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Abstract The study evaluated how ingestion of
nicotinamide mononucleotide (NMN) for 12 weeks
by older adults affected blood nicotinamide adenine
dinucleotide (NAD+) levels and physical function,
particularly walking function. Information concern-
ing sleep, and stress was also collected as secondary
endpoints. In this randomized, placebo-controlled,
double-blind, parallel-group comparison study, 60
participants were randomly allocated into a placebo
group or NMN group. Members of the NMN group
consumed 250 mg/day NMN for 12 weeks. Motor
function tests, blood NAD metabolite analysis, and
questionnaires were conducted at the start of the
study and 4 and 12 weeks after intake. This trial was
registered at umin.ac.jp/ctr as UMIN000047871 on
June 22nd, 2022.

At primary outcome, at both 4 weeks and 12 weeks,
the NMN and placebo groups had no significant dif-
ferences in a stepping test. At secondary outcomes,
after 12 weeks of NMN intake, the NMN group had
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a significantly shorter 4-m walking time than the pla-
cebo group as well as significantly higher blood lev-
els of NAD+and its metabolites. A significant nega-
tive correlation was observed between the change
in the 4-m walking time and the change in blood
NAD+, Nl-methyl-2-pridone-5-carboxamide (2-PY),
and  N'-methyl-4-pridone-3-carboxamide  (4-PY)
at 12 weeks. The NMN group had improved sleep
quality at 12 weeks relative to the placebo group as
evidenced by lower scores for “Daytime dysfunc-
tion” and “Global PSQI” on the Pittsburgh Sleep
Questionnaire. No adverse effects related to test sub-
stance consumption were observed. Together, these
results indicate that NMN intake could increase blood
NAD +levels, maintain walking speed, and improve
sleep quality in older adults. Interventions involving
NMN aimed at maintaining walking speed could con-
tribute to extended healthy life expectancy.

Keywords Nicotinamide mononucleotide - Walking
speed - Blood NAD + - Older adults

Introduction

As the elderly age, physiological aging progresses
due to a decrease in the number of cells that comprise
each organ of the body and decreases in the volume
of cells [1, 2]. Physiological aging can also be accom-
panied by various physical characteristics such as
decreased organ function and homeostasis function
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and development of disease. In particular, decreased
physical performance, markedly increased movement
time, and decreased postural balance function are
seen with increasing age [2—4]. Walking is an impor-
tant function for activities of daily living, which can
be negatively impacted by decreased walking ability.
Among walking ability parameters, walking speed in
particular is strongly associated with mortality risk
and is an indicator of physical function and daily liv-
ing function in older adults. Faster walking speeds,
which are related to the function of the musculoskele-
tal, nervous, cardiovascular, and other systems [5-7],
facilitate maintenance of life functions and increase
life expectancy. After the age of 65, walking speed
gradually declines and can become an obstacle for
daily life after the age of 80 years old and 75 years old
for men and women, respectively. The loss of walking
ability brings a concomitant decline in life function
[7]. Therefore, exercise programs and medical inter-
ventions aimed at maintaining or increasing walking
speed could extend healthy life expectancy [8—10].

Nicotinamide adenine dinucleotide (NAD+) is
an essential pyridine nucleotide that functions as a
cofactor and substrate for enzymes involved in vari-
ous biological processes, including energy metab-
olism, gene expression regulation, DNA repair,
mitochondrial function, immune function, calcium
homeostasis, and cell death [11-13]. Decreased
NAD +levels in vivo have been associated with car-
diovascular and metabolic diseases, neurodegenera-
tive diseases, cancer, and aging [14—-16]. Under these
specific disease conditions and in older adults, sup-
plementation with NAD + precursors may be benefi-
cial [12, 17, 18]. In addition to nicotinamide (NAM)
and nicotinic acid (NA), which have been studied for
many years, nicotinamide riboside (NR) and nicotina-
mide mononucleotide (NMN), have recently attracted
attention as NAD + precursors. Long-term intake of
NMN has been reported to improve physical function
in humans, but the number of reports describing the
effect of NMN is limited [19].

There is a close relationship between aging and
sleep disorders [20, 21]. As people age, sleep qual-
ity declines; sleep duration decreases; and sleep dis-
orders, such as insomnia, sleep apnea, and restless
legs syndrome, increase. The quality and quantity of
sleep declines lead not only to poor physical function,
but to cognitive decline and psychological problems.
It has been reported that long-term intake of NMN
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showed a significant interaction between the results
of a 5-time sit-to-stand test and drowsiness [19]. This
is little information, and further studies are needed to
convince us of the validity of NMN.

The purpose of this study was to evaluate how
NMN supplementation for older adults for a 12-week
period affected blood NAD+levels and physical
function, especially walking function. Information
related to sleep, and stress was collected as secondary
endpoints.

Methods
Ethical approval

The study was approved by the Ethical Review Com-
mittee of Chiyoda Paramedical Care Clinic, which is
a third party entity that was not involved in the study
(No.15000088; date of approval: March 18, 2022).
The study was conducted in compliance with ethi-
cal principles based on the Declaration of Helsinki
and ethical guidelines for medical research involv-
ing human subjects (notification of the Ministry of
Health, Labor, and Welfare, and Ministry of Educa-
tion, Culture, Sports, Science and Technology). The
trial is registered with the UMIN Clinical Trials Reg-
istry (UMINO000047871). The study was conducted
at the CPCC Corporation, which performed motor
function measurements, blood sampling, and medi-
cal examination of study participants at the initial
screening and during the study. The initial screening
tests for the study were conducted between June 1
and June 7, 2022, and the test substance consumption
period was between July 1 and September 25, 2022.

