggests that overall absorption is relatively
poor. In a similar manner, niacin is sometimes indicated as a dietary supplement to support
NAD-+ [10]. However, a scarcity of data exists to support the use of niacin solely for this
purpose and to result in significant health improvements. Therefore, we focus exclusively
on the use of NR and 3-NMN in this review, as both have been reported to elevate blood
concentrations of NAD+, with therapeutic potential [11] and the possible effect of aiding
overall health [12].

Despite the growing popularity of NAD+ supplementation, there remain critical
knowledge gaps. (1) There is limited clarity on how effectively different NAD+ precur-
sors elevate NAD+ levels across various tissues. (2) The clinical significance of these
changes—particularly whether supplementation translates to measurable improvements
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in health outcomes—remains poorly defined. (3) Confusion persists in the public sphere
due to the aggressive marketing of NAD+ supplements without clear evidence of efficacy
or optimal dosing strategies.

The objective of this brief review is to examine the cellular metabolic function of NAD+
and evaluate the current evidence regarding NR and 3-NMN supplementation, focusing
on their ability to raise NAD+ levels, their potential therapeutic benefits, and the limitations
of current data. By doing so, we aim to provide a clearer understanding of the state of the
science and identify key areas for future research.

2. Role of NAD+ in Cellular Metabolic Processes

NAD-+ is a vital coenzyme in all living cells and serves as a central metabolic regulator
through two primary roles: (1) acting as a redox cofactor in metabolic reactions and
(2) functioning as a signaling molecule involved in regulating enzymes that control gene
expression, DNA repair, and stress response [13].

As a redox cofactor, NAD+ plays a critical role in the catabolism of carbohydrates,
fats, and proteins by acting as an electron carrier in oxidation-reduction reactions. It
alternates between its oxidized form (NAD+) and reduced form (NADH) [14,15]. In
the cytoplasm, NAD+ accepts electrons during glycolysis, particularly in the step where
glyceraldehyde-3-phosphate is converted to 1,3-bisphosphoglycerate by glyceraldehyde-3-
phosphate dehydrogenase, resulting in the production of NADH. In the tricarboxylic acid
(TCA) cycle, NAD+ is required at three key steps, where it is reduced to NADH. Similarly,
during the breakdown of fatty acids, NAD+ acts as an electron acceptor, especially at the
beta-hydroxyacyl-CoA dehydrogenase step, generating NADH for oxidative phosphoryla-
tion. Several amino acid degradation pathways also rely on NAD+ as an essential electron
acceptor. The NADH generated from glycolysis, the TCA cycle, and beta oxidation donates
electrons to complex I (NADH dehydrogenase) of the mitochondrial electron transport
chain. This electron transfer drives the pumping of protons across the inner mitochondrial
membrane, generating a proton gradient that powers ATP synthase to produce ATP. Thus,
NAD-+ is indispensable for efficient oxidative phosphorylation and overall cellular energy
production [14,15].

In addition to its role in energy metabolism, NAD+ plays a critical role in anabolic
pathways through its phosphorylated form, NADP+/NADPH. NADP provides reducing
equivalents required for fatty acid and cholesterol synthesis, as well as for the detoxification
of reactive oxygen species (ROS) through the glutathione reduction system.

