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BIOCHEMISTRY

Nicotinamide riboside and nicotinamide
mononucleotide facilitate NAD™ synthesis via

enterohepatic circulation

Keisuke Yaku't, Sailesh Palikhe't, Tooba Igbal’, Faisal Hayat?, Yoshiyuki Watanabe?,
Shiho Fujisaka®, Hironori Izumi*®, Tomoyuki Yoshida*>, Mariam Karim', Hitoshi Uchida’,
Allah Nawaz', Kazuyuki Tobe®®, Hisashi Mori*>, Marie E. Migaud?, Takashi Nakagawa

Decreased nicotinamide adenine dinucleotide (oxidized form) (NAD™) levels are reportedly associated with sev-
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eral aging-related disorders. Thus, supplementation with NAD" precursors, such as nicotinamide mononucleotide
(NMN) and nicotinamide riboside (NR), exhibits beneficial effects against these disorders. However, the in vivo
metabolic pathways of NMN and NR remain to be elucidated. In this study, we comprehensively analyzed the fate
of orally and intravenously administered NMN and NR in mice using NAD* metabolomics. We found that only a
small portion of orally administered NMN and NR was directly absorbed from the small intestine and that most of
them underwent gut microbiota-mediated deamidation and conversion to nicotinic acid (NA). Moreover, intrave-
nously administered NMN and NR were rapidly degraded into nicotinamide and secreted to bile followed by de-
amidation to NA by gut microbiota. Thus, enterohepatic circulated NA is preferentially used in the liver. These
findings showed that NMN and NR are indirectly converted to NAD* via unexpected metabolic pathways.

INTRODUCTION

Nicotinamide adenine dinucleotide (oxidized form) (NAD") is a
versatile molecule that is associated with redox reactions, protein
posttranslational modification, molecular signaling, and mRNA
stability (1). Pathological burden and aging decrease NAD™" levels
in cells and tissues by changing the balance between NAD™ synthe-
sis and degradation, resulting in the deterioration of physiological
functions (2, 3). Thus, boosting or restoring NAD* levels exhibits
benefits against physiological aging and its associated disorders,
including obesity, muscle degeneration, and neurodegeneration
(4-8). NAD™ precursor administration is a simple and convenient
strategy to activate NAD* synthesis and increase NAD™ levels (9).
Recently, nicotinamide riboside (NR) and nicotinamide mononu-
cleotide (NMN) have attracted increasing interest as alternative
NAD™ precursors (4, 9). NMN is an intermediate in the salvage
pathway and can be converted to NAD*, bypassing a catalysis of
nicotinamide phosphoribosyltransferase (NAMPT), a rate-limiting
enzyme in this pathway (10). Meanwhile, NR is converted to NMN
by NR kinase (NRK), thereby bypassing the NAMPT-mediated
step (11, 12). Therefore, NMN and NR are thought to efficiently
increase NAD* levels compared with classical NAD* precursors,
such as nicotinamide (NAM) and nicotinic acid (NA). Accordingly,
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preclinical and clinical studies have demonstrated that NMN and
NR administration provides beneficial effects, especially against
metabolic dysfunctions and age-associated diseases, including obe-
sity, insulin resistance, neurodegenerative diseases, and age-related
decline in fertility (13-19). However, NR and NMN supplementa-
tion exhibited minimal or no efficacy against aging and age-
associated diseases in several clinical trials, suggesting that further
investigation of NAD" metabolism is necessary (20, 21).

In humans and rodents, NAD* precursors are usually given
through oral administration (I). Recent studies indicated that the
gut microbiota is essentially involved in the host NAD" metabolism
network (22-24). Most bacteria have a NAM deamidase, an enzyme
that converts NAM into NA. However, mammals do not have a ho-
mologous enzyme (12, 25-28). The conversion of NAM into NA by
gut microbiota is important for the oral administration of NAD™"
precursors that can be converted to NAD*. For example, the gut mi-
crobiota deamidates orally administered NAM to NA, which is then
used for NAD™ synthesis via the Preiss-Handler pathway in the liver
(23). Recently, we have shown that orally administered NR increases
hepatic NAD™ levels in a diphasic manner (22). In the early phase
(approximately 30 min after oral administration), the direct absorp-
tion of NR from the small intestine contributed to NAD™ synthesis.
However, excess NR was not completely absorbed from the small
intestine, but instead were hydrolyzed to NAM by bone marrow stro-
mal cell antigen 1, which is dominantly expressed on the luminal
surface of the epithelium in the small intestine. As NR-derived NAM
reached the large intestine, the gut microbiota deamidated NAM
into NA. Subsequently, NA was absorbed from the large intestine
and contributed to NAD" synthesis in the liver through the Preiss-
Handler pathway in the late phase (approximately 3 hours after oral
administration). NMN is a substrate for nicotinamide mononucleo-
tide adenylyltransferase (NMNAT), which is an enzyme that con-
verts NMN and adenosine triphosphate to NAD* and inorganic
pyrophosphate (10). However, several studies have suggested that
NMN is not directly absorbed by cells but is extracellularly converted
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to NR by CD73, also known as 5'-nucleotidase ecto (NT5E), and
then absorbed as the form of NR (29-31). In a previous study, the
deficiency of NRK1, which phosphorylates NR to NMN, diminished
the increase of NAD" levels in the liver after oral NMN administra-
tion, suggesting that NMN was converted to NR before absorption
(11). By contrast, another study found that Slc12a8 was an NMN
transporter and demonstrated that NMN was directly absorbed
from the small intestine and contributed to NAD*' synthesis (32).
Moreover, a recent study found that orally administered NMN was
converted to nicotinic acid mononucleotide (NAMN) through de-
amidation by the gut microbiota (33). The gut microbiota also influ-
enced host NAD" metabolism by deamidating NAM coming across
the blood vessels (24). Intravenously injected NAM cycled between
the host tissue and the gut microbiome. However, the route of this
cycle remains unclear. Therefore, further studies are needed to clarify
the metabolic pathway of orally administered NMN to improve
in vivo NMN availability.

In the present study, we comprehensively analyzed the fate of
orally and intravenously administered NMN and NR in mice using
NAD" metabolomics. We found that only a small portion of orally
administered NMN and NR was directly absorbed from the small
intestine and that most of them underwent conversion to NAM and
NA in the gut lumen. NMN-derived NA was preferentially used to
synthesize NAD™ in the liver via the Preiss-Handler pathway. More-
over, we observed that bile circulation and gut microbiota were
required to boost NAD" synthesis in the liver when NR and NMN
were intravenously administered. These findings showed that most
of NMN and NR do not directly contribute to NAD" synthesis. In-
stead, they undergo degradation to NAM and deamidation to NA,
which is then used for NAD* synthesis.