Selection of participants

Before enrolling, the study investigator provided
study participants with sufficient explanation of the
study as well as the most recent consent and explana-
tion documents and consent forms that were approved
by the ethical review committee. Study participants
were given the opportunity to ask questions and suffi-
cient time to make a decision about their participation
in the study. Participants were included in the study
only after their own free and voluntary consent was
obtained in writing. Selection and exclusion criteria
for study participants are listed in Table 1.
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Table 1 Study selection and exclusion criteria

Selection criteria

(1) Men and women who were between 65 and 75 years old
when consent was obtained

(2) Subjects who received a full explanation of the study, were
able to understand its contents, and were able to give their
written consent

Exclusion criteria

(1) Subjects who were consuming foods that could affect the
study, including specified health foods, functional foods, or
general health foods (including supplements), at least three
times a week and an inability to discontinue consumption of
the foods at the time consent was obtained

(2) Subjects who were taking drugs that could affect the test
(e.g., anabolic proteins, peptide hormones, growth factors,
beta2 agonists, hormone modulators, and metabolic modula-
tors listed in the International Standard of the World Anti-
Doping Code 2022 Prohibition Table) at least three times a
week and who could not limit use during the study period

(3) Subjects who had a daily exercise habit of moderate inten-
sity or higher for resistance exercise and high intensity or
higher for other exercise

(4) Heavy alcohol use

(5) Subjects who had sustained severe injuries to their loco-
motory organs (e.g., broken bones, ruptured tendons, or
separated muscles) within the previous year

(6) Subjects with motor dysfunction

(7) Subjects using implanted medical electronic devices such
as pacemakers

(8) Subjects who had been stopped from exercising by a physi-
cian

(9) Subjects with a history or current history of serious
diseases of the heart, liver, kidney, lungs, digestive organs,
blood, endocrine system, nervous system, and metabolic
system

(10) Subjects who were allergic to medicines and food

(11) Subjects who were currently participating in a clinical
trial of another drug or health food or who were scheduled
to participate in another clinical trial within 4 weeks of trial
completion or after consent to participate in such a trial

(12) Subjects who had donated component blood or 200 mL of
whole blood in the month prior to the start of the relevant test

(13) Men who had donated 400 mL of whole blood during the
3 months prior to the start of the study

(14) Women who had donated 400 mL of whole blood during
the 4 months prior to the start of the study

(15) Men who had a blood collection volume during the
12 months prior to the start of the study plus a total planned
blood collection volume for the study that exceeded 1200 mL

(16) Women who had a blood collection volume during the
12 months prior to the start of the study plus a total planned
blood collection volume for the study that exceeded 800 mL

(17) Subjects whose participation in the study was deemed
inappropriate by the investigator or sub-investigator

Screening of participants

The 136 study participants for whom consent was
obtained underwent screening tests in a background
investigation that included a medical history, physi-
ological examination, medical examination, and step-
ping test (standing and sitting), as well as blood and
urine tests. Based on the overall results of the screen-
ing test, 60 study participants were selected to begin
consumption of the test substance.

Sample size

The sample size was calculated based on reports of
improved gait speed after 12 weeks of NMN intake
[22]. The between-group difference in change in gait
speed after 12 weeks of NMN intake was 1.00 (NMN
group; N=10, 0.09 +0.13, placebo group; N=10,—
0.01+0.10). Based on these factors, the Cohen’s d
of the effect size between groups was estimated to
be—0.91. The statistical significance level (o) was
5% two-sided, the statistical power (1-p) was 80%,
and the sample size for the 7-test was calculated to be
20 subjects in each group. To account for a 30% drop-
out rate, the number of subjects in each group was set
to N=30 for each group.

Study design

Participants were restricted from eating after 9 p.m.
the day before their visit. Water intake was permit-
ted. After the visit, a medical interview, physiological
tests, blood collection, and questionnaires were con-
ducted. Afterwards, a light meal was provided, and
motor function tests were administrated.

Prior to the start of the supplement intake, a medi-
cal interview, physiological tests, motor function
tests, blood and urine tests, NAD-related metabolite
blood analysis, and questionnaires were administered.
Consumption of the test substance began on the day
of the pre-commencement examination and thereafter
two capsules (125 mg NMN/capsule) per day were
consumed for 12 weeks. During the study period,
the study participants were asked to make their own
entries in a daily life diary regarding the intake of the
test substances, subjective symptoms, and confirma-
tion of their intake of medicines and health foods. At
4 weeks and 12 weeks after beginning intake, physi-
ological tests, motor function tests, blood and urine
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tests (12 weeks only), NAD metabolite blood analy-
sis, questionnaires, and a medical interview were
again administered.

Restrictions during the study period

During the study period, study participants made
daily entries of necessary information in a daily life
diary and observed the following activities restric-
tions and prohibitions: (1) avoiding introduction of
major changes in lifestyle relative to those before
participation in the study; (2) avoiding intake of new
foods for specified health use, functional foods, or
health foods (including supplements); and (3) imme-
diately notifying the study consultation desk and not-
ing in the daily life diary if the participant felt unwell
or began taking any new medication.

Preparation of test substance

Hard capsules containing 125 mg B-NMN per cap-
sule with crystalline cellulose, lubricant (calcium
stearate), and anti-caking agent (silicon dioxide) as
additives were prepared. For the placebo, NMN was
replaced with crystalline cellulose. The NMN con-
tent was assessed using HPLC. A third party entity
that was not involved in the conduct of the study
confirmed that the test and placebo substances were
indistinguishable.

Allocation, blinding of test substance

The study was a randomized, placebo-controlled,
double-blind, parallel-group comparison. The 60
selected participants were randomly allocated into
two groups (NMN group and placebo group). The
number of steps in the stepping test (see below) was
used as an allocation factor. Blinding throughout the
study was maintained by all parties except the study
substance allocation manager.

Case fixation and key opening

After the 12-week post-intake examination, discon-
tinuations, presence or absence of adverse events,
intake rate of study substances, and records of intake
of pharmaceuticals, quasi-drugs, health foods, sup-
plements, and foods for specified health uses were
checked for noncompliance, and cases for analysis
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were identified. After adjusting the measurement
data obtained from the test (data fixation), key open-
ing of the sealed test substance allocation table was
performed.

Evaluation of outcomes

Primary outcome

Motor function test: stepping test A stepping test
was carried out using a TKK5301 instrument (Takei
Scientific Instruments Co. Ltd., Niigata, Japan).
The patients performed two 5-s periods of stepping
in place while standing, and the number of steps
taken was recorded. Using a chair with a seat height
adjusted so that the knee angle was 90°, subjects
performed two 5-s periods of stepping while seated,
with both hands holding the handles next to the seat
surface, and the number of steps was recorded. Maxi-
mum values were used as the data.

