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ABSTRACT
Background: Animal studies suggest a positive role for nicotinamide riboside (NR) on insulin sensitivity and hepatic steatosis in
models of obesity and type 2 diabetes. NR, an NAD+ precursor,
is a member of the vitamin B-3 family now available as an overthe-counter supplement. Although data from preclinical trials appear
consistent, potential effects and safety need to be evaluated in human
clinical trials.
Objective: The aim of this study was to test the safety of dietary NR
supplementation over a 12-wk period and potential to improve insulin
sensitivity and other metabolic parameters in obese, insulin-resistant
men.
Design: In an investigator-initiated randomized, placebo-controlled,
double-blinded, and parallel-group designed clinical trial, forty
healthy, sedentary men with a body mass index (BMI) > 30
kg/m2 , age-range 40–70 y were randomly assigned to 12 wk of
NR (1000 mg twice daily) or placebo. We determined the effects
of NR supplementation on insulin sensitivity by a hyperinsulinemic
euglycemic clamp and substrate metabolism by indirect calorimetry
and labeled substrates of tritiated glucose and palmitate. Body
composition and fat mass distribution were determined by wholebody dual-energy X-ray absorptiometry (DXA) and MRI scans, and
measurements of intrahepatic lipid content were obtained by MR
spectroscopy.
Results: Insulin sensitivity, endogenous glucose production, and
glucose disposal and oxidation were not improved by NR supplementation. Similarly, NR supplementation had no effect on resting energy
expenditure, lipolysis, oxidation of lipids, or body composition. No
serious adverse events due to NR supplementation were observed and
safety blood tests were normal.
Conclusion: 12 wk of NR supplementation in doses of 2000 mg/d
appears safe, but does not improve insulin sensitivity and whole-body
glucose metabolism in obese, insulin-resistant men. This trial was
registered at clinicaltrials.gov as NCT02303483.
Am J Clin Nutr
2018;108:1–11.
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INTRODUCTION

A continuous effort in the search for new potential therapeutic
approaches is required to curb the health hazards of obesity
and related conditions. Insulin resistance is central to the
pathogenesis of obesity-related conditions such as type 2
diabetes. When overweight individuals are successfully coached
to lose >7% of their body weight in 24-wk lifestyle interventions
or given metformin, improvements in insulin sensitivity can be
achieved (1, 2). Nicotinamide riboside (NR), a member of the
vitamin B-3 family, has antiobesogenic properties and has been
shown to improve insulin sensitivity in rapidly induced rodent
models of metabolic diseases (3).
Similar to classical forms of vitamin B-3—nicotinic acid
(NA) and nicotinamide (NAM)—NR is a nicotinamide adenine
dinucleotide (NAD+ ) precursor (4), and a naturally occurring
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TABLE 1
Baseline characteristics of the placebo and NR groups1

Age, y
Weight, kg
BMI, kg/m2
Waist:hip ratio
Lean mass, kg
Fat mass, kg
Fat, %
Visceral adipose tissue, cm2
Subcutaneous adipose tissue, cm2
Hepatic lipid content,4 %
HOMA-IR3,4
Fasting glucose,4 mmol/L
Fasting insulin,3 pmol/L
HbA1c, mmol/mol
HbA1c, %
Total cholesterol, mmol/L
LDL cholesterol, mmol/L
HDL cholesterol, mmol/L
Triglycerides, mmol/L
1 Data

Placebo (n = 20)
60
104.6
33.3
1.01
67.2
32.2
31.3
320.4
225.1
14.1
2.8
5.7
75.3
39.8
5.8
5.3
3.3
1.3
1.6

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

2.0
2.0
0.6
0.01
1.1
1.4
1.0
17.0
13.6
1.9
0.3
0.1
5.6
0.8
0.1
0.2
0.2
0.1
0.1

NR (n = 20)

58
104.8
32.4
1.01
68.8
31.1
30.2
295.5
229.6
11.3
2.5
5.5
71.4
37.7
5.6
5.3
3.4
1.2
1.5

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

1.6
2.2
0.5
0.01
1.6
1.2
0.9
16.3
12.9
1.8
0.2
0.1
6.6
1.0
0.1
0.2
0.2
0.1
0.1

P2
0.42
0.94
0.28
0.77
0.41
0.55
0.41
0.30
0.81
0.30
0.42
0.25
0.57
0.10
0.10
0.88
0.74
0.34
0.45

presented as mean ± SEM. HbA1c, glycated hemoglobin.
comparisons were made with unpaired 2-sample t test.
3 Statistical test performed on log-transformed data.
4 Placebo group (n = 19).

(7). NR improves glycemic control and provides resistance
to weight gain, hepatic steatosis, and hypercholesterolemia in
mouse models of prediabetes and diabetes (9, 35). Moreover,
NR effectively reduces ectopic lipid deposition in the liver in
mouse models of nonalcoholic fatty liver disease (NAFLD)
(8, 10).
Here we tested whether healthy obese men would tolerate
2000 mg of NR per day over a 12-wk period and whether this
nutritional intervention would be sufficient to improve insulin
sensitivity or other metabolic parameters.
METHODS

Study design
The study was designed as an investigator-initiated randomized, double-blinded, placebo-controlled, and parallel-group trial
in which participants received oral supplementation with NR
(NIAGENtm , ChromaDex) 1000 mg twice daily or placebo
(capsules identical to NR in number and external appearance) for
12 wk.

2 Baseline

substance in the human diet (5). NR utilizes a unique 2-step
biosynthetic pathway through the NR kinases (NRK) 1 and
2 leading to NAD+ formation (6). Oral administration of NR
increases NAD+ concentrations in vivo in rodents (7–15) and
has recently been shown to increase NAD+ concentrations in
human blood (16, 17). NR has undergone formal genotoxicity and
toxicology studies in animals (18), and is safe in humans in single
doses ≤1000 mg (16). However, no data are available regarding
safety and potential side effects of long-term NR supplementation
in healthy or overweight humans.
NAD+ is recognized as an essential coenzyme in redox
reactions in beta-oxidation, glycolysis, and in the citric acid
cycle (19). Furthermore NAD+ serves as a rate-limiting substrate
for a range of regulatory proteins, including the sirtuin enzyme
family, which are intricately involved in cellular metabolic
regulation (20). NAD+ availability is compromised in circumstances associated with increased risk of metabolic disorders
including aging (21–24) and high-fat diet (HFD)-induced obesity
(25). Nicotinamide phosphoribosyltransferase (NAMPT), a key
NAD+ biosynthetic enzyme, is influenced by lifestyle factors that
affect cellular NAD+ content. NAMPT abundance is increased
by exercise (26–28), caloric restriction (29), and fasting (30),
whereas obesity (31, 32) and aging (25) are associated with
reduced NAMPT abundance. Decreased NAD+ availability thus
seems to play a significant role in disorders involving metabolic
stress including heart disease (33), type 2 diabetes (9), and brain
injury (34), suggesting the possibility that repletion with a NAD+
precursor could correct imbalances of NAD+ availability and
provide health benefits.
Experimental work in animals shows beneficial effects of
NAD+ boosting strategies on metabolic endpoints. NR supplementation enhances oxidative metabolism, attenuates insulin
resistance, and protects against weight gain in mice on a HFD

