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Metabolism is dynamically regulated to accompany immune cell function, and altered

immunometabolism can result in impaired immune responses. Concomitantly, the

pharmacological manipulation of metabolic processes offers an opportunity for thera-

peutic intervention in inflammatory disorders. The nicotinamide adenine dinucleotide

(NAD+) is a critical metabolic intermediate that serves as enzyme cofactor in redox

reactions, and is also used as a co-substrate by many enzymes such as sirtuins,

adenosine diphosphate ribose transferases and synthases. Through these activities,

NAD+ metabolism regulates a broad spectrum of cellular functions such as energy

metabolism, DNA repair, regulation of the epigenetic landscape and inflammation.

Thus, the manipulation of NAD+ availability using pharmacological compounds such

as NAD+ precursors can have immune-modulatory properties in inflammation. Here,

we discuss how the NAD+ metabolism contributes to the immune response and

inflammatory conditions, with a special focus on multiple sclerosis, inflammatory

bowel diseases and inflammageing.
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1 | INTRODUCTION

Inflammation is a complex biological response against pathogens and

tissue injuries, being involved in the surveillance and clearance of

damaged cells and in tissue homeostasis. This protective response is

local and tightly regulated to ensure that the inflammation is resolved

once the challenge has been eliminated. Nevertheless, failures in the

resolution of inflammation trigger a wide variety of chronic inflamma-

tory and autoimmune disorders, and they are linked to many age-

related pathologies, including cardiovascular and neurodegenerative

diseases, and the associated low-grade sterile inflammation known

as inflammageing. The differentiation and function of the immune

system are closely related to metabolic processes that provide energy

and intermediate precursors for the synthesis of macromolecules

required for growth and survival. Research developed in the last

15 years have contributed to change our view of metabolic intermedi-

ates not just as a source of ATP and building blocks to maintain

housekeeping functions, but as essential signalling molecules in the

inflammatory process. Immunometabolism controls key features of

the immune response such as the activation, proliferation, acquisition

of effector function and return to homeostasis, through the regulation

of gene expression, epigenetic remodelling and post-translational

modifications (Soto-Heredero et al., 2020). The metabolic pathways

that regulate the maintenance and activation of immune cells are the

balanced result of environmental cues (growth factors, nutrient

availability) and intracellular processes (internal metabolites, ROS,

reducing/oxidising substrates) (Diskin et al., 2021; Mills et al., 2017;

Pearce & Pearce, 2013). Accordingly, metabolism is dynamically

regulated to accompany immune cell function, and altered immuno-

metabolism leads to impaired immune response and inflammation.

Therefore, pharmacological manipulation of metabolic processes

offers an opportunity for the therapeutic intervention in inflammatory

conditions (Assmann & Finlay, 2016; Patel et al., 2019). Nicotinamide

adenine dinucleotide (NAD+) is a critical metabolic intermediate that

serves as a universal electron acceptor in hundreds of oxidation–

reduction reactions, becoming reduced to NADH in the process.

NADH subsequently provides reducing power throughout the cell,

including to the complex I of the mitochondrial electron transport

chain driving cellular respiration. In addition, NAD+ is used as a co-

substrate by several different types of enzymes such as sirtuins

(SIRTs), adenosine diphosphate (ADP)-ribose transferases (ARTs) and

the cyclic ADP-ribose (cADPR) synthases. Through these activities,

NAD+ metabolism and its intermediate metabolites regulate a broad

spectrum of cellular functions such as energy metabolism, DNA repair,

regulation of the epigenetic landscape and inflammation (Rajman

et al., 2018; Verdin, 2015; Xie et al., 2020) (Figure 1). Thus, NAD+ is

emerging not only as a major component of cellular metabolism and

energy homeostasis but also as a key signalling metabolite, and the

manipulation of its availability can have immune-modulatory proper-

ties in inflammatory conditions.

F IGURE 1 Nicotinamide adenine dinucleotide (NAD+) metabolism controls a wide range of biological processes. NAD+ serves as an enzyme
cofactor, becoming reduced to NADH, which subsequently provides reducing power to drive respiration and other metabolic processes. NAD+ is
also used as an enzyme co-substrate by sirtuins (SIRTs), adenosine diphosphate (ADP)-ribose transferases (ARTs, PARPs) and cyclic ADP-ribose
(cADPRs) synthases. Through these activities, NAD+ metabolism and its intermediate metabolites regulate a broad spectrum of cellular functions
such as cell metabolism, nucleic acid remodelling and inflammation
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NAD+ is continuously being degraded, synthesised and recycled,

and these processes cause changes in its intracellular concentration.

These changes in NAD+ availability influence essential cellular

processes such as the immune response, inflammatory diseases or

inflammageing. Currently, there are three main approaches to modu-

late NAD+ levels and to study the consequences for the immune

response: (i) supplementation with NAD+ precursors (Rajman

et al., 2018; Yoshino et al., 2018), (ii) activation of NAD+ biosynthetic

pathways (Audrito et al., 2020; Galli et al., 2020) and (iii) altering the

expression of NAD+-consuming enzymes (Audrito et al., 2019; Kar

et al., 2020). The most common precursors used to increase NAD+

levels are metabolic intermediates of biosynthetic pathways such as

NAD+ itself, nicotinic acid (NA), nicotinamide (NAM), nicotinamide

riboside (NR) and nicotinamide mononucleotide (NMN). The uptake

and biodistribution of NAD+ precursors have been revised elsewhere

(Lautrup et al., 2019; Rajman et al., 2018). It is important to highlight

that most cell types are unable to take up NAD+, with the exception

of neurons (Rajman et al., 2018). Thus, supplementation with NAD+

itself will increase its extracellular concentration, which can exert

different pharmacological effects compared to NAD+ precursors that

will modulate the intracellular NAD+ pool.

In this review, we have collected studies that analyse how the

manipulation of NAD+ availability using NAD+ precursors and phar-

macological compounds modulates the immune response. Further-

more, we discuss how the dysregulation of NAD+ metabolism

contributes to inflammatory and autoimmune conditions, with a

special focus on multiple sclerosis, inflammatory bowel diseases (IBD),

inflammageing and senescence, with data derived primarily from

studies addressing the role of NAD+ in immune cells and comments

from other fields when relevant.

1.1 | NAD+ biosynthesis, consumption and cellular
function

NAD+ is a fundamental intermediate in cellular metabolism that serve

as enzyme cofactor participating in oxidation-reduction reactions such

as glycolysis, tricarboxylic acid cycle (TCA) and fatty acid oxidation

(FAO). In these reactions, the nicotinamide portion of NAD+ receives

high-energy electrons in the form of hydride to generate NADH, and

NADH serves as electron donor for ATP synthesis through mitochon-

drial oxidative phosphorylation. The flux of electrons via the

mitochondrial electron transport chain regulates the NAD+/NADH

ratio that is essential for maintaining mitochondrial function and

energy metabolism (Xie et al., 2020). Recently, some studies have

identified a mitochondrial NAD+ transporter (Slc25a51) in mammals

(Girardi et al., 2020; Luongo et al., 2020). Following an immune

challenge, immune cells up-regulate mitochondrial metabolism and

aerobic glycolysis to meet the increased demand for biosynthetic

precursors and energy. As NAD+ plays a critical role in both metabolic

processes, the modulation of its intracellular levels has the potential

to strongly influence the activation of the immune response (Mills

et al., 2017; Pearce & Pearce, 2013). In addition to the role of NAD+

as an intracellular metabolite of energy metabolism, NAD+ is also

used as a co-substrate for different types of enzymes, and there is an

emerging body of evidence demonstrating the pivotal role of NAD+

as a signalling molecule in the intracellular environment. Being a major

component of both bioenergetic and signalling pathways, the

molecule is ideally suited to regulate metabolism and major cellular

events. The scope of NAD+-mediated regulatory processes is wide

including enzyme regulation, control of gene expression, DNA repair,

cell cycle regulation and calcium signalling (Xie et al., 2020).

