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ABSTRACT
Background: Boosting NAD+ via supplementation with niacin equivalents has been proposed as a potential modality

capable of promoting healthy aging and negating age-dependent declines of skeletal muscle mass and function.

Objectives: We investigated the efficacy of NAD+-precursor supplementation (tryptophan, nicotinic acid, and

nicotinamide) on skeletal muscle mitochondrial function in physically compromised older adults.

Methods: A randomized, double-blind, controlled trial was conducted in 14 (female/male: 4/10) community-dwelling,

older adults with impaired physical function [age, 72.9 ± 4.0 years; BMI, 25.2 ± 2.3 kg/m2]. Participants were

supplemented with 207.5 mg niacin equivalents/day [intervention (INT)] and a control product (CON) that did not contain

niacin equivalents, each for 32 days. The primary outcomes tested were mitochondrial oxidative capacity and exercise

efficiency, analyzed by means of paired Student’s t-tests. Secondary outcomes, such as NAD+ concentrations, were

analyzed accordingly.

Results: Following supplementation, skeletal muscle NAD+ concentrations [7.5 ± 1.9 compared with 7.9 ± 1.6 AU,

respectively] in INT compared with CON conditions were not significantly different compared to the control condition,

whereas skeletal muscle methyl-nicotinamide levels were significantly higher under NAD+-precursor supplementation

[INT, 0.098 ± 0.063 compared with CON, 0.025 ± 0.014; P = 0.001], suggesting an increased NAD+ metabolism.

Conversely, neither ADP-stimulated [INT, 82.1 ± 19.0 compared with CON, 84.0 ± 19.2; P = 0.716] nor maximally

uncoupled mitochondrial respiration [INT, 103.4 ± 30.7 compared with CON, 108.7 ± 33.4; P = 0.495] improved under

NAD+-precursor supplementation, nor did net exercise efficiency during the submaximal cycling test [INT, 20.2 ± 2.77

compared with CON, 20.8 ± 2.88; P = 0.342].

Conclusions: Our findings are consistent with previous findings on NAD+ efficacy in humans, and we show in

community-dwelling, older adults with impaired physical function that NAD+-precursor supplementation through L-

tryptophan, nicotinic acid, and nicotinamide does not improve mitochondrial or skeletal muscle function. This study

was registered at clinicaltrials.gov as NCT03310034. J Nutr 2021;151:2917–2931.
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Introduction

Aging has been defined as the time-dependent decline of
function (1), with 1 of the most striking features of the aging

process being the progressive loss of skeletal muscle mass
(sarcopenia) and, in turn, the decline of skeletal muscle physical
function (2). The loss of skeletal muscle mass and function leads
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to mobility impairments, an increased risk of falls, physical
frailty, and metabolic impairments (3). Hence, a compromised
physical function increases the risk of dependency in activities
of daily living and care needs. With society confronted with an
ever-aging population, a large effort of research has focused on
identifying strategies to promote healthy aging.

Interestingly, the loss of skeletal muscle function is paralleled
by an age-dependent decline in mitochondrial function (1), an
established hallmark of aging that is considered to be a driving
force behind skeletal muscle aging (4–6). Therefore, promoting
the mitochondrial metabolism may be a promising strategy
to negate the metabolic and functional disturbances seen in
skeletal muscle during aging (7).

One pathway that has received much attention in this
context is the NAD+–sirtuin (SIRT) axis (8–11). The SIRT
enzyme family is comprised of NAD+-dependent deacetylases
involved in the regulation of mitochondrial metabolism (12),
which act as sensors to the bioavailability of NAD+ (13).
The coenzyme NAD+ and its reduced form NAD(H) are
critical to the cellular redox potential and are the predominant
electron donors in the electron transport chain. NAD+, however,
is the rate-limiting substrate in SIRT activity, and NAD+

bioavailability has been shown to decline with increasing age
in mice (4, 10) and humans (14, 15). The human body derives
NAD+ from various dietary sources, as it can be synthesized
de novo from the essential amino-acid L-tryptophan (L-Trp) or
from niacin compounds such as nicotinic acid (NA) through
the Preiss-Handler pathway, or salvaged from nicotinamide
(NAM) and nicotinamide riboside (NR) (16). From a dietary
perspective, NR is a trace element, whereas L-Trp, NA, and
NAM are more abundantly available in our diets (17).

Preclinical work in murine models of aging has demonstrated
the efficacy of supplementing with NAD+ precursors, such as
NR and nicotinamide mononucleotide (NMN), to negate the
effects of aging induced by declining NAD+ levels (4, 18),
promote longevity (18), and improve energy metabolism, body
weight, and mitochondrial oxidative metabolism (11). Follow-
ing suit, several human intervention studies have focused on
the use of the NAD+ precursor NR to improve cardiovascular
health in middle-aged to older adults (19), to combat metabolic
dysfunction in middle-aged individuals with obesity (20, 21),
and to improve skeletal muscle metabolism in older adults (22).
Although these studies provide some evidence on the efficacy
of supplementation with NAD+ precursors in older adults to
increase NAD+ levels in blood and skeletal muscle through
NR supplementation, evidence stemming from studies involving
older adults with compromised physical function and from
studies focusing on skeletal muscle function are still lacking.
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Furthermore, other than through supplementation with
high doses of NR or NA, there is only limited evidence
discerning NAD+-precursor supplementation at lower doses.
Dietary supplements bearing a greater resemblance to increased
dietary intake may also have the potency to increase NAD+

bioavailability in humans (23, 24). Moreover, increasing
NAD+ synthesis from L-Trp by inhibiting the α-amino-
β-carboxymuconate-ε-semialdehyde decarboxylase (ACMSD)
enzyme also leads to activation of SIRT1 and its downstream
health benefits (25). Here, we aim to elucidate the efficacy of
NAD+-precursor supplementation through a novel combina-
tion of L-Trp, NA, and NAM on skeletal muscle mitochondrial
function in community-dwelling, older adults with impaired
physical function.