Study population
Forty healthy male Caucasian volunteers were recruited.
Inclusion criteria were: male, 40–70 y of age, obese (BMI > 30
kg/m2 ), sedentary (<30 min exercise per day), nonsmokers,
and no prescribed medicine. Participants underwent a physical
examination by a trained physician including routine clinical
biochemistry and electrocardiography to evaluate eligibility for
the study.
Ethical approval
The study was conducted in accordance with the Declaration of
Helsinki after approval by the local Research Ethics Committee
(H-3-2014-130) and the Danish Data Protection Agency (116-02-714-14). The study was registered at clinicaltrials.gov
(NCT02303483) before recruitment was commenced. Participants received oral and written information before written
consent was obtained.
Study procedure
Participants were examined on 3 separate days at baseline and at the end of the trial. The same physician and
laboratory personnel undertook all examinations with the use
of the same equipment. Examinations included dual-energy
X-ray absorptiometry (DXA) scan, MR imaging and spectroscopy, and a clamp study day consisting of a hyperinsulinemic euglycemic clamp with infusion of radioactive isotopelabeled tracers of glucose and palmitate, indirect calorimetry,
repetitive blood sampling, and muscle and adipose tissue
biopsies.
After completion of baseline investigations, participants were
randomized to 12 wk supplementation with NR or placebo
with 2 daily administrations (morning and evening). The last
administration took place on the morning of the final clamp study
day. Surplus trial medication was returned, and compliance rate
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TABLE 2
Markers of substrate metabolism—indirect calorimetry, circulating hormones, and metabolites1
Placebo

Glucose oxidation, kcal/24 h
Basal
Clamp
Delta
Lipid oxidation, kcal/24 h
Basal
Clamp
Delta
Protein oxidation, kcal/24 h
Basal
Clamp
Delta
Resting energy expenditure, kcal/24 h
Basal
Clamp
Delta
Respiratory exchange ratio
Basal
Clamp
Delta
Insulin, pmol/L
Basal
Clamp
Delta
NEFA, mmol/L
Basal
Clamp
Delta
Palmitate flux, µmol/min
Basal
Clamp
Delta

NR

Pretreatment

Post-treatment

Pretreatment

Post-treatment

434.9 ± 47.4
681.5 ± 50.1*
239.8 ± 51.5

501.1 ± 46.2
801.0 ± 49.3*
299.9 ± 49.0

414.6 ± 46.2
605.5 ± 51.5*
207.6 ± 51.6

527.0 ± 46.2
650.4 ± 51.5*
138.3 ± 51.6

987.6 ± 61.9
784.1 ± 54.2*
−181.7 ± 53.2

971.0 ± 60.4
688.2 ± 53.0*
−282.8 ± 50.6

1014.7 ± 60.4
846.7 ± 55.7*
−199.0 ± 53.3

856.8 ± 60.4
790.1 ± 55.7
−66.7 ± 53.3

428.8 ± 36.2
417.5 ± 27.3
−11.3 ± 36.9

413.4 ± 35.5
401.6 ± 27.3
−11.9 ± 36.1

450.0 ± 35.5
458.2 ± 28.0
5.8 ± 37.0

471.9 ± 35.5
424.4 ± 28.5*
−57.4 ± 37.9

1850 ± 44
1886 ± 44
36 ± 17

1886 ± 44
1891 ± 44
5 ± 17

1879 ± 44
1906 ± 45
18 ± 18

1856 ± 44
1872 ± 45
7 ± 18

0.80 ± 0.01
0.84 ± 0.01*
0.03 ± 0.01

0.81 ± 0.01
0.86 ± 0.01*
0.05 ± 0.01

0.80 ± 0.01
0.83 ± 0.01*
0.03 ± 0.01

0.82 ± 0.01
0.84 ± 0.01*
0.02 ± 0.01

59.4 ± 5.6
262.6 ± 10.0*
203.2 ± 7.9

68.8 ± 5.6
272.5 ± 10.0*
203.8 ± 7.9

56.3 ± 5.6
244.9 ± 10.2*
188.8 ± 8.1

65.9 ± 5.6
275.6 ± 10.4*
212.0 ± 8.2

0.50 ± 0.03
0.08 ± 0.01*
−0.42 ± 0.02

0.45 ± 0.03
0.07 ± 0.01*
−0.38 ± 0.02

0.48 ± 0.03
0.07 ± 0.01*
−0.40 ± 0.03

0.42 ± 0.03
0.06 ± 0.01*
−0.35 ± 0.03

286.0 ± 20.0
60.9 ± 4.9*
−224.5 ± 19.0

257.5 ± 20.0
56.4 ± 4.9*
−199.7 ± 19.0

296.4 ± 21.2
58.9 ± 5.5*
−234.7 ± 20.7

219.4 ± 21.2
51.0 ± 5.5*
−168.7 ± 20.7

1 Data estimated mean ± SEM. Pretreatment and post-treatment values with placebo (n = 18–20) or NR (n = 16–20)
supplementation. Each parameter was measured in the basal and clamp periods during a hyperinsulinemic euglycemic
clamp, referring to periods with and without insulin stimulation. Delta = clamp – basal. Circulating parameters were
measured in triplicates at the end of the basal and clamp periods. Oxidation rates of glucose, lipid, and protein, resting
energy expenditure, and respiratory exchange ratio as measured by indirect calorimetry. Palmitate flux, reflecting lipolysis,
as determined by [9,10-3 H]-palmitate tracer infusion. Effects of NR treatment were assessed between groups by repeatedmeasurement mixed model analysis. Comparisons were performed on basal, clamp, and delta values, respectively. There
were no significant treatment effects of NR. Effects of insulin stimulation (basal compared with clamp) during the
hyperinsulinemic euglycemic clamp were tested by paired 2-sample t tests within each group and visit. As expected, wellknown insulin effects were observed including changes in substrate metabolism, reflected by increased glucose oxidation
and decreased lipid oxidation, as well as suppressed lipolysis and NEFA concentrations during insulin stimulation
(*P ≤ 0.01). NEFA, nonesterified fatty acid; NR, nicotinamide riboside.

was calculated as the proportion of capsules ingested relative to
the intended number.
The Pharmacy at Aarhus University Hospital undertook
randomization, blinding, packaging, and labeling of the trial
dietary supplement. Block randomization was used with a block
size of 4; within each block 2 participants were allocated
to NR supplementation, and 2 participants to placebo in a
random pattern. Participants and data collectors were blinded
to treatment. Once all participants had completed the study, the
randomization code was released.

