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Precursor comparisons for the upregulation of nicotinamide
adenine dinucleotide. Novel approaches for better aging
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Nicotinamide adenine dinucleotide (NAD) is a coenzyme found in every human cell
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and regulates a number of systems across multiple cellular compartments and tissue
types via an endogenous and exogenous influence. NAD levels are demonstrated to
decline with age and therefore measures to counteract the waning of NAD have been
devised. A number of NAD precursor candidates such as nicotinamide riboside (NR),
nicotinamide mononucleotide (NMN), the reduced form of nicotinamide mononucleotide (NMNH), nicotinic acid (NA) nicotinamide (NAM), and dihydronicotinamide
riboside (DNR) increase NAD levels in vitro and in vivo. This discussion will focus on
the precursors NR, NMN, NMNH, and DNR in the upregulation of NAD. There are
many publications on NAD precursors as it has become popular for human consumption in recent years due to its vital importance to the general consumer. However,
there is no consensus between researchers and this was the aim of this review, to
determine and discuss their areas of agreement versus disagreement, to highlight the
gaps in research, and to give recommendations for future work. Bioavailability and
potency of NR, NMNH, NMN, and DNR is also examined on the light of the most
recent literature.
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1 | I NTRO D U C TI O N

regarding nicotinamide adenine dinucleotide (NAD) synthesis, and
from there data was extrapolated to evidence the ability of nico-

This paper aims to perform a scoping review of existing published

tinamide riboside (NR), nicotinamide mononucleotide (NMN),

literature and determine inconsistencies versus consistencies, if any.

nicotinamide (NAM), nicotinamide mononucleotide (NMNH), and di-

The methodology here was to examine multiple published papers

hydronicotinamide riboside (DNR) as NAD precursors. This scoping

Abbreviations: ADP, Adenosine diphosphate; AMS, Accelerator Mass Spectrometry; CD73, Cluster of Differentiation 73; DNA, Deoxynucleicribose Acid; DNR, Dihydronicotinamide
Riboside; eNAMPT, Extracellular nicotinamide phosphoribosyltransferase; ENT, Equilibrative Nucleoside Transporter; ETC, Electron Transport Train; HFD, High Fat Diet; Mg, Milligram;
MNA, 1-Methylnicotinamide; NA, Nicotinic Acid; NAAD, Nicotinic Acid Adenine Dinucleotide; NAD, Nicotinamide Adenine Dinucleotide; NAM, Nicotinamide; NaMN, Nicotinic Acid
Mononucleotide; NAMPT, Nicotinamide Phosphoribosyltransferase; NAPRT, NA phosphoribosyltransferase; NaR, Nicotinic Acid Riboside; NK-k b, Nuclear factor Kappa-Light-Chain-
Enhancer of Activated B Cells; NMN, Nicotinamide Mononucleotide; NMNAT1, Nicotinamide mononucleotide adenylyltransferase 1; NMNH, Nicotinamide Mononucleotide H
(reduced); NR, Nicotinamide Riboside; NRK, Nicotinamide Riboside Kinase; ROS, Reactive Oxygen Species; SIR2, Silent Information Regulator2; SIRT1, Sirtuin 1.
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review has placed an emphasis on more recent research but also

metabolism to changes in signaling and transcriptional events, high-

takes into account earlier research where an applicable dataset was

lighting its importance in human cell biology and pathophysiology.

found.
NAD+ or NADH is the reduced form of NAD and is a coenzyme
that is involved in many biochemical reactions and regulates a num1,2

ber of essential systems.

+

NAD levels are demonstrated to decline

with age,3 and it is this facet that has opened inquiry to precursors
that may attenuate NAD decline. Many research papers have been

1.1 | Nicotinamide riboside (NR) & Nicotinamide
Mononucleotide (NMN) & Dihydronicotinamide
Riboside (DNR) & Reduced Nicotinamide Mono-
Nucleotide (NMNH)

published on NAD due to its vital importance; however, there was no
agreement reached between researchers.

