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Abstract
Purpose of Review  NAD+ is a vital molecule that takes part as a redox cofactor in several metabolic reactions besides being 
used as a substrate in important cellular signaling in regulation pathways for energetic, genotoxic, and infectious stress. In 
stress conditions, NAD+ biosynthesis and levels decrease as well as the activity of consuming enzymes rises. Dietary precur-
sors can promote NAD+ biosynthesis and increase intracellular levels, being a potential strategy for reversing physiological 
decline and preventing diseases. In this review, we will show the biochemistry and metabolism of NAD+ precursors NR 
(nicotinamide riboside) and NMN (nicotinamide mononucleotide), the latest findings on their beneficial physiological effects, 
their interplay with gut microbiota, and the future perspectives for research in nutrition and food science fields.
Recent Findings  NMN and NR demonstrated protect against diabetes, Alzheimer disease, endothelial dysfunction, and 
inflammation. They also reverse gut dysbiosis and promote beneficial effects at intestinal and extraintestinal levels. NR and 
NMN have been found in vegetables, meat, and milk, and microorganisms in fermented beverages can also produce them.
Summary  NMN and NR can be obtained through the diet either in their free form or as metabolites derivate from the diges-
tion of NAD+. The prospection of NR and NMN to find potential food sources and their dietary contribution in increasing 
NAD+ levels are still an unexplored  field of research. Moreover, it could enable the development of new functional foods 
and processing strategies to maintain and enhance their physiological benefits, besides the studies of new raw materials for 
extraction and biotechnological development.

Keywords  NAD+ precursors · Nicotinamide mononucleotide · Nicotinamide riboside · Pyridine derivatives · Promoting 
health

Introduction

NAD+ is the oxidized form of nicotinamide adenine dinu-
cleotide, a molecule essential for living organisms for main-
taining cellular health. It has been shown to promote several 
health benefits, including enhancing energy metabolism, 
cardio and neuroprotection, DNA repair, and anti-inflam-
matory and anti-aging effects [1••, 2–6].

In addition to its key role in energy metabolism as a coen-
zyme that accepts electrons for catabolic reactions, NAD+ also 
participates as a co-substrate in signaling pathways of intra-
cellular calcium mobilization and post-translational protein 
modification [7]. The regulation of these important cellular 
processes mediated by NAD+ confers protection of mitochon-
drial function, redox homeostasis control, anti-inflammatory 
action, attenuation of age-related dysfunctions, cell differen-
tiation, genomic stability, and epigenetic modulation among 
others [1••, 8–10].

NAD+ is constantly synthesized, catabolized, and recy-
cled in the cell to sustain stable levels. Disturbances such as 
aging [11] and overnutrition by high-fat and -protein intake 
[12, 13] affect NAD+ synthesis and are associated with 
reduced levels of this important molecule. Low NAD+ lev-
els is one of the hallmarks of physiological decline and the 
onset of age-associated diseases, such as neurodegenerative, 
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metabolic, and ocular [14, 15]. Likewise, NAD+ deple-
tion was related to complications and the worsening of 
coronavirus disease (Covid-19) [16, 17]. In summary,  
NAD+ decline can result from reduced NAD-synthesizing 
enzymes, increased NAD-consuming enzymes, or a com-
bination of both.

Boosting NAD+ levels throught biosynthesis precursors 
has the potential to prevent or alleviate a wide range of dis-
eases such as metabolic and age-related disorders. Based on 
their ability to elevate NAD+ levels, nicotinamide riboside 
(NR) and nicotinamide mononucleotide (NMN) have been 
shown to mitigate the physiological decline, diabetes and 
diabetic neuropathy [1••, 13, 18–20], protect against hepatic 
steatosis [18, 21], decrease various pathological features of 
Alzheimer’s disease [22–24], protect neuronal cells from 
oxidative stress [25], and preserve cognition [26, 27]. In 
addition, they have demonstrated beneficial pharmacologi-
cal activities in acute renal failure [28], anti-inflammatory 
[29–31], cardio and vasoprotective actions [32–35], telomere 
lengthening [36, 37•], extend lifespan and promote health in 
various organisms, from yeasts to mammals [10, 14, 15, 38].

The NMN and NR supplements have been the subject 
of clinical trials to assess their safety and applicability in 
humans [34, 38–40]. However, these NAD+ precursors 
are also present in foods and may have a potential dietary 
therapeutic role, similar to that of phenolic groups and 
other bioactive food compounds. Evidence from NMN and 
NR presence in vegetables, meat, and milk reinforce their 
natural occurrence [1••, 41, 42], although there is still lim-
ited data on NMN and NR content in foods. While veg-
etal sources, such as edamame, avocate, and broccoli, have 
shown slightly higher content until now; research is essential 
to identify the best food sources and determine whether a 
normal diet provides a sufficient amount of these precursors  
to increase NAD+ levels. The distribution of these novel 

NAD+ precursors in food sources presents an exciting new 
research field, particularly regarding their potential contribu-
tion to health promotion through diet.

Additionally, the potential impact of link between gut 
microbiota and NAD+ metabolites on overall host health 
is noteworthy. While microorganisms that inhabit the gut 
play a role in the metabolism of NAD+ and its metabolites 
[43, 44], NMN and NR also affect the composition of the 
gut microbiota, reversing dysbiose and promoting beneficial 
effects at both intestinal and extraintestinal levels [45–47•].

Hence, this review will cover the biochemistry and 
metabolism of NAD+ precursors NMN and NR, as well as 
their latest beneficial physiological effects, interplay with 
gut microbiota, and future research prospects in the fields 
of nutrition and food science.

NAD+, NMN and NR Metabolism

In eukaryotes, NAD+ performs two important functions: 
energy transduction and cell signaling. NAD+ was first 
established as a vital redox cofactor for ATP (adenosine 
triphosphate) synthesis. Subsequently, NAD+ degradation 
processes were unveiled, using it as a substrate by CD38/
CD157/SARM1, ADP-ribosyl transferases (ARTs), poly-
ADP polymerases (PARPs), and sirtuins [7, 48–50] (Fig. 1). 
These NAD-dependent enzymes mediate essential cellular 
processes for organismal homeostases, such as DNA repair 
[51], apoptosis [52], cell survival [53], lifespan regulation 
[10, 49], metabolic adjustments [49], inflammation, and 
infection [54].

NAD+ is a pyridine nucleotide made up of two nucleo-
sides that are joined by a pyrophosphate group. Each nucleo-
side contains a ribose ring, with one nucleoside contain-
ing adenine attached to the first carbon atom (adenosine 

Fig. 1   Chemical structure and 
schematic illustration of the 
beneficial health effects of 
NAD+ precursors NMN and NR
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diphosphate ribose) and the other containing nicotinamide 
at the same position (NMN) (Fig. 1).

NAD+ synthesis can occur from tryptophan and vitamin 
B3 (niacin and nicotinamide). Later, the intermediates NR 
and NMN have also been identified to promote NAD+ syn-
thesis [13, 55]. NR is a pyridine nucleoside consisting of 
an amine (nicotinamide) with a beta-N-glycosidic bond to 
a ribose. NMN is a pyridine nucleotide which contains a 
NR molecule bounded to a phosphate group. NMN and 
NR are involved in the degradation and re-synthesis of 
NAD+ (Fig. 1), an this metabolic cycle of NAD+ varies 
between species and kingdoms [56–58].