Secondary outcomes

Physiological tests Body composition was meas-
ured using a direct segment multi-frequency bio-
electrical impedance analyzer (In body 570, In body
Japan Co., Ltd.). BMI (body mass index) and SMI
(skeletal muscle mass index) were calculated based
on measurements of body weight, skeletal muscle
weight, and height. Systolic and diastolic blood pres-
sure and pulse rate were measured.

Motor function tests

Selection reaction time was evaluated using Reac-
tion MR (TKK1264, Takei Scientific Instruments
Co., Ltd.). Participants stood in the center panel and
received a visual signal indicating that the subject
should move forward, backward, left, or right. Direc-
tions were given eight times in a random order. The
Motion Initiation time (the time between the visual
cue and movement of one foot away from the other to
move to the indicated panel) and the Reaction Time
(the time between receiving the cue and moving both
feet) were measured, and the average time for eight
tests was calculated.
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Muscle strength was measured using a motor
function analyzer (zaRitz BM-220 Tanita
Corporation, Tokyo, Japan) [23]. The subject was
seated in a chair and, upon receiving instruction
from the measuring device, was asked to stand
up as fast as possible, remain still while standing
for approximately 3 s, and then sit down. This
movement was repeated three times, and the power,
speed, balance score, and muscle strength score
were measured.

Grip strength was measured using a Jaymar-type
hydraulic grip strength tester (SH5001 Sakai Medi-
cal Co., Ltd.). Two measurements were taken for
each hand, and the higher value was used.

The Japanese version of Short Physical Perfor-
mance Battery (SPPB) was conducted to assess
physical performance. This test consists of three
tests to measure balance, muscle strength, and gait:
standing static balance in three postures, lower
extremity muscle strength and power associated
with rising from and sitting on a chair, and the 4-m
walking speed at a normal pace. SPPB was evalu-
ated in terms of total scores and measurements. The
walk and rise tests were repeated twice, and data
from the trial in which the speed was highest was
used [24].

From the day after the 0 week visit to bedtime
the day before the 12 week visit, the study sub-
jects wore a pedometer from the time they woke up
to bedtime (except when bathing) and entered the
number of daily steps in their daily diary.

Blood and urine analysis

First-morning urine and blood samples from the
median cubital vein were collected. Hematologi-
cal tests, including counts of white and red blood
cells and platelets, hemoglobin, and hematocrit,
were performed. Blood biochemical tests, includ-
ing total protein, albumin, total bilirubin, alkaline
phosphatase, lactate dehydrogenase, aspartate ami-
notransferase, alanine aminotransferase, gamma-
glutamyl transpeptidase, creatine kinase, total
cholesterol, triglycerides, HDL cholesterol, LDL
cholesterol, urea nitrogen, creatinine, uric acid,
sodium, potassium, chloride, calcium, glucose, and
HbAlc (NGSP), were also carried out. Urine was

tested for protein, glucose, urobilinogen, bilirubin,
and occult blood. All blood and urine analyses were
performed by BML, Inc. (Tokyo, Japan).

Analysis of blood NAD related metabolites

Levels of NAD-related metabolites (NAD+, NMN,
NADP+, NAM, N'-methyl-2-pridone-5-carboxamide
(2-PY), and N'-methyl-4-pridone-3-carboxamide
(4-PY), NaMN, NaR) were assessed using high-
performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS, HPLC; ACQUITY
H-class Bio Binary system, Waters Corporation,
Milford, MA, USA, MS/MS; TQ-XS, Waters
Corporation). Immediately after collecting blood
samples, 800 pL methanol was added to 200 pL whole
blood. The samples were mixed thoroughly and stored
at—=380 °C until analysis. For analysis, mixtures were
centrifuged for 10 min at 4 °C, 15,000xg. A 40 pL
aliquot was mixed with 2 pL internal standard solution
and evaporated using a miVac concentrator (Genevac
Limited, Gothenburg, Sweden) at 30 °C. The dried
extract was dissolved with 420 pL citric acid (0.1 mg/
mL), and the suspension was filtered through a 0.2 pm
filter before HPLC-MS/MS analysis.

All analyses were performed on a 2.1Xx150 mm
column with a 1.8 pm particle size (ACQUITY UPLC
Premier HSS T3, Waters Corporation). The mobile
phase A and B was 5 mM ammonium formate and
acetonitrile, respectively. The initial eluent composition
was 100% A with an increase to 10% B over 3 min.
The 10% B concentration was maintained for 0.5 min
and then increased to 90% B over 1 min, held at 90% B
for 3.5 min, and then reduced to 0% B over 3 min. The
total run time was 11 min. The eluent flow was 0.3 mL/
min, and the column was maintained at 45 °C. Analytes
were detected using electrospray ionization in the
positive mode. Multiple-reaction-monitoring (MRM)
was performed using characteristic fragmentation
ions (NAD+, m/z=664.2/428.1, *C° NAD+_IS,
m/z=669.1/428.0; NMN, m/z=335.2/123.0; NaMN,
m/z=336.2/124.0, NADP+, m/z=744.0/136.0, D*
NMN_IS, m/z=339.1/127.0, NAM, m/z=123.2/79.9;
2-PY, m/z=153.1/110.0, 4-PY, m/z=153.1/136.0, 1*C°®
NAM_IS, m/z=129.0/85.4, NaR, m/z=256.1/124.0,
BCO NA_IS, m/z=130.1/83.0).
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Questionnaire

Mood profiles of all study subjects were analyzed
using a shortened version of POMS2, a psycho-
logical rating scale to assess transient, distinct mood
states [25]. The shortened POMS?2 is a mood inven-
tory containing 35 items to assess the following
seven different subscales (moods): Anger-Hostility
(AH), Confusion-Bewilderment (CB), Depression-
Dejection (DD), Fatigue-Inertia (FI), Tension-Anxi-
ety (TA), Vigor-Activity (VA), and Friendliness (F).
Subjects were asked to indicate mood states during
the previous 1-week period using a 5-point score
ranging from O (“not-at-all”) to 4 (“extremely”).
The sum of the scores was calculated for each sub-
scale. A total mood disorder (TMD) score was cal-
culated based on the individual total score of six
subscales (excluding subscale F) using the formula
TMD =(AH+CB+DD+FI+TA)—VA. Evaluation
of individual subscales and TMDs was performed
using standardized scores (T-scores) that were con-
verted from the individual total subscale scores and
TMD scores using a conversion table.