Methods
Participants
Through advertisements, 14 physically compromised, older adults (65
years and older; BMI, 20–30 kg/m2) were recruited from the general
population in the vicinity of Maastricht. The study was conducted
in accordance with the principles of the declaration of Helsinki and
approved by the Ethics Committee of the Maastricht University Medical
Center. All participants provided written informed consent, and the
study was registered at clinicaltrials.gov as NCT03310034.

All participants (4 females, 10 males) were Caucasian, did not
smoke, and were generally healthy as predetermined by a medical
questionnaire and physical examination by a physician, with only 7 par-
ticipants using prescription medication, including anti-hypertensives,
statins, and proton pump inhibitors (summarized in Table 1). Impaired
physical function of the participants was defined as a walking distance
of 465 meters or less as assessed during a 6-minute walk test
(6MWT). Thus, during a clocked 6-minute session, participants were
instructed to walk as far as possible without running, over a 20-
meter flat surface track. The cutoff used to define impaired physical
function was based on the median 6MWT walking distance (C.P.G.M.
de Groot, Dept. Of Agrotechnology and Food Sciences, Human
Nutrition & Health, Wageningen University and Research, personal
communication 2016) of the pre-frail subgroup of the NU-AGE
(European Project on Nutrition in Elderly People) cohort (26). Habitual
physical activity was assessed and analyzed by Baecke’s Habitual
Physical Activity Questionnaire (27). Exclusion from participation
was primarily based on the following: excessive alcohol and/or drug
abuse, physical activity > 1 hour/week, inability to complete the
required measurements, type 2 diabetes mellitus (T2DM), significant
allergies or intolerances concerning the study products, and medication
use known to hamper the participant’s safety during the study
procedures.

The study was conducted between November 2017 and February
2020. The study was hampered and curtailed prematurely during the
coronavirus disease 2019 outbreak in the Netherlands, in accordance
with the imposed governmental restrictions in early 2020. Ultimately,
13 participants completed the study protocol, with the fourteenth
participant completing only the first research period and wash-out of
the study protocol.

Study design
We conducted a double-blind, randomized, controlled, cross-over
trial in 13 physically compromised, older adults. Primary outcome
parameters were ex and in vivo mitochondrial functions and resting
and submaximal exercise energy expenditures. Secondary outcome
parameters were glucose tolerance, ectopic fat content, acetyl-L-
carnitine levels, and physical function. All other outcome measures were
exploratory. Each study period consisted of 32 days of supplementation
with either the intervention product (INT) or control (CON), separated
by at least 5 weeks of wash-out. We chose this intervention duration
based on previous studies in our lab with other nutritional supplements,
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TABLE 1 Baseline participant characteristics at screening

Participant characteristics
Sex, female/male 4/10
Age, years 72.9 ± 4.0
Height, cm 170 ± 6
Weight, kg 72.9 ± 7.1
BMI, kg/m2 25.2 ± 2.3
Systolic blood pressure, mmHg 144 ± 12
Diastolic blood pressure, mmHg 84 ± 6
Heart rate, beats per minute 63 ± 10
6-minute walking distance, m 393 ± 53
Maximal aerobic capacity, L/min 2.31 ± 0.66
Maximal cycling resistance, Watt 176 ± 63

Blood parameters
Hemoglobin, mmol/L 9.1 ± 0.6
Creatinine, μmol/L 88 ± 18
eGFR CKD-EPI 71.6 ± 10.1
Alkaline phosphatase, U/L 74 ± 22
γ GT, U/L 23 ± 9
AST, U/L 23 ± 5
ALT, U/L 21 ± 5
Bilirubin, μmol/L 11.5 ± 5.0
Cholesterol, mmol/L 5.1 ± 0.7
HDL cholesterol, mmol/L 1.7 ± 0.5
LDL cholesterol, mmol/L 2.9 ± 0.6
Triglycerides, mmol/L 1.03 ± 0.32
Free fatty acids, mmol/L 0.47 ± 0.11
Hb1Ac, % 5.4 ± 0.3
Glucose, mmol/L 5.1 ± 0.6

Baecke Physical Activity Index 7.26 ± 1.34
Work Index 1.62 ± 0.98
Sport Index 2.25 ± 0.49
Leisure Index 3.39 ± 0.41

Medication used, n
Statin 1
Proton pump inhibitor 1
Thrombocyte aggregation inhibitor 1
Calcium and vitamin D 2
Thyromimetic 1
Anti-hypertensive drugs 3
Alpha blocker 1
NSAID 1
Benzodiazepine 1

Data are presented as means ±SDs, n = 14. Abbreviations: ALT, alanine
transaminase; AST, aspartate transaminase; eGRF CKD-EPI, estimated glomerular
filtration rate chronic kidney disease epidemiology collaboration; Hb1Ac, glycated
hemoglobin; NSAID, nonsteroidal anti-inflammatory drug; γ GT,
gamma-glutamyltransferase.

such as resveratrol, that showed effects on metabolic outcome
parameters (28). During the entire study, participants were instructed to
maintain their habitual physical activity levels and dietary choices, and
no dietary restrictions were imposed. An overview of the study design
is presented in Figure 1.

Supplementation protocol
The intervention product (INT) was composed of a whey protein
powder as a source of tryptophan, to which NA and NAM were added.
In total, the equivalent of 207.5 mg/day niacin equivalents (NE) of
NAD+ precursors was supplemented through L-Trp [210 mg/day at a
60:1 conversion rate (29, 30)], NA (4 mg/day), and NAM (200 mg/day).
The control product (CON) was composed of an amino acid powder
mixture resembling whey protein, but lacking L-Trp, NA, and NAM.
Participants received the dietary supplements in a single daily serving,

to be ingested during breakfast after dissolving the powder in 200 mL
of orange juice. Production and packaging of the supplements were
done by Danone Research and approved by the Toxicology and Safety
department of Danone Research.