In mammals, NAD can be produced in different ways: 
by de novo generation from the amino acid tryptophan, by 
the nicotinamide (NAM) in the salvage pathway which is 
released from these consuming reactions as a NAD recy-
cling system, or by niacin/nicotinic acid (NA) in the Preiss-
Handler pathway (Fig. 2A). The precursors amidated nico-
tinamide (NAM), NMN and NR are the main substrates in 
the salvage pathway. Furthermore, more recently the reduced 
forms of NR and NMN, namely dihydronicotinamide ribo-
side (NRH) [59, 60] and dihydronicotinamide mononucleo-
tide (NMNH) [61], respectively, have also been shown to 
promote synthesis (Fig. 2A).

Moreover, it is worth mentioning the role of the micro-
biota in NAD+ synthesis. Unlike mammals, the bacteria 
present in the gut possess enzymes that convert NMN to 
nicotinic acid mononucleotide (NAMN) through a pro-
cess of deamidation [62]. After that, NAMN follows via 
the Preiss-Handler pathway to NAD+ synthesis. The iso-
tope-labeled NMN orally administered in rats was partially 
deamidated into NAMN by the intestinal microbiota before 
its absorption. Despite to a noticeably lesser extent than the 
amidated metabolites NMN and NAD+, nicotinic acid ade-
nine dinucleotide (NAAD) levels in the liver increased [43], 
as was observed for NR supplementation, which resulted in 
increased NAAD [63]. Shats et al. (2020) also reported that 
NAD+ enhancement by NAM and NR was mostly through 
microbiota-dependent deamidated pathway [44].

In addition, NR can increase NAD+ levels in two differ-
ent ways. Through direct absorption following the salvage 
pathway, or be hydrolyzed to nicotinamide (NAM) by the 
glycohydrolase bone marrow stromal cell antigen 1 (BST1), 
and further metabolized by the gut microbiota to nicotinic 
acid, following through the Preiss–Handler pathway. Fur-
thermore, was reported BST1 has a base-exchange activity 
against both NR and niacin riboside (NAR) to generate NAR 
and NR, respectively, connecting the amidated and deami-
dated pathways [64].

Thus, several pathways allow alternative precursors to 
be used to maintain intracellular NAD levels. Whether 
this redundancy is vital or has tissue-specific importance 
remains unexplored.

Sources of NMN and NR

The biosynthesis NAD+ precursors can be obtained trough 
the diet or by supplementation. The precursors tryptophan, 
NAM, NA, NMN, and NR are obtained through the diet 
either in their free form or as metabolites derivatives from 
the digestion of NAD+ .

NR has been named as the third NAD+ vitamin precursor, 
alongside NAM and NA [65]. One of the official methods for 
measuring NA content in foods is by microbiological assay. 
In the assessment, the food matrix is submitted to an acid 
or alkaline treatment at a high temperature (AOAC Method 
944.13). It is known that under these conditions, NAM, NAD, 
and NADP are converted into NA, and the alkaline treatment 
releases NA eventually bound to polysaccharides, peptides, or 
glycopeptides. Ummarino et al. (2017) investigated whether 
NMN and NR would also produce NA when exposed to hot 
acid or alkaline extraction procedures. And indeed, NR and 
NMN molecules were hydrolyzed to NA and could account 
for the total niacin content in the milk samples analyzed [42]. 
Hence, this indicates that the niacin quantified by microbio-
logical assay includes NR and NMN eventually present in 
the food matrix.

Although NMN and NR can be found in foods of ani-
mal origin and mushrooms, this section will focus on their 
content in plants as a potentially good dietary source, as 
there are ongoing experiments (results unpublished) sup-
porting this notion.

NAD+ is essential for plants’ adaptation to environmental 
stresses such as UV irradiation, salinity, heat shock, and drought 
stress [66, 67]. Additionally, NAD+ is involved in several key 
factors in plant biology including growth and development, 
metabolism (energy, reactive oxygen and nitrogen species, 
harvest), signaling, gene expression, immunity, and biosynthe-
sis [58, 68]. Gene transcription studies have revealed differ-
ent expression patterns during fruit development and growth. 
Among the specific genes related to NAD metabolism, de novo 
pathway biosynthetic genes were transcriptionally induced in 
young tomatoes. Later stages of fruit growth showed an accu-
mulation of genes involved in the salvage pathway, which coin-
cided with increased NAD levels, most likely to sustain the high 
metabolic activity during the ripening process [69].

In plants, NAD is synthesized by the de novo pathway 
from the amino acid aspartate and by the salvage pathway 
[66]; however, nicotinic acid (NA) is the key metabolite 
of the pyridine nucleotide cycle [70] (Fig. 2B). Previously, 
the pathways in NAD+ biosynthesis consisting of seven 
metabolites were the most known; however, a cycle that 
includes nicotinamide riboside deaminase was found in 
potato tubers [71]. The new cycle bypasses nicotinamide 
and nicotinic acid pathways (Fig. 2B) indicating that it 
could occur in some plant species [58].
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NMN is generated by breaking the diphosphate link of 
the NAD+ molecule via the action of NAD diphosphatases 
(EC 3.6.1.22), such as the nudix hydrolases [66], also named 
NAD pyrophosphatase [58]. Although the salvage pathway 
deamidated of 6 or 8 steps is most prevalent, NMN can also 

be converted to NAD in plants by a single step catalyzed by 
nicotinamide mononucleotide adenyltransferase (NMNAT) 
[58, 66]. The NMNAT activity specific in the mitochondrial 
fraction was demonstrated in Jerusalem artichoke (Heli-
anthus tuberosus L.) and plays an important role in NAD 

Fig. 2   NAD biosynthesis pathways in humans (A) and plants (B). 
NMN could be uptake through CD73-mediated dephosphorylat-
ing to NR, or via a transporter encoded by gene SLC12A8. Arrows 
dotted indicate a putative pathway. Precursors/Metabolites: KYN: 
N-formylkynurenine; NMN (nicotinamide mononucleotide); NMNH 
(dihydronicotinamide mononucleotide); NR (nicotinamide riboside); 
NRH (dihydronicotinamide riboside); NAR (nicotinic acid ribo-
side); NAM (nicotinamide); NA (nicotinic acid); NAMN (nicotinic 
acid mononucleotide); NAAD (nicotinic acid adenine dinucleotide), 
QA (quinolinic acid); TRYP (tryptophan). Enzymes: AK, adeno-
sine kinase; CD73/CD38/CD157, ectoenzimas; IDO, indoleamine 

2,3-dioxygenase; NADPPase (NAD pyrophosphatase); NADS (NAD 
synthase); NAMPT, nicotinamide phosphoribosyltransferase; NAPT 
(nicotinate phosphoribosyltransferase); NARK (nicotinic acid ribose 
kinase); NIC (nicotinamidase); NMNAT (nicotinamide/nicotinic 
acid mononucleotide adenylyltransferase); NRase (nicotinamide 
riboside nucleosidase); NRD (nicotinamide riboside deaminase); 
NRK1/2: nicotinamide riboside kinases; NUDase (5′- nucleotidase); 
PARPs, poli-ADPR polymerases; PNP, purine nucleoside phosphor-
ylase; QPRTase: QA-phosphoribosyltransferase; SIRTs, sirtuins, 
TDO, tryptophan 2,3-dioxygenase. Image created with https://​www.​
biore​nder.​com/

https://www.biorender.com/
https://www.biorender.com/
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metabolism [72]. In lentil and prickly pear (opuntia), the 
enzyme nucleotide pyrophosphatase (EC 3.6.1.9) was identi-
fied and exhibited hydrolytic activities on the pyrophosphate 
bonds of the reduced and oxidized forms of NAD(P), pro-
ducing NMN and AMP [73, 74]. In plants such as tea, pota-
toes, gymnosperms, and Fabaceae, there is the conversion of 
NMN to NR by activity 5′nucleotidase (EC 3.1.3.5) [58, 66]. 
These findings characterizes NMN and NR as metabolites 
of the plant NAD+ pool [67, 69], and vegetal foodstuffs as 
sources of these compounds.

