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Abstract

Numerous animal studies have shown that the decrease in the tissue Nicotinamide Adenine Dinucleotide
(NAD+) levels during aging are closely related to age-related physiological decline and that the
administration of NAD+ precursors restores NAD+ levels, promotes health and prolongs lifespan.
Therefore, in order to demonstrate whether NAD+ supplementation by NAD+ precursors mitigates age-
related physiological dysfunction including muscle weakness in older men. We conducted a placebo-
controlled, randomized, double-blind, parallel-group study in which Nicotinamide mononucleotide
(NMN) was administered to healthy older men for 12 weeks. In this commentary, we overview reported
human NAD+-related clinical trials including our NMN study.
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Introduction

Aging is a risk factor for all kinds of diseases, including diabetes, dyslipidemia, cardiovascular
diseases and neurological diseases such as Alzheimer’s disease. Suppression of age-related function
decline could be an important approach in preventing these diseases. In this commentary, we focus
on Nicotinamide Adenine Dinucleotide (NAD+) metabolism, one of critical regulators of aging and
overview recent clinical trials in which NAD+ precursors, Nicotinamide mononucleotide (NMN) or
Nicotinamide riboside (NR) were administered to increase NAD+ contents.

Calorie Restriction and Sirtuins

Caloric restriction is the only non-pharmacological intervention that suppresses age-related
function decline among many species, and in particular, NAD+-dependent deacetylase sirtuin is
one of the molecules which bring out the effect of caloric restriction on longevity. Sir2, an NAD+-
dependent deacetylase, has been shown to be a regulatory factor of lifespan and senescence in budding
yeast, C. elegans, and Drosophila. Mammals contain seven homologs of Sir2, SIRT1-7, which are
involved in a wide range of cellular processes such as metabolism, cell proliferation, and apoptosis [1].
‘The degradation of NAD+ to nicotinamide (NAM) by sirtuins is conjugated with the deacetylation of
lysine residues of specific proteins, which relates to health promotion and longevity [1].

NAD+ Metabolism

The NAD+ synthesis pathway consists of a de novo synthesis system originated from tryptophan,
a Preiss-Handler pathway starting from nicotinic acid, and a salvage pathway that recycles NAM
produced by the decomposition of NAD+ (Figure 1) [2,3]. Nicotinamide phosphoribosyltransferase
(NAMPT), a rate-limiting enzyme in the NAD+ synthesis, plays an important role in the salvage
pathway, which converts NAM to NMN. Following the conversion of NAM to NMN by NAMPT,
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Figure1. NAD*synthesis in mammals. NAAD: Nicotinic Acid Adenine Dinucleotide; NADS: NAD Synthetase; NAMN: Nicotinic Acid Mononucleotide;
NAM: Nicotinamide; NMN: Nicotinamide Mononucleotide; NR: Nicotinamide Riboside; NAMPT: Nicotimamide Phosphoribosyltransferase; NMNAT:
Nicotinamide Mononucleotide Adenylyltransferase; PARPs: Poly ADP Ribose Polymerases; NRK: Nicotinamide Ribose Kinase.

NMN is resynthesized to NAD" by a second enzyme, Nicotinamide/
Nicotinic acid Mononucleotide Adenylyltransferase (NMNAT).
The decrease of NAD" levels and sirtuin activity during aging are
closely related to age-related decline in physiological function [2,3].
Numerous preclinical studies have revealed that the elevation of
NAD" levels on the administration of an NAD* precursor, NMN
or NR, can mitigate age-related disorders; however, human data are
under investigation [2,3].

NR Human Clinical Trials

NR is a vitamin B3 analog and a major vitamin component in
milk (-1mg/L) [4]. In addition, NMN is contained in ingredients
such as green soybeans, broccoli, and meat (-1mg/100g food) [5].
However, since its amount is extremely small, it is difficult to obtain
sufficient intake from food. As such purified and concentrated NR
and NMN are used in clinical trials. Human clinical trials using NR
and NMN are underway around the world. In NR clinical trials, NR
was administered at a maximum daily intake of 2000 mg for up to
12 weeks and its safety has been confirmed [6]. Increases in blood
and tissue NAD" concentrations also have been confirmed, although
the report of the benefit of NR for the age-related function decline is
limited at present. In a recent report, administration of 1000 mg NR
to 30 patients with newly diagnosed Parkinson’s disease (NADPARK
study) increased NAD' concentration in cerebrospinal fluid and
mitochondrial-associated gene expression in peripheral blood and
muscle, and mildly mitigated clinical symptoms of patients with the
changes in NAD* metabolism on Positron Emission Tomography

[7].

