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Abstract: Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative
colitis (UC), is a multifactorial systemic inflammatory immune response. Nicotinamide adenine
dinucleotide (NAD+) is a co-enzyme involved in cell signaling and energy metabolism. Calcium
homeostasis, gene transcription, DNA repair, and cell communication involve NAD+ and its degra-
dation products. There is a growing recognition of the intricate relationship between inflammatory
diseases and NAD+ metabolism. In the case of IBD, the maintenance of intestinal homeostasis relies
on a delicate balance between NAD+ biosynthesis and consumption. Consequently, therapeutics de-
signed to target the NAD+ pathway are promising for the management of IBD. This review discusses
the metabolic and immunoregulatory processes of NAD+ in IBD to examine the molecular biology
and pathophysiology of the immune regulation of IBD and to provide evidence and theoretical
support for the clinical use of NAD+ in IBD.

Keywords: NAD+; inflammatory bowel disease; immune regulation; mitochondria; intestinal epithe-
lial barrier; intestinal stem cells

1. Introduction

Inflammatory bowel disease (IBD) is a complex systemic inflammatory immune re-
sponse caused by multiple factors. Crohn’s disease (CD) and ulcerative colitis (UC) are two
types of IBD. IBD continues to strain medical resources and increase the risk of colorectal
cancer worldwide [1,2]. Understanding the pathophysiology, molecular, and biochemical
mechanisms of IBD could help in its early detection and management. Recent studies have
provided compelling evidence regarding the significant role of immune metabolism in the
development of immunological disorders, notably inflammatory bowel disease (IBD). The
complex interplay between metabolism and the pathogenesis of IBD highlights the poten-
tial of manipulating metabolic signals to modulate immune processes [3]. Consequently,
there has been a surge of interest in exploring personalized targeted biological therapies for
IBD, benefiting from remarkable advancements in metabolic research and the availability
of sophisticated tools such as metabolomics. These tools have contributed to a deeper
understanding of the intricate network of mitochondrial metabolism and bioenergy, which
are crucial regulatory factors for maintaining intestinal homeostasis [4,5]. These noteworthy
breakthroughs hold great promise for the development of innovative approaches for IBD
treatment, specifically by targeting immune metabolism.

Nicotinamide adenine dinucleotide (NAD+) is found in all living cells and plays
many roles in cell integrity [6,7]. In addition to energy metabolism, NAD+ and its break-
down products affect calcium homeostasis, gene transcription, DNA repair, and cell-to-cell
communication [8]. NAD+ and the reduced form of nicotinamide adenine dinucleotide
(NADH) are the key metabolic regulators supplying the mitochondrial respiratory chain

Antioxidants 2023, 12, 1230. https://doi.org/10.3390/antiox12061230 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox12061230
https://doi.org/10.3390/antiox12061230
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://doi.org/10.3390/antiox12061230
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox12061230?type=check_update&version=1


Antioxidants 2023, 12, 1230 2 of 26

with protons and electrons to form adenosine triphosphate (ATP) [9]. NAD+-dependent
signaling regulates gene expression and metabolic activity by mediating changes in energy
homeostasis [10].

Despite the increase in research interest in immunometabolism over the past decade,
the specific effects of NAD+ on immune cell function and inflammatory responses have yet
to be fully elucidated. NAD+ metabolism determines the development of inflammatory
diseases and has been widely explored for its therapeutic and preventive potential in
various preclinical models and diseases. The NAD+ precursor NR is bioavailable to the
human skeletal muscle as a nutritional supplement and exhibits exceptional immunomod-
ulatory properties [11]. Increasing NAD+ levels prevent cardiomyopathy by inhibiting
the pro-inflammatory activation of circulating immune cells, thereby improving clinical
outcomes [12]. Increasing NAD+ and GSH levels may serve as viable treatments for coro-
navirus [13,14]. The immunomodulatory capacity of NR can assist in alleviating disease
progression and reducing disease severity in COVID-19 patients with pneumonia [15].
NAD+ inhibits or enhances the immune response depending on the functional differences
in NAD+-dependent enzymes. By controlling the flexibility of immune regulation through
NAD+, an essential new model can emerge as an effective therapeutic application of NAD+

biology and a better understanding of the role of NAD+ homeostasis in various types of
inflammatory diseases.

Many studies have linked NAD+ metabolism to inflammatory diseases, intestinal
homeostasis, and IBD. The acute inflammatory state of the body has a direct impact on
serum NAD+ levels, subsequently influencing the systemic inflammatory phenotype [16].
Notably, “niacin and niacinamide metabolism” emerges as the predominant metabolic
characteristic of inflamed tissues in ulcerative colitis (UC) [17]. Intestinal homeostasis of
IBD requires a balance between NAD+ production and depletion [18]. The heightened
activity of NAD+-consuming enzymes in IBD has been implicated in the onset of intestinal
inflammation [18]. Consequently, elevating NAD+ levels or activating sirtuins may have
protective effects on the gut barrier, potentially preventing the initiation or progression of
IBD. Pharmacological precursors of NAD+ have shown promise in regulating inflammation
and hold potential as therapeutic interventions for inflammatory diseases [19]. Therefore,
the development of drugs targeting the NAD+ pathway holds promise for controlling IBD.
Here, we summarized metabolic processes of NAD+ and the biological function of NAD+

in IBD (Figure 1).
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IFN-γ, interferon gamma; IL-1β, interleukin 1 beta; ISC, intestinal stem cell; MNA, methylnicotina-
mide; NA, niacin; NAD+, nicotinamide adenine dinucleotide; NADH, reduced form of nicotina-
mide adenine dinucleotide; NAM, nicotinamide; NAMN, nicotinic acid mononucleotide; NAMPT, 
nicotinamide phosphoribosyl transferase; NAPRT, nicotinate phosphoribosyl transferase; NMN, 
nicotinamide mononucleotide; NNMT, nicotinamide N-methyltransferase; PARP, poly ADP-ribose 
polymerase; TCA, tricarboxylic acid; TNF-α, tumor necrosis factor alpha. 
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text of IBD. Notably, disparities in mucosal T cell subsets among IBD patients have 
demonstrated a potential diagnostic value in predicting responses to distinct therapeutic 
interventions. Moreover, specific intestinal mucosal T lymphocyte subsets hold promise 
as potential biomarkers during the course of IBD, offering valuable insights into disease 
progression and treatment outcomes [20]. The study of immune metabolism is a relatively 
new scientific field in IBD. Immune metabolism regulates the activation, proliferation, and 
acquisition of effector functions and homeostasis by modulating gene expression, epige-
netic remodeling, and post-translational modifications [21]. Several studies have reported 
that the environment, including growth factors, nutrient availability, and intracellular 
processes, including internal metabolites, reactive oxygen species (ROS), and reduc-
tion/oxidation substrates influence immune cell metabolic pathways [22–24]. Recent stud-
ies have shown that immune metabolism is the basis of life and the root cause of many 
immune-related diseases, including IBD. Since metabolism shapes the pathogenesis of 
IBD, manipulating metabolic signals can be used to control the immune process [3]. The 
reversible plasticity of effector cells within the innate and adaptive immune systems opens 
avenues for the development of novel therapies for inflammatory diseases. Epigenetic re-
programming plays a pivotal role in regulating immunity, metabolism, and mitochon-
drial bioenergetics, thereby exerting control over inflammatory processes [19]. Metabolic 
pharmacology may treat inflammatory conditions [25,26]. 
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of NAD+ and NADH is achieved through oxidative phosphorylation, TCA cycling, and lipid β-
oxidation. NAD+ metabolism regulates the immune processes of IBD through inflammatory cytokines,
intestinal epithelial barrier, mitochondrial function, the viability of intestinal stem cells, etc. Abbrevi-
ations: CD38, cluster of differentiation 38; IEC, intestinal epithelial cell; IFN-γ, interferon gamma;
IL-1β, interleukin 1 beta; ISC, intestinal stem cell; MNA, methylnicotinamide; NA, niacin; NAD+,
nicotinamide adenine dinucleotide; NADH, reduced form of nicotinamide adenine dinucleotide;
NAM, nicotinamide; NAMN, nicotinic acid mononucleotide; NAMPT, nicotinamide phosphoribosyl
transferase; NAPRT, nicotinate phosphoribosyl transferase; NMN, nicotinamide mononucleotide;
NNMT, nicotinamide N-methyltransferase; PARP, poly ADP-ribose polymerase; TCA, tricarboxylic
acid; TNF-α, tumor necrosis factor alpha.

