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Abstract

In rodents, obesity and aging impair nicotinamide adenine dinucleotide (NAD*) biosynthesis,
which contributes to metabolic dysfunction(1-8). Nicotinamide mononucleotide (NMN)
availability is a rate-limiting factor in mammalian NAD* biosynthesis. We conducted a 10-week,
randomized, placebo-controlled, double-blind trial to evaluate the effect of NMN supplementation
on metabolic function in postmenopausal women with prediabetes who were overweight or obese.
Insulin-stimulated glucose disposal, assessed by using the hyperinsulinemic-euglycemic clamp,
and skeletal muscle insulin signaling (phosphorylation of AKT and mTOR) increased after NMN
supplementation, but did not change after placebo treatment. NMN supplementation up-regulated
the expression of platelet-derived growth factor receptor S and other genes related to muscle
remodeling. These results demonstrate NMN increases muscle insulin sensitivity, insulin signaling
and remodeling in women with prediabetes who are overweight or obese. (ClinicalTrial.gov
NCT03151239)
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One Sentence Summary:

Nicotinamide mononucleotide enhances insulin action

Nicotinamide adenine dinucleotide (NAD*) is a co-substrate for NAD*-consuming enzymes
that are essential in the regulation of diverse biological processes. In rodents, inadequate
NAD* biosynthesis in liver, adipose tissue and skeletal muscle contributes to the
pathogenesis of obesity- and aging-associated metabolic abnormalities, including insulin
resistance, B-cell dysfunction, and hepatic steatosis(1-9). The primary pathway for NAD*
biosynthesis involves the conversion of nicotinamide to nicotinamide mononucleotide
(NMN) and subsequent conversion of NMN to NAD*(5). The production of NMN is the
key rate-limiting factor in mammalian NAD* biosynthesis. Systemic NMN administration
in obese mice fed a high-fat diet increases tissue NAD* concentrations and improves
glucose tolerance, insulin sensitivity, and p-cell function(1, 4, 10), and long-term NMN
administration in mice fed regular chow mitigates age-associated insulin resistance(11).

The beneficial effects of NMN supplementation in rodents has led to rapid commercial
development of NMN products for people, and NMN is marketed in the United States and
other countries as a supplement that improves glucose control, enhances energy metabolism
and reverses the metabolic complications of aging. Although NMN is present in natural
foods, including edamame, broccoli, avocado, tomatoes, and milk, the daily amount of NMN
that is normally consumed as part of a healthy diet is likely less than 2 mg/day(5). The dose
of NMN available in commercial products ranges from 50 mg to 150 mg/capsule, and some
consumers take two 150 mg capsules daily. However, we are not aware of studies on the
metabolic effects of daily NMN supplementation in people.

We conducted a 10-week, randomized, placebo-controlled, double-blind trial in
postmenopausal women with prediabetes who were overweight or obese (body mass
index 25.3 to 39.1 kg/m?) to determine the effects of NMN supplementation on: i) body
composition , ii) skeletal muscle insulin sensitivity, and insulin signaling; and iii) muscle
NAD™ content and global gene expression profile. We specifically studied postmenopausal
women because NMN treatment caused greater beneficial metabolic effects in female than
male mice with diet-induced diabetes(1).

Twenty-five postmenopausal women with prediabetes based on criteria proposed by the
American Diabetes Association(12) who were overweight or obese completed this study;
12 were randomized to the placebo group and 13 to the NMN group (250 mg/day;
Oriental Yeast Co., Ltd., Tokyo, Japan) (Fig. S1). Baseline testing included: i) dual-energy
X-ray absorptiometry and magnetic resonance imaging to assess body composition; ii)

a hyperinsulinemic-euglycemic clamp procedure (4-hour basal stage and 4-hour insulin
infusion at 50 mU/m?2 /min), in conjunction with stable isotope glucose and palmitate
tracer infusions to assess multi-organ insulin sensitivity; and iii) percutaneous biopsies of
quadriceps muscle during the basal period and insulin infusion to assess cellular effects

of NMN treatment. After baseline studies were completed, participants were randomly
assigned to 10 weeks of treatment with placebo or NMN. After participants completed ~10
weeks of treatment, all study procedures conducted at baseline were repeated. In addition,
peripheral blood mononuclear cell (PBMC) NAD* content was assessed for 4 hours after
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placebo or NMN ingestion. Based on weekly pill counts, 99.6% of prescribed pills in

the placebo group and 100% of prescribed pills in the NMN group were taken by the
participants. No adverse events were reported and no abnormalities in standard blood tests
were detected in either group (Table S1).

