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The differential impact of three different 
NAD+ boosters on circulatory NAD and 
microbial metabolism in humans

 

Nicotinamide adenine dinucleotide (NAD(H)) and its phosphorylated form 
NADP(H) are vitamin B3-derived redox cofactors essential for numerous 
metabolic reactions and protein modifications. Various health conditions are 
associated with disturbances in NAD+ homeostasis. To restore NAD+ levels, the 
main biosynthetic pathways have been targeted, with nicotinamide (Nam), 
nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN) being 
the most prominent boosters. However, while many preclinical studies have 
examined the effects of these precursors, a direct comparison in humans is 
lacking, and recent rodent research suggests that the NAD+-boosting effects of 
NR and NMN may depend on their microbial conversion to nicotinic acid (NA), 
a mechanism not yet confirmed in humans. Here we show in a randomized, 
open-label, placebo-controlled study in 65 healthy participants that 14 days 
of supplementation with NR and NMN, but not Nam, comparably increases 
circulatory NAD+ concentrations in healthy adults. Unlike the chronic effect, 
only Nam acutely and transiently affects the whole-blood NAD+ metabolome. 
Using ex vivo fermentation with human microbiota, we identify that NR 
and NMN give rise to NA and specifically enhance microbial growth and 
metabolism. We further demonstrate ex vivo in whole blood that NA is a potent 
NAD+ booster, while NMN, NR and Nam are not. Ultimately, we propose a 
gut-dependent model for the modes of action of the three NAD+ precursors 
with NR and NMN elevating circulatory NAD+ via the Preiss–Handler pathway, 
while rapidly absorbed Nam acutely affects NAD+ levels via the salvage pathway. 
Overall, these results indicate a dual effect of NR and NMN and their microbially 
produced metabolite NA: a sustained increase in systemic NAD+ levels and a 
potent modulator of gut health. ClinicalTrials.gov identifier: NCT05517122.

Nicotinamide adenine dinucleotide (NAD(H)) and its phosphorylated 
form NADP(H) are vitamin B3-derived redox cofactors that have a cen-
tral role in hundreds of metabolic reactions and post-translational 
modifications of proteins1–6. Given its essentiality, disturbances in NAD+ 
homeostasis, and hence, a decline in NAD+ levels, have been associ-
ated with multiple health conditions7–10. Several strategies have been 
deployed to replenish NAD+ levels through feeding with precursors 
from its three canonical biosynthetic routes: the salvage pathway from 

nicotinamide (Nam), the Preiss–Handler pathway from nicotinic acid 
(NA) and the de novo biosynthesis from the essential amino acid tryp-
tophan, which converges on the Preiss–Handler pathway4,7–9,11 (Fig. 1a).

The most prominent NAD+ boosters are Nam, nicotinamide ribo-
side (NR) and nicotinamide mononucleotide (NMN), while the use 
of NA is limited by skin flushing and gastrointestinal (GI) symptoms 
at high dose4,7,11,12. Although several studies have examined the acute 
and chronic effects of these precursors after oral administration4,7,13–24,  
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2 weeks of treatment with NR and NMN, but not with Nam (Fig. 1h). 
Notably, chronic NR and NMN supplementation also led to increased 
urine concentrations of nicotinic acid riboside (NAR) (Extended Data 
Fig. 4a and Supplementary Table 3). Similarly, the concentration of 
NA-derived nicotinuric acid (NUR) increased with these two treat-
ments, although to a lesser extent with NMN (P = 0.127). This metabolic 
footprint suggests that the increase in NAD+ by NR or NMN involves the 
Preiss–Handler pathway.

Acute dosing of the three precursors over 4 h resulted in strik-
ingly different effects. Nam had the most profound acute impact 
on the NAD+ metabolome in whole blood (Fig. 1i–o). Whole-blood 
Nam concentrations significantly increased compared to placebo 
with a maximum concentration (Cmax) around 1 hour and an incre-
mental area under the curve (iAUC) of 105.2 µM·h (95% CI, 87.4– 
122.9 µM·h; P < 0.001) (Supplementary Table 4 and Extended Data 
Fig. 5). Simultaneously, a mild transient elevation of NAD+, NR and 
NMN concentrations was observed at 1 hour (Fig. 1i,l,m and Supple-
mentary Table 4). In addition, the intake of Nam also triggered the 
build-up of its degradation metabolites MeNam and MeXPY in whole 
blood (Fig. 1j,k), and these dynamics were further reflected in plasma 
(Supplementary Table 5) and in urine (Extended Data Fig. 4b). This 
suggests that Nam is quickly absorbed, metabolized and excreted 
after consumption. In contrast to Nam supplementation, the low NR 
and NMN concentrations in whole blood ( < 2 µM) were not affected 
after their administration of these precursors with no change in the 
circulatory NAD+ metabolome over 4 h (Fig. 1i–o and Supplemen-
tary Table 4). Yet, a longer time frame (for example, 24 h) might have 
allowed the capture of a longer-term acute effect of these precur-
sors ( > 4 h). These acute effects on day 1 (visit 3, Fig. 1) were also con-
sistent with effects on day 14 (visit 4, Fig. 1; Supplementary Tables 6  
and 7) with the same magnitude. Interestingly, no acute increase in the 
concentration of the Preiss–Handler acidic NAD+ species NA and NAR 
was detected in whole blood or plasma in any of our intervention arms 
despite an LLOQ of 0.02 µM (Supplementary Table 2). Additionally, the 
post hoc assessment of NAAD did not show a significant difference in 
iAUC between the treatments and placebo (Fig. 1o). Overall, the NAD+ 
levels in whole blood after chronic supplementation with NR and NMN 
are consistent with previous clinical studies conducted with similar 
dosing regimen17,23. Here, we bring additional evidence that these 
precursors affect NAD+ levels to a similar extent. Published literature 
on the effect of Nam on NAD+ levels in humans is scarce7,14, and our data 
provide a more comprehensive understanding of the acute metabolic 
impact of Nam on the NAD+ metabolome.

We further investigated whether other blood metabolites were 
influenced by the three NAD+ precursors. When comparing changes 
at baseline across the 14 days, untargeted semi-quantitative metabo-
lomics of whole-blood samples confirmed the effect of NR and NMN 
on NAD+ levels (Extended Data Fig. 6). In this set-up, a significant 
increase in NADH signal was also detected. This discrepancy from the 
targeted analysis is presumably owed to the longer sample storage time  
( > 10 months) and use of a different extraction buffer containing  
yeast extract with no preservation of the redox ratio. Thereby, a mini-
mal reduction in NAD+ concentration could have impacted NADH 
(median concentration of < 1 µM). NR and NMN treatments led to a simi-
lar elevation of riboflavin 5-monophosphate (FMN), 2-methylmalonate 
(2-Me-malonate) and phenylacetyl glutamine (Phe-Ac-Gln) levels, 
with all three of these molecules possibly derived from the gut 
microbiota31,32. As FMN together with flavin adenine dinucleotide 
(FAD(H2)) is involved in many redox reactions, its alteration might also 
represent a direct consequence of the above-normal NAD+ concentra-
tions. Only a few significant smaller changes were observed in the Nam 
and placebo groups. The impact of NR and NMN on these microbial 
metabolites indicates that they are retained longer in the gastrointes-
tinal lumen and that the microbiome might be a factor in modulating 
the effect of NR and NMN on whole-blood NAD+.

a head-to-head comparison of their impact on NAD+ levels in humans 
is lacking. Moreover, the oral bioavailability of polar and charged 
nucleotides and nucleosides similar to NR and NMN is notoriously 
poor25, and recent studies in rodents suggest that a substantial part of 
the NAD+-boosting effect of NR and NMN is mediated via their micro-
bial conversion to NA26–30. Whether such gut microbial activities have 
a role in these precursor modes of action in a human clinical set-up 
remains elusive.

