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A B S T R A C T

Nicotinamide adenine dinucleotide (NAD+) coenzymes are the central electron carriers in biological energy
metabolism. Low NAD+ levels are proposed as a hallmark of ageing and several diseases, which has given rise to
therapeutic strategies that aim to tackle these conditions by boosting NAD+ levels. As a lifestyle factor with
preventive and therapeutic effects, exercise increases NAD+ levels across various tissues, but so far human trials
are mostly focused on skeletal muscle. Given that immune cells are mobilized and redistributed in response to
acute exercise, we conducted two complementary trials to test the hypothesis that a single exercise session alters
NAD+ metabolism of peripheral blood mononuclear cells (PBMCs). In a randomized crossover trial
(DRKS00017686) with 24 young adults (12 female) we show that acute exercise increases gene expression and
protein abundance of several key NAD+ metabolism enzymes with high conformity between high-intensity in-
terval training (HIIT) and moderate-intensity continuous training (MICT). In a longitudinal exercise trial
(DRKS00029105) with 12 young adults (6 female) we confirm these results and reveal that – similar to skeletal
muscle – NAD+ salvage is pivotal for PBMCs in response to exercise. Nicotinamide phosphoribosyltransferase
(NAMPT), the rate-limiting enzyme of NAD+ salvage pathway, displayed a pronounced increase in gene
expression during exercise, which was accompanied by elevated intracellular NAD+ levels and reduced serum
levels of the NAD+ precursor nicotinamide. These results demonstrate that acute exercise triggers NAD+

biosynthesis of human PBMCs with potential implications for immunometabolism, immune effector function, and
immunological exercise adaptions.
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1. Introduction

Under physiological conditions, NAD+ levels are maintained via four
distinct routes: (1) de novo synthesis from the essential amino acid
tryptophan along the kynurenine pathway, (2) incorporation of nico-
tinic acid and trigonelline (Membrez et al., 2024) into the Preiss-Handler
pathway, (3) intracellular recycling of NAD+ via nicotinamide salvage,
and (4) salvage of nicotinamide riboside (Fig. 1) (Trammell et al., 2016).
While tryptophan, nicotinic acid, trigonelline, and nicotinamide ribo-
side require transmembrane transporters for cellular uptake, nicotin-
amide crosses cell membranes via simple diffusion. Cellular routes of
NAD+ biosynthesis also differ in terms of enzymatic reactions needed to
yield NAD+. For instance, nicotinamide salvage is achieved via two
enzymatic reactions involving NAMPT and nicotinamide nucleotide
adenylyltransferases (NMNAT1-3). Similarly, nicotinamide riboside re-
quires nicotinamide riboside kinases (NRK1-2) (Bieganowski and
Brenner, 2004), and NMNAT1-3 to yield NAD+ (Fig. 1). In contrast, de
novo synthesis via the kynurenine pathway requires eight enzymatic
reactions and one spontaneous cyclization with metabolic intermediates
along this pathway also serving as precursors for other end products
such as kynurenic acid or acetyl coenzyme A (Schwarcz et al., 2012).
Ultimately, the tissue-specific bioavailability of NAD+ precursors and
the enzymatic makeup of different target cells dictates the metabolic
flux along each of these biosynthesis pathways with considerable vari-
ation between species, tissues, and cell types (Liu et al., 2018; Bogan and
Brenner, 2008; Palzer et al., 2018).
Alterations in cellular NAD+ homeostasis are a common feature of

numerous conditions of metabolic stress (Katsyuba et al., 2020; Zapata-
Pérez et al., 2021), including DNA damage (Fang et al., 2016), central
(Vaur et al., 2017) and peripheral neurodegeneration (Di Stefano et al.,
2015), heart failure (Diguet et al., 2018), fatty liver disease (Trammell
et al., 2016), and viral infection (Heer et al., 2020). Additionally, tissue-
specific NAD+ levels are decreased in several rodent models of ageing

(Yoshino et al., 2018), and initial evidence suggests that this also applies
to humans (Covarrubias et al., 2021; Peluso et al., 2021). Restoring
cellular NAD+ levels is thus considered a promising therapeutic
approach, and different NAD+-boosting strategies have shown positive
results in animal disease models (Yoshino et al., 2018) and clinical
populations (Rajman et al., 2018). For instance, oral supplementation
with the NAD+ precursor nicotinamide riboside increases NAD+ levels in
human PBMCs (Trammell et al., 2016; Martens et al., 2018) and brain
tissue of Parkinson’s disease patients (Brakedal et al., 2022). Similarly,
supplementation with the NAD+ precursor nicotinamide mono-
nucleotide stimulated mitophagy and reversed memory impairments in
animal models of Alzheimer’s disease (Fang, 2019; Fang et al., 2019).
Tissue-specific NAD+ levels are also boosted by acute exercise and ex-
ercise training (Walzik et al., 2023), although human trials are so far
mostly focused on skeletal muscle (Chubanava and Treebak, 2023;
Costford et al., 2010; de Guia et al., 2019). Given that the onset of acute
exercise is characterized by a myriad of physiological alterations that
reach far beyond skeletal muscle itself, other tissues might also display
increased NAD+ levels due to the higher metabolic activity resulting
from sympathetic activation. Specifically, acute exercise mobilizes and
redistributes immune cells (Schlagheck et al., 2020), and this exercise-
induced relocation is considered a preventive and therapeutic mecha-
nism in medical conditions like cardiovascular disease (Janssen et al.,
2023), infections (Campbell and Turner, 2018), and cancer (Campbell
et al., 2024; Fiuza-Luces et al., 2024). While the physiological basis of
these immune effects is well established, the immunometabolic un-
derpinnings remain poorly characterized. Previous investigations have
successfully linked intracellular NAD+ levels to immune effector func-
tions such as viral defense (Holay et al., 2023) or cellular cytotoxicity
against tumors (Guo et al., 2023; Wang et al., 2021; Wan et al., 2023).
Additionally, several clinical trials have demonstrated that nicotinamide
riboside supplementation mediates anti-inflammatory effects such as
lower proinflammatory cytokine expression in PBMCs of heart failure