RESULTS

Gavaged NMN and NR were directly absorbed from the

small intestine

To reveal the metabolic pathway of orally NMN and NR, we per-
formed a time course NAD™ metabolome analysis after a single oral
gavage of NMN as well as NR. Oral gavage of NMN significantly
increased NMN levels in the small intestine at 15 min (Fig. 1B).
Moreover, the rise of NMN by oral gavage of NR was much lower
(approximately 25-fold less) than that by oral gavage of NMN (Fig.
1B). These results demonstrated that a certain amount of NMN is
directly taken up by the small intestine during oral administration.
In addition, the increase of NR levels by NMN administration was
slightly delayed compared with that by NR administration (Fig. 1B).
The increase of NR levels in the small intestine after oral gavage of
NMN indicated that NMN is rapidly dephosphorylated to become
NR. We also measured deamidated NAD™ metabolome, including
nicotinic acid adenine dinucleotide (NAAD) and NAMN. We found
that NAAD and NAMN were significantly increased in the small
intestine at later time points (180 and 360 min) (Fig. 1B). However,
NAD™ levels in the small intestine peaked at 15 to 30 min after the
administration of NMN and NR, respectively (Fig. 1B). These re-
sults suggested that NAD™ synthesis in the small intestine is mainly
from directly absorbed NMN and NR via the salvage pathway.

We also confirmed the direct uptake of NR and NMN using cul-
tured cells. NMN treatment to A549 cells increased NMN levels at 1
min, which were maintained until 4 hours (Fig. 1C). Similarly, NR
treatment increased NR levels at 1 min (Fig. 1C). Meanwhile, NMN
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treatment also increased NR and NAD™ levels at later time points
(Fig. 1C). The earlier rapid increase of NMN levels than NR levels
suggested that NMN is directly taken up by A549 cells. CD73 is con-
sidered an ectoenzyme responsible for the extracellular conversion
of NMN to NR (31). Thus, we investigated whether CD73 was re-
quired to increase intracellular NAD™ levels from exogenously sup-
plied NMN. CD73 knockdown in A549 cells using RNAi increased
intracellular NAD" levels at 4 hours after NMN treatment more
than control (Fig. 1D and fig. S1). Moreover, NMN treatment in-
creased intracellular NMN levels in control and knockdown cells
but decreased NR levels in knockdown cells (Fig. 1D). These results
suggested that some amount of NMN was extracellularly converted
to NR by CD73. However, the majority of NMN was directly taken
up independent of CD73 and converted to NAD* in A549 cells.

Gavaged NMN and NR increased NAD* and deamidated
metabolite levels

We examined the time course of the NAD* metabolome in the liver
when NMN and NR were administered to wild-type (WT) mice by
single oral gavage. Consistent with our previous results (22). the oral
administration of NR gradually increased NAD™ levels with a signifi-
cant increase of deamidated metabolites, including NAAD, NAMN,
and nicotinic acid riboside (NAR), at the late phase (3 to 6 hours)
(Fig. 2A). Similar to NR, orally administered NMN gradually in-
creased NAD™ levels (Fig. 2A). NMN and NAM levels remarkably
increased at 3 hours with the significant increase of NAD* and de-
amidated NAD* precursors. These results implied that NMN was
possibly converted to NAD™ via the Preiss-Handler pathway in the
late phase as well as NR. In addition, we analyzed the NAD" metabo-
lome in the large intestine. Similar to the liver, orally administered
NMN increased the levels of deamidated metabolites in the large in-
testine at the late phase (fig. S2A). The increase of NAD™ peaked at
3 hours and started to decrease at 6 hours, corresponding to the ki-
netics of deamidated metabolites. In addition, we examined NA levels
in the luminal content of the large intestine and found that orally ad-
ministered NMN generated NA in the colon lumen (fig. S2B). These
data suggested that the oral administration of NMN and NR in-
creased the levels of deamidated metabolites in the liver and large
intestine, thereby contributing to NAD™ synthesis in these tissues.

Gut microbiota and the Preiss-Handler pathway are involved
in NAD" synthesis from NMN

Several studies have demonstrated that the gut microbiota is re-
quired to generate deamidated NAD* metabolites (e.g., NA, NAR,
NAMN, and NAAD) in the liver at the late phase by NR oral ad-
ministration (22-24, 33). We found that the oral administration
of NMN also increased the levels of deamidated metabolites in
the liver and large intestine (Fig. 2A and fig. S2A). Thus, we con-
sidered that the gut microbiota is involved in the generation of
deamidated NAD™ metabolites by the oral administration of
NMN. Hence, we administered NMN and NR to germ-free (GF)
mice through oral gavage and examined the NAD" metabolome
in the liver. Consistent with previous results, NR administration
did not increase the levels of deamidated metabolites (e.g., NA,
NAR, and NAAD) in the liver of GF mice at 3 hours (Fig. 2B).
Similarly, the oral administration of NMN completely failed to
increase the levels of deamidated metabolites in the liver of GF
mice (Fig. 2B). In addition, the increase of NAD" levels was sig-
nificantly suppressed in NMN-administered and NR-administered
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Fig. 1. Orally administered NMN and NR were directly taken up from the small intestine. (A) Overview of NAD" biosynthesis pathways in mammals. (B) Time course
analysis of NAD* metabolome in the small intestine of WT mice gavaged with NMN and NR. n = 6 mice per group. P values of interaction effect; NMIN < 0.0001, NR = 0.0022,
NAD™ =0.2128, NAAD < 0.0001, and NAMN < 0.0001. Statistical significance was determined by Tukey’s test. Asterisks (*P < 0.05 and ***#*P < 0.0001) indicate significance
compared with the saline group at the same time point in the overall analysis. Daggers ("P < 0.05, 7P < 0.01, and P < 0.001) indicate significance compared with the
saline group at the same time point in the specific time point analysis. (C) Time course analysis of NAD* metabolome in A549 cells treated with NMN and NR.n = 3 to 4. P
values of interaction effect; NMN < 0.0001, NR < 0.0001, and NAD" = 0.0032. Statistical significance was determined by Tukey’s test. Asterisks (**#P < 0.001 and
=P < 0,0001) indicate significance compared with the saline group at the same time point in the overall analysis. Daggers (P < 0.05 and 7P < 0.01) indicate significance
compared with the saline group at the same time point in the specific time point analysis. (D) Effect of CD73 knockdown on NAD" metabolome in A549 cells treated with
NMN. n = 4. Statistical significance was determined by Tukey’s test (*P < 0.05, **P < 0.01, and ***P < 0.001). h, hours.
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Fig. 2. Gut microbiota and Preiss-Handler pathway are essential for orally administered NMN to increase NAD" levels in the liver. (A) Time course analysis of NAD*
metabolome in the liver of WT mice gavaged with NMN and NR. n = 6 mice per group. P values of interaction effect; NAD* < 0.0001, NR < 0.0001, NMN < 0.0001,
NAM < 0.0001, NAAD < 0.0001, NAR < 0.0001, NAMN < 0.0001, and NA = 0.0777. Statistical significance was determined by Tukey'’s test. Asterisks (*P < 0.05, **P < 0.01,
#4%P < 0,001, and *##%P < 0.0001) indicate significance compared with the saline group at the same time point in the overall analysis. (B) NAD" metabolome in the liver
of control and germ-free mice at 3 hours after the oral administration of NMN and NR. n = 3 to 4 mice per group. P values of interaction effect; NA = 0.0007, NAR = 0.0069,
NAAD < 0.0001,and NAD* < 0.0001. Statistical significance was determined by Tukey’s test (**P < 0.01). (C) NAD* metabolome in the blood from the portal vein of control
and germ-free mice at 3 hours after the oral administration of NMN and NR. n = 4 mice per group. P values of interaction effect; NA = 0.0024, NAM = 0.9063, NR = 0.8483,
and NMN = 0.2144. Statistical significance was determined by Tukey’s test (*P < 0.05 and **P < 0.01). (D) NAD™' metabolome in the liver of WT and Naprt KO mice at
3 hours after the oral administration of NMN and NR. n = 6 mice per group. P values of interaction effect; NAD* < 0.0001, NAAD < 0.0001, NAMN < 0.0001, NAR < 0.0001,
NA < 0.0001, NAM < 0.0001, NR = 0.0448, and NMN < 0.0001. Statistical significance was determined by Tukey’s test (**P < 0.01).
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GF mice (Fig. 2B). Furthermore, NA levels were significantly re-
duced in the blood from the portal vein of NR- and NMN-
administered GF mice, but NAM, NR, and NMN levels remained
unchanged (Fig. 2C). These results suggested that microbiota gen-
erated NA in the large intestine, thereby contributing to NAD™"
synthesis in the liver.