Accordingly, mammals are exposed to these precursors 
through the digestive breakdown of dietary NAD+ [39]. 
Bioavailability studies showed that ingested NAD+ was  
mainly hydrolyzed in the small intestine by pyrophos-
phatases present in brush border cells or intestinal secre-
tions [75]. The expression of a transporter in the gut [76]  
reinforces that NMN could be made bioavailable through 
oral delivery.

To date, only a few studies have measured NMN and 
NR in foods, and as a result, the best sources have not been 
clearly identified. Mills et al. (2016) published the first 
evidence of NMN in foods such as edamame beans, avo-
cado, broccoli, cucumber, cabbage, and tomato. Among 
the investigated sources, the highest amount was found in 
edamame ranging at 0.47–1.88 (mg/100 g) and avocado at 
0.36–1.60 (mg/100 g), and at smaller amounts in seafood 
and raw meats (0.06–0.42 mg/100 g) [1••]. Additionally, 
NR and NMN were also determined in different species of 
milk and beer [42, 77•]. Since NR was first discovered in 
milk [55] it had only been measured in milk so far, with 
bovine milk having the highest NR content (0.5–3.6 μM,) 
and human milk as the richest NMN source (2.1–9.8 μM) 
[42]. As molarity is usually expressed in units of moles of 
solute per liter of solution, it is assumed that the concentra-
tion is for the volume of 1 L of milk, since this information 
is not stated in the referenced article.

Recently, yeast-mediated NR and NMN production in 
craft beers was demonstrated, and hop indicated a role in the 
enhancement of NR levels during fermentation [77•]; thus, 
opens new perspectives for enriched sources of NAD+ pre-
cursors through fermented foods and beverages. This would 
bring new possibilities alongside the potential biotechno-
logical use of microbial species (e.g., fructophilic lactic acid 
bacteria) to produce NMN and NR [78] for functional pro-
biotic products and supplements.

Last, NMN, and NR are marketed at high prices in 
capsule or powder form, with dosages ranging from 100 
to 1000 mg, which are doses utilized per day in the stud-
ies. However, it is important to note that the optimal dose 
of NMN and NR supplements for humans is not yet fully 
understood and further research is needed to determine  
the most effective and safe dosage. Obtaining NAD+ pre-
cursors through the diet may be a more accessible and 

natural alternative, despite their lower content in food 
sources compared to supplements. Further research is 
needed to clarify these issues.

Safety and Pharmacokinetics

Several studies are ongoing to evaluate the physiological effects 
of NMN and NR supplementation, including safety and pharma-
cokinetics in humans (NCT04228640, NCT04910061), on aging  
(NCT04823260, NCT04685096), on hypertension (NCT04903210),  
on heart failure (NCT03565328, NCT04528004), on COVID-19 
(NCT04407390, NCT05175768, NCT04818216), on mitochon-
drial function (NCT03789175, NCT03951285), metabolic and 
cardiovascular functions (NCT04571008), skeletal muscle and 
bone metabolism functions (NCT03818802, NCT04691986), 
on muscle physiology and physical capacity (NCT04691986, 
NCT04664361), and among others (listed in the database Clini-
calTrials.Gov). Although the results of pre-clinical and clinical 
trials with NR and NMN supplementation are promising, it 
remains a need to determine if long-term supplementation and 
high doses may show side effects.

For example, NAD synthesis inhibition due to NAMPT 
inhibition decreases cell growth and increases susceptibil-
ity to oxidative stress emerging as a therapeutic concept for 
cancer treatment [79]. While the NAD+ precursors, NMN 
and NR, reversed cell death induced by the NAMPT inhibi-
tor, the CD38 favored cell death, and CD73 allowed cell 
viability by degrading NAD and NMN into NAM, and NMN 
into NR, respectively, thus sustaining NAD+ synthesis [80]. 
In an oncogenic mouse model, the supplementation with 
NMN (500 mg/kg body weight daily for 13 days) signifi-
cantly increased the secretory phenotype associated with 
pro-inflammatory senescence, promoting pancreatic ductal 
adenocarcinoma progression. This raises the hypothesis that 
dietary supplements can increase NAD+ and may be tumori-
genic in vivo under stress conditions, such as premalignant 
senescent lesions induced by activated oncogenes [81].

Therefore, it is worth considering the extent of complex inter-
actions and regulation between NAD+-dependent processes.

A toxicity study in rats demonstrated that repeated oral 
administration of synthetic NMN (NMN-C®) at doses up 
to 1500 mg/kg/day over a sub-chronic (90-day) treatment 
period appears to be safe and did not promote toxic effects 
as seen from body weight change, food and water consump-
tion, feed conversion efficiency, biochemical, and blood 
parameters [82], although differences in several physiologi-
cal and biochemical parameters were found in animals from 
mid and high-treatment doses (750 mg/kg/day and 1500 mg/
kg/day, respectively). There was an increase in the kidney, 
liver, and adrenal gland weights relative to control, corre-
lating with histopathology findings in the kidney and liver. 
Correspondingly, elevated levels of hepatic enzymes alkaline 
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phosphatase, alanine aminotransferase, and aspartate ami-
notransferase were found. Thus, the established upper intake 
level of NMN for a 60 kg individual was 900 mg per day [82].

The first clinical trial reported that a single oral dose of 
NMN (from 100 to 500 mg) was safely and effectively metab-
olized in healthy subjects. It showed a significant increase of 
metabolites in plasma in a dose-dependent manner, without 
causing adverse effects or any significant clinical symptoms 
or changes in heart rate, blood pressure, oxygen saturation, 
and body temperature [40]. However, NMN was not detected 
in plasma, most likely because the sample freezing before 
extraction may have caused NMN degradation [40]. It has 
been reported that NMN degraded very rapidly in blood 
at − 80 °C [83].

In healthy subjects, NMN (250 mg/day for 12 weeks) ele-
vated NAD+ levels in whole blood and no obvious adverse 
effects, no abnormalities in physiological and clinical 
laboratory tests were observed [84]. Another study involv-
ing healthy subjects aged between 40 and 65 years found 
that oral NMN supplementation (300 mg) for 60 days was 
also well-tolerated, with no observed deleterious effects. 
Although the difference between the NMN and placebo 
groups was not statistically significant, NAD+ /NADH lev-
els in the serum increased by 38% (from 6.57 pmol/ml base-
line to 9.07 pmol/ml at the end of the study) [85].

Orally administered NMN was rapidly synthesized into 
NAD+ in mouse tissues. After oral gavage (300 mg/kg body 
weight), NMN was quickly absorbed from the intestine into 
the bloodstream and eliminated from circulation within 
15 min, with a consistent increase in hepatic NAD+ levels 
at 15 to 30 min [1••]. Suggesting plasma NMN levels may 
also be kept low and constant due to balanced NMN distri-
bution from plasma to tissues.