NMN Human Clinical Trials

NMN human clinical trials started later than those of NR, but
recently there have been a series of reports (Table 1). At first, the
safety of single-day administration of NMN 100 mg, 250 mg, and
500 mg was reported [8]. Next, NMN 250 mg was administered to
obese elderly postmenopausal women (BMI 25.3-39.1 kg/m2) for
10 weeks [9]. The safety of NMN administration was demonstrated,
and an increase in blood NAD* concentration was observed due
to NMN administration [9]. Although no increase in NAD* was
observed in skeletal muscle, the glucose clamp test showed that
NMN intake increased insulin sensitivity of skeletal muscle, and
muscle biopsy also suggested that insulin signals (AKT and mTOR
phosphorylation) in skeletal muscle were increased. On the other
hand, no effects of NMN on body composition, muscle strength or
blood test metabolic parameters were observed [9].

NMN oral administration improves muscle performance in

healthy older men.

In the meantime, we planned a randomized, double-blind,
placebo-controlled, parallel-group comparative study of NMN
administration in healthy elderly men aged 65 years or older [10].
We focused on muscle mass and strength because the previous trial
already included insulin secretion and glucose intolerance as primary
endpoints. Muscle weakness in the elderly has important medical
implications as sarcopenia. Because sarcopenia is more prevalent in
males, elderly men were selected as the subject. The intake of NMN
was set at 250 mg, which is equivalent to the previous study [9], as an
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Table1. NMN Clinical Trials.
. Number of . . .
Subjects . Dosage Duration | Trial design Effect Reference
subjects (n)
1) 100 mg
. A single-arm non-
1 Males aged 40-60 10 2) 250 mg Single day randomized intervention Safety 8
3) 500 mg
Females aged 55-75 Increase in
BMI 25.0-44.9 NAD* content in
100 mg/dl < FBG < Placebo-controlled, PBMCs, insulin-
2 | 125mg/dl 25 250 mg 10 weeks randomized, double-blind, | stimulated glucose 9
140 mg/dl < OGTT 2 hr parallel-group trial disposal and
glucose < 199mg/dl skeletal muscle
5.7% < HbA1c < 6.4% insulin signaling.
1) 300 mg
(+exercise) ;
2)600 m Placebo-controlled, It?‘.cer:izkl)?c
3 48 . 9 6 weeks randomized, double-blind, R . 15
(+exercise) ) capacity during
four-arm trial ) .
3) 1200 mg exercise training
(+exercise)
Increase in
NAD* content in
Placebo-controlled, PBMCs
4 42 250 mg 12 weeks randomized, double-blind, . 10
parallel-group trial ImProvements in
gait speed and
muscle function
Placebo-controlled, :?sgzven:g;itt
5 108 250 mg 12 weeks randomized, double-blind, seepd Y 14
. fatigue, and physical
parallel-group, trial
performance
Placebo-controlled, Il\rl‘;[)e}?ISIZ\I/ZI?ﬁ\DtIfe
6 66 150 mg 60 days randomized, double-blind, 16
. serum and SF36
parallel-group trial
score.
Placebo- Increase in
1) 300 mg controlled, randomized, blood NAD+
7 80 2) 600 mg 60 days double-blind, parallel- concentration, 17
3) 900 mg group, dose-dependent SF36 score, and
trial walking distance.
Placebo-controlled,
8 31 1250 mg 4 weeks randomized, double-blind, | Safety 19
parallel-group trial

intake that is assumed to be safe. Enrolled forty-two healthy elderly
men aged 65 years or older were randomly assigned to an NMN
group (250 mg/day) or a placebo group, and NMN or placebo was
administered for up to 12 weeks. After 6 weeks (NMN group n
= 21, placebo group n = 21) or 12 weeks (NMN group n = 10,
placebo group n = 10), hematological parameters (number of red
blood cells, white blood cells, platelets, etc.), biochemical parameters
(triglyceride, LDL-cholesterol, glucose, HbAlc, insulin, AST, ALT,
y-GTP etc.), concentrations of NAD* and NAD*-related metabolites
such as NMN and NR in whole blood, exercise capacity and physical
function (the 30-s chair-stand test, walking speed, grip strength),
body composition by bioimpedance (BIA) method and computed

tomography (CT), and a wide variety of outcomes indicative of
sensory, vascular, and cognitive functions, were evaluated.

