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Nicotinamide adenine dinucleotide (NADþ) is an enzyme cofactor, co-substrate, and redox factor in all
living cells and is necessary for maintaining cell metabolism. It has been shown that appropriate sup-
plementation of NADþ precursors or inhibition of NADþ-depleting enzymes can promote mitochondrial
oxidative phosphorylation and improve host energy utilization efficiency. In addition, increasing evi-
dence indicates that the gut microbiota plays a pivotal role in host metabolism. Theoretically, there
should be a close correlation among NADþ, gut microbiota, and host metabolism; however, the infor-
mation is limited. In this review, we summarize the metabolic process of NADþ and its impact on host
metabolism, the link between gut microbiota and host metabolism, as well as the potential effects of
NADþ on microbial metabolism, providing a new perspective on the interaction between gut microbiota
and host metabolism.

© 2022 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The importance of nicotinamide adenine dinucleotide (NADþ) in
metabolism was first examined in a study on pellagra
(Sydenstricker, 1958). Accumulating evidence has proven that
NADþ is an indispensable enzyme cofactor, co-substrate, and redox
factor in all living cells, and it is important for maintaining many
types of intracellular biological metabolisms (Ruszkiewicz et al.,
2020). NADþ is reduced to NADH by accepting electrons and then
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provides reducing equivalents for the mitochondrial respiratory
chain, thereby promoting oxidative phosphorylation to produce
ATP (Cant�o et al., 2015). NADþ is thought to bind more than 500
proteins and participate in the regulation of almost all major bio-
logical processes (Hopp et al., 2019; Ansari and Raghava, 2010).
NADþ can also directly combine with RNA to protect it from
cleavage by ribonucleases (Cahov�a et al., 2015). Moreover, NADþ

can be phosphorylated to form nicotinamide adenine dinucleotide
phosphate (NADPþ). NADPþ is a cofactor in anabolic metabolism,
and its reduced form, NADPH, is a powerful reducing agent in
anabolic reactions, such as fatty acid and nucleic acid synthesis, as
well as in the maintenance of cell redox homeostasis (Ying, 2008;
Xiao et al., 2018). As an essential cofactor for glutathione reductase
and thioredoxin reductase, NADPH is necessary for the production
of glutathione peroxidase and peroxidase-mediated peroxide
removal (Handy and Loscalzo, 2017). Decreased NADþ anabolism
(or increased catabolism) causes a decrease in NADPH levels,
thereby resulting in impaired cell redox balance, which interferes
with mitochondrial functioning and genomic signaling, which in
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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turn increases cell sensitivity to necrosis and apoptosis pathways
(Braidy et al., 2019). Additionally, NADþ can be used as a co-
substrate for NADþ-dependent enzymes, and thus plays an
important role in mediating protein deacetylation, ADP-ribosyl
modification, and the intracellular calcium signaling pathway
(Chang and Guarente, 2014; Gupte et al., 2017; Chini et al., 2018).
Increased intracellular NADþ levels have been found to have a
beneficial effect on pellagra, aging, metabolic disorders, muscular
dystrophy, heart disease, kidney dysfunction, and neurodegenera-
tive diseases (Katsyuba and Auwerx, 2017).

In recent years, an increasing number of studies have focused
on the gut microbiota, considering it as a ‘new virtual metabolic
organ’ (O'Hara and Shanahan, 2006; Milosevic et al., 2019). Mi-
crobial flora ferment undigested food to produce nutrients and
various metabolites that affect host homeostasis. Short-chain
fatty acids (SCFA) are the main final product of the fermenta-
tion of indigestible carbohydrates by intestinal microorganisms,
and they have been shown to play an important role in host
glucose and lipid metabolism (Morrison and Preston, 2016). In-
testinal bacteria also affect the portal circulation of amino acids
entering the body (Lin et al., 2017). It has been proven that the
intestinal flora not only have the ability to promote the de novo
synthesis of essential amino acids, but also use some of the
proteins that escape digestion in the small intestine as a sub-
strate for colonic microbial fermentation. Thus, they may pro-
duce a variety of amino acid metabolites; such as indole-3-
propionic acid and phenylethylamine, which are involved to
amino acid homeostasis in the host (Lin et al., 2017; Liu et al.,
2020). The intestinal microbial metabolism of choline or
choline-containing compounds in the diet leads to the formation
of trimethylamine, which is then converted into trimethylamine-
N-oxide (TMAO) by the host liver flavin monooxygenase
(Canyelles et al., 2018). TMAO can effectively reduce host bile
acid pools by reducing bile acid synthesis and the activity of liver
bile acid transporters (Canyelles et al., 2018). A meta-analysis has
shown that there is a positive correlation between TMAO and the
risk of death in adult populations (Farhangi, 2020). In addition,
intestinal microbes can convert primary bile acids into secondary
bile acids, which are essential for improving the efficiency of fat
emulsification and enterohepatic circulation of bile acids
(Winston and Theriot, 2020). In summary, existing studies have
shown that gut microbial metabolism can significantly affect
metabolic homeostasis in the host.

Although there are many studies on NADþ and gut microbiota
independently, few has focused on the effects of NADþ on the gut
microbiota. It remains unclear how NADþ acts on the structure and
metabolism of gut microbes. This article reviews the metabolic
process of NADþ and its impact on host metabolism, as well as the
link between gut microbiota and host metabolism. Based on the
gathered information, this article speculates how NADþ affects gut
microbiota, providing a new understanding of the interaction be-
tween host metabolism and gut microbiota.

2. Metabolic process of NADþ

In mammals, the total ratio of NADþ/NADH is usually estimated
to be between 3 and 10, depending on themetabolic state of the cell
(Palzer et al., 2018). NADþ exists in the cell in either a free or bound
state. The concentration of free NADþ in various subcellular com-
partments has been determined to be 92 to 122 mM in the cyto-
plasm, 87 to 136 mM in the nucleus, and 191 to 275 mM in the
mitochondria (Cohen, 2020).

NADþ is synthesized in four main ways in mammals: the de
novo synthesis pathway, the salvage pathway, the nicotinamide
ribose (NR) kinase pathway, and the Preiss-Handler pathway
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(Fig. 1). The NADþ de novo synthesis pathway starts with trypto-
phan, which mainly occurs in the liver (Grant et al., 1999). The de
novo synthesis pathway is regulated by a variety of enzymes, of
which the combination of quinolinate phosphoribosyltransferase
and indoleamine 2,3-dioxygenase or tryptophan 2,3-dioxygenase
function to catalyze key reactions (Oxenkrug, 2013; Youn et al.,
2016). Indoleamine 2,3-dioxygenase can be activated by pro-
inflammatory mediators such as interferon, tumor necrosis factor,
and lipopolysaccharide, while tryptophan 2,3-dioxygenase can be
induced by stress hormones, including cortisol, estrogen, prolactin,
and tryptophan (Oxenkrug, 2013). Quinolinate phosphoribosyl-
transferase catalyzes the conversion of quinolinic acid from tryp-
tophan to produce nicotinic acid mononucleotide, which is
subsequently converted to NADþ (Youn et al., 2016). Most tissues
use nicotinamide (NAM) to generate NADþ through the salvage
pathway in two steps; NAM is first converted to nicotinamide
mononucleotide (NMN) under the catalysis of the key rate-limiting
enzyme nicotinamide phosphoribosyltransferase (NAMPT), and
then NMN is converted into NADþ by nicotinamide mono-
nucleotide adenylyltransferase (NMNAT) (Yang and Sauve, 2016).
NAMPT exists in intracellular and extracellular subtypes, termed
iNAMPT and eNAMPT, respectively (Hopp et al., 2019). There are
three subtypes of NMNAT: NMNAT1 is located in the nucleus,
NMNAT2 is located in the Golgi apparatus and neuronal axons, and
NMNAT3 is located in the mitochondria (Hopp et al., 2019). NADþ