Safety
Participants had direct access to a physician throughout the
study, and were seen at a midway safety checkup after 6 wk,
when a blood sample was drawn to monitor for adverse events.
The blood sample included creatinine, sodium, potassium, urea
nitrogen, albumin, alanine aminotransferase (ALT), bilirubin,
alkaline phosphatase, hemoglobin, white blood cell count, and
platelets. Oral information about adverse events was recorded
after 6 wk and at the end of the trial.
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FIGURE 1 Insulin sensitivity parameters, pretreatment (Pre), post-treatment (Post), and delta (Post – Pre) values with placebo (n = 20) or NR (n = 18–19)
supplementation. (A) The M-value (estimated mean ± SEM), reflecting whole-body insulin sensitivity, calculated as the mean GIR during the last 30 min
of the clamp. Treatment comparison was made by repeated-measurement mixed model analysis. No significant treatment effect was observed. (B) The GIRs
(mean ± SEM) necessary to maintain euglycemia at 5 mmol/L during the 3-h clamp period, pretreatment and post-treatment with placebo (n = 20) or NR
(n = 18–19). Gray bars, white dots = placebo; black bars/dots = NR. GIR, glucose infusion rate; NR, nicotinamide riboside.

Study preparations
Two wk preceding and during the trial, participants were asked
to refrain from taking vitamins or other dietary supplements.
Because the study aimed to test the sufficiency of NR supplementation to improve metabolic parameters, the significance of
maintaining their normal way of living in terms of diet and
physical exercise was emphasized.
To avoid variations in composition of diet and intake of
naturally occurring forms of vitamin B-3, participants kept a
diet journal for 3 d preceding the clamp study day at baseline
and repeated the dietary pattern at the end of the trial. The diet
journal included detailed information about time of intake, type
of food/drink, amount, and type of preparation. Participants—
already preselected as adhering to a sedentary lifestyle—were
instructed to abstain from alcohol and physical exercise for
72 h preceding the clamp study day.
Hyperinsulinemic euglycemic clamp
After a 10-h overnight fast, participants arrived at the Medical
Research Laboratory, Aarhus University Hospital, Denmark at
approximately 0700 and were studied in supine position for
6.5 h. Intravenous catheters were inserted: 1 in an antecubital vein
for infusions and 1 in a heated dorsal hand vein for sampling of
arterialized blood. Blood samples were drawn at 0, 160, 170, 180,
300, 340, 350, and 360 min.
The clamp study day was divided into a 3-h basal period (0–
180 min) and a 3-h clamp period (180–360 min) with continuous
insulin infusion at 0.5 mU·kg−1 ·min−1 (Humulin® Regular,
Eli Lilly). Plasma glucose concentrations were measured every
10 min during insulin infusion and the glucose infusion rate (GIR)
adjusted with a 20% glucose infusion to maintain euglycemia at
5 mmol/L. The primary endpoint measure, the M-value, reflecting
whole-body insulin sensitivity, was calculated as mean GIR at
340–360 min.
Tracers
A 0.74 MBq bolus followed by continuous infusion at
0.44 MBq/h of [3-3 H]-glucose (GE Healthcare) was given from

0–360 min. In addition, [3-3 H]-glucose was added to the infused
glucose used during the hyperinsulinemic euglycemic clamp in
order to avoid rapid dilution (3.7 MBq [3-3 H]-glucose in 500
ml 20% glucose). Specific activities of [3-3 H]-glucose were
measured in triplicates at the end of the basal (160–180 min)
and clamp (340–360 min) periods. Glucose rate of appearance
(Ra) and rate of disappearance (Rd) were calculated with the
use of Steele’s non-steady-state equation (36). Endogenous
glucose production (EGP) equals Ra under the basal period
and is calculated by subtracting GIR from Ra during the clamp
period. Nonoxidative glucose disposal (NOGD) was calculated
by subtracting oxidative glucose disposal (derived from indirect
calorimetry) from total glucose disposal (Rd). Systemic palmitate
turnover was determined as previously described (37). A
continuous infusion of [9,10-3 H]-palmitate (GE Healthcare) was
infused at 0.0111 MBq/min in the basal (120–180 min) and
clamp (300–360 min) periods. Blood samples for measurement of
palmitate concentration and specific activity were drawn before
the infusions (0 and 300 min) and in triplicates at the end of the
infusions (160–180 min and 340–360 min).

Indirect calorimetry
Indirect calorimetry (Oxycon Pro, Intramedic) was applied in
order to measure the nonthermal component of resting energy
expenditure (EE) and respiratory exchange ratio (RER) during
the basal and clamp periods (120 min and 270 min). Mean
values of a 15-min period collection of respiratory gases were
used for calculations. Substrate oxidation rates were calculated
after correction for protein oxidation, determined on the basis of
urinary excretion of urea nitrogen (38).

Blood analysis
Analyses of insulin (Insulin ELISA, Mercodia) and nonesterified fatty acids (NEFAs) (Wako Chemicals) were performed
with the use of commercially available kits. Plasma glucose was
measured immediately after collection on a YSI 2300 Stat Plus
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Pre-treatment

Post-treatment

Placebo
NR

1.2

EGP (mg .kg -1.min-1)

1.0
0.8

0.4

0.0

B

*

*

*

*

Basal Clamp Basal Clamp

Basal Clamp Basal Clamp

Pre-treatment

Post-treatment

Placebo
NR

3.5

Glucose Rd (mg .kg -1.min-1)

Glucose Analyzer (YSI Inc.). Glycated hemoglobin (HbA1c),
ALT, total cholesterol, HDL, LDL, and triglycerides (TGs) were
analyzed at the Department of Clinical Biochemistry, Aarhus
University Hospital, with the use of standard methods. Insulin
resistance determined by HOMA-IR was calculated through the
use of the equation: fasting glucose (mmol/L) × fasting insulin
(µU/mL)/22.5 (39).

0.6

0.2

3.0

*

*

*

*

2.5
2.0
1.5
1.0
0.5
0.0

C
2.0

NOGD (mg .kg -1.min-1)

5

Basal Clamp Basal Clamp

Basal Clamp Basal Clamp

Pre-treatment

Post-treatment

*

Placebo
NR

*

*

Urine sampling
Urine was collected at the end of the basal and clamp
periods for quantification of urine urea nitrogen with absorption
photometry (Cobas 6000, Roche). First morning urine was
collected at the end of the trial approximately 12 h after
ingestion of trial capsules for quantitative assessment of NRand NAD-derived metabolites by liquid chromatography–mass
spectrometry (LC-MS) analysis. An internal standard solution
containing 200 pmol of d3 N-methyl-4-pyridone-3-carboxamide
(Me-4-PY), 400 pmol of 18 O NR and 18 O, d3 N-methyl
nicotinamide (MeNAM), and 800 pmol of 18 O-NAM and d4-NA
in 0.5% formic acid was added to 100 µL of urine. Standards
and controls were prepared in water with the above amounts of
internal standard, 0.4–800 pmol of nicotinic acid riboside (NAR),
and 4–8000 pmol of all other analytes. Over range samples were
reanalyzed by diluting 10 µL of urine to 100 µL with water.
All samples were evaporated to dryness under vacuum through
the use of a CentriVap (Labconco). LC-MS was carried out as
described (40) on a Waters TQD using the modified multiple
reaction monitoring (MRM) transitions of NR(255→123);
NAM(123→80); NA(124→80); MeNAM(137→94); Me-4PY(153→136); Me-2-PY(153→110); NAM oxide(139→106);
NAR(256→124); 18 O-NAM(125→80); 18 O-NR(257→125);
d4-NA(128→84); 18 O, d3-MeNAM(142→97); and d3-Me-4PY(156→139). Urine metabolites were normalized to creatinine
concentrations measured with absorption photometry (Cobas
8000, Roche).