2. Immunometabolism and Inflammatory Bowel Disease

Previous studies have underscored the significance of immune cell subsets in the
context of IBD. Notably, disparities in mucosal T cell subsets among IBD patients have
demonstrated a potential diagnostic value in predicting responses to distinct therapeutic
interventions. Moreover, specific intestinal mucosal T lymphocyte subsets hold promise
as potential biomarkers during the course of IBD, offering valuable insights into disease
progression and treatment outcomes [20]. The study of immune metabolism is a relatively
new scientific field in IBD. Immune metabolism regulates the activation, proliferation, and
acquisition of effector functions and homeostasis by modulating gene expression, epigenetic
remodeling, and post-translational modifications [21]. Several studies have reported that
the environment, including growth factors, nutrient availability, and intracellular processes,
including internal metabolites, reactive oxygen species (ROS), and reduction/oxidation
substrates influence immune cell metabolic pathways [22–24]. Recent studies have shown
that immune metabolism is the basis of life and the root cause of many immune-related
diseases, including IBD. Since metabolism shapes the pathogenesis of IBD, manipulating
metabolic signals can be used to control the immune process [3]. The reversible plasticity
of effector cells within the innate and adaptive immune systems opens avenues for the
development of novel therapies for inflammatory diseases. Epigenetic reprogramming
plays a pivotal role in regulating immunity, metabolism, and mitochondrial bioenergetics,
thereby exerting control over inflammatory processes [19]. Metabolic pharmacology may
treat inflammatory conditions [25,26].

Dysfunction of the epithelial barrier and dysregulation of the mucosal immune re-
sponse characterize IBD, which includes UC and CD [27]. It is a complex, chronic, recurrent
inflammatory immune response of the gastrointestinal tract caused by various factors [28].
IBD is caused by altered intestinal immune responses that are influenced by host microbiota
and genetic susceptibility [4,5]. Long-term, self-perpetuating intestinal inflammation may
result in colorectal cancer (CRC) [29].

New personalized targeted biological therapies for IBD have been investigated in
recent years. However, many patients remain unresponsive, and adverse drug reactions or
loss of secondary drug reactions have resulted in the need for surgery in the later stages
of disease development. Several immunotherapy checkpoint inhibitors used for cancer
treatment are associated with several adverse effects on pre-existing IBD in patients [30].
Mitochondrial metabolism and bioenergy have emerged as key regulators of host intestinal
homeostasis due to recent advances in metabolic research and the development of tools
such as metabolomics [31,32]. Immune metabolism is a new potential method for treating
IBD. Immune cells in IBD have distinct metabolic properties at different stages of the im-
mune response, affecting their ability to proliferate, differentiate, and function [3]. Immune
metabolism regulates the immune response, which could partly explain the pathogene-
sis of IBD and provide a theoretical foundation for immunometabolic therapy and new
approaches to treating IBD.
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3. NAD+ Metabolism

British biochemists Arthur Harden and William John Young discovered NAD+, the first
cofactor, in 1906 [33]. Studies have found that NAD+ is present in all cells and is essential
for many biological reactions [6,7]. Serine, adenosine diphosphate ribosyltransferase, and
synthetase use it as a co-substrate and an important co-enzyme in cell signaling and energy
metabolism [19].

Glycolysis, β oxidation, the tricarboxylic acid (TCA) cycle, and oxidative phospho-
rylation all involve redox reactions to NAD+/NADH [34]. It has been experimentally
demonstrated that NADK adds phosphate to the adenosine ribose of NAD+ to produce
NADP+ [8]. On the other hand, NADP+ and NADPH protect cells from oxidative stress
and synthesize fatty acids, cholesterol, and DNA [8].

NAD+ is an important metabolic intermediate, a substrate for more than 300 enzymes,
and a key regulator of many signaling pathways [35]. Enzymes interacting with NAD+ alter
their activity, produce cell signaling molecules, or alter histones that suppress or initiate
post-translational modifications of transcriptional proteins [7]. Studies have reported that
NAD+ links cellular energy metabolism to downstream signaling and helps cells adapt to
bioenergetic stress [36]. Tissue homeostasis requires adequate levels of NAD+ [37].

The synthesis of NAD+ involves five major precursors and intermediates: 1-tryptophan,
2-nicotinamide (NAM), 3-niacin (NA), nicotinamide nucleoside (NR), and 5-nicotinamide
mononucleotide (NMN) [38], and can be produced from NAM, NR (remediation pathway),
tryptophan (denovo pathway), and NA (Preiss–Handler pathway) [39]. They regulate
most cellular activities. NAD+ can be broken down into NAM and adenosine diphosphate-
ribose (ADPr) or its variants (2/3’-O-acyl-ADPr, polyADPr, or cyclic-ADPr) depending
on the type of enzyme, including sirtuins, poly ADP-ribose polymerase (PARP), CD38, or
CD157 [6]. Although nicotinamide phosphoribosyltransferase (NAMPT) and nicotinamide
N-methyltransferase (NNMT) do not directly degrade NAD+, as enzymes control the NAD+

pathway, they catalyze NAD+ turnover, indirectly alter NAD+ concentrations, and regulate
NAD+-related biological processes. It has also been observed that NAMPT converts NAM
to the precursor of NAD+, NMN, counteracting the enzymes that break down NAD+,
ensuring NAD+ availability [40]. On the other hand, NNMT methylates and excretes NAM,
thereby lowering NAD+ precursors [41]. The activities of these enzymes are intricately
regulated by the available levels of NAD+. As a result, NAD+-dependent signaling plays a
crucial role in governing gene expression and metabolic activity, orchestrating changes in
energy homeostasis [10].

Energy metabolism, DNA repair, regulation of the epigenetic landscape, and inflam-
mation are all regulated by NAD+ metabolism [36,39,42]. Neurodegeneration [43], diabetes
mellitus [44,45], obesity [46–49], heart disease [50,51], muscular dystrophy [52], renal
dysfunction [53], and various types of cancers [39,54,55] are linked to changes in NAD+

metabolism. In addition, NAD+ is essential for energy homeostasis, metabolism, and
signaling [19]. NAD+ pharmacological precursors can immunomodulate inflammation and
enable therapeutic interventions in inflammatory diseases [19].