Plasma concentrations of N-methyl-2-pyridone-5-carboxamide and N-methyl-4-pyridone-5-
carboxamide, which are metabolites produced by NMN(13), increased after 10 weeks of
NMN treatment, but not placebo (Fig. 1A). Basal NAD* content in PBMCs increased after
10 weeks of NMN treatment, but did not change after placebo treatment (Fig. 1B). Ingestion
of a single 250 mg dose of NMN at the end of 10 weeks of treatment did not cause a further
increase above basal in PBMC NAD™ content, assessed in serial blood samples obtained

for 240 minutes after ingestion (Fig. 1C); however, the 240-min PBMC NAD™* content
area-under-the-curve above zero was 43% greater (p<0.01) in the NMN group than in the
placebo group because of the higher basal value in the NMN group (Fig. 1D). Quadriceps
muscle tissue samples were obtained 1.5 hours after the last dose of placebo or NMN

to assess the effect of treatment on skeletal muscle NMN metabolites. Although muscle
NAD™ and nicotinamide content did not change after 10 weeks of treatment in either group
(Fig. 1, E and F), muscle N-methyl-nicotinamide, methyl-2-pyridone-5-carboxamide, and
N-methyl-4-pyridone-5-carboxamide increased after NMN but not placebo treatment (Fig. 1,
G, H, and I), suggesting NMN treatment increased muscle NAD™ turnover.

Body composition (fat mass, fat-free mass, intra-abdominal adipose tissue volume, and
intrahepatic triglyceride content), blood pressure, plasma glucose, insulin, free fatty acid,
lipids, adiponectin and leptin concentrations, and both basal glucose and fatty acid kinetics
did not change in either group after 10 weeks of treatment (Table 1). Muscle insulin
sensitivity, assessed as the rate of insulin-stimulated glucose disposal per kg of fat-free
mass during the clamp procedure, was 25+7% greater after than before 10 weeks of

NMN supplementation (p<0.01), but was not different after than before placebo treatment
(Fig. 2A). In contrast, hepatic insulin sensitivity (assessed as the hepatic insulin sensitivity
index(14) and the suppression of glucose rate of appearance (Ra) during insulin infusion)
and adipose tissue insulin sensitivity (assessed as the adipose tissue insulin resistance
index(15) and the suppression of palmitate Ra) were not different after than before treatment
with either placebo or NMN (Fig. S2).

We evaluated the effect of NMN supplementation on phosphorylation of serine 473 (Ser473)
and threonine 308 (Thr308) of the protein kinase AKT and phosphorylation of Ser2448 of
mTOR in muscle, which are key components of the insulin signaling pathway involved in
regulating glucose uptake and muscle remodeling. Muscle AKT and mTOR phosphorylation
and total AKT and mTOR protein abundance during insulin infusion were greater after than
before treatment in the NMN group, but did not change in the placebo group (Fig. 2, B and
C and Fig. S3). These cellular findings are consistent with the effects of placebo and NMN
treatment on muscle insulin sensitivity observed /n vivo.

We used RNA-sequencing to evaluate global gene expression of quadriceps muscle samples.
We identified differentially-expressed genes (DEGs, False Discovery Rate <0.05) after
versus before 10 weeks of placebo or NMN treatment during basal conditions and insulin
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infusion (Fig. 3A and Table S2). During the basal conditions, there were 21 DEGsS in the
placebo group and 15 DEGs in the NMN group after compared with before treatment (Fig.
3A and Table S2). During insulin infusion, there were 5 DEGs in the placebo group and 308
DEGs in the NMN group after compared with before treatment; none of the DEGs in the
NMN group was affected by placebo treatment (Fig. 3A and Table S2).

Database for Annotation, Visualization and Integrated Discovery pathway analysis was used
to identify the gene ontology (GO) terms significantly enriched (adjusted P-value < 0.05)
with the 308 DEGs during insulin infusion after NMN treatment. The “Platelet-derived
growth factor (PDGF) binding” pathway was the most highly enriched (Fig. 3B and Table
S3). DEGs were significantly enriched in biological pathways of collagen and extracellular
matrix metabolism, which are downstream elements of PDGF signaling (Fig. 3B and Table
S3). Moreover, NMN supplementation significantly up-regulated skeletal muscle expression
of PDGF receptor S (PDGFRp) and markers of skeletal muscle pericytes (CD90 and
CD10®) during insulin infusion (Fig. 3C). Supplementation with NMN also increased the
expression of other genes related to myogenic PW1-positive interstitial cells and pericytes
(PW1/PEG3, QPRT, NG2, and PECAM1)(16, 17), but these increases did not achieve
statistical significance (Fig. S4). In addition, downstream targets of PDGF signaling, such
as COL1A1, COL5A1, and COL6A1, were significantly upregulated after NMN treatment
(Fig. 3C). These results indicate that NMN treatment increased myogenic cell populations
and enhanced PDGF signaling in skeletal muscle.