As a signaling molecule, NAD+ plays critical roles as a substrate for enzymes that
regulate essential cellular processes, including aging, stress response, and genomic stabil-
ity [16]. Among these, sirtuins (SIRT1-7) are a family of NAD+-dependent deacetylases that
regulate gene expression, mitochondrial biogenesis, and stress responses. Poly(ADP-ribose)
polymerases (PARPs) use NAD+ to repair DNA damage through poly-ADP-ribosylation, a
process vital for maintaining genomic integrity. Additionally, CD38 and CD157 consume
NAD-+ to generate cyclic ADP-ribose (CADPR), a signaling molecule involved in calcium
signaling and immune regulation [13]. In contrast, sterile alpha and TIR motif-containing
protein consumes NAD+ during axon degeneration, linking NAD+ metabolism to neu-
rodegenerative disease. During aging, NAD+ levels decline due to increased activity of
NAD-+-consuming enzymes such as PARPs and CD38, along with decreased expression of
nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme in the NAD+
salvage pathway. This age-related decline of NAD+ at the cellular level results in mitochon-
drial dysfunction, impaired DNA repair, and reduced sirtuin activity, ultimately increasing
susceptibility to age-related disease, including metabolic syndrome, neurodegeneration,
and cardiovascular disorders [16] (please see Figure 2).
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Figure 2. Schematic diagram summarizing the role of NAD+ in cellular processes. This image
illustrates how NAD+ is central to glycolysis, 3-oxidation, amino acid catabolism, and the TCA cycle,
which feed into the electron transport chain for ATP production and also serve as substrates for
signaling enzymes such as sirtuins, PARPs, and CD38 (red arrows).

3. Nicotinamide Riboside (NR)

Nicotinamide riboside (NR) has become one of the most studied NAD+ precursors [17],
due to its potential health benefits and well-tolerated profile. NR is technically a member
of the B vitamin family (B3), which also includes niacin and niacinamide. It has been
suggested to have multiple physiological effects, possibly impacting cellular aging [18] and
longevity [19], brain health and cognitive function [20], the inflammatory response [21],
skeletal muscle [22], and cardiovascular health [23]. Others have reported that NR sup-
plementation in mammalian cells and mouse tissues increases NAD+ levels and activates
the sirtuin family, such as SIRT1 and SIRT3, leading to enhanced oxidative metabolism, in
addition to protection against high-fat-diet-induced metabolic abnormalities [24]. Specif-
ically, NR has been recently shown to activate one of the key sirtuins, SIRT5 [25], which
may have implications in pursuing future targets to improve metabolic health. What is
most well-described is the fact that NR has been reported to elevate levels of NAD+, which
is important in maintaining normal metabolic function. In fact, the bioavailability of NR
appears very good, with NAD+ in human blood increasing as much as 2.7-fold with a
single oral dose of NR [26].

As a dietary supplement, NR is often marketed as an anti-aging product due to
the proposed impact on elevating levels of NAD+. Related to this, NR is thought to
improve cognitive function, modulated in part by upregulation of proliferator-activated-y
coactivator 1ax-mediated (3-secretase 1(BACE-1) ubiquitination and degradation, which
may prevent amyloid-beta-protein (Af3) production in the brain [20]. NR is found in small
quantities within vegetables and fruits, as well as yeast, meat, and dairy milk. However, if
meaningful elevations in NAD+ are to be achieved, higher quantities of NR are needed,
often in the range of 500-2000 mg daily (based on human clinical trial data). The text below
highlights some of the current findings specific to NR supplementation, with an initial
focus on animal data, followed by a brief review of human clinical trials.
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3.1. Animal Studies of NR

Oral intake of NR has been shown to elevate mouse hepatic NAD+ with superior
pharmacokinetics compared to nicotinic acid and nicotinamide [26]. In animal models, NR
has been investigated for its impact on a variety of health-specific outcomes, ranging from
improved cardiac function to enhanced exercise performance.