can also be generated from NR via the NR kinase pathway, with
NMN as an intermediate (Bieganowski and Brenner, 2004). In the
cell, NR can also be converted to NAM by purine nucleoside phos-
phorylase, which can then be converted into NADþ via the salvage
pathway (Mehmel et al., 2020). In addition, nicotinic acid (NA)
synthesizes NADþ through the Preiss-Handler pathway, and nico-
tinic acid mononucleotide is an important intermediate product in
this synthesis (Preiss and Handler, 1958). The amount of NADþ

produced by 1 mg of NA requires the production of from 60 to
70 mg of tryptophan (Palzer et al., 2018), which suggests that using
tryptophan to boost NADþ production is inefficient.

Microbial NADþ metabolism has a number of differences
compared to mammals. Some bacteria, such as Haemophilus influ-
enzae, do not carry genes for the de novo pathway; whereas others,
such as Cytophagahutchinsonii, have genes for the de novo pathway
that are sourced from tryptophan (Gazzaniga et al., 2009). Some
fungi, such as Candida glabrata, may also not have genes for the de
novo pathway (Domergue et al., 2005). Both Escherichia coli and
Saccharomyces cerevisiae encode homologous nicotinamidase,
which can convert NAM to NA for use in Preiss-Handler rescue
(Ghislain et al., 2002). Certain bacteria can also produce NADþ from
L-aspartate (Begley et al., 2001). These special reactions occurring
in the gut are shown in Fig. 1.

Intracellular NADþ is mainly consumed by 3 classes of enzymes:
sirtuins (SIRTs), ADP-ribose transferases, and cyclic ADP-ribose
(cADPR) synthases. SIRTs use NADþ as a co-substrate to remove
acetyl moieties from lysine on proteins, releasing NAM and O-
acetyl-adenosine diphosphate-ribose (Chang and Guarente, 2014).
Increasing evidence demonstrates that SIRTs not only are an
important energy state sensor, but also protect cells frommetabolic
stress (Chang and Guarente, 2014). ADP-ribose (ADPR) transferases,
along with NADþ as a co-substrate, are able to transfer one (mono
ADPR polymerases) or multiple (poly ADPR polymerases, PARP)
ADPR moieties to the specific amino acid receptor site of the target
protein or ribonucleotide (Gupte et al., 2017). PARPs contain 17
enzymes in humans; 16 of which catalyze the transfer of ADPR from
NADþ to macromolecular targets (proteins, DNA, and RNA) (Cohen,
2020). CD38 and CD157, the two main cADPR synthetases, can
hydrolyze NADþ to generate cADPR and NAM (Quarona et al., 2013).
CD38 is a multifunctional protein that catalyzes the cleavage of the



Fig. 1. NADþ metabolic pathway in mammalian cells and gut microbes. ARTs ¼ adenosine diphosphate-ribose transferases; NA ¼ nicotinic acid; NAD ¼ nicotinamide adenine
dinucleotide; NADK ¼ NAD kinase; NADP ¼ nicotinamide adenine dinucleotide phosphate; NAM ¼ nicotinamide; NAMN ¼ nicotinic acid mononucleotide; NAMPT ¼ nicotinamide
phosphoribosyltransferase; NMN ¼ nicotinamide mononucleotide; NMNAT ¼ nicotinamide mononucleotide adenylyltransferase; NNMT ¼ nicotinamide N-methyltransferase;
NRK ¼ nicotinamide ribose kinases; NR ¼ nicotinamide ribose; NPRT ¼ nicotinic acid phosphoribosyltransferase; MNA ¼ 1-methylnicotinamide; PncA ¼ nicotinamidase;
PNP ¼ purine nucleoside phosphorylase; QA ¼ quinolinic acid; QPRT ¼ quinolinic acid phosphoribosyltransferase; SIRTs ¼ sirtuins; SARM1 ¼ sterile alpha and Toll/interleukin-1
receptor motif-containing 1.
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high-energy b-glycosidic bond between NAM and ribose (Chini
et al., 2018). It can also act as an intracellular NAD hydrolase,
which is involved in the production of the second messenger ADPR
and cADPR of intracellular calcium signal transduction (Chini et al.,
2018). CD157 is a homologous enzyme of CD38 and its ADP-ribosyl
cyclase activity is much weaker than that of CD38 (Higashida et al.,
2019).

Other enzymes consume NADþ. In neuronal axons, sterile alpha
and Toll/interleukin-1 receptor motif-containing 1 is a negative
regulator of the transcription program activated by Toll-like re-
ceptors, which have NADþ glycohydrolase activity and can cleave
NADþ into ADPR, cADPR, and NAM (Essuman et al., 2017). More-
over, NADþ can also be hydrolyzed into adenine ribonucleotides
(AMP) and NMN by the Nudix hydrolase family (Bessman, 2019). In
addition, NADþ can be converted into NADH, which can then be
catalyzed by NAD kinase to generate NADPþ, which can be con-
verted into NADPH (Ying, 2008).

Since mammalian cells are inefficient in directly absorbing
NADþ from dietary or microbial sources, it is necessary to convert
NADþ into NR, NMN, NAM, or NA in the gut. NADþ that enters the
intestines of animals through their diet can be converted into NAM
and ADPR by CD38 (Durnin et al., 2020). ADPR is then degraded to
AMP by extracellular pyrophosphatases, and AMP is finally cleaved
into adenosine by 50-nucleotidase (Durnin et al., 2020). Extracel-
lular pyrophosphatases can also directly hydrolyze NADþ into NMN
and AMP. The extracellular nucleotidase activity of 50-nucleotidase
allows the hydrolysis of AMP and NMN, leading to the accumula-
tion of adenosine and NR, respectively (Wilk et al., 2020). Moreover,
NAM can be converted to NA by nicotinamidase in gut bacteria, thus
rescuing dietary NAMPT inhibitor-induced toxicity (Shats et al.,
2020). After these transformations, NADþ is broken down into a
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variety of precursors that help the host adapt to complex
environments.