Because of the importance of NAD™ biology on mitochondrial function and the relationship
between muscle mitochondria and muscle function(3, 18), we evaluated whether NMN
affected skeletal muscle mitochondrial respiratory capacity and physical function. Muscle
mitochondrial oxidative capacity, assessed by using high-resolution respirometry of
quadriceps muscle samples obtained by percutaneous biopsy, did not change after 10 weeks
of treatment with either placebo or NMN (Fig. S5). Muscle physical function, assessed by
measuring handgrip strength and torque, fatigability and recovery from fatiguing exercise of
knee extensors and flexors of the dominant leg, were not affected by 10 weeks of placebo or
NMN treatment (Fig. S6).

This randomized, placebo-controlled, double-blind trial demonstrates that 10 weeks of
NMN supplementation increases muscle insulin signaling (increased insulin-stimulated
phosphorylated AKT and mTOR) and muscle insulin sensitivity (increased insulin-
stimulated glucose disposal rate expressed per kg fat-free mass) in postmenopausal women
with prediabetes who are overweight or obese. This improvement in muscle insulin
sensitivity is clinically relevant and is similar to the improvement observed after ~10%
weight loss (19) and after 12 weeks of treatment with the insulin sensitizing agent
troglitazone(20) in people with obesity. The increases in muscle insulin-stimulated AKT
phosphorylation and glucose uptake after NMN treatment observed in our participants
are consistent with studies conducted in rodent models(1, 3, 11). Our data suggest an
NMN-induced increase in muscle PDGFR expression could be involved in mediating
this effect, because PDGF signaling, particularly through PDGFR, enhances insulin-
stimulated AKT phosphorylation and glucose transport in skeletal muscle and multiple
cell types(21-23). The absence of changes in steady-state levels of muscle NAD*

Science. Author manuscript; available in PMC 2021 October 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yoshino et al.

Page 5

in our NMN-treated participants is also consistent with studies conducted in mice

that found NMN administration improved insulin sensitivity without changing muscle
NAD™ concentration(11). However, NMN treatment increased the levels of muscle NMN
metabolites (N-methyl nicotinamide, N-methyl-2-pyridone-5-carboxamide, and N-methyl-4-
pyridone-5-carboxamide), suggesting NMN treatment increased skeletal muscle NAD™*
turnover. The effect of NMN was specific to insulin sensitivity in muscle and did not

affect other important variables associated with insulin resistance, including indices of liver
and adipose tissue insulin sensitivity, intra-abdominal adipose tissue volume, intrahepatic
triglyceride content, and fasting plasma glucose, insulin and adiponectin concentrations.
These results demonstrate that NMN has selective beneficial effects on insulin-mediated
glucose metabolism in skeletal muscle.

Our data demonstrate a robust effect of NMN on skeletal muscle biology. The data obtained
from our unbiased global transcriptome profiling of skeletal muscle demonstrate that,
compared with placebo, NMN caused a 60-fold increase in the number of DEGs during
insulin infusion. The PDGF binding pathway was the most highly enriched with DEGs, and
muscle PDGFRpB and downstream targets of PDGF signaling were significantly upregulated
during insulin infusion after NMN treatment. In addition, NMN treatment increased insulin-
stimulated mTOR phosphorylation and gene expression of selected markers of myogenic
PW1/PEG3-positive interstitial cells and pericytes(16, 17), which together indicate increased
skeletal muscle remodeling and regeneration.

In contrast to the insulin-sensitizing effects of NMN we observed in our participants, the
results from several randomized controlled trials conducted in middle-age and older-adult
men found that treatment with nicotinamide riboside (NR), another NAD* intermediate that
improves insulin sensitivity in rodents(5, 8, 24), did not affect whole-body or muscle insulin
sensitivity(25-27). The reason for the absence of metabolic benefits of NR supplementation
in these clinical studies is not known, and further studies are needed to address this issue.

The results from our study demonstrate NMN supplementation (250 mg/day) increases
skeletal muscle insulin signaling, insulin sensitivity, and muscle remodeling in
postmenopausal women with prediabetes who are overweight or obese. The precise
mechanism(s) responsible for these metabolic effects and the potential metabolic benefits
of NMN supplementation in other patient populations remain to be explored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NMN metabolites and NAD* in plasma, PBMCs, and skeletal muscle.