*

1.5

MR imaging and spectroscopy
1.0

0.5

0.0

Basal Clamp Basal Clamp

Basal Clamp Basal Clamp

FIGURE 2 Glucose turnover parameters (estimated mean ± SEM)
determined by [3-3 H]-glucose tracer infusion in the basal and clamp periods.
Pretreatment and post-treatment values with placebo (n = 18–20) or NR
(n = 17–20) supplementation. (A) EGP. (B) Glucose rate of disappearance
(Rd), corresponding to whole-body glucose uptake. (C) NOGD. Effects
of NR treatment were assessed between groups by repeated-measurement
mixed model analysis. Comparisons were performed on basal, clamp,
and delta (clamp – basal) values, respectively. There were no significant
treatment effects of NR. Effects of insulin stimulation (basal compared
with clamp) during the hyperinsulinemic euglycemic clamp were tested by
paired 2-sample t tests within each group and visit. As expected, insulin
stimulation suppressed EGP and increased whole-body glucose uptake and
NOGD (*P ≤ 0.001). Gray bars = placebo; black bars = NR. EGP,
endogenous glucose production; NOGD, nonoxidative glucose disposal; NR,
nicotinamide riboside.

Hepatic lipid content (HLC), abdominal subcutaneous adipose
tissue (SAT), and visceral adipose tissue (VAT) were quantified
with the use of MR techniques on a Signa HDxt 1.5 Tesla twin
speed scanner (GE Medical Systems).
HLC was determined with 1 H-MR liver spectroscopy as
previously described (41). Full width at half maximum of the
water peak was 7.7 ± 2.8 Hz (mean ± SD). LCModel software
(version 6.2-1, Stephen Provencher) was applied to quantify the
spectra with the use of a dedicated liver spectroscopy fitting
model, providing an estimate of the lipid to water ratio (LWR)
in the tissue within the voxel (42). HLC, which is the fraction
of signal from fat over the total signal, was calculated as:
HLC = LWR/(LWR + 1).
Abdominal SAT and VAT were quantified based on a single
axial image at the L2-L3 vertebral interspace by MRI with the
use of a 16-element abdominal coil and a fast spin-echo T1weighted IDEAL/DIXON sequence: echo time: 13 ms; repetition
time: 700 ms; slice thickness: 5 mm; field of view: 40–48 cm;
pixel resolution: 1.4 × 2.3 mm. The VAT area based on a single
slice correlates highly with the total VAT volume as assessed
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FIGURE 3 Body composition measures (estimated mean ± SEM), pretreatment (Pre), post-treatment, (Post), and delta (Post – Pre) values with placebo
(n = 20) or NR (n = 20) supplementation. (A) Total body mass, (B) lean mass, (C) fat mass, and (D) fat percentage as determined by whole-body dual-energy
X-ray absorptiometry scans. (E) Abdominal SAT and (F) VAT determined on the basis of a single axial image at the L2-L3 vertebral interspace by MR imaging.
(G) Defining the external and internal contours for quantification of SAT and VAT with the use of Hippo Fat software. Treatment comparison was made
by repeated-measurement mixed model analysis. No significant treatment effects were observed. Gray bars = placebo; black bars = NR. NR, nicotinamide
riboside; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

by a multislice protocol (43). Data were processed with the
use of Hippo Fat software (version 1.3, Vincenzo Positano)
(44), allowing for semiautomatic quantification. Each slice was
visually inspected and the segmentation manually adjusted when
necessary. Analysis was performed blinded to treatment.

DXA
Body composition and bone mineral density (BMD) were
assessed by a whole-body DXA scan (Hologic Discovery,
Hologic).

Power calculation
The Power calculation was based on the primary endpoint,
which was insulin sensitivity as defined by the M-value obtained
in the hyperinsulinemic euglycemic clamp. Sample size was
calculated on the basis of a t test for comparing 2 population

means. The significance level was set at 0.05 with a power of 0.8.
The SD of the examination was estimated at 1.6 based on previous
in-house experience. To determine whether NR could provide
improvements in insulin sensitivity comparable with those of
insulin-sensitizing drugs or exercise (45, 46), 19 participants
would be required in each group, to detect a statistically
significant treatment difference of 1.5 mg·kg−1 ·min−1 .
Statistics
Data are presented as estimated mean ± SEM unless
stated otherwise. Treatment effect was assessed between
groups by repeated-measurement mixed model analysis that
included systematic factors: intervention (NR/placebo), visit
(pretreatment/post-treatment), and the interaction between intervention and visit, and the subjects’ unique ID as the random
effect. The Wald test was applied to test interaction. The likelihood ratio test was applied to check for distinct residual variances
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FIGURE 4 HLC determined by 1 H-MR-spectroscopy (estimated mean ± SEM). (A) Pretreatment (Pre), post-treatment (Post), and delta (Post – Pre) values
with placebo (n = 18–19) or NR (n = 19–20) supplementation. (B) 2 × 2 × 3 cm3 voxel positioned in the lower posterior part of the liver for quantification
of HLC by 1 H-MR-spectroscopy. (C–D) Changes in HLC for each subject in the placebo group (C) and NR group (D) displayed with pretreatment values
on the x axis and post-treatment values on the y axis. Subjects below the diagonal have reduced HLC, whereas subjects above the diagonal have increased
HLC. Treatment comparison was made by repeated-measurement mixed model analysis. No significant treatment effects were observed. Gray bars, white
dots = placebo; black bars/dots = NR. HLC, hepatic lipid content; NR, nicotinamide riboside.

in the intervention and placebo groups, and model assumptions
were evaluated by inspection of diagnostic plots of residuals and
fitted values. In case of a significant interaction, linear pairwise
comparisons were performed to compare differences within
and between interventions and visits. Baseline characteristics
and urinary NR metabolites were compared through the use
of the unpaired 2-sample t test. Furthermore, to validate the
hyperinsulinemic euglycemic clamp model, insulin effects (basal
compared with clamp) were tested independently with paired 2sample t tests within interventions and visits. When appropriate,
data were logarithmically transformed before statistical testing.
All available data were included in each analysis. A 2-tailed
P value of <0.05 was considered statistically significant. The
dataset has also been tested with 2-factor repeated-measures
ANOVA, including only participants contributing a full dataset
for a given repeated measurement. The result of this statistical
analysis did not differ from the mixed model analysis. Statistical
analyses were performed with Stata (version 14.1, StataCorp)

and graphical presentations with SigmaPlot (version 11.0, Systat
Software Inc.).