In short, the intracellular NADþ level is affected by its anabolism
and catabolism, and NAMPT is a key factor affecting intracellular
NADþ level (Revollo et al., 2004; Yang et al., 2007). NADþ precursors
other than NAM can avoid NAMPT in the synthesis of NADþ, but the
synthesized NADþ will be converted into NAM after being metab-
olized. These endogenous NAM must re-generate NADþ through
the salvage pathway under the action of NAMPT, otherwise may
accumulate to cause toxicity or deplete methyl groups to be
permanently excreted, leading to various side effects.

3. Strategies to boost NADþ and its effect on host metabolism

3.1. Nicotinamide ribose

As a precursor of NADþ, NR can strongly influence host meta-
bolism by synthesizing it. Chronic NR supplementation increases
NADþ levels in some tissues, including the liver andmuscle, but not
in other tissue such as the brain or white adipose tissue, suggesting
that NR metabolism is tissue specific (Cant�o et al., 2012). It is
generally believed that the optimal oral dose of NR for mice is
400mg/kg per day (Trammell et al., 2016; Gariani et al., 2016; Crisol
et al., 2018, 2020; Wang et al., 2018; Pham et al., 2019). Supple-
menting NR in mammalian cells and mouse tissues increases NADþ

levels and activates SIRT1 and SIRT3, which ultimately leads to
enhanced oxidative metabolism and prevents metabolic abnor-
malities caused by a high-fat diet (HFD) (Cant�o et al., 2012).
Moreover, 5 w of NR supplementation increased NMNAT1 and
NMNAT3 protein content in brown adipose tissue, promoted ther-
mogenesis, and reduced fat mass accumulation, which may be
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linked to the increase in the expression of peroxisome proliferator
receptor gamma coactivator alpha (PGC1a) mRNA and uncoupling
protein 1 (Crisol et al., 2018). However, in another study, NR sup-
plementation had no significant effect on NMNAT expression in
mouse quadricep muscles (Cant�o et al., 2012). In pre-diabetic and
diabetic mouse models, supplementation with NR was accompa-
nied by substantial resistance to weight gain and improvement in
dyslipidemia, liver function, and glycemic control; however, NR did
not normalize any of these metabolic parameters (Trammell et al.,
2016).

NR supplementation is closely related to the promotion of
mitochondrial function and is therefore linked to improved
glucose and lipid metabolism. Oral administration of NR has been
reported to increase the level of intramuscular NADþ in C57BL/6J
mice (Crisol et al., 2020). When combined with aerobic training,
this increased level of NADþ could promote the expression of
proteins that make up the mitochondrial complex, such as mito-
chondrial cytochrome c oxidase subunit 1 (COX1) and ATP syn-
thase subunit 5a and promote a slight increase in the number of
type I fibers (Crisol et al., 2020). NR inclusion to a high-fat and
high-sucrose diet enhanced mitochondrial COX and succinate
dehydrogenase activities in the mouse liver, enhanced mitochon-
drial function, and mediated the reduction of hepatic steatosis by
increasing b-oxidation and oxidative phosphorylation capacity
(Gariani et al., 2016). Similarly, NR supplementation can promote
the expression of mitochondrial transcription factor A, carnitine
palmitoyltransferase 1b (CPT1B), uncoupling protein 2, and citrate
synthase, thereby promoting mitochondrial biological functions
and improving energetic efficiency (Pham et al., 2019). Further-
more, electron microscopy has shown that the mitochondria in the
brown adipose tissue of NR-fed mice have more abundant ridges
(Cant�o et al., 2012). NR can also activate SIRT1/PGC1a/mitochon-
drial biosynthesis, which protects against ethanol-induced liver
lipid accumulation and mitochondrial dysfunction, playing an
important role in alcoholic fatty liver disease (Wang et al., 2018). In
addition, NR supplements can reduce the level of reactive oxygen
species in aging oocytes, reduce spindle abnormalities, increase
mitochondrial membrane potential (DJm), and decrease mito-
chondrial clustering (Yang et al., 2020).

Appropriate NR supplementation has beneficial effects; how-
ever, excessive NR may impair the normal metabolism of the host.
Compared with mice fed a normal diet, mice fed with 9,000 mg of
NR per kg of diet showed reduced metabolic flexibility, lower
glucose clearance, and increased systemic insulin resistance (Shi
et al., 2019). Moreover, excessive NR supplementation interferes
with the energy and redox metabolism of healthy rats and impairs
their physical performance, which might be attributed to the
pleiotropic metabolism and redox properties of NADþ and NADPþ

(Kourtzidis et al., 2016, 2018).

3.2. Nicotinamide mononucleotide

As nicotinamide mononucleotide (NMN) can be converted into
NADþ in one step, it is an effective supplement. A recent study
showed that NMN can be directly transported into cells by solute
carrier family 12 member 8 (Grozio et al., 2019). Orally adminis-
tered NMN can be quickly absorbed, effectively transported to the
blood circulation, and immediately converted into NADþ in the
main metabolic tissues, causing liver NADþ levels to increase
steadily from 15 to 30 min after administration (Mills et al., 2016).
In addition to being a precursor for NADþ synthesis, NMN also in-
hibits the activity of PARP1 and CD38, which act as NADþ glyco-
hydrolases (Klimova and Kristian, 2019). The optimal oral dosage of
NMN for mice is generally 300e500 mg/kg per day (Spinnler et al.,
2013; Mills et al., 2016; Uddin et al., 2016, 2017; Xie et al., 2020a).
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NMN plays an important role in maintaining host glucose and
insulin homeostasis. In the offspring of obese female mice fed a
HFD, supplementation with NMN enhanced the clearance of
glucose from the circulation by increasing plasma insulin levels,
and the levels of NADþ and NADH in the liver were increased
(Uddin et al., 2017). Spinnler et al. reported that NMN did not affect
the viability of pancreatic islet b cells or cell apoptosis but could
enhance insulin secretion under glucose stimulation (Spinnler
et al., 2013). A study conducted in 2016 observed the metabolic
effects of supplementation of NMN on mice which were obese due
to a HFD, and found that NMN significantly improved glucose
tolerance of obese mice, increased NADþ levels in the liver and
muscle, and increased the activity of citrate synthase in the liver
(Uddin et al., 2016). Moreover, NMN administration restored
normal levels of glucose, pyruvate, and acetyl-CoA in depressed
mice (Xie et al., 2020a). NMN administration also caused a signifi-
cant increase in serine/threonine kinase phosphorylation, thus
improving liver insulin sensitivity of age-induced type 2 diabetic
mice (Yoshino et al., 2011). NMN is reported to play a major role in
different target tissues between men and women; specifically,
NMN improves impaired glucose tolerance in diabetic men, but its
effect is less evident in women (Yoshino et al., 2011).