Measurements

Baseline testing.
At baseline, participants underwent a maximal cycling test to determine
their maximal aerobic capacity and maximal power output on an
electronically braked cycle ergometer (Lode Excalibur), as described
previously (31). O2 consumption and CO2 production were measured
using indirect calorimetry (Omnical, IDEE), and the respiratory ex-
change ratio (RER) was monitored as a verification of the participant’s
maximal effort.

Day 1: start of supplementation.
Following the baseline cycling test, participants were randomly
allocated to the intervention or control arm, and supplementation was
initiated. Participants then reported to our facility on Days 1 and 15
to measure blood pressure, to provide a venous blood sample, and to
fill out the RAND-36 Health Survey 1.0 questionnaire (32, 33). The
venous blood sample was analyzed for standard clinical lab values in the
Maastricht Hospital. The participants were randomized in blocks of 4
using the website Randomizer.org for randomization by an independent
researcher.

Blood pressure was measured in a sitting position on the nondom-
inant arm with an oscillometric cuff (Omron M6 Comfort, OMRON
Healthcare Europe B.V.) in triplicate, from which the mean arterial
pressure (MAP) was estimated from the systolic blood pressure (SBP)
and diastolic blood pressure (DBP) mean values of the measurement,
calculated as MAP = [(2/3 x DBP) + (1/3 x SBP)].

Day 29: hepatic lipid content.
On day 29, participants reported to our facility in a fasted state
at 07:00 to undergo proton magnetic resonance spectroscopy (1H-
MRS) for the quantification of hepatic lipid content [intrahepatic lipid
(IHL)] with a 3T (Tesla)whole-body MR system (Achieva 3Tx; Philips
Healthcare), as previously described (34). To prevent motion artifacts,
participants were asked to breathe in the rhythm of the spectroscopic
measurement. Subsequently, the water signal dominating the proton
spectra was suppressed using frequency-selective pre-pulses, and the
spectra was fitted to quantify the lipid peak. The lipid/water ratio was
used as a parameter of intrahepatic lipid content, as previously reported
(34).

Next, a venous blood sample was acquired, the RAND-36
Health Survey 1.0 questionnaire was repeated, and the short physical
performance battery (SPPB) (35) was performed to assess physical
function of the lower extremities. Lastly, blood pressure was measured
as described above.

Day 31: muscle volume.
The participants underwent another MRI session at 17:00 on Day
31 to determine the muscle volume of the upper leg. Henceforth,
the participant was positioned in the 3T MRI scanner (Achieva 3Tx;
Philips Healthcare) in the supine position, feet first. T2-weighted MRI
measurements were acquired covering from the patella to the art. coxae,
allowing muscle volume to be determined using 3D segmentation.

Day 33: submaximal cycling test and skeletal muscle

biopsy.
On the last day of the study period (Day 33), participants reported to the
research facility in the fasted state (from 22:00 the evening before). Body
composition was measured by means of air displacement plethysmogra-
phy (BodPod, COSMED). Subsequently, indirect calorimetry through a
ventilated hood system was used to determine the basal metabolic rate
(BMR) and RER over a period of 30 minutes.

Next, a skeletal muscle biopsy was obtained from the m. vastus
lateralis according to the Bergström method (36) with a side-cutting
needle under local anesthesia using 1.0% lidocaine (10 mg/mL) without
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FIGURE 1 (A) Study timeline and (B) study protocol depicting a CONSORT flow diagram of participant inclusion in the study. Abbreviations:
B, baseline measurements preceding randomization; COVID-19, coronavirus disease 2019; M, end of study period measurements on days 29,
31, and 33.

epinephrine, from which a portion was kept in a preservation medium
and freshly used to prepare permeabilized muscle fibers according
to Hoeks et al. (37). Subsequently, ex vivo high-resolution respirom-
etry was performed using a 2-chamber Oxygraph (OROBOROS
Instruments) using a multiple substrate/inhibitor titration protocol to

extensively characterize the mitochondrial capacity of skeletal muscle
tissue, as previously reported (38). Measurements were performed in
quadruplicate, and the integrity of the outer mitochondrial membrane
was assessed by the addition of cytochrome C (CytC) upon maximal
coupled respiration (State 3) and was deemed intact if the response to
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the CytC addition remained under 10%; hence, 16 out of 100 individual
measurements were excluded.

Following the muscle biopsy, participants were submitted to a
submaximal exercise session of 1 hour on an electrically braked
cycling ergometer (Lode Excalibur) at 50% of their power output
achieved in the maximal cycling test at baseline. Indirect calorimetry
was measured during the second and fourth quarters of the 1-hour
session.

Calculations
From the indirect calorimetry data, energy expenditure and substrate
oxidation rates were calculated using Weir’s formula under the
assumption of negligible protein oxidation (39). In addition, gross
exercise efficiency (GEE) was calculated as (Wext/Etot) and net exercise
efficiency (NEE) was calculated as [Wext/(Etot - Erest)] (40) from the
submaximal exercise indirect calorimetry data.

Biochemical analyses

Plasma metabolites.
Using EDTA plasma, glucose (Horiba), insulin (Crystal Chem), total free
fatty acids (FFA; Wako), and triglycerides (TG; Sigma), concentrations
were determined in samples collected on Day 1 and 29 by means of
enzymatic quantification with the ABX Pentra C400 (Horiba). All time
points of 1 participant were measured in the same run, with insulin and
FFA levels measured in duplicates.

Acylcarnitine analysis.
We used 2–4 mg of freeze-dried muscle tissue to analyze skeletal muscle
acylcarnitines, as previously described (41). Quantitative determination
of the propylated acylcarnitines in the medium was performed using
tandem MS in an Acquity UPLC System (Waters) coupled to a Quattro
Premier XE Tandem Quadrupole Mass Spectrometer (Waters). The
internal standards d3-0, d3-3, d3-6, d3-8, d3-10, and d3-16 carnitine
were purchased from Dr. Herman J. ten Brink (Vrije Universiteit Medical
Hospital).