RESULTS

Inclusion, completion, and compliance
Recruitment and data collection took place from January
2016 to April 2017. One hundred and ninety-seven requests for
participation were received in response to advertisements. Fortyfive volunteers were screened, of which forty were found eligible
and included in the study. All enrolled participants completed
the study (Supplemental Figure 1). Two participants did not
complete the hyperinsulinemic euglycemic clamp at the end of
the trial due to technical errors. The compliance rate (mean ±
SD) was 95.5% ± 5.0% for the NR group and 98.3% ± 3.0% for
the placebo group.
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TABLE 3
Blood biochemistry1
Placebo
Pretreatment
Fasting glucose, mmol/L
HbA1c, mmol/mol
HbA1c, %
Total cholesterol, mmol/L
HDL, mmol/L
LDL, mmol/L
Triglycerides, mmol/L
ALT, U/L

5.7
39.8
5.8
5.3
1.3
3.3
1.6
31.7

±
±
±
±
±
±
±
±

0.1
0.9
0.1
0.2
0.1
0.2
0.1
3.4

NR
Post-treatment
5.8
40.3
5.8
5.3
1.3
3.3
1.5
32.0

±
±
±
±
±
±
±
±

0.1
0.9
0.1
0.2
0.1
0.2
0.1
3.4

Pretreatment
5.5
37.7
5.6
5.3
1.2
3.4
1.5
33.1

±
±
±
±
±
±
±
±

0.1
0.9
0.1
0.2
0.1
0.2
0.1
3.6

Post-treatment
5.6
38.2
5.6
5.3
1.2
3.3
1.8
29.6

±
±
±
±
±
±
±
±

0.1
0.9
0.1
0.2
0.1
0.2
0.2
3.6

P2
0.92
0.92
0.92
0.96
0.64
0.13
0.013
0.21

1 Data presented as estimated mean ± SEM. Pretreatment and post-treatment values with placebo (n = 19–20) or NR (n = 20)
supplementation. ALT, alanine aminotransferase; HbA1c, glycated hemoglobin; NR, nicotinamide riboside.
2 Treatment comparison was made by repeated-measurement mixed model analysis. P value denotes interaction.
3 Post hoc tests showed significant difference between pretreatment and post-treatment values for the NR group (P = 0.001); all other
comparisons were nonsignificant.

Safety
NR at 2000 mg/d was well tolerated. There were reports of
minor adverse reactions from 4 participants in the NR group and
from 2 participants in the placebo group. Adverse reactions in the
NR group included pruritus, excessive sweating, bloating, and
transient changes in stool, and in the placebo group acid reflux
and periodic loose stools. The severity was mild in every case.
Blood samples drawn to check for adverse events after 6 wk
revealed no abnormalities in the NR group. Three participants
from the placebo group displayed mild thrombocytosis (platelet
count: <700 × 109 /L).

significantly increased glucose oxidation whereas lipid oxidation
decreased during the clamp (Table 2).
Body composition
Twelve wk of NR supplementation did not affect body
composition. No differences in total body mass, lean mass, total
fat mass, or fat percentage were observed (Figure 3). There were
no changes in the amount or distribution of abdominal VAT and
SAT. No changes in BMD or T-score were observed (data not
shown).

Baseline

HLC

Baseline characteristics of the participants are displayed in
Table 1. The groups were generally well matched at baseline.

A 2% reduction in HLC in the NR supplemented group was
observed compared with a 0.2% reduction in the placebo group;
however, no significant difference between groups was found
(interaction: P = 0.13) (Figure 4). In a mouse model, in which
obesity was rapidly induced by a diet in which 60% of the calories
derived from lard, NR had a profound effect in reducing hepatic
steatosis (9). We therefore considered whether our data might
suggest that there are responders and nonresponders of NR to
decrease hepatic steatosis. As shown in Figure 4C, there were 15
individuals in the placebo group with pretreatment HLC > 5%.
Six of these individuals showed apparent decreases in HLC after
placebo. In contrast, 13 individuals in the NR group (Figure 4D)
had pretreatment HLC > 5% of whom 9 showed an apparent
reduction in HLC after 12 wk on NR.

Insulin sensitivity
Insulin infusion during the hyperinsulinemic euglycemic
clamp increased insulin concentrations from the basal state
to comparable levels in both groups during the clamp period
(Table 2). Insulin sensitivity, determined as the M-value, was
not affected by NR supplementation (interaction: P = 0.71), and
no significant changes in the M-value occurred during the study
(Figure 1).
As expected, there was a significant effect of insulin stimulation with reduced EGP and increased glucose uptake (glucose Rd)
and NOGD during the clamp (Figure 2). However, no effects of
NR supplementation were observed. Likewise, palmitate flux (the
rate of lipolysis) was reduced and NEFA concentrations dropped
in both groups during insulin stimulation with no observed effects
of NR (Table 2).
Substrate metabolism
Resting EE and the RER were not affected by NR supplementation. No treatment effects on oxidation rates of glucose,
lipid, or protein were observed. As expected, insulin stimulation

Biochemistry
NR elevated plasma TGs from a pretreatment mean of 1.5
mmol/L to a post-treatment mean of 1.8 mmol/L (Table 3).
All participants remained within the normal reference range
according to the national Danish reference intervals for clinical
biochemistry (TG < 2 mmol/L). Total cholesterol and LDL
in plasma were abnormal at baseline in both groups (total
cholesterol > 5.0 mmol/L, LDL > 3.0 mmol/L) whereas HDL
was within the normal reference range (HDL > 1.0 mmol/L).

Downloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqy132/5051210
by guest
on 11 July 2018

NICOTINAMIDE RIBOSIDE SUPPLEMENTATION IN HUMANS

A

B

C

D

E

F

9

G

FIGURE 5 Elevation of the urinary NAD+ metabolome (mean ± SEM) after 12 wk with placebo (n = 20) or NR 1000 mg × 2 (n = 20) supplementation.
NR significantly increased all NAD+ - and NR-derived metabolites (*P < 0.01). Urine was collected in the morning approximately 12 h after oral ingestion of NR
1000 mg or placebo. Concentrations are normalized to creatinine concentrations. (A) β-NR, (B) nicotinamide (Nam), (C) N-methylnicotinamide (MeNam),
(D) nicotinamide oxide (Nam oxide), (E) N-methyl-2-pyridone-5-carboxamide (Me2PY), (F) N-methyl-4-pyridone-5-carboxamide (Me4PY), (G) nicotinic
acid riboside (NAR). Treatment effect assessed via unpaired 2-sample t test. Gray bars = placebo; black bars = NR. NAD, nicotine adenine dinucleotide; NR,
nicotinamide riboside.