The increase in NADþ induced by NMN is closely related to fatty
acid metabolism. Supplementation with NMN significantly in-
creases NADþ levels and mainly affects fatty acid metabolism in the
liver of mice fed HFD through three aspects: increased fat catabo-
lism by improving mitochondrial activity and b-oxidation,
decreased fat anabolism by decreasing genes involved in fat syn-
thesis and storage, and reduced fat import into the liver by
decreasing the CD36 value (Uddin et al., 2017). Due to NMN treat-
ment, chow- and HFD-fed offspring of obese female mouse had
reduced liver lipid accumulation by 50% and 23%, respectively,
accompanied by reduced liver genes involved in fat synthesis,
transport, and uptake, as well as increased liver genes involved in
fatty acid oxidation (Uddin et al., 2020). Transcriptome and
metabolome analyses have shown that in depressed mice, NMN
reduces the mRNA expression of genes involved in fatty acid syn-
thesis, stimulates b-oxidation and glycolysis, and increases acetyl-
CoA in the tricarboxylic acid (TCA) cycle (Xie et al., 2020a). Thus,
NMN could improve mitochondrial energy metabolism in the
hippocampus and liver of mice treated with corticosterone (Xie
et al., 2020a).

NMN supplementation also affected mitochondrial function. In
mice, NMN is quickly converted to NADþ. NMN administration in
mice has been shown to increase the ratio of mitochondrial DNA
(mtDNA)-encoded mitochondrial protein COX1 and mitochondrial
protein ATP synthase subunit 5a or increase the nuclear DNA-
encoded succinate dehydrogenase complex subunit B, suggesting
that NMN induces two critically correlated mitochondrial alter-
ations in skeletal muscle, mitochondrial protein imbalance, and
mitochondrial oxidative metabolism (Mills et al., 2016). In a mouse
model of forebrain ischemia, the administration of NMN not only
prevented the depletion of mitochondrial NADþ after ischemia,
increased acetylation of mitochondrial proteins, and deficiency of
blood-induced phosphorylation of dynamin-related protein 1, but
it also inhibited the increase in superoxide dismutase 2 acetylation
and reactive oxygen species production; thus reversing mito-
chondrial rupture after ischemia (Klimova et al., 2020). Davila et al.
(2018) showed that isolated mitochondria synthesize NADþ from
NMN instead of NAM, and there is an undiscovered carrier in
mammalian mitochondrial membranes that can directly import
NADþ. Further research is required to elucidate the importance of
NMN in mitochondria.

Importantly, without any obvious toxicity or harmful effects, the
increase in NADþ caused by NMN supplementation prevents age-
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related gene expression changes in key metabolic organs of mice,
thereby inhibiting age-related weight gain, enhancing energy
metabolism, promoting physical exercise, and improving insulin
sensitivity and the plasma lipid profile (Mills et al., 2016). In
contrast, inhibiting the synthesis of NADþ by NMN would result in
reduced mitochondrial oxidative phosphorylation transcripts,
mtDNA content, and ATP levels (Gomes et al., 2013).

3.3. Nicotinamide

Nicotinamide supplementation has complex effects on the
metabolism of animal cells. As a precursor of NADþ, it can produce a
series of beneficial effects by promoting the biosynthesis of NADþ.
After NAMwas administered to rats fed a HFD at a rate of 100mg/kg
per day, NAMPT, NADþ, the NADþ/NADH ratio, SIRTs mRNA
expression, and SIRT1 activity in rat liver cells increased in com-
bination with an increase in peroxisome proliferator-activated re-
ceptor gamma, PGC1a, and mtDNA levels (Yang et al., 2014).
Quantitative targeted metabolomics studies of the NAMPT-NAD-
SIRT1 pathway have shown that NAM supplementation reduced
liver NAMPT abundance and increased liver SIRT1 levels in normal
diet-fed or HFD-fed mice, while hepatic NADþ remained stable
(Mitchell et al., 2018). Non-targeted metabolomics analysis has
shown that NAM supplementation enhances liver glucose catabo-
lism by promoting both glycolysis and glycogen storage (Mitchell
et al., 2018). Additionally, NAM reduced the abundance of glucose
6 phosphate and glucose 1 phosphate while increasing the level of
citric acid, an intermediate product of the TCA cycle, in mice fed a
HFD (Mitchell et al., 2018). In diabetic mouse models, NAM
administration did not affect body weight or blood sugar levels, but
did rebalance protein anabolism and catabolism by inactivating the
transforming growth factor beta 1/Smad2 signaling pathway,
thereby improving muscle atrophy (Guo et al., 2019). Furthermore,
NAM might regulate glucose metabolism in mice through SIRT1-
PGC1a signaling pathways and regulate lipid metabolism through
the SIRT1-liver X receptor alpha (Wan et al., 2019).

Alternatively, NAM is often used as an inhibitor of SIRTs, a class of
NADþ consumption enzymes that play an important role in the
deacetylation of key proteins in cells (Zhang et al., 2015). Nicotin-
amide treatment has been reported to reduce the expression of
SIRT1 mRNA and proteins in the skeletal muscles of mice, impairs
skeletal muscle mitochondrial respiratory capacity and energy pro-
duction, and induces glucose intolerance and skeletal muscle lipid
accumulation (Qi et al., 2016). Furthermore, these changes were
accompanied by reduced exogenous fatty acid oxidation and
increased triglyceride esterification, coinciding with the production
of ATP, the activity of mitochondrial complexes I and IV, and the
decrease in mtDNA content (Qi et al., 2016). Accordingly, NAM
treatment at a rate of 250 mg/kg per day for 28 days significantly
reduced the expression of mitochondria and nuclear-encoded elec-
tron transfer chain mRNA expression in the mouse cerebral cortex
(Naia et al., 2017). Moreover, NAM is a substrate of nicotinamide N-
methyltransferase, which catalyzes the conversion of NAM and S-
adenosylmethionine to 1-methylnicotinamide and S-adenosyl ho-
mocysteine (Komatsu et al., 2018). 1-Methylnicotinamide is subse-
quently irreversibly oxidized to N-methyl-2-pyridone-5-
carboxamide or N-methyl-4-pyridone-5-carboxamide, which is
excreted in urine (Li et al., 2013). Therefore, excessive NAM
methylation affects the level of S-adenosylmethionine, which in turn
leads to a decrease in the degree of liver DNA methylation, causing
liver DNA damage and thereby impairing glucose tolerance and in-
sulin sensitivity. As a result, excessive NAM has severe effects of liver
toxicity.

Therefore, supplementation with NAM is beneficial when NADþ

is lacking due to certain pathological conditions, but excessive NAM
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supplementation is potentially toxic if NADþ is sufficient to meet
the needs of cells.

3.4. Nicotinic acid

NA has been widely used as a vitamin for many years. NA can
boost NADþ via the Preiss-Handler pathway. It has been shown that
supplementing NA can increase NADþ level in the body, thereby
bringing about a series of beneficial effects (Shi et al., 2017; Pirinen
et al., 2020). Currently, an increasing number of studies have
focused on the therapeutic potential of NA.

