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Four nicotinamide adenine dinucleotide (NAD+) coenzymes 
are the central catalysts of metabolism (1). In a mouse 
model of diabesity, hepatic liver NAD phosphate (NADP+) 
and reduced NADP+ (NADPH) were strikingly depressed 
and the hepatic NAD+ metabolome was rescued by oral 
provision of nicotinamide riboside (NR) in a manner that 
lowered hepatic steatosis and circulation of liver enzymes, 
protected against weight gain, improved hyperglycemia, and 
limited diabetic polyneuropathy (2). Because all of these 
metabolic benefits are linked, it was not obvious from this 
mouse study what was the primary driver of improved 
metabolic health, and what were the benefits downstream of 
the primary driver. However, the safety and availability of 
NR as a nutritional supplement (3, 4) have driven dozens of 
groups worldwide to test potential activities of NR in 
diseases and conditions of metabolic stress. 

Dollerup and co-workers tested the hypothesis that NR 
would promote weight loss and insulin sensitivity in a 12-
week trial of older obese men. They found excellent safety in 
this population but failed to show benefit with respect to 
primary outcomes (5). In clinical trials, specification of 
primary outcomes is essential because if one randomizes 
with respect to a single criterion, one cannot assure random 
assortment of other parameters (6). This was unfortunate in 
the men’s trial because NR appeared potentially to have 
activity at lowering hepatic lipids, which were decreased 
from 11.3% to 9.3% in the supplemented group, versus a 
decrease from 14.1% to 13.9% on placebo (n = 20). Despite 
the factor of 10 effect size, the P value was 0.13, potentially 
because the groups were not randomized for hepatic lipids. 

Review literature (7) has highlighted the need to 
randomize for the factors to which people appear to 
respond in NAD+-boosting trials—namely hepatic lipids (5), 
body composition (8), and inflammatory cytokines (9)—and 
to use increased physical activity as the standard of care. 
According to this view, the primary site of action of NR is 

lipid mobilization in the liver; once this occurs, and 
potentially aided by exercise and the anti-inflammatory 
activities of NR, other effects that have been observed in 
rodents (such as insulin sensitization) may follow (7). 

Nicotinamide mononucleotide (NMN) is a biosynthetic 
intermediate of the four NAD coenzymes. Just as 
pantothenate is a vitamin precursor of coenzyme A, and 
coenzyme A is broken down to pantothenate to be salvaged 
by cells to make more coenzyme A, the source of compounds 
such as NMN and NR in the diet is not principally NMN or 
NR, as Yoshino et al. (10) recently claimed. Rather, the four 
NAD+ coenzymes are found in all cellular stuff and are 
broken down to NMN, NR, nicotinamide, and nicotinic acid 
(1). NR is the largest fragment of NAD+ that can enter cells 
to be salvaged; NMN is dephosphorylated extracellularly to 
NR and depends on the NR kinase pathway for its 
biosynthesis into NAD coenzymes (11). However, it is 
possible that NMN delivers NR or nicotinamide to 
particular tissues better than NR, and NMN has been 
investigated as a NAD+-boosting supplement in mice and 
humans. 

In mice on a high-fat diet (HFD), the Imai group 
reported no significant change in the skeletal muscle NAD 
system. However, they showed that liver NAD+ is depressed 
by HFD and restored by intraperitoneal NMN 
administration. This was accompanied by improved glucose 
tolerance in female mice (12). 

In their clinical trial (NCT 03151239) of prediabetic 
women, Yoshino et al. defined change in muscle insulin 
sensitivity as the primary outcome, and change in liver 
insulin sensitivity and change in hepatic lipid content as the 
first and sixth of 12 secondary outcomes. They randomized 
on body mass index and reported the initial and ending 
values of 18 metabolic parameters. As shown in table 1 of 
(10), the groups were profoundly different with respect to 
hepatic lipids: Those that received placebo had 2.35 times 

Comment on “Nicotinamide mononucleotide increases 
muscle insulin sensitivity in prediabetic women” 
Charles Brenner 

Department of Diabetes and Cancer Metabolism, City of Hope National Medical Center, Duarte, CA 91010, USA. Email: cbrenner@coh.org 

Yoshino et al. (Reports, 11 June 2021, p. 1224) have reported that nicotinamide mononucleotide (NMN) 
increases muscle insulin sensitivity in prediabetic women. However, the 13 women who received NMN had 
hepatic lipid content of 6.3 ± 1.2%, whereas the 12 in the placebo group had 14.8 ± 2.0% (P = 0.003). Given 
that a target of NMN is liver fat clearance, this was not an effectively randomized trial. 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 15, 2022

http://www.sciencemag.org/


Publication date: 30 July 2021  www.sciencemag.org  2 
 

the level of liver fat as those assigned to NMN (P = 0.003). 
This between-group, treatment-unrelated difference was 
greater in effect size and in statistical significance than any 
physiological effect of NMN in the study. 