4. The Role of NAD+ in Regulating IBD
4.1. NAD+ and IBD

NAD+ metabolism and inflammatory diseases are being increasingly linked. Serum
NAD+ levels were significantly elevated during inflammation. Murine serum NAD+

ranges from 0.1 to 0.5 micromoles physiologically, but during inflammation, levels of
NAD+ in mice could increase up to 10 micromoles [16]. NAD+ has been implicated in the
modulation of acute systemic inflammation, as it exerts regulatory control over immune
and metabolic pathways in the context of sepsis [56]. The NAD+ salvage pathway is
crucial for the inflammatory response to mount an appropriate response in LPS-induced
monocytes [57]. In addition, researchers have found that NAD+ may maintain inflammatory
states, activated immune systems, and cytokine storms by controlling NF-κB transcriptional
activity [38,58,59].
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NAD+ metabolism maintains intestinal homeostasis. Serum NAD+ levels increased
three-fold in IBD patients compared to healthy people [18]. Metabolomic analysis of UC
patients showed that “nicotinate and nicotinamide metabolism” was the most significant
metabolic feature of UC-inflamed tissues, with a decrease in NAD+ levels and elevated
levels of its metabolites NAM and ADPr. This suggests that NAD+ depletion in UC may
result from increased NAD+ catabolism [17]. Although NAMPT is an enzyme in the NAD+

salvage pathway, proteomic profiles of proteins involved in NAD+ metabolism in IBD
patients show that it is pro-inflammatory and tumorigenic [59].

IBD requires a balance between NAD+ biosynthesis and consumption to maintain
intestinal homeostasis [18]. However, its pathogenesis is unknown [6]. Elevated activity of
NAD+-consuming enzymes in IBD can cause gut inflammation [18]. In vitro and in vivo
experiments have shown that NAD+ administration improves inflammation-related in-
testinal permeability by inhibiting NF-κB [60]. The gut microbiota provides alternative
NAD+ synthesis pathways and enhances NAM or NR supplementation [61]. Therefore,
biomedicine could utilize the gut microbiota to treat IBD by modulating NAD+ metabolism
during intestinal inflammation. It was observed that NMN and NAD+ supplementation
improved intestinal stem cell function in aged mice via mTOR and SIRT1 [62,63], and NMN
prevented intestinal organoids from aging in old mice [64]. These results suggest that
methods that increase NAD+ levels or activate sirtuins could protect the gut barrier and
prevent IBD from starting or worsening. Nevertheless, it is important to note that aug-
menting NAD+ levels alone is not sufficient for preserving intestinal homeostasis entirely.
Experimental evidence has shown that reducing NAD+ and SIRT1 levels in the colon of
mice, using the olefin receptor agonist norisopodine (which expands epigenetic Treg cells
as an aryl hydrocarbon receptor agonist), alleviates DSS-induced colitis [65]. As a result,
drugs targeting the NAD+ pathway may help manage IBD.

4.2. NAD+ Metabolic Enzyme

The NAD+ metabolizing enzymes sirtuins, CD38, PARPs, NNMT, and NAMPT are
linked to the inflammatory processes in IBD (Table 1).

Table 1. NAD+ metabolic enzymes and IBD.

NAD+

Metabolic
Enzyme

Intracellular or
Extracellular

Regulation of
NAD+

Cellular Processes and
Pathways Illnesses IBD-Related

Studies

Mechanisms
Associated with

IBD

Sirtuins Intracellular

Sirtuins are NAD+

substrates and
cofactors in

deacetylated
ADP-ribosylation

reactions. In chronic
inflammatory

diseases, NAD+

and SIRT are
downregulated in

specific tissues [66].

Energy shifts [67], cell
differentiation [68],

apoptosis [69],
autophagy [70],

development [71], and
metabolism [72];

regulates circadian
clock proteins

CLOCK/Per [73–77],
NF-κB/p65 [78],

PPAR-γ/pgc1α [79],
NLRP3 inflammation

[80], TLR4 [81].

Fat deposits in
obesity and

inflammation,
atherosclerosis

[82], Alzheimer’s
[83], and sepsis

[84].

Some sirtuins
(SIRT2, 3, 5, 6)
protect against

IBD [85–90] and
some sirtuins

(SIRT1) might be
pathogenic [91].

Activate
macrophages

[85,92] and
remodel the gut

microbiota
[90,93,94].

CD38
Intracellular

and
extracellular

Type II glycosylated
membrane protein

CD38 converts
NAD+ to ADPr and

cADPr and
hydrolyzes cADPr

to ADPr [95,96].
Low-level CD38

inhibition increases
cellular NAD+

levels [97,98].

Regulates cell adhesion,
differentiation, and
proliferation [99];

mobilizes intracellular
Ca2+ [100,101];

improves glucose
metabolism and
maintains lipid

homeostasis [97,102];
repels neutrophils [99].

Aging [103].
Potential

pathogenicity in
IBD [58,104–106]

Activation and
proliferation of T

cells [105].
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Table 1. Cont.

NAD+

Metabolic
Enzyme

Intracellular or
Extracellular

Regulation of
NAD+

Cellular Processes and
Pathways Illnesses IBD-Related

Studies

Mechanisms
Associated with

IBD

NAMPT
Intracellular

and
extracellular

NAMPT
upregulation

increases NAD+,
and the precursor

NMN that converts
NAM to NAD+ is

essential for cellular
NAD+ supply and
rate-limiting steps

in the NAD+

remediation
pathway [40].

Regulates energy
metabolism, circadian
rhythm, and immunity

production [107];
proliferation,

anti-apoptotic,
pro-inflammatory,

pro-angiogenic, and
metastatic

properties [108].

Sepsis,
rheumatoid

arthritis, diabetes
[109–111].

NAMPT
inhibition
prevents

experimental
colitis in humans
and mice [18,62]
and colon tumor
pathogenesis in
mice [18,112].

Reduces NF-κB
activation and

inflammatory cell
infiltration [18];
decreases cell

ATP levels;
inhibits IL-1β,

IL-6, and TNF-α
secretion

in vitro [113].

PARP Intracellular

NAD+

decomposing
enzyme, cleavage of

the nicotinamide-
glycosidic bond of
NAD+ to generate

ADPr polymer
[114]; enhances

PARP activity and
has significant

harmful effects on
NAD+ pools

[115,116].

Pro-inflammatory,
pro-proliferative,
oxidative stress
[117,118]; NF-κB
pathway [119].

Peritonitis, septic
shock, ovarian

cancer [120], and
alcoholic fatty
liver [117,118].

PARP1 and
PARP2 promote
colitis in mice

[121,122].

Downregulates
SIRT1 and causes

mucosal
atrophy [123].

NNMT Intracellular

NAD+-dependent
pro-inflammatory

signals are
maintained by

methylation and
excretion of NAM,

which reduces
precursors for

NAD+ synthesis
[41,124].

Modulates tumor
resistance and
chemotherapy

sensitivity [125–128],
glucose metabolism

[129]; NF-κB pathway
[130].

Colorectal cancer,
breast cancer,
esophageal

squamous cell
carcinoma,

colorectal cancer,
melanoma

[125–128], type 2
diabetes [47],
obesity [131],

COPD [132,133],
liver injury
[134,135].

Infliximab-
treated IBD

patients show
normalized

NNMT
expression [124].

No studies
were found.

4.2.1. Sirtuins

Sirtuins are cofactors for the ADP-ribosylation reaction of NAD+ as deacetylators
and substrates for NAD+-dependent enzymes [66]. In mammals, there are seven sirtuins
(SIRT1-7) located at different subcellular locations, such as the cell nucleus (SIRT1, SIRT6,
and SIRT7), cytoplasm (SIRT2), and mitochondria (SIRT3, SIRT4, and SIRT5) [136].

