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Mitochondrial dysfunction and low nicotinamide adenine dinucleotide
(NAD") levels are hallmarks of skeletal muscle ageing and sarcopenia’ >,
butitisunclear whether these defects result fromlocal changes or can

be mediated by systemic or dietary cues. Here we report a functional link
between circulating levels of the natural alkaloid trigonelline, whichis
structurally related to nicotinic acid*, NAD" levels and muscle healthin
multiple species. In humans, serum trigonelline levels are reduced with
sarcopeniaand correlate positively with muscle strength and mitochondrial
oxidative phosphorylationin skeletal muscle. Using naturally occurring
andisotopically labelled trigonelline, we demonstrate that trigonelline
incorporatesinto the NAD* pool and increases NAD" levels in Caenorhabditis
elegans, mice and primary myotubes from healthy individuals and
individuals with sarcopenia. Mechanistically, trigonelline does not activate
GPR109A but is metabolized via the nicotinate phosphoribosyltransferase/
Preiss-Handler pathway*° across models. In C. elegans, trigonelline
improves mitochondrial respiration and biogenesis, reduces age-related
muscle wasting and increases lifespan and mobility through an
NAD*-dependent mechanism requiring sirtuin. Dietary trigonelline
supplementation in male mice enhances muscle strength and prevents
fatigue during ageing. Collectively, we identify nutritional supplementation
of trigonelline as an NAD™-boosting strategy with therapeutic potential for
age-associated muscle decline.

Sarcopeniais the functional decline of skeletal muscle during ageing
which impairs mobility and leads to loss of physical independence
and disability’. Clinically, sarcopenia is characterized by the patho-
logical decrease of muscle mass, strength and gait speed>®’, and arises
from myofibre wasting and a combination of molecular and cellular
hallmarks of ageing that collectively impair contraction'®">. Among
these, mitochondrial dysfunction has a prominent role*"*™,
with decreased mitochondrial biogenesis, altered mitochondrial
dynamics and proteostasis, and reduced mitochondrial respira-
tion and ATP production being established drivers of muscle ageing

phenotypes®®'. Given that intertissue cross-talk controls the availabil-
ity of metabolic fuels for mitochondrial bioenergetics and influences
muscle function and quality of life, research efforts have also charac-
terized systemic contributions to sarcopenia. These include chronic
low-grade inflammation via pro-inflammatory cytokines, altered
metabolic fluxes viareduced circulating levels of anabolicamino acids
and perturbations of glucose, vitamin, and lipid metabolism** >,
The Multi-Ethnic Molecular determinants of Sarcopenia (MEM-
OSA) study recently identified mitochondrial dysfunction and declined
NAD" levels as prominent molecular hallmarks of sarcopeniain human
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cohorts from different geographies’®. NAD" is an essential coenzyme,
derived from precursors of the vitamin B, family, and a key cofac-
tor for cellular and organismal metabolism. Mammals can produce
NAD’ from different dietary precursors; these include nicotinamide
riboside (NR) and nicotinamide mononucleotide (NMN), converted
via the nicotinamide riboside kinase (NRK) pathway, nicotinic acid
(NA), also known as niacin, which is metabolized via the nicotinate
phosphoribosyltransferase (NAPRT)-dependent Preiss-Handler path-
way, tryptophan used in the de novo pathway for NAD* biosynthesis,
and nicotinamide (NAM), which generates NAD" via the nicotinamide
phosphoribosyltransferase (NAMPT) salvage pathway”*. NAD" lev-
els decline during ageing in several metabolic tissues in rodents and
humans"”?"* including in skeletal muscle where there is replicated
clinical evidence of age-related NAD* deficiency®*. However, it is still
largely uncharacterized whether alterations in muscle mitochondrial
and NAD" homeostasis are reflected in the circulating metabolome,
and thus could be used to define clinical biomarkers and therapeutic
interventions to manage later life muscle decline.

Tocomplementour previous analyses of muscle biopsies of human
sarcopenia’ and understand if mitochondrial dysfunctionand altered
NAD" metabolism could be linked to systemic changes, we investigated
serum levels of the kynurenine /vitamin B metabolome inindividuals
with sarcopenia versus healthy controls from the MEMOSA cohort
(Extended Data Table1). No changes were observed during sarcopenia
for most of the metabolites analysed, including the vitamin B; forms
that could act as potential NAD* precursors. However, patients with
sarcopenia had lower circulating concentrations of trigonelline, a
natural alkaloid found in plants*and animals, including in humans?°
(Fig. 1a). Trigonelline levels were positively correlated with muscle
mass assessed via Appendicular Lean Mass Index (ALMI) measured
using dual-energy X-ray absorptiometry (DXA), grip strength and gait
speed, all parameters used in the clinical definition of sarcopenia®’
(Fig. 1b). Serum levels of trigonelline are also associated with NAD*
levels in skeletal muscle (Extended Data Fig. 1a), which we previously
found to be linked with clinical measures of sarcopenia and muscle
health®. Finally, gene set enrichment analysis identified a positive asso-
ciation between serum trigonelline levels and several metabolic and
signalling pathways in skeletal muscle, with mitochondrial oxidative
phosphorylation showing the strongest association with trigonelline
(Fig. 1c,d and Extended Data Fig. 1b). Analysis of the Bushehr elderly
health cohort® (Extended Data Table 2) demonstrated that serum
trigonelline is also associated with muscle function in an independ-
entreplicationstudy (Extended DataFig. 1c). Dietary recordsindicate
thatserumtrigonelline levels areindependent of dietary caffeine and
vitamin B, intake in this cohort, but possibly linked to other dietary fac-
tors, suchasfolate and fibre intake (Extended Data Fig. 1cand Extended
Data Table 3). In addition, correction for dietary caffeine and vita-
min B; intake did not affect the association between trigonelline and
muscle strength (Extended Data Table 4). Collectively, our targeted
metabolomic profiling of human sarcopenia revealed trigonelline
as a new metabolite associated with muscle function, mitochondrial
metabolism and NAD".

Trigonelline is an N-methylated form of NA (Extended Data
Fig.1d) thatis synthesized by several plant species* and is also ametabo-
lite produced by the gut microbiome and endogenous metabolismin
humans®**°, Based on this structural proximity to NA and the estab-
lished link between muscle NAD* and mitochondriainageing and sarco-
penia*>" we tested if trigonelline could actasan NAD" precursor, and
directlyimpact NAD*, mitochondrial and muscle homeostasis. Primary
human skeletal muscle myotubes (HSMMs) were treated withiincreas-
ing therapeutic doses of trigonelline in the presence or absence of the
NAMPT inhibitor FK866 (refs. 14,32) to block NAD* salvage (Fig. 1e,f),
thus mimicking low NAD" via decreased NAMPT expression in human
sarcopenic muscle’. Trigonellineincreased NAD* in control cells (half
maximal effective concentration (ECs,) = 315 pM) (Fig. 1e), fully rescued

NAD" deficiency in FK866-treated cells (ECs, = 110 pM) (Fig. 1f) and
alsoincreased NAD" levels after prolonged treatment (Extended Data
Fig.1le). When compared to other NAD" precursors in primary human
muscle cells, trigonelline and the salvage precursor NAM induced
NAD* by approximately 50% while the NRK pathway precursors NR and
NMN?* increased NAD' levels approximately twofold (Extended Data
Fig.1f). The Preiss-Handler pathway of NAD" biosynthesis requires the
conversion of its substrate NA into NA mononucleotide (NAMN) via
the rate-limiting enzyme NAPRT®. When we tested trigonelline and
other precursors in additional cell lines of muscle, liver and kid-
ney, trigonelline or NA failed to raise NAD" levels in HepG2 (ref. 34)
and C2C12 cells, which have low NAPRT expression (Extended Data
Fig. 1g,h), while all precursors had similar efficacy in renal proximal
tubular epithelial cells (PTECs) (Extended Data Fig. 1h). To further
understand the biological activity of these precursors after in vivo
absorption, we compared their stability in human serum. Trigonelline
was remarkably stablein serum over 72 h, whereas NR and NMN rapidly
disappeared within hours after conversion to NAM (Extended Data
Fig. 1i). Given its lower serum levels in individuals with sarcopenia
(Fig. 1a), we tested trigonelline in sarcopenic muscle cells. Treating
primary myotubes from different donors with sarcopenia and aged-
matched healthy controls® raised cellular NAD* (Fig. 1g) with com-
parable efficiency between groups (Extended Data Fig. 1j). Similarly,
trigonelline also increased NAD" levels in primary myotubes derived
fromaged mice (Fig. 1h).

Trigonelline is N-methylated on its pyridine ring and needs to
be demethylated before entry into the Preiss-Handler pathway and
pyridine N-ribosylated for NAD*biosynthesis (Extended Data Fig. 1d).
Because thereis notrigonelline demethylase identified in plantsorin
mammals®, we explored potential candidates that could be linked to
trigonelline demethylation by correlating serumtrigonelline levels with
the expression of genes from human sarcopenic muscle filtered using
RNA sequencing (RNA-seq) for demethylating or methyltransferase
activity (Extended Data Table 5). SHMT2, which is involved in mito-
chondrial one-carbon metabolism, had the strongest association with
serum trigonelline (Extended Data Fig. 1k), and correlated positively
with grip strength and muscle massin humans (Extended Data Fig.1l).
While this observation uncovers a potential link between trigonelline
and a methyltransferase involved in one-carbon metabolism that will
require further exploration, SHMT2is unlikely to directly demethylate
trigonelline because it is not a N-methyltransferase and is known to
cross-talk with NAD" metabolism indirectly®s,

To assess whether trigonellineisincorporated into the NAD" mole-
cule, we used anisotopically labelled form of trigonelline carrying a ®>C
on the carboxylic acid group and three deuterium (*H) atoms on the
methyl group (-CD,) (Fig. 2a). Administration of isotopically labelled
trigonelline in mice was highly bioavailable with high levels of the par-
enttrigonelline molecule detected in the liver, gastrocnemius muscle,
kidney, blood and urine 2 h after oral intake, and were largely cleared
after an overnight wash-out (Extended Data Fig. 2a). This was mirrored
byincreased NAD* contentintheliver, muscle, kidney and whole blood,
detected witheither liquid chromatography coupled high-resolution
mass spectrometry (LC-HRMS) (Fig. 2b) or an NAD enzymatic assay
(Extended DataFig. 2b). Based on our labelling strategy, directincor-
poration of trigonelline into NAD" implies the loss of the deuter-
ated methyl group, leading to a *C-labelled NAD" structure with a
mass of M +1 (Fig. 2a). Treatment of HSMMs with labelled trigonel-
line significantly increased both total cellular NAD* and [*C]-NAD*
M +1 (Fig. 2¢). In vivo, administration of labelled trigonelline also
significantly enriched M + 1 NAD" in the liver and whole blood and,
to a smaller extent, in the muscle, with hepatic incorporation being
faster probably because of a first-pass effect (Extended Data Fig. 2c).
Altogether, these results demonstrate that trigonelline is abona fide
NAD' precursor thatis directly incorporated in NAD" in cells and mul-
tiple tissues.
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Fig.1|Serum trigonellineis reduced in human sarcopenia and is associated
with mitochondrial and NAD* metabolism in skeletal muscle. a, Serum levels
oftrigonellinein healthy controls (n = 20) and individuals with sarcopenia
(n=20) fromthe MEMOSA SSS (unpaired, two-tailed Student’s ¢-test).

b, Association of serum trigonelline levels with ALMI, grip strength and gait
speed; the Pearson correlation coefficient and its P value were calculated on
n=40serumsamples from the SSS. ¢, SSS muscle RNA-seq association with
serum trigonelline levels. Gene set enrichment ordered according to the
significance of enrichment with only the top ten gene sets being reported.
Afalse discovery rate (FDR) <102° was trimmed at FDR =10 (n =39 muscle
samples). d, Enrichment plot for the hallmark oxidative phosphorylation gene
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set from c. e,f, Relative NAD" levels in HSMMs after treatment with increasing
concentrations of trigonelline, in the absence (e) or presence (f) of FK866
(one-way analysis of variance (ANOVA), mean + s.e.m, n = 6 biological replicates
per group). g, Relative NAD" levels in human primary myotubes from healthy
controls and patients with sarcopenia from the Hertfordshire Sarcopenia Study
Extension (HSSe) cohort treated ex vivo with or without trigonelline (unpaired,
two-tailed Student’s ¢-test, mean + s.e.m, n = 3 biological replicates per group).
h, Relative NAD" levels in primary myotubes from aged mice (22 months) treated
ex vivo with trigonelline (unpaired, two-tailed Student’s ¢-test, mean + s.e.m,
n=8andn=9biological replicates per group).*P < 0.05,**P< 0.01, **P< 0.001,
****p < (0.0001. For the individual Pvalues, see Fig.1in the Source data.