After 10 weeks of 0.25 g of NMN per day, insulin-
stimulated glucose disposal was improved by 25 ± 7% (P < 
0.01). Hepatic insulin sensitivity was not improved by NMN. 
Because the improvement in muscle insulin sensitivity was 
seen in the NMN group but not the placebo group, the 
authors scored the study as positive for the primary 
endpoint (10). However, it is foundational for clinical 
conclusions that randomization compares an intervention to 
placebo in people of equal metabolic health. 

Given that the Imai group established that the primary 
site of NMN action is the liver (12)—preclinical work that is 
consistent with mouse (2) and human (5) work on NR—and 
the Klein group established that fatty liver depresses muscle 
insulin sensitivity in people (13), the unfortunate assortment 
of much more fatty liver to the placebo group suggests that 
one cannot reasonably expect that the results reported (10) 
would be reproduced in an effectively randomized trial.  

 

REFERENCES 
1. K. L. Bogan, C. Brenner, Nicotinic acid, nicotinamide, and nicotinamide riboside: A 

molecular evaluation of NAD+ precursor vitamins in human nutrition. Annu. Rev. 
Nutr. 28, 115–130 (2008). doi:10.1146/annurev.nutr.28.061807.155443 Medline 

2. S. A. Trammell, B. J. Weidemann, A. Chadda, M. S. Yorek, A. Holmes, L. J. Coppey, 
A. Obrosov, R. H. Kardon, M. A. Yorek, C. Brenner, Nicotinamide Riboside 
Opposes Type 2 Diabetes and Neuropathy in Mice. Sci. Rep. 6, 26933 (2016). 
doi:10.1038/srep26933 Medline 

3. S. A. Trammell, M. S. Schmidt, B. J. Weidemann, P. Redpath, F. Jaksch, R. W. 
Dellinger, Z. Li, E. D. Abel, M. E. Migaud, C. Brenner, Nicotinamide riboside is 
uniquely and orally bioavailable in mice and humans. Nat. Commun. 7, 12948 
(2016). doi:10.1038/ncomms12948 Medline 

4. D. B. Conze, C. Brenner, C. L. Kruger, Safety and Metabolism of Long-term 
Administration of NIAGEN (Nicotinamide Riboside Chloride) in a Randomized, 
Double-Blind, Placebo-controlled Clinical Trial of Healthy Overweight Adults. Sci. 
Rep. 9, 9772 (2019). doi:10.1038/s41598-019-46120-z Medline 

5. O. L. Dollerup, B. Christensen, M. Svart, M. S. Schmidt, K. Sulek, S. Ringgaard, H. 
Stødkilde-Jørgensen, N. Møller, C. Brenner, J. T. Treebak, N. Jessen, A 
randomized placebo-controlled clinical trial of nicotinamide riboside in obese 
men: Safety, insulin-sensitivity, and lipid-mobilizing effects. Am. J. Clin. Nutr. 
108, 343–353 (2018). doi:10.1093/ajcn/nqy132 Medline 

6. K. Broglio, Randomization in Clinical Trials: Permuted Blocks and Stratification. 
JAMA 319, 2223–2224 (2018). doi:10.1001/jama.2018.6360 Medline 

7. N. T. Fluharty, C. Brenner, Fat mobilization without weight loss is a potentially 
rapid response to nicotinamide riboside in obese people: It’s time to test with 
exercise. Am. J. Clin. Nutr. 112, 243–244 (2020). doi:10.1093/ajcn/nqaa109 
Medline 

8. C. M. E. Remie, K. H. M. Roumans, M. P. B. Moonen, N. J. Connell, B. Havekes, J. 
Mevenkamp, L. Lindeboom, V. H. W. de Wit, T. van de Weijer, S. A. B. M. Aarts, E. 
Lutgens, B. V. Schomakers, H. L. Elfrink, R. Zapata-Pérez, R. H. Houtkooper, J. 
Auwerx, J. Hoeks, V. B. Schrauwen-Hinderling, E. Phielix, P. Schrauwen, 
Nicotinamide riboside supplementation alters body composition and skeletal 
muscle acetylcarnitine concentrations in healthy obese humans. Am. J. Clin. 
Nutr. 112, 413–426 (2020). doi:10.1093/ajcn/nqaa072 Medline 