Subjective sleep quality was measured using the
Pittsburgh Sleep Quality Index (PSQI) [26]. The
PSQI is a subscale score ranging from O to 3 that
assesses subjective sleep quality over the previous
month and consists of seven items (sleep duration,
sleep latency, sleep medications, sleep disturbances,
daytime dysfunction, sleep quality, and sleep effi-
ciency). Lower scores correspond to better subjective
sleep quality.

Safety assessment

Symptoms, severity, outcome, and frequency of
adverse events and side effects that occurred from
the start to the end of the study period by all study
subjects who had consumed the study substance at
least once were recorded, and the association with the
study substance was evaluated for all events.

Statistical analysis

Test data are presented as mean +standard devia-
tion. Measurement data at 12 weeks were used as the
primary outcome. Differences among the groups at
each time point were analyzed by ANCOVA with the
0 week measurement data as a covariate. Analysis of
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data for the 4-week time point was carried out only
for those parameters that showed significant differ-
ences at 12 weeks. All statistical analyses were per-
formed using SPSS 22.0 (SPSS Inc., Chicago, IL,
USA).

Results

The screening study included 136 participants
(Fig. 1). A total of 60 participants who met the selec-
tion criteria and did not violate the exclusion crite-
ria were selected and randomly assigned into one of
two groups. The efficacy and safety analyses were
conducted for all 60 subjects (the placebo group 30
subjects, the NMN group 30 subjects), since none of
the study subjects met the criteria for exclusion. Data
were not collected for five of the subjects because
they were unable to participate in the study due to
injury or illness (placebo group, fever (N=1), injury
(N=1) at 4 weeks, injury (N=2) at 12 weeks; NMN
group, sore throat (N=1) at 4 weeks).

There were no significant differences between
the age, height, weight, BMI, blood pressure, pulse,
and blood test parameters for the control and NMN
groups (Table 2).

Primary outcome: stepping test

The stepping test (sitting and standing) showed no
significant difference between the placebo and NMN
groups at either 4 or 12 weeks of intake (Table 4,
Supplementary Table S2).

Secondary outcomes
Body composition

The body composition at 0 week and at 4 and
12 weeks of the study was similar between the pla-
cebo and NMN groups (Supplementary Table S1 and
Table 3).

Motor function

At both 4 weeks and 12 weeks, the NMN and placebo
groups had no significant differences in a selective
response time, grip strength, or SPPB scores (Table 4,
Fig. 2 A and B, Supplementary Table S2). However,



GeroScience (2024) 46:4671-4688

4677

Fig. 1 Subject enrollment
in the clinical study

Enrollment

Allocation

Obtained informed consent
Assessed for eligibility, N=136

Excluded, N=76

Declined to participate, N=1

Did not meet eligibility criteria, N=13

Reached target number, N=62

I Randomized, N=60 I

Placebo group, =30

NMN group, N=30

Follow Up ow ow

Participation, N=30 Participation, N=30
Discontinuation or Dropout, N=0 Discontinuation or Dropout, V=0

4W 4w
Participation, N=28 Participation, N=29
Non-participation, N=2 Non-participation, V=1
(due to fever, injury) (due to sore throat)
Discontinuation or dropout, A=0 Discontinuation or dropout, V=0

12w 12 W
Participation, N=28 Participation, N=30
Partly Participation, N=1 Discontinuation or dropout, N=0
(due to injury)
Non-participation, N=1
(due to injury)
Discontinuation or dropout, A:=0

Analysis | |
Safety Analysis Safety Analysis
N=30 N=30
I I
Efficacy Analysis Efficacy Analysis
0W, N=30 0w, N=30
4W, N=28 4W, N=29
12 W, motor function analysis, 12W, N=30
N=28
other, N=29

at 12 weeks, the NMN group had a significantly faster
4-m walking time than the placebo group.

Blood chemistry and concentrations of NAD-related
metabolites in blood samples

At both 4 weeks and 12 weeks, the blood concentra-
tion of NAD+, NAM, 2-PY, 4-PY, NaMN, and NaR
was significantly higher in the NMN group compared
with the placebo group (Fig. 3). Moreover, a signifi-
cant negative correlation was observed between the
change in the 4-m walking time and the change in
blood NAD+, 2-PY, and 4-PY at 12 weeks, but not
at 4 weeks (Fig. 2C).

Questionnaire responses

Mood was assessed using a shortened version of the
POMS?2; a psychological rating scale to assess tran-
sient, distinct mood states, and subjective sleep qual-
ity was assessed using Pittsburgh Sleep Questionnaire
(PSQI Table 5). There were no significant differences
between the groups for responses to any questions in
the POMS2 questionnaire at 12 weeks. For the PSQI,
scores for “Daytime dysfunction” and “Global PSQI”
were significantly lower for the NMN group than the
placebo group at 12 weeks, whereas at 4 weeks, the
NMN score for “Global PSQI” was also significantly
lower than that for the placebo group (Supplementary
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Table 2 Study participant