Given the similarity of trigonelline with NA and its ability to
overcome NAD" salvage inhibition (Fig. 1e,f), but also its inefficacy
in low NAPRT-expressing cells (Extended Data Fig. 1g,h), we tested
whether NAPRT would be required for the use of trigonelline, and used
NR as a reference compound able to generate NAD* independently
of the Preiss-Handler pathway (Fig. 2d). Short hairpin RNA (shRNA)-
mediated knockdown of NAPRT in HSMMs blocked the generation

of NAD" by trigonelline or NA (Fig. 2e and Extended Data Fig. 2d,e).
Similarly, the NAPRT inhibitor 2-hydroxynicotinic acid (2-OHNA)*
blocked the conversion of trigonelline to NAD* in HSMMs, but as
expected did not impair the NAD* boosting effect of NR (Fig. 2f).
Conversely, various levels of cellular NAD" depletion by blocking
NAD"salvage with FK866 for 24 h were rescued by trigonelline (Fig. 1f
and Extended Data Fig. 2f), but not when co-treating with 2-OHNA
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(Extended Data Fig. 2g). LC-HRMS analysis also confirmed that
2-OHNA blocks increased NAD" after trigonelline treatment (Fig. 2g),
without affecting cellular trigonelline levels in the treated groups
(Extended Data Fig. 2h). Of note, endogenous levels of trigonel-
line increased in cells treated with 2-OHNA in the absence of trigo-
nelline treatment (Extended Data Fig. 2h), suggesting that there is
an endogenous flux of trigonelline through NAPRT in muscle cells.
After trigonelline treatment, the Preiss-Handler pathway-related
metabolites nicotinic acid adenine dinucleotide (NAAD) and NAMN
downstream of NAPRT®** were increased and blocked by NAPRT
inhibition with 2-OHNA (Fig. 2h,i), whereas NA, which is upstream of
NAPRT, was accumulated (Fig. 2j); the salvage pathway metabolite NAM
did not change (Extended Data Fig. 2i). Acute dosing of trigonelline in
wild-type (WT) and Naprt KO mice* (Fig. 2k and Extended DataFig. 2j)
equally increased trigonelline in tissues (Extended Data Fig. 2k),
distal NAD" metabolite fluxes in the liver and blood (Extended Data
Fig.2l,m) and tissue NAD" levels (Extended Data Fig. 2I-n). However, in
Naprt KO mice treated with trigonelline, NA accumulatedin the blood
and liver (Fig. 21), while NAMN was strongly downregulated (Fig. 2m);
NAAD induction was blunted in the liver (Fig. 2n), similarly to what is
observed in HSMMs (Fig. 2h,j). After trigonelline gavage, Nampt and
Nrkl1 expression was downregulated in the liver, while Nrk1 and Nrk2
were upregulated inmuscleinboth treatment groups (Extended Data
Fig. 20). This suggests that trigonelline engages the Preiss-Handler
pathway during first-pass metabolism and that secondary compen-
sations through the NR-NMN-NRK pathway also contribute to NAD*
in Naprt KOs. Altogether, our in vitro and in vivo results indicate that
trigonelline is metabolized through the Preiss-Handler pathway via
NAPRT and promotes NAD" biosynthesis via both direct and indirect
mechanisms.

To compare the functional relevance of modulating NAD" metabo-
lism via trigonelline and NR through the NAPRT and salvage routes,
we measured mitochondrial respiration and membrane potential in
HSMMswhere low NAD* was modelled with FK866 for 72 h. Like the 24-h
treatment (Extended DataFig. 2g), trigonelline boosted NAD" and this
effect was blocked by NAPRT inhibition with 2-OHNA (Fig. 20), while
no detrimental effect on cell viability was observed (Extended Data
Fig. 2p). Low NAD" in response to FK866 lowered the mitochondrial
membrane potential (Fig. 2p), which was fully restored by trigonelline
and NR, while2-OHNA abolished the effects of trigonelline but not NR
(Fig.2p).FK866 treatment also significantly decreased maximal mito-
chondrial respiration (Fig. 2q), which was also rescued by trigonelline
butblocked when trigonelline was co-treated with 2-OHNA (Fig. 2q).In
contrast, NR was still able to bypass NAPRT inhibition and increase res-
piration (Fig.2q). Finally, respirometry performed with mitochondrial
complexinhibitorsrevealed higherlevels of complexII-driven and com-
plexIV-drivenrespirationintrigonelline-treated cells, again dependent
on NAPRT (Extended Data Fig. 2q). The clinical use of NA is limited by

its effects on skin flushing caused by binding to the G protein-coupled
receptor 109A (GPR109A)*. Therefore, we also tested whether trigo-
nelline may activate this receptor using a GPR109A-overexpressing
stable cellline coupled to B-arrestin-based detection, and validated the
assay with NA (ECs, = 2.5 pM) (Extended Data Fig. 2r). Trigonelline did
notactivate GPRI09A when tested up tol mM, a dose 400-fold higher
thanthe EC,, 0of NA (Extended Data Fig. 2r), suggesting that it could be
better tolerated than NA. Collectively, these results demonstrate that
trigonelline functionally rescues NAD* deficiency and confirm that
trigonelline requires NAPRT and a functional Preiss-Handler pathway
for physiological activity on mitochondrial bioenergetics.

Lower NAD" levels during ageing are linked to mitochondrial
dysfunction, muscle decline and reduced fitness and lifespan in
lower organisms, such as nematodes'*****, Given that NAD"-enhancing
interventions can improve these phenotypes'***, we next tested
the impact of trigonelline during ageing in Caenorhabditis elegans
by treating N2 WT worms starting from day 1 of adulthood (Fig. 3a).
Trigonelline significantly extended the lifespan, with comparable
effects to equimolar levels of NR (Fig. 3b and Extended Data Fig. 3a).
Akin to that observed in human and mouse cells and tissues, trigonel-
line raised NAD" levels in aged nematodes (Fig. 3¢); its NAD*-boosting
effects were comparable to NA and NAM, and partially lower than NR
and NMN (Extended Data Fig. 3b). Trigonelline increased mitochondrial
content assessed using the mitochondrial DNA/nuclear DNA ratio
(Fig. 3d), activated the expression of genes linked to mitochondrial
respiration and proteostasis (Fig. 3e), similar to NR (Extended Data
Fig. 3c and'**), and increased mitochondrial respiration (Fig. 3f and
Extended DataFig.3d). We next evaluated muscle structure and mobil-
ity in ageing nematodes. Trigonelline supplementation improved
myofibre integrity during ageing (Fig. 3g and Extended Data Fig. 3e);
this was mirrored by reduced worm paralysis (Fig. 3h) and increased
spontaneous mobility (Fig. 3i). Interestingly, worms treated with
trigonelline later in adulthood showed only a mild lifespan extension
(Extended Data Fig. 3f) but maintained better mobility than control
animals during ageing (Extended Data Fig. 3g), indicating benefits
of trigonelline on health span even when treating for a shorter dura-
tion and later in life. Importantly, the effects of trigonelline on NAD*
and mitochondrial content were lost with knockdown of the Naprt
worm orthologue nprt-1 (Fig. 3j,k), in line with what was observed in
HSMMs. Knockdown of nprt-1 or sir-2.1 (Extended Data Fig. 3j), the
predominantsirtuinin N2 worms (Extended Data Fig. 3k), both blunted
the lifespan-extending effects and mobility benefits of trigonelline
(Fig. 31-n), in line with similar effects observed with NA (Extended
DataFig.3h,i) and other NAD"boosters'***, As expected, trigonelline
increased NAD" levels after sir-2.1 knockdown because sirtuins act as
NAD" sensors downstream of NAD" biosynthesis and sir-2.1 knock-
down did not change baseline NAD" levels (Extended Data Fig. 3I).
Together, these results validate the physiological requirement of

Fig.2| Trigonellineis an NAD" precursor and activates mitochondrial
function via the Preiss-Handler pathway. a, Experimental design of isotope-
labelled trigonelline incorporationinto NAD*. b, NAD" levels measured using LC-
HRMS in the liver, gastrocnemius muscle and whole blood 2 h or 16 h (overnight)
after labelled trigonelline gavage in young mice (one-way ANOVA, n = 4-5mice
per group). ¢, NAD" levels measured using LC-HRMS in HSMM (left) and relative
isotopic enrichment of NAD* (right) after 24-h incubation with1 mM labelled
trigonelline (unpaired, two-tailed Student’s t-test, n = 3 biological replicates

per group).d, Representation of the Preiss—Handler and salvage pathways

of NAD" production. e, Relative NAD* levels in HSMMs 48 h after adenoviral
infection with a scrambled or NAPRT shRNA (unpaired, two-tailed Student’s
t-test, n = 6 biological replicates per group). f, Relative NAD* levels in HSMMs
after 24-h trigonelline or NR treatment, with or without 2-OHNA co-treatment
(one-way ANOVA, n =12 biological replicates per group). g-j, NAD* metabolites
measured using LC-HRMS in HSMMs (NAD", g; NAAD, h; NAMN, i; NA, j)

after 24-hincubation with trigonelline in co-treatment with FK866, 2-OHNA

or their combination (one-way ANOVA, n = 3 biological replicates per group).
k, Quantitative PCR (qPCR) mRNA expression of Naprt in the liver of wild-type
(WT) and Naprtknockout (KO) mice (one-way ANOVA, n = 4-6 animals per
group). I-n, LC-HRMS measurement of NA (I) and NAMN (m) levels in the
blood and liver, and of NAAD (n) in liver 2 h after trigonelline gavage in WT

or Naprt KO mice (one-way ANOVA, n = 4-6 animals per group). o, Relative
NAD" levels in HSMMs after 72 h trigonelline or NR treatment, with or without
co-treatment with FK866, 2-OHNA or their combination (one-way ANOVA,
n=10biological replicates per group). p, Mitochondrial membrane potential
(AWm) measured using JC-1stainingin HSMMs treated as in o (one-way ANOVA,
n=16Dbiological replicates per group). q, Maximum oxygen consumption rate
(OCR) in HSMMs treated as in o after stimulation with 3 uM carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (one-way ANOVA, n = 9-10 biological
replicates per group). All data are expressed as the mean + s.e.mwith*P < 0.05,
**P<0.01,**P<0.001, ***P < 0.0001. NS, not significant. Individual Pvalues are
reported in Fig. 2 of the Source data. a.u., arbitrary units.
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the Preiss—Handler pathway for longevity, mitochondrial and func-
tional benefits of trigonelline in an in vivo model, and demonstrate
that the observed benefits on ageing and health span require the
NAD'-dependent sirtuin deacetylase.

To translate the functional impact of trigonelline on muscle
health from nematodes to mammals, we finally supplemented aged

micewithdietary trigonelline. A5-day treatmentincreased the expres-
sion and activity of mitochondrial oxidative phosphorylation com-
plexeslandIlinskeletal muscle (Fig.4a-d and Extended DataFig. 4c),
without influencing mitochondrial abundance measured with mito-
chondrial/nuclear DNA and citrate synthase (Extended Data Fig. 4a,b).
A 12-week dietary trigonelline supplementation increased plasma,
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Fig. 3| Trigonelline supplementation enhances the lifespan and ameliorates
age-related muscle decline and mitochondrial dysfunctionin C. elegans.

a, Experimental design of compound treatments at 1 mM started from day 1 of
adulthood (D1) in N2 WT worms. Illustration created with BioRender.com.

b, Lifespanin trigonelline-treated worms (log-rank test, n = 90 worms per
group). ¢, Relative NAD" levels in aged worms on day 8 (D8). Unpaired, two-tailed
Student’s t-test, n = 6 biological replicates per group). d, mitochondrial and
nuclear DNA in aged worms (D8). Unpaired, two-tailed Student’s ¢-test, n =12
worms per group). e, mRNA expression of mitochondrial genes in worms treated
with trigonelline (unpaired, two-tailed Student’s t-test, n = 6 biological replicates
per group). f, Basal and maximal OCR in L4 worms treated from the embryo stage
(unpaired, two-tailed Student’s t-test, n = 36 animals per group). g, Confocal
images (left) and quantitative integrity scoring (right) of green fluorescent
protein (GFP)-labelled muscle fibres in adult (D1) and aged (D11) RAW1596

(myo-3p::GFP) worms (one-way ANOVA, n = 6 worms and 9-31sarcomeres per
group). Scale bar, 10 pum. h, Percentage of paralyzed aged worms (D11) (n=3
independent experiments, unpaired two-tailed Student’s t-test). i, Spontaneous
mobility of worms at different ages (unpaired, two-tailed Student’s ¢-test,
n=33-49 worms per group). j, Relative NAD" levels in D1 adult worms treated

from the embryo stage and fed with control (empty vector (e.v.)) or nrpt-1 RNA
interference (RNAi) (one-way ANOVA, n = 6-14 biological replicates per group).

k, Mitochondrial and nuclear DNA in worms treated as inj (one-way ANOVA,
n=10-12animals per group).l,m, Lifespan of control (e.v.), nrpt-1 RNAi (I) and
sir-2.1RNAi (m) worms (log-rank test, n =100 animals per group). n, Spontaneous
mobility of control (e.v.), nrpt-I RNAi and sir-2.1 RNAiworms at D6 (unpaired,
two-tailed Student’s t-test, n = 63-123 individual worms per group). Alldata are
expressed asthe mean + s.e.m. with *P < 0.05,**P < 0.01,**P< 0.001,***P< 0.0001.
Individual Pvalues of the worms per group are reported in Fig. 3 of the Source data.

liver and muscle levels of trigonelline in aged mice (Fig. 4e,f), with
no signs of toxicity (Extended Data Fig. 4d,e). Body composition was
not impacted by the treatment, with no changes in lean and fat mass
distribution in trigonelline-treated mice (Fig. 4g and Extended Data

Fig. 4e), no change of liver and muscle mass (Fig. 4h and Extended
Data Fig. 4h,i) and no effects on tibialis anterior muscle histology
assessed using myofibre size, capillary area, glycogen accumulation
or fibrosis in tibialis anterior and diaphragm muscle (Extended Data
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Fig. 4| Trigonelline supplementation enhances mitochondrial activity

and muscle functionin aged mice. a, Mitochondrial complex 1 activity
normalized to citrate synthase activity (UCI x UCS™) in gastrocnemius muscle of
aged mice (20 months) after a 5-day dietary supplementation of trigonelline
(unpaired, two-tailed Student’s ¢-test, n = 7-8 biological replicates per group).

b, Mitochondrial complex I (NDUFBS8) protein levels in the same samplesasina
(unpaired, two-tailed Student’s t-test, n = 6 biological replicates per group).