A previous study demonstrated that NMN was deamidated into
NAMN by gut microbiota and then converted into NAD* by
NMNAT and NAD synthetase (33). However, our results implied
that gut microbiota generated NA from orally administered NMN
for NAD" synthesis. Thus, we determined whether orally adminis-
tered NMN was converted to NA and generated NAD™ through the
Preiss-Handler pathway in the liver. NMN was orally administered
to Naprt knockout (KO) mice through gavage, and the NAD™ me-
tabolome in the liver was examined after 3 hours of administration.
Expectedly, the rise of hepatic NAD* levels after NMN oral admin-
istration was significantly suppressed in Naprt KO mice (Fig. 2D).
The increase of NAAD, NAMN, and NAR levels was also completely
suppressed in NMN-administered Naprt KO mice, suggesting that
NA was not generated from NAMN. Moreover, NA levels signifi-
cantly increased in the liver of NMN-administered Naprt KO mice
(Fig. 2D). The increase of metabolites in the salvage pathway (e.g.,
NAM, NMN, and NR) was also suppressed, suggesting that NAPRT-
dependent NAD" synthesis supplied NAM and activated the salvage
pathway in the liver (Fig. 2D). These data demonstrated that NMN
is mainly converted to NA, not to NAMN, by gut microbiota and
generated NAD" through the Preiss-Handler pathway.

Tracing of stable isotope-labeled NMN and NR for NAD*
synthesis in the liver

The static snapshot of the NAD*-related metabolome using GF
mice and Naprt KO mice revealed the pathways of orally admin-
istered NMN and NR. However, these methods interrupted the
normal metabolic flow and possibly caused a nonphysiological
detouring of pathways. Thus, we used stable isotope-labeled
NMN and NR for the kinetic tracing of the NAD" metabolome to
reveal the natural fate of these NAD™ precursors. We synthesized
stable isotope-labeled [m + 6] NR and [m + 8] NMN and mea-
sured various NAD* metabolome in the liver at 3 hours after the
oral gavage. We orally administered [m + 6] NR and observed a
marginal increase of [m + 6]-labeled NAD™, NMN, and NR lev-
els in the liver, confirming that the direct conversion of NR to
NAD" was very scarce (Fig. 3, A and B, and fig. S3). By contrast,
most of the increased NAD™" were labeled as [m + 1], [m + 3], and
[m + 4], suggesting that NAD* was generated from [m + 1] and
[m + 3] NA and also [m + 4] NAM (Fig. 3, A and B, and fig. S3).
Accordingly, most of the increased NAAD, NAMN, and NA were
also labeled as [m + 1] and [m + 3], suggesting that NR was hy-
drolyzed to NAM and subsequently converted to NA by the gut
microbiota (Fig. 3B and fig. S3). Further, most of the increased
NR, NMN, and NAM were labeled as [m + 1] and [m + 4]. These
data implied that [m + 1] NAD" was hydrolyzed to [m + 1] NAM
by NAD*-consuming enzymes and subsequently converted to NR
and NMN via the salvage pathway. We also conducted the tracing
experiment using isotope-labeled [m + 8] NMN (Fig. 3, C and D,
and fig. S$4). Similar to the case of the oral administration of NR,
small amounts of [m + 8]-labeled NAD*, NR, and NMN were
detected, whereas a significant increase of [m + 1] and [m + 3]
NAD* was observed in the liver at 3 hours after the oral gavage of
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NMN (Fig. 3D). Furthermore, the levels of [m + 1] and [m + 3]
NAAD, NAMN, and NA were significantly increased (Fig. 3D and
fig. S4). In addition, the increased NMN, NR, and NAM were la-
beled as [m + 1] and [m + 3] (Fig. 3D and fig. S4). These data
strengthened our thought that the majority of orally administered
NR and NMN were degraded to NA and converted to NAD" via
the Preiss-Handler pathway in the liver.

Gavaged NMN and NR could not directly increase NAD*
levels in the skeletal muscle