Fig. 1. Overview of cellular NAD+ metabolism. Intracellular NAD+ levels are maintained via the kynurenine pathway, the Preiss-Handler pathway, and a salvage
pathway. Key enzymes selected for analysis of gene expression and protein abundance in this work are highlighted in green. Figure adapted from ref. Covarrubias
et al. (2021). AFMID, arylformamidase; CD, cluster of differentiation; ENT1, equilibrative nucleoside transport 1; IDO1, indoleamine 2,3-dioxygenase 1; KMO,
kynurenine 3-monooxygenase; NAD+, nicotinamide adenine dinucleotide; NADSYN1, NAD synthetase 1; NAMPT, nicotinamide phosphoribosyltransferase; NAPRT,
nicotinate phosphoribosyltransferase; NMNAT1-3, nicotinamide nucleotide adenylyltransferase 1-3; NRK1, nicotinamide riboside kinase 1; NNMT, nicotinamide N1-
methyltransferase; QPRT, quinolinate phosphoribosyltransferase; SLC, solute carrier. Created with BioRender.com
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patients (Wang et al., 2022; Zhou et al., 2020), blunted IFN-ɣ and IL-17
secretion in CD4+ T cells of psoriasis patients (Han et al., 2023), and
reduced autophagy and IFN-β secretion in monocytes of systemic lupus
erythematosus patients (Wu et al., 2022). This suggests that supple-
mentation with nicotinamide riboside boosts NAD+ metabolism and
effector function of immune cells. Whether exercise, a further NAD+-
boosting strategy (Walzik et al., 2023), exerts similar effects on immune
cells, however, remains unclear to date.
Here, using two complementary trials, we test the hypothesis that

acute exercise boosts NAD+ metabolism of PBMCs. In a randomized
crossover trial, we investigate the impact of exercise intensity and sex on
gene expression and protein abundance of key NAD+ metabolism en-
zymes of PBMCs (Fig. 2a). In a subsequent longitudinal trial, we make
use of high temporal resolution to characterize the gene expression ki-
netics of NAD+metabolism enzymes during acute exercise and assess the
impact of exercise on serum precursors and intracellular metabolites of
NAD+ metabolism (Fig. 2b).

2. Results

2.1. Impact of exercise intensity and sex on NAD+ metabolism of PBMCs
(trial 1)

Preclinical research suggests that exercise increases macrophage
IDO1 activity with potential implications for de novo NAD+ biosynthesis
(Ito et al., 2003). We have recently reported that a single exercise session
increases gene expression of kynurenine pathway enzymes in human
PBMCs (Joisten et al., 2024), but it remains unclear whether this facil-
itates NAD+ production. To investigate the impact of exercise on NAD+

metabolism of PBMCs, we analyzed gene expression of key NAD+

metabolism enzymes before, immediately after, and 1 h after exercise
(see enzymes highlighted in green in Fig. 1). We recruited 24 healthy

recreational runners (12 female) for a randomized crossover trial
comparing two established exercise paradigms: high-intensity interval
training (HIIT) and moderate-intensity continuous training (MICT, for
in- and exclusion criteria see Supplementary Table S1). To compare
exercise intensity-dependent differences between HIIT and MICT, we
designed the exercise sessions in a time- and energy-matched fashion
(for details see Methods). Participants exhibited a mean V̇O2peak of 56.64
± 6.43 ml min− 1 kg− 1, corresponding to the top 10th percentile
compared to age- and sex-matched reference values (Kaminsky et al.,

Fig. 2. Study outline. (a) Study design of the randomized crossover trial. (b) Study design of the longitudinal exercise trial. For details on the participant flow of both
trials see Fig. S1 and S2. CPET, cardiopulmonary exercise test; HIIT, high-intensity interval training; MICT moderate-intensity continuous training; V̇O2peak, peak
oxygen uptake. Created with BioRender.com.

Table 1
Participant characteristics of trial 1 separated by exercise sequence.

HIIT − MICT (N = 10) MICT − HIIT (N = 14) Group
differences

Min Max Mean
± SD

Min Max Mean ±

SD
P value

Sex [m/f] NA NA 5/5 NA NA 7/7 NA
Age
[years]

22 35 30 ±

3.94
21 35 29.43 ±

4.72
0.758

Height
[cm]

168 184 175.6
± 6.43

164 192 177.93
± 9.47

0.508

Weight
[kg]

59.4 80.2 68.83
± 7.51

50.5 94.4 70.33 ±

13.45
0.754

BMI [kg
m− 2]

20.3 24.5 22.16
± 1.3

17.4 27.2 22.34 ±

2.98
0.941

RPEmax [A.
U.]

18 20 19.7 ±

0.68
17 20 19.14 ±

1.17
0.19

V̇O2peak
[mL kg− 1

min− 1]

47.6 66.9 56.75
± 7.08

49.5 68.9 56.56 ±

6.19
0.944

HRmax
[min− 1]

153 193 177 ±

13.07
168 201 184.85

± 8.7
0.0986

Two-sided, unpaired, t-tests were performed to assess group differences between
the two exercise sequences HIIT-MICT and MICT-HIIT.
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2022). Participant characteristics did not differ between the two exer-
cise sequences (HIIT-MICT, MICT-HIIT), indicating that our randomi-
zation was unbiased (Table 1). To quantify the interindividual variation
of the outcomes assessed in this trial we calculated coefficients of vari-
ation (CVs). The overall mean CV for all outcomes was 23.95 %
(Fig. S3a), which is similar to what was previously reported in a human
exercise trial (Savikj et al., 2022). Detailed CVs for all outcomes sepa-
rated by exercise condition and measurement timepoint are displayed in
Fig. S3a-c. Aiming to identify both, intensity-dependent and sex-
dependent differences in gene expression of PBMCs, we made use of
linear mixed models with exercise condition (HIIT, MICT), sex (male,
female), and time (baseline, post exercise, 1 h post exercise) as fixed
effects and participant ID as random effect (see Supplementary
Table S2). These linear mixed models were followed by analyses of
variance (ANOVA) and pairwise comparisons in case of significant
results.

2.1.1. Gene expression of salvage pathway enzymes is dependent on
exercise intensity
Interestingly, significant time condition interaction effects were only

found for NAD+ salvage pathway enzymes NMNAT1 (F2,96.79 = 4.72,
PANOVA= 0.011) and NAMPT (F2,99.48= 4.18, PANOVA= 0.018). Detailed
ANOVA results of all analyzed genes are displayed in Supplementary
Table S3. Pairwise comparisons revealed higher gene expression of
NAMPT immediately after MICT compared to HIIT (P = 0.0062). In
contrast, 1 h after exercise, gene expression of NMNAT1 was higher in
HIIT compared to MICT (P= 0.0017; Fig. 3a). These results indicate that
PBMC gene expression of NAD+ metabolism enzymes is largely inde-
pendent of exercise intensity since the salvage pathway enzymes
NMNAT1 and NAMPT were the only genes displaying differential
expression between HIIT and MICT.

2.1.2. Exercise-induced gene expression of Preiss-Handler pathway
enzymes is sex-dependent
Considering sex differences, we found significant time sex interac-

tion effects for NMNAT1 (F2,98.39 = 5.40, PANOVA = 0.0059) and NAD-
SYN1 (F2,94.29 = 3.50, PANOVA = 0.034). Both enzymes revealed higher
gene expression in males compared to females 1 h after exercise (all P <

0.01; Fig. S4e). This sex-dependent gene expression of Preiss-Handler
pathway enzymes adds to previous reports on immunological differ-
ences between males and females (Dunn et al., 2024; Klein and Flana-
gan, 2016). Of note, NMNAT1 catalyzes the transfer of adenosine
monophosphate onto both, nicotinic acid mononucleotide and nicotin-
amide mononucleotide (see Fig. 1), suggesting that the sex differences
found for NMNAT1 may not only apply for Preiss-Handler pathway, but
also for NAD+ salvage pathway.