To compare the effects of the three NAD+ precursors NR, NMN 
and Nam versus placebo in healthy adults, a randomized, open-label, 
placebo-controlled four-arm study was conducted (NCT05517122; 
Extended Data Fig. 1). The primary endpoint of the study was the change 
in the whole-blood baseline level of NAD+ after 14 days of once-daily 
dosing. The acute (in the 4-h period after supplementation) and 
chronic (from baseline on day 1 to baseline on day 14) effects on the 
NAD+ metabolome in whole blood were secondary endpoints. The 
NAD+ metabolomes in plasma and urine were exploratory endpoints. 
Additional exploratory endpoints included targeted and untargeted 
metabolomics in plasma and urine, respectively.

A total of 67 participants were enrolled in the study and rand-
omized to receive a daily dose of an NAD+ precursor, NR (1 g d−1,  
3.4 mmol d−1, n = 17), NMN (1 g d−1, 3 mmol d−1, n = 15) or Nam (0.5 g d−1,  
4.1 mmol d−1, n = 17), or placebo (n = 18) for 14 days (Extended Data Fig. 2; 
CONSORT diagram). However, two individuals received the wrong 
test product throughout the entire study period (one in the placebo 
arm and one in the NR arm), and the modified intention-to-treat (ITT) 
analysis (n = 65) excluded these two individuals. All data reported below 
correspond to the modified ITT population who received the correct 
NAD+ precursor, NR (n = 16), NMN (n = 15) or Nam (n = 17), or placebo 
(n = 17). The baseline demographic characteristics of the participants 
are summarized in Extended Data Table 1. The mean age of the partici-
pants was 34.7 ± 7.4 years (32 males and 33 females) with a mean body 
mass index (BMI) of 21.4 ± 1.8 kg m−2 for females and 23.7 ± 1.8 kg m−2 
for males.

The three NAD+ precursors were well tolerated. Only three adverse 
events with a probable relation to the product occurred during the 
study; out of the total 65 participants analysed, 1 participant in the 
placebo group reported abdominal pain, 1 in the NR group experienced 
hypotension and 1 in the NMN group had headache.

After 14 days, chronic administration of NR and NMN significantly 
increased baseline whole-blood NAD+ concentrations by ~2-fold with 
concentration differences of 49.4 µM (95% confidence interval (CI), 
39.5–59.3 µM; P < 0.001) and 43.1 µM (95% CI, 32.7–53.4 µM, P < 0.001) 
compared with placebo, respectively, while Nam did not (P = 0.461) 
(Fig. 1b and Supplementary Table 1). Using a single analysis of covari-
ance (ANCOVA) linear model with baseline whole-blood NAD+ level 
(day 1 baseline), sex, age and assigned intervention as covariates, we 
did not identify an effect of sex or age on the results. Further analysis 
of the whole-blood NAD+ metabolome revealed that NADP+, NADPH 
and NADH levels were not significantly changed in any of the arms 
(Supplementary Table 1). Similarly, Nam, NR and NMN concentra-
tions were not significantly affected (Fig. 1e–g). However, NR and 
NMN supplementation over 14 days led to significantly increased Nam 
concentrations in plasma in the low-micromolar range (Extended Data 
Fig. 3). Independent of the precursor type, the concentrations of the 
NAD+ degradation metabolite N1-methyl-nicotinamide (MeNam) and 
pooled N1-methyl-4-pyridone-5-carboxamide (Me4PY) and N1-methyl
-2-pyridone-5-carboxamide (Me2PY) (MeXPY) were increased in whole 
blood (Fig. 1c,d), plasma (Extended Data Fig. 3) and urine (Extended 
Data Fig. 4a). Thus, the NAD+ degradation metabolites might not be a 
suitable surrogate for the NAD+ status of an individual. Although the 
whole-blood concentrations of nicotinic acid adenine dinucleotide 
(NAAD) were mostly below the lower limit of quantification (LLOQ; 
< 0.02 µM; Supplementary Table 2), when analysing the correspond-
ing signals post hoc, we observed that baseline levels increased after 

http://www.nature.com/natmetab
https://clinicaltrials.gov/ct2/show/NCT05517122


Nature Metabolism

Letter https://doi.org/10.1038/s42255-025-01421-8

a

NA

NAD+

Nam

NADH

NAMNNMN

NAAD

MeNam

NADP+

NR

Me4PY

NAR

Me2PY

Trp

NADPH

Salvage pathway
Preiss–Handler pathway
De novo biosynthesis
Degradation products

'Active' NAD

Deamidation (microbial)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/15)

Nam
(17/16)

NR
(16/16)

NMN
(15/14)

Placebo
(17/15)

Nam
(17/16)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(17/16)

Nam
(17/17)

NR
(16/16)

NMN
(15/14)

Placebo
(14/15)

Nam
(17/15)

NR
(14/16)

NMN
(15/13)

0

50

100

150

NAD+

(chronic)

NAD+

(acute)

Nam
(chronic)

NMN
(chronic)

NMN
(acute)

NR
(chronic)

Nam
(acute)

NR
(acute)

MeXPY
(chronic)

MeXPY
(acute)

NAAD#
(chronic)

NAAD#
(acute)

MeNam
(chronic)

MeNam
(acute)

C
on

ce
nt

ra
tio

n 
(µ

M
)

C
on

ce
nt

ra
tio

n 
(µ

M
)

C
on

ce
nt

ra
tio

n 
(µ

M
)

C
on

ce
nt

ra
tio

n 
(µ

M
)

C
on

ce
nt

ra
tio

n 
(µ

M
)

C
on

ce
nt

ra
tio

n 
(µ

M
)

iA
U

C
 (µ

M
 h

)

iA
U

C
 (µ

M
 h

)

iA
U

C
 (µ

M
 h

)
iA

U
C

 (µ
M

 h
)

iA
U

C
 (µ

M
 h

)

iA
U

C
 (µ

M
 h

)

iA
U

C
 (µ

M
 h

)

C
on

ce
nt

ra
tio

n 
(µ

M
)

Baseline Two-week
treatment

Baseline Two-week
treatment

Baseline Two-week
treatment

Baseline Two-week
treatment

Visit 3 Visit 4

Visit 3 Visit 4 Visit 3 Visit 4 Visit 3 Visit 4 Visit 3 Visit 4

Visit 3 Visit 4 Visit 3 Visit 4

Baseline Two-week
treatment

Baseline Two-week
treatment

Baseline Two-week
treatment

***

*****

**

***
***

******

***

0

5

10

15

20

25

0

0.2

0.4

0.6

0

0.5

1.0

1.5

2.0

0

1

2

3

4
8
9

10
11

0

10

20

30
50
55
60

b

c

d e f g

i j k

l m n

h

o

0

5

10

15

20

25

0

10

20

30

40

50

0

50

100

150

200

0.0

0.5

1.0
2
3
4
5
6

0.8
0.6
0.4
0.2

0.06

0.04

0.02

0

0

0.2

0.4

0.6

0

100

200

300

0
0.005
0.010
0.015
0.020

0.5
1.0
1.5
2.0

**
**

* **
*

**
*

**
*

**
*

**
*

**
*

**
**

**
*

**
*

Fig. 1 | Chronic (14 days) and acute (4 h) impact of three NAD+ precursors 
on the whole-blood NAD+ metabolome. a, Schematic of the dynamics of the 
NAD+ biosynthesis pathways. b–h, Concentrations of NAD+ (red), degradation 
products (yellow), NAD+ precursors (blue) and NAAD (green) in whole blood 
at baseline and after 14 days of daily administration of either placebo, Nam, NR 
or NMN. Data are shown for NAD+ (b), MeNam (c), MeXPY (d), NR (e), NMN (f), 
Nam (g) and NAAD (h). Significant differential changes over 14 days compared 
to placebo are indicated (based on two-sided ANCOVA). i–o, Acute effect of the 
three NAD+ precursors on the NAD+ metabolome at visit 3 (day 1) and visit 4 (day 
14). The iAUC over 4 h is shown. Data are shown for NAD+ (i), MeNam (j), MeXPY 