Enzymatic cyclic assay for quantitative NAD

determination.
We homogenized 1–5 mg of freeze-dried muscle tissue in 250 μL of
2M HClO4 using a TissueLyser II (Qiagen) bead mill for 5 minutes
at 30 pulses per second. After centrifugation at 16,000 g, 100 μL
of the acidic supernatant was neutralized by addition of 150 μL
2M/0.6M KOH/MOPS (KOH = potassium hydroxide/MOPS = 3-(N-
morpholino)propanesulfonic acid) and centrifuged again to remove
precipitated salts. NAD+ content was determined using an enzymatic
spectrophotometric cycling assay based on the coupled reaction of
malate and alcohol dehydrogenases, as previously described (42).
Enzymes used for NAD+ determination (alcohol dehydrogenase from
yeast, malate dehydrogenase from pig heart, and glutamate oxaloacetic
transaminase from pig liver) were purchased from Sigma.

Metabolomics procedure.
We used 2–4 mg of freeze-dried muscle tissue for a metabolomics
analysis, as previously described (20). Briefly, the metabolite analysis
was carried out in an Aquity UPLC system (Waters) coupled to
an Impact II Ultra-High Resolution Qq-Time-Of-Flight MS (Bruker).
Chromatographic separation of the compounds was achieved using a
SeQuant ZIC-cHILIC column (PEEK 100 × 2.1 mm; 3 μm particle
size; Merck) at 30◦C. The LC method consisted of a gradient running
at 0.25 mL/min from 100% mobile phase B (9:1 acetonitrile: water
with 5 mM ammonium acetate pH 6.8) to 100% mobile phase A
(1:9 acetonitrile: water with 5 mM ammonium acetate pH 6.8) in 28
minutes, followed by a pre-equilibration step at 100% B of 5 minutes.
MS data were acquired both in negative and positive ionization modes
in full scan mode over the range of m/z 50–1200.

Statistical analyses
The variation in the primary outcome mitochondrial state 3 respiration
on a combination of malate, octanoyl-carnitine, glutamate, and succi-
nate (σ = ∼8 pmol∗ mg wet tissue–1∗min–1) was established previously
during pre- and postintervention high-resolution respirometry (43). We
have previously shown that the difference in mitochondrial function
between healthy and insulin resistance volunteers is ∼ 20%. To detect
an ∼10% increase in mitochondrial function (μ = ∼6.0 pmol∗ mg
wet tissue–1∗min–1)—which we believe is physiologically relevant in
this population and which is achievable with a short-term nutritional
intervention as previously demonstrated (28)—14 participants must be
included with a power (π ) of 80% and a 2-sided significance level (α)
of 0.05.

The statistical analysis was performed in SPSS 26 for Mac OS (IBM
SPSS Statistics) and graphs were made in Prism 8.4.2 for Windows
(GraphPad Software, Inc.). Descriptive statistics were reported for all
data parameters as means ± SDs, unless otherwise stated. Normality
of the data distributions was evaluated with the Kolmogorov-Smirnov
normality test and deemed significant at a P value < 0.05. The paired
Student’s t-test was used to compare the results of the intervention
to the control, or the equivalent Wilcoxon signed-rank test was used
if normality was not met. In the event of missing values, the values
were not replaced and the participant in question did not contribute
to the analysis of that outcome; hence, all analyses encompass 13
data points, unless stated otherwise. No carry-over or order effect was
detected. In addition, Pearson correlation coefficients were computed.
Bonferroni corrections were imposed to correct for multiple testing
of single outcome measures. Moreover, due to multiplicity of the
primary outcomes, the type 1 error was corrected for using a Bonferroni
correction as (alpha/n). Statistical significance was achieved at a P value
< 0.05.

Results
NAD+-precursor supplementation increased
methyl-nicotinamide but not NAD+ bioavailability in
skeletal muscle

Compliance to the supplement use was estimated by the fraction
of sachets returned compared to the number of sachets provided
to the participants. For the supplementation with precursors
(INT), 100% of all sachets were consumed, compared to 99%
(range, 97%–100%) in the control condition (CON). Overall,
the products were well tolerated, with only 1 participant
reporting cold sores (herpes labialis), which resolved without
intervention. Subject characteristics at the start of the study
are summarized in Table 1. No carry-over or order effect was
detected for any of the primary outcome parameters.

In order to determine the efficacy of the NAD+-precursor
supplementation, the concentrations of NAD+ and several
metabolites of the NAD+ synthesis pathways were measured
in skeletal muscle tissue, obtained from the m. vastus lateralis.
These analyses showed that NAD+ levels were similar between
INT and CON (P = 0.123; Figure 2).

From the de novo biosynthesis pathway, L-Trp, kynurenine,
and quinolinic acid (QA) did not differ between INT and
CON (P ≥ 0.05; n = 11; Figure 2). Synthesis of NAD+ from
NA through the Preiss-Handler pathway leads to synthesis of
nicotinic acid adenine dinucleotide (NAAD), which was not
different between INT and CON (P = 0.262; n = 11; Figure 2).
NAD+ can also be salvaged from NMN, NAM, and NR, but
no differences between INT and CON were observed in these
precursors either (P ≥ 0.05; n = 11; Figure 2). Consumption
of NAD yields NAM and ADP riboside (ADPr), with no
differences observed in ADPr levels between INT and CON
(P = 0.413; n = 11; Figure 2). Conversely, the concentration
of the primary breakdown product of NAM, methyl-NAM
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FIGURE 2 NAD+ metabolome in skeletal muscle tissue obtained from older adults with compromised physical function administered
supplemental niacin equivalents and placebo, each for 32 days. The y-axis defines the AUC (AUC∗ IS AUC–1) per mg of dry tissue used in
the MS analysis. Data are displayed as means ± SDs, n = 11. ∗P < 0.01. Abbreviations: ADPr, adenosine diphosphate riboside; AUC, area under
curve; CON, control; INT, NAD intervention; IS, internal standard; MeNAM, methyl-nicotinamide; NA, nicotinic acid; NAAD, nicotinic acid adenine
dinucleotide; NAM, nicotinamide; NMN, nicotinamide mononucleotide; NR, nicotinamide riboside.
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(MeNAM), which is also commonly described as a marker
for increased NAD turnover (22), was measured and revealed
significantly higher MeNAM concentrations in INT compared
to CON (P = 0.001; Figure 2). Alternatively, NAD+ can be
phosphorylated into NAD(P)+, which did not differ between
conditions (P = 0.833; n = 11; Figure 2). The respective reduced
forms, NAD(H) and NAD(P)H, also did not differ between
conditions (P = 0.389 and P = 0.365 respectively; n = 11;
Figure 2).