NA is the first anti-dyslipidemic drug, as it has a significant
impact on cell lipid metabolism. It has been reported that the levels
of triglycerides, total cholesterol, and low-density lipoprotein
cholesterol in mice are significantly reduced with feed supple-
mented with 0.5% NA, while the levels of high-density lipoprotein
and high-density lipoprotein cholesterol are markedly increased
(Yang et al., 2019). NA upregulates the expression of apolipoprotein
M by increasing the expression of liver X receptor alpha, a new type
of apolipoprotein related to high-density lipoprotein cholesterol,
thereby improving cholesterol metabolism (Yang et al., 2019). NA
has been shown to reduce hepatic triglyceride synthesis and sub-
sequently cause very low-density lipoprotein/low-density lipo-
protein secretion via direct and non-competitive inhibition of
hepatocyte diacylglycerol acyltransferase 2 (Kamanna et al., 2013).
In addition, NA-activated G protein-coupled receptor109A
(GPR109A) reduces the absorption of sterols and fatty acids in the
intestines of mice and reduces the de novo synthesis of liver fatty
acids (Ye et al., 2019). A study in 2020 reported that NA inhibits de
novo fat production to improve liver steatosis in C57BL/6 mice fed a
HFD via the GPR109A-mediated protein kinase C-extracellular
regulatory protein kinase 1/2-AMP-activated protein kinase
(AMPK) signaling pathway (Ye et al., 2020). Moreover, 1 g of NA
supplemented daily for 4 w dramatically increased the mRNA
expression levels of mitochondrial fatty acid intake-related genes
(CPT1B and solute carrier family 25 member 20), TCA cycle-related
genes (succinate dehydrogenase), and mitochondrial respiratory
chain-related genes (COX5A and COX6A1) in sheep skeletal muscle
(Khan et al., 2013). A meta-analysis demonstrated that the
administration of NA could dramatically improve the lipid meta-
bolism in patients with type 2 diabetes mellitus, but it had little
effect on glucose metabolism (Xiang et al., 2020). Furthermore, NA
may induce miR-502-3p expression, which impairs insulin sensi-
tivity in human adipocytes (Montastier et al., 2019). Studies have
also shown that NA-activated GPR109A inhibits glucose-stimulated
insulin secretion, which is associated with hyperglycemia (Chen
et al., 2015a; Wang et al., 2016).

Supplementation with NA has beneficial effects in some meta-
bolic diseases. In adult-onset mitochondrial myopathy, NA sup-
plementation, which causes a significant increase in the
concentration of NADþ and its metabolites in the blood, can not
only restore the plasma concentration of alanine (a biomarker of
mitochondrial disease) and the branched-chain amino acids (valine
and isoleucine) for mitochondrial catabolism, but also enhances
mitochondrial biogenesis and respiratory chain activity by inhib-
iting the mechanistic target of the rapamycin signaling pathway
and activating the peroxisome proliferator-activated receptor
signaling pathway, thus improving the muscle strength of mito-
chondrial myopathy (Pirinen et al., 2020). A review article showed
that NA might be effective in the treatment of non-alcoholic fatty
liver disease (NAFLD), themechanisms of which are oxidative stress
reduction and diacylglycerol acyltransferase 2 inhibition (Kashyap
et al., 2019). However, in B6129SF2/J mice with NAFLD, NA treat-
ment reduced the expression of 4-hydroxyphenylpyruvate related
to fatty acid oxidation and decreased the abundance of
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phosphocholine, which is essential for the production and secre-
tion of very low-density lipoproteintriglycerides, thereby potenti-
ating hepatic steatosis (Fang et al., 2020).

Specifically, the effects of NA on host metabolism can differ
among hosts and be influenced bymany factors. For example, there
is a difference in the biosynthesis of unsaturated fatty acids in mice
between acute and long-term NA treatment; specifically, n-6
polyunsaturated fatty acids prevail during acute NA treatment,
while after prolonged NA treatment, n-3 polyunsaturated fatty
acids prevail (Heemskerk et al., 2014a). According to a report, the
gene encoding the cyclic AMP-degrading enzyme, phosphodies-
terase 3B, was down-regulated in mice treated with 0.3% NA for 15
w, thus counteracting the inhibitory effect of short-term NA treat-
ment on cyclic AMP production in adipocytes (Heemskerk et al.,
2014b). Moreover, the effect of NA administration was related to
genetic factors. It has been reported that NA had no impact on diet-
induced NAFLD development in C57BL/6J mice but potentiated
hepatic steatosis in HFD-fed B6129SF2/J mice (Fang et al., 2020).
Additionally, NA usually causes liver toxicity at doses higher than
3 g/day, which may be caused by mitochondrial damage (Leung
et al., 2018). The most obvious known side effect of NA adminis-
tration is flushing, which is caused by the production of prosta-
glandins D2 and E2 by subcutaneous Langerhans cells through
GPR109A (Kamanna and Kashyap, 2008).

Unlike NR, NMN, and NAM, NA can exert its effects throughways
other than the NADþ pathway, making it more difficult to attribute
its effects. There is no doubt that NA can activate GPR109A and
inhibit diacylglycerol acyltransferase 2. However, many studies
have only focused on these factors and have ignored the beneficial
effect of NA as an NADþ booster, which was described in a 2019
review (Romani et al., 2019). Since boosting NADþ can improve
lipid metabolism and has a certain therapeutic effect on metabolic
diseases, it is recommended that research conducted on NA should
study both the role of NA itself and its impact on NADþ.

3.5. Others

When other precursors are insufficient to meet the body's NADþ

needs, the de novo synthesis pathway from tryptophan plays an
important role in maintaining the level of NADþ in the cell. The lack
of key enzymes in the de novo synthesis pathway has been reported
to cause congenital malformations and NADþ deficiency in humans
and mice (Shi et al., 2017). Genetic and pharmacological suppression
of a-amino-b-carboxymuconate-ε-semialdehyde decarboxylase d a
master regulator located at the intersection of cetyl-CoA and NADþ

metabolism in the kynurenine pathway d enhanced de novo
NADþ synthesis and SIRT1 activity (Katsyuba et al., 2018). This ulti-
mately enhances mitochondrial functions, as indicated by an
increasedmtDNA:nDNA ratio, citrate synthase activity, and oxidative
phosphorylation gene expression at the transcript and protein levels
(Palzer et al., 2018; Katsyuba et al., 2018). In contrast, the inhibition of
key enzymes in the kynurenine-NADþ pathway could lead to the
transfer of excess kynurenine from the formation of NADþ to the
production of xanthurenic acid and other diabetic derivatives of
kynurenine, ultimately inducing insulin resistance (Begley et al.,
2001).

Since the massive activation of PARP will seriously deplete the
level of NADþ in the cell, inhibiting PARP can bring beneficial effects
by increasing cellular NADþ content. A study reported that an in-
crease of NADþ content and SIRT1 activity in brown adipose tissue
and muscles of mice with PARP1 gene deletion resulted in higher
mitochondrial content, increased energy consumption, and pro-
tection against metabolic diseases (Bai et al., 2011). PARP1 inhibi-
tion leads to increased levels of SIRT1 and PGC1a in the cardiac
tissue of diabetic mice (Waldman et al., 2018). In alcoholic and non-
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alcoholic fatty liver mouse models, pharmacological and genetic
inhibition of PARP1 can restore liver NADþ content, reduce the
decrease in SIRT1 activation, and beneficially affect liver mito-
chondrial damage, steatosis, and metabolic disorders
(Mukhopadhyay et al., 2017).