(k), NR (l), NMN (m), NAM (n) and NAAD (o). Significant differences compared 
to placebo are indicated for each visit (based on a two-sided mixed model for 
repeated measurements). For NAAD (h,o), hash symbol marks that more than 
85% of concentrations were below the LLOQ (0.02 µM) in the full dataset and 
the analysis was performed post hoc. All data in b–o are represented as boxes 
ranging from the upper to the lower quartile with the median indicated; error 
bars represent the minimum and maximum values. The number of data points 
(baseline/2 weeks or visit 3/visit 4) is indicated below each treatment. 0.01 
< *P < 0.05; 0.001 < **P < 0.01; ***P < 0.001. Panel a created using BioRender.com.
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Using quantitative plasma amino acid analysis (Supplementary 
Data 1), additional differential chronic effects of Nam and NR supple-
mentation compared with placebo were detected including a more 
sustained concentration of homocysteine and cysteine (P < 0.05). A 
similar trend for baseline cysteine and homocysteine concentrations 
was also observed for the NMN-treated group with P values of 0.065 and 
0.173, respectively. Notably, a strong acute increase in homocysteine 
was specifically detected in response to Nam compared with placebo 
on day 1 and day 14 with a more than eightfold median increase in 
the iAUC (P < 0.005) (Supplementary Data 1). This was expected and 
relates to the transient effect on the methyl pool donor driven by Nam 
methylation17,33, which might modulate methylation patterns. Such an 
effect was not detected with NR nor NMN. Other acute changes relat-
ing to whole-blood amino acids, nucleotides, fatty acids and energy 
metabolites were largely shared among the four groups (Supplemen-
tary Fig. 1) and, thus, linked to the intake of standardized breakfast.

To evaluate a possible metabolic conversion of the salvage path-
way precursors NR and Nam by the microbiome and the potential effect 
of the resulting metabolites on the composition and/or metabolic 
activities of the microbiome, an ex vivo fermentation assay (SIFR tech-
nology) was conducted by exposing faecal-derived microbiota from 
healthy humans (n = 6) to NR (1 g l−1) or Nam (0.5 g l−1) and comparing 
to a non-substrate control (NSC) over 48 h.

By assessing the extracellular NAD+ metabolome, which is assumed 
to be bio-accessible, we found that the human microbiota was able to 
metabolize NR in several ways (Fig. 2a). On the one hand, NR was rapidly 
cleaved to Nam, reaching a peak of 2.1 mM at 8 h before being further 
deamidated to NA, resulting in a significant sustained concentration of 
200–400 μM over the last 24 h in the supernatant. These effects are con-
sistent with previous stable isotope tracer experiments in rodents that 
demonstrated that, after oral intake, NR is primarily cleaved to Nam and 
deamidated to NA by the microbiome26,27,29. After 24 h, we also observed 
the appearance of 6-hydroxynicotinic acid, the first intermediate in the 
bacterial degradation of NA, reaching 4 μM at 48 h. On the other hand, 
NR produced a much lower transient peak of NMN reaching 6.8 μM at 
2 h, with the subsequent transient appearance of NAR and nicotinic 
acid mononucleotide (NAMN) with peaks of 4.9 and 2.4 μM at 4 h, 
respectively. These effects might be attributed to the phosphorylation 
of NR to NMN and the deamidation of NR and NMN to NAR and NAMN, 
respectively. We did not detect a significant extracellular level of NAD+. 
Experiments using Nam resulted in the production of NA only, indicat-
ing that Nam is not converted to NR or NMN by the microbiome (Fig. 2a). 
While expected variations in microbiota composition were observed 
among the six healthy donors (Extended Data Fig. 7), NR metabolism 
was notably consistent across these individuals. This corroborates its 
potential to be used by a broad population. In summary, we show that 
bacterial hydrolysis and deamidation of NR eventually result in the 
production of NA, a key metabolite of the Preiss–Handler pathway.

Beyond the metabolic activities of the gut microbiota on NR 
and Nam, we examined whether the metabolism of the microbiota 
itself was affected by the treatments within the same experiment. A 
principal-component analysis (PCA) of the fermentation parameters of 
pH, gas production, acetate, propionate, butyrate and branched-chain 
fatty acids showed a separation of the NR condition from the Nam 
condition and the NSC over time (Extended Data Fig. 8). Specifically, 
incubation with NR differentially impacted pH and by trend also gas 
production (P = 0.065) in comparison to Nam treatment and NSC, 
as shown in Fig. 2b. The strongest impact was observed in the first 
8 h and in the second time window (8–24 h), while the time effects 
between 24 and 48 h were less pronounced (Fig. 2b). NR also signifi-
cantly increased acetate and propionate concentrations over time 
(Supplementary Fig. 2), which was reflected in a significant increase 
in total short-chain fatty acids (SCFAs) (Fig. 2b). These effects were 
accompanied by a higher total bacterial cell density when the micro-
biota was exposed to NR over 48 h (Fig. 2c). Notably, NR impacted the 

gut microbiome ex vivo. Unlike Nam, NR significantly increased the 
amount of Enterocloster aldensis (Fig. 2c). This effect was highly specific 
(no other species was significantly impacted) and consistent across the 
six different test individuals. This suggests that this Enterocloster spe-
cies has a unique metabolic capability to use NR. Mechanistically, this 
metabolic boost might be linked to higher cellular NAD+ levels, which 
drive fermentation, and to a higher ribose content in the NR condition.

To further explore the role of NR in the gut microbiota, patients 
with known gut dysbiosis were enrolled and new fermentation exper-
iments were conducted. The results among the three populations 
(healthy adults (n = 6), individuals with Crohn’s disease (n = 10) and 
healthy older donors (n = 10)) were consistent, showing a similar 
decrease in pH and an increase in gas and SCFAs (Fig. 2d). Moreover, 
under all conditions, NR led to a build-up of NA after 24 h (Fig. 2d).

Finally, we tested with the microbiota from 12 healthy older indi-
viduals whether NMN is metabolized similarly to NR. The build-up of 
Nam and NA was comparable with these two treatments (Extended 
Data Fig. 9), and both led to more growth, a similar decrease in pH, an 
increase in gas production and an increase in SCFA content (Extended 
Data Fig. 9). In contrast to NR, NMN provoked a rapid increase in the 
concentration of its deamidated form NAMN, which was further metab-
olized over 24 h. Overall, we show that, independently of the donor 
conditions, NR and NMN lead to metabolic adaptations of the gut 
microbiota, which may boost its growth. NA and SCFAs locally produced 
by the microbiome are both potent activators of G protein-coupled 
receptors such as GPR109a, GPR41 and GPR43 expressed on intesti-
nal epithelial and immune cells. Therefore, the combined increase in 
NA and SCFA might uniquely contribute to enhancing the integrity 
of epithelial tissue, mitigating mucosal inflammation and maintain-
ing intestinal homeostasis. Future studies determining the potential 
benefits of NR and NMN on the human gastrointestinal system and 
the microbial metabolism in both healthy populations and those with 
diseases are warranted.