As mentioned above, in addition to its role as coenzyme in energy

metabolism, NAD+ is used as a co-substrate for sirtuins (SIRT1-7) and

for different types of nucleotide-metabolising enzymes: the adenosine

diphosphate (ADP)-ribose transferases (ARTs), the poly (ADP-ribose)

polymerases (PARPs) and the cyclic ADP-ribose (cADPR) synthases

(i.e., CD38 and CD157) (Verdin, 2015). These enzymes cleave NAD+

to generate NAM and ADP-ribose, and the latter is further used for

post-translational modification of other proteins. NAM, in conjunction

with nicotinic acid, also represents an essential vitamin (Vitamin B3 or

niacin) required as an exogenous precursor of NAD+ in most living

organisms. Globally, the NAD+-consuming activity of these enzymes

influences its intracellular concentration (Figure 2).

SIRTs are protein deacylases that remove acyl groups from lysine

residues on proteins, using the ADP-ribose produced upon NAD+

cleavage as acyl acceptor to generate acyl-ADP-ribose. SIRTs act as

sensors of intracellular concentration of NAD+, and they are capable

of transducing these signals via protein deacylation. SIRTs deacylate

specific lysine residues on histones and key transcription factors,

playing a key role in epigenetic regulation (Bheda et al., 2016;

Chalkiadaki & Guarente, 2015). ARTs transfer the ADP-ribose moiety

from NAD+ to protein acceptors (MARylation), which regulate target

protein function by altering their enzymic activity or serving as a sig-

nalling scaffold for recruitment of binding proteins. PARPs are a rele-

vant subfamily of ARTs that post-translationally modify proteins, DNA

and RNA by transfer of multiple ADP-ribose moieties, generating poly

(ADP-ribose) chains (PARylation) (Ke et al., 2019). Activation of PARPs

upon DNA damage leads to a marked increase of NAD+ consumption

and decrease in intracellular NAD+ concentration (Kraus, 2015).

Importantly, ADP-ribose post-translational modifications by ARTs and

PARPs are reversible (Cohen & Chang, 2018). The cADPR synthases

CD38 and CD157 produce the calcium-releasing second messenger

cyclic ADP-ribose (cADPR) (Kar et al., 2020; Lee & Zhao, 2019), and

they act as major NAD+ consumers. CD38 and CD157 have been

implicated in different aspects of the immune response (Quarona

et al., 2013). Interestingly, CD38 deficient mice show increased NAD+

concentrations in different tissues, enhanced energy expenditure and

higher metabolic rates, and they are protected against high-fat diet-

induced obesity (Hogan et al., 2019). SARM1 is a newly discovered

NAD+-consuming enzyme that cleavages NAD+ into ADP-ribose,

cADPR and NAM, whose activity promotes axonal NAD+ depletion

and neurodegeneration (Essuman et al., 2017; Jiang et al., 2020).

Recent work determined that different enzymes use NAD+ and

NADH as a nucleotide analogue in DNA ligation and RNA capping

(Bird et al., 2018; Chen & Yu, 2019). To summarise, through their role
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as coenzyme in energy metabolism and as a co-substrate for NAD+-

dependent enzymes, NAD+ and its intermediate metabolites regulate

a broad spectrum of cellular functions such as energy metabolism,

DNA repair and epigenetic modifications (see Xie et al., 2020)

(Figure 1).

NAD+ is continuously being consumed and degraded, and these

processes are balanced by biosynthetic and recycling pathways that

maintain NAD+ cellular concentration. Most of the NAD+ is recycled

from intermediates through the nicotinamide (NAM) salvage pathway,

but it can also be synthesised de novo from different dietary sources

(Rajman et al., 2018) (Figure 2). The NAD+ salvage pathway recycles

the NAM generated as an intermediate product of the enzymic

activity of NAD+-consuming enzymes (i.e., SIRTS, PARPs, CD38).

NAM is transformed into NAD+ in subsequent steps catalysed by the

nicotinamide phosphoribosyltransferase (NAMPT). NAMPT recycles

NAM into nicotinamide mononucleotide (NMN), which is further

converted into NAD+ by the action of nicotinamide mononucleotide

adenylyl-transferases (NMNATs). The main dietary source for de novo

synthesis of NAD+ is nicotinic acid (NA) in the form of niacin (vitamin

B3) that is transformed into NAD+ in the Preiss-Handler pathway. NA

is first transformed into nicotinic acid mononucleotide (NAMN) by the

nicotinic acid phosphoribosyltransferase (NAPRT), and further

transformed into nicotinic acid adenine dinucleotide (NAAD) by

NMNATs. Finally, NAAD is converted into NAD+ by the NAD

synthase (NADS). NAD+ can also be obtained de novo from dietary

tryptophan through the kynurenine pathway. Tryptophan is converted

to N-formylkynurenine by the rate-limiting enzymes indoleamine

2,3-dioxygenase (IDO) or the tryptophan 2,3-dioxygenase (TDO),

and N-formylkynurenine is finally converted to 2-amino-

3-carboxymuconate semialdehyde (ACMS). ACMS can spontaneously

cyclise into quinolinic acid and transform into NAMN that enters the

Preiss-Handler pathway. Additionally, ACMS can be decarboxylated

into 2-amino-3-muconate semialdehyde (AMS) by ACMS decarboxyl-

ase (ACMSD), leading to its oxidation into acetyl-CoA via the TCA

cycle. In addition, recent research has uncovered gut microbiota as

another player in NAD+ metabolism, since host NAM levels positively

correlates to some intestinal-resident bacteria (Blacher et al., 2019).

More strikingly, gut microbiota offers an alternative pathway for

synthesising NAD+ through the salvage of NA from NAM by using a

microbe-encoded nicotinamidase (PncA) (Shats et al., 2020).

To summarise, redox reactions and the action of NAD+-consum-

ing enzymes cause changes in the intracellular concentration of

NAD+ that, subsequently, regulate multiple cellular functions through

the modulation of the activity of NAD+-dependent enzymes. Thus,

boosting the intracellular concentration of NAD+ using NAD+

precursors or pharmacological compounds has the potential to

modulate multiple aspects of the cellular function. Due to the wide

range of NAD+-dependent cellular processes, strategies aimed at

increasing NAD+ concentration may have pleiotropic effects that are

highly influenced by the metabolic state of specific cells or tissues.

1.2 | NAD+ metabolism in the immune response

There is an increasing body of evidence that associates the availability

of NAD+ with perturbed immune responses during infections,

F IGURE 2 Nicotinamide adenine dinucleotide (NAD+) biosynthetic pathways counteract NAD+ consumption. NAD+ biosynthetic and
recycling pathways ensure a balanced intracellular NAD+ concentration to elicit its functions. Most of the NAD+ is recycled from intermediates
through the salvage pathway, but it can also be synthesised de novo from different dietary sources. The NAD+ salvage pathway recycles the

nicotinamide (NAM) generated by NAD+-consuming enzymes (i.e., SIRTS, PARPs, SARM1, CD38/CD157). NAM is transformed into nicotinamide
mononucleotide (NMN) by the nicotinamide phosphoribo-syltransferase (NAMPT), and NMN is further converted into NAD+ by the action of
nicotinamide mononucleotide adenylyl-transferases (NMNATs). NMN is also derived from dietary nicotinamide riboside (NR) through the action
of the nicotinamide riboside kinase (NRK). Dietary nicotinic acid (NA, niacin/vitamin B3) is transformed into NAD+ in the Preiss-Handler pathway.
NA is first converted into nicotinic acid mononucleotide (NAMN) by the nicotinic acid phosphoribosyltransferase (NAPRT), and further
transformed into nicotinic acid adenine dinucleotide (NAAD) by NMNATs. Finally, NAAD is converted into NAD+ by the NAD synthase (NADS).
In addition, gut microbiota offers an alternative pathway for synthesising NAD+ through the salvage of NA from NAM by using a microbe-
encoded nicotinamidase (PncA). NAD+ can also be obtained de novo from dietary tryptophan (Trp) through the kynurenine pathway. Trp is
converted to N-formylkynurenine (FK) by the rate-limiting enzymes indoleamine 2,3-dioxygenase (IDO) or the tryptophan 2,3-dioxygenase (TDO),
and FK is finally converted to 2-amino-3-carboxymuconate semialdehyde (ACMS). ACMS can spontaneously cyclize into quinolinic acid (QA),
which is transformed into NAMN by the quinolinate phosphoribosyl transferase (QPRT) and enters the Preiss–Handler pathway
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suggesting the potential of targeting the intracellular levels of NAD+

to manipulate the host defence against pathogens (Singhal &

Cheng, 2019; Wei et al., 2017).