Of all the members in the sirtuins protein family, SIRT1 has received the most attention.
Studies have reported that SIRT1 is an NAD+-dependent protein deacetylase that removes
acetyl groups from lysine residues of the substrate protein [137]. In humans, SIRT1 has
741 amino acids, and despite the lack of a DNA-binding domain, it recruits the transcrip-
tional machinery to target promoters and induces transcriptional changes [137]. Histones
are major substrates of SIRT1, specifically H4K16Ac, and H3K9Ac [138,139]. The transcrip-
tional regulation of SIRT1 depends on its gene and intracellular energy status [67,140,141].
Available evidence shows that SIRT1 deacetylates histones and non-histone substrates
and regulates the circadian clock proteins [73,74,77], p53 [69], PPAR-γ [79], PGC1α [79],
FOXO [142], and NF-κB [143]. The deacetylation of SIRT1, in turn, regulates the biological
processes related to axonal integrity [67], such as cell differentiation [67], apoptosis [68],
autophagy [70], development [71], and metabolism [72].

Extensive research has shown that sirtuins play distinct roles in chronic and acute
inflammation. Chronic inflammatory diseases often consist of low sirtuin levels, whereas
NAD+ and SIRT levels continue to decline in specific tissues, such as fat deposition in
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obesity and inflammation, brain in Alzheimer’s disease, and inflamed arteries in atheroscle-
rosis [82,83]. Chronic inflammation decreases nuclear SIRT1 and SIRT6 levels/activity,
increasing pro-inflammatory NF-κB RelA/p65 activity and gene expression [144]. Fur-
ther research into the role of SIRT1 in chronic inflammation revealed that it increases
NAD+ levels and rebalances metabolism and bioenergetics, restoring energy homeostasis
in cells [145,146]. Compelling evidence is emerging to support the pivotal role of sirtuins
as crucial regulators of immune cell inflammatory stress responses [147–149]. Sirtuins exert
their influence through epigenetic modulation via histone and/or non-histone substrate
deacetylation, consequently orchestrating the reprogramming of immune cell metabolism,
phenotype, and bioenergetics [147,148,150,151]. The sirtuins/NAD axis serves as a critical
interconnection point between epigenetics and metabolism, underscoring its significance
as a fertile area of research with potential therapeutic implications [152].

Recent research has shown that SIRT1 reduces inflammation. First, it promotes the
transition from glycolysis to fatty acid oxidation [153], suppresses the expression of PPAR-
γ [154], and activates the key mitochondrial biogenesis transcription factor PGC-1β, thereby
increasing oxidative metabolism [155]. The NLRP3 inflammasome activates Caspase-
1 to cleave SIRT1 [156]. It has been experimentally shown that SIRT1 inhibits NLRP3
activation and increases NAD+ levels to reduce inflammation by preventing mitochondrial
damage- induced ROS [80]. In addition, SIRT1 deacetylates and inactivates the NF-κB p65
subunit, restricting the expression of NF-κB-dependent pro-inflammatory genes [78]. SIRT1
knockdown experiments demonstrated the anti-inflammatory role of SIRT1 in macrophages
and increased pro-inflammatory cytokines, specifically IL-1β [92]. Activation of TLR4
upregulates NAMPT, produces NAD+, and activates SIRT1 [81]. The nuclear-mitochondrial
triad induces SIRT6 and SIRT3 in response to SIRT1 nuclear activation, switching from
glycolysis to fatty acid oxidation and immunity from activation to inhibition during acute
inflammation [84]. SIRT1 relies on the control of metabolic reprogramming of the immune
system during adaptation. The available data show that under severe stress in sepsis,
sustained NAD+ production and increased SIRT1 expression and activation maintain an
adaptive phenotype. Blocking SIRT1 in sepsis mice during adaptation restores immunity,
rebalances mitochondrial bioenergy, and improves survival [84]. Thus, these findings imply
a strong link between SIRT1 activity regulation and inflammation.

There are conflicting conclusions in the literature regarding the role of SIRT1 in
IBD [89,91,157,158] and how intestinal epithelial SIRT1 mediates complex environment-
host interactions to regulate the integrity of the intestinal epithelium. IBD inhibits the
NAD+/sirtuin axis as an NAD+ precursor supplementation and sirtuin activation slows
intestinal inflammation [90]. SIRT2,3,5,6 protects against IBD [85–90], whereas SIRT1
causes it [91]. SIRT1 inhibits autophagy [159] and is lower in IBD biopsies and IL-10-
deficient mice [89]. SIRT2 deletion promotes inflammatory responses by increasing NF-κB
acetylation and reducing the M2-associated anti-inflammatory pathway in DSS mice [85].
Therefore, mice with DSS-induced colitis benefit from SIRT1 activation or SIRT6 overexpres-
sion [88,160,161]. Other studies have linked SIRT1 to the regulation of gut microbiota. Data
from several studies show that peneth and goblet cells increase in gut-specific knockout
SIRT1 mice, alleviating colitis and preventing CRC by remodeling the gut microbiota [91].
While other studies revealed the protective efft of SIRT1 in the gut against intestinal inflam-
mation by mediating host-microbiota symbiosis [90,162], another study showed that gut
epithelial SIRT1-deficient DSS mice had higher fecal bile acid concentrations, altering gut
microbial composition and worsening colitis [90]. Intestinal SIRT1 plays a protective role
against intestinal inflammation by facilitating host-microbiota symbiosis. It accomplishes
this by regulating the gut microbiota through the modulation of bile acid metabolism,
which in turn impacts gut inflammation and susceptibility to IBD [93]. Loss of intestinal
epithelial SIRT1 results in inflammatory damage of the gut which is heavily influenced
by the gut microbiota [163]. Since activating SIRT1 could prevent and treat experimental
colitis in mice, it could be used to treat IBD in humans [90].
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4.2.2. CD38

CD38, a type II glycosylated membrane protein, catalyzes the production of circulating
ADP-ribose from NAD+ and is involved in T-cell activation and proliferation [94]. CD38 is
a multifunctional enzyme that converts NAD+ into ADPr (NAD+ glycohydrolase activity)
and cADPr (ADPr cyclase activity) and hydrolyzes cADPr to ADPr (cADPr hydrolase
activity) [95,96]. In high concentrations of free pyridine, the enzyme catalyzes a base
exchange reaction (transglycosylation activity) to form nicotinic acid adenine dinucleotide
phosphate (NAADP) from NADP+. Both cADPr and NAADP are potent intracellular
Ca2+ mobilizers [101] and they are bound by different receptors targeting different Ca2+

stores. It has been shown that cADPr mobilizes ER Ca2+ stores via ER calcium channel
receptors [164,165], whereas NAADP releases Ca2+ from lysosomes and the ER [166].

CD38 inhibition has emerged as a promising strategy for increasing cellular NAD+

levels. Cellular NAD+ levels can increase significantly in response to low-level CD38
inhibition. Inhibition of CD38 with flavonoid epiprotein increased NAD+ by 50%, similar
to 300 mg NR [97,98]. The CD38 inhibitor 78c reversed the age-related decline in NAD+

levels and improved glucose tolerance, muscle function, exercise capacity, and cardiac
function in mouse models of natural and accelerated aging [97,102]. In addition, aged
wild-type mice had about half the NAD+ of young mice, while CD38-knockout in aged
mice maintained their NAD+ levels and resisted the negative effects of a high-fat diet, such
as hepatic lipidosis and glucose intolerance. These results show that inhibiting CD38 delays
aging and improves metabolic fitness [97,103,167,168].