As CD38 is one of the main NADþ-degrading enzymes in
mammalian tissues, CD38 inhibition is also an effective way to in-
crease NADþ bioavailability, resulting in improved metabolism. The
increase in CD38 expression in cells leads to mitochondrial meta-
bolic dysfunction, while the mitochondria of knockout CD38 mice
have higher NADþ levels, increased mitochondrial membrane po-
tential, and increased oxygen consumption (Camacho-Pereira et al.,
2016). In line with this, another study found that CD38 inhibition
increased NADþ levels, activated SIRTs, AMPK, and PARPs, nega-
tively regulated the mechanistic targets of rapamycin ribosomal
protein S6 kinase and extracellular regulatory protein kinase, and
attenuates telomere-related DNA damage (Tarrag�o et al., 2018).

Due to the low efficiency of the conversion of tryptophan to
NADþ and the certain physiological functions of PARPs and CD38,
these three methods are not usually used as strategies to increase
NADþ content in the body. However, these treatment strategies
may have unexpected performance when NADþ deficiency is
caused by certain conditions. In addition, the combined effect of
various strategies for increasing NADþ need to be studied.

4. Gut microbiota and host metabolism

4.1. Gut flora composition and structure

The gut microbiota is a collection of all microbes living in the
intestines of animals, including; bacteria, archaea, viruses, and
some single-celled eukaryotes (Salazar et al., 2017). The gut
microbiota consists of 1013 to 1014 microorganisms whose genome
(microbiome) has at least 100 times the genes of the human
genome (Gill et al., 2006). The duodenum contains approximately
103 microbial cells per gram of content, while each gram of colon
content contains about 1012 microbial cells (Gomes et al., 2018).
Generally, the intestinal flora consists of four main phyla: Firmi-
cutes, Bacteroides, Actinomyces, and Proteus (Qin et al., 2010; Jin
et al., 2020). In adults, Bacteroides and Firmicutes constitute the
majority of the intestinal flora, and the Bacteroides/Firmicutes ratio
is regarded as a healthy indicator of the intestinal flora (Jin et al.,
2020). Interestingly, it has been discovered that microbes also
exist in the blood, likely due to their relationship with intestinal
microbes, implying the complexity of the role of intestinal microbes
(Castillo et al., 2019).

The composition and structure of tract microorganisms are
affected by many factors, including genetics, host physiology, and
environmental factors (Holscher, 2017). It has been shown that
Christensenellaceae is a highly heritable bacterium, and environ-
mental factors mainly affect the Bacteroides community (Goodrich
et al., 2014). Compared to young adults, the elderly have lower
levels of Firmicutes and a higher proportion of Proteobacteria (Salazar
et al., 2017). The intestinal flora can respond quickly to changes in
the diet. The colonicmicrobiota composition inmice fed a processed
meat protein diet was significantly different from that in mice fed a
casein or soy protein diet, and the former had a higher abundance of
colonic microbiota (Xie et al., 2020b). Moreover, dietary fatty acids
can regulate the structure of gut microbes by stimulating the
secretion of bile acids from the host (Holscher et al., 2020).

There are two sequencing methods, 16S rDNA sequencing and
metagenomic sequencing, which are commonly used to assess the
composition of microorganisms and their relative abundances.
Shotgun metagenomics can detect the entire genome of any or-
ganism, including known and unknown microorganisms, with
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higher sensitivity than either of the common sequencing methods
(Jin et al., 2020). With the advancement of technology, the role of
intestinal microbes has become clearer. Although there have been
many studies on gut microbes, there is still no clear answer to the
question of what composition of gut microbiota is the best.

4.2. Gut microbiota and nutrient metabolism

Dietary nutrients, including proteins, carbohydrates, and lipids,
are digested in the digestive tract through complex interactions
between the host and intestinal microbiota. Dietary nutrients
provide the source of energy and amino acids for the host, as well as
substrates for intestinal microbial fermentation; therefore, dietary
nutrients are an important factor in gut microbiota composition
and structure.

4.2.1. Gut microbiota and protein metabolism
Most of the dietary protein is digested in the small intestine but

excessive intake of protein leads to microbial fermentation in the
large intestines (He et al., 2015). Primary bacteria related to protein
metabolism in the small intestine consist of Escherichia coli (E. coli),
Klebsitella spp., Succinivibrio dextrinosolvens, Streptococcus spp.,
Mitsuokella spp., and Anaerovibrio lipolytica. These bacteria can
secrete various proteases and peptidases and some of them can also
directly metabolize amino acids (Dai et al., 2010). In the large in-
testine of monogastric animals, proteolytic activity has beenmainly
attributed to the genera of Bacteroides, Fusobacterium, Propioni-
bacterium, Streptococcus, Lactobacillu, and Clostridium (Davila et al.,
2013; Macfarlane et al., 1988). Bacteroides can secrete proteases
near the brush border of absorptive cells. Furthermore, Butyrivibrio
fibrisolvens, Prevotella ruminicola, Mitsuokella multiacidas, and
Streptococcus bovis can secrete dipeptidyl peptidase for protein
digestion and absorption (Ma et al., 2017). Excessive protein intake
leads to an increase in the b-hemolytic enterotoxigenic strains of
E. coli (Chen et al., 2015b). In contrast to high-protein diets, low-
protein diets cause a shift in intestinal microbial composition to-
ward higher counts of beneficial bacteria, which preferentially
ferment carbohydrates (Opapeju et al., 2009).

4.2.2. Gut microbiota and energy metabolism
There is a complex interaction between gut microbiota and

energy metabolism. The small intestines of most mammals cannot
secret enzymes to digest complex polysaccharides; therefore, the
degradation of fiber components, such as cellulose, depends mainly
on the metabolic activities of microorganisms in the large intestine.
In the colon, dietary fiber is fermented by gut microbiota, and the
major metabolites of fiber are short-chain fatty acids (SCFAs)
(Binder, 2011). High-carbohydrate and high-fiber diets increase the
expression of butyrate-producing related genes in the gut micro-
biota, whereas HFD can reverse these positive effects at the tran-
scriptional level (Turnbaugh et al., 2009; Wu et al., 2011; Qin et al.,
2012; Koh et al., 2016; Zhao et al., 2018). The decrease of microbial
SCFAs could promote the features of metabolic syndrome (Zhao
et al., 2018). Gut microbial SCFAs modulate fat metabolism
directly in host adipose tissue through the activation/inhibition of
multiple receptor signaling pathways, but may also mediate host
feeding behavior through G-protein coupled receptor 43 pathway;
both in the nervous system and in the intestine (Xiong et al., 2004;
Zaibi et al., 2010; Kimura et al., 2013; Chambers et al., 2015; Perry
et al., 2016; Williams et al., 2016). High-fat diet-induced alter-
ations of the gut microbiota is often accompanied by disruption of
intestinal barrier function, which can lead to lipopolysaccharide
infiltration (Peng et al., 2009). Lipopolysaccharide-induced activa-
tion of toll-like receptor 4 launches a signaling cascade to release
many proinflammatory cytokines (Janssens and Beyaert, 2003;
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O'Neill et al., 2013). Previous studies have found that lipopolysac-
charide affects host energy metabolism via endocannabinoid sys-
tem, vagal nerve stimulation, and the circadian clock (Muccioli
et al., 2010; Vaughn et al., 2017; Wang et al., 2017a).