Early work showed that exogenously added NAD+ induced

apoptosis (NAD+-induced cell death, NICD) in splenic T cells via the

ADP-ribosyl-transferase ART2 (Adriouch et al., 2001; Liu et al., 2001).

ART2 is a GPI-anchored ectoenzyme that transfers the ADP-ribose

moiety from NAD+ to specific aminoacids in target proteins,

modulating their activity in a post-translational manner. ART2 senses

the local concentration of NAD+, and translates this concentration to

corresponding levels of ADP-ribosylated cell surface proteins. Further

work identified the purinergic P2X7 receptor as the ART2 substrate

that, upon ART2-mediated ADP-ribosylation, initiated the apoptotic

programme in peripheral T cells (Seman et al., 2003) (Figure 3a). NICD

in T cells has also been observed at physiological concentrations of

extracellular NAD+ released during acute inflammation (Adriouch

et al., 2007) or by injured cells (Scheuplein et al., 2009). NAD+ levels

were increased in an acute inflammation model induced by polyacryl-

amide beads, and caused T cell depletion in the draining lymph nodes

via ART2 and P2X7 receptor activation (Adriouch et al., 2007). In

addition to ART2, CD38 is another NAD+-consuming enzyme

implicated in the regulation of immune cell function and NICD. CD38

F IGURE 3 Nicotinamide adenine dinucleotide (NAD+) regulates the immune response. (a) NAD+ controls T cell survival. Increased levels of
NAD+ induce apoptosis in naïve T cells and Tregs through the activation of ART2 and P2X7 receptors (P2X7R). CD38 action reduces NAD+

availability for ART2 and protects against NAD+-induced apoptosis. (b) NAD+ levels regulate T cell activation. NAD+ precursors increase TCR-
mediated Ca2+ mobilisation via the TRPM2 channel, boosting cell proliferation and IL-2 production. Accordingly, acute depletion of NAD+ by
NAMPT inhibition reduced Ca2+ mobilisation. (c) NAD+ concentration affects T cell differentiation. SIRT1 inhibits Treg differentiation via FoxP3
inhibition, and promotes Th17 function via RORγt activation. Treatment with SIRT inhibitor NAM boosts Treg function while supresses Th17
differentiation. Lactate levels increase in glycolytic environments, promote NAD+ reduction to NADH and slows down the glycolytic flux. Lactate
supress effector T cell proliferation, and NR administration restores T cell proliferation. In chronic inflammation, lactate uptake increases Th17
pro-inflammatory markers. (d) NAD+ levels control macrophage activation. High dose of LPS induce TNF-α production, inflammasome assembly
and IL-1β release by dendritic cells and macrophages. NAM supplementation reduced TNF-α, and NAD+ precursors inhibited inflammasome and
IL-1β, preventing septic shock and death in mice. LPS challenge also induces a rapid decrease in NAD+ levels in macrophages through PARPs
activation. The reduction in NAD+ levels was accompanied by increased NAMPT expression to maintain glycolysis and inflammatory function.
NAMPT inhibition impaired the production of pro-inflammatory mediators, and supplementation with NMN restored glycolysis in these
conditions. Moreover, in resting, LPS-activated and senescent macrophages, inhibition of the kynurenine pathway (KP) leads to reduced cellular
NAD+ concentration, impaired respiration, increased glycolysis and inflammation. These defects were restored by exogenous addition of the
NAD+ precursor NMN

NAVARRO ET AL. 1843
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is a type II transmembrane protein with ecto-NAD-glycohydrolase

activity (ecto-NADase) that controls the level of cell surface protein

ADP-ribosylation by hydrolysing extracellular NAD+ and thus limiting

substrate availability for ART2 (Figure 3a). CD38 deficient mice show

a dramatic loss of tissue-associated NAD+ glycohydrolase activity in

different tissues including lymphoid tissues such as lymph nodes,

spleen and bone marrow, indicating that CD38 is a major NADase in

lymphoid cells (Cockayne et al., 1998). Lymphoid cell development did

not show gross abnormalities in CD38 deficient mice, but they had

impaired humoral response, neutrophil chemotaxis to the infection

site and dendritic cell trafficking from inflammation site to lymph

nodes (Cockayne et al., 1998; Partida-S�anchez et al., 2001, 2004).

CD38-deficient lymphocytes showed high levels of cell surface

ADP-ribosylation. Remarkably, ART2 deficient mice did not show any

ADP-ribosylation, indicating that ART2 is the main ART activity in T

cells (Krebs et al., 2005). Moreover, CD38 null mice showed an

exacerbated NICD in T cells upon i.v. injection of NAD+, suggesting

that CD38 is involved in the clearance of NAD+ at the inflammation

site, reducing NAD+ availability for ART2-induced apoptosis and thus

it is partly protective against NICD (Adriouch et al., 2007).

Interestingly, the developmental stage of T cells influences the

sensitivity to NICD. NICD primarily affected naïve T cells, while

thymocytes and T cells with activated/memory phenotype were

resistant to NICD (Adriouch et al., 2007; Haag et al., 2002; Liu

et al., 2001). These results are consistent with previous work showing

that ART2 is shed upon T cell activation (Kahl et al., 2000). Moreover,

T cell subsets also display a differential sensitivity to NICD, as in vivo

administration of NAD+ preferentially induced apoptosis of regulatory

T cells (Tregs) via ART2 and P2X7 receptors (Aswad et al., 2005;

Hubert et al., 2010). Accordingly, while P2X7 receptor-deficient mice

have increased numbers of Tregs, which were resistant to apoptosis

induced by NAD+ injection (Aswad et al., 2005), CD38 deficient mice

had lower numbers of Tregs and they were sensitive to NICD at lower

doses of NAD+ than wild-type counterparts, and the administration

of an ART2-blocking antibody protected Tregs from NICD in vivo

(Hubert et al., 2010). Interestingly, the higher sensitivity of Tregs to

NICD can be used to selectively manipulate Treg function in patholog-

ical conditions. NAD+ has been showed to promote Treg conversion

into Th17 cells (Elkhal et al., 2016). Tregs are known to suppress anti-

tumour immune response in different tumour models and thus, Treg

depletion can serve as a strategy to boost anti-tumour immunity.

Accordingly, NAD+ injection controlled tumour growth in different

tumour models (EL4 cell line, EG7 lymphoma and B16 melanoma) and

increased the frequency of granzyme B positive CD4+ and CD8+ T

cells among tumour-infiltrating lymphocytes (Hubert et al., 2010).