CD38 is involved in several inflammatory processes. CD38 interacts with other pro-
teins to form a signaling complex that, as an immune cell receptor, regulates cell adhesion,
differentiation, and proliferation [169]. The expression of CD38 increases in response to
cytokine, interferon, and endotoxin stimulation, and contributes to the pro-inflammatory
phenotype of innate immune cells [99]. CD38 also regulates the production of T lympho-
cytes [167]. Inflammation causes NAD+ loss via the expression of CD38 in pro-inflammatory
M1-like macrophages [170]. Senescence-associated secretory phenotype (SASP) promotes
macrophage proliferation and CD38 expression [170]. CD38-deficient mice have an im-
paired humoral immune response, development of regulatory T-cells, neutrophil chemo-
taxis, and dendritic cell trafficking and are more susceptible to bacterial infection [99].

Numerous studies have shown that CD38 activity may aggravate IBD [104]. First, IBD
in humans and colitis in mice express CD38 in colon mucosal residents and infiltrating
immune cells [58,104]. Regulatory T cells in the peripheral blood of active IBD patients and
intestinal lamina propria T lymphocytes express CD38 [105,171]. Schneider et al. showed
that CD38 deficiency decreases immune cell infiltration and improves DSS-induced coli-
tis [106]. CD38−/− mice have milder colitis, and CD38-targeted cancer and aging therapies
may also result in IBD [103,104,172]. CD38 can regulate IBD via NAD+ metabolism. In
the gut tissues of IBD patients, proteins such as CD38 involved in NAD+ metabolism are
upregulated, suggesting that the NADase activity of CD38 increases NAD+ levels. The
CD38 protein is abundant in the inflamed intestinal mucosa of UC patients and colocalizes
with the macrophage marker F4/80 [58]. These findings suggest that CD38 may regulate
NAD+ during IBD, but how or if its activity as an ADPr cyclase or cADPr hydrolase affects
disease progression is unclear. CD38 receptor activity may modulate cellular responses to
induce inflammation. However, more research is needed to determine how CD38 drives
gut inflammation.

4.2.3. PARP

PARP is a ribozyme that decomposes NAD+. Poly-ADP-ribosylation occurs when the
enzyme breaks the nicotinamide-glycosidic bond of NAD+ to create ADPr polymers. PARP
contains 17 enzymes, 16 of which transfer ADP ribose from NAD+ to macromolecular
targets (proteins, DNA, and RNA) in humans [114].

In cell experiments with genotoxic drugs that damage DNA, increasing PARP ac-
tivity decreases NAD+ levels. PARP activation reduces NAD+ levels by 10–20% within
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5–15 min [115,116]. PARP1 inhibitors reduce inflammation and proliferation in peritonitis,
septic shock, and ovarian cancer [120]. PARP inhibitors reduce DNA-induced NAD+ loss
in human neuroblastoma cells that lack DNA repair [173]. In mice with early alcoholic
steatohepatitis, PARP inhibition increased hepatic NAD+ levels and improved metabolism,
inflammation, and oxidative stress by activating SIRT1 [117,118]. On the other hand, in
PARP1-KO mice, NAD+ levels in brown adipose tissue and skeletal muscle increased by
100% and 50%, respectively, which improved the mitochondrial function [174,175]. PARP
inhibitors have demonstrated the ability to extend the lifespan in CS models and alleviate
the pronounced aging phenotype resulting from PARP1 overactivation in XDP models.
In XDP models, characterized by sustained PARP activation and NAD+ decline, PARP
inhibitors effectively mitigated these effects [176,177].

PARP1 co-activates the pro-inflammatory transcription factor NF-κB to cause inflam-
mation in many inflammatory diseases [119]. PARP1 knockout mice are resistant to LPS
and have reduced NF-κB-dependent pro-inflammatory gene expression [178]. Inflamma-
tion produces reactive oxygen and nitrogen, such as nitric oxide, which is linked to CD
and UC [179,180]. Reactive oxygen and nitrogen damage DNA and activate PARP1 [181].
PARP1 and PARP2 cause colitis in mice [121,122,179–181]. PARP1-deficient mice prevented
DSS-induced acute mucosal injury, inflammation, and death [121]. Overactivated PARP1,
depleted NAD+, downregulated SIRT1, and depleted SIRT1 caused mucosal atrophy in IBD
patients [123]. IBD patients and partial CRCs have an inflammatory microenvironment that
strongly promotes malignancy [182]. PARP1 knockout mice had lower intestinal inflamma-
tion and fewer tumors than WT mice with AOM/DSS-induced colorectal cancer [183]. In
rats with necrotizing enterocolitis, PARP1 inhibition by NAM reduced intestinal injury [184].
These results show that PARP1 drives colitis, and its inhibition effectively alleviates IBD.

4.2.4. NAMPT and NAPRT

Nicotinamide phosphoribosyl transferase (NAMPT) and nicotinate phosphoribosyl
transferase (NAPRT) are two intracellular enzymes that catalyze the first step in the biosyn-
thesis of NAD+ from nicotinamide and nicotinic acid (NA), respectively. NAMPT, also
known as B-cell pre-colony enhancer or visfatin [107], has cytokine-like functions that en-
hance B-cell pre-colonies, monocyte growth, and macrophage survival [185–187]. NAPRT,
a homologous enzyme to NAMPT, has also been observed to be released by cells, con-
tributing to an enhanced inflammatory response. However, it remains uncertain whether
these two enzymes share the same receptors and mechanisms [188–191]. By precisely
modulating intracellular NAD+ levels, both enzymes play crucial roles in regulating and
reprogramming cellular metabolism, as well as influencing the activity of NAD+-dependent
enzymes, such as sirtuins, PARPs, and NADases.

Intracellular NAMPT is the rate-limiting enzyme in the NAD+ salvage pathway.
Upregulation of NAMPT increases NAD+, catalyzes the conversion of NAM to NMN, the
precursor to NAD+, and counteracts NAD+ turnover caused by NAD+ decomposition. This
ensures the supply of NAD+ and catalyzes the rate-limiting step of the NAD+ remediation
pathway [40]. Several studies have reported that NAPMT is expressed in many cell types
and involves many biological processes, including cellular energy metabolism, circadian
rhythms, and immunity [107]. Extracellular NAMPT (eNAMPT) is secreted by various
cell types, including neutrophils, microglia, macrophages, and fat cells [40]. Secretion
of eNAMPT is triggered by cellular stress, nutritional environment, and inflammatory
signals. Once secreted, this protein activates intracellular signaling pathways in various
cell types, including immune cells, fat cells, and cancer cells [192]. Extracellular NAMPT is
proliferative, anti-apoptotic, pro-inflammatory, angiogenic, and metastatic.

NAPRT catalyzes the conversion of NA and PRPP into nicotinic acid mononucleotide
(NAMN) and pyrophosphate (PPi). Originally named NAMN pyrophosphorylase, this
enzyme was first described by Handler in human erythrocytes, where it increased NAD+

levels [193]. NAPRT activity exhibits a more tissue-specific distribution, with enzyme
activity being detected in various mouse tissues [12]. Notably, in the mouse liver, intestine,
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heart, and kidney, Na (nicotinic acid) serves as a more efficacious precursor than Nam
(nicotinamide) for NAPRT activity [194]. Unlike NAMPT, NAPRT is not inhibited by NAD+,
which explains its significantly higher efficiency in increasing NAD+ levels in vivo [195,196].
Additionally, NAPRT is strongly activated by phosphate, whereas ATP acts as an allosteric
modulator of the enzyme [193,197,198].