Unit Placebo group NMN group
parameters before (0 W)
NMN intervention Number of participants N 30 30
Male 18 18
Female 12 12
Age Year 69 + 3 69 + 3
Height cm 162.1 + 74 1614 + 83
Body weight kg 59.6 + 115 58.7 + 103
Body mass index kg/m? 22.6 + 36 22.4 + 26
Systolic blood pressure mmHg 125 + 18 124 + 12
Diastolic blood pressure mmHg 77 + 13 75 + 10
Pulse rate bpm 71 + 9 69 + 10
White blood cells /uL 5363.7 + 1066.1 53393 + 15718
Red blood cells x10%uL 4454 + 335 458.5 + 371
Hemoglobin g/L 137.3 + 110 140.1 + 105
Hematocrit 0.43 + 0.03 0.44 + 0.03
Platelets x10%uL  24.4 + 49 25.0 + 4.6
Total protein g/L 70.37 + 241 71.73 + 349
Albumin g/d 43.23 + 278 43.77 + 225
Total bilirubin mg/dL 0.80 + 026 0.73 + 022
Alkaline phosphatase IU/L 74.2 + 182 64.1 + 197
Lactate dehydrogenase IU/L 179.9 + 208 180.5 + 304
Aspartate aminotransferase IU/L 22.1 + 37 23.7 + 48
Alanine aminotransferase IU/L 16.7 + 44 19.7 + 72
Gamma-glutamyl transpeptidase ~ [U/L 29.9 + 20.1 23.8 + 133
Creatine kinase IU/L 157.2 + 1784 113.9 + 588
Total cholesterol mmol/L 5.74 + 095 5.56 + 0.88
Triglycerides mmol/L 1.07 + 0.60 0.94 + 047
HDL cholesterol mmol/L 1.75 + 051 1.76 + 038
LDL cholesterol mmol/L 3.32 + 065 3.15 + 072
Urea nitrogen mmol/L 5.61 + 141 6.04 + 1.28
Creatinine pmol/L 74.31 + 1429 72.28 + 14.65
Uric acid pmol/L 338.4 + 730 320.4 + 752
Sodium mmol/L 140.9 + 1.6 142.0 + 15
Potassium mmol/L 4.36 + 035 4.52 + 027
Chloride mmol/L 104.4 + 1.6 104.5 + 22
Means + standard deviation Calcium mmol/L  2.30 + 007 2.35 + 0.06
are shown Glucose mmol/L  5.29 + 046 545 + 046
N=60 (placebo group HbAlc (NGSP) % 548  + 031 545 + 026

N=30, NMN group N=30)

Table S3). These lower PSQI scores correspond to
improved sleep quality.

Safety analysis
The target population for the safety analysis was all

study subjects who initiated the study and consumed
the test substance at least once. During the study
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period, no adverse effects related to the consump-
tion of the test substance were observed. There were
23 cases of adverse events during the test substance
intake period experienced by 12 of 30 participants
in the placebo group and 20 cases for 13 of 30 par-
ticipants in the NMN group; all were minor events.
A comparison of the occurrence of adverse events
between the test substance intake groups showed no



GeroScience (2024) 46:4671-4688 4679
Table 3 Body composition Unit Placebo group  NMN group ANCOVA
of study subjects before (0
W) and after (12 W) NMN Body weight kg OW 596 =+ 117 587 =+ 103
intervention 12W 594 + 119 582 =+ 106 0254
Body fat mass kg oW 157 =+ 6.1 157 + 48
12W 171 += 64 166 + 5.0 0.068
Skeletal muscle mass kg ow 237 =+ 5.1 232 + 438
Means + standard deviation 12W 227 + 49 223 + 47 0.703
are shown Body mass index kg/m> OW 226 =+ 36 224 + 26
Efficacy analysis 12W 226 + 37 222 & 27 0262
population: N=59 (placebo Skeletal muscle mass index kg/m> OW 6.9 + 1.0 67 + 10
group N=29, NMN group 2W 65 + 10 64 =+ L1 0701

N=30)

significant difference between the type of test sub-
stance consumed and the occurrence of events. There
were no significant changes in blood hematological
and biological parameters between groups (Table 6).
Furthermore, there were no significant differences
in food intake (energy) or physical activity (steps)
between the groups (data not shown).

Discussion

This study describes the results of a randomized
control trial to examine the effect of 12 weeks of
NMN intake. Consumption of NMN was associ-
ated with increased blood NAD +levels and mainte-
nance of walking time “walking speed test” as part
of the SPPB. Moreover, those who consumed NMN
reported increased subjective sleep quality, as evi-
denced by lower scores for the PSQI test compared
with the placebo group.

Several earlier studies examined how NMN affects
human physical functions. Similar to the results of
the present study, a study by Igarashi et al. in which
older adults also consumed 250 mg of f-NMN con-
tinuously for 12 weeks reported improvements in
average walking speed (10 m walk test) and grip
strength (left hand) motor function, but there was no
significant difference for results of the chair stand
test [22]. Meanwhile, Kim et al. reported that con-
sumption of 250 mg of p-NMN for 12 weeks signifi-
cantly improved performance on a sit-to-stand test
repeated 5 times, but observed no difference in walk-
ing speed or grip strength [19], whereas a study by
Yi et al. showed that individuals who consumed 600
and 900 mg/day of NMN had significantly longer

six-minute walking distances on days 30 and 60 of
the study period compared to those who were in the
placebo group [27].

In our study, daily intake of 250 mg of NMN for
12 weeks was associated with a significant effect on
gait function, but there were no differences between
the NMN and placebo groups on other motor func-
tion tests. The lack of observed differences between
groups for the stepping test as well as the reaction
time and rise and fall tests may have been because
the movements of these tests are not closely related
to everyday activities. As such, participants’ under-
standing and unfamiliarity with the movements may
have prevented them from noticing differences that
could have been associated with the substance inter-
vention. Previous studies have reported some effects
on physical function, especially walking function,
of long-term NMN intake, but additional studies are
needed to further define ways that NMN affects phys-
ical function over the long term.

In our study, the placebo group exhibited a sig-
nificant decrease in walking speed over the 12-week
study period (paired ¢ test, P<0.001). Notably, the
study was conducted in June through September
2022, which coincided with an outbreak of COVID-
19. Measures to address this COVID-19 outbreak may
have reduced opportunities to go outside and walk. In
this study, the amount of physical activity was meas-
ured using the number of steps. No differences were
observed between groups at all time periods. There-
fore, the maintenance of walking speed was thought
to be due to the effect of NMN intake, rather than dif-
ferences in the amount of physical activity.