Various experimental studies found that NMN improved cardiac

In 1906 NAD was discovered by British biochemists Arthur

function whereas NR improved mitochondrial function in muscle,

Harden and William John Young, however Harden and Young did

liver, and brown adipose tissue.1 Reasons for the difference in the

not manage to identify what they were seeing.4 Then in 1936 Otto

effect between NMM and NR are not given by the authors of these

Heinrich Warburg demonstrated the nucleotide function of this

studies, though it could be suspected that differences in model or-

coferment and identified the nicotinamide portion of it. Warburg

ganisms and contrasting sample processing techniques cause the

isolated the nicotinamide adenine dinucleotide phosphate (NADP)

conflicting results. NR is shown to be bioavailable in mice and hu-

and discovered its pivotal role for hydrogen transfer in biochemi-

mans. 20,21 These studies focused on time-and dose-dependent ef-

5

cal reactions. It is noted that Warburg was born in 1883 and died

fects on blood NAD+ in humans. Their purpose was to demonstrate

in 1970, making the discovery of such biochemistry in the era of

that high levels of NAD could be achieved in human subjects with

1936 impressive.6 NAD and NADP act as redox molecules within

relatively small doses of NR such as 100, 300, and 1000 mg daily.

the cell. However, NADP is more limited to biosynthetic pathways

A different study22 was not solely focused on NAD levels after NR

7

and redox protective roles. Further discoveries were made by other

administration but also focused on the biological effects of the NR

research teams such as when Lee et al. (1989) 8 discovered a novel

supplementation as well. This study found that NR could actually

NAD+ metabolite in 1989, cyclic ADP-ribose. Cyclic ADP-ribose

decrease exercise performance in rats. Experiments gathered 18

is one of the more important moieties because it is paramount in

Wistar rats, divided them into two equal groups, and gave one group

deoxynucleic ribose acid (DNA) repair, gene regulation, and cell

a saline vehicle whilst the other was given NR at a dose of 300 mg/kg

signalling.9,10 Exhaustive studies were conducted and the evidence

of body weight each day. After 21 days of administration, an exercise

pointed toward ADP-ribose being derived directly from NAD+.11

test in the form of swimming was given. Interestingly the NR group

Furthermore, Imai et al. (2000)12 made the timely observation that

showed a significant loss in physical performance of 35%. Further

yeast SIR2 (silent information regulator 2) and the mouse ortholog

research in humans is certainly required to resolve contradictory in-

SIRT1 have NAD+-dependent protein deacetylase activity, increas-

formation and to establish a consistent model. This latter study in

ing new attention in NAD+ biology. Indeed, human nicotinamide/

rats indicates that it is likely that NR decreases fatty acid oxidation

nicotinic acid mononucleotide adenylyltransferase (NMNAT), an

under exercising conditions, which in turn leads to earlier fatigue.

+

important NAD biosynthetic enzyme whose activity was origi-

It was also indicated that NR may also disrupt redox homeostasis,

nally reported in 1952, was finally isolated and fully characterized

which leads cells to a more reductive state.

in 2001.13 Following these discoveries, nicotinamide phosphori-

Interestingly, Aihart and colleagues23 demonstrated that NR

bosyltransferase (NAMPT), the rate-limiting enzyme that triggers

levels vary considerably in the blood from person to person. Eight

+

NAD biosynthesis from nicotinamide in mammals, was also isolated

healthy subjects were given 250 mg of NR orally on days one and

and characterized.14 In addition, nicotinamide riboside, another key

two and then again on days seven and eight. On day nine, clinical

NAD+ intermediate, was shown to be incorporated into NAD+ via

blood chemistry was measured to determine the NAD levels in

nicotinamide riboside kinases (NRKs) by Bieganowski and Brenner

each subject. Notable baseline increases in NAD at P = .01 and NR

15

in 2004.