Throughout the course of evolution, both NAMPT and NAPRT have acquired novel
roles as extracellular endogenous mediators of inflammation. Mounting evidence suggests
that extracellular (e)NAMPT and eNAPRT belong to a distinct class of soluble factors
with effects akin to cytokines, lipoproteins, and damage-associated molecular patterns
(DAMPs). Elevated levels of eNAMPT have been documented in various metabolic and
inflammatory disorders, such as obesity, diabetes, and cancer. On the other hand, eNAPRT
is emerging as a promising biomarker for sepsis and septic shock. Studies have shown that
serum eNAMPT is increased in both CD and UC and may be associated with the disease
stage [62,199]. In a recent cohort study of IBD patients, eNAMPT and eNAPRT levels were
evaluated and found to be elevated in the blood and feces of IBD patients, and their levels
correlated with pathological scores and high-sensitivity C-reactive protein (hsCRP) and
confirmed the representation of predictive biomarkers for anti-TNF therapy response [200].

Overactivation of NAMPT promotes tumor growth and gut pro-inflammatory cy-
tokines [18]. FK866, a small NAMPT inhibitor, reduces mucosal NAD+ and NAD+-
dependent enzymes (including PARP1, SIRT6, and CD38), NF-κB pathway activation,
and inflammatory cell infiltration, thereby improving DSS-induced colitis in mice and
preventing inflammation-related tumors [18]. Other studies have shown that the phar-
macological inhibition of NAMPT with FK866 (APO866) reduces cellular levels of ATP
and impairs the in vitro secretion of pro-inflammatory mediators such as IL-1, IL-6, and
TNF-α. NAMPT inhibition is consistent with the effects of NAD+ depletion, NAD+ de-
composition enzyme inhibition, and cytokine release inhibition and is a promising target
for treating IBD [18]. The development of a new NAPRTi should also be considered.
Previous studies have shown that structural analogs of NA are able to inhibit NAPRT
enzyme activity [193,196]. Among such compounds, 2-hydroxyoctanoic acid (2-HNA)
is the most promising, exhibiting significant inhibition of NAPRT enzyme activity and
function in in vitro ovarian cancer and xenograft models [201]. The use of NAMPT and
NAPRT inhibitors appears to be a promising strategy for the treatment of IBD [18].

4.2.5. NNMT

NNMT, a cytoplasmic metabolic enzyme, catalyzes the n-methylation of nicotinamide
with s-adenosyl-1-methionine as the methyl donor, producing methyl nicotinamide (MNA)
and releasing SAH [129,202–204]. Although NNMT is mostly expressed in the liver, it
is also found in the brain, kidney, adipose tissue, endothelium, thyroid, pancreas, and
intestinal tissues [202,205–209].

Studies have reported that NNMT is essential for niacin and nicotinamide metabolism.
NNMT methylates and excretes Nam, thereby reducing NAD+ precursors [41]. Surprisingly,
NNMT showed a completely different function during NAD+ metabolism than Nam
removal alone. Most NAD+-decomposing enzymes are inhibited by Nam. It has been
experimentally demonstrated that NNMT can remove excess Nam and maintain high
levels of pro-inflammatory signaling and continuous transmission [124]. Inhibiting NNMT
increases NAD+ concentrations because NAM is not degraded but completely reconverted
to NAD+ [47]. NAD+ supplementation aids mitochondrial homeostasis [210].

Studies have shown that abnormal NNMT expression may influence tumor develop-
ment, invasion, and metastasis [206,211,212]. NNMT is a prognostic marker for early-stage
colorectal cancer [213] and guides adjuvant chemotherapy. In breast, esophageal, colorectal,
and melanoma cancers, NNMT overexpression reduces drug sensitivity and increases
chemotherapy resistance [125–128]. In addition, NNMT promotes metabolic plasticity,
epigenetic reprogramming, and NAD+ depletion, thereby preventing tumor cell senescence
and chemosensitivity [126].
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Accumulating evidence shows that NNMT regulates histone methylation, polyamine
flux, and NAD+-dependent SIRT1 signaling, making it a novel target for treating obesity
and type 2 diabetes [47]. Furthermore, NNMT knockdown increases energy expenditure
and protects cells from diet-induced obesity [131]. Hong et al. found that NNMT, a positive
regulator of gluconeogenesis, stabilizes the SIRT1 protein in hepatocytes to promote glucose
metabolism [129]. Therefore, NNMT could be essential for glucose metabolism. Small-
molecule NNMT inhibitors activate aging muscle stem cells and enhance skeletal muscle
regeneration [214].

Recent studies have linked NNMT to inflammation. Patients with chronic obstruc-
tive pulmonary disease (COPD) with muscle wasting have higher lung and skeletal
muscle NNMT levels [133]. In addition, concanavalin A-induced experimental liver in-
jury and pulmonary arterial hypertension models show increased NNMT expression
and activity [134,135]. Human skeletal muscle myoblasts directly stimulated by IL-6,
TNF-α, and TGF-β with an increase in NNMT expression suggest that increased inflam-
mation is the cause and serves as a protective compensatory response to inflammatory
injury [132,215,216]. The role of NNMT in inflammatory diseases needs further study.
The liver of HFD mice overexpressing NNMT expressed more IL-1b, TNF-α, F4/80, and
CD68 [217]. More recently, it has been demonstrated that NNMT deficiency reduces kidney
inflammation by increasing NAD+ and SIRT1 levels and decreasing NF-κB acetylation.
Mice with early nephritis from NNMT-KO had significantly lower levels of IL-1b and
F4/80-positive cells and increased SIRT1 and SIRT7, inhibiting tissue inflammation via
NF-κB, suggesting that SIRT1-mediated NF-κB deacetylation participates in the mechanism
by which NNMT inhibition improves fibrosis [130].

There is limited evidence in the literature linking NNMT to IBD. The NAD+ pathway
transcriptome reconstruction shows that IBD increases salvage biosynthesis and NAD+

utilization. IBD patients treated with infliximab had normalized NNMT and NAD+ levels.
Treatment-related NAD+ levels affect NNMT expression [124]. However, more research is
needed to elucidate the expression, role, and mechanism of NNMT in IBD.

4.3. IBD and NAD+ Regulation
4.3.1. NAD+ and Mitochondrial Dysfunction

Mitochondria regulate cell metabolism and viability and maintain cell integrity and
function [133]. Recent research has shown that mitochondria are essential for coordinating
innate and adaptive immune responses. Inflammation can begin with mitochondrial dys-
function and ROS production [218]. Elevated ROS levels in the gut activate inflammatory
and cell death pathways [219]. Therefore, targeting ROS in cells could reduce damage to
the gut barrier caused by inflammation.

The process of NAD+ metabolism is intricately intertwined with mitochondrial func-
tion. NAD+ serves as a critical intermediate in cellular metabolism and acts as an enzymatic
cofactor in redox reactions, including glycolysis, the tricarboxylic acid (TCA) cycle, and
fatty acid oxidation (FAO) [6]. These reactions produce NADH, an electron donor from
the nicotinamide of NAD+ that synthesizes ATP via mitochondrial oxidative phosphory-
lation [9]. Mitochondrial function and energy substitution depend on the NAD+/NADH
ratio, regulated by mitochondrial electron flux [36]. Reduced NAD+ levels impair filamen-
tous cell activity, epigenetic chromatin structure [220], mitochondrial metabolism, oxidative
stress, and ATP production, thereby promoting inflammation and cellular damage [221].
Cameron et al. found that LPS induction activated mitochondrial ROS production, leading
to DNA damage, PARP activation, and NAD+ depletion in macrophages [113].