After passing the liver, orally administered NAD* precursors are
further distributed to the peripheral organs. The skeletal muscle is
considered an important target organ for NAD" replenishment
therapy (34-36). Previous studies have shown that the salvage path-
way is the main route for NAD™ synthesis in the skeletal muscle
(35, 37, 38). However, the increase of NAD™" levels in the skeletal
muscle after NR and NMN administration is not as efficient as that
in the liver (17, 18, 20, 39-42). In addition, our data above demon-
strated that most of the orally administered NR and NMN were me-
tabolized to NAM and NA before reaching the liver. Thus, we aimed
to determine the NAD" synthesis pathway in the skeletal muscle
when NR and NMN were orally administered. We performed time
course NAD* metabolome analysis to reveal the fate of orally ad-
ministered NAD™ precursors in the skeletal muscle. We found that
NAD™ levels slightly increased at 60 min after the administration of
NR or NMN; however, the levels were much lower than those ob-
served in the liver (Fig. 4A). We also found that NR levels were in-
creased 15 min after its administration, while NMN gavage increased
its levels at the same time point (Fig. 4A). However, the increase of
NMN and NR levels by these precursors returned to baseline at
60 min (Fig. 4A). By contrast, NAM levels gradually increased and
were sustained at the late phase after NR and NMN administration
(Fig. 4A). The levels of deamidated NAD" precursors, including
NAAD, NAR, NAMN, and NA, were also increased at the late phase.
However, the levels of these precursors in the skeletal muscle were
much lower than those in the liver (e.g., NAAD was 100-fold lower
when compared to the results in Fig. 2A), suggesting that deami-
dated precursors were not the main source for NAD* synthesis (Fig.
4A). To examine this, we performed tracing experiments using
[m + 6] NR and [m + 8] NMN (Fig. 4, B and C, and figs. S5 and S6).
Labeled NR was orally administered to WT mice, and the skeletal
muscle of WT mice was harvested at 3 hours after administration
(Fig. 4B and fig. S5). Although [m + 6] NR was significantly in-
creased, the increase of [m + 6] NAD™ was extremely low, suggest-
ing that NAD™ was not directly generated from NR (Figs. 3A and 4B
and fig. S5). On the other hand, [m + 0], [m + 1], and [m + 4]
NAD™ significantly increased. We also found that [m + 1] and
[m + 4] NAM were significantly increased (Fig. 4B and fig. S5).
These data suggested that orally administered NR did not directly
contribute to NAD™ synthesis, whereas NAM hydrolyzed from ad-
ministered NR could be a source for NAD* synthesis in the skeletal
muscle. In addition, [m + 1] NAM, which may be generated in the
liver via the Preiss-Handler pathway and subsequent NAD* hydro-
lysis, could be used for [m + 1] NAD™ synthesis in the skeletal mus-
cle. However, we could not exclude the possibility that [m + 1] NA
was used to generate [m + 1] NAD" via the Preiss-Handler pathway
in the skeletal muscle. [m + 1] NAAD, NAMN, and NA were sig-
nificantly increased although the absolute amount was much lower
than those in the liver (Figs. 3B and 4B).
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Fig. 3. Tracing of orally administered stable isotope-labeled NMN and NR revealed that NAD* synthesis through gut microbiota and Preiss-Handler pathway
was the major route in the liver. (A) Scheme of formation of stable isotope—labeled NAD* metabolites after the oral administration of [m + 6] NR. (B) NAD* metabolome
in the liver of WT mice at 3 hours after the oral administration of [m + 6] NR. n = 5 mice for saline group and n = 4 mice for NR-treated group. Statistical significance was
determined by Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). (C) Scheme of formation of stable isotope-labeled NAD* metabolites after the
oral administration of [m + 8] NMN. (D) NAD* metabolome in the liver of WT mice at 3 hours after the oral administration of [m + 8] NMN. n = 5 mice for saline group and
n =4 mice for NMN-treated group. Statistical significance was determined by Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

Next, we examined the NAD" metabolome in the skeletal muscle
when [m + 8] NMN was orally administered (Fig. 4C and fig. S6).
Although the administration of [m + 8] NMN increased the total
pool of NMN, the majority of them were [m + 0]-, [m + 1]-, and
[m + 3]-labeled forms, suggesting that the administered NMN did
not directly reach the skeletal muscle (Figs. 3C and 4C and fig. S6).
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Accordingly, the majority of increased NAD' were [m + 1]- and
[m + 3]-labeled forms (Fig. 4C and fig. S6). We also found that the
increased NAM were mainly [m + 1]- and [m + 3]-labeled forms
(Fig. 4C and fig. S6). These data suggested that the source of NAD" in
the skeletal muscle was also not NMN but NAM when NMN was
orally administered. However, the increased deamidated metabolites,

60f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

A NAD* NR NMN NAM
wans e
e
+ 800 LY - _ 124 P + 0.4+ rEx __ 1000+
> o > o
n ok 3 n 3 *
£ 600 @ @ 0.3 ? 800
2 ' =Y ® o 600
© 400 3 S 0.2 =
£ [ ] £ ] i
£ E 4] £ E 400
+ 200 = = 0.1 >i 3 =
] © = .
2 E: z E] + — 3 200
3 T T T T 1 u‘ o T ! T T T T 1
g 0 5 30 60 180 360 15 60 180 360 0 15 30 60 180 360 H 15 30 60 180 360
E Time after gavage (min) Time after gavage (min) Time after gavage (min) Time after gavage (min)
s NAAD NAR NAMN NA
ek
o — 10- __0.20 . <6 b 120
Q ] seer g orxx 5 waan URT o
= 8 89 wers 3 o ] waan 2
) £ B 0.45 E] & 90
2 6 ok ® o4 £
2 wrnn 3 0.10- [ = 60-]
£ - £ o
£ 4 £ £ E
=] pve 8 4 = 304
S 2 x 0051 z s
F =z < z
z —h
* X T 1 ’ * ' + t d + * > + +
0 15 30 60 180 360 15 6 180 360 0 15 30 60 180 360 0 15 30 60 180 360
Time after gavage (min) Time afler gavage (min) Time after gavage (min) Time after gavage (min)
B NAD* NAAD NAMN NA
(]
©° 20 : 0.4 20 o6 B CIm+6
Sl ] COm+5
3|3 g, §om v T e s . oEs m
- s B 3 002 3 3 3 el
gl g £ E m £ g g EIm+3
o | : 1 z B H Sz v E
< |2 g gnm Fo Zos g e Om+1
= e : - m+0
[72) o 0 o 00 == 00 o
Control NR Control NR Control NR Control NR Control NR Control NR Control NR
NAD* NMN NAM NAAD NAMN NA
2
3 600 04 0.05- 500 3 12 8 O m+8
wrar
3|3 """ g 0a g oo a3 40 ) . f T CIm+5
£ | & « 2 H 2 22 £ s eaes 3 e
=l: £ = 003 £ 300 > E 2 Em+3
3 = 0.2 3 3 S s 2,
8¢ g £ oo £ o H e g CIm+1
@ | =20 < = = g1 Z 4 £
=12 Zoa Z H] 3 E] oree 2 3
CRE = B QL S H H . m+0
3 e
n o 00 iad o o e o 2t o *
Control  NMN Control  NMN Control  NMN Control ~ NMN Control  NMN Control  NMN Control  NMN
D NAD* NR NMN NAM
. .-
0.05
°© ™ o
—_ ™ M
2 g 3 0.04 ° 3
n » »
= ] 0 a2
o = = =
3 o o 0.03 o o
E S e g 2
= £ Eom £
a © 4 =
< 0.01 <
s z = z
WT N KO 0.00
aprt WT Naprt KO WT Naprt KO WT Naprt KO
NAAD
NAR
3 e 01297 exs 80
£ ° B N O saline
9 @ 2 60
.'; 2 = 0.08 g D NR
2 o
3 % ex 240 H NMN
£ £ o
£ < E
o1 £ 0.04 £
< x < 20
< g =
b F4
0 0.00 0
WT Naprt KO WT Naprt KO WT Naprt KO