Oral NR increased NAD+ concentrations > twofold (NR 
47.75 μM versus placebo 20.90 μM), NAAD by 4.5-fold, 
and NMN by 1.4-fold, without causing NAM increases in 
blood. NAM removal pathways were highly active after NR, 
with an excess of MeNAM, Me-2py, and Me-4py, and about 
a 20-fold increase of NAR in urine [29].

Martens et al. (2018) identified around a fivefold increase 
in NAAD levels in the blood of healthy middle-aged men and 
women supplemented with NR (1 g/day) for 6 weeks [34]. In 
another study, NAAD was not detected in human blood prior 
to NR supplementation, while there was a ∼2,900% increase 
in NAAD baseline in healthy individuals taking single doses 
of up to 1 g NR (100, 300, and 1000 mg) [63]. Thus, confirm-
ing that NAAD is a product of NR utilization in humans and 
a biomarker of increased NAD+ metabolism, which corrobo-
rates with findings in mice that the metabolic NR deamidated 
Preiss–Handler pathway is predominant [64].

NMN exerted a pronounced effect on skeletal mus-
cle biology, with a significant increase in differentially-
expressed genes of platelet-derived growth factor binding 

pathway compared placebo group [38]. Although muscle 
NAD+ content did not change after 10 weeks, NMN treat-
ment increased muscle metabolites N1-methylnicotinamide 
(MeNAM), N1-methyl-2-pyridone-5-carboxamide (Me-
2py), and N1-methyl-4-pyridone-5-carboxamide (Me-4py). 
Irie et al. [40] also observed the raising of these metabolites 
after oral NMN supplementation, suggesting increased mus-
cle NAD+ turnover by NMN [40].

Preventive and Therapeutic Effects of NMN 
and NR

Historically, the NAD biosynthesis precursors tryptophan, 
NA, and NAM have been used to prevent and treat pel-
lagra, a disease characterized by darkly pigmented skin 
eruptions causing the so-called three D’s (dermatitis, diar-
rheal, and dementia). Tryptophan alone is not sufficient at 
sustaining cellular levels of NAD+ [86] as it takes part in 
other metabolic pathways, such as serotonin, melatonin, 
and picolinic acid synthesis. NA at pharmacological doses 
reduced serum cholesterol levels in humans; however, its 
use is limited due to the side effect causing skin flush-
ing, accompanied by an unpleasant warmth sensation, and 
often itching [87].

Although NAM has been shown to be effective to increase 
NAD+ in tissues, it also exerts an inhibitory effect on sirtuin 
[88] and PARPs activity [89]. At high doses, NAM results 
in increased methylation to generate N1-methylnicotinamide 
(MeNAM) via nicotinamide N-methyltransferase (NNMT) 
for elimination in urine, which can lower the cellular methyl 
pool over time [89]. This could lead to a reduction in DNA 
and protein methylation, and as consequence, alter gene 
expression patterns and protein activity, once that DNA 
methylation in gene promoter regions is typically associ-
ated with transcriptional repression.

Furthermore, blood and urine pharmacokinetic data per-
formed in rats suggested that NMN administered intraperi-
toneally appears to be retained in the body longer than NAM 
[90]. It is still unclear why NR administration increases 
NAD+ levels more than NAM and NA treatment [63], 
while NMN and NAM administration showed no difference 
in NAD levels in blood and liver [90]. Further studies with 
direct comparisons of all precursors at the same dose are 
important to elucidate the superiority purpose of each one.

Proposed as a nutraceutical to prevent age-related physi-
ological decline [1••, 91], NMN has shown to improve dia-
betes [13, 20, 38] and Alzheimer’s disease [22, 23], enhance 
aerobic capacity [92], and exhibit cardio- and vasoprotec-
tive actions. It inhibits inflammation and decreases oxidative 
stress, preventing arterial and endothelial dysfunction [32, 
93], and protecting against heart failure [94], ischemia, and 
reperfusion [33].
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NR demonstrated protective effects on cognitive function, 
synaptic plasticity, learning, memory, and motor function 
in Alzheimer’s disease models [24, 27]. It reduced the beta-
amyloid levels, increasing the chance of recognizing a novel 
object by 20% in NR-treated Tg2576 mice [27]. Futhermore, 
NR significantly reduced neuroinflammation, apoptosis of 
hippocampal neurons, phosphorylated Tau and DNA dam-
age, while also increasing neurogenesis by almost 20% [24].

Additionally, NR has been shown to prevent and improve 
metabolic disorders such as high-fat diet- induced obesity 
and non-alcoholic fatty liver disease (NAFLD). It promoted 
metabolic flexibility by enhancing energy expenditure, lead-
ing to a significant attenuation of high-fat diet-induced body 
weight gain and a decrease in fat mass, particularly in the 
liver, where triglyceride levels decreased by 40% [95]. NR 
increased hepatic β-oxidation and mitochondrial content 
reversing glucose intolerance, insulin resistance, liver lipid 
accumulation, and hepatic fibrosis [21].

Although it may have other as yet unraveled mechanisms, 
the beneficial effects of NMN and NR have been attributed 
mainly to increase NAD+ levels enabling the sirtuins activi-
ties and their underlying targets.

Anti‑Aging Effect

The classification of aging as a disease or a natural and uni-
versal process is seen as controversial; however, it is well 
known the fact that a decline in cellular functions is part of 
the aging process.

It is recognized the decrease of NAD+ levels in vari-
ous tissues during aging [11, 13, 96, 97], playing a critical 
role in the pathophysiology of several diseases, including 
age-associated metabolic disorders, neurodegenerative dis-
eases, and mental disorders [14]. A significant cause for this 
age-associated NAD+ decline is the decrease in NAMPT-
mediated biosynthesis. The NAMPT (nicotinamide phos-
phoribosyltransferase) protein and NAD+ levels decreased 
significantly in organs, such as white adipose tissue and 
skeletal muscle in old mice [13] affecting the activity of 
NAD+ -dependent enzymes such as sirtuins [15, 98]. As  
consequence, affect the balance of redox reactions in the 
cell, leading to functional decline [14].

Another responsible for the low NAD+ levels is the ecto-
enzyme CD38. The levels and activity of CD38 increase 
with aging and are necessary for NAD decline and mito-
chondrial dysfunction [99]. It was also found that CD38 
degraded NMN altering the pharmacokinetics of both NMN 
and NR [99]. Thus, CD38 regulates the levels of NAD+, 
NMN, and additionally to SIRT1 activity, playing a critical 
role in the onset of age-related diseases. And indeed, CD38 
is a candidate molecule for regulating neurodegeneration. 
CD38 knockdown in mice suppressed axon degeneration, 
demyelination, and immune cell infiltration after facial 

nerve axotomy compared to wild-type mice. Correspond-
ingly, intraperitoneal injection of NR (400 mg/kg) once 
daily for 1 week prior to facial nerve axotomy, delayed axon 
degeneration, and demyelination, increasing significantly 
facial nucleus and facial nerve NAD+ levels in wild-type 
mice [100].