These, however, were unaffected by 12 wk of NR supplementation. No treatment-associated changes were observed in HbA1c,
fasting glucose, fasting insulin, or fasting NEFA concentrations.
Similarly, no significant change in the liver marker ALT was
recorded.
Urinary NR metabolites
The concentrations of NR- and NAD-derived metabolites
in urine were determined after the 12-wk study period. All
measured metabolites were significantly increased owing to NR
supplementation as compared with the placebo group (P < 0.01)
(Figure 5).
DISCUSSION

Changes in body weight, insulin sensitivity, and hepatic
steatosis are correlated in rodents and in people. In people,

obesity typically develops over decades of imbalance between
energy intake and energy expenditure. During this time period,
insulin sensitivity decreases, hepatic lipids accumulate, and
many other changes occur that simultaneously produce the
metabolic syndrome (47). In rodents, NR has been investigated
as essentially a monotherapy for rapidly induced diabesity and
its complications (9). Thus, a key difference between common
human metabolic diseases and animal models is the time frame.
While NR has remarkable activity in these models, especially
in reducing hepatic steatosis, mice on NR show substantial
resistance to HFD-induced weight gain (7, 9), such that it is difficult to know whether the insulin-sensitizing or lipid-mobilizing
effects of NR are primary effects or are secondary to weight
management. Because people rarely lose weight without an
intervention, we aimed to see whether NR might be as powerful
as metformin or intense lifestyle changes as a monotherapy.
Safety data on chronic NR supplementation were lacking.
Safety data on use of NR by obese individuals were also
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lacking and the single dose safety data only went up to
1000 mg/d (16). The safety of ingestion of NR at 2000 mg/d for a
12-wk period was supported in this study by the lack of clinically
relevant findings in the blood biochemistry and hematology
parameters as well as a lack of difference in incidence, nature,
and severity of test article adverse events as well as no reported
serious adverse events. Cutaneous flushing, a well-known side
effect of NA, present already at a single dose of 500 mg (48),
was not reported in relation to NR supplementation in this
study.
Insulin sensitivity for glucose utilization was chosen as
the primary endpoint of this clinical trial. Peripheral insulin
resistance is of primary importance in the events leading to type
2 diabetes and the condition precedes the disease by decades
(49, 50). The participants in this study were insulin resistant
based on HOMA-IR ≥ 2.5 (39). Insulin stimulation during
clamp conditions increased glucose oxidation independently of
treatment. The capacity to shift between lipids and carbohydrates
as substrates for oxidation has been termed metabolic flexibility,
and measures of this capacity may give more detailed information
on metabolic health (51). Our indirect calorimetry data on
substrate oxidation did not reveal effects of NR supplementation,
and this observation therefore supports our primary endpoint
obtained by the hyperinsulinemic euglycemic clamp. Insulin
resistance is defined as a less than biological response to normal
concentrations of insulin. Insulin resistance is thus not confined
to glucose utilization. To test for tissue-specific effects of insulin,
we therefore used substrate tracers that allowed for determination
of insulin sensitivity in liver, skeletal muscle, and adipose tissue.
The combined results of these investigations all showed no effect
of NR supplementation, and we thus did not find evidence
of organ-specific effects of NR. However, our findings do not
preclude that NR supplementation affects cellular mechanisms in
insulin-sensitive tissues other than those measured with the use
of substrate tracers. Furthermore, we only included men in this
study, and cannot exclude that NR supplementation may have
effects on insulin sensitivity or other metabolic parameters in
women.
We observed a slight increase in the TG concentration in
the NR group mirrored by a slight reduction in the placebo
group. Pre- and post-treatment values were within the normal
reference range in both groups. Assessed by MR spectroscopy,
we observed an absolute reduction in the HLC of 2% (relative
reduction 18%) in the NR supplemented group, although this
did not reach statistical significance as compared with the minor
reduction of 0.2% (relative reduction 1.4%) observed in the
placebo group (P = 0.13). This effect size is potentially of
significance given that the NR group began the trial with 2.8%
lower HLC than the placebo group. Inspection of the individual
data (Figure 4D) suggests that most participants in the NR group
experienced a drop in HLC after 12 wk. In rodents NR displays
potent capabilities in reducing hepatic steatosis in HFD-induced
NAFLD (8–10). The power calculation for the study was not
based on this endpoint, and the possibility of a type II error cannot
be excluded. Thus, future sufficiently powered studies should
address this endpoint with long-term NR supplementation. In
addition, the fate of the hepatic lipid and the question of whether
it is transiently mobilized to the circulation can be addressed by
collection of urine, feces, and other methods.
In conclusion, 12 wk of dietary NR supplementation is
safe at 2000 mg/d but does not improve insulin sensitivity

and other metabolic parameters in insulin-resistant, obese men.
Longer-term studies are warranted with endpoints that relate to
mobilization and disposition of hepatic lipids.
We are grateful for the excellent assistance provided by the medical
laboratory technicians Susanne Sørensen, Lone Kvist, Annette Mengel,
Eva Schriver, Elsebeth Hornemann, and Kirsten Nyborg Rasmussen from
the Medical Research Laboratory, Aarhus University Hospital, Denmark.
We thank Aparna Udupi from the Biostatistical Advisory Service, Aarhus
University for statistical support. We also thank the participants for their
commitment to this study and ChromaDex Inc. for the provision of
NIAGENTM and placebo capsules.
The authors’ contributions were as follows—JTT, NJ, and BC: conceived
the study; OLD, BC, MS, NM, JTT, and NJ: designed the study; OLD:
conducted the experiments; SR and HS-J: provided technical support
regarding the MR techniques and aided in MR data analysis; MSS and CB:
performed metabolomics on urine samples; KS: analyzed the data; OLD,
JTT, CB, and NJ: interpreted the data; OLD, JTT, CB, and NJ: wrote the
manuscript; and all authors: reviewed and accepted the manuscript. NJ is the
guarantor of this work and, as such, had full access to all the data in the
study and takes responsibility for the integrity of the data and the accuracy
of the data analysis. CB serves as chief scientific adviser of ChromaDex,
Inc., holds stock in ChromaDex, Inc., and has received research grants from
ChromaDex, Inc. ChromaDex, Inc. had no role in the study design, data
collection, analysis, or preparation of the manuscript. The other authors have
no conflicts of interest to declare in relation to this work.