Mitochondrial dysfunction is linked to defects in NAD+ metabolism. NAD+ sup-
plementation improves mitochondrial performance and reduces mitochondrial damage
and ROS production [46,177,222]. The NAD+ precursor NAM restores the NAD+/NADH
balance and reduces IFB-γ production and Th1 differentiation in vitro [223]. Providing
NAD+ precursors and targeting NAD+ biosynthesis/degradation enzymes could reverse
mitochondrial dysfunction. This suggests that NAD+ metabolism plays a role in regulating
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mitochondrial function [6,224]. Minhas et al. found that macrophages synthesize NAD+

via the kynurenine pathway. The authors also reported that genetic ablation (in Ido−/−

and Qprt−/− mice) or pharmacological disruption (1-methyl-L-tryptophan and phthalic
acid) reduced intracellular NAD+ concentrations, impairing mitochondrial respiration and
increasing glycolysis in vitro [225]. These metabolic changes increase CD86 and CD64
expression, decrease CD206 and CD23 expression, and impair phagocytosis [225]. The
exogenous NAD+ precursor NMN restored mitochondrial respiratory parameters and
pro-inflammatory markers [19]. NAD+ levels also regulate mitochondrial metabolism
via sirtuins [66]. Low NAD+ levels decrease SIRT1 and SIRT3 activity, decrease vital
mitochondrial activity, alter mitochondrial morphology, and hyperacetylate mitochon-
drial proteins [102,168,226,227]. Hyperactivated PARP1 reduces mitophagy due to SIRT1
impairment [177].

Mitochondrial dysfunction has been linked to NAD+ deficiency. NADH, the reduced
form of NAD+, is oxidized back to NAD+ in complex I of the mitochondrial electron trans-
port chain (ETC) and provides metabolic energy [6]. In addition, mitochondrial dysfunction
decreases NAD+/NADH ratio and impairs SIRT3 activity [227]. The NAD+/NADH ratio
is imbalanced in CD4+ T cells lacking mitochondrial transcription factor A (Tfam) that con-
trols mitochondrial DNA expression. To compensate for mitochondrial dysfunction, CD4+
T cells lacking Tfam switch to glycolysis, decrease NAD+, increase the pro-inflammatory
Th1 phenotype, secrete IFB-Γ and TNF-α, and inhibit IL-10 [228]. Linezolid, a ribosome-
targeting antibiotic, affects the mitosome function and cell electron transport chain of Th17
cells. Mitochondrial respiration impairs NAD+ regeneration, lowering the NAD+/NADH
ratio and decreasing Th17 effector function [229].

Understanding the relationship between NAD+ and mitochondria could help explain
the pathophysiology of IBD. Inflammatory tissues have higher levels of NAM and ADR and
lower levels of NAD+. Mitochondrial status and NAD+ metabolism are interdependent, and
changes in the organism affect inflammation. Mitochondrial dysfunction is a major cause of
IBD pathogenesis [230–232]. The intestinal mucosa of IBD is characterized by hypoxia and
increased oxidative stress implicated in various genes involved in mitochondrial function,
such as CUL2, LACC1, and NADPH oxidase [233–237]. A recent metabolic analysis
showed NAD+ metabolic dysregulation and altered mitochondrial status in UC patients.
The NAD+/NAM ratio decreased in patients with active UC, distinguishing the degree of
inflammation from UC. UC alters mitochondria, resulting in a lower mitochondrial density
and number in colon cells [17]. These findings suggest a link between mitochondrial
dysfunction and inflammation in UC and NAD+ metabolism.

4.3.2. Intestinal Epithelial Barrier

The intestinal epithelium forms a selective barrier that blocks toxicants and microbes
from the lumen but allows nutrient absorption [238]. The intestinal epithelial barrier relies
on the tight junction (TJ), a circumferential protein complex at opposing apical/basolateral
cell junctions [239]. The occludin and claudin transmembrane protein families form the
TJ [240] and prevent paracellular transport [241]. Inflammatory diseases, such as IBD,
cholestasis, hemorrhagic shock, and sepsis, damage the intestinal epithelial barrier [242].

Extracellular NAD+ prevented activation, induced nitric oxide synthase, increased
NO production, and improved epithelial permeability in inflammatory epithelial cells [243].
NAD+ improved intestinal mucosal permeability in LPS-induced CACO-2 cells [60], indi-
cating that NAD+ can reduce the structural and functional changes in pro-inflammatory
intestinal epithelial cells. Another study found that the overexpression of SIRT1 inhibited
LPS-induced pro-inflammatory cytokines (IL-6, IL-8, and TNF-α), impaired the intestinal
epithelial barrier, and reduced the inflammatory response and intestinal epithelial barrier
dysfunction [244]. Quinone oxidoreductase 1 (NQO1) reduces quinone metabolites using
NADH as an electron donor [245,246], regulating NAD and NADH in various cellular sys-
tems. Quinone oxidoreductase, also known as the antioxidant flavocyanin [247], clears ROS.
NQO1 promotes the barrier function of the intestinal epithelium in mice by regulating the
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transcription of tight junction molecules. A lack of NQO1 can exacerbate colon inflamma-
tion [248]. As mentioned above, the intestinal cells have NAD+ receptors. These receptors
could be drug targets to treat intestinal epithelium in an inflammatory environment.

4.3.3. Intestinal Stem Cells

Adult stem cells use glycolysis as an energy source to avoid oxidative stress pathways
during mitochondrial respiration [249]. However, mitochondrial defects are a common
cause of adult stem cell senescence, as oxidative respiration is essential for their function in
old age [250]. Early aging mediated by DNA repair defects degrades NAD+ through PARP
and the loss of mitochondrial homeostasis, reducing MuSC numbers and self-renewal [177].
The activation of NAD+ and SIRT1 can repair mitochondrial defects in aging stem cells and
DNA repair-deficient cells. Reduced SIRT3 or SIRT7 activity in hematopoietic stem cells
impairs the regenerative capacity of aged mouse hematopoietic stem cells (HSCs) [251,252].
Muscle stem cells (MuSC) have lower NAD+ levels and SIRT1 activity with age, contribut-
ing to the decline in NAD+ [214]. NR, an NAD+ precursor, improves muscle, neural,
and melanocyte stem cell function in aged mice, rejuvenating MuSCs and extending lifes-
pan [253].

The intestinal epithelium is rapidly renewed by the ISC. Early ISC aging research
focused on the intestinal epithelium of fruit flies [254]. Drosophila gut stem cells proliferate
with age due to environmental changes or tissue damage. Mammalian ISCs are mainly
Lgr5-expressing cells at crypt bases [255,256]. Recent studies have reported a decline
in ISC function in mammals with advancing age, thereby highlighting the impact of
aging on ISC dynamics. Interestingly, it has been observed that the modulation of Wnt
signaling pathways can ameliorate the impaired ISC function commonly observed in older
individuals [257,258]. Paneth cells support ISCs, regardless of age. In contrast, ISCs cells in
mice become less active with age [259]. NAD+ supplementation with precursor NR can
repair age-related ISC deficiencies and restore ISC quantity and vitality [62]. Compared
to young mice, NR treatment reduced the sensitivity of aged mice to DSS, suggesting that
NR can repair the damage in the gut of old mice by restoring the ISC pool [62]. Therefore,
increasing NAD+ levels can activate ISCs in the intestine, speeding up intestinal barrier
repair and promoting the recovery of IBD mucosa.