To test our hypothesis that NA could effectively raise NAD+ levels 
in human whole blood, we performed a time course experiment over 
7 h with whole blood from four healthy adult donors. Whole blood was 
incubated with NA, NAR or NAMN, belonging to the Preiss–Handler 
pathway, or their corresponding amidated forms, Nam, NR and NMN 
involved in the salvage pathway, all at equimolar concentrations of 
50 µM. We found that NA increased the NAD+ signal by ~170% over time 
(Fig. 3a) and was concomitantly consumed (Fig. 3h). We also observed 
a transient increase in NAMN and a continuous increase in NAAD 
(Fig. 3e,f), but no change in the amidated species nor in riboses. The 
addition of NAR provided a similar increase in NAD+, NAMN and NAAD, 
and NAR was consumed over time, with a transient increase of NA. Over-
all, these results demonstrate that NA is an efficient precursor of NAD+ 
via the Preiss–Handler pathway in human blood (Fig. 3m). Although 
this pathway was active in whole blood, NAMN did not increase the 
NAD+ level. NAMN remained unchanged over time and did not affect 
any other metabolites measured, presumably because it is not taken 
up by blood cells. Remarkably, NMN and NR did not lead to an increase 
in NAD+ but were degraded rapidly to their building blocks (that is, 
Nam and pentose phosphates) within 0.5 and 1 hour, respectively 
(Fig. 3). Strikingly, regarding pentose phosphates, NR degradation 
resulted in an increase in ribose-1-phosphate, while NMN administra-
tion mainly led to a transient increase in ribose-5-phosphate, which was 
further processed in the non-oxidative pentose phosphate pathway to 
sedoheptulose-7-phosphate (Fig. 3i–l). This suggests that degradation 
of the two compounds depends on distinct enzymatic activities—that 
is, purine nucleoside phosphorylase (PNP) pathway for NR and CD38 for 
NMN34–36. Moreover, these enzyme activities might explain the different 
rates of degradation for the two compounds. However, whether the 
emerging pentose phosphates could support biosynthetic functions 
(for example, nucleotide biosynthesis) or feed glycolysis and energy 
production needs further investigation. Nam was fairly stable over 
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time after administration, and when NR or NMN was added, it rapidly 
plateaued without affecting NAD+ concentrations. The potential reason 
for this lack of effect on NAD+ in vitro could be the cell type used or 

the duration and conditions of the experiment. Previously published 
data have shown contrasting effects of Nam on NAD+ concentrations 
in vitro37–39. Data concerning human erythrocytes are controversial. 
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Fig. 2 | NR and Nam metabolism during ex vivo human faecal fermentation 
experiments and its impact on fermentation parameters. a–c, The faecal-
derived individual microbiome from six healthy adult donors was exposed for 
48 h to NR (blue) or Nam (orange) and compared to an NSC (grey). a, Extracellular 
NAD+ metabolome concentrations are expressed in µM. The significance of the 
treatment effect is indicated (two-sided linear mixed-effects model). b, Impact 
of NR (blue) or Nam (orange) on gas production, total SCFAs and pH compared to 
NSC (grey). The significance of the treatment effect is indicated (two-sided linear 
mixed-effects model). c, Impact of NR or Nam on total bacterial cell counts  
(one-way ANOVA) and individually induced changes in E. aldensis (one-sample  

t test) in samples collected after 48 h of simulated colonic incubations. 
Significant differences between the treatments and NSC are indicated. d, Impact 
of NR on key fermentation parameters and extracellular NA 24 h after its addition 
to fermenting microbiota derived from healthy adults (n = 6), healthy older 
individuals (n = 10) or individuals with Crohn’s disease (CD; n = 10). Statistical 
differences between the treatments are indicated (two-way ANOVA). Data in a–d 
are expressed as mean +/− s.d. (a,b) or as boxes ranging from the upper to the 
lower quartile with the median indicated and the error bars representing the 
minimum and maximum values. 0.05 < $P < 0.1; 0.01 < *P < 0.05; 0.001 < **P < 0.01; 
***P < 0.001; NS, not significant.
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In 1957, NA was proposed to potentially be superior to Nam, especially 
at low concentrations40. In 1990, the phosphate concentration was 
observed to possibly affect preference for the substrate and pathway 
used for NAD+ biosynthesis41. Thus, the different conditions might 
explain the discrepancy between the in vivo observation with some 

salvage pathway activity and the in vitro experiment. In addition, the 
in vitro condition did not involve multiple organ compartments. There-
fore, we cannot exclude the possibility that short-term deamidation 
of Nam to NA in the gut or base-exchange activities via CD38 (ref. 42) 
or BST1 (ref. 26) could have contributed to the mild increase in NAD+ 
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after Nam administration in vivo. Yet, the possible contribution of 
base-exchange activities to whole-blood NAD+ concentrations needs 
further examination.

Together, these results support the notion that, in humans, the 
impact of NR and NMN on whole-blood NAD+ is mediated by microbially 
derived NA via the Preiss–Handler pathway and that NA is efficiently 
metabolized to NAD+.

Collectively, the clinical data combined with the ex vivo human 
microbiota and human whole-blood experiments led us to propose a 
human model where NR and NMN are retained and further metabolized 
in the gut by the microbiome giving rise to NA, which then boosts NAD+ 
levels in whole blood. In contrast, Nam is directly absorbed and metabo-
lized, transiently increasing NAD+ levels (Fig. 4). A recently published 
model in rodents suggests that excess Nam might enter enterohepatic 
circulation to preserve NA levels30. Although we cannot exclude that 
enterohepatic circulation occurs as we did not assess liver metabolism 
or bile, we did not have an indication that this process greatly con-
tributes to human whole-blood NAD+ in this study as baseline NAD+ 
concentrations were unaffected by Nam treatment.

Our study had several limitations. The ex vivo stream with human 
whole blood could not capture the mild acute impact of Nam on the 
NAD+ metabolome. One reason could be that the isolated whole blood 
does not entirely reflect the in vivo situation, where the Nam-derived 
degradation metabolites may additionally affect NAD+. Although our 
findings support the notion that part of the NAD+-increasing effects of 
NR and NMN is mediated by gut-derived NA, we did not detect increased 
NA concentrations in the venous whole-blood samples of the study. This 
is presumably due to NA’s slow release, rapid uptake and subsequent 
metabolism to NAD+ as shown in our in vitro whole-blood experiments. 
To follow up on any of these microbial activities, the inclusion of stool 
samples is highly recommended to confirm the reaction rates for deami-
dation. Additionally, faecal clinical samples might also give more clarity 
on intestinal concentrations of the different precursors to optimize the 
design of fermentation experiments performed ex vivo. In addition, we 
cannot rule out the possibility that simultaneously released Nam might 
serve other organs to generate NAD+ via the salvage pathway43. While 
NR and NMN were shown in mouse models to acutely affect Nam and 
NA concentrations in the circulation, our human study did not reca-
pitulate these effects. Possible reasons include different dosages of the 
precursors used and differential absorption, with the latter potentially 
being affected by the standardized breakfast used in the human trial. 
Finally, this study was performed with a healthy population, and NAD+ 

concentrations were raised above normal values. Further studies are 
needed to evaluate the consequences of restoring NAD+ to normal 
concentrations in a disease population. A limitation of our ex vivo fer-
mentation study was that shallow shotgun sequencing provides limited 
sequencing depth. While this allows reliable taxonomic profiling of the 
gut microbiome, it has reduced sensitivity for detecting low-abundance 
taxa and does not enable functional analysis of specific genes.