REFERENCES
1. Pan XR, Li GW, Hu YH, Wang JX, Yang WY, An ZX, Hu ZX, Lin
J, Xiao JZ, Cao HB et al. Effects of diet and exercise in preventing
NIDDM in people with impaired glucose tolerance. The Da Qing IGT
and Diabetes Study. Diabetes Care 1997;20:537–44.
2. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin
JM, Walker EA, Nathan DM. Reduction in the incidence of type 2
diabetes with lifestyle intervention or metformin. New Engl J Med
2002;346:393–403.
3. Chi Y, Sauve AA. Nicotinamide riboside, a trace nutrient in foods, is
a vitamin B3 with effects on energy metabolism and neuroprotection.
Curr Opin Clin Nutr Metab Care 2013;16:657–61.
4. Bogan KL, Brenner C. Nicotinic acid, nicotinamide, and nicotinamide
riboside: a molecular evaluation of NAD+ precursor vitamins in human
nutrition. Annu Rev Nutr 2008;28:115–30.
5. Trammell SA, Yu L, Redpath P, Migaud ME, Brenner C. Nicotinamide
riboside is a major NAD+ precursor vitamin in cow milk. J Nutr
2016;146:957–63.
6. Bieganowski P, Brenner C. Discoveries of nicotinamide riboside
as a nutrient and conserved NRK genes establish a Preiss-Handler
independent route to NAD+ in fungi and humans. Cell 2004;117:495–
502.
7. Canto C, Houtkooper RH, Pirinen E, Youn DY, Oosterveer MH, Cen
Y, Fernandez-Marcos PJ, Yamamoto H, Andreux PA, Cettour-Rose P
et al. The NAD(+) precursor nicotinamide riboside enhances oxidative
metabolism and protects against high-fat diet-induced obesity. Cell
Metab 2012;15:838–47.
8. Zhou CC, Yang X, Hua X, Liu J, Fan MB, Li GQ, Song J, Xu TY, Li ZY,
Guan YF et al. Hepatic NAD+ deficiency as a therapeutic target for nonalcoholic fatty liver disease in ageing. Br J Pharmacol 2016;173:2352–
68.
9. Trammell SAJ, Weidemann BJ, Chadda A, Yorek MS, Holmes
A, Coppey LJ, Obrosov A, Kardon RH, Yorek MA, Brenner C.
Nicotinamide riboside opposes type 2 diabetes and neuropathy in mice.
Sci Rep 2016;6:26933.
10. Gariani K, Menzies KJ, Ryu D, Wegner CJ, Wang X, Ropelle
ER, Moullan N, Zhang H, Perino A, Lemos V et al. Eliciting the
mitochondrial unfolded protein response by nicotinamide adenine
dinucleotide repletion reverses fatty liver disease in mice. Hepatology
(Baltimore, MD) 2016;63:1190–204.
11. Zhang H, Ryu D, Wu Y, Gariani K, Wang X, Luan P, D’Amico D,
Ropelle ER, Lutolf MP, Aebersold R et al. NAD+ repletion improves
mitochondrial and stem cell function and enhances life span in mice.
Science 2016;352:1436–43.

Downloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqy132/5051210
by guest
on 11 July 2018

NICOTINAMIDE RIBOSIDE SUPPLEMENTATION IN HUMANS
12. Cerutti R, Pirinen E, Lamperti C, Marchet S, Sauve AA, Li W, Leoni V,
Schon EA, Dantzer F, Auwerx J et al. NAD(+)-dependent activation of
Sirt1 corrects the phenotype in a mouse model of mitochondrial disease.
Cell Metab 2014;19:1042–9.
13. Ryu D, Zhang H, Ropelle ER, Sorrentino V, Mazala DA, Mouchiroud
L, Marshall PL, Campbell MD, Ali AS, Knowels GM et al. NAD+
repletion improves muscle function in muscular dystrophy and counters
global PARylation. Sci Transl Med 2016;8:361ra139.
14. Gong B, Pan Y, Vempati P, Zhao W, Knable L, Ho L, Wang J,
Sastre M, Ono K, Sauve AA et al. Nicotinamide riboside restores
cognition through an upregulation of proliferator-activated receptor-γ
coactivator 1α regulated β-secretase 1 degradation and mitochondrial
gene expression in Alzheimer’s mouse models. Neurobiol Aging
2013;34:1581–8.
15. Mukherjee S, Chellappa K, Moffitt A, Ndungu J, Dellinger RW,
Davis JG, Agarwal B, Baur JA. Nicotinamide adenine dinucleotide
biosynthesis promotes liver regeneration. Hepatology (Baltimore, MD)
2016;65:616–30.
16. Trammell SA, Schmidt MS, Weidemann BJ, Redpath P, Jaksch F,
Dellinger RW, Li Z, Abel ED, Migaud ME, Brenner C. Nicotinamide
riboside is uniquely and orally bioavailable in mice and humans. Nat
Commun 2016;7:12948.
17. Airhart SE, Shireman LM, Risler LJ, Anderson GD, Nagana Gowda
GA, Raftery D, Tian R, Shen DD, O’Brien KD. An open-label, nonrandomized study of the pharmacokinetics of the nutritional supplement
nicotinamide riboside (NR) and its effects on blood NAD+ levels in
healthy volunteers. PLoS One 2017;12:e0186459.
18. Conze DB, Crespo-Barreto J, Kruger CL. Safety assessment of
nicotinamide riboside, a form of vitamin B3. Hum Exp Toxicol
2016;35:1149–60.
19. Belenky P, Bogan KL, Brenner C. NAD+ metabolism in health and
disease. Trends Biochem Sci 2007;32:12–19.
20. Houtkooper RH, Canto C, Wanders RJ, Auwerx J. The secret life
of NAD+: an old metabolite controlling new metabolic signaling
pathways. Endocr Rev 2010;31:194–223.
21. Braidy N, Guillemin GJ, Mansour H, Chan-Ling T, Poljak A, Grant R.
Age related changes in NAD+ metabolism oxidative stress and Sirt1
activity in wistar rats. PLoS One 2011;6:e19194.
22. Gomes AP, Price NL, Ling AJ, Moslehi JJ, Montgomery MK,
Rajman L, White JP, Teodoro JS, Wrann CD, Hubbard BP
et al. Declining NAD(+) induces a pseudohypoxic state disrupting
nuclear-mitochondrial communication during aging. Cell 2013;155:
1624–38.
23. Massudi H, Grant R, Braidy N, Guest J, Farnsworth B, Guillemin GJ.
Age-associated changes in oxidative stress and NAD+ metabolism in
human tissue. PLoS One 2012;7:e42357.
24. Zhu XH, Lu M, Lee BY, Ugurbil K, Chen W. In vivo NAD assay reveals
the intracellular NAD contents and redox state in healthy human brain
and their age dependences. Proc Natl Acad Sci U S A 2015;112:2876–
81.
25. Yoshino J, Mills KF, Yoon MJ, Imai S. Nicotinamide mononucleotide, a
key NAD(+) intermediate, treats the pathophysiology of diet- and ageinduced diabetes in mice. Cell Metab 2011;14:528–36.
26. Koltai E, Szabo Z, Atalay M, Boldogh I, Naito H, Goto S, Nyakas
C, Radak Z. Exercise alters SIRT1, SIRT6, NAD and NAMPT
levels in skeletal muscle of aged rats. Mech Ageing Dev 2010;131:
21–8.
27. Costford SR, Bajpeyi S, Pasarica M, Albarado DC, Thomas SC, Xie
H, Church TS, Jubrias SA, Conley KE, Smith SR. Skeletal muscle
NAMPT is induced by exercise in humans. Am J Physiol Endocrinol
Metab 2010;298:E117–26.
28. Brandauer J, Vienberg SG, Andersen MA, Ringholm S, Risis S,
Larsen PS, Kristensen JM, Frøsig C, Leick L, Fentz J et al.
AMP-activated protein kinase regulates nicotinamide phosphoribosyl
transferase expression in skeletal muscle. J Physiol 2013;591:5207–20.
29. Song J, Ke SF, Zhou CC, Zhang SL, Guan YF, Xu TY, Sheng CQ,
Wang P, Miao CY. Nicotinamide phosphoribosyltransferase is required
for the calorie restriction-mediated improvements in oxidative stress,
mitochondrial biogenesis, and metabolic adaptation. J Gerontol A Biol
Sci Med Sci 2014;69:44–57.
30. Cantó C, Jiang LQ, Deshmukh AS, Mataki C, Coste A, Lagouge
M, Zierath JR, Auwerx J. Interdependence of AMPK and SIRT1 for
metabolic adaptation to fasting and exercise in skeletal muscle. Cell
Metabolism 2010;11:213–19.