4.3. Gut microbiota and host metabolic diseases

Obesity and its associated metabolic diseases are increasing in
prevalence owing to decreases in physical activity levels and a shift
to diets that include addictive and/or high-calorie foods. Currently,
the hypothesis that the gut microbiota are one of the key modu-
lators that improve metabolic diseases due to their close link to
metabolism has been improved (Cani, 2017).

4.3.1. Gut flora and obesity
Obesity, a common metabolic disease, has been found to be

closely related to intestinal microbes. Previous studies of animal
and human models have shown that obesity is mainly related to
changes in the relative abundances of Bacteroidetes and Firmicutes
(Turnbaugh et al., 2006; Ley et al., 2006; Armougom et al., 2009).
Other researchers have suggested that changes in the ratio of Fir-
micutes to Bacteroidetes should not be regarded as a general feature
that distinguishes the intestinal flora of normal and obese in-
dividuals (Walters et al., 2014). Changes in the intestinal flora may
lead to changes in the intestinal metabolites related to glycolysis,
the TCA cycle, and homolactic fermentation regulation (Li et al.,
2020).

Improving intestinal microbiota has a therapeutic effect on
obesity. Allicin treatment significantly improved gut microbiota
composition, induced the most significant alteration enrichment of
Bifidobacterium and Lactobacillus, and reduced body weight gain
and fat accumulation in HFD mice (Zhang et al., 2020). Importantly,
transplantation of allicin-induced gut microbiota to HFDmice plays
a remarkable role in decreasing adiposity, maintaining glucose
homeostasis, and ameliorating hepatic steatosis (Zhang et al.,
2020). This flora transplantation treatment also significantly sup-
pressed the expression of lipogenesis-related genes (including fatty
acid synthase, sterol regulatory factor binding protein 1, fatty acid
binding protein 4, and acetyl-CoA carboxylase) in subcutaneous
white adipose tissue and epididymal white adipose tissue, while
significantly increasing the ratio of Bacteroidetes to Firmicutes, the
relative abundance of the Bifidobacterium and SCFA-producing
microbial Blautia, and the expression of genes related to fatty acid
oxidation, including CPT, medium-chain acyl-CoA dehydrogenase,
and peroxisome proliferator activated receptor alpha (Zhang et al.,
2020). A HFD supplemented with resveratrol (200 mg/kg/day)
decreased body fat and weight of Kunming mice as well as the
relative abundance of Enterococcus faecalis (positively correlated
with body weight) and increased Lactobacillus and Bifidobacterium
(negatively correlated with body weight) (Zhao et al., 2017).

4.3.2. Gut flora and type 2 diabetes
Type 2 diabetes (T2D), which is caused by glucose metabolism

disorders and insulin resistance, is also linked to intestinal mi-
crobes. Bifidobacterium, Bacteroides, Faecalibacterium, Akkermansia,
and Roseburia are negatively correlated with T2D, while Rumino-
coccus, Fusobacterium, and Blautia are positively correlated with
T2D (Gurung et al., 2020). In db/dbmice (a T2Dmousemodel), the b
diversity and relative abundance of gut bacteria were significantly
different from those of healthy mice, and these differences were
related to a significant increase in Verrucomicrobia and a significant
decrease in Bacteroidaceae (Yu et al., 2019). It has also been shown
that the level of Lactobacillus in patients with T2D is significantly
higher than that of healthy individuals, whereas the incidence of
Bifidobacterium is dramatically lower than that of healthy
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individuals (Sedighi et al., 2017). However, the abundance of Bifi-
dobacterium spp. in the stool of patients with T2D is higher than
that of healthy individuals (Adachi et al., 2019). This difference may
be related to genetics and diet.

The intestinal flora can affect the metabolism of patients with
T2D by producing a variety of metabolites, such as SCFA, bile acids,
branched-chain amino acids, and trimethylamine (Vrieze et al., 2012;
Pedersen et al., 2016; Adachi et al., 2019; Leylabadlo et al., 2020).
Prevotellacopri and Bacteroides vulgatus is considered as the main
species driving the link between branched-chain amino acids and
insulin resistance (Pedersen et al., 2016). The number of extracellular
vesicles derived from Pseudomonas panacis in HFD-fed mice
increased, which blocked the insulin signaling pathway in skeletal
muscle and adipose tissue (Choi et al., 2015). In addition, previous
studies have shown that probiotic treatment can positively affect
T2D by affecting gut microbes. The addition of Lactobacillus aci-
dophilus can reshape the intestinal flora, increase the levels of SCFA-
producing bacteria (Blautia, Roseburia, and Anaerotruncus), and
reduce the relative abundance of gram-negative bacteria (such as
Desulfovibrio and Alipites) (Yan et al., 2019). Furthermore, addition of
L. acidophilus has been shown to downregulate the expression of
glycogen synthase kinase 3b, fatty acid synthase, and sterol regula-
tory factor binding protein 1C, and upregulate expression of serine/
threonine kinase, which is related to glucose and lipid metabolism
(Yan et al., 2019). Similarly, treatment with 109 CFU of Lactobacillus
casei can also reduce several symptoms of diabetes, including fasting
blood sugar, postprandial blood sugar, glucose intolerance, and in-
sulin resistance (Wang et al., 2017b).

4.3.3. Gut flora and nonalcoholic fatty liver disease
NAFLD is a disease characterized by excessive accumulation of

fat in liver cells, is often accompanied by portal vein and lobular
inflammation and liver cell damage and is closely related to
changes in the intestinal flora (Brunt et al., 2015). Compared with
subjects without NAFLD, those with NAFLD had reduced bacterial
alpha diversity, showed higher Firmicutes to Bacteroidetes ratios,
and had lower abundances of Bacteroidetes, Prevotella, Gemmiger,
and Oscillospira and increased proportions of Bradyrhizobium,
Anaerococcus, Peptoniphilus, Propionibacterium acnes, and Dorea
(Del Chierico et al., 2017; Monga Monga Kravetz et al., 2020).