In conclusion, this head-to-head comparison of three NAD+ precur-
sors in healthy adults shows that NR and NMN are comparable in their 
ability to chronically increase baseline whole-blood NAD+ levels, while 
Nam provides only an acute transient effect. Our findings suggest that, 
contrary to Nam, NR and NMN are not directly absorbed in the systemic 
circulation but are slowly metabolized by the microbiota to NA, a very 
potent NAD+ precursor in whole blood. Furthermore, ex vivo fermenta-
tion with human-derived microbiota demonstrated that NR induces 
metabolic microbial adaptations regardless of donor conditions and, 
together with NMN, increases SCFA production. This suggests that the 
oral intake of NR and NMN and their microbially produced metabolite 
NA may offer dual benefits: a sustained increase in systemic NAD+ levels 
and enhanced gut health.

Methods
Clinical study design
A randomized, open-label, placebo-controlled, four-arm parallel group 
study was conducted at the Clinical Innovation Lab, Nestlé Research, 
Lausanne, Switzerland, from 14 July to 24 November 2022. Each group 
received either placebo (microcrystalline cellulose, Pure Encapsula-
tions; daily dose of 500 mg) or one NAD+ precursor, tested at a com-
parable dose: Nam (Pure Encapsulations; daily dose of 500 mg, 4.1 
mmol), NR (TRU NIAGEN Pro; daily dose of 1,000 mg, 3.4 mmol) or NMN 
(UltraHealth; daily dose of 1,000 mg, 3 mmol), administered once daily 
for 14 consecutive days. On day 1 and day 14, participants collected their 
first morning urine sample and were provided a standardized breakfast 
consisting of a complete nutrition drink (BOOST Plus Calories, Nestlé 
Health Science) to be taken at least 2 h before the first blood sampling 
at baseline time (T0h). Immediately after blood sampling, the placebo 
or one of the NAD+ precursors was orally consumed with 200 ml of 
water (T0). Blood samples were subsequently obtained at 1 h (h) (T1h), 
2 h (T2h) and 4 h (T4h). Between T0h and T4h, all urine was collected. 
From day 1 to day 14, the participants daily consumed the placebo or 
one of the NAD+ precursors at home, at the end of or within 30 min of 
finishing their usual breakfast.
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Study drug compliance was calculated from self-reporting. Par-
ticipants were randomized before the first intake in a 1:1:1:1 ratio to one 
of the four arms (Nam, NR, NMN and placebo). Randomization was 
stratified based on sex (female/male) and age (18–35 years and 36–50 
years). Calculation of the sample size was done based on published data 
on NAD+ concentrations21. In brief, we assumed a standard deviation of 
NAD+ at day 1 (pre-dose) of 5 μM and at day 14 (pre-dose) of 20 μM, to 
detect a difference of +23 μM in the NAD+ level in whole blood between 
active arms and placebo, with 80% power and a 5/3 = 1.66% ⍺ ratio. This 
implied having 15 participants in each active arm and 12 participants 
in the placebo arm. Assuming a drop-out rate of 10% in each arm, a 
total of 68 participants needed to be recruited to ensure that at least 
60 completed the trial and could be included in the full analysis set. 
Extended Data Fig. 1 summarizes the study design.

Inclusion criteria were as follows: (1) being a healthy male or female 
aged 18 to 50 years at enrolment and (2) having a BMI of between 18.5 
and 27.0 kg m−². Exclusion criteria were as follows: (1) having any 
chronic or acute medical condition and/or history of a significant 
medical condition and/or psychiatric condition; (2) the use of prescrip-
tion drugs known to potentially interact with NAD+ precursors (for 
example, tetracycline antibiotics, anticoagulants, bile acid seques-
trants) within 14 days or five half-lives (whichever was longer) before the 
first dose of investigational product; and (3) the use of multivitamin/
multimineral supplements, NAD+ precursor supplementation (for 
example, nicotinic acid or niacinamide), L-tryptophan supplementa-
tion and/or any over-the-counter medication promoting ‘healthy age-
ing’ or ‘anti-ageing’ or ‘longevity’ up to 30 days before the first dose of 
investigational product. The research protocol was approved by the 
Commission Cantonale (VD, Switzerland) d’éthique de la recherche 
sur l’être humain (CER-VD, 2022-00759). The investigators obtained 
written informed consent from all participants. This study followed 
Good Clinical Practice guidelines and is registered at ClinicalTrials.
gov, with identifier: NCT05517122. Data collection and analysis were 
performed with blinding to the conditions of the experiments.

Whole-blood NAD+ metabolome analysis by LC–MS/MS
Quantitative analysis of the NAD+ metabolome in whole blood was 
carried out based on a previously developed and published analyti-
cal method44. Chromatographic separation was performed on an 
analytical column (2.1 mm × 150 mm, 5 μm pore size, 200 Å HILICON 
iHILIC-Fusion), guarded by a pre-column (2.1 mm × 20 mm, 200 Å 
HILICON iHILIC-Fusion Guard Kit) operating at 35 °C. Compound detec-
tion was performed using a triple-quadrupole spectrometer (TSQ 
Altis, Thermo Scientific) operating in positive electrospray ionization 
mode. The mobile phase (10 mM ammonium acetate at pH 9 (A) and 
acetonitrile (B)) was pumped at a flow rate of 0.25 ml min−1 over a linear 
gradient of decreasing organic solvent, followed by re-equilibration 
for a total run time of 30 min. The external calibrations were extended 
from 0.2–150 μM to 0.2–400 μM (Nam and NAD+(P)(H)) and from 
0.02–15 μM to 0.02–40 μM (NR, NMN, MeNam, MeXPY, NAAD and NA). 
Peak area ratio (analyte/internal standard) and concentrations were 
calculated with the built-in Quan Browser software for all samples. 
Samples were analysed as they were collected (12 series in total) to 
minimize NAD degradation as the trial lasted for over 6 months.

Urine NAD+ metabolome analysis by LC–MS/MS
Quantitative analysis of the NAD+ metabolome in human urine was 
developed and validated as follows. On the analysis day, samples were 
thawed at 4 °C for 1 hour. An aliquot of 50 µl was used for extraction 
while keeping the samples cold on ice throughout the procedure. For 
each aliquot, 200 µl of cold acetonitrile containing available synthetic 
internal standards at a concentration of 5 µM was used followed by 
a few seconds of agitation and 10 min of centrifugation (21,130 g) at 
4 °C. After the centrifugation, the supernatant was transferred to 
new Eppendorf tubes and dried overnight in a vacuum centrifuge at 

4 °C and 5 mbar. Dried samples were reconstituted in 50 µl of water 
and centrifuged for 1 min at 15,000 rpm at 4 °C, and the supernatants 
were transferred into glass vials for liquid chromatography followed by 
tandem mass spectrometry (LC–MS/MS) analysis. Chromatographic 
separation was performed with an Acquity I-class ultra-performance 
liquid chromatography (UPLC) system (Waters) on an analytical col-
umn (150 mm × 2.1 mm, ACE 3 C18-PFP). The mobile phase (0.005% 
formic acid, 5 mM ammonium acetate, 0.12% heptafluorobutyric acid 
in water (A) and acetonitrile (B)) was pumped at a flow rate of 0.25 ml 
min−1 over a linear gradient of increasing organic solvent, followed by 
re-equilibration for a total run time of 14 min. Compound detection 
was performed using a triple-quadrupole spectrometer (Xevo TQ-S, 
Waters) operating in positive electrospray ionization mode. Capillary 
voltage was set to 3 kV, the ion source temperature was at 150 °C and 
the vaporizer temperature was fixed at 350 °C. Peak area ratio (analyte/
internal standard) and concentrations were calculated with the built-in 
TargetLynx software for all samples. Urine samples were randomized 
using the following criteria over six analytical batches: sex, age, arm, 
visit and time point.