In the present study levels of NMN, NAD+,
NAM, 2-PY, 4-PY, NaMN and NaR in the blood
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Table 4 Motor function of study subjects before (0 W) and after (12 W) NMN intervention

Unit Placebo group NMN group ANCOVA
Stepping test
Standing step oW 30.4 + 4.4 31.6 + 34
count 12W 32.6 + 4.6 333 + 3.1 0.579
Seated step ow 41.0 + 4.6 41.9 + 4.0
count 12W 423 + 5.3 42.6 + 44 0.534
Selective response time
Movement start time sec ow 0.65 + 0.14 0.64 + 0.11
12W 0.61 + 0.13 0.64 + 0.14 0.147
Reaction time sec ow 1.26 + 0.21 1.30 + 0.16
12W 1.25 + 0.21 1.28 + 0.18 0.968
Grip strength
Left hand kg ow 26.8 + 7.2 28.1 + 7.8
12W 26.6 + 6.7 27.1 + 7.8 0.374
Right hand kg oW 28.9 + 7.6 29.8 + 7.5
12W 27.8 + 7.3 27.9 + 7.0 0.538
Dominant hand kg ow 28.8 + 7.6 29.8 + 7.5
12W 27.7 + 7.3 27.9 + 7.0 0.571
Short physical performance battery
Score - ow 11.7 + 0.6 11.9 + 0.3
12W 11.7 + 0.8 11.8 + 0.6 0.820
Chair stand test sec ow 9.34 + 2.16 9.13 + 1.38
12W 8.62 + 1.57 8.50 + 1.42 0.977
Muscle function analysis
Power score - ow 1.35 + 0.10 1.33 + 0.11
12W 1.35 + 0.11 1.33 + 0.10 0.812
Speed score - ow 9.94 + 1.57 9.60 + 1.65
12W 10.03 + 1.73 9.65 + 1.74 0.776
Balance score - ow 49.2 + 9.6 48.9 + 7.5
12W 49.8 + 1.7 50.0 + 6.7 0.900
Total score - ow 49.0 + 10.0 46.0 + 8.6
12W 49.1 + 10.6 46.4 + 8.3 0.959

Means + standard deviation are shown

Efficacy analysis population: N=58 (placebo group N=28, NMN group N=30)

were all higher for the NMN group than for the pla-
cebo group at 12 weeks. These findings are consist-
ent with a study by Yoshino et al., which reported
that individuals who consumed 10 mg/day NMN
for 41 weeks had elevated NAD +levels and plasma
2-PY and 4-PY in PBMCs [28]. Okabe et al. showed
that administration of 250 mg/day NMN for 12 weeks
resulted in ~ twofold increases in NAD levels in whole
blood by week 4 [29]. These results are highly con-
sistent with our results. There were large individual
differences in the changes in NAD metabolites after

@ Springer

the NMN intake. This is thought to be due to differ-
ences in the body pool of NAD +and metabolic rate
of niacin.

We also observed a dramatic increase in NaMN
levels after NMN administration, which is similar
to significant increases in deamidated NAD-related
metabolites like NAAD and NAR that were reported
in other studies in which NR was administered to
human subjects [30-32]. Orally administered NAM
is reported to be converted to NA by deamidation
mediated by the intestinal microflora, and this NA
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Fig. 2 Effect of NMN supplementation on 4-m walk time
and NAD +metabolites. A Results of 4-m walk test for pla-
cebo and NMN groups at week 0 (OW) and at weeks 4 (4W)
and 12 (12W) of the study period. B Change in the 4-m walk
time from O to 4W and 12W of the study period. Black hori-
zontal lines indicate average values. *P<0.05 vs. Placebo
group. Results of ANCOVA with 0 week as the covariate.
C Upper diagram: Spearman’s correlation between change
in 4-m walk time and change in NAD + metabolites from
OW and at 4W and 12W of the study period. The numbers

is absorbed from the colon [33]. We recently dem-
onstrated that orally administered NR is cleaved to
NAM by bone marrow stromal cell antigen 1 (BST1)
and subsequently converted to NA by the intestinal
microflora [34]. The absorbed NA may contribute

indicate the correlation coefficients. Lower diagram: Spear-
man’s correlation between change in 4-m walk time and
change in NAD+, 2-PY, and 4-PY from OW and at 12W of
the study period. NAD +nicotinamide adenine dinucleo-
tide, NMN nicotinamide mononucleotide, NADP +nico-
tinamide adenine dinucleotide phosphate, NAM nicotina-
mide, 2-PY N'-methyl-2-pyridone-5-carboxamide, ~4-PY
N'-methyl-4-pyridone-3-carboxamide, NaMN nicotinic acid
mononucleotide, NaR nicotinic acid riboside

to NAD synthesis via the Preiss-Handler pathway,
which generates NaMN as an intermediate.

Motor skills are involved in nearly all movements
needed for everyday life. Especially regarding short-
duration physical activities such as a 4-m walk, it is

@ Springer



4682

GeroScience (2024) 46:4671-4688

Fig. 3 Blood concentration o %
of NAD-related metabo- 1007 > 257 s
lites before (OW) and at 80+ . 2.0 : A "
week 4 (4W) and week 12 s RS ’ 2 e s ;’g
. a4 A
(12W) of the study period. 3 60- auit “;‘ = 1.5 é ? g % g re
Black horizontal lines + AL ey z o . A Ms
.. o | Axd s = -
indicate average values. <Z( 40 R S 10
*P <0.05 vs. Placebo ’ * ’ %‘- N a
group. Results of ANCOVA 20+ e e X 051
with O week as the covari- 0 0.0
ate. NAD + nicotinamide ! ! ! ! ! ' ' : i ' ' i '
. . . oW 4W 12W oW 4W 12w ow 4w 12w ow 4w 12w
adenine dinucleotide, NMN
qicotinamide monqnuclgo- Placebo NMN Placebo NMN
tide, NADP + nicotinamide 254
adenine dinucleotide phos- 1 ’
phate, NAM nicotinamide, 2.0- A "
2-PY N1-methyl-2-pyri- s N
- = s * .
done-5-carboxamide, 4-PY - & . . poa = 1.5+
N1-methyl-4-pyridone- a w & 22 P s 1 Lo
. S i o
3-carboxamide, NaMN 2 ? * g F7 -y m oy < 104 3 P
DO . > 54 & $ & - o o 0 Iy
nicotinic acid mononu- - = A s » E % ?
cleotide, NaR nicotinic acid 05 * é % #a 2
. . 4 °
riboside 0 ’ r T , T T 0.0 T T T T T T
oW 4WwW 12W oW 4W 12w oW 4w 12W oW 4W 12W
Placebo NMN Placebo NMN
15 i‘ % 41
A 4 *
:A A 37 4 %
% 10 A . % R K
A A
> AA by > 2 A
a T z w
0 AL, A n A
o 5 ° ® . :§:A g < ;*r;‘ A
¥ = liad 4
0 Y T I T T T 0'# ? * T T T
0w 4W 12W oW 4w 12w oW 4W 12W oW 4W 12W
Placebo NMN Placebo NMN
300 80—
PN *
s A 601 A
2004
I z .
§ . . % o 407 * .
S . W z * N
Z 100- RN s
. } ‘+ y 20 l 2
b= ia T = u
0- A et 0--*-*_*_*_%

oW 4W 12W

Placebo

oW 4wW 12w oW 4W 12W

Placebo NMN

important that the signal from the brain to “move” is
transmitted to the muscles via motor nerves that stim-
ulate muscle contraction and body movement. When
the neurotransmitter acetylcholine is released from
motor nerve terminals and received by acetylcholine