2.1.3. Acute exercise increases gene expression of NAD+ metabolism
enzymes in PBMCs
Given that time- and energy-matched HIIT and MICT revealed few

intensity-dependent differences in PBMC gene expression, we pooled the
results of both exercise conditions to increase statistical power for sub-
sequent analyses of time effects. Linear mixed models and subsequent
one-way ANOVAs revealed significant alterations over time for all
analyzed genes (for full results see Supplementary Table S4 and S5).
Pairwise comparisons of timepoints demonstrated distinct gene
expression kinetics for different NAD+ metabolism enzymes (Fig. 3b-d).
Except for QPRT, all analyzed kynurenine and Preiss-Handler pathway
enzymes revealed increased gene expression 1 h after exercise (Fig. 3b,
c), suggesting that NAD+ biosynthesis of PBMCs is predominantly
maintained via these pathways during the post-exercise recovery phase.
In contrast, a transient increase in gene expression was found

immediately after exercise for QPRT (P < 0.0001) and the salvage
pathway enzymes NMRK1 (P < 0.01) and NAMPT (P < 0.0001; Fig. 3b,
d). When comparing gene expression results immediately after exercise,
NAMPT, the gene encoding for the rate-limiting enzyme of nicotinamide
salvage, revealed a strong increase (mean fold change: 2.46 ± 0.72;
Fig. 3d). A similar response was observed for QPRT (mean fold change:
2.87 ± 3.34; Fig. 3b), which encodes for the enzyme that incorporates
quinolinic acid from the kynurenine pathway into the Preiss-Handler
pathway. In contrast, NMRK1 increased in a less pronounced manner
(mean fold change: 1.27 ± 0.59; Fig. 3d), suggesting a predominant role
ofNAMPT andQPRT in the acute response to exercise. Underlining these
findings, NAMPT and QPRT were the only genes that increased imme-
diately after both HIIT and MICT when analyzing PBMC gene expression
separated by exercise condition (all P < 0.05; Fig. S4a-c). Collectively,
these results suggest that gene expression of NAD+metabolism enzymes
of PBMCs is regulated by acute exercise with distinct expression patterns
across different NAD+ biosynthesis pathways. In line with previous
research demonstrating the regulatory potential of NAD+metabolism in
different immune cells (Fang et al., 2023), these observations shed light
on a potential role of exercise in modifying immune cell metabolism.

2.1.4. Acute exercise increases protein abundance of NAD+ salvage
pathway enzymes in PBMCs
Concerning the evolutionary conservation of NAD+ salvage pathway

genes (Bieganowski and Brenner, 2004), and the transient but pro-
nounced increase inNAMPT gene expression immediately after exercise,
we hypothesized that NAD+ salvage from nicotinamide – rather than
biosynthesis from tryptophan, nicotinic acid, trigonelline, or nicotin-
amide riboside – might be integral to the exercise-induced regulation of
NAD+ metabolism of PBMCs. This prominence of nicotinamide salvage
has previously been reported in different immunological contexts
including viral defense (Holay et al., 2023) and anticancer immunity
(Guo et al., 2023; Wang et al., 2021). We thus determined the intra-
cellular protein abundance for NMNAT1 and NAMPT, the two core en-
zymes needed for NAD+ salvage from nicotinamide (see Fig. 1). Linear
mixed models and subsequent ANOVAs did not demonstrate any inter-
action effects for intracellular protein abundance of NMNAT1 and
NAMPT in relation to exercise condition or sex (Supplementary Table S2
and S3). As for the gene expression results, we thus pooled the protein
data to increase statistical power for subsequent analyses of time effects.
Confirming our hypothesis, one-way ANOVAs revealed significant

alterations over time for NMNAT1 (F2,106.86 = 7.33; PANOVA = 0.001)
and NAMPT (F2,112.52 = 6.55; PANOVA = 0.002) and pairwise compari-
sons showed a transient increase in intracellular protein abundance
immediately after exercise for both enzymes (mean fold change for
NMNAT1: 1.61 ± 1.28, P < 0.01; mean fold change for NAMPT: 1.41 ±
0.92, P < 0.01; Fig. 3e,f). These results demonstrate that the intracel-
lular protein abundance of NAD+ salvage pathway enzymes is tran-
siently increased in response to acute exercise in PBMCs. While
increased NAMPT gene expression was mirrored by higher protein
abundance (Fig. 3d,f), the gene and protein data for NMNAT1 suggest
post-transcriptional mechanisms (Fig. 3c,f).
Collectively, we show that time- and energy-matched HIIT and MICT

trigger similar alterations in gene expression and protein abundance of
NAD+ metabolism enzymes of PBMCs with minor differences between
males and females. Acute exercise causes distinct, pathway-specific al-
terations in gene expression with protein abundance of NAD+ salvage
pathway enzymes transiently increasing immediately after exercise.
Similar to previous reports that NAD+ salvage pathway is central to
immune cell metabolism and function (Holay et al., 2023; Guo et al.,
2023; Wang et al., 2021; Fang et al., 2023), this exercise-induced reor-
ganization of NAD+metabolism might foster energy-intensive processes
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Fig. 3. Acute exercise boosts gene expression and protein abundance of NAD+metabolism enzymes in PBMCs. (a) Gene expression of key NAD+metabolism enzymes
in response to HIIT and MICT (N = 22). Linear mixed models with exercise condition, sex, and time as fixed effects were employed. For significant ANOVA
time*condition interaction effects, pairwise comparisons of HIIT and MICT were performed for each timepoint. (b-d) Exercise-induced alterations in gene expression
of kynurenine pathway (b), Preiss-Handler pathway (c), and salvage pathway enzymes (d) over time (N = 44). (e,f) Representative examples of Western Blots (e) and
overall protein abundance (f) of the salvage pathway enzymes NMNAT1 and NAMPT in response to exercise. Full Western Blot membranes are appended in Fig. S5.
Linear mixed models with subsequent one-way repeated measures ANOVAs were employed. For significant ANOVA time effects, pairwise comparisons of timepoints
were performed (* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001). All displayed values are mean ± standard deviation. A full depiction of the dataset
including baseline variability is given in Fig. S6.
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such as immune cell migration, infiltration into target tissues, and
elevated immune effector function, which are commonly observed in
response to exercise (Campbell and Turner, 2018; Rumpf et al., 2021).

2.2. Temporal regulation of NAD+ metabolism during exercise in PBMCs
(trial 2)

To characterize the impact of exercise on NAD+ metabolism of
PBMCs in greater detail, we made use of a longitudinal exercise trial
with high temporal resolution (Fig. 2b). We recruited 12 healthy par-
ticipants (6 female) of similar age but lower cardiorespiratory fitness
than in trial 1 (for in- and exclusion criteria see Supplementary
Table S6). This enabled us to assess whether alterations in NAD+

metabolism of PBMCs were also present in less trained individuals.
Participants exhibited a mean V̇O2peak of 45.42 ± 9.65 mL min− 1 kg− 1

(Fig. S7a), which is about 10 mL lower than in trial 1 and just above the
70th percentile compared to age- and sex-matched reference values
(Kaminsky et al., 2022). Detailed participant characteristics are dis-
played in Table 2. Participants performed a single exercise session on a
bicycle ergometer, and PBMCs and blood serum were isolated at a total
of eight timepoints between baseline and 1 h after exercise (Fig. 2b).
Similar to trial 1, interindividual variation, expressed as overall mean
CV was 25.58 % (for detailed CVs see Fig. S3d-g). We also recorded
breath-by-breath respiratory data during the exercise session to monitor
the participants’ internal load in real time during the exercise bout.
Overall, participants achieved a mean exercise intensity of 66.48 ± 8.53
% V̇O2peak and a mean respiratory exchange ratio of 0.93 ± 0.04
(Fig. S7b,c).