Analysis of plasma hydrosoluble vitamins by LC–MS/MS
Sample preparation was automated and performed on a Microlab Star 
M liquid handler (Hamilton). Briefly, samples were thawed at room tem-
perature, vortexed and transferred to polypropylene plates containing 
internal standards, ascorbic acid (AsC) and DL-dithiothreitol. Samples 
were precipitated with 7.5% trichloroacetic acid (TCA) and centrifuged 
at 2,500 rpm for 10 min. The supernatant was then transferred and 
filtered onto an AcroPrep Advance 96 filter plate with a 0.2-µm mem-
brane (Pall) before analysis. Analyses of water-soluble vitamins were 
performed on an Acquity I-class UPLC system (Waters) hyphenated to 
a Xevo TQ-XS triple-quadrupole mass spectrometer (Waters). Separa-
tions were performed on an ACE Excel column (2 μm, C18-PFP 100, × 
2.1 mm) in gradient mode using solutions containing 5% acetic acid 
with 0.2% heptafluorobutyric acid (HFBA) in Milli-Q water (Merck, DE) 
and acetonitrile as mobile phases. Data were acquired using MassLynx 
software (Waters), and chromatographic peaks were integrated with 
TargetLynx (Waters). For quantification, an R script integrated into 
the Laboratory Information Management System (SLims) was used. 
Plasma samples were randomized using the following criteria over 
eight analytical batches: sex, age, arm, visit and time point.

Serum amino acid analysis by LC–MS/MS
The sample preparation involving a derivatization step was automated 
and carried out on a Microlab Star M liquid handler (Hamilton). Briefly, 
plasma samples were thawed at room temperature, vortexed, trans-
ferred to a polypropylene plate and precipitated with a solution con-
taining labelled internal standards in methanol + 0.1% formic acid (FA) 
before being centrifuged at 2,500 rpm for 10 min. The supernatant 
was then collected for the derivatization step in borate buffer at pH 
8.8 with aminoquinolyl-N-hydroxysuccinimidyl carbamate at 55 °C for 
10 min and agitated at 500 rpm. Finally, samples were diluted 50-fold 
with a 10 mM solution of ammonium formate and 0.1% formic acid 
before LC–MS/MS analysis. Amino acid analyses were performed on 
an Acquity I-class UPLC system (Waters) hyphenated to a Xevo TQ-XS 
triple-quadrupole mass spectrometer (Waters). Separations were 
performed on an AccQtag Ultra C18 column (1.7 μm, 2.1 ×100 mm). 
Data were acquired using MassLynx software (Waters), and chromato-
graphic peaks were integrated with TargetLynx (Waters). For quantifica-
tion, an R script integrated into the SLims server was used.

Untargeted metabolomics
Fifty-microlitre whole-blood samples were thawed and extracted with 
liquid–liquid extraction as described above. NSK-B (CIL), creatinine 
(n-methyl-D3) (CIL), 2-ketoisovalarate (13C5) (CIL), nicotinamide-D4 
(CDN isotopes), p-cresol sulfate (D7), lactate (13C3) (CIL), choline (D9) 
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(CIL) and a 13C-labelled yeast extract produced in house were deployed 
as internal standards. Different amounts of pooled extracts served as 
quality control samples. After drying, samples were resuspended in 
acetonitrile/water (70/30, v/v) before analysis by LC–high-resolution 
mass spectrometry (HRMS). The liquid chromatography system  
(Vanquish UHPLC, Thermo Scientific) was connected to an Orbit-
rap mass spectrometer (Orbitrap Fusion Lumos Tribrid, Thermo 
Scientific) equipped with a heated electrospray ionization source 
operating in negative and positive ionization mode. Separation was 
achieved with a HILIC analytical column (2.1 mm × 100 mm, 5 µm 
pore size, 200 Å, ZIC-pHILIC)45,46. Acetonitrile and water containing 
10% ammonium acetate and 0.4% ammonium hydroxide served as 
elution buffers.

The workflow used to process and analyse untargeted metabo-
lomics data relied on an internal automated pipeline, coded in R and 
developed using several open-source packages47. First, the Thermo 
RAW files were converted into centroided mzXML files with RawCon-
verter (version 1.2.0.1). The mzXML files were read and processed 
by the pipeline using methods from the MSnbase package (version 
2.12.0)48. Picking, grouping and alignment of the peaks in LC–MS spec-
tra were performed with the xcms package (version 3.8.2)49, providing 
a table of metabolic features, each of which was characterized by its 
mass-to-charge ratio, its retention time, the area and the height of the 
peak across the different samples.

To identify the redundant information in the feature table, the 
pipeline makes use of the RAMClust algorithm (through its imple-
mentation in the RAMClustR package), which provides a method to 
group together features from a single compound50. The peak areas of 
the relevant features were normalized to isotopically labelled internal 
standards by means of the best-matched internal standard (B-MIS), 
loosely based on the B-MIS method51. For each feature, we searched in 
a list of 51 internal standards for the one with the most similar behav-
iour in the peak area of 29 pooled quality control samples at different 
concentrations, by means of a correlation analysis with the normalized 
signal (which is the ratio between the peak area of the feature and of 
the internal standard) and the concentration of the quality control 
samples. The ‘best’ internal standard was the one that maximized 
the linear correlation coefficient, and it was used to normalize the 
peak area of the feature in all samples. If, for a given feature, none of 
the internal standards gave an acceptable correlation (that is, if r was 
< 0.8 for all internal standards), the feature was excluded from further 
consideration.

Finally, metabolic features were annotated by matching their exact 
mass and their retention time to an internal list of 445 injected com-
pounds. A putative annotation, based on the matching of exact masses 
to the Human Metabolome Database (HMDB)52, was also proposed for 
some features not been annotated with the internal library.

Ex vivo fermentation study
Systemic Intestinal Fermentation Research (SIFR) experiments were 
performed at Cryptobiotix to simulate the fermentation of the test 
products by gut microbiota derived from different donors, as recently 
described53. The first ex vivo fermentation experiment used faecal 
samples from healthy donors. The experiment comprised a three-arm 
study design with a control (NSC), Nam (0.5 g l−1) and NR (1 g l−1). In each 
arm, individual faecal samples (collected according to a procedure 
approved by the Ethics Committee of the University Hospital Ghent, 
reference number BC-09977) from six healthy human adults (20 to 50 
years old with a BMI between 18 and 25 kg m−2) were exposed to the test 
product for a maximum of 48 h. Samples were collected at T0, T1h, T2h, 
T4h, T8h, T24h and T48h. The total amount of bacterial cells present 
in each sample was detected via flow cytometry. To do so, samples 
were diluted in anaerobic PBS, followed by cell staining with SYTO 16 
at a final concentration of 1 µM, and counted via a BD FACSVerse flow 
cytometer (BD).