A, Plasma N-methyl-2-pyridone-5-carboxamide (2PY) and N-methyl-4-pyridone-5-

carboxamide (4PY) before (white bars) and after (gray bars) treatment. B, Basal peripheral
blood mononuclear cell (PBMC) NAD™* content before (white bars) and after (gray bars)
treatment. C, PBMC NAD™ content before (Time 0) and for 240 minutes after ingesting

a placebo capsule (white bars) or NMN (250 mg) (black bars) at the end of 10 weeks of
treatment with placebo or NMN. D, PBMC NAD* area under the curve (AUC) for 240

minutes after ingesting a placebo capsule or 250 mg of NMN. E to I, skeletal muscle

NAD™, nicotinamide, N-methyl-nicotinamide, 2PY, and 4PY contents before (white bars)
and after placebo or NMN treatment (gray bars). Two-way mixed model analysis of variance
(ANOVA) with time (before- versus after- treatment) and group (placebo versus NMN)
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as factors was used to compare the effect of treatment with NMN and placebo on basal
PBMC and tissue NAD*. A significant time by group interaction is followed by Tukey’s
post-hoc test to locate significant mean differences. A t-test for independent samples (two-
tailed) was used to determine differences between the mean PBMC AUC values in the two
groups. *Value significantly different from corresponding before treatment value, £<0.01.
**V/alue significantly different from corresponding before treatment value, £<0.05. TValue
significantly different from corresponding value in the placebo group, £<0.01. Circles
represent individual participant values: skeletal muscle NAD* content was measured in 11
placebo and 12 NMN participants; skeletal muscle NMN metabolites were measured in 11
placebo and 10 NMN participants; all other measurements are in 12 placebo and 13 NMN
participants. Bars represent means £ SEM.
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Figure 2. Effect of NMN on skeletal muscle insulin sensitivity and signaling.
A, Muscle insulin sensitivity, assessed as glucose disposal rate during basal conditions

(white bar) and insulin infusion (gray bar) of a hyperinsulinemic-euglycemic clamp
procedure. A three-way mixed model ANOVA with time (before- vs after- treatment),
condition (basal vs insulin infusion), and group (placebo vs NMN) as factors, was used to
compare the effect of NMN (n=13) and placebo (n=12) treatment on insulin-stimulated
glucose disposal rate. A significant three-way interaction (£=0.022) was followed by
Tukey’s post-hoc test to locate significant mean differences. Significant differences in
mean values are represented by a line above the bars with the corresponding P value. B,
Western blot densitometric analyses of phosphorylated AKT serine-473 (pAKT Ser473),
threonine-308 (PAKT Thr308) and mTOR serine-2448 (pmTOR Ser2448), and total AKT
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and mTOR relative to ACTIN in skeletal muscle during basal conditions and insulin

infusion before and after 10 weeks of treatment with placebo (n=12) or NMN (n=12).

Raw images for individual Western blot analysis are provided in the supplementary materials
(Figure S3). One-way ANOVA was performed to determine differences in the quantity of
phosphorylated AKTs among each combination of time and condition (during basal and
insulin infusion before and after each treatment) within each group. Following a significant
omnibus test, Tukey’s post-hoc test was used to locate significant mean differences. C,
Western blot densitometric analyses of pAKT Ser473, pAKT Thr308, pmTOR Ser2448,

and total AKT and mTOR relative to ACTIN in skeletal muscle during insulin infusion
before (light gray bars) and after (dark gray bars) placebo (n=12) or NMN (h=12) treatment.
Two-way mixed model ANOVA with time (before- vs. after- treatment) and group (placebo
vs NMN) as factors was used to determine the significance of differences between variables.
A significant two-way interaction was followed by Tukey’s post-hoc test to locate significant
mean differences. Significant differences in mean values are represented by a line above the
bars with the corresponding P value. *Value significantly different from the corresponding
basal value, P <0.05. Circles represent individual participant values. Bars represent means +
SEM.
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Figure 3. Effects of NMN on skeletal muscle global transcriptome profile.
Skeletal muscle tissue obtained during basal conditions and insulin infusion before and

after treatment in placebo (n=12) and NMN groups (n=11) were evaluated by using RNA-
sequencing (RNA-seq). A, Volcano plots of RNA-seq data of skeletal muscle with log,-fold
change (FC) (X-axis) and -logo- P value (Y-axis). The number of differentially expressed
genes (DEGs, FDR<0.05) between before and after treatment during basal conditions

and during insulin infusion are shown in boxes in each panel. Significantly up-regulated
and down-regulated DEGs between before and after treatment in the placebo and NMN
groups are shown as red and blue dots, respectively. B, The top 10 Gene Ontology (GO)
terms ranked by fold-enrichment. C, Skeletal muscle gene expression of selective proteins
involved in PDGF signaling and muscle remodeling during insulin infusion before and
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after NMN treatment in each participant. PDGFRB, CD90, CD109, COL1A1, COL5A1,
and COL6AI were identified as DEGs (Table S2). Gene expression is presented as
log,-transformed counts per million (CPM) reads. Lines represent values of individual
participants before and after NMN treatment. A t-test for paired samples (two-tailed) was
performed to determine the difference between before and after NMN treatment for each
gene; corresponding P values are indicated above the black lines.
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