11

31. Stromsdorfer KL, Yamaguchi S, Yoon MJ, Moseley AC, Franczyk
MP, Kelly SC, Qi N, Imai S-i, Yoshino J. NAMPT-mediated NAD(+)
biosynthesis in adipocytes regulates adipose tissue function and multiorgan insulin sensitivity in mice. Cell Rep 2016;16:1851–60.
32. Jukarainen S, Heinonen S, Ramo JT, Rinnankoski-Tuikka R, Rappou
E, Tummers M, Muniandy M, Hakkarainen A, Lundbom J, Lundbom N
et al. Obesity is associated with low NAD/SIRT pathway expression in
adipose tissue of BMI-discordant monozygotic twins. J Clin Endocrinol
Metab 2015;101:275–83.
33. Diguet N, Trammell SAJ, Tannouse C, Deloux R, Piquereau J,
Mougenot N, Gouge A, Grissette M, Blanc J, Breton M et al.
Nicotinamide riboside preserves cardiac functions in a mouse model
of dilated cardiomyopathy. Circulation 2018;137:2256–73.
34. Vaur P, Brugg B, Mericskay M, Li Z, Schmidt MS, Vivien D,
Orset C, Jacotot E, Brenner C, Duplus E. Nicotinamide riboside, a
form of vitamin B3, protects against excitotoxicity-induced axonal
degeneration. Faseb J 2017;31:5440–52.
35. Lee HJ, Hong YS, Jun W, Yang SJ. Nicotinamide riboside ameliorates
hepatic metaflammation by modulating NLRP3 inflammasome in a
rodent model of type 2 diabetes. J Med Food 2015;18:1207–13.
36. Steele R. Influences of glucose loading and of injected insulin on hepatic
glucose output. Ann N Y Acad Sci 1959;82:420–30.
37. Christensen B, Nellemann B, Larsen MS, Thams L, Sieljacks P,
Vestergaard PF, Bibby BM, Vissing K, Stodkilde-Jorgensen H,
Pedersen SB et al. Whole body metabolic effects of prolonged
endurance training in combination with erythropoietin treatment
in humans: a randomized placebo controlled trial. Am J Physiol
Endocrinol Metab 2013;305:E879–89.
38. Ferrannini E. The theoretical bases of indirect calorimetry: a review.
Metabolism 1988;37:287–301.
39. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and betacell function from fasting plasma glucose and insulin concentrations in
man. Diabetologia 1985;28:412–19.
40. Trammell SA, Brenner C. Targeted, LCMS-based metabolomics for
quantitative measurement of NAD(+) metabolites. Comput Struct
Biotechnol J 2013;4:e201301012.
41. Moller L, Stodkilde-Jorgensen H, Jensen FT, Jorgensen JO. Fasting in
healthy subjects is associated with intrahepatic accumulation of lipids as
assessed by 1H-magnetic resonance spectroscopy. Clinical Sci (Lond)
2008;114:547–52.
42. Provencher SW. Estimation of metabolite concentrations from localized
in vivo proton NMR spectra. Magn Reson Med 1993;30:672–9.
43. Maislin G, Ahmed MM, Gooneratne N, Thorne-Fitzgerald M, Kim C,
Teff K, Arnardottir ES, Benediktsdottir B, Einarsdottir H, Juliusson S
et al. Single slice vs. volumetric MR assessment of visceral adipose
tissue: reliability and validity among the overweight and obese. Obesity
(Silver Spring) 2012;20:2124–32.
44. Positano V, Gastaldelli A, Sironi AM, Santarelli MF, Lombardi M,
Landini L. An accurate and robust method for unsupervised assessment
of abdominal fat by MRI. J Magn Reson Imaging 2004;20:684–9.
45. Inzucchi SE, Maggs DG, Spollett GR, Page SL, Rife FS, Walton
V, Shulman GI. Efficacy and metabolic effects of metformin and
troglitazone in type II diabetes mellitus. N Engl J Med 1998;338:867–
72.
46. Malin SK, Haus JM, Solomon TPJ, Blaszczak A, Kashyap SR, Kirwan
JP. Insulin sensitivity and metabolic flexibility following exercise
training among different obese insulin-resistant phenotypes. Am J
Physiol Endocrinol Metab 2013;305:E1292–E8.
47. Kaur J. A comprehensive review on metabolic syndrome. Cardiol Res
Pract 2014;2014:943162.
48. Mills E, Prousky J, Raskin G, Gagnier J, Rachlis B, Montori VM,
Juurlink D. The safety of over-the-counter niacin. A randomized
placebo-controlled trial [ISRCTN18054903]. BMC Clin Pharmacol
2003;3:4.
49. Eriksson KF, Lindgarde F. Poor physical fitness, and impaired early
insulin response but late hyperinsulinaemia, as predictors of NIDDM in
middle-aged Swedish men. Diabetologia 1996;39:573–9.
50. Warram JH, Martin BC, Krolewski AS, Soeldner JS, Kahn CR. Slow
glucose removal rate and hyperinsulinemia precede the development of
type II diabetes in the offspring of diabetic parents. Ann Intern Med
1990;113:909–15.
51. Kelley DE, Mandarino LJ. Fuel selection in human skeletal muscle in
insulin resistance: a reexamination. Diabetes 2000;49:677–83.

Downloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqy132/5051210
by guest
on 11 July 2018