Microbial composition analysis was performed on 6 faecal micro-
biota (0 h) and 18 ex vivo incubated microbiome samples (three-study 
arms (NSC, NR and Nam) for 6 participants at 48 h), according to a meth-
odology described by Van den Abbeele et al. (2023)54. Briefly, quan-
titative insights into treatment effects were obtained by combining 
relative abundances (%) from shallow shotgun sequencing (4.3 million 
reads per sample on average) with total cell counts from flow cytom-
etry, allowing estimation of cell counts per ml for different taxonomic 
groups. DNA was extracted from bacterial pellets via the SPINeasy 
DNA Kit for Soil (MP Biomedicals). DNA libraries were prepared with 
Nextera XT, indexed, PCR amplified, purified with magnetic beads, 
quantified and sequenced on the Illumina NextSeq 2000 platform (2 
× 150 bp). Unassembled sequencing reads were converted to relative 
abundances (%) using the CosmosID-HUB Microbiome Platform (app.
cosmosid.com, CosmosID; accessed on 9 January 2024).

Supernatant samples for metabolite measurements were gener-
ated by centrifugation at 9,000 g and filtration via a 0.22-µm filter. 
Concentrations of SCFAs, acetate, propionate and butyrate were deter-
mined via gas chromatography with flame ionization detection (Trace 
1300, Thermo Fisher Scientific) following diethyl ether extraction55. 
pH was measured using a calibrated pH electrode (Hanna Instruments, 
Edge HI2002). A similar experiment was conducted to assess whether 
NR could also have a similar effect in older individuals and patients with 
Crohn’s disease as in healthy donors. Faecal samples were collected 
from ten healthy older donors (above 65 years old and with no gastro-
intestinal disorders) and ten patients with Crohn’s disease (compliant 
with the criteria for mild-to-moderate active Crohn’s disease: PRO2 > 8 
and faecal calprotectin >250 mg kg−1). An exclusion criterion for all 
donors was antibiotic use within the 3 months before participation in 
the study. NR was used as test product at a concentration of 1 g l−1, and 
samples were collected at T0 and T24h. Supernatants were collected 
and stored at –80 °C until sample analysis.

Quantitative analysis of the NAD+ metabolome in fermentation 
samples was performed at Nestlé Research. Classical protein precipita-
tion was applied to the samples with the addition of available synthetic 
internal standards, evaporation and reconstitution of samples. Chro-
matographic separation was based on the chromatographic conditions 
of the human urine analysis. The chromatographic separation was 
based on ion-pairing interaction (2.1 mm × 150 mm, 1.7 µm pore size, 
100 Å ACE C18-PFP analytical column). Compound detection was done 
by using a triple-quadrupole spectrometer (Xevo TQ-S from Waters) 
operating in positive electrospray ionization mode. Peak area ratio 
(analyte/internal standard) and concentrations were calculated with 
the built-in TargetLynx software.

Whole-blood cell culture
Fresh fully anonymized human whole blood with K2 EDTA as an anti-
coagulant (Transfusion Interrégionale CRS, Switzerland) was diluted 
1:1 in RPMI medium 1640 (Life Technologies) with added glutamine 
(Life Technologies) and penicillin-streptomycin (Life Technologies). 
After overnight incubation at 37 °C and 5% CO2, 1 ml of whole-blood 
culture aliquots was transferred to test tubes and spiked with 1 mM 
Nam (Sigma), NA (Sigma), NAR (Abmole), NR (Abmole), NAMN (Sigma) 
or NMN (Sigma) in water, with a final concentration of 50 µM. During 
incubation at 37 °C and 5% CO2, 60 µL of each sample was directly 
harvested with liquid–liquid extraction as described above for the 
untargeted metabolomics, at the following time points: 0, 30, 60, 
120, 180, 240, 300 and 420 min. NSK-B (CIL), creatinine (n-methyl-D3) 
(CIL), 2-ketoisovalarate (13C5) (CIL), nicotinamide-D4 (CDN isotopes), 
p-cresol sulfate (D7), lactate (13C3) (CIL), choline (D9) (CIL), NA (D4) 
(CDN isotopes), NR (D4) (Santa Cruz) and a 13C-labelled yeast extract 
produced in house served as isotopically labelled internal standards. 
Similarly to the untargeted metabolomics, samples were analysed 
with LC–HRMS after drying overnight. Data analysis was performed 
with Xcalibur (Thermo).
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Statistics
All statistical analyses of targeted clinical measures were performed 
using R software (version 4.3.3). Statistical significance was defined as 
P < 0.05. For the analyses, all randomized participants were included, 
except for two who received the incorrect investigational product 
throughout the entire study. These participants were excluded from the 
modified ITT population. Data points below LLOQ or above the upper 
limit of quantification (ULOQ) were imputed as follows. For targeted 
whole-blood concentrations, values below LLOQ were replaced with 
half of the LLOQ. For targeted plasma and urine measures outside the 
quantification range, the concentrations were replaced with the LLOQ 
or ULOQ. The assumptions of the statistical model were examined 
and satisfied. Logarithmic transformation of the dependent variable 
was performed when assumption checks indicated non-normality or 
heteroscedasticity.

For chronic effects, the differences in changes between day 14 
baseline and day 1 baseline across all groups were estimated using a 
single ANCOVA linear model with the baseline metabolic levels (day 
1 baseline), sex, age and assigned intervention as covariates. In the 
presence of outliers, a robust ANCOVA model was applied using the 
same set of covariates.

Moreover, the iAUC, Cmax of metabolites from baseline to 4 h for 
each visit and 4-h changes in urinary metabolite levels were compared 
between groups using an individual mixed models for repeated meas-
urements. The R script to calculate the iAUC is provided in the Supple-
mentary Software 1. The model included visit (day 1, day 14), baseline 
whole-blood metabolite levels (day 1 baseline), sex, age, assigned 
intervention and the interaction between assigned intervention and 
visit as fixed effects. Participant-level variability was modelled as a ran-
dom effect to account for the correlation between repeated measures 
within participants.

For untargeted metabolomics in whole blood, the statistical rel-
evance of the fold change in the levels of a given metabolite between 
two different time points was assessed with a Wilcoxon paired-sample 
tests in R. The results of these tests were benchmarked against those of 
linear mixed models, which included the sex and age of the participant 
as random effects.

For analysis of the time course data of targeted metabolomics and 
the key fermentative parameters in ex vivo fermentation experiments 
with human-derived microbiota of six healthy donors, we fitted linear 
mixed-effects models for each parameter using the lme package56 in R. 
We set treatment, time, time2 and the interaction between treatment 
and time and time2 as the fixed effects, and donor as the random inter-
cepts effect. The lmerTest package was used to obtain fixed-effects P 
values57. All P values were corrected for multiple testing when appropri-
ate using the Benjamini–Hochberg method.

The statistical analysis of the comparisons between bacterial 
cell densities and the changes in E. aldensis in fermentation experi-
ments with microbiota from healthy adults at 48 h was assessed in 
GraphPad Prism 10.4.1. For bacterial density comparisons, a paired 
one-way ANOVA with correction for multiple testing was performed. P 
values were corrected for multiplicity with the Tukey test. For E. alden-
sis, log2-transformed fold changes in Nam- and NR-treated samples  
versus NSC were analysed (due to high variability in the absolute 
numbers at the beginning) with a paired one-sample t test. The sta-
tistical analysis of the data from the ex vivo fermentation study (gas 
production, SCFA, pH and NA) in healthy adults, healthy older par-
ticipants and participants with Crohn’s disease was performed in 
GraphPad Prism 10.4.1. A two-way ANOVA with correction for multiple 
comparisons was performed. P values were corrected for multiplicity 
with the Tukey test.