2.2.1. Increased NAMPT gene expression during acute exercise
To characterize the precise gene expression kinetics of NAD+ meta-

bolism enzymes in response to exercise, we analyzed the same set of
genes as in trial 1 (see enzymes highlighted in green in Fig. 1). Linear
mixed models and subsequent one-way ANOVAs revealed significant
alterations over time for six of the eight analyzed genes (Fig. 4a-c;
Supplementary Table S7 and S8). Interestingly, NAMPT was the only
gene that revealed increased gene expression during exercise (highest
mean fold change: 6.56 ± 6.19; F7,77 = 6.38; PANOVA = 6.34 × 10− 6). In
contrast, all other genes decreased (all PANOVA < 0.05). Of note, we
obtained similar results when performing linear mixed models and one-
way ANOVAs without the last measurement timepoint (i.e., 1 h post
exercise), indicating that the observed time effects were attributable to
alterations in gene expression which occurred during the exercise ses-
sion, as opposed to the subsequent recovery period (see Supplementary
Table S9 and S10). In line with the gene expression and protein abun-
dance observed in trial 1, these results suggest that NAD+metabolism of
PBMCs is shifted towards nicotinamide salvage rather than de novo
synthesis or use of other NAD+ precursors during acute exercise.
Mechanistically, the elevated NAMPT expression observed during ex-
ercise might be explained by a cellular signaling cascade involving sir-
tuin 1 (SIRT1), circadian locomotor output cycles protein kaput
(CLOCK), and basic helix-loop-helix ARNT-like protein (BMAL) 1.

SIRT1/CLOCK:BMAL1 signaling maintains intracellular NAD+ levels by
coupling the local abundance of NAD+ to the expression of NAMPT, a
mechanism which is shared across various tissues for the circadian
regulation of NAD+ levels (Basse et al., 2023; Sato and Sassone-Corsi,
2022). Exercise-induced changes in metabolic activity might trigger
the same signaling cascade, thereby adjusting intracellular NAD+ levels
of PBMCs to the increasedmetabolic demand resulting from sympathetic
activation (Walzik et al., 2023).

2.2.2. Acute exercise increases NAD+ levels of PBMCs
Against the backdrop of increased NAMPT gene expression and

protein abundance in response to exercise (Fig. 3d-f; Fig. 4c), we next
hypothesized that this would create a metabolic demand for nicotin-
amide, the direct substrate of NAMPT (Fig. 1). NAMPT displays a high
affinity for nicotinamide with KM values ranging from 0.92 to 1.24 µM
(Revollo et al., 2004; Rongvaux et al., 2002), suggesting that exercise-
triggered NAMPT expression would drive this reaction via canonical
enzyme induction. To test this hypothesis, we performed targeted
metabolomics on PBMC lysates. Surprisingly, intracellular concentra-
tions of nicotinamide and other NAD+ precursors such as tryptophan,
kynurenine, or nicotinamide riboside remained unaltered in response to
exercise (Fig. 4e, for full results of linear mixed models and ANOVAs see
Supplementary Table S7 and S8). However, NAD+ levels revealed a
significant increase over time (F3,26.53 = 3.75; PANOVA = 0.023; Fig. 4d).
To preclude that NAD+ levels increased due to a shift in NAD+/NADH
redox status, we also determined intracellular NADH levels and calcu-
lated NAD+/NADH ratios. Interestingly, no significant changes were
found for NADH (F3,26.41= 2.25; PANOVA = 0.106) and the NAD+/NADH
ratio (F3,25.98 = 0.79; PANOVA = 0.509; Fig. 4d), suggesting elevated
NAD+ biosynthesis in PBMCs in response to exercise. These results
complement our previous findings on increased NAMPT gene expression
and protein abundance and support the hypothesis that NAMPT plays a
crucial role in NAD+ biosynthesis of PBMCs in response to exercise.

2.2.3. Serum levels of the NAD+ precursor nicotinamide are diminished by
acute exercise
Inspired by previous reports that nicotinamide is a critical contrib-

utor to NAD+ biosynthesis across various tissues (Liu et al., 2018), we
next hypothesized that serum levels of nicotinamide were altered by
exercise. Indeed, we found a continuous decrease in serum concentra-
tions of nicotinamide from 340± 157 nM at baseline to 185± 83 nM 1 h
after exercise (mean delta nicotinamide: 154 nM; F7,76.01 = 13.02;
PANOVA = 6.85 × 10− 11; Fig. 4f). In contrast, no alterations in serum
concentrations were found for the NAD+ precursor tryptophan (F7,77 =
0.51; PANOVA = 0.824) or for the catabolic end-product of NAD+ meta-
bolism N1-methylnicotinamide (F7,77 = 1.5; PANOVA = 0.179; Fig. 4f).
Given that nicotinamide crosses cell membranes via simple diffusion,
these results suggest nicotinamide uptake by different target tissues in
response to exercise. A possible link to NAD+ metabolism of PBMCs
might be that higher NAMPT expression increases salvage pathway flux
towards NAD+, thereby creating a concentration gradient for nicotin-
amide across PBMC plasma membranes. This concentration gradient is

Table 2
Participant characteristics of trial 2.

Overall (N = 12) Female (N = 6) Male (N = 6)

Min Max Mean ± SD Min Max Mean ± SD Min Max Mean ± SD

Age [years] 21 30 25.5 ± 2.71 21 30 24.67 ± 3.39 24 29 26.33 ± 1.75
Height [cm] 161 189.2 173.81 ± 9.43 161 181 167.45 ± 8.57 175.3 189.2 180.17 ± 5.0
Weight [kg] 45.1 96.3 69.75 ± 14.7 45.1 69.7 58.08 ± 8.21 71.1 96.3 81.42 ± 9.01
BMI [kg m− 2] 17.1 27.06 22.87 ± 3.12 17.1 24 20.7 ± 2.46 22.21 27.06 25.04 ± 2.01
RPEmax [A.U.] 17 20 18.83 ± 1.12 17 20 18.67 ± 1.21 17 20 19 ± 1.1
V̇O2peak [mL kg− 1 min− 1] 31 57 45.47 ± 9.65 31 46 37.76 ± 6.26 44 57 53.18 ± 4.79
HRmax [min− 1] 173 192 185.67 ± 6.06 181 186 183.33 ± 2.52 173 192 186.83 ± 7.17

Data is displayed for the entire study population and separated by sex.
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alleviated by diffusion of nicotinamide from the blood plasma into
PBMCs, resulting in decreased serum nicotinamide levels but unaltered
intracellular concentrations. To causally prove this hypothesis, howev-
er, cell culture experiments on PBMCs are needed.