Fig. 4. NAM cleaved from orally administered NR and NMN was preferentially used for NAD* synthesis in the skeletal muscle. (A) Time course analysis of muscle NAD*
metabolome in mice gavaged with NMN and NR. n = 6 mice per group. P values of interaction effect; NAD" < 0.0001, NR < 0.0001, NMN = 0.0020, NAM = 0.0002, NAAD < 0.0001,
NAR < 0.0001, NAMN < 0.0001, and NA = 0.1543. Statistical significance was determined by Tukey's test. Asterisks (*P < 0.05, **P < 0.01, ***P < 0.001, and **#*P < 0.0001) indi-
cate significance versus the saline group at the same time point in the overall analysis, while daggers ('P < 0.05) indicate significance in the specific time point analysis. (B) Muscle
NAD* metabolome in mice at 3 hours after the oral administration of [m + 6] NR. n = 5 (saline group) and n = 4 (NR group). Statistical significance was determined by Student’s t
test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0,0001). (C) Muscle NAD" metabolome in mice at 3 hours after the oral administration of [m + 8] NMN. n = 5 (saline group)
and n =4 (NMN group). Statistical significance was determined by Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.,0001). (D) Muscle NAD* metabolome in WT
and Naprt KO mice at 3 hours after the oral administration of NMN and NR. n = 4 to 6 mice per group. P values of interaction effect; NAD™ = 0.5991, NR = 0.7034, NMN = 0.6969,
NAM = 0.9819, NAAD < 0.0001, NAR < 0.0001, and NA = 0.0885. Statistical significance was determined by Tukey's test (*P < 0.05, **P < 0.01, ***P < 0.001, and **#*P < 0.0001).

Yaku et al., Sci. Adv. 11, eadr1538 (2025) 21 March 2025 7 of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

including NAAD, NAMN, and NA, were mainly [m + 1]- and
[m + 3]-labeled forms (Fig. 4C and fig. S6). Similar to NR adminis-
tration, it is still possible that the generation of [m + 1] and [m + 3]
NAD™ was from [m + 1] and [m + 3] NA via the Preiss-Handler
pathway in the skeletal muscle.

To determine whether the skeletal muscle can generate NAD™
from NA via the Preiss-Handler pathway, we administered NR and
NMN to Naprt KO mice and measured the NAD* metabolome in
the skeletal muscle at 3 hours. Expectedly, the increase of deami-
dated NAD" precursors by NR and NMN administration was
completely suppressed in the skeletal muscle of Naprt KO mice
(Fig. 4D). However, NR and NMN administration could increase
NAD" levels as well as NAM levels in Naprt KO mice, suggesting
that the increase of NAD" levels in the skeletal muscle was not
generated via the Preiss-Handler pathway, but the salvage pathway
using NAM.

NAD" synthesis during repeated NMN and NR oral
administration in the liver

As single-dose oral administration of NMN failed to increase NAD™
levels in the liver of Naprt KO mice, we aimed to determine the role
of the Preiss-Handler pathway during repeated oral administration.
Therefore, we administered NMN and NR to WT and Naprt KO
mice through oral gavage for 2 weeks. Similar to single-dose admin-
istration, the repeated oral administration of NMN and NR signifi-
cantly increased NAD" levels in the liver of WT mice but not those
of Naprt KO mice (fig. S7A). In the skeletal muscle, NAD" levels still
increased in Naprt KO mice after the repeated oral administration
of NMN and NR, confirming that NAD™ synthesis in the skeletal
muscle was independent of the Preiss-Handler pathway (fig. S7B).
Together, we concluded that NAD* synthesis from orally adminis-
tered NMN and NR in the liver was mainly conducted via the
Preiss-Handler pathway and that the contribution of direct conver-
sion from NR and NMN to NAD™ via the salvage pathway is very
marginal during repeated oral administration.

Intravenous injection of NR and NMN also generated
deamidated NAD* metabolome

Our results demonstrated that orally administered NMN and NR
could not be direct precursors for NAD* synthesis in the liver and
skeletal muscle. Moreover, the increase of NAD* levels in the skele-
tal muscle via oral administration was inefficient compared to that
in the liver. Therefore, we wished to examine whether the intrave-
nous injection of these precursors efficiently and directly increased
NAD" levels in the liver and skeletal muscle. Intravenously injected
NR and NMN significantly increased serum NR and NMN levels at
5 min, respectively (Fig. 5A). However, NR and NMN levels in se-
rum rapidly decreased while NAM levels increased, suggesting that
NR and NMN were rapidly degraded into NAM in the blood (Fig.
5A). In the liver, intravenously injected NR and NMN efficiently in-
creased NAD" levels with a significant increase of NR, NMN, and
NAM at 3 hours (Fig. 5B). Unexpectedly, NAAD, NAMN, and NAR
levels were also significantly increased (Fig. 5B and fig. S8A). Fur-
thermore, the intravenous injection of NR and NMN efficiently in-
creased NAD™ levels in the skeletal muscle at 3 hours (Fig. 5C).
Similar to that in the liver, the increase in NAAD, NAR, and NAMN
levels was also observed in the skeletal muscle (Fig. 5C and fig. S8B).
The increase of deamidated metabolites was unexpected because
mammals, including humans and rodents, do not have deamidase,
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which converts NAM, NR, NMN, and NAD" to their deamidated
forms (26-28). Therefore, we speculated that the gut microbiota was
also involved in the generation of deamidated NAD* metabolome
when NR and NMN were intravenously administered. Hence, we
performed intravenous injection of NR and NMN to antibiotics
(Abx)-treated mice to determine whether the deamidated NAD*
metabolome was generated by the gut microbiota. The removal of
the gut microbiota by Abx treatment completely suppressed the in-
crease of NAAD, NAMN, and NAR in the liver after intravenous
injection of NR and NMN (Fig. 5D and fig. S8C). In addition, the
increase of NAD™ was significantly suppressed in the liver of Abx-
treated mice (Fig. 5D). In the skeletal muscle, the increase of NAAD,
NAMN, and NAR was also completely suppressed by Abx treatment
(Fig. 5E and fig. S8D). However, NAD" levels in the skeletal muscle
were not affected by Abx treatment, suggesting that NAD™ synthesis
in the skeletal muscle was independent of the Preiss-Handler path-
way (Fig. 5E). To confirm this, we performed the same experiments
using Naprt KO mice. As expected, Naprt deletion did not affect
NAD" levels, but suppressed deamidated intermediates in the skel-
etal muscle after the intravenous administration of NR and NMN
(Fig. 5F and fig. S8E). On the other hand, the increase of NAD™"
metabolites except for NA in the liver was significantly suppressed
in Naprt KO mice (Fig. 5G and fig. S8F). Furthermore, the levels of
NR and NMN in the liver did not increase in Naprt KO mice when
NR and NMN were intravenously administered (Fig. 5G). Accord-
ingly, NAM levels did not increase in the liver of Naprt KO mice
administered with NR or NMN, whereas the increase of NAM levels
in the skeletal muscle were not suppressed in Naprt KO mice (Fig. 5,
F and G). These data suggested that the gut microbiota plays an im-
portant role for NAD" synthesis in the liver during intravenous ad-
ministration of NR and NMN.