Exogenously added NAD+ can exert different pharmacological

effects from the modulation of NAD+ intracellular levels via supple-

mentation with NAD+ precursors or altering NAD+-biosynthetic or

-consuming pathways. In fact, while NAD+ itself induces NICD in

naïve and regulatory T cells, NAD+ precursors modulate essential

functions in T cell activation and differentiation. In activated T cells,

acute depletion of NAD+ using FK866, a pharmacological inhibitor of

the rate-limiting enzyme for NAD+ biosynthesis NAMPT, reduced

T cell proliferation and viability, and these defects were rescued by

NAM supplementation that restored NAD+ levels (Bruzzone

et al., 2009) (Figure 3b). FK866 treatment caused the reduction of

anti-CD3-induced Ca2+ mobilisation in the Jurkat cell line and in

activated human peripheral blood lymphocytes (PBLs). In contrast,

exogenously added NAM, NA and NMN increased the intracellular

concentration of NAD+, and increased anti-CD3-mediated Ca2+

mobilisation in human PBLs via the cyclic ADP-ribose-dependent

TRPM2 channel gating (Magnone et al., 2012) (Figure 3b). Of note,

NAD+ also regulates intracellular calcium levels in human

granulocytes and monocytes (Bruzzone et al., 2006; Gerth

et al., 2004). In accordance to increased Ca2+ mobilisation in PBLs,

pre-incubation with NAD+ precursors resulted in increased cell

proliferation and IL-2 production (Magnone et al., 2012). Overall, data

show that T cells require NAD+ for proper activation and indicate that

the intracellular concentration of NAD+ can be manipulated to control

T cell activation.

Another example of how the intracellular level of NAD+ affects

immune cell function can be found in T cells deficient for the

mitochondrial transcription factor A (Tfam) that controls mitochondrial

DNA expression, including the mitochondrial respiration complexes I,

III, IV and V. Tfam-deficient CD4+ T cells displayed impaired

mitochondrial performance and dysregulated electron transport from

NADH due to imbalanced NAD+/NADH ratio. To compensate mito-

chondrial dysfunction, Tfam null CD4+ T cells rewire their metabolism

towards glycolysis, favouring the acquisition of a pro-inflammatory

Th1 phenotype with increased transcription and secretion of IFN-γ
and TNFα, as well as reduced amounts of the immunosuppressive

cytokine IL-10. Interestingly, the restoration of NAD+/NADH balance

by treatment with the NAD+ precursor NAM, in vitro, corrected

inflammatory defects, with reduced IFN-γ production and Th1

differentiation (Baixauli et al., 2015). Mitochondrial dysfunction also

contributes to several aspects of heart failure. Recently, it has been

shown that peripheral blood mononuclear cell (PBMC) from heart

failure subjects display a reduced respiratory capacity and elevated

expression of pro-inflammatory markers such as NLRP3, a key

inflammasome component, and IL-1β, IL-18, TNF-α (Zhou

et al., 2020). Interestingly, this study showed that the oral administra-

tion of the NAD+ precursor NR enhanced mitochondrial respiration

and reduced expression of pro-inflammatory genes in PBMC from

heart failure subjects, when compared with healthy donors. Thus,

boosting NAD+ intracellular levels have promising anti-inflammatory

effects in the context of diseases associated with mitochondrial

dysfunction. The NAD+/NADH ratio also influences T cell differentia-

tion through the regulation of SIRTs deacetylase activity. In this

context, while initial studies on whole body SIRT1-deficient mice

suggested that SIRT1 suppressed inflammation (Gao et al., 2012;

Zhang et al., 2009), further studies analysing the impact of the specific

deletion of SIRT1 in Tregs and Th17 suggested that SIRT1 exerts

pro-inflammatory actions in these subpopulations (Beier et al., 2011;

Kwon et al., 2012; Lim et al., 2015; van Loosdregt et al., 2010). In

whole body SIRT1-deficient mice, SIRT1 was shown to inhibit the

transcriptional activity of AP-1, a key transcription factor for T cell
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activation formed by c-Fos and c-Jun. Mechanistically, SIRT1 inhibited

c-Jun acetylation, which is required for its activity and accordingly,

SIRT1-deficient T cells were hyperresponsive to TCR stimulation. In

addition, SIRT1-deficient mice developed a severe form of experimen-

tal autoimmune encephalomyelitis (EAE) and spontaneous autoimmu-

nity (Zhang et al., 2009), pointing to an anti-inflammatory action of

SIRT1. In contrast, SIRT1 seems to have pro-inflammatory function in

Tregs and Th17 cells. SIRT1 was found to deacetylate FoxP3, leading

to its degradation, and treatment with SIRT inhibitor NAM increased

FoxP3 expression and boosted Treg suppressive function (van

Loosdregt et al., 2010). Supporting the pro-inflammatory action of

SIRT1 expression in Tregs, the specific ablation of SIRT1 in

FoxP3-expressing cells promoted the expression of FoxP3 and

increased Treg immunosuppressive features in vitro and in vivo, in a

cardiac allograft survival model (Beier et al., 2011) (Figure 3c). SIRT1

also binds and deacetylates the transcription factor RORγt, a master

regulator of Th17 differentiation (Lim et al., 2015). In contrast to the

action on FoxP3, RORγt deacetylation by SIRT1 was required for

optimal transcriptional activity and accordingly, specific deletion of

SIRT1 in RORγt-expressing cells and pharmacological inhibition of

SIRT1 using NAM and Ex-527 showed reduced Th17 cell differentia-

tion in vitro (Figure 3c). More importantly, SIRT1 inhibition by genetic

ablation in Th17 and by treatment with Ex-527 inhibitor were protec-

tive in the EAE model (discussed below) (Lim et al., 2015). Thus,

through the inhibition of Treg function and the boosting of Th17

differentiation, these results suggest that SIRT1 exert pro-

inflammatory roles in T cells, making it an attractive target for

therapeutic intervention of the Treg/Th17 axis in autoimmune and

inflammatory diseases (Chadha et al., 2019). In contrast, recent

studies in human CD8+ T cells have found that the terminally

differentiated memory population (CD8+CD28�) that accumulate

with age showed decreased expression of SIRT1 compared to resting

CD8+CD28+ cells. The decreased SIRT1 expression promoted a

metabolic reprogramming of CD8+CD28� cells that displayed an

enhanced capacity to use glycolysis and a higher cytotoxic activity,

suggesting an anti-inflammatory function for SIRT1 (Jeng et al., 2018).

Thus, further research is required to dissect the role of SIRTs in

different effector immune cells.

NAD+ precursors can have a different effect on effector T cells

depending on the environmental conditions. Upon activation, T

cells rewire their metabolic profile towards a glycolytic state to cope

with the increased demand of energy and intermediate metabolites

required to fulfil the effector function. As consequence of the

increased glycolysis, there is an enrichment of lactate in inflamed

tissues, something that has been also observed in highly glycolytic

tumours (Buck et al., 2017; Certo et al., 2021). Lactate was shown to

supress effector T cell proliferation (Angelin et al., 2017). Follow up

work has recently determined that lactate promotes the reduction of

NAD+ to NADH, and the increased NADH slowed down the

glycolytic flux via GAPDH inhibition and limited glucose-derived

serine production, as addition of serine fully rescued lactate-induced

T cell suppression (Quinn et al., 2020). This study also showed that

the addition of NR to restore NAD+ intracellular levels was sufficient

to increase T cell proliferation in low glucose media. Thus, this data

suggests that increasing the pool of NAD+ may be used to boost T cell

proliferation (Figure 3c). Other work examining the role of lactate in

CD4+ T cell function in the context of chronic inflammatory disorders,

such as rheumatoid arthritis (Pucino et al., 2019) found that lactate

uptake by activated CD4+ T cells via the lactate transporter Slc5a12

reduced glycolytic rate by decreasing NAD+/NADH ratio. In this

context, lactate uptake increased pro-inflammatory markers such as

up-regulated expression of Rorc (encoding RORγt), Il17a and Ifng

mRNAs (Figure 3c). Mechanistically, lactate was found to promote

nuclear translocation of PKM2 and phosphorylation of STAT3, a key

driver of IL-17 production in Th17 cells, and also to promote the

retention of CD4+ T cells in inflamed tissue. Thus, in the context of

chronic inflammatory diseases, restoration of NAD+ intracellular

levels may result in attenuated pro-inflammatory features of T cells.