¢, Succinate dehydrogenase (SDH) activity in the quadriceps muscle of the same
groupsasina (unpaired, two-tailed Student’s t-test, n = 7 biological replicates
per group). d, Mitochondrial complex Il (succinate dehydrogenase [ubiquinone]
iron-sulphur subunit, mitochondrial (SDHE)) protein levels in the same samples
asina (unpaired, two-tailed Student’s t-test, n = 6 biological replicates per
group). e, Plasma trigonelline levels measured in aged mice (22-24 months)
after 12 weeks of trigonelline supplementation (unpaired, two-tailed Student’s
t-test,n=13 and 15 biological replicates per group). f, LC-HRMS measurement of
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trigonelline levels in gastrocnemius muscle and liver of the same mice groups as
ine (unpaired, two-tailed Student’s t-test; gastrocnemius: n =5and 6, liver: n =13
and 16 biological replicates per group); <LOQ, below the level of quantification.
g, Lean mass normalized to body weight of aged mice after 12 weeks of treatment
asine (unpaired, two-tailed Student’s t-test, n = 13 and 15 biological replicates per
group). h, Tibialis anterior muscle mass of aged mice after 12 weeks of treatment
asine (unpaired, two-tailed Student’s t-test, n = 13 and 15 biological replicates per
group). i, Grip strength of aged mice after 12 weeks of treatment as in e (unpaired,
two-tailed Student’s ¢-test, n =13 and 15 biological replicates per group).

Jj, Insitu muscle contractility normalized to initial force after supramaximal
stimulation of the tibialis anterior muscle in young controls and aged mice after
12 weeks of treatment as in e (two-way ANOVA followed by uncorrected Fisher’s
least significant difference tests; n = 11-14 biological replicates per group). All
dataare expressed as the mean +s.e.m. with *P< 0.05, **P < 0.01, **P < 0.001,
***++p < (0.0001. Individual Pvalues are reported in Fig. 4 of the Source data.

Fig.4j-n). We next measured NAD" in different tissues, where chronic
trigonelline exposure significantly increased NAD" in the liver and
kidney (Extended Data Fig. 40). Elevation of muscle NAD* (Fig. 2b and
Extended Data Figs. 2b and 40) and oxidative phosphorylation pro-
teins (Fig. 4b,d and Extended Data Fig. 4p) were flattened in chronic
versus acute exposure, probably because of long-term physiological
compensation as observed in clinical studies in muscle with dietary
administration of other NAD* precursors*®*.

The effects of trigonelline onin vivo muscle function were assessed
by recording spontaneous activity and measuring by grip strength

and in situ tibialis anterior muscle contraction via electrical stimula-
tion of the sciatic nerve to overcome any effects on volition. Chronic
supplementation of trigonelline significantly increased the grip
strength of the forelimb muscles in aged mice (Fig. 4i) and normal-
ized age-related decline of fine spontaneous activity that mobilizes
the hindlimb and forelimb muscles (Extended Data Fig. 4q). The
maximum tetanic force of the tibialis anterior muscles was not
impacted in aged trigonelline-supplemented mice (Extended Data
Fig.4r), probably because tetanic force relies on muscle mass and neuro-
muscular coupling, both of which were not affected by trigonelline.
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However, whenthe tibialis anterior muscles were repeatedly stimulated
in situ to assess muscle fatigue from high-intensity contractions, the
age-related decline of the force was attenuated in aged mice treated
with trigonelline (Fig. 4j). In this setting, which mimics a physiological
situation where the performance of healthy young mice decreases by
10%during the fatigue protocol, muscle fatiguability was tripled inaged
micebut trigonelline prevented approximately 50% of this age-related
decline. Together, these functional dataindicate that chronic trigonel-
line administration mitigates muscle decline during ageing by stimulat-
ing mitochondria and increasing muscle performance and resistance
to fatigue during high-intensity contraction.

Although there is a common trajectory of age-related muscle
declineinallindividuals, the rate and extent of loss of muscle mass and
strength varies between olderindividuals; furthermore, the prominent
factorsthatdrive theinter-individual susceptibility to sarcopenia and
disability versus healthy ageing are poorly understood for therapeutic
intervention. Our previous profiling of muscle biopsies from patients
with sarcopenia versus age-matched healthy controls revealed that
mitochondrial dysfunction and reduced NAD", two well-established
molecular hallmarks of organismal ageing", are prominent features of
pathological progression and sarcopenia®. In this study, we expanded
our initial analysis to a targeted serum metabolomic profiling of sar-
copenia and discovered that the NA-related alkaloid trigonelline is
a circulating metabolite correlating with muscle strength and gait
speed in humans, and declines during sarcopenia. Trigonelline is a
well-described plant metabolite. Its synthesis from NA via methyla-
tion confers protective and adaptive functions**%, without an estab-
lished reutilization as a Preiss—Handler substrate*>*°. Consequently,
trigonelline is particularly abundant in plant-derived food products,
such as coffee beans and fenugreek seeds, which have been reported
tomodulate endogenous trigonelline levels in humans**"*, Although
high coffee consumption has been associated with alower prevalence
of sarcopenia in some populations®, our correlation analyses did not
detect an association between circulating trigonelline and dietary
caffeine intake levels in a population from the Middle East, possibly
because coffee consumptionis lowin this population. Serumtrigonel-
line levels were also not correlated to dietary vitamin B, intake, sug-
gesting that methylation of dietary vitamin B does not directly control
endogenous trigonelline. It is also unlikely that intake of coffee and
niacin directly drives the link between trigonelline and sarcopenia as
the association of serum trigonelline with muscle function was not
markedly influenced by correction of dietary caffeine and vitamin B,
intake. Interestingly, food may still contribute to trigonelline metabo-
lism as the dietary intake of folate and fibre was linked to circulating
trigonelline levels. In addition, trigonelline can be produced by the
microbiome. Trigonelline was proposed as a biomarker of metabolic
health or physical fitness because urinary trigonelline levels decrease
during obesity and increase in professional athletes?**°. Therefore, the
association of trigonelline and sarcopenia probably has multifactorial
contributions viaacomplex cross-talk between different food groups
and endogenous metabolism.

Our work also describes trigonelline as an NAD* precursor and
demonstrates the benefits of its therapeutic dietary supplementa-
tion for mitochondrial function, muscle health and mobility during
ageing. NAD" boosting by trigonelline is conserved across different
model organisms and primary human muscle cells from healthy indi-
viduals and donors with sarcopenia. Trigonelline treatment in aged
mice increased different domains of muscle performance that mobi-
lize both leg and arm muscles by improving both muscle fatigue and
grip strength, which areimportant for healthy physical ageing. While
the preclinical tests of muscle function used do not always directly
translate to human performance, fatigue and grip strength are also
well-established measures of sarcopenia and physical frailty>** and
are commonly used to assess the pathological impairment of quality
of life in older people in clinical practice. However, sarcopenia is a

multifactorial disease where both muscle mass and function decline
beyond pathological thresholds”®. As trigonelline improved grip
strength and fatigue independently of changes in muscle mass and
maximal tetanic strength, we conclude that trigonelline cannot reverse
all causes of sarcopenia and will have to be combined with other nutri-
ents that support muscle mass, such as protein, vitamin D or omega 3
fatty acids, or for the nutritional management of sarcopenia’. At the
cellular level, the benefits of trigonelline on muscle performance did
not arise from structural adaptations in the skeletal muscle architec-
ture, such as myofibre cross-sectional area, vascularization and fibro-
sis, but were linked to functional improvements of the mitochondrial
respiratory activity of complexesIand Il. Using inhibitors and genetic
loss of function in vitro and in vivo, we showed that trigonelline is
metabolized via the Preiss-Handler pathway and requires NAPRT to
boost NAD', stimulate mitochondrial metabolism and increase mobil-
ityandlifespan duringageing. Our work with tracers and metabolomics
alsoindicates that trigonelline is demethylated before entering the flux
of NAD" biosynthesis, whichisinline with early biochemical evidence
thatanenzymaticactivity fromtheliver may demethylate trigonelline
in mammals’®. However, there is no known demethylase that catalyses
trigonelline demethylation. Although the correlation we discovered
between SHMT2 expression and serum trigonelline, muscle mass and
muscle strength suggests that trigonelline could cross-talk with the
S-adenosyl-L-methionine-dependent methyltransferase activity of
SHMT2 and folate/one-carbon metabolism, future studies are required
tocharacterize the mechanisms of trigonelline demethylation and the
identity of the trigonelline demethylase.

Our results add trigonelline to the list of established dietary NAD*
boosters. These molecules, including NR, NA, NAM and NMN, have
shown preclinical potential for ameliorating ageing and chronic dis-
eases inmodel organisms and have beeninvestigated in recent human
clinical trials focused on healthy ageing*®, obesity>®, mitochondrial
disease”, neurodegeneration®® or insulin sensitivity*, with different
outcomes. Our work highlights that the NAD*-boosting capabilities
of different precursors vary across tissues and experimental models
accordingtotherelative activity of different branches of NAD* biosyn-
thesis. Trigonelline contributes to the NAD" pool via a more indirect
route than the ribosylated precursors NR and NMN, but our com-
parative studies demonstrate that trigonelline has similar cellular
and physiological benefits to NA and NR in cells or nematodes, most
probably because of its higher stability than ribosylated precursors.
NA has lipid-lowering properties® and provides benefits in mitochon-
drial myopathies withimpaired NAD" salvage®’; however, it has limited
tolerability as it induces skin flushing through dermal Langerhans
cells because of GPR109A-dependent vasodilation*~’. Our results
indicate that unlike NA, trigonelline does not activate GPR109A at
physiological and therapeutic levels, and probably provides a more
favourable therapeutic profile. While trigonelline primarily engages the
Preiss—Handler pathway across models, in vivo supplementation also
elevates NAD" metabolites from other biosynthetic routes, supporting
the inter-organ cross-talk between NAD* pathways already observed
in humans and rodents with NR supplementation*®®°. In particular,
trigonellineincreases NRand NMNintheliver or serumbothin WT and
NaprtKO mice; these secondary NAD' fluxes can contribute to the NAD*
pool in vivo in the absence of Naprt. This highlights the complexity
of systemic NAD* metabolism modulation and the need to study the
interplay between NAD" fluxes and to run future comparative studies
with different precursorsin specificmodels andin humans. The hetero-
geneity of NAD" biosynthesis and metabolism also suggests that some
physiological specificity may exist between different precursors across
organs, supporting additional translational applications of trigonel-
line. Because of its high bioavailability and serum stability, trigonelline
can reach the brain and impact cognitive performance in mice with
Alzheimer’s disease®, therefore holding potential for neurocognitive
benefits in addition to muscle health. In addition, trigonelline can
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protect from metabolic dysfunction and improve glucose tolerance
both in mice and humans®*®,

In summary, clinical profiling revealed an association between
trigonelline and muscle health in humans. Our preclinical experi-
ments demonstrated that trigonelline is an NAD" precursor that
optimizes mitochondrial function to improve muscle strength and
prevent fatigue during ageing. Therefore, trigonelline is a nutritional
geroprotector with therapeutic potential to manage sarcopenia and
other age-related pathologies.

Methods

Human studies

Detailed description of the MEMOSA study is available in the study by
Migliavacca et al.’. Twenty Chinese male participants aged 65-79 years
with a diagnosis of sarcopenia and 20 healthy age-matched controls
were recruited in Singapore under the National Healthcare Group
Domain-Specific Research Board study (no. 2014/01304); each par-
ticipant gave written informed consent. Muscle biopsy samples were
fully depleted during the study analyses.

The cohort of the Bushehr nutritional epidemiology study in older
people consists of 186 older men aged 60 years and older participat-
ing in the second stage of the Bushehr elderly health programme.
Theywere randomly selected from the population-based prospective
cohortstudy conducted in Bushehr, asouthern province of Iran®.. Grip
strength was measured using adigital dynamometer with three repeats
ofeach hand, and retaining the highest average handgrip strength for
the strongest hand. The ALMI was measured using DXA (Discovery
Wi), with the AMLI calculated for each participant as the sum of the
upper and lower limb leanmass, expressed inkilograms, divided by the
height square, expressed in metres. Dietary intake assessment was per-
formed using a24-h dietaryrecall of all food and beverages consumed,
performed by expert nutritionists®. Standard reference tables were
used to convert household portions to grams and quantified using
the nutritionist IV package, modified for Iranian foods to obtain daily
energy, nutrient values and servings of foods consumed. For mixed
dishes, food groups and nutrients were calculated according to their
ingredients. The study was approved by the Research Ethics Commit-
tee of the Endocrinology & Metabolism Research, Tehran University
of Medical Sciences, under reference TUMS.EMRI.REC.1394.0036;
and each participant gave written informed consent. Local sample
analyses were approved by the cantonal ethics commission for human
research (Commission Cantonale d’Ethique delaRecherche sur I'Etre
Humain) in Vaud, Switzerland under reference 490/14. For both stud-
ies, tryptophan and vitaminB, metabolites were measured in overnight
fasting venous blood samples using liquid chromatography-tandem
mass spectrometry as reported in Panahi et al.** and Midttun et al.®.

Primary myotubes were derived from muscle biopsies from par-
ticipants in the HSSe with approval from the Hertfordshire Research
Ethics Committee®. Each participant gave written informed consent.