Skeletal muscle acylcarnitine levels were unaffected
by NAD+-precursor supplementation

We previously showed that NR supplementation in humans
altered acylcarnitine levels in skeletal muscle (20). Therefore,
acylcarnitine levels were determined in the skeletal muscle tissue
and species were categorized in subgroups as being free (C0),
independent (C2), short-chain (C3–C5), medium-chain (C6–
C12), and long-chain (C13–C20) acylcarnitines. Ultimately, no
differences were observed in the concentrations of acylcarnitine
subgroups between INT and CON (P ≥ 0.05; Figure 3A–D;
n = 11).

Body composition was not affected by
NAD+-precursor supplementation

Body weight did not differ between INT (73.0 kg; 95% CI:
68.6 kg, 77.5 kg) and CON (72.9 kg; 95% CI: 68.6 kg,77.2 kg;
P = 0.812). Also, body composition was unaffected by NAD+-
precursor supplementation, as fat percentages were not different
for INT and CON [34.2% (95% CI: 29.3%, 39.2%) and 33.3%
(95% CI: 27.6%, 38.9%), respectively; P = 0.121].

NAD+-precursor supplementation did not improve
overall ex vivo mitochondrial respiration capacity

To determine skeletal muscle mitochondrial capacity, we per-
formed ex vivo high-resolution respirometry on permeabilized
muscle fibers obtained from skeletal muscle biopsies. In the
presence of substrates alone (State 2, Figure 4A), oxygen
flux was similar in INT and CON, although a slight but
significant difference of malate + glutamate (MG; P = 0.010)
was observed between INT and CON. Also, the assessment
of ADP-stimulated (State 3) respiration fueled by complex I-
linked substrates (malate and octanoyl-carnitine; Figure 4B,
P = 0.882) did not reveal any differences between INT
and CON. If anything, state 3 respiration upon MG tended
to be lower in INT compared with CON (P = 0.054;
Figure 4C). State 3 respiration upon parallel electron input
into complexes I and II showed no differences between INT
and CON with the substrate combinations malate + octanoyl-
carnitine + glutamate (P = 0.753), malate + octanoyl-
carnitine + glutamate + succinate (P = 0.716), or malate + glu-
tamate + succinate (P = 0.388; Figure 4D). Maximal uncoupled
respiration (State 3U), a reflection of the maximal capacity of
the electron transport chain, did not differ between INT and
CON (P = 0.495; Figure 4E). Lastly, mitochondrial proton leak
(State 4o) was assessed through the addition of oligomycin and
did not differ between INT and CON (P = 0.888; Figure 4F).
CytC responses were, on average, 1.32% for INT and 0.73%
for CON, and did not differ between conditions (P = 0.368).

NAD+-precursor supplementation did not affect
plasma substrate concentrations

Plasma samples obtained on Day 29 of each research period
were analyzed for the concentrations of glucose, insulin,
FFA, and TG. Glucose concentrations did not differ for

INT (5.87 mmol/L; 95% CI: 5.57, 6.16 mmol/L) and CON
(5.76 mmol/L; 95% CI: 5.52, 6.01 mmol/L; P = 0.223).
Correspondingly, insulin levels were not different between INT
(9.41 mU/L; 95% CI: 4.18, 14.7 mU/L) and CON (9.12 mU/L;
95% CI: 5.40, 12.8 mU/L; P = 0.807). Concentrations of FFA
showed no differences between INT (496 μmol/L; 95% CI:
397, 595 μmol/L) and CON (512 μmol/L; 95% CI: 416, 609
μmol/L; P = 0.812]. Lastly, plasma TG levels were not different
between INT (0.830 mmol/L; IQR, 0.675–1.03 mmol/L) and
CON (0.990 mmol/L; IQR, 0.610–1.43 mmol/L; P = 0.266).

Basal metabolic rate and exercise efficiency were not
altered by NAD+-precursor supplementation

Basal metabolic rates and fasting RERs were similar between
INT and CON (P = 0.824 and P = 0.297, respectively; Figure
5A and B). As a result, neither carbohydrate nor lipid oxidation
in the fasted state was different between INT and CON
[P = 0.588 (Figure 5C) and P = 0.787 (Figure 5D), respectively].

Besides assessments in resting conditions, substrate utiliza-
tion was also determined during a submaximal cycling test. All
participants completed the first 30 minutes of the cycling test;
however, 6 out of 14 participants could not proceed with the
cycling test at the set resistance and either decided to cease
testing (n = 2) or required the resistance to be reduced (n = 4)
in order to complete the remaining 30 minutes of the test.
Therefore, we only report parameters measured in the first half-
hour of the cycling test.

Besides substrate utilization, GEE and NEE were also
evaluated during the submaximal cycling test. The total
energy expenditure during cycling did not differ between INT
and CON (P = 0.103; Figure 5E), nor did cycling RER,
carbohydrate oxidation, or lipid oxidation rates (P = 0.366,
0.186, and 0.466, respectively; Figure 5F–H). GEE did not
differ between conditions (P = 0.419; Figure 5I). NEE (i.e.,
GEE corrected for the BMR) was also not different between
conditions (P = 0.636; Figure 5J).