Previous studies have confirmed the key role of gut microbes in
NAFLD progression. Germ-free mice do not develop NAFLD even if
they are fed a HFD (Fei et al., 2020). However, NAFLD develops in
germ-free mice fed with HFD when associated with Enterobacter
cloacae B29, Escherichia coli PY102, and Klebsiella pneumoniae A7,
three endotoxin-producing strains that exhibited overgrowth in
the gut of morbidly obese volunteers with severe fatty liver disease
(Fei et al., 2020). Gut microbiota may affect the progression of
NAFLD in two ways. Intestinal endothelial barrier dysfunction
caused by pathogenic bacteria causes the translocation of bacterial
components and triggers innate immunity, which in turn leads to
liver inflammation (Safari and G�erard, 2019). Furthermore, various
metabolites produced by intestinal flora may affect the liver,
thereby regulating NAFLD sensitivity (Safari and G�erard, 2019).

In addition, probiotic treatment can alleviate NAFLD by
improving the composition of the intestinal microbes. Lactobacillus
rhamnosus treatment may reduce the abundance of Clostridium and
Streptococcus and increase the proportion of Bifidobacterium in the
gut of mice with NAFLD (Wang et al., 2020). The levels of Bifido-
bacterium, Parabacteroides, Bacteroides, and Akkermansia are
significantly increased in the intestines of NAFLD mice treated with
Bifidobacterium adolescentis, which counteracts the increases of
Proteobacteria and Clostridium, which are induced by high-fat and
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high-cholesterol diets (Wang et al., 2020). Probiotics induced a
significant reduction in liver fat and induced changes in gut
microbiota composition and a beneficial clinical response (i.e. the
increase in Agathobaculum, Dorea, Blautia, and Ruminococcus was
associated with steatosis reduction) (Ahn et al., 1999). Probiotics
could improve liver pathology in NAFLD models, as indicated by
reduced steatosis and inflammatory cell infiltration, as well as
improved liver enzymes, hepatocyte ballooning, and liver fibrosis
(Xue et al., 2017; Duseja et al., 2019). Compared with the NAFLD
model group, probiotic-treated mice had reduced activities of
alanine aminotransferase, aspartate aminotransferase, g-glutamyl
aminotransferase, and alkaline phosphatase (Xue et al., 2017).

5. The potential effects of NADþ on gut microbiota

Since both promoting NADþ and improving the intestinal
microflora have certain therapeutic effects on host metabolic dis-
orders, there may be a potential connection between NADþ and the
gut microbiota. Intestinal microbes can promote host NADþ pools
through the bacteria-enabled deamidated pathway and the de novo
synthesis pathway (Magnúsd�ottir et al., 2015; Shats et al., 2020).
However, there is a lack of reports on the influence of NADþ on gut
microbiota. We suppose that NADþ mainly affects intestinal mi-
crobes in two ways as follows.

As an enzyme cofactor, substrate, or redox factor necessary for
microbial metabolism, NADþ can directly affect the metabolism of
intestinal microbes. NADþ is an important component in the energy
metabolism of microorganisms. Systematic genome evaluation has
shown that most gut microbes have the ability to synthesize NADþ

(Magnúsd�ottir et al., 2015). NADþ is a cofactor for many key en-
zymes involved in energy metabolism, such as glyceraldehyde
phosphate dehydrogenase, pyruvate dehydrogenase, 3-
hydroxyacyl-CoA dehydrogenase, malate dehydrogenase, a-keto-
glutarate dehydrogenase, and lactate dehydrogenase. As these en-
zymes are widely involved in the production of cellular ATP, it is
speculated that boosting NADþ can promote microbial energy
production (Katsyuba et al., 2020). Furthermore, enzymemolecules
with NADþ as the substrate are essential for the survival and
reproduction of microorganisms. Some bacteria have NADþ-
dependent DNA ligases, which play key roles in DNA replication,
repair, and recombination (Luo and Barany, 1996). In animal in-
testines, Bifidobacterium longum and Lactobacillus acidophilus can
catalyze protein/histone deacetylation by using SIRT2, an NADþ-
dependent enzyme, thus responding to oxidative stress (Guo et al.,
2017). It has been reported that SIRT2 is a key component of yeast
longevity (Lamming et al., 2004). Moreover, multiple thiamine
genes in Saccharomyces cerevisiae are regulated by intracellular
NADþ concentration through NADþ-dependent histone deacety-
lases, Hst1 and SIRT2 (Li et al., 2010).

In addition, boosting NADþ can indirectly affect gut microbiota
by regulating the host's immune and metabolic statuses. NADþ can
activate SIRT1, which mediates the resistance of mice to Mycobac-
terium tuberculosis infection (Cheng et al., 2017). It has been shown
that CD38-deficient mice are more susceptible to bacterial in-
fections (Partida-S�anchez et al., 2001). Moreover, supplementation
with NAM, which is the precursor of NADþ, has been shown to
increase the lethality of the host against Staphylococcus aureus, thus
restricting the infection of Staphylococcus aureus in mice (Kyme
et al., 2012). Therefore, it is speculated that boosting NADþ can
prevent the colonization of pathogenic bacteria in the intestinal
tract. As a key inhibitory neurotransmitter in the colon, b-NAD can
also regulate the movement of the colon, which is important since
the colon is a critical cite for intestinal microbial fermentation



Fig. 2. The roles of NADþ on the host metabolism and its speculated regulatory effects on gut microbiota. AMPK ¼ AMP-activated protein kinase; BA ¼ bile acids; FOXO ¼ forkhead
box O; NADþ ¼ nicotinamide adenine dinucleotide; PGC1a ¼ peroxisome proliferator receptor gamma coactivator alpha; SIRT1 ¼ sirtuin1; SCFA ¼ short-chain fatty acids;
TMA ¼ trimethylamine.
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(Durnin et al., 2020). Furthermore, NADþ can act on the gut
microbiota by affecting the synthesis of host bile acids. The syn-
thesis of cholesterol in the endoplasmic reticulum requires multi-
ple steps of electronic input, and NADH and NADPH are used as
electron sources (Porter, 2015). In the liver, cholesterol is converted
into bile acids, which have long been recognized to promote the
absorption, transportation, and metabolism of dietary fat and fat-
soluble nutrients (Jin et al., 2019). Moreover, the bile acids
secreted into the intestine can also be antimicrobial when they
destroy the bacterial cell membrane, thus inhibiting the prolifera-
tion of bacteria (Kurdi et al., 2006; Inagaki et al., 2006; Jin et al.,
2019). Conversely, obstruction of bile flow can lead to the prolif-
eration of harmful bacteria in the intestines (Inagaki et al., 2006).

In general, boosting microbial NADþ metabolism may help
maintain the normal metabolism of microbes and boosting host
NADþ may promote beneficial intestinal bacteria and inhibit
harmful bacteria. The effects of boosting NADþ on host metabolism
and its possible impact on gut microbiota are shown in Fig. 2.
6. Conclusions and perspectives

In conclusion, NADþ participates in almost all cellular metabolic
processes, and it is an essential factor for hostmetabolism and has a
potentially regulatory function on gut microbiota, which is
important for improving host nutrient metabolism and metabolic
disorders. Further research is needed to prove the metabolic
function of NADþ in intestinal microbes and its related mecha-
nisms. Additionally, the optimal selection of NADþ-boosting stra-
tegies and the optimal combination of various methods under
different metabolic states of the host are topics that remain to be
explored.
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