Human RNA-seq and pathway analysis

RNA-seq of vastus lateralis muscle biopsies of the MEMOSA Singapore
Sarcopenia Study (SSS) study was performed on libraries generated
from 250 ng of total RNA using paired-end sequencing on an Illumina
HiSeq2500sequenceratadepth more than 75 million reads per sample,
asdescribed previously®. All statistical analyses of the transcriptomics
datawere performed using Rv.3.3.3 and relevant Bioconductor pack-
ages (forexample, edgeR v.3.16.5). Briefly, after excluding one sample
withan abnormally low percentage of uniquely mapped reads and after
removing genes withamean expressionlower than20 reads, data were
normalized by the trimmed mean of M-values as implemented in the
edgeR® function calcNormFactors. Normalized skeletal muscle mRNA
expression was associated with the serum level of trigonelline using
Spearman rank correlation. The full dataset of genes expressed in
skeletal muscle was used for pathway enrichment. Pathway enrichment

analysis was performed using the Molecular Signature Database v.5.2
collections H (hallmark gene sets) and the mean-rank gene set enrich-
ment test®® to assess whether an annotated set of genes was enriched
in genes associated with serum levels of trigonelline. For Extended
Data Table 5, the list of genes with mRNA expression correlating with
serum trigonelline was filtered for genes annotated with demethylase
or methyltransferase activity.

Cell cultures and reagents

Human primary myoblasts from male donors (catalogue no. CC-2580,
Lonza) were seeded in 96-well plates at a density of 12,000 cells per
well in skeletal muscle growth medium (SKM-MO, AMSBIO). After
1 day, differentiation was performed by changing to DMEM/F12
(Thermo Fisher Scientific) supplemented with 2% horse serum for
4 days. Primary human myoblasts from male donors from the HSSe
cohort (n =3 with sarcopenia and n =3 controls) were seeded in
96-well plates coated with Matrigel at a density of 15,000 cells per
wellin myoblast proliferation medium (DMEM, 20% FCS, 10% horse
serum, 1% penicillin-streptomycin, 1% chick embryo extract). After
48 h, differentiation was induced by changing to differentiation
medium (DMEM, 2% horse serum, 1% penicillin-streptavidin). HepG2
cells (catalogue no. HB-8065, ATCC), were maintained in exponen-
tial growth phase in DMEM supplemented with 10% FCS, at 37 °Cin a
humidified atmosphere of 5% CO,. C2C12 myoblasts (catalogue no.
CRL-1772, ATCC) were cultured in a 5% CO, incubator in high-glucose
DMEM (Gibco) containing 10% FCS, and were differentiated into myo-
tubes in high-glucose DMEM containing 2% horse serum when cell
density reached 80-90% at 37 °C. Primary myotubes from aged male
C57BL/6JRjmice (24 months;Janvier Labs) were generated from freshly
sorted muscle stem cells isolated using flow cytometry as described
previously®’. Briefly, hindlimb muscles were rapidly collected, minced
and digested with 2.5 U mI™ Dispase Il (Sigma-Aldrich), 0.2% Colla-
genase B (Sigma-Aldrich) and 5 mM MgCl, at 37 °C. The preparation
was then filtered sequentially through 100-pm and 30-pm filters and
cells were incubated at 4 °C for 30 min with antibodies against CD45
(1:25dilution, catalogue no. MCD4528, Invitrogen), CD31 (1:25 dilution,
catalogue no.RM5228, Invitrogen), CD11b (1:25 dilution, catalogue no.
RM2828, Invitrogen), CD34 (1:60 dilution, catalogue no. 560238, BD
Biosciences), Ly-6A/E (1:150 dilution, catalogue no. 561021, BD Bio-
sciences) and a7-integrin (1:30 dilution, catalogue no. FAB3518N, R&D
Systems). Muscle stem cells identified as CD31°CD11b"CD45 Scal CD3
4*integrin a7 were isolated witha Beckman Coulter Astrios Cell sorter.
Fluorescence-activated cell sorting-isolated muscle stem cells were
plated onto gelatin-coated 384-well plates at a density of 600 cells per
wellin DMEM supplemented with20% heat-inactivated FCS (catalogue
n0.16140063, Thermo Fisher Scientific), 10% horse serum (catalogue
no. 26050088, Thermo Fisher Scientific), 2.5 ng mI™ basic fibroblast
growth factor (catalogue no. PMGO0O035, Thermo Fisher Scientific),
1% penicillin-streptomycin (catalogue no. 15070063, Thermo Fisher
Scientific) and 1% L-glutamine (catalogue no. 25030149, Thermo Fisher
Scientific). Medium was refreshed the next day and cells were grown
for 4 days until confluency. Cells were then differentiated for 2 days to
myotubesin differentiation medium (DMEM, catalogue no.11995065,
Thermo Fisher Scientific) supplemented with 2% horse serum and 1%
penicillin-streptomycin. Treatments were performed on day 4 of dif-
ferentiation for24 h.IM-PTEC cellsisolated fromimmorto mice” were
a gift from A. Tammaro (Amsterdam UMC). Cells were maintained in
DMEM/F12 medium (Gibco) with10% FCS (Gibco), 5 pug ml™insulinand
transferrin, 5 ng ml™ sodiumselenite (Gibco), 40 pg ml™ triiodothyrio-
nine (Sigma-Aldrich), 36 ng mI™ hydrocortisone (Sigma-Aldrich) and
20 ng ml™ epidermal growth factor (Sigma-Aldrich) with L-glutamine
and antibiotics (both from Gibco) and mouse interferon-y (IFN-y)
(10 ng mlI™; ProSpec) at 33 °C in 5% (v/v) CO,. Before being seeded for
the experiments, cells were grown under restrictive conditions (37 °C
5% (v/v) CO,, inthe absence of IFN-y) for 7 days to downregulate SV40
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large T antigen activity. Cell lines were regularly tested using a Rapid
Mycoplasma Detection Kit (MycoGenie, Assay Genie).

Cells were treated with trigonelline iodide (catalogue no.
MolPort-003-944-936, Molport) after internal quality control using
mass spectrometry, showing more than 99.7% purity, NR chloride
(ChromaDex), NA (catalogue no. NO761, Sigma-Aldrich), NAM
(catalogue no. 72340, Sigma-Aldrich), NMN (catalogue no. N3501,
Sigma-Aldrich), 2-OHNA (catalogue no. 251054, Sigma-Aldrich) and
FK866 (catalogue no. F8557, Sigma-Aldrich) for the desired time.
Unless otherwise stated, trigonelline treatment was performed at
1mM.2-OHNA and FK866 were used at1 mM and 100 nM, respectively
in all experiments, unless indicated otherwise. Hoechst H33342 solu-
tion (Invitrogen, Thermo Fisher Scientific) and JC-10 (catalogue no.
ENZ-52305, Enzo Life Sciences) were used to assess mitochondrial
function. Isotopically labelled trigonelline iodide ([*C,*H,]-trigonelline
M +4) was labelled with one C on the carbonyl group and three H
on the nitrogen of the pyridine ring through custom synthesis and
used in vitro and in vivo at the mentioned concentrations. Briefly,
[carbonyl-®C]-NA (0.1g, 0.8 mmol) was stirred in anhydrous ethanol
(5 ml), followed by adding 200 ul (0.46 g, 3 mmol) of *H,-methyliodide
at23 °C.The mixture wasstirred under reflux at 45-48 °Cinan oil bath
for 2 days. The oil bath was removed and the reaction mixture was
allowed to cool down to room temperature. Ethanol was evaporated
on a rotary evaporator. Yellow powder residue was first washed with
ethanol (2x 1 ml) and then with diethyl ether (2 ml). The product was
additionally dried under vacuumat 23 °Cto give yellow solid (0.159 g,
74%; MS:142.14 [M-1]+).

NAD" measurement

Cellular NAD" levels were assessed using the BioVision NAD*/NADH
Quantitation ColorimetricKit (catalogue no. k337-100). Total NAD* was
normalized to the total number of cells. Quantification of NAD" in tis-
sue samples was performed using an enzymatic method adapted from
Dall et al.” with normalization to tissue weight. Analysis of the
NAD* metabolome in cells or in vivo samples was performed using
high-resolution liquid chromatography-mass spectrometry as
described below.

Cellular assays

Cell death assays. Kinetic experiments of apoptosis were performed
with the Incucyte ZOOM instrument (Essen BioScience). Cells were
incubated with Incucyte Annexin-V Green (catalogue no.4642), accord-
ingtothesupplier’sinstructions. Fourimages per well were collected at
theindicated time using a10x objective and bandwidth filters (excita-
tion: 440/80 nm; emission: 504/44 nm).

Mitochondrial function. For mitochondrial potential assessment,
cells were seeded into a 96-well Sensoplate (catalogue no. 655090,
Greiner) at a density of 12,000 cells per well in SKM-M. After 1 day,
differentiation was induced by a medium change for 4 days; mito-
chondrial potential was performed at the desired time and with the
desired treatment. Briefly, cells were incubated for 30 min in Krebs
buffer with Hoechst staining and JC-10. Images were acquired using
ImageXpress (Molecular Devices) using al0x objective. The following
filters were used: JC-10, FITC Filter Cube/TRITC Filter Cube; Hoechst,
4,6-diamidino-2-phenylindolel Filter Cube. The total intensity of both
FITC and TRITC fluorescence was recorded for each cell and was used
to calculate a cellular fluorescence ratio: ratio per cell =log, (3 pixel
intensity TRITC/} pixel intensity FITC). Once segmentation was com-
pleted, results were analysed with the KNIME software v.4.3.1.

The bioenergetic profiles of the cells were analysed using an
XF96 extracellular flux analyzer (Seahorse Bioscience) as described.
Briefly, cells were seeded in XF96 Cell Culture Microplates and the OCR
was measured in Krebs buffer (NaCl 135 mM, KCI 3.6 mM, NaH,PO,
0.5 mM, MgSO0, 0.5 mM, HEPES10 mM, NaHCO, 5 mM) supplemented

with 10 mM glucose, 10 mM pyruvate and 2 mM glutamine. For
substrate-driven OCR measurement in permeabilized HSMMs, the
assay was performed in Seahorse XF PlasmaMembrane Permeabilizer
(Agilent Technologies) according to the manufacturer’sinstructions.
Briefly, cells were seeded in XF96 Cell Culture Microplates and the OCR
was measured in mitochondrial assay solution (MAS buffer; mannitol
220 mM, sucrose 70 mM, KH,PO, 10 mM, MgCl, 5 mM, HEPES 2 mM,
EGTA1mM, BSA 0.2% (w/v)) supplemented with ADP.

NAPRT knockdown in cells. To knockdown NAPRT in myotubes, 8,000
cells per well were seeded overnight in SKM-M medium. Cells were
then infected with NAPRT shRNA or scrambled shRNA adenoviruses
(SIRION Biotech) at 200 multiplicity of infection; cells were incubated
for 48 hbeforeinitiating differentiation of myoblastsinto myotubes. To
check knockdown efficiency, cells were lysed in TriPure RNA reagent.
Total RNA was transcribed to complementary DNA (cDNA) using the
QuantiTect Reverse Transcription Kit (QIAGEN); mRNA expression was
analysed using the LightCycler 480 instrument (Roche Diagnostics)
and LightCycler 480 SYBR Green I Master Reagent (Roche Life Science).
See Extended Data Table 6 for the list of primers used.

GPCR agonist assay. The GPR1I09A agonist assay was performed
using the PathHunter B-arrestin enzyme fragment complementation
technology (Eurofins). Compounds were tested in duplicate in agonist
mode and datawere normalized to the maximal and minimal response
observedinthe presence of positive control and vehicle, respectively.

NAD" precursor stability. The stability of the different precursors was
assessed in human serum (catalogue no. H4522, Sigma-Aldrich) at 37 °C
at the indicated time points. A liquid-liquid extraction was adopted
from Giner et al.”* to assess the level of precursors or intermediates
using the analytical methods described below.

Animalstudies
Studies and procedures in WT mice were approved by the Nestlé
Ethical Committee (ASP-19-03-EXT), the Office Vétérinaire Cantonal
Vaudois (VD2770 and VD3484) and the Animal Ethics Committee at
The University of Melbourne (1914961.2). Naprt KO animal studies were
approved by the Animal Experiment Committee at the University of
Toyama (approval no. A2022MED-19) and were performed in accord-
ance with the Guidelines for the Care and Use of Laboratory Animals
atthe University of Toyama, which are based oninternational policies.
In vivo treatments were performed with trigonelline monohy-
drate (Laurus Labs) after internal quality control using MS, showing
more than 99.9% purity, or [*C,?H,]-trigonelline M + 4 iodide synthe-
sized by the authors M.V.M. and M.E.M. for this study. Trigonelline
was administered orally at a dose equimolar to 300 mg kg™ of anhy-
drous trigonelline. For the in vivo tracer experiments, 12-week-old
C57BL/6JRj male mice were givenan acute dose of 300 mg kg™ labelled
['*C,?H,]-trigonelline M + 4 iodide by oral gavage; after 2h and 24 h,
blood, urine, muscle and liver were sampled. For chronic trigonelline
supplementation, mice were fed with a standard chow diet alone or
supplemented before pelleting with trigonelline monohydrate (Laurus
Labs), ata dose delivering an average exposure of 300 mg kg™ per day.
Twenty-month-old aged C57BL/6JRj male mice were fed control or
trigonelline diet (catalogue no. s8189, Ssniff) for 5 days, while young
12-week-old control and 20-month-old aged C57BL/6) male mice (The
Jackson Laboratory) were fed control or trigonelline diet (AIN93M,
Specialty Feeds) for 12 weeks. In the 12-week study, phenotypic char-
acterization included body composition, using a whole-body com-
position analyser (LF50, Bruker), spontaneous physical activity of
fine and ambulatory movements measured in Promethion metabolic
cages (Sable Systems International), and grip strength assessed 1 week
before the end of the study using a grip strength metre recording
maximal force at peak tension before releasing the grasp. At the end
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of the study, tibialis anterior contractile muscle function was assessed
under anaesthesia as described previously””*. Briefly, maximum
isometric tetanic force was determined from the plateau of a com-
plete frequency-force relationship. Assessment of contraction-
induced fatigue was determined by maximally stimulating muscles
for anisometric contraction once every 4 s for 4 min and normalizing
thedecline of force to the baseline value. Force recovery was assessed
after 5 minand 10 minrest after the initial stimulation period. Ablood
sample was subsequently obtained via cardiac puncture; after car-
diac excision, skeletal muscles (tibialis anterior, extensor digitorum
longus, soleus, plantaris, gastrocnemius, quadriceps, diaphragm
strips) and organs (liver, kidneys) were surgically excised, weighed
and snap-frozen for biochemical analysis or embedded and frozen
in isopentane cooled in liquid nitrogen for immunohistochemical
analysis. Plasma parameters were measured using the VetScan Equine
Profile Plus.