Almost half a century after the first relevant discoveries

on NAD+ biology, humanity is now entering another exciting time

a P = .03 to day 9 were found to be R2 = 0.72, P = .008, clearly
demonstrating an interrelation between NR and NAD.

of this newly rejuvenated field of biomedical science. Of note, NAD

Another study 24 found that NMN ameliorates loss of endo-

has a nonredundant role in energy metabolism in eukaryotic cells;

thelial NAD and SIRT1 activity, augments exercise, and increases

it accepts hydride moieties to produce the reduced NADH, which

endurance in old mice. This contrasting evidence to the above-

provides electrons to the mitochondrial electron transport chain

mentioned NR findings may demonstrate that NAD precursors

(ETC) to feed oxidative phosphorylation; NADH is the primary elec-

are not equal in their beneficial pathways and the effects on their

tron donor to the electron transport chain for ATP synthesis/cellu-

hosts. Determinations could be inferred that the metabolic pro-

16

The roles of NAD have greatly expanded its role as a

cess taken may have just as many effects on human physiology as

coenzyme in recent years, as NAD and its metabolites also act as

lar energy.

the NAD levels that are pursued. Other recent research indicated

degradation substrates for a wide range of enzymes and proteins

that NR and NMN that are orally administered are converted to

such as sirtuins.17-19 Through these activities, NAD+ links cellular

NAM by the liver. 25 This dataset indicates that that NR and NMN
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may not raise NAD directly but that instead they are reduced to

NR and NMN supplementation does not directly raise NAD, but in-

NAM, which then becomes the primary precursor for the forma-

directly raises NAD by increasing the level of metabolites that are

tion of NAD. NR must be phosphorylated with NR kinases (NRKs)

used in NAD synthesis.

to become NMN before it can become NAD + once inside the cell,

High fat diet (HFD) was found to strongly increase fat metab-

according to Bieganowski and Brenner's paper.14 According to the

olism and to improve mitochondrial function in brown fat, which

study by Giroud-G erbetant et al. (2019), 26 NR is not stable whilst

mediates adaptive thermogenesis.31 In this regard, Crisol et al.

in circulation and is rate limited by the expression of NRK’s. To

(2018)32 reported that minimal doses of NR in male C57BL/67 mice

modify this lack of stability, Giroud-G erbetant et al. (2019) has

at 400 mg/kg each day over 5 weeks demonstrated a direct correla-

looked at a reduced form of NR, known as DNR. This reduced

tion between NR supplementation and an increase in thermogene-

form of NR, which carries an extra hydrogen atom, is shown to

sis. Metabolic processes are known to produce heat and to increase

be more powerful and a faster precursor in NAD + synthesis than

body temperature in humans. The latter may lead to unwanted side

NR alone. Even though the difference between NR and DNR is

effects and it may also support weight management, which was sup-

extremely small, Giroud-G erbetant et al. (2019) show that it uses

ported by Crisol's study as they found that brown adipose tissue was

+

a new pathway for NAD synthesis, which the study refers to as
the NRK-1-independant pathway. This early data from Giroud-

reduced during their study.
Moreover, NR was tested to demonstrate baseline changes

Gerbetant et al. (2019) are promising, but they are only derived

across a selection of biologics (potassium, creatine kinase, glu-

from murine models; further research to determine DNR’s capa-

cose, uric acid, and alanine aminotransferase). 23 Even though no

bility in human subjects is now warranted. A reduced version of

significant changes were found in creatine kinase, glucose, uric

NMN is also discussed here as NMNH. Similar to DNR, NMNH also

acid, and alanine aminotransferase (minor fluctuations of <10%

showed much more potency over its oxidized form, by increasing

were noted), serum potassium levels were lowered by the mean

NAD levels faster and by a twofold rise than NMN according to

of −0.4 mEq/L. 23

Perez et al.