2.2.4. High ATP levels may support NAMPT activity in PBMCs
A further line of evidence for the exercise-induced regulation of

NAD+ metabolism arises from reports that the affinity of NAMPT for its
substrates (nicotinamide and 5-phosphoribosyl 1-pyrophosphate) is
strongly dependent on intracellular ATP levels (Hara et al., 2011). We

found a significant increase in intracellular concentrations of ATP
(F3,24.49 = 8.33; PANOVA = 0.0005; Fig. S8), which might have facili-
tated nicotinamide salvage. Besides ATP, we found alterations in several
other intracellular metabolites such as ADP (F3,23.79 = 4.7; PANOVA =

0.01), and intermediates of ATP catabolism like inosine (F3,25.86 = 9.05;
PANOVA = 0.0003) and hypoxanthine (F3,25.26 = 6.81; PANOVA = 0.002;
Fig. S8). Similar to the exercise-induced regulation of NAD+ meta-
bolism, this suggests that ATP biosynthesis and breakdown of PBMCs are
altered by acute exercise. Considering the crucial implications of ATP for
cellular metabolism, this opens promising research avenues for future

Fig. 4. High temporal resolution suggests NAD+ salvage pathway as a crucial regulator of intracellular NAD+ levels in response to exercise. a-c Gene expression of
kynurenine pathway (a), Preiss-Handler pathway (b), and salvage pathway enzymes (c). d,e Intracellular levels NAD+ coenzymes (d) and NAD+ precursors (e). f
Serum levels of NAD+-related metabolites. Linear mixed models and one-way repeated measures ANOVAs were employed. All values are mean ± standard deviation.
A full representation of all gene expression data including the baseline variability is given in Fig. S6.
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investigations on the metabolic underpinnings of exercise-induced im-
mune cell regulation.

3. Discussion

Here, we demonstrate in two complementary trials that NAD+

metabolism of PBMCs is dynamically regulated by acute exercise. In a
randomized crossover trial comparing time- and energy-matched HIIT
and MICT, we reveal that exercise intensity only affects NMNAT1 and
NAMPT gene expression, but none of the other analyzed NAD+ biosyn-
thesis genes in PBMCs. Additionally, exercise-induced gene expression
of Preiss-Handler pathway enzymes is sex-dependent, with higher values
in males compared to females. Independent of exercise intensity, all
analyzed genes revealed increased expression in response to exercise.
While NAMPT, NMRK1 and QPRT increased immediately after exercise,
the remaining kynurenine and Preiss-handler pathway enzymes peaked
in the subsequent recovery period. NAMPT and NMNAT1, the two core
enzymes necessary for nicotinamide salvage, additionally displayed
higher protein abundance immediately after exercise, suggesting a
predominant role of the NAD+ salvage pathway in the acute response to
exercise. In a subsequent longitudinal exercise trial, we confirm these
findings and reveal that NAMPT is the only gene that increases in
expression during acute exercise, as opposed to the subsequent recovery
period. Elevated NAMPT expression coincided with higher intracellular
NAD+ levels and diminished serum levels of the NAD+ precursor nico-
tinamide, suggesting enhanced NAD+ biosynthesis via nicotinamide
salvage in PBMCs. These findings have broad implications for immu-
nometabolism and immune effector function of PBMCs and might be of
clinical relevance in different medical conditions linked to cellular
immunity.
Given that NAD+ is crucial for cellular energy metabolism, NAD+-

boosting strategies have attracted much scientific attention to treat
conditions marked by disrupted NAD+ homeostasis. These therapeutic
approaches comprise pharmacological strategies such as inhibition of
NAD+-consuming enzymes or activation of NAD+ biosynthetic enzymes
(Covarrubias et al., 2021; Rajman et al., 2018), as well as non-
pharmacological interventions such as diet, caloric restriction, supple-
mentation with NAD+ precursors, enhancing circadian rhythms, or ex-
ercise (Covarrubias et al., 2021). Of note, the translational evidence for
potential health effects mediated by these NAD+-boosting strategies
differs considerably, although their mechanism of action is firmly
established, respectively. For instance, it is well known that cellular
NAD+ levels are maintained via circadian expression of NAMPT (Sato
and Sassone-Corsi, 2022; Nakahata et al., 2009; Ramsey et al., 2009),
but boosting NAD+ levels by improving circadian rhythms has not been
investigated in humans so far. Similarly, exercise depicts a physiological
stimulus that is known to impose metabolic stress on target cells and
tissues, but outside of skeletal muscle tissue itself (Chubanava and
Treebak, 2023; Costford et al., 2010; de Guia et al., 2019), it remains
largely unknown whether exercise boosts NAD+ levels (Walzik et al.,
2023). As demonstrated here, acute exercise boosts NAD+metabolism of
PBMCs, with potential implications in different immunological settings
including viral defense, anticancer immunity, and immune-mediated
anti-inflammatory adaptions.
In detail, it has repeatedly been demonstrated that viral infections

such as SARS-CoV-2, Zika virus, or Epstein Barr virus infection dysre-
gulate NAD+metabolism of infected cells and that pharmacological and
nutritional modulation of NAD+metabolism depict therapeutic avenues
to enhance antiviral response (Heer et al., 2020; Altay et al., 2021; Pang
et al., 2021; Müller-Durovic et al., 2024; Izadpanah et al., 2023).
Additionally, activation of bystander naïve CD8+ T cells was dependent
on NAD+ salvage metabolism in response to virus exposure (Holay et al.,
2023), underlining the central role of NAD+ salvage in immune acti-
vation and viral defense. Our results obtained in response to a single
exercise session suggest acute adaptions in NAD+metabolism of PBMCs,
which might culminate in chronic adaptions, when acute exercise bouts

are repeated regularly. For instance, it was shown for skeletal muscle
that exercise training increases NAMPT protein expression (Costford
et al., 2010; de Guia et al., 2019), which mirrors our findings obtained in
response to acute exercise in PBMCs. Given that cellular NAD+ depletion
is proposed as a general hallmark of viral infection (Brenner, 2022;
Zheng et al., 2022), chronic adaptions in NAD+metabolism might equip
trained individuals with a higher metabolic capacity to fight viral in-
fections. These results are supported by investigations showing lower
infection risk for pneumonia (Jae et al., 2021) and a less severe COVID-
19 diseases course (Ekblom-Bak et al., 2021) in individuals with high
cardiorespiratory fitness. However, detailed analyses on the impact of
exercise training on NAD+ metabolism of immune cells are prospect of
future investigation.
Besides viral defense, our results may also be applicable to anticancer