For the Naprt KO study, animals were kept under a controlled
temperature and humidity (25 °C, 50%) with standard light condition
(al12:12 hlight-dark cycle) with free access to water and standard chow
diet (CLEAJapan). NaprtKO mice of mixed sexes were obtained by cross-
ing the heterogenic C57BL/6N Naprt KO mice described previously*°
and treated with custom-synthesized trigonellineiodide at 8 weeks of
age. Two hourslater, tissues were collected and immediately frozenin
liquid nitrogen and keptin—-80 °C.

Histological analyses

After cryosectioning, muscle sections were stained with haematoxy-
lin & eosin for assessment of muscle architecture, CD31 to visualize
capillaries, Van Gieson'’s stain to identify collagen and fibrosis, SDH
activity as a general marker of mitochondrial (oxidative) activity, and
periodic acid-Schiff stain for glycogen content”. The muscle fibre
cross-sectional areawas measured afterimmunolabelling of laminin;
fibre type was identified by staining myosin heavy chainland myosin
heavy chain lla. Digital images of stained sections (four images per
muscle section) were obtained using an upright microscope (20x
objective) with a camera (Axio Imager D1, ZEISS) and AxioVision AC
software (AxioVision AC, release 4.7.1, ZEISS) for acquisition. Myofibre
cross-sectional area was quantified as described previously’®”’.

RNA and immunoblot analyses in rodent tissues

For qPCR of tissues from the Naprt KO study, RNA extraction was
performed using the TRI Reagent (Sigma-Aldrich). The ReverTra
Ace gPCR RT Master Mix with genomic DNA Remover (TOYOBO) was
used to synthesize cDNA. Real-time PCR was performed using the
THUNDERBIRD SYBR qPCR Mix (TOYOBO) on the Thermal Cycler
Dice Real Time System Il (Takara Bio). mRNA was quantified using the
AA“ method against Rpl13a as the reference gene. See Extended Data
Table 6 for the list of primers used.

Oxidative phosphorylation complex expression was measured
inisolated mitochondria by immunoblot using an antibody cocktail
(1:250 dilution, catalogue no. 45-8099, Invitrogen) and anti-a-tubulin
antibody (1:1,000 dilution, catalogue no. T6074, Sigma-Aldrich). Equal
proteinload (20 pg per well) and consistent gel transfer was verified by
Revert Total Protein Stain (LI-COR). Immunoblots were imaged using a
LI-CORIRimager and quantified withImage Studio Lite (v.5.0, LI-COR).

Metabolomics analyses in cells and rodent tissues

Metabolomics analyses were conducted usingaliquid-liquid extraction
method adapted from Giner et al.”%. For cell extraction, cells were
scraped and extracted in a cold mixture of methanol:water:chloroform
(5:3:5 (v/v)). Tissue extraction was performed with metal beads in
pre-cooledracks (-80 °C) using a tissue mixer (TissueLyser II, QIAGEN).
Whole blood and urine were directly extracted in cold methanol:
water:chloroform (5:3:5 (v/v)).Isotopically labelled internal standards,
including fully labelled C yeast extract and nicotinamide-d4, were

included for data normalization. Additionally, isotopically labelled
acyl-carnitines (NSK-B, Cambridge Isotope Laboratories) were added
for normalizationin cell metabolomics. After centrifugation, samples
yielded an upper phase containing polar metabolites, a lower phase
containing apolar metabolites, and a protein layer in between. The
upper phase was dried and dissolved in 60% (v/v) acetonitrile:water
for analysis. Protein layers from cells, liver and muscle samples were
quantified using a bicinchoninic acid assay (Thermo Fisher Scien-
tific) for normalization. HRLC-MS spectrometry was performed using
hydrophilic interaction liquid chromatography (HILIC) analytical
columns, such as HILICONHILIC Fusion(P) or ZIC-pHILIC columns’”’,
Separation was achieved using a linear solvent gradient with solvent
A (H,0 with 10 mM ammonium acetate and 0.04% (v/v) ammonium
hydroxide, pH approximately 9.3) and solvent B (acetonitrile). The
eluting NAD* metabolites were analysed using an Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific) with a heated
electrospray ionization source. Data processing and instrument control
were performed using the Xcalibur v.4.1.31.9 software (Thermo Fisher
Scientific). Quantitative trigonelline measurementin tissues was per-
formed using the same liquid-liquid extraction method, while body
fluids (plasmaand urine) were extracted using ACN:MeOH:H,0 (=20 °C)
asdescribedby Lietal.”. Alabelled amino acid mix (NSK-A1, Cambridge
Isotope Laboratories) served as an internal standard. Leucine-d4 was
used asaninternal standard for normalization. Trigonelline concentra-
tions were determined using calibration curves ranging from 10 pM to
1,000 pM. For the tracer experiments, the same methods were used
and the relative abundance and enrichment of isotopologues of NAD
metabolites were calculated by dividing the area of eachisotopologue
by the sum area of all isotopologues. In the Naprt KO rodent study,
metabolite extraction and NAD" metabolomics were performed as
described previously®’. Tissues were grounded in a 50% methanol 50%
water mixture using a multi-bead shocker (Yasui Kikai). Metabolites
were analysed using an Agilent 6460 Triple Quad Mass Spectrometer
coupled with anAgilent1290 HPLC system. Trigonelline and other NAD*
metabolites were detected using specific transitions; data analysis was
conducted using the MassHunter Workstation Quantitative Analysis
software (Agilent Technologies).

C. elegans experiments

WT hermaphrodite Bristol worms (N2) and GFP-tagged myosin
worms® were treated with trigonelline chloride (catalogue no. T5509,
Sigma-Aldrich) and NR chloride from day1ofadulthood. Nematodes were
culturedat 20 °C onnematode growth medium (NGM) agar plates seeded
with Escherichia colistrain OP50. Trigonelline and the other precursors
were added to the NGM medium at a final concentration of 1mM just
before pouringthe plates, unless otherwise stated. An enzymatic method
adapted from Dall et al.” was used to measure NAD* content in worms.
Fifty to100 worms were collected per biological replicate and NAD levels
were normalized on the protein content. The bacterial feeding RNAi
experiments were carried out as described®’. RNAi was performed using
the clonessir-2.1 (R11A8.4) and nprt-1(Y54G2A.17) from Geneservice.

Lifespan. Worm lifespan tests were performed using 90-100 animals
per condition and scored manually every other day, as described pre-
viously®. Treatments and experimental measurements were started
onday1of WT N2worm adulthood, in aregimen of chronic exposure
during the entire study. Statistical significance was calculated using
the log-rank (Mantel-Cox) method.

Mobility assay. C. elegans spontaneous mobility was measured
using the Movement Tracker software (v.1)%*. For paralysis scoring,
45-60 worms per condition were manually scored for mobility after
poking. Worms that did not respond to any repeated stimulation were
scored as dead. Results are representative of data obtained from at
least two independent experiments.
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RNA analyses. A total of approximately 6,000 worms per condition,
dividedintosix biological replicates, was recovered in M9 buffer from
the NGM plates at day 2 of adulthood and lysed in the TriPure RNA
reagent. Total RNA was transcribed to cDNA using the QuantiTect
Reverse Transcription Kit. Expression of selected genes was analysed
using the LightCycler 480 system and LightCycler 480 SYBR Green
I Master Reagent. For worms, two housekeeping genes were used to
normalize the expression data, that is, actin (act-1) and peroxisomal
membrane protein 3 (pmp-3). See Extended Data Table 6 for the list
of primers used.

Muscle integrity imaging. Imaging of muscle structure was performed
on RW1596 myo-3 (st386) worms™. Trigonelline treatment started on
daylofadulthood,inaregimenof chronic exposure until day 11. Worms
were immobilized witha 7.5-mM solution of tetramisole hydrochloride
(Sigma-Aldrich) inM9 and mounted on 2% agarose pads on glass slides.
Confocalimages were acquired with Leica SP8 inverse STED 3X (Leica
Microsystems) under non-saturating exposure. Myofibre integrity
scoring was quantified as described by Dhondt et al.* on a total of six
worms per group and 9-31 muscle cells per group.

Oxygen consumption assays. Oxygen consumption was measured
in N2 worms treated from embryo to L4 with trigonelline using the
Seahorse XF96 system (Seahorse Bioscience) as described previously®®.
Respiration rates were normalized to the number of wormsineach well
and averaged over five measurements.

Mitochondrial DNA quantification. Worms were lysed in 2 pl lysis
buffer (50 mM KCI, 10 mM Tris pH 8.3, 2.5 mM MgCl,, 0.45% NP-40,
0.45% Tween 20, 0.01 gelatin, 100 pg mi™* proteinase K (added before
use)) and heated at 65 °C for 60 min followed by inactivation at 90 °C
for15 min. Worm lysates were diluted 50x with diethyl pyrocarbonate
water for the SYBR Green qPCR reactionusing a LightCycler 480 SYBR
Green | Master Kit assay. Relative values for nd-I and act-3 (Extended
Data Table 6) were compared in each sample to generate aratio repre-
senting the relative level of mitochondrial DNA per nuclear genome.
Experiments were performed on at least ten independent biological
samples.

Statistics

All statistical analyses were performed using Prism v.9 (GraphPad
Software) or R as described in the figure legends. The statistical
methods for the transcriptomic analyses of muscle biopsies have been
reported previously®. Data distributions plotted as box plots represent
the 25th percentile, the median and 75th percentile, with the whiskers
extending fromthe quartiles to the smallest or biggest value within 1.5
times the interquartile range. Associations between two continuous
variables were determined using Spearman rank correlations. For sta-
tistical comparisons of two conditions, atwo-tailed, unpaired Student’s
t-test was used. For comparisons of more than two groups, data were
analysed with a one-way ANOVA followed by Sidak’s multiple compari-
sons post hoc test or atwo-way ANOVA, unless specified otherwise in
the figure legends. The normality of each readout was assessed based
on historical values of the laboratory for this readout. All data repre-
sent the mean + s.e.m. NS indicates results that were not statistically
significant; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were
considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The unprocessed transcriptomic data of this study have been depos-
itedin the Gene Expression Omnibus under accession no. GSE111016.

Clinical datacannot be made openly available because of study ethical
approvals. These data can be provided on justified request subject to
appropriate approvals, after a formal application to the Oversight
Group of the different cohorts through their respective corresponding
author. Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Trigonelline increases NAD* in mammalian cells and its
serum levels correlate with muscle NAD* and Oxphos signatures in humans.
a, Correlation of serum trigonelline levels with muscle NAD*, (n =10 validation
muscle samples remaining from the MEMOSA SSS cohort). b, Heatmap showing
the top 50 oxidative phosphorylation genes associated with serum trigonelline
levels. ¢, Correlation analysis of serum trigonelline levels with appendicular

lean mass (ALM) index, grip strength, dietary caffeine and vitamin B3 intake
inareplication cohort; Pearson correlation coefficient and its p-value were
calculated on n =186 serum samples from the Bushehr elderly health cohort.

d, Molecular structures of nicotinic acid or niacin (NA), trigonelline which
differs from NA only for the methyl group, and the ribosylated (rib) molecules
nicotinamide riboside (NR) and NAD". e, NAD" levels relative to untreated cells
measured in HSMM with or without trigonelline for 6 hours or 24 hours (unpaired
two-tailed Student’s t-test, mean + s.e.m, n = 10 biological replicates per group).
f,NAD" levels relative to untreated control measured in HSMM myotubes
following 24 hNAD" precursors treatment at1 mM (One-way ANOVA;

mean +s.e.m, n = 6 biological replicates per group). g, Naprt mRNA expression

inthe indicated cell lines (n = 4-12 biological replicates per group). h, NAD*
levels relative to untreated control measured in HepG2, C2C12 and IM-PTECs
cells following 24 hNAD' precursors treatment (One-way ANOVA; mean +s.e.m,
n =8-12biological replicates per group).i, Stability assessment of trigonelline,
NRand NMN added at1 mM in human serum and incubated at 37 °C for the
indicated durations (Two-way ANOVA; mean + s.e.m, n = 3 biological replicates
per group). j, Percentage increase in NAD* levels in trigonelline treated

primary myotubes from healthy control and sarcopenic HSSe subjects relative
to untreated cells (unpaired two-tailed Student’s t-test, mean £ s.e.m,n=3
biological replicates per group). k, Correlation analysis of serum trigonelline
levels with SHMT2 mRNA levels in muscle biopsies from the SSS cohort; Pearson
correlation coefficient and its p-value were calculated on n =39 serum samples.
1, Correlation analysis of SHMT2 gene expression in muscle biopsies with grip
strength and appendicular lean mass index in the SSS cohort; Pearson correlation
coefficient and its p-value were calculated on n =40 serum samples. P: <0.05 (*);
<0.01(**); < 0.001 (***); < 0.0001 (****); n.s., non-significant. For all the individual
p values, see the Extended Data Fig.1Source file.
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Extended Data Fig. 2| Trigonelline and Preiss-Handler pathway
metabolomics and effects on NAD" levels and mitochondrial homeostasis.