Intrahepatic lipid content and muscle volume were
not affected by NAD+-precursor supplementation

Intrahepatic lipid content was measured noninvasively by 1H-
MRS and did not differ between INT (2.8%; 0.8%–4.8%) and
CON (2.7%; 1.1%–4.3%; P = 0.624). Muscle volume of the
m. vastus lateralis, assessed by MRI, was not different for INT
(1700 cm3; 1440–1960 cm3) compared to CON (1710 cm3;
1450–1980 cm3; n = 11; P = 0.450).

NAD+-precursor supplementation did not affect blood
pressure

SBP and DBP were measured throughout each study period
to evaluate the effects of NAD+-precursor supplementation
on these parameters. A summary of the data is presented in
Table 2. No differences were observed between INT and CON
in SBP on Day 1 (P = 0.821), Day 15 (P = 0.741), or Day 29
(n = 12; P = 0.877). DBP did not differ between conditions on
Day 1 (P = 0.551), Day 15 (P = 0.733), or Day 29 (n = 12;
P = 0.433). Lastly, MAP was estimated from the acquired SBP
and DBP values and was not different for INT and CON on
Day 1 (P = 0.653), Day 15 (P = 0.976), or Day 29 (n = 12;
P = 0.738).

SPPB performance did not improve under
NAD+-precursor supplementation

The SPPB was used as a clinical measure of physical functioning.
Scores for the balance test, the walking speed, and the chair-rise
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FIGURE 3 Skeletal muscle acylcarnitine levels in older adults with compromised physical function administered supplemental niacin
equivalents and placebo. (A) Acylcarnitine levels in skeletal muscle for free (C0) and independent species (C2). Acylcarnitine levels for (B) short
chain, (C) medium chain, and (D) long chain species (LC). Data are displayed as means ± SDs, n = 11.

test were similar between INT and CON (P > 0.999, P = 0.500,
and P = 0.489, respectively). The overall score on the SPPB was
also not different between INT (11.0; IQR, 10.00–11.5) and
CON (11.0; IQR, 9.50–12.0; P > 0.999).

Perceived physical functioning was positively
influenced by NAD+-precursor supplementation

The RAND-36 Health Survey 1.0 questionnaire was used as a
measure of perceived health status. Although measured physical
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FIGURE 4 States of mitochondrial respiration of skeletal muscle tissue obtained from older adults with compromised physical function
administered supplemental niacin equivalents and placebo, each for 32 days. (A) State 2 respiration. (B) State 3 respiration under ADP stimulation
with lipid substrates. (C) State 3 respiration with substrates focusing on Complex I. (D) State 3 respiration with parallel substrates focus on
Complex I and II. (E) Uncoupled respiration under FCCP addition. (F) State 4o respiration uncoupled from ATP synthase. Values are represented
as means ± SDs, n = 13. ∗P < 0.05. Abbreviations: FCCP, carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone; G, glutamate; M, malate; O,
octanoyl-carnitine; S, succinate.
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FIGURE 5 Whole-body indirect calorimetry of older adults with
compromised physical function administered supplemental niacin
equivalents and placebo. (A) Basal metabolic rate and (B) respiratory
exchange ratio, with corresponding (C) carbohydrate oxidation rate and
(D) lipid oxidation rate. (E) Submaximal exercise energy expenditure
with corresponding (F) respiratory exchange ratio with corresponding
(G) carbohydrate and (H) lipid oxidation rates. (I) Gross and (J)
net exercise efficiency from submaximal cycling test. Data are
represented as means ± SDs, n = 13. Abbreviations: CO, control; INT,
NAD intervention.

functioning was unaffected by NAD+-precursor supplementa-
tion, significantly higher scores were observed for the perceived
physical functioning domain in INT (92.0; IQR, 90.0–100) as
compared to CON (90.0; IQR, 86.3–93.8; n = 12; P = 0.031;
Figure 6). However, the other 8 out of 9 domains of the RAND-
36 did not show any differences between INT and CON on Day
29 (P ≥ 0.05; Figure 6).

Discussion

Mitochondrial dysfunction is an established hallmark of aging
and, together with declining NAD+ levels, these factors
are thought to drive the age-dependent decline in skeletal
muscle physical function. Here, we hypothesized that sup-
plementation with the NAD+ precursors L-Trp, NA, and
NAM, in a dose that could be achieved through increased
dietary intake, would improve mitochondrial oxidative capacity
in community-dwelling, older adults with impaired physical
function. We tested this hypothesis by conducting a double-
blind, randomized, controlled, cross-over trial with detailed
metabolic phenotyping. We show that supplementing with L-
Trp, NA, and NAM does elevate MeNAM concentrations in
skeletal muscle tissue but, in discordance with our hypothesis,
we found no improvement in the mitochondrial respiration
capacity in older adults with an impaired physical function.

In the current study, we did not observe an improvement in
the mitochondrial respiratory capacity in skeletal muscle under
NAD+-precursor supplementation compared to the control
condition. We have previously shown that the NAD+ precursor
acipimox was able to improve the mitochondrial function in
T2DM patients (44). However, the lack of an effect of NAD+-
precursor supplementation in the current study is in accordance
with similar recent observations with NR supplementation
in individuals with obesity (45, 46) and in older adults
(22), and extends this observation to physically compromised
older adults. Along the same lines, SPPB performance, energy
expenditure, substrate utilization, and exercise efficiency were
all unaffected by NAD+-precursor supplementation. These
findings are in agreement with those of Martens et al. (19), who
investigated the effects of NR supplementation in healthy, lean,
middle-aged to older adults on parameters of physical function
such as resting energy expenditure, maximum aerobic capacity,
and body composition, and found no differences between NR
and placebo. In accordance, Elhassan et al. (22) showed that
3 weeks of NR supplementation does not increase handgrip
strength in older adults. In contrast to our previous finding
that NR supplementation resulted in a minor but significant
reduction in fat mass in middle-aged humans with obesity (45),
we did not find any effect of NAD+-precursor supplementation
on body composition in the current study. Also, the muscle
volume was similar in both conditions. Interestingly, although
no improvements in physical function were detected upon
NAD+-precursor supplementation, perceived physical function
was improved upon NAD+. Possibly, subtle changes in physical
function did occur that were not detected by our outcome
parameters. However, given the small number of volunteers in
our study and the fact that this conclusion was based on 1 out
of 9 domains of the RAND-36 survey, one should be cautious
in interpreting this result. Future studies should determine both
perceived compared with actual physical function in (NAD+)
supplementation studies.
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FIGURE 6 RAND-36 Health Survey 1.0 questionnaire of older adults with compromised physical function administered supplemental niacin
equivalents and placebo over 8 domains on Day 29. All domains can be scored between 0 and 100, with higher scores being better. Data are
represented as means ± SDs, n = 12, ∗P < 0.05.