@ Springer

receptors on muscle fibers, muscle contraction occurs.
Motor nerves connect to muscle fibers at neuromus-
cular junctions. With aging, innervation of muscle
fibers is thought to be lost (denervation), resulting in
atrophy of inactive muscles and subsequent decrease
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Table 5 Questionnaire responses for study subjects before (0 W) and after (12 W) NMN intervention
Unit Placebo group NMN group ANCOVA
Profile of Mood States 2 (POMS2)
Anger-Hostility (AH) Point oW 43.2 + 6.1 41.7 + 4.7
12W 41.8 + 4.6 41.5 + 4.2 0.506
Confusion-Bewilderment (CB) Point oW 444 + 6.7 433 + 5.1
12W 43.5 + 43 42.5 + 4.1 0.559
Depression-Dejection (DD) Point ow 44.7 + 53 44.4 + 6.1
12W 434 + 33 43.6 + 4.1 0.660
Fatigue-Inertia (FI) Point ow 42.1 + 6.4 39.3 + 3.7
12W 39.9 + 4.5 38.8 + 2.8 0.961
Tension-Anxiety (TA) Point (VA% 42.4 + 6.1 41.3 + 5.8
12W 40.9 + 5.7 41.1 + 53 0.352
Vigor-Activity (VA) Point oW 58.7 + 7.1 51.7 + 8.4
12W 58.8 + 7.7 55.3 + 10.0 0.355
Friendliness (F) Point (VA% 56.6 + 7.4 47.8 + 7.6
12W 56.8 + 7.6 50.4 + 9.4 0.420
Total score (TMD) Point (VA% 41.1 + 6.3 41.3 + 5.1
12W 39.5 + 4.9 39.9 + 4.5 0.712
Pittsburgh Sleep Quality Index (PSQI)
Sleep quality Score oW 1.0 + 0.6 1.0 + 0.4
12W 1.1 + 0.4 0.9 + 0.4 0.062
Sleep latency Score oW 0.7 + 0.6 0.4 + 0.6
12W 0.9 + 0.9 04 + 0.7 0.195
Sleep duration Score ow 0.8 + 0.7 1.0 + 0.7
12W 1.0 + 0.7 1.0 + 0.6 0.337
Habitual sleep efficiency Score oW 0.0 + 0.0 0.0 + 0.0
12W 0.0 + 0.2 0.0 + 0.2 0.981
Sleep disturbance Score oW 1.0 + 0.0 0.9 + 0.4
12W 0.9 + 0.4 0.8 + 0.4 0.664
Use of sleep medications Score ow 0.0 + 0.0 0.0 + 0.0
12W 0.0 + 0.0 0.0 + 0.0 -
Daytime dysfunction Score oW 0.4 + 0.6 0.2 + 0.4
12W 0.4 + 0.6 0.0 + 0.2 0.010
Global PSQI Score ow 3.9 + 1.3 35 + 1.3
12W 43 + 1.5 32 + 1.4 0.013
Means + standard deviation are shown
Efficacy analysis population: N=59 (Placebo group N=29; NMN group N=30)
in muscle mass [35]. NAD is associated with the motor function. NMN administration in these

structure and function of neuromuscular junctions
and muscles [36, 37], while nicotinamide phospho-
ribosyltransferase (NAMPT), which is involved in
NAD synthesis in vivo, is associated with neural stem
cell proliferation. Mice having NAMPT knockout in
muscle tissue show faster loss of neuromuscular junc-
tions than normal mice and consequently impaired

NAMPT knockout mice is reported to improve loco-
motor function through the accumulation of NAD in
muscle [38]. Meanwhile, Ito et al. reported decreased
levels of p2-adrenergic receptors and reduced sympa-
thetic signaling in mice with hypothalamus-specific
knockdown of Slc12a8, which is a known transporter
for NMN [39]. In humans, NAD is one of the most
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Table 6 Safety evaluation of study subjects before (0 W) and after (12 W) NMN intervention

Unit Placebo group NMN group ANCOVA

Systolic blood pressure mmHg ow 124 + 19 124 + 12

12W 124 + 19 122 + 15 0.494
Diastolic blood pressure mmHg ow 77 + 13 75 + 10

12W 77 + 13 74 + 11 0.557
Pulse rate bpm ow 71 + 9 69 + 10

12W 73 + 9 69 + 9 0.157
White blood cells /pL oW 5356.2 + 1084.1 5339.3 + 1571.8

12W 5166.9 + 1257.3 5086.7 + 1819.7 0.749
Red blood cells x 10%uL oW 446.6 + 335 458.5 + 37.1

12W 441.4 + 37.6 451.4 + 412 0.631
Hemoglobin g/L oW 137.5 + 11.1 140.1 + 10.6

12W 137.1 + 12.2 140.0 + 11.6 0.470
Hematocrit % oW 0.43 + 0.03 0.44 + 0.03

12W 0.42 + 0.03 0.42 + 0.03 0.582
Platelets x 10%/uL ow 24.5 + 5.0 25.0 + 4.6

12W 24.2 + 4.8 25.0 + 43 0.568
Total protein g/L oW 70.41 + 2.44 71.73 + 3.49

12W 70.86 + 2.76 72.27 + 3.60 0.521
Albumin g/L ow 43.17 + 2.80 43.77 + 2.25

12W 42.90 + 2.76 43.73 + 2.03 0.333
Total bilirubin mg/dL ow 0.79 + 0.26 0.73 + 0.22