27

The same study showed that NMNH reduced dam-

The data demonstrated that NR supplementation caused a

aged and enhanced healing in renal tubular epithelial cells upon

statistically significant reduction in haematocrit of −2%, a reduc-

hypoxia/reoxygenation injury. Perez et al. also found that NMNH

tion in hemoglobin of −0.4%, and a reduction in platelet count of

caused a swift escalation in NAD + levels in kidney, liver, muscle,

−20 000 μL (P = .005, P = .04 and P = .03, respectively), a minor

brain, brown adipose tissue, and heart. An additional study by

yet observable lean toward an anaemic phenotype. The loss in he-

Ratajczak et al. (2016)28 shows that NMN is not taken directly

moglobin may also explain why Kourtzidis and colleagues 22 found

into the cell, but first metabolized extracellularly into NR for cel-

lower physical performance in Wistar rats given the reduced ox-

lular intake, and then converted into NAD once inside the cell.

ygen carrier's presence. Other biomarkers (blood pressure, body

In fact NMN is dephosphorylated into NR by an extracellular re-

temperature, body weight, white blood cell count, lactate dehy-

ceptor (CD73) by using pyrophosphatase and 5”-e ctonucleotidase

drogenase, or aspartate aminotransferase) were not affected in

activity. 29 The same study 29 points out that mammalian cells have

any significant way. Remarkably, Airhart et al. (2017) 23 did not

equilibrative nucleoside transporters (ENTs), which assists the

find any profound differences in serum levels of sodium, chlo-

entry of the recently created NR from NMN into the cellular ma-

ride, urea nitrogen, creatinine, or in the differential of white blood

trix. The NR then functions as an exogenous NAD precursor that

cells. In the same human subjects, levels of NMN concentration

converts back into NMN via the NRK pathway, which is consistent

in blood did not show any measurable difference from baseline

with Bieganowski and Brenner's findings.15 However, DNR and

samples collected on day nine. This is consistent with findings

NMNH are both believed to enter the cell via equilibrative nucle-

from Trammell et al. (2016) that have also demonstrated that

oside transporters by Giroud-G erbetant et al. 26 and Perez et al. 27

after single doses of NR at 100, 300, and 1000 mg NMN exhib-

respectively. Whereas the DNR molecule can enter the cell and

ited low levels in peripheral blood mononuclear cells.19 However,

perform NAD synthesis intracellularly where it is converted to

Trammell et al. (2016) did show that NR had superior pharmacoki-

NMNH, NADH, and then NAD, the precursor NMNH must first

netics when compared to NA and NAM. A final comment regard-

be dephosphorylated extracellularly into DNR before it can enter

ing NMN and NR worth noting is that the NAD salvage pathway

the cell, and then takes the same intracellular NAD pathway as

was demonstrated to have a connection in mitochondrial clear-

DNR. 26,27

ance in wild-type hematopoietic stem cells through the initia-

It has also been demonstrated that NAD levels are not raised

tion of a mitochondrial stress response with a higher frequency

through direct absorption of NR or NMN, but that the gut microbi-

of asymmetric divisions. 33 This work demonstrated that NR and

ome are converting NR and NMN into a different molecule known

NMN were protagonists of hematopoiesis and that the protec-

as nicotinic acid mononucleotide (NaMN) via deamidation and inte-

tive effects of NR on mitochondrial dynamics in nonhematopoi-

gration by way of the de novo pathway.30 The breakdown of NMN

etic tissues would provide supplementary protection for ablative

into the NAD metabolome caused an increase in metabolites such

hematopoietic stem cell chemotherapy due to the impairment of

as nicotinic acid riboside (NaR) and NR. This evidence suggests that

mitochondrial function.
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1.2 | Comparing the data

be regarded as a longevity mechanism to ward off age-related decline. Notably, Grozio et al. (2019)37 appeared to show that Slc12a8

Differing results exist across the literature, and this has been the

encodes for a precise NMN transporter but did not appear to assist

progenitor for many disagreements among researchers. Due to the

in the transportation of NR.