Intravenously administered NR is converted to muscle NAD*
via the salvage pathway

Intravenously injected NR and NMN could increase NAD™ levels
in the skeletal muscle of Naprt KO mice (Fig. 5F), suggesting that
the salvage pathway is crucial for NAD* synthesis. We also found
that intravenously injected NR and NMN were rapidly degraded to
NAM and NR (Fig. 5A). Thus, we wish to determine whether intra-
venously injected NR can directly increase NAD™ levels. To reveal
the time course of NAD" metabolism when NR was intravenously
injected into WT mice, we measured NAD* metabolome at 30 min
and 3 hours after NR administration in the skeletal muscle and liv-
er. We found that NAD™ levels significantly increased at both time
points (Fig. 6A and fig. S9). However, we only observed a signifi-
cant rise of NR levels at 30 min, while NAAD levels significantly
increased at 3 hours. Thus, we considered that NR reached the skel-
etal muscle at 30 min and directly converted to NAD™. To examine
this, we performed tracing experiments by intravenously injecting
[m + 8] NR (Fig. 6B). In the liver, the increase in NAD™ pool was
mainly due to [m + 3], demonstrating that hydrolyzed [m + 3]
NAM was used for the NAD* synthesis (Fig. 6, B and C, and fig.
$10). On the other hand, we observed a significant rise of [m + 8]
NR in the skeletal muscle, where although the major fractions for
the increase in NAD* were [m + 0] and [m + 3], a certain amount
of [m + 8] NAD" was also detected (Fig. 6D and fig. S11). These
results suggested that intravenously injected NR could be directly
converted to NAD™ in the skeletal muscle, while some of it was de-
graded to NAM and then converted to NAD™,
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Enterohepatic circulation of NAM and NR was involved in
NAD"* synthesis in the liver

Our results demonstrated that deamidated NAD™ metabolites were
generated depending on the gut microbiota even when NAD™ pre-
cursors were intravenously injected. These findings suggested that
the intravenously injected NAD™ precursors were secreted to the
gastrointestinal tract. However, the secretion route from the blood to
the gastrointestinal tract remains unknown. Moreover, which forms
of NAD" precursors were secreted to the gut when NR and NMN
were intravenously administered remains to be elucidated. General-
ly, an excess amount of NAM is converted into N-methyl-2-pyridone-
5-carboxamide (2-PY) or N-methyl-4-pyridone-5-carboxamide and
then secreted from the kidney via urine. However, we speculated that
bile is one possible route that comprises the metabolic cycle between
the liver and the intestine. Therefore, we investigated whether bile is
involved in the secretion of NAD* precursors to the intestinal lu-
men. We examined NAD™ metabolites in the bile of WT mice under
normal conditions and found that NR was the most abundant, fol-
lowed by NAM and 2-PY (Fig. 7A). Next, we determined whether
NR and NMN were secreted to the bile after intravenous injection.
NAD* metabolome analysis revealed that intravenous injection of
NR drastically increased NAM and NR levels, but not NMN (Fig.
7B). In turn, intravenous administration of NMN drastically in-
creased NAM, but the increase of NMN was marginal (Fig. 7B).
These data suggested that the enterohepatic circulation was the route
for the secretion of NAD" precursors to the gut lumen from the
blood and that NAM was the main form of secreted NAD™ precur-
sor. To confirm this, we intravenously injected d4-labeled NAM
([m + 4] NAM) and investigated the NAD* metabolome in the liver
and bile (Fig. 7C). In the liver, the intravenous administration of d4-
labeled NAM increased [m + 3]- and [m + 4]-labeled NAM, NAD™,
and NR, suggesting that NAM was rapidly converted to NR and
NAD" (Fig. 7D). On the other hand, the [m + 4]-labeled fraction
occupied the most part of NAM in the bile (Fig. 7E). In addition, the
total pool of NR was not changed in the bile, whereas the [m + 4]
fraction of NR was significantly increased by d4-labeled NAM injec-
tion (Fig. 7E). These results supported the concept that excess
amount of NAM was rapidly secreted to the bile and converted to
NA by the gut microbiota, followed by reabsorption from the large
intestine. Last, we performed bile duct ligation (BDL) on WT mice to
confirm the role of enterohepatic circulation in NAD" metabolism.
BDL significantly suppressed the increase of NAAD (Fig. 7F). In ad-
dition, NAD™ levels in the liver were decreased in bile duct-ligated
mice when NMN was administered with a trend toward a significant
interaction effect (P = 0.0533) (Fig. 7F). However, NAD? levels in
the skeletal muscle were unaffected (Fig. 7G). These results suggested
that enterohepatic circulation is an important route for NAD™ syn-
thesis in the liver.

DISCUSSION

In the present study, we comprehensively analyzed the NAD™ syn-
thesis pathways of orally and intravenously administered NMN and
NR, demonstrating that most of NMN and NR were direct precur-
sors of NAD™ (Fig. 8). A previous study demonstrated that NMN
was directly taken up to the small intestine via Slc12a8 (32). This
study showed that the oral administration of stable isotope-labeled
NMN, which was labeled on ribose and NAM moieties, rapidly in-
creased the levels of double-labeled NMN in the jejunum and ileum
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of WT mice. However, this study could not rule out the possibility of
indirect NMN transport after conversion to NR because the NMN
labeling used in this study could not discriminate these possibilities.
Our time course NAD" metabolomic data demonstrated that the
oral administration of NMN, but not NR, rapidly increased intracel-
lular NMN levels in the small intestine. Furthermore, the increase of
NR after NMN administration was delayed compared with that of
NR, suggesting that NMN was directly taken up (Fig. 1B). In addi-
tion, we found that A549 cells could rapidly uptake NMN without
the increase of NR and that CD73 knockdown did not interfere with
the increase of NAD™ by NMN treatment. This finding suggested
that cells can directly take up NMN. Another study demonstrated
that CD73 could not dephosphorylate NMN to NR, but rather
5’-nucleotidase, cytosolic II (NT5C2) and 5'-nucleotidase, cytosolic
III (NT5C3) were responsible for the conversion of NMN to NR
(43, 44). Therefore, examining the involvement of NT5C2 and
NT5C3 in NMN metabolism in vivo is important. In addition, it is
still unclear whether Slc12a8 is the only NMN transporter in mam-
mals. Another transporter may be responsible for NMN uptake. The
stable-isotope tracing experiment revealed that the contribution of
NAD™ synthesis directly from NMN was marginal. Further, NMN
was rapidly degraded into NAM in the blood. Together, our kinetics
study suggested that NMN is directly taken up from the small intes-
tine, but only a limited amount of NMN is directly absorbed.