Metabolic impairment in cardiac tissue is a major feature in chronic heart failure,
making NAD+ a potential therapeutic target [13]. Hence, investigators have studied the
role of NR to improve cardiac function. In a mouse model of dilated cardiomyopathy,
NR supplementation increased myocardial levels of nicotinic acid adenine dinucleotide,
methylnicotinamide, and N1-methyl-4-pyridone-5-carboxamide, resulting in an attenua-
tion of heart failure development [23]. In another study using rats, pretreatment with NR
(200 mg/kg for 3 h) significantly reduced myocardial infarct area, decreased myocardial
enzymes such as creatine kinase myocardial band (CK-MB) and lactate dehydrogenase
(LDH), and improved cardiac function following ischemia—reperfusion injury [27]. Simi-
larly, supplementation with NR was reported to improve heart function and extend the
lifespan of mice lacking the cardiac nuclear receptors REV-ERBs [28], which are key regu-
lators of Bmall expression for the molecular circadian clock. These findings suggest that
boosting NAD+ levels through NR can improve cardiac function, particularly in a setting
of heart failure linked to circadian clock disruption. Furthermore, administration of NR
was shown to prevent lung and heart injury, as well as improve the survival rate in sepsis,
possibly by inhibiting high mobility group box 1 (HMGB1) release and oxidative stress via
NAD-+/SIRT1 signaling [29]. More recently, NR demonstrated cardioprotective effects in a
drug-induced cardiotoxic environment [30].

While these findings are encouraging, conflicting results have been reported. For
example, in one study, rats receiving a daily dose of NR at 300 mg/kg body weight/day for
21 days via gavage did not experience improved swimming performance as compared to
the placebo. In fact, animals receiving NR appeared to perform worse than those animals
receiving the placebo [31]. In contrast, another study reported that NR increased NAD+ lev-
els in skeletal muscle and liver in mice, leading to enhanced exercise capacity and improved
mitochondrial respiration [22]. Additional work is necessary to more fully elucidate the
effects of NR on exercise performance and other outcomes linked to mitochondrial health.

3.2. Human Studies of NR

Research on NR in human subjects remains in its infancy, with the first clinical trial to
test the safety and efficacy of supplementation being published within the last decade [32].
Close to 30 human studies have been conducted since, with mixed results. The variance
in findings is likely linked to the eclectic subject populations tested, ranging from healthy
adults to those who are obese and insulin-resistant to those with cardiac or renal disease [32].
Moreover, the daily dosage of NR provided varied widely from 250 to 2000 mg, as did the
duration of treatment (from a single day to several weeks). Finally, the clinical outcomes
vary across studies.

Differences across studies in the above items make it very difficult to draw comparisons
and reach conclusions about the overall efficacy of NR, beyond its ability to increase blood
concentrations of NAD+ [33,34], often in a dose-dependent manner [35]. Moreover, as with
many dietary supplements, the claims for NR supplementation that are being purported in
the marketplace are often not in line with the scientific evidence reported in clinical trials.
Therefore, potential users of NR need to be vigilant in their evaluations of such claims and
always seek to review the scientific evidence specific to NR supplementation.

Importantly, oral NR appears to elevate NAD+ levels and to be safe for human inges-
tion. In a 30-participant trial of patients with clinically stable heart failure with reduced
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ejection fraction, NR at a dose of 1000 mg twice daily appeared to be safe and well tol-
erated, and approximately doubled whole-blood NAD+ levels [36]. In support of these
findings, Lapatto and colleagues noted that escalating dosages of NR (250-1000 mg/day)
for 5 months improved systemic NAD+ metabolism, muscle mitochondrial number, my-
oblast differentiation, and gut microbiota composition in a sample of twins (mean age:
~40 years) [37].

However, a relatively high dose of NR (2000 mg/day) failed to improve the respiratory
capacity of skeletal muscle mitochondria or increase the abundance of mitochondrial-
associated proteins in a sample of obese and insulin-resistant men [38]. In a similar manner,
NR at 1000 mg/day for one week was shown not to alter substrate metabolism at rest,
during, or in recovery from endurance exercise, nor did NR alter NAD+-sensitive signaling
pathways in human skeletal muscle in a sample of eight healthy men [39].

In contrast to the above, NR was shown to increase NAD+ levels in those with
peripheral artery disease, while increasing the 6 min walk distance by 31 m [40]. Moreover,
NR treatment was reported to improve isometric peak torque and the fatigue index in older
but not younger men [41]. Findings such as this have spurred thought into the possible
beneficial role of NR to support physical function in aging adults [42]. However, this may
not translate into the preservation of skeletal muscle mass and function [43].