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

Data availability
Numerical source data are available alongside the article (https://doi.
org/10.6084/m9.figshare.28694867)58. Individual patient demographic 
information is not publicly available because public sharing of these 
data was not part of the original participant informed consent. Source 
data are provided with this paper.

Code availability
For area under the curve, R script including all packages used for the 
determination of the iAUC is provided with this paper.
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Placebo

NR 1 g/day

NMN 1 g/day

Nam 0.5 g/day

Visit 0
Information

Visit 1
Screening and
Enrolment

Recruitment

Visit 2
Initiation
Day 0

Visit 3
Day 1

Visit 4
Day 14

Randomization / Sampling
First morning urine
Standardized breakfast

h4 T ,h2T ,h1T ,h0 T selpmas doolB
Urine collection from T0h to T4h

Start of
nutritional

intervention

End of
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Healthy adults
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Informed consent
Medical screening
Body weight, height, BMI

Sampling
First morning urine
Standardized breakfast
Blood samples T0h, T1h, T2h, T4h
Urine collection from T0h to T4h

Consumption Placebo, NR, NMN, or Nam at T0h

Extended Data Fig. 1 | Clinical study design. Scheme of the randomized, open-label, placebo-controlled four-arm study and flowchart comparing the acute and 
chronic effect of NR, NMN and Nam on whole blood NAD+ levels.
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Extended Data Fig. 2 | CONSORT diagram of the study. A total of 67 participants were enrolled in the study and randomized, and 65 participants were included in the 
modified ITT analysis.
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Extended Data Fig. 3 | Chronic changes in the plasma NAD+ metabolome 
after precursor supplementation. Raw plasma concentrations of NAD+ 
derived metabolites (yellow) and NAD+precursors (blue) before and after 
supplementation with placebo, Nam, NR or NMN for 2 weeks. Data are shown 
for MeNam (a), MeXPY (b), NR (c), NMN (d) and NAM (e). Boxes ranging from 
the upper to the lower quartile with an indication of the median and the error 

bars represent the minimal and maximal values. The number of data points 
is indicated below each treatment. Statistical significance of the differential 
changes compared to placebo is indicated (based on two-sided ANCOVA).  
* (0.05<P < 0.01), ** (0.01<P < 0.001), *** (P < 0.001). # indicates that no  
statistical analysis was performed as only ~25 % of the concentrations were above 
LLOQ (0.01 µM).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Chronic and acute effects of the NAD+ precursors on the 
urinary NAD+ metabolome. Boxes ranging from the upper to the lower quartile 
with an indication of the median and the error bars represent the minimal and 
maximal values. Urine concentrations below LLOQ (Supplementary Table 2) were 
imputed with the LLOQ, and the number of data points is indicated below each 
treatment. a, Baseline concentrations of NAD+ precursors (blue), NAD+ degradation 
products (yellow) and NAR (green) in urine at visit 3 (V3, day 1) and at visit 4 (V4) 

after 14 days of daily consumption of either placebo, Nam, NR or NMN. Statistical 
significance of the differential changes compared to placebo is indicated (based on 
two-sided ANCOVA). b, Acute concentration changes of NAD+ precursors (blue), 
NAD+ degradation products (yellow) and NAR (green) in urine at V3 (day 1) over 
4 h after consumption of either placebo, Nam, NR or NMN. Statistical significance 
of the differential changes compared to placebo is indicated (based on two-sided 
MMRM). * (0.05<P < 0.01), ** (0.01<P < 0.001), *** (P < 0.001).
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a b c

d e f
+ +

Extended Data Fig. 5 | Acute effect of the NAD+ precursors on the whole blood 
NAD level over 4 h after consumption. a–c, Acute response of the salvage 
pathway precursors Nam, NR and NMN. d–e, Acute response on NAD+ and 

NADP + . f, Acute response on NAD+ excretion metabolites MeNam and MeXPY.  
All values (a–f) are expressed as mean +/- s.d. (placebo n = 17, Nam n = 17, NR 
n = 16, NMN n = 15).
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Extended Data Fig. 6 | Chronic effects of the NAD precursors assessed by 
untargeted semi-quantitative metabolomics in whole blood. a, NR (n = 16)  
b, NMN (n = 15) c, Nam (n = 17) and d, placebo (n = 17). Increased dot sizes  
and fonts indicate the shared changes between Nam and NMN treatments.  
The grey dotted line depicts a P value cutoff of 0.05 (paired Wilcoxon test).  
2-Me-malonate, 2-methyl-malonic acid; Phe-Ac-Gln, phenylacetyl glutamine;  

Thr, threonine; Kyn, kynurenine; Met, methionine; N-Ac-Arg, N-acetyl-
arginine; N-Ac-Ala, N-acetyl-alanine; glycocholic, glycocholic acid; 
glycochenodeoxycholic, glycochenodeoxycholic acid; Glu-Ser, γ-glutamyl-
serine; dimethyl-Arg, dimethyl-arginine; Asp, aspartate; C16:0, palmitate;  
FMN, flavin mononucleotide; Desamino-Tyr, Desaminotyrosine; FAD, flavin 
adenine dinucleotide.
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Extended Data Fig. 7 | Microbial community composition of the gut microbiota of six human adults. The microbial composition from faecal samples of six healthy 
donors was analyzed by shallow shotgun sequencing. a, PCA over microbial composition. The blue arrows indicate the loadings. b, Individual microbial composition of 
gut microbiota from six human adults.
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Extended Data Fig. 8 | Fermentation parameters differentiate NR from the 
non-substrate control (NSC) and Nam conditions over time. PCA over the 
fermentation parameters pH, gas production, acetate, propionate, butyrate 

and branched chain fatty acids (bCFA) (sum of isobutyrate, isovalerate and 
isocaproate). The treatments (NSC, Nam and NR) and time points are indicated. 
Blue arrows represent the loadings of each fermentation parameter.
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Extended Data Fig. 9 | Impact of NR and NMN on fermentations with faecal-
derived microbiomes of 12 healthy elderly subjects ( > 70 y) over 48 h. 
All values (a–b) are expressed as mean +/- s.d. a, The differential impact of NR 
(1 g/L, blue) and NMN (1 g/L, pink) on the extracellular NAD+ metabolome in 
fermentations. For NMN, 11 out of 12 concentrations were above the upper limit 
of quantification (ULOQ) (400 µM) at the first time point (2 h). The significance 
of the treatment effect is indicated (two-sided linear mixed-effects model). b, The 
impact of NR (1 g/L, blue) and NMN (1 g/L, pink) on key fermentation parameters 

in comparison to non-substrate control (NSC). The significance of the treatment 
effect is indicated (two-sided linear mixed-effects model). c, The effect of NR or 
NMN on total bacterial cell counts after 48 h. Boxes ranging from the upper to the 
lower quartile with an indication of the median and the error bars represent the 
minimal and maximal values. The significance of the treatment effect is indicated 
(one-way ANOVA). * (0.01<P < 0.05), ** (0.001<P < 0.01), *** (P < 0.001), ns not 
significant.
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Extended Data Table 1 | Baseline characteristics of participants (modified ITT) at enrolment by group

   
 

 
 

 
 

 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

Baseline characteristics of participants (modified ITT) at enrolment by group. Data are reported as mean (s.d.).
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