Blood pressure has also been reported to be susceptible to
NAD+-precursor supplementation in humans (19). However,
we did not observe changes in SBP, DBP, or MAP under
NAD+-precursor supplementation. This is in agreement with
our previous NR supplementation study in healthy humans
with obesity, which revealed no improvements in SBP, DBP, or
MAP when performing 36-hour blood pressure measurements
(45). These data, however, conflict with previous findings from
Martens et al. (19) showing improvements in SBP and DBP in
healthy middle-aged to older adults following 6 weeks of NR
supplementation, which may be explained by discrepancies in
the methodologies used to measure blood pressure, such as the
higher dose used and duration of the supplementation.

Several studies have demonstrated the ability of NAD+-
precursor supplementation to reduce IHL content in mice
(47–49). Moreover, Dollerup et al. (21) reported a tendency
for IHL content to decline in humans with obesity following
12 weeks of NR supplementation. Although this observation
did not reach statistical significance, the majority of the NR-
supplemented group (13 out of 20 participants) had an IHL
content greater than 5% prior to supplementation, and 9
out of these 13 individuals had a reduced IHL content after
supplementation. Here, we did not observe a beneficial effect
of NAD+-precursor supplementation on IHL content. This is
possibly due to the already low IHL content in our cohort, with
only 2 participants displaying IHL contents greater than 5%,

which is representative of nonalcoholic fatty liver disease (50),
thereby limiting the potential for a reduction in IHL content.

It was previously shown that aging is associated with reduced
intracellular NAD+ levels in skeletal muscle in humans (14,
15). It is now generally accepted that the NAD+ metabolism
is a main pathway in the regulation of mitochondrial function
in skeletal muscle and would be a target for intervention
to stimulate mitochondrial function and thereby prevent age-
related declines in physical muscle function. In this light,
Pirinen et al. (51) have shown that a titration protocol of
250 mg/day to 1000 mg/day of niacin over 4 weeks is able to
rescue mitochondrial respiration in adult-onset mitochondrial
myopathy patients, demonstrating the potential and efficacy of
NAD+-precursor supplementation in humans with preexisting
conditions. Notably, the window of opportunity for NAD+-
precursor supplementation in this population with niacin
deficiency by far exceeds the possibilities in populations who are
not niacin deficient. Here, we studied a group of community-
dwelling, older adults with an impaired physical function and,
in measuring the NAD+ levels in skeletal muscle tissue, we
found that NAD+ concentrations in skeletal muscle remained
unaffected upon supplementation. We supplemented with 3
separate NAD+ precursors—L-Trp, NA, and NAM—aiming
to take advantage of their respective pathways to contribute
to the overall NAD+ pool, as illustrated in Figure 2. It has
previously been shown that NAM supplementation to cells and
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TABLE 2 Blood pressure in older adults with compromised physical function administered
supplemental niacin equivalents and placebo, each for 32 days

Intervention group Control group P value

SBP, mmHg
Day 1 140 (131–148) 141 (131–151) 0.821
Day 15 140 (131–149) 139 (129–148) 0.741
Day 29 136 (128–145) 137 (130–143) 0.877

DBP, mmHg
Day 1 82.9 (77.6–88.2) 84.3 (80.0–88.6) 0.551
Day 15 82.9 (78.1–87.8) 83.8 (78.5–89.0) 0.733
Day 29 81.1 (75.1–87.0) 79.4 (74.8–84.1) 0.433

MAP, mmHg
Day 1 102 (97–107) 103 (97–109) 0.653
Day 15 102 (97–107) 102 (96–108) 0.976
Day 29 99.4 (93.5–105) 98.5 (94.0–103) 0.738

Values are presented as means (95% CIs), n = 13 or 12 (Day 29).
Abbreviations: DBP, diastolic blood pressure; MAP, mean arterial pressure; SBP, systolic blood pressure.

mice leads to an extended lifespan and healthspan, respectively
(52, 53). Furthermore, NAM supplementation has been shown
to improve the glucose metabolism in a rodent model of obesity
and T2DM (54). Recently, de novo biosynthesis of NAD+ from
L-Trp has received more attention as a viable dietary source
of NAD+ (25). Katsyuba et al. (25) demonstrated that when
the ACMSD enzyme is inhibited in the liver and kidney, the
conversion of L-Trp to NAD+ has the potential to induce SIRT1
activation and, thereby, improve mitochondrial function. Here,
we did not observe an increase in metabolites belonging to
the kynurenine pathway from L-Trp to QA and subsequently
to NAAD, a suggested sensitive biomarker of NAD+-precursor
supplementation efficacy (55). It is possible that the majority
of the L-Trp ingested was consumed by the ACSMD enzyme
instead of allowing for spontaneous cyclization of ACSM into
QA, further enzymatic conversion to NAAD, and ultimately
NAD+. However, this remains speculative, as this can only be
investigated by acquiring liver tissue, which we did not do in this
study. Therefore, more human studies are needed to examine the
effects of L-Trp and NAM, given at higher doses, on metabolic
health outcomes.