While positive effects of NR have been observed in both animal and human studies,
benefits appear to be most pronounced in individuals with suboptimal baseline NAD+
levels. People with physiologically robust NAD+ levels may not require additional supple-
mentation, and thus, NR use may offer little advantage beyond increasing blood NAD+
concentrations [44]. Reported benefits are largely limited to clinical populations with
known diseases or possibly older adults. Moreover, while numerous positive findings have
been documented in animal studies under various conditions, these observations may not
directly translate to humans, as discussed previously.

4. Nicotinamide Mononucleotide (NMN)

-nicotinamide mononucleotide (NMN) is a naturally occurring molecule and a nu-
cleotide derived from ribose, nicotinamide, nicotinamide riboside, and niacin. Nucleotides
are essential for DNA construction. As a dietary supplement, NMN has been sold for
several years, touted as providing anti-aging benefits, based primarily on research findings
supporting elevated NAD+ levels. Two anomeric forms of NMN exist: alpha and the active
form, beta [45]. NMN directly participates in the synthesis of NAD+ in cells and has been
used in several research studies to date. It is marketed and sold as a dietary supplement
and is thought to be safe [46,47] and well-absorbed in the body, with a dose-dependent
increase in NAD+ observed with NMN treatment [48].

NMN is converted by the body into nicotinamide adenine dinucleotide (NAD+),
and regular supplementation has been demonstrated to raise NAD+ levels [49] in both
animals [50] and humans [49,51]. As mentioned previously, NAD+ is required for routine
metabolism, converting food into cellular energy. The newer version of the NAD World
3.0 theory proposes that the significance of NMN has become more crucial as a key NAD+
intermediate [4].

As mentioned earlier, multiple studies demonstrate the decline in NAD+ with age and
some with certain health conditions [52]. Moreover, low NAD+ levels have been connected
to the advancement of neurodegeneration, cardiovascular disease, and metabolic disorders
such as diabetes and liver disease. Like NR, the scientific community has a great deal of
interest in NMN, as it has been shown to efficiently increase NAD+ levels in different tissues
and lessen the risk of untoward metabolic conditions [52]. It is increasing in popularity and
is viewed as a potential therapeutic for age-related ailments [53].
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The impact of NMN may be partially explained by the observation that NAD+ acti-
vates sirtuins, which are associated with longevity and can assist in the repair of DNA. The
effects of NMN are far-reaching, ranging from protection of brain tissue (oral gavage of
400 mg/kg of NMN effectively elevated NAD+ levels after 45 min in the brain of mice [50])
to reducing oxidative stress in cells and helping to avoid cognitive and cardiovascular
problems [53,54]. In regard to muscle function and utilization of oxygen by muscles, NMN
has been shown to improve aerobic capacity during exercise [55]. Taken together, it ap-
pears that NMN may impact multiple systems and may be a useful adjunctive therapy for
improving overall health.

4.1. NMN Transport into Cells

It is now documented that NMN is transported into cells via the Slc12a8 NMN trans-
porter [56]. When NAD+ levels fall, a signal is sent, and the expression of the Slc12a8
gene is upregulated. The Slc12a8 NMN transporter is specifically for NMN, acting to
transport it into the cell, with conversion to NAD+ to follow via NMN/NaMN adenylyl-
transferases [17]. This helps cells to meet the critical need to manufacture NAD+. Once
inside the cell and converted to NAD+, a host of benefits are possible, as briefly highlighted
below in both animals and humans.