immunity. Cellular cytotoxicity against tumors is predominantly
ensured by immune effector cells such as CD8+ T cells or natural killer
(NK) cells, both of which are strongly mobilized in response to acute
exercise (Schlagheck et al., 2020; Hoffman-Goetz and Pedersen, 1994;
Pedersen and Hoffman-Goetz, 2000). Animal models have demonstrated
that exercise training increases CD8+ T cell and NK cell counts in
different cancers (Pedersen et al., 2016; Kurz et al., 2022), thus offering
first mechanistic insights into the reduced cancer incidence and mor-
tality observed with physical activity (Patel et al., 2019; Moore et al.,
2016). Although these results have not been replicated in humans so far
(Campbell et al., 2024; Fiuza-Luces et al., 2024), acute exercise was
shown to increase NK cell cytotoxicity in humans (Rumpf et al., 2021)
with similar results also obtained for CD8+ T cells in rodents (Rundqvist
et al., 2020). For both immune effector populations, cellular cytotoxicity
depends on NAD+metabolism (Guo et al., 2023; Wang et al., 2021; Wan
et al., 2023), which sheds light at potential anticancer implications of
our results. In detail, increased NAMPT expression and higher NAD+

levels observed in PBMCs in response to exercise, might support immune
effector function and cellular cytotoxicity against tumors.
Finally, clinical implications of the results obtained here also origi-

nate from studies employing supplementation with NAD+ precursors as
NAD+-boosting strategy. NAD+ precursors have receivedmuch scientific
attention (Katsyuba et al., 2020; Rajman et al., 2018) and hold thera-
peutic value in numerous diseases including cardiovascular (Shi et al.,
2024; Abdellatif et al., 2021), neurodegenerative (Brakedal et al., 2022),
and metabolic conditions (Mouchiroud et al., 2013; Elhassan et al.,
2017) as well as ageing per se (Covarrubias et al., 2021). In detail, seven
clinical trials have demonstrated anti-inflammatory effects of nicotin-
amide riboside supplementation, many of which were mediated by
altered cytokine expression of immune cells (Wang et al., 2022; Zhou
et al., 2020; Han et al., 2023; Wu et al., 2022; Brakedal et al., 2022;
Elhassan et al., 2019; Remie et al., 2020). Since nutritional modulation
of NAD+ metabolism modified immune cell function in these trials,
similar anti-inflammatory effects might also be suspected for the acute
exercise-induced alterations in NAD+metabolism observed here. In fact,
although acute exercise depicts a pro-inflammatory stimulus (Immune
function and exercise, 2011), chronic exercise training exerts anti-
inflammatory effects, which are integral to disease prevention and
treatment (Gleeson et al., 2011). Thus, our results open promising
research avenues on the impact of exercise-induced alterations in NAD+

metabolism for immune-mediated health effects. Such investigations
could also hold value in the context of inflammageing and immunose-
nescence, which are characterized by reduced NAD+ levels and
increased pro-inflammatory cytokine expression (Covarrubias et al.,
2020; Chini et al., 2020). For instance, macrophage NAD+ biosynthesis
is integral to immune function in ageing and inflammation (Minhas
et al., 2019), which emphasizes the interconnection of NAD+ meta-
bolism and immune function in pathophysiological cell states.
In summary, we demonstrate in two complementary trials that NAD+

metabolism of PBMCs is regulated by acute exercise in a pathway-
specific manner. Increased gene expression and protein abundance of
NAMPT, the rate-limiting enzyme of nicotinamide salvage, was
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accompanied by elevated NAD+ levels, with potential implications for
immune cell metabolism and function. In a broader context, this meta-
bolic reorganization of NAD+ metabolism could equip immune cells
with a higher metabolic capacity for energy-intensive processes such as
transmigration from the blood into target tissues and elevated effector
function, both of which are commonly observed with exercise. Since
these immunological mechanisms are integral to antiviral response,
anticancer immunity, and the amelioration of inflammatory conditions,
an improved understanding of the metabolic underpinnings of exercise-
induced immune cell trafficking holds promise in elucidating the health-
promoting effects of exercise in disease prevention and treatment. To
elaborate on these findings, randomized controlled trials with healthy
and diseased populations are needed. In dependence on the precise
research question, such trials could benefit of distinguishing different
immune cell populations to enable a metabolic and functional charac-
terization of specific immune cells in response to exercise. Taking this
approach could ultimately elucidate the molecular underpinnings of
immune-mediated health effects and thus allow for evidence-based ex-
ercise recommendations in clinical settings.

4. Material and methods

Both trials reported on here meet the National Institutes of Health
definition of a clinical trial and received approval by a local ethics
committee, which worked according to the World Medical Association’s
Declaration of Helsinki, respectively. The first trial was a randomized
crossover trial approved by the ethics committee of the German Sport
University Cologne and conducted between October 2019 and
September 2020. The second trial was a longitudinal exercise trial
approved by the ethics committee of the Leibniz Research Centre for
Working Environment and Human Factors at Dortmund University and
conducted between June and October 2022. Prospective registration in
the German Clinical Trials Register was performed for trial 1
(DRKS00017686) and trial 2 (DRKS00029105).

4.1. Randomized crossover trial (trial 1)

In total, 24 healthy adults (12 males) were included in a randomized
crossover trial (Fig. S1). We decided to recruit recreationally active
runners with a minimum weekly training duration of 3–5 h to ensure
that participants were familiar with treadmill running and capable of
completing the high-intensity intervals. Participants were scheduled for
a total of three visits to an exercise physiology laboratory at the German
Sport University Cologne and were instructed to arrive fasted and to
refrain from caffeine and alcohol intake in the 24 h prior to each visit.
Water intake was permitted ad libitum during all visits. All assessments
were performed between 07:00 and 10:00 AM to account for a potential
circadian impact on physiological and biological outcomes. In the initial
baseline visit, written informed consent was obtained and anthropo-
metric and demographic characteristics were recorded. Subsequently,
cardiopulmonary exercise testing was performed.

4.1.1. Cardiopulmonary exercise testing
To determine the participants’ V̇O2peak, CPET was performed on a

motorized treadmill (Woodway ELG 90, Weil am Rhein, Germany). The
incline of the treadmill was set to 1 % for all exercise sessions. After a
warm-up period of 5 min at 6–8 km/h, participants began running on the
treadmill at 8 km/h. Exercise intensity was then increased by 1 km/h
every 60 s until volitional exhaustion. Rate of perceived exertion was
recorded every minute and verbal encouragement was given by the
supervising researcher. Following a 5-minute break, a V̇O2peak verifi-
cation test at 1 km/h faster than the last stage was performed. The speed
was increased to the desired velocity within 20 s and participants were
instructed to run as long as they could. During the CPET, participants
wore a mask that was connected to a spirometer (Cortex Metalyzer 3B,
CORTEX Biophysik GmbH, Leipzig, Germany) to collect breathing gases

breath-by-breath. V̇O2peak was calculated as the mean of the highest 15-
second interval during CPET. After completion of the baseline visit
participants were randomized into one of two intervention sequences:
HIIT-MICT or MICT-HIIT. Randomization was performed by concealed
allocation (1:1) using the software Randomization in Treatment Arms
(RITA; Evident, Lübeck, Germany). Following the minimization pro-
cedure according to Pocock and Simon (Scott et al., 2002), BMI, V̇O2peak,
and age were used as stratification factors for randomization.