Taken together, these studies highlight the relevance of a balanced

NAD+/NADH ratio in T cell function (Pucino et al., 2019; Quinn

et al., 2020). However, further research is required to dissect the

functional consequences of using NAD+ precursors in different

immune cells and in specific inflammatory conditions.

Collectively, these studies show that the modulation of NAD+

levels has different effects in distinct T cell subpopulations, inducing

apoptosis in naïve and Tregs, increasing activation and proliferation in

effector cells while restraining pro-inflammatory features. These

differences may reflect that the intrinsic metabolic state and bioener-

getic demands of specific T cell subpopulations influence the overall

effect of raising NAD+ levels. Additionally, genetic models may lead

to metabolic remodelling to cope with long-term imbalance of NAD+

levels, while acute changes of NAD+ concentration (i.e., treatment

with pharmacological compounds) may result in a different metabolic

state and thus, increasing NAD+ may have different effects on T cells

in these conditions. Finally, changes in the extracellular concentration

of NAD+ (i.e., through the supplementation with NAD+ itself) can

exert pharmacological effects, different from those of modulating

intracellular levels via supplementation with NAD+ precursors or

manipulation of NAD+-biosynthetic or -consuming pathways.

Besides T cells, the intracellular concentration of NAD+ plays a

relevant role in the function of other immune cells such as

macrophages. For example, the administration of NAM protected

mice against a lethal high dose of LPS (Van Gool et al., 2009).

Mechanistically, this work determined that NAM supplementation

reduced TNF-α production by dendritic cells and macrophages in a

SIRT6-dependent manner (Figure 3d). Moreover, other studies have

shown that nicotine agonists and β-NAD efficiently inhibited

ATP-induced inflammasome assembly and IL-1β release in human

monocytic cells (Hecker et al., 2015; Hiller et al., 2018). Taking in to

account that TNF-α and IL-1β production are markers of several

inflammatory and autoimmune diseases, these data supports the

therapeutic potential of NAD+ precursors in inflammatory diseases.

Interestingly, some recent studies highlighted the functional

relevance of NAD+ metabolism in the regulation of pro-inflammatory

response in macrophages (Cameron et al., 2019; Minhas et al., 2019).

The study by Minhas et al. showed that the kynurenine pathway is a
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key source for de novo synthesis of NAD+ in macrophages, and the

genetic ablation (in Ido�/� and Qprt�/� mice) or pharmacological

disruption (using 1-methyl-L-tryptophan and phthalic acid) of this

pathway reduced intracellular NAD+ concentration, impaired mito-

chondrial respiration and increased glycolysis in human and mouse

macrophages in vitro. These metabolic changes were accompanied by

an increased expression of the pro-inflammatory markers CD86 and

CD64, decreased expression of the anti-inflammatory markers CD206

and CD23, and impaired phagocytosis. Interestingly, decreased

mitochondrial respiration parameters and increased pro-inflammatory

markers were reverted by exogenous addition of NAD+ precursor

NMN (Figure 3d). Moreover, these results were observed in resting

macrophages, and recapitulated in vivo in a model of acute inflamma-

tion upon LPS challenge, as pharmacological inhibition of de novo

NAD+ biosynthesis potentiated the effect of LPS on proinflammatory

and anti-inflammatory markers. This work also showed that LPS

challenge suppressed de novo NAD+ synthesis, decreasing intracellu-

lar NAD+ concentration. Thus, de novo NAD+ synthesis via the

kynurenine pathway is essential to maintain anti-inflammatory func-

tions in macrophages (Minhas et al., 2019). Cameron et al. reported a

rapid decrease in NAD+ levels in macrophages upon LPS challenge

due to activation-induced mitochondrial ROS production, which leads

to ROS-mediated DNA damage, and consequently PARP activation

with associated NAD+ consumption (Cameron et al., 2019). Other fac-

tors such as CD38 expression or sirtuin activity contribute to NAD+

consumption during macrophage activation (Matalonga et al., 2017;

Van Gool et al., 2009). The LPS-induced decrease in NAD+ levels was

accompanied by increased NAMPT expression, a key enzyme of the

NAD+ salvage pathway. The pharmacological inhibition of NAMPT

using FK866 (APO866) led to a reduction in cellular ATP levels and

impaired the production of pro-inflammatory mediators such as IL-1β,

IL-6 and TNF-α in vitro. Moreover, supplementation with NMN, the

metabolite directly downstream of NAMPT in the NAD+ salvage path-

way, restored glycolysis and ATP levels in FK866-treated macro-

phages (Cameron et al., 2019) (Figure 3d). Hence, this work indicates

that the NAD+ salvage pathway is required to maintain the NAD+

content to drive glycolysis and support the activation of inflammatory

macrophages. These two studies highlight the relevance of NAD+

metabolism in macrophages (Cameron et al., 2019; Minhas

et al., 2019) but, the data are somewhat contradictory. While inhibi-

tion of NAD+ de novo synthesis exacerbates inflammation, and NMN

reduces inflammatory markers in macrophages (Minhas et al., 2019),

block of the salvage pathway reduces inflammatory features, and

NMN restored macrophage activation (Cameron et al., 2019). A

potential explanation is that the two different strategies used to

decrease NAD+ levels may be accompanied by the generation of

different intermediate metabolites, leading to different functional

effects on macrophage activation. Additionally, other work suggested

that de novo and salvage pathways maybe required at different time

points. While low dose endotoxin enhanced NAMPT-dependent

NAD+ salvage and promoted inflammation, high dose endotoxin

shifted NAD+ biosynthesis from early salvage pathway to late (IDO1)-

dependent NAD+ de novo pathway and promote immunosuppression

in a SIRT1-dependent manner (Zhang et al., 2019). Thus, stimuli

timing, dosage and the resulting cellular metabolic state may

determine the global response to increased levels of NAD+.

1.3 | NAD+ metabolism in multiple sclerosis

Experimental autoimmune encephalomyelitis (EAE) is the most

common animal model of multiple sclerosis (MS), a neuroinflammatory

and demyelinating disease characterised by immune cell infiltration in

the CNS, which causes severe physical disability in young adults. The

infiltration of activated immune cells induce local inflammation,

demyelination and axonal degeneration (Compston & Coles, 2008;

Dendrou et al., 2015). Thus, targeting immune cell function is a very

active field for current and future therapeutic strategies in MS

management. The therapeutic potential of NAD+ precursors have

been examined in the EAE model (Penberthy & Tsunoda, 2009). The

systemic administration of NAD+ precursors may have effects on

immune cells as well as direct effects on neurons and glia cells, and

different studies have identified protective actions of NAD+

precursors on immune cells and particularly in T cells.

Several reports have shed some light on the relevance of NAD+

levels in EAE and MS pathogenesis (Figure 4a). Low serum NAD+

levels in MS patients correlates with severity and progression of the

disease (Braidy et al., 2013), and different mechanisms can contribute

to NAD+ decrease. For example, the expression of NAD+-consuming

enzymes such as CD38 was up-regulated in astrocytes and microglia

in a demyelination model induced by cuprizone. CD38 knockouts had

increased NAD+ levels, and they showed attenuated demyelination

and axonal damage, reduced glia activation and decreased inflamma-

tion (Roboon et al., 2019). Other studies have shown protective

effects of the administration of NAD+ and NAD+ precursors in EAE

progression by different mechanisms. For example, both preventive

and therapeutic administration of the NAD+ biosynthesis precursor

NAM delayed EAE onset with reduced CD4+ T cell infiltration and

axon demyelination (Kaneko et al., 2006). NAD+ also reduced EAE

symptoms when administered after the disease onset, highlighting its

therapeutic potential. This study found that NAD+ protective effects

were mediated by promoting the generation of immunosuppressive

IL-10-secreting CD4+ T cells, as a results of the induced expression of

the mRNA for tryptophan hydroxylase-1 (Tph1), a rate-limiting

enzyme in the biosynthesis of serotonine (Tullius et al., 2014).