4.2. Animal Studies of NMN

There have been numerous animal studies performed with NMN, focusing on a
wide range of metabolic health outcomes. For example, Mills and colleagues (2016) in-
vestigated the impact of 12 months of NMN administration in mice at doses of 100 and
300 mg/kg/day [57] to determine if NMN has a preventative effect on age-related physio-
logical changes. It was demonstrated that NMN is quickly absorbed from the gut into the
blood within 2 to 3 min and moves into tissues within 15 min. Moreover, NMN prevented
age-associated gene expression changes in metabolic organs, while enhancing mitochon-
drial oxidative metabolism and mitonuclear protein imbalance in skeletal muscle. A more
recent investigation [58] added NMN to the drinking water of mice and noted a marked
increase in NAD+ levels, while inhibiting high-fat-diet-induced obesity and improving
glucose tolerance and lipid metabolism. In another study involving NMN in the context of
high-fat feeding in a mouse model [59], treatment improved the oocyte quality partially
by restoring mitochondrial function and reducing DNA damage and levels of reactive
oxygen species in oocytes. Perhaps more importantly, NMN restored the body weight of
the offspring of mice consuming the high-fat-diet. Ru and colleagues (2022) demonstrated
that NMN reduced the structural and functional decline in the intestine during aging,
within a sample of mice [60]. Finally, a recent study demonstrated that NMN is protective
against sepsis-induced memory dysfunction, as well as the inflammatory and oxidative
injuries in the hippocampus region of septic mice [61]. Clearly, NMN has been shown to
have a potential impact on a variety of areas related to overall health in animal models.

4.3. Human Studies of NMIN

Several human studies to date have focused on NMN use, with a variety of encourag-
ing findings, as presented below. Overall, it has been noted that NMN is well-absorbed,
well-tolerated, and effective for specific metabolic functions. Irie and colleagues (2020)
conducted an intake study in 10 men, with oral administration of NMN up to 500 mg as a
single dose, which was reported to be safe and effectively metabolized, without causing
any significant deleterious effects [62]. Igarashi et al. (2021) demonstrated that NMN was
absorbed and significantly increased NAD+ levels [49].

In a study focused on women, NMN metabolites (NAD+, nicotinamide (NAM), and
nicotinic acid (NA)) and niacin metabolites (N-methyl-2-pyridone-5-carbox-amide and
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N-methyl-4-pyridone-5-carboxamide) were shown to be increased in plasma after 10 weeks
of NMN administration, but not in the placebo group [63]. The study administered NMN
to determine the effect on metabolic function. A hyperinsulinemic—euglycemic clamp was
used to evaluate insulin-stimulated glucose disposal. Skeletal muscle insulin signaling
(phosphorylation of AKT and mTOR) was also analyzed. The quadriceps muscle tissue was
sampled 1.5 h after the last supplementation of NMN or the placebo to determine NMN
metabolites. NMN supplementation and not the placebo increased the metabolites, N-
methyl-2-pyridone-5-carbox-amide, and N-methyl-4-pyridone-5-carboxamide. The authors
proposed that NMN augmented muscle NAD+ turnover and that NMN intake also elevated
muscle insulin signaling (increase in insulin-stimulated phosphorylated AKT and mTOR)
and muscle insulin sensitivity.

Kim et al. (2022) performed a double-blind, parallel-design, placebo-controlled study
with NMN provided to middle-aged and older adults. The investigators noted that by
improving sleep, NMN was shown to improve both cognitive function and physical
performance [64], both of which have implications for a wide variety of individuals.

Huang (2022) performed a randomized, double-blind, placebo-controlled study ad-
ministering NMN for 30 and 60 days [65]. The results showed that NMN increased cellular
NAD-+ levels, which was associated with heightened energy. Homeostatic Model Assess-
ment for Insulin Resistance (HOMA-IR) scores were evaluated, and it was found that values
for the NMN group had no change, while the placebo group was worse. It was proposed
that there was an anti-aging effect, since NMN entered the cells to increase energy levels
and positively affected blood sugar levels.

Yi (2023) performed a randomized, multicenter, double-blind, placebo-controlled,
parallel-group, dose-dependent study to reveal the efficacy and safety of 3-NMN sup-
plementation in healthy middle-aged adults [51]. Interestingly, the blood biological age
increased significantly in the placebo group but stayed unchanged with NMN supplemen-
tation, with the 6 min walk time increasing following NMN supplementation. Aside from
these positive changes, the authors concluded that NMN supplementation increased blood
NAD concentrations and is also safe and well-tolerated, even at dosing up to 900 mg daily.