a, LC-HRMS measurements of trigonelline levels in liver, gastrocnemius muscles,
kidney, whole blood and urine of C57BL/6) mice, collected at 2 hours (2 h) or
overnight (o/n) after labelled trigonelline gavage (unpaired two-tailed Student’s
t-test compared to control group, mean + s.e.m, n = 5 biological replicates per
group, except in urine samples where only 2 samples were collected in controls
and 4 intreated group); LOQ, level of quantification. b, NAD" levels relative to
untreated control mice measured in liver, gastrocnemius and kidney tissues from
the same groups as in (a) (unpaired two-tailed Student’s t-test, mean +s.e.m,
n=>5biological replicates per group). ¢, LC-HRMS-based relative trigonelline
incorporationinto NAD"in the same tissues as in (a), related to the NAD*
measured in Fig. 2b (unpaired two-tailed Student’s t-test compared to control
group, mean +s.e.m, n =5 biological replicates per group). d, Naprt mRNA

levels by qPCRin HSMM cells following 48 h incubation with an adenovirus
carrying either ascrambled or NAPRT shRNA construct (unpaired two-tailed
Student’s t-test, mean + s.e.m, n = 3 biological replicates per group). e, NAD*
levels relative to untreated control measured in HSMM myotubes following

24 hincubation with NAin presence or absence of the NAPRT shRNA construct
(unpaired two-tailed Student’s t-test, mean + s.e.m, n = 6 biological replicates per
group). f, NAD" levels relative to untreated control measured in HSMM myotubes
following 24 h trigonelline or NR treatment, in the presence or absence of FK866
(one-way ANOVA; mean *s.e.m, n = 6 biological replicates per group). g, NAD*
levels relative to untreated control measured in HSMM myotubes following

24 htrigonelline or NR treatment, in the presence of FK866 and with or without
co-treatment with 2-OHNA (one-way ANOVA; mean + s.e.m, n =10 biological

replicates per group). h-i, LC-HRMS based measurements of trigonelline and
NAM in HSMM myotubes treasted as in Fig. 2g—j (One-way ANOVA, mean + s.e.m,
n=3biological replicates per group; in red ****, unpaired two-tailed Student’s
t-test for comparisons in conditions without trigonelline); AU, abitrary units.

Jj, Naprt mRNA expression by qPCR in gastrocnemius muscle of wildtype (WT)
and Naprt knockout (KO) C57BL/6N mice (One-way ANOVA, mean +s.e.m,
n=4-6animals per group). k, LC-MS measurements of trigonelline levelsinliver,
plasma and gastrocnemius muscles harvested 2 hours post trigonelline gavage
in WT or Naprt KO mice (unpaired two-tailed Student’s t-test, mean + s.e.m,
n=4-6animals per group); AU, abitrary units. I-n, LC-MS measurements of NAD*
metabolitesin (I) liver, (m) blood, (n) gastrocnemius of the same groups asin

(k) (One-way ANOVA, mean + s.e.m, n = 4-6 animals per group); AU, abitrary
units. o, Nampt and Nrk mRNA levels by qPCR in liver and muscle of the same
groupsasin (j) (One-way ANOVA, mean + s.e.m, n = 4-6 animals per group).

p, Apoptosis detection via annexing staining time course in HSMM myotubes
following treatments of trigonelline, FK866 or 2-OHNA and their combinations.
Staurosporin (2.5 pM) is used as a positive control for apoptosis induction (two-
way ANOVA; mean + s.e.m, n = 6 biological replicates per group). q, Seahorse-
based substrate-driven OCR measurement in permeabilized HSMM myotubes
following 24 h trigonelline treatment, in the presence or absence of 2-OHNA,
and with asequence of substrate/inhibitors to extract contribution of different
complexes (one-way ANOVA; mean + s.e.m, n = 11 biological replicates per
group).r, GPR109A agonist assay in cells incubated with increasing doses of NA
or trigonelline (mean = S.D., n =4). P:<0.05 (*); < 0.01 (**); < 0.001 (***); < 0.0001
(***); n.s., non-significant. For all the individual p values, see the Extended Data
Fig.2 Sourcefile.
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Extended Data Fig. 3| Effects of the NAD* boosters trigonelline, NRand NA
onnematode phenotypes. a, Lifespan assessment in N2 worms treated with or
without NR as designed in Fig. 2a (log-rank test, n = 90 animals per group).

b, NAD" levels (% control) in D1adult N2 worms treated with NAD* precursors
from embryo stage (One-way ANOVA, mean + s.e.m, n = 6-8 biological replicates
per group). c, mRNA levels by qPCR of genes regulating mitochondrial function in
N2 worms treated with NR from Day 1to Day 2 of adulthood (unpaired two-tailed
Student’s t-test, mean + s.e.m, n = 6 biological replicates per group). d, Seahorse-
based oxygen consumption of L4 stage N2 worms from the Fig. 3f. e, Additional
integrity scoring parameters of GFP-labeled muscle fibers in the worms from

the Fig. 3g (One-way ANOVA, mean + s.e.m, n = 6 animals, 9-31sarcomeres per
group). f, Lifespan of N2 worms treated with vehicle or trigonelline starting from
Day 4 of adulthood (log-rank test, n = 90 animals per group). g, Percentage of
paralyzed aged N2 worms (D11=Day I1) after vehicle or trigonelline treatment
started at Day 4 of adulthood (n =3 independent experiments, unpaired

two-tailed Student’s t-test, mean +s.e.m). h, Lifespan in N2 worms treated with
or without NA or trigonelline and fed with control (empty vector; e.v.) or nrpt-1
RNAi constructs from Day 1 of adulthood (comparing NA-treated worms toe.v.,
log-rank test, n =100 animals per group). i, Lifespan in N2 worms treated with or
without NA or trigonelline and fed with control (e.v.) or sir-2.1 RNAi from Day 1 of
adulthood (comparing NA-treated worms to e.v., log-rank test, n =100 animals
per group).j, sir-2.1 mRNA levels by qPCR in D1adult N2 worms fed with control
(e.v.) orsir-2.1 RNAi from embryo stage (unpaired two-tailed Student’s t-test,
mean +s.e.m, n = 8 biological replicates per group).k, sirtuin mRNA levels in N2
worms from publicly available RNA seq data** (n = 9 replicates per group).l, NAD*
levels (% control) in D1adult N2 worms treated with trigonelline from embryo
stage and fed with control (e.v.) or sir-2.1 RNAi constructs (One-way ANOVA,
mean +s.e.m, n = 6 biological replicates per group). P:<0.05 (*); < 0.01 (**);
<0.001(**); < 0.0001 (***); n.s., non-significant. For all the individual p values,
see the Extended Data Fig. 3 Source file.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Effects of chronic trigonelline supplementation

on physiological and muscle molecular readouts during aging. a, mt/nDNA

of gastrocnemius muscle of aged C57BL/6) mice (20 months) following a

5day diet supplementation of trigonelline (unpaired two-tailed Student’s

t-test, mean + s.e.m, n = 8 animals per group), related to Fig. 4a-d. b, Citrate
synthase activity and additional enzymatic activity of Oxphos subunits from
gastrocnemius muscles of the same groups asin (a) (unpaired two-tailed
Student’s t-test, mean + s.e.m, n = 8 animals per group, 3 samples in control group
for complex V analyses could not be measured). ¢, Western blot of SDHB and
NDFUBS8 Oxphos subunits, and Licor staining for total proteins, quantified in
Fig.4b, d.d,e Plasmaaspartate aminotransferase (AST) and creatine kinase levels
measured in aged C57BL/6) mice (22-24 months) after a12 week trigonelline
supplementation (unpaired two-tailed Student’s t-test, mean + s.e.m,n =13 and
15animals per group), related to Fig. 4e—j. f, Fat mass composition at the end of
theintervention study normalized to body weight in the same groups asin (d)
(unpaired two-tailed Student’s t-test, mean + s.e.m, n =13 and 15 animals per
group). g, Liver mass at the end of the study normalized to body weight (unpaired
two-tailed Student’s t-test, mean = s.e.m, n =13 and 15 animals per group).

h-i, Muscle mass of additional muscles at the end of the study normalized to
body weight (unpaired two-tailed Student’s t-test, mean + s.e.m,n=13and 15
animals per group). j, Quantification of vascularization via CD31immunostaining
in TAmuscle of the control and trigonelline-treated old mice (One-way ANOVA;
mean +s.e.m, n=12and 14 animals per group). k, Fiber size distribution in TA

muscle of the same groups, with an average of 1543 + 13 um?for trigonelline
treated group and 1575 + 13 um? for control group (Kolmogorov-Smirnov test,
n=13and 16 animals per group).l, Average fiber area of TA muscle quantified in
the same groups (unpaired two-tailed Student’s t-test, mean + s.e.m, n =13 and
16 animals per group). m, Quantification of PAS glycogen staining of TA muscles
of the same groups (unpaired two-tailed Student’s t-test, mean + s.e.m,n =12 and
15 animals per group). n, Quantification of Van Gieson (VG) fibrosis staining of
TA and diaphgram muscles of the same groups (unpaired two-tailed Student’s
t-test, mean +s.e.m, n =12 and 15 animals per group). o, NAD" levels relative

to untreated old mice measured in liver, gastrocnemius and kidney tissues

after chronic trigonelline administration (unpaired two-tailed Student’s t-test,
mean +s.e.m, n =13 and 15 biological replicates per group for liver and muscle,
n=9and 10 biological replicates per group for kidney). p, Western blot and
related quantification of Oxphos protein levels in gastrocnemius muscle of the
aged control and trigonelline-treated mice (unpaired two-tailed Student’s t-test,
mean +s.e.m, n = 5biological replicates per group). q, Spontaneous fine activity
of the aged control and trigonelline-treated mice, and of the young reference
group (One-way ANOVA; mean *s.e.m, n =13 aged animals, and 16 animals for
young and trigonelline groups). r, Peak force normalized to body weight of the
same groups (unpaired two-tailed Student’s t-test, mean + s.e.m,n=13and 15
biological replicates per group). P: <0.05 (*); < 0.01 (**); < 0.001 (***); < 0.0001
(****); n.s., non-significant. For all the individual p values, see the Extended Data
Fig. 4 Sourcefile.
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Extended Data Table 1| Profiling of serum metabolites of kynurenine/NAD* metabolism in the Singapore Sarcopenia Study
of MEMOSA

Control Sarcopenia

Median _ IQR | Median _ IQR | P Value
Anthranilic acid (nmol/L) AA 17,25 6,50 21,00 8.825 0,051
Flavin mononucleotide (nmol/L)  [FMN 9.71 10,02 7,69 58 0,090
3-Hydroxyanthranilic acid (nmol/L) HAA 4585 16,65 38,20 17, 0,183
3-Hydroxykynurenine (nmol/L) HK 41,65 16,75 40,25 12,92 0,656
Kynurenic acid (nmol/L) KA 48,05 14,98 59,40 20, 0,275
N1-methylnicotinamide (nmol/L)  [MNAM 128,50 67,05 118,50 726 0,948
Nicotinamide (nmol/L) NAM 203,50 123,50, 290,00 168, 0,099
Nicotinic acid NA BLOQ BLOQ
Neopterin (nmol/L) NEOPT 22,40 10,53 29,40 10,3 0,333
Cotinine (nmol/L) COT BLOQ BLOQ
Hydroxycotinine (nmol/L) OHCOT BLOQ BLOQ
4-Pyridoxic acid (nmol/L) PA 29,48 25,85 2498 19,3 0,170
Pyridoxal (nmol/L) PL 29,95 33,10, 22,80 15,42 0,093
Pyridoxal 5'-phosphate (nmol/L) |PLP 67,30 87,08 60,30 45, 0,135
Pyridoxine (nmol/L) PN BLOQ BLOQ
Quinolinic acid (nmol/L) QA 360,00 118,00 368,50 1617 0,945
Riboflavin (nmol/L) RIBO 29,65 32,33 19,70 18,8 0,077
Trigonelline (micromol/L) TRIG 1,49 1,3 0,88 0,65 0,02
Xanthurenic acid (nmol/L) XA 22.20 12,73 19.25 6.475 0.77
BLOQ: Below Limit of Quantification

The serum metabolites of kynurenine/NAD* were measured in the Singapore sarcopenia study of MEMOSA using LC-MS/MS (n=40).
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Extended Data Table 2 | Clinical characterization of the Bushehr Elderly Health Cohort

Total number of subjects 186
|Prevalence of sarcopenia (EWGSOP definition) 46.2%
|Prevalence of sarcopenia (Iranian definition) 31.9%
[Clinical measures mean (sd)
Age (years) 69.0 (6.2)
Appendicular Lean Mass Index (ALMi; kg/m?) 6.84 (0.86)
Grip strength (kg) 294 (7.6)
[Body Mass Index (BMi; kg/m2) 26.7 (3.6)
[Height (m) 1.66 (0.06)
Weight (kg) 73.5(11.5)
% fat mass 32.0(4.6)
|Protein Intake (g/day) 65.3 (24.5)
|Energy Intake (kcal/day) 1906 (648)

Clinical parameters were measured in 186 older men of the Bushehr nutritional epidemiology study aged 60 years and older. ENGSOP: European Working Group on Sarcopenia in Older People.
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Extended Data Table 3 | Association of dietary intake with serum trigonelline levels in the Bushehr Elderly Health Cohort

Association with serum trigonelline

IQR levels
Nutrient daily dietary Intake Unit Mean SD Median  |(25%ile-  [Association coefficient

75%ile) (spearman rank P-value

correlation)