9. Y. S. Elhassan, K. Kluckova, R. S. Fletcher, M. S. Schmidt, A. Garten, C. L. Doig, D. 

M. Cartwright, L. Oakey, C. V. Burley, N. Jenkinson, M. Wilson, S. J. E. Lucas, I. 
Akerman, A. Seabright, Y.-C. Lai, D. A. Tennant, P. Nightingale, G. A. Wallis, K. N. 
Manolopoulos, C. Brenner, A. Philp, G. G. Lavery, Nicotinamide Riboside 
Augments the Aged Human Skeletal Muscle NAD+ Metabolome and Induces 
Transcriptomic and Anti-inflammatory Signatures. Cell Rep. 28, 1717–1728.e6 
(2019). doi:10.1016/j.celrep.2019.07.043 Medline 

10. M. Yoshino, J. Yoshino, B. D. Kayser, G. J. Patti, M. P. Franczyk, K. F. Mills, M. 
Sindelar, T. Pietka, B. W. Patterson, S.-I. Imai, S. Klein, Nicotinamide 
mononucleotide increases muscle insulin sensitivity in prediabetic women. 
Science 372, 1224–1229 (2021). doi:10.1126/science.abe9985 Medline 

11. J. Ratajczak, M. Joffraud, S. A. J. Trammell, R. Ras, N. Canela, M. Boutant, S. S. 
Kulkarni, M. Rodrigues, P. Redpath, M. E. Migaud, J. Auwerx, O. Yanes, C. 
Brenner, C. Cantó, NRK1 controls nicotinamide mononucleotide and 
nicotinamide riboside metabolism in mammalian cells. Nat. Commun. 7, 13103 
(2016). doi:10.1038/ncomms13103 Medline 

12. J. Yoshino, K. F. Mills, M. J. Yoon, S. Imai, Nicotinamide mononucleotide, a key 
NAD+ intermediate, treats the pathophysiology of diet- and age-induced diabetes 
in mice. Cell Metab. 14, 528–536 (2011). doi:10.1016/j.cmet.2011.08.014 Medline 

13. S. Deivanayagam, B. S. Mohammed, B. E. Vitola, G. H. Naguib, T. H. Keshen, E. P. 
Kirk, S. Klein, Nonalcoholic fatty liver disease is associated with hepatic and 
skeletal muscle insulin resistance in overweight adolescents. Am. J. Clin. Nutr. 
88, 257–262 (2008). doi:10.1093/ajcn/88.2.257 Medline 

 
 
ACKNOWLEDGMENTS 
C.B. is inventor of intellectual property on NR that has been developed by 
ChromaDex Inc. He owns ChromaDex stock and serves as the company’s chief 
scientific advisor. 
 
24 April 2021; accepted 6 July 2021 
Published online 30 July 2021 
10.1126/science.abj1696 
 
  

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 15, 2022

http://www.sciencemag.org/
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155443
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18429699&dopt=Abstract
http://dx.doi.org/10.1038/srep26933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27230286&dopt=Abstract
http://dx.doi.org/10.1038/ncomms12948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27721479&dopt=Abstract
http://dx.doi.org/10.1038/s41598-019-46120-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31278280&dopt=Abstract
http://dx.doi.org/10.1093/ajcn/nqy132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29992272&dopt=Abstract
http://dx.doi.org/10.1001/jama.2018.6360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29872845&dopt=Abstract
http://dx.doi.org/10.1093/ajcn/nqaa109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32412605&dopt=Abstract
http://dx.doi.org/10.1093/ajcn/nqaa072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32320006&dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2019.07.043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31412242&dopt=Abstract
http://dx.doi.org/10.1126/science.abe9985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33888596&dopt=Abstract
http://dx.doi.org/10.1038/ncomms13103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27725675&dopt=Abstract
http://dx.doi.org/10.1016/j.cmet.2011.08.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21982712&dopt=Abstract
http://dx.doi.org/10.1093/ajcn/88.2.257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18689359&dopt=Abstract


Publication date: 30 July 2021  www.sciencemag.org  3 
 

 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 15, 2022

http://www.sciencemag.org/


Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.
Copyright © 2021, American Association for the Advancement of Science

Comment on “Nicotinamide mononucleotide increases muscle insulin sensitivity in
prediabetic women”
Charles Brenner

Science, 373 (6554), eabj1696. • DOI: 10.1126/science.abj1696

Nicotinamide mononucleotide increases muscle insulin sensitivity in prediabetic women
Yoshino et al. (Reports, 11 June 2021, p. 1224) have reported that nicotinamide mononucleotide (NMN) increases muscle
insulin sensitivity in prediabetic women. However, the 13 women who received NMN had hepatic lipid content of 6.3 ± 1.2%,
whereas the 12 in the placebo group had 14.8 ± 2.0% (P = 0.003). Given that a target of NMN is liver fat clearance, this was
not an effectively randomized trial.
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