Our study suggested the existence of a route wherein certain
NAD™ intermediate metabolites are secreted to the intestinal tract.
We demonstrated that NAM and NR were secreted into the bile after
the intravenous administration of NMN and NR. They are also
abundant in human breast milk and cow’s milk (45-47). Thus, NAM
and NR appear to be one of the external secretion forms of NAD*
metabolites. However, the pathway by which NAM and NR were
secreted to the bile remains unknown. Generally, NR is actively taken
up via equilibrative nucleoside transporters (ENTs) (29, 48). Thus,
these ENTs are candidates involved in bile secretion. On the other
hand, NAM has been considered to pass through the cytosolic
membrane via passive diffusion (49, 50). Therefore, excess NAM in
the circulation was expected to reach the bile via the transcellular
pathway through hepatocytes. When we intravenously adminis-
tered d4-NAM, [m + 3] and [m + 4] NAM were increased in the
liver. We speculated that [m + 3] NAM was derived from [m + 3]
NAD™ generated in hepatocytes. By contrast, the increased NAM in
the bile was only the [m + 4]-labeled form. Therefore, circulating
NAM might be transported via paracellular flux through the inter-
cellular space. Further studies are needed to reveal the detailed
mechanisms involved in the paracellular transport of NAM from
the blood to the bile.

The biological advantage of the enterohepatic circulation of
NAD™ precursors might be niacin preservation. If NAM was dis-
posed to urine, it could not be reused by other tissues. However, the
liver can reuse NAM when there is excess amount of NAM intake.
Moreover, the liver prefers NA rather than NAM, and the enterohe-
patic circulation also facilitates the conversion of NAM into NA by
the gut microbiota. It is unknown why the liver did not preferen-
tially use amidated metabolites, including NAM, NR, and NMN, for
NAD™ synthesis. One of the important roles of the liver in NAD"
metabolism is to supply NAM to other peripheral organs, including
the skeletal muscle (40, 51). In glucose metabolism, the liver synthe-
sizes rather than catabolizes glucose (52). To reduce glucose utiliza-
tion, hepatic glucokinase is known to have a higher K, value against
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Fig. 7. Enterohepatic circulation of NAD" precursors was important for NAD" synthesis in the liver. (A) NAD* metabolome in the bile of WT mice under normal
conditions. n = 8 mice. (B) NAD* metabolome in the bile of WT mice at 30 min after the intravenous injection of NMN and NR. n = 8 to 10 mice per group. Statistical sig-
nificance was determined by Tukey'’s test (*P < 0.05 and **P < 0.01). (C) Scheme of formation of stable isotope-labeled NAD™ metabolites after the intravenous injection
of [m + 4] NAM. (D) NAD* metabolome in the liver of WT mice at 30 min after the intravenous injection of [m + 4] NAM. n = 8 mice for saline group and n = 11 mice for
NAM-treated group. Statistical significance was determined by Student’s t test (****P < 0.0001). (E) NAD* metabolome in the bile of WT mice at 30 min after the intrave-
nous injection of [m + 4] NAM. n = 8 mice for the saline group and n = 10 mice for the NAM-treated group. Statistical significance was determined by Student’s t test
(*P < 0.05, ¥*P < 0.01, ***P < 0.001, and ****P < 0.0001). (F) NAD* metabolome in the liver of sham- and bile duct ligation (BDL)-operated mice at 3 hours after the in-
travenous injection of NMN and NR. n = 6 to 9 mice per group. P values of interaction effect; NAD* = 0.0533 and NAAD = 0.0201. Statistical significance was determined
by Tukey’s test (*P < 0.05 and **P < 0.01). (G) NAD™ levels in the skeletal muscle of sham- and BDL-operated mice at 3 hours after the intravenous injection of NMN and
NR. n =6 to 9 mice per group. P values of interaction effect; NAD™ = 0.3869. Statistical significance was determined by Tukey’s test.

may be helpful for maintaining the proper composition of the gut
microbiota.

glucose than glucokinases in other tissues (53, 54). Thus, it is inter-
esting to examine whether hepatic NAMPT has low affinity to NAM
compared with other tissues. The secretion of NAM to the intestinal

lumen may also foster the gut microbiota. The oral administration —Limitations of the study

of NAD™ precursors is known to alter the gut microbiota composi-
tion (55-59). Thus, the continuous circulation of NAD* precursors
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In this study, we analyzed the fate of NR and NMN in vivo using sin-
gle oral gavage and intravenous injection. A previous study proposed
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that orally administered NR was directly absorbed from the intestine
as an intact form and converted to NMN by NRK inside cells (11, 60).
However, subsequent studies and our current study demonstrated
that orally administered NR was degraded into NAM and then con-
verted to NA by gut microbiota before absorption (22-24). On the
other hand, our current study found that a significant amount of in-
travenously injected NR could be directly converted to NAD™ in the
skeletal muscle (Fig. 6D). This finding suggests that intravenous injec-
tion of NR may be a therapeutic option that effectively increases
NAD" levels in skeletal muscle. Further, it remains unknown whether
oral administration of NMN and NR contributes to a rise of NAD™
levels via the direct NAD™ synthesis pathway during the long-term
administration. A previous study demonstrated that intravenous in-
jections of NR for 4 weeks increased NAD™ levels, although NRK2
expression in skeletal muscle is significantly down-regulated (61).
This suggests that the skeletal muscle suppressed the direct NAD™
synthesis from NR during long-term administration of NR. However,
it is also a fact that certain amounts of NR and NMN were directly
absorbed through their administration. Thus, direct NAD* synthesis
from NR or NMN may contribute to a rise in NAD" levels during
long-term administration. Accordingly, the therapeutic advantage of
NR and NMN during long-term administration should be clarified
using GF mice and Naprt KO mice.

In addition, it remains unclear whether in vivo NAD" metabo-
lism in humans is the same as that in mice. Previously, we conducted
human clinical trials examining the safety and efficacy of NMN and
found that NAMN levels were significantly increased after NMN ad-
ministration (62). This result implies that orally administered NMN
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is degraded to NA in humans. However, further studies are needed
to clarify NMN and NR metabolism in humans to improve their use
for NAD™ replenishment therapy.

MATERIALS AND METHODS

Animals

C57BL/6N mice were obtained from Japan SLC Inc. (Shizuoka, Japan).
Naprt KO mice were generated as previously described (22). The GF
C57BL/6 mice were housed in vinyl isolators and obtained by natural
mating. The feces of GF mice, wood chip bedding, and cotton-wiped
isolators were tested for sterility at the Central Institute for Experi-
mental Animals (Kanawaga, Japan) once a month. Animals were fed
a standard chow diet (Nosan Corporation, Yokohama, Japan) with
free access to water. All the animals were kept under a controlled
temperature and standard light condition (a 12-hour light/12-hour
dark cycle). All the animal experiments were approved by the Animal
Experiment Committee at the University of Toyama and were per-
formed in accordance with the Guidelines for the Care and Use of
Laboratory Animals at the University of Toyama, which are based on
international policies (approval no. A2022MED-19).

NAD" precursor treatment

For single gavage experiments, 1.57 mmol NR chloride (456 mg)
(Angene Chemical, AGO1DJ4H) per kilogram of body weight or
1.57 mmol NMN (524 mg) (Angene Chemical, AG003880) per kilogram
of body weight was given to 8- to 10-week-old male C57BL/6N mice.
NAD™ precursors administered to animals were diluted in saline,
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and the same volume of saline was used as a control. For long-term
gavage experiments, 131 mg of NMN per kilogram of body weight or
equivalent mole amount of NMN was given to mice for 2 weeks.
NAD" precursors administered to animals were diluted in saline,
and the same volume of saline was used as a control. For intravenous
injection experiments, mice were injected with 1.57 mmol NR chlo-
ride (456 mg), 1.57 mmol NMN (524 mg), or 1.57 mmol [m + 4]
NAM (198 mg) (CDN isotopes, D-3457) via lateral tail vein injec-
tion. At the end of the experiment, tissues were collected and imme-
diately frozen in liquid nitrogen and kept at —80°C until use.