As a result, no obvious adverse events were observed in the
NMN group for up to 12 weeks. Oral intake of NMN effectively
increased blood levels of NAD* and NAD* precursors, such as NMN
and NR, compared to the placebo group.

On the other hand, in order to investigate the effect of oral NMN
administration on skeletal muscle mass in healthy elderly men, the
skeletal muscle mass index (SMI) and site-specific muscle mass were
measured by BIA method as primary endpoints. Statistical analysis
was performed on baseline, week 6, and week 12 measurements using
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a mixed-effect model or mixed-effect model for repeated measures
(MMRM). As a result, there was no significant difference in skeletal
muscle mass changes in any analysis. In addition, no change in fatty
liver or visceral fat was observed by CT.

To examine the effects of NMN on motor function, walking
speed, 30-second chair standing test and grip strength were analyzed
using the same statistical methods. As a result, mixed effects model
or MMRM showed significant improvement in walking speed and
left grip strength after NMN administration. These results suggest
that oral NMN administration may improve motor function in
healthy elderly men, although it does not affect skeletal muscle mass.
In addition, a significant difference in the mean values of walking
speed was observed between the placebo group and the NMN one
after 6 weeks of NMN administration as well as after 12 weeks.
Furthermore, a significant difference in the mean values of the 30-s
chair-stand test was observed between each group after 6 weeks,
which supports the efficacy of NMN in motor function.

While any significant differences in the other endpoints
evaluated in this clinical trial by NMN administration were not
observed, a trend toward improvement in hearing ability was
observed, although not statistically significant. Animal studies have
shown that administration of NAD+-related metabolites improves
age-related hearing loss and noise-induced hearing loss through
activation of mitochondrial SIRT3 in the inner ear [11-13].

Other NMN Clinical Trials

Recently, another Japanese group also have reported that NMN
administration improved motor functions of the elderly. 250 mg
NMN for 12 weeks improved some of the motor functions (standing
test) and the quality of sleep according to the Pittsburgh Sleep
Quality Index for the elderly [14]. In addition, the report from China
showed that NMN administration (300 mg, 600 mg, 1200 mg, 6
weeks) combined with exercise training (running, cycling) increased
ventilatory performance threshold (VT) dose-dependently [15]. In
the other report from China, administration of 150 mg NMN for
60 days in middle-aged and older adults aged 40-65 significantly
improved SF-36, the indicator of health-related Quality of Life [16].
Also, in a report from India, administration of 300 mg, 600 mg,
and 900 mg NMN for 60 days in middle-aged and older adults
aged 40-65 significantly improved the results of the 6-minute walk
test and SF-36 [17]. The improvement of motor function by NMN
may be caused by the improvement of not only muscle strength but
also all functions of the elderly, such as cardiopulmonary function,
vitality and mental health. On the other hand, a recent report
analyzed muscle metabolomes of the subjects aged 20-30 and 65-
80, respectively, and identified NAD* as one of the metabolites that
declines with aging. In addition, while the NAD* levels of the elderly
who did exercise training were similar to those of the young, NAD*
of the elderly whose motor function declined decreased further [18].
We consider there is a close relationship between muscle NAD*
levels and motor function, and NMN administration may increase
muscle NAD* and improve motor function in the same way as
exercise training.

Recently, the safety of high-dose NMN (1250 mg) for 4 weeks
was demonstrated in men and women aged 20-65 [19]. We currently
conduct a new NMN clinical trial to examine the beneficial effect of
high-dose (1250 mg), long-term (24 weeks) NMN administration
on aging.

Conclusion

Recent human clinical trials have tested whether NMN
administration and its subsequent activation of sirtuins could be an
effective means of restoring the physiological function that declines
during aging and controlling age-related diseases. Based on these
results, the effects of oral NMN administration in humans currently
appear to be limited compared to animal studies. However, NMN
administration can become an effective means of improving the
performance of the elderly by adjusting the dosage and administration
period in the near future. In addition, since the mechanism by which
NMN improves motor function in elderly people is unclear, further
elucidation of the detailed mechanism is required.

In particular, as the prevention of sarcopenia is a major issue
in a super-aging society, NMN administration can be an effective
means of preventing sarcopenia. Since NMN can be ingested as a
supplement, it has the potential to be put into practical use as an
intervention method for aging, and is highly expected to contribute
to the realization of a healthy and long-lived society.
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