5. IBD NAD+ Regulation: Clinical Possibility

Cellular NAD+ can potentially prevent or treat many diseases. Strategies to regulate
NAD+ concentrations have been demonstrated in a variety of animal models, including
obesity, fatty liver, myocardial hypertrophy/ischemia, acute kidney injury, muscular dystro-
phy, mitochondrial myopathy, type II diabetes, hearing loss, and neurodegeneration [210].
Further research is needed to translate these effects into clinical usage interventions.

The metabolism of NAD+ during the immune response is intricate, and its diverse
supplementation approaches (such as using precursors and biosynthetic activation) and
interference with various stages (such as activation and effector phases) may yield distinct
outcomes [260]. NAD+ precursors, such as tryptophan (Trp), NA, NMN, and NR, can
increase NAD+ levels by inhibiting PARP1 and CD38, regulating biosynthesis, or increasing
bioavailability [36].

Several studies have demonstrated that strategies that regulate NAD+ production and
the breakdown pathway can efficiently treat IBD (Table 2). In DSS mice, NAD+ precursor
NMN improved inflammatory status in the gut, colon length recovery, barrier function,
and serum pro-inflammatory factor expression; and increased beneficial bacteria Firfiri-
cutes, Verrucomicrobia, Akkermansia, and Lactobacillus, whereas decreasing Bacteroidetes.
NMN reduced intestinal mucosal permeability and restored gut microbiota composition
and function. NMN administration activated the NAMPT-dependent NAD+ biosynthetic
pathway, increased NAD+ content, and inhibited DSS-induced colitis disease severity
in mice, suggesting that NMN might be a new therapeutic strategy for IBD [261]. In
TNBS-induced colitis mice, resveratrol administration upregulated SIRT1, activated the



Antioxidants 2023, 12, 1230 14 of 26

antioxidant program related to NF-E2-related factor (NRF2), and inhibited NF-κB signal-
ing [262]. Elsewhere, it has been reported that Cay10591 activates SIRT1 and inhibits NF-κB
signaling and inflammatory cytokine production in TNBS or oxazolidinone-induced mice
colitis [89]. Catalpol reduces endoplasmic reticulum stress and upregulates SIRT1 in TNBS-
induced colitis animals [263]. EX-527 and Nolisoboldin suppressed SIRT1 expression and
induced Treg differentiation in DSS-induced colitis mice [65,264]. PJ34 reduces intestinal in-
flammation in mice with DSS colitis by inhibiting PARP1 [265]. 1,5-Dihydroxyisoquinoline
can inhibit PARP1 and NF-κB/AP-1 [266,267] and FK866 can suppress NAMPT, thereby
reducing mucosal immunity in intestinal isolated lamina propria monocytes (LPMNC) and
DSS mice in IBD patients and cytokine release [18]. In acute UC patients, cyclosporine
A inhibits SIRT6 expression, peripheral blood neutrophil function, and migration [268].
A study that analyzed gene expression data from patients with IBD and reconstructed
metabolic pathways identified tryptophan metabolism as a pathway associated with the
disease and its treatment. Additionally, the study found that NNMT can be a promising
drug target for IBD, as it may help restore mucosal NAD+ and related metabolites [159].

Table 2. Studies on NAD+ metabolic pathway-related medications to reduce intestinal inflammation.

Drugs Effects on NAD+

Metabolic Pathways Research Models Mechanism References

NMN

NAD+ precursor, activate
the NAMPT-dependent

NAD+ biosynthetic
pathway, increase

NAD+ content

DSS-induced colitis mice

Improves inflammatory intestine
morphology, colon length,
intestinal epithelial barrier,

blood serum pro-inflammatory
factors, and gut microbiota

composition.

[261,269]

Resveratrol Increases SIRT1
expression TNBS-induced colitis mice

Inhibits NF-κB signaling and
activates NRF2 antioxidant

program.
[262]

Cay10591 Activates SIRT1
TNBS or

oxazolidinone-induced
colitis in mice

Block NF-κB signaling and
cytokine production. [89]

Catalpol Activates SIRT1 TNBS-induced colitis mice Improves endoplasmic
reticulum stress [263]

EX-527 Inhibits SIRT1 DSS-induced colitis mice Promotes the formation of Treg [264]

Norisoboldine Reduce NAD+ levels
and inhibit SIRT1 DSS-induced colitis mice

Enhances the differentiation of
Treg, regulates the

AhR/glycolysis axis
[65]

PJ34 Inhibits PARP1 DSS-induced colitis mice [265]
1,5- Dihydroxyiso-

quinoline Inhibits PARP1 TNBS-induced colitis rats Inhibits NF-κB pathway
and AP-1 [266,267]

FK866 NAMPT inhibitors

Isolated lamina propria
mononuclear cells (LPMCs)

from IBD patients and
DSS-induced colitis mice

Inhibits intestinal mucosa
immunity and cytokines. [18]

Cyclosporine A Inhibits SIRT6
Neutrophils in peripheral

blood from patients
with acute UC

Inhibits peripheral blood
neutrophil function and
migration in acute UC

[268]

NNMT Restores NAD+ Intestinal mucosa
from IBD patients Tryptophan metabolism [124]

The management of IBD commonly entails the utilization of immune-related medi-
cations. However, this approach carries the inherent risk of heightened susceptibility to
infections, particularly when employing biologics for immunosuppressive therapy in pa-
tients with IBD [270]. Over the past century, numerous studies have revealed a connection
between NAD+ and infection, shedding light on this intriguing relationship. Murray et al.
reported that HIV-1 infection in human cells reduces intracellular NAD+ levels and inhibits
the activity of NAD+ on PARP enzymes. This change can be reversed by using NAD+ [271].



Antioxidants 2023, 12, 1230 15 of 26

Similarly, due to specific immune regulatory changes in HLA-DR expression, several scien-
tists suggested using NAD+ to treat tuberculosis [272,273]. Hence, it can be inferred that the
administration of immunobiology capable of elevating NAD+ levels may hold promise in
mitigating the risk of infections associated with conventional immunosuppressive agents.
This insight offers valuable guidance in the development of novel drug therapies for IBD.

6. Conclusions

Ongoing research is gradually unraveling the immunometabolism of NAD+, bringing
forth new exciting discoveries. The treatment of IBD through the manipulation of NAD+-
related metabolic pathways presents numerous unanswered questions that require further
exploration in the times ahead. For instance, further research is needed to better understand
the pharmacokinetics of NAD+ and its metabolic enzymes and metabolites in vivo as well
as its various therapeutic effects at different stages of IBD. Second, does NAD+, as an
important factor influencing metabolism, have a specific effect on the gut microbiota, and
does it regulate the progression of intestinal inflammation? Finally, given that the gut
contains many complex cell types, does NAD+ have complementary or antagonistic effects
on different cell types? Furthermore, given the therapeutic role of NAD+ precursors and
NAD+-related metabolic enzymes in various diseases, it is critical to fully explore their
utility in IBD patients and investigate the therapeutic doses and routes of administration
with minimal side effects.
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