Katayoshi and colleagues (2023) demonstrated that after 12 weeks of supplementation
in a sample of healthy adults, NMN provided at 250 mg/day was well-tolerated and
effectively elevated NAD+ metabolism [66]. The NMN group tended to reduce pulse wave
velocity values, which shows reduced arterial stiffness, which may have implications for
improved cardiovascular health.

Finally, from a physical performance perspective, NMN at dosages of 600 mg and
1200 mg increases the aerobic capacity of amateur runners during exercise training, with the
authors suggesting that the improvement is likely a result of enhanced oxygen utilization
within skeletal muscle [55].

5. Practical Applications and Conclusions

It is clear that NAD+ levels decline with age and may be lower in several clinical
conditions—possibly also associated with aging. In such situations, use of an NAD+
booster may be appropriate, and both NR and NMN may be viable options. Both of these
agents have been reported in multiple animal and human studies to elevate NAD+ and
appear to do so in a dose-dependent manner. In terms of clinical efficacy, benefits appear
to be specific to those with impaired health, often those with lowered levels of NAD+ and
associated physical ailments. For these cases, use of either NR or NMN at a daily dosage of
500-1000 mg appears to consistently elevate NAD+. With this being said, while the data are
fairly convincing that regular treatment leads to an elevation in NAD+ levels, what needs
to be further evaluated is whether or not this increase translates into meaningful metabolic
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changes. Specifically, do humans feel and/or perform better as a result of treatment, or
does the increase in NAD+ foster an improvement in overall metabolic health? These
questions are what most users of NR and NMN desire answers to, not simply knowing
that an increase in NAD+ levels is possible with treatment. There needs to be a functional
benefit of using these supplements, and future research involving human subjects needs to
focus more heavily on health-specific outcomes of treatment. Beyond this, such therapy
should always be carried out in the context of a nutrient-dense diet and involvement in
a regular, structured exercise program. Developing a lifestyle approach to healthy living,
inclusive of physical activity, structured exercise, and adherence to a nutrient-dense diet,
while possibly including the use of NR or NMN supplementation, should help to minimize
the age-associated decline in physical and cognitive performance that is so prevalent in our
society today—often owing to very poor self-care.

In conclusion, evidence from both animal and human studies demonstrates that
supplementation with NAD* precursors enhances energy metabolism and activates sir-
tuin/PARP/CD38 signaling, which may promote metabolic health and mitigate age-related
cellular decline. These beneficial effects are mediated primarily through four key mito-
chondrial and bioenergetic mechanisms: (1) enhancement of mitochondrial bioenergetics
by promoting oxidative phosphorylation (OXPHOS) and consequently increasing ATP
production, (2) upregulation of SIRT3, a mitochondrial deacetylase that alleviates oxida-
tive stress by scavenging free radicals and maintaining redox balance, (3) stimulation of
mitochondrial biogenesis via SIRT1-mediated activation of PGC-1¢, which helps maintain
mitochondrial dynamics—specifically, the balance between fission and fusion—through
regulation of Drpl expression, and (4) regulation of mitophagy, a mitochondrial quality
control process that is often impaired during cellular aging.
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Abbreviations

The following abbreviations are used in this manuscript:

Ap Amyloid-beta

AKT Protein kinase B

BACE-1 Beta-secretase 1

CK-MB Creatine kinase MB

DNA Deoxyribonucleic acid

eNAMPT  Extracellular nicotinamide phosphoribosyltransferase
HMGB1 High Mobility Group Box 1

HOMA Homeostatic Model Assessment
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LDH Lactate dehydrogenase

mTOR Mechanistic target of rapamycin
NAD+ Nicotinamide adenine dinucleotide
NaMN Nicotinic acid mononucleotide
NMN Nicotinamide mononucleotide

NR Nicotinamide riboside

SIRT5 Sirtuin 5
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