Supporting the role of the Tph1 pathway in the protection against

EAE development, previous work found that Tph1-deficient mice dis-

played exacerbated EAE (Nowak et al., 2012). Preventive administra-

tion of NAD+ also ameliorated EAE by decreasing the frequency of

Th1 and Th17 cells (Wang et al., 2016), and the combined treatment

with NAD+ precursors and atorvastatin boosted NAD+ protection by

increasing Tregs frequency and function while reducing IL-17

secretion (Sun et al., 2020). In line with these findings, NAD+ treat-

ment attenuated infiltration of inflammatory cells, demyelination and

microglial activation, and suppressed the activation of the NLRP3

inflammasome in the spinal cord. The protective effects of NAD+
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were partially reverted by autophagy blockade using 3-

methyladenine, indicating that NAD+ protection is also mediated by

activation of autophagy (Wang et al., 2020). Additionally, beneficial

effects of NAD+ precursors in the EAE model have been linked to

sirtuins activity. SIRT1 was shown to deacetylate and activate the

Th17 master transcription factor RORγt. Accordingly, both treat-

ment with nicotinamide, a sirtuin inhibitor, and T cell–specific

deletion of Sirt1 suppressed Th17 differentiation and showed

decreased EAE severity (Lim et al., 2015). Likewise, pharmacological

inhibition of Sirt6 ameliorated EAE by reducing the migration of

dendritic cells to the lymph nodes (Ferrara et al., 2020). Besides the

immune system, NAD+ and related metabolites also exert key

functions in synaptic plasticity and neuronal stress resistance

(Lautrup et al., 2019), and NAD+ precursors have protective effects

in axonal degeneration (Nimmagadda et al., 2017). Of note, changes

in the extracellular NAD+ may have different pharmacological

effects from increasing the intracellular levels of NAD+ using NAD+

precursors, but overall, the systemic administration of NAD+ and

NAD+ precursors has pleiotropic beneficial effects by acting both

on neurons and immune cells.

The different studies discussed above shown that the administra-

tion of NAD+ precursors ameliorated the development of autoim-

mune diseases through a variety of mechanisms (Figure 4a). At the

same time, other work revealed that a drop in the NAD+/NADH ratio

has immunosuppressive effects and thus, potential therapeutic effects

in autoimmune and inflammatory diseases. Recently, a study has

shown that the administration of linezolid and other ribosome-

targeting antibiotics ameliorated EAE symptoms. These antibiotics

impaired mitoribosome function, affecting the expression of key com-

ponents of the electron transport chain in Th17 cells. The altered

mitochondrial respiration hindered the regeneration of NAD+, causing

a decrease in the NAD+/NADH ratio and reducing Th17 effector

function (Almeida et al., 2020). Thus, this study indicates that limiting

cellular NAD+ availability reduces Th17 cell differentiation and

function and has protective effects in a model of autoimmune

disease, while other data discussed above show that increasing NAD+

concentration through the administration of NAD+ precursors

ameliorated EAE. These data suggest that the moment of interference

with NAD+ metabolism (i.e., activation vs. effector phase) may have

different functional consequences. Furthermore, other research

highlights the complexity of NAD+ metabolism in the immune

response, indicating that the form of NAD+ supplementation

(i.e., NAD+ precursors vs. biosynthesis activation) may have different

outcomes. For example, Sundaram et al. determined that the

kynurenine pathway for de novo synthesis of NAD+ is activated

during EAE and correlates with severity score. Mechanistically, this

work found that long-term activation of the kynurenine pathway

generates an environment with increased concentration of toxic

F IGURE 4 Nicotinamide adenine dinucleotide (NAD+) metabolism alters the development of autoimmune diseases. (a) Therapeutic strategies
to modulate NAD+ levels in experimental autoimmune encephalomyelitis (EAE) mouse model of multiple sclerosis (MS). MS is characterised by
immune cell infiltration, axonal degeneration and demyelination. Strategies aiming to increase NAD+ levels (i.e., CD38 knock-outs or
supplementation with NAD+ precursors) ameliorate EAE severity by different mechanisms: Inhibiting inflammasome assembly and increasing
autophagy, and increasing the Treg/Th17 ratio via SIRT1 and Tph1 activation. The administration of mitoribosome-targeting antibiotics reduced
respiration and decreased NAD concentration, leading to reduced Th17 effector function and EAE protection. The kynurenine pathway for de
novo synthesis of NAD+ is activated in EAE mice, and long-term activation of the kynurenine pathway generates an environment with increased
concentration of NAD+ together with other toxic metabolites, worsening EAE. (b) Inflammatory bowel diseases (IBD) are characterised by
enhanced gut inflammation and permeability, and increased risk to develop colorectal cancer. The therapeutic properties of NAD+ precursors in
IBD are exemplified by their role in activating anti-colitogenic SIRTs and supressing the pro-inflammatory NF-κB signalling. Furthermore,
pharmacological inhibition of NAMPT as well as modulation of the NAD+/SIRT1 axis using an aryl hydrocarbon receptor (AhR) agonist offers a
striking opportunity to fight against IBD
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metabolites, worsening EAE, and IDO-1 inhibition using 1-methyl

tryptophan ameliorates EAE progression (Sundaram et al., 2020).

Besides MS, the manipulation of NAD+ metabolism has shown

beneficial effects in other inflammatory conditions. For example,

NAD+ up-regulation using NAD+ precursors have shown protective

effects in inflammatory skin conditions (Radenkovic & Verdin, 2020;

Wozniacka et al., 2007). In addition, the CD38/NAD+ axis also

plays a relevant role in lupus and other inflammatory conditions

(García-Rodríguez et al., 2018; Kar et al., 2020).

Altogether, most of the available data indicate that increasing the

intracellular concentration of NAD+ has protective effects in EAE

development, with remarkable exceptions (Almeida et al., 2020;

Sundaram et al., 2020). These studies suggest that the moment of

interference with NAD+ metabolism (i.e., activation vs. effector phase

of the immune response), and the form of NAD+ supplementation

(i.e., NAD+ precursors vs. biosynthesis activation) may have different

outcomes. In the EAE model, T cells undergo marked steps: TCR

stimulation and T cell activation, followed by differentiation towards

Th17, CNS infiltration and release of effector functions, and energy

and metabolite demands vary in the different stages. Therefore, it is

likely that the manipulation of NAD+ metabolism will have different

outcomes depending on the moment of interference. For example,

while altering early T cell activation will affect the whole immune

response, intervention in the effector and contraction phase can have

a different result. Further research is required to dissect NAD+

requirements during immune cell activation and function.

1.4 | NAD+ metabolism in gut homeostasis
and IBD

IBD, which includes Crohn's disease and ulcerative colitis, results from

an altered intestinal immune response that, in addition to genetic

susceptibility, is highly influenced by host microbiota (Caruso

et al., 2020; Ni et al., 2017). Furthermore, gut dysbiosis and the

self-perpetuating chronic inflammation during colitis-associated

diseases favour the development of colorectal cancer (CRC) (Janney

et al., 2020), highlighting the importance of addressing this group of

pathologies that are becoming a major challenge worldwide. Mito-

chondria metabolism and bioenergetics, together with the autophagic

machinery, are emerging as key regulators of host-microbiota and gut

homeostasis (Larabi et al., 2020; Michaudel & Sokol, 2020). Thereby,

the use of NAD+ precursors to modulate the crosstalk between

mitochondria and autophagy, as well as the inflammatory response,

represents a potential therapeutic strategy for IBD management

(Gabandé-Rodríguez et al., 2019).