During the aging process, DNA damage accumulates in 
the cell nucleus causing PARPs activation and reducing both 
NAD+ levels and SIRT1 activity [15]. SIRT1 is one of the 
sirtuins (SIRT1-7) that use NAD+ as a substrate catalyzing 
the reaction of deacetylation or mono-ADP-ribosylation of 
proteins. In addition, accumulated DNA damage in chromo-
somal regions leads to a progressive and cumulative loss of 
protective telomere sequences at the chromosome end [101]. 
Short telomeres showed decreased expression and activity of 
sirtuins and marked mitochondrial dysfunction.

NMN promoted telomere lengthening in aged mice [36], 
pre-aging mice and humans [37•]. Treatment with NMN 
(dissolved in 5-mM drinking water for 8 weeks) promoted 
telomere lengthening in generation 4 (G4) mice, dampened 
the DNA damage response and p53, functionally rescued 
liver fibrosis, and improved the mitochondrial biogenesis 
and function in a partially SIRT1-dependent manner [36]. 
The increased NAD+ levels in the liver tissue of NMN-
treated G4 mice reversed the hyperacetylation of several 
sirtuin targets indicating the reinforcement of sirtuin activity 
[36]. SIRT1 increases mitochondrial activity and biogenesis 
by deacetylating and activating PGC1α (peroxisome prolif-
erator-activated receptor-γ co-activator 1α) [102]. PGC1α 
is a transcriptional co-regulator of mitochondrial genes and 
detoxifies enzymes that eliminate ROS (reactive oxygen spe-
cies), leading to metabolism improvement and antioxidant 
protection [103].

Mitochondria is a vital organelle for the body which  
from food produces most of the energy used by cells. Almost 
all metabolic processes depend on NAD+, consequently, 
the maintenance of mitochondrial NAD+ levels is crucial 
for cell survival [104]. As we age, mitochondria become 
increasingly dysfunctional, with defective mitophagy and 
bioenergetic capabilities which end up producing excess free 
radicals inside the cell, damaging the global cellular envi-
ronment [101]. A long-term NMN administration (given in 
drinking water ad libitum at either 100 or 300 mg/kg/day 
for 12 months) increased mitochondrial respiratory ability 
in skeletal muscle and reversed age-associated gene expres-
sion changes in a tissue-specific manner [1••]. In addition, 
the orally administered NMN was quickly absorbed, trans-
ported into blood circulation, and immediately converted 
to NAD+ in major metabolic tissues such as the liver and 
soleus muscle, improving energy expenditure, oxygen con-
sumption, insulin sensitivity, lipid plasma profile, eye func-
tion, bone density, and myeloid-lymphoid composition in 
aged mice [1••].
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Other animal and human studies of the NR and NMN 
supplementation, including anti-aging effects, are summa-
rized in Table 1.

Anti‑COVID‑19 Effect

Age is also a risk factor for patients with COVID-19, 
increasing the chances of severe disease and death [105]. 
The reason is that the aging process leads to several changes, 
especially immunosenescence and inflammaging that com-
promise the immune response. The shortening of telomeres 
and decrease in naïve lymphocytes leading to impaired 
immune function and a rise in circulating pro-inflamma-
tory cytokines are factors contributing to the worsening of 
COVID-19 cases [105, 106].

Evidence points to the potential relevance of NAD+ in 
modulating the COVID-19 disease outcomes, the pandemic 
public health outbreak. During the SARS-CoV-2 infection, 
the set of genes related to NAD+ synthesis and use is dys-
regulated [16], potentially due to the increased demand the 
NAD+ metabolic pathways.

PARPs are known to play a critical antiviral role in inhib-
iting the translation of transcripts through ADP-Ribosylation 
in the viral genome, with NAD+ requirement. However, sev-
eral viral families, including SARS-CoV, encode a macrodo-
main protein that hydrolyses the ADPR units of proteins and 
nucleic acids, inhibiting PARPs protective effect and then 
facilitating replication and virulence. Consequently, exces-
sive activation of PARPs occurs to compensate for ADPR 
hydrolysis, accompanied by NAD+ consumption, suggest-
ing that increasing NAD+ levels may restore the antiviral 
functions of PARPs to support immunity to SARS-CoV-2 
[16, 106].

In addition to the role of PARPS on immune responses, 
sirtuins can also coordinate the intensity of inflammatory 
responses, preventing the effects of cytokine storms. SIRT1, 
SIRT2, and SIRT3 all suppress the activity of NF-κB (factor 
nuclear kappa B) and the NLRP3 (Nod-like receptor family 
protein 3) inflammasome via multiple mechanisms [107]. 
SIRT6 attenuates NF-κB signaling via histone H3 lysine 9 
(H3K9) deacetylation at chromatin of NF-κB target gene 
promoters, which are related to apoptosis, and cellular senes-
cence [108].

In a case study of 10 critically-ill patients over 50 years, 
the NMN cocktail (83 mL of NMN mixed with 400 mL of 
water, consumed before breakfast and dinner) was strongly 
associated with the COVID-19 symptom resolution. Before 
treatment, patients had low-oxygen saturation, pulmonary 
infiltrates, and inflammation. Post-treatment, there was 
rapid improvement in bilateral pulmonary infiltrates, fever 
resolution, and lower inflammation biomarkers. However, 
one patient stopped the treatment after 3 days due to mis-
communication and experienced a relapse with fever and 

pulmonary infiltrates 8 days later [17]. The rapid and  
effective clinical improvement suggests NMN may play a 
role in reversing the potentially fatal cytokine storm trig-
gered by SARS-CoV-2 infection.

A study showed that combined metabolic activa-
tors (CMAs), consisting of NR (1 g), l-carnitine tartrate 
(3.73 g), N-acetylcysteine (2.55 g), and serine (12.35 g), 
improved the COVID-19 outcomes. Patients took the mix-
ture orally one dose in the morning after breakfast and 
one dose in the evening after dinner for 14 days. In both a 
placebo-controlled, open-label phase 2 study and double-
blinded phase 3 clinical trials, patients given CMAs had 
significantly faster complete recovery times compared to 
the placebo group (6.6 vs 9.3 days and 5.7 vs 9.2 days, 
respectively). CMAs were found to reinforce immune 
response and regulate amino acid and lipid metabolism. 
Moreover, patients treated with CMAs showed significant 
improvements in plasma levels of several inflammation 
and antioxidant metabolism-related biomarkers, such as 
alanine aminotransferase (ALT), lactate dehydrogenase 
(LDH), creatinine, glucose, and proteins [109].

It was found that alterations in the purinergic metabo-
lism contribute to immune dysregulation during COVID-
19, possibly contributing to disease severity. Unvaccinated 
severe COVID-19 patients presented higher ATP levels 
and lower levels of adenosine in plasma when compared 
to healthy controls. Ectonucleotidases CD39 and CD73 
responsible for ATP cleavage to adenosine had reduced 
expression in severe COVID-19 patients’ blood. Besides 
the impaired generation from ATP, the adenosine receptors 
were also less expressed, in a disease severity-dependent 
manner [110]. Since adenosine and its receptors act on neu-
trophil and monocyte/macrophage suppressing cytokine 
production [111], an unbalanced ratio ATP/adenosine 
disturbs this anti-inflammatory regulation. In addition, 
in vitro administration of exogenous adenosine prevented 
inflammatory responses in the leukocytes of patients [110], 
whether this alteration in the metabolism of ATP is a cause 
or effect of the exacerbated inflammatory response to 
SARS-CoV-2 still needs to be explored. Given the function 
of NAD+ in ATP generation and the role of both extracel-
lular NAD+ and ATP in the regulation of inflammation  
and immune response [112], it is worth investigating the 
possible involvement of NAD+ in this altered ATP metabo-
lism during infection by SARS-CoV-2.