4.1.2. Interventions and blood sampling
To prevent carryover effects between the exercise bouts performed at

the three visits, the minimum timeframe between each visit was 72 h.
For MICT participants ran on a treadmill (Woodway ELG 90, Weil am
Rhein, Germany) for 50 min at 70 % of the V̇O2peak determined during
CPET. MICT was preceded by a 10-minute warm-up at a self-selected
intensity. After a 5-minute break the 50-minute exercise session
began. HIIT consisted of a 7-minute warm-up and a 7-minute cool-down
on a treadmill (Woodway ELG 90, Weil am Rhein, Germany) at a
running speed corresponding to 70 % V̇O2peak. The exercise session
comprised six 3-minute bouts of running at 90 % V̇O2peak separated by 3
min of active recovery at 50 % V̇O2peak. This exercise protocol was used
to match HIIT and MICT for exercise duration and energy expenditure,
as previously described (Bartlett et al., 2012). Thus, exercise intensity
was the only diverging factor between HIIT and MICT. Venous blood
samples were drawn before, immediately after, and 1 h after HIIT and
MICT from a median cubital vein and in a supine position. After serum
and PBMC isolation, samples from this trial were used to assess gene
expression and protein abundance of NAD+ biosynthetic enzymes (see
analytic procedures).

4.2. Longitudinal exercise trial (trial 2)

In total, 12 healthy adults (6 males) were included in the longitu-
dinal exercise trial (Fig. S2). To assess whether exercise-induced alter-
ations in NAD+metabolism of PBMCs are also observed in recreationally
active adults, we recruited less physically active individuals compared
to trial 1. In- and exclusion criteria for participation in this trial are
displayed in Supplementary Table S4. Participants visited an exercise
physiology laboratory of TU Dortmund University for a total of 2 visits.
All analyses were conducted between 08:00 and 10:00 AM to account for
any influence of circadian rhythm on physiological and biological out-
comes. Participants were asked to appear in a fasted state to each of the
visits and refrain from physical activity, alcohol consumption, and
caffeine intake in the 48 h prior. During an initial baseline visit, written
informed consent was obtained, anthropometric and demographic
characteristics were recorded, and CPET was conducted.

4.2.1. Cardiopulmonary exercise testing
To avoid underachievement in the CPET due to lack of experience in

treadmill running, participants of this trial performed the CPET on a
stationary bicycle ergometer (ergoselect 5, ergoline GmbH). After a 2-
min warm-up of unloaded pedaling, participants performed a ramp
protocol with increasing intensity (15–30 Watts/min depending on sex,
BMI, and physical activity level) until volitional exhaustion. Afterwards,
participants performed an unloaded cool-down for 3 min. During the
CPET, participants wore a mask that was connected to a spirometer
(Cortex Metalyzer 3B, CORTEX Biophysik GmbH, Leipzig, Germany) to
collect breathing gases breath-by-breath. V̇O2peak was calculated as the
mean of the highest 15-second interval during CPET. Individual V̇O2
kinetics of the CPET are displayed in Fig. S7a.

4.2.2. Intervention and blood sampling
The timeframe between the first and second visit was ≥ 72 h to

prevent any carryover effects from the CPET to the exercise intervention.
The exercise session during the second visit was performed on the same
stationary bicycle ergometer as the CPET during the first visit
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(ergoselect 5, ergoline GmbH). Participants performed a 5-minute
warm-up at 15 % peak power output (PPO), followed by 40 min of
cycling at 60 % V̇O2peak, and a 3-minute cool-down at 15 % PPO. An
intravenous cannula was placed in a superficial vein on the anterior
portion of the forearm before the exercise session and venous blood
samples were drawn before exercise, immediately after the warm-up,
after 5, 10, 15, and 30 min of exercise, immediately after the exercise
session as well as 1 h after the exercise session. Samples from this trial
were used to assess gene expression of NAD+ biosynthetic enzymes at
high temporal resolution. Additionally, serum and intracellular NAD+

metabolites were quantified.

4.3. Analytic procedures

4.3.1. Serum and PBMC isolation
Blood serum was collected in serum tubes. After 15 min of clotting,

serum samples were centrifuged at 2,500xg for 10 min. Serum was then
aliquoted and stored at − 80 ◦C until further analysis. PBMCs were iso-
lated from EDTA blood. After the blood draw, EDTA samples were
diluted with PBS and carefully layered on top of a lymphocyte separa-
tion medium (BioWest, Lymphosep, Lymphocyte Separation Media
L0560). Samples were then centrifuged at 1,200xg for 15 min. The
PBMC-containing layer was separated and washed with PBS. After-
wards, cells were frozen at − 150 ◦C until further analysis.

4.3.2. Quantitative Real-Time PCR (qRT PCR)
Using a column-based isolation kit (Promega GmbH, Germany), RNA

was isolated from PBMCs. Concentration and purity on RNA isolates was
measured on a Nanodrop™ microvolume spectrophotometer (Thermo
Fisher Scientific, USA) and immediately used for cDNA synthesis
(Promega GmbH, Germany). qRT PCR was performed for IDO1, KMO,
QPRT, NAPRT, NMNAT1, NADSYN1, NMRK1, and NAMPT in relation to
the reference genes ACTB, RPS18 and UBE2D2 using a PCR master mix
(Promega GmbH, Germany) on a CFX96 Detection System (Bio-Rad
Laboratories GmbH, Germany). Primers were either obtained from
publications or designed in-house to span exon-exon-junctions. Primer
details are displayed in Supplementary Table S11. Respecting PCR ef-
ficiency, relative gene expression compared to baseline was calculated
using the ΔΔCt method. All gene expression results are reported as fold
changes compared to baseline.

4.3.3. Western Blotting
Before Western Blotting, PBMCs were thawed, pelleted and resus-

pended in a lysis buffer containing RIPA buffer, 10 nM NaF, 1 mM
Na3VO4, complete EDTA free protease inhibitor (Merck), Phospho Stop
(Merck), 250U/ml Benzonase, and 10U/ml DNase 1. Cells were sus-
pended in this lysis buffer for 1 h on ice and centrifuged at 13,000xg for
15 min afterwards. The supernatant was then transferred to a new tube
for quantification of protein concentration using the PierceTM BCA
Protein Assay Kit (Thermo Fischer). Cell lysates were stored at − 80 ◦C
until further analysis. In preparation for Western Blotting, PBMCs ly-
sates were thawed, and lysates were diluted to a protein concentration of
2 mg/ml, suspended in 4x Laemmli buffer (#1610747; BioRad Labora-
tories GmbH, Munich, Germany) and heated at 95 ◦C for 1 min. 15 μg of
protein were loaded on a 26-well 4–12 % BIS-TRIS Gel for each subject
and time point. Using a gel-casting system in MOPS electrophoresis
buffer, electrophoretic separation was conducted (all BioRad Labora-
tories GmbH, Munich, Germany). The gel was then transferred to a
polyvinylidene difluoride (PVDF) membrane (GE Healthcare Life Sci-
ence, Amersham, UK) by semidry blotting (Trans Blot Turbo, Bio-Rad,
Hercules, CA, USA) for 40 min (1.2 A, 25 Vmax). By staining the
PVDF membrane with Ponceau S, equal sample loading and transfer was
checked. The membranes were then blocked for one hour at room
temperature (RT) using 5 % nonfat dry milk dissolved in tris-buffered
saline, which was supplemented with 0.1 % Tween20 (TBST). Primary
antibodies dissolved in 5 % bovine serum albumin in TBST were