Folate mg/day 197.79 14154 15540  [133.10 0.36 4.0E-07
Total fiber /day 17,11 9.25 15,24 9,72 0,26 2,8E-04
Vitamin K mg/day 96.54 168.17  |33.41 78.78 0.26 3.4E-04
fron mg/day 14,82 7,13 14,20 6.48 0,26 4,0E-04
Magnesium mg/day 178.89 34.60 164,30 19250 0.20 6.2E-03
Manganese mg/day 2.44 1,02 2,34 1,32 0,18 1,7E-02
Zinc mg/day 5.92 2.98 5.36 3.59 0.17 1.9E-02
Potassium mg/day 2508,65 1280,52  [2360,00 [1343,00 0,14 4.9E-02
Sodium mg/day 1032.08 84431  |846.70  [772.20 -0.14 5.9E-02
Biotin mg/day 13,26 10,56 10,77 9.01 0,13 6,9E-02
Total carbohydrate ig/day 297.87 114,26 (291,80 129.70 0.11 0,12
\Vitamin B3 mg/day 20,15 9.25 18,38 9.19 0,11 0,13
\Vitamin B1 mg/day 1.79 0.69 1.74 0.62 0.11 0.13
Total protein ig/day 65,26 24 45 61,89 32,39 0,11 0,14
Omega3 fatty acids day 0.16 0.20 0.08 0,22 -0.10 0,17
Beta carotene mg/day 444 52 126522 4525 183,19 0,10 0,19
Vitamin B12 mg/day 3.96 5.55 2.33 2.76 -0.09 0.22
Vitamin A mg/day 892.46 1361.34 M453.60  [520.40 0,09 0.23
Total energy Kcal/day  [1906.66 647.81 1846.00 1740.00 0.09 0.24
Calcium mg/day 584,74 26542  [552.60 362,70 -0.08 0,29
Cholesterol mg/day 209,96 181,57  |161,00  [229.15 -0.07 0,33
\VVitamin B6 mg/day 1.24 0.95 1,04 0,78 0.07 0.35
Saturated fatty acids ig/day 13.71 741 12,562 8.67 -0,07 0.38
Phosphorus mg/day 818,67 333,39 [781.60 387.00 0,06 0,40
Vitamin B2 mg/day 1,30 0.69 1,25 0.64 -0,05 0.49
Vitamin B5 mg/day 3,39 1.55 3.32 2.29 0,03 0.64
Sugars ig/day 66,64 ¥8.14 54.44 60,95 0,03 0,65
Vitamin C mg/day 83,83 133,10 [53.73 82,12 0.03 0,70
Linoleic acid mg/day 17.85 13,07 14,50 15,89 -0,02 0.80
Total fat /day 53,36 26.97 48,90 31.44 -0,02 0.80
Selenium mg/day 0,07 0.04 0,07 0.05 0,02 0,84
Poly-unsaturated fatty acids /day 19,34 13.51 15.81 16,22 -0,01 0,86
Mono-unsaturated fatty acids ig/day 13,65 8.28 12,18 8,60 0,01 0,87
Caffeine mg/day 80.15 56,30 94,72 47,36 0,00 0.96
Vitamin D mg/day 0.59 1.16 0,00 0,14 0,00 0.97
Alpha-tocopherol mg/day 6.88 5.46 5.78 5.17 0,00 0,98

Dietary intake assessed using 24-h recall food questionnaire in the Bushehr Elderly Health Cohort was associated with serum trigonelline levels measured with LC-MS/MS and analysed with
Spearman rank correlation.
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Extended Data Table 4 | Association of grip strength with serum trigonelline levels corrected for dietary intake in the
Bushehr Elderly Health Cohort

I‘Spearman (partial) rank correlation with serum h val

trigonelline e Py
Grip Strength 0.146 0.047
Grip Strength, adjusted for caffeine intake 0.147 0.048
Grip Strength, adjusted for vitamin B3 intake 0.123 0.099
Grip Strength, adjusted for folate intake 0.087 0.242

Handgrip strength in the Bushehr Elderly Health Cohort was associated with serum trigonelline levels measured with LC-MS/MS and corrected for dietary intake assessed with a 24-h recall
food questionnaire and analysed with a Spearman partial rank correlation.
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Extended Data Table 5 | Association of serum trigonelline levels with muscle mRNA expression of demethylase and
methyltransferase genes in the Singapore Sarcopenia Study

Gene name | Gene ID | Spearman correlation | prvalue
| S-adenos: teine hydrolase metabolism |
HCY ENSG00000101444 -0.05 074
Homocysteine metabolism
CTH ENSG00000116761 009 057
PARS ENSG00000166986 0,03 037
ATR ENSG00000116984 -003 088
IMTL ENSG00000176974 0,12 046
MT2 ENSG00000182199 031 005
PATHFR £ 177000 -0.07 067
PLO1 ENSG00000075651 0,19 024
PLD2 ENSG00000129219 0,07 065
CHOH ENSG00000016391 007 067
IALDOHTAL ENSG00000164304 011 052
Methyltransferase
floss ) Histans yysine N MT
ASHIL ENSG00000116539 0,12 046
CAMKMT ENSG00000143913 -0.08 062
DOTIL ENSG00000104885 -0.10 055
EHMTL ENSG00000181090 0,17 031
EHMT2 ENSG00000204371 001 036
EZH1 ENSG00000108733 001 036
E2H2 ENSG00000106462 0,09 0,60
KMT24 ENSG00000118058 -0.02 032
KMT28 ENSG00000272333 0,13 045
KMT2C ENSG00000055609 -0,03 087
KMT2D ENSG00000167548 -0,12 046
KMT2E £l 15483 005 078
NSD 1 ENSG00000165671 -0.04 0380
PROM2 ENSG00000116731 -0.19 024
PROME ENSG00000061455 0,15 038
BETD1A ENSG00000099381 -0,10 054
BETD18 ENSG00000139718 -0.02 033
EETD2 ENSG00000181555 0,16 034
56103 ENSG00000183576 0,19 025
SETD7 ENSG00000145391 0.12 046
81 ENSG00000143373 0,12 047
£TDB2 ENSG00000136169 0.14 033
ETMAR ENSG00000170364 032 005
AYD2 ENSG00000143433 0,18 0.28
EMYD3 ENSG00000185420 -0.02 030
BUV3SH1 EN 1013945 -004 080
BUV3SH2 £ 152455 005 0.77
NMT
CARM 1 ENSG00000142453 -0.21 021
PRMTL N 126457 0,12 047
PRMT2 £ 160310 -0.11 0,50
PRMTS ENSG00000100462 002 030
PRMTE ENSG00000198830 0,13 045
PRMT7 ENSG00000132600 -008 063
[lass . Non Histone proteln MY
GAMT ENSG00000130005 -008 065
{EMKL £l 114735 -0.13 042
LRTOMT ENSG00000184154 0,13 04
BCMT ENSG0000011 7 004 0.7
LCMTL ENSG00000205629 0.10 05
INTMTL ENSG00000148335 0,22 0,17
PCMTL ENSG00000120265 005 076
Closs IV RNA MT
IALKBHS ENSG00000137760 0,13 024
CMTRL EN 137200 001 034
€003 ENSG00000132423 0.16 034
DIMTL ENSG00000086183 003 059
EMG1 ENSG00000126743 -0.06 072
F1si1 ENSG00000068438 0,13 044
F1si3 ENSG00000108592 007 068
{ENMTL ENSG00000162633 -0.16 032
INSUN2 EN 37474 0,08 065
RNMT £ 101654 -0.17 031
1GS1 ENSG00000137574 0,18 028
TROMTL ENSG00000107614 0,15 037
MTL ENSG00000104307 0,18 027
%MTH ENSG00000122435 008 061
TRMT28 ENSG00000188917 005 078
TRMTA4 ENSG00000155275 0,17 031
TRMTS £ 126814 -0.01 033
MTG1A ENSG00000166166 034 003
E%M‘I‘Gm ENSG00000171103 0,18 027
pETLL £ 37897 -0.34 003
AETTL28 ENSGO0000165055 -0.14 040
AETTL3 ENSG00000165813 003 034
ELTTLG ENSG00000206562 007 067
oss V. DNA MT.
DNMTL ENSG00000130816 0,12 043
DNMT3A ENSG00000119772 007 0,66
DNMT38 ENSG00000088305 0,14 033
oss v) wped small moleculor MT
COMT ENSG00000093010 0,15 038
COQs5 £ 110871 0.20 023
DPHS ENSG00000117543 002 089
INMT EN 150540 008 064
T ENSG00000241644 0,13 043
INNMT ENSG00000166741 -005 074
PEMT ENSG00000133027 -0.04 073
PNMT ENSG00000141744 -0,18 028
PMT ENSG00000137364 0.18 029

Serum trigonelline levels measured with LC-MS/MS in the Singapore Sarcopenia study of MEMOSA was associated with gene expression measured using RNA sequencing in muscle biopsies,
analysed with a Spearman rank correlation, filtered for genes expressed in skeletal muscle and annotated with methyltransferase or demethylase activity.
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Extended Data Table 6 | gPCR primers
Mus musculus primers
Forward Reverse
Naprt CCTGTTCCAGGCTATTCTGTTC CGAAGGAGCCTCCGAAAGG
Rplp13 AGCGCCTCAAGGTGTTGGA GAGTGGCTGTCACTGCCTGGTA
Nampt GAGGGGCGCATGGTGG TCATGGTCTTTCCCCCAAGC
Nrk1 TCATTGGAATTGGTGGTGTGAC CAACAGGAAACTGCTGACATCAT
Nrk2 AAACTCATCATAGGCATTGGAGG GTCCTGGGGCTTGAAGAAGT
Mus musculus genotyping primers
Naprt | CATTAGTCGGGAGCCTGTGT | CCATGGTAGCCTGATAGAGGT
Homo sapiens primers
RPLPO GGCACCATTGAAATCCTGAG GACCAGCCCAAAGGAGAAG
NAPRT CCGCTGCTCACTGACCTC GCGGAAGAAGAGCTCGAA
C. elegans primers
act-1 CTACGAACTTCCTGACGGACAAG CCGGCGGACTCCATACC
pmp-3 GTTCCCGTGTTCATCACTCAT ACACCGTCGAGAAGCTGTAGA
dct-1 GCAAAAGCCGTCTCAAACCC ACCCACGATTCTGACATACCA
pdr-1 AGCCACCGAGCGATTGATTGC GTGGCATTTTGGGCATCTTCTTG
pink-1 AAGCACCAGAAATTGCGACG ACGAGATGGGAGTGCTGGTA
cco-1 |GCTCGTCTTGCTGGAGATGATCGTT GGTCGGCGTCGACTCCCTTG
mev-1 ATCGATCGTCACCAAGTCCG GGAATCCGGAGAGCATCCAG
cyc-1 GTGCCGTGGTTCAAGGAT TTCACGTCGTACAGAAGC
nd-1 AGCGTCATTTATTGGGAAGAAGAC |AAGCTTGTGCTAATCCCATAAATGT
act-3 TGCGACATTGATATCCGTAAGG GGTGGTTCTCCGGAAAGAA
sir-2.1 TTICTTGTGTTGACTGGCGCT TGTCCTGGGAAGATTTCTCTCG

List of gPCR primers used to detect C. elegans, mice and human gene expression in this study (5'>3).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  RNA seq data were collected using the vendor's software lllumina HiSeq 2500

Data analysis All statistical analyses concerning RNA-seq data were conducted in R version 3.3.3 using relevant Bioconductor packages (e.g. limma 3.30.13,
edgeR 3.16.5). Pathway enrichment analysis was performed using CAMERA querying gene sets annotated in MSigDB v5.2. P
For all the other experimental data, statistical analysis was carried out using GraphPad Prism 9 or R. The statistical methods used for each
analysis are mentioned in the figure legends.
For metabolomics: the software Xcalibur v4.1.31.9 (Thermo Scientific) or the MassHunter Workstation-Quantitative Analysis (Version B.05.00,
Agilent technologies, Santa Clara, CA, USA) were used for instrument control and data processing of isotopically labelled and unlabelled
metabolites.
For gPCR analysis, the LightCycler480 system and software (Roche) were used.
For mitochondrial membrane potential images analysis: Images were acquired using the ImageXpress (Molecular Device) using 10x objective.
The following filters were used: JC-10, FITC Filter Cube/ TRITC Filter Cube; Hoechst, DAPI Filter Cube. One site per well was acquired with a 10x
objective, and images were segmented to recognize cells using ”“Mitochondrial Potential-Regular Segmentation” analysis. The total intensity of
both FITC and TRITC fluorescence is recorded for each cell and is used to calculate a cellular fluorescent ratio: Ratio per cell = log2 (Spixel
intensityTRITC/S pixel intensityFITC). Once segmentation was completed, results were analyzed using KNIME software version 4.3.1.
For histology images: digital images of stained sections were obtained using an upright microscope (20X objective) with camera (Axio Imager
D1, Carl Zeiss, Wrek Gottingen, Germany), controlled by AxioVision AC software (AxioVision AC Rel. 4.7.1, Carl Zeiss Imaging Solutions, Wrek,
Gottingen, Germany). Images were quantified using AxioVision 4.7.1 software for average fiber CSA.
The bioenergetic profiles of cells were analyzed by an XF96 extracellular flux analyzer (Seahorse Biosciences, North Billerica, MA, USA).
Mobility of worms: C. elegans movement analysis was performed using the Movement Tracker software (Mouchiroud, L. et al. doi:10.1002/
cpns.17 (2016), version 1.