12W 0.79 + 0.31 0.77 + 0.25 0.477
Alkaline phosphatase TIU/L oW 73.4 + 18.0 64.1 + 19.7

12W 73.3 + 17.0 63.2 + 18.8 0214
Lactate dehydrogenase IU/L ow 178.9 + 20.5 180.5 + 30.4

12W 170.2 + 15.8 175.5 + 28.3 0.999
Aspartate aminotransferase IU/L ow 22.2 + 3.7 23.7 + 4.8

12W 22.1 + 5.0 233 + 5.1 0.858
Alanine aminotransferase IU/L ow 16.9 + 4.4 19.7 + 7.2

12W 16.4 + 53 18.4 + 5.6 0.771
Gamma-glutamyl transpeptidase IU/L ow 30.6 + 20.1 23.8 + 13.3

12W 29.9 + 20.6 239 + 17.2 0.908
Creatine kinase IU/L ow 158.1 + 181.5 113.9 + 58.8

12W 114.6 + 51.7 111.1 + 56.9 0.233
Total cholesterol mmol/L ow 5.79 + 0.93 5.56 + 0.88

12W 5.69 + 0.88 5.66 + 1.00 0.194
Triglycerides mmol/L ow 1.08 + 0.61 0.94 + 0.47

12W 1.26 + 0.74 1.04 + 0.55 0.390
HDL cholesterol mmol/L ow 1.77 + 0.51 1.76 + 0.38

12W 1.68 + 0.52 1.72 + 0.38 0.194
LDL cholesterol mmol/L ow 3.34 + 0.65 3.15 + 0.72

12W 3.19 + 0.71 3.21 + 0.76 0.146
Urea nitrogen mmol/L ow 5.60 + 1.44 6.04 + 1.28

12W 5.38 + 1.00 5.69 + 1.13 0.650
Creatinine pmol/L ow 73.55 + 1391 72.28 + 14.65

12W 67.58 + 14.32 67.66 + 14.96 0.354

@ Springer



GeroScience (2024) 46:4671-4688 4685
Table 6 (continued)
Unit Placebo group NMN group ANCOVA

Uric acid pmol/L oW 340.9 73.0 3204 75.2

12W 343.3 + 83.6 326.0 + 82.5 0.797
Sodium mmol/L ow 140.8 + 1.6 142.0 + 1.5

12W 139.2 + 1.7 139.5 + 1.6 0.897
Potassium mmol/L oW 4.38 + 0.35 4.52 + 0.27

12W 4.36 + 0.25 4.50 + 0.36 0.219
Chloride mmol/L oW 104.4 + 1.7 104.5 + 2.2

12W 103.9 + 1.8 103.4 + 2.1 0.204
Calcium mmol/L ow 2.30 + 0.07 2.35 + 0.06

12W 2.33 + 0.07 2.37 + 0.09 0.545
Glucose mmol/L ow 5.28 + 0.47 5.45 + 0.46

12W 5.19 + 0.36 5.35 + 0.40 0.443
HbA1c(NGSP) % ow 5.49 + 0.31 5.45 + 0.26

12W 5.47 + 0.30 5.46 + 0.27 0.616

Means + standard deviation are shown

Safety analysis population: N=59 (placebo group N=29, NMN group N=30)

prominent metabolites in muscle, and its concentra-
tion decreases with age. These lower levels are even
more pronounced in older individuals with physical
impairments, while exercise-trained older individu-
als maintained NAD levels that were more similar to
those found in younger individuals. NAD abundance
also positively correlated with the average number of
steps per day as well as with mitochondrial and mus-
cle function [40]. In this study, we observed a sig-
nificant negative correlation between the change in
the 4-m walking time and changes in blood NAD +,
2-PY, and 4-PY at 12 weeks of NMN intake. These
results indicate that the higher the NAD +level in the
blood, the faster the walking speed is maintained in
older adults. Thus, accumulation of NAD may main-
tain short-term locomotor performance such as 4-m
walking speed, and this improvement could occur via
neuromodulation.

Here, we observed significant correlation between
the degree of change in gait function and the change
in blood NAD +levels at 12 weeks but not at 4 weeks.
Thus, increased NAD +levels could positively affect
the gait, but the lag observed for the physiological
effects to appear suggests that the positive changes
require that a threshold for NAD + levels be reached.

We also observed improved sleep quality scores
for the NMN group relative to the placebo group.
Although the mechanism underlying the effect of

NMN or NAD + on sleep-related factors has not been
fully understood, Shen et al. showed in mice that
consumption of NMN was associated with allevi-
ated p-chlorophenylalanine-induced sleep disorders
by simultaneous regulation of oxidative stress and the
silent mating type information regulation 2 homolog
1 (SIRT1) pathway, as well as by the 5-hydroxy-
tryptamine-ergic, y-aminobutyric acid-ergic, and
immune system pathways [41]. Furthermore, the
abovementioned study by Kim et al. showed a sig-
nificant interaction between results of a 5-time sit-
to-stand test and drowsiness in individuals who con-
sumed NMN for 12 weeks [19]. Lack of exercise and
decline in physical function due to aging can cause
fatigue, which is strongly associated not only with
lethargy and depression, but also with sleep distur-
bances [42, 43]. A population-based study by Hishi-
kawa et al. indicated that over a third (36.2%) of older
adults surveyed complained of insomnia [44]. The
ability of NMN intake to improve physical functions,
including walking, could likely also improve sleep
quality as evidenced by the improved sleep scores we
observed for the group that consumed NMN. How-
ever, this study was not designed for specific inclu-
sion of people with sleep difficulties, so validation
of the effectiveness of NMN for sleep will require a
study that selects subjects who report difficulties with
sleep.
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In conclusion, these results show that 12 weeks of
NMN intake helped older adults maintain walking
speed and improved sleep quality. This is an impor-
tant report that supports previous findings and pro-
vides confidence that long-term intake of NMN has
a beneficial effect on walking speed in older adults.
Walking speed is strongly associated with mortality
risk and is an indicator of physical function and daily
living function in the older adults. Individuals who
maintain faster walking speed will better maintain
life functions and in turn may have longer life expec-
tancy. Exercise programs and medical interventions
like NMN that can help maintain walking speed could
contribute to extending the length of healthy life.
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