Anti‑Inflammatory Effect

Boosting NAD+ can reduce inflammation. Consistent with 
NR’s known role in increasing NAD+ levels and conse-
quently SIRT3 activation, the 24-h administration of NR 
(amount not described) to PBMCs from healthy subjects rep-
licated the fasting effect of blunting NLRP3 inflammasome 
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activation and enhancing mitochondrial quality control 
through SIRT3 [30]. NR reduced acetylation of SOD2 and 
isocitrate dehydrogenase 2, while increasing mitochondrial 
SOD2 activity, thereby reducing mitochondrial ROS lev-
els. Additionally, NR decreased Interleukin-1β (IL-1β) and 
tumor necrosis factor-alpha (TNF-α) secretion in monocytes 
and macrophages from healthy volunteers, with the most 
significant reductions in monocytes of over 50% for IL-1β 
(from approximately 22,000 to 10,000 pg/mL) and over 75% 
for TNF-α (from above 2000 to less than 500 pg/mL). In 
macrophages, the most pronounced reduction was around 
20% for IL-1β (from above 300 to less than 250 pg/mL) and 
approximately 45% in TNF-α levels (from around 1800 to 
1000 pg/mL) [30].

In older men, supplementing with 1 g of oral NR per day 
for 3 weeks increased NAD+ metabolome levels in whole 
blood and skeletal muscle and significantly reduced circulat-
ing levels of the inflammatory cytokines IL-2, IL-5, IL-6, 
and TNF-α compared to baseline (from approximately 20 
to 5 pg/ml for interleukins and from around 250 to 200 pg/
ml for TNF-α) [29].

In addition to increasing the cellular NAD+ level decreased, 
treatment with NMN (500 μM) decreased pro-inflammatory 
cytokines production in LPS-activated mouse and human 
macrophage cell lines (THP-1, RAW264.7). NMN efficiently 
alleviated LPS-induced inflammation and oxidative stress 
via the COX-2-PGE2 axis and inhibition of inflammation-
related pathways. Proteomics analysis identified that NMN 
downregulated the expression of cyclooxygenase-2 (COX-2) 
and markedly decreased mRNA expressions and extracel-
lular secretion of IL-6 and IL-1β, and the cellular levels of 
prostaglandin E2 (PGE2). Proteins related to inflammatory 
response such as RELL1, PTGS2, FGA, FGB, and igkv12-44 
were all decreased in LPS/NMN co-treated cells as compared 
with LPS-treated cells. NMN treatment also suppressed other 
inflammation-associated pathways such as prostanoid biosyn-
thesis, LPS/IL-1 mediated inhibition of RXR function, IL-6 
signaling, and NF-κB signaling [31].

Regulation of Energy Metabolism

NAD+ functions as a coenzyme in various redox reac-
tions in the major energy production pathways, such as 
glycolysis, tricarboxylic acid (TCA) cycle, and fatty acid 
oxidation [113]. Declining NAD+ levels is a signature of 
an imbalance in energy homeostasis [114], which makes 
it an energy-sensing metabolite. Energy-sensing pathways  
are important for maintaining an adequate balance between 
energy production and expenditure. Disturbance of these 
pathways results in various metabolic disorders, such as 
insulin resistance and fatty liver [113].

Under disturbed nutrient conditions, such as high-fat and 
-protein intake, NAD+ levels decreases [12, 13]. When an Ta
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excess calorie is consumed, a low AMP/ATP ratio can cause 
a decrease in NAD+ or NAD+ /NADH ratio. The adeno-
sine monophosphate-activated protein kinase (AMPK) is a  
cellular energy regulator which senses changes in the intra-
cellular AMP/ATP ratio. During energy limitation, low lev-
els of ATP activate AMPK, which acts to maintain cellular 
energy stores. AMPK switches on catabolic pathways that 
produce ATP, mostly by enhancing oxidative metabolism 
and mitochondrial biogenesis, while switching off anabolic 
pathways that consume ATP, altering the NAD+ /NADH 
ratio. Thus, AMPK enhances the SIRT1 activity by increas-
ing cellular NAD+ levels, resulting in the deacetylation and 
modulation of the activity of energy metabolism-related 
downstream SIRT1 targets, which include the PGC1α, the 
forkhead box O1 (FOXO1) and O3 (FOXO3a) transcription 
factors [102].

Correspondingly, NR or NMN administration can prevent 
the reduction in NAD levels. NR (450 mg/kg body weight 
for 45 days) stabilized myocardial NAD+ levels, increased 
glycolysis, and citrate and acetyl-coenzyme A metabolism, 
attenuating the development of heart failure in a mouse 
model with dilated cardiomyopathy [35]. By increasing 
NAD+ levels in mice’s liver and muscle, NR supplementa-
tion (400 mg/kg/day) stimulated SIRT1 and SIRT3 activity, 
enhancing the mitochondrial function, oxidative metabo-
lism, energy expenditure, and endurance performance [95]. 
In addition, NR protected against the detrimental metabolic 
effects of a high-fat diet, including hyperinsulinemia, ele-
vated levels of total and LDL cholesterol, and weight gain, 
although it had no effect on body weight when given with a 
normal chow diet [95].

NMN also demonstrated no benefic effect on glucose 
metabolism in mice consuming a chow diet. Male offspring 
of both lean and obese progenitress mice, fed either chow 
or high-fat diet (HFD) for 30 weeks post-weaning were 
intraperitoneally injected with NMN (500  mg/kg body 
weight) for 21 days. These mice had reduced adiposity, and 
hepatic and plasma triglyceride levels. Additionally, there 
was a reduction of hepatic genes involved in fat synthesis, 
transport, and uptake, while the genes involved in fatty acid 
oxidation were increased by NMN in offspring consuming 
HFD. However, in relation to glucose tolerance, NMN was 
beneficial only for the most metabolically compromised 
mice group (feed HFD and from obese progenitress). In 
addition, NMN impaired glucose tolerance in mice from 
lean progenitress consuming chow and had no additional 
impact in offspring consuming HFD [115]. In another study, 
NMN supplementation (400 mg/kg for 8 weeks) reduced the 
exercise-induced benefits in obese mice such as hepatic tri-
glyceride accumulation reduction, glucose-stimulated insu-
lin secretion from islets, and glucose tolerance. Although, 
NMN on its own significantly down-regulated TNF-α and 
Tlr4 expression and up-regulated expression of PGC-1α in 

islets supporting its antioxidative effects, the association 
of NMN and exercise enhanced the ratio of antioxidants to 
prooxidants, deregulating redox homeostasis [116].

These results suggested that supplementation with 
NAD+ precursors may be less effective in conditions where 
the NAD+ levels are balanced.