difference in analytical methods and sample processing, differ-

However, opposing views exist to Grozio et al.'s determination

ent results can be garnered for the same analyte, even though the

for Slc12a8 being an NMN transporter. Schmidt and Brenner40

input model may have appeared similar. A novel technique that has

argue that there is a lack of evidence to suggest that Slc12a8 is

emerged in conducting analytical research is using “mixed methods,”

an NMN precursor based on the absence of background levels

which has gained traction in health research,35 but the authors of

of NMN and NAD that were the subject of Grozio's et al.'s work.

this paper note that no similar mixed research methods appeared to

Ultimately, Schmidt and Brenner40 point out that levels of NAD are

be utilized throughout the NAD literature. This poses an interest-

500 times higher than NMN in normal liver samples, and Grozio

ing path forward for researchers in determining the best approach

et al. (2019) had failed to examine background/control levels,

for NAD research with combined sample processing using multiple

which undermines any result Grozio et al. (2019) delivered. The

methods (mixed methods).

debate remains open and no robust conclusion in this regard can
be made.
Nevertheless, if confirmed this evidence adds weight to the cur-

1.3 | NAD levels and clinical practice

rent literature that NAD levels and novel ways to raise them are of
paramount importance to fend off disease phenotype. Numerous

There are clear differences in the use of NR, NMN, NA, and NAM to

scientific dissertations now argue that the simple way to fend off

raise NAD levels, and as pointed out in the study by Williams et al.

the most debilitating diseases is to simply keep an organism young.

(2007),36 low NAD levels can lead to a myriad of biological decay

Many of the contemporary diseases seen in today's Western coun-

and disease, notably pellagra, known as the four D’s; pellagra induc-

tries can be considered not as individual diseases but as side effects

tion from low NAD levels results in dementia (delusions), dermatitis,

to the aging process itself. This presents opportunities for the bio-

diarrhea, and death,54 which emphasizes the need for NAD biogen-

medical community and biotech companies to devise novel tech-

esis across all cellular compartments. Other pathologies also exist

niques for the delivery of substances such as NMN and NR to ensure

with pellagra, but this condition presents strong evidence for NAD

that diminishing NAD levels are kept in check. If in fact further stud-

to remain at healthy levels throughout the aging process. Pellagra

ies show that Slc12a8 is an NMN transporter, then new similar tech-

captures multiple types of biological dysfunction from neurological

niques may be devised to ensure that NAD precursor molecules can

to dermatological and demonstrates the wide-range importance of

be delivered to specific cellular compartments for more effective

NAD levels across complex biological systems and that supplement-

delivery. However, the argument for Slc1a8 as an NMN transporter

ing with precursors for NAD maintenance during age-related decline

is far from over. The story of NAD continues into many other facets

may be paramount for optimal health.34 Other pathologies such as

of human biology and disease prevention. NAD assists with the de-

hypertension, heart failure, alcoholism, diabetes, and some early

fense mechanism known as the mitochondrial unfolded protein re-

porphyrias may also be attributed to waning NAD levels from the

sponse that prevents unfolded proteins from proliferating and going

aging process. In this regard, it has been recently shown in mouse

on to cause disease such as cancer, Alzheimer's, or Parkinson's. 59-61

models that vascular aging can also be prevented with supplementa-

The sirtuins can also be activated with strong NAD levels that again

tion of NMN. 24 The same study also showed that NMN supplemen-

affirm that NAD could be regarded as a longevity coenzyme. It be-

tation can also improve blood flow and assist with angiogenesis and

comes clear that as NAD levels taper off into adulthood, the mito-

capillary density that in turn assist with the creation of new tissue

chondria are unable to produce the energy for the cells they once

including muscle, 24 which becomes a major reversal of age-related

did; this in turn leads to improper cell function that then leads to

immobility for the aged population.

biological decay such as cardiovascular disease, cancer, neurological

Recently it has been presented by Grozio et al. (2019)