Different studies have revealed the relevance of NAD+ metabo-

lism in the maintenance of gut homeostasis and in IBD models

(Figure 4b). For example, the expression of the NAD+-depleting

enzyme CD38 is up-regulated in IBD patients (Ning et al., 2019), and

is implicated in intestinal inflammation in mice and humans (Schneider

et al., 2015). Moreover, in vitro and in vivo experiments showed that

the administration of NAD+ ameliorated inflammation-related gut

hyperpermeability by inhibiting NF-κB (Han et al., 2003). Mechanisti-

cally, further research has highlighted the role of sirtuins as key sup-

pressors of colitis. Decreased levels of SIRT1 were observed in IBD

patient biopsies (Caruso et al., 2014), and IL-10-deficient mice, which

develop spontaneously colitis that progresses to colon carcinogenesis,

displayed increased autophagy and down-regulation of SIRT1 (Talero

et al., 2016). Dextran sodium sulphate (DSS) treatment in SIRT2-

deficient mice exacerbated colitis, and macrophages showed a pro-

inflammatory phenotype (Lo Sasso, Menzies, et al., 2014). Accordingly,

activating SIRT1 or overexpressing SIRT6 ameliorated DSS-induced

colitis in mice (Liu et al., 2017; Ren et al., 2019; Xu et al., 2020). Other

studies have identified a key role for SIRT1 in the regulation of gut

microbiota. In this context, while some research indicated that

intestinal-specific loss of SIRT1 protects mice against colitis and CRC

by remodelling gut microbiota (Lo Sasso, Ryu, et al., 2014), other

works revealed a protective role of intestinal SIRT1 on gut inflamma-

tion by mediating host-microbiota symbiosis (Leber et al., 2018;

Wellman et al., 2017). In line with this, some gut-colonising bacteria

have been linked to systemic NAM levels in mice (Blacher et al., 2019)

and, interestingly, the gut microbiome offers itself an alternative

pathway for synthetizing host NAD+, enhancing the effects of NAM

or NR supplementation (Shats et al., 2020). Thereby, biomedicine

could take advantage of gut microbiota to treat IBD, given its role on

NAD+ metabolism and intestinal inflammation-related diseases.

In addition to sirtuins, other NAD+-dependent enzymes such as

PARP-1, which uses NAD+ to facilitate DNA repair, were over-

activated in some bowel pathologies leading to NAD+ depletion,

SIRT1 down-regulation and causing mucosal atrophy. Moreover,

PARP-1 inhibition by NAM administration improved intestinal injury

in a rat model of necrotizing enterocolitis (Giannone et al., 2011).

Additionally, increasing intracellular levels of NAD+ by using

dunnione, a NADH:quinone oxidoreductase 1 substrate, up-regulated

SIRT1 and ameliorated cisplatin-induced intestinal inflammation

(Pandit et al., 2015). Other studies have determined that NMN and

NAD+ supplementation enhanced the function of intestinal stem cells

in aged mice by acting on mTOR and SIRT1 (Igarashi et al., 2019;

Igarashi & Guarente, 2016), and NMN suppressed senescence marks

in intestinal organoids derived from aged mice (Uchida et al., 2019).

Thereby, these findings suggest that strategies aimed to increase

NAD+ levels or activating sirtuins can contribute to the maintenance

of the intestinal barrier, an essential element in the development

of IBD.

Nevertheless, heightening NAD+ levels may not always result in

gut homeostasis. For example, a study using norisoboldine, an aryl

hydrocarbon receptor agonist that expands epigenetically colonic

Treg cells, indicates that DSS-induced colitis in mice is attenuated by

means of diminishing NAD+ and SIRT1 levels in colon (Lv et al., 2018)

(Figure 4b). Accordingly, proteomics revealed different expression

patterns of proteins involved in NAD+ metabolism in IBD patients

compared to controls, finding that NAMPT was overexpressed in IBD

(Ning et al., 2019). This enzyme involved in the NAD+ salvage path-

way has gained more interest in the context of IBD as this pleiotropic

protein can also display pro-inflammatory and tumorigenic features
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(Galli et al., 2020). As such, NAMPT is found up-regulated in T cells

during human and mouse acute graft-versus-host disease, a major

gastrointestinal complication after allogenic haematopoietic stem cell

transplantation (Gerner et al., 2020), and nourishes human CRC

(Ye et al., 2020). Furthermore, recent studies have unveiled that the

extracellular form of NAMPT (ecNAMPT) is elevated in IBD patients

and, more intriguingly, in those who fail to respond to anti-TNFα

therapy (Colombo et al., 2020; Neubauer et al., 2019) (Figure 4b).

Hence, NAMPT inhibition, using FK866, elicited protection against

experimental colitis in human and mice (Colombo et al., 2020; Gerner

et al., 2018) and suppressed colon tumourigenesis in mice (Gerner

et al., 2018; Ye et al., 2020).

Altogether, evidence shows that a balanced NAD+ biosynthesis

and consumption may preserve gut homeostasis. On the one hand,

overactivation of the NAD+-synthetizing enzyme NAMPT feeds

tumourigenesis and acts as a pro-inflammatory cytokine in the gut,

unleashing pathology. On the other hand, the NAD+/Sirtuin axis

appears to be suppressed in IBD, as supplementation of NAD+

precursors and/or sirtuins activation limit intestinal inflammation.

Therefore, fine-tuned therapies targeting the NAD+ pathway might

serve as promising pharmacological tools in IBD.

1.5 | NAD+ metabolism in senescence and
inflammageing

NAD+ levels are decreased during senescence and tissue ageing.

Concomitantly, NAD+ decay leads to mitochondrial dysfunction,

oxidative stress and DNA damage, which in turn contribute to the

ageing process (Lautrup et al., 2019). Recent research studies have

identified different mechanisms that contribute to NAD+ decay

during ageing (Covarrubias, Perrone, et al., 2021). Pioneer experi-

ments from Sinclair's lab demonstrated that during ageing there is a

specific loss of mitochondrial, but not nuclear, encoded oxidative

phosphorylation subunits in skeletal muscle. This event induces a

pseudohypoxic state characterised by HIF-1α stabilisation and

reduction in NAD+ levels. Remarkably, this mitochondrial decline

and pseudohypoxic state can be reversed with NAD+ precursors

(Gomes et al., 2013). In addition, the reduction in NAD+ levels during

ageing can be the result of altered activity or expression of enzymes

involved in NAD+ biosynthesis and degradation (Covarrubias,

Perrone, et al., 2021). For instance, the activation of PARP-1 in

response to DNA damage during ageing may contribute to this drop

(Scheibye-Knudsen et al., 2014). Moreover, NAMPT expression is

down-regulated as we age, contributing to ageing-related NAD+

decline (Stein & Imai, 2014). Furthermore, the abundance of the pro-

tein QPRT, essential in de novo synthesis pathway, decreases during

ageing, contributing to a diminished NAD+ pool (Minhas et al., 2019).