Anti‑Diabetic Effect

The hallmark hyperglycemia of diabetes mellitus causes a 
redox imbalance between NAD+ and NADH ratio, which 
can lead to oxidative stress and a variety of metabolic syn-
dromes. For cells whose glucose uptake is not dependent 
on insulin, glucose oversupply can lead to NADH overpro-
duction by both the conventional glucose combustion path-
ways (glycolysis and Krebs cycle) and the polyol pathway. 
This NAD+ /NADH ratio imbalance, also known as pseu-
dohypoxia, initially causes reductive stress, mitochondrial 
overload, and dysfunction, which lead to oxidative stress 
and oxidative damage to macromolecules, including DNA, 
lipids, and proteins. On the other hand, NAD+ can be dimin-
ished or depleted by the overactivation of PARPs that uses 
NAD+ as their substrate for DNA repair. Accordingly, redox 
imbalance might be a major factor contributing to the devel-
opment of diabetic complications [117].

In addition, this redox change characterized by pseudo-
hypoxia causes activation of two pathways: diacylglycerol 
(DAG)–protein kinase C (PKC) and (DAG)–protein kinase 
D (PKD) cascade, which impairs AMPK activity decreasing 
NAD+ synthesis. Another suggestion could be the insuffi-
cient phosphoribosyl pyrophosphate (PPRP) synthesis from 
the pentose phosphate pathway which is compromised by a 
decrease in plasma thiamine and protein kinase B activity in 
diabetes. Protein kinase B is responsible for phosphorylating 
and activating transketolase to PPRP production, which will 
be used in NAD+ pathway synthesis [114].

Decreased NAD+ content and imbalanced mitochondrial 
dynamics occur in the development of diabetic cardiomyo-
pathy. Daily oral gavage of NR 400 mg/kg/day for 4 weeks 
alleviated diabetes-induced cardiomyopathy improving car-
diac function in diabetic mice. NR elevated myocardium 
NAD+ content and promoted mitofusin 2-mediated mito-
chondrial fusion, suppressing oxidative stress and cell apop-
tosis via the SIRT1-PGC1α-PPARα pathway [19].

Chronic fructose feeding is known to cause suppression 
of eNAMPT secretion and pro-inflammatory cytokine-
mediated islet dysfunction leading to impaired beta cell 
function and elevated blood glucose. In this case, NMN 
administration (100 μmol/l) restored insulin secretion in 
islets cultured with pro-inflammatory cytokines IL1β and 
TNFα, in a partially SIRT1-dependent manner. In addition, 
it corrected the inflammation-induced islet dysfunction, 



457Current Nutrition Reports (2023) 12:445–464	

1 3

reversing the changes in the expression of genes encod-
ing islet markers essential for glucose sensing and beta cell 
differentiation. Also by improving the glucose-stimulated 
insulin secretion in mice fed with a fructose-rich diet, NMN 
(500 mg/kg body weight administrated intraperitoneally 
16 h prior to tissue sampling) may indicate an ability to pro-
tect against beta cell failure through an anti-inflammatory 
mechanism [20].

In another study, NMN demonstrated to be an effec-
tive intervention to treat the pathophysiology of type 2 
diabetes. In both diet- and age-induced diabetic models, 
the administration of NMN via intraperitoneal (500 mg/kg 
body weight/day for 11 days) ameliorated impaired glucose 
tolerance substantially and enhanced hepatic insulin sensi-
tivity. The indicated reversing changes in gene expression 
related to oxidative stress, inflammatory response, and cir-
cadian rhythm was in part a result of SIRT1 activation [13].  
BESTO (beta cell-specific SIRT1-overexpressing) trans-
genic mice with advanced age had lost their phenotypes of 
glucose-stimulated insulin secretion and improved glucose 
tolerance as when they were young, despite maintaining 
SIRT1 overexpression in pancreatic β-cells. The NMN 
treatment (500 mg/kg body weight 14 h prior to perform-
ing the assay), besides increasing NAD+ levels that had 
decreased with age, was able to restore the phenotype in 
aged BESTO mice and also improved glucose-stimulated 
insulin secretion in aged wild-type mice [98].

Given the multifactorial nature of metabolic diseases, 
including diabetes, the mechanisms by which NAD+ pre-
cursors contribute to improved insulin sensitivity and gly-
cemic control can be attributed to the replacement and/or 
increase in NAD+ levels and reversal of oxidative stress 
and inflammation.

In postmenopausal women with overweight or obesity 
and prediabetes, oral NMN supplementation (250 mg/day 
for 10 weeks) increased NAD+ content in peripheral blood 
mononuclear cells (PBMCs), and improved insulin signaling 
and sensitivity in skeletal muscle [38].

Interplay Between Gut Microbiota 
and NAD+ in Host Health

We reviewed the background and the latest findings about 
the central function of NAD+ in maintaining cellular home-
ostasis. It is also already known the important physiological 
role of gut microbiota in the metabolic homeostasis, hor-
mones secretion, and brain function of the host [118–121]. 
In the same way, link between intestinal microorganisms and 
NAD+ metabolites suggests an important axis for beneficial 
physiological effects.

Some gut microbial can produce metabolites that exert a 
protective effect against various diseases [122–124]. NMN 

derived from the gut microbiota ameliorated acute pancrea-
titis (AP) injury by increasing NAD+ levels and activating 
the SIRT3-PRDX5 pathway in AP mouse models [125]. AP 
is exacerbated by gut microbiota dysbiosis, which is charac-
terized by an imbalance between beneficial and pathogenic 
microbes that increases gut permeability, bacterial trans-
location, and systemic inflammatory responses. Besides 
reverting gut microbiota dysbiosis, the normobiotic fecal 
microbiota transplantation (FMT) induced higher levels 
of NMN in the serum, enhancing NAD+ biosynthesis in 
the pancreas. Similarly to FMT, pretreatment with NMN 
(500 mg/kg body weight/day intraperitoneally for 28 con-
secutive days) increased pancreatic NAD+ levels, mitigating 
AP-mediated mitochondrial dysfunction, oxidative damage, 
and inflammation in a partially SIRT3-dependent manner. 
These findings suggest that NMN is an important mediator 
of the protective effects of FMT in AP and reinforce the 
potential role of gut microbiota on NAD+ metabolism and 
pathological disorders outcomes of the host.

In addition to gut microbiota activity on B vitamins [118, 
126] and NAD+ biosynthesis [44], recent evidence demon-
strates the role of NAD+ and its precursors NR and NMN 
on the modulation of gut microbiota, which could be one of 
the underlying mechanism of beneficial effects observed. 
NAD+ precursors can modulate gut microbiota by providing 
an energy source for beneficial bacteria, activating sirtuins, 
and improving gut barrier function.

NMN and NR can selectively stimulate the growth of 
beneficial bacteria such as Bifidobacterium and Lactoba-
cillus [46, 47•]. These bacteria have been associated with 
improved gut health, including prevention of diarrhea, 
improved gut barrier function, reduced inflammation, and 
immune system support [127]. Additionally, the activation 
of sirtuins by NAD+ precursors may also contribute to the 
beneficial effects on gut microbiota and intestinal health. 
Sirtuins are involved in regulating the gut microbiota [128, 
129] and in protecting intestinal endothelial cells against oxi-
dative injury [130]. Finally, NMN and NR can also improve 
intestinal barrier function [46, 130], which is important for 
preventing the translocation of harmful bacteria and toxins 
from the gut into the bloodstream.