Abx treatment

For Abx treatment, mice were given either regular water or auto-
claved water containing Abx cocktail of vancomycin (0.5 g/liter,
LKT LAB, St. Paul, MN, USA), ampicillin (1 g/liter), metronidazole
(1 g/liter, Sigma-Aldrich), and neomycin (1 g/liter, Sigma-Aldrich)
for 3 days.

Bile duct ligation

For bile duct ligation, mice were anesthetized with an intraperito-
neal injection of a mixture of three drugs [medetomidine hydro-
chloride (0.75 mg/kg), midazolam (4 mg/kg), and butorphanol
tartrate (5 mg/kg)]. Subsequent to deletion of pain response, abdo-
men was opened along midline. A 5-0 medical suture was used to
ligate the common bile duct at two spots. After the operation,
456 mg of NR or equivalent mole amount of NMN was injected
intravenously. To avoid hypothermia, atipamezole hydrochloride
(0.375 mg/kg) was intraperitoneally injected and mice were kept on
heat pad until sacrifice.

Cell culture

A549 cells were cultured in Dulbeccos modified Eagle’s medium
supplemented with 10% fetal bovine serum at 37°C under a gas
phase of 95% air and 5% CO,. Cells were seeded at 2.5 X 10° cells per
well in a 12-well plate 1 day before treatment. The next day, cells
were treated with NMN at a concentration of 500 or 250 uM for dif-
ferent time points. After the treatment, cells were washed with saline
twice, and ice-cold 50% methanol-50% water was added followed
by the harvest using a cell scraper.

Small interfering RNA

For the small interfering RNA (siRNA) treatment, A549 cells were
seeded in six-well plates at 1.5 x 10° per well and cultured 24 hours
with DMEM containing 10% FBS. Then, the cells were transfected
with siRNAs using 5 pl of Lipofectamine RNAIMAX (Thermo Fisher
Scientific) and 5 pmol of siRNA in 500 pl of Opti-MEM (Thermo
Fisher Scientific). siGENOME SMART pool Human NT5E siRNA
(siGENOME Nt5e siRNA; catalog no. M-008217-00) and siGENOME
Non-Targeting siRNA Control Pools (catalog no. D-001206-130)
were obtained from Dharmacon. The treated cells were incubated for
2 days and then were subjected to the subsequent experiments.

NAD" metabolomics

Metabolite extraction and NAD™ metabolomics were performed as
previously described (63). In this study, the gastrocnemius muscle
was used as the skeletal muscle. Tissues were ground in ice-cold 50%
methanol-50% water at concentrations of 50 mg tissue/ml by using a
multi-beads shocker (Yasui Kikai, Japan) under optimal conditions.
Subsequently, 600 pl of lysate was mixed with 600 pl of chloroform
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and the mixture was vortexed for 10 s. The mixture was centrifuged
at 13,000¢ for 10 min at 4°C. The upper phase (aqueous phase) was
collected into another tube, and the same procedures were repeated.
Then, the transferred aqueous phase was dried by using a SpeedVac
SPD1010 (Thermo Fisher Scientific). Last, the dried samples were
reconstituted in liquid chromatography-mass spectrometry grade
water (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan)
and filtered with 0.45 pm Millex filter unit (Merck Itd. Tokyo, Japan)
before the injection. Metabolites were analyzed by the Agilent 6460
Triple Quad mass spectrometer coupled with the Agilent 1290 HPLC
system. Analytes were separated by Atlantis T3 Column (2.1 X 150 mm,
particle size 3 pm, Waters) using mobile phase A (5 mM ammonium
formate) and mobile phase B (methanol) with a flow rate of 150 pl/
min and a column temperature of 40°C. The programmed mobile
phase gradient was as follows: 0 to 10 min, 0 to 70% B; 10 to 15 min,
70% B; 15 to 20 min, 0% B. Data were analyzed by MassHunter
Quantitative analysis software (Agilent) and quantifications were
performed by using the standard curve obtained from various con-
centrations of standard compounds. Detection of labeled NAD*
metabolites was performed by using modulated transitions of mass/
charge ratio, equal fragmentor voltage, and equal collision energy
with nonlabeled NAD™ metabolites.

Synthesis of [m + 8] NMN and [m + 8] NR

Synthesis of [m + 6] NR was described elsewhere (22). [m + 5] D-
ribose and [m + 3] NAM were prepared according to previously
reported procedure (64, 65). A synthesis scheme of [m + 8] NMN
and [m + 8] NR is shown in the Supplementary Materials.

Western blot analysis

Cell lysates were prepared from A549 cells by sonicating in RIPA
buffer (500 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, and 50 mM tris-HCl, pH 7.4). After centrifugation, the
supernatant was mixed with sample buffer and denatured by boiling
at 95°C for 5 min. Proteins were separated on a 10% polyacrylamide
gel and transferred to a PVDF Immobilon-P membrane (Millipore,
MA, USA). The membrane was blocked with 5% skim milk and in-
cubated overnight at 4°C with primary antibodies and then for 1 hour
at room temperature with secondary antibodies. Chemiluminescence
was detected using Chemi-Lumi One Super (Nacalai Tesque,
Kyoto, Japan), and images were captured with a LAS 4000 Mini
digital imager (GE Healthcare, Tokyo, Japan). The antibodies used
included anti-NT5E/CD73 (CST, catalog no. 13160, MA, Japan),
anti-y-actin (Wako, catalog no. 010-27841, Osaka, Japan), anti-rabbit
immunoglobulin G (IgG; CST, catalog no. 7074), and anti-mouse
IgG (CST, catalog no. 7076).

Statistical analysis

Data are expressed as means + SD. Data were analyzed using Prism
software (version 9.5.1, GraphPad Software, San Diego, CA, USA). P
values less than 0.05 were determined as statistically significant. P
values in the range of 0.05 to 0.1 were interpreted as trends, indicat-
ing a possible but not statistically confirmed effect. The significant
differences between two groups were analyzed by Students two-
tailed t test. The significant differences among more than two groups
were evaluated by one-way analysis of variance (ANOVA), two-way
ANOVA, two-way ANOVA repeated measures, or a mixed-effects
model. Tukey’s post hoc tests followed if P value of ANOVA is sig-
nificant or shows a trend. Additional one-way ANOVA with Tukey’s
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test was performed separately at each factor if the main group effect
was significant (P < 0.05) to determine the effects that are particu-
larly relevant to the biological context.

Supplementary Materials
This PDF file includes:

Figs.S1to S11

Supplementary Method
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