Moreover, we opted to use a low dose of 4 mg of NA daily
in order to limit the occurrence of flushing due to its vasoactive
properties (56). NAAD is the point of convergence for L-Trp
and NA metabolism towards NAD+ synthesis. However, NAAD
concentrations did not increase in skeletal muscle, suggesting
either an insufficient dose or the preference of skeletal muscle
tissue for another NAD+ precursor. Additionally, Liu et al.
(57) showed through isotope-tracer methodology that L-Trp,
NA, and NAM are the predominant physiological circulatory
NAD+ precursors. Labeling of L-Trp and NA showed that these
precursors are converted to NAD+ in the liver and subsequently
excreted into the circulation as NAM, and that the NAM
exchange from circulation to skeletal muscle tissue is slow, in
addition to skeletal muscle tissue exhibiting a low turnover
rate of NAD+ (57). This may explain why we did not observe
an increase in NAM, or any other metabolite of the NAD+

precursors used in our supplementation protocol, in skeletal
muscle tissue in this study. Herein, our results contrast with
observations of increasing NAAD in skeletal muscle previously
made by us and others when supplementing with high doses of
NR in individuals with obesity (45) and aged individuals (22),
suggesting that NAAD may be a sensitive yet specific biomarker
for NR supplementation efficacy.

The concentrations of NAD+ in skeletal muscle tissue
observed in both conditions of the current study appear to be
comparable to concentrations found previously by us in a group
of healthy, middle-aged individuals with obesity supplemented
with 1000 mg/day of NR, who demonstrated unresponsive
NAD+ levels to NR supplementation compared to placebo (20).
This raises the question of whether NAD+ levels per se are
determinants of efficacy of NAD+-precursor supplementation
or whether fluxes of NAD+ are more reliable measures of
efficacy. We found that the NAD+ concentrations in skeletal
muscle tissue were unresponsive to supplementation under
differing supplementation strategies in 2 different populations
[the present study and Remie et al. (20)] and observed increased
levels of MeNAM in both studies. This observation is also
in line with the observations of Elhassan et al. (22) in NR-
supplemented older adults, showing increased MeNAM levels
in skeletal muscle, although admittedly unchanged NAD+

concentrations. From the above, one could speculate that the
concentration of NAD+ in skeletal muscle tissue is likely
to be near the homeostatic maximum in humans in the
absence of disease or niacin deficiency, as illustrated by the
study of Pirinen et al. (51). This has also been proposed in
the “second hit” theory by Elhassan et al. (22), in which
NAD+ levels may only decline if chronological age is struck
by a second trigger leading to metabolic stress, such as
physical inactivity or (chronic) disease. In accordance with this
reasoning, we previously showed that supplementation with
the synthetic NA analogue acipimox increased the skeletal
muscle mitochondrial respiration capacity in individuals with
T2DM, who are characterized by a relatively low mitochondrial
capacity compared to BMI-matched healthy controls (44). From
the above, it could be concluded that there is potentially
little room for improvement in skeletal muscle NAD+ levels
in healthy individuals through supplementation with NAD+

precursors and, as a consequence, little or no effect on
downstream targets such as mitochondrial function, such as was
observed in the current study.

We acknowledge that this study is susceptible to limitations.
The participants may represent the “cream of the crop” in
terms of older adults with an impaired physical function.
As per the 6MWT distances recorded during the screening,
the average walking speed in this cohort was 1.09 m/s,
fitting of a healthy older (58) and prefrail population (59).
Although the individual 6MWT performances met our inclusion
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criterium, performance on the maximal cycling test yielded
a larger variation in overall maximum cycling performance,
leading to a more heterogeneous cohort than expected. Walking
performance is a good predictor of physical function and
frailty, comorbidity, and death (58), but it is hard to distinguish
whether walking performance is limited by muscle function
or may be limited by other health problems; for example,
a decreased walking performance does not necessarily have
to translate to a reduced cycling performance, as joint issues
could be the limiting factor and may be less prominent during
cycling compared to walking. Secondly, the selected dose of
207.5 mg/day NE, although 12–15 times the RDA for vitamin
B-3, may be insufficient to elevate NAD+ levels in humans.
The RDA of niacin for adult humans is set at 16 mg NE for
males and 14 mg for females (17). However, no guidelines
exist for older adults specifically. To date, only a small number
of studies have looked into the NAD+ boosting ability of
lower doses of NAD+ precursors in humans (23, 24), and
found that doses of 100 mg/day, 250 mg/day, and 300 mg/day
NE are able to increase plasma NAD+ metabolite levels over
baseline, such as levels of NAM and MeNAM. However, these
studies did not investigate intracellular levels in target tissues,
such as skeletal muscle. Here, we have supplemented older
adults with 207.5 mg NE per day, a level of supplementation
emulating an increased dietary intake, and show that this is
insufficient to increase levels of NAD+ and its metabolites in
skeletal muscle tissue but does increase skeletal muscle MeNAM
levels, suggesting an increase in the skeletal muscle NAD+

metabolism. Further, the duration of the intervention was set
at 32 days, which may be relatively short for health benefits to
surface. However, we have shown that 30 days of resveratrol
supplementation in individuals with obesity improves the
mitochondrial respiration capacity (28), supporting the notion
that short-term interventions can positively affect the human
metabolism. Lastly, we cannot exclude that the sample size of
the study was too small, although we have previously shown
with a similar cross-over design and the same methodology that
differences upon nutritional supplementation can be observed
with a similar sample size. Also, the chance of making a type
I error due to testing of multiple study outcomes cannot be
excluded.

In summary, we investigated the efficacy of NAD+ precursor
supplementation on the mitochondrial function, aiming to
combat the age-dependent declines in skeletal muscle function.
We show in community-dwelling, older adults with impaired
physical function that L-Trp, NA, and NAM did increase
MeNAM levels in skeletal muscle tissue but did not improve
the mitochondrial function and skeletal muscle function.
Notwithstanding, further research is merited to elucidate the
full potential of NAD+-precursor supplementation in specific
groups with more prominent metabolic dysfunction, such as
those with (morbid) obesity and T2DM. Future studies must
also tailor their interventions towards the tissues targeted,
optimizing delivery and taking the fate of the chosen NAD+

precursor into account.
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