incubated overnight at 4 ◦C for 17 h. The membranes were washed with
TBST and incubated for one hour at RT with secondary antibodies
diluted in TBST containing 5 % nonfat dry milk. After several washing
steps, membranes were incubated with an enhanced chemiluminescence
assay (ECL-Kit, GE Healthcare Life Science, Amersham, UK) for 3 min.
Digital images of the responsive bands were automatically captured via
an imaging system (ChemiDoc MP, Bio-Rad, Hercules, CA, USA). The
membranes were then stripped for 6 min at RT using a Restore Western
Blot Stripping Buffer (#21059; Thermo Scientific, Waltham, MA, USA).
After blocking, they were incubated with primary antibodies for detec-
tion of proteins with different molecular weights and processed as
described above. Band densities were assessed semi-quantitatively using
ImageJ (v. 1.53 t; National Institute of Health, New York, NY, USA).
Differences in densities between each band and Ponceau S were calcu-
lated for all timepoints and are expressed as fold change relative to
baseline. Primary antibodies used for Western Blotting comprised
NMNAT1 (rabbit polyclonal igG AB; #PA5-84418; 1:1000; Invitrogen,
Regensburg, Germany) and NAMPT (mouse monoclonal igG1 AB;
#MA5-43719; 1:2000; Invitrogen, Rockford, IL, USA). Secondary anti-
bodies comprised HRP-linked anti-rabbit IgG (#7074S; 1:7500; Cell
Signaling Technology, Danvers, MA, USA) and HRP-linked anti-mouse
IgG (#7076S; 1:7500; Cell Signaling Technology, Danvers, MA, USA).

4.3.4. Liquid chromatography–tandem mass spectrometry (LC-MS/MS)-
based targeted metabolomics
Serum concentrations of nicotinamide, tryptophan, and N1-

methylnicotinamide were measured by LC-MS/MS as described previ-
ously (Midttun et al., 2009) at the Bevital laboratory (https://bevital.
no). The lower limit of detection (LOD) for the assay ranged from 0.01
to 8 nmol/L. Within- and between-day coefficients of variation (CVs)
ranged from 3 % to 8 % and 4 % to 10 %, respectively. Intracellular
metabolites were quantified by high performance LC-MS/MS as previ-
ously described (Hiefner et al., 2023). Briefly, cell pellets were thawed
on ice and spiked with 13C6-nicotinamide (#V-034; Merck, Darmstadt,
Germany). Metabolites were extracted by mixing the sample with pre-
cooled acetonitrile/water 8:2 (v/v) and vortexing thoroughly at high-
est level for 1 min. Following homogenization, samples were incubated
for 10 min on ice and centrifuged at 4 ◦C and 16,000xg for 10 min. The
supernatants were transferred to a brown glass vial (#AR0-3741-13;
Phenomenex, Torrance, CA, USA) and tightly closed with a crimped cap
(LABSOLUTE®; Th. Geyer, Renningen, Germany). The extracts were
measured immediately after extraction using a triple quadrupole mass
spectrometer (QTRAP® 5500; SCIEX, Framingham, MA, USA) coupled
to an ultra-high pressure liquid chromatography system (Nexera X2;
Shimadzu, Kyoto, Japan). Analytes were separated by HILIC using a
Luna® HPLC column (3 µm NH2 100 Å 150 mm × 2 mm, Phenomenex,
Torrance, CA, USA). Solvent A contained 20 mM ammonium acetate in
MS-grade water (pH 9.8) and solvent B contained 100 % acetonitrile.
The flow rate was set to 0.25 mL/min with a linear gradient of
decreasing solvent B (0–17 min, 80 %-0%), followed by 8 min at 0 %
solvent B and 5 min re-equilibration at 80 % solvent B. The MS was
equipped with an ESI source and all measurements were carried out in
negative ionization and multiple reaction monitoring (MRM) scan
mode. Data analysis was performed using SCIEX OS software and by
manual quantification in Microsoft Excel. Analyte peaks were identified
based on MRM transitions and retention time as given in ref. (Hiefner
et al., 2023). A standard calibration curve ranging from 2 nM to 20 µM
was used for accurate quantification and all analyte peak areas were
normalized against internal standard peak areas. Calculated NAD+

metabolite concentrations were normalized against protein determined
by the Pierce™ BCA Protein Assay Kit (#23225; Thermo Scientific,
Rockford, IL, USA) according to the manufacturerś protocol.

4.4. Data processing and statistical analyses

All data obtained in trial 1 and 2 were assessed for missing values and
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experimental/technical outliers before starting statistical analyses. In
trial 1 6.16 % of the gene expression data were missing (for reasons see
Supporting file 1). Subsequently, fold changes relative to baseline were
calculated, data was z-transformed and values ≥ 3 standard deviations
were deleted. This resulted in deletion of another 1.27 % of the gene
expression data. For Western Blot data three values (1.09 %) were
missing and one value (0.36 %) was deleted since it resulted to be
negative after calculation of the relative protein abundance compared to
Ponceau S staining. Z-transformation of the calculated fold changes did
not show any outliers in the Western Blot data, and we thus refrained
from deleting any data points. A full summary of missing values and a
summary of the values removed after z-transformation is given in Sup-
porting File 1.
In trial 2, three values (0.39 %) were missing in the gene expression

data. After calculating fold changes, gene expression data was z-trans-
formed and analyzed for outliers ≥ 3 standard deviations. In total, two
further values (0.26 %) were deleted before performing statistical ana-
lyses. Serum metabolites and intracellular metabolites revealed one
missing value (0.35 %) 83 missing values (11.79 %), respectively. Z-
transformation yielded no outliers ≥ 3 standard deviations and statis-
tical analysis was thus performed without further deletion of any data
points. A full summary of missing values and a summary of the values
removed after z-transformation is given in Supporting File 1.
All datasets were then analyzed using the R packages lme4, lmerTest,

and emmeans. In trial 1, linear mixed models were calculated for each
outcome using time and exercise condition as fixed effects and the
participant ID as random effect (fold change from baseline ~ Timepoint
* Condition+ (1 | ID)). The results of the linear mixed models were then
used to perform analyses of variance. In case of significant time and/or
time*exercise condition interaction effects, pairwise comparisons of
timepoints and/or exercise conditions were performed. Sex differences
were analyzed in the same manner but with sex as a fixed effect. Time
effects on the pooled dataset of trial 1 and data from trial 2 were
analyzed using time as a fixed effect and participant ID as a random
effect (fold change from baseline ~ Timepoint + (1 | ID)). Level of
significance for all statistical tests was set to ⍺= 0.05. An overview of all
statistical results is given in Supplementary Table S2 − S10.
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