Besides changing the composition and functional profiles, 
the modulation of gut microbiota by NR was demonstrated 
to be protective against high-fat diet (HFD)-induced weight 
gain in mice [131]. Mice fed with 60% HFD supplemented 
with 0.4% NR (for 168 days) had almost a 16% reduction in 
weight gain and a reduction in fasting blood glucose levels 
compared to the control supplemented with vehicle (water). 
Interestingly, the fecal transplant (FMT) from NR-treated 
donors to mice fed a HFD also attenuated the weight gain 
by decreasing energy efficiency. Both dietary NR supple-
mentation and FMT-NR supplementation caused alteration 
of the intestinal microorganisms composition with a unique 
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functional metabolic profile enriched of butyrate-producing  
Firmicutes. Even though some Firmicutes species have 
been associated with obesity [132], there are many species 
from the Firmicutes phylum that have probiotic and anti-
obesity effects [133]. For instance, F. prausnitzii, Eubac-
terium rectale, and Roseburia produce short-chain fatty 
acids, including butyrate which has been shown to reduce 
adiposity by inhibiting intestinal cholesterol biosynthesis 
and promoting beneficial metabolic effects, such as insulin 
secretion, insulin sensitivity, and energy expenditure [133].  
Butyrate can  also increase satiety and gut mobility by 
upregulating the expression of peptide YY and Glucagon-
like Peptide-1 (GLP-1) [133]. Additionally FMT-NR mice  
exhibited a significant increase in NADH levels in the 
cecal contents, indicating altered microbial metabolism in  
the cecum [131].

And indeed NAD+ can directly affect the metabolism of 
intestinal microorganisms. Because NAD+ is an important 
component in the energy metabolism of all living organ-
isms, mainly to be a cofactor for many key enzymes involved  
in the production of cellular ATP, boosting NAD+ may 
promote microbial energy production [134]. Furthermore, 
NAD+ can indirectly affect gut microbes by regulating the 
movement of the colon through the key inhibitory neuro-
transmitter β-NAD and by affecting the synthesis of host bile 
acids [45], which can be antimicrobial when they destroy the 
bacterial cell membrane [134].

Dietary supplementation of mice with NR for 10 weeks 
(400 mg/kg daily) reduced both pro- and anti-inflammatory 
cytokine levels, inhibited microglial activation, and provided 
protection against alcohol-induced depression-like behav-
iors. This effect was attributed to NR’s ability to upregulate 
brain-derived neurotrophic factor (BDNF) by altering gut 
microbiota composition [135]. The mice model of alcohol-
induced depression showed significant differences in intesti-
nal microbiota diversity and composition compared to Con-
trol and NR groups. Notably, the model group was enriched 
with Akkermansia and Clostridium XVIII, while Barnesiella 
and Alloprevotella were dominant in the NR group. Brain 
inflammatory cytokines were positively correlated with 
model group-enriched bacteria, whereas brain BDNF lev-
els were positively correlated with model group-deficient 
bacteria such as Barnesiella, Alloprevotella, Prevotella, 
Alistipes, Mucispirillum, and Odoribacter. Additionally, 
fecal microbiota transplantation (FMT) from alcohol-treated 
mice donors to germ-free recipient mice resulted in simi-
lar depression-like behaviors and alterations to microglial 
activation status, cytokines, and BDNF levels. Conversely, 
recipient mice of NR-treated donors had similar protective 
features to their donors [135].

In a clinical trial, NR slightly modulated gut micro-
biota composition in twins. The long-term NR supple-
mentation (250–1000 mg/day for 5 months) increased 
the abundance of Faecalibacterium prausnitzii [47•], 
which promotes metabolic health and anti-inflammatory 
responses [136, 137]. Patients with inflammatory bowel 
disease (IBD) have been associated with reduced bacte-
rial diversity and a decline in butyrate-producing bacte-
ria such as Faecalibacterium prausnitzii, indicating the 
importance of gut dysbiosis in IBD [138, 139]. A bal-
anced ratio between the different commensal bacteria spe-
cies is needed to maintaining the homeostasis intestinal 
and overall host health [132]. Association analysis sug-
gests that the abundance of F. prausnitzii may contribute 
to the regulation of NAD+, inflammation, amino acid, 
and lipid metabolism [47•].

NMN also demonstrated protecting effect on IBD in an 
experimental mice model of colitis, reversing the intestinal 
dysbiosis [46]. NMN was administered via gavage at a dose 
of 1 mg/g of body weight either at the same time for 21 days 
or after colitis induction with dextran sodium sulfate for the 
last 14 days. In addition to increasing microbial abundance 
and diversity, NMN improved the mucus secretion and tight-
junction proteins’ expression, which helped to attenuate 
intestinal mucosal permeability [46].

The long-term NMN treatment (0.1 to 0.6 mg/mL in 
drinking water for 12 weeks) modulated gut microbiota 
diversity and composition, exerting a protective effect on 
the intestinal tract of mice. Although NMN reduced the 
diversity of intestinal species, it increased the abundance of 
butyric acid-producing bacteria (Ruminococcae_UCG-014 
and Prevotellaceae_NK3B31_group) and other probiotics 
such as Akkermansia muciniphila, while the abundance of 
several harmful bacteria (Bilophila and Oscillibacter) were 
decreased [45]. In addition, NMN increased the level of 
bile acid-related metabolites and beneficial metabolites, the 
number of goblet cells, mucus thickness, and expression 
of tight junction protein, maintaining the integrity of the 
intestinal epithelium and reducing mucosal permeability 
[45]. Niu et al. (2021) also found that NMN significantly 
reduced fecal bacterial diversity. The supplementation 
of NMN (500 mg/L (w/v) in drinking water for 40 days 
increased the abundance of Helicobacter, Mucispirillum, 
and Faecalibacterium, and lowered Proteobacteria and 
Akkermansia abundance in mice. This changed bacterial 
was correlated with the composition of serum metabolite 
constitutes, mainly involved in the purine, nicotinate/nico-
tinamide, and arginine/proline metabolism pathways [37•].

Although NAD+ precursors has a potential modulatory 
function on gut microbiota, further research is needed to 
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clarify their role in intestinal microorganisms, underlying 
host physiological effects, and the related mechanisms. 
Finally, whether boosting host NAD+ levels may promote 
beneficial intestinal bacteria and inhibit harmful bacteria 
also remain to be more explored.

Conclusion and Future Perspectives

The natural occurrence of NR and NMN in food, along with 
their potential beneficial effects for animals and humans, is 
opening up an exciting new area in food science and nutri-
tion. Investigating their content in dietary sources as well as 
bioaccessibility certainly justifies the research effort.

The search for potential food sources of NMN and NR, 
from commonly consumed items to waste by-products, 
could provide insights for improved diets and the devel-
opment of functional foods. Additionally, this may lead to 
the identification of new raw materials for the extraction, 
isolation, and biotechnological production of these com-
pounds. It is also important to evaluate food processing 
strategies that can preserve and enhance the physiological 
benefits of NR and NMN.

The metabolism and biodistribution of NAD+ pre-
cursors in various tissues and within cells are still little 
understood. Further research is necessary to investigate 
the bioavailability, quantitative metabolomics, and phar-
macokinetics of dietary NMN and NR. These studies can 
help identify the optimal doses and contribution of each 
precursor in maintaining and boosting NAD+ levels, as 
well as their physiological effects through diet.

Finally, given the crucial role of gut microbiota in 
human health and the emerging evidence of intestinal 
microbes modulation by NMN and NR, there is a need to 
investigate the crosstalk between gut microbiota metabo-
lism and NR and NMN. These studies can help identify 
the potential impact on health and offer insights into the 
underlying mechanisms.
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