Myofibers integrity scoring in C. elegans was performed with the method described by Dhondt et al. (Dhondt, I. et al. Dis Model Mech 14,
doi:10.1242/dmm.049169 (2021))

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All original data, uncropped gels and all the individual p values presented herein are included in the Source data files. The unprocessed transcriptomic data of this
study have been deposited in the Gene Expression Omnibus under accession number GSE111016 . Clinical data cannot be made openly available from study ethical
approvals. These data can be provided upon justified request subject to appropriate approvals, after a formal application to the Oversight Group of the different
cohorts through their respective corresponding author.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender

Population characteristics

Recruitment

Ethics oversight

Only men were included in the discovery clinical studies. This was decided because of the exploratory nature of the study,
small sample size and past experience of lower enrollment of older women in studies where muscle biopsies are collected.
For the replication study, gender was matched to the discovery study for powering purposes as the blood levels of many
micronutrients and their association with body composition are sex-specific (Konz et al, Front Physiol 219).

Singapore Sarcopenia Study (SSS). Forty Chinese descent male aged 65-79 years with or without sarcopenia were recruited.
Self-reported ethnicity was collected during the inclusion visit and weight and height were measured to the nearest 0.1kg
and 1cm, respectively. Clinical charcteristics of the cohort have bene reported in Migliavacca et al, Nature Comms 2019.
Bushehr nutritional epidemiology study: 186 older men aged 60 years and above randomly selected from the population-
based BEH prospective cohort study conducted in Bushehr, a southern province of Iran. The general clinical characteristics
(age, weight, height, BMI...) of the Bushehr Elderly Health Cohort are reported in table S2.

Singapore Sarcopenia Study (SSS). Forty male subjects with and without a diagnosis of sarcopenia of comparable age group
were recruited prospectively for the MEMOSA project following screening with defined inclusion/exclusion criteria. Screening
was performed via two existing studies on healthy community-dwelling older men in Singapore (Singapore Sarcopenia Group
and Aging in a Community Environment Study).

Bushehr nutritional epidemiology study in older people: 186 older men aged 60 years and above participating in the second
stage of the Bushehr elderly health (BEH) program were randomly selected from the population-based prospective cohort
study conducted in Bushehr, a southern province of Iran.

Participants were recruited from two studies on healthy community-dwelling older men in Singapore (Singapore Sarcopenia
Group and Aging in a Community Environment Study [ACES]). The National Healthcare Group Domain-Specific Research
Board (NHG DSRB) approved the study, reference number 2014/01304, and each participant gave written informed consent.
The Bushehr nutritional epidemiology study was approved by the Research Ethics Committee of the Endocrinology &
Metabolism Research, Tehran University of Medical Sciences, under reference TUMS.EMRI.REC.1394.0036, and each
participant gave written informed consent.

Local sample analyses were approved by the cantonal ethics commission for human research (CER-VD) in Vaud, Switzerland
under reference 490/14.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For the human studies, 40 serum samples were analyzed in the MEMOSA Singapore cohort (SSS) based on available samples from the
previously approved study design (Migliavacca et al. Nature Communication 2019, doi:10.1038/s41467-019-13694-1 (2019)). For the Bushehr
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study, serum samples from 186 older men were analyzed.

For the preclinical and in vitro studies, sample size was estimated based on (I) the variability observed in pilot studies or in previous related
experiments, (Il) the expected effect size, and (l1l) the probability to detect a minimal significance level of 0.05.For all animal experiments, the
lowest number of animals that were expected to be required to obtain statistical significance was chosen. For aged mice more animals were
included due to the expected higher (natural) mortality.

Data exclusions  For the human studies, only remaining samples from the previously approved MEMOSA study with sufficient muscle biopsy material were
analyzed in the SSS cohort for NAD+ levels (Migliavacca et al. Nature Communication 2019, doi:10.1038/s41467-019-13694-1 (2019)).

For the preclinical studies, mice that showed weight loss >20%, were found dead in cages or displayed signs of wound infection and
inflammation, were excluded from the study.

Replication The RNAseq results from SSS human muscle biopsies have been previously validated using Nanostring on the 50 most regulated genes in
sarcopenia (See Migliavacca et al, Nature Comms 2019))
The results obtained in cellular and worm experiments were replicated in 2-4 independent experiments. Mouse results were obtained from 3
independent experiments, including different locations.

Randomization  For the human studies, given our experimental setting, groups were not randomized.
Animals were randomized by body weight within experimental groups. All animals of the same gender and age were considered similar

Blinding For the human studies, people conducting experiments in the laboratories were blind to the sample labels.
For the chronic mouse study, researchers conducting the experiments were blinded to the treatment during the phenotyping tests, including
metabolic cage, grip strength, TA contractile function and histology. For worm experiments, researchers performing the assays were blinded
to the treatments. For all the other animal and cellular studies, blinding was not formally performed as measures reported are quantitative.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study

Antibodies XI|[] chip-seq
Eukaryotic cell lines IZ |:| Flow cytometry

Palaeontology and archaeology IZ |:| MRI-based neuroimaging
Animals and other organisms

Clinical data

XX T[]
OXXOXKX

Dual use research of concern

Antibodies

Antibodies used Mouse monoclonal OXPHOS antibody cocktail (Abcam 110412, 1/250); Mouse monoclonal Tubulin antibody (Sigma T6074, 1/1000);
CD45 (Invitrogen, #MCD4528, 1/25), CD31 (Invitrogen, #RM5228, 1/25), CD11b (Invitrogen, #RM2828, 1/25), CD34 (BD Biosciences,
#560238, 1/60), Ly-6A/E (BD Biosciences, #561021, 1/150) and a7-integrin (R&D Systems, #FAB3518N, 1/30).

Validation - Mouse monoclonal OXPHOS antibody cocktail has been validated by the manufacturer in two dimension Blue Native PAGE
analysis of fibroblasts that are normal and complex | deficient. Antibody profiles are available on Abcam website and it has been
used for western blot applications in human samples for the following publications:

Newman LE et al. The ARL2 GTPase is required for mitochondrial morphology, motility, and maintenance of ATP levels. PLoS One
9:99270 (2014).

Sanchez E et al. LYRM7/MZM1L is a UQCRFS1 chaperone involved in the last steps of mitochondrial Complex IIl assembly in

human cells. Biochim Biophys Acta (2012).

- Mouse monoclonal Tubulin antibody (T6074 Sigma), validated also in the following publications on the Sigma website:

Increased expression of aTubulin is associated with poor prognosis in patients with pancreatic cancer after surgical resection.

Chao L, et al.Oncotarget, 7(37), 60657-60664 (2016)

LeDizet M and Piperno G J Cell Biol., 104, 13-22 (1986)

Regulation of alternative splicing by the core spliceosomal machinery.

Arneet L Saltzman et al.Genes & development, 25(4), 373-384 (2011-02-18)

- CD45 antibody was verified by Knockout to ensure that the antibody binds to the antigen stated. Antibody profiles are available on
Thermoscientific website with applications in:

Vora P et al. The Rational Development of CD133-Targeting Immunotherapies for Glioblastoma. Cell stem cell (2020);

Cremer A et al. Resistance Mechanisms to SYK Inhibition in Acute Myeloid Leukemia. Cancer discovery (2020).

-CD31 antibody was verified by staining C57BL/6 mouse spleen cells and applying flow citometry. Antibody profiles are available on
Thermoscientific website with applications in:

Parker E et al. indlimb Immobilization Increases IL-1 and Cdkn2a Expression in Skeletal Muscle Fibro-Adipogenic Progenitor Cells: A
Link Between Senescence and Muscle Disuse Atrophy. Frontiers in cell and developmental biology (2022);
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Madaro L et al. Macrophages fine tune satellite cell fate in dystrophic skeletal muscle of mdx mice. PLoS genetics (2019)

-CD11b was verified similarly as above for flow citometry, and applied in several studies:

Vogel A et al. JAK1 signaling in dendritic cells promotes peripheral tolerance in autoimmunity through PD-L1-mediated regulatory T
cell induction. Cell reports (2022);

Deng C et al. BECN2 (beclin 2) Negatively Regulates Inflammasome Sensors Through ATG9A-Dependent but ATG16L1- and LC3-
Independent Non-Canonical Autophagy. Autophagy (2022).

-CD34 is a FITC-conjugated monoclonal rat antibody, supplied by BD Biosciences, raised against Hematopoietic progenitor cell
antigen CD34 (Mouse), cited in 66 publications:

Zhang, Z et al. Exosomes derived from human umbilical cord mesenchymal stem cells alleviate Parkinson's disease and neuronal
damage through inhibition of microglia. Neural Regeneration Research (2023);

Lv, Y. Distinct response of adipocyte progenitors to glucocorticoids determines visceral obesity via the TEAD1-miR-27b-PRDM16 axis.
Obesity (Silver Spring, Md.) (2023).

-Ly-6A/E is a PE-Cy7-conjugated monoclonal rat antibody, supplied by BD Biosciences, raised against Lymphocyte antigen 6A-2/6E-1
(Mouse), cited in 15 publications:

Vanneste, D., Bai, Q., et al. MafB-restricted local monocyte proliferation precedes lung interstitial macrophage differentiation. Nature
Immunology (2023);

Eislmayr, K., Bestehorn, A., et al. Nonredundancy of IL-1a and IL-1B is defined by distinct regulation of tissues orchestrating resistance
versus tolerance to infection. Science Advances (2022).

- a7-integrin is an Alexa Fluor 700-conjugated monoclonal rat antibody, supplied by R&D Systems, used in:

Parker, E., Khayrullin, A., et al. Hindlimb Immobilization Increases IL-18 and Cdkn2a Expression in Skeletal Muscle Fibro-Adipogenic
Progenitor Cells: A Link Between Senescence and Muscle Disuse Atrophy. In Frontiers in Cell and Developmental Biology (2022);

Der Vartanian, A., Quétin, M., et al. PAX3 Confers Functional Heterogeneity in Skeletal Muscle Stem Cell Responses to Environmental
Stress. Cell Stem Cell (2019).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

- Human primary myoblasts (HSMM) (Lonza, CC-2580).

- Primary myotubes from healthy vs sarcopenic subjects were derived from muscle biopsies from participants in the
Hertfordshire Sarcopenia Study Extension (HSSe) with approval from the Hertfordshire Research Ethics Committee
(doi:10.1002/jcsm. 12876 (2022)).

- Primary myotubes from aged male C57BL/6J mice (24 months) were generated from freshly sorted muscle stem cells
isolated by flow cytometry.

- HepG2 (HB-8065) and C2C12 (CRL-1772) cell lines were from ATCC, Manassas, VA, USA.

- IM-PTEC cells isolated from Immaorto mice (doi:10.1681/asn.2010040423 (2011)) were a gift from Dr. Alessandra Tammaro
(Amsterdam UMC, the Netherlands).

-All cell lines were autheticated by direct purchasing from ATCC.

- Human skeletal muscle cells were tested for myogenicity via myogenic and fibroblast markers, and further quality checked
for their ability to differentiate into mature myotubes.

- Primary mouse myoblasts from hindlimb muscles from were rapidly collected, minced, and digested with 2.5 U/ml Dispase II
(Sigma), 0.2% Collagenase B (Sigma) and 5 mM MgCI2 at 37°C. The preparation was then filtered sequentially through 100
micron and 30 micron filters and cells were incubated at 4°C for 30 min with antibodies against CD45 (Invitrogen, #MCD4528,
1/25), CD31 (Invitrogen, #RM5228, 1/25), CD11b (Invitrogen, #RM2828, 1/25), CD34 (BD Biosciences, #560238, 1/60), Ly-6A/
E (BD Biosciences, #561021, 1/150) and a7-integrin (R&D Systems, #FAB3518N, 1/30). MuSCs identified as CD31-/CD11b-/
CD45-/Scal-/CD34+/Integrin a7+ were isolated with a Beckman Coulter Astrios Cell sorter.

Mycoplasma contamination Cells were regularly tested for mycoplasma using a Rapid Mycoplasma Detection Kit (MycoGenie from AssayGenie).

Commonly misidentified lines  No commonly misidentified cell lines were used in the study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

- 12-week and 20-month-old male C57BL/6J (Janvier, C57BL/6JR]) and C57BL/6J Jackson Laboratory Maine, USA) mice were included
in this study

- 8 weeks-old Naprt KO mice of mixed genders were obtained by crossing heterogenic C57BL/6N Naprt KO mice described
previously(doi:10.1038/s41467-021-27080-3 (2021)).

- For C. elegans studies the strains used in this study were the wild-type Bristol N2 and the myo-3::GFP strain RW1596. The worm
studies were completed at several ages: Day 1, Day 8 or Day 11 of adulthood, or for lifespans experiments animals were followed till
age of death (as indicated in the figure legends and Data Source files)

No wild animals were used in the study.

C57BL6 WT mice used in the study were males since the commercial supplier of aged mice could only provide males. NAPRT WT and
KO mouse studies included both male and females.
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Field-collected samples  No field collected samples were used in the study.

Ethics oversight All procedures were approved by the Nestlé Ethical committee (ASP-19-03-EXT), the Office vétérinaire cantonal Vaudois (VD2770 and
VD3484), and the Animal Ethics Committee at The University of Melbourne (1914961.2).
Naprt KO animal studies were approved by the Animal Experiment Committee at the University of Toyama (approval A2022MED-19),
and were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals at the University of Toyama,
which are based on international policies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration ' The Memosa study was approved by the Singapore National Healthcare Group Domain-Specific Research Board (NHG DSRB) under
reference number.
The Bushehr study was approved by the Research Ethics Committee of the Endocrinology & Metabolism Research, Tehran University
of Medical Sciences, under reference TUMS.EMRI.REC.1394.0036. Local sample analyses were approved by the cantonal ethics
commission for human research (CER-VD) in Vaud, Switzerland under reference 490/14.

Study protocol 2014/01304
Data collection Described in Migliavacca et al, Nature Comms 2019

Outcomes Described in Migliavacca et al, Nature Comms 2019
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