One of the shared features in ageing is cellular senescence and,

interestingly, cells that undergo senescence, both replicative or

associated to mitochondrial dysfunction display lower NAD+/NADH

ratios (Wiley et al., 2016). Accordingly, cells resistant to senescence

(i.e., Vδ2+ T cells) manifest a transcriptomic signature enriched in

NAD+-related pathways, suggesting an anti-ageing role of NAD+

metabolism (Xu et al., 2019). Senescence also affects stem cells with

age, leading to impaired regenerative capacity and loss of tissue

homeostasis (Zhang et al., 2018). Strikingly, research has unveiled that

NAD+-enhancing approaches reprogrammed the age-associated stem

cell dysfunction. For instance, NAD+ and NMN supplementation

rejuvenate intestinal stem cells in aged mice (Igarashi et al., 2019;

Igarashi & Guarente, 2016) and, more importantly, treatment with NR

improves muscle, neural and melanocyte stem cell function in aged

mice, expanding their lifespan (Zhang et al., 2016). In line with this,

growing evidence support that raising NAD+ levels delay the

development of age-related diseases. As discussed above, different

experimental strategies that increase intracellular NAD+ concentra-

tion have protective effects in EAE development and prevent

neurodegeneration (Lautrup et al., 2019; Verdin, 2015). Furthermore,

increasing the activity of the NAD+ salvage pathway enzyme NAMPT

by administration of an allosteric activator (P7C3) or by addition of

extracellular vesicles containing ecNAMPT showed neuroprotection

and improved cognitive function in mice (Yin et al., 2014; Yoshida

et al., 2019). NAD+ decline has been observed in mouse models of

heart failure, and dietary NR supplementation attenuated disease

development (Diguet et al., 2018). Moreover, increasing NAD+ by

dietary supplementation with nicotinamide improved diastolic dys-

function in aged mice. More importantly, this recent study associated

a cardiac deficit in NAD+ with diastolic dysfunction in humans, and

high dietary intake of naturally occurring NAD+ precursors was

associated with lower BP and reduced risk of cardiac mortality in a

long-term human cohort study (Abdellatif et al., 2021). Metabolic

disorders such as obesity and Type 2 diabetes are age-related

diseases, and in mice on a high fat diet that become prediabetic, NR

administration improved glucose tolerance, reduced weight gain, liver

damage and the development of hepatic steatosis (Trammell

et al., 2016). In addition, long-term NMN administration suppressed

age-associated body weight gain, enhanced energy metabolism,

promoted physical activity and improved insulin sensitivity in mice

on normal diet (Mills et al., 2016), and NAM improved glucose

homeostasis in mice on a high-fat diet (Mitchell et al., 2018). The

therapeutic benefits of NAD+ raising strategies have showed

promising results in muscle wasting and ageing. For example, in a

mouse model of Duchenne's muscular dystrophy, NAD+ repletion

using dietary NR improved muscle function and heart pathology (Ryu

et al., 2016). Moreover, NR and olaparib (a PARP inhibitor) restored

muscle homeostasis in different aged animal models and in human

aged myotubes (Romani et al., 2021). Therefore, NAD+ repletion

through dietary and pharmacological precursors has emerged as a

potential therapeutic opportunity to ameliorate age-related decline

and disease.

Beside these metabolic alterations, recent findings suggest that

inflammageing could also drive the decay in NAD+ levels during

ageing. Inflammatory cytokines, in particular TNF-α, IL-6 and IL-10,

secreted by senescent cells as consequence of the senescence-

associated secretory phenotype (SASP) induced macrophages to pro-

liferate and increased expression of the NAD+-consuming enzyme
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CD38. CD38 expression in proinflammatory M1-like macrophages is a

key driver of NAD+ loss in the context of inflammageing (Figure 5).

Thus, CD38-knockout mice were protected from the age-related

NAD+ decline and showed enhanced metabolic fitness (Chini

et al., 2020; Covarrubias, Kale, et al., 2020). Similarly, we have

observed that mice with mitochondrial dysfunction in T cells, by

specifically targeting mitochondrial transcription factor A (Tfam),

presented premature inflammageing and a drop in the NAD+/NADH

ratio in liver, further supporting that inflammageing contributes to

NAD+ decline. In addition, these mice displayed accelerated senes-

cence and age-related multimorbidity, characterised by cardiovascular

failure, metabolic dysregulation, and cognitive decline. Importantly,

treatment with NR dampened inflammageing and increased resilience

to age-related multimorbidity in these mice (Desdín-Mic�o et al., 2020).

In contrast, other research has determined that increased intracellular

concentration of NAD+ can have potential pro-tumorigenic effects by

enhancing the expression of inflammatory SASP genes. Nacarelli et al.

reported that the NAD+ salvage pathway is up-regulated during

senescence, and raising NAD+ levels can also have a pro-tumorigenic

activity (Nacarelli et al., 2019). Therefore, NAD+-raising strategies

through dietary precursors should be considered with caution to

balance the beneficial anti-ageing effects with potential pro-

tumorigenic outcomes.

1.6 | Conclusions and perspectives

To summarise, the consumption and biosynthetic pathways induce

changes in the NAD+ levels that, subsequently, regulate multiple

cellular functions through the modulation of the activity of NAD+-

dependent enzymes and redox reactions. The data discussed here

highlight the biological relevance of NAD+ metabolism in normal and

altered immune response. While most of the studies show that

increasing NAD+ levels have anti-inflammatory effects, other research

also indicates that some strategies to increase NAD+ may increase

activation and effector function in immune cells and thus, have

deleterious effects in the context of autoimmune diseases. These

studies suggest that the moment of interference with NAD+ metabo-

lism (i.e., activation vs. effector phase or chronic inflammation) may

result in different outcomes. Therefore, stimuli timing, dosage and the

resulting cellular metabolic state, together with the form of NAD+

supplementation (i.e., NAD+ precursors vs. biosynthesis activation)

contribute to the global response to increased NAD+. Moreover,

NAD+ stoichiometric requirements for the different reactions and

signalling pathways are largely unknown and for example, increased

NAD+ may not equally affect redox reactions and NAD+-regulated

enzymes. Further research is required to dissect NAD+ requirements

during immune cell activation and function.

In addition to its role in the regulation of the immune response,

NAD+ metabolism is also emerging as a key modulator of immune cell

exhaustion and tumour biology, with a relevant role in immunother-

apy. T cell exhaustion facilitates tumour immune evasion, and the

rescue of this exhaustion is the aim of inhibitory checkpoint therapies

(anti-PD-1/PDL1) (Franco et al., 2020). Recently, it has been shown

that supplementation with NAD+ precursors improved responsive-

ness to anti-PD-1 treatment in melanoma and colon tumour growth

models (Yu et al., 2020) and sensitised immunotherapy-resistant

tumours to anti-PD-L1 therapy (Lv et al., 2020). Intratumoral

inhibition of NAMPT also potentiated anti-PD-1 therapy and

increased the survival of glioblastoma-bearing mice (Li et al., 2020),

and these strategies could be of interest in the context of CAR-T cell

therapies, as exhaustion of transferred CAR-T cells impairs their

effector function and persistence (Poorebrahim et al., 2020). More-

over, recent findings have highlighted the crosstalk between NAD+

levels, inflammageing and senescence. For example, NR supplementa-

tion reduced neuroinflammation in mouse models of Alzehimer's

disease, by the clearance of damaged mitochondria and inhibition of

the NLRP3 inflammasome (Fang, 2019; Lautrup et al., 2019). Thus,

strategies aimed to increase NAD+ levels provide a promising

therapeutic strategy for raising immunotherapy and for the treatment

of neuroinflammatory and neurodegenerative disorders.

F IGURE 5 Inflammageing modulates nicotinamide adenine
dinucleotide (NAD+) levels. NAD+ levels decrease during ageing as a
result of different mechanisms: Mitochondrial dysfunction, decreased
expression of enzymes involved in NAD+ biosynthesis (NAMPT,

QPRT) and increased expression of NAD+-consuming enzymes
(PARPs, CD38). Inflammageing contributes to the decay in NAD+

levels. Senescent cells secrete TNFα, IL-6 and IL-10 as consequence
of the senescence-associated secretory phenotype (SASP). These
inflammatory cytokines induce macrophage proliferation and increase
expression of the NAD+-consuming enzyme CD38, which in turn
contribute to NAD+ loss during ageing
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1.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY (http://www.guidetopharmacology.org) and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander, Cidlowski et al., 2019; Alexander, Fabbro et al., 2019a, b;

Alexander, Kelly et al., 2019a, b; Alexander, Mathie et al., 2019).
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