37

that

disease, lung disease, or other. Could this cascade of biological decay

there is an amino acid and polyamine transporter known as Slc12a8

be fought off with maintaining NAD levels into old age? Consumers

(from the solute carrier family of genes) that is an NMN transporter.

worldwide appear to be holding onto that thought as the market for

Slc12a8 is found to be extremely upregulated in the small intestines

NAD precursors grows.

of mice, which may demonstrate an organism's requirement to pull
as much NMN from food as possible. It was also shown that the upregulation of Slc12a8 continued to increase into old age, creating

1.4 | Upcoming precursor contenders

the argument that Slc12a8 may compensate as NAD levels drop.38,39
If Slc12a8 is upregulated to compensate for diminishing NAD lev-

The field of NAD synthesis remains fluid with new studies and

els during old age, then a conclusion could be drawn that consistent

precursors and new entities entering the fray. Extracellular nico-

NAD levels are an essential tool to maintain youthful function, or-

tinamide phosphoribosyltransferase (eNAMPT) is an enzyme that

ganism fitness, and furthermore, that the Slc12a8 mechanism could

is showing promise in mouse studies. Scientists found that by

|
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increasing levels of eNAMPT into the circulatory system of aged
+

mice NAD levels increased across multiple tissues.

41
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The same

study by Yoshida et al.41 (2019) also demonstrated a unique deliv-

The literature indicates that stable NAD levels are important for

ery method whereby extracellular vesicles such as exosomes or ec-

healthy aging, and NAD precursors could be considered compounds

tosomes were the carriers of the eNAMPT, which enabled delivery

that are generally safe for human consumption; the fact that NAD

directly across the wall of other cells and to the target. The same

precursors are easily available to the public at large and have a safe

team showed that the reduction in age-associated phenotype in

track record demonstrates that these precursors may be a very cost-

the mice was approximately one year, which potentially translates

effective solution in disease prevention regimes.

to a 50-year-old human having the overall physical health and abil-

This paper concludes on the available data shown here that re-

ity of a 20-year-old (if such a comparison can be made at this early

duced forms of precursors such as DNR and NMNH may hold the

stage). DNR also shows a very promising profile as a future NAD

most benefit for increasing NAD levels through better absorption,

enhancer as well as NMNH.42,43 Yang et al. (2019) have also shown

stability, and resistance to degradation. Despite the robust health

that DNR increased NAD+ concentrations significantly from 2.5–10

benefits that are predicted from their experimental dosage in an-

times over the established control values. Yang's mouse study goes

imal models, these NAD precursors still require further testing to

on to claim that DNR exceeded the levels of NAD synthesis more

determine what other effects they may deliver. Mounting data on

than NR or NMN, with no adverse reactions noted. Even though

the beneficial effects of raising and maintaining NAD levels to ward

DNR has a promising outlook, further research and human trials

off biological decay leads to the assumption that ways to boost cel-

should be conducted to establish a firm conclusion. Notably, DNR

lular NAD almost certainly have been shown to hold preventive and

is believed to enter the cell via different transporters than NR and

therapeutic potential in a plethora of human diseases. With docu-

was found to deliver higher levels of NR into the blood plasma as

mentation of NAD supplementation in humans starting to appear,

opposed to NR alone.

the science of aging is now moving into a new era of NAD thera-

Many other questions remain, such as which organs take up these
precursors to induce NAD synthesis; can orally ingested precursors

peutics (see Figure 1 for a synopsis on the benefit of boosting NAD
levels).

inhibit or prohibit other biological functions? Double-blind placebo

Further side-
by-
side research of NAD precursor compounds

trials need to be conducted in order to determine the various ques-

should be conducted as a preventative measure for disease and

tions that remain about the emerging trend of NAD precursors and

early mortality by considering the gaps in research and the agree-

how to substantially manipulate their levels to influence and possibly

ment/disagreement between researchers highlighted in this paper.

improve human health.44,45

NAD synthesis remains one of the most promising fields of research,
which may be able to prevent a large percentage of the world's age-
related disease.
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